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ABSTRACT

In this work, molecular-level events accompanying the photobleaching of carbon dots (CDs) synthesized from ethylenediamine and citric acid (CACDs) were
identified using solution-phase NMR. By combining quantitative 13C NMR data with fluorescence measurements we show that this new approach is capable of
identifying not only molecular fluorophores in CACDs, but also their contribution to the overall CACD fluorescence and their relative photostability. Specifically,
imidazo[1,2-a]pyridine-7-carboxylic acid (IPCA) is found to be the dominant (84 %) species responsible for fluorescence in CACDs along with a second undetermined
source, most likely associated with the aromatic core which is significantly (approximately 20 times) more photostable than IPCA. The presence of these two
fluorescent species with different photostabilities rationalizes not only the photobleaching kinetics but also the evolution of the fluorescence spectrum during
photobleaching Diffusion-ordered spectroscopy (DOSY) also reveals that all of the IPCA molecules are trapped within or covalently bound to the CACD, but are not
present as isolated molecules freely rotating in solution. Singlet oxygen is confirmed as a key ROS responsible for photobleaching, with prototypical photoproducts
identified from mass spectrometry studies of citrazinic acid. Quantitative 3C NMR of CACDs is possible because their extremely high colloidal stability enables high
concentrations (667 mg/mL) to remain stable in solution. The approach described in this study could be extended to identify the structure of chromophores in other

CDs and interrogate molecular level processes that accompany CD sensing.

1. Introduction

Carbon dots (CDs) are fluorescent carbon nanomaterials with optical
properties that have high quantum yields (QY) and tunable fluorescence
[1,2]. CDs are often considered to be an environmentally-friendly sub-
stitute for quantum dots (QDs), because CDs can be used in many of the
same optoelectronic applications [3], like bioimaging [4-6], sensing
[7-11], energy conversion [12], lighting [13-15], and displays [16,17],
but CDs can be prepared using earth abundant elements and from an
array of sustainable materials such as agricultural waste [18-21] and
discarded plastic bags [22,23]. CDs can be made using either top-down
or bottom-up methods, but bottom-up methods have attracted particular
attention due to their facile and inexpensive syntheses [24,25]. CDs
produced this way can exhibit high quantum yields [9,26], excellent
water solubility and biocompatibility [1,27], and a broad range of
emission wavelengths [10,28-30], with or without
excitation-dependence [31], depending on the exact synthetic strategy.
The multitude of precursors, preparation conditions, and post-synthetic
treatments available to prepare CDs [32-35] results in a highly diverse
range of materials with varied applications [36].
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The origin of CD photoluminescence remains controversial for many
CD types [24,37], with competing hypotheses attributing CD fluores-
cence to core, surface, or molecular states [3,37-42]. Quantum
confinement-derived fluorescence has been observed in CDs with a high
proportion of conjugated n-domains, and has been proposed as the main
fluorescence source for top-down synthesized CDs often referred to as
graphene QDs [37,38,43,44]. Surface defect fluorescence, most
commonly found in  bottom-up synthesized CDs with
excitation-dependent fluorescence, is caused by energy transfer between
the carbon core and surface functional groups which is influenced by
defects and degree of oxidation [37,38,40,43,45]. CDs synthesized from
citric acid and small organic precursors that typically contain amines
usually exhibit high excitation-independent QYs, and the origin of
photoluminescence is often attributed wholly to, or in part to
pyridone-derived molecular fluorophores [31,32,39,44,46-52]. How-
ever, when citric acid is not used as a precursor different molecular
fluorophores can be formed, depending upon the structure and proper-
ties of the precursor and reaction conditions.[53-58] For example, CDs
with different band gaps have been prepared by pyrolysis of
m-hydroxybenzaldehyde in different acid-base conditions [53].
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Regardless of the synthetic procedure, to determine these molecular
fluorophores, researchers typically purify CDs using dialysis tubing, and
characterize the fluorescent solution separated from CDs present outside
of the tubing, using a variety of techniques such as liquid chromatog-
raphy mass spectrometry (LC-MS) and nuclear magnetic resonance
(NMR). Using this approach, Song et al. [59] synthesized CDs from citric
acid and ethylenediamine, further purified and characterized the fluo-
rescent dialysate using LC-MS and NMR, and identified imidazo[1,2-a]
pyridine-7-carboxylic acid (IPCA) as the source of the blue-green fluo-
rescence. Shi et al. [60] synthesized CDs using citric acid and r-cysteine,
characterized the dialysate with MS, NMR, and thermogravimetric
analysis (TGA), and discovered 5-oxo-3,5-dihydro-2H-thiazolo [3,2-a]
pyridine-3,7-dicarboxylic acid (TPDCA) and 5-0x0-3,5-dihydro-2H-thia-
zolo [3,2-a] pyridine-7-carboxylic acid (TPCA) as a molecular source of
blue fluorescence. Similarly, Liu et al. [61] used LC-MS and NMR to
identify 1-(2-aminoethyl)-5-oxo0-1,2,3,5-tetrahydroimidazo[1,2-a]-pyr-
idine-7-carboxylic acid (AEIOP) in dialysate from CDs made using citric
acid and diethylenetriamine as precursors, and Kasprzyk et al. [50] used
LC-MS and NMR to determine citrazinic acid (CZA) and 4-hydrox-
y-1H-pyrrolo[3,4-c]pyridine-1,3,6(2H,5H)-trione (HPPT) as the sources
of blue and green emission, respectively, in dialysate separated from CDs
synthesized using citric acid and urea [31,34,62-64].

Photostability is another aspect of CDs that varies based on synthetic
methods [47]. In the early literature, CDs were described as being highly
resistant to photobleaching [29,30,46,47], the permanent loss of fluo-
rescence due to chemical alteration of the fluorophore following periods
of high intensity or prolonged irradiation [65]. The excellent photo-
stability of CDs was considered to be a major advantage over other
photoluminescent species, like fluorescent proteins or organic dyes [66].
However, more recent studies have shown that CDs are susceptible to
photobleaching, depending on their structural characteristics. In gen-
eral, more highly carbonized, lower QY CDs are more photostable than
CDs synthesized by bottom-up methods which exhibit higher QYs and
are typically assumed to contain molecular fluorophores [46,47,67].
Several studies have proposed that photobleaching occurs through a
process of photooxidation, since deoxygenating solutions by purging
with inert gases or encapsulating CDs within a polymer can greatly
reduce photobleaching rates [68,69]. The chemical changes that happen
within a CD during photobleaching have been explored by only a few
studies; using attenuated total reflectance Fourier-transform infrared
(ATR-FTIR) and Raman spectroscopy, Wang et al. [69] found evidence
that photobleaching caused oxidation of C bonds, reduction in the
overall number of surface functional groups, and a decrease in the ni-
trogen content of CDs. This is in contrast to results from our group that
showed no significant changes to the CD structure or elemental makeup
beyond the obvious loss of fluorescence [68].

In principle, studying the mechanism and kinetics of photobleaching
can provide a route to gain deeper insight into CD structure and optical
properties [47,70]. Indeed, the kinetics and dynamics of photobleaching
in several types of CDs have been studied. Longo et al. [47] prepared CDs
from citric acid and urea and found that when laser (355 nm or 266 nm)
irradiated, the photobleaching kinetics were best fit to a stretched
exponential function. This was taken as evidence for molecular fluo-
rophores having photostabilities that were dependent upon their local
environments. This and other observations by Longo et al. [47],
including partial recovery of fluorescence after irradiation, led them to
propose that CD fluorophores are weakly bound to the CD surface and
are in dynamic equilibrium with identical free molecules in solution.
Terracina et al. [70] synthesized CDs with a range of emission wave-
lengths from citric acid and a variety of amine-containing precursors,
including trisaminomethane, urea, and hexadecylamine, and used a
stretched-exponential kinetic model to support the idea of interactions
between fluorophores and carbonaceous CD cores. However, Terracina
et al. [70] propose that molecular fluorophores are strictly incorporated
into the CD structure or bound on the CD surface and not in equilibrium
with free molecules. In these photobleaching experiments using laser
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irradiation, Terracina et al. found no changes in the shape of CD emis-
sion profiles after irradiation, aside from reduced intensity, leading to
their conclusion that the fluorescence arises entirely from a single mo-
lecular fluorophore in each of the CDs studied.

While these photobleaching studies have provided valuable insights
into the photobleaching of CDs they do not provide direct spectroscopic
information on the molecular processes that accompany photo-
bleaching, an approach that in principle could directly identify the
species responsible for CD fluorescence. In this regard, solution-phase
NMR spectroscopy has the molecular specificity to answer many of the
questions related to the structure, fluorescence and properties of CDs.
Thus, NMR characterization on separated fractions of fluorescent ma-
terial before or after CD purification is increasingly common and has led
to several important insights into the identity of CD fluorophores [28,50,
59,71-73]. Solution-phase NMR can be used for structural insight, for
example, to characterize CD surface functionalization with organic li-
gands [74-77] and can be a simple way to determine the relative size of
CDs [78-80]. Despite this potential utility, NMR of whole CDs is typi-
cally only used for routine 1D and sometimes 2D characterization, and
often only to compare CD products to starting materials as evidence of a
successful synthesis or purification [9,27,60,80-87]. Very rarely are
NMR spectra in the literature used for quantitative analysis beyond basic
identification of major groups of peaks, most likely because many
published NMR spectra of whole CDs, especially 13C, suffer from poor
signal-to-noise ratios, with many spectroscopic features not discernible
above the baseline [18,27,78,81].

In this work, molecular-level events that accompany photobleaching
of CDs synthesized from ethylenediamine and citric acid (CACDs) and
systematically irradiated with 350 nm light have been identified using
solution phase NMR. By combining NMR data with fluorescence mea-
surements obtained from photoluminescence spectroscopy we show that
this new approach is capable of identifying not only the molecular flu-
orophores in CDs but is also able to directly quantify their contribution
to the overall CD fluorescence as well as their photostability. Photo-
bleaching kinetics data are complemented by studies conducted with a
singlet oxygen radical scavenger, cysteine [88], as well as the use of
citrazinic acid as a model fluorophore to identify potential photoprod-
ucts. One of the key innovations in the present study derives from the
recognition that high concentrations of CDs (>600 mg/mL) can remain
colloidally stable, opening up the opportunity to use quantitative 13C
NMR as a detailed structural probe of CDs and their transformations
under the influence of external stimuli such as light.

2. Experimental
2.1. CD synthesis

Materials: Citric acid, ethylenediamine, citrazinic acid, deuterium
oxide (D20), dimethyl sulfoxide-d6 (DMSO-dg), 1-cysteine, potassium
tris(oxalato)ferrate(Ill) trihydrate, o-phenanthroline, acetate buffer so-
lution (pH 3.5), and 3-(Trimethylsilyl)propionic —2,2,3,3-d4 acid so-
dium salt (TMSP-d4) were purchased from Sigma-Aldrich and used
without further purification.

Synthesis: Citric acid carbon dots (CACDs) were synthesized via a
previously described bottom-up microwave-assisted pyrolysis method
[27,68]. In a beaker, 2 mL of 4 M citric acid and 540 pL of ethylenedi-
amine were combined. Following the spontaneous reaction, the mixture
was cooled to room temperature, then heated in a domestic microwave
oven at 700 W for 2 min. Approximately 10 mL of deionized water was
added to the solid product and the mixture was magnetically stirred
until completely dissolved. The mixture was dialyzed against deionized
water for 24 h using 0.1-0.5 kDa pore size dialysis tubing (Repligen,
Waltham, MA, USA). Finally, the solution was dried in an oven at 60 °C
until all water was evaporated.
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2.2. CD characterization

ATR-FTIR: Attenuated total reflectance Fourier-transform infrared
(ATR-FTIR) spectra were obtained using a Nicolet iS5 spectrometer
(Thermo Fisher, Waltham, MA, USA) with an iD5 ATR attachment and a
scan range of 4000-525 cm ! with 32 scans at 0.964 cm ™! resolution.

Elemental analysis: Elemental analysis was conducted using an Exeter
Analytical CE 440 CHN/O/S Elemental Analyzer (North Chelmsford,
MA, USA).

Quantum Yield: The CACD quantum yield (QY) was measured using
the relative approach described by Williams et al. [89], using quinine
sulfate in 0.1 M HySOy4 as a reference, which has a known QY of 54.6 %
[90]. In brief, CACD and the reference were dispersed in ultrapure water
and 0.1 M HSOy, respectively, and the concentration adjusted so that
the absorbance at 350 nm (the peak of CACD absorbance - see Fig. S1)
was 0.1 or lower to avoid inner filter effects. Fluorescence measure-
ments were then taken using an excitation and emission slit width of 1
nm, with an excitation wavelength of 350 nm. Equation (1) was then
used to determine the QY of the CACDs (QYcacp):

A F, 2
QYcacp = QM%’MC’QW (@]
CACD Lref Mrep

where QY is the quantum yield (%), A is the absorbance of the sample at
350 nm, F is the integral of the fluorescence emission scan, and 7 is the
refractive index of the solvent. Using this analysis, QY values for CACDs
synthesized as part of this study ranged from 47 to 54 %, typical of
values reported in the literature [27,91].

Surface Charge: The zeta potential of CACDs was determined to be
—10.6 + 1.5 mV using a Malvern Zetasizer Nano, typical of the values
reported for CDs synthesized using citric acid and small nitrogen-
containing precursors such as ethylenediamine and urea [92].

NMR sample preparation: All NMR samples were made with a ratio of
400 mg CACDs to 600 pL deuterium oxide (D20) and prepared as fol-
lows. At least 350 mg of CACDs were weighed and placed in a 50 mL
centrifuge tube and a proportionate amount of D;O was added. The
tubes were then sonicated in a Branson 1510 ultrasonicator bath (Dan-
bury, CT) at 70 W for at least 1 h to completely disperse CACDs. This
solution was then pipetted into a 5 mm O.D. diameter NMR tube (Wil-
mad-Labglass, Vineland, NJ, USA) and allowed to settle for at least 15
min.

NMR: Prior to conducting any other NMR measurements, the T;
relaxation time of CACDs was determined by an inversion recovery pulse
sequence and data fitting in Topspin (Bruker, Billerica, MA, USA). In
order to ensure that all NMR spectra were quantitative, a relaxation
delay of 10 s was used for all subsequent NMR measurements, which was
at least 5x more than the longest determined T; value. 'H and 13C NMR
spectra were obtained for the non-irradiated CACD sample and all
photobleached CACD samples. Heteronuclear single quantum coherence
(HSQC) and heteronuclear multiple bond correlation (HMBC) spectra
were obtained for the non-irradiated and the 2-h photobleached CACD
samples using standard Bruker pulse sequences. 'H and *C NMR mea-
surements as well as HSQC and HMBC were conducted using a 400 MHz
NMR (Bruker UltraShield, Billerica, MA) at 25 °C. NMR spectra were
analyzed with Topspin and MestReNova (Mestrelab Research, Santiago
de Compostela, Spain).

Quantitative NMR with TMSP: Quantitation of '3C and 'H spectra
were determined using 40 pM 3-(trimethylsilyl)propionic-d4 acid
(TMSP) as an external reference. Nonspecific binding of TMSP to the CDs
precluded its use as an internal standard. Quantification was achieved
by acquiring a'3C or 'H spectrum on TMSP immediately after the CD
acquisition, with the exact same experimental parameters, and a sub-
sequent summation of the spectra.

CACD Fluorescence: Photoluminescence (PL) spectra were obtained
using a Thermo Scientific Lumina fluorescence spectrometer (Waltham,
MA, USA). An excitation wavelength of 350 nm was used, and emission
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spectra were recorded with a 0.1 nm interval from 360 to 650 nm, with
2.5 nm excitation and emission slit widths, a photomultiplier tube
voltage of 700 V, and a 20 ms integration time. In order to avoid
interference from inner filter effects, all CACD solutions used in PL
measurements were 15 mg/L, at which concentration the absorbance at
the characteristic peak circa 350 nm is < 0.1, as measured by a Thermo
Scientific Evolution 220 UV-Visible spectrometer (Waltham, MA, USA).
A 1-cm path length quartz cuvette was used for all PL and UV-Vis
measurements (Thorlabs, Newton, NJ, USA).

2.3. CACD photobleaching

Photobleached CACDs for NMR and PL experiments: To prepare pho-
tobleached CACDs for NMR and PL experiments, 500 mg CACDs were
added to 2 L deionized H»O, then irradiated with 350 nm light using a
Rayonet photoreactor (Southern New England Ultraviolet Company,
Branford, CT) equipped with 16 bulbs. The irradiated solution was then
dried in an oven at 60 °C until all water was evaporated. Approximately
20 mg of the 400 mg of oven-dried CACDs were used for PL measure-
ments, and the remainder used for NMR; mixtures of CACDs exposed to
varying irradiation times were also studied. The approach of measuring
PL spectra of photobleached CACDs after they had been reconstituted as
powders ensured that PL and NMR data could be directly compared on
the same photobleached CACDs. After completion of NMR measure-
ments, the solution was extracted from the NMR tube and dried over-
night in a Thermo Scientific Lab-line vacuum oven (Waltham, MA) at
room temperature and —13 psi. ATR-FTIR and elemental analysis were
also conducted on the dried samples (see above for details). In these
experiments the goal was to prepare samples where the PL and NMR of
photobleached CACDs could be directly compared, rather than
measuring the photobleaching kinetics which were determined in
separate experiments described below.

Photobleaching kinetics: Borosilicate glass tubes (16 mm O.D. x 125
mm) sealed with PTFE-lined caps were filled with 8 mL of a 15 mg/L
solution of CACDs. Tubes were placed into a rotating carousel in a
Rayonet photoreactor and irradiated with 350 nm light using either 16
or 4 bulbs. Irradiation times when using 16 bulbs were 0, 2, 5, 10, 20, 30,
60, 120, 180 and 720 min. When 4 bulbs were used irradiation times
were 0, 8, 20, 40, 80, 120, 240, 480, and 720 min. At each time point,
two replicates were removed and replaced with non-irradiated tubes of
CACDs. PL measurements on each sample were conducted as described
above.

Cysteine: Borosilicate glass tubes (16 mm O.D. x 125 mm) sealed with
PTFE-lined caps were filled with 8 mL of 15 mg/L CACDs with L-cysteine
added at concentrations of 0, 2, 5, 10, 25, or 50 mM. CACD-cysteine
solutions were placed into a rotating carousel in a Rayonet photo-
reactor and irradiated with 350 nm light for 20 min. PL was conducted
on each sample, without further dilution, as described above.

Citrazinic acid experiments: Borosilicate glass tubes (16 mm O.D. x
125 mm) sealed with PTFE-lined caps were filled with 8 mL of 15 mg/L
citrazinic acid (CZA), prepared by sonicating CZA in HPLC-grade water
for 30 min or until complete dissolution. CZA solutions were placed into
a rotating carousel in a Rayonet photoreactor and irradiated with 350
nm light for 0, 3, 8, 12, 20, and 30 min. The photodegradation of cit-
razinic acid and formation of any photoproducts over time was deter-
mined using liquid chromatography coupled with high resolution mass
spectrometry. For this, a Thermo Scientific UltiMate 3000 RSLCnano
UHPLC (binary bump, degasser, autosampler, and column oven) was
coupled to a Q-Exactive HF Orbitrap (Thermo Scientific). All samples
were analyzed in positive/negative electrospray ionization mode. A
Hydro-RP C18 (Phenomenex) column was used for chromatographic
separation with an injection volume of 10 pL. A gradient mobile phase
method with 0.1 % formic acid in Milli-Q Water (A) and methanol (B) as
eluents was employed to facilitate separation of CZA and any photo-
transformation products. The initial conditions of the eluents were 95 %
(A) and 5 % (B) from 0 to 2 min, followed by linear change of (B) to 95 %
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from 2 to 8 min, continued 95 % (B) from 8 to 14 min, and ended with a
return to 5 % (B) from 14 to 20 min. The flow rate was set to 75 pL
min~!. Data-dependent acquisition was used to collect MS? spectra as
described: a full scan (100-300 m/z) was obtained and followed by MS?
collection for the seven most abundant ions.

3. Results and discussion

Initial CACD characterization. Citric acid and ethylenediamine CDs
(CACDs) were chosen because they are a well-characterized and
commonly produced type of CD due to their high quantum yields and
ease of synthesis [9,93,94]. The optical properties of CACDs are char-
acterized by strong excitation-independent blue-green fluorescence
centered at 470 nm and absorbance that occurs below 400 nm, with a
characteristic peak at approximately 350 nm attributed to the n-z*
transition of C-N or C=0 bonds, and a shoulder at approximately 230
nm attributed to n-n* transition of aromatic C=C bonds (Fig. S1(A)) [27,
95].

The CACD fluorescence appears as the convolution of two PL peaks
contributing to the overall emission spectrum. This is shown in PL
spectra recorded prior to the onset of photobleaching; the t = 0 min trace
in Fig. 1 and also in Figs. S3 and S8. Upon irradiation with 350 nm light,
CACDs rapidly undergo photobleaching. As shown in Fig. 1, over 50 % of
the CACD fluorescence is lost after 10 min of continuous irradiation and
completely disappears after 12 h. The observation of photobleaching in
CACDs is consistent with other CDs synthesized via bottom-up methods,
in which fluorescence is attributed to molecular fluorophores [46,47].

Although analytical techniques such as X-ray photoelectron spec-
troscopy (XPS) and ATR-FTIR are frequently used to characterize the
chemical functional groups present in CDs [52,93,96,97], these methods
lack the molecular specificity or sensitivity to capture the detailed
chemical environments associated with the CD fluorophore. These issues
were exemplified in our previous work on photobleaching CDs synthe-
sized with ethylenediamine and citric or malic acid [68], where we did
not detect any significant changes in CDs using ATR-FTIR or XPS after
irradiation with sunlight, despite the observation that CDs underwent an
obvious and permanent loss of fluorescence. For CDs synthesized with
citric acid and urea, others have reported observing changes in
ATR-FTIR spectra following irradiation with UV light, including the loss
or growth of relatively sharp peaks associated with N-H, C-H, and C=0
bonds [69,70].

Here, ATR-FTIR and elemental analysis were conducted on CACDs
before and after irradiation with 350 nm light. The ATR-FTIR spectrum

—— O min

2 min

5 min

10 min
20 min
30 min
60 min
120 min
180 min
720 min

Time

Fluorescence Intensity (arb. Units)

350 400 450 500 550 600 650

Wavelength (nm)

Fig. 1. Photobleaching of CACDs irradiated with 350 nm light measured by the
change in PL.
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of as-synthesized CACDs (Fig. S1(B)) exhibits absorption features at
approximately 3200 em ™}, corresponding to O-H and N-H stretching
modes [68,82,93,95], approximately 1700 em™! and 1650 cm™!, which
are indicative of stretching modes in carboxyl and amide moieties,
respectively, and at approximately 1550 cm™?, corresponding to N-H
bending in amide groups [68,93,95]. ATR-FTIR of CACDs following
irradiation with 350 nm light is shown in Fig. S2, demonstrating that no
major changes in chemical bonding occur when CACDs are photo-
bleached, except for a slight decrease in the intensity of the peak at 1550
cm ! for the longer irradiation times. CACD elemental composition
before and after irradiation is reported in Table S1, and again, no major
changes are seen as a result of photobleaching. The average elemental
composition of CACDs is 44.51 % C, 5.05 % H, and 13.26 % N. The
average C content of CACDs after 4 h of irradiation is only slightly lower
than before irradiation, with 44.73 % and 42.66 %, respectively.

Application of solution-phase NMR. In principle, solution-phase NMR
can provide the molecular specificity needed to probe the structure of
CDs, opening up opportunities for quantitative and structural analyses.
Indeed, although there are reports of '"H NMR on CDs in the literature
[52], the spectra are of limited value due to the narrow distribution of
chemical shifts associated with different proton bonding environments.
This leads to complex 'H NMR spectra where the contributions from
specific functional groups and components within the CD (e.g., the flu-
orophore) are difficult to discern and quantify. In contrast, the carbon
nucleus being in proximity to multiple electron pairs leads to a broader
chemical shift range in '3C NMR, and the rarity of J¢.¢ coupling due to
naturally low '3C abundance, combined with the ease with which
proton-carbon (J¢y) decoupling can be achieved on modern spectrom-
eters, makes '>C NMR a powerful analytical tool for interrogating the
structure and properties of CDs [98]. However, >C NMR spectra of CDs
are rarely reported in the literature and typically feature poor
signal-to-noise ratios or excessive data processing (e.g., exponential line
broadening) that preclude quantitative analysis. The reason for this is
partly a consequence of the fact that the natural abundance of the
NMR-active '3C isotope is low (1.1 %), so without high field spectrom-
eters and excessively long analysis times, it is difficult to acquire 1>C
spectra with an acceptable signal-to-noise ratio for quantitative
purposes.

The other issue with acquiring quantitative '3C NMR on CDs relates
to the relatively low sensitivity of NMR [97,99]. It is important to note
that CD concentrations used in NMR analyses are typically not reported
in the literature [9,18,60,61,78,80,82-85]. However, reported CD con-
centrations are on the order of 4-17 mg/mL [68,74,81], or 2-10 mg of
CDs, concentrations that generate qualitative 13¢ spectra on a 400 MHz
spectrometer. Similarly, in our initial attempts to conduct *C NMR on
CACDs, we started with approximately 10 mg per sample and many of
the peaks in '3C spectrum were barely discernible above the baseline
(Fig. 2(C)). However, CDs possess a negative surface charge (—10.6 mV
for the CACDs used in this study) [100], are extremely small (<10 nm),
and are comprised of relatively low Z elements (C, N, O, H). Collectively,
these attributes impart extreme water solubility to CDs [81]. As a
consequence, we realized that we could increase the concentration of
CDs considerably above previously used values, reaching a solubility
limit of 400 mg CACDs in 600 pL D,O. Fig. 2 shows 'H and *C NMR
spectra of samples containing 10 mg of CACDs (Fig. 2(A) and (C), top)
versus 400 mg of CACDs (Fig. 2(B) and (D), bottom) in 600 pL D,O.
Results presented in Fig. 2 show that although the 'H spectra for both
concentrations are comparable in terms of signal to noise, these much
higher CD concentrations open up the possibility of using *>*C NMR for
quantitative analysis. Compared to most nanoparticles, the small (<10
nm diameter) size of CACDs also facilitates peak assignments and inte-
gration which can be challenging for ligands associated with larger
nanoparticles due to slow particle rotation speeds and corresponding
line broadening [99]. However, it is important to note that although CDs
are small nanoparticles they are still relatively large compared to mo-
lecular NMR analytes and thus, it is necessary to allow for a sufficiently
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Fig. 2. NMR spectra of CACDs at different concentrations. Top row: 10 mg CACDs in 600 L D0, A) 'H NMR and C) **C NMR. Bottom row: 400 mg CACDs in 600 pL
D,0, B) 'H NMR, D) and '*C NMR. Photographs of NMR tubes containing CACD samples used for analysis are inset.

long T; relaxation delay when collecting 13C NMR spectra. Experimen-
tally, we determined that the T; relaxation time for CACDs was 1.77 s or
less, and for all subsequent NMR analyses we used a relaxation delay of
10 s to ensure that all 13C data was quantitative.

NMR of CDs. As discussed above, the 'H spectrum (Fig. 2) is
complicated by the overlapping signals especially in the range of
2.5-4.0 ppm, which corresponds to protons either bound to or in the
a-position to a number of oxygen-containing functional groups,
including alcohol, ether, and ester moieties [68,81]. Additionally,
clusters of proton signals appear in the ranges of 1.8-2.5 and 5.5-6.3
ppm, indicating the presence of allylic protons or protons in an o- or
B-position relative to carbonyl or amide groups and vinylic protons (H
bound to C in C=C), respectively. Signals from 7.8 to 8.5 ppm correlate
to non-exchangeable amide protons or protons bound to aromatic rings
[68,81], and these signals are notably absent from the lower concen-
tration (10 mg) 'H spectrum. There is also a broad signal from 1.0 to 1.5
ppm which corresponds to protons in alkyl groups, which is sharper in
the lower concentration 'H spectrum.

Fig. 2 shows the corresponding 3¢ spectra of the same CACD sam-
ples. The major groups of signals in the 13C spectrum can be classified as
follows: signals from O to 30 ppm correspond to alkanes, from 30 to 60
ppm correspond to C-N in amine groups, from 65 to 75 ppm correspond
to C-O in alcohols and ethers, from 80 to 160 ppm are representative of
sp? carbons in alkenes and aromatic rings, and from 160 to 185 ppm are
carbon atoms in amides and carbonyls, including ester and carboxyl
groups [27,68]. Several of these signals are absent or indiscernible
above the baseline in the 10 mg CACD *3C spectrum in Fig. 2(C), espe-
cially those corresponding to sp? carbons. In the 400 mg sample (Fig. 2
(D)), the peaks associated with sp? carbons and C-O are sharp and
individually resolvable, in contrast to the clusters of peaks from
approximately 30-50 and 165-180 ppm.

The solution phase '*C NMR spectra shown in Fig. 2(D) is also

consistent with the quantitative solid state '3C NMR of CACDs (syn-
thesized using the same precursors) shown in ref. [96], the later
exhibiting peaks centered at =~ 40, 180 and 70 ppm as well as additional
discrete peaks between 80 and 160 ppm, each of similar relative in-
tensities to those shown in Fig. 2(D). The broad qualitative and quan-
titative similarities between the solution and solid state *C NMR of
CACD provides strong support for the idea that the sonication required
to disperse the CACD in the present study for NMR did not produce any
degradation or transformation of the CACD. This assertion is also sup-
ported by the invariant nature of the ATR-IR we observed for CACD
before and after sonication.

NMR of Photobleached CACDs. 13C NMR spectra of photobleached
CACDs with progressively less fluorescence (from top to bottom) are
shown in Fig. 3; the corresponding PL data is shown in Fig. S3. A number
of changes in the spectra occur during photobleaching, including small
and subtle changes to the clusters of peaks representing amine (30-60
ppm), amide and carbonyl species (160-185 ppm). However, the most
obvious change in the 13C NMR spectra is the systematic decrease in
intensity of the six peaks between 80 and 170 ppm that occurs as the
fluorescence intensity of the CACDs decreases. Fig. 4 highlights this
region of the *C NMR spectrum between 75 and 175 ppm, showing the
six peaks of interest located at approximately 85, 100, 148, 155, 162,
and 168 ppm. These six peaks have previously been identified as cor-
responding to carbon atoms in IPCA, shown in Fig. 4 along with the '3C
peak assignments. The remaining two C atoms cannot be clearly
resolved because they overlap with peaks associated with the CACD
polymeric core. IPCA has been previously identified as a molecular
fluorophore in citric acid and ethylenediamine CDs [59,96]. The peak
assignments were further confirmed with 2D heteronuclear single
quantum coherence (HSQC) and heteronuclear multiple bond correla-
tion (HMBC) spectra, shown in Figs. S4 and S5, respectively, which also
agree with previously reported IPCA spectra [59]. In addition to '3C
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Fig. 3. '3C NMR spectra of CACDs photobleached at 350 nm. The uppermost spectrum represents as-synthesized CACDs and each subsequent spectrum shows CACDs

with decreasing fluorescence due to photobleaching.
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Fig. 4. Expanded view of the 75-175 ppm region of the CACD '°C spectra from Fig. 3 with the IPCA molecule overlaid. The six IPCA peaks that decrease in intensity
as the CACD fluorescence decrease are labeled and assigned to six carbons in the IPCA molecule.

NMR, Fig. 5 shows the 'H NMR spectra for all photobleached CACDs.
Some subtle changes are observed in the broad range of peaks between
2.5 and 4.0 ppm although the most obvious change is the loss in in-
tensity that occurs for the aromatic protons located at approximately
5.8 ppm, corresponding to aromatic protons associated with the IPCA
chromophore, identified as such by 2D HSQC and HMBC. Notably, the
decrease in intensity associated with these aromatic protons occurs at
the same rate as the decrease in intensity observed for the IPCA *C NMR
peaks (compare Figs. 4 and 5).

State of the IPCA Chromophore: In principle the IPCA chromophores
detected by NMR could be part of the carbon dot or be present as isolated
molecules in solution. To answer this question, we conducted Diffusion
ordered spectroscopy (DOSY) on CACD in D;0. DOSY is an NMR method
wherein signals of different species in a complex mixture are separated
according to their diffusion coefficient. An isolated molecule in solution

(e.g. water with a 'H peak position of 4.7 ppm) diffuses more quickly
relative to a much larger species (e.g. 2-5 nm diameter CACD) [27,95].
Thus, any unbound or weakly associated IPCA molecules would have a
diffusion coefficient significantly faster than CACD. The DOSY spectrum
of CACDs (Fig. 6) reveals that 'H NMR peak associated with IPCA at
~5.6 ppm and the 'H protons associated with the polymeric fraction of
the CACD located between 1.5 and 4.2 ppm have the same diffusion
coefficient. In contrast, the diffusion coefficient of the 'H NMR protons
associated with water is more than one order of magnitude higher. Thus,
Fig. 6 reveals that all of the IPCA molecules are trapped within or
covalently bound to the CACD, but are not present as isolated molecules
freely rotating in solution.

Correlation of NMR spectra with PL for photobleached CDs. As described
in the experimental section, PL. and NMR data were acquired from the
same powdered CD samples that were photobleached. This was done
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Fig. 5. 'H NMR spectra of CACDs photobleached at 350 nm. The uppermost
spectrum represents as-synthesized CACDs and each subsequent spectrum
shows CACDs with decreasing fluorescence as a consequence of
photobleaching.

deliberately to ensure that the fluorescence intensity of the photo-
bleached CDs shown in Fig. S3 could be directly compared to the cor-
responding '*C NMR shown in Fig. 3. To quantify the fractional decrease
in the concentration of IPCA molecules in photobleached CDs it was
necessary not only to ensure the >C NMR itself was obtained quanti-
tatively by using a sufficiently long relaxation time but also to have an
internal reference within the '3C NMR itself so that any sample-to-
sample signal variations could be compensated. This internal calibra-
tion was achieved by taking the ratio of the IPCA peaks to the intense
C-O peak observed between 65 and 75 ppm (see Fig. 3) which remained
invariant during the photobleaching process. The invariant nature of the
C-O peak was itself verified by comparing >C NMR spectra of CDs at
various stages of photobleaching to a TMSP standard (Fig. S6).

Using this approach, the total integrated area of the six IPCA peaks
shown in Fig. 4 was measured and referenced to the C-O peak area
acquired in the same 1>C NMR spectra. This information was then used
to determine the relative IPCA concentration in each photobleached CD
referenced to the IPCA concentration in the CD prior to photobleaching.
The obtained value was plotted against the corresponding fluorescence
intensity of the CD as determined by the PL area (from Fig. S3). The
results of this analysis, shown in Fig. 7(A) reveal that there is a strong
linear correlation (R2 = 0.9856) between the PL intensity and the
fractional concentration of IPCA in the CDs. Fig. 7(B) shows the same
data but plotted for each individual IPCA NMR peak shown in Fig. 4,
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Fig. 6. 'H DOSY spectrum of CACDs in D50.

revealing that each of the six peaks decrease at the same rate as the CDs
are photobleached, consistent with the idea that each of these six peaks
are associated with the IPCA fluorophore. The linear dependence of the
CACD fluorescence on the IPCA concentration indicates that the IPCA
molecules are behaving as isolated chromophores within the CD.

Of significance, Fig. 7 demonstrates that although there is a linear
correlation between the relative IPCA concentration and the fluores-
cence intensity of the CACD, this correlation curve does not pass through
the origin. Specifically, when there is no detectable IPCA concentration
left in the CACD (i.e., the y-intercept in Fig. 7), the fluorescence intensity
has decreased by only 84 % of its initial value. In the context of the 13C
NMR data this is evidenced by the observation that although the most
photobleached CACD shown in Fig. 4 (the lowermost orange trace)
contains no detectable IPCA the CACD remains fluorescent as shown in
Fig. S3 (the lowermost orange trace). Consequently, IPCA alone is not
responsible for all of the CACD fluorescence. In other words, another
fluorophore must be present. Specifically, our results indicate that while
the IPCA molecules are responsible for the overwhelming majority of the
fluorescence of the CACDs, 16 % of the nascent CACD fluorescence
emanates from a second type of fluorophore. Moreover, since this re-
sidual fluorescence persists when all of the IPCA molecules have been
photobleached, the other fluorophore must be significantly more pho-
tostable than IPCA. Qualitatively, this is also consistent with the pho-
tobleaching kinetics shown in Fig. 8(A) and S8, which reveal a rapid loss
of approximately 80 % of the fluorescence intensity during the initial 30
min of irradiation followed by slower photobleaching of the remaining
16 % over the course of several hours.

Evolution of the fluorescence spectrum. Based on the NMR analysis, the
fluorescence spectra observed when the CDs have lost more than 84 % of
their nascent intensity must be due solely to the minor fluorophore
because all of the IPCA has been photodegraded. Conversely, prior to
photobleaching, 84 % of the fluorescence intensity is determined by
IPCA. These two pieces of information enable us to deconvolute the
fluorescence spectrum of the nascent CDs into the contribution from
IPCA molecules and the other less intense fluorophore. Results of this
analysis are shown in Fig. 8(B). The NMR analysis also demonstrates that
IPCA photobleaching reaches completion before any measurable
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photodegradation of the other, less intense, fluorophore occurs. Since
Fig. 8(B) provides us with the fluorescence spectra associated with these
two fluorophores we can use this information on their relative photo-
stability to simulate how the fluorescent spectrum is predicted to evolve
as the CD is photobleached. The results of this analysis, shown in Fig. 8
(C) reveal that this simulation provides an extremely good fit to the
experimentally observed evolution of the fluorescence spectra. This
provides strong support for the idea that the fluorescence spectra are
composed of contributions from two distinct fluorophores with slightly
different emission characteristics and significantly different
photostability.

This qualitative kinetic analysis can also be compared with the
evolution in the fluorescence spectrum as a function of increasing irra-
diation time (Fig. 8(A)) which shows that during the initial stages of
photobleaching (<30 min), when approximately 80 % of the fluores-
cence intensity is lost, the spectral envelope changes with the peak at
approximately 470 nm decreasing more rapidly than the shoulder
centered around 440 nm. In contrast, for more prolonged irradiation
times (>30 min), when the overall fluorescence intensity has decreased
to < 20 % of its initial value, the line shape of the fluorescence spectrum
remains constant as the intensity decreases with increasing irradiation
time. The relative change in the intensity of the fluorescence peaks at
470 nm (I(470)) and 440 nm (I(440)) during irradiation is shown
quantitatively in Fig. S7, where the 1(470)/1(440) ratio has been plotted
as a function of irradiation time. Fig. S7 shows that there is a decrease in
1(470)/1(440) over the 30mins irradiation timescale over which the

NMR data shows that the IPCA is photobleached and afterwards the I
(470)/1(440) ratio remains virtually constant because the remaining
spectral envelope is now associated with a single fluorophore that is
being more slowly photodegraded. These analysis of the evolution of the
fluorescence spectrum during photobleaching is therefore also consis-
tent with the NMR data because it implies the presence of two fluo-
rophores, specifically a more intense but more photolabile component
(IPCA) along with a second less intense, but more photostable
component.

Photobleaching kinetics. Figs. S8 and S9 show the results of kinetic
experiments comparing the photobleaching rates of CACDs irradiated
with sixteen 350 nm bulbs (Fig. 1) versus with CACDs irradiated with
four 350 nm bulbs over longer irradiation times. When normalized by
the relative photon flux, the PL decay curves in Fig. SO are virtually
identical, demonstrating that for each fluorophore the rate determining
step in photobleaching is a one-photon process. This agrees with pre-
vious laser-induced photobleaching studies where the photobleaching
rate of carbon dots synthesized from urea and citric acid was seen to
follow the same dependence on energy input across a range of laser
powers, indicative of a single photon absorption event that leads to
irreversible photobleaching [47].

The relative photostabilities of the two fluorophores can be deter-
mined from the photobleaching kinetic data shown in Fig. 9. Based on
the NMR analysis we can model the loss of fluorescence intensity as
arising from a linear contribution from two fluorophores with different
photostabilities, using the following equation:
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Where I, represents the CACD fluorescence intensity at time t, kjpca
represents the photobleaching rate constant for IPCA and ky represents
the photobleaching rate constant for the second, less intense fluo-
rophore. The 0.84 and 0.16 values represent the fractional contributions
to the fluorescence intensity from the two fluorophores in the as-
synthesized CACDs prior to photobleaching (i.e., t = 0) based on the
NMR analysis. The best-fit results of this analysis are shown as the solid
line in Fig. 9(A), while in Fig. 9(B) the fractional contributions from the
two fluorophores to the total fluorescence during the photobleaching
process are shown. Analysis of Fig. 9(A) reveals that this two-species
model provides an excellent fit to the overall photobleaching kinetics
(R? = 0.998) and reveals that IPCA is 18 times more photolabile than the
other fluorophore, consistent with the inference of the NMR analysis in
Fig. 7 that over the course of the irradiation time necessary to photo-
bleach all of the IPCA the other fluorophore is photochemically stable as
shown in Fig. 9(B). It is worth noting that an analogous multi-
component exponential fitting has been found necessary to accurately
describe the photobleaching kinetics for a heterogeneous set of CDs
synthesized from different precursors using different methods and
exhibiting different fluorescent properties [70].

The success of Equation (2) in modeling the photobleaching kinetics
implies that for CDs synthesized from citric acid and ethylenediamine
the two fluorophores (including IPCA) have photostabilities
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independent of their local environment. However, the heterogeneity of
the local environment encountered by fluorophores within CDs (e.g.,
conformations within CDs or monomeric vs dimer stacked IPCA) pro-
vides a rationale for the more structured emission profile we observe for
IPCA fluorophores incorporated within CACDs (see Fig. 8(B)), as
compared to isolated IPCA molecules in solution. This is also consistent
with previous time-resolved PL data which could only be well fit using a
stretched exponential fit, suggesting that that the molecular fluo-
rophores responsible for CD fluorescence experience a degree of het-
erogeneity in their local environments [47]. Indeed, the existence of
heterogeneous local environments for the IPCA molecules within CACDs
is evident from the NMR data shown in Fig. 4. Notably, although the
integrated intensities of the six discernible IPCA peaks (Fig. 7) are
similar to one another, as expected based on the IPCA structure, the peak
shapes differ significantly; for example, the C6 and C3 peaks in IPCA
exhibit measurable splitting, whereas the '3C NMR of isolated IPCA
molecules should produce only a single peak.

Second fluorophore. Both the NMR/PL and kinetics experiments
independently support the idea of two fluorophores contributing to
CACD fluorescence, with IPCA as the primary component, along with an
undetermined more photostable, secondary component. We posit that
the secondary component is associated with nitrogen-containing poly-
cyclic aromatic hydrocarbons embedded within or as part of the con-
jugated carbon/aromatic core, which others have proposed as a source
of CD fluorescence [43,59,101-104]. Indeed, in our companion study
where we have used solution phase 'H and '3C NMR to probe the
structure of CACD [105], we have found experimental evidence for the
existence of large-scale delocalized graphenic sheets associated with an
aromatic core. This evidence comes by means of saturation transfer
experiments involving 'H NMR, where even a weak saturation pulse
applied briefly anywhere in the aromatic region devoid of visible signal
(6.5-7.5 ppm) in the 'H NMR (see Fig. 5) causes, the polymeric signals to
be significantly attenuated. This suggests the presence of an aromatic
component within CACDs that is not visible directly by routine 1D 'H or
13C NMR. An analogous approach has recently been used to uncover
NMR-invisible fractions in a wide range of different polymers [106]. We
believe that the NMR signatures for the second fluorophore are con-
tained within this aromatic core.

The idea that the conjugated carbon/aromatic core can contribute to
the overall fluorescence of CD is in accord with several other studies, in
which the primary source of CD fluorescence evolves with increased
reaction temperatures and reaction times during CD synthesis, from
molecular fluorophore to CD core. These changes in synthesis conditions
lead to CDs with lower QYs but greater photostability, aligning with our
observations [32,59,104,107]. Indeed, a protective effect of the carbon
core against photobleaching has been proposed in previous studies [50],
while Wang et al. [32] have proposed that fluorophores within the core
would have lower QYs due to energy dissipation throughout the con-
jugated carbon/aromatic core. Another important corollary of this
argument is that for CACDs synthesized with other methods (e.g., hy-
drothermal, higher/lower temperatures), the relative contribution of
IPCA and the carbon core to the CACD fluorescence may well differ from
those values determined in the present study.

Fig. S10 shows that by adding cysteine to the solution the rate of
photobleaching decreased systematically as the cysteine concentration
increased. Since cysteine is a known singlet oxygen quencher [88], these
results indicate that singlet oxygen is a ROS involved in the photo-
bleaching process. Related work has previously shown that photo-
bleaching can also be inhibited by the introduction of radical scavengers
(e.g., ascorbic acid), or by depriving CD solutions of oxygen, demon-
strating that CD photobleaching is mediated by ROS formed in the
presence of dissolved oxygen in solution [68,69,108,109]. With respect
to the two types of fluorophores identified in this study, the less intense
fluorophore embedded within the CD core might reasonably be expected
to be more photostable than the molecular IPCA fluorophores distrib-
uted closer to the surface of the CDs, consistent with our experimental
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observations.

Phototransformation products of IPCA. To investigate the type of
photoproducts that could be generated during the photobleaching of
nitrogen containing heterocycles such as IPCA we used high-resolution
mass spectrometry to identify transformation products generated
when citrazinic acid (CZA) is exposed to 350 nm irradiation. CZA [50,
110-113] is an inexpensive commercially available nitrogen containing
heterocycle that has been used as a model compound for both experi-
mental and computational explorations into the behavior of CD molec-
ular fluorophores [47,64,110-114]. CZA is particularly useful as a
model fluorophore for CACDs because CZA absorbs and emits light at
similar wavelengths to citric-acid based CDs, 365 nm and 440 nm,
respectively [114]. In this study, CZA was used as a model fluorophore
to determine the type of chemical transformations IPCA may undergo
during photobleaching. The results identified one phototransformation
product. The MS/MS spectrum of CZA (Fig. S11(A)) shows the parent
mass ion at m/z 154 along with two fragment peaks. Fig. S11(B) shows
the mass spectrum and proposed chemical structure of the photo-
transformation product (labeled TP-170) with a parent ion mass at m/z
170 as well as main fragment peaks associated with CO5 loss followed by
two CO loss peaks. These findings indicate that the carboxylic acid group
present in CZA remains intact in the phototransformation product,
which also contains two carbonyl groups. These structural characteris-
tics are consistent with the proposed TP-170 structure which can be
identified as a phototransformation product because its peak area in-
creases as the CZA peak area decreases as a function of 350 nm irradi-
ation time (see Fig. S11(C)). It should be noted that TP-170 is also
detected in the starting material, possibly as a result of unintended
exposure to light during CZA synthesis and/or storage. Based on the
structure of CZA and TP-170, we can propose a transformation mecha-
nism shown in Fig. S11(D) that is initiated by the electrophilic 4 + 2
addition of 10, across the delocalized n-system in CZA, similar to
cycloaddition reactions of 'O, with other nitrogen containing hetero-
cycles including 2-pyridone derivatives such as IPCA [115,116], fol-
lowed by the elimination of HoO to form TP-170. It is therefore likely
that analogous photoproducts would be formed in the reaction of 10y
with IPCA. The predicted 3C NMR of such species indicates that their
appearance would contribute to the subtle changes we observed in the
regions between 50-30 ppm and 160-190 ppm.

4. Conclusions

In this work, we demonstrate the application of quantitative solution
phase 3C NMR as a way to observe chemical transformations occurring
as a consequence of photobleaching within CDs synthesized from citric
acid and ethylenediamine. We have shown that high concentrations of
CACDs (667 mg/mL) can remain colloidally stable, opening up the op-
portunity to acquire quantitative 13¢ NMR spectra. Monitoring changes
in 3C NMR during photobleaching has revealed that there is a linear
correlation between the CD fluorescence and the concentration of IPCA
and that this fluorophore is responsible for the vast majority (>80 %) of
CACD fluorescence, with the residual contribution arising from a more
photostable fluorophore, which exhibits similar fluorescence properties
to the IPCA. The existence of these two sources of fluorescence allows us
to accurately describe the evolution of the fluorescence spectrum during
photobleaching as well as the photobleaching kinetics of CACDs.

It is important to note that, in principle, quantitative solution phase
13C NMR data could also be acquired for CDs other than the CACDs that
were the focus of this study, because the combination of small size,
negative surface charge, and low van der Waals forces of attraction are
common to almost all bottom-up synthesized CDs. If a sufficient quantity
of CDs is synthesized, the experimental approach described in this study,
comparing changes in fluorescence during photobleaching to corre-
sponding changes in the 13C NMR spectrum, could then be employed as a
means to identify the '3C NMR peaks associated with molecular chro-
mophores in other bottom-up synthesized CDs. This would include not
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only CDs synthesized from other small molecular precursors, but also
CDs derived from the larger molecular building blocks used to create
CDs from biomass, for example. The 13C NMR data obtained would
provide a molecular fingerprint of the fluorophore(s), providing a direct
spectroscopic method to identify their chemical composition and
structure based on a comparison between experimental data and theo-
retical predictions. Similarly, quantitative *C NMR could also be
employed to study molecular-level processes associated with other
important CD properties, such as the mechanism of metal ion sensing.
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