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ABSTRACT

There is a major need for light-activated materials for the
release of sensitizers and drugs. Considering the success of
chiral columns for the separation of enantiomer drugs, we
synthesized an S,S-chiral linker system covalently attached to
silica with a sensitizer ethene near the silica surface. First,
the silica surface was modified to be aromatic rich, by replac-
ing 70% of the surface groups with (3-phenoxypropyl)silane.
We then synthesized a 3-component conjugate [chlorin sensi-
tizer, S,S-chiral cyclohexane and ethene building blocks] in 5
steps with a 13% yield, and covalently bound the conjugate
to the (3-phenoxypropyl)silane-coated silica surface. We
hypothesized that the chiral linker would increase exposure
of the ethene site for enhanced 1O2-based sensitizer release.
However, the chiral linker caused the sensitizer conjugate to
adopt a U shape due to favored 1,2-diaxial substituent orien-
tation; resulting in a reduced efficiency of surface load-
ing. Further accentuating the U shape was p–p stacking
between the (3-phenoxypropyl)silane and sensitizer. Semiem-
pirical calculations and singlet oxygen luminescence data
provided deeper insight into the sensitizer’s orientation and
release. This study has lead to insight on modifications of
surfaces for drug photorelease and can help lead to the devel-
opment of miniaturized photodynamic devices.

INTRODUCTION
Photoreleased molecules are of considerable interest not only in
the field of photochemistry but also in site-specific delivery
applications (1–23). Current literature on sensitizer and drug pho-
torelease has mainly focused on the use of direct UV, visible
and near-IR light to activate the release mechanisms. However, a
utility can be exploited with photogenerated 1O2 (1Δg) as the

drug release trigger agent, rather than light as a direct release
trigger (24–32). Although 1O2-release reactions are becoming
common, there is a need for heterogeneous surfaces in this con-
text to improve the selectivity of the process.

Heterogeneous surfaces have been used for photorelease reac-
tions in the past (33–39). However, this line of research is still in
its infancy. Surface types that have been studied for drug photore-
lease include chitosan particles (40), fluorinated silica (41), quan-
tum dots (QDs) (42), carbon and polymer dots (43–45) and gold
nanoparticles (46,47). To our knowledge, chiral surfaces that add
control features to photorelease reactions have not been studied.

By contrast, many papers have been published reporting on
chiral surfaces for the chromatographic separation of enan-
tiomers. Chiral compounds such as (–)-menthyl have been cova-
lently bonded to silica and shown to be useful as media for the
separation of enantiomers (48–52). Notably, there have been
some chiral surface modifications adapted for drug release. For
example, porous chiral materials have been used to tune the
release kinetics of R- vs S-enantiomers (53). In another example,
the antitumor drug doxorubicine was released in a tunable, pH-
dependent fashion to MCF-7 cells from chiral 3-N-aminopropyl-
L-tartaric acid triethoxysilane porous silica particles (54).

Due to the need for the further advancement of solid supports
for the photorelease of sensitizers and drugs, we sought to attach
a photocleavable ethene linker to a sensitizer and introduce a
bend using a chiral S,S-cyclohexyl dicarboxylate group. This
required the assembly of a conjugate containing three types of
monomer units: a sensitizer, a chiral cyclohexyl ring and an
ethene. This trimer was then attached to 3-iodopropyl
trimethoxysilane enabling the 3-component conjugate to be cova-
lently attached to a silica surface and the sensitizer’s photorelease
from the silica surface to be studied, for possible PDT applica-
tions. Our detailed approach is shown in Fig. 1.

In this study, we report on the synthesis and testing of a bent
[(1S,2S)-cyclohexane-1,2-dicarboxylate group] ethene linker cova-
lently bound to silica as a unique system for the photorelease of a
sensitizer. We hypothesized that the U shape of the bridge would
increase the exposure of the ethene site for enhanced 1O2-based
sensitizer release. We expected this system to be an improvement
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over our previous succinate (55) and dimethylene-linked (56–58)
sensitizer photorelease systems. In this system, the 1O2, which
triggers the sensitizer release, is generated by the sensitizer sur-
face. The rapid reaction between 1O2 and the ethene linker, that is,
(Z)-1,2-dioxyethene, releases sensitizer molecules upon cleavage
of a dioxetane intermediate (55–58). We also hypothesized that
the sensitizer would be made to bend over by p–p stacking interac-
tions with covalently bound (3-phenoxypropyl)silanes close to the
surface. It was thought that our surface modification strategy
would further reveal how sensitizer photorelease can be controlled,
which also connects to how these materials can be engineered for
miniaturized photodynamic devices.

MATERIALS AND METHODS

General information. Reagents and solvents such as methanol, hexane,
toluene, N,N-dimethylformamide (DMF), tetrahydrofuran (THF),
dichloromethane (CH2Cl2), chloroform (CHCl3), deuterated chloroform
(CDCl3), carbon tetrachloride (CCl4), n-butanol, sodium sulfate, sodium
bicarbonate, sodium periodate, sodium borohydride, phenol, osmium
tetroxide, acetic acid, N-(3-dimethylaminopropyl)-N0-ethylcarbodiimide
hydrochloride (EDC), N,N-dimethyl-4-aminopyridine (DMAP),
3-iodopropyl trimethoxysilane and trimethylsilyl diazomethane were
purchased from Sigma-Aldrich. Chlorin e6 was purchased from Frontier
Scientific. The (1S,2S)-cyclohexane-1,2-dicarboxylic acid was purchased
from VWR. All the reagents and solvent were used as received from
commercial suppliers without further purification. Corning 7930 porous
Vycor glass (PVG) was purchased from Advanced Glass and Ceramics,
Holden, MA. Silica samples were cleaned with refluxing methanol in a
Soxhlet extractor. 1H NMR spectra were collected using a Bruker
Avance instrument for 1H at 400 MHz and for 13C at 100.6 MHz.
UV�vis spectra were collected on a Varian Cary-100 spectrophotometer.
HPLC data were obtained on a PerkinElmer 200 series instrument
equipped with a bondclone 10 C18 column. HRMS data were collected
at the mass spectrometry facility in University of California, Riverside.
Prior to covalent attachment, PVG particles were dried using a muffle
furnace (Fischer Scientific Isotemp.) for 24 h.

Synthesis of chlorin-e6 trimethyl ester 1. Yield 100.0 mg (93.4%). To
a 10-mL mixed solution (6 mL MeOH and 4 mL toluene), 100.0 mg
(0.167 mmol) of chlorin e6 was added and stirred for 5 min under

nitrogen. A 460 lL (0.924 mmol) 2 M hexane solution of trimethyl silyl
diazomethane was added to the reaction mixture drop wise. Reaction
mixture was stirred under N2 for 5 h. AcOH (10 mL 10% aqueous
solution) was added to the reaction mixture to quench excess
diazomethane. MeOH was evaporated under reduced pressure. Reaction
mixture was diluted with 20 mL dichloromethane, and organic layer was
washed three times with 10 mL water and dried on Na2SO4 and
evaporated to get crude product. Crude product was separated by column
chromatography using 0.2% MeOH in CH2Cl2. Rf = 0.85. HPLC showed
the purity of the compound is 99%: tR = 19.2 min in gradient mixture of
MeOH and H2O.

1H NMR (400.0 MHz, CDCl3) d 9.72 (s, 1H), 9.54 (s,
1H), 8.80 (s, 1H), 8.03 (dd, J = 18.0 Hz, 11.6 Hz, 1H), 6.34 (d,
J = 18.0 Hz, 1H), 6.13 (d, J = 11.2 Hz, 1H), 5.44 (d, J = 18.8 Hz, 1H),
5.33 (d, J = 13.6 Hz, 1H), 4.51 (m, 2H), 4.33 (s, 3H), 3.84 (s, 3H), 3.77
(m, 2H), 3.70 (s, 3H), 3.64 (s, 3H), 3.48 (s, 3H), 3.29 (s, 3H), 2.63 (m,
1H), 2.26 (m, 2H), 1.83 (d, J = 7.6 Hz, 4H), 1.75 (t, J = 11.2 Hz, 3H),
�1.22 (br s, 1H), �1.37 (br s, 1H).

Synthesis of 3-formyl chlorin e6 trimethyl ester 2. Yield 52.0 mg
(56%). To the 90.0 mg (0.141 mmol) of 1 in 25 mL THF, 15.36 mg
(0.06 mmol) of OsO4 in 150 lL CCl4 was added at 0°C under N2
atmosphere. Reaction mixture was stirred within 0–5°C temperature for
25 min. A known value of 254 mg (1.19 mmol) of NaIO4, dissolved in
5% AcOH solution, was added to the reaction mixture. Reaction
mixture was stirred overnight at room temperature. THF was evaporated
out in rotavapor. Reaction mixture was extracted with 50 mL of
dichloromethane and washed with water. The organic layer was dried
over sodium sulfate. After evaporating organic solvent, residue was
purified by column chromatography using 0.1% MeOH-CH2Cl2.
Rf = 0.62 in 1% MeOH-CH2Cl2.

1H NMR (400.0 MHz, CDCl3) d
11.52 (s, 1H), 10.23 (s, 1H), 9.67 (s, 1H), 8.97 (s, 1H), 5.43 (d,
J = 19.2 Hz, 1H), 5.31 (d, J = 18.8, 1H), 4.51 (m, 2H), 4.31 (s, 3H),
3.82 (s, 3H), 3.80 (s, 3H), 3.69 (s, 3H), 3.61 (s, 3H), 3.30 (s, 3H),
2.66 (m, 1H), 2.30 (m, 2H), 2.19 (m, 4H), 1.79 (m, 3H), 1.72 (t,
J = 7.6, 4H), �1.77 (br s, 1H); 13C NMR (100.6 MHz, CDCl3) d
188.3, 173.5, 172.8, 169.1, 168.9, 167.5, 155.1, 151.6, 145.0, 138.3,
138.2, 138.0, 136.5, 136.0, 134.0, 131.9, 128.5, 125.5, 103.2, 101.3,
100.7, 95.6, 53.5, 53.2, 52.2, 51.7, 48.7, 38.5, 31.0, 29.7, 29.3, 23.2,
19.6, 17.6, 12.4, 11.4, 11.3.

Synthesis of 31-hydroxyl chlorin-e6 trimethyl ester 3. Yield 39.3 mg
(98%). To the 10 mL MeOH- CH2Cl2 (4:1 mixture), 40.0 mg
(0.062 mmol) of 2 and 9.0 mg (0.23 mmol) of NaBH4 was added in ice-
cold temperature. Color of the solution was changed from red to emerald
green. Reaction was stirred in room temperature for 15 h. MeOH was
evaporated by reduced pressure. Reaction mixture was diluted with

Figure 1. Illustration of the synthesis and cleavage processes: functionalization of silica with phenoxypropylsilane; the covalent attachment of the trimer
conjugate drawn in a U-shaped relationship to the surface; the subsequent photorelease of the sensitizer from the silica surface. Energy transfer takes
place between the triplet-state chlorin and ground-state molecular oxygen (3O2), to yield the ground state of the sensitizer and 1O2. The

1O2 reacts with
the ethene to produce a surface-bound dioxetane, which releases the sensitizer from the surface.
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25 mL CH2Cl2. Organic layer was washed with 10 mL 5% AcOH
followed by saturated sodium bicarbonate and water. Organic layer was
dried on Na2SO4 and evaporated on rotavapor to get green solid. Crude
product showed single spot in TLC. Therefore, column chromatography
was not performed. Rf = 0.32 in 1% MeOH-CH2Cl2.

1H NMR
(400.0 MHz, CDCl3) d 9.69 (s, 1H), 9.52 (s, 1H), 8.77 (s, 1H), 5.83 (s,
2H), 5.38 (d, J = 19.2, 1H), 5.30 (d, J = 11.2, 1H), 4.46 (m, 2H), 4.28
(s, 3H), 3.80 (s, 3H), 3.65 (s, 3H), 3.60 (s, 3H), 3.43 (s, 3H), 3.27 (s,
3H), 2.59 (m, 1H), 2.21 (m, 3H), 1.78 (d, J = 7.2, 4H), 1.71 (t, J = 7.6,
4H), �1.61 (br s, 1H); 13C NMR (100.6 MHz, CDCl3) d 173.6, 173.0,
169.6, 169.4, 167.0, 154.3, 148.7, 145.0, 139.1, 136.7, 136.0, 135.6,
135.4, 135.1, 132.6, 129.4, 123.5, 102.4, 102.0, 98.2, 93.8, 56.3, 53.1,
53.0, 52.1, 51.7, 49.3, 38.6, 31.0, 29.7, 29.5, 22.9, 19.6, 17.6, 12.4, 11.3,
11.1.

Synthesis of trans-cyclohexyl monocarboxylate chlorin e6 trimethyl
ester 4. Yield 30.0 (60%). To the 40.0 mg (0.062 mmol) of 3 in 10 mL
of dry dichloromethane under nitrogen atmosphere, 42.8 mg (0.24 mmol)
of (1S,2S)-cyclohexane-1,2-dicarboxylic acid, 23.79 mg (0.12 mmol) of
EDC and 15.07 mg (0.12 mmol) of DMAP was added. Reaction mixture
was stirred for 24 h under N2 in room temperature. CH2Cl2 was
evaporated and compound was purified by column chromatography using
1–1.2% MeOH-CH2Cl2. Rf = 0.33 in 1.5% MeOH-CH2Cl2. HPLC
showed the purity of the compound is 87%: tR = 16.0 min in gradient
mixture of MeOH and H2O.

1H NMR (400.0 MHz, CDCl3) d 9.70 (s,
1H), 9.56 (s, 1H), 8.80 (s, 1H), 6.49 (d, J = 12.8, 1H), 6.31 (d, J = 12.8,
1H), 5.38 (d, J = 18.8, 1H), 5.26 (d, J = 18.8, 1H), 4.45 (m, 2H), 4.28
(s, 3H), 3.79 (s, 3H), 3.64 (s, 3H), 3.58 (s, 3H), 3.48 (s, 3H), 3.32 (s,
3H), 2.72 (m, 2H), 2.55 (m, 1H), 2.19 (m, 2H), 2.04 (m, 2H), 1.76 (d,
J = 7.2, 3H), 1.69 (m, 6H), 1.23 (m, 8H), �1.64 (brs, 1H).

Synthesis of spacer (Z)-2-phenoxyvinyloxy)benzyl-(1S,2S)-cyclohexane-
1,2-dicarboxylate chlorin-e6 trimethyl ester 5. Yield 17.7 mg (42%). To
the 30.0 mg (0.04 mmol) of 4 in 10 mL of dry dichloromethane in
nitrogen atmosphere, 30 mg (0.12 mmol) of spacer alkene alcohol,
15.3 mg (0.08 mmol) of EDC and 9.7 mg (0.08 mmol) of DMAP was
added. Reaction mixture was stirred for 24 h under N2 in room
temperature. CH2Cl2 was evaporated, and compound was purified by
column chromatography using 0.35–0.45% MeOH-CH2Cl2. Rf = 0.51 in
1.5% MeOH-CH2Cl2. HPLC showed the purity of the compound is 95%:
tR = 18.5 min in gradient mixture of MeOH and H2O.

1H NMR
(400.0 MHz, CDCl3) d 9.74 (s, 1H), 9.58 (s, 1H), 8.80 (s, 1H), 7.21 (d,
J = 8.4 Hz, 2H), 6.90 (d, J = 8.4 Hz, 2H), 6.80 (d, J = 8.4 Hz, 2H),
6.54 (d, J = 8.4 Hz, 2H), 6.46 (d, J = 12.8 Hz, 1H), 6.31 (d,
J = 12.8 Hz, 1H), 5.80 (d, J = 3.6 Hz, 1H), 5.53 (d, J = 3.2 Hz, 1H),
5.39 (d, J = 19.2 Hz, 1H), 5.27 (d, J = 18.8 Hz, 1H), 4.79 (d,
J = 12.0 Hz, 1H), 4.65 (d, J = 12.0 Hz, 1H), 4.55 (brs, 2H), 4.46 (m,
2H), 4.29 (s, 3H), 3.82 (m, 6H), 3.67 (s, 3H), 3.61 (s, 3H), 3.48 (s, 3H),
3.34 (s, 3H), 2.78 (m, 2H), 2.60 (m, 1H), 2.15 (m, 4H), 1.75 (m, 10H),
1.39 (m, 2H), 1.28 (m, 3H), �1.48 (brs, 1H), �1.79 (brs, 1H); 13C NMR
(100.6 MHz, CDCl3) d 175.0, 174.7, 173.7, 173.6, 173.4, 173.0, 169.4,
167.1, 156.8, 156.7, 154.7, 149.3, 145.1, 138.7, 136.6, 136.3, 135.4,
135.3, 134.0, 131.1, 129.9, 129.6, 129.3, 128.4, 128.2, 127.6, 123.7,
116.0, 115.6, 115.5, 115.4, 102.4, 102.0, 98.5, 94.0, 65.6, 64.7, 57.4,
53.1, 53.0, 52.1, 51.6, 49.3, 45.1, 45.0, 42.8, 42.7, 38.5, 31.1, 29.7, 29.5,
29.0, 28.9, 25.1, 22.9, 19.6, 17.7, 12.4, 11.3, 11.2. (+ESI) m/z calculated
for C60H67N4O13 [M+H]+ 1051.4699, found: 1051.4716.

Covalent binding of conjugate 5 and phenoxypropylsilane to silica.
Phenoxyproylsilane was attached to silica following the methodology of
nonafluorosilane [(CH3O)3SiCH2CH2CF2CF2CF2CF3] attachment to silica

Figure 2. Synthesis of conjugate 5 from three building blocks: a chlorin sensitizer, a (1S,2S)-cyclohexane, and an ethene [i.e. a (Z)-(ethene-bispheny-
lene)dimethanol].
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(41). 3-Iodopropyl trimethoxysilane (0.783 g, 2.62 mmol) and NaH
(94.3 mg, 3.93 mmol) were added to 0.244 g (2.62 mmol) of phenol in
50 mL of dry THF. Mixture was refluxed at 70°C for 24 h. THF was
evaporated completely after the reaction, and 1.0 g of silica was added
in situ and refluxed in toluene for another 24 h. Silica particles were
separated by filtration and washed with CH2Cl2, THF, methanol, toluene
and hexane and then Soxhlet extracted with methanol for 24 h to get
phenol conjugated silica particle 6. Then, 5 mg (4.75 lmol) of 5 reacted
with 3-iodopropyl trimethoxysilane in THF in a round bottom flask. THF
was completely evaporated and phenol conjugated silica particle to that
flask and toluene were added and refluxed for 24 h to get chlorin
trimethyl ester conjugated phenolic silica particle 7. It was then washed
with CH2Cl2, THF, methanol and hexane followed by its Soxhlet
extraction in methanol for 24 h to remove any adsorbed sensitizer from
the silica. No sensitizer leaching from the surface was observed in the
dark. Silica was dissolved by HF treatment and suspended green solid in
the aqueous solution was extracted with CHCl3, evidence suggested the
liberation of sensitizer as characteristic Soret and Q-band was found at
400 and 660 nm, respectively, in UV–vis of CHCl3.

Quantifying the loading of conjugate 5 on silica. Sensitizer loading
on 7 was calculated by the HF stripping method. A known value of
100.0 mg of sensitizer modified silica 7 was placed in 2.0 mL 50% (v/v)
HF solution and kept 3.0 h in room temperature. Sensitizer was extracted

from aqueous HF solution by CHCl3. The concentration of sensitizer in
CHCl3 was calculated based on a calibration plot of 5 by monitoring the
Soret absorption band (400 nm). Sensitizer loaded on silica 7 is
378 nmol g�1.

Singlet oxygen measurements. Time-resolved experiments were
performed at room temperature using a near-IR PMT Module H10330-45
(Hamamatsu, Iwata City, Japan) coupled to FL3 TCSPC-SP (Horiba
Jobin Yvon) single-photon-counting equipment, as described elsewhere
(59). Steady-state experiments were conducted with samples in a quartz
cell irradiated with a CW 450W Xe source equipped with an excitation
monochromator. The luminescence, after passing through an emission
monochromator, was detected at 90° with respect to the incident beam
using a near-IR photomultiplier tube. Emission spectra were recorded
between 950 and 1400 nm. For some steady-state experiments, a CW
diode laser with an output of 669 nm was used. The singlet oxygen
quantum yield (ΦD) of silica 7 was not determined due to complicating
factors including: light scattering of the particles; small 1O2 emission
signal prior to sensitizer cleavage away from the particle; and
interference from the spacer ethene that acts as a 1O2 chemical quencher.

Computational details. Semiempirical PM6 method (60) available in
Gaussian 09 program package with revision D.01 (61) was used to
generate scans by rotating dihedral angle Φ (C1–O2–C3–C4) and
dihedral angle h (C10–O20–C30–C40) by 360° in increments of 60°. The

Figure 3. PM6 computed energies of various confirmations of conjugate 5 by rotation of a dihedral angle Φ (C1–O2–C3–C4) by 360° in increments of
60°. The dihedral angle C1–O2–C3–C4 is defined as negative in a counter-clockwise direction down the O2–C3 bond. Low energy conformers A, B, F
and G show a syn orientation (U shape) of the sensitizer and ethene groups. Conformer F was the lowest energy minimum found.
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PM6 method was selected was used successfully for modeling large
systems, namely proteins, where protein structures optimized with PM6
reproduced experimental X-ray structures (62). The GaussView 5.0
program was used for visualization of the molecules (63).

RESULTS AND DISCUSSION
Our approach was to synthetically load the sensitizer conjugate
onto silica and to analyze conformations and photorelease of the
sensitizer from the silica surface.

Synthesis and characterization of compounds 1-5

The sensitizer–cyclohexyl–ethene trimer 5 was synthesized in
five steps from chlorin e6 with 13% overall yield (Fig. 2).

Step 1: Chlorin e6 was reacted with trimethylsilyl dia-
zomethane to reach chlorin e6-trimethyl ester 1 in 93% yield
using a modified procedure from the literature, where

diazomethane gas was used for the conversion. Com-
pound 1 produced six distinct singlets for six methyl groups
(three from methyl esters and the other three from pyrrole
moiety) by 1H NMR. Compound 1 is known in the litera-
ture (64).
Step 2: Compound 1 was then reacted with OsO4 followed
by a 10% acetic acid solution of NaIO4 to yield 3-formyl
chlorin e6-trimethyl ester 2 with 56% yield using a procedure
of Shim et al. (65). 1H NMR showed four singlets (11.52,
10.23, 9.67 and 8.97 ppm), with the peak at 11.52 ppm
assigned to the aldehyde and the others to the meso hydro-
gens, which indicate the conversion of the 31-32 vinyl bond
to 3-formyl.
Step 3: NaBH4 reduction in the 3-formyl to its correspond-
ing alcohol gave 31-hydroxyl chlorin e6-trimethyl ester 3 in
98% yield based on the procedure of Pavlov et al.
(66). Formation of 3 was evidenced by proton NMR, where

Figure 4. PM6 computed energies of various confirmations of conjugate 5 by rotation of a dihedral angle h (C10–O20–C30–C40) by 360° in increments
of 60°. The dihedral angle C10–O20–C30–C40 is defined as negative in a counter-clockwise direction down the O20–C30 bond. Conformers show a U- or
L-bend or straight relationship between the sensitizer and ethene groups. Energies are relative to conformer F in Fig. 3, which was the lowest energy
minimum found.
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the aldehyde peak at 11.52 ppm for 2 was absent in the
spectrum of 3.
Step 4: (1S,2S)-cyclohexane-1,2-dicarboxylic acid was cou-
pled to 3 using EDC-DMAP, a common coupling reagent for
esterification reactions (58,67), to afford monoester 4 in 60%
yield. Esterification of the 31-hydroxyl group resulted in a
downfield shift of the two protons attached to 31-carbon.
Each of these two protons appeared as two distinct doublets
at 6.49 and 6.31 ppm with J = 12.8 Hz. The splitting of
these hydrogens into doublets suggests that attachment of the
cyclohexane moiety produces a different electronic environ-
ment for each proton.
Step 5: The (Z)-(ethene-bisphenylene)dimethanol was cou-
pled to 4 using EDC-DMAP to afford the 3-component con-
jugate 5 in 42% yield. (The (Z)-(ethene-bisphenylene)
dimethanol was synthesized in 5 steps following a literature
procedure) (58). The 1H NMR spectrum of trimer 5 exhib-
ited eight phenyl protons (7.21, 6.90, 6.80 and
6.54 ppm, J = 8.4 Hz). The alkene hydrogens gave rise to a
doublet at 5.80 and 5.54 ppm. 2D HSQC indicated that the
four doublets produced by the phenyl hydrogens correlated
to carbon signals at 129.3, 128.4, 116.0 and 115.4 ppm and
that the two alkene doublets correlated to the carbons at
128.2 and 127.6 ppm (Figure S9). Following the synthesis

of trimer 5, semi-empirical PM6 calculations were per-
formed, in order to gain insight on the preferred orientation
of the sensitizer relative to the ethene group. These calcula-
tions are described next.

Computed conformations show a bent-shaped three-
component conjugate 5

In order to explore the conformations of trimer 5 connecting sen-
sitizer, trans-cyclohexyl, and ethene together, PM6 calculations
were carried out. In various conformations, trimer 5 was found
to fold into a U- or L-shape in order to reach its energetically
preferred structure. When straightened geometries were sought,
the energy increased, where optimized structures were mainly
bent structures. The conformers in Figs. 3 and 4 show 14 opti-
mized conformations of trimer 5. Conformer F was the most
stable. Conformers A-E and G-N were found to be within
12 kcal mol�1 by C1–O2–C3–C4 bond rotations about the (1S)-
cyclohexane group and C10–O20–C30–C40 bond rotations about
the (2S)-cyclohexane group. Thus, the conformers are flexible
and are expected to exist as a mixture in solution.

Table 1 shows the through-space distance from the center
of the sensitizer to the center of the ethene C=C bond in con-
formers A-N ranges from 7.7 �A to 14.9 �A. Table 1 also

Table 1. PM6 computed distances from the center of the sensitizer and ethene sites in conformers A-N.

Conformer Distance (�A) Angle (°) Shape

A 7.7 49.9 U
B 7.9 53.2 U
C 12.1 95.9 L
D 14.0 131.8 L
E 12.6 119.8 L
F 9.7 65.3 U
G 10.1 66.1 U
H 14.7 132.7 Straight
I 14.4 160.4 L
J 13.5 133.4 L
K 13.9 118.0 L
L 13.2 109.9 L
M 14.7 136.2 Straight
N 14.9 142.0 Straight
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shows the shapes of conformers due to the intervening chi-
ral S,S-cyclohexyl group based on PM6 computations. Further-
more, the calculations show a clear preference for a U shape
in trimer 5, where the conformer F contains a 65° angle (cen-
ter of the sensitizer—center of the cyclohexyl—center of the
ethene). The S,S-cyclohexyl group serves as the arced bend of
the U structure. The U shape is based on a favored diaxial
rather than diequatorial substituent orientation as shown in
Fig. 5. In contrast, previously reported sensitizer–ethene dimers
(55–58) contain no such bending group and are thought to
adopt linear conformations due to their dimethylene or succi-
nate connecting groups.

The U shape of trimer 5 somewhat resembled structures
found in the literature (68–72), such as the bent-shaped con-
formers in kibdelomycin bound to S. aureus (73), or
the aminomalonyl dipeptide esters (74) and fluorescent naph-
thalimide-cholesterol conjugates in membranes (75). Next, the
U shape of the sensitizer conjugate was examined with regard
to the surface loading and 1O2-based ethene cleavage relative
to that reported in the literature. The former effect is described
next.

Covalent bonding of trimer conjugate to a phenoxypropyl-
coated silica surface

Fine particles of diameters ranging from 75 to 150 lm were pre-
pared by grinding and sieving porous Vycor glass (PVG) accord-
ing to our previously reported method (57). Next, phenol
molecules were covalently attached to the silica surface by a reac-
tion with 3-iodopropyl trimethoxysilane as seen in Fig. 6. In our
reaction, phenoxypropyl trimethoxysilane (MeO)3SiCH2CH2-

CH2OPh was formed in situ and bound with silica. The reaction
resulted in coverage of 70% of the silica surface (1.16 mmol g�1

silica) with OPh groups. The use of 3-iodopropyl trimethoxysilane
to covalently attach compound on a silica surface had been previ-
ously successful (76–78). Sensitizer-coated surface 7 was then
synthesized by reacting trimer 5 with 3-iodopropyl trimethoxysi-
lane and attaching it to the (3-phenoxypropyl)silane coated silica
surface by some of the remaining silanol groups. Soxhlet extrac-
tion was used to remove any noncovalently bound compounds.
The trimer’s silica surface coverage was determined by obtaining
UV-vis of the sensitizer liberated by dissolving the silica 7 in
aqueous HF, by a method previously reported (41,55,79,80).
Based on the data gained through this HF treatment, the coverage
of sensitizer molecules in 7 was found to be 0.023%
(0.38 lmol g�1 silica).

As noted in the computational studies reported above, the U
shape of trimer 5 may discourage it from bonding to the silica
surface by hindering the silane portion of 5 from reaching the
surface. Our results for the U shape orientation between the sen-
sitizer and ethene suggest the sensitizer would be directed toward
the surface. This conformation could potentially impact the pho-
torelease chemistry, which we investigated next.

Singlet oxygen induced release of sensitizer 9 from the silica 7

Silica 7 was investigated by direct analysis of the 1O2 near-IR
luminescence (81,82) (Fig. 7). Silica 7 was stirred and irradiated

Figure 5. The S,S-diaxial orientation is preferred over the S,S-diequator-
ial orientation.

Figure 6. Synthesis of phenoxypropyl silica particle 6 and the sensitizer conjugated phenoxypropyl silica particle 7.
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simultaneously, while the near-IR emission spectra were
recorded after the sample was excited at the wavelengths of
the Soret (400 nm) and the Q-band (660 nm) of the sensitizer.
The typical 1O2 phosphorescence band centered at 1270 nm was
observed upon irradiation of silica 7 as seen in Fig. 8, providing
clear evidence of 1O2 production. Interestingly, the 1O2 emission
arises early in the reaction suggesting the production of singlet
oxygen while the sensitizer is bound to the particle, but this is
very low compared to when the sensitizer is photoreleased into
solution. That is, the intensity of the 1O2 phosphorescence
increased as the irradiation time increased wherein the sensitizer
is released and diffused into solution.

In another set of experiments, silica 7 was irradiated at
400 nm for 2 h in chloroform and then the particles were
removed from solution by centrifugation. The resulting chloro-
form solution (supernatant) produced 1O2 upon visible-light irra-
diation, indicating that the sensitizer photorelease from the
particles had occurred. The results suggest that 1O2 reacts with
the ethene and forms a dioxetane intermediate, which breaks its
C–C and O–O bonds to give stable carbonyl-containing com-
pounds. Because the total rate constant (kT) of

1O2 with dialkox-
yethene is ~4 9 107 M

�1 s�1 (83), hundreds of collisions
between the two are required in this sub-diffusion controlled
process that leads to sensitizer cleavage. The cleaved sensi-
tizer 9 dissolves in solution and leads to 1O2 luminescence in
the solution phase. The sensitizer release is shown not to occur
in the dark by a reaction such as hydrolysis.

The results shown in Table 2 (entry 1) indicate a low sensitizer
photorelease efficiency of 5% after 1 h of irradiation at 669 nm, as
determined by monitoring the appearance of the released sensi-
tizer’s Q-band absorption in n-butanol. The sensitizer photore-
lease efficiency increased substantially (68–99%) with a
dimethylene or succinate linker (Table 2, entries 2–4) (41,55–
58). A previous report (58) also showed the optimal photorelease
rate was obtained with sensitizer loading of 4.4 lmol g�1 silica
and a sensitizer-to-sensitizer distance of 17 nm (Table 2, entry 2).
Due to the limited surface coverage achieved with the U-shape
trimer 5, only 0.38 lmol g�1 silica, the sensitizer-to-sensitizer
distance of 660 nm is less than optimal (Table 2, entry 1).
Nonetheless, the dialkoxyethene group reacts rapidly with 1O2,
similar to successful 1O2-based C=C and C=N bond types (e.g.
disulfidoethenes, aminoacrylates, oximes, vinylimines and hydra-
zones) that also undergo cleavage as reported in the literature (84–
88). Next, the mechanistic facets of the bent sensitizer conjugate
were analyzed.

Mechanistic considerations

Our computed and experimental results provide insight on how
the bent orientation effects covalent attachment and sensitizer pho-
torelease (Fig. 9). We found that (1) the sensitizer-cyclohexane-
ethene trimer was successfully synthesized, and PM6 computa-
tions show that it adopts a U shape. (2) The bonding of the sensi-
tizer to the silica surface was low when a (1S,2S)-cyclohexane
linker was introduced. Table 2 provides information that its load-
ing (entry 1) is 6–33 times lower compared to reports that use a
dimethylene or succinate linker on native silica (entry 2) and fluo-
rinated silica (entries 3 and 4). (3) Not only does the curvature of
the S,S-cyclohexane linkage restrict bonding of the silane to the
surface, it also restricts the sensitizer photorelease. Sensitizer par-
ticle 7 was 14–17-times less efficient at photorelease, as can be
seen in Table 2 when comparing to native silica (entry 2) and flu-
orinated silica samples (entries 3 and 4). (4) We surmise that sen-
sitizer silica 7 is further influenced by p-p stacking interactions
between the phenoxypropyl and chlorin sites on the surface. This

Figure 7. The photooxidation of sensitizer conjugated phenoxypropyl surface 7 leads to the release of sensitizer 9. The released sensitizer 9 is nonrigid
but may retain a U shape based on the conformational scans shown in Figs. 3 and 4.

Figure 8. Near-IR emission spectra registered at different irradiation
time of particles 7. Inset: Emission at 1270 nm during irradiation of par-
ticles 7. Excitation wavelength 400 nm.
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is similar to literature reports of porphyrin dimers that intercalate
aromatic guests in a sandwich-type complex (89–95). In our case,
the phenoxypropyl and chlorin heterodimer would represent a
half-sandwich system, where chlorin–chlorin homodimers could
be neglected as there are little to no interactions between the
widely separated sensitizer molecules. Additional weak C-H���p
interactions may also exist. Such pairing between the phe-
noxypropyl and sensitizer would further support the U shape of
the sensitizer by bending to reach the phenoxypropyl site, which
negatively impacting the sensitizer photorelease chemistry.

Summary

A photoreleasable sensitizer has been successfully synthesized
and attached to silica using a chiral (1S,2S)-cyclohexane-1,2-
dicarboxylate linker. The observed ~19-fold decrease in sensi-
tizer loading, as compared to similar sensitizers bearing succinate
or dimethylene linkers (55–58), can be attributed to a key prob-
lem. Namely, a bend in the S,S-linkage is found to hinder the
sensitizer silane from coupling to the silica surface. Computa-
tions show the predominant form of the sensitizer trimer to be a
U shape, which along with possible p–p stacking between
the phenoxypropylsilane and the sensitizer, can account for the
reduced efficiency of covalent bonding between the sensitizer
and the silica surface.

Future prospective

The curved-sensitizer system we describe could possess an
advantage where the sensitizer molecules are potentially resistant
to aggregation (96). Otherwise, we find that the U shape of the
system only leads to downsides (pun intended), which should be
avoided. We learned from the study that the aromatic surface
was not a good avenue to pursue. Alternative modifications that
increase sensitizer departure from the surface are a more favor-
able venture. For example, Table 2 shows that the surface pack-
ing of the phenoxysilanes and the fluorosilanes is nearly equal

and does not appear to be restrictive enough to account for the
lower covalent bonding of the sensitizer. Therefore, the coverage
was less dense than that of the fluorosilane functionalized silica,
where the fluorosilanes promoted the sensitizer to adopt a verti-
cal orientation by the repulsion of neighboring nonafluorosilanes.
These nonafluorosilanes also yielded oxygen concentration
increases, reduced 1O2 quenching, and surface repelling proper-
ties that were advantageous in previous systems (41).

CONCLUSION
We have developed a five-step synthetic method to covalently
attach a bent sensitizer linkage to a silica surface by a (S,S)-
cyclohexyl bridge. As we saw, the resulting bend led to the less
efficient covalent bonding of chlorin to silica. Co-doping of phe-
noxypropyl groups on the silica dampened the yield of alkene
bond photocleavage by 1O2.

One can anticipate that (R,S) and (S,R) to enable linear chiral
orientations, while (R,R) will prompt diaxial substituent orienta-
tions, as we saw with the (S,S)-cyclohexyl. The attachment of
other chiral groups to the surface, such as tartaric acid deriva-
tives, has been seen for chiral surfaces for the tuning of enan-
tiomer release kinetics. Retention of a perfluorinated surface, as
we have used before, will also be beneficial.

These findings have led to our enhanced efforts to develop
surfaces for 1O2 and sensitizer delivery, including, 1O2-based
sensitizer release reactions which we hope to take down new
avenues. The (S,S)-cyclohexyl, dimethylene and succinate
bridges we have synthesized will add to the array of linkages
designed to understand how compounds release from photosensi-
tive surfaces.

Our goal is to enable control over the linkage orientation, as
well as other aspects of the bridge, in order to enhance sensi-
tizer release. Modifying surfaces is an excellent way of reveal-
ing how drug photorelease can be tuned, which connects to
how materials can be engineered for use in miniaturized photo-
dynamic devices.

Figure 9. The proposed mechanistic outcome when the S,S-chiral spacer is used in conjugate synthesis, loading, conformation control and 1O2-cleavage.
(1) The sensitizer�(1S,2S)-cyclohexane�ethene conjugate is synthesized, and (2) bonded to silica co-doped with phenoxypropylsilane groups. The load-
ing of the trimer conjugate is restricted due to a U shape, that is, a syn-facial sensitizer and ethene group. (3) The U shape also leads to less photore-
leased sensitizer in comparison with the literature dimethylene and succinate spacers thought to have an extended structure, an anti-situated sensitizer
and photocleavable ethene groups. (4) Possible p–p stacking with phenoxypropyl groups can further accentuate the curvature of the sensitizer toward the
surface.
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