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Abstract

We report the synthesis and spectroscopic characteristics of two different sets of carbon dots (CDs)
formed by hydrothermal reaction between citric acid and polyethylenimine (PEI) or 2,3-diaminopyridine
(DAP). Although the formation of amide-based species and the presence of citrazinic acid type derivates
assumed to be responsible for a blue emission is confirmed for both CDs by elemental analysis, infrared
spectroscopy, and mass spectrometry, a higher abundance of sp2-hybridized nitrogen is observed for
DAP-based CDs, which causes a red-shift of the n-rr* absorption band relative to the one of PEI-based
CDs. These CD systems possess high photoluminescence quantum yields (QY) of ~40% and ~48% at
neutral pH, demonstrating a possible tuning of the optical properties by the amine precursor. pH-de-
pendent spectroscopic studies revealed a drop in QY to <9% (pH ~1) and <21% (pH ~12) for both types
of CDs under acidic and basic conditions. In contrast, significant differences in the pH-dependency of
the n-r* transitions are found for both CD types which are ascribe to different (de-)protonation se-
quences of the CD-specific fluorophores and functional groups using zeta potential analysis.



1. Introduction

The discovery of light emission from carbon dots (CDs)'? has triggered an enormous interest to develop
the next-generation of carbon-based photonic and optoelectronic materials with the ultimate goal to
eventually replace traditional inorganic semiconductor quantum dots (QDs) like II/VI QDs that contain
toxic heavy metal ions (e.g. Cd?*, Pb?*, etc.).3-7 Advantages of CDs are their ease of fabrication (“green
synthesis”) from low-cost precursors consisting of earth-abundant elements (e.g. carbon, nitrogen, oxy-
gen, etc.), environmental-friendliness, good biocompatibility, and high photostability. The synthesis of
CDs either relies on top-down or bottom-up strategies.®-11 Among the latter, the hydrothermal synthesis
is one of the most frequently used methods that allows tuning of the optical characteristics of the result-
ing CDs by variation of the applied precursors and/or synthesis conditions.?-15

The generally accepted model for the structure of the CDs assumes the existence of an sp2 hybridized
carbon core which is embedded in an sp3 hybridized carbon matrix with additional surface functional
groups (e.g. hydroxyl, carboxyl, epoxy, amino, amides, etc., Scheme 1). The chemical nature of the
latter depends on the individual precursors, synthesis conditions (temperature, time, solvent, pH, reac-
tant ratio, etc.), and subsequent purification procedures, such as column chromatography, centrifuga-
tion, dialysis etc.%-19 Particularly the use of nitrogen containing precursors can affect the characteristic
light emission and quantum yield (QY) of the resulting CDs.2°-23 An attractive feature, that is often ob-
served for CDs, is the excitation-wavelength dependent photoluminescence (PL) which implies that the
emission wavelength and intensity can be altered by changing the excitation wavelength. Several ex-
planations for the PL of CDs have been reported, ranging from electronic transitions inside the quantum-
confined carbon core, contribution of surface trap states, and/or the existence of (multi-)chromo-
phores/fluorophores within single particles.21.24-32

The electronic transitions involved in the luminescence of CD solutions are directly affected by the re-
spective surface groups and surface bound fluorophores and their interaction with the CD microenviron-
ment. Recently, a solvatochromic behavior of CDs without33:3* and with nitrogen-doping!%3> has been
reported, resulting in a bathochromic shift of the emission maximum with increasing solvent polarity.3®
Moreover, in protic solvents this red-shift in emission is enhanced compared to aprotic solvents with
similar dielectric constants, thereby indicating contributions of hydrogen-bond interactions between CD
surface groups/states and the solvent.3> This was confirmed by studies of the influence of pH on the
optical properties of CDs obtained without6.17.30.36-42 or with nitrogen containing precursors,21:22,:43-60
where changes from acidic to basic conditions affected the PL intensity and/or shifted the PL bands to
lower or higher energies. Such changes in PL might originate from protonation or deprotonation of spe-
cific CD surface groups like amine functionalities.”52 Despite several studies, these effects are still not
well understood.

In this work, we describe the structure and spectroscopic properties of two nitrogen-doped sets of CDs
which were formed during the reaction between citric acid (CA) and polyethylenimine (PEI) or 2,3-dia-
minopyridine (DAP) within the course of a hydrothermal synthesis. We also assessed the pH-depend-
ence of the absorption and luminescence properties of both CD systems. These studies demonstrate
that the choice of the amine precursor presents a key for tuning the spectral position of the CD absorp-

tion bands and optical transitions responsible for an intense PL with a high QY. Moreover, we show that



the PL of these CDs is closely related to a sequence of (de-)protonation steps of the CD surface func-
tional groups and the CD-specific fluorescent moieties introduced via the nitrogen-containing precursors
that are suggested by MS data.

2. Experimental Section

2.1. CD synthesis. The synthesis of the studied CDs is illustrated in Scheme 1 and is based on previ-
ously established hydrothermal synthesis protocols.5561-63 |n particular, CA as a carbon source in com-
bination with PEI or DAP as nitrogen sources are treated hydrothermally to form two different types of
CDs. The systems obtained from CA/PEI and CA/DAP are referred to as “CD1“ and “CD2" in the follow-
ing. These amine precursors were chosen as they are supposed to form different chemical structures
during the hydrothermal synthesis leading to different optical properties of the respective carbon dots.
In order to obtain CDs with high QY, a comparably short reaction time (45 min) was used.® Further
details of the synthesis are provided in the Supporting Information (SI, section S1) and in Table S1.
During the hydrothermal synthesis, amides and fluorophore intermediates are initially formed by dehy-
dration, which are then carbonized within the course of the reaction.1864 These fluorophores remain on
the particle surface even after carbonization®® and can be bound to the particle surface adsorptively or
covalently. The surface of the resulting two types of CDs is assumed to bear different functional groups
(e.g. carboxyl, hydroxyl, amides, etc.) which remain from the reaction as well as the different fluorophore
moieties as shown in Scheme 1. The condensation reaction between CA and PEI should lead to pyri-
dine-type fluorophores. As PEI partly decomposes to ammonia during the reaction, this can lead to the
formation of citrazinic acid, similar to experiments using urotropine as amine compound. Furthermore,
pyridine-type structures, similar to the recently published fluorophore 5-oxo-1,2,3,5-tetrahydroimid-
azo[1,2-a]pyridine-7-carboxylic acid (IPCA) could be formed.%¢ As IPCA is synthesized using ethylene
diamine, the formation of similar structures is, in our case, constrained to the branches bearing primary
amine groups, as the main polymer chain of PEI consists of only secondary or tertiary amines. The
fluorophores at the surface of CD1 could also consist of citrazinic acid-type derivatives with a PEI sub-
stituent. These moieties contain solely aliphatic amine functions which might all be protonated yielding
aliphatic NR(1-3)H(z-1)* groups at a similar pKa of ~9. In contrast, selecting an amine precursor that already
contains aromatic nitrogen like DAP should lead to CDs with a higher percentage of sp2-hybridized
(graphitic) nitrogen. The influence of this aromatic nitrogen content has been reported to play a major
role in the luminescence characteristics of CDs.6” As DAP contains the aromatic heterocycle pyridine
and two attached aniline functions with pKa values of ~4, the basicity of CD2 is significantly lower com-
pared to PEI, and, hence, also lower compared to the PEI-containing CD1.586° Additionally, a protona-
tion of the pyridine moiety directly influences the aromatic 1r-system that mainly determines the photo-
physical properties. More importantly, the aromatic ortho-amines of DAP are perfectly suited to form
either citrazinic acid-type structures, or after a second condensation even carbazole-type fluorophores
both with delocalized 1-systems that are expected to bathochromically shift the absorption bands of
CD2. These fluorescent molecules, that could be present on the surface of CD2, should feature three
main functionalities, i.e., a carboxyl function and secondary and tertiary amino groups. This is expected
to result in clearly different pH dependent characteristics of CD1 and CD2.



2.2. Characterization of CDs and precursor materials. Transmission Electron Microscopy (TEM)
characterization was performed at a FEI Titan 80/300 (S)TEM facility equipped with an aberration cor-
rector for the imaging system. An aliquot of the agueous CD solution was sonicated and placed on a
carbon coated copper grid and air-dried prior loading the sample into the microscope which was oper-
ated at 300 kV acceleration voltage. A Gatan UltraScan 1000 slow-scan charge-coupled device (CCD)
was used to record TEM images with exposure times between 0.1 and 1 s at slight under-focus. Ele-
mental composition of CDs was quantified by using a scanning electron microscope (SEM, Zeiss EVO
MA 25) equipped with an energy dispersive X-ray spectroscopy (EDX) unit (AMETEK, Apollo X). Ag-
glomerated clusters of freeze-dried CDs were attached to the edges of a carbon sticking tape to gain a
signal solely from the sample (and not from the carbon tape). The samples were tilted to a 30 ° angle
and the SEM was operated at 5 kV acceleration voltage (~10 mm working distance, 200x magnification,
2000 nA cathode current), while the EDX spectrum was obtained after 30 s of integration. Fourier-trans-
form infrared (FTIR, Jasco FV 6700 IR) spectroscopy was performed by pressing dry CD powders to an
attenuated total reflection (ATR) diamond window (GladiATR, Pike). The spectra were obtained with a
scan resolution of 4 cm and by averaging 64 single scans for each sample. HPLC-Mass spectra were
obtained using a G6545A Q-ToF (Agilent GmbH) with ESI ionization coupled to a 1260 Infinity 1l HPLC-
System (Agilent GmbH). Eluent separation was performed using an Agilent Poroshell 120 EC-C18 col-
umn. 2 mg of respective crude CDs were dissolved in 1 mL methanol and 0.005 mL formic acid under
sonication. 0.01 mL were then diluted in 1 mL of a methanol/water (90/10) mixture and injected into the
HPLC-MS setup.

2.3. Characterization of CD solutions. The UV-vis absorption spectra of the dissolved CDs were
measured in 10 mm quartz cuvettes (Helma GmbH) using a Specord Plus by Analytik Jena spectrometer
with a resolution of 1 nm. Absolute quantum yield (QY) measurements were carried out with the cali-
brated integrating sphere setup Quantaurus-QY from Hamamatsu previously evaluated by Wirth et al.”®
using long neck quartz cells from Hamamatsu (10 mm optical path). The absorbance at the excitation
wavelength had to be kept below 0.01, thereby minimizing inner filter effects and reabsorption which
could lead to an underestimate of PL QY. The zeta potential (ZP) was determined using a Zetasizer
Nano instrument (Malvern Instruments, Worcestershire, UK) equipped with a 633 nm He—Ne laser at a
scattering angle of 173° (backscatter) using the “General purpose” analysis model and the default size
analysis parameters. Electrophoretic mobility of each sample was measured in low volume quartz cu-
vettes at room temperature. The Zeta potentials were then calculated by applying the Smoluchowski
relation, which is valid for aqueous solutions containing low electrolyte concentrations. An average of

three measurements per pH value was considered for each sample.
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Scheme 1. CD1 and CD2 are obtained by solvothermal pyrolysis of citric acid (CA) with amine precur-
sors PEI and DAP, respectively. During the reaction, amide bonds and carbonization reactions are con-
ceived to affect the surface chemistry of the CDs. The selection of amine precursor directly affects the
occurrence and number of functional groups and fluorescent moieties (fluorophores) in the CD products
CD1 and CD2 and at their surface, thereby changing their optical properties and their response to pH

changes.

3. Results and Discussion

3.1. Morphology, elemental, and chemical composition of the CDs. Transmission electron micros-
copy (TEM) of CD1 (Figure l1a) reveals the formation of non-spherical particles with an average pro-
jected area equivalent diameter (davg) of 10.5+2.9 nm. This diameter is in the same order of magnitude
as reported in other studies.5” Moreover, high-resolution (HR-) TEM indicates a partially ordered internal
structure of the CDs (Figure 1b) due to the presence of crystal fringes with ~0.2 nm lattice spacing
which are ascribed to the (100) plane of the graphitic crystal lattice.867

Energy dispersive X-ray (EDX) spectroscopy (Figure 1c) of CD-CA/PEI and CA/DAP shows bands at
about 0.27, 0.39 and 0.53 keV attributed to Kq radiation of carbon (C), nitrogen (N) and oxygen (O),
respectively. In both CDs, carbon has the largest elemental fraction (~58 and ~60 atom%), while nitro-
gen (~11 and ~9 atom%) and oxygen (~16 and ~17 atom%) constitute lower fractions suggesting suc-
cessful reaction between CA (oxygen source) and amine precursor (nitrogen source). Moreover, we
observed that the use of hydrochloric acid as an eluent for the purification of CD1 by column chroma-
tography causes an increase in chlorine content (~12 % for CD1). This is confirmed by comparison to
the non-purified product “CD1 (crude)”. This modification apparently did not affect the fluorophore struc-
ture and the optical properties of CD1 or CD2 (more details are provided in the Sl, section S7).

In order to provide more insight into the chemical nature of the CDs and their surface chemistry, Fourier-
transform infrared (FTIR) spectra of CD1 and CD2 were measured and compared to those of the pre-
cursor molecules (Figure 1d, 1e and Table S3 in Sl section S2). For CD1, broad absorption bands at
~3600-2300 cm™ are observed that are ascribed to vibrational stretching of O-H, N-H and C-H groups.
The signal width presumably originates from hydrogen bonds between individual CDs since the IR spec-
tra were recorded for spray-dried (agglomerated) CDs. The relatively strong stretching signal at

1694 cm suggests amide formation C(=0)(-NH), most likely resulting from the reaction between the

carboxylic acid groups of CA (1721 and 1685 cm) and the amine groups of PEI (1592 cm). The



extended shoulder at 1638 cm is attributed to the stretching vibrations of C=C and/or C=N groups and
the existence of aromatic domains in CD1. The two peaks at 1553 and 1393 cm-! are associated with
asymmetric and symmetric stretching of carboxylate groups presumably remaining on the CD surface
as derivates of the CA precursor.?®" The IR finger-print region of the CD shows up as a large back-
ground with some spectral overlap/crosstalk with other signals. This underlines the complex chemical
structure of the CDs. The most dominant band is detected at 1179 cm-! indicating the presence of phe-
nolic hydroxyl groups (C-OH) that enhance the water-solubility of the CDs.17.72

In contrast to PEI, the IR spectrum of the amine precursor DAP (Figure 1e) features multiple vibrational
peaks (1469, 1455, 1577, and 1597 cm) that are indicative of C=C and C=N bonds in aromatic ring
structures.”®74 Therefore, the product CD2 reveals some differences compared to CD1 in particular for
the amide bonds (1712 cm), the sp2-hybridized carbon bonds C=C and C=N (1659 cm), and the
asymmetric and symmetric vibrations originating from the carboxylates (1570 and 1384 cm-1). The broad
absorption bands attributed to O-H, N-H, C-H (3600-2300 cm-?t) and phenolic -OH (1179 cm) groups
are also obtained for CD2, suggesting that its chemical structure is still comparable to that of CD1.

To search for soluble fluorophores within the CD samples, as proposed by the literature8566.75.76 HPLC-
MS measurements of the crude products were performed (section S3 in SI, Figure S1). For both sam-
ples, m/z ratios with higher molecular weight compared to the precursors could be obtained. In case of
CD1, the spectra show a repetitive pattern that might origin from citrazinic acid type derivatives, func-
tionalized with PEI moieties at the pyridine nitrogen. As no traces of non-functionalized citrazinic acid
(m/z 155) or its amide (m/z 154) could be observed, a reaction pathway based on ammonia from de-
graded PEI is rather unrealistic. The m/z ratios of CD2 suggest the occurrence of citrazinic-type fluoro-
phores with DAP as substituent could be identified, while any further condensation reaction towards

IPCA-type fluorophores could not be observed (SI, Scheme S1).
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Figure 1. (a) TEM (the inset shows the projected-area diameter distribution with an average diameter
davg Of 10.5 nm and a standard deviation o of 2.9 nm); (b) HRTEM imaging of CD1 indicate non-spherical

particles with sizes around 10 nm and ordered internal graphitic structures; (c) EDX spectra of spray-



dried CDs revealing the elemental composition of CD1 (C 58.4 atom%, N 10.5 atom%, O 15.8 atom%,
Cl 12.1 atom%, others 3.2 atom%) and CD2 (C 59.5 atom%, N 8.8 atom%, O 16.9 atom%, Na 10.8
atom%, Cl 1.9 atom%, others 2.1 atom%); (d) and (e) FTIR spectra of citric acid (CA), the amine pre-
cursor PEI and DAP, and the as-synthesized products CD1 and CD2.

3.2. Concentration-dependent optical properties of CDs. Excitation at Aex = 365 nm (using an UV
lamp) leads to a blue emission of the colloidal agueous solutions of CD1 and CD2 (Figure 2a and 2b).
This PL originates from the broad absorption bands found in the UV region of both CDs (Figure 2c and
2d). For solutions of CD1 (Figure 2c), distinct absorption shoulders at < 250 nm, clear peaks at 355 nm
with a narrow full width half maximum (FWHM) of 65 nm as well as shoulders located at 440 nm that
extend over the visible spectral range (inset of Figure 2c) are obtained. According to literature,””:78
absorption around 250 nm is assigned to a m-* transition of the aromatic C=C bond, and the peak at
355 nm is referred to as n-* transition of the C=0 bond. The extended absorption band at >440 nm
may arise from the complex ligand shell at the CD surface and is sometimes referred to as surface state
transition.”” It is found that this surface-related absorption appears to be an order in magnitude weaker
than the n-r* absorption and can only be monitored at rather high concentrations of CD1, e.g. 27.5-10
3 wt%. In the case of CD2 (cf. Figure 2d), the m-i* transition shows two peaks located at 255 and 286
nm, which are assigned to C=C and C=N bonds in the aromatic domains, respectively.”® In comparison
to CD1, the major n-1* transition of CD2 is red-shifted with a peak wavelength of 386 nm (FWHM = 53
nm). The extended shoulder in the range of ~440 to 460 nm (cf. inset in Figure 2d) indicates the pres-
ence of an additional energy level in the electronic structure of CD2. According to literature®, this shoul-
der is characteristic for n-r* transition of C=N bonds which are more abundant in the CD-specific fluor-
ophore of CD2 than in CD1.

Excitation with wavelengths corresponding to the n-m* transitions of CD1 (Aex = 355 nm) and CD2 (Aex =
385 nm) leads to strong PL in the wavelength region of 430-451 nm and 430-436 nm, respectively
(Figure 2e and Figure 2f). Interestingly, increasing the concentration of CD1 from 6.25-10 to 102 wt%
progressively shifts the PL emission from 430 nm to 451 nm, whereas the spectral position of the emis-
sion of CD2 remain nearly unchanged (430 nm to 436 nm, respectively). This observation is ascribed to
concentration-dependent reabsorption (or inner filter) effects (see also Figure S2a-c, Sl section S4) that
are more pronounced for CD1 revealing a larger spectral overlap between absorption and emission.>577
Moreover, the absorption at ~440 nm is distinctly broader for CD1 than for CD2 (cf. inset of Figure 2c
and 2d) indicating that photons emitted after excitation at the efficient n-r* transition of CD1 are likely
to be reabsorbed by the surface-state transitions over a wide energy range leading to clearly red-shifted
PL emission of CD1 (cf. Figure 2e and Figure 2f). Meng et al.8! also reported PL red-shifts for increasing
CD concentrations, which were ascribed to concentration-induced morphological changes and intermo-
lecular interactions affecting the particle surface states and eventually reducing the surface electric po-
tentials of the CDs, favoring CD agglomeration or aggregation. Desorption of surface moieties or ad-
sorbed molecules at lower concentration or upon dilution has been reported to result in concentration-
dependent QY values for semiconductor quantum dots.8283 However, for the CD systems under inves-

tigation this potential explanation seems to be rather unlikely.



For excitation within the wavelength region of the n-rr* transition (325 — 385 nm), QY values of 21-40%
and 36-48% are obtained for CD1 and CD2, respectively (Figure 2g and 2h). The excitation-dependent
QY characteristic is also highlighted by comparison to the respective absorption spectra, where a clear
difference between the two systems can be observed. For CD1, the QY profiles match with the absorp-
tion spectra in the respective wavelengths range. This is also observed for CD2 for wavelengths >355
nm. However, for wavelengths <355 nm the QY of CD2 drops although the absorption in this wavelength
region increases. This demonstrates, that only weak fluorescence originates from the m-m* transition
which is in good agreement to other reports on the PL of CDs.17.7984 The fact, that the dissolved precur-
sor materials show different absorption and PL characteristics compared with the corresponding CDs
(see SI, Figure S3, Sl section S5), indicates that the optical properties of the CDs are controlled by the
chemical structures of the fluorophores formed during hydrothermal reaction rather than by non-reacted

precursors attached to the CD surface.
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Figure 2. (a, b) Photographs of cuvettes filled with aqueous solutions of CD1 (top row) and CD2 (bottom
row) excited with UV light; (c, d) Absorption spectra of CD solutions with concentrations of 6.25-10,
1.25-10%, 2.5-103, 5-103, 7.5-10% and 102 wt% (increasing concentration indicated by arrows); (e, f)
PL with excitation wavelength at the n-m* energy (Aex.cp1 = 355 nm and Aex,cpz = 385 nm) resulting in a
blue emission at 430—451 nm and 430-436 nm for CD1 and CD2, respectively. (g, h) Absolute quantum
yields [symbols: triangle pointing left (6.25-10 wt%), diamond (1.25-10-3 wt%), triangle pointing down-
wards (2.5-10-2 wt%), triangle pointing upwards (5-10- wt%), circle (7.5-103 wt%) and square (102 wt%)]
of CD1 and CD2 are at 21-40% and 36-48% for photoexcitation at 325, 340, 355, 370 and 385 nm. A
comparison to the absorption spectra (lines, obtained with 10-2 wt% CD solutions) suggests that the high

QY is solely obtained for excitation at the n-rr* transition.

3.3. pH-dependent optical properties of CDs. In aqueous dispersions, the polar functional groups of

CD1 and CD2 interact with water molecules (forming a protective shell at the CD surface) and the pH of
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the solution can affect the protonation state of the surface groups and surface-bound fluorophores re-
sulting in pH-dependent optical properties as revealed by acid-base titrations (cf. Sl, section S1 for
details). The photographs in Figure 3a and 3b clearly show a different PL emission behavior of CD1
and CD2 attributed to the change in pH value. The CD concentration in each sample remained constant
at 5-10-3 wt%. Absorption spectra in the pH range 1-12 reveal that the positions of the n-* transition in
CD1 and CD2 change with pH (Figure 3c and 3d). Additionally, also the spectral positions of the PL
bands shift (Figure 3e and 3f) confirming that the energy levels and electronic transitions in CD1 and
CD2 which are involved in radiative recombination processes depend on the pH of the solvent. These
pH-induced spectral changes in peak position and intensity are almost completely reversible indicating
almost negligible pH-induced degradation of CDs or dissociation of the surface groups/fluorophores
(Figure 3g, 3f, and 3h and SI, section S6, Figure S4).
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Figure 3. (a, b) Photographs of CD1 (top row) and CD2 (bottom row) solutions in aqueous solution for
different pH. Excitation with UV light reveals pH-dependent changes of the blue emission for both CDs;

(c, d) Increasing the pH from 1 (red) to 12 (purple) results in wavelength shifts of the absorption spectra,
particularly in the region of the n-mr* transition, relative to the absorption bands obtained at pH 7 (dashed
line); (e, f) The PL peak emission shifts towards longer wavelength under strong acidic conditions for
CD1, while in the case of CD2 both low and high pH values result in a red-shifted emission; (g, h)
Reversing the pH from 1 or 12 (dashed lines) to neutral conditions (pH ~7) shows a nearly complete
recovery suggesting negligible pH-induced degradation. The CD concentration was always kept con-
stant at 5-10° wt%.

Figure 4a shows the pH-dependence of the absorption peak wavelength of the n-rr* transitions for pH
values of 1-12. In the case of pH < 4, bathochromic shifts are obtained for both CD1 and CD2, resulting
in peaks at 373 and 412 nm for pH ~1, respectively. Interestingly, for high pH conditions, bathochromic

shifts are solely obtained in the case of CD2 (absorption maximum at 409 nm at pH ~12), while the



spectral position of the n-r* electron transition of CD1 remains unaffected in the pH range 4-12. The
latter is in excellent agreement to previously reported carbon dots synthesized from citric acid and mon-
omeric ethylenediamine.”® The PL peak wavelengths of both CDs reveal comparable pH-dependent
characteristics (Figure 4b). The emission wavelength of CD1 excited at 355 nm shifts from 438 nm (pH
~7) to 467 nm (pH ~1) and remains constant for high pH values, while CD2 (excited at 385 nm) exhibits
shifts of the PL wavelength from 436 nm (pH ~7) to 460 (pH ~1) and 467 nm (pH ~12), respectively.
The pH-dependent characteristics of the PL FWHM (Figure 4c) of CD1 and CD2 follows a similar trend
as the absorption and emission peaks, revealing a spectral broadening at acidic pH (CD1: FWHM ~75
nm for pH > 4 and ~92 nm for pH ~1; CD2: FWHM ~53 nm for pH ~5 and ~76 and 77 nm at pH values
of ~1 and ~10, respectively). In both systems, the highest QY values of 50.6 and 55.6 % are obtained
at pH ~5 and ~6 for CD1 and CD2, respectively (Figure 4d). The QY values decrease at lower and
higher pH values indicating the importance of the protonation state of the surface groups and surface-
bound fluorophores for optimum QY. In addition, the pH-dependency of the electrical mobilities of CD1
and CD2 were measured (Figure 4e) in order to derive the corresponding zeta potentials (Figure 4f).
In colloidal chemistry, as a rule of thumb, sufficient colloidal stability of particle dispersions is obtained
below -30 mV (or above +30 mV) due to the electrostatic repulsion of the particles.4%85 This criterion is
fulfilled for pH 5-12 and 5-11 for CD1 and CD2, respectively. The resulting increase in zeta potential of
CD2 at pH >11 presumably originates from a compression of the double layer.%° The pH-dependent zeta
potential profiles observed for CD1 and CD2, that resemble those previously reported for graphene
nanosheets,8s are ascribed to the (de-)protonation of pH active surface groups and functionalities in the

surface bound fluorophores.
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Figure 4. pH-Induced changes of (a) the intensity of the n-rr* transition, (b) the PL peak wavelength, (c)
the FWHM of the PL band, (d) the QY, (e) the mobility, and (f) the Zeta potential (ZP) of CD1 (red
squares) and CD2 (blue circles), respectively. The PL of CD1 and CD2 (5-102 wt%) were excited at 355
nm and 385 nm. At pH <4, bathochromic shifts of the absorption and PL bands are observed for both

CD samples. At pH >8, bathochromic absorption and emission shifts solely occur for CD2, while CD1



shows no significant changes in the pH range 4-12. QY show a similar pH-dependency for both CD
samples with maximal values of >40% for pH 4-8. (e, f) Mobilities were measured and applied for cal-

culation of the zeta potentials of the CDs.

In Scheme 2, the observed pH-dependencies are associated with the pKa values of the pH active func-
tional groups present on the CD surface and in the surface-bound fluorophores. The pKa values of the
carboxylic groups (pKa = 4-5),17:40 and the pyridine nitrogen (pKa= 4—6)8® are lower than those of primary
amine (NHz) groups (pKa = 9—-11)8 or phenolic OH groups (pKa = 8-10)%78 as well as amide C(=O)(-
NH) groups (pKa = >8.5)88. This suggests that the protonation of carboxylic and/or pyridine nitrogen
moieties is responsible for the observed red-shifts of the absorption and emission peaks of CD1 and
CD2 at low pH (cf. Figure 4a, 4b). This presumption also agrees with the observation of positive zeta
potentials in CD1 which are assumed to result from protonating carboxylate (COO-) groups to carboxyl
groups (COOH) for pH < ~4.1740 Moreover, amides and fluorophore moieties in CD1 and CD2 possess
carboxylates as residues from the reaction between CA and the amine precursor, which could directly
affect the n-1r* electron transitions upon protonation at low pH and therefore trigger the observed red-
shifts. The much stronger response of the optical properties of CD2 to basic pH values are attributed to
a more pronounced influence of the phenolic OH, amides and/or amines on the optical characteristics
of CD2. Formation of phenolate anions (Ar-O-) at high pH could lead to more non-bonding and delocal-
ized electrons explaining the bathochromic shifts obtained in CD2.17 The absence of bathochromic shifts
for CD1 at high pH conditions is ascribed to the fact that residual amine moieties from the PEI molecule
occupy a major fraction of the CD surface. Therefore, an enhanced deprotonation of the accessible
amine groups (-NHs* = -NHz) in CD1 at high pH is conceivable without affecting the n-rr* energy levels.
Apparently, also the m-mr* transitions attributed to the graphitic core of CD1 are less pH-responsive than
those found for CD2 (cf. Figure 3c, 3d). This strengthens the hypothesis that extended amine moieties
at the surface of CD1 sufficiently stabilize and shield the particles at basic conditions, whereas the
shorter surface moieties and fluorophores of CD2 provide less stabilization and protection allowing pH-
induced energy shifts for the n-rr* and -1 transitions.

The observed spectral broadening of the absorption bands of CD1 and CD2 (cf. Figure 4c¢) might be
attributed to hydrogen bonding interactions between carboxyl and phenol groups at the surface with the
sp? carbon core domains?’” and vibrational coupling effects based on intra (within the carbon dots) and
inter (between CD and water) hydrogen-bonds. We tentatively ascribe the broader emission peak ob-
served for CD1 (larger FWHM) upon protonation of the carboxylate groups at low pH and the deproto-
nation of phenol at high pH to changes in the number of hydrogen bonds.

The reduction of QY at extreme acidic or basic pH conditions could result from enhanced non-radiative
processes (cf. Figure 4d) as a consequence of the selective (de-)protonation of surface functionalities.
Interestingly, even if the QYs of both CDs decrease at high pH conditions, it is remarkable that the n-rr*
transition energies of CD1 remain rather unaffected. These findings suggest that the different pH-de-
pendent optical properties of CD1 and CD2 result from the different amine precursors used during their

synthesis.
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Scheme 2. pH-dependent changes of CD1 and CD2 attributed to the (de-)protonation of the different
functional surface groups and fluorophores. The amine precursors, PEIl and DAP, provide different mo-
lecular structures that are supposed to impact the rest “R” in the surface amides. Here, PEI features
abundant NH2 groups and a long polymer chain that might compensate alkaline solvent conditions with-
out disturbing the energy bands of the CDs.

4. Conclusion and Outlook

In conclusion, we could demonstrate that the type of amine precursor used during the hydrothermal
synthesis of carbon dots (CDs) with citric acid directly affects the absorption and emission features of
the resulting nanomaterial and can be exploited for tuning of the optical properties. By employing an
amine precursor such as 2,3-diaminopyridine (DAP) which possess aromatic nitrogen groups increases
the amount of sp2-hybridized nitrogen atoms in the products. Therefore, the fluorescent moieties gov-
erning the emission of CD2 possess an expanded conjugation revealed by a n-m* absorption band which
is red-shifted relative to that observed for CD1. Moreover, excitation of CD1 and CD2 with photons of
energies matching the respective n-mr* transitions resulted in an efficient light emission with high quan-
tum yields (QYs) of ~40% and ~48%, respectively. This is a relevant finding for the design of optoelec-
tronic devices based on these environmentally friendly and easily accessible organic materials.8” The
use of CDs as converter material for inorganic light emitting diodes (LEDs) would also involve the func-
tionalization of the semiconductor surface (e.g. gallium nitride), and the interaction of the CD materials
with the solid crystal, in particular its charged surface states including the respective field effects, should
be understood and adjusted to obtain an optimum luminescence efficiency.

Moreover, we investigated the pH-dependence of the optical properties of CD1 and CD2. Our results
show comparable shifts of the n-r* absorption bands at pH < 8 attributed to protonation of carboxylic
groups and/or pyridine nitrogen atoms. In contrast, in the pH range of 8-12 solely the n-* absorption
band of CD2 underwent a red-shift. In the case of CD1 the n-ri* transition remained nearly pH-inde-
pendent which could originate from the large amount of amine moieties from polyethylenimine (PEI)
precursor present in this CD in comparison to DAP used for the preparation of CD2. Hence, at basic
conditions, mainly the abundantly present amine groups from the polymer deprotonated. The sequence
of (de-)protonation of the surface groups and surface bound fluorophores of the CDs could be possibly

exploited for pH sensing.
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