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ABSTRACT:  There is a growing understanding of the large role inorganic nanoparticles and 

their assemblies for Earth sciences. Complex structures from NPs are found in rocks, soils, and 

sea sediments but the mechanisms of their formation are poorly understood, which causes 

controversial conclusions about their genesis. Here we show that graphene quantum dots (GQDs), 

can assemble into complex structures driven by coordination interactions with metal ions 

commonly present in environment and serve a special role in Earth’s history,  such as  Fe
3+

 and 

Al
3+

. GQDs self-assemble into mesoscale chains, sheets, supraparticles, nanoshells, and 

nanostars. Specific assembly patterns are determined by the effective symmetry of the GQDs 

when forming the coordination assemblies with the metal ions. As such, maximization of the 

electronic delocalization of π-orbitals of GQDs with Fe
3+

 leads to GQD-Fe-GQD units with D2 

summery, dipolar bonding potential, and linear assemblies. Variable dihedral angles in GQD-Al-

GQD
 
structural units destroys axial symmetric relationships and results in a more isotropic 

bonding potential with effective S2n symmetry and, thus, the formation of supraparticles without 

preferred bonding axes. Taking advantage of high electron microscopy contrast of carbonatious 

nanostructures in respect to ceramic background, the mineralogical counterparts of GQD 

assemblies are found in mineraloid shungite.  The examined samples of shungite contain 

nanocarbons with nearly identical geometrical patterns, symmetry relations, and spectroscopic 

signatures as the laboratory superstructures, which may reflect self-assembly processes during its 

formation. These findings provide insight into nanoparticle dynamics during the rock formation 

that can lead to mineralized structures of unexpectedly high complexity.   

 

KEYWORDS: self-assembly; symmetry; nanoparticles; graphene quantum dots, environment, 

electronic conjugation, nanoscale geology, nanoscale mineralogy.  
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INTRODUCTION: Self-assembly of different types of inorganic nanoparticles (NPs) is 

typically discussed in the context of engineering of advanced materials.
1–6

 While the 

technological importance of NP superstructures and organized thin films is obvious, there is a 

growing acceptance of the important role that inorganic NPs play in geosciences,
7,8

 

climatology,
9–12

 and even solar geoengineering
13,14

. In turn, this necessitates better understanding 

of their aggregation behavior that in most cases leads non-random agglomerates
15

 with chemical 

and optical properties distinctly different from those of individual NPs.   

The presence of NPs in different geological environments has been pointed out in several 

studies
7,16–19

 but tracing their dynamic behavior in the same conditions is difficult due to 

limitations of electron microscopy and experimental models.
20,21

  The connection between NP 

self-organization and geological and environmental processes was first identified by the studies 

of oriented attachment of nanocrystals
22,23

 that may serve as example of non-classical 

crystallization
24,25

 of many minerals.  This is only example of many possible self-assembly 

processes involving nanocolloids,
15,19–21

 especially when considering that there is a nearly 

infinite variety of nanoscale metal oxides, sulfides, silicates, and other particles present in 

Earth’s water.  As such, organized structures from NPs can be formed via coordination bonds 

that are known to produce numerous self-organized structures.
26–30

 Since metal ions are abundant 

in the environment,
31,32

 they can be, in fact, very common.   

The first questions in this line of inquiry might be regarding the possible organization 

patterns and whether they are retained in minerals. Understanding the factors determining these 

patterns can shed light on ambient conditions and metal ions present at the time of rock 

formation. Among potentially many Earth science aspects, such knowledge can be instrumental 

for tracing the origin of mineralized formations with complex micro- and sub-micron geometries 
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known as microfossils.
33

 These are found in many sedimentary and metamorphic rocks and take 

the shape of chains, shells, tubes, shells, and other organizational patterns (Figure S1).  Because 

of their structural complexity and high content of carbon, these mineralized formations were 

attributed to the early life-forms,
34

 which resulted in the ongoing scientific discussion about their 

genesis. If similar assembly patterns from NPs are possible, a simpler explanation of their 

appearance in mineralogical formations could be possible, as well.   

 

RESULTS AND DISCUSSION: 

Model Nanoparticles: This study is focused on self-assembled structures of 2–10 nm segments 

of graphene sheets, also known as graphene quantum dots (GQDs).
18,35–40

  Being quite different 

from oxide and chalcogenide nanocolloids whose self-assembly was previously 

studied,
7,16,22,24,41–43

 GQDs represent a more accurate research model for the self-assembly 

processes that occur in Nature rather than other NPs because of the distinct chemical identities of 

carbonaceous NPs, which creates high electronic microscopy contrast on the background of 

ceramic matrices  and enables spectroscopic traceability in laboratory and natural samples. The 

composition of individual NPs and their observed superstructures, for instance, for metal oxide 

NPs, can be altered dramatically in the course of mineralization. Furthermore, large amounts of 

anthropogenic nanocarbons makes understanding of their agglomeration processes paramount for 

understanding their fate in the environment.  The fundamental questions that can be answered by 

GQD model system may also include the organizational patterns of carbonaceous NPs found in 

multiple minerals
18

 as well meteorites
44

 (Figure S1b).  
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Morphology and Diversity:  GQDs were synthesized via an “oxidation-cutting” method
45,46

 

and were 2.5 ± 0.9 nm in diameter and 1.4 ± 0.6 nm in thickness as determined by transmission 

electron microscopy (TEM) and atomic force microscopy (AFM), respectively (Figure S2). 

They exhibit bright yellow-green fluorescence with a peak at 520 nm (Figure S3). The carboxyl 

edge-groups in GQDs made by oxidation cutting can form complexes with metal ions, and 

therefore, assembly of GQDs 
47

 via coordination bond bridges. 

The ability of GQDs to self-assemble was investigated in the presence of various metal ions 

such as  Li
+
, Na

+
, K

+
, Ag

+
, Ca

2+
, Mg

2+
, Mn

2+
, Co

2+
, Ni

2+
, Cu

2+
, Zn

2+
, Cd

2+
, Pb

2+
, Al

3+
, Cr

3+
, Fe

3+
, 

Ce
3+

, and Tb
3+ 

(Figure 1, Figures S4-S8 in SI). A large variety of assembly motifs were 

observed. They may be categorized into two broad types: extended and terminal, exemplified by 

nanochains (Figure 1d) and supraparticles (Figure 1b), respectively.
48

 Among the terminal 

assemblies, nanoshells (Figure 1c) and nanostars (Figure 1f) were also observed. For the 

extended assemblies, nanosheets were observed in some cases (Figure 1e).  

To find a common parameter for the quantitative analysis of these dissimilar assembly 

patterns, we used the largest geometrical measure of GQD assemblies, Γ, (see legend in Figure 

1g).  Perhaps expectedly, Γ depends on the equilibrium binding constant, Kc, of metal ions to 

carboxyl groups (Figure 1g), Kc = [R-COOM
n-1

]/ [M
+n

][R-COO
-
], which indicates that the 

energy of the coordination bonds represents the essential factor controlling the assembly. Metal 

ions can be divided into three groups with respect to their ability to induce GQD assembly. 

GQDs remain as single NPs in the presence of Li
+
, Na

+
, and K

+
, which are metals with a single 

positive charge and low Kc. Metal ions with double or triple positive charges and relatively low 

Kc such as Ca
2+

, Mg
2+

, Mn
2+

, Co
2+

, Ni
2+

, Cd
2+

, and Al
3+

, lead to supraparticles with sizes from 10 

to 50 nm (Figure 1b and S5). The supraparticles assembled with Al
3+

 ions showed a spherical 
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morphology with a diameter of 43 ± 6 nm. The size uniformity index, S, (see Figure S2 in SI) of 

the supraparticles was calculated to be 13.8%. Similarly to the previous observations of 

supraparticles self-assembled from nanoscale units,
49

 we observed a substantial decrease of S for 

assembled terminal structures. Size uniformity for pristine GQDs were 33.7% for diameter and 

46.1% for thickness, respectively (Figure S2).  

Highly charged metal ions with high Kc such as Fe
3+

, Cu
2+

, Zn
2+

, Pb
2+

, Cr
3+

, Ce
3+

, and Tb
3+

,  

lead to the assembly of GQDs into nanochains (Figure S7). GQD assemblies for Ni
2+

 ions form 

nanoshells (Figure 1c) with a diameter of 60–200 nm and a wall thickness of 18 ± 8 nm.  Note 

that such classification of ions with respect to the types of assemblies formed is empirical and 

can be expanded once other types of geometries in the superstructures are observed.  

Modification of the GQDs with other anionic functionalities beyond carboxyl groups will further 

expand the spectrum of self-assembled structures. 

Nanoscale Structure: Considering the special role of iron ions in Earth’s mineralogy and 

evolution
50,51

 as well as its highest abundance among transition metals on Earth,
31

 we chose to 

investigate the assemblies of GQDs with Fe
3+

 in greater detail. Among all the metal ions tested, 

Fe
3+

 ions produced assemblies with the largest Γ. The GQD-Fe
3+

 nanochains will serve as the 

primary model for the following experimental series aimed at better understanding of the 

structural features and formation mechanisms of GQD coordination assemblies.  

Detailed studies of the effects of solvents, concentrations, pH, and other parameters (Figure 

S8-S14 in SI) showed that the propensity of GQDs to assemble was the highest when in water at 

pH 3.2 with [Fe
3+

] = 0.5 mM and [GQD] = 10 µg/mL. The GQD-Fe
3+

 nanochains were as long 

as 2400 ± 900 nm (Figure S12) and had an aspect ratio Γ/D > 160, where D is the average 
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diameter/width of the nanochains. Neither different solvents nor GQD concentration between 1 

µg/mL and 100 µg/mL exhibited a strong effect on the morphology of the assemblies or Γ 

indicating that these parameters are primarily determined by the strength of coordination bonds 

between –COO
- 
and Fe

3+
 and not by hydrophobic forces. The  strong dependence of D on the 

dielectric constant, ε (Figure S9), indicates that electrostatic GQD-GQD repulsion plays a key 

role in the formation of nanochains. 

Scanning transmission electron microscopy (STEM) showed that the GQD-Fe
3+

 nanochains 

have a fractal geometry (Figure 2) with fractal dimension of 1.3, indicating that they can be 

largely described as a one dimensional object.  The width of the nanochain, D, was an average of 

7.4 ± 2.7 nm along the entire assembly, which is quite remarkable for a spontaneously formed 

structure from components with low size uniformity, indicating thermodynamic control of this 

assembly parameter.   Simultaneously, the length of the assemblies  Γ ranged from 500 nm to 

3000 nm; such variability is characteristic of kinetic control of the chain elongation.   From high 

resolution high angle annular dark field (HAADF) STEM images, single GQDs can be 

recognized along the nanochains; their size was 2–4 nm, which is consistent with that for 

unassembled GQDs (Figure 2c). The constitutive units showed lattice spacing of 0.25 nm (Figure 

2d), which corresponds to (1120) lattice fringes of graphene. TEM tomography (Figure 2e and 

video in SI) indicate that GQD-Fe
3+

 nanochains are homogeneous with no obvious differences 

found between their inner and outer parts of the nanochains (Figure S15 in SI). The height, H, of 

the nanochains obtained from AFM (Figure 2f) was 4.6 ± 1.9 nm, which is comparable to the 

values of D obtained from STEM (Figure 2c). 

Mechanism of Assembly:  Elemental analysis by XPS showed that the GQD-Fe
3+

 nanochains 

consist of carbon, oxygen, nitrogen, and iron, with an atomic ratio as 62.5 : 36.0 : 1.0 : 0.5, 
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which largely matched the elemental analysis obtained by energy dispersive analytical 

spectroscopy (EDAX) (Figure S16). Nitrogen comes from the doping nitrogen at GQDs when 

nitric acid was added for the oxidative cutting during the synthesis process.  

The strong fluorescence of GQDs makes it possible to observe the formation of nanochains in 

situ using confocal fluorescence microscopy. The dispersion of GQDs without Fe
3+

 showed 

randomly distributed fluorescent dots (Figure S17 in SI).  After addition of 0.5 mM Fe
3+

, GQDs 

quickly assembled into chains; the luminescence maximum was enhanced and shifted from 520 

nm to 550 nm (Figure S3).  After three minutes, brightly fluorescent GQD-Fe
3+

 nanochains were 

observed.  Their length was between 1 μm and 20 μm, which coincides with Γ obtained from 

TEM data. 

The formation of COO-Fe coordination bonds were detected by Fourier transform infrared 

spectroscopy (FT-IR, Figure 3a). Dispersed pristine GQDs showed a peak at 1695 cm
-1

, 

corresponding to the stretching vibration in –COOH groups. For the GQD-Fe
3+ 

nanochains, the 

IR peak split into the symmetric 1653 and asymmetric 1406 cm
-1 

of the ionized carboxyl groups 

–COO
-
.  Confirming the FT-IR data, high resolution XPS spectra (Figure 3b, c and S18 in SI) 

before and after the formation of GQD-Fe
3+

 nanochains, demonstrated strong charge transfer 

from –COO
-
 to Fe

3+
 (Supplementary Notes) and the formation of the coordination bonds. UV-

Vis absorption and magnetic circular dichroism (MCD) spectroscopies confirm this conclusion 

(Figure S19). From the cumulative analysis of all these experimental series, the formation of –

COO
- 
-- Fe

3+
 coordination bonds is readily inferred (Supplementary Notes). The experimental 

dependences of geometrical parameters of GQD assemblies on the media, pH, ions and their 

concentrations (Figure S2-S8), are consistent with the self-assembly process being governed by 
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the counterbalance of attractive forces from coordination interactions and repulsive forces from 

electrostatic interactions of GQDs. 

The Raman spectra can provide information about both the carbonaceous assemblies prepared 

in the laboratory and those formed in Nature.  Unassembled GQDs showed a D band at 1378 cm
-

1
, a G band at 1602 cm

-1
, and a weak and broad G’ band around 2713 cm

-1
 (Figure 3d).  

Interestingly, GQD-Fe
3+

 nanochains showed 4.8 times stronger Raman signals at 1370 cm
-1

 and 

1592 cm
-1

 for the D and G bands respectively, compared to those from free GQDs. The G’ bands 

for GQD-Fe
3+

 nanochains showed a multicomponent shape with two maxima at 2726 and 2896 

cm
-1

. The split in G’ band corresponds to GQD stacking in the assemblies.
52

   

The electronic structure of the coordination assemblies of GQDs elucidated by density 

functional theory (DFT) points to the origin of the linear motif in GQD assemblies.  After energy 

optimization, the structure of GQD-Fe
3+

 dimers showed a dihedral angle of 73.3 degrees from 

one GQD plane to the other. The HOMO and LUMO for GQD-GQD-Fe
3+

 assemblies (Figure 4c 

and 4d) displayed remarkable long-range conjugation between the aromatic systems of GQDs 

despite their twisted orientation and large value of the dihedral angle. Such a conjugated 

structure became possible because of π-orbital bridging by the d-orbitals of the Fe
3+

 ion.  The 

electron delocalization is maximized when the GQD-Fe-GQD assembly has a linear geometry.  

The requirement of the maximal delocalization for the GQD-Fe-GQD assembly translates into 

D2 symmetry of GQD-Fe-GQD unit as the elementary building block of the resulting self-

assembled superstructure. Several computational and theoretical studies indicated that the 

symmetry of the building blocks propagate through the scales explicitly determining the 

geometry of the hierarchical assemblies formed via near-equilibrium processes,
53–59

 which is the 

case for GQDs. Importantly, the  characteristic C2 axis aligned with the planes of both graphene 
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sheets in the GQD-Fe-GQD unit is translated into axial bonding potential between them that, in 

some studies, is referred to as dipolar potential.
55,57

 Combined with electrostatic repulsion 

limiting the radial growth from structural defects in GQDs, such bonding potential leads to linear 

assemblies preserving the C2  symmetry.  On the other hand, variable dihedral angles between 

the graphene sheets in GQD-Al-GQD units destroys C2 operation placing  structural units into 

the S2n symmetry group.  It concomitantly imparts large scale GQD-Al-GQD assemblies with a 

nearly isotropic bonding potential that translates into supraparticles formation when paired with 

the same electrostatic restrictions on their size.
49

  

  The electronic structure established from DFT calculations also helps us to explain the origin 

of Raman scattering enhancement.  Similarly to previous studies of molecular systems of both 

organic and inorganic nature,
60,61

 the increased delocalization of π-orbitals leads to the 

enhancement of Raman scattering, which  can be directly inferred from the theory of Raman 

scattering for highly polarizable electronic systems.
62

 The DFT-calculated Raman intensity 

showed a 16.5 times enhancement of the 1600 cm
-1 

band attributed to the breath stretching 

vibration along the graphene layer after the formation of GQD-Fe
3+ 

nanochains, which 

corresponds well with the experimental results. Increased molecular rigidity is also responsible 

for an approximate 3.5 times enhancement of luminescence quantum yield, as illustrated in 

Figure S3.   

Molecular Dynamic Simulations: GQDs have smaller and lighter atoms than most metal, 

semiconductor, and ceramic NPs, which opens an opportunity to create a fully atomistic model 

for computational studies needed for assemblies driven by coordination bonds.  Note that coarse 

grained models that would be suitable for the modeling of mesoscale structures would still 

require consideration of fully atomistic structures to establish bonding potentials and be bound 
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by the same symmetry rules.  Also, important computational capabilities at the atomistic level 

are essential for modeling environmental processes consisting of a wide range of ionic 

components that is often impossible experimentally.   

We constructed GQD-M-GQD and GQD-M-GQD-M-GQD models for assemblies bridged by 

Fe
3+

 and Al
3+

 that represent extended and terminal superstructures, respectively.  Water 

molecules completed the coordination sphere of the metal centers containing six coordination 

bonds for Fe
3+

 and Al
3+

. All MD experiments returned the equilibrated geometries of the GQD-

M-GQD and GQD-M-GQD-M-GQD segments with a distinct linear configuration for Fe
3+

 

(Figure 4e, g), whereas the same assemblies bridged by Al
3+

 equilibrated into the angled 

configuration. The difference in the shape of metal-GQD oligomers is attributed to the different 

coordination preferences of the metal ion determined by the lowest HOMO energy (Figure 4c), 

while other stimuli, such as attractive forces from coordination bonds (enumerated by Kc, which 

is ~ 1 for both Al
3+

 and Fe
3+

, Figure 1g) and electrostatic repulsion (enumerated by the overall 

charges of M
n+

 and GQDs),  are comparable.  Fe
3+

 ions strongly favor bidentate coordination of 

carboxyl groups but Al
3+

 prefers monodentate coordination according to our DFT calculations 

(Figure S23) and previous reports.
63

 This geometry of the coordination bridges in the GQD-Fe-

GQD assembly units forces them to align themselves with respect to each other, propagating the 

symmetry of the individual blocks through all the scales similarly to crystallographic relations in 

minerals, which can be recognized in their preferential formation of chains (Supplementary 

Notes). Thus, monodentate coordination ligands eliminate at least one symmetry relationship in 

the structural unit defining the preferential bonding axis, which leads to a supraparticle structure 

that maximizes short-range attractions. In agreement with this mechanism and DFT calculations 

above, the Raman spectra of GQD-Al
3+

 supraparticles showed much lower (43%) Raman 
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scattering enhancement than GQD-Fe
3+

 nanochains, reflecting more flexible assemblies (Figure 

S25). GQD-Al
3+

 assemblies also revealed a much higher and broader G’2 band at 3000 cm
-1

 than 

GQD-Fe
3+

 due to stacking of graphene layers in the supraparticles. 

Comparison with nanoscale structure of shungite:  While there is wide variety of nanoscale 

colloids in the environment and an equally wide range of environmental conditions, self-

assembled structures from nanocarbon particles observed for a well-known carbon-rich mineral, 

such as shungite
64,65

 provides a convenient case for establishing the relationship between the 

nanoscale colloids and the resulting structure of minerals. This is because the identity of 

carbonaceous particles in the matrix of inorganic materials can be traced much better than that 

for ceramic NPs.   

Multi-layer graphene nanosheets (Figure 5a), GQD-like dots, and their network assemblies 

(Figure 5b,c) were observed in the TEM images of the examined shungite samples. 

Interestingly, hollow nanoshells strikingly similar to those assembled from GQDs, also exist in 

shungite rocks (Figure 5d). XPS elemental analysis was employed to study the possible overlap 

in elemental composition between shungite samples and our as-prepared GQD assemblies. Our 

shungite contains approximately 70% carbon, 20% oxygen, 0.22% iron, and 1.42% aluminum 

(Table S4), which indicates that the examined rocks are fairly typical for this mineraloid that can 

display carbon content from 20% to 98%.  

Raman spectra and synchrotron based small angle X-ray scattering (SAXS) spectra were 

carried out to provide detailed structural information of the carbonaceous assemblies in the 

rocks. The shungite showed a typical graphene-type Raman spectrum, with narrow and sharp D 

and G bands (Figure 5e,f). The synchrotron SAXS spectra provided structural information about 
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the ensemble properties of nanocarbon assemblies of the mineral. The SAXS spectrum for a 

water dispersion of milled shungite exhibited virtually identical scattering curves as those of the 

GQD assembled nanochains. From all the observations described, we believe that nanoparticles 

with high carbon content formed prior to the formation of this rock and were able to assemble 

into various architectures during its formation.  

CONCLUSIONS: GQDs self-assemble via coordination bonds under ambient conditions into 

superstructures with unexpectedly wide morphological diversity. We elucidated the mechanism 

of GQD assembly and the emergence of specific patterns, such as nanochains and supraparticles 

formed by GQDs with Fe
3+

 and Al
3+

, respectively, which replicate nearly exactly the nanoscale 

structures reported for shungite.
66

 This observation opens a question how the conditions during 

the formation of this mineraloid might be related to the complex nanocarbon superstructures 

observed in it.  The fact that shungite rocks are known to form as sediments in shallow lagoons
67

 

seems to be conducive with the organizational patterns of carbonatious nanostructures in it.  

However, it is not clear how subsequent metamorphic processes might have affected the initial 

assemblies.  The question about the origin of carbon-rich particles as the product of high-

temperature decomposition of organic matter or the original components experienced self-

assembly process might also be raised.  For any genesis of the examined shungite rocks, the 

diversity of the observed superstructures and simplicity of their formation indicate the possibility 

of NP-based structures with life-like in geometry and functions.
68,69

 The morphological 

complexity of these structures can mirror that observed for GQDs, albeit not being limited by it.    

 

METHODS 
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Synthesis of graphene quantum dots (GQDs). GQDs were synthesized by a modified protocol 

through a top-down “oxidation-cutting” process.
45

 In detail, 50 mg of carbon fibers was 

dispersed into a 4 mL mixture of sulfuric acid and nitric acid (3:1 v/v). The black solution was 

subjected to sonication for 2 h and mechanically stirred for 24 h at 80 °C. After the reaction, the 

mixture was cooled and diluted with deionized (DI) water (0.15 mg/mL). Sodium hydroxide was 

added to adjust the solution to a neutral pH value. The mixture was dialyzed for 3 days to obtain 

the final product. 

Synthesis of GQD nanochains. The GQD nanochains self-assembled after adding metal ions 

(e.g. Fe
3+

) to a dispersion of GQDs. Typically, HCl solution (0.1 mol/L) was added into 0.01 

mg/mL solution of GQDs to keep the pH to around 3. After that, FeCl3 solutions were slowly 

mixed with the GQDs under mild shaking. The mixture was stored at room temperature 

overnight until the color of the solution darkened slightly. The product was purified using an 

ultrafiltration tube (molecular weight (M.W.) cutoff: 3000) spinning in a centrifuge (6000 rpm) 

for 0.5 h three times. 

Instrumentation. The TEM characterization was performed using a JEOL 3011 HREM while 

a JEOL 2100F was employed for the HAADF and bright field (BF) imaging under STEM mode. 

STEM tomography was applied on a JEOL 2100F using a Gatan 912 tomographic holder under 

the control of a SerialEM program. An ETOMO program was used for tomographic 

reconstruction by means of a back-projection algorithm. AFM (Veeco, Dimension Icon AFM) 

and SEM (FEI, Nova 200 Nanolab SEM/FIB) were performed for the morphological studies of 

GQD-Fe
3+

 nanochains. The elemental analysis was performed by XPS (Kratos, Axis Ultra XPS) 

and EDAX (EDAX XEDS system accessory to FEI Nova 200 Nanolab SEM/FIB). In order to 

confirm the accuracy and reliability of the data, the XPS in this experiment was calibrated using 
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a Au 4f 7/2 peak at 84.00 eV from gold film coating on a blank sample on a silicon wafer. 

Rigaku Ultima IV XRD was used for XRD and SAXS characterizations. The synchrotron based 

SAXS characterizations were carried out on a beamline BL19B1, Shanghai Synchrotron 

Radiation Facility. 

The light emission properties of GQDs and their assemblies were investigated by 

fluorescence spectroscopy  (Horiba, Fluoromax-3). The absorbance of the samples was analyzed 

by UV-Vis spectroscopy (Agilent, 89090A). The magnetic circular dichroism was analyzed by 

CD spectroscopy (JASCO, J-815) using a permanent magnet cuvette mount with 1 T of magnetic 

field intensity. The Raman spectra were measured by a Renishaw InVia Reflex Micro Raman 

Spectrometer while the FT-IR were obtained on a Nicolet 6700 FTIR spectrometer, which 

allowed for the study of the vibrational information of the molecules. The ζ-potentials were 

measured by a Zetasizer (Malvern Instruments, Nano ZS). Confocal fluorescence microscopy 

(Leica, SP8 MP) was applied to monitor the formation of nanochains in situ. 
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FIGURES: 

 

Figure 1 | Coordination assemblies of GQDs with various morphologies. (a-d) TEM images 

of equilibrium GQD assemblies induced by 0.5 mM of (a) Na
+
, (b) Al

3+
, (c), Ni

2+
, and (d) Fe

3+
 

after 24 h assembly process for [GQD] = 0.01 mg/mL, pH 3.0 in water. (e-f) TEM images GQD 

coordination assemblies induced by (e) 0.5 mM Fe
3+

 for [GQD] = 0.1 mg/mL, pH 3.2 in 

ethanol/water 4:1 solution and (f) 1 mM Fe
3+

 for [GQD] =0.01 mg/mL, pH 3.5 in water. (g-h) 

The dependence of the largest geometrical measure, Γ, of the coordination assemblies on (g) the 

coordination constant for carboxyl group with the metal ion and (h) dielectric constant of the 
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media. Hausdorff geometry of sets utilizes Γ to describe complex objects with multiple 

characteristics that GQD assembles represent. Within the framework of this study, larger Γ 

represents a greater propensity of the system toward self-assembly with a pattern characteristic 

for specific GQD-M
n+

 systems. Γ for GQD-M
n+

 assemblies were calculated depending on the 

geometry of the spontaneously forming constructs as the average total length for chains, average 

largest XY dimension for sheets, and average diameter for supraparticles, nanoshells, or stars.  

 

Figure 2 | Structural characterizations of GQD-Fe
3+

 nanochains. TEM image (a), SEM 

image (b), HAADF-STEM image (c), high resolution BF-STEM image, reconstructed 3D 

tomographic model in top view (e left) and side view (e right), and AFM height topological 

image (f) of GQD-Fe
3+

 nanochains. Inset: high resolution HAADF-STEM image for a selective 
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part of the GQD-Fe
3+

 nanochain. The GQD-Fe
3+

 nanochains were assembled at 10 µg/mL GQD 

and 0.5 mM Fe
3+

 ions under pH 3.2. 

 

Figure 3 | Spectroscopic characterizations of GQD-Fe
3+

nanochains. (a) FT-IR spectra for 

GQD and GQD-Fe
3+

 nanochains. High resolution XPS of Fe 2p for dried Fe
3+

 solution (b) and 

GQD-Fe
3+

 nanochains (c). Experimental Raman spectra (d) for GQDs and GQD-Fe
3+

 nanochains. 

Simulated Raman spectra (e) for GQD and GQD-Fe
3+

 dimers calculated using density functional 

theory (DFT). The GQD-Fe
3+

 nanochains were assembled at 10 µg/mL GQD and 0.5 mM Fe
3+

 

ions under pH 3.2. 
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Figure 4 | Computational studies of coordination assemblies of GQDs. (a) Optimized 

molecular geometry for GQD-Fe
3+

 dimer obtained by DFT. (b) Vibration mode for GQD-Fe
3+

 

dimer at 1611 cm
-1

 through DFT-based vibrational analysis. Molecular orbitals for bidentate 

GQD-GQD-Fe
3+ 

assemblies: (c) HOMO and (d) LUMO.  The isovalue for the orbital mapping 
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was set to 0.15 eV. (e-h) Optimized geometries obtained by MD simulations for (e) GQD-Fe
3+

 

dimer, (f) GQD-Al
3+

 dimer, (g) GQD-Fe
3+

 trimer, and (h) GQD-Al
3+

 trimer. Color coding: gray - 

carbon, red - oxygen; white - hydrogen; blue - iron; pink - aluminum. Blue solid -  positive 

orbital; yellow solid -negative orbital.  

 

Figure 5 | Experimental data on nanostructures in shungite.  TEM images of (a) graphite 

fractals and graphene layers, (b) carbon nanodots, (c) nanochain networks, and (d) nanoshells in 

shungite samples. (e) Raman spectra for shungite rocks. (f) Synchrotron based SAXS spectra for 

Fe-GQD nanochains. The GQD nanochains 1 were fabricated at [Fe
3+

] = 2 mM, [GQD] = 10 

µg/mL, and pH 3.2. The GQD nanochains 2 were fabricated at [Fe
3+

] = 0.5 mM, [GQD] = 10 

µg/mL, and pH  3.2. And the GQD and shungite solutions were both 10 µg/mL at pH 3.2, 

adjusted by HCl. 

 


