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ABSTRACT: Asymmetry is an essential property to control. To
do that in nanocrystalline systems we have developed methods
to produce Janus-ligand shells on otherwise symmetric PbS
quantum dots (QDs). Here, we demonstrate that control by
constructing a system that exhibits pyroelectricity built from
spherical PbS QDs. We observed a pyroelectric current in two
different configurations. In one configuration, the QDs are self-
assembled into close-packed arrays while in the second
configuration, the QDs are dispersed into an electro-inactive
polymer, polydimethylsiloxane. Both exhibit a pyroelectric
response. In the first configuration we estimate a lower limit
of the pyroelectric coefficient to be 1.97 X 10~7 C/m”*K, which
is likely limited by the degree of QD alignment during film
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formation but is already on par with common pyroelectric systems. Compared with inorganic ceramic-like and polymeric
pyroelectric materials, pyroelectric films self-assembled from polar QDs are easier to prepare, responsive to light with different
energies based on QD exciton energy, and the polarization of each QD could be easily tuned by constructing different Janus-

ligand shells.
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INTRODUCTION

The most important component of any electroactive system is
an asymmetry in the fundamental building blocks that when
aligned leads to a macroscopic polarization. In fact, all energy
converting systems have some form of asymmetry at the
molecular or systems level that must be introduced. In this
work, we introduce a proof-of-concept method to construct an
artificial pyroelectric system that exhibits spontaneous
electrical polarization and, thus, demonstrate the concept for
constructing a larger class of electroactive systems. Energy
harvesting is a topic that draws the attention of many
researchers due to growing energy demand, a large need for
carbon-free energy sources, and the need to enhance energy
utilization. Specifically, the topic of harvesting thermal energy
is attractive to both academic and industrial researchers. It has
been reported that more than half of the energy consumed in
the United States is wasted as low-grade heat." Thermo-
electricity and pyroelectricity are two strategies that are able to
transform thermal energy to usable electrical energy.
Specifically, thermoelectricity”® operates according to the
Seebeck effect to generate electrical power from a temperature
gradient. Such a system requires heat sinks to maintain the
temperature gradient. In contrast, the pyroelectric effect®’
generates electricity from temperature fluctuations, without the
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need for a heat sink. In the pyroelectric effect, electricity is
generated due to a change in polarization, similar to
piezoelectricity. For piezoelectricity, the change in polarization
occurs from mechanical stress, while for pyroelectricity it
occurs from a temperature change. All pyroelectric materials
are also piezoelectric.

For the pyroelectric effect, the key component is
spontaneous electrical polarization. The desired polarization
is built-up differently in different pyroelectric systems.’
However, most pyroelectric systems consist of inorganic
ceramic-like, single or polycrystalline, e.g. triglycine sulfide,””
lead mafgnesium niobate,® strontium barium niobate,” zinc
oxide,'”"" etc. The polarization within these systems is
determined by the underlying polar crystal structure and
below a critical temperature domains align to form a
macroscopic polarization. Though large pyroelectric coeffi-
cients are observed, the high stiffness and brittleness of these
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systems limit their use in flexible electronic applications. To
overcome this limit, polymeric pyroelectric materials such as
poly(vinylidene fluoride) (PVDF) or poly(3,4-ethylenedioxy-
thiophene)s (PEDOTs)"” and related derivatives have been
developed.”'>'* Three phases exist for basic PVDFs due to the
conformation of the polymer chain, and efforts must be made
to transform the electro-inactive, but most thermodynamically
stable, o phase to an electroactive phase, ie., the f and y
phases.”> ™7

Here we introduce a way to construct a pyroelectric system
from nominally nonpyroelectric building blocks using the
techniques of nanochemistry and taking advantage of the
inorganic/organic nature of nanocrystals, specifically, organic
ligands attached to the surface of inorganic semiconductor
nanocrystals, or quantum dots (QDs), that help to define and
determine their physicochemical properties. Here, pyroelectric
thin films were prepared with spherically symmetric PbS QDs
that have an asymmetric ligand shell (so-called Janus-ligand
shell). The spontaneous polarization arises from the
asymmetric Janus-ligand shell which renders a dipole moment
to the symmetric QD building blocks, while the spherical and
colloidal nature of the QDs allows for close packing in films
and arrays. The asymmetric ligand shell here includes nonpolar
oleic acid (OA) molecules, and electron-withdrawing 3,5-
difluorocinnamic acid (CAH) molecules (Figure 1). We select
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Figure 1. Janus-ligand shells on PbS QDs form the building block
of pyroelectric films.

3,5-difluorocinnamic acid, from a number of potential
derivatives, since the formation of a Janus-ligand shell has
been confirmed by 2D nuclear magnetic resonance spectros-
copy.'® The electron withdrawing effect of the CAH polarizes
the PbS QDs, which are then self-assembled into films under
an electric field where the polarization direction of each QD
aligns with the direction of the electric field. Once assembled
the electric field is removed but the macroscopic polarization
remains.

RESULTS AND DISCUSSION

PbS QDs with Janus-Ligand Shells. To demonstrate the
pyroelectric concept of Janus-ligand shells, we start with PbS
QDs that have a first exciton absorption peak at 1050 nm
corresponding to QDs with an average diameter of 3.5 nm
(Figure 2a, see the Materials and Methods section for synthetic
details). PbS QDs are good light absorbers with high
absorptivity. Additionally, the small bandgap of PbS QDs,
combined with high energy excitation, guarantees that enough
excess energy could be converted to heat through exciton
thermalization. But, in principle, the approach demonstrated

here should be applicable to other nanoscale systems where the
asymmetry of the building blocks arises from the Janus-ligand
shells. To find the conditions that yield a Janus-ligand shell we
use spectrophotometric titrations (Figure 2). The exchange of
the nonpolar oleate ligand with a conjugated polar ligand on
PbS QDs results in broad enhancement of the QD absorbance,
which has been observed with many conjugated ligands.'”~*"
Figure 2a presents the absorption of PbS QDs after ligand
exchange reaction with varying concentrations of 3,5-
difluorocinnamic acid (CAH). The absorptivity increases as
the CAH/PDS ratio increases. We also observed a red-shift of
the first exciton peak as CAH binds to the PbS QDs (Figure 2a
inset), which is attributed to exciton delocalization onto the
CAH ligands."” Because the absorption feature of the CAH
molecules occurs to the blue of 400 nm, the area under the
curve from 400 to 1200 nm is integrated to determine the
absorbance enhancement. There is a square-root correlation
between the QD absorbance enhancement and the number of
bound CAH ligands.21 As such (Aa/a,)? reflects the number
of bound ligands, where Aa is the enhanced absorbance of
PbS/CAH QDs compared to PbS/OA QDs, and a, is the
absorption of PbS/OA QD.

Thus, the plot of (Aa/ao)2 vs CAH/PbS equivalents
represents the adsorption isotherm of the ligand exchange
reaction and reaches a maximum when the CAH/PbS ratio
equals to 500 representing the condition of full ligand
exchange. The steep rise of the isotherm near CAH ligand
equivalents of 100 (dashed line in Figure 2b) indicates that the
system undergoes a sharp transition from all oleate bound
ligands to all cinnamate bound ligands. Such a sharp transition
indicates the ligand exchange reaction is highly cooperative
such that bound cinnamates prefer to be surrounded by other
bound cinnamates. Such behavior was recently studied in
depth using a modified two-dimensional (2D) lattice model
that includes a ligand—ligand coupling parameter to capture
the ligand cooperative exchange.'® For ligands with high
cooperativity the results suggest that the ligand shell in the
transition region becomes Janus-like. The black trace in Figure
2b is the best-fit of the 2D-lattice model to our data. The best-
fit ligand—ligand coupling parameter, AJ, was —0.48kzT which
indicates that the ligands tend to segregate on the QD surface
during the ligand exchange reaction. We use that result here to
construct our asymmetric QD building blocks that make up
the pyroelectric demonstration. It is worth noting that the
absorption enhancement decreases when CAH/PbS ratio
reaches 1000. This we hypothesize is because the z—x
stacking between CAH ligands decreases the PbS—CAH
electronic interaction that induces absorption enhancement.
The drop of absorption enhancement with CAH was not
observed in our previous study due to different sizes of PbS
QDs and the higher QD concentration used here. In this study,
we choose the CAH/PbS ratio of 100 as the ligand exchange
condition to construct PbS QDs and corresponds to a surface
coverage of ~35%. This is because higher coverage may lead to
less of an overall dipole moment.

2D Nuclear Magnetic Resonance (NMR) spectroscopy
confirms the formation of patchy ligand shells. Figure 3. shows
the 2D nuclear Overhauser effect spectroscopy (NOESY) of
PbS QDs after ligand exchange with CAH ligands. NOESY
characterizes the through-space ligand—ligand interaction on
PbS QD surfaces. Strong cross-peaks should be observed when
OA and CAH ligands are within ~0.4 nm of one another and
thus, when observed, correspond to a randomly distributed
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Figure 2. (a) Absorption spectra of PbS QDs, originally terminated with oleic acid (OA), after ligand exchange with 3,5-difluorocinaminc
acid (CAH) with different CAH/PbS mole ratios. (inset) Zoom-in on the first exciton peak of PbS QDs. (b) Enhancement of integrated
absorption (400—1200 nm) of PbS QDs vs the ratio of CAH/PbS in ligand exchange. The dashed line denotes a CAH/PbS ratio of 100,

which is the condition used for preparing Janus PbS QDs for NMR and pyroelectric measurements.
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Figure 3. 2D nuclear Overhauser effect spectroscopy (NOESY) of
PbS QDs with 3,5-difluorocinnamic acid/OA Janus-ligand shell.
The ligand exchange condition follows the one in Figure 1b with
the CAH/PbS ratio of 100, which corresponds to 35% coverage of
CAH.

ligand shell. The lack of significant cross-peaks suggests the
formation of segregated ligand patches,'®**** as the CAH and
OA bound molecules are only next to one another at the
boundary of the patches and exhibit a small NOE effect. As
shown in Figure 3, the bound CAH ligands show a broad peak
in the aromatic region from 5.5 to 8 ppm, and peaks in the
aliphatic region reflect the oleic acid ligands. Cross-peaks are
barely observed, which indicates the formation of Janus (or
patchy) ligand shells. In contrast, strong cross-peaks are
observed on PbS QDs ligand exchanged with p-cyanocinnamic
acid (Figure S2 SI) where the absorption isotherm does not
indicate large ligand—ligand coogerativity. This observation
contrasts with a recent conclusion'® that p-cyanocinnamic acid
should yield a Janus-ligand shell, which could be due to the
different sizes of PbS QDs used in this work (3.5 nm) and the
prior study (3.2 nm).

Pyroelectric Effect. We demonstrate the pyroelectric effect
using two configurations. In the first configuration a matrix-free
pyroelectric thin film is prepared by self-assembly of the PbS

QDs with Janus ligand shells under an applied electric field
using a customized gold electrode configuration on a Si wafer.
PbS QDs after ligand exchange with CAH were washed with
acetone as the antisolvent and redispersed in toluene before
use. Two 50 nm thick gold electrodes were deposited with 10
um separation on a semi-insulating silicon wafer (Figure 4).

TiiAu iiiﬁ&iiiii TiiAu

()
m\u

Ti/Au 0000000 Ti/Au

Figure 4. Construction of pyroelectric films of Janus PbS QDs
under electric field. The pyroelectric QD solution is dropped in
between gold electrodes on Si substrates. QDs are self-assembled
under electric fields during the evaporation of solvent (toluene).
The pyroelectric current is measured under the illumination of a
532 nm laser.

The Janus PbS QD solution was drop-casted on the channel
between the two electrodes. The spontaneous dipole moment
of Janus PbS QDs allows them to be aligned with the electric
field direction. As toluene dries out, close-packed head-to-tail
structures form with the self-assembled QD film (Figure 4),
with the ensemble dipole moment pointing from one electrode
to the other. The pyroelectric effect of the device is tested by
shining a 5 mW 532 nm CW laser on the film and monitoring
the current. Absorption of light generates charge carriers, and
cooling, and nonradiative recombination of those carriers
generates heat, triggering rotation and movement of the QDs.
The ordered QDs thus randomly rearrange and the ensemble
polarization changes, which modulates the net charge
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Figure S. Current response from pyroelectric Janus PbS thin films triggered by the illumination of 5 mW 532 nm laser. The pulse-like
current was generated at the moment the laser was turned on or off. (a) PbS/OA QDs assembled under 20 V. (b) Janus PbS QDs assembled
under 20 V and (c) 120 V. (d) Zoom-in on the time scale of panel c. For clarity, turning the laser on and off are indicated as blue and red,

respectively.
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Figure 6. PbS QDs with Janus-ligand shells are premixed with polydimethylsiloxane (PDMS), and the mixture was sandwiched between two
pieces of ITO glasses. Films are cured under electric field, and pyroelectric effect is measured with the excitation of 405 nm laser.

distribution at the two ends of the film. The spontaneous
change in net charge induces a pyroelectric current under the
short circuit condition (Figure S).

For the device prepared with Janus PbS QDs self-assembled
under 20 V (Figure Sb), because the film is only S0 nm thick,
and the channel length is tens of micrometers, the heating and
cooling process is fast, generating a narrow pulse-like current
spike (Figure Sb and c). The pyroelectric current observed
here is distinguished from any photocurrent which should be
observed as a continuous signal but not a pulse.

The pyroelectric effect of the Janus QD thin film was
enhanced when the QD arrays were assembled under a
stronger electric field. Figure Sc presents the pyroelectric
current generated from the Janus QD film assembled under

120 V. Compared with the results in Figure Sb in which QDs
are self-assembled under 20 V, the pyroelectric current is ~3
times stronger. This is because the alignment of Janus QDs is
dependent on the intensity of the electric field. The stronger
voltage allows each QD to be better aligned with the electric
field, which yields stronger spontaneous polarization. There-
fore, the change of polarization when heated or cooled is more
prominent, resulting in a larger pyroelectric effect.

In the second demonstration, the PbS Janus QDs are
dispersed into polydimethylsiloxane (PDMS) and premixed
colloidal dispersion is applied between two ITO coated glass
substrates (Figure 6). QDs are self-assembled in the matrix of
PDMS by curing at 60 °C for 2 h while applying a voltage of
150 V. A’ S mW 40S nm CW laser is used to induce a rapid
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Figure 7. Pyroelectric measurement on devices in Figure 6 under the illumination of 405 nm laser in different conditions: (a) Janus PbS QDs
assembled under 150 V; (b) PDMS matrix only; (c) Janus PbS QDs assembled under 0 V; (d). As-synthesized oleic acid capped PbS QDs
assembled under 150 V. Blue and red indicate that the 405 nm laser is switched on and off, respectively.

temperature fluctuation within the QD/polymer film. In this
architecture, the film thickness is 75 pm which is controlled by
the Kapton tape that serves as a spacer between ITO glass
substrates, with the fill factor of 0.216. The pyroelectric effect
is observed for structures with Janus PbS QDs in the PDMS
matrix between ITO glass substrates. As shown in Figure 7a,
the pulse-like pyroelectric current is observed when switching
the 405 nm laser on and oft. We prepared three control films
under identical conditions, PDMS without QDs added (Figure
7b), PDMS with Janus-QDs but with no applied field (Figure
7c), and PDMS with QDs that do not have a Janus shell
(Figure 7d). Only the sample with Janus-ligand shells that had
been fabricated under an applied field shows a current
response. This result can only occur if the ligand exchange
process produces NCs with an asymmetric ligand shell, thus
validating the 2D lattice modeling and 2D NMR experiments
discussed above.

The pyroelectric current is proportional to the rate of
temperature change, ie., I, = aA(dT/dt), where A is the area,
a is the pyroelectric coefficient, and dT/dt is the rate of
temperature change. A current is only observed while the
temperature rapidly changes. Accordingly, when the laser was
turned on/off, a positive/negative current pulse was observed.
The pulse-like signal was generated only at the moment the
laser is turned on/off because the temperature of the film
rapidly changes upon absorbing light. With continuous
illumination the temperature reaches a steady state for which
no pyroelectric current is generated. Similarly, when the light is
turned off the film rapidly cools down and generates the
opposite current pulse. Thus, the temperature fluctuation
triggers the change of the spontaneous polarization within the
film, which generates the pyroelectric current. The current only
responds to temperature fluctuations and not from the
presence or absence of photocarriers.

For pyroelectric films on a thermally conductive substrate,
Lubomirsky and Stafsudd have summarized methods to
measure pyroelectric coefficients in thin films.”* Specifically,

the heat diffusion equation describes the temperature
fluctuation 0T/0t in a particular material over time with the
consideration of thermal diffusivity (thermal conductivity
divided by volumetric heat capacity) and the rate of heat
input. Derived from heat diffusion equation, for step-like
heating on a semi-infinite, nonpyroelectric substrate with
thermal conductivity, the temperature at the surface of the
substrate follows:*’

2q | At
T(t) — T, = L | 2
A\ Cr (1)
and the pyroelectric current is given by
Aag
I(t) = ——
® JmACt (2)

where J, is the thermal conductivity, which is 0.15 W/m-K*°
for the PDMS matrix; and C; is the thermal capacitance per
unit volume, which is 1.63 J/ gK;27 for PbS; A is the area of
electric contact, which is 2.15 X 107* m?% q is the heat flux,
197.45 W/m® for 405 nm laser; and « is the pyroelectric
coefficient. As I(t)* has been experimentally observed to be
linearly correlated with 1/t,>° the slope of the plot of I(t)* vs
1/time (Figure S3) can be used to obtain the pyroelectric
coeflicient from eq 2. With all parameters inserted in eq 2,
pyroelectric coefficient is calculated as 2.07 X 107 C/m*K.

For the first pyroelectric demonstration, the pyroelectric
coeflicient is calculated to be 1.97 X 1077 C/m*K; however,
this represents a lower limit since the pyroelectric current pulse
was faster than our time resolution. Compared to the PDMS
matrix, the pyroelectric coeflicient is enhanced by at least 8
orders of magnitude. Though this value is still lower than many
inorganic crystalline pyroelectric materials,” it is higher than
some reported pyroelectric coeflicient for polymetric materials
by orders of magnitude.”® Additionally, optimizations could be
done to improve the performance of Janus QDs as pyroelectric
materials. For example, ligand shells with strong electron-
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donating/withdrawing effects might be applied to enhance the
intrinsic dipole moment of Janus QDs. QDs with Janus
inorganic core could also be an alternative for pyroelectric
applications. The role of size, shape, or composition will also
be explored in the future.

CONCLUSIONS

We demonstrate the ability to construct Janus-ligand shells on
QDs and thus control the asymmetry of otherwise spherical
semiconductor nanocrystals through the observation of the
pyroelectric effect. Asymmetry is an essential property of any
functional system. Janus nanoparticles are receiving consid-
erable attention for a wide range of potential applications,
ranging from catalysis and biosensing to drug delivery.””™>"
Here we demonstrate that Janus-ligand shells can be used to
fabricate functional QD films and solids. We have observed the
pyroelectric effect on two different configurations, with
pyroelectric coefficient calculated to be 1.97 X 1077 and 2.07
X 107" C/m*K, respectively. This work shines light on the
design principles of pyroelectric materials, which could be
useful for the development of energy harvesting systems.’>

MATERIALS AND METHODS

Materials. Lead nitrate (99.999%), oleic acid (tech. grade, 90%),
1-octene (98%), phenyl isothiocyanate (98%), aniline (99.5%), trans-
3,5-difluorocinnamic acid (99%), and anhydrous solvents of methanol
(99.8%), toluene (99.8%), dichloromethane (99.8%), acetonitrile
(99.8%), methyl acetate (99.5), and polydimethylsiloxane (PDMS)
were purchased from Sigma-Aldrich. Sodium hydroxide (certified
ACS) and anhydrous isopropanol (99.5%) were purchased from
Fisher. Bio-Beads for gel permeation chromatography were purchased
from Bio-Rad and soaked in dichloromethane overnight. (100)-
Oriented, boron-doped silicon (Si) wafers (resistivity = 0.005—0.01
in. cm, thickness = 525 + 25 mm) with 300 nm of thermal oxide
(SiO,) were purchased from Addison.

PbS QD Synthesis and Purification. PbS QDs were synthesized
according to the work of Hendricks et al** Lead oleate®® (2.203 g
2.86 mmol, 1.5 equiv) and 1-octene (36.9 mL) were added to 100 mL
3-necked round-bottom flask in nitrogen glovebox. The solution was
then brought out to Schlenk line and stirred at 95 °C for 1S min.
N,N'-Diphenylthiourea® (0.436g, 1.91 mmol) and diglyme (1.25
mL) were preheated to 95 °C and injected to lead oleate solution with
vigorous stirring. After 60 s, the heating mantle was removed and the
reaction was cooled to room temperature. Volatiles were removed
under vacuum, and the flask was brought into the glovebox. The cycle
of redispersion with toluene (40 mL) and precipitation with methyl
acetate (120 mL) was performed 6 times to wash QDs. PbS QDs
were finally dissolved in toluene, and stored in the dark in a glovebox.

QD Characterization. UV—-Vis—NIR Absorbance. Absorption
spectra were collected using a Cary 7000 spectrometer.

Transmission Electron Microscopy. TEM images were obtained
on an FEI ST30 at 300 kV. TEM samples were prepared by drop-
casting a dilute solution of PbS QDs in toluene onto the carbon-
coated copper grids.

Ligand Exchange of PbS QDs with Cinnamic Acid. In a
nitrogen-filled glovebox, PbS QDs diluted with dichloromethane
(6.67 uM) were mixed with a specific amount of cinnamic acid
dissolved in solvents. Methyl acetate was used for trans-3,5-
difluorocinnamic acid and acetonitrile/isopropanol mixture (v/v =
S:1) was used for trans-4-cyanocinnamic acid. The ligand exchange
solution was vigorously stirred for 10 min. For the adsorption
isotherm, the solution after ligand exchange was used without further
purification. and the molar ratio of cinnamic acid against PbS QDs
was adjusted by varying the concentration of an added cinnamic acid
solution with the volume of cinnamic acid solution fixed. For NMR
and pyroelectric device fabrication, PbS QDs after ligand exchange
were purified by gel permeation chromatography with eluent of

dichloromethane. Dichloromethane was removed under vacuum, and
PbS QDs were redispersed in toluene for device fabrication and
deuterated chloroform for NMR.

Device Fabrication and Pyroelectric Measurement. Device
on SiO,/Si Substrate. Two-terminal devices were fabricated by using
standard semiconductor fabrication techniques in the cleanroom. The
device was patterned by photolithography and 5 nmTi/30 nm Au
electrodes were deposited by using the thermal evaporator. Pyro-
electric devices were prepared by drop-casting a solution of PbS QDs
with Janus ligand shell on the channel while the bias voltage was
applied on Ti/Au electrodes through a Keithley 2400 source meter
and probe station. Three iterations of drop-casting were performed to
make sure QDs are closely packed between electrodes. Pyroelectricity
was triggered by a S mW 532 nm laser diode and the pyroelectric
signal was recorded on Keithley 2400 sourcemeter with a control
program with the bias of 1 V continuously applied.*®

Device with ITO Glasses. The solution of PbS QDs with Janus
ligand shell was concentrated to 3 mM and mixed with an equal
volume of PDMS (premixed with curing agent). The mixture was
degassed for 1 min and then applied to the space between two pieces
of ITO glass. Kapton tape is used as a spacer to control the PDMS
film thickness to be 75 ym. The PDMS film was cured at 70 °C for 3
h. Meanwhile, a voltage of 150 V was applied on the two pieces of
ITO glasses by Keithley 2400 source meter. Pyroelectricity was
triggered by S mW 405 nm laser diode and the pyroelectric current
was recorded on Keithley 2400 source meter.
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