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ABSTRACT: Carbon dots (CDs) are zero-dimensional carbon-
based spherical nanoparticles with diameters less than 10 nm. Here,
we report for the first time CDs forming stable Langmuir
monolayers at the air—subphase interface. Langmuir monolayers
are of great interest both fundamentally to study the interactions at
the interfaces and for many applications such as the development
of sensors. However, CDs usually do not form Langmuir
monolayers because of their highly hydrophilic nature. In this
study, amphiphilic CDs were prepared through hydrothermal
carbonization using saccharides as the precursors. The surface
chemistry behavior and optical properties of CDs at the air—
subphase interface were studied. CDs derived from saccharides
consistently formed stable Langmuir monolayers which show all
essential phases, namely, gas, liquid-expanded, liquid-condensed,
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and solid phases. The compression—decompression cycle method showed minimum hysteresis (4.3%), confirming the retaining
capacity of the CDs as a monolayer. Limiting CD areas from surface pressure—area isotherm at the air—subphase interface were
used to calculate the average diameter of the CDs at the air—subphase interface. UV/vis absorption spectra of CDs dispersed in
water and in Langmuir monolayers had the same bands in the UV region. The intensity of the UV/vis absorption increases with
increasing surface pressure at the air—subphase interface. Interestingly, photoluminescence (PL) of the Langmuir monolayer of
CDs was excitation-independent, whereas the same CDs had excitation-dependent PL when dispersed in water.

B INTRODUCTION

Carbon dots (CDs) are a new type of zero-dimensional
carbon-based nanomaterials discovered in 2004 during the
synthesis of carbon nanotubes.' Since their discovery, CDs
have attracted tremendous attention because of their unique
photoluminescent (PL) properties, small size (<10 nm),
nontoxicity, biocompatibility, and various surface function-
alities.”™® Several research groups used CDs for in vitro and in
vivo bioimaging. However, the PL origin of CDs is still a
subject of scientific debate. Langmuir monolayer methodology
is one of the techniques that can offer insights for the origin of
PL of CDs.” However, none of the CDs synthesized until now,
per our knowledge, have been reported as forming Langmuir
monolayers. Here, we report for the first time, CDs forming
stable Langmuir monolayers at the air—subphase interface. We
prepared and characterized CDs in bulk solution and solid
powder, and then analyzed both the surface and spectroscopic
properties of the Langmuir monolayer of CDs. The results
contribute to the origin of the CDs’ PL emission debate with a
unique point of view.

The surface properties and the entailing potential
applications of CDs vary widely depending on the precursor
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molecules and preparation methods. As an interesting example,
CDs have high affinity for the receptors of their precursor
molecules in biological systems, which makes them excellent
candidates for targeted drug delivery systems.'”'" In this study,
we used a simple, straightforward, and green preparation
method to prepare luminescent CDs that can form stable
Langmuir monolayers. It is unexpected for the CDs to form
Langmuir monolayers because of their small size, highly
hydrophilic surface groups and hence the great water
dispersity. For example, graphene oxide nanosheets with
considerably larger size do not form stable monolayers. This
requires particles of large size, special methods of deposition,
and certain additives in the aqueous subphase and in the
monolayer-forming aqueous solution. Different from typical
CDs, in addition to water, the saccharide-based CDs also have
a certain dispersibility in organic solvents such as methanol and
acetone, which has been confirmed by fluorescence measure-
ments. Dispersibility in both water and organic solvents
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indicates that saccharide-based CDs have amphiphilic
structures which help the formation of stable Langmuir
monolayers. Interestingly, CDs prepared from carbon nano-
powder'” or gellike CDs'’ did not form Langmuir
monolayers, thus the amphiphilicity and ability to form a
Langmuir monolayer of the saccharide-based CDs is unique.

Preparation methods of CDs are generally considered
straightforward and inexpensive. In the current work, we
utilized a bottom-up preparation method using hydrothermal
carbonization of saccharides. CDs typically have similar optical
properties regardless of their preparation methods. CDs usually
have excitation-dependent PL emission.'* Excitation-depend-
ent emission suggests that CDs have multiple emissive centers.
However, the origin of the multichromophoric units is still
controversial and remains to be elucidated, although several
hypotheses were proposed.'”™*° Some research groups argue
that the excitation dependence results from separate particles
which emit differently in the CDs population. In contrast, the
excitation-dependent emission can originate from single
particles with multiple emissive centers. Therefore, many
studies which manipulate reaction conditions, precursor
molecules, dopants,”"** oxidation/reduction behavior,”> pH
dependency,” effects of the solvents,” and size and surface
functionalities of CDs have been studied in pursuit of
enhanced understanding of the structural and optical proper-
ties of these nanoparticles. However, it is difficult to make
definitive conclusions based on bulk studies as they only
provide the average PL of the CDs in solution without
distinguishing individual properties. Lately, single particle
studies were reported to further analyze the PL of CDs
which had opposing conclusions. The Langmuir monolayer
technique offers a new approach to analyze the PL origin of
CDs.

The Langmuir monolayer methodology is a powerful tool to
study the structure and surface chemistry of materials,
molecular recognition, and interactions at the mem-
branes.?°™%° Using the Langmuir methodology, several
surfactants, membrane models,*® nanoparticles, such as
quantum dots,”** gold nanoparticles,”> and soft-shell nano-
particles,”* and graphite oxide sheets®> have been studied. CDs
have been used extensively in drug delivery®® and biosensing,”’
although the membrane-mediated processes involved in these
processes is unknown. Langmuir monolayer methodology is
one of the techniques that can offer insights for membrane
mimetic approaches.*>*

Herein, we report the first investigation of stable Langmuir
monolayers of CDs. One of the two key findings of the current
study is that CDs synthesized from saccharides such as lactose
(LacCDs), glucose (GluCDs), and galactose (GalCDs) can
reproducibly form Langmuir monolayers at the air—subphase
interface. Second, PL behavior at the air—subphase interface is
different than in water dispersions. These findings both provide
many valuable insights about the surface characteristics of CDs
and expand the understanding of the PL mechanism of CDs.
This study merges two fields, namely, an emerging nano-
technology field (CDs) and a mature, well-established field
(Langmuir monolayer), and therefore opens doors for new
applications.

B MATERIALS AND METHODS

Anhydrous p-lactose (USP/NF Grade), D-glucose, and D-galactose
were purchased from MP Biomedicals, LLC (Solon, OH).
The manufacturer of sodium hydroxide pellets (98.5%) (nitrogen
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flushed, hygroscopic) was Acros Organics. Pretreated Spectra/por7
dialysis membrane tubing, 1 kDa MWCO, was obtained from
Spectrum Laboratories Supply, Inc (Rancho Dominguez, CA).
Syringe filters (0.2 ym) were acquired from VWR (Radnor, PA).
Deionized water (DI-H,0) was obtained from PURELAB Ultra,
ELGA LabWater (Veolia Water Solutions and Technologies, U.K.)
with a resistivity of 18 MQ-cm at 20.0 + 0.5 °C and surface tension of
71.2 mN m™ at the same temperature.

A muffle furnace (BF51800 Series) from Thermo Scientific
(Rockford, IL) was utilized to run the reactions using a Teflon-
coated stainless steel hydrothermal synthesis reactor from Baoshishan
(DW-5MB2-BG61). A FreeZone 4.5 L cascade benchtop freeze dry
system from Labconco, Co (Kansas City, MO) was used to lyophilize
the samples. A Branson 1510 ultrasonicator (Gaithersburg, MD) was
employed to sonicate aqueous CDs samples before characterization or
Langmuir monolayer experiments.

A Cary 100 UV/vis spectrophotometer was used to obtain UV/vis
absorption spectra of LacCDs dispersed in DI-H,O using a quartz cell
with 1-cm pathlength (Starna Cells, Inc). The PL emission spectra
were obtained with HORIBA Jobin Yvon FluoroLog-3 (Edison, NJ)
with a slit width of S nm for both excitation and emission. A 1 cm
pathlength quartz cell was also used for the fluorescent solution
measurements. Fourier transform infrared/attenuated total reflection
(FTIR/ATR, PerkinElmer; Waltham, MA, USA) was used for
characterization of lyophilized CDs with air as the background.

X-ray photoelectron spectra (XPS) were acquired using a
PerkinElmer PHI 560 system with a double-pass cylindrical mirror
analyzer using a Mg Ka anode with a hv = 1253.6 eV photon energy
operated at 250 W and 13 kV. CDs were mounted as solids onto a
custom-built sample holder and inserted into the XPS system via a
turbopumped antechamber. The system pressure did not exceed 1 X
107® Torr during scans. The observed C s core level at 284.9 eV
emanating from the C=C alkenyl groups of the CDs matched with
those previously measured in our laboratory;'**° this binding energy
(BE) peak center was used as a reference. Core level intensities of the
O 1s and C 1s orbitals were normalized to their known atomic
sensitivity factors.*’ XPS spectra were curve-fitted using 70—30%
Gaussian—Lorentzian lineshapes with Shirley background subtrac-
tions.”” BE peak envelopes were deconvoluted using CasaXPS$ ver.
2.2.107 (Devonshire, UK) software.

Atomic force microscopy (AFM) (Agilent 5420 atomic force
microscope with the tapping mode) and transmission electron
microscopy (TEM) (a JEOL 1200X transmission electron micro-
scope) were employed for morphological studies. Image] image
processing program was used to measure the diameter of CDs to plot
a size distribution histogram.

A syringe (100 xL) (Hamilton Co., Reno, Nevada) was used to
spread CDs’ aqueous dispersion on the subphase for Langmuir
monolayer experiments. Kibron Micro Trough S coupled to Film
Ware 2.41 software (Helsinki, Finland) was used to record surface
pressure—area (7—A) and surface potential—area measurements at
19.0 + 0.3 °C. The surface area was regulated with two symmetric
computer-controlled movable barriers. The Wilhelmy method was
used to measure the surface pressure employing a special alloy wire
probe (diameter: 0.51 mm, sensitivity: 0.01 mN/m).

A spectrophotometer (model 8452 A HP) fixed on a rail next to
KSV trough (KSV Instrument Ltd., Helsinki, Finland, dimensions: 7.5
cm X 30 cm) with a quartz window in the center was used to record
the in situ UV/vis absorption spectra of CDs Langmuir monolayer.
To record PL emission of CDs at the air—subphase interface, an
optical fiber detector with an area of 0.25 cm?® coupled to the Spex
FluoroLog fluorescence spectrophotometer (HORIBA, Jobin Yvon,
Edison, NJ) was placed on top of the KSV trough, approximately 1
mm above the surface of the subphase. In this experiment, the light
from the light source is transmitted through the optical fiber to excite
the Langmuir monolayer and the emitted light from the monolayer is
dispatched back to the detector through the optical fiber.

The KSV trough provides plenty of space to frequently relocate the
parts of the UV/vis and the fluorescence instruments as compared to
the Kibron trough. Therefore, the Kibron y-trough was employed for
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Figure 1. Schematic of the hypothesis of formation of LacCDs.

the surface pressure—potential and compression—decompression
experiments and the KSV trough for in situ UV/vis and fluorescence
spectroscopic experiments.

Synthesis and Characterization of CDs. CDs were prepared
using D-glucose, D-galactose, or D-lactose as the carbon source via
hydrothermal treatment. In a typical experiment, 20 mL of 0.3 M
saccharide was transferred to a Teflon coated reactor which was
placed into a muffle furnace. The reactor was heated up to 200 °C for
30 min, and the temperature was kept constant for S h at 200 °C.
After the mixture was cooled down to room temperature, the large
black chunk of solid material was removed through the centrifuge at
9000 rpm for 20 min. The supernatant was recovered and filtered
through a syringe filter with a pore size of 0.2 ym to remove the
insoluble fine particles. Then, the pH of the solution was adjusted to 8
using saturated NaOH aqueous solution. The solution was dialyzed
against DI-H,O for 3 days using a 1 kDa MWCO dialysis membrane
changing the water every 10—12 h. Finally, the sample was lyophilized
to yield the solid product.

CDs were characterized using various spectroscopic and micro-
scopic methods such as UV/vis, fluorescence, XPS and FTIR/ATR
spectroscopy, TEM, and AFM.

Langmuir Monolayer Preparation. For the Langmuir mono-
layer studies, 0.2 mg/mL GluCDs, GalCDs, or LacCDs’ aqueous
dispersions were prepared. Each experiment was repeated for two
separate preparations of CDs for a minimum of two times per each
batch, and good reproducibility was achieved. After the surface
pressure—area measurements, LacCDs were chosen as the model and
all of the following experiments at the air—subphase interphase were
conducted using only LacCDs. LacCDs solution (0.2 mg/mL) was
used for all other experiments. Sodium chloride solution (0.5 M) was
used as the subphase. The LacCDs were spread uniformly over the
air—subphase interface by using a 100 uL syringe. The spreading
volume of the 0.2 mg/mL LacCDs solution was 45 uL for both
surface chemistry and spectroscopic measurements at the air—
subphase interface. After spreading the solution, the Langmuir
monolayer was allowed to attain the equilibrium state for 10 min.
Then, the monolayer was compressed at a rate of 12 A*particle™-
min~! so that the compression was complete in ca. 10 min to maintain
consistency in the experiments.

B RESULTS AND DISCUSSION
Synthesis of Saccharide-Based Amphiphilic CDs.

Hydrothermal carbonization of saccharides is a well-
established method to synthesize carbon-based micro-
spheres.**™*’ Carbon microspheres (sizes between 0.1 and 6
um) synthesized from saccharides via hydrothermal carbon-
ization have amphiphilic structures with a hydrophobic core
and hydrophilic groups on the surface.””*** The temperature
and duration of the reaction and the selected precursor and its
initial concentration change the size and surface functionalities
of the particles.’”' Also, it has been shown that with
the manipulation of these parameters, the ratio of hydrophobic
core to hydrophilic shell can be controlled. Studies showed
that for the reactions at low temperatures carbonization does
not occur.””>® Moreover, the larger the hydrophobic core
becomes, the lesser water dispersity the particles have. We
hypothesize that CDs formed during the hydrothermal
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treatment of saccharides with optimized conditions can also
have an amphiphilic structure which can form a Langmuir
monolayer. These CDs can be separated from larger
microspheres formed during the reaction through a centrifuge
or vacuum filtration because CDs have a high dispersity in
water, whereas microspheres form insoluble, solid black
chunks. Water-soluble small molecules in the crude reaction
mixture can be removed via dialysis.

LacCDs were synthesized using D-lactose as the only carbon
source. Under high temperature and pressure, lactose is
hydrolyzed to its monosaccharide units: glucose and galactose.
In the closed reaction chamber, there are many possible
simultaneous reactions such as isomerization to fructose,
decomposition to small organic molecules, inter- and intra-
molecular dehydration, aldol condensation, and/or keto—enol
tautomerization reactions forming polymeric fragments and
aromatic groups. When these polymeric chains reach a critical
concentration in the reaction mixture, the carbonization starts
forming the hydrophobic core. When the reaction is stopped,
the unreacted molecules may attach on the surface giving the
particles both hydrophilic and hydrophobic surface function-
alities. Because of the existence of both hydrophilic and
hydrophobic surface groups, saccharide-based CDs can be
dispersed both in water and organic solvents with various
polarities. Since lactose is a disaccharide consisting of glucose
and galactose, for the formation of GluCDs and GalCDs, we
propose the same route for LacCDs formation. Figure 1
summarizes the preparation of LacCDs.

Characterization of CDs. To characterize saccharide-
based CDs, various spectroscopic and microscopic methods
were employed. We present the results for LacCDs here. The
characterization for GluCDs and GalCDs can be found in the
Supporting Information (Figures S1—S3). The UV/vis
absorption spectrum shows that LacCDs dispersed in water
have two shoulder peaks in the 200—400 nm region, which can
be attributed to 7—z* (C=C) and n—z* (C=O0) transitions
(Figure 2).

LacCDs dispersed in water have excitation-dependent
emission (between the blue and orange region). The PL
emission of LacCDs in bulk shifts to red with the increase in
the corresponding excitation wavelength. The maximum
emission peak is at 445 nm when excited at 350 nm (Figure
3). The plot of normalized PL-emission spectra (inset of
Figure 3) shows the emission peak maxima shift from 438 to
540 nm with respective excitation wavelengths increasing from
300 to 500 nm. The decrease in the Stokes shift from 10 507 to
1481 cm™! with the longer excitation/emission wavelengths
suggests that the species with longer wavelength emission are
not as stable in the excited state as the species with blue
emission and can be quenched more easily.

The excitation-dependent PL emission in solution can be
explained in two ways: (1) There are different sized
nanoparticles in the water-dispersed LacCDs population
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Figure 2. UV/vis absorption spectrum of LacCDs (aqueous
dispersion with a concentration of 0.02 mg/ mL). The 7—z* transition
at 280 nm is from C=C, and the n—7* transition at 350 nm is from
C=0.
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Figure 3. Excitation-dependent PL emission of 0.02 mg/mL LacCDs
dispersed in water excited at 300 nm (black), 350 nm (red), 400 nm
(blue), 450 nm (green), and S00 nm (pink). Maximum emission is at
445 nm, when the solution is excited at 350 nm. The inset shows the
normalized PL emission spectra and the red shift of the emission with
the increasing excitation wavelength.

which have different emission, and therefore, excitation
dependence comes from a population of different sizes. (2)
The complex surface states of LacCDs can lead to multiple
electronic states. The degree and type of functionalization in
CDs leads to different emissive surface states or energy traps.
This accounts for the shifting of emission with excitation
wavelength, as different excitation wavelengths can excite
different surface states.”'?*>>*

FTIR/ATR studies were conducted to further characterize
lyophilized LacCDs and analyze the functional groups. The
spectrum shows an O—H stretch at 3330 cm™', C=0 stretch
at 1600 cm ™!, C=C stretch at 1390 cm ™}, and C—O stretch at
1020 cm™’, consistent with the formation of hydroxyl and
carboxylic functional groups (Figure 4). Figure S3 shows the
FTIR spectra of GluCDs and GalCDs, which also show an O—
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H stretch, C=0 stretch, C=C stretch, and C—O stretch in
the same absorption ranges.
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Figure 4. FTIR/ATR spectrum of lyophilized LacCDs.

Figures 5 and S4 summarize the XPS data, showing
stackplots for the O 1s and C 1s core levels of the LacCDs
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Figure S. XPS core levels of O 1s and C 1s orbitals of LacCDs.

and GluCDs and GalCDs, respectively. Atom mole fraction
results are summarized in Table S1. C 1s core level BEs for all
samples were relatively constant. Although the C 1s BE at
284.9 eV matches alkenyl C (vide supra), BE at 287.6 €V is
consistent with carboxylate groups (O—C=0).>> The O Is
oxidation state at 532.8 eV is indicative of hydroxyl oxygen on
the surface of the CDs.'”'**® Glu, Lac, and Gal CDs differ in
the relative percent areas of three distinct chemical oxidation
states for oxygen. The O 1s BE peak center at 534.1 eV,
observed in all CD structures, is indicative of carbonyl oxygen
(C=0) bound to the C dot surface,'”"*** with relative peak
areas of 6.1, 19.1, and 3.8%, from GluCDs, LacCDs, and
GalCDs, respectively. The percentage of hydroxyl oxygen
(OH) present in GluCDs, LacCDs, and GalCDs were 21.6,
11.9, and 10.4%, respectively. We assign the O 1s BE peak at
5323 eVto O groups within a polymeric backbone within the
CD structure;>° the relative O 1s peak envelope areas of this
oxidation state were 72.2, 69.0, and 85.8% for the GluCDs,
LacCDs, and GalCDs, respectively. Noteworthy is the fact that
the C=0 oxygen envelope (O 1s BE = 534.1 eV) for LacCDs
(produced with a disaccharide precursor) is at least 3 times
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greater than those of GluCDs and GalCDs, which were
produced from monosaccharide precursors.

XPS data combined with FTIR/ATR confirms the formation
of hydrophilic groups on the surface of the CDs. To test the
amphiphilic characteristics of saccharide-based CDs, we used
different organic solvents. To do this, 1 mg of the CDs
were separately dispersed in 10 mL water, methanol, acetone,
and tetrahydrofuran (THF), followed by fluorescence
measurement. Figure S4 shows the LacCDs dispersed in
water, methanol, acetone, and THF under daylight. It was
observed that CDs can disperse well in methanol. However, in
water and acetone, CDs precipitated minimally. Precipitation
was more observable in THF. According to the fluorescence
spectra of CDs dispersed in water, methanol, and acetone
(Figure SSa—c), the maximum excitation wavelength shifted in
different solvents from 375 (water), 425 (methanol) to 400
(acetone). The maximum emission wavelength shifted from
460 (water), 523 (methanol) to 499 (acetone), accordingly.
The solvatochromic shift might be caused by solvent
relaxation.”” Also, in comparison of PL intensity in the three
fluorescence spectra, it was observed that CDs might have
higher dispersibility in water and methanol.’® Therefore,
compared to many CD preparations,”” CDs made from
saccharides showed more amphiphilicity.

The morphological analysis of LacCDs was performed using
TEM and AFM images. Figure 6 shows a TEM image of
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Figure 6. TEM image of LacCDs. The inset shows the size
distribution histogram.

LacCDs, and the inset shows the size distribution histogram.
For each TEM measurements, a drop of the aqueous CDs

solution was placed on a carbon-coated copper grid and air
dried before imaging. Image] image processing program was
used to measure the diameter of the nanoparticles which were
used to plot the size histogram. The measurements from the
same image were repeated three times, and a one-way
repetitive ANOVA test was performed for each image. The
mean CDs’ diameter is 3.9 nm with a standard deviation of 1.6.
Moreover, we used three additional different images and ran
the one-way ANOVA test. The mean CD diameter is 4.0 nm
with a standard deviation of 1.8. Based on the TEM images
and size distribution analysis, LacCDs have a narrow size
distribution with most particles having a diameter between 2.2
and 5.8 nm.

AFM samples were prepared by placing approximately 20 uL
of aqueous CDs solution on a clean mica slide and air dried.
This was then placed under the AFM tip and imaged using the
tapping mode. The AFM tip was a silicon tip (length: 225 ym;
thickness: 5 um) with a force constant of 15 N/m. The AFM
image of LacCDs (Figure 7A) shows both the LacCD particles
well dispersed in water, and two areas of cluster formation. The
areas shown in red dashed lines (Figure 7A) were zoomed-in
to show an agglomerate (Figure 7B) and a well-dispersed area
(Figure 7C). The extracted profile from the well-dispersed area
(Figure 7C) shows particle heights less than 3.5 nm. Given
that the mean diameter of CDs is 4.0 + 1.8 nm based on the
TEM images, LacCDs have a spherical shape. The larger height
(7 nm), shown from the profile of the agglomerated area,
results from the crowding of the nanoparticles, so that they
begin to overlap. The zeta potential (—21.8 + 0.3 mV) of
LacCDs is consistent with their tendency to form agglomerates
in aqueous solution. The low absolute value of zeta potential
means weaker repulsive interactions between the nanoparticles,
which is consistent with the hypothesis that LacCDs can stick
together to form a Langmuir monolayer. To avoid 3D
clustering of LacCDs in the Langmuir monolayer studies, the
sample solution is sonicated (with a frequency of 42 kHz) for
10—15 min right before spreading on the subphase of the
Langmuir trough.

Surface Pressure and Surface Potential Versus Area
Isotherms. The Langmuir monolayer technique was used to
study the two-dimensional (2D) behavior of LacCDs at the
air—subphase interface. A stable monolayer was obtained by
spreading 45 uL of 0.2 mg/mL LacCDs dispersed in DI-H,0
on the surface of a 0.5 M NaCl subphase. The reason for using
a 0.5 M NaCl as a subphase is to neutralize the LacCDs’ ionic
surface groups. Strong hydrogen bonds at the air—subphase

Vb pm/
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0.2 ()._4 06 08 1 12 14 1.6um 0 02 04 06 08 1 12 14 1.6 1.8um

Figure 7. AFM image of LacCDs (A) Zoomed-in image of an agglomerated area (top) and the extracted profile (bottom), (B) Zoomed-in image of
the well-dispersed LacCDs (top) and the extracted profile (bottom), and (C) Dashed lines on images B and C show the area where the particles are

extracted to show the height distribution.
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interface help stabilize the CDs to form a Langmuir monolayer.
Lower concentrations of the NaCl (0.1 M) subphase did not
have enough counterions for LacCDs. Hence, we did not
observe the formation of a Langmuir monolayer. The
experiments were repeated at least three times using different
synthesis batches of LacCDs. Aqueous dispersion of LacCDs
(02 mg/mL) showed reproducibly the formation of the
essential phases of 2D LacCD Langmuir monolayer. We also
showed that the CDs from the two moieties of lactose (glucose
and galactose) also form a Langmuir monolayer (Figures S7
and S8). We continued only with LacCDs (0.2 mg/mL) to
further study Langmuir monolayer properties because the 7—A
curve of the LacCD monolayer had a higher collapse pressure
and, thus, had a higher stability. The Langmuir monolayer of
LacCDs is better suited for UV/vis absorption and PL
emission as these experiments last longer and require a more
stable monolayer. Also, with the larger collapse pressure, the
essential phases of the Langmuir monolayer of LacCDs were
more distinguished as compared to GluCDs and GalCDs.
Other than the different average size, LacCDs have the same
optical properties as GluCDs and GalCDs in aqueous
dispersion. Therefore, the Langmuir monolayer of LacCDs
was selected as a model system for further experimentation.
Surface pressure—area (7—A) and surface potential—area
isotherms are shown in Figure 8. Surface pressure isotherm can
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Figure 8. Surface pressure—area (green) and surface potential—area

(orange) isotherms of LacCDs (0.2 mg/mL aqueous dispersion). The
figure also shows the corresponding phase changes.

be used to analyze the interactions between particles in close
proximity (van der Waals interaction), whereas surface
potential can aid in understanding the interactions between
particles at longer distances (dipole—dipole interaction). The
initial zero surface pressure above 150 A*/LacCD corresponds
to the gaseous phase. In the gaseous phase, the LacCD
particles have little to zero interaction. As the nanoparticles
move closer because of the compression from the moving
barriers, the surface pressure increases along with the phase
change from gas to liquid, and then to solid. The LacCD
Langmuir monolayer collapses above 25 mN/m. Each change
in the slope of the 7—A curve corresponds to a phase change,
namely, liquid-expanded (LE) from 150 to about 100 A%/
LacCD, liquid-condensed (LC) from 100 to 62 A?/LacCD,
and solid phases covering the region from 62 to about 40 A%/
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LacCD. As the phases change from gas to liquid and eventually
solid, the LacCD nanoparticles are less free to move, and the
orientation of the particles becomes more uniform and rigid.
Because the exact structure of CDs is not known even if the
LacCDs have a spherical shape, the surface functionalities may
not be uniform. In a close-packed Langmuir monolayer, the
more polar surface groups are expected to face to the polar
subphase whereas the nonpolar or less polar groups are
expected to face to air. This alignment is more favored because
the counterions (Na* and CI”) of the subphase have stronger
interactions with polar groups of LacCDs, resulting in a more
stable Langmuir monolayer.

The limiting CD area for LacCDs is found by extrapolating
the linear part of the 7—A isotherm to zero pressure and taking
the value of the CD area at the interception.”””* Figure 8
shows a limiting CD area of 97 A® for LacCDs. Because
LacCDs are spherical nanoparticles, the limiting LacCD area,
which provide the cross-sectional area of the particle, can be
utilized to estimate the diameter of the LacCDs at the
monolayer. The area of the circle formula (77*) was used to
calculate the radius and the diameter of CDs at the
monolayer.”*” LacCDs have a diameter of 1.1 nm in a
close-packed, rigid monolayer. Difference between the average
particle size based on the TEM and AFM images (~4 nm) and
Langmuir monolayers may be due to the particles being in a
more relaxed state in solution in contrast to the close-packed in
monolayers. On the other hand, knowing that the LacCDs
easily form clusters in solution, the higher size distribution
from TEM could be an inflated average diameter resulting
from agglomerates. The TEM image (Figure S9) shows clearly
that smaller LacCD particles migrate together and start
forming an agglomerate.

The limiting CD area of GluCDs (Figure S7) and GalCDs
(Figure S8) are 53 and 49.5 A?/CD, respectively, and smaller
than LacCDs. Therefore, the calculated diameter of both
GluCDs and GalCDs at the close-packed Langmuir monolayer
is ~0.8 nm. This result is consistent with the hypothesis that
starting with a smaller precursor molecule, and keeping rest of
the parameters of reaction constant, yields CDs with smaller
diameters. Furthermore, it confirms that CDs from glucose and
galactose have the same sizes since the precursors are isomers.

The surface potential versus area isotherm is shown in the
orange curve (Figure 8). Surface potential displays the
potential difference between the subphase and air (above
and below the Langmuir monolayer film). In other words, it
displays the difference in dipole moments. Furthermore,
surface potential can be used to evaluate the molecular
interactions which occur during phase change of the
monolayer. The bumps seen in the LE and LC phases are
due to the molecular motions and rearrangements of LacCDs
to gain specific orientations corresponding to each phase
change. On the other hand, the bumps observed at about 130
and 95 A%>/LacCD might be due to a different aggregation state
in the Langmuir monolayer. It must be noted that there is a
good correlation between the surface pressure and surface
potential isotherms. The maximum voltage of about 100 mV is
consistent with compact packing of LacCD nanoparticles at the
air—subphase interface.

We were further interested to know the rigidity of the
Langmuir monolayer of LacCDs and its robustness. Hence,
compression modulus of the 7—A isotherm was plotted as a
function of surface pressure as shown in Figure 9. The
compression modulus was determined by using the equation
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C,7' = —A dn/dA, %" where C, is the compression modulus, &
is the surface pressure, and A is the mean LacCD area based on
7m—A curve data. In Figure 8, the surface pressure of 17 mN/m
corresponds to the change from LC to S phase. This surface
pressure coincides with the maximum compression modulus
(Figure 9). This phenomenon can be explained on the basis of
maximum repulsive forces between the LacCDs at the
interface.

Compression—Decompression Cycles and Stability.
Compression—decompression experiments were conducted to
test the stability of the LacCD Langmuir monolayer. Figure 10
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Figure 10. Compression—decompression curves of the LacCD
Langmuir monolayer.

shows the three compression—decompression cycles. After the
experiment, the average hysteresis was obtained as 4.3%. The
Langmuir monolayer shows minimum hysteresis confirming
the retaining ability of the nanoparticles at the air—subphase
interface. Furthermore, the hysteresis data gives the
information that LacCDs reorganized at the air—subphase
interface, whereas the 0.5 M NaCl subphase solution provides
the partial insolubility of LacCDs at the interface.
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To further assess the stability of the LacCD Langmuir
monolayer, we performed an additional stability study. After
spreading the LacCDs dispersion on the subphase, movable
barriers were used to compress the monolayer to a surface
pressure of 12 mN/m. Then, the barriers were stopped to
maintain the surface pressure. Figure 11 shows the mean
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Figure 11. Stability study of the LacCD Langmuir monolayer
confirms that LacCDs can retain in the monolayer for the duration
that is necessary for spectroscopic studies.

LacCD area at the interface and the stable surface pressure for
about 45 min. This means that LacCDs are stable enough to
retain in the monolayer at the air—subphase interphase for the
whole time necessary for the in situ spectroscopic recordings.

UV/Vis Absorption at the Air—Subphase Interface.
Figure 12 shows the UV/vis absorption spectra of the LacCD
monolayer at different surface pressures. This experiment lets
us explore the extent of the analyte that remains on the
monolayer with increasing surface pressure. As expected for a
stable monolayer, the intensity of absorbance at the peak
maximum increases with increasing surface pressure as the
nanoparticles come closer with increased compression. The
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Figure 12. UV/vis absorption spectra of the LacCD Langmuir
monolayer at different surface pressures. Surface pressure is 1 (black),
2 (red), 4 (blue), 6 (green), and 7 (pink) mN/m. The inset shows the
linear increase in the absorbance maxima at 280 nm.

DOI: 10.1021/acs.langmuir.9b00920
Langmuir 2019, 35, 6708—6718


http://dx.doi.org/10.1021/acs.langmuir.9b00920

Langmuir

inset of Figure 12 shows the linear increase of absorbance
maxima at 280 nm with increasing surface pressure. This result
further confirms the stability of the LacCD monolayer. UV/vis
absorption spectra of LacCDs as a dispertion and in monolayer
at the air—subphase interface have the same shoulder peaks at
280 and 350 nm. This result shows that the aggregation in 2D
is not an important factor because we do not observe any red
shift in the absorption spectrum of the Langmuir monolayer. It
is reasonable that the peak at 350 nm is not as pronounced in
the monolayer as in solution because the intensity of
absorption is much smaller from a Langmuir monolayer
as compared to bulk solution.

PL of the LacCD Langmuir Monolayer. To investigate
PL properties of LacCD monolayers, the monolayer was first
excited at 280 nm. Figure 13 shows the PL emission spectra of
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Figure 13. PL emission spectra of the LacCD Langmuir monolayer at
different surface pressures when excited at 280 nm. Surface pressure is
0 (black), 1 (red), 3 (blue), S (pink), and 7 (green) mN/m. The inset
shows the linear decrease in the PL maxima at 460 nm when excited
at 280 nm.

the LacCD monolayer at different surface pressures (0, 1, 3, S,
and 7 mN m™') when excited at 280 nm. The intensity of the
emission peak decreases with increasing surface pressure. This
self-quenching of emission may be due to the processes that
compete with fluorescence, such as Forster resonance energy
transfer (FRET). When the nanoparticles move closer with
increased surface pressure, this competitive process becomes
more dominant and therefore the intensity of fluorescence
decreases. The inset of Figure 13 shows the linear decrease in
the PL intensity with increasing surface pressure when excited
at 280 nm. It should be stated that the intensity of PL emission
of LacCDs dispersed in water also decreases in higher
concentrations. Figure S10 shows the increase in the PL
intensity in solution with increasing concentration until the
maximum of 0.02 mg/ mL. For the concentrations more than
0.02 mg/mL, quenching starts and intensity of PL decreases
with increasing concentration of LacCDs. Increasing concen-
tration in solution can be comparable to the increasing surface
pressure in the Langmuir trough because increase in both
concentration and surface pressure results in closer distances
between particles. The self-quenching starts in both the
solution and Langmuir monolayer when LacCDs are crowded.
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Next, the LacCD monolayer is excited at different
wavelengths (350, 380, and 400 nm) and PL emission at the
air—subphase interface is recorded at the same surface pressure
(4 mN m™"). Figure 14 shows that the PL emission of the
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Figure 14. Excitation-independent PL emission spectra of the LacCD
Langmuir monolayer at the air—subphase interface. The Langmuir
monolayer of LacCDs is excited at 350 (black), 380 (red), and 400
(blue) nm and emission with a maximum at 460 nm is recorded at the
same surface pressure of 4 mN m™".

LacCD monolayer is excitation independent in contrast to the
excitation-dependent PL in aqueous dispersion. PL emission
with varying excitation wavelengths at different surface
pressures (2 and 6 mN m™') also showed the same
excitation-independent spectra (Figures S11 and S12). The
PL emission maximum at the air—subphase interface is at 460
nm regardless of the excitation wavelength. PL maximum in
aqueous dispersion is at 445 nm when excited at 350 nm.
Interestingly, the maximum intensity of PL at the air—subphase
interface is when the monolayer is excited at 400 nm. The PL
peak is at 487 nm when excited at 400 nm in aqueous
dispersion whereas it is at 460 nm at the air—subphase
interface.

The excitation-independent emission of the LacCD
monolayer might stem from the complex surface states rather
than the size of CDs. This can be explained by the significantly
more uniform orientation of LacCD nanoparticles in the
Langmuir monolayer compared to that in the aqueous
dispersion. When LacCDs are dispersed in water, different
emitting, complex surface states contribute to the excitation-
dependent PL emission. However, in a 2D monolayer, the
surface states with similar properties align in a specific
direction giving the monolayer a more uniform emission. In
Langmuir monolayers, the nanoparticles orient themselves in
such a way where more polar groups are stabilized by the
counterions of subphase and the nonpolar/less polar groups
mainly face the air. Also, the conformation of the surface
functional groups might change in a rigid, close-packed
Langmuir monolayer due to steric hindrance compared to
the bulk. The rearrangement and change in the conformation
of surface moieties may result in new electronic states or a
change in energy levels between ground and excited states.
Therefore, for the PL maxima at the air—subphase interface,
we observe a red shift for shorter excitation wavelengths
(Stokes shift increases from 6100 to 6832 cm™) and a blue
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shift for longer excitation wavelengths (Stokes shift decreases
from 4466 to 3260 cm™') when compared to PL maxima in
solution. Slight difference in Stokes shifts in solution and at the
air—subphase interface suggests that there is a change in the
difference between ground and excited state dipole moments.
Considering that CDs dispersed in water form the Langmuir
monolayer when spread on the subphase regardless of their
size and also LacCDs have a narrow size distribution,
population-based excitation-dependent emission, namely, the
quantum confinement effect is less likely the origin of PL
emission of LacCDs.

B CONCLUSIONS

In conclusion, we successfully and reproducibly showed, for the
first-time, formation of stable Langmuir monolayers of CDs.
Photoluminescent CDs were prepared using saccharides
(lactose, glucose, and galactose) as the carbon source via a
bottom up method. 7—A and surface potential isotherms show
stable monolayers and characteristic phase changes of LacCD
monolayers. Compression—decompression studies showed
minimum hysteresis confirming the stability of the LacCD
monolayer. Furthermore, LacCD monolayers exhibited an
excitation-independent PL, whereas PL emission of LacCDs
dispersed in water is excitation dependent. The intensity of the
emission peak of LacCD monolayers decreases with increasing
surface pressure when excited at 280 nm, suggesting the
possibility of FRET at the air—subphase interface.

The ability to form stable Langmuir monolayers combined
with the unique optical properties of CDs not only improves
the understanding of the structure and PL mechanism of CDs,
but also extends areas for future applications and introduces a
new important direction of the interface science and colloid
chemistry.
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