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T
emperature is a critical thermody-
namic parameter in many biological
and biotechnological processes.1,2

State-of-the-art control of the organism
temperature enables development of novel
theranostic techniques, which leads to the
current challenge of measuring the local
temperature and temperature gradient in
the nanoscale regime.3�9 This issue is con-
sidered to be overcome by virtue of the
temperature-dependent color change of
luminescent probes, which simultaneously
possess the advantages of high temporal
and spatial resolutions, low cost, and facility.
Among various probes, semiconductor
nanoparticles (NPs), also known as quantum
dots (QDs), are competitive candidates be-
cause of good photostability,4�6,10�14 tun-
able luminescence,15�19 and easy surface
decoration.20�23 However, determined by

the intrinsic properties of QDs, including
temperature-dependent lattice dilation,24,25

energy gap,24,26 and electron�phonon
coupling,25,26 their characteristic sensitivity
has been concluded to be ∼0.12 nm/�C by
numerous experimental investigations and
theoretical calculations.25�33 The limited
sensitivity makes the current device design
mainly based on the fabrication of multi-
color and fluorescence resonance energy
transfer-based nanostructures.34�42 Still,
the enhancement of the characteristic sen-
sitivity of basic QD building blocks is an
ongoing challenge.
Jaque et al. have predicted that the ther-

mal sensitivity of QDs may relate to the
surface tensile stress, attributed to the large
surface-to-volume ratios of nanometer-
sizedparticles.43However, it is difficult to intro-
duce enough stress by the conventional
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ABSTRACT We report a ligand decoration strategy to enlarge

the lattice dilation of quantum dots (QDs), which greatly enhances

the characteristic sensitivity of a QD-based thermometer. Upon a

multiple covalent linkage of macrocyclic compounds with QDs, for

example, thiolated cyclodextrin (CD) and CdTe, the conformation-

related torsional force of CD is conducted to the inner lattice of CdTe

under altered temperature. The combination of the lattice expan-

sion/contraction of CdTe and the stress from CD conformation change

greatly enhances the shifts of both UV�vis absorption and photoluminescence (PL) spectra, thus improving the temperature sensitivity. As an example,

β-CD-decorated CdTe QDs exhibit the 0.28 nm shift of the spectra per degree centigrade (0.28 nm/�C), 2.4-fold higher than those of monothiol-ligand-
decorated QDs.
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surface decoration techniques. Surface decoration of
QDs with organic ligands is widely employed to tune
the luminescence,44,45 solubility,46�49 stability,50

chirality,51�53 and conjugation behavior.15�17 Such
strategy is carried out by affecting the surface
atoms of QDs. To enlarge the inner lattice expansion/
contraction of QDs, the key for determining the char-
acteristic sensitivity of QDs, a strong and directional
force is necessary. In this scenario, macrocyclic com-
pounds are potentially available because of themultiple
binding with QDs and the abundant conformers under
environmental variations.54 As a well-documented
macrocyclic compound, cyclodextrin (CD) consists of
six or more R-(lf4)-linked glucopyranose rings.55�58

The primary hydroxyls of each pyranose ring can rotate
around the C�O bonds under altered temperature,
which has been mentioned in much of the literature
(Supporting Information Figure S1).55�58 If the consider-
able torsional force generated by the conformational

change is conducted to the lattice dilation of QDs, the
sensitivity of a QD-based thermometer is expected to
be improved. In this paper, thiolated CDs are decorated
on aqueous CdTe QDs to conduct the temperature-
dependent conformational change of CD to the lattice
dilation of CdTe, which significantly enhances the
characteristic sensitivity to 0.28 nm/�C (Figure 1).

RESULTS AND DISCUSSION

In our experiments, aqueous CdTe QDs, decorated
with per-6-thio-R-cyclodextrin (R-CD) and per-7-thio-
β-cyclodextrin (β-CD), are synthesized through a
room-temperature N2H4-promoted strategy.59 The as-
synthesized QDs are purified by centrifugation for
various characterizations (Figure 2). Under transmis-
sion electronmicroscopy (TEM), the as-synthesizedQDs
are quasi-spherical particles, consistent with the pre-
viously reported aqueous CdTe.59 The high-resolution
TEM images indicate that the lattice parameters of

Figure 1. (a) Gradient fluorescence of R-CD- and β-CD-decorated CdTe QD aqueous solution in quartz tubes. (b) Series of
fluorescence spectra of β-CD-decorated CdTe QDs that aremeasured with the increase of temperature from�35 to 90 �C at a
step of 5 �C (red solid), and that from 90 to �35 �C (white dash). (c) Temperature-dependent fluorescence peak position of
β-CD-decorated CdTe QDs. (d) CIE chromaticity diagram showing the temperature dependence of the (x,y) color coordinates
of β-CD-decorated CdTe QDs.
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CdTe QDs fit well to the zinc blende structure of the
bulk CdTe crystal. The 1H NMR spectra of the CD-
decorated CdTe QDs show sharp intense peaks corre-
sponding to D2O molecules plus broad peaks that are
assigned to immobilized thiolated CDs. This is consis-
tent with the previous report about CD-decorated Au
nanoparticles.60 Because the excessive CDs have been
removed by QD purification, the NMR spectra confirm
that the CdTe QDs are modified with thiolated CDs. In
comparison to the CdTe QDs decorated with mono-
thiol ligands, such as 3-mercaptopropionic acid (MPA),
thioglycolic acid (TGA), 2-mercaptoethylamine (MA),
and 1-thioglycerol (TG), R-CD- and β-CD-decorated
ones exhibit the temperature-dependent shift of both
UV�vis absorption and photoluminescence (PL) spec-
tra with high sensitivity and repeatability in a broad-
ened range (Figures 1, 3, 4, and S2). Note that, though
the N2H4 in the solution does not affect the sensitivity
(Figure S3), it significantly lowers the freezing point of
water to below�35 �C. So, the reservation of N2H4 can
broaden the measure range of the thermometer down
to�35 �C (Figure 1a). As shown in Figures 1b and S2a, a
series of PL spectra of R-CD- and β-CD-decorated CdTe
QDs are measured with the increase of temperature
from �35 to 90 �C at a step of 5 �C and recorded both
forward and reverse to ensure the reproducibility. For
β-CD-decorated CdTe QDs, the PL peak position and

temperature indicate a good linear relationship
(Figure 1c), which fits well to the function of T =
3.52λmax � 1971.9 with a correlation coefficient of
0.9989, where λmax is the PL peak position (nm) and T

is the system temperature (�C). The wavelength shift
per degree centigrade is calculated to be 0.28 nm,
which can be measured using a modern fluorescence
spectrometer by showing the accuracy better than
1 �C.8 Similar to β-CD-decorated QDs, the R-CD-
decorated ones also exhibit the sensitivity of
0.24 nm/�C (Figure S2b). These results are among the
highest thermal resolution of the QD thermometers on
the basis of the shift of PL peak position.39,40 Although
several QD systems have shown greater sensitivity,
they are dual-emitting mode thermometers by mon-
itoring the intensity ratio of two PL peaks.34,41 Such
strategy only enhances the sensitivity in a limited
temperature range, whereas measuring the shift of
the PL peak permits linear observation in a broadened
range. Figure 1d shows the color change of the PL in
the Commission Internationale de L'Eclairage (CIE)
1931 chromaticity diagram from �35 to 90 �C. The
system color shifts between yellow and salmon pink,
which is consistent with the apparent PL of the QD
solution (Figure 1a).
As mentioned above, β-CD-decorated QDs indicate

the sensitivity of 0.28 nm/�C, whereas the sensitivities
of MPA-, TGA-, MA-, and TG-decorated QDs are all
around 0.12 nm/�C, which is independent of the
experimental variables, such as the concentration
and size of QDs (Figure 3c,d). According to the empiri-
cal Varshni-type function, the sensitivity of a II�VI
semiconductor should be a constant, which is defined
as dλ/dT (Figure S4).61 It is true for monothiol-ligand-
decorated QDs (Figure 3c,d) because the adsorption/
desorption equilibrium of monothiol ligands is rather
dynamic.62 The conformational change has less effect
on the inner lattice of QDs (Figure S5a). However, the
multiple thiol�Cd binding of β-CD with QDs greatly
suppresses the dynamic equilibrium of β-CD adsorption/
desorption, making the thiol�QD bonds intact after
QD formation (Figure S5b). Even one thiol�Cd bond
is liable to break by thiol desorption, and this thiol
will remain on the surface of the QD owing to the
limitation of the rigid CD macrocycle. As a result, the
torsional force generated by the conformational
change of β-CD under altered temperature can be
released neither by β-CD desorption nor by the
molecular rotation, but conducted to the inner lattice
of QDs. The combination of the lattice expansion/
contraction of the QD and that from β-CD stress
greatly enhances the sensitivity. In our experiment,
CdTe QDs are also decorated with 6-monodeoxy-6-
monothio-β-cyclodextrin, which is a monothiolated
β-CD. The QDs exhibit the sensitivity of 0.12 nm/�C,
completely the same as other monothiol-ligand-
decorated CdTe QDs (Figure 3c). Our results are

Figure 2. UV�vis absorption andPL spectra ofR-CD- (a) and
β-CD-decorated (d) CdTe QDs. Insets: corresponding PL
images of the aqueous solutions of QDs. TEM images of
R-CD- (b) and β-CD-decorated (e) CdTe QDs. Insets: HRTEM
images. 1H NMR of R-CD- (c) and β-CD-decorated (f) CdTe
QDs. Insets: illustrated molecular structures of R-CD and
β-CD.
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consistent with the previous prediction that the
thermal sensitivity of QDs should relate to the surface
tensile stress.43 Only polydentate CDs generate enough
stress to enhance the sensitivity, whereas monothiol
ligands do not. This clearly proves that the multiple
binding of CDs with QDs is the key for conducting the
CD conformation change to the QD lattice dilation.
Figure 5 illustrates the conformational change of

β-CD between two different temperatures. When
temperature increases, it does not obviously alter the
conformational freedom of macro-ring shapes and
each pyranose ring of β-CD. Also, the conformation
of the secondary hydroxyls is not considerably
changed. These are attributed to the homodromic
and intermolecular hydrogen bonds between the
neighboring secondary hydroxyls in different pyranose
rings, reducing the conformational freedom of macro-
ring shapes and pyranose rings. However, the torsional
angle (ω) of the primary sulfhydryls, which directly link
with QDs, exhibits larger conformational freedom
because of less limitation of rotational freedom. With
increasing temperature, the primary sulfhydryls will
leave from the cone cavity of β-CD, arising to the
torsional force to enlarge the lattice dilation of QDs.
Note that the stress to the lattice of QDs from the CD
conformational change is very strong, which can be
estimated by combining the pressure coefficient of the
excitonic energy gap of CdTe. The contribution from

β-CD conformational change on the lattice dilation is
0.16 nm/�C (Figure S6), attributed to the influence of
external pressure on the excitonic energy gap. The
pressure coefficient of the excitonic energy gap of
CdTe is about 7.9 � 10�2 eV/GPa.63,64 Thus, the gener-
ated pressure per degree centigrade is calculated to
be 8.4 MPa (i.e., 8.4 pN/nm2), comparable to that of
azobenzene conformational changes.65 This consid-
eration is further confirmed by studying the character-
istic sensitivity of CdSe QDs (Figure 6). The sensitivity of
MPA- andβ-CD-decorated CdSe is 0.11 and 0.21 nm/�C,
respectively. The lower sensitivity, in comparison to
CdTe, is attributed to the lower pressure coefficient
of the excitonic energy gap of CdSe, which is 5.0 �
10�2 eV/GPa (Table 1).63,64 The different pressure
coefficient means that, under the same external force,
the spectral shift of CdTe should be 1.58 times larger
than that of CdSe. In experiment, the influence of the
conformational change of β-CD induces the CdTe
spectral shift 1.6 times larger than that of CdSe, con-
sistent with the anticipation.
Similarly, the contribution from R-CD conforma-

tional change is also strong, which is equal to the
expansion coefficient of CdTe. The smaller contribution
of R-CD is understandable in terms of the structural
difference of R-CD and β-CD that, in comparison to
β-CD,R-CD lacks one glucopyranose ring and therefore
one sulfhydryl. It leads to weaker stress toward QDs

Figure 3. Shift of the peak positions of UV�vis absorption (a) and PL (b) spectra of β-CD-, R-CD-, and MPA-decorated CdTe
QDs versus temperature. The slopes measured from the absorption and PL spectra are almost the same. (c) Influence of
various monothiol ligands on the slopes. The concentrations of QDs are 10 mmol/L, referring to the concentration of Cd2þ.
Monothiolated β-CD-, MA-, and TGA-decorated QDs are not measured above 40 �C because of the irreversible thermal
growth. (d) Effect of the concentration and size of MPA-decorated CdTe QDs on the slopes. The QDs with two concentrations
of 10 and 0.5mmol/L and three emission colors of green, yellow, and red are investigated. The diameter of green, yellow, and
red QDs is 2.3, 3.1, and 4.2 nm, respectively.
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and the lowered sensitivity of 0.24 nm/�C. This result in
return proves that the sensitivity enhancement results
from the conformational change of CD. To further
confirm the consideration, CdTe QDs are co-decorated
using β-CD and TGwith amolar ratio of 1:1, referring to
sulfhydryls. As shown in Figure S7, the sensitivity
becomes 0.17 nm/�C between β-CD-decorated QDs
and TG-decorated ones. The decrease of β-CD ratio is

reasonable to lower the contribution from the confor-
mational change, making the sensitivity close to the
inherent lattice thermal expansion coefficient of CdTe.
Note that the effect of CD conformation on the

variation of Cd�Te bond length is very tiny, but it
is enough for enhancing the sensitivity. In bulk CdTe,
1 �C variation only alters the lattice of 4.7 � 10�6,
corresponding to the energy band gap change of

Figure 4. Variation of the peak positions of the UV�vis absorption (a,e) and PL (b�d,f�h) spectra of the CdTe QDs decorated
with β-CD (a,b), R-CD (c), monothiolated β-CD (d), MPA (e,f), TGA (g), and MA (h) during the temperature recycle between 65
(circle) and 70 (square) �C. In each recycle, the PL spectra are measured after storing the QD solution for 20 min.
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3.5 � 10�4 eV.64 In the case of QDs, such alteration
leads to the shift of PL spectra of about 0.1 nm. Besides,
for 3 nm CdTe QDs, about 35% atoms locate on
the surface and link with thiolated CDs, making the
influence of CD conformation more significant.43,66,67

In our experiment, the tensile stress generated from
CD conformation change shows a larger effect on the
QDs with smaller size owing to the larger surface-to-
volume ratio, for example, 3.0 nm β-CD-decorated
CdTe QDs exhibit higher sensitivity than that of the
3.9 nm ones (Table 2). It should be emphasized that
such size effect is only observed for CD-decorated QDs
(Figure S8c,f) because strong tensile stress is generated
by CD conformational change. Monothiol ligands can-
not generate such stress, thus making the sensitivity

independent of the QD size in our investigated size
range (Figure 3d). Therefore, it is concluded that the
torsional force generated by the conformational
change of CDs can greatly enhance the characteristic
sensitivity of QDs, which leads to larger effect for the
QDs with smaller size.
In addition, the temperature-dependent PL shift of

QDs may contribute from three aspects, including the
alteration of the lattice of materials, quantum-confined
energy from QD size variation, and the electron�
phonon coupling interaction.68 The presence of the
torsional force fromCD conformational changedirectly
enlarges the expansion/contraction of QDs, relating
both to the lattice and size of QDs (Figure 3). However,
the influence on the lattice plays the key role because
the intrinsic lattice thermal expansion coefficient of
II�VI semiconductor materials is small, and the sub-
sequent QD size variation under altered temperature
is also small. As a result, the contribution from QD
quantum-confined energy on the temperature sensi-
tivity is not serious. Moreover, the contribution from
electron�phonon interactions is negligible. In the
current system, the strength of electron�phonon cou-
pling can be evaluated by the Stokes shift of QDs,
which is small and in particular unchanged with the
variation of QD size (Figure 3a,b). It means that the
electron�phonon coupling has little contribution to
the sensitivity enhancement. In all, it can be safely
concluded that the enhancement of the characteristic
sensitivity of CD-decorated CdTe QDs results from the
CD-directed lattice dilation, including primary material
lattice expansion/contraction and secondary quan-
tum-confined energy variation of QDs.
Spectral stability is important in utilizing QD-based

nanothermometers. In our investigation, β-CD is a
polydentate ligand, which endows the as-synthesized
QDs with high size stability and subsequent spectral
stability (Figures 7 and S9). Even after 6 month storage
at room temperature, no PL change is observed
(Figure 7a). The stability of β-CD-decorated CdTe QDs
in glutathione solution is also studied because cells
have 5�10 mM glutathione as well as other free thiols.
After aging β-CD-decorated CdTe QDs in 10 mM glu-
tathione solution for 24 h, the PL spectra are nearly
identical (Figure S10a), showing good stability in the
simulated thiol surrounding. In comparison, mono-
thiol-ligand-decorated CdTe QDs are unstable in glu-
tathione solution (Figure S10b). This experiment
confirms the potential of CD-decorated QD sensor in
biological systems. More importantly, the QDs also
exhibit high size stability under elevated temperature.
Even maintaining the QD solutions at 90 �C for 4 h,
no absorption and PL spectral shift are observed
(Figures 7b,c and S9), showing the unchanged QD size,
whereas obvious size increase of monothiol-ligand-
decorated QDs is found at the temperature over
60 �C. To demonstrate the repeatability of a QD-based

Figure 5. Scheme showing the conformation change of
β-CD with temperature variation. For better visibility, the
hydrogen atoms are not shown.

Figure 6. Shift of the peak positions of UV�vis absorption
spectra of β-CD- and MPA-decorated CdSe QDs versus
temperature.

TABLE 1. Pressure Coefficient of the Excitonic Energy

Gap of Some Common Semiconductors Obtained from

Reference 64

substance dEg/dp (10
�2 eV/GPa)

CdTe 7.9
CdSe 5.0
CdS 4.2
ZnTe 7.0
ZnSe 7.0
ZnS 6.3
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thermometer, the absorption and PL spectra of R-CD-,
β-CD-, TGA-, MA-, and MPA-decorated QDs are mea-
sured with the recycles between 65 and 70 �C for 20
times (Figure 4). In each recycle, the PL spectra are
measured after a 20min thermal equilibration. Because
the test temperature is higher than the critical growth
temperature of TGA-, MA-, and MPA-decorated CdTe
QDs, the spontaneous growth of QDs and subsequent
PL red shift are inevitable (Figure 4d�h). This is essen-
tially attributed to the weaker binding of monothiol

ligands with QDs, leading to a dynamic equilibrium of
ligand adsorption and desorption.62 As a result, the
spontaneous growth of QDs occurs if the temperature
is higher than the critical growth temperature, whereas
no spectra shift is found for R-CD- and β-CD-decorated
QDs after 20 recycles (Figure 4a�c) because of the
relatively high critical growth temperature (Figures 7
and S9). Asmentioned above, N2H4 lowers the freezing
point of water, making the thermometer potentially
usable at�35 �C (Figure 1a). However, only R-CD- and

TABLE 2. Summaries of the Experimental and Expected Thermal Sensitivities, Working Range, Stability of Different

Ligand-Decorated CdTe QDs

mercapto ligands sensitivity (nm/�C) working range (�C) stability of the QDsb expected sensitivity (nm/�C)

TGA 0.12 0�40 stable 0.11
TG 0.12 0�60 stable 0.11
MA 0.12 0�40 moderate 0.11
MPA 0.12 0�60 stable 0.11
thiolated R-CD 0.24 �35�90 very stable c
thiolated β-CD 0.28 �35�90 very stable c
monothiolated β-CD 0.12 0�35 stable 0.11
thiolated β-CD (3.0 nm QDs transferred from organic media)a 0.17 0�60 stable d
thiolated β-CD (3.9 nm QDs transferred from organic media)a 0.14 0�60 stable d

a In revealing the size effect, the CdTe QDs are foremost synthesized in organic media and transferred to water via the ligand exchange using β-CD. Other QDs are directly
synthesized in water using different mercapto ligands. b The stability of monothiol-ligand-decorated CdTe QDs is obtained from ref 46. The stability of R-CD- and β-CD-
decorated CdTe QDs is estimated by comparing with the monothiol-ligand-decorated ones. c The expected thermal sensitivity ofβ-CD-decorated CdTe QDs should be larger than
that ofR-CD-decorated ones. d Though the thermal sensitivity of β-CD-decorated CdTe QDs with different sizes cannot be expected, the smaller QDs possess larger sensitivities
due to larger surface-to-volume ratio.

Figure 7. PL spectra of β-CD-decorated CdTe QDs are measured by storing at (a) 20 and (b) 90 �C for different duration. (c)
UV�vis absorption spectra of β-CD-decorated CdTe QDs that aremeasured at 5 �C (black solid), 90 �C (red solid), 90 �C for 4 h
(blue dash), and finally cooled to 5 �C (green dash).
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β-CD-decorated QDs are workable because N2H4

strongly promotes the growth of monothiol-ligand-
decorated QDs.59 Thus, the working range of the
thermometers frommost monothiol-ligand-decorated
QDs is limited between 0 and 40 �C, whereas the range
of R-CD- and β-CD-decorated QDs is �35 to 90 �C
(Table 2).
The current strategy is alsoworkable for high-quality

QDs synthesized in high-boiling-point organic solvents,
such as CdSe, CdTe, and CdSe/ZnS QDs (Figures S8
and S11). These hydrophobic QDs are decorated with
MPA or β-CD via ligand exchange and transferred from
organic media to water.69 Similar to aqueous synthe-
sized QDs, these QDs also exhibit ligand-dependent
thermal sensitivities, though the values of sensitivity
are not completely consistent (Table 2). The disparity is
attributed to the impossibility of anchoring all seven
mercapto groups of each β-CD with QDs during the
ligand exchange in the presence of a large excess of
ligands69 and the complex core/shell structure of
CdSe/ZnS QDs.31 This is also the reason that we mainly
employ aqueous synthesizedQDs as nanothermometers.
The QD-based thermometer is applicable tomonitor

the temperature variation in microscale. β-CD-decorated

CdTe QDs are mixed with polypyrrole (PPy)-enveloped
Au nanoflowers and irradiated by an 808 nm laser to
achieve temperature mapping (Figure 8). In this con-
text, the heating source is PPy-enveloped Au nano-
flowers. By adjusting the size of Au nanoflowers and
the thickness of the PPy shell, the composite nano-
flowers possess strong plasmon resonance absorption
at 808 nm (Figure S12 and Table S1), thus efficiently
converting the 808 nm irradiation into heat energy by
virtue of photothermal effect.70 In comparison, β-CD-
decorated CdTe QDs cannot absorb 808 nm irradiation
(Figure S13), only acting as the imaging agents. In the
mixture of PPy-enveloped Au nanoflowers and β-CD-
decorated CdTe QDs, the former strongly absorb the
irradiation and convert to heat under an 808 nm laser
irradiation (Figure 8b), thus rapidly raising the tem-
perature over 50 �C. The temperature variation is
clearly mapped by β-CD-decorated CdTe QDs, leading
to the PL color alteration from yellow to orange
(Figure 8c,d). Note that, for the nanothermometers
from most monothiol-ligand-decorated QDs, the ceil-
ing temperature is below 40 �C. Only CD-decorated
QDs permit the mapping with high repeatability and
accuracy (Figure 4). Figure 8e�i exhibits themicroscale

Figure 8. β-CD-decorated CdTe QDs as the nanothermometer to exhibit the photothermal behavior of PPy-enveloped
branched Au NPs. Optical photographs of CdTe and Au�CdTe mixture without (a) and with (b) 808 nm irradiation. The
dependence of the fluorescence spectra (c) and the shifts of peak positions (d) on the irradiation duration. Insets: fluorescent
images of Au�CdTe mixture before and after 11 min irradiation. (e�i) Temperature maps of Au�CdTe film. Optical
photograph (e) and the film with (f) 0, (g) 30, and (h) 60 s irradiation, after which the film is cooled to room temperature
(i). Scale bar: 20 μm. The laser power density is 3 W/cm2.
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PL mapping of the film composed of β-CD-decorated
CdTe and PPy-enveloped Au under 808 nm irradiation.
With prolonged irradiation, the PL turns from green,
yellow, to orange, representing the temperature in-
crease. When the film is cooled to the initial tempera-
ture, the PL returns to green. In comparison to the
most recent work using CdSe QDs to measure the
temperature change from 20 to 60 �C,71 the CD-
decorated CdTe possesses two improvements at
least. First, the thermal sensitivity of the CdSe QDs
is only 0.1 nm/�C, lower than that of the CD-decorated
CdTeQDs (0.28 nm/�C). In the investigated temperature
range (20�60 �C), the PL of CD-decorated CdTe
QDs shifts 11.2 nm, much higher than the 4 nm shift
of CdSe QDs. The temperature change is easier to
observe with the naked eye. Second, CD-decorated
CdTe QDs can be employed in a broad temperature
range (�35 to 90 �C), whereas most non-CD-
decorated QDs cannot avoid spontaneous growth
over 60 �C as nanothermometers. Because of the
good PL mapping behavior, CD-decorated QDs will be

alternative candidates for further design and construc-
tion of nanothermometers.

CONCLUSIONS

In summary, the torsional force generated from the
temperature-dependent conformational change of
macrocyclic compounds was applied to enhance the
sensitivity of a QD-based thermometer. The linkage of
thiolated CD with aqueous CdTe QDs enables one to
conduct this torsional force to the lattice dilation of
QDs, thus dramatically enhancing the sensitivity to
0.28 nm/�C, 2.4-fold higher than those of monothiol-
ligand-decorated QDs. Besides, the strong stabilization
from thiolated CD suppressed the size alteration of
QDs both in the presence of N2H4 and under elevated
temperature, thus significantly broadening the applica-
tion scope of the nanothermometer from�35 to 90 �C.
Because CD-decorated QDs can monitor the tempera-
ture change in microscale with high sensitivity and
repeatability, such a nanothermometer is potentially
applicable in developing novel biomedical techniques.

METHODS

Materials. Tellurium powder (∼200 mesh, 99.8%), 3-mercap-
topropionic acid (MPA, 99þ%), thioglycolic acid (TGA, 98%),
1-thioglycerol (TG, 98%), and 2-mercaptoethylamine (MA, 98%)
were purchased from Aldrich. NaBH4 (96%), Na2TeO3 (98þ%),
CdCl2 (99%), and N2H4 3H2O (85%) were commercially available
products and used as received. Per-6-thio-R-cyclodextrin (R-CD)
and per-7-thio-β-cyclodextrin (β-CD) were synthesized accord-
ing to the procedure described in the previous publication.59

Preparation of r-CD- and β-CD-Decorated CdTe and CdSe QDs. R-CD-
and β-CD-decorated CdTe QDs were prepared in aqueous
solution according to our previous work.59 Typically, 2 mL of
100 mM CdCl2 was placed in a conical flask first, then 32.4 mL of
water, 70mg ofR-CD or β-CD, 2mL of 20mMNa2TeO3, 50mg of
NaBH4, and 45.6 mL of 85% N2H4 3H2O were added in turn. The
concentration of QDs was 2.5 mM referring to Cd2þ, and
the molar ratio of Cd2þ/CD/TeO3

2�/NaBH4/N2H4 3H2O was
1:0.3:0.2:6.7:4000. β-CD-decorated CdSe QDs were synthesized
via a similar method, except using NaHSe rather than TeO3

2�.
The QD solution was purified by adding 2-propanol and cen-
trifuging. For NMR characterization, the precipitates were redis-
solved in D2O.

Preparation of Aqueous CdTe and CdSe QDs Decorated with Monothiol
Ligands. MPA-decorated CdTe QDs were prepared by injecting
freshly prepared NaHTe solution into N2-saturated CdCl2 aque-
ous solution at pH 9.5 in the presence of MPA. The concentra-
tion of the precursors was 10 or 0.5 mM with reference to the
concentration of Cd2þ, whereas the molar ratio of Cd2þ/MPA/
HTe� was 1:2.0:0.2. The precursors were then subjected to a
reflux which controlled the growth of CdTe QDs. Following a
similar procedure, CdTe QDs stabilized by TGA, MA, and TG and
CdSe QDs stabilized by MPA were prepared. The QDs were
purified by adding 2-propanol to the QD solution and centrifug-
ing for further characterization.

Surface Decoration of the CdSe, CdTe, and CdSe/ZnS QDs That Are
Foremost Synthesized in Organic Media. The CdSe, CdTe, and CdSe/
ZnS QDs were synthesized in high-boiling-point organic sol-
vents according to the previous publications.72�74 Different
thiol ligands, typically MPA and β-CD, were decorated on these
QDs via ligand exchange, which transferred the QDs from
organic media to water.69 For example, the as-synthesized oleic
acid (OA)-stabilized CdSe QDs in 1-octadecene were cooled

to ∼30�50 �C and precipitated by adding chloroform and
methanol. After centrifugation, the supernatant was decanted,
and the precipitate was dissolved in chloroform with the
concentration of 20 mM. Then, 400 μL of MPA was added into
1 mL of the aforementioned solution with the Cd2þ/MPA molar
ratio of 1:50. The solutionwas shaken for 20minwith sonication,
which became turbid gradually due to the exchange of OA by
MPA. The precipitate was isolated by centrifugation and dis-
solved in pH >10 deionized water. The excess MPA was further
removed by washing the precipitate with chloroform and
centrifuging to obtain MPA-decorated CdSe QDs. Through a
similar method, CdSe QDs were decorated with β-CD, except
using 0.2mL of dimethylformamide as the solvent to dissolve 70
mg of β-CD. Note that a large excess of β-CD must be added to
ensure a successful ligand exchange, at least 10 times higher
than that employed in the aqueous synthesis of QDs. Following
a similar procedure, CdTe and CdSe/ZnS QDs were decorated
with MPA and β-CD.

Characterization. UV�visible absorption spectra were ob-
tained using a Lambda 800 UV�vis spectrophotometer. Fluo-
rescence spectroscopy was performed with a Shimadzu RF-
5301 PC spectrophotometer. The excitation wavelength was
400 nm. Transmission electron microscopy (TEM) was con-
ducted using a Hitachi H-800 electron microscope at an accel-
eration voltage of 200 kV with a CCD camera. High-resolution
TEM (HRTEM) imaging was implemented by a JEM-2100F
electron microscope at 300 kV. 1H NMR was recorded on a
Bruker Ultra Shield 500 MHz spectrometer in D2O with tetra-
methylsilane as an internal standard. An Olympus BX-51 fluo-
rescence microscope was used to examine the micrometer-
scale temperature maps. The color of light was identified by the
CIE (Commission Internationale de L'Eclairage 1931) colorimetry
system. Any color could be described by the chromaticity (x,y)
coordinates on the CIE diagram. Three means were adopted to
ensure the accuracy of the measured temperature. First, a low
constant temperature trough, whose accuracy is (1 �C, is used
to keep the exact temperature. Second, each measurement is
taken three times at a given temperature following a 10 min
equilibration period. Last, the average value is used for ensuring
the accuracy, though the three values are very much in
agreement.
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