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Abstract 

 

Carbon nanomaterials have a significant importance in materials science 

worldwide. Their superiority lies in the variability of their main building block, 

the C–C bond. This unit can build diverse sp3 and sp2-based nanoarchitectures 

and even covalently incorporate various non-metallic elements. All members 

of the carbon nanomaterials family (fullerenes, carbon nanotubes, nanodiamonds 

or graphene) possess extraordinary mechanical, optical, electronic or magnetic 

properties. In addition, their functionalization can dramatically boost their 

properties and improve scientific or technical importance in various applications. 

This dissertation gives a brief view how the functional groups can determine 

the application potential of current carbon nanomaterials. Mainly, the last 

frontiers of carbon nanomaterials, fluorographene (GF) and carbon quantum dots 

(CDs), are discussed in detail. The attention is paid to the functional groups 

of CDs and how they can affect CD photoluminescence. Similarly, the study 

focuses how the functional groups on GF can induce magnetism 

in its honeycomb lattice or boost its genosensing properties. The given results 

will clearly demonstrate that the functional groups on carbon nanomaterials  

are the matter that really matters.  
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1 Carbon Nanomaterials

Carbon nanomaterials have attracted enormous scientific attention in last 

three decades.1–3 Since the first recognition of Buckminsterfullerene in 1985,4,5 

the exploring of new carbon nanostructures have witnessed an impressive 

growth thanks to their unique mechanical, electronic and optical properties; 

Figure 1 shows the breakthrough years in the discovery of the most significant 

carbon nanomaterials. In addition to the zero-dimensional material 

in the form of fullerenes or nanodiamonds, the carbon nanostructures possess 

also the one-dimensional nanostructures (nanotubes) and two-dimensional 

nanostructures (graphene). This fact, in combination with robust carbon 

chemistry, makes the carbon nanofamily the most variable framework 

for numerous applications. 

Figure 1. Timeline showing the most significant years in carbon nanomaterials´ 
development.* The Nobel prices in Chemistry and in Physics for discovery of fullerenes 
and graphene are there also highlighted. 

________________________________ 
* Other carbon nanomaterials as carbon nanohorns, carbon onions, carbon nanofoams, graphene
nanosheets or nanoribbons and other allotropes are not included.
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The exceptional properties of carbon nanomaterials are due to their main 

building block, the C–C bond. This robust bond possesses all of the important 

hybridization (sp3, sp2 and sp). It is a building block for graphite and diamond 

as well as for organic chemistry and biochemistry. Therefore, carbon 

nanomaterials are so unique; they are something in between organic chemistry 

and inorganic materials. They typically do not need a polymer/organic shell 

for stabilization/ functionalization as traditional metallic nanoparticles. Hence, 

their mechanic, optoelectronic or magnetic properties can be tuned also 

by incorporation of nonmetallic elements, like oxygen, nitrogen, sulphur, 

phosphorous, boron or fluorine. All these features provide to carbon 

nanomaterials a unique place in the nanoworld. The present work is focused 

on the two latest members of carbon nanomaterials, carbon quantum dots (CDs, 

section 2) and fluorographene (GF, section 3), with particular attention 

to the role of their functional groups. However, the following section also brings 

a very brief view of the most significant properties/applications related 

to functional groups of other members of this unique carbon family. 

1.1 Fullerenes 

The most important breakthrough in fullerene discovery came in 1985 when 

Kroto, Curl and Smalley were studying possible carbon structures formed 

in interstellar space.5 Fortunately, the discovered molecule C60 was named 

fullerene and not ballene, spherene or carbonsoccer as the authors also 

suggested.5 Up to date, many types of fullerenes (e.g. C70, C76, C82, C88) have 

been described.6 The applications of fullerenes are very closely related to their 

physicochemical properties. The most recognized characteristics of this material 

is the ability to act as an electron acceptor or as a radical scavenger.6 Therefore, 

fullerene finds its main applications in catalysis,7 in photovoltaic cells8  

or as an antioxidant.6,9 The antioxidant properties of fullerenes have been used 

in cosmetics, e.g. in sunscreen or “anti-aging” creams.10 However, the potential 

risk of water pollution caused by fullerenes does not allow any commercial 
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success so far.11 Still, the application of hydrophilic derivatives of fullerene 

in biomedical field at academic level is very well established.12 Fullerene 

exhibits antibacterial activity against several Gram-positive and Gram-negative 

bacteria and its antiviral activity was also demonstrated.13–15 This material 

has also a potential as a radioprotecting agent for healthy tissue during 

radiotherapy or as a retardant of neurological damage during Alzheimer’s 

disease.16,17 Moreover, this wide spectrum of applications becomes even larger 

upon fullerenes derivatization.  

The improving of physicochemical properties of fullerene by functionalization 

can be divided into many subcategories. In general, there are six categories 

of fullerene derivatives (Figure 2): endohedral fullerenes (modified internally), 

heterofullerenes, exohedral fullerenes (modified externally), open-cage 

fullerenes, fullerene salts and quasi-fullerenes.18 The most significant categories 

are endohedral and exohedral fullerenes. The first mentioned with encapsulated 

metals (metalofullerenes) exhibit extraordinary electronic properties (small band 

gap) thanks to the unique charge transfer between the carbon 

cage and the metal.19 They have been tested in spintronics20 or as molecular cage 

for gadolinium in Magnetic Resonance Imaging (MRI).21 The exohedral 

fullerenes are the widest category. There can be included the fullerenes 

with carboxyl or polyhydroxyl groups that provide better hydrophilicity making 

them suitable for biomedical use,12 fluorinated fullerenes used as p-dopants

Figure 2. The main six categories of fullerene derivatives. Adapted according to ref. 18. 
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in optoelectronic devices,22 fullerenes functionalized with various porphyrins 

as an ideal system mimicking the photosynthesis23 and many others. 

All mentioned functionalizations of fullerenes have so far dramatically improved 

the scientific or technical importance of this material. It is obvious 

that the chemical functionalization of fullerenes drives strongly its application 

potential. 

 

1.2 Carbon Nanotubes 

The intense interest in carbon nanostructures after the discovery of fullerene 

led to the discovery of carbon nanotubes in 1991.24 The arc-discharge 

evaporation method used for the production of fullerenes developed 

by Kratchmer et al. was also used for the first preparation of carbon nanotubes.25 

Nanotubes with diameter of 3–40 nm and length of more than 1 mm produced 

by this technique grew just on the negative end of the carbon electrode.24 These 

cylindrical nanostructures appeared there in double-walled and multi-walled 

forms.24 The other key parameter for the classification of carbon nanotubes 

is their chirality, that is the angle between the nanotube axis and the hexagonal 

pattern.6 The most typical examples are zigzag, armchair and chiral patterns. 

The well recognized characteristics of carbon nanotubes are high flexibility 

and superelasticity in combination with remarkable strength.26,27 Moreover, 

they also exhibit great conductivity and capacity for energy storage.28 So far, 

carbon nanotubes are the most commercially valuable carbon nanomaterial 

mainly thanks to their mechanical properties. For example, they were 

used for the construction of the bicycle winning the Tour de France in 2005, 

their superhydrophobicity is used for hull ship coating and they can be found 

in printed electronics.29 

The classification of carbon nanotubes derivatives is almost identical 

to the classification of fullerenes. The most recognized and used derivatives 
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are carboxylated nanotubes with improved hydrophilicity30 and also nitrogen- 

and boron- doped nanotubes.31 The nitrogen-doped carbon nanotubes 

are typically prepared by chemical vapor deposition where the source of carbon 

is methane and N2 or ammonia is used as the source of nitrogen. Precursors 

with carbon and nitrogen in the structure (for example pyridine or acetonitrile) 

can be also used.32,33 The nitrogen atoms in the structure dramatically influence 

the electronic properties (the nitrogen-doped nanotubes have semiconducting 

properties)34 but it can also boost the capacity of this material for lithium 

storage.32 This is due to nitrogen defects in the walls connected with lithium 

diffusion into the whole structure of nanotubes (see Figure 3). The capacity 

can be even 10 000 times higher compared to non-doped material. These alkali-

doped nanotubes can also exhibit very high hydrogen uptake for hydrogen 

storage.35 As it can be seen, the derivatization/functionalization of nanotubes 

with various functionalities can have a very high impact on the application 

potential of this carbon nanomaterial. 

 

Figure 3. The capacity of nitrogen-doped carbon nanotubes (A) and the mechanism 
of lithium diffusion into the inner space of nanotubes (B). Reprinted with permission 
from ref. 32. Copyright 2012 of American Chemical Society. 
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1.3 Graphene 

The latest “star” amongst the carbon nanomaterials is graphene. Graphene  

was already prepared in 1992 as a single layer of carbon honeycomb on platinum 

(111) surface and also as a layer on HOPG (highly oriented pyrolytic graphite)  

formed from decomposed diamond nanoparticles in 2001.36,37 However, there 

was a general assumption that a single layer of graphene cannot 

be thermodynamically stable without a solid support. In 2004, Novoselov  

and collective came up with a simple mechanical exfoliation of HOPG  

and the isolated graphene started to be in a spotlight of the scientific 

community.38 The extraordinary physical properties and potential applications 

portfolio of graphene is almost countless. It is worth to mention that graphene 

excels in mechanical stability, electronic properties and thermal conductivity.6 

However, the commercialization (e.g. flexible display screens) suffers  

from the difficult industrial preparation of single layer graphene with appropriate 

size. Still, many  interesting physical phenomena have been observed  

in this material (e.g. quantum Hall effect,39 Kerr effect40 etc.), making graphene 

an excellent platform for the basic research.  

 

The most important examples of covalently modified graphene derivatives 

are graphene oxide,41 reduced graphene oxide,42 graphane43 and fluorographene 

(discussed in section 3).44 Moreover, in addition to these types of graphene there 

exists graphene with heteroatoms in the structure (doped graphene)45,46  

and graphene with intercalated metals between the layers (graphite intercalation 

compounds are used as supercapacitators for lithium batteries).47 All these 

subgroups have a significant importance in many applications. For example, 

graphene oxide is a subject of intense study because of its simple preparation, 

variable chemistry, excellent solvent dispersability48 and it is also the most 

applied graphene in the biomedical field.49 Graphane (hydrogenated graphene) 

has a potential as a material for hydrogen storage,50 and also exhibits very weak 
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room temperature ferromagnetic properties (0.006 emu.g–1).51 A very interesting 

magnetic behavior was also observed for nitrogen- and sulfur-doped graphene 

structures.52,53 All mentioned derivatives have dramatically expanded 

the application portfolio of this material. 

 

1.4 Nanodiamonds 

The only sp3 representatives of the nanocarbon family are nanodiamonds. 

The diamond lattice arranged in a cubic crystal is very different compared 

to the other honeycomb-based carbon nanomaterials.54 One of the breakthrough 

in this field came in 1988 with the discovery of nanodiamonds in detonation 

soot.55,56 A similar experiment was already made in 1962 but without any 

significant notice by the scientific community.57 However, this material started 

to attract more scientific attention many years later with the preparation 

of fluorescent nanodiamond dispersions.58–60 Except their hardness and chemical 

stability exploited for example in oil additives,61 nanodiamonds possess 

excellent fluorescent properties resulting in a vast array of applications 

in the biomedical field. The most important functionality of fluorescent 

nanodiamonds is their post-preparatively induced nitrogen vacancy (NV) centers 

or also the silicon vacancy (SV) centers responsible for their stable 

photoluminiscence.62 The wavelength of their fluorescence is related to the zero 

phonon line of their two charge states: NV0 center at 575 nm and NV–  

at 637 nm.63 More importantly, they do not exhibit any photobleaching and have 

very low cytotoxicity.60 Therefore, nanodiamonds can be considered as close 

relatives of carbon dots, which are discussed in the following section. Both 

materials find their main applications in the biomedical field (e.g. cell labelling, 

optical imaging or drug delivery).64 Still, both have some limitations, like 

for example low amount of NV centers in nanodiamonds or low fluorescent 

quantum yields of carbon dots in the red region of the optical spectrum. 
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The functional groups of the surface of nanodiamonds can determine 

their photoluminiscence properties and also their applications. The surface 

groups and their environment can determine the stabilization of the NV– centers 

which is connected with the intensity of their emission. This can be utilized e.g. 

in metal sensing65 or in sensing of the charge of surrounding species.66  

In this way, the covalently attached fluorine atoms can also boost the emission 

at 637 nm.67 From the given examples, it is clear that the role of surface 

functional groups in nanodiamonds can attract notable interest. 

The discussed carbon nanomaterials have a significant importance in materials 

science worldwide. As a general remark, their properties and importance  

are not determined only by their peculiar structural features, but also  

by the different functional groups directly connected to their C-C lattice.  

This is also the reason why carbon nanomaterials are so special. Functional 

group can boost their application potential as shown in the previous examples. 

The following section is devoted to carbon dots, and in particular the influence 

of the functional groups on their fluorescent properties is discussed in details. 
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2 Carbon Dots

Carbon quantum dots (CDs) were firstly synthetized in 2004.68 They have been 

isolated as an impurity during the purification of single walled carbon nanotubes 

prepared from arc-discharge soot.68 Since their discovery, CDs have attracted 

huge scientific attention thanks to their extraordinary fluorescent properties 

in combination with excellent biocompatibility.69 They have been tested 

as a potential non-toxic variant of traditional quantum dots based on heavy 

metals in many applications. So far, the main attention has been paid to their 

excitation wavelength-dependent emission (this characteristic is illustrated  

in Figure 4). The understanding of the origin of their photoluminescence 

behavior is more complicated than in the case of other semiconducting inorganic 

fluorescent materials. This happens because CDs are a combination of inorganic 

graphite and large aromatic organic molecules with oxygen-rich edge functional 

groups. As a result, the fluorescence of CDs can be determined not just by their 

size or dopants as in the case of semiconductor quantum dots (e.g. CdSe)  

but also by their “surface-organic chemistry”.70,71 Therefore, the surface 

functional groups play a critical role in their photoluminescence.  

Figure 4. The characteristic fluorescent features of CDs: excitation-dependent emission. 
The solution of CDs exhibit all colors of visible spectrum depending on the excitation 
wavelength (A–B). Reprinted with permission from ref. 72. Copyright 2006 of American 
Chemical Society. 
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2.1 Structure of Carbon Dots 

Under the general denotation “CDs” three subcategories can be identified: 

Graphene dots, carbon dots and polymer/polymeric dots.73 The first ones 

are typically prepared directly from graphene or other graphene-based 

precursors. They have the characteristic graphene honeycomb lattice with lateral 

dimension up to 100 nm while their high profile does not exceed four or five 

graphene layers.74–77 The second and most typical group is carbon (nano)dots, 

sometimes denoted as carbogenic dots, which are semi-spherical and with 

dimension not bigger than 10 nm, typically 2–3 nm. Their structure just copies 

the structure of graphite: reflected by the interlayer distance of 335 pm  

(see Figure 5). The polymer dots are typically cross-linked polymers with a very 

small carbon core or sometimes just with cross-linked organic fluorophores 

formed during decomposition of the precursors. This subcategory originated 

from the knowledge that some preparations of CDs (e.g. thermal decomposition 

of citric acid and ethanolamine) form highly fluorescent citrazinic acid under 

Figure 5. Schematic representation of carbon based nanostructures of graphene dots (A), 
carbon dots (B) and polymeric nanodots (C). AFM image of graphene dots: 3 nm high 
and 60 nm wide (D). TEM images of spherical carbon dots with the characteristic 
graphite lattice (E, F). Reprinted with permission from ref. 76,80. Copyright 2011 
of American Chemical Society and Elsevier B.V. 
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certain conditions.78,79 This organic agent has fluorescence emission typically 

at 450 nm and quantum yield over 70%. The particles with these properties 

were lately denoted as polymeric nanodots.81,82 The crystallinity of this dead 

branch of CDs is very low. Therefore, this subcategory will not be discussed 

in further text. 

The chemical composition of CDs is strongly dependent on the preparation route 

as it can be seen in Table 1. The amount of carbon in the structure can span from 

40 to 80 %. Therefore, it is obvious that the high amount of oxygen (hydroxyl, 

carbonyl, carboxyl, epoxy groups etc.) cannot be located just on the oxidized 

surface of CDs but is also present inside the graphitic core similarly  

as in graphene oxide. Apart from the carbon and oxygen, CDs can contain also 

other various dopants,71 e.g. nitrogen, boron,83,84 sulfur85 and chlorine.86 These 

elements are usually incorporated inside/on the structure during the bottom-up 

synthetic strategies from various precursors and are the most important factors 

determining their optical properties. 

Table 1. Chemical composition of graphene dots and carbon dots prepared by different 
synthetic routes (bottom-up strategies are highlighted by grey color; top-down strategies  
are not highlighted). The C/O/N composition is given in percentage according to XPS 
analysis. The hydrogen amount in the samples is not specified. 

Synthetic strategy Size* C O N Emission(QY) Ref. 

Graphene dots 

Thermal treatment of GO in DMF 3nm/~1 nm 83.1 15.0 1.9 520 nm (35%) 87 

Thermal treatment of GO in NH3 8 nm/~2 nm 79.4 18.3 2.3 520 nm (n.r.) 88 

Hydrothermal treatment of GO 3nm/~2 nm 56.5 43.5 - 510 nm (1.2%) 89 

Pyrolysis of CA 15 nm/~1 nm 48.1 51.9 - 460 nm (9%) 90 

Carbon dots 

Reflux of candle soot in nitric acid 2–6 nm 59 37 4 520 nm (3%) 91 

Dehydrogenation of glucose in conc. acid 4–10 nm 74 25 1 600 nm (7%) 92 

Asp+glucose microwave decomposition 4.5 nm 57.1 39.4 3.5 560 nm (35%) 93 

Microwave decomposition of CA and urea 1–5 nm 41.5 34.7 21.8 515 nm (40%) 94 

* The first  size value was determined by TEM, the second value is the graphene dots thickness obtained by AFM. 

QY – quantum yield, n.r. – not reported, GO – graphene oxide, CA – citric acid, Asp – aspartic acid. 
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2.2 Synthetic Strategies for CD Preparation 

Analogously to all nanomaterials, CDs can be also prepared by top-down 

or bottom-up synthetic strategies. The top-down pathways typically start from 

graphite,72 graphene oxide, graphite rods,95 carbon soot (arc-discharge or candle 

soot),96 or also from carbon nanotubes97 or fullerenes.98 The cutting processes 

employed to achieve the desired size can be based on heating (reflux) 

of oxidized precursor in nitric or other strong acid,96 or on thermal treatment 

of graphene oxide in presence of hydrazine,99 DMF,87 ammonia88
 or just water89 

(typically performed in autoclave). Electrochemical cutting of graphite rods 

in presence of K2S2O8 is also very often used.100–102 It should be also noted  

that several of these synthetic strategies do not directly produce fluorescent 

CDs.72 Therefore, the prepared material has to be subsequently passivated 

with a polymer shell (e.g. PEI, PEG-NH2) to induce bright photoluminescence. 

 

Up to date, many bottom-up synthetic pathways have been developed to prepare 

highly luminescent CDs. Most importantly, the first bottom-up synthetic strategy 

was developed by our colleague Athanasios Bourlinos in 2008.103,104 

His synthetic pathway was based on solid state pyrolysis (thermal oxidation) 

of citric acid and amino-undecanoate at 300 °C. Since that time, the bottom-up 

CD preparation has attracted enormous scientific attention because of easier 

preparation and also simple influence of surface properties by the chosen 

precursor. The general strategy is based on thermal decomposition 

or dehydration of proper organic precursors able to form carbonized material 

with aromatic graphene-like domains. The synthetic strategies differ mainly 

in the organic precursors. Still, there are just a few synthetic approaches:  

(i) thermal decomposition/pyrolysis of organic precursors in the solid state (220– 

300 °C, crucible in the oven);105 (ii) hydrothermal or solvothermal 

decomposition (160–220 °C; heating of a solution in the autoclave);85  

(iii) dehydration of precursors by reaction with P2O5
106 or by heating in strong 
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acids92 and (iv) decomposition in a microwave reactor or just by heating 

in a microwave oven.107 

 

The most typical precursor for the preparation of CDs by bottom-up approach 

is citric acid. This compound easily forms graphene-like aromatic domains 

during dehydration thanks to its structure presenting 6 carbon atoms.108 

However, glucose or other monosaccharides,107 amino acids93 and aromatic 

compounds (e.g. derivatives of gallic acid, phenylendiamines or pyrene)109–111 

are also very often used. These “core-forming” precursors are very often 

combined with various amines (ethanolamine, ethylenediamine, urea etc.), 

which dramatically improve the fluorescent properties of the isolated particles.  

 

Of great importance is also the post-preparative purification of the obtained 

particles to remove low molecular weight impurities/byproducts. However, 

the typical size of CDs (2–3 nm) is the most important limiting factor 

of the purification. This size is approx. 2–3 kDa in protein terminology 

(the molecular weight of CDs is not consistent with the protein molecular weight 

because of different material density).112,113 Therefore, it is not possible to purify 

them by centrifugation, unless ultracentrifugation is used. However, they can 

be purified by dialysis with cut-off 1–2 kDa. Even though dialysis is the most 

commonly used technique for CDs purification, the dialysis tubing at this value 

of cut-off can very easily burst because of osmotic pressure. Therefore, 

the purification of CDs is not performed at all in many studies, apart  

from the removal of larger agglomerates.85,114 However, further techniques such  

as ultracentrifugation (Amicon® Ultracel: 3 kDa), size-exclusion separation 

on Sephadex® or separation in silica column can be used.115 
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2.3 Physical Properties and the Role of Functional Groups 

The most important physical property of CDs is their photostability. 

The comparison study between fluorescein isothiocyanate, nanoprobe CdTe  

and CDs showed that CDs exhibit very low photobleaching.93 Fluorescein 

isothiocyanate was completely quenched within ten minutes excitation, while 

CdTe retained only 30% of the original intensity within twenty minutes and CDs 

still exhibited more than 90% of the original intensity after one hour excitation 

under the same conditions. This behavior was also observed for graphene dots111 

and is a very favorable property for cell labelling. Apart from the high 

photostability, CDs also exhibits good dispersibility in various solvents 

up to 40 mg.mL–1 (e.g. DMF, DMSO, methanol, water etc.) and chemical 

inertness.96 In previous studies, we also reported that CDs shows nonlinear 

optical response.109,116 Together with the properties of CDs mentioned above, 

their up-conversion fluorescence (two-photon excitation) has been often reported 

in the literature.87,117–120 However, the readers have to be very careful because 

this property can be caused by “normal” excitation coming from leaking 

of the second diffraction in the monochromator.121 Therefore, the up-conversion 

fluorescence is not necessary an attribute of CDs. 

 

CDs exhibit strong absorption in the UV range of the electromagnetic spectrum 

with a tail extending to the visible range.69 Until now, the π–π* transition  

at 280 nm and n–π* transition around 350 nm were identified.122 More 

importantly, the particles with red-shifted emission also exhibit more significant 

absorption in the visible part of the spectrum as it can be seen in a study  

by Bhunia et al.92 This lower energy absorption can be attributed  

to the narrowing of the CD bandgap. 

 

The most interesting feature of CDs is their fluorescent property, a property 

which is strongly influenced by functional groups and chemical composition. 
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The functional groups can determine the main fluorescent emission, the quantum 

yield and also whether the emission is dependent on the excitation wavelength 

or not (see Figure 4 above). The main functionalities determining  

the fluorescence properties of CDs are depicted in Figure 6. 

Figure 6. Schematic representation of the most important functionalities of CDs that can 
impact their photoluminescence. 

2.3.1 Red-shift of CD Fluorescence 

Many types of CDs with blue, green and more rarely yellow fluorescence have 

been prepared. Still, there are just few synthetic strategies that can lead to red 

fluorescent CDs. These particles are particularly suitable for biomedical 

applications because red light has the best tissue penetration. In addition, red 

CDs can provide the missing building block for a full-color emitting spectrum, 

e.g. for white light emitting diodes. Up to date, there are two known general

features that can induce red fluorescence in CDs (see Figure 7). The first

one is an increase in the size of sp2 domain of CDs. The second one is a higher

degree of surface oxidation. Both of these cases can be illustrated

with the following examples.
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The red fluorescence was often observed in graphene oxide.123–127 

Still, a higher/longer oxidation of the material induced a reduction of the sp2 

domains of graphene connected with the blue-shift of the fluorescence. 

For example, Hens et al. reported oxidation of HOPG in a mixture of sulfuric 

and nitric acid (3:1) at 128 °C.127 The obtained graphene oxide exhibited red 

fluorescence after 20 minutes of treatment, orange fluorescence after 

100 minutes and yellow after 2 hours.127 Further size reduction of this material 

always resulted into graphene dots with blue emission.128,129 

 

The size of the isolated sp2 domains is also the dominant factor  

for red fluorescence in CDs  in analogy to traditional semiconductor quantum 

dots.130 Up to date, there are only two studies reporting the successful 

preparation of carbon dots or graphene dots with sufficient size of sp2 domains 

exhibiting red fluorescence. Bhunia et al. reported the preparation of blue, green, 

yellow and red fluorescent CDs obtained by heating of glucose in concentrated 

acids (sulfuric and phosphoric acid).92 The increase in size of CDs 

was significantly reflected in the increase of the emission wavelength. Tan et al. 

reported electrochemical exfoliation of graphene; the graphene dots  prepared  

in this way emitted at 610 nm, with a size of 3 nm and sp2 domain without  

any defects. The increase in time of the electrochemical oxidation process 

resulted in graphene dots with yellow, green and blue emission due to more 

defects in the sp2 domains caused by oxidation.131 

 

A higher surface oxidation of CDs surface can be also connected with red-

shifted fluorescence. This fact was clearly shown in the studies of Wei et al.132 

and Ding et al.133 In both studies, a mixture of CDs exhibiting almost full-color 

emission was fractionalized on a column according to the charge 

or the hydrophilicity. As the result, the fraction with the most negative charge 

in the study by Wei et al. exhibited orange fluorescence. Similarly, the most 

hydrophilic fraction with the highest degree of surface oxidation in the study 
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of Ding et al. emitted in the red region at 625 nm. The observed effects are 

probably based on the fact that the surface functional groups (carboxyl) induce 

significant local distortions (emissive traps) resulting in a lowering 

of the emitted energy.126 Therefore, tuning of the surface oxidation seems  

to be one of the suitable strategies to reach the fluorescence of CDs in the red 

region of the spectrum. 

 

Very recently, we revealed a third strategy how to induce red fluorescence 

in CDs. This strategy is based on doping of CDs with graphitic nitrogen. 

The details are given in section 6 and appendix C (yes, this is an advertisement 

for these sections). 

 

 

Figure 7. Schematic illustration of physicochemical phenomena inducing the red-shifted 
emission and excitation-dependent emission in CDs.  
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2.3.2 Excitation-dependent Emission 

The excitation-dependent emission is probably the most studied phenomenon 

of CDs. It can be an intrinsic property of single CDs or it can be also caused 

by the fact that the material obtained from the synthesis is a mixture of various 

carbon dots as was demonstrated in the previous examples of CD 

fractionalization by Wei et al. and Ding et al.132,133 Up to date, various 

explanations have been proposed in the literature and not a single one came  

with clear statement. Fu et al. reported the embedment of several polycyclic 

hydrocarbons (pyrene, antracene, perylene) in polymer particles.134 This strategy 

mimics the composition of small graphene layers of CDs and also a possible 

reabsorption of light between the layers. The model system replicated  

the properties of typical CDs and the authors concluded that the excitation-

dependent emission can be caused by self-trapping and by the Stokes shift 

of stacked polycyclic hydrocarbons (graphene layers in CDs). In other words, 

according this study the excitation-dependent emission is an intrinsic property 

of the CD core. 

 

Moreover, more studies reported that the excitation-dependent emission 

is caused by the presence of various CDs in one sample,135 in particular of CDs 

with various size (size of sp2 domains)68 or with different degree of surface 

oxidation.100 Because both of these parameters can red-shift the fluorescence 

emission as was explain in the previous section. 

 

2.3.3 The Role of Surface Groups in CD Photoluminescence 

The role of carboxyl groups or other electron-rich surface groups  

in the fluorescent properties of CDs is very complex and fundamental. They  

can be (i) the origin of photoluminescence in CDs,136 (ii) induce the excitation-

dependent emission by the action of surface oxidation or by solvation137 and/or 

act as (iii) surface emissive traps which can red-shift the fluorescence emission. 
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 (i) 

Nguen et al. have reported the preparation of CDs by laser ablation of graphite 

in water.136 The particles the lateral size of approx. 2 nm, were not fluorescent 

and the amount of C–O groups was of only 3.6% (C=C bond amounted 

to 96.4%), according to high resolution C 1s XPS spectrum. These particles were 

afterwards oxidized by UV light under oxygen bubbling. The particles obtained 

after 2 hours of oxidation had hydroxyl and carbonyl groups on the surface and 

emitted at 430 nm and 335 nm. The longer oxidation time (4 hours) resulted 

in higher amount of hydroxyl groups and more intense emission at 430 nm. 

The authors concluded that the fluorescence of CDs is induced by surface 

functional groups. This phenomenon can be also confirmed by the fact  

that one of the first prepared CDs exhibited fluorescence properties just after 

surface passivation with PEG or PEI probably due to a higher amount 

of electron-rich elements on the surface.96 

 

 

(ii) + (iii) 

Our previous study reported the effect of surface groups on CD 

photoluminescence (section 4, appendix A). We prepared CDs functionalized 

with lauryl groups on the surface, that exhibited non-shifting properties and with 

fluorescence in the blue region of the spectrum. The surface lauryl chains were 

cut down by de-esterification and the particles afterwards exhibited the typical 

excitation-dependent emission and 40 nm red-shift in the main emission 

wavelength compared to the particles before de-esterification (for details see 

section 4 or appendix A). The red-shift can be explained by energy-losing 

electron-hole pair radiative recombination on the carboxyl rich surface 

(for better understanding see Figure 7C). The excitation-dependent emission can 

be then an effect of different surface oxidation but it can be also due to solvation 

of the surface groups (Figure 7D). 
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The correlation between the excitation-dependent emission and solvation  

was described for fluorescent graphene oxide (Figure 7D).138–140 The modified 

graphene oxide exhibited fluorescence independent from the excitation 

wavelength in a non-polar solvent (pentane). However, very strong excitation-

dependent emission was observed when the material was dispersed in water 

because of a slowdown of the solvation dynamics. 

 

(iii) 

As was previously shown, the surface functional groups can red shift 

the florescence emission. In our previous study discussed above, the reason  

was the surface carboxyl groups generating a 40 nm red shift (section 4; 

appendix A). Similarly, oxidized graphene dots in the study by Zhu et al.137 

emitted at 516 nm, while after reduction the particles emitted at 430 nm. 

However, this fluorescence shift was also observed for amino groups  

on graphene dots (28 nm in a study by Jin et al.99 and 115 nm in a study  

by Tetsuka et al.141). In all these studies, the observed effect was attributed  

to the fact that the red-shifted emission to green originates from the surface 

defects (defect state emission) while the blue emission is the intrinsic state 

emission from the carbon core. Still, all of these observed effects can  

be mechanically explained by schematic Figure 7C, as we also concluded  

in our previous work (section 4; appendix A). 

 

From the given examples, it is clear that the role of surface groups in CD 

photoluminescence is not trivial. The examples supplied here, chosen  

from hundreds of mechanistic studies, can maybe contribute to shed a light  

on this complex topic. We also hope that the reader is not tired from really 

detailed analysis of CD photoluminescence because we go further. 
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2.3.4 Increase of Quantum Yield 

The increase in the CD quantum yield can be also often attributed to the surface 

functional groups. This increase can be caused by the fact that some of these 

groups can induce CD photoluminescence as shown in section 2.3.3 (i). 

However, the reader should be very careful because some super high quantum 

yields can be induced by organic molecules like citrazinic acid coming 

from the precursors embedded on the surface.78 Therefore, some studies 

reporting quantum yields over 90% in materials obtained from pyrolysis of citric 

acid and e.g. ethanolamine can be possibly misleading.108 

 

2.4 Applications of CDs 

The applications portfolio of CDs includes biomedical applications, light 

emitting diodes, photocatalysis, water splitting and many others. More details 

can be found in our review paper (section 5, Appendix B). We would like 

to highlight just two of our recent papers in which the influence of functional 

groups in the biomedical applications is discussed. 

It was previously reported that CDs exhibit high biocompatibility and are very 

often used for cell labelling.142 In several studies, it was demonstrated that they 

enter the cell via an endosome-mediated pathway.143,144 However, we also 

showed that strongly positive surface charge can induce penetration of CDs 

in to the cell nucleus. We have prepared CDs with quaternary ammonium 

on the surface with +53 mV surface charge.145 These particles were observed 

in cell nucleus of mouse fibroblast NIH/3T3 after 4 hours of labelling. We also 

reported a similar observation for CDs with amino groups on the surface while 

the particles with negative or neutral surface charge were observed only 

in cytoplasm.80 The penetration of CDs into the cell nucleus can have 

a fundamental effect for further application of CDs (e.g. in photodynamic 
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therapy). These cases can demonstrate that the surface functional groups are 

most certainly highly influent, especially for biological systems. 
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Fluorographene 

 

The first isolation of fluorographene came in 2010 when, nearly simultaneously, 

several groups reported the preparation of this material. The synthetic pathway 

by Nair et al., Robinson et al. and Cheng et al. was based on fluorination 

of graphene sheets.146–148 Vice versa, Zbořil et al. and Withers et al. reported 

the exfoliation of florinated graphite  as alternative preparation method.149,150 

A broad attention has been paid to the electronic properties of fluorographene. 

Fully fluorinated graphene is a wide bandgap semiconductor, almost insulator.148 

Hence, the bandgap can be tuned by the degree of fluorination. This material 

also exhibits high thermal stability, even higher than its 1D polymeric analogue: 

teflon (fluorographene starts to decompose above 400 °C, teflon already 

at 260 °C).146 The 2D structure and physical properties make fluorographene 

a promising material for various electronic devices. 

Generally, there are two more commonly used synthetic strategies 

for fluorographene preparation.151 The first one is based on fluorination 

of graphene by strong fluorination agents, e.g. atomic fluorine created 

from decomposition of XeF2.
147 In this type of synthetic pathways, the degree 

of fluorination can be driven by the reaction time.146 The second route is based 

on the exfoliation of fluorinated graphite by ultrasonication in various solvents 

(sonochemical exfoliation).152 Fluorinated graphite is commercially available 

and the exfoliation procedure is easy to handle. The most suitable solvents are 

DMF, NMP and chloroform.152 However, the yields are very low and the solvent 

can cause partial defluorination. 

The structural properties of fluorographene (C1F1) are very similar to those 

of graphene, but with a substantial difference ascribed to the covalent attachment 
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of fluorine atoms changing the sp2 carbon hybridization into sp3.153 This 

preserves the hexagonal symmetry but completely affects the local structure.154 

It also induces complete loss of π-conjugated electrons with consequent loss 

in conductivity. Full fluorination also results in a total change in color of this 

material; florographite/fluorographene is white/grey.  A further consequence 

is that fluorographene is non-active in Raman spectroscopy , and the typical G- 

and D-band of graphene are no longer visible.146 The C-F bond has a semi-ionic 

character with dissociation energy of fluorinated organic molecules.155 

Noticeable are also the magnetic properties of fluorographene. Nair et al. 

reported that the point defects (fluorine adatoms) can carry magnetic moments 

with ½ spin.156 Up to date, fluorographene was mainly studied for its physical 

phenomena and the potential applications are still in the state of development. 
 

The most frequently used derivative of graphene for chemical modification 

and tailoring of properties is graphene oxide. However, the exact chemical 

composition of this derivative can be very variable and non-specific (hydroxy, 

epoxy, carbonyl, carboxyl groups). On the other hand, fluorographene is a better 

defined material, with only one type of bond: C–F. Therefore, it seems  

to be a suitable precursor for chemical functionalization and tailoring 

of graphene properties. We have recently developed the first synthetic strategy 

how to utilize the C–F bond for nucleophilic substitution in fluorographene. 

We used this strategy for attachment of sulfhydryl and hydroxyl groups 

to fluorographene lattice. Both of these new derivatives had advantageous 

properties compared to graphene or to the fluorographene precursor  induced 

by the functional groups: for example the thiofluorographene was suitable 

for genosensing and the hydroxofluorographene exhibited antiferromagnetism 

at room temperature. Both of these examples are discussed in more detail 

in the sections 7 and 8 (appendix D and E). More importantly, the covalent 

functionalization of fluorographene can shift this theoretically studied material 

towards its future applications. 



27 

Author´s Comment

The following sections (4-8) briefly summarize the most significant publications 

of the author  in the discussed field. The results reported are mostly dealing  

with the understanding of CD photoluminescence and the preparation  

of new graphene derivatives starting from fluorographene. In all the cases,  

it is shown that the functional groups can determine the physical properties  

and thus also the applications of these materials. 

Section 4 discusses the excitation-dependent emission and the effect 

of the graphitic core and the surface carboxyl groups on the photoluminiscence 

of CDs. Section 5 briefly summarizes the applications of CDs. The role 

of graphitic nitrogen on the photoluminescence red-shift is described  

in section 6. Thiofluorographene, a new material derived from flurographene, 

is described in section 7 together with its application in genosensing  

via impedance spectroscopy. Section 8 is devoted 

to hydroxofluorographene which exhibits as the first non-metallic graphene 

derivative antiferromagnetic behavior at the room temperature. 
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4
Photoluminescence Effects of Graphitic Core 

Size and Surface Functional Groups 
in Carbon Dots: COO− Induced 

Red-shifted EmissionA 

 
Control of the size of carbon dots (CDs) 

in bottom-up synthetic procedures is a very 

challenging issue. We approached 

the problem from a molecular point of view 

in order to be able to tune the size of CDs 

by the selection of a precursor. Depending 

on the gallic acid derivative used, CDs 

with different alkyl groups (methyl, propyl, lauryl) on the surface were obtained 

by isothermal heating at 270 °C. This precursor-derived approach enables 

the control over both the size and the CD lipophilicity. The prepared CDs were 

also used for demonstrating the role of their surface carboxylic groups 

on the photoluminescence properties. The alkyl chains on the CDs surface were 

converted to carboxylate groups via a mild base hydrolysis. 

The photoluminescence differences in CDs with alkyl and carboxyl groups were 

discussed in detail. This study clearly demonstrated the impact of carboxylic 

groups on the most discussed property of CDs, on the excitation wavelength-

dependent emission.  

 

The recent discovery of carbon dots has drawn enormous scientific attention. 

This material possess similar advantages to traditional semiconductor quantum 

dots (e.g. CdSe), they are resistant to photobleaching.157 Moreover, they are 

                                                            
A Published as: Hola, K.; Bourlinos, A. B.; Kozak, O.; Berka, K.; Siskova, K. M.; 
Havrdova, M.; Tucek, J.; Safarova, K.; Otyepka, M.; Giannelis, E. P.; Zboril, R. Carbon 
2014, 70, 279–286. Appendix A. 
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also highly biocompatible and non-toxic oppositely to quantum dots based 

on heavy metals.158 The most discussed attribute of CDs is the origin of their 

photoluminescence. It is well accepted that their fluorescence is dependent 

on the excitation wavelength. Still, the origin of this feature is not clear. It can be 

caused by presence of CDs with different size and surface functionalities  

in the sample or it can be an intrinsic property of a single particle. The better 

understanding of this phenomenon can help to tune the desired fluorescent 

properties of CDs for their future applications. 

Up to date, many synthetic pathways for the preparation of CDs have been 

reported as was shown in section 2.2. In this study, we developed a “molecular 

pathway” for the control of the size of CDs operated by the precursor. The CD 

size in the reported thermal decomposition was driven by the length of the alkyl 

chain of the gallic acid esters employed. The size of CDs derived from methyl 

gallate (MG27) was 3.5 nm, from propyl gallate (PG27) 3.2 nm and from lauryl 

gallate (LG27) 2 nm as shown in Figure 8. The observed trend can be explained 

by the steric hindrance of the alkyl chains that prevents them from entering 

the carbon source (benzene ring) to the center of CD formation. The largest 

hindrance of lauryl chains resulted in the formation of the smallest particles. 

Hence, according expectations the most dominant fluorescent emission 

of the prepared samples was consistent with the trend in the size. 

It is in agreement with the typical band-gap tuning by size of CD sp2-domains.159 

The obtained samples did not exhibit the typical excitation-dependent 

fluorescent emission (see Figure 9A). For this reason, the surface alkyl chains 

on CDs were converted to carboxylic surface groups by mild de-esterification 

(samples LG27O, PG270, MG27O). The aim was to see how the fluorescent 

can be influenced by the surface carboxylic groups. The most significant change 

was observed between the samples LG27 and LG27O (Figure 8F, 9 and 10). 

There was almost 40 nm red-shift of the emission maxima. This phenomenon 

was probably caused by surface carboxylic groups acting as charge carrier traps 
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Figure 8. TEM images of CDs derived from lauryl gallate (A), propyl gallate 
(B) and methyl gallate (C), the scale bar is 50 nm; corresponding size distribution (D); 
octanol:water distribution of the CDs and their de-esterificated versions (E); 
the corresponding image of LG27  and its de-esterificated version in octanol:water 
under UV light. 

prior to the radiative recombination. This type of emission is always red-shifted 

when compared to the intrinsic core emission (Figure 10).160 Hence, the de-

esterification also switches on the excitation wavelength-dependent emission 

(Figure 9B). This could be a consequence of density states broadening caused 

by the carboxylic groups or also by solvation. As a result, it is obvious  

that the excitation wavelength-dependent emission  cannot be solely related 

to the presence of CDs with different sizes within one sample. 

Figure 9. The excitation-emission photoluminescence map of CDs derived from lauryl 
gallate (A) and its de-esterificated version (B).
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Figure 10. Schematic representation of the different emission from the samples LG27 
and LG27O connected with 40 nm red-shift. 

 

 

In conclusion, we developed a simple synthetic strategy to tune the size of CDs 

upon the choice of precursor. Analysis of the samples showed the role of the CD 

size in their fluorescence emission maxima. Similarly, it was clearly shown that 

the most discussed feature of CDs (excitation-dependent emission)  

can be caused by surface carboxylic groups. 



33 

5
Carbon dots – Emerging Light Emitters  

for Bioimaging, Cancer Therapy and 
OptoelectronicsB 

Carbon dots are promising materials 

for numerous applications. Thanks to their 

high biocompatibility they have been 

widely used in the biomedical field 

including cell labelling, in vivo optical 

and photoacoustic imaging and also 

in photothermal and photodynamic 

therapy. Moreover, they have been tested in the technical field as components 

of light emitting diodes (material for electroluminescence or for optical down-

conversion). In this review, we summarized the main application potential 

of this unique material with focus to future utilization. 

CDs are witnessing impressive growth since their first preparation. The main 

focus until now has been devoted to improve their light-emitting properties.161 

At the same time, the application portfolio of these materials has grown also 

enormously fast. This fact is caused by their favorable properties, like high 

resistance to photobleaching,93 cheap and simple preparation, chemical inertness, 

and great water/solvent solubility.68,69 Furthermore, CDs are highly 

biocompatible, thus overcoming the main drawback of the traditional 

semiconductor quantum dots.162 Therefore, CDs have been tested in numerous 

applications in which they successfully replace their more toxic foregoers like 

CdSe or CdTe. The main drawback of CDs is low fluorescent efficiency,  

B Published as: Hola, K.; Zhang, Y.; Wang, Y.; Giannelis, E. P.; Zboril, R.; Rogach, A. 
L. Nano Today 2014, 9, 590–603. Appendix B.
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in particular in the red region of the spectrum. However, this was partly 

overcome by the appropriate synthetic strategies (see table 1 in appendix B). 

So far, the highest quantum yield (QY) for oil-soluble blue fluorescent CDs was 

53%, and 94% for water-soluble ones.108,163 CDs emitting in the red region  

of the spectrum were successfully prepared by Bhunia et al. (emission 

at 600 nm; QY 7%).92 Still, the red emitting CDs are of a great importance  

for in vivo optical imaging, the red light has the best tissue penetration,164  

and are the last missing part in the quest for white LED.165 

 

CDs have been many times used in cell labelling. In general, all of these in vitro 

studies show that CDs exhibit very low cytotoxicity (typically, the viability 

is over 50% even  at concentration as high as 1 mg.ml–1).158,166,167 CDs enter 

the cells via an endosome-mediated pathway.143,144 They can be also located 

in mitochondria or endoplasmic reticulum.143 However, CDs with strong positive 

surface charge can also enter the cell nucleus as demonstrated in our recent 

studies.80,145 Systematic safety evaluation of this material showed that CDs 

do not exhibit any acute or subacute toxicity and are safe for in vivo 

utilization.168 Pegylated CDs exhibit a very favorable biodistribution in mice  

(see Figure 11). The particles can be very fast excreted from the body by renal 

clearance with almost no accumulation in the liver and spleen.169 This property 

is very favorable in nanomedicine because the low accumulation 

of the nanoparticles in the body is connected with lower toxic risk.170 Moreover, 

CDs with good renal clearance can be successfully accumulated in the tumor 

regions by passive targeting as demonstrated in study by Huang et al.169 Both 

of these characteristics are typical for particles with size 4-8 nm and neutral 

surface charge.170 These particles  cannot be detected by plasma proteins  

and phagocytic cells and have therefore a convenient life-time in the blood for 

tumor accumulation. Still, they can be excreted from the body via glomerular 

filtration thanks to their size.113 All these characteristics make CDs excellent 

candidates for biomedical applications. 
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Figure 11. Renal excretion of pegylated CDs from mice injected in various ways (i.v. – 
intravenous; s.c. – subcutaneous; i.m. – intramuscular). Images of mice bladder 
at various times after CD injection obtained by optical imaging (A). Intensity  
of the signal from optical imaging as a function of time (B). The whole body 
biodistribution of CDs as function of time for i.v., s.c. and i.m. CD injection (C). 
Reprinted with permission from ref. 169. Copyright 2013 American Chemical Society. 

CDs can be also utilized in more advantageous biomedical applications. 

For example, they have been successfully tested in photoacoustic imaging, 

a very useful technique for the localization of lymph vessels and axillary lymph 

nodes (typically used for determination of cancer cells spreading).171 CDs have 

also been used for several types of therapeutic strategies e.g. as a nanocarrier 

for doxorubicin delivery,172 as an agent active in photothermal therapy173 and 

as an agent generating reactive oxygen species for cancer cells damage 

due to the oxidative stress (photodynamic therapy).174,175 As the result, CDs can 

act as a flexible multi-theranostic agent combining therapy with diagnostics. 

In the technical field, the most typical application of fluorescent materials 

is in the light emitting diodes (LED). The most relevant light emitting diodes 

(LED) including the inorganic quantum dots (QD) are typically based 

on cadmium or lead chalcogenides.176,177 The main drawback 

for the commercialization of these efficient QD-LED is the expected 



Chapter 5. Carbon dots: Emerging Light Emitters  

36 

environmental regulation of heavy metals. Therefore, there is an urgent search 

for metal-free LED and thanks to their non-toxicity, CDs have started to appear 

as a valuable alternative. The electroluminescence (EL) of CDs was tested 

for the first time in 2011 by Wang et al.178 However, the quantum efficiency 

reported in that early example was only of 0.083%. Two years later, Zhang et al. 

reported multi-color EL from one type of CDs in which the color (blue, cyan, 

magenta and white, Figure 12) could be tuned by an applied electric potential. 

However, the quantum efficiency was still low.165 Since that time, the proper 

ligands and conducting layers to CDs in LED are under intense investigation 

to harvest the physical potential of CDs. 

Figure 12. Multi-color LED based on CDs with color determined by applied the voltage. 
Reprinted with permission from ref. 165. Copyright 2013 of American Chemical 
Society. 

In conclusion, CDs represent an attractive fluorescent alternative to the heavy 

metal-based quantum dots. Their biocompatibility and good photostability 

provide them a unique position in the biomedical field. So far, they have been 

successfully applied in optical or photoacoustic imaging and also in several 

therapeutic protocols. Still, their low quantum yield and missing red emission 

need to be dramatically improved to fulfil their promising position as a bio-

alternative for the most common CdSe quantum dots. Improvement in these 

properties has to be based on better understanding of the physical mechanism 

of their fluorescence. It can dramatically increase their applicability in other 

fields and also to boost their light-harvesting efficiency in optoelectronic 

devices.



37 

6
Graphitic Nitrogen Triggers Red 

Fluorescence in Carbon DotsC 

C Currently submitted to ACS Nano as: Hola, K.; Sudolska, M.; Kalytchuk, S.; Rogach, 
A. L.; Otyepka, M.; Zboril, R.; Appendix C. The text to this manuscript is given only in
the printed version of the thesis.

The following pages (37 – 42) are available only in the printed version 
of the thesis. The discussed topic was under revision at the time 
of thesis submission. 

The original text can be sent on the email request: katkahola@gmail.com; 
or lately find under given title.
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7
Thiofluorographene-Hydrophilic Graphene 

Derivative with Semiconducting and 
Genosensing PropertiesD

Covalent modification of graphene 

and graphene derivatives represents 

one of the most significant trends in current 

materials science. This type of modification 

can heavily influence the intrinsic properties 

of this unique material and also the surface 

properties for example enhancing 

the communication with the surrounding 

environment. In this study, we presented 

the first example of covalent chemistry on fluorographene (GF). We used 

nucleophilic substitution in a polar solvent to attach –SH groups to GF sheets. 

The prepared material can exhibit semiconducting properties with a bandgap 

in the range of 1–2 eV depending on the degree of substitution. Hence, 

the surface –SH groups increased the hydrophilicity of the system and were 

utilized in DNA sensing by electrochemical impedance spectroscopy.  

The discovery of graphene in 2004 started a revolution in the world 

of nanomaterials. Its exceptional physical properties such as extremely large 

surface area, mechanical stability and exceptional electronic properties make 

graphene the most significant material in electrochemical sensing.182  

On the other hand, pristine graphene suffers from zero band-gap and bad water 

D Published as: Urbanová, V.; Holá, K.; Bourlinos, A. B.; Čépe, K.; Ambrosi, A.; Loo, 
A. H.; Pumera, M.; Karlický, F.; Otyepka, M.; Zbořil, R. Adv. Mater. 2015, 27, 2305–
2310. Appendix D.
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dispersability. However, covalent functionalization can dramatically influence 

both of these properties. So far, the most common graphene derivatives 

are graphene oxide,183 graphane184 and fluorographene.146,150 Fluorographene 

represents the thinnest insulator and is very well chemically defined 

in comparison to graphene oxide. The degree of fluorination of GF dramatically 

determines its electronic properties.150 The C-F bond can be also utilized 

for covalent modification towards advantageous applications. 

In this study, we prepared a new derivative of fluorographene by covalent 

functionalization. Thiofluorographene, G(SH)F, was obtained by exfoliation 

of fluorinated graphite in dimethylformamide followed by reaction with sodium 

hydrosulfide (see Figure 15). After purification, the prepared material  

was redispersed in water and further characterized. The composition of the 

sample was studied by XPS and revealed presence of carbon, fluorine, sulfur  

and oxygen. The atomic ratios were 11.8 for C/F, 16.4 for C/S and 11.8 for C/O. 

The surface sulfhydryl groups were also partly oxidized according 

high resolution S 2p XPS spectrum. The distribution of sulfur and fluorine 

on the sheets was very homogenous, as confirmed by HR-TEM in the mode 

of STEM-EDS mapping (see appendix D). The Raman spectrum showed 

the presence of typical D-band and G-band, indicating the partial defluorination 

of the fluorographene sheets during substitution and formation of aromatic rings. 

The typical band for C-S-H bonding in plane at 830 cm–1 was also detected, thus 

confirming successful covalent functionalization.185 

Figure 15. The reaction scheme for the preparation of thiofluorographene by exfoliation 
and nucleophilic substitution.  
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Density functional theory (DFT) calculations were performed to explain 

the partial defluorination of the prepared material during reaction 

and the presence of the fluorine atoms residues. The structural optimization 

showed that the sulfhydryl groups are spontaneously desorbed from pristine 

graphene and the presence of fluorine can stabilize them. The electronic 

properties of the newly prepared G(SH)F were also calculated taking in 

consideration the determined structural motive and experimental composition. 

The bandgaps spanned 1 to 2 eV (the typical range for semiconductors) 

depending on the arrangement of sulfhydryl and fluorine groups. The bandgap 

affects the absorption properties of this new material but it can also be an 

advantageous feature for potential electronic applications. 

The G(SH)F was tested as a biosensor for impedimetric detection of DNA  

(as a genosensor). This technique is based on the measurement of the changes 

in charge transfer resistance. It reflects the conformation changes of the DNA 

on the surface of a chip. A DEP (disposable electrochemical printed) chip was 

modified by G(SH)F and single-stranded DNA (ssDNA) was immobilized 

on the surface. The charge resistance transfer was afterwards measured 

in presence of fully complementary ssDNA (wild-type), single-base mismatch 

ssDNA (mutant) and non-complementary ssDNA (see Figure 16). The same 

experiment was also performed on non-modified DEP chip and on a chip 

modified by fluorographene. From the comparison of the data obtained, it was 

apparent that the sulfhydryl groups were crucial in order to get reliable results. 

The sulfhydryl groups enhanced the impedimentric DNA sensing probably 

thanks to the better orientation of ssDNA and better accessibility 

to the complementary base. 
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Figure 16. Schematic representation of the testing of G(SH)F as genosenosor 
in electrochemical impedance spectroscopy with principle of DNA sensing. 

In summary, we prepared a new material by covalent functionalization 

of fluorographene. The C-F bonds of fluorographene were used for substitution 

reaction for the first time. The newly attached sulfhydryl groups were 

homogenously distributed all over the fluorographene sheet. This new derivative 

can be potentially used as a semiconductor but also as suitable material 

for genosensing applications. Moreover, the nucleophilic substitution protocol 

on fluorographene opens the doors for many other derivatives with advantageous 

properties as shown in the following section. 
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Room Temperature Organic Magnets  

Derived from sp3 Functionalized 
GrapheneE

The preparation of organic magnets  

is an important challenge across various 

technological fields. The exclusive 

s and p orbitals in the graphene 

framework and its magnetic behavior 

represent a curious physical phenomenon that is not properly understood. 

This study reported the preparation of hydroxofluorographene showing room 

temperature antiferromagnetic ordering with transition to ferromagnetic regime 

at low temperatures. This behavior was never observed in 2D organic material. 

The consequent theoretical investigation shed a light on the origin of the room 

temperature magnetism: sp2-conjugated diradical motif embedded in a sp3 

framework. Moreover, the material characterization (EPR and ICP-MS) 

confirmed that the magnetic behavior is not caused by metallic impurities. 

Graphene and its honeycomb lattice have attracted enormous research interest 

thanks to its exceptional optical, electronic and transport properties.39,186 

This material offers the possibility to study a number of exceptional physical 

phenomena (e.g. nonlinear Kerr effect or Casimir effect).40,187 Still, 

the preparation of graphene derivatives with room temperature magnetism 

represents an unaddressed challenge. There are several suggested strategies 

in order to imprint magnetic centers into graphitic structures: formation of defect

E Published as: Tuček, J.; Holá, K.; Bourlinos, A. B.; Błoński, P.; Bakandritsos, A.; 
Ugolotti, J.; Dubecký, M.; Karlický, F.; Ranc, V.; Čépe, K.; Otyepka, M.; Zbořil, R. Nat. 
Commun. 2017, 8, 14525. Appendix E. 
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and vacancies,188 formation of edge with specific geometry,189 incorporation 

of different atoms as nitrogen, sulfur or others.52,53 It must be noted that  

Nair et al. reported that imprinting of paramagnetic centers into graphene  

can be achieved by partial fluorination (incorporation of sp3 centers).156 In this 

study, we used our previous strategy for nucleophilic substitution of fluorine 

atoms by hydroxyl groups in fluorographene (see section 7). The resulting 

hydroxofluorographene (G(OH)F) with newly formed sp2 domains  

and hydroxofluoro sp3 regions exhibited room temperature antiferromagnetism. 

The presented findings were supported by a theoretical model. 

The G(OH)F was prepared by exfoliation of fully fluorinated graphite 

in dimethylformamide followed by reaction with tetramethylammonium 

hydroxide. After purification, the material obtained was redispersed in water 

and characterized. The analysis revealed the presence of sp2 domains (IG/ID = 1.1 

according to Raman spectroscopy) with total composition of C18(OH)1.8F7.2 

according to XPS analysis. The high resolution C 1s spectrum also revealed that 

the oxygen is present only in the form of hydroxyl groups. This was confirmed 

by thermogravimetric analysis combined with mass detection of released gasses 

(no carbon monoxide or dioxide was released during the analysis). Moreover, 

the HR-TEM images combined with STEM-EDS mapping showed 

a homogenous distribution of oxygen and fluorine atoms across the whole 

hydroxofluorographene sheets (Figure 17). 

Magnetic properties of G(OH)F were characterized by measuring 

the temperature evolution of the mass magnetic susceptibility (χmass) under 

external magnetic field (10 kOe). The temperature dependence  

was not described by Curie-Weiss law from 5 to 300 K (see Appendix E). There 

was a significant decrease in magnetic susceptibility with lowering 

of the temperature. At room temperature the sample exhibited antiferromagnetic 

ordering, a property never observed in any 2D “organic” material so far. 
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Upon the decrease in temperature a transition to a ferromagnetic state 

at 62 K was observed. This can be explained as the ground state of G(OH)F 

while the antiferromagnetic state is the thermally excited state. These 

antiferromagnetic/ferromagnetic transitions are typical for molecular radical-

based systems.190 The magnetization at 5 K saturated above a value of 1 emu.g–1 

making G(OH)F one of the strongest magnetic graphene-based systems. It must 

be stressed that, this magnetization was not induced by any metallic impurities, 

as verified by ICP-MS. EPR had the g factor of around 2, a value typical 

for organic magnets. 

A DFT theoretical screening of models of general composition of C18(OH)yFx  

(x, y = 0-8) was conducted to assess the role of fluorine and hydroxyl groups 

on the magnetic behavior of the system and the nature of the imprinted magnetic 

motif. The magnetic properties as a function of the stoichiometry  determined  

by DFT are given in Figure 18. The theoretical model suggested 

that the magnetism originated from stable biradical motifs on sp2-conjugated 

islands (typically m-xylene motif) stabilized by a surrounding sp3-matrix.  

Figure 17. HR-TEM images in the mode of STEM-EDS mapping 
of hydroxofluorographene (green – fluorine, blue – oxygen, red – carbon). 
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The diradical motif was also confirmed by EPR characterization. Also, the role 

of hydroxyl group was revealed by DFT. The hydroxyl group located between 

the biradical motifs stabilized the ferromagnetic regime through coupling.  

This was confirmed by calculations performed on other configurations. 

 If the magnetic motif was embed by a fully fluorinated sp3-network the system 

was paramagnetic. An increasing amount of hydroxyl groups around 

this magnetic motif caused stabilization of magnetism and also restriction 

of “travelling” of fluorine to non-magnetic ordering by orbitals overlap. 

Figure 18. The magnetic properties of hydroxofluorographene across the stoichiometry 
C18(OH)yFx (x, y = 0-8) determined by DFT. The sample described in details in the main 
text is denoted as 1. Still, the other prepared samples 2-8 experimentally agreed with the 
given mean magnetization map. 

In conclusion, we prepared the first graphene-based room temperature 

antiferromagnet, hydroxofluorographene. The hydroxyl groups were 

incorporated into the sp3-matrix of fluorographene by nucleophilic substitution. 

The magnetic motif and the impact of hydroxyl and fluorine on the magnetic 

behavior of material were explained by DFT calculations in detail. We believe 

that this discovery can open the door for a wider family of 2D-magnets. 
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Summary 

 

The previous pages and chapters are bringing a very short “microview”  

on the carbon nanoworld. This thesis is focused mainly on carbon dots  

and their photoluminiscence and on new derivatives of fluorographene 

with extraordinary properties. In particular, the given results are interpreted  

from the perspective of the functional groups embedded in the graphene lattice 

of the prepared materials. It is also given in the relevance with the other 

members of carbon nanofamily as fullerenes, carbon nanotubes, graphene and 

nanodiamonds. Their functional groups also determine their physicochemical 

properties and applications. 

 

In the field of carbon dots, there was described how their surface carboxyl 

groups can red-shift their fluorescence emission (from blue to green). 

Consequently, these groups also induced excitation-dependent emission  

in the material. The graphitic nitrogen in carbon dots was also shown 

to be relevant to red-shift in carbon dots. In particular, this functionality was able 

to shift the CD emission above 600 nm. In the field of fluorographene, there 

were discussed mainly the hydroxyl and sulfhydryl groups newly introduced 

into the fluorographene lattice. It was shown that sulfhydryl groups can be very 

useful for interaction with DNA and genosening by impedance spectroscopy. 

More importantly, the hydroxyl and fluorine groups in graphene showed ability 

to sustain the radical motive in the newly prepared hydroxofluorographene. 

In general, the insight into the behavior of carbon nanomaterials provided here 

showed the importance of their functional groups. 
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Shrnutí 

 

Předešlé stránky odhalují malý kousek uhlíkového nanosvěta. Tato práce 

se zabývá především uhlíkovými tečkami a jejich fotoluminiscencí, zároveň také 

fluorografenem a jeho nově odhalenými vlastnostmi. Dosažené výsledky  

jsou podávány z hlediska funkčních skupin kovalentně vázaných ke grafenové 

matrici. Ostatní uhlíkové materiály jako fullereny, uhlíkové nanotrubičky, grafen 

či nanodiamanty jsou také krátce zmíněny z hlediska významu jejich funkčních 

skupin. 

 

U uhlíkových teček byla vysvětlena spojitost mezi povrchovými karboxylovými 

skupinami a posunutím jejich fluorescence z modré do zelené oblasti. Bylo také 

prokázáno, že tyto skupiny zapříčiňují i typickou vlastnost uhlíkových teček 

a to barvu emise závislou na excitační vlnové délce. Další studie uhlíkových 

teček ukázala, že posun emise může být způsoben i grafitickým dusíkem, ten 

je však schopen emisi posunout až do červené oblasti. Jako další byly 

diskutovány hydroxylové a sulfhydrylové funkční skupiny. V tomto případě 

se však jednalo o skupiny přichycené ke fluorografenu. Sulfhydrylové skupiny 

na fluorografenu byly využity pro detekci DNA pomocí impedanční 

spektroskopie. Hydroxylové skupiny byly pak důvodem vzniku pokojového 

magnetismu v nově připraveném hydroxofluorografenu. Ve stručnosti, funkční 

skupiny ve velké míře ovlivňují fyzikálně-chemické vlastnosti uhlíkových 

materiálů, a tím i zvyšují šance na jejich uplatnění. 

 

  



 

      53 
 

 
 
 

List of Publications 

 

(1)  Bourlinos, A. B.; Bakandritsos, A.; Kouloumpis, A.; Gournis, D.; 
Krysmann, M.; Giannelis, E. P.; Polakova, K.; Safarova, K.; Hola, K.; 
Zboril, R. Gd(iii)-Doped Carbon Dots as a Dual Fluorescent-MRI Probe. 
J. Mater. Chem. 2012, 22, 23327–23330. 

(2)  Bourlinos, A. B.; Karakassides, M. a.; Kouloumpis, A.; Gournis, D.; 
Bakandritsos, A.; Papagiannouli, I.; Aloukos, P.; Couris, S.; Hola, K.; 
Zboril, R.; et al. Synthesis, Characterization and Non-Linear Optical 
Response of Organophilic Carbon Dots. Carbon 2013, 61, 640–649. 

(3)  Hola, K.; Bourlinos, A. B.; Kozak, O.; Berka, K.; Siskova, K. M.; 
Havrdova, M.; Tucek, J.; Safarova, K.; Otyepka, M.; Giannelis, E. P.; et 
al. Photoluminescence Effects of Graphitic Core Size and Surface 
Functional Groups in Carbon Dots: COO− Induced Red-Shift Emission. 
Carbon 2014, 70, 279–286. Appendix A. 

(4)  Hola, K.; Zhang, Y.; Wang, Y.; Giannelis, E. P.; Zboril, R.; Rogach, A. 
L. Carbon dots—Emerging Light Emitters for Bioimaging, Cancer 
Therapy and Optoelectronics. Nano Today 2014, 9, 590–603.  
Appendix B. 

(5)  Datta, K. K. R.; Kozak, O.; Ranc, V.; Havrdova, M.; Bourlinos, A. B.; 
Safarova, K.; Hola, K.; Tomankova, K.; Zoppellaro, G.; Otyepka, M.; et 
al. Quaternized Carbon Dots Modified Graphene Oxide for Selective Cell 
Labelling – Controlled Nucleus and Cytoplasm Imaging. Chem. 
Commun. 2014, 50, 10782–10785. 

(6)  Magro, M.; Campos, R.; Baratella, D.; Lima, G.; Holà, K.; Divoky, C.; 
Stollberger, R.; Malina, O.; Aparicio, C.; Zoppellaro, G.; et al. A 
Magnetically Drivable Nanovehicle for Curcumin with Antioxidant 
Capacity and MRI Relaxation Properties. Chem. A Eur. J. 2014, 20, 
11913–11920. 

(7)  Bourlinos, A. B.; Trivizas, G.; Karakassides, M. A.; Baikousi, M.; 
Kouloumpis, A.; Gournis, D.; Bakandritsos, A.; Hola, K.; Kozak, O.; 
Zboril, R.; et al. Green and Simple Route toward Boron Doped Carbon 
Dots with Significantly Enhanced Non-Linear Optical Properties. Carbon 
2015, 83, 173–179. 



 
 

54 
 

(8)  Hola, K.; Markova, Z.; Zoppellaro, G.; Tucek, J.; Zboril, R. Tailored 
Functionalization of Iron Oxide Nanoparticles for MRI, Drug Delivery, 
Magnetic Separation and Immobilization of Biosubstances. Biotechnol. 
Adv. 2015, 33, 1162–1176. 

(9)  Lim, C. S.; Hola, K.; Ambrosi, A.; Zboril, R.; Pumera, M. Graphene and 
Carbon Quantum Dots Electrochemistry. Electrochem. Commun. 2015, 
52, 75–70. 

(10)  Urbanová, V.; Holá, K.; Bourlinos, A. B.; Čépe, K.; Ambrosi, A.; Loo, 
A. H.; Pumera, M.; Karlický, F.; Otyepka, M.; Zbořil, R. 
Thiofluorographene-Hydrophilic Graphene Derivative with 
Semiconducting and Genosensing Properties. Adv. Mater. 2015, 27, 
2305–2310. Appendix D 

(11)  Lazar, P.; Chua, C. K.; Holá, K.; Zbořil, R.; Otyepka, M.; Pumera, M. 
Dichlorocarbene-Functionalized Fluorographene: Synthesis and Reaction 
Mechanism. Small 2015, 11, 3790–3796. 

(12)  Havrdova, M.; Hola, K.; Skopalik, J.; Tomankova, K.; Petr, M.; Cepe, 
K.; Polakova, K.; Tucek, J.; Bourlinos, A. B.; Zboril, R. Toxicity of 
Carbon Dots – Effect of Surface Functionalization on the Cell Viability, 
Reactive Oxygen Species Generation and Cell Cycle. Carbon 2016, 99, 
238–248. 

(13)  Ulbrich, K.; Holá, K.; Šubr, V.; Bakandritsos, A.; Tuček, J.; Zbořil, R. 
Targeted Drug Delivery with Polymers and Magnetic Nanoparticles: 
Covalent and Noncovalent Approaches, Release Control, and Clinical 
Studies. Chem. Rev. 2016, 116, 5338–5431. 

(14)  Tuček, J.; Sofer, Z.; Bouša, D.; Pumera, M.; Holá, K.; Malá, A.; 
Poláková, K.; Havrdová, M.; Čépe, K.; Tomanec, O.; et al. Air-Stable 
Superparamagnetic Metal Nanoparticles Entrapped in Graphene Oxide 
Matrix. Nat. Commun. 2016, 7, 12879. 

(15)  Tuček, J.; Holá, K.; Bourlinos, A. B.; Błoński, P.; Bakandritsos, A.; 
Ugolotti, J.; Dubecký, M.; Karlický, F.; Ranc, V.; Čépe, K.; et al. Room 
Temperature Organic Magnets Derived from sp3 Functionalized 
Graphene. Nat. Commun. 2017, 8, 14525. Appendix E. 

(16) Hola, K.; Sudolska, M.; Kalytchuk, S.; Rogach, A. L.; Otyepka, M.; 
Zboril, R.; Graphitic Nitrogen Triggers Red Fluorescence in Carbon 
Dots. Currently submitted. Nonpublic Appendix C. 

(17) Bourlinos, A. B.; Rathi, A.K.; Gawande, M.B.; Hola, K.; Kalytchuk, S.; 
Karakassides, M. A.; Kouloupis, A.; Gournis, D.; Deligiannakis, Y.; 
Gianellis, E.P.; Zboril, R. Fe(III)-Functionalized Carbon Dots – Bottom-
up Synthesis and Advanced Catalytic Applications. Appl. Matter. Today 
2017, 7, 179-184. 



 

      55 
 

 
 
 

List of Abbreviations 

 

0D Zero-dimensional 

1D One-dimensional 

2D Two-dimensional 

AFM Atomic force microscopy 

Asp Aspartic acid 

bCDs Carbon dots with blue luminescence 

CA Citric acid 

CDs Carbon dots 

DEP Disposable electrochemical printed chip 

DFT Density functional theory 

DMF Dimethylformamide 

DMSO Dimethylsulfoxide 

EL Electroluminescence 

EPR Electron paramagnetic resonance 

G(OH)F Hyroxofluorographene 

G(SH)F Thiofluorographene 

gCDs Carbon dots with green luminescence 

GF Fluorographene 

GO Graphene oxide 

HOMO Highest occupied molecular orbital 

HOPG Highly oriented pyrolytic graphite 

HR-TEM High resolution transmission microscopy 

i.m. Intramuscular application 

i.v. Intravenous application 
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ICP-MS Inductively coupled plasma mass spectrometry 

LED Light emitting diodes 

LG27 Carbon dots prepared from lauryl gallate 

LF27O Carbon dots prepared from lauryl gallate after de-esterification 

LUMO Lowest unoccupied molecular orbital 

MG27 Carbon dots prepared from methyl gallate 

MG27O Carbon dots prepared from methyl gallate after de-esterification 

MRI Magnetic resonance imaging 

NMP N-methylpyrrolidone 

n.r. Not reported 

PEG Polyethylene glycol 

PEG-NH2 Polyethylene glycol with terminal amino group 

PEI PEG Polyethyleneimine 

PG27 Carbon dots prepared from propyl gallate 

PG27O Carbon dots prepared from propyl gallate after de-esterification 

Ppm Part(s) per million 

QY Quantum yield 

QY-LED Light emitting diodes base on quantum dots 

rCDs Carbon dots with red luminescence 

s.c. Subcutaneous application 

ssDNA Single stranded DNA 

STEM-EDS Scanning transmission electron microscopy combined with energy-dispersive 

X-ray spectroscopy  

TEM Transmission electron microscopy 

XPS X-Ray photoelectron spectroscopy 

yCDs Carbon dots with yellow luminescence 
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A B S T R A C T

We present a simple molecular approach to control the lipophilic/hydrophilic nature of

photoluminescent carbon dots (CDs) based on pyrolysis of alkyl gallate precursors. Depend-

ing on the gallic acid derivative used, CDs with different alkyl groups (methyl, propyl, lau-

ryl) on the surface can be obtained by isothermal heating at 270 �C. This precursor-derived

approach allows not only the control of lipophilicity but also the length of the particular

alkyl chain enables the control over both the size and photoluminescence (PL) of the pre-

pared CDs. Moreover, the alkyl chains on the CDs surface can be readily converted to car-

boxylate groups via a mild base hydrolysis to obtain water dispersible CDs with a record

biocompatibility. The observed differences in PL properties of CDs and time-resolved PL

data, including contributions from carbogenic cores and surface functional group, are

rationalized and discussed in detail using time-dependent density functional theory (TD-

DFT) calculations.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Fluorescent carbon dots (CDs) have received considerable

attention since their first serendipitous discovery mainly

due to their easy and inexpensive preparation, fluorescent

emission and low toxicity [1–4]. Many studies have been re-

cently devoted to understanding the fluorescence mecha-

nism of CDs [2,5–10]. It is well-accepted that the

fluorescence of CDs is excitation dependent. In some cases,

size seems also to have an effect on fluorescence similar to

quantum dots. Recently, Vinci et al. [11] have separated

CDs by HPLC. They confirmed the complexity of CDs as

an ensemble of particles with different sizes and photolu-

minescence (PL) properties resulting in the wavelength-

dependent/multicolour emission [11]. In another study,

Zhu et al. reported a blue-shifted emission from graphene

dots (GDs, consisting of 5 layers of graphene in maximum

[12–16]) after surface modification by alkyl chains [17]. This

0008-6223/$ - see front matter � 2014 Elsevier Ltd. All rights reserved.
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effect was explained by a competition between the defect-

state green-related emission from the surface and the

intrinsic blue emission [17]. The functionalization by alkyl

chains decreases the emission from defect states and

makes the intrinsic emission dominant [17]. Similarly, Jin

et al. [6] reported an almost 30 nm red shift after the func-

tionalization of GDs by amine groups. This shift was ex-

plained by the contribution of unpaired electrons from

nitrogen to the conjugated graphene layers [6]. In another

study, Hu et al. [18] reported the effect of nitrogen and

chlorine surface groups on photoluminescence and photo-

catalytic activity. The differently charged surface groups

led to separation of electron–hole pairs causing better pho-

tocatalytic activity of CDs with chlorine and better photolu-

minescence of CDs with nitrogen on the surface [18]. From

the above mentioned it can be seen that understanding of

the mechanism of CDs photoluminescence is critical for

tuning their fluorescence properties and plays a crucial role

for their various applications.

Many different approaches for the synthesis of CDs/GDs

have been reported including laser ablation [19], hydrother-

mal oxidation of graphite [20,21], pyrolysis of molecular

precursors [22–26] or extreme dehydration of a carbon

source [27,28]. However, controlling their size and surface

chemistry still remains a challenge. Up to now, three ap-

proaches for size control have been developed. In the first

method, based on electrochemical synthesis, the size is

controlled by the applied potential [29]. The second utilizes

polymeric nanoparticles as a precursors usually prepared

under demanding syntheses [9]. The third method is based

on preparation of CDs in mesoporous silica [30]. The sur-

face chemistry of CDs can be generally controlled during

their formation mainly by the choice of the precursor

[22–24]. This so-called ‘‘molecular synthesis’’ proceeds in a

single step providing surface-functionalized nanoparticles

dispersible in aqueous or organic solvents depending on

their surface chemistry.

Gallic acid derivatives provide a general platform for

molecular synthesis of CDs. They contain both a carbon

source (benzene ring) for thermal oxidation and a surface

modifier in the form of an alkyl group. Furthermore, gallate

derivatives are natural non-toxic compounds and powerful

antioxidants [31]. Additionally, they offer the possibility of

obtaining biocompatible CDs. Moreover, the broad range

of gallic acid esters can provide CDs with various lipophilic

properties.

Herein, we report the synthesis of CDs with controlled

size and surface chemistry from simple gallate molecular

precursors. Organo-dispersible derivatives are obtained by

mild thermal treatment (270 �C) of three gallate esters (lau-

ryl, propyl, and methyl). The length of alkyl chain of the

ester strongly determines the lipophilicity as well as the

size of CDs (see Fig. 1). Converting the ester groups on

the surface to carboxylate groups by hydrolysis allows the

formation of water-dispersible particles with different pho-

toluminescent properties and record biocompatibility. The

effect of the surface functional groups and the carbogenic

cores on the properties are discussed in detail and rational-

ized for the first time using time-resolved fluorescence

measurements and density functional theory (DFT)

calculations.

2. Experimental

2.1. Materials

Lauryl gallate, propyl gallate, methyl gallate and Dowex�

50WX4 hydrogen form (20–50 mesh) were purchased from

Sigma Aldrich. The organic solvents and sodium hydroxide

were obtained from Penta, Czech Republic.

2.2. Synthesis of CDs with alkyl chains on the surface

The preparation of organophilic dots was performed by ther-

mal treatment of the esters of gallic acid similarly as we had

previously reported [32]. The precursors were homogenized

using a mortar and pestle prior to use. Afterwards, 1 g of par-

ticular alkyl gallate was put into a porcelain crucible and

heated in the oven at 270 �C for 2 h in air. After cooling the

porcelain crucible down, the obtained solid was extracted by

ethanol and the insoluble carbon residues were filtered off.

The ethanol was evaporated and the dried material was

washed several times with hexane to remove possible organo-

philic impurities. The obtained CDs were denoted according

to the used gallate ester and according to the used tempera-

ture during preparation as LG27 (lauryl gallate), PG27 (propyl

gallate), and MG27 (methyl gallate), respectively. Finally, the

prepared CDs were resuspended in ethanol to obtain brown

colloids.

2.3. De-esterification of CDs

10 mg of LG27, PG27, and MG27, respectively, were dissolved

in 5 mL of acetone. Subsequently, 5 mL of 0.5 M NaOH was

added to these colloids. Resulting dispersions were stirred

at laboratory temperature for 12 h. After this mild de-esterifi-

cation process, the mixtures were placed into a beaker and

50 mL of acetone were added. The excess of acetone led to

the formation of unmixable water phase at the bottom of

the beaker. This phase (1–2 mL) contained the majority of

CDs, approximately 85% (w/w). The aqueous solution of CDs

was removed and placed in the oven at 40 �C for 5 h to evap-

orate the residual acetone from the solution. The residual

NaOH was removed by mixing the solution of CDs with cat-

ion-exchange dowex (H+). The obtained CDs were denoted

respectively as LG27O, PG27O and MG27O and used in water

suspensions for further characterization.

2.4. Characterization techniques

TEM images were obtained using a JEM2010 microscope oper-

ated at 160 kV with a point-to-point resolution of 1.9 Å. Size

distribution of the prepared CDs was manually determined

by collecting 1000 diameter counts in the ImageJ software.

FT-IR spectra of the dried samples were recorded on an iS5

FTIR spectrometer (Thermo Nicolet) using a Smart Orbit ZnSe

ATR technique (650–4000 cm�1). Raman spectra were recorded

on a DXR Raman microscope using the 780 nm excitation line
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of a diode laser. The spectra were accumulated for 600 s (with

2 s exposition time) employing 50 lm slit, grating of 830 lines/

mm and thermoelectrically cooled detector. Steady-state and

time-resolved photoluminescence studies were performed

using QuantaMaster 40 and LaserStrobe Spectrofluorometers

(PTI, USA), respectively. A superconducting quantum interfer-

ence device (SQUID, MPMS XL-7 type, Quantum Design, USA)

was employed for magnetization measurements. The temper-

ature dependence of mass susceptibility was measured in the

settle mode in the temperature range from 5 to 300 K under

an external magnetic field of 1 kOe. Elemental analyses were

performed using an Elemental Analyzer Flash 2000. Thermal

analysis was recorded on an STA449 C Jupiter-Netzsch with

a heating rate of 2 �C per minute. Colorimetric MTT assays

have been used for biocompatibility testing of CDs. Human

lung fibroblasts (MRC-5) were incubated with the CDs disper-

sions varying in concentrations in 96 well plates for 24 h. Sub-

sequently, the cells were washed with phosphate buffer

solution, incubated with tetrazolium salt and solubilized with

dimethyl sulfoxide. Absorbance was measured at 570 nm.

2.5. DFT calculations

The structures of coronene, hexabenzocoronene, and trica-

rboxycoronene were optimized using B3LYP/6–31 + G(d,p)

method with Gaussian09 program package [33]. Emission

spectra were calculated with TD-DFTB3LYP/6–31 + G(d,p)

method, which was shown to provide good absorption and

emission spectra [34,35], with optimization of the first out of

6 excited states in vacuum. Calculated ESP charge distribution

was plotted on the total density.

3. Results and discussion

3.1. Physicochemical characterization of QDs

The prepared CDs from the gallate precursors with various

length of the alkyl chain exhibited different size (Figs. 1 and

2, and Fig. S1, Supporting Information). Lauryl gallate with

the longest ester chain produced CDs (coded as LG27) with a

size of around 2 nm, as shown in the transmission electron

microscopy (TEM) image in Fig. 2A. CDs derived from propyl

gallate (coded as PG27) and methyl gallate (coded as MG27)

had an average size around 3.0 and 3.5 nm, respectively

(see Fig. 2B and C). The sizes can be explained by the steric

hindrance caused by the alkyl chains. This steric blocking is

responsible for different interactions between the carbon

source (unreacted benzene rings) during the formation of

CDs as depicted in Fig. 1. The longest chain (lauryl) has the

largest steric effect, thus, the formed particles were the small-

est ones and with narrow size distribution. On the other

hand, methyl chains have minimal steric effect and the

formed particles were bigger with a broader size distribution.

The mean sizes and standard deviations of CDs with different

alkyl chains are shown in Fig. 2D.

The difference in lipophilicity of CDs prepared from differ-

ent gallate precursors were demonstrated by their distribu-

tion in the octanol:water (1:1) mixture (Fig. 2E and F). The

distribution is strongly determined by the alkyl chains on

their surface. MG27 was partly distributed in octanol but re-

sided largely in water, where it formed an unstable and

non-transparent white suspension. A similar effect was ob-

served for PG27 but the particles were dispersed mostly in

octanol. Finally, LG27 was dispersed only in octanol. This

behavior can be attributed to the functionalization of the

CDs surface by the corresponding alkyl chains. A set of

water-soluble CDs was prepared by mild hydrolysis in 0.5 M

NaOH. This de-esterification resulted in water dispersible

CDs (coded as LG27O, PG27O, and MG27O) shown in Fig. 2E

and F. These particles were no longer dispersible in octanol

or any other lipophilic organic solvent. The size and the shape

of the particles did not change after de-esterification as

shown in Fig. S1, Supporting Information.

Fourier transform infrared (FT-IR) spectroscopy was used

to further characterize the new CDs (Fig. S2, S3, and S4, Sup-

porting Information). LG27, PG27, and MG27 all (RG27 – all CDs

with alkyl chains) exhibit typical C–H asymmetric and sym-

metric stretching vibrations around 2930 and 2840 cm�1,

respectively. Furthermore, there is a peak around 1685–

1710 cm�1 in all RG27 samples typical of carbonyl groups in

esters. Both sets give clear evidence for the presence of alkyl

chains attached on the surface of the dots via ester bonds.

After de-esterification, two major peaks characteristic for car-

boxylates [36], at around 1560 and 1385 cm�1, were found in

the spectra of LG27O, PG27O, and MG27O. These peaks appear

in the spectra probably due to the presence of carboxylate

groups in Na+ form (Na+ stemming from sodium hydroxide

used during hydrolysis). Furthermore, the collective rocking

vibrations typical for long alkyl chains in the region of

720 cm�1 are absent in the LG27O sample [37]. Both

Fig. 1 – Schematic representation of the CDs size control by the length of alkyl chains of the precursors synthesized from

lauryl (dodecyl) gallate (LG27), propyl gallate (PG27), and methyl gallate (MG27). (A color version of this figure can be viewed

online.)
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observations confirm the de-esterification and subsequent re-

moval of the surface groups from the dots. The negligible

residual peaks in the spectra of LG27O and PG27O, observed

in the region typical for C–H stretching vibrations (2930 and

2840 cm�1), can be attributed to remaining sp3 defects which

are typical for CDs [38].

Raman spectra in the characteristic region of D and G

bands are shown in Fig. S5, Supporting Information, for the

RG27 series and LG27O samples. The ratio of spectral intensi-

ties of D and G bands (ID/IG) decreased: LG27 > PG27 > MG27.

This trend is most likely induced by the presence of alkyl

chains of a decreasing length (going from LG to MG) influenc-

ing graphitization of the carbogenic core. The differences in D

band intensities and ID/IG ratios of the LG27 and LG27O sam-

ples confirm the successful de-esterification process. The

residual D band in the LG27O sample can be attributed to

sp3 defects which are typical for CDs [38].

The temperature dependence of the mass susceptibility (v)

measured for the LG27 and MG27 sample is depicted in Fig. S6,

Supporting Information. For both samples, a similar trend in v

is observed, i.e., a gradual increase in v on cooling and appear-

ance of a local maximum at a certain temperature implying a

magnetic transition of CDs. While CDs in the LG27 sample

show a magnetic transition at �55 K, CDs in the MG27 sample

magnetically order at �9 K. It is well know that in quantum

dots, physical behavior and properties are governed by both

finite-size and surface effects [39–41]. Moreover, it has been

reported that magnetic ordering in CDs is induced by either

an intrinsic disorder or by surface effects [42,43]. As the size

of CDs decreases, more atoms are lying in the surface layers

significantly enhancing the surface contribution that may

dominate over the contribution from the finite-size effects.

Hence, with the rise of the surface effects, the magnetic

ordering of CDs is expected to occur at higher temperatures.

This is consistent with the v results; for the LG27 samples

comprising of CDs with an average size smaller than that of

CDs in the MG27 sample, lower magnetic transition tempera-

ture is observed (see Fig. S6, Supporting Information).

Additional measurements including thermal and elemen-

tal analysis of the materials studied can be found in the Sup-

porting Information (see Fig. S7 and Table S1).

Cytotoxicity measurements were performed to evaluate

the biocompatibility of the water-dispersible CDs (MG27O,

PG27O, and LG27O). The measurements confirmed the high

biocompatibility of the dots. Remarkably the samples denoted

as PG27O and LG27O did not show any changes in viability.

Even at 1 mg mL�1 concentration, the viability was around

100% (see Fig. S8, Supporting Information). This concentra-

tion is more than ten times higher than the concentration

needed for cell labeling (see Fig. S9, Supporting Information)

[2,38]. MG27O almost reached LD50 (the median lethal dose)

at a concentration of 1 mg mL�1. This different toxicity can

be caused by the methanol produced during the de-esterifica-

tion step. Nevertheless, the CDs LG27O and PG27O samples

are highly biocompatible compared to other CDs systems

(e.g., almost 60% viability loss for MCF-7 cells was observed

for PEG-functionalized CDs at 200 lg mL�1 or 90% viability

(NIH-3T3 cells) for CDs derived from nanodiamonds at

320 lg mL�1) [44–47]. The record biocompatibility might be

due to the antioxidant properties of the precursors used

[48,49].

3.2. Photoluminescent properties

Steady-state photoluminescence (PL) spectra were measured

at fixed excitation wavelength (kex = 330 nm) and are shown

in Fig. 3. The emission maxima are at 402.0, 427.5, and

428.0 nm for LG27, PG27, and MG27, respectively (Fig. 3A),

Fig. 2 – TEM images of (A) LG27, (B) PG27, (C) and MG27. (D) Mean size of CDs with standard deviation as determined from TEM

images. (E) Demonstration of different distribution coefficients of the CDs in the mixture of octanol and water before (RG27)

and after (RG27O) de-esterification in base. (F) CDs from lauryl gallate before (LG27) and after (LG27O) basic de-esterification in

octanol/water under UV light. (A color version of this figure can be viewed online.)
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consistent with the observed size trend (LG27 < PG27 6MG27)

and typical for semiconductor nanocrystals [50]. However, the

emission spectra are virtually identical for the RG27 series

despite their different sizes (recall that base hydrolysis had

no effect on size as shown in Fig. 3B). It might be that in the

LG27 samples, a direct (‘‘excitonic’’) e-h recombination arising

predominantly from the core of the CDs is the prevailing

radiative pathway of recombination rather than emission

from the surface states the energy of which is commonly

referred to be virtually size-independent [51].

To shed more light on the origin of the fluorescence, a

more detailed study of the LG27 and LG27O samples was car-

ried out. First, the observed almost 40 nm red shift of the

emission maxima after de-esterification (LG27! LG27O) is

not caused by the size change, since the size of the particles

remained unchanged (see Fig. S1A, Supporting Information).

Instead, we suggest that non-radiative relaxation of the

photogenerated e-h pairs prior to the emission accounts

for the lower energy of the emitted photon from LG27O. Sur-

face states usually act as charge carrier traps. Emission from

these states is always red shifted compared to those origi-

nating from the core [52]. We believe that the carboxyl

groups on the RG27O (all CDs without alkyl chains) surface

play a key role in photoluminescence of water dispersible

CDs as emissive surface states. Their impact on the PL prop-

erties of RG27 was very likely diminished due to their passiv-

ation by the alkyl chains. This hypothesis was supported by

the lifetime measurements using a pulsed excitation at

337 nm. The mean lifetimes (sm) of LG27 and LG27O detected

at different emission wavelengths are summarized in

Table 1.

The mean lifetime of LG27 and LG27O at their emission

maxima is �2.32 and �3.95 ns, respectively. Obviously, the

fast process of the prevailing direct e-h radiative recombina-

tion results in shorter sm in the case of LG27 while the longer

sm for LG27O correlates with slower, energy-losing e-h pair

localization at a surface state followed by a photon emission

as depicted in Fig. 3C. Furthermore, while increasing the

emission wavelength, the decreasing sm of PL from LG27 cor-

responds to the well described size-dependent radiative de-

cay of excitons in semiconductors – the larger the crystal

size the shorter the lifetime of the excitonic PL (also described

as superradiant decay) [53]. In analogy with i-type semicon-

ductors, larger CDs emit at longer wavelengths (quantum-size

effect) with shorter lifetime (superradiant decay), which indi-

cates the ‘‘intrinsic’’, core-related character of the PL from

LG27. On the other hand, the opposite trend observed in the

case of LG27O implies that a different PL mechanism governs

its fluorescence. More specifically, the longer sm found for

low-energy radiative recombination (the more red shifted

emission the longer the corresponding sm) is in agreement

with the prolonged charge carrier relaxation to lower-lying

energy levels. Comparing Fig. 4A and B, considerable broaden-

ing of both the emission range and the excitation range with-

in which the CDs emit (i.e. broadening of PL emission and PL

excitation bands, respectively) is obvious. We find two rea-

sons for the observed broadening: (i) the de-esterification

led to a broader distribution of density of states which was

confirmed by broader UV–VIS absorption spectrum of LG27O

after de-esterification (see Fig. S10, Supporting Information)

and (ii) the presence of exposed carboxyl groups on the sur-

face enables the more intense electrostatic interaction of

LG27O with the solvent resulting in lowering the surface state

energies and their broader range as a consequence of the

solvent relaxation [54].

The PL properties of RG27 and RG27O were measured in

ethanol and water, respectively, to prevent CDs from aggre-

gating. It is well known that the solvent polarity generally af-

fects the fluorescence of polar fluorophores, which is

manifested in the so-called solvatochromism [55]. Due to

the immense complexity of this phenomenon, it is difficult

to assess its effect on the PL properties of the present

CDs. To the best of our knowledge, no study dealing with

Table 1 – Mean lifetimes for the LG27 and LG27O samples detected at a given emission wavelength.

Sample Mean lifetime (ns)

370 nm 400 nm 440 nm 500 nm

LG27 2.35 2.32 2.15 –
LG27O – 3.12 3.95 4.74

Fig. 3 – Steady-state PL spectra measured at fixed excitation

wavelength (kex = 330 nm) for (A) RG27 and (B) RG27O.

Schematic representation of PL mechanism for LG27 and

LG27O. (A color version of this figure can be viewed online.)
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solvatochromism of CDs has been published. However, we

have made an attempt to get a notion of the CDs solvatochro-

mism by measuring the PL of LG27O in ethanol–water mixture

(20:1, v/v). Besides the expected lower PL intensity and in-

creased scattering caused by a slight aggregation, the emis-

sion maxima were blue shifted only by 3 nm in ethanol

probably due to smaller non-radiative energy loss in the less

polar solvent [54]. Obviously, the use of a more polar solvent

(water) cannot explain the considerably red shifted emission

(38 nm) observed after LG27 de-esterification. Moreover, mon-

itoring the lifetime at various wavelengths and considering

different red shifts for CDs derived from different precursors,

we find negligible impact of solvatochromism on the PL

mechanism in RG27 and RG270 CDs.

3.3. DFT calculations

Time-dependent density functional theory (TD-DFT) compu-

tations on small model systems – coronene derivatives – were

used to rationalize the effects of size of sp2 parts of CDs core

and surface substituent on the optical properties of CDs. The

calculated emission maxima (kmax) for these systems were

310 nm for the coronene, 360 nm for the tricarboxycoronene,

and 377 nm for the hexabenzocoronene. Methyl ester and

propyl ester of tricarboxycoronene show kmax equal to

355 nm and 352 nm, respectively (Fig. 5A–E). The kmax values

show that both attachment of carboxyl groups to coronene

(coronene versus tricarboxycoronene) and increase in size

(from coronene to hexabenzocoronene) lead to red shifts of

Fig. 4 – Excitation-emission maps for (A) LG27 and (B) LG27O samples. (A color version of this figure can be viewed online.)

Fig. 5 – Electrostatic maps of (A) coronene, (B) tricarboxycoronene, (C) methyl ester of tricarboxycoronene, (D) propyl ester of

tricarboxycoronene, and (E) hexabenzocoronene. Red color represents the most negative charge, green color shows places

with neutral charge and blue color represents positive charge. The numbers in the electrostatic maps represent calculated

emission maxima (kmax) for these molecules; panels (F) and (G) show localization of HOMO orbitals (F) and LUMO orbitals (G)

of tricarboxycoronene. In panels (F) and (G), the circles highlight the transfer of orbitals to carboxylic group after excitation. (A

color version of this figure can be viewed online.)
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the emission maxima. This is due to an extension of p-conju-

gated electrons system. In the case of tricarboxycoronene, the

highest occupied molecular orbitals (HOMO) are mainly posi-

tioned on the coronene core and the lowest unoccupied

molecular orbitals (LUMO) span also over the carboxyl groups,

which are in conjugation with the coronene p-electrons

(Fig. 5F and G). Also, electrostatic potential surfaces show a

shift of charge towards the edge upon the addition of carboxyl

groups, which can explain more significant electrostatic inter-

actions contribution of the surface carboxyl groups in the PL

mechanism. However, carboxyl groups are partially shielded

from the edge and solvent in the case of methyl and propyl

(and presumably lauryl) esters. Their electrostatic interac-

tions with a solvent are thus weaker than in the case of trica-

rboxycoronene, which is in a good agreement with the PL

measurements. Thus, the change in surface groups has a dra-

matic effect not only on the size and solubility of the CDs, but

also on their optical properties.

4. Conclusions

We described a new synthetic route to control the size and

surface chemistry of CDs by using appropriate molecular pre-

cursors based on gallate derivatives. CDs with a controllable

size are prepared by controlling the alkyl chain on the precur-

sor and can be converted to water-dispersible CDs with sur-

face carboxylate groups exhibiting a record biocompatibility.

The differences in PL properties of CDs were examined in de-

tail to explore the roles of their carbogenic core and surface

functional groups. Based on the results from steady-state

and time-resolved PL measurements, the core-related emis-

sion predominates the PL properties of the alkyl chain-termi-

nated CDs while the carboxyl groups influence greatly the PL

of the de-esterified CDs acting as emissive surface traps. Sup-

porting theoretical calculations shed some light and provided

a basis to understand these effects.
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Abstract  Carbon  dots  represent  an  emerging  class  of  fluorescent  materials  and  provide  a  broad
application  potential  in  various  fields  of  biomedicine  and  optoelectronics.  In  this  review,  we
introduce  various  synthetic  strategies  and  basic  photoluminescence  properties  of  carbon  dots,
and then  address  their  advanced  in  vitro  and  in  vivo  bioapplications  including  cell  imaging,
photoacoustic  imaging,  photodynamic  therapy  and  targeted  drug  delivery.  We  further  consider
the applicability  of  carbon  dots  as  components  of  light  emitting  diodes,  which  include  carbon
dot based  electroluminescence,  optical  down-conversion,  and  hybrid  plasmonic  devices.  The
review concludes  with  an  outlook  towards  future  developments  of  these  emerging  light-emitting
materials.
© 2014  Elsevier  Ltd.  All  rights  reserved.

It  is  already  10  years  since  a  new  family  of  nanomaterials,
subsequently  denoted  as  carbon  dots  (CDs),  have  been  first
synthesized  and  characterized  [1].  Since  that  time,  the
field  of  CDs  has  witnessed  an  impressive  development,  in

∗ Corresponding author.
∗∗ Corresponding author.

E-mail addresses: radek.zboril@upol.cz (R. Zboril),
andrey.rogach@cityu.edu.hk (A.L. Rogach).

particular  focused  on  the  improvement  of  their  light-
emitting  properties.  Terminology-wise,  we  distinguish
between  two  kinds  of  these  materials,  namely  few-layer
graphene  dots  (GDs)  with  lateral  dimensions  up  to  100  nm,
which  are  commonly  fabricated  from  graphene-based
precursors  [2—4],  and  quasi-spherical  CDs  with  the  typical
size  under  10  nm  in  all  three  dimensions  [2,5].  In  terms  of
material  composition,  the  general  term  ‘‘carbon  dot’’  is
commonly  used  for  fluorescent  carbogenic  materials  with
an  outer  shell  composed  of  carboxylic  or  other  chemical

http://dx.doi.org/10.1016/j.nantod.2014.09.004
1748-0132/© 2014 Elsevier Ltd. All rights reserved.
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functional  groups  and  an  inner  graphitic  core  eventually
containing  covalently  bound  oxygen  and  nitrogen  atoms.
CDs  can  be  easily  functionalized  to  become  soluble  in
water,  exhibit  robust  chemical  inertness,  including  high
resistance  to  photobleaching,  and  possess  better  biocom-
pability  and  lower  toxicity  as  compared  to  traditional
semiconductor  quantum  dots  (QDs)  [6,7].  They  still  suffer
from  the  lower  photoluminescence  (PL)  quantum  yields
(QY)  in  the  red  part  of  the  spectrum;  however,  progress
has  been  made  and  this  handicap  is  dramatically  being
improved  [8—10].  In  recent  years,  many  synthetic  meth-
ods  have  been  developed  allowing  tuning  of  the  optical
properties  of  CDs  by  controlling  the  core  size  and  surface
chemistry  [11—13].  Both  synthetic  procedures  and  optical
properties  of  CDs  are  covered  in  a  number  of  excellent
reviews  [2,5,14—16].  This  review  focuses  on  the  emerging
application  areas  of  the  fluorescent  CDs  in  biomedicine  and
optoelectronics.  After  a  short  critical  survey  of  synthetic
strategies  and  basic  optical  properties  of  CDs,  we  discuss
their  applicability  in  bioimaging,  cancer  therapy,  combined
therapy  and  diagnostics  (theranostics),  and  light  emitting
diodes.

Synthetic strategies for CDs

CDs  and  GDs  are  fluorescent  carbon  nanomaterials  with  sp2

character  and  a  high  oxygen  content  (up  to  40%)  due  to  the
presence  of  carbonyl,  carboxyl,  or  epoxy  groups  [5]. Syn-
thetic  procedures  towards  these  materials  have  witnessed
an  explosive  growth,  since  the  first  works  reporting  the
acetic  oxidation  of  a  carbon  soot  that  was  either  prepared
by  arc-discharge  [1],  laser  ablation  [17],  or  by  collecting
the  soot  of  a  burning  candle  [18].  They  are  usually  pre-
pared  from  graphene,  other  carbon  nano-allotropes  with
sp2 structures  such  as  coronenes  [3],  carbon  nanotubes
[19],  or  fullerenes  [20],  or  organic  molecules  that  can  form
graphitic  or  graphene-like  structures  during  various  treat-
ments  [2,15].  In  general,  the  synthetic  strategies  can  be
classified  into  top-down  or  bottom-up  approaches.  The  syn-
thetic  strategy  and  the  precursors  chosen  determine  the
physicochemical  properties  of  the  resulting  nanoparticles
such  as  the  size,  crystallinity,  oxygen/nitrogen  content,
emission  characteristics  including  QY,  colloidal  stability,  and
compatibility  with  a  particular  solvent.

The  top-down  synthetic  approaches  towards  CDs  and
GDs  rely  on  reducing  the  size  of  graphite/graphene  like
structures  until  the  products  display  the  characteristics  of
fluorescent  nanoparticles  [2]  by  oxygen  plasma  treatment
[21],  electrochemical  oxidation  [22],  or  chemical  oxida-
tive  cutting/ablation  [11].  The  first  reported  synthesis  of
CDs  was  performed  by  a  top-down  method,  namely  oxi-
dation  of  arch-discharge  soot  using  3.3  N nitric  acid  [1].
The  chemical  oxidative  ablation  is  usually  performed  start-
ing  from  graphene/graphene  oxide,  which  are  refluxed  in
a  mixture  of  sulphuric  and  nitric  acid,  as  reported  by  Pan
et  al.  [23].  The  size  of  the  resulting  CDs  usually  varies
between  2  and  25  nm  [11,24]  and  their  PL  QY  reaches
28%  after  the  surface  passivation  with  polyethylenglycol
[24].

Simply  stated,  in  the  bottom-up  approaches  everything  of
carbogenic  nature  that  can  ‘‘burn’’  can  produce  CDs  under

suitable  conditions.  For  this  reason,  CDs  have  been  found  in
caramel  [25]  or  in  Nescafe® coffee  [26].  A  more  convenient
synthetic  route  involves  the  thermal  oxidation  of  different
organic  precursors  and  pioneered  by  Bourlinos  et  al.,  which
can  directly  yield  highly  fluorescent  CDs  without  any  need
for  surface  passivation  [27,28],  and  allows  control  over  the
functional  groups  on  the  surface  [29],  the  size  [13]  and
the  solubility  in  organic  solvents  [30]. Thermal  oxidation
of  organic  precursors  can  be  also  carried  out  in  aqueous
solution  by  heating  in  a  microwave  [31,32]  or  autoclave
[33,34],  and  in  the  presence  of  acids  [9]  producing  highly
fluorescent  CDs.  Control  over  the  carbonization  conditions
through  the  selection  of  precursors  allows  adjustment  of
the  fluorescence  color  of  the  resulting  CDs  (Figure  1a  and
b)  [9,35].  An  important  feature  of  the  bottom-up  syntheses
is  that  they  usually  do  not  require  surface  passivation
agents  (e.g.  polyethylene  glycol,  polyethylenimine)  to
obtain  fluorescent  materials  as  in  the  case  of  top-down
synthetic  strategies.  A  brief  overview  of  the  preparation
routes  of  CDs  and  their  PL  properties  is  given  in  Table  1.
Interested  readers  can  find  more  detailed  information  on
these  methods  in  recent  reviews  [2,15,16].  In  hindsight,
the  preparation  routes  towards  CDs  and  GDs  are  simple,
do  not  require  expensive  precursors,  and  can  easily  be
up-scaled.

Important  characteristic  for  the  applications  of  CDs  is
their  dominant  emission  wavelength.  In  the  bottom-up  syn-
theses,  the  emission  wavelength  largely  depends  on  the
particular  synthetic  approach,  which  determines  the  size,
crystallinity,  and  surface  chemistry  of  the  resulting  nanopar-
ticles.  Wei  et  al.  reported  preparation  of  CDs  via  Maillard
reaction  of  different  amino  acids  with  glucose  followed
by  microwave  pyrolysis  [35],  whose  size  and  the  emis-
sion  wavelength  was  determined  by  the  type  of  amino
acid  used.  CDs  with  an  average  size  of  2.8  nm  and  with
the  main  emission  in  the  blue  region  were  prepared  from
tryptophan,  green  CDs  (3.6  nm)  from  leucin,  and  yellow
(4.5  nm)  from  aspartic  acid  (Figure  1a  and  b).  A  simi-
lar  trend  was  observed  by  Bhunia  et  al.  who  employed
hydrothermal  carbonization  of  carbohydrates  in  the  pres-
ence  of  inorganic  acids  [9].  Blue  and  green  fluorescent  CDs
were  produced  by  carbonization  in  the  presence  of  sulfu-
ric  acid  while  carbonization  in  concentrated  phosphoric  acid
provided  particles  with  bigger  size  and  red-shifted  emission
maxima.

Within  the  top-down  synthetic  approach,  the  chemical
oxidative  cutting/ablation  from  bulk  sp2 materials  can  also
produce  CDs/GDs,  which  luminesce  in  the  yellow-red  region.
The  study  by  Hens  et  al.  showed  that  the  time  of  oxidation  of
various  graphite  structures  in  the  mixture  of  H2SO4 and  HNO3

(3:1)  determines  the  emission  wavelength  [36]  (Figure  1c).
A  blue-shift  of  PL  was  induced  by  oxidative  size-cutting  of
the  �-electronic  structure  resulting  in  increasing  quantum
confinement.  At  the  same  time,  the  functional  groups  at
the  surface  of  CDs  can  induce  a  red-shift  of  PL  [11—13,37].
Wei  et  al.  showed  that  even  the  same-size  CDs  produced  by
oxidative  cutting  of  graphene  nanofibers  can  exhibit  PL  from
blue  to  orange  determined  by  different  surface  charge  [38]:
CDs  were  separated  by  ion  exchange  chromatography,  and
particles  with  the  highest  negative  charge  exhibited  orange
PL  while  those  with  the  lowest  negative  charge  emitted  in
the  blue  region  (Figure  1d).
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Figure  1  The  images  of  CDs/GDs  with  red-shifted  emission  wavelength  under  UV  light.  CDs/GDs  prepared  by  (a)  microwave
pyrolysis of  glucose  and  amino  acids  immobilized  in  an  agarose  gel  and  positioned  into  a  Christmas  tree  pattern;  (b)  the  same
picture under  UV  light;  (c)  oxidative  cutting  of  highly  oriented  pyrolytic  graphite,  the  time  of  the  reaction  determined  the  emission
wavelength;  (d)  oxidative  cutting  of  graphene  nanofibers  after  ionic  chromatography  fractionation.  Reprinted  with  permission  from
[35,36,38];  ©  2014  Macmillan  Publisher,  ©  2012  American  Chemical  Society  and  ©  2014  John  Wiley  and  Sons.

Light emission properties of  CDs

CDs  are  very  attractive  light  emitting  materials  with  a
potential  to  overcome  the  photobleaching  limitations  of  not
only  organic  dyes  and  polymer  dots  but  even  some  semicon-
ductor  QDs,  as  demonstrated  in  Figure  2,  which  compares
the  photostability  of  those  commonly  used  fluorescent
nanomaterials  [35].  Recently,  the  emission  of  individual  GDs
has  been  shown  to  be  free  of  the  blinking  and  bleaching
effects  commonly  associated  with  traditional  organic  dyes
and  semiconductor  QDs  [39].  This  feature  would  indeed
make  GDs  very  attractive  as  fluorescent  labels,  subject  to
follow-up  studies.  PL  QY  of  CDs  is  an  important  param-
eter  for  their  potential  applications;  initially  reported
values  averaged  at  around  6%  [8],  but  were  dramatically
improved  using  appropriate  synthetic  strategies  (Table  1).
As  already  mentioned  above,  the  selection  of  synthetic
methods  and  precursors  play  a  central  role  in  governing  the
optical  properties  of  CDs.  Thus  far,  the  highest  reported
room-temperature  PL  QYs  was  53%  for  oil-soluble  CDs
prepared  by  thermal  pyrolysis  of  citric  acid  as  the  carbon
precursor  in  hot  non-coordinating  solvents  [8],  and  88.6%  for
water-soluble  CDs  [40].  The  majority  of  nowadays  available
CDs  and  GDs  exhibit  excitation  wavelength-dependent
emission  with  intense  emission  color  in  the  blue-to-green
spectral  range  (Figure  1).  However,  by  choosing  different
precursors,  excitation  wavelength-independent  PL  of  some
CDs  was  also  observed,  for  instance,  L-cysteine  as  precursor
providing  nitrogen  and  sulfur  as  co-dopants  has  been  used
to  produce  deep  blue-emitting  doped  CDs.  It  was  speculated
that  S  dopants  strongly  suppress  excitation-dependent  PL
originating  from  O  surface  states,  while  N  surface  states
facilitate  a  high  yield  of  radiative  recombination.  More-
over,  several  recent  studies  reported  some  strategies  and

possible  precursors  on  how  to  achieve  stronger  PL  in  yellow
[35,37,41]  or  even  in  the  red  region  [9,42]  as  outlined  in  the
previous  section.  The  availability  of  CDs  emitting  in  the  red
is  particularly  important  for  bioimaging  applications,  since
deep-red  and  near  infra-red  (NIR)  light  exhibit  deeper  tissue
penetration  (Figure  3).  This  is  related  to  yet  another  useful
optical  property  of  CDs,  namely  up-conversion  PL  [43]. As
such  they  were  reported  to  undergo  multi-photon  excitation
with  large  two-photon  absorption  cross-section  for  laser
excitation  at  800—900  nm  [43,44].  The  excitation  in  this
so-called  biological  window  is  also  connected  with  deeper
tissue  penetration  (Figure  3)  and  is  particularly  important
for  bioimaging  applications.  The  two-photon  absorption
cross-section  of  CDs  at  different  excitation  wavelengths
was  estimated  by  Cao  et  al.  The  typical  average  value  at
800  nm  was  39,000  ±  5000  GM  (Goeppert—Mayer  unit,  with  1
GM  =  10−50 cm4 s/photon)  [43],  which  is  comparable  to  other
two-photon  luminescent  nanomaterials,  (e.g.  780—10,300
GM  for  CdSe  QDs  at  800  nm  [45]  and  47,000  GM  for  CdSe/ZnS
core/shell  QDs  at  605  nm)  [46].

As  demonstrated  in  Figure  4a  for  organosilane-
functionalized  carbon  dots  (Si-CDs)  [55],  the  absorption  of
CDs  in  the  UV  region  has  three  typical  features:  two  absorp-
tion  bands  at  280  nm  and  356  nm,  respectively,  narrow  full
widths  at  half  maximum  at  these  bands  (44  and  58  nm)  and
broad  tail  extending  over  the  visible  part  of  the  spectrum
starting  at  470  nm.  As  was  reported  in  previous  studies
[56—58],  the  peak  located  at  356  nm  is  ascribed  to  the  pres-
ence  of  the  C  O  bonds  and  their  n—�*  transition,  while  the
other  one  at  280  nm  is  caused  by  �—�* transition  of  the  aro-
matic  C  C  bond.  The  broad  tail  likely  originates  from  other
functionalized  surface  groups  of  CDs.  As  already  emphasized
above,  a  very  remarkable  optical  property  of  CDs,  which  has
been  intensively  examined  in  recent  years  [12,13,17,59,60],
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Figure  2  The  photostability  of  emission  of  CDs  derived  from  various  precursors  (Trp:  tryptophan;  Leu:  leucin,  Asp:  aspartic
acid) compared  with  fluorescein  isothiocyanate  (FITC)  and  other  fluorescent  nanoparticles  including  CdTe  QDs,  dye-doped  SiO2

nanoparticles  (SiO2 NPs)  and  dye-doped  polymer  nanoparticles  (Poly  NPs).  The  images  on  the  right  show  solutions  of  CDs  and
fluorescein after  UV-light  irradiation  for  different  times.  Reprinted  with  permission  from  [35,53];  ©  2011  John  Wiley  and  Sons;  ©
2014 Macmillan  Publishers  Limited.

is  their  excitation  wavelength-dependent  emission,  both
in  terms  of  the  dominant  emission  maximum  (Figure  4b)
and  the  emission  intensity  profile,  which  peaks  in  the
blue-green  spectral  range  (Figure  4c).  It  is  often  assigned  to
the  fact  that  the  prepared  material  is  a  mixture  of  particles
with  different  sizes  as  well  as  particles  containing  different
edge  defects/emissive  traps  on  the  surface  [5].  Adding  cre-
dence  to  this  hypothesis,  excitation  wavelength-dependent
emission  was  not  observed  when  narrow  size  distribution
CD  materials  [35]  or  samples  with  lower  amount  of  oxygen

surface  states  [59]  were  tested.  It  has  been  reported  that
the  wavelength  of  the  dominating  emission  peak  is  driven  by
the  graphitic  core  size  (whose  good  crystallinity  is  an  impor-
tant  requirement)  [61],  and  thus  by  its  suitable  quantum
confinement  similarly  to  traditional  semiconductor  QD  sys-
tems.  This  was  demonstrated  by  the  recent  synthetic  routes
enabling  fabrication  of  CDs  with  PL  color  ranging  from  blue
to  yellow  and  red  [9,35].  CDs  with  PL  in  the  yellow  or  red
region  were  significantly  larger  than  the  blue-emitting  parti-
cles.  The  important  role  of  the  core  size  was  also  illustrated

Figure  3  The  visualization  of  light  penetration  through  the  tissues  according  to  its  wavelength.  Reprinted  with  permission  from
[54];  ©  2011  American  Cancer  Society.
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Figure  4  Optical  properties  of  the  CDs.  (a)  Typical  absorption  (black)  and  excitation  spectra  (red)  of  CDs;  the  inset  shows  an
enlarged absorption  spectrum.  (b)  PL  spectra  recorded  at  different  excitations  wavelengths  in  20  nm  increments;  the  inset  represents
normalized PL  spectra  at  the  corresponding  excitation  wavelengths.  (c)  Excitation  wavelength  dependent  PL  QY.  (d)  Photolumine-
scence spectrum  of  CDs  (405  nm  excitation  wavelength).  (e)  PL  decay  curves  of  CDs  at  405  nm  excitation  detected  at  different
emission wavelengths  shown  in  panel  (d).  Adapted  with  permission  from  [55]  ©  2014  American  Chemical  Society.

by  DFT  calculations  [62]:  an  increase  in  the  particle  size  and
aromatic  rings  conjugation  causes  a  decrease  in  the  �—�*
transition  bandgap.  At  the  same  time,  the  surface  functional
groups  of  CDs,  which  are  directly  linked  and  conjugated
to  the  graphitic  core,  can  also  dramatically  affect  their  PL
properties.  According  to  DFT  calculations,  carboxylic  groups
or  amino  groups  bound  to  the  surface  of  CDs  can  decrease
the  bandgap  of  the  resulting  nanoparticles  [11,13].  As  a
consequence,  different  surface  functional  groups  can  shift
the  PL  emission  [11,37],  enlarge  the  excitation  wavelength
range  [11]  and  cause  the  excitation  wavelength-dependent
emission.  However,  the  role  of  surface  groups  is  still
debated  with  ongoing  and  systematic  investigations  to  fully
understand  these  phenomena.  The  representative  PL  decay
curves  of  CDs,  measured  at  a  range  of  excitation  wavelength
as  illustrated  in  Figure  4d  are  given  in  Figure  4e.  The  mean
value  of  radiative  lifetimes  is  in  the  range  of  9.6—10.2  ns
for  all  of  the  emission  wavelengths,  making  it  different  to
distinguish  the  surface  state  emission  from  the  emission
from  levels  associated  with  the  n—�*  transitions  such  as
presented  in  Figure  4a.  Femtosecond  time-resolved  spec-
troscopy  and  Fourier  transform  infrared  spectroscopy  were
recently  combined  to  explore  the  common  PL  origin  in  CDs
and  GDs  and  identify  the  functional  surface  groups  respon-
sible  for  the  fluorescence  mechanisms  in  these  carbon
nanomaterials  [63].  The  competition  among  different  emis-
sion  centers  and  traps  were  found  to  dominate  their  optical
properties,  which  include  carboxyl  groups,  carbonyl  groups,
and  several  edge  carbon  atoms  of  the  carbon  backbone.

Bioapplications of CDs

One  of  the  most  promising  and  very  often  emphasized  appli-
cations  of  CDs  is  in  biomedical  imaging.  These  fluorescent
materials  offer  a  useful  platform  for  exploring  the  chal-
lenges  in  the  field  of  nanomedicine,  in  particular  in  diagnosis
and  in  cancer  therapy.  It  has  been  already  shown  that  CDs
fulfill  the  two  critical  criteria  for  clinical  use  [64]:  they
can  be  rapidly  excreted  from  the  body  [65]  and  exhibit
low  toxicity  while  producing  reliable  optical  signal.  Further-
more,  CDs  have  been  used  as  photoacoustic  contrast  agents
[66], as  photosensitizers  for  photodynamic  therapy  [67]  and
for  photothermal  therapy  [68].  The  large  surface  area  of
CDs  and  the  availability  of  carboxylic  functional  groups  on
the  surface  allow  for  preparation  of  multimodal  probes  and
therapeutic  conjugates.  The  broad  portfolio  of  promising
bioapplications  of  CDs  and  GDs  is  summarized  in  Figure  5.

In vitro studies—–cell  labeling with CDs

Similar  to  traditional  semiconductor  QDs,  CDs  offer  unique
properties  favorable  in  cell  imaging  or  long  term  cell  track-
ing:  contrary  to  fluorescent  dyes  they  do  not  suffer  from
narrow  excitation  band  and  fast  photobleaching  [5,69].
Another  crucial  prerequisite  for  cell  imaging,  in  addition
to  the  suitable  optical  properties,  is  their  low  cytotoxicity.
There  have  been  many  in  vitro  studies  reporting  biocom-
patibility  of  CDs,  which  exhibit  very  low  or  no  cytotoxicity
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Figure  5  The  major  promising  bioapplication  areas  of  GDs  and  CDs.

even  in  much  higher  concentrations  than  needed  for  flu-
orescent  cell  imaging  [5,70].  As  an  example,  Ding  et  al.
reported  CDs  which  did  not  reach  LC50 with  a  concentration
of  5  mg  mL−1 after  24  h  labeling  of  HeLa  cells  [71],  while  the
concentration  necessary  for  cell  imaging  studies  is  more  than
a  hundred  times  lower  [72]. In  comparison,  semiconductor
QDs  exhibit  cytotoxic  effects  in  much  lower  concentrations
varying  from  62.5  �g  mL−1 to  400  �g  mL−1 depending  on  the
type,  size  or  biocompatible  shell  and  the  type  of  the  tested
cell  lines  [73].

Another  parameter  important  for  the  optical  cell  track-
ing  or  monitoring  of  biological  processes  is  cell  uptake  of  the
particular  material.  For  nanoparticles  in  general,  cell  uptake
depends  on  the  size,  surface  charge,  and  surface  chemistry
all  of  which  play  a  crucial  role  in  biosensing,  cell  label-
ing,  intracellular  delivery  as  well  as  in  in  vivo  imaging  [69].
Recent  studies  demonstrated  that  CDs  are  mostly  internal-
ized  in  the  cytoplasm,  especially  in  endosomes/lysosomes,
but  also  in  mitochondria  or  endoplasmic  reticulum  (Figure  6)
[74—78].  The  sufficient  incubation  time  for  cell  imaging  was
only  2  h  or  less  and  it  seems  that  CDs  enter  the  cells  by
non-endocytic  pathways  [78],  which  is  probably  caused  by
their  very  low  size  and  hydrophilic  nature.  Very  few  stud-
ies  reported  the  presence  of  CDs  around  the  cell  membrane
[79],  and  there  is  only  one  study  reporting  the  presence  of
CDs  (strongly  positively  charged)  in  the  cell  nucleus  [80].
In  comparison,  QDs  are  very  often  nonspecifically  adsorbed
onto  the  cell  membrane  due  to  the  hydrophobic  interac-
tions,  which  had  to  be  overcome  by  altering  their  surface
coverage,  by  nano-injection  or  electroporation  [69].

In vivo studies—–biodistribution of CDs

The  criteria  for  using  nanomaterials  for  in  vivo  diagnos-
tics  and  targeted  therapy  are  more  challenging  than  those

for  cell  labeling.  Important  parameters,  in  addition  to  the
low  toxicity  and  sufficient  cell  uptake,  are  hemocompatibi-
lity,  small  hydrodynamic  diameter,  low  nonspecific  protein
adsorption  and  rapid  extraction  from  the  body  with  suffi-
cient  delivery  to  the  targeted  (usually  cancer)  tissue  [81].
The  fastest  and  most  preferred  excretion  from  the  body  is
renal  filtration  [82];  excretion  through  the  liver  into  the  bile
is  slow,  inefficient  and  connected  with  toxic  risks  [82]. The
way  to  decrease  the  uptake  of  CDs  by  the  liver  and  spleen
and  to  maximize  their  excretion  into  urine  is  to  use  particles
with  sizes  ranging  between  4  and  8  nm  and  possessing  a  neu-
tral  surface  charge  [81].  The  size  is  important  because  only
the  nanoparticles  with  hydrodynamic  diameter  smaller  than
5.5  nm  (as  was  estimated  for  the  case  of  QDs  [82])  are  able
to  pass  through  the  glomerular  filtration.  The  neutral  sur-
face  charge  prevents  adsorption  of  plasma  proteins,  which
would  increase  their  hydrodynamic  diameter  [81].  Moreover,
this  unwanted  adsorption  can  lead  to  enhanced  uptake  by
phagocytic  cells,  decreasing  availability  of  CDs  for  the  tar-
geted  application  and  increasing  their  retention  in  the  liver
or  spleen  [81].

To  date,  several  in  vivo  tests  of  the  biodistribution  of  CDs
have  been  performed  [53,65,78,83—87].  These  studies  can
be  divided  into  two  groups  depending  if  the  nanoparticles
were  decorated  with  polyethylene  glycol  (PEG)  or  not.  In
the  first  case,  the  CDs  (<5  nm)  were  fast  excreted  into  the
urine  and  showed  extremely  low  accumulation  in  the  liver
(Figure  7) [65,83].  Furthermore,  Huang  et  al.  reported
significant  accumulation  of  PEGylated  CDs  in  tumor  regions
[65]. In  the  second  case,  GDs  (<5  nm),  which  were  used
without  surface  coverage  showed  significant  accumulation
in  liver,  lung,  or  bones  [53,86]. These  studies  provide  strong
evidence  that  the  neutral  surface  coverage  by  PEG  plays  a
crucial  role  in  the  body’s  ability  to  clear  nanoparticles  of  a
certain  size,  which  has  to  be  taken  into  account  for  further
theranostic  applications  of  CDs.  We  note  that  CdSe  QDs  can
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Figure  6  In  vitro  distribution  of  CDs  in  Hela  cells  after  1  h  incubation.  The  cells  were  afterwards  incubated  with  lyso-
somal/endosomal  marker  (a)  and  mitochondrial  marker  (b).  The  merged  images  demonstrate  localization  of  CDs  mainly  in
lysosomal/endosomal  compartments,  but  also  their  co-localization  in  mitochondria.  Reprinted  with  permission  from  [78];  ©  2012
Springer.

also  be  excreted  through  the  renal  filtration  system  [82],
and  the  pathway  of  the  excretion  is  crucially  related  to
their  size:  particles  with  hydrodynamic  diameter  of  4.6  nm
were  excreted  mainly  in  the  urine,  while  bigger  particles
(7.2  nm)  were  mainly  accumulated  in  reticuloendothelial
organs  (liver  and  spleen).  The  accumulation  of  heavy  metals
in  these  organs,  as  it  was  reported  in  a  recent  preclinical
study,  is  really  problematic  [88].  The  difference  between

the  toxicity  of  QDs  and  CDs  is  also  apparent  from  the
comparison  of  acute  toxicity  in  living  mice.  Bao  et  al.
reported  LD50  for  the  injected  dose  of  16.2  mg  of  CdSe/CdS
QDs  per  kg  of  body  weight  of  Kunming  mice  within  24  h
[89]. The  death  ratio  for  the  injected  dose  of  26  mg/kg  was
60%  and  for  40  mg/kg  it  reached  100%  [89].  Residues  of  the
QDs  were  found  in  the  kidneys  and  intestinal  tract  after
14  days  of  injection  [89].  In  a  similar  study  by  Wang  et  al.,

Figure  7  The  visualization  of  renal  clearance  of  PEGylated  CDs  from  the  body  of  mice.  (a)  Optical  images  of  bladder  after  different
ways of  injection  (i.v.—–intravenous,  s.c.—–subcutaneous,  i.m.—–intramuscular).  (b)  The  intensity  of  the  signal  in  the  bladder  as  a
function of  time.  (c)  The  visualization  of 64Cu—CDs  conjugate  biodistribution  by  PET  demonstrating  the  accumulation  of  CDs  in  the
bladder (white  arrow)  after  various  post-injection  time.  Reprinted  with  permission  from  [65];  ©  2013  American  Chemical  Society.
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there  were  no  signs  of  mortality  even  with  extremely  high
doses  of  CDs  (51  mg/kg,  BALB/c  mice)  [7]. Furthermore,
no  sub-acute  toxicity  and  no  differences  in  the  biochemical
and  hematological  markers  in  comparison  with  the  control
mice  after  28  days,  since  injection,  were  observed  [7].

Advanced bioapplications of CDs in
photoacustic imaging and anticancer therapy

A  particularly  attractive  bioapplication  of  CDs  is  their  use
as  contrast  agents  in  photoacoustic  imaging.  This  diagnos-
tic  technique  is  based  on  the  fact  that  some  materials  —
such  as  CDs  —  can  generate  detectable  acoustic  waves  after
laser  irradiation  [90]. It  offers  excellent  spatial  resolution
and  can  provide  valuable  information  even  in  the  smallest
areas,  e.g.  for  the  detection  of  axillary  lymph  nodes  where
cancer  cells  can  be  spread  in  the  course  of  breast  cancer.  Wu
et  al.  reported  application  of  CDs  for  photoacoustic  visual-
ization  of  the  sentinel  lymph  nodes  and  vessels  [66].  As  can
be  seen  in  Figure  8a,  CDs  exhibited  rapid  signal  enhance-
ment  after  injection  and  were  removed  relatively  fast  from
the  vessels.

Moreover,  CDs  can  be  used  as  a  therapeutic  agent.
Markovic  et  al.  [67]  and  Christensen  et  al.  [91]  applied  them
as  in  vitro  photosensitizers  allowing  generation  of  reactive
oxygen  species  (ROS)  in  tumor  cells  (Figure  8b).  However,
blue  light  used  in  these  studies  can  hardly  penetrate  through
the  tissue,  as  illustrated  in  Figure  3.  For  exploring  the  full
potential  of  ROS  generation  in  vivo  and  the  targeted  treat-
ment  by  CDs,  two-photon  excitation  in  the  biological  window
can  be  applied,  that  seems  to  be  sufficient  for  optical  cell
imaging  through  1.8  mm  thick  phantom  tissue  [92].  Alterna-
tively,  it  can  be  accomplished  by  tuning  the  PL  of  CDs  into
the  deep  red  region  of  the  spectrum.

Yet  another  important  therapeutic  tool  offered  by  CDs  is
their  ability  to  serve  as  a  nanocarrier  for  drug  delivery.  In

addition  to  their  sufficient  uptake  at  solid  tumor  sites  [65]
they  may  be  able  to  deliver  drugs  to  the  targeted  tumor
locations.  Importantly,  CDs  can  be  conjugated  with  vari-
ous  compounds  for  active  targeting.  Tang  et  al.  reported
loading  of  the  anticancer  drug  doxorubicin  labeled  by  red
fluorescent  dye  into  PEG  chains  on  the  surface  of  green
fluorescent  CDs  [93]  (Figure  8c).  This  conjugate  exhibited
time  dependent  sustained  doxorubicin  release  at  acidic  pH
levels,  simulating  lysosomal  uptake  in  cells  of  a  cancer-
ous  tissue.  Furthermore,  the  release  could  be  monitored
by  optical  imaging  using  Förster  resonance  energy  transfer
(FRET)  between  CDs  and  doxorubicin.  Similarly,  oxaliplatin
was  conjugated  with  CDs  and  the  prepared  hybrid  system
was  successfully  tested  as  a  theranostic  agent  in  vivo  [94].
Important  feature  of  CDs  in  these  types  of  drug  delivery  sys-
tems  is  their  ability  to  be  quickly  removed  from  the  body
through  the  kidneys  after  drug  delivery.

CD-based optoelectronics

Both  QDs  and  CDs  are  increasingly  gaining  momentum  as
materials  for  light  emitting  diodes  (LEDs).  The  technology
for  lighting  and  displays  based  on  organic  light  emitting
diodes  (OLEDs)  has  been  a  dominant  topic  of  academic
research  over  the  past  three  decades  and  is  now  approaching
industrial  applications.  Quantum  dots-based  light  emitting
diodes  (QD-LEDs)  have  already  emerged  as  a  competitive
choice  [95,96],  largely  due  to  the  ease  of  solution  process-
ability  and  compatibility  with  low  cost  OLED  techniques  [97].
LED  integration  of  inorganic  semiconductor  nanocrystals,
with  their  symmetrical  and  narrow  emission,  broad  absorp-
tion,  high  PL  QYs,  and  high  resistance  to  photo-oxidation
for  core-shell  QDs  can  overcome  the  issues  of  the  quality  of
color  emission  and  limited  device  lifespan  of  OLEDs  [98].

The  first  QD-based  electroluminescent  (EL)  device  with
spin-coated  poly-(phenylene  vinylene)  polymer  as  a  hole

Figure  8  Advanced  theranostic  applications  of  CDs:  (a)  photoacoustic  imaging  of  the  sentinel  lymph  nodes  (SLN)  and  the  vessels
(LV); (b)  ROS  generation  by  CDs  after  light  irradiation;  (c)  drug  delivery  system  based  on  CDs  and  doxorubicin  (DOX)  for  real-time  FRET
monitoring of  drug  release.  Reprinted  with  permissions  from  [66,91,93].  ©  2013  Springer;  ©  2011  American  Scientific  Publishers;  ©
2013 John  Wiley  and  Sons.
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transport layer and a multilayer film of CdSe nanocrystals as
an emitting as well as electron transport layer was demon-
strated in 1994 by Colvin et al., with an external quantum
efficiency of only 0.01% [99]. As a result of the subsequent
development, devices combining an organic hole transport
layer and an inorganic metal oxide electron transport layer
with emissive QD films showed maximum luminance and
power efficiency values over 4200 cd/m2 and 0.17 lm/W
for blue emission, 68,000 cd/m2 and 8.2 lm/W for green
emission, and 31,000 cd/m2 and 3.8 lm/W for red emission
[100,101].

As promising as the solution-processed QD-LEDs are, a
serious drawback of the present colloidal QD-LED technol-
ogy is its reliance on heavy-metal based QDs, still dominated
by use of cadmium and lead chalcogenides [102,103]. The
reservations in regulatory acceptance of these heavy-metal
constituents could potentially hinder the ultimate transition
from academic research to commercialization of the QD-
LED technology. Toward this end, intensive research studies
have been recently performed towards development of QD-
LEDs based on cadmium-free compositions [104—106]. At the
same time, CDs started to emerge as a non-toxic alterna-
tive for applications in displays and solid state lighting [8].
It is useful to distinguish between two types of LEDs using
CDs, which rely on two different means of excitation. One
is based on electrically exciting the CDs, resulting in LEDs
based on the direct electroluminescence (EL) of CDs, and
the other is through their optical excitation, which results
in color-conversion LEDs using CDs as the nanophosphor com-
ponent.

CD-based electroluminescent devices

The first electrically driven CD-LED reported by Wang
et al. in 2011 [107] used a layered architecture illustrated
in Figure 9a and was based on an emissive layer of CDs
passivated with 1-hexadecylamine which was sandwiched
between a poly(ethylenedioxythiophene):polystyrene
sulphonate (PEDOT:PSS) hole injection layer and a 1,3,5-
tris(N-phenylbenzimidazol-2-yl) benzene (TPBI) electron
transport layer. A maximum external quantum efficiency of

0.083% at a current density of 5 mA/cm−2 with a maximum
brightness of 35 cd/m2 was achieved. In 2013, Zhang et al.
reported multi-color EL from CDs of the same size. The
device consisted of a patterned ITO anode, a 25 nm thick
PEDOT:PSS hole injection layer, a 40 nm poly(N,N′-bis(4-
butylphenyl)-N,N′-bis(phenyl) benzidine) hole transport
layer, a 20 nm CD emissive layer, a 5 nm TPBI electron
transport layer, and a cathode composed of a 1 nm LiF
and 150 nm aluminum double layer [108]. The blue, cyan,
magenta, and white EL emissions could be obtained from
the same CD-LEDs operated at different driving voltages,
as illustrated in Figure 9b. The maximum brightness of
the devices was 24 cd/m2 and 90 cd/m2 for blue and white
light, respectively. Compared with the first generation
QD-LEDs showing relatively low external quantum efficiency
(EQE, 0.01%), CD-LEDs have already shown an acceptable
brightness and EQE (>0.08%), paving the way towards high
quality CDs-based light sources. The performance of the
CD-LEDs is expected to be further improved as details of
the underlying physical mechanisms of the recombination
and charge injection pathways involving CDs emerge from
forthcoming studies. Proper choices of energy matched
carrier injection layers, suitable ligands enhancing the
overall conductivity of CD active layers, and embedding of
CDs in a suitable conducting matrix able to keep their high
quantum yield will allow us to improve the efficiency of CD
EL.

Optical down-conversion CD-based devices

High PL QY and bright blue emission of CDs render them
promising component for white LEDs based on the opti-
cal down-conversion. The first demonstration of optical
down-conversion with CDs using a UV-LED chip is shown in
Figure 10a. A 370 nm excitation light source was employed
to excite CDs with a PL QY of 47% encased in a superglue.
Devices providing bright blue, orange, and warm white col-
ors, when the average size of the particles changed from 2.4
to 3.5 and 4.5 nm, respectively, were obtained [10]. More
recently, in order to further improve the color temperature

Figure 9 (a) Schematic diagrams of the CD-LED and (b) EL spectra of CDs for different driving voltages with true color photographs
of blue, cyan, magenta, and white emitting CD-LEDs shown in inset. Reprinted with permission from [107,108]; © 2011 Royal Chemical
Society; © 2013 American Scientific Publishers.
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Figure 10 (a) True-color photographs of down-conversion CD-
based LED devices with bright blue, orange, and white light.
(b) The emission spectrum of the white LED incorporating
blue-emitting CDs combined with green and red emitting semi-
conductor QDs, inset: photograph of the LED device in the dark.
Reprinted with permission from [10,109]; © 2012 The Royal Soci-
ety of Chemistry; © 2013 American Chemical Society.

of CD-based white LEDs, Li et al. fabricated white LEDs by
depositing a mixture of CDs with blue emission and two dif-
ferent sizes of CdTe QDs with the green and red emissions
in a silicone matrix on a UV—LED chip [109]. The resultant
three-band blue—green—red LED (Figure 10b) emitted white
light with a color rendering index (CRI) up to 87, indicat-
ing that incorporation of CDs together with semiconductor
QDs can be a promising solution for white light sources with
high CRI. This approach constitutes an effective method to

improve the weak yellow/red emission of CD-based optical
down-conversion devices through combination of these effi-
cient blue emitters with other luminophores such as QDs.
We recently extended this concept towards realization of
CD-based white LEDs with a high CRI of 93 by combining low
toxic green and red emitting ZnCuInS core/shell QDs with
bright blue emitting CDs [110].

Metal-decorated CDs in plasmonic
optoelectronic devices

Recent research efforts have been extended to produce
CDs with controlled surface properties, allowing the real-
ization of photoinduced electron transfer at the interfaces.
Choi et al. [111] employed CDs as a reducing agent and
template to prepare CD-supported silver nanoparticles. The
electron-donating capability of photoexcited CDs enables
to decorate their surface with clustered silver nanoparti-
cles, which results in an improved light-harvesting ability of
these hybrid nanoparticles. These new materials have been
employed to improve the performance of plasmonic polymer
LEDs (with the highest luminous efficiency of 18.54 lm W−1

reported up to date) and polymer solar cells as presented in
Figure 11.

Summary and outlook

Recently emerged CDs and GDs offer a number of attractive
optical characteristics similar to the traditional semiconduc-
tor QDs based on metal chalocogenides, while at the same
time providing added benefits due to their better biocom-
patibility and fast renal clearance. Following initial reports
on this new kind of fluorophores, which concentrated mostly
on the synthesis and photophysics-related studies, consid-
erable progress has been made in applications of CDs in
bioimaging, photoacustic imaging, photodynamic therapy,
and targeted drug delivery. The key challenge for most of
these applications is to improve the PL QY of CDs in the
deep-red and near infrared region, where new synthetic
strategies are still under intensive development. In respect

Figure 11 (a) Photographs and schematic illustration of CD-supported silver nanoparticles. (b) Device structure and luminous
efficiency of polymer LEDs incorporating CD-supported silver nanoparticles. (c) Device structure and I-V characteristics of CD-
supported silver nanoparticles-based polymer solar cells. Reprinted with permission from [111]; © 2013 Nature Publishing Group.
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to the optoelectronics application of CDs, the performance
of the CD-based LEDs is expected to be further improved
with better understanding related to the underlying physi-
cal mechanism of the excitation-tunable CD emission. There
are two key challenges facing the electrical excitation of
CDs: energy level matching and QD luminescence quench-
ing in the solid state and thin films, which we anticipate
to be the subject of increasing research attention in the
years to come. Finally, the ability of properly functionalized
CDs to promote photoinduced electron transfer at the inter-
face allows for fabrication of hybrid materials with a variety
of useful functions, such as plasmonic enhancement ele-
ments for metal decorated CDs employed in optoelectronic
devices.
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of other functional groups to graphene is challenging because 
the new functionalities may exhibit entirely different proper-
ties to those of graphene, GO or GF. Among all the potential 
functional groups that can be attached to graphene, those able 
to communicate with biosystems are particularly desirable 
because the corresponding graphene derivatives may be appli-
cable in biochemical sensing. From this point of view, sulfur 
containing groups represent very promising functionalities. It 
has been already shown that GO containing covalently attached 
sulfur groups can act as an electrocatalyst for oxygen reduc-
tion [ 24,25 ]  or as an effective platform for immobilization of gold 
nanoparticles. [ 26 ]  The synthetic strategy for production of these 
sulfur-modifi ed graphene oxides (GSO) can be based on exfo-
liation of graphite oxide in the presence of sulfur gases (H 2 S, 
CS 2 , and SO 2 ), [ 24 ]  annealing of GO with benzyl disulfi de [ 25 ]  or 
nucleophilic attack of the epoxide ring of GO. [ 27 ]  It is worth 
mentioning that GO represents the most frequently used plat-
form for performing covalent chemistry aimed at attachment of 
various functional groups. [ 28 ]  

 To the best of our knowledge, there have been no previous 
reports describing the covalent modifi cation of GF. Here, we 
present the fi rst example of covalent functionalization of GF 
by simple nucleophilic substitution of fl uorine atoms in a 
polar solvent. Fluorine was substituted by nucleophilic sulf-
hydryl groups and this new graphene derivative was used 
as a low cost biosensor for impedimetric detection of DNA 
hybridization. Characterization of thiofl uorographene by high 
resolution transmission electron microscopy/energy disper-
sive X-ray spectroscopy (HRTEM/EDS) technique, X-ray photo-
electron spectroscopy (XPS), and Raman spectroscopy was 
supported by theoretical calculations to elucidate its stability, 
including the important role of residual fl uorine, and predict its 
bandgap properties. Thus, we present a fairly challenging syn-
thetic strategy for the preparation of new graphene derivatives 
through simple nucleophilic substitution of GF. 

 Thiofl uorographene, G(SH)F, was prepared by exfoliation 
of fl uorinated graphite under ultrasonication in  N,N -dimethy-
lformamide (DMF), followed by reaction of GF with sodium 
hydrosulfi de in DMF, as illustrated in  Figure    1  . The sample 
was afterwards resuspended in water. Details of this synthetic 
procedure are provided in the Supporting Information. 

  Successful covalent attachment of sulfur was confi rmed by 
both XPS and Raman spectroscopy. The XPS survey spectrum 
of thifl uorographene (Figure S1a, Supporting Information) 
revealed the presence of carbon, fl uorine, sulfur, and oxygen. 
The atomic ratios of peak intensities were 16.4 for C/S, 11.8 for 

  Graphene, a 2D sheet of sp 2 -hybridized carbon atoms, is one 
of the most important materials in the current century due 
to its exceptional physical properties. [ 1–3 ]  Graphene’s excellent 
electronic, optical and thermal properties, chemical inertness, 
and mechanical stability makes it an ideal system for applica-
tions in biotechnology and biomedicine, such as gene and 
drug delivery, biosensing, bioimaging, and bioelectronics. [ 4–8 ]  
However, pristine graphene exhibits zero bandgap [ 9 ]  and poor 
dispersibility in water, which limit its use in many current 
and future challenging applications. Covalent modifi cation of 
graphene by attachment of suitable heteroatoms represents 
an attractive way to tailor its physical, chemical, and bioprop-
erties. Theoretical and experimental works have shown that 
attachment of hydrogen, [ 10,11 ]  oxygen, [ 12 ]  and fl uorine [ 13–16 ]  is a 
suitable strategy for tuning the bandgap [ 17 ]  and magnetic and 
optical properties. [ 18,19 ]  Hence, the corresponding graphene 
derivatives, e.g., graphane, graphene oxide (GO), and fl uorog-
raphene (GF), signifi cantly broaden the application potential 
of graphene. [ 20 ]  For example, the development of graphene 
derivatives for electrochemical sensing might result in fabrica-
tion of many new high performing analytical devices based on 
different strategies refl ecting their particular chemical and/or 
physical properties. [ 8,21 ]  

 GF, as the fi rst stoichiometric graphene derivative 
(C/F = 1/1), was introduced in 2010 [ 14,22 ]  and represents the 
thinnest known insulator. Importantly, its conductivity and 
magnetic properties [ 18 ]  can be tuned by varying the degree of 
fl uorination, [ 13 ]  making GF an important candidate for elec-
trochemical and sensing applications. [ 23 ]  Covalent attachment 
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C/F, and 11.8 for C/O. The exact atomic composition, as well as 
deconvolution of the high resolution XPS spectra of C 1 s  and 
S 2 p , can be found in Table S1 (Supporting Information). The 
atomic composition indicated that the functionalization of GF 
resulted in partial substitution of fl uorine atoms by sulfur and 
formation of aromatic rings via partial defl uorination. The high 
resolution C 1 s  spectrum ( Figure    2  a) also showed partial oxi-
dation of the G(SH)F sample. There are apparent signals from 
C–O and O–C=O bonds. The presence of hydrophilic groups 
was also refl ected by the good water dispersibility of G(SH)F 
(Figure S2, Supporting Information). Similarly, the high reso-
lution S 2 p  spectrum revealed the partial presence of sulfur 
in oxidized forms, such as –SO 3  or –SO 2 (OH) (Figure  2 b). We 
believe that the oxygen presence is related to the postprepara-
tive treatment and water solubilization. 

  The Raman spectra of G(SH)F showed the presence of 
a D-band and G-band at characteristic values of 1350 and 
1587 cm −1 , respectively (Figure S1c, Supporting Informa-
tion). This confi rmed the partial defl uorination of graphene 
fl uoride with formation of aromatic rings. The peak at around 
830 cm −1  is characteristic for C–S–H bonding inplane and the 
peak at 1097 cm −1  can be attributed to S=O stretching. [ 29 ]  The 
other two residual peaks at 566 and 2420 cm −1  were slightly 
decreased compared with typical values reported for C–S and 
S–H vibrations: C–S and S–H stretching modes typically lie in 
the regions 590–735 and 2530–2600 cm −1 , respectively. [ 29 ]  Such 
values were probably reduced in the G(SH)F sample because of 
the presence of highly electronegative fl uorine. 

 The TEM images revealed that the prepared sample, G(SH)
F (see  Figure    3  a), did not signifi cantly differ from the exfoli-
ated GF (Figure S3a, Supporting Information). The thick-
ness of G(SH)F was between 2 and 2.5 nm, derived from the 

atomic force microscopy measurements 
(Figure S3b,c, Supporting Information), cor-
responding to a few layer graphene structure. 
To better understand the elemental composi-
tion of the sample, chemical mapping of a 
sheet of G(SH)F was performed by STEM/
EDS. Figure  3 b shows overlying images for 
carbon and oxygen content obtained by ele-
mental mapping. Oxygen was distributed 
over the sample in small islands, mainly 
on the edge of the sheet. On the contrary, 
sulfur and fl uorine were homogenously 

spread across the sheet (Figure  3 c). Importantly, the colors cor-
responding to sulfur and fl uorine did not overlap, confi rming 
successful modifi cation of graphene with –SH groups. Simi-
larly, the regions corresponding to oxygen and fl uorine were 
observed in different regions of the sheet (Figure S4a, Sup-
porting Information). The elemental mapping also confi rmed 
the fi nding from the XPS analysis that the sulfur was partially 
present in oxidized form (the areas corresponding to sulfur and 
oxygen were partially overlaid, Figure S4b, Supporting Informa-
tion). Clearly, the obtained results suggest the presence of small 
regions where F/SH substitution was successful and other 
regions where C–F bonds remained, thus stabilizing the G(SH)
F structure. 

  Density functional theory calculations were carried out to 
identify a suitable structural model for G(SH)F and estimate 
the electronic structure of this material. It should be noted, that 
sulfhydryl groups spontaneously desorbed from the pure gra-
phene during all optimizations we performed. As the experi-
mentally prepared G(SH)F still contained a large amount of fl u-
orine atoms, we also examined the stability of sulfhydryl groups 
in the presence of fl uorine atoms on graphene. We considered 
several positions of –SH groups with respect to the F atom, 
as shown in  Figure    4  a,b, and both possible directions of –SH 
adsorption were also taken into account, i.e., under (bottom) 
and above (top) the graphene plane. The most stable relative 
position of –F and –SH was the  ortho  top–bottom confi guration 
(Figure  4 c), followed by the  meta  top–top and  para  top–bottom 
confi gurations. It should be noted that the same preferences 
have been observed for graphene fl uorination. [ 19 ]  On the con-
trary, if the –SH group was located too far from –F (behind ring 
no. 4), it spontaneously desorbed from the graphene surface. 
These results show that the presence of fl uorine atoms cova-

lently bound to graphene is necessary to sta-
bilize the –SH groups onto the graphene sur-
face because the fl uorine atom reduces the 
electron density on carbons to which the –SH 
groups attach. The F atom draws electron 
density away from the graphene, making the 
C–F bond rather ionic in character (Bader 
analysis suggested charge transfer of ≈0.57 e 
from C to F versus ≈0.06 e from S to C). The 
bond length of the covalent C–S bond was 
1.87 Å, i.e., slightly longer than the C–S bond 
in CH 3 SH (1.82 Å). [ 30 ]  On the basis of the 
above mentioned stability considerations and 
taking into account the experimental chem-
ical composition, we constructed several 
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 Figure 1.     Preparation of thiofl uorographene, G(SH)F, by exfoliation of fl uorinated graphite and 
nucleophilic substitution of fl uorine by sulfhydryl groups.

 Figure 2.     XPS spectra of G(SH)F: a) high resolution C 1s XPS spectrum; and b) high resolu-
tion S 2 p  XPS spectrum.
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simplifi ed models of G(SH)F containing only –F and –SH 
groups (Figure  4 d) and explored the electronic properties of 
these 2D materials. For all the models, the density of electronic 
states showed similar features. The bandgaps ranged from 1 to 
2 eV (at hybrid HSE06 [ 31 ]  functional level which provides real-
istic gaps [ 32 ]  with composition and local arrangement of –SH 
and –F (Figure  4 e); such values are typical for semiconductors. 
Fermi levels were located within the gaps and mid gap states 
appeared above the Fermi level (Figure  4 e). The defect states 
within the electronic gap were caused by structural disorder 
and excitations between intragap states and states below or 
above the gap. This feature is expected to lead to optical absorp-
tion at energies below 1 eV (i.e., in the near infrared region). 

  Finally, we tested the applicability of the new 2D G(SH)F 
derivative for impedimetric sensing. Graphene-based impedi-
metric biosensors have been introduced as an advanced ana-
lytical method for detection of specifi c base sequences, which is 

important for the rapid diagnosis and treatment of various dis-
eases. [ 33–37 ]  Impedimetric biosensors for DNA detection provide 
several superior aspects compared with other DNA biosensors, 
including simplicity, higher sensitivities, and no requirements 
for labeling of the targets. [ 34,35 ]  The operational principle of 
impedimetric DNA biosensors is commonly based on changes 
in the interfacial charges and conformation on the electrode 
surface after DNA probe immobilization and its hybridization 
with target DNA (see  Figure    5  ). These changes can be advanta-
geously monitored by impedance measurements. [ 38 ]  

  Single-stranded DNA probe was simply immobilized on the 
electrode surface through physical adsorption (see Supporting 
Information) due to π-stacking between the rings of nucle-
obases and the graphene derivative. Electrochemical imped-
ance spectroscopy measurements were taken before and after 
hybridization. 

 Impedance measurements across a wide range of frequen-
cies were performed in phosphate buffer solution containing 
K 3 [Fe(CN) 6 ]/K 4 [Fe(CN) 6 ] as redox probe using a DEP chip 
modifi ed by G(SH)F or GF, as well as a nonmodifi ed one. 
Impedance spectra representing the electrochemical interaction 
between the redox probe and surface of modifi ed or nonmodi-
fi ed DEP chips were fi tted using a Randles equivalent circuit 
(Figure S5, Supporting Information). 

 Typical experimental data (symbol) and fi tted data (curve) 
for an electrode modifi ed with G(SH)F are shown in  Figure    6  a. 
In this case, the charge transfer ( R ct  ) changed, i.e., diameter 
of semicircle in observed Nyquist plot, [ 39 ]  after each modifi ca-
tion step of the sensing protocol (for details, see Supporting 
Information). Immobilization of ssDNA generated a negative 
charge on the electrode surface originating from the phos-
phate backbone of the ssDNA probe. Consequently, repul-
sion of the negatively charged redox probe inhibited electron 
transfer on the electrode surface, resulting in an increase of 
 R ct   after ssDNA probe immobilization. An increase of  R ct   was 
observed for electrodes modifi ed by G(SH)F (Figure  6 a, red 
color), GF (Figure S6b, Supporting Information, red color) as 
well as the nonmodifi ed one (Figure S6a, Supporting Infor-
mation, red color) compared with the  R ct   value before ssDNA 
immobilization (Figures  6 a and S6a,b, Supporting Informa-
tion, black color). Upon hybridization in the presence of fully 
complementary target DNA, double-helical structure should 
be formed as a consequence of the complementarity between 
the probe and target. This conformational change is expected 
to be accompanied by a decrease in charge transfer resistance 
that can be explained by partial release of the duplex from elec-
trode surface, and thus increasing availability of the electrode 
surface toward the redox probe. [ 40–42 ]  In the case of the elec-
trode modifi ed by G(SH)F (see Figure  6 a), hybridization with 
wild-type (fully complementary target) resulted in a signifi cant 
decrease of  R ct  , whereas hybridization with a negative control 
(noncomplementary target) had no effect on  R ct  . Finally, when a 
DEP chip was incubated with a mutant (single-base mismatch 
target), a smaller decrease in  R ct   was observed compared with 
that of wild-type. The lower hybridization effi ciency in the latter 
case was due to the presence of unpaired nucleobases. On 
the contrary, similar experiments performed with electrodes 
modifi ed with GF or nonmodifi ed (Figure S6a,b, Supporting 
Information) did not show such changes in the  R ct   value. The 
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 Figure 3.     Transmission electron microscopy (TEM) images of G(SH)F: 
a) edge of the sheet obtained by TEM; b) surface of the sheet with STEM-
EDS mapping of elemental composition (carbon: green, oxygen: red); 
c) STEM-EDS mapping of the same area (sulfur: blue, fl uorine: yellow).
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decrease of  R ct   value appeared to be independent of target DNA 
type, indicating that any specifi c interactions occurred between 
the probe and target. Figure  6 b shows a histogram comparing 

impedimetric detection of DNA hybridization recorded on three 
different platforms, i.e., DEP chips modifi ed with G(SH)F, GF 
or nonmodifi ed. The signal represents the  R ct   ratio variation 

after hybridization with wild-type, mutant, 
and noncomplementary target (see caption of 
Figure  6 b). 

  Clearly, covalently bound sulfur in the 
G(SH)F derivative enhanced the impedi-
metric sensing of DNA. This might be 
because the presence of sulfhydryl groups 
on the G(SH)F sensing platform allowed 
better immobilization and, most importantly, 
orientation of the ssDNA probe, resulting in 
good accessibility toward the DNA target and 
a highly effi cient hybridization process. 

 In summary, we have presented a simple 
way to achieve covalent functionalization 
of graphene with –SH groups by reaction 
of GF with sodium hydrosulfi de in DMF. 
After separation and redispersion in water, 
the hydrophilic thiofl uorographene with 
semiconducting properties was found to 
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 Figure 4.    a,b) –SH adsorption sites (side and top views) used to evaluate the stability of –SH in the presence of –F on graphene. Equivalent –SH positions 
(due to symmetry) are grouped by rings (ring no. 1 for the nearest neighbors, ring no. 2 for second nearest neighbors, etc.) c) Relative energy of –SH group 
in different positions with respect to free Gr – F + SH. d) Simplifi ed structural model of G(SH). e) Density of states for several simplifi ed models of G(SH)F 
(chemical composition is designated in each subpanel; grey areas correspond to electronic gaps including midgap states). The Fermi energy was set as zero.

 Figure 5.    The operational principle of DNA biosensors based on a specifi c hybridization event 
between immobilized ssDNA and target DNA in a sample solution.
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contain signifi cant amounts of fl uorine stabilizing the struc-
ture. Such a new graphene derivative could potentially be used 
as an advanced genosensor, as demonstrated by impedimetric 
detection of DNA hybridization. The properties could be further 
tailored by tuning of the SH/F ratio. Moreover, nucleophilic 
substitution of GF offers a promising strategy for synthesis 
of other challenging graphene derivatives (e.g., hydroxogra-
phene), thus providing an alternative to GO in 2D chemistry 
applications.  
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Materials based on metallic elements that have d orbitals and exhibit room temperature

magnetism have been known for centuries and applied in a huge range of technologies.

Development of room temperature carbon magnets containing exclusively sp orbitals is

viewed as great challenge in chemistry, physics, spintronics and materials science. Here we

describe a series of room temperature organic magnets prepared by a simple and controllable

route based on the substitution of fluorine atoms in fluorographene with hydroxyl groups.

Depending on the chemical composition (an F/OH ratio) and sp3 coverage, these new

graphene derivatives show room temperature antiferromagnetic ordering, which has never

been observed for any sp-based materials. Such 2D magnets undergo a transition to

a ferromagnetic state at low temperatures, showing an extraordinarily high magnetic

moment. The developed theoretical model addresses the origin of the room temperature

magnetism in terms of sp2-conjugated diradical motifs embedded in an sp3 matrix and

superexchange interactions via –OH functionalization.
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S
ince the first isolation of graphene—2D carbon allotrope—
in 2004 (ref. 1), vast efforts have been made to understand
its unique mechanical, electronic, optical and transport

properties2–8. Among other properties, it exhibits superior
mechanical strength,4 a very large specific surface area9, high
carrier mobility2, transparency10 and thermal conductivity6.
Moreover, several peculiar physical phenomena have been
observed in graphene such as the ambipolar effect1, room
temperature half-integer quantum Hall effect7, nonlinear Kerr
effect11 and Casimir effect12. Because of its remarkable properties,
graphene has great potential in a broad portfolio of technical
applications13 including robust lightweight, thin and flexible
display screens14, field-effect and ballistic transistors15, spin
transistors and spin logic devices16, photosensitive transistors17,
organic photovoltaic cells18, organic light-emitting diodes19

and conductive plates in supercapacitors and lithium-ion,
lithium-sulfur and lithium-air batteries9,20,21.

However, the practical applications of graphene are limited by
its zero band gap, hydrophobicity and absence of long-range
magnetic ordering. One potentially effective way of eliminating
these drawbacks is to instead use covalently functionalized
graphene derivatives in which specific atoms or functional
groups are covalently bound to the graphene sheet to tune
its physicochemical and biochemical properties22. Important
examples of covalently modified graphene derivatives include
graphene oxide23, graphane24 and fluorographene25. In
particular, graphene oxide and fluorographene can be further
readily functionalized with various other functional groups
(for example, –Cl, –I and –SH), offering further scope for
band gap tuning and the introduction of new electronic, optical
and sensing properties23,26,27.

Covalent functionalization has thus made it possible to produce
graphene derivatives with modified band gap properties and altered
hydrophilicity/hydrophobicity22,28. However, development of
graphene derivative with room temperature magnetic behaviour
is a major unaddressed challenge despite the investment of
considerable effort into imprinting stable magnetic centres into
graphitic structures and inducing long-range magnetic ordering
across 2D carbon networks29,30. Several key strategies have been
suggested to induce spin-carrying sp3 (paramagnetic) states in
graphene-related structures29,30 such as formation of defects and
vacancies,30 insertion of non-carbon atoms (for example, boron,
nitrogen and sulfur) into the graphene lattice31–33, cutting
of graphene sheets creating edges with a specific geometry
(for example, zigzag graphene nanoribbons)34, covalent functiona-
lization with functional groups29,30,35–37, light-atom adsorption
(that is, adatoms)38–40, transition-metal-atom adsorption41 and
electric field engineering42. Particularly, the pioneering work of
Nair et al.43 suggested that it may be possible to imprint
paramagnetic centres into graphene by combining defects arising
from partial fluorination with appropriate (C–F) functionalization.
All these approaches demonstrate the possibility to combine
various sources for creation and p-electron system-based coupling
of spin-carrying sp3 states to induce magnetism into graphene.
However, p-electron system-mediated interactions are weak and,
hence, magnetic ordering collapses at relatively low temperatures
(o 100 K). Thus, room temperature magnetism in graphene and
graphene derivatives, maintained by the p-electron system, is
heavily questioned in literature13; if such a behaviour was
experimentally observed, the presence of impurities of transition
metal origin (Fe, Ni, Co), originating from either the synthesis itself
or sample handling, was not properly excluded, leading to
misinterpretation of results and inaccurate conclusions13.

Here we report a discovery of organic graphene-based magnets
with a magnetic ordering sustainable up to room temperature due
to the suitable sp3 functionalization. A series of magnetic carbons

designated as hydroxofluorographenes are prepared from fluor-
ographene by exchanging some of its fluorine atoms for hydroxyl
groups. The chemical composition of hydroxofluorographenes
can be controlled through reaction conditions and choice of
–OH-containing precursors. Strikingly, hydroxofluorographenes
with an appropriate composition (an F/OH ratio) exhibit
antiferromagnetic ordering at room temperature, a magnetic
behaviour not previously observed for any graphene derivative
or sp-based material. At low temperatures, these hydroxofluor-
ographenes undergo a transition to a ferromagnetic state with one
of the highest magnetization values reported among graphene-
based material. Based on the set of experimental data and high
throughput first principles calculations on a large number of
atomic configurations with varying F/OH ratio, we establish
that the unique magnetism is attributed to a network of
functionalization-induced sp2-conjugated carbon diradical motifs
embedded in an sp3 matrix, and the ability of –OH groups to
stabilize magnetically ordered state up to room temperature due
to emergence of superexchange interactions. Moreover, the
suggested theoretical model for hydroxofluorographene system
has a universal nature and covers both ‘diradical motifs-induced
magnetism’ appearing at high sp3 coverages and sustaining up to
room temperature and ‘defect-induced magnetism’, which
emerges at lower degrees of sp3 functionalization with limited
sustainability at higher temperatures.

Results
Physicochemical properties of hydroxofluorographenes. The
synthesis of hydroxofluorographenes is based on the chemistry of
fluorographene (GF), which has been investigated experimentally
and computationally by our group, leading to the development of
practical procedures for the direct nucleophilic substitution
of fluorine26,27. The series of five hydroxofluorographenes
differing in degree of sp3 functionalization, an F/OH ratio, and
magnetic features were prepared by ultrasonic exfoliation of
fluorographite (C1F1) in N,N-dimethylformamide (DMF), after
which the exfoliated material was treated with –OH-containing
precursors for various reaction temperatures and time. For
detailed chemical, structural, morphological and magnetic
characterization, we have selected the representative sample,
denoted as G(OH)F, prepared by reaction of fluorographene
with tetramethylammonium hydroxide in DMF for 3 days
(Fig. 1; for more details, see ‘Methods’ section below).

The overall chemical composition of G(OH)F sample
was determined by X-ray photoelectron spectroscopy (XPS)
analysis (Supplementary Fig. 1), revealing the average contents
of oxygen, fluorine, carbon and nitrogen to be 6.1, 27.2, 65.4 and
1.3 at.%, respectively. To exclude the presence of metals, which
would affect magnetic features of the system, we performed
inductively coupled plasma mass spectrometry (ICP-MS) analysis
confirming their negligible contents generally below 24 ppm
(Supplementary Table 1). The C/F ratio of G(OH)F (2.4/1) found
from XPS analysis is greater than that of its precursor,
fluorographene (1/1), reflecting the sample’s partial defluorina-
tion and formation of some aromatic sp2 regions during G(OH)F
synthesis. The presence of oxygen, fluorine, carbon and nitrogen
was inferred from energy-dispersive X-ray (EDX) spectrum
measured for the G(OH)F sample (Supplementary Fig. 2). The
small content of nitrogen comes from DMF solvent residues as
clearly seen in the thermogravimetric curve (Supplementary
Fig. 3a) exhibiting a negligible loss (0.41 wt.%) up to 100 �C due
to release of adsorbed water, while the secondary weight decrease
(1.11 wt.%) between 108 and 140 �C is evidently related to
DMF evolution. To confirm the presence of fluorine and hydroxyl
groups in the G(OH)F structure, the G(OH)F sample was
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subjected to thermal decomposition under nitrogen atmosphere,
heating from room temperature to 900 �C, and the release of
gases and ions was monitored by mass spectrometry
(Supplementary Fig. 3b). The release of hydroxyl ions started
once the temperature rose above 200 �C; this was attributed
to the removal of covalently attached –OH groups because the
adsorbed water molecules were released at temperatures of up to
100 �C. The two peaks appearing in the evolved gas profile for
the –OH groups can be well explained in terms of the stability
of –OH groups in G(OH)F strongly dependent on their local
environment (Supplementary Fig. 3c). Hence, the first peak,
with maximum at 220 �C, corresponds to the evolution of less
stable –OH groups, which are released before any evolution of
fluorine, while the second peak, centred at 260 �C, corresponds
to –OH groups released after the onset of fluorine evolution,
which would radically change their local environment and
stability (Supplementary Fig. 3c). The fluorine ions were detected
in a broad range of temperatures with the maximum of
fluorine released at 500 �C. Importantly, carbon dioxide and

carbon monoxide, whose release typically indicates the presence
of carboxylic and epoxy groups, were not detected at any
temperature.

The successful attachment of hydroxyl groups was also
confirmed by high-resolution C 1s XPS data (Fig. 2a)
showing that the product contained C–O and C–C bonds,
which were not present in the XPS pattern of the GF precursor
(inset in Fig. 2a). Formation of aromatic sp2 regions was also
indicated by Raman spectroscopy (Fig. 2b): Raman spectrum of
the G(OH)F sample exhibited a characteristic G-band at
1,603 cm–1 and a disorder-induced D-band at 1,366 cm–1,
whereas pristine fluorographene is Raman-inactive44. The
Fourier transform infrared (FT-IR) spectrum of G(OH)F
featured vibrations in the range of 1,510–1,670 cm–1 correspo-
nding to aromatic regions, and C–F vibrations at 1,200 cm–1

(Fig. 2c). Importantly, its FT-IR spectrum also showed peaks
associated with covalent C–OH bonds that were not observed
in the FT-IR spectrum of fluorographene, namely a C–O vibra-
tion peak at 1,058 cm–1 and a broad O–H vibration peak at

Ultrasound N(CH3)4OH

DMF

Hydroxofluorographene
G(OH)F

DMF

Fluorographene
GF

Fluorinated graphite
(C:F=1:1)

Figure 1 | Representative preparation of G(OH)F. The scheme depicting the chemical procedure towards G(OH)F.
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3,250 cm–1. These results indicate that a well-defined covalently
modified graphene derivative containing aromatic rings and
two characteristic functional groups, C–OH and C–F, can be
prepared from fluorographene via a simple synthetic procedure
involving chemical exfoliation followed by nucleophilic
substitution. The stoichiometric formula for this representative
material is approximately C18(OH)1.8F7.2 with C18 as a supercell
used in the theoretical model (see below).

Atomic force microscopy experiments indicated that after the
exfoliation process, the sample consisted of single-layered sheets
less than 1 nm thick (Supplementary Fig. 4), however, a few-
layered sheets with thickness of several nanometres were observed
as well. Similarly, very thin highly transparent single sheets were
observed by high-resolution transmission electron microscopy
(HRTEM) (Fig. 2d). The distribution of fluorine and oxygen
within the sheet was investigated by scanning transmission
electron microscope–high-angle annular dark-field imaging
(STEM–HAADF) chemical mapping (Fig. 3), which showed that
fluorine and oxygen (–OH) groups were distributed rather
homogeneously within the G(OH)F structure, without any large
fluorine (or oxygen) islands (Fig. 3e).

Magnetic properties of hydroxofluorographenes. To exclude
the effect of tetramethylammonium hydroxide and possible trace
impurities contained in this precursor on magnetic behaviour
of the system, we measured the temperature evolution of
mass magnetic susceptibility (wmass), confirming its solely
diamagnetic character within the whole temperature range
(Supplementary Fig. 5). In the case of other precursor, GF, the
temperature profile of wmass can be fitted employing the Curie

law (wmass¼C/T, where C is the Curie constant and T is
the temperature) and temperature-independent diamagnetic
contribution (Supplementary Fig. 6). However, the paramagnetic
response of GF is very weak due to minor defects in the
GF structure; its magnetic behaviour is dominated by the
diamagnetic term in accordance with the previous study43.
Thus, both precursors used for synthesis of G(OH)F exhibit
non-magnetic behaviour.

Importantly, the substitution of some of F atoms of GF by
–OH groups produces a material with radically different magnetic
properties. Observed magnetic features are not definitely
driven by tiny impurities identified by ICP-MS as the sum of
their wmass, considering the magnetic moments of detected
elements and recalculating their magnetic response to their
weight in the sample and under an external magnetic field of
10 kOe, is four orders lower than the measured wmass of G(OH)F.
Contrary to GF, the temperature dependence of wmass for G(OH)F
is not described by the Curie or Curie–Weiss laws from 5 to
300 K, implying a magnetically ordered state up to room
temperature. More strikingly, at room temperature, G(OH)F
exhibits antiferromagnetic (AFM) behaviour as wmass (or 1/wmass)
decreases (or increases) with lowering the temperature
(Fig. 4a and Supplementary Fig. 7). Thus, at room temperature,
G(OH)F shows AFM ordering, a behaviour never observed
for any 2D organic material having only s and/or p electrons. At
low temperatures, an abrupt increase in wmass is observed followed
by a saturation trend, which is characteristic of ferromagnetic
(FM) materials. The passage from the AFM to FM regime is
also clearly evident from the 1/wmass versus temperature curve
with an inflection point at B62 K (Supplementary Fig. 7).
Thus, below B62 K (the FM/AFM transition temperature,
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Figure 3 | Chemical mapping of a G(OH)F sheet by STEM–HAADF. (a) Distribution of fluorine atoms on the G(OH)F sheet (scale bar, 50 nm).

(b) Distribution of oxygen atoms on the G(OH)F sheet (scale bar, 50 nm). (c) STEM/HAADF image of the G(OH)F sheet (scale bar, 10 nm). (d) Combined

F/O chemical mapping of the G(OH)F sheet (scale bar, 6 nm). (e) Combined C/F/O chemical mapping of the G(OH)F sheet (scale bar, 6 nm).
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TFM/AFM), G(OH)F behaves in an FM manner. In other
words, the FM state is a ground magnetic state for G(OH)F
and the AFM regime can be regarded as thermally excited state.
It is worth noting that similar FM-AFM transitions have
been observed in various molecular radical-based systems45.
The low-temperature FM state was further supported by
G(OH)F isothermal magnetization curve, measured at 5 K:
the curve exhibits hysteresis with a coercivity of B80 Oe
(inset in Fig. 4a). Moreover, the magnetization of G(OH)F
saturates above a value of 1 emu g–1, placing G(OH)F among

the strong magnetic graphene-based systems including doped
and functionalized graphenes and graphene derivatives. However,
unlike other graphene-based materials, which also show
FM features at low temperatures13,28, G(OH)F synthesized
as described above does not lose its magnetic ordering at
room temperature; instead, it passes from an FM to AFM state
as the temperature raises.

To address the evolution/sustainability of the magnetic
properties of G(OH)F, we performed measurements of the
material’s hysteresis loops and wmass under heating from
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Figure 4 | Magnetization measurements. (a) Temperature evolution of the mass magnetic susceptibility (wmass) of G(OH)F, measured under an external

magnetic field (Hext) of 10 kOe. The insets show the hysteresis loops of G(OH)F at 5 K, which indicate non-zero coercivity and a saturation magnetization of

almost 1 emu g� 1. (b) Isothermal magnetization curves of G(OH)F at temperatures of 5–60 K. The insets show the profile of the hysteresis loops around

the origin and the temperature dependence of coercivity (HC). (c) Isothermal magnetization curves of G(OH)F, recorded from 100 to 400 K. The inset

shows the profile of the isothermal magnetization curves at 350 and 400 K, demonstrating a dramatic decrease in the curve’s gradient upon increasing

temperature above 350 K; this implies a transition from an AFM state to a paramagnetic regime. (d) Temperature evolution of wmass of G(OH)F, measured

under an external magnetic field of 10 kOe. The arrows show the reversibility of the wmass profile on warming the sample from 5 to 400 K and then cooling

from 400 to 5 K. The inset depicts the behaviour of wmass between 300 and 400 K including its sudden drop above 370 K, which is indicative of a transition

from an AFM state to the paramagnetic regime with a Néel transition temperature of about 372 K. Note: the paramagnetic signal from the non-interacting

paramagnetic centres was subtracted from the wmass data.
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5 to 400 K and cooling from 400 to 5 K (Fig. 4b–d and Suppleme-
ntary Fig. 7). Between 5 and 60 K, the isothermal magnetization
curves of G(OH)F reveal hysteresis with non-zero coercivity and
remanent magnetization that both decrease with increasing
temperature as would be expected for an FM ground
state (Fig. 4b and its insets). Above 60 K, the hysteretic behaviour
disappears and profiles of the isothermal magnetization
curves are consistent with those expected for an AFM system
(Fig. 4c). Importantly, above 350 K, the gradient of the
magnetization versus field curve decreases sharply, implying a
transition from an AFM to paramagnetic regime (inset in
Fig. 4c,d), with the Néel temperature of B372 K (see the sudden
increase and/or drop in 1/wmass and/or wmass, respectively, above
370 K in Fig. 4d and Supplementary Fig. 7). Importantly, the
profile of the wmass versus T curve is reversible at temperatures of
5–400 K, meaning that mild thermal treatment does not cause any
irreversible structural or magnetic changes in the material (arrows
in Fig. 4d). In the paramagnetic region, the wmass profile fits well
with the Curie–Weiss law (wmass¼C/(Tþ y), where y is the
Weiss temperature) for AFM materials with yE186 K. The
difference between the values of TN and y can be explained by
different (not defects-like) origin of magnetic moments in the
G(OH)F system and AFM state not being the ground magnetic
state. More strikingly, the temperature evolution of coercivity and
remanent magnetization in the FM state does not follow any
formulas valid for d-electron driven magnetism (that is, Brillouin
function, Bloch function and so on), further indicating a
completely new source of magnetic moments—motifs—induced
in the G(OH)F lattice (insets in Fig. 4b).

Discussion
To explain the origin and sustainability of magnetism in G(OH)F
systems and effect of chemical composition on magnetic
features, we applied a high throughput theoretical screening of
random structures of C18(OH)yFx (that is, with a large number
(more than 1,400) of configurations, see Supplementary Table 2
listing abundances of FM and AFM ground states in % of
C18(OH)yFx), simulating thus reliably a random nature of the
derivatization. We focused on identification of the nature
of magnetic motifs driving room temperature magnetism, origin
of FM-AFM transition, role of –OH groups in magnetic

communication of these motifs and effect of C18(OH)yFx

(an F/OH ratio) on magnetic properties of the system.
Regarding the magnetism origin, we identified energetically

stable diradical motifs, typically consisting of sp2-conjugated
islands embedded in an sp3 matrix, which were responsible
for the observed magnetic behaviour. A prototypical example is
the m-xylylene motif, which comprises eight sp2 carbon atoms
and has an FM ground state (GS) with a spin moment S¼ 1 and
an FM-AFM spin-flip gap of 0.012 eV (Fig. 5a,b). Another
important motif consists of four conjugated sp2 carbon atoms in a
triangular configuration that resembles trimethylenemethane
(Fig. 5c,d). Structures containing the trimethylenemethane
motif have a spin moment S¼ 1 (FM GS) and an FM-AFM
spin-flip gap of 0.012 eV. It is worth noting that both m-xylylene
and trimethylenemethane are typical organic diradicals that are
known sources of molecular magnetism46. Structural details of
both prototypical diradical motifs are depicted in Supplementary
Fig. 8. The presence of diradical motifs with FM GS and
small FM-AFM spin-flip gap is consistent with the experimental
FM-AFM transition observed for G(OH)F at B62 K.

The electronic structure displayed as density of states (DOS) of
G(OH)F with the m-xylylene-like motif both in the FM and
AFM phase (Fig. 5e,f) provides insight into the nature of
G(OH)F magnetism. The DOS in the vicinity of the Fermi
level (EF) is dominated by spin-polarized midgap states. Two
midgap states per spin channel are visible in the FM phase
(Fig. 5e), and only one channel is occupied. The midgap states
reflect an imbalance of graphene bipartite lattice, N¼NA � NB,
where NA and NB are the number of atoms belonging to each
sublattice. As the GS spin of imbalanced bipartite lattice is
given by 2 S¼ |NA � NB| (ref. 47), both diradical motifs have
N¼ 2 and, hence, S¼ 1. The spin-polarized midgap states and
bulk of positive (up) spin density reside within the diradical
motif on the majority sublattice, while the electronic states of
the minority sublattice form a band extending from 2.1 eV
above EF. Note that the electronic states with the same spin
direction hybridize with each other.

The DOS plot indicates on the superexchange interactions48

in maintaining the GS FM ordering within the diradical motifs.
A substantial contribution of the oxygen p states of the bridging
hydroxyl group (located between diradical motifs) to the midgap
states (Fig. 5e) shows the important role of –OH groups in
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spin direction can hybridize with each other. The hybridization involves the occupied and unoccupied spin-up states (e) and the occupied and unoccupied

spin-up or spin-down states (f). Such kind of coupling not involving a finite density of states at EF is termed as the superexchange interaction.

Both DOS spectra show a significant contribution of oxygen orbitals to the midgap states, which implies an important role of -OH group in the

superexchange interactions.
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stabilizing the FM GS through the coupling between magnetic
diradical motifs. The importance of –OH functionalization in
self-sustainability of magnetic ordering is further demonstrated
by the fact that fully fluorinated analogue of the m-xylylene motif,
that is, the system comprising m-xylylene-like sp2 island
surrounded by a fully fluorinated sp3 network, is predicted to
have a paramagnetic GS with an AFM-FM spin-flip energy of
0.001 eV (ref. 43). Introduction of a single –OH group to the
supercell only slightly enhances the stability of the m-xylylene
motif’s FM state, by about � 0.03 eV with respect to its
fully fluorinated counterpart. A more significant stabilization
of the FM GS was observed when two hydrogen-bonded
–OH groups were introduced in close proximity to the
sp2 island; this increased the stability of the FM state relative to
the AFM state by 0.08 eV. In addition, a strong overlap of the
–OH and –F orbitals in a broad binding energy range starting
from –18.5 eV highlights the importance of –OH groups
preventing migration of fluorine atoms over the graphene
surface and suppressing formation of non-magnetic islands,
which are formed in partially fluorinated graphenes43,49,50.

The DOS spectra of the AFM phase (Fig. 5f) are virtually
identical as those for FM one up to the valence band maximum.
The important differences appear in the occupation of the
midgap states. The occupied (unoccupied) spin-up (spin-down)
states are localized on the C atoms carrying positive spin density,
while the opposite occupation resides on the C atoms with
negative spin density. As hydroxyl group substantially contributes
to the midgap states, we conclude that the AFM superexchange is
driven by the magnetic coupling48,51 in which –OH group plays
the significant role. Needless to say that the orientation of the
hydroxyl group does not affect the FM-AFM transition observed
at B62 K as both ab initio molecular dynamic simulations
and arbitrary rotation of the –OH groups did not induce the
phase change. Thus, the experimentally observed FM-AFM
transition, inherent to organic-based materials with radical
motifs42, is in good agreement with a low-energy gain of
superexchange interaction of the FM state, which is inversely
proportional52 to the energy difference between hybridized
states (B2.6 eV).

It is worth to mentioning that magnetism of graphene-based
materials is intimately related to the appearance of midgap states
in their electronic structure28,29. The origin of these midgap states
is usually ascribed to defects or edges in the structure of
graphene-based materials. Here we first identify the new principal
source of magnetism in graphene derivatives based on creation of
diradical domains through an appropriate sp3 functionalization.
Such diradical motifs embedded in an sp3 lattice are thus clearly
necessary but not sufficient for maintenance of the magnetic
regime, which is further stabilized by the presence of
neighbouring –OH groups. They show multiple roles in the
system contributing to formation and stabilization of diradical
motifs, superexchange interaction among them and suppression
of adatoms lateral diffusion.

To support the principle role of –OH groups on magnetism,
we further performed a high-temperature treatment of the
G(OH)F sample. If it is exposed to a temperature above 200 �C,
the room temperature magnetism is lost (after thermal treatment,
G(OH)F behaves in a diamagnetic manner; Supplementary Fig. 9)
as –OH groups start to leave the structure of G(OH)F
(see, for comparison, Supplementary Fig. 3b). It confirms that
–OH groups have an essential role on establishing and
maintaining magnetically ordered state up to room temperature.
In addition, defects such as vacancies, voids and edges cannot
be considered as key factors capable to imprint the observed
FM and AFM behaviour at low and room temperature,
respectively.

Furthermore, we modelled the effect of the partial 3D layering
of G(OH)F sheets on the magnetic features of the G(OH)F
system. Here the individual layers in bulk G(OH)F samples
were supposed to be bound by both dispersive forces and
hydrogen-bonding between –OH groups. The theoretical calcula-
tions show that the magnetic properties of bulk G(OH)F
are identical to those of the monolayered material
(Supplementary Fig. 10). This indicates that magnetism of
G(OH)F originates from the individual sheets and is not
a consequence of their stacking. In other words, the potential
contribution of 3D layering to the observed magnetism can be
clearly ruled out.

To address the effect of chemical composition (OH and
F contents) on magnetic properties of hydroxofluorographenes,
we then constructed the magnetization map based on
density functional theory (DFT) calculations for the C18(OH)yFx

basic studied cell (Fig. 6). The magnetization map shows the
propensity for the formation of FM ground states as a function of
the F and OH content of the material (as also listed in
Supplementary Table 2). Importantly, there are regions
corresponding to the magnetically ordered FM ground states
ranging from green to magnetically strongest red parts depending
on the particular composition. Nevertheless, the blue regions
corresponding to non-magnetic states are also present in
a significant portion—the fact evidencing for a principal effect
of chemical composition on magnetic features of G(OH)F system.
In particular, two magnetically interesting islands appear, that is,
upper island corresponding to G(OH)F systems with relatively
high sp3 functionalization (above B50%) and higher OH and
F contents and lower island with considerably lower degree
of sp3 functionalization, centred at the C18F4 stoichiometry,
surprisingly with very low OH content. Importantly, the
stoichiometry of the G(OH)F sample, thoroughly discussed
above, lies within the region of the upper island (sample denoted
as No. 1 in the magnetization map in Fig. 6), where the
magnetism originates from the presence of sp2-conjugated
diradical motifs embedded in an sp3 matrix. Computational
predictions are thus consistent with available experimental data.
In this region, the sp3/(sp2þ sp3) ratio is above the site
percolation limit of honeycomb lattice (0.697)52, which
indicates that the number of sp3 atoms is sufficient (above 5.5
for the supercell containing 18 carbon atoms) to cage the sp2

islands.
To confirm the presence of diradical motifs experimentally, we

prepared and measured the electron paramagnetic resonance
(EPR) spectra (Supplementary Fig. 11) for the C18F11.5 sample
whose sp3/(sp2þ sp3) ratio was above the percolation limit
(0.735), favouring the emergence of diradical motifs according
to our theory. This sample exhibited a similar level of
sp3 functionalization like G(OH)F sample, which is, however,
antiferromagnetic (S¼ 0) and thus EPR silent. The
EPR resonances recorded at two different temperatures
clearly indicate the presence of radical species. In particular,
overlapping signals originating from uncoupled S¼ 1/2 centres
(strong resonance signals around gE2) together with spin-
coupled S¼ 1/2 systems were observed, leading to the formation
of triplet species (S¼ 1). The EPR signatures of S¼ 1 systems
exhibited small E/D ratios (about 0.1) and became clearly visible
upon lowering the temperature. The axial zero-field-splitting
parameter (D) for the S¼ 1 system was found to be equal to
B790 MHz, which corresponds to an average distance of
B4.6 Å between the interacting S¼ 1/2 spins (point-dipole
approach). Note that the distance between the two interacting
S¼ 1/2 spins corresponds well with the distance between
the methylene groups in the m-xylylene motif (B4.887 Å).
The EPR data thus unambiguously confirmed the presence
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of diradical motifs in fluorographene systems of sufficiently high
sp3 content.

To validate the theoretical magnetization map, we
further prepared four additional samples (samples denoted as
No. 2–No. 5 in Fig. 6) exploiting various reaction conditions and
–OH sources (for details, see ‘Methods’ section below) and
determined their chemical composition by XPS (Supplementary
Figs 12 and 13). Here it is worth noting that the experimental

scope for preparing the strongest magnetic systems will be limited
by thermodynamics (Supplementary Fig. 14) and ability to
prepare hydroxofluorographene systems with suitable and
stable distributions of –OH and –F moieties (in this context,
the facile migration of fluorines in lightly fluorinated graphenes
may be problematic43). Nevertheless, the magnetic properties
of all four additional derivatives with chemical compositions of
C18(OH)1.5F6, C18(OH)2F3, C18(OH)2.6F4.7 and C18(OH)2.4F7
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fit to the magnetization map with an excellent correlation
and confirm the profound influence of the C18(OH)yFx

stoichiometry (Fig. 6 and Supplementary Figs 12 and 13). In
particular, C18(OH)2F3 is a diamagnet, in full accordance
with the map (it lies in one of the blue regions in Fig. 6).
Conversely, C18(OH)1.5F6, C18(OH)2.6F4.7 and C18(OH)2.4F7 are
magnetically sustainable 2D materials with an FM GS (all lying in
green-yellow region) and very similar transition temperature to
the AFM state at B62 K. The identical transition temperature,
thus independent on chemical composition, is viewed as another
proof of the same source of magnetism based on diradical
motifs. The slight changes in saturation magnetization
(from B0.9 to B1.2 emu g–1; Fig. 6) stem from different
strength of superexchange interactions associated to the content
of –OH groups.

To further validate our theory, provide additional support
for the essential role of –OH groups in the magnetism of
hydroxofluorographenes, and explore the potentially different
origins of magnetism in fluorographene and hydroxofluorogra-
phene systems, we also synthesized three partially fluorinated
fluorographenes without –OH groups by simple thermal
defluorination of the exfoliated C1F1 sample (for details on
synthesis, see the ‘Methods’ section). The stoichiometries of these
new systems are C18F2.5, C18F4 and C18F6.3 and the samples are
denoted as No. 6, 7 and 8, respectively, in the magnetization map
in Fig. 6 (for detailed XPS and magnetic characterization, see
Supplementary Figs 15, 16 and 17). In full agreement with the
magnetization map derived from our computational studies
(Fig. 6), C18F2.5 is diamagnetic but contains some paramagnetic
centres in perfect correspondence with the work by Nair et al.43

reporting such behaviour for fluorographenes with lower fluorine
coverages. Importantly, beyond the study by Nair et al.43, the
C18F4 exhibits even an FM GS as predicted by our magnetic
model and experimentally confirmed (Fig. 6). However, it
undergoes a transition to a paramagnetic state with the Curie
temperature of 22 K. The different nature of transition
temperature and inability to maintain magnetic ordering up to
room temperature imply the different origin of magnetism in
fluorographenes compared with hydroxofluorographenes. In
particular, the structure of C18F4 can be considered as
sp3 structural defect in the sp2 graphene lattice (Supplementary
Fig. 18). This is further confirmed experimentally by detailed
magnetic analysis of C18F4 (Supplementary Fig. 17). In particular,
the temperature evolution of coercivity and saturation
magnetization of C18F4 agrees very closely with predictions
based on theoretical expressions for magnetism due to d-electrons
(that is, models based on Brillouin and Bloch functions), implying
that its magnetism is due to localized defect-induced magnetic
moments53,54. These results starkly contrast with our observa-
tions for G(OH)F systems that exhibit room temperature
magnetic ordering, whose experimental saturation

magnetization and coercivity data cannot be fitted using models
based on expressions for d-electron magnetism. Finally, the
C18F6.3 sample is again diamagnetic with some paramagnetic
centres in agreement with the theoretical magnetization map
(Fig. 6). Here the magnetic ordering is lost due to a lack of
conduction electrons related to the increased degree
of functionalization.

The comparison of magnetic behaviour of GF and G(OH)F
systems demonstrates the differences between the ‘defect-induced
magnetism’ observed for GF systems with lower levels of
sp3 functionalization and the ‘diradical motif-based magnetism’
observed in the highly functionalized G(OH)F system. At the
same time, these data show that our theoretical model (that is, the
magnetization map presented in Fig. 6) is robust, universal and
capable of explaining the behaviour of both system types with
different origins of magnetism.

In summary, we report a new class of graphene derivatives,
which behave as antiferromagnetic materials at room temperature,
representing examples of sp-based systems with room temperature
magnetism. They become ferromagnets as the temperature is
lowered showing remarkable magnetization. These organic
magnets are prepared via simple, scalable and controllable reactions
of fluorographene with suitable –OH-containing organic precur-
sors. An interplay between thermodynamically preferred defluor-
ination and nucleophilic substitution affects the products’ final
stoichiometry and thus their magnetic features. The magnetism in
hydroxofluorographenes with an appropriate stoichiometry stems
from the presence of diradical motifs coupled via superexchange
interactions and stabilized by –OH groups, which also mediate the
coupling. The newly constructed theoretical model addresses the
effect of system stoichiometry on magnetic features in an excellent
agreement with experimental data. More importantly, this robust
model has a universal character covering the aspects of the ‘defect-
induced magnetism’ and ‘diradical motif-triggered magnetism’
appearing in the field of graphene magnetism depending on degree
of sp3 functionalization.

We believe that this work would open the doors for
preparing a wider family of graphene-based 2D room tempera-
ture magnets whose magnetic properties can be tuned by
controlling the sp3 functionalization. Definitely, the theoretical
model based on diradical motifs communicating through super-
exchange interactions should be further extended also for
other graphene-based systems. The developed room temperature
carbon magnets also offer a huge space for testing in
potential applications in various fields including, for example,
spintronics and magnetically separable nanocarriers.

Methods
Chemicals. Fluorinated graphite (C1F1) and tetramethylammonium hydroxide
(25% w/w aqueous solution) were purchased from Sigma-Aldrich. Partly fluori-
nated graphites (C1F0.55 and C1F0.8) were purchased from Alfa Aesar.

Figure 6 | Magnetic properties as a function of C18(OH)yFx stoichiometry. (a) The mean magnetization map indicates which C18(OH)yFx (x¼0–8,

y¼0–8) stoichiometries are likely to exist in ferromagnetic and non-magnetic ground states. Both –F and –OH groups are assumed to be randomly

distributed across the sample (as suggested by STEM–HAADF elemental mapping, cf. Fig. 3) at zero temperature and the possibility of kinetically controlled

–F/–OH migration is not considered. The white circles indicate experimentally studied samples: 1—C18(OH)1.8F7.2 (ferromagnetic in the ground state),

2—C18(OH)1.5F6 (ferromagnetic in the ground state), 3—C18(OH)2F3 (diamagnetic in the ground state), 4—C18(OH)2.6F4.7 (ferromagnetic in the ground

state), 5—C18(OH)2.4F7 (ferromagnetic in the ground state), 6—C18F2.5 (diamagnetic in the ground state), 7—C18F4 (ferromagnetic in the ground state)

and 8—C18F6.3 (diamagnetic in the ground state). (b) The isothermal magnetization (M) curve of C18(OH)1.8F7.2 (Sample No. 1) as a function of an external

magnetic field (H), recorded at a temperature of 5 K. (c) M versus H curve of C18(OH)1.5F6 (Sample No. 2), recorded at a temperature of 5 K. (d) M versus

H curve of C18(OH)2F3 (Sample No. 3), recorded at a temperature of 5 K. (e) M versus H curve of C18(OH)2.6F4.7 (Sample No. 4), recorded at a temperature

of 5 K. (f) M versus H curve of C18(OH)2.4F7 (Sample No. 5), recorded at a temperature of 5 K. (g) M versus H curve of C18F2.5 (Sample No. 6), recorded at

a temperature of 5 K. (h) M versus H curve of C18F4 (Sample No. 7), recorded at a temperature of 5 K. (i) M versus H curve of C18F6.3 (Sample No. 8),

recorded at a temperature of 5 K. The insets in panel (b,c,e,f and h) show the behaviour of the respective hysteresis loops around the origin with the

saturation magnetization (MS) indicated.
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DMF (p.a. grade) was obtained from PENTA, Czech Republic, and used without
further purification.

Detailed synthesis of samples. To synthesize a few-layered fluorographene
(GF) dispersion in DMF, fluorinated graphite (C:F, 1:1) (250 mg, Aldrich,
grey powder) was suspended in 50 ml DMF. The mixture was sonicated for 2 h in
an ultrasound bath and the temperature of the bath was kept below 30 �C. The
suspension was then left to stand for 1 day to allow any undispersed material
to settle. The clear, pale grey supernatant colloid was then collected and used
in the preparation of hydroxofluorographene.

To synthesize hydroxofluorographene (G(OH)F, C18(OH)1.8F7.2), 2 g of an
aqueous tetramethylammonium hydroxide solution (25% w/w, Aldrich) was added
to 50 ml of a fluorographene (C1F1) dispersion in DMF (prepared as described
above) with a concentration of 0.8 mg ml–1. The base initially precipitates in
DMF but the precipitate gradually dissolves upon stirring. After 3 days’ stirring at
room temperature in a sealed vessel, the suspension was centrifuged at 5,000 r.p.m.
for 10 min. The centrifuged solid was washed several times with water until its
pH became neutral and then re-suspended in 6–8 ml water by sonication in an
ultrasound bath (45 min). This dispersion was left to stand for 1 day to allow
undispersed particles to settle and then centrifuged at 1,000 r.p.m. for 20 min to
yield a clear black colloid containing aqueous dispersed hydroxofluorographene
layers. Completely the same synthetic procedure was also applied to prepare
hydroxofluorographenes (C18(OH)2F3 and C18(OH)1.5F6, respectively) from
partly fluorinated graphites (C1F0.55 and C1F0.8, respectively).

Among several pathways tested for obtaining different hydroxylated graphene
fluoride derivatives, two such reactions are described, as more appropriate for the
scope of the present work. To synthesize C18(OH)2.6 F4.7, 50 mg of graphite fluoride
was dispersed in 2 ml DMF and 0.7 ml H2O2 (30%, Aldrich) was added. The
C18(OH)2.4F7 sample was prepared by adding 0.7 ml tert-butyl hydroperoxide
solution in decane (5.0–6.0 M, Aldrich) and 50 mg potassium tert-butoxide
(Aldrich) in a 50 mg graphite fluoride dispersion in 2 ml DMF. Both mixtures were
heated under stirring at 90 �C for 3 days. Work up of products was performed
similarly with the previous ones.

Partially fluorinated fluorographenes, that is, with a composition of C18F2.5,
C18F4 and C18F6.3, and the sample with the composition of C18F11.5 used for the
EPR measurements, were obtained by thermal treatment of commercial fluorinated
graphite under inert atmosphere at 800 �C for 4 h, at 625 �C for 4 h, at 550 �C for
5 h and at 550 �C for 1 h 52 min, respectively. The thermal treatments were
performed in an open a-Al2O3 crucible using a Netzsch STA 449C Jupiter
instrument. A temperature programme with a heating rate of 5 �C min–1 (10 �C
min–1 for C18F11.5) from 40 �C to the final temperature was used. According to XPS
analysis, the samples presented also small amounts of nitrogen and oxygen
(atomic content, C18F2.5: N 2.0%, O 2.1%; C18F4: N 1.0%, O 1.4%; C18F6.3: O 0.6%;
C18F11.5: O 3.1%).

Thermal annealing of G(OH)F. G(OH)F was thermally annealed by heating
under inert atmosphere from room temperature to 220 �C at a rate of 5 �C min–1,
with a subsequent 3 h isotherm at 220 �C.

Characterization techniques. The exact composition of the precursors
(C1F0.55, C1F0.8 and C1F1) and derived G(OH)F and partially fluorinated graphene
(that is, C18Fx, x¼ 2.5, 4, 6.3 and 11.5) samples was determined by XPS carried
out with a PHI VersaProbe II (Physical Electronics) spectrometer using an
Al Ka source (15 kV, 50 W). The obtained data were evaluated with the MultiPak
(Ulvac-PHI, Inc.) software package. The detection of residual metal content in the
G(OH)F sample was performed by ICP-MS. The exact amount of the G(OH)F
sample (10 mg) was immersed in a concentrated nitric acid (Z99.999% trace
metals basis) and heated for 2 h at 100 �C. Afterwards, the mixture was transferred
into 10 ml volumetric flask, diluted with water and the undissolved graphene was
caught by a 200 nm Millipore filter. The obtained concentration of metals in the
solution was recalculated to the amount of the tested sample (analogically, diluted
nitric acid was used as a blank). FT-IR spectra were obtained using an iS5 FT-IR
spectrometer (Thermo Nicolet) with a Smart Orbit ZnSe ATR technique
(650–4,000 cm� 1). Raman spectra were recorded on a DXR Raman microscope
using the 532 nm excitation line of a diode laser. HRTEM images were obtained
using an FEI TITAN 60–300 HRTEM microscope with an X-FEG type emission
gun, operating at 300 kV. STEM–HAADF analyses for EDX mapping of elemental
distributions on the G(OH)F sheets were performed with an FEI TITAN 60–300
HRTEM microscope operating at 80 kV. For HRTEM, STEM–HAADF and EDX
experiments, an aqueous solution of G(OH)F with a concentration of 0.1 mg ml� 1

was redispersed by ultrasonication for 5 min. A drop of the sonicated sample was
then deposited on a carbon-coated copper grid and slowly dried at laboratory
temperature for 24 h to reduce its content of adsorbed water. Atomic force
microscopy images and appropriate height profiles were recorded in semi-contact
mode (HA-NC tips, mica substrate) on an NTEGRA Aura instrument. Thermo-
gravimetric analysis and evolved gas analysis were performed on a STA449 C
Jupiter-Netzsch instrument with a heating rate of 1 �C min–1. The masses of
released gases in the range of 12–60 m/z were determined with a QMS 403 Aolos
mass spectrometer (Netzsch), starting at 100 �C to avoid overloading the

spectrometer with adsorbed water. A superconducting quantum interference device
magnetometer (MPMS XL-7 type, Quantum Design, USA) was employed for the
magnetization measurements. The temperature dependence of the magnetization
of tetramethylammonium hydroxide, C1F1 precursor and seven final products
(that is, C18(OH)2F3, C18(OH)1.5F6, C18(OH)2.6F4.7, C18(OH)2.4F7, C18F2.5, C18F4

and C18F6.3) was recorded in the sweep mode over the temperature interval
from 5 to 300 K under an external magnetic field of 10 kOe; the temperature
evolution of magnetization of the C18(OH)1.8F7.2 sample was monitored in the
sweep mode over the temperature interval from 5 to 400 K and back under an
external magnetic field of 10 kOe. The hysteresis loops of the C18(OH)1.8F7.2 and
C18F4 samples were measured at a series of temperatures in the interval from
5 to 400 K and from 5 to 300 K, respectively, in external magnetic fields ranging
from � 50 to þ 50 kOe. The hysteresis loops of the C18(OH)2F3, C18(OH)1.5F6,
C18(OH)2.6 F4.7, C18(OH)2.4F7, C18F2.5 and C18F6.3 samples were measured at
a temperature of 5 K and in external magnetic fields from � 50 to þ 50 kOe.
The magnetization values were corrected assuming the response of the sample
holder, sample capsule and respective Pascal constants. EPR spectra were recorded
on a JEOL JES-X-320 operating at X-band frequency (B9.15 GHz), equipped
with a variable temperature control ES 13060DVT5 apparatus, and were performed
on the powder C18F11.5 sample (B2 mg loaded onto the EPR tube). The cavity
Q quality factor was kept above 6,000, highly pure quartz tube was employed
(Suprasil, Wilmad, o0.5 OD) to load the sample powders. The g value accuracy
was obtained by comparing the resonance signals of the C18F11.5. sample with that
of MnO standard (JEOL-internal standard). The experimental conditions for
measuring EPR spectra were adjusted as follows: frequency¼ 9.15584 GHz,
modulation frequency¼ 100 kHz, modulation amplitude¼ 0.8 mT, time
constant¼ 30 ms, applied microwave power¼ 0.8 mW, sweep time¼ 480 s and
phase¼ 0�s.

Computational methods. Atomistic calculations were performed using the
spin-polarized DFT and projected augmented wave potentials representing atomic
cores as implemented in the VASP package55–57. The PBE xc functional58 was used
with a plane wave cutoff of 500 eV. The Brillouin zone integrations were performed
with 2� 2� 1 (structure and cell optimization) and 10� 10� 1 (final runs;
magnetism) G point-centred k-point Monkhorst-Pack meshes59 per 3� 3
supercell. The electronic density of states was calculated using the tetrahedron
method60 employed denser k-point sampling 16� 16� 1. Open circles in Fig. 6
label the explored 21 unique stoichiometries C18(OH)yFx. For each stoichiometry at
least 64 random structures were generated. The optimized structures were
converged to energy of less than 10� 4 eV, and a convergence criterion of
10� 6 eV for each SCF cycle. The thermodynamic stability of all reported
configurations was analysed in terms of the stabilization energy
Estab¼ [E(model)�NF*E(F)�NOH*E(OH)�NC*E(C)]/(NFþNOHþNC), where
E(model), E(F) and E(OH) denote the total energy of the supercell model, F atom,
–OH group and C atom, respectively and NF, NOH and NC denote the number
of F atoms, –OH groups and C atoms, respectively. The spin coupling constant or
spin-flip gap per supercell was calculated as ESF¼ELS� EHS, where ELS and EHS are
the total low-spin and total high-spin energy for a given configuration, respectively.
The mean magnetization was obtained as average over 32 low-energy samples from
64 per cell as a function of x and y in the formula of C18(OH)yFx. The colour-coded
maps were generated by linear fitting among valid data points represented by
circles.

To address the role of 3D stacking on the magnetic properties of the G(OH)F
system, calculations including vdW-correction DFT-D3 of Grimme61 were carried
out for a hypothetical bulk. We considered typical stacking patterns, namely
AA and AB; the relaxed interlayer distance for the most energetically stable
structure was 5.9 Å. The energetically most stable structure together with the
corresponding density of states plot is presented in Supplementary Fig. 10.

Data availability. The data that support the findings of this study are available
from the corresponding author upon request.
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