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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 modulating merely the 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 Er3+/Yb3+ and
Tm3+/Yb3+ 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 its focal point.

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 medi-
cine. The logic is simple and based on the argument that if a
molecule’s structure can be reversibly modified 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.1,2 Be-
cause 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.3

Molecular switches based on the photoresponsive dithie-
nylethene (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 (Figure 1).4-8 Two 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
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π-conjugated system during ring-closing.9,10 Other differences
include how the photoisomers fluoresce or phosphoresce,11-14

how chiral versions of them interact with plane-polarized
light,15-19 and how their magnetism20-22 and conductivity23-26

change. The choice of which particular property is regulated is
dictated by what functional groups are attached to each end of
the π-conjugated DTE backbone (“R” groups in Scheme 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 storage,27 information processing,28

photorelease,29 molecular electronics,30 catalysis,31-34 smart
surfaces,35 and potentially in medicine.36,37

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 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 (TPE) requires high
excitation power densities, molecular systems susceptible to TPE
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 because 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
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Figure 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 colored arrows represent the relative amount of
each type of light excited or emitted during the multiphoton process.

Scheme 1. The Reversible Photoreactions Interconverting the Two
DTE Isomers
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switch in a “remote control” process. Lanthanide-doped upcon-
verting nanoparticles (UCNPs)38-44 are ideal sensitizers for this
task and are the systems described in this Article.

UCNPs convert low energy NIR light into higher energy UV
and visible light through several unique mechanisms.45 The
lower excitation power density requirements of UCNPs versus
traditional TPE fluorophores such as dyes and quantum dots
arise 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 �-phase
NaYF4 nanoparticles doped with either the Er/Yb or the Tm/
Yb ion couples.46 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 NaYF4 nanoparticles can be attributed a combina-
tion of two factors: (1) the low-energy phonons of the NaYF4

hexagonal matrix, which minimizes nonradiative relaxation of
the excited states, and (2) the interatom 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 Tm3+/Yb3+-doped materials.
Yet, 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.47,48

Lanthanide-doped upconverting nanoparticles have many
other favorable 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.49 The bulk of the
reported studies on UCNPs are aimed at advancing the synthetic
methods for the production of these materials38-44 as well as
postsynthetic surface treatments to enable their use in bioimaging
and biomedicine for cell imaging, disease detection, and
treatment.50 Other possible explored uses for UCNPs range from
artificial lighting and sensitized solar-cells51 to security label-
ing.52 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 their ring-
opening reactions using the same wavelength of NIR light (980
nm) and two different lanthanide-doped UCNPs.53 The photo-
switches 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 Tm3+/Yb3+-doped (for ring-closing) and the
green light generated from Er3+/Yb3+-doped (for ring-opening)
NaYF4 nanoparticles. Before our recent report, the few studies
that combine dithienylethenes and lanthanide-doped upconvert-
ing nanoparticles focused on nondestructive optical memory,
where the ring-closed isomer of the DTE photoswitch selectively
quenches the luminescence from the UCNP through an energy
transfer process, providing a read-out signal in the NIR.54,55

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.

What may limit the use of our first-generation multiphoton
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.

The concept is summarized in Figure 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.56 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 power densities. The green and red upconver-
sion 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 Article represents a
relatively universal example of how multiphoton processes in
nanoparticles can be used to induce important photoreactions
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of organic chromophores even when they require high-energy,
differing wavelengths of light.

Results and Discussion

Choice and Synthesis of DTEs and Nanoparticles. Photore-
sponsive DTE derivatives 1 and 2 were chosen to demonstrate
the concepts described in the introduction of this Article and
were synthesized using methods previously described by our
group.57,58 The DTE backbone has been tailored to optimize
the efficacy of the “remote control” processes 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.

All studies described in this Article 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 because these UCNPs
have been consistently shown to be the most efficient upcon-
verters 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.59 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 (Er3+ and Tm3+)
doped only in their core and are surrounded by a shell of NaYF4

to minimize quenching of the emission due to solvent interac-
tions. The other two (ErTm and TmEr) have two shells
wrapped around a core of lanthanide-doped NaYF4. The first
(ErTm) has NaYF4, 2 mol % Er3+, 20 mol % Yb3+ as the core
material, NaYF4, 0.5 mol % Tm3+, 30 mol % Yb3+ as the first
shell and NaYF4 as the outermost shell. The second (TmEr)
has the two lanthanide-doped layers reversed. In this case, the
core is made up of NaYF4, 0.5 mol % Tm3+, 30 mol % Yb3+,
covered in a shell of NaYF4, 2 mol % Er3+, 20 mol % Yb3+.
The outermost shell remains NaYF4. The composition of each
nanoparticle is listed in Table 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
Er3+ and Tm3+ than doping the two ions into a single UCNP.59

For the ErTm sample, NaYF4, 2 mol % Er3+, 20 mol % Yb3+

nanoparticles were utilized as seeds to grow a NaYF4, 0.5 mol
% Tm3+, 30 mol % Yb3+ shell. This was subsequently followed
by the growth of an undoped NaYF4 shell to further increase
the efficiency of the upconversion processes as has been
effectively established by several research groups.50,59 In a
fashion similar to that for the TmEr sample, NaYF4, 0.5 mol

% Tm3+, 30 mol % Yb3+ cores were coated with a NaYF4, 2
mol % Er3+, 20 mol % Yb3+ followed by an undoped NaYF4

shell. The architectures of the two types of core-shell-shell
UCNPs are illustrated in Figure 2.

All the synthesized nanoparticles were successfully indexed
to hexagonal-phase NaYF4 (JCPDS standard card 16-0334)
according to powder X-ray diffraction (Figure S1). Transmission
electron microscopy (TEM) images of the UCNPs (Figures 2
and S2-S5) 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 and 38.8 nm for
the ErTm and TmEr samples, respectively). As observed in
the TEM images of the ErTm and TmEr UCNPs (Figure 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 each of them. The
separation of the dopants into two different layers of the
nanoparticles is important 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 shell containing the lanthanide
dopants are similar to each other (Table 1). This similarity is
important because the ratio of dopants in each nanoparticle must
be the same 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
Article are, therefore, due to where each lanthanide ion is located
in the nanoparticle and not its amount.

Optical Properties of UCNPs. The upconversion luminescence
spectra (λex ) 980 nm) of the Er and Tm core-shell UCNPs
dispersed as 1.5 wt % colloids in THF are shown in Figure 3c
and d. These spectra were acquired using similar power densities
that will eventually be employed to mediate the photoreactions
of the photoswitches (500 W/cm2 for ring-closing with Tm and
15 W/cm2 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 3P0 f

3H6, 3P0 f
3F4,

1D2 f
3H6

1D2 f
3F4, and 1G4 f

3H6 transitions. Emissions
from 630 to 750 nm were also observed and attributed to the
1G4 f

3F4 and 3F3 f
3H6 transitions. The particular peaks of

interest for ring-closing 1o and 2o 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 3a and b).

For solutions of the Er UCNPs, emissions centered at 409,
520, 541, and 653 nm were observed and assigned to the 4H9/2

(57) Peters, A.; Branda, N. R. J. Am. Chem. Soc. 2003, 125, 3404–3405.
(58) Peters, A.; McDonald, R.; Branda, N. R. Chem. Commun. 2002, 2274–

2275.
(59) Qian, H. S.; Zhang, Y. Langmuir 2008, 21, 12123–12125.

Table 1. Constituent Lanthanide Dopants in Each Layer of All
Upconverting Nanoparticles Used in These Experimentsa

core inner shell

UCNP mol % dopant volume (nm3) mol % dopant volume (nm3)

Er 2.0 Er3+ 31 660 none
20 Yb3+

Tm 0.5 Tm3+ 114 965 none
30 Yb3

ErTm 2.0 Er3 39 300 0.5 Tm3+ 40 605
20 Yb3+ 30 Yb3+

TmEr 0.5 Tm3+ 57 800 2.0 Er3+ 51 040
30 Yb3+ 20 Yb3+

a In all cases, the nanoparticle matrix is NaYF4.
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f 4I15/2, 4H11/2f
4I15/2, SS3/2f

4I15/2, and 4F9/2f
4I15/2 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 (1c f 1o and 2c f 2o).

Figure 3e and f shows the upconversion luminescence spectra
of the ErTm and TmEr core-shell-shell UCNPs at high (500
W/cm2) and low (15 W/cm2) power densities and highlights the
changes in the intensities of the emissions. In the high power
excitation regime, all of the expected Tm3+ and Er3+ upcon-
version 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, the intensities of the emission peaks due to Tm3+

are all much larger than those for the Er3+ emissions in both
nanoparticles. The major difference between the two nanopar-
ticles at high irradiation power is that the dominance of the
Tm3+ emissions is even greater in the case of the TmEr UCNPs,
demonstrating that placing the Tm3+ ions in the core of the
nanoparticles maximizes the UV and blue emissions as com-
pared to when this lanthanide is doped into the first shell. This
is not due to a difference in the amount of Tm3+ ions in the
core as compared to the first shell because the volume of each
is virtually the same (Table 1) .

On the other hand, the emissions from Er3+ ions dominate in
both types of core-shell-shell nanoparticle (ErTm and TmEr)
at lower power density (15 W/cm2), and only trace contributions
in the UV and blue regions due to the Tm3+ dopant are
observable. The results summarized in Figure 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 irradia-
tion conditions, and no changes in their emission spectra are
observed after 1 h exposure (Figure S7).

“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 Tm3+ dopant to trigger the photocyclization reactions was
assessed by irradiating solutions of 1o and 2o (1.5 × 10-5 M)
containing Tm nanoparticles (1.5 wt %) with a 980 nm laser
(power density of 500 mW/cm3). The colors of the solutions
changed from colorless to a blue or blue/green, which can be
attributed to the photocyclization reactions 1o f 1c and 2o f
2c, respectively. The success of these reactions is supported by
the changes in the absorption spectra of the photoswitches,
which match those for 1o and 2o when they are irradiated with
UV light as shown in the Supporting Information. Both
photoswitches reached similar photostationary states when
irradiated with NIR light and the nanoparticle (“remote control”
process) as with a hand-held 313 nm mercury lamp (“direct”
process; horizontal line in Figure 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).

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 2c (generated with
313 nm light) and Er UCNPs with 980 nm laser light (15
W/cm2), which results in the complete decolorizing of the
solutions and regeneration of the absorption spectra correspond-
ing to the ring-open isomers (1o and 2o). The “remote control”
ring-opening reactions (1c f 1o and 2c f 2o) are supported

Figure 2. TEM images of the core, core-shell, and core-shell-shell nanoparticles for NaYF4:ErYb-NaYF4 (Er), NaYF4:TmYb-NaYF4 (Tm), NaYF4:
ErYb-NaYF4:TmYb-NaYF4 (ErTm), and NaYF4:TmYb-NaYF4:ErYb-NaYF4 (TmEr) UCNPs illustrating their uniform size and shape.
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by spectral changes that match those for samples of 1c and 2c
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 4b). The fact that
the photoreactions of either DTE photoswitch are driven 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 pho-
toswitches 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

as compared to the Er and Tm core-shell nanoparticles, which
were optimized for this task. We call this efficiency “perfor-
mance”, which is plotted in Figure 4c for all DTE/nanoparticle
combinations as a percent. The extent of the “remote control”
photoswitching induced by Er and Tm was set as 100%.

For compound 1, the best performance was achieved with
the TmEr UCNPs, which drove the ring-closing photoreaction
(1o f 1c) 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
one-half (37%) of what is was with the TmEr nanoparticles.
The same is true for compound 2o, although the photostationary
states generated using both types of core-shell-shell UCNP
are slightly lower than for DTE 1o (62% when TmEr is used
and 34% when ErTm is used). These observations make sense
because the nanoparticles that have the Tm3+ 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 3e
and f). The lower photostationary states for 2o f 2c as
compared to 1o f 1c are a reflection of the intrinsic photo-
switching behavior of these DTE derivatives, where the former
is only 42% when 1o exposed to direct UV light (313-365
nm), while the latter is 80%.57,58

Because both core-shell-shell UCNPs generate similar
emissions at low power (Figure 3e and f), they should be almost
equally effective at driving the ring-opening reactions of the
photochromic DTEs. Figure 4c shows this to be the case. The
1c f 1o 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

Figure 3. UV-vis absorption spectra of THF solutions (1.5 × 10-5 M) of
(a) 1o and (b) 2o before (solid line) and after irradiation with 365 nm light
(dashed line) for 2 min. Emission spectra of THF solutions (1.5 wt %, λex

) 980 nm) of (c) NaYF4:ErYb (Er) and (d) NaYF4:TmYb (Tm) core-shell
UCNPs, and of (e) ErTm and (f) TmEr core-shell-shell UCNPs at high
power (500 W/cm2, top graph) and low power (15 W/cm2, 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.

Figure 4. Changes in the absorbances (λmax ) 632 and 601 nm for 1c and
2c, respectively) when THF solutions of (a) DTEs 1o and 2o containing
NaYF4:TmYb nanoparticles (Tm) are irradiated with 980 nm light at high
excitation power densities (500 W/cm2), and (b) DTEs 1c and 2c containing
NaYF4:ErYb (Er) nanoparticles are irradiated with 980 nm light at low
excitation power densities (15 W/cm2). 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
nanoparticles.
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performance between the two sets of core-shell-shell UCNPs.
Both the ErTm and the TmEr UCNPs were capable of driving
the 2of 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 min) due to the decreased
amount of UV emissions at low excitation powers.

Figure 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, 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 (2o f 2c) or “low” to produce
the green light to regenerate the original color due to ring-
opening (2c f 2o). Figure 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.

Conclusion

In this Article, 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 wave-
length of near-infrared light (980 nm) and by adjusting only
the excitation power. This was achieved by preferentially doping
the Er3+ and Tm3+ 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 mecha-
nisms, 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 the point where the visible Er3+ 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.

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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Figure 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 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).
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