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ABSTRACT

One of the primary disadvantages of organic photochemistry is the need
for high-energy UV light, light that has many detrimental qualities. A viable
solution to this problem is the use of upconverting nanoparticles (UCNP) that can
locally convert near infrared (NIR) laser light into UV light or visible light of

sufficient energy to drive organic photoreactions.

In an initial study (Chapter 3), the use of UCNPs to drive both UV and
visible light dependent photoreactions with NIR light was demonstrated using
1,2-dithienylethene (DTE) molecular switches functioning as probes. In this study

the concept of NIR-to-visible ‘remote-control’ photorelease was also introduced.

In a second study (Chapter 4), two multicolour UCNPs were developed. It
was demonstrated that by only altering the power-density of the one wavelength
NIR excitation source, the photochemistry of two DTE molecular switches could

be selectively and bi-directionally driven along its two reaction pathways.

In a third study (Chapter 5), fluorescence modulation bioimaging was
demonstrated in vivo in C. elegans nematodes. The fluorescence modulation in
aqueous medium was achieved by decorating the surface of an UCNP with

polyethylene glycol functionalized DTE molecular switches by ‘click’ chemistry.

In a fourth study (Chapter 6), multimodal fluorescence modulation of a

multicolour UCNP by two DTE molecular switches decorated on the surface of



the UCNP was demonstrated. Apart from a greater degree of control in this more
advanced system, it is also capable of NIR-to-UV ‘remote-control’

photoswitching.

In a fifth study (Chapter 8), the surface of an UCNP was decorated with
3’,5’-dialkoxybenzoin photocages and the concept of NIR-to-UV ‘remote-control’

photorelease for potential use in drug-delivery was demonstrated.

In a sixth study (Chapter 9), a fully water dispersible drug-delivery system
was synthesized. Unfortunately the system proved impractical due to the choice

of both photorelease system and therapeutic payload.

In a seventh study (Chapter 10), a donor-acceptor 4-dimethylamino-3’,5'-
dimethoxybenzoin photocage with both red-shifted absorbance and a
significantly enhanced molar absorbance coefficient was synthesized and its

initial and unique photochemistry was studied.

Keywords: UCNP; upconversion; ‘remote-control’; NIR-to-UV; NIR-to-visible;
DTE; photochromism; photochromism-gated reactivity; 3’,5’-dimethoxybenzoin;
photorelease; PEG; fluorescence modulation
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only the intensity of the NIR light. The plot shows the
absorption intensities corresponding to the ring-closed isomers
(632 nm for 1c and 601 nm for 2c¢) as solutions of the
photoswitches and the core-shell-shell nanoparticles are
exposed to alternating intensities of 980 light. The colors
correspond to the light emitted by the nanoparticles (green at

low power and blue at high power)..........c.ccviiiiiiciii e,
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Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 5.1

Figure 5.2

Powder X-ray diffraction (XRD) patterns for (a) NaYF4.ErYb-
NaYF, core-shell nanoparticles, (b) NaYF;:TmYb-NaYF, core-
shell nanoparticles, (c) NaYF4:ErYb-NaYF,:TmYb-NaYF, core-
shell-shell nanoparticles, (d) NaYF4:TmYb-NaYF4:ErYb-NaYF,
core-shell-shell nanoparticles and (f) B-NaYF4 JCPDS

standard card #28-1192. . ..o

Transmission Electron Microscopy (TEM) micrographs of (top)
NaYF4:ErYb nanoparticles and (bottom) NaYF4:ErYb-NaYF,

core-shell NaNoPAartiCleS.......ccovv i

Transmission Electron Microscopy (TEM) micrographs of (top)
NaYF,:TmYb nanoparticles and (bottom) NaYF,:TmYb-NaYF,

core-shell NAaNOPAartiCleS.......ccovv i e

Transmission Electron Microscopy (TEM) micrographs of (top)
NaYF4:ErYb nanoparticles, (middle) NaYF4:ErYb-NaYF,: TmYb
core-shell and (bottom) NaYF4:ErYb-NaYF;:TmYb-NaYF,

core-shell-shell nanoparticles. ............ceeiiii e,

Transmission Electron Microscopy (TEM) micrographs of (top)
NaYF4.: TmYb nanoparticles, (middle) NaYF4;: TmYb-
NaYF4:ErYb core-shell and (bottom) NaYF4;: TmYb-

NaYF4:ErYb-NaYF, core-shell-shell nanoparticles............cccceuue.

UV-vis absorption spectra of THF solutions (1.5 x 10™° M) of
(left) 10 and (right) 20 containing 1.5 wt% NaYF4sTmYb
nanoparticles (Tm) before (black line) and after irradiation with
either 365 nm light (blue line) or 980 nm light at high excitation

power densities (500 W/CM?). .......c.oioeeeeeeeeeeeeeeeeeeeeeeeeeee e

Emission spectra of THF solutions of the TmEr (left) and ErTm
core-shell-shell nanoparticles as they are exposed to the
higher-power NIR laser light (980 nm, 500 W/cm?) used in the
experiments. The lack of any spectral changes (all three
spectra overlap) after 1 h highlights the stability of the

[ F=TTo] o F= T o] [T P

Synthesis of the photoresponsive hybrid system
(1o[NaF4:ErYb]) and a conceptual description of selective
quenching of the emission from the nanoparticles by ring-
closing the photoswitch. The images are TEM micrographs
showing (a) the oleate coated nanoparticle starting material,
(b) the azide coated nanoparticles and (c) the nanoparticles
decorated with the ring-open form of the photoswitch

(1o[NaF4:ErYDb]) illustrating their uniform size and shape...............

(a) UV-vis absorption and emission spectra (Aex = 980 nm, 150
W/cm?) of an aqueous solution (9.0 x 107° M) of 10[NaF4:ErYb]
before (solid line/dark shading) and after irradiation with 365
nm light (dashed line/light shading) for 2.5 min (1.3 mW/cm?).
(b) Changes in the absorbance at 530 nm (black circles), and
emission intensities at 538 nm (green diamonds) and 652 nm
(red diamonds) of a similar solution of 10[NaYF4:ErYb] when it
is alternately irradiated with UV and visible light. (c) Changes
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Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

in the absorbance at 530 nm of a similar solution of
1c[NaYF4:ErYb] when it is continuously irradiated with 980 nm
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Optical (left) and two-photon upconversion fluorescence
(middle and right) microscopy images of wild-type N2 C.
elegans incubated with 10[NaYF,:ErYb] (0.25 mg of a 0.5
mg/mL solution in M9 buffer) showing the changes in
fluorescence due to the photoswitching of the DTE component
within the bodies of the worms. The middle panel shows the
strong initial fluorescence prior to exposure to UV light. The
right panel shows the reduced emission that is a result of ring-

closing the photoswitch with 365 nm light for 2.5 minutes.............

(a) Transmission Electron Microscopy (TEM) micrograph of
oleate-coated NaYF4ErYb nanoparticles. (b) High-angle
annular  dark-field (HAADF) image of NaYF4ErYb
nanoparticles (c) Powder X-ray diffraction (XRD) patterns for
(top) NaYF4:ErYb nanoparticles and (bottom) 3-NaYF, JCPDS
standard card #28-1192. (d) Selected area electron diffraction

(SAED) pattern of the NaYF4:ErYb nanoparticles. ..........ccccevveeee.

Transmission Electron Microscopy (TEM) micrographs of (a)
oleate-coated NaYF4:ErYb nanoparticles, (b) azide-coated
NaYF4:ErYb nanoparticles and (c) “clicked” NaYF4ErYb
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Size histograms (diameter) from TEM micrographs for (a)
oleate-coated NaYF4:ErYb nanoparticles, (b) azide-coated
NaYF4:ErYb nanoparticles and (c) “clicked” NaYF4ErYb
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Size histograms (diameter) from DLS results for (a) oleate-
coated NaYF4ErYb nanoparticles, (b) azide-coated
NaYF4:ErYb nanoparticles and (c) “clicked” NaYF4ErYb
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Selected region of the FTIR spectra for (a) oleate-coated
NaYF4:ErYb nanoparticles, (b) azide-coated NaYF4ErYb

nanoparticles and (c) “clicked” NaYF4:ErYb nanoparticles............

UV-vis absorption spectra for aqueous solutions of (a) ligand 1
and (b) the decorated nanoparticles (1[NaYF4:ErYb]) in their
original ring-open (black lines) and photostationary (red lines).
The photostationary states were generated by irradiating the
solutions with 365 nm light until no more changes were
observed. The changes in the spectra when the complexes
are exposed to (c) UV (365 nm) and (d) visible light. (e)

Summary of the changes in absorbance over time. ........cccc.........

(a) UV-vis absorption cycling data for aqueous solutions of the
decorated nanoparticles (1[NaYF4:ErYb]). (b) Emission spectra
(Aex = 980 nm, 150 W/cm?) for cycling experiments of an
aqueous solution of 1[NaF4:ErYb]. (c) UV-vis absorption
spectra for an aqueous solution of the decorated nanoparticles
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Figure 5.11

Figure 5.12

Figure 6.1

Figure 6.2

(1[NaYF4:ErYb]) before and after 90 minutes of continuously
irradiated with 980 nm light (150 W/cm?). (d) Percent
guenching versus wavelength for an aqueous solutions of the
decorated 1c[NaYF4:ErYb] nanoparticles (black diamonds)
superimposed on the green and red emissions..............cc.cvvveen.

Optical (left) and two-photon upconversion fluorescence
(middle and right) microscopy images of wild-type N2 C.
elegans incubated with 10[NaYF4:ErYb] showing the changes
in fluorescence due to the photoswitching of the DTE
component within the bodies of the worms. The middle panels
show the strong initial fluorescence prior to exposure to UV
light. The right panels show the reduced emission that is a
result of ring-closing the photoswitch with 365 nm light for 2.5
minutes. The difference between the two samples is the
omission (top) or inclusion (bottom) of a washing/centrifugation
step in the preparation and accounts for the small changes in
background fluorescence. ........ccoeevvvieiii i,

The upconverting fluorescence (hex = 980 nm) from the hybrid
10[NaYF4:ErYb] and 1c[NaYF4:ErYb] from inside the digestive
tract of the nematodes obtained with the 2-photon microscope.

UV-vis absorption spectra of solutions (10 M) of two-
component systems (a) 1a-NP (THF) and (b) 1b-NP (CH,Cl,)
before (solid lines) and after irradiation with 365 nm (16
mW/cm?) light (shaded areas) for 120 s. The spectra for the
ligands (3a and 3b) are shown for comparison (dashed lines).
The molar concentration refers to the estimated amount of
photoswitch in each sample,! while the amount of decorated
nanoparticle in each solution is 0.05 wt-% for 1a-NP and 0.03
wt-% for 1b-NP. Emission spectra of the same solutions (A =
980 nm) of (c) 1a-NP and (d) 1b-NP at high 980 nm excitation
power (38 W/cm? top graphs) and low 980 nm excitation
power (2 W/cm?, bottom graphs) showing how the intensity of
specific bands in the original emission spectrum (white areas)
are reduced when the photoswitches are converted into their
ring-closed forms (shaded areas) based on the overlap with
the absorption bands of 1a°~NP and 1b°-NP. ..........ccccceveinne..

Changes in the absorbances at (a) 570 nm when the same
solution of 1a-NP used in Figure 6.1(a,c) and (b) 520 nm when
the same solution of 1b-NP used in Figure 6.1(b,d) are
irradiated alternately with 365 nm light (16 mW/cm?) for 120 s
for 1a-NP and 130 s for 1b-NP (white areas), and > 434 nm
(377 mW/cm?) light for 60 s for 1a-NP and 120 s for 1b-NP
(shaded areas). (c—f) Changes in the emission intensities at
471 nm (@), 537 nm (®) and 651 nm (O) when the same
solutions are irradiated under identical conditions at (c,d) high
980 nm excitation power and (e,f) low 980 nm excitation
POWET. L e,
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Figure 6.3 (a) The UV-vis absorption spectrum of a THF solution of the
two-component hybrid system 1ab-NP before (white) and after
(dark shaded) irradiation with 365 nm light (16 mW/cm?). The
total concentration of chromophore is 10 M (in a 5:4 1a:1b
ratio), while the amount of decorated nanoparticle is 0.03 wt-
%. The inset shows the time-dependent growth of the
absorptions at 570 nm (O) and 520 nm () corresponding to
the two ring-closed isomers in 1a°b°NP. (b) The UV-vis
absorption spectrum of the same photostationary state before
(dark shaded), after irradiation with > 630 nm light (120
mW/cm?) (light shaded) and after irradiation with > 434 nm
light (377 mW/cm?) (white). The inset shows the time-
dependent changes of the absorptions at 570 nm (O) and 520
nm () during the > 630 nm irradiation, and at 520 nm (0 ) for
a CH;CN solution of ligand 3b (1.0 x 10™° M) when it is
irradiated with > 630 nm light. ..., 142

Figure 6.4 Changes in the emission intensities at 471 nm (@), 537 nm
(m) and 651 nm (O) when the same solution of 1ab-NP used
in Figure 6.3 is exposed to 365 nm, > 630 nm and > 434 nm
light at (a) high 980 nm excitation power and (b) low 980 nm
excitation power. (c) Relative areas under the peaks in the
emission spectra of the same solution before, (white) and after
irradiation with 365 nm light (black) and > 630 nm light (grey).
High 980 nm excitation power was used in (c). In each case,
the emitting ion is labelled. ... 146

Figure 6.5 Changes in the UV-vis absorption spectra when (a) a THF
solution of 1a-NP (10° M, 0.05 wt-%) and (b) a CH.Cl,
solution of 1b-NP (10™° M, 0.03 wt-%) are irradiated with 980
nm light (143 W/cm?). The insets show the growth of the
absorbances at 570 nm for 1a-NP — 1a°-NP and 520 nm for
1b-NP — 1b°%NP corresponding to the ring-closed isomers.
The arrows in each inset plot indicate when the excitation light
was changed from 980 nm to 365 NM. ........oveiviiiiiiiiiiie e, 148

Figure 6.6 Selected region of the FTIR spectra for (a) azide-coated core-
shell-shell NaYF4:TmYb:ErYb nanoparticles (a-NP), (b) the 2-
component nanoparticles 1a-NP, (c) the 2-component
nanoparticles 1b-NP, and (d) the mixed 3-component
nanoparticles 1ab-NP. .......ccccoo i 163

Figure 6.7 Changes in the UV-vis absorption spectra when CH3;CN
solutions (1 x 107 M) of (a) 3a and (b) 3b are irradiated with
365 nm light (16 mW/cm?). The insets show the growth of the
bands at 590 nm for 3a — 3a° and 520 nm for 3b — 3b°
corresponding to the ring-closed isomers, which are present in
72% for 3a and 56% for 3b in the photostationary states
according to '"H NMR spectroscopy (in CD,Cl,). Changes in
the UV-vis absorption spectra when the same solutions of the
photostationary states of (c) 3a° and (d) 3b° are irradiated with
> 434 nm light (377 mW/cm?). The insets show the reduction
of the bands at 590 nm for 3a° — 3a and 520 nm for 3b° — 3b.
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Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Changes in the UV-vis absorption spectra when the same
solutions of the photostationary states of (e) 3a° and (f) 3b° are
irradiated with > 630 nm light (120 mW/cm?). The insets show

the reduction of the bands at 590 nm for 3a°® — 3a and 520 nm
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UV-vis absorption spectra of solutions (10~ M) of the ligands
(a) 3a in CH3CN (black) and THF (blue) and (b) 3b in CH;CN
(black) and CH)CIl, (red) before (solid lines) and after
irradiation with 365 nm (16 mW/cm?) light (dashed lines). The

spectra were normalized for any small errors in concentration. ....

Changes in the UV-vis absorption spectra when (a) a THF
solution (1 x 10™° M, 0.05 wt-%) of 1a-NP and (b) a CH.Cl,
solution (1 x 10™° M, 0.03 wt-%) of 1b-NP are irradiated with
365 nm light (16 mW/cm?). The molar concentration refers to
the amount of photoswitch in each sample, while the wt-%
refers to the amount of decorated nanoparticle in each
solution. The insets show the growth of the bands at 570 nm
for 1a-NP — 1a°NP and 520 nm for 1b-NP — 1b°%NP
corresponding to the ring-closed isomers. Changes in the UV-
vis absorption spectra when the same solutions of the
photostationary states of (c) 1a®NP and (d) 1b°NP are
irradiated with > 434 nm light (377 mW/cm?). The insets show
the reduction of the bands at 570 nm for 1a°-~NP — 1a-NP and
520 nm for 1b°~NP — 1b-NP. The spectra for 1a-NP and 1b-
NP (black lines) are compared to the ligands 3a and 3b (red
lines) in (e) and (f), respectively in the same solvents (THF for

1a-NP and 3a and CH,Cl, for 1b-NP and 3b).......cccccccceeeiiiiiineennns

Observed (black dashed line), individual calculated bands
(green lines), sum of the fit (red line) and the residual (blue
line) for the UV-vis absorption spectra of (a) ligand 3a, (b)
hybrid system 1a-NP, (c) ligand 3b and (d) hybrid system 1b-
NP. The calculated bands in the UV region of the spectrum
were removed from the figures for clarity. The peak fitting was

performed using MagicPlot software from MagicPlot Systems. ....

(a) The observed UV-vis absorption spectra of a THF solution
of the two-component hybrid system 1ab-NP (black trace) and
the calculated spectrum obtained by combining the spectra of
the one-component systems 1a-NP and 1b-NP in a 5:4 ratio
(red trace). The concentration of chromophore s
approximately 5.9 x 10° M for 1a and 4.7 x 10° M for 1b,
while the amount of decorated nanoparticle is 0.03 wt-%. (b)
The observed UV-vis absorption spectra of the same THF
solutions of the photostationary state for 1ab°-NP (black trace)
and the calculated spectrum obtained by combining the
spectra of the one-component systems 1a-NP and 1b-NP in a
5:4 ratio (red trace). (c) The UV-vis absorption spectra of 1a-
NP and 1b-NP in a 5:4 ratio. (d) The UV-vis absorption spectra
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Figure 6.12

Figure 6.13

Figure 6.14

Figure 6.15

Figure 6.16

of 1a°~NP and 1b°NP at their photostationary states in a 5:4

Images of (a) the colour of a THF solution (1 x 107> M, 0.05 wt-
%) of 1a-NP, (b) the emission when this solution is irradiated
with high 980 nm excitation power (38 W/cm?), (c) the
emission when this solution is irradiated with low 980 nm
excitation power (2 W/cm?), (d) the colour after irradiating the
solution with 365 nm light (16 mW/cm?) until the
photostationary state is reached, (e) the emission when this
solution is irradiated with high 980 nm excitation power (38
W/cm?), and (f) the emission when this solution is irradiated

with low 980 nm excitation power (2 W/cm?). ......c.cccoveeoveeeeeann.

Images of (a) the colour of a CH,Cl, solution (1 x 10 M, 0.03
wt-%) of 1b-NP, (b) the emission when this solution is
irradiated with high 980 nm excitation power (38 W/cm?), (c)
the emission when this solution is irradiated with low 980 nm
excitation power (2 W/cm?), (d) the colour after irradiating the
solution with 365 nm light (16 mW/cm?) until the
photostationary state is reached, (e) the emission when this
solution is irradiated with high 980 nm excitation power (38
W/cm?), and (f) the emission when this solution is irradiated

with low 980 nm excitation power (2 W/cm?). ......c.cccoveeeveeeeeenn.

Changes in the UV-vis absorption spectra when (a) the same
solution of 1a-NP used in Figure 6.7(a) and (b) the same
solution of 1b-NP wused in Figure 6.7(b) are irradiated
alternately with 365 nm light (16 mW/cm?) for 120 s for 1a-NP
and 130 s for 1b-NP, and > 434 nm (377 mW/cm?) light for 60
s for 1a-NP and 120 s for 1b-NP. Changes in the absorbances
(c) at 570 nm and (d) at 520 nm when the same solutions are
irradiated alternately with 365 nm (blue shaded areas) and >

434 nm light (yellow shaded areas).......ccccccceeveeiviiiiiiiiiinie e,

Changes in the emission spectra when the same solution of
1a-NP used in Figure 6.7(a) is irradiated alternately with 365
nm light (16 mW/cm?) for 120 s and > 434 nm (377 mW/cm?)
light for 60 s (a) at high 980 nm excitation power (38 W/cm?)
and (b) at low 980 nm excitation power (2 W/cm?). Changes in
the emission intensities at 471 nm (@), 537 nm (¢) and 651
nm (4) when the same solution is irradiated alternately with
365 nm (blue shaded areas) and > 434 nm light (yellow
shaded areas) at (c) high 980 nm excitation power and (d) low

980 NM excitation POWEN.......ccovviiiiieie e

Changes in the emission spectra when the same solution of
1b-NP used in Figure 6.7(b) is irradiated alternately with 365
nm light (16 mW/cm?) for 130 s and > 434 nm (377 mW/cm?)
light for 120 s (a) at high 980 nm excitation power (38 W/cm?)
and (b) at low 980 nm excitation power (2 W/cm?). Changes in
the emission intensities at 471 nm (@), 537 nm (¢) and 651
nm (4) when the same solution is irradiated alternately with
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Figure 6.17

Figure 6.18

Figure 6.19

Figure 6.20

Figure 6.21

Figure 6.22

365 nm (blue shaded areas) and > 434 nm light (yellow
shaded areas) at (c) high 980 nm excitation power and (d) low

980 NM excitation POWEN.......ccovviiiiiiie e

(a) Changes in the UV-vis absorption spectrum of a THF
solution of the two-component hybrid system 1ab-NP as it is
irradiated with 365 nm light (16 mW/cm?). The concentration of
chromophore is approximately 5.9 x 10° M for 1a and 4.7 x
107° M for 1b, while the amount of decorated nanoparticle is
0.03 wt-%. The inset shows the growth of the absorptions at
570 nm (O) and 520 nm () corresponding to the two ring-
closed isomers in 1a°b°-NP. (b) Changes in the spectrum of
the same photostationary state as it is irradiated with > 630 nm
light (120 mW/cm?). The inset shows the changes in the
absorptions at 570 nm (O) and 520 nm () corresponding to
the two ring-closed isomers in 1a°b°-NP. (c) Changes in the
spectrum of the photostationary state in Figure 6.10(b) as it is

irradiated with > 434 nm light (377 MW/CM?)........ccooveeeeeeeeeeen.

The emission spectra a THF solution of the two-component
hybrid system 1ab-NP before (grey) and after irradiation with
365 nm light (16 mW/cm?) (violet) and > 630 nm light (120
mW/cm?) (red). The concentration of chromophore is
approximately 5.9 x 10° M for 1a and 4.7 x 10° M for 1b,
while the amount of decorated nanoparticle is 0.03 wt-% at (a)
high 980 nm excitation power (38 W/cm?) and (b) low 980 nm

excitation POWEr (2 W/CMZ)......veeieee oo

Images of (a) the colour of a THF solution of 1ab-NP, (b) the
emission when this solution is irradiated with high 980 nm
excitation power (38 W/cm?), (c) the emission when this
solution is irradiated with low 980 nm excitation power (2
W/cm?), (d) the colour after irradiating the solution with 365 nm
light (16 mW/cm?) until the photostationary state is reached,
(e) the emission when this solution is irradiated with high 980
nm excitation power (38 W/cm?), (f) the emission when this
solution is irradiated with low 980 nm excitation power (2
W/cm?), (g) the colour after irradiating the solution with > 630
nm light (120 mW/cm?) until no changes were observed in the
spectrum, (h) the emission when this solution is irradiated with
high 980 nm excitation power (38 W/cm?), and (i) the emission
when this solution is irradiated with low 980 nm excitation

POWET (2 WICINZ). <.t

Images of a THF solution of 1a-NP, a CH,ClI, solution of 1b-
NP, and a THF solution of 1ab-NP as they are irradiated with
very high 980 nm excitation power (143 W/cm?), showing the

‘remote-control’ photoswitching. ..........ccoviiiiiiiicic e,

'H NMR spectrum for a CD,Cl, solution of ligand 3b. The

residual solvent peaks are highlighted. ..........ccccccceeiiiiiiiiiiiiinnn,
*C NMR spectrum for a CD,Cl, solution of ligand 3b. ..................
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Figure 6.23

Figure 6.24

Figure 8.1

Figure 8.2

Figure 8.3

Figure 8.4

Figure 8.5

Figure 9.1

Figure 9.2

'H NMR spectrum for a CD,Cl, solution of 4-(4-(2-(5-(4-
methoxyphenyl)-2-methylthiophen-3-yl)cyclopent-1-en-1-yl)-5-
methylthiophen-2-yl)phenol. The compound decomposes

rapidly at ambient temperature..........ccccooiiiiiiie .

®C NMR spectrum for a CD,Cl, solution of 4-(4-(2-(5-(4-
methoxyphenyl)-2-methylthiophen-3-yl)cyclopent-1-en-1-yl)-5-

methylthiophen-2-yl)phenol. ............ieiiiiiiic e,

(a) UV-vis absorption spectra of a CH;CN solution (8.54 x 107°
M) of 37,5°-di(carboxymethoxy)benzoin 1a before (solid line)
and after irradiation with 365 nm light (dashed line) for 35 min,
and the emission spectrum of a THF solution (1 wt-%, Aex =
980 nm) of the NaYF,: TmYb core-shell UCNPs (shaded). The
inset shows the TEM photograph of 1a[NaYF;:TmYb]
illustrating their uniform size and hexagonal prism shape. (b)
Changes in the UV-vis absorption spectra of a CH3;CN solution
of 1a[NaYF4;:TmYb] when it is irradiated with 980 nm light
(power = 4.4 W, power density = 550 W/cm?).?*®! The inset
shows the changes in the absorbance at 300 nm when
samples of the same solution are irradiated with 290 nm

(circles) and 980 nm light (diamonds). .......cccoveeviiieiiiiieeieeen,

Powder X-ray diffraction (XRD) patterns for NaYF,TmYb
nanoparticles (top) and B-NaYF, standard pattern (bottom).

The intensities (/) were normalized in both cases. ......c.ccccccoeee.

Transmission Electron Microscopy (TEM) micrographs of (a,b)
NaYF,TmYb nanoparticles and (c,d) decorated
1a[NaYF4:ErYb] nanoparticles, and (e,f) size histograms for
NaYF,TmYb showing the number of nanoparticles (n) for

diameter (d) and height (A). ......coovvieiiiii

'"H NMR spectra of a CD3sCN solution of 1a before (top) and

after (bottom) it was exposed to 313 nm light for 100 min.............

(a) Luminescence upconversion emission spectra of a 1 wt-%
colloidal solution of NaYF4:TmYb core-shell nanoparticles in
THF excited with a 980 nm laser diode (Power Density = 150
W/cm?). Changes in the UV-vis absorption spectra of CH;CN
solutions of (b) 1a as it is irradiated with 312-nm light, (c)
1a[NaYF;:TmYDb] as it is irradiated with 290-nm light, and (d)
1a[NaYF4;:TmYDb] as it is irradiated with 980-nm light until the
no further spectral changes are observed. The data in (c) and
(d) were used to generate Figure 8.1c. The insets in (b), (c)
and (d) show the initial (blue) and final (red) traces
corresponding to 1a and 1a[NaYF,TmYb], and 2a and

2a[NaYF4TmYDb], respectively.......cccovviiiiiiiiiiiiciiece e,

Schematic representation of NIR-to-UV ‘remote-control’

photorelease from a fluorescent UCNP coated with PEG. ............

The bis-carboxylate PEGylated ligand attached to the UCNP
1-NP is displaced by inorganic phosphate in 0.01 M PBS
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Figure 9.3

Figure 9.4

Figure 9.5
Figure 9.6

Figure 9.7

Figure 9.8

Figure 9.9

Figure 9.10

Figure 9.11

Figure 9.12

buffer, which rapidly led to aggregation and precipitation of the
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Synthesized phosphate (2) and phosphonate (3) functionalized
photochromic molecules. The highly polar molecules were
extremely hard to purify and neither molecule were isolated

devoid of IMPUITIES........iii i

General functionalization strategy using CuAAC ‘click’

Lo LY 0 011 4

Common antiCanCer ArUgS .......oovvveeeeieiiiiieeeee e e e e e

Structures of the synthesized organic ligand 5 and organic-

nanoparticle hybrid system 5-NP.........cccoooiiiiiiiiii,

Absorbance and emission spectra of 5-NP in water. Left y-
axis: Absorbance spectrum of 5-NP in water (0.05 ml stock-
solution in 2 ml H,O). Right y-axis: Emission spectra of the

same sample upon 980 nm excitation (1.45 W/cm?, 0.41 W)........
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Changes in the absorbances (Amax = 632 and 601 nm for 1c
and 2c, respectively) when THF solutions of (a) DTEs 10 and
20 containing NaYF,: TmYb nanoparticles (Tm) are irradiated
with 980 nm light at high excitation power densities (500
W/cm?), and (b) DTEs 1c and 2c containing NaYF,:ErYb (Er)
nanoparticles are irradiated with 980 nm light at low excitation
power densities (15 W/cm?). The horizontal lines show the
absorbance values when similar solutions are irradiated with
UV light (313 nm) for graph ‘a’ or visible light (> 450 nm) for
graph ‘b’ until the photostationary states are obtained. (c) The
degree to which the ring-closing and ring-opening reactions
are induced with 980 nm light (high power for the former and
low power for the latter) using the different types of

[ F=TTo] o F= T o] [T P

Bidirectional photoswitching of a THF solution of DTE 2
dispersed with TmEr core-shell-shell nanoparticles by varying
only the intensity of the NIR light. The plot shows the
absorption intensities corresponding to the ring-closed isomers
(632 nm for 1c and 601 nm for 2c¢) as solutions of the
photoswitches and the core-shell-shell nanoparticles are
exposed to alternating intensities of 980 light. The colors
correspond to the light emitted by the nanoparticles (green at

low power and blue at high power)..........c.ccviiiiiiciii e,
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Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 5.1

Figure 5.2

Powder X-ray diffraction (XRD) patterns for (a) NaYF4:ErYb-
NaYF, core-shell nanoparticles, (b) NaYF;:TmYb-NaYF, core-
shell nanoparticles, (c) NaYF4:ErYb-NaYF,: TmYb-NaYF, core-
shell-shell nanoparticles, (d) NaYF4:TmYb-NaYF4:ErYb-NaYF,
core-shell-shell nanoparticles and (f) B-NaYF4 JCPDS

standard card #28-1192. . ..o

Transmission Electron Microscopy (TEM) micrographs of (top)
NaYF4:ErYb nanoparticles and (bottom) NaYF4:ErYb-NaYF,

core-shell NaNoPAartiCleS.......ccovv i

Transmission Electron Microscopy (TEM) micrographs of (top)
NaYF,:TmYb nanoparticles and (bottom) NaYF,:TmYb-NaYF,

core-shell NAaNOPAartiCleS.......ccovv i e

Transmission Electron Microscopy (TEM) micrographs of (top)
NaYF4:ErYb nanoparticles, (middle) NaYF4:ErYb-NaYF,: TmYb
core-shell and (bottom) NaYF4:ErYb-NaYF;:TmYb-NaYF,

core-shell-shell nanoparticles. ............ceeiiii e,

Transmission Electron Microscopy (TEM) micrographs of (top)
NaYF4.: TmYb nanoparticles, (middle) NaYF4;: TmYb-
NaYF4:ErYb core-shell and (bottom) NaYF4;: TmYb-

NaYF4:ErYb-NaYF, core-shell-shell nanoparticles............cccceuue.

UV-vis absorption spectra of THF solutions (1.5 x 10™° M) of
(left) 10 and (right) 20 containing 1.5 wt% NaYF4sTmYb
nanoparticles (Tm) before (black line) and after irradiation with
either 365 nm light (blue line) or 980 nm light at high excitation

power densities (500 W/CM?). .......c.oioeeeeeeee oo

Emission spectra of THF solutions of the TmEr (left) and ErTm
core-shell-shell nanoparticles as they are exposed to the
higher-power NIR laser light (980 nm, 500 W/cm?) used in the
experiments. The lack of any spectral changes (all three
spectra overlap) after 1 h highlights the stability of the

[ F=TTo] o F= T o] [T P

Synthesis of the photoresponsive hybrid system
(1o[NaF4:ErYb]) and a conceptual description of selective
quenching of the emission from the nanoparticles by ring-
closing the photoswitch. The images are TEM micrographs
showing (a) the oleate coated nanoparticle starting material,
(b) the azide coated nanoparticles and (c) the nanoparticles
decorated with the ring-open form of the photoswitch

(1o[NaF4:ErYDb]) illustrating their uniform size and shape...............

(a) UV-vis absorption and emission spectra (Aex = 980 nm, 150
W/cm?) of an aqueous solution (9.0 x 107° M) of 10[NaF4:ErYb]
before (solid line/dark shading) and after irradiation with 365
nm light (dashed line/light shading) for 2.5 min (1.3 mW/cm?).
(b) Changes in the absorbance at 530 nm (black circles), and
emission intensities at 538 nm (green diamonds) and 652 nm
(red diamonds) of a similar solution of 10[NaYF4:ErYb] when it
is alternately irradiated with UV and visible light. (c) Changes
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Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

in the absorbance at 530 nm of a similar solution of
1c[NaYF4:ErYb] when it is continuously irradiated with 980 nm

G <o eeeeeeee e eseeeeeeeee e es e s se e ee e ee e ee e ee e eee e

Optical (left) and two-photon upconversion fluorescence
(middle and right) microscopy images of wild-type N2 C.
elegans incubated with 10[NaYF,:ErYb] (0.25 mg of a 0.5
mg/mL solution in M9 buffer) showing the changes in
fluorescence due to the photoswitching of the DTE component
within the bodies of the worms. The middle panel shows the
strong initial fluorescence prior to exposure to UV light. The
right panel shows the reduced emission that is a result of ring-

closing the photoswitch with 365 nm light for 2.5 minutes.............

(a) Transmission Electron Microscopy (TEM) micrograph of
oleate-coated NaYF4ErYb nanoparticles. (b) High-angle
annular  dark-field (HAADF) image of NaYF4ErYb
nanoparticles (c) Powder X-ray diffraction (XRD) patterns for
(top) NaYF4:ErYb nanoparticles and (bottom) 3-NaYF, JCPDS
standard card #28-1192. (d) Selected area electron diffraction

(SAED) pattern of the NaYF4:ErYb nanoparticles. ..........ccccevveeee.

Transmission Electron Microscopy (TEM) micrographs of (a)
oleate-coated NaYF4:ErYb nanoparticles, (b) azide-coated
NaYF4:ErYb nanoparticles and (c) “clicked” NaYF4ErYb

L F=TTo] o F= T o] T T

Size histograms (diameter) from TEM micrographs for (a)
oleate-coated NaYF4:ErYb nanoparticles, (b) azide-coated
NaYF4:ErYb nanoparticles and (c) “clicked” NaYF4ErYb

L F=TaTo] o F= T o] Y T

Size histograms (diameter) from DLS results for (a) oleate-
coated NaYF4ErYb nanoparticles, (b) azide-coated
NaYF4:ErYb nanoparticles and (c) “clicked” NaYF4ErYb

F=TTo] o F= T o] T T

Selected region of the FTIR spectra for (a) oleate-coated
NaYF4:ErYb nanoparticles, (b) azide-coated NaYF4ErYb

nanoparticles and (c) “clicked” NaYF4:ErYb nanoparticles............

UV-vis absorption spectra for aqueous solutions of (a) ligand 1
and (b) the decorated nanoparticles (1[NaYF4:ErYb]) in their
original ring-open (black lines) and photostationary (red lines).
The photostationary states were generated by irradiating the
solutions with 365 nm light until no more changes were
observed. The changes in the spectra when the complexes
are exposed to (c) UV (365 nm) and (d) visible light. (e)

Summary of the changes in absorbance over time. ........cccc.........

(a) UV-vis absorption cycling data for aqueous solutions of the
decorated nanoparticles (1[NaYF4:ErYb]). (b) Emission spectra
(Aex = 980 nm, 150 W/cm?) for cycling experiments of an
aqueous solution of 1[NaF4ErYb]. (c) UV-vis absorption
spectra for an aqueous solution of the decorated nanoparticles
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Figure 5.11

Figure 5.12

Figure 6.1

Figure 6.2

(1[NaYF4:ErYb]) before and after 90 minutes of continuously
irradiated with 980 nm light (150 W/cm?). (d) Percent
guenching versus wavelength for an aqueous solutions of the
decorated 1c[NaYF4:ErYb] nanoparticles (black diamonds)
superimposed on the green and red emissions..............cc.evvveen.

Optical (left) and two-photon upconversion fluorescence
(middle and right) microscopy images of wild-type N2 C.
elegans incubated with 10[NaYF4:ErYb] showing the changes
in fluorescence due to the photoswitching of the DTE
component within the bodies of the worms. The middle panels
show the strong initial fluorescence prior to exposure to UV
light. The right panels show the reduced emission that is a
result of ring-closing the photoswitch with 365 nm light for 2.5
minutes. The difference between the two samples is the
omission (top) or inclusion (bottom) of a washing/centrifugation
step in the preparation and accounts for the small changes in
background fluOresCence. .......coveevvvecciiiii e,

The upconverting fluorescence (hex = 980 nm) from the hybrid
1o0[NaYF4:ErYb] and 1c[NaYF4:ErYb] from inside the digestive
tract of the nematodes obtained with the 2-photon microscope.

UV-vis absorption spectra of solutions (10 M) of two-
component systems (a) 1a-NP (THF) and (b) 1b-NP (CH,Cl,)
before (solid lines) and after irradiation with 365 nm (16
mW/cm?) light (shaded areas) for 120 s. The spectra for the
ligands (3a and 3b) are shown for comparison (dashed lines).
The molar concentration refers to the estimated amount of
photoswitch in each sample,! while the amount of decorated
nanoparticle in each solution is 0.05 wt-% for 1a-NP and 0.03
wt-% for 1b-NP. Emission spectra of the same solutions (A =
980 nm) of (c) 1a-NP and (d) 1b-NP at high 980 nm excitation
power (38 W/cm? top graphs) and low 980 nm excitation
power (2 W/cm?, bottom graphs) showing how the intensity of
specific bands in the original emission spectrum (white areas)
are reduced when the photoswitches are converted into their
ring-closed forms (shaded areas) based on the overlap with
the absorption bands of 1a°~NP and 1b°-NP. ..........ccccceveinne..

Changes in the absorbances at (a) 570 nm when the same
solution of 1a-NP used in Figure 6.1(a,c) and (b) 520 nm when
the same solution of 1b-NP used in Figure 6.1(b,d) are
irradiated alternately with 365 nm light (16 mW/cm?) for 120 s
for 1a-NP and 130 s for 1b-NP (white areas), and > 434 nm
(377 mW/cm?) light for 60 s for 1a-NP and 120 s for 1b-NP
(shaded areas). (c—f) Changes in the emission intensities at
471 nm (@), 537 nm (®) and 651 nm (O) when the same
solutions are irradiated under identical conditions at (c,d) high
980 nm excitation power and (e,f) low 980 nm excitation
POWET. L e,
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Figure 6.3 (a) The UV-vis absorption spectrum of a THF solution of the
two-component hybrid system 1ab-NP before (white) and after
(dark shaded) irradiation with 365 nm light (16 mW/cm?). The
total concentration of chromophore is 10™° M (in a 5:4 1a:1b
ratio), while the amount of decorated nanoparticle is 0.03 wt-
%. The inset shows the time-dependent growth of the
absorptions at 570 nm (O) and 520 nm () corresponding to
the two ring-closed isomers in 1a°b°NP. (b) The UV-vis
absorption spectrum of the same photostationary state before
(dark shaded), after irradiation with > 630 nm light (120
mW/cm?) (light shaded) and after irradiation with > 434 nm
light (377 mW/cm?) (white). The inset shows the time-
dependent changes of the absorptions at 570 nm (O) and 520
nm () during the > 630 nm irradiation, and at 520 nm (0 ) for
a CH;CN solution of ligand 3b (1.0 x 10™° M) when it is
irradiated with > 630 nm light. ..., 142

Figure 6.4 Changes in the emission intensities at 471 nm (@), 537 nm
(m) and 651 nm (O) when the same solution of 1ab-NP used
in Figure 6.3 is exposed to 365 nm, > 630 nm and > 434 nm
light at (a) high 980 nm excitation power and (b) low 980 nm
excitation power. (c) Relative areas under the peaks in the
emission spectra of the same solution before, (white) and after
irradiation with 365 nm light (black) and > 630 nm light (grey).
High 980 nm excitation power was used in (c). In each case,
the emitting ion is labelled. ... 146

Figure 6.5 Changes in the UV-vis absorption spectra when (a) a THF
solution of 1a-NP (10° M, 0.05 wt-%) and (b) a CH.Cl,
solution of 1b-NP (10™° M, 0.03 wt-%) are irradiated with 980
nm light (143 W/cm?). The insets show the growth of the
absorbances at 570 nm for 1a-NP — 1a°-NP and 520 nm for
1b-NP — 1b°%NP corresponding to the ring-closed isomers.
The arrows in each inset plot indicate when the excitation light
was changed from 980 nm to 365 NM. ........oveiviiiiiiiiiiie e, 148

Figure 6.6 Selected region of the FTIR spectra for (a) azide-coated core-
shell-shell NaYF4:TmYb:ErYb nanoparticles (a-NP), (b) the 2-
component nanoparticles 1a-NP, (c) the 2-component
nanoparticles 1b-NP, and (d) the mixed 3-component
nanoparticles 1ab-NP. .......ccccoo i 163

Figure 6.7 Changes in the UV-vis absorption spectra when CH3;CN
solutions (1 x 107 M) of (a) 3a and (b) 3b are irradiated with
365 nm light (16 mW/cm?). The insets show the growth of the
bands at 590 nm for 3a — 3a° and 520 nm for 3b — 3b°
corresponding to the ring-closed isomers, which are present in
72% for 3a and 56% for 3b in the photostationary states
according to '"H NMR spectroscopy (in CD,Cl,). Changes in
the UV-vis absorption spectra when the same solutions of the
photostationary states of (c) 3a® and (d) 3b° are irradiated with
> 434 nm light (377 mW/cm?). The insets show the reduction
of the bands at 590 nm for 3a° — 3a and 520 nm for 3b° — 3b.
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Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Changes in the UV-vis absorption spectra when the same
solutions of the photostationary states of (e) 3a° and (f) 3b° are
irradiated with > 630 nm light (120 mW/cm?). The insets show

the reduction of the bands at 590 nm for 3a°® — 3a and 520 nm

{0 ] R 1 TP PPRPPRPPP

UV-vis absorption spectra of solutions (10~ M) of the ligands
(a) 3a in CH3CN (black) and THF (blue) and (b) 3b in CH;CN
(black) and CH)CIl, (red) before (solid lines) and after
irradiation with 365 nm (16 mW/cm?) light (dashed lines). The

spectra were normalized for any small errors in concentration. ....

Changes in the UV-vis absorption spectra when (a) a THF
solution (1 x 10™° M, 0.05 wt-%) of 1a-NP and (b) a CH.Cl,
solution (1 x 10™° M, 0.03 wt-%) of 1b-NP are irradiated with
365 nm light (16 mW/cm?). The molar concentration refers to
the amount of photoswitch in each sample, while the wt-%
refers to the amount of decorated nanoparticle in each
solution. The insets show the growth of the bands at 570 nm
for 1a-NP — 1a°NP and 520 nm for 1b-NP — 1b°%NP
corresponding to the ring-closed isomers. Changes in the UV-
vis absorption spectra when the same solutions of the
photostationary states of (c) 1a®NP and (d) 1b°NP are
irradiated with > 434 nm light (377 mW/cm?). The insets show
the reduction of the bands at 570 nm for 1a°-~NP — 1a-NP and
520 nm for 1b°~NP — 1b-NP. The spectra for 1a-NP and 1b-
NP (black lines) are compared to the ligands 3a and 3b (red
lines) in (e) and (f), respectively in the same solvents (THF for

1a-NP and 3a and CH,Cl, for 1b-NP and 3b).......cccccccceeiiiiiiniennnns

Observed (black dashed line), individual calculated bands
(green lines), sum of the fit (red line) and the residual (blue
line) for the UV-vis absorption spectra of (a) ligand 3a, (b)
hybrid system 1a-NP, (c) ligand 3b and (d) hybrid system 1b-
NP. The calculated bands in the UV region of the spectrum
were removed from the figures for clarity. The peak fitting was

performed using MagicPlot software from MagicPlot Systems. ....

(a) The observed UV-vis absorption spectra of a THF solution
of the two-component hybrid system 1ab-NP (black trace) and
the calculated spectrum obtained by combining the spectra of
the one-component systems 1a-NP and 1b-NP in a 5:4 ratio
(red trace). The concentration of chromophore s
approximately 5.9 x 10° M for 1a and 4.7 x 10° M for 1b,
while the amount of decorated nanoparticle is 0.03 wt-%. (b)
The observed UV-vis absorption spectra of the same THF
solutions of the photostationary state for 1ab°-NP (black trace)
and the calculated spectrum obtained by combining the
spectra of the one-component systems 1a-NP and 1b-NP in a
5:4 ratio (red trace). (c) The UV-vis absorption spectra of 1a-
NP and 1b-NP in a 5:4 ratio. (d) The UV-vis absorption spectra
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Figure 6.12

Figure 6.13

Figure 6.14

Figure 6.15

Figure 6.16

of 1a°-NP and 1b°NP at their photostationary states in a 5:4

Images of (a) the colour of a THF solution (1 x 107> M, 0.05 wt-
%) of 1a-NP, (b) the emission when this solution is irradiated
with high 980 nm excitation power (38 W/cm?), (c) the
emission when this solution is irradiated with low 980 nm
excitation power (2 W/cm?), (d) the colour after irradiating the
solution with 365 nm light (16 mW/cm?) until the
photostationary state is reached, (e) the emission when this
solution is irradiated with high 980 nm excitation power (38
W/cm?), and (f) the emission when this solution is irradiated

with low 980 nm excitation power (2 W/cm?). ......c.cccovveoveeeeeennn.

Images of (a) the colour of a CH,Cl, solution (1 x 10 M, 0.03
wt-%) of 1b-NP, (b) the emission when this solution is
irradiated with high 980 nm excitation power (38 W/cm?), (c)
the emission when this solution is irradiated with low 980 nm
excitation power (2 W/cm?), (d) the colour after irradiating the
solution with 365 nm light (16 mW/cm?) until the
photostationary state is reached, (e) the emission when this
solution is irradiated with high 980 nm excitation power (38
W/cm?), and (f) the emission when this solution is irradiated

with low 980 nm excitation power (2 W/cm?). ......c.ccooveeeveeeeeannn.

Changes in the UV-vis absorption spectra when (a) the same
solution of 1a-NP used in Figure 6.7(a) and (b) the same
solution of 1b-NP wused in Figure 6.7(b) are irradiated
alternately with 365 nm light (16 mW/cm?) for 120 s for 1a-NP
and 130 s for 1b-NP, and > 434 nm (377 mW/cm?) light for 60
s for 1a-NP and 120 s for 1b-NP. Changes in the absorbances
(c) at 570 nm and (d) at 520 nm when the same solutions are
irradiated alternately with 365 nm (blue shaded areas) and >

434 nm light (yellow shaded areas).......ccccccceeveeiviiiiiiiiiinie e,

Changes in the emission spectra when the same solution of
1a-NP used in Figure 6.7(a) is irradiated alternately with 365
nm light (16 mW/cm?) for 120 s and > 434 nm (377 mW/cm?)
light for 60 s (a) at high 980 nm excitation power (38 W/cm?)
and (b) at low 980 nm excitation power (2 W/cm?). Changes in
the emission intensities at 471 nm (@), 537 nm (®) and 651
nm (@) when the same solution is irradiated alternately with
365 nm (blue shaded areas) and > 434 nm light (yellow
shaded areas) at (c) high 980 nm excitation power and (d) low

980 NM excitation POWEN.......ccovviiiiieie e

Changes in the emission spectra when the same solution of
1b-NP used in Figure 6.7(b) is irradiated alternately with 365
nm light (16 mW/cm?) for 130 s and > 434 nm (377 mW/cm?)
light for 120 s (a) at high 980 nm excitation power (38 W/cm?)
and (b) at low 980 nm excitation power (2 W/cm?). Changes in
the emission intensities at 471 nm (@), 537 nm (®) and 651
nm (@) when the same solution is irradiated alternately with
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Figure 6.17

Figure 6.18

Figure 6.19

Figure 6.20

Figure 6.21

Figure 6.22

365 nm (blue shaded areas) and > 434 nm light (yellow
shaded areas) at (c) high 980 nm excitation power and (d) low

980 NM excitation POWEN.......ccovviiiiiiie e

(a) Changes in the UV-vis absorption spectrum of a THF
solution of the two-component hybrid system 1ab-NP as it is
irradiated with 365 nm light (16 mW/cm?). The concentration of
chromophore is approximately 5.9 x 10° M for 1a and 4.7 x
107° M for 1b, while the amount of decorated nanoparticle is
0.03 wt-%. The inset shows the growth of the absorptions at
570 nm (O) and 520 nm () corresponding to the two ring-
closed isomers in 1a°b°-NP. (b) Changes in the spectrum of
the same photostationary state as it is irradiated with > 630 nm
light (120 mW/cm?). The inset shows the changes in the
absorptions at 570 nm (O) and 520 nm () corresponding to
the two ring-closed isomers in 1a°b°-NP. (c) Changes in the
spectrum of the photostationary state in Figure 6.10(b) as it is

irradiated with > 434 nm light (377 MW/CM?)........ccooveveeeeeeeeeen.

The emission spectra a THF solution of the two-component
hybrid system 1ab-NP before (grey) and after irradiation with
365 nm light (16 mW/cm?) (violet) and > 630 nm light (120
mW/cm?) (red). The concentration of chromophore is
approximately 5.9 x 10° M for 1a and 4.7 x 10° M for 1b,
while the amount of decorated nanoparticle is 0.03 wt-% at (a)
high 980 nm excitation power (38 W/cm?) and (b) low 980 nm

excitation POWEr (2 W/CMZ)......veeieee oo

Images of (a) the colour of a THF solution of 1ab-NP, (b) the
emission when this solution is irradiated with high 980 nm
excitation power (38 W/cm?), (c) the emission when this
solution is irradiated with low 980 nm excitation power (2
W/cm?), (d) the colour after irradiating the solution with 365 nm
light (16 mW/cm?) until the photostationary state is reached,
(e) the emission when this solution is irradiated with high 980
nm excitation power (38 W/cm?), (f) the emission when this
solution is irradiated with low 980 nm excitation power (2
W/cm?), (g) the colour after irradiating the solution with > 630
nm light (120 mW/cm?) until no changes were observed in the
spectrum, (h) the emission when this solution is irradiated with
high 980 nm excitation power (38 W/cm?), and (i) the emission
when this solution is irradiated with low 980 nm excitation

POWET (2 WICINZ). <.t

Images of a THF solution of 1a-NP, a CH,ClI, solution of 1b-
NP, and a THF solution of 1ab-NP as they are irradiated with
very high 980 nm excitation power (143 W/cm?), showing the

‘remote-control’ photoswitching. ..........ccoviiiiiiiicic e,

'H NMR spectrum for a CD,Cl, solution of ligand 3b. The

residual solvent peaks are highlighted. ..........ccccccceeiiiiiiiiiiiiinnn,
*C NMR spectrum for a CD,Cl, solution of ligand 3b. ..................
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Figure 6.23

Figure 6.24

Figure 8.1

Figure 8.2

Figure 8.3

Figure 8.4

Figure 8.5

Figure 9.1

Figure 9.2

'H NMR spectrum for a CD,Cl, solution of 4-(4-(2-(5-(4-
methoxyphenyl)-2-methylthiophen-3-yl)cyclopent-1-en-1-yl)-5-
methylthiophen-2-yl)phenol. The compound decomposes

rapidly at ambient temperature..........ccccooiiiiii

®C NMR spectrum for a CD,Cl, solution of 4-(4-(2-(5-(4-
methoxyphenyl)-2-methylthiophen-3-yl)cyclopent-1-en-1-yl)-5-

methylthiophen-2-yl)phenol. ............oeiiiiiiric e,

(a) UV-vis absorption spectra of a CH;CN solution (8.54 x 107°
M) of 37,5°-di(carboxymethoxy)benzoin 1a before (solid line)
and after irradiation with 365 nm light (dashed line) for 35 min,
and the emission spectrum of a THF solution (1 wt-%, Aex =
980 nm) of the NaYF,: TmYb core-shell UCNPs (shaded). The
inset shows the TEM photograph of 1a[NaYF;:TmYb]
illustrating their uniform size and hexagonal prism shape. (b)
Changes in the UV-vis absorption spectra of a CH3;CN solution
of 1a[NaYF4;:TmYb] when it is irradiated with 980 nm light
(power = 4.4 W, power density = 550 W/cm?).?*®! The inset
shows the changes in the absorbance at 300 nm when
samples of the same solution are irradiated with 290 nm

(circles) and 980 nm light (diamonds). .......cccoveeviiieiiiiieeieeen,

Powder X-ray diffraction (XRD) patterns for NaYF,TmYb
nanoparticles (top) and B-NaYF, standard pattern (bottom).

The intensities (/) were normalized in both cases. ......c.cccccceeee.

Transmission Electron Microscopy (TEM) micrographs of (a,b)
NaYF,TmYb nanoparticles and (c,d) decorated
1a[NaYF4:ErYb] nanoparticles, and (e,f) size histograms for
NaYF,TmYb showing the number of nanoparticles (n) for

diameter (d) and height (A). ......coovvieiiiii

'"H NMR spectra of a CD3sCN solution of 1a before (top) and

after (bottom) it was exposed to 313 nm light for 100 min.............

(a) Luminescence upconversion emission spectra of a 1 wt-%
colloidal solution of NaYF4:TmYb core-shell nanoparticles in
THF excited with a 980 nm laser diode (Power Density = 150
W/cm?). Changes in the UV-vis absorption spectra of CH;CN
solutions of (b) 1a as it is irradiated with 312-nm light, (c)
1a[NaYF;:TmYDb] as it is irradiated with 290-nm light, and (d)
1a[NaYF;:TmYDb] as it is irradiated with 980-nm light until the
no further spectral changes are observed. The data in (c) and
(d) were used to generate Figure 8.1c. The insets in (b), (c)
and (d) show the initial (blue) and final (red) traces
corresponding to 1a and 1a[NaYF,TmYb], and 2a and

2a[NaYF4TmYDb], respectively.......cccovviiiiiiiiiiiiciiece e,

Schematic representation of NIR-to-UV ‘remote-control’

photorelease from a fluorescent UCNP coated with PEG. ............

The bis-carboxylate PEGylated ligand attached to the UCNP
1-NP is displaced by inorganic phosphate in 0.01 M PBS
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Figure 9.3

Figure 9.4

Figure 9.5
Figure 9.6

Figure 9.7

Figure 9.8

Figure 9.9

Figure 9.10

Figure 9.11

Figure 9.12
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1: INTRODUCTION TO THE THESIS

1.1 ‘Remote-control’ photochemistry

Light is an appealing source of energy to turn molecular processes ‘on’ or
‘off since light can be easily tuned and focused to desired energy content
(wavelength, power) and volume/area and thus offers the user external
spatiotemporal control. However, the major disadvantage of the majority of
organic photochemistry is the need for high-energy light, light that has various
detrimental properties such as degradation and side-reactions of organic
molecules upon extended irradiation and shallow penetration-depth in biological

tissues.['2°]

To circumvent this severe limitation that hampers the practical utility of
photochemistry in general, a few different approaches of ‘remote-control’

photochemistry have been developed:

The most widespread form of ‘remote-control’ photochemistry using light
of lower energy to trigger a reaction is two-photon excitation (2PE) where near
infrared (NIR, ~750-1000 nm) light is used to excite the molecule.[* Since NIR
light is of lower energy than UV light, it does not cause undesired photoreactivity
to the same degree because most molecules do not directly absorb these NIR
wavelengths. However, the majority of all photoactive molecules respond very

inefficiently or not at all to the NIR light due to the inherent low energy of the NIR



light and the small NIR absorption cross-section of most photoactive molecules.
The scope of molecules that function with this approach of ‘remote-control’
activation with NIR light is thus severely limited. Moreover, the use of powerful,
large and expensive pulsed lasers limits the practical usefulness of this approach

of ‘remote-control’ activation.

A second approach to use long-wavelength visible or NIR light for
‘remote-control’ is the use of gold-nanoparticles (gold-NP) due to their
photothermal effect upon laser excitation.”! Although not a method to drive
photochemical reactions; in this approach low energy NIR or visible light is
converted by the gold-NP into heat of sufficient magnitude to drive organic
thermal reactions or cause damage in biological systems./®! Such systems are
thus limited to secondary reactions gated by heat and cannot be used to drive
photochemical reactions. A similar form of photothermal effect is exhibited by

magnetic nanoparticles upon radiofrequency (RF) irradiation.!”!

A fourth approach of ‘remote-control’ photochemistry that had been
utilized prior to the work described in this thesis is NIR-to-visible ‘remote-control’
photochemistry using upconverting nanoparticles (UCNP). By the NIR-to-visible
‘remote-control’ upconversion approach, visible light activated photosensitizers
could be triggered to undergo photochemical reactions upon excitation with NIR
light (980 nm).!! However, only a handful of photoactive chromophores
discovered so far respond to visible light and this method of ‘remote-control’

photochemistry was thus severely limited prior to our initial contributions.!*%""!



During the work carried out in this thesis we demonstrated how not only
NIR-to-visible upconversion could be used to drive a wider scope of organic
photoreactions but also, and more importantly, we demonstrated that NIR-to-UV
upconversion could be used to drive organic photochemical reactions, something
that had not been previously demonstrated. %" With our discovery of NIR-to-
UV ‘remote-control’ photochemistry we increased the generality of the ‘remote-
control’ upconversion approach since UV light triggers the majority of all
photoactive molecules available to this end. The NIR-to-UV upconversion
approach thus offers a significant advantage over conventional 2PE triggered
photochemistry since the UCNPs emit UV light locally and a larger scope of
photoactive organic molecules can thus be used in combination with the UCNPs

depending on their UV light absorption profile.

1.2 Photon upconverting nanoparticles
Photon upconversion is a non-linear optical phenomenon in which the
energy from multiple lower energy NIR photons is transformed into one photon of

[12.1314.1516.171 gych anti-Stokes fluorescence can be generated

higher energy.
from certain lanthanide and uranide f ions and transition-metal d ions upon NIR
laser light irradiation of significantly lower power density than used for

conventional 2PE photochemistry.!'?

1.2.1 Upconversion

There are a number of different mechanisms by which multiphoton

upconversion can be generated,!'®" although the most efficient form of



upconversion to date is accomplished by co-doping a suitable matrix, often
oxides or fluorides of rare earth elements, with one lanthanide ion responsible for
absorbing the NIR energy (absorber ion) and subsequently transfer that energy
to a co-doped lanthanide ion responsible for subsequent emission (emitter ion) ,
see Figure 1.1.">" This process is called energy transfer upconversion and is
advantageous since it circumvents the need for multiple lasers of different
wavelengths, which otherwise would be needed to generate upconversion from
one ion responsible for both absorbing and emitting light.['” Hence one cheaper
and more compact continuous-wave NIR diode laser can be used to generate
the photon upconversion in comparison to the large and expensive pulsed lasers
used for 2PE photochemistry. In order for the upconversion to be efficient it is
paramount that the ions responding to the light are imbedded in a suitable
matrix, one that shields the ions from solvent and gas interactions and facilitates
energy transfer between ions.['*3141518 The most efficient matrix material to
date for bright upconverting (or upconversion) nanoparticles (UCNPs) is
hexagonal-phase B-NaYF,.!"*'*">'® The most common absorber ion is the
lanthanide ion Yb** since it can be excited by 980 nm light to an excited state by
the 2F72 - ?Fsp2 transition, an excited state from where it can transfer its energy
non-radiatively through the matrix to an emitter ion who’s energy levels closely
match the transferred energy of Yb>*.l'21314%3 ypon energy transfer from Yb**,
the emitter ion reaches a meta-stable excited state that is longed lived enough to
receive additional energy from the Yb>*absorber ion, which is being continuously

excited (pumped) by the NIR laser. The excited emitter ion can reach even



higher meta-stable excited states by sequentially absorbing more energy from
the Yb®* absorber ion before relaxing to the ground state, emitting one photon of
higher energy than that of the exciting NIR light.['*"31%15171 |5 order to achieve
an efficient upconversion process, it is crucial that the Yb>* absorber ion is co-
doped in a higher concentration than the emitter ion, normally ~20-30 % Yb**
absorber ion to ~0.5-2 % emitter ion."*"3'*1577 There are a number of
lanthanide emitter ions that can be used in combination with the Yb*>* absorber
ion such as Tm**, Er**, and Ho**.['" Depending on composition, the upconverted
emissions can be tuned to cover a range in the electromagnetic spectrum from
the NIR to the UV region by choosing one or a combination of these emitter ions.
Since the emission is generated from specific energy levels, the light is emitted
in sharp spectral regions of the electromagnetic spectrum and is not broad as is
common with regular down-converted (Stokes) fluorescence. The Yb>*/Er** ion
pair generate green and red emissions, the Yb*/Tm®" ion pair generates
emissions in the UV, blue, red and NIR region and the Yb**/Ho*" ion pair

generate red and green emissions upon 980 nm excitation.!"* !



(b)

Py

Figure 1.1 (a) Schematic 3D representation of an energy transfer upconversion UCNP co-
doped with both absorber ions and emitter ions. (b) Non-comprehensive Dieke
diagram representation of energy transfer upconversion.

1.2.2 Applications of upconverting nanoparticles

With the dawn of nanotechnology and especially nanomedicine, the
interest in upconversion technology was revitalized and synthetic methods for
generating efficient and mono-dispersed nanoparticles with tuneable sizes are
being developed.>'"*" The major driving force for the development of
upconversion fluorescent probes was primarily for use in bioimaging
technologies since the 980 nm excitation wavelengths falls within the NIR
window of biological tissues,!'??%2?2 5 region in the electromagnetic spectrum
(~630-1300 nm) where the absorption of blood, water and pigments, and the
scattering of light in tissues is relatively low. The overall best region for light
penetration in tissues is approximately 630-900 nm since the light absorption by
water is increased at longer wavelengths. In order to minimize water absorption
during excitation, recent research has focused on the use of 915 nm instead of
980 nm as the excitation wavelength due to the lower molar absorption

coefficient of water at that wavelength, thus leading to less heating and deeper



effective penetration depth of the 915 nm excitation light.?®! Another fundamental
factor for the rapid development of upconversion technology for bioimaging
technology is that the UCNPs do not photobleach.?? Due to this phenomena the
fluorophores can be continuously irradiated for extended periods (days/weeks
compared to minutes/hours for organic fluorophores) without loss in performance
and the particles can thus be continuously tracked temporally.” Furthermore,
due to the low energy of the NIR excitation light, the auto-fluorescence
interference from endogenous molecules is diminished leading to greater signal
to noise ratio.”® Another beneficial factor compared to traditional 2PE
fluorescence is that the UCNP can be excited by a non-tightly focused
continuous-wave laser of lower power density by means of sequential photon
absorption, which should increase the maximum effective penetration depth in-
vivo compared with 2PE fluorescence (or photorelease) where the tightly

focused pulsed laser beam will likely lose its focus due to scattering of tissues.

The Yb*/Er** ion pair is the most common absorber/emitter ion
combination of an upconverting nanoparticle throughout the literature due to the
intense green and a less intense red, two-photon upconverted light. Recently
however, the Yb**/Tm>" ion pair combination has been selected for deeper tissue
imaging in-vivo since the very intense 800 nm two-photon upconverted light is
bright and not absorbed by blood and tissues to the same extent as green
light.””! This phenomenon can thus potentially be used to locate particles deeper
in tissues in-vivo than with any other currently available approach for subsequent

NIR-to-UV ‘remote-control’ photochemistry.



1.3 Upconverting nanoparticles and organic photochemistry

In order to provide proof-of-concept of the ‘remote-control’ photochemistry
we initially chose to assess the ability of the UCNP to trigger organic
photoreactions upon NIR light excitation by using organic 1,2-dithienylethene
(DTE) photochromic molecular switches as they conveniently change colour
upon irradiation with appropriate wavelengths of light. We chose these types of
molecules to assess both the NIR-to-visible and the NIR-to-UV ‘remote-control’
photochemistry due to their many favourable characteristics including high
quantum yields, predictable and reversible photoreactions, easy synthesis and
tuning of their absorption spectra, and also due to our expertise and wide access
to these molecular systems. The bulk of the thesis is devoted to the use of DTE
photochromic molecules in combination with the UCNPs and we demonstrate
both NIR-to-visible and NIR-to-UV ‘remote-control’ photochemistry using these
systems. As a spin-off on our original ‘remote-control’ research we also
demonstrate fluorescence modulation of the UCNPs using DTE molecular

switches decorated on their surfaces for use in imaging technology.

Moreover and potentially more importantly, we further demonstrate the
universality of the NIR-to-UV ‘remote-control’ approach to trigger other organic
chromophores and use the UCNP in combination with 3’,5-dialkoxybenzoin
photocages in order to release molecules from the surface of the UCNP upon

NIR light excitation.



1.3.1 Structure of the thesis

Since the photochromic DTE molecules play a major role in the studies
described in this thesis, a chapter devoted to photochromism and the
photochemistry and general applications of the DTE molecule is included to give
an overview of the photochemistry and serve as background information
(Chapter 2). A second molecule that play a major role in the studies described in
this thesis is the 3’,5-dialkoxybenzoin photocage, a chapter devoted to the
photochemistry of this and other photorelease systems is thus included to

provide background information to subsequent chapters (Chapter 7).

In Chapter 3, we demonstrate that by using NIR light and UCNPs of
different composition both NIR-to-visible and for the first time NIR-to-UV ‘remote-
control photochemistry is possible.”®! During this initial study we also demonstrate
NIR-to-visible ‘remote-control’ photorelease as a novel approach of releasing

molecules using lower energy NIR light.

In Chapter 4, we developed and used more advanced UCNPs that can
generate either visible or UV light of sufficient energy to drive organic
photoreactions depending solely on the power density of the NIR light excitation

source."" As in our first study,?!

we used DTE photochromic dyes to probe the
efficiency of the ‘remote-control’ processes and demonstrated bi-directional

photoswitching by only changing the power density of the NIR excitation source.

In Chapter 5, we changed our research from ‘remote-control’
photochemistry toward bioimaging applications.”® In this first of two

fluorescence modulation studies we used a photochromic DTE dye to modulate



the upconverted fluorescence between two different fluorescent states in

aqueous media in vivo.

In Chapter 6, we developed a more advanced multimodal fluorescence
modulation system that can be selectively addressed using light of different
wavelengths to selectively generate multiple fluorescent states. We also
demonstrated that this more advanced system is capable of conducting ‘remote-

control’ photoswitching depending on the NIR excitation power density.!*!

In Chapter 8, we demonstrate the novel concept of NIR-to-UV ‘remote-
control’ photorelease using the 3’,5-dialkoxybenzoin photorelease system

decorated on the surface of an UCNP.['

Chapter 9 describes the successful development and synthesis of a more
advanced and water dispersible photorelease system for potential use in drug-
delivery. Unfortunately, the system proved impractical due to the choice of both
photorelease system and therapeutic payload. The information presented in this

chapter has not been published.

Chapter 10 describes the synthesis and initial investigations into the
unique photochemistry of a novel and highly efficient photocage based on the
3’,5’-dialkoxybenzoin framework. The information presented in this chapter has

not been published.
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2: PHOTOCHROMISM

Photochromism is defined as a light-induced reversible change between
two different molecular structures having different absorption spectrum.!*?3":32!
This change in molecular structure can be induced by light in one or both
directions and can be unimolecular or bimolecular. Photochromic molecules are
largely divided into two groups depending on their inherent thermal
stability.®*3"%2 |n the thermal class (T-type), the UV light induced isomer
spontaneously reverts back to the thermodynamically stable isomer upon
irradiation with visible light and/or thermally in the dark. The photochemical class
(P-type) has a greater thermal energy barrier between the two isomers and thus
has a reduced ability to spontaneously revert back from the UV light induced
isomer in the dark. Even at temperatures as high as a 100°C it can take days

[33]

before the material reverts back thermally. The reversed reaction is

consequently only induced with visible light.

The maijority of photochromic molecular classes studied to date utilize
double bond isomerization, pericyclic rearrangements or a combination of the
two. Other mechanisms include group transfer, dimerization and

ionization 3031321
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2.1 Thermal (T-type) photochromism

Probably the most well-known and widely used photoswitch is the
azobenzene class and the type of photochromism this type of photoswitch
displays is double bond isomerization between the thermodynamically stable
trans (E) isomer and the photoinduced cis (Z) isomer, see Scheme 2.1.4 The
carbon analogue stilbene also displays double bond isomerization upon UV light
irradiation.**>*! However, due to the 1,3,5-hexatriene configuration in the cis (Z)
isomer (highlighted in bold in Scheme 2.1), it undergoes a 6-1T-electrocyclization
reaction to a ring-closed isomer upon further UV light irradiation. This ring-closed
isomer can further oxidatively and irreversibly aromatize to phenanthrene.® In
order to prevent the aromatization pathway, the ortho-positions are methylated

and the process becomes reversible, see Scheme 2.157:383
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Scheme 2.1 Azobenzene, stilbene and methylated stilbene T-type photochromism. The bold
features of the stilbene molecules highlight both the 1,3,5-hexatriene configurations
and the extended conjugation after photoinduced ring-closing reaction.

The photochemically induced double bond isomerization is integral in
organic photochemistry and many photoswitches display this type of
isomerization in combination with a pericyclic cyclization/decyclization
reaction.’®3'*2 Upon UV light irradiation, these molecules react to form ring-
open or ring-closed neutral or ionic coloured isomers, which revert back to the
original isomer quantitatively upon visible light irradiation and/or thermally in the
dark. In combination with pericyclic reactions, the double bond isomerization
configurationally impedes or facilitates the pericyclic reactions by separating or

‘joining’ the reactive centres from/to each other, see Scheme 2.1, 2.2 and 2.3.
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Scheme 2.2 T-type photochromic compounds exhibiting double bond isomerization in
combination with pericyclic reactions. The bolded features describe the extended
conjugation that is responsible for the colour of the photoinduced isomers due to
absorption in the visible range of the electromagnetic spectrum.

2.2 Photochemical (P-type) photochromism

Due to the superior resistance to the thermal back reaction, the
photochemical P-type chromophores are useful for applications where it is
crucial that the photo-induced isomer do not spontaneously revert back to the

original isomer in the dark. Due to the heightened thermal stability of the
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photoinduced isomer, novel applications have and can be developed that utilize
less energetic visible light, applications that can have major influences in for

example medical research.?”

In contrast to the T-type photochromic class, the P-type photochromic
class has fewer members. The fulgides and the diarylethenes are the primary
examples of unimolecular photochromism in the thermally stable P-type
photochromic class although other examples exist, see Scheme 2.3. The
fulgides and the diarylethene photoswitches are similar to each other since they
both possess a central 1,3,5-hexatriene framework and consequently react the
same way with light.*” Although both molecules form a thermally stable ring-
closed photoproduct, the diarylethene class is more versatile due to easier
synthesis and thus simpler tailoring of the  structure-property

31404142831 Eor this reason, the diarylethene class and especially

relationships.r*°
the dithienylethene (DTE) subclass have found much more attention in the
scientific community than the fulgides and is the choice of photochromic

chromophore throughout this thesis.
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Scheme 2.3 P-type photochromic molecules. The bolded features indicate both the extended
conjugation and the 1,3,5-hexatriene configurations in the cases of the fulgide and
dithienylethene molecular switches.

2.3 The dithienylethene P-type photochromic molecular switch
The diarylethenes or more specifically the 1,2-dithienylethenes are the
‘gold-standard’ of thermally stable photochromic materials. This photochromic
class of molecules undergo some of the most efficient photoreactions of all
photoactive molecules discovered so far and generally display little degradation

upon UV light irradiation, depending on design. 404142431
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2.3.1 Design of the DTE chromophore

The general design of the diarylethene photoswitch entails linking two
five-membered S-, O- or N-heteroaromatic rings to a central double bond. In
order to prevent a configurational double bond isomerization of the central
double bond during UV light irradiation, it is often locked in a ring such as
cyclopentene or hexafluorocyclopentene. The best performance in terms of
stability is frequently achieved with perfluorinated-dithienylcyclopentene based
photoswitches as these photochromic molecules are essentially non-

photodegradable and respond rapidly and efficiently to light.l*041424%

2,2'-internal
positions

5,5"-external
positions

Figure 2.1 Common design of a DTE molecular switch.

As depicted in Figure 2.1 the two heteroaromatic rings are most often
linked to the central double bond at the 3,3’-positions. For the photochemistry to
be reversible, substituents at the 2,2’-positions (referred to as the internal
positions) other than hydrogen are imperative for desired function, as the ring-
closed photoproduct can oxidatively aromatize if the substituents are hydrogen
as in the case of stilbene, see Scheme 2.1.%! The most common substituents at

the internal position is methyl, although aromatic substituents at the internal
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position are also viable and tend to raise the efficiency of the visible light induced

ring-opening reaction.

At the 5,5'-position (referred to as the external position), an aromatic or
carbonyl moiety tend to raise the efficiency of the UV light driven ring-closing
reaction and is a way to tune the absorption of the coloured ring-closed
photoproduct and design various ‘on-off molecular switches for diverse

applications, see section 2.3.5.

2.3.2 The ring-closing reaction and the ring-closed isomer

The as-synthesized DTE photoswitch (see Figure 2.1), which is described
as the ring-open isomer, contains a central 6-m-electron 1,3,5-hexatriene -
system that is the core to the photochromism of the DTE class.[*%*14243 ypon
UV light irradiation, and when the two thiophene rings are in an antiparallel
conformation (C2-symmetry), the hexatriene 1-system undergoes a conrotatory
6-1r-electrocyclization ring-closing reaction due to the orbital symmetry in the
excited state in accordance with the Woodward—Hoffmann rules,** see Scheme
2.4 and Figure 2.2. The ring-closed isomer is produced as a racemic mixture of

two C2-symmetric enantiomers.
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Scheme 2.4 The photochromic reaction of a DTE molecular switch producing a racemic mixture
of two enantiomers.

The quantum yield of the ring-closing reaction is often high (®. = 0.59)[33]

and the photochemical reaction is fast (10" s7).*! In the photoexcited S; wave
packet, the electron can either non-radiatively (or fluoresce depending on the
molecule) relax back to the ground state starting material or promote the
pericyclic rearrangement to the coloured ring-closed isomer. The photoexcited
reaction surface of the cyclization reaction from the excited S4 ring-open state to
the ring-closed ground state Sy has a steep slope along the reaction coordinate
toward the formation of ring-closed product and is consequently a downhill
process, see Figure 2.2.%° An equilibrium, termed the photostationary state
(pss), is rapidly established between the formation of ring-closed and ring-open
isomer upon irradiation with UV light and can be as high as 5 % ring-open and
95 % ring-closed isomer.*®! The underlying reason for the establishment of an

equilibrium upon UV light irradiation is because both isomers absorbs UV light
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and can react upon excitation. However, the equilibrium lies toward formation of
the ring-closed isomer since the quantum yield of the ring-closing reaction is

higher than the ring-opening reaction, see Figure 2.2 and Section 2.3.3.

transition state
orbital symmetry

transition state
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UV light visible light
—_—

—_—
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-
6 = 0.59

PSS eq. = 5 % open : 95 % closed

S1
Energy \

i

Energy Sy

So

So visible =

ring-open ring-closed ring-closed ring-open

disrotatory reaction coordinate conrotatory disrotatory reaction coordinate conrotatory

Figure 2.2 Transition state orbital symmetry in the Si-excitated state according to the
Woodward-Hoffman rules and photochemical reaction schemes for the (a) ring-
closing and (b) ring-opening reactions and a schematic representation of the
potential energy surfaces along the reaction coordinates of the photochromic
reactions of the DTE molecular switch."®

After the photoinduced pericyclic rearrangement from the ring-open
isomer to the ring-closed isomer, the two external ends of the photoswitch that
previously were cross-conjugated are now electronically 1-conjugated through
the DTE backbone. Due to this extended 1r-conjugation the molecule absorbs in
the visible region of the electromagnetic spectrum and appears coloured to the

eye, see Scheme 2.4 and Figure 2.2.
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The coloured ring-closed isomer is often extremely stable at room
temperature and does not bleach thermally in the dark, even at elevated
temperatures it remains stable.®® However, if the substituent at the internal
position is substituted with bulky alkyl or especially alkoxy groups such as
isopropoxy, both the thermal half-life (7 min) of the ring-closed isomer and the

quantum yield of the ring-opening reaction (®, = 6x10™) drops markedly,*”! see
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Figure 2.3 Thermal stability of the ring-closed isomer of various diarylethene derivatives.

2.3.3 The ring-opening reaction

Upon visible light irradiation, the ring-closed isomer undergoes a
conrotatory 4-1r-2-0-electron cyclo-reversion reaction with a lower quantum vyield
(®, = 0.013) than the ring-closing reaction.”® The quantum vyield for the ring-
opening reaction is lower since most of the excited electrons relax non-
radiatively (or fluoresce depending on the molecule) to the ground state of the
ring-closed starting material without promoting the cyclo-reversion reaction to the
ring-open isomer, see Figure 2.1.1*! However, although the quantum yield is low
in comparison to the ring-closing reaction, the ring-opening reaction eventually
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reaches 100 % ring-open isomer (not accounting for any degradation product
during UV light irradiation)!*® since the ring-open isomer does not absorb visible

light.

2.3.4 Multiphoton photoswitching
As with many other photoactive molecules, the DTE chromophores can
also respond to lower energy near infrared light (NIR) by absorbing multiple

photons.1!

Two- or three-photon excitation is a process in which the
chromophore is excited by simultaneously absorbing multiple photons with
enough energy to mimic the original one UV or visible light photon.”**! This
process is quite inefficient and is determined by the molecules ability to harvest
the low energy photons, which is expressed as their multiphoton absorption
cross-section expressed in Goepphart-Mayer (1 GM = 10°° cm®*s/photon).”**! In
order for this process to be efficient, the absorption cross-section need to be
large and the quantum yield should also be high as to maximize product
formation after two or more photons are absorbed. The exciting laser has to be
tightly focused and pulsed with an extremely high peak power in order to
maximize the concentration of photons in the focal point of the laser beam, which
is where the reactions occur. Due to this phenomenon, precise excitation is

accomplished in a small volume using multiphoton excitation, which gives the

user full 3D control over the excitation process.**!

DTE photoswitches, along with most other photoresponsive molecules,
generally have a low multiphoton absorption cross-section. But they can be

tuned to absorb NIR light better by expanding the tr-system to large and
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symmetrical pendent groups.” Irie and co-workers recently demonstrated that
one such DTE derivative is susceptible to both ring-closing (three-photon) and
ring-opening (two-photon) reactions by only changing the power density of the

1.28 um NIR light laser excitation source,*?! see Scheme 2.5.

1.28 um

CH, 3 photons
—_—
-

1.28 um

2 photons

CHj CHy

Scheme 2.5 Multiphoton bidirectional photoswitching using NIR light of one wavelength.[49] The
features in bold highlight the 1,3,5-hexatriene configuration of the ring-open isomer
and the extended conjugation of the ring-closed isomer. The bold features on the
left side of the reaction arrow indicate the 1,3,5-hexatriene configuration whereas on
the right side of the reaction arrow it indicates the extended conjugation with
absorbance in the visible region of the electromagnetic spectrum.

2.3.5 Applications of the DTE class

The DTE framework is versatile and with proper design and ingenuity it
can be triggered to perform ‘tasks’ with both UV and visible irradiation, see
Scheme 2.6. Especially the ability to use low energy visible light for a triggering
event can have great impact in the medical field since light penetrates tissue
best at ca. 630-900 nm,!"?2%2122 yayelengths the photoswitches can be tuned to

absorb.[49°1:%2]
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Scheme 2.6 The DTE framework is versatile and with proper design many different applications
can be realized. The bolded features describe the 1,3,5-hexatriene configuration
and the extended conjugation.

Classically the photoswitches were designed to respond to changes in
light absorption or electronic communication upon irradiation as the TI-
conjugation can be broken or generated upon irradiation with light of appropriate
wavelength. In the ring-open colourless form the two heteroaromatic rings are
cross-conjugated and the external positions are insulated from each other. After
UV light irradiation and subsequent ring-closing reaction, the two external ends
of the coloured isomer are electrically T-conjugated and can electronically
‘communicate’, see Scheme 2.6. Such changes in extended conjugation can be
used for a number of applications such as ion complexation®®"! and fluorescence

quenching®! among many other applications,!*****’l see Scheme 2.7 and 2.8.
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UV light

visible light

Scheme 2.7 Upon UV light irradiation the electronic density of the aniline nitrogen is decreased
and Ca®* is released.®" In the ring-closed isomer the aniline nitrogen is conjugated
to the aldehyde and a donor acceptor system is generated. The bold features on the
left side of the reaction arrow indicate the 1,3,5-hexatriene configuration whereas on
the right side of the reaction arrow it indicates the extended conjugation. The ring-
closed isomer absorbs red visible light due to the conjugated donor acceptor
system.

UV light

CHs

visible light

fluorescent not fluorescent

Scheme 2.8 In the ring-open state the molecule exhibits fluorescence. After irradiation with UV
light the ring-closed isomer quenches the fluorescence by FRET.® The bold
features on the left side of the reaction arrow indicate the 1,3,5-hexatriene
configuration whereas on the right side of the reaction arrow it indicates the
extended conjugation with absorbance in the visible region of the electromagnetic
spectrum.

Many systems have also been designed to undergo changes in their
rotational degrees of freedom. In the ring-open form, the two aryl rings can rotate
but in the ring-closed isomer the two heteroaromatic rings are configurationally

locked in a planar and rigid structure.?%4°4'42 gych configurational changes
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have many applications including catalysis®®™ and medicine ' among many
other applications,?**>*see Scheme 2.9 and 2.10.

©/\
N,CH,CO,Et L
™

O_N

uv 2t

_— > 7 7

- . HyC~ =S S7CHj
VIS Cu* N*

H

SN -~
+ isomers \\
/ CO,Et

distance not appropriate
for efficient chelation

stereoisomer outcome
C2-chiral metal binding site dependent on DTE-Cu* complex

Scheme 2.9 In the ring-open form the chiral DTE molecular switch complex Cu” in a C2-chiral
binding site and stereoselectively catalyse a cyclopropanation reaction. After UV

light irradiation the distance between the ligands are not app{s%)riate for

complexation and the stereochemical outcome of the reaction is altered.

HyC CHs
SN UV light
_ WViight Ny
HN"SO 07 NH ——= N
visible light
HaN.

00

binds partially to enzyme

binds to enzyme

Scheme 2.10 In the ring-closed form the photoswitch cannot bind properly in the binding site of
an enzyme, after irradiation with visible light the ligand fits into the binding site.®®!

The ability of the DTE photoswitch to rearrange its electron configuration
can be used in other ways than electronic communication between the external

or external-internal positions and steric change; the central double bond linking
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the two heteroaromatic rings is one such example. In the ring-open colourless
isomer, the central double bond is located and isolated on the central ring
system, but in the ring-closed coloured isomer those electrons are rearranged
and in conjugation over the backbone and is thus ‘removed’ from the central ring
with UV light and ‘replaced’ with visible light, see Scheme 2.6 and 2.11. This

phenomenon can be utilized in a number of ways such as reactivity-gated

m,[5657, 58] [9,57,59,58]

photochromis photochromism-gated reactivity, molecule

sequestering!® and potentially in catalysis,®*"®? see Scheme 2.11.

R\ RR
visible light retro Diels-Alder
—_— —_—
UV light Diels-Alder
photoactive photoactive not photoactive
locked unlocked
reactivity gated photochromism photochromism gated reactivity
visible light
—_—
-
UV light
benign benign
locked unlocked

Scheme 2.11 General examples of reactivity-gated photochromism and photo-gated reactivity
for sensing, release technology and activation of toxic species recently
developed in the Branda lab. 9657985 The polded features describe the
extended conjugation and the hexatriene configuration.
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2.3.6 Outlook

Since the DTE molecular switch generally has a high photostationary
state, not very prone to UV light degradation with proper design, and has a
thermally stable ring-closed photoproduct, novel visible light activated

applications have been and are being developed.

With proper design, the DTE framework can prove very useful for the
molecular- and nano-medical research field as new one-photon red-light (> 630
nm) activated functional switches can be developed which would be a great leap

in photo-activated therapeutic activation in vivo.
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3: REMOTE-CONTROL PHOTOSWITCHING USING NIR
LIGHT

3.1 Contributions

The text in this chapter has previously been published as a
communication in the Journal of the American Chemical Society and is
reproduced herein in its entirety with permission from the journal (C.-J. Carling,
J.-C. Boyer, N. R. Branda, J. Am. Chem. Soc., 2009, 71317, 10838-10839,
http://pubs.acs.org/doi/abs/10.1021/ja904746s). The project was co-designed by
C-J Carling, Dr. J-C Boyer and Prof. Dr. N. R. Branda. All organic synthesis and
characterizations of organic molecules were carried out by C-J Carling. Dr. J-C
Boyer carried out all nanoparticle synthesis and characterizations thereof. All
acrylate films were produced by C-J Carling except for the acrylate rod in Figure
3.8a that was made by Dr. J-C Boyer. C-J Carling and Dr. J-C Boyer jointly
measured all ‘remote-control’ photochemistry. The manuscript was co-written by

C-J Carling, Dr. J-C Boyer and Prof. Dr. N. R. Branda.

3.2 Abstract

Near-infrared (NIR) light is used to toggle photoswitches back and forth
between their two isomers even though the chromophores do not significantly
absorb this type of light. The reactions are achieved through a ‘remote-control’
process by using photon upconverting hexagonal NaYF4 nanocrystals doped

with lanthanide ions. These nanoparticles absorb 980 nm light and convert it to
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wavelengths that can be used to trigger the photoswitches offering a practical

means to achieve 3D-data storage and photolithography.

3.3 Introduction

The use of dithienylethene (DTE) photoswitches to achieve spatial and
temporal control of molecular processes and optoelectronic properties has
received significant attention in the recent years.*%#'%4 This attention is well
deserved and due to the fact that the photoswitches can be toggled back-and-
forth between two structurally and electronically different isomers (Scheme 3.1)
having properties that can be fine-tuned by decorating the molecular backbone
with functional groups so they can be applied to a wide range of technologies,

[63]

from optical data storage and processing to photorelease®”’! and

photodynamic therapy.l®!
1a uv 1b
-
Ph™s s~ Ph Ph” S 7 'S7Ph

Scheme 3.1 Reversible photochromic reaction of dithienylethene photoswitch 1

One of the major drawbacks of these versatile photoresponsive systems
is the need for ultraviolet and visible light to induce the ring-closing and ring-
opening reactions, respectively. Both types of light are associated with
detrimental effects such as inducing unwanted side reactions and low
penetration into biological tissue.® More practical systems are those that

undergo multiphoton processes in the near-infrared (NIR) region of the spectrum
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where the probability of inducing chemical reactions is reduced and 3D control
can be achieved (a key to photodynamic therapy and volumetric data storage
applications).® Because photochromic compounds often have low 2-photon-
absorbing cross sections,'® a better alternative is to induce the DTE reactions in
a ‘remote-control’ process by using antennae species that absorb NIR light and
transfer the harnessed energy to the photoswitch.

Photon upconverting nanoparticles (UCNPs), in particular hexagonal
NaYF4 nanocrystals doped with lanthanide ions, are ideal for ‘remote-control’
photoswitching.®® 1) They efficiently absorb NIR light and convert it to
wavelengths that can be used to trigger appropriate DTE photoswitches. 2) The
key electronic excitations occur in real energy levels, requiring significantly lower
intensities of light than conventional two-photon absorbing dyes. 3) They do not
suffer from photobleaching. 4) They can be coated with biocompatible polymers
and antibodies to decrease toxicity, prolong circulation time and increase tissue
selectivity, rendering them particularly useful in biomedical applications.®”!

In this paper, we demonstrate how DTE photoswitches undergo their ring-
closing and ring-opening reactions using NIR light in the presence of two types
of UCNPs that emit UV and visible light. In a preliminary study, we also illustrate
the concept of ‘remote-control’ photorelease using the DTE architecture. A
recent publication'® describes the use of UCNPs and a DTE for optical memory
applications. Although effective quenching of the UCNP emission by one of the
DTE isomers was achieved, ‘remote-control’ switching was not demonstrated,

likely due to the use of the less-efficient upconverting LaFs; nanoparticles, a
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lower laser power and/or the occurrence of an energy-transfer process, which

produces a state with different properties from our case.

3.4 Results and Discussion

We chose to use NaYF4 nanoparticles because they are some of the best
UCNPs known to date and depending on their composition they can emit
ultraviolet, violet, blue, green, and red light upon absorbing NIR (980 nm) light.
The ‘remote-control’ switching of DTE 1 by UCNPs NaYF,4 doped with 0.5 mol %
Tm* and 30 mol % Yb* (NaYF4;TmYb), and NaYF, doped with 2 mol % Er**
and 20 mol % Yb** (NaYF4:ErYb) are the focus of our studies. The ring-open
isomer (1a) absorbs UV light,'® which induces ring-closing to form 1b. This light
can be generated when a dispersion of the UV-emitting NaYF.. TmYb
nanoparticles absorb NIR light. The ring-opening reaction (1b — 1a) is triggered
by visible light, which can be produced by a dispersion of the green-emitting

NaYF4:ErYb.

DTE 1a and both UCNPs are prepared according to literature
procedures.® TEM images of the UCNPs demonstrate their nearly
monodisperse particle size (Figure 3.1a and 3.1b) of 25.3 + 1.4 nm and 25.6 +
1.3 nm for NaYFs#TmYb and NaYF4ErYb, respectively. Powder X-ray
diffraction!'® confirms that the synthesized particles are hexagonal in phase with
no significant impurity phases present. The well-defined peaks of the X-ray
pattern demonstrate the high crystallinity of the doped NPs, and a crystallite size
of approximately 23 nm can be determined for both types of UCNPs from the line

broadening of the diffraction peaks, which correlate well to the TEM data.
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Figure 3.1
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Emission spectra of colloidal CHCI; solutions of (a) NaYF4 TmYb and (b)
NaYF4:ErYb UCNPs when excited with a 980 nm laser diode.™ The light used to
trigger photoswitch 1 is highlighted. TEM images are shown as insets. Changes in
the UV-vis absorption spectra (left) and photographs (right) of acrylate films (12 x 8
x 1 mm) containing (c) 1a + NaYF4TmYb, and (d) 1b + NaYF4ErYb as they are
irradiated with 980 nm light. The stripes observed in the ri ht panel of (c) and (d)
correspond to the direction of the beam of the 980 nm laser.®® The irradiation in (c)
was carried out two times with perpendicular orientations. The small squares in all
images are the cut-out holes in the sample holder through where the absorption
was measured.

DTE 1a absorbs UV light (365 nm) and undergoes efficient conversion to

its ring-closed counterpart (1b) as illustrated by the changes in the UV-vis

absorption spectrum!® and the visual color change of a CH3sCN solution from

colourless to red. Visible light (> 450 nm) triggers the reverse reaction and

regenerates both the original spectrum and the color. These wavelengths

correspond to those emitted by the UCNPs, which have upconversion emission

spectra that correspond to those reported previously.®® Of the five emissions
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observed for NaYF4:TmYb ranging from ultraviolet to near-infrared (Figure 3.1a),
the highest energy emission is appropriate for photocyclization (1a — 1b). In the
case of NaYF4:ErYb, violet, green and red emissions are observed (Figure 3.1b),
with the second one appropriate to induce ring-opening (1b — 1a).l"%""!

In order to ensure that the UCNPs and DTE remain in close enough
proximity to promote re-absorption of the light emitted from the nanocrystals by
the organic chromophore, we chose to demonstrate ‘remote-control’ switching by
casting both components in a polymer composite material comprised of cross-
linked poly(ethyleneglycol)dimethacrylate and toluene, which provides a flexible
environment for the photoreactions of 1.["?

When a pale yellow film containing 1a and an excess of NaYF4+:TmYb is
irradiated with 980 nm diode laser light, the film only changes to a red color
along the path of the beam of light (Figure 3.1c), which can be attributed to the
photocyclization reaction (1a — 1b). This reaction is supported by the changes
in the absorption spectrum, which match those for a sample of 1a alone./®”
Similarly, a film containing 1b and NaYF4:ErYb undergoes decolorization only
along the path of the light (Figure 3.1d). The ring-opening reaction (1b — 1a) is
also supported by spectral changes that match those for a sample of 1b
irradiated with visible light.

The fact that the reactions of the DTE chromophore are triggered by
absorbing the light generated by the UCNPs is demonstrated by irradiating a film
containing 1b but no NaYF4:ErYb, which undergoes almost no changes in its

color or its UV-vis spectrum (see Figure 3.7 in the experimental section 3.8.7).
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We recently demonstrated how visible light could be used to trigger the
release of a small molecule from a DTE derivative by inducing the ring-opening
reaction of a ‘locked’ species.®” The process is based on the creation of an
unstable ring-open compound that spontaneously undergoes a reverse Diels-
Alder reaction to generate a fulvene and a dienophile as illustrated by analogous
compounds shown in Figure 3.2a. We now demonstrate that we can trigger the
release using NIR light and UCNPs.

Dithienylfulvene 3 is synthesized using our original methods with some
minor modifications.®® The ring-closed Diels-Alder product (2b) is produced as a
mixture of four stereoisomers after treating 3 with an excess of diethyl
dicyanofumarate and exposing the unstable intermediate (2a) to UV light. When
an acrylate film containing 2b and NaYF4:ErYb is exposed to 980 nm light in an
analogous manner as for 1b, similar color changes can be observed (Figure
3.2b) showing that ‘remote-control’ switching also operates in this system. When
probed using UV-vis absorption spectroscopy, in addition to the decrease in the
absorption band at 550 nm, which signifies ring-opening (2b — 2a), an increase
in an absorption band at 400 nm is observed. This increase can be attributed to
the appearance of dithienylfulvene 3 through the spontaneous release from 2a.
Irradiation of this film with 365 nm light results in no observable spectral changes
supporting the success of the release even in the relatively solid matrix since any
remaining ring-open isomer would be converted back to its ring-closed

counterpart (2b).
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Figure 3.2 (a) Scheme illustrating the ring-opening and release reactions of bicyclic compound
2b as it is irradiated with visible or NIR light. (b) Changes in the UV-vis absorption
spectra (left) and photographs (right) of an acrylate film (8 x 7 x 1 mm) containing
2b + NaYF4ErYb as it is irradiated with 980-nm light. The stripe observed in the
right panel corresponds to the direction of the beam of the 980-nm laser.

3.5 Conclusion

Our demonstration of ‘remote-control’ switching using the versatile DTE
architecture and upconverting doped nanocrystals offers new opportunities in
photodynamic therapy and 3D data storage. In these studies we have
demonstrated that either ring-closing or ring-opening reactions can be triggered

by the judicial choice of organic chromophore and UCNP.
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3.7 Experimental
3.7.1 General methods
3.7.1.1 Materials

All solvents used for synthesis, chromatography and UV-vis absorption
spectroscopy measurements were used as received. Solvents for NMR analysis
were purchased from Cambridge Isotope Laboratories and used as received.
Column chromatography was performed using silica gel 60 (230-400 mesh) from

Silicycle Inc. All reagents and starting materials were purchased from Aldrich

with the exception of Darocur 4265®, which was purchased from CIBA and 12-

tricosane, which was purchased from TCI America. 1,2-Bis(5-phenyl-2’-
methylthieny-3"-yl)cyclopentenel™ (1a) and diethyl dicyanofumarate!™! were
prepared as described in the literature. All chemicals utilized in the synthesis of
the upconverting nanoparticles and composite samples were purchased from
Aldrich and used as received. The NaYFs Er®* 2 mol%, Yb* 20 mol%
(NaYF4ErYb) and NaYFs;: Tm** 0.5 mol%, Yb*" 30 mol% (NaYF4;TmYb)

751 without

nanoparticles were synthesized as described in the literature
modifications. The nanoparticles were dispersed in chloroform to give 2 wt-%

UCNP stock solutions.

3.7.1.2 Instrumentation

'"H NMR and "*C NMR characterizations were performed on a Bruker TCI
600 cryoprobe (proton sensitive, inverse probe) working at 600.33 MHz for 'H

and 150.97 MHz for "*C. Chemical shifts (5) are reported in parts per million
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relative to tetramethylsilane using the residual solvent peak as a reference
standard. Coupling constants (J) are reported in hertz. UV-vis absorption
spectroscopy was performed using a Varian Cary 300 Bio spectrophotometer
and an Ocean-Optics USB2000 miniature fiber optic spectrometer. Exact mass
measurements were done using a Kratos Concept-H instrument with

perfluorokerosene as the standard.

3.7.2 Synthetic procedures

3.7.2.1 Synthesis of dithienylfulvene 3

Ci1Hzz_Cq1Hz2

Bro + 12 tricosane
]\ I\ EL.O 7\ I\ i/ \ I\ rrolldln
1a 5a 5b

MeOH, THF

A 500 mL round bottom flask equipped with stir bar was flame-dried and
cooled under a N; purge. The flask was charged with 1,2-bis(5-phenyl-2’-
methylthieny-3’-yl)cyclopentene 1a (1.93 g, 4.68 mmol) and anhydrous Et,O
(105 mL). The flask was lowered into a dry-ice/acetone bath at —78 °C and Br;
(0.12 ml, 4.68 mmol) was added drop-wise via glass syringe. The yellow
dispersion was stirred at —78 °C for 25 min before it was removed from the
cooling bath and allowed to stir at ambient temperature for 1.5 h, at which time
the yellow solution was quenched with water (100 mL) and stirred for 5 min. The
layers were separated and the aqueous layer was extracted with EtOAc (2 x 40
mL). The combined organic layers were washed with NaHCO3 (40 mL), dried

(MgSOs4), vacuum filtered and concentrated on a rotary evaporator at 25 °C to
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afford a green oil that foams under vacuum. The solid residue was dried in vacuo
for 10 min in a 100 mL round bottom flask. The solid product of this reaction (5a
and 5b) was used without further purification. A stir bar was added to the flask
and the system was purged with N,. A 0.5:3.5 MeOH:THF mixture (33 mL) was
added to dissolve the green solid. The solution was treated with a solution of
tricosane-12-one (TClI America, 1.58 g, 0.73 mmol) in a 0.5:3.5 MeOH:THF
mixture (17 mL). The reaction was then treated with freshly distilled (from
sodium) pyrrolidine (1.32 mL, 18.74 mmol) and was allowed to stir at ambient
temperature for 17 h, at which time it was quenched with NH4CI (30 mL). The
reaction mixture was transferred to a separation funnel and diluted with water.
The aqueous phase was removed and the organic phase was washed with
NH4CI (20 mL). The combined aqueous phases were extracted with EtOAc (2 x
75 ml). The combined organic layers were dried (MgSO,), vacuum filtered and
concentrated on a rotary evaporator at 25 °C to afford a brown solid. Purified on
a large silica gel column (10% CH.CI, in hexanes) yielded 570 mg (17%) of
compound 3 as a highly viscous yellow/orange oil. Compound 3 was stored in

the freezer to prevent decomposition.

"H NMR (CD2Cl,, 600 MHz): & 7.44 (dd, J = 8.3, 1.0 Hz, 4H), 7.30 (dd, J = 10.7,
4.8 Hz, 4H), 7.20 (t, J = 7.4 Hz, 2H), 6.92 (s, 2H), 6.59 (s, 2H), 2.59-2.62 (m,
4H), 2.32 (s, 6H), 1.63 (td, J = 15.4, 7.6 Hz, 4H), 1.28—1.43 (m, 32H), 0.88 (t, J =

7.0 Hz, 6H).
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3C NMR (CD.Cl, 151 MHz): 5 159.70, 141.64, 140.05, 139.31, 135.83, 135.51,
135.51, 134.89, 129.11, 127.31, 125.83, 125.65, 120.08, 34.81, 32.30, 30.64,

30.27, 30.06, 30.03, 29.95, 29.86, 29.74, 23.07, 14.63, 14.26.

HRMS (ESI") Calculated for CsoHe7S2 ((M+H™]): 731.4684. Found: 731.4665.

3.7.2.2 Synthesis of bicyclic compound 2b

CqyHza<_Cy1H22 NC._CO,Et Et0,C CN Cy4Hzo
I NC Ci1Hzo
EtO,C~ 'CN EtO,C
4
—_—
/R /A
Ph™>g s~ Ph Ph” 8" < 8" ph
3 + isomer + isomers
2a 2b

This experiment is composed of two separate experiments that were
combined in the end in order to avoid too long irradiation times. Fulvene 3 (#1:
45 mg, 0.06 mmol, #2: 74 mg, 0.10 mmol) was dissolved into a quartz tube in
freeze-pump-thawed (FPT) CH.CIl, (3 FPT cycles, #1: 3 mL, #2: 4 mL).
Fumarate 4 (#1: 68 mg, 0.31 mmol, #2: 113 mg, 0.51 mmol) was dissolved in
FPT CH.CI, (#1: 12 mL, #2: 24 mL) and added to the quartz tube. The tube was
equipped with two stir-bars and purged with argon. The reactions were allowed
to reach equilibrium in an ice bath for 10 min before being irradiated with 313 nm
light (#1: 75 min, #2: 90 min). The reactions were monitored by TLC. The
reactions were combined, concentrated and purified by column chromatography
in the dark (9:1 Hexanes:EtOAc) (night vision goggles were employed for
visualization) to yield a dark red oil as a complex mixture of 4 stereocisomers (66

mg, 0.07 mmol, 43%).
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"H NMR (CD,Cl,, 600 MHz): & 7.55-7.52 (m, 4H), 7.42-7.31 (m, 6H), 6.55-6.50
(4s, 2H), 4.41-4.20 (m, 6H), 2.41-2.35 (m, 1H), 2.18-2.12 (m, 3H), 2.06 (s, 3H),
1.96 (s, 3H), 1.46—1.42 (m, 3H), 1.38 (dt, J = 7.1, 1.8 Hz, 6H), 1.34 (t, J = 7.2 Hz,

2H), 1.25-1.16 (m, 33H), 0.87-0.83 (m, 6H).

3C NMR (CD.Cly, 151 MHz): 5 164.81, 164.70, 163.40, 162.72, 150.72, 150.64,
150.48, 150.11, 143.57, 142.98, 142.03, 141.97, 134.58, 134.50, 134.43,
134.32, 134.31, 134.29, 134.22, 134.10, 129.64, 129.55, 129.51, 129.05,
129.02, 128.99, 128.94, 128.67, 128.09, 127.27, 126.60, 126.51, 126.48,
126.06, 116.58, 116.37, 116.08, 115.24, 114.69, 114.36, 114.26, 66.98, 65.53,
65.23, 64.78, 64.76, 64.69, 64.59, 57.23, 56.94, 55.96, 52.70, 51.78, 50.90,
49.27, 32.92, 32.78, 32.67, 32.27, 32.24, 30.11, 30.09, 30.05, 29.99, 29.97,
29.94, 29.89, 29.71, 29.67, 29.65, 29.63, 28.87, 28.74, 28.59, 28.46, 26.74,

26.63, 26.53, 23.02, 14.24, 14.23, 14.09, 13.97, 13.94.

HRMS (ESI") Calculated for (M+1) CgoH77N204S, 953.5324. Found: 953.5299.

3.7.3 Preparation of solid-state films

3.7.3.1 General procedure

Viscous solutions containing various components (nanoparticles and
photoswitch 1a, 1b and 2b) were prepared by mixing a toluene solution of the

appropriate  components with PEGDMA (Aldrich, MW 875 g/mol) as the

monomer and Darocur 4265° as the photoinitiator. The solutions were

sandwiched between two microscope slides (75 x 25 x 1 mm) spaced apart by
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copper wire and cured by exposing the stacked device to 365 nm light for
approximately 20-30 min to produce 1 mm thick, flexible monolithic polymeric
composites that could be separated from the stack and used throughout the

experiments without any additional support.

3.7.3.2 Background sample

A film to be used as the background sample for spectroscopic analysis

was prepared from PEGDMA (30 drops) and Darocur 4265 (2 drops). The

resulting film was slightly yellow in colour.

3.7.3.3 Control film containing only the photoswitch

Compound 1a (5.7 mg) was dissolved in toluene (10 drops) by sonication.

The solution was treated with PEGDMA (30 drops) and Darocur 4265 (1 drop)

and the viscous solution was sonicated. The mixture was cured between two
microscope slides for 30 min to produce a red polymeric composite material that

was cut with scalpel to yield a 8 x 12 x 1 mm film.

3.7.3.4 Films containing 1a and NaYF,:TmYb

An aliquot (18 drops) of the chloroform stock solution of NaYF4.:TmYb
nanoparticles was dried by flowing air over the sample. The solid residue was
treated with solid bicyclic compound 1a (5.5 mg) and toluene (~10 drops), and

the mixture was sonicated until a fine dispersion was obtained. The dispersion

was treated with PEGDMA (~30 drops) and Darocur 4265 (~1 drop) and

sonicated until homogenous. The mixture was cured for 20 min to produce a red
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polymeric composite material. The film was subsequently subjected to light of
wavelengths greater than 434 nm for 40 min to yield a slightly pink composite

containing 1a that was cut with scalpel to yield a 8 x 12 x 1 mm film.

3.7.3.5 Films containing 1b and NaYF4:ErYb

An aliquot (18 drops) of the chloroform stock solution of NaYF4:ErYb
nanoparticles was dried by flowing air over the sample. The solid residue was
treated with solid bicyclic compound 1a (4.8 mg) and toluene (~10 drops), and

the mixture was sonicated until a fine dispersion was obtained. The dispersion

was treated with PEGDMA (~30 drops) and Darocur 4265 (~2 drops) and

sonicated until homogenous. The mixture was cured for 20 min to produce a red
polymeric composite material that was cut with scalpel to yield a 8 x 12 x 1 mm

film.

3.7.3.6 Films containing 2b and NaYF4:ErYb

An aliquot (~29 drops) of the chloroform stock solution of NaYF4:ErYb
nanoparticles was dried by flowing air over the sample. The solid residue was
treated with solid bicyclic compound 2b (4.7 mg) and toluene (~27 drops), and

the mixture was sonicated until a fine dispersion was obtained. The dispersion

was treated with PEGDMA (~37 drops) and Darocur 4265 (~4 drops) and

sonicated until homogenous. The mixture was cured for 20 min to produce a red
polymeric composite material that was cut with scalpel to yield a 8 x 7 x 1 mm

film.
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3.7.4 Transmission Electron Microscopy (TEM)

TEM imaging of the colloidal nanoparticle samples was performed with a
Hitachi H-7000 microscope operating at 75 kV equipped with a charge-coupled
device (CCD)-camera. Approximately 0.1 wt-% dispersions of the nanoparticles
in hexanes were prepared by dispersing ~1 mg of nanoparticles in 1 g of
hexanes. The prepared nanoparticle dispersions were then drop-casted on

formvar/carbon films supported on 300 mesh copper grid (3 mm in diameter) and

allowed to dry in air at room temperature.

Figure 3.3 Transmission Electron Microscopy (TEM) micrographs of (a) NaYF4TmYb and (b)
NaYF,:ErYb nanoparticle samples.

3.7.5 Powder X-ray Diffraction (XRD)
Step-scan powder XRD data were acquired using a Rigaku Miniflex
Diffractometer with a Cr radiation source operating at 30 kV and 15 mA with a K3

filter. The scattering and receiving slits were 4.2 degrees and 0.3 mm,
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respectively. Colloidal dispersions of NaYFs nanoparticles in chloroform were
concentrated on a rotary evaporator. The resulting concentrated colloidal
samples were drop-casted onto a zero-background holder and dried at room
temperature. The powder XRD diffractograms were collected from 20-140° (20)

employing a scanning step size of 0.02° (268) and a counting time of 3 s per step.
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Figure 3.4 Powder X-ray diffraction (XRD) patterns for (a) NaYF;:TmYb and (b) NaYF4:ErYb
nanoparticle samples and (c) p-NaYF, JCPDS standard card #28-1192.

3.7.6 Visible Room Temperature Upconversion Emission Spectroscopy
(Aexc = 980 nm)

Upconversion luminescence measurements on the colloidal samples were
performed using an Edinburgh Instruments FLS920 fluorimeter. A JDS Uniphase
980 nm laser diode (device type 63-00342) coupled to a 105 pm (core) fibre was

employed as the excitation source. The output of the diode laser was collimated
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and directed on the samples using a Newport F-91-C1-T Multimode Fiber
Coupler. An 850 nm long band-pass filter was placed on the end of the collimator
to remove higher energy emissions from the diode laser. Unwanted scattered
laser light from the samples was removed using a 900 nm short band-pass filter
before the emission monochromator of the fluorimeter. A red-sensitive Peltier-
cooled Hamamatsu R955 PMT was used to record the upconversion
luminescence spectra. The colloidal nanoparticle samples were held in a square

quartz cuvette (path length of 1 cm) for the upconversion measurements.
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Figure 3.5 Luminescence upconversion emission spectra of 1 wt-% colloidal solutions of (a)
NaYF,:TmYb and (b) NaYF4:ErYb nanoparticle samples in CHCI; excited with a 980
nm laser diode (Power Density = 150 W/cmz). The inset in (b) shows the total
upconversion luminescence of a dispersion of NaYF4:ErYb when stimulated with a
980 nm diode laser.

3.7.7 Photoswitching and Photochemistry

3.7.7.1 Solution-State Photochemistry

All solution ring-closing reactions were carried out using the light source

from a lamp used for visualizing TLC plates at 365 nm (Spectroline E-series,
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15.9 mW/cm?).

0.6

0.5

exposed to
no exposure 365 nm light

Figure 3.6 Changes in the UV-vis absorption spectra of a CH3CN solution (2.1 x 107° M) of 1a
as it is irradiated with 365 nm light until the photostationary state is reached. The
images on the right illustrate how the photoswitch retains its activity when cast in a
polyacrylate film.

3.7.7.2 Photoswitching in Gels and the Solid-State

The polymeric composite films were cut with a scalpel to desired length
and width. A piece of cardboard (12 x 33 mm) that was pre-cut to fit into the
Ocean-Optics spectrophotometer had a hole (5 x 5 mm) cut into it to fit over the
recording area of the spectrometer. Each composite film was placed onto the
pre-cut cardboard and outlined so that every measurement could be recorded in
the same spot to ensure trustworthy data. A spectrum was recorded before the
980 nm CW laser irradiation experiments were started. The films were then
irradiated and their spectral changes were recorded over time. The results are
shown in Figure 3.1 and 3.2 in the manuscript and in Figure 3.7. Other solid-
state versions (bulk gels and solvent-free films) of the composite material were

prepared and exhibit similar photochemistry as shown in Figure 3.8.
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Figure 3.7 Sample of compound 1a and NaYF,:TmYb cast in an acrylate film (a) before, (b)
during and (c) after exposure to 980 nm light. Sample of compound 1b and
NaYF4:ErYb cast in an acrylate film (d) before, (e) during and (f) after exposure to
980 nm light. (g) Changes in the UV-vis absorption spectra and images of an
acrylate film containing only 1b before (left) and after (right) being irradiated with
980 nm light.
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Figure 3.8

(a) Sample of compound 1 and NaYF,:TmYb cast in a PMMA gel showing coloured
lines due to ring-closing induced by 980 nm light. The lines represent the direction
of the laser beam. The bulk composites gels were prepared using the colloidal stock
nanoparticle dispersion in CHCI;. The appropriate amount of the stock dispersion
was added to a 4 dram screw top vial. Poly(ethylene glycol)-monooleate (typical M,
= 860) (0.15 g) was added to vial and the CHCl;was removed under vacuum using
a rotary evaporator. Methyl methacrylate (3.85 g) and 1a (2 mg) were then added to
the vial and the resulting dispersion was sonicated for 2 min to obtain a clear
dispersion. Azobisisobutyronitrile (AIBN) radical initiator (<1% (w/w)) was
subsequently added to the dispersion and sonicated for 30 s. The monomer solution
was then transferred to a 1 dram screw top vial with the dimensions 60 mm x 15
mm (length x diameter), which was then sealed. The vial was placed in a 70 °C oil
bath for 30 min to initiate the polymerization process and subsequently transferred
to a 45-50 °C oven until the polymerization was complete. A transparent NP-1a-
PMMA composite rod was obtained by breaking the glass vial. (b) A drop-cast
sample of 1 in PMMA before (top) and after (bottom) irradiation with 980 nm light.
The sample was prepared by dissolving 1 (1.6 mg) and NaYF4:ErYb (303 mg of a
1.7 wt-% solution in chloroform) in 88 mg of a solution made from PMMA (17.5 mg)
and acetone (894 mg). One drop of the solution was spin-cast onto a glass slide (15
x 25 mm; 10 s gradient to 200 rpm, 200 rpm 1 min) using Laurell WS-
400A6NPP/LITE spincoater. (c) Experimental set-up showing how the glass plate
was exposed to 980 nm light.
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4: TWO-WAY PHOTOSWITCHING USING ONE TYPE OF
NIR LIGHT, UPCONVERTING NANOPARTICLES AND
CHANGING ONLY THE LIGHT INTENSITY

4.1 Contributions

The text in this chapter have previously been published in the Journal of
the American Chemical Society as a full paper and is reproduced herein in its
entirety with permission from the journal (J.-C. Boyer, C.-J. Carling, B. D. Gates,
N. R. Branda, J. Am. Chem. Soc., 2010, 132, 15766-15772,
http://pubs.acs.org/doi/abs/10.1021/ja107184z). The project was co-designed by
Dr. J-C Boyer, C-J Carling and Prof. Dr. N. R. Branda. All nanoparticle synthesis
and characterizations thereof were conducted by Dr. J-C Boyer. SWITCH
materials synthesized the molecular photoswitches used in the study. Dr. J-C
Boyer measured all data presented in the manuscript. Preliminary data not
present in the manuscript using other molecular photoswitches (internal methyl)
were co-measured by Dr. J-C Boyer and C-J Carling. The manuscript was co-
written by Dr. J-C Boyer and Prof. Dr. N. R. Branda. The experimental section

was co-written by Dr. J-C Boyer and Prof. Dr. N. R. Branda.

4.2 Abstract

Only one type of lanthanide-doped upconverting nanoparticle (UCNP) is
needed to reversibly toggle photoresponsive organic compounds between their

two unique optical, electronic and structural states by merely modulating the
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intensity of the 980 nm excitation light. This reversible ‘remote-control’
photoswitching employs an excitation wavelength not directly absorbed by the
organic chromophores and takes advantage of the fact that designer core-shell-
shell NaYF4 nanoparticles containing Er¥*/Yb* and Tm*'/Yb®" ions doped into
separate layers change the type of light they emit when the power density of the
near infrared light is increased or decreased. At high power densities, the
dominant emissions are ultraviolet and are appropriate to drive the ring-closing,
forward reactions of dithienylethene (DTE) photoswitches. The visible light
generated from the same core-shell-shell UCNPs at low power densities triggers
the reverse, ring-opening reactions and regenerates the original photoisomers.
The ‘remote-control’ photoswitching using NIR light is as equally effective as the
direct switching with UV and visible light, albeit the reaction rates are slower.
This technology offers a highly convenient and versatile method to spatially and
temporally regulate photochemical reactions using a single light source and

changing either its power or focal point.

4.3 Introduction

The direct relationship between molecular structure and function has been
universally accepted by Materials Scientists, and is part of the foundation being
used to develop the next generation of optical, electronic and mechanical
materials and devices. Being able to reversibly alter molecular structure and
function is equally essential if new dynamic materials are to be practical in
applications from information processing to medicine. The logic is simple and

based on the argument that if a molecule’s structure can be reversibly modified
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in a controllable and predictable manner, their properties can be regulated. A
convenient way to achieve this control is to incorporate functional molecules that
can be toggled back and forth between different isomeric forms in response to
external stimuli. These molecular switches will provide the ‘on-off’ control needed
to regulate the properties of functional materials, miniaturized components of
devices and molecule-based machines.”®’"! Because light can be easily tuned
and focused, it is a particularly appealing stimulus to spatially and temporally
trigger changes in the structure of molecules and function of materials containing

them in a wide range of environments-of-use, from solution to solid-state.!"®

Molecular switches based on the photoresponsive dithienylethene (DTE)
architecture have attracted special attention for use as the control elements in
molecular devices and functional materials due to the short response time,
synthetic diversity, and high fatigue-resistance of the ring-closing and ring-
opening photoreactions that reversibly interconvert the two isomers (Scheme 4.1
and Figure 4.1).#342781 Tywo other appealing features, essential for the
operation of molecular switches in many molecular devices, are the facts that the
two DTE photoisomers (ring-open and ring-closed) tend not to spontaneously
interconvert in the dark, and they possess distinctly different optical and
electronic properties. The most visually obvious property that differs is the color
of solutions, crystals and films made from DTE derivatives, which is based on
the creation of a linearly n-conjugated system during ring-closing.®’®? Other

differences include how the photoisomers fluoresce or phosphoresce, 884858

how chiral versions of them interact with plane-polarized light, [#7:88:8990.91 gnq
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how their magnetism!®**%! and conductivity!®%¢°"*®! changes. The choice of
which particular property is regulated is dictated by what functional groups are
attached to each end of the n-conjugated DTE backbone (‘R’ groups in Scheme
5.1). It is the tailoring of this structure-property relationship that offers molecular
control in a wide range of applications including write-read-erase optical data

[100]

storage,'® information processing,!'® photorelease,®” molecular electronics,'®"!

catalysis,! °*1%%"%! smart surfaces!'* and potentially in medicine.*>%1%

ring-open isomer ring-closed isomer

Scheme 4.1 The reversible photoreactions interconverting the two DTE isomers.

A shortcoming of the DTE family is no different from one that limits the
application of most photoswitches (and organic photochemistry in general) from
practical use and is based on the fact that high-energy UV and visible light
sources are required to trigger the photoreactions. This need for high-energy
light can complicate the use of these versatile molecular systems in many
applications where these wavelengths have detrimental effects. One example is
their use in biological settings where UV light leads to low tissue penetration as
well as mutagenesis of cells. Storing optical information in three-dimensional

digital media will also suffer from similar issues and the absorption of light by the

53



matrix can lead to distortion of the information and shortening of storage lifetime.
Unless a method to deliver lower energy light deep into tissue or solid-state
materials is developed, photoswitching and organic photochemistry will have

restricted appeal.

A possible solution to this problem is to use multiphoton near infrared
(NIR) light excitation to trigger the photochemical reactions. Because two-photon
excitation (2PE) requires high excitation power densities, molecular systems
susceptible to 2PE offer the possibility to spatially address organic materials in
all three dimensions. Unfortunately, the low two-photon-absorbing cross-sections
typical for DTE photoswitches (and other classes of photoresponsive
compounds) is a significant drawback in practical applications where the use of
high-intensity lasers is not feasible. This reliance on high power densities is even
more of an issue in photoswitching applications since the ring-closing reaction of
DTEs requires three photon NIR excitation to generate the necessary UV or blue
light, leading to even lower efficiencies. A better alternative is to introduce a
photostable, sensitizing system that can absorb NIR light and convert it through
a more efficient process into the UV and visible light needed to trigger the
photoreactions of the DTE molecular switch in a ‘remote-control’ process.
)[106,107,108,109,110,111,112] are

Lanthanide-doped upconverting nanoparticles (UCNPs

ideal sensitizers for this task and are the systems described in this report.

UCNPs convert low energy NIR light into higher energy UV and visible
light through several unique mechanisms.!'"! The lower excitation power density

requirements of UCNPs versus traditional 2PE fluorophores such as dyes and
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quantum dots arises from the fact that the intermediate levels involved in the
upconversion mechanisms are real metastable energy levels. The most efficient
UCNPs known to date are hexagonal B-phase NaYF4 nanoparticles doped with
either the Er/Yb or Tm/Yb ion couples.['"! Violet, green and red emissions are
generated from the Er/Yb-doped UCNPs, while UV, blue, and NIR emissions
have been observed in the case of the Tm/Yb-doped analogues. The high
efficiency of the upconversion processes in hexagonal NaYF, nanoparticles can
be attributed a combination of two factors: (1) the low-energy phonons of the
NaYF4 hexagonal matrix which minimizes non-radiative relaxation of the excited
states, and (2) the inter-atom spacing between the dopant ions, which increases
the efficacy of the energy transfer processes. The majority of the studies in the
literature have focused on the visible emissions from these UCNPs with only a
few reporting on the UV upconversion emissions that are capable of being
generated from Tm>*/Yb>*-doped materials. But, these UV emissions are critical
to develop a “universal” method to drive photochemical reactions, especially
those necessary in applications where UV radiation cannot be used such as in

biological tissues and fluids.[**""]

Lanthanide-doped upconverting nanoparticles have many other
favourable characteristics that explain the recent interest generated by them
including resistance to photodegradation, lack of blinking and the ability to be
excited with compact and relatively inexpensive NIR diode lasers.!""® The bulk of
the reported studies on UCNPs are aimed at advancing the synthetic methods

for the production of these materials!'%:107108.109.110.111.1121 55 \ell as post-
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synthetic surface treatments to enable their use in bioimaging and biomedicine
for cell imaging, disease detection and treatment.'"”! Other possible explored
uses for UCNPs range from artificial lighting and sensitized solar-cells!"® to
security labeling.'"™ What has not been as well demonstrated is how these

nanoparticles can be used to drive important photochemical reactions.

We recently demonstrated how we could trigger DTE photoswitches to
undergo both their ring-closing and ring-opening reactions using the same
wavelength of NIR light (980 nm) and two different lanthanide-doped UCNPs.”!
The photoswitches do not absorb this NIR wavelength directly and the
photoreactions (including one that has an accompanying thermal release of a
small molecule) are induced by the blue light generated from Tm*‘/Yb* -doped
(for ring-closing) and the green light generated from Er**/Yb**-doped (for ring-
opening) NaYFs nanoparticles. Before our recent report, the few studies that
combine dithienylethenes and lanthanide-doped upconverting nanoparticles
focused on non-destructive optical memory, where the ring-closed isomer of the
DTE photoswitch selectively quenches the Iluminescence from the UCNP
through an energy transfer process, providing a read-out signal in the visible
region.['?>"2" However, UV light (for writing) and visible light (for erasing) are still
required as these steps are a result of the ring-closing and ring-opening
reactions of the photoswitch, respectively. NIR-induced photoswitching in these
studies was not observed using 980 nm irradiation due to the low efficiencies of

the UCNPs and the low excitation densities used.
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What may limit the use of our first-generation multi-photon systems is the
fact that only one of the photoreactions can be selected by choosing the
appropriate lanthanide dopant (Tm3+ or Er3+). We now demonstrate how we can
use only one type of layered, hybrid core-shell-shell nanoparticle and a single
wavelength of NIR light to toggle examples of this important class of
photoswitches between their two isomers. We illustrate that the direction of the
chromophore’s photoreaction can be controlled by increasing (for ring-closing) or
decreasing (for ring-opening) the power density of the laser, which controls the

color of the light emitted from our designer nanoparticles.
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Figure 4.1 The ‘direct’ photoreactions of the DTE derivatives used in this study are triggered by
UV light (for ring-closing) and visible light (for ring-opening). These reactions can
also be triggered in a ‘remote-control’ process using the UV light generated under
high excitation power densities and the visible light generated under low excitation
power densities when the core-shell-shell UCNPs (ErTm and TmEr) absorb near-
infrared light (980 nm). The sizes of the coloured arrows represent the relative
amount of each type of light excited or emitted during the multi-photon process.

The concept is summarized in Figure 4.1 and is based on the documented
fact that the intensities of the upconversion emissions from lanthanide-doped
materials are highly dependent on the power density of the excitation source.'??!
The green and red emissions from the Er/Yb-doped UCNPs have a quadratic
dependence on the excitation source while the UV and blue emissions in Tm/Yb-
doped UCNPs require 4 and 5 photons to induce them. The implication is that at
much higher power densities, UV luminescence will be generated from Tm/Yb

while green and red emissions can be generated from Er/'Yb UCNPs at lower

58



power densities. The green and red upconversion mechanisms will also saturate
and plateau at lower power densities than the UV emissions. The consequence
of this phenomenon is that core-shell-shell UCNPs synthesized to contain
different lanthanide ions in different layers will produce a single nanoparticle
system capable of inducing both ring-closing and ring-opening reactions of DTE
derivatives. By placing the lanthanides in separate layers, the quenching of the
upconversion luminescence by cross-relaxation between the various dopant ions
is minimized. This report represents a relatively universal example of how
multiphoton processes in nanoparticles can be used to induce important
photoreactions of organic chromophores even when they require high-energy,

differing wavelengths of light.

4.4 Results and discussion

4.4.1 Choice and Synthesis of DTEs and Nanoparticles

Photoresponsive DTE derivatives 1 and 2 were chosen to demonstrate
the concepts described in the introduction to this report and were synthesized
using methods previously described by our group.®®® The DTE backbone has
been tailored to optimize the efficacy of the ‘remote-control’ processes in order to
avoid the need for a polymer matrix to maintain the close proximity of the

photoswitch and UCNPs as was the case in our original report.
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All studies described in this manuscript use colloidal solutions of the
photoresponsive compounds and the UCNPs. We continued to employ core-
shell hexagonal NaYF4 nanoparticles synthesized in high boiling point solvents
since these UCNPs have been consistently shown to be the most efficient
upconverters known to date. We used a modified method of a literature
synthesis procedure to synthesize all the core-shell and core-shell-shell UCNPs
used in these studies.[”®® Four different lanthanide-doped NaYF4 nanoparticles
were used to demonstrate reversible, power-regulated photoswitching with a
single set of UCNPs and determine which lanthanide should be doped in which
layer of the core-shell-shell nanoparticles. Two of them (referred to as Er and
Tm) have the lanthanides (Er** and Tm®") doped only in their core, and are
surrounded by a shell of NaYF4 to minimize quenching of the emission due to
solvent interactions. The other two (ErTm and TmEr) have two shells wrapped
around a core of lanthanide-doped NaYF4. The first (ErTm) has NaYF4: 2 mol%
Er’*, 20 mol% Yb®" as the core material, NaYF,: 0.5 mol% Tm>*, 30 mol% Yb**
as the first shell and NaYF, as the outermost shell. The second (TmEr) has the
two lanthanide-doped layers reversed. In this case, the core is made up of

NaYF,: 0.5 mol% Tm>*, 30 mol% Yb®*, covered in a shell of NaYF,: 2 mol% Er*",
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20 mol% Yb*". The outermost shell remains NaYF4. The composition of each

nanoparticle is listed in Table 4.1.

All UCNPs were prepared using a three-step synthetic method in which
lanthanide-doped core nanoparticles were successively coated with a
lanthanide-doped first shell followed by an undoped NaYF4 final shell. This core-
shell method has been previously shown to allow for more efficient upconversion
from Er** and Tm>* than doping the two ions into a single UCNP." For the
ErTm sample, NaYF4: 2 mol% Er**, 20 mol% Yb*" nanoparticles were utilized as
seeds to grow a NaYFs 0.5 mol% Tm**, 30 mol% Yb*>* shell. This was
subsequently followed by the growth of an undoped NaYF, shell to further
increase the efficiency of the upconversion processes as has been effectively
established by several research groups.""'"! |In a similar fashion as for the
TmEr sample, NaYF4: 0.5 mol% Tm®**, 30 mol% Yb®* cores were coated with a
NaYFs: 2 mol% Er’*, 20 mol% Yb®* followed by an undoped NaYF shell. The
architectures of the two types of core-shell-shell UCNPs are illustrated in Figure

4.2.
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Table 4.1 Constituent lanthanide dopants in each layer of all upconverting nanoparticles used
in these experiments.?

core inner shell
UCNP mol-% dopant volume (nm°) mol-% dopant volume (nm?)
2.0 Er**
Er 20 Yb3* 31660 none -
0.5 Tm*
Tm 30 Yb? 114965 none -
2.0 Er 0.5 Tm*
ErTm 20 Yb** 39300 30 Yb** 40605
0.5 Tm* 2.0 Er*
TmEr 30 Yb** 57800 20 Yb** 51040

% n all cases, the nanoparticle matrix is NaYF,.

All the synthesized nanoparticles were successfully indexed to hexagonal-
phase NaYFs; (JCPDS standard card 16-0334) according to powder X-ray
diffraction (Figure 5.6). Transmission electron microscopy (TEM) images of the
UCNPs (Figure 4.2 and 4.7-4.10) show that they are all single crystalline in
nature, possess uniform ellipsoid shapes and have nearly monodisperse particle
sizes (with average diameters of 35.7 nm and 38.8 nm for the ErTm and TmEr
samples, respectively). As observed in the TEM images of the ErTm and TmEr
UCNPs (Figure 4.2), each successive shell formation resulted in an increase of
the average diameter of the nanoparticles indicating successful shell growth.
This procedure results in discrete shells with a minimal amount of alloying at the
interface between the each of them. The separation of the dopants into two
different layers of the nanoparticles is important in order to maximize the
efficiency of the upconversion processes as doping all of the lanthanide ions in
one layer would lead to nonradiative energy transfers and lower upconversion

efficiencies. For each core-shell-shell UCNP, the volumes of the core and first
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shell containing the lanthanide dopants are similar to each other (Table 4.1).
This is important because the ratio of dopants in each nanoparticle must be the
same in order to rule out any changes in the multiphoton processes between
nanoparticles due to a difference in the amount of lanthanide responsible for the
process. The differences in emission and photoswitching that will be discussed
later in this manuscript are, therefore, due to where each lanthanide ion is

located in the nanoparticle and not its amount.
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Figure 4.2 TEM images of the core, core-shell, and core-shell-shell nanoparticles for
NaYF4:ErYb—NaYF, (Er), NaYF,TmYb—-NaYF, (Tm), NaYF4ErYb—-NaYF;:TmYb—
NaYF4 (ErTm) and NaYF,TmYb-NaYF,.ErYb—NaYF, (TmEr) UCNPs illustrating
their uniform size and shape.

4.4.2 Optical Properties of UCNPs

The upconversion luminescence spectra (Aex = 980 nm) of the Er and Tm
core-shell UCNPs dispersed as 1.5 wt-% colloids in THF are shown in Figure
5.2c-d. These spectra were acquired using similar power densities that will
eventually be employed to mediate the photoreactions of the photoswitches (500
W/cm? for ring-closing with Tm and 15 W/cm? for ring-opening with Er). For the
Tm nanoparticles, upconversion emission peaks at 290, 350, 365, 450 and 475
nm were observed corresponding to the *Py — *Hg, *Po — °F4, D2 — °Hg 'D, —
°F, and 'G, — °Hs transitions. Emissions from 630 to 750 nm were also

observed and attributed to the 'G, — °F, and °F; — 3Hg transitions. The
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particular peaks of interest for ring-closing 10 and 20 are those in the UV/blue
regions of the spectrum (290, 350-365 nm) as these are the ones that have
appropriate spectral overlap with the high-energy absorption bands (300-350
nm) of THF solutions of the ring-open forms of the two photoswitches (Figure

4.2a-b).

For solutions of the Er UCNPs, emissions centered at 409, 520, 541 and
653 nm were observed and assigned to the *Hop, — *l1512, *H1112, — *l1512, *S30 —
*l1s12 and *Fg2 — *l1552 transitions, respectively. In this case, it is the green (520—
550 nm) and the red (640—670 nm) upconversion emissions that have suitable
spectral overlap with the absorption bands corresponding to the ring-closed
forms of both photoswitches. These emissions will be utilized to trigger the ring-

opening photoreactions of the photoswitches (1¢ — 10 and 2¢ — 20).
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Figure 4.3 UV-vis absorption spectra of THF solutions (1.5 x 107° M) of (a) 10 and (b) 20
before (solid line) and after irradiation with 365 nm light (dashed line) for 2 min.
Emission spectra of THF solutions (1.5 wt-%, Aex = 980 nm) of (c) NaYF4:ErYb (Er)
and (d) NaYF4TmYb (Tm) core-shell UCNPs, and of (e¢) ErTm and (f) TmEr core-
shell-shell UCNPs at high power (500 Wicm?, top graph) and low power (15 Wicm?,
bottom graph). The shaded, colored regions in all cases represent each emission
region and show the suitable spectral overlap with the appropriate absorption bands
for the ring-open and ring-closed isomers of DTEs 1 and 2.
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Figure 4.3e—f show the upconversion luminescence spectra of the ErTm
and TmEr core-shell-shell UCNPs at high (500 W/cm?) and low (15 W/cm?)
power densities, and highlight the changes in the intensities of the emissions. In
the high power excitation regime all of the expected Tm** and Er** upconversion
emissions are present in the spectra for both ErTm and TmEr UCNPs although
there are significant differences in the relative intensities of the emissions. As
postulated in the introduction of this paper, the intensities of the emission peaks
due to Tm*" are all much larger than those for the Er** emissions in both
nanoparticles. The major difference between the two nanoparticles at high
irradiation power is that the dominance of the Tm>* emissions is even greater in
the case of the TmEr UCNPs demonstrating that placing the Tm®* ions in the
core of the nanoparticles maximizes the UV and blue emissions compared to
when this lanthanide is doped into the first shell. This is not due to a difference in
the amount of Tm®*" ions in the core compared to the first shell since the volume

of each is virtually the same.

On the other hand, the emissions from Er** ions dominate in both types of
core-shell-shell nanoparticle (ErTm and TmEr) at lower power density (15
W/cm?), and only trace contributions in the UV and blue regions due to the Tm**
dopant are observable. The results summarized in Figure 4.3 support the
hypothesis that by varying only the excitation laser power density and not the
wavelength of the excitation beam the emissive properties of the UCNPs and,
thus, the direction of DTE photoswitching can be controlled. Both types of core-
shell-shell nanoparticle are stable under even the high-power irradiation
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conditions and no changes in their emission spectra are observed after 1 hour

exposure (Figure 4.12).

4.4.3 ‘Remote-Control’ Photoswitching of DTE derivatives

To determine what is the maximum efficiency for the ‘remote-control’
photoreactions of DTE compounds 1 and 2, the core-shell UCNPs were first
examined for their ability to drive the ring-closing reactions (using Tm) and the
ring-opening reactions (using Er). The ability of the UV emissions generated by
Tm®* dopant to trigger the photocyclization reactions was assessed by irradiating
solutions of 10 and 20 (1.5 x 10~ M) containing Tm nanoparticles (1.5 wt-%)
with a 980 nm laser (power density of 500 mW/cm?). The colors of the solutions
changed from colorless to a blue or blue/green, which can be attributed to the
photocyclization reactions 10 — 1¢ and 20 — 2c, respectively. The success of
these reactions are supported by the changes in the absorption spectra of the
photoswitches, which match those for 10 and 20 when they are irradiated with
UV light as shown in the experimental section of this chapter (Section 4.8). Both
photoswitches reached similar photostationary states when irradiated with NIR
light and the nanoparticle (‘remote-control’ process) as with a handheld 313 nm
mercury lamp (‘direct’ process; horizontal line in Figure 4.4a) effectively
demonstrating that the intensity of the UV upconversion emissions from the Tm
UCNPs is enough to effectively drive the reaction to completion (or at least as

complete as possible).
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In a similar fashion, the green and red upconversion emissions from the
Er UCNPs can equally be employed to drive the ring-opening reactions of the
two photoswitches. This is demonstrated by irradiating THF solutions containing
1c or 2¢ (generated with 313 nm light) and Er UCNPs with 980 nm laser light (15
W/cm?), which results in the complete decolorizing of the solutions and
regeneration of the absorption spectra corresponding to the ring-open isomers
(10 and 20). The ‘remote-control’ ring-opening reactions (1¢ — 10 and 2¢ — 20)
are supported by spectral changes that match those for samples of 1¢ and 20
when they are irradiated with visible light (wavelengths greater than 450 nm).
Once again, both reactions can be driven close to completion using the Er
UCNPs (Figure 4.4b). The fact that the photoreactions of either DTE photoswitch
are driving by absorbing the light generated by the UCNPs is demonstrated by
irradiating solutions of each DTE with 980 nm laser light but without any of the
nanoparticles, which undergo no visible changes in their colors or UV-vis

spectra.

The reversible photoswitching of both dithienylethene photoswitches with
a single set of UCNPs was demonstrated using combinations of the ErTm and
TmEr nanoparticles with the two photoswitches (1 and 2). The ability of each
UCNP to induce the ring-opening and ring-closing photoreactions of the DTEs
was examined by comparing how quickly and to what extent the ErTm and
TmEr UCNPs could drive the reactions compared to the Er and Tm core-shell
nanoparticles, which were optimized for this task. We call this efficiency

“‘performance”, which is plotted in Figure 4.4c for all DTE/nanoparticle
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combinations as a percent. The extent of the ‘remote-control’ photoswitching

induced by Er and Tm were set as 100%.
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Figure 4.4 Changes in the absorbances (Anax = 632 and 601 nm for 1c and 2c¢, respectively)
when THF solutions of (a) DTEs 10 and 20 containing NaYF4:TmYb nanoparticles
(Tm) are irradiated with 980 nm light at high excitation power densities (500 W/cmz),
and (b) DTEs 1¢ and 2c containing NaYF,:ErYb (Er) nanoparticles are irradiated
with 980 nm light at low excitation power densities (15 W/cmz). The horizontal lines
show the absorbance values when similar solutions are irradiated with UV light (313
nm) for graph ‘@’ or visible light (> 450 nm) for graph ‘b’ until the photostationary
states are obtained. (c) The degree to which the ring-closing and ring-opening
reactions are induced with 980 nm light (high power for the former and low power
for the latter) using the different types of nanoparticles.

For compound 1, the best performance was achieved with the TmEr
UCNPs, which drove the ring-closing photoreaction (1o — 1¢) to within 90% of
the photostationary state obtained with the Tm UCNPs, albeit in twice the length
of time (120 s). When the ErTm nanoparticles are used, the photostationary
state is reached after the same irradiation time, however, the amount of ring-

closed isomer in this photostationary state is less than half (37%) of what is was
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with the TmEr nanoparticles. The same is true for compound 20, although the
photostationary states generated using both types of core-shell-shell UCNP are
slightly lower than for DTE 10 (62% when TmEr is used and 34% when ErTm is
used). These observations make sense since the nanoparticles that have the
Tm®* ions in the core generate substantially more UV and blue light than when
the ion resides in the first shell (compare the spectra in Figure 4.3e—f). The lower
photostationary states for 20 — 2¢ compared to 10 — 1c is a reflection of the
intrinsic photoswitching behavior of these DTE derivatives, where the former is
only 42% when 10 exposed to direct UV light (313-365 nm), while the latter is

80%180abl

Because both core-shell-shell UCNPs generate similar emissions at low
power (Figure 4.3e—f), they should be almost equally effective at driving the ring-
opening reactions of the photochromic DTEs. Figure 4.4c shows this to be the
case. The 1¢ — 10 photoreaction was driving back to within 88% of the level
obtained employing the Er UCNPs when TmEr is used and nearly driven to
completion (99%) when ErTm is used in a shorter period of time. This allows for
a choice in performance between the two sets of core-shell-shell UCNPs. Both
the ErTm and TmEr UCNPs were capable of driving the 20 — 2c¢ photoreaction
to within 99% and 94% of the level obtained with the Er nanoparticles. Faster
kinetics for the ring-opening reaction is again obtained with the ErTm sample (8
min) than with the TmEr sample (50 minutes) due to the decreased amount of

UV emissions at low excitation powers.
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Figure 4.5 Bidirectional photoswitching of a THF solution of DTE 2 dispersed with TmEr core-
shell-shell nanoparticles by varying only the intensity of the NIR light. The plot
shows the absorption intensities corresponding to the ring-closed isomers (632 nm
for 1¢c and 601 nm for 2¢) as solutions of the photoswitches and the core-shell-shell
nanoparticles are exposed to alternating intensities of 980 light. The colors
correspond to the light emitted by the nanoparticles (green at low power and blue at
high power).

Figure 4.5 shows a visual representation of the bidirectional
photoswitching for DTE 2 and the TmEr nanoparticles by simply using the power

of the 980 nm excitation beam as the control mechanism. The two solutions,
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colorless and blue, can be interconverted by irradiating them with 980 nm light
and dialing in the power, ‘high’ to produce the blue and UV light needed to
trigger ring-closing (20 — 2c¢) or ‘low’ to produce the green light to regenerate
the original color due to ring-opening (2¢ — 20). Figure 4.5 also shows the
absorption intensities at 632 nm for 1 and 601 nm for 2 as solutions of them are
cycled between ring-closed and ring-open forms when exposed to varying

intensity 980 nm light sources illustrating the reversibility of the system.

4.5 Conclusion

In this report, we have demonstrated how we can employ lanthanide-
doped core-shell-shell upconverting nanoparticles to reversibly toggle a pair of
dithienylethene photoresponsive molecules in a ‘remote-control’ fashion using a
single wavelength of near-infrared light (980 nm) and by adjusting only the
excitation power. This was achieved by preferentially doping the Er** and Tm**
emissive ions into separate layers of the UCNPs resulting in the more efficient
upconversion processes required to drive the reversible photoswitching
reactions. The key aspect was the nonlinearity of the upconversion mechanisms,
which results in the selective generation of UV and blue light under high-power
conditions, which triggers ring-closing of the DTEs. Conversely, the reverse,
ring-opening reactions can be triggered by simply reducing the power density of
the excitation light to point where the visible Er** upconversion emissions
dominate. Through the combination of core-shell-shell UCNPs and DTE
photoswitches, we have created the first photochromic system that can be

modulated simply with the power of the excitation light.
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Improvements to the system are still possible. Attaching the
photoswitches to the surface of the nanoparticles will increase the amount of
energy transfer between the components and decrease the amount of irradiation
time required for the photoreactions to occur. In addition, improvements to the
upconversion properties of the various UCNPs are still possible and must be
examined in greater detail to optimize the amount of each type of emission under

various power densities.
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4.7 Experimental
4.7.1 General methods

4.7.1.1 Materials

Erbium(lll) acetate hydrate (99.9%), thulium(lll) acetate hydrate (99.9%),
ytterbium(lll) acetate tetrahydrate (99.9%), yttrium(lll) acetate hydrate (99.9%),
technical grade oleic acid (90%), technical grade 1-octadecene (90%) and

ammonium fluoride (99.99+%) were purchased from Sigma-Aldrich. Hexanes
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and tetrahydrofuran (THF) from Caledon Inc. and anhydrous ethyl alcohol from
Commercial Alcohols were also used. All chemicals were used as received,
without any further purification. All solvents for synthesis of photochromic
compounds 1 and 2 were dried and degassed by passing them through steel
columns containing activated alumina under nitrogen using an MBraun solvent
purification system. Solvents for NMR analysis (Cambridge Isotope Laboratories)
were used as received. All synthetic precursors were purchased from Aldrich
with the exception of Pd(PPhs)s, which was purchased from Strem.
Octafluorocyclopentene was obtained from Nippon Zeon Corporation. Column
chromatography was performed using silica gel 60 (230-400 mesh) from Silicycle

Inc.

4.7.1.2 Instrumentation

'H NMR characterizations were performed on a Bruker AMX 400
instrument working at 400.103 MHz. "*C NMR characterizations were performed
on a Bruker AMX 400 instrument working at 100.610 MHz. Chemical shifts (9)
are reported in parts per million relative to tetramethylsilane using the residual
solvent peak as a reference standard. Coupling constants (J) are reported in
Hertz. FT-IR measurements were performed using a Nexus 670 or a Nicolet
Magna-IR 750 instrument. UV-vis absorption spectroscopy was performed using
a Varian Cary 300 Bio spectrophotometer. Low-resolution mass spectrometry
measurements were performed using a HP5985 with isobutane as the chemical
ionization source. All volumes for absorption, photolysis and concentration

measurements/studies were measured out using a calibrated autopipette.
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4.7.2 Synthetic procedures

4.7.2.1 Synthesis of nanoparticles

The core-shell and core-shell-shell nanoparticles were synthesized using a

modification of a recently reported procedure.!'®"%

4.7.2.1.1 Synthesis of B-NaYF,: 0.5 mol% Tm**, 30 mol% Yb*" core nanoparticles
In a typical synthesis, Y(CH3CO3);xHO (372 mg, 1.4 mmol),
Yb(CH3CO3)3°xH,0 (210 mg, 0.6 mmol) and Tm(CH3CO3)3*xH20 (3.5 mg, 0.01
mmol) were added to a 100 mL three-neck round-bottom flask containing
octadecene (30 mL) and oleic acid (12 mL). The solution was stirred
magnetically and heated slowly to 120 °C under vacuum for 30 min to form the
lanthanide oleate complexes, and to remove residual water and oxygen. The
temperature was then lowered to 50 °C and the reaction flask placed under a
gentle flow of nitrogen gas. During this time, a solution of ammonium fluoride
(296 mg, 8.0 mmol) and sodium hydroxide (200 mg, 5.0 mmol) dissolved in
methanol (20 mL) was prepared via sonication. Once the reaction reached 50
°C, the methanol solution was added to the reaction flask and the resulting
cloudy mixture was stirred for 30 min at 50 °C. The reaction temperature was
then increased to 70 °C and the methanol evaporated from the reaction mixture.
Subsequently, the reaction temperature was increased to 300 °C as quickly as
possible and maintained at this temperature for 90 min under the nitrogen gas
flow. During this time the reaction mixture became progressively clearer until a
completely clear, slightly yellowish solution was obtained. The mixture was

allowed to cool to room temperature. The nanoparticles were precipitated by the
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addition of ethanol and isolated via centrifugation at 4500 rpm corresponding to
a relative centrifugal field (RCF) of approximately 1000. The resulting pellet was
dispersed in a minimal amount of hexanes and precipitated with excess ethanol.
The nanoparticles were isolated via centrifugation at 4500 rpm and then

dispersed in hexanes (10-15 mL) for the subsequent shell growth procedure.

4.7.2.1.2 Synthesis of B-NaYF,: 0.5 mol% Tm**, 30 mol% Yb*" / B-NaYF, core-shell
nanoparticles

Y(CH3CO3)3°xH20 (479 mg, 1.8 mmol) was added to a 100 mL three-neck
round-bottom flask containing octadecene (30 mL) and oleic acid (12 mL). The
solution was heated slowly to 120 °C under vacuum with magnetic stirring for 30
min. The temperature was lowered to 80 °C, the reaction flask placed under a
gentle flow of nitrogen and the dispersion of NaYF4: 0.5 mol% Tm*", 30 mol%
Yb** core nanoparticles in hexanes was added. The resulting solution was slowly
heated to 110 °C and maintained at this temperature until all the hexanes were
removed. The reaction mixture was cooled to 50 °C and a solution of ammonium
fluoride (259 mg, 7.0 mmol) and sodium hydroxide (175 mg, 4.4 mmol) dissolved
in methanol (20 mL) was added. The resulting cloudy mixture was stirred for 30
min at 50 °C at which time the reaction temperature was increased and the
methanol evaporated. After the evaporation of the methanol, the reaction
temperature was increased to 300 °C as quickly as possible and maintained at
this temperature for 90 minutes under the nitrogen gas flow. The mixture was
allowed to cool to room temperature and the nanoparticles isolated using the

same procedure of precipitate and isolation described for the core nanoparticles.
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The isolated NaYF4+:TmYb nanoparticles were dispersed in THF (~15 mL) for

subsequent experiments.

4.7.21.3 Synthesis of B-NaYF;: 2 mol% Er*, 20 mol% Yb* / B-NaYF, core-shell
nanoparticles

The same procedure outlined above for the synthesis of the B-NaYF4: 0.5
mol% Tm®*, 30 mol% Yb>* / B-NaYF, core-shell nanoparticles was employed
except that B-NaYF4: 2 mol% Er®*, 20 mol% Yb*" nanoparticles were used as the

core.

4.7.2.1.4 Synthesis of B-NaYF,: 0.5 mol% Tm**, 30 mol% Yb** | B-NaYF4: 2 mol%
Er**, 20 mol% Yb*" core-shell nanoparticles

Y(CH3CO3)3°xH20 (372 mg, 1.4 mmol), Yb(CH3CO3)3°xH,0 (123 mg, 0.35
mmol), and Er(CH3CO;)3*xH,O (12 mg, 0.035 mmol), oleic acid (12 mL) and
octadecene (30 mL) were added to a 100 mL 3-neck flask. The solution was
heated to 120 °C under vacuum and maintain at this temperature for 30 min. The
flask was cooled to 80 °C and a dispersion of NaYF4: 0.5 mol% Tm>*, 30 mol%
Yb** core nanoparticles in 15 mL of hexane was added to the solution. The
resulting solution was slowly heated to 110 °C and maintained at this
temperature until all the hexanes were removed. The reaction mixture was
cooled to 50 °C and a solution of ammonium fluoride (259 mg, 7.0 mmol) and
sodium hydroxide (175 mg, 4.8 mmol) dissolved in methanol (20 mL) was added,
and then the solution was kept at 50 °C for 30 min. After the methanol was
removed, the solution was heated to 300 °C under a flow of nitrogen for 1.5 h

and then cooled to room temperature. The nanoparticles were isolated using the
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same procedure of precipitate and isolation described for the core nanoparticles

and redispersed in 15 mL of hexanes for the subsequent shell growth procedure.

4.7.21.5 Synthesis of B-NaYF,: 0.5 mol% Tm**, 30 mol% Yb** | B-NaYF4: 2 mol%
Er**, 20 mol% Yb* / B-NaYF, core-shell-shell nanoparticles

Y(CH3CO3)3*xH,O (399 mg, 1.5 mmol), oleic acid (12 mL) and
octadecene (30 mL) were added to a 100 mL 3-neck flask. The solution was
heated to 120 °C under vacuum and maintain at this temperature for 30 min. The
flask was cooled to 50 °C and a solution of NH4F (222 mg, 6.0 mmol) and NaOH
(150 mg, 3.8 mmol) dissolved in methanol (20 mL) was added. A dispersion of -
NaYF4: 0.5 mol% Tm**, 30 mol% Yb** / B-NaYF4: 2 mol% Er®**, 20 mol% Yb**
core-shell nanoparticles in hexane (15 mL) was added to the solution. The flask
was cooled to 50 °C and a solution of NH4F (222 mg, 6.0 mmol) and NaOH (150
mg, 3.8 mmol) dissolved in methanol (20 mL) was added, and then the solution
was kept at 50 °C for 30 min. The reaction temperature was then increased and
the methanol evaporated. After the methanol was removed, the solution was
heated to 300 °C under a flow of nitrogen for 1.5 h and then cooled to room
temperature. The core-shell-shell nanoparticles were isolated using the same
procedure of precipitate and isolation described for the core nanoparticles and

redispersed in THF (20 mL) for further experiments.

4.7.2.1.6 Synthesis of B-NaYFs;: 2 mol% Er**, 20 mol% Yb** / B-NaYF,4: 0.5 mol%
Tm?*, 30 mol% Yb** / B-NaYF, core-shell-shell nanoparticles

The same procedure outlined above for the synthesis of the B-NaYF4: 0.5

mol% Tm>*, 30 mol% Yb*" / B-NaYF4: 2 mol% Er**, 20 mol% Yb** / B-NaYF,
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NPs was employed except that B-NaYF4: 2 mol% Er**, 20 mol% Yb®*" / B-NaYFj;:

0.5 mol% Tm**, 30 mol% Yb®*" nanoparticles were used as the core-shell.

4.7.2.2 Synthesis of organic photochromic compound 10 and 20

4.7.2.2.1 Synthesis of 1,2-bis(2,5-bis(2-thienyl)-3-thienyl)hexafluorocyclopent-1-
ene (10)

Br

1) n-BuLi, Et,0, -20°C
st/ N\_ s
\J s {) » _RF

A solution of 3’-bromo-2,2’;5'2’terthiophene (749 mg, 2.3 mmol) in
anhydrous Et;0 (25 mL) cooled to —20 °C was treated with n-BuLi (0.91 mL of a
2.5 M solution in hexane) dropwise under an argon atmosphere. After stirring the
solution for 30 min, octafluorocyclopentene (0.13 mL, 1.15 mmol) was added
dropwise using a cooled gas tight syringe and the solution immediately turned
dark red in colour. After stirring for 1 h, the cooling bath was removed and the
solution was allowed to warm to room temperature and stirred for 16 h when it
was quenched with 5% HCI (10 mL). The aqueous layer was separated and
extracted with Et,O (2 x 10 mL). All organic extracts were combined, washed
with H,O (2 x 10 mL), followed by brine (10 mL), dried (Na;SO4) and filtered. The
solvent was evaporated under reduced pressure and the crude product was
purified using column chromatography through silica gel (hexanes) yielding 175

mg of pure product as a yellow crystalline solid. Yield: 23 %.

M.p. 116-117 °C
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"H NMR (300 MHz, CD,Cl,) 6 7.30 (dd, J = 5, 1 Hz, 2H), 7.19 (dd, J = 5, 1 Hz,
2H) 7.11 (dd, J = 4, 1 Hz, 2H), 7.04 (dd, J = 5, 4 Hz, 2H), 6.83 (dd, J = 5, 3 Hz,

2H), 6.74 (dd, J = 3, 1 Hz, 2H), 6.41 (s, 2H)

3C NMR (125 MHz, CD,Cl,) ¢ 137.9, 136.3, 136.2, 133.0, 128.3, 128.2, 127.9,

127.0, 125.7, 125.0, 124.9, 123.8 (12 of 15 carbons found)

FT-IR (CHCI3 cast) 3105, 1695, 1685, 1651, 1644, 1616, 1576, 1561, 1538,
1505, 1467, 1415, 1384, 1328, 1274, 1244, 1225, 1191, 1130, 1096, 1046,

1028, 976, 952, 877, 833, 757, 696, 581, 553, 472, 458 cm™"

HRMS (El) Calcd for M* (C29H14F6Ss): 667.9324. Found: 667.9337.

4.7.2.2.2 Synthesis of 3-bromo-2,5-diphenylthiophene

Br

) n-Buli, Et,0, —20°C
7\ / \
Brhg” TBr N32003
Pd(PPhy), >>>_§<4 O

THF/H,0

Phenylboronic acid (756 mg, 6.2 mmol) was added to flask containing
deoxygenated THF (10 mL) and a 20 % w/w NayCO3; solution (10 mL) under a
nitrogen atmosphere and stirred vigorously. 2,3,5-tribromothiophene (1.022 g,
3.1 mmol) and Pd(PPhs)s (0.107 g, 0.096 mmol) were added and the solution
was heated at reflux under a nitrogen atmosphere for 24 h. The heat source was
removed, the reaction mixture was allowed to cool to room temperature and

extracted with CHCI, (3 x 20 mL). The combined organic extracts were washed
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with H,0 (2 x 20 mL) followed by brine (2 x 20 mL), dried (Na;SO4) and filtered.
The solvent was evaporated under reduced pressure and the crude product was
purified using column chromatography through silica gel (hexanes) yielding 553

mg of pure product as a white solid. Yield: 57 %.
M.p. 43-44 °C

"H NMR (400 MHz, CD,Cl,) 8 7.72 - 7.69 (m, 2H), 7.63 - 7.60 (m, 2H), 7.49 -

7.32 (m, 7H), 7.31 (s, 1H)

>C NMR (100 MHz; CDCl3) 6 143.2, 137.3, 133.1, 132.8, 129.0, 128.9, 128.5,

128.3, 128.2, 127.4, 107.9 (11 of 16 carbons found)

FT-IR (CH2CI, cast) 3062, 3014, 1600, 14844, 1443, 1326, 1076, 1028, 825,

759, 756, 690 cm™"

LRMS (ClI) Calcd for M* (C16H11BrS): 314. Found: 317 (M + HI", [*'Br], 100%),

315 ([M + HJ", ["°Br], 94%)

Anal. Calcd for C4¢H44BrS: C, 60.96; H, 3.32. Found: C, 61.11; H, 3.56.
4.7.2.2.3 Synthesis of 1,2-bis(2,5-diphenylthien-3-yl)-hexafluorocyclopent-1-ene
(20)

A solution of 3-bromo-2,5-diphenylthiophene (200 mg, 0.63 mmol) in
anhydrous Et,O (10 mL) cooled to —20 °C was treated with n-BuLi (0.25 mL of a
2.5 M solution in hexane) dropwise under a nitrogen atmosphere. A white
precipitate formed after stirring for 5 min. This reaction mixture was stirred at —20

°C for a total of 15 min followed by addition of octafluorocyclopentene (40 uL,
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0.31 mmol) using a cooled gas tight syringe. The precipitate remained therefore
anhydrous THF (3 mL) was added to dissolve the precipitate. After stirring for 30
min, the cooling bath was removed and the reaction was allowed to warm to
room temperature and stirred for 1 h when it was quenched with 5% HCI (5 mL).
The aqueous layer was separated and extracted with Et;O (2 x 10 mL). All
organic extracts were combined, washed with H,O (2 x 10 mL), followed by brine
(10 mL), dried (Na2S0O4) and filtered. The solvent was evaporated under reduced
pressure and the crude product was purified using column chromatography
through silica gel (hexanes) yielding 59 mg of pure product as a yellow

crystalline solid. Yield: 30 %.

M.p. 223-225 °C

'H NMR (400 MHz, CD,Cly) 6 7.38 (m, 8H), 7.33 (m, 2H), 7.09 (m, 6H), 7.01 (m,
6H), 6.31 (s, 2H)

3C NMR (100 MHz, CDCl3) 6 144.3, 143.7, 133.3, 132.3, 128.7, 128.7, 128.0,
127.8, 127.8, 125.6, 124.4, 122.8 (12 of 15 carbons found)

FT-IR (CH.Cl, cast) 3069, 3014, 2924, 1600, 1490, 1448, 1324, 1269, 1186,
1124, 1097, 979, 924, 751, 690 cm™"

LRMS (ClI) Calcd for M* (C37H22F6S): 644. Found: 645 [M + H]".

Anal. Calcd for C37H22F6S2: C, 68.93; H, 3.44. Found: C, 69.20; H, 3.50.

4.7.2.3 Preparation of photoswitch/nanoparticle solutions

In a typical synthesis, a colloidal dispersion of the nanoparticles (5 mL, 1.5

wt-% in THF) was added to a 20 mL scintillation vial containing 10 (7.5 x 107
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mol) and a stir-bar to give a final concentration of 1.5 x 10™ M. The dispersion

was stirred for 5 min and stored in the dark until needed.

4.7.3 Powder X-ray Diffraction
Powder X-ray diffraction (XRD) data were acquired utilizing a Rigaku R-

AXIS RAPID-S diffractometer (Model No. 2163A101). Samples were drop-

casted onto thin glass cover slips from THF and then allowed to dry.

Normalized Intensity

Figure 4.6 Powder X-ray diffraction (XRD) patterns for (a) NaYF4:ErYb-NaYF, core-shell
nanoparticles, (b) NaYF,:TmYb-NaYF, core-shell nanoparticles, (c) NaYF,:ErYb-
NaYF,: TmYb-NaYF, core-shell-shell nanoparticles, (d) NaYF4:TmYb-NaYF4:ErYb-
NaYF, core-shell-shell nanoparticles and (f) B-NaYF4 JCPDS standard card #28-
1192.

4.7.4 Transmission Electron Microscopy
Transmission electron microscopy (TEM) and high-resolution TEM (HR-
TEM) images were obtained using a Tecnai 200 keV Field Emission Scanning

Transmission Electron Microscope. Dilute colloids of the nanoparticles (0.1 wt%)
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dispersed in THF were drop-cast on thin, carbon formvar-coated copper grids for
imaging. The nanoparticle shape and crystallinity were evaluated from the
collected TEM images, while the particle size was calculated from over 200 TEM

particles.
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Figure 4.7 Transmission Electron Microscopy (TEM) micrographs of (top) NaYF4ErYb
nanoparticles and (bottom) NaYF4:ErYb-NaYF, core-shell nanoparticles.
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Figure 4.8 Transmission Electron Microscopy (TEM) micrographs of (top) NaYF4TmYb
nanoparticles and (bottom) NaYF,: TmYb-NaYF, core-shell nanoparticles.
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Figure 4.9 Transmission Electron Microscopy (TEM) micrographs of (top) NaYF4ErYb
nanoparticles, (middle) NaYF4ErYb-NaYF, TmYb core-shell and (bottom)
NaYF,:ErYb-NaYF,:TmYb-NaYF, core-shell-shell nanoparticles.
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Figure 4.10 Transmission Electron Microscopy (TEM) micrographs of (top) NaYF4TmYb
nanoparticles, (middle) NaYF4;TmYb-NaYF4ErYb core-shell and (bottom)
NaYF4: TmYb-NaYF4:ErYb-NaYF, core-shell-shell nanoparticles.
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4.7.5 Spectroscopic measurements

UV-vis absorption spectroscopy was performed using a Varian Cary 300
Bio spectrophotometer. Fluorescence measurements of the nanoparticles were
performed on a PTl Quantamaster spectrofluorometer. A JDS Uniphase 980 nm
laser diode (device type L4-9897510-100M) coupled to a 105 um (core) fibre
was employed as the excitation source. The output of the diode laser was
collimated and directed on the samples using a Newport F-91-C1-T Multimode
Fiber Coupler. All high-energy photoreactions of 1 and 2 were carried out using
the light source from a lamp used for visualizing TLC plates at 313 nm or 365 nm

(Spectroline E-series, 16 mW/cm?).
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Figure 4.11 UV-vis absorption spectra of THF solutions (1.5 x 107° M) of (left) 10 and (right) 20
containing 1.5 wt% NaYF,: TmYb nanoparticles (Tm) before (black line) and after
irradiation with either 365 nm light (blue line) or 980 nm light at high excitation
power densities (500 W/cmz).
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Figure 4.12 Emission spectra of THF solutions of the TmEr (left) and ErTm core-shell-shell
nanoparticles as they are exposed to the higher-power NIR laser light (980 nm, 500
W/cmz) used in the experiments. The lack of any spectral changes (all three spectra
overlap) after 1 h highlights the stability of the nanoparticles.
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5: PHOTOMODULATION OF FLUORESCENT
UPCONVERTING NANOPARTICLE MARKERS IN LIVE
ORGANISMS BY USING MOLECULAR SWITCHES

5.1 Contributions

The text in this chapter have previously been published in Chemistry, a
European Journal, as a communication and is reproduced herein in its entirety
with permission from the journal (J.-C. Boyerf, C.-J. Carlingt, S. Y. Chua, D.
Wilson, B. Johnsen, D. Baillie, N. R. Branda, Chem. Eur. J., 2012, 18, 3122—
3126, http://onlinelibrary.wiley.com/doi/10.1002/chem.201103767/full, ftAuthors
contributed equally to this work). The project was co-designed by Dr. J-C Boyer,
C-d Carling and Prof. Dr. N. R. Branda. All organic synthesis and
characterizations thereof was conducted by C-J Carling except for molecule 3
that was synthesized by D. Wilson. Hybrid nanoparticles a-NP and
1[NaYF4:ErYb] was synthesized by Dr. J-C Boyer and characterized by TEM
and fluorescence spectroscopy by Dr. J-C Boyer. C-J Carling characterized
1[NaYF4:ErYb] by UV-vis spectroscopy and a-NP and 1[NaYF4:ErYb] by IR
spectroscopy. Dr. J-C Boyer measured all lifetimes of 1[NaYF4:ErYb]. S. Y.
Chua handled all C. elegans nematodes. Dr. J-C Boyer, C-J Carling and S. Y.
Chua jointly acquired the two-photon microscopy data with the aid of Dr. S.
Kamal. The manuscript was co-written by Dr. J-C Boyer and Prof. Dr. N. R.
Branda. Experimental section was co-written by Dr. J-C Boyer, C-J Carling, D.

Wilson, S. Y. Chua, Prof. Dr. D. Baillie and Prof. Dr. N. R. Branda.
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5.2 Abstract

Photoresponsive dithienylethene ligands decorated onto lanthanide doped
upconverting nanoparticles are used to modulate the amount of emission from
the nanoparticles. The hybrid system can be toggled between ‘bright’ and ‘dark’

states using two different types of light in living nematodes.

5.3 Introduction

Although fluorescence microscopy continues to be the method of choice
by biomedical researchers to reconstruct images of cells and tissues containing
optical labels,!'*! there still exist many limitations. The diffraction of light imposes
the major drawback and reduces the spatial resolution achievable by
conventional microscopes, which cannot distinguish between molecular or
nanoscale probes residing in close proximity to each other. This limitation can be
overcome using multiphoton approaches and the help of molecular switches
that, by undergoing reversible photoreactions between two isomers having
different absorption properties, can turn 'off' and 'on' the fluorescent signal using
light sources different from the one used to initiate the emission.!"*"! In this way,
temporal control of emission offers heightened spatial resolution. Adding the
component of time provides better tracking of specific biological species in vivo
and can potentially distinguish between false positive signals at sub-diffraction

scales.['®!

Several issues must be considered when designing systems for use in

this technology and many challenges must be overcome. The type of light used
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to induce emission of the probe cannot be the same as those that trigger the
forward and reverse isomerization reactions of the photoswitch. (Typically, it
must lie outside the UV and visible regions of the spectrum.) This is a particularly
difficult issue to avoid when two types of light are needed to drive the
photochemistry along its two reaction pathways. The fluorescent probes cannot
be prone to photodegradation, which shortens the fluorescence lifetime, as is
often the case for organic systems. The probes should also lack undesirable
optical and biochemical properties such as the ‘blinking’ and cytotoxicity
observed for inorganic quantum dots.'®! In this report we highlight how the
combination of lanthanide doped NaYFs upconverting nanoparticles and
photochromic dithienylethene dyes is an excellent choice to overcome these

issues.

Upconverting nanoparticles (UCNPs) composed of NaYF, doped with Er®*
and Yb*" absorb multiple near infrared photons and convert them into light that is
emitted as relatively narrow bands in several regions of the visible spectrum.['*”!
(NIR light is not capable of triggering the photoreactions of typical
photoswitches.) Because they have long-lived excited states when stimulated
with NIR light, continuous wave diode lasers can be utilized as excitation
sources reducing autofluorescence and background interference. They have
already been successfully applied to cell and whole animal imaging, drug-
release, photodynamic therapy and ‘remote-control’

photorelease/photoswitching.®'%""28l  Their non-blinking behaviour and
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resistance to luminescence bleaching make them the state-of-the-art in

upconverting technology and are the systems of choice for our studies.
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Figure 5.1 Synthesis of the photoresponsive hybrid system (10[NaF4:ErYb]) and a conceptual
description of selective quenching of the emission from the nanoparticles by ring-
closing the photoswitch. The images are TEM micrographs showing (a) the oleate
coated nanoparticle starting material, (b) the azide coated nanoparticles and (c) the
nanoparticles decorated with the ring-open form of the photoswitch (1o[NaF,:ErYb])
illustrating their uniform size and shape.

Dithienylethenes (DTEs) are one of the most appealing photoswitching
components. They can be efficiently toggled between two optically unique, stable
isomers with a high degree of durability using UV and visible light,!"**! which can

be tuned by tailoring the molecular backbone. In this manuscript, we

95



demonstrate how we can photomodulate the fluorescence from UCNPs in-vitro
and in-vivo using DTE-decorated nanoparticle biolabels, the latter of which has
not been shown to date. Using the photoresponsive hybrid system shown in
Figure 5.1 (1[NaYF4:ErYb]), we can change the fluorescence output from a
higher intensity green/red emission to a lower intensity red-dominated
fluorescence state. This modulation is feasible because only the ring-closed
isomer of the photoresponsive dye (1c[NaYF4:ErYb]) possesses a strong
absorption in the appropriate regions of the visible spectrum to overlap with the
green emission of UCNPs through energy and/or electron transfer.!"*” The ring-
open isomer, on the other hand, does not absorb in the visible region of the

spectrum and is incapable of selective quenching.

5.4 Results and discussion

The doped upconverting NaYF4: 2 mol% Er**, 20 mol% Yb>* nanoparticles
(NaYF4:ErYb) were synthesized using high temperature colloidal methods, which
result in UCNPs coated in oleate ligands.!'*”! We chose to omit the step where
an undoped NaYF, protective shell is grown onto the outside surfaces of the
nanoparticles to maximize the energy transfer between the two components.
While this shell is typically used to increase the UCNP’s luminescence, it would
also increase the distance between the lanthanide emitters and the DTE
photoswitches decorated onto their surfaces, thus decreasing the quenching
effect and minimizing any differences in luminescence between the ‘on’ and ‘off

states. Figure 5.1a is a representative transmission electron microscopy (TEM)
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image of the oleate coated UCNPs showing their uniform size (~26 nm) and

shape.!'*!

The oleate ligands were displaced by azidopropylphosphonate ligands,
which were prepared according to published procedures.!'* The phosphonate
group was chosen because of its high affinity for the surface of lanthanide-based
nanoparticles, while the azide provides a convenient way to attach the
photoswitches through a copper catalyzed cycloaddition (CUAAC) “click” reaction
with a DTE bearing an alkyne. The appeal of using “click” chemistry lies in its
tolerance to a wide range of functional groups, which will allow for the eventual
modular assembly of multifunctional nanoparticles by including additional

alkynes in the coupling steps.!"*!

Ligand displacement of the oleates for the azidopropylphosphonates was
confirmed using FTIR spectroscopy, which revealed the strong absorbance at
~2100 cm™" attributed to the N=N=N antisymmetric stretch of the azide group, a
feature that is completely absent in the case of the original oleate-coated
nanoparticles. Strong absorption bands were also observed from 1250 to 990
cm™' corresponding to the PO and P-O—-M stretches of the phosphonate group,
respectively.'*" TEM images of the azide-coated UCNPs show only small
observable changes in the size (~25 nm) and shape of the nanoparticles
compared to the oleate-coated ones (Figure 5.1b). Dynamic light scattering

(DLS) experiments also showed small change in the diameter of UCNPs as the

97



oleate ligands (~32 nm) are replaced with azidopropylphosphonate ligands (~33

nm).[13]

The photoresponsive DTE 10/1¢c possesses suitable optical properties for
controlling energy transfer from the UCNPs. It also contains the alkyne
necessary for the “click” chemistry and an mPEG chain to provide water
dispersibility and eventual biocompatibility for future studies. DTE 10 was
prepared in four steps as described in the experimental section (Section 5.7).
The final decorated hybrid nanoparticles (10[NaYF4:ErYb]) were prepared by
reacting the two components (10 and NaYF4:ErYb) in the presence of a copper
catalyst (Figure 5.1). All reactions were left a minimum of 12 hours before they
were diluted with MeOH and centrifuged to isolate the UCNPs. Any unreacted
ligands could be easily removed by washing once more with water. The FTIR
spectrum of 10[NaYF4:ErYb] shows a reduction in the azide stretch at ~2100
cm™' when compared to that for the azide-functionalized analogues along with
the appearance of a peak at 1554 cm™ attributed to the 1,2,3-triazole ring
system.['**! The absorption bands attributed to the phosphonate group (1250

990 cm‘1) were also still present in the spectrum.

TEM images of the UCNPs after the CuACC reaction showed that they
were well-dispersed with no changes in particle morphology (Figure 5.1c). A size
analysis of several TEM images generate an average particle size of ~26 nm,
which corresponds well to the sizes of the original oleate and azide-coated

UCNPs. DLS results showed a more significant increase in particle diameter to
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~42 nm after attachment of DTE 10 to the nanoparticles, which we attribute to
the longer length of the photoresponsive molecule compared to the original
oleate ligand. As expected, the hydrodynamic diameter of the DTE-
functionalized nanoparticles is larger than the diameter measured using TEM, as
DLS also takes into account the length of the ligands on the nanoparticle

surface.

The decorated 1o0[NaYF4:ErYb] nanoparticles are highly stable in water
and we observed no settling over a period of greater than a month. We also
observed them to be stable in 10 mM phosphate buffered saline (pH = 7.2) for
several hours before settling occurred, an important property if they are to be
used in biological applications. Using the intensity of the bands in the UV-vis
absorption spectra corresponding to the ring-open isomer of the free DTE ligand
(10) and in the hybrid complex 10[NaYF4:ErYb], and the results from the particle
size analysis of the decorated nanoparticles, we estimate an approximate
loading of the photoresponsive component on the surface of each individual

nanoparticle as ~600 molecules per particle.

Figure 5.2a shows the optical properties of aqueous solutions of the
hybrid system (1o0[NaYF4:ErYb]) and justifies the choice of nanoparticle and
photoresponsive ligand. The organic chromophores on the decorated
nanoparticles have similar optical properties and photochromic behaviour as the
free ligands (10/1c):™" they absorb UV light (365 nm) and undergo an

immediate change in their UV-vis absorption spectra. As is typical for the DTE
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chromophore, the absorption bands in the high-energy region of the spectrum of
both 10[NaYF4:ErYb] (Figure 5.2a and 5.9) and 10 (Figure 5.9) decrease in
intensity and new broad bands in the visible region appear. These are the
characteristic changes that occur when the ring-open isomer of the free ligand
(10) is converted into its ring-closed counterpart (1c¢). In the present case, the
conversion is 10[NaYF4:ErYb] — 1¢c[NaYF4:ErYb] and results in a visual color
change of the solutions from colorless to red at the photostationary state, which
contains 82% of the ring-closed isomer as measured by 'H NMR spectroscopy
of the free ligand (10). These red solutions can be converted back to their
colourless versions by exposing them to visible light of wavelengths greater than
434 nm, which triggers the reverse, ring-opening reaction and regenerates the

original spectra.
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Figure 5.2 (a) UV-vis absorption and emission spectra (Asx = 980 nm, 150 W/cmz) of an
aqueous solution (9.0 x 107° M) of 1o[NaF4:ErYb] before (solid line/dark shading)
and after irradiation with 365 nm light (dashed line/light shading) for 2.5 min (1.3
mW/cmz). (b) Changes in the absorbance at 530 nm (black circles), and emission
intensities at 538 nm (green diamonds) and 652 nm (red diamonds) of a similar
solution of 10[NaYF,:ErYb] when it is alternately irradiated with UV and visible light.
(c) Changes in the absorbance at 530 nm of a similar solution of 1c[NaYF4:ErYb]
when it is continuously irradiated with 980 nm light.

The upconversion luminescence of 10[NaYF4:ErYb] under 980 nm laser
diode laser excitation (150 W/cm?) exhibits two main sets of emission peaks in
the visible portion of the spectra (Figure 5.2a), from 510-560 (green) and 635—
680 nm (red) corresponding to the [*Hi12, °Ss2]l — “lisp and *Foo — “lisp
transitions, respectively. While there is no significant overlap between the
absorption bands of 10, whether alone!"®"! or decorated onto the nanoparticles,

the broad, long-wavelength absorption band (450-650 nm) of the ring-closed
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isomer (1c and 1c[NaYF4:ErYb]) completely overlaps with the green emission of
the NaYF4:ErYb UCNPs and only slightly with the red emission. This implies that
significant luminescence quenching will only be observed after the system is
exposed to UV light to convert 10 into its ring-closed counterpart on the

nanoparticles. Figure 5.2a—b show this to be the case.

The green emission (538 nm)!"*! of an aqueous solution of the decorated
nanoparticles is 3.5 times less intense (29 % of the original value) when the
photoswitch is first converted to its photostationary state.'*®! The red emission
(651 nm) is also quenched albeit to a lesser extent (to 75 % of the original value)
as can be expected from the lower overlap between the absorption bands of the
DTE and the emission bands of the UCNP. The red emission quenching is also
explained by the fact that the *Fg), excitation state of the nanoparticles is partially

fed via non-radiative decay from the [*H11/2, °Saj2] levels.

We are attributing the fluorescence quenching of the nanoparticles
decorated with the ring-closed photoisomer (1c[NaYF4:ErYb]) to a combination
of fluorescence resonance energy transfer (FRET) and an inner filter effect (the
absorption of the visible light emitted from the nanoparticle by the coloured
ligands, not necessarily on the same nanoparticle). The dominance of the latter
mechanism is reflected in the reduction of the [*H11s2, °S32] — *l152 upconversion
lifetime of the nanoparticles when the ring-open photoresponsive ligands are
converted to their ring-closed counterparts (74 us for 10[NaYF4:ErYb] and 61 us

for 1c[NaYF4:ErYb]), which corresponds to a FRET efficiency of 18 %.!"%"]
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Exposing the decorated nanoparticles containing the ring-closed
photoswitches (1¢c[NaYF4:ErYb]) to visible light at wavelengths greater than 434
nm (107 mW/cm?) restores the original emission intensities for both the green
and red emissions, although as can be seen from the results of subjecting them
to several photochemical cycles by alternating between UV and visible light
(Figure 5.2b), the quenching efficacy gradually diminishes. Because the
absorptions corresponding to the ring-closed isomer of the ligand (black circles
in the Figure) also slightly change after each cycle, we believe that the
degradation of the photoswitch is the culprit. This claim is supported by the fact
that prolonged irradiation of the nanoparticles (1c[NaYF4:ErYb]) with 980 nm
light (150 W/cm? for 90 minutes) resulted in negligible ring-opening of the
photoresponsive ligand (Figure 5.2c) and no loss in the upconversion efficiency
of the nanoparticles. This minor degradation (likely due to photochemical side
reactions in the oxygen rich aqueous environment) will not hinder the use of the
decorated nanoparticles in biological application where the photoswitch is likely
to only be subjected to a few cycles. Future generations of systems may have
enhanced performance by employing fluorinated DTE photoswitches since they

demonstrate superior stability in oxygen and water environments.

The regulation of fluorescence imaging in live organisms was
demonstrated using Caenorhabditis elegans N2 hermaphrodites, which were
incubated for 3 hours with the decorated nanoparticles 10[NaYF4:ErYb]

dispersed in M9 buffer. After immobilizing the nematodes using Levamisole in
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M9 buffer, they were isolated by centrifugation, mounted on agarose gel pads

and imaged using 2-photon fluorescence microscopy (Figure 5.3).

Figure 5.3 Optical (left) and two-photon upconversion fluorescence (middle and right)
microscopy images of wild-type N2 C. elegans incubated with 10[NaYF4:ErYb] (0.25
mg of a 0.5 mg/mL solution in M9 buffer) showing the changes in fluorescence due
to the photoswitching of the DTE component within the bodies of the worms. The
middle panel shows the strong initial fluorescence prior to exposure to UV light. The
right panel shows the reduced emission that is a result of ring-closing the
photoswitch with 365 nm light for 2.5 minutes.

The upconverting fluorescence from 1o[NaYF4:ErYb] can be clearly
observed in the digestive tract of the nematodes indicating they had ingested the
nanoparticles. The ring-closing reaction of the photoresponsive ligands was
triggered by irradiating the nematodes with 365 nm light for 180 seconds, which
produced a significant reduction in the observable fluorescence (Figure 5.3). The
changes in the photoluminescence spectra of the hybrid nanoparticles inside the
nematodes before and after UV irradiation corresponds to a 50-60% decrease in
emission intensity."”*"! The reduced quenching can be explained by a reduction
in the inner filter effect in these more dilute conditions. Importantly, all

nematodes showed little evidence for sensitivity (toxicity to the nanoparticles,
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damage from the light source) before, during and after the imaging experiments,
and were still mobile after irradiation. We also note that the nematodes were still

viable and had progeny after incubation.

5.5 Conclusion

We successfully demonstrated the ability to modulate the luminescence
from upconverting nanoparticles in-vitro and in-vivo by taking advantage of the
well-understood photochemistry of dithienylethene ‘molecular switches’
decorated onto the nanoparticles’ surfaces using CuACC chemistry. By
reversibly converting the photoswitch back and forth between its two isomers
using UV and visible light, we are able to toggle the system between ‘on’ (bright
fluorescence) and ‘off (quenched fluorescence) states. This process can be
cycled multiple times before any degradation of the nanoparticles or the
photoswitch renders the system impractical. Our system has an advantage over
‘caged’ fluorophores as the luminescence of our designer nanoparticles can be
repeatedly cycled through ‘on’ and ‘off states. Systems such as the one
described in this manuscript not only have the capacity to reversibly control the
intensity of the probe emission, through selective absorption, they can also alter
the colour of the emitted light from multi-coloured probes further enhancing the

imaging capabilities.
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5.7 Experimental
5.7.1 General methods
5.7.1.1 Materials

All solvents and reagents used for synthesis, chromatography,
photochemistry and UV-vis absorption spectroscopy were purchased from
Aldrich and used as received, unless otherwise noted. Erbium(lll) acetate
hydrate (99.9%), ytterbium(lll) acetate tetrahydrate (99.9%), yttrium(lll) acetate
hydrate (99.9%), oleic acid (technical grade, 90%), 1-octadecene (technical
grade, 90%), ammonium fluoride (99.99+%), (+)-sodium L-ascorbate (=98%) and
copper(ll) sulfate pentahydrate (=98%) were purchased from Sigma-Aldrich.
Hexanes, dimethyl sulphoxide (DMSO) and tetrahydrofuran (THF) were
purchased from Caledon Inc. Anhydrous ethyl alcohol was purchased from
Commercial Alcohols. Triethylamine were purchased from Anachemia. All
chemicals were used as received, without any further purification. Solvents for
NMR analysis were purchased from Cambridge Isotope Laboratories and used
as received. Column chromatography was performed using silica gel 60 (230—
400 mesh) from Silicycle Inc. 3-Azidopropylphosphonic acid!’®? and 1,2-bis(5-

chloro-2-methylthien-3-yl)cyclopentene (2)!"*!

were prepared using modifications
of literature methods. The upconverting nanoparticles were synthesized using a

modification of a recently reported procedure.™! All volumes for absorption,
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photolysis and concentration studies were measured out using calibrated

autopipettes.

5.7.1.2 Instrumentation

'"H NMR and ™C NMR characterizations of all compounds were carried
out using a Bruker AVIII 400 BBO Plus (5 mm probe) working at 400.13 MHz for
'H and 100.60 MHz for "*C. Chemical shifts (5) are reported in parts per million
relative to tetramethylsilane using the residual solvent peak as a reference

standard. Coupling constants (J) are reported in hertz.

Melting points were measured using a Gallenkamp melting point

apparatus (Registered Design No. 889339) and reported without correction.

Exact mass measurements were done using a Kratos Concept-H

instrument with perfluorokerosene as the standard.

Powder X-ray diffraction (XRD) data were acquired utilizing a Rigaku R-
AXIS RAPID-S diffractometer (Model No. 2163A101). Samples were drop-casted

onto thin glass cover slips from THF and then allowed to dry before analysis.

TEM and high-resolution TEM (HR-TEM) images were obtained using a
Tecnai 200 keV Field Emission Scanning Transmission Electron Microscope.
Dilute colloids of the NPs (0.1 wt-%) dispersed in THF, ethanol or water were
dropcast on thin, carbon formvar-coated copper grids for imaging. In the case of

ethanol or water, excess solvent was removed under vacuum. The nanoparticle
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shape and crystallinity were evaluated from the collected TEM images, while the

particle size was calculated from over 150 particles.

Dynamic Light Scattering (DLS) measurements were carried out using a
Malvern Zetasizer Nano-ZS. A nanoparticle concentration of ~ 0.1 mg/mL was
employed for the measurements. All DLS measurements were conducted at 25

°C.

UV-vis absorption spectroscopy was performed using a Varian Cary 300

Bio spectrophotometer.

All solution-state photoreactions were carried out using the light source
from a lamp used for visualizing TLC plates at 365 nm (Spectroline E-series, 1.3
mW/cm?) and a tungsten light source using a > 434 nm cut-off filter (Elmo

Omnigraphic 300AF, 107 mW/cm?).

FTIR spectra were acquired on a Bomem (Hartmann & Braun, MB-Series)
spectrometer. The samples were prepared by mixing 1 part of functionalized
nanoparticle with 10 parts of KBr, followed by pressing them into translucent

discs.

Fluorescence measurements were performed on a PTl Quantamaster
spectrofluorometer. A JDS Uniphase 980 nm laser diode (device type L4-
9897510-100M) coupled to a 105 um (core) fibre was employed as the excitation

source. The output of the diode laser was collimated and directed on the
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samples using a Newport F-91-C1-T Multimode Fiber Coupler. The visible
emissions were collected from the samples at 11/2 from the incident beam in the
plane of the spectrometer. All of the colloidal samples were held in a square
quartz cuvette (path length of 1 cm). All spectra were corrected for instrument

sensitivity.

Lifetime analyses were done by exciting the solution with a 10 Hz Q-
Switched Quantel Brilliant, in which the third harmonic of the Nd:YAG laser
pumps the optical parametric oscillator (OPO), with an optical range from 410 to
2200 nm. The pulse duration of the laser was 5 ns, and the spot size had a 2
mm diameter. The laser intensity at 980 nm was 2 mJ. Intensities down to 1% of
the initial intensities were included in these lifetime analyses. The decay times
were calculated from these curves by fitting them with a single exponential

model using Origin software (version 7.0) after the in-growth portion of the curve.

Two-Photon Upconversion Imaging (Aex = 980 nm) was performed on a
Leica confocal / two-photon microscope (model TCS SP5 with DMI 6000
inverted microscope) equipped with a Coherent femtosecond Ti:Sapphire laser
(model Chameleon Vision). The NIR laser beam was focused onto the sample

using a 10x microscope objective with a numerical aperture of 0.75.
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5.7.2 Synthesis
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5.7.2.1 Synthesis of 1,2-bis(5-bromo-2-methylthien-3-yl)cyclopentene (3)

A solution of 1,2-bis(5-chloro-2-methylthien-3-yl)cyclopentene (2) (1.03 g,
3.12 mmol) in anhydrous Et;,O (100 mL) was cooled to —60 °C in a dry
ice/acetone bath and then treated with t-butyllithium (1.7 M in pentane, 4.1 mL,
6.88 mmol) drop wise over 15 min under an atmosphere of nitrogen. The
resulting solution was stirred for an additional 20 min at —60 °C, at which time it
was treated with a solution of Br, (0.39 mL, 7.59 mmol) in anhydrous Et,O (10
mL) drop wise using a syringe. After stirring at —-60 °C for 30 min, the yellow-
orange solution was allowed to warm to room temperature and poured into water
(50 mL). The layers were separated and the organic layer was washed with brine
(2 x 50 mL), dried over MgSO,4 and filtered. The solvent was removed under
reduced pressure to yield a brown oil. Purification by column chromatography
using silica gel (hexanes) yielded 0.68 g (52 %) of 3 as a crystalline white solid,
which yellowed upon exposure to UV light.
M.p. 85-90 °C.
'H NMR (400 MHz, CDCl3) 6 6.74 (s, 2H), 2.75 (t, J = 7.5 Hz, 4H), 2.10-2.00 (m,
2H), 1.91 (s, 6H).

3C NMR (CDCl3 100 MHz) & 136.2, 136.0, 134.3, 130.4, 107.4, 38.4, 22.8, 14.2.
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HRMS m/z: Calculated for C15H14Br2S, [M*], 415.8904, found: 415.8808
5.7.2.2 Synthesis of (4,4’-(4,4’-(cyclopentene-1,2-diyl)bis(5-methylthiophene-4,2-
diyl)-bis(4,1-phenylene))dimethanol (4)

A 25 mL round bottom flask equipped with a water-cooled condenser was
charged with 1,2-bis(5-bromo-2-methylthien-3-yl)cyclopentene (3) (134 mg, 0.32
mmol), 4-methylhydroxyphenyl boronic acid (146 mg, 0.96 mmol), Na,CO3*H,0
(198 mg, 1.6 mmol), toluene (9 mL) and 95 % MeOH (3 mL). After bubbling N,
through the mixture for 25 min, it was treated with Pd(PPhs)s. The system was
purged with N2 and the reaction heated to reflux. After 21.5 h, the dark brown
reaction mixture was cooled to ambient temperature and poured into a
separatory funnel. The reaction flask was rinsed with EtOAc and the combined
organic mixture was diluted with saturated aqueous NH4CIl and H;O. The layers
were separated and the aqueous layer was extracted an additional 2 times with
EtOAc. The combined organic extract was dried over anhydrous MgSOy,
vacuum filtered and concentrated under reduced pressure to yield a dark oil.
Purification by column chromatography using silica gel (1:2 EtOAc:hexanes)
yielded 113 mg (75%) of 4 as an oil that converted to a white solid foam under
hi-vacuum, which turned red upon exposure to UV light.

M.p. 65-70 °C (decomp.)
'H NMR (CD,Cl,, 400 MHz) & 7.48 (dd, J = 8.2, 2.4 Hz, 4H), 7.31 (dd, J = 8.2,
2.4 Hz, 4H), 7.06 (d, J = 2.4 Hz, 2H), 4.65 (d, J = 5.8 Hz, 4H), 2.85 (t, J = 7.5 Hz,

4H), 2.11-2.07 (m, 2H), 2.01 (s, 6H), 1.75 (t, J = 5.8 Hz, 2H).
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3C NMR (CD,Cl,, 100 MHz) & 140.63, 139.78, 137.43, 135.36, 135.10, 134.29,
127.95, 125.80, 124.72, 65.30, 38.00, 23.60, 14.72.
HRMS m/z: Calculated for CoH200,S, [M+H?] 473.1603, found: 473.1586.
5.7.2.3 Synthesis of (4-(5-methyl-4-(2-(2-methyl-5-(4-((prop-2-ynyloxy)methyl)
phenyl)-thiophen-3-yl)cyclopent-1-enyl)thiophen-2-yl)phenyl)methanol (5)
A flame-dried round bottom flask equipped with a water-cooled condenser
was charged with NaH (95 %, 10 mg, 0.40 mmol) and anhydrous THF (15 mL,
via a cannula) under an N, atmosphere. The mixture was cooled to 0 °C and
treated with bis(alcohol) 4 (90 mg, 0.19 mmol) and propargylbromide (31 mg,
0.21 mmol, 80 w/w %). The reaction mixture was heated to reflux under an N
atmosphere. After 18 h, the reaction was cooled to ambient temperature and
quenched with saturated aqueous NH4Cl. The mixture was poured into a
separatory funnel and diluted with EtOAc. The phases were separated and the
aqueous phase was extracted an additional 2 times with EtOAc. The combined
organic extracts were dried over anhydrous MgSO,4, vacuum filtered and
concentrated under reduced pressure to obtain a yellow oil. Purification by
column chromatography on silica gel (gradient of 1:2 to 1:1 EtOAc:hexanes)
followed by a second purification (1:4 EtOAc:hexanes) yielded 25 mg (25%) of
compound 5 as a colourless glass, which turned red upon exposure to UV light.
'H NMR (CD,Cl,, 400 MHz) & 7.49 (dd, J = 8.2, 2.4 Hz, 4H), 7.31 (dd, J = 8.2,
2.4 Hz, 4H), 7.06 (d, J = 2.4 Hz, 2H), 4.65 (d, J = 5.8 Hz, 2H), 4.56 (s, 2H), 4.17
(d, J = 2.4 Hz, 2H), 2.85 (t, J = 7.5 Hz, 4H), 2.51 (t, J = 2.4 Hz, 1H), 2.11-2.05

(m, 2H), 2.01 (s, 6H), 1.76 (t, J = 5.8 Hz, 1H).
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3C NMR (CD.Cly, 100 MHz) 6 140.6, 139.8, 139.7, 137.5, 137.4, 136.9, 135.4,
135.4, 135.2, 135.1, 134.6, 134.3, 129.1, 129.1, 128.0, 125.8, 125.7, 124.8,
124.7, 80.3,74.9, 71.7, 65.3, 57.6, 39.0, 29.6, 23.6, 14.7.

HRMS m/z: Calculated for C3H3002S, [M+Na*] 533.1579, found: 533.1568.
5.7.2.4 Synthesis of 2-mPEG 4-(5-methyl-4-(2-(2-methyl-5-(4-((prop-2-ynyloxy)-

methyl)phenyl)thiophen-3-yl)cyclopent-1-enyl)thiophen-2-yl)benzyl
glutarate (10)

A flame-dried round-bottom flask was charged with anhydrous CH,Cl, (7
mL), alcohol 5 (20 mg, 0.039 mmol) and mPEG-glutaric acid (Polymer Source,
123 mg, 0.059 mmol) under an N, atmosphere. The mixture was cooled to 0 °C
and treated with DMAP (11 mg, 0.09 mmol) and DCC (19 mg, 0.09 mmol). The
ice bath was removed and the reaction was stirred for 5.5 h until all starting
material was consumed as indicated by silica TLC. The reaction mixture was
filtered and the solvent was removed under reduced pressure. The oily residue
was taken up in a minimal amount of water, sonicated and filtered through a plug
of glass wool in a Pasteur pipette by applying pressure from a pipette bulb. The
water was removed under reduced pressure to yield a red waxy solid, which was
dissolved in acetone and filtered through a plug of glass wool in a Pasteur
pipette. The crude product was purified twice by neutral alumina column
chromatography (activity 1, gradient from 100 % CH3CN to 100:5 CH3CN:H20),
followed by several purification steps using size exclusion chromatography (GE
healthcare, LH20, THF) to afford 21 mg (20%) of 10 as an off-white waxy solid,

which turned red upon exposure to UV light. Analysis showed that the product
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contained some unreacted mPEG. The product was carried over to the next step
without any further purification.

M.p. 40-45 °C.

'H NMR (CD,Cl,, 400 MHz) & 7.49 (dd, J = 8.2, 2.4 Hz, 4H), 7.31 (dd, J = 8.2,
2.4 Hz, 4H), 7.06 (d, J = 2.4 Hz, 2H), 5.07 (s, 2H), 4.56 (s, 2H), 4.17 (d, J = 2.4
Hz, 2H), 3.79-3.76 (m, 2H, mPEG), 3.69-3.63 (m, 10H, mPEG), 3.59 (bs, 237H,
mPEG), 3.51-3.49 (m, 2H, mPEG), 3.33 (s, 4H, mPEG), 2.86 (t, J = 7.4 Hz, 4H),
2.25 (t, J = 2.4 Hz, 1H), 2.46-2.37 (m, 6H, mPEG), 2.14-2.12 (m, 2H), 2.04 (s,
3H), 2.00 (s, 3H), 1.99-1.96 (m, 4H, mPEG), 1.83-1.80 (m, 4H, mPEG).

3C NMR (CD,Cl,, 100 MHz) & (20 out of 37 peaks found) 129.3, 129.1, 125.8,
125.7,74.9,72.5,71.1,71.1,71.0, 71.0, 69.6, 68.3, 64.1, 57.6, 39.0, 33.6, 30.6,
26.2,20.7,14.7.

LRMS m/z: Calculated for C12gH218050S2 [M+2NH,4" (z = 2)] 1328.2334, found:
1328.2337. The mass spectrum showed a Gaussian shaped distribution of
multiple peaks with 44 g/mol (CH,CH,0) separation due to the polydispersity of

mPEG.

The percentage of each isomer in the photostationary was measured by "H NMR
spectroscopy in CD,Cl, by irradiating a solution of 10 with 365 nm light for 35
min (handheld TLC lamp). The progress of the reaction was followed by UV-vis
absorption spectroscopy. A small aliquot of the NMR sample was removed at
regular intervals and the absorbance of the aliquot was measured before and
after irradiation with UV light until no more changes occurred in the spectrum. By

comparing the relative integration of the characteristic peaks in the NMR
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spectrum of 1¢, the photostationary state was determined to contain 82 % ring-

closed isomer, 15 % ring-open isomer and 3 % unidentified side-product.

5.7.2.5 Synthesis of B-NaYF4: 2 mol% Er*, 20 mol% Yb* nanoparticles
(NaYF4:ErYb)

In a typical synthesis, Y(CH3CO); (1.76 mmol), Yb(CH3CO;)s; (0.40
mmol) and Er(CH3CO;)s (0.04 mmol) were added to a 100 mL three-neck round-
bottom flask containing 30 mL octadecene and 12 mL oleic acid. The solution
was stirred magnetically and heated slowly to 120 °C under vacuum for 30 min
to form the lanthanide oleate complexes, and to remove residual water and
oxygen. The temperature was then lowered to 50 °C and the reaction flask
placed under a gentle flow of nitrogen gas. During this time, a solution of
ammonium fluoride (0.2964 g, 8 mmol) and sodium hydroxide (0.2 g, 5.0 mmol)
dissolved in methanol (20 mL) was prepared via sonication. Once the reaction
reached 50 °C, the methanol solution was added to the reaction flask and the
resulting cloudy mixture was stirred for 30 min at 50 °C. The reaction
temperature was then increased to 70 °C and the methanol evaporated from the
reaction mixture. Subsequently, the reaction temperature was increased to 300
°C as quickly as possible and maintained at this temperature for 60 min under
the nitrogen gas flow. During this time the reaction mixture became progressively
clearer until a completely clear, slightly yellowish solution was obtained. The
mixture was allowed to cool to room temperature. The nanoparticles were
precipitated by the addition of ethanol and isolated via centrifugation at 4500 rpm

corresponding to a relative centrifugal field (RCF) of approximately 1000. The
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resulting pellet was dispersed in a minimal amount of hexanes and precipitated
with excess ethanol. The nanoparticles were isolated via centrifugation at 4500

rom and then dispersed in either chloroform or THF for subsequent experiments.

117



(© (201)
(111)

z (200)

2 (101)

g (110)

g )

£ (100)

5 . ‘ J

J || I | I |, | TV (A A

20/°

Figure 5.4 (a) Transmission Electron Microscopy (TEM) micrograph of oleate-coated
NaYF4:ErYb nanoparticles. (b) High-angle annular dark-field (HAADF) image of
NaYF,:ErYb nanoparticles (c) Powder X-ray diffraction (XRD) patterns for (top)
NaYF4:ErYb nanoparticles and (bottom) 3-NaYF, JCPDS standard card #28-1192.
(d) Selected area electron diffraction (SAED) pattern of the NaYF4ErYb
nanoparticles.

5.7.2.6 Ligand Exchange on NaYF;:ErYb UCNPs with Phosphonate Azide
Ligands

Approximately 150 mg of precipitated nanoparticles were added to a 20
mL scintillation vial along with CHCI3 (8 mL) and absolute EtOH (2 mL). In a
separate vial, the azidopropylphosphonate ligand (600 mg) was dissolved in a
mixture of CHCIl3; (2 mL) and absolute EtOH (2 mL). The
azidopropylphosphonate ligand solution was then added to the nanoparticle

solution via Pasteur pipette with vigorous magnetic stirring. The resultant
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mixture was stirred overnight at room temperature, at which point it was
transferred to a centrifuge tube and hexanes were added until the mixture
became cloudy. The reaction mixture was then centrifuged at 5000 rpm for 10
min and the supernatant was discarded. The precipitated NaYF4:ErYb
nanoparticles were then redispersed in DMSO (3 mL) for further experiments.
FTIR (cm™): 2115 (vs), 1742 (s), 1468 (m), 1252 (s), 1148 (s), 1074 (s), 991 (s).

5.7.2.7 Procedure for copper(l) catalyzed azide-alkyne cycloaddition of 10 onto
the UCNPs (1o[NaYF4:ErYb])

In a 1-dram vial, the azide-coated nanoparticles dispersed in DMSO (0.5
mL of the stock solution) was combined with DTE 10 (5 mg) and sonicated for 5
min to dissolve the alkyne ligand. This mixture was treated with 10 uL of a 20
mM CuSO4-5H20 (3.1 mg, 0.008 mmol) solution, 20 uL of a 100 mM sodium
ascorbate solution, 10 uL of triethylamine and 40 ulL of distilled water. The
reaction mixture stirred in air at 35°C in a temperature controlled oil bath for 24
h. After this time, the reaction solution was cooled to room temperature and
added to a 1.5 mL centrifuge tube containing MeOH (~1 mL). The mixture was
centrifuged at 13500 rpm for 30 min to isolate the nanoparticles. The
supernatant was discarded and the pellet was redispersed in distilled water (1.5
mL) with sonication. The mixture was centrifuged at 13500 rpm for 30 min. The
collected 10[NaYF4:ErYb] nanoparticles were dispersed in distilled water (5 mL)

for further experiments.
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Figure 5.5 Transmission Electron Microscopy (TEM) micrographs of (a) oleate-coated

NaYF4:ErYb nanoparticles, (b) azide-coated NaYF4:ErYb nanoparticles and (c)
“clicked” NaYF,4:ErYb nanoparticles.
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Figure 5.6 Size histograms (diameter) from TEM micrographs for (a) oleate-coated

NaYF4ErYb nanoparticles, (b) azide-coated NaYF4:ErYb nanoparticles and (c)
“clicked” NaYF,4:ErYb nanoparticles.
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Figure 5.7 Size histograms (diameter) from DLS results for (a) oleate-coated NaYF4:ErYb
nanoparticles, (b) azide-coated NaYF4:ErYb nanoparticles and (c) “clicked”
NaYF,4:ErYb nanoparticles.
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Figure 5.8 Selected region of the FTIR spectra for (a) oleate-coated NaYF4ErYb
nanoparticles, (b) azide-coated NaYF4:ErYb nanoparticles and (c) “clicked”
NaYF,4:ErYb nanoparticles.
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5.7.2.8 Preparation of Photoswitch — Nanoparticle Solutions for Absorption
Measurements

A colloidal dispersion of decorated nanoparticles stock solution (0.2 mL,
0.5 wt-% in water) was added to 2 mL of distilled water. The dispersion was

stirred for 5 minutes and stored in the dark until needed.
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Figure 5.9 UV-vis absorption spectra for aqueous solutions of (a) ligand 1 and (b) the
decorated nanoparticles (1[NaYF4:ErYb]) in their original ring-open (black lines) and
photostationary (red lines). The photostationary states were generated by irradiating
the solutions with 365 nm light until no more changes were observed. The changes
in the spectra when the complexes are exposed to (c) UV (365 nm) and (d) visible
light. () Summary of the changes in absorbance over time.
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Figure 5.10 (a) UV-vis absorption cycling data for aqueous solutions of the decorated
nanoparticles (1[NaYF4:ErYb]). (b) Emission spectra (Aex = 980 nm, 150 W/cmz) for
cycling experiments of an aqueous solution of 1[NaF4:ErYb]. (c) UV-vis absorption
spectra for an aqueous solution of the decorated nanoparticles (1[NaYF4:ErYb])
before and after 90 minutes of continuously irradiated with 980 nm light (150
W/cmz). (d) Percent quenching versus wavelength for an aqueous solutions of the
decorated 1c¢[NaYF4:ErYb] nanoparticles (black diamonds) superimposed on the
green and red emissions.

5.7.3 Biological Experiments

The worm handling methods described by Brenner were used.['"
Caenorhabditis elegans N2 hermaphrodites were incubated on OP50-seeded
plates at 20 °C. After 4 days, the nematodes were lightly washed off the plates
with M9 buffer and aliquoted into separate 200 uL microtubes containing 0.25
mg of hybrid nanoparticles (10[NaYF4:ErYb]) in 0.5xM9 buffer. After a 3 h
incubation period, nematodes were immobilized using 2.5 mM Levamisole,
mounted on 2% agarose gel pads and imaged using the two-photon

upconversion imaging microscope.
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Samples with reduced background fluorescence due to presence of the
nanoparticles were prepared by washing the nematodes in 100 pL of 2.5 mM
Levamisole in M9 buffer and then centrifuged at 1200 rpm for 5 min. This wash

was repeated twice before the nematodes were immobilized and imaged.
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Figure 5.11 Optical (left) and two-photon upconversion fluorescence (middle and right)
microscopy images of wild-type N2 C. elegans incubated with 10[NaYF,:ErYb]
showing the changes in fluorescence due to the photoswitching of the DTE
component within the bodies of the worms. The middle panels show the strong
initial fluorescence prior to exposure to UV light. The right panels show the reduced
emission that is a result of ring-closing the photoswitch with 365 nm light for 2.5
minutes. The difference between the two samples is the omission (top) or inclusion
(bottom) of a washing/centrifugation step in the preparation and accounts for the
small changes in background fluorescence.
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Figure 5.12 The upconverting fluorescence (Aex = 980 nm) from the hybrid 10[NaYF4:ErYb] and
1c[NaYF4:ErYb] from inside the digestive tract of the nematodes obtained with the
2-photon microscope.

125



6: MULTIMODAL FLUORESCENCE MODULATION USING
MOLECULAR PHOTOSWITCHES AND UPCONVERTING
NANOPARTICLES

6.1 Contributions

The text in this chapter have previously been published in Organic and
Biomolecular Chemistry as a full paper and is reproduced herein in its entirety
with permission from the journal (C.-J. Carling, J.-C. Boyer, N. R. Branda, Org.
Biomolec. Chem, 2012, DOI: 10.1039/C20B25368B,
http://pubs.rsc.org/en/content/articlelanding/2012/0OB/C20B25368B). The project
was designed by C-J Carling. All organic synthesis and characterizations of
organic molecules were conducted by C-J Carling. Dr. J-C Boyer synthesized
Nanoparticle o-NP and hybrid nanoparticle a-NP. Hybrid nanoparticles 1a-NP,
1b-NP and 1ab-NP were synthesized by C-J Carling. IR, UV-vis and emission
spectroscopy data was acquired by C-J Carling. Dr. J-C Boyer acquired TEM
images of all nanoparticles. Photographs were taken by C-J Carling. Prof. Dr. N.
R. Branda conducted peak-fitting calculations. The manuscript was co-written by
C-J Carling and Prof. Dr. N. R. Branda. Experimental section was co-written by

C-J Carling, Dr. J-C Boyer and Prof. Dr. N. R. Branda.

6.2 Abstract

The intensity and colour of the light emitted from upconverting

nanoparticles is controlled by the state of photoresponsive dithienylethene
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ligands decorated onto the surface of the nanoparticles. By selectively activating
one or both ligands in a mixed, 3-component system, a multimodal read-out of

the emitted light is achieved.

6.3 Introduction

Nanoscale fluorescent probes decorated with photoresponsive organic
ligands offer heightened control in optical materials applications by reversibly
turning the emission signal ‘on’ or ‘off’, or by modulating the visual output from

one colour to another.[28,130,141,142,'143,144,145,'146,147,148,14‘3),'l50,']51,152]

Both optical
properties are based on the photoresponsive ligands undergoing controlled and
predictable reactions between two isomers having different optoelectronic

characteristics.®® Hybrid systems that have these properties have the potential

to advance technologies such as non-destructive ultra-dense optical

[148,149] [28.143,144,151,152] Tha

memory and bio-imaging. latter application is a
particularly appealing use for these optical probes as it offers advantages over
conventional systems when false-positive signals need to be better identified.
Temporal tracking of the nanoparticles is also possible when the end-user can

control the optical signal ‘on command’.">*

Both organic and organic-inorganic hybrid nanoparticles have been
developed for modulating fluorescence but limitations in the current technology
still exist. One of the major limitations is the need for high-energy light as the
fluorescence excitation source, which causes auto-fluorescence of bio-molecules

and non-selective photoswitching of the organic ligands since the ligands absorb
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in the same spectral regions as the source. Non-selective photoswitching could
potentially lead to distortions of the fluorescent signal during prolonged excitation
due to unwanted organic photoreactions and subsequent degradation of the
signal quality. Because many photoresponsive systems such as spiropyrans and
spirooxazines were designed to undergo spontaneous reactions (T-type
photochromic compounds), their use in temporal imaging studies is less
appealing than compounds that exhibit bistability over a wide range of
temperatures. The last limitation relevant to discuss in the context of this
manuscript is the fact that fluorescent probes based on organic compounds are
prone to photo-degradation, which limits the time they can be used in imaging
applications. Although quantum dots have been demonstrated as a viable
solution to this problem, their blinking behaviour and toxicity (unless specially
coated) limits their use as well.['?®!

These limitations can be avoided by developing hybrid systems based on
lanthanide-doped upconverting nanoparticles (UCNP) decorated with ‘thermally
stable’ P-type dithienylethene photochromic ligands, which can modulate the
multi-photon NIR-to-visible emission. The nanoparticles can convert 980 nm light
into several other types of light that are emitted in the UV, visible and NIR
regions of the spectrum."™™! They are also non-toxic and do no exhibit
blinking.!"*®1°"1%81 Photoresponsive dithienylethene derivatives are one of the
most versatile class of photochromic compounds.”*” They undergo predictable
ring-closing and ring-opening reactions when stimulated with UV and visible

light, respectively, often with a high degree of fatigue resistance (see the bottom
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of Scheme 6.1 for an example of this reaction). The combination of these
inorganic and organic systems is well suited to address the limitations described

above.

We recently reported an example of ‘on command fluorescence
modulation in vivo using a dithienylethene-UCNP hybrid system.?® In this
manuscript, we describe our more advanced systems where a heightened level
of control over the emission intensity and wavelength, and colour output is
achieved by decorating the nanoparticles with pure or mixed dithienylethene
ligands. We chose to use one of our recently developed core-shell-shell
upconverting, multi-colour nanoparticles!'" in combination with two different
dithienylethene chromophores to photo-modulate the NIR-to-visible fluorescence
of the UCNP (1a-NP, 1b-NP and 1ab-NP, Scheme 6.1). By taking advantage of
the multi-colour nature of the upconverted fluorescence and the fact that the two
dithienylethenes can be selectively activated using specific wavelengths of light,
we demonstrate selective quenching of the emission and multimodal modulation.
We also show that we can trigger the ring-closing of the photoswitches in a
‘remote-control’ manner by increasing the power density of the NIR excitation

source and using the multi-photon NIR-to-UV emission from the nanoparticles.
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Scheme 6.1 Synthesis of photoresponsive ligands 3a and 3b, the azide-functionalized core-
shell-shell UCNPs a-NP, and the hybrid one- and two-component systems 1a-NP,
1b-NP and 1ab-NP. The reversible photoreactions of the three systems using UV,
visible and NIR light are also shown. The insets show the TEM images of the
nanoparticles in their different decorated forms (1a-NP, top left; 1b-NP, top right;
1ab-NP, bottom). The scale bars in all 3 images represent 40 nm.
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6.4 Results and discussion

6.4.1 Synthesis of dithienylethene ligands and decorated nanoparticles

The hybrid 2- and 3-component chromophore-UCNP systems were
prepared as shown in Scheme 6.1. The photoresponsive ligands, 3a!'*® and 3b,
bearing the alkyne group necessary for the copper(l)-catalyzed azide-alkyne
cycloaddition (CuAAC) ‘click’ reaction were synthesized in two steps from the
known dithienylethenes 2al"®” and 2b!"®"! and characterized by 'H and *C NMR
spectroscopy, mass spectrometry and UV-vis absorption spectroscopy. The
azide coated core-shell-shell upconverting nanoparticles, a-NP were prepared
through a ligand-exchange reaction®® by stirring the previously reported oleate
coated o-NP'"" with azidopropylphosphonate!'*® in CHCI; and ethanol. The
composition of these UCNPs is 8-NaYF4:0.5 % Tm®*:30 % Yb>* in the core, -
NaYF4:2.0 % Er*:20 % Yb®* in the inner shell and B-NaYF, in the outer shell.
These azide-decorated nanoparticles were characterized by IR spectroscopy,
which showed a band in the spectrum at 2110 cm™ corresponding to the azide
N=N=N stretch (Figure 6.6).'% The photoresponsive organic chromophores
were attached to the surface of the nanoparticles using CuAAC ‘click’
chemistry.'®! Treating a-NP with pure 3a, pure 3b or a mixture of both
acetylenes with a copper catalyst and an ascorbate reductant afforded the two 2-
component systems 1a-NP and 1b-NP, and the 3-component system 1ab-NP,
respectively. All three hybrid systems were characterized by IR spectroscopy,
transmission electron microscopy (TEM) (inset to Scheme 6.1), and UV-vis

absorption and fluorescence spectroscopy. The success of the ‘click’ reaction
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was verified by the almost complete disappearance of the azide N=N=N stretch

at 2110 cm™" in the IR spectrum (Figure 6.6).

6.4.2 Absorption spectroscopy and selective quenching of emission

Inconveniently, the two 2-component hybrid systems, 1a-NP and 1b-NP,
could not be dispersed in the same solvent for characterization. Although the
ligands (3a and 3b) were freely soluble in CH3CN, the solvent in which most of
the photochromic studies were carried out (Figure 6.7),1'®? neither 1a-NP nor 1b-
NP could be dispersed in CH3CN. Other organic solvents worked well, and 1a-
NP and 1b-NP formed clear colloidal suspensions in THF and in CH.Cly,
respectively. The mixed 3-component system (1ab-NP) formed a faintly hazy
colloidal dispersion in THF. These solvents were used for all studies described in

this paper.['®!

The UV-vis absorption spectra of the 2-component systems (1a-NP and
1b-NP) are shown in Figure 6.1 along with the emission spectra of the UCNPs in
the various states based on the photoresponsive ligands and the power of the
980 nm excitation light. These spectra illustrate our design principle and our
rationale for choosing the specific nanoparticles and photoresponsive ligands.
When the dithienylethenes are in their ring-open forms (1a-NP and 1b-NP), they
absorb only in the UV region of the spectrum (< 400 nm). These absorption
bands decrease when the solutions are irradiated with UV light (365 nm) as is
typical for dithienylethene derivatives (Figure 6.1a—b, and 6.9).l"%? This decrease

is accompanied by the appearance of broad bands in the visible region of the
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spectrum as the ring-open isomers are converted into their ring-closed
counterparts (1a-NP — 1a°-NP and 1b-NP — 1b°®-NP). These changes account
for the change in colour of the solutions from colourless to blue in the case of 1a-
NP and red in the case of 1b-NP. Although the amount of ring-closed isomers in
the photostationary states cannot be conveniently measured on the decorated
nanoparticles, we can only make the assumption that they are similar to those
for similar solutions of the ligands, which were measured by 'H NMR
spectroscopy to be 72 % and 56 % for 3a® and 3b°, respectively. When the
coloured solutions of 3a® and 3b° are irradiated with visible light at wavelengths
greater than 434 nm, the colours of the solutions return to their original states

and the ring-open isomers are regenerated.!"®"
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Figure 6.1 UV-vis absorption spectra of solutions (10'5 M) of two-component systems (a) 1a-
NP (THF) and gb) 1b-NP (CHCl;) before (solid lines) and after irradiation with 365
m (16 mW/cm?) light (shaded areas) for 120 s. The spectra for the ligands (3a and
3b) are shown for comparison (dashed lines). The molar concentration refers to the
estimated amount of photoswitch in each sample *l while the amount of decorated
nanoparticle in each solution is 0.05 wt-% for 1a-NP and 0.03 wt-% for 1b-NP.
Emission spectra of the same solutions (Asx = 980 nm) of (c) 1a-NP and (d) 1b-NP
at high 980 nm ex0|tat|on power (38 W/cm?, top graphs) and low 980 nm excitation
power (2 W/cm?, bottom graphs) showing how the intensity of specific bands in the
original emission spectrum (white areas) are reduced when the photoswitches are
converted into their ring-closed forms (shaded areas) based on the overlap with the
absorption bands of 1a°-NP and 1b°-NP.

A closer inspection reveals that the absorption spectra for the ring-closed
isomers decorated on the nanoparticles are not identical to those for the free
ligands (Figure 6.1a-b, 6.7 and 6.9). In both cases, the absorption bands appear

to have more pronounced features. Peak fitting the bands (Figure 6.10) shows
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that none of them are Gaussian in shape. Instead, they are comprised of at least
3 overlapping bands corresponding to an equivalent number of electronic
transitions. The difference between the electronic properties of the ring-closed
isomers when free or anchored to the nanoparticles must be due to the non-
equivalent shifting of each of these overlapping bands a phenomenon we also
noticed was present in our previously reported system.[?®! The exact reason for
these spectral changes is not clear at this stage, although it likely results from
the electronic coupling between the nanoparticle and the ring-closed

chromophores in their ground states.

The number of molecules of each photoresponsive ligand was calculated
by estimating the concentration of organic ligands based on their UV-vis spectra
and measuring the dimensions of the nanoparticles using their TEM images.
This calculation resulted in an estimated loading of approximately 5000-7000
molecules per nanoparticle for both 1a-NP and 1b-NP.l"%? |n the case of the
mixed, 3-component system (1ab-NP), which will be discussed later in this
paper, the ratio of the chromophores 1a and 1b was calculated to be
approximately 5:4 (Figure 6.11),"% which corresponds to an approximate

loading of approximately 10000 molecules of 1a and 1b per nanoparticle.

We chose these two photoresponsive compounds because they have
similar absorption spectra in their ring-open forms but differ significantly in their
ring-closed counterparts. These features make them ideal for decorating them

onto multi-wavelength emitting UCNPs to offer a heightened level of control over
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the emissive properties of the nanoparticles compared to our previous version.'
Our core-shell-shell UCNPs!'"! have six major emissions in the UV-vis regions of
the spectrum when excited at high 980 nm power density as shown in Figure
6.1c—d. These emissions are due the different states of the lanthanide dopants:
Tm®* (UV, blue, red and NIR) and Er®* (green and red) as previously reported.!""!
The longer wavelength emission bands (670-750 nm) visible in the wavelength-
sensitivity corrected spectra upon high power density 980 nm excitation are not
true emissions but are the second order diffraction of the UV Tm** emissions off
the grating of the emission monochromator and should be ignored.!"®® wel" and

others!"®”"®® have mistakenly acknowledged these red emissions as real.

Figure 6.1c—d illustrate our ability to modulate the emissions from the
UCNPs depending on the state of the photoresponsive ligands and the power
density of the excitation light. When the ligands are in their colourless, ring-open
states in 1a-NP and 1b-NP, the multi-photon emission from the nanoparticles is
‘bright’ when excited with high power 980 nm light (38 W/cm?) and slightly less
bright when the power is lowered (2 W/cm?). Because there are three major
visible emissions present (blue, green and red) under high excitation power, the
fluorescence is perceived as white light. When the power is lowered, the colour
appears green. When the photostationary states are produced by exposing the
systems to 365 nm light, the emissions from 1a°-NP and 1b°-NP are quenched
under both high and low 980 nm excitation power (Figure 6.1c—d). We ascribe
this fluorescence quenching effect to a combination of resonance energy transfer

and an inner filter effect from nearby nanoparticles.
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Although both ligands quench the nanoparticle’s emission in their ring-
closed forms, they do so to different degrees and are wavelength dependent
(Figure 6.1 and Table 6.1). Both 3a° and 3b° have absorbance bands in the
350—400 nm region of the spectrum, which overlap with the UV emissions from
the nanoparticles. Therefore, they both reduce the intensity of these emissions.
In the case of compound 3a®, which is blue in colour due to its absorbing
between 430-720 nm with absorption maxima centered at 592 nm, the green
and red emissions are also reduced. When this occurs, the colour of the emitted
light from 1a®-NP appears blue as shown in Figure 6.12 and 6.13.1'°¥ The ring-
closed chromophore in 1b°-NP also quenches the green emission. However,
because absorption bands of 1b°-NP are blue shifted (420-640 nm with
absorption maxima centered at 521 nm) with respect to those of 1a°-NP, the
extent of quenching is not the same. In this case, there is less quenching of the
longer wavelength emissions and more or the shorter wavelength ones.
Although the absorption bands of 1b°-NP do not overlap with the red emission, it
is still quenched in 1b°-NP due to the fact that the excited state responsible for
the green emission (*Hy12, *Ss2) in Er®* is partially populating the lower energy
state (*Fg2) from which the red light is emitted through a nonradiative decay
process. Due to the low absorption for both chromophores in the 400-450 nm
region of the spectrum, neither effectively quenches the blue emissions to a

large extent.

An interesting observation is the quenching of the highest energy UV

emission bands, which is less in 1a°-NP than in 1b°-NP even though the relative
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overlap of the two systems are similar. We suspect that the quenching of the
blue emissive states also quenches the UV states by preventing excited Tm**

ions from reaching higher excited states.

When the power density of the 980 nm excitation source is reduced from
38 W/cm? to 2 W/cm?, the UV and visible emissions from the core-shell-shell
UCNP change as we have previously demonstrated.'" The underlying reason
for this behaviour is the fact that the very strong two-photon upconverted 800 nm
emission from Tm®*" dominates at lower power densities and the UV and visible
emissions from Tm®* almost cease. As a result, at low 980 nm power density,
the primary visible light emitter is Er**. Figure 6.1c—d show how these emissions
are similarly modulated by the state of the photoswitches decorated on to their
surfaces. The quenching behaviour of the ring-closed forms 1a°-NP and 1b°-NP
at low power density excitation is similar to those observed at high power
density. It is primarily the emission from Er** that is quenched by the

photoswitches (Figure 6.1 and Table 6.1).
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Table 6.1 The differences in the intensities for the specific bands for each lanthanide ion
transition in the emission spectra of the solutions of 1a-NP and 1b-NP used in
Figure 6.1 and 6.2 when the chromophores are converted into their ring-closed
forms using 365 nm light.

% of original emission®
- number
en;(l)t;lng transition of kimg(g(;n) high-intensity NIR | low-intensity NIR
photons (hex= nm) light° light®
1a°NP | 1b°-NP | 1a°-NP | 1b°-NP
3+ 3 3
Tm Po — °He 5 276-292 0 69 - -
Tm** 3Py, — °F, 5 323-351 73 57 96 82
m* 'D, — *Hg 4 352-368 80 60 80 59
Er®* 2Hg, — 4 4 392-411 26 26 - -
r Hoo l1512
Tm** 'D, > °F, 4 430-457 93 66 85 67
Tm** 'G,— *Hg 3 458-486 82 54 71 47
3 "Hi, S
Er ”’%;I 32 2 501-562 37 27 29 26
— 52
Er* *Foz— s 2
Tme* 16y 3L, 3 626-670 30 39 35 39
total 276-670 53 50 66 53

@ Values are based on the areas under the curves for each spectral region. The bands from 671-750 nm
were not included in the analysis because these emissions are due to the second order diffraction of the
upconverted UV light off the grating of the emission monochromator. b High-intensity light = 38 W/cm?. Low-
intensity light = 2 W/cm?. The nomenclature, 1a°-NP and 1b°NP refer to the photostationary states
containing an estimated 72% and 56% of the ring-closed isomers, respectively.

As is the case for the ring-closed forms of the ligands (3a® and 3b°®),
irradiating solutions of the equivalent ring-closed systems 1a°-NP and 1b°-NP
with visible light of wavelengths greater than 434 nm triggers the reverse
photoreaction and quantitatively regenerates the ring-open isomers. It also

restores the original bright emissive states of the nanoparticles. Both systems
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could be cycled between a bright and quenched emissive states several times by
alternating the type of light (Figure 6.2c—f), although significant degradation of
the signal was observed in the case of 1b-NP. The absorption corresponding to
this less robust photoswitch is also reduced upon cycling (Figure 6.2a-b)

showing that the reduced performance is due to degradation of the ligand.

6.4.3 Selective photochromism and quenching in the mixed system

The fact that the two ring-closed isomers absorb in different regions of the
visible spectrum implies that they can be selectively activated. This concept is
demonstrated using the mixed, 3-component system 1ab-NP. Figure 6.3 shows
how the photoresponsive chromophores can be independently addressed.!"® As
expected, the absorption spectra of both the ring-open and ring-closed states of
the mixed system are equivalent to the sum of the two systems. When both ring-
open isomers are present (1ab-NP), there are no bands in the visible region of
the spectrum. Exposure to UV light (365 nm) activates both chromophores,
generates the mixed photostationary state and produces broad absorbances in
the visible region (Figure 6.3a). Although there appears to be a slight difference
in the growth of the absorbances corresponding to each isomer (570 nm for the
equivalent of 1a-NP and 520 nm for the equivalent of 1b-NP) as shown in the
inset to Figure 6.3a, this may be due to slight differences in the amount of light

absorbed by each chromophore.
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Figure 6.2 Changes in the absorbances at (a) 570 nm when the same solution of 1a-NP used
in Figure 6.1(a,c) and (b) 520 nm when the same solution of 1b-NP used in Figure
6.1(b,d) are irradiated alternately with 365 nm light (16 mW/cmz) for 120 s for 1a-NP
and 130 s for 1b-NP (white areas), and > 434 nm (377 mW/cmz) light for 60 s for
1a-NP and 120 s for 1b-NP (shaded areas). (c—f) Changes in the emission
intensities at 471 nm (@), 537 nm (W) and 651 nm (O) when the same solutions are
irradiated under identical conditions at (c,d) high 980 nm excitation power and (e,f)

low 980 nm excitation power.[1
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Figure 6.3
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(a) The UV-vis absorption spectrum of a THF solution of the two-component hybrid
system 1ab-NP before (white) and after (dark shaded) irradiation with 365 nm light
(16 mW/cmz). The total concentration of chromophore is 10° M (in a 5:4 1a:1b
ratio), while the amount of decorated nanoparticle is 0.03 wt-%. The inset shows the
time-dependent growth of the absorptions at 570 nm (O) and 520 nm (¢)
corresponding to the two ring-closed isomers in 1a°b°-NP. (b) The UV-vis
absorption spectrum of the same photostationary state before (dark shaded), after
irradiation with > 630 nm light (120 mW/cmz) (light shaded) and after irradiation with
> 434 nm light (377 mW/cmz) (white). The inset shows the time-dependent changes
of the absorptions at 570 nm (O) and 520 nm () during the > 630 nm irradiation,
and at 520 nm (0 ) for a CH3CN solution of ligand 3b (1.0 x 107° M) when it is
irradiated with > 630 nm light.

Because the ring-closed form of the chromophore in 1a®-NP absorbs

longer wavelength of light to trigger the ring-opening reaction than the

chromophore in 1b°-NP, it can be selectively activated using light at wavelengths

greater than 630 nm as shown in Figure 6.3b. Irradiation at these wavelengths

results in the decrease in the longer wavelength absorptions while retaining the

shorter wavelength ones. This state corresponds to one where only the blue-

shifted chromophore is in its ring-closed state (1ab°-NP). The inset to Figure

6.3b shows that the wavelengths corresponding to each isomer are reduced in

intensity to a different extent during the > 630 nm exposure. While the absorption
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band corresponding to the red-shifted chromophore (570 nm) is completely
reduced, those corresponding to the blue-shifted isomer and the corresponding
ligand (3b°) are not. Irradiation of this state with light at wavelengths longer than
434 nm activates the blue-shifted chromophore and regenerates the original

system.

The four different states of the mixed, 3-component system are illustrated
in Scheme 6.2. While the all ring-closed state (1a°b°-NP) and the state where
the red-shifted chromophore is ring-opened (1ab®-NP) can be accessed, the
latter can only be formed through the former owing to the fact that both
dithienylethenes absorb in the same region of the UV spectrum in their ring-open
forms, and therefore, cannot be independently activated. The state where the
blue-shifted chromophore is ring-open and the red-shifted is ring-closed (1a°b-
NP) is not accessible because the ring-closed isomer of the red-shifted form also

absorbs in the region between 450 and 500 nm.
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Scheme 6.2 Using 365 nm light, the three-component hybrid system (1ab-NP) can be converted
into its coloured (violet) state where both photoswitches are in their ring-closed
forms (1a°b°-NP). Long-wavelength visible light (> 630 nm) selectively ring-opens
the blue chromophore and generates the mixed system 1ab°-NP. Both
photoswitches in 1a°b®-NP or 1ab°®-NP can be ring-opened back to 1ab-NP using
shorter-wavelength visible light (> 434 nm). The 1a°b-NP cannot be accessed.

By selectively activating the photoresponsive ligands in the mixed, 3-
component system, their emission can also be regulated in a multi-modal fashion
(Figure 6.4, 6.18 and 6.19, and Table 6.2). When both of the photoswitches are
in their ring-open forms (1ab-NP), the observed multi-photon fluorescence is
bright as is expected given the sum of the UV-Vis absorption spectra does not
have bands in the visible region of the spectrum. When the photostationary state
containing the ring-closed forms of both ligands (1a°b®-NP) is generated using
365 nm light, the broad absorption bands in the visible region of the spectrum

result in the quenching of the emission from the UCNPs. The effect is synergistic
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since the sum of the absorption spectra of the two ligands absorbs across a
wider region of the spectrum. There are two fates for this doubly ring-closed
isomer depending on the light used to activate ring-opening as discussed above.
Each has a different effect on the emission from the nanoparticles. As can be
seen from Figure 6.4c, 6.18 and 6.19, and Table 6.2, not all emissions are
equally sensitive to selective modulation and those arising from Er** appear to

be the most effected.
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Figure 6.4 Changes in the emission intensities at 471 nm (#), 537 nm (®) and 651 nm (O)
when the same solution of 1ab-NP used in Figure 6.3 is exposed to 365 nm, > 630
nm and > 434 nm light at (a) high 980 nm excitation power and (b) low 980 nm
excitation power. (c) Relative areas under the peaks in the emission spectra of the
same solution before, (white) and after irradiation with 365 nm light (black) and >
630 nm light (grey). High 980 nm excitation power was used in (c). In each case,
the emitting ion is labelled.
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Table 6.2 The differences in the intensities for the bands for each region in the emission
spectra of the solution of 1ab-NP used in Figure 6.3 and 6.4 when the
chromophores are converted into their specific ring-closed forms using 365 nm and

> 630 nm light.
Aem (NM) relative emission®
(hex=980nm) | 1ab-NP | 1a°b°-NP° | 1ab°-NP°

276-292 1 0.86 0.88
323-351 1 0.59 0.81
352-368 1 0.67 0.85
392-411 1 0.27 0.53
430-457 1 0.73 0.87
458-486 1 0.62 0.79
501-562 1 0.34 0.56
626-670 1 0.29 0.80

@ Values are based on the areas under the curves for each spectral region. High-intensity light (38 W/cmz)
excitation light was used. ® These states refer to the photostationary states when the systems are irradiated
with UV and visible light. They do not imply pure ring-closed isomers. The nomenclature, 1a°-NP and 1b°-
NP refer to the photostationary states containing an estimated 72% and 56% of the ring-closed isomers,
respectively.

6.4.4 ‘Remote-control’ ring-closing

We have previously demonstrated that the light emitted from the UCNPs
when excited with 980 nm light can be used to trigger the photochemical
reactions of dithienylethenes®™®'" and ‘caged’ compounds.'®""! They have
subsequently been used by others for photoswitching!'®”! and photorelease.['®®
This ‘remote-control’ NIR-to-UV ring-closing is possible for the cases reported
here although the power density of the 980 nm excitation source must be
significantly increased in dilute conditions (Figure 6.5 and 6.20). When solutions
of either nanoparticle (1a-NP or 1b-NP) is exposed to 980 nm light for prolonged
periods of time, the solutions gradually changed to the coloured forms
corresponding to the ring-closed states (blue for 1a®-NP and red for 1b°-NP).

Due to presence of both UV and visible light in the multiphoton emissions, the
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photostationary states generated using 980 nm light will contain a lower amount
of ring-closed isomers than the photostationary states generated using 365 nm

light where no interfering visible emission is present.
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Figure 6.5 Changes in the UV-vis absorption spectra when (a) a THF solution of 1a-NP (10"5
M, 0.05 wt-%) and (b) a CH,Cl; solution of 1b-NP (10'5 M, 0.03 wt-%) are irradiated
with 980 nm light (143 W/cmz). The insets show the growth of the absorbances at
570 nm for 1a-NP — 1a°-NP and 520 nm for 1b-NP — 1b°-NP corresponding to the
ring-closed isomers. The arrows in each inset plot indicate when the excitation light
was changed from 980 nm to 365 nm.

6.5 Conclusions

We have shown here that depending on the choice of photoresponsive
ligand anchored onto the surface of upconverting nanoparticles, multimodal
regulation of the emission signal can be achieved. The 2-component systems
(1a-NP and 1b-NP) can be selectively toggled between a colourless, bright NIR-
to-visible fluorescent state and a coloured, quenched state using light of different
wavelengths than the fluorescence excitation light source. The modulated
quenching of the two 2-component hybrid systems 1a°-NP and 1b°-NP was
similar as they both primarily quench the green and red emissions of Er** over

the blue emission of Tm**. Multimodal regulation of the 3-component hybrid
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system (1ab-NP) offers the ability to selectively alternate between three different
fluorescent states due to the selective control over the 1a® — 1a ring-opening
reaction of 1a°b°-NP using visible light of wavelengths greater than 630 nm.
Although multiple fluorescent states were achievable using our photoswitches,
they both primarily quench the emission from Er®*. More distinct blue/white to
green/white fluorescence modulation is achievable by selectively quenching the
blue emissions of Tm*" instead of the green and red emissions of Er** with a
yellow-coloured ring-closed photoswitch.!'? These fluorescent hybrid systems
have the capacity to be useful in various applications such as bio-imaging, non-

destructive data storage and security.
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6.7 Experimental
6.7.1 General methods
6.7.1.1 Materials

All reagents and solvents used for synthesis, chromatography,
photochemistry and UV-vis spectroscopy measurements were purchased from
Aldrich and used as received, unless otherwise noted. Anhydrous ethanol
(EtOH) was purchased from Commercial Alcohols. Triethylamine was purchased
from Anachemia. Anhydrous CH,Cl, was purchased from Aldrich and passed
through activated alumina using a solvent purification system before use. CD,Cl,
was purchased from Cambridge Isotope Laboratories and used as received.
Column chromatography was performed using silica gel 60 (230—400 mesh)
from Silicycle Inc. The oleate coated UCNPs (o-NP),!""! 3-azidopropylphosphonic
acid,"™* and photoresponsive dithienethylethenes 2a,!"®” 2b!'®"! and 3al"**! were

synthesized according to published procedures with slight modifications.

6.7.1.2 Instrumentation

'"H NMR and "*C NMR characterizations were carried out using a Bruker
AVANCE Il (5 mm TXI inverse probe) working at 500.19 MHz for 'H- and at
125.77 MHz for '*C NMR. Chemical shifts (3) are reported in parts per million
relative to tetramethylsilane using the residual solvent peak as a reference
standard. Coupling constants (J) are reported in hertz. Melting points were
measured using a Gallenkamp melting point apparatus (Registered Design No.

889339) and reported without correction. Exact mass measurements were done
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using a Kratos Concept-H instrument with perfluorokerosene as the standard.
Photographs were taken with an Olympus E-410 digital single lens reflex camera
fixed on a tripod and recorded with shutter speed: 1/80 and aperture: F5.6 for
photos with ambient light on, and shutter speed: 1/2 and aperture: F5.6 for
photos with the ambient light off. Laser and light power was measured on a
Gentec TPM-300. The power density of the laser beam was calculated by
dividing the recorded power by the laser beam area (focused beam (high power):
filled circle, d: 0.6 mm, A: 0.028 cm?, defocused beam (low power): hollow

ellipse, a: 0.65 mm, b: 3 mm, A: 0.612 cm?).

Transmission electron microscopy (TEM) and high-resolution TEM (HR-
TEM) images were obtained using a Tecnai 200 keV Field Emission Scanning
Transmission Electron Microscope. Dilute colloids of the NPs (0.1 wt-%)
dispersed in THF (1a-NP, 1ab-NP) or Toluene (1b-NP) were drop-casted on
thin, carbon formvar-coated copper grids for imaging. The NP shape and
crystallinity were evaluated from the collected TEM images, while the particle

size was calculated from over 150 particles.

6.7.1.3 Spectroscopic studies

IR spectra were acquired on a Bomem (Hartmann & Braun, MB-Series)
spectrometer. IR samples were prepared by mixing 1 part of dried, functionalized
nanoparticles with 10 parts of KBr after which they were pressed into translucent
discs. A Varian Cary 300 Bio spectrophotometer was used to acquire all UV-vis

spectra. The nanoparticle samples were prepared by mixing 0.05 mL stock
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solution of 1a-NP, 1b-NP or 1ab-NP with 3 mL of solvent in a square quartz
fluorescence cuvette (1 x 1 x 4.5 cm). All volumes were measured out using 1
mL disposable syringes and 22 gauge needles. Emission spectra for solutions of
1a-NP, 1b-NP and 1ab-NP were measured on a PTI Quantamaster
spectrofluorometer. A JDS Uniphase 980 nm continues-wave laser diode (device
type L4-9897510-100M) coupled to a 105 um (core) fiber was employed as the
excitation source. The output of the diode laser was collimated and directed
through the sample perpendicular to the read-out plane of the fluorospectrometer
using a Newport F-91-C1-T Multimode Fiber Coupler. All of the colloidal samples
were held in a square quartz fluorescence cuvette (1 x 1 x 4.5 cm). All spectra
were corrected for the instrument sensitivity. The fluorescence was recorded
with a slit size of 1.5 nm, step size: 1 nm and integration: 0.1 nm. The power
density of the 980 nm laser beam was adjusted from high to low by turning the
focus dial on the laser mount. The laser beam defocus from a filled circle to a
hollow ellipse by turning the dial 34 1/6 turns (focused beam: r = 0.3 mm, A =
0.028 cm? and 38 W/cm?; defocused beam: a = 0.65 mm, b = 3 mm, A = 0.612

cm? and 2 W/cm?).

6.7.1.4 Photochemistry

Ring-closing reactions for all dithienylethenes (3a, 3b, 1a-NP, 1b-NP and
1ab-NP) were carried out using the light source from a lamp used for visualizing
TLC plates at 365 nm (Spectroline E-series, 15.9 mW/cm?). Ring-opening
reactions were carried out using a slide projector with a > 434 nm longpass filter

(377 mW/cm?) and a > 630 nm longpass filter (120 mW/cm?). The samples were
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irradiated approximately 1-2 cm from the light source under scarce light
conditions to eliminate interference from ambient light during the procedures.
NIR to UV remote control ring-closing of 1a-NP, 1b-NP and 1ab-NP were
performed using a JDS Uniphase 980 nm laser diode (device type L4-9897510-
100M) coupled to a 105 um (core) fibre. The laser beam was collimated and
directed horizontally through the sample using a Newport F-91-C1-T Multimode
Fiber Coupler. The samples were magnetically stirred in fluorescence cuvettes

(1 x1x4.5cm).

6.7.1.5 Emission quenching experiments

The percent emission quenching was calculated with Microsoft Excel
software by calculating the area under each line segment of the emission graph
by the formula: 0.5 x (wavelength 2 — wavelength 1) x (emission 2 + emission 1)
followed by adding up all of the values for that specific wavelength or emission

segment.

6.7.2 Synthesis

6.7.2.1 Synthesis of 4-(4-(2-(5-(4-methoxyphenyl)-2-methylthiophen-3-
yl)cyclopent-1-en-1-yl)-5-methylthiophen-2-yl)phenol

A flame-dried round-bottom flask cooled under an N, atmosphere was
charged with 2b (100 mg, 0.21 mmol). Anhydrous CH,Cl, (30 mL) was added via
a cannula and the system was cooled in a dry-ice/acetone bath. The solution
was treated with BBr; (0.34 mL, 3.60 mmol) drop-wise and was subsequently

allowed to reach ambient temperature. The reaction was followed closely by TLC
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(1:1 EtOAc:hexanes, Rf: 0.7, pink upon 365 nm exposure) and after 30 min
when most starting material was consumed, the solution was cooled to 0 °C and
quenched with approximately 15 mL ice (exothermic). The reaction mixture was
poured into a separatory funnel and diluted with saturated aqueous NH.4Cl and
CH.CI,. The phases were separated and the aqueous phase was extracted 3
times with CH,Cl,. The combined organic extracts were dried over anhydrous
MgSOQO., vacuum-filtered and concentrated under reduced pressure. The product
was purified by column chromatography (1:4 EtOAc:hexanes) and obtained as a
colourless solid which turned pink upon exposure to UV light (75 mg, 76 %). The

compound rapidly decomposes at ambient temperature, store at —20 °C.
M.p. 48-50 °C.

"H NMR (500 MHz, CD,Cl,) & 7.42 (d, J = 8.7 Hz, 2H), 7.37 (d, J = 8.6 Hz, 2H),
6.94 (s, 1H), 6.93 (s, 1H), 6.87 (d, J = 8.7 Hz, 2H), 6.80 (d, J = 8.6 Hz, 2H), 5.13
(s, 1H), 3.79 (s, 3H), 2.82 (t, J = 7.5 Hz, 4H), 2.05 (p, J = 7.5 Hz, 2H), 1.97 (s,

BH).

3C NMR (126 MHz, CD,Cl,) & 159.4, 155.5, 139.8, 139.7, 137.2, 135.1, 135.1,

133.9, 127.9, 127.8, 127.1, 126.9, 123.5, 116.0, 114.6, 55.8, 38.9, 23.5, 14.6.

HRMS: Calculated for C2sH2602S2: (M+H)" 459.1374. Found: (M+H)" 459.1443.
6.7.2.2 Synthesis of 5-(4-methoxyphenyl)-2-methyl-3-(2-(2-methyl-5-(4-(prop-2-yn-
1-yloxy)phenyl)thiophen-3-yl)cyclopent-1-en-1-yl)thiophene (3b)
A round-bottom flask was charged with 4-(4-(2-(5-(4-methoxyphenyl)-2-
methylthiophen-3-yl)cyclopent-1-en-1-yl)-5-methylthiophen-2-yl)phenol (63.9 mg,
0.14 mmol), K;CO3 (76.8 mg, 0.56 mmol), benzo-18-crown-6 (2.2 mg, 0.007
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mmol), KI (1.2 mg, 0.007 mmol) and reagent grade acetone (10 mL).
Propargylbromide (80 wt-% in toluene, 31 mg, 0.21 mmol) was added and the
system was equipped with a condenser and heated to reflux. After 18.5 h when
the reaction was complete as indicated by TLC (1:3 EtOAc:hexanes, Rf: 0.52,
pink upon 365 nm exposure), the reaction was cooled to ambient temperature,
poured into a separatory funnel and diluted with EtOAc and saturated aqueous
NH4CIl. The phases were separated and the aqueous phase was extracted 3
times with EtOAc. The combined organic extracts were dried over anhydrous
MgSOQ,, vacuum-filtered and concentrated under reduced pressure. The product
was purified by column chromatography (1:7 EtOAc:hexanes) and obtained as a
colourless slightly sticky solid which turned pink upon exposure to UV light (59

mg, 86 %). The compound was stored at —20 °C.
M.p. 35-38 °C.

"H NMR (500 MHz, CD,Cl,) & 7.43 (t, J = 8.8 Hz, 4H), 6.95 (dd, J = 8.8, 2.4 Hz,
4H), 6.88 (s, 1H), 6.86 (s, 1H), 6.93 (d, J = 8.8 Hz, 2H), 6.86 (d, J = 8.8 Hz, 1H),
4.70 (d, J = 2.4 Hz, 2H), 3.80 (s, 3H), 2.84 (t, J = 7.5 Hz, 4H), 2.58 (t, J = 2.4 Hz,

1H), 2.08 (p, J = 7.5 Hz, 2H), 2.00 (s, 3H), 2.00 (s, 3H).

3C NMR (126 MHz, CD,Cl,) & 159.4, 157.2, 139.8, 139.5, 137.3, 137.2, 135.2,
135.1, 134.2, 133.9, 128.7, 127.7, 126.9, 123.8, 123.5, 115.6, 114.6, 79.0, 75.9,

56.3, 55. 8, 38.9, 23.5, 14.6, 14.6.

HRMS: Calculated for Ca1Hz502S5: (M+H)* 497.1531. Found: (M+H)* 497.1614.
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6.7.2.3 Synthesis of 3-(3,3,4,4,5,5-hexafluoro-2-(2-methyl-5-(4-(prop-2-yn-1-
yloxy)phenyl)-thiophen-3-yl)cyclopent-1-en-1-yl)-2-methyl-5-
phenylthiophene (3a)

Although the molecule has been reported earlier, this synthesis differs
slightly and is therefore reported again here. A mixture of the phenol starting
material®® (644 mg, 1.2 mmol), K.COs (663 mg, 4.8 mmol), KI (10 mg, 0.06
mmol), benzo-18-crown-6 (19 mg, 0.06 mmol) and propargylbromide (208 mg,
1.4 mmol) and acetone (30 mL) was brought to reflux. After 20 h at reflux, the
mixture was cooled to ambient temperature and quenched with saturated
aqueous NH4ClI, poured into a separatory funnel and diluted with EtOAc and
treated with water. The phases were separated and the aqueous phase was
extracted 3 times with EtOAc. The combined organic extracts were dried over
MgSOQ., vacuum filtered and concentrated under reduced pressure. The product
was purified by silica gel column chromatography (9.8 hexanes:0.2 EtOAc) to

yield a white solid (670 mg, 83 %) which turned blue upon exposure to UV light.

The compound was stored at —20 °C.

"H NMR (500 MHz, CDCl3) & 7.54—7.51 (m, 2H), 7.48-7.45 (m, 2H), 7.39-7.35
(m, 2H), 7.30-7.28 (m, 1H), 7.26 (s, 1H), 7.16 (s, 1H), 7.00-6.96 (m, 2H), 4.70

(d, J = 2.4 Hz, 2H), 2.52 (d, J = 2.4 Hz, 1H), 1.94 (s, 3H), 1.93 (s, 3H).

6.7.2.4 Synthesis of a-NP

Approximately 150 mg of o-NP was dispersed in 8 mL of CHCIl; and 2 mL
of absolute EtOH and added to a 20 mL scintillation vial. In a separate vial, 3-
azidopropylphosphonic acid? (500 mg) was dissolved in a mixture of CHCls (2

mL) and absolute EtOH (2 mL). The 3-azidopropylphosphonic acid solution was
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then added to the nanoparticle dispersion via a Pasteur pipette. The resultant
mixture was stirred overnight at room temperature. The reaction solution was
transferred to a centrifuge tube and hexanes were added until the mixture
became cloudy. The reaction mixture was then centrifuged at 5000 rpm for 10
min and the supernatant was discarded. The precipitated nanoparticles were
then redispersed in 5 mL of DMSO (3.8 wt-%) for further experiments. FTIR (cm™

'): 2935, 2879, 2110 (strong, N3), 1660, 1252, 1140, 1070, 920.

6.7.2.5 Synthesis of of 2-component systems 1a-NP and 1b-NP

A solution of compound 3a (3.47 mL of a stock solution of 6.0 mg, 0.01
mmol, 3.0 x 107> M in CHsCN) or 3b (3.83 mL of a stock solution of 5.2 mg, 0.01
mmol, 2.7 x 10 M in CH3sCN) was added to a 20 mL scintillation vial and the
solvent was removed under reduced pressure. A dispersion of the azide
nanoparticles a-NP (0.5 mL, 3.8 wt-% in DMSO) was added to the vial and the
mixture sonicated. The resulting clear dispersion was transferred to a 3 mL vial
equipped with a stir-bar. Freshly prepared CuSO,4 x 5H,0 (24 uL, 1.04 x 107
mmol, 4.41 x 10~ M in H,0), sodium L-ascorbate (18 pL, 1.04 x 10~ mmol, 5.75
x 102 M in H,0), H20 (8 pL) and EtsN (10 uL) were added via calibrated auto-
pipette and the reaction vessel was sealed and stirred at 35 °C for 24 h. The
reaction mixture was transferred to a 1.5 mL eppendorf tube and diluted with
absolute EtOH (1 mL). After centrifugation (13500 rpm, 30 min) the supernatant
was discarded and the pellet redispersed in THF (1 mL) or CH,Cl, (1 mL) for 3a

and 3b, respectively, and centrifuged (13500 rpm, 20 min). The supernatant was
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discarded and the pellet was redispersed in suitable solvent (2 mL), the clear
colloidal dispersions (1a-NP: 3 wt-% in THF, 1b-NP: 2 wt-% in CH2Cl,) were
used for subsequent experiments without any further purification. Loading: 1a-
NP: 5000-7000 molecules per nanoparticle, 1b-NP: 6000—8000 molecules per
particle (Table S1-S3). FTIR (cm™): 1a-NP: 2964, 2928, 2855, 2360, 2110
(weak, N3), 1655, 1515 (s), 1274, 1101, 1056, 988, 822. 1b-NP: 2956, 2928,

2839, 2364, 2110 (weak, N3), 1656, 1511, 1252, 1100, 1070, 1035, 824.

6.7.2.6 Synthesis of mixed 3-component system 1ab-NP

A mixture of compounds 3a (1.73 mL of a stock solution of 3.0 mg, 0.005
mmol, 3.01 x 10 M in CH3sCN) and 3b (1.92 mL of a stock solution of 2.6 mg,
0.005 mmol, 2.72 x 10~ M in CH3CN) was added to a 20 mL scintillation vial and
the solvent was removed under reduced pressure. A dispersion of the azide
nanoparticles a-NP (0.5 mL, 3.8 wt-% in DMSO) was added, the mixture
sonicated and the resulting clear dispersion was transferred to a 3 mL vial
equipped with a stir-bar. Freshly prepared CuSO4 x 5H,0 (11 pL, 1.0 x 107
mmol, 9.4 x 10> M in H,0), sodium L-ascorbate (28 pL, 1.0 x 10~ mmol, 3.79 x
10 M in Hy0), H20 (11 pL) and EtsN (10 pl) were added via auto-pipette and
the reaction vessel was sealed and stirred at 35 °C for 24 h. The reaction
mixture was transferred to a 1.5 mL eppendorf tube and diluted with absolute
EtOH (1 mL). After centrifugation (13500 rpm, 30 min) the supernatant was
discarded and the pellet redispersed in THF (1 mL) and centrifuged (13500 rpm,

20 min). The supernatant was discarded and the pellet was redispersed in THF
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(2 mL). The slightly hazy colloidal dispersion (2 wt-%) was used for subsequent
experiments without any further purification. FTIR (cm™): 1ab-NP 2959, 2997,

2940, 2362, 2110 (weak, N3), 1654, 1515, 1251, 1114, 1056, 989, 824.
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6.7.3 Calculation of loading

Table 6.3  Calculation particle size and mass

particle size (0-NP) hexagonal prism
h=38.8 nm =38.8 x 10" cm
l,r=33.6 nm=33.6x10"cm

volume = ((3V3)/2) x ¥ x h =1.14 x 107"®cm

density“**! NaYF, = 4.2 g/cm®

mass of each UCNP =4.79 x 10'° g

Table 6.4 Calculation of loading using absorbances in the UV region of the spectra of 3a, 3b,

1a-NP and 1b-NP?®

A* 11 (282-300 nm) = 0.47255

A chizciz (282-289 nm) = 0.39173

&% THF (282-300 nm) = 45005 M~'cm™

£ chaciz (282-289 nm) = 37308 M~'em™

AN (274-287 nm) = 0.46107

AN e (275282 nm) = 0.40818

ClaNP _ A1a-NP/(83aX 1) =1.02 x 10° M

CTF = AT/ % 1) = 1.09 x 10° M

MW" = 739.9 gmol™

MW = 661.8 gmol™

V =3.05 mL, n"=3.23 x 10® mol, mass'
=239x107°¢g

=1.95 x 10"® molecules

V =3.05mL, n™ =3.32 x 10 mol, mass'®
=220x107°g

=2.04 x 10"® molecules

mass NP = mass'™™? — mass' = 0.00131

-239x10°g=129x103g

mass NP = mass'®™? — mass'™ = 0.00121

-220x10°g=1.19x107¢g

number of NP in sample = 2.69 x 10"

particles

number of NP in sample = 2.48 x 10"

particles

loading wt-% = 1.85 wt-%

loading molecules per particle = 7249

loading wt-% = 1.85 wt-%

loading molecules per particle = 8225

@ These calculations do not take into account any scatter.
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Table 6.5
3b, 1a-NP and 1b-NP?

Calculation of loading using absorbances in the visible region of the spectra of 3a,

A% 1F (584-607 nm) = 0.1892

A bem (524-539 nmy = 0.1788

£%° THF (s84-607 nm) = 25379 M 'cm™’

£%° bem (524-539 nm) = 30408 M~'em™

AN (567589 nm) = 0.1321

AN Som (513-531 nm) = 0.1311

C1ac-NP = A1ac-NP/(83ac x |) - 521 % 10—6 M

CTaeNP — ATeNP;(3be T\ 4 31 x 10° M

C'*MP = (C™N % 0.29)/0.71 = 2.13 x 10°°
M

C™™P = (C™N x 0.44)/0.56 = 3.39 x 10°
M

C1aNP — 1acNP 4 ~1aoNP _ 7 33 . 1076

CToNP — SToeNP " ~Tbo-NP _ 7 747 106

MW" = 739.9 gmol™

MW'™ = 661.8 gmol™

V =3.05mL, n"®=2.23 x 107 mol, mass'
=165x107°g

=1.34 x 10"® molecules

V =3.05mL, n™ =2.35 x 10 mol, mass'®
=155x10°g

=1.42 x 10"® molecules

mass NP = mass'™™ — mass' = 0.00131
-165x10°g=129%x103g

mass NP = mass'®™ — mass™ = 0.00121

-155x10°g=1.19x103g

number of NP in sample = 2.69 x 10"

particles

number of NP in sample = 2.48 x 10"

particles

loading wt-% = 1.28 wt-%

loading molecules per particle = 4992

loading wt-% = 1.30 wt-%

loading molecules per particle = 5726

@ These calculations assume the photostationary state for the photoswitches are the same in the
free ligands (3a and 3b) and the nanoparticles (1a-NP and 1b-NP).
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Table 6.6 Calculation of loading using absorbances in the visible region of the spectra of 3a
and 1ab-NP?

A% 11iF (650-660 nm) = 0.09821

£%%° THr (650-660 nm) = 9553.6 M~'em™

Atacbe e L (650-660 nm) = 0.03899

C'2P*NP (a® component) = A'™*N/(£%%° x 1) = 417 x 10° M

C'** (a° component) = (C'****"* x 0.29)/0.71 = 1.70 x 10° M

C"** (a component) = C'2*NF + 1P = 587 x 10° M

C' NP (b component) = (4 x C"*™* (a component))/5 = 4.70 x 10° M

Total concentration 1ab-NP = C'*™" (a component) + C'™ (b component) = 1.05 x
10° M

V=3.05mL,n"®=179x 10° mol, mass™®=1.32x10"g

=1.08 x 10'® molecules

V=3.05mL,n"™ =143 x10°mol, mass™ =9.49 x 10°¢g

= 8.63 x 10" molecules

mass NP = mass'®™ — (mass™ + mass'®) =0.00089 g—2.27 x10°g=0.87x10"g

number of NP in sample = 0. 87 x 10° g/ 4.79 x 107" g = 1.81 x 10"? particles

Loading wt-% = 2.6 wt-%
Loading molecules per particle = (1.08 x 10" + 8.63 x 10"°)/ 1.81 x 10" = 10734

molecules/NP

@ These calculations assume the photostationary state for the photoswitches are the same in the
free ligands (3a) and the nanoparticles (1ab-NP), and that the absorption of the 1b component

does not interfere with the absorption of the 1a component at the region sampled.
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6.7.4 Spectroscopy and photographs

(a)

(b)
C "v\\
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Figure 6.6 Selected region of the FTIR spectra for (a) azide-coated core-shell-shell
NaYF,: TmYb:ErYb nanoparticles (a-NP), (b) the 2-component nanoparticles 1a-NP,
(c) the 2-component nanoparticles 1b-NP, and (d) the mixed 3-component
nanoparticles 1ab-NP.
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Figure 6.7 Changes in the UV-vis absorption spectra when CH;CN solutlons (1 x 107° M) of (a)
3a and (b) 3b are irradiated with 365 nm light (16 mW/cm? ). The insets show the
growth of the bands at 590 nm for 3a — 3a° and 520 nm for 3b — 3b°
corresponding to the ring-closed isomers, which are present in 72% for 3a and 56%
for 3b in the photostationary states according to H NMR spectroscopy (in CD,Cly).
Changes in the UV-vis absorption spectra when the same solutions of the
photostationary states of (c) 3a® and (d) 3b° are irradiated with > 434 nm light (377
mW/cmz). The insets show the reduction of the bands at 590 nm for 3a° — 3a and
520 nm for 3b° — 3b. Changes in the UV-vis absorption spectra when the same
solutions of the photostatlonary states of (e) 3a° and (f) 3b° are irradiated with > 630
nm light (120 mW/cm? ). The insets show the reduction of the bands at 590 nm for
3a° — 3a and 520 nm for 3b° — 3b.
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Figure 6.8 UV-vis absorption spectra of solutions (10"5 M) of the ligands (a) 3a in CH;CN
(black) and THF (blue) and (b) 3b in CH3CN (black) and CH,CI, (red) before (solid
lines) and after irradiation with 365 nm (16 mW/cmz) light (dashed lines). The
spectra were normalized for any small errors in concentration.
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Changes in the UV-vis absorption spectra when (a) a THF solution (1 x 10° M, 0.05
wt-%) of 1a-NP and (b) a CH,CI, solution (1 x 10° M, 0.03 wt-%) of 1b-NP are
irradiated with 365 nm light (16 mW/cmz). The molar concentration refers to the
amount of photoswitch in each sample, while the wt-% refers to the amount of
decorated nanoparticle in each solution. The insets show the growth of the bands at
570 nm for 1a-NP — 1a°-NP and 520 nm for 1b-NP — 1b°-NP corresponding to the
ring-closed isomers. Changes in the UV-vis absorption spectra when the same
solutions of the photostationary states of (c) 1a°-NP and (d) 1b°-NP are irradiated
with > 434 nm light (377 mW/cmz). The insets show the reduction of the bands at
570 nm for 1a°-NP — 1a-NP and 520 nm for 1b°-NP — 1b-NP. The spectra for 1a-
NP and 1b-NP (black lines) are compared to the ligands 3a and 3b (red lines) in (e)
and (f), respectively in the same solvents (THF for 1a-NP and 3a and CH,ClI, for 1b-
NP and 3b).
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Figure 6.10 Observed (black dashed line), individual calculated bands (green lines), sum of the
fit (red line) and the residual (blue line) for the UV-vis absorption spectra of (a)
ligand 3a, (b) hybrid system 1a-NP, (c) ligand 3b and (d) hybrid system 1b-NP. The
calculated bands in the UV region of the spectrum were removed from the figures
for clarity. The peak fitting was performed using MagicPlot software from MagicPlot

Systems.
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Figure 6.11 (a) The observed UV-vis absorption spectra of a THF solution of the two-component
hybrid system 1ab-NP (black trace) and the calculated spectrum obtained by
combining the spectra of the one-component systems 1a-NP and 1b-NP in a 5:4
ratio (red trace). The concentration of chromophore is approximately 5.9 x 10° M
for 1a and 4.7 x 10° M for 1b, while the amount of decorated nanoparticle is 0.03
wt-%. (b) The observed UV-vis absorption spectra of the same THF solutions of the
photostationary state for 1a°b®-NP (black trace) and the calculated spectrum
obtained by combining the spectra of the one-component systems 1a-NP and 1b-
NP in a 5:4 ratio (red trace). (c) The UV-vis absorption spectra of 1a-NP and 1b-NP
in a 5:4 ratio. (d) The UV-vis absorption spectra of 1a°-NP and 1b°-NP at their
photostationary states in a 5:4 ratio.
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Figure 6.12 Images of (a) the colour of a THF solution (1 x 10° M, 0.05 wt-%) of 1a-NP, (b) the
emission when this solution is irradiated with high 980 nm excitation power (38
W/cmz), (c) the emission when this solution is irradiated with low 980 nm excitation
power (2 W/cmz), (d) the colour after irradiating the solution with 365 nm light (16
mW/cmz) until the photostationary state is reached, (e) the emission when this
solution is irradiated with high 980 nm excitation power (38 W/cmz), and (f) the
emission when this solution is irradiated with low 980 nm excitation power (2
Wicm?).
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Figure 6.13 Images of (a) the colour of a CH,ClI, solution (1 x 10° M, 0.03 wt-%) of 1b-NP, (b)
the emission when this solution is irradiated with high 980 nm excitation power (38
W/cmz), (c) the emission when this solution is irradiated with low 980 nm excitation
power (2 W/cmz), (d) the colour after irradiating the solution with 365 nm light (16
mW/cmz) until the photostationary state is reached, (e) the emission when this
solution is irradiated with high 980 nm excitation power (38 W/cmz), and (f) the
emission when this solution is irradiated with low 980 nm excitation power (2
Wicm?).
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Figure 6.14 Changes in the UV-vis absorption spectra when (a) the same solution of 1a-NP
used in Figure 6.7(a) and (b) the same solution of 1b-NP used in Figure 6.7(b) are
irradiated alternately with 365 nm light £16 mW/cmz) for 120 s for 1a-NP and 130 s
for 1b-NP, and > 434 nm (377 mW/cm?) light for 60 s for 1a-NP and 120 s for 1b-
NP. Changes in the absorbances (c) at 570 nm and (d) at 520 nm when the same
solutions are irradiated alternately with 365 nm (blue shaded areas) and > 434 nm
light (yellow shaded areas).
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Figure 6.15 Changes in the emission spectra when the same solution of 1a-NP used in Figure
6.7(a) is irradiated alternately with 365 nm light (16 mW/cmz) for 120 s and > 434
nm (377 mW/cmz) light for 60 s (a) at high 980 nm excitation power (38 W/cmz) and
(b) at low 980 nm excitation power (2 W/cmz). Changes in the emission intensities
at 471 nm (@), 537 nm (#) and 651 nm (®) when the same solution is irradiated
alternately with 365 nm (blue shaded areas) and > 434 nm light (yellow shaded
areas) at (c) high 980 nm excitation power and (d) low 980 nm excitation power.
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Figure 6.16 Changes in the emission spectra when the same solution of 1b-NP used in Figure
6.7(b) is irradiated alternately with 365 nm light (16 mW/cmz) for 130 s and > 434
nm (377 mW/cmz) light for 120 s (a) at high 980 nm excitation power (38 W/cmz)
and (b) at low 980 nm excitation power (2 W/cmz). Changes in the emission
intensities at 471 nm (@), 537 nm (@) and 651 nm (@) when the same solution is
irradiated alternately with 365 nm (blue shaded areas) and > 434 nm light (yellow
shaded areas) at (c) high 980 nm excitation power and (d) low 980 nm excitation
power.
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Figure 6.17 (a) Changes in the UV-vis absorption spectrum of a THF solution of the two-
component hybrid system 1ab-NP as it is irradiated with 365 nm light (16 mW/cmz).
The concentration of chromophore is approximately 5.9 x 10° M for 1a and 4.7 x
107° M for 1b, while the amount of decorated nanoparticle is 0.03 wt-%. The inset
shows the growth of the absorptions at 570 nm (O) and 520 nm (@) corresponding
to the two ring-closed isomers in 1a°b°-NP. (b) Changes in the spectrum of the
same photostationary state as it is irradiated with > 630 nm light (120 mW/cmz). The
inset shows the changes in the absorptions at 570 nm (O) and 520 nm ()
corresponding to the two ring-closed isomers in 1a°b°-NP. (c) Changes in the
spectrum of the photostationary state in Figure 6.10(b) as it is irradiated with > 434
nm light (377 mW/cm?).
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Figure 6.18 The emission spectra a THF solution of the two-component hybrid system 1ab-NP
before (grey) and after irradiation with 365 nm light (16 mW/cmz) (violet) and > 630
nm light (120 mW/cmz) (red). The concentration of chromophore is approximately
59 x 10° M for 1a and 4.7 x 10° M for 1b, while the amount of decorated
nanoparticle is 0.03 wt-% at (a) high 980 nm excitation power (38 W/cmz) and (b)
low 980 nm excitation power (2 W/cmz).
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Figure 6.19 Images of (a) the colour of a THF solution of 1ab-NP, (b) the emission when this
solution is irradiated with high 980 nm excitation power (38 W/cmz), (c) the emission
when this solution is irradiated with low 980 nm excitation power (2 W/cmz), (d) the
colour after irradiating the solution with 365 nm light (16 mW/cmz) until the
photostationary state is reached, (e) the emission when this solution is irradiated
with high 980 nm excitation power (38 W/cmz), (f) the emission when this solution is
irradiated with low 980 nm excitation power (2 W/cmz), (g) the colour after irradiating
the solution with > 630 nm light (120 mW/cmz) until no changes were observed in
the spectrum, (h) the emission when this solution is irradiated with high 980 nm
excitation power (38 W/cmz), and (i) the emission when this solution is irradiated
with low 980 nm excitation power (2 W/cmz).
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Figure 6.20 Images of a THF solution of 1a-NP, a CH,ClI, solution of 1b-NP, and a THF solution
of 1ab-NP as they are irradiated with very high 980 nm excitation power (143
W/cmz), showing the ‘remote-control’ photoswitching.
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Figure 6.21 H NMR spectrum for a CD,Cl, solution of ligand 3b. The residual solvent peaks are
highlighted.
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Figure 6.22 *C NMR spectrum for a CD,Cl; solution of ligand 3b.
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'H NMR spectrum for a CD,Cl, solution of 4-(4-(2-(5-(4-methoxyphenyl)-2-
methylthiophen-3-yl)cyclopent-1-en-1-yl)-5-methylthiophen-2-yl)phenol. The
compound decomposes rapidly at ambient temperature.
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Figure 6.24 *C NMR spectrum for a CD,Cl, solution of 4-(4-(2-(5-(4-methoxyphenyl)-2-
methylthiophen-3-yl)cyclopent-1-en-1-yl)-5-methylthiophen-2-yl)phenol.
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7: LIGHT-TRIGGERED RELEASE

Photoremovable protecting groups commonly known as photocages have
found widespread applications in synthesis, biotechnology and cell

biology.[5‘173‘174’175]

With the advent of nano-medicine, the development of new light-triggered
nanosized-carriers from which therapeutics can be released on-demand has
received much attention from the scientific community.'”®""178 The major
driving force behind this research is to develop less toxic therapies for severe
health conditions like cancer. The therapies can also be beneficial in treating
health conditions such as rheumatism (among other ailments) since the light can

be directed to the area(s) of interest in a spatiotemporal fashion.

Many different photocages have been developed together with various
attachment systems that have been demonstrated to release a wide variety of
functional groups including phosphates, sulfonic acid, aldehydes, ketones,
carboxylic acids, alcohols, amines, thiols, halogen anions, protons, and even

ions such as Ca?*.['"

In order to be considered a useful photocage in a biological environment,

the following criteria must be met:

1. For in vitro studies it is imperative that the photocage absorb UVA (315-

400 nm) light (or visible light) in order to cause minimal photo-damage to DNA
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and other endogenous molecules during photolysis. How well the photocage
responds to the light is determined by the combination of the quantum yield (the
probability of forming products after a photon is absorbed) and the molar

absorption coefficient at that wavelength (the probability to absorb a photon).

For in vivo applications however, it is imperative that the photocage
responds well to far-visible light or NIR light because in this region (~630-900
nm), tissues absorb and light scatters much less than at UVA wavelengths and
the light can thus penetrate deeper without causing damage.l'®?°%'22 The
current technique of choice is two-photon excitation (2PE) photolysis with pulsed
NIR laser light. The excitation and subsequent reaction occurs in the focal point
where the density of photons is highest. Since the excitation occurs in a small
volume, 3D spatial resolution is possible.*® However, it should be noted that
due to light scattering of tissues the laser will, most likely, be defocused and the
2PE photolysis efficiency would thus be severely reduced at deeper locations

within the tissue.

2. The photocage and its photoproduct should be water soluble and easy

to both synthesize and derivatize.

3. The photocage should be cleanly photolysed in high yield and both the
photocage and the photoproduct of the photocage should be stable and benign
to biological systems if used to study cellular events. If used to treat a disease
however, the toxicity requirement is more relaxed as the potential cytotoxicity of

the photoproduct can be used as a drug by itself.
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4. The photocage should be stable without light activation both in vitro and

in vivo.

7.1 Common UV light triggered photocages

7.1.1 The 2-nitrobenzyl photocage

The most well-known and utilized photocage is the 2-nitrobenzyl (2NB)
photocage class.!'! Upon irradiation with UVA light, this class of photo-triggered
molecules undergoes clean photochemistry. Its synthesis and photochemistry
are well documented and it is readily available commercially — both compelling
reasons why the 2NB photocage is so famous and widely used. However, the
photochemical by-product of the 2NB photolysis is a nitroso-carbonyl compound,

which has electrophilic reactivity towards primarily cysteine and is thus mildly

toxic,[179:180.181]

The 2NB class also responds to NIR laser light irradiation, but the 2PE
cross-section of the first generation of 2NB derivatives is not large enough for
practical use and the reaction generally requires high-power NIR pulsed laser
light, which causes tissue damage in the focal point.'”*! However, improved
derivatives of this important class of photocages has recently appeared in the
literature!'®>'8%! and derivatives in the propyl series with unprecedented 2PE
action cross section (&, (800 nm): 11 GM) has been developed, see Table 7.1

entry 3.
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Table 7.1: Photocages in the 2NB family. Quantum yield (¢), maximum absorption (Anax) and
molar absorptivity ;e) compiled for the photocage starting material with carboxylate
as leaving group.[1 3182,183]

o

UV light H
Hsc/ojij\O/u\R H20 .0 o $3e5nm: Amax: €330nm-
- . 3
HiC.o NO. -LG H3C. 1em!
2 0 N 0.02 330 nm 5000 M"'cm
4,5-Dimethoxy-2-nitrobenzyl o)
CHaji UV light CHj
(j\o R H20 H3C’O 0 ¢365nm: )\max: €355nm-
= _LG HsC. - -
NO: O 0.3 260 nm 400 M"'cm”

2-nitrophenylethyl

7500 M'em™

R
|
RN 2 CH uvi 0
ight . . . .
Q\@COYR H,0 RN CHa ¢397nm- )\max- €397nm-
o - Ny CH
NO, e D 0.15 397 nm
2-(4’-(dialkylamino)-4-nitro-

[1,1’-biphenyl]-3-yl)propan-1-ol

ji UV light H
O R H20 OO e} ¢380nm: Amax: €350nm-
NO, LG N 0.63 259 nm 1289 M"cm™
(0]
HiC. UV light HsC.q
L A ¢347nm: )\max: €246nm-
N -LG 1
ON O)/\R f H 0.085 246 nm 17500 M™'cm

1-acyl-7-nitroindoline

7.1.2 The coumarin photocage

In the 1980’s the coumarin photocage was introduced as an alternative to
the 2NB photocage family since it has red-shifted and tuneable absorption with
large molar absorption coefficients, moderate 2PE cross-sections and ‘release
and report’ fluorescence (the photoproduct fluoresce), and both the photocage
and its photoproduct are biologically benign.['>'718 However, the coumarin
photocage class have a low quantum yield for the release of carboxylate groups

(¢u: 0.04-0.004), but since they absorb in the far UV near visible region with large

185




molar absorption coefficients they are a fairly good substitute to the 2NB

photocage, see Table 7.2.

Among the coumarins the 6-Bromo-7-hydroxycoumarin-4-yl-methyl
photocage (see Table 7.2, entry 2) has the highest 2PE action cross-section (&,

(740 nm): 1.99 GM)!"®! and has recently been used to degrade a polymeric

nanoparticle with biologically benign power levels of NIR irradiation (750 nm).['®!

Table 7.2  Photocages related to the coumarin family. Quantum yield (¢), maximum absorption
(Amax) @and molar absorptivity (;‘22 compiled for the photocage starting material with
carboxylate as leaving group.[1 ]

OTR UV light OH

W O L ﬂﬁ ¢365nm: Amax: €396nm-
HsC N o" 0 -LG A~ 2 ) )
. O™ NTR00 | 9.0058 | 396 nm | 17300 M 'em™

HaC™ HsC

7-diethylaminocoumarin-4-yl-methyl

O\[(R UV light OH
Brj@ﬁo H20 Brj@fl;L ¢365nm: )\max: €370nm-
HO™~7""0" 0 Lo HO™ 00 0.037 370 nm | 15000 M'cm™

6-bromo-7-hydroxycoumarin-4-yl-methyl

O\H/R UV light OH
o) H,0 . . .
= 2 /@\):l ¢365nm- Amax: €324nm-
HC.o oo -LG HC.g oo

0.0043 324 nm | 13500 M'cm™

7-methoxycoumarin-4-yl-methyl

7.1.3 The 3’,5’-dialkoxybenzoin photocage

The 3’,5-dialkoxybenzoin class of photocages has the highest quantum
yield (daes: 0.64)'®! and most rapid release rate (1-2x10° s7)['88189 of 7|
photocages to date, accompanied by an excellent chemical yield (> 95 %)!"%¢]
and clean photolysis, see Table 7.3. Another advantage is that both the

photocage and its photoproducts (whose distribution is solvent-dependent) are
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biologically benign. Although efficient photochemically, the 3’,5’-dialkoxybenzoin
photocage has blue-shifted absorbance with a small molar absorption coefficient
at UVA wavelengths and its photoproduct (in organic solvent) has a much
greater absorbance leading to a self-filtering effect. Furthermore the photocage
is insoluble in water without special chemical groups attached to it, which limits
its usefulness. See Section 7.5 for further details about the 3’,5’-dialkoxybenzoin

photocage.

Table 7.3 Photocages in the 3’5’-dialkoxybenzoin family. Quantum yield (¢), maximum
absorption (Amax) and molar absorptivity (¢) compiled for the photocage starting
material with carboxylate as leaving group.[173

oCHs OCHa
o) i . . .
O,CH3 orgae o O QCH b366: Amax: €350nm:-
= 3
) A -
00 e O 0.64 | 246 nm 291 M'cm
CH,
3',5'-dimethoxybenzoin
07 COH 0 COH
2
o) UV light . . .
- H,0 o O ¢366nm- Amax: €350nm:-
[ 0" "COH  —— 07COoH
0._0 .
oo e U NA. | 246 nm N.A.
3',5'-dialkoxybenzoin

7.1.4 The p-hydroxyphenacyl photocage

The p-hydroxyphenacyl photocage is an efficient photocage with many
favourable characteristics including a high photochemical yield, an acceptable
quantum yield concomitant with relatively large molar absorption coefficients at
UVA wavelengths, see Table 7.4. The rearrangement which leads to the
photoproduct has blue-shifted absorbance compared to the photocage starting

material and, advantageously, does not compete for light absorption.['”184!
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Table 7.4 Photocages related to the p-hydroxyphenacyl family. Quantum yield (¢), maximum
absorption (Amax) and molar absorptivity (¢) compiled for the photocage starting
material with carboxylate as leaving group.“n’m’19 A9

0] UV light
2 OTR H20 mOH b307nm! Amax: €307nm:
N (0] (0] - -
HO -LG HO 0.1 279 nm 7930 M'cm’™
p-hydroxyphenacyl
O UV light o o
o) Oo._R H,0 .
HsC \[ol/ HeC fo) ¢325nm: )\max: €304nm:
HO -LG HO
HacO ,C© 0.035 370 nm | 11730 M'cm”
m,m-dimethoxy-p-hydroxyphenacyl
0 0. R UV light
\ﬂ/ H20 ¢313nm: )\max: €313nm-
0O I N.A. 1 1
O -LG 0.21 313 nm 14800 M"'cm
HO
e} UV light
= | \n/ NA. 347nm- max- 347nm-
HaCN S © LG N.A. 347 nm | 26000 M"'cm
CHs3

7.1.5 The hydroxy-cinnamoyl photocage

The hydroxy-cinnamoyl photocage is an efficient photorelease system
which has both a large molar absorption coefficient and an acceptable quantum
yield at UVA wavelengths, see Table 7.5.'"%"%% This photocage is closely related
to the photochromic ketone-version (see Scheme 2.2, entry 3) in that a
reversible UV light-induced double bond isomerization activates it to cyclize by
proximity effect of the carbonyl carbon to the phenolic oxygen. In contrast to the
ketone-isomer, the cyclization is irreversible for the ester-isomer, which releases
an alcohol upon cyclization to yield a fluorescent coumarin derivative. Since the

hydroxy-cinnamoyl photocage is limited to releasing only alcohols and is rather
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thermally unstable,["® it hampers its practical use even though it is one of the

most efficient photocages to date.

Table 7.5 Hydroxy-cinnamoyl photocage. Quantum yield (¢), maximum absorption (Anax) and
molar absorptivity (¢) for the photocage starting material with alcohol as leaving

group.
o
R CHs . . .
S0 uviight » ~CHs ¢E-Z- )\max- €366nm-
HSC\Nmi 4’”30!%”@@[@ THoR HaoN/@C«[o 1 -1
E-p-dirS:r?ylamine-o-hydroxy e Chs 0.1 362 nm 31000 M'ecm’
-a-methyl-cinnamoyl

7.1.6 Other UV light triggered photocages

Apart from the photocages discussed above, there are many other UV

light triggered photocages described in the literature, see Table 7.6 for various

examples.
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Table 7.6: Various UV light triggered photocages. Quantum yield (¢), maximum absorption
(Amax) @and molar absorptivity (¢) compiled for the photocage starting material with
carboxylate as leaving group.

(0] o

)k UV light ¢ )\

i OR MO . . € :

0 + photoproducts 0 1 327 nm 1 500 M_1cm_1

anthraquinone-ylmethoxy-carbonyl

o]
RJ\O CH,3 UVlight OH CHs . A .
N H,0 N ¢335nm- max- €400nm-
CH3 — > | = ‘CH3 1 1
-LG = 0.03 400 nm 9077 M"'cm
O,N O,N

2-(dimethylamino)-5-nitrophenol

UV light
X H,O X
A o, R . ‘ J_J oH P365: Amax: €369nm:
HO N g -LG HO N 1 1
Br 0 Br 0.29 369 nm 2600 M 'cm’
8-bromo-7-hydroxy-quinoline
(0]
UV light 0
HSC‘O\QAOJKR H,0 HsC \©/\OH o: Amax: € psomm:
-LG - -
0 h.cO N.A. 280 nm | 1400 M'cm”
H3C 3

3,5-dimethoxybenzyl

Unzhcg)ht ¢360nm: )\max: €360nm-
XX -1 -1
( 0.021 360 nm 9050 M"'cm

acridin-9-ylmethoxycarbonyl

A recently developed hybrid-photocage by Wu and Branda relevant to this
thesis is a hybrid system based on the 3’,5-dimethoxybenzoin photocage and a
pre-diarylethene photochromic dye.l"® This photocage is capable of releasing a
carboxylic acid upon UVA irradiation and the release event (in organic solvent)
subsequently activates the diarylethene moiety, which undergoes a ring-closing
reaction with the same UVA light used for the release (reactivity-gated

photochromism). This ring-closing event turns solutions containing the
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photoproduct red-coloured, and conveniently reports that the release event was

successful, see Scheme 7.1.

Scheme 7.1 The 3’,5-dimethoxybenzoin-diarylethene hybrid photocage developed by Wu
and Branda et. al. changes colour upon extended UV light irradiation in organic
solvent which conveniently reports successful release."™ The bold features
highlight the 1,3,5-hexatriene configuration formed after the first photoreaction
and the extended conjugation induced after the second photoreaction. The
formation of the coloured isomer is an example of reactivity-gated
photochromism.

7.2 Visible light triggered photocages

Apart from UV light activated photocages, there also exist a limited

number of visible light-triggered and ‘stimuli-hybrid’ triggered photocages.

A recently developed example of a one-photon visible light triggered
photorelease system is based on a DTE dye and the retro Diels-Alder
reaction.l'%°"*® This type of molecule is able to quantitatively release an electron
deficient alkene upon visible light irradiation (430-600 nm). Despite being an
elegant example of visible light triggered photorelease using low intensity visible
light,®”! electron deficient alkenes of the type required for the Diels-Alder
reactivity are reactive, most likely toxic, and append to the released ‘active’
molecule, which minimizes the scope of its application to practical problems, see

Scheme 7.2.
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Scheme 7.2 The DTE based photocage originally developed by Lemieux, Gauthier and
Branda is capable of releasing an electron deficient dienophile upon visible light
irradiation.*”’ The bold features indicate the extended conjugation with
absorbance in the visible range of the electromagnetic spectrum and the 1,3,5-
hexatriene configuration after ring-opening reaction with visible light. The ring-
open isomer spontaneously undergoes a retro Diels-Alder reaction. The release
of the dienophile is an example of photochromism-gated reactivity.

Other visible light triggered photocages are based on Ruthenium

complexes, which upon visible light irradiation can release amines and nitric-

oxide, see Scheme 7.3.1'91%!

Scheme 7.3  Ruthenium based photocages can be triggered to release an amine upon
irradiation with visible light.!"**!

C-J Carling, C. C. Warford and N. R. Branda recently developed a new
‘stimuli-hybrid’ photorelease system.['! This novel photocage is based on a
‘self-immolative’!’®®! DTE derivate, which is efficiently triggered to an ‘armed’
state upon UVA light irradiation, from which it undergoes the release process

with either heat, UV or visible light, see Scheme 7.4. This photocage has been
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demonstrated to release tert-butanol attached to the photocage by way of the
carbonate. However, the ionic photoproduct has not been fully characterized to
date and the complete results of this study have not yet been published.
Nevertheless, this photorelease system is unique in that it can be activated with
multiple stimuli. Since it can be (partly) triggered by visible light, this new
photocage can potentially open new avenues for phototriggered therapeutic
release in vivo. The absorption of the ring-closed isomer of DTEs can be tuned
in the visible region, which makes it attractive for use in living tissue. The
photocage could thus potentially be ‘armed’ with UVA light prior to
administration, then ‘triggered’ on site in vivo either with slow, heat-induced
release or one-photon visible light-triggered release. However, the structure of
the photoproduct must be identified and the toxicity evaluated prior to any such
endeavours, as the photoproduct reacts with nucleophiles (including water) to an

uncharacterized product(s).

heat,

a 365 nm
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= 365 nm Q 430-600 nm H0  HO__CH
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CHg CHy

Scheme 7.4  The ‘stimuli-hybrid’ photocage developed by Carling, Warford and Branda is
‘armed’ with UV light to a coloured intermediate that can be further triggered to
release an alcohol with either heat in the dark or upon irradiation with either UV
or visible light. The tentative photoProduct on the right side of the scheme has
not been fully characterized to date. 197]
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7.3 The 3’,5’-dialkoxybenzoin photocage

As partly described in Section 1.4.1.3, the 3’,5-dialkoxybenzoin
photocage has both the highest quantum yield of photolysis ($3senm: 0.64)"®"! and
the most rapid release rate of carboxylate functionality (1-2x10° s™) of all known
photocages.['>18:18 The chemical yield of the clean photoreaction is excellent
(> 95 %)"%"®1 and the photoproducts from photolysis in organic solvent or
photosolvolysis in water are stable and biologically benign. Despite these
excellent features, it does have some unfavourable features that make it less
suitable as a photocage in biological settings. Foremost, it is not completely
water-soluble unless specific ligands are attached, and the molar absorption
coefficient at UVA wavelengths is very small (€3sonm: 291 M”'ecm™). Furthermore,
it is chiral and will produce diastereomers upon coupling with chiral appendices.
Moreover, the benzofuran photoproduct (which is the major photoproduct in
organic solvents) absorbs light much more intensely than the starting material at
UVA wavelengths, which leads to a detrimental self-filtering effect of the incident
light, but also a useful ‘release and report’ fluorescence signal to the user since

the photoproduct is fluorescent.

Due to the lack of interest from the scientific community at large in
comparison to other photorelease systems, the 3’,5’-dialkoxybenzoin photocage
family has not been explored to its full potential. For example, the absorption of
the photocage has not been adequately red-shifted to absorb UVA light with a
large  molar absorption coefficient while retaining its characteristic

efficiency.l'*2%! Moreover, its two-photon excitation cross-section has not been
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characterized or tuned (most likely due to a low intrinsic 2PE cross-section), and

examples of fully water soluble derivatives are scarce.?’"!

7.3.1 Photolysis mechanism of 3’,5’-dialkoxybenzoin in organic solvent
The mechanism of the photodeprotection reaction of the 3’5'-

dimethoxybenzoin photocage has long been debated and many alternative

mechanisms have been proposed throughout the

5.1187.188.,189,200,201,202,203,204.209] |t has been found that the photoproduct

year
distribution of the photoreaction is strongly dependent on solvent.['#:189201 |
both polar organic solvents such as CH3;CN and in nonpolar organic solvents
such as cyclohexane the product outcome of the photoreaction is similar and
5,7-dimethoxy-2-phenylbenzofuran is the major observed photoproduct apart

from the released substrate.!'®®'®

However, the branching ratio of the
photogenerated transient intermediates leading up to the formation of
benzofuran is different in these two solvents.!'®®'% By using Femtosecond

(188189 and nanosecond time-resolved

transient absorption spectroscopy
resonance Raman spectroscopy!'®® the transient intermediates leading up to
product formation have recently been probed. Electronic interaction between the
two benzoyl and dimethoxybenzyl sub-chromophores is responsible for initiating
a rapid and stepwise cyclization-deprotection pathway in the S excited state in
organic solvent.['®18929] After the benzoyl moiety is excited to the S¢(nT*) state

by UV light, a charge transfer exciplex!'8:189:203.209

is rapidly established
between the electron-rich dimethoxybenzyl moiety and the benzoyl moiety in the

excited state which subsequently leads to cyclization and the formation of a
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biradical species.['®18921l Depending on organic solvent polarity this biradical
species has two fates.!'® '8 The primary reaction pathway that occurs in both
CH3CN and in cyclohexane is the concerted elimination of HX and formation of
the benzofuran, see Scheme 7.5.1'®1%% |n CH,;CN, however, a second reaction
pathway exists which eliminates X and produces a cyclic cation with a large
molar extinction coefficient that is relatively long lived but apparently not!'8®18l
the primary photoproduct of the reaction as has been previously

postulated.!?°92932%4 Noreover, when the CH3;CN solvent is doped with small

quantities of water the transient species assigned to the cyclic cation is not

188,203
observed. !
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Scheme 7.5 Mechanism of 3’,5’-dimethoxybenzoin photolysis in organic solvent according to
recent literature. [188,189,208] IC: internal conversion, ISC: inter system crossing.

7.3.2 Photosolvolysis mechanism of 3’,5’-dialkoxybenzoin in water

Due to the water insoluble nature of the 3’,5’-dimethoxbenzoin photocage,
no in-depth mechanistic studies have been conducted on the photocage in pure
water.l'882012031 The major photoproduct of the 3'5’-dialkoxybenzoin!'®®%°"l and

inl206]

benzoi photocages upon UV light irradiation in water is the solvent captured
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benzoin, and not the benzofuran photoproduct as is encountered in organic
solvent. It is thus apparent that in water the reaction mechanism of the 3'5’-
dialkoxybenzoin photocage is somewhat different than in organic solvent and
that the benzylic carbon is accessible to the nucleophilic attack by water at some
point during the photolysis pathway. Two different mechanisms have been
proposed for the photosolvolysis mechanism in water to explain this
phenomenon [88:189.201.204206] ' The  first mechanism proposed by Rock and
Chan,”® who were the first to observe the benzoin photoproduct formation in
water, is based on the formation of a cyclized biradical intermediate followed by
acetoxy migration to an intermediate that can either be trapped by water to form
benzoin or react to the benzofuran, see Scheme 7.6a. The second major
proposed mechanism is based on heterolytic cleavage to a benzylic cation that
can subsequently be trapped by water, see Scheme 7.6b.!'88:204.189:2081 Ajthoygh
conclusive evidence does not exist to support either pathway, recent research
papers suggests the second mechanism is favoured due to the high dissociation

and solvation capacity of water.['8%159]
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Scheme 7.6 (a) Photosolvolysis mechanism of 3’,5’-dialkoxybenzoin in water according to Rock
and Chan.?”%" (b) Photosolvolysis mechanism of 3’,5-dimethoxybenzoin in
aqueous CH3;CN (60 % water v/v) or in CF3;OH according to Wirz et. al"® and
supported by others,[189:204.200]
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8: ‘REMOTE-CONTROL’ PHOTO-RELEASE OF ‘CAGED’
COMPOUNDS USING NEAR INFRARED LIGHT AND
UPCONVERTING NANOPARTICLES

8.1 Contributions

The text in this chapter has previously been published as a
communication in Angewandte Chemie International Edition (and was featured
as a ‘hot paper by the journal) and is reproduced herein in its entirety with
permission from the journal (C.-dJ. Carling, F. Nourmohammadian, J.-C. Boyer,
N. R. Branda, Angew. Chem. Int. Ed., 2010, 49, 3782-3785,
http://onlinelibrary.wiley.com/doi/10.1002/anie.201000611/abstract). The project
was co-designed by C-J Carling, Dr. J-C Boyer and Prof. Dr. N. R. Branda. 80 %
of the synthesis of 1 was performed by Prof. Dr. F. Nourmohammadian and the
rest by C-J Carling by following literature procedures. The synthesis of the core-
shell oleate coated nanoparticle and characterizations of all nanoparticles (TEM,
XRD) were performed by Dr. J-C Boyer. The functionalization of the UCNP with
1 was performed by Dr. J-C Boyer and C-J Carling. All one-photon and ‘remote-
control’ photochemistry were measured by C-J Carling. The '"H NMR photolysis
study of 1 was performed by C-J Carling. Calculation of loading was performed
by C-J Carling. Fluorescence spectroscopy of 1a[NaYF4:TmYb] was performed
by Dr. J-C Boyer. The manuscript was co-written by C-J Carling, Dr. J-C Boyer
and Prof. Dr. N. R. Branda. The experimental section was co-written by C-J

Carling, Dr. J-C Boyer and Prof. Dr. N. R. Branda.
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8.2 Abstract

Lanthanide doped upconverting nanoparticles are used to convert near
infrared light into ultraviolet light to drive the photoinduced release of a ‘caged’
species decorated onto the nanoparticles’ surface. This approach overcomes the
problem that low energy light is necessary for penetrating deeper into tissue
without damage but cannot be used to directly trigger important organic

photochemical reactions.

8.3 Introduction

Releasing molecules from ‘caged’ forms using light as the trigger offers
the potential to deliver innocuous agents to cells, tissues and organisms, where
they can be unmasked to their active states.!'”® Because light can be readily
tuned and focused, it can be spatially and temporally controlled to provide ‘on-
command’ drug delivery, unmasking of biochemical agents for enzyme and
protein activation, and other biochemical and physiological studies. Several
classes of small-molecule systems have been developed for use in these
applications but all suffer from a serious drawback — they demand high-energy
ultra-violet or visible light as the trigger. Until methods using less detrimental,
lower-energy light that penetrates deeper into tissue without causing unwanted
side reactions are developed, this technology will not find the widespread

acceptance it deserves.['">2"]
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Multi-photon excitation with near-infrared (NIR) light has been presented
as a practical solution to the issues associated with using UV or visible light,
given it is less damaging and reaches deeper into tissue.?°®?! What is
preventing the general use of the multi-photon excitation technique is that many
‘cages’ do not have large enough multi-photon cross-sections to be susceptible
to NIR light, or that their susceptibility is linked to wavelengths of light that lie
outside of the tuning-range of pulsed lasers.?'%?'"! One illustrative example is
the 3’,5"-dialkoxybenzoin cage 1 (Scheme 8.1), which along with 2-nitrobenzyl,
coumarin-4-yl-methyl, p-hydroxyphenacyl and 7-nitroindoline derivatives, is one
of the most commonly employed classes of ‘photo-cages’.l' This versatile
compound exhibits many appealing features. Its photochemistry is relatively
universal, and esters, carbonates, carbamates and phosphates can all be
employed for photorelease.!'99201202212213.214.215] Tha high quantum yield (> 0.6)
and fast rate (10'°-10'"? s™") of photolysis allows efficient release (typically
greater than 95 %) using short laser pulses.'*?"! The photorelease also
generally lacks side reactions, and a single 5,7-dialkoxy-2-phenylbenzo[b]furan
(2) species (other than the released acid, alcohol, amine or phosphate) in

organic solvents is generated.['"321°!
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Scheme 8.1 Photolysis and release of ‘caged’ compounds from the generalized 3°,5'-
dialkoxybenzoin structure 1 using UV light to produce 2-phenylbenzo[b]furan 2 and
a carboxylic acid. Alcohols, amines, and phosphates can also be released using this
technology.

The ‘cage’ compound’s need for unsuitable UV light can be overcome by
coupling the 3,5 -dialkoxybenzoin to near-infrared (NIR) absorbing species that
act as antennae, harvest the light and convert it into the necessary UV light
through a multiphoton process. Monodispersed, core-shell, upconverting
nanoparticles (UCNPs) composed of NaYF; nanocrystals doped with
lanthanides such as Tm®" and Yb** (NaYF4:TmYb) are excellent candidates for
this task.[®2'7:218:21% These UCNPs convert continuous-wave 980 nm laser light
into a range of different wavelengths of light throughout the UV, visible and NIR
regions, many of which can be harnessed to drive the photoreactions of
compounds anchored to their surfaces.[®:?17:218:219.220.221.2221 Thig ‘remote-control’
photorelease is illustrated in Scheme 8.2 and is the focus of the studies
described herein. Although we demonstrate the success of this strategy using a
model compound that releases a carboxylic acid, this technology is expected to
be very general and be able to perform equally well to release other caged

compounds.
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Scheme 8.2 Decoration of upconverting nanoparticles with 3°,5-di(carboxymethoxy)benzoin
‘cage’ 1a produces the ‘remote-control’ releasing system (1a[NaYF,:TmYb]), which
can be triggered by indirect irradiation with NIR light to generate 2a[NaYF,:TmYb]
and release a carboxylic acid. The photograph shows the blue light emitted when
a solution of the UCNPs is irradiated with 980 nm light.

The appeal of UCNPs over multi-photon absorbing molecules can be
justified on many levels. First and foremost, the Tm** and Yb®* energy levels
involved in the photophysics of the NaYF4:TmYb nanoparticles are real and the
multiple absorptions are sequential as opposed to the simultaneous absorptions
needed for typical two-photon excitation.”*’! This reduces the power density of
the excitation source to about 10°~10" orders of magnitude lower than what is
required for multi-photon photolysis, and allows for the employment of more
economical, continuous wave diode laser instead of a pulsed laser.”? In
biological applications, the use of a nanoparticle as a delivery vehicle offers
additional benefits compared to molecular photorelease. (1) UCNPs can be
coated with biocompatible polymers rendering them water soluble to lengthen
blood circulation time and attenuate uptake by the reticuloendothelial
system,??422%1 (2) their surfaces can be loaded with multiple, different therapeutic
agents to offer synergistic effects,’?”®?*"! and with antibodies or other ligands to

[222]

provide targeting and selectivity, (3) because water solubility and
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biocompatibility are both provided by the decorated UCNPs, the ‘cage’ itself can
be lipophilic overcoming one of the most significant problems associated with the
benzoin class of compounds,?®" and (4) the luminescent nature of the UCNPs
make them ideal for providing information about where and when the release
event has taken place (‘release-and-report’).*???*! UCNP based on lanthanide-
doped NaYF4 nanoparticles have already been shown to be biocompatible and
non-toxic,”?*®! and have been used for in vitro photodynamic therapy,#2422>22¢1 jp

vitro and in vivo fluorescence bio-imaging,'®*'#*??%1 and other biological

applications.[234235.7%al

8.4 Results and discussion
The core-shell, lanthanide-doped NaYFs:TmYb nanoparticles (core =
NaYF4:0.5 mol% Tm®*:30 mol% Yb®*; shell = NaYF,) were synthesized by

s with some minor

following the protocol of Zhang and co-worker
modifications.”® TEM images of the UCNPs demonstrate their nearly
monodisperse particle size of height 44.7 + 1.8 nm and diameter 41.4 + 1.4
nm.?*! Powder X-ray diffraction®®® confirms that the nanoparticles are highly
crystalline and are hexagonal in phase with no significant impurity phases
present. The synthesis results in nanoparticles coated in oleate, which we
anticipated could be displaced by a compound bearing two carboxylic acid
groups. The previously described 37,5 -bis(carboxymethoxy)benzoin acetate 1a

(Scheme 4.2) suits this requirement well and was synthesized according to the

literature procedures.’?°"
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Figure 4.1a illustrates how the absorption spectrum of 37,5°-
bis(carboxymethoxy)benzoin acetate 1a partially overlaps (A = 282 nm) with the
emission spectrum of the NaYF4:TmYb nanoparticles (A = 290 nm), and
illustrates the rationale behind our choice of UCNPs and ‘photo-cage’. When a
CD3CN solution of benzoin 1a (8.87 x 10 M) is exposed to UV light (313 nm), it
is converted within 100 min®®*"! into its 5,7-bis(carboxymethoxy)-2-
phenylbenzo[b]furan (2a) counterpart and acetic acid in high yield (> 95 %) as
measured by 'H NMR spectroscopy.?®! As expected, no hydrolyzed benzoin
derivative was observed. The 'D, — °Hg transition of the NaYF,TmYb
nanoparticles also provides the UV light indirectly when irradiated with 980 nm
light and should be effective to trigger the un-caging process in a ‘remote-control’

process.
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Figure 8.1 (a) UV-vis absorption spectra of a CH3;CN solution (8.54 x 107° M) of 3°,5'-
di(carboxymethoxy)benzoin 1a before (solid line) and after irradiation with 365 nm
light (dashed line) for 35 min, and the emission spectrum of a THF solution (1 wt-%,
Aex = 980 nm) of the NaYF,:TmYb core-shell UCNPs (shaded). The inset shows the
TEM photograph of 1a[NaYF,:TmYDb] illustrating their uniform size and hexagonal
prism shape. (b) Changes in the UV-vis absorption spectra of a CH3;CN solution of
1a[NaYF4:TmYb] when it is irradiated with 980 nm light (power = 4.4 W, power
density = 550 chmz).[236,239] The inset shows the changes in the absorbance at 300
nm when samples of the same solution are irradiated with 290 nm (circles) and 980
nm light (diamonds).

The NaYF4TmYb  nanoparticles were loaded with 37,5'-
bis(carboxymethoxy)benzoin acetate 1a by simply stirring a colloidal dispersion
of the two components overnight in THF.[?*® After a number of centrifuging—
resuspending purification cycles, the decorated nanoparticles (1a[NaYF4:TmYb])
were dispersed in CH3;CN to provide a stock solution that is stable at room
temperature for more than 4 weeks if stored in the dark (see inset to Figure 8.1a
for a TEM image of the decorated UCNPs). Sample solutions for subsequent
photolysis experiments were prepared by further dilution with CH3CN. The
loading of 3°,5'-di(carboxymethoxy)benzoin 1a onto the NaYF4sTmYb
nanoparticles was estimating by calculating the number of particles in an aliquot

amount of the CH3CN stock solution and the amount of chromophore 1a
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removed from the UCNPs surfaces when a similar aliquot was treated with
excess methylphosphonic acid to induce ligand exchange, and analyzed by UV-
vis absorption spectroscopy. 3,5 -Di(carboxymethoxy)benzoin 1a was loaded
onto the NaYF4:TmYb nanoparticles with an average amount of approximately 2
wt-% corresponding to approximately 6800 molecules of ‘cage’ per
nanoparticle.[#*®!

Exposing a CH3;CN solution of free benzoin ‘cage’ 1a to 980 nm
continuous wave laser light (power = 4.37 W, power density = 556 W/cm?)
resulted in no observable changes in the UV-vis absorption spectrum even after
1 hour of irradiation®®® demonstrating that the photo-cage is, as expected, not
susceptible to direct multi-photon release in the absence of the UCNPs. On the
other hand, the ‘remote-control’ strategy employing 1a[NaYF4:TmYDb] is very
effective as shown by the changes in the spectrum of a CH3CN dispersion of the
decorated nanoparticles when it is exposed to NIR light. As illustrated in Figure
8.1b, NIR light (980 nm) triggers a decrease in the absorptions in the UV region
(Amax = 203 nm and 248 nm) and a concomitant increase in longer wavelength
absorptions (Amax = 283—-292 nm) corresponding to 5,7-bis(carboxymethoxy)-2-
phenylbenzo[b]furan attached to the nanoparticles (2a[NaYF,:TmYDb]), which
have spectral profile that are the same as those recorded when a dispersion of
the 1a[NaYF4:TmYDb] nanoparticles are exposed to UV light (290 nm) to trigger
the direct photorelease.?**?* |t can be assumed that the photorelease is due to

the 290 nm light generated by the multiphoton process. The changes in the
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absorptions at 300 nm corresponding to benzofuran 2a[NaYF4:TmYb] induced
using 980 nm (‘remote-control’ excitation) are almost identical to those produced
using direct excitation (290 nm) suggesting that the two photolysis reactions are
the same (inset to Figure 1b).**"1 These experiments also imply that both direct

and indirect irradiation drive the photolysis reaction yield to the same extent.

8.5 Conclusion

The NIR-activated organic-nanoparticle hybrid system described in this
report has the potential to increase selectivity in photodynamic therapy and
biochemical studies. The harnessing of low-energy NIR light and converting it
into high-energy UV light overcomes the drawback that typical organic reactions
cannot be triggered by the former even though this type of light is necessary for
biological applications. Our next generation of ‘cage-decorated’ UCNPs will take
advantage of the fact that the NaYF4+:TmYb nanoparticles have their most
intense emission bands at 333-355 nm when excited by 980 nm light (Figure
8.1a). Designing 3°,5 -dialkoxybenzoin derivatives having red-shifted absorptions
will better match the chromophore’s absorbances with the nanoparticles’
emission, and enhance the efficiency of the ‘remote-control’ photo-release. If
properly designed the improved system should also have red-shifted bands only
in its benzoin form eliminating any self-filtering effects the benzofuran
photoproduct has due to its absorbing 290 nm more effectively. The results of

these studies will be reported in due course.
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8.7 Experimental
8.7.1 General methods
8.7.1.1 Materials

All solvents and reagents used for synthesis, chromatography, UV-vis
spectroscopy measurements and photolysis studies were purchased from
Aldrich and used as received, unless otherwise noted. Solvents for NMR
analysis were purchased from Cambridge Isotope Laboratories and used as
received. Column chromatography was performed using silica gel 60 (230—400
mesh) from Silicycle Inc. The NaYF, Tm** 0.5%, Yb* 30% / NaYF, core/shell
nanoparticles were synthesized using a modification of a recently reported
procedure.®" Molecule 1a was synthesized as described in the literature.?°" Al
volumes for absorption, photolysis and concentration measurements/studies

were measured out using an autopipette.
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8.7.1.2 Instrumentation

'"H NMR and ">C NMR characterizations of all synthetic precursors to 1a
were performed on a Bruker TCI 600 cryoprobe (proton sensitive, inverse probe)
working at 600.33 MHz for 'H and 150.97 MHz for "*C and was found to match
the reported data. The '"H NMR photolysis studies were performed on CDsCN
solutions using a Bruker BioSpin 500 with 32 scans per measurement. UV-vis
absorption spectroscopy was performed using a Varian Cary 300 Bio
spectrophotometer and a Varian Cary 100 Bio spectrophotometer. X-ray
Diffraction (XRD) was measured utilizing a Rigaku R-AXIS RAPID-S
diffractometer (Model No. 2163A101). TEM images were recorded on a FEI
Tecnai 200 keV Field Emission Scanning Transmission Electron Microscope.
Fluorescence measurements of the B-NaYF4: 0.5% Tm®*, 30% Yb*/ B-NaYF,
Core/Shell Nanocrystals and direct light photolysis experiments of
1a[NaYF4:TmYb] were performed on a PTl Quantamaster spectrofluorometer.
Indirect light photolysis of the 1a[NaYF4:TmYb] were performed a JDS Uniphase
980 nm laser diode (device type L4-9897510-100M) coupled to a 105 um (core)
fibre as the excitation source. The output of the diode laser was collimated and
directed on the samples using a Newport F-91-C1-T Multimode Fiber Coupler.
All solution-state photoreactions of 1a were carried out using the light source
from a lamp used for visualizing TLC plates at 313 nm or 365 nm (Spectroline E-

series, 2.1 mW/cm?, 1.4 mW/cm?).
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8.7.2 Synthetic procedures
8.7.2.1 Synthesis of B-NaYF,: 0.5% Tm*, 30% Yb** core nanoparticles

In a typical synthesis, Y(CH3CO,)s hydrate (99.9 %, 0.4560 g, 1.39 mmol),
Yb(CH3COy)3 hydrate (99.9 %, 0.2533 g, 0.60 mmol) and Tm(CH3CO); hydrate
(99.9 %, 0.0042 g, 0.01 mmol) were added to a 100 mL three-neck round-bottom
flask containing octadecene (30 mL) and oleic acid (12 mL). The solution was
stirred magnetically and heated slowly to 115 °C under vacuum for 30 min to
form the lanthanide oleate complexes, and to remove residual water and oxygen.
The temperature was then lowered to 50 °C and the reaction flask placed under
a gentle flow of nitrogen gas. During this time, a solution of ammonium fluoride
(0.2964 g, 8 mmol) and sodium hydroxide (0.2 g, 5.0 mmol) dissolved in
methanol (20 mL) was prepared via sonication. Once the reaction reached 50
°C, the methanol solution was added to the reaction flask and the resulting
cloudy mixture was stirred for 30 min at 50 °C. The reaction temperature was
then increased to 70 °C and the methanol evaporated from the reaction mixture.
Subsequently, the reaction temperature was increased to 300 °C as quickly as
possible and maintained at this temperature for 60 min under the nitrogen gas
flow. During this time the reaction mixture became progressively clearer until a
completely clear, slightly yellowish solution was obtained. The mixture was
allowed to cool to room temperature. The nanoparticles were precipitated by the
addition of ethanol and isolated via centrifugation at 4500 rpm corresponding to
a relative centrifugal field (RCF) of approximately 1000. The resulting pellet was

dispersed in a minimal amount of hexanes and precipitated with excess ethanol.
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The nanoparticles were again isolated via centrifugation at 4500 rpm and then

dispersed in hexanes (10-15 mL) for the subsequent shell growth procedure.

8.7.2.2 Synthesis of p-NaYF;: 0.5% Tm3+, 30% Yb3+lB-NaYF4 core/shell
nanocrystals (NaYF4:TmYb)

Y(CH3COy)3 hydrate (99.9 %, 0.5741 g, 1.75 mmol) of was added to a 100
mL three-neck round-bottom flask containing octadecene (30 mL) and oleic acid
(12 mL). The solution was heated slowly to 115 °C under vacuum with magnetic
stirring for 30 min to form Y(oleate); and to remove residual water and oxygen.
The temperature was lowered to 80 °C, the reaction flask placed under a gentle
flow of nitrogen and treated with the hexanes solution of core NaYF4: 0.5% Tm®*,
30% Yb>* nanoparticles (10—15 mL). The resulting solution was maintained at 80
°C until all the hexanes were removed. The reaction mixture was cooled to 50 °C
and treated with a solution of ammonium fluoride (0.2593 g, 7 mmol) and sodium
hydroxide (0.1400 g, 3.5 mmol) dissolved in methanol (20 mL). The resulting
cloudy mixture was stirred for 30 min at 50 °C at which time the reaction
temperature was increased and the methanol evaporated. After the evaporation
of the methanol, the reaction temperature was increased to 300 °C as quickly as
possible and maintained at this temperature for 60 min under the nitrogen gas
flow. The mixture was allowed to cool to room temperature and the nanoparticles
isolated using the same procedure of precipitate and isolation described for the
core nanoparticles. The isolated NaYF4s:TmYb nanoparticles were then

dispersed in THF (~15 mL) for subsequent experiments.
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8.7.2.3 Synthesis of 1a[NaYF,:TmYb]

A colloidal dispersion of NaYF4:TmYb nanocrystals (1 g, 4.5 wt-% in THF)
was added to a vial containing 1a (1.6 mg) and a stir-bar. The dispersion was
diluted with THF (3 mL) and stirred over night wrapped in foil. The clear
suspension was transferred to 4 Eppendorf tubes and EtOH was added to the
1.5 mL mark. The vials were agitated and centrifuged (13500 g, 25 min). The
supernatant was removed and the translucent pellet was re-suspended in
CH3CN by sonication. The sample was centrifuged (13500 g, 25 min) and the
supernatant removed. The translucent pellet was re-suspended in CH3CN and

used for subsequent experiments.

8.7.3 Powder X-ray Diffraction

The nanoparticles samples were characterized by X-ray Diffraction (XRD)
utilizing a Rigaku R-AXIS RAPID-S diffractometer (Model No. 2163A101).
Samples were drop-cast onto thin glass cover slips from THF and then allowed

to dry.

213



NaYF,: Tm, Yb / NaYF,
Core / Shell NPs

I
Standard Pattern
PDF# 01-072-4799
nl T
10 20 30 40 50 60 70 80 90

2Theta/°® ——

Figure 8.2 Powder X-ray diffraction (XRD) patterns for NaYF,:TmYb nanoparticles (top) and [3-
NaYF, standard pattern (bottom). The intensities (/) were normalized in both cases.

8.7.4 Transmission Electron Microscopy (TEM)

A FEI Tecnai 200 keV Field Emission Scanning Transmission Electron
Microscope was used to collect transmission electron microscopy (TEM) and
high-resolution TEM (HR-TEM) images. Dilute colloids of the nanoparticles (0.1
wt%) dispersed in THF were dropcasted on thin, carbon formvar-coated copper
grids for imaging. The NP shape and crystallinity were evaluated from the
collected TEM images, while the particle size was calculated from over 200 TEM

particles.
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Figure 8.3 Transmission Electron Microscopy (TEM) micrographs of (a,b) NaYF;TmYb
nanoparticles and (c,d) decorated 1a[NaYF4ErYb] nanoparticles, and (e,f) size
histograms for NaYF,TmYb showing the number of nanoparticles (n) for diameter
(d) and height (h).

8.7.5 Estimating the loading of ‘cage’ 1a onto NaYF4:TmYb nanoparticles

The amount of organic chromophore loaded onto the UCNPs was
estimated by comparing the number of moles of the nanoparticles in an aliquot
amount of the stock solution to the number of moles of 1a removed from the
UCNPs when excess methylphosphonic acid is added to induce ligand
exchange. The mass of the UCNPs was calculated from the size and the density
of crystalline NaYF, reported in the literature!®*?! as outlined below. The amount
of 1a released into the solution was measured using UV-vis absorption

spectroscopy.
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[, r=21 nm 3\/3 )

volume = ——r<h
h =45 nm 2

stock solution of 1a[NaYF,:TmYb]

2 x 100 uL aliquots

1) evaporate

2) weight residue dilute with 1.0 mL CH3;CN

treat with excess CH3zPO3H,
centrifuge
remove 0.54 mL of supernatant

T = — —

1
2
3
4

0.8 mg of 1a[NaYF,;:TmYb]

pellet of [NaYF,:TmYb]

1) dilute to 2.0 mL with CH3;CN
2) measure UV-vis absorption

solution of 1a

mass of UCNPs
volume of a UCNP =5.2x 107" cm?

density of NaYF, = 4.2 g.cm™3
y 4 9 *based on ¢ values for a 8.5 x 10 M solution:
mass of each UCNP =2.2x 1076 g Aggs = 0.055; ¢ = 6471, Agyg = 0.18; ¢ = 21176

Aogz =0.075=1.2x 107° M*
Aoyg=0.22=1.0x 107> M*

in original 100 uL aliquot = 4.1 x 108 moles of 1a

in 0.8 mg of UCNP = 3.6 x 10'2 of UCNPs

=6.0 x 1072 moles

41x1078
moles 1a per mole UCNP = ——— =6833
6.0x 10712
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8.7.6 Photolysis experiments

o)
o) HGCJ\O o)
Ho SO Ph 313nm Ho O N
.~ O + CHaCOH
o o CH4CN o o]
HOJ\/O HOJ\/O
1a 2a

0.C
\—Q HsC

_/{O
O

290 or 980 nm
+ CHzCO,H
Ph CH3CN |
,—0 (0] ,—0 O™ “Ph
0,C 0,C
1a[NaF,:TmYb] 2a[NaF 4 TmYb]

8.7.6.1 Monitoring the photolysis by 'H NMR spectroscopy
‘Cage’ 1a (2.5 mg, 6.2 mmol) was dissolved in CD3CN (0.7 mL) to afford a

8.87 x 10~ M solution. This solution was irradiated with 313 nm light and the
changes in its '"H NMR spectrum were recorded (100 min) until all the starting

material was consumed (Figure 8.4).
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Figure 8.4 H NMR spectra of a CD3CN solution of 1a before (top) and after (bottom) it was
exposed to 313 nm light for 100 min.

8.7.6.2 Monitoring the photolysis by UV-vis absorption spectroscopy

Two identical samples of decorated UCNPs were prepared by diluting an
aliquot amount (0.05 mL) of the stock solution of 1a[NaYF4:TmYb] with CH3CN
(2 mL). Each sample was irradiated with the appropriate light source to induce
direct photolysis (290 nm, 3 nm slit width, Figure 8.5c) and ‘remote-control’
photolysis (980 nm, power = 4.37 W, power density = 556 W/cm?, Figure 8.5d)

until no further spectral changes were observed.
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Figure 8.5 (a) Luminescence upconversion emission spectra of a 1 wt-% colloidal solution of

NaYF,:TmYb core-shell nanoparticles in

THF excited with a 980 nm laser diode

(Power Density = 150 W/cmz). Changes in the UV-vis absorption spectra of CH;CN

solutions of (b) 1a as it is irradiated with

312-nm light, (c) 1a[NaYF,TmYDb] as it is

irradiated with 290-nm light, and (d) 1a[NaYF,:TmYb] as it is irradiated with 980-nm
light until the no further spectral changes are observed. The data in (c) and (d) were
used to generate Figure 8.1c. The insets in (b), (c) and (d) show the initial (blue)

and final (red) traces corresponding to
2a[NaYF 4, TmYDb], respectively.
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9: DEVELOPMENT OF A MULTIFUNCTIONAL
THERANOSTIC DRUG-DELIVERY SYSTEM

9.1 Contributions

The data presented in this chapter has not been published. The project
was co-designed by C-J Carling, Dr. J-C Boyer and Prof. Dr. N. R. Branda. All
synthesis and data collection was carried out by C-J Carling except for the
synthesis of 0-NP, a-NP and TEM images of all nanoparticles, which was done
by Dr. J-C Boyer. The chapter is written by C-J Carling. The experimental

section 9.8 is co-written by C-J Carling and Dr. J-C Boyer.

9.2 Introduction

After introducing the concept of NIR-to-UV ‘remote-control’ photorelease
as a novel means of releasing molecules from the surface of upconverting
nanoparticles (UCNP) using NIR light in 2010,['” we sought to further develop
the technology into a multifunctional and practical theranostic NIR light-triggered
drug delivery system,[108:243:244,245.246,247,.248 249] Thg axcellent qualities of the 5 %
Thulium and 30 % Ytterbium co-doped core-shell hexagonal()-phase NaYF4
UCNP makes it an attractive candidate for this purpose as it offers a high level of
multi-functionality with proper design.?**'®® Due to its luminescent character,
especially the strong quantum efficiency of the 980-t0-800 nm upconversion
process, the particles can be detected in vivo at deeper locations than with

conventional UV-to-vis or vis-to-vis down-conversion fluorescence.['88243:2501 g
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have demonstrated NIR-to-UV  ‘remote-control  photoswitching  and
photorelease,®'%""? and since the time of the initial publications other reports
using UCNPs to drive organic photoreactions have appeared including
photoswitching'®"?°?! and as recently demonstrated, NIR-to-UV ‘remote-control’
photorelease in vitro and in vivo.['®®?*3 UCNPs can also be functionalized with
either radioactive®?**! or paramagnetic elements®>>?*®! for positron emission
topography (PET) or magnetic resonance imaging (MRI) detection respectively;
these spectroscopic properties can substantially aid in the location of the
nanoparticles in vivo for subsequent NIR-to-UV ‘remote-control’ drug-release.
Due to these reasons the UCNPs show great potential as a remotely triggered,

fluorescent and trackable multifunctional theranostic drug delivery vehicle.?**!

Figure 9.1 Schematic representation of NIR-to-UV ‘remote-control’ photorelease from a
fluorescent UCNP coated with PEG.
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It was envisioned that for the drug-release system to be optimal, the
system should obey the following criteria: 1) The organic-nanoparticle hybrid
system must be highly water-dispersible and be sufficiently stable in aqueous
media containing inorganic phosphate and organic phosphates such as
adenosine triphosphate (ATP) to prevent pre-stimuli release of ligands and
subsequent aggregation of nanoparticles.”>"?%2%1 2) The therapeutic cargo
should be relatively easily and irreversibly loaded onto the nanoparticles in high
efficiency. 3) The therapeutic cargo should be shielded from the outside
environment prior to irradiation with NIR light to minimize non-specific toxicity or
interactions. 4) The therapeutic cargo should stay intact, but be able to diffuse
from the UCNP to the surrounding environment after NIR-to-UV phototriggered
release. 5) The power-density of the 980 nm excitation source must be of
biologically benign intensity to prevent thermal tissue damage.

This chapter describes the successful development of a drug delivery

vehicle that satisfies criteria 1-3 of the 5 postulated above.

9.3 Development of ligand attachment systems and water-
dispersible upconverting nanoparticles — a historical
perspective about the development process

9.3.1 Introduction

It is well known in the literature that polyethylene glycol (PEG) is a
biocompatible polymer that can both induce water-dispersibility of nanoparticles
and lengthen the circulation time in vivo. This occurs by protecting the

nanoparticles from rapid uptake by the reticulo-endothelial system (RES) by
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shielding the nanoparticle-surface from adhesion of opsonin proteins present in
blood.?*>%%% We consequently reasoned that a PEGylated nanoparticle surface,
if properly designed, would both provide water dispersibility of the UCNP as well
as shield toxic cargo from interacting with the external environment. Hence, to
provide water dispersibility of the UCNP we aimed to synthesize a ligand

containing a PEG moiety that could be attached to the UCNP surface.

9.3.2 PEGylated bis-carboxylate anchor

Our first approach to functionalize the surface of the UCNP using a bis-
carboxylate anchor was successful in organic solvent."” A methyl terminated
(mPEG) bis-carboxylate PEG ligand 1 was synthesized and attached to the
UCNP surface 1-NP by ligand exchange, see Figure 9.2 (experimental data not
shown), and the resulting UCNPs were water-dispersible. However, in aqueous
0.01 M phosphate buffered saline (PBS) the mPEGylated bis-carboxylate ligand
1 was rapidly displaced by inorganic phosphate, which have a stronger affinity to
the surface.®*®%*°l This caused aggregation of the nanoparticles within minutes

and finally precipitation of the nanoparticles, see Figure 9.2.
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Figure 9.2 The bis-carboxylate PEGylated ligand attached to the UCNP 1-NP is displaced by
inorganic phosphate in 0.01 M PBS buffer, which rapidly led to aggregation and
precipitation of the nanoparticles.

9.3.3 Phosphate/phosphonate anchor

The precipitation described above implied that the phosphate anion has a
stronger binding affinity to the rare earth UCNP surface than do
carboxylates;*°®%*% this lead us to target the synthesis of a phosphate-
functionalized photochromic molecule (ROPOsH;) 2. The synthesis of 2 was
attempted in the early stages of the surface-functionalization development stage,
see Figure 9.3. Several attempted syntheses did yield phosphate-functionalized
photochromic molecules, albeit in low yield and impure form (experimental data
not shown). Due to both a lack of selectivity of the attempted reactions and the
highly polar nature of product and side-products, the purification proved
challenging and no products devoid of impurities could be isolated. Though pure
products were not produced, when semi-purified phosphate-functionalized

ligands were mixed with oleate-coated UCNPs, the nanoparticles were indeed
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coated with photochromic molecules that indicated that the phosphate-
functionalized ligands had affinity for the UCNP surface (experimental data not

shown).

Figure 9.3 Synthesized phosphate (2) and phosphonate (3) functionalized photochromic
molecules. The highly polar molecules were extremely hard to purify and neither
molecule were isolated devoid of impurities.

Since phosphonates (RPOsH;) have a carbon-phosphorous bond, they
are easier to selectively manipulate synthetically than phosphate-derivatives
(ROPOsHy), though still reasonably difficult to purify in both the protected form
(RPO3R’;) and more difficult to purify in its de-protected form (RPOsH;). A
successful attempt was made to functionalize a photochromic molecule with a
phosphonate functionality 3, see Figure 9.3 (experimental data not shown).
However, the final product 3 proved very difficult to purify with either silica or C4s-
silica gel column chromatography as it was not observed to elute off the

baseline.

9.3.4 Surface functionalization through ‘click’ chemistry

In order to circumvent working with highly polar and thus challenging
compounds during multi-step syntheses of complex molecules, we consequently
decided to use the previously described 3-azidopropylphosphonic acid!"*? ligand

as a high affinity anchor to the UCNP surface. The azide-phosphonate anchor
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serves as a connection point for subsequent derivatization by using copper(l)-
catalyzed azide-alkyne cycloaddition (CUAAC) ‘click’ chemistry.['33:261:262,263,264]
By this general method of surface-functionalization we have been able to attach

a number of alkyne functionalized molecules to the azide coated UCNP-surface

in one high yielding and irreversible step as was described in Chapter 5 and

6.128.29]

AT e @@g J
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Figure 9.4 General functionalization strategy using CUAAC ‘click’ chemistry.
9.4 Development of a functional drug-release system part 1

9.4.1 Choice of anti-cancer drug

Having solved the surface-functionalization problem,?®?*! a suitable
anticancer drug-candidate needed to be selected for the drug-release system we
attempted to develop. Many compounds were considered during this process
including Paclitaxel, Doxorubicin, Fluorouracil and Chlorambucil among many

other anticancer and biologically active compounds, see Figure 9.5.
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Paclitaxel (taxol) Doxorubicin Fluorouracil Chlorambucil

Figure 9.5 Common anticancer drugs

Chlorambucil was eventually selected as the model anticancer compound
as it has many attractive features: Chlorambucil is an anticancer drug of the N-
mustard class and acts as an alkylating agent of DNA.1?®*! Apart from the toxic N-
bis-2-chloroethyl moieties, it displays only one other functionalizable group,
which may serve as a selective attachment point to photocage through an ester

%1 Since

bond, which we previously used with the benzoin photocage.
Chlorambucil is commercially available in gram quantities, is achiral, relatively
inexpensive, and lacks additional functional groups (maximizing chemical

selectivity during synthesis), and has previously been used for

photorelease,**®%" it was chosen as the model-drug.

9.4.2 First-generation drug-delivery system

To circumvent the challenging synthesis of an mPEGylated photorelease
system in the early stages of the project we attempted to co-functionalize the
UCNP surface with an alkyne-Chlorambucil-benzoin photocage 4 and
commercially available alkyne-mPEG in one step (experimental data not shown).
The CuAAC ‘click’ co-functionalization reaction was attempted with different

ratios of photocage 4 to mPEG (1:5, 1:10) but the resulting UCNPs 4:mPEG-NP
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were not dispersible in water after the reaction, see Scheme 9.1 (experimental
data not shown). These negative results could possibly depend on a number of
physical factors such as formation of hydrophobic nano-domains on the surface
of the nanoparticle, which cause aggregation of the nanoparticles in water.
Another possibility is that the reaction was run for too long at elevated
temperature, which could have resulted in ester hydrolysis of the alkyne-mPEG
ligand, something we started suspecting at a later stage of development while
trying to mono-functionalize the surface with various PEG ligands and during the

synthesis of 5-NP (experimental data not shown).

4:mPEG-NP
core-shell
B-NaYF,
5% Tm3+
30 % Yb3*+

non-water dispersible

Scheme 9.1 The co-functionalization of a-NP with 4 and alkyne-mPEG failed to provide water
dispersible hybrid nanoparticles.

9.4.3 Tuning of the absorption-emission overlap

During our initial NIR-to-UV ‘remote-control’ photorelease study using the
3’,5’-dialkoxybenzoin photocagel'® (Chapter 8) we became aware that the
overlap between the largest UV emission from the UCNP and the absorption of

the photocage was exceptionally poor, a phenomenon which led to slow bulk-
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photolysis rate using high power density continuous-wave 980 nm light (550
W/cm?), light that readily damages human tissue in a few seconds. We were

aware?%®!

that both the coumarin and the 2-nitrobenzyl photocage classes had
better absorption overlap with the largest UV emission of the UCNP compared to
the dialkoxybenzoin class but we decided against using these photocages since
the coumarin class suffer from low quantum yields and thus uncaging action
cross section®® and the nitroso-photoproduct of the 2NB photocage has been
shown to interact with various proteins and thus be mildly toxic.[?0271:272
However, recent research has demonstrated that the photoproducts from various
2NB derivatives have a very low toxic effect on living cells.””*? |n fact, the UV
light needed for photolysis appears to be more damaging to living systems than
the nitroso-photoproduct.l'® Moreover, it has been recently demonstrated that
the 2NB photocage does respond to NIR-to-UV ‘remote-control’
photorelease.!'%8171:2431

Deciding not to use either the coumarin or the 2NB photorelease systems,
we continued to use the 3’,5’-dialkoxybenzoin photocage throughout this work,
but attempted to achieve a better overlap between the largest UV emission from
the UCNP at 330-360 nm, by synthesizing the naphthalene derivative!'*2%! of
the 3’,5’-dialkoxybenzoin photocage. This derivative has a larger molar extinction
coefficient at 350 nm (€3sonm:1957 M'cm™) compared to the phenyl version
(3sonm: 291 M™'cm™). We envisioned that by better absorption/emission overlap,
the NIR-to-UV ‘remote-control’ photolysis reaction could be conducted using a

lower NIR power density than in our original photorelease study.!"
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9.5 Development of a functional drug-release system part 2

9.5.1 Introduction

As the initial co-functionalization strategy failed, a more complex ligand 5
functionalized with PEG was designed, successfully synthesized and attached to
the nanoparticle surface, see figure 9.6 and 9.7, scheme 9.2 and experimental

section 9.8 for details.

5-NP
core-shell
p-NaYF,
5% Tm3+
30 % Yb3*

Figure 9.6 Structures of the synthesized organic ligand 5 and organic-nanoparticle hybrid
system 5-NP.
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Figure 9.7 Absorbance and emission spectra of 5-NP in water. Left y-axis: Absorbance
spectrum of 5-NP in water (0.05 ml stock-solution in 2 ml H,0O). Right gl-axis:
Emission spectra of the same sample upon 980 nm excitation (1.45 W/cm~, 0.41
W).
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9.5.2 Results and discussion

9.5.3 Synthesis of the second generation drug delivery system 5-NP

o
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Haa JHen e
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Scheme 9.2 Total synthesis of the organic ligand 5 and the organic-nanoparticle hybrid system
5-NP. The question mark after photolysis/photosolvolysis represents unknown
information, as Chlorambucil was not detected and the photoproducts were not fully

characterized.
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The synthesis of ligand 5 was carried out by first converting 2-
napthaldehyde 6 into the corresponding 1,3-propyldithiane derivate 7! in the
presence of a catalytic amount of Hf(OTf)s in CH2Cl in 75 % vyield.!*"®!

The bis-alkylated aldehyde 9 was synthesized from the corresponding
3,5-dihydroxybenzaldehyde 8 by alkylating it with (3-bromopropoxy)(tert-
butyl)dimethylsilane in acetone in the presence of K,CO3 and catalytic amounts
of KI and benzo-18-crown-6 in 37 % yield. However, the original synthetic target
in this reaction was the mono-alkylated isomer 18 as the original target of the
synthesis was the asymmetric alkynylated ligand 19, see Scheme 9.3. Although
the reaction was carried out with 1 equivalent alkyl-bromide to 1 equivalent 3,5-
dihydroxybenzaldehyde 8, only the bis-alkylated isomer 9 and the non-alkylated
starting material 8 was recovered from the reaction mixture and only trace
quantities of the mono-alkylated isomer 18 was isolated as it appeared that the
mono-alkylated isomer 18 is more reactive than the 3,5-dihydroxybezaldehyde

starting material 8. Due to this reason, the bis-alkylated isomer 9 was carried

forward throughout the synthesis.

H TBS TBS
K A -
H
H MsZ
8 18 19

Scheme 9.3 The mono-alkylated isomer 18 could only be isolated in trace quantities
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Moreover, the propyl-spacer between the hydroxy groups in molecule 9
was chosen to circumvent subsequent use of electron withdrawing ester bonds
directly attached to the benzyl-moiety of the benzoin photocage; they were also
installed early in the synthesis since 20 was found to fragment under basic
alkylating conditions, see Scheme 9.4 (experimental data not shown). However,
alkylation without fragmentation is possible by generating the reactive phenolic-
anion in-situ by deprotection of a tertbutyldimethylsilyl (TBS)-protected precursor
21 with tetrabutylammonium fluoride (TBAF) in the presence of an alkylbromide

in THF?°" (Scheme 9.4).

K2003, R-Br
Kl, B-18-C-6

Acetone, reflux

OTBS

O rJ TBAF, R-Br
—_—

TBSO THF, 0°C—r.
&

21

Scheme 9.4 Molecule 20 was found to fragment under basic alkylating conditions. In contrast,
the OTBS protected isomer 21 can be alkylated without fragmentation by
deprotecting the OTBS-protected phenol in-situ with TBAF in the presence of an
alkylbromide.[zm]

Lithiation of naphtyl-1,3-propyldithiane 7 in anhydrous THF and reacting it
with 3,5-dialkoxy-benzaldehyde 9 yielded the dithiane-protected benzoin 10 in 78
% yield. This Corey-Seebach umpolung reaction®”"!is highly advantageous over

other benzoin producing reactions!'9%2°92%2 a5 it produces the asymmetric
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dithiane-protected benzoin in high yields and with correct
stereochemistry 21214278 A fyrther advantage is that the 1,3-dithiane protecting

group also acts as a ‘safety-catch’!20"214:279

until facile deprotection which
prevents premature photorelease that could occur in standard laboratory lighting.
Such photoprotection is beneficial in a practical sense as it limits the time spent

working under dark conditions (Scheme 9.5).

safety-catch’ 4 Hg(CI0,),x3H,0,
CH3CN/H,0, 15 min
2. sat. ag. NaHCOg3

’

photostable fragments upon irradiation

Scheme 9.5  Until deprotection, the dithiane-protected precursor is photostable. After facile
deprotection the photocage responds to UV light irradiation and fragments

Chlorambucil was coupled to the dithiane-protected benzoin 10 by the

mild Steglich esterification reaction®®”!

using dicyclohexylcarbodiimide (DCC)
and catalysed by 4-dimethylaminopyridine (DMAP) in anhydrous CHClI; to yield
11 in 82 % yield.

The OTBS protecting groups of 11 were removed in the presence of
TBAF in THF to yield the bis-alcohol 12 in 91 % vyield.

The dithiane-protecting group of 12 was removed in the presence of

Hg(ClO4)2*3H,0 in a CHsCN/water mixture to vyield the light-sensitive 3,5-

dialkoxy benzoin photocage 13 in 99 % yield. The dithiane-protecting group was
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removed at an earlier stage than necessary in the synthesis because the
reactions have had a tendency to become highly acidic and have caused many
secondary reactions and low yields of product recovery in the past by following
literature procedures.”®! However, the problems associated with this reaction
can largely be mitigated by first dissolving/dispersing Hg(ClO4)2¢3H20 in a
mixture of CH3;CN and water before adding the dithiane substrate as a CH;CN
solution and quenching the reaction properly with saturated aqueous NaHCO3
before work-up. Another problem with this reaction is the formation of a by-
product that is quite difficult to eliminate by column chromatography when using
a polar eluent system. However, the by-product is poorly soluble in CH,CI, and
the majority can be filtered off before column chromatography.

Diol 13 was reacted with 4-pentynecarboxylic acid in the presence of DCC
and DMAP in CHxClI,. By closely following the reaction progression by thin-layer
chromatography (TLC) and quenching the reaction at an appropriate time, the
unstable mono-alkyne derivative 14 was isolated in 54 % yield.

Alcohol 14 was converted to the mPEG ester in the presence of DCC,
DMAP and mPEG-CO;H in CH.CI, to yield the slightly impure mPEGylated-
ligand 5 isolated after multiple purification methods in approximately 23 % yield,
with the main by-product represented by unreacted mPEG-CO;H.

The 3-azidopropylphosphonic acid ligand'*? 17 was prepared in two
steps from diethyl-3-bromopropylphosphonate 15 by following literature

procedures.!'*?!
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The azide-functionalized core-shell B-NaYF4:0.5%Tm:30%Yb a-NP was
prepared by stirring the previously reported'” oleate coated precursor o-NP with
the 3-azidopropylphosphonic acid ligand 17"*# in CHCIl; and EtOH.[?%%"!

5-NP was obtained as highly water dispersible UCNPs by reacting the
alkyne-functionalized 3’,5’-dialkoxybenzoin mPEG ligand 5 with a colloidal
dispersion of a-NP in the presence of freshly prepared aqueous CuSQO4+5H,0
and Na-(L)-Ascorbate in triethylamine (EtsN), water, and dimethylsulfoxide
(DMSO) at 35°C for one hour. The reaction was only stirred at 35°C for one hour
to minimize any ester-hydrolysis from taking place as non-water dispersible
particles were obtained after reacting the mixture at 35°C overnight
(experimental data not shown). The hybrid nanoparticles 5-NP were purified and
isolated by multiple centrifugation/re-dispersion cycles and stored at —20°C in
CH3CN covered in aluminium foil to prevent any undesired ester-hydrolysis from
taking place in water or premature photorelease from ambient UV light. Samples
for subsequent studies were prepared by taking a small aliquot of the stock
solution followed by dilution by water or CH3CN (see the experimental section

9.8 for further details).
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Figure 9.8 Absorbance spectra of the ligand 5 (black trace, left y-axis) and 5-NP (red trace,
right y-axis) in water.

9.5.4 Characterization of organic-nanoparticle hybrid system

The nanoparticles a-NP and 5-NP were examined with IR spectroscopy
and the azide stretch is substantially decreased in 5-NP compared to a-NP
indicating successful derivatization, which is further confirmed by UV-vis
spectroscopy and illustrated by the high water dispersibility of the nanoparticles
5-NP, see figure 9.8. The azide stretch IR signal is not completely absent
however, indicating that unreacted azide functionalities are still present on the
surface (experimental data not shown).

By examining transmission electron microscopy (TEM) images of the
functionalized nanoparticles 5-NP, they remained mono-disperse and non-
aggregated after the ‘click’ reaction with an average width of 27 nm and length of
36 nm collected from 140 particles, see Figure 9.9b. By dynamic light scattering
(DLS) measurements of 5-NP in water, the mean hydrodynamic diameter was
measured to 62 nm as this spectroscopic technique account for the organic

ligands extending from the surface, see Figure 9.9a. In Figure 9.9a, the
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hydrodynamic size distribution of 5-NP in water before and after irradiation with
UV light during 20 minutes is slightly altered. If not an artifact, it appears that
larger particles have formed with a concomitant decrease in smaller particles
during the irradiation period, see Figure 9.9a. The reasons for this
artifact/phenomenon in the spectra is unclear at this stage but could potentially
be an effect caused by nanoparticle aggregation induced during UV light
irradiation (potentially due to loss of polymers — see Section 9.5.9.2 and Figure
9.19), or due to spontaneous aggregation due to instability of the nanoparticles

in the aqueous environment, which can be verified by a temporal DLS study.
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Figure 9.9 (a) DLS spectra of 5-NP in water before (solid line) and after irradiation with 365 nm
light (dashed line). (b) TEM images of 5-NP, the scale bar is 50 nm.

9.5.5 Stability of the hybrid organic-nanoparticles (5-NP) in physiological
medium

The stability of the hybrid nanoparticles 5-NP in semi-physiological
conditions was examined by dispersing the nanoparticles in 100 % fetal bovine
serum (FBS). The nanoparticle dispersion in FBS was stirred in a capped vial at
37°C in an oil-bath and the vial was continuously examined for
aggregation/precipitation by shining the 980 nm laser through the sample. No
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aggregation was observed by the naked eye after 4 days of stirring at 37°C. The
light beam going through the sample looks clear in this experiment; aggregation
of the UCNPs causes small clusters clearly visible in the beam and finally full
precipitation of the nanoparticles. This result suggests the nanoparticles would
remain stable at physiological conditions in the bloodstream for an extended time
(experimental data not shown). As this technique of evaluating the stability of the
nanoparticles is subjective and does not take into account any potential protein
adhesion, DLS would be a more appropriate technique to further examine the
stability/aggregation/adhesion behaviour of the nanoparticles in a more objective
manner as the size-dimensions of the nanoparticles can be probed over time.
However, no temporal DLS study was performed on 5-NP.[?®"!

Since the concentration of organic and inorganic phosphates is elevated
in the interior of cells compared to the bloodstream,?22%% the stability of 5-NP
was investigated at elevated concentrations of ATP and inorganic phosphate.
The nanoparticles were dispersed in ca. 50% FBS containing 10 mM (0.17
mg/ml) ATP and 10 mM (0.66 mg/ml) inorganic phosphate as these levels
correspond to the intracellular concentrations of rat heart cells (experimental
data not shown).®? Though displacement of the ligands at heightened
concentrations of phosphate compared to serum would potentially be harnessed
as a beneficial effect, enabling automated release in the cytoplasm, no
aggregation was observed by the naked eye after 3 days at 37°C suggesting the
nanoparticles would remain stable also in the cytoplasm. Only by increasing the

levels of ATP to greater concentrations (ca. 4 mg/ml) than naturally occurring
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levels, was any aggregation observed. However, the rate of aggregation was
slow and not observed until several hours (> 3 h) at room temperature further
indicating the stability of the particles toward phosphate ions in solution
(experimental data not shown). For any future in vivo study it should be noted
that the ability of the UCNP to adsorb phosphate could potentially be linked to

toxicity in organs such as the liver and should be further investigated.

9.5.6 Emission of the PEGylated nanoparticles in water and acetonitrile

As water absorbs 980 nm light to a larger degree than organic solvent
does,”™ the emissions from 5-NP in water and CH3CN was compared by
measuring the emission at approximately the same concentration using the
same power-density of the 980 nm excitation source, see Figure 9.10. It was
found that the total emission output in water was decreased by approximately 54
% and the largest UV emissions at 330-360 nm was decreased by 83 %
compared to the emission in CH3CN. These results are most likely due to the
larger NIR light absorption by water compared to CH3;CN and potentially also
due to secondary quenching interactions between the water and the
nanoparticle, as have been previously reported.?42%]

Based on these results it is expected that NIR-to-UV ‘remote-control’
photoreactions (excited at 980 nm) carried out in water should be less efficient

and more prone to heat generation compared to reactions performed in organic

solvents.
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absorbance/emission of 5-NP in water vs. acetonitrile
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Figure 9.10 Left y-axis: Absorbance of 5-NP in H,O (blue trace) and CH3;CN (black trace)
indicating similar concentration (0.05 ml 5-NP in 2 ml solvent). Right y-axis:
Emission from the same samples in H,O (blue shaded) and CH3;CN (grey shaded)
upon 980 nm excitation (1.45 W fem?, 0.41 W). The emission quenching values are
calculated based on the areas under the curves. The emission bands from 671-750
nm were not included in the analysis because these emissions are due to the
second order diffraction of the upconverted UV light off the grating of the emission
monochromator

9.5.7 One photon photoreactivity of 5 and 5-NP

Depending on the solvent, the mechanism of photolysis of the 3’,5-
dialkoxybenzoin photocage is different as was described in section 7.2.2. It has
been reported that in aqueous solvent the dialkoxybenzoin photocage undergoes
a photosolvolysis reaction mechanism yielding benzoin, instead of the photolysis

n.2" Upon

reaction mechanism observed in organic solvent yielding benzofura
UV light irradiation of 5 and 5-NP in water we observed a similar behaviour in the
UV-vis absorption spectra as reported by Rock and Chan,®" see Figure

9.11b,d. However, no further study was performed to identify the proposed

benzoin photoproduct in water due to lack of pure material. Such study can be
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performed by using NMR spectroscopy which would also give additional

insightful information about the release event.[?*®
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Figure 9.11 Changes in absorbance of 5 (2x10'5 M) during irradiation with 365 nm light (1.4
mW/cm?, 3.9 mW) in (a) CH3CN and (b) water. (c) Absorbance of 5-NP in CH3;CN
(0.05 ml stock dispersion in 0.2 ml CH3CN) before and after irradiation with 980 nm
along the horizontal axis (1 hour 1.45 W/cm? and 1 hour 4.27 W/cmz) and 312 nm
light (40 minutes, 2.1 mW/cmz). (d) Changes in absorbance of 5-NP in water (0.1 ml
stock dispersion in 2 ml H,O) during irradiation with 365 nm light (1.4 mWcm, 3.9
mW).

9.5.8 Multiphoton NIR-to-UV ‘remote-control’ photoreactivity of 5-NP
9.5.8.1 Choice of NIR power-density

In our previous studies,®'%?°! the power-density of the 980 nm excitation
source has been above what can be considered practically useful in biological
applications as NIR light at the intensities originally employed will cause tissue-
damage. To be practical, the 980 nm (or 915 nm?®!) excitation source must be of

‘biologically benign’ power-levels to minimize any tissue damage caused by the
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NIR light. The power-density of the continuous-wave 980 nm laser beam was
thus subjectively chosen based on its effect on my finger tip. In the focal point of
the 980 nm continuous-wave laser beam at around 1.45 W/cm? (0.41 W) the
pain caused by the laser beam was bearable until approximately 10 s at which
point the heat generated from the absorption of the NIR light by water became
too intense. By having small intervals (ca. 2 s) between light irradiation periods
(ca. 5-10 s) made the pain generated from the irradiation procedure bearable for
a much greater time period. This method of choosing power density is subjective
as it is based on the pain threshold of one person. For future biological studies,
the NIR power density threshold should be further studied and based on its

effect on cells and tissues.

9.5.8.2 Choice of concentration for NIR-to-UV ‘remote-control’ experiments

In previous experiments we have noticed that NIR-to-UV ‘remote-control’
bulk-reactions appear to proceed more efficiently when the samples are in
higher-concentration compared to more dilute UV-vis conditions.**?%"1 This
phenomenon is most likely due to a heightened inner-filter effect and that every
particle spends more time in the excitation beam compared to more dilute
samples. However, at such ‘high’ concentrations the reaction can become
problematic to monitor by UV-vis spectroscopy due to greater absorbance
potentially outside the linear region of the spectrometer. To circumvent using
very high concentrations yet still have a relatively efficient bulk-reaction that can
be monitored by UV-vis spectroscopy, the NIR-to-UV ‘remote-control’

photolysis/photosolvolysis experiments were conducted in smaller volumes (400
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ul) than previous studies!'®'?!(3 ml) to maximize the time particles spend in the
excitation beam. The experiments were consequently conducted in a micro-
cuvette (maximum sample volume: 710 ul, sample compartment: 5 x 5 x 45 mm).

However, in a clinical setting the particles would be even more confined
as the diffusion rate in tissues/cells are arguably much lower than in solution due
to cell/tissue-barriers. The NIR-to-UV ‘remote-control’ reaction would thus (most
likely) be more efficient than in solution as the nanoparticles cannot diffuse away
from the excitation beam to the same extent as they can in solution and both the
inner-filter effect and the time the particle stay in the beam would (most likely)

increase.

9.5.8.3 NIR-to-UV ‘remote-control’ photosolvolysis of 5-NP in water

During irradiation of 5-NP in water along the vertical axis of the cuvette
with 980 nm (1.45 W/cm?, 0.41 W) continuous-wave laser light, minimal changes
in the UV spectra were observed after 60 minutes of irradiation indicating a very
inefficient process at ‘biologically benign’ power-densities, see Figure 9.12a,b.
Increasing the power-density (4.27 W/cm?, 1.21 W) caused rapid heating of the
water sample. However, when the cuvette was placed in a water bath to
dissipate the heat generated during the irradiation procedure, relatively small but
clearly visible changes in the UV-vis spectra was rapidly evident during higher
power density 980 nm light irradiation (4.27 W/cm?, 1.21 W) along the vertical

axis of the cuvette (Figure 9.12c,d).
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Figure 9.12 UV-vis absorbance changes of 5-NP (0.05 ml 5-NP in 0.4 ml water) during NIR-to-
UV ‘remote-control’ photosolvolysis in a micro cuvette. (a) Changes in absorbance
during irradiation with 980 nm light (1.45 W/cm?, 0.41 W) along the vertical axis. (b)
Changes in absorbance of the same sample during time plotted at 257 nm. (c)
Changes in absorbance of a second sample cooled in a water bath during
irradiation with 980 nm light (4.27 Wicm?, 1.21 W) along the vertical axis. (d)
Changes in absorbance of the same sample during time plotted at 257 nm.

9.5.8.4 NIR-to-UV ‘remote-control’ photosolvolysis of 5-NP in CH;CN

During irradiation of 5-NP in CHsCN along the horizontal axis of the
cuvette with ‘biologically benign’ power density of 980 nm (1.45 W/cm?, 0.41 W)
continuous wave laser light, minimal changes in the UV spectra was observed
after 60 minutes of irradiation indicating a very inefficient process also in organic
solvent, see Figure 9.13a,b. By increasing the power-density of the 980 nm
excitation source (4.27 W/cm? 1.21 W), relatively small but clearly visible
changes in the UV-vis spectra was evident after 60 minutes of irradiation along

the horizontal axis of the cuvette (Figure 9.13c,d).
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Figure 9.13 UV-vis absorbance changes of 5-NP (0.05 ml 5-NP in 0.2 ml CH3CN) during NIR-to-
UV ‘remote-control’ photosolvolysis in a micro cuvette. (a) Changes in absorbance
during irradiation with 980 nm light (1.45 Wicm?, 0.41 W) along the horizontal axis.
(b) Changes in absorbance of the same sample during time plotted at 257 nm. (c)
Changes in absorbance of the same sample during irradiation with 980 nm light
(4.27 Wicm?, 1.21 W) along the vertical axis. (d) Changes in absorbance of the
same sample during time plotted at 257 nm.

9.5.8.5 NIR-to-UV ‘remote-control’ photoswitching of 22-NP in THF

The partly unfavourable results in Section 9.5.8.3 and 9.5.8.4 stand in
stark contrast to a comparison using the DTE switch functionalized UCNP 22-
NP, see Figure 9.14a. The previously reported DTE photoswitch[?®°92%1 22
(compound 1a in Chapter 6) was attached to a-NP by CuAAC ‘click’ chemistry
(see experimental section 9.8 for details). It was found that 22-NP in THF
undergoes the NIR-to-UV ‘remote-control’ photoreaction to a much greater
extent than 5-NP in CH3CN during 60 minutes of ‘biologically benign’ 980 nm
light irradiation (1.45 W/cm?, 0.41 W) along the horizontal axis of the cuvette

(Figure 9.14b,c). This improved efficiency in acetonitrile is likely due to a better
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photoswitching action cross section at around 350 nm where the nanoparticles

emits most UV light and demonstrates that NIR-to-UV ‘remote-control’

photoreactions can indeed proceed relatively efficiently at low excitation power-

densities by choosing correct photoactive substrate based on its photoreaction

action cross section.
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Figure 9.14 (a) Schematic representation of the synthesized DTE functionalized nanoparticle

22-NP before and after photoswitching. (b) Left y-axis: Changes in the UV-vis
absorbance spectra during the ‘remote-control’ photochemical reaction 22-
NP—22c-NP upon ‘biologically benign’ power levels of 980 nm irradiation (0-60 min,
1.45 W/cm?, 0.41 W) in THF (0.025 ml stock dispersion of 22-NP in 0.2 ml THF).
The blue trace is the absorbance of 22c-NP at the photostationary state after
irradiation with 365 nm light (60 s, 1.4 mW/cm?, 3.9 mW). Right y-axis: Emission
spectra of 5-NP in CH3CN upon 980 nm excitation (1.45 Wicm?, 0.41 W), emissions
past 670 nm are not included in the spectra. (c) Normalized changes in absorbance
during time, plotted at 608 nm. The arrow indicates the time the excitation source
was changed from 980 nm to broadband 365 nm light (1.4 mW/cm?, 3.9 mW).
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9.5.9 Phototriggered release from 5-NP, detection of Chlorambucil

In order for the nano-photorelease system 5-NP to be useful as designed,
Chlorambucil must stay intact and be able to diffuse from the surface after
photoinduced release. To prove that Chlorambucil is able to diffuse from the
mPEGylated UCNP surface after photorelease, it is imperative to detect

Chlorambucil after photosolvolysis in water.

9.5.9.1 Detection of Chlorambucil by UV-vis spectroscopy — direct UV irradiation
experiment

As HPLC did not prove to be a great technique of Chlorambucil detection
due to technical difficulties, UV-vis spectroscopy was chosen as a means to
detect the presence of Chlorambucil after UV light and NIR-to-UV irradiation
based on Chlorambucil’s distinctive UV absorption profile, see Figure 9.16 and
9.17.

Several samples of 5-NP were irradiated with either broadband 312, 365
or monochromatic 350 nm UV light in water to induce the release. The presence
of Chlorambucil was examined by UV-vis spectroscopy in both the spin-filtrate
after centrifugation through a 10 KDa spin-filter and in the supernatant after
centrifugation. The spin-filtering technique is superior over the latter technique as
it removes the nanoparticles more efficiently.

In Figure 9.15 the result of a typical spin-filtering experiment are
presented using 365 nm light as the excitation source: An aliquot of 5-NP stock-
solution (0.05 ml, CH3CN) was diluted with water (0.4 ml) in a spin-filter. After
three centrifugation washes with water (0.4 ml), the UV-vis absorption profiles of
both the last wash spin-filtrate and the diluted 5-NP sample (0.4 ml water) from
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the spin-filter was examined by UV-vis spectroscopy. The 5-NP sample was
irradiated for 10 minutes with broadband 365 nm light (1.4 mW/cm?, 3.9 mW),
the absorbance was measured and the sample was centrifuged in a spin-filter
and the spin-filtrate was examined. The spin-filtrate did indeed contain a
heightened UV absorption trace compared to the wash prior to irradiation, which
indicates successful release of molecules from the surface of the nanoparticles,

see Figure 9.15.
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Figure 9.15 The figure describes a photorelease experiment examined by UV-vis spectroscopy.
An aliquot of acetonitrile stock dispersion of 5-NP (0.05 ml) was diluted with water
(0.4 ml) in a 10 kDa spin-filter and washed with water (3 x 0.4 ml) by three
centrifugation/re-dispersion cycles. The green trace is the filtrate from the third
wash. The black trace is the sample in the filter after three washes, re-diluted with
water (0.4 ml). The blue trace is after irradiation with broadband 365 nm light (1.4
mW/cm?, 3.9 mW) for 10 minutes. The red trace is the spin-filtrate after irradiation.

However, none of the UV absorption spectra from any broadband 365 nm
irradiation experiments match the UV absorbance profile of Chlorambucil, not
even when 5-NP is irradiated with monochromatic light centered at 350 nm (9
nm slit-width, 167 mW/cm?, experimental data not shown) where Chlorambucil
absorbs with a minimal molar absorption coefficient. In Figure 9.16 the UV

absorbance profile of the spin-filtrate after 10 min of broadband 365 nm light
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irradiation (red trace), is overlaid with the absorbance trace of Chlorambucil

(black trace) to demonstrate the dissimilarities.
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Figure 9.16 UV-vis absorption spectra of Chlorambucil (1x10'5 M in water, black trace, left y-
axis) and the spin-filtrate of 5-NP from figure 9.15 after 10 min broadband 365 nm
light irradiation (red trace, right y-axis) (1.4 mW/cm?, 3.9 mW).

It was previously reported that Chlorambucil underwent a de-alkylation
reaction upon 266 nm light irradiation, see Scheme 9.6.%°"! In contrast to this, it

was found that Chlorambucil stayed intact upon 420 nm light irradiation.?%®!

266 nm
H

Scheme 9.6 Chlorambucil has previously been found to decompose under 266 nm light
irradiation.’?®”

To investigate the photostability of Chlorambucil under UVA irradiation, a

sample was irradiated with broadband 365 nm light (1.4 mW/cm?, 3.9 mW) and

changes were rapidly observed in its UV-vis spectrum, see Figure 9.17. A sharp

decrease of the peak centered at 257 nm was observed over the first few
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minutes of irradiation and after 20 minutes of irradiation the changes in the
spectrum were very small, see figure 9.17. This behaviour suggests rapid photo-
degradation/reactivity to a relatively photostable photoproduct under UVA light
irradiation, in accordance with the findings of Hartner, Kim and Hampp under

266 nm light irradiation.?®”!
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Figure 9.17 Changes in absorption of Chlorambucil (1x10'5 M in H,0) upon broadband 365 nm
light irradiation (1.4 mW/cm?, 3.9 mW). The inset display the changes in absorption
plotted at 257 nm.

However, none of the UV-vis absorbance spectra acquired from the spin-
filtrates/supernatants of 5-NP after irradiation with broadband 365 nm light match
the UV-vis absorbance spectrum of Chlorambucil after 365 nm light irradiation in

water as can be seen in figure 9.18.
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Figure 9.18 UV-vis absorbance spectra of Chlorambucil after 10 minutes of 365 nm light
irradiation (1.4 mW/cm?, 3.9 mW) (black trace, left y-axis) and the spin-filtrate of 5-
NP after 10 minutes of 365 nm light irradiation (1.4 mW/cm?, 3.9 mW) from Figure
9.15 (red trace, right y-axis).

It thus appears that the photoproduct(s) released from 5-NP upon
broadband 365 nm light irradiation are different from the photoproduct obtained
by irradiating pure Chlorambucil under the same conditions. To further
investigate the nature of the released product, the spin-filtrate after 10 min
irradiation with broadband 365 nm light from Figure 9.15 was examined by low
resolution mass spectrometry (LRMS) and major peaks at m/z = 173.1, m/z =
235.0 and m/z = 268.2 were observed in the spectra, neither which correspond
to Chlorambucil (exact mass: 303.0793 g/mol) or its proposed de-alkylated
photoproduct®®”! (exact mass: 241.0870 g/mol), see Figure 9.19. However, a
very small intensity peak at m/z = 304.1 was observed in the low-resolution
mass spectrum that could potentially correspond to Chlorambucil [M+H]".
Moreover, peaks ranging from m/z = 400 — 800 are present in the mass
spectrum suggesting that polymers are potentially®®” released from the surface
during direct 365 nm light irradiation as such peaks appear typical for

polydispersed polymeric materials, see Figure 9.19. The release of polymers
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from the surface during irradiation with 365 nm light could potentially explain why
a size-expansion is observed in the DLS experiment after irradiation with 365 nm

light due to potential aggregations of ‘bare’ surfaces, see Figure 9.9.

\\\\\\\ +MS, 0.3-0.6min #(16-36,

0 68,
o
2350
ool moozee [ aseo | omer s s

200 225 250 275 300

Figure 9.19 LRMS raw data of the spin-filtrate from figure 9.15 after 10 min broadband 365 nm
light irradiation (1.4 mW/cm?, 3.9 mW;. Chlorambucil exact mass: 303.0793 g/mol.
Proposed de-alkylated photoproduct[26 I exact mass: 241.0870 g/mol.

9.5.9.2 Detection of Chlorambucil by UV-vis spectroscopy - NIR-to-UV ‘remote-
control’ experiment

Since Chlorambucil was found to decompose during direct UV light
irradiation, an experiment to detect Chlorambucil or its proposed de-alkylated
photoproduct (see Scheme 9.6) after NIR-to-UV ‘remote-control’ photosolvolysis
was carried out. As in section 9.5.9.1, the sample was first washed in a spin-filter
to remove any impurities. The re-dispersed sample (in nano-pure water) was
irradiated with 980 nm light (4.27 W/cm?, 1.21 W) while cooled in a water bath at

ambient temperature. The reaction progression of the sample was followed by
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UV-vis spectroscopy and after 2 hours the sample was spin-filtered. A very small
change in the UV-vis absorption spectra before and after irradiation was

detected, see Figure 9.21.

(a) 980 nm light activated release of 5-NP in water (b)
25 0.1
.:‘é? r rd spin-fi 2
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. —— 5-NP before 980 nm >
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Figure 9.20 (a) The figure describes a photorelease experiment examined by UV-vis
spectroscopy. An aliquot of acetonitrile stock dispersion of 5-NP (0.05 ml) was
diluted with water (0.4 ml) in a 10 kDa spin-filter and washed with water (3 x 0.4 ml)
by three centrifugation/re-dispersion cycles. The green trace is the spin-filtrate from
the third wash. The black trace is the sample in the filter after three washes, re-
diluted with water (0.4 ml). The blue trace is after irradiation with 980 nm light (4.27
Wicm?, 1.21 W) for 120 minutes. The red trace is the spin-filtrate after irradiation. (b)
Magnification of the UV-vis absorbances of the spin-filter wash (green trace) and
the spin-filtrate after 980 nm irradiation (red trace).

The spin-filtered sample from Figure 9.20 was further examined by LRMS
but no peaks corresponding to either Chlorambucil or its proposed de-alkylated
photoproduct were detected in the spectra, see Figure 9.21. Moreover, no peaks
attributed to polymers as in the direct UV light photosolvolysis experiment were
observed in the LRMS spectra as was encountered in the sample irradiated with

365 nm light, see Figure 9.15, 9.19 and 9.21.

254



Figure 9.21

Intens. | +MS. 0.3-0.5min #(18-30)

LRMS raw data of the spin-filtrate from Figure 9.21 after 2 hours irradiation with 980
nm light irradiation. Chlorambucil exact mass: 303.0793 g/mol. Proposed de-
alkylated photoproduct[267] exact mass: 241.0870 g/mol.

9.6 Conclusion

At the present stage of development, out of the 5 constituted criteria

presented in the introduction of this chapter; criteria 1 through 3 have been

successfully solved. It has been demonstrated that PEGylated molecules can be

easily loaded onto azide-functionalized UCNPs without silica coating using

CuAAC ‘click’ chemistry and produce highly water-dispersible and stable

nanoparticles in FBS and in the presence of ATP at elevated temperature.

A further accomplishment was the completion of a multi-step synthesis of

a fully water-soluble mPEGylated 3’,5’-dialkoxybenzoin photocage functionalized

with a hydrophobic biologically active ligand, something that has scarcely been

demonstrated previously using photocages in the 3’,5’-alkoxybenzoin family.

[201]
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However, due to the choice of both photorelease system and therapeutic
cargo, the current system 5-NP is impractical and criteria 4 and 5 were not
solved.

The NIR-to-UV ‘remote-control’ photolysis/photosolvolysis reaction
proceeded exceptionally sluggish at ‘biologically benign’ 980 nm power levels
(1.45 W/cm?, 0.41 W) in both organic and aqueous solvent at the conditions
examined, although the reactions did proceed while irradiated with higher ‘non-
biologically benign’ 980 nm light power-densities (4.27 W/cm?, 1.21 W).

Furthermore, the detection of Chlorambucil was not successful and
Chlorambucil was found to decompose upon broadband 365 nm light irradiation.
Even though a heightened absorption trace was observed after broadband 365
nm light photosolvolysis in water using UV-vis spectroscopy as a detection
method, the acquired UV absorption trace after irradiation of 5-NP did not match
that of Chlorambucil before or after direct UV light irradiation. Moreover, a similar
negative result was obtained after NIR-to-UV ‘remote-control’ irradiation and
Chlorambucil could not be detected after photosolvolysis using this method of
release either. The spin-filtered solutions from the nanoparticle after direct and
indirect irradiation was examined by low-resolution mass spectrometry, but only
unassignable peaks were observed.

Since the NIR-to-UV ‘remote-control’ photorelease reaction did not
proceed efficiently enough upon ‘biologically benign’ 980 nm light power-density

irradiation at the conditions tested, and because Chlorambucil could not be
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detected after either direct (UV) or indirect (NIR) irradiation, the current version
of the photorelease system is impractical.

However, some of the design concepts and technological advances
developed throughout this thesis are anticipated to be useful and can potentially
be adopted for future, better and more advanced versions of NIR-to-UV ‘remote-

control’ photorelease systems.

9.7 Future directions

9.7.1 Release system

In order to solve the problem of poor absorption overlap of the
photorelease system with the largest upconverted UV emission from the UCNP
to make the system practically useful many different options can be considered:

1) A more efficient UVA light-absorbing dialkoxybenzoin photocage can
be developed that has a greater absorption overlap with the strongest NIR-to-UV
emission of the nanoparticle compared to the previously used 3,5-
dialkoxybenzoin photocages. The following chapter (Chapter 10) describes the
successful synthesis and preliminary characteristics of such a photocage release
system. The new donor-acceptor 4-dimethylamino-3’,5-dialkoxybenzoin
photocage has substantially more absorption (€347nm: 25966 M'cm™) than both
the phenyl- and naphtyl-benzoin systems previously described and is likely the
most efficient photorelease system for UVA light triggered release to date.??%%"
Furthermore, it is demonstrated that the NIR-to-UV ‘remote-control’ photorelease

reaction of this novel photocage proceeds relatively efficiently at biologically

benign NIR power-densities in CHCl,, which potentially solves criteria 5
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presented in the introduction of this chapter. However, although exhibiting
successful release, not all the photoproducts or the mechanism of this
unexpected and unique photoreaction have been fully identified at this stage,

see chapter 10.

2) Another option is to revert to the already proven successful 2-
Nitrobenzyl photocage system.['®®1712431 A" recently-developed donor-acceptor
biphenyl derivative in the propyl series!'®*'®® appears to be a promising
candidate for this purpose. It has a somewhat acceptable one-photon uncaging
action cross section at UVA wavelengths (€397nm: 7500 M'em™, ®400 nm: 0.15, De:
1125 M"'ecm™)"® and has a large two-photon excitation (2PE) uncaging cross
section (11 GM) upon 800 nm pulsed laser irradiation.['® A relatively efficient
photorelease system would thus likely be obtained by combining the NIR-to-UV
upconversion from the nanoparticles with the 800 nm 2PE to activate release of

the photocage using two different laser sources.
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3) Other promising photocages in combination with NIR-to-UV ‘remote-
control’ photolysis are either the 4-dimethylaminophenacyl photocage!'®'®"!
(€3a47nm: ~26000 M'em™#2 ®: N.A., ®e: N.A) or the 4-hydroxybiphenylacyl
photocage!®! (€3130m: 14800 M'cm™, ®: 0.21, ®e: 3100 M'cm™). Apart from
good absorption overlap with the UCNP UV emission, the photoproduct of the 4-
hydroxyphenacyl photocage class has a blue-shifted absorbance compared to
the starting material. It is thus expected that the NIR-to-UV ‘remote-control’
photolysis should proceed efficiently as the photoproduct does not compete for
UV light absorbance to a large degree. However, the photoproducts of the 4-
dimethylaminophenacyl'?>"®" and 4’-hydroxybiphenylacyl'®®! derivatives have
not been characterized sufficiently and it is therefore uncertain if they react the

same way as the parent 4-hydroxyphenacyl photocage.

Weaas e
H, y

4) Another option is to use our recently developed multimodal photo-
triggered self-immolative photorelease system that is based on the DTE
framework.['*"! Since DTE based molecules evidently respond efficiently to NIR-
to-UV activation using biologically benign laser power-densities the photocage
would likely respond efficiently to NIR-to-UV ‘remote-control’ activation, see
Figure 9.14 and 6.20. However, since the photocage is ‘armed’ with UV light and
subsequently triggered to undergo release with heat, UV or visible light the
release process of this photocage system is not optimum for solely NIR-to-UV

‘remote-control’ photorelease and should be used in conjunction with visible light
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irradiation. However, the unidentified ionic photoproduct of this novel
photorelease reaction is potentially cytotoxic as it reacts with various
nucleophiles (including water) to an unidentified product(s) and must be further

investigated.!'?”!

9.7.2 Therapeutic drug

When choosing the therapeutic drug to be released, it is important to
choose robust molecules that will not photodegrade during NIR-to-UV irradiation
(or direct UV light).

One drug candidate to be considered for this purpose is the anticancer
drug Doxorubicin as this fluorescent molecule has previously and successfully
been used for photorelease with UV light.[?%32%42%] However, even though this
molecule is commercially available, it is rather expensive, chiral and possesses
numerous reactive functional groups that could potentially interfere during
extensive synthetic work, unless protected or attached in the last step.

Another anticancer drug to be considered is Camptothecin as it is
commercially available (cheaper than Doxorubicin), has a relatively simple
structure, can be connected to a photocage through a carbonate bond and has
been successfully released with UV light previously.**>?%! However, this
fluorescent molecule absorbs UV light with a maxima centered at 360 nm and
will thus compete with the photocage for NIR-to-UV absorption."!
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Photocag

photocaged Camptothecin photocaged Doxorubicin

9.7.3 Ligands for selective targeting and remote detection

By using the ‘click’ chemistry approach, the surface of the UCNP can
(theoretically) be co-functionalized in one step with multiple functionality such as
targeting ligands, remotely detectable probes and photocaged therapeutics.
Such a multifunctional phototriggered theranostic?*®! drug-delivery system can
be selectively retained at a tissue target by active action of the targeting ligands
and passive action by the enhanced permeability and retention (EPR) effect.
Probes attached to the UCNP can be used to detect the location of the
nanoparticles remotely and non-invasively using existing technology such as
positron emission topography (PET) or magnetic resonance imaging (MRI). The
UCNP can be further detected remotely by the NIR-to-NIR/vis upconversion
fluorescence and subsequently triggered to release bioactive molecules on-
demand by NIR-to-UV ‘remote-control’ photochemistry.

Co-functionalizing the UCNP surface with bi-functional PEG polymers?®®!
and mPEGylated photocaged therapeutics may provide water dispersibility of the

nanoparticle when simultaneously co-functionalized with a low concentration of
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non-PEGylated hydrophobic probes. A schematic illustration of such a system is

described in Figure 9.23.

NIR-to-UV/vis/NIR
UCNP

photocaged
therapeutic

PET or MRI active
probe

* targeting ligand

Figure 9.22 Schematic illustration of a multifunctional UCNP for advanced theranostic drug
delivery using CuAAC chemistry as a means to decorate the nanoparticle with
multiple ligands.

9.8 Experimental

9.8.1 General methods

All reagents and solvents used for synthesis, chromatography,
photochemistry and UV-vis spectroscopy measurements were purchased from
Aldrich and used as received, unless otherwise noted. 3,5-
dihydroxybenzaldehyde was purchased from Matrix Scientific. Anhydrous
ethanol (EtOH) was purchased from Commercial Alcohols. Triethylamine was

purchased from Anachemia. Anhydrous CH,Cl, was purchased from Aldrich and
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passed through activated alumina using a solvent purification system before use.
CD,Cl, was purchased from Cambridge Isotope Laboratories and used as
received. mPEG-CO,H was purchased from Rapp Polymere. Column
chromatography was performed using silica gel 60 (230—-400 mesh) from
Silicycle Inc. The oleate coated 5 % Thulium and 30 % Ytterbium co-doped core-
shell hexagonal(B)-phase NaYF, UCNPs (o-NP)!"! and 3-azidopropylphosphonic
acid'*? were synthesized according to published procedures. Melting points
were measured using a Gallenkamp melting point apparatus (Registered Design

No. 889339) and reported without correction.

9.8.1.1 Spectroscopic studies

'"H NMR and "*C NMR characterizations were carried out using a Bruker
AVANCE Il (5 mm TXI inverse probe) working at 500.19 MHz for '"H NMR and at
125.77 MHz for *C NMR and a Bruker AVIIl 400 BBO Plus (5 mm probe)
working at 400.13 MHz for '"H NMR and 100.60 MHz for *C NMR. Chemical
shifts (&) are reported in parts per million relative to tetramethylsilane using the
residual solvent peak as a reference standard. Coupling constants (J) are
reported in hertz. Transmission electron microscopy (TEM) images were
obtained using a Tecnai 200 keV Field Emission Scanning Transmission
Electron Microscope. Dilute colloid of 5-NP (0.1 wt-%) dispersed in CH3CN were
drop-casted on thin, carbon formvar-coated copper grids for imaging. The NP
shape and crystallinity were evaluated from the collected TEM images, while the
particle size was calculated from 140 particles using Adobe acrobat reader

software. Dynamic Light Scattering (DLS) measurements were carried out using
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a Malvern Zetasizer Nano-ZS. A nanoparticle concentration of 0.05 ml 5-NP
stock-solution in 3 ml nanopure H;O filtered through a 0.2 um PTFE syringe-filter
was employed for the measurements. All DLS measurements were conducted at
25 °C. IR spectra were acquired on a Bomem (Hartmann & Braun, MB-Series)
spectrometer. IR samples were prepared by mixing approximately 1 part of
dried, functionalized nanoparticles with 10 parts of KBr after which they were
pressed into translucent discs (experimental data not shown). A Varian Cary 300
Bio spectrophotometer was used to acquire all UV-vis spectra. All volumes were
measured out using 1 mL disposable syringes and 22 gauge needles. Emission
spectra of colloidal solutions of 5-NP were measured on a PTl Quantamaster
spectrofluorometer. A JDS Uniphase 980 nm continues-wave laser diode (device
type L4-9897510-100M) coupled to a 105 um (core) fiber was employed as the
excitation source. The output of the diode laser was collimated and directed
through the sample perpendicular to the read-out plane of the fluorospectrometer
using a Newport F-91-C1-T Multimode Fiber Coupler. All emission spectra were
corrected for the instrument sensitivity. The fluorescence was recorded with a slit
size of 4 nm, step size: 1 nm and integration: 0.5 s. Laser and light power was
measured on a Gentec TPM-300. The power density of the laser beam was
calculated by dividing the recorded power by the laser beam area. Exact mass
measurements were measured using a Kratos Concept-H instrument with

perfluorokerosene as the standard.
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9.8.1.2 Photochemistry

Direct UV light irradiations of 5-NP and 5 were carried out using the light
source from a lamp used for visualizing TLC plates at 365 nm (1.4 mW/cm?, 3.9
mW) or 312 nm (2.1 mW/cm?, 5.9 mW). Monochromatic light centred at 350 nm
(slit size: 9 nm, 167 mW/cm?) using the light source from the spectrofluorometer
was also used (experimental data not shown). NIR light excitation of 5-NP was
executed using a JDS Uniphase 980 nm laser diode (device type L4-9897510-
100M) coupled to a 105 pm (core) fibre. The laser beam was collimated, focused
and directed horizontally or vertically through the samples using a Newport F-91-
C1-T Multimode Fiber Coupler. NIR-to-UV ‘remote-control’
photolysis/photosolvolysis were performed in a micro cuvette (total volume: 0.71
ml, sample compartment: 5 x 5 x 40 mm). All photochemistry was performed
under scarce light conditions to eliminate any potential interference from ambient

light during the irradiation procedures.

9.8.1.3 Emission quenching experiments

The amount of emission quenching in H,O compared to CH3CN of 5-NP
was calculated using Microsoft Excel software by calculating the area under
each line segment of the emission graph by the formula: 0.5 x (wavelength 2 —
wavelength 1) x (emission 2 + emission 1) followed by adding up all of the

values (=Sum) for that specific wavelength or emission segment.
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9.8.2 Synthesis of organic molecules and organic-nanoparticle hybrid

o
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Scheme 9.7 Total synthesis of hybrid nanoparticle 5-NP
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9.8.2.1 Synthesis of 7

Hk

Hi,j
|. Hs "‘J :

Hr HI
‘ ) H ‘ Hm
¢ Q
Hp Hn

Ho

2-(naphthalen-2-yl)-1,3-dithiane*"”

2-Naphthaldehyde (4.5 g, 28.83 mmol) was dissolved in CH,Cl, (50 ml),
1,3-propanedithiol (2.9 ml, 28.83 mmol) followed by Hf(Otf)s (111.7 mg, 0.144
mmol) was added. The colourless solution was stirred over night, at which point
the hazy solution was filtered through a Celite pad and rinsed several times with
CHCl,. The solvent was evaporated to yield a white solid that was recrystallized
from hexanes and acetone. The title compound 7 was afforded as off-white
needles (5.33 g, 21.64 mmol, 75 % + uncrystallized product 1.31 g)
M.p. 105-107°C
'H NMR (CDCl3, 400 MHz) &: 7.95 (bs, 1H, Hm), 7.84-7.78 (m, 3H, Hn, Hr, Hag,),
7.59-7.56 (m, 1H, Hs), 7.48-7.44 (m, 2H, Hp, Ho), 5.32 (s, 1H, HI), 3.12-3.05 (m,
2H, Hi), 2.95-2.90 (m, 2H, Hj), 2.21-2.16 (m, 1H, Hk), 2.15-1.94 (m, 1H, Hk)
3C NMR (CDCl3;, 100 MHz) &: 136.66, 133.49, 133.43, 128.67, 128.24127.83,

127.01, 126.48, 126.45, 125.86, 51.74, 32.30, 25.35

267



9.8.2.2 Synthesis of 9

3,5-bis(3-((tert-butyldimethylsilyl)oxy)propoxy)benzaldehyde

Note: It was intended to make the monofunctional molecule 18 (see
Scheme 9.3) but that molecule was only isolated in trace quantities — therefore
the bis-alkylated isomer 9 was carried forward in the synthesis.

A flame dried round bottom flask, stir bar and condenser was cooled to
ambient temperature under N purge. 3,5-Dihydroxybenzaldehyde 8 (Matrix
Scientific) (2.07 g, 14.98 mmol), K,CO3 (anhydrous, 6.21 mg, 44.93 mmol), KI
(124.30 mg, 0.75 mmol) and Benzo-18-crown-6 (234 mg, 0.75 mmol) was added
and the system was purged with N,. The solids were dissolved in CH3;CN
(anhydrous, 20 ml, Aldrich) and (3-Bromopropoxy)-tert-butyldimethylsilane (3.47
ml, 14.98 mmol) was added. The reaction mixture was heated to reflux and
stirred for 7 hours after which it was cooled to ambient temperature and
transferred to a separatory funnel. The crude reaction mixture was diluted with
sat. ag. NH4ClI, H,O and EtOAc. The resulting emulsion was vacuum filtered, the
layers separated and the aqueous layer was extracted 3 times with EtOAc. The
combined organic extracts were dried over anhydrous MgSQO., vacuum filtered
and concentrated under reduced pressure to a dark red oil. The crude oil was
purified by silica gel column chromatography (gradient 0.75:9.25—1:1

EtOAc:Hexanes). The title compound 9 was obtained as an orange oil which was
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repurified by silica gel chromatography (0.2:9.8 EtOAc:Hexanes) to yield a light
yellow oil. (2.7 g, 559 mmol, 37 % (74 % when calculated using 3-
bromopropoxy)-tert-butyldimethylsilane as the limiting reagent))

'H NMR (CDCl,, 400 MHz) &: 9.88 (s, 1H, Hc) 6.99 (d, J = 2.28 Hz, 2H, Hb),
6.72 (t, J = 2.28 Hz, 1H, Ha), 4.41 (t, J = 6.16 Hz, 4H, Hd), 3.80 (t, J = 5.96 Hz,
4H, Hf), 1.96 (p, J = 6.08 Hz, 4H, He), 0.88 (s, 18H, Hh), 0.044 (s, 12H, Hg)

3C NMR (CD,Cl,, 100 MHz) &: 192.39,161.36, 139.09, 108.30, 108.04, 65.56,
59.84, 32.86, 32.16, 26.27, 5.14

HRMS (ESI*) Anal. Calc. for CysH470sSi; (M+H)" 483.2962 Found: (M+H)"

483.2958

9.8.2.3 Synthesis of 10

TBS

TBS

(3,5-bis(3-((tert-butyldimethylsilyl)oxy)propoxy)phenyl)(2-(naphthalen-2-yl)-
1,3-dithian-2-yl)methanol

A flame dried followed by oven dried round bottom flask and stir bar was
cooled to ambient temperature under N, purge. The flask was charged with 7
(970.8 mg, 3.94 mmol) and further purged with N,. Freshly distilled THF (ca. 20

ml) was cannulated into the reaction flask. The solution was cooled to 0°C in an
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ice/water bath. n-BuLi (1.58 ml, 3.94 mmol, 2.5 M in THF) was slowly added
drop wise. The resulting dark brown solution was stirred at 0°C for 30 minutes
before 9 (2 g, 4.14 mmol) was quickly added by opening the septa followed by
N2 purge. The resulting light yellow solution was removed from the ice-bath and
stirred for 40 minutes before the reaction was quenched with sat. aq. NH4CI. The
crude mixture was diluted with H,O and EtOAc and transferred to a separatory
funnel. The layers were separated and the aqueous layer was extracted 3 times
with EtOAc. The combined organic extracts were dried over MgSQ., vacuum
filtered and concentrated under reduced pressure to yield a yellow oil (which
bubbles/foams heavily under hi-vacuum). The title compound 10 was purified by
silica gel column chromatography (gradient: 0.5:9.5—1:9—2:8 EtOAc:Hexanes)
and obtained as a light yellow sticky oil (2.23 g, 78 %). (Great care should be
taken when working under vacuum with this compound as it foams/bubbles
heavily and is very sticky)

'H NMR (CD,Cl,, 400 MHz) &: 8.19 (d, J = 1.32 Hz, 1H, Hq), 7.90-7.87 (m, 1H,
Hn), 7.83-7.78 (m, 3H, Hr, Ho, Hp), 7.52-7.43 (m, 2H, Hs, Hm), 6.25 (t, J = 2.20
Hz, 1H, Ha), 5.97 (d, J = 2.20 Hz, 2H, Hb), 4.96 (d, J = 3.92 Hz, 1H, Hc), 3.62-
3.56 (m, 8H, Hf, Hd), 2.93 (d, J = 3.92 Hz, 1H, Ht), 2.75-2.63 (m, 4H, Hi, Hj),
1.91-1.89 (m, 2H, Hk), 1.71 (p, J = 6.20 Hz, 4H, He), 0.88 (s, 18H, Hh), 0.044 (s,
12H, Hg)

3C NMR (CDCl,, 100 MHz) &: 159.48, 140.02, 136.03, 133.71, 133.14, 131.16,
128.93, 128.48, 128.07, 127.71, 127.03, 126.60, 107.28, 102.14, 81.56, 66.91,

64.94, 60.02, 32.85, 28.02, 27.90, 26.26, 25.43, 18.73, 5.09
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HRMS (ESI*) Anal. Calc. for CssHe105SixS, (M+H)* 722.3499 Found: (M+H)*

729.3487

9.8.2.4 Synthesis of 11

(3,5-bis(3-((tert-butyldimethylsilyl)oxy)propoxy)phenyl)(2-(naphthalen-2-yl)-
1,3-dithian-2-yl)methyl4-(4-(bis(2-chloroethyl)amino) phenyl)butanoate

A flame dried and oven dried round bottom flask and stir bar was cooled
under N2 purge. The flask was charged with 10 (1.186 g, 1.63 mmol) and purged
with N2, anhydrous CH,Cl, (15 ml) was cannulated over. The solution was
cooled to 0°C in an ice/water bath. DMAP (218.6 mg, 1.79 mmol) and DCC
(369.1 mg, 1.79 mmol) were added by opening the septa, after the addition the
system was purged with N,. After addition the flask was removed from the cold
bath and stirred at ambient temperature for 20 hours. The resulting dispersion
was vacuum filtered and washed with CH2Cl, several times. The filtrate was
diluted with water, layers separated and the aqueous phase was extracted 3
times with CH,Cl,. The combined organic extracts were dried over anhydrous

MgSOQ,, vacuum filtered and concentrated under reduced pressure to a yellow
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oil. (Care should be taken as the compound foams very much both under both
low and hi vacuum.) The title compound 11 was purified by silica gel
chromatography (1:9 EtOAc: Hexanes) and obtained as a light yellow, highly
viscous and sticky oil (which foams heavily under vacuum) (1.36 g, 82 %, stored
at —20°C)

'H NMR (CD,Cly, 400 MHz) &: 8.22 (s, 1H, Hq), 7.98-7.95 (m, 1H, Hn), 7.86-7.77
(m, 3H, Hr, Ho, Hp), 7.53-7.45 (m, 2H, Hs, Hm), 7.02 (d, J = 8.64 Hz, 2H, Hw),
6.62 (d, J = 8.64 Hz, 2H, Hx), 6.29 (t, J = 2.20 Hz, 1H, Ha), 6.10 (s, 1H, Hc), 6.00
(d, J = 2.20 Hz, 2H, Hb), 3.72-3.60 (m, 16H, Hd, Hf, Hy, Hz), 2.72-2.63 (m, 4H,
Hi, Hj), 2.49 (t, J = 6.92 Hz, 2H, Hv), 2.38-2.29 (m, 2H, Ht), 1.87-1.83 (m, 4H, Hk,
Hu), 1.71 (p, J = 6.20 Hz, 4H, He), 0.88 (s, 18H, Hh), 0.03 (s, 12H, Hg)

3C-NMR (CD,Cl,, 100 MHz) &: 159.48, 140.22, 136.03, 133.71, 133.14, 131.16,
128.93, 128.49, 128.08, 127.71, 127.03, 126.60, 107.28, 102.14, 81.56, 66.91,
64.94, 60.02, 32.85, 28.03, 27.79, 26.27, 25.43, 18.73, -5.09

HRMS (ESI") Anal. Calc. for Cs3H7sCIoNOgS,Si, (M+H)" 1014.4186 Found:

(M+H)* 1014.4181

9.8.2.5 Synthesis of 12
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(3,5-bis(3-hydroxypropoxy)phenyl)(2-(naphthalen-2-yl)-1,3-dithian-2-
yl)methyl 4-(4-(bis(2-chloroethyl)amino)phenyl)butanoate

In a round bottom flask, 11 (938.7 mg, 0.92 mmol) was dissolved in THF
(15 ml) and cooled to 0°C in an ice/water bath. TBAF (4.6 ml, 4.6 mmol, 1 M in
THF) was added slowly via syringe. After addition, the ice bath was removed and
the reaction was stirred for 90 minutes and subsequently quenched with sat. aq.
NH4Cl. The mixture was diluted with EtOAc and transferred to a separatory
funnel. The phases were separated and the aqueous phase was extracted 3
times with EtOAc. The combined organic extracts were dried over anhydrous
MgSOQ,, vacuum filtered and concentrated under reduced pressure to a yellow
oil. The title compound 12 was purified by silica gel chromatography (gradient:
2:1 — 3:1 EtOAc:Hexanes) and obtained as a very light yellow oil that fluffs to a
white solid under hi-vacuum (661.4 mg, 0.84 mmol, 91 %,).
M.p. 55-59°C
'H NMR (CD,Cly, 500 MHz) &: 8.21 (s, 1H, Hq), 8.01-7.98 (m, 1H, Hq), 7.87-7.78
(m, 3H, Hr, Ho, Hp), 7.54-7.47 (m, 2H, Hs, Hm), 7.00 (d, J = 8.65 Hz, 2H, Hw),
6.60 (d, J = 8.65 Hz, 2H, Hx), 6.30 (t, J = 2.15 Hz, 1H, Ha), 6.10 (s, 1H, Hc), 5.98
(d, J = 2.15 Hz, 2H, Hb), 3.71-3.59 (m, 16H, Hd, Hf, Hy, Hz), 2.76-2.61 (m, 4H,
Hi, Hj), 2.49-2.46 (m, 2H, Hv), 2.37-2.32 (m, 2H, Ht), 1.87-1.84 (m, 4H, Hk, Hu),
1.77 (p, J = 6.05 Hz, 4H, He), 1.47 (bs, 2H, Hg)
3C NMR (CDCl, 126 MHz) &: 172.28, 159.41, 137.91, 135.31, 133.63, 133.20,

131.73, 131.19, 130.14, 128.99, 128.95, 127.94, 127.74, 127.10, 126.59,
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112.74, 107.84, 102.46, 80.89, 66.05, 60.51, 54.06, 41.33, 34.39, 34.27, 32.52,
27.97, 27.88, 27.32, 25.29
HRMS (ESI*) Anal. Calc. for C41HsoCl.NOgS, (M+H)* 786.2457 Found: (M+H)*

786.2463

9.8.2.6 Synthesis of 13

1-(3,5-bis(3-hydroxypropoxy)phenyl)-2-(naphthalen-2-yl)-2-oxoethyl-4-(4-
(bis(2-chloroethyl)amino)phenyl)butanoate

In a round bottom flask, Hg(ClO4),x3H20 (279 mg, 0.615 mol) was added
to a mixture of CH3CN (30 ml) and H,O (8 ml). The resulting dark yellow non-
transparent mixture was wrapped in foil. 12 (242 mg, 0.308 mmol) dissolved in
CHsCN (3 ml) was added, the color rapidly changes from dark yellow to
transparent and light bright yellow. After 11 minutes the reaction was quenched
with sat. aq. NaHCOs;, further diluted with H,O and EtOAc. Under red light
illumination: The phases were separated and the aqueous phase was extracted
3 times with EtOAc. The combined organic extracts were dried over anhydrous
MgSQ,, vacuum filtered and concentrated under reduced pressure to a light

yellow oil. The crude mixture was taken up in CH,Cl, and filtered through a 0.2
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pm PTFE syringe-filter and concentrated under reduced pressure, the procedure
was performed one more time. The title compound 13 was further purified by
silica gel chromatography (2:1 EtOAc:Hexanes) and obtained as a colourless
and photochemically unstable oil which was stored at —20°C wrapped in foil.
(212 mg, 99 %)

'H NMR (CD,Cl,, 500 MHz) &: 8.51 (s, 1H, Hm), 7.96-7.95 (m, 2H, Hn, Hq),
7.89-7.86 (m, 2H, Hs, Hr), 7.62-7.54 (m, 2H, Hp, Ho), 7.06 (d, J = 8.55 Hz, 2H,
Hw), 6.88 (s, 1H, Hc), 6.64-6.62 (m, 4H, Hx, Hb), 6.43 (t, J = 2.05 Hz, 1H, Ha),
4.04 (t, J = 6.05 Hz, 4H, Hd), 3.76 (m, 4H, Hf), 3.71-3.68 (m, 4H, Hy), 3.65-3.62
(m, 4H, Hz), 2.58 (t, J = 7.60 Hz, 2H, Hv), 2.53-2.41 (m, 2H, Ht), 1.97-1.92 (m,
6H, Hu, He), 1.59 (bs, 2H, Hg)

3C NMR (CD.Cl,, 126 MHz) &: (25 out of 26 peaks found) 194.09, 173.43,
161.09, 145.01, 136.39, 136.23, 132.89, 132.55, 130.20, 129.13, 128.28,
127.51, 124.63, 112.70, 107.78, 102.26, 78.00, 66.22, 60.37, 41.31, 34.31,
33.79, 32.56, 31.16, 27.42

HRMS (ESI*) Anal. Calc. for C3gHs4CIoNO7 (M+H)" 696.2495 Found: (M+H)"

696.2497
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9.8.2.7 Synthesis of 14

3-(3-(1-((4-(4-(bis(2-chloroethyl)amino)phenyl)butanoyl)oxy)-2-(naphthalen-
2-yl)-2-oxoethyl)-5-(3-hydroxypropoxy)phenoxy)propyl pent-4-ynoate

A flame dried and oven dried round bottom flask cooled under N, purge
was charged with 13 (393 mg, 0.56 mmol) and 4-pentynoic acid (565 mg, 0.56
mmol). Anhydrous CHCI, (ca. 100 ml) was cannulated over, the flask was
wrapped in foil and cooled to 0°C in an ice/water bath. DMAP (136.8 mg, 1.12
mmol) and DCC (231 mg, 1.12 mmol) were rapidly added by removing the septa
followed by N, purge. After addition the flask was removed from the cold bath
and the mixture was allowed to reach ambient temperature. The reaction was
followed closely by TLC and the reaction was quenched with sat. aq. NH4CI after
1 hour and 15 min. Under illumination with red light. The mixture was quenched
with sat. aq. NH4Cl and transferred to a separatory funnel. The phases were
separated and the aqueous phase was extracted three times with CH.Cl,. The
combined organic extracts were dried over anhydrous MgSQO., vacuum filtered
and concentrated under reduced pressure. The residue was taken up in a
minimal amount of acetone and filtered through a 0.2 um PTFE syringe-filter, air

was pressed through the filter by the syringe to ensure all solvent came out. The
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solvent was evaporated and an oil was acquired. The crude mixture was purified
by gradient column chromatography to separate the product from the starting
material and the bis-functionalized material (1:1 EtOAc:Hexanes eluted bis and
mono functionalized material, 3:1 EtOAc:Hexanes eluted the starting material).
The product was concentrated to an oil containing white solids, it was taken up in
acetone and filtered twice through a 0.2 pym PTFE syringe-filter. The title
compound 14 was further purified by column chromatography (1:1.5
EtOAc:Hexanes) and obtained as a light yellow oil (233 mg, 0.30 mmol, 54 %,
the compound is thermally and photochemically unstable — store at —20°C
wrapped in foil)

'H NMR (CD,Cl,, 500 MHz) &: 8.53 (s, 1H, Hm), 7.99-7.95 (m, 2H, Hn, Hq),
7.90, 7.86 (m, 2H, Hs, Hr), 7.58-7.55 (m, 2H, Hp, Ho), 7.06 (d, J = 8.6 Hz, 2H,
Hw), 6.90 (s, 1H, Hc), 6.67-6.62 (m, 4H, Hx, Hb), 6.43 (t, J = 2.15 Hz, 1H, Ha),
4.24 (t, J = 6.27 Hz, 2H, Hh), 4.04 (t, J = 6.07 Hz, 2H, Hd’), 3.99 (t, J = 6.12 Hz,
2H, Hd), 3.76 (t, J = 5.87 Hz, 2H, Hf), 3.71-3.69 (m, 4H, Hy), 3.66-3.62 (m, 4H,
Hz), 2.61-2.58 (m, 2H, Hv), 2.55-2.42 (m, 6H, Hj, Hi, Ht), 2.07 (p, J = 6.20 Hz,
2H, Hu), 2.04 (t, J = Hz, 2H, Hk), 2.01-1.95 (m, 4H, He, He’), 1.74 (bs, 1H, Hg)
3C NMR (CDCl, 126 MHz) &: 194.13, 173.43, 172.08, 161.12, 161.03, 145.04,
136.44, 136.25, 132.92, 132.59, 131.08, 130.18, 129.14, 128.29, 127.53,
124.64, 112.78, 107.83, 107.79, 102.35, 83.18, 78.01, 69.30, 66.24, 65.18,
61.87, 60.35, 54.06, 41.33, 34.34, 33.83, 33.81, 32.59, 29.64, 29.06, 27.42,

14.82.
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HRMS (ESI*) Anal. Calc. for CasHssClbNOs (M+H)" 776.2757 Found: (M+H)*

776.2762

9.8.2.8 Synthesis of 5

3-(3-(1-((4-(4-(bis(2-chloroethyl)amino)phenyl)butanoyl)oxy)-2-(naphthalen-
2-yl)-2-oxoethyl)-5-(3-(pent-4-ynoyloxy)propoxy)phenoxy)
propyl-136-ox0-2,5,8,11,14,17,20,23,26,29,33,36,39,42,45,48,51,54,57,
60,63,66,69,72,75,78,81,84,87,90,93,96,99,102,105,108,111,114,117,120,123,1
26,129,132-tetratetracontaoxa-135-azanonatriacontahectan-139-oate

A flame dried and oven dried round bottom flask and stir bar was cooled
under N2 purge. The flask was charged with 14 (26 mg, 0.0335 mmol), the
system N, purged and anhydrous CH,ClI, (2.5 ml) was cannulated over. mPEG-
CO2H (MWoayerage: 2000 g/mol, 67.5 mg, 0.0335 mmol, Rapp Polymere) and
DMAP (12.3 mg, 0.100 mmol) was rapidly added by opening the septa followed
by N2 purge. The flask was wrapped in foil and the mixture was cooled to 0°C in
an ice/water bath. DCC (20.7 mg, 0.100 mmol) was added by the same
procedure after which the flask was removed from the cold bath and the reaction

mixture was allowed to reach ambient temperature. Under red light illumination:
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After 5 hours when most starting material was exhausted the reaction mixture
was taken up in a plastic 1 ml syringe without a needle and filtered through a 0.2
um PTFE syringe-filter, rinsed once with CH,Cl,. Air was pushed though the filter
by the syringe to get all the solvent out of the filter. The solvent was evaporated
under reduced pressure to yield a waxy solid. The crude material was taken up
in deionized water (1 ml) by sonication and the resulting slurry was filtered
through a 0.2 ym PTFE syringe-filter to yield a clear solution. The solution was
transferred to a 50 ml round-bottom flask wrapped in foil and frozen in liquid
nitrogen after which hi-vacuum was applied. After 1 hour the cooling bath was
switched to dry-ice/i-PrOH and left overnight. The white solid (which still had
traces of water) was taken up in acetone, transferred to a scintillation vial (4
dram), concentrated under reduced pressure and dried under hi-vacuum over
night wrapped in foil. The solid was further purified twice by Sephadex LH20 (GE
healthcare) size-exclusion chromatography with THF as eluent. The product 5
co-eluted rapidly with DMAP and the resulting colourless solid was further
purified twice by Cqg-silica gel chromatography (9:1 MeOH:H,0), 5 eluted quite
rapidly and the MeOH was evaporated under reduced pressure and the
remaining H,O was evaporated by lyophilization as described above. The title
compound 5 was obtained as a colourless solid contaminated with mainly
leftover mMPEG-CO,H and other unidentified minor impurities (ca. 75 mol-% 5 to
25 mol-% mPEG-CO2H, based on the integration of the terminal singlet OCH3
signal from the mPEG). The photochemically unstable compound 5 was stored

wrapped in foil at —20°C (31.5 mg, ca. 0.0085 mmol, ca. 23 %)
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Note: Purification using Sephadex GH25 size-exclusion chromatography in water
followed by lyophilization is anticipated to be more efficient than using Sephadex
LH20 size-exclusion chromatography in THF where the mPEGylated product
and leftover mPEG-COzH (and other minor impurities including DMAP) co-elute
in the first few fractions.

M.p. 39-41°C

'H NMR (CD,Cl,, 400 MHz) &: 8.51 (s, 1H, Hm), 7.97-7.95 (m, 2H, Hn, Hq),
7.94-7.84 (m, 2H, Hs, Hr), 7.63-7.54 (m, 2H, Hp, Ho), 7.06 (d, J = 8.68 Hz, 2H,
Hw), 6.88 (s, 1H, Hc), 6.64-6.60 (m, 4H, Hx, Hb), 6.41 (t, J = 2.24 Hz, 1H, Ha),
4.24-4.18 (m, 4H, Hd, Hd’), 4.00-3.97 (m, 4H, Hf, Hf), 3.80-3.75 (m, 2H, PEG),
3.71-3.67 (m, 6H, PEG), 3.65-3.63 (m, 6H, Hy, Hz 4H), 3.62-3.57 (m, 238H,
PEG), 3.52-3.50 (m, 5H, PEG), 3.43-3.35 (m, 4H, PEG), 3.33 (s, 4H, OCHs
PEG), 2.60-2.56 (m, 5H, Hv 2H), 2.50-2.44 (m, 9H, Hj, Hi, Ht, Hg 10H), 2.11-
2.03 (m, 5H, Ht 2H), 2.00 (t, J = 2.65 Hz, 1H, Hk), 1.95-1.92 (m, 5H, He 4H),
1.41-1.26 (m, 6H, impurities)

3C NMR (CDCly, 100 MHz) &: 194.44, 173.39, 173.29, 172.05, 171.76, 160.99,
145.01, 136.36, 136.21, 132.89, 132.53, 131.10, 130.17, 129.38, 129.12,
128.27, 127.51, 124.61, 112.72, 107.89, 102.33, 83.16, 77.98, 72.44, 71.10,
71.08, 71.08, 71.07, 71.04, 71.01, 71.00, 70.96, 70.92, 70.78, 70.32, 65.22,
65.17, 61.85, 61.72, 59.16, 53.95, 41.32, 39.83, 34.50, 34.32, 33.80, 33.77,

31.24, 31.11, 29.87, 29.07, 29.03, 28.70, 27.39, 26.42, 26.20, 25.97, 14.80
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LRMS Anal. Calc. for C133H224053N2Cl, (M) 2767.43, due to the polydispersity of
the material no precise peak could be located due the Gaussian shape of the
mass spectra, see Figure 9.23.

UV-vis spectroscopy: See Figure 9.8, 9.11ab

x10 3 |*ESI Scan (0.149-0.302 min, 10 scans) Frag=200.0V 20110928 NK06 CJ-6-91-SEC-1 CJ Carling...

2783.40 5975 49
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64 2563.34 3025.56

44 2494.39

3303.36

2500 2600 2700 2800 2900 3000 3100 3200 3300
Counts vs. Mass-to-Charge (m/z)

Figure 9.23 LRMS spectra of 5, due to the polydispersity of the sample no precise peak could
be picked out.

9.8.2.9 Synthesis of a-NP

Approximately 50 mg of precipitated nanoparticles o-NP!"” were added to
a 20 mL scintillation vial along with CHCI3 (9 mL) and absolute EtOH (3 mL). In a
separate vial, the azidopropylphosphonate ligand!"*?! (50 mg) was dissolved in a
mixture of CHCIl3; (1 mL) and absolute EtOH (1 mL). The
azidopropylphosphonate ligand solution was then added to the nanoparticle
solution via Pasteur pipette with vigorous magnetic stirring. The resultant
mixture was stirred overnight at room temperature, at which point it was
transferred to a 50 ml centrifuge tube. The majority of the Chloroform was
evaporated under reduced pressure using a rotary evaporator. Excess hexanes
were added until the mixture became cloudy and the nanoparticles flocculated.

The reaction mixture was then centrifuged at 5000 rpm for 10 min and the
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supernatant was discarded. The precipitated azide:NaYF4:TmYb a-NP

nanoparticles were then redispersed in DMSO (5 mL) for further experiments.

FTIR (cm™): 3052, 2919, 2398, 2292 (azide), 1991, 1654, 1479, 1434, 1181,

1121, 1094, 742, 693, 518

9.8.2.10 Synthesis of 5-NP

5 (30 mg, ca. 0.008 mmol) was dissolved in acetone (0.5 ml) and
transferred to a scintillation vial (1 dram). The solvent was evaporated and a-NP
(0.5 ml, DMSO) was added to the vial. Freshly prepared CuSO4x5H,0 (0.0008
mmol, 11.3 ul, 0.071 M in H,O) and Na-L-Ascorbate (0.008 mmol, 16.4 pl, 0.49
M in H,0O) was added. EtsN (10 pl), water (22.3 ul) and a stir bar were added.
The vial was capped, wrapped in foil and heated in an oil bath at 35°C for 1 hour.

Under red light illumination: The reaction mixture was subsequently
divided up in two eppendorf centrifugation tubes and each diluted to 1 ml with
distilled water. The samples were centrifuged at 14000 rpm for 25 minutes. The
supernatants were discarded and the slightly yellow pellets were redispersed in
water (1 ml in each eppendorf tube) by sonication. The samples were
centrifuged at 14000 rpm for 25 minutes. The supernatants were discarded and
the pellets were redispersed in CH3sCN (1 ml in each eppendorf tube) by
sonication. The samples were combined in a glass vial (1 dram) and stored at -

20°C wrapped in foil.
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FTIR (cm™): 3052, 2919, 2398, 2292 (azide, weak), 1990, 1654, 1479, 1434,
1181, 1121, 1094, 742, 518
UV-vis spectroscopy: See Figure 9.7,9.8, 9.10, 9.11, 9.12, 9.13, 9.15, 9.20

Fluorescence spectroscopy: See Figure 9.7, 9.10

9.8.2.11 Synthesis of 22-NP

DTE switch 22 (molecule 1a in Chapter 6)?*"* (3.5 mg, 0.0062 mmol,
2.075 ml, 0.003 M in EtOAc) was added to a scintillation vial (4 dram) and the
solvent was evaporated under reduced pressure. a-NP (0.3 ml, DMSO) was
added to dissolve 22, the mixture was subsequently transferred to a smaller vial
(1 dram) equipped with a stir bar. Freshly prepared CuSO4x5H,0 (6.2x10°
mmol, 7.7 pl, 8.01x10° M in H,0) and Na-L-Ascorbate (6.2x10* mmol, 17.3 pl,
3.58x102 M in H,0) was added followed by distilled H,O (5 pl) and EtsN (6 pl).
The vial was capped and stirred in an oil bath at 35°C for 2 hours. The reaction
mixture was poured into an eppendorf centrifuge tube, diluted with THF to 1 ml
and centrifuged at 14000 rpm for 25 minutes. The supernatant was discarded
and the blue pellet was redispersed in THF (1 ml) by sonication. The mixture
was transferred to a new eppendorf tube and centrifuged at 14000 rpm for 25
minutes. The supernatant was discarded and the sample was redispersed in
THF (1 ml), transferred to a glass vial (1 dram) and stored at -20°C.
FTIR (cm™): Data not measured.
UV-vis spectroscopy: See figure 9.14

Fluorescence spectroscopy: Data not measured

283



9.8.3 Photochemistry of 5, 5-NP and 22-NP
9.8.3.1 Preparation of 5-NP samples for fluorescence spectroscopy

The nanoparticle colloidal samples used for fluorescence spectroscopy
were prepared by mixing 0.15 mL stock solution of 5-NP with 3 mL of solvent
(water or CH3CN) in a square quartz fluorescence cuvette (1 x 1 x 4.5 cm), see

Figure 9.10.

9.8.3.2 Preparation of samples 5 and 5-NP for one-photon photochemistry

The 5-NP nanoparticle colloidal samples used were prepared by mixing
0.15 mL stock solution with 3 mL of solvent (water or CH3CN) in a quartz cuvette
(1 x 1 x 4.5 cm). The 5 samples (2x10° M in water or CH3CN) were prepared in
a quartz cuvette (1 x 1 x 4.5 cm). All the samples in Figure 9.11 were irradiated
with 365 nm light (1.4 mW/cm?, 3.9 mW) except for the 5-NP sample in CHsCN
(Fig. 9.11c) which was first irradiated with 980 nm light before it was irradiated

with 312 nm light (2.1 mW/cm?, 5.9 mW).

9.8.3.3 NIR-to-UV ‘remote-control’ photochemistry of 5-NP and 22-NP

The nanoparticle colloidal samples used were prepared by mixing 0.05
mL stock solution of 5-NP or 22-NP with 0.4 mL of solvent (water, CH3CN or
THF) in a quartz micro cuvette (0.05 x 0.05 x 4 cm).

The two 5-NP samples in water in Figure 9.12 were irradiated with 980
nm light from the top along the vertical axis. Experiment 1 (Figure 9.12a,b),
power density: 1.45 W/cm? 0.41 W. Experiment 2 (Figure 9.12c,d), power

density: 4.27 W/cm?, 1.21 W. The sample in Experiment 2 was cooled in a water
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bath at ambient temperature to minimize heat generation during the irradiation
procedure.

The 5-NP sample in CH3CN in Figure 9.13 was irradiated with 980 nm
light along the horizontal axis. Experiment 1 (Figure 9.13a,b), power density:
1.45 W/cm?, 0.41 W. Experiment 2 (Figure 9.13c,d), power density: 4.27 W/cm?,
1.21 W.

The 22-NP sample in THF in Figure 9.14 was irradiated with 980 nm light
along the horizontal axis (power density: 1.45 W/cm?, 0.41 W.) during 1 hour

after which it was irradiated with 365 nm light (1.4 mW/cm?, 3.9 mW).
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10: THE PRELIMINARY PHOTOCHEMISTRY OF A NOVEL
DONOR-ACCEPTOR 4-DIMETHYLAMINO-3’,5’-
DIMETHOXYBENZOIN PHOTOCAGE

10.1 Contributions

The data presented in this chapter has not been published. The project
was designed by C-J Carling. All synthesis, characterization and data collection

2991 which was

was carried out by C-J Carling except for the synthesis of 4!
synthesized by C. Warford. Dr. J-C Boyer and M. Barker synthesized the oleate
coated UCNP (0-NP)"@ used for the NIR-to-UV ‘remote-control’ photochemistry.

The chapter is written by C-J Carling. The experimental section 10.5 is co-written

by C-J Carling and C. Warford.

10.2 Introduction

New or improved existing photocages are in high demand due to their

s."31751 Egpecially desirable

many applications in synthetic and biological setting
are efficient photocages that respond rapidly and efficiently to the applied light to
minimize the extent of UVA light irradiation procedure as the high-energy UV
light has detrimental effects.

Since the 3’,5’-dialkoxybenzoin photocages has the highest quantum yield
of all currently available photocages but a particularly poor UVA absorption, we

sought to improve upon this important photocage and make it more useful to us

and the scientific community at large. It was envisioned that by
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bathochromatically shifting (red-shifting) the absorbance and increasing the
molar extinction coefficient of the So-S¢(nT1*) transition of the photocage, the
probability to absorb a UVA photon would increase and as a result the bulk
photolysis reaction rate would increase.

To realize this idea the novel donor-acceptor 4-dimethylamino-3’,5’-
dimethoxybenzoin photocage 1 was synthesized; it exhibits both red-shifted
absorbance and an unprecedented UVA molar absorption coefficient in the
benzoin series. However, photocage 1 undergoes photolysis with a unique

mechanism that has not been fully elucidated so far.

10.3 Results and Discussion

The chromophore of the 3’,5-dimethoxybenzoin photocage can be
separated into two parts: the benzoyl and 3,5-dimethoxybenzyl moieties. The
benzoyl moiety is responsible for absorbing a UV photon and reaching the S
excited state and the electron-rich 3,5-dimethoxybenzyl moiety is responsible for
reacting with the carbonyl oxygen in the S; excited state, which subsequently
leads to release, see Scheme 7.5."®2%! |n order to increase the probability of
the chromphore to absorb a UVA photon, we consequently chose to alter the
benzoyl moiety.

It is well known that donor-acceptor systems red-shift absorption while
increasing the molar absorption coefficient.*®**°"! Consequently, we envisioned
that a 4-dimethylaminobenzoyl system would both increase the molar absorption

coefficient and sufficiently red-shift the absorption of the photocage to respond
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more efficiently to UVA light and also have a better overlap with the UV emission

from NIR-to-UV fluorescent UCNPs.

10.3.1 Synthesis

In order to selectively install the benzoyl moiety into the unsymmetrical
benzoin we first converted the corresponding aromatic-aldehyde into the
corresponding 1,3-propyldithiane,?”® which allows us to use it as a nucleophile
to react with 3,5-dimethoxybenzaldehyde by the Corey-Seebach*’”! umpolung
reaction.”®2" |n addition to reaction selectivity, the 1,3-propyldithiane
protecting group also acts as a ‘safety-catch’ to prevent premature photorelease
which eliminates the need to work under dark conditions until its
deprotection.?>?'" The 1,3-propyldithiane protecting group is efficiently and
rapidly removed®®" by Hg(ClO4)2+3H,0 in CHsCN/H,O to generate the active
aryl-3’,5’-dimethoxybenzoin chromophores 1, 2 and 3. The photocages 2[2'°3%2
and 3 were synthesized for comparison, see Scheme 10.1 and experimental

section 10.5 for details.
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Scheme 10.1 Synthesis of photocages 1, 2 and 3.

10.3.2 Comparison of photocages 1, 2 and 3

The new donor-acceptor photocage 1 has both red-shifted absorbance
extending out to 375 nm (Anax: 347 nm) and a significantly larger molar
absorption coefficient (ga47nm: 25966 M 'ecm™) than either the phenyl 2 or naphtyl
3 isomers (Figure 10.2). In fact, the molar absorption coefficient at this
wavelength is among the largest of all known photocages, see Section
7-1-1.[173,175,190,191,192]

Apart from the improvement in UVA light absorption, photocage 1 has
distinctly different photochemical characteristics compared to 2 and 3 under
equal conditions:

The bulk photolysis rate of 1 is significantly more rapid upon irradiation
with UVA light compared to 2 and 3, see Figure 10.1. Moreover, the UV-vis
absorbance characteristic of 1 during photolysis is considerably different
compared to 2 and 3: Instead of an absorbance build-up due to the formation of
benzofuran which acts as an inner-filter (as is encountered for photocage 2 and
3 during photolysis), the absorbance of 1 decreases during photolysis in organic

solvent. By the UV-vis absorbance data collected it is clear that photocage 1
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rapidly react to an unstable photoproduct(s) that further reacts upon prolonged

irradiation, even in the absence of oxygen, see Figure 10.1 and 10.2.

Photolysis of photocage 1, 2 and 3 with broadband 365 nm light

m 1.0 = z ‘ ] &
% 08L ‘o 3 *
g 06 ® o Photocage 1 (A315nm_AOS)/ASOs
87 ‘! m Photocage 2 (A3p4nm—Aos)/A2400s
©
£ 04 g ® . & Photocage 3 (Agzonm—Aos)/A2400s
202 °

O. 1 1 1 1 1 1 1 1 1 1 1 , 1 1 1 1 1 1 1 1 1 1 1 1

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
time (sec)

Figure 10.1 Normalized kinetic data of 1, 2 and 3 in CH,ClI, (1x10'5 M) under 365 nm light (2.9
mW/cm?, 8.1 mW) irradiation. Photocage 1 was irradiated in oxygen free CH,ClI..
The data is plotted from the data presented in Figure 10.2.
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Figure 10.2 UV-vis absorption spectra of 1x10° M CH,Cl, solutions of photocage 1, 2 and 3
during photolysis with broadband 365 nm light (2.9 mW/cm?, 8.1 mW). (a) 1 in
oxygen-free CH.Cl,, (b) 2 in CH,Cl, and (c) 3 in CH.Cl,. (d) Molar absorption
coefficient (¢) plot comparison of photocages 1, 2 and 3.

When a 1 mg sample of photocage 1 in 0.55 ml CD,Cl, (5.1x10° M) was
probed by 'H NMR spectroscopy during 365 nm light irradiation (2.9 mW/cm?,
8.1 mW) full photolysis was accomplished after 20 minutes of irradiation, which
is significantly faster than for a derivative of photocage 2 irradiated with 313 nm
light, see Figure 8.4.' It was elucidated from the 'H NMR spectra using the
residual solvent peak from EtOAc as internal standard®®®! that Acetic acid was
formed in approximately 84 % yield after full photolysis. 3,5-
dimethoxybenzaldehyde is the other main photoproduct formed in approximately

43 % vyield during the photolysis as elucidated from the '"H NMR spectrum and
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further confirmed by mass spectrometry (experimental data not shown). In the 'H
NMR spectrum one other unidentified aldehyde peak (formed in approximately
29 % vyield) is present but all other peaks/signals corresponding to the 4-
dimethylaminobenzoyl moiety of 1 was not detected, see Figure 10.3 and 10.4.
These peculiar results indicates that the main photoproduct(s) formed during the
photolysis is not detectable by standard '"H NMR spectroscopic techniques which
could be due to a number of reasons such as proton exchange with solvent or
aggregation. Another reason could be due to formation of unpaired electrons,
however a sample was examined by EPR spectroscopy but no signal
corresponding to a radical or carbene was detected in the spectrum
(experimental data not shown).

Moreover, the signal corresponding to the residual water in the sample
rapidly broadens during the photolysis to the point it is hardly visible at the
endpoint of the photolysis. The reasons for these behaviours have not been

elucidated at the present stage.

Scheme 10.2 During the photolysis of photocage 1, acetic acid and 3,5-
dimethoxybenzaldehyde was detected as main products in the H NMR spectra
along with an unidentified aldehyde peak and other unidentified peaks at 3.5-
2.75 ppm.
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Figure 10.3 Changes in H NMR spectra of photocage 1 (1 mg in 0.55 ml CD,Cl,, 5.1x10° M)
during irradiation with 365 nm light (1.4 mW/cm?, 3.9 mW).
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Figure 10.4 "H NMR spectrum of photocage 1 (1 mg in 0.55 ml CD,Cl,) before (black trace) and
after 20 min of 365 nm light irradiation (1.4 mW/cm?, 3.9 mW) (red trace).

10.3.3 NIR-to-UV ‘remote-control’ photolysis of photocage 1

The primary motivation for developing photocage 1 was to use it in
combination with UV light emitting UCNPs. Since the absorption of photocage 1
overlaps perfectly with the upconverted UVA emission from the UCNPs we
anticipated that somewhat efficient NIR-to-UV ‘remote-control’ photolysis could
be achieved with 980 nm light irradiation of ‘biologically benign’ power-density.
To assess the feasibility of NIR-to-UV photorelease in organic solvent (CH2Cl,),
photocage 1 was mixed with o-NP at two concentrations of UCNP. When a 1x10°
®> M solution of 1 was mixed with 0.07 wt-% and 0.46 wt-% UCNP o-NP and

irradiated with 980 nm light (1.45 W/cm?, 0.41 W), both solutions underwent
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partial NIR-to-UV photolysis during 60 minutes of irradiation, albeit the dispersion
with larger concentration UCNP proceeded to a larger extent as was expected,

see Figure 10.5.

Photocage 1 and 0.07 wt-% UCNP 016 Photocage 1 and 0.46 wt-% UCNP
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Figure 10.5 Changes in absorption spectra of photocage 1 (1x10'5 M in CH,CI;) mixed with o-
NP in (a) 0.07 wt-% and (b) 0.46 wt-% during irradiation with 980 nm light (1.45
Wicm?, 0.41 W).
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Figure 10.6 Absorption overlap of photocage 1 in CH,ClI, with the emission of 5-NP (Chapter 9)
in water.

10.4 Conclusion

The novel donor-acceptor 4-dimethylamino-3’,5-dimethoxybenzoin
photocage 1 was designed and synthesized and its preliminary photochemistry
was examined. Photocage 1 displays both a red-shifted absorbance and a
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significantly larger molar absorption coefficient than the photocage isomers
22153921 gnd 3, see Figure 10.2d. Furthermore, the bulk photolysis rate of
photocage 1 is significantly more rapid than 2 and 3 and 1 mg is completely
photolysed after 20 minutes with a standard handheld UV lamp at 365 nm with
an 84 % vyield of acetic acid, see Figure 10.1, 10.3 and 10.4. However, despite
successful release of acetic acid (as verified by '"H NMR spectroscopy, see
Figure 10.3 and 10.4) the photocage underwent photorelease by a unique
mechanism and neither the distribution of photoproducts nor the mechanism of
photolysis have been confirmed; the photochemistry of photocage 1 thus
remains to be properly elucidated.

Furthermore, the photocage 1 was found to undergo relatively efficient
NIR-to-UV ‘remote-control’ photolysis with ‘biologically benign’ 980 nm light
power density (1.45 W/cm? 0.41 W) when mixed in solution with core-shell
Yb**/Tm** UCNPs (0-NP) as probed by UV-vis spectroscopy, see Figure 10.5.
When 1 was mixed with o-NP at 0.45 wt-% the ‘remote-control’ reaction was
close to complete after 1 hour of irradiation. The reaction is anticipated to be

even more efficient if a derivative of 1 is attached to the surface of the UCNP.

10.5 Experimental

10.5.1 General methods

All reagents and solvents used for synthesis, chromatography,
photochemistry and UV-vis spectroscopy measurements were purchased from
Aldrich and used as received, unless otherwise noted. Anhydrous THF was

purchased from Aldrich and passed through activated alumina using a solvent
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purification system before use. CD,Cl, was purchased from Cambridge Isotope
Laboratories and used as received. Column chromatography was performed
using silica gel 60 (230—400 mesh) from Silicycle Inc. The oleate coated 5 %
Thulium and 30 % Ytterbium co-doped core-shell hexagonal()-phase NaYF4
UCNP (o-NP) was synthesized according to published procedures.'” Melting
points were measured using a Gallenkamp melting point apparatus (Registered

Design No. 889339) and reported without correction.

10.5.1.1 Spectroscopic studies

'"H NMR and "*C NMR characterizations were carried out using a Bruker
AVIIl 400 BBO Plus (5 mm probe) working at 400.13 MHz for '"H NMR and
100.60 MHz for '*C NMR. Chemical shifts (3) are reported in parts per million
relative to tetramethylsilane using the residual solvent peak as a reference
standard. Coupling constants (J) are reported in hertz. A Varian Cary 300 Bio
spectrophotometer was used to acquire all UV-vis spectra. Stock-solutions of
photocages 1, 2 and 3 were prepared in volumetric flasks. All volumes for
subsequent UV-vis studies were measured out using 1 mL disposable syringes
and 22 gauge needles except for the oxygen-free solution of 1 that was
measured out using auto pipette. Laser and light power was measured on a
Gentec TPM-300. The power density of the laser beam was calculated by
dividing the recorded power by the laser beam area. Exact mass measurements
were measured using a Kratos Concept-H instrument with perfluorokerosene as

the standard.
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10.5.1.2 Photochemistry

Direct UV light irradiations of 1, 2 and 3 were carried out using the light
source from a lamp used for visualizing TLC plates at 365 nm (1.4 mWcm™, 3.9
mW). NIR (980 nm) light excitation of o-NP was executed using a JDS Uniphase
980 nm laser diode (device type L4-9897510-100M) coupled to a 105 uym (core)
fibre. The laser beam was collimated, focused and directed horizontally through
the samples using a Newport F-91-C1-T Multimode Fiber Coupler. NIR-to-UV
‘remote-control’ photolysis was performed in a micro cuvette (sample
compartment: 5 x 5 x 40 mm). The 1/0-NP samples in CH,Cl, were irradiated
with 980 nm light (1.45 W/cm? 0.41 W) along the horizontal axis. All
photochemistry and work with photoactive compounds was performed under

scarce light conditions to eliminate any potential interference from ambient light.

10.5.2 Synthesis
10.5.2.1 Synthesis of 4
4-(1,3-dithian-2-yl)-N,N-dimethylaniline?*”

White solid 4-dimethylaminobenzaldehyde (6.21 g, 41 mmol) and clear
colourless liquid 1,3-propanedithiol (4.18 mL, 4.50 g, 41 mmol) were added
to dichloromethane (100 mL) at room temperature to form a clear colourless
solution. Addition of white solid Hafnium (IV) triflate (102 mg, 0.131 mmol, 3 mol
%) resulted in a prompt colour change to bright orange-yellow. The solution was
stirred overnight at room temperature for 14h, and then refluxed for 90 minutes.

After cooling to room temperature the orange solution was filtered through a
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Celite pad, rinsed with dichloromethane and the filtrate concentrated to an
orange-tinted solid, which was recrystallized from ethyl acetate to the title
compound 4 (8.6 g, 39.5 mmol, 88% yield) as a white solid which turns yellow
over time in air at room temperature,

M.p. 108-110 °C.

'H NMR (CDCl3, 400 MHz) &: 7.33-7.29 (m, 2H), 6.67-6.63 (m, 2H), 5.01 (s, 1H),
3.06-2.99 (m, 2H), 2.92 (s, 6H), 2.89-2.84 (m, 2H), 2.16-2.09 (m, 1H), 1.94-1.82
(m, 1H)

®C NMR (CDCl3, 100 MHz) &: 150.52, 128.70, 126.67, 112.58, 51.16, 40.69,
32.54, 25.39

HRMS (ESI*) Anal. Calc. for Ci,H1sNS, (M+H)" 240.0881 Found: (M+H)"

240.0880

10.5.2.2 Synthesis of 7
(3,5-dimethoxyphenyl)(2-(4-(dimethylamino)phenyl)-1,3-dithian-2-yl)methyl
acetate

A flame dried and oven dried round bottom flask and stir bar was cooled
under N, purge and charged with 4 (170 mg, 0.71 mmol). Anhydrous THF (ca.
70 ml) was cannulated into the flask and the solution was cooled to 0°C in an
ice/water bath. n-BuLi (0.35 ml, 0.78 mmol, 2.2 M in Hexanes) was added drop
wise via plastic syringe. The resulting yellow solution was stirred for 10 minutes
before 3,5-dimethoxybenzaldehyde (129.6 mg, 0.78 mmol) was added. After

addition the cold bath was removed and the reaction stirred for an additional 40
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minutes before acetic anhydride (Acz0) (0.13 ml, 1.42 mmol) and DMAP (43.4
mg, 0.355 mmol) were added. The reaction was stirred for an additional 20 hours
at which point it was diluted with H,O and EtOAc. The layers were separated
and the aqueous layer was extracted 3 times with EtOAc. The combined organic
extracts were dried over anhydrous MgSQO,, vacuum filtered and concentrated to
a yellow solid. The crude material was purified by silica gel column
chromatography (1:5 EtOAc:Hexanes) to yield 7 as very light yellow oil which
foams to a white solid under hi vacuum (225.7 mg, 0.504 mmol, 71 %)

M.p. 55-58°C

'H NMR (CDCl3, 400 MHz) &: 7.57-7.53 (m, 2H), 6.66-6.62 (m, 2H), 6.30 (t, J =
2.32 Hz, 1H), 6.04 (d, J = 2.32 Hz, 2H), 6.03 (s, 1H), 3.58 (s, 6H), 2.94 (s, 6H),
2.69-2.64 (m, 4H), 2.11 (s, 3H), 1.89-1.84 (m, 2H)

3C NMR (CDCl3, 100 MHz) &: 169.78, 159.59, 149.97, 137.55, 132.12, 124.23,
111.89, 106.83, 101.24, 80.90, 63.59, 55.36, 40.68, 27.53, 27.39, 25.13, 21.25
HRMS (ESI") Anal. Calc. for C3H3oNO4S, (M+H)" 448.1616 Found: (M+H)"

448.1624

10.5.2.3 Synthesis of 1
1-(3,5-dimethoxyphenyl)-2-(4-(dimethylamino)phenyl)-2-oxoethyl acetate
Hg(ClO4)3x3H,0 (97.5 mg, 0.215 mmol) was added to a mixture of
CH3CN (8 ml) and H20 (2 ml) in a round bottom flask wrapped in foil to yield a
bright yellow non-transparent solution. Compound 7 (38.5 mg, 0.086 mmol, in 2

ml CH3CN) was added and the colour of the reaction mixture rapidly changed to
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orange and more slowly to yellow. After 20 minutes the reaction was quenched
with sat. aq. NaHCO3; and diluted with EtOAc. Under red light illumination: The
layers were separated and the aqueous layer was extracted 3 times with EtOAc.
The combined organic extracts were dried over anhydrous MgSQO,4, vacuum
filtered and concentrated to a yellow oil. The crude mixture was purified by silica
gel chromatography (1:3 EtOAc:Hexanes) to yield 1 as a colourless solid (22.4
mg, 0.063 mmol, 73 %). The compound was stored at -20°C wrapped in foil.

M.p. 40-43°C

'H NMR (CD.Cl,, 400 MHz) &: 7.85-7.81 (m, 2H), 6.68 (s, 1H), 6.63-6.60 (m,
2H), 6.58 (d, J = 2.28 Hz, 2H), 6.40 (t, J = 2.28 Hz, 1H), 3.75 (s, 6H), 3.02 (s,
6H), 2.16 (s, 3H)

3C NMR (CDCls, 100 MHz) &: (13 out of 14 found) 190.96, 170.61, 161.71,
154.14, 137.43, 131.33, 11.18, 107.03, 101.10, 77.67, 55.96, 40.32, 21.22
HRMS (ESI") Anal. Calc. for CyH24NOs (M+H)" 358.1654 Found: (M+H)"

358.1657

10.5.2.4 Synthesis of 8
(3,5-dimethoxyphenyl)(2-phenyl-1,3-dithian-2-yl)methyl acetate

A flame dried round bottom flask cooled under N, purge was charged with
2-phenyl-1,3-dithiane 5 (327 mg, 1.67 mmol, Aldrich). Anhydrous THF (15 ml)
was cannulated over and the system was cooled to -78°C in dry ice/acetone
bath. N-BuLi (0.67 ml, 1.67 mmol, 2.5 M in Hexanes) was added drop wise via
plastic syringe. After addition the cold bath was changed to an ice/water bath

and the yellow solution was stirred for an additional 40 minutes before 3,5-
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dimethoxybenzaldehyde (305.8 mg, 1.84 mmol) was added. The resulting light
yellow solution was removed from the cold bath and stirred for 15 minutes before
acetic anhydride (0.17 ml, 1.84 mmol) and DMAP (224.8 mg, 1.84 mmol) was
added. The resulting colourless solution was stirred for an additional 18 hours at
which point the reaction was poured into water and diluted with EtOAc. The
layers were separated and the aqueous phase was extracted 3 times with
EtOAc. The combined organic extracts were dried over MgSQO,4, vacuum filtered
and concentrated under reduced pressure to light yellow oil. The title compound
8 was purified twice by silica gel column chromatography (1:8 EtOAc:Hexanes)
to a colourless oil which fluffs to a white solid under hi-vacuum (493.7 mg, 1.22
mmol, 73 %).

M.p. 89-93°C

'H NMR (CDCls, 400 MHz) &: 7.77-7.74 (m, 2H), 7.33-7.26 (m, 3H), 6.30 (t, J =
2.28 Hz, 1H), 6.08 (s, 1H), 6.00 (d, J = 2.28 Hz), 3.56 (s, 6H), 2.72-2.61 (m, 4H),
2.10 (s, 3H), 1.90-1.87 (m, 2H)

3C NMR (CDCl3, 100 MHz) &: 169.61, 159.68, 137.36, 137.16, 131.22, 128.20,
127.77,106.77, 101.19, 80.51, 63.53, 55.35, 27.56, 27.43, 24.88, 21.16

HRMS (ESI*) Anal. Calc. for C21H24Na04S, (M+Na)* 427.1000 Found: (M+Na)*

427.1008

10.5.2.5 Synthesis of 2

1-(3,5-dimethoxyphenyl)-2-oxo-2-phenylethyl acetate!'®” **?
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Hg(ClO4)3x3H,0 (151.6 mg, 0.334 mmol) was added to a mixture of
CH3CN (8 ml) and H20 (2 ml) in a round bottom flask wrapped in foil to yield a
bright yellow non-transparent solution. Compound 8 (54.1 mg, 0.134 mmol, in 2
ml CH3CN) was added and the colour of the reaction mixture rapidly changed to
clear light yellow. After 13 minutes the reaction was quenched with sat. aq.
NaHCO3; and diluted with EtOAc. Under red light illumination: The layers were
separated and the aqueous layer was extracted 3 times with EtOAc. The
combined organic extracts were dried over anhydrous MgSQO., vacuum filtered
and concentrated to a light yellow oil. The crude mixture was purified by silica gel
chromatography (1:6 EtOAc:Hexanes) to yield the title compound 2 as a
colourless oil which becomes a white solid under hi-vacuum (32.8 mg, 0.129
mmol, 96 %). The compound was stored at —20°C wrapped in foil.

M.p. 93-95°C

'H NMR (CD.Cl,, 400 MHz) &: 7.92-7.90 (m, 2H), 7.52-7.48 (m, 1H), 7.41-7.36
(m, 2H), 6.73 (s, 6H), 6.57 (d, J = 2.24 Hz, 2H), 6.40 (t, J = 2.24 Hz, 1H), 3.74 (s,
6H), 2.19 (s, 3H)

3C NMR (CDCl,, 100 MHz) &: 193.75, 170.63, 161.44, 135.75, 134.81, 133.71,

129.00, 128.85, 106.91, 101.43, 77.88, 55.66, 21.02

10.5.2.6 Synthesis of 6
2-(naphthalen-2-yl)-1,3-dithiane*””

2-naphthaldehyde (4.5 g, 28.83 mmol) was dissolved in CH2Cl, (50 ml),
1,3-propanedithiol (2.9 ml, 28.83 mmol) followed by Hf(Otf)s (111.7 mg, 0.144

mmol) was added. The colourless solution was stirred over night, at which point
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the hazy solution was filtered through a celite pad and rinsed several times with
CHCl,. The solvent was evaporated to yield a white solid that was recrystallized
from hexanes and acetone. The title compound 6 was afforded as off-white
needles (5.33 g, 21.64 mmol, 75 % + uncrystallized product 1.31 g)

M.p. 105-107°C

'H NMR (CDCl3, 400 MHz) &: 7.95 (s, 1H), 7.84-7.78 (m, 3H), 7.59-7.56 (m, 1H),
7.48-7.44 (m, 2H), 5.32 (s, 1H), 3.12-3.05 (m, 2H), 2.95-2.90 (m, 2H), 2.21-2.16
(m, 1H), 2.15-1.94 (m, 1H)

3C NMR (CDCl3;, 100 MHz) &: 136.66, 133.49, 133.43, 128.67, 128.24127.83,

127.01, 126.48, 126.45, 125.86, 51.74, 32.30, 25.35

10.5.2.7 Synthesis of 9
(3,5-dimethoxyphenyl)(2-(naphthalen-2-yl)-1,3-dithian-2-yl)methyl acetate
2-(naphthalen-2-yl)-1,3-dithiane 6 (300 mg, 1.22 mmol) was added to a
flame dried round bottom flask under N, and the system was purged. Anhydrous
THF (15 ml) was cannulated over and the system was cooled to 0°C in a
ice/water bath. n-BuLi (2.5 M, 0.49 ml, 1.22 mmol) was added drop wise and the
resulting dark brown solution was stirred for 25 min before the septa was
removed and 3,5-dimethoxybenzaldehyde (222.5 mg, 1.34 mmol) was quickly
added and the system purged with N2. The light yellow solution was allowed to
reach room temperature during 25 min before acetic anhydride (0.13 ml, 1.34
mmol) and DMAP (163.6 mg, 1.34 mmol) was added. The colourless solution
was stirred over night, poured into water, diluted with Et,O and extracted twice

more. The combined organic extracts were dried over MgSQO4 and concentrated
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under reduced pressure to yield a yellow oil which was purified on a short silica
gel column (1:6 EtOAc:Hexanes). The title compound 9 was obtained as a white
solid (344.3 mg, 0.76 mmol, 62 %)

M.p. 68-71°C

'H NMR (CDCl3, 400 MHz) &: 8.18 (d, J = 1.64 Hz, 1H), 7.95 (dd, J = 2.02, 8.70
Hz, 1H), 7.83-7.76 (m, 3H), 7.50-7.43 (m, 2H), 6.27 (t, J = 2.28 Hz, 1H), 6.15 (s,
1H), 5.97 (d, J = 2.28 Hz, 2H), 3.38 (s, 6H), 2.75-2.61 (m, 4H), 2.11 (s, 3H),
1.94-1.84 (m, 2H)

3C NMR (CDCl3, 100 MHz) &: 169.62, 159.69, 137.09, 134.75, 133.24, 132.76,
131.36, 128.65, 128.45, 127.69, 127.42, 126.77, 126.28, 106.72, 101.43, 80.69,
63.77,55.17, 27.63, 27.52, 24.87, 21.17

HRMS (ESI") Anal. Calc. for CasH26NaO4S, (M+Na)® 477.1163 Found: (M+Na)*

477.1165

10.5.2.8 Synthesis of 3
1-(3,5-dimethoxyphenyl)-2-(naphthalen-2-yl)-2-oxoethyl acetate
Hg(ClO4)3x3H,0 (139.7 mg, 0.308 mmol) was added to a mixture of
CH3CN (8 ml) and H20 (2 ml) in a round bottom flask wrapped in foil to yield a
bright yellow non-transparent solution. Compound 9 (56.0 mg, 0.123 mmol, in 2
ml CH3CN) was added and the colour of the reaction mixture rapidly changed to
clear light yellow. After 11 minutes the reaction was quenched with sat. aq.
NaHCOs3; and diluted with EtOAc. Under red light illumination: The layers were
separated and the aqueous layer was extracted 3 times with EtOAc. The

combined organic extracts were dried over anhydrous MgSQO., vacuum filtered
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and concentrated to a light yellow oil. The crude mixture was purified by silica gel
chromatography (1:5 EtOAc:Hexanes) to yield 3 as a colourless oil which fluffs to
a white sticky solid under hi-vacuum (35.1 mg, 0.096 mmol, 78 %) The
compound was stored at -20°C wrapped in foil.

M.p. 50-52°C

'H NMR (CD,Cl,, 400 MHz) &: 8.48 (s, 1H), 7.97 (dd, J = 1.72, 8.64 Hz, 1H),
7.89 (d, J = 8.08 Hz, 1H), 7.83-7.80 (m, 2H), 7.58-7.50 (m, 2H), 6.91 (s, 1H),
6.63 (d, J = 2.24 Hz, 2H), 6.38 (t, J = 2.24 Hz, 1H), 3.73 (s, 6H), 2.15 (s, 3H)

3C NMR (CDCl,, 100 MHz) &: 193.72, 170.70, 161.45, 135.91, 132.53, 132.15,
130.90, 129.92, 128.98, 128.77, 127.96, 127.06, 124.42, 106.92, 101.40,
100.19, 77.88, 55.65, 21.06

HRMS (ESI*) Anal. Calc. for CaH2oNaOs (M+Na)® 387.1212 Found: (M+Na)*

387.1203

10.5.2.9 Preparation of oxygen-free solution of 1

CH2Cl, (50 ml) was degassed by 3 freeze-pump-thaw (FPT) cycles: A
round bottom flask containing CH,Cl, was frozen in liquid nitrogen after which
the flask was evacuated under hi-vacuum. The vacuum valve was turned off and
the CH.Cl, was thawed in a water bath. The FPT procedure was repeated 2
more times. After the 3" cycle, N, gas was introduced into the flask and the flask
was brought into a glovebox. A volumetric flask (25 ml) was charged with 1 (2.5
mg, 0.00699 mmol) and brought into the glovebox and filled up to the line with
FPT CH,Cl,. The photocage 1 UV-vis sample (1x10®° M) was prepared in the

glovebox by mixing the stock solution (0.066 ml, 2.80x10* M) with O,-free
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CH2Cl; (2.93 ml) in a screw-cap cuvette (1 x 1 x 4.5 cm) using auto pipettes. The

sample was used immediately after preparation.

10.5.2.10 Preparation of 1/0-NP

As o-NP is poorly dispersible in CH2Cl, an o-NP stock solution was
prepared by first mixing o-NP (0.5 ml, dispersed in CHCI3) with CH,Cl> (1 ml).
The sample was concentrated to about 0.4 ml by blowing a stream of air over the
sample taking care not to splash or dry it out fully. CH,ClI, (1 ml) was added and
the concentration procedure was repeated. The concentrated sample was
diluted with CH2Cl; (ca. 1.6 ml — total volume ca. 2 ml). The 0.07 wt-% 1/0-NP
sample was prepared by mixing 1 (3 ml, 1x10™° M in CH,Cl,) with the o-NP stock
solution (0.1 ml) to yield a clear colloidal dispersion. The 0.46 wt-% 1/0-NP
sample was prepared by mixing 1 (0.11 ml, 2.80x10* M in CH,Cl,) with CH,Cl,
(2.60 ml) and o-NP stock solution (0.29 ml) to yield a slightly hazy colloidal
dispersion (1x10° M). The 1/0-NP samples were used immediately after

preparation.
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11: CONCLUSIONS AND OUTLOOK

The uses of molecular photoswitches and molecular photorelease
systems have found widespread applications in various technologies ranging
from medicine, biochemistry and synthesis to photolithography, data storage,
molecular electronics and security. However, a major disadvantage of most
current photoresponsive molecular systems is the need for high-energy light, in
particular UV light.

In this thesis we initially demonstrated that by using photon upconverting
nanoparticles we could use low-energy near-infrared light to drive important
organic photoreactions. The dependence of UV light for desired function of most
current photoactive molecules is a major problem and it was partially solved by
our approach since we used the UV light dependence to our advantage. The
UCNPs upconvert lower energy NIR light into higher energy UV and visible light
that can be used to drive organic photoreactions. With this approach of NIR-to-
UV ‘remote-control’ photochemistry using UCNPs and NIR light to drive organic
photoreactions, a larger scope of photoactive molecules can be triggered to
undergo their respective reactions using NIR light compared to traditional two-
photon excitation ‘remote-control’ photochemistry.

In Chapter 3®! we introduced the concepts of NIR-to-UV and NIR-to-
visible ‘remote-control’ photoswitching and NIR-to-visible ‘remote-control’

photorelease. It was demonstrated that NaYF, UCNPs co-doped with either
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Tm** and Yb*>* or Er** and Yb*" could be used to convert NIR light into UV and
visible light sufficient in energy and intensity to drive the ring-closing and ring-
opening photoreactions of DTE molecular switches. The concepts of both
‘remote-control’ photoswitching and photorelease were demonstrated in PEG-
DMA composites.

In Chapter 4" we demonstrated bi-directional photoswitching of DTE
molecular switches in solution using a single NIR wavelength (980 nm) of light by
only changing the excitation power density. The NIR-to-UV and NIR-to-visible
‘remote-control’ bi-directional photoswitching was accomplished by using NaYF4
core-shell-shell UCNPS co-doped with Tm**, Er** and Yb*". The key aspect to
the bi-directional photoswitching was the non-linearity of the upconversion
process. At high power density excitation UV light produced from Tm®*" is
dominant whereas at lower excitation power density green light emitted from Er**
dominate.

In Chapter 5% we demonstrated reversible fluorescence modulation of an
UCNP by DTE molecular switches anchored on its surfaces in vivo. The Er** and
Yb** co-doped NaYF; UCNPs were functionalized with PEGylated DTE
molecular switches by ‘click’ chemistry, which rendered the UCNPs water
dispersible without the need for silica coating. The NIR-to-visible fluorescence
from the UCNP was quenched after irradiation with UV light and restored to the
original bright state after irradiation with visible light due to the reversible

photochemistry of the DTE molecular switch.
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In Chapter 6% we demonstrated reversible multimodal fluorescence
modulation of a multicolour core-shell-shell UCNP by two different DTE
molecular switches decorated on the surface of the UCNP by ‘click’ chemistry.
The fluorescence of the 3-component UCNP could be selectively alternated
between three different fluorescent states by irradiation with UV and visible light.
The key aspect to the multimodal control over the fluorescence was the selective
control over the ring-opening reaction of one of the two molecular switches
decorated on the surface of the UCNP.

In Chapter 8" we introduced the concept of NIR-to-UV ‘remote-control’
photorelease in solution. The surface of a core-shell NaYF4 UCNP co-doped with
Tm** and Yb** was functionalized with a 3’,5'-dialkoxybenzoin photocage by
electrostatic interaction. It was demonstrated that the UV light generated from
the UCNP upon high-power density NIR light excitation could drive the
photorelease reaction.

In Chapter 9 a drug-delivery vehicle was developed. A PEGylated 3’,5'-
dilakoxybenzoin photocage functionalized with a therapeutic moiety was
synthesized and anchored to the surface of a core-shell NaYF4 UCNP co-doped
with Tm*" and Yb** by ‘click’ chemistry. The resulting hybrid UCNPs was fully
water dispersible and stable in 100 % fetal bovine serum. However, due to the
choice of photorelease system the NIR-to-UV ‘remote-control’ photorelease
reaction did not proceed efficiently enough upon irradiation with ‘biologically
benign’ NIR light power density in water. Furthermore the detection of the

therapeutic payload could not be detected after either UV light or NIR-to-UV
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irradiation. Due to these reasons the drug-delivery vehicle was impractical as
designed.

In Chapter 10 the absorption of the 3’,5’-dialkoxybenzoin photocage was
tuned to better overlap with the NIR-to-UV emission from the NaYF, UCNP co-
doped with Tm®* and Yb*. The absorption of the donor-acceptor 4-
dimethylamino-3’,5’-dimethoxybenzoin photocage was both red-shifted and the
molar absorption coefficient was significantly increased compared to previously
known derivatives. It was further demonstrated that the NIR-to-UV ‘remote-
control’ photorelease reaction did proceed upon irradiation with ‘biologically
benign’ NIR light power density. However, due to the electronic nature of the 4-
dimethylamino-3’,5’-dimethoxybenzoin photocage it reacted by a unique
photolysis pathway and its photochemistry has not been fully elucidated to this
end.

In summary the technology developed in this thesis have the potential to
offer new opportunities in drug-delivery, bioimaging, optical data storage,
photolithography and security. In fact, independent researchers have already
shown that the NIR-to-UV ‘remote-control’ photochemistry concept developed in
this thesis is functional and many different applications using this strategy of
‘remote-control’ photochemistry have been successfully
demonstrated.[m’167’168‘243‘252]

Although much progress has been made using the technology presented
in this thesis, limitations still exists that need to be addressed. The most pressing

issue of the NIR-to-UV ‘remote-control’ technology is concerned with the
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efficiency of the hybrid systems. In order for the NIR-to-UV ‘remote-control’
photochemistry to be practically useful the organic chromophore has to respond
more efficiently using low-power density excitation NIR light that will not cause
damage by itself, especially in biological applications. It is therefore imperative
that the action cross-section of the organic chromophore be adequately tuned to
respond efficiently to the upconverted UV light. Although such efforts were
demonstrated in Chapter 10, more work is needed to further demonstrate the

practical feasibility of future systems.
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12: APPENDICES

12.1 NMR spectra of new compounds from Chapter 3

T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5

T T T T T
4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
1 (ppm)

Figure 12.1 'H NMR (600 MHz) spectrum of 3,3'-(4-(tricosan-12-ylidene)cyclopenta-2,5-diene-
1,2-diyl)bis(2-methyl-5-phenylthiophene) in CD,Cls.
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Figure 12.2 ¥C NMR (151 MHz) spectrum of 3,3'-(4-(tricosan-12-ylidene)cyclopenta-2,5-diene-
1,2-diyl)bis(2-methyl-5-phenylthiophene) in CD,Cls.
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Figure 12.3 'H NMR (600 MHz) spectrum of (4 sterecisomers)-diethyl 5,6-dicyano-10a,10b-
dimethyl-2,9-diphenyl-11-(tricosan-12-ylidene)-4,5,6,7,10a,10b-hexahydro-4,7-
methanonaphtho[2,1-b:3,4-bdithiophene-5,6-dicarboxylate in CD,Cl..
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Figure 12.4 ¥C NMR (151 MHz) spectrum of (4 sterecisomers)-diethyl 5,6-dicyano-10a,10b-
dimethyl-2,9-diphenyl-11-(tricosan-12-ylidene)-4,5,6,7,10a,10b-hexahydro-4,7-

methanonaphtho[2,1-b:3,4-bdithiophene-5,6-dicarboxylate in CD,Cl..
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12.2 NMR spectra of new compounds from Chapter 5
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Figure 12.5 'H NMR (400 MHz) spectrum of 1,2-bis(5-bromo-2-methylthiophen-3-yl)cyclopent-1-

ene in CD,Cl,.
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Figure 12.6 ¥C NMR (100 MHz) spectrum of 1,2-bis(5-bromo-2-methylthiophen-3-yl)cyclopent-
1-ene in CD,Cls.
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Figure 12.7 'H NMR (400 MHz) spectrum of (4,4’-(4,4’-(cyclopentene-1,2-diyl)bis(5-
methylthiophene-4,2-diyl)-bis(4,1-phenylene))dimethanol in CD,Cl,.
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Figure 12.8 ¥C NMR (100 MHz) spectrum of (4,4’-(4,4’-(cyclopentene-1,2-diyl)bis(5-
methylthiophene-4,2-diyl)-bis(4,1-phenylene))dimethanol in CD,Cl,.
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Figure 12.9 "H NMR (400 MHz) spectrum of (4-(5-methyl-4-(2-(2-methyl-5-(4-((prop-2-
ynyloxy)methyl) phenyl)-thiophen-3-yl)cyclopent-1-enyl)thiophen-2-
yl)phenyl)methanol in CD,Cl,.
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Figure 12.10 >C NMR (100 MHz) spectrum of (4-(5-methyl-4-(2-(2-methyl-5-(4-((prop-2-
ynyloxy)methyl) phenyl)-thiophen-3-yl)cyclopent-1-enyl)thiophen-2-
yl)phenyl)methanol in CD,Cl,.
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Figure 12.11 'H NMR (400 MHz) spectrum of 2-mPEG 4-(5-methyl-4-(2-(2-methyl-5-(4-((prop-2-
ynyloxy)- methyl)phenyl)thiophen-3-yl)cyclopent-1-enyl)thiophen-2-yl)benzyl
glutarate in CD,Cl,.
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Figure 12.12 ¥C NMR (100 MHz) spectrum of 2-mPEG 4-(5-methyl-4-(2-(2-methyl-5-(4-((prop-
2-ynyloxy)- methyl)phenyl)thiophen-3-yl)cyclopent-1-enyl)thiophen-2-yl)benzyl
glutarate in CD,Cl,.
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12.3 NMR spectra of new compounds from Chapter 9
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Figure 12.13 'H NMR (400 MHz) spectrum of 3,5-bis(3-((tert-butyldimethylsilyl)oxy)propoxy)
benzaldehyde in CD,Cl,.
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Figure 12.14 ¥C NMR (100 MHz) spectrum of 3,5-bis(3-((tert-butyldimethylsilyl)oxy)propoxy)
benzaldehyde in CD,Cl,.
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Figure 12.15 'H NMR (400 MHz) spectrum of (3,5-bis(3-((tert-butyldimethylsilyl)oxy)propoxy)
phenyl)(2-(naphthalen-2-yl)-1,3-dithian-2-yl)methanol in CD,Cl..
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Figure 12.16 ¥C NMR (100 MHz) spectrum of (3,5-bis(3-((tert-butyldimethylsilyl)oxy)propoxy)
phenyl)(2-(naphthalen-2-yl)-1,3-dithian-2-yl)methanol in CD,Cl..
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Figure 12.17 'H NMR (400 MHz) spectrum of (3,5-bis(3-((tert-butyldimethylsilyl)oxy)propoxy)
phenyl)(2-(naphthalen-2-yl)- 1,3-dithian-2-yl)methyl4-(4-(bis(2-chloroethyl)amino)
phenyl)butanoate in CD,Cl,.
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Figure 12.18 ¥C NMR (100 MHz) spectrum of (3,5-bis(3-((tert-butyldimethylsilyl)oxy)propoxy)
phenyl)(2-(naphthalen-2-yl)- 1,3-dithian-2-yl)methyl4-(4-(bis(2-chloroethyl)amino)
phenyl)butanoate in CD,Cl,.
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Figure 12.19 'H NMR (500 MHz) spectrum of (3,5-bis(3-hydroxypropoxy)phenyl)(2-(naphthalen-
2-yl)-1,3-dithian-2- yl)methyl 4-(4-(bis(2-chloroethyl)amino)phenyl)butanoate in

CD,Cls.
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Figure 12.20 ¥C NMR (126 MHz) spectrum of (3,5-bis(3-((tert-butyldimethylsilyl)oxy)propoxy)
phenyl)(2-(naphthalen-2-yl)-1,3-dithian-2-yl)methyl4-(4-(bis(2-chloroethyl)amino)
phenyl)butanoate in CD,Cl,.
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Figure 12.21 'H NMR (500 MHz) spectrum of 1-(3,5-bis(3-hydroxypropoxy)phenyl)-2-

(naphthalen-2-yl)-2-oxoethyl-4-(4- (bis(2-chloroethyl)amino)phenyl)butanoate in
CD.Cl,.
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Figure 12.22 ¥C NMR (126 MHz) spectrum of 1-(3,5-bis(3-hydroxypropoxy)phenyl)-2-
(naphthalen-2-yl)-2-oxoethyl-4-(4- (bis(2-chloroethyl)amino)phenyl)butanoate in
CD.Cl,.
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Figure 12.23 'H NMR (500 MHz) spectrum of 3-(3-(1-((4-(4-(bis(2-chloroethyl)amino)phenyl)
butanoyl)oxy)-2-(naphthalen- 2-yl)-2-oxoethyl)-5-(3-hydroxypropoxy)
phenoxy)propyl pent-4-ynoate in CD,Cl,.
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Figure 12.24 ¥C NMR (126 MHz) spectrum of 3-(3-(1-((4-(4-(bis(2-chloroethyl)amino)phenyl)
butanoyl)oxy)-2-(naphthalen- 2-yl)-2-oxoethyl)-5-(3-hydroxypropoxy)
phenoxy)propyl pent-4-ynoate in CD,Cl,.
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Figure 12.25 'H NMR (500 MHz) spectrum of 3-(3-(1-((4-(4-(bis(2-chloroethyl)amino)phenyl)
butanoyl)oxy)-2-(naphthalen- 2-yl)-2-oxoethyl)-5-(3-(pent-4-ynoyloxy)propoxy)
phenoxy) propyl-136-o0x0-2,5,8,11,14,17,20,23,26,29,33,36,39,42,45,48,51,54,57,
60,63,66,69,72,75,78,81,84,87,90,93,96,99,102,105,108,111,114,117,120,123,1
26,129,132-tetratetracontaoxa-135-azanonatriacontahectan-139-oate in CD,Cl.
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Figure 12.26 ¥C NMR (126 MHz) spectrum of 3-(3-(1-((4-(4-(bis(2-chloroethyl)amino)phenyl)
butanoyl)oxy)-2-(naphthalen- 2-yl)-2-oxoethyl)-5-(3-(pent-4-ynoyloxy)propoxy)
phenoxy) propyl-136-ox0-2,5,8,11,14,17,20,23,26,29,33,36,39,42,45,48,51,54,57,
60,63,66,69,72,75,78,81,84,87,90,93,96,99,102,105,108,111,114,117,120,123,1
26,129,132-tetratetracontaoxa-135-azanonatriacontahectan-139-oate in CD,Cls.
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12.4NMR spectra of new compounds from Chapter 10
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Figure 12.27 'H NMR (400 MHz) spectrum of (3,5-dimethoxyphenyl)(2-(4-(dimethylamino)
phenyl)-1,3-dithian-2-yl)methyl acetate in CD,Cl,.
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Figure 12.28 ¥C NMR (100 MHz) spectrum of (3,5-dimethoxyphenyl)(2-(4-(dimethylamino)
phenyl)-1,3-dithian-2-yl)methyl acetate in CD,Cl,.
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Figure 12.29 'H NMR (400 MHz) spectrum of 1-(3,5-dimethoxyphenyl)-2-(4-(dimethylamino)
phenyl)-2-oxoethyl acetate in CD,Cl,.
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Figure 12.30 ¥C NMR (100 MHz) spectrum of 1-(3,5-dimethoxyphenyl)-2-(4-(dimethylamino)
phenyl)-2-oxoethyl acetate in CD,Cl,.
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Figure 12.31 'HNMR (400 MHz) spectrum of (3,5-dimethoxyphenyl)(2-phenyl-1,3-dithian-2-yl)
methyl acetate in CD,Cl,.
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Figure 12.32 ¥C NMR (100 MHz) spectrum of (3,5-dimethoxyphenyl)(2-phenyl-1,3-dithian-2-yl)
methyl acetate in CD,Cl..
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Figure 12.33 'H NMR (400 MHz) spectrum of (3,5-dimethoxyphenyl)(2-(naphthalen-2-yl)-1,3-
dithian-2-yl)methyl acetate in CD,Cl,.
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Figure 12.34 ¥C NMR (100 MHz) spectrum of (3,5-dimethoxyphenyl)(2-(naphthalen-2-yl)-1,3-
dithian-2-yl)methyl acetate in CD,Cl,.
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Figure 12.35 'H NMR (400 MHz) spectrum of 1-(3,5-dimethoxyphenyl)-2-(naphthalen-2-yl)-2-
oxoethyl acetate in CD,Cl,.
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Figure 12.36 ¥C NMR (100 MHz) spectrum of 1-(3,5-dimethoxyphenyl)-2-(naphthalen-2-yl)-2-
oxoethyl acetate in CD,Cl,.
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