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ABSTRACT OF THE DISSERTATION

Femtosecond Dynamics in Liquids: Solvated Electrons and Small-Molecule Systems

by

Erik Peter Farr

Doctor of Philosophy in Chemistry

University of California, Los Angeles, 2018

Professor Benjamin Joel Schwartz, Chair

This thesis is broadly concerned with understanding the structural and energetic details of condensed

phase chemistry, primarily on ultrafast timescales. The first chapter focuses on novel contributions

regarding the nature of the hydrated electron. It has been thought that this quasi-free solvent-

supported electron resided in a cavity by its repulsive Coulombic interactions with nearby water

molecules. Instead, a relatively modern but controversial simulation of the hydrated electron

has shown that many observables are in fact better described by a non-cavity structure in which

the hydrated electron’s wavefunction resides in the interstitial spaces between water that is at,

or slightly above, bulk density near and within the electron. The novel contributions have been

understanding the effects of temperature on the structure and dynamics of the hydrated electron.

This newly observed experimental temperature dependence of dynamics is highly consistent with

the new non-cavity model of the hydrated electron. Secondarily, we show that previous methods

of determining the hydrated electron’s first excited-state lifetime from transient absorption were

fraught with parameter correlation, making clean identification of the lifetime impossible. To

resolve this we employ a more sophisticated model in combination with better signal to noise from

broadband transient absorption measurements to show with certainty that the first excited-state

lifetime of the hydrated electron at room temperature is on the order of 100 fs—in agreement with

recent time-resolved photoelectron experiments. The second chapter brings these concepts of time-

resolved spectroscopy to an advanced undergraduate level through a novel laboratory experiment.
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In order to provide access to undergraduates, I built a low-cost combined transient absorption and

time-resolved fluorescence spectrometer. Simultaneously, I developed an experiment limited by the

temporal and spectral resolution of the instrument in which undergraduates measure the fluorescent

and phosphorescent lifetimes of the dye Eosin B. With these lifetimes in hand, the undergraduates

then arrive at a complete photophysical picture for the molecule and quantitatively interpret their

results with introductory quantum mechanics for electronic spectroscopy. Finally, the third chapter

highlights time-resolved and steady-state spectroscopic investigations of β-β-s-di-perylenediimide,

a key acceptor material used in competitive organic photovoltaics. We show that this molecule

exists in a range geometrical configurations at room temperature, and that these conformations

are spectrally distinct. Furthermore, the typical approximations used to describe this dimer as a

Kasha H-/J-aggregate do not appear reasonable evidenced by detailed deconvolution of underlying

spectral components with a high density of states—further confirmed with time-dependent density

functional theory. The overarching theme of these chapters is to understand molecular photophysics

in condensed phases on ultrafast timescales by using or refining modern principles of physical

chemistry.
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4.6 (a) Calculated TD-DFT photoexcitation energies for the first (teal circles), second

(red squares), third (green inverted triangles), and fourth (blue upright triangles)
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CHAPTER 1

Introduction

The most fundamental timescale of chemistry occurs during the motions of electrons and nuclei in

the ultrafast regime of attoseconds to picoseconds.15, 16 A plethora of research frontiers are actively

being explored surrounding these ultrafast dynamics in chemical systems,17–19 and understanding

the physics on these timescales offers many attractive avenues for tailoring chemical systems with the

novel intuition provided through time-resolved measurements.20 With the march towards measuring

ever-faster dynamics, complex spectroscopic techniques have risen to fill this role in combination

with the opportunity to directly compare these measurements to ab initio simulations of chemical

systems.21 These detailed measurements are also able to resolve the role of the environment

in chemical processes, and therefore understanding system-bath interactions are a critical area

of modern research. The work presented here will focus on detailed femtosecond electronic

spectroscopy of solvated electrons and molecular chromophores in condensed-phase environments,

answering outstanding questions about their dynamics, structure, or chemical mechanisms.

1.1 Introduction to Time-Resolved Spectroscopy

In order to study the systems mentioned above, this thesis relies upon time-resolved spectroscopic

techniques and detailed interpretation of its data.

An introduction to all spectroscopy is beyond the scope of the introduction to this thesis, but

general background may be found in Appendix B. The principles that govern the absorption

or emission of light in the steady state are the same in time-resolved measurements, but with

appropriate time resolution these spectral features evolve due to physical or chemical changes of the

system. Ultimately, in order to study the time evolution of a system one must perturb it with at least
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as much time resolution as one hopes to subsequently measure. For time-resolved spectroscopy this

involves the use of a pulse of photons. Down to several microseconds it is possible to use a camera

shutter or high-speed chopper (a quickly spinning disc with holes in the outer rim through which

light may pass). Faster pulses necessitate more advanced approaches, but understanding them is not

required for interpreting the data discussed throughout this thesis.

An interesting outcome of generating ultrashort pulses of light is the time-energy uncertainty

principle. In much the same way that the uncertainty in position and momentum are inversely linked,

so too are the uncertainties of energy and time:

∆E∆t ≥ ~
2

(1.1)

One of the simplest types of time-resolved optical experiments is to excite a molecule, say to

its S1 state, and monitor the emitted photons as a function of time-delay after the initial excita-

tion. This experiment comes in a variety of flavors, broadly grouped together as “time resolved

photoluminescence.”

The second, and more powerful, technique relevant to all of the chapters below is “transient-

absorption” or “pump-probe” spectroscopy. In this technique, the sample is first excited with a

pump pulse (in the same way as for time-resolved photoluminescence) such that a non-equilibrium

ensemble of states is generated, then at some time delay after this excitation a second pulse (the

probe pulse) passes through the sample in the same spatial location and its intensity is subsequently

measured. The measured signal from the probe is measured relative to the equilibrium absorbance

(i.e. without the pump pulse), and this transient absorption signal’s evolution as a function of

time-delay contains a wealth of information.

The change in the probe pulse intensities are always measured relative to the absence of the

pump pulse (i.e. relative to the steady-state absorption) as a change in absorbance (or equivalently

transmittance) (∆A, ∆T ). Three major photophysical processes responsible for producing a transient

absorption are shown in fig. 1.2 (right panel). The first is that additional absorption may occur due

to the presence of occupied excited states—which have unique spectra separate from the ground

state, and thus a new profile of optical transitions. Second, the probe photons resonant with the
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Figure 1.1: A schematic of a pump-probe experiment in which a pump pulse first excites the sample,
which is later probed by a second pulse with some variable time delay between them. The change
in probe intensity is measured between when the pump-pulse is present and absent. We will only be
probing at 532 nm, but the principle is the same at all wavelengths.

ground state will pass through the sample more often due to depopulation of this lowest state: this

is called a “transient bleach”. Finally, stimulated emission may also occur in which the probe pulse

stimulates the emission of a photon, resonantly driving the S0← S1 transition, which will arrive at

the detector as an extra photon and yield a negative transient absorption signal.

The change in transmittance or absorbance of the probe can be calculated in the following way:

Ano pump =−log(
Ino-pump

I0
) (1.2)
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Awith pump =−log(
Iwith pump

I0
) (1.3)

∆A≡ Apump−Ano-pump = log(
Ino pump

Iwith pump
) (1.4)

Note that eq. (1.2) is simply the steady state spectrum as measured by the probe pulse. Equation 1.3

is the probe pulse measured at time delays just after the pump pulse, where any transient dynamics

occur, and the difference between them is defined as ∆A with units of change in absorbance (∆OD).

As can be seen in fig. 3.1, there is separation in timescales for different types of molecular

motions. Timescales >10 fs contain all the interesting nuclear motions or diffusion-controlled

electronic processes. Vibrational motions will be the fastest nuclear motions that will be important in

the following chapters (with -OH being of significant importance with a period of 10 fs). Librational

and hindered rotational solvation dynamics will be the second fastest mechanism and plays a

significant role at early times in contributing to the solvation response in liquids with large dipoles

such as water.22 Finally, diffusive dynamics are generally several hundred fs (for ballistic or first

solvation shell equilibration) to nanoseconds or beyond (for long-range diffusion) which govern

interesting reaction, quenching, or recombination kinetics observed in bench-top chemistry.

As part of this doctoral work, these concepts and others were introduced to undergraduates

by developing a novel ultrafast spectroscopy instrument and laboratory experiment, detailed in

Reference 13, with an accompanying student manual which may be found in Appendix B.

1.2 Introducing The Hydrated Electron

One key chemical species that comprises a large portion of this doctoral work, and which will be

extensively discussed below, is the hydrated electron. The hydrated electron is an excess electron

that is localized in aqueous solutions, behaving similarly to a particle in a spherical box, which leads

to a relatively unique absorption spectrum and high reactivity.23, 24 Only the first four electronic

states of the hydrated electron are fully bound, with higher-lying conduction band states leading to a
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vacuum level just 3.7 eV above the lowest bound state.25–27 This highly unusual species is notable

due to its lack of internal nuclear degrees of freedom resulting in several interesting properties.

Without internal nuclear degrees of freedom the electron is the simplest quantum mechanical system

for studying condensed phase effects. The hydrated electron’s structure, spectroscopy and dynamics

are entirely determined by the local structure of the solvent—making it exquisitely sensitive to these

system-bath interactions in a way that a molecular probe could never be.

These interesting fundamental properties and sensitivity to local environment have led to a great

deal of work studying the electron itself,25–31 and using it as a probe to study solvent structure and

dynamics.32–36 This thesis takes aim at several recent controversies and experimental inconsistencies

surrounding the hydrated electron. The hydrated electron’s structure was long thought to be a quasi-

spherical cavity in the liquid structure in which water molecules are excluded from a central void

due to repulsive interactions with the valence electrons of neighboring water molecules.28, 37–43

This idea was challenged recently when an improved theoretical method for simulating the hydrated

electron produced a non-cavity structure. In this new model the hydrated electron’s wave function

exists in the interstitial voids between water molecules and the local density of water in the region of

the electron is higher than bulk, with waters being drawn into the electron’s density.27 This caused

quite a controversy, and though the debate rages on there are a number of critical experiments which

strongly align with the non-cavity picture.44–52

These two vastly different models for the structure of the hydrated electron must be experimen-

tally distinguishable. It has been known for decades that the hydrated electron’s absorption spectrum

is highly dependent upon the bulk temperature of solution, and this is reproduced quite well by the

simulations of the non-cavity model.48 One outstanding question is the origin of this temperature

dependence, and what other observables of the hydrated electron may depend on temperature

and thus distinguish between the competing models. The fundamental nature of this temperature

dependence may be one of the few observables that is able to distinguish between cavity (no

predicted temperature dependence) and non-cavity (large predicted temperature dependence). The

temperature dependence itself is also critical to understanding the origin of the hydrated electron’s

reactivity, particularly for electron transfer reactions where the hydrated electron participates as an

intermediate.53–56
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Figure 1.2: Left panel shows the basic energy level diagram for select participating states in a time-
resolved experiment—note the color coded transitions between the left and right panel. These are the
ground state, the first p-like state, a higher-lying p-like state, and the conduction band or ionization
threshold (indicated with a dashed line). Excitation of the first excited state will lead to equilibration
of that state and de-equilibration of other states, leading to a Stokes shift, stimulated emission, and
overall lifetime of the excited state until it relaxes back to the ground state shown in the right panel.
The transitions are color coded, showing the possible transitions one will expect for this system in a
transient absorption experimental scheme.

A second but equally important and controversial question regarding the hydrated electron is

the lifetime of its first excited state. Recent time-resolved photoelectron spectroscopy (TRPES)

experiments have clearly shown that the first excited-state lifetime of the hydrated electron is

between 80–100 fs,7, 57, 58 but this does not agree with previous transient absorption measurements.

Instead, for transient absorption measurements the largely accepted lifetime is in the range of

400-500 fs—with proposed photophysics as shown in fig. 1.2.33, 59–65 The lifetime of this species is

critical in atmospheric and radiation chemistry where the enhanced reactivity of the excited state

plays A role beyond that of ground-state hydrated electrons.55, 66, 67 Although several transient

absorption measurements noticed a 100 fs time-scale, the dynamics associated with this process was

typically not assigned to the excited-state lifetime. As we began to unravel this problem through

repeating older experiments we found that the fitting procedures previously used to quantitatively

model the transient absorption kinetics were statistically unable to differentiate a long or short

lifetime due to parameter correlation. We therefore sought both novel experiments and modeling

procedures that could robustly determine the lifetime via transient absorption.
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These questions and controversies could be answered if the first excited-state lifetime of the

hydrated electron could be accurately determined at ambient conditions and as a function of

temperature via transient absorption. Chapter 2 details the experimental work (with brief mentions

to the accompanying simulations) answering these questions. We find that the non-cavity model

is supported on the basis of a newly confirmed 100 fs lifetime at room temperature via transient

absorption, in agreement with TRPES and with qualitative predictions for non-cavity electrons, and

that the lifetime is strongly temperature dependent, in quantitative agreement with the predicted

temperature dependence via simulation.

1.3 Perylenediimide Dimer Introduction

The second key study, forming Chapter 4 and Appendix C, revolves around relatively recently

synthesized perylenediimide (PDI) dimers for use in organic electronics. The simple monomeric

perylenediimides have long been used as pigments68 and as a prototypical system to study the

photophysics of molecular aggregation.69–76 More recently, monomeric and oligomeric PDIs have

been used as highly competitive materials in organic photovoltaics (OPV) as electron carriers

rivaling the typical fullerenes,10, 72, 73, 77–80 but with the added advantage that they strongly absorb

in a complimentary spectral region as the photoactive polymer donors—thereby increasing the total

amount of absorbed light with the potential for higher power conversion efficiencies.

The monomeric PDI units were found to produce devices with power conversion efficiencies in

the range of only a few percent, and efficiency could not be improved significantly due to the strong

aggregation behavior of the PDIs, leading to the formation of fibrils and large crystalline domains,

which are morphologically deleterious to OPV performance.72, 81–83 Recently, these monomer PDI

units have been covalently linked together to drastically decrease this aggregation while maintaining

similar spectroscopic and material properties, pushing the total efficiencies of PDI/polymer blends

to a competitive ∼10 percent.73, 84

These diPDIs are relatively new and their spectroscopy, structure, photophysical and material

properties are just now beginning to be understood.85 Much of the photophysics is also assumed to

be attributable to simple Kasha-type molecular aggregate photophysics, however it is not clear that
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this assumption is appropriate given the large degree of conjugation across the covalent bridge. In

order to better understand these materials, we have employed a variety of steady-state and time-

resolved spectroscopic techniques and theoretical calculations via time-dependent density functional

theory to deconvolve the complex electronic spectroscopy of the simplest β-β-s-diPDI. As will

be shortly discussed, we find that the electronic structure of diPDIs is far more complicated than

one would expect for a simple intermolecular aggregate, with multiple conformational geometries

populated at room temperature and couplings that arise from the partial conjugation of the β-β bond.

This knowledge may inform rational design of future PDI materials and opens an important new

research question about the true origin of the high density of states and the underlying mechanisms

of intermolecular coupling leading to them.

1.4 Thesis Breakdown and Outlook

This thesis is comprised of four chapters, each highlighting a novel contribution to condensed-phase

photophysics on ultrafast timescales.

1.4.1 Chapter 2

This chapter is a version of References 14 and 11 with significant contributions from Chen-Chen

Zho for all of the simulations against which my experiments are compared.

The structure of the hydrated electron, particularly whether it exists primarily within a cavity or

encompasses interior water molecules, has been the subject of much recent debate. It was found that

mixed quantum/classical simulations with cavity and non-cavity pseudopotentials gave different

predictions for the temperature dependence of the rate of the photoexcited hydrated electron’s

relaxation back to the ground state. In this chapter, we measure the ultrafast transient absorp-

tion spectroscopy of the photoexcited hydrated electron as a function of temperature to confront

the predictions of our simulations. The ultrafast spectroscopy clearly shows faster relaxation dy-

namics at higher temperatures. In particular, the transient absorption data show a clear excess

bleach beyond that of the equilibrium hydrated electron’s ground-state absorption that can only
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be explained by stimulated emission. This stimulated emission component, which is consistent

with the experimentally-known fluorescence spectrum of the hydrated electron, decreases in both

amplitude and lifetime as the temperature is increased. We use a kinetic model to globally fit the

temperature-dependent transient absorption data at multiple temperatures ranging from 0 to 45 ◦C.

We find the room-temperature lifetime of the excited-state hydrated electron to be 137±40 fs, in

close agreement with recent time-resolved photoelectron spectroscopy (TRPES) experiments and

in strong support of the ‘non-adiabatic’ picture of the hydrated electron’s excited-state relaxation.

Moreover, we find that the excited-state lifetime is strongly temperature dependent, changing by

slightly more than a factor of two over the 45 ◦C temperature range explored. This temperature

dependence of the lifetime, along with a faster rate of ground-state cooling with increasing bulk

temperature, should be directly observable by future TRPES experiments. Our data also suggest

that the red side of the hydrated electron’s fluorescence spectrum should significantly decrease with

increasing temperature. Overall, our results are not consistent with the nearly complete lack of

temperature dependence predicted by traditional cavity models of the hydrated electron, but instead

agree qualitatively and nearly quantitatively with the temperature-dependent structural changes

predicted by non-cavity hydrated electron model.

1.4.2 Chapter 3

This chapter is a version of Reference 13 with contributions from the undergraduate students Jason

Quintana, Vanessa Reynoso, Josiah Ruberry, Wook Shin, and Kevin Swartz—these students were

integral to the development of the laboratory manual and were mentored on the finer points of

time-resolved spectroscopy.

Here we present a new undergraduate laboratory that will introduce the concepts of time-resolved

spectroscopy, and provide insight into the natural timescales on which chemical dynamics occur,

through direct measurement. A quantitative treatment of the acquired data will provide a deeper

understanding of the role of quantum mechanics and various phenomenological expressions in

predicting kinetic rates for fluorescence, phosphorescence and nonradiative decay mechanisms. This

laboratory framework focuses specifically on spectroscopy in the nanosecond regime—assisted by
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various steady-state spectroscopic techniques—in order to fully characterize the electronic structure

and the ps-to-µs dynamics of the dye Eosin B. There is great flexibility in both the recommended

lab duration: one week to several months, and course level: upper-division to graduate, due to

the numerous additional experiments which may be performed at varying levels of difficulty. The

necessary components include pump and probe light-sources, photodiode detectors, a programmable

signal delay generator and an oscilloscope for measuring with requisite resolution. The cost of

building this experiment from scratch is <$20,000 at the time of publication, but costs are expected

to decrease over time and alternate excitation sources are available. Although this lab requires some

expertise with optical spectroscopy to initially build and troubleshoot, use by students has been a

straightforward and valuable experience.

1.4.3 Chapter 4

This chapter is taken directly from work in preparation with contributions from Matthew Fontana

and Chen-Chen Zho, and minor contributions from Peiqi Wu, Yolanda Li and Nicholas Knutson.

Bay-linked di-perylenedimmide (diPDI) molecules are finding increasing use in organic elec-

tronics due to the introduction of intramolecular twist, which controls molecular aggregation. The

purpose of this chapter is to explore the complex electronic spectroscopy and ultrafast dynamics

of β−β-s-diPDI, for which we find two distinct geometrical conformations exist at room temper-

ature. Novel spectroscopic experiments and time-dependent density functional theory (TDDFT)

calculations of ground and excited-state surfaces described here are consistent with the presence

and assignment of these two conformations. Second, we test the frequent assumption that the

electronic structure has character solely derived from Kasha-type intermolecular coupling. We find

that some ideas from Frenkel excitonic behavior carry over surprisingly well to this truly conjugated

case, but that critical concepts such as mixing of 1-electron orbitals, charge-transfer states, and

excimeric behavior do not have clear analogues in this limit of strong coupling (though not as strong

as one might imagine). The lowest energy state along the dihedral coordinate has been tentatively

assigned as the “closed” geometry with maximal π-stacking and backbone distortion, while the

higher energy local minimum is assigned as the “open” configuration that was previously thought
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to be dominant in previous work. We deconvolve the complex spectroscopic signatures—despite

the high density of states for each—of the newly identified alternate conformations. Furthermore,

the assumptions that these monomeric units interact as independent monomers seems to be a poor

assumption due to the electronic states in the dimer having significant multiconfigurational character

with more than two participating 1-electron orbitals. Finally, the freely rotating dihedral does

not interconvert on the timescale of diPDI’s radiative lifetime of 3–4 ns. We hypothesize that the

excited state potential energy surfaces of both conformations have preferred geometries far from the

interconversion barrier, and the slow interconversion motion in the tested solvents does not occur

within this experimentally measured lifetime.
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CHAPTER 2

Temperature Dependence of the Hydrated Electron’s

Excited-State Relaxation II: Elucidating the Relaxation

Mechanism Through Ultrafast Transient Absorption and

Stimulated Emission Spectroscopy

2.1 Introduction

Solvated electrons, the simplest quantum objects one can study in liquids, serve as archetypal

systems for benchmarking our understanding of quantum mechanics in the condensed phase.86, 87

Because solvated electrons lack nuclear degrees of freedom their properties are extremely sensitive

to the local liquid environment, making them ideal models for understanding electron transfer,

photodetachment and solvation.54, 88 Hydrated electrons, solvated electrons in water, are of particular

interest, since they are responsible for a large fraction of the damage to DNA caused by ionizing

radiation89 and are also responsible for much of the exotic chemistry found in strongly reducing or

highly radioactive aqueous environments.90

The standard structural paradigm of the hydrated electron is that it occupies a quasi-spherical

cavity in which the water molecules are repelled from the center of electron density.28, 37–43 Several

years ago, we challenged this view based on the results of mixed quantum/classical molecular

dynamics simulations using a new pseudopotential; our calculations predicted a hydrated electron

that exists in the interstitial spaces between water molecules, with little to no central cavity and

significant radial overlap of the electron’s wavefunction with the nearby waters.27, 47, 48 In both the

cavity or non-cavity pictures, however, the electronic structure of the hydrated electron is that of a

particle in a finite roughly-spherical box (formed by repulsive interactions with the surrounding

12



water in the cavity model and attractive polarization interactions with interior waters in the non-

cavity model), and thus has an s-like ground state and three quasi-degenerate p-like excited states.

As discussed previously,11 our suggestion of a non-cavity structure for the hydrated electron has

been controversial.44–46, 49, 51, 52 Indeed, our potential, dubbed LGS in the literature, predicts that

the electron is overly bound energetically29, 44, 45 and has a negative molar volume of solvation,50

in contrast to what is known from experiment.91, 92 On the other hand, our non-cavity picture

provides many qualitatively and even quantitatively correct predictions that are missed by the more

standard cavity model, including the shape of the O-H stretching band in the hydrated electron’s

resonance Raman spectrum,47, 48 the temperature-dependence of the electron’s ground-state absorp-

tion spectrum,47, 48 the hydrated electron’s time-resolved photoelectron spectroscopy,93 and the

behavior of hydrated electrons at the air/water interface.50 Other recent theoretical calculations,

which suggest a ‘hybrid’ model with an electron that has only a small central cavity, still require

significant electron–water overlap like that in our non-cavity model to reproduce experimental

findings.30, 94

Because of the great interest in this object, there has been a significant amount of work addressing

the excited-state relaxation of the hydrated electron. Early ultrafast transient absorption (TA)

experiments explored the relaxation of newly-created electrons injected into water’s conduction band

by multiphoton ionization.95, 96 Subsequently, pioneering work by Barbara and co-workers explored

the pump-probe spectroscopy of equilibrated hydrated electrons in a series of 3-pulse experiments:

the first pulse was used to create hydrated electrons, and after a suitable equilibration delay, the

second two pulses were used to excite the equilibrated electron and probe its dynamics.33, 59–61 This

work, along with subsequent ultrafast experiments from several other groups, identified three time

scales involved in the relaxation of the photoexcited hydrated electron: a rapid, ≤100 fs component

plus two slower dynamical components of ∼400 fs and ≥1 ps.62–65 Two different kinetic models

were found to fit the ultrafast spectroscopy data about equally well.61, 87 In one model, termed the

‘adiabatic’ picture, excited-state solvation takes place in ≤ 100 fs, and the electron lives on the

excited state for ∼400 fs, after which it rapidly cools upon return to the ground state, so that only

the small-amplitude ≥1-ps time scale is associated with ground-state relaxation dynamics.33, 97, 98

In the other model, termed the ‘non-adiabatic’ picture, the electron returns to the ground state in ≤
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100 fs and the subsequent cooling is relatively slow, so that both the ∼400 fs and ≥1 ps time scales

occur on the electronic ground state.60, 64, 99

It was not until the past few years, with advances in vacuum liquid microjet technology,

that direct measurements of the hydrated electron’s excited-state lifetime using time-resolved

photoelectron spectroscopy (TRPES) became possible. TRPES experiments on the hydrated

electron measured a decay of the p-state photoelectron peak of 60–80 fs,5–7 although we have

argued, based on simulations that indicate non-Condon effects in the photoionization cross-section,

the underlying lifetime of the hydrated electron is closer to ∼100 fs.93 These bulk TRPES findings

are also consistent with previous TRPES experiments on water anion clusters when the anion

excited-state lifetime is extrapolated to infinite cluster size.1–4 Taken together, the majority of

experiments suggest a p-state lifetime of the photoexcited hydrated electron around 100 fs, and thus

support the ‘non-adiabatic’ relaxation picture discussed above.

Despite all this attention, there has been almost no work directed at exploring the temperature

dependence of the photoexcited hydrated electron’s relaxation dynamics. We are aware of only a

single previous study in which the authors compared pump-probe transients at a single wavelength

and two temperatures, and concluded that there is little effect of temperature on the excited-state

relaxation.100 Large shifts in the ground-state spectra take place as the temperature (and pressure)

of water are varied,101–103 however, and recent simulations make clear that at least for the non-

cavity picture, the ground-state structure of the hydrated electron could change significantly with

temperature.11 If there are temperature-dependent changes in equilibrium structure, this suggests

that the excited-state relaxation dynamics of the hydrated electron could also be temperature

dependent. From recent simulations11 we found a large temperature dependence of the p-state

relaxation dynamics for photoexcited simulated non-cavity hydrated electrons, although simulated

cavity hydrated electrons showed little change in structure with temperature and thus almost no

temperature dependence to their p-state lifetime.

The purpose of this chapter is to experimentally determine the temperature dependence of the

relaxation dynamics of the photoexcited hydrated electron. Our goals are both to determine the best

experimentally-based kinetic model for understanding the photoexcited hydrated electron’s transient

spectroscopy and to use the measured temperature dependence as a means to help distinguish
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between cavity and non-cavity simulation models of the hydrated electron. We find that a version

of Barbara’s non-adiabatic relaxation model, modified to include stimulated emission from the

electronic excited state, appropriately fits the temperature-dependent transient absorption (TA) data.

The p-state lifetimes extracted from the model are strongly temperature dependent, varying by a

factor of roughly two over the experimental temperature range of 0–45 ◦C. At room temperature the

best-fit lifetime is 137±5 fs. Our temperature-dependent lifetime results are in excellent agreement

with what is predicted by non-cavity hydrated electron models11 and the room-temperature lifetime is

in good accord with that estimated from recent TRPES experiments.5–7, 93 Overall, our results make

clear that any model of the hydrated electron should predict a significant temperature dependence to

the excited-state lifetime, something that the current generation of cavity models does not do.

2.2 Methods

2.2.1 Experimental Methods

All of our 3-pulse TA experiments were performed using transform-limited 45-fs duration pulses (75-

fs cross correlation time at the sample) from a commercial (Coherent, Inc.) Ti:sapphire regenerative

amplifier. Briefly, 800-nm seed pulses from a passively mode-locked Ti:sapphire oscillator running

at 80 MHz were stretched, amplified, and compressed at 1 kHz to create amplified pulses with ∼3

mJ of energy. All of our experiments were carried out in a 3-pulse synthesis-pump-probe scheme in

which electrons were first created, allowed to relax for ∼100 ps, excited with an 800-nm pulse, and

then probed with a broadband continuum. The 266-nm synthesis pulse was created by selecting

a 1.5-mJ portion of the fundamental beam to make 500 µJ of the second harmonic of 800 nm by

doubling in a BBO crystal, and then mixing the 800 and 400-nm pulses in a second BBO crystal

to generate 15-µJ pulses of the third harmonic at 266 nm. For exciting the s-to-p transition of the

relaxed hydrated electrons, a small portion of the 800-nm fundamental was selected; the energy of

this pulse was kept just below the threshold for multiphoton excitation of the hydrated electron.61

For the broadband probe pulse, a small portion of the fundamental light was selected with a beam

splitter and used to generate a monofilament white-light continuum by focusing through a sapphire

plate, yielding probe pulses whose bandwidth spanned from ∼480 nm to wavelengths redder than
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800 nm. This continuum had a chirp of ∼1 ps across this wavelength range, and in all the data

presented below, we corrected the zero of time for this chirp at each probe wavelength by calibrating

with the non-linear coherences in a jet of pure water.

The time delay between pump and probe pulses was controlled by double-passing the probe

beam through a translation stage that could produce variably-controlled time delays from 10 fs

to 3 ns. The change in transient absorption (∆(∆OD)) was measured on a one-dimensional diode

array by taking the difference between consecutive probe pulses while synchronously chopping

the 800-nm pump beam at 500 Hz (Helios from Ultrafast Systems). Typical ∆OD values of the

ground-state hydrated electron near its 720-nm absorption maximum in 2-pulse experiments were

100–200 mOD; the subsequent bleaching of the ground-state absorption in our 3-pulse experiments

was kept below 15% of the 2-pulse ∆OD, ensuring that the change in transient absorption was in

the linear regime. We averaged the transient spectra at each time delay average over at least 10 s per

scan and 2 independent scans, yielding noise below 10−4 ∆(∆OD).

For all of our experiments, we kept the pump and probe pulses’ relative polarizations at the

magic angle (54.7◦). Although it has been well established that there is no polarized hole-burning or

other polarization-dependence to the hydrated electron’s transient spectroscopy,62, 64, 104 we wanted

to ensure that none of the TA dynamics we observed, including the stimulated emission/excess

bleach component, could possibly have resulted from polarization effects. This choice of relative

polarization also helped to minimize the presence of ‘coherent artifacts’ that can take place during

the pump-probe overlap at early delay times.

The samples for all our experiments consisted of solutions of de-ionized (18 MΩ) water that

were 100 mM K4Fe(CN)6 (Sigma-Aldrich); at this concentration, ionic strength effects should not

play a role in the p-state relaxation dynamics.60 Samples did not degrade over the measurement

period, but were nonetheless replaced each day. We measured the TA of the samples in a flowing

gravity-fed wire-guided liquid jet,105 which consisted of a stainless steel tube with a loop of tungsten

wire crimped on one end. A laminar flow with a thickness of ∼200 µm created between the wires

constituted the optically-accessible portion of our sample; we chose a flow rate high enough to

provide a new sample volume for each pulse, but low enough to be effectively stationary on sub-ns

timescales. To modulate the sample temperature, we placed in the sample reservoir a nichrome
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wire with a variable AC controller for heating and hollow glass condensing coils for chilling. The

chiller mixture consisted of equal parts water, ethylene glycol and ethanol, reaching temperatures

of −40◦C and easily allowing for super-cooling or freezing of our sample in the reservoir; the

nichrome wire allowed heating of the reservoir to boiling. At 0◦C condensation would cause the

jet to become unstable; this was resolved with a collapsible housing erected around the liquid jet

with ports for the beam and a slight positive pressure of dry argon or nitrogen gas. We could only

maintain laminar flow of the liquid jet for a limited set of conditions, restricting our TA results to

the temperature range between 0 and 45 ◦C.

Finally, we also performed a set of 3-pulse transient absorption scavenging experiments, the

full results of which are described in more detail in the SI in Appendix A. Briefly, KNO3 was

used to selectively scavenge a fraction of the excited p-state electrons; the scavenging yield is

dependent on the wavefunction overlap with scavengers (which is different for the ground and

excited states), the rate of scavenging, and the excited-state lifetime. By measuring scavenging

yields when varying the KNO3 concentration in the range of 0–400 mM and using a formalism

introduced by Barbara and co-workers,106 we were able to obtain an independent upper limits of the

effective excited-state radius (∼7.5 Å) and scavenging rate constant (5.7×10−13); details may be

found in the SI. Unfortunately these upper limits provide little additional information due primarily

to high correlations between fitting parameters, as well as myriad other assumptions.

2.3 Simulation Methods

The equilibrium ground-state MQC MD simulations in this work were performed in the canonical

(NVT) ensemble using in-house developed codes; the methods are essentially the same as those

detailed in our previous published work on this topic.27, 48, 107–109 Briefly, 499 water molecules were

included in a cubic simulation box of length 24.64 Å with one excess electron. The excess electron

was treated quantum mechanically, the wavefunction of which computed using a plane-wave basis

set, while the water molecules were treated classically by the flexible simple point charge (SPC-

flex)110 model. The coordinates of the water molecules were propagated by the velocity Verlet

algorithm. The simulations used periodic boundary conditions, and the temperature was enforced
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with a thermostat.111 The quantum force exerted on the classical solvent molecules by the excess

electron was calculated via the Hellman-Feyman theorem.

For both the cavity and non-cavity models, the pseudopotentials we employed to account for the

electron–water interactions were derived via the Phillips-Kleinman formalism.112–114 In particular,

we follow our previous work and use the pseudopotential developed by Turi and Borgis115 (denoted

as TB, below) as a representative cavity model for the hydrated electron, and our more recent

pseudopotential27 (referred to as LGS in literature) as a non-cavity hydrated electron. When solving

Schrodinger’s equation, we used a 163 or 323 plane wave basis for calculating the wave function

of the TB and LGS hydrated electrons, respectively, as needed to reach energy convergence. Our

simulations employed minimum-image periodic boundary conditions and all interactions were

smoothly tapered to zero at 16 Å over a 2 Å range with a group-based cutoff.116 We note that

explicit treatment of the long-range interactions in MQC simulations do yield different results for

the hydrated electron.117 We have chosen to taper the interactions for the simulations discussed

here, however, both because Ewald summation is known to give a stronger finite size effect for this

system, as we have discussed in Ref. 118, and because this choice is consistent with our previously

published work,27, 48, 108, 109 allowing for direct comparison to the data presented below.

For each hydrated electron model at each equilibrium temperature, we started by running a

200-ps adiabatic equilibrium trajectory along the electronic ground state. We then simulated the

dynamics following photoexcitation from the ground state by picking 50 independent ground-state

electron configurations and promoting the electron to one of the adiabatic excited states to create a

microcanonical ensemble of non-equilibrium trajectories that each had a duration of ≥ 1.5 ps. A

few individual sample trajectories are given in SI. We chose the pump wavelength at the different

equilibrium temperatures (1.22 to 1.76 eV for LGS, 1.70 to 1.75 eV for TB) such that the majority

of the electrons were promoted to the lowest excited state. The larger range for pump wavelengths

for the LGS model accounts for the fact that the equilibrium energy gaps changes significantly with

temperature, whereas that for the TB model does not.48

The breakdown of the Born-Oppenheimer approximation (nonadiabatic dynamics) on the excited

state was accounted for using Tully’s fewest switches surface hopping (FSSH) algorithm.119 We

note that previous work has used a formalims based on Fermi’s Golden Rule (FGR) to estimate
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the lifetime of hydrated electrons/water anion clusters.52 The FGR formalism, however, relies on

linear response, which unfortunately does not hold for photoexcitation of the hydrated electron.120

This is why we have elected to simulate the non-adiabatic relaxation using the FSSH algorithm.

It is important to note, however, that the FSSH algorithm does not provide a realistic picture of

the decoherence that induces surface hopping for strongly-coupled systems such as the hydrated

electron.107 This means that the excited-state lifetimes calculated in our non-equilibrium trajectories

will at best be estimates of the true lifetime, and that caution is recommended before attempting

any type of direct comparison of the calculated lifetimes to experiment.121 Presuming that the

decoherence rate does not have a significant temperature dependence, however, the relative change

in lifetime at different temperatures should not be affected by the absolute rate of decoherence. Thus,

we expect that the temperature-dependent lifetime trends shown in this work can be legitimately

compared to experiment.

Pump-probe transient absorption spectra were calculated directly from the electronic energy

eigenvalues and transition dipole matrix elements in the simulations in a manner similar to our

previous work.27 Briefly, at each time point, the spectra consisted of a sum of several transitions:

excited-state absorption (from the currently occupied state to higher-lying states, of which 8 were

explicitly calculated), stimulated emission (from the currently occupied excited state to the ground

state, if the system occupies an excited state), and the ground-state bleach (the negative of the

absorption spectrum the system would have had if it had not been excited, as calculated from the

original ground-state trajectory). For each component, the calculated energy gaps for all possible

transitions were histogrammed into 0.1-eV-width bins, weighted by the corresponding transition

dipole matrix elements; the resulting spectra were then convolved in time with a 60-fs-wide Gaussian

to represent the experimental instrument response.
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2.4 Results and Discussion

2.4.1 Modeling the Hydrated Electron’s Lifetime with Transient Absorption Spectroscopy

and Scavenging Experiments

In pump-probe TA spectroscopy, the observed signal consists of a sum of negative components

due to bleaching of the equilibrium ground state and stimulated emission from the excited state

and positive components arising from absorption by electronic excited states or out-of-equilibrium

species newly returned to the electronic ground state. Because all of these components spectrally

overlap, it is usually not straightforward to determine whether any particular time scale observed in

an ultrafast TA experiment corresponds to dynamics on the ground or excited electronic states. Thus,

the standard approach is to fit the TA data to a kinetic model with as few adjustable parameters as

possible, and then interpret the data in terms of the model.

The first such model developed for interpreting the pump-probe TA signals for the hydrated

electron was by Barbara and co-workers.59, 60 They started with the fact that the transient absorption

at each time t and wavelength λ can be described by a sum of ground-state (g) and excited-state (e)

spectral contributions:

∆ODtot(t,λ) = ∆ODg(t,λ,∆T )+∆ODe(t,λ). (2.1)

They then broke the contributions from the ground and electronic electronic states into sub-

components:

∆ODg = f (t)⊗ (∆ODGSB(t,λ)+∆ODHGS(t,λ,∆T )) (2.2)

∆ODe = f (t)⊗ (∆ODESA(t,λ)+∆ODSE(t,λ)), (2.3)

where the ground-state contribution includes both the equilibrium ground-state bleach (GSB) and

the out-of-equilibrium absorption from ‘hot’ ground-state (HGS) electrons that have relaxed from

the excited state, and the excited-state contribution is from excited-state absorption (ESA); these

contributions are convoluted with the experimental instrument response function, f (t), which for
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our apparatus we measured to be roughly Gaussian with a 75-fs FWHM. The model then assumes a

simple exponential interconversion from the excited state produced at t = 0 to the ground state with

time constant τ1. Barbara and co-workers chose not to include the component due to stimulated

emission (SE) in their model.

The challenge with this type of model is that each spectral component can have a shape that

changes arbitrarily with time, leading to far too many parameters to be physically meaningful. To

avoid this difficulty, Barbara and co-workers made several simplifying assumptions.60 First, they

assumed that the GSB component was the same as the equilibrium absorption spectrum and did

not change with time. This assumption has been tested by multiple TA,104, 122 photon echo62, 123

and resonance Raman124–126 experiments, all of which verify that the ground-state absorption of

the hydrated electron is homogeneously broadened so there indeed should be no spectral diffusion

in the GSB. Second, Barbara and co-workers assumed that the spectrum of the HGS electron

was the same as that of an equilibrium hydrated electron but at a higher effective temperature,

and that this effective temperature relaxed exponentially with time. In this way, they were able to

model the HGS contribution using the known temperature-dependence of the hydrated electron’s

equilibrium absorption spectrum, allowing the dynamics of the HGS electron to be described by

only two parameters: ∆T , the jump in temperature characterizing the initially-produced HGS, and

an exponential relaxation time τ2 (or if needed, also a second relaxation time τ3) for the hot ground-

state electron to return to equilibrium. Finally, although Barbara and co-workers also attempted to

model the electron’s excited-state absorption contribution, there is, unfortunately, no simple way

that we are aware of to make physically reasonable simplifying assumptions about this component.

However, we know from both previous experimental60, 64, 122 and simulation11, 98 work that the

photoexcited hydrated electron’s ESA lies primarily to the red of its ground-state absorption, and

thus there should be little ESA contribution to the blue of 700 nm. Thus, in this work we focus

only on this spectral region as a means to neglect the ESA component and thus further simplify the

kinetic model used to fit the data.

Another difficulty with using this type of model to fit experimental transient absorption data is

that the τ1 excited-state lifetime and ∆T temperature-jump parameters are highly anti-correlated:

the model can fit the data about equally well with a small τ1 and large ∆T (the so-called ‘non-
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adiabatic’ picture),60 or a longer τ1 and smaller ∆T (the so-called ‘adiabatic picture’).97, 98 Barbara

and co-workers eventually preferred the adiabatic picture because it was supported by molecular

dynamics simulations using a cavity model for the hydrated electron.97, 98 However, in this and

previous work,27, 93 we saw that a non-cavity hydrated model predicts the non-adiabatic picture, in

agreement with recent TRPES experiments.5–7, 127–129 This dichotomy between the predictions of

the cavity and non-cavity models is why we have chosen to revisit the topic of the hydrated electron’s

excited-state relaxation in this work. In particular, our goal is to use temperature dependence to

provide sufficient experimental constraints to nail down all of the kinetics of the hydrated electron’s

excited-state relaxation.

We started by performing broadband TA experiments on the equilibrated hydrated electron at

room temperature following excitation at 800 nm. A selected portion of our data is shown in the

center panel of Fig. 2.1; the full data set extends past 30 ps, a time long after the excited electron

has fully recovered to equilibrium. The data, which are qualitatively similar to what has been

observed by others,33, 60, 61, 63, 122 have better signal-to-noise than most previous work and time

resolution that is as good or better than all but a few previous experiments.64 These results from

transient absorption may then be directly compared to simulated spectra from simulations in Fig. 2.2.

Quantitative comparisons will be made below as it is difficult to draw meaningful conclusions by

eye alone.

When we fit this data with their original model, we find similar results to Barbara and co-workers,

with the minimum least-squares error in the fit corresponding to parameters τ1 ≈ 100 (or 450 fs)

for the p-state lifetime, τ2 ≈ 1 ps for the cooling of the hot ground state and ∆T ≈ 350 K (or

50 K) for the HGS temperature jump. Despite our improved signal-to-noise ratio it is clear that

this fit still has a great deal of associated error. Although we know of no general procedures to

quantify the additional error associated with highly correlated parameters, when we tabulate the

root-mean-squared error with various fixed p-state lifetimes, we estimate the reported standard

errors should be adjusted upwards by a factor of 2 or 3. This uncertainty comes primarily from

a correlation between the p-state lifetime and ∆T (correlation coefficient −0.95) that is so high

that these parameters fall into the category of practical non-identifiability. This leads to a very

broad and shallow error surface and multiple local minima. This can be clearly observed in the
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Energy (eV)
1.82.02.4 2.2

Figure 2.1: Topographical plots of the raw TA data for the photoexcited hydrated electrons after ex-
citation at 800 nm at bulk temperatures T of 273, 293 and 318 K. The data are normalized between
−1 and 0 (at late times) with equally spaced contours. The T -dependence of the ground-state absorp-
tion spectrum (and therefore the bleach maximum at early times) can be seen as the overall red-shift
at higher temperatures. It is also clear by observing the contour lines that there is an appreciable
dynamic spectral shift, which continues past the 0.6 ps shown out to several ps on the full dataset.
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Figure 2.2: Calculated broadband transient absorption spectra for the LGS non-cavity (left panels)
and TB cavity (right panels) hydrated electron models at 255 K (top panels), 298 K (center panels)
and 350 K (lower panels). For LGS, in addition to the fact that the early-time bleach is red-shifted, the
kinetics at which the bleach blue-shifts and recovers are faster at higher temperatures, in reasonable
agreement with the experiments. For TB, the calculated transient absorption signals at the three
different temperatures are the same within error, which along with the very rapid blue shift of the
maximum bleach is in contrast to experiment.
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Figure 2.3: Root-mean-square error (RMSE) for fitting various models to the photoexcited hydrated
electron TA data in Fig. 2.1; in these plots, the minimum error when holding the excited-state lifetime
parameter fixed at various values is normalized to 1. Using only the room temperature data along
with Barbara’s original model (orange curve/squares) produces an error surface with two distinct
local minima of nearly equal depth. The relative RMSE of these two minima is variable depending
on precisely how the data is weighted and how many early- or longer-time data points are included.
Clearly, the model cannot differentiate adiabatic (longer lifetime) and nonadiabatic (shorter lifetime)
pictures when only a single TA dataset is used. When a model including stimulated emission is fit
simultaneously to multiple TA datasets from various bulk temperatures T , and realistic constraints
are imposed on how the different parameters should vary with T , the resulting error surface (blue
curve/circles) has only a single global minimum, corresponding to a short lifetime that fits with well
with that observed by time-resolved photoelectron spectroscopy.1–7

root-mean-square-error for the fit of our room temperature data to Barbara’s original model, which is

plotted as the orange-colored curve/squares in Fig. 2.3. The fact that there are multiple minima with

similar overall errors but very different physical interpretations is what led to the original debate

about the adiabatic and nonadiabatic pictures of the photoexcited hydrated electron’s relaxation

dynamics. We will show below, however, that when considering the bulk temperature dependence

of the excited electron’s relaxation, the interpretation of the model becomes clear.

This can be further understood by comparing the expected lifetime and HGS temperature with

those expected for cavity or non-cavity models through observing the unequilibrated gap between

ground and excited states immediately after non-adiabatic relaxation. These results are shown in

Fig. 2.4. It is clear that the lifetimes and hot ground state effective temperature are anti-correlated

but are both internally consistent. We therefore need a more sensitive experiment or analysis to

differentiate cavity and non-cavity from transient absorption.
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Figure 2.4: The spectrum of the hot ground state of the hydrated electron produced immediately
following the non-adiabatic transition (red curves) compared to the equilibrium ground-state absorp-
tion spectrum (blue curves) for the (a) LGS non-cavity and (b) TB cavity models with the bulk system
at room temperature. The LGS electron’s hot ground state spectrum is quite red-shifted from the
equilibrium spectrum, corresponding to an effective temperature increase of at least 120 K. The TB
electron’s hot ground-state shows only a modest spectral red-shift, but since the TB model has almost
no temperature dependence, this modest redshift corresponds to a temperature jump of over 500 K.
For both models, it is clear that the hot ground-state electron is far out of equilibrium, so that the
best equilibrium condition that can be used to approximate the nonequilibrium state corresponds to
an unphysically high temperature.

We also estimated the electron’s excited-state lifetime by repeating scavenging experiments

that were first carried out by Barbara and co-workers106 and later improved upon by Lu and co-

workers.130 The details of these experiments and the model used to extract the excited-state lifetime

by fitting the results are described in the SI. What we find is that the parameters in the scavenging

model are even more highly correlated than those in the transient absorption model. Thus, we are

able to fit a range of lifetime values that span several orders of magnitude with about equal fitting

error; in particular, lifetimes of both 100 fs, consistent with ‘non-adiabatic relaxation’, and 400

fs, consistent with ‘adiabatic’ relaxation, fit the data about equally well, as shown in the SI. Thus,

time-resolved concentration-dependent scavenging experiments are simply unable to differentiate

adiabatic or non-adiabatic relaxation, and thus a cavity or non-cavity structure for the hydrated

electron.
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2.4.2 Stimulated Emission from the Excited Hydrated Electron: Extending the Kinetic

Model

As mentioned above, one thing potentially missing in Barbara’s model is stimulated emission from

the hydrated electron’s excited state.8, 60, 64, 97, 98 Simulations have predicted that there should be

stimulated emission from the photoexcited hydrated electron with an oscillator strength that is com-

parable to (although smaller than) that of the ground-state bleach.62, 97, 98, 122 Indeed, fluorescence

from the photoexcited hydrated electron has been observed,8 which in conjunction with simulations

that show a rapidly decreasing ground-to-excited-state energy gap following excitation, indicates

that the hydrated electron should exhibit SE with a rapid (<100-fs) dynamic Stokes shift. Previous

TA experiments on this system by others, most notably Wiersma and co-workers with 5-fs pulses,

found signs of an SE component, and although these workers used a kinetic model that included an

SE feature, it was not deeply explored.64, 65, 99

To better investigate the possible role of SE in the excited-state TA spectroscopy of the hydrated

electron, in the center panel of Fig. 2.5 we show our room-temperature data normalized to match the

(negative of the) equilibrium absorption spectrum (black curve) between 480 and 580 nm. It is clear

that at early times, there is an excess negative signal on the red side of the displayed spectra that goes

beyond that expected for a simple ground-state bleach. This excess bleach component, which has

an amplitude that is 30–40% of the maximum bleach at the earliest times, decays rapidly, in ∼90 fs.

Since we know that the hydrated electron has a homogeneously broadened absorption spectrum and

thus no spectral diffusion in the bleach,62, 104, 122, 124–126 that there should be negligible excited-state

in this spectral region, particularly at early times, and that the simulations predict that stimulated

emission should produce a feature almost exactly like this,11 we are confident in assigning this

excess bleach component to stimulated emission.

The rapid decay of the SE component that we observe comes from a combination of several

factors, including: 1) a short p-state lifetime that leads to direct decay of the SE; 2) the dynamic

Stokes shift that moves the stimulated emission past the red edge of our probe window; and 3)

the dynamic blue-shifting of the HGS spectrum that overlaps and masks the component of the TA

signal due to SE. Whatever the cause of the experimentally observed SE component decay, it is
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Figure 2.5: Pump-probe TA data for the photoexcited hydrated electron (same data as in Fig. 2.1),
but with the spectra at selected times normalized in the spectral region of 500–550 nm. In this way,
even without a model, it is clear that there is an excess bleach component at early times that must
correspond to stimulated emission (SE). The SE decays more rapidly at higher bulk temperatures,
reflecting the temperature dependence of: the p-state lifetime, the dynamic Stokes shift of the SE out
of our spectral window, and the absorption of the hot ground state shifting into our spectral window
from the NIR. The data show unambiguously that there must be population in the excited state until
the time at which there is no longer an excess bleach, placing a lower limit on the p-state lifetime.
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clear that it is significant enough that is must be included in any kinetic model of the early-time TA

dynamics of the hydrated electron. Moreover, the presence of SE is a clear indicator that the excited

hydrated electron still occupies the excited state; for our room temperature data, this means that the

excited-state lifetime must be & 100 fs, or about what our previous simulations estimated should be

the case based on the 60–75 fs decay observed in the TRPES experiments.93

In order to address the presence of stimulated emission in the TA data, we have extended

previous kinetic models for understanding the relaxation dynamics of the photoexcited hydrated

electron. We begin by following the framework established by Barbara and co-workers, but add

the possibility for different bulk equilibrium temperatures for each part of the model. We assume

that the excited-state relaxation can be treated as a single exponential with lifetime τ1. We note

that simulations predict a more sigmoidal decay of the hydrated electron’s excited state, since the

decay rate increases as the energy gap closes,27, 97 but we believe that the exponential assumption is

reasonable for our data as our instrumental response is longer than the inertial dynamics that cause

the gap to close, similar to that of the recent TRPES experiments.5–7

We also follow previous work in assuming that the hydrated electron’s Gaussian-Lorentzian

absorption spectrum, εeqb(T ), at both the different bulk temperatures and at all stages during the

ground-state cooling as the electron returns to equilibrium, can be described by the electron’s known

equilibrium temperature dependence.102 Further, we assume that the temperature that describes the

HGS’ spectral shape decays exponentially towards equilibrium:

T (t) = Teqb +∑∆Ti · e
− t

τi . (2.4)

We find that only one HGS cooling exponential is needed to model times ≤ 1 ps, but that two are

required when longer-time data are included. Finally, we model the ground-state bleach using the

known equilibrium spectrum at the bulk temperature:

∆ODGSB(λ,T ) =−εeqb(λ,Teqb). (2.5)

Because electrons form on the hot ground state at different times (a direct consequence of the
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assumed exponential relaxation of the excited state), the HGS spectral dynamics in the model are

described with a convolution:

∆ODHGS(t,λ,T,∆T ) = εeqb(λ,T (t))⊗ e−
t

τ1 . (2.6)

With our deliberately limited probe window, we can safely ignore any contributions from ESA. As

shown below, this has the advantage of constraining the ∆T and τ2 parameters, which when free of

ESA, are nearly directly inferred from the delayed appearance of the HGS in our probe window; the

excited-state lifetime is then also determined by both the decay of the SE component, described

next, and by the appearance of the HGS through the convolution in Eq. 2.6.

Finally, given that we have a clear SE component in our data, we add a SE component to the

model:

∆ODSE(t,λ,T ) = εSE(λ,T ) · e
− t

τ1 , (2.7)

which decays with the same τ1 lifetime that is used to produce the hot ground state. We model the

SE spectrum in our probe window, εSE, as a Gaussian with time-invariant center and width. Thus,

our model does not include any dynamic Stokes shift of the hydrated electron’s SE, but we believe

this is justified in that it reduces the number of fitting parameters given that our time resolution

and spectral range are both too limited to resolve this shift. It is worth noting, however, that both

Wiersma and coworkers64 and Tauber and Mathies8 see a tail in the electron’s SE/fluorescence that

extends to the blue of the excitation wavelength. This observation, which also matches our data in

Fig. 2.5, offers further evidence that the hydrated electron’s absorption and emission spectra are

homogeneously broadened.

We can compare our SE component with the previously observed fluorescence8 from the

photoexcited hydrated electron through a crude model that takes into account inertial (Gaussian

decay, 25 fs) and diffusive (exponential decay, ∼400 fs) components to the time-dependent energy

gap between the ground and electronic excited states; details are given in the SI. When we apply

this model, we find that we are able to simultaneously predict both the SE dynamics we observe

and the fluorescence spectrum measured by Tauber and Mathies8 reasonably well. Figure 2.6(a)

shows the predicted SE dynamics from the model when convoluted with an 75-fs instrument
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response; the results are very similar to the what we observed experimentally in Fig. 2.5 at room

temperature. Panel (b) of this figure shows the fluorescence spectra predicted by the model at

different bulk temperatures (colored curves); the agreement with the experimental fluorescence

spectrum (black curve)8 at room temperature is excellent. (The structure superimposed on the

experimental fluorescence spectrum is resonance Raman scattering that is not included in our model).

Thus, within the limits of our crude model, the SE dynamics we observe are entirely consistent with

the known fluorescence spectrum of the hydrated electron.

This isolated stimulated emission component may then be compared with the predicted gap

from simulation. In Fig. 2.7 the simulated stimulated emission spectrum is shown as an additional

bleach on the static ground state spectrum. For the LGS model the stimulated emission appears with

roughly similar amplitude and duration as in experiment, while the cavity models predict virtually

no stimulated emission due to the more rapidly Stokes shifting gap.

2.4.3 Temperature Dependence of the Hydrated Electron’s Transient Absorption Dynamics

Even with the SE component and additional convolution, if we fit our room-temperature TA data

to the extended kinetic model described above, the results differ only slightly from previous TA

experiments:60 the fitting parameters remain highly correlated, leaving the excited-state lifetime

and magnitude of the HGS temperature jump uncertain (Fig. 2.3). Thus, in this Section we show

how we can experimentally pin down these parameters by simultaneously considering the same

experiment at multiple bulk temperatures.

The upper and lower panels in Fig. 2.1 show TA data taken following photoexcitation of the

hydrated electron at temperatures of 0 and 45 ◦C, respectively. When comparing the TA data

at different temperatures, the most obvious feature is the red-shift of the GSB maximum with

increasing temperature, which reflects the known red-shift of the ground-state absorption,102 but

closer inspection reveals that there are also changes in the kinetics at different temperatures. To more

easily discern the temperature dependence of the TA kinetics, in Fig. 2.8 we compare normalized

single wavelength slices of the TA data; the particular wavelengths for this comparison were

chosen to lie at the same energy relative to the ground-state absorption spectral maximum at each
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Figure 2.6: (a) Shown in solid symbols are the predicted decay of the SE component of the photoex-
cited hydrated electron’s transient absorption in the visible region of the spectrum from the crude
model described in the text and SI. By 141 fs, the predicted stimulated emission decay (solid inverted
triangles) is mostly complete to an amplitude of 0 at all wavelengths. This model is in reasonable
agreement with the excess bleach component shown in hollow symbols, which are simply the differ-
ence between the black curve and data from Fig. 2.5 at room temperature. The major trend is cleanly
resolved and the discrepancies between the prediction and data follow no clear trend. (b) Fluorescence
spectrum of the photoexcited hydrated electron as a function of temperature, predicted from the same
model used in (a), along with a digitized reproduction of the experimental room temperature fluores-
cence spectrum.8 The structure in the experimental spectrum is due to resonance Raman scattering
that is not included in the model.
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Figure 2.7: Early-time calculated transient absorption spectroscopy of both the LGS and TB hydrated
electron models, normalized in the blue region of the spectrum so that the underlying ground-state
bleach has a constant amplitude; the black solid curve shows the (negative of the) equilibrium absorp-
tion spectrum that is equivalent to the homogeneously-broadened bleach. The temperature depen-
dence of the observed stimulated emission amplitude and decay dynamics for the LGS model are in
excellent agreement with the experiments,9 while the lack of any excess bleach component predicted
by the TB model runs counter to experiment.
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Figure 2.8: Single wavelength TA kinetics for the photoexcited hydrated electron different bulk tem-
peratures; the wavelengths were chosen to be at the same energy relative to the equilibrium absorption
maximum at each temperature. The single wavelength kinetics show a clear trend, with the overall
decay time decreasing with increasing temperature.

temperature.

As predicted by the simulations, there is a clear temperature dependence to the hydrated elec-

tron’s excited-state recovery, with faster relaxation dynamics at higher equilibrium temperatures.11

If we crudely fit these single-wavelength traces to single exponential decays, we find decay con-

stants that change by a factor of roughly 1.5 between 0 and 45 ◦C. This experimentally observed

temperature dependence to the hydrated electron’s TA dynamics is at odds with the one previous

experiment we are aware of;100 we attribute this discrepancy to the poorer signal-to-noise and lack

of broadband probing in the previous work.

To determine how the observed changes in TA dynamics with temperature correspond to changes

in the excited-state lifetime and/or ground-state cooling time(s), we globally fit the data at all three

equilibrium temperatures to the extended kinetic model described in the previous section. We note

that a second HGS cooling time was needed to fit the data at times ≥ 1 ps, but this slow cooling

component has a small enough amplitude as to not affect the other fitting components, which are

largely determined by the data prior to 1 ps. In our fits, the ≥ 1-ps HGS cooling component is

strongly dependent on the bulk temperature, decreasing from ∼3 ps at 0 ◦C to ∼1 ps at 45 ◦C. The

small ∆T amplitude associated with this long component (∼20-50 K) is about what is expected for

the temperature increase that an 800-nm photon would induce in the local solvent around a hydrated
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electron once the photon energy was statistically dissipated to the solvent.

In order to globally fit all the data in Fig. 2.1 to the model summarized in Eqs. 2.1-2.7, we

made a few additional assumptions. First, based on the data in Fig. 2.5, we constrained the SE

spectrum to have the same spectral width and same shift of its spectral maximum relative to the

spectral maximum of the ground-state absorption at all three bulk temperatures. For our best fit, the

SE spectral width was 448±51 meV and the SE peak shift relative to the ground-state absorption

maximum was 17±3 meV. Second, when performing the fits to the early-time data, we found that

the HGS temperature jump (∆T ) was largely invariant across the different equilibrium temperatures.

This is a result of the fact that the HGS spectrum initially appears in the near-IR (where it overlaps

heavily with ESA), giving us little means to pull out fine differences in ∆T at different equilibrium

temperatures. Thus, to reduce the number of parameters in our global fit, we constrained ∆T to

a single value at all three equilibrium temperatures, and we verified that small variations in this

parameter did not significantly alter the fitted values for either the excited-stated lifetime or the

HGS cooling rate. Similarly, we found that τ2 was only weakly temperature dependent (depending

roughly on 1/T ), so that we could get equally good fits by assuming a single parameter, τ2/T ,

to describe the HGS cooling dynamics across all three bulk temperatures. Finally, we weighted

the data as described in the SI; moderate changes in our weighting procedure, however, produced

negligible effect on the outcome.

With these constraints, we were able to robustly fit the three-temperature TA dataset with the

largest correlation parameter being less than 0.7, yielding a robust fit with a clear assignment

of a short, non-adiabatic p-state lifetime. The blue circles in Fig. 2.3 show the RMSE of our

simultaneous fit of the data at all three temperatures, yielding a single well-defined and fairly narrow

minimum. This is in stark contrast to the broad basin and multiple local minima obtained when using

only a single dataset. The best fit parameters at the single global minimum to the three-temperature

data set are summarized in Table 2.1. The most striking result is that the p-state lifetime, τ1 changes

by a factor of slightly over two over our modest 0 to 45 ◦C temperature range. The fitted lifetime of

73 fs at the highest temperature, 45 ◦C, is comparable to our instrument response function, but the

lifetimes at the two lower temperatures are cleanly resolved.

Our fitted room-temperature lifetime of 137 fs is significantly shorter than that reported in
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Table 2.1: Global Fit Parameters of the Data in Fig. 2.1 to eqs. (2.1) to (2.7)

Teqb(K) τ1( f s) τ2( f s) ∆T (K)

273±1 158±9 430±21 279±10

293±1 137±5 401±20 279±10

318±1 73±6 369±18 279±10

previous TA work,33, 59–63, 122 with the notable exception of the 50-fs estimate by Wiersma and

co-workers.64 It is worth noting that the 5 fs error bar reported in Table 2.1 for the room-temperature

p-state lifetime is the standard error from the fitting procedure; our best estimates for a 95%

confidence interval accounting for inherent errors and parameter correlations is closer to ±40 fs,

but is qualitative in nature due to the estimation of parameter correlation. Our fit unambiguously

gives τ1 excited-state lifetimes that are shorter than the τ2 ground-state cooling times at each

equilibrium temperature, strongly supporting the non-adiabatic relaxation mechanism; this is a

direct result of including the SE component and simultaneously fitting the model to the data from all

three equilibrium temperatures. In fact, our fitted room-temperature lifetime of 137 fs and cooling

time of 401 fs are in very good agreement with the results of recent time-resolved photoelectron

spectroscopy experiments, which determined a lifetime of ∼100 fs (when non-Condon effects are

accounted for)93 and cooling time of 410 fs.5–7 Thus, the data and fitting presented here provide

the first unification of the kinetics measured by TA and TRPES, and give us confidence in both our

kinetic model and the additional assumptions we made to fit it to the data.

Even more importantly, with the global fit in hand, we can now compare the experimental

temperature dependence of the kinetic parameters to simulation.11 Shown in Fig. 2.9 are the survival

probabilities for LGS and TB models of the electron at various temperatures. Clearly the lifetime

for the non-cavity geometry is highly sensitive to temperature while the cavity models are not.

We reiterate that the simulations rely on a surface-hopping algorithm that does not give accurate

absolute values of the excited-state lifetime, but still should allow us to compare the temperature

dependence of the lifetime between simulation and experiment. Our simulations showed that the

traditional cavity model of the hydrated electron predicts very little change in structure and thus

lifetime over the temperature range we have investigated (<10%), a result that is not consistent with
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the raw data in Fig. 2.8 let alone the global fit parameters. The non-cavity model of the hydrated

electron, on the other hand, shows a significant change in structure with temperature, which in

turn leads to a predicted change in lifetime of a factor of ∼1.8 over the temperature range we have

investigated, in excellent agreement with the data in Fig. 2.8 and the global fit parameters in Table

2.1.

The other important parameter extracted from our global fit is the temperature jump associated

with the hot ground state, ∆T , which we constrained to be the same at all three bulk temperatures.

Although the value we extract for this parameter of 244 K may seem quite large, we argue that

the nascent hot ground state hydrated electron is nowhere close to equilibrium, so that the best

equilibrium approximation to its spectrum requires a high temperature.11 In fact, both the cavity and

non-cavity hydrated electron simulations predict values for ∆T of a few hundred K, with the non-

cavity model providing a better match to the experimentally-determined parameter. Given that the

hydrated electron’s excited-state relaxation unambiguously follows the nonadiabatic picture,5–7, 93 a

∆T of only a few tens of K, like that reported previously,60 is what does not make physical sense.

With the temperature-dependent lifetimes in hand, we can return to our crude model relating SE

and fluorescence from the photoexcited hydrated electron to offer a prediction for the temperature

dependence of the hydrated electron’s fluorescence spectrum. Given that the p-state lifetime is

significantly more T -dependent than both the Gaussian (which should vary as 1√
T

) and slower

exponential portions of the Stokes shift, the parameters from our best-fit TA results predict that there

should be significant changes in the electron’s fluorescence spectrum as a function of temperature,

as shown in Fig. 2.6(b). This crude model predicts that the fluorescence spectrum of the hydrated

electron8 to the red of 10,000 cm-1 should show a strong decrease in intensity with increasing

bulk temperature is increased. With these predictions in hand, it should be possible to verify the

temperature dependence of the photoexcited hydrated electron’s relaxation through a separate

experimental avenue.

Finally, as mentioned above, previous workers have tried to estimate the excited-state lifetime of

the photoexcited hydrated electron from scavenging experiments,106, 130 but fits to the scavenging

data rely on a model with highly correlated parameters: in this case, the excited-state lifetime and

scavenging reaction rate. There is also the issue as to whether or not the hot ground state is scavenged
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at a rate more like that of the excited state or more like that of the equilibrium ground state; this is

important since we know the hot ground state persists for a time scale of at least ∼400 fs.5–7, 62–65

In the SI, we present results repeating this type of scavenging experiment at room temperature.

We find that we can get equally good fits with numbers similar to the adiabatic picture reported in

previous work,106, 130 as well as with the ∼137-fs lifetime we extracted from the TA data above, all

with physically reasonable values of the reaction velocity. Thus, our conclusion is that model fits

to a single dataset, whether it is transient absorption or scavenging, are insufficient to determine

the excited-state lifetime of the hydrated electron, particularly since most such models have highly

correlated parameters. The combination of data sets at multiple temperatures, in conjunction with

the observation of stimulated emission, is what allows us to extract a unique lifetime from transient

absorption that is in excellent agreement with the results of TRPES experiments.5–7, 93

Our experiments, unfortunately, are not able to identify the underlying mechanism for this

temperature dependence. In order to meaningfully understand the origin of this effect for both

transient absorption and the steady-state spectroscopy, we must turn to simulation. It is clear that the

temperature dependence is more sensitive than one would even expect for the T or
√

T dependence

that one would expect for diffusive and ballistic motions from statistical mechanics alone. Clues

to the origin of this temperature dependence may be found in the radial distribution functions of

Fig. 2.10, with the coordinate defined by the electron center-of-mass to water oxygen, for both

the LGS (panel a) and TB (panel b) models. This makes it clear that the solvation structure of

LGS non-cavity electron changes noticeably with temperature (the density of water inside 1 Å

distance from the electron’s center of mass drops by ∼7.5× from 350 to 255 K), while the TB

cavity electron’s structure is essentially unaffected by temperature.

For the LGS electron, it is clear that as the temperature is lowered, a small cavity opens near

the electron’s center, creating a ‘hybrid’ structure similar to that observed in previous DFT131

and ab initio94 calculations. This strongly suggests that the driving force for water to enter the

electron’s interior is entropic: as the temperature is lowered and entropy becomes less important,

the predominantly repulsive enthalpic Pauli exclusion terms in the pseudopotential lead to incipient

cavity formation. At higher temperatures, the entropic penalty to expel water from a volume in

space is simply too high, so the water penetrates into the electron’s charge density. Given that
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Figure 2.10: Temperature dependence of the radial distribution function of the center-of-mass of the
hydrated electron to water oxygen for both the (a) LGS non-cavity and (b) TB cavity models. The
LGS model shows a clear change in structure with temperature, with the density of waters nearest the
center of the electron increasing as the temperature is increased, and the formation of a small central
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a hard sphere, showing no change in structure at all over the temperature range investigated.
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the LGS model is known to overestimate the temperature dependence of the electron’s absorption

spectrum, this suggests that the LGS model slightly overemphasizes the entropic contributions to

the electron’s structure at a given temperature. Thus, it is highly likely that the true structure at room

temperature is somewhere between that given by the LGS model and that suggested by ‘hybrid’

models, with the size of the central cavity being highly temperature dependent.

In contrast, the TB model yields the same structure with a ∼2.2-Å central cavity independent of

the bulk temperature. The change in structure with temperature is so small as to imply that the TB

electron is effectively a hard sphere: the repulsive terms in the TB pseudopotential are energetically

so steep compared to kBT that the relatively modest (∼30%) change in absolute temperature we

have explored makes effectively no difference in structure. This hard-sphere-like behavior of the

TB model indicates that entropy plays almost no role in the observed structure, which is consistent

with the fact that the TB model completely misses the known temperature of dependence of the

hydrated electron’s absorption spectrum.48

2.5 Conclusion

In summary, we have performed a detailed set of transient absorption experiments on the pho-

toexcited hydrated electron as a function of temperature. The data unambiguously show kinetics

that decay more quickly at higher temperatures. Additionally, the data display an excess bleach

component at early times due to stimulated emission that becomes smaller and decays more quickly

as the bulk temperature is increased. We were able to construct a simple model showing that the

SE component we observe by TA is consistent with the experimental fluorescence spectrum of

the hydrated electron observed in previous work.8 By simultaneously fitting the TA data at all

three temperatures with a model that explicitly includes stimulated emission, we were able to avoid

the highly correlated parameters that led to multiple minima in previous models, allowing us to

rigorously extract a set of lifetimes and ground-state cooling rates as a function of temperature. The

results clearly indicate the excited-state lifetime at room temperature is ∼137 fs, for the first time

in decent agreement with the results of time-resolved photoelectron spectroscopy experiments.1–7

Moreover, this lifetime changes by slightly over a factor of 2 over the relatively narrow temperature
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range of 0 to 45 ◦C. The change in lifetime with temperature stands in contrast to the predictions of

the standard cavity picture of the hydrated electron, but is in excellent agreement with the structural

changes predicted by the non-cavity hydrated electron simulations.11 Our TA data, in conjunction

with our simple model, predicts a significant decrease in the hydrated electron’s fluorescence on the

red side of the emission maximum with increasing temperature, a result that also should be testable

by future experiments.

Overall, the results in this chapter indicate that any model of the hydrated electron, be it cavity,

non-cavity or hybrid, must predict significant changes in the photoexcited electron’s excited-state

relaxation dynamics as a function of temperature. As seen in the preceding manuscript11 to date only

non-cavity models have been able to do this. We emphasize that our LGS non-cavity potential does

slightly overestimate the temperature dependence of various ground-state properties of the hydrated

electron, but this is clearly an improvement over the complete lack of temperature dependence

in nearly every property predicted by traditional cavity models. Hybrid models of the hydrated

electron, which predict a small central cavity but still have significant overlap of the electron’s

wavefunction with the surrounding first-shell water molecules, may have a temperature dependence

that falls between those of the cavity and non-cavity extremes and thus might possibly be in better

agreement with experiment, but so far there have been no calculations of temperature-dependent

ground-state properties for such models, let alone any calculations of excited-state non-adiabatic

relaxation dynamics at even a single temperature. Given the results presented here, the non-cavity

model currently offers the best prediction of the measured temperature dependence of the hydrated

electron’s excited-state lifetime. Thus, we urge future simulators of the hydrated electron to directly

confront the experimental results presented here as part of building the most complete microscopic

picture of this simple but elusive quantum solute.

Supplementary Material

See supplementary material in Appendix A for further details on the global fitting, scavenging

experiments, and spontaneous and stimulated emission modeling procedures.
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CHAPTER 3

Introduction to Time-Resolved Spectroscopy: Nanosecond

Transient Absorption and Time-Resolved Fluorescence of Eosin

B

Reproduced with permission from Reference 13: E. P. Farr, J. C. Quintana, V. Reynoso, J. D. Ruberry,

W. R. Shin, and K. R. Swartz, “Introduction to Time-Resolved Spectroscopy: Nanosecond Transient

Absorption and Time-Resolved Fluorescence of Eosin B,” J. Chem. Ed., vol. 95, pp. 864–871, 2018.

Copyright 2018 American Chemical Society. http://pubs.acs.org/doi/10.1021/acs.jchemed.7b00941

3.1 Introduction

The physical sciences have long endeavored to push the boundaries of detection, and the capability

of atomically precise imaging via scanning tunneling or electron microscopy is generally introduced

to undergraduates. Spatial resolution, however, is only one such frontier being actively researched—

equally important have been advances in temporal resolution: presently in the femtosecond and

attosecond regimes in the field of ultrafast spectroscopy. Unlike advances in spatial resolution,

dynamics on ultrafast timescales can be complex to visualize and interpret, but are nevertheless

equally critical to the fundamental nature of chemistry. It is this natural timescale of chemistry—of

making and breaking bonds, diffusion, solvation, energy/electron transfer, etc.—that we believe

is underrepresented in upper-division undergraduate chemical education and warrants novel lab-

oratory approaches. In this laboratory exercise, the timescales and photophysics of fluorescence,

phosphorescence, intersystem crossing and nonradiative decay mechanisms were explored by direct

measurement with transient absorption and time-resolved fluorescence in multiple curriculum
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Figure 3.1: An overview of timescales of molecular motions in liquids. Time-resolution, unfortunately,
limits this particular advanced undergraduate laboratory to timescales slower than 500 picoseconds.
In the introduction of the student manual and supplemental information (found in Appendix B) it
is made clear that these timescales contain critically important chemical dynamics phenomena. We
stress that though there are differences in complexity and timescale between this experiment and the
frontiers of research the chemical intuition and concepts governing the instrumentation and analyses
performed herein are transferable.

settings.

We contrast the direct measurement of lifetimes in this laboratory to the variety of historical

experiments which indirectly measure these rates such as Stern-Volmer procedures.132 The pri-

mary benefit to measuring such lifetimes directly is that any data obtained for fluorescence and

phosphorescence decays are unambiguous—during administration of this experiment, students

made a strong intuitive connection to these timescales when observing the dynamics in real-time

through an oscilloscope and when performing subsequent analyses through least-squares fitting

of the exponential decays. These exponential decay rates may be directly influenced through

concentration,133 solvent environment,134, 135 quenching,134 nearby heavy nuclei via the heavy atom

effect,136 aggregation interactions,71, 137, 138 or comparisons to different dyes139—some of which

were explored as extensions or advanced topics, described below. Most importantly, the nanosecond

regime in this lab is used to conceptually bridge macroscopic and ultrafast time-scales; at this

time femtosecond and attosecond techniques are still prohibitively expensive and technical for
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Figure 3.2: The chemical structure of Eosin B. As a xanthene/fluorescein dye derivative it exhibits
fluorescence with relatively high quantum yields, but is induced to phosphoresce by the heavy atom
effect through the bromine substituents.

undergraduate use, but concepts from the nanosecond regime are transferable to shorter timescales

more commonly found in research.

In this laboratory exercise, a home-built nanosecond transient absorption spectrometer was

employed. It also doubles as a time-resolved fluorimeter with moderate sensitivity when the probe

pulses are disabled. Briefly, pump-probe spectroscopy consists of multiple short pulses of light:

the early pulses prepare a non-equilibrium state which subsequent pulses may probe as a function

of time delay between them (more information can be found in the student manual). We are

among only several using time-resolved spectroscopy in an undergraduate setting,140–150 allowing

us to expand upon the existing repertoire of experiments and extend the literature to include faster

dynamics. Eosin B, shown in Figure 3.2, was chosen to be the molecule of study due to experimental

constraints of pump (355 nm) and probe (532 nm) wavelengths, appreciable quantum yields of both

fluorescence and phosphorescence,139, 151 and fast intersystem-crossing rate allow the assumption

of negligible nonradiative contribution. Although this instrument was specifically designed with

Eosin B in mind, the instrument is easily adaptable to other pump wavelengths or expansion to

include broadband multichannel detection147, 148 for use with other systems.

Eosin B is commonly used in tissue staining for microscopy in conjunction with hematoxylin

as one of the primary methods for medical diagnosis and biological research,152 but has more

recently been used as a reporter of local hydrogen bonding environment153 and for surface selective
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second-harmonic generation.154 It is a strong absorber and emitter, and relatively stable as a

xanthene/fluorescein derivative. The bromine atoms in the Eosin structure significantly reduce the

near-unity fluorescent quantum yields of typical fluorescein dyes139, 155, 156 by increasing the triplet

yield through their internal heavy-atom effect,157, 158 while also matching the energies of the first

excited singlet state and lowest triplet state159 allowing intersystem crossing. Another important

advantage of Eosin B is the roughly proportional singlet and triplet yields, lending itself well to

measuring both processes160–163—this is a critical point for Eosin B, it provides acceptable signal

for both photophysical processes and subsequently allowing characterization of the intermediate

process: intersystem crossing.

There is a very large range of reported singlet lifetimes (0.1-5 ns)151, 161, 162, 164, 165 and triplet

lifetimes (ns to µs)161 at room temperature in ethanol. With the experimental apparatus for this

laboratory, we measure the fluorescence and phosphorescence lifetimes (τF , τP) to be approximately

800 ps and 1.6 µs respectively (these may be visualized pictorially in Figure 3.3 or empirically

in Figure 3.6). These lifetimes made Eosin B a good candidate for pushing the boundaries of

our homebuilt system, provided students a window into the shortest feasible timescales, and, as a

secondary learning objective, the analyses required to understand data which is nearly instrument-

limited as is often the case in research settings. There is substantial ambiguity in the literature

for the lifetimes and yields for Eosin B, but it was found that the nature of the unsolved problem

was appropriate for a research-based curriculum166 in this laboratory—because there is no single

answer the students were forced to trust their data and make a claim based on their analysis. Other,

better-characterized, dyes with longer lifetimes such as Eosin Y, erythrosine, or rose bengal may be

substituted for a more straightforward laboratory experience.

The core concepts of this lab involve photophysics for real molecular systems. The experimen-

tally measured fluorescence and phosphorescence decays for most molecules in dilute solutions are

unimolecular processes and therefore decay exponentially. A critical clarification, however, is that

empirical measurement of fluorescence or triplet decays yield the sum of all competing processes

involving the electronic state of interest:

kF,exp = kF,true + kS,nr + kISC +[SQ]kSQ (3.1)
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Figure 3.3: A representative Jablonski diagram of the relevant processes for this laboratory exercise.
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kP,exp = kP,true + kT,nr +[T Q]kT Q (3.2)

where the experimental and true fluorescent and phosphorescent rates are labeled, kS,nr and kT,nr

are the non-radiative relaxation rates out of the singlet and triplet states respectively, kISC is the

intersystem crossing rate from S1← T1, and the final term in each expression being a placeholder

for any applicable quencher of either the singlet or triplet state (oxygen being the primary offender

in most cases). Several of these may be neglected to a first approximation: the quantum yields for

fluorescence and triplet state formation are sufficiently high that kS,nr may be negligible—this is

further motivated by the choice of short fluorescence lifetime of Eosin B—and if samples are purged

with inert gas prior to measurement the quenching term for atmospheric oxygen may be neglected.

The advantage of making these assumptions is that each of the remaining rates may be measured

directly, or obtained from solving the kinetic equations with the help of quantum yields, which may

be estimated from the equations shown below, or found in the literature.139, 151, 162, 164, 165, 167

ΦF =
kF,true

kF,exp
(3.3)

ΦP = ΦISC
kP,true

kP,exp
(3.4)

With this lab we achieved several learning objectives for students:

1. Reviewed basic quantum mechanics pertaining to molecular spectroscopy.

2. Introduced time-resolved spectroscopy in the nanosecond regime and connected it with

macroscopic timescales and, by extension, ultrafast timescales.

3. Connected all of the above to rate kinetics formalism.

4. Explored intersystem crossing, phosphorescence and spin-orbit coupling in greater detail than

typically found in undergraduate settings.

5. Developed lasting and applicable skills in data analysis, error analysis, function modeling

and programming tools by fitting exponential decays.
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6. Instilled (evidenced by trial students) a sense of how research in general,166 and specifically

ultrafast spectroscopy, is performed.

3.2 Experimental Apparatus and Procedures

The core of our instrument consisted of a Crylas Gmbh FTSS-355-Q3 355 nm pump laser with <1

ns pulse duration, and a 532 nm probe LED from Lightspeed Technologies with <80 ns resolution.

Due to a ∼1 µs timing jitter from the acousto-optical pump laser, we employed a reference diode

shown in Figure 3.4 in order to trigger the quantum composer sapphire 9212 digital delay generator,

and from there both the probe and 40MHz DSO-2090 Hantek USB oscilloscope. Detection of

the probe pulse and fluorescence was performed by focusing into a Thorlabs DET10A photodiode

with a rise time of <1 ns. Critical to our detection of <1 mOD transient absorption signals is our

electronically triggered probe pulse at twice the frequency of pump pulse—allowing for shot-to-shot

subtraction.

Briefly, describing the concept of each of these techniques: time-resolved photoluminescence

was carried out by simply measuring the spontaneous fluorescence from the sample after excitation

with the 355 nm pump pulse. The signal of several mV was visualized directly on an oscilloscope

from the Thorlabs DET10A detector via coaxial cable terminated with a 50 Ω cap. Second, transient

absorption requires a probe LED pulse to measure the time-resolved absorption intensity at varying

time-delays after excitation by the pump pulse. The intensity of the probe pulse shortly after

the pump pulse is compared with an equivalent “no-pump” experiment without any perturbation

(effectively at steady-state)—the difference between these two spectra is the “transient absorption”

after manipulation shown in eqn. 3.5. The pump and probe pulses must overlap in the sample

spatially and temporally, in our case with beam-diameters of roughly 2 mm, with the probe beam

slightly smaller than the pump. A more detailed description of transient absorption spectroscopy

may be found in the student manual and elsewhere.168
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Figure 3.4: A basic schematic including the optics and arrangement used in our instrument. Note
that the reference diode detects only a small portion of the 355 nm pump which leaks through the
dielectric mirror.

∆A≡ Apump−Ano−pump

=−log(
Ipump

I0
)+ log(

Ino−pump

I0
)

= log(
Ino−pump

Ipump
)

(3.5)

The dye Eosin B was purchased from Sigma-Aldrich and used without further purification.

Solutions were prepared by students with concentrations <100 µM in 190 proof ethanol. Mea-

surements were carried out in a 1 mm quartz cuvette, keeping absorbance at 532 nm <0.5 OD for

transient absorption measurements and at ∼1 OD for fluorescence measurements. Acquisition at

each pump-probe delay was carried out for ∼1-5 minutes of averaging for several delays ranging

from a minimum of 300 ns to several µs or until transient dynamics were no longer measurable.

Fluorescent measurements were obtained by disabling the probe, and measuring the photodiode

from a separate and standalone 300 MHz Tektronix oscilloscope after excitation with the 355 nm

pump.
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Data acquisition for students is as simple as opening the interlocked enclosure, turning on the

detectors, then starting the pieces of software controlling the pump laser, signal delay generator and

the manufacturer-provided oscilloscope acquisition LabVIEW VI. Students are able to manually

control the delay between pump and probe pulses through the signal delay generator, along with

getting a direct visual representation of the pulse train on the oscilloscope acquisition LabVIEW

front panel.

3.3 Hazards

Chemical Hazards: ethanol is flammable, Eosin B is hazardous if swallowed and slightly hazardous

for skin, eyes and inhalation as an irritant.169

Equipment Hazards: the Crylas FTSS-355-Q3 laser is class 3B (IIIB) with pulse energies of >15

µJ and peak powers of >13 kW and therefore extremely hazardous for eye exposure and slightly

hazardous for skin exposure due to the 355 nm wavelength. Engineering controls of an interlocked

enclosure with OD >3 at 355 nm is recommended as the only safe method of operation for untrained

personnel in a typical laboratory setting. For instrument caretakers or builders it is necessary to

follow laser safety standards.170

3.4 Results and Discussion

This experiment was deployed as part of two separate curricula in an undergraduate physical

chemistry laboratory courses: first as part of an honors section which lasted the full quarter of ∼70

hours total (2 separate groups of 2 and 3 students respectively), and in the subsequent quarter as a

two week (12-16 hour) laboratory exercise for sequential pairs of non-honors students (4 groups,

2 students each). Using the provided manual, the non-honors groups were able to acquire all of

their data in a single 4-hour laboratory period, with subsequent periods spent working through the

analysis. The following results were obtained during administration of the honors experiment, but

was easily reproduced by the non-honors students and should be representative of what is attainable

during this lab.
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Figure 3.5: Absorption (left) and emission (right) spectra of∼ 5×10−6 M Eosin B in ethanol. Absorp-
tion and emission peaks are roughly 525 nm and 580 nm respectively, qualitatively similar to existing
literature. Discontinuities near 320 and 390 nm are artifacts of the spectrometer.

The steady-state absorption spectrum of Eosin B was measured and found to be typical of

xanthene dyes shown in Figure 3.5. The steady-state fluorescence was also measured not accounting

for self-absorption, exhibiting a reasonable Stokes shift. It may be useful to ensure that students

understand that the fluorescence spectrum must be the time-averaged signal of emitted photons at

different times, ultimately following the decay profile they will subsequently measure—a review

or discussion of the steady-state approximation versus a pulsed time-resolved experiment may be

useful for students to frame these experiments.

Students then performed time-resolved experiments on Eosin B in deoxygenated ethanol in

1 mm quartz cuvettes, shown in Figure 3.6. The instrument response function measured from

fluorescence is 400±10 ps (standard errors calculated from the diagonals of a covariance matrix

from a least-squares fit) using eqn. 3.6:

S(t) =
∫

∞

0
e−

s
τF · 1

σ
√

2π
e−

1
2 (

t−s
σ
)2

ds

=
1
2

e
σ2−2tτ

2τ2 (1+Erf(
tτ−σ2
√

2στ
))

(3.6)
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Figure 3.6: Panel (a): instrument response function (red squares), time-resolved fluorescence of Eosin
B (blue circles) and Eosin Y (yellow triangles). Panel b: transient absorption of Eosin B in deoxy-
genated ethanol (solid blue circles) and 50 vol% glycerol (dashed blue triangles) with OD532=0.4. The
IRF was measured by scattering the excitation pulse onto the main photodiode; fitting to a Gaussian
yields FWHM of ∼1.4 ns centered at t=0. The fluorescence decays were fit with eqn. 3.6, yielding a
lifetime of 800±20 ps—Eosin Y is also shown with a singlet lifetime of 4.7 ns. The transient absorption
signal shown is negative at 532 nm and is therefore a transient bleach. A bi-exponential fit of the tran-
sient bleach recovery yields lifetimes of 240±20 ns and 1.6±0.2 µs in ethanol. We identify the latter
lifetime as that of the triplet-state. In 50% glycerol the phosphorescent lifetime more than doubles to
3.4 ns.

This is the convolution integral of a Gaussian instrument response with a single-exponential decay

to be used in a least-squares iterative reconvolution171—either function may be altered should

the underlying kinetics follow a different model, however the provided analytical expression is

specific to this case. The experimentally measured instrument response shown in Figure 3.6

validates the choice of a Gaussian. The fitted fluorescent and phosphorescent exponential lifetimes

are qualitatively similar to existing literature.151, 161, 162, 164, 165 We do note, however, that our

fluorescence lifetime appears to agree with the shorter reported lifetimes of only several hundred

ps.161, 165 Here it was important to stress that time-resolution of the photodiode, oscilloscope and

355 nm excitation pulse were within a factor of 2 of the fluorescence lifetime, necessitating use of

proper convolution procedure during analysis. It should be noted that while this convolution integral

is a useful concept, it may be effectively bypassed by discarding data out to one FWHM from t0 and

fitting the resulting data with a simple exponential decay.

The fast component in the transient absorption (240 ns) matches the probe-pulse width of 250

ns used during this experiment, and was therefore likely to be instrument-limited emission (or
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Table 3.1: Non-exhaustive comparison of lifetimes and yields of Eosin B found in this work with those
in literature.

solvent τF (ns) ΦF τP (ns) ΦP τISC (ns)

water .0044a, 3.65b 4.5×10−4,a, .2c - 0a, .71d -

methanol .054a, .093e 7.5×10−3,a - 0a 9.1e

ethanol .8∗, 3.02g, 4.5 f , 5.4b .32g, 0.63 f , .69c 1600∗ .41h 16.7 f

acetonitrile .28a, 7.5b 3.6×10−2,a - 0a -

Experimental or estimated values from this work: a,165 b,164 c,139 d,167 e,161 f,162 g,151

h155

electronics noise) and largely ignored in the classroom by limiting data acquisition to >1 µs, where

the amplitude of this component is negligible. At this concentration of Eosin B, solutions are near

the saturation point and therefore aggregation may play a role in the observed dynamics—while

signal to noise is too poor to properly explore more dilute solutions, the measured lifetimes were in

adequate agreement with literature for the purposes of the analysis laid out in the student manual.

Besides the obvious direct assignment and quantification of the measured lifetimes, students

compared these to predictions from a variety of different formalisms: Fermi’s Golden Rule,172

Strickler-Berg,173 and Robinson-Frosch,174, 175 in addition to estimating the intersystem crossing

rate after finding all other rates (or alternatively with quantum yields). In addition to these academic

goals, practical knowledge of optics, data analysis and advanced curve-fitting were clearly achieved

with the students—with the latter two being increasingly important for future endeavors beyond the

classroom. Unfortunately, the timescale disparity between nanosecond and femtosecond regimes

was still difficult to connect by extension (due to the complexity at faster timescales), but students

were able to take away an appreciation for the utility of time-resolved spectroscopy and a better

intuitive understanding of chemical dynamics, kinetics and photophysics.

3.5 Student Learning

This laboratory was deployed first as an honors section to test the limits of the instrument and to work

through any initial problems that may have arisen. Two groups of honors students (in groups of 2
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and 3 respectively) were largely successful in carrying out the provided student manual in its entirety.

Analysis and reports were completed independently outside of laboratory hours. As part of the

honors course, these students also independently created several of the mentioned extensions to this

experiment (effects of oxygen, solvent, presence of heavy atoms, etc.). However these extensions

are not discussed here due to inconclusive results, but may be attempted by particularly capable and

independent students with sufficient time. These students were also given the opportunity to write

and revise the manual and procedures which their peers would follow in subsequent quarters.

In subsequent trials, this lab was deployed as a non-honors experiment to four pairs students (8

total) who had 16-hours of laboratory time to follow portions of the provided student manual and

were able to replicate the successes of the previous honors students. A detailed report was due one

week after the final laboratory meeting period. This report was required to be formatted as a journal

article with all relevant sections, in addition to a very detailed section on error analysis methods,

sample calculations, and relevant literature summary.

We fully admit the provided student manual is difficult even for the most advanced undergradu-

ates: it intentionally forces students to employ elements of research such as finding and reading

external references, and rigorous analysis which would be acceptable in a research-oriented environ-

ment.166 Here we concede what was found to be the largest implementation problem: students did

not have the requisite ability to search the literature or motivation to pursue this knowledge indepen-

dently. Without explicit intervention by teaching assistants the students occasionally languished, not

knowing how to proceed. This was an unfortunate side-effect of research-oriented learning coupled

with greater student independence.

Specific aspects of the experiment such as concentrations, acquisition averaging, how and where

to find literature values for quantum yields, and other details were left to the students. At UCLA it is

important to the physical chemistry laboratory course that students are given independence, and this

was successfully achieved here. The students who navigated this lab and gave it due diligence came

away with a much deeper understanding of the utility of quantum mechanics and time-resolved

spectroscopy, along with an appreciation for the complexity of experimental research.

We stress to all who may adopt this experiment that connecting the observed timescales to even
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faster dynamics is invaluable to give this experiment context. With the field of ultrafast spectroscopy

having taken a commonplace role in experimental research, it is important to maintain continuity

between the cutting edge and training of future generations of scientists.

Supplementary Material

See supplementary material in Appendix B for further details on background, analysis and the

physical copy of the laboratory manual for undergraduate use.
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CHAPTER 4

Bay-Linked Perylenediimides are Two Molecules in One:

Insights From Ultrafast Spectroscopy, Temperature

Dependence, and TD-DFT Calculations

4.1 Abstract

Bay-linked di-perylenediimide (di-PDI) molecules are finding increasing use in organic electronics

due to their steric hindrance that ‘twists’ the two monomer units relative to one another, decreasing

molecular aggregation. In this chapter we explore the electronic spectroscopy and ultrafast

dynamics of the singly-linked β−β-S-di-PDI (2,9’-di(undecan-5-yl)-2’,9-di(undecan-6-yl)-[5,5’-

bianthra[2,1,9-def:6,5,10-d’e’f’]diisoquinolin]-1,1’,3,3’,8,8’,10,10’(2H,2’H,9H,9’H)-octaone).

Excitation-emission spectroscopy reveals two distinct emitting species, which are further

characterized by time-dependent density functional theory (TD-DFT), demonstrating that the

bay-linked PDI dimers exist in two geometrical conformations. These conformations are an “open”

geometry, where the two monomer sub-units are oriented nearly at right angles, giving them more

J-like coupling, and a “closed” geometry, in which the two monomer sub-units are nearly π-stacked,

resulting in more H-like coupling. Given the extent of through-space and through-bond coupling,

however, neither di-PDI conformer can be well-described simply in terms of independently-coupled

monomers; instead, a full quantum chemistry description is required to understand the electronic

structure of this molecule. Temperature-dependent experiments and the TD-DFT calculations

indicate that the “closed” conformer is ∼70 meV more stable than the “open” conformer, so that

both conformers are important to the behavior of the molecule at room temperature and above. We

use a combination of steady-state and femtosecond transient absorption and emission spectroscopies
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to extract global fits of the multiple electronic transitions underlying the spectra of both the “closed”

and “open” conformers, which agree well with the TD-DFT calculations. The ultrafast experiments

also reveal a viscosity-dependent twisting motion around the bay-linked bond upon photoexcitation,

although the two conformers do not interconvert on the time-scale of the excited-state lifetime. The

fact that di-PDI molecules are molecular species that adopt two distinct quasi-independent chemical

identities has important ramifications for charge trapping and mobility in the organic electronic

devices employing these materials.

4.2 Introduction

Perylene and its derivatives are widely studied as model systems of molecular spectroscopy and ag-

gregation, with work spanning many decades.73–76 Recently, the organic electronics community has

found numerous applications for perylenediimides (PDIs): not only are PDIs used in organic light-

emitting diodes due to their generally high emission yields and high electrical conductivies,176, 177

but they also serve as electron transport materials in organic photovoltaics (OPVs), with charge

transport properties that can rival those of the more commonly-used fullerenes.10, 72, 73, 77–80

One advantage of PDIs for optoelectronic applications is that their structural and electronic

properties can be independently synthetically controlled: substitutions to the electronically isolated

N-termini can be used to tune solubility and aggregation without altering the base electronic

properties, while substitutions on the α or β carbons (see Figure 4.1) allow for control over the

electronic properties of the delocalized π electrons.178–180 PDIs and their derivatives have served as

photostable pigments,68 been central to studies of photoinduced charge transfer,69, 70 and helped to

elucidate details of the physics of molecular aggregation.68, 71, 72, 181–183 For all of these reasons,

considerable work has characterized the spectroscopy of PDIs as function of substitution73, 184, 185

and degree of aggregation.177, 186

For all of their advantages, however, monomeric PDI molecules have a strong predilection for

π-stacking, which can be detrimental in certain applications, such as preventing charge separation

in OPVs.73 Thus, PDI-based materials for solar cells employ a variety of alternate strategies, the

most simple of which is to covalently link two PDIs together into dimers (di-PDIs) or several
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Figure 4.1: (a) General structure of β− β linked di-PDIs. For this (and previous10) studies, the -R
groups consist of undecan-6-yl dovetails. (b) A qualitative schematic of ideal dipolar coupling (ideal J
and H aggregation) between neighboring chromophores, showing the molecular geometries and ener-
gies of the excited electronic states whose transitions from the ground state are allowed (solid black)
or forbidden (dashed). For the di-PDI whose structure is shown in (a), even though the chromophores
are in close proximity due to the covalent bond between them, the sub-units lie far from coplanarity
and do not fit the ideal case. Thus, the magnitude of coupling betweeen the PDI sub-units is expected
to be smaller than in a truly conjugated single molecule but larger than for typical intermolecular
aggregation.
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PDIs into oligomers. By linking PDI units together, steric interactions between the individual

monomers can disrupt over-aggregation yet maintain excellent charge transport properties.72, 79, 80

When this strategy is employed in conjugated polymer-based photovoltaics, highly competitive

power conversion efficiencies of ∼10.6% can be obtained.73, 79, 80, 84 For this chapter, we choose

to study a relatively simple di-PDI whose structure is shown in Figure 4.1(a). This di-PDI has

branched alkyl groups at the N positions to confer solubility, and otherwise has only a single degree

of freedom between between the PDI monomer units: rotation about the bay-linked bond, φ. We

note that this particular di-PDI has previously been employed in organic solar cells, yielding an

efficiency of 5%.72

PDI dimers such as the one whose structure is shown in Figure 4.1(a) are characterized by

varying degrees of coupling between the monomer PDI sub-units. There is a vast literature on the

spectroscopic signatures of intermolecular coupling between chromophores separated over modest

distances, suggesting that ‘Coulombic coupling’ is the primary interaction.75, 76 The magnitude of

this coupling depends strongly on the orientation of the coupled molecules, as explained by the

elegant theory developed by Kasha and co-workers,187, 188 which is outlined in Figure 4.1(b). When

the the long axes of the two chromophores’ transition dipoles are arranged in parallel, H-aggregate

behavior (red-shifted emission with low quantum yield) results, whereas a head-to-tail configuration

of the transition dipoles leads to J-aggregate behavior (blue-shifted emission with higher quantum

yield).71, 189, 190 This type of simple H or J aggregate behavior holds only for ideal molecular

geometries and for crystal structures/dimers that have only one molecule per unit cell. Outside of

ideal conditions, both types of aggregation (and other factors such as charge-transfer interactions)

can emerge due to coupling along multiple axes.71, 76, 191

For di-PDIs of the class considered in Figure 4.1(a), there are additional considerations in

understanding the coupling between sub-units. The intermolecular distance between chromophores

(∼1.3–1.5 Å) is smaller than what is applicable for the Kasha theory, and we also expect strong

coupling through the bond linking the two sub-units in addition to through-space; both types of

coupling also will be angle dependent. Furthermore, since there may be free rotation around

the β-β linkage, there is the possibility that more than one low-energy conformation could be

populated at room temperature. Thus, despite the increasing popularity of di-PDI’s for optoelectronic
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applications, it is clear that there is not a simple picture that explains their electronic structure and

spectroscopy.

In this chapter, we employ a suite of spectroscopic techniques, backed up by high-level quantum

chemistry calculations, to investigate the fundamental electronic nature of di-PDIs. Through a series

of steady-state and ultrafast time-resolved absorption and fluorescence measurements, we show

that that the spectroscopy of the di-PDI molecule considered here consists of contributions from

two entirely separate chemical conformers. Based on the results of our time-dependent density

functional theory (TD-DFT) calculations and the observed viscosity dependence of their excited-

state dynamics, we assign these two species to stable “open” (monomer sub-units roughly at right

angles) and “closed” (monomer sub-units twisted to π-stack together) conformers at different local

minima along the φ coordinate. We also show that although the spectral broadening and red-shift of

this di-PDI appear H-like, the coupling mechanism is not dominated by the standard aggregation

picture. Instead, our experiments and calculations indicate that the through-bond interactions

do not allow a simple electronic treatment of this molecule as arising from two independently-

coupled monomers. All of our results have important implications for the use of di-PDI’s in organic

photovoltaics and other optoelectronic devices.

4.3 Methods

All solvents were commercially purchased from Sigma-Aldrich and used as received. The di-PDI

of Figure 4.1(a) and the corresponding PDI monomer were synthesized in-house following the

procedures in Ref. 77. For the rest of this chapter, except where otherwise specified, we use the term

di-PDI to refer to the specific structure of Figure 4.1(a), and the term PDI to refer to the monomer

of this molecule.

Thin-film samples were prepared by spin-coating a 1% PDI or di-PDI solution (10 mg dissolved

in 1 mL dichloromethane) onto a glass substrate at 4000 rpm for 10 s. The mono- and di-PDI

film thicknesses were 80 nm and 55 nm, respectively. The cleaning procedure for the substrates

consisted of sonicating the glass for 10 minutes each in a detergent solution, DI water, acetone, and

finally isopropyl alcohol.
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Our cryogenic glassy-matrix PDI samples were prepared by dissolving di-PDI in 2-methyl THF

to a concentration of ∼1×10–4 M. The di-PDI solution was then transferred to a Starna Cells

0.2-mm path-length cuvette. This cuvette was then placed in a copper holder specifically designed

for use with a cryostat. The cryostat was pumped under vacuum and cooled to liquid nitrogen

temperature to form a glass. During glass formation, however, cavitation led to bubbles that altered

the concentration of the di-PDI by possibly a few tens of percent. Thus, we report only relative

yields and qualitative results for our cryogenic spectroscopy experiments.

Quantum chemistry calculations were performed using both the Gaussian16 package192 and

QChem 5.0.193 Our DFT calculations were based on structures optimized using the PBE0 func-

tional194 with basis set 6-31++G* and Grimme’s empirical D3 dispersion correction.195 The dihedral

angle φ of the di-PDI (the angle defined by α1−β1−β2−α2, labeled in magenta in Figure 4.1(a))

was fixed at a variety of angles from 30 to 140◦ and the rest of the molecule’s geometry optimized

at each φ to investigate how twisting of di-PDI changes its energetics and photophysics. We defined

the zero of the dihedral using atoms from the shorter ends of the di-PDI molecule to minimize

the effects of the constrained dihedral on puckering of the PDI subunits.79, 83, 184, 196–199 Solvent

effects were simulated using a polarizable continuum model (PCM)200 with a dielectric of 4.81 to

represent chloroform. Our TD-DFT calculations were done with the same functionals described

above and RPA correction. The Coulombic coupling between the chromophores in the two stable

conformations of di-PDI was estimated by interaction of transition charges on each monomeric PDI

sub-unit; the transition charges were obtained from Mulliken population analysis201 of the transition

density matrix of the monomer PDI’s lowest excitation.

Steady-state absorption and fluorescence measurements were collected using a Lambda 25 UV-

Vis spectrometer and FluoroMax-3 (J-Y Horiba) fluorimeter with 2.13×10–6 M di-PDI solutions,

the concentration chosen to avoid self-absorption. Photoluminescence was collected at 22.5◦ with

respect to the excitation beam and the sample was positioned normal to the excitation axis. For all

measurements, the slit widths (1 nm) and integration times (1.5 s) were held constant. Furthermore,

all spectra reported in this chapter were corrected for the known wavelength dependence of the

detector and the monochromator response.

We note that most prior experiments exploring the nature of intermolecular coupling have
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exploited fixed crystalline axes between the chromophores, thereby allowing identification of

Davydov splitting through polarization-sensitive spectroscopies.75 For our di-PDI with its internal

dihedral degree of freedom and amorphous solid structure, it is necessary to employ alternative

techniques. Thus we took advantage of femtosecond pump-probe spectroscopy in an attempt to

independently characterize the distribution of dihedral angles and the nature of the underlying

independent electronic transitions. Femtosecond transient absorption was probed in the wavelength

range of 450–750 nm to a maximum of roughly 2.5 ns for both the mono-PDI and ∼1×10–5

M di-PDI in solutions and thin films. The power dependence was studied, and for excitation

densities <400 µJ cm−2, the signals from the solution samples remained linear and the dynamics

intensity-independent. In films, however, the measured spectral dynamics became nonlinear above

200 µJ cm−2 and therefore excitation densities were kept below this threshold. No concentration

dependence to the solution signals was observed over the range yielding 0.2 to 0.6 OD at λmax.

Spectra were chirp-corrected and analyzed assuming a Gaussian instrument response of roughly

80–100 fs. Excitation wavelengths were selected to access either the lowest excited state (540–580

nm) or to promote the molecule directly to a higher-lying excited state (400 nm). Data was acquired

using an Ultrafast Systems Helios spectrometer with 4 seconds of averaging per spectrum. More

details of this laser system may be found elsewhere.14

We further characterized the excited-state dynamics of our chromophores by measuring the

time-resolved fluorescence spectra using optical Kerr-gating spectroscopy. Briefly, the Kerr-gating

measurement exploits the transient birefringence induced by a strong non-resonant femtosecond

pulse in a “Kerr medium” situated between two orthogonal polarizers with a high extinction

coefficient (ideally >1:10,000).202 One short laser pulse is used to excite the fluorescent sample.

The fluorescence is directed through the two polarizers and Kerr medium. The second pulse is

then applied to the Kerr medium after an appropriate optical delay. The polarization of the sample

fluorescence is rotated only when spatio-temporally coincident with the transient birefringence in

the Kerr medium: the action of the second pulse thereby allows a small fraction of the fluorescence

through the second polarizer while the “Kerr gate” is open. We chose liquid CS2 as our Kerr

medium, and this choice, along with the collecting optics used in our detection scheme, afforded a

time resolution of roughly 2 ps.
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4.4 Results and Discussion

The main goal of this chapter is to investigate the effect of having a covalent linkage on the

spectroscopy and conformation of di-PDI. It is well known that the choice of the β-β linkage

prevents PDI dimer-dimer aggregation, which is desirable for many applications. Di-PDI molecules,

however, may occupy a variety of relative positions along the degree of freedom represented by

rotation φ around the covalent linkage, and it is not immediately obvious which configurations, or

how many, will be dominant. We expect the coupling between chromophores, both through-space

and through-bond, to depend strongly on φ; thus a secondary goal of this work is to understand the

origin of the coupling mechanisms in di-PDIs and how they change with φ.

4.4.1 Di-PDI Spectroscopy Consists of Two Absorbing and Emitting Species

Figure 4.2 shows the solution and film absorption spectra of our chosen di-PDI molecule. The

absorption is quite intense and takes place broadly across the visible, which is a hallmark feature for

its selection in organic photovoltaics. The vibronic features and general spectral profile of the di-PDI

absorption are far broader than that of the corresponding isolated monomer; see the Supporting

Information (SI) in Appendix C. Others have phenomenologically labeled this broadening of the

di-PDI spectrum as H-like due to the overall red-shift and lower corresponding emission quantum

yield compared to the monomer.85, 184 As discussed in conjunction with Equation (C.7) of the

Appendix C, however, when we attempted to fit the di-PDI absorption profile based on the idea that

its spectrum could be described as that of two weakly coupled monomer PDI monomers, we found

that the fits were not robust.

We also performed a series of fluorescence excitation/emission experiments on low-

concentration (to avoid self-absorption and any potential aggregation) di-PDI solutions at room

temperature, with the raw two-dimensional data shown in the SI. Figure 4.3 summarizes the results

of deconvoluting this data, demonstrating that there are two clearly separable excitation (solid

curves) and emission (dashed curves) bands. We ensured that these spectral components did not

change their shape or relative intensities through subsequent rounds of purification; indeed, the

di-PDI of interest is present in our samples with high purity (see the SI). Thus, these two absorption
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Figure 4.2: Steady-state absorption of purified 2.13×10–6 M di-PDI in chloroform, bromoform, 1-
butanol, and as a 55-nm-thick spin-cast film (the film absorption has been arbitrarily scaled for ease
of comparison). Overall, the spectra are quite similar across solvents except for some fine differences
in peak ratios, peak broadness and some slight solvatochromic shifts. The maximum extinction coeffi-
cient in chloroform solution is roughly 70,000 M-1cm-1 at 535 nm, and when integrated, the oscillator
strength is nearly twice that of the monomer.

and emission features are intrinsic to the di-PDI molecule

Figure 4.3(a)-(c) show that in all the solutions we studied, di-PDI has a broad, red-shifted

emission band with a correspondingly broad excitation spectrum (blue curves), as well as a second

distinct feature that is only slightly red-shifted and has narrower absorption and emission, both

with pronounced vibronic structure (orange curves). The presence of two distinct absorption and

emission components were unexpected, and are further analyzed below. We note that previous

experiments on this same di-PDI showed similar emission features, but offered no explanation

or assignment.85 We reconstructed the absorption profiles by taking the independent emission

components in linear combination and fitting the total emission profile with a weighted sum of the

two emission components at each excitation wavelength. The weightings thus map out an effective

absorption spectrum at the resolution of our excitation-emission spectroscopy excitation step size,

which was 10 nm; details of the entire reconstruction procedure are given in the SI. The fits show

that the relative amounts of each underlying component are not equal: the broad absorption/emission

component is clearly dominant, capturing the vast majority (>90%) of the overall room-temperature

absorption and emission profiles.

The two di-PDI emission profiles in Figure 4.3 are normalized, but they have very different
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Figure 4.3: Normalized room-temperature emission spectra (dashed curves) and reconstructed ab-
sorption spectra (solid curves) of di-PDI in (a) chloroform, (b) bromoform, (c) 1-butanol, and (d) a
pure film; the full 2-D excitation/emission spectra from which these data were constructed are given
in the SI. The red-shifted, broad featureless emission (blue dashed curves) is the major emission con-
tributor while the narrower, blue-shifted component with vibronic character has a much smaller con-
tribution (orange dashed curves). The jagged character seen in the reconstructed absorption spectra
results from the fact that the raw excitation-emission spectra were taken with 10-nm steps for excita-
tion.

fluorescence quantum yields. We were able to determine the quantum yield for the broad feature,

which can be excited cleanly to the red of 550 nm, by comparison with a fluorescein standard in

slightly basic ethanol. Then using the known yield for the broad feature, we were also able to

extract the relative emission yield of the narrow feature. The yields for the two di-PDI emission

components in each of the solvents we studied in Figure 4.3 are given in Table 4.1. The general

trend is that the narrow, blue-shifted feature has a quantum yield that is a factor of 2 to 3 higher than

that of the broad, red-shifted feature; neither feature has a quantum yield that approaches that of the

PDI monomer, which is essentially unity.203–205 The quantum yield values we find in chloroform

for the broad feature are reasonably similar to those found previously in toluene by Horinouchi et

al.85 We also note that when di-PDI is spin-cast into a thin film (Figure 4.3(d)), no narrow emission

is observed; the absence of the narrow feature will be discussed below.

Although the origin of the narrow and broad spectral components remains to be understood, it is

tempting to borrow the language from the intermolecular aggregation and phenomenologically label

the broad red-shifted component as “H-like” and the more narrow blue-shifted feature as “J-like”.71
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Table 4.1: Quantum and Relative Yields for Broad & Narrow Emission Features

Solvent ε η (mPa s) Φbroad Φnarrow

CHCl3 4.8 0.5 0.15 ± 0.1 0.47 ± 0.3

CHBr3 4.3 1.9 0.23 ± 0.15 0.21 ± 0.14

1-BuOH 17.8 2.6 0.05 ± 0.03 0.49 ± 0.4

We will argue below, however, that the intramolecular coupling in this molecule is such that these

labels do not really apply. Instead, we will posit that the two components result from two distinct

molecular conformations: an “open” conformation with the two monomer sub-units oriented at near

right-angles, leading to the broad emission, and a “closed” conformation in which the two monomer

sub-units are strongly π-stacked.

4.4.2 Temperature-Dependence and Population Ratios of the Narrow and Broad Emitting

Species

With the above experiments pointing to the possibility of two independent spectroscopic species

for the di-PDI molecule, we turn now to decoupling their relative absorption cross-sections and

population ratios. In particular, in this Section we ask what role temperature plays in the existence

of these two species and any interconversion process that might connect them. Thus, we conducted

fluorescence experiments as a function of temperature in 2-methyl-tetrahydrofuran (2-Me-THF)

and 1,2-dichlorobenzene, the results of which are shown in Figure 4.4. Panel (a) shows normalized

emission spectra, which indicate that thermal motions play an important role as far as the breadth

of the emission is concerned: at liquid N2 temperatures (black curve), we see a complete removal

of the narrow, blue-shifted emission band. Moreover, the FWHM of the broad di-PDI emission

component that remains loses 30 meV of broadening relative to that at room temperature emission

(red curve). This strong temperature-dependence to the inhomogeneous broadening may play a

significant role in temperature-dependent carrier mobility of di-PDI films, where the barrier for

charge transport by hopping is dependent on the distribution of thermally populated states. The

narrowing of the broad emission feature and loss of the blue-shifted emission band are entirely

reversible when the sample recovers to room temperature. This observation thus indicates that the

67



broad and narrow features thermally interconvert, and that the narrow feature has a higher-energy

ground state than that of the broad component, consistent with the idea that they could be two

conformations of the same molecule.

Figure 4.4(b) shows the relative intensities of the broad di-PDI emission in 2-Me-THF at 150 K

and 77 K: the emission quantum yield increases by a factor of six at the lower temperature. If we

assume that this factor of six increase brings the quantum yield of the broad emission band to near

unity, then this puts an upper limit on the room-temperature quantum yield of 1.0/6 = 0.17. This

upper limit estimate is in excellent quantitative agreement with the measured room-temperature

quantum yield of the broad emission between 0.1–0.2 in Table 4.1. All of these observations

provide clear evidence that large-scale thermal motions of the di-PDI molecule, likely involving φ,

are critical for nonradiative coupling between the ground and excited states.

Next, we turn to calculating the relative population ratios of the two di-PDI emitting species and

the relative energy gap between the ground states of the broad and narrow spectral features. At 77 K

there is simply too little of the narrow spectral feature to reliably measure. Thus, we turn to higher

temperatures in order to obtain a quantitative population ratio of the broad and narrow spectral

components. We achieved this by studying di-PDI in 1,2-dichlorobenzene (ODCB) at both 295 K

and 373 K, as shown in Figure 4.4(c). Indeed, consistent with the cryogenic experiments discussed

above, we see that as the temperature is raised there is an increase in the population leading to

the narrow emission feature relative to that of the broad feature. Based on the measured relative

emission intensities and assuming Boltzmann statistics, we calculate that the energy gap between

the conformations responsible for the broad and narrow emissions is ∼71 meV, or just under 3 kBT

at room temperature. This is in good agreement with results of our TD-DFT calculations, discussed

below, and is also consistent with the cryogenic experiments, where we would predict that the

population of the narrow-emitting feature to be negligibly small at 77 K.

We note that the relative energies/populations of the two di-PDI emitting species may be solvent

dependent. For example, we see less of the narrow feature in chloroform (one of the most widely

used solvents for PDIs) than we do in bromoform (Figure 4.3) or ODCB. Unfortunately, due to

chloroform’s low boiling point, we cannot heat the solution to determine the relative stabilities of

the two emitting species as we did with ODCB. As discussed in the SI, we estimated the energy
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Figure 4.4: (a) Normalized emission of di-PDI in 2-Me-THF collected at 77 K (black squares) and
room temperature (red circles). (b) Absolute emission intensity of di-PDI in 2-Me-THF collected at
77 K (black squares) and 150 K (blue circles). At 77 K the emission both narrows and increases by a
factor of six in intensity. (c) Absolute fluorescence intensity of di-PDI in 1,2-dichlorobenzene at 295
K (blue) and at 373 K (orange). Based on Boltzmann statistics, the change in relative intensity or the
narrow emission between 295 K and 373 K results in an energy gap of ∼71 meV or just under 3 kBT
at room temperature.
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difference for the narrow and broad emitting species in chloroform as ∼5 kBT at room temperature

based on an argument of conserved oscillator strengths. The fact that the narrow-emitting species is

apparently correspondingly less stable in chloroform may help to explain why it has gone unnoticed

until now.

Finally, we note that for di-PDI cast into thin films (Figure 4.3(d)), no narrow emission is ob-

served. This is consistent with the idea that excitation of the species that yields the narrow emission

feature has a higher-lying LUMO, so that energy transfer can take place to the larger population of

neighboring di-PDI molecules that have configurations that produce the broad emission.

4.4.3 TD-DFT Reveals the Broad and Narrow Emitting Di-PDI Features to be “Closed” and

“Open” Molecular Conformers

To gain additional insight into the assignment of the narrow and broad emission components,

we investigated the ground and electronic excited-state structure of di-PDI via TD-DFT using

the methodology described above and in the SI. Figure 4.5(a) shows the calculated ground-state

potential energy surface of di-PDI along the φ coordinate in vacuum (blue squares) and in a

PCM dielectric of 4.81, chosen to approximate the solution environment of chloroform (green

circles). It is worth noting that our definition of the φ coordinate is inverted with respect to that of

previous studies.79, 85, 184 The results in Figure 4.5(a) show clearly that there are two distinct energy

minima for di-PDI, in accordance with the two observed distinct spectroscopic species observed

experimentally. Based on their molecular geometries, shown in Figure 4.5(b), we will refer to

these two energetic minima as “closed” (for φ = 50◦) and “open” (for φ = 110◦). We also note that

previous studies have not observed the global minimum for the closed conformer that we see at

50◦ (or 130◦ using the definition of previous studies);79, 83, 184, 196–199 we believe that this is the

result of the fact that previous studies did not employ dispersion correction, which is necessary for

describing the π-stacking interactions present between the two molecular sub-units when φ < 90◦.

With the DFT ground-state potential energy surface in hand, we now assign the broad di-PDI

emission feature as arising from molecules that have the “closed” geometry. These molecules

should predominate in terms of population, have larger coupling between the sub-units due to
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Figure 4.5: (a) Ground-state potential energy surface of di-PDI computed at the PBE0+D3/6-31++G*
level of theory in vacuum (blue squares) and in a polarizable continuum with dielectric constant of 4.81
(green circles) along the φ coordinate (see Figure 4.1); the zero of energy was chosen to be the global
minimum and the energy scale is in kBT at room temperature. In addition to the global minimum
found at 50◦, there is a clear local minimum at 110◦. The “closed” structure at 50◦ has strong π-
stacking interactions between the two monomer sub-units, as shown at left in panel (b). The more
“open” structure with the 110◦ conformation has the two sub-units lying nearly at right angles, as
shown at right in panel (b). When entropy effects (calculated from frequency analysis) are included,
the relative stability of the open geometry is increased, as indicated by the dashed black curve in (a).
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stronger π-interactions (more ‘H-like’), and given the breadth of the potential surface in φ, also show

significant inhomogeneous broadening. Conversely, we assign the narrow emission feature to di-PDI

molecules with the “open” geometry, which have a smaller population, less coupling between sub-

units (more ‘J-like’ or monomer-like) and less inhomogeneous broadening. Indeed, the calculated

energy difference between the di-PDI “open” and “closed” geometries is ∼6 kBT in vacuum and

∼5 kBT in chloroform when entropy effects from frequency analysis are included. These theoretical

estimates match well with the population differences we measured via the temperature-dependent

fluorescence experiments, described above.

Figure 4.6(a) shows the TD-DFT-calculated energy gaps between the ground state and the first

four excited states of di-PDI as a function of φ. Panel (b) of this figure shows the ground and first

several excited states at the “closed” and “open” geometries; the thickness of the vertical lines

represent the oscillator strengths of the transitions between the different states. Clearly, there are

many states with transitions contributing to the visible absorption spectrum of the di-PDI molecule,

rather than the two states that would be expected from modest coupling between isolated monomer

sub-units. The dashed curves in panel (a) show the magnitude and sign of what would be expected

from Coulombic coupling between independent PDI monomers (with optimized dimer atomic

positions and atom-centered monomeric Mulliken transition charges; see the SI for details). As

expected, simple Coulombic coupling changes sign at 90◦ (the expected switch from H-like to J-like

aggregation), and although this somewhat mimics the behavior of the higher-energy transitions, the

idea of simple coupling clearly does not work for the di-PDI molecule. Instead, some other form(s)

of coupling are more dominant, and/or the molecule cannot be considered as two weakly-coupled

monomer sub-units due to the conjugated bay-linked bridge that connects them. Indeed, because of

the bridge, the two monomer sub-units are actually radicals rather than closed-shell PDI monomers,

and it is the mixing of these states with radical character that we believe leads to the complexity

observed in the electronic structure of di-PDI; see Figure C.11 and the accompanying discussion

in the SI. All of this explains why it is not possible to fit the absorption spectrum of di-PDI with

simple coupling theories based on the monomer PDI spectrum, as mentioned above.

Despite the fact that the electronic structure of di-PDI cannot be explained by simple Davydov

splitting, Figure 4.6 shows that of the lowest four excitations, the upper two transitions carry most
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Figure 4.6: (a) Calculated TD-DFT photoexcitation energies for the first (teal circles), second (red
squares), third (green inverted triangles), and fourth (blue upright triangles) excited states of di-PDI
as a function of φ. The black dashed curves are the estimated Coulombic couplings for two indepen-
dent monomers calculated from transition point charges. (b) TD-DFT-based energy level diagram for
the two di-PDI ground-state minima including the first 5 excited states; the widths and color satura-
tion of the vertical lines correspond to the oscillator strengths for transitions to each excited state from
the ground state. The full φ dependence of the oscillator strengths to each of the lowest excited states
is available in the SI.
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of the oscillator strength for the “closed” configuration, while the lower states play a similar role for

the “open” geometry. Thus, considered collectively, we see that the “closed” state is still roughly

H-like in character, while the “open” geometry can be loosely considered to be J-like. This rough

observation is consistent with all of the experiments described above: the “closed” geometry has

redder absorption and emission spectra, a weak emission quantum yield, and a greater degree of

inhomogeneous broadening, and the “open” geometry has higher oscillator strength to the lowest

excited state and thus should exhibit higher fluorescent quantum yields as well as blue-shifted

absorption and emission spectra.

4.4.4 Femtosecond Spectroscopy as a Tool to Understand Di-PDI Spectra and Dynamics

With the basic picture of the di-PDI molecule existing in two distinct conformations with different

spectral properties strongly supported by both steady-state spectroscopy and TD-DFT calculations,

we turn next to femtosecond spectroscopy to understand the conformational dynamics of this

molecule. If our picture is correct, then it should be possible to spectrally isolate the “closed” and

“open” di-PDI conformers by selective excitation, allowing for independent characterization and the

observation of any differences in solvation dynamics or motion along the φ coordinate. We also

performed an identical set of ultrafast spectroscopy experiments on the PDI monomer, which are

detailed in the SI for comparison. The data shown in the main text were taken with the pump and

probe polarizations at the magic angle; polarization-dependent transient absorption is shown in the

SI.

4.4.4.1 Deconvolving the Absorption Spectra of the Two Di-PDI Conformers with Femtosec-

ond Transient Absorption

Figure 4.7 shows the results of transient absorption experiments performed with the best excitation

wavelengths for isolating the “closed” di-PDI geometry (580 nm, panel (a)) and the “open” di-PDI

geometry (400 nm, panel (b)). For both excitation wavelengths, the negative change in absorption

seen to the blue of ∼550 nm consists of a combination of ground-state bleach (GSB)/spectral

hole-burning and stimulated emission (SE). The positive ∆OD seen to the red of ∼650 nm is due
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excited-state absorption (ESA), and the region between 550 and 650 nm contains overlapping ESA

and SE signals. The fact that the shape of the GSB is different for the two excitation wavelengths

provides conformation that the steady-state di-PDI absorption spectrum is indeed an inhomogeneous

superposition of two different conformers, each of which can be separately excited. The fact that

the GSB spectral profiles do not appreciably change (other than in overall intensity) from 20 ps to 2

ns also strongly suggests that the two di-PDI conformers do not interchange during the excited-state

lifetime: excitation at neither wavelength ultimately leads to the bleaching of the entire steady-state

absorption spectrum. This observation is also consistent with the fact that we see separate emission

spectra for the two species, so that for all intents and purposes, di-PDI really is a superposition of

two effectively different molecules.

Given the total steady-state absorption spectrum, the reconstructed narrow absorption spectrum

of the “open” conformer from fluorescence excitation spectroscopy, and the GSB spectra from

both 580-nm and 400-nm transient absorption spectroscopy, we now have sufficient information

from each of these independent pieces of data to extract the underlying electronic transitions for

each di-PDI geometry. We used the standard Gaussian vibronic progression model (described

in Equation (C.1) and the accompanying discussion in Appendix C). The results of our global

fitting procedure are shown in Figure 4.8, where the data in all four panels (blue circles) were

simultaneously fit with the same underlying transitions having fixed amplitude ratios within the

“closed” and “open” geometries. Three separate transitions were required to fit the spectral profiles

at each geometry, leading to 6 total vibronic progressions. Panels (a) (the steady-state absorption)

and (d) (the GSB with 400-nm excitation) contain information about both di-PDI conformations,

while panels (b) (the GSB with 580-nm excitation) and (c) (the reconstructed absorption spectrum

leading to the narrow emission) contain information primarily about the individual “closed” and

“open” geometries, respectively. We constrained the fit to use a single vibronic spacing parameter

for each of the three electronic transitions belonging to the “open” and “closed” geometries. Clearly,

the results of the fit (solid black curves) are excellent.

When examining the individual electronic transitions comprising the global fit in Figure 4.8,

we see that the “closed” di-PDI geometry electronic transitions are all phenomenologically H-like

in their Huang-Rhys parameters (with less oscillator strength in the 0–0 transition), while the
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Figure 4.7: Time-resolved broadband transient absorption of di-PDI in chloroform with 580 nm
(upper) and 400 nm (lower) excitation. Spectra are shown in logarithmically-spaced time intervals
increasing from red to violet. The fact that the transient spectra at the two excitation wavelengths are
so different is the direct result of the fact that di-PDI consists of an inhomogeneous superposition of
two different conformers.
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Figure 4.8: Global fit (black curves) to data from independent spectroscopy experiments (blue cir-
cles) performed on di-PDI: (a) steady-state absorption spectrum, (b) ultrafast GSB following 580-nm
excitation, (c) reconstructed absorption profile leading to the narrow-band “open” emission, and (d)
ultrafast GSB following 400-nm excitation. In panels (b) and (d), the bleach data are multiplied by
−1 for ease of comparison to the absorption spectra, and the horizontal black line marks the zero
of transient absorption. The various colored curves show the Gaussian vibronic progressions used
to globally fit the data (see the SI for details). A Gaussian ESA component, required to fit the two
transient absorption GSB profiles, is shown as the negative red curve in panels (b) and (d).

narrow emission “open” di-PDI geometry transitions appear to have more monomer-like vibronic

progressions. This result is qualitatively consistent with the TD-DFT calculations discussed above.

It is worth noting that the best fit to the di-PDI absorption spectrum from Horinouchi et al. is

similar, but the additional information in our global fit here constrains the fit better over a wider

wavelength range. We also repeated the global fit for di-PDI in other solvents (as detailed in the

SI); the only major difference between solvents is in the relative oscillator strength of the highest

energy transition, shown in light blue in panel (c), which decreases with increasing solvent dielectric

constant.

4.4.4.2 Femtosecond Dynamics and Excited-State Lifetimes of the Di-PDI Conformers

Having established that di-PDI is in fact a mixture of “closed” and “open” conformers with cleanly

deconvolved spectral profiles, in this section we focus on the early-time dynamics of the molecule

following excitation. We began characterizing the observed dynamics by fitting the transient

spectroscopy to multi-exponential decays, with no kinetic model implied. The results of this time-
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domain fitting procedure (see the SI for details) for both 580-nm and 400-nm excitation are given

in Table 4.2, which makes clear that di-PDI dynamics take place on a variety of time scales. For

both conformers, we observe a small-amplitude fast (< 500 fs) component. The amplitude of this

component, which is likely due to inertial solvation dynamics, is small enough that it makes little

difference in any of the subsequent analysis.

Table 4.2 and Figure 4.7 also show that following excitation, di-PDI undergoes a larger-amplitude

≤ 12-ps (in CHCl3) spectral shift that is evident on both edges of the GSB and in the peak position

of the ESA. The observed timescale of this shift scales linearly with solvent viscosity, and thus it

makes sense to assign this time scale to large-amplitude torsional motion along the φ coordinate.

This diffusive motion along the internal rotation coordinate is, within error, indistinguishable

between the two excitation wavelengths: both “open” and “closed” geometries relax on a similar

time scale. This makes sense given that twisting of a monomeric PDI sub-unit needs to push roughly

the same amount of solvent out of the way no matter what the initial geometry.

To better understand these early-time dynamics along the φ coordinate, we also measured the

time-resolved fluorescence from di-PDI employing Kerr-gated detection, shown in Figure 4.9 for

580-nm (“closed”) excitation in chloroform. The time-resolved Stokes shift shows the same ∼12-ps

shift observed in transient absorption, and the overall fluorescence lifetime matches within error

that found by recovery of the GSB. Also of interest is the sharp emission feature near 590 nm

that exists for < 10 ps following excitation. We believe that this short-lived narrow feature results

from emission from the Franck-Condon region prior to equilibration along the φ coordinate. This

narrow feature is also manifest in the transient absorption data in Figure 4.7 as a stimulated emission

(negative) signal peaking near 575 nm for the first few ps.

The longest timescale reported in Table 4.2 is the excited-state lifetime of di-PDI, which is

on the order of 2-4 ns depending on solvent environment. The lifetimes of two conformers are

similar, although it appears that the “open” geometry may have a somewhat shorter lifetime than

that of the “closed” geometry (see the SI for a more detailed analysis). We also see that the total

lifetime for both conformers scales inversely with the solvent dielectric constant. Given that the

room temperature quantum yield is only 10–20%, this dielectric constant dependence suggests that

there may be some slight charge-transfer character to the coordinate that non-adiabatically couples
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the electronic excited and ground states of both conformers.

Table 4.2: Fitting parameters to the dynamics of the transient absorption spectroscopy on di-PDI
(Figure 4.7) at two excitation wavelengths (580 nm and 400 nm) and in several solvent environments
(see SI for relative amplitudes of exponential components). The results with 580-nm excitation in
chloroform agree within error to the measured Kerr-gated fluorescence spectroscopy in Figure 4.9.

Environment τ1(ns) τshift(ps) τfast(ps)

CHCl3, 580ex 3.9 ± 0.1 12 ± 2 0.3 ± 0.1

CHBr3, 580ex 3.3 ± 0.7 40 ± 10 0.35 ± 0.2

1-BuOH580ex 1.3 ± 0.4 60 ± 20 < 0.15

Film580ex 1.8 ± 0.6 60 ± 40 0.3 ± 0.1

CHCl3, 400ex 3.2 ± 0.4 13 ± 8 -

CHBr3, 400ex 2.8 ± 0.8 45 ± 20 -

1-BuOH400ex 1.5 ± 0.2 80 ± 30 < 0.2
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Figure 4.9: Time-resolved fluorescence from di-PDI in chloroform excited at 580 nm. The data were
collected via femtosecond Kerr-gating with carbon disulfide with an effective ∼2 ps time resolution.

Finally, we also attempted a detailed study of di-PDI orientational dynamics by performing

femtosecond pump-probe polarized anisotropy experiments for the “open” and “closed ” geometries;

the results are shown in Figure C.12 in the SI, and the measured anisotropy decay times are presented

in Table 4.3. Unfortunately, di-PDI shows very little anisotropy, even at the earliest times (∼100

fs). This is a direct result of the fact that both di-PDI conformers have multiple overlapping

electronic states, which our TD-DFT calculations suggest are orthogonally polarized (see the SI for
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details). Thus, despite our best attempts, little information could be extracted from our time-resolved

anisotropy data besides the rotational diffusion times shown in Table 4.3.

Table 4.3: Rotational diffusion time of di-PDI in different solution measured via the decay of transient
polarization anisotropy. For reference, the PDI monomer in chloroform exhibits a rotational diffusion
time of ∼200 ps.

Environment τr,580(ns) τr,400(ns)

CHCl3 0.5 ± 0.2 0.35 ± 0.3

CHBr3 2.0 ± 0.5 2.1 ± 0.4

1-BuOH 2.2 ± 0.6 2.2 ± 0.7

4.4.5 Photophysical Picture of Di-PDI as Two Molecules in One

Overall, our results from steady-state spectroscopy, TD-DFT calculations, transient absorption

and Kerr-gated fluorescence measurements allow us to propose a complete photophysical picture

for di-PDI in solution. Clearly the molecule exists in two conformations along the dihedral φ

coordinate. The global minimum “closed” geometry is energetically preferred and accounts for

over 90% of di-PDI molecules in solution at room temperature. This conformer is somewhat H-like

in its electronic character, with a broad and highly Stokes shifted emission and an excited-state

lifetime of 3.9 ns. The “open” geometry is somewhat harder to characterize given that it comprises

< 10% of the di-PDI population at room temperature, but it has more J-like character with narrower

absorption and emission with little Stokes shift, as well as a somewhat shorter excited-state lifetime.

Following excitation, we see that the GSB, ESA and luminescence undergo spectral shifts on a

viscosity-dependent time scale, which takes ∼12 ps in chloroform. This single time scale appears

to describe equilibration on both the ground and excited-state surfaces for both di-PDI conformers,

making it natural to assign this to motion along the important large-amplitude di-PDI degree of

freedom: φ. Our TD-DFT calculations indicate that the relaxed excited-state geometries are farther

from the barrier than the ground-state geometry, especially for the “closed” conformer, as seen in

Figure 4.6. Thus, excitation leads to excited-state twisting along φ, and spectral hole-burning along

φ shows a similar recovery time scale on the ground state.

With our combination of different spectroscopies and quantum chemistry calculations, we see
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Figure 4.10: Schematic showing dynamics following photoexcitation of di-PDI. Following excitation
and a fast (< 300 fs) relaxation to the lowest excited state, both the “open” and “closed” conformers
undergo a∼12-ps (viscosity-dependent) relaxation on their ground and electronic excited states. After
the dynamics along φ are complete, the two conformers recover to their ground states on a similar ns
time scale.

that each of the two di-PDI conformations has three (or potentially more) underlying electronic

transitions spanning the visible, and that the two conformers are spectrally distinct, behaving as

distinct molecules that do not interconvert on the time scale of their excited-state lifetimes. Moreover,

while these two conformers show some phenomenological similarities to the typical manifestations

of H and J intermolecular aggregates, their intramolecular coupling cannot be neglected, requiring a

more detailed molecular orbital picture to understand their electronic structure, such as that shown

in Figure C.11 of the SI.

4.5 Conclusions

In summary, we have investigated the properties of β-β-S-di-PDI using a host of steady-state and

time-resolved spectroscopies, and have found that there are two distinct conformations of di-PDI at

room temperature. The dominant of these conformers has strong π-stacking interactions and is more

planar, leading to stronger through-space and through-bond intramolecular coupling, manifesting as

inhomogeneous broadening with phenomenological H-like spectral properties. The other conformer,

previously thought to be dominant from quantum chemistry methods that did not include dispersion,

has less intramolecular coupling and appears to have more a more monomer-like spectrum. Despite
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the H-like and J-like labels, however, there are multiple electronic transitions for each conformer

that result from direct coupling through the bridging bond, so that simple aggregation language is

not appropriate for describing either form of this molecule.

Our temperature-dependent studies, along with the TD-DFT calculations, allowed us to de-

termine that there is an energy difference of 71 meV, or ≤3 kBT at room temperature, between

the two di-PDI ground-state conformers; indeed, we can ‘freeze out’ the higher-energy “open”

conformation by cooling the di-PDI solution to 77 K. The combination of our steady-state and

time-resolved spectroscopies allowed us to perform a global fit of the spectra of the two conformers

and deconvolve their multiple underlying electronic transitions.

The presence of two conformers has important implications for the use of this class of molecules

in optoelectronic devices. The presence of a second conformer in low concentration could act as

an exciton or electron trap, possibly diminishing the performance of solar cells or other devices

incorporating di-PDIs. On the other hand, if one could engineer the relative distribution of the two

conformers, it might be possible to increase light absorption or emission for photovoltaic or OLED

applications. Overall, the most important conclusion is that di-PDIs are really two molecules in one,

and that di-PDIs need to be treated accordingly if they are to be exploited in working devices.

Supplementary Material

See supplementary material in Appendix C for further details of TDDFT simulations, raw experi-

mental data, and additional details about the steady-state and time-resolved fitting procedures and

outcomes.
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APPENDIX A

Supplementary Information for Chapter 2

A.1 Multi-Temperature Global Least-Squares Fit

A.1.1 Data Preparation and Fit Implementation

In implementing Barbara’s kinetic model for fitting the observed photoexcited hydrated electron

transient absorption relaxation dynamics,60 we found that several problems which hindered a statis-

tically relevant result—most notably the correlation between parameters. Most of our assumptions

and modifications to the original model were implemented in order to reduce parameters correlation

and obtain a more narrow global minimum in error space. To the best of our knowledge, we

have achieved this without any preferential treatment for the adiabatic or nonadiabatic mechanism,

despite recent strong evidence for the nonadiabatic model.5–7 Implementation of the fit was non-

trivial, particularly when moving to a large dataset involving tens of thousands of points in face of

the complications offered by two nested convolution integrals, neither of which has an analytical

solution.

The data were prepared by first subtracting off the nonlinear coherence artifacts near t = 0 from

equivalent experiments performed on pure water (i.e., without the ferrous cyanide solute used to

generate the electron by photodetachment). Due to low pump intensities, the coherence artifacts

were quite small except for what appeared to be a Raman peak in our probe window that subtracted

off all the data quite cleanly. Because time resolution was of utmost importance, t0 was calculated

by an arbitrary multi-exponential fit of early time dynamics for every kinetic trace, convoluted with

the known instrument response of 75-85 femtoseconds depending on the dataset. These individually

obtained t0 points at each wavelength provided chirp correction with an error below 5 fs at each

wavelength. Each of the three temperatures (273 K, 293 K, 318 K) were normalized by intensity
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to ignore any inherent weightings due to amplitude variations during the subsequent least-squares

fitting. We did not investigate further, but the transient absorption amplitudes appeared larger at

higher temperatures. In all likelihood this arises from the fixed pump wavelength and the fact that

the ground-state absorption red-shifts at higher temperatures, so that we are effectively pumping

closer to the maximum absorption at higher temperatures. A separate representation of the data

can be found in Fig. A.1 for room temperature, along with the contour plot shown in Chapter 2 for

comparison.

To fit the model to the data, the unconvoluted dynamics of the stimulated emission (SE) and

ground-state bleach (GSB) were described as the product of their kinetic functions (described in

Chapter 2) with a Dirac delta function at t = 0. Also as described in Chapter 2, we neglected

excited-state absorption, which is a reasonable assumption given our choice to probe only to the

blue of 720 nm. The hot ground state (HGS) is somewhat more complicated due to the fact that its

appearance is dictated by the decay of the p-state, necessitating the first convolution integral. The

integral was solved numerically with 10 fs time-steps and its calculated values temporarily stored

for any given set of input variables. This numerical HGS was then summed with the SE and GSB

contributions evaluated on the grid. This 10 fs time-step was sufficient to produce a third-order

interpolation at each wavelength, producing errors between time steps that were much smaller than

the experimental noise. The kinetics produced by this procedure were calculated for several hundred

fs beyond the boundaries of the data in order to avoid any divergences. The temporarily-stored

calculations of the HGS were valuable in speeding up the fits, as the minimization algorithm would

routinely use the same choice of HGS inputs more than once—avoiding repeated calculations and

saving significant computational time.

The second convolution arises from the need to convolve the above model with the Gaussian

instrument response. Because the above model is a matrix of simulated data assuming an infinitesi-

mal instrument response (frequency, time, intensity), the Gaussian was also converted to an array

that could then be convolved through Fourier or other numerical methods. The resulting surfaces (at

different temperatures) produced by this procedure and the sets of data were fed into a least squares

minimization procedure. This final model was then interpolated in order to calculate the sum of

least-squares residuals between it and all data points.
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Figure A.1: (Upper) Transient absorption of the photoexcited hydrated electron at room temperature
in the visible region of the spectrum. At the earliest times indicated with blue and purple color is
a clear excess bleach beyond the equilibrium absorption spectrum that we model with a Gaussian
stimulated emission component. (Lower) A topographical plot of the same data, which shows more
clearly the spectral shift that begins to take place near 200 fs. Using this data alone, this shift could be
due either to a rapidly-produced hot ground state shifting back into place (non-adiabatic picture) or
to a long-lived excited-state absorption shifting into the visible (adiabatic picture). The combination
of fitting the full multi-temperature dataset, present simulation results11 and recent time-resolved
photoelectron experiments, make clear that this shift is from the hot ground state and that the p-state
lifetime is significantly less than 200 fs.
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Because our three experimental temperatures could be fit simultaneously, we found it prudent

to introduce several simplifying assumptions to parameters, as mentioned in Chapter 2. The first

parameters we simplified were those related to the SE component. The SE appeared in the data to

be at a similar energy relative to the ground-state absorption maximum at each temperature and to

have similar spectral width at each temperature. Thus, in our model, we choose the same parameter

for the width for the Gaussian SE component at all temperatures and a single parameter for the

shift of the Gaussian center relative to the spectral absorption maximum at a given temperature.

The effective temperature of the HGS, ∆T , was also fairly consistent across individual fits of the

TA data at each temperature, but because there is relatively little direct information on where the

HGS initially appears, the effective errors of this parameter were large and could vary nearly freely

with a concomitant change in τ1, causing one of the major correlation problems. In an attempt to

remedy this, the ∆T at all temperatures was assumed to be constant. This is also fairly consistent

with simulations,11 and relaxing this assumption did not affect our conclusions about the change

in lifetime with temperature. Lastly, we found from individual fits of each TA dataset, and from

both our cavity and non-cavity simulations, that the τ2 HGS cooling time has a relatively modest

T dependence. Therefore we introduced several different limitations on τ2, either holding it fixed

across all T or forcing a weak T-dependence of 1/T . We found that the choice of τ2 varying

inversely with T resulted in slightly lower error and this is what was selected for the best fit values

reported in Chapter 2.

Despite all of the above assumptions, the fits could still appeared inconsistent or have a very

shallow global minimum. We found that this was because the fitted relaxation times could be

significantly altered by the choice of how much long-time data to include. The unfortunate reality is

that the model to which we are fitting is imperfect, but we luckily had many previous experimental

results which clearly established the three unique timescales5–7, 62–65 even if their assignments were

unclear: ≤100 fs, 200–500 fs, and≥1 ps. With these in hand, we though it prudent that each of these

timescales should be roughly equally represented in the least-squares fitting procedure. A simple

weighting function was constructed that provided a smooth transition from stronger weighting of

the fewer early-time points to a lower weighting of later-time points while also factoring in any

changes in data acquisition frequency over these regimes. Our weighting function was chosen to
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vary exponentially, a natural choice due to our assumption of an exponential decay of the p-like

excited state; subtle changes in the shape of the weighting function had virtually no effect on the

results. The rate at which this weighting exponential decayed was chosen to be ∼100 fs, similar to

the lifetime predicted by time-resolved photoelectron spectroscopy experiments. Because we also

simplified the fitting process by ignoring the later time and lower amplitude data, the weighting

function forces equal weighting between at the short times (0–100 fs) and intermediate times

(100–1000 fs): ∫ t1

0
e
−t
τ + x dt =

∫ t2

t1
e
−t
τ + x dt, (A.1)

where x is solved for after t1 and t2 were chosen as indicated above. The exponential weighting

function (the integrand) then provides numerical values of the weights for each data point as a

function of time during the least squares fitting procedure.

A.1.2 Supporting Results from the Global Fit

All of these simplifications described above led to the final fit results presented in Chapter 2; here

we discuss the residuals and parameter correlations in more detail.

Table A.1: Multi-Temperature Global Fit Correlation Matrix

τ1273 AHGS273 ASE273 τ1293 AHGS293 ASE293 τ1318 AHGS318 ASE318 τ2 ∆T µSE σSE

τ1273 1 .38 0.18 0.54 0.22 0.23 0.61 0.05 0.29 0.61 -0.69 -0.2 -0.2

AHGS273 -0.38 1. 0.35 -0.1 0.44 0.15 0.08 0.27 0.13 0.16 -0.23 -0.19 -0.29

ASE273 0.18 0.35 1. -0.07 0.57 0.94 0.09 0.47 0.92 0.2 -0.32 -0.95 -0.92

τ1293 1 293 -0.07 1. -0.29 -0.06 0.68 -0.23 0.04 0.61 -0.64 0.12 0.17

AHGS293 0.22 0.44 0.57 -0.29 1. 0.56 0.19 0.56 0.51 0.33 -0.48 -0.6 -0.74

ASE293 0.23 0.15 0.94 -0.06 0.56 1. 0.09 0.46 0.97 0.2 -0.32 -0.99 -0.95

τ1318 0.61 0.08 0.09 0.68 0.19 0.09 1. -0.39 0.15 0.73 -0.81 -0.05 -0.07

AHGS318 0.05 0.27 0.47 -0.23 0.56 0.46 -0.39 1. 0.49 0.09 -0.18 -0.51 -0.58

ASE318 0.29 0.13 0.92 0.04 0.51 0.97 0.15 0.49 1. 0.24 -0.38 -0.96 -0.91

τ2 0.61 0.16 0.2 0.61 0.33 0.2 0.73 0.09 0.24 1. -0.93 -0.18 -0.21

∆T -0.69 -0.23 -0.32 -0.64 -0.48 -0.32 -0.81 -0.18 -0.38 -0.93 1. 0.3 0.35

µSE -0.2 -0.19 -0.95 0.12 -0.6 -0.99 -0.05 -0.51 -0.96 -0.18 0.3 1. 0.98

σSE -0.2 -0.29 -0.92 0.17 -0.74 -0.95 -0.07 -0.58 -0.91 -0.21 0.35 0.98 1.

Table A.1 shows that the correlations between the lifetimes and most other parameters in our

kinetic model are quite reasonable. The highest correlations (≥0.9) are from parameters that should
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Figure A.2: Plots of the residuals, presented as the percent difference between the full temperature
dependent model and the TA data. Note that even with many of the simplifying assumptions detailed
in the previous section, the maximum errors are still on the order of only 1%. Although there are
some minor patterns in the residuals of each dataset, on aggregate they are not similar and are as
much related to noise in the data as to inadequacies of the model.
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be correlated, such as the amplitudes at each temperature or lifetimes with other lifetimes. But the

correlations between lifetimes and other parameters within a given temperature are significantly

lower than when fitting data from a single temperature with Barbara’s original model.

Although the figure showing the excess bleach in Chapter 2 depends on few assumptions, any

attempt to further isolate the SE component ultimately depends on how well the HGS and GSB can

be subtracted. Our attempts to isolate this component, shown in Fig. A.3, involved subtracting off

the components of the HGS and GSB as they appear in the global best-fit. At early times (<100

fs) this yielded results in close agreement with the excess bleach seen in Fig. 4(a) in Chapter 2. At

later times, the subtraction is imperfect and relies heavily upon the assumption that the HGS fit is

correct in both assignment and shape. We felt that this analysis was too model-dependent to appear

in Chapter 2, as it essentially becomes a noisy reproduction of the best fit SE Gaussian in the kinetic

model. Nevertheless, this isolated SE is in close agreement with the non-cavity simulations.11 Thus,

here we make a brief effort to more directly compare this quasi-isolated SE with the simulation

results and the predictions made from the crude fluorescence model mentioned in Chapter 2 (and

discussed further below). In Fig. A.3, we note that we have included wavelengths to the red of

720 nm, even though much of the data at these wavelengths is artifactual. Our choice to show

these wavelengths here is because artifacts aside, there data appear to show a red-shift that could

be reflective of the dynamic Stokes shift that occurs while the electron occupies its p-like excited

state. We did not attempt to include this in our model, however, as it would have required enough

additional parameters and assumptions as to render any fits physically meaningless.
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Figure A.3: Isolated stimulated emission component from the early-time transient absorption data of
the photoexcited hydrated electron at three different temperatures. Note that the y-axis is in units of
fractional maximum bleach of each delay (i.e., the fraction of the total bleach constituted by SE). The
best signal to noise was obtained for the room temperature (293 K) data, where it appears there is a
small spectral redshift in addition to the overall decay. The SE contribution at 318 K is significantly
reduced at lower temperatures and we attribute this to the faster p-state relaxation time, causing poor
overlap with our 75-fs instrument response.
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A.2 Comparing Spontaneous and Stimulated Emission

We developed a simple model, mentioned in Chapter 2, to compare spontaneous (steady-state

fluorescence) and stimulated emission spectra for the photoexcited hydrated electron. We take the

steady-state fluorescence of the hydrated electron from the work of Tauber and Mathies. In our

model, we assume the emission to have a Gaussian profile, whose center wavelength undergoes a

time-dependent Stokes shift with dynamics comprised of a fast Gaussian and a slower exponential

component. The emission intensity as a function of time will be determined by the relaxation profile

of the electron’s p-like excited state, assumed here to be exponential with lifetime τ1:

ODSE(t) = εSE e−(E−µ(t))2/σ2
e−t/τ1 (A.2)

µ(t) = E0−E1 e−t2/2τ2
inertial −E2 e−t/τdi f f usive (A.3)

The width of this Gaussian chosen to represent the electron’s emission may be compared to that

predicted by simulation or that from the global fit of the SE component; in either case, any choice of

FWHM between 400 and 900 meV agrees with previous results and makes an internally consistent

comparison between spontaneous and stimulated emission. The initial energy, E0, is ultimately

dependent on the pump wavelength and on the instantaneous electronic portion of the Stokes shift,

but this is expected to be small, as corroborated by the global fit of the SE component. From this

simple model we can obtain time-dependent stimulated emission spectra by convolution with the

appropriate instrument response, and we can obtain steady-state (by integrating over all time) or

time-dependent spontaneous emission spectra after including the appropriate ω3 factor. Finally, the

least determined parameters for this simple model are the relative amplitudes of the Gaussian and

exponential shifts. We have chosen values similar to those found in simulation, but also note that

reasonable agreement can be obtained over a fairly wide range of values, with a small preference

towards E2 larger than E1. Our qualitative choices of parameters which seem to agree best with

both our stimulated emission component from Chapter 2 and the spontaneous emission spectra from

Tauber and Mathies are shown in Table A.2 below. These are the choices used in the predictions

and plots for Chapter 2.
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Table A.2: Qualitative Parameter Choices for Time-Resolved Stimulated Emission Model

τ1 E0 E1 E2 τinertial τdi f f usive

120 fs 1.7 eV 700 meV 800 meV 26 fs 400 fs

This treatment makes it apparent that our observed stimulated emission from the photoexcited

hydrated electron is at least plausibly consistent with the electron’s known spontaneous emission,

as shown in Fig. 4(b) of Chapter 2. We can take the model one step further by modifying it to

include the explicit temperature dependence of the excited-state lifetime and Stokes shift times. The

Gaussian inertial Stokes shift response should vary as 1/
√

T , but there is no obvious theoretical

temperature dependence of the exponential Stokes shift relaxation component. For simplicity, we

chose to use the same temperature dependence as for the Gaussian component, noting that small

variations in the exponential Stokes shift times due to temperature results in only minor changes

to the fluorescence spectrum compared to the temperature dependence of the p-state lifetime.

When used with the globally best-fit excited-state lifetimes from our kinetic analysis of the full

temperature-dependent TA data, we find that the simple model predicts that the p-state lifetime

greatly influence the red half of the fluorescence spectrum. These results are not intended to be

exact, but to provide a foundation for further temperature-dependent experiments involving the

hydrated electron’s excited-state relaxation dynamics.

A.3 Hydrated Electron Scavenging by KNO3

Barbara and coworkers originally attempted to identify the lifetime of the hydrated electron’s

p-state by observing the fraction of photoexcited electrons that reacted with nearby scavenger

molecules.106 In practice, however, the model used to extract the excited-state lifetime from the

scavenging data makes many assumptions and simplifications. The scavengers are assumed to be

described by a Poisson distribution while the electron interacts with n nearby scavengers weighted

by the probability of n scavengers being nearby. The electron and the scavenger each have effective

scavenging radii and a mutual scavenging rate. When the electron is promoted to the excited state,

it was assumed that the change in radius would increase overlap with nearby scavengers, thereby

permanently reducing them and leading to permanent bleach as there are fewer remaining electrons
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to relax back to the ground state. This process is shown in Fig. A.4 along with a toy example of how

the transient absorption 2-pulse experimental kinetics would appear. This scavenging yield can then

be measured as a function of concentration of scavenger in order to fit the various free parameters.

The data we obtained in repeating this experiment is shown in Fig. A.5.

Figure A.4: Basic idea for the scavenging experiment. A hydrated electron (with nearby waters as
blue circles) in the ground state has neither the requisite radius or energy to overcome a barrier to
get scavenged by a nearby scavenger molecule ([S], black circle). In the excited state, it may overlap
and have requisite energy to get scavenged. The ratio of p-states excited to the number which get
scavenged is Ysc—the experimental goal.

The parameters yielding minimized least-squares of our experiments using 0–400 mM KNO3

are τ1 ≈ 400 fs, an effective excited state radius of ∼7.5 Å, and a scavenging rate constant of

5.7×10−13. These are consistent with previous findings,206, 207 but so too are the fit results if we

constrain the lifetime to be fixed at ≤100 fs. This is because the scavenging model suffers from

extreme parameter correlation between the effective reaction velocity, p-state lifetime, and the

effective radii of the scavenger, ground-, and excited-state electrons.
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Figure A.5: Scavenging yield of the photoexcited hydrated electron in the presence of KNO3. Errors
of the scavenging yield are only a few percent. The best fit curve is plotted using Barbara’s scavenging
model. This model, however, can produce effectively the same curve (and fit just as well) using an
extremely wide range of physically reasonable parameters.

Given the strong correlations in the model, it is worth pointing out several potential flaws that

may extend to other works that employed similar techniques.130 The radii of the ground and excited

states are assumed to be a hard cutoff, with tunneling and the wavefunction tails at long distances

being neglected. The actual change in radius from the hydrated electron’s s-to-p transition is also

not spherically symmetric, and could also be time-dependent—especially if the lifetime is assumed

to be short, in which the nearby solvent structure in flux for the first 100 fs. In addition, the HGS

energy is significantly higher than the equilibrated ground state, with a cooling lifetime of many

hundreds of fs, while the solvent is still equilibrating. This effect may confound any scavenging

results because the HGS should still be more reactive with nearby scavengers than the equilibrium

ground state. This may also explain the several other scavenging results in which longer lifetimes

were predicted because the HGS still has the necessary energy to undergo reaction. Overall, the

scavenging model has more untestable underlying assumptions than the kinetic model used to

fit the TA data, but at least the same excited-state lifetime can be used to satisfy both models

simultaneously.
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APPENDIX B

Supplementary Information and Laboratory Manual for

Chapter 3

Time-Resolved Spectroscopy: Dynamics of Excited
Electronic States

Preparing for this lab

A rudimentary understanding of quantum mechanics, thermodynamics and kinetics are expected, as

well as some familiarity with simple steady-state spectroscopy techniques such as UV-Vis absorption

or steady-state fluorescence. Review these topics as necessary. Read the manual thoroughly and

supplement where appropriate with the references provided or through your own research.

B.1 Overview

This lab will introduce the deeper physics of singlet and triplet spectroscopy and time-resolved

spectroscopy, while drawing connections to the natural timescales on which chemical dynamics

occur. We are naturally familiar with timescales down to milliseconds and while useful and

interesting chemistry can occur at these long timescales, the natural timescale of chemistry is

much shorter. Chemistry largely deals with the motions of atoms (nuclear motions only, as the

Born-Oppenheimer approximation holds for most chemistry that the motions of electrons are far

faster than the motions of nuclei): bond forming, bond breaking, bond vibration, diffusion, rotation,

solvation, energy transfer, etc. These processes occur on the timescale of femtoseconds (10-15 s) to

nanoseconds (10-9 s) as shown in fig. 3.1. These timescales are extremely short, but have recently
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become directly measurable with ultrafast pulses of light.

Recent developments in lasers, optics and related techniques allow time-domain measure-

ments on these ultrafast timescales. While ultrafast spectroscopy is becoming a common research

technique, instruments capable of femtosecond pulses are still prohibitively expensive for an un-

dergraduate course. We therefore will focus on nanosecond and microsecond dynamics during

this lab, but the skills and knowledge presented here are largely transferable to all time-domain

spectroscopies.

During this lab, the fluorescent and phosphorescent behavior of the dye eosin B151 as shown

in fig. 3.2 will be measured, and various photophysical parameters such as spin-orbit coupling,

quantum yields, and rates165 for these processes will be obtained.

B.2 Review of Light-Matter Interaction

Let us first review the practical description of absorption. Provided we have a monochromatic

light-source and a sample which absorbs at that frequency: consider the light attenuation as it passes

through a sample of total depth Z with solute density ρ (molecules per cm3). In order to find the

light attenuation as a function of depth, let’s find the contribution of an infinitesimally thin slice.

The total number of molecules in a slice with area A would be given by:

Ntotal = ρ ·A ·dz (B.1)

But each molecule must be in the path of a photon in order to be absorbed—which is intimately

related to the cross-sectional area of the molecule in the plane dz, and even then it only absorbs with

some intrinsic probability. Both the cross-section and the intrinsic absorption probability may be

grouped together into an effective absorption cross-section, σ. An important consideration here is

the literal molecular cross-sectional area is small relative to the wavelength of light, and therefore

differences in σ will depend mainly on the intrinsic absorption probability. Nevertheless we may

still treat σ as an effective cross-sectional area.

Equation (B.1) may then be modified to consider only the fraction of the total area which
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contains molecules available to absorb by multiplying with σ/A:

Neffective = ρ ·A ·dz(
σ

A
) = ρ ·σ ·dz (B.2)

For the initial intensity of light entering this slice, I0, the infinitesimal intensity attenuation by

absorption, dI, and sum (or integrate) over the depth of the sample, Iz. Again we will make use of

the concept that the absorption cross-sectional area given above is an effective area: even though

the probability of absorption is a random process for each individual molecule, when averaged

over the slice we obtain some effective area which absorbs with unit probability. Consider this

a similar argument as the gas molecules in a room having a distribution of kinetic energies, but

temperature measured macroscopically is constant within error. So we will define this perfectly

absorbing fractional area as being equal to the attenuation of the light entering the slice, Iz:

dI
Iz

=−ρ ·σ ·dz (B.3)

Now we must perform a finite integration across the thickness of the sample, from some arbitrary

position within the sample of z=0 (with intensity I0) to z=I+dI (with intensity I), yielding:

ln(I)− ln(I0) = ρ ·σ · l (B.4)

We can then convert the total number of molecules to moles with the help of Avogadro’s number

(with units in cm3 instead of liters):

−ln(I/I0) = 6.023×1020 ·C ·σ · l (B.5)

Lastly, to arrive at a more recognizable form, we convert the natural log to base 10:

A = log(I0/I) =
6.023×1020×σ

2.33
·C · l (B.6)

The relationship between the cross-section and molar absorptivity constant is clear between this
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expression and the more common representation of the Beer-Lambert law:

A = ε ·C · l (B.7)

Question:Representative molar absorptivity constants are provided below,208 convert them to

cross-section. Is there a trend between physical cross-section and spectroscopic cross-section?

Should there be? Also analyze and discuss the provided detailed data for nanoparticle molar

extinction coefficient vs. diameter.209 How much of this trend could be explained with the formalism

above? Hint: it will be useful to plot the nanoparticle data.

Solute ε (L mol-1 cm-1)

Atoms 10-12

Molecules 10-16

Infrared 10-19

Raman 10-29

Plasmon 10-9

ln(diameter) ln(ε)

1.32 15.1

1.53 16.0

2.03 17.5

2.15 17.8

3.03 20.6

3.25 21.8

3.54 22.5
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B.3 Spectroscopy of Allowed Transitions

The ground electronic state of nearly all molecules is a singlet spin state, in which all electrons are

paired in their respective orbitals, but with opposite spin per the Pauli exclusion principle.210 This

is a specific case of the more general physics of fermions (the group of particles to which electrons

belong) which have a fundamental property that no two particles of this group may occupy the same

quantum state (i.e. the four quantum numbers (n, l, m, s) must be unique). The term “singlet” refers

to a series of linked particles (electrons orbiting atoms or molecules) with an overall spin quantum

number S = 0. A given molecule in its ground singlet state, denoted S0, can absorb a photon and

undergo an excitation to a new electronic singlet state, Sn6=0. This state likewise has singlet spin

multiplicity because the process of absorbing a photon ordinarily imparts no change in the quantum

spin of electrons, and thus the Sn← S0 transition is “spin-allowed”. This can further be explained

as an electric dipole transition: given that a photon is a particle with spin S = 1 (and therefore

total angular momentum j = 1) and odd wave function parity, the allowed transitions must satisfy

conservation of net orbital angular momentum. A schematic representation of such a transition is

shown in Figure 3, where a manifold of vibrational states are also shown for each electronic state.

Question: For an allowed transition between S1← S0 how must the quantum numbers change,

and where does the total angular momentum of the photon go?

We can begin our quantitative treatment of these processes by introducing the Born-Oppenheimer

approximation. Each electronic state contains vibrational levels which are in turn subdivided into

rotational levels. All of these factors lead to a broad distribution of states at room temperature—

even more so in condensed phases, compared to gases, leading to the broad absorption spectra

typically found in steady-state UV-Vis experiments. Although this may seem to make analysis of

individual electronic transitions quantitatively difficult, the Born-Oppenheimer (BO) approximation

can simplify this problem greatly. The nuclei in a molecule are several thousand times more massive

than the electrons and, consequently, they move far more slowly than the electrons. When an

electronic transition occurs, the wave function localizes in the new state extremely rapidly (faster

than 10-15 s, but note that it does take a finite amount of time for the superposition between the initial

and final states to dephase!) and the nuclear coordinates relax on a longer timescale (10-13 - 10-14 s)
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relative to electronic motion. This concept of separable time scales between the motions of electrons

and nuclei also extends to other molecular motions: vibrations, rotations and translations—allowing

us to approximate their behavior by separation of their respective wave functions.

Ψtotal = ψtransψrotψvibψelectψnuclear (B.8)

With the wave functions separable, the energies may be calculated and summed independently from

the Schrödinger equation:

Etotal = Etrans +Erot +Evib +Eelect +Enuclear (B.9)

This is a fantastic approximation for solving many problems in quantum mechanics and physical

chemistry, though the approximation begins to fail when coupling between certain motions is

appreciable—critical for phosphorescence in this experiment. Nevertheless, we will begin here:

seeing how far we can get while assuming BO approximation is true, and eventually build additional

physics into this description to include spin-orbit coupling and phosphorescence. Writing the full

molecular Hamiltonian:

H = TN(Q)+Te(r)+Uee,eN(r;Q)+VN(Q)+Hs.o. (B.10)

Where the first two terms are the kinetic energies for nuclear and electronic motion, the third term

contains the electron-electron repulsions and electron-nuclear attractions, the fourth term is the

internuclear repulsions, and the last term is the spin-orbit coupling.

Let us first explore the case which pertains to the BO approximation. For the BO approximation

of an optical excitation we are largely interested in only the second and third terms of the total

Hamiltonian, which must satisfy the Schrödinger equation (your report should justify why these

terms are important while the others may be neglected under BO):

[Te(r)+Uee,eN(r;Q)] |Ψtotal〉= E |Ψtotal〉 (B.11)
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The Schrödinger equation can then be solved with the Born-Oppenheimer approximated wave

function using only the electronic and vibrational terms. The electronic and vibrational wave

functions both depend on positions of the electrons, while the electronic wave function also depends

on nuclear coordinates and spin (though for this first description under the BO approximation, we

may assume that spin-orbit interactions are negligible).

One traditional treatment of absorption, an initial state with wave functions describing both the

electronic and vibrational parts is coupled to a final wave function through the transition dipole

moment (µ), along the z-coordinate for simplicity:

〈ψelect,i ψvib,i|µµµz |ψelect,f ψvib,f〉

=
∫

dr
∫

dQ ψ
∗
vib,f(Q)ψ∗elect,f(r;Q)µµµzψelect,i(r;Q)ψvib,i(Q) (B.12)

The transition dipole moment integral can be interpreted as the probability (when the quantity above

is squared!) that an initial state can undergo a transition to some final state while an external electric

field (a photon’s electric field) is applied. The right-hand side (rhs) is simply the expanded integral

over the positions of all electrons, r, and nuclei, Q. The rhs may be Taylor expanded about the

equilibrium nuclear geometry to obtain a more useful form:

=
∫

dQ ψ
∗
vib,f(Q)

{
Mif,z(Q0)+∑

j
(
∂Mi f ,z

∂Q j
)0(Q j−Q j0)+ . . .

}
ψvib,i(Q) (B.13)

Considering only the first term from the expansion, Mif,z, is known as the Franck-Condon ap-

proximation. This leads to the interesting result that electronic excitation occurs before nuclear

coordinates may respond.

We may also extend the formalism of the transition dipole moment to begin to understand how

the rates of decay are an intrinsic property of quantum mechanics. There is a useful quantity in

spectroscopy termed oscillator strength, f , which is a unitless quantity describing the normalized

probability of any single optical transition within an ensemble of many:
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f =
2mecnε0

3~e2 |µz|2 (B.14)

The transition dipole moment can be further described in terms of the readily measurable

quantity of the integrated molar extinction coefficient:

|µz|2 =
3~cnε0

π

∫
σ(ω)

ω
dω (B.15)

This result has a clear connection to eq. (B.12) in that the total probability of a transition is accounted

for by the molar extinction coefficient: which, similarly, is a measure of how likely a molecule is to

absorb light. Combining the equations above with the Einstein equations for rates of absorption (B)

and spontaneous emission (A, fluorescence) we may arrive at our first quantitatively useful result

for explaining the origins of absorption and fluorescence:

A =
1

τF
=

~n3ω3

π2c3 B =
nω3|µz|2

3πε0~c3 (B.16)

B =
π|µz|2

3n2ε0~2 (B.17)

Note that these are rates, and their reciprocals are the lifetimes of the respective process. The rate

at which a molecule absorbs or emits photons is proportional to the probability (|µz|2) of doing so:

exactly as it should be.

An equivalent description of the above rates may be found in Fermi’s Golden Rule. Though not

derived here, more information may be found in any general text on quantum mechanics:

R =
2π

~ ∑
ν

|〈ψ0
elecψ

0
vib|Ĥ

′|ψ f
elecψ

f ′
vib〉|

2
δ

(
ε

0− ε
f − ε

hν

)
(B.18)

In the Golden Rule, the rate (or probability) of transition between electronic states is proportional

to the overlap integral of the initial and final states with some interaction Hamiltonian (this will

be the transition dipole moment operator for spin-allowed transitions, becoming eq. (B.12)). The
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δ is a delta-function which is zero unless the incoming (or outgoing) photon matches the energy

gap—this must always be satisfied but is omitted from equations below.

Question: As a review, write down the expanded BO Hamiltonian for a diatomic molecule with

two nuclei and two electrons, taking into account the kinetic energies and attractive and repulsive

interactions of each particle. Also write down the relevant wave functions for the electronic and

vibrational states. Define your variables and include all constants. Without solving for the energies

explicitly, describe how you would go about solving it. Also motivate a qualitative description of

how the energy levels should be arranged.

Question: Detail the steps for this Taylor expansion to arrive at the above formula. What is

the meaning of the first term, Mif,z, in the inner brackets? What about the second term, ∂Mif,z/∂Qj?

Use these terms to explain the process of absorbing of a photon. Hint: the integral (and subsequent

expansion) from which these terms arose was over electron position about equilibrium nuclear

geometry, and note the subscripts.

Now, to describe the rate of fluorescence we must know the transition dipole moment from the

ground vibrational state of S1 to all available vibrational states in S0, which should be the sum over

the expression for A where each µz corresponds to a different vibronic transition and we also expand

the transition dipole into its electronic dipole and Franck-Condon factor terms from eq. (B.13):

1
τF

= ∑
f

nω3

3πε0~c3 |Mi f ,z (Q0) |2|
∫

dQψ
∗
vib, f (Q)ψvib,i (Q) |2 (B.19)

And we may rewrite the final two terms of this expression into something more experimentally

accessible, with constants evaluated in units of wavenumbers:

1
τF

= 2.88 ·10−9n2 1
〈ν3〉Av

gl

gu

∫
εdlnν (B.20)

Here gl and gu have been added which are the degeneracies of the lower and upper states respectively

and for most simple molecules gl/gu=1, 〈ν3〉 is the weighted average energy of the fluorescence

spectrum in wavenumbers, and note the integration variable is ln(ν). This is known as the Strickler-

Berg relationship
173

and is one of the ways we can predict the fluorescence lifetime, note however
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that it assumes that the absorption and emission processes are degenerate, which for molecules in

the condensed phase will not be perfectly true. Due to this, expect answers only on the correct order

of magnitude. In your report, compare the experimentally determined fluorescence lifetime with the

estimate from Strickler-Berg. Also note that the fluorescence spectrum obtained here is the true

fluorescence lifetime, with no regard for other decay mechanisms—this will be expanded upon later

in the manual.

There is another mechanism for fluorescence termed “delayed fluorescence” . While we still have

yet to explore the process of intersystem crossing quantitatively, for the purposes of understanding

delayed fluorescence we shall treat it as a black box until the next section. For most molecules

which exhibit appreciable triplet state quantum yield, it is necessarily the case that the intersystem

crossing rate, kISC, is competitive with (and roughly on the same order of magnitude as) the rate

of fluorescence; it is also the case that the energy gap between the excited singlet state S1 and the

triplet state T1 can be quite small. With enough thermal energy, electrons in the triplet state may

return to the S1 state spontaneously where they have another chance to undergo fluorescence, with

the overall rate being determined mainly by the Boltzmann factor of the energy gap—you may be

more familiar with this as Arrhenius behavior:

kDF = Ae−
∆E

kBT (B.21)

Where kDF is the rate of delayed fluorescence and A is a prefactor which represents the probability

of all non-energy conditions being satisfied (Franck-Condon factors, molecular position, molecular

orientation, diffusion rate, etc.). During this lab it will be up to you to determine which mechanisms

of fluorescence, phosphorescence, and nonradiative decay are present; and if present, to quantify

their rates and quantum yields.

Question: Assume for a given molecule, A=106 s-1 and has an energy gap of 2500 cm-1.

Calculate the delayed fluorescence lifetime and the Boltzmann factor at both room temperature and

at 77 K. For the Boltzmann factor, also report your answer as a multiple of kBT, why is this a useful

quantity for comparison? For the lifetime, how does it compare with radiative and nonradiative

lifetimes of the triplet state? During your report, also estimate this based on your experimental and
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literature findings for eosin B.

B.4 Spectroscopy of Spin-Forbidden Transitions

This above treatments are capable of describing absorption and stimulated and spontaneous

emission—between singlet states (or between triplet states) only—but in order to consider in-

tersystem crossing and phosphorescence, we must include the additional spin orbit term from the

total Hamiltonian. Remember that the electronic wave function is composed of both spatial and spin

coordinates, but to a first approximation it was assumed the transition dipole moment’s interaction

on the spin portion of the electronic wave function was small. With these assumptions was lost the

necessary tools to describe intersystem crossing.

Spin in quantum mechanics comes in two forms: the first being the orbital angular momentum

variety, L, which is exactly analogous to a classical rotating charge producing a magnetic field. The

second variety of spin, S, has no classical analogue but is an intrinsic property of particles (in this

case electrons), measurable by the Stern-Gerlach experiment. The origin of spin-orbit coupling is

the interaction of the two magnetic fields produced by both of these types of spin.

To estimate this force of this interaction, recall the Lorentz force of a magnetic dipole M moving

with velocity v in an electric field E:

F = B = ME×v (B.22)

The spin magnetic moment of the electron is:

µµµ = Md =− |e|s
mec

(B.23)

where s is the spin angular momentum. The spin-orbit interaction of the magnetic moment of the

spin and the magnetic field of the other particles will be

HSO = µµµ ·B =
|e|

mec2 s · (E× v) =
1

m2
ec2

1
r

dU (r)
dr

(L · s) (B.24)
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Here, the potential U(r) is the potential energy of the electron (q·E) within the field. This may

be further corrected to account for relativistic effects (which becomes especially important for

heavy-atoms and their effect on forbidden transitions) with a simple 1
2 term:

HSO =
|e|

2mec2 s · (E×v) =
1

2m2
ec2

1
r

dU (r)
dr

(L · s) (B.25)

It is sometimes rewritten in a useful form by wrapping some of the constants together into a single

spin-orbit coupling constant, A (with the L·s term expanded to a form that may be more familiar):

HSO =
1

2m2
ec2

1
r

dU (r)
dr

(L · s) = 1
2

hcA( j ( j+1)− l (l +1)+ s(s+1)) (B.26)

This ultimately causes further splitting of energy levels—whether the spins are aligned in a syner-

gistic or anti-synergistic way—and the possibility for transitions between singlet and triplet states

based on the magnitude of the spin-orbit coupling.

For our purposes of understanding forbidden transitions, we can say that the non-Born Oppen-

heimer part of the Hamiltonian which contributes to this process is mainly the spin orbit coupling:

Hso. But the wave functions are still separated, and in the form that they were used until eq. (B.8)

they would still have no overlap by construction (due to the BO approximation). We must also

construct a new set of wave functions that will allow spin-forbidden transitions. For now let’s

assume that we’re dealing with the spin-flip transition of Sn← T1 (in general for both intersystem

crossing and phosphorescence) and we proceed in the typical way for a first-order perturbation:

φ̃Sn = φSn +
〈φSn|Ĥso|φTm〉

ESn−ET1

φTm (B.27)

φ̃T1 = φT1 +
〈φT1 |Ĥso|φSk〉

ET1−ESk

φSn (B.28)

Rewritten this way, we have now introduced wave functions with “mixed” spin character—note

the subscripts of each wave function, these do not imply that the singlet state we are interested in

has character of the exact triplet state but some arbitrary triplet state (and vice versa for the triplet
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state of interest). This guarantees that there is a non-zero interaction term between the ground

singlet state and the first triplet state through the spin-orbit interaction term. We can now rewrite the

overlap integral part of Fermi’s Golden Rule to include transitions between singlet and triplet states:

〈φ̃Sn|ĤSO|φ̃T1〉=

〈φSn|ĤSO|φT1〉+
〈φTm|Ĥso|φSn〉〈φSn|er|φSk〉

ESn−ETm

+
〈φSk |Ĥ ′|φT1〉〈φT1|er|φTm〉

ET1−ESk

(B.29)

Here the first term will vanish, because the wave functions with no mixed spin character will have

no overlap due to orthogonality. The spin-orbit perturbation, HSO, reduces to the electron dipole

moment operator, er, for states with the same spin multiplicity. Qualitatively, the interpretation

of this expression when plugged back into Fermi’s Golden Rule is that the transition rate for

phosphorescence depends on the energy gap between the first triplet and ground singlet states, and

on the electronic/vibrational overlap integral in much the same way that fluorescence does, but

through the more complex spin-orbit interaction term. Using a similar form as for fluorescence

(coming from the same Fermi’s Golden Rule argument):

1
τP

=
64π4ν3

3hc3 |〈φSn|Ĥ ′|φT1〉|
2 (B.30)

Question:Equation B.30 is valid for radiative emission from a triplet to a singlet state (phospho-

rescence!), and for this experiment we know that the contributing singlet state will be S0. Rewrite

eq. 30 for this specific state and expand the terms. Describe the meaning of each term. In the

equations above we have neglected explicit summation over vibrational states, consider how these

states were accounted for in the treatment of fluorescence: include appropriate summation and

expanded transition integrals for the phosphorescence rate.

For a more experimentally tractable expression: one may also take the ratio of the rates for

fluorescence and phosphorescence (similar to the previous procedure with the Einstein relations), so

that given experimental values for one, the other may be found.
211

107



kP

kF
=

(
βT1S1

νT1S1

)2(
νT1S0

νS1S0

)3

(B.31)

Here the energies between states are given in wavenumbers and β is the spin-orbit coupling constant.

Unfortunately, direct calculation using eq. 30 is impractical due to the need for perfect knowl-

edge of all contributing states: their energies and Franck-Condon factors. We will also see that

phosphorescence lifetimes are typically so long that at room temperature the nonradiative decay

mechanisms or delayed fluorescence will dominate (particularly in liquids where the environment

plays a major role in providing a large quantity of modes (translational, rotational, vibrational)

to which our emitter could couple. However it is these additional degrees of freedom from the

environment that make it difficult to derive any exact expressions about solute-bath interactions and

energy relaxation, but there are several phenomenological ways of doing so.

For the non-radiative transitions with singlet to triplet spin-flipping, phenomenological expres-

sions are used: most commonly the Robinson-Frosch formula.
174175

kST,nr = 0.71×1012|βST |2〈φvib, f |φvib,i〉 (B.32)

Here β is an effective spin-orbit coupling constant and we have a similar vibrational overlap Franck-

Condon factor as we’ve seen previously. However even more can be done to make this a useful

phenomenological expression for us to use: β may be assumed to be 0.01 cm-1 (see the original

paper
174175

for details) and the Franck-Condon factors follow an empirical correlation with the

energy gap. Below is a table for a list of cyclic aromatic molecules and their measured energy

gap between the S0 and T1 states and their Franck-Condon factors. Lastly, it was found that the

vibrational overlap term follows the functional form:

〈φvib, f |φvib,i〉= ea∗∆Eb
(B.33)

Table 1: Empirical nonradiative lifetimes and the energy gap between S0 and T1 states.
175

During your report, use eqs. 30-33 and this table to find the best-fit values for a and b from this
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Molecule ∆E(cm-1) τnr(s)

Anthracene 14,700 .1

1,2 Benzanthracene 16,500 .3

Pyrene 16,800 .7

1,2-5,6 Dibenzanthracene 18,300 1.4

Crysene 19,800 2.6

Naphthalene 21,300 2.5

Phenanthrene 21,600 3.3

Benzene 29,565 42

empirical correlation. From this fit in combination with the S0 to T1 gap of eosin B (motivate your

choice of ∆E either by experiment or literature
159

), it will be possible to estimate the nonradiative

lifetime: how does this compare to eosin B in ethanol? Common software which allows fitting of

custom functions includes Matlab, Mathematica, Origin Pro, Igor Pro or free alternatives such as

Octave and Python. It is recommended that one of these be used and a fitting tutorial is provided in

the appendix but detailed documentation for each is easily found elsewhere.

Question:There are a number of assumptions in using this model which may not be ideal. The

molecules contain no heavy atoms unlike eosin B, the data was taken in the solid phase—with

weaker density fluctuations and no diffusion limited quenching. Discuss qualitatively how each of

the terms in the equation above may be affected by the differences between perhydrogenated cyclic

aromatics and eosin B. Also replot the data as 〈ϕ f |ϕi〉2 vs. ∆ E after solving for 〈ϕ f |ϕi〉2 for all of

the given molecules. Explain this trend. Hint: invoke a Jablonski diagram with explicitly drawn

vibrational sub-levels in the S0 and T1 harmonic oscillator wells and consider what happens to the

minimum of the potential for the triplet state as the energy separation increases—what effect will

this have on the overlap of vibrational sub-levels?

Equation (B.32) can also be repurposed to find the fluorescence rate and the intersystem crossing

rate. The β term is unique to spin-forbidden transitions and by dropping it the framework supports

spin-allowed processes. Calculate the expected internal conversion rate, and radiationless decay for

the S0 ← S1 transition by neglecting the β term. But don’t forget to adjust your ∆E accordingly:

fluorescence and phosphorescence occur at different wavelengths. Based on your measured rates for
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both fluorescence and phosphorescence, report what enhancement factor of β is required to make

your rates consistent with experiment. You may also like to compare your rates to the individual

effects of –NO2 or –Br substitution of fluorescein dyes in liquids from newer work performed by

Xian-Fu Zhang et al.
151, 212, 213

For a more detailed discussion of these introductory topics and more, see references.
172, 214

Question: Based on the discussion thus far, form a hypothesis for which decay mechanism out

of the triplet state should be the largest contribution at room temperature (i.e. compare the rates).

What about at 77 K? Once you obtain your data, discuss this in your final report and comment on

the accuracy of your hypothesis.

B.5 Time-Resolved Spectroscopy

∗See Chapter 1

Question: In order to understand how the time-energy uncertainty principle governs and limits

ultrafast pulses, first sketch a cosx function from −2π to +2π , then on top of it sketch a cos2x, then

cos3x and so on up to at least cos(8x). What pattern emerges if you were to sum these functions?

How does this relate to the time-energy uncertainty?

Question: The definition of a Fourier transform is given by:

F(ω) =
1√
2π

∫
∞

−∞

f (t)e−iωtdt (B.34)

f (t) =
1√
2π

∫
∞

−∞

F(ω)eiωtdt (B.35)

Where F(ω) is the frequency-domain function of f(t). This relationship is useful and common in

the physical sciences. For the following time-domain functions, calculate their Fourier transform

(note that sigma is already in units of full-width at half maximum, FWHM). Then compare the

FWHM of the time-domain function to that of the frequency-domain function. Multiplying these two

FWHM values together is known as the time-bandwidth product (∆t∆ω). What is the meaning of
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this time-bandwidth product and which function provides the most “bang for your buck” in terms of

minimum FWHM in frequency-space providing the least FWHM in the time-domain? Also comment

on the functional form of the Gaussian function in frequency space.

Name Time-Domain Intensity Profile

Gaussian f (t) = A
2 e−2ln(2)( t

σ
)2

Hyperbolic Secant f (t) = A
2 sech(2ln(1+

√
2) t

σ
)

Lorentzian f (t) = A
1+σ2t2

Square (uniform distribution) f (t) = A
2 ; t ∈ [−σ

2 ,
σ

2 ],0 elsewhere

It is advisable that an integral table be used while calculating the Fourier transform functions.

Finally, using the Gaussian form and the energy-time uncertainty principle, what is the shortest

pulse one could achieve with 0.1 nm FWHM centered at 532 nm? What about 100 nm FWHM

centered at 532 nm? Compare this calculated value to the laser used during the experiment.

Figure B.1: A schematic of a pump-probe experiment in which a pump pulse first excites the sample,
which is later probed by a second pulse with some variable time delay between them. The change
in probe intensity is measured between when the pump-pulse is present and absent. We will only be
probing at 532 nm, but the principle is the same at all wavelengths.
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Figure B.2: To further illustrate the possible changes in absorbance of the probe pulse: the three
major contributors to a transient absorption spectrum will be the ground-state bleach (GSB), an
excited-state absorption, and the stimulated emission (SE). The ground-state bleach arises because a
fraction of the population is now in the excited state, and there are fewer ground state molecules to
absorb. Instead, the excited state will have its own set of optical transitions, subsequently emit (spon-
taneously or stimulated), or nonradiatively relax back to the ground state. Note that the spectrum
shown above is for a single pump-probe time-delay. These spectral features will evolve independently
as a function of time according to the mechanisms and kinetics of the underlying molecular behavior.

B.6 Experimental Background and Goals

In this experiment the goal is to characterize the various rates, quantum yields, and active mecha-

nisms for the provided dye Eosin B. It will also be helpful for analyzing results of this lab to review

the kinetics of relaxation. Many spontaneous decay mechanisms in nature can be described by a

first order rate, synonymous with an exponential behavior. Formally for first order:

Rate =−d[A]
dt

= k[A] (B.36)

Which after algebra and integration yields an exponential decay:
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[A](t) = [A]0e−kt (B.37)

With rate constant k, initial concentration [A]0 and its concentration at some time later A(t). Both

fluorescence and phosphorescence in this experiment can be relatively well approximated by this

first order exponential decay mechanism.

Again referring to Figure 3, there are many available avenues by which an excited molecule

may relax. The most obvious radiative decay mechanisms would be immediate fluorescence from

S1 state (τf) and phosphorescence from the triplet state (τp). But in order for phosphorescence to

occur, the molecule must first undergo intersystem crossing to the triplet state (τ isc). Due to Kasha’s

rule, we can neglect the timescale of internal conversion and vibrational relaxation. There are also

nonradiative decay mechanisms which include quenching for both the singlet and triplet states, with

lifetimes τSnr and τTnr. Interestingly, however, for many anthracene dye derivatives it has been

shown that the non-radiative relaxation is almost entirely through the triplet state, which will be a

useful approximation.
151

However it’s worth noting that what is measured in lab as fluorescence or phosphorescence is

actually a combination of many of these individual mechanisms. A measured fluorescence decay

is not a direct measurement of the true fluorescence lifetime, but of all the contributing decay

mechanisms contributing to the S1 state decay:

τF,exp =
1

kF,exp
=

1
kF + kISC + kSnr

(B.38)

Also recall that the quantum yield is a quantity which is defined as the fraction of molecules which

undergo a particular mechanism as a fraction of all mechanisms:

Φa =
ka

ka + kb + kc · · ·
= (B.39)

Where a,b,c, . . . are all the decay mechanisms whereby a system may return to its ground state.

Question: Write down an expression for the quantum yield of fluorescence, given the assumption
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of very little non-radiative decay out of S1. Now write an expression for the quantum yield of

phosphorescence Hint: be sure to consider that the quantum yield of phosphorescence is dependent

on the quantum yield of intersystem crossing! And has competing decay mechanisms just like

fluorescence.

The denominators of these quantum yield expressions you have written should represent the

apparent fluorescent and phosphorescent lifetimes respectively—remembering that the apparent

experimentally measured decay is not the actual decay of either mechanism. Now consider that the

fraction of [S1] states that enter the triplet, must equal the number that leave the triplet state either

through phosphorescence or nonradiative decay:

kISC[S1] = (kP + kTnr)[T1] (B.40)

Question: Finally, consider the steady-state intensity of phosphorescence under continuous

illumination, IP, it will simply be equal to kP[T1]. Rewrite this expression using those which you

have derived in order find an expression for IP which depends on the true phosphorescence rate, the

apparent phosphorescence rate, the intersystem crossing rate, and the concentration of [S1]. Also

consider the intensity of fluorescence under steady-state conditions, IF, and write an analogous

expression for it. Combine these for a final expression for IP/IF to find an expression which depends

on only rates. This will be useful for finding kISC.

During this lab, first obtain steady state absorption and emission spectra and quantum yields of

dilute solutions (<10-5 M). If quantum yields cannot be obtained experimentally, use the provided

references or perform a literature search to find an estimate for them. Armed with the steady-state

spectra, you should then take time-resolved fluorescence and transient absorption data, details for

these procedures may be found below. Generally, keep the absorbance of transient absorption

samples between 0.3-0.7 OD, and similar for fluorescence—though slightly higher concentrations

may be used. Finally, you will use all of this data for a number of calculations:

1. Estimate the molar absorption cross-section of the dye at all wavelengths.

2. Estimate (or find in literature) the quantum yield for both fluorescence and intersystem
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crossing.

3. Estimate the fluorescence rate from the Strickler-Berg equation.

4. Estimate the nonradiative rates for S1→ S0, S1→ T1, T1→ S0 (and the reverse process if

you believe delayed fluorescence is important) using the phenomenological Robinson-Frosch

equation. After obtaining the spin-orbit coupling constant, β, use the relationship between

phosphorescence and fluorescence to estimate the phosphorescence rate. Based on these

estimates, which processes will be dominant at room temperature? Which can be neglected?

5. Use these estimates along with your experimental singlet- and triplet-state lifetimes to find the

individual rates of each process on the Jablonski diagram. Be sure to state your assumptions.

(A value for the intersystem crossing rate is generally elusive for many molecules, and only

recoverable when all other rates are known and characterized.
215

)

6. Compare your experimental and estimated rates, do they agree? Expound on this great detail

in your discussion.

Discussion Question: If you could measure eosin B on even shorter timescales (nano, pico,

femto, atto, etc.), what would you expect to see on each timescale for transient absorption (be

specific!)?

Discussion Question: Discuss the limitations of time-resolved spectroscopy.

Discussion Question: From the variety of methods for estimating lifetime, which provide the

closest agreement to your observed rates? What is the meaning β?

Optional: Repeat this experiment for the presence or absence of oxygen by bubbling an inert

gas through your sample. Remember that you may have an oxygen quenching rate constant for both

the excited singlet and triplet states: kOx,S1[O2], kOx,T1[O2], attempt to deconvolute the effect of

oxygen based on the overall change in experimental rate constants.

Optional: Repeat the experiment with a variety of solvents. Recommended solvents include

acetonitrile or longer-chain alcohols. Which rates are primarily affected by changing the solvent,

why should this be the case? Discuss which lifetimes are more strongly determined by intrinsic

properties of the molecule vs. those that are heavily influenced by the environment and why.
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Optional (independent project): Repeat with the presence of heavy atoms provided by your TA,

to measure the external heavy-atom effect. More details may be found for this in the literature.
136, 216

Optional (independent project): Repeat experiments on crystalline films (and/or in inert solid

matrix) in order to compare coupling between molecules due to heavy atom effect and also dye

aggregation. Details on aggregation effects may be found in the literature.
71, 137
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Turn-On Procedure:

∗Always make sure laser is off before opening box∗

1. Remove lid from box: identify the components shown in the diagram.

2. Turn on the main diode (labeled DET10A), with the switch located on top:Flip to “I”.

3. For transient absorption, ensure the switch on the back of the LED is in the left position:

“Digital Trigger” .

4. Replace lid back onto the box.

(a) Ensure the interlock engages (listen for a click sound from the power supply to the right

of the acrylic box).

Software Set-Up

5. Double click on “DX-Q Control” icon located on the desktop.

(a) Wait ∼1 minute for the head temperature to stabilize before turning on laser.

(b) Ensure the “Connected” light is green.

(c) If an error about the interlock is shown, ensure the lid is placed correctly as described

above.

(d) Ensure repetition rate is set to 4 Hz.

6. Launch the Quantum Composer software QC 9200.

(a) Make sure the parameter settings are the same as shown in example image below.

7. Launch the LabVIEW data acquisition program “LabVIEW 2090 Phosphorescence.”

8. Turn on laser by clicking the “Laser On” button (shown below) in DX-Q-Control.

∗The laser is now in operation, do not remove lid while in
operation∗
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Figure B.3: Screenshots of command software for 355 nm pump laser (upper left), signal delay gen-
erator (upper right), and the data acquisition LabVIEW VI showing settings and the recommended
data exporting process. ∗Ensure all parameters match these pictures.
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Collecting Data

1. Go to LabVIEW2090 and click the white arrow button on the top left corner to start collecting

data.

(a) White arrow labeled “Run” when mouse is hovered over.

The upper plot shows the trigger pulse in red (originating from the Quantum Composer SDG)

and the probe pulse measured from “main diode” in white with x-axis units of 0.5 ns / div.

2. Collect the desired number of points: it is recommended to take no less than 500 points.

3. Press the “TOP” button above the graph on the left to stop collecting data

4. Right click the white data points in the graph on the right.

(a) Export >“Export to Excel”

(b) Do this for the first set of data.

(c) For subsequent data sets, copy to clipboard and paste in excel.

The average of all points you have just collected is the raw counts for transient absorption at a

single time-delay. The experiment must be repeated at other time-delays to observe a change in

this signal over time.

5. Go to Quantum Composer and change the parameters for the next time-delay (usually only

changing the delay in tab A). Go back to LabVIEW 2090 and click the arrow at the top left

corner labeled “Run” to collect data. Repeat for as many transient absorption data points as

needed

∗Adata point at long times (>50 µs) must always be acquired for each set of transient absorption

measurements, and extra care should be taken to ensure this value is accurate. Longer averaging

is recommended. Also at this long-time delay, export the white trace from the first graph into

excel.
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∗Data should be acquired in step-sizes which are larger than the pulse width, but small enough to

get at least 10 points along the expected triplet state decay lifetime. It is recommended to select

time delays with roughly exponentially increasing step-sizes.

∗The true time delay is the time from the pump pulse to the center of the probe pulse. This may be

found by summing the inherent 150 ns electronics delay, the delay set in the Quantum Composer

channel A, and half the duration of the pulse.
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Turn Off Procedure

1. Between experiments, stop data collection in LabVIEW, stop the Quantum Composer software,

and turn off the laser by clicking the red “Laser On” button and waiting until it turns gray.

The lid may then be safely removed to change samples.

∗Proceed to the next steps for fully turning off the instrument at the end of the day.

2. Ensure all software is stopped.

3. Close all programs.

4. Remove the lid and turn off the “main diode” by switching the button to “O” .

∗Optionally, with a better oscilloscope one may measure the time-domain fluorescence decay

directly. Consult with your TAs about this option. If available, use it in conjunction with the triplet

decay from transient absorption to see how both the fluorescence lifetimes and intersystem crossing

lifetimes change.
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Isolate the area under the white probe trace from the long time-delay average:

The saved white-trace at long-time delay should have a similar shape as in the figure above—it

is the intensity over time of the probe pulse. Fit the flat portions of the curve at the beginning

and end (ignore/remove the actual curve while fitting this background) to a single line. Subtract

this background line from the entire probe trace. Take the sum (integrate) this pulse shape. This

yields the area under the probe pulse at long-time delays—effectively a background which must be

subtracted for all other time-delays. Consider what this procedure is doing and explain it in your

report. What would a positive or negative value mean for each of your time-delays in terms of the

relative number of photons reaching the detector?

Convert the differences to transmittance and absorbance:

The differences from the previous analysis step may be converted to ∆T by taking the ratio of each

difference and the total area under the white probe trace at long times. This can also be converted

to ∆A and should be reported in units of ∆OD (or ∆mOD if the values are small). Plot the ∆T or

∆A values for each of your data sets against their true time delay to obtain the decay of triplet state.

The lifetime may be found by fitting to a bi-exponential function directly (Matlab recommended),

or linearizing by taking the natural log of the y-values and fitting to two lines (but obviously this

will be somewhat flawed due to the arbitrary selection of which data-points belong to which linear

regression).

Matlab Tutorial

In this brief tutorial, the basics of the software Matlab will be introduced sufficiently alongside

a tutorial so that you should be able to fit your data to a custom function. Matlab is commonly

available through most universities for academic use, there is a free trial, and there is also the

option of using the free alternative: Octave (however there is less GUI functionality, but the basic

commands are nearly identical). There are also many other environments commonly used for fitting
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data should you feel more comfortable: Mathematica, Python, Origin Pro, Igor Pro, etc. Regardless

of choice, any environment capable of fitting complex functions will have tutorials and manuals

available.

There are multiple ways of properly fitting the data in this lab. The way that most students will

be familiar with is linearizing an exponential decay by setting the first data-point at x=0 and taking

the natural log of all y-data. This then linearizes the exponential data and allows one to fit it with

a linear regression. However, this method has some limitations: it only works well with a single

exponential timescale (or when the multiple exponentials are well-separated in time), and doesn’t

allow for additional modeling of the initial rise-time, non-exponential dynamics, or other more

“custom” behavior. It is encouraged to attempt the linearizing method where appropriate in order to

compare it with the process of fitting custom functions described below.

The function that we will be most concerned with for this experiment will be an exponential

decay and the bi-exponential decay.

f (t) = A∗ e−(t−t0)/τ + c (B.41)

f (t) = A1e−(t−t0)/τ1 +A2e−(t−t0)/τ2 + c (B.42)

Here, the variables An are the amplitude of each exponential component from c to (c+A) at t0,

t0 is defined as the beginning of the decay in units of t, τn are the lifetimes of each exponential

component, and c is a permanent offset if the exponential does not decay completely to 0 (note

that c could also be ignored if a baseline prior to t0 is collected and subtracted prior to fitting). The

permutations available to fitting data are endless, and it is important to keep in mind that additional

parameters will only serve to make your interpretation of them more complex. The simplest model

which can fit your data reasonably well (and also makes physical sense) should be accepted due to

an Occam’s razor argument.

Upon first opening Matlab, the user should be greeted with the two windows we will make the

most use of: the “Command Window” and “Workspace”. Right click in the empty space of the
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“Workspace” window and select “new” , name this new variable “xdata” or anything you wish. All

variables used will be stored in this “Workspace” window. Double-click on your newly made “data”

variable to open a new window that looks like a spreadsheet with a header named “Variables”. Copy

your time data or x-axis data as columns into this variable. Repeat this process for another variable,

“ydata”, and copy your y-data into it as a column (note that the position of each y-data value should

correspond with the appropriate x-data position in each list).

Once the x- and y-data are correctly entered, click the GUI tab at the top named “APPS”, then

click “Curve Fitting” just below it. This will bring up a new window that will allow us to visualize

your data and fit it with any function you wish. First, define your “X data” and “Y data” on the left

side of this new window as your “xdata” and “ydata” variables respectively using the drop-down

menu. In the middle of the window, select the type of function to use as “Custom Equation”. It may

attempt to populate the function definition automatically: ensure it appears as y = f (x). In the input

window just below this, define your function appropriately (for example a∗exp(−x/b)+ c if you

wish to fit your data with a single exponential with amplitude a, lifetime b, and constant offset c)

The program should fit the datapoints with your function automatically. If the fit is bad, ensure

the function is correct. If the fit is still bad, click “Fit Options” and change the starting value of

each variable to an initial guess that is closer to what you think it should be (this will take intimate

knowledge of your data and the function you wish to use in order to make this educated guess, it is

advisable to try plotting the function separately to gain this intuition).

Once successfully fit, the parameters and their 95% confidence intervals will be displayed in the

“Results” panel just to the left of the graph. This procedure relies heavily upon the GUI elements for

Matlab, but the entire procedure could instead be performed using commands from the “Command

Window”. This is outside the scope of this manual, but the documentation for how to manipulate

data and program simple analyses is extensive.
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Convolution Integral for Deconvolution of Instrument Response

In the previous appendix the simple exponential and bi-exponential functions were introduced. How-

ever, these functions, when applied to time-resolved measurements, are assuming an infinitesimal

time-resolution with a step-function at t=0 as shown below. This will become a poor assumption

as the limitations of the instrument are approached. For transient absorption measurements the

time-resolution is defined by the width of the probe pulse used for collecting data. For the time-

resolved fluorescence measurements below, it is defined by the width of the pump-pulse beam or

the rise-time of the detector.

In order to correct for this finite time-resolution, we now introduce the concept of the convolution

integral. This integral takes two functions, f (t) and g(t), and calculates what would happen if one

of the functions was “smeared out” using the other function as the template. Mathematically it is a

simple procedure shown below:

Convolution = ( f ∗g)(t) = f (t)∗g(t) =
∫

∞

−∞

f (τ)g(t− τ)dτ =
∫

∞

−∞

f (t− τ)g(τ)dτ (B.43)

The appropriate Gaussian functional form is shown below:

g(t) =
1

σ
√

2π
e−

1
2 (

t−t0
σ

)2
(B.44)

The normalization factor ensures that the integral of this Gaussian is 1. The standard deviation, σ, is

related to the FWHM in the following way:

FWHM = 2σ
√

2ln(2) (B.45)

The FWHM is one of the typical ways of representing the time-resolution with the IRF is Gaussian.

Evaluate the following convolution integral where f (t) is a single-exponential decay like the one

above, and g(t) is a Gaussian centered around 0. Note the bounds have become 0 to infinity—

this is an acceptable alternative to using a Heaviside step-function since the exponential decay
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Figure B.4: The figure on the left represents an exponential decay with infinite time-resolution with a
step-function at t0=0. The figure on the right is using a convolution integral of the same function on the
left with a Gaussian instrument response function (IRF) with full-width at half-maximum (FWHM) = 1.
This IRF defines the shape and time-resolution of the instrument itself, and in this case a Gaussian is
a good approximation (for the probe pulse it is unnecessary to use the convolution approach since we
care about dynamics that are long with respect to the IRF, but it would have approximately the same
shape as the probe pulses displayed on the oscilloscope during data collection).

rate only begins at t=0 and does not diverge to infinity at negative values the way the function

itself behaves. Hint: during evaluation it will be useful to complete the square, make u-substitutions,

and look up the definition of the “error function”, ERF(t) in a table of integrals. The analytical

solution is well-known and is easily found should you wish to compare.

C(t) =
∫

∞

0
f (τ)g(t− τ)dτ (B.46)

Unless an improved oscilloscope is provided, the time-resolution is limited to ∼40 ns: too slow

to measure the fluorescence. If a better oscilloscope is provided, please repeat this measurement

independently. The data given below is using an oscilloscope with better time-resolution such

that the pump laser and the detector will be the limiting factor. This data was collected for a 10-5

M solution of Eosin B in deoxygenated ethanol. It corresponds to all combined visible and NIR

photoluminescence intensity. Use the expression from the evaluated convolution integral, along

with the custom-function fitting from the previous appendix, to fit this provided data. Find the

fluorescence lifetime exponential decay. Also find the instrument resolution in FWHM and speculate

about which part of the instrument this is likely to be.
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Time (ns) Intensity .71 101000 2.61 12000

-1.39 400 .81 89000 2.71 10400

-1.31 400 .91 84400 2.8‘ 9200

-1.23 800 1.01 79600 2.91 8400

-1.15 1200 1.11 78000 3.01 7200

-1.07 2400 1.21 67600 3.11 6000

-0.99 4000 1.31 60800 3.21 5600

-.91 5200 1.41 50800 3.31 4000

-.83 7200 1.51 49800 3.41 3600

-.75 10000 1.61 37600 3.51 3600

-.67 17000 1.71 36400 3.71 3200

-.59 22600 1.81 29600 3.91 2800

-.39 36000 1.91 26800 4.11 2400

-.19 5800 2.01 23200 4.31 2000

.01 58000 2.01 23200 4.31 1600

.21 98200 2.11 22800 4.51 1600

.41 110000 2.31 18000 4.91 1200

.51 110000 2.41 15600 5.11 1200

.61 106000 2.51 13200 5.31 1200

Table B.1: Sample fluorescence data if no fast oscilloscope or fast photodiode are available.
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Instructor Resources

Item Cost

Crylas FTSS-355-Q3 ˜$14,000

Lightspped Technologies HPLS-36AD3500 (or equivalently DD18) ˜$2,000

Hantek USB Oscilloscope >2 channel, >250MHz <$300

Quantum Composers SDG 9200 Sapphire Series >=2 channels ˜$1,000

2 x Thorlabs High Speed Si Detector (DET10A) ˜$300

Thorlabs 2” Post Holder pack of 5 (PH2-P5) ˜$40

Thorlabs Mounting Base 2.3x3/8 pack of 5 (BA1S-P5) ˜$25

Thorlabs Post 1
2” dia x 2” Length pack of 5 (TR2-P5) ˜$25

Thorlabs Breadboard 10x12x1/2 (MB1012) ˜$130

Thorlabs Ø1/2” 15 mm N-BK7 Plano Convex Lens (LA540) ˜$20

Thorlabs Ø1/2” 100 mm N-BK7 Plano Convex Lens (LA1207) ˜$20

Thorlabs Kinematic Mirror Mount for 1” optics (KM100) ˜$40

Thorlabs Lens Mounting Ring for 1” optics #8-32 (LMR1) ˜$30

Thorlabs 25 mm dia. 400 nm Longpass Filter (FGL400M) ˜$50

Optional: Thorlabs Mounted Standard Iris 15 mm (ID15) ˜$50

Sigma-Aldrich Eosin B fluorescent indicator 25g (45260) ˜$100

Clear/colored Acrylic or fiberglass (OD>3 355 nm) ˜50”x100” ˜$50–200

Spectrocell 1mm FUV Quartz Cuvette w/ Screw Cap (R-3001-t) ˜$300

Additional Equipment Typically Provided by University:

Computer with USB terminals, LabVIEW capable -

NI LabVIEW -

95% laboratory ethanol -

Table B.2: labelpricesListed values at the time of purchase for major instrument components.

Disclaimer: The optical layout shown in the following figures and in Chapter 3 provides intended

function, but many configurations exist. With a larger breadboard no mirrors would be required at

all.
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Broad details of construction (will require some expertise, or some hours of tinkering):

1. Wear appropriate PPE (usually goggles OD>3 at 355 nm), avoid significant or repeated skin

exposure to the 355 nm Crylas excitation laser.

2. Keep the all beams in the plane of the table, remove jewelry to avoid specular reflections, when

placing optics into active beam paths keep them vertical to avoid out-of-plane reflections.

3. Build an enclosure suitable for your needs, but it must block a specular reflection of 355 nm

in order to be safe for student use.

4. Interlock this enclosure with the 355 nm pump laser, wiring it to the appropriate terminals of

the serial cable.

5. Connect the pump laser power supply to the computer and test it by visualizing the beam on a

white index or business card. Be sure to have a beam-block ready that will not provide any

specular reflection, keep this beam block in the path preventing the beam from going beyond

any desired position.

6. It is most useful to begin building the probe pulse beam path first.

(a) Considerations: The LED source is >1mm diameter, and without telescoping can never

be focused smaller than this. Telescoping would sacrifice probe intensity but yields a

cleaner pump-probe signal if one wishes to obtain fully quantitative ∆A values. However

this requires multiple lenses and more space for optics.

(b) The goal is to focus the LED source into as tight a spot as possible where you expect

the sample to be.

(c) Refocus this beam after the expected sample position and onto the detector CCD surface

(∼ 1mm dia.).

7. Place the sample at the focal point of the LED beam.

8. Place the Crylas diode laser.
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(a) Use the 355 nm high-reflector to steer the beam such that it overlaps spatially with the

probe focal point at the sample.

(b) Place the second photodiode behind this high-reflector, a small fraction of the beam will

leak through and strike the photodiode—it may be useful to move this photodiode while

monitoring intensity on an oscilloscope. This small pulse will trigger all subsequent

electronics and acquisition.

9. Connect the pump-pulse photodiode to an input port on the signal delay generator (SDG,

quantum composer).

10. Connect one output channel of the SDG to the probe LED.

11. Connect the other output channel of the SDG to the “trigger” channel of an oscilloscope

detector.

12. Connect the main photodiode (with the probe focusing onto it) to the “signal” channel of an

oscilloscope.

13. Set the Crylas pump laser to a slow repetition rate (4–100 Hz).

14. Set the Quantum Composer SDG software to triggered input based on the pump photodiode,

usually the signal is small and requires a low trigger threshold.

15. Set output channels 1 and 2 of the SDG to the appropriate delays with respect to the trigger.

The delay between the input trigger, and the output signals constitutes the delay between

pump and probe pulses (plus a little extra for electronics response times).

16. Visualize subsequent data on the oscilloscope.

17. To operate the instrument as a fluorimeter, simply disable the probe LED and self-trigger the

oscilloscope on the “signal” channel only.
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Photographs of instrument at UCLA:

Figure B.5: Instrument with lid on and interlocked (upper), and top-down lid removed (lower). Enclo-
sure includes all optics and light sources. In the upper panel, outside the box are the computer (left),
Hantek USB oscilloscope (left) and quantum composer signal delay generator (left).
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APPENDIX C

Supporting Information for Bay-Linked Perylenediimides are

Two Molecules in One: Insights From Ultrafast Spectroscopy,

Temperature Dependence, and TD-DFT Calculations

C.1 Supporting Information Preface

This appendix is organized in the same fashion as Chapter 4. We first discuss pertinent details

regarding the synthesis and experimental methods, then steady-state spectroscopy and the spectral

fits, then we present additional time-dependent density functional theory (TD-DFT) calculations,

and lastly we delve into the details of the time-resolved experiments on our chosen PDI and di-PDI

molecules in different solvents and cast into films. Most of this SI presents raw data, particularly

from our time-resolved experiments, however key details about calculations, fits, and other subtleties

of analysis or interpretation are also included.

We note that the through-space angular dependence of the coupling has been studied previ-

ously for several PDI aggregate systems,217, 218 but not in a bay-linked system with through-bond

coupling as for the di-PDI studied here. That said, there has been previous work examining our

chosen di-PDI, including optical, time-resolved, nuclear magnetic resonance, and electrochemical

spectra.79, 85, 180, 184 There have also been a number of recent publications using (TD-DFT) to

calculate the orbitals of our chosen PDI monomer, bay-linked di-PDI molecule and other related

PDI oligomers.85, 219, 220 These previous studies form a strong foundation for the work presented in

Chapter 4 and here.
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C.2 Synthesis and Purification Details

Our bay-linked di-PDI molecule (2,9’-di(undecan-5-yl)-2’,9-di(undecan-6-yl)-[5,5’-bianthra[2,1,9-

def:6,5,10-d’e’f’]diisoquinolin]-1,1’,3,3’,8,8’,10,10’(2H,2’H,9H,9’H)-octaone) was synthesized

according to literature procedures (see Methods section). Column chromatography yielded several

similar products (not characterized) necessitating several rounds of purification. The final product

characterization consisted of 1H and 13C NMR and mass spectrometry (MS). The MS yielded a

clean peak at 1394.788 m/Z, compared to the expected HRMS (DART) calculated 1394.80107 m/z

for C92H106N4O8 [M•+]. The NMR spectra of the final purified product are shown in Figures C.1

and C.2.

We performed several spectroscopic experiments on our synthesized di-PDI at various stages of

purification (data not shown); in the early stages, there were extraneous and overlapping signals,

some of which were similar in nature to a monomeric PDI. In subsequent rounds of column

purification these extraneous signals were reduced in intensity in both electronic spectroscopy

and NMR. However, the presence of the broad and narrow absorption and emission features we

explore in Chapter 4 did not change relative intensities as purification proceeded. Moreover, the

fact that we can induce a change relative intensities of the broad and narrow features by changing

the temperature (as shown in Chapter 4 and in the SI below), “freezing out” the higher-energy

configuration at cryogenic temperatures, provides strong evidence that the broad and narrow spectral

features indeed arise from the same di-PDI molecule.

C.3 Vibronic Model for Fitting the Di-PDI Optical Spectroscopy

In our first attempt to fit the di-PDI absorption spectrum, we employed Gaussian vibronic progres-

sions with the following functional form:

n

∑
0

e−λ2λ2n

n!
e

1
2

ω−ω0−n·s
σ (C.1)
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Figure C.1: Proton NMR spectrum of di-PDI after purification.
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Figure C.2: Carbon-13 NMR spectrum of di-PDI after purification.
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where λ is the Huang-Rhys parameter, n is the number of vibronic peaks, ω0 is the center position

of the 0–0 vibronic peak and s is the vibronic splitting. We found that at least two different vibronic

progressions of the form of Equation (C.1) were required for a reasonable fit of the absorption

profile down to 450 nm. Unfortunately, these fits were not robust, with many local minima, and

thus were extremely sensitive to the chosen starting parameters. For this reason, we do not show

these fit attempts. In fact, we found that even the previously-measured absorption spectrum at 77

K,85 which was repeated by us as shown in Chapter 4, could be fit with a wide variety of parameters

with a high degree of correlation. This makes it clear that the di-PDI absorption spectrum alone

is far too convoluted to fit directly. Indeed, we show below in Figure C.10 that the theoretical

absorption spectrum obtained from TD-DFT is complex enough that there is no obvious way to fit

or deconvolve it in isolation. As discussed in Chapter 4 and further below, this situation arises from

the wide distribution of different electronic states populated along the di-PDI φ coordinate.

C.4 Steady-State Spectroscopy Details

The first experimental evidence that convincingly showed multiple absorbing and emitting species

was 2-D excitation-emission spectroscopy. We note that in the data presented in Figures C.3 and C.4,

there are several very weak residual emission features that we attribute to impurities. One such

feature is visible at excitation wavelengths of 490 and 520 nm, which produced an emission shoulder

at 540 nm. This feature decreased in intensity upon repeated purification steps, concomitant with a

decrease in an extraneous feature in the nuclear magnetic resonance spectrum.

135



450 500 550 600 650 700 750 800
250

300

350

400

450

500

550

600

Absorption-Normalized Emission (nm)

Ex
ci

ta
tio

n
(n

m
)

0.00

6.80

13.6

17.0(a) CHCl3

450 500 550 600 650 700 750 800
250

300

350

400

450

500

550

600

Absorption-Normalized Emission (nm)

Ex
ci

ta
tio

n
(n

m
)

0.00

6.00

12.0

15.0(b) CHBr3

450 500 550 600 650 700 750 800
250

300

350

400

450

500

550

600

Absorption-Normalized Emission (nm)

Ex
ci

ta
tio

n
(n

m
)

0.00

2.20

4.40

5.50(c) 1-Butanol

450 500 550 600 650 700 750 800
250

300

350

400

450

500

550

600

Absorption-Normalized Emission (nm)

Ex
ci

ta
tio

n
(n

m
)

0.0

0.2

0.4

0.6

0.8

1.0(d) Film

Figure C.3: Excitation-emission spectra collected for 2.13×10-6 M di-PDI in chloroform, bromoform,
1-butanol, and as a spin-cast film. All spectra are normalized by their respective absorption spectra
at each excitation wavelength. Excitation wavelengths were taken in 10 nm intervals from 250 nm to
600 nm. The two linearly-tracking progressions are the first- and second-order excitation scatter and
should be ignored. For the di-PDI in bromoform, the solvent absorbs heavily below 330 nm so we have
not shown data in this region. The absolute emission intensities from di-PDI in the different solutions
are directly comparable, but the film intensities have been arbitrarily normalized.
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Figure C.4: Raw EES for 2.13×10-6 M di-PDI in chloroform, bromoform, 1-butanol, and as a spin-
coated film. Data from bromoform below 325 nm excitation artificially weakened due to competing
absorption of the solvent or impurities. Note that for the film, the final contour colors between orange
and red no longer have linear spacings: between orange and red there is roughly a factor of 10 increase
in the per-contour scaling. This is because the di-PDI emission when exciting in the UV is very strong,
perhaps because direct excitations to delocalized states become available.

Figures C.3 and C.4 quantitatively compare di-PDI emission spectrum as a function of excitation

energy in the three solvent environments and in spin-cast films. As is most easily observed in

Figure C.3, the emission spectra at various excitation energies have subtle differences, primarily

observed near 540 nm in emission. The 2-D data clearly show a strong dependence on emissive

spectral shape as a function of excitation wavelength. However this experiment alone is still unable

to explain the origin of such behavior, for that we needed additional temperature-dependent and

time-resolved experiments and the help of theoretical calculations, as discussed in Chapter 4.

In bromoform the narrow-band emission from the open conformer is somewhat noisy due to
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its much lower yield compared to that in chloroform or 1-butanol. For di-PDI in 1-butanol, with

its higher dielectric and viscosity, we see several interesting trends: the closed geometry emission

is even broader and red-shifted by an additional 50 nm with respect to that in chloroform and

bromoform. In contrast, the narrow emission feature from the open conformer remains relatively

unchanged, save for a small 5-nm red-shift. This is in line with our expectations that the solvent

dielectric will more sensitively affect the strongly-coupled closed di-PDI geometry than the more

monomer-like open geometry. The unchanged narrow feature is consistent with excited-state

optimization in our TD-DFT calculations, discussed in Chapter 4 and further below, which suggest

that there is only a small Stokes shift for the occupied first excited state in the open conformation.

(Unfortunately, the excited-state optimization for the closed geometry did not converge, but the

vertical transition while the ground state is occupied suggests this conformation would relax by

having φ decrease to <50◦). Finally, Figure C.4 also shows that the film scatters significantly more,

producing larger first and second order scattering peak progressions in the raw data. The di-PDI

emission in the film has the largest effective Stokes shift, red-shifted by an extra 50 nm compared to

solutions, presumably due the ease of exciton migration to the lowest available emitting states.

From the excitation-emission spectra, non-negative matrix factorization provided rough profiles

for the two underlying spectral components. However, this analysis yielded significant cross-talk

between spectral components and the results were not robust. We found that the simplest procedure

yielding the cleanest spectral components was simply adjacent subtraction of emission profiles at

various excitation energies. First, we isolated the broad emission feature from 580-nm excitation,

which is cleanly resolved with no competitive emission. This was then scaled and subtracted

from spectra collected where the narrow feature was present—isolating only the narrow feature

by subtracting off the other. This data makes clear that in all three solution environments, besides

small shifts in position, Huang-Rhys factors, and broadening, the molecule emits with the same two

emission components. In the film, other than a high-energy feature associated with UV excitation,

we see only the broad emission feature. The narrow emission feature due to the open conformation

is lost due to energy transfer because of the proximity of neighboring di-PDI molecules in the film,

as discussed in Chapter 4.
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C.4.1 Temperature-Dependent Spectroscopy

In Chapter 4, we used the temperature dependence of the di-PDI emission spectrum in 2-Me-

THF and ODCB to determine the energy gap between the open and closed di-PDI ground-state

conformations. We were not able to perform this estimate in CHCl3 due to its low boiling point,

which prevented us from heating the solutions. We also note that the narrow absorption feature,

which corresponds to the open conformation, only weakly absorbs, making it difficult to estimate the

molar extinction based on the reconstructed absorption profiles weighted by the determined quantum

yields. However, the absorption cross-section of the closed conformer absorption, which leads to

the broad emission in Figure 4.3 of Chapter 4, was found to have a maximum of roughly 70,000

M-1cm-1 at 535 nm, similar to reported values elsewhere.221 With this cross-section, we estimate an

integrated oscillator strength for di-PDI that is approximately twice that of the monomer. Thus, we

can roughly estimate the molar extinction coefficient of the narrow feature from the open conformer

by assuming its oscillator strength should also be roughly twice that of the monomer. Using this

assumed oscillator strength in conjunction with the measured fluorescence yield of both emitting

features, we calculated an energy gap between the two conformers of about 5 kBT in chloroform at

room temperature—in excellent agreement with the experimental results in ODCB and the TD-DFT

calculations presented in Chapter 4. This large gap explains why the open conformer/narrow spectral

feature had gone previously unnoticed in solvents such as chloroform.
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Figure C.5: The absorption spectrum of di-PDI in 2-methyl-tetrahydrofuran at room temperature
(black squares) and at 77 K (red circles).

Figure C.5 compares the absorption spectrum of di-PDI in 2-methyl-THF taken at both room

temperature (black squares, curve) and at 77 K (red circles, curve). The overall shape of the

absorption spectrum we see at cryogenic temperatures is consistent with that reported in the literature,

although we note that a higher-resolution spectrum of di-PDI in glassy 2-methyl-tetrahydrofuran

is available in the literature.85 The major difference in the glass at 77 K is the intense broadening

of the main absorption feature and the large red tail. We are not entirely sure of the origin of the

red absorption tail at cryogenic temperatures. One possibility is that the di-PDI molecules tend to

aggregate in the cryogenic matrix. Another possibility is that a wider variety of di-PDI dihedral

angles (<60◦, >110◦) are trapped in the frozen matrix.
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Figure C.6: Temperature dependence of the emission from a spin-cast di-PDI film.

Fluorescence spectra were collected for films of di-PDI as a function of temperature, similar to

what is shown in Chapter 4 for the di-PDI in solution. The di-PDI film emission spectrum excited

at 570 nm at 77 K is as shown as the black dotted curve in Figure C.6. The major finding is that

for films, the fluorescence spectrum narrows. This could arise from a number of effects, including

as slower exciton hopping at lower temperatures and/or a narrower range of dihedral angles (φ)

thermally populated within the film.
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Figure C.7: Normalized absorption spectra of a spin-coated film of di-PDI at room temperature (black
squares) and 77 K (red circles) in a vacuum cryostat.

Although the emission spectrum of di-PDI in spin-cast films has a strongly temperature-

dependent spectral width, as shown above, Figure C.7 shows that the di-PDI film absorption

spectrum remains virtually unchanged with temperature. This bolsters our suggestion that thermal

motions along the dihedral φ coordinate are responsible for controlling relaxation and transport

dynamics within the film.
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C.5 Global Fitting Details

In this section, we discuss the details of how we arrived at the global fit of the closed and open

conformation spectra discussed in Chapter 4. The functional form which best fit our global data

sets, shown in Figure 4.8 of Chapter 4, is a vibronic progression of Gaussian widths shown in

Equation (C.1). We found that at least three independent components were required to fit the spectra

of the isolated closed (broad) and open (narrow) conformations; this means that we used a sum of 6

transitions (each with form Equation (C.1)) to globally fit the data. The parameters providing the

best fit are listed in Table C.1.

Table C.1: Global Fitting Parameters for di-PDI Open and Closed Geometry Electronic Transitions

Parameter “Closed” “Open”

s1=2=3 (eV) 0.162 0.155

I1 (normalized) 1∗ 1∗

I2 1.45 1.11

I3 0.61 0.58

IESA -0.55 —

ω0, 1 (eV) 2.18 2.27

ω0, 2 (eV) 2.28 2.35

ω0, 3 (eV) 2.57 2.61

ω0, ESA (eV) 2.61 —

λ1 1.18 0.68

λ2 1.00 0.66

λ3 1.28 —

σ1 (eV) 0.036 0.026

σ2 (eV) 0.046 0.040

σ3 (eV) 0.041 0.055

σESA (eV) 0.081 —

The scalar intensities I of each of Gaussian vibronic progression, which included the sum of 5

Gaussians, were normalized for both the open and closed geometries relative to the lowest energy

component, as noted by the asterisks in Table C.1. The relative intensities of each component of

the two conformers change drastically depending on the choice of solvent, excitation frequency
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and temperature, as discussed in Chapter 4. To reduce the number of fitting parameters, we held

the spacings of the respective components of the open and closed geometry components fixed. We

believe that this is a physically reasonable assumption given that electronic transitions are likely to

couple to similar vibrations; without this assumption the fits lost much of their robustness.

When globally fitting the data, we did not include a progression for the stimulated emission of the

narrow (open geometry) component, which would have also contributed the overall intensity of the

maximum bleach feature to red of 535 nm (for the 400-nm pump TA data). With this omission, we

found that the results were robust and did not sensitively depend on the chosen starting conditions

for the fit. We also found that an ESA component was required to fit the transient absorption

signals to blue of 500 nm regardless of excitation frequency, suggesting that this contribution likely

originates from the closed di-DPI conformation.

C.6 Theoretical Details: Going Beyond Simple Molecular Aggregation

C.6.1 Failure of the Standard Aggregation Picture

One of the important conclusions of Chapter 4 is that one cannot use standard aggregation theories

to explain the spectroscopy of the di-PDI molecule from the spectra of the PDI monomer. The

standard picture of molecular aggregates was developed by Kasha and coworkers187, 188 under the

point-dipole approximation, leading to expressions for the coupling between interacting monomers,

with the two most commonly cited results being the H- and J-aggregate geometries.76 The vector

addition of the transition dipole moments (TDMs) and their effects on the molecular aggregate

spectroscopy are shown in Figure 4.1 of Chapter 4.

The simplest description of Coulombic interaction for two adjacent molecules with transition

dipoles µ1 and µ2 at some intermolecular separation R12 is given by:

V =
µµµ1 ·µµµ2

4πε0n2R3
12
− 3(µµµ1 ·RRR12)(µµµ2 ·RRR12)

4πε0n2R5
12

. (C.2)

The solutions to the Schrödinger equation for this potential are then:
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Ψ
± =

1√
2
(|φ∗1φ2〉± |φ1φ

∗
2〉) ; E± = E0±V, (C.3)

with

E± = E0±V. (C.4)

For the general cases of TDM arrangements leading to H-aggregation, the TDM vectors of the

lower-energy configuration obey µ1 =−µ2, leading to:

M± =
∫

Ψ
±∗(µ1±µ2)Ψgdrrr, (C.5)

where it becomes clear that the allowed transition carries twice the oscillator strength of an isolated

monomer.222 However, this description fails when the interchromophore distance becomes compa-

rable to the delocalization length scale.76 One may instead use the extended dipole approximation,

or as we did here, calculate the Coulombic interaction using Mulliken transition charges.201

We performed this calculation by estimating the interacting transition densities using atomic

charges calculated according to Mulliken population analysis for the monomer wave function held

at the twisted nuclear coordinate of the di-PDI in each geometry. We computed the transition density

of the PDI monomers using the same level of theory used for di-PDI. The Coulombic coupling for a

given dimer geometry was then determined by:

J =
N

∑
i, j

qiq j

|rAi− rB j|
, (C.6)

where i, j run over all the atoms on separate monomer subunits in the dimer geometry; qi, q j are the

computed transition atomic charges on the ith and jth atoms, respectively; rAi is the position of ith

atom on chromophore A and rB j is the position of the jth atom on chromophore B. In other words,

J sums up the pair interactions of atomic transition charges of two monomer-like PDI branches in a

di-PDI molecule.

With this formalism, we find the Coulomb couplings to be ∼100 meV and ∼25 meV for the

50◦ and 110◦ di-PDI conformations (we also see that if we had used the point dipole approximation,
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we would obtain significantly smaller estimated couplings). The larger splitting for the closed

conformer at 50◦ is due to the favorable pi-stacking configuration

Even though Coulomb coupling is insufficient to explain the electronic structure of di-PDI,

as discussed in Chapter 4, the expected forms of coupling for this molecule can be qualitatively

predicted. We would expect the Coulomb coupling to be minimized when the two monomers

are at the magic angle condition (Chapter 4 : Figure 4.1(b)) and the through-bond coupling to

be minimized at 90◦ where the overlap of the π MOs is poorest. Our TD-DFT calculations are

indeed roughly consistent with these ideas, with the 90◦ di-PDI geometry clearly having the weakest

coupling and the strongest coupling occurring for geometries with φ<70◦ where the through-space

π-stacking is maximal.

We note that in condensed phases with relatively high dielectric constants, the stabilizing effect

of the environment often supports low-energy charge transfer (CT) states. Such CT states tend to

carry very little oscillator strength, and their presence is usually indicated by red-shifted, broadened,

and strongly quenched fluorescence. This type of CT intermolecular aggregation has been thought

to be present in our di-PDI,76, 85, 181, 183, 223–225 but we find no concrete evidence for it: there is no

significant change in the lower-energy emission of di-PDI in solutions with dielectric constants

ranging from 4.3 (bromoform) to 17.8 (1-butanol). Instead, the generally low quantum yield of the

broad emission from the closed conformation is due to the inherently poor oscillator strength of the

lowest excited state in this geometry. Although we do see a lifetime and quantum yield decrease in

higher dielectric environments, we believe that this is due more to changes in the preference for the

closed and open conformers than the presence of a spectroscopically important CT state.

C.6.2 Full Electronic Structure via TD-DFT

Some of the general spectroscopic manifestations basic Coulombic coupling71, 76, 191 do carry over

to the di-PDI studied here, but a full description of the electronic structure requires detailed quantum

chemistry calculations. The di-PDI studied here is challenging from a theoretical standpoint: it

is a large molecule that contains many delocalized electrons that are sensitive to exchange. Thus,

the TD-DFT results presented in Chapter 4 and detailed here provide only rough guidelines to

146



understand the conformational and electronic structure of di-PDI. Figure 4.5 shows the calculated

ground-state potential energy surface of di-PDI in vacuum and in PCM dielectric of 4.81, calculated

with the PBE0 functional and Grimme’s D3 dispersion correction at fixed dihedral angles between

30◦–140◦). Note as also mentioned in Chapter 4 that our definition of dihedral results in a reflected φ

axis with respect to previous studies.79, 83, 184, 196–199 To the best of our knowledge, our calculations

are the first to include the dispersion corrections necessary for describing the π-interactions present

for closed geometries when φ<90◦. When dispersion corrections are included, the ground-state

molecule prefers to maximize this π-interaction, as shown in Figure 4.5. In contrast, previous

studies80, 82, 85, 180, 184, 221, 226 that do not use this correction suggest that the open conformation

would be energetically preferred, contrary to what we observe spectroscopically.

The lower part of Figure C.8 shows isosurface plots of the TD-DFT-calculated charge density of

the di-PDI HOMO in the open and closed conformations, with the geometries shown in the upper

part of the figure for reference, providing a rough idea of the individual chromophore interactions.

The closed geometry has a fair amount of slip-stacked π-π interactions between monomer subunits

due to significant distortion of the perylene backbone. In the open geometry, the two monomeric

subunits still interact, but primarily through (and around) the β–β connecting bond.
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Closed Open

Figure C.8: The nuclear geometries (upper) and isosurfaces of the HOMO wave function (lower) of
the di-PDI closed (left) and open (right) conformations.

Figure C.9 shows the oscillator strengths of the four lowest-energy electronic transitions from te

ground state as determined from our TD-DFT calculations. The oscillator strengths show several

notable features. The fact that both geometries behave electronically roughly as with H aggregation

is clear from the lower oscillator strengths of the first two excited states, while the transition to

the fourth excited state retains the largest oscillator strength. For the open geometry, however,

there is a more balanced character to the oscillator strengths, with the lowest transition becoming

quite strongly allowed. Though the energies of transitions to excited states three and four cross as

shown in Chapter 4, the oscillator strengths remain continuous. The predicted Coulombic coupling

described above is unable to explain these angle-dependent features of the excited state energies or

oscillator strengths.

As shown in Chapter 4, our di-PDI of interest is known to have a twisted geometry of the

PDI subunits, and for the closed geometry there appears to be an unphysical amount of twist
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and puckering in order to maximize the π-stacking. This is likely artificially bringing down the

energy of the ground and excited states for this 50◦ case. Qualitatively speaking, if these two

effects are corrected in the expected direction, the resulting spectrum would be more similar to

experiment: with weak transitions around 600 nm and the majority of oscillator strength around 530

nm. However no immediate features from alternative molecular geometries are discernible from

either the predicted or experimental absorption spectra alone.
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Figure C.9: Oscillator strengths for the vertical transitions from the ground state for the range of
dihedral angles φ explored in Chapter 4 for the first (teal circles), second (red squares), third (green
inverted triangles), and fourth (blue upright triangles) excited states of di-PDI as a function of φ.

With the transition energies, oscillator strengths and the ground-state potential energy surface

(PES) from our TD-DFT calculations, we are able to estimate the steady-state absorption spectrum,

which is shown in Figure C.10. The predicted spectrum leads to two main conclusions: (1) the

bulk of the absorption profile is centered near 510 nm, which has only a small energy discrepancy

from the experimentally-observed absorption profile peaking near 540 nm, and (2) there are small
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absorption contributions at calculated wavelengths to the red of 600 nm, perhaps corresponding to

the experimentally-observed weak absorption feature near 580 nm in experiment.
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Figure C.10: Absorption spectrum of di-PDI calculated from TD-DFT with a PCM dielectric of 4.81,
mimicking chloroform. Each dihedral conformation contributes four electronic transitions within the
visible range in fixed steps of φ±10◦. The intensities are derived from the oscillator strengths weighted
by Boltzmann coefficients derived from each dihedral conformation’s energy in the ground state.

To better understand how the electronic structure of di-PDI arises, Figure C.11 compares the

TD-DFT calculated one-electron orbitals for a lone radical monomer (i.e., half of the di-PDI with

the connecting bond broken and one electron assigned to each monomer), di-PDI one-electron

MOs, and the full multiconfigurational states of di-PDI. There is reasonable agreement between

the radical monomer and the dimer one-electron orbitals, further solidifying the idea that di-PDI’s

electronic structure cannot be explained as two interacting closed-shell monomers. Thus, by linking

the PDI monomers through the bay position, the di-PDI molecule behaves more like two mixed
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radicals than like two separate molecules being held in proximity. Further confounding this is the

importance of correlation and exchange in mixing of these one-electron orbitals. It is this fact that

perhaps best explains why the simple Kasha picture does not hold for this molecule and why the

underlying spectroscopy, even for a single dihedral configuration, is so complex.
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Figure C.11: The TD-DFT determined MO electronic energy levels of a radical monomer PDI (i.e.
half of the di-PDI molecule), di-PDI one-electron MOs and di-PDI mixed electronic states are plotted
on the same energy axis. The monomer has an unpaired electron since the dimer is covalently bonded
and splitting the bond would results in a radical forming on each half. Note the MOs of the monomers
combine to give MOs with different symmetries (labeled A and B).
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C.7 Time-Resolved Spectroscopy Details

One common method used to study intermolecular coupling and aggregation is to use polarization-

dependent spectroscopies on crystals of π-conjugated molecules, where the molecules have macro-

scopic orientation and ordering.75, 218 However, our di-PDI of interest was explicitly created for

its inability to form large ordered domains.72, 73, 196, 227, 228 Thus, although we have performed

femtosecond transient absorption (fsTA) spectroscopy, including polarized spectroscopy, the re-

sults we obtain are not as detailed as those which have been applied to a variety of other PDI

systems.80, 178, 181–183, 223, 229–251 Here, we detail the fitting procedures used to analyze the data

presented in Chapter 4 as well as discuss the polarization-dependent spectroscopy experiments on

di-PDI that we performed.

C.7.1 Excited-State Kinetic Fit

For all the fsTA data on di-PDI that we collected, we fit the data in the time domain to a sum of

three exponentials, whose lifetimes were given in Table 4.2. The corresponding amplitudes of the

fit are given below in Table C.2. We reiterate that this fit was performed primarily to characterize

the data, with no particular kinetic model implied.

Table C.2: Amplitudes of the time-domain fitting parameters to transient absorption spectroscopy
on di-PDI (Figure 4.7) at two excitation wavelengths (580 nm and 400 nm) and in several solvent
environments. Amplitude a1 corresponds to the longest component of the tri-exponential fit (1.5–3.9
ns across all solvents).

Environment a1 ashift afast

CHCl3, 580 ex 1 0.3 0.22

CHBr3, 580 ex 1 0.29 0.1

1-BuOH580 ex 1 0.17 0.11

Film580 ex 0.85 0.53 1

CHCl3, 400 ex 1 .3 -

CHBr3, 400 ex 0.68 1 -

1-BuOH400 ex 1 .19 0.05
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C.7.2 Details of Obtaining the Lifetime of the “Open” Geometry

From Figure 4.7 it is clear that the ground-state bleach spectral shape hardly changes with time, even

when exciting at 400 nm, which produces the maximal fraction of exciting the narrow-absorption

feature open di-PDI conformer. We found from the bleach recovery that the lifetimes of the closed

and open di-PDI geometries are similar; here, we provide additional details of how the 2.5-ns

lifetime of the open conformer was extracted from the data. First, we attempted to fit the 400-nm

excitation fsTA data with a bi-exponential at times longer than 400 ps in an attempt to separate

the lifetimes of the two conformers. We fixed one component to 3.9 ns, which is the lifetime of

the closed conformer measured directly from exciting di-PDI at 580 nm, but found that the other

lifetime at 400-nm excitation could freely vary anywhere between 1.5 ns and 10 ns within error.

This indicates that our fsTA data alone is technically unable to distinguish the lifetimes of the

two di-PDI conformer. The 2.5-ns lifetime we quote for the open conformer in Chapter 4 was the

best-fit time from this procedure. We know, however, that the overall lifetime (when fit to a single

exponential) is shorter when a higher fraction of the open conformer is excited (3.2 ns) than when

the closed conformer is excited (3.9 ns), consistent with our assignment of a shorter lifetime (∼2.5

ns) for the open di-PDI geometry compared to the closed geometry.
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C.7.3 Femtosecond Excited-State Dynamics and Spectral Assignments

As mentioned in Chapter 4, we see a short-lived (∼12 ps) excess bleach feature near 550 nm in

the fsTA of di-PDI in chloroform following 580-nm excitation. This feature could be attributed to

multiple processes: stimulated emission (which would then be related to the Kerr-gated fluorescence

spectrum through a factor of ω3), inhomogeneous broadening in which 580-nm excitation excites

only a preferential sub-population of di-PDI that also absorbs at 550 nm, or the presence of

an excited-state absorption that quickly shifts into place and masks what would otherwise be a

permanent bleach at that wavelength. However, we saw in Figure 4.7(b) that 400-nm excitation

does not produce this excess bleach feature. This suggests the excess bleach must originate from

a combination of either stimulated emission and/or inhomogeneous broadening with the 12-ps

timescale in chloroform.

We believe that the 12-ps fsTA feature we see for di-PDI in chloroform could be similar for

both conformations: the time scale is likely due to torsional dynamics on the φ coordinate and/or

solvation dynamics, and either of these would be similar for both conformers. One hypothesis

consistent with both this idea and the similar excited-state lifetimes is that both are directly tied

to the timescale of di-PDI sampling the barrier between conformers: we expected the ground

and excited states may better nonadiabatically couple near φ = 90◦, as has been seen previously

in photoisomerization of stilbene.252 This would explain why we do not see signs of the two

conformations interconverting in our experiments: because of high nonadiabatic coupling or a

conical intersection near 90◦, relaxation may take place before interconversion, imposing an upper

limit on the lifetime regardless of which side of the barrier (i.e., which conformer) is initially excited.

The slightly shorter lifetime of the open conformer (which has a higher-energy excitation) would be

consistent with sampling the barrier faster.
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C.7.4 Femtosecond Pump-Probe Anisotropy

Although all the fsTA experiments in Chapter 4 were reported with the pump and probe polar-

izations set to the magic angle (54.7circ), we also performed similar experiments using parallel

and perpendicular pump-probe polarizations. We then used this polarized fsTA to calculate the

time-resolved anisotropy according to:

r =
I‖− I⊥

I‖+2I⊥
, (C.7)

which can take values from −0.2 to +0.4 (assuming a degeneracy of 1 and absorption or bleaching

of only a single state).12 The measured transient anisotropy data for di-PDI excited at 580 nm in

chloroform is shown in Figure C.12. We also verified that when adding the parallel plus twice the

perpendicular polarized transient spectra, we recovered what we measured directly at the magic

angle condition within error.
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Figure C.12: Ultrafast anisotropy of di-PDI in chloroform following excitation at 580 nm. The gap in
the data is where the net TA crosses zero, leading to a divergent anisotropy.

Even though the 580-nm pump wavelength excites only the closed PDI conformer, the data

in Figure C.12 shows clearly that the early-time anisotropy is not 0.4, as is the case with the
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corresponding PDI monomer, shown below in Figure C.17. To understand the observed di-PDI

anisotropy, we used the transition dipole orientations and strengths from our TD-DFT calculations

to predict the expected anisotropy as a function of φ using a recent formalism;12 the predicted

anisotropy is shown in Figure C.13. We assume that the lowest excited state is is populated, and find

that the predicted anisotropy agrees qualitatively well with the experimental values in Figure C.12.

In particular, the prediction captures the general trend of the experimental anisotropies with values

generally between −0.1 and 0.2, with an anisotropy of nearly 0.4 around 560 nm, which trails

lower towards the blue part of the spectrum where more components overlap. We note that our

anisotropy prediction, however, is not quantitative as our TD-DFT calculations do not provide

detailed information about the absorption amplitudes or vibronic progressions overlapping in the

blue part of the spectrum.

We also note that the although most of the initial di-PDI anisotropies in the bleach part of the

spectrum are small there is the large anisotropy near 580 nm, which we believe consists of strongly

polarized stimulated emission from the pre-relaxed Franck-Condon region. This anisotropy decays

mono-exponentially with a lifetime slower than the PDI monomer by a factor of 2.5 (as summarized

in Table 4.3). This slower reorientation is reasonable considering the increased bulkiness of di-PDI

relative to the monomer, resulting in slower rotational diffusion.
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Figure C.13: Predicted di-PDI transient anisotropy using oscillator strengths and transition dipole
orientations from our TD-DFT calculations, including overlapping transitions. These values were
calculated using the full pump-probe orientational integrals12 assuming that only the lowest energy
state with appreciable oscillator strength was excited. The right-most red bar for each value of φ is the
predicted anisotropy from the two lowest excited states (r12), the next bar to the left of this includes
the two previous states and the third highest state (r123), and so forth.

Kerr-gated fluorescence spectra of di-PDI were also collected as a function of polarization but

due to the limited time-resolution and maximum delay adds very little to the anisotropy obtained

from transient absorption. The anisotropy for the emission appears to be roughly constant across

the emission envelope (570–700 nm) with a small positive value of ∼0.2 for the first 5 ps, which

then decays to between 0 and 0.1 by 1 ns. This is consistent with the fsTA anisotropy.
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C.7.5 Raw fsTA Data of Di-PDI in Various Environments

Additional femtosecond spectroscopic data for both di-PDI and the corresponding PDI monomer

(referred to here as m-PDI) are shown in the subsections below, organized by their environment.

C.7.5.1 Chloroform

The fsTA, Kerr-gated fluorescence, and anisotropy for both 400 and 580-nm excitation are shown

for both m- and di-PDI in chloroform in Figures C.14 to C.19.
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Figure C.14: Raw fsTA of m-PDI in chloroform. We show this data here for the purpose of comparison
to the di-PDI data. The monomeric PDI in chloroform exhibits a single lifetime of roughly 3 ns with
minimal shifting of the spectral components, as evidenced by the isosbestic point around 630 nm that
persists for all measured times.
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Figure C.15: Selected fsTA spectra of di-PDI in chloroform after excitation at 580 nm with parallel
pump-probe polarizations. The excess bleach near the pump wavelength is due either to stimulated
emission or spectral hole-burning.
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Figure C.16: Selected fsTA spectra of di-PDI in chloroform after 580-nm excitation with perpendicu-
lar pump-probe polarizations.
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Figure C.17: The anisotropy of m-PDI (shown for comparison to di-PDI) in chloroform solution,
which follows a uniform decay at all wavelengths. This results fro the fact that the ground and excited-
state transition dipole vectors are parallel. The anisotropy decay of a few hundred ps is due to rota-
tional diffusion of the entire molecule, and is solvent viscosity dependent.
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Figure C.18: Time-resolved fluorescence measured with a transient Kerr gate of m-PDI in chloroform
excited at 540 nm. The earliest time spectrum in red shows scatter of the pump pulse. The subsequent
fluorescence dynamics are in agreement with the fsTA data.
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We note one subtle feature in the Kerr-gated fluorescence of the monomer: the 0-0 peak remains

relatively constant in intensity while that 0-1 peak grows in over the first 10–30 ps. This indicates a

relaxation of the excited-state geometry, most likely along the φ coordinate.
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Figure C.19: Experimental fsTA anisotropy for di-PDI in chloroform following excited at 400 nm.

Figure C.19 shows the transient anisotropy of di-PDI excited at 400 nm. At this excitation

wavelength, the ground-state bleach anisotropy is negative while the early-time anisotropy for the

ESA is positive, and there is very little anisotropic spectral dynamics. The most logical explanation

for this observation, consistent with the TD-DFT calculations described above, is that 400-nm

excitation involves so many states from both conformations of di-PDI that the anisotropy is averaged

out to be relatively featureless.
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C.7.5.2 Bromoform

To decouple features in the fsTA due to the electronic structure of di-PDI and those from dynamic

solvent relaxation and rotational diffusion, repeated the transient absorption experiments in multiple

solvent environments. We begin with bromoform, which has a similar dielectric constant (εbromoform

= 4.3 compared to εchloroform = 4.8) but a higher viscosity by a factor of ∼4. The fsTA dynamics

of di-PDI in bromoform are shown in Figures C.20 to C.23. We see that the spectral shift in the

550-600 nm region in bromoform indeed tracks roughly with the expected factor of 3-4 due to

increased viscosity. This adds credence to the idea of this feature resulting from inhomogeneous

broadening or a Stokes shift along the φ coordinate, requiring large-amplitude motion. The third

spectral minimum at early times near 575 nm is also far more pronounced in bromoform and its

decay also follows the trend in viscosity. The narrower vibronic features and previously mentioned

solvatochromism in bromoform may be due to interactions that change the relative energetics of the

open and closed di-PDI conformers and thus the degree of inhomogeneous broadening.
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Figure C.20: fsTA with pump-probe polarizations at the magic angle transient for di-PDI in bromo-
form following 580-nm excitation.
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Figure C.21: Pump-probe anisotropy of di-PDI in bromoform after 580-nm excitation.
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Figure C.22: fsTA of di-PDI in bromoform after excitation at 400 nm.
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Figure C.23: Pump-probe anisotropy of di-PDI in bromoform following 400-nm excitation. This
dynamics follow a similar trend as in chloroform, where the 400-nm excitation showed negative
anisotropy for the bleach and slightly higher values for the excited-state absorption (although the
absorption here shows a negative anisotropy).
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C.7.5.3 1-Butanol

Our choice of 1-butanol as another solvent environment in which to explore the dynamics of di-PDI

was to explore the limit of a high-dielectric environment. 1-butanol has a static dielectric constant

that is ∼3.5 times larger than chloroform and bromoform. We see that in 1-butanol, the overall

lifetime of di-PDI is shorter by about a factor of 2. The spectral shifting dynamics are similar

to bromoform, even though the bulk viscosity of 1-butanol is larger than that of bromoform. 1-

butanol does have the possibility for fast -OH motions, which could be responsible for increased

inhomogeneous broadening at the earliest times, explaining the narrower features in the transient

bleach. The excited-state absorption of di-PDI in 1-butanol clearly shows more than one contributing

spectral feature, although we find no conclusive evidence for a long-lived CT state even in this

higher-dielectric environment. Instead, we believe that the shorter lifetime is likely due to faster

sampling of the barrier between conformers or more efficient nonadiabatic relaxation. The fsTA

dynamics of di-PDI in 1-butanol are shown in Figures C.24 to C.27.
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Figure C.24: Selected spectra from fsTA of di-PDI in 1-butanol with pump-probe polarizations at the
magic angle.

The transient anisotropy of di-PDI in 1-butanol is qualitatively similar to those found in other

solvents. The excited transition shows a small positive anisotropy where it is cleanly resolved around
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580 nm, but a multitude of additional transitions with orthogonal transition dipole vectors produce

an anisotropy of near 0 elsewhere. The lack of vibronic structure in the bleach is unsurprising

considering the increased spectral broadening seen in 1-butanol: the lack of vibronic structure at

even the earliest times (<300 fs) suggests that either the broadening happens on a timescale faster

than this, likely due to solvation by -OH groups.
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Figure C.25: Pump-probe transient anisotropy of di-PDI in 1-butanol after 580-nm excitation.
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Figure C.26: Selected spectra from the fsTA of di-PDI in 1-butanol excited at 400 nm.

Finally, we also measured the transient anisotropy of di-PDI in 1-butanol, although this data

was more difficult to interpret than that in the other solvents. The sign of the anisotropy switches

systematically after 1 ns, but with no other comparable timescale in the fsTA the origin of this

switch remains elusive.
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Figure C.27: Anisotropy dynamics of di-PDI in 1-butanol upon 400-nm excitation.
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C.7.5.4 Films

As mentioned in Chapter 4, we also performed fsTA experiments on both di-PDI and its correspond-

ing monomer (m-PDI) when spin-cast into thin films, as shown in Figures C.28 to C.32.
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Figure C.28: fsTA of m-PDI in a spin-cast film excited at 530 nm. Because the films scatter the
excitation wavelength strongly, the data between 500 and 560 nm is artificially skewed at late times.
Unlike the long lifetime in solution, In the film m-PDI shows a significantly shorter lifetime of only
∼50 ps. Very little excited-state relaxation is observed, leading to a discernible isosbestic point at 580
nm, clearly indicating simple two-state kinetic relaxation.
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Figure C.29: Pump-probe transient anisotropy for m-PDI films excited at 530 nm. The divergence
near 530 nm is due to pump scatter, and that in the region between 580–610 nm results from the fact
that the net transient absorption signal is zero.

Figure C.29 shows that in the region of the ground-state bleach, m-PDI films have an anisotropy

value of only 0.15, even at the earliest times. This suggests that excitation in films is to a delocalized

state with a transition dipole direction that depends on the local environment, consistent with varying

degrees of aggregation in the film. The excited-state absorption, however, exhibits the opposite

trend: the anisotropy starts near 0 and then grows to roughly 0.1 where it remains for the duration

of the (short) excited-state lifetime. This suggests the aggregated excited state has a preferred

transition dipole vector oriented at nearly the magic angle relative to that of the isolated monomer.
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Figure C.30: Time-resolved fluorescence for m-PDI in a spin-cast film excited at 530 nm. The small
negative signal between 650 and 680 is noise from the Kerr gate process and can be ignored. In the
film, m-PDI emission shows similar relaxation time scales as seen in the fsTA.
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Figure C.31: fsTA dynamics of di-PDI in a spin-cast film excited at 530 nm. The sharp feature at 530
nm is scatter of the excitation light by the film. The transient features are broadened so that there
are no spectrally-resolved vibronic features as with the steady-state spectra. Most of the signal decays
within roughly 20 ps, suggestive of aggregation interactions between di-PDI molecules, but there is
a small component that remains to the ns time scale, likely due to di-PDI molecules in uncoupled
environments. Compared to the di-PDI transient absorption in solution, the excited-state absorption
is far more pronounced, also indicative of enhanced coupling and delocalization in the film.
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Figure C.32: Anisotropy dynamics of di-PDI in a spin-cast film excited at 530 nm. The data at 530
nm are affected by pump scattering, and the divergence in the region between 580–610 results from
the fact that the net transient absorption in this region is zero. At the earliest times there is a small
and uniform positive anisotropy for the bleach, while the excited-state absorption shows a negative
anisotropy. Given the significant spectral broadening in the film, this is consistent with the small,
generally negative, values found for di-PDI in solution. Although the anisotropy decay timescales are
roughly similar for solution and film (a few tens of picoseconds), the mechanisms must differ. Without
the ability to rotationally diffuse, the main mechanism for anisotropy loss in the film must be energy
transfer between neighboring di-PDI molecules with different transition dipole orientations.
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Figure C.33: Kerr-gated fluorescence from di-PDI in a spin-cast film excited at 580 nm. The short
emission lifetime of roughly 20 ps agrees with the fsTA data. The emission data, however, show a
clean time-dependent Stokes shift that is undiscernable in the congested fsTA spectra. The rate of
this shift likely corresponds to the time scale for excitations to transfer between neighboring di-PDI
molecules.
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C.8 Final Remarks

This bay-linked di-PDI molecule clearly populates two minima along its dihedral coordinate, each

having unique spectral signatures. We were able to deconvolve their absorption and emission

spectra with a global fitting procedure, isolating the general envelopes for each geometry and

the underlying vibronic progressions of the major transitions. These spectral components and

assignments are consistent with previous data, but differ in interpretation.85 No evidence was found

for interconversion between the open and closed di-PDI geometries, as implied by the cleanly

separable steady-state emission components.

The spectral assignments of the two geometries are reasonably consistent with our dispersion-

corrected TD-DFT calculations. The broad absorption/emission feature corresponds to the closed

di-PDI geometry, which has a low emission yield but high population fraction. The narrow

absorption/emission feature is consistent with the open di-PDI geometry, which is more monomer-

like with a higher emission quantum yield but lower overall population. We note that the underlying

transitions we extracted from the available spectral data do not agree perfectly with the TD-DFT

calculations, even through the overall conclusions are clear: a simple picture of two-level interacting

monomers cannot adequately explain any of the observations.

With a spectroscopic understanding of this di-PDI in hand, we now have additional insight to

why this molecule and related derivatives are successful acceptor materials in organic solar cells.

First, both the open and closed stable di-PDI geometries have a non-planar arrangement of the

monomer subunits: this prevents the overaggregation associated with monomeric PDIs. Furthermore,

each geometry has an intense and relatively broad absorption, especially compared to fullerene

derivatives, allowing for better solar harvesting. This presence of multiple geometries—each with

unique photophysics—offers some novel avenues for further improvement. One possibility is that

trap states based on distortions of the dihedral are likely to be present; these could be remedied

with additional steric hindrance. Moreover, the presence of spectrally distinct geometries of the

same molecule offers a tempting alternative for ‘ternary blends’ having unique regions of the solar

spectrum absorbed by the same molecule, but in different conformations.
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APPENDIX D

Gravity-Fed Liquid Jet for Transient Absorption and

Temperature Control Thereof

D.1 Liquid Jet Basics: Fabrication, Setup, Operation

As time-resolved spectroscopy became more prevalent, the necessity to deal with samples which

photodegrade and to improve overall time resolution was addressed in 2003 when Tauber and

Mathies developed a relatively simple and low cost sample flow system.105 They developed a

“wire-guided gravity-driven jet apparatus” which uses the pressure of a sample reservoir to generate

flow through a wire loop, generating a laminar flow supported between the two ends of the wire.

This affords a number of critical benefits to the time-resolved measurements. First, provided the

flow rate surpasses the repetition rate of the laser, a fresh sample volume may be measured on a

shot-to-shot basis. Second, the flow is slow enough that on the timescales out to nanoseconds the

bulk motion is effectively static while the ultrafast dynamics are unaffected. Lastly, the laminar

film may be on the order of tens of microns thick, leading to minimal chirp of ultrafast pulses and

therefore time-resolution that is largely unaffected down to femtoseconds.

There are a number of potential limitations however. First and foremost the flowing sample

is exposed to air unless additional precautions are taken. If the sample truly photodegrades from

a single shot and therefore cannot be recycled, then a large volume is required in proportion to

the duration of the experiment. The jet can be unstable due to varying ambient conditions and is

generally made through trial and error, though the recipes and techniques offered by Tauber and

Mathies105 and those described below are a good starting point.

The detailed description of the mechanism begins with a liquid sample at rest in a liquid
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reservoir physically above the wire-guided assembly and connected to it via sample-appropriate

tubing. The sample flows down this tube via gravitational potential, into a tube of approximately

1-2 mm diameter that is crimped on the bottom end. Out of the crimped end of the tube, either

two straight pieces of wire or a single wire loop are inserted on either end of the crimped tube as

shown in fig. D.1 and fig. D.2. The solution flows out of the crimped portion, but surface tension

maintains connection between the two supporting wires and a laminar flow may be created. The

flowed sample may be collected and reused via recycling into the reservoir (a peristalsis pump is

commonly employed to perform this function) or may be discarded if reuse is inappropriate.

The quantitative details of operation may be found elsewhere,105 but briefly the flow rate is a

function of several critical features of the apparatus. The primary flow rate is determined by the

diameters of all tubing and junctions leading to the nozzle head. The crimped cylinder is one point

of variable control which may be constructed wider or thinner depending on the circumstances, but

generally a nozzle width of 500-1000 µm was sufficient for our experiments and provided ample

flow for an aqueous solution. The second, and most easily variable, point of control is the height of

the reservoir with respect to the jet. A detailed measurement of this dependence was performed by

Tauber and Mathies,105 but based experience the height generally needed to be significantly larger,

on order of 6-12 inches to achieve proper laminar flow at the wire loop.

Fabrication of the crimped tube is a relatively straightforward process of trial and error. Steel

tubes of 1-2 mm diameter were used in conjunction with a custom made aluminum crimping block.

Two separate pairs of these crimping blocks are available in the laboratory (roughly 1x2x4” paired

aluminum blocks with two steel pegs as tracks to keep them in the transverse plane and a shallow

angle in the pressing crevice) and others may be manufactured according to the specifications in

literature105 or via the Solidworks designs available on the Schwartz group server. A steel tube is

obtained and crimped by first including a small triangle of 0.005-0.05” metal shim resting inside

the tube about to be crimped as a spacer to prevent the aperture from closing. The aperture width

may also be controlled by varying the height of the tube within the crimping block. The aluminum

crimping block with the steel tube in place is then placed between a vice and pressed to the desired

thickness. Once crimped to the desired aperture width, a 0.002-0.02” diameter tungsten wire(s)

(obtained from Thermo Shield Part No. 88007-0.005) of roughly 1-2” are cut and ends are fed into
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the aperture to create the loop. The portion of the wire which extends up into the crimped tube

should be as straight as possible to avoid interfering with flow. The wires should have no kinks and

should be handled with gloves to avoid hydrophobic coatings on the wire surface. If all goes well,

this jet will have a roughly 1 in 10 chance of creating a laminar flow of reasonable stability. It’s

worth mentioning that combinations of different wires and tubes should be tried as the failure is

generally specific to a given pairing.

To test the jet, it is advised to perform it at the actual sample position on the laser table.

Subtle variations in temperature, air flow or other confounding factors can significantly alter the

performance of a liquid jet between rooms or sample positions. It is recommended to use the pure

solvent to test first, unless significant enough salt or sample is present that it changes the solution

viscosity or surface tension—in which case the sample or a close substitute must be used. It is

recommended that quick-release tubing be used when possible between the reservoir and the wire

loop, and it is very important to have a valve of some kind available to pause flow to either change

jets or to avoid overflow in a lower reservoir. If rubber tubing may be used, a simple screw-press

may be used to clamp the rubber tubing quickly to stop flow, if only Teflon or other nonreactive

tubing may be used, a metal or Teflon valve is recommended. If the valve and tubing are open but

no flow is occurring, gently shake the tubing to induce flow, clear tubing is beneficial for this. Once

flow is achieved, it may not be creating a laminar flow for several reasons. Generally the flow will

prefer to be guided by only one of the wires rather than forming a laminar region between them.

Use a tweezers, micropipette or glass pipette to draw the solution across the aperture lengthwise

and down the other wire through surface tension interaction with the tip. If still no laminar flow

is achieved, iterate through (1) length of the wire loop sticking out of the crimped steel tube, (2)

height of the reservoir with respect to the sample, (3) multiple liquid jets, (4) tubing widths, and so

on in order to achieve desired quality of laminar flow.

Once laminar flow is achieved, it is important to understand that the film itself is not perfectly

uniform. The film near the wire edges is significantly wider than in the center, and therefore as

a whole may act as a lens. A smaller spot size is advantageous for this reason. The laminar flow

may also be unstable over time, or depend sensitively on the contact between the loop and a lower

reservoir. Dripping off the loop generally leads to terrible stability, and therefore it must be in
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Figure D.1: Pictures of the liquid jet set up at the focal point of the Helios detection box.

contact with the rim of the lower collection reservoir. The details of the angle of this contact, or the

small “river” that is formed by the water flowing down the inside wall of the collection reservoir are

all important considerations to stability. Generally, any amount of dripping at the jet or below it will

lead to thickness changes and stability problems at the jet itself. However with enough iterations

over weeks or months a sufficiently stable configuration may be found that affords high-quality

stability over hours in duration. Unfortunately, even with the best jet an occasional drop is likely to

form and break laminar flow on the timescale of minutes or tens of minutes. Data acquisition must

then be robust to this problem either during collection itself by automatically discarding problematic

data or in post-processing.
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D.2 Temperature Control

A novel contribution to this liquid jet was made for the experimental procedures used in Chapter 2.

In order to measure the femtosecond dynamics of the hydrated electron as a function of temperature,

the jet itself needed additional temperature control. Adding this functionality came with additional

failure modes, but surprisingly was more straightforward than simply fabricating a stable jet. The

truly simplest way of controlling the temperature would be to purchase submersible chilling or

heating head with its own internal temperature control and with appropriate form-factor to suit the

sample reservoir geometry and volume. When cost is the primary factor, consider the alternatives

detailed below.

As one might imagine, the temperature of the liquid reservoir is not going to be identical

(after losses) as the liquid jet. The jet itself will also likely have a significant thermal gradient

due to exposure to air. It is therefore critical to have a control by which the temperature may be

calibrated, ideally in real time. A simple method of controlling temperature for the experiments

shown in Chapter 2 was using the steady-state temperature dependence of the hydrated electron

itself. The two-pulse experiment provides an accurate spectrum of the hydrated electron, which

varies strongly with temperature. By obtaining this spectrum, the temperature at the jet for a

specific set of conditions was found. This method should be general, and given the ease with which

solvated electrons may be used this is a reasonable approach to future experiments. It may require

having an extraneous 266 nm pulse present to generate electrons, but is well worth the accurate

characterization.

Temperature losses from the reservoir to the liquid jet are generally significant and require

extensive wrapping with aluminum foil or other insulation to hinder this loss. The accessible

temperature range of the jet is generally relatively small, it is therefore critical to be able to obtain

roughly the maximum usable temperature range of the jet by preventing this loss.

D.2.1 Heating Control

Heating is the more straightforward method of control for the liquid jet. The ultimate limitation will

either be the boiling point of the solution or, more likely, that the viscosity of the solution decreases
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Figure D.2: Diagram of the typical liquid jet, but with modular temperature dependent functionality

sufficiently as to lose surface tension across the wire loop. A smaller-width aperture may be used

but requires additional engineering. In order to control temperature, the simplest implementation of

variable control is obtained by using insulated nichrome resistance wire and a variable AC power

supply rated up to at least 20 amperes and 20 volts (shown in fig. D.2). This wire is then wrapped

around the sample reservoir and secured with thermal insulation tape or alternative high-temperature

adhesive solutions.

It is critical that the wires do not overlap, because although they are insulated, the added heat

from close contact will cause failure of the insulation layer at the junction, thereby causing a short

and likely also burning the junction at high loads. Wrap carefully. Generally a length of wire

proportional to the reservoir size is required, additional surface area may be required if the volume

is large or if contact is poor. Use appropriate safety precautions when dealing with the live nichrome

wire, as currents do pose a hazard especially given that a liquid sample is nearby. Take time in

securing these wires appropriately. The nichrome wire should be terminated before leaving contact

with the reservoir, and should be connected via intertwining (no solder due to potentially high

temperatures involved) of an appropriate gauge of wire. The junction with the insulated nichrome
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wire must be sanded off to allow for electrical contact here. The junctions should be extremely well

sealed with thermal tape and perhaps an added layer of electrical tape if the desired temperatures

allow it.

Heating is then as simple as manually monitoring the temperature of the reservoir while ramping

the current until the desired temperature is met. Additional automatic control with a temperature

feedback loop could be employed, but is beyond the scope of an experiment that requires no

automation.

D.2.2 Chilling Control

Chilling the reservoir, and therefore the jet, is a somewhat more difficult task. In order to achieve

cooling of liquid samples in the reservoir, significant surface area with the chilling lines is required.

We therefore switched from a syringe vial to a condenser as shown in fig. D.2. The aqueous sample

is in good thermal contact with the chilled flow through the internal lines. Antifreeze was used as

the coolant, along with a separate chiller unit and liquid pump. There are several considerations here

to avoid based on trial and error. Ensure that your chiller never goes below the freezing temperature

of antifreeze, or the chiller-pump will be unhappy. Furthermore, be sure the sample in the reservoir

does not freeze and if it does while sample is being recycled, be sure that the recycling input does

not freeze over with the rest of the solution—or your peristalsis pump and tubing will become

unhappy.

Furthermore, condensation may be problematic on the reservoir itself, as it may drip to other

optics or to the liquid jet itself and cause contamination. The metal tube for the liquid jet itself

causes significant condensation, which in turn drips into the liquid jet and becomes unstable while

also causing contamination. The solution to this is to build an additional enclosure around the

jet assembly, with apertures for all necessary laser beams, tubing, wires or other form-factor

considerations, and flow positive pressure dry N2 or Ar gas into the enclosure. This enclosure is

available in the laboratory as a two-piece epoxied 1/4” acrylic box roughly 4x4x16” in size with

two bay-view apertures for the non-collinear beam access. At some point, high viscosity will also

become a problem for laminar flow, but that limit was not reached before the freezing point of
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aqueous solutions used.
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APPENDIX E

Kerr-Gated Femtosecond Spectroscopy and Laboratory

Procedures

In traditional time-resolved fluorescence experiments the time-resolution is determined by how

quickly the detector can bin collected photons into an output signal, and the electronics frequency

for the downstream data processing. For large charge-coupled device (CCD) arrays, this can be on

the order of milliseconds, while for a small highly biased CCD pixels this may be as short as several

hundred picoseconds. Other alternatives exist such as time-correlated single-photon counting or

streak camera technology, however the limit of commercially available time resolution is generally

on the order of 20 ps.253

In order to break this barrier, methods of optical gating are required. One simple method is to

collect fluorescence which is nonlinearly combined with a secondary pump beam, affording time

resolution that is determined by the accuracy of the pulses and is wavelength selective due to the

nonlinear process. This is known as sum frequency spectroscopy. Another alternative is to exploit

the optical Kerr effect to create a temporary “gate” through which fluorescence may pass.

E.1 Kerr-Gated Spectroscopy Theory of Operation

The optical Kerr effect is the transient birefringence induced in a sample in response to an electric

field. With this transient birefringence, the polarization of any emitted photons may be rotated. If

this birefringence is sandwiched between two orthogonal polarizers, then only emitted photons

which correspond to an “open” period of the Kerr-gate will have a non-zero chance of getting

through the second polarizer.
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If this electric field is a short pulse, then the transient birefringence will persist for some limited

time beyond this. For liquids, this transient birefringence originates from several mechanisms: at

the shortest timescales of femtoseconds distortions electrons with respect to nuclei may contribute

some electronic polarization, while on longer timescales out to several picoseconds internal nuclear

distortion or molecular dipole orientation may contribute to the transient birefringence. The transient

birefringence (∆n) will be proportional to the intensity (I) of the incoming electric field and the

nonlinear refractive index (γ):

∆n = γI (E.1)

The fundamental behavior is identical to a retardation waveplate in terms of the effect on rotating

the polarization:

φ =
2πL∆n

λ
(E.2)

where the birefringence at wavelength (λ) is related to the total phase shift (φ) after traversing a

waveplate of length (L). If sandwiched between two polarizers one may arrive at the transmission

(T ) probability as a function of the phase shift:

T = sin2(2θ)sin2(
φ

2
) (E.3)

where ω is angle between the large n axis of the waveplate and the second polarizer axis.

It is therefore straightforward to calculate the optimal angle with which to create a transient

birefringence due to a strong electric field from a femtosecond pulse, and will be the same as the

waveplate example, with a maximum transmission angle of 45◦ between the waveplate and the

second polarizer.253

E.2 Optical Path, Alignment, and Detection Considerations

The basic optical layout as implemented in our laboratory is shown in fig. E.1.
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Figure E.1: Current optical layout for the Kerr gated fluorescence experiment with major optics and
beam paths labeled.

There are a number of major metrics which must be optimized for this setup. The first of which

is that the delays must match temporally so that somewhere along the delay-stage’s range of motion

there is a temporal overlap between the Kerr-gate pulse and the first emitted photons from the

sample (at t=0). Next, the steady-state emission should be minimized as completely as possible by

optimizing the orthogonality of polarizers 1 and 2. This is a highly critical metric and generally an

extinction ratio >1:10,000 is necessary however the lifetime, intensity, and background noise are all

important considerations to determining the necessary extinction ratio threshold. Simultaneously,

the steady state fluorescence signal should be optimized with all other optics besides polarizers 1

and 2, in order to maximize the amount of fluorescence getting to the detector. If all goes well, the

fluorescence should be overlapped in the Kerr medium spatially and temporally and a small amount

will pass through the gate with rotated polarization.
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Figure E.2: Delay stage controller.

E.3 Data Acquisition Procedures

Turn on procedures for the instrument are as follows. Ensure the Princeton Instruments CCD

spectrometer power supply is switched on. Turn on the Princeton Instruments PIXIS CCD with

the switch on the back. Turn on the Newport Motion Controller Model MM3000 delay stage box

with the large gray power button in the upper left as shown in fig. E.2. In the current configuration,

the upper left panel controls the delay. The arrows may be used to move the stage manually and

high-speed mode may be accessed by holding down the button between the two directional keys.

Do not move the stage to the extremes of the stage as it may fall off the worm gear or grind the

motor.

Once all hardware is turned on, the computer on the corner desk must be turned on. It is

connected to the spectrometer and to the delay stage separately with a LabVIEW VI automating

data acquisition. The computer is slow, give it adequate time. Start the software titled “KerrGated-

Fluorescence Reddy beta3.vi” as shown in fig. E.3. A full description of the back-end of this VI is

beyond the scope of this tutorial. Briefly, the general structure is an overarching while-loop that

awaits user input, with conditionals for options, instrument-provided sub-VIs for I/O with the delay

stage and spectrometer, etc. The details of the vendor-provided instrument VIs may be found in the

manuals for both pieces of equipment, also found on the corner desk.

You will be greeted with the VI front panel. Turn on the program with the large red start button
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Figure E.3: User interface for the Kerr-gated fluorescence data acquisition software.

located centrally. This will initiate cooling of the CCD array which will take up to 15 minutes.

Allow the “Current Temp” value to display the “Set Temp” value before proceeding. The translation

stage may be controlled separately at all times outside of automated data collection.

The first order of business is to find t=0. Assuming the manually measured delays indicate that

t=0 should be present somewhere along the delay-stage’s path, move to an early time on the delay

stage and take a background spectrum. This is done by first setting the relevant values for exposure

time and number of averages, then clicking “single” to take a single spectral snapshot while the

on/off button is set to “OFF” indicating no background subtraction is currently used. Clicking

“single” here is critical because it locks in the settings for exposure and number of images, and must

always be performed if/when those settings are changed. Once settings have been locked in, click

“Get Background” which will take a spectrum and display in a similar way as before. You will be

prompted to save this background file, be sure to include the “.SPE” file extension or it will not be

recognized later.

Once a background file is taken and saved, change the “path to bkgnd file to open” value to

the name and location to the background file that was just collected. The red “OFF” button may
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now be clicked and changed to “ON”, indicating that the background file will now be automatically

subtracted for all subsequent measured spectra. Click single to test this without changing any other

parameters and a flat spectrum at 0 should appear. Change the delay to a time expected after t=0 to

try to find a Kerr-gated fluorescence signal. “CONTINUOUS” will be useful here to optimize table

optics while watching the spectrum, the same rules apply for locking in settings with “SINGLE” or

for background subtraction as discussed.

Once t=0 is found and signal is optimized, automatic data collection can be initiated with either

fixed step sizes or with a supplied “.csv” file with time points by using the “Steps” switch. Set t=0

appropriately, select step sizes and scan range, then “START SCAN” when ready. If all goes well,

this will save a CSV file with your desired time-resolved fluorescence data.

Calibration is somewhat outside the scope of this tutorial as well. Briefly, the CCD, spectrometer

gratings and optics all have separate response curves. The easiest way to correct for these is to use a

dye with known spectrum and dynamics in order to generate a correction file.
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Aziz, “Light-induced relaxation dynamics of the ferricyanide ion revisited by ultrafast XUV
photoelectron spectroscopy,” Phys. Chem. Chem. Phys., vol. 19, no. 22, pp. 14248–14255,
2017.

[252] D. H. Waldeck, “Photoisomerization dynamics of stilbenes,” Chemical Reviews, vol. 91,
no. 3, pp. 415–436, 1991.

[253] S. Arzhantsev and M. Maroncelli, “Design and Characterization of a Femtosecond Fluores-
cence Spectrometer Based on Optical Kerr Gating,” Appl. Spectrosc., vol. 59, pp. 206–220,
feb 2005.

209




