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Abstract

Light-activated chemistry begins with the excitation of a ground-state molecule to a higher-

lying excited state. Once in the excited state, the nuclei in the molecule respond by trying to

minimize the energy of the system. The nuclear motions sometimes propagate along a pathway

that facilitates a reaction, such as isomerization or dissociation. However, in the condensed phase,

the environment impacts these fundamental dynamics, thereby changing the excitation process and

altering the nuclear motions of the molecule. In order to investigate the kinetics and dynamics for a

variety of light sensitive systems we use time-resolved pump-probe spectroscopy. Transient optical

and x-ray absorption spectroscopy provide valuable insight into the different reactive pathways and

fundamental chemistry in light-activated systems.

First, we show how spatial confinement for a series of stilbene and azobenzene deivatives

profoundly impacts the isomerization dynamics involving large amplitude structural rearrange-

ments of a molecule. This work uses ultrafast spectroscopy to probe the effects of confinement

for molecules encapsulated in a supramolecular host-guest complex. The supramolecular complex

distorts the ground- and excited-state potential energy surfaces, including the conical intersection

connecting those states, which results in hindered nuclear motions and different reactive pathways.

For stilbene derivatives, the transient absorption measurements reveal broader excited-state ab-

sorption spectra, longer excited-state lifetimes, and reduced quantum yields for isomerization in

the restricted environment. The organic capsule disrupts the equilibrium structure and restricts

torsional rotation around the central C=C double bond in the excited-state, which is an important

motion for the relaxation of trans-stilbene from S1 to S0. Unlike stilbene, azobenzene deriva-

tives also have an in-plane inversion pathway for isomerization, in additon to out-of-plane rotation

around the N=N bond. The transient absorption spectroscopy of the encapsulated azobenzene

derivative reveals formation of the cis isomer in the excited state after exciting the trans geometry,
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indicating a direct excited-state isomerization channel that is not observed in solution. The con-

fined environment provides new mechanistic insight on the relative roles of inversion and rotation

in the ultrafast photoisomerization of azobenzene derivatives.

The solvent affects the photodissociation reactions of manganese tricarbonyl complexes. Inter-

est in manganese tricarbonyl complexes stems from the possible use as earth abundant catalysts for

CO2 reduction, but the complexes decompose under visible light. To investigate the photodecom-

position of manganese tricarbonyl complexes, we use ultrafast transient absorption spectroscopy

and time-resolved x-ray absorption spectroscopy. The optical transient absorption measurement

probes the femtosecond relaxation of a metal-to-ligand charge transfer state via back-electron-

transfer, which facilitates the loss of a CO ligand to form a 5-coordinate Mn species. The 5-

coordinate species has two competing reaction pathways, the first is solvent coordination to form

a stable 6-coordinate Mn species and the second pathway involves the 5-coordinate species re-

ducing the starting MnI complex to a Mn0 species. In order to distinguish between the two path-

ways, we use a non-coordinating solvent which prevents the formation of the 6-coordinate complex

and results in the survival of a 5-coordinate species in solution. Time-resolved x-ray absorption

measurements provide structural information about the 5-coordinate and solvent-coordinated man-

ganese species on the picosecond to nanosecond timescale. The combination of optical and x-ray

techniques provides new insight into the photodecomposition pathway for manganese tricarbonyl

complexes.

Finally, we examine the excitation event directly for photochromic molecules in the plasmonic

field of an array of gold nanorods. Incident laser light on a gold nanostructure creates an enhanced

electric field capable of driving higher-order excitation processes. To investigate the spatial depen-

dence and anisotropy of optical activation in the field surrounding gold nanorods, we use pulsed

800 nm laser light incident on a plasmonic array of gold nanorods to induce an oscillating plas-

monic field that interacts with an overlaid film of photochromic molecules through nonlinear two-

photon excitation. Following nonlinear excitation, the photochromic molecules isomerize. The

enhanced electric field results in a larger fraction of molecules excited in the near-field in compari-
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son with the photochromic molecules outside of the enhanced field. The conversion rate is greatest

at the tips of the nanorod where the enhanced electric field is the strongest. However, the observed

conversion rate depends on the difference in polarization vectors for the 800 nm and probe light

near the nanoparticle surface. The excitation and probe fields have different alignment based on the

wavelength-dependence of the plasmonic resonance. Using a simple simulation of the enhanced

near-field, we model the conversion of molecules around a single gold nanorod.
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Chapter 1

Introduction

A powerful tool for studying chemical systems is absorption spectroscopy, which includes nu-

merous techniques ranging from low-energy rotational spectroscopy up to high-energy x-ray ab-

sorption spectroscopy. This fundamental interaction between light and matter provides detailed

information about a chemical system, and that information can be different across techniques. For

example, x-ray absorption spectroscopy provides structural information about the molecule while

optical absorption spectroscopy examines the electronic transitions in a molecule.1,2 However,

many chemical systems are not static, they are dynamical and evolving over time. Therefore, we

carry out a spectroscopy measurement with pulsed light sources to produce time-resolved kinetic

information pertaining to chemical reactions. One stipulation however is that the duration of the

pulse needs to be on the same timescale as the process to be measured. For example, the µs dy-

namics for protein unfolding could easily be resolved with a nanosecond pulse duration.3 A pulse

duration on the femtosecond (fs) timescale (1x10−15 s) opens up the possibility of measuring the

movement of individual atoms within a molecule.1

Ultrafast spectroscopy monitors the nuclear motion of a molecule after an optical perturbation.

The absorption of a photon brings the molecule from the electronic ground state to the Franck-

Condon region of the excited-state, then the molecule evolves along the excited-state surface.4 In

the gas phase, the motions of the excited molecule are governed solely by the electronic structure

of the molecule due to the limited environmental interactions, however this is not the case for

reactions in the condensed phase. The environment surrounding a photo-activated molecule plays

an important role in the excited-state reaction kinetics and dynamics by restricting or enhancing

different reaction pathways, which can influence the reaction rates, yields and even the products
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formed.

In this dissertation we use ultrafast transient electronic absorption spectroscopy and time-

resolved x-ray absorption spectroscopy to examine the kinetics and dynamics of photo-activated

molecules in the condensed phase in order to gain insight into the fundamental chemistry that

governs the reactive pathways.5,6 However, environmental interactions such as steric restrictions

or solvent coordination can play a role in manipulating the reactive pathways, which can impact

the chemistry on the short and long timescales. Elucidating the effects of the environment on the

excited-state dynamics will provide more detail into photo-activated mechanisms. Although the

collection of chapters in this dissertation measure a broad range of fundamentally important as-

pects of chemistry ranging from reaction dynamics in confined environments (chapters 3-5), to

reactions of metal coordination compounds (chapter 6), to nonlinear excitation of photochromic

molecules in a plasmonic field of a nanoparticle (chapter 7), the experiments are motivated by the

environment and its influence on the fundamental chemistry.

1.1 Chemistry in Confined Environments

In an attempt to simplify a chemical system, experiments are sometimes conducted in the gas phase

to isolate a reactive species. However, outside of the very well controlled gas phase environment

exists a much more complex environment where chemical systems cannot be considered to occur in

isolation. Instead, many reactive processes of interest such as those found in biology take place in

condensed phase. This difference in environment opens up the possibility for interactions between

a solute and the surrounding solvent molecules.

Early measurements into solvent influence on reaction dynamics examined the photoisomer-

ization reaction of trans-stilbene in the condensed phase.7 These studies showed a barrier for

relaxation in trans-stilbene, which also had a solvent dependence based on viscosity. To explain

the isomerization reaction in the condensed phase, models such as Kramer’s friction model were

used, which provided insight into how the solvent viscosity affected the reaction barriers and rates.8

Studies such as this led the way for others to investigate the reaction rates, yields and even the prod-
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ucts formed by the influence of solvation.9–13 However, many biological light-driven isomerization

reactions, such as vision and phototaxy, are not in a pure solvent environment and as a result exhibit

different excited-state dynamics. Nature makes use of spatially confined active sites on proteins

to provide steric constraints which guide the early stages in light-activated process.14–21 These

confined environments also provide a much more direct influence on the light-activated chemistry

by restricting the motions of the molecule. The confined environment opens up the possibility to

explore and drive photochemistry in ways that a solvent environment cannot.22–24

Cyclodextrins (CDs) are a popular supramolecular framework, which are oligosaccarides of 6,

7, or 8 d-glucopyranose units and are capable of encapsulating a guest molecule.25,26 In one study

the authors investigated the photoisomerization dynamics of encapsulated stilbene using different

sized CDs.27 The fluorescence data showed that when the stilbene is held tightly inside the CD

a slow single-exponential decay is measured. The single decay suggests a uniform stilbene/CD

complex throughout the solution. Alternatively, a bi-exponential fluorescence decay is observed for

the larger cavities, which indicates two different complexes are present and yield vastly different

reaction dynamics. It is suggested that the stilbene molecule in the larger cavity is more loose,

which allows it to slip in and out of the cavity to produce the bi-exponential decay observed in the

measurement. The results from this study provide information and a model to begin understanding

reactions in restricted environments.

The appeal of using confined environments to manipulate the dynamics of photochemical re-

actions has led to other synthetic cavities such as nanoporous materials, and self-assembled struc-

tures ranging from reverse micelles to the cavities of extended molecular frameworks.28–34 In a

similar way as proteins drive isomerization in a chromophore, the synthetic cavities present an

opportunity to selectively manipulate the dynamics of photochemical reactions by influencing the

structural rearrangement of a molecule.23,35–37 Reactions in confined environments not only open

the possibility of new applications, but also provide a window on the underlying details that control

the reaction dynamics.38

To better understand the photoisomerization dynamics in a confined environment we encapsu-
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late a stilbene molecule in a host-guest complex and then use ultrafast pump-probe spectroscopy to

monitor the excited-state dynamics. The host-guest complex consists of a water-soluble supramolec-

ular ’octa acid’ cavitand, which spontaneously forms a dimer capsule by incarcerating a hydropho-

bic guest molecule.39,40 Given the size and shape of the interior of the octa acid capsule, only a sin-

gle stilbene molecule fits inside while maintaining the ability to photoisomerize.40–43 The stilbene

molecule is selected for encapsulation due its straightforward isomerization reaction, which has

been studied extensively.7,8,44–55 The well-known trans→cis isomerization mechanism requires

rotation of the phenyl rings around the central C=C bond axis after excitation to the S1(ππ∗)

state.45,46 Trapping stilbene in synthetic host-guest complexes promises to offer new insight on the

role of external forces, such as steric interactions, in selectively controlling reaction dynamics, flu-

orescence yields, and other properties of a chromophore.56–58 For example, a tight-fitting cavitand

was recently shown to suppress the fluorescence of encapsulated stilbene by rotating the molecule

sufficiently far along the C=C rotation axis in the ground state that optical excitation avoids the

torsional barrier in the excited state.56 Crowding is also investigated using alkyl-substituents on

the incarcerated stilbene molecule, which change the relative size and shape of the molecule and

affects the relative stabilities of the trans and cis isomers, as well as the ability to photoisomerize

around the central ethylene bridge.

Azobenzene is another prototypical photochromic compound with a similar structure and size

to stilbene, and undergoes isomerization after photoexcitation. However, the photoisomerization

dynamics of azobenzene remain controversial due to the nitrogen atoms being able to rehybridize,

which opens up additional relaxation pathways for the molecule. After ππ* excitation of azoben-

zene, the relaxation mechanism was initially thought to isomerize solely by out-of-plane rotation

around the N=N double bond, whereas after nπ* excitation isomerization occurred entirely through

in-plane inversion of the phenyl ring along the Ph-N=N coordinate by rehybridization of the non-

bonding electrons.59–65 This simple view proved to be inadequate for describing the photoisomer-

ization dynamics of azobenzene after ππ* and nπ* excitation. By restricting the isomerization

dynamics for azobenzene using the octa acid capsule new insight into the photoiosomerization dy-

4



namics and how interactions with the confined environment can drive different reaction pathways is

provided. For example, the confined azobenzene molecule has unique reaction pathways involving

relaxation to the cis isomer in the excited state after exciting the trans isomer, which is a reac-

tion pathway not evident for azobenzene solution measurements. The information gathered from

investigating the photoisomerization reaction provides insight into how the confined environment

influences the excited-state dynamics.

1.2 Photodecomposition of Mn Tricarbonyl Complex

The conversion of CO2 into useful products such as fuels is one approach for suppling society’s

ever increasing energy demand and is accomplished through the use of catalysis.66 Catalysts for

CO2 reduction need to be robust while also being selective to the chemical systems in order

avoid unwanted chemistry. The rhenium tricarbonyl and manganese tricarbonyl complexes are two

molecular catalyst frameworks that have acquired attention due to their simplicity of preparation,

selectivity for CO production, and high turnonver rate.67–69 Additionally, the ease of modifying

the metal tricarbonyl frameworks led to a plethora of supporting ligands to tune the catalytic prop-

erties.70 The manganese tricarbonyl framework offers a cheap and more environmentally friendly

complex for building catalysts compared with the more expensive and toxic rhenium metal. How-

ever, the manganese tricarbonyl catalysts are less stable under exposure to visible light. Photo-

reactivity studies found that irradiation with a visible light source results in the decomposition of

the Mn tricarbonyl framework.71–74 Elucidating the decomposition mechanism of the Mn tricar-

bonyl complex will provide insight into the mechanism for decomposition as well as the bimolec-

ular chemistry occurring on longer timescales, which has yet to be entirely understood.

Early work examining the photodecomposition reaction involved measuring the UV-vis and in-

frared absorption spectrum under continuous irradiation.75,76 More recently ultrafast transient ab-

sorption spectroscopy has been used to measure the excited-state spectrum for a series of Mn(CO)3(Lbpy)Br

complexes (L = tBu, H, CF3) in acetonitrile after MLCT excitation. The excited-state quickly

decays on the sub-ps timescale due to back electron transfer (BET) from the bpy ligand to an
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unoccupied d-orbital of the Mn metal which has anti-bonding character in the Mn-CO bond,

and releases a CO ligand to form an electron deficient 5-coordinate species. In acetonitrile,

the electron deficient 5-coordinate species binds a solvent molecule to form a new 6-coordinate

Mn(CO)2(Lbpy)(Br)(MeCN) complex. However, optical absorption relies heavily on interpreta-

tion of broad absorptive features and does not provide the detailed insight into the different Mn

tricarbonyl structures that would be helpful in elucidating the decomposition reaction. Addition-

ally, the the ultrafast measurements only examine the excited-state dynamics up to a few hundred

ps, yet it is clear that additional steps in the decomposition chemistry occur on longer timescales.

In chapter 6 we examine the photodecomposition reaction using time-resolved x-ray absorp-

tion spectroscopy (TR-XAS) for a series of Mn(CO)3(Lbpy)Br complexes after MLCT excitation.

TR-XAS probes the electron density on the Mn metal as well as structural evolution of the lig-

ands around the Mn center. We modify the bpy ligand with -tBu, -H, -CF3 and -NO2 substituents

in order to tune the MLCT band and examine the effect that changing the metal-ligand interac-

tion has on the photodecomposition reaction. Dichloroethane (DCE) and acetonitrile (MeCN)

solvents are used to change the decomposition mechanism and examine possible competing reac-

tions. The results provide important new information about the photodecomposition pathway of

the Mn(CO)3(Lbpy)Br catalyst.

1.3 Nanoplasmonics

Nanoplasmonics refers to optical phenomena involving sub-wavelength nanostructures, in which

the optical energy remains concentrated on the nanoscale due to localized surface plasmons.77

For nanostructure systems rich in electron density, such as silver or gold, an optical electric field

drives oscillations of the electron density within the nanostructure at the frequency of the incident

field.78 As the electron density oscillates, an induced electric field stronger than the incident elec-

tric field occurs in the environment surrounding the nanostructure.79 Earlier studies used classical

electrodynamics to investigate the enhanced electric field of isolated silver nanoparticles and pairs

of nanoparticles separated by a few nanometers.80 By modeling the system, it was found that the
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nanoparticles exhibited distinct dipole, quadrupole and higher multipole plasmon resonances. Ex-

citing those resonances would create an external electric field stronger than the incident field. The

electric field enhancement is generally expressed as the square of the electric field (|E|2) due to

its proportionality to the intensity of light. It was found that isolated nanoparticles with triangular

prisms, oblate spheroids and cylindrical rod structures all have a similar |E|2 enhancements on the

order of 104. For dimer structures with 2 nm separation the |E|2 enhancement increased to 105,

however the enhancement is sensitive to the distance between the nanoparticle. The easily tunable

near-field environment led to a plethora of different structures with applications in surface enhance

Raman spectroscopy (SERS) for low signal detection,81,82 light harvesting solar cells to boost the

conversion efficiency,83–85 and driving photochemical reactions under low light conditions.86–89

The electric field enhancement is not the only interaction to occur between the plasmonic

nanostructure and its surroundings, other interactions such as thermal heating and electron transfer

can arise.90 In the mechanism for thermal heating the oscillating surface plasmons interact with the

lattice of the nanostructure through electron-phonon interactions. This interaction puts energy into

the nanostructure as lattice vibrations, which then diffuses into the surrounding medium.91 Alter-

natively, an electron in the nanostructure could get transferred from the metal to the surrounding

medium.90 To understand the near-field environment and the effect on a chemical systems requires

the consideration of all energy and electron transfer pathways.

Chapter 7 of this dissertation is motivated by a ground breaking experiment by Tsuboi and

coworkers,86 which showed the enhanced near-field environment inducing a two-photon excitation

process for a photochromic molecule deposited as a thin film over the nanoparticles using a low

intensity continuous wave laser. The authors concluded that electric field enhancement between

adjacent gold nanospheres was strong enough in the near-field to drive the photoisomerization reac-

tion via non-resonant two-photon excitation from the 808nm CW laser source, based on a quadratic

power-dependence for the change in absorbance after 15 min. Similar approaches to investigating

nanoplasmonics included photochromic switching in solid and solution phase,87,88,92,93 attaching

molecules directly to the nanoparticle,89,94–97 and structurally changing the size and shape of the
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nanoparticles to alter the enhanced field.98–101

However, the details about the interactions between the nanostructure and the photochromic

system remain unclear, therefore we investigate the photochromic switching on a periodically

spaced gold nanorod array under one and two-photon excitation conditions. The regularity of the

plasmonic array provides a well-defined substrate to convert the DAE thin film as well as a con-

sistent electric field enhancement across the array compared with randomly placed nanospheres.

Additionally, the aligned array allows the enhancement to be tuned based on incident field polariza-

tion with respect to the orientation of the aligned nanorods. For a more detailed understanding of

how the photochromic reaction progresses around the plasmonic nanostructure, the conversion of

DAE is simulated using calculated near-field intensities of the incident and probe light by solving

the Maxwell equations. Combining the information from the experiments and simulations provides

a detailed understanding for the near-field interactions between a plasmonic nanostructure and the

photochromic molecules.
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Chapter 2

Experimental Methods

2.1 Overview

The reaction dynamics and kinetics in this dissertation are probed using time-resolved transient

spectroscopy techniques that use a two-beam design with a pump pulse and a probe pulse. For op-

tical pump-probe spectroscopy measurements an initial pump pulse is used to generate an excited-

state population of molecules, which then propagate along a reactive coordinate on the excited-

state potential energy surface. Using an optical probe pulse, we monitor the evolution of the

excited-state absorption spectrum. The evolution of the excited-state absorption provides insight

into mechanisms and timescales for different molecular reactions such as cis→trans isomerization

or decomposition reactions. To gain more structural information about the excited molecule along

a reactive pathway the optical probe is exchanged for a hard x-ray probe, which is produced in

the storage ring of the Advanced Photon Source at Argonne National Lab. The hard x-ray probe

is tuned to the K-edge of a metal that is sensitive to the ligand identity and molecular structure.

Many of the experimental details are already discussed within each chapter, therefore the emphasis

of this chapter will be the technical aspects of the experiments that are not described elsewhere.

2.2 Ultrafast Optical Transient Absorption Spectroscopy

Broadband TA measurements use the modified output of a 1 kHz regeneratively amplified Ti:sapphire

laser (Legend Elite, Coherent), which produces 35 fs laser pulses at 800 nm. A portion of the 800

nm laser light can be passed into an optical parametric amplifier with two stages of nonlinear fre-
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quency conversion (TOPAS) to produce pump pulses in the range of 260-2600 nm. The broadband

white light (WL) probe pulses with a range of 360-980 nm are made by focusing the 1280 nm sig-

nal from a home-built optical parametric amplifier (OPA) into a circularly translating CaF2 crystal.

A pair of reflective parabolic mirrors collimates, then focuses the probe beam at the sample, after

which a transmission grating disperses the probe light onto a 256-element photodiode array.

The photodiode array stores the intensities on each pixel as a voltage, which is collected us-

ing a data acquisition (DAQ) card. The DAQ card is synchronized with the 1 kHz signal from

the Ti:sapphire laser, which allows each WL pulse to be captured and processed for shot-to-shot

detection. More details regarding the setup can be found in the dissertation of Cassandra Ward.102

To calculate the excited-state absorption, alternating measurements with the pump beam on the

sample are performed using a synchronized optical chopper. The alternating WL intensities with

the pump pulse blocked by the chopper (IOFF ) and the pump pulse on the sample (ION) are used

to calculate the change in absorbance (∆A), shown in equation 2.1. The time-dependence of the

excited-state absorption comes from the delay time between the pump and probe pulses.

∆A(t) =−log(
ION(t)
IOFF

) (2.1)

2.3 Transient X-ray Absorption Spectroscopy

The TR-XAS measurements were carried out at the Advanced Photon Source (APS) on beamline

7ID-D, using an optical pump and a x-ray probe setup.103 The pump pulse is derived from the

output of a tunable high repetition rate laser (time-Bandwidth Products, Duetto) with a center

wavelength of 1064 nm and a duration of 10 ps. By focusing the output into a lithium triborate

(LBO) nonlinear crystal(s) the second and third harmonic at 532 nm and 355 nm are generated

respectively. The high repetition rate laser is synchronized with x-rays produced in the storage

ring of the APS operating in the 24 bunch mode. In 24 bunch mode the circular storage ring

has 24 circulating electron bunches, with a 153 ns spacing between each bunch, which equates

to an x-ray pulse repetition rate of 6.52 MHz. The x-ray energy is tuned across the 6.510-6.905
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keV range using an undulator with a water-cooled double crystal diamond (111) monochromator

and focused using Kirkpatrick-Baez mirrors into the sample with a spot size of ∼5 µm full width

at half max.104,105 For the transient x-ray absorption measurements the samples are setup for a

single pass through a liquid jet with thickness of ∼100 µm at 2.5 mL/min in order to prevent

contamination of the signal from irreversible photoproducts.103 Close to the sample, avalanche

photodiodes with Z-1 chromium filter are set up 90 degrees from the incoming x-ray beam to detect

the x-ray fluorescence of the sample and are capable of capturing the fluorescence after each x-ray

pulse.103 The fluorescence signal is typically averaged with 106 pulses per energy point. Due to the

higher repetition rate of the x-ray probe pulses compared to the optical pulses, 13 additional x-ray

pulse pass before the next optical pump pulse. Figure 2.1 illustrates the timing sequence between

Figure 2.1: Laser timing diagram for the pump and x-ray probe sequence.

the laser pump pulse and the x-ray probe pulses. The delay between the laser pump pulse and the

x-ray pulse is controlled electronically using a programmable delay line (Gigabaudics, PADL3-

5-12-15355) which shifts the phase of the rf signal from the synchrotron producing. The shifted

phase of the rf signal results in a shift of the laser pump pulse in time. We take advantage of the

extra pulses by recording the fluorescence after each additional x-ray pulse providing incremental

153 ns delay times up to 1989 ns.

2.4 Transmission Measurements Using a Pulsed Laser

Pulsed laser light is generated using the amplified Ti:sapphire laser described above. White light

continuum laser pulses are made by focusing the 800 nm fundamental into a cuvette of water.

The white light beam is split using a 50% beam splitter into a signal and a reference beam. The
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signal beam is focused down to 60 µm at the point where it passes through the plasmonic array.

The reference beam accounts for fluctuations of the incident probe intensity when calculating the

absorption. After the sample, the broadband signal and reference beams are dispersed using a

transmission grating onto an 8 bit CMOS camera (Thorlabs), with dimensions of 1280 x 1024

pixels to calculate normalized intensity/absorption as a function of wavelength over the range 400-

650nm. The integration time for the camera is set to 40 ms. To decrease the readout time from

the CMOS camera, the range of pixels recorded is reduced to 1280 x 200 pixels for the dispersed

signal and reference regions on the camera. Mechanical shutters are used to control the duration

of white light and 800 nm exposure of the sample.

2.4.1 Mechanical Shutters

In order to control the light exposure on the sample, mechanical shutters (CVI Laser Optics) were

installed in the beam path for the white light probe and the 800 nm conversion light. The shutters

were powered using an external battery pack 6V (4 x AA), and have a response time of 60 ms

for completely opening and closing the aperture. The slow response time of the shutter compared

to the laser repetition rate is addressed in the CMOS camera section below. For the shutters to

close they require an electronic TTL signal (>3V) which was supplied by a breakout-box, which is

controllable with labview software. Figure 2.2 shows a simple Labview scheme for controlling the

Figure 2.2: Laview diagram for the basic workings of the mechanical shutters.

shutters. "File location 2" is the path for accessing the DAQ card responsible for communicating

with the breakout box. The channels for "WL" and "800 nm" are the designated channels on the
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breakout box connected to the shutters in the WL and 800 nm beam lines respectively. Passing a 1

or 0 in the correct format to the Digital Single Scan VI will have the break-out box send the TTL

signal to the corresponding shutter.

2.4.2 CMOS Camera

The CMOS camera (Thorlabs, DCC1545M) is a 1.3 megapixel charge coupled device (CCD) with

a rolling electronic shutter. The max readout speed is 40 ms and the detector is connected to the

data acquisiton computer through a USB 2.0. Labview software was written to communicate with

the CMOS camera using VIs from the ThorLab website. The VIs named ExpTime, SetFPS and

SetPiCI need to be set to appropriate values in order for the camera to function. In the experiments

the ExpTime VI is set to 40 ms, which integrates over 40 ms. The GetImage VI gets the counts

from the CCD detector. In the code, the user can specify how many frames of 40 ms integrated time

they would like to average for the WL measurement. For example, to have 1 second of averaged

WL, the number of frames should be set to 25 (40 ms x 25). Due to the shutter closing rate (60 ms)

being slower than the camera readout (40 ms), two additional frames are added at the beginning

and end of the frame sequence, which allow time for the shutter to open and close. Therefore, in

the previous example with 25 frames, the actual frames recorded is 29, but the two in the beginning

and two at the end are dropped due to the shutter clipping the pulse. Output files are stored as text

documents.
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Chapter 3

Ultrafast Dynamics of Encapsulated Molecules Reveals New

Insight on the Photoisomerization Mechanism for Azobenzenes

(A version of this work was published as reference 5)

3.1 Introduction

Nature makes use of steric constraints to guide the early stages of many light-activated biological

responses.17 For example, many light-sensitive biological functions, including vision and pho-

totaxy, begin with cis-trans photoisomerization in the spatially confined active site of a protein,

where steric and other interactions determine the ultrafast reaction dynamics.18–21 Similar to the

way some proteins drive isomerization around a specific C=C or N=N double bond of a chro-

mophore, synthetic cavities present an opportunity to selectively manipulate the dynamics of pho-

tochemical reactions by influencing the structural rearrangement of a molecule,23,27,35–37,106–108

or even pre-aligning the reactants in a bimolecular reaction.109,110 Reactions in confined envi-

ronments not only open the possibility of new applications, but also provide a window on the

underlying details that control the reaction dynamics.38

In this chapter, we use ultrafast spectroscopy to study the influence of a restricted environ-

ment on the trans→cis photoisomerization dynamics of 4-propyl stilbene (4PrSt) and 4-propyl

azobenzene (4PrAz) encapsulated in a supramolecular organic cavitand.36 Stilbene and azoben-

zene derivatives are prototypical photochromic compounds that are ubiquitous in applications

where environmental effects could alter the reaction dynamics, including biological triggers and
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probes,111–116 molecular machines,117,118 and photochromic materials.119–122 Photoisomerization

reactions are particularly sensitive to steric constraints, due to the large amplitude motions required

for structural rearrangement. While the photoisomerization mechanism for stilbene derivatives re-

quires out-of-plane rotation of the phenyl rings around the central C=C double bond, the mech-

anism for azobenzene is complicated by possible contributions from both rotation and in-plane

inversion pathways.123,124 We show below that confining these molecules within an appropriately

sized cavity provides a window on the isomerization mechanism by restricting the rotation of the

phenyl rings around the double bond. We observe a bifurcation between cis and trans isomers

in the excited state of azobenzene that indicates a new excited-state inversion pathway that is not

observed in solution.

The host-guest complexes that we study spontaneously self-assemble in aqueous solution by

incarcerating a single stilbene or azobenzene molecule in the hydrophobic cavity formed by two

cavitand molecules. The synthesis of the cavitand molecule, known as octa-acid (OA), and the

preparation of OA2 dimer complexes encapsulating a hydrophobic chromophore were reported

elsewhere, along with detailed studies of the photochemistry inside the capsules based on steady-

state measurements.36,125–129 Stilbene and azobenzene derivatives are known to isomerize in the

OA2 capsules,125–127 but the ultrafast excited-state dynamics have not been studied previously.

In this study, we use propyl-substituted stilbene and azobenzene, because the inert alkyl chain

causes additional crowding inside the capsule, and therefore exacerbates the effects of the confined

environment. We note that alkyl-substituted stilbene and azobenzene have essentially the same

isomerization mechanisms as the unsubstituted counterparts in solution. However, unlike solution,

the cis isomers are the more stable structure in the capsule because crowding disproportionately

destabilizes the longer trans isomers.126

3.2 Experimental Methods

The compounds OA, 4PrSt, and 4PrAz were synthesized and purified as previously reported.125,127

Samples consist of 1 mM solutions of 4PrSt or 4PrAz in cyclohexane, or ∼ 0.5 mM aqueous solu-
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tions of the encapsulated compounds. We make the self-assembled 4PrSt@OA2 and 4PrAz@OA2

complexes by sonicating 2 eq. of OA with 1 eq. of stilbene or azobenzene derivative for 30 min in

water. All samples are in a 1 mm quartz cuvette.

The transient absorption (TA) and quantum yield (QY) measurements use the modified output

of a regeneratively amplified Ti:sapphire laser (Legend Elite, Coherent) operating at 1 kHz. An

optical parametric amplifier (OPA) with two stages of nonlinear frequency conversion (TOPAS)

produces 320 nm pump pulses for both measurements. For the TA measurements, the pump beam

passes though a synchronized chopper to block every other pulse for active background subtraction,

and a zero-order λ /2 waveplate rotates the polarization for parallel and perpendicular orientation

with respect to the probe. We attenuate and focus the pump beam to∼ 120 nJ/pulse and a diameter

of ∼ 200µm at the sample. Focusing a small amount of the 1200 nm signal from a second, home-

built OPA into a circularly translating CaF2 crystal produces broadband probe pulses in the range

of 340-990 nm. A pair of parabolic mirrors collimate and focus the probe into the sample, where it

intersects the pump at a small angle and variable time delay. We continuously translate the sample

for the TA measurements in order to avoid accumulation of photoproduct in the focal volume.

After passing though the sample, a prism disperses the probe light onto a 256-element photodiode

array for shot-to-shot detection. We average 103 laser pulses per time delay for three consecutive

scans for each TA measurement.

We measure trans→ cis photoisomerization quantum yields (Φt→c) by measuring the change

in transmission of UV laser pulses through a static sample as a function of time.130 For both

compounds, the trans isomer has appreciable absorption at the excitation wavelength, but cis does

not; therefore the decrease in transmission through the sample reveals the number of molecules

that isomerize. We obtain the quantum yield from the ratio of the conversion rate to the excitation

rate (i.e. the relative change of transmission over time compared with the absolute transmission

of 320 nm pulses). In order to account for small fluctuations of the laser intensity, we split the

attenuated pump light into signal and reference beams with a 50% beam splitter, and then pass the

former through the sample with a diameter of 1.5 mm and an incident energy of 2.5 nJ/pulse. We
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measure the pulse energies of the transmitted signal and reference beams using identical integrating

photodiodes at 1 kHz.

3.3 Results and Discussion

The chemical structure of OA is shown as an inset in the top panel of figure 3.1, along with the

absorption spectrum of the OA2 dimer capsule formed by encapsulating an optically transparent

and chemically inert adamantane molecule. The lower two panels of the figure show the spec-

tra of encapsulated trans-4PrSt and trans-4PrAz, respectively, as well as the spectra of the two

chromophores dissolved in cyclohexane. The absorption band of OA is centered near 280 nm,

and partially overlaps the ground-state absorption of 4PrSt and 4PrAz. The absorption spectra

of both compounds become slightly broader and have less vibronic structure upon encapsulation,

suggesting that both molecules are distorted in the capsule. Molecular dynamics calculations for

encapsulated trans-stilbene derivatives indicate a slightly twisted structure in the ground state,

compared with a planar ground state in solution.

Figure 3.2 shows the evolution of the transient absorption (TA) spectra following π → π∗

excitation of 4PrSt and 4PrAz at 320 nm, where there is no absorption by the OA2 capsule. The

figure shows the evolution of the TA spectra in cyclohexane (upper panels) and inside the capsule

(middle panels), with the lower panels comparing the decay of the excited-state absorption bands

as a function of time for each environment. Notice the different timescales for the two compounds.

The figure shows the isotropic TA spectra that we calculate from separate measurements with

parallel and perpendicular polarization of the pump and probe light, ∆Aiso = (∆A||+2∆A⊥)/3, in

order to eliminate contributions from rotational reorientation. From the same set of measurements,

we also calculate the anisotropy, r(t) = (∆A||−∆A⊥)/(∆A||+ 2∆A⊥), which provides a measure

of the reorientation time for molecules in the excited state. The decay of the anisotropy reveals

significantly slower reorientation in the capsules compared with solution (see figure 3.3), with

the entire complex rotating on a ∼ns timescale, compared with tens of ps for the freely solvated

molecules. Slower reorientation confirms that 4PrSt and 4PrAz are incarcerated in OA2, and that
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Figure 3.1: Absorption spectra of octa-acid complexes: adamantane@OA2 (top), 4PrSt@OA2
(middle), and 4PrAz@OA2 (bottom). Lower panels also show the spectra of 4PrSt and 4PrAz in
cyclohexane.

they do not rotate inside of the capsule.

Similar to unsubstituted stilbene,130,131 the TA spectrum of 4PrSt in cyclohexane has a strong

S1 excited-state absorption (ESA) band centered near 580 nm that shifts and narrows slightly on a

timescale of 1.3±0.3 ps due to structural relaxation and vibrational cooling, and then decays with

a single exponential lifetime of 86±3 ps. The TA spectrum of encapsulated 4PrSt (4PrSt@OA2)

is similar to the solvated compound, except for a slight blue-shift and broadening of the ESA band,

and a significantly longer excited-state lifetime of 384± 4 ps. The broadening of the ESA band

in the capsule suggests either a more distorted structure or a broader distribution of structures

compared with solution, similar to what we observe in the ground-state spectrum and simulations.

The isomerization mechanism for stilbene has been well-studied in solution.123,131,132 After

ππ* excitation to S1, stilbene molecules cross a small barrier along the torsional rotation coordinate
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Figure 3.2: Evolution of the TA spectra of 4PrSt (left side) and 4PrAz (right side). Top and middle
panels show the spectra in cyclohexane and in the OA2 capsules, respectively. The lower panels
compare the decay of the signals in the two environments, with the lines showing fits to the data
using the models described in the text.

before reaching a perpendicular geometry, where there is a conical intersection (CI) that brings

the molecule back to the ground electronic state.133 The excited-state lifetime for many stilbene

derivatives is on the order of tens of ps, depending on the solvent, and has been successfully

described in terms of either solvent viscosity inhibiting the relative rotation of the phenyl rings, or

with a solvent stabilization model where the polarity of the solvent affects the activation energy

to reach the CI at perpendicular geometry.123,134 Either way, the longer excited-state lifetime for

4PrSt@OA2 is most likely due to restricted rotation around the C=C bond.

Passage through the CI determines the branching between trans and cis isomers when molecules

return to the ground state. For stilbene in solution, this branching leads to nearly equal populations
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Figure 3.3: Anisotropy decay for 4PrSt/cyclohexane and 4PrSt@OA2 (top panel), and 4PrAz/cy-
clohexane and 4PrAz@OA2 (bottom panel).

of the two isomers. Importantly, the quantum yield (Φt→c) for trans→cis isomerization of stilbene

is relatively insensitive to the identity of the solvent,130,132,135 indicating that solvation does not

directly affect the topology of the S1-S0 conical intersection. However, we find that encapsulation

in OA2 decreases Φt→c by nearly half, from 42±6% in cyclohexane to only 24±6% in the cap-

sule. The significantly lower quantum yield suggests that confinement impacts either the dynamics

through the CI, or the topology of the CI itself. For example, the encapsulated molecule may pass

through a CI (or a region of the conical seam) that is shifted toward the trans geometry due to

destabilization of the perpendicular structure.

The excited-state lifetime of 4PrAz is much shorter than 4PrSt, with the former also following

a more complex pathway that requires fits to the data with at least four time constants in solution

and five in the capsule. One key difference between the two compounds is that excitation at 320 nm

accesses the S2(ππ∗) state of 4PrAz, which rapidly relaxes to the lower-lying S1(nπ∗) electronic

state. The ESA spectrum of S2, which is evident only within the first ∼300 fs of the TA spectra
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for 4PrAz and 4PrAz@OA2 (dashed lines in figure 3.2), extends across the entire probe range,

with broad bands centered near 490, 600 and 710 nm. Similar to previous reports for unsubstituted

azobenzene, the S2 absorption is rapidly replaced by the S1 absorption bands near 400 and 530 nm,

which then decay within a few ps.136

In contrast with stilbene, the isomerization mechanism for azobenzene derivatives remains

controversial, because of the competing pathways involving torsional rotation and in-plane inver-

sion at one (or both) of the nitrogen atoms. The limit of rotational isomerization involves torsion

around the N=N bond to reach a conical intersection with the ground-state at perpendicular geom-

etry, similar to stilbene; however, azobenzene can also isomerize through an inversion pathway via

rehybridization of the non-bonding electrons and in-plane bending of a phenyl ring along the Ph-

N=N coordinate.137–141 Based on the relative electronic structures of the first two excited states,

early studies suggested that n→ π∗ excitation to S1 would result in primarily an inversion mecha-

nism, whereas π→ π∗ excitation to S2 would result in primarily a rotational mechanism analogous

to stilbene photoisomerization. However, more recent experimental and theoretical work indicates

that a simple, single-configuration view of the excited states does not adequately describe the

isomerization dynamics of azobenzene, but rather the dynamics involve an “inversion-assisted ro-

tation” mechanism that requires concerted motion along both coordinates, even for excitation to

the lower-energy nπ* state. The situation is further complicated for ππ* excitation at higher en-

ergy, because additional isomerization and relaxation channels are available in the vibrationally

excited S1 state after internal conversion from S2.136 Very briefly, the lowest-energy isomerization

pathway on S1 begins with in-plane motion along the inversion coordinate, and then involves some

degree of rotation to access a conical seam that returns the system to the ground state. Different

regions of the conical seam involving a larger degree of rotation are available at higher energy.

(See the SI of reference 136 for an excellent historical review of the azobenzene isomerization

mechanism.)

The top panel of Figure 3.4 shows a simplified schematic representation of the emerging mech-

anism for azobenzene photoisomerization following π → π∗ excitation to S2,136,142 including the
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lifetimes that we extract from global fits to the TA data for 4PrAz in cyclohexane. The fastest

timescale of ∼50 fs is due to relaxation from S2 to S1, followed by ∼260 fs relaxation of the "hot"

S1 state. While a portion of the molecules relax into a minimum-energy geometry on the S1 sur-

face, a large fraction of the "hot" molecules reach the ground state on a timescale that competes

with vibrational relaxation in S1.143 The result is a roughly biexponential decay of the ESA signal

on timescales of ∼0.26 ps for the "hot" reacting molecules and ∼2.4 ps for molecules that relax

on S1 before overcoming the small barrier along the minimum energy path. Molecules return to

the ground state through a CI that determines the relative branching between cis and trans isomers.

Molecules that return to the trans structure in the ground state contribute a transient absorption fea-

ture below 400 nm that decays on a timescale of ∼ 10 ps due to vibrational relaxation and cooling

in S0.142–145

We model the evolution of the TA spectrum of 4PrAz in cyclohexane based on the above kinetic

mechanism. Our fits to the data restrict the relative amplitudes at each wavelength according to

the kinetic model in order to extract the species-associated spectra (SAS) in the top panel of figure

3.5. The SAS represent distinct populations of 4PrAz along the reaction path, including molecules

in the initially excited S2 state, the hot and relaxed S1 states (S∗1 and S1, respectively), and the

vibrationally hot ground state of the trans isomer (S∗0). The ground-state of the cis isomer and the

relaxed S0 state of the trans isomer do not contribute to the absorption in our probe window.

The spectra obtained from the fits support the proposed mechanism from above. In particular,

the spectra for S1 and S∗1 are very similar, with the latter characterized by additional broadening,

which is typical for highly vibrationally excited molecules.130,146 In other words, the relaxation of

S∗1 leads to a narrowing of the ESA band, as well as a decrease of intensity in the TA signal due to

the competing reaction channel directly from S∗1 to the ground state. The fits indicate that ∼ 60%

of the "hot" molecules relax directly to the ground electronic state in cyclohexane.

The TA spectrum of confined 4PrAz (4PrAz@OA2) is similar to the spectrum in solution,

except for a few notable differences, including different relative intensities of the ESA bands near

400 and 530 nm, slight broadening of the bands, and a significantly longer excited-state lifetime.
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Figure 3.4: Cartoon illustration of the potential energy surfaces for 4PrAz and 4PrAz@OA2.
Arrows indicate reaction path following π → π* excitation. Lifetimes are from global fits to the
data using the kinetic model described in the text and in figure 3.5.

The differences between the two environments in many ways mirror the results for 4PrSt. However,

global fits to the data for 4PrAz@OA2 require at least five exponential time constants, compared

with only four in solution. The extra lifetime indicates that there are two distinct excited-state

species. Using the mechanism for azobenzene in solution as a starting point, we attempted to

model the evolution of the TA spectrum of 4PrAz@OA2 using several different kinetic schemes,

but only a mechanism that includes parallel kinetics with two distinct excited-state species (in

addition to S∗1) gives a reasonable fit to the data. The successful model is represented by the

schematic diagram in the lower panel of figure 3.4, and produces the SAS in the bottom panel of

figure 3.5.

The SAS for the S2 state of 4PrAz@OA2 is similar to the S2 spectrum in solution, except for
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Figure 3.5: Species associated spectra (SAS) from global fits to the TA spectra for 4PrAz in
cyclohexane (top) and 4PrAz@OA2 (bottom). The kinetic models are shown as insets, and match
the schematic diagrams in figure 3.4.

significant broadening of the ESA band near 490 nm that probably reflects a distorted geometry in

the confined environment of the capsule. Relaxation to S∗1 occurs on a similar sub-100 fs time scale

(we fix this time constant at 50 fs in our fits based on recent results from Nenov, et al.136), and

both the spectrum and relaxation time of S∗1 that we recover from the fits in the capsule are similar

to those in solution, indicating that the dynamics at very early delay times are relatively insensitive

to confinement. However, a distinctive feature of the dynamics of 4PrAz@OA2 is the relaxation of

S∗1 into two different excited-state species, in addition to direct relaxation to the ground state. The

two species have lifetimes of 5.6±1.1 and 26±2 ps.

Importantly, one of the spectra that we recover from the global fits has an ESA band with a

maximum near 380 nm and a pronounced shoulder near 410 nm, which almost perfectly matches

the excited-state spectrum of cis-azobenzene.142 In separate TA measurements that will be reported

in chapter 5, we observe the same, distinctive ESA band following direct n→ π∗ excitation of

unsubstituted cis-azobenzene at 480 nm, both in solution and in the capsule. Therefore, we assign
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the two excited-state species of 4PrAz@OA2 as the relaxed S1 states of the cis and trans isomers,

Scis
1 and Strans

1 , respectively. In stark contrast with solution, this observation indicates that the

confined environment allows the molecule to access the cis structure directly from the excited state

of the trans isomer. This new excited-state isomerization pathway to Scis
1 is made possible by

destabilization of the longer trans structure in the capsule.

The results for similarly sized 4PrSt show that the rotation channel is restricted in the capsule,

therefore the excited-state isomerization to Scis
1 must follow a path primarily along the inversion co-

ordinate. The important role of inversion in the isomerization of 4PrAz@OA2 is further supported

by an increase of the quantum yield Φt→c from 12±3% in solution to 17±4% in the capsule (in

contrast with the significant decrease of Φt→c for 4PrSt). The larger quantum yield for isomer-

ization of 4PrAz@OA2 is a direct result of steric crowding inside the capsule that favors the cis

geometry. In solution, the overall quantum yield for azobenzene depends on the initial excitation

energy, with a photoisomerization yield for π → π∗ excitation of unsubstituted azobenzene that is

about half of the yield for n→ π∗ excitation of the same molecule at longer wavelengths.147 The

wavelength-dependence of Φt→c in solution was attributed to a preference for the trans structure

when molecules pass through a CI at higher energy. In other words, regions of the conical seam

that are accessible at higher energy have a topology that increasingly favors a return to the trans

structure in the ground electronic state.

Encapsulation restricts the motions available to an isomerizing molecule, and therefore drives

the reaction through different regions of the conical seam compared with solution. The fits indicate

that roughly half of the "hot" S∗1 molecules relax directly to the ground electronic state within

the first few hundred fs, whereas molecules that remain in the excited state have a roughly 2:1

preference for the formation of Scis
1 over Strans

1 . Although we are unable to directly measure the

quantum yields for each of the three pathways individually, there is likely to be a higher yield of the

cis product from the cis excited-state. However, the modest increase of the overall quantum yield

to only ∼17% in the capsule suggests that both "hot" S∗1 and the trans excited state preferentially

return to the trans structure in S0.
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We extract lifetimes from the global fits of 5.6 ps for Scis
1 and 26 ps for Strans

1 . The excited-state

lifetime of Strans
1 is ∼10 times longer in the capsule than in solution, indicating that the confined

environment has a significant impact on the isomerization dynamics of 4PrAz, probably due to

trapping the molecule in a distorted (i.e. non-planar) structure. We note that the ESA band of this

species is red-shifted compared with solution, which may be a signature of the twisted structure in

the capsule. A twisted geometry would inhibit photoisomerization of 4PrAz@OA2 by restricting

in-plane motion along the inversion coordinate, which was recently shown to be the initial motion

along the minimum energy path of S1.136 Consistent with this assignment of the longer-lived ESA

band as Strans
1 , direct excitation to the S1(nπ∗) state of unsubstituted trans-azobenzene reveals a

similar ten-fold increase of the exited-state lifetime inside the OA2 capsule.

The new pathway to access Scis
1 following excitation to the S2(ππ∗) state of 4PrAz@OA2 is

only available from the "hot" S∗1 excited state, and is made possible by the destabilization of the

trans structure in the capsule. We note that the quantum yield does not increase for other alkyl-

substituted azobenzenes, as we report in chapter 5. The unique increase of Φt→c for 4PrAz@OA2

is due to crowding in the capsule by the propyl substituent on one phenyl ring, combined with

the flexibility of the unsubstituted phenyl ring to reorient within the capsule. In chapters 4 and 5,

we examine the excited-state dynamics for a series of alkyl-substituted stilbene and azobenzene

compounds to further elucidate the role that crowding in the capsule plays in determining the

excited-state isomerization.

3.4 Conclusion

In summary, ultrafast spectroscopy reveals fundamentally different excited-state dynamics for

4PrSt and 4PrAz inside the cavity of a supramolecular organic cavitand than we observe for the

same compounds in solution. The encapsulated molecules have longer excited-state lifetimes due

to stabilization of distorted, nonplanar excited-state structures. While both 4PrSt and 4PrAz prefer

the cis isomer in the capsule, only 4PrAz shows an increase of the quantum yield for trans→cis

photoisomerization. Specifically, confinement restricts out-of-plane rotation of the phenyl rings,
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and therefore inhibits the photoisomerization of 4PrSt, whereas the inversion channel of azoben-

zene leads to a new excited-state isomerization channel for encapsulated 4PrAz that does not exist

in solution. The new channel leading to the cis excited state following excitation of the trans iso-

mer represents a fundamentally different behavior than has been observed before, and confirms the

important role of inversion in the isomerization of azobenzene.
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Chapter 4

Ultrafast trans to cis Photoisomerization Dynamics of

Alkyl-Substituted Stilbenes in a Supramolecular Capsule

(A version of this work was published as reference 6)

4.1 Introduction

The environment plays an important role in determining the excited-state dynamics of photoactive

molecules.148–150 For example, solvation influences the reaction rates, yields, and sometimes even

the identity of the products that form, simply by tuning the relative energy at key points along a

reaction path.9–13 Confined environments provide an even more direct influence on reaction dy-

namics by restricting the motions of the atoms in the reacting molecule through steric restrictions

and other interactions with the surroundings.22–24 Examples of confined environments include the

active sites of proteins,14–16 nanoporous materials, and self-assembled structures ranging from re-

verse micelles to the cavities of extended molecular frameworks,28–34 many of which have evolved

or are designed to control the reactions and/or optical properties of enclosed molecules. Manip-

ulating the dynamics of the chromophore in a photoactive protein, for example, is essential for

controlling the early steps in vision,20,151 phototaxy,152 and other light-responsive biological func-

tions.153,154 Studying the dynamics of molecules in a confined environment also offers valuable

insight on fundamental reaction dynamics.5

Stilbene is a model system for photoisomerization that has been studied extensively.7,8,44–55

The well-known trans→cis isomerization mechanism requires rotation of the phenyl rings around
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the central C=C bond axis after excitation to the S1(ππ∗) state.45,46 The excited-state lifetime of

trans-stilbene is typically in the range of several tens of ps, depending on the identity of the solvent,

and is limited by a torsional barrier that inhibits the molecule from reaching the perpendicular

geometry, where there is a conical intersection (CoIn) with the ground state. Nonpolar solvents

tend to impede the barrier crossing, and therefore increase the excited-state lifetime as a function

of increasing solvent viscosity,7,8,49–51 whereas polar solvents tend to accelerate the reaction by

lowering the barrier through polarization stabilization.155,156

Passage through the CoIn determines the branching between trans and cis isomers in the ground

state, and therefore plays a critical role in determining the quantum yield of the reaction.53 Unlike

the excited-state lifetime, the photoisomerization quantum yield for stilbene is relatively insensi-

tive to the identity of the solvent, and leads to roughly equal populations of the two isomers. The

roughly equal branching between trans and cis suggests that the conical intersection is relatively

symmetric with respect to the two ground-state structures, which is consistent with a minimum-

energy CoIn at the perpendicular geometry. There is also a local minimum at or near the perpen-

dicular geometry region of the potential energy surface, often called the "phantom" or p∗ state.45,54

This minimum-energy state was recently observed for cis→trans isomerization, and is very short

lived due to the proximity of the CoIn.156–158

There is growing interest in studying photoisomerization dynamics in confined environments.

Studies involving stilbene and related molecules trapped in synthetic host-guest complexes promise

to offer new insight on the role of external forces (i.e. steric interactions) in selectively controlling

reaction dynamics, fluorescence yields, and other properties of a chromophore.56–58 On one hand,

host-guest interactions that distort the ground-state structure of a molecule can enhance specific

reaction or relaxation channels by accessing a more favorable region of the excited-state potential

energy surface upon excitation.159 For example, a tight-fitting cavitand was recently shown to

suppress the fluorescence of encapsulated stilbene by rotating the molecule sufficiently far along

the C=C rotation axis in the ground state that optical excitation avoids the torsional barrier in

the excited state.56 The excited molecule relaxes directly through the perpendicular CoIn to the
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ground-state without time to fluoresce. Other host-guest interactions are less disruptive of the

ground-state structure, and instead restrict the motions of the molecule in the excited state.160

The host-guest complex in this study consists of a supramolecular ‘octa acid’ (OA) cavi-

tand encapsulating the series of alkyl-substituted stilbene derivatives in Figure 4.1. Water-soluble

OA spontaneously forms a dimer capsule that incarcerates hydrophobic guest molecules, denoted

guest@OA2.39,40 The interior of the OA2 complex fits only a single stilbene molecule. The con-

fined molecule has limited space to translate and rotate, but retains the ability to photoisomerize,

as has been shown in extensive steady-state measurements.40–43 Importantly, the addition of alkyl

substituents changes the relative size and shape of the incarcerated molecule, which affects the

relative stabilities of the trans and cis isomers, as well as the ability to photoisomerize around

the central ethylene bridge. For example, competitive encapsulation studies show that the cis

isomer becomes relatively more stable in the capsule with increasing chain length for a series

of 4-alkyl stilbenes.43 Encapsulation also affects the isomerization dynamics, leading to different

photo-stationary states (PSS) in solution and in the capsule. The difference can be quite large, as in

the case of 4,4’-dimethyl stilbene, where PSS shifts from 18:76 in favor of the cis isomer in cyclo-

hexane solution to 80:20 in favor of trans in the OA2 capsules.42 In order to probe the excited-state

dynamics directly, we recently measured the ultrafast spectroscopy of 4-propylstilbene and the

closely related 4-propylazobenzene in the OA2 capsule, and showed that the confined environment

leads to adiabatic isomerization in the excited-state of the azobenzene compound.5

In this chapter, we examine the photoisomerization dynamics of encapsulated trans-stilbene (1)

and six alkyl-substituted derivatives (2-7). Specifically, we use ultrafast spectroscopy to probe the

excited-state dynamics, and measure the isomerization and fluorescence quantum yields of each

compound in cyclohexane and inside the aqueous OA2 capsule. We also use molecular dynam-

ics (MD) simulations to examine the structures and relative binding energies for OA2 complexes

containing the trans and cis isomers of each compound. The combined information from these dif-

ferent approaches provides new insight on the photoisomerization dynamics of confined molecules.
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Figure 4.1: Structures of the octa acid (OA) capsule and stilbene derivatives.

4.2 Methods

Trans-stilbene (1) was purchased from Sigma Aldrich (>99%) and used without further purifica-

tion. Compounds 2-7 and the octa acid (OA) capsules were synthesized and purified as previously

reported.42,43,161 The encapsulated samples were prepared by sonicating each compound with 2 eq.

of OA in water until the compound was fully dissolved and the solution turned clear. NMR spec-

troscopy confirms the formation of aqueous host-guest complexes consisting of a single molecule

of stilbene derivative trapped within the hydrophobic interior of an OA dimer.42,162. The tran-

sient absorption (TA) and quantum yield (QY) measurements use 1 mM solutions of a compound

dissolved in cyclohexane, or 0.5 mM solutions of the encapsulated compound in water.

Broadband TA measurements use the modified output of a 1 kHz regeneratively amplified

Ti:sapphire laser (Legend Elite, Coherent). An optical parametric amplifier with two stages of

nonlinear frequency conversion (TOPAS) produces 300 nm pump pulses that are attenuated to

∼120 nJ and focused to a diameter of ∼200 µm at the sample, where they intersect the time-

delayed probe pulses at a small angle. A zero-order λ/2 wave plate rotates the polarization of the

pump light for parallel, perpendicular, or magic angle measurements, and a synchronized chopper

blocks every other pump pulse for active background subtraction. We generate broadband probe
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pulses in the range 360-980 nm by focusing the 1280 nm signal from a second, home-built optical

parametric amplifier into a circularly translating CaF2 crystal. A pair of reflective parabolic mirrors

collimates, then focuses the probe beam to a diameter of ∼100 µm at the sample. After passing

through the sample, a transmission grating disperses the probe light onto a 256-element photodiode

array for shot-to-shot detection. A suitable colored glass filter ensures that we do not observe

signal from the second order reflection of the grating. We typically average 103 laser pulses per

time delay for three consecutive scans. In most cases, we continuously translate the sample in

order to avoid accumulation of photoproduct in the focal volume of the laser. We also eliminate

contributions from the photoproduct by minimizing the number of time steps and by mixing the

solution between scans. Measuring the TA spectrum at a fixed pump-probe time delay for a period

of several minutes confirms that the signal remains essentially unchanged over the duration of a

scan.

We measure the quantum yields for trans → cis photoisomerization (Φt→c) from the in situ

conversion of a static sample under continuous irradiation with 300 nm laser pulses.1 The iso-

merization yield is equal to the ratio of the photo-conversion rate relative to the excitation rate, as

measured by transmission of the laser pulses through the sample. Only the trans isomer has signifi-

cant absorption at 300 nm, therefore the decrease in transmission at this wavelength is proportional

to the number of molecules converted to the cis isomer as a function of time. A 50% beam split-

ter separates the attenuated laser light into signal and reference beams before the former passes

through the sample with a diameter of 1.5 mm and an incident energy of 2.5 nJ/pulse. Measuring

shot-to-shot energies of the signal and reference pulses at 1 kHz accounts for small fluctuations of

the laser intensity, and we typically average over 100 pulse pairs to obtain the transmission through

the sample as a function of time. We calculate Φt→c from the initial rate of change of the normal-

ized transmission at 300 nm over the first ∼10 seconds of irradiation, which typically gives about

1-2% conversion in the static sample.

We measure fluorescence quantum yields (Φ f l) based on the relative fluorescence intensity

of each sample under continuous irradiation at 300 nm in a fluorimeter (Edinburg FS920CDT).
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The reference solution consists of unsubstituted trans-stilbene in cyclohexane, which has a known

quantum yield of Φ
re f
f l = 0.036.51 We determine the QYs for the other samples using the ratio of

the integrated fluorescence intensities, Ii,

Φ f l = Φ
re f
f l ×

Isamp

Ire f
×

Are f

Asamp
×
(

nsamp

nre f

)2

(4.1)

where Ai and ni are the absorbance and index of refraction, respectively, for the sample and refer-

ence solutions at the excitation wavelength.

Molecular dynamics (MD) simulations give the ground-state structures and relative energies

for the trans and cis isomers of each compound inside the OA2 capsule. The simulations begin

with the structure of OA from a previous computational study,163 and the optimized geometry

of each stilbene from B3LYP/6-31G* calculations using the Gaussian09 software package.164–166

We calculate restrained electrostatic potential (RESP) charges and create topology files using the

Antechamber tool in the Amber software package.167 We prepared initial structures of host-guest

complexes using the rigid docking procedure as implemented in the AutoDock Vina 1.5.6 soft-

ware.168 The grid covers OA, with a spacing of 1.00 Å , which is a standard value for AutoDock

Vina. The MD simulations of guest@OA2 were performed using the GROMACS 4.5.6 pro-

gram169 with the AMBER03 force field.170 We use the SETTLE algorithm171 to constrain the

bond lengths and angles of water molecules, and the LINCS algorithm172 to constrain the bond

lengths of OA. Long-range electrostatic interactions are calculated with the particle-mesh Ewald

(PME) method.173 Starting structures obtained from the docking procedure are placed in a cubic

box with dimensions of 60× 60× 60 Å, which is then filled with TIP3P water molecules.174 We

replace 16 water molecules with Na+ ions to neutralize the charges of OA2, then run the MD sim-

ulation with energy minimization for 3000 steps to obtain an equilibrated structure for the produc-

tion run. The final MD simulations run for 100 ns with 2 fs time steps and the number of particles,

pressure, and temperature all held constant (NPT ensemble). We obtain representative structures

from cluster analysis. Yasara,175 Chimera,176 and VMD177 programs were used for visualization
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and for the preparation of the structural diagrams. The host-guest binding energies were calculated

using the molecular mechanics/Poisson-Boltzmann surface area (MM/PBSA) method.178

4.3 Results and Analysis

4.3.1 Ground-State Structure and Spectroscopy

The upper panel of Figure 4.2 shows the ground-state absorption spectra of compounds 1-7 in

cyclohexane. The spectra are very similar for most of the compounds, except that the lowest-

energy ππ∗ absorption band shifts to slightly longer wavelength with increasing alkyl chain length

and number of substituents. A notable outlier in the series is 2,2’-dimethylstilbene (5), which

has broader absorption bands and no discernible vibronic progression compared with the other

compounds.51 The lack of vibronic structure for compound 5 reflects the nonplanar equilibrium

geometry of this molecule due to steric crowding of the ortho-substituted methyl groups, which

rotates the phenyl rings and disrupts conjugation along the backbone of the molecule.54 Spectra

for the other compounds all have essentially the same vibronic progression as unsubstituted trans-

stilbene, which is planar in solution.179–182

The lower panel of the figure shows the absorption spectra for the same series of compounds

encapsulated in OA2. For comparison, the lower panel also includes spectra for unsubstituted stil-

bene in cyclohexane, as well as encapsulated adamantane, which is transparent in this wavelength

range. The spectrum of adamantane@OA2 shows that the capsule has a strong absorption band

near 280 nm, but does not absorb above ∼300 nm. Despite the partially overlapping absorption

band of OA2, we observe a slight bathochromic shift of the lowest-energy absorption band for

all seven compounds upon encapsulation. The shift is consistent with a slightly more polarizable

environment inside the capsule compared with cyclohexane.183

Encapsulation has a significant effect on the vibronic progression of the stilbene absorption

bands, depending on the identity and number of substituents. Although unsubstituted stilbene (1)

retains essentially the same vibronic structure above 300 nm as in solution, the progression be-
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Figure 4.2: Ground-state absorption spectra of compounds 1-7 in cyclohexane (top panel) and
encapsulated in OA2 (lower panel). For comparison, the lower panel also includes the spectrum of
1 in cyclohexane (dashed line) and adamantane@OA2 (dotted line).

comes less pronounced with increasing alkyl chain length for the mono-substituted compounds

2-4. In contrast, the meta- and para-dimethyl-substituted compounds (6 and 7) have more pro-

nounced vibronic structure in the capsule compared with solution. Similar to the structureless

absorption band for compound 5 in solution, the relative degree of vibronic structure for the en-

capsulated compounds reflects differences in the relative geometries of each molecule inside the

OA2 capsule, as indicated by the MD simulations. Figure 4.3 shows representative structures from

the simulations for both trans and cis isomers of 1@OA2. To see all representative structures see

figure 4.12 in the appendix. Figure 4.4 show the dihedral angles for the central ethylene and each

of the phenyl rings. Unlike solution, the simulations suggest that even the trans isomers are slightly

nonplanar in the capsule.

The MD simulations also give the relative stabilities of the complexes. The binding energies for

all seven compounds are listed in Table 4.1. The relative energies from the calculations show that
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Figure 4.3: Simulated ground-state structures for the trans and cis isomers of encapsulated stil-
bene, 1@OA2.

Figure 4.4: Geometries of encapsulated molecules from MD simulations.

the more stable complex (trans or cis) depends on the identity and location of the alkyl substituents.

For example, the encapsulated trans isomer is more stable than the encapsulated cis isomer by 7.9

kJ/mol for 1@OA2, but the cis isomer becomes relatively more stable as the length of the alkyl

chain increases for the mono-substituted compounds (1-4). The cis isomer becomes the more

stable structure inside the capsule for the ethyl- and propyl-substituted compounds (by 10.1 and

63.7 kJ/mol, respectively), which is in sharp contrast with solution, where the trans isomers are

more stable for all of the compounds in this study. For the series of dimethyl-stilbenes, only
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the meta-substituted compound (6) favors the cis structure in the capsule. The simulations are

consistent with previous experimental observations of the preferential encapsulation of one isomer

over the other for each of these compounds.43

4.3.2 Transient Absorption Spectroscopy

Transient absorption (TA) measurements probe the excited-state dynamics of compounds 1-7 fol-

lowing ππ∗ excitation at 300 nm. Figure 4.5 shows the evolution of the TA spectra for five of

the compounds in cyclohexane (left side) and in the aqueous OA2 capsules (right side). Spectra

for the other two compounds were measured with a slight different range of probe wavelengths,

and are shown in figure 4.6. All of the compounds have a strong excited-state absorption (ESA)

band centered near 580-600 nm and weak stimulated emission (SE) below ∼420 nm.184 The most

notable difference among the spectra in solution is the relative intensity of a weak shoulder near

540-560 nm that depends on the location and number of alkyl substituents. In the capsules, the

ESA bands become significantly broader, the shoulder becomes indistinguishable, and a second

absorption feature around 420-460 nm becomes more pronounced. Importantly, we do not observe

any transient signal following 300 nm irradiation of aqueous OA in the absence of stilbene.

The TA signals decay to the baseline within a few hundred picoseconds for all of the com-

Table 4.1: Calculated ground-state energies for trans and cis isomers of encapsulated stilbene
derivatives.

Compound Etrans (kJ/mol) Ecis (kJ/mol) ∆E (kJ/mol) Expt.a

stilbene (1@OA2) -178.2 -170.3 +7.9 -
4-methyl stilbene (2) -190.7 -189.7 +0.1 50/50
4-ethyl stilbene (3) -198.7 -208.8 -10.1 cis
4-propyl stilbene (4) -148.3 -212.0 -63.7 cis
2,2’-dimethyl stilbene (5) -199.1 -173.2 +25.9 70/30
3,3’-dimethyl stilbene (6) -190.1 -207.1 -17.0 cis
4,4’-dimethyl stilbene (7) -215.4 -196.3 +19.1 trans

a Experimentally observed preferential solvation (trans/cis) using NMR spectroscopy, from Ref. 43.
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Figure 4.5: Evolution of the transient absorption spectra following 300 nm excitation of five
stilbene derivatives in cyclohexane (left) and encapsulated in aqueous OA2 capsules (right).

Figure 4.6: Evolution of the transient absorption spectra following 300 nm excitation of ethyl and
propyl stilbene in cyclohexane (left) and encapsulated in aqueous OA2 capsules (right).

pounds in solution, but the signals for the encapsulated molecules relax on a longer timescale that

exceeds the 440 ps time window of our measurement. The normalized decay of the ESA bands for
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three representative compounds is shown in Figure 4.7. In addition to the decay of the signal, we

also observe a slight narrowing of the ESA bands within the first few ps following excitation. This

spectral evolution is a well-known signature of structural relaxation and vibrational cooling in the

S1 excited state.184–186 The spectral change is more subtle for molecules inside the OA2 capsule,

where the relaxed excited-state absorption band remains broader than in solution (Figure 4.8).

Figure 4.7: Normalized decay of the excited-state absorption bands for three representative com-
pounds in solution (top panel) and in the OA2 capsule. Lines are single exponential fits to the
data.

Global fits to the data using a bi-exponential function reveal the timescales for vibrational cool-

ing (τvib) and excited-state decay (τdecay) for all seven compounds (see Table 4.2). The relatively

large uncertainties in τvib are a result of the smaller amplitude of this component and a slight wave-

length dependence of the time constant, which is a typical signature for vibrational cooling.187

Compared with solution, the vibrational cooling times are about the same, or slightly longer, in the

capsule.

The excited-state lifetimes, τdecay, are sensitive to both the number and position of alkyl sub-

stituents, with lifetimes in solution ranging from 72 ps for unsubstituted stilbene (1) to 218 ps for

4,4’-dimethylstilbene (7). In general, the dimethyl substituted compounds have longer lifetimes
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Figure 4.8: Narrowing of the excited-state absorption band of compound 5 in solution and in OA2
over the range 1-6 ps. Bottom panel shows the decay of the normalized transient absorption signal
at 710 nm, with black lines showing bi-exponential fits to the data.

than the mono- and un-substituted stilbenes. The lifetimes are consistently longer inside of the

OA2 capsules compared with cyclohexane solution, increasing by a factor of about 3-3.5 regard-

less of the location or number of alkyl substituents. The only exception is 4-propyl stilbene (4), for

which the lifetime increases by ∼4.5 times.

Figures 4.5, 4.6, 4.7 and 4.8 show the TA signal with the relative pump-probe polarization at

magic angle in order to eliminate contributions from rotational reorientation. We also measure the

TA spectra for parallel and perpendicular polarization in order to calculate the time-dependent

anisotropy of the ESA signal.188 The anisotropy decays to zero as the distribution of excited

molecules becomes isotropic, giving the reorientation time for molecules in the S1 excited state,

τrot . Figure 4.9 compares the anisotropy decay for representative compounds 1, 5, and 7 in solution
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and in the OA2 capsules.

Figure 4.9: Anisotropy decay for compounds 1, 5, and 7 in cyclohexane (closed red markers) and
in OA2 (open blue markers). Black lines are single exponential fits to the data.

The initial value of the anisotropy is ∼0.3 for all of the samples except 7@OA2, which has an

Table 4.2: Excited-state lifetimes and reorientation times (in ps).a

Compound
cyclohexane capsule ratio

τvib τdecay τrot τvib τdecay τ
OA2
decay/τsoln

decay
stilbene (1) 1.5 (1.0) 72 (1) 48 (7) 4.6 (2.0) 260 (7) 3.6 (1)

4-methyl stilbene (2) 1.4 (0.5) 89 (1) 62 (7) 2.0 (0.8) 300 (12) 3.4 (1)
4-ethyl stilbene (3) 1.9 (1.0) 84 (1) 56 (2) 1.4 (1.0) 289 (1) 3.4 (1)

4-propyl stilbene (4) 1.3 (0.3) 86 (3) 85 (3) 6.0 (2.5) 384 (4) 4.5 (2)
2,2’-dimethyl stilbene (5) 3.2 (1.1) 124 (1) 41 (5) 2.9 (1.0) 430 (9) 3.5 (1)
3,3’-dimethyl stilbene (6) 1.8 (0.5) 119 (1) 46 (5) 4.5 (1.1) 358 (4) 3.0 (1)
4,4’-dimethyl stilbene (7) 2.0 (1.2) 218 (2) 61 (6) 1.6 (1.0) 670 (15) 3.1 (1)

a Values in parentheses are estimated 95% uncertainties.
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initial anisotropy close to the maximum value of 0.4. In solution, the anisotropy decays to the base-

line within about 100-200 ps, depending on the size and structure of the molecule. The relatively

compact 2,2’-dimethylstilbene (5) has the shortest reorientation time of 41 ps, and the most ex-

tended molecule, 4-propylstilbene (4), has the longest reorientation time of 85 ps in cyclohexane.

The reorientation times for all of the compounds in cyclohexane are listed in Table 4.2.

The anisotropy decay is much slower for the encapsulated compounds, with none of the sam-

ples becoming fully isotropic within the 440 ps time window of our measurement. The substan-

tially slower anisotropy decays confirm that the molecules are encapsulated in OA2, and also in-

dicate that none of the stilbene derivatives are able to freely rotate inside of the capsule on the

time scale of the excited-state lifetime. Instead, the partial decay of the anisotropy over 400 ps is

consistent with the reorientation of the entire capsule containing the excited molecule. Consistent

with this interpretation, a simple rotational diffusion model predicts a reorientation time of ∼1 ns

for a particle with the outer dimensions of OA2 (roughly 27 Å tall and 11 Å wide) in a fluid with

the viscosity of water.

4.3.3 Quantum Yields

The TA measurements reveal the excited-state lifetimes, but we cannot determine the relative

branching between trans and cis relaxation channels from that measurement, because both iso-

mers are transparent in this range of probe wavelengths. Instead, we measure the isomerization

and fluorescence quantum yields separately, as described in the methods section. Table 4.3 shows

the values of Φt→c and Φ f l for all seven compounds in solution and in the OA2 capsules. The

fluorescence quantum yields loosely track the excited-state lifetimes both in solution and in the

capsule, but the variation of the isomerization yields upon encapsulation is more sensitive to the

location and identity of the alkyl substituents. Although the absolute uncertainties that we report

for Φt→c are fairly large, the relative values are more precise, because they come from back-to-back

measurements to ensure identical experimental conditions across the entire series of compounds

and in the two environments.
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In solution, the isomerization yields vary from 0.39 to 0.57, and the fluorescence yields are

in the range 0.03-0.05. Upon encapsulation, the isomerization yields decrease significantly for

all of the compounds, but the already small fluorescence yields increase only by a factor of 1-

2. For example, the isomerization yield for unsubstituted stilbene decreases from 0.51±0.05 in

solution to only 0.12±0.07 in the capsule, while the fluorescence yield increases from 0.04±0.01

to 0.08±0.01. Because the fluorescence yields remain relatively small even in the capsule, the

small increase of Φ f l is not enough to account for the more substantial decrease of Φt→c for the

encapsulated molecules.

Table 4.3: Photoisomerization and fluorescence quantum yields.a

solution capsule ratio
Φt→c Φ f l Φt→c Φ f l Φsoln

t→c/ΦOA2
t→c

Stilbene (1) 0.51 (5) 0.036 (2) 0.12 (7) 0.081 (4) 4.2 (1)
4-Methyl Stilbene (2) 0.46 (6) 0.030 (2) 0.15 (6) 0.050 (3) 3.0 (1)
4-Ethyl Stilbene (3) 0.43 (6) 0.041 (3) 0.18 (6) 0.043 (3) 2.3 (1)
4-Propyl Stilbene (4) 0.41 (6) 0.050 (3) 0.24 (6) 0.058 (3) 1.7 (1)
2,2’-Dimethyl Stilbene (5) 0.57 (6) 0.053 (3) 0.29 (6) 0.087 (4) 1.9 (1)
3,3’-Dimethyl Stilbene (6) 0.55 (5) 0.047 (2) 0.28 (5) 0.090 (3) 1.9 (1)
4,4’-Dimethyl Stilbene (7) 0.39 (5) 0.049 (2) 0.06 (9) 0.142 (3) 6.5 (3)

a Estimated uncertainties in parentheses. Uncertainties for Φt→c refer to the absolute value of the quantum
yield. Relative uncertainties are much lower because values are from back-to-back measurements under
identical conditions, as reflected in the smaller uncertainties for the ratios of quantum yields.

In order to highlight the relative impact of confinement on the isomerization yield, Table 4.3

also shows the ratio of the quantum yields in solution and in the capsule, Φsoln
t→c/ΦOA2

t→c, for each

compound. The isomerization yields decrease upon encapsulation for all seven compounds, but

the decrease of Φt→c is not as uniform across the series as the 3-4 fold increase of τdecay or the

1-2 fold increase of Φ f l . For example, confinement decreases the isomerization quantum yield

by less than a factor of two for compounds 4-6, compared with a 4-fold decrease for unsubstituted

stilbene, and a decrease of more than 6-fold for compound 7. We illustrate this point in Figure 4.10

by comparing the variation of the excited-state lifetimes (top panel) and quantum yields (bottom

panel) for all seven compounds in solution and in OA2. The trend of increasing lifetime with alkyl
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substitution pattern and the consistent (3-4 fold) increase of the excited-state lifetimes for all of

the encapsulated compounds are evident in the top panel of the figure. In contrast, the bottom

panel shows that the relative quantum yields in solution and in the capsule are more sensitive to

the position and number of alkyl substituents.

Figure 4.10: Excited-state lifetimes and quantum yields for compounds 1-7 in solution (blue bars)
and encapsulated in OA2 (red bars). Numbers above the bars give the ratio of the signal in the two
environments for each compound.

Notably, the isomerization quantum yields for the series of mono-substituted compounds 1-4

show different trends in solution and in the capsules. The quantum yield decreases slightly with

increasing substituent chain length in solution, but the opposite trend is observed in the capsules,

where increasing the length of the mono-substituted alkyl chains gives a larger trans→ cis quantum

yield. As mentioned above, the quantum yields for ortho- and meta-substituted dimethylstilbene

(compounds 5 and 6) decrease only by half, but the quantum yield of the para-substituted com-

pound (7) drops significantly in the capsule, even though the excited-state lifetimes of all three

dimethyl-substituted compounds increase by roughly the same extent.

4.4 Discussion

Excited-state lifetimes and quantum yields reveal key information about photoisomerization mech-

anisms. In cyclohexane, the lifetimes vary across the series of stilbene derivatives due to electronic
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effects from the alkyl substituents. Compared with unsubstituted stilbene, the slight increase of

the lifetimes for compounds 2-4, and the even larger increase for compound 7, suggests that sub-

stitution at the para position may stabilize the planar structure with respect to torsional rotation

in the excited state. Although solvent viscosity also inhibits the barrier crossing by restricting the

rotation of the phenyl rings, 7 was shown to have a larger ‘intrinsic’ barrier than 1, independent

of the solvent contribution in non-polar solvents.51 The mono-substituted compounds should be

even less sensitive to solvent viscosity effects, because isomerization of 1-4 only requires rotation

of the (smaller) unsubstituted phenyl ring, which sweeps out the same solvent volume for all four

molecules. This is consistent with the similar lifetimes for 2-4, even though the reorientation time

for the entire molecule (τrot) increases with chain length.

The excited-state lifetimes increase by a factor of ∼3-4 for all of the compounds in the OA2

capsule. Although encapsulation does not prevent isomerization of the stilbene derivatives,42 our

anisotropy measurement shows that there is not sufficient free space in the capsule to allow any of

the molecules to fully reorient on the timescale of the excited-state lifetime. Accordingly, confine-

ment increases the excited-state lifetime by restricting the torsional rotation of the phenyl rings,

which inhibits the molecule from crossing the barrier to access the CoIn with the ground state.

Notably, the compound with the largest relative increase in lifetime, 4@OA2, also has the longest

chain length and experiences the most crowding inside the capsule. The MD simulations show

significant destabilization of the binding energy for the encapsulated trans isomer of 4@OA2 com-

pared with the other compounds. We conclude that crowding in the capsule inhibits rotation around

the C=C bond (i.e. the barrier crossing in the S1 excited-state) more for this compound than any

of the others. The confined environment may inhibit other motions that are important for the iso-

merization reaction as well, such as phenyl twisting or pyramidalization.52,189 Polarization effects

are unlikely to play a major role, because the interior of the OA2 capsule is similar to benzene and

provides a similar environment for all of the encapsulated compounds.183

Substantial broadening of the ESA bands in the capsule points to a significant influence of the

confined environment on the excited-state geometry. The broadening and lack of vibronic structure
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in the excited-state spectra are consistent with distorted, non-planar structures for electronically ex-

cited molecules.188 The spectrum of compound 5 in cyclohexane provides some clues about the

relationship between the absorption spectra and molecular structure. The ground-state spectrum

of 5 is very different from the others due to rotation of the phenyl rings by the ortho-substituted

methyl groups, giving a spectrum that more closely resembles the non-planar cis isomer.51 How-

ever, the ππ∗ character of the the excited state favors a more planar structure by increasing the

C-C bond order between the ethylenic bridge and the phenyl rings.190 Thus, the ESA spectrum of

5 more closely resembles the other compounds in solution, but retains a fairly strong shoulder near

540 nm that is probably related to distortions caused by the methyl groups. The less prominent

shoulder and narrower ESA bands for 2 and 7 are consistent with those molecules having a more

stabilized planar geometry compared with 1, as noted above. In contrast, all of the ESA bands are

broadened and distorted to a similar degree inside the capsule, including 5@OA2. The substantial

broadening of the ESA bands points to significant distortion of the excited-state structure for all

of the encapsulated compounds. The broadening could be a signature of either a single distorted

geometry,5 or a distribution of geometries in the capsule.

Perhaps the most striking effect of confinement is the influence on the isomerization quantum

yield. While the excited-state lifetime depends on the torsional rotation barrier, the quantum yield

depends on the non-adiabatic dynamics through the CoIn. Specifically, the topology of the CoIn

determines the branching between trans and cis isomers when the molecule returns to the ground

state.53 All seven of the stilbene derivatives have a lower Φt→c inside the capsule, suggesting a

distortion of the CoIn that favors relaxation back to the trans structure. The relative impact depends

on the structure of the molecule, consistent with different distortions of the CoIn depending on the

steric interactions of a molecule with the capsule.

We observe the largest decrease of the isomerization quantum yield for 7@OA2. The prefer-

ence for the trans isomer upon returning to the ground state is not surprising for 7@OA2, consid-

ering the trans isomer of this molecule has the most stable binding energy out of the entire series

of guest@OA2 complexes. The deep stabilization of the trans isomer reflects a favorable packing
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of the methyl groups in the narrow ends of the OA2 capsule,163 and is likely to persist in the ex-

cited state. Stabilization of the trans structure in the excited state not only increases the barrier for

torsional rotation, but apparently also impacts the CoIn with the ground state.

Another important observation is the changing influence of encapsulation on the QY with in-

creasing chain length for the mono-substituted compounds. The ratio Φsoln
t→c/ΦOA2

t→c decreases from

4.2 to 1.7 across the series 1-4. We interpret this trend as a result of increased crowding in the

capsule, which increasingly favors the cis isomer at the CoIn. The MD simulations and experi-

mental preferential solvation studies43 show that the cis isomer becomes increasingly favored with

increasing chain length, probably due to crowding effects for the extended trans isomers. As the

cis isomer becomes more favorable, we see a similar shift in the ability to access that structure in

the ground state. However, we point out that even when the cis isomer is the more stable ground-

state structure in the complex, the quantum yield still favors the trans isomer (i.e., Φt→c < 0.5) and

is lower than in solution (ΦOA2
t→c < Φsoln

t→c). This observation points to a restriction in getting from

the trans structure to the cis structure in the capsule, which is alleviated, but not eliminated with

increased crowding. We comment on the nature of this restriction in more detail below.

The QYs of compounds 5 and 6 are least sensitive to the effects of confinement, decreas-

ing by slight less than a factor of 2. The ortho- and meta-substituted methyl groups of 5 and 6,

respectively, do not extend into the ends of the capsule, and therefore may be less sensitive to

confinement. This picture is supported by the faster reorientation times for compounds 5 and 6 in

the solution-phase anisotropy measurements, which indicates that the ortho- and meta-substituted

compounds sweep out a smaller "volume" for reorientation compared with the more extended para-

substituted molecules. In other words, the more oblate profile of 5 and 6 may be less sensitive to

the interior shape of the capsule as these molecules move along the reaction path, leading to less

variation in the relative stabilization of the different structures compared with the more extended

para-substituted compounds.

The schematic energy-level diagram in Figure 4.11 illustrates the role of confinement in tuning

the excited-state dynamics. The figure shows potential energy curves along the torsional isomer-
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Figure 4.11: Schematic diagram of the potential energy surface along the reaction coordinate for
stilbene in solution (black) and in the capsule (red). Encapsulation raises the barrier for isomeriza-
tion in the excited state, and influences the conical intersection with the ground state. See text for
details.

ization coordinate for the ground and excited states of a stilbene derivative. The black curves

represent the potential energy in solution, and the red curves show how those potentials might be

affected inside an OA2 capsule. Specifically, longer excited-state lifetimes are a result of an in-

creased torsional barrier in the capsule, which inhibits the molecule from accessing the CoIn at a

perpendicular geometry, whereas the quantum yield is affected by changes in the topology of the

CoIn. For example, destabilization of the cis structure in the capsule could tilt the CoIn in such

a way that favors relaxation back to the trans ground state. The distortion could take the form of

either a tilting of the CoIn to give a steeper slope of descent toward the trans isomer, as pictured,

or simply a preference to pass through a region of the conical seam that is shifted toward the trans

structure.52,53,189,191 As we discuss below, destabilization of the cis structure in the region of the

CoIn may be a transient effect, based on the starting structure of the complex.

Passage through the CoIn depends on trajectory, as well as the shape of the potential, and

we would expect the path from the transition state to the CoIn to be influenced by the presence

of a lower-lying phantom (p*) state.53,189,192 It is interesting to consider whether there may be

a stabilized structure similar to p* that is shifted toward the trans geometry, or even two sep-

arate p*-like minima on the trans and cis sides of the perpendicular geometry. In the case of

4-propylazobenzene, we showed in chapter 3 that excitation of the encapsulated trans isomer re-

sults in trapping of both trans and cis structures in the excited state.5 Adiabatic isomerization in
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the excited state of the azobenzene compound is made possible through an in-plane inversion co-

ordinate that is not possible for stilbene, but nevertheless points to the ability of the capsule to

stabilize new structures in the excited state that are not observed in solution. Such restrictions

may be responsible for new reaction paths in confined molecules compared with their unrestricted

counterparts.22

Finally, it is important to consider the specific role of the capsule in stabilizing or destabilizing

the different structures along the reaction path, not only the ground and excited states of trans and

cis, but also the transition state and p*. Specifically, stabilization is dynamic, because the MD

simulations show a fairly significant displacement of the two halves of the capsule between the

equilibrated structures of the trans and cis isomer complexes. While the capsule will eventually

stabilize either of the equilibrium structures, the movement of the heavy capsule probably restricts

the motion of the encapsulated molecule along the excited-state reaction coordinate. There is very

little driving force in the excited state, where the potential is relatively flat along the torsional

coordinate. The anisotropy measurements give a rough idea of the timescales involved for the

relative movement of the molecule and the capsule, tens of ps for the stilbene derivatives (similar

to the excited-state lifetimes) but ∼1 ns for the full capsule. In other words, the capsule may

be largely frozen on the timescale of the photoisomerization reaction,193 and is likely to impede

torsional rotation in the excited-state. Similar to the red lines in Figure 4.11, the slow-moving

capsule results in potential energy curves that favor the initial trans structure, even in cases when

the encapsulated cis isomer is more stable overall. The result is both a higher barrier, as well as a

distortion of the CoIn that lowers Φt→c compared with solution for all of the molecules. Increased

crowding that favors the cis isomer reduces, but does not fully overcome the distortion at the CoIn,

because of the separation of timescales. Although beyond the scope of this work, simulations of

the encapsulated molecules in the excited state would be informative.
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4.5 Conclusion

Transient absorption and quantum yield measurements for a series of alkyl-substituted stilbene

derivatives reveal new details about photoisomerization in confined environments. The excited-

state lifetimes probe the barrier crossing on the S1 surface, and the quantum yields provide direct

insight on the non-adiabatic dynamics through the CoIn that returns the molecule to the ground

state. A key result is that encapsulation inhibits trans→cis isomerization by restricting the rotation

of the phenyl rings even in cases where the encapsulated cis isomer is more stable than trans in the

relaxed ground state. This discrepancy between the photoisomerization dynamics and the steady-

state equilibrium highlights the dynamic nature of the host-guest interaction, where the capsule

favors the initial state of the molecule and is slow to respond on the timescale of the isomerization

reaction.
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4.6 Appendix

trans-1@OA2 cis-1@OA2 trans-2@OA2 cis-2@OA2

trans-3@OA2 cis-3@OA2 trans-4@OA2 cis-4@OA2

trans-5@OA2 cis-5@OA2 trans-6@OA2 cis-6@OA2

trans-7@OA2 cis-7@OA2

Figure 4.12: Structures of guest@OA2 complexes from MD simulations.
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Chapter 5

Ultrafast Dynamics of Encapsulated Azobenzenes Following

nπ* and ππ* Excitation

5.1 Introduction

Photoisomerization reactions play a central role in light-sensitive biological functions such as vi-

sion and phototaxy,17,153 as well as technological applications ranging from photochromism to

molecular machines.194–199 The environment plays an important role in facilitating the isomer-

ization reaction for many of these light-activated processes, which often take place within the

spatially confined active site of a protein, inside a nanoporous material, or in a solid-state ma-

trix.16,18,20,31,151 In each of these confined environments, steric effects influence the reaction rates,

yields, and products that form by directing the motions of the atoms and stabilizing or destabilizing

specific structures along the reaction path. Azobenzenes are prototypical photochromic compounds

with interesting dynamics due to the competing rotation and inversion mechanisms for isomeriza-

tion around the central N=N bond.59–65,200–204 Given the different geometric requirements of the

two reaction channels, azobenzenes are particularly susceptible to the effects of confinement.

This chapter examines the photoisomerization dynamics of trans-azobenzene (t-Az) and sev-

eral 4-alkyl- and 4,4’-dialkyl-substituted t-Az derivatives encapsulated in a supramolecular host-

guest complex using ultrafast spectroscopy. The host-guest complex offers a unique environment

for probing the photoisomerization dynamics by restricting the internal rotation of the phenyl rings

around the central N=N bond.5,6 Each self-assembled complex consists of a single molecule of

azobenzene encapsulated in the hydrophobic cavity formed by two water-soluble ‘octa-acid’ (OA)
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host molecules.40,41,205 The photochemistry of geometric isomerization and bimolecular reactions

in the OA2 cavity have been studied extensively, and we recently reported on the ultrafast pho-

toisomerization dynamics of 4-propyl-substituted stilbene and azobenzene, as well as a series of

alkyl-substituted stilbenes.5,6 The interactions of the host-guest complex were shown to directly

influence the relaxation and reaction channels of confined molecules by distorting the ground- and

excited-state potential energy surfaces of the confined molecule. For example, confining alkyl-

substituted stilbene molecules in the cavity of an OA2 capsule restricts the internal rotation of the

phenyl rings around the central C=C bridge, resulting in longer excited-state lifetimes and lower

quantum yields for trans→cis isomerization.

There has been significant interest in understanding the excited-state isomerization for Az,

including differences in the dynamics following excitation to the nπ∗ and ππ∗ excited states.

Figure 5.1 shows the ground-state absorption spectrum of unsubstituted t-Az in cyclohexane and

in the OA2 capsule. The t-Az spectrum includes a weak S1(nπ∗) absorption band near 440 nm, and

a stronger S2(ππ∗) band near 320 nm. The S2(ππ∗) band shifts to slightly longer wavelength in

the OA2 capsule, which has an overlapping absorption band at 280 nm, but does not absorb above

∼300 nm.206 After exciting either absorption band of Az in solution the relaxation from the relaxed

S1 geometry requires the molecules to move along the inversion-assisted rotation coordinate before

reaching the conical intersection and relaxing back to the ground-state. The inversion-assisted

rotation mechanism is allowed through mixing of the nπ* and ππ* states due the small energy gap

between them.207 The dynamics for the inversion-assisted rotation is first initiated from the planar

molecular structure with movement along the inversion coordinate causing in-plane bending of the

phenyl ring, this motion then transitions into out-of-plane rotation to complete the isomerization

mechanism. In this chapter, we monitor the excited-state dynamics of unsubstituted Az in both

environments following nπ∗ excitation at 470 nm and ππ∗ excitation at 320 nm.

In order to probe the role of confinement in more detail, we examine the dynamics for the series

of alkyl-substituted azobenzenes in Figure 5.2. Alkyl substituents change the interaction with the

capsule through increased crowding, but do not substantially affect the electronic structure of the
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Figure 5.1: Ground-state absorption spectra of t-Az in cyclohexane (red), t-Az@OA2 (blue), and
adamantane@OA2 (green). Adamantane is transparent in this wavelength range. The weak nπ∗
absorption band of t-Az is also shown on an expanded scale above 360 nm.

encapsulated molecules.5 Changing the size of the encapsulated Az molecule with a series of

increasing alkyl-chain lengths changes the size and structure of the molecule in the capsule, which

impacts the stability of the trans and cis isomers and even the yields for the photoisomerization

reaction.6

Figure 5.2: Structures of trans-azobenzenes (from left to right): azobenzene (Az),
4-methylazobenzene (MeAz), 4-ethylazobenzene (EtAz), 4-propylazobenzene (PrAz), 4,4’-
dimethylazobenzene (Me2Az), 4,4’-methylethylazobenzene (EtMeAz).

5.2 Experimental Details

trans-Azobenzene (t-Az) was purchased from Sigma-Aldrich and used as received. The octa acid

(OA) and substituted t-Az derivatives were synthesized as previously reported.42,43,161 We form

self-assembled complexes (guest@OA2) by sonicating 2 equivalents of aqueous OA with 1 equiv-

alent of t-Az derivative until the solution is transparent.41,208 Experiments for nπ* excitation use

either an 8 mM solution of t-Az in cyclohexane or an 8 mM solution of encapsulated Az at pho-
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tostationary state (PSS). We obtain PSS by continuously irradiating a sample of t-Az@OA2 with

a high-intensity 300 nm light-emitting diode to obtain a steady-state equilibrium between the two

isomers in the capsule. Experiments for ππ* excitation use either a 1 mM solution of the t-Az

derivative in cyclohexane or a ∼0.5 mM solution of the encapsulated t-Az derivative. All mea-

surements use a 1 mm quartz cuvette on a circularly translating stage to avoid accumulation of

photoproduct in the laser focal volume.

The transient absorption (TA) measurements use the modified 800 nm output of a regenera-

tively amplified Ti:sapphire laser (Legend Elite, Coherent) operating at 1 kHz. A portion of the

fundamental laser light is passed into an optical parametric amplifier (OPA) to generate pump

pulses at 470 nm and 320 nm. The pump polarization is set to parallel or perpendicular orientation

with respect to the probe using a zero-order λ /2 waveplate, and a pair of CaF2 prisms compress the

pump pulses to a duration <100 fs. The pump beam is attenuated to <1.2 µJ/pulse and focused

to a diameter of ∼200 µm at the sample, where it overlaps the probe beam. The broadband probe

pulses covering the range 340-990 nm come from white-light continuum generation in a circu-

larly translating CaF2 crystal using the 1200 nm signal from a second, home-built OPA. The probe

beam is collimated and focused into the continuously translating sample using a pair of parabolic

mirrors. After passing through the sample, a CaF2 prism disperses the probe pulses onto a 256-

element photodiode array for shot-to-shot detection. A synchronized chopper blocks every other

pump pulse for active background subtraction, and we average 103 laser pulses per time delay for

each spectrum. All TA spectra reported below are the calculated isotropic signals from separate

measurements with parallel and perpendicular polarization of the pump and probe light in order to

eliminate contributions from rotational reorientation.188

Separately, we measure the trans→cis photoisomerization quantum yields (Φt→c) for ππ* ex-

citation by monitoring the change in transmission of 320 nm UV laser pulses through a sample

as a function of time.1,184 The increase in transmission of the UV laser pulses that we observe

as a function of time is proportional to the number of molecules that isomerize from trans to cis,

because only the trans isomers have appreciable absorption at 320 nm. We calculate the trans→
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cis quantum yield from the relative change in transmission as a function of time compared with

the absolute transmission of the sample, accounting for small fluctuations of the laser intensity by

simultaneously measuring the intensity of a reference beam. A 50% beam splitter separates the

320 nm laser light into signal and reference beams that are measured with identical integrating

photodiodes operating at 1 kHz. The signal beam passes through the sample with a beam diameter

of 1.5 mm and an incident energy of 2.5 nJ/pulse.

5.3 Results and Analysis

5.3.1 Transient Absorption Spectroscopy

5.3.1.1 Excitation to S1(nπ*) at 470 nm

The top panel of Figure 5.3 shows the evolution of the transient absorption (TA) spectrum following

nπ* excitation of unsubstituted t-Az in cyclohexane. The transient spectrum has a strong excited-

state absorption (ESA) band centered near 395 nm and a weaker band near 540 nm. As reported

previously, the stronger absorption band shifts and narrows due to vibrational relaxation within the

first few hundred fs, and both bands decay simultaneously to the baseline within a few ps as the

excited molecules return to the ground electronic state.60,63 A weak absorption feature below 375

nm persists for up to∼20 ps due to broadening and red-shifting of the ππ∗ absorption band for the

vibrationally excited trans isomer in the ground state.209 Consistent with the low quantum yield

for trans→cis isomerization of azobenzene, and weak ground-state absorption of both isomers in

the visible, there is very little change in absorption at longer delay times due to the formation of

cis or ground-state bleach of the trans isomer.

Unlike solution, the TA measurement for nπ∗ excitation of t-Az@OA2 is complicated by a

residual contribution from excitation of the encapsulated cis isomer. The thermal back reaction

from cis to trans is much slower in the capsule compared with solution,210 which leads to greater

accumulation of the cis isomer over the duration of the experiment. The cis isomer also has a

stronger absorption than the trans isomer at 470 nm, causing even a small population of cis to
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Figure 5.3: Evolution of the transient absorption spectra for Az in cyclohexane and in the OA2
capsule following nπ* excitation at 470 nm. Bottom panel shows the decay of the normalized
transient absorption signal near 400 nm.

contribute to the signal. In order to avoid variation in the relative concentrations of encapsulated

trans and cis isomers, we measure the excited-state dynamics for a sample of Az@OA2 at photo-

stationary state (PSS). A benefit of the measurement at PSS is that we simultaneously probe the

excited-state dynamics for both forward and reverse reactions of the encapsulated molecule.

The TA spectrum for the sample of encapsulated molecules at PSS (middle panel of Figure

5.3) includes contributions from both t-Az@OA2 and c-Az@OA2. Based on the static absorption

spectrum of the sample at PSS in figure 5.4, we estimate that ∼23% of the ground-state molecules

are in the cis isomer, which has a molar absorbance three times larger than the trans isomer at the

excitation wavelength, and therefore gives an excited-state population that is ∼40% cis and ∼60%

trans. Comparing the ground-state absorption spectrum of the sample before and after each TA
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Figure 5.4: Ground-state absorption spectra of pure t-Az@OA2 and a mixture of t-Az@OA2 and
c-Az@OA2 at PSS.

measurement confirms that the relative concentration of isomers remains unchanged throughout

the experiment.

Analysis of the TA data for the encapsulated molecules at PSS (see below) reveals a weak

contribution from c-Az@OA2, but the dominant contribution to the TA spectrum comes from t-

Az@OA2 and closely resembles the transient spectrum following nπ∗ excitation of pure t-Az in

cyclohexane. The ESA band shifts to slightly longer wavelength in the capsule, similar to the shift

of the ground-state spectrum, and decays on a slightly longer timescale, as illustrated in the bot-

tom panel of Figure 5.3. The longer excited-state lifetime in the capsule prevents accumulation of

vibrationally excited molecules in the ground state that was responsible for the positive absorption

feature below ∼360 nm in cyclohexane. Additionally, the shift of the ground-state ππ∗ absorp-

tion band results in a transient ground-state bleach below ∼360 nm that we could not observe in

cyclohexane for the same range of probe wavelengths.

5.3.1.2 Excitation to S2(ππ*) at 320 nm

Figure 5.5 compares the evolution of the TA spectra following ππ* excitation of unsubstituted t-Az

in solution and in the capsule. We separate the evolution of each spectrum into two panels to better

represent the rapid relaxation from S2 to S1 within the first ∼200 fs, and the subsequent relaxation

from S1 to S0 on the time scale of a few ps.5 Unlike the nπ* experiments above, we measure the

dynamics following ππ* excitation for samples of the pure trans isomer in both environments.
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The measurement at PSS is unnecessary in the case of UV excitation, because the transient signal

contains negligible contributions from direct excitation of the cis isomer. The cis isomer does not

accumulate as readily in this sample,211 and also the absorption of the trans isomer is substantially

larger than the cis isomer at 320 nm. Comparing the static absorption spectra before and after each

TA measurement confirms that there is minimal conversion to the cis isomer during the experiment.

Figure 5.5: Evolution of the transient absorption spectra after ππ* excitation for t-Az in cyclo-
hexane (top panels) and in the OA2 capsule (bottom panels). The left side shows first few hundred
fs, right side shows evolution up to ∼100 ps.

The TA spectrum of the initially excited S2 state has several broad ESA features in cyclohex-

ane, including a prominent band near 485 nm and weaker bands near 600 and 710 nm.209,212 The

S2 spectrum is similar for the encapsulated compound, except for additional broadening of the

individual ESA bands. In both cases, the S2 spectrum decays within the ∼100 fs time resolution

of our experiment and is replaced by a spectrum that is very similar to what we observe follow-

ing direct nπ* excitation to S1 at lower energy. An isobestic point near ∼450 nm confirms direct

relaxation from S2 to S1 in both environments. The slightly broader S1∗ spectrum for ππ* excita-

tion probably reflects excess vibrational energy in that state following internal conversion from the

higher-energy S2 compared with direct excitation at 470 nm.
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5.3.1.3 Excitation of Alkyl-Substituted Azobenzenes at 320 nm

We probe the dynamics following ππ∗ excitation at 320 nm for the entire series of alkyl-substituted

compounds (Figure 5.2) in solution and in the OA2 capsule. Figure 5.6 compares the ground-state

ππ* absorption bands for the series of compounds in both environments. The ground-state spec-

tra of all six molecules have similar vibronic structure in cyclohexane, with subtle shifts of the

absorption band to longer wavelength with the addition of one or two alkyl substituents. The ab-

sorption bands shift to slightly longer wavelength upon encapsulation, especially the di-substituted

compounds, t-Me2Az and t-EtMeAz. The vibronic progression also becomes significantly less pro-

nounced in the capsule compared with solution for the longer alkyl-substituted compounds, t-EtAz

and t-PrAz. The reduced vibronic structure suggests that these molecules may have a distorted,

non-planar equilibrium geometry inside the OA2 capsule.6

Figure 5.6: Ground-state ππ∗ absorption band for the series of t-Az derivatives in cyclohexane
(top panel) and in the OA2 capsule (bottom panel). Vertical dashed line indicates the excitation
wavelength of 320 nm.

The TA spectra for all five of the substituted compounds (Figure 5.7 and 5.8) are very similar to

the spectra for ππ∗ excitation of unsubstituted t-Az in the two environments, and the excited-state
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lifetimes are very similar for all of the compounds in solution. However, the excited-state decay

times of the encapsulated compounds are much longer than in solution, and depend on the number

and length of alkyl substituents. There are also some other subtle, but important differences in the

evolution of the TA spectra for the encapsulated compounds that are only evident from global fits

to the data that we discuss below.

Figure 5.7: Evolution of the transient absorption spectra after ππ* excitation of azobenzene in
cyclohexane and in the OA2 during the first few hundred fs.

The trans→cis photoisomerization quantum yields (Φt→c) for all six compounds are listed in

Table 5.1. The quantum yields are very similar for all of the compounds in solution, ranging from

0.10 to 0.15, but vary considerably for the encapsulated compounds.213 Notably, the quantum

yield increases with chain length for the encapsulated mono-substituted compounds, from 0.05 for

unsubstituted t-Az@OA2 to 0.17 for the molecule with the longest alkyl chain, t-PrAz@OA2. In-
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Figure 5.8: Evolution of the transient absorption spectra after ππ* excitation of azobenzene in
cyclohexane and in the OA2 from ∼0.3 ps to ∼100 ps.

terestingly, the value for t-PrAz@OA2 is even larger than the quantum yield for the same molecule

in solution. In contrast with the mono-substituted compounds of similar total length, the quantum

yields for the encapsulated dialkyl-substituted azobenzenes t-Me2Az@OA2 and t-EtMeAz@OA2

are only 0.05 and 0.03, respectively, are much lower than in solution.

5.3.2 Kinetic Models

Global fits to the TA spectra reveal more detailed information about the excited-state dynamics

of t-Az and t-Az@OA2. We begin with singular value decomposition (SVD)214 and global fits to

the data with a sum of exponentials in order to determine the smallest number of time constants

that are necessary to accurately reproduce the evolution of each TA spectrum, then apply target
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Table 5.1: Photoisomerization quantum yieldsa and excited-state lifetimesb for ππ* excitation

t-Az t-MeAz t-EtAz t-PrAz t-Me2Az t-EtMeAz
Solution

Φt→c 0.11(4) 0.10(4) 0.15(4) 0.12(4) 0.13(4) 0.13(4)
τS1 (ps) 2.6 1.8 2.3 2.5 2.4 2.6

Encapsulated
Φt→c 0.05(3) 0.10(4) 0.12(4) 0.17(4) 0.05(3) 0.03(2)

τS1 (ps) 13 15 21 26 35 55
τS′1

(ps) 2.4 2.4 3.8 5.6 3.3 3.5
a For trans→cis isomerization, estimated 2σ uncertainties of the absolute quantum yield in parentheses. Relative
uncertainties are smaller due to back-to-back measurement under identical conditions.

b From global fits to the data using kinetic models described in the text.

analysis to extract species-associated spectra (SAS) using more restrictive kinetic models.215 The

SAS represent individual states in the kinetic model, and the time evolution of the overall spectrum

is restricted by the allowed pathways between states in the model. The time constants are allowed

to vary to obtain the best fit, except where indicated otherwise. All of the fits include convolution

with a Gaussian instrument response function with FWHM of 100 fs.

5.3.2.1 nπ* Excitation

Figure 5.9 shows the SAS and associated time constants that we obtain from the kinetic models

for nπ∗ excitation of the pure sample of t-Az in solution and the mixture of isomers in the capsule

at PSS. We model the kinetics in cyclohexane based on previous work showing a competition

between relaxation pathways in the excited state.5,216 The model begins with vibrationally excited

S1* that relaxes through two competing channels, one that returns directly to the ground state in

∼1 ps, and a second that undergoes vibrational relaxation in S1 before returning to the ground state

on a timescale of 2.4 ps. This branching in the excited state represents a bifurcation between one

pathway that directly accesses a conical intersection with the ground state and a second pathway

that relaxes to a minimum-energy structure in the excited state before crossing a barrier to reach

the conical intersection.62 Both channels lead to the vibrationally hot ground state, S0*, which then
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Figure 5.9: Species-associated spectra for t-Az in cyclohexane (top) and mixed t-/c-Az@OA2 at
PSS (bottom). The kinetic models and the lifetimes from the global fits are shown as insets. See
text for details.

dissipates energy to the solvent to reach the equilibrated S0 on a timescale of 13.0 ps. We do not

distinguish between the cis and trans isomers in the relaxed ground state, because neither has an

appreciable absorption in this range of probe wavelengths. Importantly, the SAS from the fits are

consistent with the kinetic model, including a slight shift and narrowing of the primary ESA band

from S1* to S1, and the tail of S0* below 360 nm due to broadening of the hot ground-state ππ∗

absorption band for S0* compared to S0.209

The bottom panel of Figure 5.9 shows the SAS that we obtain for nπ* excitation of Az@OA2

at PSS using a kinetic model with parallel contributions for the cis and trans isomers. The kinetic

model for relaxation of t-Az@OA2 is similar to the model in solution, except that we do not ob-

serve a rapid decay of the ESA band within the first ps for the encapsulated molecule, and therefore

do not include a direct relaxation channel from S1* to S0 in the capsule. Instead, the ESA band de-

cays on a single timescale of 13.8 ps, compared with 2.4 ps in solution. Despite the very different

lifetimes, the SAS for t-Az@OA2 are remarkably similar to the spectra in cyclohexane. Although

it is unnecessary to include ground-state vibrational cooling (S0*→S0) in order to accurately re-
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produce the TA spectrum for the encapsulated sample, we find that adding this component with a

fixed lifetime of 13.0 ps recovers a weak signature below 375 nm that is similar to the vibrationally

hot S0* in solution. The spectrum for S0* is much noisier in the capsule because the hot ground

state cools on the same timescale as the electronic relaxation from S1.

In addition to the excited-state dynamics of the encapsulated trans isomer, the global fits for

the sample of mixed isomers in the capsule reveal the excited-state spectrum of c-Az@OA2, which

decays with a lifetime of 2.0 ps. The SAS for this feature has absorption bands near 400 and 550 nm

(gold spectrum in Figure 5.9) that closely resemble the ESA spectrum that was previously reported

following nπ* excitation of cis-Az in solution.63 Although the 2.0 ps lifetime that we measure for

the encapsulated cis isomer is significantly longer than the ∼100 fs lifetime previously reported

for c-Az in solution,63,209,217 this difference is similar to the longer lifetime of the trans isomer in

the capsule.

5.3.2.2 ππ* Excitation

We analyze the evolution of the TA spectrum following ππ* excitation of t-Az in cyclohexane

using the same kinetic model as nπ* excitation, except for the addition of an initial relaxation step

from S2 to S1∗. In order to improve the quality of the fits, we fix the S2→S1∗ relaxation time

at 50 fs, based on measurements with higher time resolution by Nenov, et al.216. The top panel

of Figure 5.10 shows the resulting SAS from target analysis of the TA spectra in cyclohexane.

The spectra we obtain for S1∗, S1, and S0∗ are all very similar to the spectra from nπ* excitation

of t-Az in cyclohexane, with some additional broadening of S1∗ that is probably a signature of

excess vibrational energy in that state following internal conversion from S2.184 The spectrum for

S2 is distinct from the other states, and includes a negative stimulated emission band centered near

400 nm that matches the S2→S0 fluorescence band that was previously reported following ππ*

excitation of t-Az.64,218

Unlike solution, the model for ππ* excitation of t-Az@OA2 requires an additional component

to accurately reproduce the time evolution of the experimental TA spectrum. The additional con-
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Figure 5.10: Species associated spectra for azobenzene in cyclohexane (top) and the OA2 capsule
(bottom). The spectra are from global fits to the transient absorption spectra using the kinetic
models in the in set. See text for details.

tribution to the TA spectrum for t-Az@OA2 compared with solution is evident from SVD and the

global fits to the data using a sum of exponentials, both of which suggest that a total of at least

five time constants are necessary to accurately reproduce the evolution of the TA spectrum for the

encapsulated sample. Thus, we include an additional feature (S1’) for the encapsulated sample, in

addition to the initially excited S2. The kinetic model that gives the best agreement with experi-

ment is shown in the bottom panel of Figure 5.10, along with the resulting SAS from the target

analysis. We tested several different kinetic models, but only this model, which includes three dis-

tinct channels for the relaxation of S1∗, gives a good fit to the data and also is consistent with the

results from above. We exclude other kinetic models based on poor fits to the data or unreasonable

results, such as SAS with negative spectral features above 500 nm or artificially short lifetimes (i.e.

<50 fs) for species other than S2.

The SAS for the S2 and S1∗ states of t-Az@OA2 are similar to the spectra in solution, and decay

on roughly the same two time scales (∼50 fs and ∼300 fs, respectively) in both environments. As

before, we use a fixed lifetime of 50 fs for S2, and convolute the fits with an instrument-limited
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resolution of 100 fs. Similar to solution, but unlike the case of nπ∗ excitation for t-Az@OA2, we

observe rapid decay of the TA signal that we attribute to a direct relaxation channel from S1∗ to S0∗.

However, the most unique aspect of the model for ππ* excitation of t-Az@OA2 is the presence

of two distinct excited-state species with lifetimes of 2.4 and 13 ps, respectively. We assign the

species with a lifetime of 13 ps as the relaxed S1 excited state of t-Az@OA2, based on the similar

spectrum and lifetime that we observe following nπ∗ excitation. Importantly, both the SAS and

the 2.4 ps lifetime of the other feature almost perfectly match the spectrum and lifetime for direct

nπ* excitation of c-Az@OA2. Thus, we tentatively assign the new species as the cis excited state,

even though we excite only the trans isomer of the encapsulated compound at 320 nm. Formation

of the cis excited state after ππ∗ excitation of t-Az@OA2 implies adiabatic isomerization in the

excited state.5

5.3.2.3 Alkyl-Substituted Azobenzenes

Global fits to the TA spectra for ππ∗ excitation of the five alkyl-substituted compounds in cyclo-

hexane using the same kinetic model as we used for unsubstituted t-Az gives similar lifetimes and

SAS for all six compounds. The top panel of Figure 5.11 shows the S1 spectra, and Table 5.1

summarizes the S1 lifetimes. The full set of SAS for each compound are presented in Figure 5.12.

In contrast, the kinetic model for ππ∗ excitation of unsubstituted t-Az@OA2 works well for the

mono-substituted derivatives, but gives a poor fit to the data for the di-substituted azobenzenes,

Me2Az@OA2 and EtMeAz@OA2. In the case of the di-substituted compounds, the TA spectra

do not rapidly decrease in intensity after the initial electronic relaxation to S1∗, therefore we use a

kinetic model for these two compounds without the direct S1*→S0* relaxation channel, similar to

the model for nπ∗ excitation of t-Az@OA2. Other than the fast electronic relaxation channel, the

models are the same for all six encapsulated compounds, and give SAS that are very similar for

the S2, S1∗, and S1 states of each compound. However, the lifetimes of S1 are sensitive to alkyl

substitution, and the SAS that we obtain for the second excited-state species, S1’, varies across the

series of molecules.
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Figure 5.11: Top panel shows the species associated spectra series for S1 in solution. Below is a
stacked panel with the S1 and S1’ SAS inside the OA2 capsule. Shaded region is for artificial rise
in the SAS.

The lower panels of Figure 5.11 compare the S1 and S1’ spectra for the series of compounds in

OA2, and the lifetimes are summarized in Table 5.1. The fits for all of the encapsulated compounds

use a fixed lifetime of 50 fs for the S2, as before, and we hold the S0∗ lifetime at 10 ps due to the

insensitivity of the fit to this small-amplitude signal. The similar timescale for electronic relaxation

of S1 and vibrational cooling of S0∗ appears as an artificial increase of the absorption S1 absorption

spectrum below∼360 nm for some of the encapsulated compounds, therefore we shade that region

of the spectrum in the middle panel of Figure 5.11.

The S1 lifetimes increase with increasing alkyl chain length for the encapsulated compounds,
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Figure 5.12: Species associated spectra for t-Az series after ππ* excitation with the model used
shown as the inset.

but the SAS are nearly the same in every case, and also resemble the S1 spectra in solution. Al-

though shorter than the S1 lifetimes, the S1’ lifetimes also increase with chain length for the mono-

substituted compounds. The di-substituted compounds have the longest S1 lifetimes, but interme-

diate lifetimes for S1’. Notably, the spectra for S1’ of the di-substituted compounds have a different

shape than the spectra for the mono-substituted compounds, which have broadened double peaked

spectral bands at 395 and 440 nm.
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5.4 Discussion

5.4.1 Confined Excited-State Dynamics

Figure 5.13: Schematic diagram of the potential energy curves for Az in cyclohexane and
Az@OA2. The left side shows the reaction pathway for nπ* excitation, and the right side shows
ππ* excitation.

The left side of figure 5.13 shows a schematic potential energy diagram for t-Az in solution

(top), and the cis-Az and t-Az in the capsule (bottom) after nπ* excitation at 470 nm. For direct

comparison, the t-Az mechanism after ππ* excitation at 320 nm is shown to the right of the nπ*

schemes, with the solution and OA2 capsule environments stacked respectively. The mechanism

for nπ* excitation of t-Az in solution has several similar pathways as that of the ππ* excitation

which was reported previously and is described briefly here.5,209 For t-Az in solution, initial ex-

citation populates the S1 excited-state with some molecules structurally and vibrationally relaxing

on the S1 surface, while the other subset of molecules directly relax to the ground electronic state

S0 along the concerted inversion-assisted rotation coordinate before reaching a conical intersec-
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tion (CoIn) that brings the molecules back to the ground-state. The CoIn determines the branching

between the trans and cis isomers as the molecules return to the ground electronic state.

The encapsulated t-Az isomer follows a similar relaxation mechanism as in solution, except

that here is not a direct pathway from S1* to the ground electronic state. The absence of the

direct pathway back to the ground state suggests the confined environment distorts the equilibrium

geometry, resulting in a hindered pathway along the inversion-assisted rotation coordinate that

prevents direct access to the CoIn with a lifetime of 13 ps. From the relaxed S1 state, the molecules

follow a reaction coordinate with a larger barrier to reach the CoIn, resulting from the distorted

out-of-plane equilibrium geometry due to crowding in the confined environment.6 The out of plane

structure is uniquely different from Az in solution, where the minimum energy pathway starts from

a planar structure on the S1 surface.62 In contrast, nπ* excitation of cis-Az in the capsule populates

an excited-state with a lifetime of 2 ps. The spectrum of the cis excited-state is similar to the

spectrum that we observe following direct ππ* excitation of cis-Az in solution. The 2 ps lifetime

is significantly longer than the sub 100 fs lifetime measured for cis-Az in solution.209 Based on the

similar spectrum of the cis-Az in solution and inside the OA2 capsule we assign the S1’ species to

a cis-like excited-state.

The illustrations on the right side of figure 5.13 show the relaxation pathway of t-Az in solution

and in the OA2 capsule after ππ* excitation. Exciting the ππ* transition adds an extra step in the

mechanism for t-Az due to the relaxation from the very short lived S2 state. The excited molecules

relax quickly to the S1 state, and then follow a similar pathway as we observe following nπ*

excitation.207 The similar pathway in solution is nearly identical to the SAS for the S1* and cooled

S1 species after nπ* and ππ* excitation, which point to similar molecular geometries for the two

species after their respective excitation.

In contrast, the relaxation mechanism following ππ* excitation for t-Az@OA2 includes two

separate excited-state species, in addition to the fast relaxation channel to the ground-state. One of

the excited-state species is the relaxed trans isomer, which has a similar spectrum and lifetime after

nπ* excitation of t-Az in the OA2 capsule. The other excited-state species has a similar SAS as the
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encapsulated cis-Az isomer after nπ* excitation, therefore we assign the S1’ species as the relaxed

excited-state of a cis-like isomer. Additionally, this pathway shows that the cis-like geometry is

accessed from the excited trans geometry on the S1 surface, which is a pathway not observed

after ππ* excitation of t-Az in solution. The pathway to the S1’ species from the trans geometry

happens on the time scale for accessing the CoIn directly, which suggests that if a the molecule

misses the CoIn due to crowding, it could get trapped on another part of the PES. In a similar study

using an encapsulated stilbene derivatives, results show the rotation channel is greatly restricted,

indicating the isomerization mechanism for the trans to cis isomer in the excited-state must follow

the inversion coordinate to access the cis isomer.6

5.4.2 Crowding Effects

In order to probe the role of crowding on the reaction dynamics of t-Az after ππ* excitation, we

probe the dynamics for increasing alkyl-chain length. In solution the relaxation mechanism after

ππ* excitation is insensitive to the substitutions, evident from the similar SAS and lifetimes (see

figure 5.12). The similar lifetimes are due to the substituents having little influence on the π-

conjugation, as well as being located at the para position on the phenyl ring where they cannot

cause sterical hindrance during the isomerization reaction.

For ππ* excitation across the series of t-Az derivatives in the OA2 capsule, the timescale for

the early relaxation from S2 to S1 state and the vibrational and structural relaxation on the S1 are

close to that of the solution measurements, indicating the early relaxation processes are insensitive

to the confined environment.107 For the mono-substituted Az derivatives, the relaxation on the S1

surface follows three pathways, which lead to the relaxed S1 trans geometry, ground electronic S0

state, and the cis-like S1’ species. We see very similar relaxation pathways on the S1 surface for

the encapsulated di-substituted Az derivatives, with the only difference being a missing pathway

directly from S1* to the ground-state.

The series of Az derivatives in the OA2 capsule have increasing S1 lifetimes as the molecule

becomes longer. The increasing lifetime is a result of crowding inside the capsule for longer
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alkyl-chains, which increasingly distorts the geometry of the molecule. Evidence for the distorted

geometrical structures in shown in the ground-state absorption spectrum, which shows Az@OA2

and MeAz@OA2 with vibronic structure in the spectra indicating a more planar geometry, mean-

while EtAz@OA2 and PrAz@OA2 show smooth spectra with no vibronic character suggesting an

out-of-plane bent structure.6 Additionally, Me2Az and EtMeAz are the same length as EtAz and

PrAz respectively, but show vibronic structure in the ground-state spectrum due the substituents

being at both ends of the molecule, which lock the molecule into a more distorted structure. The

effect on having an out-of-plane molecular structure in the excited states then restrict the inital

in-plane bending of the inversion-assisted rotation mechanism, suggesting the first motion for the

Az derivative is to planarize which is made difficult by the confined space of the capsule.

The unsubstituted and mono-substituted Az molecules that relax to the S1’ state on the S1 po-

tential energy surface have a similar SAS, but with subtle differences in the relative intensities of

the two peaks. The small differences in the spectral shape of the SAS point to differences in the

cis-like geometrical structure, possibly due to steric hindrance in the confined environment. The

increasing lifetime with increasing alkyl chain length points to a more stabilized cis-like excited-

state structure for longer Az derivatives. The SAS for the S1’ species of the di-substituted deriva-

tives have a more pronounced absorption band at longer wavelengths compared with the mono-

substituted S1’ SAS. Given the lack of SAS structural resemblance of the S1’ species between the

mono and di-substituted Az derivatives, we do not assign the S1’ species for the di-substituted Az

derivatives to a cis-like geometry. Instead the S1’ species for the di-substituted Az derivatives in

the OA2 capsule is likely to be a highly distorted out-of-plane structure that gets trapped due to

the confined environment, and the relaxation from the out-of-plane structure has a lifetime that

does not continue increase across the Az@OA2 series. Given the unusual environment of the OA2

capsule as well as the the highly distorted out-of-plane structure of the S1’ species, molecular dy-

namics simulations would provide valuable insight about the system and the interactions taking

place during the photoisomerization reaction.
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5.5 Conclusion

The ultrafast spectroscopy for a series of encapsulated alkyl-substituted azobenzene derivatives

provides insight into the fundamental photoisomerization reaction during nπ* and ππ* excitation.

In comparison to the azobenzene derivatives in solution we observe the encapsulated azobenzene

molecules to have increasing excited-state lifetimes with increasing molecular length when relax-

ing from the S1 state due to the increasing sterical hindrance for phenyl rotational motion within

the capsule. The confined environment opens up an additional relaxation pathway leading to a

S1’ species, which for the mono-substituted derivatives resembles the formation of the cis excited-

state isomer. Restricting the excited-state dynamics with di-substitution at the 4 and 4’ positions of

the azobenzene molecule greatly impedes the inversion mechanism, which results in significantly

lower trans→ cis quantum yields and an S1’ species that has a highly out-of-plane distorted ge-

ometry. The fundamentally different behavior observed in the confined environment demonstrates

the importance of understanding the unique mechanisms for the isomerization of azobenzene.
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Chapter 6

Photodecomposition Mechanism for Manganese Tricarbonyl

Complexes from Transient X-ray Absorption Spectroscopy

6.1 Introduction

The conversion of CO2 into renewable, carbon-neutral fuels and chemical feedstocks is a promis-

ing route to sustainability.66 A key step in that direction is the development of inexpensive, effi-

cient, and robust catalysts for the selective reduction of CO2 to CO, which can then be used as a

reagent in the Fischer-Tropsch process, carbonylation, hydroformylation, or other commercially

important reactions.219–223 Metal coordination complexes, including rhenium and manganese tri-

carbonyl complexes, are among the most efficient molecular catalysts currently available for elec-

trochemical reduction of CO2. The rhenium compounds have excellent stability and efficiency, but

Re is potentially toxic and too expensive to be feasible for large-scale production. The manganese

complexes, on the other hand, offer a promising alternative based on a cheaper, earth-abundant, and

non-toxic metal.224,225 Unfortunately, the Mn catalysts are susceptible to photo-decomposition un-

der exposure to visible light, which is a key limitation that must be overcome for widespread and

economical conversion of CO2.71–74

New design strategies to improve photochemical stability upon exposure to visible light while

retaining favorable catalytic activity of the Mn complexes requires a deep understanding of the de-

composition mechanism. Toward that goal, we recently examined the fundamental photochemistry

for a series of Mn complexes with substituted 2,2’-bipyridine (bpy) ligands using ultrafast spec-

troscopy.226 The addition of electron-donating or electron-withdrawing substituents on the bpy
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ligand tunes the electronic properties of the complex, and therefore affects both the photostability

and the catalytic activity of the Mn complex for CO2 reduction.225 Figure 6.1 shows the absorption

spectra for the series of Mn(CO)3(L2bpy)Br compounds in acetonitrile, where L = tBu, H, CF3 and

NO2 are substituents at the 4 and 4’ positions of bpy. The compounds have MLCT bands centered

near 400, 410, 480, and 520 nm, respectively, with a much stronger bpy(ππ∗) intraligand (IL)

absorption band below 385 nm. All of the compounds degrade after several minutes of exposure

to ambient light, as evident from a color change of the solution and formation of a precipitate.71

Previous measurements also detected CO in the head space of irradiated Mn(Lbpy) samples using

gas chromatography.

Figure 6.1: Normalized ground-state absorption for the Mn(Lbpy) series emphasizeing the differ-
ence in the MLCT band.

Several groups examined the photodegradation of Mn(CO)3(bpy) compounds using UV-vis

and IR absorption spectroscopy under continuous irradiation with light, but a complete mechanism

for the decomposition of these species remains elusive.75,76 Our ultrafast spectroscopy measure-

ments revealed several fundamental steps in the photochemistry of the Mn complexes that may be

important in the photodegradation process. The optical transient absorption (TA) measurements

suggest that the earliest step involves rapid relaxation of the initial MLCT state to a dissociative

ligand-field state that eliminates one of the CO ligands within ∼300 fs. Our measurements also

suggest that the missing CO ligand is subsequently replaced by a coordinating solvent molecule
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on a timescale of 40-80 ps, depending on the identity of the bpy ligand and the solvent. Unlike

acetonitrile, we did not see evidence of solvent coordination in chloroform. The TA measurements

examined the reaction up to a few hundred ps, but additional steps in the decomposition chem-

istry occur on longer timescales. Based on steady-state measurements, the ultimate decomposition

product is likely to be a Mn dimer species that is formed through diffusion-controlled bimolecular

reactions. Although ultrafast spectroscopy provides more detailed information than was available

from earlier steady-state measurements, the full photodecomposition mechanism of the Mn com-

plexes remains unclear. More detailed structural information is necessary to confirm the proposed

mechanism and provide feedback for the development of next-generation Mn catalysts that main-

tain activity while avoiding decomposition. Open questions include the structure and identities of

the proposed intermediates, and especially the influence of ligand substitution and solvent identity

on subsequent reactions.

In this chapter we examine the photodecomposition reaction using time-resolved x-ray absorp-

tion spectroscopy (TR-XAS) for the series of Mn(CO)3(L2bpy)Br complexes in Figure 6.1. TR-

XAS probes the electron density and ligand structure of Mn on a ps-µs timescale, and therefore

is uniquely suited to probing the structures and the reactions of intermediates that we were unable

to probe in the optical TA measurements. As in our earlier study, we examine the photochemistry

as a function the electron donating or withdrawing character of the substituted bpy ligand, and

also compare the dynamics in dichloroethane (DCE) and acetonitrile (MeCN) solvents in order to

capture the proposed 5- and 6-coordinate species following CO loss and solvent coordination, re-

spectively. The results provide important new information about the photodecomposition pathway

of manganese tricarbonyl catalysts.

6.2 Experimental Methods

Mn(CO)3(L2bpy)Br complexes, abbreviated as Mn(Lbpy), were synthesized and purified using pro-

cedures described elsewhere.226 We confirm the purity of the compounds using 1H NMR and IR

spectroscopy. Working under dim red light, we prepare a fresh sample for every run by dilution in
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a volumetric flask to a concentration of 1 mg/mL. We keep all sample solutions covered or in the

dark, and use only dry solvents, either acetonitrile (Fisher Scientific, ≥99.9%), chloroform (Fisher

Scientific, ≥99.9%), or dichloroethane (Fisher Scientific, ≥99.8%).

The TR-XAS measurements were performed at beamline 7ID-D of the Advanced Photon

Source (APS) using an optical pump and x-ray probe.103 The pump pulses come from the out-

put of a high repetition rate laser (Time-Bandwidth Products, Duetto) with a center wavelength of

1064 nm and pulse duration of 10 ps. Second and third harmonic generation in lithium triborate

(LBO) crystals produces pump pulses with up to 0.6 µJ/pulse at 532 and 355 nm, respectively. We

focus the pump beam to a diameter of ∼25 µm at the sample where it intersects the x-ray probe

beam at a small angle. The laser is synchronized with the x-rays from the synchrotron operating

in 24 bunch mode. In this mode, the storage ring has 24 circulating electron bunches that produce

x-rays with a spacing of 153 ns (6.52 MHz repetition rate) and a duration of ∼80 ps. We tune

the undulator and water-cooled double-crystal diamond (111) monochromator to give x-ray probe

pulses in the range 6.510-6.905 keV, with ∼1 eV ∆E/E bandwidth. A Kirkpatrick-Baez mirror

focuses the x-ray beam to a spot size of ∼5 µm at the sample.104,105

We monitor the x-ray absorption strength of the sample by detecting the x-ray fluorescence

intensity perpendicular to the direction of the incident beam. We detect the fluorescence using a

pair of avalanche photodiodes (APDs) on either side of the sample, with a Z− 1 chromium filter

to absorb scattered x-rays at the incident energy. The APDs measure the fluorescence intensity for

every x-ray pulse, but we set the tunable laser repetition rate to 186 kHz, which below the output

of the synchrotron. The laser frequency is synchronized with the rf signal from the synchrotron

storage ring using a phase-locked feedback loop (Time Bandwidth Products, CLX-1100) to ac-

tively adjust the oscillator cavity length. We control the pump-probe delay electronically up to

∼50 ns, while simultaneously detecting the fluorescence for up to 13 subsequent probe pulses to

measure delays out to ∼2 µs in 153 ns increments. We also measure the x-ray pulse that arrives

immediately prior to the laser excitation pulse to obtain the ground-state spectrum of the sample.

At each electronic time delay, we scan the incident energy to record the x-ray absorption spectrum,
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typically averaging the probe signal for at least 106 pump pulses per point.

For the x-ray measurements, the sample flows through a round liquid jet with a diameter of

∼130 µm and a flow rate of 2.5 mL/min that is fast enough to refresh the sample between laser

pulses.103 Due to the high repetition rate and high intensity of the pump pulses, we discard the

sample after a single pass through the jet in order to avoid background signal from the accumulation

of photoproducts. Measurements in dichloroethane are complicated by strong x-ray fluorescence

from the ionization of chlorine atoms. We reject the background signal by placing Teflon tape in

front of the APDs to filter the low-energy x-ray fluorescence from chlorine. Even with the Teflon

filter, the signal is much lower in the chlorinated solvent due to attenuation of the incident x-ray

probe pulses by solvent ionization.

Optical transient absorption (TA) measurements use the modified output of a regeneratively

amplified Ti:sapphire laser operating at 1 kHz. A portion of the 800 nm fundamental laser light

drives an optical parametric amplifier to produce tunable UV-vis pump pulses. A second portion of

the fundamental drives white-light continuum generation in a circularly translating CaF2 crystal to

produce broadband probe pulses covering the range 350-720 nm. A pair of parabolic silver mirrors

collimates and focuses the probe into the sample, where it intersects the 1-2 µJ/pulse pump beam

at a small angle. After the sample, the probe pulses pass through a transmissive diffraction grating

and onto a 256 pixel photodiode array for shot-to-shot detection. A synchronized chopper blocks

every other pump pulse for active background subtraction, and we average 103 pulses per time

delay. We circulate the sample solution through a quartz flow cell with 0.5 mm path length for the

optical measurements.

6.3 Results

The top half of figure 6.2 shows the evolution of the TA spectrum for Mn(Hbpy) after 410 nm exci-

tation in MeCN. The evolution at a probe wavelength of 610 nm is shown in the upper-right panel

with delay times up to 3 ps on a linear time scale to show the sub ps decay before switching to a

logarithmic scale to show signal changes on the tens of ps timescale. In the lower half of the figure,
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Figure 6.2: Ultrafast transient absorption for Mn(Hbpy) in MeCN (top) and chloroform (bottom)
with the excited-state decay at 610 nm to the right.

the TA spectrum for Mn(Hbpy) after 470 nm excitation is shown in chloroform with the decay at

610 nm to the right and the excited-state decay in MeCN in blue for comparison. The evolution

of the TA spectrum is identical for excitations at 355, 420, 470 and 532 nm. For Mn(Hbpy) in

MeCN the excited-state absorption has a broad spectrum with bands at 510 nm and 590 nm, which

quickly decay on the sub-ps time scale due to BET from the bpy ligand to the Mn that leads to

CO loss. The electron returns to a higher-lying dx2−y2 or dx2 orbital of Mn that is dissociative with

respect to the Mn-CO bonds, resulting in the loss of an equatorial CO ligand. After the CO release

a 5-coordinate Mn complex species is in solution before the growth of an absorption feature at

610 nm on a timescale of 30 ps that we attribute to formation of a 6 coordinate Mn(Hbpy)-MeCN

complex.226 Solvent coordination does not occur in chloroform or dichloroethane, therefore the

5 coordinate species survives in theses solvents. In the case of Mn(tBubpy) and Mn(CF3bpy) a

similar excited-state evolution is observed in the MeCN solvent on the timescales of 39 and 18
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ps respectively, indicating a comparable photodissociative pathway compared to the Mn(Hbpy)

compound.226

Figure 6.3: Ultrafast transient absorption for Mn(NO2bpy) in MeCN with the excited-state decay
at 575 nm to the right.

The TA spectroscopy for Mn(NO2bpy) is very different from the other three compounds, sug-

gesting a different relaxation pathway after exciting the MLCT band of this compound. Figure 6.3

shows the excited-state absorption decay for Mn(NO2bpy) in MeCN after exciting the MLCT at 520

nm, with the excited-state decay at a probe wavelength of 575 nm shown to the right. The pump

region of the spectrum is removed due to scattering. The Mn(NO2bpy) excited-state absorption has

a maximum at 590 nm attributed to the bpy anion ([bpy•]−). The excited-state absorption partially

decays on a sub-ps timescale, followed by a slower decay on the hundreds of ps timescale. Due

to the NO2 substituents stabilizing the [bpy•]−, BET does not occur resulting in no CO ligand

dissociation. Therefore, the slow decay of the TA is the relaxation of the [bpy•]−.

6.3.1 TR-XAS of Mn(Hbpy) in MeCN and DCE

Figure 6.4 shows the ground-state XAS K-edge for Mn(Hbpy) in MeCN at 6.551 keV with a

small pre-edge feature and fine structure oscillations above the edge. Although the Mn complex

has a formal oxidation state of MnI , the position of the edge energy better resembles a formal

MnIII in comparison with prior measurements for Mn oxides.227 The substantially higher K-edge
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Figure 6.4: Ground-state XAS for Mn(Hbpy) and the 3 Mn(Lbpy) substituted compound series.

for the formal MnI complex is due to the strong π-backbonding of the CO ligands, which pulls

electron density away from the Mn center. The strength of the pre-edge feature indicates how well

the unoccupied 3d orbitals mix with the 4p orbitals and depends on the symmetry of the ligand

field. Axial ligands have a larger impact on the unoccupied 3d orbitals and therfore have a strong

influence on the pre-edge absorption. The ground-state spectrum of Mn(Hbpy) is the same in

both MeCN and DCE solvents. The inset compares the XANES region of the spectrum for all 4

Mn(Lbpy) compounds. The ground-state XAS for the series of Mn(Lbpy) compounds are nearly

identical.

Figure 6.5 shows the evolution of the transient spectrum for the Mn(Hbpy) complex in MeCN

after MLCT excitation at 355 nm. The top left column shows delay times up to 50 ns, with

longer delay times in the middle panel. The bottom left panel shows the TR-XAS for Mn(Hbpy)

in DCE. When measuring Mn(Hbpy) in DCE we were not able to capture the 13 additional x-

ray pulses before the next pump pulse. The change in the pre-edge signal is shown in the inset

with an arrow to denote the direction of change. To the the right of each TR-XAS figure is the

difference spectrum at each time delay, which is calculated by subtracting the ground-state XAS

spectrum from the TR-XAS. We include the evolution of the TR-XAS difference signal at 6.55

keV in the inset with a fit using a single exponential decay convoluted with a Gaussian response

function. In the case of Mn(Hbpy) in MeCN the K-edge shifts by ∼3 eV to lower energy at early
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Figure 6.5: TR-XAS for the Mn(Hbpy) tricarbonyl complex in acetonitrile during the first 50 ns
shown in the top left panel, with difference spectrum to the right. Middle panel is the continuation
of the TR-XAS for Mn(Hbpy) complex on the ns timescale with difference spectrum to the right.
TR-XAS for the Mn(Hbpy) complex in DCE is shown in the bottom panel with difference spectrum
to the right.

delay times, indicating an increase of electron density on the Mn. The edge shifts back to higher

energy with a 3.1 µs lifetime. The edge shift results in a strong positive signal at ∼6.550 keV

in the difference spectrum, with a small shoulder at lower energy. The small shoulder decreases

in strength relative to the peak at 6.550 keV over the first 50 ns. Additionally, the edge shift is

accompanied by changes in the XANES region above the edge, which become more pronounced

again on the µs timescale. The difference signal decrease on the µs timescale for Mn(Hbpy) in

MeCN, however complete recovery back to the the baseline is not expected due to the formation

of photodecomposition products. The pre-edge feature is a forbidden 1s → 3d transition caused
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by the d orbitals mixing with the Mn p-orbitals.228 At early times the pre-edge feature initially

decreases in signal strength without any evidence of shifting, before recovering signal strength

on the µs timescale. The transient spectrum for Mn(Hbpy) in DCE has a similar shift of the K-

edge to lower energy at early delay times, however the energy shift of ∼6 eV is twice the shift in

energy compared to Mn(Hbpy) in MeCN. In DCE the pre-edge feature for Mn(Hbpy) decreases in

absorption strength, similar to Mn(Hbpy) in the MeCN solvent.

Figure 6.6: Ground-state Mn(Hbpy) XAS in black with the TR-XAS at 240 ps for the Mn(Hbpy)
complex in MeCN and DCE, bottom panel shows the difference spectrum for the Mn)bpy complex
in the respective solvents.

To highlight the different spectra in the two solvents, figure 6.6 compares the ground-state x-

ray spectrum of Mn(Hbpy) with the transient and difference spectra at a delay of 240 ps for the

Mn(Hbpy) complex in MeCN and DCE. In the transient spectrum the Mn(Hbpy) complex in DCE

has a larger edge shift of 6 eV to lower energy as well as a greater reduction in the fine struc-

ture after the edge compared to Mn(Hbpy) in MeCN. The variation in the transient spectrum for

Mn(Hbpy) in the two solvent environments translate to difference spectra with the largest difference

at∼6.550 keV shifted to lower energy of 6.548 eV for Mn(Hbpy) in DCE. The difference spectrum
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has a peak intensity is at 6.548 keV, which is 3 eV lower than Mn(Hbpy) in MeCN. Additionally,

the strong difference signal does not have a lower energy shoulder. The difference spectrum for

Mn(Hbpy) in DCE also appears to overlap the small shoulder of the Mn(byp) difference signal in

MeCN.

6.3.2 TR-XAS for Mn(Lbpy)

Figure 6.7: TR-XAS for the Mn(tBubpy) tricarbonyl complex in MeCN is shown on the left, with
difference spectrum to the right.

Figures 6.7, 6.8 and 6.9 show the TR-XAS for Mn(tBubpy), Mn(CF3bpy) and Mn(NO2bpy),

respectively, in MeCN. The evolution of the spectra for Mn(tBubpy) and Mn(CF3bpy) have similar 3

eV edge shifts to lower energy and reduced oscillations above the edge as the Mn(Hbpy) compound.

We fit the decay of the difference signal to a single exponential convoluted with a response function

to yield lifetimes of 1.8 and 3.4 µs, compared with the 3.1 µs lifetime for Mn(Hbpy).

Of the four compounds Mn(NO2bpy) has the most substantial differences in the TR-XAS spec-

trum and the longest lifetime. Figure 6.9 shows the evolution of the transient spectrum for the
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Figure 6.8: TR-XAS for the Mn(CF3bpy) tricarbonyl complex in MeCN shown in the top group of
4 panels, with difference spectrum to the right.

Mn(NO2bpy) complex in MeCN after MLCT excitation at 532 nm in the top panel with the differ-

ence spectrum to the right. The lower panels show the TR-XAS and difference signal on hundreds

of ns timescale. The transient spectrum for Mn(NO2bpy) has a different K-edge, as well as os-

cillations after the edge, which points to a different structure for the scattering atoms. Although

the edge shifting to lower energy and the weakening of the post edge oscillations is similar to the

other Mn(Lbpy) compounds, the evolution on the ns timescale is significantly different. From 153

ns to 1989 ns the TR-XAS for Mn(NO2bpy) complex recovers more slowly compared to the other

Mn(Lbpy) compounds. The slow recovery is most notable in the difference signal, where the am-

plitude at 6.550 keV decreases only slightly over the 2 µs delay range. Additionally, the decrease

in the difference amplitude could be due the sample flowing out the the x-ray path, or relaxation

The shoulder at 6.545 keV also disappears on the 2µs.
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Figure 6.9: TR-XAS for the Mn(NO2bpy) tricarbonyl complex in MeCN during the first 50 ns
shown in the top left panel, with difference spectrum to the right. Middle panel is the continuation
of the TR-XAS for Mn(NO2bpy) complex on the ns timescale with difference spectrum to the right.

6.4 Discussion

The K-edge energy is related the oxidation state and how much electron density is on the Mn center,

which is directly affected by the identity bound ligands. For the Mn(Lbpy) complexes, the ground-

state energy of the K-edge is 6.551 keV in the starting complex, which is significantly higher in

energy compared to most formal MnI complexes. The increased K-edge energy better matches a

formal MnIII such as Mn2O3 and is due to the strong π-backbonding from the CO ligands, which

pull electron density away from the Mn atom.227–229 The bromide ligand in the complex acts as

an electron donor, which contributes to the electron density on the Mn center through mostly σ

donation, with an increase in π donation when along px or py axes. However the electron density

contribution from the bromide ligand is minimal compared to the withdrawing nature of the 3 CO

ligands. This points out that even in the XAS for the Mn(CO)3(L2bpy)Br complexes, the CO ligands

have a substantial effect on the K-edge energy and is consistant across the series of complexes.

Figure 6.10 displays the photodecomposition mechanism for Mn(CO)3(L2bpy)Br (L = tBu, H,
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Figure 6.10: Photodecomposition mechanism for Mn(CO)3(L2bpy)Br (L = tBu, H, CF3) com-
plexes after MLCT excitation, red and green arrows show the two competing pathways.

CF3) complexes after MLCT excitation, with the red and green arrows denoting competing reaction

pathways. Due to the x-ray probe pulse duration of ∼80 ps, resolving transient Mn(Lbpy) species

before the BET is not possible. Following the BET for Mn(tBubpy), Mn(Hbpy) and Mn(CF3bpy), an

equatorial CO ligand dissociates from the Mn center concerted with ligand reorganization within

0.3 ps. After relaxation/ligand reorganization an electron deficient 5-coordinate Mn(Lbpy) species

exists for tens of ps before reacting via two possibly competing mechanisms. In the pathway with

green arrows, a nearby coordinating solvent molecule such as MeCN binds to the Mn center on

the tens of ps timescale to form a more stable 6-coordinate Mn(Lbpy)-MeCN complex with the

bromide equatorial and two CO ligands in the axial position. Being a better reducing agent, the

Mn(Lbpy)-MeCN species goes on to reduce the starting Mn(CO)3(L2bpy)Br complex on a 3 µs

timescale to a Mn0 (Mn(CO)3(L2bpy)) complex. The Mn0 species then forms a dimer with another

Mn0 species on a timescale outside of our measurement range. Alternatively, in the pathway with

red arrows the 5-coordinate species reduces the starting Mn(CO)3(L2bpy)Br complex to a Mn0

species on the tens of ps timescales, which then dimerizes with a second Mn0 species on the 3 µs
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timescale.

In the TR-XAS, the K-edge shifts to lower energy for Mn(tBubpy), Mn(Hbpy) and Mn(CF3bpy)

in MeCN due to the Mn center becoming more electron rich. The K-edge shift is constant with the

reorganization of the ligands after CO loss, which has already been shown to be sensitive to the

CO ligands in the ground-state XAS. The reorientation of the ligands suggests that when MeCN

bonds to the Mn metal, the CO ligand will move to the axial position and the bromide ligand to an

equatorial position. With the axial CO ligands trans to each other the π-backbonding of the two

axial CO ligands competes for electron density from the Mn center, which results in more electron

density remaining on the Mn center. The weakly bound MeCN molecule to the Mn center does not

strongly change the electron density on the Mn center and therefore virtually does not effect the

K-edge.

The other possible pathway for the decomposition reaction is for the 5-coordinate species to

reduce the starting MnI species to Mn0, which involves the loss of a bromide. With the bromide

ligand removed from the Mn center, the 3 CO ligands relax to form a distorted trigonal bipyramidal

structure.230 Due to the distorted structure having poor overlap for π-backbonding, more electron

density would reside on the Mn center causing the K-edge to shift to lower energy. For Mn(Hbpy)

in DCE we suppress solvent coordination to the Mn center, therefore the TR-XAS at 240 ps is either

the 5-coordinate complex or the Mn0 species. Additionally, the K-edge in the TR-XAS has a 6 eV

shift to lower energy. The larger edge shift is inconsistent for the 5-coordinate species to reduce

the MnI to Mn0 because the Mn0 has 3 CO ligands involved in π-backbonding compared to the

5-coordinate species which has a bromide and 2 CO ligands. Both the 5-coordinate and Mn0 have

a similar distorted trigonal bipyramidal like structure, which reduces the electron density involved

in the CO ligand π-backbonding, but the bromide is a σ -donor of electron density. Therefore, the

6 eV edge shift for Mn(Hbpy) in DCE is due to the two weakened π-backbonded CO ligands and

the σ -donor which increase the electron density on the Mn center more than the three weakened

π-backbonded CO ligands of the Mn0 species.
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6.4.1 Shifting of the K-edge

The K-edge for Mn(tBubpy), Mn(Hbpy) and Mn(CF3bpy) in MeCN shifts to higher energy on the µs

timescale. The shift indicates that the Mn center is losing electron density, through a bimolecular

mechanism. As previously described, the Mn(Lbpy)-MeCN complex reduces the MnI complex to

form a formally Mn0 species with a distorted trigonal bipyramidal structure. During the reduction

of MnI the Mn(Lbpy)-MeCN complex is oxidized to MnII , which is unstable and decomposes.

For the distorted trigonal bipyramidal structure of Mn0, the CO ligands have poor overlap for π-

backbonding resulting in more electron density on the Mn center, however without the bromide

ligand the net electron density on the Mn center presumably decreases causing the K-edge to shift

to higher energy. In the competing reaction, the Mn0 complex is already present in the solution,

which will react with another Mn0 complex to form a Mn-Mn dimer. However, an investigation

into the XAS for the Mn2(CO)10 dimer and the Mn(CO)5 show no change in the K-edge energy.228

The results from the Mn2(CO)10 contradict the observed K-edge shift to higher edge energy in our

TR-XAS, which again support the Mn(Lbpy)-MeCN complex mechanism.

In the case of the stronger electron withdrawing -NO2 groups on the bpy ligand, BET from

the MLCT state occurs but does not facilitate the loss of a CO ligand, therefore this compound

requires a different explanation for the 3 eV shift in the TR-XAS. After exciting the MLCT, the

electron is stabilized on the bpy ligand by the -NO2 groups. While the electron is stabilized on the

bpy, the π-backbonding for the equatorial CO is weakened at the same time as the Mn-Br σ bond

is strengthened. The lengthening CO bond allows the bromide ligand to begin moving toward

the equatorial position. The BET puts the electron back into the original d-orbital from which

it was excited, thereby strengthening the Mn-CO bond and weakening the Mn-Br bond, which

allows the bromide to move to the equatorial and the CO to the axial positions.231,232 The ligand

rearrangement with CO ligands in the axial position cause the K-edge in the XAS to shift to lower

energy. After the ligand rearrangement of the Mn(NO2bpy) species the K-edge does not shift back

to higher energy, suggesting the electron density on the Mn center remains unchanged. However,

near the top of the K-edge a small change in the TR-XAS signal occurs on the µs timescale.
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6.4.2 Intensity of the Pre-edge

Across the series of Mn(Lbpy) compounds in MeCN the pre-edge feature shows a fairly consistent

decrease in signal intensity. The pre-edge feature is a dipole-forbidden 1s → 3d transition al-

lowed by mixing of the 3d and 4p orbitals, which depends on the symmetry around the Mn center.

Quadrupole transitions can also contribute to the pre-edge intensity, but are significantly weaker

compared to the transition from mixed d-p orbitals, therefore changes in quadrupole intensities are

not considered for the pre-edge signal decrease. From the ground-state XAS, the pre-edges features

have nearly identical intensities for all the compounds, because the same symmetry around the Mn

center. However, as described in the above paragraphs, ligand rearrangement occurs with the axial

bromide trading places with an equatorial CO ligand. With the CO ligands in the axial position

the molecule has more centrosymmetry character compared to the ligand arrangement with the

CO and Br ligands in the axial position, which decreases the pre-edge intensity. Additionally, the

unoccupied d orbitals responsible for the transition depend on the identity of the two axial ligands

and the migration of the electron donating bromide to an electron accepting CO has a large effect

on the pre-edge intensity. On the µs time scale for Mn(tBubpy), Mn(Hbpy) and Mn(CF3bpy) we see

the pre-edge signal intensity increase due the loss of the centrosymmetry. The increase in the pre-

edge intensity is consistent with the Mn(Lbpy)-MeCN species reducing the MnI complex to form

the Mn0 species, which results in decrease of the more centrosymmetric molecules. Additionally,

dimer formation is inconsistent with the increasing pre-edge for the same reason that the K-edge

does not describe dimer formation. The investigation into the XAS for the Mn2(CO)10 dimer and

the Mn(CO)5 do not have different pre-edge intensities.228

6.4.3 Fine-structure

The oscillation pattern above the rising edge is due to scattering of the outgoing electron from

nearby atoms. The fine structure reagion of the XAS is much more sensitive to the structure of

the Mn(Lbpy) complex. Shortly after exciting the MLCT the oscillations decrease compared to

the ground-state XAS. Unfortunately, the x-ray probe is not sensitive to only the optically excited
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Mn(Lbpy) species, therefore the TR-XAS contains some ground-state signal as well the excited

Mn(Lbpy) species. Not only is the XAS shifted for the two Mn(Lbpy) species but the scattering

atoms have different bond lengths which mean the two overlapping XAS cancel out to produce

the weakened oscillation. As for the two possible decomposition mechanisms, the decrease in

oscillations seems to be more sensitive to the structure of the ligands because the Mn(NO2bpy),

which does not lose a CO ligand, has a decrease in oscillations. However, the complexity of

the decomposition makes interpreting the change in oscillations difficult without having higher

resolution XAS of the fine structure region. Measuring the EXAFS and modeling would provide a

significantly higher degree of detail about the structure and bond distances for the various species

and reactions in the photodecomposition of Mn(Lbpy).

6.5 Conclusion

Using TR-XAS we examine the photodecomposition reaction for a series of Mn(Lbpy) compounds,

which provide structural information out to 2 µs in delay time. After exciting the MLCT band in

the ground-state, the Mn(tBubpy), Mn(Hbpy) and Mn(CF3bpy) compounds release a CO ligand

after the BET from the bpy ligand, where as Mn(NO2bpy) does not show any ligand dissociation.

In place of the lost CO ligand, the MeCN solvent will bind to the Mn metal center, however the

solvent to metal coordination can be suppressed using DCE. For all the compounds in acetonitrile

after MLCT excitation the TR-XAS show a 3 eV shift to lower energy due to ligand rearrangement

involving the axial bromide and an equatorial CO ligand. The rearrangement also causes changes

in the post-edge oscillations and pre-edge features. On the µs timescale we see evolution the TR-

XAS K-edge back to higher energy with an increase in pre-edge intensity suggesting the formation

of a Mn-Mn dimer species. The information gathered in this chapter provides the framework for

future investigations into the photodecomposition reaction for the Mn(Lbpy) compounds.
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Chapter 7

Probing the Plasmonic Near-Field Enhancement of a Gold

Nanorod Array

7.1 Introduction

In recent years nanoplasmonics have acquired greater interest from the science community pre-

dominantly due to their adaptation into multiple fields of chemistry research.78,233 A few of the

applications using surface plasmons include surface enhanced Raman spectroscopy (SERS) for

low signal detection,81,82 light harvesting solar cells to boost the conversion efficiency,83–85 and

driving photochemical reactions under low light conditions.86–89 All of these applications are made

possible when the electron density in subwavelength sized gold nanoparticles respond to a specific

frequency of electromagnetic radiation. The electron density oscillates with the electric field and

are called surface plasmons.81,234

The surface plasmons continue to oscillate at the frequency of the incident electric field and

at maximum displacement from equilibrium very intense electric fields are produced near the sur-

face of the gold nanoparticle.79 The emphasis of this chapter will be on investigating the enhanced

electric field mechanism for energy transfer in the near-field between the gold nanorod and the sur-

rounding medium, which will help to elucidate the fundamental of the plasmonic system. However,

competing energy relaxation mechanisms such as thermal heating and electron transfer also con-

tribute in energy transfer to the surrounding medium.90 The thermal heating mechanism progresses

when the surface plasmons relax through internal electron-phonon interactions, which produces

thermal energy that diffuses into the surrounding medium.91 Electron transfer from the nanorod

93



into the surrounding medium occurs when the absorption of a photon promotes a free electron to a

higher energy level which relax through electron-electron scattering. During this time the energy

is redistributed and the energetic electron can be transferred from the metal to the nearby surround-

ing medium through orbital mixing.90 It is important to consider all the possible energy transfer

pathways into the surrounding medium, so chemical reactions in the enhanced near-field can be

explicitly understood.

A ground breaking experiment by Tsuboi and coworkers showed enhanced plasmonic fields

inducing a two-photon photochromic reaction using an 808nm continuous wave (CW) laser for

excitation.86 A very common photochromic diarylethene derivative (DAE) was deposited over

randomly distributed spherical gold nanoparticles on a glass substrate. DAE was chosen for its

thermal stability235 and well documented photosiomerization reaction236,237.

The open-ring isomer is converted through the ring-closing reaction to form the closed-ring

isomer using UV excitation below 350nm. The closed-ring isomer has a characteristic visible ab-

sorption spectrum at 600 nm, which can be easily excited into, thereby initiating the ring-opening

reaction. The absorption band in the visible spectrum was used to monitor the photochromic re-

action progress.86,235 During their investigation Tsuboi concluded the electric field enhancement

between adjacent gold nanospheres was strong enough in the near-field to drive the photoisomer-

ization reaction via non-resonant two-photon excitation from the 808nm CW laser source, based on

having a quadratic power-dependence for the change in absorbance after 15 minutes.86 Other simi-

lar approaches to investigating nanoplasmonics have included photochromic switching in solid and

solution phase87,88,92,93 attaching molecules directly to the nanoparticle89,94–97 and structurally

changing the size and shape of the nanoparticles to alter the enhanced field.98–101

In order to manipulate the use of nanoplasmonics for conducting chemistry in the near-field a

more detailed understanding about the interactions and mechanisms is needed. To further examine

the mechanism of nanoplasmonic field-enhanced reactions of DAE, we describe in this chapter

switching on an array of periodically spaced gold nanorods on a glass substrate. The regularity of

the plasmonic array provides a well-defined substrate to convert the DAE thin film as well as a con-
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sistent electric field enhancement across the array compared with randomly placed nanospheres.

The aligned array also allows the enhancement to be tuned based on incident field polarization

with respect to orientation of the aligned nanorods. To convert DAE we use 800 nm pulsed fem-

tosecond laser irradiation. Under the pulsed conditions the two-photon excitation (2PE) process

is favored over one-photon excitation (1PE). To support the experimental results and gain a more

detailed understanding of how the photochromic reaction progresses in the plasmonic system, the

change of absorption due to conversion of DAE was simulated using a simple model. The model

calculates the change in absorption based on calculated near-field intensities of the 800 nm and

probe light by solving the solutions to the Maxwell equations. Polarization anisotropy is included

in the simulation to account for the subtle angle differences in the near-field vectors around the

nanorod for the 800 nm and probe light, even though their incident polarization is identical. The

model only accounts for electric field interactions with molecules in the near-field of the nanorod

array, and gives excellent agreement with the experimental results.

7.2 Materials and Methods

We use a plasmonic array of gold nanorods that was described previously as a substrate for

femtosecond-switching of electron diffraction.238 The array was fabricated using electron-beam

lithography and consists of regularly spaced gold nanorods on a glass substrate. Each nanorod is

approximately 170 nm long by 80 nm wide, with a 10-20 nm gap between the tips of the nanorods

along their long axis and a spacing of approximately 80nm between rows. The entire array is

100 µm x 100 µm. The array is designed to have a plasmonic resonance at 800 nm for polarization

along the long axis of the nanorods.238 Before each measurement, the array is placed in hexanes for

cleaning and to remove any foreign substances. After drying with nitrogen, 10 µl of DAE dissolved

in hexanes is pipetted onto the surface and allowed to dry leaving a thin film of DAE molecules

on the plasmonic array. For comparison, a thin film of DAE on only a glass substrate is prepared

using the same technique for measurements in the absence of the gold nanorods. The thickness

of a typical film on glass was measured to be 60nm using ellipsometry. The film is formed with
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DAE in the open-ring structure, where it is then irradiated with a 310nm LED (Thorlabs, 40 mW)

until photo-stationary state (PSS) is reached. PSS is achieved when the concentrations of DAE in

both the open and closed-ring structures remains constant, identifiable by the absorption spectrum

remaining the same after additional 310nm irradiation. A film with a thickness of 60nm equates to

an approximate absorbance value of 0.10 at 580 nm.

We used pulsed laser irradiation to convert the DAE to the open isomer and to measure the

transmission. An amplified Ti:sapphire laser (Legend Elite; Coherent) produces 35 fs laser pulses

with a center wavelength of 800 nm and 1 kHz repetition rate. We use the optical transmission of

white light continuum laser pulses obtained by focusing the 800 nm fundamental into a cuvette of

water to generate white light continuum for the probe light, to monitor the number of molecules in

the closed-ring isomer. The white light probe is split with a 50% beam splitter into a signal and a

reference beam. The signal beam is focused down to 60 µm at the point where it passes through

the plasmonic array. The reference beam accounts for fluctuations of the incident probe intensity

when calculating the absorption of the DAE sample. After the sample, the broadband signal and

reference beams are dispersed using a transmission grating onto an 8 bit CMOS camera (Thorlabs),

with dimensions of 1280 x 1024 pixels to calculate normalized intensity/absorption as a function

of wavelength over the range 400-650nm. The exposure of the sample to the white light probe

beam was limited to less than one second per absorption measurement using mechanical shutters

in order to minimize resonant photoswitching by the weak probe field. Under these conditions,

photochromic switching of the molecule in the film due to the probe light was negligible for all

measurements. To probe the electric field enhancement we use the fundamental 800 nm for non-

resonant excitation of the photoswitch in the closed form, and measure the change in transmission

of the visible probe light due to photochromic switching to the open form. A beam diameter of

0.6 mm at the sample ensures an even distribution across the entire array, and we use a variable

neutral density filter to set the incident intensity of 6, 30 and 60 GW/cm2. The exposure time is

controlled by a mechanical shutter. When the measurement is completed, UV irradiation converts

DAE back to the initial photo-stationary state. We observe complete recovery, ensuring that only
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the reversible, cycloreversion reaction took place and that no damage occurred to the sample during

the experiment.

The enhancement of the electric field relative to the incident field for the 800 nm and 580 nm

probe exposure is calculated for a unit cell with dimensions of 110nm x 195nm that contains a sin-

gle gold nanorod. The software package COMSOL Multiphysics solves the Maxwell’s equations

in frequency domain and accurately calculates how a nanostructure will interact with incident elec-

tromagnetic radiation. Periodic boundary conditions were used account for interactions between

the nanorods. The calculated field is used to simulate the absorbance decay for the photoswitch on

the plasmonic array.

7.3 Results and Analysis

7.3.1 One and Two-Photon Photochromism

Figure 7.1: Top panel shows the decreasing ground-state absorption for the cDAE isomer thin
film on a glass substrate after resonant 400 nm exposure. In the bottom panel, cyclization of
the absorption at 580 nm shows the cDAE isomer converting to the oDAE isomer under 400 nm
exposure and then back to the cDAE isomer under 310 nm UV irradiation.
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The top panel in figure 7.1 shows the decreasing ground-state absorption for the cDAE isomer

thin film deposited on a glass substrate after incrementing the duration of resonant 400 nm expo-

sure. The decreasing absorption band is due to the conversion from the cDAE to oDAE isomer,

which does not absorb in the visible wavelength range. After conversion to the oDAE isomer, the

sample is converted back to the cDAE isomer using a 310 nm UV LED, and is shown in the bottom

panel with 3 cyclization intervals where the absorption at 580 nm returns to the starting absorption.

The recovery of the absorbance at 580 nm indicates efficient cyclization along with no evidence

for damage to the sample, even after several irradiation cycles. Although the DAE molecules are

in the solid phase, the spectroscopy behavior matches that for DAE in solution.236,239

The cDAE isomer absorbance at 800 nm is very weak and is easily overlooked as a possible

excitation wavelength. To estimate the absorbance at 800 nm we use the Urbach tail approximation,

which describes the decay of the absorbance tail as an exponential decay.240 From the exponential

fit to the tail of the absorption band yields an absorbance at 800 nm on the order of 10−4 compared

with the maximum absorbance of 0.10 at 580 nm. Using an 800 nm continuous-wave laser with an

intensity of 3 watts/cm2 yields a 3.2% conversion to the oDAE isomer after 15 minutes, indicating

the cycloreversion reaction can be initiated via one-photon at 800 nm. The one-photon excitation

process for initiating the cycloreversion reaction is a first order process, and the rate of conversion

increases linearly with increasing the excitation intensity. However, the cycloreversion reaction

can also be initiated via two-photon excitation, which requires very high peak intensities on the

order of GW/cm2.

Figure 7.2 shows the ground-state absorption decreasing for cDAE over 40 minutes with ex-

posure to high intensity 800 nm laser light, which drive a two-photon excitation process. The

decrease in absorption is due to the cycloreversion reaction converting the cDAE to oDAE isomer.

The nonlinear excitation process increases the rate of the cycloreversion reaction, which goes as

the square of the intensity, and becomes more dominant at high intensities compared to the one-

photo excitation process. To show how changing the intensity of the 800 nm laser light changes

the conversion rate, the bottom panel in 7.2 shows the normalized absorbance decay at 580 nm
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Figure 7.2: Ground-state absorption of cDAE thin film on a glass substrate after non-resonant
pulsed 800 nm exposure, with the bottom panel showing the aborbance decay at 580 nm for differ-
ent laser intensities.

for three different intensities with an exponential fit as the solid black line. Additionally, we show

that the white light probe is not contributing substantially to the absorption change, which remains

nearly constant for 30 minutes in the absence 800 nm exposure. Using the rates from the exponen-

tial fits, we measure the power dependence of the excitation process to be 1.8, which indicates a

dominant two-photon process.

7.3.2 Photochromism in the Near-Field of Nano-Plasmonic Array

To monitor the two-photon activated cycloreversion reaction we use the cDAE isomer absorption

band, due to the clear distinction in spectroscopy between the two isomers. Figure 7.3 has the

cDAE isomer absorption on the plasmonic array (black) and on the glass substrate (red) to show

that no changes to the spectrum are caused due to the different environment. Both spectral bands

have an absorbance band centered near 580 nm with subtle differences due to variations of film

thickness and beam distortion due to transmission through imperfect film. The green line at the

baseline shows the oDAE isomer on the plasmonic array does not absorb in the in the wavelength
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Figure 7.3: Top panel shows the absorption spectrum for the cDAE isomer on the plasmonic
array (black) and the glass substrate (red) for comparison. The oDAE does not absorb in the
wavelength range evident by the flat absorption shown in green. The bottom panel is the atomic
force microscopy image for a portion of the plasmoic array.

range, therefore any change in the cDAE absorption is due to conversion to the oDAE isomer.

In the bottom panel of figure 7.3 an atomic force microscopy image for a small portion of the

plasmonic array is displayed, and shows the patterned array and some of the imperfections that

exist such as size and shape. Although the image appears to have the gold nanorods touching, they

are in fact separated by ∼15 nm, as shown in previous SEM microscopy images.238

The direct comparison between the reaction rate of the cDAE isomer on glass and the array

is made in figure 7.4, which shows the rate of decay to be initially faster for the plasmonic array

substrate. Both measurements are conducted at the same incident intensity of 60 GW/cm2. The

faster decay for the photoswitch on the plasmonic array is due to the higher electric fields around

the nanorod. Importantly, a single exponential describes the decay of the photoswitch on the

glass substrate, but the decay of the photoswitch on the array requires at least a bi-exponential

curve to adequately fit the data. We ascribe no physical meaning to the two components of the

bi-exponential fit, except to indicate more than one switching rate contributes to the absorbance

change. The calculated enhancement (E/E0) to the incident field is displayed in bottom panel
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Figure 7.4: Absorbance at 580 nm with DAE on glass substrate (red) and plasmonic array (blue),
exponential and bi-exponential fits (solid lines) are applied respectively. Irradiation intensity is
60 GW/cm2. Bottom panel show the calculated relative electric field enhancement to the incident
field.

of figure 7.4 for a single nanorod, which has a maximum enhancement located at the tips and a

minimum at the sides of the nanorod for incident 800 nm polarization along the long axis of the

nanorod. This is only a 2D cut through the nanorod where the maximum enhancement occurs. The

distribution of intensities around the nanorods creates a spatial dependence which is why molecules

near the tips will convert DAE to the open-ring structure of DAE faster, eventually bleaching that

area before others. This distribution also explains why the absorption decay in figure 7.4 is unable

to be fit to a single exponential. The reaction is observed to proceed very quickly at the tips

of the nanorod where the electric field is the strongest, but the weaker field at the sides of the

nanorod convert molecules at a slower rate. A distribution of rates is therefore observed in the

measurement and so the decay rate is an average of all the different rates around the nanorods,

yielding bi-exponential behavior for the absorption decay.
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Figure 7.5: Measured absorbance decay of DAE on the plasmonic array at 580 nm for pulse
energies of 1, 5, and 10 µJ/pulse which correspond to intensities of 6, 30, and 60 GW/cm2.

Figure 7.5 shows the absorption decay at 580 nm for the DAE film on the array with 800 nm

intensities of 6, 30 and 60 GW/cm2. The initial rate of decay has the same quadratic power depen-

dence as DAE on the glass substrate, indicating a dominating two-photon process. To emphasize

the depletion relative to the incident field at the sides of the nanorods, the polarization of the probe

was rotated by 90◦ with respect to the 800 nm polarization, which remains aligned along the long

axis of the nanorod. Changing the incident polarization of the probe changes the near-field by

giving an enhancement of the probe field at the sides of the nanorod, where the conversion of

molecules due to vertically polarized 800 nm field is reduced.

Figure 7.6: Absorption decay for DAE thin film on the plasmonic array while probing parallel and
perpendicular.

The absorption signal decays faster when the probe has parallel incident polarization compared
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with a probe that has been rotated to be perpendicular to the 800 nm polarized field, shown in figure

7.6. The difference in conversion for the two experimental decays is entirely due to different spatial

probing profiles. When probing parallel the enhanced electric field profile is similar to the pump,

with the strongest fields at the tips. However, when the probing field is rotated to be perpendicular

the enhancement to the incident field is maximized on the sides of the nanorod where most of the

closed-ring DAE molecules remain. This makes the probe more sensitive to those molecules on

the sides of the nanorod yielding an absorbance with less change after 10 minutes.

7.3.3 Simulating the Absorption Decay of DAE on Glass

We simulate the absorbance decay of DAE using a transmission equation that takes into account

both one and two-photon excitation at 800 nm. We calculate the change of intensity of the probe

light ∆I,

∆I = NI0∆z(φ1PA +
φ2PA

hv
I0) (7.1)

based on the initial intensity I0, N is the number density for molecules in the closed-ring isomer,

∆z is the apparent film thickness (60 nm), φ1PA and φ2PA are the one and two-photon absorption

cross sections at 800 nm, respectively. The change in intensity of transmitted light is converted into

the change in molecules in the closed-ring isomer using a quantum yield of 2%.184,235,236,241 The

quantum yield expresses the number of molecules that get converted per excitation event, regard-

less of one or two-photon absorption. In order to accurately reproduce the change in absorption

in the limit of a fully bleach sample, we calculate the change of molecules after 10 ms of 800 nm

exposure.

With both the small absorbance at 800 nm and the film thickness (60 nm), the one-photon

cross section at 800 nm is calculated using basic equations for a sample’s absorbance of light and

yields a value of 1x10−22 cm2

molecule . The two-photon cross section is the only undefined value and is

used as a fitting parameter for simulating the high intensity absorbance decays. The two-photon

cross section is determined to be 5.5 GM. This value is within the range of other experimentally
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determined two-photon cross-sections.184 The simulated absorbance decays track the experiment

very well using the parameters described above, and are shown as the solid lines in figure 7.2.

Excellent agreement with experiment is achieved by varying only the incident intensity for the

three simulations. The incident intensity is attenuated by 5% in order to account for reflection

losses described by the Fresnel equations. One advantage of using the simulation is to extract the

percent contribution of molecules excited with one and two-photons. This simple model assumes

only electric field interactions to convert the photoswitch molecules and will be of great use later

in modeling the spatial dependence around the nanorods.

Figure 7.7: Bar chart shows the percent conversion after 15 mins with the breakdown of contribu-
tions from one- and two-photon excitation.

In order to compare the one and two-photon contributions to the net absorbance change, we

calculated the fraction of molecules converted after 15 minutes using 10 ms step sizes of pulsed

800 nm exposure as a function of average intensity, shown in figure 7.7. This is displayed as a

stacked bar graph where red is one-photon and blue is two-photon excitation contribution to the

net conversion of the photoswitch sample. Pulsed excitation result in >98% of the net change

in absorbance be due to the two-photon excitation at all intensities, reiterating that the dominate

excitation mechanism is two-photon. To support this result we conducted the CW simulations

where the intensity is too low to drive a two-photon process. The same average intensities were

used as in the pulsed simulation. The simulated CW laser results are shown as the green bars.

Given the two-photon cross section of 5.5 GM, under CW irradiation the intensity would need to

be increased by >8 orders of magnitude in order for the two-photon excitation process to compete
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with the one-photon process.

7.3.4 Simulating the Absorption Decay of DAE on Plasmonic Array

To simulate the absorbance decay of the photoswitch on the plasmonic array, the same simple

model for simulating the absorbance decay on the glass substrate is used. Although, because of

the distribution of intensities around the gold nanorod, conversion of the photoswitch molecules is

calculated using a 2D grid with 10 ms time steps and the same dimensions as the enhanced field

unit cell in figure 7.4. This overly simple model takes into account only the spatial dependence of

the field strength from the calculated enhancement profiles. Probing the conversion of molecules to

the open-ring isomer will have a weighted change in intensity dependent on the incident intensity.

The weighted intensity change provides the sensitivity to the positions with the strongest intensity

because that is where the greatest intensity change exists. Below, we consider additional factors in

the simulation, including polarization anisotropy.

Although, the near-field simulated decays shown in figure 7.8 (top), do not give perfect agree-

ment with the experiment, it does give the correct trends. Modifications to the model were made

however to better represent the physical parameters in the experiment. The simulated signal ini-

tially decays too fast. In order to compensate for the rapid initial decay of the simulation, we

decreased the field enhancement by 62% bring the maximum enhancement for the 800 nm pro-

file from 13.5 to 5.1. The near-field calculation assumes a perfect ellipse shaped nanorod in a

vacuum, neither condition is present in our experiment and so a lower enhancement is expected

for the experimental array. A similar reduction is also applied to the probe field for consistency.

The incident intensity is reduced by 60% due to the simulated signal decays being too fast even

after the enhanced field reduction. Reduction of the incident intensity is to account for missing

nanorods and damage to the plasmonic array, as well as the polarization anisotropy of the 800 nm

and 580 nm probe in the near-field which will be discussed later. With the above modifications to

the model, the simulated dashed trends in figure 7.9 (top) are produced. The only parameter that

changed between the three simulations is the incident intensity.
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Figure 7.8: Top panel shows the simulations for the absorbance decay at 580 nm without polar-
ization anisotropy and the bottom panel includes the anisotropy.

In an attempt to reduce the rapid simulation decay of the dashed lines in figure 9 (top) without

reducing the incident intensity, the physical act of performing the measurement was examined.

Due to the high intensity at the poles it is speculated that conversion is happening prior to the

measurement taking place or the detector is not able to measure the rapid signal decay due to the

one second of signal averaging during the measurement. Removal of the first simulated absorbance

value is thought to compensate for such events. This did solve the rapid decay problem however

the longer time decay limit of the simulation did not match the experiment and so was not included

in the simulations.

The simulations up to this point in the chapter have neglected polarization anisotropy, however

it provides an explanation for the slower absorbance decay rates observed in the experiment. Even

for vertically polarized incident 800 nm and probe light, the wavelength dependence of the plasmon

resonance produces slight variations in the directionality of the vector fields.
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Figure 7.9: Left panel shows the vector field for vertical polarized 800 nm pump (red) and 580
(blue) while the right panel shows the vector field for a 90 degree rotated probe.

This is made evident in the calculated vector fields which is shown in figure 7.9. The 800 nm

(red) and the 580 nm probe (blue) have vertical incident polarizations. This generates the greatest

enhancement at the tips of the nanorod and is evident by the length of the arrow in each case.

To help visualize figure 7.9, the magnitudes of the arrows are normalized and then square rooted

due to the large difference in magnitude for some vectors. The value of this figure however, is

in showing the direction of the electric field and how it changes as a function of position. At the

tips of the nanorod in figure 7.9A the electric field vectors are similar in magnitude and direction.

However, moving around the nanorod shows how the 800 nm and 580 nm probe vectors are no

longer pointing in the same direction. At some points the angle between the two vectors is as

large as 40 degrees even though the incident fields have parallel polarization. The difference in

alignment of the 800 nm and 580 nm probe electric field vectors in the near-field will slow down
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the absorbance decay rate. The slower rate is due to the 580 nm probe being less sensitive to

converted DAE molecules. Figure 7.9B shows the case for when the 580 nm probe is perpendicular

to the 800 nm. On the sides of the nanorod near 90 degree angles are present between the 800 nm

and 580 nm probe vectors. When the angle between the 800 nm and 580 nm polarizations is

near 90 degrees the observed absorbance will be decreased by nearly 66% in accordance with the

anisotropy equations. At other locations around the nanorod the vectors are found to be pointing

in the same direction despite the perpendicular orientation of the incident light fields.

Now we simulate the absorbance decay including polarization anisotropy at the different po-

sitions around the nanorod. The results show very good agreement with the experiment in figure

7.8 (bottom) as the solid lines. With the addition of polarization anisotropy the incident intensity

is only reduced by 5% to account for reflection losses, because its reduction previously was to ac-

count for polarization anisotropy which is no longer needed. The enhancement to the electric field

is kept at a reduction of 62% for both the 800 nm and 580 nm fields. At too high of intensities the

photoswitch molecules will decompose and be unable to participate in the measured absorbance

decay. To handle the rapid decay problem a damage threshold parameter was added. At intensi-

ties above 1.5x1011 watts
cm2 the photoswitch molecules are presumed to be damaged and are removed

from the simulation.242 The damage threshold parameter also accounts for missing nanorods and

damaged areas to the array. Those areas will contribute less to the rapid conversion of photoswitch

molecules, resulting in a slower initial rate. It is important to remember that the simulation is two

dimensional, therefore the maximum enhancement will decrease with movement along the third

dimension axis. Despite the simplicity of the model, these minor adjustments lead to simulated

absorbance decays that give very good agreement with the experiment, as displayed in figure 7.8

(bottom) for the three different incident intensities.

To simulate the spatial probing, the enhanced electric field profile for a perpendicular probe

field is used to probe the near-field after interaction with a vertical 800 nm electric field profile.

It is apparent the perpendicular probe field is enhanced on the sides of the nanorod however the

enhancement relative to the incident intensity is lower compared to the vertical probe. The mag-
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Figure 7.10: Absorbance at 580 nm with DAE on glass substrate (red) and plasmonic array (blue),
exponential and bi-exponential fits (solid lines) are applied respectively. Irradiation intensity is
40 GW/cm2. Bottom panel show the calculated relative electric field enhancement to the incident
field.

nitude of the perpendicular probe field enhancement is reduced in order to account for the smaller

curvature of the nanorod compared to the tips. Even though the shorter horizontal dimensions of

the nanorod give a plasmon resonance at shorter wavelengths, and is closer to the probe wave-

length of 580 nm, the enhancement for the horizontal probe is less than the vertical probe. The

800 nm electric field profile is least sensitive to the molecules on the sides of the nanorod, where

the perpendicular probe will have more sensitivity to those molecules. This produces the slower

decaying absorbance in figure 7.10 (dashed lines) which show good trend agreement with the ex-

periment. This simple model is only considering the spatial dependence of the enhanced electric

field to simulate the change in absorbance, but neglects the relative polarization of the 800 nm

and probe electric fields in the near-field. With the incorporation of polarization anisotropy in the

simulation, the results (solid lines) show greater agreement with the experimental measurement.

7.4 Discussion and Conclusion

Incorporating the differences in electric field vector angles into the simulation along with the dam-

age threshold of 1.5x1011 watts
cm2 significantly improved the agreement between simulation and ex-

periment. This is still a simple model only taking electric field interactions into account. Probing
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such a system with a transmission technique will emphasize not just where the strongest fields

exist but also where the angle between the 800 nm and 580 nm probe polarizations is minimized.

In the case of high intensities, a physical limit is acknowledged for the breakdown of the photo-

switch molecule. However, it is likely other physical parameters or contributing to the decreased

absorbance decay such as damage to the plasmonic array and neglecting the third dimension of the

DAE film. Unlike a surface enhanced Raman spectroscopy measurement where molecules in the

strong fields produce stronger signals, our system destroys the molecules. Leaving the observed

absorbance decay to be comprised of molecules converting on the sides of the nanorod. We em-

phasize that our transmission measurement probes a different subset of molecules than would be

observed using SERS.

The entirety of this chapter has focused on one type of interaction a plasmonic nanoparticle

can have with molecules in its near-field and that is with the strong electric field produced from

oscillating surface plasmons. By ignoring all other interactions, this one mechanism for interaction

was able to explain all the observables in our experimental measurements. Thermal conversion has

already previously been ruled out from taking part in contributing to the cycloreversion reaction

due to its thermal stability. Another possible contribution to the cycloreversion reaction is hot elec-

tron transfer. This would involve exciting an electron in the gold nanorod to the lowest unoccupied

molecular orbital (LUMO), then with mixing of the orbitals between the DAE molecule and the

gold an electron transfer could occur. This is limited greatly by the distance dependence, and could

only be a dominant contributing mechanism for distances up to a couple nanometers from the gold

surface. Therefore, the hot electron transfer is unable to explain the degree of conversion in our

experiments.

We have shown the conversion rate of DAE in the presence of periodically spaced plasmonic

nanorods is increased under 800 nm irradiation due to the enhanced electric field. This conversion

process is dominated by two-photon excitation. Probing the conversion required a greater level of

detail due to the distribution of intensities that exist around the nanorod. This distribution caused

preferential probing in the regions with the strongest field which for polarization along length
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of the nanorod was the tips of the nanorod. Rotation of the 580 nm probe to be perpendicular

with respect to the 800 nm polarization does not yield a large enhancement from the nanorod but

is sensitive spatially to where majority of the closed-ring DAE molecules exist. This opens up

the possibility to selectively probe different regions around the nanorod based on polarization. A

simple simulation for the transmission of light through a sample yielded good trend agreement for

both glass and plasmonic array substrates when only the intensity of the 800 nm and 580 nm probe

fields were considered. However, it was apparent that the polarization anisotropy played a more

significant role in reducing the initial decay rates. With the polarization anisotropy included in the

simulation the agreement to the experiment was very good. The model accurately reproduces all

of the experimental observables using only electric field interactions to convert the photoswitch.

For this system the mechanism for the interaction of the plasmonic nanorod with molecules in the

near-field is entirely attributed to the electric field enhancement.
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Chapter 8

Summary and Future Directions

Throughout this dissertation we have used ultrafast transient electronic absorption spectroscopy

and transient x-ray absorption spectroscopy to examine the kinetics and dynamics of photo-activated

molecules in the condensed phase in order to gain insight into the fundamental chemistry that gov-

erns the reactive pathways. It has been shown that the environment plays an important role in

restricting or enhancing different reactive pathways which influence the reaction rates, yields and

products formed. By elucidating the interactions between a photo-activated molecule and its en-

vironment we gain a more detailed picture of the excited-state relaxation mechanisms, as well as

providing a starting point for understanding how the environment can control chemistry for much

more complex systems such as bio-molecules. The investigated photo-activated systems include

confining alkyl-substituted stilbene and azobenzene molecules inside of an OA2 capsule, elucidat-

ing the photodecomposition mechanism for a manganese tricarbonyl complex in coordinating and

non-coordinating solvents, and using the plasmonic field from an array of hold nanorods to drive

nonlinear excitation of a photochromic molecule.

The investigation into how confined environments affect the excited-state kinetics and dynam-

ics began with encapsulating a stilbene molecule inside the OA2 capsule. Stilbene was chosen for

being a model system for photoisomerization with a well-known trans-cis isomerization mecha-

nism. Additionally, stilbene also contains the fundamental components for more complex photoi-

somerization reactions found in vision and phototaxy, which can take place in crowded biological

environments. The confined environment was shown to affect the planar ground-state structure

of the stilbene molecule, resulting in the stilbene structure to be bent slightly out of plane. Al-

though not the case for stilbene, the slight change in structure could pre-align other molecules
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into a geometry primed for excited-state chemistry. From the ultrafast transient spectroscopy the

excited-state lifetime for stilbene in the OA2 capsule is lengthened due to the steric restrictions

for the phenyl ring to rotate in the excited-state. The confined environment is also shown to de-

crease the trans→cis isomerization quantum yield, caused by changes to the excited-state potential

energy surface geometry near the conical intersection as a result of destabilizing the cis isomer.

We changed the length of the stilbene molecule inside the OA2 capsule using alkyl-substituents

which effect the amount of crowding felt by the molecule. By decreasing the room for the stilbene

molecule to rotate in the OA2 capsule a longer excited-state lifetime is measured. Although, for the

lengthened stilbene derivatives the quantum yield is shown to decrease less compared to the shorter

stilbene derivatives. Crowding the stilbene derivatives in the the OA2 capsule demonstrates how

the environment can restrict the isomerization pathways while also changing the ratio of photo-

products formed. Investigating the excited-state dynamics and kinetics using alkyl-substituted

stilbene derivatives has revealed new details about photoisomerization in confined environments.

Following the encapsulated stilbene work we then encapsulated an azobenzene molecule, which

is a prototypical photochromic compound similar to stilbene but with more degrees of freedom

to move during the isomerization reaction. The ability for azobenzene to isomerize by rotation

or inversion made the mechanism for the excited-state relaxation heavily debated. The ultrafast

transient absorption measurements show that in comparison to solution, the encapsulated azoben-

zene molecule has an increased lifetime which increases with the molecular length using alkyl-

substitutions. The increased lifetime is due to the increased sterical hindrance for rotation of the

phenyl within the capsule. We also observe an additional pathway in the excited-state leading to an

S1’ species and is attributed to the cis isomer for the mono-substituted azobenzene derivatives. This

pathways is not observed for azobenzene in solution and shows how the confined environment can

facilitate different reaction pathways in the excited-state. The di-substituted azobenzene molecules

in the OA2 capsule showed restrictive motion to the inversion mechanism which resulted in sig-

nificantly lower trans→cis quantum yields. Additionally, the S1’ species for the di-substituted

azobenzene molecule in the capsule is suggested to be a highly out-of-plane distorted geometry.
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Future work involving calculations would help to gain insight into what the distorted structure

might look like and provide details about the relaxation mechanism from the distorted structure.

Moving forward with the confined environment, we can use the capsule to look at aromatic

cation radicals following multi-photon ionization. From other studies, it has been shown that

exciting the guest species can transfer an electron to the capsule and then to a species outside

of the capsule.128 This would leave the cation species in the capsule which would also possibly

act as a barrier for recombination with the electron. It is known that in nonpolar solvents the

dynamics following ionization can be described as the classical diffusion of ions in a Coulombic

field. However, in polar solvents the dynamics are significantly different due to the reorganizing

solvent around the cation species.243 In addition to the solvent reorganization, the cation species

will vibrationally and structurally relax on the femto- to picosecond timescale.244 An important

factor in this system is the cation - electron distance, which cannot be shorter than the Onsager

radius. If the cation and electron are too close then geminate recombination will dominate the

reaction process. Having the OA2 capsule acting as a barrier will increase the probability for the

electron and cation to remain separated. Additionally, this study would be informative for how the

capsule responds to a charged guest species.

Another possible future direction for the capsule project is to measure bimolecular reactions

inside the OA2 capsule. Bimolecular reactions in solution are difficult to measure due to the dif-

fusion limited rate and low number density.149 However, bimolecular reactions have importance

in biological settings where the highly crowded environment play a role in dynamical process,

for example, the rate of a reaction might increase if the crowding positions the molecules fa-

vors the transition state.245,246 In order to measure the bimolecular reaction both molecules will

be encapsulated, after photo-excitation the reaction could be monitored using ultrafast absorption

spectroscopy. The information from this investigation would yield fundamental information about

the energy barrier for the reaction as well as measure the the timescale for the bimolecular reaction

directly.

For the photodecomposition of a manganese tricarbonyl complex, the focus was on elucidat-
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ing the mechanism for photodecomposition, where we used a combination of ultrafast transient

absorption and x-ray absorption spectroscopy in this investigation. From the ultrafast transient ab-

sorption we observed the excited MLCT state of the manganese tricarbonyl complex which relaxes

by BET resulting in the loss of a CO ligand to form a 5-coordinate species. The 5-coordinate goes

on to react via two possible competing pathways, the first involving solvent coordination to the

Mn center and the second suggests the 5-coordinate Mn species reduces the starting compound to

form a Mn0 species. Using DCE, a non-coordinating solvent, forces the decomposition reaction to

follow a single pathway, however the ultrafast absorption signal was not very sensitive to the dif-

ferent Mn complex structures. Therefore we conducted transient x-ray absorption measurements

on the sample to extract the structural information about the various species in the photodecom-

position reaction of the manganese tricarbonyl complex. The XAS K-edge shift to lower energy

show the difference between the 5-coordinate and the solvent-coordinated species, as well as the

evolution of the XAS on the µs timescale. The information gained from the x-ray measurements

support the solvent-coordinated species being the dominating pathway in the photodecomposition

mechanisms. In order to provide a more definitive idea for the Mn complex strucutre during the

decomposition reaction, x-ray measurements focusing on the fine structure region are needed. Ad-

ditionally, modeling will be required to fit the fine structure, which will also aid in interpreting the

photodecomposition reaction.

The environment surrounding a plasmonic nanostructure is known to interact with the near-field

through a variety of mechanisms such as thermal, electron transfer, or strong electric fields. How-

ever, we only focus on understanding the strong electric field interaction to increase the conversion

rate of DAE molecules. Pulsed 800 nm laser light was used to drive the placmonic resonance

of a periodically spaced gold nanorod array with a thin film of DAE molecules over it. The in-

duced electric field drives a two-photon excitation of the DAE molecules. Probing the conversion

required a greater level of detail due to the distribution of intensities around the nanorod. The

different intensities result in preferential probing in the regions with the stronger electric fields.

Additionally, the probe has its own intensity profile around the nanorod with a slight difference in
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polarization compared to the 800 nm laser light. We used a simple simulation, which incorporated

the different intensity profiles and polarizations for the 800 nm and probe light, for the transmis-

sion of light through the sample. The results from the simulation showed good trend agreement

with the experiment. The information gained from examining the interaction between the DAE

molecule and the plasmonic nanoparticle emphasizes the importance of understanding the reaction

environment which aids in interpreting the results of the measurements.
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Chapter 9
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