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ABSTRACT: In this work, a two-step hydrothermal/solvothermal
process was developed to generate highly fluorescent lawsone polymer
dots (LPDs) utilizing an inexpensive and abundant starting material, 2-
hydroxy-1,4-napththoquinone (lawsone). This hydrothermal/solvother-
mal process produces LPDs that have excitation independent emission
with well-defined electronic transitions. This two-step protocol provides
a straightforward approach to remove unwanted small molecular
fluorescence, which has plagued carbon dot systems, without the need
for advanced chromatographic purification methods or steps. A series of
spectroscopic, electrochemical, and theoretical experiments suggest that
this process proceeds via a sequential dehydration and dehydrogenation
pathway to cross-link the lawsone into a carbon dot structure. This
polymerization process helps to stabilize and favor certain electronic
transitions inherently present in the lawsone monomer. The generation of the LPDs results in a 2 order of magnitude increase in the
emission intensity and a quantum yield of 37%. This behavior is likely the result of the cross-linked structure shielding these
electronic states from deactivation caused by nonradiative processes such as vibrational coupling and excited state quenching from
thermal deactivation and solvent collisions. This finding is consistent with a cross-linked enhanced emission (CEE) mechanism, as
previously observed for other similar systems. The LPDs were then incorporated into a TiO2 photoanode and utilized as a
photosensitizer in a dye-sensitized solar cell (DSSC) which showed an enhancement in photocurrent density over pure TiO2. We
also prepared a derivative of the LPDs utilizing a diethylene triamine additive (nitrogen-doped lawsone polymer dots (N-LPDs))
using the same two-step protocol and demonstrated its potential as a fluorescence microscopy dye for imaging MDA-MB-231 cancer
cells.
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1. INTRODUCTION

Carbon dots (CDs) were first discovered as byproducts during
the synthesis and purification of single-walled carbon nanotubes
reported by Xu et al. 2004.1 CDs are an emerging class of carbon
nanomaterials that possess robust photostability, tunable
emission wavelength, facile functionalization, good biocompat-
ibility, and economical fabrication. Their unique photophysical
properties have drawn attention due to their potential in
biomedical and energy applications.2−13 Methods such as
microwave assisted pyrolysis and hydrothermal/solvothermal
synthesis are commonly used to prepare CDs from organic
precursors.6,9,14−16 As this field has evolved, a series of
subcategories of CDs have been developed and reported in
the literature: graphene quantum dots (GQDs),2,17−20 carbon
quantum dots (CQDs),3,21,22 and carbon polymer dots
(CPDs).9,23,24 In general, GQDs and CQDs are classified as
having a network composed of sp2 carbons which form a
graphitic lattice, display fluorescent properties that are size and

heteroatom/functional group dependent, and range in size from
2 to 10 nm.10 On the other hand, CPDs are made up of an sp3

carbon network which typically lacks a well-defined graphitic
carbon lattice, exhibit molecular-like fluorescence, and are larger
than 10 nm.23 Although carbon dots are classified as GQDs/
CQDs or CPDs, there is still no consensus or well-defined
classification methodology.17,25

With respect to the larger class CPDs, they are typically
prepared from a bottom-up approach in which an organic
precursor undergoes multiple routes of dehydration, condensa-
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tion, polymerization, and carbonization via a hydrothermal/
solvothermal route.26 In general, the structure of the resulting
CPDs consists of an ordered fluorophore core surrounded by an
amorphous polymer shell and chains.10,23 The photolumines-
cence properties of the CPDs are attributed to the trapping and
stabilization of the fluorescent domain(s) within the amorphous
polymeric shell. This trapping and these enhanced emissive
properties are attributed to the cross-linked enhanced emission
(CEE) e?ect.27,28 The CEE e?ect improves the luminescence of
a material by decreasing vibrational and rotational motion, while
increasing the desired radiative processes (i.e., fluorescence)
inherently present in the organic precursor(s). The CEE e?ect is
analogous to the use of a core−shell structure to protect and
enhance the photoluminescent properties of perovskite nano-
particles.29,30

To understand how the CEE e?ect improves fluorescence in
CPDs, identifying the key chemical and structural features
leading to this behavior would be highly desirable. This is a
challenge because some of the reported CDs exhibit excitation
dependent emission. Excitation dependent emission often
results from the generation of small molecular fluor byproducts
during the synthesis and/or multiple emission centers present in
the CDs. These small molecular fluors often possess high
quantum yields, blue emission, and excitation dependent
emission.31−33 As a result, the photophysical properties of
many CD systems have come under deep scrutiny with the
finding that they might be due to the photophysical properties of
small molecule fluors and not the CDs. Additionally, the
“quantum confinement” model proposed as the mechanism of
fluorescence claimed for certain systems is also under scrutiny
since the role and interplay between graphitic cores and surface
states/functional groups is poorly understood.34 Through
careful analysis of the resulting CD product solution, a number
of fluors have been identified: 5-oxo-1,2,3,5-tetrahydroimidazo
[1,2-α] pyridine-7-carboxylic acid (IPCA),35 [3,2-a] pyridine-7-
carboxylic acid (TPCA),36 and N-(2-hydroxyethyl)-2-oxo-1-
vinyl-6-(vinylamino)-1,2-dihydropyridine-4-carboxamide
(NVDPA).37 In an e?ort to address this issue, the work of Baker
determined that common practices of purification such as high
speed centrifugation, syringe filtering, or dialysis through
semipermeable membranes are not adequate approaches for
removing the contribution of the problematic molecular
fluors.33 This work suggests that techniques such as HPLC or
column chromatography are likely the most adequate
approaches to minimize or limit the contribution of molecular
fluors in carbon dot systems.14,38−40 Although these purification
approaches are highly e?ective, it would be desirable to develop
a synthetic approach that could e?ectively minimize or eliminate
molecular fluorescence without the need for time intensive
separation techniques.

Herein, we report the synthesis of large CDs from the
sustainable, plant based organic precursor lawsone (2-hydroxy-
1,4-napththoquinone), which exhibits well-defined molecular-
like emission that can potentially be used as a model to study the
CEE e?ect.41 The two step hydrothermal/solvothermal
protocol developed in this work provides a chromatography
free approach to mitigate the contribution of molecular fluors to
the photophysical properties of the LPDs. By leveraging theCEE
approach to stabilize and enhance the emission from a
fluorophore based on lawsone, it may be possible to more
e?ectively study its photophysical properties. The synthesis of
lawsone polymer dots (LPDs) was optimized, displaying an
emission maximum at 527 nm in a quantum yield of 37%. A

series of spectroscopic techniques was utilized to identify key
structural features of the fluorophore(s) that could be
responsible for the observed photophysical properties. From
this analysis, two possible lawsone based fluorophore structures
are proposed and their UV−vis, FTIR, and electronic transitions
were calculated via time dependent−density functional theory
(TD-DFT). The LPDs were then infused into a mesoporous
TiO2 film and utilized a photosensitizer in a dye-sensitized solar
cell (DSSC). A clear enhancement in the photocurrent was
observed for theDSSC containing the LPD dye over the baseline
of a pure TiO2 photosensitizer without any added dye. The
LPDs were then modified via a diethylenediamine to prepare
nitrogen-doped lawsone polymer dots (N-LPDs) which
improved their water solubility and biocompatibility compared
to the base LPDs. The N-LPDs were then successfully utilized as
a fluorescence microscopy dye to image the MDA-MB-231
triple negative breast cancer cell line.

2. EXPERIMENTAL SECTION

2.1. Materials. 2-Hydroxy-1,4-napthoquinone, absolute ethanol,
diethylene triamine, and sodium nitrate were purchased from Fisher
Scientific and used as received.
2.2. Synthesis of Lawsone Polymer Dots (LPDs). The synthesis

of lawsone polymer dots (LPDs) was adapted and modified from a
previously utilized solvothermal approach in which they used 1,3-
dihydroxynapthalene and KIO4 to synthesize red emissive carbon
dots.42 The LPDs in this study were prepared via solvothermal synthesis
using a 50 mL autoclave reactor. A 50 mL Teflon liner vessel containing
a magnetic stir bar, 10.00 g of DI water, 100.0 mg of lawsone, and 73.2
mg of sodium nitrate was prepared and then sonicated for 5 min. The
Teflon liner was sealed within the autoclave reactor and wrapped with
BrisketHeat heat tape and aluminum foil. A proportional-integral-
derivative (PID) temperature controller was used to heat the autoclave
reactor from 120 to 210 °C at a ramp rate of 3 °C/min. The reaction
was held at 210 °C for 24 h with continuous mixing. Afterward, the
autoclave reactor was cooled to room temperature. Excess water was
removed, and the remaining LPDs were rinsed three times with DI
water. To the precursor LPDs, 10 g of ethanol was added, and the
mixture was sonicated for 5 min. The reaction vessel was sealed and
heated following the previous procedure but varying the amount of time
the spent at 210 °C. Post-heating, the mixture was sonicated for 5 min
and filtered through a 0.22 μm syringe filter. The nitrogen-doped
lawsone polymer dots (N-LPDs) were prepared in a similar fashion
except that 0.120 g of diethylene triamine was added to the reaction
mixture. For the N-LPDs, the hydrothermal step of the synthesis was
performed at 210 °C for 24 h, while the solvothermal step was
performed at 210 °C for 1 h. The resulting N-LPD solution was then
freeze-dried, and the resulting powder was dispersed in water.
2.3. Spectroscopic Characterization. The absorption spectra of

the samples were measured and recorded with an Agilent Technologies
Cary 60 UV−vis spectrophotometer. The excitation−emission maps,
excitation spectra, emission spectra, and fluorescent lifetimes were
measured using an Edinburgh Instruments Spectrofluorometer FS5
with a standard cuvette holder (SC-5). An EPL-375 ps pulsed laser with
a wavelength of 375 ± 10 nm and a maximum average power of 5 mW
was used to measure the fluorescent lifetimes. The quantum yields were
measured by using the integrating sphere holder (SC-30) component of
the spectrofluorometer. To measure the quantum yield and fluorescent
lifetime of the sample without the inner filter e?ect, the absorbance of
the excitation wavelength maximum was adjusted to 0.095−0.100. All
samples were in a quartz cuvette with a path length of 10 mm and
dissolved in either ethanol or water. The IR spectra of the samples were
measured in the solid state and recorded using a PerkinElmer Spectrum
100 Fourier-Transform Infrared Spectrometer. The proton and carbon
NMR spectrum of the samples were measured in DMSO-d6 and
recorded with a Bruker Advance III 400 MHz NMR spectrometer. The
hydrodynamic radius of the LPDs was measured in 10 mM KNO3 and
recorded with a Brookhaven NanoBrook Omni Nanoparticle Analyzer.
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Images of the LPDs on a lacey carbon copper grid were obtained with a
ThermoFisher Talos F200C transmission electron microscope and
Velox software. Then, ImageJ image processing software was used to
determine the radius of the LPDs.

Femtosecond transient absorption spectroscopy experiments were
performed using an ultrafast femtosecond laser source (Astrella) by
Coherent incorporating a diode-pumped, mode-locked titanium
sapphire laser (Vitesse), and a diode-pumped intracavity doubled
Nd:YLF laser (Evolution) to generate a compressed laser output of 5.6
W. For optical detection, a Helios Fire transient absorption
spectrometer coupled with an optical parametric amplifier (OPA),
both provided by Ultrafast Systems LLC, was used. The sources of the
pump and probe pulses were derived from the fundamental output of
the Astrella (compressed output of 5.6 W, pulse width of 100 fs,
repetition rate of 1 kHz, and center wavelength of 800 nm). Data
analysis was performed with Surface Xplorer software supplied by
Ultrafast Systems LLC. All measurements were conducted in degassed
solutions at 298 K with sample rastering to prevent potential sample
decomposition.

X-ray photoelectron spectroscopy (XPS) was performed using a
Physical Electronics 5200 system equipped with non-monochromated
Mg anode (1253.6 eV) operated at 100−300 W power and a 150 mm
radius hemispherical analyzer with a single channeltron detector.
Survey spectra (0−1000 eV binding energy) were collected using a pass
energy of 178 eV with a 1.0 eV step size. Individual regions were
collected with a pass energy of 45 eV with a 0.1 eV step size. The takeo?
angle was 45° from the surface normal, and the analyzer was set for an
analysis area of 6 mm × 6 mm. Charging of the samples was minimal
(<1 eV), and calibration of the spectra was accomplished by assigning
the largest C 1s photoemission peak as 284.6 eV. Powdered samples
were pressed into indium foil, mounted onto a 25 mm diameter
stainless steel sample holder using double-sided conductive tape, and
measured without further treatment. Curve fitting was accomplished
after X-ray satellite and Shirley background removal by using
AugerScan software (RBD Instruments), using a common full-width
at half-maximum and shape (%Gaussian/% Lorentzian) for each region
but allowing intensity and binding energy for each peak to vary freely.
2.4. Theoretical Calculations. All computational calculations

were carried out with Gaussian 09 software. First, geometry
optimization of Fluorophore A and Fluorophore B was performed in
the singlet ground state using the hybrid density functional theory
(DFT) model B3LYP (Becke, 3-parameter, Lee−Yang−Parr) and 6-
31G(d) basis set. Frequencies were calculated for Fluorophores A and B
in their optimized geometry state. Then, linear response TD-DFT
calculations were done using the theory and basis set to calculate the
first 20 excited states with the solvent e?ect (ethanol). Output files were
processed using the Gabedit graphical user interface software package
to create the FT-IR and UV−vis spectra.
2.5. Cytotoxicity Evaluation.MDA-MB-231 triple negative breast

cancer cells (ATCC) were treated with the lawsone based polymer dots
at 10, 50, 100, 200, and 500 μg/mL. DMSO was used to disperse the
lawsone based polymer dots into media for a final concentration of
0.05% DMSO. The control (0 μg/mL) cells were treated only with the
same volume of DMSO used to introduce the lawsone based polymer
dots into themedia. The cells (3950 cells/well) were incubated with the
lawsone based polymer dots at the di?erent concentrations in DMEM
(Dulbecco’s Modified Eagle Medium) medium supplemented with
10% fetal bovine serum (FBS) in a 96-well plate for 48 h. Then, cells
were treated with an MTT Cell Proliferation assay Kit (Cayman
Chemical Company). A SpectraMax iD-3-2301 multimode microplate
reader was used to take absorbance of each well at 570 and 630 nm. Cell
viability was determined by eq 2.1, and the results were plotted using
Origin graphing software.

% cell viability
(Abs Abs )

Abs
100570 nm 630 nm

control ave

= ×

(2.1)

2.6. Fluorescence Microscopy. MDA-MB-231 triple negative
breast cancer cells (ATCC) were used for fluorescence imaging. The
cells (40 000 cells/well in a 12-well plate) were incubated with

diethylenetriamine−lawsone polymer dots at a concentration of 10 μg/
mL in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% FBS in a 6-well plate for 24 h. After 24 h, DMEM was
removed, and the cells were rinsed three times with phosphate bu?ered
saline (PBS) solution. Then, a cell scraper was used to mechanically
detach the cells from the bottom of the plate, resuspending the cells in
100 μL of PBS. The mixture containing the cells was then transferred
onto a microscope slide and covered with a coverslip. A Zeiss Imager
M2 with a Hamamatsu ORCA Flash 4.0 camera and a Zeiss 38 HEGFP
filter set were used to take images of the cells at 10× and 100× (1.46
NA) magnification. The exposure time for the di?erential interference
contrast (DIC) images was 150 ms. The exposure time for the GFP
images was 80ms. Acquisition and processing of images were done with
ZEN Microscopy software V 3.4.
2.7. Cyclic Voltammetry. Cyclic voltammetry (CV) experiments

were performed by using a BioLogic SP-300 potentiostat. A 3 mm
diameter glassy carbon electrode was used as the working electrode
with a platinum disk electrode as the counter electrode and
pseudoreference. The voltammograms were internally referenced by
the addition of ferrocene after the initial measurements. Experiments
were performed in acetonitrile (MeCN).
2.8. DSSC Preparation. A 1:1 ethanol:water (EtOH:H2O)

solution containing 20 wt % TiO2 nanoparticles (21 nm diameter)
(Sigma) and 3 wt % acetic acid was prepared and mixed with an equal
volume of an ethanol solution containing 10 wt % polyvinyl acetate
(PVA, 10 000 mw) (Sigma). This TiO2 and polymer suspension was
then stirred for 24 h to achieve homogeneity. Fluorine doped tin oxide
(FTO) glass substrates (Sigma) were cleaned via bath sonication. The
glass substrates were sonicated in 3M nitric acid, DI water, and acetone
for 30 min each and then ozone treated under intense UV irradiation.
Mesoporous TiO2 nanoparticle films (1 cm wide) were then produced
on FTO glass via doctor blading (one layer of Scotch brand tape thick).
The bladed TiO2 films were then dried in air and subsequently sintered
in a box furnace at 500 °C for 1 h to produce mesoporous TiO2 films.
These films were then cut into 2 × 1.5 cm strips with 1 cm2 active areas.
TiO2-LPD films were prepared via soaking the TiO2 films in a
concentrated solution of LPDs in EtOH for 24 h, followed by rinsing
with MeOH and drying under a stream of air. The functionalized TiO2

films (TiO2-LPDs) on FTO glass (2 × 1.5 cm) served as the
photoanode component of the devices. Platinum coated FTO glass
served as the cathode and was prepared by cutting precleaned FTO
glass into 2 × 2 cm slides and then depositing 75 μL of a 4 mMH2PtCl6
solution (in EtOH) via drop-casting onto the slide and subsequently
heating at 400 °C for 15 min. The liquid electrolyte used was an iodide/
tri-iodide redox couple (in ethylene glycol) and had the following
composition: 0.1 M 1-butyl-3-methylimidazolium iodide (BMII), 0.01
M I2, and 0.1 M 4-tert-butylpyridine (TBP). Dye-sensitized solar cells
were produced in a sandwich cell architecture in which the photoanode
and cathode and were clamped together with a 1 mm thick rubber
spacer in-between. This rubber spacer contains a 1 × 1 cm square
cutout that, when sandwiched between the anode and the cathode,
creates a compartment for the electrolyte.

3. RESULTS AND DISCUSSION

3.1. Hydrothermal/Solvothermal Synthesis of LPDs.
The motivation for this work is to develop a synthetic method
that can readily eliminate the small molecular fluor contami-
nants and isolate lawsone polymer dots (LPDs). This is expected
to enable identification of key chemical and structural features
that could provide additional insight into the CEE e?ect in this
and similar systems. To address this, we utilized a two-step
hydrothermal/solvothermal protocol for the synthesis of a CD
from a lawsone organic source and a NaNO3 oxidant. The
hydrothermal/solvothermal process and isolation of the LPDs
are outlined in Scheme 1. This dehydration and dehydrogen-
ation synthesis and isolation process was tailored to maintain
some of the structural features and inherent emissive states of
lawsone. The first hydrothermal step produces the lawsone
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based LPD precursor along with small molecular fluor impurities
in the presence of NaNO3 in water. The resulting LPD precursor
is hydrophobic and phase separates from the aqueous solution,
leaving the salts and molecular fluor impurities in the aqueous
solution. These impurities are then simply extracted by washing
with water to eliminate the need for further separation (i.e.,
column chromatography). As shown in Scheme 1 and Figure S1,
this aqueous fraction has the characteristic blue emission
synonymous with the presence of small molecular fluors. To
resuspend the LPDs, a second solvothermal process using pure
ethanol was performed. This resulted in the production of a dark
red-brown solution of the LPDs that was utilized for subsequent
spectroscopic analysis. The synthetic method was optimized by
evaluating a series of temperatures and times for each step, using
the quantum yield of the LPDs as the screening parameter. This
optimization indicated that the first step (hydrothermal) should
be performed at 210 °C for 24 h, while the second step
(solvothermal) should be performed at 210 °C for 4 h, which
resulted in LPDs with a quantum yield of 37% (Figure S2). The
fluorescence lifetime of the LPDs was obtained (Figure S3), and
it exhibited a single exponential decay with an excited state
lifetime of 5.1 ns. Many CD systems in the literature show

multiexponential decay, indicating a mixture of multiple
fluorophores, which may be due to the molecular fluor
impurities or various emissive states present in their final
product. The single exponential decay suggests that there is a
well-defined fluorophore present in the LPD structure.
3.2. Spectroscopic Analysis. The absorption, excitation,

and emission spectra of the precursor, molecular lawsone, are
compared to those of the product LPDs as shown in Figures 1a
and S4a, utilizing the optimized conditions described in Scheme
1. Lawsone has an absorbance maximum at 330 nm which is
attributed to the π → π* transitions in the C�C regions present
in the benzenoid ring.43,44 After formation of the LPDs, we
observed a significant reduction of the transition present at 330
nm and the formation of peaks at 450, 480, and 515 nm in the
UV−vis spectrum. Interestingly, these peaks are also present in
the excitation spectra of pure lawsone and LPDs. This behavior
could be attributed to the dimerization or cross-linking of two or
more lawsone units as previously reported through a recent
theoretical and experimental e?ort.45 In that work, they
determined that a lawsone dimer formed via a C−C linkage
also showed a significant reduction of the π → π* transition at
330 nm and the formation of a larger broad peak at 450 nm in
DMSO.

The emission spectra of both lawsone and LPDs show similar
features; however, the intensity of the excitation and emission
spectrum for pure lawsone is nearly 2 orders of magnitude lower
than that of the LPDs. The symmetric nature of the excitation
and emission spectra and excitation independent emission
suggest that the fluorescence is emanating from a molecular-like
fluorophore that exists or is formed during the hydrothermal/
solvothermal process in the LPDs. This fluorophore is e?ectively
shielded from solvent induced excited state deactivation
pathways, leading to enhanced emission intensity and
fluorescence quantum yield (37%), which is significantly higher
than the quantum yield of pure lawsone (<0.5%). This suggests
that certain electronic transitions, inherently present in lawsone,
can be stabilized through some type covalent/supramolecular
cross-linking or aggregation during the synthesis process.46,47

The stabilization of these electronic states and enhanced
emission are consistent with a CEEmechanism. Further analysis
of the mirror symmetry shown in the excitation and emission
spectra provide further evidence of a molecular-like fluorophore
in the LPDs due to the observation of vibronic progression as
found in other CD systems.6,47,48 Vibronic progression occurs

Scheme 1. Hydrothermal/Solvothermal Synthesis of LPDs
and Separation of Molecular Fluorophores

Figure 1. (a) UV−vis, excitation, and emission spectra of pure lawsone (black) and LPDs (red) in ethanol. The emission spectrumwas performedwith
450 nm excitation, and the excitation spectrum was performed monitoring emission at 510 nm. The excitation and emission spectra of pure lawsone
wasmultiplied by a factor of 10 so that it can appear on scale with the LPDs. (b) Emission as a function of excitation wavelength of the LPDs. Excitation
wavelengths are indicated.
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when a certain electronic transition couples with a vibrational
mode to produce multiple excitation and emission peaks that are
evenly spaced. The spacing in energy between the subsequent
excitation and emission peaks can be correlated with the
vibrational mode of a functional group. This could help to
identify with which group the primary electronic transition is
coupling, assuming it is only coupled to one vibrational mode.
The vibronic peaks for the LPDs appear in the excitation
spectrum at 429, 453, 481, and 514 nm with an average Δω of
1276 cm−1 between them, while the vibronic peaks in emission
spectrum appear at 526, 561, 603, and 660 nm with an average
Δω of 1281 cm−1. This calculated frequency suggests that the
electronic transition could be coupling to the vibrational mode
of C−O, which is proposed to occur during the cross-linking of
lawsone during the hydrothermal/solvothermal process (vide
inf ra).

The emission map in Figure 1b shows that the LPD displays
excitation independent emission. The excitation independent
emission of these LPDs is in contrast to previous reports which
utilized whole Henna plant (Lawsonia inermis) leaves, which
typically contain only <2% lawsone, to prepare carbon dots.41,49

They reported the commonly observed excitation dependent
emission with broad peaks, which is likely due to the additional
organic matter present in the Henna plant leaves.

To determine if the emission properties of the LPDs are
influenced by solvent, the LPDs were desolvated via freeze-
drying and then redispersed in acetonitrile, THF, and DMSO
(Figure S5). In these solvents, the emission spectrum still clearly
shows 3 well-defined emission peaks with only a slight shift to
longer wavelengths (∼8 nm) for DMSO. This slight bath-

ochromic shift could be attributed the higher dipole moment
and dielectric constant of DMSO (3.96 D and 47, respectively)
relative to THF (1.75 D and 7.5) and acetonitrile (3.92 D and
37). The presence of DMSO could result in a small perturbation
in the electronic structure on the LPD surface, which could
couple with the shielded fluorophore in the core leading to a
slight change in the dipole moment and the resulting emissive
states.50,51 Additionally, the LPDs were synthesized under
di?erent temperatures (Figure S4b−f), and soak times showed a
nearly identical emission spectrum as shown in Figure 1. This
could suggest that the fluorophore responsible for the observed
properties is encapsulated within a polymeric structure with
limited interaction with the solvent.

To obtain information about the e?ect of the hydrothermal
(1st) and solvothermal (2nd) steps, TEMwas performed on the
LPD precursor after the first step (Figure 2a−c) and the LPDs
(Figure 2d−f). These materials show that the nanoparticles are
aggregated together in a network. Both samples are amorphous
and do not show any signs of graphitization or the formation of
defined crystalline domains. Their amorphous nature was also
confirmed via electron di?raction, with neither sample showing
crystallinity. Crystalline domains were observed only during
extended imaging of the samples as a result of beam damage,
which clearly showedmorphological changes to the sample. The
LPD precursor recovered after the first step has poorly defined
nanoparticles that have a highly irregular shape with poorly
defined edges. The LPDs (after the solvothermal step) show a
relative reduction in particle size, along with the formation of
more well-defined and rounded edges/features. The LPDs

Figure 2. (a−c) TEM images of material after the first hydrothermal step at di?erent magnifications. (d−f) TEM images of the LPD were obtained at
di?erent magnifications. The white arrows indicate the zoomed-in area of the next image. The inset in (f) is a representative of the electron di?raction
pattern for these samples.
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resemble previously reported CPD systems, which show similar
morphology and are amorphous much like carbon soot.52−56

XPS was also performed on lawsone, the LPD precursor
formed after the first step, and the LPDs (Figure S6). The C 1s
spectra show a reduction in the C−O (286.2 eV) and C�O
(287.7 eV) species relative to C−C and C�C (284.6 eV) going
from lawsone (15.5%, 8.7%, and 75.8%, respectively) to the LPD
precursor formed after the first step (4.7%, 4.3%, and 91.0%,
respectively). After the second hydrothermal step and formation
of the LPDs, there is a slight decrease in C−C and C�C
(87.7%) and a slight increase in C�O (5.2%) and C−O stays
relatively the same (4.6%). The LPDs also show the formation of
a new carbon species, which is attributed to O−C�O at 288.9
eV and possible ester formation via cross-linking. The O1s XPS
spectra are consistent with a reduction in the contribution of the
C−O species relative to the C�O species and follow a similar
trend for the same 3 samples. The TEM and XPS data suggests
that the hydrothermal (1st step) facilitates the cross-linking of
the lawsone units to form polymeric structures facilitated by the
presence of the NaNO3 oxidant and carbonization of the
polymers over 24 h to form the LPD precursor in the first step.
The solvothermal step (2nd step) provides additional carbon-
ization/cross-linking of the structure to form the smaller LPDs.
This sequential polymerization and carbonization is consistent
with other studies showing the impact of multiple hydro/
solvothermal steps on the photoluminescence and size of the
resulting CDs.26

Dynamic light scattering (DLS) was used to determine the
hydrodynamic radii of LPDs synthesized as a function of
temperature and time to obtain an understanding of the LPDs in
the solvated state (Table S1) in comparison to the desolvated
state observed in TEM. This table also summarizes the quantum

yield excited state lifetime and other spectroscopic qualities of
the LPD samples. The DLS data indicates that the mean
e?ective diameter of the LPDs shows only a slight variation and
is within the range of 59 to 76 nm. This size is much larger than
reported for most carbon dots, which are typically less than 10
nm, and supports the formation of larger polymer dots via
extended cross-linking and carbonization. DLS showed that the
LPDs possess a relatively low polydispersity in solution, which is
in contrast to di?erent sized nanoparticles shown in the TEM.
This is likely due to the ultralow vacuum environment of the
TEM which could cause aggregation and agglomeration of the
LPDs and does not represent the true nature of the LPDs in
solution.

Transient absorption (TA) spectroscopy was conducted on
the starting material (lawsone) and LPDs to gain insight into
their excited state dynamics. The lawsone showed one spectral
feature centered at 575 nm (Figure S7a), which is ascribed to the
singlet excited state. Global fit analysis yielded a one-component
singlet excited lifetime of 8 ps. The decay of this excited state can
be seen in Figure S7b. Due to the low fluorescence quantum
yield of lawsone, we did not observe any stimulated emission in
the transient spectrum. The LPDs showed more spectral
characteristics with negative peaks located at 527, 623, and
620−670 nm due to stimulated emission. One positive peak,
ascribed to the excited state, centered around 590 nm, and a
positive band from 670 to 750 nm was deconvoluted from the
spectra. Using an exponential decay fit, we found the lifetime of
these positive spectral features to be around 4 ns, while the
stimulated emission was found to have a lifetime of around 6 ns,
which is in good agreement with fluorescence lifetime
measurement. The TA spectra and kinetic fit of stimulated
emission and excited state decay are shown in Figure 3.

Figure 3. (a) Femtosecond transient spectra at the indicated delay times of LPDs in ethanol (λex = 480 nm). (b, c) TA kinetic fit of LPD decay signals at
520 and 593 nm, respectively.
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The photophysical characterization of the LPDs indicates that
the fluorophore in the LPDs is likely similar to the structure of
the lawone organic precursor. Assuming the fluorophore
possesses a lawsone-like structure, a mechanism was proposed
(Figure S8) in which cross-linking of lawsonemolecules occur to
form two possible candidate structures that could be present in
the LPDs. The proposed mechanism is initiated by the nitrate
deprotonating the hydroxyl group of lawsone (1) leading to a
carbanion on structure 2, which is stabilized by the adjacent
carbonyls. Then, a Michael addition reaction between the
carbanion and the 4-carbon position on the α,β-unsaturated
ketone moiety of another lawsone molecule takes place,
resulting in the formation of an oxoanion on structure 3. At
this point, another Michael addition reaction occurs between
structure 4 and another lawsone molecule to produce 4a and 4b.
If structure 4a is formed, then it may be protonated by nitric acid
at the carbanion position to form structure 5 (Fluorophore A).
On the condition that structure 4b is formed, it can continue
polymerizing with lawsone via Michael addition producing
structure 6 (Fluorophore B), which is a polymer chain. From our
proposed mechanism, we suggest either Fluorophore A or
Fluorophore B (Figure 4a) may be present in the structure of the
LPDs. FTIR and 1H NMR were then used to identify key
structural features of the proposed fluorophore (A, B) in support
of the proposed synthetic mechanism.

Figure 4b shows the FTIR spectra of lawsone (black) and the
LPDs (red) in the solid state. In the spectrum of lawsone, the
peaks at 3163, 1639, and 1634 cm−1 correspond to C−H (α-
carbon) and C�O and C�C (quinoid ring) stretching
vibrations, respectively. These peaks are not present in the
spectrum of the LPDs, and their disappearance is consistent with
our proposed mechanism (Figure S8), suggesting that the α,β-
unsaturated ketone is the reaction center of lawsone. Peaks at
1271 and 1254 cm−1 are present in the spectrum of the LPDs,
which may correspond to C−O stretching vibrations that result
from ether linkages being formed between lawsone molecules
during the synthesis.

Figure S9 shows the proton NMR spectra of pure lawsone in
DMSO-d6 and a close up of the aromatic region. The solvent
peaks corresponding to DMSO and HOD (partially deuterated
water) are at 2.5 and 3.3 ppm, respectively. The peaks at 11.7
and 6.2 ppm correspond to the enol proton and α-carbon
proton, respectively. Analyzing the aromatic region (Figure
S9b), the quartet signal at ∼7.8 ppm, indicated by the red box,
corresponds to the aromatic protons on lawsone.

Figure 4c shows the proton NMR spectrum of the LPDs in
DMSO with a red dashed box. Surveying the spectrum below 7
ppm in the aliphatic region, numerous peaks are present that
could belong to polymer chains making up the protective
amorphous shell of the LPDs.We were able to identify the signal
of 5 protons on the putative fluorophore in the LPDs located in
the aromatic and acidic proton regions. In the 1H NMR of the
LPDs, the peak at 10.2 ppm and quartet signal at 8.2 ppm
indicated by the dashed box correspond to the enol proton and
benzenoid protons, respectively. These protons are significantly
shifted compared to the parent lawsone molecule, which
provides some insight into the new structural feature present
in the LPDs. The enol proton signal is shifted upfield to 10.2
ppm (from 11.7 ppm in lawsone) and the quartet signal, shifted
downfield to 8.4 ppm (from 7.8 ppm in lawsone). The upfield
shift of the enol proton is a result of increased shielding.
Increased shielding could be caused by formation of the ether
bond on the adjacent carbonyl, eliminating a strong electron
withdrawing group. The downfield shift of the quartet signal is a
result of electron density being withdrawn from the benzenoid
ring, resulting in the deshielding of these protons. Increased
deshielding could be caused by the π-bond shifting position next
to the benzenoid ring. Extending conjugation throughout the
putative fluorophore causes the benzenoid ring to lose
aromaticity, allowing the adjacent carbonyl to withdraw its
electron density. The peak at 15.1 ppm is indicative of a strong
hydrogen bond taking place between a hydroxyl group and a
carbonyl which may be present between two adjacent units of
cross-linked lawsone chains of fluorophore B as depicted in

Figure 4. (a) Structure of Fluorophore A and Fluorophore B. (b) FTIR spectra of lawsone (black) and LPDs (red). (c) Proton NMR of LPDs in
DMSO-d6.
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Figure S10. We note that there could be other potential
pathways to form other dimers, trimers, or higher-order cross-
linked polymer structures during the hydrothermal/solvother-
mal process. Additionally, these structures may also cross-link
among themselves to form additional 3-D structures within the
LPDs.
3.3. TD-DFT Calculations. Based on the proposed cross-

linking mechanism and the chemical features of the LPDs
proposed by FTIR and NMR, both fluorophores A and B were
modeled using density functional theory (DFT) and time
dependent−density functional theory (TD-DFT). Figure S11a
shows the solid state theoretical FTIR of fluorophore A (red)
and fluorophore B (blue) compared to the experimental (black)
spectra of the LPDs. Surveying the simulated spectra of
fluorophore A, the peak at ∼1300 cm−1, with a strong intensity,
corresponds to C−O stretching vibrations of an ether bond in
the structure. The C−O stretching peak in the spectra of

fluorophore A is slightly shifted to a higher wavenumber
compared to the experimental spectra. When the spectra of
fluorophore B were compared to the experimental spectra, there
were no similar peaks between them. The theoretical UV−vis
spectra (Figure S11b) of fluorophore A (red) and fluorophore B
(blue) were compared to the experimental spectra (black),
which show similar absorption profiles to the LPDs.
Fluorophore A has an absorption peak occurring at 471 nm,
and fluorophore B has peaks at 454 and 511 nm. These peaks are
near the ones that are present in the LPD spectra at 450, 481,
and 515 nm. Figure S11c shows the molecular orbitals of the
HOMO and LUMO energy levels for each electron transition
occurring from fluorophores A and B. The overlap of the
theoretical UV−vis of fluorophores A and B with the LPD UV−

vis suggests that these fluorophores or similar structural motifs
could be present in the LPDs.

Figure 5. (a) UV−vis (solid red line), excitation (dashed black line), and emission (solid black line) spectra of the N-LPDs. (b) Fluorescent lifetime
measurement of the N-LPDs compared to the LPDs.

Figure 6. (a) Femtosecond transient spectra at the indicated delay times of N-LPDs in ethanol (λex = 480 nm). (b) Decay associated spectra of N-LPD
TA data. Black line indicates excited state, and red line indicates stimulated emission. (c) TA kinetic fit of N-LPD excited state decay at 592 nm.
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3.4. Synthesis and Characterization of Nitrogen
Doped-Lawsone Polymer Dots (N-LPDs). Although the
LPDs provided unique photophysical properties and an
opportunity to possibly identify the fluorophore(s) responsible
for emission, they are relatively insoluble and their fluorescence
is quenched in water. This would significantly limit their utility
in many applications, such as fluorescence microscopy dyes for
biological systems. To overcome this drawback, hydrophilic
amine (−NH2) functional groups were introduced through the
addition of diethylene triamine during the synthesis. The
resulting N-LPDs had a fluorescence quantum yield of 24% with
good solubility in water compared to the base LPDs. Figure 5a
shows the absorption, excitation, and emission spectra of the N-
LPDs. The absorption spectra show that the N-LPDs have a
broad absorption range with a peak at 375 nm. On the excitation
spectra, peaks appear at 330 and 405 nm, and the emission
spectra shows a single peak at 515 nm.

The fluorescence lifetime measurement of the N-LPDs
(Figure 5b) also shows a single exponential decay but with a
lifetime of 9.9 ns which is significantly higher than the 5.1 ns of
the base LPDs. Since the fluorescence lifetime is an intrinsic
property related to the molecular structure of the fluorophore, it
is likely the fluorophore of the N-LPDs has a di?erent structure
from the base LPDs. This is also apparent in the excitation and
emission spectrum of the N-LPDs which does not display the
vibronic progression as observed for the single component LPD.
The FTIR of the N-LPDs shows clear shifts in the N−H and C−

N vibrational modes relative to the diethylenediamine which is
consistent with its attachment and incorporation in the N-LPDs
(Figure S12a). XPS of the N-LPDs clearly shows the
incorporation of nitrogen into the N-LPD structure (Figure
S13) and the appearance of C−N−C and N−H species at 399.0
and 401.8 eV, respectively. The UV−vis, excitation, and
emission map spectra are also di?erent when compared with
the LPDs (Figure S12b). TEM images of the N-LPDs show a
slightly smaller particle size than the LPDs without the
introduction of diethylenediamine (Figure S12c). The function-
alization of lawsone with primary and secondary amines is
known to occur in solvents like ethanol.57,58 This is likely due to
the attachment of the diethylene triamine via the terminal
primary or central secondary amine to the 4-carbon position on

the α,β-unsaturated ketone of lawsone, which could hinder the
subsequent addition of another lawsone unit as described in the
proposed mechanism in the Supporting Information for LPD
formation (Figure S8) or could lead to other cross-linking
pathways. The additional reaction pathways/products due to
the incorporation of diethylene triamine into the N-LPD
structure likely results in new, but similar, emissive states in the
material.59 As a result, the new emissive states could couple with
each other, leading to a broad and featureless emission profile as
observed. However, it is important to point out that the N-LPDs
also exhibit excitation independent emission, which suggests
that the emissive core is likely stabilized through the cross-linked
enhanced emission e?ect. The CIE 1931 analysis (Figure S12d)
shows the emission color of the N-LPDs lies further into the
green region of the chromatic diagram compared to the LPDs.

Transient absorption analysis of the N-LPDs (Figure 6a)
showed a wide negative signal across the measurement range
mirroring that of the steady-state emission shown in Figure 5a.
After subjecting the data to global fit analysis, one positive
feature that spanned the measurement range with a peak
maximum at 592 nm was deconvoluted which is ascribed to an
excited state. This excited state had a short-lived lifetime of
approximately 88 ps. We were unable to extrapolate the
stimulated emission lifetime from the TA data due to the
complete overlap of the excited state decay signal on the
stimulated emission recovery signal. The decay associated
spectra and fit decay of the excited state are reported in Figure
6b,c, respectively.
3.5. Cytotoxicity and Fluorescence Microscopy.Owing

to the enhanced water solubility of the N-LPDs, they were
selected as candidates for use as fluorescence microscopy dyes
for imaging triple negative breast cancer cells MDA-MB-231.
Cytotoxicity analysis utilizing aMTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium) assay was performed to determine
the compatibility of the N-LPDs with the MDA-MB-231 cells
and determine the usable N-LPD concentration range for
fluorescence imaging studies (Figure S14). Based on the MTT
assays, it was determined that a concentration of less than 10 μg/
mL N-LPDs would be optimal, since the MDA-MB-231 cell
viability was una?ected at these levels.

Figure 7. Microscopy images of individual MDA-MB-231 cells treated and not treated (negative control) with 10 μg/mL N-LPDs at 100×

magnification.
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Fluorescence microscopy was performed to confirm that the
N-LPDs were taken up by the MDA-MB-231 cells. The cells
were incubated with the N-LPDs for 24 h at a concentration of
10 μg/mL. Prior to imaging, the cells were rinsed three times
with phosphate bu?er saline to remove any residual media and
N-LPDs bound to the surface of the cells. Figure S15 shows
wide-field images of multiple cells treated with and without the
N-LPDs at a magnification of 10×. The DIC channel for both
samples shows outlines of the cells appearing as light specks on
the grayish background. The GFP channel exhibits a green
fluorescent signal in cells treated with N-LPDs but no signal in
negative controls. Merged images show the GFP fluorescent
signal localizing with the cells in the wide-field images.

To achieve a more detailed view, images of individual cells at a
magnification of 100× (Figure 7) were also collected. Examples
of the cells at this magnification are shown in the DIC channel
for both the negative control and cells treated with N-LPDs. The
GFP signal observed in theN-LPD-treated cells suggests that the
fluorescence originated from inside the cells. The merged image
further shows that the GFP signal appears colocalized with
structures visible in the cells. To prove whether the GFP signal
was emanating from inside the cells, Z-stacks were acquired on
individual cells (Figure S16 and Video S1). These data show the
strongest signal colocalized to the center Z-slices of the cell,
confirming the uptake of the N-LPDs into the cell. Analyzing the
GFP images, the signal appears to be distributed throughout the
entire cell, but there are puncta of di?erent sizes scattered
throughout the cell in which the signal intensity appears to be
the highest. The signal of these puncta may overlap the vacuoles
in the cell, indicating their accumulation within these organelles,
but further investigation would be required to establish with
certainty which structures they are. Since vacuoles help
sequester waste products and the signal may be localized in
this organelle, it suggests that the N-LPDs currently lack the
ability to localize within specific regions of the cell which is
common for many CD based fluorescent microscopy dyes.
However, with the presence of the amine groups in the N-LPDs,
it may be possible to chemically functionalize and attach site
selective groups to the N-LPDs that favor accumulations in
specific regions within the cell to increase their utility as dyes.
3.6. DSSC Fabrication and Testing. Owing to the

photophysical properties and sustainable nature of the plant
based lawsone molecule, it has received interest as a photo-
sensitizer dye in a DSSC from theoretical and experimental
approaches.43−45,60−62 The utility of lawone for this application

has been realized through its incorporation into composites. For
example, composites containing lawsone have been demon-
strated via incorporation into transition metal complexes (with
Fe2+, Cr3+, Co2+, Zn2+) as a ligand,63 attached to silver
nanoparticles,43 derivatized with thiophenyls,64 or paired with
betanin as a cosensitizer.65 These composites have been shown
to be compatible with both TiO2 and ZnO photoanode based
materials.44,65,66 The power conversion eSciencies for these
devices range from 0.2% to 2.85%. As a proof-of-concept
demonstration that LPDs could be used as a photosensitizer for
organic photovoltaics, a DSSC was fabricated and evaluated.
The components, energetics, and critical dynamic events are
depicted in Figure S17. The DSSCs were composed of TiO2 or
TiO2-LPDs as photoanodes, a platinum cathode, and an
electrolyte containing 0.1 M 1-butyl-3-methylimidazolium
iodide (BMII), 0.01 M I2, and 0.1 M 4-tert-butylpyridine
(TBP) in an ethylene glycol solution. The TiO2-LPD anode was
prepared by first doctor blading and sintering a TiO2 paste
(produced from stirring TiO2 nanopowder with polyethylene
glycol (PEG) overnight) on fluorine doped tin oxide (FTO)
coated glass and then soaking TiO2 in a concentrated solution of
LPDs in EtOH. The extent of the loading was monitored via
UV−vis, and upon soaking, a new low-energy absorption feature
from 400 to 600 nm can be observed for TiO2-LPD film that is
not present for the TiO2 only film. This absorption feature is
consistent with the absorption onset of LPDs in solution
(Figures S18 and S19). Iodide was chosen as the redox mediator
because its redox couple (0.35 V vs SHE) is suSciently capable
of regenerating the ground state of the LPDs and is a commonly
used and well-behaved redox mediator for DSSCs.67

The excited state potential for the LPDs was calculated using
E1/2* = E1/2

OX
− ΔGES, where E1/2

OX is the ground state
oxidation potential of the LPDs (0.79 V vs SHE) as determined
though cyclic voltammetry (Figure S20) and ΔGES is the
thermally equilibrated lowest-energy excited state which we
obtained by calculating the direct allowed transition from the
valence band to the conduction band of the LPDs (5.88 eV, 1.38
V vs normal hydrogen electrode, NHE) via Tauc plot analysis
(Figure S21).68 The excited state potential of LPDs (E1/2* =
−0.59 V vs NHE), while low (<100 mV greater than that of the
conduction band of TiO2), is still suScient for excited state
electron transfer (kinj) to occur from the excited state of the
LPDs to the conduction band of TiO2 (ECB = −0.5 V vs NHE).
Additionally, following electron injection, there is a >400 mV

Figure 8. Photocurrent density vs time plots of TiO2 and TiO2-LPD devices under AM1.5 (1 sun) illumination (A) and under various filtered
conditions (B).
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driving force for regeneration of the oxidized dye by iodide/
triiodide (0.35 V vs NHE).

Photocurrent density−voltage (J−V) curves for the devices
containing either TiO2 or TiO2-LPD photoanodes were
acquired, and the results are shown in Figure S22 with the
relevant metrics reported in Table S2. To demonstrate the
feasibility of using LPDs as a sensitizer in DSSC applications,
current density−time (J−T) plots were obtained in which the
devices were illuminated with solar simulated light at AM1.5 (1
sun) intensity in 30 s intervals (Figure 8). It was observed that
the TiO2-LPD device had a 3-fold improvement in photocurrent
density which agrees with the observed increase in JSC previously
seen in the J−V analysis. When wavelengths in the maximum
absorbance window for TiO2 (<400 nm) were filtered out, we
observed a decrease in photocurrent density of ∼0.05 mA cm−2,
which is comparable to the amount of photocurrent generated
by the TiO2 only device. Assuming the LPDs were the primary
component contributing to photocurrent generation under that
filtered condition, then it is fair to assume that 0.12 of the 0.17
mA cm2 generated when fully illuminated could be attributed to
the LPDs (70%). Additionally, when wavelengths in the
maximum absorbance window for both TiO2 and LPDs were
filtered out (<500 nm), it was found that the device produced
negligible or no discernible photocurrent upon illumination,
suggesting that the TiO2 and LPD maximum absorbance
windows are the main areas for light absorption and photo-
current generation in this device.

4. CONCLUSIONS

In this study, we developed and demonstrated a two-step
pathway to producing lawson polymer dots (LPDs) with the
ability to remove small molecule organic fluor impurities
commonly produced in similar systems and evaluate the
possible CEE e?ect. The high quantum yield (37%) and
molecular-like fluorescence of the LPDs are attributed to the
formation of a lawsone based cross-linked structure which is
e?ectively shielded from solvent induced, nonradiative quench-
ing pathways, while enhancing the inherent emissive properties
of the molecular fluorophore. A series of spectroscopic studies
provide a pathway to understanding the possible mechanism of
the LPD formation and candidate fluorophores that could be
responsible for the observed behavior. This approach can be
readily adapted to other similar single component carbon dot
systems, leading to a deeper understanding of the formation
mechanism and possible methodology to fine-tune their
emissive properties. We also developed a water-soluble lawsone
polymer dot (N-LPD) and demonstrated its feasibility as a
fluorescence microscopy dye to image breast cancer cells, and
proof-of-concept DSSCs validated the feasibility of using the
LPDs as a sensitizer for solar harvesting applications.
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