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Abstract

Despite a growing interest in carbon dots (CDs), notably for their potential as a more
sustainable, less toxic alternative to inorganic quantum dots, the critical factors affecting their
physical, chemical, and optical properties are relatively unknown, limiting their widespread use.
Herein, a one-pot hydrothermal method was used to synthesize CDs from citric acid and
phenylalanine. CDs were synthesized over a range of reactant ratios; from pure citric acid to pure
phenylalanine and seven mixed ratios in between, achieving a quantum yield (QY) as high as 65%
with a peak excitation/emission of 350/413 nm. The goal was to determine the role of
stoichiometry on the chemical and structural composition of CDs, particularly its impact on
nitrogen doping, and in turn its effect on QY. We showed that a wide range of reactant ratios tend
towards reacting in a stoichiometric 2:1 molar ratio of phenylalanine to citric acid whereby the
resulting CDs have similar chemical composition and QY. Using this ratio may lead to a more
efficient and sustainable mass production process by reducing and reusing reactant waste. The QY
of the CDs was found to be more dependant on the oxygen-to-carbon ratio and the relative amount
of carboxyl oxygen in the CD, than it was on the nitrogen-to-carbon ratio. The resulting CDs also
showed Fe** sensing capabilities through static fluorescence quenching with a limit of detection
of 3.5 uM. This study provides new insights which may be useful for the optimization of the green

synthesis of CDs for more widespread applications.
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Introduction

Interest in carbon dots (CDs), a type of fluorescent carbon nanoparticle, has been steadily
increasing since their discovery by Xu ef al.! One advantage of using CDs over traditional
fluorescent dyes is that while dyes may experience considerable photobleaching after only a few
seconds of photon excitation, some CDs can remain fluorescent for several hours while losing little
to no fluorescence intensity.>* CD synthesis methods such as hydrothermal,’ microwave,® and dry
heating (e.g. pyrolysis or calcination),” can be made sustainable by using non-toxic, renewable,
organic compounds found in Nature and consequently have often been shown to exhibit lower
cytotoxicity than other quantum dots.®!! This reduced cytotoxicity is best taken advantage of in
the fields of bioimaging,'? drug delivery,'® and other forms of biomedical treatment.'* In addition
to biological applications, CDs can also be used in chemical sensing,' inks,'® films,!” light-
emitting diodes,'® catalysts,!® and solar cells.?’

Several bottom-up CD synthesis methods such as hydrothermal,® microwave,® and dry
heating (e.g. pyrolysis or calcination),’ are popular in green CD synthesis since they are generally
easy to implement, inexpensive, and can be performed as a one-pot synthesis. Citric acid is a
common source of carbon in bottom-up CD synthesis, likely due to the presence of three carboxyl
groups and a hydroxyl group allowing it to react with itself and other organic compounds. Citric
acid can also be synthesized by the fungus Aspergillus niger, allowing for its production through
bioprocesses.?! Fluorescence quantum yield (QY) is an important metric that quantifies the ability
of a particle to release absorbed electromagnetic radiation as photons. A nitrogen doping agent is
commonly added in the CD synthesis process, since it has been well documented that N-doped
CDs have enhanced QY when compared to non-doped CDs.?> L-phenylalanine — a naturally

occurring amino acid and one of the key components of the popular sweetener aspartame?® 24 —
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contains a phenyl group, making it easier to produce graphene-like structures, and carboxyl and
amine groups, which can polymerize through addition-elimination reactions, making its chemical
structure advantageous for CD synthesis. It also contains nitrogen which can be used for doping
CDs to increase QY. Previously, Yang et al. performed a hydrothermal synthesis of CDs using
phenylalanine alone.”> Lijuan et al. performed pyrolysis of phenylalanine and citric acid to
synthesize graphene quantum dots for use in the anode material of lithium ion batteries.? Shen
and Xia synthesized CDs hydrothermally from phenylalanine and NaOH.?” Pandey et al. used
microwaves to synthesize CDs from phenylalanine, ethanol, and NaOH for the application of

haloperidol delivery.'3

Wang et al synthesized CDs hydrothermally from tryptophan,
phenylalanine, and HCI for the bioimaging of cancer cells and achieved a quantum yield of 21%.8

Significant knowledge gaps prevent CDs from replacing inorganic quantum dots in many
applications. For example, nitrogen doping is known to increase the QY of CDs by tuning their
electronic and surface properties, but the exact mechanism by which it does this is unknown.??
Moreover, there are many possible starting reagents that CDs may be synthesized from; however,
they lead to a range of properties and QYs. In this work, two types of CDs with the same atomic
ratio of nitrogen to carbon, but with remarkably different QY's, were synthesized with the intent of
gaining insight into the role of CD chemical composition and nitrogen doping on QY. We also
created an array of CDs, by varying the citric acid to phenylalanine reactant ratio, from which we
can determine the role of stoichiometry on the chemical composition of the synthesized CDs.
Gaining insight into the stoichiometry of CD synthesis and its impact on QY would help in the
development of more economical and sustainable synthesis routes, particularly for mass

production, by minimizing reactant waste. The synthesized CDs also displayed Fe*" sensing

capabilities.
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Experimental

Chemicals

Citric acid, L-phenylalanine, quinine hemisulfate salt monohydrate, AgNOs3,
HAuCl4:3H20, BaCly-2H>0, CaCly-2H20, CdCl, CoCl2:6H20, CsCl, CuCly, FeCls, LiCl, MgCly,
MnCl»-4H>0, NaCl, NaNOs, Pd(CH3COO), and ZnCl> were purchased from Sigma-Aldrich.
FeCly-4H,0, HCI, KCl, KBr, KI, NaCH3COO-3H»0, NaClO4 were purchased from Thermo Fisher
Scientific. Sulfuric acid was purchased from VWR. Reverse osmosis water (produced from a Mar

Cor Purification reverse osmosis water purification unit) was used across all the experiments.

Synthesis of Carbon Dots

Citric acid (from 0 to 270 mM) and phenylalanine (from 0 to 180 mM) were dissolved in
15 mL of water and placed in a glass vial which was then placed in a Teflon-lined autoclave
chamber (Hydrion Scientific, 50 mL) and heated to 200 °C for 8 h. A complete list of synthesis
concentrations can be found in Table S1. The resulting suspension was left to cool naturally to
room temperature. The suspension was then filtered using a 0.1 um PVDF syringe filter unit
(Millex-VV, EMD Millipore) to remove any large particles. Approximately 10 mL of the sample
was then dialyzed in 1 L of water using a 3.5 kDa molecular weight cut-off regenerated cellulose
membrane (Spectrum Labs) for 24 h with two changes of the dialysis water to remove any
unreacted citric acid and phenylalanine, as well as any small fluorophores that may have been
generated. CDs are named based on the phenylalanine mole percent in the reactants, e.g. Pos-CDs
were made using 95 mol% phenylalanine and 5 mol% citric acid in water. A proposed mechanism

of the initial synthesis steps is shown in Scheme 1.
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Scheme 1. Proposed mechanism of the initial synthesis steps for the reaction of citric acid and phenylalanine.

Characterization

Fluorescence measurements were performed using a Horiba FluoroMax-4. UV-Vis
absorbance measurements were taken using a Thermo Fisher Scientific BioMate 3S UV-Visible
spectrophotometer. Fluorescence lifetime measurements were taken using a Horiba EasyLife X
(368 nm excitation). X-ray photoelectron spectroscopy (XPS) measurements were taken using a
Thermo Fisher Scientific K-Alpha X-Ray Photoelectron Spectrometer System. Fourier-transform
infrared (FTIR) spectroscopy measurements were performed using a PerkinElmer Spectrum Two
FTIR spectrometer with a single reflection diamond ATR. Atomic force microscopy (AFM) was
done in tapping mode using a Bruker MultiMode 8 AFM equipped with a Nanoscope V controller
using a Bruker ScanAsyst-air silicon nitride probe (nominal frequency: 70 kHz, spring constant:
0.4 N/m, tip radius: 2 nm). Transmission electron microscopy (TEM) images were obtained using
an FEI Tecnai G2 F20 TEM located at the Facility for Electron Microscopy Research at McGill
University. Raman spectroscopy was performed using a Bruker SENTERRA 1I compact Raman

microscope with a He-Ne laser at a 532 nm wavelength.

(o)}
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Quantum Yield

Quantum yields were measured using the relative approach reported by Williams et al.?®
All samples had an absorbance of 0.1 or lower. Equation 1 was then used to determine the quantum
yield:

Fs Ag 3
= QY =22 1

where QY is the quantum yield, F is the integral of the fluorescence emission scan, A is the
absorbance, 7 is the index of refraction of the solvent, S denotes the type of sample to be analysed
(i.e. CDs), and R denotes the reference material. The reference material was quinine sulfate in 0.1
M H>SOs4, which has a QY of 54.6%.%° QY fluorescence measurements were performed using an
excitation and emission slit width of 1 nm. An excitation wavelength of 350 nm was used unless

otherwise specified.

Ion Sensing

P9s-CDs were mixed with individual salts such that the resulting mixture in water had a
CD and ion concentration of ~15 mg L' and 1000 uM, respectively. The mixture was then
incubated for 1 hr at room temperature. An excitation wavelength of 350 nm was used, and the
fluorescence intensity was measured at an emission wavelength of 400 nm.

A linear Fe** calibration curve was generated in a similar manner with slight variations.
Pys-CDs were mixed with FeCls such that the resulting mixture had a CD and Fe** concentration
of ~140 mg L' and up to 50 uM, respectively. The mixture was then incubated for 1 hr at room

temperature. An excitation wavelength of 350 nm was used, and fluorescence intensity was
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measured at an emission wavelength of 376 nm, which provided the best limit of detection (LOD)

using Equation 2:3!

LOD = 33 (i,—Y) (2)

where S, is the standard deviation of the response of the linear calibration curve, and S is the slope
of the linear regression.
All ion sensing fluorescence measurements were done using an excitation and emission slit

width of 2 nm.

Statistical Analysis

Data is reported as the mean + 2 standard errors of the mean. Statistical significance was
measured using the Student’s z-test, with p<0.05 considered as significant. Comparisons made
between two types of CDs (e.g. Pos-CDs vs P1go-CDs) were done using an unpaired homoscedastic
t-test. Comparisons made on a CD before and after a treatment (e.g. addition of Fe**) were done

using a paired z-test.

Results and Discussion

Nitrogen Doping and Quantum Yield

It has been argued that nitrogen doping of CDs can greatly increase their QY.?? Figure 1a
shows that the QY increased as the phenylalanine mole fraction (x,) in the reactants increased from

0.00 to 0.95. However, this is only true so long as citric acid is present, whereas using only
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phenylalanine (x,=1.00) in water results in a low QY. Interestingly, there is no significant
difference (p>0.05) between the QY of undoped Po-CDs (2.0+0.9%) and N-doped Pi0o-CDs
(3.4+2.5%) indicating that citric acid and phenylalanine create higher QY CDs when together than
either reactant alone. Citric acid plays two major roles in the synthesis of CDs. It contains three
carboxyl groups and one hydroxyl group which gives it several sites to react with phenylalanine
and other citric acid molecules. Citric acid also keeps the pH of the reacting mixture low which
acts as a catalyst for addition-elimination reactions such as Fischer esterification.>* Therefore, the
absence of citric acid in the P10o-CD reaction may have caused those CDs to synthesize poorly and
could partially explain why the QY of Pos-CDs (65+£7.2%) is 19 times higher (p<0.01) than Pgo-
CDs (3.4+2.5%). This places the QY of P9s-CDs on the higher end of CDs synthesized using
renewable nitrogen doping agents,**-3° but on the lower end of those synthesized from synthetic
nitrogen doping agents.’¢*° The post-dialysis pH of the suspensions of CDs synthesized from citric
acid (i.e. all the CDs except P1go-CDs) ranges from 3.4-3.7, while the suspension of P19o-CDs has
a pH of 4.6. To determine if this difference in pH could explain the vast difference in QY between
P9s-CDs and P10o-CDs, the post-dialysis pH of the P9s-CD and P10o-CD suspensions were adjusted
to 2.4 using HCI; however, the QY of Pys-CDs was still 11 times greater than that of Pigo-CDs
(p<0.01), confirming that the post-dialysis pH is not the primary cause for the discrepancy in QY.
In addition, the QY remains mostly unchanged in P25-CDs, Pso-CDs, and P75-CDs, revealing that
continuously increasing the concentration of the nitrogen doping agent does not necessarily
increase the QY at the same rate. For instance, tripling x, from 0.25 to 0.75 only increases (p<0.05)

the QY from 49+1.1% to 52+1.6%.
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Figure 1. (a) Quantum yield of CDs vs phenylalanine mole fraction (balance is citric acid) in water at an
excitation wavelength of 350 nm. (b) Nitrogen to carbon ratios for various phenylalanine mole fractions. Blue
diamonds represent (N:C)cp. Green curved line represents (N:C)r. Red line shows a linear trend for
0.05<x,<0.90. (c) Quantum Yield vs (N:C)cp as determined by XPS. Error bars represent 2 standard errors of

the mean (N=3).

Figure 1b shows that there is a linear trend for 0.05<x,<0.90, over which the nitrogen to
carbon atomic ratio in the CDs ((N:C)cp), as determined using XPS, shows little change despite
large changes in the nitrogen to carbon atomic ratio of the reactants ((N:C)r) and x,. Specifically,

when 0.05<x,<0.90, (N:C)cp follows the fitted function (Equation 3, red line in Figure 1b):

1
(N:C)gp = 0.025x, +—=

15 (3)

The intercept of Equation 3 (i.e. 1—15) is equal to the (N:C)r when phenylalanine and citric

acid are in a 1:1 molar ratio (i.e. x, = 0.5), revealing that when there is a small amount of
phenylalanine relative to citric acid (i.e. xp approaches 0), then phenylalanine and citric acid will
react in a 1:1 molar ratio. This shows that excess citric acid is wasted or produces low QY CDs

when x;, approaches 0. Conversely, the (N:C)cp and the (N:C)r are equal to each other when x, =

10
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g, and can be visualized by the intersection of the two functions in Figure 1b, indicating that a 2:1

molar ratio of phenylalanine to citric acid is the stoichiometric ratio. Oxygen and hydrogen are not
considered in this stoichiometry, since they may be added to and removed from the CD during
synthesis in the form of water molecules. These results show that the reaction tends to proceed at
a phenylalanine to citric acid molar ratio of 2:1 when 0.25<x,<0.75, and 1:1 as x, approaches 0.
Figure 1c shows the relationship between the measured QY and (N:C)cp. Over the range,
0<x,<0.95, the QY generally increases with (N:C)cp. As mentioned previously, P2s-CDs, Pso-CDs,
and P75-CDs have similar QYs and (N:C)cp, but their x,, and in turn, (N:C)r, varies considerably.
Figure 1c shows these three CDs clustered together despite covering a wide range of x,. This
further supports the mechanism proposed previously; that having 0.25<x,<0.75 during synthesis

does not change the composition or properties of the resulting CDs considerably and that
phenylalanine and citric acid will tend towards a stoichiometric ratio at x, = g Conversely, there

is a great difference in QY between Pos-CDs and P10o-CDs despite having similar (N:C)cp.

There is little work in the literature with specific focus on the role of nitrogen doping in
enhancing the QY of CDs, particularly with regards to stoichiometry. Permatasari et al
synthesized graphene quantum dots from citric acid and urea.*! They reported that graphene
quantum dots with a larger ratio of pyridinic nitrogen to pyrrolic nitrogen exhibited more
fluorescence; however, the effect on QY was not measured. By examining the optical, chemical,
and physical properties of the CDs synthesized in this work, we hope to gain new insight into the

role of stoichiometry and nitrogen doping on QY.

11
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Chemistry of CDs

Analysis of the XPS spectra reveals peaks indicating the presence of carbon, nitrogen, and
oxygen at binding energies of ~285 eV, ~400 eV, and ~532 eV, respectively. A charge correction
is applied, where needed, in the form of a binding energy region shift to account for any charge
accumulation. When considering only C, N, and O, all the CDs have a composition of
approximately 50-70% C, 0-10% N, and 20-50% O on an atomic basis (Table S2). A
representative example of the deconvolution of Cis, Nis, and O1s peaks for P25-CDs, Pso-CDs, and
P75-CDs is shown in Figure S1 and P9s-CDs and P10o-CDs is shown in Figure S2.

The Cis spectra is deconvoluted using five peaks representing sp? (~284.2 eV),* sp’
(~284.9 eV),* C-N/C-0 (~286.0 eV),** 4 C=N/C=0 (~287.8 €V),* and O-C=0 (~288.8 eV)*’
carbon. The N spectra is deconvoluted using three peaks representing C-NH—C (2° amine) and/or
pyridinic N (~399.6 ¢V), C-N(C)-C/N—C=0 (3° amine and/or amide) and/or pyrrolic N (~400.4
eV), and —NHs"/graphitic N (~401.6 ¢V).*® 4’ The Ois spectra is deconvoluted using four peaks
representing COOH (~531.1 V), C=0 (~531.9 eV), C-O (~532.7 €V), and C-OH (~533.5 e¢V).>°
A detailed breakdown and analysis of the relative amounts of these bonds can be found in Table
S3 and the XPS Analysis section of the Supporting Information (SI).

The chemical similarity of P2s-CDs, Pso-CDs, and P75-CDs is evident in their FTIR spectra
(Figure 2a), which further indicates that there is little difference between these CDs. A comparison
of the FTIR spectra of Pos-CDs and P10o-CDs (Figure 2b) shows four regions of interest. Regions
1-3 are considerably more pronounced in Pg9s-CDs. Pos-CDs and P19o-CDs both show a prominent
peak in Region 4, i.e. 1260 — 890 cm’!, with prominence at 1084 cm! originating from C-N and
C-O0 stretching, indicating the presence of amines and alkoxy groups. Only this last region has

similar prominence among P9s-CDs and P10o-CDs, but when considered relative to the magnitude

12
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of the other peaks (Figure S3), P100-CDs appear to have a greater relative amount of the bonds
associated with this peak (i.e. C—-N/C—-0) than P9s-CDs, which is consistent with the results from
XPS (Table S3). A detailed analysis can be found in the FTIR Analysis section of the SI. Figure
S4 shows the FTIR spectra for all the synthesized CDs as well as the reactants, citric acid and

phenylalanine.
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Figure 2. FTIR spectra of (a) P2s-CDs, Pso-CDs, and P75-CDs and (b) Pss-CDs and P100-CDs. Dashed lines in (a)
are to show alignment of peaks between CD types. Shaded regions in (b) are to highlight similarities and

differences in certain regions.
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A shortcoming of FTIR and XPS analyses is that peaks can often be associated with more
than one type of bond. For instance, it is difficult to assess how much of the N is in the form of a
protonated amine (—NH3") versus a graphitic form, since these two peaks are generally found at
the same location (~401.6 €V).*®5! From FTIR, the strong presence of C-N, but minimal N-H in
P100-CDs suggests that nitrogen is incorporated inside the CDs in the form of a tertiary amine,
pyridinic N, or graphitic N, as opposed to its presence on the surface as a primary or secondary
amine or a pyrrolic N. This suggests that the increase in -NH3z"/graphitic N in P1go-CDs when
compared to Pos-CDs could be due to an increase in graphitic N, instead of -NH3" as this is
supported by the FTIR spectra for the two CDs. In general, there is agreement between the FTIR
and XPS analyses in terms of the types of bonds identified. Both techniques confirm that nitrogen
doping occurs and indicate the presence of sp? and sp® carbon, as well as the presence of alkoxy,
hydroxyl, carboxyl, and carbonyl groups.

The difference in QY between Pos-CDs and P19o-CDs may be best explained by examining
the oxygen containing groups. Zhang et al. synthesized graphene quantum dots that were not
nitrogen-doped, and found that reducing them using NaBH4 increased their QY from 2.6% to
10.1%.2 In this study, Pos-CDs have 33% less (p<0.05) relative COOH oxygen and a 22% lower
(p<0.05) oxygen to carbon ratio (O:C)cp than P19o-CDs, indicating that Pos-CDs are overall more
reduced than P1po-CDs.

Furthermore, to illustrate the uniqueness of P10o-CDs chemical composition relative to the
other CDs synthesized in this work, a principal component analysis (PCA) was performed on the
14-dimensional XPS data (i.e. (N:C)cp, (O:C)cp, and the relative amount of each bond type in the

5 Cl; features, 3 Nis features, and 4 Ois features) which captured 75% of the variance in two

14
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principal components (Figure S5). From the PCA plot, Po-CDs are distinct from the rest of the
CDs, as expected, due to its lack of nitrogen. Interestingly, P10o-CDs are shown to be overall, quite
dissimilar as well from the rest of the N-doped carbon dots. A multiple linear regression analysis
was performed, correlating the chemical composition of the CDs based on XPS spectra to the QY.
To determine the most important of the 14 features, we aimed to maximize the coefficient of
determination, R?, with the least number of features possible. Our analysis revealed that an
R?=0.934 (Figure 3) was achievable using only 2 features, the (O:C)cp and the relative amount of

COOH oxygen (from Ojs spectra), in the form of Equation 4:

QY = 0.271 — 0.500z, — 0.238z, — 0.192z, 2, (4)

where z; and z, are the standard score of the (O:C)cp and the relative amount of COOH oxygen

(from Ojs spectra), respectively.
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Figure 3. Comparison of the actual QY (blue diamonds) to the QY calculated from Equation 4 (black line).
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All of the coefficients in Equation 4 were negative, suggesting that an increase in either the
(O:C)cp or the relative amount of COOH oxygen would decrease the quantum yield. The
interaction term suggests a compounding effect when the two features move in the same direction.
Interestingly, if we replace the interaction term with a 3™ feature, the (N:C)cp, the regression model
would only have an R?=0.838 (Table S4), suggesting that the role of nitrogen comes second to the
role of oxygen in determining the QY of this set of CDs. It is worth clarifying here that the purpose
of developing this multiple linear regression was to be qualitative, as opposed to quantitative. It is
entirely possible that the QY of a CD is dependant on features beyond the 14 features assessed
here from XPS, but we still consider it interesting that the (O:C)cp and the relative amount of
COOH oxygen on their own can account for a large portion of the variance observed in QY. The
parameters and R2-values of the different permutations of the features used to make the multiple
linear regression are found in Table S4. Similarly, the means and standard deviations of the

features considered are found in Table S5.

Fluorescence and UV-Vis Spectroscopy

Fluorescence and absorbance measurements were performed on CD suspensions in water.
In addition to being used to calculate the QY, the fluorescence data provides the peak excitation
and emission wavelengths for a CD, while the absorbance data provides peak absorbance
wavelengths. Figure 4a,b compares the fluorescence intensity of Pos-CDs with P1go-CDs. A clear
difference in the peak fluorescence between the two CDs is observed. Pos-CDs display a peak
fluorescence at an excitation/emission wavelength of 350/413 nm, while P10o-CDs peak at 315/395
nm. Although the fluorescence intensity of P1go-CDs is higher when an excitation wavelength of

315 nm is used, this is due to an increase in absorbance, and therefore the QY of the P19o-CDs
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shows no significant difference (p>0.05) at an excitation wavelength of 315 nm when compared
to an excitation wavelength of 350 nm. Therefore, the shift in the peak excitation and emission
wavelengths do not explain the difference in QY. Fluorescence heat maps for P25-CDs, Ps5o-CDs,
and P75-CDs (Figure S6) reveal that their peak intensities occur in the same general
excitation/emission region, specifically at, 345/402 nm, 345/408 nm, and 350/421 nm,
respectively. The relatively circular appearances of the heat maps demonstrate that the emission
spectra of the CDs are not strongly dependant on their excitation wavelength in the regions
surrounding their peak excitation and emission wavelengths. For instance, over the excitation
range of 300-365 nm, P9os-CD’s peak emission occurs between 411415 nm. Only excitation
wavelengths of 370-400 nm begin showing excitation-dependant emission; however, the

fluorescence intensity begins to weaken as well.
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Figure 4. Fluorescence heat maps of (a) Pos-CDs and (b) P100-CDs over a range of excitation and emission
wavelengths using an excitation and emission slit width of 3 nm. Absorbance spectra of (c) Pss-CDs and Pi1oo-
CDs, and (d) P25-CDs, Pso-CDs, and P75-CDs. Fluorescence heat maps and absorbance spectra were normalized

to their respective maximum peaks.

The UV-Vis absorbance spectra reveal differences between Pos-CDs and P1go-CDs (Figure

4c). The ratio between the absorbance of the peak at 217 nm to the peak at 237 nm is 2.2x higher
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in Pos-CDs relative to the ratio in P19o-CDs. A more broad-spectrum absorbance is also observed
in the 300—400 nm region. Figure 4d shows the similarities in the UV-Vis spectra of P25-CDs, Pso-
CDs, and P75-CDs. They all share their most prominent peak at 220 nm, a second peak at 237 nm,
and a small peak at 334 nm.

A partial explanation for the lower QY in P1oo-CDs is self-quenching. The ratio of the
absorbance at 430 nm to the absorbance at 350 nm is 0.27 for Pys-CDs, but 0.62 for P19o-CDs. This
means that a larger proportion of the fluorescence that may have been generated by Pioo-CDs is
reabsorbed by itself, effectively lowering its QY.

Individual fluorescence lifetimes of Pos-CDs were significantly different (p<0.05) from
P100-CDs. Both CDs exhibited a biexponential decay with two fluorescence lifetimes (Figure S7a).
Pos-CDs had a lifetime of 5.12+0.70 ns and 36.5+1.0 ns, while Pjpo-CDs had a lifetime of

2.51£1.38 ns and 47.7+6.8 ns.

Structural Characterization of CDs

AFM imaging (Figure 5a,b) indicates that Pos-CDs have a thickness of 1.8+0.2 nm and a
diameter of 12.84+0.6 nm. The P19o-CDs are larger, with a thickness of 3.7+0.5 nm and a diameter
of 17.0+1.7 nm. TEM data suggests smaller diameters than those obtained by AFM. TEM imaging
(Figure 5c,d) shows that Pos-CDs have a mean diameter of 11.9+0.6 nm, while P19o-CDs have a
mean diameter of 7.2+0.4 nm. Figure S8 shows the histogram of the size distribution for Pos-CDs
and P10o-CDs based on TEM imaging. Possible explanations for the size discrepancy between
AFM and TEM results are provided in the Size Analysis section of the SI. Additionally, the AFM
and TEM images (Figure 5) indicate that our processing and purification methods did not result in

any noticeable aggregation of the CDs in water.
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Figure 5. AFM images of (a) Pos-CDs and (b) P100-CDs. TEM images of (¢) Pys-CDs and (d) P1o0-CDs. TEM

images have been cropped to match the scale of AFM images. Uncropped images can be found in Figure S9.

Although there are differences in size and thickness between P9s-CDs and P1oo-CDs, it is
difficult to determine if this factor played a role in the vast difference between their QYs. Chandra
et al. synthesized CDs from citric acid and (NH4).HPO4 with a size of 1.5-4 nm, as measured by
TEM, and a QY of 59%. This shows that it is possible to have high QY's with small CDs, making
it unlikely that size is the primary explanation for the difference in QY since other researchers
have reported smaller sizes while still having a comparable QY to Pys-CDs.>* 33

To study the structure of the CDs, Raman spectroscopy was attempted; however, the high

fluorescence from the CDs obscured the Raman signal (Figure S10).56-58
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Ion Sensing

P9s-CDs displayed metal cation sensing capabilities. Other researchers have used CDs to
detect A% As37,60 Ayt 01 Cré*, 16 Cu?",%2 Fe?*,% Fe¥*,% and Hg?*.% Fluorescence quenching
capabilities were tested for 1000 uM concentrations of Li*, Na*, K*, Cs*, Mg?*, Ca*", Ba*", Mn*",
Fe?*, Fe**, Co?", Pd**, Cu®*, Ag", Au**, Zn**, Cd**, CI', Br, I, CH3COOr, ClO4, and NOs™ and the
results are summarized in Figure 6a. Fluorescence quenching is observed by Fe?*, Fe**, Co?*, Pd*",
Cu®", Ag", and Au** at 1000 uM; however, only Fe** and Pd** are able to completely quench the
CD fluorescence at this concentration. Fe** plays an important role in several biological functions
and an imbalance in its concentration in the body can lead to various diseases.%® Similarly, Pd**
has shown toxicity.%” Of the ions tested, Fe** shows the greatest fluorescence quenching capability
(see Figure S11 for a comparison with Pd*" at concentrations below 1000 pM). The fluorescence
intensity of the Pgs-CD emission spectrum decreases with increasing Fe’" concentration (Figure
S12a). Examining the fluorescence quenching capabilities of Fe’" reveals a linear trend (Figure

6b) at Fe*" concentrations below 50 pM. The limit of detection for Fe** is 3.5 uM.
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Figure 6. Relative fluorescence of Pos-CDs exposed to a) 1000 pM of various ions and b) Fe’* at various

concentrations. Error bars show 2 standard errors of the mean (N=3).

A new absorbance peak forms at 220 nm when Pos-CDs are mixed with Fe** ions (Figure
S12b). Moreover, the peak absorbance of the Fe** solution does not overlap with the peak emission
spectra of Pos-CDs (Figure S13). Furthermore, the fluorescence lifetime of Pos-CDs remains
unchanged after the addition of 50 uM Fe** (Figure S7b). These observations suggest that a static
fluorescence quenching mechanism is in effect, whereby Fe** ions form a complex with the Pos-
CDs.%! Zhang et al. suggested that the presence of phenolic hydroxyl groups may explain the
fluorescence quenching of Fe**.%8 The fact that Fe** did not quench fluorescence while Fe** did,
has been used creatively by other researchers to detect other oxidizing agents. For example, Qian

et al. prepared a mixture of CDs with Fe?*, which upon exposure to H>O2, would get oxidized into
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Fe** and quench fluorescence, effectively creating an H,O» sensor.%® Consequently, Fe** sensing
CDs can find application by either detecting the presence of Fe** directly, or through the oxidation

of Fe?* to the fluorescence quenching Fe**.

Conclusions

Carbon dots were synthesized from citric acid and phenylalanine over a range of reactant
ratios achieving a QY as high as 65% with a peak excitation/emission of 350/413 nm. The initial
addition of phenylalanine to citric acid resulted in a great increase in QY, whereas adding more
phenylalanine increased QY at a more gradual rate. Phenylalanine reacts with citric acid in a 1:1
molar ratio as the phenylalanine mole fraction approaches zero. P25-CDs, Pso-CDs, and P75-CDs
had comparable QYs, (N:C)cp, and FTIR, fluorescence, and UV-Vis spectra despite being
synthesized over a large range of reactant ratios. This information could be useful for the
optimization of large-scale CD synthesis, e.g. synthesis at, or near, the stoichiometric 2:1
phenylalanine to citric acid ratio could allow for the recycling of the dialysis buffer to produce
more CDs. It was found that the QY of CDs was correlated to the (O:C)cp and the relative amount
of COOH oxygen, whereby a reduction in these components resulted in an increase in QY. This
phenomenon explained why Pos-CDs had a considerably larger QY than P1oo-CDs, despite both
CDs having the same (N:C)cp, revealing that nitrogen doping alone is insufficient to increase QY.
Fe" ions exhibited static fluorescence quenching of Pys-CDs leading to a limit of detection of 3.5

uM.
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668  Synopsis

669 This work reveals a stoichiometric ratio for producing high quantum yield carbon dots that
670  can be useful for reducing reactant waste during large-scale production.
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