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Abstract 

      The spectroscopy and dynamics of conjugated polymers have been widely studied 

in recent years, but there is limited empirical data that directly probes the role of 

structural dynamics and changes in conjugation length that occur during excited-state 

relaxation. An important challenge in the study of conjugated organic materials is to 

relate the properties of transient states that underlie macroscopic material responses 

directly with intra and intermolecular structure. We have studied the photo-induced 

relaxation dynamics of conjugated polymers (poly-(3-hexyl-thiophene) (P3HT) and 

poly-(3-cyclohexane-4-methyl-thiophene) (PCMT)) in solution using femtosecond 

broadband transient absorption spectroscopy (TAS), femtosecond stimulated-Raman 

spectroscopy (FSRS) and pump-dump-probe transient hole-burning spectroscopy. FSRS 

in particular provides a new perspective on dynamics of excited states according to the 

time-dependence of vibrational modes. Time-dependent studies with P3HT show that 

there are two different types of excited-state Raman signatures, which have been 

identified as modes along and peripheral to the exciton’s backbone according to the time 

dependence of these features and from comparisons to Raman spectra of other states of 

the polymer. Comparison of spectra collected at different Raman pump wavelengths 

shows that the C=C stretching feature peaks at lower energies when interrogated with 

lower energy Raman pump pulses, which is known as Raman dispersion and reflects 

variations in effective conjugation length probed. Studies of PCMT using FSRS show 
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that there is time-dependent Raman dispersion: the C=C vibrational peak shifts to lower 

wavenumber on the time scales of 100-200 femtoseconds. This time-dependent Raman 

dispersion is consistent with an increase in ring-to-ring planarity and effective 

conjugation length, and offers a distinct spectroscopic signature of structural 

rearrangement in a polymer excited state. Transient hole-burning spectroscopy of 

RRa-P3HT in solution facilitated by population dumping through wavelength-selective 

stimulated emission exposes inhomogeneous broadening of the exciton absorption band 

in the near infrared. Dump-induced spectral diffusion of the exciton absorption band 

reflects structural fluctuations in locally excited polymer regions. This diffusion is 

observed to occur on timescales comparable to those observed in the non-equilibrium 

relaxation that follows direct excitation of the polymer (8-9 ps). 
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Chapter 1. Introduction 

1.1. Application of conjugated organic materials in solar cells 

     Reliable energy sources are critically important for sustaining modern society. 

Fossil fuels, such as oil and coal, have been a traditional solution to human kind’s great 

demand for energy, but there are two serious shortcomings associated with the use of 

fossil fuels: 1. Use of fossil fuels can generate poisonous environmental pollutants, as 

well as emission of greenhouse gases (CO2).
1 2. Fossil fuels reserves on earth are limited, 

so their use is not sustainable. Solar-cell technology presents an attractive alternative, 

with advantages of no direct pollution and technological sustainability.2 Traditional solar 

cells are made using inorganic materials – such as silicon – and are quite costly to 

manufacture.2 New organic solar cells are now under investigation with the potential to 

replace silicon-based solar cells. Organic solar cells are made using conjugated polymers 

and/or oligomers, materials that lower manufacturing cost compared to inorganic-based 

solar cells.3 Another advantage of organic solar cells is easy fabrication, as organic 

molecules can be printed on different surfaces without concern for substrate shape. One 

critical issue with deployment of organic solar cells is their low efficiency. According to 

reports, the record for the highest efficiency for an organic photovoltaic is only 11%,4 

which is too low for useful solar-cell technology. Further fundamental research on the 

operation of organic solar cell materials (and photoresponses of conjugated organic 

polymers in general) are important to elucidate factors at the molecular level that can 
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impact device efficiencies. My thesis research has focused on the fundamental dynamics 

of isolated conjugated thiophene polymers using ultrafast transient laser techniques, 

which can provide insights on the structural dynamics and disorder of isolated polymer 

chains and how structure impacts dynamics of excitations on polymer chains.  



3 

 

1.2 Working principles of conjugated organic polymer solar cells 

      The currently accepted model for the working principles of bulk conjugated 

organic materials (solid state) includes four steps: 1. Exciton (electron-hole pair) 

generation through light/photon absorption by a conjugated polymer; 2. Exciton diffusion 

through polymer domains to a donor/acceptor interface; 3. Electron-hole pair separation; 

4. Polaron pair dissociation into free charges.5 In order to increase organic solar-cell 

efficiency, polymers with different chemical and/or conformational structures should be 

studied to correlate with exciton dynamics with structure. In contrast to the inorganic 

semiconductors they would replace, the behaviors of these materials are dictated by the 

dynamics of constituent molecules and their interactions with nearby (and even distant) 

molecules. Due to the complexity of the bulk materials, much research has focused 

initially on the study of relaxation behaviors in isolated conjugated polymer chains in 

dilute solution,6-15 as these environments eliminate inter-chain and donor-acceptor 

interactions. In this way, the basic dynamics of excitation formation and relaxation on 

isolated conjugated chains can be investigated without the influence of intermolecular 

interactions. This information is useful for further investigation of solid state conjugated 

polymer and polymer mixtures with acceptors.  
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1.3 Steady-state spectroscopy of conjugated polymers:  Evidence for 

structural heterogeneity and energetic relaxation along polymer chains 

      Ground state absorption and fluorescence spectra of P3HT have been reported 

previously for dilute polymer solutions.6 The visible absorption spectrum of P3HT in 

solution shows a broad unstructured band centered around 430 nm, which corresponds to 

the lowest energy π-π* inter-band transition.6 As a comparison, the absorption spectra of 

conjugated thiophene oligomers show narrow features.16 This indicates that in conjugated 

thiophene polymers there is a distribution of conjugation lengths or conformational 

domains that are excited. The corresponding emission spectrum is much narrower and 

displays a vibronic progression, with a peak at 580 nm that corresponds with the 0-0 

transition. It has been reported that the emission spectrum of P3HT in dilute solution does 

not change with variation in excitation wavelength. This indicates that no matter which 

group of conformations have been excited, polymers relax to a common low-energy 

emitting intra-chain exciton state.6 The emission spectrum of aggregated P3HT has been 

simulated using a Frank-Condon model, a Huang-Rhys factor of 1, and assuming that the 

0.18 eV C=C stretching vibration predominantly couples to the electronic transition.17  
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1.4 Photoinduced dynamics in conjugated polymers from previous ultrafast 

studies 

The photo-induced dynamics and spectroscopy of conjugated polymers in solution 

have been examined extensively over the last decade using various transient electronic 

spectroscopies, including transient absorption, stimulated emission, fluorescence 

up-conversion, and non-linear electronic spectroscopies.6-15 From these studies it has 

been concluded that the dynamics underlying various phases of excited-state relaxation 

include:  (1) Exciton self-trapping or localization, associated with transient spectral 

evolution over timescales of ~100 fs or less;6,8,10,12,13 (2) Resonant excitonic energy 

transfer (EET)6,9,14 through which energy migrates to lower-energy sites characterized by 

increased degree of delocalization and/or (3) local, long-range torsional relaxation, both 

occurring on timescales ranging from sub-ps to 10s of ps;7,8,12,13,15 and (4) singlet exciton 

decay by emission and intersystem crossing (ISC), occurring on timescales of 100s of 

picoseconds.6,15 

Spectroscopic evidence of the initial ultrafast self-trapping or localization has been 

reported by different groups.10 Du et al. have reported the ultrafast geometrical relaxation 

of poly-[3-hexylthiophene-2,5-diyl]-[p-dimethylaminobenzylidenequinoidmethene] 

(PHTDMABQ) using real-time vibrational spectroscopy, which can obtain both 

electronic and vibrational dynamics under the same excitation and probing condition.10 In 

their study, spectral changes in the electronic absorption spectrum and instantaneous 
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vibrational frequency have been observed and a 60-100 fs time scale has been identified, 

which was ascribed to geometrical relaxation from the free exciton to the exciton 

polaron.10 Ruseckas et al have investigated fully conjugated 

poly[2-(2’-ethylhexyloxy)-5-methoxy-1,4-phenylenevinylene] (MEH-PPV) using 

photoluminescence and transient absorption and observed a reorientation of the transition 

dipole moment by ~30o on a sub-100 fs time scale.18 On the contrary, partially conjugated 

MEH-PPV shows a much slower depolarization (>1 ps). This is explained by dynamic 

localization of initially delocalized excitons in the fully conjugated polymer driven by 

local geometrical relaxation from the more twisted geometry of the ground state to a 

planar quinoidal structure in the excited state.18 A similar experiment performed on P3HT 

by Wells et al indicate that localization is dominated by only two phonon modes (0.18eV 

C=C stretching and a lower frequency torsional mode at ~0.016 eV) and is a correlated 

rather than stochastic process.12 Banerji et al have investigated the ultrafast relaxation of 

both isolated P3HT and P3HT films using fluorescence up-conversion spectroscopy.6 

They concluded that primary photoexcitations in P3HT are highly delocalized, localizing 

in 100 fs to become an exciton.6 All these results based on electronic spectroscopy point 

to a <100 fs ultrafast self-localization after the initial photoexcitation of conjugated 

polymer. Further experiments based on vibrational spectroscopy, such as Raman 

spectroscopy, would provide valuable insight on structural dynamics associated with this 

process.  
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After initial ultrafast self-localization, the exciton will further relax on picosecond 

timescales (>10 ps), with corresponding redshifts in emission features. Two mechanisms 

associated with this spectral dynamic have been discussed in past research: 1. Resonant 

excitonic energy transfer (EET), through which energy migrates to lower-energy sites 

characterized by different degrees of delocalization or conformational order.6,9,14 2. Local, 

long-range torsional relaxation, with dihedral angle decrease and exciton length 

increase.7,8,12,13,15 Collini et al have investigated MEH-PPV using ultrafast transient 

anisotropy decay measurements and observed signatures of coherent intrachain energy 

transfer.9 Further two-dimensional photon-echo measurements revealed the presence of 

long-lived intrachain electronic and vibrational coherences. They concluded that quantum 

transport effects occur when chemical bonds connecting donor and acceptor moieties help 

to correlate their energy-gap fluctuations.9 Westenhoff et al have studied 

poly[3-(2,5-dioctylphenyl) thiophene] using femtosecond time-resolved transient 

absorption.14 They claimed that torsional relaxation can be distinguished from EET by 

site-selectively exciting low-energy conjugated segments. Energy transfer simulations 

have been performed on chains with time-dependent site energies and conjugation lengths; 

these indicate that the exciton length increases about 2 monomers during torsional 

relaxation.14 Busby et al investigated P3HT using pump-dump-probe spectroscopy. Their 

data shows that the ground state bleach does not exhibit a red shift that would be 

expected if EET occurs.7 They therefore concluded that the primary mechanism for 
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excitonic relaxation is excited-state self-trapping by torsional relaxation and that EET 

makes a negligible contribution to exciton relaxation.7 The debate about EET and 

torsional relaxation in excitonic relaxation requires additional time-resolved experimental 

results to resolve.  
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1.5 Ultrafast Transient Absorption Spectroscopy 

Ultrafast transient absorption is a basic time-resolved spectroscopic method which 

has been used widely in the study of dynamic processes in chemical and material systems, 

including conjugated polymers.19 In this method, a sample is excited electronically with 

an initial ultrafast laser pulse and photoinduced dynamics that result are interrogated 

according to changes in the transmission of a broadband ultrafast probe pulse. There are 

three general types of spectral features obtained from this method: 1. Ground state bleach 

(GSB), which corresponds to depletion of the transition between the ground and first 

excited states. 2. Stimulated emission (SE), which corresponds with the emission from 

first excited state back to the ground state. 3. Transient absorption (TA), which is the 

absorption from an excited state or a transient species (in conjugated polymers, usually 

the first excited states or exciton). Singlet transient states formed by the initial excitation 

can undergo inter-system crossing (ISC) to form triplet excited states. Using transient 

absorption, both singlet transient absorption (STA) and triplet transient absorption (TTA) 

can be detected at different time delays.  

Although transient absorption is a powerful method to study ultrafast dynamics of 

conjugated polymers, it can only probe changes in electronic spectral features.  Gaining 

greater insights on structural dynamics requires the use of vibrationally resolved methods.  

 

  



10 

 

1.6 Femtosecond stimulated Raman spectroscopy as a probe of structural 

dynamics in conjugated material systems 

The role of structural dynamics in the relaxation of photoexcited conjugated 

materials would be more directly interrogated with vibrationally resolved techniques.  

Raman spectroscopy, in particular, has been used extensively to characterize conjugated 

polymers and polymer-based materials, and is a promising complement to electronic 

spectroscopies for interrogating the structural characteristics and dynamics of conjugated 

polymers in their excited states.10,15 Conjugated polymers and oligomers exhibit very 

large ground-state Raman cross-sections, with spectra dominated by totally symmetric 

modes that coincide with the change in molecular geometry that accompanies polymer 

excitation.20 Furthermore, vibrational frequencies of various Raman-active modes (most 

notably the in-phase C=C stretching frequency) are directly sensitive to the extent of 

delocalization along an oligomer or polymer backbone.20,21 Given that excited states of 

conjugated oligomers and polymers are highly delocalized by nature, we anticipate that 

C=C stretching frequencies of excited states should be highly sensitive to variations or 

evolution in the excited-state delocalization length. Thus, time-resolved excited-state 

Raman spectroscopy could be used as a direct method for interrogating evolution in 

conformation and delocalization length that occurs through the course of excited-state 

relaxation of photo-excited conjugated polymers and oligomers.15 

Our measurements have utilized femtosecond stimulated Raman spectroscopy (FSRS) 
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to provide a time-dependent measurement of Raman spectroscopy of transient species. 

Compared to time-resolved spontaneous Raman, the Raman signal of FSRS is large, 

which can accelerate data acquisition. As for TAS measurements, an initial excitation 

pulse, which is a femtosecond (< 100 fs) pulse centered at a specific transition energy, is 

used to excite the polymer into an excited state. With FSRS a pulse pair is used to 

measure stimulated Raman transitions over a broad wavelength range.  This is 

accomplished using the combination of a Raman excitation pulse, which is a narrow band 

pulse with duration of a few picoseconds, and a broadband probe pulse, which has 

femtosecond duration. The time resolution of a transient FSRS measurement is 

determined by the cross-correlation of the pump and probe pulses, whereas the linewidths 

of vibrational features are determined by the bandwidth of Raman excitation pulses and 

dephasing rates of vibrational coherences in the excited state.  Therefore FSRS 

generally enables both high time resolution and narrow feature bandwidth (~10-20 cm-1). 

When FSRS is implemented using a multi chopper setup (described in 2.3), multiple 

spectroscopic signatures can be collected in a single experiment, including: transient 

absorption (TA), ground state Raman spectroscopy (GSR) and excited state Raman 

spectroscopy (ESR). This experimental approach provides advantages for signal 

processing and comparisons.22 
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1.7 Transient hole burning as a probe of excited-state heterogeneities 

Previous work has shed little light on the structural characteristics of localized 

excitations and correlations between local structure and photo-physical properties, as the 

experimental methods applied generally have had limited ability to directly probe or 

differentiate among structural heterogeneities within an ensemble of photo-excited 

amorphous polymer, in either solution or films. This is noteworthy because polymer 

photo-physics typically have been interpreted within a simplified conceptual framework 

that assumes that structural disorder along the polymer backbone fragments the extended 

π network into a distribution of segments of variable length that are hosts for localized 

excitations;23 thus, the photoexcitation of polymer is expected to prepare an ensemble of 

excitons characterized by a distribution of conjugation lengths determined by variation in 

intra-chain structure. The concept of an average, well-defined conjugated subunit is 

recognized to be an oversimplified paradigm for localized conjugated polymer (CP) 

excitons,24, 25 yet, empirical data reporting characteristics of relevant structural motifs, 

their fluctuations, and how these impact exciton photo-physical properties have remained 

limited. Experimental interrogation of structurally induced photo-physical heterogeneities 

among CP excitons would provide further insights into mechanisms driving 

non-equilibrium relaxation of photo-excited CPs and how the nature of the local structure 

impacts processes such as intramolecular charge-pair formation. 

 In my research, I have used pump-dump-probe transient hole burning spectroscopy 
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to interrogate the inhomogeneity of isolated, amorphous conjugated polymer in solution. 

Three pulses are used in this technique. The first pulse is used to prepared a population of 

excited polymer by pumping the transition between the ground and the first excited state. 

After relaxation for 10-200 ps (shorter than the 500 ps exciton life time for P3HT), the 

initial ultrafast localization and torsional relaxation and/or excitonic energy transfer are 

complete and result in a quasi-equilibrated excited state population. Then a second pulse 

(with wavelength tunable within the polymer’s emission spectrum) is used to selectively 

dump a subpopulation of polymer excitons from the first excited state back to the ground 

state and generate a spectral “hole” signifying formation of a non-equilibrated excited 

state population. Following application of the dump pulse the remaining population can 

only reequilibrate through structural fluctuation; these fluctuations are captured by 

changes in the transient absorption as probed by broadband absorption of a third pulse. . 
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Chapter 2. Experimental Methods 

2.1 Laser setup. 

The experiments described in this dissertation utilize an ultrafast laser system, which 

consists of a femtosecond oscillator, regenerative amplifier, femtosecond optical 

parametric amplifier (OPA) and picosecond OPA. The oscillator is used to generate 

ultrafast pulses. The amplifier boosts the power of the seed pulse to a >4 W output. Half 

of the output from the amplifier is used to pump the femtosecond OPA, which is used to 

generate excitation pulses (covering UV, visible, and Near-IR wavelengths) that are used 

for experiments. One quarter of the output from the amplifier is used to pump the 

picosecond OPA and generate spectrally narrow picosecond pulses that are used for 

Raman excitation in FSRS experiments.  

 

2.1.1 Generation of ultrafast pulses in a mode-locked oscillator  

A commercial mode-locked Titanium:Sapphire oscillator (Coherent Mantis) is used 

to generate femtosecond laser pulses.1 The Ti:Sapphire lasing medium of the oscillator is 

excited using a 5W continuous-wave (CW) excitation source at 532 nm; this green 

excitation light is generated by frequency doubling the output of an optically pumped 

semiconductor (OPS) laser (1064 nm) in a Lithium triborate (LBO) nonlinear crystal. 

When pumped with this excitation source the oscillator will lase in a CW mode centered 

near 800 nm prior to modelocking. Modelocking requires a fixed phase relationship 

between the longitudinal modes of the laser’s resonant cavity, resulting in generation of 
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pulses with short duration (picosecond to femtosecond). The oscillator employs a passive 

mode-locking technique, which does not require an active shutter or modulator with 

externally controlled timing. Passive modelocking of the oscillator results from a 

nonlinear optical effect (Kerr lensing) that results in different focusing conditions for 

high- and low-intensity light in the optical cavity: The beam diameter at a critical 

aperture is large when the oscillator is not mode-locked (i.e. CW lasing), but becomes 

smaller when mode-locked; this means that there are fewer optical losses under 

mode-locked conditions. Pulse dispersion in the resonator cavity is balanced with sets of 

chirped mirrors.  

Oscillator alignment involves three steps: 1) OPS pump beam alignment through the 

Ti:Sapphire rod; 2) Oscillator cavity alignment and optimization (CW lasing); 3) 

Mode-locking. The output of the oscillator is 400-500 mW, center around 800 nm and 

with an 80M Hz frequency at normal operation.  

 

2.1.2 Amplification of ultrafast pulses 

A Coherent Legend Elite ultrafast regenerative amplifier is used in our lab and is 

seeded with the output from the oscillator.2 The seed pulses are first stretched in time and 

then amplified by several trips through a Ti:Sapphire gain medium pumped by 20 W of 

527 nm light from a pulsed Nd:YLF laser (Coherent Evolution).  Amplified pulses are 

then compressed in time to regain time resolution.  Output pulses are centered at 800 nm, 

with 40 fs pulse duration, 1 kHz repetition rate, and with compressed output power of 
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4-4.5 W.  

 

2.1.3 Tunable excitation pulses from a femtosecond Optical Parametric Amplifier 

(OPA) 

A commercial OPA from Light Conversion is used in our lab to generate 

femtosecond pulses with tunable excitation energy.3 Half of the output from the amplified 

Ti:Sapphire laser is used to pump the OPA, with tunable output wavelengths ranging 

between 300 and 2500 nm and power ranging 10 to 150 mW (wavelength specific).  

The OPA is seeded with a white-light continuum that is pre-amplified by a low 

intensity pump beam to generate a near-IR signal beam. A high intensity pulse is used to 

amplify the signal beam, generating high intensity signal (“S”, 1150-1600 nm) and idler 

(“I” 1600-2650 nm) outputs. Second harmonic signal (“SHS”, 575-800 nm) and second 

harmonic idler (“SHI”, 800-1325 nm) are generated by Mixer 1, which is a computer 

controlled carousel of nonlinear crystals, each cut for different non-linear processes. Sum 

frequency signal (“SFS”, 470-530 nm) and sum frequency idler (“SFI”, 530-610 nm) are 

generated by mixing S and I outputs with 800 nm light pulses in Mixer 1. Note that the 

delay of the fundamental 800 nm pump pulses relative to S and I can affect the output 

SFS and SFI intensities. Fourth harmonic signal (“FHS”, 290-4700 nm) and fourth 

harmonic idler (“FHI”, 400-470) outputs are generated by doubling the SHS and SHI 

signals using Mixer 2. I, FHI and FHS outputs all have horizontal polarizations, while all 
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the other outputs (S, SHI, SHS, SFI, SFS) have vertical polarization. 

 

2.1.4 Picosecond OPA for generation of Raman excitation pulses 

A Raman excitation pulse with narrow spectral bandwidth is needed in order to 

acquire vibrationally resolved Raman features using FSRS. Due to the Fourier transform 

relationship between time and frequency, a narrow bandwidth corresponds with a long 

duration pulse. In our lab, we use a commercially manufactured second harmonic 

bandwidth compressor (SHBC) to convert the femtosecond pulses (20-500 cm-1) at the 

800-nm amplifier fundamental to picosecond pulses (3-10 cm-1) at 400 nm.4 The working 

principle of SHBC is to drive second harmonic generation with oppositely chirped pulses. 

The 800 nm input is split 50/50, with each half phase conjugated, such that the two beams 

have opposite temporal chirp. The output pulse (400 nm) generated by mixing these in a 

non-linear crystal is chirp free and is used to pump a picosecond OPA to generate Raman 

excitation pulses at various visible (horizontally polarized) and near-IR (vertically 

polarized) wavelengths for our measurements. 

 

2.1.5 Probe generation, polarization and optical delay control, and detection 

White light generation: A few mW (~a few μJ/pulse) of the laser fundamental at 

800 nm is focused onto a 2-mm thick sapphire crystal to generate both visible (410-750 

nm) and near-IR (850-1100+ nm) white light probe continua. CaF2 can also be used to 
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generate a near-UV continuum covering 310-380 nm.6 The laser damage threshold of 

CaF2 is much lower than that of Ti:Sapphire, such that it must be moved continuously 

with a translation stage in order to prevent damage.  

Polarization control: In order to eliminate signatures of transient polarization 

anisotropy in our pump-probe TAS experiments, the relative linear polarizations of pump 

pulses and probe pulses are set at magic angle (54.7o). In our lab, wire-grid polarizers are 

used to align the probe light polarization at magic angle relative to the pump beam 

polarization. Note that the pump beam polarization can be horizontal or vertical (relative 

to the table), as determined by the non-linear optical method for generating the pump .  

For three-pulse experiment like FSRS and pump-dump-probe transient hole-burning, 

the two excitation pulses (photoexcitation and Raman excitation; or photoexcitation and 

“dump”) are set to be polarized parallel. If the polarizations of the two pulses are not 

parallel as generated by OPAs or other non-linear optical methods, a periscope is required 

to rotate one of the beam polarizations by 90o.  

Collecting/isolating probe light for detection: The probe beam is focused to a spot 

size of ~100 microns in the photoexcited region of the sample using a parabolic reflector.  

After the probe transmits through the sample it is filtered prior to detection. Residual 

excitation scatter is blocked with apertures (“spatial filtering”); a long pass filter can be 

used if the pump pulse is at much higher energy than the probe range. The white light 

continuum is also filtered to eliminate detector saturation near the WLG driving 
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wavelength and to eliminate second order diffraction (i.e. if a visible probe is desired, the 

near-IR portion is filtered; if near-IR probing is desired, the visible portion is filtered.  

Optical delay lines: For ultrafast spectroscopy (fs), the relative time of arrival of the 

pump and probe pulses at the sample is determined by their relative optical path length. 

In our lab, a translation stage equipped with a retroreflector is used to change the optical 

path length of excitation pulses relative to the probe.  Although this configuration can be 

problematic if pump beams are not collimated sufficiently, this configuration is required 

such that the probe and Raman excitation pulse timing can be fixed for FSRS 

measurements.  The optical delay of the Raman excitation pulse relative to the 

broadband probe is controlled by passing the ps pulse off of a reflector attached to a 

smaller motor-controlled translation stage.   
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2.2 Home-made automated data-acquisition program 

An automated data-acquisition program written with Labview is used for our 

measurements.6,7,8 This program was written to control the movement of the translation 

stages (optical delay control), to synchronize the camera operation with beam choppers 

and the laser repetition rate, to receive output from the camera, and to calculate and 

average output signals during data collection. This program will separate probe spectra 

collected by the camera that correspond with different choppers phase combinations (for 

one choppers, these are pump “on” vs. “off”; for chopping two beams these include, 

on/on, on/off, off/on, off/off), and label them correctly.   

Translation stages are used to control the time delay between laser pulses. At each 

fixed translation state position signals are collected in two different steps: First, signals 

from the camera corresponding to different chopper phase combinations are collected, 

with transient absorption calculated using the following formula: 

 Absorption = - log(I/Io) (2.1) 

This process is repeated for several thousand laser shots and absorption averaged to 

decrease influence of shot-to-shot signal fluctuations.  Second, the signal will be 

averaged again by cycling through translation stage delays. This second cycle enables 

averaging over fluctuations in pump intensity or other factors that vary with measurement 

time. These cycles are controlled by nested “while” loops in the Labview acquisition 

program.  
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2.3 Multiple-phase data collection methods 

  

Figure 2.1: Chopper wheels with different chopping patterns 

 

For pump-probe spectroscopy, two laser pulses are used and one chopper is needed 

to chop the pump in order to get the final pump-probe signal.6 A simple chopper (Figure 

2.1, left) is sufficient for this measurement. In this configuration, two different signals 

(two phases) are detected by the camera shot-to-shot (i.e., each signal at 500 Hz): a pure 

probe signal and a pump-probe signal (which means the probe transmitted through the 

sample is affected by sample excitation with the pump pulse that creates transient states 

that can absorb part of probe). Many samples can fluoresce when excited by the pump, 

which can affect the calculated transient absorption. In order to eliminate fluorescence, a 

two choppers configuration is needed, whereby choppers are used with both the pump 

and probe beams.8 In this way, four different signals (four phases) can be detected: pure 

pump (which includes fluorescence and pump beam scatter), pure probe, pump-probe, 

and a dark background; these correspond with pump/probe: on/off, off/on, on/on and 

off/off. In this way the pure fluorescence signal can be subtracted from the pump-probe 

signal prior to calculation of absorption. This can be implemented with two choppers as 
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shown in Figure 2.1 (left) or one specialized chopper (Figure 2.1 right). The latter is 

designed to chop two beams in different phases, such that the outer part can be used to 

chop pump pulses and the inner part can be used to chop probe pulses. In this way, the 

four different signals can also be generated. 

For three pulses measurement, like pump-dump-probe and FSRS, four- or 

eight-phase data collection is needed in order to eliminate fluorescence contamination 

and provide appropriate signals needed for data analysis.6 In these experiments, up to 

three choppers are needed to chop all three pulses during the measurement. Alternately, 

we can use one simple chopper to chop the probe pulse and use the second chopper above 

to chop both excitation pulses (pump and dump pulses in pump-dump-probe experiment 

and pump and Raman pump pulses in FSRS measurement). Note that the more chopping 

phases used, beam diameters must be small enough to be transport through the chopper 

up to 4 times for a given phase. Usually the probe beam is focused tightly enough before 

the sapphire crystal for white light generation which makes it easy to chop this beam 

accordingly. 
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2.4 Sample handling 

Regioregular poly-(3-hexylthiophene) (RR-P3HT) (electronic grade, 90-94% 

regioregular), regioramdom poly-(3-hexylthiophene) (RRa-P3HT) and 

poly-(3-cyclohexyl, 4-methylthiophene) (PCMT) were purchased from Rieke metals and 

used after prolonged purging with high purity dry argon. Chlorobenzene and THF were 

used as solvent and were deaerated by repeated freeze-pump-thaw cycles. All solutions 

were prepared under an argon atmosphere. For FSRS measurements, the sample 

concentration was 1 mg/mL, which can guarantee significant Raman signals but without 

polymer aggregation. For other measurements (transient absorption, three pulses 

pump-push-probe etc.), the concentration is 0.1~0.2 mg/mL. 6, 7, 8 

In order to prevent the polymer from oxidation, all samples were circulated through a 

0.5 mm quartz flowcell with a peristaltic pump during spectroscopic measurements. The 

sample flow circuit is constructed entirely of PTFE tubing and compression fittings, and 

has a circulation volume of less than 20 mL. P3HT samples were introduced into the flow 

circuit under air-free conditions after it was thoroughly purged with dry argon. For FSRS 

measurement, using a relatively short cell pathlength (0.5 mm) helps to minimize 

background contributions from non-resonant solvent and polymer ground-state signals. 

During our measurements, a red overhead light is used in the lab because ordinary 

room light can lead to oxidation of some samples. Measurements were usually conducted 

right after samples were prepared. If not, samples were stored wrapped in foil to prevent 
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exposure to light.  
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Chapter 3.  Exciton Conformational Dynamics of 

poly-(3-hexylthiophene) (P3HT) in Solution from 

Time-resolved Resonant-Raman Spectroscopy 

 

 

This chapter describes work previously published 47 in 

W. Yu, J. Zhou, and A. E. Bragg.  Exciton Conformational Dynamics of Poly(3-hexylthiophene) 

(P3HT) in Solution from Time-resolved Resonant-Raman Spectroscopy.  J. Phys. Chem. Lett. 3, 

1321-1328 (2012).  

 

 

3.1 Abstract   

We have used time-resolved resonant-Raman spectroscopy to investigate the 

picosecond conformational relaxation of regioregular poly-(3-hexylthiophene) (RR-P3HT) 

in chlorobenzene after 510-nm photoexcitation.  Vibrational signatures from modes 

along and peripheral to the exciton’s backbone have been identified according to the 

time-dependence of excited-state Raman features and from comparisons to Raman 

spectra of other polymer states.  Measured spectral dynamics reflect initial changes in 

the resonant enhancement of backbone modes on a timescale of 9 ± 1 ps.  In contrast, 

contributions from peripheral modes exhibit time-dependent decay determined only by 

exciton intersystem-crossing kinetics.  Spectral dynamics are interpreted in terms of 

evolution in bond lengths along the exciton’s backbone resulting from increased 

conjugation allowed by torsional reordering.  Possible origins of peripheral features are 



27 

 

discussed, including distorted inter-ring modes at exciton termini.  Findings provide a 

glimpse of the underlying molecular dynamics responsible for the red-shift in the 

exciton’s near-IR transient absorption occurring on the same timescale.   



28 

 

3.2 Introduction 

Photovoltaic devices based on conjugated polymers, such as 

poly(3-hexylthiophene) (P3HT), have held promise as a low-cost solar-cell technology 

over the last two decades.1,2  In contrast to the inorganic semiconductors they would 

replace, the behaviors of these materials are dictated by the dynamics of constituent 

molecules and their interactions with nearby (and even distant) molecules.  

Consequently, the initial ultrafast relaxation behaviors of conjugated subunits are critical 

to the course of subsequent energy and electron transfer that underscore greater material 

function of these devices.3-7  A critical step towards understanding dynamics in these 

complex materials is to elucidate the molecular-level details of photoinduced relaxation 

in conjugated polymers isolated from electron acceptors.8-17   

With this focus, the photophysical properties of excited P3HT have been 

investigated extensively with a variety of time-resolved spectroscopic methods over the 

last decade – including transient absorption,18, 19 stimulated emission,12, 17 fluorescence 

up-conversion,11, 16 and non-linear electronic spectroscopies.13, 15, 16, 20  Much of this 

work has been carried out with polymer isolated in solution so as to assess intrinsic 

ultrafast relaxation behaviors of excited polymer segments (or “excitons”) without 

influence from direct interchain or donor-acceptor interactions. Collectively, these studies 

suggest two primary mechanisms for exciton relaxation that precedes population decay 

through fluorescence and intersystem crossing:11-13, 16, 17, 21, 22 Long-range torsional 
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reorganization on picosecond and sub-picosecond timescales that planarizes and 

stabilizes the quinoidal bond-order of the excited state;14, 17, 21, 22 and excitonic energy 

transfer (EET), through which energy migrates to lower-energy sites characterized by 

different degrees of planarity and/or conjugation length.11, 13, 20 These behaviors have 

been inferred from time-dependent spectral diffusion and anisotropy depolarization of 

electronic transitions.11, 16, 17 Given that a spectroscopic signature of both processes is a 

dynamic red-shift of emission, and that anisotropy depolarization in polythiophenes may 

originate from mechanisms other than EET,23 the relative importance of these pathways 

has been debated in the literature.12, 17 A recent combination of stimulated emission and 

3-pulse pump-dump-probe experiments has shown that relaxation occurs primarily 

through torsional relaxation on picosecond and sub-picosecond timescales, and not 

EET.12 However, even though transient electronic spectroscopies have been able to 

clarify the primary importance of this pathway, they offer little perspective on the nuclear 

dynamics that accompany conformational reorganization of the excited state.   

In this work we have used time-resolved resonant-Raman spectroscopy to 

interrogate nuclear conformational relaxation in P3HT excitons that underscores 

excited-state spectral dynamics observed with transient electronic spectroscopies on 

picosecond timescales (> 1ps). To our knowledge, time-resolved Raman has not been 

used to characterize the dynamics of these materials, even though steady-state Raman 

spectroscopy has been applied extensively to probe structural and morphological 
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characteristics of conjugated and conducting polymer films.24-28 Resonantly enhanced 

Raman scattering, in particular, is highly sensitive to vibrational activity along the totally 

symmetric modes of conjugated units, as these coincide directly with key structural 

changes induced by photoexcitation.29 Processes such as torsional relaxation (and EET) 

should planarize and/or lengthen an exciton, and thereby induce changes in bond lengths 

and vibrational frequencies of these same symmetric modes associated with the polymer 

backbone. Finally, resonantly enhanced Raman spectroscopy is inherently a 

photo-selective method, permitting the interrogation of structural (and dynamical) 

variations that underlie inhomogeneously broadened transient-absorption features.  

Therefore, resonant-Raman spectroscopy is a natural probe for interrogating the 

conformational relaxation of conjugated polymers at the molecular level, and should 

provide a new spectroscopic dimension for understanding the excited-state photophysics 

of this and related systems.   

Our work specifically makes use of femtosecond stimulated Raman spectroscopy 

(FSRS), a method that efficiently captures excited-state Raman gain over a broad 

frequency range through a 3-pulse measurement:30, 31 In our experiments, a ~50-fs, 

510-nm pulse first excites the polymer solution; subsequently, a combination of a 

broadband continuum pulse (<100-fs) and a narrow-band Raman-pump pulse (~2-ps) are 

used to measure stimulated-Raman gain at all inelastically scattered frequencies within 

the spectral range of the broadband continuum.  In this work the Raman-pump pulse is 
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resonant with a transition between the photoexcited excitonic state and a higher-lying 

electronic state (specifically at 880 nm), and Raman gain is sampled with a near-IR 

continuum at longer wavelengths (i.e., through Stokes transitions).  FSRS has been 

shown to yield similar Stokes-shifted features as measured via spontaneous Raman 

spectroscopy,32 but with the advantages of increased collection speeds and vastly 

improved discrimination against excited-state fluorescence.  Furthermore, FSRS is 

experimentally compatible with broadband transient absorption spectroscopy (TA), such 

that both measurements can be carried out under the same conditions in the lab. Thus, 

time-dependence of Raman features may be correlated readily with the TA spectral 

dynamics that are routinely used to characterize photo-excited polymers and 

polymer-based materials.   
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3.3 Experimental Methods.   

 Laser pulses for these experiments were derived from the fundamental output of an 

amplified Ti:Sapphire laser. 510-nm photoexcitation pulses were generated using an 

optical parameteric amplifier and were attenuated to 3 μJ/pulse. Narrowband (~10 cm-1) 

picosecond pulses (2-3 ps) centered at 880 nm were generated with a picosecond OPA.  

The Raman pump pulse energy was typically 10-15 μJ/pulse.  Near-IR white-light probe 

continuum (850-1100+ nm) was generated by focusing ~80 μJ/pulse into a 2-mm-thick 

sapphire crystal.      

     Photoexcitation pulses were collimated to a 4-mm beam diameter before the 

sample; Raman pump and probe pulses were focused and overlapped within the 

photoexcited sample volume.  Excitation and Raman pump pulses were blocked after 

the sample with a set of long-pass filters, and probe light was collected and dispersed 

with a 300-mm spectrograph onto a CCD camera. The camera was configured to collect 

spectra at the laser’s kHz repetition rate, with the Raman (or photoexcitation) beam 

synchronously chopped at 500 Hz. Transient Raman (or absorption) spectra were then 

calculated using consecutive pairs of probe spectra.  Each Raman spectrum presented is 

an average of 15000-30000 of these on/off ratios. Transient absorption measurements 

were made using a low-resolution grating.  In contrast, Raman spectra were collected at 

much higher-resolution, limited by the 10-cm-1 bandwidth of the ps-OPA, as well as 

natural spectral linewidths, spectral congestion, and spectral inhomogeneity.   
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The photoexcitation pulse delay relative to the Raman pump-probe pulse pair was 

controlled with a motorized translation stage outfitted with a corner-cube mirror. The 

relative timing between the Raman pump and probe pulses were optimized according to 

the spectral shapes of non-resonant features from the solvent, but also to minimize 

Raman-pump-induced depletion of the excited-state population. Polarizations of all three 

pulses were kept parallel in the measurements presented here. Excited-state spectra taken 

with the excitation pulse perpendicular to both the Raman pump and probe pulses 

produced similar spectral dynamics as that shown in Fig. 3.2 (see supporting information), 

indicating that these dynamics result from differences in structural relaxation and not due 

to the reorientation of transition dipoles in excited chromophores.    
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Figure 3.1:  Near-IR transient absorption spectroscopy of regioregular 

poly-(3-hexylthiophene) (RR-P3HT) in chlorobenzene photoexcited at 510 nm. (a)  

Transient spectra. (b) Normalized integrated intensity from 50-nm wide spectral windows 

(solid symbols). Spectral evolution in (a) is characterized by a fast spectral red-shift over 

the first 20-30 ps, followed by a decay in absorbance at longer wavelengths due to 

exciton decay and triplet formation (triplet absorption peaks below 900 nm).  Black 

lines in (b) represent a constrained biexponential fit with decay timescales of 8 ± 1 and 

320 ± 20 ps. 
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3.4 Results and discussion 

Figure 3.1 provides an example of the near-IR TA spectral dynamics measured 

following 510-nm excitation of regioregular (RR) P3HT dissolved in chlorobenzene.  

TA spectral dynamics are characterized by a noticeable red-shift that occurs by 15 ps; in 

contrast, spectral evolution on longer timescales gives rise to a sharp absorption band 

below 900 nm, consistent with triplet formation from non-fluorescing excitons. These 

time-dependent behaviors are more clearly illustrated in Fig. 3.1(b), which plots the TA 

intensity integrated over 50-nm-wide windows within the probed wavelength range (solid 

symbols).  Values for each transient have been normalized at 1 ps, offset for clarity, and 

fitted using constrained biexponential fitting functions (black lines); a summary of fitting 

procedures and parameters are provided in the supporting information. These absorption 

transients exhibit both fast (8 ± 1 ps) and slow (320 ± 20 ps) decay timescales, with fast 

decay becoming more prominent at shorter wavelengths. The timescale for this faster 

process is similar to those noted from time-resolved stimulated emission12 and 

fluorescence up-conversion measurements,11, 16 and which have been described as the 

result of changes in torsional disorder or exciton length resulting from conformational 

relaxation, EET, or both. The longer timescale corresponds with an apparent exciton 

population lifetime. These measurements were collected with a parallel pump-probe 

polarization geometry, and the measured lifetime is faster than the known exciton lifetime 

due to anisotropy depolarization in the excited state. Similar measurements taken with a 
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perpendicular pump-probe polarization geometry give an exciton decay lifetime of 490 ± 

20 ps, closely matching the known exciton lifetime measured by time-resolved 

fluorescence.11, 16 
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Figure 3.2:  Time-resolved resonant-Raman spectra of RR-P3HT in chlorobenzene 

photoexcited at 510 nm.Spectral dynamics are described in the text.  Asterisks denote 

non-resonantly enhanced solvent bands.   Labels “A” and “B” are used in the text in 

discussing spectral dynamics within their corresponding frequency ranges.   
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Conformational changes underlying the initial dynamic red-shift in transient 

absorption can be interrogated directly by applying a resonant-Raman probe. Figure 3.2 

presents a progression of baseline-subtracted, resonantly enhanced excited-state Raman 

spectra collected up to 850 ps after 510-nm excitation. The 880-nm Raman-pump pulse 

was resonant with the high-energy edge of the exciton’s absorption spectrum (indicated 

with an arrow in Fig. 3.1); this region of the excited-state absorption is most strongly 

influenced by spectral shifting on the picoseconds timescale, such that resonant-Raman 

measurements obtained with this wavelength should be most sensitive to underlying 

relaxation dynamics.  Sharp features in Fig. 3.2 marked with asterisks correspond with 

non-resonantly enhanced Raman modes of the chlorobenzene solvent and have been used 

to fine-tune frequency calibration of these spectra.33 Details concerning baseline 

subtraction methods are outlined in the Supporting Information.     

The spectral evolution presented in Fig. 3.2 can be characterized as follows:  

Spectra collected at time delays preceding arrival of the pump pulse exhibit a broad, 

weak asymmetric feature peaking near 1470 cm-1 that is flanked by a smaller feature near 

1390 cm-1. Two broad bands appear at delays following excitation; these features, 

spanning 1350-1600 cm-1 and 1000-1350 cm-1, are labeled A and B, respectively. Each of 

these bands exhibits evidence of overlapping spectral features: Band A peaks near 1470 

cm-1, but has a clear shoulder at lower frequency (~1390 cm-1); in contrast, band B 

exhibits resolved and partially resolved features at 1130, 1180, and 1220 cm-1. Band A 
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decays substantially over the first 25 ps; in contrast, band B decays asymmetrically, with 

intensity below ~1300 cm-1 decaying more quickly than the intensity at 1300-1350 cm-1.  

On longer timescales all excited-state features decay simultaneously.  Although the 

triplet strongly absorbs near 880 nm (c.f. Fig. 3.1), the Raman spectrum measured with 

the 850-ps delay is much less intense than those measured at earlier times, indicating that 

the triplet has a significantly reduced resonant-Raman cross-section relative to the singlet 

exciton.    
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Figure 3.3: Vibrational Raman spectroscopy of RR-P3HT in chlorobenzene solution. 

Spectra are associated with various polymer states and collected under various resonance 

conditions.  Asterisks denote (non-resonantly enhanced) solvent bands.  The preresonant 

Raman spectrum of the neutral polymer (blue dot-dash line) was collected using a 600-nm 

Raman-pump wavelength; all other spectra were collected using 880 nm.  Spectral 

assignments are based on those described in Reference 33 and correspond with modes 

largely described by stretching (and bending where indicated) of bonds between the 

numbered carbon positions shown at the bottom right.  The feature labeled as “terminal” is 

assigned here to inter-ring stretching in monomers near the ends of the exciton.   
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Mode-specific assignments for many of these excited-state features can be made 

through direct comparison with Raman spectra of other polymer states, as presented in 

Figure 3.3. Valence-bond structures are provided in Chart 3.1 for visualizing structural 

differences between various polymer states; it is important to note that these structures do 

not reflect the true electron-density distributions for these states, and are only offered to 

illustrate qualitative differences in bond-order patterns between states. The 

non-resonantly enhanced spectrum of the neutral ground-state (purple dotted line) 

includes features at 1470 and 1380 cm-1 that are widely attributed to C=Cand C-C 

ring-stretching of thiophene units, respectively.34 Along with solvent bands (marked with 

asterisks), these weak non-resonant ground-state features are a background signal in our 

time-resolved measurements. The C=C stretch has a very large (pre)resonant 

enhancement (blue dash-dot line), reflecting a significant bond-length displacement 

between the benzoidal ground state and quinoidal singlet excited states (e.g. Chart 3.1).34  

Weaker features appear in the preresonant spectrum near 1515, 1200, and 1180 cm-1; 

these have been assigned previously to an antisymmetric (out of phase) C=C 

ring-stretching mode, C2-C5' inter-ring stretching, and a combination of inter-ring 

stretching and C4-H bending motions.34 The intensity ratio of these last two features is 

likely to be related to torsional disorder that inhibits long-range planarity of the polymer 

backbone, as it has been shown that this ratio correlates with polymer conductivity.27,28,35 

Oxidation alters the pattern in C-C bond order relative to the neutral (Chart 1), 
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and changes the steady-state Raman spectrum as follows:36,37 The photo-oxidized 

polymer exhibits a marked change in the C=C stretching region, with a peak appearing 

near 1420 cm-1 (often referred to as the “quinoidal stretch”).  In contrast, the C3-C4 ring 

(1380 cm-1) and C2-C5' (1220 cm-1) inter-ring stretches are shifted more weakly from the 

corresponding features of the ground-state neutral. Two additional weak features appear 

near 1280 and 1320 cm-1, and have no known mode-specific assignment. These features 

likely correspond with distortional (“D”) or “kink” modes commonly observed in the 

Raman spectra of oxidized polythiophene;36, 37 such a feature appears in the Raman 

spectrum of oxidized poly-(3-decyl-thiopehene) near 1300 cm-1. “Kink” bands are 

commonly attributed to distorted inter-ring stretching and bending at the interfaces 

between oxidized and neutral regions of the polymer that are defined by significant 

changes in polymer conformation.28, 34, 36-38 

Given the gross similarity in band positions and patterns for the neutral, oxidized, 

and excited polymer, we believe that the excited-state Raman features measured here 

correspond with similar modes within the excited polymer:  Band A reflects activity in 

the C=C and C-C ring-stretching modes.  Guided by frequency and strength assignments 

made by Louarn et al. for the unexcited polymer,34, 39 we tentatively attribute the features 

in band B to nuclear motions involving inter-ring stretches (1220 cm-1) and a combination 

of inter-ring stretch and C4-H bending motions (1185 cm-1). The feature appearing near 

1130 cm-1 is quite close to a ground-state feature observed previously at 1090 cm-1, and 
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which Louarn et al. attribute to a mode that involves primarily (pure) C-H bending 

motions. This seems to be the most sensible assignment for the feature appearing at 1130 

cm-1, but we note that these authors also attribute a feature near 1020 cm-1 to C3-C6 

stretching in the ground state.  We note that both of these features are very weak and 

obscured by solvent peaks in our ground-state Raman spectrum (Fig. 3.3, blue dot-dash 

curve).   

Bands A and B both extend noticeably to higher frequencies relative to features 

observed from either the neutral or oxidized ground states. For band A, this breadth likely 

arises from more than one contribution: Activity in more than one type of C=C stretching 

mode (specifically, band A spans the range of the quinoidal, symmetric, and 

antisymmetric stretch frequencies observed in the neutral and oxide); variations in 

electron density along the length of the exciton; and, to a lesser extent, Raman dispersion 

due to variation in exciton length.25, 39 In contrast, the high-frequency (>1300 cm-1) 

portion of B cannot be attributed to a well-characterized mode feature when compared to 

the spectrum of either the oxidized or ground-state neutral polymer.   
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Chart 3.1: Valence-bond structures of the benzoidal ground state (top), quinoidal 

excited state (middle), and quinoidal oxidized polaron (bottom) of RR-P3HT.  The 

exciton structure has been drawn so as to not imply charge separation, but rather a 

symmetric redistribution of electron density. 
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Figure 3.4:  Time dependence of Raman features in Figure 3.2 and assigned 

according to Figure 3.3.  (a) Integrated intensities; black lines correspond with 

biexponential fits with constrained lifetimes of 9 ± 1 and 220 ± 20 ps (fitting 

amplitudes are provided in the supporting information).  The feature assigned to 

inter-ring stretching at the terminal sites exhibits no decay on the faster timescale 

(gray triangles).  (b)  Relative change in feature intensities attributed to 

torsion-induced exciton conformational relaxation.  To make (b), data and fits in (a) 

were divided by corresponding terminal inter-ring feature intensities, and each 

time-dependent ratio was scaled to its final value.  Each trace in (b) has been offset 

for clarity. 
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Time-dependence of the feature at 1300 cm-1 helps to illuminate the nature of its 

corresponding Raman modes.  Integrated intensities of each feature are plotted in Figure 

3.4(a) (solid symbols), and have been fitted using constrained biexponential functions 

(solid lines, details of fitting provided in Supporting Information).  Non-resonant 

solvent and polymer background features were carefully removed to determine these 

intensities.  Time-dependent intensities of the assigned excited-state features decay on 

timescales of 9 ± 1 ps and 220 ± 20 ps.  In contrast, the Raman intensity near 1300 cm-1 

decays only on the longer of these timescales, which must be associated with exciton 

decay.  The apparent contraction in exciton lifetime as determined from our 

time-dependent Raman intensities likely arises from uncertainties in the baseline shape 

assumed for subtraction:  The baseline primarily reflects a transient bleaching of excited 

polymer by the 880-nm Raman pump, and therefore gradually changes shape as triplet 

absorption dominates at the Raman-pump wavelength (similar to the change in 

absorption features seen in Fig. 3.1(a); see Supporting Information for more details).  

Corresponding changes in baseline curvature likely leads to a slight systematic 

over-subtraction at later delays, and thereby influences the best-fit lifetime for exciton 

decay.  Importantly, this change in baseline shape and the related uncertainty in baseline 

estimation occur on the ISC timescale, and negligibly influences changes in feature 

intensities associated with the much faster conformation relaxation process.    

The faster relaxation timescale apparent from our Raman data closely matches the 
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initial spectral redshift observed in TA measurements, indicating that the spectral 

evolution captured in Figs. 3.2 and 3.4(a) is related to the spectral shift apparent in Fig. 

3.1(a). Changes to the intensities of all assigned Raman features on this timescale 

therefore reflect that corresponding vibrational modes are sensitive to exciton relaxation 

dynamics.  In contrast, because the intensity decay near 1300 cm-1 occurs only with 

exciton decay, it must correspond with a mode (or modes) that are insensitive to this 

faster relaxation process and that are likely to be peripheral to parts of the molecule that 

are most sensitive to nuclear relaxation.   

How conformational relaxation induces changes in the intensities of Raman 

features can be understood by considering the dominant term of the molecular 

polarizability under resonant conditions (the Albrecht A term):29, 40 
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Here (𝜇𝑔𝑒
0 )

𝜌
 represents the electronic transition dipole moment in the 𝜌 direction; the 

A term is derived assuming the Franck-Condon Approximation, and these dipole 

moments are therefore constant.  Because the Raman-pump wavelength probes the blue 

edge of the absorption band in our experiment, time-dependent detuning from resonance 

with the Raman-pump pulse should be negligible in our measurements (i.e., no change in 

the denominators of A terms).  Therefore, the dominant factors controlling Raman 

intensities are the Franck-Condon overlaps between the initial and intermediate states 
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(⟨𝑣′|𝑣⟩), and the intermediate and final states (⟨𝑣|𝑣"⟩).  As TA spectra are sensitive to 

time-dependent changes in Franck-Condon factors, the spectral shift apparent in Fig. 

3.1(a) illustrates the change in overlaps necessary to influence resonant-Raman intensity.  

Totally symmetric modes that coincide with geometry changes in the molecule are most 

strongly Franck-Condon active in Equation 1; in P3HT, these include symmetric stretches 

and bends within monomer rings as well as inter-ring stretches.      

Torsion-induced conformational relaxation, specifically, is expected to influence 

the resonant contributions as follows: Torsional relaxation increases planarity of the 

exciton’s structure, permits increased conjugation, and allows electron density to shift 

between bonds involving carbon atoms along the backbone.  This shift in electron 

density should induce a corresponding change in bond-length displacement between the 

potential-energy surfaces for the exciton and the higher-lying state.  Therefore, torsional 

relaxation towards exciton planarization should alter the Franck-Condon overlaps 

between the initially excited and higher-lying intermediate electronic state in the Raman 

transition, giving rise to intensity decay for various vibrational modes. Given the general 

relationship expressed in Equation 1 and the fact that the decay in the feature near 1300 

cm-1 is controlled only by the time-dependence of the exciton population, this feature 

must rather correspond with modes that have no time-dependent change in bond-length 

displacement during exciton relaxation, even though this mode is altered by the initial 

photoexcitation step.   
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Within this framework it is possible to consider what modes are likely to 

contribute the extra intensity at 1300 cm-1.  One possibility is that other fingerprint ring 

modes – such as C-S stretching (1000 cm-1), C-S-C deformation (680 cm-1) and monomer 

ring deformation (550 cm-1)34 – shift to higher frequency upon excitation and appear 

within the frequency range probed.  Given that all other excited-state features fall 

roughly at the same frequencies as measured in the ground state, we find it highly 

unlikely that these other ring modes would shift appreciably (> 300 cm-1) upon polymer 

excitation.  Furthermore, because ab initio calculations have shown that excited-state 

electron-density also changes at the sulfur site,41 we expect that these modes should also 

be sensitive to any redistribution of electron density within and between thiophene rings 

that occurs during conformational relaxation.   

The extra intensity at 1300 cm-1 is more likely to arise from additional Raman 

activity in modes along the pendant hexyl chains.  Indeed, various alkyl modes have 

frequencies near 1300 cm-1, but these modes generally have the wrong symmetry to 

exhibit significant activity in the resonant-Raman spectrum.42, 43 Significant enhancement 

of hexyl modes would imply an appreciable displacement along nuclear coordinates in 

these pendant groups between the first and second excited states, in contrast with what is 

observed for the ground and singlet-exciton states (no hexyl modes are observed in the 

resonant ground-state spectrum). This would further imply that the pendant group has a 

non-negligible role in supporting this higher-lying excited state of the polymer.   
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A plausible alternative explanation is that this feature may correspond with 

distorted modes associated with the ends of excitonic segments, much like the kink bands 

discussed above that are commonly observed with oxidized polymer.  Both states of the 

polymer take on quasiplanar quinoidal geometries (Chart 3.1), such that they should have 

similar sensitivity to the presence of large conformational distortions in the polymer:44  

In both states such distortions will strongly limit the extent of conjugation and/or confine 

conjugation to specific segments of the polymer. Although the characteristics of 

vibrational modes at these distortions are not well-established, the frequency of 

distortional modes will be affected by both the relative conformation and charge 

distribution at these terminal interfaces at the ends of the excitonic or oxidized segment.  

Ab initio calculations by Benkeen and Pullerits suggest that there is a reduction in 

electron density (relative to the ground state) at the C2/C5 sites at the ends of exciton 

segments of the polymer,41 and therefore these modes could be quite similar for excitonic 

and oxidized regions of the polymer. Importantly, we expect little driving force for 

reconfiguration of adjacent rings at the boundary of excited and unexcited regions of the 

polymer, such that there should be little to no change in the Franck-Condon activity (and, 

thus, resonant enhancement) of these modes during the course of torsion-induced 

conformational relaxation.   

The relaxation behavior captured here with resonant-Raman spectroscopy is 

consistent with the shifting vibronic structure apparent in stimulated emission12, 17 and 
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fluorescence up-conversion11 measurements.  Those measurements reflect changes in 

overlaps between the exciton and the ground-state vibrational wavefunctions with time.  

Although the C=C stretch fundamental can be identified from those measurements, those 

transient electronic bands are otherwise unresolved and overlapped Franck-Condon 

progressions.  Figure 3.2 demonstrates clearly that bond-length changes occur more 

generally for all bonds associated with carbon atoms along the exciton backbone.   

The Raman intensity near 1300 cm-1 provides a probe-specific reference for 

exciton population decay.  Thus, the change in intensities of other features due only to 

conformational relaxation can be isolated by dividing each transient by the intensity 

decay of this region, as plotted in Fig. 3.4(b). Although some of these features overlap 

slightly in the integrated ranges, Fig. 3.4(b) illustrates that relaxation affects the intensity 

of each mode differently.  For example, intensities in the C=C stretching and mixed 

C4-H bending regions decay by ~50% on this timescale, while the backbone inter-ring 

and pure C4-H bend decay by ~25 and 33 %, respectively (the C3-C4 ring-stretch has been 

left out, as it overlaps significantly with the C=C stretches).  Qualitatively, we anticipate 

a significant shift of electron density away from the C=C bonds, and an increase near the 

C4-H bend and inter-ring stretch. A more complete and quantitative explanation for these 

changes will require additional spectral decomposition and modeling of time-dependent 

bond-length displacements.      

Although our measurements highlight evolution in exciton conformation with 
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time, by themselves they do not imply that torsional relaxation dominates exciton 

relaxation: EET could involve downhill energy migration between polymer segments 

with increased planarity, as well as conjugation length, such that both relaxation 

mechanisms may have the same observables on the picoseconds timescale (i.e., an 

average change in exciton conformation with time). If EET has an impact on the 

relaxation of isolated excitons,13, 20 we expect that Raman spectra will be much more 

sensitive to this process on faster timescales, as fast EET should dampen the Raman 

coherence lifetime created through interactions with the Raman-pulse pair, giving rise to 

broadened spectral shapes. Unfortunately, time-dependent Raman-intensity analysis on 

sub-ps timescales is complicated by the more favorable fs-pump/ps-repump/fs-continuum 

probe process that directly competes with the resonant FSRS measurement.45 However, 

changes in spectral breadth and relative feature intensities should be identifiable on these 

faster timescales, and we’re currently exploring this faster phase of exciton relaxation.    
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3.5 Conclusions 

In summary, we have used time-resolved resonant-Raman spectroscopy to 

interrogate the picosecond conformational relaxation dynamics of excitons on RR-P3HT 

prepared by photoexcitation at 510 nm.  We have identified excited-state Raman-active 

modes associated with carbon atoms along the exciton’s conjugated backbone, as well as 

features associated with peripheral modes that that are insensitive to these dynamics.  

These peripheral modes likely correspond with vibrations on pendant hexyl groups or 

distorted (“kink”) modes present at the termini of excited segments within the polymer.  

As resonant-Raman measurements are sensitive to changes in the displacement of nuclear 

coordinates between potential-energy surfaces, the relative intensity dependence of 

Raman features indicates the degree to which torsional relaxation alters the bond lengths 

along the exciton backbone.  This data provides a direct structural perspective on the 

spectral relaxation dynamics observed from transient electronic spectroscopies, and we 

are currently using this approach to explore correlation between excited-state absorption 

frequency and degree of torsional disorder in this and related systems      
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3.6 Supplementary Information 

 

3.6.1. Characterization of polymer solutions using transient absorption 

spectroscopy. 

Polymer concentrations used to make our Raman measurements (~1 mg/mL) are 

relatively high compared to those typically studied by steady-state or simple pump-probe 

spectroscopies (typically ~0.1-0.3 mg/mL).  Solutions with lower concentrations are 

generally desired to prevent aggregation of polymers and therefore eliminate the 

possibility for interchain interactions that can alter exciton relaxation dynamics.  

Unfortunately, we found that these concentrations were too low for obtaining sufficient 

signal/noise in our FSRS spectra.  Indeed, FSRS is a 5th order spectroscopic 

measurement, and we typically measure P3HT excited-state Raman gain smaller than 

0.25%, even with these more concentrated solutions.  Additionally, these small signals 

are superimposed upon a more intense broad background (described in Section 3.6.2) that 

must be subtracted in order to isolate spectral dynamics of Raman features alone.  For 

these reasons we found it necessary to push solution concentrations somewhat higher for 

our measurements.   

We note that there is precedent for using higher polymer concentrations in 

experiments with high-order non-linear spectroscopic methods that suffer from similar 

signal-to-noise limitations.  Nevertheless, in order to ensure that interchain polymer 

aggregation was not appreciable at this higher polymer concentration (or at least that 

relaxation dynamics were not affected by polymer concentration), we characterized 
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solutions with high and low concentrations of P3HT using transient absorption 

spectroscopy. Figure 3.1S presents typical spectral dynamics of NIR transient absorption 

features measured after 510-nm photoexcitation of 0.3 and 1 mg/mL P3HT in 

chlorobenzene.  These contour plots have been scaled to their maximum absorbance and 

given the same intensity contours.  Spectral dynamics measured at these two 

concentrations are remarkably similar, and yield the same exciton lifetime with a 

perpendicular pump-probe polarization (~500 ps), suggesting that the increased 

concentration has no appreciable effect on the photophysics of these species.  We are 

therefore confident that our Raman measurements capture relaxation behavior of isolated 

excitons.  
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Figure 3.1S: Comparison of near-IR absorption transients collected using (a) low (0.3 

mg/mL) and (b) high (1 mg/mL) concentrations of regioregular P3HT in chlorobenzene. 
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Figure 3.2S: Raw time-resolved resonant-Raman spectra from RR-P3HT in 

chlorobenzene. Raman features are superimposed on a broad background originating 

from Raman-pump-induced changes to the optical density of the 510-nm photoexcited 

sample.   Dashed lines illustrate the assumed linear background signal for subtraction, 

as described in Section 3.6.2. 
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3.6.2. Background subtraction procedures. 

As described in the main text and above, the resonant-Raman signals measured in 

our experiments are superimposed upon a broad background.  This background signal 

can be described as a transient bleach of the excited-state absorption that is induced by 

the Raman-pump pulse.  This more favorable fs-pump/ps-repump/fs-continuum probe 

process directly competes with the resonant FSRS measurement.  We present an 

example set of averaged raw transient Raman data in Figure 3.2S that shows that these 

broad background signals are significant and vary with time. 

The background observed here is similar to the broad fluorescence background 

signals common to spontaneous Raman measurements, and many numerical methods 

have been developed over the years for removing these contributions. Generally these 

methods are successful because the Raman and background signals exhibit sharp vs. 

broad features, respectively, and features that vary only weakly with frequency 

(fluorescence) can be removed quite reasonably by numerical filtering methods.  An 

obvious problem arises when the breadth of Raman features are comparable to the 

breadth of background signals (due to broad natural linewidths, spectral congestion, or 

spectral inhomogeneity).  In these cases there is little that can be done to separate these 

signals other than modeling the shape of the background and subtracting it off.   

We’ve had to take this approach in our data analysis here.  Our subtraction 

procedure was facilitated greatly by the fact that our measured background signals appear 
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to be roughly linear across the probed wavelength range. We therefore assumed a 

piece-wise linear background for subtraction:  For each spectrum collected, piecewise 

linear background contributions were estimated according to the intensities measured at 

three specific frequencies (see dashed lines in Figure 3.2S); these include the dip between 

solvent bands at 1000 cm-1, the clear dip apparent in the raw data near 1350 cm-1, and at 

the high-frequency edge of the solvent band apparent near 1600 cm-1. Additional points 

were also considered between 900 and 1200 cm-1, with the hope that more linear 

segments would more closely approximate the shape of a non-linear background and 

provide increased discrimination between Raman and background signals.  However, 

including these points was found to obscure exciton Raman features that overlapped 

weaker solvent bands around 1000-1200 cm-1, and we therefore chose to use only the two 

linear background segments described above. Our baseline subtraction procedure appears 

to be quite robust, as we obtain very similar spectral and temporal behavior from multiple 

data sets. 

An implicit assumption in our subtraction procedure is that the intensity dip at 

1350 cm-1 reflects an intensity drop in excited-state features towards the Raman baseline 

from both lower and higher frequencies. It is therefore important to consider (and rule out) 

other possible origins for this intensity dip. Our measurement reflects the pump-induced 

excited-state Raman spectrum, and therefore it seems reasonable to consider 

contributions from a depletion/hole in ground-state Raman features.  Such features are 
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common in time-resolved pump-probe IR measurements; those differential absorption 

measurements are made by chopping the photoexciting pump, generating spectra that 

have overlapping signatures from both excited-state absorption and ground-state bleach 

in the transient IR absorption spectrum. In contrast, only the Raman pump is chopped in 

our experiment: Although photoexcitation may reduce the size of Raman features from 

the ground state, a negative bleach contribution will not be measured because the 

photoexciting beam is not chopped. Therefore this possibility can be ruled out in general 

by noting that a depletion of the ground-state Raman spectrum will only be apparent after 

subtracting the spectrum of the un-pumped sample, and not directly from the raw data 

measured in our experiment.   

The possibility that this dip corresponds with a vibrational hole in transient 

Raman spectra of P3HT can be discounted more specifically by considering the positions 

and relative intensities of ground-state features measured with this technique. The dip 

appears at a lower frequency than the C-C and C=C stretching features seen in the (weak) 

non-resonant Raman spectrum of the ground-state polymer (see Fig. 3.3 of the main text).  

Because there are no significant background signals at this frequency prior to excitation, 

an intensity dip at this frequency cannot correspond with a depleted vibrational band of 

the ground state even after subtraction of the ground-state spectrum measured before 

“time zero.”   

Alternative explanations for this dip might include “negative” gain contributions 
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associated with dispersive and inverse lineshapes possible from FSRS. Dispersive 

features have been observed in other FSRS measurements, but with lineshapes that are 

sensitive to the relative Raman pump/probe delay. We note, however, that the size and 

position of this dip relative to the neighboring positive features does not change 

appreciably with relative Raman pump-probe pulse delay. Furthermore this dip cannot 

correspond with an inverse Raman feature, as these occur only at anti-Stokes frequencies 

with the roles of Raman pump and probe are reversed (our experiment measures Stokes 

shifts). Therefore we are confident that this dip in the raw data truly occurs due to a gap 

in excited-state Raman features, and that the minimum in this dip can be used to 

approximate the Raman baseline. 
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Figure 3.3S: An example of raw signal transients (Raman plus transient bleaching 

of excited-state absorption) at representative time delays throughout ISC kinetics.  

Absorption of triplet at 880 nm leads to a change in baseline shape at longer times, 

and gives rise to slight over-subtraction of Raman feature intensities when 

approximating the baseline with the linear-spline method. This results in a slightly 

faster exciton decay lifetime as determined from our Raman-signal intensities. 
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3.6.3. A note on the accelerated apparent exciton decay lifetime measured via FSRS 

with an 880-nm Raman pump. 

As described in the main text, Raman features measured with the 880-nm Raman 

pump decay more quickly than the exciton lifetime measured by TA. The possibility for 

under- or over-subtracting the background has been an important consideration in 

applying the subtraction routine described above, as in either case the Raman intensity 

decay observed could be influenced by the time-dependence of the background signal 

shape. The accelerated decay timescale we obtain from our background-subtracted 

Raman features likely originates from such baseline shape changes through the ISC 

process: As illustrated in Figure 3.3S (compare to Fig. 3.1(a) of the main text), the 

background signal changes from a transient bleach of the excited singlet state to a 

transient bleach of the triplet; these two spectral shapes differ in curvature (negative vs. 

positive) across the probed spectral range. We expect that this change in background 

curvature, specifically, gives rise to a slight over-subtraction of Raman feature intensities 

at longer delays where the triplet absorption dominates.     

Figure 3.4S compares the integrated intensity in the C=C stretch region measured 

using both 880-nm and 950-nm Raman pump pulses.  The signal collected at 950 nm 

decays with the expected timescale (315 ps ± 40 ps). As this Raman pump wavelength 

falls far from the triplet absorption, the background signal in these measurements was 

dominated by a transient bleaching of the singlet excited state only and no baseline shape 
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changes occur during the ISC process. This comparison clarifies that the effect of the 

baseline uncertainty influences the extracted signal intensity at long delays where the 

triplet absorption at 880-nm dominates. 

It is important to note, however, that this over-subtraction in the 880-nm data only 

occurs at time delays much longer than those during which the initial conformational 

relaxation takes place. Therefore, baseline shape uncertainties that influence the apparent 

exciton decay lifetime do not influence extraction of Raman spectra that capture the 

initial excited-state relaxation process. As demonstrated in Figure 3.2S above, the spectral 

baseline maintains roughly the same shape during this faster phase of evolution, such that 

baseline uncertainties should be of little concern at these much earlier delays.  

Over-subtraction at these later delays could likely be eliminated by modeling changes in 

baseline shape.  However, given the spectral congestion in the exciton fingerprint region, 

we believe that the linear-spline background subtraction is the most honest approach for 

extracting Raman features from our data as it does not require a subjective guess of the 

baseline shape.     
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Figure 3.4S:  Long-time decay (> 40 ps) of Raman intensity in the C=C ring stretch 

region (~1450 cm-1) as measured using 950 and 880-nm Raman pump pulses.  

Integrated peak intensities have been normalized at 40 ps.  Raman intensity probed 

via 880-nm occurs with a lifetime of 220 ± 20 ps.  Raman intensity probed via 

950-nm decays with a timescale of 315 ± 40 ps, similar to the exciton decay lifetime 

measured by transient absorption spectroscopy. 
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3.6.4. Measurement of resonant Raman spectrum of oxidized P3HT 

 As described above, P3HT can readily photo-oxidize in solution, and oxidized P3HT 

exhibits a broad absorption band in the NIR. Consequently, resonant Raman features 

from the oxidized byproduct can interfere with excited-state Raman measurements if the 

sample is not appropriately managed during measurements (using a flow cell or sample 

rastering).   

 For the purposes of preparing Fig. 3.3 of the main text, we exposed a cuvette of 

P3HT at 510 nm for a prolonged period and subsequently measured the Raman spectrum 

with the photoexcation source blocked. A resonant Raman spectrum of the oxidized 

polymer was extract by a scaled subtraction of non-resonant features (solvent and 

polymer). Features apparent in this spectrum closely match those measured via 

electrochemical oxidation of P3HT films. 
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Figure 3.5S: Time-resolved Raman spectra of RR-P3HT collected with perpendicular 

relative polarization between the 510-nm excitation pulse and the Raman probing 

pulses.  Although the signal level is much smaller, spectral dynamics observed are 

similar to those seen in Fig. 3.2 of the main text. 
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3.6.5. Influence of relative pulse polarization on transient Raman signals. 

The data presented in Figure 3.2 of the main text was collected using a parallel 

relative polarization between the actinic pump and probing Raman pulses. Figure 3.5S 

illustrates the same measurements collected over the 200-ps time window but with the 

actinic pump polarization perpendicular to that of the Raman probing pulses.  This 

progression exhibits the same behavior as that seen in the Figure 3.2 of the main text:  

Features associated with carbon atoms along the exciton backbone decay appreciably 

over the initial timescale, while the intensity at 1275-1350 cm-1 remains fairly constant.  

Although we anticipate the anisotropy decay may have some significance in the relative 

sizes of our measured signals, the similarity in spectral dynamics indicates that the 

Raman intensity decay reflects changes in resonant enhancement that are not induced by 

anisotropy depolarization.   
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3.6.6. Data fitting procedures. 

 TA and time-resolved Raman intensities presented in the text were fitted with 

biexponential functions, each with a common (i.e. constrained) set of relaxation and 

population decay lifetimes:  

 𝐼(𝑡) =  𝐴1 exp (−
𝑡

𝑇𝑅
) + 𝐴2 exp (−

𝑡

𝑇𝐷
) + 𝑦0 (3.2) 

As we have no quantitative model (as of yet) to connect the relative changes in spectral 

intensity between various spectral regions in either measurement, amplitudes (A1, A2) and 

an offset (y0) for each transient were nominally treated as free parameters for these fits, 

but with additional constraints imposed for fitting each transient.   

Our fitting procedure can be summarized as follows: All transients were first fit 

separately (no constraints) in order to obtain initial guesses for these parameters for 

constrained fitting. As we scaled all TA transients according to their intensity at 1 ps, we 

used the constraint that the sum of the amplitudes and offset for each trace equals 1. For 

Raman data, the offset parameters determined from individual fits were subtracted from 

each transient in order to reduce the number of free parameters necessary to fit each trace.  

Each of these sets was then fit using constrained relaxation and decay timescales. On 

average, each trace in Fig. 3.1(a) and Fig. 3.4(a) is fit with <2.2 parameters (9-10 

amplitudes + 2 timescales for each set of 5 transients).  Fit parameters for TA and 

Raman data are provided in Tables 3.1S and 3.2S, respectively. 
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Table 3.1S:  Best fit amplitudes for fitting of TA intensities (Fig. 3.1(b) of main text).  

Constrained decay timescales determined from fit are 8 ± 1 and 320 ± 20 ps. 

 850-900 nm 900-950 nm 950-1000 nm 1000-1050 nm 1050-1100 nm 

𝑨𝟏 0.307 0.288 0.254 0.181 0.086 

𝑨𝟐 0.274 0.556 0.689 0.779 0.884 

 

  



71 

 

   

Table 3.2S:  Best fit amplitudes for fitting of TA intensities (Fig. 3.1(b) of main text).  

Constrained decay timescales determined from fit are 9 ± 1 and 220 ± 20 ps. 

 C=C C2-C5’ Term. C2-C5’ C4-H C3-C6 

𝑨𝟏 0.104 0.0199 ― 0.0102 0.00664 

𝑨𝟏 0.086 0.0524 0.0255 0.0148 0.00504 
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Chapter 4. Ultrafast photo-induced nuclear relaxation of a 

conformationally disordered conjugated polymer probed with 

transient absorption and femtosecond stimulated Raman 

spectroscopies 

 

This chapter describes work previously published35 in 

W. Yu, P. J. Donohoo-Vallett, J. Zhou, and A. E. Bragg.  Ultrafast Photoinduced Nuclear 

Relaxation of a Conformationally Disordered Conjugated Polymer Probed with Transient 

Absorption and Femtosecond Stimulated Raman Spectroscopies.  J. Chem. Phys. 141, 044201 

(2014).  

 

4.1 Abstract 

A combination of transient absorption (TAS) and femtosecond stimulated Raman 

(FSRS) spectroscopies were used to interrogate the photo-induced nuclear relaxation 

dynamics of poly(3-cyclohexyl,4-methylthiophene) (PCMT). The large difference in 

inter-ring dihedral angles of ground and excited-state PCMT make it an ideal candidate 

for studying large-amplitude vibrational relaxation associated with exciton trapping.  

Spectral shifting in the S1 TA spectra on sub-ps timescales (110 ± 20 and 800 ± 100 fs) 

are similar to spectroscopic signatures of excited-state relaxation observed with related 

photoexcited conjugated polymers and which have been attributed to exciton localization 

and a combination of resonant energy transfer and torsional relaxation, respectively.  

Measurements made with both techniques reveal fast PCMT S1 decay and triplet 

formation (S1 =25-32 ps), which is similar to the excited-state dynamics of short 

oligothiophenes and highly twisted polyconjugated molecules.  On ultrafast timescales 
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FSRS of S1 PCMT offers a new perspective on the nuclear dynamics that underlie 

localization of excitons in photoexcited conjugated polymers:  Spectral dynamics in the 

C=C stretching region (1400-1600 cm-1) include a red-shift of the in-phase C=C 

stretching frequency, as well as a change in the relative intensity of in-phase and 

out-of-phase stretch intensities on a timescale of ~100 fs.  Both changes indicate an 

ultrafast vibrational distortion that increases the conjugation length in the region of the 

localized excitation and are consistent with exciton self-localization or trapping.  

Wavelength-dependent excited-state FSRS measurements further demonstrate that the 

C=C stretching frequency provides a useful spectroscopic handle for interrogating the 

degree of delocalization in excited conjugated polymers given the selectivity achieved via 

resonance enhancement.   
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4.2 Introduction 

 Conjugated polymers have become a common component in organic electronic 

materials1,2 and there is continued interest in characterizing properties and dynamics of 

the electronic states that underlie their material behaviors.3-13 On a fundamental level 

conjugated polymers raise interesting questions regarding the nature of localized states in 

disordered, highly inhomogeneous systems and also regarding what structural changes 

are responsible for trapping these states along an extended π-conjugated framework.14-16  

The structural complexity of these systems leads naturally to many questions: How does 

one accurately describe delocalized states on a disordered polymer backbone?14  How 

are the properties of polymer excitations determined by both the polymer’s torsional 

conformation and other structural variations along the polymer backbone?  What 

structural relaxation dynamics following photoexcitation are responsible for exciton 

trapping and how can we observe such nuclear evolution directly?7,17  Addressing these 

questions experimentally requires methods that can differentiate amongst structural 

variations within an ensemble of localized excited states and track excited-state structural 

relaxation directly in time.7,12  Here we specifically demonstrate the use of femtosecond 

stimulated Raman spectroscopy (FSRS)18 in combination with ultrafast transient 

absorption spectroscopy (TAS) to characterize the nuclear relaxation associated with 

exciton trapping in the conjugated polymer poly(3-cyclohexano,4-methylthiophene), or 

PCMT. 
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 The photoinduced dynamics and spectroscopy of conjugated polymers in solution 

have been examined extensively over the last decade using various transient electronic 

spectroscopies in order to address the questions listed above.3-13  From these studies it 

has been concluded that the dynamics underlying various phases of excited-state 

relaxation include:  (1) Exciton self-trapping or localization, associated with transient 

spectral evolution over timescales of ~100 fs or less;3-5,7,9,10 (2) Resonant excitonic 

energy transfer (EET)3,6,11,19 through which energy migrates to lower-energy sites 

characterized by different degrees of delocalization and/or (3) local, long-range torsional 

relaxation, both occurring on timescales ranging from sub-ps to 10s of ps;4,5,9,10,12 and (4) 

singlet exciton decay by emission and intersystem crossing (ISC), occurring on 

timescales of 100s of picoseconds.3,12,13  ISC is readily identified by the appearance of a 

triplet absorption band at slightly higher transition energies, analogous to the spectral 

dynamics of conjugated oligomers.12,20,21 Signatures of EET have been identified through 

measurements of both time-dependent spectral diffusion8 and anisotropy 

depolarization;3,8,11 the latter have revealed very fast and appreciable randomization of 

the stimulated emission (or fluorescence) polarization after excitation, which models 

predict to occur primarily via energy transfer between sites.11,22,23  The relative 

importance of EET and torsional relaxation has been debated for some time, but 

pump-probe (transient absorption and time-resolved fluorescence),4,11 multi-pulse,4 and 

photon-echo spectroscopies9 have shed new light on the relaxation dynamics of 
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polythiophenes in recent years, revealing that local relaxation contributes significantly to 

the stabilization of excited poly(3-alkylthiophenes).  Although nuclear relaxation 

associated with exciton self-trapping is the most plausible explanation for transient 

evolution in the electronic spectroscopy of excited polymers on ultrafast timescales,4,9 

there is little information about what occurs during this process directly from experiment.  

This can be attributed to the very fast timescale on which localization occurs, as well as 

the fact that clear spectroscopic interrogation of this localization requires a sensitive 

probe of ultrafast nuclear dynamics out of the Franck-Condon region in the excited state.9 

 Raman spectroscopy has been used extensively to characterize conjugated polymers 

and polymer-based materials,24-31 and is a promising complement to electronic 

spectroscopies for interrogating the structural characteristics and dynamics of conjugated 

polymers in their excited states.7,12  Conjugated polymers and oligomers exhibit very 

large ground-state Raman cross-sections, with spectra dominated by totally symmetric 

modes that coincide with the change in molecular geometry that accompanies polymer 

excitation.32  Furthermore, vibrational frequencies of various Raman-active modes 

(most notably the in-phase C=C stretching frequency) are directly sensitive to the extent 

of delocalization along an oligomer or polymer backbone.32,33  Given that excited states 

of conjugated oligomers and polymers are highly delocalized by nature, we anticipate 

that C=C stretching frequencies of excited states should be highly sensitive to variations 

or evolution in the excited-state delocalization length.  Thus, time-resolved excited-state 



80 

 

Raman spectroscopy could be used as a direct method for interrogating evolution in 

conformation and delocalization length that occurs through the course of excited-state 

relaxation of photoexcited conjugated polymers and oligomers.12 

 In previous work we used time-resolved resonant FSRS to investigate the picosecond 

structural relaxation dynamics of regio-regular poly(3-hexylthiophene) (RR-P3HT) 

following photoexcitation at 510 nm.12 Time-dependent evolution in the excited-state 

Raman spectrum on a timescale of 9 ps was attributed to the influence of conformational 

relaxation on the resonant enhancement of modes that involve moieties within the 

conjugated backbone; this behavior was explained to result from torsion-induced changes 

to the Franck-Condon overlap between the excited and probing states, and occurs on a 

similar timescale as spectral relaxation in near-IR absorption transients. Raman 

measurements also revealed a feature between 1300 and 1350 cm-1 that only evolved with 

the population decay of the excited state; we attributed this feature to vibrations 

peripheral to the conjugated backbone that effectively spectate conformational relaxation, 

and we postulated that this feature corresponds with modes localized around polymer 

defects or distortions that demarcate the boundaries of localized excited states.  Thus, 

this work demonstrated that excited-state Raman spectroscopy can offer new and more 

detailed perspective on the structural properties and dynamics of photoexcited polymers 

and complements what can be gleaned from transient electronic spectroscopies. 

 Here we further explore the use of FSRS for interrogating the vibrational 
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spectroscopy and dynamics of conjugated polymers, and specifically those of PCMT. We 

use the ultrafast evolution in the frequencies and band-shapes in the C=C stretching 

region as a probe of the initial nuclear relaxation dynamics associated with exciton 

trapping, making use of the high time resolution available with FSRS.18 The substitution 

pattern along the conjugated backbone in PCMT gives rise to very large inter-ring 

dihedral angles compared to other polythiophenes in their ground states, and we expected 

that TAS and FSRS should be particularly sensitive to large-amplitude twisting or 

deformation along these angles as PCMT relaxes out of the Franck-Condon region in the 

S1 state. We have also interrogated the structural dependence of intersystem crossing (ISC) 

on longer picosecond timescales.  Finally, the spectroscopic selectivity of 

wavelength-dependent resonantly enhanced FSRS enables characterization of the 

variations in delocalization that underlie broad transient electronic absorption bands of 

the excited polymer.  

  

4.3 Experimental Methods 

4.3.1 Sample preparation.  

PCMT and RR-P3HT (electronic grade, molecular weight 50-70 kD) were purchased 

from Rieke metals and used “as-is” after prolonged purging with high-purity dry argon. 

Chlorobenzene (CB, Fisher Scientific, >99% purity) and unstabilized tetrahydrofuran 

(THF, Sigma Aldrich, >99.9% purity) were deaerated through repeated freeze-pump-thaw 

cycles using liquid nitrogen. Under an argon atmosphere, solutions of PCMT in THF and 
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RR-P3HT in CB were prepared in vials and transferred into the reservoir of a sample 

flow loop. Spectroscopic measurements were made on sample solutions as they passed 

through a flow cell with a 0.5 mm pathlength and fused-silica windows (Spectrocell). The 

sample flow circuit was constructed entirely of PTFE tubing and compression fittings to 

ensure chemical compatibility with the solvents used and has a circulation volume of less 

than 30 mL. Samples were circulated at 15 mL/min with a peristaltic pump during the 

course of spectroscopic measurements, and no signs of photoproduct were observed after 

many hours of exposure to laser pulses.  

 Higher sample concentrations (1 mg/mL) were necessary for conducting 

excited-state Raman measurements, whereas lower sample concentrations (0.2 mg/mL) 

were used for transient absorption measurements and ground-state Raman measurements 

with P3HT.  We have previously demonstrated that the photophysics of P3HT does not 

change within this concentration range.12  We likewise observe no differences in the 

photophysics of PCMT at low and high sample concentrations.  PCMT samples used for 

TAS measurements had an OD of 0.5 at the excitation wavelength; the OD used for FSRS 

measurements was much higher (> 2). 

 Steady-state UV-Vis spectra of sample solutions were measured using a diode-array 

spectrometer fiber-optically coupled to incandescent deuterium and tungsten light sources 

(Stellarnet).  Samples used for measurements of steady-state absorption spectra were 

diluted to have OD < 1 in a 0.5 mm cuvette at the peak absorption wavelength.  
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4.3.2 Laser instrumentation and measurements.  

   Steady-state resonant Raman measurements with ground-state polymer in solution 

were conducted using FSRS.18  Excited-state polymer spectroscopy and dynamics were 

examined using broadband TAS and time-resolved FSRS.  All measurements utilized 

ultrafast laser pulses, which were derived from the fundamental output of an amplified 

Ti:Sapphire laser (Coherent Legend Elite, 4.5 mJ/pulse, 1 kHz rep. rate, 35-fs pulse 

duration, 800-nm peak wavelength). Half of this output was used to pump an optical 

parameteric amplifier (Coherent OperaSolo) that generates photoexcitation pulses (or 

actinic pulses) at 320 nm through second harmonic generation of the second harmonic of 

the OPA signal at 1280 nm; excitation pulses were attenuated to an energy of 3 μJ/pulse 

for these measurements. Another portion of the amplifier output (~1 mJ/pulse) was used 

to pump a second-harmonic bandwidth compressor (SHBC, Light Conversion), which 

generates narrowband (~12 cm-1) pulses with 2-3 ps duration at 400 nm.  Pulses derived 

from the SHBC were used either directly for ground-state stimulated Raman 

measurements or to pump a white-light-seeded OPA (TOPAS-400, Light Conversion) in 

order to generate tunable narrowband Raman-excitation (or Raman-pump) pulses for 

wavelength-dependent excited-state and transient Raman experiments (600 nm or 840 

nm). The Raman-pump pulse energy was typically 10-15 μJ/pulse. A few μJ of amplifier 

output at 800 nm was focused into a 2-mm-thick sapphire crystal to generate a broadband 
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probe continuum used in all measurements (420-720 nm or 850-1100 nm).   

 Photoexcitation pulses (or actinic pulses, at 320 nm) were focused to a 2-mm beam 

diameter on the sample. Raman-excitation pulses were focused towards the sample with a 

1-meter focal-length lens, with the focus located behind the sample; the Raman-excitation 

beam had a 500 mm diameter at the position of the sample and crossed at the center of 

the larger beam profile of the actinic pump. White-light probing pulses were focused to 

the center of the Raman-pump beam on the sample with a ~50 μm diameter using an 

off-axis parabolic mirror. The sizes, pulse energy and overlap of the three beams 

guarantee the collection of three-pulse signals, and specifically excited-state Raman 

spectra via FSRS.   

 Photoexcitation and Raman-pump pulses were blocked after the sample with a set of 

long-pass filters, and probe pulses were collected and dispersed with a 300-mm 

spectrograph (Acton-2360) onto a CCD camera (Pixis-100BR). The camera was 

configured to collect spectra at the laser’s repetition rate, with the photoexcitation beam 

and Raman beam chopped (or blocked) accordingly for each type of measurement. The 

output reference signals from both the camera and the choppers were used to correlate 

chopper phases with each exposure.   

 Multiple types of measurements were made using this optical configuration:34  

(1) Broadband TAS probing at visible (420-750 nm) and near-IR wavelengths (830-1100 

nm) was conducted by blocking the Raman excitation beam and chopping the 
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photoexcitation beam at one half of the laser repetition rate. Transient spectra were 

computed with white-light spectra (photoexcitation on vs. off) from consecutive laser 

shots dispersed across the detector array using a low-resolution grating (800-nm blaze, 

150 lines/mm).  

(2) Ground-state Raman (GSR) measurements were made by blocking the 

photoexcitation beam and chopping the Raman-excitation beam. GSR spectra were 

likewise computed from a comparison of consecutive white-light spectra (Raman 

excitation on vs. off) dispersed at much higher resolution (grating: 1000-nm blaze, 600 

lines/mm).  Linewidths in these measurements were limited predominantly by the 

bandwidth of the Raman excitation source (15-20 cm-1), as well as natural transition 

linewidths, spectral congestion, and spectral inhomogeneity.  

(3) Three-pulse transient and excited-state Raman measurements were conducted using a 

four-phase chopping sequence, with the photoexcitation and Raman excitation beams 

chopped at one-fourth and one-half of the laser repetition rate, respectively 

(Photoexcitation/Raman-excitation sequences: on/on; on/off; off/on; off/off). Multiple 

signals were derived simultaneously with this approach, including: TAS covering the 

spectral region probed in Raman measurements (on/off vs. off/off); GSR (off/on vs. 

off/off); and three-pulse signals collected in the presence of the photoexcitation pulse 

(on/on vs. on/off). For brevity, we refer to the third signal as Raman-excitation chopped 

(RC), although GSR and other (non-Raman) three-pulse signals also appear in these 
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spectra (see Section 2.3 below). A complementary three-pulse signal can be obtained by 

synchronously chopping (SC) both beams (on/on vs. off/off).  

 Each of these spectra was calculated from the measurement sequence as follows:  

 TAS =  log(Ipu+pr/Ipr) (4.1a) 

 GSR =  log(Ir+pr/Ipr) (4.1b) 

 RC =  log(Ipu+r+pr/Ipu+pr) (4.1c) 

 SC =  log(Ipu+r+pr/Ipr) (4.1d) 

Subscripts in Eqn. 1 correspond with photoexcitation (pu), Raman excitation (r) and 

white light probe (pr) pulses, respectively. As described in Section 2.3, we make use of 

these various signals to isolate excited-state Raman features in our spectral analysis. Each 

Raman spectrum presented here is an average of 15000-30000 measurements cycles (2- 

or 4-phase). 

 Timings of the photo- and Raman-excitation pulses relative to the probe pulse were 

controlled with two motorized translation stages (Newport ESP301-2N and Newport 

MFA-PPD, respectively). The stages controlling the photoexcitation and Raman time 

delays were outfitted with a protected silver or aluminum retroreflecting mirrors to ensure 

that the path of the excitation beam was parallel to the stage.  Positioning of the stages, 

rotation of the spectrograph gratings, collection of spectra, synchronization with choppers, 

and calculation of transient spectra were all coordinated through a data acquisition 

program written in LabView. 
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 TAS measurements were conducted with a magic-angle pump-probe polarization.  

In contrast, polarizations of all three pulses were kept parallel for Raman measurements.  

For ground-state Raman measurements, the relative Raman pump-probe pulse delay was 

timed such that the probe pulse arrived near the middle of the Raman pump pulse 

duration, as it was determined that this gave the best Raman line shapes from the solvent.  

For excited-state Raman spectra the probe pulse was timed to arrive slightly earlier in the 

Raman excitation pulse in order to minimize excited-state population depletion induced 

by the Raman-pump when on resonance.   

    The time-dependent, two-photon (pump-probe) solvent response of neat THF was 

used for correcting the influence of temporal chirp from the continuum probe in transient 

measurements. An example of the time-dependent solvent response and a brief 

description of chirp correction procedures are provided in the supplemental material.35  

Wavelength-dependent cuts through the solvent response were used to determine the 

effective time-resolution of the experiment, which was found to range between 100 and 

150 fs from the near UV to the near IR.  
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Figure 4.1: Representative FSRS data acquired with PCMT and an illustration of spectral 

analysis for isolating excited-state Raman features. Spectra have been offset for clarity.35  

Transient absorption (TA), ground-state Raman (GSR) and synchronously chopped (SC) 

signals are obtained experimentally as described in the text.  m and k are scalars for 

subtraction of GSR and TA signals contributing to SC, and “Fit” refers to a polynomial 

baseline fit applied to account for low-frequency base-line modulation.  Procedures for 

isolating excited-state Raman (ESR) features are outlined in the text. 
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4.3.3 FSRS signal analysis procedures.   

Three-pulse FSRS spectra contain contributions from multiple spectroscopic 

signals.36,37 Steps involved in processing spectra to isolate excited-state Raman features 

are described below and are illustrated graphically in Figure 4.1.   

 Our analysis begins with the synchronously chopped (SC) spectrum (dark-blue curve, 

Fig. 4.1), which contains five signal contributions: Solvent and polymer GSR, polymer 

ESR, Raman-pump induced modulations in transient absorption (TA), and other signals 

from nonlinear processes.  In a first step we remove ground-state Raman signal 

contributions (dark-yellow curve, Fig. 4.1). Formally, these should include non-resonant 

GSR from both solvent and polymer.  GSR signals from PCMT are negligible compared 

to solvent bands at the Raman-excitation wavelengths used in transient measurements,35 

and we therefore assume that pump induced changes in the non-resonant polymer GSR is 

negligible compared to ESR contributions.  We remove GSR contributions from the SC 

spectra through scaled subtraction; the scaling factor, m, is optimized in order to remove 

the THF solvent peak appearing at 914 cm-1, specifically.   

   The difference spectrum (SC-m*GSR, light-blue curve in Fig. 4.1) obtained through 

this procedure contains primarily ESR and broad background signal.  Most of the latter 

originates from Raman-pump-induced depletion of the excited-state transient 

absorption;36,37 thus, the TA signal collected simultaneously in this optical window 

provides a first-order approximation for the shape of the broad baseline and can be used 
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to remove much of the baseline by scaling with an appropriate factor (denoted as k).  

The result of scaled subtraction of the TA signal is shown in red in Fig. 4.1.  From here 

we assume that the contribution to the background from other nonlinear processes can be 

approximated with a polynomial.  In total, excited-state Raman spectra were obtained 

using the formula: 

 ESR = SC – m*GSR – k*TA –Fit (4.2) 

Spectral regions where there are no significant ESR signals (below 1150 cm-1 or above 

1650 cm-1) were utilized to arrive at the best polynomial fit for the residual baseline. The 

values of k and polynomial parameters that yield the minimum sum of residual squares in 

these regions were deemed to provide the best baseline correction. 

    The time-dependent value of m provides an internal standard for the effective 

Raman-pump intensity and can be used to correct the intensities of ESR features after 

their isolation. Values of m were found to range between 0.7 and 1 at both Raman probe 

wavelengths and were used to correct time-resolved FSRS intensities on picosecond 

timescales.  The time-dependent values of k provide a measure of excited-state 

depopulation induced by interactions with the Raman-excitation pulse.  At 840 nm the 

value of k was found to be roughly constant near 0.85.  At 600 nm k started at ~1 and 

dropped through actinic pump-probe delays that are within the duration of the 

Raman-excitation pulse, but held between 0.4 and 0.5 on delays of picoseconds to tens of 

picoseconds.  As variation in k suggests variation in excited-state population available to 
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probe by FSRS, we have only examined the time-dependence of FSRS signal intensities 

for Δt > 2ps where k is relatively constant and have only examined the time-dependence 

of peak positions and shapes on faster timescales.  A plot of time-dependent values m 

and k is provided in the supplemental materials.35   

   Our primary concern in this work is the wavelength- and time-dependent frequency of 

the C=C stretching band, the most intense band observed in the excited-state Raman 

spectra.  It is important to note that alternate analysis procedures were also used to 

double-check that time-dependent frequency shifts in Raman spectra were not artifacts 

from the procedure described above.35 Importantly, all methods applied give comparable 

results, with absolute peak positions negligibly affected by choice of analysis procedure 

and revealing the same wavelength- and time-dependent trends. These similarities 

indicate that quantitative conclusions we draw from our data are robust and are not tied to 

details of our analysis procedures. 

  

4.3.4 Computational Methods.   

   A small set of DFT calculations were performed to support interpretation of spectra.  

All calculations were carried out in the Gaussian 09 software package.38 All geometry 

optimizations were performed without symmetry constraints and utilized the 6-31g(d) 

basis set39,40 along with the range-corrected CAM-B3LYP density functional.41 

Range-corrected functionals are necessary to correctly describe the Raman dispersion 
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effect with increasing oligomer length.42 All calculations were performed in vacuum. 

Stable geometries were verified by vibrational analysis that returned zero normal modes 

with imaginary frequencies. Reported vibrational frequencies are unscaled. The in-phase 

and out-of-phase C=C backbone stretches were identified by the distinctive intense 

Raman signal of the in-phase mode in conjunction with visual inspection of the normal 

mode motions using the Jmol software package.43 Vertical electronic excitation energies 

and geometry-relaxed (optimized) excited singlet states were determined using time 

dependent density functional theory (TD-DFT), although vibrational analysis of the 

geometry optimized excited states could not be performed analytically or numerically as 

a result of the computational cost.  Images of optimized geometries were generated 

using the Molekel version 5.4.0.8 software package.44 
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4.4 Results  

4.4.1 Steady-state spectroscopy of PCMT.   

   To our knowledge, the photophysics and spectroscopy of PCMT have not been 

characterized, and we therefore present the steady-state absorption and Raman 

spectroscopy of this polymer – with instructive comparisons to related oligomers and 

polymers – prior to presenting results of time-resolved absorption and Raman 

measurements. 
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Figure 4.2: Steady-state absorption spectra of poly-(3-cyclohexyl-4-methylthiophene) 

(PCMT) in THF, dithiophene (2T) and terthiophene (3T) in dioxane, and regioregular 

poly-(3-hexylthiophene) (RR-P3HT) in chlorobenzene. 2T and 3T spectra were taken 

from reference 20. Spectra are normalized to the peak of the lowest-energy transition for 

clarity.   
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 Figure 4.2 compares the steady-state UV/Vis absorption spectrum of PCMT 

dissolved in THF with spectra of dithiophene (2T) and terthiophene (3T) in dioxane, as 

well as RR-P3HT in chlorobenzene. UV-Vis data for the oligothiophenes were digitized 

from reference.20 Two features can be identified in the spectrum of each species; these 

include a low-energy band with a peak position dependent on the identity of the species, 

and a high-energy feature that appears near 250 nm for all systems. The lower-energy 

feature corresponds with the lowest energy π-π* (S0-S1) transition.20,45  The peak 

positions of the low-energy transition (ground-state absorption, or GSA) for these species 

are summarized in Table 1 together with GSA peak positions for quaterthiophene (4T), 

quinquethiophene (5T) and sexithiophene (6T).20  It is well known that the GSA 

red-shift with oligomer length can be rationalized using a free-electron model,20,45,46 

which treats the π electrons of the conjugated systems as a one-dimensional free-electron 

gas (i.e. “particle in a box”) that extends along the length of the oligomer chain. Based on 

the size-dependence of the electronic band gap of oligothiophenes, it has been estimated 

that the effective chromophore or conjugation length (the dominant segment length 

prepared via excitation) of RR-P3HT is ~7-10 monomers.20  On the contrary, a similar 

comparison based only on length dependence of the chromophore (Fig. 4.2 and Table 4.1) 

suggests that the effective conjugation length of PCMT is on the order of 2 -3 monomers. 
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Table 4.1: Peak positions for ground-state absorption (GSA), ground-state Raman (GSR, 

singlet transient absorption (STA), and triplet transient absorption (TTA) of PCMT, 

P3HT, and various oligothiophenes in solution. 

 2T 3T 4T 5T 6T P3HT PCMT 

GSA/nm 306 355 392 414 435 455 298 

GSA/eV 4.05 3.49 3.16 3.00 2.85 2.73 4.16 

GSR (C=C)/cm-1 ----- 1463 1465 1467 1469 1475 1506 

STA/nm 495 600 710 845 900 >1100 660 

TTA/nm ----- 460 560/595 630 680 885 580 

GSA, STA, and TTA peak positions for 2T-6T were taken from reference.20 The STA and 

TTA peak positions of RR-P3HT is taken from reference.12 GSR peak positions of 

oligothiophenes are from reference.47   
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Figure 4.3: Ground-state Raman (GSR) spectra of PCMT and RR-P3HT. Spectra were 

collected using 400 nm and 480 nm Raman excitation for PCMT and RR-P3HT, 

respectively. Asterisks denote artifacts from the subtraction of solvent bands. Spectra 

have been normalized to the peak of the in-phase C=C stretching feature and the GSR 

spectrum of PCMT is offset for clarity.  The inset shows the structure of a dimeric unit 

of PCMT with labeled carbon sites.  
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Figure 4.3 compares the ground-state Raman spectra of PCMT and RR-P3HT. 

Mode-specific assignments for features in both spectra are based on those described in 

references.12,26 The dominant feature at 1475 cm-1 for RR-P3HT is assigned to the 

in-plane, in-phase C=C ring stretching mode, whereas the weaker features at 1380 and 

1525 cm-1 correspond with C3-C4 intra-ring and out-of-phase C=C stretching of thiophene 

units (see Fig. 4.3 inset for carbon positions). For PCMT, features associated with the 

C=C in-phase and out-of-phase stretching modes appear at 1506 and 1534 cm-1, 

respectively, as does an intra-ring C-C stretch at 1380 cm-1. A weak feature appears near 

1200 cm-1 for P3HT and corresponds with the inter-ring C2-C5’ stretch; in contrast, no 

clear feature can be distinguished from the baseline in this region for PCMT in light of 

features from solvent-subtraction appearing in the same region and the lower 

signal-to-noise ratio.  
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Figure 4.4: Transient absorption spectroscopy (TAS) of PCMT in THF probed at visible 

wavelengths following photo-excitation at 320 nm. 
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4.4.2 Excited-state dynamics of PCMT probed with broadband TAS.   

Transient spectral dynamics of PCMT were initiated with a photoexcitation (actinic) 

wavelength of 320 nm in order to cleanly excite only the lowest-energy electronic 

transition of the polymer (see Fig. 4.2).  Figure 4.4 illustrates the transient spectral 

dynamics of PCMT as probed via absorption at visible wavelengths; this plot shows 

spectral evolution against a non-linear time axis in order to highlight the spectral 

evolution that dominates each time regime of excited-state relaxation.   

 Throughout the first 20 ps that follow photoexcitation the transient spectrum of 

PCMT can be characterized as the superposition of a negative feature below 520 nm and 

a positive band that peaks around 660 nm. Because the ground-state absorption of PCMT 

falls much further to the blue (Figure 4.2, solid black line), the negative band appearing 

in the transient spectrum must correspond with stimulated emission (SE) from the 

transient excited state rather than a bleach of the ground-state absorption.  On the other 

hand, the positive band corresponds with a transition to a higher-lying excited state of the 

polymer.  Two distinct spectral dynamics associated with these features are apparent 

from Figure 4.4:  (1) Disappearance of these features with the concomitant appearance 

of a broad and weaker absorption peaking at 600 nm on a 10s of picoseconds timescale, 

which signals decay out of the initially prepared excited state; and (2) an initial shift in 

the transient spectrum of the photoprepared excited state on sub-ps to picosecond 

timescales. 
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 4.4.2.1 Intersystem crossing dynamics.   

The spectral evolution occurring on longer timescales (process 1 listed above) is 

similar to what has been observed previously in picosecond time-resolved studies of 

excited oligothiophenes:20,48-50 For oligomers, spectral evolution over tens to hundreds of 

picoseconds is dominated by the disappearance of the singlet transient absorption (STA) 

and SE bands and the appearance of a broad absorption centered at shorter wavelengths 

that is attributed to a triplet transient absorption (TTA); assignment of this weaker band to 

a triplet state is predicated on its sensitivity to the presence of common triplet 

quenchers.20  Peak wavelengths for STA and TTA of various oligothiophenes are listed 

in Table 1 along with the peak positions of transient spectra observed for PCMT in Fig. 

4.4.  This similarity with the spectral dynamics of oligothiophenes indicates that the 

photophysics of the lowest singlet excited state of PCMT is dominated by intersystem 

crossing to a longer-lived triplet level.  

 To further characterize these dynamics we have analyzed the excited-state spectral 

evolution over time delays > 4 ps using principle component (PCA) and global target 

analysis.51,52  Figure 4.5(a) plots spectral cuts from Fig. 4.4 at selected delays after 4 ps 

(solid lines).  Spectra collected on times below 4 ps were excluded from this analysis in 

order to eliminate the influence of fast spectral shifting (process 2 above) on these 

analyses.  PCA was used to determine that only two significant components contribute 

to the spectral evolution over this time regime, which is consistent with the presence of 
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the isosbestic point at 585 nm in Fig. 4.5(a).  Global target analysis was then applied 

using a sequential, two-state kinetic interconversion model (S1 triplet) in order to obtain 

the S1 lifetime, tS1, and spectra of the two photophysical species.  Importantly, only tS1 

was adjusted to fit the data in a least-squares minimization of the differences between the 

model and data.   The spectra of the two photophysical components obtained from 

global target analysis are plotted in Figure 5(b).  Dashed lines in Fig. 5(a) plot the 

reconstructed time-dependent spectra obtained using this simple kinetic model, the 

associated component spectra, and the value of tS1 that minimizes the sum of squared 

residuals with the experimental data. Time-dependent intensities at selected probe 

wavelengths are plotted in Figure 5(c), along with curves corresponding with the kinetic 

interconversion model applied (solid lines); we have plotted these on a logarithmic time 

axis to highlight the quality of the fits over the entire range of delays.  The fit to the data 

on these timescales is quite good, and yields an S1 lifetime of 25.6 ps.  The component 

spectra of the singlet and triplet obtained are similar to corresponding spectra for 

oligomers.35 
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Figure 4.5: Global target analysis of PCMT transient absorption on times > 4 ps.  (a) 

Experimental spectra (solid lines) compared to spectra obtained via fitting to a kinetic 

interconversion model (black dashed lines).  (b) Component spectra obtained from 

global target analysis:  S1 transient absorption and stimulated emission, and triplet 

transient absorption.  (c) Transient absorption (symbols) with fits to kinetic model (solid 

lines) at the selected wavelengths denoted with gray dotted lines in panel (a); data are 

plotted logarithmically with time to demonstrate the quality of the kinetic fit over all 

timescales. 
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Figure 4.6: Time-dependent shift in the S1 transient absorption peak position; the solid 

line corresponds with a biexponential fit to the peak position explained in the text (t1=110 

± 20 fs, t2=800 ± 100 fs).  (inset) Peak-normalized pump-probe spectra of PCMT 

illustrate spectral evolution occurring over the first few hundred fs. 

  

  



105 

 

 4.4.2.2 Ultrafast TA spectral relaxation. 

    On much shorter timescales, transient spectral features from the photoprepared 

singlet excited state are observed to red-shift by ~25 nm during the first several hundred 

femtoseconds after excitation.  This fast evolution is most apparent in Figure 4.6 (inset), 

in which the transient singlet spectra measured over the first 260 fs have been normalized 

such that they have the same peak intensity. The time-dependent peak position of the 

singlet absorption band is plotted up to the first 10 ps after excitation.  Experimental 

data has been fitted using a bi-exponential function with two relaxation timescales: 

 lpeak (t)= Dl1 exp -
t

t1
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A fit to this function yields two relaxation timescales, 110 ± 20 fs and 800 ± 100 fs (fit 

shown with a dashed line).  
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Figure 4.7: Time-resolved resonant-Raman spectroscopy of PCMT in THF.  (a) 840-nm 

Raman excitation selectively probes S1 PCMT. (b) 600-nm Raman excitation probes both 

the S1 and triplet states:  Data, solid lines; fits from global analysis, dashed lines.  (c) 

Time-dependence of peak intensity of S1 and triplet features.  Solid lines correspond 

with best-fit kinetic model obtained by global target analysis of data in (b); the dashed 

line corresponds with a single-exponential fit of Raman signal decay at 840-nm excitation.  

(d) Component S1 and triplet Raman spectra obtained from global analysis of transient 

Raman probed via 600-nm Raman excitation. 
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4.4.3 Excited-state relaxation of PCMT probed with FSRS.   

4.4.3.1 Intersystem crossing.   

   On longer time delays (t > a few picoseconds), excited-state Raman spectroscopy 

provides a complementary probe of ISC that follows the photoexcitation of PCMT.  

   Figure 4.7 presents time-dependent excited-state Raman spectra obtained with (a) 840 

and (b) 600 nm Raman-excitation pulses following 320-nm excitation of PCMT.  

Transient absorption of the singlet extends into the near IR (not shown in Figs. 4.4 and 

5(a)),35 whereas the TTA band is limited to the visible region of the spectrum; thus 

Raman excitation at 840 nm enables state-selective interrogation of the photoprepared 

singlet state via resonance enhancement. Figure 4.7(a) demonstrates that the resonance 

enhanced Raman at 840 nm gives rise to a single set of Raman features that decay with 

delay following the photopreparation of the excited singlet state. In contrast, Raman 

excitation at 600 nm enables resonance enhancement with both the STA and TTA bands, 

and thus probes vibrational signatures of both the singlet and triplet states through the 

course of ISC. Spectra collected with 600-nm Raman excitation for representative delays > 

2ps are plotted in Figure 4.7(b) (solid lines). Much like absorption transients shown in 

Figure 4.5, Raman transients exhibit signatures of a kinetic interconversion, with an 

isosbestic point appearing near 1460 cm-1.  

 We have applied global target analysis to the time-dependent Raman spectra obtained 

with 600-nm resonant excitation; the kinetic model applied here was identical to that used 
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in our analysis of TAS data.  Dashed lines in Fig.7(b) correspond with the reconstructed 

time-dependent spectra obtained with a two-component model, with Raman spectra for 

the singlet and triplet states plotted in Figure 4.7(d). Minimizing the sum of residuals 

squared resulted in a tS1 of 18 ps, which is somewhat faster than that obtained from TAS 

data.  Temporal cuts through the time-dependent spectra taken near the peaks of the 

singlet and triplet features at 1493 and 1421 cm-1, respectively, are plotted in Figure 4.7(c) 

(open symbols) along with the best fit curves obtained through global target analysis.  

The time-dependent intensity of the singlet vibrational spectrum obtained using 840-nm 

Raman excitation is also plotted in this panel (solid circles); fitting these to an 

exponential decay gives a singlet decay timescale of 33 ± 2 ps.   

   The discrepancies in intensity-dependent decay amongst all three measurements (1 

TAS and 2 FSRS) could be associated with inaccuracies in the estimation and subtraction 

of baseline contributions to regions congested with broad Raman features or variations in 

the excited-state population available to probe due to interactions with the Raman-pump 

pulse.  One might also expect that an all-parallel FSRS geometry would result in faster 

decay lifetimes compared to magic angle TAS, as the FSRS geometry will be sensitive to 

time-dependent evolution in polarization anisotropy.  This could explain the faster decay 

of FSRS signal at 600 nm, and the differences between the decay rates observed at the 

two Raman excitation wavelengths could be due in part to energy transfer between low- 

and high-energy sites along the polymer (see Discussion).  However, we also anticipate 
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that the ensemble of S1 PCMT created via 320-nm photoexcitation should be 

characterized by a distribution in delocalization lengths (see Discussion), such that this 

discrepancy in lifetimes quite likely reflect the selectivity with which resonance Raman 

interrogates sub-populations characterized by different conjugation lengths and ISC rates.  

Indeed, the S1 lifetime measured using only near-IR TAS (830-1100 nm) is 32 ± 1 ps, 

compared to 25.6 ps in the visible region.35 Nevertheless, these various pieces of 

time-dependent data provide a consistent picture of the excited-state relaxation of the 

initially prepared excited singlet of PCMT via intersystem crossing. 

 The spectra plotted in Figure 4.7(a,b,&d) share many similarities with Raman spectra 

of polythiophenes in their ground and excited states.  Feature assignments can be made 

through comparisons with the PCMT ground-state Raman spectrum, the P3HT 

excited-state Raman spectrum, and the Raman spectra of oxidized thiophenes.12,26,53 For 

the singlet excited-state, the feature at 1490 cm-1 can be attributed to C=C stretching; this 

feature is quite broad and asymmetric in shape, and likely includes contributions also 

from intra-ring C-C stretching at frequencies slightly to the red of the peak and (intra-ring) 

out-of-phase C=C stretching at slightly higher frequencies (see Fig. 4.3).  Raman 

features near 1200 cm-1 are attributed to inter-ring stretches. Raman intensity also appears 

near 1300 cm-1; the relative intensity appears to decrease when probing via low-energy 

Raman excitation, although this may be (in part) due to differences in quality of the 

baseline removal in this region of the spectrum. The C=C stretching region of the triplet 
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is red-shifted considerably relative to that of the singlet. Peak positions are consistent 

with so-called “quinoidal” stretching frequencies observed in the Raman spectra of 

oxidized polythiophenes.53   

  

4.4.3.2 Ultrafast nuclear dynamics.   

     Whereas time-dependent Raman spectra measured on time delays of picoseconds 

provide a complementary perspective on the ISC dynamics captured via TAS, evolution 

of Raman spectra on ultrafast timescales provide a new perspective on the nuclear 

dynamics that accompany the initial relaxation of the polymer after excitation.  Figure 

4.8 plots Raman spectra collected at delays within the first 200 fs after photoexcitation 

for the two Raman excitation wavelengths. Spectra have been normalized to the peak of 

the C=C stretching feature in order to directly compare peak positions and feature shapes.  

At both excitation wavelengths the peak position of the Raman features is observed to 

redshift over the first 150 fs. Furthermore, the band in the C=C stretching region is 

observed to narrow considerably on this same timescale when probing via resonance at 

600 nm (Figure 4.8(a)). 
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Figure 4.8: Ultrafast evolution in Raman features of S1 PCMT after 320-nm excitation.  

(a) 600-nm and (b) 840-nm Raman excitation. (insets) Blow-up of the C=C peak-shift 

with delay. 
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 Figure 4.9(a) summarizes the time-dependence in the peak positions of C=C 

stretching bands measured at the two Raman-excitation wavelengths. In order to rule out 

the possibility that the specifics of the baseline subtraction procedure influences the 

extracted peak positions, we have verified that these trends are still observed when 

minimal data processing is applied.35 Results obtained using both methods are almost 

identical, demonstrating that spectral manipulations required for analysis do not affect the 

position assignments. In fact, the trends in peak position are discernible directly from raw 

FSRS data. 
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Figure 4.9: Spectral evolution in the C=C stretching region for S1 PCMT after 320-nm 

excitation. (a) Time-dependent Raman peak position as probed via 600 nm and 840 nm 

Raman excitation. (b) FWHM of the C=C stretching region. 
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 The excited-state Raman peak positions presented in Figure 4.9(a) exhibit two 

behaviors.  Firstly, a shift in the C=C stretching frequency is identified between spectra 

collected at the two Raman excitation wavelengths at any given delay, with the stretching 

frequency falling ~10-15 cm-1 lower when probing with a lower Raman-excitation energy.  

A second observation is that the peak positions shift to lower frequency with time at both 

Raman excitation energies. The Raman frequency probed via 600-nm Raman excitation 

exhibits a 110 ± 10 fs shifting timescale while the C=C frequency probed with 840 nm 

shifts on two timescales at 80 ± 20 fs and 2.2 ± 0.5 ps; these timescales were determined 

by fitting the peak position to mono- and biexponential shifting function similar to 

Equation 5.  

    Figure 4.9(b) plots the time-dependent evolution in the width of the band in the C=C 

stretching region.  Time-dependence in the FWHM of the C=C stretching bands shows 

contrary behavior at the two excitation wavelengths:  The bandwidth decreases over the 

first ~200 fs when probed via a 600-nm excitation pulse, but is roughly constant under 

840-nm Raman excitation.  In order to verify that these changes are real and not an 

artifact of baseline subtraction, spectra were analyzed with an alternative 

baseline-correction method.35 The evolution in feature bandwidth measured with 600-nm 

Raman excitation occurs on a timescale of 90 ± 10 fs timescale (fit with a solid line in Fig. 

4.9(b)), which is similar to timescales obtained for the shift in peak position.  Figure 

4.8(a) demonstrates that this evolution in bandwidth occurs from changes to the band 
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shape on the blue side of the spectrum between 1500 and 1650 cm-1, which overlaps the 

region of the C=C in-plane out-of-phase stretching mode. 
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4.5 Discussion 

4.5.1 Steady-state spectroscopy and the ground-state geometry of PCMT.  

 A comparison of the absorption spectrum of PCMT in its ground state with the 

spectra of oligothiophenes (Fig. 4.1 and Table 4.1) predicts an effective delocalization 

length for its ground state of 2-3 monomer units.  A critical caveat about this 

comparison is that the substituents and associated steric interactions between monomer 

units in the polymer can be expected to influence ring-to-ring dihedral angles and should 

give rise to a larger vertical gap to the potential-energy surface of the quasi-planar 

excited-state in the Franck-Condon region when compared to unsubstituted 

oligothiophenes.54,55  Explained at the level of the free-electron model, an increase of 

dihedral angle will increase the energetic asymmetry between the limiting valence-bond 

structures and thus the periodic potential that describes the degree of bond-length 

alteration.46   

 In order to qualify how much the dihedral angle influences the vertical excitation 

energy, we have calculated the lowest vertical transition energy for bithiophene at various 

dihedral angles. The ground state geometry was first optimized in the gas phase and a 

dihedral angle (C3-C2-C5’-S, following the labels in Figure 4.3) of 26.1°was obtained at 

the minimum-energy geometry, which is very close to published experimental and 

theoretical results.56-58 Constrained optimizations were then performed with the dihedral 

angle fixed to several different values, with corresponding energy gaps (S1 ← S0) 

determined at the TD/CAM-B3LYP/6-31G(d) level of theory. Results of these 
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calculations are summarized in Table 4.2 and illustrate that the band gap of 2T increases 

by ~1eV when the dihedral angle is modified from 0 to 75°. This dependence on torsion 

dihedral is comparable to the difference in energy gap between oligomers in this size 

regime (e.g. 2T vs. 3T),20 and thus we can conclude that an effective conjugation length 

of 2-3 monomers is not highly dependent on the torsional order of the polymer.  

Compared with oligothiophenes and P3HT, the dihedral angle of PCMT can be expected 

to be larger due to large steric interactions between the substituents on adjacent thiophene 

rings.  Indeed, a ground-state geometry optimization of a 

3-cyclohexyl,4-methylthiophene dimer (2-CMT) using these same calculation methods 

predicts a torsional dihedral of 82°.  Such an extreme dihedral angle for PCMT would 

explain the slightly larger transition energy for PCMT (4.16eV) compared to 2T 

(4.05eV).  
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Table 4.2:. S1 vertical transition energy of 2T as a 

function of inter-ring dihedral angle. 

Dihedral S1 ← S0 (eV) 

0° 4.353 

26.1° 4.507 

50° 4.836 

75° 5.353 
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   Steady-state Raman measurements reveal a significant shift in the in-phase C=C 

stretching frequency between PCMT and P3HT.  Another critical difference is the 

relative intensity of the in-phase and out-of-phase C=C stretching features.  DFT 

calculations were undertaken with simple oligomer analogues of P3HT and PCMT in 

order to relate these observations to differences in molecular structure.  These analogues 

included a tetramer of 3-methylthiophene 

(3′,3″,3‴,3‴-tetramethyl-2,2′:5′,2″:5″,2‴-quaterthiophene, herein referred to as 4-MT), 

serving as a computationally tractable model of P3HT, and a tetramer of 

3,4-dimethylthiophene (3,3′,3″,3‴,4,4′,4″,4-octamethyl-2,2′:5′,2″:5″,2‴-quaterthiophene, 

herein referred to as 4-DMT), serving as a model for PCMT.  Key results from these 

calculations are reported in Table 4.3.   
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Table 4.3: DFT-calculated inter-ring dihedral 

angle (), in-phase C=C stretching frequency, 

and out-of-phase/in-phase C=C stretch intensity 

ratios for quaterthiophene analogues of P3HT 

and PCMT. 

 Θ 

C=C 

stretch 

(cm-1) 

Iout-of-phase/Iin-phase 

4-MT 32° 1568 0.114 

4-DMT 73° 1605 0.197 
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   The effect of the second methyl substituent on the ground-state tetramer structure is 

readily apparent, with the average inter-ring dihedral angle (θ) increasing by 40° from 

4-MT to 4-DMT.  The large dihedral angle for 4-DMT is also consistent with the large 

dihedral for 2-CMT mentioned above.  Comparing the calculated Raman spectra of 

4-DMT to 4-MT, the in-phase C=C stretch blue-shifts by ~40 cm-1 and the relative 

intensities of the out-of-phase to the in-phase C=C stretching mode increases from ~10% 

to ~20% with the introduction of the second methyl group on each monomer.  Both 

findings are consistent qualitatively with Raman spectra previously calculated for 7T at 

various dihedral angles.27 These calculated trends agree qualitatively with differences in 

the ground-state Raman spectroscopy of P3HT and PCMT.  This implies that the larger 

steric interactions in PCMT increases the ground-state dihedral angle relative to P3HT 

and is responsible for both the increase in the in-phase C=C stretching frequency and the 

intensity increase in the out-of-phase C=C mode relative to the in-phase stretch.  

 We have also calculated the optimized geometries for the S1 excited states of 4-MT 

and 4-DMT in order to determine the magnitude of planarization that should be expected 

upon photoexcitation. For 4-MT the dihedral angle decreases from 32° to fully planar 

0.0°, while for 4-DMT the dihedral angle decreases from 73° to 23°.35 This implies that 

the magnitude of geometric relaxation after excitation in PCMT is considerably greater 

than in P3HT, and any experimental features arising from this relaxation should be more 

pronounced in PCMT as compared to P3HT.  
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4.5.2 Intersystem crossing in PCMT. 

 The relatively fast ISC kinetics observed here following photoexcitation of PCMT 

are similar to the electronic relaxation dynamics of short oligothiophenes,20,50,59-61 but 

contrast with the much slower ISC kinetics for P3HT and other polyalkylthiophenes with 

substituents only located at the C3 location.12 For oligothiophenes the rate of ISC has 

been observed to decrease substantially as the oligomer length is increased.20 This 

variation in rate has been attributed to length-dependence in the relative energetics of 

states in the triplet and singlet manifolds modulated by state-to-state spin-orbit couplings 

between the S1 and triplet levels:45,61 At very short oligomer lengths (2T and 3T), the S1 

state lies relatively close energetically to higher-lying triplet states (>T1) that couple 

strongly to the excited singlet, giving rise to correspondingly faster ISC rates.  ISC 

occurs on a timescale of ~50 ps for 2T, for which the lowest-lying excited singlet state is 

roughly isoenergetic with the T2 level. In contrast, the S1 level falls below the T2 level for 

terthiophene.61 Excitation-dependent ISC lifetimes were measured for 3T, decreasing 

from 126 to 51 ps between 400 and 374 nm,60 as were energy-dependent triplet yields;50 

these results suggest increased singlet-triplet coupling as excitation tunes towards the 

higher-lying triplet level.50 As the oligomer length is increased further (>4), the S1 level 

drops even further below these triplet levels, and ISC rates occurring over several 

hundred ps or longer.20,59 These variations in ISC rate with oligomer length may also be 

intimately tied to a length dependence of the intermonomer dihedral angle, which is 
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thought to increase at smaller oligomer lengths.  Such a relationship is well-known and 

supported by recent work with substituted phenylthiophenes that has demonstrated that 

ISC rates are directly sensitive to torsional dihedral angle.62   

 The ISC lifetime measured for PCMT is somewhat shorter than that of 2T in solution, 

further suggesting that the effective delocalization length of the relaxed exciton in PCMT 

is on the order of 2-3 monomer units. More importantly, the substantially faster rate 

relative to other polythiophenes reflects that the relative energetics and/or coupling 

between singlet and triplet manifolds are highly sensitive to the torsional dihedral angle.  

Although the concept of an “effective conjugation length” provides a zeroth-order picture 

of localized states along conjugated polymers, delocalization length and energetics in 

polymers is not by nature limited by the physical length of the molecule as it is for 

oligomers. Thus, the observation of fast ISC dynamics in PCMT is a strong indicator that 

torsional conformation truly plays a significant role on ISC dynamics in oligo- and 

polythiophenes. 

  

4.5.3 Variations in excited-state delocalization observed with transient absorption 

and wavelength-dependent Raman spectroscopies 

 Comparisons of transient absorption spectra obtained for PCMT with those of 

oligothiophenes in their relaxed excited states enables consideration of the extent of 

delocalization in polymer excited states.  Excited-state peak positions of oligomer and 
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polymer transient bands are summarized in Table 4.1.20,35 For oligomers the STA peak 

position shifts from 495 nm to 900 nm and the TTA peak position shifts from 460 nm to 

680 nm as the chromophore length is increased from 2 to over 6 monomers.  STA and 

TTA spectra of PCMT overlap with spectra of oligothiophenes over a range of lengths. 

Using a band-gap argument similar to that applied to the ground-state absorption 

spectrum of PCMT, one would estimate an effective conjugation length for relaxed 

singlet PCMT to be 2-5 monomers at 1 ps and a triplet conjugation length of 3-6 

monomers at 1 ns.  This comparison suggests that an ensemble of delocalization lengths 

are created after photoexcitation of PCMT, although the precise distribution in 

delocalization length for the ensemble of photoexcited PCMT cannot be assessed 

quantitatively from comparisons with unsubstitued thiophene oligomers for the same 

reasons described above in Section 4.1.  

   As illustrated in Figures 4.8 and 4.9(a), the C=C stretching frequency measured for 

the relaxed PCMT excited state is dependent on the Raman-excitation wavelength.  This 

likewise reflects that a distribution of excited-state delocalization lengths is prepared via 

photoexcitation, as C=C stretching frequencies and intensities are known to be directly 

sensitive to the extent of delocalization along the backbone of conjugated oligomers and 

polymers.32,33,47,63  The most general explanation for length-dependent Raman 

frequencies is given by the Effective Conjugation Coordinate (ECC) Theory,32,63 which 

describes how delocalization across multiple monomers influences the frequency of the 
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so-called “conjugation coordinate,” Я, which corresponds with the change in molecular 

geometry between limiting valence structures (such as benzoidal and quinoidal resonance 

structures for oligo- and polythiophenes) and which also coincides with C=C in-phase 

stretching.  The vibrational force constant along the conjugation coordinate (and hence 

the C=C stretch) is influenced by coupling of modes and is thus sensitive to 

delocalization of electron density between monomer units:  Delocalization gives rise to 

vibrational coupling between monomers both locally and non-locally, and has the net 

effect of softening the force constants for vibration along the conjugation coordinate, thus 

reducing the vibrational frequency of the C=C stretch.    

 Raman frequency “dispersion” amongst oligothiophenes of various lengths in their 

ground states is virtually non-existent,47 as monomer aromaticity effectively pins electron 

density locally and limits delocalization in the ground state.33 However, we expect that 

there should be considerable Raman frequency dispersion with variation in the effective 

delocalization length of excited states as these states are highly delocalized by nature.  

In polymers, excited states are effectively localized within finite segments of the 

extended polymer framework that may vary in length, conformation, or structure at 

different sites.16 Thus, wavelength-dependent resonant Raman frequency dispersion 

provides a probe of the relative delocalization of excitons within an ensemble of excited 

polymers. 

 Based on the wavelength-dependence of the C=C stretching frequency from our 
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measurements, it is clear that 600-nm and 840-nm Raman excitation interrogate 

excited-state sub-populations characterized by somewhat different degrees of 

delocalization.  Furthermore, the direction of the shift in Raman frequency is consistent 

with the variation in effective conjugation that can be deduced from comparisons to the 

vertical excitation energies of oligomers:  Higher-energy Raman excitation probes 

sub-populations characterized by shorter effective conjugation length and low energy 

Raman excitation probes excitons with longer conjugation lengths.  Thus, our Raman 

measurements indicate that the excited-state population of PCMT exhibits a distribution 

of conjugation lengths that underlie the broad width of the transient absorption.  

 Probe-dependent S1 decay rates measured with TAS and FSRS are yet another 

reflection of the distribution in excited-state delocalization generated via excitation of an 

ensemble of PCMT in solution:  A somewhat longer lifetime of 32 ± 1 ps is obtained 

from the decay of near-IR absorption transients compared to the findings from TAS data 

obtained by probing at visible wavelengths (Fig. 4.5);35 this slightly longer lifetime 

matches that obtained from decay of Raman signals probed via 840-nm excitation.  As 

described above, ISC rates are highly sensitive to delocalization length amongst small 

thiophene oligomers.  Given the similarities between PCMT and oligothiophene 

photophysics, we expect that a distribution of delocalization lengths within PCMT would 

exhibit a corresponding variation in S1 decay rate via ISC. As longer probe wavelengths 

(or Raman excitation wavelengths) interrogate longer conjugation lengths, we expect that 
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the observed ISC rate should be slower when measured in these regions relative to a 

region of shorter wavelengths, explaining the wavelength-dependent ISC rates obtained 

from both our Raman and TAS measurements.  

 Finally, we note that the distribution in effective delocalization lengths in PCMT and 

the potential for energy transfer between them may explain differences observed in the 

FSRS signal decay measured at 600 and 840 nm using an all-parallel polarization 

geometry:  Raman excitation at 600 nm presumably interrogates shorter conjugation 

lengths from which energy transfer would originate; thus the somewhat faster FSRS 

signal decay relative to the magic angle TAS may reflect contributions from both 

population and polarization anisotropy decays.  The 840-nm FSRS signal decays much 

more slowly with the same all-parallel polarization geometry, with a lifetime that matches 

the NIR decay measured by TAS at magic angle to within experimental error. This may 

reflect that the polarization anisotropy has been randomized at longer probing 

wavelengths as a consequence of energy transfer to these sites. 

  

4.5.4 Ultrafast relaxation of S1 PCMT from TA and Raman spectral dynamics. 

 The ultrafast TA spectral dynamics apparent in Figure 4.4 and 4.6, through which 

both the transient SE and absorption bands red-shift on sub-ps timescales, indicate that 

PCMT in its S1 state undergoes fast nuclear relaxation following photoexcitation into its 

Franck-Condon region.  The dynamic shift in the STA peak position is similar to the 
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spectral shifting dynamics observed with other polythiophenes shortly after 

photoexcitation,3,4,10-12 although the overall timescale observed for PCMT is considerably 

faster, with no apparent relaxation on timescales of picoseconds.  Nevertheless these 

spectral dynamics are consistent with both the resonant energy transfer and localized 

torsional relaxation mechanisms that have been invoked to explain relaxation on the 

picoseconds timescale.  Given the highly twisted structure of the polymer noted above, 

we expect that there is likely to be a higher driving force for relaxation through both 

mechanisms, and thus a larger relaxation rate, for PCMT relative to less twisted polymers 

assembled from monosubstituted monomer units (e.g., P3HT).11,23 

 Spectral shifting on timescales ~100 fs also appears in our TAS data (within our 

experimental time-resolution), although it is difficult to ascribe this to specific nuclear 

relaxation mechanisms using the TAS data alone, although reports on other conjugated 

polymers attribute dynamics on similar timescales to torsional conformational relaxation 

out of the Franck-Condon region.3,4,9 The ultrafast Raman data presented in Figures 4.8 

and 4.9 provide a new experimental perspective on the nuclear dynamics that occur in the 

first 200 fs after photoexcitation:  On the earliest time delays probed, C=C stretching 

frequencies are observed to red-shift at both Raman-excitation wavelengths on a 

timescale of ~100 fs (also comparable with our experimental time resolution). The 

direction of this frequency shift is consistent with the evolution expected as the inter-ring 

dihedral angle is reduced, as demonstrated through the ground-state C=C stretching 
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frequencies of variously substituted oligothiophenes in Table 4.3. Additionally, the 

change in spectral bandwidth (and shape) observed when probing via 600-nm Raman 

excitation is consistent with a time-dependent change in the relative intensities of the 

C=C out-of-phase and in-phase stretching bands over the first 150 fs following 

photoexcitation.  The decrease in the relative intensity of the out-of-phase stretching 

band likewise indicates an evolution in the dihedral angle between monomers following 

photoexcitation in the direction of a more planar excited-state geometry along the 

polymer backbone.  Given these observations, we believe that the ultrafast vibrational 

dynamics observed here are reflections of the nuclear distortions that enable ultrafast 

self-localization of the excited-state after photoexcitation. The trigger for self-localization 

is the relaxation from the ground-state geometry to a more planar configuration within a 

specific segment of the polymer.  

 It is interesting to note that the C=C stretching frequency as probed via 840 nm 

continues to evolve on a 2-ps timescale, whereas the frequency measured at 600 nm does 

not.  Furthermore we do not observe the same evolution in band-shape at 840 nm as we 

do at 600 nm.  These differences are most likely tied with the size and/or conformational 

selectivity of resonant Raman spectroscopy: As noted above, high-energy Raman 

excitation (600 nm) will selectively probe excitons characterized by a large vertical 

excitation gap, which would be associated with a shorter delocalization length and great 

degree of conformational disorder; lower Raman excitation energies, on the other hand, 
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interrogate excited regions characterized by greater delocalization and/or higher 

conformational order. The lack of significant changes in the band-shape at 840 nm 

indicates that this excitation wavelength already probes highly ordered states. On the 

other hand, as the vertical energy gaps for various effective conjugation lengths overlaps 

more appreciably at longer wavelengths,35 the C=C stretching frequency probed via 

Raman excitation at 840-nm will be more sensitive to the slower phases of nuclear 

relaxation apparent in TAS data. 
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4.6 Conclusions 

 We have used a combination of transient absorption (TAS) and femtosecond 

stimulated Raman (FSRS) spectroscopies to interrogate the electronic and nuclear 

relaxation of excited-states of poly(3-cyclohexyl,4-methylthiophene), or PCMT. TAS 

measurements have revealed similar spectroscopic signatures to those previously 

attributed to exciton localization, relaxation, and singlet exciton decay in related 

photoexcited conjugated polymers and oligomers. On the other hand, ultrafast Raman 

measurements present new experimental signatures of ultrafast nuclear dynamics:  

Specifically, ultrafast shifting of the C=C stretching frequency and the relative intensity 

of in-phase and out-of-phase C=C stretching intensities provide a sensitive vibrational 

reporter on ultrafast (~100 fs) vibrational distortion associated with exciton 

self-localization or trapping. We have also demonstrated that the in-phase C=C stretching 

frequency provides a spectroscopic handle for interrogating the degree of delocalization 

in an ensemble of relaxed conjugated polymers in their S1 excited state given the 

selectivity achieved via resonance enhancement.  In sum, we have shown that 

time-resolved resonance enhanced Raman spectroscopy can be utilized as a sensitive 

probe of structural dynamics and structural variation within an ensemble of photoexcited 

conjugated polymers.  
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4.7  Supplementary Information 

 

4.7.1 Chirp correction procedure for TAS 

 

For chirp correction of TAS, chirp signals from the pure solvent samples (THF) are used 

as reference. The detailed steps are as follows: For each spectrum collected at a specific 

time delay, the highest and lowest peak positions are measured. The middle point 

between them from the rising edge (the long wavelength side of the peak) is the point that 

we need. Then we fit all the points of different delays using a polynomial, which will be 

used as the chirp correction line. 
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Figure 4.1S: Chirp signals collected under the same laser conditions as TAS. The sample 

is pure solvent (THF) and the path length is chosen to be the same as TAS.  
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4.7.2 Processing procedures for raw FSRS data 

 

 

Figure 4.2S: Ground-state Raman spectra of PCMT and THF collected with 840-nm 

Raman excitation.  As stated in the manuscript, ground-state Raman signals from the 

polymer are negligible compared to the GSR signal of the solvent. 
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Figure 4.3S: Example of Raw signals obtained during FSRS measurements, including 

transient absorption (TA), ground-state Raman (GSR) and synchronously chopped signals 

(SC). Other labels refer to specific steps in the extraction of excited-state polymer Raman 

features from measured signals (see text). 
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Figure 4.4S: The m and k values plotted for different delays. In the case of Raman 

signals collected using 840 nm Raman pump pulses, ESR signals are scaled by m for 

each delay in order to eliminate the change of effective Raman intensity. 
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 Here we provide an explicit example of FSRS signal processing (refer to Figure 

4.3S).  Firstly, the GSR signal is removed from SC through scaled subtraction; the 

scaling factor, m, is optimized in order to remove the THF solvent peak appearing at 914 

cm-1. In Figure 4.3S, the scaling factor is m = 0.86. The resulted spectrum (SC-0.86*GSR) 

has a broad baseline due to Raman-pump modulation of the transient absorption as well 

as other nonlinear signals in addition to the desired ESR signal. Contributions due to 

modulation of TAS are removed through scaled subtraction of the TA signal.  We change 

the TA scaling factor k from 0 to 1 with a step of 0.01 and fit the residual signal 

(SC-0.86*GSR-k*TA) using a second order polynomial. The sum of squared residuals is 

calculated for each k and the best fit corresponds to the least sum in the regions of the 

spectrum that lack significant Raman features. Here k = 0.61. The final ESR spectrum is 

given by SC – 0.86*GSR – 0.61*TA – Fit.  (Fit stands for the fitted second order 

polynomial).  

  

 

  



138 

 

4.7.3 Verification of time-dependent Raman frequency shifts with alternative 

spectral processing methods. 

 

    Procedurally, solvent Raman features were first removed by subtracting an 

attenuated ground-state Raman (GSR) spectrum from the synchronized chopped (SC) 

spectrum (this step is the same for the two methods)  A scaled transient absorption (TA) 

spectrum was then subtracted from the each spectrum using the same scaling factor for 

each delay. The difference between these two methods is that the alternative signal 

processing method doesn’t fit or subtract a polynomial baseline and the scaling factors for 

removing TA contributions are the same at all delays.  Thus, variations in peak positions 

cannot be attributed to systematic errors in baseline subtraction.Peak positions were 

calculated after smoothing the spectra using fast Fourier transform (FFT) filter with a 6 

points window.  A comparison of time-dependent frequencies determined with both 

methods at the two excitation wavelengths are given in Figure 4.6S. 
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Figure 4.5S: Excited-state Raman spectra with minimal spectral decomposition.  

Spectra are offset for clarity. (Left)  600 nm Raman excitation. Spectra presented here 

are calculated according to formula: SC-GSR-TA*0.8, without smoothing. (Right)  840 

nm Raman excitation. Spectra presented here are calculated according to formula: 

SC-GSR-TA*0.9, without smoothing. 
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Figure 4.6S: Excited states Raman peak positions comparison between spectra with 

baseline fully removed (Figure 4.7, main text) and partly removed (Figure 4.5S).  

(Left) Peak positions obtained with 600-nm Raman excitation. (Right) Peak positions 

obtained with 840-nm Raman excitation. 
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4.7.4 Ultrafast spectral dynamics in the C=C stretching region. 

 

 

Figure 4.7S: Normalized Raman spectra focused on C=C stretching region using 600 nm 

(Left) and 840 nm (Right) Raman excitation. No spectral smoothing has been applied to 

demonstrate that variation in spectral bandwidth on the left is well-beyond measurement 

noise. 
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4.7.5 Comparison of PCMT and oligomer excited singlet and triplet TA spectra. 

 

 

Figure 4.8S: STA and TTA spectra of PCMT, 2T, 3T, 4T and 5T. Oligothiophene spectra 

were taken from Reference 18 of the main text. 
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4.7.6 PCMT S1 relaxation probed by TAS at 840 nm  

 

Figure 4.9S: PCMT S1 decay probed via TAS at 840 nm. The solid line is an exponential 

fit with a decay timescale at 32 1 ps.  
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4.7.7 Raman spectrum of PCMT’s triplet states collected at 200 ps delay. 

 

 

Figure 4.10S: Raman spectrum of PCMT’s triplet states collected at 200ps delay. This 

spectrum is almost identical as what we get from global fit in Figure 4.7(d). 
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Chapter 5. Structural Heterogeneity in the Localized Excited 

States of Poly(3-hexylthiophene) 

 

This chapter is based on work that was previously published45 in 

W. Yu, T. J. Magnanelli, J. Zhou, and A. E. Bragg.  Structural Heterogeneity in the 

Localized Excited States of Poly(3-hexylthiophene).  J. Phys. Chem. B 120, 5093-5102 

(2016)  

 

5.1 Abstract 

     Transient hole-burning and resonantly enhanced Raman spectroscopies are used to 

probe heterogeneities amongst localized singlet excitons of poly(3-hexylthiophene) in 

solution. Transient hole-burning spectroscopy facilitated by population dumping through 

wavelength-selective stimulated emission exposes inhomogeneous broadening of the 

exciton absorption band in the near infrared, as reflected by correlations between 

stimulated emission and excited-state absorption transition energies.  Dump-induced 

spectral diffusion of the exciton absorption band reflects structural fluctuations in locally 

excited polymer. This diffusion is observed to occur with rates slightly faster or slower than 

the non-equilibrium relaxation that follows direct excitation of the polymer (8-9 ps), with 

the timescale for diffusion varying with subpopulation: dumping across small vs. large 

band gaps results in diffusion over 5 vs. 35 ps, respectively.  Furthermore, incomplete 

spectral relaxation of transient holes reflects that subsets of locally excited structural 

motifs prepared through photoexcitation cannot interchange through structural fluctuations 

that occur over the singlet-exciton lifetime.  Raman spectra of the C=C/C-C stretching 
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region collected in resonance at energies across the exciton absorption band exhibit 

frequency and intensity trends (Raman “dispersion”) ascribed to variation in the local 

effective conjugation length. Together, results explicitly reveal heterogeneities amongst 

excitonic states associated with variations and fluctuations in local conformational order. 

 

  



150 

 

5.2 Introduction 

    The photophysical properties and dynamics of conjugated polymers (CPs) have 

received considerable attention in recent years that is fueled by interest in understanding 

the behaviors of organic electronic materials down to the molecular level.1,2 CP 

photophysics present significant fundamental challenges regarding transport and charge 

separation of excitations within heterogeneous molecular and material environments.3-6 

Molecular-level understanding of these processes are complicated by the nature of CP 

electronic excitations (bound charge-pair excitons), which localize in various structural 

motifs along the backbone of a polymer and that exist due to its structural disorder.7,8 A 

conceptual framework for CP photophysics should address which structural motifs trap 

and support excitons and how the nature of binding sites within a structurally disordered 

material impacts exciton properties and dynamics.9,10 Understanding relationships 

between local structure and properties or behaviors of excitons will provide insights on 

how to manipulate their transport or charge separation in designer materials.  

 The canonical conjugated polymer poly(3-hexylthiophene) (P3HT) has received a 

large share of attention in efforts to characterize the trapping, relaxation, and properties of 

photogenerated excitons at a high level of photophysical detail.  Fast spectral 

red-shifting and polarization anisotropy of transient absorption, stimulated emission, and 

time-resolved fluorescence have been ascribed to a combination of exciton localization 

(~100 fs)6,11 and localized nuclear reorganization or excitonic energy transfer (~1-10s of 
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ps);4,5,12-14 spectral dynamics on a timescale ~500ps is associated with singlet-exciton 

decay.5,15 More recent exploration of polymer photophysics has utilized novel 

higher-order spectroscopies to gain deeper insights on relaxation of excitations,6,11,16-18 as 

well as means for probing exciton binding strength and dissociation mechanisms.19,20 

 However, previous work has shed little light on the structural characteristics of 

localized excitations and correlations between local structure and photophysical 

properties, as the experimental methods applied generally have had limited ability to 

directly probe or differentiate amongst structural heterogeneities within an ensemble of 

photoexcited amorphous polymer, either in solution or films. This is noteworthy because 

polymer photophysics typically have been interpreted within a simplified conceptual 

framework that assumes that structural disorder along the polymer backbone fragments 

the extended pi network into a distribution of segments of variable length that are hosts 

for localized excitations;10 thus the photoexcitation of polymer is expected to prepare an 

ensemble of excitons characterized by a distribution of conjugation lengths determined 

by variation in intrachain structure. The concept of an average, well-defined conjugated 

subunit is recognized to be an over-simplified paradigm for localized CP excitons,9,21 yet, 

empirical data reporting characteristics of relevant structural motifs, their fluctuations, 

and how these impact exciton photophysical properties has remained limited. 

Experimental interrogation of structurally induced photophysical heterogeneities amongst 

CP excitons would provide further insights on mechanisms driving nonequilibrium 
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relaxation of photoexcited CPs and how the nature of the local structure impacts 

processes such as intramolecular charge-pair formation. 

 Here we present spectroscopic results that offer new perspective on structural 

heterogeneities amongst localized excitonic states of P3HT in solution.  In our work we 

have interrogated the spectroscopy of singlet polymer excitons using a combination of 

pump-dump-probe transient hole burning (PDP THB) and resonant-enhanced 

excited-state Raman spectroscopies.  Both techniques involve a wavelength-dependent 

perturbation of a photoprepared ensemble of excited polymer and thus enable preferential 

interrogation of photophysically distinct subpopulations of CP excitons and their 

correlations with local polymer structure.  

 THB spectroscopy is a common method used to interrogate spectral inhomogeneity – 

by definition, when variations in structure or physical and chemical environment are 

correlated with spectral variations amongst a set of related chromophores. In a THB 

experiment one prepares spectral “holes,” typically through a photoinduced process, to 

expose the subpopulations that contribute to the equilibrated or quasi-equilibrated 

ensemble. When correlations between structure and spectroscopy exist THB can also 

reveal time-resolved physical or chemical exchange amongst subpopulations that occurs 

at or near equilibrium.22,23  Through THB spectroscopy, fluctuations between specific 

excited-state subpopulations can be interrogated directly; in contrast fluctuations between 

subpopulations cannot be extracted directly from the non-equilibrium relaxation as 
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measured by TAS.   

 Here we have applied this technique to probe correlations between the electronic 

emission and absorption transitions of singlet excitons of P3HT; these correlations are 

attributed to structural heterogeneities within the ensemble of photoprepared excitons.22,23  

Transient hole-burning also allows us to explore dynamic exchange of exciton 

photophysical properties that is facilitated by structural fluctuations or energy transfer. 

We note that PDP THB spectroscopy is a unique complement to two other 3-pulse 

experiments that have been used previously to study non-equilibrium dynamics of 

ground-state17 and doubly-excited19 polymer.   

 Raman measurements of excited conjugated materials, on the other hand, provide a 

basis for directly probing nuclear structure and dynamics,11,16,24-26 as well as correlating 

inhomogeneously broadened electronic absorption to variations in structural 

characteristics as probed with vibrational sensitivity. Here we utilize 

wavelength-dependent Raman excitation to photoselectively interrogate the vibrational 

spectroscopy of local structural features that underlie the inhomogeously broadened 

absorption of the CP exciton ensemble; this work complements our previous work on 

time-resolved Raman spectroscopy of excited polymers and oligomers.11,16,24,26 We show 

that THB and Raman spectroscopies in combination illuminate photophysical 

heterogeneities that can be correlated with variations in structural order along the 

extended pi network of the polymer. 
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5.3. Experimental Methods 

5.3.1 Sample Preparation and Characterization by Steady-State Spectroscopies 

 Regiorandom (RRa) poly-(3-hexylthiophene) (P3HT, Reike Metals, Mw=70-90K, 

used as-is) were dissolved in distilled THF to make 0.2 mg/mL solutions for transient 

absorption and pump-dump-probe transient hole-burning spectroscopies; 1 mg/mL 

solutions in deaerated chlorobenzene were prepared for excited-state Raman 

measurements. All measurements were conducted using sample solutions circulated with 

a peristaltic pump through a 0.5 mm UV-fused-silica flow cell (Spectrocell) at 15 

mL/min. 

Steady-state absorption and photoluminescence spectra of dilute P3HT solutions in quartz 

cuvettes were measured using a diode-array spectrophotometer (Stellarnet) and 

fluorescence spectrometer (Perkin-Elmer LS-B), respectively.   
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5.3.2 Pump-Dump-Probe Transient Hole-Burning Spectroscopy 

5.3.2.1 Description of methodology 

    In this work we are interested in spectral correlations and diffusion associated with 

the electronic transitions of a photoprepared, quasi-equilibrated ensemble of polymer 

excitons. In our experiments an ensemble of excitons first was prepared through 

photoexcitation of P3HT dissolved in tetrahydrofuran (THF) solution with short “pump” 

pulses at 400 nm.  Nascent excitons were allowed to relax for 100 picoseconds to enable 

redistribution and dissipation of excess internal energy. A spectral hole was then prepared 

through an interaction with a second “dump” pulse at 530, 560 or 600 nm, all of which 

are resonant with emission of excited polymer and can therefore deplete the ensemble 

population of quasi-equilibrated excitons. 

 A third broadband pulse was used to probe absorption of the remaining excitons in 

the NIR region (850 to 1130 nm) to interrogate the action of the dump pulse. Once a 

portion of the excited-state population has been dumped to the ground state, spectral 

diffusion associated with the remaining ensemble of excitons reflects structural 

fluctuations or energy transfer that drives evolution in photophysical properties.  

Notably, THB of an ensemble of excited states may reveal both dynamic and static 

heterogeneities. The latter results when structural fluctuations that occur over the course 

of the exciton lifetime are not sufficient to connect structural motifs with distinct 

photophysical properties and manifests as spectral diffusion that does not recover the 
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shape of the quasi-equilibrated excited-state spectrum prepared by the initial “pump” 

pulse.  An illustrative cartoon and further description of THB spectroscopy is provided 

in the Supporting Information (Figure 5.1S). 

  

5.3.2.2 Experimental Details 

 Laser pulses used for all experiments were derived from the output of an amplified 

Ti:Sapphire laser (Coherent Legend Elite, 4.5 mJ/pulse, 1 kHz rep. rate, 35-fs pulse 

duration).  400-nm pump pulses (4 μJ, 1 mm spot at sample) were generated by 

frequency doubling a portion of the fundamental.  Dump pulses (2 μJ, 500 μm spot size 

at sample) were generated with an optical parametric amplifier (OPA; Coherent Opera 

Solo). The broadband white-light continuum probe (430-750 nm, for transient absorption, 

or 850-1100 nm, for TA and THB; 50 μm spot at sample) was prepared through 

white-light generation in sapphire.  The effective time resolution of transient absorption 

and transient hole-burning experiments at the sample was determined to be 90 fs from 

coherent pulse interaction with the solvent.   

 Pump and dump pulses were aligned along two separate computer-controlled 

translation stages (Newport ESP301-2N) in order to control pulse arrival delays relative 

to the probe at the sample.  The pump and dump beams were chopped separately at 500 

Hz and 250 Hz to enable evaluation of each possible two- and three-pulse transient signal 

from a sequence of four successive laser shots; these include pump-probe transient 
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absorption (PP), dump-probe transient absorption (DP), and pump-dump-probe (PDP) 

signals.  The crossing angles between probe pulse and pump or dump pulses were less 

than 5o through the sample.  The polarization of pump and dump pulses was set to be 

parallel (vertical), while the probe pulse was set at the magic angle (54.7o) relative to 

vertical using a wire-grid polarizer immediately before the sample. Probe light was 

collected and dispersed with a 300-mm spectrograph (Acton-2360) onto a CCD camera 

(Pixis-100BR) that was configured to detect and read out the probe spectrum on each 

laser shot. Data acquisition, computation of spectra, and manipulation of translation 

stages were coordinated with a homebuilt LabView program.  

 The two- and three-pulse signals mentioned above must be used to isolate spectral 

correlations and diffusion associated with transient hole prepared by the dump pulse.  

These signals are calculated from the sequence of probe-continuum spectra measured in 

the pump-dump-probe experiment as follows: 

  

 PDP  = -log(Ion-on/Ioff-off) (5.1a) 

 DP  = -log(Ioff-on / Ioff-off) (5.1b) 

 PP  = -log(Ion-off / Ioff-off) (5.1c) 

  

I represents the intensity of the near-IR probe continuum and is a function of wavelength; 

here, for example, “on-off” refers to intensity of the probe with excitation by pump pulse, 
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but no interaction with dump pulse, etc.  Pump-probe transient absorption spectra were 

collected for both near-IR and visible broadband probes by blocking the visible dump 

pulse.  Transient absorption spectra in the visible and near-IR were averaged over 15000 

chopping sequences to obtain spectra shown below; spectra associated with 

pump-dump-probe spectroscopy (Equations 6a-6c) were averaged over 7500 chopping 

sequences.  
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5.3.3 Excited-State Raman Spectroscopy by Femtosecond Stimulated Raman 

Spectroscopy (FSRS) 

 Excited-state Raman spectra were collected using FSRS27,28 at fixed delays after 

400-nm photoexcitation using various Raman-excitation wavelengths resonant with the 

excited-state absorption spectrum in the near-IR.  Detailed description of our FSRS 

set-up can be found elsewhere.11,16,24,26,29 Briefly, a second-harmonic bandwidth 

compressor (SHBC, Light conversion) was pumped with a portion of the fundamental 

output (800 nm, ~1 mJ/pulse) to generate narrowband pulses (~12 cm-1) with 2-3 ps 

duration at 400 nm. The SHBC output was used to pump a white-light-seeded OPA 

(TOPAS-400, Light Conversion) in order to generate tunable narrowband 

Raman-excitation pulses (840, 880, 920 and 950 nm; 20 cm-1 bandwidth, 10-15 mJ/pulse, 

500 mm diameter at sample). The time delay between Raman excitation and white-light 

probe pulses at the sample was adjusted with a translation stage (Newport) and optimized 

to give the best line-shapes for solvent Raman features.  

 Pump and Raman-excitation pulses were chopped at one-fourth and one-half of the 

laser repetition rate, respectively. As in our pump-dump-probe measurements described 

above, the spectrum of the probe continuum was collected in each of four chopping 

phases (excitation and Raman pump: on-on, on-off, off-on, off-off). Each set of four 

probe spectra were then used to calculate a transient absorption spectrum (TAS), a 

ground-state Raman spectrum (GSR) and a synchronously chopped spectral signature 
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(SC):  

 TAS  = -log(Ion-off/Ioff-off) (5.2a) 

 GSR  = -log(Ioff-on / Ioff-off) (5.2b) 

 SC  = -log(Ion-on / Ioff-off) (5.2c) 

  

Spectra obtained from equations 4-6 were obtained by averaging over 7500 collection 

cycles.  Pure excited-state Raman (ESR) spectra were isolated as follows:11 

  

 ESR = SC – m*GSR – k*TA –Fit. (5.3) 

 Here, m and k are scalar factors: m is optimized in order to remove contributions from 

solvent features, whereas k is optimized to remove baseline contributions due to the 

bleaching of excited-state absorption induced by the Raman-excitation pulse. “Fit” is a 

polynomial baseline fit that accounts for broadband discrepancies between the shape of 

the TAS and the broad baseline in the SC spectrum.  
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Figure 5.1: Steady-state absorption and dispersed fluorescence spectra of regiorandom 

poly(3-hexylthiophene) (RRa-P3HT) in THF solution (fluorescence excitation = 400 nm). 
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Figure 5.2: Pump-probe transient absorption spectroscopy of RRa-P3HT in THF solution 

following excitation at 400 nm: (a) Near-infrared transient spectra from photo-generated 

polymer excitons. (b) Transient spectroscopy of P3HT probed in the visible. In transient 

hole-burning experiments described here, dump pulses (530, 560 and 600 nm) selectively 

deplete excitons via stimulated emission. 
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5.4. Results and Discussion 

5.4.1 Steady-State and Transient Absorption Spectroscopy of P3HT 

 The lowest-energy steady-state absorption feature for RRa-P3HT is a broad band 

peaked near 430 nm, as shown in Figure 5.1. We observe no signatures of stacked 

polymer strands in our steady-state spectroscopy (e.g. structured, red-shifted features 

associated with excitonic interactions); this is consistent with reports showing that 

RRa-P3HT takes on a highly amorphous (non-stacked) morphology even in films.30,31  

   In our experiments, polymer solutions were excited with 400-nm light pulses, as 

denoted with an arrow in Figure 5.1.  Pump-probe transient absorption spectra collected 

after 400-nm photoexcitation of RRa-P3HT are presented in Figure 5.2(a) (near-IR 

absorption) and 2(b) (stimulated emission in the visible) at selected pump-probe delays.  

Spectral dynamics observed in these wavelength ranges are similar to what has been 

reported previously for both RRa and RR polymer:5,15-17,32 Both exhibit signatures of 

non-equilibrium excited-state relaxation over 10’s of picoseconds and exciton decay by a 

combination of fluorescence and intersystem crossing over hundreds of picoseconds.  

The sizable separation in these non-equilibrium singlet-exciton relaxation timescales is 

critical for our PDP THB spectroscopy, as vibrational relaxation to a quasi-equilibrated 

excited-state ensemble needs to be completed on a timescale that is short relative to the 

exciton lifetime itself.   
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5.4.2 Pump-Dump-Probe Transient Hole-Burning Spectroscopy 

5.5.2.1 Selection of dump wavelengths 

    In our pump-dump-probe transient hole-burning experiments we have used three 

different dump wavelengths (530, 560, and 600 nm) ranging over the breadth of the 

polymer’s weakly structured stimulated emission (Figure 5.2(b)) and fluorescence spectra 

(Figure 5.1) in order to induce selective population transfer of a subset of excitons back 

to the polymer ground state.  The rationale for these dump wavelengths is as follows: 

530 nm falls at the high-energy edge of the SE band and enables preferential dumping of 

excitons with large S1-S0 band gap that are anticipated to correspond predominantly with 

less ordered structural motifs (e.g. shorter conjugation length, conformationally or 

structurally disordered regions). In contrast, 600 nm corresponds with the low-energy 

edge of the SE band, and is expected to preferentially dump excitons with low band gap 

corresponding with predominantly more ordered structural motifs (e.g. longer 

conjugation length, more planar local conformations). Dumping through both high- and 

low-gap SE transitions enables exploration of correlations between TAS (Figure 5.2(a)) 

and SE (Figure 5.2(b)) transition energies for the ensemble of excited polymer.  

 Although it is desirable to tune the low-gap dump wavelength even further to the red, 

there is a significant overlap of the excited-state SE and TAS signals at wavelengths 

above 600 nm.  The relative size of the absorption tail into the visible can be gauged 

from TAS (PP) data (Figure 5.2(b)): notably, a slightly positive absorption intensity 
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appears near 515 nm (between the SE and ground-state bleach bands) at time delays 

100-200 ps after photoexcitation at 400 nm.  Hence, we expect that pump-dump-probe 

signals will exhibit contributions associated with an alternative “pump-push” excitation 

pathway,19,20 as demonstrate further below. 
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Figure 5.3: (a) Two- and three-pulse signal combinations obtained in the course of the 

pump-dump-probe (PDP) transient hole-burning (THB) experiments (pump = 400 nm, 

dump = 530 nm, pump-dump delay = 100 ps, dump-probe delay = 1 ps); PP = 

pump-probe, DP = dump-probe. (b) DP-corrected PDP spectra (PDP-0.89DP) of 

RRa-P3HT in THF solution at various dump-probe delays (pump = 400 nm, dump = 530 

nm, pump dump delay = 100 ps); see text for details of correction for dump-probe 

contributions.  Population dumping is apparent from the drop in near-IR absorption 

between -0.25 and 0 ps. 
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5.4.2.2 Correction for 2-pulse dump-probe signal contributions (530 nm). 

    Time-dependent pump-dump-probe signals contain the spectral diffusion associated 

with the non-equilibrated ensemble of CP excitons created through population dumping, 

but must be corrected for any 2-pulse “dump-probe” (DP) signal; this is essentially a 

pump-probe transient spectrum from direct S0-S1 excitation at the dump wavelength.  

No DP signal is observed with either 560 or 600 nm dump pulses, as both wavelengths 

are red of the polymer’s ground-state absorption band, such that any spectral dynamics 

observed at these dump wavelengths is only due to the spectral diffusion of the transient 

spectral hole in the excited-state population.  In contrast, 530 nm approaches the edge of 

ground-state absorption spectrum, such that this dump wavelength introduces a 2-pulse 

contribution to the total measured signal.  Figure 5.3(a) plots examples of the 3-pulse 

PDP, as well as 2-pulse DP and PP signals obtained for a 100-ps pump-dump delay and a 

1 ps dump-probe delay.   

 To accurately remove DP contributions to the PDP signal collected with 530 nm it is 

important to recognize that the former arises from the reduced ground-state population 

that remains after the initial 400-nm excitation of the sample; hence, the DP contribution 

to the three-pulse signal is smaller than the DP signal that would be collected when the 

400-nm excitation beam is blocked.  Based on the relative size of the steady-state 

absorption and the absorption bleach induced by the pump pulse, roughly 89% percent of 

the polymer is unaffected by the initial excitation at 400 nm. Hence, we scaled the pure 

DP signal by 0.89 for subtraction from the raw PDP signal in order to isolate spectral 
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changes induced by population transfer through stimulated emission at 530 nm.  

Specifically, the resulting corrected pump-dump-probe spectra (PDP-0.89DP) reflect the 

absorption of the remaining exciton population after the dump-pulse induced depletion.  

These are plotted in Figure 5.3(b); the abrupt drop in the signal near the dump-probe 

delay of 0 ps illustrates depopulation of the polymer excited state through action of the 

dump pulse. 

  

5.4.2.3 Separation of 3-pulse signals: Pump-dump vs. pump-push pathways 

 Figure 5.4(a) plots the net time-dependent bleach in the near-IR exciton absorption 

(calculated as PDP-0.89DP-PP) for visualizing the action of 530-nm dump pulses.  This 

plot illustrates that the dump pulse induces an instantaneous drop in the NIR excited-state 

absorption (also apparent in Figure 5.3(b)), which is a signature of laser-induced 

depopulation of the polymer excited state.  The time-dependence of the peak bleach 

intensity at 1035 nm is plotted at all three dump wavelengths in Figure 5.4(b).   Figures 

5.4(a) and 5.4(b) illustrate that the dump-induced bleach evolves on two distinct 

timescales; the bleach decays with timescales of ~200 fs and ~300-400 ps when fitted 

with a bi-exponential functions (see Table 5.1). The longer of these two timescales 

represents the lifetime of the exciton population that remains after dump-induced 

depopulation, which is the same as the S1 lifetime measured by pump-probe TAS. In 

contrast,5,15-17,32 the former represents an ultrafast recovery of the hole that can only occur 
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if the dump pulse further excites, rather than deexcites, polymer excitons (i.e., a 

pump-push pathway).  

Pump-push excitation of P3HT was recently investigated by Tapping and Kee.19,20 

These authors used a near-IR push pulse to further excite excitons prepared by the 

400-nm excitation of ground-state polymer in solution to even higher-lying electronic 

excited states.  Doubly-excited polymer was observed to have a lifetime of ~200 fs, as 

gauged by the recovery of near-IR exciton absorption after action of the push pulse. Most 

of these high-energy excitons were observed to relax back to the S1 state within a 

picosecond, whereas a small fraction (~11%) of these dissociated as they were given 

sufficient energy to overcome the exciton binding energy and form separated charge 

carriers on a single polymer chain.19 

 Based on their findings, and given the overlap in exciton SE and TA spectra apparent 

in Figure 5.2(b), we ascribe the signal decay on a timescale of a few hundred fs observed 

in Figure 4 to a pump-push contribution.  This is corroborated by the variation in the 

size of this component with dump wavelength:  As the relative size of the stimulated 

emission compared to the exciton absorption decreases between 600 and 530 nm (Figure 

5.2(b)), we expect that the relative contribution of the pump-push pathway to the total 

3-pulse signal will increase as the dump pulse is tuned to the blue. The time-dependent 

bleach intensities obtained at the various dump wavelengths, as plotted in Figure 5.4(b), 

indeed show that the fraction of the ultrafast component increases from 13% to 23% to 36% 
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as the dump wavelength is tuned to the blue.  The presence of this ultrafast component 

makes it difficult to isolate ultrafast spectral diffusion associated with dump-induced hole 

burning.  However, and as we illustrate further below, the 3-pulse signal obtained in our 

experiment is dominated by the dump-induced emission pathway and the spectral 

dynamics of the PDP signal on timescales >2 ps can be ascribed to spectral diffusion of 

the transient spectral hole. 
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Figure 5.4: (a) Transient spectral hole (PDP-0.89DP-PP) in the excited-state absorption 

of RRa-P3HT as induced with a dump pulse at 530 nm. (b) Time-dependent intensity of 

bleach (PDP-DP-PP) induced by visible dump pulses. Timescales obtained by fitting 

bleach recovery to biexponential functions are given in Table 5.1. 
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Table 5.1: Timescales obtained by fitting excited-state bleach recovery (probed at 1035 

nm, Figure 5.4(b)) at different dump pulse energies to a biexponential function. The 

pump pulse is 400 nm, pump-dump delay is 100 ps. 

  

 530 nm 560 nm 600 nm 

t1/fs 150±20 150±20 320±50 

t2/ps 440±50 290±20 310±10 
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Figure 5.5: Spectral Correlations and Diffusion: (a) Comparison of the 

intensity-weighted average peak position of the pump-probe (PP) and corrected 

pump-dump-probe (PDP) spectra (930-1100 nm), illustrating response to dump-induced 

exciton depletion.   (b) Dump-induced changes in spectra and spectral diffusion are 

illustrated with the difference in weighted spectral peak position of PDP and PP signals 

for all dump wavelengths. The pump pulse is 400 nm and the pump-dump delay is 100 ps. 

The sharp initial features around 0 ps arise from the dump-probe instrument temporal 

response. Spectral diffusion associated with excited-state hole burning is apparent on 

timescales > 2 ps.  The fast red-shift appearing in the first 2 ps is due to bleach recovery 

from a pump-push excitation pathway explained in the text.  
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 5.4.2.4 Characterization of dump-induced spectral diffusion 

The dump-induced transient hole and its spectral diffusion can be visualized from the 

(DP-corrected) time-dependent bleach of the near-IR exciton absorption plotted in Figure 

5.4(a): whereas the ultrafast decay of the spectral hole corresponds with bleach recovery 

via the pump-push pathway, a redshift observed at later times (>2 ps) corresponds with 

spectral diffusion of the hole created through the pump-dump pathway.  The spectral 

diffusion of the transient hole vs. that of the remaining excited-state population occur in 

opposite directions, and hence it is most intuitive to characterize the spectral diffusion 

directly from the spectral evolution of DP-corrected PDP signal (e.g. Figure 5.3(b)).   

 We accomplish this here by comparing the intensity-weighted peak position of 

corrected PDP and PP signals with dump-probe delay; this is determined by an 

intensity-weighted averaging of the spectral shape over the range of 930 and 1100 nm, as 

illustrated in Figure 5.3(b)).  Given that the inhomogeneous breadth of the excited-state 

absorption is most likely due to a large number of underlying conformational/structural 

motifs, characterization of the ensemble average seems to be the most conservative way 

to characterize spectral evolution/diffusion in this system.  The integration range used 

here was chosen specifically to avoid overlap with spectral signature of the triplet 

(absorbing below 900 nm at long delays) and due to the limited reliability of the spectral 

response of the detector beyond 1100 nm; we also note that this range should not be 

chosen to be narrower, as it would not span the breadth of the near-IR absorption peak 
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and would therefore provide a poorer metric of the average peak position.  We plot the 

intensity-weighted peak positions of PP and corrected-PDP signals in Figure 5.5(a) for a 

530-nm dump applied 100 ps after initial excitation of the sample to illustrate the action 

of the dump pulse on the average wavelength of the near-IR exciton absorption.  

 The action of the dump pulse can be summarized by the difference in weighted band 

centers for the corrected PDP and PP signals, which we plot for all three dump 

wavelengths in Figure 5.5(b).  Negative (positive) values of Δ correspond with a net 

blue-shift (red-shift) relative to the PP exciton absorption that is induced by the action of 

the dump pulse. A number of behaviors are apparent from this plot:  (1) high-energy 

dumping (530 and 560 nm) results in a redshifted non-equilibrated exciton absorption 

spectrum, whereas low-energy dumping (600 nm) results in a net blueshift relative to the 

exciton absorption spectrum; (2) the spectral diffusion induced at all dump wavelengths 

reduces the magnitude of Δ over 10s of ps; (3) incomplete recovery (|Δ|>0) is apparent 

at 300 ps; (4) dumping at all three wavelengths induces spectral redshifts on ultrafast 

timescales (100 fs to 1 ps) following an instrument-limited response at 0 fs. 

 The first three observations result from dump-induced formation of a spectral hole in 

the exciton population and the spectral diffusion that results from structural fluctuations 

of the remaining excitons.  The dependence of the net shift of Dl on dump wavelength 

reflects a direct correlation between low (high) energy stimulated emission and low (high) 

energy exciton absorption; this correlation is a signature of inhomogenous broadening of 
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the exciton transitions attributed to grossly different exciton subpopulations.   

 Secondly, spectral diffusion observed on picosecond timescales for all dump 

wavelengths reflects that excitons remaining after the dump-induced population transfer 

experience structural fluctuations that fill in some of the spectral hole prepared by the 

dump pulse.  We have applied exponential fits to the data in Figure 5.5(b) and find that 

the spectral recovery occurs predominantly on timescales of 4.6 ps at 600 nm, 34 ps at 

560 nm and 39 ps at 530 nm, as reported in Table 5.2. These timescales are not far from 

the nonequilibrium exciton relaxation timescale obtained directly via pump-probe 

measurements (9 ps16). Similar magnitudes of these timescales should not be surprising, 

as the timescales of nonequilibrium dynamics and thermal fluctuations between 

quasi-equilibrated configurations are related through the fluctuation-dissipation 

theorem.33  However, it is notable that spectral evolution associated with dumping via a 

low-gap transition (600 nm) is slightly faster than the non-equilibrium timescale, whereas 

spectral evolution initiated by high-gap transitions (560 and 530 nm) occurs more slowly.  

As spectral diffusion reflects some exchange amongst excited-state subpopulations, these 

differences in timescale indicate that the rate of exchange depends on starting and ending 

configuration. 
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Table 5.2: Timescales obtained by fitting Δ(t) acquired with different dump pulse 

energies to a biexponential function (as plotted in Figure 5.5(b)). The pump pulse is 400 

nm, pump-dump delay is 100 ps. 

  

  

  

 530 nm 560 nm 600 nm 

t1/fs 170 ± 10 220 ± 10 280 ± 20 

t2/ps 39 ± 3 34 ± 3 4.6 ± 1.4 
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 Finally, incomplete spectral diffusion on a timescale of 100s of ps reflects that the 

subset of excitonic states depleted from the ensemble of excited polymer cannot be 

recovered completely by physical exchange driven by structural fluctuations of the 

remaining excitons.  This indicates that static heterogeneities (static relative to the 

singlet exciton lifetime) exist within the initial quasi-equilibrated distribution of 

photoprepared excitons.  In total, a key conclusion from this experiment is that 

electronic absorption of the excited polymer in the near-IR is inhomogeneously 

broadened, with limited conformational exchange between underlying subpopulations of 

excitons via thermal fluctuations. 

  Spectral dynamics on the fastest timescales probed (<2 ps), on the other hand, 

result from the alternate “pump-push” pathway described above.19,20  Despite the 

presence of both pathways, dynamics of the spectral hole due to direct dumping of the S1 

population to the ground state appears to dominate the 3-pulse spectrum at time delays 

after this initial ultrafast bleach recovery for various reasons:   

 (1) “Pushed” excitons primarily recover to the singlet excited state regardless of push 

wavelength, with only a ~11% lost to photo-induced charge-pair formation.19 

Compounding this fraction with the relative contribution of pump-push vs. pump-dump 

signals in the total 3-pulse signal implies that the bleach remaining after the ultrafast 

recovery is dominated by the dump pathway by a factor of 20-100 (i.e., only ~1-5% of 

the transient bleach signal on longer timescales could be due to bleach obtained by 
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push-induced charge-separation).  

 (2) The spectral diffusion we observe on the ~10 ps timescale and greater is 

considerably slower than the push-recovery timescales noted previously (0.16 ps and 2.4 

ps accounting for an 89% bleach recovery19), supporting its association with a separate 

photophysical pathway. 

 (3) Spectral relaxation of “hot” S1 excitons populated from a short-lived SN excited state 

would be expected to exhibit similar spectral dynamics regardless of the push energy in 

the visible.  Rather, the dump-wavelength dependence to the relative spectral shifts 

(PDP-PP) shows opposite behavior for low- and high-energy dumping, and is consistent 

with expected behavior for THB.   

   Hence, we can conclude that our three-pulse PDP data on picosecond timescales 

reflect correlations between inhomogeneously broadened TAS and SE transitions, as well 

as spectral diffusion associated with fluctuations of the local polymer structure. 

  

5.4.3 Structural Heterogeneities of Excitonic States Probed by FSRS 

 As P3HT is a homo-polymer, it is most conceivable that the heterogeneities that 

underlie the observed correlations in electronic spectroscopy and THB spectral diffusion 

are related to structural variations and fluctuations along polymer chains.  Here we have 

examined correlations between excited-state electronic spectroscopy and local polymer 

structure using resonantly enhanced femtosecond stimulated Raman spectroscopy 



180 

 

(FSRS).27,28  We have previously used this method to interrogate the relaxation of 

photoexcited polymers (P3HT and poly-(3-cyclohexyl,4-methyl)thiophene, or PCMT) 

and oligothiophenes according to time-dependent resonant enhancements and peak shifts 

of key Raman-active modes at selected Raman-excitation wavelengths.11,16,26 In this work 

we have measured the stimulated Raman spectrum at various Raman-excitation 

wavelengths after photoexcitation of the polymer. The narrow-band (20 cm-1) 

Raman-excitation pulse used in these measurements enables photoselective interrogation 

of local structures that underlie the inhomogeneous breadth of the exciton absorption 

band. 

 A comparison of Raman spectra of photoexcited RRa-P3HT collected in the 

carbon-carbon stretching region with various Raman-excitation wavelengths is presented 

in Figure 5.6(a).  The most intense feature at 1470 cm-1 corresponds with the C=C 

symmetric stretch11,16,24,26,34,35 and exhibits a sizable redshift in peak frequency as the 

Raman-excitation pulse is tuned to longer wavelength. Figure 5.6(b) illustrates that the 

wavelength-dependence of the peak position is essentially the same over a timescale of 

several picoseconds (similar behavior is also observed for RR-P3HT, Figure 5.4S).  This 

is consistent with our previously reported time-resolved data (Raman excitation at 880 

and 950 nm),16 as well as recent findings with oligothiophenes demonstrating that the 

symmetric C=C stretching frequency (which dominates the Raman spectrum of the 

polymer) is very weakly sensitive at best to conformational relaxation.26  
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Figure 5.6: (a) Raman spectra of photoexcited RRa-P3HT collected at various 

Raman-excitation wavelengths spanning the near-IR exciton absorption band 1 ps after 

400-nm excitation (c.f. Figure 5.2(a)). (b) Time-dependent weighted peak position of the 

C=C stretching feature obtained with RRa-P3HT at various Raman-excitation 

wavelengths. 
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 The variation in C=C stretching frequency with excitation wavelength is reminiscent 

of the length-dependent frequency variation observed in the Raman spectra of conjugated 

oligomers with low monomer aromaticity.36,37  For oligomers, this variation with length 

reflects increasing non-local electron exchange with greater conjugation that softens the 

C=C stretching potential.36-38 For excited P3HT, which has greater delocalized character 

relative to its ground state and therefore effectively lower monomer aromaticity, the 

frequency shift apparent in Figure 5.6(a) can be interpreted as the variation in effective 

delocalization amongst exciton subpopulations that are interrogated at the selected 

Raman-excitation wavelengths; this variation in effective conjugation lengths is a 

consequence of variation in local structure of the polymer.   

 A useful comparison as regards the degree of frequency shift to expect in our 

wavelength-dependent measurements is to note that the ground-state C=C stretching 

frequency of oligofurans and oligoenes, which have low monomer aromaticities, exhibit 

comparable frequency shifts (20-40 cm-1) for changes in oligomer length of only a few 

monomer units.36-38 As electronic delocalization (and monomer aromaticity) in localized 

excited states of P3HT should be roughly comparable with what is observed for these 

ground-state oligomers, it is not surprising that such a variation in C=C stretching 

frequency would be observed even amongst a modest distribution of effective 

conjugation lengths within an ensemble of excited polymer.   

 Thus, the spectra in Figure 5.6(a) illustrate specifically that excitons probed via 
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lower Raman-excitation energies have greater effective conjugation than those probed at 

higher energies, which is consistent with the correlation between exciton absorption and 

emission gaps gleaned from THB data discussed above. Intensity variations observed in 

the C-C stretching region (1150-1350 cm-1) are also correlated with Raman-excitation 

wavelength and further support that variations in structural order underlie the spectral 

inhomogeneity of the exciton absorption band. 

 We note that we have observed a similar correlation in C=C stretching frequency 

with Raman-excitation energy for photoexcited PCMT that likewise reflects a distribution 

of effective conjugation lengths in the ensemble of excited polymer.11 For PCMT this 

variation in stretching frequency with Raman-excitation energy is corroborated by 

intersystem crossing dynamics (rather than correlations with electron spectroscopy via 

THB): ISC rates determined from FSRS measurements resonant with the red and blue 

edges of the PCMT S1 transient absorption band reveal that faster ISC rates from the S1 

state are correlated with higher transitions energies in the S1 absorption band.  Faster 

ISC rates have been correlated with greater torsional disorder for small thiophene39-41 and 

mixed phenyl-thiophene oligomers.42 Thus we interpret the correlations in both C=C 

stretch frequency and ISC rates measured at different Raman-excitation wavelengths for 

S1 PCMT to indicate wavelength-selective probing of structural heterogeneities that 

underlie the excited-state absorption band. 
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5.5 Conclusions 

    Results of THB and Raman measurements report on structural heterogeneities 

according to correlations in the spectroscopy of excitonic states prepared through the 

photoexcitation of P3HT.  These photophysical variations can be understood in terms of 

the distribution of structural domains that are expected to be present in amorphous 

poly(3-alkylthiophenes): The persistence length of amorphous P3ATs has been estimated 

to be ~3 nm (~6-8 monomer units, much shorter than the ~500 unit length of a polymer 

strand studied here) from small-angle neutron diffraction scattering measurements43 and 

is attributed to mixtures of anti and syn inter-ring conformations. Thus, variations in the 

spectroscopic and photophysical properties of excitons observed here likely arise from 

variations in the density of conformational defects along the polymer chain. For instance, 

an increased prevalence of conformational defects is expected to change the balance 

between the inter-ring mechanical and quantum-mechanical (i.e. delocalization) 

couplings that determine the frequencies of Raman-active modes and also introduce 

changes to the C-C stretching region.36  Although linkage irregularity would also 

introduce structural distortions along the polymer backbone,44 we note that we have 

observed similar wavelength-dependent Raman responses for both regioregular and 

regiorandom polymers (see Supporting Information).  Thus, variations observed in 

photophysical and spectroscopic properties most likely originate from intrinsic 

conformational disorder in the polymer, rather than synthetic structural defects. 

 The observation of spectral diffusion in our THB measurements reflects that some 
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fluctuations between conformations affecting the effective delocalization length are 

possible and indicates that the ensemble of photoprepared excitons is characterized by a 

somewhat dynamic distribution of effective conjugation lengths. The similarity in 

timescales for nonequilibrium exciton relaxation and THB spectral diffusion highlight the 

important role of evolving conformational order in the relaxation of P3HT excitons.  

However, our results also reflect that the timescales for these fluctuations are sensitive to 

the nature of the starting and ending configurations:  specifically fluctuations from 

disordered to ordered configurations occur considerably faster than fluctuations from 

ordered to disordered configurations, as illustrated from by differences in spectral 

diffusion observed for small and large band-gap dumping.  These results are consistent 

with non-equlibrium relaxation favoring relaxation towards low-energy, conformationally 

ordered configurations.  Furthermore, our THB measurements reveal signatures of 

incomplete spectral diffusion, indicating that the conformational fluctuations necessary to 

drive some structural exchange occur on timescales much longer than the exciton lifetime, 

consistent with the characterization of local structural motifs as exciton traps.   

 In conclusion, this work provides new perspective on the nature of excitonic states 

with respect to local structural order in amorphous CPs, with implications for 

nonequilibrium exciton relaxation and exciton photophysics.  Specifically, our findings 

demonstrate explicitly that relaxation does not produce uniformly ordered localized 

excitations via a combination of structural reorganization and energy transfer along P3HT.  
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Rather a distribution of configurations that vary in terms of structural characteristics is 

prepared; some of these configurations fluctuate dynamically, but with significant 

contribution from effectively static motifs relative to the exciton lifetime (i.e. exciton 

traps).  The combination of energy-selective electronic and Raman probes of exciton 

subpopulations enable a connection between the local electronic and structural properties 

of these disordered, heterogeneous multichromophoric materials.   
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5.6 Supplementary Information 

 

5.6.1 Illustrative description of transient hole-burning (THB) spectroscopy 

 Figure 5.1S presents a descriptive illustration of the principles of transient 

hole-burning (THB) spectroscopy. THB begins with a (quasi)equilibrated ensemble of 

chromophores. The red, blue and green circles in Figure 5.1S(a) represent a chromophore 

present in a heterogeneous distribution of physical (or chemical) environments; 

correlations between physical environment and spectral position give rise to an 

inhomogeneously broadened spectrum (total spectral breadth represented with the dotted 

line). In a THB measurement, a portion of this distribution is selectively removed; in 

panel (b), we illustrate this by selectively removing a handful of red chromophores, 

producing a non-equilibrated distribution of chromophores with a corresponding spectral 

depletion at longer wavelengths relative to the original spectrum (the non-equilibrated 

spectrum, which includes a hole in the distribution of red circles, is plotted as a blue 

dashed line).  As a result of this depletion the average wavelength exhibits a net 

dump-induced blue shift.  

 After depletion, the physical or/and chemical properties of the remaining 

chromophores may take on photophysical characteristics of depleted states via 

thermally-driven exchange (e.g. energy transfer or structural fluctuations) (panel (c)); the 

non-equilibrated spectrum (dashed blue) will consequently red shift and evolve towards 

the shape of the original equilibrated spectrum (red solid line).  If some depleted motifs 

cannot be recovered by thermal fluctuations, as may be possible for an ensemble of 
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excited-state motifs, the spectral recovery will be incomplete (relaxing somewhere 

between the blue dashed and red solid lines).  Incomplete relaxation is a reflection that 

an effectively static heterogeneity exists. 
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Figure 5.1S: A descriptive illustration of transient hole-burning (THB) spectroscopy 

(a) Spectroscopy of a distribution of chromophores in different physical or chemical 

environments (represented with colored circles); (b) photoselective laser excitation 

removes (“burns”) chromophores of a specific sub-ensemble (red), generating a 

non-equilibrated population and its corresponding absorption spectrum; (c) physical or 

chemical exchange, associated with microscopic fluctuations between different 

sub-ensembles, gives rise to spectral diffusion. 
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Figure 5.2S: Time-dependent weighted-average peak positions (relative PP TA) as 

obtained from THB measurements with a 530-nm dump pulse applied 100 ps after 

polymer excitation at 400 nm: corrected (PDP-0.89DP, black) vs. uncorrected (raw PDP, 

red) for two-pulse dump-probe-only (DP) contributions. 
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5.6.2. Effect of dump-probe (DP) correction on spectral evolution of 3-pulse 

pump-dump-probe (PDP) signals 

 The weighted-average peak position (relative to the pump-probe TA) for corrected 

(PDP-0.89DP) and uncorrected/raw PDP results are compared in Figure 5.2S.  The DP 

signal contribution at 530 nm can be seen to have a substantial impact on the 

time-dependent spectral dynamics of the uncorrected PDP signal. This is because the 

direct excitation of polymer with the “dump” pulse contributes a transient signal with a 

spectral redshift (e.g. Figure 5.2(a)) associated with non-equilibrium exciton relaxation.  

This non-equilibrium spectral redshift counteracts the blue-shifting spectral diffusion of 

the PDP signal (the manifestation of transient hole burning), as illustrated by comparing 

the corrected and uncorrected PDP signals in Figure 5.2S.  At 530 nm the DP only 

signal is roughly half the magnitude of the spectral hole (but opposite in sign; Figure 

5.3S(a)).  Nonetheless, similar THB spectral diffusion is observed when the raw PDP 

signal is corrected for DP contributions using a realistic range of scaling factors based on 

the size of the pump-induced bleach and steady-state absorption spectra (0.89 ± 0.1).   
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5.6.3. Effect of pump-dump delay on spectral evolution of 3-pulse 

pump-dump-probe (PDP) signals 

 In our experiments we have specifically chosen a pump-dump delay of 100 ps to 

ensure preparation of a quasi-equilibrated ensemble of excitons for transient hole burning.  

In order to demonstrate that the PDP THB dynamics are not affected by the chosen 

pump-dump delay, experiments were conducted with variable pump-dump delays ranging 

between 10 and 200 ps. Results (i.e. weighted-average peak wavelengths of DP-corrected 

pump-dump-probe signals) are plotted in Figure 5.3S for data collected with a 530-nm 

dump.  Spectral diffusion is qualitatively consistent across all pump-dump delays, 

exhibiting an overall red-shift in weighted peak position upon dumping followed by a 

dynamic blue-shift as a function of dump-probe time delay. For each specific pump-dump 

delay, a tri-exponential fit recovers three distinguishable time scales; fitting results are 

summarized in Table 5.1S. The ultrafast timescales are all around 200 fs, which 

corresponds with the ultrafast bleach recovery from the “push” pathway induced by the 

visible dump pulse (described in more detail in the text).  Measurements described in 

the main text used a 100-ps pump-dump delay, as this delay ensures an adequate time for 

exciton equilibration and is well before the appearance of the triplet excitons via 

intersystem crossing. 
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Table 5.1S: Timescales obtained by fitting Δ(t) acquired at different pump-dump delays 

to a tri-exponential function. The pump and dump pulses are 400 nm and 530 nm, 

respectively.  

 

Pump-dump delay 10 ps 30 ps 50 ps 100 ps 200 ps 

τ1/fs 85 178 199 220 222 

τ2/ps 7.5 10.4 9.1 13.3 11.2 

τ3/ps 71 121 97.6 107 123 
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Figure 5.3S: Time-dependent weighted peak positions of PDP-DP spectra (relative to PP 

spectra, Δ) at various pump-dump delays given in the legend. Pump and dump pulses 

are 400 and 530 nm, respectively. 
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5.6.4. Excited-state Raman spectroscopy of excitons in regioregular P3HT. 

 In order to demonstrate that exciton heterogeneities arise from intrinsic structural 

variations and not as a consequence of synthetic defects along the RRa polymer, we also 

investigated the wavelength-dependent Raman spectra of excitons on regioregular (RR) 

P3HT. Figure 5.4S shows that RR-P3HT also has wavelength-dependent Raman 

dispersion of the C=C stretch, as well as similar variations in the intensity distribution 

within the C=C/C-C stretching region as we observed with RRa-P3HT (notably the 

disappearance of intensity near 1300 cm-1) at longer Raman-excitation wavelengths. 
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Figure 5.4S: FSRS Raman dispersion for RR-P3HT.(a) Raman spectra collected with 

different Raman-excitation energies at 1 ps after 510-nm photoexcitation. The main 

feature near 1500 cm-1 corresponds with the C=C symmetric stretch, which red shifts as 

Raman-excitation energy decreases. (b) Time-dependent weighted peak position of the 

C=C stretching feature obtained with RR-P3HT at various Raman-excitation 

wavelengths.  
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 Experienced in making and characterizing supported gold and iridium 

nanoparticles 

Teaching Experience 

Teaching Assistant in General Chemistry                  09/2010-06/2011 

Teaching Assistant in Physical Chemistry Lab              09/2011-06/2012 

Teaching Assistant in Physical Chemistry Lab              09/2014-12/2015 

Research 

   Undergraduate research 

During my undergraduate study, I joined the Lab of Surface Chemistry. Under the 

instruction of Prof. Yong Cao, I studied the supported gold and iridium nanoparticles 

using ZnO and TiO2 as carriers and their application as catalysts in the oxidation of 

alcohols and the reduction of nitro-benzene. 

 

PHD Research 

My PHD research focuses on the relaxation dynamics of excited conjugated 

polymers, like poly-(3-hexyl-thiophene) (P3HT), 

poly-(3-cyclohexyl-4-methylthiophene) (PCMT) and poly-(thiophene-methano 

annulene-thiophene) (PTMT). Various ultrafast spectroscopies methods have been 

used to investigate these systems, include transient absorption (TA), Femtosecond 

stimulated Raman spectroscopy (FSRS), pump-dump-probe etc. We focus primarily 

on the conformational relaxation process after benzoidal ground state structures in 

the polymer have been excited to form quinoidal structures. The time-dependent 
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Raman spectroscopy is a very helpful method when exploring the relaxation process 

because it can show the dynamics of specific nuclear motions. Because Raman 

frequencies and exciton energy are sensitive to exciton length, we also focus on the 

exciton size change after photoexcitation. Pump-dump-probe technique can perform 

transient hole-burning measurement for excitons, which can explore the exciton 

inhomogeneity.  The goal of my research is to get the full picture of exciton 

relaxation dynamics using ultrafast spectroscopic methods. 


