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Conceptual insights 

Sensitized triplet-triplet annihilation light upconversion permits converting 
low-intensity radiation into light of higher frequency. Known in solution for 
half a century, this process was only recently achieved in solid polymers and 
nanoobjects. For biomedical imaging applications, nanoparticles which offer 
efficient upconversion in aerated aqueous environments are needed. We 
show that polymer nanoparticles in which the proximity of covalently 
attached chromophores supports efficient energy transfers and exciton 
diffusion meet this requirement. The polymer not only plays a structural 
and protective role. We show that its physical state, which can be reversibly 
switched, significantly impacts the nanoparticles’ photophysical properties.  
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We report highly efficient sensitized triplet-triplet annihilation 
based upconversion in aqueus suspensions of nanoparticles 
prepared from a 9,10-diphenylanthracene-terminated poly(ɛ-
caprolactone) and platinum octaethylporphyrin as sensitizer. The 
particles’ upconversion characteristics are strongly temperature-
dependent. This feature permits insights into the mechanisms 
enabling the process in the nanoparticle environment, and the 
specific temperature range in which the photophysical parameters 
change is suitable for live cell and in vivo temperature sensing.  

Sensitized triplet-triplet annihilation light upconversion 
(sTTA-UC) is a photophysical process that has been known to 
occur in solutions of suitable chromophore pairs for fifty 
years.1,2 After attracting renewed interest in the last decade,3-6 
sTTA-UC was eventually also realized in polymers and nano-
objects.7-15 The latter are thought to be useful for applications 
such as bio-imaging, photo-triggered drug release, oxygen 
sensing, and photo-chemical reactions.11,14,15 The sTTA-UC 
process is based on the interplay between two chromophores, 
a sensitizer that absorbs light and after intersystem crossing 
transfers the exciton to an emitter via triplet-triplet (Dexter) 
energy transfer. The formation of an encounter complex 
between two emitter triplets and their annihilation (TTA) 
eventually results in the population of an emitter singlet exci-
ted state, from which high-energy fluorescence occurs.14 The 

Dexter energy transfer and the TTA require molecular orbital 
overlap between the involved species.16 Efficient sTTA-UC is 
thus observed in dilute solutions in which the chromophore 
molecules display high translational mobility14,16 or materials 
with densely packed chromophores, where exciton migration 
is feasible.7,17-24 

TTA upconverting nanoconstructs are useful as bio-probes, 
as some of the drawbacks associated with downconverting 
fluorescent nanoparticles (e.g. scattering of the excitation light 
with a short wavelength, tissue autofluorescence) can be 
alleviated.8,10-12,25-27 The prospect of using near infrared (IR) to 
visible upconverting chromophores is particularly attractive, as 
excitation in the near IR allows for better tissue penetration 
and reduced photodamage.28 Several strategies have been 
proposed to fabricate nanoobjects that display sTTA-UC. The 
incorporation of sTTA-UC chromophore pairs into 
nanocapsules with a liquid core was reported by several 
groups.10,12,25 This general design takes advantage of the high 
mobility of the chromophore molecules in a liquid 
environment, which is one way to achieve high sTTA-UC 
efficiency. In other studies, sTTA-UC chromophores were 
stabilized by hydrophobic interactions in the core of micellar 
structures.26,29 Growing a silica shell around these micelles 
afforded nanoparticles that could be used for in vivo 
imaging.26,27 An alternative design approach relies on doping 
the hydrophobic core of cross-linked polymer nanoparticles 
with sensitizer and emitter molecules.7,8 Recently, high 
concentrations of sTTA-UC chromophores were introduced 
into polymers by covalent attachment.13,17,18 This strategy 
prevents phase separation and enables exciton migration, and 
remained largely unexploited for the design of nanoobjects. 
We here report sTTA-UC polymer nanoparticles that utilize this 
approach and display an unprecedented quantum yield of 
~ 7.5% as well as strongly temperature-dependent sTTA-UC 
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characteristics. The nanoparticles were prepared by a 
microemulsion technique in the presence of a surfactant and 
consist of a low-molecular weight poly(e-caprolactone) that 
was end-functionalized with the well-known emitter 9,10-
diphenylanthracene (DPA-PCL-OH, 3) and of the matching 
sensitizer platinum octaethylporphyrin (PtOEP, Fig. 1a,b). PCL 
was selected due to its biocompatible and biodegradable 
nature, and we discovered that its semi-crystalline character 
causes the sTTA-UC mechanism to be strongly temperature-
dependent,30 with an increase of the emitter triplet state 
quenching rate and a sharp drop of the sTTA-UC efficiency 
around physiological temperature (ca. 40 °C). This 
thermoresponsive behavior offers mechanistic insights and 
appears useful for in vivo temperature sensing.  

The synthesis of DPA-PCL-OH (3) is outlined in Fig. 1a. A hy-
droxyl-functionalized DPA (2)19 was used to initiate the ring-
opening polymerization of ε-caprolactone with Sn(oct)2 as ca-
talyst. Via the ratio of DPA to ε-caprolactone, the degree of 
polymerization was kept low and the DPA content high. The 
number-average molecular weight, Mn ~ 1,750 g mol-1 (ESI 
Table S1) of 3 and the covalent attachment of DPA were deter-
mined/confirmed by NMR spectroscopy, size-exclusion chro-
matography (SEC), and MALDI-TOF mass spectrometry (ESI 
Figs. S1-S4). A clear shift was observed for the benzylic proton 
in the 1H NMR spectrum of compound 3 (5.31 ppm, ESI Fig. S1) 
vis-à-vis 2 (4.91 ppm)19 and the absence of free DPA was con-
firmed by SEC data acquired using UV detection (ESI Fig. S4). 
Finally, the expected mass pattern for 3 was confirmed by 
MALDI-TOF spectroscopy (ESI Fig. S3). Thermogravimetric ana-
lysis reveals that 3 is stable up to above 200 °C (ESI Fig. S6) and 
its differential scanning calorimetry (DSC) trace shows that the 
material melts in the range of ~ 40-45 °C (ESI Fig. S5), i.e., in a 
similar range as DPA-free PCL of similar Mn (ESI Fig. S7). The 
melting transition is reflected by two endothermic transitions 
at 40 and 45°C, which is typical for low-molecular weight PCL.31 

 
Fig. 1. (a) Synthesis of the 9,10-diphenylanthracene-terminated poly(ɛ-caprolactone) 
(3). (b) Schematic representation of the nanoparticle formation process and of the 
components used. (c) Representative cryo-TEM image of an aqueous suspension of 
3/PtOEP nanoparticles (~ 5 mg/mL). (d) Size distributions of 3/PtOEP nanoparticles 
obtained by DLS measurements of an aqueous suspension (~ 0.5 mg/mL) at a scattering 
angle of 90° (black line) and by analysis of cryo-TEM images (red bars). 

A microemulsion method was adapted to prepare the up-
converting nanoparticles.13 DPA-PCL-OH (3) and PtOEP were 
dissolved in dichloromethane (DCM) and the organic phase was 
combined with a solution of the surfactant sodium dodecyl sul-
fate (SDS) in water. The mixture was emulsified by sonication 
and DCM was removed under reduced pressure at room tem-
perature to avoid thermally induced morphological changes. 
The morphology and dimensions of the 3/PtOEP nanoparticles 
thus prepared were probed by cryo-transmission electron 
microscopy (cryo-TEM) and dynamic light scattering (DLS) (Fig. 
1c). The cryo-TEM images reveal that the nanoparticles are 
spherical and polydisperse, with an average diameter of ca. 15 
nm (Fig. 1d). The conversion of DLS data into a number-
weighted distribution using a solid-sphere model results a size 
distribution that is slightly shifted towards larger particles, 
with an average diameter of ca. 26 nm, Fig. 1d. This discrepan-
cy points to solvation effects in the dispersion studied by DLS 
or a biased distribution originating from variations of the 
sample visualized by cryo-TEM.32 Control PCL/PtOEP and PCL 
nanoparticles (made with DPA-free PCL of similar Mn and in 
the latter case without sensitizer) were prepared in the same 
manner to explore the influence of the chromophores on the 
nanoparticle synthesis and to study the phosphorescence of 
the sensitizer within the nanoparticle matrix. Particles with 
similar size distributions were obtained (ESI Fig. S8), suggesting 
that the chromophores do not significantly impact the 
assembly process. Noting that certain sTTA-UC chromophores 
can be assembled into micellar structures in aqueous media 
using only a surfactant,29 we investigated if upconverting 
particles would form when the microemulsion method was 
applied to the DPA derivative 2 and PtOEP. However, no stable 
suspension was obtained, suggesting that here the presence of 
the polymer is essential for the assembly. Aqueous 
suspensions of 3/PtOEP nanoparticles display low turbidity 
under ambient illumination (inset Fig. 2a) and their absorption 
spectrum shows the characteristic bands of DPA (320-420 nm) 
and PtOEP (480-550 nm). By contrast, the spectrum of the 
PCL/PtOEP reference nanoparticles shows, as anticipated, only 
the absorption bands associated with the sensitizer, as 
reported in ESI Fig. S9.  
The emission characteristics of aqueous suspensions of 
3/PtOEP and PCL/PtOEP reference particles were probed by 
steady-state photoluminescence spectroscopy upon excitation 
with a continuous wave green laser at 532 nm. The emission 
spectrum of the 3/PtOEP suspension is dominated by a band at 
435 nm that is characteristic of delayed DPA fluorescence and 
shows only weak residual PtOEP phosphorescence around 650 
nm (Fig. 2a). The latter was much stronger in the case of the 
PCL/PtOEP reference particles, whose spectrum, like DPA in 
the absence of the sensitizer (ESI Fig. S10) did not show 
upconverted emission. The yield of the triplet-triplet energy 
transfer between sensitizer and the emitter molecules, ФTT-ET, 
can be determined by comparing the integrated sensitizer 
phosphorescence in presence (IS/E) and absence (IS) of the 
emitter (Eq. 1). Our analysis reveals a ФTT-ET of 0.98 for the 
3/PtOEP nanoparticles, reflecting a highly efficient transfer. 
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Fig. 2. (a) Photoluminescence spectra of aqueous dispersions of 3/PtOEP and 
PCL/PtOEP nanoparticles upon continuous wave laser (CWL) excitation at 532 
nm. The inset picture documents the low turbidity of a 3/PtOEP nanoparticle 
suspension under ambient illumination (left) and the upconverted blue emission 
upon 532 nm excitation (right), viewed through a 500 nm short-pass filter. (b) UC 
luminescence decay of an aqueous 3/PtOEP nanoparticle suspension measured 
at 435 nm under pulsed excitation at 532 nm. (c) Upconverted emission intensity 
as a function of excitation intensity of a deoxygenated standard DPA:PtOEP solu-
tion in THF ([DPA] = 10 mM, [PtOEP] = 100 μM) (red circles) and an aqueous 
3/PtOEP nanoparticle suspension (blue squares), both under CWL excitation at 
532 nm. The inset shows the sTTA-UC quantum yield obtained by comparison of 
the data and the aforementioned DPA:PtOEP reference solution as a function of 
excitation intensity. All experiments were carried out with aqueous suspensions 
of the 3/PtOEP nanoparticles under ambient conditions (not deoxygenated) 
(c ~ 5 mg/mL). 

As usual for sTTA-UC, the upconverted emission decay time 
at 435 nm is in the range of milliseconds and it is multi–
exponential.33 The spontaneous emitter triplet decay rate kT = 
2.75 kHz can be obtained from the long-time tail of the 
upconverted light decay trace, when the concentration of 
excited triplets is low (Fig. 2b) and, therefore, TTA is a 
negligible recombination channel. In this regime, sTTA-UC is in 
any case a bimolecular process, and kT is thus half of the 
experimentally measured UC decay rate kUC = 5.50 kHz.34 The 

excitation power threshold (Ith), i.e., the excitation power 
density at which sTTA-UC starts to work efficiently, can be 
determined by plotting the upconverted emission intensity as 
function of the excitation power density in a log-log scale, in 
order to evidence the transition from the quadratic to the 
linear regime where the annihilation yield ФTTA = 1 and the 
upconversion efficiency is maximum.16 Fig. 2c shows this data 
for the 3/PtOEP nanoparticle suspension and a DPA:PtOEP 
solution in degassed tetrahydrofuran (THF) used as a standard. 
The 3/PtOEP nanoparticle suspension displays an Ith of 189 
mW cm-2, indicating that the sTTA-UC dynamics are less 
efficient than in the standard, where the observed threshold 
intensity is lower. This can be a consequence of: i) a kT that is 
higher than the one commonly observed in organic solvents 
(<1 kHz), which makes the spontaneous recombination a more 
competitive mechanism; ii) the low mobility of the 
chromophores within the nanoparticles, which in principle 
limits the exciton diffusion. The sublinear dependency 
observed at high power densities may be due to the saturation 
of the excited emitter population16 or photodamaging effects 
that reduce the sTTA-UC yield. 

The overall upconversion yield ФUC of the 3/PtOEP 
nanoparticles was determined via the comparison of the sTTA-
UC emission with that of the standard solution (ФUC, stand = 
26%). The inset of Fig. 2c shows that for both systems ФUC 
increases linearly with the excitation power density up to Ith. 
Above this irradiance, the nanoparticle ФUC saturates at a 
maximum quantum yield of 7.0 ± 1.0% and, as mentioned 
above, it shows a pronounced decrease as the excitation 
intensity is further increased. Absolute quantum yield 
measurements performed using an integrating sphere 
afforded the same result; in this case, ФUC = 7.5 ± 1.1 %. To the 
best of our knowledge, this value is the highest ФUC measured 
so far for sTTA-UC nanoparticles in water and represents a 
twofold improvement over the previously reported best 
quantum yield of 3.7% for cross-linked polystyrene 
nanoparticles doped with the same chromophores.7 In order 
to explain the high ФUC value, it is useful to consider all the 
parameters affecting the UC yield ФUC: 

 
𝛷-. =

/
0
𝛷12.𝛷""#$"𝑓𝛷""4𝛷$. (2) 

The factor ½ accounts for the fact that two incident 
photons are combined into one of higher energy, ФISC is the 
intersystem crossing efficiency of the sensitizer, f is a statistical 
factor parameter describing the probability that the 
annihilation of two emitter triplets results in the formation of a 
singlet, and ФE is the emitter quantum efficiency. For DPA, f is 
0.52 and, for PtOEP, ФISC = 1.16 Since above the threshold ФTTA 
reaches unity at high power densities and 𝛷""$"  = 0.98 (vide 
supra), the observed low conversion yield can be ascribed to a 
reduced ФE of DPA with respect to the high value commonly 
observed in a degassed dilute solution. Indeed, time-resolved 
PL measurements show that DPA in 3/PtOEP is strongly 
quenched, resulting in a ФE = 30% (ESI Fig. S11). Using this 
value and Eq. 2, the expected maximum quantum yield ФUC, th 
for 3/PtOEP system can be calculated to be 8.1%, which is in 
good agreement with the experimental findings. 
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Like the neat PCL, compound 3 is semicrystalline, with a 
melting temperature Tm ~ 40 °C in the bulk form (ESI Fig. S5). 
This thermal transition appears to be the origin of the evident 
temperature dependence of the upconversion efficiency of the 
present nanoparticles shown in Fig. 3a. When the temperature 
of the aqueous 3/PtOEP nanoparticle suspension was 
increased from 20 to 60 °C, the UC emission intensity dropped 
rapidly and eventually became negligible. Interestingly, the 
effect is fully reversible as the upconverted emission intensity 
is fully restored upon cooling the sample (Fig. 3a). This finding 
appears to contradict the general paradigm of mobility-
enhanced upconversion at high temperatures and points 
towards alternative non-radiative relaxation pathways above 
the melting temperature.  

Fig. 3. (a) Temperature dependence of the integrated upconversion emission 
intensity of the 3/PtOEP nanoparticles under CWL excitation at 532 nm. (b) UC 
luminescence decay traces, (c) UC photoluminescence intensity at time zero (I0, 
blue circles), triplet decay rate (kT, red squares), and heat flow (black line) of the 
3/PtOEP nanoparticles as a function of the temperature, monitored at 435 nm 
with modulated excitation at 532 nm. All experiments were carried out with 
aqueous suspensions of the 3/PtOEP nanoparticles under ambient conditions 
(not deoxygenated) (c ~ 5 mg/mL). 

The possibility that heating may impact the structural 
integrity of the nanoparticles was excluded by DLS, which 
revealed no changes of the intensity-weighted average particle 
diameter and polydispersity upon heating the suspension (ESI 
Fig. S12). In contrast, the upconversion decay dynamics vary 

considerably with the temperature (Fig. 3b). Two effects can 
be discerned: a decrease of the time-zero intensity I0, and an 
increase of kT (Fig. 3c). The data indicate that the main origin of 
the upconversion yield reduction observed upon heating is the 
enhanced spontaneous triplet decay, which increased by more 
than one order of magnitude upon heating. This is an unusual 
effect, which is not observed in sTTA-UC solutions. It is 
probably related to the peculiar functionalization of the DPA 
moiety with poly(ɛ-caprolactone), which makes the triplet 
states especially sensitive to the vibrational quenching as 
suggested by the measured high kT. In addition, an overlay plot 
of I0 and the DSC thermogram of polymer 3 in the bulk (Fig. 3c) 
shows that the time-zero intensity drop of 50% is correlated 
with the melt transition of the nanoparticles. This result could 
reflect that the average intermolecular distance between the 
chromophore molecules increased upon melting, while below 
Tm the DPA molecules were concentrated in the amorphous 
portion of the semicrystalline PCL matrix. Therefore, the 
combined effect of an increased intermolecular distance, 
which reduces the TTA probability, with an enhanced kT, which 
increases Ith, results in a decrease of the number of generated 
fluorescent singlets at a fixed excitation intensity, which sets I0. 
These findings suggest that the gain in the molecular diffusivity 
at high temperatures, usually associated with the softening of 
a polymer matrix, is not large enough to compensate for the 
enhanced spontaneous recombination of triplets that limits 
the ФTTA. Indeed, the emitter molecules have a statistical 
intermolecular distance that is suitable for exciton diffusion via 
a hopping mechanism regardless of the temperature. The 
intermolecular distance between neighboring DPA molecules, 
calculated assuming a stochastic distribution of 3618 
chromophore molecules in a sphere with a radius of 13 nm, is 
~ 1.1 nm (ESI Fig. S13). Below Tm this value is even smaller, as 
the DPA molecules are concentrated in the amorphous phase 
of the PCL. Thus, the distance between the chromophores is 
such that the exchange interactions are effective and matches 
the triplet-triplet interaction distance for DPA (a0 = 0.91 nm) 
well.35 The Ith data allow us to estimate the DPA triplet 
diffusion length, LT, by combining Eqs. 3-5: 

 𝐼67 =
89:

;99<($)?99@9
 , (3) 

 𝛾"" = 8𝜋𝐷𝑎F , (4) 

 𝐿" = H6 J
89

 . (5) 

Using the absorption coefficient α(E) = 0.64 cm-1 at 532 nm 
(ESI Fig. S9) and Eq. 3, the second-order annihilation rate 
constant γTT at room temperature was determined to be 
2.3·10-11 cm3 s-1. Using this value, the exciton diffusion coeffici-
ent D was calculated to be 10-5 cm2 s-1 and LT = 1.4 µm. This 
value is much higher than the nanoparticle diameter, which 
confirms that under ambient conditions the exciton mobility 
does not limit ФUC in 3/PtOEP. However, the quadratic depen-
dence of Ith on kT leads to a higher threshold in the nano-
particles than in the standard solution, and it further decreases 
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the upconversion efficiency during heating due to the 
enhanced spontaneous recombination that shifts Ith to even 
higher values. 

Notably, the temperature dependence of the UC behavior 
of the 3/PtOEP nanoparticles is significant and can be monito-
red by measurements of the upconverted emission intensity 
and the decay dynamics. The specific temperature range in 
which the present nanoparticles change their upconversion 
properties, their peculiar anti-Stokes emission and the high 
upconversion efficiency under aerated conditions make the 
material potentially useful as versatile nanothermometer for 
biological systems. The time-gated imaging using these UC 
nanoparticles would require inexpensive and easily accessible 
detection setups with a time resolution in the millisecond 
range. Therefore, the combination of anti-Stokes optical 
imaging with time-resolved analysis will lead to a precise high-
resolution in situ thermal mapping of the environment.36-38  

Conclusions 
To conclude, we have presented upconverting nanoparticles 
that display an unprecedented upconversion quantum yield of 
~ 7.5 % and strongly temperature-dependent upconversion 
characteristics under non-deoxygenated conditions. The 
nanoparticles were prepared by microemulsion of an emitter-
terminated biocompatible and biodegradable poly(e-
caprolactone) in the presence of a metalloporphyrin sensitizer. 
Their thermoresponsive upconversion behavior permits 
insights into the fundamental mechanisms enabling the sTTA-
UC process in the nanosized, isolated environment and the 
specific temperature is useful for in vivo temperature sensing. 
Heating the nanoparticles was shown to drastically reduce the 
lifetime of emitter triplets, usually in the milliseconds scale, 
which is responsible for the reduced upconversion quantum 
efficiency. As instruments with millisecond time resolution are 
widely available and inexpensive, this system is thus proposed 
as paradigm for a new class of time-gated fluorescent 
temperature nanosensors. We speculate that its design is 
general and that it can readily be adapted to other core 
materials and sTTA-UC chromophore pairs, allowing further 
developments that would improve the potential usefulness of 
the particles that were studied here as a first model system. 
While green to blue upconverting nanoparticles have been 
used for live-cell imaging and in-vivo monitoring in living 
mice,26 better tissue penetration could be achieved with 
upconverting chromophore pairs absorbing in the near IR. 
Preliminary experiments further suggest that increasing the 
sensitizer content and/or its extinction coefficient may be 
beneficial or even necessary for single-particle imaging. Finally, 
the substitution of the adsorbed SDS with a covalently bound 
surfactant may be desirable, but in the light of previous studies 
this modification appears straightforward.39 
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 TOC Text and Figure 
 

Low-power upconverting nanoparticles are presented that display 
highly efficient, temperature-dependent green to blue conversion 
under aerated aqueous conditions. These features are useful for 
live cell and in-vivo temperature sensing. 

 


