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1. Introduction

An important research area in the field of nanomaterials is the
expansion from a single material into conjugate nanoscale or
mesoscale structures with discrete domains of different materi-
als.[1–3] These conjugate structures are expected to exhibit
unique properties due to the integration of different function-
alities, by retaining the capabilities of the individual compo-
nents and optimization of the conjugate’s physical parameters.

This study concentrates on the investigation of the distinc-
tive optical and magnetic properties of conjugate nanostruc-
tures consisting of superparamagnetic g-Fe2O3 nanoparticles
(NPs) and near-infrared PbSe nanocrystal quantum dot (NQD)
chromophores (referred to as NQD–NP conjugates). The com-
ponents were capped with selective surfactants, chosen to
permit hydrogen linking and promote solubility in aqueous
solutions, which were compatible with the biological environ-
ment. The properties of these conjugate structures give them
considerable importance as a new class of multifunctional
nanoscale structures,[4] particularly in their adaptability for biol-
abeling/imaging and cell sorting/separation.[5] In these conju-
gate nanostructures, the magnetic NPs may serve as transport
vehicles (nanoplatforms) that could be manipulated by an ex-
ternal magnetic field gradient, and the NQDs may act as fluo-
rescent tags in the near-infrared regime, thereby allowing an
optical window for in vivo cancer-cell detection. Furthermore,
the conjugate structures could be functionalized with biore-
cognition molecules that would be selectively targeted to a bio-
logical target, and hence would be compatible with personal
medical applications. The magnetic-semiconductor conjugate
can also be equipped with drug molecules to be released at
the specific site of the cancer cells, for the simultaneous target-
ed therapy of the labeled target.

The NQDs exhibit characteristic electronic and optical tuna-
bility that varies according to their size. Currently, PbSe NQDs
are the focus of extensive attention due to their distinctive in-

trinsic properties,[6–8] and show well-defined band-edge exci-
tonic transitions tuned between 1 and 3.5 mm emission with
an optical penetration depth in living tissue of 5–10 cm,[9] a rel-
atively large ground-state cross section of absorption
(~10�15 cm�2), long excitonic lifetime at room temperature
(400–500 ns), and exceptionally high room-temperature lumi-
nescence quantum efficiency (~80 %),[10–12] altogether making
them suitable as fluorescing tags in biological applica-
tions.[13–15]

The g-Fe2O3 NPs have physical and chemical properties that
are not characteristic of either their discrete (atomic) or their
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bulk counterparts.[16, 17] Quantum size effects and the
large surface area of these magnetic NPs dramatically
change some of their magnetic properties, such as
the exhibition of both superparamagnetic properties
and quantum tunneling of magnetization. Based on
their unique mesoscopic physical, tribological, ther-
mal, and mechanical properties, these superparamag-
netic NPs offer great potential in several applications
including ferro fluids, color imaging, magnetic refrig-
eration, detoxification of biological fluids, magnetical-
ly controlled transport of anticancer drugs, magnetic
resonance imaging, contrast enhancement, and mag-
netic cell separation.[18–21]

The optical properties of the NQD–NP conjugates
were measured by monitoring their continuous-wave
photoluminescence (cw-PL) spectra with/without the
influence of an external magnetic field and their PL
decay curves, in comparison with processes occurring
in the free NQDs under the same conditions. The
magnetization of the NQD–NP conjugate was exam-
ined by a superconducting quantum interference
device (SQUID), and evaluated with respect to the
magnetization of the free NPs. As discussed below,
the presence of adjacently coupled species induced
only a fine-tuning of the optical and magnetic prop-
erties of the individual components, which suggests
retention of the integrated functionalities within the
conjugate structure.

2. Results and Discussion

The free PbSe NQDs and the g-Fe2O3 NPs, with a typi-
cal diameter of ~5 nm, were synthesized by colloidal
procedures (see Experimental Section). The PbSe NQDs were
functionalized by 2-aminoethanethiol (AET) surfactant, with the
amino groups facing the exterior periphery. The g-Fe2O3 NPs
were functionalized by hydrophilic polyhedral silsesquioxane
(PSS) ligands containing eight SiO� functional groups (see
Figure 1 A). A mixture of equivalent amounts of NQD and NP
constituents in acidic solution (pH~5) permits ligand–ligand in-
teraction via hydrogen bonds between the NH3

+ and SiO�

functional groups, as shown in Figure 1 B. Previous energy
minimization calculations (using Gaussian 98 commercial-ACHTUNGTRENNUNGsoftware)[22] revealed the occurrence of an additional hydrogen
bridge between an adjacent SiO� group and a –CH2– frag-
ment in the AET (Figure 1 B). These double hydrogen bridges
reduced the enthalpy of the system from 1077 to
699 kcal mol�1 e.[22]

Figure 2 A presents a transmission electron microscopy
(TEM) image of PbSe NQD–g-Fe2O3 NP conjugates deposited
onto a TEM grid from an acidic solution at pH~5, which shows
clustering of particles. The corresponding electron diffraction
pattern (Figure 2 A, inset) reveals the existence of PbSe (space
group Fm3̄m) and g-Fe2O3 (space group P4132) particles within
a cluster. Furthermore, a zoom view over a single cluster (Fig-
ure 2 B) reveals distinctive lattice fringes of the individual NQDs
and NPs, with a surface-to-surface distance of 1.3 nm between

adjacent particles, in good agreement with the combined
AET–PSS molecular length, thus supporting the formation of a
hydrogen bond (Figure 1 B).

Figure 1. A) g-Fe2O3 NPs functionalized by hydrophilic PSS ligands containing eight SiO�

functional groups. B) Equivalent amounts of NQDs and NPs in acidic solution permit
ligand–ligand interaction via a hydrogen bond between the NH3

+ and SiO� functional
groups. (* thiol, * oxygen, * hydrogen, * silicon, * nitrogen, * carbon, * nonbonding
electrons.)

Figure 2. A) TEM image of PbSe NQD–g-Fe2O3 NP conjugates, deposited
from a solution of pH~5, and the corresponding electron diffraction pattern
(inset). B) Zoom view over a single cluster, with arrows indicating individual
NQD and NP particles, at a mutual surface-to-surface distance of 1.3 nm.
C, D) TEM images of NQD/NP mixtures, deposited from a water solution of
pH 2 (C) and pH 11.6 (D), which show dispersion of the particles.
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Figures 2 C and D show TEM images of NQD/NP mixtures de-
posited onto a TEM grid from a water solution of pH 2 and
11.5, respectively. These images reveal a random dispersion of
the individual particles, which avoids conjugation of the parti-
cles, under extreme acidic/basic conditions. More likely, a
strongly acidic solution protonizes the SiO� groups whereas a
strongly basic solution deproponizes the NH3

+ group, both
blocking the ligand–ligand interactions. It appears, therefore,
that the extent of conjugation between the PbSe NQDs and
the g-Fe2O3 NPs can be controlled by the pH of the suspension
in which this process takes place, thus supplying further evi-
dence for hydrogen bonding between the NQD and NP com-
ponents. It is noted that the pH stability of the conjugates
would have to be controlled when used as a medical platform.

Figure 3 shows the 1H NMR spectra of AET-capped PbSe
NQDs (blue curve) and their mixture with PSS molecules (red
curve), both recorded in D2O solution. The spectrum of the

AET-capped NQDs is dominated by two triplet resonances, cen-
tered at 2.77 and 2.43 ppm, related to the –CH2– bonds la-
beled in Figure 1 B as a and b, respectively. The labile protons
on the NH3

+ unit are more likely exchanged by the surround-
ing deuterium atoms, thus making them invisible in the
1H NMR spectrum. Furthermore, the discussed triplet resonan-
ces appear at lower chemical shifts, a at 2.38 ppm and b at
2.18 ppm, upon mixing with the PSS molecules. This change is
related to electron screening induced by a SiO� unit of the PSS
moieties in the vicinity of both the a and b protons (when the
influence on the b proton may be bridged via the amine
group). Thus, the 1H NMR spectra further support the occur-
rence of two hydrogen links between the AET and PSS func-
tional molecules (Figure 1 B). Note that examination of the
1H NMR spectrum in the presence of g-Fe2O3 NPs showed a
substantial broadening of the resonance bands (not shown),
due a magnetic screening induced by the magnetic/metallic
NPs, which avoided resolution of delicate changes in the
chemical shifts.

Figure 4 shows the cw-PL spectra of PbSe NQD–g-Fe2O3 NP
conjugates (red curves) and of free PbSe NQDs (blue curves),
recorded at room temperature (bottom), at 1.4 K (middle), and
at 1.4 K with the additional influence of an external magnetic

field of 3 � 104 Oe (top). The spectra are composed of a single
band, associated with the ground-state exciton emission with
a quantum efficiency of 27 % (at room temperature). The exci-
ton band of PbSe NQDs, either as free particles or within the
conjugate nanostructure, is red-shifted upon cooling from
room temperature to 1.4 K, a known effect in a bulk narrow-
band semiconductor[23] and in colloidal PbSe NQDs.[24] The tem-
perature shift is related to lattice dilatation, phonon coupling,
and the dominancy of dark exciton emission in NQDs (at
1.4 K).

Representative absorption spectra of the free 5 nm PbSe
NQDs and the corresponding NQD–NP conjugate are shown in
the inset of Figure 4, which exhibits nearly identical curves but
with a red shift of the conjugate’s spectrum by 12 meV with
respect to that of the individual NQDs. This result is in compar-
ison with a red shift of 14 meV between the room-temperature
emission bands, presented as the bottom curves in Figure 4.
The discussed energy difference increases with a decrease of
the NQD radius (between 5 and 50 meV), and is correlated
with the influence of the dielectric environment on the optical
band gap. The dielectric environment is a function of the rela-
tive volume fraction of the g-Fe2O3 NPs and water molecules in
the immediate vicinity of the NQDs. Thus, the exciton red shift
induced by the conjugation can be described by Equa-
tion (1):[25]

Eopt
gap ¼ Eqp

gap � Je�h ð1Þ

The quasiparticle gap, Eqp
gap, is correlated with the energy differ-

ence between the lowest-energy kinetically confined electron
and hole states, while Je–h is related to the electron–hole Cou-
lomb attraction energy and is given by Equation (2):[26]

Je�hðRÞ ¼
1

eout
þ 0:79

ein

� �
e2

4pe0R
ð2Þ

where ein is the dielectric constant of the PbSe NQDs, R is the
NQD radius, and eout is the weighted dielectric constant of the
environment. Defining Jwater

e�h and Jwaterþg�Fe2 O3

e�h as the Coulomb

Figure 3. 1H NMR spectra of AET-capped PbSe NQDs (blue curve) and their
mixture with PSS molecules (red curve), both recorded in D2O solution.

Figure 4. Representative PL spectra of individual PbSe NQDs (blue curves)
and of the NQD–NP conjugates (red curves). The spectra were recorded at
room temperature (bottom), at 1.4 K (middle), and at 1.4 K in the presence
of an external magnetic field of 3 � 104 Oe (top). Inset: the corresponding ab-
sorption spectra of individual PbSe NQDs (blue curve) and NQD–NP conju-
gates (red curve). The average diameters of the NQDs and NPs were 5 nm.
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coupling energy in water and in water + g-Fe2O3 environments,
respectively, and considering the values eg�Fe2O3

= 9.4, ewater =

5.5,[27] and eout ¼
Vg�Fe2 O3

�eg�Fe2 O3ð Þþ Vwater�ewaterð Þ
Vtotal

= 6.67 (V designates
the corresponding volumes), the dielectric environment of the
water-soluble PbSe NQDs alters upon conjugation with the
metallic NPs, by the amount given in Equation (3):

DJ ¼ Jwater
e�h � Jwaterþg�Fe2O3

e�h ð3Þ

The corresponding optical gap varies by the expression given
in Equation (4):

DEopt
gap ¼ Eopt;water

gap � Eopt;waterþg�Fe2O3
gap ð4Þ

The optical gaps (which nearly equate with the exciton
emission energy) of free NQDs and their corresponding conju-
gates were measured for a set of samples with various NQD
radii, while maintaining a constant ratio between the number
of NQDs and NPs within a conjugate solution. The experimen-
tal DEopt

gap versus the radius of the NQDs is plotted in Figure 5;

the theoretical plot of DJ versus the diameter is given by the
solid line. Although there is some deviation between the ex-
perimental and theoretical curves, the similar trend suggests
that the dielectric surroundings induced by g-Fe2O3 NPs have a
major contribution to the red shift of the NQDs’ exciton
energy, without affecting the emission quantum efficiency.
Also, the spectra recorded under the influence of an external
magnetic field (top curves in Figure 4) did not show an obvi-
ous change with respect to its absence (middle curves). This
point is important for future use in transferring the conjugates
by a magnetic-field-driven process along a human vein (to be
discussed elsewhere).

The PL decay curves of the free PbSe NQDs and the corre-
sponding NQD–NP conjugate, recorded at room temperature,
are illustrated in Figure 6. These decay curves were best fitted
to a single exponential function, IPLðtÞ ¼ A1 exp �t=t1ð Þ, with a
lifetime of 1056 and 905 ns for the free and conjugated NQDs,
respectively. This small difference suggests a relatively weak
electronic interaction between adjacent NQDs and metallic

NPs. It is further supported by electron energy loss spectrosco-
py (EELS) measurements, which show a surface plasmon band
of g-Fe2O3 at ~24 eV (see Figure 7) in the free NPs and their

conjugates. The plasmon energy is far from the band-edge
electronic energy of the PbSe NQDs (located 4–5 eV below the
vacuum level).[28, 29] Thus, exciton–plasmon interactions that
could lead to an electronic hybrid mixing or a Fçrster energy-
transfer process[30] are completely eliminated in our case, thus
avoiding the quenching of the luminescence process. Note
that a lifetime of about a microsecond and resistance to
quenchers permits comfortable biological detection, with the
possibility to eliminate the autofluorescence background at
this time range, and thus further supports the potential appli-
cation of the NQD–NP conjugates in medical diagnostics.

The magnetic properties of the NQD–NP conjugates were
explored by following the change in the dc mass magnetic
susceptibility of the conjugate structures as a function of tem-
perature in comparison with that of free NPs. The susceptibility
was measured from lower to higher temperatures after the
sample was cooled in the presence/absence of an applied
magnetic field of 500 Oe (field-cooled (FC)/zero-field-cooled
(ZFC) magnetization). Representative susceptibility curves, re-
corded under FC and ZFC conditions, are shown in Figure 8.
The intercept of the FC and ZFC curves corresponds to the
blocking temperature Tb, a point at which the material under-

Figure 5. Observed shift DEgap (triangles) and theoretical deviation DJ (solid
line) of the emission band energy of PbSe NQDs upon their conjugation to
g-Fe2O3 NPs, plotted versus the NQD radius.

Figure 6. Normalized PL decay curves of the individual PbSe NQDs (blue)
and the corresponding NQD–NP conjugates (red).

Figure 7. EELS spectra of a metallic plasmon of individual g-Fe2O3 NPs (red
curve) and NQD–NP conjugates (blue curve).
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goes a magnetic phase transition from a ferromagnetic to a su-
perparamagnetic material. Superparamagnetism depends on
the critical size of a single domain structure, known to be
about 15 nm in Fe crystals.[31] The present study focuses on
g-Fe2O3 NPs with an average diameter of 5 nm, which is close
to the size of a single domain. The free g-Fe2O3 NPs displayed
a blocking temperature of 115 K
(Figure 8 A), while the NQD–NP
conjugates displayed a blocking
temperature of 106 K (Fig-
ure 8 B). The reduction of Tb is
associated with the mutual cou-
pling between the conjugate
constituents. The definition of Tb

is expressed by Equation (5):[32, 33]

Tb ¼ Ea þ Eintð Þ=kb ln tf0ð Þ ð5Þ

where Ea is the anisotropy barri-
er, determined by Ea = KV (K is
the anisotropic energy density
constant and V is the NP
volume), f0 is a frequency factor on the order of 109 s�1,[34] t is
the experimental measuring time, and Eint is associated with
the NP–NP interaction. Obviously, the change in the interaction
of the NPs due to the integration of NQDs in their midst alters
the interaction energy and Tb accordingly. A theoretical model
considering the NP interactions as magnetic dipole–dipole
coupling interactions has been presented by Dormann
et al.[31, 32] , according to Equation (6):[31, 35, 36]

Eint /
M2

r3 3 cos y1 cos y2 � cos að Þ ð6Þ

where M is the magnetic moment of a NP, r is the distance be-
tween the NPs, y1 and y2 are the angles between r and the
two moments, respectively, and a is the angle between the
two moments. Thus, a reduction of the inter-NP distance in-
creases the value of Eint. The interaction energy of the free
g-Fe2O3 NPs was calculated to be Eint = 1.56 � 1013 erg, and that
of the NQD–NP conjugates was calculated as Eint = 1.25 �
1013 erg. This numerical evaluation reveals a reduction of the

interaction energy among the
magnetic NPs in the conjugated
structures.

The magnetic susceptibility (c)
dependence on the strength of
the external magnetic field (H)
was determined at two different
temperatures (20 and 300 K).
Representative plots of this de-
pendence of the free g-Fe2O3

NPs and of the NQD–NP conju-
gates are shown in Figure 9 A
and B, respectively. The c(H) de-
pendence measured at 20 K

(below Tb) in both cases exhibits hysteretic behavior with pro-
nounced coercivity, indicative of ferromagnetism at this tem-
perature, whereas the c(H) dependence measured at 300 K
(above Tb) lacks the hysteretic behavior, and further supports
the emergence of superparamagnetism and the retention of
this property in the NQD–NP conjugates.

3. Conclusions

The properties of water-soluble conjugate structures consisting
of magnetic NPs (g-Fe2O3) attached to semiconductor NQDs
(PbSe) were investigated and compared to those of the non-
conjugated, individual components. The positively charged
ligand-capped NQDs were bound to the negatively charged
functional groups on the magnetic NPs by hydrogen bonds.
The PL spectra of the conjugate structures showed a red shift
of the exciton band compared to that of the free PbSe NQDs.
This shift is associated with the dielectric screening induced by
the metallic NPs. Despite this small red shift, the exciton
energy of the conjugates does not change upon application of
an external magnetic field; furthermore, the lifetime of the
conjugates is nearly conserved with respect to that of the free
NQDs. Magnetic measurements of the free NPs as well as the
relevant conjugate structures showed a superparamagnetism
behavior with a shift of the blocking temperature upon conju-
gation, due an increase of NP–NP distance with the inclusion
of intermediate NQDs. Our results clearly indicated that the
changes in the PL and magnetic properties were due to the

Figure 8. Plots of ZFC and FC magnetic susceptibility (c) values, measured at H = 500 Oe, versus the temperature
of the individual g-Fe2O3 NPs (A) and of the PbSe NQD–g-Fe2O3 NP conjugates (B), which show blocking tempera-
tures (Tb) of 115 and 106 8K, respectively.

Figure 9. Plots of the magnetic susceptibility (c) versus strength of an external magnetic field of the individual g-
Fe2O3 NPs (A) and of the PbSe NQD–g-Fe2O3 NP conjugates (B). The plots were recorded at 20 and 300 K as indi-
cated.
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proximity of the NQDs and NPs achieved by their conjugation,
and were not due to a random mixture of these NPs. This certi-
tude arises from the fact that under the very specific mixing
conditions of the components employed in our synthesis,
shown to be dominated by the pH of the suspensions, the par-
ticles that are obtained are exclusively the NQD–NP conjugat-
ed nanostructures. Overall, the NQD–NP conjugates generally
retained the physical properties and functionality of the con-
stituents, essential information for their future use in several
applications such as biosensing, detection of cancer cells, drug
delivery, and spintronics.

Experimental Section

Synthesis of the Materials : The synthesis of individual PbSe NQDs,
stabilized by organic surfactants [oleic acid (OA) and trioctylphos-
phine (TOP)], was reported in earlier studies.[37, 38] This procedure
produced nearly monodisperse NQDs with <5 % size distribution
and average sizes ranging between 3 and 9 nm, controlled by the
reaction temperature and duration. The surfactant-stabilized PbSe
NQDs were transferred into the water environment by exchanging
the OA ligands with positively charged molecules of AET, by using
a previously reported exchange procedure.[22]

The synthesis of individual g-Fe2O3 NPs stabilized by organic surfac-
tants (OA and TOP) was performed by a similar procedure to that
described by Held et al.[39] The g-Fe2O3 NPs were transferred into
aqueous solution by replacing the organic ligands (OA) with nega-
tively charged hydrated octakis(tetramethylammonium)
(C32H96N8O20Si8·x H2O)] molecules, known as hydrophilic PSS,
through an exchange procedure similar to that given by Frankamp
et al.[40]

The preparation of the NQD–NP conjugates involved the simple
mixing of equal volumes of a water-based solution of the AET-
capped PbSe NQDs with a water-based solution of the PSS-capped
g-Fe2O3 NPs in an acidic environment (pH~5), as shown in Fig-ACHTUNGTRENNUNGure 1 A. Further details are discussed in a previous publication.[22]

Structural, Optical, and Magnetic Characterization: The chemical
conjugation between the PbSe NQDs and the g-Fe2O3 NPs was
characterized by the use of pulsed NMR spectroscopy combined
with a two-dimensional COSY methodology, by using a Bruker
Avance 500 spectrometer operating at room temperature. The
structural and morphological properties of the conjugates studied
were examined with a transmission electron microscope (Technai
T12) operating at 120 kV with a magnification of 52 k. High-resolu-
tion TEM images and diffraction analysis data were recorded with a
Jeol 4000EX instrument operating at 400 kV with magnification of
200 KX. EELS spectra were recorded on a Hitachi HF-2000 field-
emission-gun TEM instrument operating at 200 kV.
The room-temperature and low-temperature cw-PL spectra of the
PbSe NQD–g-Fe2O3 NP conjugate (suspended in either water or
2,2,4,4,6,8,8,-heptamethylnonane glassy solution) were obtained by
exciting the samples with a Ti:sapphire laser, while the emission
was recorded with an Acton monochromator equipped with a
charge-coupled device (CCD). The PL spectra at low temperatures
were recorded by introducing the sample into a magneto-optics
Janis cryogenic Dewar, including a superconducting Halmontz coil
that induced an external magnetic field up to 3 T. Lifetime meas-
urements were performed by exciting the samples with a 4 ns
Nd:YAG pulsed laser with a laser fluency of <2 mJ cm�2 and by de-
tecting the delayed fluorescence with a Hammamatu photomulti-

plier tube, model H9170-75, operating in the near-infrared spectral
regime with a time resolution of about 2 ns.

The magnetic properties of the PbSe NQD–g-Fe2O3 NP conjugate
structures were studied by using a field-shielded SQUID magneto-
meter MPMS2 controlled by MultiVu software (Quantum Design
Inc.). The samples were prepared by deposition of a colloidal solu-
tion of the individual NPs or of the NQD–NP conjugates in D2O on
a filter paper, and allowing evaporation of the solvent. The mag-
netization of the samples reported in the current study was always
corrected for background response, and was associated with the
contribution of the empty filter paper to the overall magnetization
under the same experimental conditions. This correction was car-
ried out by using the automatic background subtraction (ABS)
method. The magnetization measurements used 6.3 mg of PbSe
NQD–g-Fe2O3 NP conjugate structures and 11.2 mg of g-Fe2O3 NPs.
The direct current (dc) mass magnetic susceptibility was measured
versus the change in temperature from 2 K to room temperature,
with an increment of DT = 2 K. The initial cooling was done either
in the presence of an external magnetic field with strength H =
500 Oe (field cooled, FC) or in the absence of a magnetic field
(zero field cooled, ZFC). The magnetic susceptibility dependence
versus the strength of the external magnetic field was measured at
a constant temperature, with a stability of DT<0.005 T, by varying
the field strength in the range �10 000 Oe�H�10 000 Oe.
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