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CD3CN. If the excited benzophenone molecules were abstracting hydrogen from 

the CH3CN to generate reducing diphenyl ketyl radicals, upon substitution with 

CD3CN we would expect to see a considerable decrease in the rate of AuNP 

formation due to the increased activation energy required to cleave the C-D bond 

in comparison to the C-H bond.  

7.5. Size and Morphology of Resulting AuNP  
!

 

Figure 7.4 . SEM images of AuNP prepared by 368 nm LED irradiation of aqueous solutions 
containing 0.33 mM HAuCl4 and 0.15 mM (A), 0.33 mM (B) and 1.0 mM (C) of benzophenone 
(left) and corresponding size distribution histogram (right). Adapted with permission from 
McTiernan et al.9 Copyright 2014 The Royal Society of Chemistry. 
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The AuNP formed using BP as an initiator are for the most part spherical 

with a few larger triangular plates as seen in the SEM images of Figure 7.4. As 

the concentration of benzophenone is increased in the average size of the 

particles is decreased and the amount of triangular plates present decreases. It 

is this second population of large triangular plates formed when BP is utilized 

which accounts for the broader plasmon absorption seen in Figure 7.3.A in 

comparison to Figure 7.3.B, which corresponds to the monodispersed AuNP 

formed when I-2959 is utilized. The fact that we observe smaller and 

monodisperse AuNP at higher concentrations of benzophenone is likely due to 

the fact that there is a higher concentration of capping agent (benzoic acid) which 

is capable of forming a protective layer that makes the nanoparticle surface 

unreactive towards agglomeration or the incorporation of precursors. 

7.6. Quantum Yield of Au Reduction  
!
  Through the comparison of the signal derived from the triplet of 

benzophenone and that of the bleaching of Au(III) in the 300-320 nm region, 

during LFP experiments examining the electron transfer from BP* to Au(III), we 

have been able to obtain a rough estimate of the quantum yield of the process . 

Assuming that the bleaching of Au(III) does not overlap with any BP or Au 

derived transient and that the photomultiplier response is linear at both 520 and  

320 nm, and that changes in hydration of HAuCl4 do not introduce significant 

errors we can calculate the quantum yield of the electron transfer ("eT) process 

using equation (7.6). 
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Where Iabs and Electron_Transfer are defined as the amount of light absorbed by 

benzophenone and the number of Au+3 reduced by the triplet excited state, 

respectively. We have replaced those by %OD at 520 nm and 320 nm 

respectively as these wavelengths correspond to the maximum absorption for the 

benzophenone triplet excited state and the HAuCl4 ground state absorption. 

Having determined the extinction coefficients of the benzophenone triplet and the 

ground state benzophenone/HAuCl4 in 3% CH3CN/H2O to be &520 nm(5800 M-1cm-

1)11 and &320 nm(2051 M-1cm-1), respectively. Performing the calculation under 

conditions where almost 90% of the benzophenone triplet excited state is 

quenched by the gold salt we find the quantum yield for the one electron transfer 

of the reaction to be 0.30 ± 0.15, where the large errors reflect the uncertainties 

mentioned above. 

 Since the reaction expressed by equation 7.5 refers only to the first 

electron transferred to Au(III) and we have shown in the inset of Figure 7.3.B that 

the overall reduction to yield AuNP is significantly less efficient than that of the 

much faster control experiment with I-2959, we can conclude that the reduction 

of Au(I) is rate limiting and that ketyl radicals are more potent reducing agents. 

Given that the quantum yield for the formation of ketyl radicals from I-2959 is 

0.29. 
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7.7. Analysis of Benzophenone Oxidation Products 
!
 In good agreement with the excited state electron transfer and subsequent 

formation of the BP+• are the oxidation products (see Scheme 7.3) observed upon 

HPLC analysis of air equilibrated aqueous solutions containing inly 1.0 mM 

benzophenone and 0.33 mM HAuCl4, which had been LED irradiated for 20 

minutes. The two main oxidation products observed were 4-

hydroxybenzophenone and benzoic acid which can be explained through attack 

of water at the 2 and 4 position in the BP radical-cation, with the less hindered 4-

position as the dominant reaction.  

! The release of a proton upon formation of both oxidation products 

coincides well with the fact that the pH of the irradiated solutions decreased upon 

AuNP formation (See Table 7A.1). We have also found that when solutions of 1.0 

mM BP and 0.33 mM HAuCl4 are irradiated for 20 minutes under ambient 

conditions $30% of the benzophenone degrades with $60% of this oxidation 

occurring within the first two minutes (Table 7A.2), which also happens to be the 

amount of time it takes for the AuCl4- absorption to fade, presumably due to the 

formation of the non-absorbing Au(I) species. 
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Scheme 7.3. Proposed pathways for the formation of benzophenone by-products following 368 
nm LED irradiation in the presence of HAuCl4. Further oxidation and C-C bond cleavage are 
probably responsible for the formation of benzoic acid. Adapted with permission from McTiernan 
et al.9 Copyright 2014 The Royal Society of Chemistry. 

!
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An electron spin density calculation was also performed with the aim of 

understanding the formation of the benzophenone triplet, its corresponding 

radical cation, and to help rationalize the observed oxidation products; all of 

which are in good agreement with the electrostatic potential (EP) at each nucleus 

and electron spin density calculations for the benzophenone radical-cation as 

depicted in Figure 7.5. The n, $* nature of the benzophenone triplet leads to 

considerable radical character of the calculated C=O bond length of 1.324 Å and 

the experimental CO stretching frequency of 1222 cm-1 (compared with 1665 cm-

1 for the ground state).12 In contrast, for the BP radical-cation the calculated CO 

bond length Is 1.232 Å, i.e., showing double bond character and thus the cation 

character and reactivity are largely centered in the aromatic rings, as suggested 

also by the observed reactivity towards water. Comparing the EP before and 

after the electron transfer process (Figure 7.5) shows that the EP over the 

oxygen atom decreases, resulting from electron transfer. Further, the aromatic 

rings where the spin density accumulates in the radical cation show a reduction 
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in the EP on the C-atoms at the o- and p-positions, in agreement with the 

oxidation products observed.  

! !
!

!
!
!

Figure 7.5. Top: Calculated electrostatic potential at the nuclei of the benzophenone triplet 
excited state (left) and its corresponding cation radical (right). Bottom: Graphical representation of 
the electron spin density on the benzophenone triplet excited state (left) and its corresponding 
radical cation (right). The length (in Å) of selected bonds is also shown,!Adapted with permission 
from McTiernan et al.9 Copyright 2014 The Royal Society of Chemistry.!
!
7.8. Conclusions 
!
  We show that AuNP can be prepared photochemically using the rarely 

recognized nucleophilic character of the benzophenone triplet. From our 

estimates of the Au(III)  to Au(II) reduction potential (0.35-0.71 V vs. S.H.E.) as 

well as the well known reduction potential of Au(I) to Au(0) (1.15 V vs. S.H.E.), it 

is reasonable that BP* is capable of reducing Au(III) to Au(II) as well as the Au(I), 

resulting from Au(II) disproportionation, to Au(0) due to its favourable reduction 

potential. From LFP experiments we have direct spectral evidence of the BP+!. 

Whereas, from HPLC analysis we have indirect evidence of BP+! formation from 

oxidation products likely formed from the nucleophilic addition of water to BP+!, 

all of which are in good agreement with the spin density and electrostatic 
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potential calculations performed on the BP* and BP+!.   

7.9. Appendix 
!
7.9.A. General Information 

Substrates and Reagents: All reagents were purchased from commercial sources 

and used as received unless otherwise stated. Benzophenone (BP) and gold (III) 

tetrachloroauric acid hydrate (HAuCl4!3H2O) were purchased from Sigma-

Aldrich. Aqueous solutions were prepared daily using Milli-Q water, which had 

been previously treated for 24 hours with Chelex-100 in order to remove any 

metal traces. Optima grade CH3CN was purchased from Fisher Chemicals and 

deuterated acetonitrile (CD3CN 99.9%) and deuterated water (D2O 99.9%) were 

obtained from Cambridge Isotope Laboratories Inc. 

Absorption Measurements: Absorption spectra were recorded using a Cary-50 

UV-Visible spectrophotometer using 1%1 cm plastic cuvettes. 

Synthesis and Characterization of Gold Nanoparticles: Experiments were 

conducted using a single 368 nm Synjet cooled LED (see Figure 7A.1). The 

irradiance of which was measured to be 167 W/m2 with a Luzchem SPR-01 

Spectroradiometer. A stock solution of 55 mM benzophenone was prepared in 

CH3CN from which 1.0 mM, 0.33 mM, and 0.15 mM aqueous solutions of 

benzophenone were prepared through dilution of an appropriate amount of the 

benzophenone stock solution with Chelex-100 treated Milli-Q H2O or D2O to a 

final volume of 15 mL. To all solutions 54 µL of a 91 mM solution of HAuCl4(aq) 

were added to give a final concentration of 0.33 mM. The HAuCl4(aq) solution was 

prepared in either H2O or D2O depending on the conditions of the reaction. 
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Irradiation of solutions at 368 nm were carried out under air in polystyrene 

cuvettes. The solutions were irradiated as 3.0 mL samples and a mini magnetic 

stirring bar was used to stir the solution. The AuNP formation was followed by 

UV-Vis, without dilution in the reaction cuvette. Once the intensity of the AuNP 

SPB had levelled off in the plateau region an aliquot was taken for SEM analysis 

and the samples were removed from the LED or photoreactor and stored in the 

dark. pH values recorded during AuNP formation were measured using a pH-

meter 2000 (VWR scientific) electrode calibrated daily.  

AuNP sizes were determined using a JSM-7500F field emission scanning 

electron microscope (SEM) from JEOL Ltd. Size distribution histograms and 

average particle size are based on the measurement of at least 200 particles per 

sample. Imaging software (ImageJ version 1.45s) was used to measure the size 

of the particles. 

HPLC Analysis of Reaction Mixtures: 

Benzophenone Degradation - Aqueous solutions containing 1.0 mM 

benzophenone and 0.33 mM HAuCl4 were irradiated with 368 nm LED light for 

varying periods of time corresponding to the induction period, linear growth 

phase, and plateau phase of AuNP growth, i.e. 2.0, 6.0 and 20 min, respectively. 

LED irradiations were conducted in the same fashion as described in the 

previous section (see Figure S1).  The samples were transferred to 15 mL 

polystyrene centrifuge tubes and centrifuged at 3000 rpm for 20 min.  The 

supernatant was then filtered through a 0.22 µm syringe filter, of which 250 µL 

was diluted with 4.75 mL of Milli-Q H2O to give a final volume of 5.0 mL. 1.8 mL 
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of the solution was then transferred to an HPLC vial. Reverse phase analysis 

was performed on the samples using an Agilent Autosample 1100 with a Zorbax 

Extend C-18 – reverse phase column (3.5 µm, 80 Å; 50 mm x 4.6 mm) C18 

column. The autosampler and column temperature were set to 25 °C. The mobile 

phase consisted of 40/60-water/acetonitrile and the flow rate was set to 1.0 

mL/min. The injection volume was 10 µL and the detection wavelengths used 

were 220, 230, 260 and 285 nm. Benzophenone was followed at 260 nm. 

Oxidation Products - To examine the oxidation products obtained upon 

irradiation of aqueous solutions containing benzophenone and HAuCl4 we have 

analyzed the products obtained following 20 min of 368 nm LED irradiation of an 

air equilibrated acetonitrile:H2O solution containing 1.0 mM and 0.33 mM HAuCl4. 

After irradiation the sample was centrifuged at 3000 rpm for 20 minutes and 900 

µL of the supernatant was then diluted with 900 µL of acetonitrile in an HPLC 

vial. Reverse phase analysis was performed on the samples using an Agilent 

Autosample 1100 with a Zorbax Extend C-18 – reverse phase column (3.5 µm, 

80 Å; 50 mm x 4.6 mm) C18 column. The autosampler and column temperature 

were set to 25 °C. The mobile phase consisted of 65/35-Water/Acetonitrile with 

0.1% trifluoroacetic acid (TFA) and the flow rate was set to 1.0 mL/min. The 

injection volume was 10 µL and the detection wavelengths used were 220, 240, 

260 and 285 nm. 

HPLC Calibration Curve and Standards – A 15 mL solution of a 1.0 mM 

benzophenone solution was prepared as described in the previous section. This 

stock solution was diluted to 50 µM in Milli-Q H2O and from here a series of 
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dilutions provided 40, 30, 20, and 10 µM solutions which were analyzed via 

HPLC under the same conditions described above to construct a calibration 

curve for benzophenone at 260 nm. 50 µM solutions of 4-chlorobenzophenone, 

4-hydroxybenzophone, and benzoic acid, as well as a 16.5 µM solution of 

HAuCl4 were also submitted for HPLC analysis under the same conditions to 

determine their retention times. The concentrations of benzophenone, 4-

hydroxybenzophenone, and benzoic acid found in the oxidation product study 

were determined from their molar absorptivity coefficient at 230nm. 

Computational Details: The geometrical optimization of both the benzophenone 

triplet excited state and the radical cation formed after the electron transfer was 

done using the Amsterdam Density Functional (ADF) code. Both molecular 

structures were fully optimized by an analytical energy gradient method as 

implemented by Verluis and Ziegler, using the hybrid functional B3LYP with the 

triple-& quality double plus polarization function (TZ2P) for all atoms.13 In all 

cases, frequency analyses were performed after the geometry optimization, in 

which we obtained only positive frequencies, thus verifying local minima. 

After the optimization procedure, the spin density was plotted by calculating the 

alpha spin density minus the beta spin density. Finally the electrostatic potential 

(EP) at each nucleus was determined by calculating the Coulomb potential of the 

molecule at the nuclear positions, where the contribution from the nucleus itself is 

omitted; in that way we obtained the EP at the nuclei due to valence electrons 

and other nuclei.   
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Quenching of Benzophenone by HAuCl4: The triplet quenching experiments by 

HAuCl4 were performed using a Nd-YAG laser (355 nm, ca 10 ns, 10 mJ/pulse) 

in a LFP-111 laser-flash photolysis (LFP) system (Luzchem Inc., Ottawa, 

Canada) and 1!1 cm LFP cuvettes. Samples of benzophenone were prepared in 

solutions of 3% acetonitrile:water with a total volume of 3 mL and an absorbance 

of ~0.1 at 355 nm. The samples were degassed with N2 for 30 minutes prior to 

use. The solution of HAuCl4 used for the quenching study was prepared as a 91 

mM solution in H2O, which was also degassed for the duration of the experiment. 

Through serial additions of the quencher the quenching of the benzophenone 

triplet and the bleaching of the gold salt at 520 nm and 320 nm were monitored, 

respectively.  
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7.9.B. Apparatus Used for 368 nm LED Irradiation 

 

Figure 7A.1. Photograph illustrating the experimental setup used for 368nm LED irradiation. The 
solutions were irradiated as 3.0 mL samples in polystyrene cuvettes and a mini magnetic stirring 
bar was used to agitate the solution. A is the power supply for the LED, B is a magnetic stirrer, C 
is the synjet cooled 368nm LED fitted with a tubular foil light collimator, and D is a polystyrene 
cuvette which contains the solution to be irradiated and a mini magnetic stir bar. 
 

 
Figure 7A.2. Output spectrum of 368 nm LED used for irradiation of samples. 

7.9.C. Changes in pH Upon 368 nm LED Irradiation  

As previously mentioned in the main text one of the oxidation products, found 

upon 368 nm LED irradiation of aqueous solutions containing HAuCl4 and 

benzophenone, is 4-hydroxybenzophenone. It is proposed that this oxidation 

product is formed via a hydroxy-cyclohexyldienyl radical mediated gold salt 

reduction. Oxidation of the radical would result in 4-hydroxybenzophenone and 
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the release of a proton, which would most likely form HCl in solution resulting in a 

progressively more acidic solution as irradiation is continued. In good agreement 

with this are the pH of solutions containing 0.15, 0.33, or 1.0 mM benzophenone 

and 0.33mM HAuCl4 upon 368nm LED irradiation shown below in Table 7A.1. 

Table 7A.1. Changes in the pH of aqueous solutions containing 1.0 mM, 0.33 mM, or 0.15 mM 
benzophenone and 0.33 mM HAuCl4 upon irradiation with 368 nm LED. 

1.0 mM Benzophenone 0.33 mM Benzophenone 0.15 mM Benzophenone 
Time (min) pH Time (min) pH Time (min) pH 

0 3.46 0 3.41 0 3.42 
5 3.28 5 3.2 5 3.26 

10 3.19 10 3.04 10 3.25 
15 2.98 15 2.93 15 3.12 
20 2.90 20 2.90 20 3.06 
25 2.87 25 2.89 25 2.98 
30 2.87 30 2.90 30 2.96 

  

7.9.D. HPLC Analysis of Benzophenone Degradation 

To better understand the mechanism by which benzophenone reduces HAuCl4 

upon 368nm LED irradiation we set out to monitor the degradation of 

benzophenone and the resulting oxidation products by HPLC. In Figure S4, one 

can find HPLC chromatograms extracted at a wavelength of 230 nm for (A) a 

standard mixture of starting materials (benzophenone and HAuCl4) and possible 

oxidation products (4-hydroxybenzophenone and benzoic acid) and for (B) a 

1mM benzophenone and 0.33 mM HAuCl4 aqueous solution which had been 

irradiated with a 368 nm LED for 20 minutes. In comparing the retention times of 

the standards with those from the actual reaction mixture, it can be seen that 

after irradiation there are peaks corresponding to benzophenone, 4-

hydroxybenzophenone, and benzoic acid. The degree of degradation of 

benzophenone with respect to time upon 368nm LED irradiation of a 1 mM 

benzophenone and 0.33 mM HAuCl4 aqueous solution was also monitored by 
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HPLC, the results of which can be found in Table S2. As stated in the main text, 

after 20 minutes of irradiation approx. 30% of the benzophenone has been 

degraded.  The concentrations of benzophenone and its oxidation products used 

to determine percent composition were determined using the molar absorptivity 

coefficient of each of the compounds at a wavelength of 230 nm. Sample prep 

and HPLC conditions for each of the HPLC analyses can be found in the 

corresponding figure caption or in the general information section of the 

appendix. 

 
 

!!
 

 
 
Figure 7A.3. HPLC chromatograms for (A) standard solution containing benzophenone [10.643 
min], HAuCl4 [3.134 min], 4-Hydroxybenzophenone [2.630 min], and benzoic acid [1.089 min] and 
(B) 1.00 mM benzophenone and 0.33mM HAuCl4 aqueous solution irradiated for 20 minutes with 
368 nm LED under air followed by 20 minutes of centrifugation at 3000 RPM and a 50:50 dilution 
in acetonitrile. Chromatograms were extracted at a wavelength of 230 nm. Reversed phase 
analysis was performed on the samples using an Agilent Autosample 1100 with a Zorbax Extend 
C-18 – reverse phase column (3.5 µm, 80 A; 50 mm x 4.6 mm) C18 column. The autosampler 
and column temperature were set to room temperature. The mobile phase consisted of 65/35-
Water/Acetonitrile with 0.1% trifluoroacetic acid (TFA) and the flow rate was set to 1.0 mL/min. 
The injection volume was 10 µL. 
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Table 7A.2. Concentration of benzophenone found by HPLC after 0, 2, 6, and 20 minutes of 368 
nm LED irradiation of an aqueous solution containing 1.0 mM benzophenone and 0.33mM 
HAuCl4. Reversed phase analysis was performed on the samples using an Agilent Autosample 
1100 with a Zorbax Extend C-18 – reverse phase column (3.5 µm, 80 A; 50 mm x 4.6 mm) C18 
column. The autosampler and column temperature were set to room temperature. The mobile 
phase consisted of 40/60-Water/Acetonitrile and the flow rate was set to 1.0 mL/min. The 
injection volume was 10 µL. Concentrations were determined using a calibration curve for 
benzophenone at a wavelength of 260 nm. 

        Time (min)                           [Benzophenone] mM 
0 1.00 
2 0.83 
6 0.82 

       20 0.70 
 

7.9.D. Substitution of CH3CN for CD3CN 

 

Figure 7A.4.  Effect of substitution of 3% CH3CN (open marker) for 3% CD3CN (filled marker) on 
the formation of AuNP under 368 nm LED irradiation. 
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!!!!!!!!!!!!!!!!!!!!!!!!8. Summary and Future Directions 
!
8.1. Summary 
 

This thesis has explored the use of excited state electron transfers in 

organic transformations and nanomaterial synthesis. Through the development of 

new photocatalytic systems along with in-depth kinetic and mechanistic analysis 

we have been able to better understand the nature of many different 

transformations as well as illustrate the ability to replace the commonly employed 

polypyridyl Ru and Ir photocatalysts, which tend to be relatively expensive, with 

cheaper and in some cases metal-free or heterogeneous alternatives. 

Interestingly, in many instances these alternatives outperform their precious 

metal counterparts. 

 While much of the advancements in the field have come in the form of 

unique reactivity, increased functional group tolerance, and the use of 

unconventional starting materials; many of these improvements have occurred in 

the absence of a better understanding of the underlying mechanism. As we look 

to expand and continue to improve on these chemistries, it would seem beneficial 

to have a better understanding of the underlying processes that control these 

transformations along with easy to employ characterization tools. As such, I 

believe the results and data presented within this thesis will have a considerable 

impact on the field. The intent of the following section is to summarize the various 

findings presented throughout the thesis.   

In chapter 2 of this thesis we demonstrated that '-sexithiophene, an 

organic semiconductor commonly used as an electron donor in organic 
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photovoltaic devices, can be employed as visible light photoredox catalyst in the 

reductive dehalogenation of vicinal dibromides to their corresponding alkenes. 

Through the use of steady-state and time resolved fluorescence techniques and 

laser flash photolysis we have been able to fully characterize the underlying 

mechanism for this transformation. In addition to characterizing the excited state 

electron transfer, we have demonstrated that the high efficiency of this system 

stems from the active participation of amine derived radicals and an underlying 

chain mechanism. While it was envisioned that the insolubility of '-sexithiophene 

would give rise to a heterogeneous photocatalytic system, we have found that 

through the course of reaction some of the '-sexithiophene is solubilized and it is 

this solubilized catalyst responsible for the observed conversions. The advantage 

of the employed system is that the insoluble portion of catalyst can be thought of 

as a reservoir of active catalyst in the case of deactivation or photobleaching and 

can be readily reused. 

For chapter 3, we continued to examine the use of '-sexithiophene as 

photocatalyst. Due to the high efficiency at which '-6T generates 1O2, we 

examined its ability to function as catalyst in the oxidation of primary and 

secondary amines to their corresponding imines. In addition to demonstrating the 

usefulness of the commercially available '-6T as 1O2 sensitizer we have also 

measured the rate constant at which the employed amines intercept 1O2, values 

that are missing from the current literature. 

In chapter 4 we switched gears to examine the use of TiO2 as 

heterogeneous photoredox catalyst. Through decoration of P25 TiO2 with Pt 
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nanoparticles, we have been able to push the absorption into the visible and 

decrease the probability of electron-hole pair recombination. The resulting 

photocatalytic system can bring about the efficient reductive 

hydrodehalogenation of aryl iodides as well as a variety of reductive cyclizations. 

While Ru(bpy)3
2+ may bring about the desired transformations in shorter 

irradiation times, the inexpensive and heterogeneous nature of the TiO2 catalyst 

makes this method more economically viable. From here we then demonstrated 

that one can employ TiO2 as photocatalyst in the ever popular dual 

photoredox/Ni decarboxylative cross-couplings of carboxylic acids with aryl 

halides. Utilizing the oxidizing holes of the valence band to decarboxylate the 

carboxylic acid substrates and the reducing electrons of the conduction band to 

give rise to the active Ni(0) species, a variety of substituted aryl iodides were 

cross-coupled to either N-Boc proline or a variety of phenylacetic acid 

derivatives. The developed semi-heterogeneous protocol gives the desired 

products in moderate to excellent yields, while the results of the completely 

heterogenous example, employing NiNP in place of the homogeneous Ni 

catalyst, indicates that there is room for improvement in many of these dual 

catalytic systems. 

In chapter 5, the reactivity of polynuclear gold (I) complexes was explored. 

Through complete photochemical and electrochemical characterization of the 

employed complexes along with detailed kinetic analysis, we attempted to 

determine if the complexes brought about the reduction of C-Br bonds through 

either a reductive or oxidative quenching mechanism. Interestingly enough, what 
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we found is that in many cases the nature of these types of reactions are difficult 

to understand. While much of the current photoredox literature employs simplistic 

mechanistic schemes for these types of transformations, in many cases the 

reality is that many of these schemes are highly oversimplified considering the 

versatile nature of the highly redox active excited states involved. Even without 

taking into consideration the possibility of inner sphere electron transfer, which 

we have shown to be a possibility through induced chirality experiments, these 

transformations involve a number of competing and synergistic pathways. Having 

said this though the obtained data helped shed light on these transformations 

and will be highly useful in the optimization of future studies. 

In chapter 6 we explored the characterization of light mediated chain 

reactions utilizing intermittent illumination. While there are many recent studies 

that claim to probe chain reactions through intermittent illumination or light on-

light off studies, the employed pulse lengths are typically too long (minutes) to 

obtain any useful information. Considering the lifetime of the chains is these 

types of systems are in the range of ms to s, it is more appropriate to perform a 

rotating sector experiment, which employs light-on-light off sequences in this time 

scale. In order to simplify and update this method we have replaced the rotating 

sectored disk with a pulsed LED system. Utilizing this updated system we have 

demonstrated that this method is capable of characterizing, both qualitatively and 

quantitatively, light mediated chain reactions. In particular we have examined the 

photocatalyzed oxidation of benzhydrol to benzophenone, a well known chain 

reaction. 



 

! ")+!

Lastly, in chapter 7 we demonstrated that under certain conditions one 

can reduce HAuCl4 to metallic gold nanoparticles utilizing the rarely recognized 

nucleophilic character of the benzophenone triplet. Through a combination of 

laser flash photolysis studies and an analysis of the oxidation products we have 

strong evidence for the formation of the BP+! intermediate. In addition to being a 

new route to the synthesis of stable AuNP, it is one of few examples that takes 

advantage of the reducing nature of the benzophenone triplet. 

8.2. Future Directions 
!
 While the work presented in this thesis has demonstrated that one can 

improve photoredox processes through both mechanistic analysis and 

heterogenization of the photocatalytic system, there remain many avenues 

through which these processes can be improved. For example, while 

heterogeneous catalysts have the added benefit of being easy to isolate and 

reuse, in many instances there are diffusional limitations in heterogeneous 

systems that result in reduced efficiency. Considering that one of the ways to get 

around these limitations is to employ the heterogeneous catalysts in continuous 

flow reactors, it would seem logical that the next step is to apply these catalytic 

systems in flow. 

 The preliminary results of the completely heterogenous dual 

photoredox/Ni catalysis system presented in chapter 4 are also quite interesting. 

Considering the attention these dual catalytic systems have received in the 

current literature, it will be interesting to examine the generality of these systems. 

Perhaps through the decoration of semiconductor photocatalyst, such as TiO2, 
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with metallic nanoparticles of either Au, Cu, Ni, Pt, or Pd or a combination of 

these metals, one can develop heterogeneous alternatives to many of the 

reported transformations.  

8.3. Claims to Original Research 
 

• Development of a photocatalytic system employing '-sexithiophene as 
photoredox catalyst for the reductive dehalogenation of vicinal dibromides. 

 
• Development of a photocatalytic system employing '-sexithiophene as 

1O2 sensitizer for the oxidation of primary and secondary amines to their 
corresponding imines. 

 
• Development of a heterogeneous photocatalytic system for reductive 

dehalogenations and cyclizations employing PtNP@TiO2 as photoredox 
catalyst. 

 
• The first example of heterogeneous titania-photoredox/Ni dual catalysis for 

the decarboxylative cross-coupling of carboxylic acids with aryl iodides. 
 

• Characterization of the photochemical and redox properties of a variety of 
polynuclear gold (I) complexes used in photocatalysis. 

 
• Demonstrated that excited state electron transfer from the triplet excited 

state of benzophenone can direct the synthesis of gold nanoparticles. 
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