
  

STRUCTURAL AND SOLVENT CONTROL  

OF PHOTOCHEMICAL BOND FORMATION:  

NONADIABATIC PHOTOCYCLIZATION OF ORTHO-TERPHENYLS 

 

 

 

 

 

by 

Molly Smith Molloy 

 

 

 

 

 

 

 

 

A dissertation submitted to Johns Hopkins University in conformity with the 

requirements for the degree of Doctor of Philosophy. 

 

 

 

Baltimore, Maryland 

 

August 2016 

 



 ii 

Abstract 

Light-driven changes in molecular structure, including photoisomerization and 

electrocyclic bond formation, are involved in many chemical reactions prevalent in 

nature. Understanding the underlying nonadiabatic dynamics that allow such light-

induced routes to proceed rapidly and efficiently is a critical first step toward harnessing 

their power for chemical applications. Of particular interest is how the structure of the 

reactant and the nature of its interactions with the local chemical environment impact the 

progress and outcome of photochemical dynamics.  

In this work, time-resolved ultrafast broadband transient absorption spectroscopy 

has been used to study ultrafast dynamics associated with photoinduced bond formation 

via 6π photocyclization in detail, with a particular focus on how reactant structure 

impacts photochemical dynamics of ortho-terphenyl (OTP) and a number of its structural 

analogues. Calculations of molecular geometries and excitation energies are used to assist 

with interpretation of experimental data. We find that bond formation is strongly 

influenced by the flexibility of the central ring and by intramolecular steric interactions 

that hinder structural evolution towards relevant conical intersections, allowing us to 

deduce critical nuclear coordinates in excited-state relaxation.  Studies with structural 

analogues decorated with various substituents demonstrate how structure controls 

photocyclization dynamics and yields. Photocyclization dynamics were also found to 

have a strong dependence on mechanical solvent-solute interactions (viscosity and 

density), and very little to do with electrostatic affects (dipole moment and dielectric 

constant); this provide a means for exploring the nature of solvent friction on chemical 

dynamics in solution. 
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Chapter 1: 

Introduction 

1.1 Photochemical Isomerization and Cyclization 

Light-induced chemical reactions abound in nature. In photosynthesis, plants 

harness energy from the sun, transforming light and carbon dioxide into oxygen and 

storable sources of energy.1,2  Similarly, moths and other prokaryotes exhibit phototaxis, 

a characteristic movement towards or away from light in which photoreceptors initiate 

changes in ion-channel gating as a response to light stimuli.3–5 Likewise proteins such as 

rhodopsin are fundamental to the process of vision and are dependent on the presence of 

light to trigger the photoreceptor cascade.6 These photobiological cycles are often 

initiated with a cis-trans isomerization, which occurs in the conversion of all-trans retinal 

to 13-cis-retinal in the induction of bacterial photoreception or the cis-to-trans 

transformation that activates vision, shown in Scheme 1.1.7–10  

 

 

Scheme 1.1. Isomerization of 11-cis rhodopsin to the all trans photoproduct from the 

primary event in human vision. Scheme adapted from Schoenlein et al.6    

 

This one, seemingly small, change in molecular structure of the chromophore 

induces conformational changes to the protein structure itself, efficiently gating the ion-
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channels.11,12 Photoisomerization processes are the basis of many essential biological 

photochemical reactions and have proven to be a fruitful subject of research for decades, 

as evidenced by these widely studied retinal chromophores.2,8 Understanding the nuances 

of photochemical reactions has therefore become a shared goal for biologists, chemists 

and physicists alike. 

Photocyclization and ring-opening are additional processes that enable light 

responses, but are much less prevalent in nature than photoisomerization. The 

photochemical ring-reopening process of 7-dehydrocholesterol (DHC), the provitamin D3 

complex, is one of the few known cases of a natural photocycloreversion process.13–16 

Opening the ring initializes the species into a structure that can then be thermally 

transformed into the vital human nutrient vitamin D3, also known as cholecalciferol.15 A 

scheme representing the change leading to the provitamin structure is illustrated in 

Scheme 1.2.16  

 

Scheme 1.2. Photo-induced ring-opening process of 7-dehydrocholesterol (DHC) to form 

provitamin D3. Scheme adapted from Sension et al.16  

 

These photochemical processes not only occur in nature, but also can be found in 

modern materials. Molecular photoswitching, a burgeoning area of study in chemistry 

and materials science, utilizes those same types of natural photochemical processes 

described above for manipulating material properties using light.17–19 Photoswitches are 
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molecules that exhibit photon-induced, reversible changes in molecular structure and 

properties. Switches have been utilized as key components in molecular motors,20–25 

photochromics,26 molecular electronics,27 photopharmacology,28,29 and optical storage 

and memory devices.30,31 There are two main families of molecular photoswitches, those 

based on the widely studied cis-trans isomerizations, and those based on photo-induced 

electrocyclization reactions. Compounds also exist that contain components suitable for 

both types of photoswitching mechanisms32,33 or for multiple transformations in 

multicolor photochromic materials.34,35 

Azobenzenes make up a large group of commonly studied, and widely adaptable 

photoswitches.36,37 A standard azobenzene photoisomerization is shown in Scheme 1.3.   

 

Scheme 1.3. Photoisomerization of cis-azobenzene to trans-azobenzene. 

 

Upon irradiation with light, azobenzenes almost exclusively exhibit cis-trans 

isomerization; this change results in large-scale changes in geometry and in dipole 

moment.21 When modified azobenzenes are incorporated into a liquid crystalline 

structure, photoconversion can lead to geometrical changes in the ordering of the 

surrounding structural phase.38 When acting as a ligand on a metal center, azobenzene 

has been shown to control luminescence activity, thus performing as a sensor.39 The 

structure of such photoswitches and the surrounding molecular environment each has a 

significant affect on photochemical dynamics.  



 4 

Diarylethenes, the other canonical variety of photoswitch, undergo reversible, 

photochemically-induced cyclization. Dithienylethene compounds are a broadly utilized 

subset of diarylethenes, which are designed to increase stability against oxidation by 

swapping out the outer aryl rings for thiophene. A general form of dithienylethene 

switching is shown in Scheme 1.4.  Photocyclization, or photoreversion, of these switches 

alters the flexibility of the molecule and its electronic properties, namely the conjugation 

length.40  

 

Scheme 1.4. Photochromism of a characteristic dithienylethene. Scheme and caption 

adapted from Li et al.41 

 

At the core of each kind of photoswitchable molecule, however, is a chromophore 

that induces change once a photon interacts with it. Understanding the mechanism of the 

nonadiabatic dynamics that occur upon initiating a photoswitching process is crucial to 

the molecular design considerations for material applications. The desired characteristics 

of successful photoswitches are numerous and properties are often hard to predict prior to 

synthesis and testing. The main considerations are that photoswitches should have 

distinct absorption spectra in two exclusive switching states, such that alternative, 

competing transformations in the excited state are eliminated and exclusivity of pathways 

is maximized. Also, reliable reversion leading back to the starting material, without 
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significant byproduct formation, fatigue resistance, is also critical. Cyclizing and ring-

reopening should, in theory, always produce known products, as it occurs in a prescribed 

manner. 

 

1.2 Photocyclization 

Photocyclization can be defined as a light-induced pericyclic ring closing 

reaction.42 The photochemical formation of a carbon-carbon bond that joins the terminal 

ends of a 1,3,5-hexatriene moiety occurs by rotating the outer components of the 

molecule in tandem, the direction of which is known from the Woodward-Hoffmann 

rules.43 This particular reaction proceeds in a conrotatory fashion because it involves 6 π 

electrons that rearrange to form a new sigma bond and 4 π electrons. An orbital 

correlation diagram helps demonstrate how product stereospecificity, and the direction of 

orbital overlap are achieved thermally or photochemically in pericyclic reactions. Upon 

photoexcitation, a conrotatory process conserves orbital symmetry in (4n+2)π electron 

cyclization, while a thermal process would proceed in a  disrotatory manner. A sample 

orbital correlation diagram for 6π electrocyclization is shown in Figure 1.1.  

Photo-induced electrocyclization occurs after promotion to an excited state by an 

appropriate wavelength of light. In this way, photocyclization is a way to selectively form 

new bonds in certain molecules using light. The dynamics that occur during 

photocyclization can be very fast and complex, due to the nature of excited state 

processes. Once molecules are photoexcited, any number of channels and geometries 

could become accessible and have the potential to lead down different photochemical 

pathways that compete with cyclization. Understanding how the dynamics that make up a 
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prototypical 6π photocyclization are determined by molecular structure and chemical 

environment can help form a foundation on which other related systems could be 

explored. 

 

Figure 1.1. Orbital correlation diagram for 6π electrocyclization in (2E,4Z,6E)-2,4,6,-

octatriene. Upon photoexcitation, the reactant will proceed in a conrotatory fashion, due 

to conservation of orbital symmetry, putting methyl groups on either side of the ring. The 

thermal pathway will occur in a disrotatory manner, selectively generating the cis 

product. 

 

This type of photo-induced electrocyclization is an important method in the 

toolbox of modern chemists and materials scientists. Having the ability to initiate targeted 

carbon-carbon bond formation by utilizing a particular wavelength of light is an 

incredible advancement towards novel, and perhaps greener, synthetic routes and in 

facilitating chemo-mechanical processes and how these are determined by shapes of the 

potential energy surfaces. Knowing, however, what molecular characteristics influence 

the feasibility for photochemical bond formation is instrumental for using it in 
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photochemical synthetic routes.44 Thus, it is critical to understand the underlying 

nonadiabatic dynamics that underlie these photocyclic reactions. In knowing how these 

bonds are formed, and what the barriers are to fast ring-closure, it will be possible to 

learn how to more successfully appropriate light as a synthetic tool.  

 

1.3 Nonadiabatic Photochemistry 

Both photocyclization and photoisomerization reactions are the result of 

nonadiabatic dynamics. The electronic state relaxes in a nonradiative manner, as a result 

of photon-initiated dynamics.45 In these cases, the Born-Oppenheimer (BO) 

approximation breaks down; one can no longer separate electronic from nuclear degrees 

of freedom in the time-independent Schrödinger equation,46,47  

 𝐻Ψ(𝑟, 𝑹) = 𝐸Ψ(𝑟, 𝑹) (1.1) 

 

where R denotes nuclear coordinates and r represents the electronic coordinates. 

The inseparability of the wavefunction with respect to electronic and nuclear coordinates 

results in a considerably more complex form of excited-state wavefunctions.  It is 

common to treat these coordinates as separable, yet derivative coupling terms from 

Schrodinger's equation result in changes in the electronic wavefunction with nuclear 

displacement and energy gaps, otherwise known as non-Born-Oppenheimer dynamics. 

As a result of the coupling between two close-lying adiabatic surfaces, a point of 

degeneracy between electronic states can arise.48–50 This location is considered a conical 

intersection (CI) and is a dynamic funnel between the two states.51 CIs make ultrafast 

decay possible by linking these two potential energy surfaces, allowing for the rapid 
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transition of excited molecules back to the ground state. The speed, and often an intrinsic 

selectivity of branching toward one route over another, given by passing through a CI, 

bestows the exceptional efficiency evidenced in photoreceptors cascades.52 A 

representative potential energy surface illustrating one type of photoisomerization event 

through a conical intersection is shown in Figure 1.2.  

 

Figure 1.2. A generalized schematic for ground- and excited-state potential energy 

surfaces for the cis-trans isomerization of rhodopsin through a conical intersection after 

photoexcitation. Dashed lines indicate approximate location of the conical intersection. 

Figure adapted from Schoenlein et al.6  

 

Taking advantage of the CI funnel lets the excited-state molecule “cheat” its way 

around slower or less efficient reaction pathways, e.g. thermal reactions. Rhodopsin in 

vision relies on a CI geometry that favors isomerization, yielding >60% trans 

photoisomer,53–55 following photoexcitation of the 11-cis-conformer in order to 

efficiently initiate the cascade. In general, the exploitation of these nonadiabatic 
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dynamics in novel systems can lead to the desired products in higher yield or faster than 

traditional synthetic methods, such as thermal excitation or catalytic coupling. 

Specifically, the nonadiabatic dynamics of the photocyclization pathway seem 

particularly ripe for innovation in new synthetic routes and in next-generation material 

applications. 

 

1.4 Model Systems for Exploring Nonadiabatic Photocyclization Dynamics 

Photocyclization is a commonly observed process in varied and complex systems; 

however, we want to explore how excited state dynamics depend on structure in a system 

that is highly tractable both experimentally and computationally. Early work in ultrafast 

dynamics of cis-stilbene (CS) in solution, a simple and widely-studied photocyclizing 

reactant, was obscured by the presence of the cis-trans isomerization pathway that occurs 

concurrent with cyclization to dihydrophenanthrene (DHP). The presence of alternate 

relaxation pathways inherently complicates the analysis of spectral evolution associated 

with excited-state dynamics. The formation of DHP photoproduct can be observed from 

spectroscopic data, but a direct measure of photocyclization dynamics requires 

decoupling spectroscopic signatures of this process from those of isomerization. An ideal 

stilbene analog for direct interrogation of photo-induced cyclization would sterically shut 

off the dominant cis-trans pathway in order to hone in on the dynamics involved only 

with the ring-closure process.  To this end, the family of 1,2-diphenylcycloalkenes, with 

steric bridges preventing isomerization, were explored extensively in the gas phase.56–58 

The shapes of the potential energy surfaces for nonradiative decay in 1,2-

diphenylcyclopentene and 1,2-diphenylcyclobutene were found to mirror that of stilbene, 
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suggesting that in the excited state of cis-stilbene, the nuclear wave packet initially 

proceeds toward DHP formation.  

Another candidate for studies of 6π photocyclization dynamics is a stilbene-like 

chromophore with a fused aromatic central ring, ortho-terphenyl (OTP). A scheme 

outlining these processes in stilbene and in OTP is shown in Scheme 1.5.  

 

 

Scheme 1.5. Photoinduced nonadiabatic transformations of cis-stilbene (CS) and ortho-

terphenyl (OTP).  CS can isomerize to make trans-stilbene (TS) or cyclize to form 

dihydrophenanthrene (DHP). OTP cyclizes to form dihydrotriphenylene (DHT).  

 

Prior work with ortho-terphenyl and its analogues focused mainly on the 

cyclodehydrogenation reactions to form triphenylene and its analogues.59,60 

Cyclodehydrogenation is a seminal and popular photo-induced synthetic route to carbon-

carbon bond formation in a number of compounds, but the chemical mechanism 

(including both photoinduced dynamics of reactants and oxidative reactions that result in 

dehydrogenation) was not explored. The timescales for these particular reaction processes 

occur on femtosecond to picosecond timescales, necessitating the use of ultrafast 
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spectroscopic methods to probe the dynamics involved. Time-resolved measurements of 

CS and systems exhibiting related, fast nonadiabatic dynamics were only started once 

more advanced laser systems became more widespread.61  

 

1.5 Thesis Overview 

Our exploration into the nonadiabatic dynamics of photocyclization started with 

OTP, a simple, non-isomerizing molecule that exhibits fast photocyclization when 

exposed to ultraviolet light. Chapter 2 introduces the theory behind transient absorption 

spectroscopy, which we have used to interrogate these dynamics, as well as a brief 

description of the technical features of the experiment. The specific methods involved in 

data collection and analysis procedures are outlined in detail also. 

 To identify the nuclear coordinates relevant to 6π photocyclization, the dynamics 

of OTP cyclization were compared to those of a related system. The non-aromatic central 

ring of diphenylcyclohexene (DPCH) was utilized to contrast to the fully aromatic 

structure of OTP. Both happen to undergo photocyclization, but with differing rates. The 

results of this study are found in Chapter 3, in which the specific molecular twists and 

torsions that govern rapid ring-closure are identified through comparison with 

calculations. Steric constraints in the central ring of OTP reveal a higher energetic 

penalty to reaching the conical intersection that leads to cyclization, when compared to 

that of DPCH.  

 Chapter 4 presents a comprehensive investigation into the dynamics of OTP 

photocyclization. The timescales for photocyclization were also found to have a strong 

dependence on solvent environment. Ultrafast fs-TAS probed in the UV allowed for 
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characterization of vibrational relaxation of DHT via spectral decomposition. Additional 

nanosecond transient absorption experiments focused on the kinetics of thermal DHT 

ring-reopening.  

With OTP serving as a standard model for 6 photocyclization, other substituents 

were subsequently added to various positions on the core molecule in the study presented 

in Chapter 5. By incorporating structurally modified analogues, we hoped to understand 

the nuances of how molecular structure itself impacts excited state dynamics and shapes 

of potential energy surfaces. Comparisons of methylations around the central rings offer 

one set of criteria for analysis, elaborating on the DPCH work from Chapter 3, regarding 

how structural changes to the central ring could affect the mechanism of 

photocyclization. Comparisons among methyl, tert-butyl, and trifluoromethyl additions 

on the para- positions of the terminal rings provide insight into how changing steric bulk, 

and electronic properties further altered dynamics and stabilities. Photocyclization in 

analogues exhibits a clear biphasic excited-state relaxation, with each timescale changing 

independent of the other with respect to structural variation. The faster relaxation only 

slows with the addition of the bulkiest substituents, suggesting motion along the potential 

energy surface is slowed due to large amplitude motions of the pendant rings. The slower 

relaxation varies with substituent choice and location, and is strongly affected by 

electronic effects.  

 Lastly, it is important to consider the environment in which these photocyclization 

reactions are occurring. Because these reactions are performed in the solution phase, the 

solvent choice has a non-negligible effect on how these processes progress. Nonadiabatic 

dynamics are also affected by barrier heights on excited state surfaces, which can be 
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incredibly solvent dependent. Therefore, it is crucial to identify which particular solvent 

properties affect the photochemical dynamics. A summary of results from OTP solvent 

dependence studies is located in Chapter 4, with more extensive work done on OTP 

analogues located in Chapter 6. The strongest trends in correlations occur between the 

slower rate of S1 decay with viscosity and with density. These indicate that mechanical 

interactions of solute with solvent dictate the speed in which the molecule achieves the 

conical intersection geometry, rather than inducing a higher solvent barrier 

electrostatically. 
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Chapter 2 

Experimental Methods 

 Before addressing the results of these experiments, it is important to understand 

the conceptual underpinnings for the spectroscopic technique that is primarily utilized in 

this work: femtosecond transient absorption spectroscopy. It is also essential to 

understand the technical details involved in actually performing measurements in the lab, 

including the intricacies of this particular laser setup. This overview of experimental 

methods is followed by a summary of the data analysis procedures that are required to 

transform the raw spectroscopic data into compelling evidence regarding photochemical 

dynamics of cyclization.  

 

2.1  Principles of Femtosecond Transient Absorption Spectroscopy 

Broadband femtosecond transient absorption spectroscopy (fs-TAS) is the 

primary technique used in these studies to interrogate the ultrafast nonadiabatic dynamics 

of small conjugated molecular systems. The transient absorption experiment can be 

compared to UV-vis spectroscopy; however, it is performed on molecules not in the 

ground state, but those promoted to an electronic excited state through interaction with an 

initial excitation pulse. Figure 2.1 shows a schematic for these “pump-probe” transient 

absorption measurements. Notably, if you removed the pump beam and used a reference 

spectrum of the probe light without the sample present, it would resemble a standard UV-

vis measurement. 
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Figure 2.1.  Basic schematic setup for transient absorption measurements. The probe and 

chopped pump pulses interact within the sample and the transmitted probe pulse is sent to 

a spectrograph and detector. 

 

This pump pulse serves to initially launch some small fraction of molecules to an 

optically excited state. Next, a probe pulse is sent through the excited region of the 

sample to monitor changes in the light transmission that occur as a result of 

photoexcitation. This interaction can induce changes in light transmission via a number 

of different processes. The corresponding photoinduced change in absorption signal that 

is obtained can be made up of a number of separate processes; ground-state bleach 

(GSB), stimulated emission (SE), excited state absorption (ESA), and absorption of 

newly formed products.1 The presence of more than one of these at a time can greatly 

complicate spectral analysis. Fortunately, negative signals result from GSB and SE 

components, whereas absorptions are positive. Steady-state fluorescence and light 

scattering signals can also emerge depending on the nature of the sample, but these 

signatures can be eliminated through active subtractions of these signals.  

The shapes of TAS spectra are modulated by Franck-Condon factors, which 

reflect differences in nuclear displacements and vibrational frequencies between the 
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potential energy surfaces of the states involved in an electronic transition. Large 

differences in displacement or vibrational frequency between the two states’ give rise to 

vibrational progressions in transient bands. These vibrational spacings can be used to 

infer further structural information about the excited-state geometries. Representations of 

these transitions are shown in Figure 2.2.  

 

 

Figure 2.2. Energy levels of a hypothetical molecule explored with transient absorption 

spectroscopy. The (1) pump pulse excites population from the ground state (S0) to excited 

state (S1), which is then interrogated by (2) the broadband probe pulse. The probe can 

produce signals from a variety of processes: induced absorption to higher-lying electronic 

states, depletion of the ground-state absorption transition (ground-state bleach, GSB) and 

stimulated emission (SE). 

 

Ultrafast laser spectroscopies take advantage of very short-duration pulses (30-

100 fs) to probe the molecular photodynamics that occur at very fast times. Using short 

pulses allows for the two pulses to be separated and resolved from each other, allowing 
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resolution and access to very short time windows after photoexcitation.2 Specifically, 

ultrafast techniques allow for the investigation of chemical timescales relevant to energy 

transfer, internal conversion and vibrational relaxation. In the case of molecules 

undergoing nonadiabatic photocyclization, the timescales of nuclear motions and bond 

formation processes are exceedingly relevant, occurring in femtosecond and picosecond 

regimes. Thermal ring-reopening can extend onto timescales of nanoseconds or longer. 

The effective time resolution for UV-pump fs-TAS studies presented here is on the order 

of ~300 fs full-width at half-maximum, limited primarily by pump-probe refractive-index 

mismatch in liquid samples.  Using fs-TAS in conjunction with nanosecond transient 

absorption methods, our lab can interrogate the complex relaxation dynamics associated 

with transient bond formation that occur on various timescales in these photocyclizing 

molecules.  

In many cases, fs-TAS also utilizes a broadband continuum to probe 

photoinitiated processes, allowing for the direct measurement of transient spectral 

profiles of excited states and of newly-generated photoproduct spanning a large 

wavelength range. A broadband white-light probe pulse, generated from the laser output 

as it passes through calcium fluoride or sapphire plates, interrogates the sample following 

excitation with a pump pulse tuned to a specific wavelength in the steady state absorption 

spectrum.3–7 The broadband probe subsequently monitors the absorbance changes at 

many wavelengths within a single shot, speeding up data collection immensely from 

single-wavelength measurements.8  

Excited-state relaxation timescales that arise from time-resolved fs-TAS help to 

characterize the nature of different processes present in various molecular systems. 
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Quantitative kinetic models are used to extract state-specific characteristic spectra and 

relaxation timescales from transient data. TAS evolution and timescales can be used to 

map electronic potential energy surfaces of the molecular system. In summation, 

broadband fs-TAS has unique capabilities that can efficiently collect ultrafast transient 

spectra, which when analyzed can shed light on the intricacies of nonadiabatic 

photocyclization reactions. 

 

2.2.  Experimental Setup and Methods 

These experiments utilize our lab’s regeneratively amplified Ti: Sapphire laser 

(Coherent Legend Elite, ~4.5 mJ/pulse, ~1kHz repetition rate, <40-fs pulse duration, 800-

nm center wavelength). Figure 2.3 roughly illustrates the layout of the laser table, 

including only what is pertinent to fs-TAS measurements. 

 

Figure 2.3. Schematic representation of the fs-TAS setup. 
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An 800 nm light tripling setup was arranged to generate 266 nm wavelength 

pump pulses. The third harmonic of the laser exclusively is used to photoexcite samples 

in experiments described in this dissertation, which is done via doubling and mixing 

crystals. The procedure of frequency conversion to 266 nm from 800 nm first halves the 

fundamental with a beam splitter. One half is routed through a 200 μm thick type I Beta 

Barium Borate (BBO) crystal to generate the second harmonic at 400 nm. Mixing that 

with the other half of the 800 nm fundamental in a 150 μm thick type II BBO crystal 

produces 266 nm excitation pulses. 

 

Figure 2.4. Schematic of the ultraviolet tripling setup. This sketch is not to scale, as the 

800 nm and 400 nm beam paths must have the same length, so they match temporally in 

the BBO mixing crystal. Fine-tuning of this is controlled with the manual micrometer 

delay stage. [HR = high reflector] 
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Our probe pulses are sub-100-fs broadband white light continuum pulses that are 

generated by focusing a few microjoules of 800 nm femtosecond pulses into specific 

crystalline plates. For the majority of fs-TAS experiments, 800-nm pulses are focused 

into a sapphire plate producing a white-light continuum spanning 450-720 nm or into a 

CaF2 crystal for a range of spanning 420-680 nm. Other ranges also can be employed; 

focusing fs-pulses that have been frequency doubled to generate 400 nm into a CaF2 

crystal results in a range from <305-390 nm in the UV region.  

 

Figure 2.5. Depiction of white light generation from 800 nm pulses and subsequent 

routing to the sample. [ND = neutral density] 
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A synchronized optical chopping of the pump beam at half the repetition rate of 

the laser system enables detection of probe spectra with and without sample excitation to 

be collected separately on the detector and then used to compute transient absorbance. 

The log of the difference in the absorbance spectra, is often referred to as Absorbance 

(Abs) or Optical Density (OD). This relationship is a function of wavelength and is 

shown in Equation 2.1, 

∆𝐴𝑏𝑠(𝜆) = −𝑙𝑜𝑔(
𝐼(𝜆)𝑝𝑢𝑚𝑝𝑜𝑛

𝐼(𝜆)𝑝𝑢𝑚𝑝𝑜𝑓𝑓
) 

(2.1) 

 

where I(𝜆)  is the intensity of the light transmitted through the sample. The 

numerator includes the case when both pump and probe interact with the sample, and the 

denominator includes when the probe pulse solely transmits through the sample. The 

sample itself is contained either within a 1 cm path length quartz cuvette or a 0.5 mm 

quartz flow cell. Sample solutions in the cuvette are continuously stirred with a micro stir 

bar, while in the flow cell a peristaltic pump circulates the solution through a loop of 

PTFE tubing to refresh the probed volume. 

Measurements are performed under “magic angle” conditions, where the relative 

polarization is 54.7° between pump and probe pulse polarization orientations. At all other 

angles some component of orientational dynamics are measured, and transient 

polarization anisotropy contributes a separate relaxation component to the time-resolved 

data. This transient anisotropy signal stems from rotational diffusion, as the dipole 

moment of the chromophore reorients relative to the probe pulse following excitation. 



 30 

Information about dynamics and timescales is obtained by altering the arrival time 

of the probe pulse relative to the pump. A retroreflector or pair of mirrors on a motorized 

translation stage creates the time delays between the pulses by changing the relative 

optical pathlength or distance traveled to the sample. By varying the pulse delay it is 

possible to take spectral “snapshots” at a series of delays to build up a full time-resolved 

picture of chemical dynamics.   

 

2.3 Development of Data Acquisition Software 

During data acquisition, a custom LabVIEW program analyzes the chopper and 

camera signals that are transmitted into the DAQ card.  This routine removes 

overexposed images, discriminates against extreme noisy probe pulses, and pairs the 

spectral information to the chopper-on and chopper-off states. The spectra are then 

averaged at each time delay, using anywhere from 5,000-25,000 “on” / “off” ratios for 

typical TAS measurements depending on the stability of the broadband probe continuum.  

The time delays are controlled with a motorized translation stage, which is also integrated 

into data collection and acquisition using LabVIEW. The subroutines for each individual 

process are combined into a single program that syncs stage motion with chopper phase 

synchronization, data collection and spectral averaging. 

An important part of this program is identifying the relationship of these signals 

assigning the pump “on” or “off” collection phases correctly. The camera and DAQ 

communicate using a passive handshake protocol. The chopper is continuously triggered 

by the laser output, and is set to run at a subharmonic frequency of that trigger. 

Meanwhile, the camera is initialized once the user starts the LabVIEW program, which 
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opens the shutter and begins passing information from the imaging array to the computer. 

Specifically, I wrote the original iterations of the SubVIs used to match the collection of 

spectra with appropriate chopper states during data acquisition. In brief, TTL signals 

from the CCD camera and from a diode connected to the base of the chopper are used 

together to identify the chopper phase at the beginning of a spectral collection sequence. 

The relationship between these signals is shown in Figure 2.6. 

 

 

Figure 2.6. Chopper and camera synchronization scheme for data acquisition. The 

shaded regions indicate when the “pump on” phase is determined and collected. 

 

2.4 Development of Data Analysis Procedures 

2.4.1  Temporal Chirp Correction 

Temporal chirp comes from the generation of the white light continuum as it 

travels through the crystal; it appears as a delay in the arrival of red relative to blue 

wavelengths at the sample position. A highly temporally chirped and chirp-corrected fs-

TAS of ortho-terphenyl (OTP) is shown in Figure 2.7.  
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Figure 2.7: The fs-TAS of ortho-terphenyl (OTP), without (left) and with temporal chirp 

correction (right).  

 

Because broadband ultrafast measurements have wavelength dependence, 

temporal spectral chirp present a nontrivial problem for correctly characterizing early, 

fast dynamic processes. A brief outline of the procedure is shown in Chart 2.1. After 

collection, spectra are chirp-corrected using data from time-resolved spectra of non-

resonant two-photon interactions with the solvent and a MATLAB fitting program. The 

program first identifies the maximum peak solvent signal at each wavelength. From this 

time trace data, it then ascertains when in time the half-rise of that feature occurs, and 

iterates this procedure for each pixel. From this extracted solvent data, saved as an array 

(“time zero”, pixel) for every delay, a low-order polynomial fit is calculated. This 

polynomial is then used to shift and correct chirped intensity data and reset experimental 

“time zero” to actual arrival time, via a series interpolating steps. This puts all of the data 

back on one common experimental time scale. 
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Chart 2.1. Outline of the steps involved in MATLAB temporal-chirp correction program. 

 

Import raw time-resolved data as a matrix. 

Extract wavelengths and time delay information.

Using nested loops, cycle through elements (wavelengths) and 
identify arrival time of solvent peak, by locating threshold crossings, 
or maximum values, or by finding leading half-rise positions in time.

Fit time-pixel information from above to a low-order polynomial.

Use polynomial to:

• Shift time zero at each wavelength accordingly.

• Correct new times to standard set of time delays.

• Interpolate data intensities at standard times.
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2.4.2 Principal Component Global Analysis (PCGA) 

In order to fully understand the spectral dynamics observed in these various 

systems, it is essential to apply a kinetic model to the time-resolved data. Global and 

target analysis, including Singular Value Decomposition (SVD)9,10 and Principal 

Component Analysis (PCA)11, are popular ways to extract relevant information from 

large time-resolved datasets. Both provide a means for reducing a large amount of 

spectroscopic information into a few extracted spectral components and their associated 

kinetic rates. Our utilization of these methods began when it was realized that the S1→S0 

relaxation of OTP could not be adequately fit with a single exponential timescale at a 

particular wavelength trace, which was convoluted with a Gaussian function to model the 

instrument response function. Even including a second exponential did not adequately 

address the issues that came from a longer-lived photoproduct state that made fitting 

more complex. A global approach was needed to fit spectral evolution to an appropriate 

kinetic model. 

To that end, a Principal Component Global Analysis (PCGA)12 procedure was 

written in MATLAB, with subroutines created to represent various kinetic models. A 

brief flow-chart summary of the MATLAB routine itself is found in Chart 2.2. The initial 

PCGA procedure manipulates the spectroscopic data, reducing dimensionality of the 

matrix, so that a number of spectral components can be extracted. The experimental 

spectra are reduced into a minimal number of abstract spectral components 

(eigenvectors), which can reproduce all the systematic changes found in the original 

time-resolved spectral progression. This step yields a vast number of contributing 

components, so it becomes imperative to employ chemical intuition to identify just how 
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many components are necessary to realistically minimize fitting residuals for a given 

kinetic model. This is accomplished first by visualizing the log of the weights of the 

eigenvalues associated with the given eigenvectors (principal components). Often there is 

a clear separation in magnitude between the first few eigenvectors that contribute 

significantly and the rest.  

Once these are selected, global analysis fitting, in which all wavelengths are fit to 

the model simultaneously, is executed. This information is used to test different model 

functions and to find estimates for the model parameters.  Finally the program plots the 

decay-associated spectra that are produced. For the time-resolved dynamics of OTP, there 

is typically a drop-off after 3 spectral components are taken into account for the fitting. 

This supports the assessment of a biexponential (A→B→C) sequential kinetic model, 

which also takes into account instrument response. Details of the variety of models tested 

to fit OTP and OTP analogue data, representative figures of decay-associated spectra for 

OTP, fits and residuals are located in Appendix 2.  
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Chart 2.2. Outline of the steps involved in MATLAB PCGA program and corresponding 

pieces of MATLAB code. 

Import raw time- and wavelength-dependent data as matrix. (Itot)

Extract delay time and wavelength information. (t, k)

Obtain eigenvectors (principal components) from eigenvalue matrix (M). 

M = transpose(Itot)*Itot;   [V,L] =eig(M); V=V'

Assess magnitude of each eigenvector's contribution.

Vdim=V(1:length(t),:);   Ldim=L(1:(length(t),:(length(t));

vals=diag(Ldim);  logvals=log(abs(vals)); plot(logvals)

Reconstruct spectra using eigenvectors. 

Z=Itot*transpose(Vdim); C=abs(Ldim^(-0.5)); Zstar=C*transpose(Z);

Calculate & plot residuals using 1 component.

R1 = Itot-Z(:,1)*(Vdim(1,:)); contour(k,t,R1,25)

Add next component to fitting, if necessary. Recalculate residuals. 

Z2=Z(:,1:2); V2=Vdim(1:2,:); R2=Itot-(Z2*V2); contour(k,t,R2,25)

Perform nonlinear minimization on Zreal=real(Z)

f@(x)model(x,Zreal,t); [x,resnorm,residual] = lsqnonlin(f,x0,xlb,xub,options);

Pick a model that utilizes an appropriate number of components (n).

Express species as p1, p2, and p3 for n=3 model

Extract lifetime(s), instrument response, 'time zero', and fit residuals.

Make minor adjustments to time-zero as relevant for model.

Calculate and plot decay-associated spectra

Dfit(:,n)=pn ;DfitDag=pinv(Dfit); E = DfitDag*Itot;

and traces with fits.
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2.5  Computational Methods  

 DFT calculation of optimized ground-state molecular geometries and vibrational 

frequencies, as well as calculated vertical excitation energies and transition oscillator 

strengths from time-dependent density functional theory (TDDFT) are used to support 

assignments of experimental spectra. Their utility in helping to assign particular states, to 

visualize motions associated with a vibrational mode, or to compare excitation or stability 

energies among various compounds is undeniably useful for understanding 

photochemical mechanisms.   Further information regarding the choice of computational 

methods and results are located within each chapter and the appropriate appendices. 
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Chapter 3 

Ultrafast Excited State Dynamics of ortho-Terphenyl and 1,2-

Diphenylcyclohexene: The Role of “Ethylenic Twisting” in the 

Nonadiabatic Photocyclization of Stilbene Analogs 

Reproduced with permission from Smith, M. C.; Snyder, J. A.; Streifel, B. C.; Bragg, A. E. The Journal of 

Physical Chemistry Letters 2013, 4, 1895-1900, Copyright 2013, American Chemical Society. 

 

 

Figure 3.0. Table of contents figure.  

 

3.0 Abstract 

Nonadiabatic photocyclization is the fundamental step underlying photoswitching 

and light-assisted bond formation within diarylethylenes, yet the details of the nuclear 

dynamics leading to cyclization remain unclear. We have examined the ultrafast excited-

state dynamics of o-terphenyl (OTP) and 1,2-diphenylcyclohexene (DPCH) in solution in 

order to determine how variation in structural constraints impacts the course of 

nonadiabatic photocyclization specifically in stilbenoids. Measured spectral dynamics 

reflect cyclization through a S1-to-S0 transition for both systems on picosecond 
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timescales, with excited-state decay appreciably faster for DPCH versus OTP. Supportive 

ab initio calculations reveal a higher energetic penalty in OTP versus DPCH for reaching 

the lowest-energy conical intersection from the S1 minimum; this penalty is associated 

primarily with twisting about the carbon-carbon bond that bridges terminal phenyl 

groups, a structural change that has a critical role in nonadiabatic cis-trans isomerization 

of diarylethylenes. Findings provide a new experimental perspective on the elusive 

nuclear dynamics underlying cis-stilbene photocyclization.  

 

3.1 Introduction, Results, and Discussion 

Nonadiabatic transitions and crossings through conical intersections (CI) have 

become paradigmatic concepts for describing the dynamics of electronically excited 

states and underlie processes ranging from photodissociation of small molecules to the 

isomerization of large pigments critical to biological processes such as vision.1–4 

Capturing glimpses of crossings between electronic states as they occur in time and 

assessing how they are influenced by molecular structure has become a common goal for 

experimental research in molecular-energy transfer in recent years.5–9 Much of this work 

has concentrated on nonadiabatic photocyclization, which is central to molecular 

photoswitching and photochromic material applications7,8,10,11 as well as light-assisted 

synthetic strategies12,13. Understanding both how energy flows between electronic states 

and how structural constraints influence nonadiabatic cyclization pathways is critical for 

determining how to control bond formation effectively in these applications.  

Diarylethylenes make up a core group of photoswitching molecules that operate 

via nonadiabatic photoinduced electrocyclization10. cis-Stilbene (CS, Scheme 3.1) is 
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perhaps the simplest member of this group in terms of molecular structure, exhibits rich 

photo-induced nonadiabatic behavior, and remains a favorite exemplary molecular 

system for exploring the nuclear dynamics that facilitate fast nonadiabatic transitions2,14–

27: By way of various CIs, S1 CS is known to isomerize to generate ground-state trans-

stilbene (TS), return to its own ground state, and, to a lesser degree, photocyclize to form 

4a,4b-dihydrophenanthrene (DHP). Given the dominance of the CS-to-TS pathway, 

cyclization dynamics have been difficult to study directly through experiments and even 

basic questions about CS photocyclization remain unresolved: Does cyclization to form 

DHP occur through a direct transition to the ground or an excited state, and what 

structural characteristics are critical to reaching the gateway CI (or intersection seam) for 

cyclization?  

In this work we have investigated how structural variation gives rise to different 

nonadiabatic photocyclization behavior for two stilbene analogs, 1,2-

diphenylcyclohexene (DPCH) and o-terphenyl (OTP), with the outlook that work with 

these analogs structurally inhibited against cis-trans isomerization can help to clarify 

critical features of the CS ring-closure pathway.18,19,28,29 DPCH can be viewed as CS 

structurally constrained against cis-trans isomerization through the addition of a bridging 

aliphatic chain.18,28,29 Previous work with DPCH has shown that, much like CS, DPCH 

has a short-lived S1 state (<20 ps) and cyclizes to form 9,10-cyclohexano-4a,4b-

dihydrophenanthrene (CDHP).28,29 Likewise, OTP is thought to photocyclize  into 4a,4b-

dihydrotripheneylene (DHT) as the first  step in the photochemical synthesis of 

triphenylene.12,13  



 43 

 

Scheme 3.1. Photoinduced nonadiabatic isomerization and cyclization of diarylethylenes 

and o-phenylenes. 

 

We present ultrafast time-resolved interrogations of UV-induced OTP and DPCH 

nonadiabatic cyclization in THF solution, demonstrating that S1 nonadiabatic decay 

occurs in both cases  on picosecond timescales and with the formation of  ground-state 

cyclized products. Importantly, DPCH and OTP differ according to the relative 

flexibility  of the central ring that bridges the terminal phenyl groups, a difference 

reflected in their relative nonadiabatic decay rates. By exploiting this key structural 

difference we show through our measurements and supportive ab initio calculations that 

twisting about the central C-C bond is a key motion in the nonadiabatic relaxation 

coordinate of stilbene analogs. Although CS photophysics have been studied extensively 

over the last half-century to elucidate the dynamics of a prototypical nonadiabatic cis-

trans isomerization, details concerning the competing photocyclization pathway remain 
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unclear. Our findings with CS analogs offer new perspective on the nuclear dynamics 

underlying the cyclization pathway.18,19,28,29  

Our experimental measurements have utilized ultrafast broadband pump-probe 

transient absorption spectroscopy (TAS); we offer extensive technical details regarding 

sample preparation and optical set-up in the experimental section and in the supporting 

information. Experimental measurements are summarized as follows: Solutions of OTP 

and DPCH in THF were excited with sub-100-fs excitation pulses with a center 

wavelength of 266 nm, which is resonant with the S0-S1 transition of both molecules. 

Photoinduced transient excited-state absorption dynamics were probed at various ps and 

sub-ps time delays after excitation with ultrafast broadband continua (470-720 nm).  

Figure 3.1(a) presents the TAS of UV-excited DPCH in THF as probed in the 

visible. The photoinduced absorption spectrum of DPCH is characterized by short-lived 

features that peak near 660 nm and below 500 nm. DPCH excited-state spectra exhibit 

remarkable similarity to the S1 absorption spectrum of CS26,30, such that we can readily 

assign it to S1→SN transitions of DPCH. TA spectral dynamics of S1 DPCH are 

dominated by a rapid decrease in the absorption intensity near 660 nm over the 

picoseconds that follow excitation; this is accompanied by the appearance of a broad, 

weak absorption band that peaks below 500 nm and that remains at the latest delays 

probed. The latter feature is reminiscent of the absorption spectrum of ground-state DHP 

that appears near 450 nm after UV photoexcitation of CS and its analogs20,26,31, and we 

thus attribute this to the lowest-energy transition of CDHP. Isosbestic points appear near 

560 nm and 490 nm after a fast spectral redshift, indicating a kinetic interconversion 

between relaxed S1 DPCH and S0 CDHP as part of the excited-state nonadiabatic decay. 
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The time-dependent de- cay of the S1 state is readily quantified from the intensity decay 

near 650 nm; a trace of this decay is plotted in Figure 3.1(c) and has been fitted with a 

biexponential decay convoluted with the instrument response. 

 

 

Figure 3.1. Spectral dynamics of UV-exited (a) 1,2-diphenylcyclohexene (DPCH) and 

(b) o-terphenyl (OTP).  (c) S1 decay of OTP and DPCH. OTP has an S1 lifetime of 2.91 

ps; DPCH in THF exhibits an average S1 life- time of 2.05 ps, although appreciable S1 

decay occurs on a sub-ps timescale. The long-time constant offset from the DHT 

absorption trace has been subtracted from the 605-nm OTP trace in order to focus 

attention on the relative timescales for nonadiabatic decay.  

 

The DPCH S1 state exhibits an average lifetime of 2.05 ps, although more than 

50% of the excited-state decay occurs on sub-ps timescales. These timescales are 

comparable with CS nonadiabatic cyclization rates deduced by Rodier and Myers20, but 

considerably faster than the bracketed DPCH cyclization rate previously determined from 

product yields.28,29  
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Figure 3.1(b) presents the visible TAS of UV-excited OTP. The photoinduced 

absorption peaks at 605 nm initially, decaying substantially over the first several 

picoseconds and giving rise to a weak transient absorption band that peaks near 580 nm. 

The band at 605 nm is similar to the lowest-energy excited-state absorption bands of both 

DPCH and CS, and this feature can be assigned readily to S1 → SN absorption of OTP. 

We assign the long-lived absorption band peaked at 580 nm to ground-state absorption of 

DHT based on its similarity to the weak, broad absorption observed after photoexcitation 

of both DPCH and CS; the relative redshift in the peak absorption is consistent with the 

increased conjugation in DHT relative to DHP. To validate this assignment we have 

carried out single-point TDDFT calculations of the lowest vertical excitation energies 

from the DFT-optimized DHT and DHP ground-state geometries (B3LYP, 6-31+g*). 

These calculations predict peak absorption wavelengths for DHP and DHT at 520 and 

670 nm, respectively (see supporting information for full calculation details). Although 

the corresponding calculated transition energies differ from experimental values (e.g., the 

calculated DHP absorption maximum is 70 nm to the red of the experimental value), the 

sign and magnitude of the difference between calculated transition energies is consistent 

with a DHT absorption peak at 580 nm; calculated values are also roughly consistent with 

the onset of measured absorption spectra. Kinetics of the OTP S1 population decay is 

visualized by plotting the time-dependence (decay) in TA intensity at 605 nm, as shown 

in Fig. 1(c). OTP S1 decay occurs with a fitted exponential lifetime of 2.91 ps.  

Although excited-state decay occurs considerably slower in OTP compared to 

DPCH, the measured excited-state lifetimes alone do not directly illuminate what intra- 

or intermolecular effects control nonadiabatic dynamics in either case. Direct crossings 
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through CIs are generally very fast (a few to 10’s of fs), such that the relatively long-

lived excited-state population in both cases must reflect nuclear dynamics on the excited-

state surface that produce a slow effective approach to the CI or crossing seam.1–3 Such 

dynamics can be due either to the nature of intrinsic intramolecular interactions or the 

influence of solvent-induced barriers. As illustrated below with ab initio calculations, the 

ground-state geometries of OTP and DPCH involve significant ring-to-ring non-planarity, 

such that nuclear rearrangement in the excited state between the Franck-Condon region 

and a cyclized structure must involve appreciable torsional twisting of terminal phenyl 

groups. Indeed, phenyl-ring rotations have been argued to be the most critical nuclear 

motions along the cyclization coordinate for CS and its analogs.18,19 We anticipate that 

the fastest nonadiabatic cyclization rate will be limited by the timescale for phenyl-ring 

rotation in solution, but expect that ring-rotation timescales should be fairly similar for 

these molecules. Thus, we conclude that the different nonadiabatic rates observed for 

OTP and DPCH reflect intrinsic intramolecular effects on other nuclear coordinates.  

In order to better understand how molecular structure influences the excited-state 

potential-energy landscape (and, therefore, the cyclization kinetics) for OTP and DPCH, 

we have carried out a limited set of electronic structure calculations. These include 

geometry optimizations of the S0 and S1 minima for each of these molecules, as well as 

searches for the lowest-energy CIs accessible from the S1 minima. These calculations are 

not intended to provide a complete theoretical description of the nonadiabatic 

photocyclization dynamics, but rather an overview of critical landmarks on the S1 

potential-energy surfaces that are likely to have bearings on cyclization dynamics. 

Calculations were carried out at the State-Averaged Complete Active Space SCF (SA-
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CASSCF) level32 using GAMESS33. The precedent for using this method to calculate CIs 

and minima in the vicinity of CIs has been demonstrated previously with CS22, and its 

superiority over other methods (e.g. TDDFT) also has been documented.34 Calculations 

were performed with 2-state averaging and a (2,2) active space in order to minimize the 

computational expense; the same qualitative trends were recovered using a larger active 

spaces (see experimental section and supporting information for more details). Geometry 

optimizations were carried out as follows: The S0 minimum geometry was determined 

first. The S0 minimum geometry and orbitals were then used as the initial input for 

calculating the S1 minimum. The S0/S1 CI search was initiated using parameters 

optimized for the S1 minimum. The minimal energy CI searches utilized the method of 

Bearpark et al.35 This local searching procedure was important for determining the CI 

geometries that are closest to the S1 minima, since it is apparent that more than one CI 

geometry is possible, as evident from work with closely related systems that exhibit 

cyclization.35 Additional details on structural optimizations and searches are provided in 

the supporting information.  
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Table 3.1. Key structural parameters from SA-2-CAS(2/2)-6-31G optimizations and CI 

searches of OTP and (DPCH).  

Geometry  Twist (θ) / °  Torsion ( φ ) / °  Bend (α) / °  

S0 min.  
2.64  

(8.36)  

55.43, 61.98  

(56.30, 58.54)  

123.62, 123.39  

(123.48, 123.5)  

S1 min.  
12.22  

(21.84)  

13.20, 14.13  

(11.48, 6.21)  

120.0, 120.6  

(119.94, 120.92)  

S0/S1 CI 
24.97 

(24.16) 

1.3, 9.77 

(2.82, 11.44)  

119.94, 119.73 

(119.18, 116.62)  

 

Table 3.1 lists values (for each state) of critical dihedral and bond angles relevant 

to cyclization22,28, including: The dihedrals spanning all three phenyl rings, θ, which 

corresponds primarily with twisting of the central C-C bond that bridges the terminal 

rings; the dihedrals between adjacent phenyl rings, φ, which corresponds primarily with 

torsional twisting of the terminal phenyl rings; and the angles between the terminal 

phenyl groups and the central C-C bond, α. The optimized ground-state geometries of 

these molecules are very similar with respect to these dihedral angles, with terminal 

phenyl rings twisted by φ ~55-60° and very low values for θ (<10°). In both systems 

additional inter-ring bond-order in the S1 state prompts a decrease of φ at the S1 minimum 

and the lowest-energy CI. In contrast, θ increases steadily for both molecules from the S0 

to S1 to CI geometries.  
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Figure 3.2. Schematic depiction of potential energy surfaces along the nonadiabatic 

photocyclization coordinate of OTP and DPCH. ΔE represents the energy difference 

between the S1 minimum and lowest-energy CI. Compared to DPCH, “ethylenic” 

twisting (θ) in OTP is constrained by a higher energetic penalty for flexing the central 

ring.  

 

Our calculations further illustrate that opening θ between the S1 minimum and the 

lowest-energy CI consistently comes at a higher energetic penalty (∆E, Figure 3.2) in 

OTP relative to DPCH: 0.147 vs. 0.02 eV, respectively, with the (2,2) active space; 0.995 

vs. 0.235 eV with a (6,6) active space. These results are consistent with the anticipated 

energetic penalty for straining the nominal sp2 hybridization of the bridging carbon 

atoms in the central ring of OTP. In contrast, the cyclohexene ring in DPCH should more 

readily accommodate structural strain introduced by twisting the central ethylenic bond, 

such that the minimum and CI may be much closer in energy, as depicted through Figure 

3.2. A smaller energetic penalty for reaching the CI from the S1 minimum in DPCH is 

consistent with a faster nonadiabatic cyclization relative to OTP.  
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We also note that there is very little change in the calculated values of α between 

states (particularly between the S1 minimum and CI), and even between OTP and DPCH 

for any given state/configuration. We also find that C-C bond-lengths within the newly 

forming ring exhibit little variation between the S1 minimum and CI geometries. 

Similarities in these structural parameters imply that the energetic penalty for reaching 

the CI cannot be associated with straining bond angles or bond lengths in order to bring 

the terminal rings closer together, but rather with moving them to the correct relative 

configuration by twisting θ. Thus, our comparison between OTP and DPCH is not 

complicated by differences in the structural evolution along parameters that might be 

expected when comparing the structural properties and dynamics of 

diphenylcycloalkenes with varying sizes of cycloalkene18,19: For example, although the 

smaller central ring of diphenylcyclobutene (DPCB) should constrain twisting about θ 

much like the central phenyl ring in OTP, the structure of DPCB also strongly constrains 

α; it has been suggested that the latter constraint has a large bearing on the slow 

cyclization documented for DPCB.29 It is important to note that nonadiabatic decay of S1 

OTP and DPCH is not expected to generate cyclized photoproducts in 100% quantum 

yields: Branching at the surface-crossing is anticipated also to lead to ground-state 

recovery, although we were not able to observe a spectroscopic signature of recovery 

directly from our measurements. Of course, nonadiabatic cyclization and ground-state 

recovery (or generation of other products) that occur through a common state-crossing 

will be rate-limited by common nuclear dynamics along the excited potential energy 

surface leading up to the crossing. In contrast, nonadiabatic decay rates measured here 

would not correspond with cyclization if a competing relaxation pathway were active. 
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Structural constraints in these systems prevent cis-trans isomerization; furthermore, we 

have found no evidence of other photoproducts from our transient spectroscopic 

measurements in the near UV, visible, and near IR, which suggests that no competing 

nonadiabatic channels are present. We also estimate that the quantum yield for 

cyclization is roughly the same for OTP and DPCH based on an analysis of relative 

frequency-integrated band intensities (see supporting information for more details). 

Taken together, these observations imply that the nonadiabatic decay of S1 OTP and 

DPCH occurs via a conical intersection leading to cyclization and that the excited-state 

decay rates measured reflect differences in the nuclear dynamics leading to this crossing, 

not due to variations in the competition with other nonadiabatic processes.  

The excited-state dynamics and structural characteristics of OTP and DPCH offer 

new perspective on the minor cyclization pathway of UV-excited CS and its analogs. 

Spectral dynamics shown in Fig. 3.1 illustrate a direct interconversion between the S1 

ring-opened and S0 cyclized states of CS analogs. Furthermore, our results illustrate that 

structural constraints on the central carbon-carbon bond that bridges the terminal phenyl 

rings induce a reduction in the cyclization rate of stilbene analogs, providing evidence 

that twisting motions around this bond plays a critical role in reaching state crossings 

relevant for cyclization. Although details of the nuclear dynamics along both the CS-to-

TS or CS-to-DHP pathways remain unresolved, it is now commonly accepted that cis-

trans isomerization of CS involves twisting about the central ethylenic bond as part of a 

multi-coordinate reaction pathway.15,18,22 Myers and Mathies argued that an ethylenic 

torsional twist of about 25° occurs in the first 20 fs following excitation based on the 

analysis of their resonance Raman measurements with CS in solution15, and more recent 
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calculations by Quenneville and Martı́nez illustrated that ethylenic twisting is part of a 

more complex coordinate that also involves pyramidalization of the ethylenic carbon 

atoms.22 Calculated geometries associated with the CS-to-DHP cyclization pathway 

likewise suggest an increase in the ethylenic twist angle on the way to the CI or state-

crossing seam21,23,36, and therefore it is quite likely that the initial nuclear wavepacket 

propagation along the excited-state potential-energy surface involves an increase along 

this coordinate prior to branching between reaction pathways. Phenyl ring rotations 

undoubtedly play a critical role in cyclization18,19, but our findings suggest that the 

effectiveness of these motions in reaching a state crossing are likely to be governed by 

the orientation at which the reacting carbon atoms are able to approach one another – a 

steric relationship controlled strongly by θ.  

 

3.2 Experimental Methods 

3.2.1 Experimental Methods 

OTP was purchased and used as-is; DPCH was synthesized as described in the 

supporting information. Solutions of both molecules were prepared with air- free THF at 

low mM concentrations (5-10 mM for DPCH, 5-20 mM for OTP). Sample solutions were 

circulated through a 0.5-mm path-length flow cell via an Ar-purged flow loop for optical 

measurements. All experiments utilized a regeneratively amplified Ti:Sapphire laser 

(Coherent Legend Elite, 4.5 mJ/pulse, 1 kHz, 35-fs pulse duration). Roughly 1 mJ of the 

laser output was used to generate ~20 μJ UV photoexcitation pulses by frequency 

conversion. Weak broadband probing pulses were obtained through white-light 

generation in synthetic sapphire. The visible continuum was generated using 800 nm 
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pulses polarized at 45 degrees; a thin broadband wire-grid polarizer (Thorlabs) was then 

used to select the polarization of the visible probe light immediately before the sample. 

UV photoexcitation pulses were collimated to a 4-mm beam diameter before the flowcell. 

The broadband probe pulse was focused at the sample to a spot size of <100 microns and 

overlapped at a small angle with respect to the photoexcitation pulse in the sample. The 

excitation pulse was blocked after the sample with a beam dump, and residual pump 

scatter along the probe propagation direction was blocked with a 280-nm long-pass filter. 

The probe was also passed through additional bandpass filters to shape spectra for 

detection and to remove residual 800-nm light that was used to drive continuum 

generation.  

The probe continuum was dispersed using a 0.3-m spectrograph (Acton-2360, 

Princeton Instruments) outfitted with a low-resolution grating (800nm blaze, 150 

lines/mm). Probe spectra are detected using a CCD camera (Pixis-100BR, Princeton 

Instruments), which collects the continuum probe on each laser shot at 1 kHz. The 

photoexcitation beam was synchronously chopped at 500 Hz, such that transient 

absorption spectra can be calculated using consecutive pairs of probe spectra. The pump 

pulse was retroreflected off of a pair of 266-nm high reflectors mounted to a motorized 

translation stage (Newport), which was adjusted to change the relative optical pathlength 

of the pump and probe pulses. Transient spectra shown here were collected by averaging 

at each time delay, with 30,000-50,000 on/off ratios for visible TAS. Positioning of the 

translation stage, collection of probe spectra, synchronization with the chopper phase, and 

calculation and averaging of transient spectra were all coordinated through a home-built 

LabVIEW data acquisition program. Pump-probe measurements of neat solvents were 
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made such that transient spectra could be chirp corrected according to the time-

dependence of the non- linear, two-pulse solvent response.  

 

3.2.2 Calculation Methods 

All calculations were performed using GAMESS.33 Optimized geometries were 

determined at the State-Averaged Complete Active Space (SA-CASSCF) method32, 

abbreviated as SA-x-CAS(y/z) level (x averaged states, y active electrons and z active 

orbitals) with a STO-3G or 6-31G basis set and no symmetry restrictions. The effects of 

active space and basis set dependence were investigated. All visualization of results were 

per formed using MacMolPlt37, The minimal energy Conical Intersection (CI) searches 

utilize the method of Bearpark et.al.35. Additional details are available in the appendix. 

In order to identify the long-lived band in the TA spectrum of OTP as a ground-

state absorption of the DHT intermediate, we used TDDFT38 with the B3LYP 

functional39,40 and a 6-31+G* basis set41,42 to calculate the lowest-energy vertical 

transitions for DHT and DHP. First both DHP and DHT were optimized in the ground 

state using DFT, and it was confirmed by vibrational analysis that these optimized 

structures correspond with stationary points (no imaginary frequencies). Using these 

optimized geometries a single-point energy calculation was performed to obtain the S0 → 

S1 excitation energy for each molecule.  

 

Author Contributions: B.C.S. synthesized DPCH.  J.A.S. performed fs-TAS on DPCH 

and ran GAMESS calculations. M.C.S (M.S.M) performed fs-TAS on OTP and 

developed temporal chirp and kinetic fitting procedures. 
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Chapter 4 

Structural and Solvent Control of  

Nonadiabatic Photochemical Bond Formation:  

Photocyclization of ortho-Terphenyl in Solution 

Reproduced with permission from Molloy, M. S.; Snyder, J. A.; Bragg, A. E. The Journal of Physical 

Chemistry A 2014, 118, 3913-3925, Copyright 2014, American Chemical Society. 

 

 

Figure 4.0. Table of contents figure.  

 

4.0 Abstract 

 Elucidating the molecular dynamics that underlie photoinduced electrocyclization 

is an important step towards controlling nonadiabatic photochemistry that enables bond 

formation.  Here we present a comprehensive examination of the photochemical 

dynamics of ortho-terphenyl (OTP) in solution.  Ultrafast transient absorption 

measurements demonstrate that OTP cyclizes to form 4a,4b-dihydrotriphenylene (DHT) 

after 266-nm photoexcitation on a solvent-dependent timescale of 1.5-4 picoseconds, 

considerably slower than the nonadiabatic cyclization of related diarylethenes.  
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Correlation of these timescales with bulk solvent properties reveal that mechanical rather 

than electrostatic solvent-solute interactions impact the cyclization rate, impeding nuclear 

dynamics leading toward the conical intersection for cyclization.  Mechanical interactions 

also facilitate vibrational relaxation of DHT on timescales of 10-25 ps.  DHT decays via 

thermally activated ring opening with a lifetime of ~46 ns in tetrahydrofuran, twelve 

orders of magnitude faster than dihydrophenanthrenes.  We conclude that the differences 

in excited-state dynamics of OTP and diarylethenes and the relative stability of their 

cyclized structures are determined by the relative strain induced by twisting the central 

carbon-carbon bond that bridges the terminal phenyl rings in each molecule in order to 

enable bond formation.  We relate these structure-dynamics relationships to the feasibility 

of photoinduced cyclodehydrogenation reactions with ortho-arenes and design 

considerations for molecular photoswitches.  

  

4.1 Introduction  

Photoinduced 6π electrocyclization is a fundamental reaction in the arsenal of 

organic photochemistry that enables carbon-carbon bond formation.1-3  Photocyclization 

has been utilized routinely for the synthesis of polyaromatic structures:1,3-10 In the 

preparation of pharmaceuticals, photochemical cyclization has been used in the synthesis 

of anti-tumor agents3,5 and antibiotics,6 and to modify natural structures to enhance 

desired medicinal properties.3 These reactions have also been used to synthesize large 

polycyclic aromatic hydrocarbons,1,7-9 and it has been suggested that they have potential 

for synthesis of materials with useful electronic properties,4,10 such as graphene-like 

nanoribbons. Finally, photocyclization underlies the behaviors of many photoresponsive 
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materials, and specifically novel photochromic molecular switches that have potential 

applications for memory storage11 and chemical sensitization.11,12 A critical consideration 

for exploiting photocyclization in chemical applications is how molecular structure 

dictates the yields and rates of bond formation and subsequent ring-reopening reactions 

by controlling dynamics in excited states and the stability of intermediates formed.  Here 

we examine all phases in the photoinduced cyclization of ortho-terphenyl using time-

resolved spectroscopic methods; by making comparisons with the dynamics and 

photochemistry of diarylethenes we obtain greater understanding of the structure-

dynamics relationships that underlie nonadiabatic photocyclization and that impact the 

photochemical synthesis of polyaromatic hydrocarbons.       

 Traditionally, the mechanism of photoinduced electrocyclization is explained 

using the Woodward-Hoffman rules for orbital symmetry conservation:2  Symmetry 

conservation of molecular orbitals with evolution in nuclear geometry gives rise to 

correlations between excited and ground states of the ring open and cyclized structures.  

In turn, these correlations give rise to crossings (or conical intersections) between 

potential-energy surfaces.  The modern perspective of these photoinduced processes 

therefore involves nonadiabatic electronic dynamics by way of conical intersections.13-17  

Nonadiabatic processes typically occur on ultrafast timescales and are only limited by the 

nature of excited-state wavepacket dynamics on the approach to an intersection, which is 

in turn determined by the topography of excited-state potential-energy surfaces.  There 

has been much interest in nonadiabatic dynamics and photochemistry in recent decades, 

and particularly how dynamics through conical intersections is altered by variations in 

molecular structure and chemical environment.18,19 Not only are these intersections 
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important for fast photoinduced responses of complex biochemical systems, such as 

DNA,14,20 proteins,21,22 and other light-responsive biomolecules,23,24 manipulation of 

excited-state reaction dynamics towards specific state-crossings could be used to bias 

formation of desired photochemical reaction products.24-26  Elucidating details of 

photocyclization dynamics and how they are influenced by variations in molecular 

structure or chemical environment is an important step towards controlling nonadiabatic 

photochemistry that enables bond formation.  

 

Scheme 4.1. Photoinduced Cyclodehydrogenation of o-Terphenyl and cis-Stilbene 

 

 

The photoinduced reaction of cis-stilbene (CS, bottom of Scheme 1) to form 

4a,4b-dihydrophenanthrene (DHP) is an archetypal nonadiabatic (6) photocyclization.1  

After formation, DHP may revert to CS through a thermally activated rupture of the 

newly formed carbon-carbon bond or rather react with oxidants to form phenanthrene via 

hydrogen abstractions (ring re-opening can also be induced by photoexcitation of DHP).  

Of course, photocyclization of CS competes with the celebrated cis-trans isomerization 

pathway17,27-35 (not shown) and is the seemingly less significant nonadiabatic relaxation 

pathway for CS excited to its lowest excited state:  DHP only accounts for ~10% of the 
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photochemical yield36,37  and considerably less than the yield for isomerization to trans-

stilbene (~35%)38 or recovery of ground-state CS (~55%). However, roughly 30% of the 

excited-state population relaxes to the electronic ground-state surface (either as DHP or 

CS) by way of the conical intersection relevant for cyclization, and thus the role of 

excited-state dynamics leading to cyclization is far from insignificant in the overall 

excited-state decay of CS.  Unfortunately, competition with the dominant isomerization 

pathway has presented substantial challenges for characterizing dynamics along the 

cyclization pathway and thus it remains considerably less understood than isomerization.   

On the other hand, related systems that are structurally inhibited from undergoing 

cis-trans isomerization (such as 1,2-diphenylcycloalkenes and ortho-arenes) are ideal 

systems for examining details of nonadiabatic cyclization dynamics directly.39-41  

Furthermore, structure-dynamics relationships that control cyclization can be identified 

by contrasting photochemistry of these closely related molecules.  In this work we focus 

on the photoinduced dynamics of ortho-terphenyl (OTP). Photoexcitation of OTP in the 

presence of a strong oxidant such as I2 produces triphenylene,1,7-9 a textbook reaction 

which was proposed to occur via formation of and hydrogen abstraction from 4a,4b-

dihydrotriphenylene (DHT) (Scheme 1, top).  Photochemical synthesis of triphenylene 

and the conspicuous lack of excited-state fluorescence from OTP provide experimental 

support that a prompt nonadiabatic formation of DHT occurs following excitation of 

OTP.  Surprisingly, the dynamics of this pathway have not been examined explicitly, 

even though they provide a useful benchmark for understanding how specific 

intramolecular structural constraints influence nonadiabatic cyclization dynamics: Most 

notably, how rigidity within the central section of these molecules (e.g. ethylenic bond or 
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conjugated ring) impacts the excited-state nuclear relaxation that brings the terminal 

phenyl groups within range for sigma bond formation.   

 Of course, nonadiabatic bond formation is only the first step in most 

photochemical synthetic reactions that utilize photocyclization, most of which involve 

dehydrogenation of cyclization products (DHP vs. DHT) through bimolecular reactions 

with oxidants.1,3,8,9 A critical difference in the photochemistry of diarylethenes and ortho-

arenes is that the cyclization products of the latter only react with strong oxidants (and 

not with molecular oxygen) to yield polyaromatic structures via H abstraction.7,8  

Although nearly 100% photochemical conversion of OTP into triphenylene can be 

achieved under a specific set of conditions and can be described as a triumph for 

photochemical synthetic methodology,9 what underlies the kinetics of this efficient 

photochemical transformation are yet uncharted:  Is efficiency of oxidation determined 

by the stability, and therefore lifetime, of the cyclized intermediate, or rather the 

reactivity of the abstracted hydrogen?  Why can this photochemical reaction pathway be 

driven to such a high product yield for OTP but much less efficiently for other ortho-

arenes?  These questions about the relative reactivity of ground-state structures likewise 

can be addressed by contrasting the kinetics of  cyclized products with slightly different 

structural properties, and a second goal of our work is to examine the relationship 

between structure and stability of cyclized intermediates.  In fact, because the potential-

energy surfaces relevant to cyclization intersect, we very well might expect correlations 

in how structure affects both excited-state reactivity and ground-state stability.  Thus an 

examination of both excited-state and ground-state processes is critical for establishing a 

complete picture of how structure-dynamics relationships control photochemistry.   
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 Here we present a comprehensive examination of the photochemical dynamics of 

ortho-terphenyl in solution.  By making contrasts with the photochemistry and dynamics 

of related diarylethenes we illustrate how structure controls each phase of photochemical 

relaxation.  To our knowledge our work represents the first interrogation of the dynamics 

that underlie the photoinduced cyclodehydrogenation of OTP, a textbook reaction that 

has been studied extensively by synthetic organic photochemists.7-9  Using ultrafast 

transient absorption spectroscopy we demonstrate directly that OTP cyclizes to form a 

metastable product that can be assigned to DHT.  We have also investigated the solvent-

dependence of cyclization and the vibrational relaxation of DHT in order to characterize 

the nature of the potential energy surfaces in the region of the conical intersection and the 

nature of dynamics that precede and follow nonadiabatic excited-state decay. Using 

nanosecond time-resolved spectroscopy we are able to assess the relative stability of this 

photoproduct and the feasibility of its dehydrogenation under various reaction conditions.  

Importantly, cyclization of ortho-arenes is based on a set of nuclear coordinates common 

to the cyclization of diarylethenes and related compounds, involving phenyl ring torsions 

and twisting of the central carbon-carbon bond that bridges terminal rings.  Based on our 

findings we surmise that the substantial differences in excited-state dynamics of OTP and 

diarylethenes (e.g. CS) and the relative stability of their cyclized structures is determined 

by the relative strain associated with the structural deformation necessary to twist the 

central carbon-carbon bond.  Thus our work with OTP contributes to a broader 

understanding of nonadiabatic processes that occur in a larger collection of molecular 

systems, and has relevance to the study of both molecular dynamics in solution and 

organic photochemistry. 
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The organization of this paper is as follows:  The next section outlines our 

experimental methods, including details of sample preparation as well as ultrafast and 

nanosecond transient absorption measurements.  Section 3 presents our primary 

experimental results and their analyses.  Section 4 discusses our findings within the 

context of excited-state nuclear dynamics, dynamics through conical intersections, 

solvent-dependence of reaction dynamics in solution, and the influence of ring-reopening 

kinetics on subsequent reactions of cyclized intermediates.  In conclusion we discuss the 

relevance of our findings to broader understanding of nonadiabatic photocyclization and 

the photochemical synthesis of polyaromatic hydrocarbons via photocyclization.   

 

4.2 Experimental Methods 

4.2.1 Sample Preparation 

 ortho-Terphenyl was purchased from Sigma-Aldrich and used “as-is.” 

Tetrahydrofuran (THF, unstabilized, Sigma Aldrich) was deaerated through multiple 

freeze-pump-thaw cycles prior to solution preparation; however, no differences in 

spectral dynamics were observed when using distilled, aerated, or deaerated THF.  n- 

hexane, cyclohexane, ethanol, and p-dioxane were purchased from Sigma-Aldrich and 

used “as-is.”  Acetonitrile was used from a solvent purification system (PureSolv MD 5).  

Measurements were made with 5-mM solutions of OTP in each solvent as spectral 

dynamics exhibited no concentration dependence in the range of 0.025-20 mM.  Samples 

were circulated through a 0.5 mm path-length quartz flow cell (Spectrocell) using a 

peristaltic pump (Masterflex) in order to eliminate the possibility for the accumulation of 

photoproducts or long-lived intermediates during the course of spectroscopic 



 70 

measurements.  The sample flow loop was constructed using PTFE tubing and fittings to 

ensure chemical compatibility with all solvents used.  The circulation volume of the flow 

loop is ~12 mL, such that experiments could be conducted with liquid samples with a 

total volume of ~20 mL or less.  No sample degradation was observed even after several 

hours of exposure to laser pulses. 

 

4.2.2 Femtosecond Transient Absorption Spectroscopy (fs-TAS) 

fs-TAS measurements utilized excitation and probing pulses generated from the 

output of a regeneratively amplified Ti:sapphire laser (Coherent Legend Elite, 4.5 

mJ/pulse, ~1 kHz repetition rate, 35-fs pulse duration, 800-nm peak wavelength).  1 mJ 

of this output was frequency-converted to 10-15 μJ of 266-nm used for sample excitation:  

Roughly 500 μJ were used to generate the second harmonic at 400 nm in a 200-μm-thick 

Type I BBO crystal; 266-nm pulses were then generated by mixing the second harmonic 

with another 500 μJ of the 800-nm fundamental in a 150-μm-thick Type II BBO crystal.  

Broadband probing pulses were obtained through white-light generation in polished 

crystalline plates.42  For visible TAS measurements, a few μJ at 800 nm was focused into 

a 2-mm-thick sapphire plate to produce a stable continuum spanning 450-720 nm; a 

broadband UV continuum (290-395 nm) was generated by focusing a few μJs at 400 nm 

into a 3-mm-thick calcium fluoride crystal (c-axis cut).  Because the optical damage 

threshold of CaF2 is quite close to the power threshold for white-light generation, this 

crystal was mechanically rastered in an up-and-down motion continuously throughout our 

measurements to prevent it from burning.  Importantly, crystal translation (rather than 

rotation) maintains the relative angle between the polarization of the driving pulse and 
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the crystal orientation, thus maintaining a constant polarization for the white light 

continuum.43  

UV pump pulses were gently focused towards the flow cell, crossing the cell with 

a 2-mm beam diameter. The broadband probe pulse was focused within the excited 

region of the sample with a parabolic reflector to a spot size of ~50 m and at a small 

incident angle (~6º) relative to the excitation pulse.  All measurements were carried out 

using the “magic angle” relative polarization between the pump and probe beams in order 

to eliminate the influence of time-dependent polarization anisotropy.44  This was 

accomplished by polarizing the white-light continuum with a thin broadband wire-grid 

polarizer (Thorlabs) aligned to transmit light polarized at 54.7 degrees relative to the 

pump polarization. Polarization purity of the continuum was verified by cross polarizing 

with a second wire-grid polarizer, which was found to extinguish the probe light 

measured by the detector.  Importantly, the wire-grid polarizer was the last optic in the 

probe pathway before the sample, such that the continuum polarization could be 

maintained.  

Excitation pulses were blocked after the sample with a beam dump; residual pump 

scatter along the probe propagation direction was eliminated using a 280-nm long-pass 

filter.  Visible and UV continua were conditioned for detection using combinations of 

bandpass filters to shape spectral intensity and remove residual fundamental or second 

harmonic light used to drive continuum generation. The probe continuum was dispersed 

using a 0.3-m spectrograph (Acton-2360, Princeton Instruments) outfitted with a low-

resolution grating (800 blaze, 150 lines/mm); visible and UV measurements were made 

using the first and second diffraction order, respectively.  A CCD camera (Pixis-100BR, 
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Princeton Instruments) was configured to detect the probe continua of each laser shot at 

990 Hz.  The photoexcitation beam was synchronously chopped at half of the repetition 

rate (495 Hz), such that transient absorption spectra were calculated using consecutive 

pairs of probe spectra.  No fluorescence scatter from the sample could be detected with 

the CCD, such that no background corrections or active subtractions were necessary in 

order to isolate TA spectral dynamics in either region.  The relative pump-probe delay 

was controlled by retroreflecting the pump pulse off of a pair of 266-nm high reflectors 

mounted on a motorized translation stage (Newport), which was adjusted to change the 

relative optical path length of the pump and probe pulse.   

Transient spectra were collected by averaging 25,000-35,000 on/off ratios for 

visible TAS, and 30,000-40,000 for UV TAS at each time delay.  Positioning of the 

translation stage, collection of continua spectra from the CCD, synchronization with the 

chopper phase, and calculation and averaging of transient spectra were all coordinated 

through a data acquisition program written in LabVIEW.  The time-dependent two-

photon coherent solvent response was measured from a solvent blank after each TAS 

measurement such that each set of time-dependent spectra could be corrected for 

frequency chirp of the white-light continuum:  A simple MATLAB program was used to 

determine wavelength-dependence in the pump-probe zero of time from the two-pulse 

solvent response and fit to a low-order polynomial; this polynomial was then used to 

correct chirped TAS data and rectify experimental timescales through a series of 

interpolations. 
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4.2.3 Nanosecond Transient Absorption Spectroscopy (ns-TAS)   

The setup used for ns-TAS measurements has been described in detail 

previously.45,46  Briefly, a degassed sample of OTP in unstabilized THF was sealed in a 

1-cm quartz cuvette with optically polished windows on all four sides. The sample was 

excited at 266 nm using the 4th harmonic of a Nd:YAG laser (Quantel Brilliant B, 10 Hz); 

photochemical transients were probed with a pulsed Xe flash lamp in the near-UV and 

visible.  The probe beam crossed the sample cuvette perpendicular to the excitation pulse 

and was steered into a monochromator (Spex 1702).  Time-dependent intensity of the 

probe light at a selected wavelength was detected with a PMT (Hamamatsu R928) and 

digitized with an oscilloscope (LeCroy 9450). Single-wavelength absorption transients 

were collected every 20 nm between 300 and 700 nm in order to reconstruct the spectral 

evolution in the visible and near UV. The effective time-resolution of these 

measurements was ~10 ns, limited predominantly by the pulse width of the excitation 

source.  

 

4.3. Results and Analysis 

4.3.1 General Characterization of Ultrafast Spectral Dynamics and Identification of 

Reaction Photoproducts 

Figures 4.1(a) and 4.1(b) present ultrafast visible and UV absorption transients 

measured following 266-nm excitation of OTP in THF.  Photo-induced absorption bands 

at 606 and 375 nm appear immediately upon excitation.  The positions of these bands are 

similar to those observed following S1 excitation of cis-stilbene,28,29,32,47 a related 

chromophore, and we therefore assign these features to S1→SN transitions of OTP.  Both 
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bands decay simultaneously over the first few picoseconds after excitation, giving rise to 

much weaker features at slightly bluer wavelengths, 580 and 340 nm, respectively.  These 

weaker bands persist on the longest time delays probed in our ultrafast TAS experiments 

(~1.25 ns) as well as the timescales probed with ns-TAS (several 10s of nanoseconds).  

Thus, we conclude that the rapid spectral evolution observed reflects the rapid generation 

of a metastable photoproduct following the UV excitation of S1 OTP.    

 Figure 4.1(c) plots (in energy) the transient spectrum of the metastable 

photoproduct 100 ps after photoexcitation.  In this figure we have also plotted the 

absorption spectrum of DHP determined previously by Muszkat and Fischer, who 

prepared this molecule for their steady-state UV-Vis measurements by photoexciting cis-

stilbene in hexane solution at -20 C.36  Although these authors had to disentangle the 

spectrum of DHP from overlapping UV absorption bands of both cis and trans stilbene, 

the spectrum isolated closely matches those obtained via excitation of 1,2-

diphenylcycloalkenes, which can be viewed as stilbene analogs “tethered” against cis-

trans isomerization.  The spectrum of the photochemical product formed after UV 

excitation of OTP in our work exhibits striking similarities with the absorption bands of 

DHP:  For each species a broad, featureless absorption band appears in the visible region 

and corresponds with the lowest-energy transition.  Furthermore, both species exhibit a 

near-UV transition with discernible vibronic progressions with spacings of ~1340 cm-1 

(DHP) and ~1000 cm-1 (OTP photoproduct), closely matching the ~1300 cm-1 carbon-

carbon inter-ring and the ~1000 cm-1 symmetric in-plane ring stretching frequencies of 

unsaturated cyclic hydrocarbons.48  Based on these similarities, we assign the 

photoproduct observed in our time-resolved measurements to the analogous cyclized 
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structure, 4a,4b-dihydrotriphenylene (DHT).  This correspondence is supported by the 

fact that both bands observed from the OTP photoproduct appear at energies ~0.3-0.5 eV 

lower than those measured from DHP. This redshift is consistent with the greater degree 

of conjugation possible in DHT relative to DHP as well as TDDFT calculations of the 

lowest-energy transitions for these two photoproducts.41  Thus, we conclude that the 

ultrafast spectral dynamics observed in our transient measurements reflect prompt 

formation of DHT through the nonadiabatic photocyclization of S1 OTP.   
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Figure 4.1.  

(a) Ultrafast transient absorption spectroscopy (fs-TAS) of o-terphenyl (OTP) in THF 

probed in the visible after 266-nm excitation. A photo-induced absorption band peaks at 

606 nm and quickly decays into a weak, broad feature centered at 580 nm. (max = red, 

min = blue, 25 gradations).    

(b) fs-TAS of OTP in THF probed in the near-UV after 266-nm excitation. A feature 

peaking near 375nm appears upon excitation and gives rise to a weaker band centered at 

340 nm over the first several ps. (max = red, min = blue, 25 gradations).   

(c) Absorption spectrum of the cyclization product 4a,4b-dihydrotriphenylene (DHT), 

measured at 100 ps, compared to the spectrum of 4a,4b-dihydrophenanthrene (DHP) 

(taken from Ref. 36).  
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4.3.2 Kinetic Characterization of OTP Excited-State Dynamics from Visible fs-TAS

 Quantitative analysis of the measured spectral dynamics provides further clues 

about the time-dependent formation of DHT.  Figure 4.2 plots transient absorption 

intensities with probe delay as recorded at various visible probe wavelengths after UV-

excitation (symbols).  Each trace reflects the rapid decay of the lowest S1 absorption band 

that dominates the transient spectrum shortly after excitation and further illustrates that a 

weaker absorption persists in the visible long after the first few picoseconds.  No clear 

isosbestic point appears in the time-resolved spectra (Fig. 4.1(a)) and could reflect a 

complex spectral dynamic, such as a continuous blueshift that accompanies 

photocyclization.  Alternatively, the lack of an isosbestic point could be explained by the 

close peak positions for the OTP S1 and DHT S0 absorption bands combined with the 

much greater spectral intensity of the initial S1 absorption feature.  Indeed, we find that 

the time-dependent behavior observed can be fit remarkably well if one assumes a first-

order kinetic interconversion between the excited ring-open and ground ring-closed 

states.   

To fit time-dependent intensities, we have assumed that the spectrum recorded at 

very early (200 fs) and much later (20 ps) delays correspond with the pure OTP S1 and 

DHT S0 spectra, respectively. The OTP S1 decay and DHT S0 rise were modeled with 

single-exponential behavior, and the corresponding population decay, 𝑃𝑃𝑃𝑃𝑃1
(𝑃), and 

rise, 𝑃𝑃𝑃𝑃𝑃0
(𝑃), were weighted by the spectral intensities from the corresponding pure 

spectra, 𝑃𝑃𝑃𝑃𝑃1
(𝑃) and 𝑃𝑃𝑃𝑃𝑃0

(𝑃), to model the time-dependent spectral intensity, 

𝑃(𝑃,𝑃) 

 𝑃(𝑃,𝑃) = 𝑃𝑃𝑃𝑃𝑃1
(𝑃)𝑃𝑃𝑃𝑃𝑃1

(𝑃) + 𝑃𝑃𝑃𝑃𝑃0
(𝑃)𝑃𝑃𝑃𝑃𝑃0

(𝑃) (4.1) 
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Experimental data were fitted with this expression (Equation 4.1) after 

convolution with a normalized Gaussian representing our instrument response function; 

the full-width-half-maximum of this term is consistent with a time-resolution assessed 

from the non-linear, two-photon solvent response (~120fs), which is limited by the finite 

sample thickness.   A non-linear least-squares routine written in MATLAB was used to 

fit the experimental data, yielding an S1 lifetime of 2.8 ps for OTP in THF.  The fitting 

model agrees quite well with experimental data at all wavelengths (solid lines, Fig. 4.2), 

with a root-mean-squared residual per point (wavelength and time) estimated as 6.3×10-5 

OD and within the typical noise level for these measurements.  Based on this analysis we 

conclude that the spectral dynamics measured at visible probe wavelengths reflect a 

direct OTP S1 to DHT S0 interconversion with no need to invoke the role of intermediate 

states or complex photophysical behavior. 
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Figure 4.2. Time- and wavelength-dependent transient absorption probed in the visible 

following 266-nm excitation of OTP in THF.  Experimental data points (symbols) were 

fitted using the kinetic model described in the text, yielding a 2.8 ps lifetime for S1 OTP 

 S0 DHT cyclization.   

 

4.3.3 Characterization of DHT Vibrational Relaxation from UV Absorption Transients  

Overall, spectral dynamics captured through transient UV absorption support the 

electronic relaxation kinetics assessed from measurements in the visible:  Figure 4.1(b) 

illustrates that only the initial S1 OTP absorption contributes at longer wavelengths in the 

near UV.  A single-exponential fit to the intensity decay at 385 nm, as plotted in Figure 

4.3(a) (green squares), yields a lifetime of 2.65 ps – quite close to the lifetime extracted 

from fits to the global kinetic model applied to visible transients.  However, more 

complex time-dependence is observed at wavelengths below 360 nm:  For example, the 

transient absorption at 340 nm (Fig. 4.3(a), blue triangles) exhibits both a fast intensity 

decay on a timescale of a few picoseconds and a gentle intensity rise over the following 

10s of ps.  This complexity precludes modeling UV spectral dynamics with the same 
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simple global kinetic scheme applied to visible transients.  Rather, UV spectral dynamics 

suggest a combination of fast photocyclization with a second slower process most likely 

associated with relaxation of the nascent DHT photoproduct.   

 We have applied a simple spectral decomposition procedure in order to isolate 

and characterize the slower dynamics as follows:  As with visible transients, we have 

assumed that the shape of the spectrum collected at the earliest pump-probe delays 

corresponds with the “pure” S1 UV absorption and identify the time-dependent decay of 

this state with the intensity decay measured near 385 nm.  The product of the S1 spectrum 

(normalized at 385 nm) with the intensity decay at 385 nm is used to model the time-

dependent decay of the S1 absorption, implicitly assuming no spectral dynamics within 

the S1 state.  This product was subtracted from the time- and wavelength-dependent UV-

probe data in order to isolate spectral signatures associated with the growth and 

relaxation of nascent DHT: 

 𝑃𝑃𝑃𝑃𝑃𝑃(𝑃,𝑃) = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝑃,𝑃) − �̅�𝑃𝑃𝑃𝑃1𝑃𝑃(𝑃, )𝑃385𝑃𝑃(𝑃) (4.2) 

 

As illustrated in Figures 4.3(a) (red circles) and 4.3(b), subtracting contributions 

associated with the decaying S1 state leaves behind a band that grows in with a timescale 

of a few picoseconds, consistent with the DHT population growth invoked in the kinetic 

model applied to visible absorption data.  However, the UV absorption spectrum of 

nascent DHT also exhibits a subtle spectral blue-shifting and band-narrowing on a 

timescale of ~10-20 ps that does not appear in visible transients.  This shift is evident 

from contours in the time-dependent spectra of nascent DHT plotted in Fig. 4.3(b) at 

early delays (2-10 ps), but is most apparent through comparison of peak-normalized, 
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time-dependent DHT spectra, as shown in Figure 4.3(c):  The peak absorption 

wavelength shifts by 2-3 nanometers during the few tens of picoseconds following 

excitation (Fig. 4.3(c) inset), while at the same time the feature bandwidth decreases.  By 

the latest delays shown in Fig. 4.3(c) a discernible vibronic progression of the DHT 

photoproduct absorption appears and exhibits a spacing of roughly 1000 cm-1.  The 

broader, red-shifted DHT absorption band at early delays is consistent with a washed-out 

Franck-Condon progression for a vibrationally “hot” DHT photoproduct.  Dynamics of 

the nascent DHT spectrum therefore reflect vibrational relaxation through the 10s of 

picoseconds that follow cyclization.  The temporal evolution in the intensity-weighted 

average wavelength, as plotted in Figure 4.6, provides a reasonable metric for DHT 

relaxation.  A single exponential fit to the average wavelength reveals a vibrational 

relaxation timescale of 22 ps in THF.        

 

Figure 4.3. [on following page] (a) Transient absorption at 385 and 340 nm following 

266-nm photoexcitation of OTP in THF. The 385-nm transient was fit with a single 

exponential (dashed line, exponential decay lifetime of 2.65 ps).  A contribution from this 

decay appears in raw data at 340 nm, indicating complex spectral dynamics associated 

with OTP cyclization and DHT relaxation. Spectral dynamics associated with DHT 

appearance and relaxation were isolated with a spectral decomposition procedure 

described in the text and are represented by red circles in (a) and the contour plot in (b). 

(c) The nascent DHT absorption shifts from 339 nm to 337 nm (inset), narrowing and 

developing a discernible vibronic progression as the photoproduct relaxes vibrationally.   
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Figure 4.3. See caption on previous page. 
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4.3.4 Kinetics of DHT Ring-Reopening 

Transient spectra shown in Figure 4.4 were collected >100 ns after excitation and 

reveal that the DHT photoproduct spectrum observed on ultrafast timescales persists well 

onto nanosecond timescales.  A constrained fit of the intensity decay at 340 and 580 nm 

(inset) reveals a DHT lifetime of 46 ns in THF at room temperature.  The same 

photoproduct lifetime was obtained from measurements with aerated and deaerated 

solutions.   Although our measurements do not directly capture recovery of the OTP S0 

state, we note that no other transient features appear on timescales as long as several 

microseconds.  Furthermore, the steady-state spectra of samples taken before and after 

irradiation at 266 nm are identical.  In total, these observations support our assignment of 

the photoproduct to S0 DHT, as well as our assignment of nanosecond kinetics to the 

thermally activated ring opening reaction to reform S0 OTP.  

 

Figure 4.4.  Transient spectra of DHT collected 100 ns (red circles) and 150 ns (blue 

squares) after 266-nm photoexcitation of OTP in THF.  The inset illustrates that the peak 

intensity of both bands – 340 nm (red), 580 nm (blue) – decay with a lifetime of 46 ns in 

room-temperature THF. 
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Table 4.1. Solvent-dependent OTP S1 lifetimes and DHT S0 vibrational relaxation 

timescales. 

Solvent OTP Excited-state  

Lifetime (ps) 

DHT Vibrational  

Relaxation Lifetime  

(ps) 

hexane 1.58 22.43 

cyclohexane 2.12 13.63 

ethanol 2.48 10.49 

acetonitrile 2.49 25.68 

THF 2.93 22.20 

p-dioxane 4.19 ------ 

 

4.3.5 Solvent Dependence of OTP Cyclization and DHT Relaxation Rates 

Spectral transients were measured in the visible with solutions of OTP in various 

solvents, and spectral dynamics were analyzed according to the kinetic scheme presented 

above. Solvent-dependent cyclization timescales obtained from these analyses are 

presented in Table 4.1.  Lifetimes determined by fitting the decay of the S1 absorption at 

385 nm yield cyclization lifetimes that are within 0.1-0.2 ps of those determined using the 

global kinetic model applied to visible transients.  

Figure 4.5 plots OTP S1 cyclization rates against the magnitude of various bulk 

solvent properties.  We have chosen to plot rates against solvent properties that 

predominantly influence electrostatic solvent-solute interactions, such as dipole moment 

and dielectric constant, or properties that predominantly influence mechanics of solvent-
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solute interactions, such as viscosity and density.  The statistical significance of these 

correlations have been quantified with the coefficient of linear correlation, r.  

Interestingly, there appears to be little to no significant correlation between the 

electrostatic properties and the S1 decay rate.  By contrast, a modest negative correlation 

appears with viscosity (>80% level of statistical significance), and a highly statistically 

significant negative correlation appears with density (>99.5% significance).  These 

results indicate that the solvent-dependence of OTP cyclization is dominated by the 

nature and relative strength (or frequency) of mechanical solvent-solute interactions.
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Figure 4.5. Rates of OTP S1 decay versus bulk solvent properties. Little to no linear 

correlation is observed between OTP S1 decay and dipole moment or dielectric constant. 

A modest negative correlation (>80% significant) is observed with viscosity and a highly 

significant negative correlation (>99.5% significant) appears between S1 decay rate and 

density. 

 

The solvent-dependence of DHT vibrational relaxation was also examined from UV 

spectral dynamics.  Figure 4.6 plots the intensity-weighted average wavelength of the 

DHT absorption feature – isolated as described in section 4.3.3(c) – as it relaxes on the 

10s of picoseconds following 266-nm photoexcitation.  The average band position varies 
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slightly between solvents at any given time delay, with a rough positive correlation with 

solvent dielectric constant that suggests that the UV DHT transition exhibits a 

solvatochromic sensitivity.  By contrast, the size of the time-dependent shift in average 

wavelength was found to be roughly the same in all solvents.  The time-dependent shift in 

average wavelength was fitted with a single exponential function in order to characterize 

the solvent-dependent DHT relaxation timescales: 

 

 𝑃(𝑃) = 𝑃∞ + Δ𝑃exp(−𝑃 𝑃𝑃𝑃𝑃⁄ ) (4.3) 

 

The rate of the shift varies with solvent and demonstrates a highly significant positive 

correlation with solvent viscosity (~99% statistical significance); no appreciable 

correlation exists with other solvent properties.  Importantly, the fact that the fast (3 ps) 

and slow (10s of ps) relaxation timescales have opposite trends with solvent viscosity 

supports their assignment to mutually exclusive phases of the photochemical dynamics – 

specifically, cyclization and vibrational energy relaxation. 
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Figure 4.6.  

(top) Time-dependent intensity-weighted average wavelength of the DHT UV absorption 

band measured on ultrafast timescales in various solvents (colored jagged lines). Traces 

were fitted (dashed lines) with an exponential model described in the text to characterize 

the timescales for vibrational relaxation of “hot” DHT.  

(bottom) DHT thermalization rates exhibit a significant correlation with viscosity, 

consistent with vibrational energy relaxation facilitated by solvent friction. 
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4.4 Discussion 

 Based on the results of our ultrafast and nanosecond TAS measurements we 

characterize the UV-induced photochemistry of OTP as illustrated diagrammatically in 

Figure 4.7:  In summary, 266-nm excitation to the S1 state is followed by a solvent-

dependent electronic relaxation that occurs on a 1.5-4 ps timescale and is readily 

identifiable from the spectral dynamics observed in broadband visible TAS 

measurements.  Electronic relaxation is followed by relaxation of a vibrationally “hot” 

distribution of the metastable cyclization product, DHT, the spectroscopic signature of 

which is inferred from transient spectral dynamics in the UV.  Electronic relaxation most 

likely generates hot S0 OTP as well, but this species has not been directly observed in our 

measurements.  Relaxation of nascent DHT has been observed to occur with a solvent-

dependent thermalization timescale of 10-25 ps as determined from the evolution in 

transient UV spectral dynamics. Finally, nanosecond measurements reveal that 

metastable DHT has a lifetime of 46 ns at room temperature in THF.  Complete recovery 

of ground-state OTP and the lack of any long-lived photoproducts (e.g. triphenylene) in 

absence of oxidants suggest that the metastable cyclized product decays by a thermally 

activated ring opening reaction.   
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Figure 4.7.  Proposed photochemical relaxation pathways of UV excited OTP 

 

Here we discuss each phase of these photochemical dynamics and their solvent 

dependence in greater detail. By making direct comparisons with dynamics of 

diarylethenes, we use our findings to examine how reactant structure influences 

nonadiabatic cyclization dynamics as well as the feasibility of photochemical 

cyclodehydrogenation reactions of ortho-substituted arenes under various reaction 

conditions. 

 

4.4.1 Nuclear Relaxation of Photoprepared S1 OTP   

Like stilbene, the nonadiabatic cyclization of OTP is expected to occur via a 

conrotatory ring twist characteristic of photo-induced, Woodward-Hoffmann-

electrocyclizations.2  Our ultrafast TAS measurements demonstrate that S1 OTP has a 

decay lifetime of a few picoseconds, which is consistent with a nonadiabatic process 
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limited by nuclear relaxation along the excited-state potential-energy surface.  The S1 

decay of OTP is considerably (2-3 times) slower than S1 decay of CS and related 

diarylethenes,41,49 suggesting that the topography of the excited-state potential-energy 

surface of OTP inherently slows down progress towards the conical intersections for 

cyclization.  

In previous work we calculated geometries for both OTP and a structurally similar 

diarylethene – 1,2-diphenylcyclohexene (DPCH) – at their S0 and S1 minima.41  We also 

searched for the geometry of a low-lying S0-S1 conical intersection (CI) close to the 

calculated S1 minimum in each molecule.50  Under the assumption that these intersections 

were most relevant to the excited-state dynamics of each system we used these 

calculations to assess the nuclear evolution in the excited state that likely occurs 

following UV excitation (Franck-Condon region to S1 minimum to CI).  Calculated 

geometries reflect the anticipated decrease in torsional twist angle of the terminal phenyl 

rings – alternatively, the decrease in the dihedral between the terminal and central rings – 

in the S1 relative to the S0 minimum of both molecules.  The more planar S1 geometries 

stabilize an increased electron density in the C-C bonds that bridge the terminal phenyl 

groups and the central carbon ring.  Our calculations further revealed that the terminal 

phenyl rings more closely approach a quasi-planar geometry relative to the ethylenic C-C 

bond in DPCH than they do with the central carbon ring in OTP, and that the S1 minimum 

geometry is also much further from the geometry of the lowest-energy CI in OTP when 

compared with DPCH.   

These differences can be attributed to contributions from two intramolecular 

relaxation mechanisms: Relaxation along the torsional twisting coordinate of terminal 
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phenyl rings and opening of the dihedral angle that bridges all three carbon rings.  The 

latter motion is necessary to ameliorate steric strain introduced by bringing both terminal 

phenyl groups in plane with the central carbon ring or ethylenic bond.  Relaxation along 

this second coordinate corresponds with so-called “ethylenic twisting” in cis-stilbene, a 

coordinate that has been implicated in its cis-to-trans isomerization and cis-to-DHP 

cyclization pathways from results of theoretical studies16,17 and the Raman and high-

resolution spectroscopy of ground and excited states of cis-stilbene and derivatives.30,39,51-

53  Relatively speaking, structural limitations for flexing the central ring in DPCH are 

fairly relaxed for the low-amplitude twisting required for cyclization, but larger twists 

that are necessary for cis-to-trans isomerization about the ethylenic bond should be 

inhibited by the aliphatic tether.39  In contrast, the nominal sp2 hybridization within the 

central carbon ring in OTP introduces a significant structural constraint that limits 

analogous twisting about the central C-C bond.  From our calculations, the relative 

inflexibility of the central ring to warp and allow increased “ethylenic twisting” in OTP 

was also found to introduce a larger energetic gap between the CI and the S1 minimum in 

OTP compared to DPCH.  Overcoming this energetic penalty (and possibly other barriers 

not identified from our optimizations and searches) most likely hinders prompt passage 

through the conical intersection, and thus offers an explanation for the somewhat slower 

excited state relaxation of OTP relative to DPCH. 

 

4.4.2 Relaxation through the Conical Intersection and the Quantum Yield for Cyclization

 Once a conical intersection can be reached in the course of excited-state nuclear 

relaxation, dynamics through the intersection results in a branching between product 
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geometries, with the branching ratio controlled by the surface topography in the region of 

the conical intersection.54  For example, in circumstances where there is no “tilt” or 

sloping of the potential-energy surfaces in the region of a CI, nonadiabatic relaxation 

gives rise to a roughly equal distribution of product geometries.  This is thought to be the 

case in the cis-to-trans isomerization of stilbene, as a passage through the relevant CI 

along this relaxation pathway results in the generation of cis and trans ground-state 

products with a roughly 50-50 branching ratio.35  By contrast, CI tilt can favor one 

pathway over the other.  Relaxation along the cis-to-DHP pathway, for instance, results in 

only ~30% yield for cyclization through the relevant CI,36 with the majority relaxing back 

to the cis-stilbene reactant well.  Thus, determination of the product branching between 

DHT formation and OTP recovery would be useful for characterizing the topography of 

the conical intersection involved in this photocyclization reaction.   

 In principle, measurement of the transient S0 OTP bleach recovery would offer a 

direct quantitative method for estimating the product branching ratios for cyclization vs. 

reactant recovery, as the bleach recovery amplitude relative to the initial reactant bleach 

created upon excitation would reflect what fraction of excited molecules relax back to 

their starting configuration.  The UV measurements we report here were conducted with a 

broadband continuum that extended only to just below the low energy side of the S0 

absorption band, and thus could not cover the region of the ground-state bleach.  

Although we are currently working to extend these measurements further into the UV, we 

expect that bleach recovery measurements will be inhibited by overlapping high-energy 

transitions of DHT:  Given the similar spectral pattern for the lowest-energy transitions of 
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DHP and DHT (Fig. 4.1c), we anticipate that a third DHT electronic transitions should 

fall roughly within the region of the ground-state OTP absorption.   

 In absence of reliable ground-state bleach recovery data, and as we have no 

reliable experimental data regarding the oscillator strengths of the S1 and cyclized S0 

absorption transitions, we rather determined the relative branching ratio for two 

cyclization systems:41  OTP/DHT and DPCH/cyclohexano-DHP (CDHP).  This was done 

by comparing the ratio of band intensities, j, observed experimentally for the two closely 

related systems.  

 

 Φ𝑃𝑃𝑃 Φ𝑃𝑃𝑃𝑃⁄ =
𝑃𝑃0𝑃𝑃𝑃

𝑃𝑃1𝑃𝑃𝑃

𝑃𝑃0𝑃𝑃𝑃𝑃

𝑃𝑃1𝑃𝑃𝑃𝑃
⁄  . (4.4) 

 

Equation 4.4 implicitly assumes similar oscillator strengths for the S1 and S0 cyclized 

absorption transitions for both cyclization systems.  From this estimation we determined 

a relative branching ratio for cyclization of 0.95, which indicates that a similar 

topography prevails in the region of the conical intersection for both cyclization systems.  

The quantum yield for cyclization of DPCH is has not been quantified;39 assuming it has 

a quantum yield for cyclization that is similar to that of 1,2-diphenylcyclopentene, we 

expect that the branching ratio for cyclization falls between 0.4 and 0.5.39 Thus, we 

estimate that the nonadiabatic relaxation of S1 OTP results in a ground-state DHT-to-OTP 

branching ratio close to 1:1, with electronic relaxation dynamics influenced modestly at 

most by CI tilt.   
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4.4.3 Solvent Dependence of OTP Excited-State Dynamics   

Photoinduced OTP cyclization rates measured in six solvents characterized by 

widely different bulk properties reveal strong correlations between relaxation rate and 

solvent density or viscosity (Fig. 4.5).  These findings indicate that OTP exited-state 

relaxation is influenced by mechanical solvent-solute interactions that may be frictional 

or collisional in nature.  Although the molecular-level details of solvent friction are 

intimately related to the chemical identity of a solvent, solvent friction is known to scale 

crudely with bulk viscosity; the two are correlated more closely within a group of 

chemically related solvents (e.g., only alkanes or only alcohols, etc.).34  The appreciable 

correlation with bulk viscosity observed here suggests that the progress of cyclization is 

decelerated by solvent friction, although the statistical significance of this correlation is 

likely to be limited by differences in the nature and strength of solvent-solute friction at 

the molecular level amongst the solvents used in this study.  An increase in bulk solvent 

density, on the other hand, is expected to increase the likelihood for solute-solvent 

collisions that disrupt inertial intramolecular relaxation towards the geometry of a conical 

intersection.  The highly significant correlation with density seen here suggests that the 

solvent’s influence at the molecular level may have less to do with the precise chemical 

identity of the solvent and more to do with collisional relaxation or deactivation of the 

wavepacket launched on the excited-state potential energy surface.   

As we have described above, our calculations with OTP point to an effective 

barrier along the cyclization pathway.  Kramer’s theory of solution-phase reactions 

provides the canonical, stochastic theoretical framework for considering the effect of 

solvent friction on chemical reaction dynamics subject to an activation barrier.55 As the 
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timescale for OTP cyclization is still fairly rapid in solvents with low viscosity, OTP 

cyclization may rather be subject to a relatively low activation barrier.  The solvent-

dependence of such processes has been generalized with Bagchi, Fleming and Oxtoby 

(BFO) theory, which assumes that reactive motion along an excited-state potential-energy 

surface can be modeled by diffusion along the excited-state potential energy surface 

towards a coordinate-dependent excited-state population “sink”.34,56-58  BFO theory was 

used successfully to recover the viscosity dependence of the barrierless non-radiative 

decay of excited triphenylmethane (TPM) dyes.58,59  In these systems, the large-amplitude 

ring rotations that occur in the relaxation towards the nonradiative sink are damped by 

solvent-induced frictional drag, resulting in an increase in excited-state lifetime with 

increased solvent viscosity.  Solvent-dependent excited-state relaxation of OTP should be 

driven by a similar mechanism. 

 

 

Figure 4.8. Rates for S1 OTP population decay and S1 relaxation of p-terphenyl (PTP) 

(taken from Ref. 4.60) versus solvent viscosity. 
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A solvent effect on the relaxation along a torsional twisting coordinate 

specifically has also been observed in the non-reactive relaxation of para-terphenyl 

(PTP).60  S1 PTP in solution is observed to relax on a 5-10 ps timescale after excitation.  

This relaxation is thought to be a slow phase of the torsional relaxation between the 

benzoidal S0 minimum and the quasiplanar quinoidal S1 configurations.  Figure 4.8 plots 

the viscosity dependence of both the OTP excited-state decay rate with the PTP 

relaxation rate over a common subset of solvents.  Similar correlations provide 

compelling support that solvent resistance to ring motions hinders the cyclization of OTP.  

Of course, the nuclear relaxation on the OTP excited-state surface involves both phenyl 

ring torsions and “ethylenic” twisting.  We anticipate that mechanical interactions 

induced by either ring motion could be responsible for the correlation observed with 

viscosity because the size of the terminal phenyl rings guarantees a substantial cross-

section for solute-solvent interaction.   

 Solvent-dependent isomerization dynamics of cis-stilbene (CS) have also been 

studied extensively to examine solvent effects on low-barrier reaction pathways in 

solution.31,34 However, the role of competing relaxation pathways in CS raises some 

questions about how solvent-solute interactions alter the isomerization rates and 

branching ratios between solvents in a system characterized by two excited-state reaction 

pathways:  On the one hand, solvent-induced electrostatic interactions are thought to alter 

the potential-energy surface along the cis-to-trans pathway by stabilizing an intermediate, 

partially charge-separated “phantom” state, resulting in faster isomerization in more polar 

solvents (e.g. acetonitrile vs. hexane);29,32,35 on the other hand, mechanical solvent-solute 

interactions that modulate the rate of the cyclization pathway may give rise to larger 
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cyclization rates under conditions where there is less electrostatic stabilization.37  In 

general, characterization of solvent-dependent dynamics of cis-stilbene is complicated by 

the presence of both pathways:  For example temperature-dependent decay of CS as 

monitored with time-resolved fluorescence under isoviscous conditions could only 

produce an upper bounds to the barrier towards cis-trans isomerization, as contributions 

from the two excited-state pathways could not be differentiated.34 In other studies the 

DHP channel was treated with approximations, which ultimately resulted in estimations 

of the isomerization barrier ranging between positive and negative values as determined 

from temperature-and pressure-dependent decay rates.31  For OTP, the absence of a 

correlation between electronic relaxation rate and dielectric strength or solvent polarity 

indicates that any electrostatic solvent-solute interactions that might directly alter the S1 

potential energy surface – and most importantly the relative energetics of the CI – are 

weak at best.  Thus, not only can it be concluded that nonadiabatic cyclization of OTP 

does not occur by way of a charge-separated configuration, the direct influence of solvent 

mechanical effects on nonadiabatic cyclization can be observed and examine directly. 

 

4.4.4 Vibrational Relaxation of S0 DHT  

Our transient UV measurements reveal that the nascent vibrationally “hot” DHT 

photoproduct relaxes in solution within a few tens of picoseconds following nonadiabatic 

electronic relaxation of S1 OTP.  Measurements taken with OTP solutions in various 

solvents reveal a highly significant correlation between the vibrational relaxation rate of 

DHT and solvent viscosity.  Whereas electronic relaxation rate exhibits a negative 

correlation with viscosity as a consequence of mechanical solvent-solute interactions that 
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impede the progress of intramolecular relaxation towards the conical intersection,34,56-59 

vibrational relaxation is facilitated by an increase in interactions through which the 

solvent either facilitates intramolecular vibrational energy redistribution (IVR) or 

dampens the solute’s vibrational kinetic energy, ultimately resulting in transfer of this 

energy to solvent degrees of freedom.61,62  Solvent friction can be defined as the 

propensity for a solvent to enable this energy exchange; at the molecular level solvent 

friction depends strongly on the nature of specific molecular interactions in solution,61-65 

but it grossly scales proportionately with bulk solvent viscosity.  Thus, the positive 

correlation in DHT vibrational relaxation rate with solvent viscosity reflects a solute-to-

solvent or solvent-mediated IVR that occurs more readily when subject to increased 

solvent friction.  By contrast, we observe virtually no trend in relaxation rate with solvent 

density for this set of solvents (r=0.06, plot not shown); this finding indicates that 

solvent-mediated vibrational relaxation observed here must be modulated by more than 

the frequency of solvent-solute collisions in solution, which is only adequate for 

describing vibrational relaxation in simple liquids.66-70  

 The vibrational relaxation timescales measured for nascent DHT are comparable 

to relaxation rates measured with many other large polyaromatic molecules following 

excitation via direct infrared absorption or indirectly via fast non-radiative electronic 

processes.23,32,33,64,69-73 Spectral dynamics of nascent trans-stilbene formed after the 

photoinduced isomerization of S1 cis-stilbene provides a highly useful benchmark for our 

results:  Sension, Szarka and Hochstrasser first demonstrated formation of nascent “hot” 

product vibrational distributions following excitation at two different photon energies.32,33 

The vibrational relaxation in hexane was observed to occur on a timescale of 13-15 ps, 
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which is comparable to vibrational relaxation rates of other polyaromatic molecules and 

DHT.  More recent measurements of vibrational relaxation of cis- and trans-stilbene in 

solution after direct mode-specific vibrational excitation revealed multiple vibrational 

relaxation timescales.71 The difference in behavior for direct and indirect excitation most 

likely reflects that isomerization creates a more statistical vibrational energy distribution 

within the molecule, circumventing the initial mode couplings required to relax 

selectively excited vibrations of the molecules. Direct excitation measurements also 

revealed weak solvent dependence (chloroform vs. acetone), suggesting that this longer 

phase of relaxation in solution corresponds with IVR intrinsic to each isomer rather than 

intermolecular energy transfer (IET).  While chloroform and acetone were demonstrated 

to have a marked impact on IET rates for methyl iodide in solution,74 it is unclear 

whether the nature and relative strengths of solute-solvent interactions can be expected to 

be similar for stilbene.  In light of our findings here, we note that viscosities of these 

solvents are quite similar (as are the relaxation rates) and that a definitive assessment of 

solvent-specific influence on vibrational relaxation of stilbene may require further study 

with more variation in solvent properties.   

 From Fig. 4.3, it can be seen that the red-edge of the DHT spectrum shifts from 

380 to 360 nm through the course of vibrational relaxation, reflecting a loss of ~0.2 eV 

(~1600 cm-1) of vibrational energy out of Franck-Condon active modes.  This is 

comparable with the fundamental frequencies of ring-breathing and C=C stretching 

modes in cyclic conjugated molecules, both of which could be excited via the rapid 

change in conjugation that occurs between aromatic OTP to polyene-like DHT.  An 

important finding from Sension, Szarka, and Hochstrasser’s study was that any excess 
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energy deposited into Franck-Condon active modes during the initial excitation of cis-

stilbene was conserved upon isomerization, and thus that the product’s vibrational energy 

content could not be predicted in terms of a thermal distribution;33 in other words, IVR 

out of the Franck-Condon modes was thought to occur too slowly to equilibrate excess 

vibrational energy on the timescale of isomerization to form trans-stilbene.  As we have 

photoexcited OTP in our studies well above the vertical excitation energy, it is unclear 

whether the hot spectrum can be ascribed to vibrational excitation directly from the 

nonadiabatic process or rather from excess vibrational energy of the S1 state of OTP 

conserved through relaxation.  

 Given that DHT is somewhat larger than stilbene, we might expect that it should 

possess a larger number of low-frequency vibrational modes that could couple with 

solvent modes to enable faster vibrational energy transfer.  Interestingly, relaxation of 

DHT is slower than trans-stilbene in hexane (22 ps vs. 15 ps), and this may be a 

consequence of stilbene’s ability to sample a greater number of interactions that 

contribute to the overall solvent friction via low-frequency phenyl and ethylene twisting 

motions that are inoperative in cyclized DHT.  In contrast, the DHT relaxation timescale 

is similar to what Cox and Crim measured for cis-stilbene after selective vibrational 

excitation.71  Direct comparison with DHP thermalization dynamics would be instructive 

but is not currently possible, as analogous UV spectral signatures for DHP are obscured 

by the dominating spectral signatures of the trans-stilbene isomerization product from 

cis-stilbene.   

 A final observation we consider here is the apparent lack of vibrational structure 

in the lowest-energy (visible) absorption transition (Figure 4.1(c)) and the lack of any 
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observable spectral shifting dynamics in the visible region on the 10-25 ps timescale 

following formation of DHT.  This washed out structure indicates that the lowest energy 

transition is strongly homogeneously broadened, most likely the consequence of fast 

excited-state ring opening dynamics that effectively dampen the coherence lifetime of 

this transition.  Indeed, Repenic et al. determined that photoinduced ring opening of DHP 

via excitation of its lowest-energy (visible) absorption transition must occur on a 

timescale much faster the time resolution of their measurements (< few hundred fs); 49 

given the similarities between these systems we expect similar behavior for DHT.  These 

authors also suggested a 35-ps vibrational relaxation timescale for nascent DHP formed 

via the photocyclization of cis-stilbene based on the decay of transient absorption 

intensity at the long-wavelength edge of the nascent DHP spectrum.  However, this decay 

timescale is roughly consistent with the lifetime of the S1 state of trans-stilbene,27 which 

the authors indicate was a contaminant in their experiments and which also absorbs at the 

red side of the DHP absorption spectrum.  It is unclear whether spectral overlap at bluer 

wavelengths could also contribute to the observed spectral relaxation.  In light of this, we 

conclude that the lack of spectral signatures of vibrational relaxation dynamics in the 

visible for DHT is at least consistent with previous TAS measurements with DHP.     

 

4.4.5 Kinetics of Thermally Activated Ring Reopening of DHT and Implications for the 

Synthesis of Triphenylene via Photoinduced Cyclodehydrogenation 

Our room-temperature nanosecond TAS measurements reveal that DHT has a 46-

ns lifetime in THF associated with thermally activated ring reopening to regenerate OTP.  

In contrast, the timescale for DHP ring opening (to reform cis-stilbene) occurs on a 



 103 

timescale of a few hours, with decay rates measured in absence of oxidants ranging 

between 0.0045 and 0.0072 min-1 at room temperature;36,37 similar lifetimes have been 

observed for cyclopentano-DHP formed through the photocyclization of 1,2-

diphenylcyclopentene.36 If it is assumed that the DHT and DHP reactions have 

comparable Arrhenius prefactors, the 12-order-of-magnitude ratio in the DHT and DHP 

lifetimes reflects a substantial difference in their corresponding activation energies of > 

24 kT (~600 meV).  Muszkat and Fisher previously determined that DHP has a activation 

energy of 17.5 kcal/mole (~0.76 eV).36  We therefore estimate the barrier to DHT ring 

opening as 0.1-0.2 eV; indeed, our recent efforts to measure this barrier using 

temperature-dependent nanosecond TAS find a barrier height that is within ~0.1 eV of 

this estimate.  In combination, our ultrafast and nanosecond measurements indicate 

stabilization of the ring-open excited state (relative to the relevant conical intersection) 

and a destabilization of cyclized product for OTP/DHT when compared with related 

diarylethene systems (DPCH/cyclohexane-DHP).  Most likely these differences in the 

topography of both the excited and ground potential energy surfaces are induced by the 

same structural constraints that limit distortion of the central carbon ring in OTP. 

 As noted above, we measure the same DHT lifetime in the presence and absence 

of dissolved oxygen.  This observation is consistent with the assignment of the long-lived 

intermediate to a ground-state species, as there is no transient signature associated with 

an electronic quenching process.  It also reflects that molecular oxygen is a poor oxidant 

for the dehydrogenation of DHT to form triphenylene; this is consistent with various 

reports on the synthetic reaction conditions for photoinduced cyclohydrogenation of 

ortho-arenes that have shown that DHT can only be oxidized in the presence of strong 
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oxidants such as iodine.7-9 By contrast, cyclized DHP, dihydrocarbazole (DHC), and their 

derivatives can react readily with dissolved oxygen to yield corresponding phenanthrene 

and carbazole derivatives via hydrogen abstraction.1  The reaction behavior of DHT 

should be determined by two factors:  (1) Relative reactivity to oxygen; and (2) kinetic 

limitations, whereby the rate of unimolecular ring reopening of DHT out-competes 

hydrogen abstraction by molecular oxygen.  The relative significance of each can be 

assessed by considering the abstraction kinetics of DHP.   

 Muszkat and coworkers thoroughly characterized the kinetics of DHP 

dehydrogenation with molecular oxygen, which proceeds through a combination of H 

abstraction by O2 (initiation) and the subsequently generated species HO2 

(propagation).75,76 By conducting kinetic studies with varying concentrations of HO2 

inhibitors these authors determined that O2 initiation is the rate-limiting step.  For 

solutions saturated in O2 (0.02 M) at -10 C, DHP decays via oxidation with a lifetime of 

~70 min (k[O2] =2.55 × 10-4 s-1).  In contrast, this reaction speeds up considerably with 

HO2 propagation, with a 1/e decay timescale of ~2 min at the same temperature.  

Extrapolating from temperature-dependent data collected by Bromberg, Muszkat, and 

Fischer,76 we estimate that the initiation reaction (in presence of propagation inhibitors) 

occurs with a pseudo first-order decay lifetime of ~18 min in solutions saturated with 

oxygen at room temperature; HO2 propagation should further reduce the DHP lifetime to 

within the range of ~10-100 seconds. Assuming that hydrogen abstraction from DHT 

occurs on a similar timescale (conservatively, 10 seconds), we predict an abstraction 

yield for DHT of 4.6 × 10-7 %.  In combination with the quantum yield for cyclization, 

the net efficiency for cyclodehydrogenation of OTP in the presence of oxygen should be 
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essentially negligible, even after hours of UV irradiation.  Thus we can conclude that 

DHT and other cyclized intermediates formed from ortho-substituted arenes are stable 

against oxidation by O2 as a consequence of the short lifetime of these cyclized 

structures, which in turn results from the poor stability of their cyclized structures with 

respect to ring-reopening.  Because molecular photoswitches similarly rely on long-lived 

cyclized states upon photoactivation,11 we can surmise that limiting the structural 

flexibility in these systems in a similar manner will likewise compromise the stability of 

cyclized structures and limit their usefulness as switchable photochromic materials. 

 

4.5 Conclusions 

 We have presented a comprehensive study of the photochemical dynamics of o-

terphenyl (OTP) excited to its lowest optically allowed excited state.  Our results 

demonstrate that OTP cyclizes to form 4a,4b-dihydrotriphenylene (DHT), as evident 

from the appearance of transient absorption features in the visible and UV that exhibit 

remarkable similarity with related dihydro- intermediates, such as 4a,4b-

dihydrophenanthrene (DHP).  Cyclization is observed to occur on timescales of a few ps 

and exhibits a solvent-dependence consistent with solvent friction and solvent-solute 

collisions resisting the motions of phenyl rings and impeding transit to the conical 

intersection for cyclization.  UV spectral transients exhibit signatures of solvent-mediated 

vibrational relaxation on timescales of 10-25 ps after cyclization, similar to relaxation 

timescales measured for other polyaromatic hydrocarbons including stilbene.  The DHT 

intermediate is observed to live for 46 ns after formation in room-temperature THF, 

twelve orders of magnitude shorter than cyclized intermediates of diarylethenes.  
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Drawing comparisons with the photochemical dynamics of related diarylethenes (cis-

stilbene and diphenylcycloalkenes), we conclude that the relative inflexibility of the 

central carbon ring in OTP gives rise to appreciable changes in the potential energy 

surfaces and crossings that are responsible for both slower excited-state cyclization 

dynamics and a faster intermediate (DHT) lifetime that provides a kinetic limit for 

photoinduced cyclodehydrogenation reactions that can only be overcome through use of 

strong oxidants for hydrogen abstraction.   

 In total our work illustrates that o-terphenyl is an ideal experimental system for 

exploring nonadiabatic cyclization in solution: Firstly, cyclization in OTP is unhindered 

by competing dynamics, such as isomerization in cis-stilbene and related compounds. 

Secondly, cyclization is prompt, without lingering excited-state nuclear dynamics that are 

common amongst heteronuclear photoswitching compounds,77 such that the influence of 

structural modifications on nonadiabatic dynamics is observed more clearly.  Thirdly, 

these systems robustly regenerate their unreacted, ring-open state through relaxation, as 

we find that the lifetime of the cyclized intermediate is relatively short (10s of ns) and 

oxidation reactions can only occur with specific reagents.  Given these and the similarity 

with other cyclization reactions, our studies with o-arenes contribute to a broader 

understanding of nonadiabatic photochemistry, and have relevance to the study of both 

molecular dynamics and organic photochemistry.   

 In closing, we note that a host of related ortho-substituted molecules can be 

converted into polycyclic aromatic hydrocarbons via photoinduced cyclodehydrogenation 

reactions.  For example, dibenzonaphthacene can be synthesized from o-quaterphenyl 

(OQTP) and 1,2,3-triphenylbenzene (TPB), but both in much lower yields under the same 
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conditions that convert OTP at nearly 100% yield.8,9 This observation suggests that 

variations in the reactant structure may alter nonadiabatic cyclization dynamics and/or the 

relative stability of the phenyl-DHT intermediates, ultimately limiting the efficiency of 

each reaction.  Photophysical studies of ortho-phenylenes have also illustrated that steric 

hindrance imposed by the presence of adjacent phenyl rings ultimately increases the 

fluorescence lifetime and shuts off the possibility for cyclization as oligomer length is 

increased.78,79  These observations all underscore that structure-specific topography of 

excited and ground-state potential-energy surfaces are critical considerations for effective 

and efficient photochemistry.  Elucidating the details of each key process underlying 

photochemical reaction dynamics and how they are influenced by reactant structures is 

essential for establishing conditions under which these reactions can be utilized 

effectively to make bonds and as a useful step in strategies for making materials.    

 

Author Contributions: M.S.M performed fs-TAS on OTP and analyzed it with PCGA and 

spectral decomposition. M.S.M also completed the ultrafast solvent data collection and 

analysis. J.A.S. performed ns-TAS on OTP.    

 

 

 

 



 108 

4.6 References 

(1) Mallory, F. B.; Mallory, C. W. In Organic Reactions; Boswell, G. A., Jr., 

Danishfesky, S., Gschwend, H. W., Heck, R. F., Hirschman, R. F., Paquette, L. 

A., Posner, G., Reich, H. J., Eds.; John Wiley & Sons, Inc.: New York, 1984; Vol. 

30, p 1-456. 

(2) Woodward, R. B.; Hoffmann, R. The Conservation of Orbital Symmetry. Angew. 

Chem. Int. Ed. 1969, 8, 781-853. 

(3) Bach, T.; Hehn, J. P. Photochemical Reactions as Key Steps in Natural Product 

Synthesis. Angew. Chem. Int. Ed. 2011, 50, 1000-1045. 

(4) Mallory, F. B.; Butler, K. E.; Bérubé, A.; Luzik, E. D., Jr.; Mallory, C. W.; 

Brondyke, E. J.; Hiremath, R.; Ngo, P. L.; Carrol, P. J. Phenacenes:  A Family of 

Graphite Ribbons. 3. Iterative Strategies for the Synthesis of Large Phenacenes. 

Tetrahedron 2001, 57, 3715-3724. 

(5) Singh, S. B.; Pettit, G. R. Isolation, Structure, and Synthesis of Combretastatin C-

1. J. Org. Chem. 1988, 54, 4105-4114. 

(6) Kelly, T. R.; Jagoe, C. T.; Li, Q. Synthesis of (+/-)-Cervinomycins A1 and A2. J. 

Am. Chem. Soc. 1989, 111, 4522-4524. 

(7) Kharasch, N.; Alston, T. G.; Lewis, H. B.; Wolf, W. The Photochemical 

Conversion of o-Terphenyl into Triphenylene. Chem. Comm. (London) 1965, 

242-243. 

(8) Sato, T.; Shimada, S.; Hata, K. A New Route to Polycondensed Aromatics:  

Photolytic Formation of Triphenylene and Dibenzo[fg,op]naphthacene Ring 

Systems. Bull. Chem. Soc. Jpn. 1971, 44, 2484-2490. 



 109 

(9) Liu, L.; Yang, B.; Katz, T. J.; Poindexter, M. K. Improved Methodology for 

Photocyclization Reactions. J. Org. Chem. 1991, 56, 3769-3775. 

(10) Mallory, F. B.; Butler, K. E.; Evans, A. C.; Brondyke, E. J.; Mallory, C. W.; 

Yang, C.; Ellenstein, A. Phenacenes: A Family of Graphite Ribbons. 2. Synthesis 

of Some [7]Phenacenes and an [11]Phenacene by Stilbene-like Photocyclizations. 

J. Am. Chem. Soc. 1997, 119, 2119-2124. 

(11) Irie, M. Diarylethenes for Memories and Switches. Chem. Rev. 2000, 100, 1685-

1716. 

(12) Hou, L.; Zhang, X.; Pijper, T. C.; Browne, W. R.; Feringa, B. L. Reversible 

Photochemical Control of Singlet Oxygen Generation Using Diarylethene 

Photochromic Switches. J. Am. Chem. Soc. 2014, 136, 910-913. 

(13) Yarkony, D. Conical Intersections:  The New Conventional Wisdom. J. Phys. 

Chem. A 2001, 105, 6277-6293. 

(14) Matsika, S.; Krause, P. Nonadiabatic Events and Conical Intersections. Annu. 

Rev. Phys. Chem. 2011, 62, 621-643. 

(15) Worth, G. A.; Cederbaum, L. S. Beyond Born-Oppenheimer:  Molecular 

Dynamics through a Conical Intersection. Annu. Rev. Phys. Chem. 2004, 55, 127-

158. 

(16) Bearpark, M. J.; Bernardi, F.; Clifford, S.; Olivucci, M.; Robb, M. A.; Vreven, T. 

Cooperating Rings in cis-Stilbene Lead to an S0/S1 Conical Intersection. J. Phys. 

Chem. A 1997, 101, 3841-3847. 

(17) Quenneville, J.; Martínez, T. J. Ab Initio Study of cis-trans Photoisomerization in 

Stilbene and Ethylene. J. Phys. Chem. A 2003, 107, 829-837. 



 110 

(18) Schalk, O.; Boguslavskiy, A. E.; Stolow, A. Substituent Effects on Dynamics at 

Conical Intersections: Cyclopentadienes. J. Phys. Chem. A 2010, 114, 4058-4064. 

(19) Kahan, A.; Wand, A.; Ruhman, S.; Zilberg, S.; Haas, Y. Solvent Tuning of a 

Conical Intersection:  Direct Experimental Verification of a Theoretical 

Prediction. J. Phys. Chem. A 2011, 115, 10854-10861. 

(20) Kohler, B. Nonradiative Decay Mechanisms in DNA Model Systems. J. Phys. 

Chem. Lett. 2010, 1, 2047-2053. 

(21) Polli, D.; Altoe, P.; Weingart, O.; Spillane, K. M.; Manzoni, C.; Brida, D.; 

Tomasello, G.; Orlandi, G.; Kukura, P.; Mathies, R. A. Conical Intersection 

Dynamics of the Primary Photoisomerization Event in Vision. Nature 2010, 467, 

440-443. 

(22) Papagiannakis, E.; Vengris, M.; Larsen, D. S.; van Stokkum, I. H. M.; Hiller, R. 

G.; van Grondelle, R. Use of Ultrafast Dispersed Pump-dump-probe and Pump-

repump-probe Spectroscopies to Explore the Light-induced Dynamics of 

Peridinin in Solution. J. Phys. Chem. B 2006, 110, 512-521. 

(23) Dunkelberger, A. D.; Kieda, R. D.; Shin, J. Y.; Paccani, R. R.; Fusi, S.; Olivucci, 

M.; Crim, F. F. Photoisomerization and Relaxation Dynamics of a Structurally 

Modified Biomimetic Photoswitch. J. Phys. Chem. A 2012, 116, 3527-3533. 

(24) Tang, K.-C.; Sension, R. J. The Influence of the Optical Pulse Shape on Excited 

State Dynamics in Provitamin D3. Faraday Discuss. 2011, 153, 117-129. 

(25) Abe, M.; Ohtsuki, Y.; Fujimura, Y.; Lan, Z.; Domcke, W. Geometric Phase in the 

Coherent Control of the Branching Ratio of Photodissociation of Phenol. J. Chem. 

Phys. 2006, 124, 224316. 



 111 

(26) Ward, C. L.; Elles, C. G. Controlling the Excited-state Reaction Dynamics of a 

Photochromic Molecular Switch with Sequential Two-photon Excitation. J. Phys. 

Chem. Lett. 2012, 3, 2995-3000. 

(27) Waldeck, D. H. Photoisomerization Dynamics of Stilbenes. Chem. Rev. 1991, 91, 

415-436. 

(28) Ishii, K.; Takeuchi, S.; Tahara, T. A 40-fs Time-resolved Absorption Study of cis-

Stilbene in Solution:  Observation of Wavepacket Motion on the Reactive Excited 

State. Chem. Phys. Lett. 2004, 398, 400-406. 

(29) Kovalenko, S. A.; Dobryakov, A. L.; Ioffe, I.; Ernsting, N. P. Evidence for the 

Phantom State in Photoinduced cis-trans Isomerization of Stilbene. Chem. Phys. 

Lett. 2010, 493, 255-258. 

(30) Myers, A. B.; Mathies, R. A. Excited-state Torsional Dynamics of cis-Stilbene 

from Resonance Raman Intensities. J. Chem. Phys. 1984, 81, 1558-1558. 

(31) Nikowa, L.; Schwarzer, D.; Troe, J.; Schroeder, J. Viscosity and Solvent 

Dependence of Low-barrier Processes:  Photoisomerization of cis-Stilbene in 

Compressed Liquid Solvents. J. Chem. Phys. 1992, 97, 4827-4835. 

(32) Sension, R.; Repinec, S.; Szarka, A.; Hochstrasser, R. Femtosecond Laser Studies 

of the cis-Stilbene Photoisomerization Reactions. J. Chem. Phys. 1993, 98, 6291-

6315. 

(33) Sension, R. J.; Szarka, A. Z.; Hochstrasser, R. M. Vibrational Energy 

Redistribution and Relaxation in the Photoisomerization of cis-Stilbene. J. Chem. 

Phys. 1992, 97, 5239-5242. 



 112 

(34) Todd, D. C.; Fleming, G. R. cis-stilbene Isomerization:  Temperature Dependence 

and the Role of Mechanical Friction. J. Chem. Phys. 1993, 98, 269-279. 

(35) Todd, D. C.; Jean, J. M.; Rosenthal, S. J.; Ruggiero, A. J.; Yang, D.; Fleming, G. 

R. Fluorescence Upconversion Study of cis-Stilbene Isomerization. J. Chem. 

Phys. 1990, 93, 8658-8668. 

(36) Muszkat, K. A.; Fischer, E. Structure, Spectra, Photochemistry, and Thermal 

Reactions of the 4a,4b-Dihydrophenanthrenes. J. Chem. Soc. (B) 1967, 1967, 

662-678. 

(37) Rodier, J.-M.; Myers, A. B. cis-Stilbene Photochemistry:  Solvent Dependence of 

the Initial Dynamics and Quantum Yields. J. Am. Chem. Soc. 1993, 115, 10791-

10795. 

(38) Gegiou, D.; Muszkat, K. A.; Fischer, E. Temperature Dependence of 

Photoisomzeriation. VI.  The Viscosity Effect. J. Am. Chem. Soc. 1967, 90, 12-18. 

(39) Frederick, J. H.; Fujiwara, Y.; Penn, J. H.; Keitaro, Y.; Petek, H. Models of 

Stilbene Photoisomerization:  Experimental and Theoretical Studies of the 

Excited-State Dynamics of 1,2-Diphenylcycloalkenes. J. Phys. Chem. 1991, 1991, 

2845-2858. 

(40) Petek, H.; Yoshihara, K.; Fujiwara, Y.; Lin, Z.; Penn, J. H.; Frederick, J. H. Is the 

Nonradiative Decay of S1 cis-Stilbene Due to the Dihydrophenanthrene 

Isomerization Channel?  Suggestive Evidence from Photophysical Measurements 

on 1,2-Diphenylcycloalkenes. J. Phys. Chem. 1990, 94, 7539-7543. 

(41) Smith, M. C.; Snyder, J. A.; Steifel, B. C.; Bragg, A. E. Ultrafast Excited-State 

Dynamics of ortho-Terphenyl and 1,2-Diphenylcyclohexene:  The Role of 



 113 

"Ethylenic Twisting" in the Non-adiabatic Photocyclization of Stilbene Analogs. 

J. Phys. Chem. Lett. 2013, 4, 1895-1900. 

(42) Nagura, C.; Suda, A.; Kawano, H.; Obara, M.; Midorikawa, K. Generation and 

Characterization of Ultrafast White-light Continuum in Condensed Media. Appl. 

Opt. 2002, 41, 3735-3742. 

(43) Johnson, P. J. M.; Prokhorenko, V. I.; Miller, R. J. D. Stable UV to IR 

Supercontinuum Generation in Calcium Fluoride with Conserved Circular 

Polarization States. Opt. Express 2009, 17, 21488-21496. 

(44) Fleming, G. R. Chemical Applications of Ultrafast Spectroscopy; Oxford 

University Press: New York, 1986. 

(45) Castellano, F. N.; Stipkala, J. M.; Friedman, L. A.; Meyer, G. J. Spectroscopic 

and Excited-state Properties of Titanium Dioxide Gels. Chem. Mater. 1994, 6, 

2123-2129. 

(46) Heimer, T. A.; Bignozzi, C. A.; Meyer, G. J. Molecular Level Photovoltaics: The 

Electrooptical Properties of Metal Cyanide Complexes Anchored to Titanium 

Dioxide. J. Phys. Chem. 1993, 1993, 11987-11994. 

(47) Abrash, S.; Repinec, S.; Hochstrasser, R. M. The Viscocity Dependence and 

Reaction Coordinate for Isomerization of cis-Stilbene. J. Chem. Phys. 1990, 93, 

1041-1053. 

(48) Baranovic, G.; Bistricic, L.; Volovsek, V.; Kirin, D. Molecular Vibrations and 

Lattice Dynamics of ortho-Terphenyl. Mol. Phys. 2001, 99, 33-46. 



 114 

(49) Repinec, S. T.; Sension, R. J.; Szarka, A. Z.; Hochstrasser, R. M. Femtosecond 

Laser Studies of the cis-Stilbene Photoisomerization Reactions.  The cis-Stilbene 

to Dihydrophenanthrene Reaction. J. Phys. Chem. 1991, 95, 10380-10385. 

(50) Bearpark, M. J.; Robb, M. A.; Schlegel, H. B. A Direct Method for the Location 

of the Lowest Energy Point on a Potential Surface Crossing. Chem. Phys. Lett. 

1994, 223, 269-274. 

(51) Rodier, J.-M.; Ci, X.; Myers, A. B. Resonance Raman spectra of 4a,4b-

Dihydrophenanthrene. Chem. Phys. Lett. 1991, 183, 55-62. 

(52) Weigel, A.; Ernsting, N. P. Excited Stilbene: Intramolecular Vibrational 

Redistribution and Solvation Studied by Femtosecond Stimulated Raman 

Spectroscopy. J. Phys. Chem. B 2010, 114, 7879-7893. 

(53) Matousek, P.; Parker, A. W.; Phillips, D.; Scholes, G. D.; Toner, W. T.; Towrie, 

M. A Picosecond Time-resolved Resonance Raman Study of S1 cis-Stilbene. 

Chem. Phys. Lett. 1997, 278, 56-62. 

(54) Matsika, S. The Influence of State Topology on Wavepacket Dynamics in the 

Region of the Conical Intersection. J. Chem. Phys. 2012, 137, 22A537. 

(55) Kramers, H. A. Brownian Motion in a Field of Force and the Diffusion Model of 

Chemical Reactions. Physica 1940, 7, 284-304. 

(56) Bagchi, B.; Fleming, G. R. Dynamics of Activationless Reactions in Solution. J. 

Phys. Chem. 1990, 94, 9-20. 

(57) Bagchi, B.; Fleming, G. R.; Oxtoby, D. W. Theory of Electronic Relaxation in 

Solution in the Absence of an Activation Barrier. J. Chem. Phys. 1983, 78, 7375-

7385. 



 115 

(58) Ben-Amotz, D.; Harris, C. B. Torsional Dynamics of Molecules on Barrierless 

Potentials in Liquids. II. Test of Theoretical Models. J. Chem. Phys. 1987, 86, 

5433-5440. 

(59) Ben-Amotz, D.; Harris, C. B. Torsional Dynamics of Molecules on Barrierless 

Potentials in Liquids.  I. Temperature and Wavelength Dependent Picosecond 

Studies of Triphenylmethane Dyes. J. Chem. Phys. 1987, 86, 4856-4870. 

(60) Liu, K.-L.; Chen, Y.-T.; Lin, H.-H.; Hsu, C.-S.; Chang, H.-W.; Chen, I.-C. 

Dynamics of the Excited States of p-Terphenyl and Tetracene:  Solute-Solvent 

Interaction. J. Phys. Chem. C 2011, 115, 22578-22586. 

(61) Elles, C.; Crim, F. Connecting Chemical Dynamics in Gases and Liquids. Annu. 

Rev. Phys. Chem. 2005, 57, 273-302. 

(62) Stratt, R. M.; Maroncelli, M. Nonreactive Dynamics in Solution:  The Emerging 

Molecular View of Solvation Dynamics and Vibrational Relxation. J. Phys. 

Chem. 1996, 100, 12981-12996. 

(63) Deng, Y.; Stratt, R. M. Vibrational Energy Relaxation of Polyatomic Molecules in 

Liquids: The Solvent's Perspective. J. Chem. Phys. 2002, 117, 1735-1749. 

(64) Elsaesser, T.; Kaiser, W. Vibrational and Vibronic Relaxation of Large 

Polyatomic Molecules in Liquids. Annu. Rev. Phys. Chem. 1991, 42, 83-107. 

(65) Owrutsky, J. C.; Raftery, D.; Hochstrasser, R. M. Vibrational Relaxation 

Dynamics in Solutions. Annu. Rev. Phys. Chem. 1994, 45, 519-555. 

(66) Harris, C.; Smith, D.; Russel, D. Vibrational Relaxation of Diatomic Molecules in 

Liquids. Chem. Rev. 1990, 90, 481-488. 



 116 

(67) Russel, D. J.; Harris, C. B. Vibrational Relaxation in Simple Fluids:  A 

Comparison of Experimental Results to the Predictions of Isolated Binary 

Collision Theory. Chem. Phys. 1994, 183, 325-333. 

(68) Madigosky, W. M.; Litovitz, T. A. Mean Free Path and Ultrasonic Vibrational 

Relaxation in Liquids and Dense Gases. J. Chem. Phys. 1961, 34, 489-497. 

(69) von Benten, R.; Charvat, A.; Link, O.; Abel, B.; Schwarzer, D. Intramolecular 

Vibrational Energy Redistribution and Intermoleuclar Energy Transfer of 

Benzene in Supercritical CO2:  Measurements from the Gas Phase to Liquid 

Densities. Chem. Phys. Lett. 2004, 386, 325-329. 

(70) Schwarzer, D.; Troe, J.; Votsmeier, M.; Zerezke, M. Collisional Deactivation of 

Vibrationally Highly Excited Azulene in Compressed Liquids and Supercritical 

Fluids. J. Chem. Phys. 1996, 105, 3121-3131. 

(71) Cox, M. J.; Crim, F. F. Vibrational Energy Flow Rates for cis- and trans-Stilbene 

Isomers in Solution. J. Phys. Chem. A 2005, 109, 11673-11678. 

(72) Emmerling, F.; Lettenberger, M.; Laubereau, A. Vibrational Dynamics of 

Anthracenes in Liquid Solution Studied by Picosecond IR/UV Spectroscopy with 

Polarization Resolution. J. Phys. Chem. 1996, 100, 19251-19256. 

(73) Nikowa, L.; Schwarzer, D.; Troe, J. Transient Hot UV Spectra in the Collisional 

Deactivation of Highly Excited trans-Stilbene in Liquid Solvents. Chem. Phys. 

Lett. 1995, 233, 300-308. 

(74) Elles, C. G.; Cox, M. J.; Crim, F. F. Vibrational Relaxation of CH3I in the Gas 

Phase and in Solution. J. Chem. Phys. 2004, 120, 6973-6979. 



 117 

(75) Bromberg, A.; Muszkat, K. A. 4a,4b-Dihydrophenanthrenes. I. Kinetics of the 

Thermal Reaction of 9,10-Cyclopentano-4a,4b-Dihydrophenanthrene with 

Oxygen. J. Am. Chem. Soc. 1969, 91, 2860-2866. 

(76) Bromberg, A.; Muszkat, K. A.; Fischer, E.; Klein, F. S. Oxidation of 4a,4b-

Dihydrophenanthrene. Part V. Tunnelling Effect on the Kinetics of the Initiation 

Step. J. Chem. Soc. (Perkin II) 1970, 588-591. 

(77) Tamai, N.; Miyasaka, H. Ultrafast Dynamics of Photochromic Switches. Chem. 

Rev. 2000, 100, 1875-1890. 

(78) Mathew, S. M.; Engle, J. T.; Ziegler, C. J.; Hartley, C. S. The Role of Arene-

Arene Interactions in the Folding of ortho-Phenylenes. J. Am. Chem. Soc. 2013, 

135, 6714-6722. 

(79) Hartley, C. S. Excited-State Behavior of ortho-Phenylenes. J. Org. Chem. 2011, 

76, 9188-9191. 

 

 

 



 118 

Chapter 5 

Structural Control of Nonadiabatic Photochemical Bond Formation: 

Photocyclization in Structurally Modified ortho-Terphenyls 

Reproduced with permission from Molloy, M.S.; Snyder, J.A.; DeFrancisco, J.R.; Bragg, A.E. The Journal 

of Physical Chemistry A. 2016, 120, 3998−4007, Copyright 2016, American Chemical Society. 

 

 

Figure 5.0. Table of contents figure.  

 

5.0 Abstract  

Understanding how molecular structure impacts the shapes of potential energy 

surfaces and prospects for  nonadiabatic photochemical dynamics is critical for 

predicting  and controlling the chemistry of molecular excited states.  Ultrafast transient 

absorption spectroscopy was used to  interrogate photoinduced, nonadiabatic 6π 

cyclization of a  collection of ortho-terphenyls (OTP) modified with alkyl  substituents 

of different sizes and electron-donating/with-  drawing character positioned on its central 

and pendant  phenyl rings. OTP alkylated at the 4,4′′ and 4′,5′ positions of  the pendant 

and central rings, respectively, exhibiting biphasic  excited-state relaxation; this is 

qualitatively similar to relaxation  of OTP itself, including a fast decrease in excited-
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state  absorption (τ1 = 1−4 ps) followed by formation of metastable cyclized 

photoproducts (τ2 = 3−47 ps) that share common characteristic spectroscopic features for 

all substitutions despite variations in chemical nature of the substituents. By contrast, 

anomalous excited-state dynamics are observed for 3′,6′dimethyl-OTP, in which the 

methyl substituents crowd the pendant rings sterically; time-resolved spectral dynamics 

and low photochemical reactivity with iodine reveal that methylation proximal to the 

pendant rings impedes nonadiabatic cyclization. Results from transient measurements and 

quantum-chemical calculations are used to decipher the nature of excited state relaxation 

mechanisms in these systems and how they are perturbed by mechanical, electronic, and 

steric interactions induced by substituents.  

 

5.1 Introduction 

Identifying how molecular structure impacts the landscapes of potential energy 

surfaces and the prospects for nonadiabatic chemical dynamics is critical for 

understanding and controlling the photochemistry of molecular excited states.1–3 Photo- 

induced nonadiabatic 6π electrocyclization reactions highlight the importance of 

structure-dynamics relationships in excited- state chemistry because the resultant 

carbon−carbon bond formation necessitates a very specific structural reorganization of 

the reactant.4 Although this process is a critical step in the photochemical synthesis of 

polyaromatic compounds via cyclodehydrogenation,5–11 little is known formally about 

how reactant structure impacts excited-state dynamics and therefore determines the 

feasibility of specific photochemical outcomes. Nonadiabatic photocyclization is also a 

key photochemical process underlying responses of a certain class of molecular 
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photoswitch (e.g., bisthienyl perfluorocyclopentene12–14 and related structural 

analogues15–19). These switches have been subject to continued structural design 

innovations to improve fatigue resistance,20,21 thermal stability,22,23 and quantum yields24 

for greater practicality. In both of these chemical contexts, variations in reactant structure 

can be expected to alter the shapes of electronic surfaces, creating new barriers on 

excited-state potential energy surfaces and moving conical intersections for bond-

formation by cyclization−with the consequence of fundamentally altering the outcome of 

excited-state photochemistry.25 In this work we specifically explore the relationship 

between the molecular structure and dynamics underlying photocyclization in a series of 

modified ortho-terphenyls. These model systems enable us to interrogate how modest 

changes in reactant structure alter the photo- chemistry of a common photoreactive 

chromophore.  

The impact of structure on excited-state photochemistry has been studied 

intensely since photoisomerization of stilbenes and related systems was observed in the 

early half of the twentieth century.26–29 Since the advent of ultrafast laser spectroscopy, 

numerous studies have pushed understanding of how structural modifications can alter 

photoisomerization rates and pathways for various analogues of stilbene and related 

molecules.30–36 Less attention has been given to understanding the dynamics of 

nonadiabatic cyclization, despite the fact that this reaction can make chemical bonds and 

also competes with isomerization in the photochemistry of stilbenes. Laarhoven 

investigated cyclodehydrogenation reactions of monosubstituted 1,2-

diphenylcyclopentenes and demonstrated that the nature and positions of substituents 

influenced the quantum yields of product phenanthrenes, implying that reactant structure 
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impacts the formation of dihydrophenanthrene intermediates.37–39 Fischer and co-workers 

studied the temperature- and structure-dependent photochemistry of cyclization in 1,2-

diarylcycloalkenes in more detail;40,41 these researchers found that cyclization yields 

dropped sharply with a decrease in temperature, indicating that these reactions occur 

subject to a modest barrier in the excited state (∼3 kcal/mol). In agreement with these 

findings, Petek and co-workers observed stark differences in the fluorescence yields 

among a series of 1,2- diarylcycloalkenes in the gas phase, indicating that the cycloalkane 

structural motif significantly impacts the potential-energy landscape between the 

Franck−Condon region and conical intersection by constraining the geometry of the 

ethylenic C−C bond.42,43 Sension, Hochstrasser, and co-workers first interrogated the 

ultrafast dynamics involved in the formation of dihydrophenanthrene from cis-stilbene, 

revealing subpicosecond bond-formation.44 Much contemporary time- resolved work on 

photocyclization has focused on how structure directs or can be used to control ultrafast 

dynamics of diarylcyclopentene photoswitches.45–47 

As part of a effort to elucidate structure−dynamics relationships that impact 

photochemical bond formation by 6π cyclizations, our group has explored the 

photoinduced dynamics of a series of ortho-arenes and related diarylethenes.48–50 In 

previous work, we interrogated the photochemical dynamics of ortho-terphenyl (OTP) 

and 1,2-diphenylcyclohexene (DPCH); in combination with computational investigation 

of key excited-state configurations (e.g., ground- and excited-state minima, lowest-

energy conical intersections) we have deduced how reactant structure impacts critical 

coordinates in photoinduced dynamics leading to bond formation.48 In more recent work 

we have investigated excited- state dynamics of a series of ortho-arenes including OTP, 
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1,2,3-triphenylbenzene (TPB) and ortho-quaterphenyl (OQTP).50 TPB and OQTP can 

both be viewed as phenyl-substituted OTP, but the location of this substitution has a 

significant impact on excited state dynamics: Specifically, excited TPB behaves much 

like OTP, with nuclear dynamics toward C−C bond formation impeded sterically by the 

presence of the extra phenyl group on the central ring. In contrast, dynamics of OQTP are 

fundamentally different, exhibiting both a symmetric relaxation to a metastable 

fluorescent state51 and asymmetric relaxation toward C−C bond formation. The former 

dominates the excited-state relaxation of larger ortho-oligophenylenes that tend to take 

on helical conformations; thus the photochemical dynamics of OQTP illustrate how 

conformation begins to impact reactive photochemistry in larger oligomers.52  

In this work, we examine how structural modification of the OTP chromophore 

impacts the dynamics of photochemical bond formation. Notably, our previous work with 

OTP, DPCH, TPB, and OQTP compared the photochemical dynamics of systems that are 

structurally similar but that are also formally electronically distinct chromophores. By 

contrast, this study focuses on structural modifications that are nominally “benign” to a 

core chromophore --specifically, by dressing OTP with alkyl substituents of various sizes 

(e.g., methyl, tert-butyl) and electron-donating/withdrawing character (e.g., tert-butyl vs. 

trifluoromethyl) that should have perturbative effects on its electronic structure. 

Electronic and steric perturbations associated with these modifications will still alter the 

potential-energy landscapes that direct photochemical dynamics. The primary focus of 

this work is to understand how changes to molecular structure can alter photochemical 

bond formation either perturbatively or nontrivially.  

 



 123 

5.2 Experimental Methods 

5.2.1 Sample Preparation and Steady-State Spectroscopic Characterization 

 The compounds studied in this work are shown in Chart 1. Compounds 1 and 6 

were purchased from Sigma-Aldrich. Compound 2 was synthesized from 1,2- dibromo-

4,5-dimethylbenzene and phenylboronic acid using a modified Suzuki-Miyaura coupling 

reaction.53 Similarly, 3, 4, and 5 were synthesized from 1,2-dibromobenzene and the 

appropriate para-alkylated phenylboronic acid. Details regarding synthesis and 

characterization of these compounds are provided in the Supporting Information.  

Transient absorption measurements were made with 5 mM solutions of each 

compound in ethanol (ACS grade ethanol, Pharmco-Aaper, 100%, used “as-is”). 

Experiments were conducted with room-temperature samples contained within 1 cm path 

length quartz cuvettes (Thorlabs). Sample solutions were continuously stirred with a 

micro stir bar. Long path- length cells were required both because samples had a 

tendency to burn and degrade onto the walls of thin path-length cuvettes or flow cells and 

because the availability of these compounds considerably limited solution volumes 

available for study (i.e., precluding the use of flowing liquid jets); sample thickness 

contributed to only modest broadening of effective time resolution as described below. 

Steady-state UV−vis spectra of the sample solutions were measured before and after laser 

exposure. No sample degradation was observed even after several hours of exposure to 

laser pulses.  
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Chart 5.1. Structures of (1) ortho-Terphenyl (OTP), (2) 4′5′Dimethyl-OTP, (3) 

4,4″Dimethyl-OTP, (4) 4,4″Bis(tert- butyl)-OTP, (5) 4,4″Bis(trifluoromethyl)-OTP, and 

(6) 3′6′Dimethyl-OTP.a 

 

a Formal chemical names and CAS numbers for these compounds are given in Chart 

A3.1. 

 

5.2.2 Transient Absorption Spectroscopy 

Description of our femtosecond transient absorption spectrometer (fs-TAS), 

detailing laser configuration, light generation, data collection, and data processing have 

been reported previously.48,49 In our setup we utilize light pulses generated from the 

output of a regeneratively amplified Ti:sapphire laser (Coherent Legend Elite, ∼ 4 

mJ/pulse, ∼ 1 kHz repetition rate, ∼ 35 fs pulse duration, 800 nm peak wavelength). An 

∼1 mJ portion of this output was up-converted to make 266 nm pump pulses (5−10 μJ) 

using a BBO-based doubling-mixing scheme. Ultrafast, broadband probe pulses spanning 

430−720 nm (or 350−710 nm) were obtained by driving white-light generation in a 2 mm 

sapphire plate (or a rastered CaF2 plate) with a few hundred nanojoules of 800 nm light.  
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The 266 nm excitation pulses were gently focused to a ∼2 mm beam diameter at 

the sample; the excitation fluence at the sample was estimated to be 0.16 mJ/cm2. The 

broadband white-light probe pulse was focused at a small incident angle relative to the 

pump into the excited region of the sample using a parabolic mirror. The spot size of the 

probe beam was measured to be 100 μm. All fs-TAS measurements were collected with 

relative orientations of the pump and probe polarization at the “magic angle” in order to 

eliminate time- dependent signatures of polarization anisotropy from time- resolved 

measurements. This was accomplished by polarizing the broadband white-light probe 

pulse with a thin wire-grid polarizer (Thorlabs) immediately in front of the sample 

cuvette.  

The probe beam transmitted through the sample was directed into a 0.3 m 

spectrograph (Acton-2360, Princeton Instruments) outfitted with a low-resolution grating 

(800 blaze, 150 lines/mm). A CCD camera (Pixis-100BR, Princeton instruments) was 

configured to detect the continuum spectrum of the probe (S) on each laser shot. 

Although the systems studied here only fluoresce weakly (see Figures A3.4 and A3.5, 

Table A3.1), the probe (pr) and pump (pu) beams were synchronously chopped at one-

half and one-quarter of the laser repetition rate to enable corrections of the transient 

absorption signal for pump-induced fluorescence emission; the fluorescence corrected 

transient absorption signal (FCTA) is obtained by the following mathematical 

relationship:  

 

 
 (5.1) 

 

FCTA =
Spu=on,pr=on -Spu=on,pr=off

Spu=off ,pr=on -Spu=off ,pr=off
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Transient spectra were obtained by averaging FCTA signals over 15000−20000 

chopping cycles at each time delay. The UV optical path length (and therefore the 

relative pump−probe delay) was controlled with a motorized translation stage (Newport) 

outfitted with an aluminum corner cube. Positioning of the delay stage, collection of 

spectra from the CCD, synchronization with chopper phases, and calculation and 

averaging of the transient data were all coordinated through a data acquisition program 

written in LabVIEW. fs-TAS data was chirp-corrected prior to kinetic analysis.48 Based 

on forward- convoluted kinetic fits of spectral data obtained with OTP (compound 1), 

which we have studied previously in 0.5 mm path length flowcells, the effective temporal 

response of our measurements was estimated to be ∼330 fs full-width at half-maximum; 

the time resolution is limited in combination by group-velocity mismatch and the 

noncollinear spatial overlap of the pump and probe pulses in the sample cell.  

 

5.2.3 Computational Methods 

All calculations were performed using Gaussian 09.54 Optimized ground-state 

geometries and vibrational frequencies for all open-ring and cyclized structures were 

calculated using density functional theory (DFT; B3LYP,55 6-311+G(d,p)56,57). All 

calculated vibrational frequencies of the optimized structures were found to be real, 

signifying that true minima were located in all cases.  

Time-dependent density functional theory (TDDFT)58 was used to calculate 

vertical excitation energies and transition oscillator strengths for reactants and the 

cyclized products expected to form via nonadiabatic photocyclization of each reactant. 
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TDDFT calculations utilized the B3LYP hybrid functional and a 6-311+G(d,p) basis set. 

The six lowest-energy vertical excitations were calculated in all cases.  

 

5.3 Results 

5.3.1 Transient Spectroscopy 

Figure 5.1a presents the fs-TAS of OTP (1) in ethanol as probed in the visible 

following 266 nm photoexcitation. Spectral dynamics are similar to what we have 

observed previously with 1 in tetrahydrofuran (THF): The photoinduced absorption 

includes an intense, short-lived feature centered at 606 nm appearing promptly upon 

sample excitation that we have previously ascribed to an excited-state absorption of 1; 

decay of this feature gives rise to a weaker, broader absorption centered at 580 nm. We 

have shown previously that this band corresponds with absorption of the cyclized 

photoproduct 4a,4b-dihydrotriphenylene (DHT, or dh-1) in its ground state. Figure 5.1b 

plots time-dependent absorption at selected probe wavelengths (colored circles), 

illustrating the rapid disappearance of the excited-state absorption band at 606 nm and 

persistence of the DHT absorption up to 1 ns after excitation.  
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Figure 5.1. Transient absorption spectroscopy of OTP in ethanol following 266 nm 

photoexcitation. (a) Transient spectra at selected time delays. (b) Wavelength-specific 

transients; experimental intensities (circles) were fit (black lines) by global analysis using 

a sequential three-component kinetic interconversion model (A → B→ C). (c) Decay 

associated transient spectra obtained from panel ‘a’ via global analysis; component B has 

been scaled (dashed line) for comparison with the line shape of component A. 
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We utilized Principal Component Global Analysis (PCGA)59 to fit our 

experimental data using a three-component sequential interconversion model (A → B → 

C). Figure 5.1b overlays fit lines (black) obtained with PCGA over the experimental 

intensities at various wavelengths; this plot illustrates the effectiveness of the PCGA 

fitting procedure over a wide spectral range. The decay-associated spectra obtained by 

global analysis are presented in Figure 5.1c. From this analysis, a promptly appearing 

transient feature “A” evolves into a weaker and somewhat narrow feature “B” on a 1.33 

ps time scale; the two features have similar peak absorption wavelengths, suggesting that 

they arise from a similar excited state of 1, but also noticeable differences in spectral 

shape below 500 nm. Subsequently “B” decays into the photoproduct spectrum “C” with 

a 2.83 ps lifetime. The same kinetic model obtains corresponding lifetimes of 0.7 and 

3.35 ps for UV-excited 1 in THF. We note that a two-state sequential interconversion 

produces a poor fit in the 5−20 ps domain;49 this is largely associated with the fast change 

in spectral shape and intensity of the excited-state absorption feature at 606 nm and is 

ameliorated when an intermediate spectral component is introduced. In sum, spectral 

dynamics observed with 1 indicate that excited-state dynamics involve at least two 

relaxation processes.  

The fs-TAS of 2 in ethanol following 266 nm excitation is presented in Figure 

5.2a and is qualitatively similar to what we observe for 1: an intense photoinduced 

absorption at 606 nm decays within several picoseconds of excitation, giving rise to an 

absorption band that roughly matches the spectrum anticipated for the corresponding 

methyl-substituted DHT photoproduct. The initial and final photoinduced spectra 

obtained with 1 and 2 exhibit only subtle differences in shape: first, excited-state 
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absorption of 2 (compared to 1) exhibits a noticeable shoulder at 550 nm. Second, the 

peak absorption of the methyl-substituted DHT photoproduct formed from 2 (10,11-

dimethyl-4a,4b-dihydrotriphenylene, or dh-2) is slightly red- shifted relative to that of 

dh-1.  

The TAS data shown in Figure 5.1a and Figure 5.2a are plotted with the same set 

of time delays to highlight that the dynamics of 2 are considerably slower than that of 1. 

Transient spectra were fitted with a similar sequential kinetic interconversion model; 

experimental and fitted intensities at selected wavelengths are plotted in Figure 5.2b. 

Based on these fits, 2 exhibits a somewhat slower excited-state decay than 1 (∼10 ps vs. 

2.83 ps in ethanol). However, both 1 and 2 exhibit evolution in spectral band shape (both 

intensity decay and band narrowing) over the first picosecond after excitation. Best-fit 

time scales extracted from various PCGA models of all samples are summarized in Table 

5.1.  

Figure 5.2b shows that absorption from dh-2 begins to decay on a nanosecond 

time scale, necessitating modification of our sequential 3-component kinetic 

interconversion model (see Figure A3.6 for comparison). Global fits agree with transient 

data through inclusion of a 3 ns decay of dh-2. Nonetheless, the decay-associated spectra 

plotted in Figures 5.1c and 5.2c illustrate the spectroscopic and photochemical 

similarities of UV-excited 1 and 2.  

TAS of compounds 3, 4, and 5 in ethanol photoexcited at 266 nm are qualitatively 

similar to that of both 1 and 2. Transient absorption spectra for these compounds and 

their fits to interconversion models by PCGA are presented in Figures A3.7-A3.9. Kinetic 

relaxation time scales obtained from global analyses are given in Table 5.1. Notably, both 
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interconversion time scales increase with the addition of bulkier groups in the 4 and 4′′ 

positions of the terminal phenyl rings. Transient decay-associated spectra only exhibit 

subtle differences in peak positions: Absorption of the transient excited state of OTP (1) 

peaks at 606 nm, 2 at 604 nm, 3 at 618 nm, 4 at 616 nm, and 5 peaks at 604 nm. There is 

no discernible trend in peak position relative to substitution. Absorption features 

associated with corresponding dihydro products are centered at 580 nm for nearly all 

compounds, but is centered at 572 nm for 4.  

Transient spectra measured after 266 nm excitation of 6 are plotted in Figure 5.3a 

and illustrate that methylation at the 3′ and 6′ sites of the central ring gives rise to 

qualitatively different spectral dynamics: Overall, transient spectra are both weak and 

broad; there is no sharp feature near 580 nm similar to what emerges in the transient 

spectroscopy of UV-excited 1−5 and that is characteristic of a DHT photoproduct. A 

short-lived feature does appear in the near-UV, centered at ∼375 nm; however, the rapid 

time scale for its decay (0.28 ps) is comparable to our effective time resolution, 

suggesting that it is likely an artifact from the coherent, nonlinear interaction of the 

pulses with the sample. Figure 5.3b presents time-dependent traces of the spectral 

dynamics of 6 at various wavelengths, highlighting a common intensity decay across the 

entire spectral region; a single-exponential fit to the 375 nm transient reveals a 17.7 ps 

decay lifetime.  
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Figure 5.2. Transient absorption spectroscopy of 2 in ethanol following 266 nm 

photoexcitation. (a) Transient spectra at selected time delays. (b) Wavelength-specific 

transients; experimental intensities (circles) were fit (black lines) using a sequential 

kinetic interconversion model. (c) Three decay-associated transient spectra obtained from 

panel a via global analysis using a sequential kinetic interconversion model; component 

B has been scaled (dashed line) for comparison with the line shape of component A. 
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Table 5.1.   Kinetic Lifetimes Obtained by Principal Component Global Analysis 

(PCGA) of Transient Spectra Using Various Interconversion Models 

  a b c 

 1 / ps 1 / ps 2 / ps 1 / ps 2 / ps 3 / ps 

1 2.15 ± 0.1 1.3 ± 0.3 2.8 ± 0.4 --- --- --- 

2 --- 1.4 ± 0.5 10.0 ± 0.7 1.3 ± 0.4 8.7 ± 0.1 3000 ± 100 

3 --- 1 ± 1 6.0 ± 0.8 --- --- --- 

4 --- 3 ± 1 18 ± 3 --- --- --- 

5 --- --- --- 4.11 ± 0.08 48 ± 2 1830 ± 160 

a  Direct interconversion of excited reactant to photoproduct 

b  Sequential two-step relaxation to photoproduct 

c Interconversion of C to an unobservable species accounts for decay of 

metastable photoproducts 

 

A®B A®B®C A®B®C®X
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Figure 5.3. Transient absorption of 6 in ethanol following 266 nm excitation. (a) 

Broadband transient spectra at selected time delays. (b) Traces at various wavelengths 

(dots); a single-exponential fit to the 375 nm trace is overlaid (black dotted line).  

 

5.2.2 Calculations.  

Quantum-chemical calculations were used to investigate the minimum-energy 

ground-state geometries of 1− 6 and their corresponding substituted dihydrotriphenylene 

photoproducts (dh-x). Critical structural parameters are illustrated in Figure 5.4 and 

include the dihedral across all rings (θ), the dihedrals between terminal and central rings 

(φ), bond angles between the central and terminal rings (α), and the C−C−C−C dihedral 

across the nascent bond formed by cyclization (δ). Values for these parameters as well as 
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the inter- ring, central ring, and nascent C−C bond lengths are given in Tables 5.2 and 

5.3. Additional structural parameters are given in Tables A3.8 and A3.9.  

 

 

Figure 5.4. Critical dihedral and bond angles tabulated in Tables 5.2 and 5.3. Angles are 

described in the text; each structure is characterized by two values for both φ and α.  

 

Table 5.2 illustrates that OTP (1) and compounds 2−5 have highly similar 

geometries in the ground state with respect to θ, φ, and α. By contrast, the ground-state 

geometry of 6 differs markedly. Specifically the terminal phenyl rings are twisted nearly 

perpendicular relative to the plane of the central ring. Secondarily, 6 has a much smaller 

dihedral θ (−0.4° vs. ∼5°) and appreciably longer inter-ring C−C bond lengths (1.499 Å) 

than those of 1−5 (1.491/1.492 Å). These structural differences can be attributed to 

distortions that accommodate the steric interaction between the methyl substituents and 

the adjacent terminal phenyl rings.  

Similarly, Table 5.3 shows that the structures of dh-1−dh-5 are comparable, but 

differ considerably from the minimum-energy structure of dh-6. For the latter, the 

dihedral θ is significantly larger (−30.8° for dh-6 vs. ca. −8° degrees for dh-1−dh-5) as is 

the dihedral δ (−60.8° vs. ca. −40° degrees). Furthermore, the C−C bond in the central 

ring is elongated appreciably in dh-6. Together, these reflect a highly distorted and 

nonplanar structure for dh-6 relative to the other photoproducts. Visualizations of 
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calculated photoproduct structures of dh-1, dh-2, and dh-6, presented in Figure 5.5, were 

generated with Avogadro Version 1.1.1. Calculated structures are displayed at various 

rotations about the nominal C2 symmetry axis of 1 to highlight representative structural 

similarities and differences.  

TDDFT calculations were carried out with all open and cyclized structures to 

determine the vertical excitation energies to their six lowest excited states. These 

transitions, scaled by their calculated oscillator strengths, are shown in Figure 5.6 for 

1/dh-1, 2/dh-2, and 6/dh-6 and are overlaid on the experimental steady-state absorption 

of reactants in the near UV and transient photoproduct absorption in the visible; 

calculated values are listed in Table A3.10. The calculated excitation energies and 

transition oscillator strengths of most alkylated structures are effectively the same as 

those associated with 1 and its cyclization photoproduct dh-1. The most noticeable 

discrepancies appear for the lowest-energy transitions of 6 and dh-6: The bright 

transitions for 1 and 2 are much weaker for 6, whereas the lowest-energy transition in dh- 

6 is red-shifted noticeably from that of dh-1.  
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Table 5.2.  Calculated structural parameters for ground-state reactant geometries. 

Compound  φ/ ° α / ° central-ring  

C-C, d/ Å 

inter- ring  

C-C / Å 

1 -4.7 -54.1 

-54.1 

120.2 

121.4 

1.414 1.492 

1.492 

2 -4.9 -53.4 

-53.4 

123.6 

123.6 

1.410 1.491 

1.491 

3 -4.8 -53.9 

-53.9 

123.3 

124.4 

1.414 1.491 

1.491 

4 -5.0 -53.2 

-53.4 

123.4 

123.4 

1.414 1.491 

1.491 

5 -5.1 

 

-53.9 

-53.9 

123.2 

123.2 

1.413 1.491 

1.491 

6 -0.4 -80.3 

-80.3 

120.5 

120.5 

1.410 1.499 

1.499 
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Table 5.3.  Calculated structural parameters for ground-state product geometries. 

Dihydro  

(dh)  

Product 

 φ/ ° α / ° δ / ° center-ring  

C-C / Å 

inter-ring  

C-C/  Å 

new  

C-C/ Å 

dh-1 -8.2 -4.7 

-5.0 

120.9 

120.9 

-39.7 1.465 1.396 

1.396 

1.529 

dh-2 -7.9 -5.0 

-5.0 

121.0 

121.0 

-39.3 1.461 1.395 

1.395 

1.530 

dh-3 -8.5 -4.8 

-4.8 

119.9 

119.9 

-40.1 1.465 1.394 

1.394 

1.531 

dh-4 -8.1 -4.8 

-4.8 

120.2 

120.2 

-38.8 1.465 1.394 

1.394 

1.531 

dh-5 -8.7 -4.6 

-4.7 

119.8 

119.8 

-40.1 1.466 1.393 

1.393 

1.530 

dh-6 -30.9 5.8 

5.8 

118.2 

118.2 

-60.8 1.481 1.393 

1.393 

1.531 
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Figure 5.5.  Calculated ground-state structures of dihydrotriphenylene (dh-1) and the 

predicted photocyclization products of 2 and 6 (dh-2 and dh-6). Each structure is shown 

as viewed from above the molecular plane and rotated 90° about the nominal C2 axis of 

parent structure 1. dh-6 is also shown rotated 110° in order to view down the plane of the 

central carbon ring and highlight the structural distortion introduced by dimethyl 

substitution.  
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Figure 5.6. TDDFT calculated transition energies and oscillator strengths for the first 6 

vertical electronic transitions of reactants (open symbols) and metastable photoproducts 

(solid symbols) overlaid on steady-state UV-vis (solid lines) and transient spectra 

collected at 1 ns (dotted lines) (a) 1, (b) 2, and (c) 6. Transition energies and oscillator 

strengths are tabulated in Table A2.10. 

 

5.4 Discussion 

 Transient spectroscopy of 1−6 pumped to their lowest optically allowed excited 

states reveals that there are two general photochemical consequences to structural 

modification of 1 (i.e., the OTP chromophore):  
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(1)   Structure-dependent variations in the time-dependence of a common excited-state 

relaxation mechanism that includes nonadiabatic photocyclization; this is exemplified by 

qualitatively similar photoinduced spectral dynamics of 1−5.    

(2)   Dramatic alteration in photochemical behavior, as exemplified by 6.    

We discuss the structure-dynamics relationships that give rise to these 

photochemical outcomes below: We first discuss structure-dependent trends in biphasic 

dynamics of 1−5, and then consider possible relaxation mechanisms and how structural 

modifications are anticipated to alter them. Finally, we consider time-resolved spectral 

dynamics of 6 in light of its broader photochemical reactivity.  

 

5.4.1 Structural Modifications and the Biphasic Photochemical Dynamics of OTP 

Analogue Compounds 1-5 

Figures 5.1, 5.2, A3.7−A3.9, and Table 5.1 illustrate that the excited-state 

relaxation of 1−5 are all characterized by biphasic spectral dynamics; notably, the slow 

absorption decay observed with 2 and 5 on 100s of picosecond to nanosecond time scales 

arises from decay of the metastable cyclized photoproduct in its ground state and is 

therefore not associated with excited-state processes. Biphasic relaxation is clear from the 

improved quality of kinetic fits to transient data when three spectral components are 

included in the kinetic models used for global spectral analysis. Importantly, highly 

similar decay-associated spectra are extracted for each kinetic component across all 

reactants. Our global analysis also reveals that the faster component of the biphasic 

relaxation occurs on time scales (τ1) ranging from 1 to 4 ps, whereas the slower phase 
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occurs on time scales (τ2) ranging 3−47 ps. τ1 and τ2 are somewhat, but not perfectly 

correlated.  

An additional metric for comparing the spectral dynamics of 1−5 is the relative 

integrated intensities of the spectral components extracted from global modeling; these 

ratios are given in Table 5.4. The photoinduced absorption intensity obtained with 1−5 

generally decays by 50% over the fast phase of relaxation. The relative intensity of the 

intermediate and final spectral components, on the other hand, is ∼3:1. In total, 

qualitative consistencies in spectral dynamics across this set of structurally modified 

OTPs confirms that biphasic excited-state dynamics are characteristic to the 

photochemistry of the core chromophore.  

 

Table 5.4. Ratios of Integrated Band Intensities of Spectral Components Extracted by 

Principal Component Global Analysis (PCGA) 

Compound A/B B/C 

1 2.29 2.93 

2 1.89 3.35 

3 1.65 6.78 

4 2.41 3.53 

5 2.20 2.79 

 

To better understand how structural modifications perturb photochemical 

dynamics of the core chromophore, we first consider trends between τ2 and reactant 

structure, as our kinetic models imply that this time scale is associated with cyclization. 
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The most striking structure-dependent trend is a direct correlation of τ2 with size and 

mass of substituents at the 4,4′′ positions (1 < 3 < 4 < 5, 1:2:6:16). Given that the mass 

and size of tert-butyl and trifluoromethyl are comparable, the nearly 3-fold increase in 

this time scale between 4 and 5 (18 vs. 47 ps, respectively) must arise from different 

chemical influences of these groups (i.e., electronic effects). Notably, tert-butyl and 

trifluoromethyl should be strongly electron donating and withdrawing, respectively: the 

presence of the latter in the 4 and 4′′ positions can be expected to draw electron density 

away from and therefore weaken the nascent C−C bond, whereas the tert-butyl 

substituents are anticipated to bolster photoproduct stability. By contrast, because methyl 

and tert-butyl groups have donating/stabilizing effects, we attribute the differences in τ2 

for 3 and 4 to mechanical origins.  

Electronic effects induced by substitution are expected to have global 

consequences for the shapes of the electronic surfaces and photochemical dynamics. For 

example, our data reveal that dh-5 begins to decay on a subnanosecond time scale and is 

therefore less stable than dh-3 or dh-4 and suggests an inverse correlation between 

product stability and rate of formation. Interestingly, τ2 is observed to be considerably 

larger for 2 vs. 3. The dilation in the excited-state lifetime of 2 (relative to 1 and 3) must 

likewise signify an electronic effect induced by these nominally electron-donating 

substituents that raises the effective barrier to the CI for cyclization.  

By contrast, τ1 does not vary as significantly with structure: τ1 is ∼1 ps for 1−3, 

whereas the addition of larger substituents dilates this time scale to 3−4 ps in 4 and 5. As 

this time scale correlates primarily with the presence or absence of bulky groups, the 

underlying photophysical process is more likely to be inertial or weakly activated in 
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nature. Differences in time scales would then be largely mechanical in origin, as 

evolution from the Franck−Condon to the excited-state minimum geometries (or 

geometries of relevant CIs for cyclization) will involve large-amplitude rotation and 

motion of the pendant phenyl rings that would be encumbered by the presence of bulky 

substituents and the increased solvent−solute inter- actions they induce.35,60,61  

 

5.4.2 Photochemical Mechanisms for the Biphasic Relaxation of Excited 1-5 

Guided by these structure-dependent trends in τ1 and τ2, we can identify possible 

physical responses underlying this biphasic behavior. These mechanisms all involve one 

phase that is activated (i.e., subject to a non-negligible barrier) and one that is not, which 

is consistent with the relative magnitude and structure-dependence of each time scale. 

Based on structural differences between the Franck−Condon, excited- state minimum, 

and lowest-energy CI geometries, we have argued in previous work that any 

modifications that would increase the time scale for nuclear evolution along the torsional 

coordinates φ or increase barriers along either φ or the dihedral coordinate θ can be 

expected to impact the progress of nonadiabatic photocyclization in structurally modified 

OTPs.48 

In prior work with 1 we ascribed biphasic relaxation to adiabatic excited-state 

relaxation followed by nonadiabatic photo- cyclization.49 Ultrafast spectral dynamics (τ1) 

are attributed to relaxation on the excited-state surface--that is, spectral dynamics 

associated with relaxation from the Franck−Condon region to a local minimum on the S1 

surface. The slower spectral dynamics (τ2) arises from nonadiabatic relaxation subject to 

a modest effective barrier from the local minimum to a relevant surface seam that 
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branches between photocyclization and recovery of the reactant’s ground state. The time 

scale for adiabatic relaxation would be controlled by the amplitude of structural 

rearrangements, such as inter-ring torsional dihedrals, and therefore limited by the size 

and mass of substituents. By contrast, cyclization (and deactivation of the excited state in 

general) would be limited primarily by electronic interactions that modify the potential 

energy landscape on the excited-state surface.  

Given that the fast component of spectral dynamics observed for 1−5 is 

consistently accompanied by a significant reduction in integrated transition intensity (c.f. 

Table 5.4), we suspect that the fast relaxation may rather be associated with a process that 

reduces the excited-state population. One mechanism would involve branching on the 

excited state between two nonadiabatic processes. One pathway would be associated with 

nonadiabatic photocyclization. The other (presumably the faster kinetic component) 

would be associated with an alternative nonadiabatic process, most likely a return to the 

reactant’s ground state,25 and thus manifests as an apparent reduction in the excited-state 

population on a separate time scale. Alternatively, this could reflect a combination of 

both prompt and delayed bond formation, which formally would involve a biphasic 

increase in photoproduct population not accounted for with our model (although both 

models are expected to fit the data equally well based on similar numbers of parameters). 

A combination of prompt and delayed bond formation could be due in part to 

conformational dependence (depending, e.g., on torsional configuration of pendant rings) 

or solvent-mediation of excited-state dynamics toward relevant conical intersections.  
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5.4.3 Photochemistry of 6 (3’,6’-Dimethyl OTP)  

 Our time-resolved measurements reveal that the photochemical dynamics of 6 are 

qualitatively dissimilar to that of the other structurally modified OTPs (1−5): first, the 

photoinduced transient absorption spectra of 6 are considerably broader than those 

observed for 1−5. Nonetheless, the broad electronic absorption of excited 6 is highly 

similar to the broad S1 absorption spectra of the related systems TPB and OQTP.50 For all 

three systems, this spectral broadening can be ascribed to steric crowding of substituents 

that modify the relative displacements and shapes of the molecular electronic surfaces 

and that in turn alter the Franck−Condon profile for transitions from the excited state. 

However, whereas the photoinduced spectral dynamics of TPB and OQTP converge to 

what are readily recognizable as spectra of DHT photoproducts (9- and 1-phenyl DHT, 

respectively), the transient spectroscopy of 6 does not. Our calculations predict that the 

spectroscopy of dh-6 should be similar to that of other substituted DHT structures, 

despite a modest redshift in its lowest-energy transition (c.f. Figure 5.6). Although we 

anticipate that the absorption spectrum of dh-6 would be broadened much like the 

excited-state absorption of 6, Figure 5.3 illustrates that there is simply no significant 

evolution in transient spectral shape that would signify formation of a photoproduct on a 

subnanosecond time scale.  

To further understand what underlies the ultrafast spectral dynamics of 6 we 

compare its photochemical fate to that of 1− 5. Nanosecond transient measurements of 6 

reveal that only a weak absorption persists to 10.5 ns (e.g., Figure 5.6b); however, we are 

unable to assess whether this is associated with a cyclized photoproduct. We anticipate 

that a cyclized photoproduct persisting onto this time scale would react with a strong 
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oxidizing reagent such as iodine, producing a substituted triphenylene via hydrogen 

abstractions; indeed, 9-phenyl triphenylene can be generated from the photoinduced 

cyclodehydrogenation of TPB in sizable yields,6 despite the fact that cyclized 

intermediate 9-phenyl DHT has a lifetime of 5 ns at room temperature.50 In order to 

assess whether a reactive cyclized photoproduct is generated through the photoexcitation 

of 6, we measured cyclodehydrogenation yields obtained from the irradiation of 1, 2 and 

6 under identical (but not optimized) reaction conditions (e.g., reactant concentrations, 

iodine concentration, photoexcitation intensity, and duration of light exposure); product 

yields were determined using quantitative NMR (see Supporting Information for details). 

Although very high yield (>99%) of triphenylenes could be obtained with 2, a mere 0.5% 

yield of a substituted triphenylene product was obtained from 6.  

This discrepancy in reaction yields could arise for one of a few possible reasons: 

dh-6 is formed photochemically in very low quantum yield; dh-6 is too short-lived for H 

abstraction with iodine; dh-6 is formed but has low reactivity with iodine. We have no 

reason to expect a significant difference in the reactivity of dh-6 with iodine. Rather, our 

time-resolved data in combination with observed photochemical yields point to excited-

state relaxation of 6 dominated by a photophysical pathway that does not involve 

cyclization. The relaxation rate of photoexcited 6 is too large to be associated with 

intersystem crossing to a triplet state in a pure hydrocarbon.1,3 Hence, the photochemical 

behavior of 6 most likely reflects that the methyl groups proximal to the pendant phenyl 

rings create a sterically induced barrier that halts nuclear evolution to the CI for 

photocyclization, that structural distortions in response to steric interactions create 

alternative low-lying CIs,62 or both, resulting in photochemistry that is markedly different 
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from that of the other modified OTPs. Notably, fluorescence quantum yields from 6 are 

larger than those measured for 1−5, but still <1% (see Supporting Information) and is 

consistent with some form of ultrafast deactivation of its singlet excited state.  

 

5.5 Conclusions 

 We have investigated structure-dependence of excited-state relaxation and 

photocyclization dynamics of structurally modified ortho-terphenyls in ethanol solutions. 

Time-resolved measurements with most modified structures (1−5) indicate a biphasic 

excited-state relaxation characteristic of the core chromophore, with structural 

modifications having somewhat different effects on the two relaxation time scales: The 

fast relaxation is associated with a significant decrease in the excited-state absorption and 

slows down only as the bulkiest substituents are added to the 4,4′′ positions of the 

pendant phenyl rings, suggesting that it corresponds with an inertial or weakly activated 

process involving large-amplitude rearrangements of the pendant phenyl groups. By 

contrast, the rate of the slower phase varies strongly across all structural modifications, 

no matter the size or location of substituents, and is strongly affected by electronic effects 

that alter potential- energy landscapes traversed en route to CIs relevant for cyclization. 

In contrast, 6 features a highly sterically strained structure that appears to significantly 

impede photocyclization, as evidenced via time-resolved spectroscopy and negligible 

photochemical yields for photoinduced cyclodehydrogenation.  

Our findings illuminate characteristics of possible mechanisms associated with 

excited-state relaxation of these model photocyclizing compounds and illustrate how 

structural modifications can ultimately control reactivity or function of photochemical 
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systems. Findings also motivate further studies of global impacts of electronic 

perturbations to the potential- energy landscape (e.g., relationships between bond 

formation rates and stabilities of photoproducts), as well as the influence of reactant 

structure on solute−solvent interactions.  

 

Author Contributions: J.R.D. synthesized and characterized compounds 2, 3, 4, and 5. 

M.S.M. performed fs-TAS experiments and analyzed data with PCGA. M.S.M. ran 

Gaussian 09 calculations. J.A.S. set up cyclodehydrogenation reactions and characterized 

the products with quantitative NMR. 
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Chapter 6: 

Solvent Dependence of Photocyclization in ortho-Terphenyl and 

Structural Analogues 

6.1 Introduction  

Photoinduced carbon-carbon bond formation in ortho-terphenyl (OTP) involves 

nonadiabatic excited-state relaxation via a conrotatory 6 electrocyclization.1 Similar 

photoreactions2 occur in a number of related systems, including cis-stilbenes3–8, 

diarylethylene-based molecular photoswitches9,10, and a variety of ortho-arenes11,12. 

When performed in solution, these reactions have been shown to exhibit variations in 

photoproduct yields and excited-state dynamics dependent on the nature of the solvent 

medium.   

In certain photochemical systems like cis-stilbene, the nature of the solvent 

medium has been shown to influence the relaxation rates and the progress of dynamics 

across potential energy surfaces and barriers leading to conical intersections. 13 The 

change in dynamics can occur as a consequence of fundamentally altering the shapes of 

potential energy surfaces (as observed for CS) or by changing the solvent frictional 

response to structural evolution.  Accordingly, the ratios of cyclized photoproduct, 

dihydrophenanthrene (DHP), to trans-isomer have been found to vary from 

photochemical reactions of stilbene dissolved in difference solvents: 14 Specifically the 

quantum yield of DHP was found to be almost three times greater in nonpolar solvents. In 

polar solvents, specific vibrational modes, such as out-of-plane hydrogen bends, 

wagging, and rocking, of cis-stilbene along the cyclization coordinate distort the 
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molecular geometry more rapidly, increasing torsional isomerization timescales and to a 

smaller extent limiting cyclization yields for dihydrophenanthrene (DHP).13  

The solvent dependence of excited-state dynamics of triphenylmethane (TPM) 

dyes has also been widely studied, as this chromophore exhibits simple potential energy 

surfaces with small or nonexistent barriers to nonradiative decay, such that relaxation is 

affected measurably by interactions with the solvent medium. Experimentally, TPM dye 

analogues have been shown to have significant viscosity dependence on barrierless 

excited-state relaxation,15 such that the rate of relaxation decreases proportionally with 

the size of para substituent on the outer phenyl rings. In the n-alcohol series of solvents, 

however, it was shown that there is a solvent-dependent induction of a barrier for 

relaxation of TPMs in the excited state.16 The relaxation rate is influenced by more than 

just viscosity in longer-chain alcohols; this affect is attributed to decreasing solvent-

solute interactions when the size of a solvent molecule itself limits its own proximity to 

the chromophore. Prior work on the effect of solvent properties on low-barrier or 

barrierless potential energy surfaces, as seen in the radiationless decay of excited TPM, 

indicates that solvent friction is primarily responsible for restriction of critical nuclear 

motions (for TPM, phenyl-ring rotations).15,17,18 A weak viscosity dependence was also 

seen for cis-stilbene in alcohols and alkanes.19,20 The nuclear motions necessary to induce 

OTP photocyclization not only contain similar phenyl ring rotations as relevant for TPM, 

but also entail significant central-ring distortions.12  

Chemical dynamics that are subject to these low barriers provide a means for 

probing the mechanical influence of solvent on reactions. Bagchi, Fleming and Oxtoby 

(BFO) theory asserts how solvent friction affects barrierless excited-state relaxation 
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processes, such as those exhibited by TPM dyes.17,18,21 In BFO theory, the only resistance 

to barrierless relaxation results from solute-solvent frictional interactions along the 

excited-state potential energy surface as it progresses toward a population “sink”, for 

instance a nonadiabatic transition or conical intersection. The lack of barrier highlights 

dampening of nuclear solute motions from solvent resistance, instead of that coming from 

excited-state wavepacket diffusion.  However, at very low viscosities still within the 

linear regime, inertial effects still need to be considered in the dynamics of molecular 

relaxation.17  

In a previous photochemical study of OTP we found strong correlations between 

the average excited-state relaxation rate and viscosity and density of the surrounding 

solvent medium.1 Based on these results we proposed that frictional or collisional forces 

between solute and surrounding solvent molecules are the primary influence of solvent on 

excited-state dynamics for this photocyclizing system. The lack of correlation between 

relaxation rates and dielectric strength or polarity (i.e. dipole moment) also indicated that 

any direct alterations of the S1 potential energy surface, as a result of electrostatic 

interactions, are very minor. Also, similarly strong correlations with viscosity were found 

both for the nonadiabatic relaxation of OTP and the excited-state vibrational relaxation of 

para-terphenyl (PTP) in the same subset of solvents.22 This relationship supports the 

crucial mechanical role of solvent molecules as an encumbrance to nuclear motions that 

drive photoinduced bond formation in OTP and its analogues. 

In further work we found that photochemistry of excited OTP involves two 

distinct relaxation rates.  The components of relaxation were seen to elongate very clearly 

through the addition of various alkyl substituents to the OTP chromophore, resulting in a 
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separation of the two relaxation timescales.11 The two rates within the biphasic relaxation 

of excited OTP analogues behave very differently upon addition of substituents. The fast 

relaxation component slows down only slightly when the bulkiest groups are added to the 

para position of the pendant rings, while the slower component is affected greatly by the 

electronic properties of all substituents. 

Here we demonstrate that the barrier to excited-state relaxation of OTP is indeed 

very low by performing temperature-dependent measurements in two different solvent 

classes under isoviscous conditions. Second, we explore the dependence of excited-state 

relaxation rates to solvent properties to identify the nature of solvent-solute interactions 

that impact dynamics. To study these interactions between solvent and solute that impact 

the course of OTP photocyclization, and to address the influence of substituents on the 

molecular level interactions with the surrounding solvent environment, we have 

considered how each of the two relaxation rates independently correlate with critical bulk 

solvent properties. Structures and names of the molecules studied are presented in Chart 

6.1.  The analogues were chosen in an effort to sample different aspects of the solvent 

response; preliminary work in OTP showed a strong dependence on density, suggestive 

of direct mechanical interactions, such as collisions, between solvent and solute. Systems 

with larger substituents, such as tert-butyl, were selected to sample regions further 

removed from bond formation, sampling solvent-solute as well as solvent-solvent 

interactions that would be associated with properties such as viscosity.   
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Chart 6.1. Structures of (1) ortho-terphenyl (OTP), (2) 4,4”dimethyl-OTP, and (3) 

4,4”bis(tert-butyl)-OTP. 

  

 

6.2 Experimental Methods: 

6.2.1 Sample Preparation & Room Temperature Transient Absorption Measurements  

OTP was purchased from Sigma-Aldrich and used “as-is”. OTP analogues 

4,4”dmOTP and 4,4”tbOTP were synthesized from 1,2-dibromobenzene and the 

appropriate para-substituted phenylboronic acid. Full synthetic details have been reported 

previously.11 These three molecules were dissolved at concentrations of 5 mM in up to 14 

different solvents. The solvents were chosen to have 1) a wide range of quantitative 

values for a number of solvent properties and 2) a transparency at the photoexcitation and 

probing energies (266 nm and above). All solvents were purchased and used “as-is”. The 

list of solvents used for each sample is found in Table 6.1.  

Previous studies of solvated OTP showed no dependence on the presence of air or 

solute concentration (in the range of 0.025-20 mM).1,12 Time-resolved experiments were 

conducted with the OTP solutions at room temperature (~20° C) in 1 cm cuvettes that 

were continuously stirred with a stir bar.  No burning onto the surface of the cuvette or 

degradation of sample was observed under these conditions. Each scan consists of 

10,000-15,000 laser shots taken at each time delay, with delays to at least 200 ps, in order 

to capture ultrafast dynamics.   
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Table 6.1. Solvents used in this study. 

Solvent OTP (1) 4,4”dmOTP (2) 4,4”tbOTP (3) 

2-propanol X X  

acetonitrile X X X 

butanol X X  

cyclohexane X X  

decane X X  

dodecane X X  

ethanol X X X 

hexane X X X 

hexanol X X X 

methanol X X X 

octane X X  

p-dioxane X X X 

tetradecane X X X 

tetrahydrofuran X X  

 

Time-resolved spectra were analyzed with PCGA and a sequential three-

component model for ultrafast dynamics was used to extract fast and slow relaxation 

rates.  The rates are given in Table 6.2, and were also plotted against relevant solvent 

properties (dipole moment, density, viscosity and dielectric constant), shown in Figures 

6.1-6.4.  For 2, τ1 goes from 0.3 ± 0.2 ps in hexane, to 0.8 ± 0.2 ps in methanol, to 1 ± 0.5 

ps in acetonitrile. Similarly, in 2, τ2  goes from 3.6 ± 0.2 ps in hexane, to 5.9 ± 0.4 ps in 

methanol, to 8.2 ± 0.6 ps in acetonitrile.  A key for plotted solvent identities is shown in 

Chart 6.2. 
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Table 6.2.  Average timescales for compounds 1, 2 and 3. 

 OTP (1) 4,4”dmOTP (2) 4,4”tbOTP (3) 

Solvent τ1 τ2 τ1 τ2 τ1 τ2 

2-propanol 1.24 ± 0.3 5.2 ± 1 1 ±  0.5 8.2 ± 0.6 --- --- 

acetonitrile 0.66 ± 1 3.1 ± 0.5 0.4 ± 0.3 7.3 ± 0.1 0.5 ± 0.5 9.6 ± 0.3 

butanol 0.046 ± 0.001 4.3 ± 0.6 0.7 ± 0.5 8.1 ± 0.6 --- --- 

cyclohexane 0.06 ± 0.01 2.09 ± 0.07 1.7 ± 1 8.3 ± 3 --- --- 

decane 0.027 ± 0.008 1.89 ± 0.04 1.2 ± 0.6 6.4 ± 0.5 --- --- 

dodecane 0.037 ± 0.009 1.79 ± 0.09 1.5 ± 0.6 7.3 ± 0.4 --- --- 

ethanol 0.047 ± 0.002 4.1 ± 0.8  0.9 ± 1 6.0 ± 0.9 3.2 ±1.6 18±4 

hexane 0.033 ± 0.001 1.7 ± 0.1 0.3 ± 0.2 3.6 ± 0.2 0.7 ± 0.1 5.9 ± 0.3 

hexanol 0.04 ± 0.01 4.4 ± 1.5 1.3 ± 0.7 9.7 ± 0.3 2.3 ± 0.2 19 ± 1 

methanol 0.047 ± 0.001 4.2 ± 0.8 0.8 ± 0.2 5.9 ± 0.4 0.8 ± 1 11 ± 1 

octane 0.034 ± 0.001 1.8 ± 0.1 1.0 ± 0.4 5.6 ± 1 --- --- 

p-dioxane 1.5 ± 0.3 6.4 ± 1 2.0 ± 0.5 13.3 ± 0.5 0.32 ± 0.04 21.2 ± 0.2 

tetradecane 0.036 ± 0.001 2.17 ± 0.05 2.2 ± 0.3 10 ± 2 1.8 ± 0.4 15.1 ± 0.9 

THF 0.07 ± 0.02 3.2 ± 0.3 1.4 ± 1 8.3 ± 2 --- --- 

 

Chart 6.2.  Key for solvents used in Figures 6.1-6.4. 
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Figure 6.1. Rates from τ1 in OTP (1), 4,4”dmOTP (2) and 4,4”tbOTP (3) versus (left) 

density and (right) bulk viscosity. Correlation lines are shown for all solvents, linear 

alcohols and linear alkanes, and r values are listed below. 
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Figure 6.2. Rates from τ1 in OTP (1), 4,4”dmOTP (2) and 4,4”tbOTP (3) versus (left) 

dipole moment and (right) dielectric constant. Correlation lines are shown for all 

solvents, linear alcohols and linear alkanes and r values are listed below. 
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Figure 6.3. Rates from τ2 in OTP (1), 4,4”dmOTP (2) and 4,4”tbOTP (3) versus (left) 

density and (right) bulk viscosity. Correlation lines are shown for all solvents, linear 

alcohols and linear alkanes and r values are listed below.  
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Figure 6.4. Rates from τ2 in OTP (1), 4,4”dmOTP (2) and 4,4”tbOTP (3) versus (left) 

dipole moment and (right) dielectric constant. Correlation lines are shown for all 

solvents, linear alcohols and linear alkanes and r values are listed below. 

 

Correlations of these rates with known solvent properties were found for all 

solvents as well as for those in the straight-chain alcohol and the alkane solvent classes.  

Because of solute availability, the full range of solvents was not analyzed in all cases 
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(only 7 solvents were sampled for 4,4”tbOTP). The thresholds for significant correlations 

were determined at the 0.05 significance level.  

 

6.2.2 Isoviscosity Measurements of the Excited-State Relaxation 

 Solutions of OTP (5 mM) in various solvents (alkanes and alcohols) were cooled 

using a liquid-nitrogen cooled cryostat (Unisoku, UniSpeks) to achieve a common 

viscosity of ~1.2 cP.  Broadband transient absorption spectra were obtained as detailed 

previously. We were able to explore a range of sample temperatures (-41 to 78 °C) under 

these conditions (1.2 cP) using a number of solvents (4 of each solvent series; 8 total); 

solvent temperatures are located in Table 6.3.  

 

Table 6.3.  Solvents utilized in the ortho-terphenyl (OTP) isoviscosity experiment, and 

the temperatures at which its interpolated bulk viscosity is 1.2 cP. 

Solvent Temp/°C 

octane -41 

decane 4 

dodecane 20 

tetradecane 57 

methanol -27 

ethanol 17 

butanol 54 

hexanol 78 
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Each solvent- and temperature-dependent measurement was repeated three times, with 

each resultant time-resolved spectrum analyzed for a single average relaxation timescale. 

These values were then averaged for each solvent and plotted as a component that 

satisfies the Arrhenius equation, 

 
ln(𝑘) = ln(𝐴) −

𝐸𝑎
𝑅
(
1

𝑇
) (6.1) 

 

where k is the experimentally determined rate, A is the pre-exponential factor, and Ea is 

the activation energy. 

 

6.3 Results and Discussion 

In an effort to determine the barrier present on the excited-state potential energy 

surface, we fit the temperature-dependent rates determined under isoviscous conditions to 

an Arrhenius equation. Similar temperature-dependent studies on cis-stilbene 

isomerization, revealed an upper limit for the activation energy of 386 cm-1 in n-

alcohols.20   Based on isoviscosity studies done with a selection of linear alkanes and 

alcohols set at temperatures required to obtain a viscosity of ~1.2 cP in each solvent, as 

shown in Figure 6.5, the activation energy of OTP in the excited state is calculated to be 

approximately 100 cm-1 using the Arrhenius equation (Equation 6.1).  This effective 

barrier is well within the low-barrier limit; it is roughly half the value of kT at room 

temperature. Barrier heights in the two solvent classes are comparable, meaning there is 

no large effect from solvent identity on the nature of the barrier. Therefore, OTP 

photocyclization can be considered subject to a low barrier in the excited state, much like 

TPM relaxation. 
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Figure 6.5. Arrhenius plots of the average OTP excited-state relaxation rate with 

temperature in a series of alcohols and alkanes under isoviscous conditions. Time-

resolved spectra were obtained and an average time scale for excited-state relaxation was 

extracted using PCGA. These rates were then plotted to satisfy the Arrhenius equation, 

shown in Equation 6.1, and the barrier heights were calculated from the slope of each fit 

line. Error bars represent the standard deviation. Alcohols: 103 ± 40 cm-1 ; Alkanes: 79.4 

±25 cm-1.  

 

The biphasic relaxation timescales for each solute in the solvent studied are given 

in Table 6.2.  As posited previously, the two timescales can be attributed to 1) adiabatic 

excited-state relaxation followed by nonadiabatic photocyclization, 2) branching on the 

excited state surface to two nonadiabatic pathways, or 3) a combination of both rapid and 

slow bond formation.11 Graphical correlations between these values and solvent 

properties are presented in Figures 6.1-6.4.  As indicated in the introduction, changes in 

electronic structure of the chromophore due to electrostatic effects should be reflected 

through rate correlations particularly with bulk solvent properties of dipole moment and 
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dielectric constant. In contrast, the mechanical responses of the solvent in response to 

solute dynamics towards the ring-closed product geometry would give rise to stronger 

correlations with density and viscosity.  

There are large differences in correlations determined for both slow and fast 

timescales (Figure 6.6 and Figure 6.7, respectively) in the three molecules sampled as a 

result of solvent choice. Figures 6.6 and Figure 6.7 display the magnitude of the 

correlation found for each combination of rate, solute, and solvent group; these are shown 

with the colored bars. The black lines represent the magnitude of the significance 

threshold for the number of solvents sampled in each case; a black line within the colored 

bar implies this threshold has been met, and the correlation is therefore significant. 

For the slower rate, (1) OTP; (2) 4,4”dmOTP; and (3) 4,4”tbOTP each have a 

strong correlation with density in all solvents, shown in Figure 6.6. A significant 

correlation between rates and viscosity in all solvents are found in compounds 2 and 3, 

but not in OTP itself. However, the correlation with viscosity in OTP is near the 

significance threshold, suggesting that increasing the size of the substituents induces 

proportional interactions with the surrounding solvent.  Correlations within linear alkanes 

also appear for 1 and 2 with regards to dielectric constant, density, and viscosity. There is 

not enough solvent information to discern correlations for 3 because only two n-alkanes 

were used. Additionally, all properties correlate strongly in 2 with rate 2 in the alcohol 

class. 
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Figure 6.6. Rate 2 correlated with various solvent properties. Colored bars represent the 

magnitude of correlation found between rate 2 and each solvent parameter: (a) dielectric 

constant, (b) dipole moment, (c) density and (d) viscosity. Black lines show the p<0.05 

significance threshold determined for each molecule as a result of the number of solvents 

studied for each category (all solvents, alcohol, alkane), and are represented in the same 

direction as calculated correlation values. A black line within a colored bar shows that 

this threshold has been reached, and is indicative of a high level of correlation.  

 

For the faster rate, shown in Figure 6.7, OTP itself exhibits a significant negative 

correlation with density and dipole across all solvents studied; this is not found in the 

other molecules. Compound 2 shows significant negative correlations with dielectric and 

density in alkanes. There are no correlations with rate 1 for compound 3, suggesting that 
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the inertial motion of even the bulky tert-butyl group is unaffected by solvent 

composition or environment. However, rate 1 spans a broad range for 1 (0-40 ps-1) and 

much smaller ranges for 2 and 3 (0-3 ps-1), which perhaps explains the lack of 

correlations, and variety in negative and positive correlations shown within properties 

and classes. There also appear to be correlations between solvent properties, for example 

there appear to be correlations within properties in a single class, for instance, in the 

directionality and magnitude of rate 1 in alcohols for dielectric constant and density. 

 

 

Figure 6.7. Rate 1 correlations with solvent properties. Colored bars represent the 

magnitude of correlation found between rate 1 and each solvent parameter: (a) dielectric 

constant, (b) dipole moment, (c) density and (d) viscosity.  
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Significant findings from these trends can be summarized as follows:  

1. The faster timescale exhibits no apparent trends of rate correlating with the 

four bulk solvent parameters. This process is likely linked to an inertial 

process or a weakly activated process stemming from larger-scale ring-

reorganization that is effectively unaffected by the surrounding solvent 

environment.   

2. The rate associated with the slower process has moderate to high correlations 

with viscosity and with density in all solvents.  This slower timescale of 

excited state dynamics is substantially affected by the mechanical properties 

of solvent-solute interactions. 

3. The slower rate has no trends in correlation with dipole moment or dielectric 

constant. The slower activated process is not affected by electrostatic bulk 

solvent properties. Thus there appear to be no large-scale solvent 

rearrangements that occur to accommodate a changed transition dipole or 

electric field, nor any change in the surface crossings as a result of 

electrostatic solvent-solute interactions. 

 

The trends shown above substantiate the assertion that the fast and slow 

timescales are linked to separate processes, which have markedly different dependence 

on solvent medium and reactant structure. In OTP and in both para-substituted 

analogues, the faster timescale exhibits no trends in correlations between solvent 

properties and rate, so it is seemingly undetermined by the solvent environment. 

However, the strong correlation trends found for the slower process indicate that the 
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molecules that make up the solvation shell can mechanically impede OTP torsions and 

twists in the excited state. This process slows dramatically with increased viscosity, 

highlighting the influence of solvent friction on dynamics. Similarly, the slowing with 

increased solvent density suggests an increased number of collisions occur between 

solute and solvent and affect its route to the photocyclization CI. 

 In all, both structural changes and a variety of solvent environments show 

significant affects on photocyclization dynamics. The relative lack of significant 

correlations found for rate 1 suggests that this process is fairly independent of solvent 

environment and properties. The behavior of rate 2, however, highlights the importance 

of mechanical motions as dynamics proceed along the potential energy surface over low 

activation energy barriers.  
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Appendix 1 

Supporting Information from Chapter 3:  

Ultrafast Excited-State Dynamics of ortho-Terphenyl and 1,2-

Diphenylcyclohexene: The Role of “Ethylenic Twisting” in the 

Nonadiabatic Photocyclization of Stilbene Analogs  

 

A.1.1 Sample Preparation: Synthesis of 1,2-Diphenylcyclohexene (DPCH)  

[DPCH was synthesized by Benjamin Streifel.] 1,2-dibromocyclohexene was 

prepared according to literature procedures.1 Tributylphenylstannane and toluene were 

purchased from Sigma Aldrich. Tributylphenylstannane was used as received, and 

toluene was dried over 4Å molecular sieves and sparged with dry N2 for 30 min prior to 

use. (PPh3)2PdCl2 was purchased from Strem Chemical and used as received. 1,2-

dibromocyclohexene (100.0 mg, 0.42 mmol), tributylphenylstannane (0.300 mL, 0.92 

mmol), and (PPh3)2PdCl2 (14.6 mg, 0.021 mmol) were added to a 25 mL flame dried, air 

free Schlenk flask charged with a stir bar. The flask was then evacuated and refilled with 

dry N2 three times, after which 7 mL of dry, degassed toluene was added by syringe. The 

flask was covered in foil to exclude ambient light and the mixture was heated to 105 °C 

for 16 h, after which the reaction mixture was allowed to cool to ambient temperature, 

and poured into a rapidly stirring mixture of 20 mL 1M aq. KF and 20 mL ether. The 

mixture was stirred for 15 minutes in the dark, at which point the solid was filtered off, 

and the organic layer separated and dried over MgSO4. The solvent was evaporated and 

the crude oil was purified by column chromatography (SiO2, hexanes as eluent). Pure 
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product was isolated as a light yellow waxy solid (24.9 mg, 25% yield). Characterization 

data (1H and 13C NMR) matched with literature data.2  

 

A1.2 Solution Preparation, Handling, and Characterization 

ortho-terphenyl (OTP) was purchased from Sigma-Aldrich and used “as-is.” 

Tetrahydrofuran (THF, unstabilized, Sigma Aldrich) was deaerated through multiple 

freeze-pump-thaw cycles prior to solution preparation. OTP solutions were made with 

concentrations of both 5 and 20 mM; time-resolved measurements exhibit no 

concentration dependence in this range. In order to prevent any possible accumulation of 

long-lived photoproducts during spectroscopic measurements all samples were circulated 

through a 0.5mm path-length quartz flowcell (Spectrocell) using a peristaltic pump 

(Masterflex). The sample flow circuit is constructed entirely of materials that are 

chemically compatible with THF (e.g. PTFE tubing and compression fittings, a quartz 

flowcell, a glass reservoir) and has a circulation volume of less than 20 mL.  

[DPCH sample preparation and fs-TAS were performed by Joshua Snyder.] 

DPCH solutions in freshly distilled THF were prepared with a concentration of 5- 10 

mM. The DPCH cyclization photoproduct (9,10-cyclohexano-4a,4b-

dihydrophenanthrene) readily oxides in presence of oxygen to form a phenanthrene 

derivative (9,10-cyclohexano-phenanthrene), as validated through mass spectrometry of 

DPCH samples both before and after UV irradiation (in contrast, dihydrotriphenylene 

generated from the photocyclization of OTP does not oxidize readily in presence of air, 

but only when stronger oxidizing agents, such as I2, are added).3 Furthermore, the 

oxidized photoproduct has a substantially stronger absorption cross-section in the UV 
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than DPCH. Consequently solutions of DPCH had to be studied immediately after 

preparation even in solutions made with freshly distilled solvent. A fiber-optically 

coupled minispectrometer (StellarNet) was used to measure the sample absorbance 

between 250 and 400 nm roughly 1” downstream from the laser interaction region in the 

flow cell in order to monitor production and potential accumulation of oxidized 

photoproduct during the course of time-resolved measurements. Together these measures 

facilitated collection of time-resolved signals prior to spectroscopically significant 

accumulation of oxidized photoproduct. As noted in the main text, transient spectroscopic 

features measured with DPCH closely match those measured from the isochromophoric 

molecule cis -stilbene. This spectroscopic similarity with cis-stilbene and the absence of a 

UV photo-induced transient absorption above 600 nm from highly oxidized solutions of 

DPCH validates our assignment of the observed spectral dynamics to population decay of 

S1 DPCH.  

 

A1.2 Ultrafast Transient Absorption Measurements 

A1.2.1 Experimental Set-Up and Data Collection 

All experiments utilize our lab’s regeneratively amplified Ti:Sapphire laser 

(Coherent Legend Elite, 4.5 mJ/pulse, 1 kHz repetition rate, 35-fs pulse duration, 800-nm 

cond 

harmonic at 400 nm in a 200-micron-thick Type I BBO crystal (United Crystals); 266-nm 

800-nm fundamental in a type-II BBO crystal (150 microns, United Crystal). Weak 
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broadband probing pulses are obtained through white- light generation in specific 

crystalline plates.4 

800 nm was focused into a sapphire plate to produce a stable white-light continuum at 

470-720 nm. The visible continuum was generated using 800 nm pulses polarized at 45 

degrees; a thin broadband wire-grid polarizer (Thorlabs) was then used to select the 

polarization of the visible probe light immediately before the sample. In this way the 

probe beam polarization could be controlled simply by adjusting the orientation of the 

wire-grid polarizer.  

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

flowcell. The broadband probe pulse was focused at the sample and overlapped at a small 

angle with respect to the photoexcitation pulse in the sample. The excitation pulse was 

blocked after the sample with a beam dump, and residual pump scatter along the probe 

propagation direction was blocked with a 280-nm long-pass filter. Visible and UV 

continua were also passed through appropriate bandpass filters to shape spectra for 

detection and to remove residual 800 or 400-nm light that was used to drive continuum 

generation. In our set-up the probe continuum is dispersed using a 0.3-m spectrograph 

(Acton-2360, Princeton Instruments) outfitted with a low-resolution grating (800nm 

blaze, 150 lines/mm). Probe spectra are detected using a CCD camera (Pixis-100BR, 

Princeton Instruments), which collects the continuum probe on each laser shot at 1 kHz.  

The photoexcitation beam is synchronously chopped at 500 Hz, such that transient 

absorption spectra can be calculated using consecutive pairs of probe spectra. The 

relative pump-probe pulse delay is controlled by retroreflecting the pump pulse off of 

266-nm high reflectors mounted to a motorized translation stage (Newport), which was 
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adjusted to change the relative optical pathlength of the pump and probe pulses.  

Transient spectra shown here were collected by averaging at each time delay, with 

30,000-50,000 on/off ratios for visible TAS. Positioning of the translation stage, 

collection of probe spectra, synchronization with the chopper phase, and calculation and 

averaging of transient spectra were all coordinated through a home-built LabVIEW data 

acquisition program. Pump-probe measurements of neat solvents were made such that 

transient spectra could be chirp corrected according to the time-dependence of the non- 

linear, two-pulse solvent response.  

 

A1.2.2 Data Analysis 

TAS spectra were chirp-corrected using routines written in MATLAB. A routine 

was used to determine the wavelength-dependence in time zero from the two-pulse 

solvent response measurements. This program identifies the onset wavelength of the 

solvent peak measured at each time delay. From this information a low-order polynomial 

was determined that characterized the variation in time zero with probe wavelength. This 

polynomial was then used to correct chirped TAS intensity data from the OTP and DPCH 

sample scans and to rectify experimental timescales via a series of thresholding and 

interpolating steps. Data analysis procedures first were performed on the data sets 

collected using each polarization independently, and “magic-angle” spectra then were 

calculated using chirp-corrected parallel and perpendicular spectra. Spectral intensities at 

very long time delays (times longer than the time-dependent changes in rotational 

anisotropy) were scaled to compensate for any differences in the intensities due to 

changes in the experimental conditions between the two polarizations.  
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Cuts through transient spectra plotted in Figure 1(c) of the main text were fitted 

with single or biexponential decay functions convoluted with the instrument response 

using a fitting algorithm written in MATLAB. The experimental time resolution (~150- 

200 fs) was limited primarily by group-velocity mismatch within the sample. OTP TA at 

605 nm was fitted with a single exponential plus a constant offset to account for DHT 

absorption at this wavelength following cyclization. DPCH data were better fit with a 

biexponential function, although more than 50% of the excited-state decay occurs on sub- 

ps timescales. Fitting parameters for transients are provided in Table A1.1.  

 

Table A1.1. Parameters for fits to transients plotted in the main text. 

 A1  1  A2  2  

OTP  0.00324  2.91 ps  0.000522  ∞ 

DPCH  0.000194  0.44 ps  0.000114  2.53 ps  

  

A1.2.3 Electronic Structure Calculations: Electronic structure calculations at the S0 

minimum, S1 minimum and lowest-energy S1/S0 conical intersection.  

[Electronic structure calculations were performed by Joshua Snyder.] All 

calculations were performed using GAMESS.5 Geometries on the S0 and S1 surfaces were 

determined at the State- Averaged Complete Active Space (SA-CASSCF) level6, 

abbreviated as SA-x- CAS(y/z) (x averaged states, y active electrons and z active 

orbitals) with a STO-3G or 6-31G basis set, equal weighting of states, and no symmetry 

restrictions. All visualization of results were performed using MacMolPlt.7 The minimal 

energy Conical Intersection (CI) searches utilized the method of Bearpark et.al.8; this 
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local searching procedure was important for determining CI geometries that are closest in 

proximity to the S1 minima.9,10  

The procedure for optimizations was to first determine the S
0 minimum geometry, 

and then use the optimized geometry and orbitals as the initial values for the S
1 minimum 

optimization. The S
0
/S

1 conical intersection (CI) search was similarly initiated with the 

optimized S
1 minimum structure and orbitals. When using larger active spaces, the S

0 

minimum was not determined due to computation expense (which we designate with an 

“X” in Table A1.2 below) and the optimization process began with the optimized S
1 

geometries and orbitals determined using a smaller active space.  

Calculations with different active spaces were performed in order to investigate 

how the size of the active space affects the relative size of the S
1
-minimum-to-CI energy 

for OTP and DPCH. For the SA-2-CAS calculations the active space was selected to be 

minimalistic due to the computational expense of working with these methods and 

relatively large molecules. The most appropriate active spaces would correspond to: 18 π, 

π* orbitals for OTP, 14 π, π* orbitals for DPCH, 16 π, π* and 2 σ, σ* orbitals for DHT, 

and 12 π, π* and 2 σ, σ* orbitals for CDHP. The active spaces used in our calculations 

utilized an equal split of π and π* orbitals (up to 4 π and 4 π* orbitals with the (8/8) 

active space). While the energetics and geometries change slightly between each active 

space the same relative differences between OTP and DPCH are still observed, which 

suggest that the smaller active spaces are satisfactory in describing the relative 

characteristics of the S1 surfaces of these molecules.  

Numeric results obtained from our calculations with OTP and DPCH using 

various active-spaces and basis sets are summarized in Table A1.2. The first several rows 
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report characteristic structural properties (the dihedrals θ and φ as defined in the main 

text) for the optimized S0 and S1 and the lowest-energy CI geometries. The final four 

rows report energy gaps between the S0 and S1 surfaces at each of their optimized 

geometries (e.g., “S
0 → S

1 @ S0 Min” gives the S0-S1 gap at the optimized geometry of 

the S0 minimum), as well as the energy differences between geometries along the S1 

surface.  

The use of the State-Averaged Complete Active Space (SA-CASSCF) method in 

comparison to less demanding methods, such as Time-Dependent Density Functional 

Theory (TDDFT), can be explained by the nature of the points along the photocyclization 

coordinate. The deficiencies of TDDFT are well known and can result in skewed results 

near CI's, due to its inability to describe double excitations.11,12 Recent results from 

Hartley illustrate this problem by the inability of a PBE0/TDDFT optimization to locate a 

S1 minimum for ortho-Terphenyl, but rather converging towards cyclization.13 While SA-

CASSCF is well equipped for the problem of interest it is noted for the increased 

accuracy of excitation energies multireference perturbation theory is required to recover 

dynamical correlation.14  

It is not our intent to provide a complete computational study of the potential 

energy surfaces or of the cyclization process, but rather a survey of important landmarks 

along the potential energy landscape. Energies and geometries (as characterized by the 

two dihedral angles discussed in the main text) are provided in Table A1.2 for various 

active spaces and basis set choices. Comparisons with experimentally determined values 

are given where appropriate.  b. Calculation of the lowest-energy absorption in DHT and 

DHP. TDDFT is well-suited for calculating accurate excitation energies and simulating 
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UV-VIS spectra of various systems.15-17 In order to identify the long-lived band in the TA 

spectrum of OTP as a ground-state absorption of the DHT intermediate, we used 

TDDFT18 with the B3LYP functional19,20 and a 6-31+G* basis set21,22 to calculate the 

lowest-energy vertical transitions for DHT and DHP. First both DHP and DHT were 

optimized in the ground state using DFT, and it was confirmed by vibrational analysis 

that these optimized structures correspond with stationary points (no imaginary 

frequencies). Using these optimized geometries a single-point energy calculation was 

performed to obtain the S
0 → S

1 excitation energy for each molecule. The difference of 

these two excitation energies was then subtracted from the experimental transition energy 

for DHP ( λmax= 450 nm)23 in order to determine the transition energy relative to the 

position of the experimental band. Using this method the computed position of the 

lowest-energy DHT absorption band is predicted to appear at 556 nm, in reasonable 

agreement with the measured TA spectra. Calculated vertical excitation energies, 

oscillator strengths, and structural parameters for DHT and DHP are provided in Table 

A1.3.  
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Table A1.3. Computed Properties of the Ring-closed Intermediates DHT and DHP 

(Ground State Optimized Structural parameters from DFT B3LYP/6-31+G* and Vertical 

excitation energies from TDDFT B3LYP/6-31+G*).  

Geometry  

 

Twist (φ)  

/Degree  

Torsion (α)  

/ Degree  

ΔE: S0 → S1  

/ eV  

Oscillator  

Strength  

DHT  7.61  5.21, 5.18  1.849  0.168  

DHP  8.82  5.33, 5.39  2.376  0.167  

 

A1.2.4 Assessment of relative cyclization quantum yields from integrated band intensities. 

The transient spectral intensities measured from the ring-open and ring-closed 

states of OTP and DPCH, (𝜈) , are proportional to the molar absorptivity for each of 

these states, 𝜖(𝜐) , to within a constant determined by the number of transient species 

probed. Thus, quantitative determination of cyclization quantum yields is possible if the 

molar absorptivities are known. As these values are not known, the relative quantum 

yield for cyclization of two systems can be deduced as follows:  

The oscillator strength of each transition is proportional to the corresponding 

frequency-integrated band intensity  

𝑓 ∝ ∫ 𝜖(𝜐)𝑑𝜐
∞

0

= ∫
𝜖(𝜆)𝑑𝜆

𝜆2

∞

0

 

We define the quantity, j , given by  

𝑗 = ∫ 𝐼(𝜐)𝑑𝜐
∞

0

= ∫
𝐼(𝜆)𝑑𝜆

𝜆2

∞

0
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By virtue of the proportionality between absorptivity and the measured spectral intensity, 

𝑗 ∝ 𝑓 

For this analysis we assume that the oscillator strength for the lowest-energy 

transitions of S0 DHT and CDHP are roughly the same (our TDDFT calculations suggest 

that this is a reasonable assumption; see last column of Table A1.3). We also assume that 

the oscillator strength for the lowest-energy transition of the S1 
state is roughly the same 

for OTP and DPCH because these systems are nearly isochromophoric. To assess the 

validity of this assumption, we have performed a set of single-point SA-4-CAS(2/3)- 

sto3g calculations (2 active electrons and 3 active orbitals with equally weighted states) 

at the geometries of their S0 and S1 minima (geometries previously determined through 

optimization at the SA-2-CAS(2/2)-sto3g level); from these calculations we can obtain 

oscillator strengths for transitions between any of the 4 lowest-lying singlet states. The 

inherent difficulty associated with assigning experimentally measured TA bands to a 

specific geometry complicates the comparison of calculated excited state oscillator 

strengths, as multiple points along the photocyclization coordinate may need to be 

considered. However, these calculations do show modest agreement at each geometry for 

the S1 → S3 transition, with the remaining S1 → S2 transition having negligible oscillator 

strengths (<0.005): At the S0 minima the oscillator strengths are 0.92 and 0.80 and for the 

S1 minima they are 0.56 and 0.64 for OTP and DPCH, respectively. Thus, these 

computational estimates support our assumption of comparable oscillator strengths in 

order to determine the relative cyclization yield.  

We estimate the full 𝐼(𝜆)for the lowest-energy S1 transition of DPCH by fitting 

the band centered near 650 nm to a Gaussian peak shape. We use this fitted peak shape to 
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evaluate the integrated band intensity; in contrast, we have numerically integrated over 

the lowest-energy absorption band from S1 OTP centered at 605 nm. The values of thus 

obtained will be used for relative normalization of transient spectral features measured 

from each system. This approach is superior to normalizing data to a common peak molar 

absorptivity for both S1 transitions as their spectral line-shapes differ considerably.  

We have similarly evaluated band-integrated intensities for the long-lived 

absorption bands assigned to ring-closed products CDHP and DHT. Assuming that 100% 

of the pumped molecules are in the S1 
states at time , the integrated intensity determined 

from the transient spectrum of the ring-closed state will be proportionate to the product of 

the transition oscillator strength AND the fractional yield for cyclization:  

𝑗𝐷𝐻𝑇 ∝ Φ𝑐𝑦𝑐𝑙𝑓𝐷𝐻𝑇 

If absolute oscillator strengths could be determined independently for the excited-

state and ring-closed transitions, the cyclization yield could be quantified as  

Φ𝑐𝑦𝑐𝑙 =
𝑗𝐷𝐻𝑇
𝑓𝐷𝐻𝑇

∙
𝑓𝑂𝑇𝑃
𝑗𝑂𝑇𝑃

 

since the ratio j / f is proportional to the population of each state. Alternatively, under the 

assumption that the absolute transition oscillator strengths are the same for the two S1 

transitions and also the same for the two ground-state transitions for the ring-closed 

configurations,  

Φ𝐷𝐻𝑇

Φ𝐶𝐷𝐻𝑃
=

𝑗𝐷𝐻𝑇

𝑓𝑅𝐶
∙
𝑓𝑆1

𝑗𝑂𝑇𝑃
𝑗𝐶𝐷𝐻𝑃

𝑓𝑅𝐶
∙

𝑓𝑆1

𝑗𝐷𝑃𝐶𝐻

=

𝑗𝐷𝐻𝑇

𝑗𝑂𝑇𝑃
𝑗𝐶𝐷𝐻𝑃

𝑓𝐷𝑃𝐶𝐻

⁄  

Thus, using only the assumption that the corresponding electronic states in these 

related molecules have similar oscillator strengths, we can assess whether the quantum 

yield for cyclization differs between DHT and DPCH.  
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Band integrals associated with OTP photochemical states were determined using 

magic angle data plotted in Figure 3.1(b) of the main text. We determined the value of 

jOTP by numerically integrating the OTP excited-state absorption band between 500 and 

700 nm; spectral intensity at lower wavelengths was left out as a higher excited-state 

transition appears below 500 nm. jDHT was evaluated by numerical integration of the 

entire visible transient band collected at later delays (20 ps). Band integrals associated 

with DPCH photochemical states were determined using broadband magic angle data 

collected using visible white-light generated with calcium fluoride, which covers the 

range between 420 and 700 nm. jDPCH was determined by first fitting the lowest-energy 

transition to a Gaussian line shape and then using this shape to determine the band 

integral. The experimental spectrum collected at later delays was integrated numerically 

to determine jCDHP. An additional intensity correction was required to account for the 

resolution-limited excited-state decay measured with DPCH (fastest decay component is 

440 fs, with effective resolution limited at 150 fs); in contrast, the OTP excited-state limit 

exceeds the effective spectral resolution by a factor of 20 and does not require an 

intensity correction.  

Based on this band intensity analysis we find that the relative quantum yield for 

cyclization is  

 
Φ𝐷𝐻𝑇

Φ𝐶𝐷𝐻𝑃
=

𝑗𝐷𝐻𝑇

𝑗𝑂𝑇𝑃
𝑗𝐶𝐷𝐻𝑃

𝑓𝐷𝑃𝐶𝐻

⁄ =
0/21

0.22
= 0.95 

That is, the relative yield for cyclization from both S1 OTP and DPCH is roughly the 

same. This back-of-the-envelope estimate of relative quantum yields suggests that 

difference in excited-state decay rate for OTP and DPCH is not associated with the 
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presence of an additional competing nonadiabatic pathway, which would be expected to 

alter the cyclization quantum yield between systems. As argued in the main text, this 

similarity in the cyclization yield rather indicates that excited-state decay occurs through 

a single state-crossing region through which the excited-state wave packet branches 

between cyclization and ground-state recovery.  
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Appendix 2 

Supporting Information from Chapter 4:  

Structural and Solvent Control of Nonadiabatic Photochemical Bond 

Formation: Photocyclization of ortho-Terphenyl in Solution”    

 

The following kinetic models were considered in our efforts to fit the visible TAS data 

presented in Figures 4.1(a) and 4.2(a) of the main text through global target analysis: 

 

Models 1 and 2 are purely sequential processes, whereas Models 3-7 represent 

pairs of parallel kinetic processes (separated by semicolons). x and y designate 

spectroscopically dark states, as required in some cases to maintain a 3-component 

model. c refers to the instantaneous (instrument-limited) appearance of this component. 

We also restricted our target analysis to models with two kinetic fitting 

parameters (τ1 and τ2) for simplicity. Although principal component analysis revealed 

that three significant components were involved in the spectral evolution, Model 1 was 

applied for sake of comparison with three-component models. Time- dependence 

between states was all modeled as single-exponential decay or rise, and the models were 
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convoluted with an effective Gaussian instrument response for fitting. 

Models 5-7 grossly failed to recover the time-dependence in the experimental 

data, with substantial deviations between the data and model fits. Thus we conclude that 

none from this subset of models appropriately capture the relevant time-dependence in 

the data. 

Models 2-4 all provided excellent quantitative fits, with identical timescales and 

sums of squared residuals, as shown in Table A2.1. Model 2 and 3 resulted in fairly 

similar decay associated spectra, as shown in Figure A2.2 (top) and (middle), 

respectively. By contrast, one of the spectra obtained by target analysis to fit the data 

with Model 4 has a nonsensical shape, as shown in Figure A2.2 (bottom); furthermore, 

the spectral dynamics implied by Model 4 involves a strange spectral evolution between 

states a and b. Thus we conclude that Model 4 also is not an appropriately physical model 

for the experimental data. 

Unfortunately it is not possible to differentiate between Models 2 and 3 from the 

fit to the data alone, as the initially excited state overlaps the region of the DHT 

spectrum. Each gives rise to a different interpretation of the photochemical dynamics: For 

Model 2, DHT (state c) is only formed from a relaxed OTP excited state (state b); for 

Model 3, DHT is formed instantaneously (within the instrument response), and spectral 

dynamics only reflect excited-state relaxation and decay by way of some other pathway 

to the ground state. We believe that Model 2 is in better accord with our calculations and 

the solvent dependence of the spectral dynamics: Calculations indicate a change in the 

twisting angle of the terminal phenyl rings between the FC and CI regions for cyclization, 

and solvent dependent lifetime measurements reveal that the rate slows down in more 
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viscous and dense solvents – as would be expected if there is solvent resistance to such a 

intramolecular nuclear rearrangement. Thus we believe that Model 2 provides a more 

physically intuitive picture where excited-state decay gives rise to nonadiabatic 

dynamics. 

 

Table A2.1: Fitting parameters and sums of squared residuals (mOD2) for fitting Models 

1-4. 

Model τ1 τ2 Σ Residuals2 

1 2.9 ps N/A 0.00247 

2 0.7 ps 3.35 ps 0.00129 

3 0.7 ps 3.35 ps 0.00129 

4 0.7 ps 3.35 ps 0.00129 
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Figure A2.2: Decay associated spectra obtained via global analysis using models 2 (top), 

3 (center), and 4 (bottom). 
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Residuals obtained from Model 2 are shown in Figure A2.3 (top); these were 

calculated from the data and fits plotted in Figure 4.2(a) of the main text. Fits of data 

along the spectral dimension are given in Figure A2.3 (bottom). For comparison, Figure 

A2.4 (top) shows the fit quality for a two-component interconversion (Model 1); 

residuals are shown in A2.4 (bottom). Although Model 1 does not quantitatively fit the 

data, the timescale obtained from such a fit provides a reasonable estimate of the 

effective excited-state decay, and has been used to compare solvent-dependent trends in 

excited-state lifetime in the main text. 
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Figure A2.3:  

(top) Residuals associated with time-dependent fits to data shown in Figure 2(a) of the 

main text.  

(bottom) Fits to experimental data along the spectral dimension; fits are shown as dashed 

lines, and delays (in ps) are given in the legend. 
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Figure A2.4:  

(top) Temporal fits obtained with Model 1 (sequential 2-state kinetic model).  

(bottom) Residuals. 
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Appendix 3 

Supporting Information from Chapter 5: 

 “Structural Control of Nonadiabatic Photochemical Bond Formation: The 

Photocyclization of Structurally Modified ortho-Terphenyls” 

 

A3.1 Chemical Names of Compounds Studied 

Chart A3.1. Chemical names, CAS numbers and structures of the molecules investigated 

in this work. 

 

   1. 1,1':2',1''-Terphenyl  | ortho-terphenyl   

(OTP) | CAS: 84-15-1 

 

 2. 1,1':2',1''-Terphenyl, 4',5'-dimethyl-   

4’,5’-dimethyl-ortho-terphenyl | (4’5’dmOTP) 

CAS: 23063-12-9 

 

 3. 1,1':2',1''-Terphenyl, 4,4''-dimethyl- 

4,4”-dimethyl OTP | (4,4”dmOTP) 

CAS: 64586-14-7 

 

 

 



 207 

 

4. 1,1':2',1''-Terphenyl, 4,4''-bis(1,1-dimethylethyl)- 

4,4”-bis(tert-butyl)-ortho-terphenyl | (4,4”tbOTP) 

CAS: 929700-41-4 

 

5. 1,1':2',1''-Terphenyl, 4,4''-bis(trifluoromethyl)- 

4,4”-bis(trifluoromethyl)-ortho-terphenyl |   (4,4”tfmOTP) 

 CAS: 1160096-67-2 

 

   6. 1,1':2',1''-Terphenyl, 3',6'-dimethyl- 

3’,6’-dimethyl-ortho-terphenyl / (Sigma Aldrich RCL T279196) 

     (3’6’dmOTP) | CAS: 13102-23-3   

  

A3.2 Synthesis 

A3.2.1 General Synthetic Procedure 

[Samples synthesized by Justin DeFrancisco.] All glassware used was flame-dried 

with a Meker burner, then subjected to three cycles of evacuation and purging with 

anhydrous nitrogen gas. Reactions were done under a nitrogen atmosphere, using Schlenk 

techniques, unless otherwise stated. Anhydrous solvents were obtained from an 

Innovative Technology, Inc. solvent purification system, then dried over 4Å molecular 

sieves and degassed by sparging with anhydrous nitrogen. Reagents were used as 

received from Sigma-Aldrich, Acros Organics, Oakwood Chemical, or Strem Chemicals. 

All organic extracts were dried with powdered anhydrous magnesium sulfate and filtered 
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before removal of solvents. All NMR spectra were obtained on a Bruker Avance 

instrument, at 400 MHz for proton and 100 MHz for carbon spectra. 

 

A3.2.2 Synthesis of 4’,5’-dimethyl-1,1’:2’,1’’-terphenyl (2). 

Scheme A3.1. Synthetic route to 2. 

 

 

 The reaction was carried out by a modified literature procedure1 as follows: 1,2-

dibromo-4,5-dimethylbenzene (0.305g, 1.16 mmol), phenylboronic acid (0.423g, 3.47 

mmol), SPhos (0.019g, 0.046 mmol), palladium (II) acetate (0.006g, 0.03 mmol), and 

anhydrous potassium phosphate tribasic (0.934g, 4.40 mmol) were added together in a 25 

mL Schlenk flask. The flask was then evacuated and purged with anhydrous N2 three 

times. 10 mL anhydrous toluene was added via syringe, and the mixture was stirred and 

heated to 100°C. The reaction was stirred 18 hours, and then allowed to cool to room 

temperature. The mixture was diluted with 10 mL diethyl ether, and passed through a 

short path of silica, which was subsequently flushed with diethyl ether. Solvents were 

removed to give a crude mixture of yellow solid in yellow oil. This crude mixture was 

dissolved in hexanes and passed through a short path of silica, leaving a yellow stain on 

the top layer of silica. The plug was then flushed with methylene chloride to give a 

yellow solution as the filtrate. Concentration of the filtrate gave the product as a yellow 
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solid (0.149g, 0.577 mmol, 50%). 1H NMR shown in Figure S2, (400 MHz, CDCl3) δ: 

7.21 (s, 2H), 7.20-7.10 (m, 10H), 2.33 (s, 6H). 

 

 

Figure A3.1. 1H NMR of 2. 
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A3.2.3 Synthesis of 4,4”-dimethyl-1,1’:2’,1”-terphenyl (3) 

Scheme A3.2. Synthetic route to 3. 

 

 

4,4''-dimethyl-1,1':2',1''-terphenyl (3)2 was prepared as follows: p-Tolylboronic acid 

(1.470 g, 10.81 mmol), tris(dibenzylideneacetone)dipalladium (0) (0.124 g, 0.135 mmol), 

SPhos (0.109 g, 0.266 mmol), and anhydrous potassium phosphate tribasic (3.438 g, 

16.20 mmol) were added to a 50 mL Schlenk flask and dried under vacuum. The solids 

were dissolved in anhydrous toluene (35 mL). To the dark red solution was added 1,2-

dibromobenzene (0.33 mL, 2.7 mmol). The mixture was heated to 100°C and stirred for 

13 hours. The mixture was cooled to room temperature and diluted with diethyl ether (12 

mL). The suspension was passed through a short path of silica, which was flushed with 

ether. The pale yellow filtrate was concentrated to a yellow oil, which solidified on 

standing. The yellow solid was purified by column chromatography (silica, hexanes) to 

give 4,4''-dimethyl-1,1':2',1''-terphenyl as a white solid (0.643 g, 2.49 mmol, 92%). 1H 

NMR (400 MHz, CDCl3) δ: 7.53-7.46 (m, 4H), 7.18-7.12 (m, 8H). 
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3.2.4 Synthesis of 4,4”-bis-tert-butyl-1,1’:2’,1”-terphenyl (4) 

Scheme A3.3. Synthetic route to 4. 

 

 

4,4''-bis-tert-butyl-1,1':2',1''-terphenyl (4)3 was prepared as follows: (4-(tert-

butyl)phenyl)boronic acid (0.969g, 5.44 mmol) was added to a 250 mL Schlenk flask and 

dried under vacuum, then purged with anhydrous N2. 1,2-Dibromobenzene (0.430g, 1.82 

mmol), SPhos (0.058g, 0.14 mmol), palladium (II) diacetate (0.016g, 0.07 mmol) and 

anhydrous potassium phosphate tribasic (1.152g, 5.43 mmol) were then added to the 

flask. 50 mL anhydrous toluene was added to dissolve the reagents. The yellow solution 

was heated to 105°C in a mineral oil bath. The reaction was monitored by 1H NMR of 

aliquots removed from the reaction mixture. After stirring for 4 days, the reaction mixture 

was removed from heat and allowed to cool to room temperature, at which point it was 

diluted with 100 mL diethyl ether. The mixture was rotavapped to a grey oily solid. The 

mixture was taken up in 150 mL of a 2:1 ether: hexanes mixture, and washed with DI 

water (2 x 50 mL). The organics were concentrated on rotavap to a yellow solid. This 

crude solid was dissolved in hexanes (200 mL) and washed with 1 M KOH solution in 

water (2 x 50 mL) and brine (1 x 50 mL). The organics were concentrated to a yellow 

oily solid, which was purified by column chromatography (silica, hexanes) to give 4,4''-

di-tert-butyl-1,1':2',1''-terphenyl as a clear, colorless oil (0.415g, 1.21 mmol, 67%). 1H 
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NMR (400 MHz, CDCl3) δ: 7.49 (m, 2H), 7.46 (m, 2H), 7.29 (m, 4H), 7.13 (m, 4H), 1.37 

(s, 18H). 

 

3.2.5 Synthesis of 4,4”-bis(trifluoromethyl)-1,1’:2’,1”-terphenyl (5) 

Scheme A3.4. Synthetic route to 5. 

 

 

4,4''-bis(trifluoromethyl)-1,1':2',1''-terphenyl (5)4 was prepared as follows: 

Tris(dibenzylideneacetone)dipalladium (0) (0.069 g, 0.075 mmol), SPhos (0.063 g, 0.15  

mmol), and anhydrous potassium phosphate tribasic (1.91 g, 9.0 mmol) were added to a 

25 mL Schlenk flask and dried under vacuum. (4-(trifluoromethyl)phenyl)boronic acid 

(1.14 g, 6.00 mmol) was added, followed by 1,2-dibromobenzene (0.18 mL, 1.5 mmol). 

The compounds were dissolved in toluene (12 mL), and heated to 100°C. The mixture 

was stirred for 16 hours, at which point it was cooled to room temperature and diluted 

with ether (10 mL). The mixture was passed through a short path of silica gel, which was 

flushed with ether. The filtrate was concentrated on rotavap. The crude product was 

purified by chromatography (silica, hexanes) to give 4,4''-bis(trifluoromethyl)-1,1':2',1''-

terphenyl as a white solid (0.51 g, 1.4 mmol, 93%). 1H NMR (400 MHz, CDCl3) δ: 7.59-

7.50 (m, 8H), 7.33 (d, 4H, J = 8.0 Hz). 
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3.2.6 GCMS and NMR verification of purity: 3’6’ dimethyl-1,1’:2’,1”-terphenyl (6)  

 GCMS verification of a pure sample is shown in Figure A3.2.  1H NMR of 6 is 

given in Figure A3.15 and matches literature5. Further verification of purity of this 

compound is demonstrated by the photo-initiated cyclodehydrogenation of the sample: 1H 

NMR of the photochemical product matches the literature spectrum6 of the anticipated 

photoproduct of 6 (Figure A3.17). 
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Figure A3.2.  

(top) Chromatogram for 6 showing a peak at a single retention time. 

(bottom) Mass spectrum showing parent mass of 258. 
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A3.3.  Steady-state spectroscopy 

A3.3.1 UV-Vis Absorption Spectroscopy 

 

Figure A3.3. UV-Vis absorption spectra of (left) 1, 2 and 6, and (right) 3-5, all dissolved 

in ethanol at a concentration of 5 mM. Spectra are normalized to the maximum 

absorbance and are vertically offset (left: 0.5 and right: 0.25) for clarity. A vertical black 

line is drawn at the photoexcitation wavelength of 266 nm, which is resonant with the 

lowest-energy feature in the spectra of all compounds. 

 

A3.3.2  Fluorescence Spectroscopy and Quantum Yields 

Dispersed fluorescence spectra and fluorescence quantum yields (QY) were 

determined for each solute dissolved in spectroscopic grade cyclohexane.  Absorbance 

(<0.1 OD) of the samples was measured at the excitation wavelength (270 nm), as was 

the integrated intensity across the fluorescence emission (290-500 nm). Measurements 

were repeated at a series of concentrations in order to obtain a plot of fluorescence 

intensity vs. OD at 270 nm, and the slope of these plots were used for determining QY.  

The quantum yields of all samples were determined using the following 

equation:7  
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Φ𝑃 =Φ𝑃𝑃 (

𝑃𝑃𝑃𝑃𝑃

𝑃𝑃𝑃𝑃𝑃𝑃

)(
𝑃𝑃
2

𝑃𝑃𝑃
2 ) (A3.1) 

 

Here ST and X denote standard and test samples, respectively, Φ is the fluorescence 

quantum yield, “Grad” is the slope from the plot of integrated fluorescence intensity vs. 

absorbance and 𝑃 is the refractive index of the solvent used in each case. 

Naphthalene was used as the fluorescence standard; its quantum yield in aerated 

cyclohexane is known from literature.8 The slope for each sample is proportional to that 

particular sample’s fluorescence quantum yield. The quantum yields obtained are 

summarized in Table A3.1. The fluorescence QY for 6 is appreciably higher that what is 

observed for the other two compounds. The increased fluorescence QY in that case is 

consistent with the relative timescales of excited-state decay and supports the idea that 

nonadiabatic cyclization is much slower or does not occur as it is impeded by structural 

constraints that alter the potential-energy landscape of the excited state. 

 

Table A3.1. Fluorescence quantum yields. 

 Naphthalene  1 2 6 

Slope 525.31 1.861 14.656 77.82 

QY Lit.:8 0.036 0.0001 0.001 0.005 
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Figure A3.4. Semi-log plot for quantum yield determination.  

 

 

Figure A3.5. Fluorescence spectra of OTP, methylated analogs and naphthalene 

fluorescence standard. Spectra shown are from measurements in which the concentrations 

give optical density of 0.1 at the excitation wavelength of 270 nm. Among the samples 

considered, only the naphthalene standard displays sizeable fluorescence features. 
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A3.4.  Time-Resolved Spectroscopy 

A3.4.1 Lifetimes from Global Fits to Transient Spectra of Compound 1 (OTP). 

 

Table A3.2. Relaxation lifetimes obtained from two- and three-component PCGA of 

spectral dynamics observed for 1 in ethanol excited at 266 nm (Figure 5.1). 

    

 1 (ps)  1 (ps) 2 (ps) 

1 (OTP) 2.15 ± 0.1  1.33 ± 0.3 2.83 ± 0.4 
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A3.4.2 Component Spectra and Lifetimes from a 3-Component Global Fit for Excited 

Compound 2 (4’5’dmOTP) 

 

Figure A3.6. (a) Decay associated spectra obtained from three-component kinetic 

modeling of transient spectral dynamics for 2 in ethanol excited at 266 nm (Figure 5.2a). 

Spectra extracted with this model are highly similar to those obtained with the four-

component model used in the paper (Figure 5.2c); the four-component model includes an 

exponential decay of the kinetic state “C.” (b) Wavelength-dependent transients from 

spectral dynamics of photoexcited 4’5’dmOTP. Fit lines from the three-step kinetic 

model (black lines) do not accurately fit the experimental data (circles) at the longest time 

delays.  

 

Table A3.3. Relaxation lifetimes obtained from three- and four-component PCGA of 

spectral dynamics observed for 2 in ethanol excited at 266-nm (Figures 2 and S6). 

    

 1 (ps) 2 (ps)  1 (ps) 2 (ps) 3 (ps) 

2 (4’5’dmOTP) 1.36 ± 0.5 10.08 ± 0.7  1.26 ± 0.4 8.71 ± 0.1 2971 ± 100 
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A3.4.3 Transient Spectroscopy of Photoexcited 3 (4,4”dmOTP) and Global Analysis 

 

Figure A3.7. (a) Transient spectral dynamics of 3 (4,4”dmOTP) in ethanol after 266-nm 

photoexcitation. (b) Experimental transients at selected wavelengths (circles) were fit 

(black lines) using a sequential three-component ( ) kinetic model. (c) Decay 

associated spectra obtained via global analysis using a sequential three-component kinetic 

model.  
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Table A3.4. Relaxation lifetimes obtained from three- component PCGA of spectral 

dynamics observed for 3 in ethanol excited at 266 nm (Figures A3.7). 

 A®B®C 

 1 (ps) 2 (ps) 

3 (4,4”dmOTP) 0.90 ± 1 6.01 ± 0.8 

 

4.4 Transient Spectroscopy of Photoexcited 4 (4,4”tbOTP) and Global Analysis 

Table A3.5. Relaxation lifetimes obtained from three- component PCGA of spectral 

dynamics observed for 4 in ethanol excited at 266 nm (Figures S8). 

  

 1 (ps) 2 (ps) 

4 (4,4”-tbOTP) 3.16 ± 1 18.18 ± 3 
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Figure A3.8. (a) Transient spectral dynamics of 4 (4,4”tbOTP) in ethanol after 266-nm 

photoexcitation. (b) Time- and wavelength-dependent transient absorption. Experimental 

spectra (circles) were fit (black lines) using a sequential three-component ( ) 

kinetic model. (c) Decay associated spectra obtained via global analysis using a 

sequential three-component kinetic model. 
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A3.4.5 Transient Spectroscopy of Photoexcited 5 (4,4”tfmOTP) and Global Analysis 

 

Figure A3.9.  

(a) Transient spectral dynamics of 5 (4,4”tfmOTP) in ethanol photoexcited at 266 nm.  

(b) Time- and wavelength-dependent transient absorption. Experimental spectra (circles) 

were fit (black lines) using a sequential four-component ( ) kinetic 

model by global analysis.  

(c) Decay associated spectra obtained via global analysis.  
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Table A3.6. Relaxation lifetimes obtained from four-component PCGA of spectral 

dynamics observed for 5 in ethanol excited at 266 nm (Figures S9). 

  

 1 (ps) 2 (ps) 3 (ps) 

5 (4,4”tfmOTP)  4.11 ± 0.08 47.5 ± 2 1827 ± 160 

 

A3.4.6 Ratios of Integrated Intensities of Decay Associated Spectra 

Table A3.7. Integrated Intensities of Spectral Components from PCGA and their Ratios  

Compound A B C A/B B/C A/C 

1 4.44 1.94 0.66 2.29 2.93 6.70 

2 4.86 2.57 0.77 1.89 3.35 6.32 

3 13.41 8.13 1.20 1.65 6.78 11.18 

4 8.60 3.57 1.01 2.41 3.53 8.51 

5 7.75 3.52 1.26 2.20 2.79 6.15 
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A3.5. Additional Information from Quantum-Chemical Calculations 

Electronic structure calculations were performed using Gaussian 09,9 the hybrid 

functional B3LYP10 with a basis set of 6-311+g(d,p)11,12 and default convergence criteria. 

Vibrational frequencies of all converged optimizations were found to be real, signifying 

that a true minimum was found in each case.  Time-dependent density functional theory 

(TDDFT) calculations computed the first six excited states (nstates=6) and were 

performed at the same level of theory as above.  All optimized structures were visualized 

using Avogadro version 1.1.1.13 All visualization of orbitals were performed using 

GaussView 5.0.14 

 

 

Figure A3.10.  Labeling scheme for bond lengths listed in Table A3.8. 

 

 

Figure A3.11.  Labeling scheme for bond lengths listed in Table A3.9. 
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Table A3.8. Optimized ground-state geometries of 1-6. Relevant angles are defined in 

Figure A3.4; carbon-carbon bond lengths are defined in Figure A3.10. All geometry 

optimizations were performed by DFT in Gaussian 09 at the B3LYP/6-311+G(d,p) level 

of theory.    

 Structure Θ / ° φ/ ° α / ° Central  

ring  bond  

lengths  

/ Å 

C-C  

bond  

lengths 

between  

rings  

/ Å 

1 

 

-4.7 -54.1 

-54.1 

120.2 

121.4 

a: 1.392 

b: 1.391 

b’: 1.391 

c: 1.403 

c’: 1.403 

d: 1.414 

e: 1.402 

e’: 1.402 

1.492 

1.492 

2 

 

 

-4.9 -53.4 

-53.4 

123.6 

123.6 

a:1.407 

b:1.394 

b’:1.394 

c:1.402 

c’:1.402 

d:1.410 

e: 1.402 

e’: 1.402  

1.491 

1.491 

3   

 

-4.8 -53.9 

129.2 

123.3 

124.4 

 

a: 1.392 

b: 1.391 

b’: 1.391 

c: 1.403 

c’: 1.403 

d: 1.414  

e: 1.402 

e’: 1.402 

 

1.491 

1.491 
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4 

 

-5.0 -53.2 

129.7 

 

-53.4 

129.4 

123.4 

123.4 

 

a: 1.392 

b: 1.391 

b’:1.391 

c: 1.403 

c’:1.403 

d: 1.414 

e: 1.401 

e’: 1.401 

 

1.491 

1.491 

5 

 

-5.1 

 

-53.9 

128.8 

 

-53.9 

128.8 

123.2 

123.2 

a: 1.392 

b:1.391 

b’: 1.391 

c: 1.403 

c’: 1.403 

d: 1.413 

e: 1.402 

e’: 1.402 

 

1.491 

1.491 

6   

 

-0.4 -80.3 

-80.3 

120.5 

120.5 

 

 

a: 1.390 

b: 1.395 

b’: 1.395 

c: 1.411 

c’: 1.411 

d: 1.410 

e: 1.400 

e’: 1.400 

1.499 

1.499 
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Table A3.9. Optimized ground-state geometries of cyclized “dihydro” products of 1-6. 

Relevant angles are defined in Figure A3.4; carbon-carbon bond lengths are defined in 

Figure A3.11. All geometry optimizations were performed by DFT in Gaussian 09 at the 

B3LYP/6-311+G(d,p) level of theory.    

  Structure Θ / ° φ/ ° α / ° δ / ° C-C bond 

lengths in new 

ring / Å 

dh-1   

 

-8.2 -4.7 

-5.0 

120.9 

120.9 

-39.7 d: 1.465 

g: 1.396 

g’: 1.396 

h: 1.520 

h’: 1.519 

i: 1.529 

 

dh-2 

 

-7.9 -5.0 

-5.0 

121.0 

121.0 

-39.3 d: 1.461 

g: 1.395 

g’: 1.395 

h: 1.520 

h’: 1.520 

i: 1.530 

 

dh-3 

 

-8.5 -53.9 

-53.9 

123.3 

124.4 

 

-40.1 d: 1.465 

g: 1.394 

g’: 1.394 

h: 1.518 

h’: 1.518 

i: 1.531 
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dh-4   

 

-8.1 -53.2 

-53.4 

123.4 

123.4 

-38.8 d: 1.465 

g: 1.394 

g’: 1.394 

h: 1.515 

h’: 1.515 

i: 1.531 

 

dh-5 

 

-8.7 -53.9 

-53.9 

123.2 

123.2 

-40.1 d: 1.466 

g: 1.393 

g’: 1.393 

h: 1.519 

h’: 1.520 

i: 1.530 

 

dh-6   

 

-30.9 5.8 

5.8 

118.2 

118.2 

-60.8 d: 1.481 

g: 1.393 

g’: 1.393 

h: 1.527 

h’: 1.527 

i: 1.531 
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Table A3.10. Excitation energies (in eV, and corresponding wavelengths in nm) and 

oscillator strengths for the first six vertical electronic transitions for both open- and 

closed- (dihydro) ring structures calculated by TDDFT. 

molecule 

(open) 

energy  

/ eV 

 

/ nm 

oscillator 

strength 

molecule 

(closed) 

energy 

/ eV 

 

/nm 

oscillator 

strength 

1 4.5827 270.55 0.1961 dh-1 1.8505 670 0.1633 

4.6741 265.26 0.0072 2.7937 443.79 0.0018 

4.8937 253.35 0.0044 2.8386 436.78 0.001 

5.0295 246.52 0.0192 3.4297 361.5 0.0007 

5.1881 238.98 0.3181 3.4897 355.29 0.3995 

5.277 234.95 0.0369 4.0588 305.47 0.0018 

2 4.5088 274.98 0.2144 dh-2 1.8591 666.89 0.1581 

4.5858 270.37 0.0127 2.7805 445.9 0.0018 

4.8057 257.99 0.0035 2.8648 432.79 0.0018 

4.9833 248.8 0.0401 3.3887 365.87 0.0026 

5.1104 242.61 0.3774 3.4659 357.73 0.4812 

5.2057 238.17 0.0172 3.9675 312.5 0.0007 

6 4.9216 251.92 0.013 dh-6 1.6372 757.28 0.1085 

5.0925 243.47 0.0141 2.7843 445.29 0.0001 

5.1299 241.69 0.0034 2.976 416.61 0.0087 

5.153 240.61 0.0379 3.1096 398.72 0.0115 

5.2562 235.88 0.0061 3.4426 360.15 0.4202 

5.3197 233.07 0.0219 3.9453 314.26 0.0013 
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A3.6 Cyclodehydrogenation Methods and Photochemical Yields obtained with 2 & 6 

[Cyclodehydrogenation reactions and quantitative NMR were performed by 

Joshua Snyder.] 1:1 molar solutions of 2 and 6 with I2 (Sigma-Aldrich) were prepared at 

2mM concentrations in cyclohexane (Acros) then sealed and sparged with N2. Solutions 

were irradiated for 24 hours using 254-nm light from a Rayonet. Following irradiation, I2 

was removed by washing with aqueous sodium thiosulfate and an aliquot of the solution 

was evaporated prior to dilution with CDCl3 (Sigma-Aldrich). To determine the relative 

reaction yield quantitative 1H NMR was performed using the integrated intensities of the 

methyl signals from the reactants and products.15 The quantitative NMR was performed 

using a repetition time 5 times longer than that of the relaxation time constant T1 for 

improved quantitative accuracy; this timescale was determined for 3',6'-dimethy-ortho-

terphenyl to be T1=1.768 s. 

 Mx

My
=
Ix
Iy
∙
Ny

Nx
 (S2) 

Mx,y  Molarity of molecule X or Y 

Ix,y  Integrated intensity of spectral feature of X or Y 

Nx,y  Number of 1H nuclei assigned to spectral feature of X or Y 

 

Table A3.11. Yields of photooxidation reactions determined by quantitative 1H NMR. 

Compound I Reactant Methyl I Product Methyl Percent Yield 

2 0.02 10.18 99.8 % 

6 6.05 0.03 0.5 % 
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Figure A3.12. Overlay of 1H NMR spectra of 2 (400 MHz, CDCl3) before (blue) and 

after (red) photochemical oxidation. 
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Figure A3.13. 1H NMR spectrum (400 MHz, CDCl3) of 2,3-dimethyltriphenylene 

extracted from the reaction mixture. 
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Figure A3.14. Quantitative 1H NMR (400 MHz, CDCl3) of the reaction mixture 

following photochemical oxidation of 2. 
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Figure A3.15. 1H NMR Spectrum (400 MHz, CDCl3) of 6. 
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Figure A3.16. Overlay of 1H NMR spectra (400 MHz, CDCl3) of 6 before (red) and after 

(blue) photochemical reaction. 
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Figure A3.17. 1H NMR (400 MHz, CDCl3) of 1,4-dimethyltriphenylene extracted by 

subtraction of the normalized reactant (6) spectrum.6  
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Figure A3.18. Quantitative 1H NMR (400 MHz, CDCl3) of the reaction mixture for 

photochemical oxidation of 6. 
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