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ABSTRACT: Multishell semiconductor nanocrystals have
been synthesized that display intrinsic dual emission with
robust photo and thermal stability and attractive thermal
sensitivity. Dual emission is demonstrated following phase
transfer into aqueous media. These nanocrystals are suitable
for diverse optical thermometric or thermographic applica-
tions in biotechnology or other areas.

T emperature plays critical roles in many biological and
biotechnological processes ranging from calcium signaling’
and protein folding” to polymerase chain reaction® and thermo-
therapy.* The importance of temperature in such processes
has fueled interest in the development of in situ temperature
sensors.”® Measurement of the temperature-dependent photo-
luminescence (PL) intensities of molecular probes is a popular
approach to thermometry in biotechnology.” This type of optical
measurement is attractive because of its simplicity and excellent
spatial and temporal resolution.® Numerous luminescent probes
based on fluorescent dyes”'° and semiconductor nanocrystals'' "
have been developed for this purpose.

Colloidal semiconductor nanocrystals (or quantum dots, QDs)
are often used as fluorescent labels because of their photo-
stabilities,"* broad excitation profiles,"® large absorption cross sec-
tions, and tunable emission energies."® The photophysical proper-
ties of QDs can be modified in a variety of ways, such as by
heteroepitaxial shell growth, surface functionalization, or introduc-
tion of impurity ions (doping). Nanocrystals containing paramag-
netic impurities are attractive as magnetic resonance imaging
contrast agents.'” In some cases, these impurities show efficient
sensitized PL, making such materials also attractive for optical
imaging'® and sensing,'’

We recently reported the discovery of a new photophysical
process by which nanocrystals show intrinsic dual emission.*
When Mn”" ions were doped into wide-gap semiconductor nano-
crystals such as ZnSe, photoexcitation of the semiconductor resulted
in efficient sensitized Mn>" luminescence (Figure 1A). However,
when Mn”" ions were doped into semiconductor nanocrystals with
energy gaps above but close in energy to the lowest Mn** d—d
excited state (*T), for example Zn; _,Mn,Se/ZnCdSe core/shell
nanocrystals, thermal equilibration of excited-state populations
between the “T, and excitonic states gave rise to two lumine-
scence bands whose ratio was extremely sensitive to temperature
(Figure 1B). The active dual-emission temperature windows
could be tuned by adjusting the exciton—Mn”*(*T,) energy gap
during nanocrystal synthesis.”® Although a powerful proof of
concept that allowed fundamental aspects of this dual-emission
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Figure 1. Dual-emitting Mn**-doped semiconductor nanocrystals. (A)
Wide-gap antdoped semiconductor nanocrystals such as Zn; ,Mn,Se
and Zn, ,Mn,Se/ZnS show efficient sensitized Mn>* luminescence
(orange arrow) following semiconductor photoexcitation (black arrow).
(B) Narrowing the band gap allows thermal population of excitonic
excited states by back energy transfer from Mn**(*T, ), yielding excitonic
PL (green arrow) in addition to Mn®>* PL (orange arrow). (C) (i) Core
Zn;_,Mn,Se (d &~ 3 nm) nanocrystals show intense sensitized Mn** PL
at ~590 nm, as well as some trap PL at ~700 nm. (i) Growth of a ~3
monolayer ZnS shell around these cores increases the Mn>* PL QY while
eliminating surface trap PL. (iii) Growth of a ~1 monolayer CdS shell
around the Zn;_,Mn,Se/ZnS nanocrystals narrows the energy gap and
causes the appearance of excitonic PL at ~525 nm, with a drop in PL QY.
(iv) Growth of a final ~3 monolayer ZnS shell around the Zn, _,Mn,Se/
ZnS/CdS nanocrystals narrows the energy gap slightly, altering the
relative intensities of the two PL features. The final nanocrystals have d
A 6 nm and show intrinsic dual emission at room temperature with PL
QYs up to ~40%.

mechanism to be described in detail, the Zn; _,Mn,Se/ZnCdSe
nanocrystals examined previously posed some practical limita-
tions. A strong dependence of the nanocrystal energy gap on
small numbers of surface Cd** ions made these structures
susceptible to photo or thermal degradation over long experi-
ment times, because loss of even a few Cd*" ions changed the
energy gap governing the thermal equilibrium. Such instabilities
were exacerbated in aqueous media. The suitability of these
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Figure 2. Thermal stability. (A) Variable-temperature PL spectra of
colloidal Zn, _,Mn,Se/ZnS/CdS/ZnS nanocrystals (d ~ 7 nm, 39% QY
at room temperature, capped with TOPO), measured in octadecene
under nitrogen. Spectra were normalized to total integrated intensity.
(B) Thermometric response curve plotting IeXC/Itot vs temperature for
these nanocrystals. A maximum slope 0f 7.3 x 10> °C~" was obtained.

nanocrystals for bio-related apphcatlons was also arguably com-
promised by the exposure of Cd*" at their surfaces. Attempts to
grow protective ZnS shells led to loss of the dual emission.
We now report successful preparation of robust dual-emitting
nanocrystals that are stable at high temperatures and in water,
making them suitable for a broad range of applications including
bioimaging.

Figure 1C summarizes the approach used in the present study
to obtain stable, dual-emitting QDs. First, Zn; _,Mn,Se cores (i)
were prepared by previously reported methods.*"”** These core
nanocrystals were then coated with shells of Zn$ (ii), CdS (iii),
and ZnS again (iv), by adaptatlon of methods described
previously.”** Placement of Mn** in the QD cores ensures
rapid exciton—Mn”" energy transfer, and the initial Zn$ shell
layer significantly improves core PL quantum yields (QYs,
typically from <~10% to ~40%), likely by passivation of surface
trap states. For example, the trap-based PL near 700 nm is
diminished upon ZnS shell growth. Growth of a CdS layer
around the Zn, _,Mn,Se/ZnS nanocrystals lowers the nanocrys-
tal energy gap and results in appearance of excitonic PL to the
blue of the Mn>* PL (Figure 1C, iii). Beyond enhancing PL, the
first ZnS shell serves as a buffer layer between the ZnSe core and
the CdS layer, reducing the sensitivity of the bandgap energy to
the addition of Cd** seen in our previous study by preventing
formation of Cd—Se bonds. The ZnS buffer layer also reduces
Mn>* migration out of the ZnSe core, a problem encountered
upon Cd*" addition to Zn;_ Mn,Se nanocrystals under some condi-
tions. The final ZnS layer confines the exciton away from the
surface, making the QDs more photostable. %5 Outer ZnS$ shells
generally make QDs less prone to oxidation in aqueous solutions
as well.*® Overall, this multishell synthetic method allows more
precise tuning of the bandgap, and hence of the dual emission,
than was achieved previously. The product nanocrystals are
brighter and more stable against degradation.

Figure 2 illustrates the robustness of the resulting dual-
emitting nanocrystals. These nanocrystals exhibit exclusively Mn**
emission (590 nm) at room temperature, with a PL QY of 39%.
Upon heating, excitonic PL is observed at 510 nm, concomitant with
a decrease of Mn”* PL. At temperatures greater than ~250 °C, the
PL intensity has been shifted almost entirely from Mn*" to the
excitonic feature (Figure 2A). Figure 2B shows the thermometric
response curve measured for these nanocrystals, plotting the ratio
of the integrated excitonic emission (L) to the total integrated
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Figure 3. Water-soluble dual-emitting nanocrystals. (A) Variable-tem-
perature PL spectra of citrate-capped Zn;_,Mn,Se/ZnS/CdS/ZnS
nanocrystals (d & 5 nm) in water. Spectra were normalized to the total
integrated intensity. Inset: Photograph of the nanocrystals in water (left)
and in toluene (right). The QY dropped from 15% to 10% upon phase
transfer. (B) Thermometric response curve plotting Io../Ic vs tem-
perature for these nanocrystals. A maximum slope of 7.2 x 10~ % °C™"

was obtained. (C) Variable-temperature PL spectra of Zn; ,Mn,Se/
ZnS/CdS/ZnS nanocrystals encapsulated by n-octylamine-modified
poly(acrylic acid), suspended in aqueous solution. The QY dropped
from 24% to 19% upon phase transfer. Inset: Photograph of these
nanocrystals in toluene (left) and in aqueous solution (right). (D)
Thermometric response curve plotting I.../Ior vs temperature for the
polymer-encapsulated nanocrystals. A maximum slope of 8.3 X 10~

°C™" was obtained.

emission (I,;) vs temperature. These data show a high thermo-
metric sensitivity of ~7 x 10> °C™' over a broad window
of ~100 °C. Their stability over extended measurement times at
these high temperatures illustrates the thermal robustness of these
core/multishell dual emitters.

For these nanocrystals to be useful in bioimaging, they must
retain their dual emission in water. With robust dual-emitting
nanocrystals in hand, expansion of this sensing scheme to
aqueous environments was therefore pursued. It is well estab-
lished that the photophysical properties of nanocrystals are
hlghly degendent on their surfaces and the surrounding me-

dium Our first-generation Zn;_,Mn,Se/ZnCdSe dual emit-
ters were unstable in water, likely due to Cd>* loss from their
surfaces. In contrast, the new multishell nanocrystals were found to
be well suited for phase transfer.

Figure 3 demonstrates successful phase transfer of dual-
emitting nanocrystals using two different methods. Exchange
of the TOPO ligands with citrate®® yielded nanocrystals exhibit-
ing dual emission over the full temperature range of liquid water,
from near its boiling point to well below its freezing point
(Figure 3A). The photograph in the inset of Figure 3A shows
these nanocrystals in toluene and in water. Their PL QY was 10%
in water (decreased from 15%), and they showed no degradation
over a period of days. Figure 3B plots the thermometric response
curve measured for these nanocrystals in water, yielding a
maximum sensitivity of 7.2 x 107> °C~". Noteworthy is the
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continuity in this curve across the liquid—solid phase transition
of water despite severe reduction in optical quality of the aqueous
matrix. This result illustrates the powerful advantage of ratio-
metric optical thermometry.

Our best water solubilization was achieved using an encapsu-
lating polymer that has the advantage of maintaining the native
nanocrystal surface ligands even after phase transfer.'* QDs
prepared in this manner are stable for months or longer at room
temperature. Figure 3C shows the temperature-dependent PL
spectra of dual-emitting nanocrystals stabilized in water using
n-octylamine-modified poly(acrylic acid). Predominantly
Mn”" emission is observed at room temperature, and excitonic
emission increases upon sample heating. Figure 3D shows the
thermometric response curve measured for these nanocrystals,
which display a maximum sensitivity of 8.3 x 10> °C~".

In addition to sensitivity, important metrics for evaluation of
ratiometric optical thermometers are the accuracy and precision
with which they can report temperature. The accuracy of these
probes is determined extrinsically when constructing the calibra-
tion curves. Reproducibility of these curves is excellent due to the
stability of the nanocrystals, but their accuracy is only as good as
the thermometers used during data collection. With a perfect
calibration curve, the precision of the optical thermometers
would be determined entirely by the signal-to-noise ratios of
the PL spectra. For illustration, the ratio Io;./I;o can be deter-
mined from the data in Figure 3C,D with an error of £1.2 X
10", which translates to a precision of +-0.14 °C over the entire
data set. We note that this level of precision exceeds that of the
thermometer used in collecting the data for the calibration curve
(£0.5 °C). Each spectrum here was collected with 300 ms
integration using a hand-held fiber spectrometer and no collec-
tion optics. Even higher precision can thus be obtained simply by
extending integration times or improving the detection setup.

In summary, dual-emitting Mn“-doped semiconductor nano-
crystals have been prepared that are stable at high temperatures
and in water. Both of these advances expand the range of thermo-
metric applications available for these sensors. In particular, with
stability of these dual emitters now demonstrated in aqueous
environments, the door is opened for biological or biotechnolo-
gical applications, for example thermographic imaging of micro-
fluidic PCR devices or thermometric analysis of fundamental
biological processes such as cell death or protein denaturation.
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