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Abstract 

 

HYBRID FIBER-OPTIC DEVICE FOR SPATIOTEMPORAL 

CONTROL OF PHOTOSENSITIZER RELEASE AND SINGLET 

OXYGEN DELIVERY 

BY 
 

MATIBUR RAHAMAN ZAMADAR 
 
 

Adviser: Professor Alexander Greer 

Abstract: This thesis outlined the gradual progress towards the development of the first 

fiber-optic singlet-oxygen generator designed for releasing singlet oxygen locally, which 

can surmount the challenges associated with current photodynamic therapy and water 

disinfection.  

We developed a photochemical approach to clean generation of singlet oxygen in 

aqueous solution with a sensitizer (meso-tetra(N-methyl-4 pyridyl)porphine) adsorbed 

onto solid porous Vycor glass (PVG)]. Photophysical analysis revealed that oxygen 

collision onto the sensitizer adsorbed porous Vycor glass matrix converts ground-state 

oxygen into singlet oxygen (1O2) which diffuses into bulk aqueous solution. Singlet 

oxygen was detected in water by time-resolved methods and by chemical trapping with 

alkene, N-benzoyl methionine, and anthracene derivative to give hydroperoxide, N-

benzoyl sulfoxide, and anthracene endoperoxide derivative. Based on this study, we 

developed a device that channels light and oxygen through a hollow core fiber optic into 

the sensitizer adsorbed Vycor glass which acts as a cap. Singlet oxygen was generated on 

a microscale at the fiber cap site selectively which then diffused out into the surrounding 
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aqueous solution. A complete Escherichia coli inactivation was observed in 2 h when the 

fiber cap was immersed in 0.1 mL aqueous samples of 0.1–4.4 × 107 cells.   

The prototype device was further modified to enhance singlet oxygen diffusion in 

aqueous solution as singlet oxygen has lifetime’s ranges from microseconds to 

milliseconds and the corresponding diffusion distances of singlet oxygen ranges from 

nanometers to millimeters. Our efforts included 1O2 generation by cleaving off sensitizer 

molecules away from the fiber optic probe to increase 1O2 formation at a distance from 

the probe tip. Synthetic methodology was developed to modify the glass probe to release 

photosensitizer molecules into the surrounding medium by an oxidative self-cleaving 

mechanism where 1O2 was used as a sole reagent. We successfully attached 

pyropheophorbide photosensitizer containing a photosensitive electron rich alkene 

covalently to porous Vycor glass which is triggered for release on-site by visible light 

irradiation, via dioxetane decomposition to give two carbonyl fragments. The cleaved 

photosensitizer diffuses into solution to produce singlet oxygen at a distance from the 

glass surface which also improves the photooxidation efficiency of the heterogenous 

photosensitizer. Finally, a review of the literature on ‘singlet oxygen as a reagent in 

organic synthesis’ was accomplished, which represent the last chapter of the thesis. 
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Chapter 1: Singlet Oxygen Chemistry in 

Water.  A Porous Vycor Glass—Supported 

Photosensitizer 
 

 

1.1 Introduction 

  Singlet oxygen [1O2 (
1∆g)] has a lifetime of microseconds to milliseconds, and can 

diffuse a distance from where it was generated.1,2  Remarkably, 1O2 can diffuse across a 

cell membrane3,4 and even serve as a signaling molecule.5-7  The first report of 1O2 as a 

diffusible intermediate came from Kautsky and de Bruijn in 1931,8 in which trypaflavine 

(a sensitizer) and leucomalachite green (an oxygen-acceptor compound) were adsorbed 

separately on silica gel beads (Scheme 1).  Upon photolysis in the presence of O2, 
1O2 

was generated on a SiO2 bead and diffused to another (separate) SiO2 bead where it was 

trapped by leucomalachite green.8-10  Kautsky’s “through space” experiment was similar 

in many respects to the Paneth/Hofeditz lead mirror experiments (thermal decomposition 

of PbEt4),
11 which provided evidence for free ethyl radicals in the gas phase.12-14  Other 

researchers have since conducted similar heterogeneous 1O2 studies.  The first 

heterogeneous photosensitizer (covalently bound) was polymer Rose Bengal synthesized 

by Neckers et al. in 1972.15-17  Polymer Rose Bengal was based on Merrifield beads with 

its origins traced directly to solid phase peptide synthetic chemistry. 
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Scheme 1 

NMe2Me2N
NH2N NH2

R

trypaflavine           
(R = H and CH3)

hν

leucomalachite green 

(1O2 acceptor)

O2

+ acceptor 
oxidation

 

  Silica gel, polymers, alumina, and zeolites have been used as solid supports for 

1O2 photosensitizers.18  However, these solid supports18a-c are often used to generate 1O2 

in the presence of organic solvents, or in the absence of solvent altogether.   

  Additional studies could be directed toward 1O2 chemistry in water, and the 

search for alternative solid supports.  We sought a system that does not require covalent 

attachment of the sensitizer to the solid, but nonetheless binds the two together tightly.  

Because porous Vycor glass (PVG) develops a negative ζ potential in water (indicating 

an anionic surface) cations bind tightly.19,20  Neutral molecules can also bind to PVG,21-27 

but do so more weakly than cations.  By taking advantage of the cation-binding ability of 

PVG in water,19,20,28-32 one can imagine a similar PVG-binding of a cationic 

photosensitizer.  Raftery et al. have used PVG as a solid support for photocatalysts, such 

as a TiO2 monolayer.33,34  To date, no reports exist on heterogeneous 1O2 photooxidations 

with PVG as a solid support.  Meso-tetra(N-methyl-4-pyridyl)porphine (1) was selected 

in our study because it is a 1O2 photosensitizer2 known to photodynamically inactivate E. 

coli.35  Anions tend not to bind to PVG.  Thus, PVG might also yield specificity for 1O2 

reactions with anions rather than cations and neutral compounds in the bulk aqueous 

phase.   
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  We report that cation 1 binds to the PVG anionic silanol sites to give an adsorbed 

complex.  Singlet oxygen is photochemically generated at the solid-liquid interface, and 

then 1O2 diffuses into the aqueous medium.  An anionic alkene is readily oxidized by 1O2 

in the surrounding aqueous solution.   

 

N

NH

N

HN

N+
H3C

N+
CH3

N+

CH3

N+

H3C
1  

1.2 Results and Discussion 

1.2.1 Adsorption of Photosensitizer 1.  In aqueous solution, cation 1 adsorbs 

onto PVG and forms a complex.  After 48 hours, we find that 1.0x10-6 mol 1 adsorbed 

onto one gram of PVG.  Three experiments were conducted to examine aspects of the 

adsorption process.  First, an experiment was carried out in order to determine whether a 

decrease in pH in the surrounding solution coincides with the adsorption of 1 onto PVG.  

A concurrent decrease in pH of the aqueous solution is found (plotted as the appearance 

of moles of H+ ions, Figure 1), which suggests that 1 cation exchanges onto the anionic 

silanol sites.  The adsorption of 1 over 3 hours corresponded to a pH reduction from 6.12 

to 4.14.  Figure 1 shows that cationic 1 replaces hydronium ions on the PVG silanol 

groups.  The initial mole ratio of 1 adsorbed:H+ dissociated is 1:32 (after 30 minutes).   

After 3 hours, an equilibrium is established and reveals that every mole of 1 adsorbed 
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leads to the release of 15 moles of H+ from PVG.  Perhaps this decrease in the ratio 

relates to a tendency for reprotonation of some silanol anion sites over time.  Second, to 

determine if the counter ion (TsO-) is coadsorbed onto the anionic surface, a 1.69 g PVG 

sample was placed in 25.0 mL of 1.01x10-5 M 1 and the aqueous phase was monitored by 

UV spectroscopy.  Adsorption of 1 was accompanied by the appearance of 3.9±0.05 mole 

equivalent tosylate ion in solution (λmax = 260 nm) measured by a prior constructed 

calibration curve.  The spectroscopic analysis suggested that less than 5% TsO- counter 

ion coadsorbs onto PVG, and that the majority of TsO- remains in the surrounding 

aqueous solution likely because of the Coulombic interaction disfavoring association of 

the anion with the anionic silanol surface of PVG.  Similarly, Cr3+, Fe3+, and Cu2+ are 

known to cation exchange onto PVG with less than 3% coadsorption of the Cl- counter 

ion.29  Third, repeated washing with water failed to detect 1 by UV-visible absorption 

(detection limit of 1 is 3.1x10-7 M at λmax = 422 nm).  One may assume the worst case, 

i.e., desorption below the detection limit ~3x10-7 M 1 of our UV-instrument.  However, 

this conclusion is probably incorrect because a control experiment showed that 3x10-7 M 

1 does not lead to the 1O2 chemistry in Sections 3.3 and 3.4.  The experimental data lead 

us to conclude that the adsorbed 1 remains attached to PVG throughout the sensitization 

and photochemical processes.  Thus, the PVG-attached sensitizer is referred to as 1-ads 

hereafter.  

 



 

 

5 

8.0E-9

5.1E-7

1.0E-6

1.5E-6

2.0E-6

0.0E+0 5.0E-8 1.0E-7 1.5E-7

moles 1 adsorbed to PVG 

m
o

le
s
 H

+
 r

e
le

a
s
e

d
 f
ro

m
 P

V
G

 

Figure 1.  Plot of the moles of H+ ions arising from PVG silanol deprotonation calculated 

from the decrease in pH of the aqueous solution during the adsorption of 1 onto PVG.  

Each point is taken at a 30-minute increment over a total of 3 hours. 

 

  1.2.2 Spectroscopic Properties of PVG-Adsorbed 1.  Figure 2 shows 

normalized UV-visible spectra of 1-ads (in air) and 1 (in H2O).  The spectra are very 

similar.  The λmax of 1-ads in air is 419 nm.  The λmax of 1 in H2O is 422 nm.  There 

appears to be only a slight decrease of the 500-600 nm absorption of heterogeneous 1 

compared to homogeneous 1.  The absorption of 1-ads consists of a band in the visible 

region between 500-700 nm indicating that it may be excited upon the absorption of light 
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in this range.  The similarity between the two spectra suggests the 1-ads may have similar 

properties to serve as a 1O2 photosensitizer.   

 

 

Figure 2. Normalized absorption spectra of 1-ads and 1: (1) the solid line is of 1-ads in 

air, in which uncoated PVG was used as a blank, and (2) the dashed line is an H2O 

solution of 1, in which H2O was used as a blank.  The inset is an expanded view of the 

visible portion of the spectra. 

 

1.2.3 Detection of Singlet Oxygen.  In D2O, unlike H2O, 1O2 luminescence is 

easily detected at 1270 nm from the 532 nm irradiation of 1-ads (Figure 3).  Singlet 

oxygen luminescence experiment is carried out by our collaborator, Naveen Gandra in 

Professor Ruomei Gao’s research group at Jackson State University. The generation of 

1O2 is based on a bimolecular sensitization reaction, represented by the reaction between 
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the electronically excited sensitizer, 1-ads
*, and the acceptor, 3O2.  It is possible that 1-

ads
* is quenched by O2 which is adsorbed itself, or simply, O2 collides with excited 1-

ads.  The formation of 1O2 is predominantly a triplet quenching process (eq 3). 

 
  1-ads

*  +  3O2 → 1O2  +  1-ads     (3) 

 

The 1270 nm luminescence decay is exponential and the lifetime of 1O2 in D2O is found 

to be 65 µs, which matches the literature value.41  After 1O2 is generated, its diffusion into 

the surrounding solution can take place.  Ogilby et al.4 suggested that if one assumes a 

typical diffusion coefficient for oxygen,42 D, in liquid ~3x10-5 cm2 s-1 then the distance 

travelled by 1O2 is approximately 62 µm in D2O.  The difficulty in detecting 1O2 in H2O 

arises from its short lifetime (3.1 µs)43 due to efficient electronic to vibronic energy 

transfer between the two.44   
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Figure 3.  Singlet oxygen phosphorescence (1270 nm) decay from 1-ads carried out in 

H2O (dots) and D2O (solid line).  The above traces have been corrected, in which an 

uncoated PVG sample served as a blank and was subtracted from the background. 

 

Figure 4 shows 1O2 emission intensity over a range of absorbances for 1 in 

homogeneous D2O solution.  The literature value of Φ∆ for the reference sensitizer meso-

tetra(4-sulfonatophenyl)porphine dihydrochloride is 0.63 in D2O.45  Thus, Φ∆ for the 

formation for 1O2 from 1 is 0.43±0.07 in D2O, using meso-tetra(4-

sulfonatophenyl)porphine dihydrochloride as a reference.  Triplet-triplet annihilation 

appears to be negligible at absorbances ranging from 0.03-0.60 from excitation at 532 

nm, as indicated by the 1O2 intensity showing a linear correlation with the absorption of 

the complexes.  Because there is no reference sensitizer-PVG complex, we were not able 
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to determine the Φ∆  for the formation of 1O2 with 1-ads.  PVG-adsorbed 1 appears to 

retain its photosensitization property in aqueous solution.  Unlike porous silicon 

nanocrytsals,44,46,47 PVG is not found to produce 1O2 in D2O in the absence of adsorbed 1.  

Furthermore, the 1270 nm luminescence of 1O2 in H2O appears at the noise level of the 

instrument.  However, we show that 1O2 is formed in H2O by indirect trapping 

experiments.  The results described next show that 1O2 produced in the 1-ads 

photosensitized reaction can react with trans-2-methyl-2-pentenoate anion (2). 

 

0

0.05

0.1

0.15

0 0.1 0.2 0.3 0.4

OD 532 nm

1
O

2
 i

n
te

n
s
it

y
 (

m
V

)

 

Figure 4.  Time-resolved quantum yield measurement.  1O2 emission intensity as a 

function of absorbance in D2O with the excitation wavelength of 532 nm.  Solid squares 

represent meso-tetra(4-sulfonatophenyl)porphine dihydrochloride with Φ∆ = 0.63 in D2O.  

The open circles represent free 1 measured to be Φ∆ = 0.43±0.07 in D2O. 

 

 



 

 

10 

1.2.4 Photooxidation of Trans-2-methyl-2-pentenoate Anion (2).  Unlike the 

aerobic UV irradiation of PVG reported to form superoxide,48 the visible light irradiation 

of 1-ads generates 1O2, which can diffuse out of the silica matrix and then trapped by an 

trans-2-methyl-2-pentenoate anion 2 in a surrounding aqueous solution.  The 1-ads 

sensitized photooxidation of 2 affords one product, hydroperoxide 3 (Scheme 2).  Dr. 

David Aebisher initiated and helped us in conducting experiments to trap singlet oxygen 

with trans-2-methyl-2-pentenoate anion 2 in aqueous solution. The reaction is monitored 

by NMR.  No other products were detected, which would be expected if superoxide were 

present.  Formation of 3 and not regioisomer 5 indicates that the methyl protons are more 

acidic, in which the resulting double bond is conjugated with the carboxylate group.  

Hydroperoxide 3 reacted with triphenylphosphine and converted to alcohol 4, also 

characterized by NMR.  The yield of 3 was dependent on whether the 1-ads sensitized 

photooxidation of 2 was conducted in D2O or H2O.  Figure 5 shows that this 1O2 ‘ene’ 

reaction is found to be about two times faster in D2O than H2O.  Hydroperoxide 3 was 

formed more rapidly in D2O than H2O (cf. 16.9% to 3.9%) after 2 hours.  In H2O, 

photooxygenation of 2 with 1-ads formed 3 in 32.8% yield after 8 hours.  The results 

support the conclusion that the reaction of 1O2 with 3 occurs in the surrounding H2O or 

D2O solution.  Previous data lead to a similar conclusion that alkene oxidation is more 

efficient in D2O than H2O.35 The results establish the feasibility of carrying out the 

heterogeneous sensitization process with 1-ads in which 1O2 is released into surrounding 

D2O and H2O. 
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Scheme 2 
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Figure 5.  Photooxidation of trans-2-methyl-2-pentenoate anion by 1-ads as a function of 

irradiation time in D2O [solid squares (y = 2x10-5x + 6x10-6; r2 = 0.9394)] and H2O 

[hollow squares (y = 1x10-5x + 9x10-6; r2 = 0.9832)].  
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1.3 Conclusion 

PVG is a cation-binding solid.  We took advantage of this binding property to 

examine PVG as a support for the cationic photosensitizer 1.  Sensitizer 1 adsorbed to 

PVG and gives a stable material, which does not dissociate in water at room temperature.  

Singlet oxygen is generated in the surrounding aqueous solution upon irradiation of the 

adsorbed complex.  The excited state of 1-ads is quenched by O2 to give 1O2, which can 

be detected in the surrounding aqueous solution.  The heterogeneous system described in 

this paper could have application in ridding wastewater of E. coli. 

 

    

1.4 Experimental Section 

 1.4.1 Materials and Instrumentation.  Reagents were obtained  

commercially [meso-tetra(N-methyl-4-pyridyl)porphine tetratosylate, meso-tetra(4-

sulfonatophenyl)porphine dihydro-chloride, trans-2-methyl-2-pentenoic acid, sodium 

hydroxide, magnesium sulfate, triphenylphosphine, p-toluene sulfonic acid (TsOH), and 

adipic acid] and used without further purification.  The solvents used (methanol, absolute 

ethanol, deuterium oxide-d2, and chloroform-d1) were of spectroscopic or equivalent 

grade and were used as received.  Deionized water was obtained from a U.S. Filter 

Corporation deionization system.  PVG samples (Corning 7930, pore size = 40 Å) were 

dried in a Fisher Scientific Isotemp muffle furnace at 500 °C and then stored in a 

desiccator under vacuum (30 mm Hg).  Pieces of PVG were in the shape of disks (11.0 

mm in diameter and 2.0 mm in thickness) or squares (1.5 cm2 and 1.0-1.5 mm in 

thickness).  Samples were irradiated with a Q-switched Nd:YAG laser (532 nm, 3-4 ns, 
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30 mJ, Polaris II-20, New Wave Research Merchantek Products).  A liquid N2 cooled 

germanium photodetector (Applied Detector Corporation) was used for the determination 

of quantum yields of 1O2.  The steady-state generation of 1O2 was conducted with a 

Rayonet photoreactor with Sylvania F8T5/CW 8 Watt bulbs that emit at ~425-650 nm.  

Mass spectrometry data were acquired on an Agilent Technologies 6890N GC/MS 

instrument with a 5973 Mass Selective Detector (MSD) and a HP-5MS column.  UV-

visible spectra were collected on a Hitachi UV-VIS U-2001 instrument.  NMR data were 

collected on a Brucker DPX400 NMR instrument.   

 1.4.2 Measurements. The adsorption process was achieved by placing a 0.28 g 

PVG sample into 24.7 mL of a 1.0 x 10-5 M solution of 1 in deionized water.  The amount 

of photosensitizer adsorbed onto PVG was calculated from the difference in absorbance 

of the solution before introduction of PVG and the absorbance of the same solution after 

the PVG’s removal [at the λmax of 1 (422 nm)].  The number of moles of photosensitizer 

adsorbed per gram of PVG was calculated using eq 1, 

 

nadsorbed / g PVG = {[(Ai – Af)/Ai] x ni} / g PVG  (1) 

 

in which, Ai is the absorbance of the solution prior to introduction of PVG; Af is the 

absorbance of the solution after the impregnation interval and removal of the PVG; ni is 

the number of moles of sensitizer prior to impregnation; nadsorbed is the number of moles 

adsorbed onto the PVG; and g PVG is the weight of the PVG in grams.29  Typically, PVG 

samples were loaded with 1.0x10-6 moles of 1/g PVG.  Colorless PVG was converted to 

deep red on adsorption of 1 after 48 hours.  The moles of hydronium ion were calculated 

from the pH of the surrounding aqueous solution.  The experiments were carried out at 
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room temperature and with O2-saturated solutions.  The phosphorescence of 1O2 at 1270 

nm was measured as previously described.36  The initial 1O2 intensity is extrapolated to t 

= 0.  The data points of the initial 3-4 ns are not used due to electronic interference 

signals from the detector.  The intensity of the pulses at 532 nm were controlled between 

20-30 mJ.  The quantum yield for production of 1O2 in homogeneous solution is 

calculated according to eq 2.   

 
Φ∆ sample / Φ∆ reference = Ssample / Sreference    (2) 

 
Here Φ∆ sample and Φ∆ reference are the 1O2 quantum yields for samples and the reference.  

Meso-tetra(4-sulfonatophenyl)porphine was used as a reference sensitizer, in which its 

absorbance was optically matched with that of 1 at 532 nm (Figure 6).  Ssample and Sreference 

represent the slopes obtained from the plot of initial intensity of 1O2 via the absorbance at 

excitation wavelength 532 nm for the sample and the reference, respectively.  
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Figure 6. Absorption spectra of meso-tetra(4-sulfonatophenyl)porphine (dashed line) and 

1 (solid line) in H2O solution.  The inset is an expanded view of the visible portion of the 

spectra, in which the two compounds are optically matched at 532 nm. 

 

1.4.3  Meso-tetra(N-methyl-4-pyridyl)porphine (1).  Purity of the tosylate of 1 

was determined to be 99% based on NMR (integration of peaks in its 1H NMR spectrum) 

and greater than 95% based on HRMS:  1H NMR (D2O, 400 MHz) δ 1.50 (s, 12H), 4.63 

(s, 12H), 6.43 (bs, 8H), 7.01 (bs, 8H), 8.78 (d, J = 4.6 Hz, 8H), 8.83 - 9.08 (bs, 8H), 9.14 
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(d, J = 4.6 Hz, 8H).  13C NMR (D2O, 100 MHz) δ 155.0, 141.6, 138.7, 136.9, 130.8, 

126.1, 122.3, 113.3, 46.1, 17.1.  Mass spectrum (EI); m/z = 676.31 (100), 677.31 (48), 

678.31 (12.5), 677.30 (3.0), 679.32 (1.7).  HRMS calcd for (C44H36N8)
2+ 338.1522 (the 

base peak represents the loss of four tosylate fragments and two protons), found 

338.1525.  Literature: 1H NMR (D2O) δ 9.19 (d, 8H), 9.03 (bs, 8H), 8.71 (d, 8H), 4.77 (s, 

12H) at pD 7.0.37  1H NMR (DMSO) δ 9.47 (d, 8H), 9.18 (s, 8H), 8.97 (d, 8H), 4.72 (s, 

12 H).38 

  1.4.4 Heterogeneous Photooxidation of Trans-2-methyl-2-pentenoate Anion 

(2).  Compound 1 (7.5x10-7 mol) adsorbed onto 1.58 g PVG was combined with 20 mL 

of trans-2-methyl-2-pentenoic acid (0.25 mmol) and NaOH (0.35 mmol) in deionized 

H2O.  Presumably trans-2-methyl-2-pentenoic acid is a stronger acid and is selectively 

deprotonated affording 2 since the PVG silanol groups are reported to be pKa ~ 9.39  

Dioxygen was bubbled into the solutions.  Photooxygenation was carried out for 4 hours 

at room temperature with the Rayonet reactor.  Aliquots of the H2O reaction were mixed 

with D2O for NMR analysis.  3-Hydroperoxy-2-methylene pentanoic acid (3) was 

detected as the sole product:  1H NMR (D2O) δ 1H NMR (D2O) δ 0.91 (t, J = 7.5 Hz, 3H), 

1.66 (m, 2H), 4.75 (t, J = 6.5 Hz, 1H), 5.56 (s, 1H), 5.94 (s, 1H); 1H NMR (CDCl3) δ 0.97 

(t, J = 7.4 Hz, 3H), 1.71 (m, 2H), 4.82 (t, J = 6.4 Hz, 1H), 6.01 (s, 1H), 6.54 (s, 1H) 

[Note: 1.66 (in D2O) and 1.71 (CDCl3) represent ABX3 multiplets].  HRMS calcd for 

(C6H9O4)(M – H+) 145.0506, found 145.0506.  The percent yield was determined by 

comparison of the integrated methyl protons of 3 with the methylene protons of adipic 

acid (internal standard) by 1H NMR spectroscopy.  Upon addition of triphenylphosphine 

(0.08 M), 3 converted to 3-hydroxy-2-methylene pentanoic acid (4), a known 
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compound.40  Our data agreed with the literature value:40 1H NMR (D2O) δ 1.19 (t, J = 

7.1 Hz, 3H), 1.54 (m, 2H), 4.44 (t, J = 6.0 Hz, 1H), 5.45 (s, 1H), 5.76 (s, 1H) (Note: 1.54 

represents a ABX3 multiplet). 
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Chapter 2. Photoexcited Sensitizer Quenching by O2 at the Water—

Porous Glass Interface 

 

2.1 Introduction 

  Heterogeneous materials have been studied for many years, and chemists 

discovered that some could be used as supports for the generation of singlet oxygen [1O2 

(1∆g)].
1a-e  We reported  that meso-tetra(N-methyl-4-pyridyl)porphine (1) adsorbed onto 

porous Vycor glass (PVG), in which a pH decrease of the surrounding solution indicated 

the displacement of protons from the surface silanol groups via cation exchange (Scheme 

1).2  Singlet oxygen was generated cleanly in aqueous solution upon irradiation of this 

heterogeneous sensitizer, 1-ads.2   
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  Despite the effectiveness of this and other heterogeneous systems to generate 1O2, 

surprisingly little is known about the mechanism of sensitizer quenching by O2 at water-

solid interfaces.  For example, how does the oxygen encounter the excited PVG 

heterogeneous sensitizer?  What mechanism (static or dynamic) converts ground-state O2 

into 1O2, which then diffuses into the bulk solution?   

  Some detail of the O2 quenching process may be gleaned from previous studies of 

gas-solid systems.  These studies often indicate the static quenching of O2 — where a 
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ground state O2 adduct is formed at the surface — rather than a dynamic encounter of O2 

with the surface.  At the gas-solid interface, Gafney showed that photoexcited 

Ru(bpy)3
2+-adsorbed to PVG statically quenches O2,

3 Avnir showed that photoexcited 

Ru(bpy)3
2+-adsorbed to porous silica and porous glass statically quench O2 at low 

temperatures, but dynamically quench O2 at high temperatures,4 and Thomas showed that 

aromatic compounds adsorbed onto nonporous glass statically quench O2.
5,6  Pore size of 

silica-adsorbed photosensitizers can be tailored to statically or dynamically quench O2 in 

gas-solid systems.7,8   

  Few studies have examined sensitizer quenching by O2 at organic solvent-solid 

interfaces9 or water-solid interfaces.10  Despite reports on 1O2 production (Φ∆) and 1O2 

lifetimes (τ∆) in homogeneous aqueous media, Nafion membranes,11 micellar media,12 

water-soluble supramolecular hosts,13 or aqueous reactions using TiO2,
14 studies of the 

quenching mechanism of heterogeneous photosensitizers by O2 at the water-solid 

interface are uncommon and are in need of elaboration.   

  We report here a photophysical analysis of how O2 quenches 3
1* at the water-

PVG interface.  We also examined the effects of surface loading and percent coverage of 

the photosensitizer, and the depth that 1 can penetrate into the PVG material.  An 

assessment of the quenching of the photosensitizer (static or dynamic) could help in the 

design of heterogeneous systems that attempt to control the exact mode of generation of 

1O2 in water. 
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2.2 Results and Discussion 

2.2.1 Time-Dependent Adsorption of Photosensitizer onto PVG.  A clean 

piece of PVG placed into an aqueous solution containing 1, led to the adsorption of 1 

onto PVG. Figure 1 shows the time-dependent adsorption of 1 onto PVG over a 15-hour 

period.  The adsorption process was followed by monitoring the largest of the four Q-

bands of 1-ads at λ = 525 nm.  A plateau is reached when there is 8.8×10-7 mol 1 

adsorbed onto one gram of PVG.  Loadings of 1.1×10-6 mol 1 onto PVG can be achieved, 

but only after a 48 to 72-hour period.  Once the 1-ads samples contained the desired 

surface coverage, they were rinsed with distilled water prior to use.  
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Figure 1.  The adsorption of a PVG sample at λmax = 525 nm that was sitting in a 
solution containing 1.  The PVG sample was removed at the indicated times.  The 
plateau region at 14 hours corresponds to 8.83x10-7 mol 1 adsorbed onto one gram of 
PVG. 
 

2.2.2 Uniform Photosensitizer Distribution.  Absorption spectra were recorded 

at different points on the PVG film to analyze the dispersal of adsorbed 1.  The Q-band 

absorptions (475-700 nm) are found to be identical to within 0.01 absorbance unit 
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suggesting that the distribution of 1 is uniform; thus, the surface coverage of 1 adsorbed 

onto PVG could then be estimated.  Two methods were used to determine the surface 

coverage of 1 adsorbed onto PVG.  Both are in qualitative agreement with each other:  

(1) The amount of uncoated PVG was determined by subtracting 1.0 g PVG from 

(8.83×10-7 mol 1/g PVG × 679.61 g/mol 1), which is 0.9994 g.  Dividing 8.83×10-7 mol 

1/g PVG into (0.9994 g uncoated PVG × 250 m2/g PVG) yielded 3.5×10-9 mol 1/m2, 

indicating that 0.35% of the PVG surface is covered by 1.  (2) Surface coverage was 

determined by a calculation, in which porphyrin 1 is taken as a rectangular shape (22.2 Å 

× 22.2 Å × 7.3 Å) multiplied by (8.83×10-7 mol 1/g PVG × 6.02×1023 molecules/mol × 

10-21 mm3/Å3), which equals 1.91 mm3/g PVG.  The rectangular shape of 1 was estimated 

based on the B3LYP/6-31G(d) optimized structure and the corresponding solvent 

accessible contour map (Figure 2), in which the pyridinium rings are nearly orthogonal to 

the plane of the porphyrin (67°).  The corresponding weight of 1-adsorbed PVG (1.91 

mm3 × 1.38 g PVG/mL) equals 2.64 g PVG.  Therefore, the surface coverage of 1 onto 

PVG was calculated by taking [8.83×10-7 mol 1/(2.64 g PVG × 250 m2/g PVG)] or 

1.4×10-9 mol 1/m2, yielding 0.13% PVG surface coverage by 1.  Both calculations [(1) 

and (2), vide supra] indicated that <1% of the PVG surface is covered with the 

photosensitizer 1.  For comparison, the surface coverage of Ru(bpy)3
2+ on PVG is <1%,3 

on porous silica is ~6% and porous glass is ~10%.4  
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Figure 2.  Rectangular shape of 1 (left) estimated from a B3LYP/6-31G(d) optimized 
structure and the corresponding computed solvent accessible map (right).   
 
 
 

2.2.3  Photosensitizer Penetration Depth.  The depth that 1 can penetrate into 

PVG was examined using a microscope equipped with a CCD camera.  Figure 3 shows a 

1.5 mm thick (sensitizer coated) PVG sample, cut so that the depth of 1 penetrated into 

PVG could be viewed.  The microscope image shows the penetration of 1 reaches a 

maximum depth of 0.32 mm along all faces of the sample, which corresponds to the 

plateau region of 8.8×10-7 mol 1/g PVG (Figure 1). Dr. Jovan Giaimuccio in Professor 

Gerald J. Meyer group at Johns Hopkins University helped us to take low-magnification 

(60x) cross-sectional optical image of sensitizer adsorbed glass sample (Figure 3). 

Although O2 and other gases are permeable and can pass through the connected pores of 

PVG,25 1 neither penetrates to the center of the PVG film nor is 1 localized on the outer 

surface of PVG.  A ten-fold mole increase of 1 resulted in only a 4-fold local increase in 
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sensitizer distribution into PVG [cf. 0.9x10-6 mol 1 (penetration depth 0.32 mm) and 

0.9x10-7 mol 1 adsorbed onto one gram PVG (penetration depth 0.09 mm)].  Oxygen is 

expected to reach the excited sites of 1-ads, controlled by Knudsen diffusion, in which O2 

collides numerous times within the pore walls, eventually proceeding through the PVG 

channels.  For comparison, Ru(bpy)3
2+ penetrates 0.5±0.1 mm into PVG.3  Streptocyanine 

dyes also possessed diffusivity into silica gels, influenced by the gel porosities.26 

 
 

 
 
 
 
 

Figure 3. A low-magnification (60x) cross-sectional optical image.  The red areas 
indicate the depth of 1 accessed into PVG.  The image shows 0.32 mm penetration depth 
on each face for 0.9x10-6 mol 1 adsorbed onto a 1.5 mm PVG sample.  The horizontal 
line in the middle of the PVG sample corresponds to where two glass layers meet due to 
the commercial fabrication process.   
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2.2.4  Spectral Properties.  Previously, we reported that the spectral features of 

1-ads are nearly identical to 1 in fluid water solution.2  Here, we report the spectral 

features measured at different concentrations of 1 adsorbed onto PVG.   

Figure 4 shows absorption spectra of 1 in water and 1 adsorbed onto PVG.  While 

the effect of higher coverage dose of 1 produces neither red-shifts nor blue-shifts in the 

Q-bands, the adsorption of 1 on PVG leads to an unexpected effect on the absorption 

intensity.  Higher coverages of 1 adsorbed onto PVG led to a decrease of the Q-band 

absorption intensity, (cf. 0.9×10-8, 0.9×10-7, and 0.9×10-6 mol 1/g PVG).  At higher 

surface coverage, the absorption spectrum of 1-ads becomes somewhat similar to that of 

1 in aqueous solution (cf. spectra in blue and black, Figure 4).  Deducing a possible 

orientational effect of the porphyrin on the PVG surface is challenging based upon these 

normalized absorption spectra.  Polarization effects are known for porphyrins result in 

symmetric changes of all the S0 � S1 transitions.  However, atomic-level detail is 

unavailable for PVG and how it may relate to the conformation of adsorbed 1.  

Interestingly, recent studies have shown a reduced hydrating ability of ~2.2 H-bonds per 

water molecule confined in PVG pores compared bulk water with ~3.6 H-bonds per 

water molecule, pointing to the importance for confinement effects.27,28  
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Figure 4.  Absorption spectra of 1 in water (blue line), and 1-ads at different loadings: 
0.9x10-8 (green line), 0.9x10-7 (red line), and 0.9x10-6 (black line) moles of 1 adsorbed on 
PVG.  The spectra were normalized at 532 nm.  Except for the green line (0.9x10-8 mols 
1 adsorbed onto PVG), the Q-band maximum is at 525 nm. 
 
 

2.2.5 Time-Resolved Photophysical Studies.  Figure 5 shows a nanosecond 

transient absorption spectrum generated from pulsed 417-nm light excitation of 0.9x10-7 

mol 1 adsorbed onto one gram PVG in an N2-purged H2O solution.  The absorption band 

at ~470 nm was assigned to 3
1*-ads.  Similar transient features were observed for 3

1* in 

fluid water (Figure 5, Inset), and also by Reddi et al. for 3
1* in phosphate buffered 

solution and in aqueous 2% sodium dodecyl sulfate solution.29  First-order decay kinetics 
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were observed for the transient absorption of 31*-ads, which decayed cleanly to baseline.  

The lifetime of 3
1*-ads (τ0 = 57±1 µs) is similar to 3

1* in fluid aqueous solution (τ0 = 

49±1 µs).  Our absorption measurements in the UV-visible region before and after 

transient absorption experiments revealed no significant change.  Dr. Jovan Giaimuccio 

in Professor Gerald J. Meyer group at Johns Hopkins University has conducted 

nanosecond transient absorption experiments in order to see the quenching effect of 3
1*-

ads with molecular oxygen in aqueous solution. Next we describe how O2 quenches the 

transient absorption of 31*-ads and 31* in water solution. 

 

Figure 5.  Nanosecond transient absorption spectra observed at 500 ns after pulsed-light 
excitation (417 nm, 1.6 mJ/pulse) of 1 in water solution (inset) and 1 at the water/PVG 
interface.  Data points were collected every 10 nm from 450-550 nm.   
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Figure 6 shows the lifetime and the amplitude quenching of the 3
1*-ads transient 

absorption by O2.   Photoexcited 1 quenching by O2 at the PVG/water interface 

encouraged a Stern-Volmer analysis for insight into quenching mechanism.  Two 

mechanisms were considered: (1) the dynamic encounter of O2 with an excited site on the 

surface, and (2) a ground state O2 adduct formed at the surface with migration of 

adsorbed O2 to an excited site (Scheme 2). 
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Figure 6.  Time-resolved absorbance observed at 470 nm after pulsed with 417-nm light 
at 0.6 mJ/pulse.  0.9x10-7 mole 1 adsorbed onto PVG with increasing percents of O2.  The 
O2:N2 ratios ranged from 0:100 to 32:68 in H2O solution.  
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Scheme 2  
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Stern-Volmer data collected at nine Ο2 concentrations (from 0 to 0.4 mM) are 

shown in Table 1 and Figure 7, in which the symbol τ refers to the lifetime of the excited 

porphyrin, kq is the rate constant for O2 quenching, KD is the Stern-Volmer constant, KS 

is the association constant for complex formation between the sensitizer and O2, and the 

subscript “0” indicates data in the absence of O2.  The left-axis of Figure 7 shows the plot 

of τ0/τ vs [O2] to be linear over the Ο2 concentration examined and corresponded to the 

Stern-Volmer equation:  τ0/τ = 1 + kqτ0[O2] =
 1 + KD[O2].  For 0.9×10-7 moles 1 adsorbed 

onto one gram PVG, KD = 26,500 M-1 and the quenching rate constant kq = 4.6×108 M-1 

s-1, indicating that 50% of 31*-ads was quenched at an [O2] of 0.04 mM.  For the samples 

containing 0.9×10-6 to 0.9×10-8 moles 1 adsorbed onto one gram PVG, the KD values 

ranged from 32,000 M-1 to 23,700 M-1. 
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Figure 7.  Lifetime quenching as a function of O2 concentration of a H2O solution 
containing 0.9x10-7 mole 1 adsorbed onto PVG (in black, left).  Amplitude quenching as 
a function of O2 concentration of a H2O solution containing 0.9x10-7 mole 1 adsorbed 
onto PVG (in blue, right).  Samples were excited with a 10 ns 417-nm light pulse (0.6 
mJ/pulse) and the transient absorption was monitored at 470 nm.   
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Table 1. Stern-Volmer Quenching Constants as a Function of Coverage of 1 onto 

Porous Vycor Glass or of 1 in Fluid Water Solution 

Photosens.  

 

Absorbance  

λ520 

KD  

(M-1) 

KS  

(M-1) 

kq  

(M-1 s-1) 

1-ads
a,b 

1-ads
a,c 

1-ads
a,d 

1 in fluid H2O
e
 

0.87 

0.25 

0.025 

~0.2 

23700±1320 

26500±1220 

32100±1460 

89600±2600 

1310±210 

510±60 

650±80 

1160±170 

4.2×108 

4.6×108 

5.6×108 

1.8×109 

a The PVG/1 samples were immersed in water.  b Sample contained 0.9×10-6 mol 1 

adsorbed onto PVG.  c Sample contained 0.9×10-7 mol 1 adsorbed onto PVG. d 

Sample contained 0.9×10-8 mol 1 adsorbed onto PVG.  e Homogeneous 1 in deionized 

water solution. 

 
 

Interestingly, the bimolecular quenching constant kq for 1-ads (kq = ~5×108 M-1s-

1) is about one-quarter the value measured for 1 in fluid water (kq = 1.8×109 M-1s-1).  The 

experiments for 1 in fluid water solution produced a KD value of 89,600 M-1.  Thus, the 

timescale for O2 diffusion may be slower in the water-PVG heterogeneous system 

compared to fluid solution.  By analogy, Thomas et al. used the Einstein equation 
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<x2>=6Dt to suggest that nitromethane quenching of excited anthracene is 103-106 times 

slower in a zeolite compared to fluid solution (cf. 10-8-10-11 cm2 s-1).41  In our system, the 

smaller KD values in the heterogeneous samples may result from reduced directions for 

access of O2 to 31*-ads compared to O2 to 31* in fluid solution.  

The right-hand Y-axis of Figure 7 shows a plot of α0/α vs [O2] that was linear 

over the Ο2 concentration examined, and followed the equation:  α0/α = 1 + KS[O2].  For 

1-ads, we find that the adduct formation constant KS ranged from 510 M-1 to 1310 M-1.  

From the changes observed in the amplitude in Figure 7, we estimate that ~10% of the 

quenching occurred via the static quenching mechanism (colored blue in Scheme 2).  

Indeed, for the static component to account for 50% quenching of 3
1*-ads, 1.5 mM O2 

would be needed.  Thus, a ground-state adduct equilibrium of 1 and O2, and 1-ads and O2 

appeared to form, but to a minor extent.  The above Stern-Volmer analysis suggested that 

quenching of 3
1*-ads by O2 is primarily dynamic, the route colored black in Scheme 2.  

In the absence of aggregation, photosensitizers in fluid solution are often quenched 

dynamically by O2.
21   

 
 

2.3 Conclusion 

We have obtained evidence that O2 quenches triplet 1* at the water-PVG interface 

primarily by a dynamic quenching mechanism.  The contribution from static quenching 

remains low even with loadings of 1 onto PVG that varied by 100 fold.  The O2 

quenching constants kq for 3
1*-ads were only 3-4 times smaller than for 3

1* itself 

suggesting the heterogeneous system is capable of generating singlet oxygen for its use as 

a reagent in the surrounding aqueous solution. 
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2.4  Experimental Section 

 2.4.1  Materials and Sample Preparation.  Deionized H2O was obtained from a 

U.S. Filter Corporation deionization system.  Meso-tetra(N-methyl-4-pyridyl)porphine 

tetratosylate was purchased commercially and used as received.  The PVG  was used as a 

host material and was purchased from Advanced Glass and Ceramics (Corning 7930).  

The PVG has a void space of ~28% of the volume, average pore sizes of 40 Å, a 

hydrophilic absorbing surface area of 250 m2/g, a density of 1.38 g/mL, and transparency 

in the near-UV (50% T at 351 nm), visible, and parts of the near-IR.15  Pieces of PVG 

(1.5 cm × 1.5 cm, thickness: 1.15-1.53 mm) were heated in a muffle furnace at 500 °C 

and stored in a desiccator under vacuum at 30 mm Hg.  The photosensitizer-coated PVG 

was prepared by soaking 1.4 g PVG into a 20 mL 3.7×10-5 M aqueous solution of 1 for 

15-64 hours.  The amount of 1 adsorbed onto PVG was calculated from the difference in 

absorbance of the solution before introduction of PVG and the absorbance of the same 

solution after the removal of PVG.2,16  For the transient absorption studies, PVG was cut 

such that each piece fits diagonally into a 1-cm path-length quartz cuvet.  Each PVG/1 

sample was placed into the quartz cuvet, which contained deionized water, and was 

sparged with N2 gas for 20 minutes.  Any bubbles that stuck onto the PVG surface were 

removed by sonication for a few seconds.  Some PVG samples (1.5 cm × 1.5 cm, 

thickness: 1.53 mm) were cut into 0.3 cm × 1.5 cm pieces and photographed with a 

microscope. 

 



 

 

39 

2.4.2 Instruments.  Photographic images were taken with a Nikon TE200 

microscope equipped with an Orca 100 monochrome charge-coupled device (CCD) 

camera and a Hamamatsu Camera Controller (C4742-95).  The light source used was a 

100-W mercury arc lamp.  The objective used was a Plan Apo 60×Oil DIC.  Images were 

recorded and analyzed with CamMedia software.17  Absorption spectra were collected 

with a Hitachi UV-VIS U-2001, a Hewlett-Packard 8453 diode array, or a Varian Carey 

14 spectrophotometer.  In some experiments with the Carey 14 instrument, the Q-bands 

of 1 at 525, 552, 585, and 640 nm were followed because the intense Soret band at 422 

nm gave absorbances of 2.5 or greater, which saturated the UV-vis detector.  A Quantel 

Brilliant B Nd:YAG laser (417 nm, 0.6-1.6 mJ/pulse) was used in the transient absorption 

experiments.18,19   

2.4.3 Transient Absorption Spectroscopy.  The PVG samples used in these 

experiments contained 0.9x10-8 to 1.1x10-6 mol 1/g PVG.  Room-temperature time-

resolved measurements were conducted as previously described.20  The PVG samples 

were excited at 417 nm, but oriented so that reflected laser light was directed at a 45° 

angle away from the detector on the transient absorption apparatus.  Each kinetic trace is 

an average of 64 laser pulses.  The triplet of 1-ads was monitored at 470 nm, in which a 

435 nm long pass filter was placed in front of the detector monochrometer to block 

scattered laser light.  The data points in the transient absorption experiments were 

collected every 10 nm from 450-550 nm.  An MKS Instruments Multi Gas Controller 

(MKS 647C) was used to control the flow of O2 and N2 through two MKS Instruments 

flow controllers.  The flow controllers were set for a flow rate of 100 standard cubic 

centimeters per minute (sscm).  Gas correction factors (GCFs) programmed into the 
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MGC were utilized to correct for specific heat, density, and molecular structure of O2 and 

N2.  The samples were purged with different ratios of an O2:N2 stream of gas for 5 

minutes before each kinetic trace was taken.  The oxygen concentration of a solution 

bubbled with the O2:N2 gas stream were determined by using Henry’s Law.21,22   

2.4.4 Computational Methods.  Density function theoretical (DFT) calculations 

were conducted by the exchange-correlation of B3LYP along with Pople basis set 6-

31+G(d) with the use of the Gaussian 03 program package.23  The solvent accessible 

surface was computed by the method of Lee and Richards.24 
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Chapter 3. Singlet Oxygen Delivery Through the Porous Cap of a Hollow-Core 

Fiber Optic Device  

3.1 Introduction 

We reported a photochemical approach to the clean generation of singlet oxygen 

in aqueous solution with a porous glass sensitizer [meso-tetra(N-methyl-4-

pyridyl)porphine 1 adsorbed onto porous Vycor glass (PVG)].1,2  The porous glass 

sensitizer involved oxygen “collision” onto the matrix for the conversion ground-state O2 

into 1O2, reflecting 1O2 diffusion into the bulk aqueous solution (Scheme 1).2  Singlet 

oxygen was detected in water by time-resolved methods or reaction with an alkene 

molecule to give a hydroperoxide.1  Our attention to a porous glass sensitizer stemmed 

from a desire to fix the photosensitizer to the end of a hollow fiber optic through which 

O2 flows to “deliver” singlet oxygen site-selectively on the micro-scale.  Few reports 

have appeared on heterogeneous sensitizers coupled to fiber optics,3-7 or the production 

of singlet oxygen by heterogeneous sensitizers in water.8,9  Clearly, at present, methods 

that generate singlet oxygen are not coupled into maneuverable delivery devices.  We 

report here the first study of a hybrid sensitizer/fiber optic device for singlet oxygen 

generation at the fiber tip.  The prototype device is based on micro-optic technology10 for 

localizing singlet oxygen in water, and has the potential for use in cancer treatment and in 

water disinfection.  
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3.2 Results and Discussion 

The singlet oxygen fiber device consisted of a porous Vycor cap coated with 1 as 

sensitizer placed on the end of a hollow core photonic bandgap fiber.  Compressed 

oxygen was delivered through the core of the fiber to the cap and into water solutions 

containing N-benzoyl-DL-methionine anion (0.02 M) as an indirect method to analyze 

singlet oxygen production.  Oxygen flowed through the fiber and irradiation with 532-nm 

laser light focused into the proximal end of the fiber led to the sulfoxide as the only 

product at the distal end in water.  The same product was observed in D2O and in H2O.  

The experimental evidence suggesting the viability of the device in Scheme 2 includes 

the following: 

 

 

 

 

 



 

 

47 

Scheme 2 

 

 

 

A hollow core photonic bandgap fiber HC-580 (capable of transmitting 520-630 

nm light, core diameter of 4.9 µm, acrylate coating diameter of 220 µm) was coupled to a 

green-LED or a 10-Hz Nd:YAG laser operating at 532 nm.  The equation from Gaussian 

optics for the focal length with optimum mode matching to the single-mode HC-580 fiber 

accounts for the preferred use of a 10X objective.11  A Newport laser-to-fiber coupler 

with 0.1-µm xyz translation resolution aligned the microscope objective to focus green 

light into the optical fiber, and a Teflon-lined fiber chuck upon tightening accommodated 

the 220 µm fiber.  The 532-nm beam exiting the distal end of the 30-cm length of fiber 

was 0.15 mW (LED) and 0.11 mJ/pulse (Nd:YAG).  The intensity of the light exiting the 

fiber is a function of its length.  The attenuation is ~1 dB/m and bending the fiber does 

not increase the attenuation noticeably.   

Previous studies of gas and light passage through hollow optical fibers12,13 

suggested that ground-state O2 could be delivered through our HC-580 fiber.  A 406-µm 

channel was mechanically drilled through one side of a polystyrene cuvette (10 mm light 

path length, 12.5 mm2×45 mm) using a micro diamond-head drill.  The fiber was inserted 

into a ferrule collar glued into the hole in the cuvette with ethyl cyanoacrylate glue, 

where a 2 mm segment of the fiber protruded into the center of the cuvette (Figure 1A,B).  

The cuvette was placed into the center of the laser-to-fiber coupler, where the 532-nm 
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beam passes though the opposite (unmodified) side of the quartz cuvette and entered the 

fiber (Figure 1B).  A 3-mm hole was drilled into the square polytetrafluoroethylene 

cuvette cover (12.5 mm2) glued to the cuvette.  A plastic 200 µL pipette tip was inserted 

to about ¼ of its length and glued in place.  The top of the cuvette was connected to an 

oxygen tank, where compressed oxygen flowed 40 PSI into the cuvette.  The flow rate of 

oxygen through the uncapped hollow fiber was 0.12 mL/hour.   
 

 

A          B 

 

Figure 1.  (A) A schematic drawing showing the compressed oxygen-to-fiber coupling 

and the use of a modified cuvette.  Oxygen gas is delivered through a pipette at the top of 

the cuvette and enters the proximal end of the fiber to the left, which is protruding into 

the cuvette cavity.  (B) A portion of the experimental set-up showing the LED, the 10X 

objective, and modified cuvette, in which green light is focused into the fiber. 

  

The end of the hollow fiber was capped with the porous glass photosensitizer 

[3×10-7 mol sensitizer 1 was adsorbed onto 0.013 g pre-shaped PVG (dimensions: 3 mm2 

× 0.8 mm)].  The fiber acrylate coating was not removed so that the intensity of light was 
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the same at the source and at the fiber-PVG junction.  The colorless PVG cap was 

converted to deep red or black on adsorption of 1.  About 0.5% of the cap surface was 

covered with photosensitizer, and the photosensitizer remained adhered to the cap in 

contact with water.1,2  No desorption of 1 from PVG was observed at pH = 3, 7, and 10.  

Photobleaching of the fiber cap with the 5 mW laser was not evident up to 30 hours of 

irradiation.  Cap samples could be grinded down to 0.6 mm, but any thinner led to cap 

leaking or cracking.  A hole with the dimensions 2.38 mm × 0.38 mm was drilled length-

wise into the sensitizer-coated porous silica cap (Figure 2).  The fiber was inserted into 

the cylinder hole and glued into place at the hole entrance.  As desired, water did not fill 

the cap hole nor did water fill the hollow fiber by capillary action.  Excitation occurred 

by scattering of the light through the cap and absorption of the radiation by the sensitizer 

adsorbed to the surface.  The sensitizer-coated surface faced the bulk solution and O2 

transport occurred by a pressure gradient, diffusing through the membrane cap; bubbles 

effused slowly.  Parts per million oxygen delivered to a 100 µL water sample via the 

fiber-compressed oxygen tank system in Figure 2 was determined with a pO2 micro-

oxygen electrode (Table 1).  The capped fiber flowed O2 about twenty times slower than 

the uncapped fiber.  Other researchers have also demonstrated the transportation of gases 

through porous Vycor glass.14-17  
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Figure 2.  Image of the HC-580 fiber inserted into silica cap (length = 2.38 mm, bore 

diameter = 0.38 mm).  Green light exited the distal end of the fiber.  The absorption of 

light by the sensitizer occurs in the PVG cap.  

 

 

Table 1.  Quantities of oxygen delivered through a 30-cm segment of the HC-580 fiber 

into 100-µL H2O from an oxygen tank at 40 PSI (room temperature)1   

Time (min.)

Uncapped Fiber

5.0 8.59

10.0 9.03

21.0 9.59

30.0 9.99

1 Porous Vycor glass cap (Dimensions: 3 mm2 x 0.8 mm).

Capped Fiber

Time (min.) ppm/O2 in H2Oppm/O2 in H2O

50.0

34.0

64.0

129.0

184.0

214.010.35

8.75

8.95

9.32

9.48

9.57

 

 

The experimental evidence suggested that singlet oxygen exited the distal end of 

the cap of the photosensitizer/fiber optic device and was trapped with N-benzoyl-DL-

methionine anion (2, 0.02 M) in the surrounding aqueous solution (Figure 3).  Only one 
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product was formed, N-benzoyl-DL-methionine S-oxide anion (3), which was monitored 

by 1H NMR spectroscopy and is consistent with its literature assignment.18,19  Methionine 

2, as the anion, does not adsorb onto the PVG, and no trace of methionine molecules pass 

through the PVG membrane.  Dr. David Aebisher helped us to trap singlet oxygen by in 

H2O and D2O where N-benzoyl-DL-methionine S-oxide anion (3) used as chemical trap.  

The lifetime of 1O2 increases by 20-fold in D2O compared to H2O;20 however, the 

sulfoxidation reaction was found to be about two times faster in D2O than H2O (cf. 11% 

to 5%) after irradiation with the fiber device for 9 hours at pH 8.  The 2-fold increase of 

sulfoxide in D2O compared to H2O was less than expected, and may relate to a surface 

effect (some singlet oxygen adsorption or quenching of singlet oxygen by anionic Si-O- 

sites).  The exchange of Si-OH groups with D2O to make Si-OD, potentially reducing 

surface physical quenching of singlet oxygen was not examined.21   

S

COO

NHBz

1O2

S

COO

NHBz

O
trapping

pH = 8, 9 hrs

11% yield in D2O
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Figure 3.  Photooxidation of N-benzoyl-DL-methionine anion 2 with the fiber device.   

 

Steady-state (i)-(iv), control (v), and time-resolved experiments (vi) point to a 

singlet oxygen mechanism for the heterogeneous PVG sensitizer.  (i) Quenching studies 

carried out with the singlet oxygen quencher sodium azide (2 mM) in D2O, led to the 

reduced production of methionine S-oxide 3 (cf. 17% to 5%).  (ii) Product yields were 

identical for the photooxidation of methionine 2 carried out in the presence of the radical 

scavenger D-mannitol (33 mM).  (iii) Cumyl radical-derived products were not observed 

when using cumene radical scavenger in high concentrations, that is, when cumene was 

used as solvent.  (iv) Previous studies1 showed the photooxidation of trans-2-methyl-2-
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pentenoate anion (4) afforded one main product, the hydroperoxide 5 from the singlet 

oxygen ‘ene’ reaction (1H NMR spectra indicate 1-2% by-products derived from Type I 

reactions with oxygen radicals) (Figure 4).  (v) Sulfoxidation of 2 did not take place in 

the dark.  (vi) 1O2 molecules were generated in aqueous media; in the absence of 

oxidizable reagents, 1O2 was converted to 3O2 physically, and was monitored by time-

resolved 1O2 (1∆g) phosphorescence at 1270 nm.1  From studies of singlet oxygen 

diffusion, the square of distance (d) that an oxygen molecule travels during time (t) with 

the diffusion coefficient (Do) is given by the equation d
2 = 6Dot.

22-24  Thus, singlet 

oxygen is expected to diffuse a short distance (~150 nm) away from the silica cap into 

bulk H2O.   
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Figure 4.  Photooxidation of trans-2-methyl-2-pentenoate anion 4 via “external” visible-

light irradiation (Ref. 1).   

 

3.3 Conclusion 

This manuscript describes the development of a prototype (portable) singlet 

oxygen delivery device.  The above data demonstrate that the oxygen-flowing fiber-

capped configuration is suited for the heterogeneous generation of singlet oxygen in 

aqueous solution.  The device is unique.  Local concentrations of singlet oxygen can be 

delivered via introduction and withdrawal of the fiber tip.   
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3.4 Experimental Section 

3.4.1 General Aspects.  Porous Vycor glass (Corning 7930) was purchased from 

Advanced Glass and Ceramics (Holden, MA).  N-Benzoyl-DL-methionine sodium salt 

(Aldrich), sodium azide (Aldrich), cumene (Aldrich), D-mannitol (Aldrich), meso-

tetra(N-methyl-4-pyridyl)porphine tetratosylate (Frontier Scientific), and adipic acid 

(Monsanto Chemical Co.) were used as received.  Deuterium oxide-d2 (Aldrich), 

chloroform-d1 (Aldrich), and acetonitrile-d3 (Isotec, Inc.) were of spectrophotometric 

grade.  Deionized H2O was from a U.S. Filter Corporation deionization system (Palm 

Desert, CA).  The 532-nm excitation source was either a AAA battery-powered green 

LED (5 mW, Astro Aimer II) or a New Wave Research Minilase-10 Hz Nd:YAG Q-

switched laser (~4 ns FWHM, 3 mJ/pulse) (Fremont, CA).  A hollow core photonic 

bandgap fiber HC-580 was used [core diameter of 4.9 µm, holey region diameter of 31 

µm, silica cladding diameter of 89 µm, acrylate coating diameter of 220 µm, numerical 

aperture was 0.12 (Crystal Fibre Inc., Birkerød, Denmark)].  A Newport high-precision 

single-mode laser-to-fiber coupler (F-915) with an M-10X microscope objective focused 

the 532-nm light into the HC-580 fiber.  The effective focal length of the M-10X 

microscope objective was 16.5 mm and its numerical aperture was 0.25.  A Newport 

Teflon-lined fiber chuck (FPH-J) was used.  The radiant power of the 532-nm light 

exiting the fiber was measured with a Nova energy meter (Ophir Optronics, Logan, UT).  

Fibers were cleaved with a 90° diamond wedge scribe, and the ends of the fibers were 

polished with diamond lapping polishing sheets (3 and 6 µm grain sizes) (Thor Labs, 

Newton, NJ).  UV-visible spectra were collected on a Hitachi UV-VIS U-2001 

instrument.  NMR data were collected on a Brucker DPX400 NMR instrument.  Mass 

spectrometry data were acquired on an Agilent Technologies 6890N GC/MS instrument 

with a 5973 Mass Selective Detector (MSD) and a HP-5MS column.  A Rayonet 

photoreactor was used with Sylvania F8T5/CW 8 Watt bulbs that emit at ~425-650 nm.  
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Dissolved oxygen was measured with a pO2 micro-oxygen electrode (2 mm tip) (Lazar 

Research Laboratories). 

3.4.2 Fiber Modifications.  A hole with the dimensions of 406 µm × 12.5 mm 

was drilled into one wall a polystyrene cuvette (10 mm path length, 4.5 mL, 12.5 

mm2×45 mm) (Fisherbrand).  A diamond-head drill bit was used (UKAM Industrial 

Superhard Tools, Valencia, CA).  Glued into this channel was a 0.25 mm ferrule (Valco 

Instruments, Houston, TX) so that the fiber could be threaded.  The fiber protruded 2 mm 

beyond the ferrule collar and into the cuvette cavity.  The cuvette was modified further by 

drilling a 3-mm hole into its PTFE cover and inserting a 200-µL Redi-tip (Fisherbrand).  

After gluing the cap and tip to the cuvette, the top of the cuvette was coupled to a 200 PSI 

compressed oxygen tank (gas regulator set to 40 PSI).   

3.4.3 Cap Preparation, Adsorption and Desorption Studies.  The sensitizer 1-

impregnated PVG cap was prepared for placement on the distal end of the hollow fiber.  

With silicon carbide sandpaper, PVG was sanded into a cylindrical shape (7.5 mm L × 

3.5 mm diameter) or rectangular shape (3 mm2 × 0.8 mm).  The adsorption of 1 onto a 

0.013 g rectangular piece of PVG was achieved by soaking the PVG cap in 15 mL of 

3.3×10-5 M aqueous solution of 1 for 48 hours.  A plateau was reached when there was 

2.5×10-7 mol 1 adsorbed onto the PVG cap.  The amount of 1 adsorbed onto PVG cap 

was calculated from the difference in absorbance of the solution before introduction of 

PVG and the absorbance of the same solution after the removal of PVG.  The adsorption 

process was followed by monitoring the largest of the four Q-bands of 1-ads at λ = 525 

nm.  The sensitizer-coated caps were rinsed with distilled water prior to use to remove 

any unbound 1.  A 2.38 mm x 0.38 mm core was drilled length-wise into the sensitizer-

coated PVG cap.  The 220 µm o.d. fiber was inserted into the cap hole and glued into 

place at the hole entrance.  Desorption of 1 was not observed when sensitizer-coated 

PVG (7.5×10-7 mol 1 onto 1.5 g PVG) was placed into 2 mL of H2O solution at pH = 3, 

7, and 10 and stirred for 8 hours.  No desorption of 1 was observed with Soxhlet 
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extraction, in which acetonitrile and methanol used as solvents; nor was desorption of 1 

observed in a Soxhlet extractor with 2 N NaOH solution for 48 hours.  Desorption of 1 

(~70%) took place when the PVG cap was in a Soxhlet extractor in 2 N HCl over 48 

hours.   

3.4.4 Methionine Trapping Studies.  Methionine trapping studies were 

conducted in 100 µL of H2O and D2O containing 0.02 M methionine 2.  The ratio of the 

void space inside the PVG cap to the 100 µL bulk solvent volume was ~1:300, in which 

~0.3% of the solution volume resides in the cap relative to bulk solution.  A sensitizer-

coated PVG cap was immersed into H2O and D2O while connected to the fiber optic 

device.  Oxygen flowed through the fiber during the irradiation of samples with the green 

LED for 9 hours.  The long irradiation times were due to the low intensity of the radiation 

through the fiber cap.  At less than 15% conversion, methionine S-oxide 3 was detected 

as the sole product based on 1H NMR.  Sulfone or cleavage products from S-

hydroperoxysulfonium ylide chemistry were not observed.25,26  The internal standard 

adipic acid (0.02 M) was added in order to determine the concentration of the 

photooxidation samples. The percent yield was determined by comparison of the 

sulfoxide with the methylene protons of adipic acid (internal standard) by 1H NMR 

spectroscopy.  The structure of N-benzoyl-DL-methionine S-oxide anion was elucidated 

by 1H NMR (D2O) δ 2.24 (m, 1H), 2.40 (m, 1H), 2.71 (s, 3H), 2.99 (m, 2H), 4.54 (m, 

1H), 7.54 (m, 2H), 7.63 (m, 1H), 7.82 (m, 2H).   

3.4.5 Further experiments included (1) a 1.0-mL D2O solution containing 

methionine 2 (20 mM) and 2.5×10-7 mol 1 adsorbed onto 0.097 g PVG were placed in the 

dark for 10 hours, in which formation of methionine S-oxide 3 was not observed; (2) O2 

was bubbled into a 1.0-mL D2O solution containing methionine 2 (20 mM) and 5×10-7 

mol 1 adsorbed onto 0.34 g PVG, and into a 1.0-mL D2O solution containing methionine 

2 (20 mM), D-mannitol (33 mM), and 5×10-7 mol 1 adsorbed onto 0.34 g PVG; both 

solutions were irradiated with the Rayonet reactor for 4 hours, both led to methionine S-
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oxide 3 in 21% yield; (3) O2 was bubbled into a 2.0-mL D2O solution containing 

methionine 2 (20 mM) and 5×10-7 mol 1 adsorbed onto 0.34 g PVG, and into a 2.0-mL 

D2O solution containing methionine 2 (20 mM), sodium azide (2 mM), and 5×10-7 mol 1 

adsorbed onto 0.34 g PVG; both solutions were irradiated with the Rayonet reactor for 4 

hours, the formation of methionine S-oxide 3 was reduced in the latter case by 3-fold; and 

(4) O2 was bubbled into a 2.0-mL cumene solution containing 5×10-7 mol 1 adsorbed 

onto 0.34 g PVG and was irradiated with the Rayonet reactor for 11 hours, in which 

formation of solvent radical-derived products, such as olefins were not observed. 
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Chapter 4. Fiber Optic-Guided Photosensitizer Drug Delivery 

 

4.1 Introduction 

 Only recently was a fiber-optic singlet oxygen (FOSG) device developed for the 

localized ‘‘delivery’’ of singlet oxygen.1 The device consisted of a porous Vycor glass 

(PVG) cap coated with meso-tetra(N-methyl-4-pyridyl)porphine (1) fixed to the end of a 

hollow fiber-optic.1 The hollow fiber flowed O2 gas and guided 532 nm light from a 

continuous-wave or pulsed laser. The lifetime of photoexcited triplet-state adsorbed 1 

was 57 µs and O2 quenching at the water–PVG interface resulted in the formation of 1O2 

in aqueous solution.2  Singlet oxygen is produced at the probe tip surface which is 

diffused out into the surrounding aqueous solution. But, singlet oxygen has lifetimes from 

microseconds to milliseconds and the corresponding diffusion distances of singlet oxygen 

range from nanometers to millimeters.  To overcome the short diffusion distance of 

singlet oxygen from the cap, we have developed a fiber optic device with a maneuverable 

probe tip that sparges O2 gas and photo-detaches pheophorbide (sensitizer) molecules.  

Among the chlorophyll-a family, the pheophorbide-a photosensitizer was chosen as a 

potential candidate for our study because of its lipophilicity. The major advantage is that 

pheophorbide will not strongly re-adsorb onto surface of the probe after photocleavage 

into surrounding solution. Additionally, it also present the selective accumulation in 

tumor, small toxicity and a photoxicity on tumor cells which can be 20-fold more 

efficient than hematoporphyrin derivatives, and the absorption around 660 nm and their 

monomeric state in organic solvents.3 Singlet oxygen is produced at the probe tip surface 

which reacts with an alkene bridge causing the release of sensitizer upon fragmentation 
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of a dioxetane intermediate (Figure 1). Dioxetanes are 4-membered ring peroxides 

generated from singlet oxygen—alkene reactions, which readily cleave into carbonyl 

fragments. In 2008 Dolphin et al. reported a site-specific prodrug system, in which visible 

light was used to trigger drug release via facile cleavage of a dioxetane intermediate.4 

Thus, dioxetane cleavage is the basis of our research effort for releasing sensitizer from 

the probe into surrounding environment. The fiber optic device delivers pheophorbide 

molecules and singlet oxygen to discrete locations which may open the door to 

applications in tumor eradication in hydrophobic and hypoxic structures requiring 

cytotoxic control. In this chapter, we described the synthesis and charectiezation of ` 

pheophorbide sensitizer covalently attached with the probe (porous Vycor glass) by a 

photosensitive alkene spacer which behaves as a bridge between glass and 

photosensitizer. We also described their different loading onto the glass and how the 

different loading affects the photoclevage properties. We also presented the 

photocleavage properties depends on the medium, for example, photocleavage efficiency 

increases with lipophilicity of the medium. 
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Figure 1.  Concept of sensitizer photocleavage from the porous cap flowing oxygen and 

visible light through a hollow optical fiber. This graphic is adopted from Leda Lee. 

 

4.2 Results and Discussion 

4.2.1 Synthesis of the Sensitizer-Fiber Cap (Scheme 1).  The conversion of 4-

bromophenol (5) to cis-1,2-bis(4-bromophenoxy)ethene (8) was carried out in 3 steps 

using a known procedure.5  Meso-7 and dl-7 were formed, and a separation of the meso 

was necessary to reach 8, which reacted with n-BuLi and DMF to generate the bis-

aldehyde (9) in 60% yield.  Bis-aldehyde 9 reacted with sodium borohydride 
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quantitatively to give “spacer group” 10.  Spacer group 10 was prepared as a 

photocleavable group bridging the silica cap and the photosensitizer.  Pyropheophorbide-

a reacted with the 10, EDC, and DMAP yielding pyropheophorbide monoester (11), 

which was purified and isolated in 60% yield.   

Sensitizer 11 was converted to silane 12, which was anchored to the fiber cap.  

Step vii covalently bonded silane 12 and 3-iodopropyltrimethoxy silane to the PVG cap.  

Ratios of the sensitizer to iodopropane to silanol sites were ~1:3:300 on cap 1.  Mn-

Salen,  and palladium silane catalysts  have been loaded in 10-2000 µmol amounts onto 

silica particles, in which catalyst to iodosilane loading ratios were 1:3 to 1:200.6  It is 

unlikely the covalently bonded iodosilane enhanced spin-orbit coupling and singlet 

oxygen production from increased population of triplet 1 because the loading was low 

compared to cases where enhancement was detected.7 

Fiber cap 1 was stable in the dark, no sensitizer leaching was observed when the 

material was (i) repeatedly washed with toluene, THF, chloroform, ether, and hexane 

solvents, (ii) Soxhlet extracted with chloroform and ethanol, or (iii) immersed in solution 

at pH 2 or pH 12 for 4 h at room temperature.  The filtrates of (i)-(iii) showed no 

photosensitizer activity.  Since the fiber cap 1 showed no sensitizer released under these 

conditions, we concluded that 1 contained siloxane bonds where the sensitizer was 

chemically bound to the silica matrix.  The FTIR data further bolstered the structural 

assignment of the saturated carbons of the spacer methylene groups of 1 (Figure 2). 

The depth that the sensitizer penetrated into PVG was examined using a 

microscope equipped with a CCD camera.  Figure 3 shows a sensitizer-attached PVG 

sample 1, cut so that the depth of the sensitizer penetration into PVG could be viewed.  
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The sensitizer is localized on the outer surface of PVG reaching a depth of ~0.1 mm 

along the outer face of the cap.  For comparison, Ru(bpy)3
2+ penetrates 0.5 mm into PVG 

and meso-tetra(N-methyl-4-pyridyl)porphine penetrates 0.32 mm into PVG.  

Streptocyanine dyes also diffusives into silica gels and are influenced by the gel 

porosities.8,2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

64 

Scheme 1
a
.  Synthesis of Sensitizer Functionalized Cap 1 
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a Reagents and conditions: (i) BrCH2CH2Br, NaOH, 100 oC, 6 h; (ii) NBS, benzoyl 

peroxide, CCl4, 80 oC, 6 h (meso-7 was carried on to step iii); (iii) NaI, acetone, 25 °C, 2 

h; (iv) n-BuLi, DMF, -78 °C, 3.5 h; (v) NaBH4, CH3OH, 25 °C, 14 h; (vi) 

pyropheophorbide-a, EDC, DMAP, CH2Cl2, 25 °C, 24 h; (vii) (CH3O)3SiCH2CH2CH2I, 

NaI, THF, under N2, 70 °C, 24 h; (viii) porous Vycor glass (pre-dried at 500 °C), toluene, 

reflux 110 °C, 24 h.   
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Figure 2.  The FTIR spectrum of functionalized porous glass 1, in which the C-Hx 

stretching modes observed at 2851 and 2954 cm−1 were assigned to saturated carbons of 

the spacer methylene groups indicating that 12 and (CH3O)3SiCH2CH2CH2I (1:3 ratio) 

were anchored to the porous Vycor glass surface.  The FTIR spectrum of a clean piece of 

PVG was not identical, no C-Hx stretching modes were observed. 
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Figure 3.  A low-magnification (10x) cross-sectional optical image.  The dark green thin 

coating shows the depth of 1 accessed into PVG.  The image shows ~0.1 mm penetration 

depth on the outer face of the cylinder-shaped PVG cap 1 (diameter 5.0 mm × length 8.0 

mm).   

4.2.2 Requirements for Sensitizer Loading Onto the Fiber Cap.  Our goal was 

to maximize the amount of 3 that can be photocleaved from the probe tip (Figure 4).  

0.06-1.1 µmol quantities of silane 12 were loaded onto porous Vycor glass per g, 

resulting in corresponding distances between the sensitizers of 8.9 to 38.4 nm (Table 1).  

We did not load mmol amounts of silane, even though this could be achieved due to the 

available silanol groups (1.66 mmol SiOH/g PVG).   

The loading of 0.3 µmol (0.33%) sensitizer onto the fiber caps resulted in 

maximal photocleavage of 3.  Higher or lower sensitizer loadings reduced the 

photocleavage efficiency due to less available sensitizer and self-quenching, respectively 

(Figure 5).  For example, a 3-fold mole increased loading of 12 resulted in an 11-fold 

decrease in sensitizer photocleavage (compare entries 2 and 5, Table 1).  The results 

suggest that sensitizer molecules sufficiently isolated from each other (>17 nm) lead to 

more efficient cleavage, which agrees with self quenching by a neighboring sensitizer 

molecule by Förster resonance energy transfer (FRET), although congestion of sensitizer 
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molecules would also enhance unwanted 1O2 physical quenching by the ground-state 

sensitizer. The next step was the attachment of the cap to the fiber optic and the ensuring 

oxygen flowed through the cap. 

The cylinder-shaped cap 1 contains a hole (3.0 diameter × 2.0 mm length) to 

accommodate the fiber optic, which was glued to the end of the fiber optic.  We found the 

transmission of oxygen gas through the pores of the water-saturated PVG membrane tip 

and into solution occurred at a rate of 0.19 ppm/min at 2 PSI, and 0.31 ppm/min at 10 PSI 

as measured by a dissolved oxygen meter (Table 2).  In anaerobic conditions, the O2 flow 

increased the photocleavage efficiency, but in air-saturated conditions the rate was too 

slow to have a significant impact on the photocleavage efficiency.  Thus, a ~15 ppm 

egress of oxygen gas was observed over a 1-h period requiring about 40 min at 10 PSI for 

an anaerobic solution to become oxygen saturated.  Oxygen gas is permeable and can 

pass through the connected pores of PVG, which is expected to reach the excited 

sensitizer sites of 1, controlled by Knudsen diffusion, in which O2 collides numerous 

times within the pore walls, eventually proceeding through the PVG channels.9 
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Table 1.  Loading of Pheophorbide Silane 12 onto Porous Vycor Glass
a
 

         ratio  ave. sens-sens  
   Entry  loaded,%b       sens:SiOH  distance (nm)       photocleavage,% c 
------------------------------------------------------------------------------------------------------------ 
      1  0.068         1:1470     38.4 nm     2.1 
      2  0.33         1:290     17.1 nm     6.06 
      3  0.48         1:210     14.5 nm     3.32 
      4  0.60         1:170     12.9 nm     1.42 
      5  0.99         1:100     10.0 nm     0.53 
      6  1.24         1:80       8.9 nm       0.39 
 

a The sensitizer is thinly coated, it reaches a maximum depth of 0.1 mm into PVG.  The 
percent of sensitizer loaded onto PVG was defined as the number of sensitizer molecules 
attached vs the number of silanol groups at a depth of 0.1 mm.   
b The sensitizer loadings onto the PVG matrix were varied by the ratio of 12 and 
(CH3O)3SiCH2CH2CH2I added into the 50 mL THF reaction solution.  The range was 
0.06 to 1.1 µmol sensitizer silane 12 with concomitant decreases of iodosilane from 0.84 
to 0.32 µmol.  That is the range was 12 to iodosilane ranged from a ration of 1:14 to 
1:0.3. 
c White light from a Rayonet reactor was used to photocleave the sensitizer. 
------------------------------------------------------------------------------------------------------------ 
 

 

Table 2.  Oxygen Permeability Through Porous Fiber Tip. 

------------------------------------------------------------------------------------------------------------ 
                                         ppm O2 in H2O

a           increase, % 
        ---------------------------   --------------------------- 

time (min)                   2 PSI               10 PSI   2 PSI  10 PSI 
------------------------------------------------------------------------------------------------------------ 

0                               7.1  6.7   0  0 
10                              9.3  10.4   12  25 
20                               11.3  13.5   36  62 
30                             12.7  15.7   53  88 

a Quantities of oxygen delivered through the hollow fiber optic cable (3-m) into 30.0 mL 
of H2O from a compressed oxygen tank at room temperature and 760 torr.  PVG fiber tip 
dimensions: cylinder shape with a length of 8.0 mm, diameter of 5.0 mm, and hole (3.0 
diameter × 2.0 mm length). 
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Figure 4.  Schematic of the sensitizer functionalized porous cap 1 where oxygen and 

light come internally from the hollow optical fiber.  Typically 0.3 µmol or 0.33% silane 

12 was loaded per gram porous Vycor glass.  The sensitizer may adopt various 

conformations on the isotropic PVG material.  PVG is a transparent material with ~4 nm 

diameter pores and a ~200 m2/g surface area.  PVG has interconnected pores and the 

surface has “stalagmite-like” features that are ~3 nm in length and width. This graphic is 

adopted from Leda Lee. 
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Figure 5.  Percent photocleavage of 3 released into toluene-d8 solution from the porous 

cap 1.  Silane 12 was loaded in 0.06 to 1.1 µmol amounts (0.068 to 1.24%) onto porous 

Vycor glass per gram and were exposed to visible light (xx mJ/cm2). 

 

4.2.3 Fiber Optic-Initiated Photocleavage of the Attached Sensitizer. We 

determined the performance of our fiber-optic probe and analyzed the dose released.  

These studies were performed with light from the 250-W illuminator coupled to the fiber 

optic that delivered visible light and oxygen to the sensitizer tip. 

The amount of sensitizer molecules released from the probe tip depended on the 

medium in which the probe tip is placed (Figure 6).  Quantitative sensitizer departure 

occurred in petrolatum in 4 h.  The fluorescence intensity measured the diffusion distance 

of the sensitizer from the fiber-optic probe in the petroleum gel media (Figure 7). Bonnie 

I. Kruft and Dr. David Aebisher carried out petrolatum experiment. 

Unlike petrolatum, sensitizer departure from the probe tip was not observed in 

agar.  It was inefficient in toluene (5%) and water (<1%) due to poor solvation of the 
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hydrophobic sensitizer.  Figure 8 shows the amount of sensitizer that results from 

photorelease into toluene-d8 solution, it is a plot of sensitizer release, A vs time.  The 

increase in A indicates the release into solution with a maximum at ~7300 nM.  In the 

dark, the photoreleased product does adsorb back to surface via noncovalent association 

in toluene-d8.  After 12 h in the dark, all photoreleased 3 adsorbs onto the cap in solution.  

We found that adsorption plays a role in dampening photorelease.  Soxhlet extraction of 

the photolyzed solid resulted in dissociation of 9 into the surrounding solution.  In the 

latter cases, sensitizer 3 remained adsorbed onto the probe tip even though the alkene 

bridging the sensitizer and glass was destroyed.  PVG contains hydrophilic silanol groups 

in an otherwise hydrophobic matrix.   

The sensitizer payload release showed an extreme affinity of 3 into the 

hydrophobic petrolatum medium.  Petrolatum (soft paraffin, a semi-solid mixture of 

hydrocarbons).  These observations show that the nonpolar 3/4 adsorbate is influenced to 

depart based on the medium.  Hydrophobic sensitizers can be delivered across plasma 

membranes.10 Due to its hydrophobic character, pheophorbide 3 desorbs away from the 

probe surface.  
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Figure 6.  Plot of nanomolarity of 3 arising from fiber tip 1 upon photooxidation over 

time.  Photocleavage of 3 away from the sensitizer device cap 1 into in petrolatum (open 

diamonds) at 65 °C and into D2O (solid squares) and toluene-d8 (open squares) at room 

temperature. 
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Figure 7.  Time course of photorelease of 3 into petrolatum at 65 °C and the diffusion of 

the sensitizer away from the probe tip. 
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Figure 8.  Time course of photorelease of 3 into toluene-d8 solution arising from 

photooxidative cleavage and departure from the fiber optic device tip.  The absorption 

spectra show the fourth Q-band of 3 and were normalized at 640 nm: (a) orange, (b) 

turquoise 0.5 h, (c) blue 1.0 h, (d) green 1.5 h, (e) red 2.0 h, and (f) black 4.0 h. 

 

4.3 Conclusion 

A porous fiber optic cap with a photo-detachable pheophorbide sensitizer was 

prepared.  No leaching of the photosensitizer was observed in the dark. The loading of 

0.33% sensitizer 11 onto the porous caps resulted in maximal photocleavage.  Higher or 

lower sensitizer loadings reduced the photocleavage efficiency due to less available 

sensitizer and self-quenching, respectively. The probe tip sparges O2 gas to hypoxic sites 

at a rate of ~15 ppm O2 per hour in water.  Visible light and O2 gas were co-administered 

through the porous fiber optic tip. Singlet oxygen peroxidation of the alkene spacer group 

of the probe tip surface led to dioxetane formation. Rapid dioxetane cleavage provided 
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the means to break the alkene bond. The amount of sensitizer molecules released from 

the probe tip depends on the medium in which the probe tip is placed.  Quantitative 

sensitizer departure occurred in petrolatum, but this was less efficient in other media (5% 

in toluene, 0% in water, 0% in agar, and 0% in acrylamide) due to the permeability of the 

pheophorbide compound in lipophilic.  In the latter cases, sensitizer 3 remained adsorbed 

onto the probe tip even though the alkene bridging the sensitizer and glass was destroyed. 

Optimization of the photoclevage reaction in different solvent medium, under 

different temperature, studies on biological system, and trapping of dioxetanes 

intermediate on the glass surface experiment will be presented in future. 

 

 

4.4 Experimental Section 

4.4.1 Materials and Instrumentation.  Corning 7930 porous vycor glass was 

purchased from Advanced Glass and Ceramics, Holden, MA.  Pyropheophorbide-a was 

purchased from Frontier Scientific and was used as received.  Spectrophotometric grade 

toluene-d8, deuterium oxide-d2, chloroform-d1 were purchased from Sigma Aldrich or 

Cambridge Isotope Laboratories and were used as received. Acetonitrile-d3 was 

purchased from Isotec, Inc.  Deionized water was purified using a U.S. Filter Corporation 

deionization system. Reagents and solvents such as NaOH, 4-bromophenol, 1,2-

dibromoethane, CH2Cl2, CCl4, benzoyl peroxide, acetone, NaI, sodium thiosulfate, 

ethanol, n-BuLi, DMF, NH4Cl, anhydrous Na2SO4, MeOH, NaBH4, DMAP, EDC, NaH, 

3-iodopropyltrimethoxysilane, toluene, and THF were purchased from Sigma Aldrich and 

used without further purification.  Column chromatography was carried out on silica gel 
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40-60 Å particles.  TLC was conducted on silica gel 60F 254 TLC-plates.  The radiant 

power of the visible light exiting the fiber was measured with a Nova energy meter from 

Ophir Optronics, Logan, UT.  Dissolved oxygen was measured with a Hach sens-ION6 

dissolved oxygen meter.  Proton NMR spectra were acquired at 400 MHz and 13C NMR 

spectra were acquired at 100.6 MHz  on a Bruker DPX400 MHz instrument.  HRMS data 

were obtained on Agilent 6220-TOF coupled with 1200 series LC.  GC/MS data were 

acquired on Agilent 6890N coupled with 5973 MSD.  HPLC data were obtained on a 

Perkin-Elemer 200 series instrument equipped with bondclone 10 C18 column at 254 nm 

and FTIR spectra were collected on a Perkin-Elmer Spotlight Imaging System.  The 

melting points were obtained on a MEL-TEMP apparatus. UV-visible spectra were 

collected on a Hitachi UV-VIS U-2001 instrument.  Fluorescence spectra were collected 

on a Nikon Eclipse TE 200 inverted epifluorescence microscope.  Elemental analyses 

were conducted by Atlantic Microlab, Inc. (Norcross, GA).  A Rayonet photoreactor 

fitted with Sylvania visible light bulbs was used. 

4.4.2 Construction of the Fiber Optic Apparatus.  The portable system 

consisted of a 250-W quartz-halogen illuminator (Fiberoptic Systems, Inc., Simi Valley, 

CA), a custom-made fiber-optic cable, a compressed oxygen gas tank, and a porous 

Vycor glass tip.  CUT OFF FILTER TOO An integral dichroic reflector was used to 

focus the light of the illuminator into the proximal end of the optical fiber.  The 3 ft 0.55 

NA borosilicate fiber optic used had an external diameter of 1.4 mm including the jacket 

black PVC and consisted of a 1.1 mm diameter Teflon gas flow tube running from the 

distal end to a T valve surrounded by ~350 excitation fibers (diameter 300 µm) 

randomized in a ring around it capable of delivering 2-5 W out of the end of the fiber 
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bundle.  The T value of the fiber was connected to a 200 PSI compressed oxygen tank 

with the gas regulator set at 2-10 PSI. The PVG cap had a hole drilled into it and was 

inserted at the end of the fiber that received the excitation light and oxygen gas.  Because 

the o.d. of the fiber optic was often just slightly larger than that of the cap, gluing the two 

together was not always necessary, which made withdrawal and reuse of the cap easy.  

Oxygen was delivered through the Teflon gas-flowing tube of the fiber optic to the 

porous cap then into solution.  An adapter for other end of the fiber fit to the illuminator 

(secured by a socket cap screw).  PVG caps were shaped into rectangular pieces with a 

Buehler IsoMet Low Speed Saw (Model 11-1280-160).  Holes were drilled with a 

Buehler ultrasonic disc cutter (Model 170) and drill dremel (Model 200).  Finally, pieces 

were shaped into a cylindrical shape using a Buehler variable speed grinder-polisher.  

The dimensions of the caps were 7.5 mm × 4 mm × 1 mm.   

4.4.3 Synthesis and Characterization 

1,2-Bis(4-bromophenoxy)ethane (6).  Yield 32.7 grams (57 %). To a solution of 

sodium hydroxide (12.4 g, 0.31 mol) in water (50 mL) was added 4-bromophenol (51.7 g, 

0.3 mol). The mixture was stirred at 60-70 °C for 0.5 h followed by addition of 1,2-

dibromoethane (26.3 g, 0.14 mol). The resulting mixture was then heated at reflux for 6 

h.  After cooling, the white solid was separated from the reaction mixture by filtration at 

room temperature. The solid was purified by recrystallization from ethanol and dried in 

vacuo. mp 130-132 °C; 1H NMR (400 MHz, CDCl3) δ 7.38 (d, J = 9.20 Hz, 4H), 6.82 (d, 

J = 9.20 Hz, 4H), 4.27 (s, 4H); 13C NMR (400 MHz, CDCl3) δ 157.68, 132.35, 116.50, 

113.43, 66.70  (lit. data for 6, ref 5); mp 130-132 °C;  1H NMR (250 MHz, CDCl3) δ 

7.37(d, J = 6.85 Hz, 4H), 6.81 (d, J = 6.85 Hz, 4H), 4.25 (s, 4H); 13C NMR (250 MHz, 

CDCl3) δ 157.45, 132.33, 116.48, 113.41, 66.68. 
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meso-1,2-Dibromo-1,2-bis(4-bromophenoxy)-ethane (meso-7).  Yield meso-7, 

0.82 g (17%). In 50 mL of carbon tetrachloride was dissolved 3.37 g (9.06 mmol) 6, 3.95 

g (22.19 mmol) of N-bromosuccinimide, and 0.54 g (2.23 mmol) of benzoyl peroxide. 

The resulting solution was heated at reflux for 6 h. After being cooled to room 

temperature, the mixture was filtered and the crude products obtained from the filtrate by 

evaporating the solvent. The crude product was purified by silica gel chromatography 

(230-400 mesh; 6:1 hexane/ dichloromethane) yielded pure meso- and dl-7. mp (meso-7) 

140-142 °C; 1H NMR (400 MHz, CDCl3) δ 7.51 (d, J = 9.04 Hz, 4H), 7.08 (d, J = 9.04 

Hz, 4H), 6.50 (s, 2H); 13C NMR (400 MHz, CDCl3) δ 154.25, 132.91, 118.89, 117.37, 

85.31 (lit. data for 7, ref 5); mp 140-142 °C; 1H NMR (500 MHz, CDCl3) δ 7.51 (dd, J = 

8.95, 1.25 Hz, 4H), 7.08 (dd, J = 8.95, 1.25 Hz, 4H), 6.51 (s, J = 6.2 Hz, 2H); 13C NMR 

(250 MHz, CDCl3) δ 153.72, 132.89, 118.87, 116.97, 85.31. 

cis-1,2-Bis(4-bromophenoxy)ethene (cis-8). Yield 0.35g (95%). The meso-7 

(0.54 g, 1.02 mmol) was dissolved in 20 mL of acetone. Sodium iodide (0.45 g, 3 mmol) 

was then added to this solution. The reaction mixture was stirred for 2 h at room 

temperature. A deep red color of the solution was developed. Solvent was evaporated in 

rotary vap. Water (25 mL) and dichloromethane (100 mL) were added to the flask with 

continuous stirring. A saturated aqueous solution of sodium thiosulfate was added until 

the solution became colorless. The organic layer was then separated, dried over 

anhydrous NaSO4, and evaporated to get a small amount of a solid. The solid was 

purified by recrystallization from ethanol to obtain cis-8 (mp: 102-105 ºC) 1H NMR (400 

MHz, CDCl3) δ 7.42 (d, J = 9.04 Hz, 4H), 6.97 (d, J = 9.04, 4H), 6.11 (s, 2H); 13C NMR 
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(400 MHz, CDCl3) δ 156.33, 132.56, 128.49, 117.97, 115.42  (lit. data for 8, ref 5); mp 

102-104 ºC; 1H NMR (500 MHz, CDCl3) δ 7.42 (d, J = 9.04 Hz, 4H), 6.97 (d, J = 9.04, 

4H), 6.11 (s,  2H); 13C NMR (250 MHz, CDCl3) δ 156.30, 132.54, 128.46, 117.94, 

115.40. 

 
 (Z)-4,4'-(Ethene-1,2-diylbis(oxy))dibenzaldehyde (9). Yield 0.30 g (60%). To 

the 0.5 g of arylbromide 8 in 5 mL THF, 1.6 mL of (0.003 mol) n-BuLi was added and 

the solution stirred at -78 oC for 0.5 h. DMF (0.0058 mol, 0.5 mL) was added to the 

reaction mixture and stirred for 20 min at -78 °C. The solution was warmed up to the 

room temperature and stirred for another 3.5 h. The reaction mixture was quenched with 

20 mL cold saturated aqueous NH4Cl and then 25 mL of CH2Cl2 was added to that 

solution. Organic layer was washed with saturated sodium chloride solution dried with 

Na2SO4. Evaporation of organic layer resulted crude liquid, which was purified by 

column chromatography (3:1 hexane and ethyl acetate) to yield 9 (mp 108-110oC).  Rf = 

0.15; 1H NMR (400 MHz, CDCl3) δ 9.93 (s, 2H), 7.88 (d, J = 8.80 Hz, 4H), 7.20 (d, J = 

8.68 Hz, 4H), 6.34 (s, 2H). 13C NMR (100 MHz, CDCl3) δ 116.2, 128.4, 131.8, 131.9, 

161.5, 190.5. HRMS calcd for C16H12O4 (M + H)+ 268.0736, found: 268.0736. 

(Z)-(4,4'-(Ethene-1,2-diylbis(oxy))bis(4,1-phenylene))dimethanol (10). Yield 

97 mg (100%). To the 100 mg (0.37 mmol) of 9 in 2.5 mL MeOH, 0.140g (1.86 mmol) 

NaBH4 was added in small portions. The reaction mixture was stirred for 14 h. Methanol 

solvent was evaporated out from the reaction mixture and quenched with saturated 

aqueous NH4Cl solution Ethyl acetate was added to the solution mixture. Organic layer 

was separated and dried over Na2SO4. After the evaporation of organic solvent to give a 

pure solid 5 (mp: 150-153 oC ). 1H NMR (400 MHz, CDCl3) δ 7.33 (d, J = 8.52 Hz, 4H), 
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7.09 (d, J = 8.52 Hz, 4H), 6.15 (s, 2H), 4.66 (d, J = 5.52, 4H). 13C NMR (100 MHz, 

CDCl3) δ 64.3, 116.1, 128.3, 128.4, 135.5, 156.8. HRMS calcd for C16H16O4 (M + H)+ 

272.1049, found: 272.1047.  To determine the acid stability of the alkene linkage of bis-

alcohol 10, 0.02 M of 10 with 0.02 M dilute hydrochloric acid (pH 2) with 1.1x10-4 M 1-

pentanol as the internal standard with stirring in 2 mL CDCl3.  The solution was stirred 

and monitored by 1H NMR after 0, 60, and 120 min with no degradation or loss of the 

alkene peaks observed.   

 (Z)-4-[2-(4-Hydroxymethyl-phenoxy)-vinyloxy]benzyl-pyropheophorbide 

(11). Yield 6 mg (60%). 10 mg (0.018 mmol) of commercially available 

pyrpheophorbide, 5.0 mg (0.018 mmol) of bis alcohol 10, 2.28 mg (0.018 mmol) of 

DMAP, and 5.37 mg (6.9 mmol) of EDC dissolved in 3 mL of DCM solution. After 

stirring overnight at room temperature, DCM was evaporated from the reaction mixture 

and the crude product was purified on the column (1% methanol in CHCl3) yielding a 

black solid. Rf = 0.48. 1H NMR (400 MHz, CDCl3 δ 9.51 (s, 1H), 9.40 (s, 1H), 8.54 (s, 

1H), 8.01 (dd, J = 17.8, 11.52 Hz, 1H), 7.29 (d,  J = 8.48 Hz, 2H), 7.14 (d, J = 8.48 Hz, 

2H), 7.03 (d, J = 8.48 Hz, 2H), 6.64 (d, J = 8.48 Hz, 2H), 6.28 (d, J = 17.86 Hz, 1H), 6.17 

(d, J = 11.52 Hz, 1H), 6.08 (dd, J = 17.05 Hz, 3.36, 2H), 5.24 (d, J = 19.80 Hz, 1H), 5.06 

(d, J = 19.85 Hz, 1H), 4.94 (dd, J = 29.73 Hz, 12.12 Hz, 2H), 4.61 (s, 2H), 4.46 (d, J = 

7.08 Hz, 1H), 4.28 (d, J = 8.32 Hz, 1H), 3.70 (q, J = 7.18 Hz, 4H), 3.40 (s, 3H), 3.24 (s, 

3H), 2.61 (m, J = 8.04 Hz, 2H), 2.31 (m, J = 5.85 Hz, 2H), 1.78 (d, J = 7.24 Hz, 3H), 1.70 

(t, J = 7.62 Hz, 3H), -1.68 (s, 1H). 13C NMR (100 MHz, CDCl3) δ 11.2, 12.0, 17.4, 19.5, 

23.1, 29.7, 29.8, 31.1, 48.0, 49.9, 51.6, 64.8, 65.9, 93.0, 97.2, 104.1, 106.1, 116.1, 116.3, 

122.5, 128.1, 128.3, 128.5, 128.6, 129.2, 130.0, 130.1, 130.5, 130.6, 131.5, 135.4, 135.9, 
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136.1, 136.2, 137.9, 141.5, 145.0, 149.0, 150.8, 155.2, 156.9, 157.3, 160.2, 171.3, 172.8, 

196.1. HRMS calcd for C49H48 N4O6 (M + H)+ 788.3573, found: 788.3563. 

Pheophorbide-Modified Glass (1).  Covalent bonding of the sensitizer to the 

PVG was achieved by adding pyropheophorbide monoester 11 (10 mg, 0.0126 mmol) to 

3-iodopropyltrimethoxysilane (0.250 mmol) and NaI (0.302 mg, 0.0126 mmol) in 5 mL 

dry THF, and refluxing the mixture at 70 °C for 24 h.  THF was evaporated under N2 

leaving the pyropheophorbide–trimethoxysilane 12 residue, which was added to 100 mL 

dry toluene and porous Vycor glass (3.2 g pre-dried at 500 °C in a muffle furnace) and 

refluxed at 110 °C for 24 h.  After the synthesis of 1, no leaching of the photosensitizer 

was observed.  Control experiments were carried out in order to establish that the 

sensitizer molecules derived from 12 were anchored and not adsorbed to the silanol 

groups of PVG.  Any silanes that were not covalently attached to the PVG surface were 

washed away with toluene, THF, chloroform, ether, and hexane, followed by Soxhlet 

extraction with methanol for 24 h.  In the absence of 3-iodopropyltrimethoxysilane and 

NaI a weaker non-covalent interaction exists between 11 molecules and PVG that were 

readily carried off the surface by solvent washing and Soxhlet extraction.  The 

heterogeneous sensitizer 1 was recovered by drying under vacuum at rt for 12 h.  UV 

(air) λ: 415 (Soret band), 510, 539, 612, and 659 nm; FT-IR: 2851 and 2954 cm-1. 

Colorless porous glass tips were converted to a deep maroon color when silane 12 

was anchored on the cylinder shaped  

4.4.4 Sensitizer Coverage Measurements.  Goutam Ghosh, a graduate student in 

our lab helped us in determining the loading of sensitizer onto glass surface and how 

photoclevage efficiency is affected with different loading of sensitizers onto the glass. 
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The sensitizer was exposed from the PVG surfaces by dipping 1 into a 26% hydrofluoric 

acid solution for 30 min adapted from a procedure developed previously.11 Amount of 

photosensitizer bonded onto PVG was calculated from the difference in absorbance of the 

solution before introduction of PVG and the absorbance of the same solution after the 

PVG’s removal and the absorbance of the solution after Soxhlet extraction [at the λmax 

value of pyropheophorbide-derivative (415 nm)].   

For instance, 50% adsorption of 10 took place in 2.5 h.  After 24 h, all 

photoreleased 10 adsorbs onto the cap in solution.   

Porous Vycor glass was pre-dried at 500 °C with a muffle furnace for 24 hours 

prior to use. 3-iodopropyltrimethoxysilane (0.501 g, 1.72 mmol) was added dropwise 

onto porous Vycor glass suspended in anhydrous toluene solution (50 mL) under Ar. The 

solution was refluxed for 24 hours. The functionalized porous glass was taken off from 

the solution, thoroughly washed with toluene, hexane, ethanol, diethyl ether and Soxhlet 

extracted methanol for 24 hours, and dried under vacuum at room temperature. The 

functionalization of the solid was estimated from the carbon content: 1.03% C, 0.215 

mmol of C4H9I per gram PVG. (Elemental analysis report %C=1.03, % H= 0.33, %I= 

2.54). 

4.4.5 Oxygen Flow Measurements.  Dr. David Aebisher measured the rate of 

oxygen flow through the porous vycor cap using a Hach sensION6 Dissolved Oxygen 

Meter.  30mL of distilled H2O was added to a glass container.  The oxygen meter and the 

fiber optic cable attached to the glass tip were placed simultaneously inside of the water 

sample.  Oxygen flowed through the fiber optic cable at 10 psi and 2 psi.  Measurements 

were taken from the oxygen meter at one minute intervals for a total of thirty minutes. 
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For example, after 30 min at 2 PSI an increase in oxygen concentration of 53% beyond 

the starting air-saturated concentration (2.6 × 10-4 M). The rate of O2 flow is 4.0 × 10-9 

mL/min (0.19 ppm/min) at 2 PSI, and 7 × 10-9 mL/min (0.31 ppm/min) at 10 PSI 

respectively. 
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Figure 17.  HRMS of (Z)-4,4'-(ethene-1,2-diylbis(oxy))dibenzaldehyde (9). 
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 Figure 20.  HRMS of (Z)-(4,4'-(ethene-1,2-diylbis(oxy))bis(4,1-phenylene))- 
dimethanol (10). 
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Figure 23.  HRMS of (Z)-4-[2-(4-hydroxymethyl-phenoxy)-vinyloxy]-benzyl-

pyropheophorbide-a (11). 
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Figure 24.  HRMS of pheophorbide (3). 
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Figure 24 cont..  HRMS of of pheophorbide (3). 
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Chapter 5:  Singlet Oxygen as a Reagent in 
Organic Synthesis 

 
5.1  Introduction 

In this chapter we review the synthesis of organic peroxides from singlet 

molecular oxygen [1O2 (1∆g)] via dye-sensitized photooxygenations. This chapter 

comprises four sections which describe the synthesis of dioxetanes from [2 + 2]-

cycloadditions, endoperoxides from [2 + 4]-cycloadditions, hydroperoxides from ‘ene’ 

reactions, and tandem combinations there of (Scheme 1). Examples include 

endoperoxides and bisperoxides that rearrange to spiro compounds.  

Scheme 1 

H

O
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Whilst this chapter is not comprehensive, attention is focused on those reports of 

photooxygenation where peroxide yields approached or exceeded 50%. The isolation of 

peroxides involves meticulous and potential dangerous work.1 Thus, percentage yields 

are not always reported in the same way, and may relate to the feasibility of purification 

and safety and, perhaps because of this issue, safety information is often incomplete. 
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Analytical methods such as low-temperature nuclear magnetic resonance (NMR) 

spectroscopy has allowed the characterization of unstable peroxides in reaction mixtures. 

Some peroxides have been isolated in traps under vacuum or by low-temperature silica 

gel chromatography, while others were recrystallized at room temperature.2-4 

Singlet oxygen is conveniently generated by sensitization and, in view of the low 

energy of this species, dye are effective and can be used in low concentrations due to the 

high absorptivity. 

Dye  + hν Dye
*

Dye
* 
+ 

3
O2 Dye  +

1
O2  

Suitable light sources for exciting the sensitizer include halogen or mercury lamps 

equipped with a 400 nm cut-off filter to transmit visible light. The sensitizers methylene 

blue (MB), meso-tetraphenylporphyrine (TPP), sulfonated aluminium phthalocyanine, 

and Rose Bengal (RB) are widly used in homogeneous solutions. The mail appeal of 

heterogeneous sensitizers is that they are easy to separate from solution after reaction; 

examples include, polymer-supported RB or seco-porphyrazine, MB-doped zeolites, and 

fullerene-supported silica gel.5-6 

The lifetime of singlet oxygen is critically dependent on the solvent used.7-9  The 

longer lifetime of singlet oxygen in halogenated solvents than organic or aqueous 

solvents is well known, e.g., carbon tetrachloride (59 ms) compared to benzene (30 µs), 

water (3.5 µs), and deuterium oxide (65 µs).  The use of halogenated solvents also comes 

about in response to the need for low-temperature solvents in view of the instability of 

peroxide products.  The combination of halogenated solvents with low-temperature 

conditions is seen often in peroxide synthesis with singlet oxygen.10,11  Whether intended 

or not, low temperature conditions offer another advantage, enhancing reaction rates 
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since entropy-controlled reactivity often accompanies singlet oxygen chemistry.12 

Peroxides are formed also through mechanisms that do not involve singlet oxygen, in 

particular via an electron transfer (see Section 5.3.3), although preparative examples are 

limited in number. 

5.2  Dioxetanes 

5.2.1  Background Information  

1,2-Dioxetanes are 4-membered ring peroxides, which have been synthesized 

from singlet oxygen—alkene reactions as pure compounds (e.g., 18-33, Schemes 2 and 

3).  The rosette of Scheme 3 shows reported examples of dioxetanes formed in good yield 

from the corresponding alkenes displayed in Scheme 2.  The sensitized photooxidation of 

alkenes 1-17 proceeded rapidly with visible light, but stopped after the uptake of 1 

equivalent of oxygen.   
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O

O

OTBDMS

99%, 31

T
P

P
,

95%, 30

O O

O

R
R

R

MeO

81%, 27, R = Me

83%, 28, R = 
i
Pr

88%, 29, R = 
t
Bu

TPP,CH
2 Cl

2 , -78  o
CO O

O O

R R

80%, 25, R = Ph
CH2Cl2, -78

 o
C

94%, 24
O O

EtO OEt

80%, 23

ZnTPP

ether, -
70

 o C

T
P

P
,

N

OO

Me

67%, 21, R = m-OMe

78%, 22, R = m-OSi
t
BuMe

TPP,

CHCl3,

-10 oC

66%, 18

MB, CH2Cl2, -78 oC

O O

R
R

R
R

30%, 9, R = Ph
40%, 9, R = Me

Acr
+ -M

es,

MeCN, 0
 o C

R
1OO

CH
2 Cl

2 , -78  o
C

RB--P

M
e
O

H
, 
-7

8
o C

T
P

P
,

C
H

2 C
l2 ,  -7

8  o
C

Alkene

+ O2 + 

hν (>400 nm)

O

H
2 O

 or m
icelle, 25  o

C

R

high yield, 20

O
O

Ph

Ph

(CH2CH2O)4H
OO

OTBS

chrom
ophore dissolved m

atter,C
F
C

l 3
, 
-7

8
 o C

RB--P

OO

51%, 26, R = An

O

O

CN
100%, 19

O O
OCH3

OCH3

H3CO

H3CO

 

5.2.2 Adamantyl-Substituted Alkenes 

In 1975, adamantylideneadamantane-1,2-dioxetane (18) was prepared from an 

MB-sensitized reaction of biadamantylidene (1) with singlet oxygen in CH2Cl2 at -78 °C 

in good yield (66%) after recrystallization.13  The scope of the singlet oxygen reaction 

include monospiroadamantyl-dioxetanes, which were also stable toward isolation and 

characterization.14  For example, in 1998, singlet oxygenation of cis-2-cyanocyclohexyl 

carbonate 2 with polymer-supported RB in O2-saturated CH2Cl2 at -78 °C provided 

dioxetane 19 quantitatively (100% yield).15 In 2006, the formation of spiroadamantane 

dioxetane 20 was reported from a tetraglycol-substituted alkene 3 in environmental water 
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samples containing chromophoric dissolved organic matter (CDOM) as the 

photosensitizer.16,17  CDOM was not characterized structurally, but was proposed to 

contain amphiphilic macromolecular species with micelle-like properties.  Dioxetane 20 

served as a hydrophobic trap-and-trigger chemiluminescent probe to validate singlet 

oxygen concentrations in natural waters.16,17  In 1997, photooxygenations of methoxy- 

and siloxy-substituted adamantylideneacridanes (4 and 5) produced the corresponding 

dioxetanes 21 and 22.14  The reaction was conducted with TPP as the photosensitizer in 

CHCl3 at -10 °C.  To avoid decomposition, dioxetanes 21 and 22 were isolated at reduced 

temperature (-10 °C) during silica-gel chromatography, and were obtained in 67% and 

78% yield, respectively.   

 

5.2.3  Alkoxy-Substituted Alkenes 

Electron-rich olefins also react with singlet oxygen and form dioxetanes.  In 1970, 

the formation of cis-1,2-dioxetane 23 was achieved stereospecifically in greater than 80% 

yield in a photooxidation reaction with cis-diethoxyethylene 6 (Scheme 3).18  The 

photolysis of 6 was carried out in O2-saturated TPP-sensitized CFCl3 at -78 °C, where no 

trans-1,2-dioxetane was obtained.  Trans-1,2-dioxetane can be prepared itself 

stereospecifically from the singlet oxygenation of trans-diethoxyethylene.18  In 1970, 

irradiation of tetramethoxyethylene (7) sensitized by zinc tetraphenylporphine or 

dinaphthalenethiophene in an O2-saturated ether solution at -70 °C produced dioxetane 

24.19  Purification was conducted by evaporation of the solvent at -78 °C, and distillation 

of the residue at 25 °C, which gave 24 as a liquid in 94% yield.  
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In 1978, the photooxidation of 2,3-diphenyl-1,4-dioxene (8) was reported in 

CH2Cl2 solution at -78 °C.3,20  Compound 8 reacted with singlet oxygen from irradiation 

of polymer-bound RB afforded the corresponding dioxetane (1,6-diphenyl-2,5,7,8-

tetraoxabicyclo[4.2.0]octane, 25) in ~80% yield.   Bicyclic dioxetane 25 was 

insufficiently stable for combustion analysis.  On the basis of 13C-NMR spectroscopy, the 

dioxetane structure was assigned.20   2,3-Di(2-anthryl)-1,4-dioxene (9) was also 

photooxidized in CH2Cl2 solution at -78 °C, and dioxetane 26 was obtained in 51% 

yield.21  An enhanced chemiluminescence from silica gel was observed with the catalytic 

decomposition of 26.21  In 1997, dioxetanes 27-29 were synthesized in 81-88% yields 

from singlet oxygenation of the corresponding 4-alkyl-3-dimethyl-2,3-dihydrofurans (11-

13) in CH2Cl2 at -78 °C.22  This reaction has been conducted with a variety of 

dihydrofuran derivatives to generate similar dioxetanes.  In 1999, an excellent yield of 

dioxetane 30 was obtained (95%) in the photooxidation of silyl enol ether 14.23   

Dioxetane 30 was characterized at low-temperature, it was unstable at room temperature.  

13C NMR signals at δC1 (~113 ppm) and δC2 (~92 ppm) where characteristic of the 

dioxetane ring indicating and were the basis for the structure assignment. 

Singlet oxygen reactions involving rearrangements of initially formed 

endoperoxides to dioxetanes have been reported.24,25  For example, 2-(2'-anthryl)-1,4-

dioxene 9 initially formed an endoperoxide by a [2 + 4] cycloaddition reaction, and later 

rearranged to a dioxetane when separated on silica gel with o-xylene.24   
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5.2.4  Phenyl- or Methyl Substituted Alkenes 

5.2.4.1  Diphenylindene Photooxidation.  In 1979, an interesting effect on the 

dioxetane/diendoperoxide product ratio was observed upon addition of methanol to 

acetone.  The photooxidation of 2,3-diphenylindene 15 afforded its dioxetane 31 in 

methanol at -78 °C.26  The addition of methanol increased the dioxetane/diendoperoxide 

ratio.  On the basis of LC and NMR spectroscopy, dioxetane 31 formed in high yields in 

methanol or methanol-acetone (3:7) mixtures.  But there was the formation of a 

diendoperoxide with the solvents Freon-11 and acetone-d6.  The topic of bisperoxides 

will be discussed in Section 5.5.2.1. The synthesis of benzofuran dioxetanes has also 

been accomplished from a TPP-sensitized photooxidation of benzofurans.27,28 

5.2.4.2  Electron-Transfer Photooxidation.  Despite the fact singlet oxygen 

oxidizes tetramethylethylene (16) via the ‘ene’ pathway with abstraction of one of the 

twelve α protons, under electron-transfer photooxidation conditions, dioxetane 32 

(R=Me) has been generated.29   The electron-deficient sensitizer 9-mesityl-10-

methylacridinium ion (Acr+-Mes) in its excited state Acr
•
-Mes

•+ was generated, in which 

the alkene radical cation and the superoxide ion (O2
•-) were proposed, coupling to the 

dioxetane.  Similar results were observed in the electron-transfer photosensitized 

oxidation of tetraphenylethylene (17). 

 

5.2.5  Summary 

Reports of photooxidations giving dioxetanes is quite extensive.30,31  Steric and 

polar factors have a profound influence in activating alkenes to react with singlet oxygen.  

Isolable dioxetanes from singlet oxygen have been restricted to adamantyl-, alkoxy-, and 
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phenyl-substituted alkenes.  The [2 + 2] cycloaddition of singlet oxygen to alkenes that 

bear α protons have little success in dioxetane synthesis in view of the hydroperoxide 

formation from the singlet oxygen ‘ene’ reaction.  But an electron-transfer 

photooxidation reaction to dioxetanes offers a possible way around the structural 

restrictions of singlet oxygen;29 for example, alkene radical cation arose from 

tetramethylethylene coupling to O2
•-, and formation of the dioxetane, but the broader 

synthetic utility has not yet been established.29,32 

Dioxetanes vary in their stability toward decomposition to excited carbonyl 

products.  Some require heating to induce decomposition to carbonyl compounds with 

chemiluminescence (e.g., 18-22).  Base-catalyzed β-elimination of the cis-2-

cyanocyclohexylcarbonate protecting group of dioxetane 19 produced the corresponding 

phenoxide ion dioxetane, a structure that facilitated the molecule’s fragmentation into 

ketones and subsequent chemically initiated electron exchange luminescence (CIEEL).  

Upon treatment with fluoride ions, dioxetanes 21 and 22 underwent fragmentation into 

ketones via CIEEL.  The thermolytic stability of dioxetanes has been reviewed.33  

Dioxetanes can also catalytically decompose from trace impurities in solvents, such as 

transition metal ions,34 or can decompose upon silica-gel chromatography workup (e.g., 

26).14,21  Treatment of dioxetanes with phosphines led to phosphorane intermediates, and 

subsequently phosphine oxides and epoxides.35-37 
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5.3  Endoperoxides 

5.3.1  Background Information 

Endoperoxides (sometimes called 1,4-epiperoxides or dioxapaddlanes) are 6-

membered ring peroxides, which arise from singlet oxygenations of arene and diene 

compounds and have been synthesized as pure compounds (e.g., 43-52 and 62-72; 

Scheme 4 to 8).  Many endoperoxide structures have been reported.38-41   The rosettes of 

Schemes 5 and 7 show examples where endoperoxides were formed in good yield.   
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Scheme 6 
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5.3.2  Arenes  

The rosette of Scheme 5 shows the endoperoxidation of the corresponding arene 

compounds in Scheme 4.   

5.3.2.1 Benzenes.  Benzene, toluene, and xylenes do not chemically react with 

singlet oxygen.  However, hexamethylbenzene (34) is sufficiently electron rich to react 

with singlet oxygen.42  Hexamethylbenzene-1,4-endoperoxide (43) formed in a MB-

sensitized reaction in CD3NO2 at 15 °C and, over time, endoperoxy-hydroperoxide 43’ 
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arose from a secondary singlet oxygenation in 90% yield (not isolated, quantitated from 

the NMR spectrum with an added internal standard) (Scheme 8).  The second equivalent 

of oxygen added, interestingly, by a singlet oxygen ‘ene’ reaction on the initially formed 

endoperoxide 43.  Bisperoxides that were formed from the addition of two singlet oxygen 

molecules are the subject of Section 5.5.2.  Heating the primary endoperoxide product 43 

at 40 °C for one hour led to oxygen evolution and the regeneration of hexamethylbenzene 

34.  Singlet oxygen also reacted with pentamethylbenzene except much more slowly than 

hexamethylbenzene.42,43  The reaction of phenol with singlet oxygen led to p-catechol and 

p-quinone products in near quantitative yield, although the proposed endoperoxide 

intermediate was not directly observed (Scheme 9).44,45 
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5.3.2.2  Naphthalenes.  Many naphthalene endoperoxides have been prepared.46-

49  In 1972, the singlet oxygenation of 1,4-dimethylnaphthalene (35), in which MB served 

as sensitizer in O2-saturated CH2Cl2 at -78 °C gave regioselectively 1,4-

dimethylnaphthalene-1,4-endoperoxide 44 in 58% yield after column chromatography at 

0 °C.47  Compound 35 reversibly binds singlet oxygen.  It forms endoperoxide 44 and 

gradually decomposes back to 35 by dissociation of singlet oxygen.47   With enriched 18O2 

gas used in the photooxidation, an 18O-18O labeled naphthalene endoperoxide has also 

been synthesized.50   Bulky substituents at the 1,4-positions of naphthalene slowed the rate 

of singlet oxygen addition to 45 and competitive binding of singlet oxygen at the 5,8-

positions, 46.51,52  The maloamide substitutents exerted steric interactions that slowed 

binding of 1O2 at the 1,4-positions.  Instead, binding of 1O2 at the 5,8-positions was 

favored in D2O at 50 °C (ratio of 45:46 was ~1:100), in which the stability of 46 (t1/2 = 5 

h) was greater than 45 (t1/2 = 0.5 h) at 25 °C due to higher crowding at the dioxapaddlane 

core of 45.  The maloamide chains are not themselves oxidized; for example, no side-

chain hydroperoxides were formed.  Solvent effects on the singlet oxygen 

endoperoxidation have been studied.51-53   Binding of singlet oxygen at the 1,4-positions 

was favored in CD3OD at 25 °C (ratio of 45:46 was 80:20).51  Studies of solvent effects of 

singlet oxygen [2 + 4] cycloadditions point to exciplex formation preceding the 

endoperoxide product in view of the dependence on solvent parameters π* and σH.53 

Naphthalene endoperoxides have been synthesized with methyl groups located at 

the 1,4-, 1,8-, 1,2,4-, 1,4,5-, 1,2,3,4-positions, and 1,2,3,4,5,6,7,8-positions in good yield 

after recrystallization 58%, 88%, 93%, 54%, 83%, and 69%, respectively.48,49  The C-O 

bond formation preferably takes place at aryl sites bonded by the methyl groups.  
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Stabilities of the endoperoxides were greater with increased numbers of methyl groups on 

naphthalene [at 25 °C in CDCl3, compare 1,2,4-trimethylnaphthalene-1,4-endoperoxide 

(t1/2 = 70 h) with 1,2,3,4-tetramethylnaphthalene-1,4-endoperoxide (t1/2 = indefinite)], and 

where peri methyl-methyl interactions increased stability [at 25 °C in CDCl3, compare 44 

(t1/2 = 5 h) with 1,8-dimethylnaphthalene-1,4-endoperoxide (t1/2 = 30 h)].48 

5.3.2.3  Anthracenes, Polyacenes, and Carbon Nanotubes.  In 2006, the singlet 

oxygenation of 9,10-diphenylanthracene (37) led to 9,10-diphenylanthracene-9,10-

endoperoxide (47) in O2-purged CHCl3-CCl4 (1:4) at -20 °C.5  The photosensitizer seco-

porphyrazine was immobilized in a ring-opening metathesis sphere (ROMP-sphere) in a 

heterogeneous reaction.5,55  In 1982, the photooxidation of anthracene derivative 39 in 

CS2 at 25 °C gave selectively endoperoxide 49 in high yield.56,57  Here, sunlight was used 

as the light source and the substrate 39 served as its own sensitizer.  Oligomeric 

anthracene endoperoxide (50) was prepared from singlet oxygenation of thin anthracene 

films of 40 mixed with TPP or MB, which produced the polyendoperoxide 50.58   

Thermolysis of 50 led to the release of singlet oxygen molecules and gave back the 

starting anthracene 40. 

Singlet oxygenation of a tetraphenyltetracene compound bearing four carboxylate 

groups (41) gave endoperoxide 51 in high yield in D2O.46,59  Here, singlet oxygen reacted 

with 41 regioselectivity at one of the two center rings.60  Photooxidation experiments 

showed that parent tetracene (naphthacene, C18H12) gave the 5,12-endoperoxide not the 

1,4-endoperoxide.60,61  In CDCl3, the 1H NMR absorptions at δH5 (6.15 ppm) and δH6 

(7.84 ppm) where characteristic of the 5,12-endoperoxide.62  In 2008, singlet oxygen was 

found to add to 5,12-diamide substituted tetracene 73 crystals at the 6,11-positions (75, 
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Scheme 10).62  However, the singlet oxygen addition in chloroform afforded the 5,12-

endoperoxide 74.  The product distribution was apparently distinguished by a H-bond-

mediated 1O2 endoperoxidation.  The regioselectivity derives from an anti diamide 

conformation in the solid state give the opposite regioselectivity to that in chloroform.  

Hydroxyl substitutents are also known to assist singlet oxygen binding with facial 

selectivity in endoperoxidation reactions.60  
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An investigation of a pentacene—1O2 reaction appeared in 2007.63   6,13-

Thienylpentacene-6,13-endoperoxide (52) was synthesized in 81% yield in the reaction 

of 6,13-thienyl-substituted pentacene 42 with singlet oxygen in CH2Cl2 at 25 °C.63  

Compound 42 served as its own sensitizer.  On the basis of 13C-NMR spectroscopy and 

X-ray crystallography, endoperoxide structure 52 was assigned.  The X-ray structure 

displayed an intramolecular through space 1,4-sulfur-oxygen (S--O) interactions in the 

crystal structure.63  Photooxidation of the parent pentacene C22H14 molecule followed 

similar chemistry yielding the 6,13-endoperoxide, but neither the 1,4- nor 5,14-

endoperoxide.64,65  Pentacene-6,13-endoperoxide decomposed to pentacenequinone.64,65  
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Reports on higher polyacene—1O2 reactions are scarce because of ground state 3O2 

reactions which preferentially take place. 

In 2007, a paper on single-walled carbon nanotubes (SWCNs) reported the 

reaction with singlet oxygen.66 Purification became easy due to contrasting solubility 

properties of unfunctionalized and oxyfunctionalized SWCNs, but it was uncertain 

whether the SWCN peroxides formed from a [2 + 2], a [2 + 4] cycloaddition, or both.66   

A subsequent report found SWCNs to be of very low chemical reactivity with 1O2 .
67,68  

Instead, SWCNs were proposed to physically quench singlet oxygen (convert 1O2 to 3O2) 

with rate constants on the order of 108 M-1 s-1. 

 

5.3.3  Electron Transfer Photooxidation   

In 2004, a report appeared that 9,10-dimethylanthracene-9,10-endoperoxide (48) 

arose from an electron-transfer photooxidation of 9,10-dimethylanthracene (38) with the 

use of the sensitizer Acr+-Mes in O2-saturated CH3CN at 0 °C.32  Subsequent coupling of 

the anthrecene radical cation and the superoxide ion generated endoperoxide 48.  

Endoperoxide 48 was detected during the initial stage of the photooxidation, it was not 

isolated, and over time the reaction yielded 10-hydroxanthrone, anthraquinone, and H2O2. 

   

5.3.4  Conjugated Dienes  

The rosette of Scheme 7 shows the endoperoxidation of the corresponding diene 

compounds in Scheme 6.  In some cases, solvent addition adducts are formed. 

5.3.4.1  Acyclic Dienes.  In 1989, the irradiation of (E,E)-2,4-hexadiene 53 

sensitized by meso-porphyrin IX dimethyl ester led to the formation of cis-3,6-dimethyl-
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1,2-dioxene (62), which was the major product detected at -78 °C in Freon 11.69  

Endoperoxide 62 was purified under vacuum at 0.75 mmHg, passing and collecting it in a 

trap (98% isolated yield).  Dienes that can adopt cisoid conformation, such as 53 or 

(E,E)-1,4-diphenylbutadiene (53’) were photooxidized the corresponding endoperoxides 

in high or quantitative yield in a suprafacial Diels-Alder reaction.60,70  Dienes that cannot 

readily adopt cisoid conformations, such as (E,Z)-2,4-hexadienes and (Z,Z)-2,4-

hexadienes lose stereochemistry in the singlet oxygen [2 + 4] cycloaddition.60  (E,Z)- and 

(Z,Z)-dienes give a complex mixture of hydroperoxides and aldehydes suggesting the 

intervention of intermediate zwittersions or 1,4-diradicals.71 

5.3.4.2  Cyclopentadienes and Cyclohexadienes.  Singlet oxygen reactions have 

been conducted with many cyclopentadiene and cyclohexadiene compounds as a means 

to generate bicyclic endoperoxides.72  The synthesis of an endoperoxide from the parent 

cyclopentadiene in O2-purged CHCl3-CCl4 (1:4) at -20 °C has been reported in 93% 

yield, in which the photosensitizer was a ring-opening metathesis sphere (ROMP-

sphere)—supported seco-porphyrazine.5  In 2005, endoperoxides 63 and 64 were 

synthesized, in 65% and 74% yields in CH2Cl2 at 0 °C, from TPP-sensitized 

photooxygenations of dienes 54 and 55.73.  Diimide (HN=NH) from potassium 

azodicarboxylate and acetic acid selectively reduced the carbon-carbon double bond of 

endoperoxide 63 to give 65.39,74  The reaction of endoperoxide 63 with thiourea leads to 

cis-2-cyclopenten-1,4-diol.39  In 2008, the singlet oxygenation of diene 56 afforded 

endoperoxide 64 in good yield (90%), from a TPP-sensitized photooxygenation reaction 

in CHCl3 at -15 °C.75  The photooxidation of dienes similar to 56 in methanol gave 4-

hydroxy-2-cyclopentenones via ring contraction reactions upon addition of thiourea.75 
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5.3.4.3 Heterocycles and Cyclohexatriene.  Furans have been employed to 

generate ozonides via photooxidations.  The formation of ozonide 67 resulted from the 

TPP-sensitized photooxygenation of 2,5-dimethylfuran (57) in CH2Cl2 at -78 °C.72  Low-

temperature NMR spectra were recorded and the reaction can presumably be taken to 

100% yield, although the endoperoxide was not isolated.  Spectral data showed the 

existence of the monomeric furan endoperoxide 67.  Low temperatures were maintained 

to prevent dimerization of endoperoxide 67.76   Results similar to 57 were observed in the 

photosensitized oxidation of a 13C,15N-labeled N-methyl-4,5-diphenylimidazole (58).77  

The sensitizer used was 2,9,16,23-tetra-tert-butyl-29H,31H-phthalocyanine (tetra-tBuPc) 

and the solvent was acetone-d6 and fluorotrichloromethane in a 1:5 ratio.  Singlet oxygen 

reacted with 58 via a [2 + 4] cycloaddition forming the 2,5-endoperoxide 69 (67%, NMR 

spectrum of the reaction mixture), which was stable at -100 °C, but upon warming 

decomposed to a hydroperoxide.  In 1993, diasteromeric endoperoxides 70 were 

characterized in the low-temperature photooxidation of 2',3',5'-O-(tert-

butyldimethylsilyl)-8-methylguanosine (59).78  The OTBS groups provided solubility for 

low-temperature characterization in CD2Cl2, and the 8-methyl group prevented the facile 

rearrangement that rapidly occurs in guanine peroxides bearing an 8-H substituent.  On 

the basis of -20 °C 1H and 13C NMR and low-temperature FAB mass spectrometry, 

endoperoxides 70 were assigned in greater than 95% NMR yield.78   Unlike CD2Cl2, in 

methanol the photooxidation of 59 gave endoperoxide 70 in low yields.  In methanol, a 

methoxy-hydroperoxide intermediate (68) was formed in 74% from the 

photooxygenation of 57.79,80  Formation of 1,2- and 1,4-methanol adducts had been 
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observed previously, for example the photooxidation of 2,5-dimethyl-2,4-hexadiene in 

methanol produced such solvent adducts.71 

Butenolides arise from the reaction of furans, such as 76 with singlet oxygen in 

the presence of alkyl amine bases.81  Scheme 11 shows an intermediate endoperoxide (77) 

converting to diasteromeric γ-hydroxyacrylbutenolides 78 in 88% yield after column 

chromatography.  Singlet oxygenation of 76 was conducted in the presence of Hünig’s 

base in CH2Cl2 at -78 °C.  Scheme 11.12 shows the proposed conversion of intermediate 

endoperoxide 77 to diasteromeric butenolides 78.  The absence of Hünig’s base in the 

photooxidation of 76 resulted in a complex mixture of compounds.   
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Two examples are presented in which intramolecular nucleophilic attack of 

adjacent alcohol groups led to the formation of spiro compounds (Scheme 12 and 13).  In 

2008, spirolactone 80 was synthesized in CH2Cl2 from an MB-sensitized 

photooxygenation of furan 79.
82   A possible mechanism, with an endoperoxide 

intermediate converting and setting up an intramolecular alcohol attack at the γ-ring site.  

Acetic anhydride and pyridine were added to the reaction, which provided 80 in 57% 

yield over the two steps.  In 2006, the singlet oxygenation of 2-substituted furan 81 led to 

[6,5,6]-bis-spiroketal (82) in an MB-sensitized reaction followed by the addition of 

dimethylsulfide and p-TsOH.83  In 1991, the singlet oxygenation of 2-carboxy-4-

methoxy-5-(methoxycarbonyl)-1-methylpyrrole (83), in which RB served as the 
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sensitizer in O2-saturated CH3CN-H2O (3:1) at 22 °C gave 5-hydroxy-4-methoxy-5-

(methoxycarbonyl)-2-methyl-3-pyrrolin-2-one (85) in 92% yield after silica gel 

chromatography (Scheme 11.15).84  The reaction likely produced the endoperoxide 

intermediate 84 prior to decarboxylation and formation of pyrrolin-2-one 85.84  The 

reported examples in Schemes 11-14 did not yield isolable endoperoxides, and revealed 

the potential for endoperoxide decomposition in the presence of a base or internal 

alcohol.   
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Scheme 13 
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In 2006, the TPP-sensitized photooxidation of a cycloheptatriene derivative (60) 

led to a tricyclic endoperoxide (71) as the major product in O2-purged CCl4 at 10 °C 

(Scheme 15).85  Treatment of 71 with triethylamine in CH2Cl2 at -30 °C led to O-O bond 

cleavage and the generation of tropolone 86.  On the other hand, heating 71 at 160°C 

resulted in the formation of epoxyketal 87.  In 1982, the photooxidation of 
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tricyclo[5.3.1.0]undeca-2,4,9-triene (61) in CHCl3 at 10 °C gave selectively endoperoxide 

72 in high yield (see Schemes 6 and 7).86  After removing solvent, the residue was 

chromatorgraphed on silica gel at 0 °C, and the endoperoxide (72) was obtained in 74% 

yield as an oil that crystallized in the refrigerator.  
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5.3.5  Summary  

Reported of photooxidations giving endoperoxides has been published in several 

reviews.2,38-41  The clean production of endoperoxides has been achieved, and many of 

these endoperoxides have been isolated pure and in high yields.  Endoperoxides have 

been generated in organic and aqueous media, but some are unstable above 0 °C.  

Decomposition of endoperoxides can lead to the dissociation of oxygen.46-48  

Endoperoxide decomposition also occurs by O-O bond cleavage, which results in the 

formation of bisepoxides (e.g., spiro[2.4]hepta-4,6-diene endoperoxide)39 or ketones 

(such as the conversion of the natural product kalasinamide via its endoperoxide to the 

corresponding quinone, marcanine A).87  Endoperoxides are not known to rearrange to 

dioxetanes.  For example, vinyl dioxetanes do not rearrange to the corresponding 
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endoperoxides.  Endoperoxides have been trapped with phosphines.  Insertion of 

phosphines into the O-O bond of unsaturated endoperoxide 61 and other bicyclic 

endoperoxides have been conducted, and point to a biphilic insertion mechanism with 

varying degrees of nucleophilic and electrophilic contributions in the transition states 

giving the bicyclic dioxaphosphoranes.88  Alcohol solvents can lead to trapping and 

addition of the solvent giving hydroperoxy alcohols. 

 

5.4  Allylic Hydroperoxides 

5.4.1  Background Information 

Singlet oxygen chemistry has been employed in the synthesis of allylic 

hydroperoxides.89,90  The 1O2 ‘ene’ reaction of alkenes gives allylic hydroperoxides, 

where the double bond has shifted.  Scheme 8 presented one example (vide supra, 

Section 5.3.2.1).42,43  Schemes 16 to 19 demonstrate several reported examples of 

hydroperoxides formed in good to high yields.  Singlet oxygen reacts rapidly with allylic 

alkenes in solution or confined within zeolites.  Zeolites have been used to affect the 

regio- and stereochemical outcome of the hydroperoxide products.91,92 

 

5.4.2  Simple Alkenes 

An example of a singlet oxygen ‘ene’ reaction was provided in 2006, where 

hydroperoxide 89 was prepared from C60-supported silica gel in a solvent-free reaction of 

tetramethylethylene (88) at 25 °C (Scheme 16).93  Purification was conducted by washing 

the silica gel with chloroform or ethyl acetate, and obtaining 89 after evaporating the 

solvent.  The scope of the solvent-free 1O2 reaction in the work included mono-alkenes, 
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dienes, and diethylsulfide.93   Singlet oxygen ‘ene’ reactions of allylic alcohols have also 

been performed by solid-state photooxygenations in dye-crosslinked polystyrene and 

gave diastereomeric hydroperoxides.94,95 

 

Scheme 16 
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 In 2004, excellent yields of hydroperoxides 91 and 92 were obtained (>95%) in 

the photooxidation of racemic acid 90 (Scheme 17).96  The diastereoselectivity of the 

photooxidation favored the trans configurated products due to the anti directing effect of 

the protonated carboxylic acid group.  Low regioselectivity was observed for 92 

compared to 91.  Pyridine helped accelerate the deprotonation of the CH next to COOH 

of 90 affording 92, and also suppressed the formation of aromatic compounds, which 

would otherwise take place in the absence of pyridine.  A great many studies of ‘ene’ 

reactions have been conducted in organic solvents.97-101 or aqueous media.102-106  One 

report appeared which used a fluorous biphasic solution.107 
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Scheme 17 
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In 1996, the photooxidation of alkene 93 was reported in a fluorous biphasic 

solution (C6F14/CD3CN) at 0 °C (Scheme 18).107  Compound 93 reacted with 1O2 

produced from irradiation of 5,10,15,20-tetrakis(heptafluoropropyl)porphyrin (TPFPP), 

and 94 was obtained in 57% yield where a shift in the double bond took place.  

Acetonitrile was chosen as the co-solvent due to a favorable partition coefficient of the 

TPFPP sensitizer, which was important.  Over time sensitizers eventually decompose, but 

TPFPP proved to be more chemically stable compared to TPP in the presence of singlet 

oxygen, which was attributed to the physical segregation of TPFPP from 93 and 94.  A 

three-phase solid-gas-liquid experiment also noted enhanced sensitizer stability when is 

had become distanced from the reagents.108  In 2007, a report appeared on 

photooxidations of alkenes within fluorinated zeolite media, which due to an enhanced 

lifetime of 1O2 proved useful for ‘ene’ reactions.  Zeolites will be the subject of the next 

subsection.109 
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Scheme 18 
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5.4.3  ‘Ene’ Reactions Confined in Zeolites 

In recent years, singlet oxygen hydroperoxidations have been conducted in 

zeolites because different product distributions are observed.91,92,110,111  Diastereoselection 

in singlet oxygen ‘ene’ reactions of chiral alkenes has been observed due to zeolite 

confinement.111  Trisubtituted alkenes gave different diastereoselectivity in solution than 

when carried out within zeolite NaY, the latter was attributed to a synergistic effect of 

sterics and cation-π interactions.  In 1996, a thionin-supported cation-exchanged zeolite 

reaction was reported for the 1O2 ‘ene’ reaction with 2-methyl-2-pentene (95) (Scheme 

19).112   The interior of the cavity helped to control the direction of attack by singlet 

oxygen on 95.   Singlet oxygen adds –OOH selectively to the 3-position of 95 within the 

zeolite.  In acetonitrile solution, singlet oxygen adds to 95, yielding the 3- and 2-

hydroperoxides (96 and 97, respectively).   
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Scheme 19 
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5.4.4  Summary 

Allylic hydroperoxides have been synthesized as pure compounds in high yield.  

The sensitized photooxidation of the allylic alkenes proceeded rapidly with visible light, 

and ceased after uptake of 1 equivalent of oxygen.  Researchers have studied singlet 

oxygen ‘ene’ reactions extensively and recent reviews have appeared on the subject.89,90  

Allylic alkenes not only react readily with singlet oxygen to afford hydroperoxide 

products, but also provide synthetic routes to asymmetric hydroperoxides.  Zeolite-

mediated asymmetric hydroperoxidations have been of recent interest.  In 2003, a 

theoretical study concluded that the perepoxide is not a minimum on the potential energy 

surface in reactions of cis-2-butene or tetramethylethylene with 1O2 .
113 

 

5.5  Tandem Singlet Oxygen Reactions 

5.5.1  Background Information 

The bisperoxides described in this section represent compounds that have taken 

up 2 equivalents of singlet oxygen.  Sections 5.3.2.1 and 5.3.2.3 have mentioned the 

formation of a bisperoxide 43’ and a polyendoperoxide 50.  Schemes 20 to 25 

demonstrate reported examples of bisperoxides formed from tandem singlet oxygen 
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reactions in good to high yields (Section 5.5.2).  A degree of correlation among furan and 

guanine photooxidations is mentioned, in both cases spiro compounds form.   

 

5.5.2 Bisperoxides 

5.5.2.1 Phenyl-Substituted Alkenes.  In 1978, a bisdioxetane (99) was prepared 

from a double [2 + 2] cycloaddition reaction of two molecules of singlet oxygen with 

bisdioxene 98.  The reaction used polymer-supported RB in O2-saturated CH2Cl2 at -78 

°C and formed 99 in good yield (70%, Scheme 20).114  Another example is the tandem [2 

+ 4]/[2 + 4] singlet oxygenations of 2,3-diphenylindene 15, which was reported in 1979 

(Scheme 21).  The reaction afforded a diendperoxide (100) in Freon-11 or acetone-d6 at -

78 °C (100% NMR yield, not isolated).26   The initially formed monoendoperoxide was 

not characterized structurally.  The second mole of 1O2 was proposed to add rapidly on 

the opposite side (on the 6-membered ring portion) thereby forming 100.  Interestingly, 

evidence showed that the photooxidation of 15 in methanol or in methanol-acetone 

solvent mixtures produced a dioxetane (vide supra, Section 5.2.4).  In 1972 and 1973, the 

photooxidation of benzhydrylidene-cyclobutane (101) in chloroform and 0.5% ethanol at 

-60 °C was reported to lead to diendoperoxide 102 (63% yield), a compound which 

exploded above 130 °C (Scheme 22).115,116 
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5.5.2.2 Cyclic Alkenes.  In 1995, the RB-sensitized photooxygenation of 6,6-

diethoxyfulvene (103) in acetone-d6 at -78 °C afforded diethoxyfulvene endoperoxide 

(104) as a primary product (Scheme 23).117  On the basis of 1H-NMR spectroscopy at -50 

°C, the initial endoperoxide 104 was assigned, the dioxetane, 105, was not observed.  

Further photooxygenation resulted in the formation of bisperoxides syn-106 and the anti-

106 in a 9:1 ratio.  Peroxides 104 and 106 were not stable and were not isolated.  Above -

30 °C, endoperoxide 104 relased oxygen and gave back fulvene 103, the bisperoxides 

106 decomposed to cis-butenedial, diethylcarbonate, and carbon monoxide. 
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Scheme 23 
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The TPP-sensitized photooxidation of 1,4-cyclohexadiene (107) yielded several 

peroxide products, 109-112 (Scheme 24).118-120  Once the primary ‘ene’ product formed 

(108), endoperoxy-hydroperoxides 109 and 110 arose by secondary [2 + 4] 

cycloadditions in 87% and 9% yield, respectively, and bishydroperoxides 111 and 112 

arose by secondary ‘ene’ reactions in less than 4% yield combined.  The purification of 

peroxides 109-112 was accomplished by silica gel chromatography at low temperature.  

cis-Hydroperoxide 112 was recrystallized.  In 2006, a hydroperoxy-endoperoxide (114) 

was isolated in 80% chromatographed yield from a TPP-sensitized oxygenation of 

tetrahydronaphthalene (113) in CH2Cl2 at 15 °C (Scheme 25).121  The primary singlet 

oxygen ‘ene’ product was not observed, but its formation produced a diene unit capable 

of adding the second equivalent of singlet oxygen.  The configuration of hydroperoxy-

endoperoxide 114 was determined indirectly based on the X-ray structure of 116 

produced from the bromination of 114 via intermediate 115.  
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Scheme 24 
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Scheme 25 
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In 2005, 4α-hydroxy peroxyguaienes anti-118 and syn-118 were formed from the 

photooxidation of diene 117 in CH2Cl2 upon reduction of the hydroperoxide group with 

triphenylphosphine (Scheme 26).122  The first addition of singlet oxygen was found to be 

stereoselective.  The second addition of singlet oxygen was less selective, presumably 

forming endoperoxy-hydroperoxides prior to reduction by the triphenylphosphine to give 

mixtures of endoperoxy-alcohols 118 in 56% combined yield. 
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5.5.3 Rearrangment to a Hemiketal Hydroperoxide 

In 1998, the singlet oxygenation of biphenylene (119) with TPP in O2-saturated 

acetone at -40 °C yielded a hemiketal hydroperoxide (122) in 56% yield after silica gel 

chromatography (Scheme 27).123  On the basis of 1H-NMR spectroscopy, the primary 

product was assigned to the monoendoperoxide (120), which underwent fragmentation 

into a dicarbonyl product 121.  After further cyclization and tautomerization steps, a 

furanone derivative added a second singlet oxygen molecule by the ‘ene’ reaction to 

reach the hemiketal hydroperoxide, 122.   
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5.5.4 Rearrangements to Spiro Compounds  

In 2005, a tandem singlet oxygen reaction with Z- or E-silylated furan 123 was 

studied, which gave diastereomeric bis-4-hydroxybutenolides 124 as the initial products 

(Scheme 28). 82,124   After workup with mild acid from silica gel chromatography or p-

TsOH, spiroketals 125 were isolated in good yield (80%).  The spiroketal moiety of cis- 

and trans-125 represents the core structure of the natural product prunolide C.  

Replacement of the SiMe3 group for H in unsubstituted furans has been shown to be 

synthetically useful.125  A mechanism for the singlet oxygenation of 2-methyl-5-

trimethylsilylfuran (126) proposed silyl migration and methanolysis to give γ-hydroxy-γ-

lactone 127 (Scheme 29).125 
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Scheme 29 
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In 2007, a tandem singlet oxygen [2 + 4] cycloaddition and ‘ene’ reaction and 

ketalization was reported for 128 (Scheme 30).126   The reaction was conducted with MB 

as the photosensitizer in CDCl3 at 8 °C.  The overall yield of 8-epi and (+)-premnalane 

was 62% (ratio 129:130 was 2:1), and they could be separated by column 

chromatography.  In addition to the NMR spectroscopy evidence for 129 and 130, X-ray 

crystal data was obtained for one of the diastereomers of (+)-premnalane 130. 
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Scheme 30 
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Unlike guanosine 59 described in Section 5.3.4.3 78, the reaction of  

singlet oxygen with 2’,3’,5’-tris-(O-tert-butyldimethylsilyl)guanosine (131) produced 

spirodiimidohydantoin (135).127  A facile rearrangement occurred because the guanosine 

peroxide bore a 8-H substituent.  A possible mechanism for the conversion of guanosine 

131 to 135 is given in Scheme 31.  The secondary photooxidation of 8-oxoG 132 yielded 

5-hydroperoxy-8-oxo-7,8-dihydroguanosine (133) at low temperature.  Reduction of 133 

yielded the corresponding alcohol (134), which rearranged to a stable final product 

spirodiimidohydantoin (135).   
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Scheme 31 
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The first report of the structure of the spirodiimidohydantoin nucleoside coming 

from 8-oxoG was in 2000,128 in which the oxidation of 8-oxoG by either Ir(IV) or singlet 

oxygen produced the same spiro compound according to polymerase,129a 13C-, 15N-, and 

18O-labeling,129b and density functional theory studies.129c  The reaction of guanosine with 

singlet oxygen,128-130 and the reaction of furans (such as, 123) with singlet oxygen,82,124 

showed a similar tendency to form spiro compounds, although they appear to do so by 

different mechanisms.   

 

5.5.5  Summary 

The reactions in this section proceed through stepwise tandem additions of singlet 

oxygen.  The overoxidation of unsaturated hydrocarbons 15 (in Freon-11 or acetone-d6), 

98, 101, 103, 107, 113, 117, 119, 123, 128, and 131 led to the uptake of 2 equivalents of 
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oxygen. Compounds 15, 98, 101, 103, 107 led to the formation of bisperoxides.  Growing 

experimental data has been accumulated for singlet oxygen reactions, which give rise to 

spiro compounds,82,83,127-130 or yield bis- or polyperoxides, or polyepoxides.42,58,114-120,131 

 

5.6  Conclusion 

The chapter describes largely singlet oxygen reactions with synthetic potential.  

Dioxetanes, endoperoxides, hydroperoxides, and bisperoxides were target molecules in 

dye-sensitized photooxidations.  Oxygen, sensitizer, and light were all needed to produce 

the peroxide products.  Some polyunsaturated hydrocarbons were subject to singlet 

oxygen overoxidation reactions, others were efficient physical quenchers of singlet 

oxygen.  Amine and metal-containing compounds also efficiently convert 1O2 to 3O2 

(physical quenching) and chemically react slowly with singlet oxygen, which can 

represent a shortcoming for their use as substrates in this chemistry.  Although a large 

body of photooxygenation data are available for peroxides, but only a fraction of it 

focuses on electron-transfer photooxidation chemistry,29,32,132-134 and its broader synthetic 

utility has not yet been established.   
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