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Nanoparticle Assemblies with Molecular Springs:
A Nanoscale Thermometer**
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Nanoparticle (NP) superstructures are important in the
creation of smart materials with new functionalities. Most of
the current examples of complex NP systems, such as
bioconjugates!"™ or hybrid nanocolloids® and their latti-
ces,l®"! are typically static: They show a limited response to
environmental parameters and do not exhibit smooth rever-
sible transitions of their three-dimensional organization or
geometry in response to external stimuli. Dynamic NP
superstructures with gradual structural adaptation to
common physical parameters may reveal interesting analo-
gies to biological entities of similar scale.®”! Additionally,
such systems can find technological applications as optical
devices. Herein we describe a reversible nanothermometer
built from two types of NPs connected by a polymer acting as
a molecular spring. The underlying microscopic mechanism of
the nanothermometer involves plasmon resonance and exci-
ton—plasmon interaction.

Poly(ethyleneglycol) (PEG) derivatives with tert-butoxy-
carbonyl (Boc) and N-hydroxysulfosuccinimide (NHS)
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groups at the terminal ends of the linear macromolecule
(molecular weight 3400 Da, see Experimental Section) allow
the sequential conjugation of one end to 20-nm Au NPs and of
the other end to 3.7-nm CdTe NPs. This results in the
superstructure depicted in the insert of Figure 1. The high-
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Figure 1. Top: Absorbance spectra of the PEG-conjugated Au NPs
before (a) and after (b) removal of the Boc protecting groups;
emission spectra of CdTe NPs after addition of EDC/NHS (c), after
conjugation with Au-PEG (d), and of CdTe alone (e). Inset: Schematic
drawing of the superstructure. Bottom: PL enhancement of the CdTe—
PEG-Au superstructure after 40 min. A=absorbance, E=emission
intensity.

resolution transmittance electron microscopy (TEM) images
of the product (Figure 2) confirm the formation of corona-
like superstructures, although the density of the CdTe satellite
particles distributed around the central gold core is lower than
expected, probably owing to structural alterations during
sample preparation. The CdTe colloid can be identified by the
lattice plane spacing d of 0.352 + 0.3 nm, which is typical for
cubic CdTe.'™') The Au NPs show a d value of 0.23+
0.008 nm, which corresponds to the (111) planes of the Au
crystal (see Supporting Information).

The superstructure was excited with a He:Ne laser at
633 nm (20 mW, Uniphase, USA). The red light quanta result
in efficient excitation of CdTe NPs, although these quanta are
below the energy of the absorption threshold. This process is
not as common as photoluminescence (PL) stimulated by
light quanta with higher energy than the light emitted from
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Figure 2. TEM images of the superstructure formed by conjugation of
the CdTe NPs with the Au NPs: a) 5x10°, and b) 10° magnification (in
each case the bar represents 5 nm). The circles indicate the areas in
which characteristic lattice fringes of 0.352 nm for the cubic zinc
blende structure of CdTe can be seen after conjugation with PEG.

the NP, but it is well-documented for CdTe.'*'3 The
mechanism of the excitation may include two-photon absorp-
tion as well as one-photon promotion of the charge carriers
from thermally excited levels, yielding a complex curve with
both second- and first-order dependence on the

intensity of the incident light.”® Regardless of

the excitation pathway, luminescence induced by T 80

8l \/\/\/\/\ B

depending on the absorption peak of the Au colloid, one may
not see any enhancement effect and even observe quenching
of the semiconductor emission.

The temperature of the CdTe-PEG-Au dispersion was
varied between 20 and 60°C by a heating/cooling circulator
(NESLAB, EX-111, USA). The conformation of the PEG can
be altered as a response to the thermodynamic energy in the
media. Despite the fact that PEG and PEO (poly(ethylene
oxide)) have high critical temperatures, an increase in the
temperature from 20 to 50°C results in swelling of the PEG
molecule and an increase in its diameter.'”'¥ This alters the
distance between the particles, which should produce a
concomitant change in the luminescence output. Indeed, the
superstructure shows a clear temperature dependence for the
PL intensity. A high concentration of PEG segments attached
to the Au surface can introduce additional differences
compared to the classical case of diluted solutions of PEG.

A higher temperature leads to a decrease in the lumines-
cence due to the more extended conformation of the PEG
chain, and vice versa (Figure 3a, b). The non-PEG bonded
system did not display any temperature dependence (see
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of the electron density in the Au NP, that is, the
plasmon. The resonance between them has two
effects on the emission of CdTe: 1) It results in
the enhancement of the luminescence intensity
of the NPs at 568 nm, when the gap between the
particles closes. In contrast to earlier reports on
the fluorescence quenching of semiconductor
colloids by gold particles,"*!! we consistently
observe a strong enhancement of the CdTe
luminescence upon attachment of Au NPs, as
long as certain geometrical rules are observed
and the diameters selected match the resonance conditions.'®!
The reasons behind this difference in observations can be
understood from the theoretical description below. 2) The
resonance conditions make the luminescence intensity very
sensitive to the interparticle distance,'® which is a convenient
feature for analytical applications.”*! This complements the
high signal-to-noise ratio that could result with two-photon
emission. For a different geometrical arrangement—for
instance, when a gold NP is attached to a CdTe nanowire, as
described in our previous study'®—a single Au NP may not
produce any enhancement effect at all because of diffusion of
the exciton along the nanowire. In this case, only the
collective action of many NPs can provide a substantial
enhancement of the emission."” Furthermore, the diameter
of the Au NP also makes a substantial difference and,
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Figure 3. Variation in the PL intensity E (b) of the PEG-tethered Au and CdTe NPs
depending on the temperature T (a);
of the CdTe NPs as a function of time. d) Schematic representation of the dielectric
model used for calculating the curve in (c) as well as the plasmon excitation with
associated field lines; the plasmon excitation inside an Au nanosphere interacts with
excitons in the CdTe NPs through electric fields. The distance Ryp(T) varies with the
temperature. The curve in (c) also represents a theoretical dielectric model of the NP
assembly in which the CdTe NPs form a continuous spherical shell around the Au NP.

c) calculated photon-field enhancement factor P

Supporting Information). Importantly, the process is totally
reversible, showing less than 10% photodegradation with
every temperature cycle (1500 s).

Calculations demonstrate that the change in the PEG-
controlled distance between the NPs is the cause of the
observed modulations in emission intensity. The photon-field
enhancement factor P inside the CdTe NPs determines the
probability of photon emission by an exciton trapped in a
CdTe NP. Therefore, the emission intensity is proportional to
the factor P [Eq. (1); where E, is the external electric field
P(o.Rye) = (E*)o/E; 1)
inside a CdTe NP without the Au subsystem, E is the electric
field in the presence of an Au NP averaged over the solid
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angle Q, Ryp is the position of the CdTe NPs with respect to
the center of the superstructure (Figure 3d), and w is the laser
frequency].

We use here a simplified model which approximates a
granular, molecular spring superstructure (Figures 1 and 2) as
an Au sphere surrounded by polymer molecules and the CdTe
shell (Figure 3d). We see no evidence of clustering of Au
particles in the TEM images, which also supports the
suggested theoretical model. Mathematical treatment of all
CdTe NPs individually could be useful, but requires sophis-
ticated numerical simulations. At the same time, a simple
shell model reveals the physical essence of the phenomenon,
which is important for the further development of similar
superstructures. Note that the majority of Au NPs are faceted
(see Supporting Information). While being mindful of the
potential electric field aberrations caused by face edges, we
consider them to be secondary effects in comparison to the
model approximation.

Thus, treating an Au NP as a sphere and a collection of
CdTe NPs as a spherical shell, we can analytically calculate
the electric fields induced around the Au NP by matching the
electrical boundary conditions and involving the first spher-
ical harmonics.'”! After averaging over Q, we obtain Equa-
tion (2), where B and C are complicated functions of the
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dielectric constants of the metal (¢, (w)), PEG (¢;), and CdTe
(¢care="7.2; see Supporting Information). In addition, the
coefficients B and C are dependent on the radii of the
spherical shells in our model. The function ¢, () for the Au
NPs was taken from reference [20]. Since the UV/Vis
absorption of the Au NPs is dependent on the dielectric
constant of the environment, the effective value of g, of the
surrounding media was taken as the dielectric constant of
PEG (2.3).2 Yun et al.® reported a 1/R* dependence of
fluorescence quenching by small Au NPs. The geometry of
our system seems to be an even better match for 1/R? distance
dependence than that in reference [29], because the diameter
of the Au NPs is large, and therefore the NP may behave like
a surface. Nevertheless, Equation (2) (with 1/R®) was used
because 1)a resonance process is better described by a
dipole—dipole rather than a dipole-surface model, 2) it is a
more general description, which could be applied for a variety
of similar systems, and 3) expressions for corresponding
coefficients are known, as opposed to those in the equation
with 1/R*. Ryp was determined by the radius of gyration of
PEG, Rpgg. On the basis of literature data,?>? Ry of PEG
with a molecular weight of 3400 Da is 2-4 nm. The temper-
ature-induced changes in the 20-60°C range constitute 20—
30% of the polymer globule volume ratio, that is, changes in
Rypgg of 0.6-1.2 nm.?* In view of the fairly small change in the
overall diameter of the Au—-PEG-CdTe superstructure (ca.
26 £ 1.5 nm) caused by the conformational changes in PEG,
the difference between the equations with 1/R* and 1/R% is not
that essential here, except for the fact that a 1/R® dependence
should give stronger optical effects, which seems to be the
case. Also note that light scattering plays a small role in the
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observed effect of luminescence enhancement. Assuming a
linear dependence of Rppg(7) =3 nm + 1 nm (7—-30°C)/30°C,
one arrives at Equation (3). The high sensitivity of the NP

Ryp(T) = 11.8nm + Ry (T) = 14.8nm + (T—30°C) /30°C 3)

emission to temperature in our superstructures arises from
two factors: 1) The value of P rapidly decreases with Au-
CdTe distance (approximately as R%;), and 2) the exciton
energy is very close to the plasmon resonance, which leads to
a plasmon enhancement of emission. Equation (2) for the
emission-enhancement factor has rather a complicated dis-
tance dependence caused by the multiple-shell structure. For
Ryp=15-16 nm, the plasmon-enhanced electric field and
corresponding enhancement factor rapidly decrease with
distance.

Compared with other approaches to sensing with nano-
colloids,™ the expansion and contraction of molecular springs
represents a very sensitive transduction mechanism for
chemical detection: Any change in the dimensions of the
superstructure results in a shift of the plasmon resonance with
respect to the exciton energy and subsequently in a reduction
of the enhancement factor. Our theoretical analysis shows
that, depending on the resonance conditions, the presence of
Au can either increase or decrease the fluorescence of CdTe.
For example, if the plasmon peak moves towards the exciton
resonance with constriction of PEG, we may obtain the
enhancement effect. If the plasmon peak is shifted away from
the exciton energy, the fluorescence intensity can decrease.
Substitution of Ryp(7) into the equation for P(w,Ryp) for
hw =2.2 eV, corresponding to a resonance wavelength of
568 nm, provides an analogue of the experimental I(7T) curve
calculated in terms of photon-field enhancement factors
(Figure 3¢). The amplitude of the temperature zig-zag for
P(w,Ryp) is about 30%. This correlates very well with the
variation of the emission intensity in our experiments
(Figure 3a, b). The slightly lower amplitude registered in
the experiment can be attributed to steric hindrance in the
CdTe corona around the Au NP, preventing formation of the
perfect CdTe NP shell assumed for our model. The linearity of
the temperature response (Figure3a) can be deceptive,
because all the processes here are highly nonlinear. This
becomes visible in the calculated results shown in Figure 3c.

Thus, the CdTe-PEG-Au system is an example of a
nanoscale superstructure that undergoes a reversible struc-
tural change in response to the environmental conditions. The
combination of this property with plasmon-exciton interac-
tions that display a high sensitivity of the optical output on the
distance modulations represents the foundation of a new
family of sensing and optoelectronic devices.

Experimental Section

The CdTe NPs (3.7 nm in diameter with an emission at 568 nm) were
synthesized according to the literature.””! They were conjugated to
the flexible spacer PEG and then linked to Au NPs (20 nm in
diameter with a surface plasmon peak at 549 nm) to form molecular
spring-type structures. The level of structural control necessary to
produce molecular spring assemblies from NPs as shown in the insert
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of Figure 1, rather than disorganized aggregates, was possible because
the PEG oligomer had two different functional groups at the ends of
the chain, NHS and Boc (Boc-NH—PEG—COO-NHS; molecular
weight 3400 Da, Nektar, AL). The stabilizer, cetyltrimethylammo-
nium bromide (CTAB, Aldrich, Milwaukee, WI) of the Au NPs was
substituted with L-cysteine (Aldrich, Milwaukee, WI) in order to
obtain the NH, functional group. The PEG (10 mg) was dissolved in
deionized water (560 uL) and dimethyl sulfoxide (DMSO, 140 uL).
This solution (700 uL) was mixed with the solution of the Au NPs
(700 uL), and gently stirred at room temperature for 12 h. This
procedure resulted in conjugation of the NHS terminus with NH,
group of the NP stabilizer through a covalent amide linkage. Then the
Boc protecting group was removed by treatment with trifluoroacetic
acid (TFA, 5uL) for 20 min.” The regenerated NH, terminus of
PEG can be conjugated to a CdTe NP by standard conjugation
techniques, that is, EDC/sulfo-NHS cross-linking,'%?"! resulting in
covalent attachment of CdTe to the PEG chain on the end opposite to
the Au NP.
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