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FRACTALS OF GRAPHENE QUANTUM DOTSIN PHOTOLUMINESCENCE OF SHUNGITEB. S. Razbirin a, N. N. Rozhkova b, E. F. Sheka 
*, D. K. Nelson a, A. N. Starukhin aaIo�e Physi
al-Te
hni
al Institute, Russian A
ademy of S
ien
es194021, Saint Petersburg, RussiabInstitute of Geology, Karelian Resear
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es185910, Petrozavodsk, Russia
Peoples' Friendship University of Russia117198, Mos
ow, RussiaRe
eived August 12, 2013Viewing shungite as loosely pa
ked fra
tal nets of graphene-based (redu
ed graphene oxide, rGO) quantumdots (GQDs), we 
onsider photolumines
en
e of the latter as a 
onvin
ing proof of the stru
tural 
on
eptas well as of the GQD attribution to individual rGO fragments. We study emission from shungite GQDsfor 
olloidal dispersions in water, 
arbon tetra
hloride, and toluene at both room and low temperatures. Asexpe
ted, the photolumines
en
e of the GQD aqueous dispersions is quite similar to that of syntheti
 GQDsof the rGO origin. The morphologi
al study of shungite dispersions shows a steady trend of GQDs to formfra
tals and to drasti
ally 
hange the 
olloid fra
tal stru
ture 
aused by the solvent ex
hange. Spe
tral studyreveals a dual 
hara
ter of the emitting 
enters: individual GQDs are responsible for the spe
tra position whilethe fra
tal stru
ture of GQD 
olloids provides high broadening of the spe
tra due to stru
tural inhomogeneity,thus 
ausing a pe
uliar dependen
e of the photolumines
en
e spe
tra on the ex
itation wavelength. For the�rst time, photolumines
en
e spe
tra of individual GQDs were observed in frozen toluene dispersions, whi
hpaves the way for a theoreti
al treatment of the GQD photoni
s.DOI: 10.7868/S00444510140500731. INTRODUCTIONOriginally, the term �graphene quantum dot�(GQD) appeared in theoreti
al resear
h and wasattributed to fragments limited in size, or domains, ofa single-layer two-dimensional graphene 
rystal. Thesubje
t of the investigations 
on
erned the quantumsize e�e
ts, manifested in the spin [1; 2℄, ele
troni
 [3℄and opti
al [4�9℄ properties of the fragments. Thesestudies signi�
antly stimulated the interest in GQDsand their attra
tive appli
ations (see, e. g., [10℄ andthe referen
es therein), whi
h raised the question oftheir preparation. This proved to be a di�
ult taskand the progress a
hieved by now has been presentedin exhaustive reviews [11; 12℄. On the basis of spe
tralstudies, we have found that in almost all 
ases, theGQDs are not single-layer graphene domains but*E-mail: sheka�i
p.a
.ru

multi-layer formations 
ontaining up to 10 layers ofredu
ed graphene oxide (rGO) of less than 30 nm insize.Opti
al spe
tros
opy, and photolumines
en
e (PL)in parti
ular, was the primary method of studying theproperties of the GQDs. Review [12℄ presents a 
om-plete pi
ture of the results, whi
h 
an be summarizedas follows.1. Regardless of the method of obtaining GQDs inwater solution, the �nal produ
t is a mixture of parti-
les di�ering in size (both width and thi
kness).2. Morphology of GQDs reveals that the parti
lesize is not determined by the produ
tion pro
ess, al-though depending on the starting materials. The aver-age linear dimension is about 10 nm, while the max-imum is 60 nm. The average thi
kness of parti
lesindi
ates multi-layer, in most 
ases, �ve-layer GQDs,although obtaining single-layer GQDs is also not un-
ommon (see, e. g. [13�17℄).3. Fourier-transform infrared spe
tros
opy and838
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tron spe
tra show that in almost all the 
asesstudied, the 
hemi
al 
omposition of GQDs 
orre-sponds to partially oxidized graphene.4. The absorption spe
tra in the visible and UVrange show a well-marked size e�e
t that is manifestedas a red shift of the spe
trum with in
reasing the GQDsize.A detailed des
ription of these features with the pre-sentation of their possible explanations and links to therelevant publi
ations is given in [12℄.As seen from the synopsis, opti
al spe
tros
opyof GQDs gives a 
ompli
ated pi
ture with many fea-tures. However, in spite of this diversity, 
ommonpatterns 
an be identi�ed that 
an be the basis ofthe GQD spe
tral analysis. These general 
hara
ter-isti
s in
lude: (1) stru
tural inhomogeneity of GQDsolutions, whi
h should rather be 
alled dispersions;(2) low-
on
entration limit that provides surveillan
eof the PL spe
tra; (3) dependen
e of the GQD PL spe
-trum on the solvent, and (4) dependen
e of the GQDPL spe
trum on the ex
itation light wavelength. Itis these four 
ir
umstan
es that determine usual 
on-ditions under whi
h the spe
tral analysis of 
omplexpolyatomi
 mole
ules is performed. The 
ondition op-timization, primarily in
luding the 
hoi
e of solventand the experiment performan
e at low temperature,in many 
ases led to good results, based on stru
turalPL spe
tra (see, e. g., the relevant resear
h of fullerenesolutions [18�21℄). In this paper, we show that imple-menting this optimization for the spe
tral analysis ofGQDs turns out to be quite su

essful.2. GRAPHENE QUANTUM DOTS OFNATURAL ORIGINSyntheti
 GQDs des
ribed in the pre
eding se
tionhave re
ently been 
omplemented with GQDs of natu-ral origin [22; 23℄. It has been shown that GQDs presentthe main stru
tural pe
uliarity of shungite of Kareliandeposits. Based on the detailed analysis of physi
al and
hemi
al properties of graphene and its derivations, itwas established in [22℄ that shungite should be regardedas one of the natural 
arbon allotropes, possessing mul-tistage fra
tal nets of rGO fragments less than 1 nm insize. The generality of the basi
 stru
tural elements ofshungite and syntheti
 GQDs as well as the ability ofthe former to disperse in water provided a basis of aresear
h proje
t [23℄ aimed at establishing the gener-ality of the spe
tral properties of aqueous dispersionsof shungite and syntheti
 GQDs and proving the stru
-tural formula of shungite given above. The 
ondu
ted

spe
tral studies provided the desired 
on�rmation, atthe same time exhibiting parti
ular features of the ob-served spe
tral 
hara
teristi
s that allowed insights intothe stru
tural and spe
tral pe
uliarities of the GQDsdissolved in di�erent solvents.3. FRACTAL NATURE OF THE OBJECTUNDER STUDYThe GQD 
on
ept evidently implies a dispersedstate of a number of nanosize rGO fragments. Empiri-
ally, the state is provided by the fragment dissolutionin a solvent. On
e dissolved, the fragments unavoid-ably aggregate, forming 
olloidal dispersions. As men-tioned above, so far only aqueous dispersions of syn-theti
 GQDs have been studied [11; 12℄. In the 
ase ofshungite GQDs, two mole
ular solvents, 
arbon tetra-
hloride and toluene, were used to repla
e water in thepristine dispersions. In ea
h of these 
ases, the 
olloidalaggregates are the main obje
t of study. Althoughthere has been no dire
t 
on�rmation of their fra
talstru
ture, there are serious reasons to suppose thatit is an obvious reality. A
tually, �rst, the fragmentformation o

urred under 
onditions that unavoidablyinvolve elements of randomness in the 
ourse of bothlaboratory 
hemi
al rea
tions and natural graphitiza-tion [22℄; the latter 
on
erns the fragment size andshape. Se
ond, the fragment stru
ture 
ertainly bearsthe stamp of polymers, for whi
h fra
tal stru
ture ofaggregates in dilute dispersions has been 
onvin
inglyproved (see [24℄ and the referen
es therein).As shown in [24℄, the fra
tal stru
ture of 
olloidalaggregates is highly sensitive to the ambient solvent,the temperature of the aggregates formation, and otherexternal a
tions su
h as me
hani
al stress and so forth.This fa
t makes the de�nition of quantum dots of 
ol-loidal dispersions rather vague at the stru
tural level.In the 
ase of GQDs of di�erent origin, the situationis additionally 
ompli
ated be
ause the aggregation ofsyntheti
 (Sy) and shungite (Sh) rGO fragments o
-
urred under di�erent external 
onditions. In view ofthis, it must be assumed that rGO-Sy and rGO-Sh ag-gregates of not only di�erent but also the same solventdispersions are quite di�erent.Seeking the answer to the question of whether thesame term GQD 
an be attributed to 
olloidal disper-sion in the above two 
ases, we should re
all that afeature of fra
tal stru
tures is that fra
tals are typi-
ally self-similar patterns, where �self-similar� meansthat they are �the same from near as from far� [25℄.This means that the pe
uliarities, e. g., of the opti
al839



B. S. Razbirin, N. N. Rozhkova, E. F. Sheka et al. ÆÝÒÔ, òîì 145, âûï. 5, 2014behavior of ea
h of the two rGO-Sy and rGO-Sh 
ol-loidal dispersions obey the same law. From this stand-point, there apparently is no di�eren
e whi
h stru
-tural element of a multilevel fra
tal stru
ture of their
olloidal aggregates should be attributed to a quantumdot. However, the identity of both �nal and intermedi-ate fra
tal stru
tures of aggregates in di�erent solventsis highly questionable and only the basi
 rGO stru
-tural units 
an be identi�ed without a doubt. There-fore, GQDs of both rGO-Sy and rGO-Sh dispersionsshould asso
iate with rGO individual fragments. Thisis why di�erent fra
tal nets of GQDs provided by dif-ferent 
olloidal dispersions are the obje
t of this study.As regards the spe
tral behavior of the dispersions, weshould expe
t an obvious generality provided by the
ommon nature of GQDs, but simultaneously 
ompli-
ated by the di�eren
e in fra
tal pa
king of the dotsin the di�erent-solvent dispersions. The latter mainly
on
erns the rGO-Sh dispersions [23℄ that are 
onsid-ered in detail below.4. rGO-Sh AQUEOUS DISPERSIONSIn full agreement with 
ommonly used methods forthe preparation of 
olloidal dispersions of grapheneand its derivatives [26; 27℄, rGO-Sh aqueous dispersionswere obtained by soni
ation of the pristine shungitepowder for 15 min with an ultrasoni
 disperser UZ-2M(at a frequen
y 22 kHz and the operating power 300 W)followed by �ltration and ultra
entrifugation [28℄. Themaximum a
hievable 
on
entration of 
arbon is lessthan 0.1 mg/ml, whi
h is 
onsistent with poor watersolubility of graphene and its derivatives [26℄. The re-sulting dispersions are quite stable, and their proper-ties vary little during the time. The size-distribution
hara
teristi
 pro�le of rGO-Sh aggregates is shownin Fig. 1a. It was obtained by dynami
 light s
atter-ing using nanoparti
le size analyzer Zetasizer Nano ZS(Malvern Instruments). The results were pro
essed inthe approximation of a spheri
al shape of the aggre-gates. As 
an be seen from the �gure, the average sizeof the aggregates is 54 nm, whereas the distribution isquite broad, 26 nm, su
h that the resulting 
olloids aresigni�
antly inhomogeneous. The inhomogeneity obvi-ously 
on
erns both size and shape of basi
 rGO frag-ments and, 
onsequently, GQDs. The stru
ture of the
arbon 
ondensate formed after water evaporation fromthe dispersion droplets on a glass substrate is shownin Figs. 1b and 1
. As 
an be seen from the �gure,the 
ondensate has a fra
tal stru
ture formed by aggre-

gates, whose shape is 
lose to spheri
al. It should bementioned that the 
ondensate fra
tal stru
ture shouldnot be identi
al to that of the pristine dispersion [24℄,although, no doubt, some 
ontinuity of the stru
tureshould be manifested.Figure 2a shows an overview on the 
hara
ter-isti
 patterns of the emission spe
trum of rGO-Shaqueous dispersions at di�erent ex
itation wavelength�ex
 at 80 K. In
reasing the temperature to 293 Kdoes not 
ause a signi�
ant 
hange in the spe
tra,resulting in only a slight broadening of their stru
-tural 
omponent related to the Raman spe
trum ofwater at the fundamental frequen
y � 3400 
m�1of the O�H stret
hing vibrations. When ex
ited at�ex
 = 405 and �ex
 = 457 nm, the Raman spe
-trum superimposes a broad lumines
en
e band in therange 17000�22000 
m�1. The emission of the disper-sion at �ex
 = 532 nm is weak. Figure 2b shows thePL spe
tra of the aqueous dispersion at �ex
 = 405 and�ex
 = 457 nm after subtra
ting the Raman spe
trumof water. Both spe
tra are broad and bell-shaped thatis 
hara
teristi
 of the PL spe
tra of rGO-Sy aqueousdispersions (see [12℄). In spite of the large width ofPL spe
tra, their position in the same spe
tral regionfor both rGO-Sy and rGO-Sh aqueous dispersions evi-den
es a 
ommon nature of the emitting GQDs.The similarity of the spe
tral behavior of the twodispersions also extends to a 
onsiderable overlap oftheir absorption and PL spe
tra, so that a set of newPL spe
tra 
an be ex
ited with an in
rease in �ex
within pra
ti
ally ea
h PL spe
trum. Of 
ourse, ashift of these new PL spe
tra maxima toward longerwavelengths with in
reasing �ex
 is observed. Su
h abehavior usually indi
ates the presen
e of an inhomo-geneously broadened absorption spe
trum of the emit-ters that widely overlaps with the PL one and whoseex
itation at di�erent �ex
 within the overlapping re-gion results in the sele
tive ex
itation of di�erent setsof emitting 
enters. In the 
ase of rGO-Sy dispersions,the spe
trum inhomogeneous broadening is usually ex-plained by s
atter in the GQDs (rGO fragments) lin-ear dimensions [12℄. However, not only GQDs lineardimensions but also their shape and the 
ompositionof 
olloidal aggregates may largely vary, whi
h shouldbe expe
ted for the rGO-Sh dispersions, in parti
ular.This is 
learly seen in the example of various aggregatestru
tures of the 
ondensates shown above in Figs. 1band 1
. Unfortunately, the large width of PL spe
tradoes not allow exhibiting those spe
tral details thatmight speak about the aggregated stru
ture of GQDs.840
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B. S. Razbirin, N. N. Rozhkova, E. F. Sheka et al. ÆÝÒÔ, òîì 145, âûï. 5, 20145. rGO-Sh DISPERSIONS IN ORGANICSOLVENTSTraditionally, the best way to over
ome di�
ul-ties 
aused by inhomogeneous broadening of opti
alspe
tra of 
omplex mole
ules is the use of their dis-persions in frozen 
rystalline matri
es. The 
hoi
e ofsolvent is highly important. For example, water isa �bad� solvent be
ause the absorption and emissionspe
tra of dissolved large organi
 mole
ules are usu-ally broadband and unstru
tured. By 
ontrast, frozensolutions of 
omplex organi
 mole
ules, e. g., in
lud-ing fullerenes [18�21℄, in 
arbon tetra
hloride (CTC) ortoluene (T), in some 
ases provide a reliable monitoringof �ne-stru
tured spe
tra of individual mole
ules (Sh-polskii's e�e
t [29℄). Dete
tion of PL stru
tural spe
traor stru
tural 
omponents of broad PL spe
tra not onlysimpli�es spe
tral analysis but also indi
ates the dis-persing of emitting 
enters into individual mole
ules.It is this fa
t that was the basis of the solvent 
hoi
ein studying spe
tral properties of shungite GQDs [23℄.Organi
 rGO-Sh dispersions were prepared from thepristine aqueous dispersions in the 
ourse of sequentialrepla
ement of water �rst by isopropyl al
ohol and thenby CTC or T [30℄. The morphology and spe
tral prop-erties of these dispersions turned out to be di�erent,and we therefore dis
uss them separately.5.1. rGO-Sh dispersions in 
arbontetra
hlorideWhen analyzing CTC-dispersion morphology, adrasti
 
hange in the size-distribution pro�les of thedispersion aggregates 
ompared with that of aqueousdispersions (Fig. 3) was the �rst highly important re-sult. The se
ond result 
on
erns the high in
ertitude inthis fra
tal stru
ture. Figures 3a and 3b present size-distribution pro�les related to CTC-dispersions mostdi�erent with rspe
t to this parameter. Figures 3
 and3d show images of agglomerates of �lms obtained whendrying the CTC-dispersion droplets on glass. As 
anbe seen by 
omparing Fig. 1 and Fig. 3, the average
olloidal aggregate size in
reases when water is sub-stituted by CTC. The nearly spheri
al shape of aggre-gates in Figs. 1b and 1
 is repla
ed by lamellar fa
eting,mostly 
hara
teristi
 of mi
ro
rystals. Noteworthy isthe absen
e of small aggregates, whi
h indi
ates a 
om-plete absen
e of individual GQDs in the dispersions.Therefore, the 
hange in size-distribution pro�les aswell as in the shape of the aggregates of the 
ondensateeviden
es a strong in�uen
e of solvent on the aggregatestru
ture, thus de
isively 
on�rming that the intera
-tion between GQDs is stronger than between GQDsand solvent mole
ules.

The 
ondu
ted spe
tral studies are quite 
onsis-tent with these �ndings. The dispersions have a faintyellow-brown 
olor, whi
h indi
ates the presen
e of sig-ni�
ant absorption of the solutions in the visible range(Fig. 4a). The PL spe
tra were studied for a wide rangeof dispersions obtained at di�erent time. As found,both the behavior of these spe
tra at di�erent ex
iting-laser wavelengths �ex
 and the shape of PL spe
traof di�erent dispersions are largely similar, while thespe
tra intensity 
an di�er substantially. Arrows inFig. 4a show the wavenumber values ��1ex
 
orrespon-ding to laser lines at �ex
 = 405, 457, 476.5, 496.5,514.5, 532 nm.Figure 4 shows PL spe
tra of CTC-dispersion DC1,whose morphologi
al properties are 
lose to thoseshown in Fig. 3a. As we see from Fig. 4a, the dispersionabsorption in
reases when advan
ing to the UV region.It 
an be assumed that the absorption of ea
h 
om-ponent of the aggregate 
onglomerate in
reases withde
reasing �ex
, and therefore the ex
itation with UVlight at �ex
 = 337:1 nm a�e
ts almost all the emitting
enters in the 
rystal matrix. A
tually, the UV-ex
itedPL spe
trum in Fig. 4a is very broad and 
overs theregion from 27000 to 15000 
m�1. In this 
ase, thePL spe
trum overlaps with the absorption spe
trumover the entire spe
tral range. Su
h a large overlapeviden
es the inhomogeneously broadened 
hara
ter ofboth spe
tra, that is, the formation of an ensemble ofemitting 
enters that di�er in the probability of emis-sion (absorption) at a given wavelength (it is assumedthat the probability of energy migration between the
enters is low). Indeed, su

essive PL ex
itation bylaser lines 1, 3, 4, and 5 (see Fig. 4a) 
auses a signif-i
ant modi�
ation of the PL spe
tra (Fig. 4b ). Thewidth of the spe
tra de
reases as �ex
 in
reases, thePL band maximum is shifted to longer wavelengths,and the spe
trum intensity de
reases. This is due tosele
tive ex
itation of a 
ertain group of 
enters. Ingeneral, the observed pattern is typi
al for stru
turallydisordered systems dis
ussed in the pre
eding se
tion.To simplify the subsequent 
omparative analysis of thespe
tra obtained at di�erent �ex
, we let them be de-noted in a

ordan
e with the ex
itation wavelength:405-, 476-, 496-spe
trum, et
.Comparing the PL spe
tra of dispersion DC1 at dif-ferent ex
itations, we note that (1) PL spe
tra obtainedwhen ex
ited in the overlap region of the absorptionand emission spe
tra in Fig. 4a, have a more distin
tstru
ture than the 337-spe
trum, but still eviden
e asuperpositioning 
hara
ter of the spe
tra; (2) the inten-sity of the 405-spe
trum is almost an order of magni-tude higher than the intensity of the rest of the spe
tra.842
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tra of shungite disper-sions in 
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tra of DC1 and DC2 disper-sions; (
) the spe
tra of DC2 dispersions at di�erentex
itations marked by numbers as in Fig. 4
Before dis
ussing the features of the observed spe
tra,we 
onsider the PL spe
tra of dispersion DC2 that is
lose in morphology to the dispersion shown in Fig. 3b.Figures 5a and 5b 
ompare the 405- and 337-spe
traof DC2 with those of DC1 des
ribed above. The 337-spe
trum of DC2 exhibits a new UV band, the intensityof its 405-spe
trum de
reases by several times. How-ever, it is important to note that the 405-spe
trumof DC2 is still the most intense among other spe
tra(Fig. 5
). The spe
trum of DC2 still retains a three-peak shape, but their intensities are signi�
antly redis-tributed. Apparently, the di�eren
e between DC1 andDC2 spe
tra speaks about a redistribution of the GQDsets in the two dispersions.Comparative analysis of the PL spe
tra of disper-sions DC1 and DC2 shows that the above- mentionedspe
tral regularities are sensitive to the stru
ture ofCTC dispersions and are dire
tly related to the degreeof stru
tural inhomogeneity. Thus, narrowing the size-distribution pro�le related to dispersion DC2 undoubt-edly 
auses the narrowing of inhomogeneously broad-

ened absorption and emission spe
tra, su
h that the in-tensity of the long-wavelength emission spe
tra of DC2dispersion de
reases. Be
ause of the 
uto� of the long-wavelength absorption spe
trum of DC2 dispersion, thestru
ture of its 405-spe
trum be
omes more noti
eable,apparently due to an additional feature of the distribu-tion of emitting 
enters in DC2 over energy. Un
hangedin both sets of spe
tra is the predominan
e intensity ofthe 405-spe
trum.The di�eren
e in the stru
tural inhomogeneity ofdispersions raises the question of their temporal sta-bility. Spe
tral analysis of their PL allows answeringthis question. In Fig. 6, we return to dispersion DC1,but after 1.5 years (dispersion DC1�). As 
an be seenfrom Fig. 6a, the PL spe
trum of DC1� reveals the ap-pearan
e of new emitting 
enters, responsible for PL inthe UV region. The rest of the 337-spe
trum does not
hange mu
h, preserving its intensity and large width.Changes in PL spe
tra in the visible range are less pro-noun
ed (Fig. 6b ). Attention is drawn to the high in-tensity of the 457-spe
trum of DC1�.844
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en
e spe
tra of shungite dispersions in 
arbon tetra
hloride at 80 K after the ba
kground emissionsubtra
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omparative view of 337-spe
tra of DC1 and DC1� dispersions; (b ) the same for spe
tra of DC1 (thi
k
urves) and DC1� (thin 
urves) dispersions at di�erent ex
itations marked by numbers as in Fig. 4Thus, the set of PL spe
tra obtained for rGO-ShCTC-dispersions allows making the following 
on
lu-sions.1. None of �ne-stru
tured spe
tra similar to Sh-polskii's spe
tra of organi
 mole
ules was observed inthe low-temperature PL spe
tra of 
rystalline CTC-dispersions. This is 
onsistent with the absen
e of smallparti
les in the size-distribution pro�les of the relevant
olloidal aggregates.2. The PL spe
tra are broad and overlap with theabsorption spe
trum over a wide spe
tral range. Thisfa
t testi�es to the inhomogeneous broadening of thespe
tra, whi
h is the result of a nonuniform distribu-tion of the dispersion 
olloidal aggregates, 
on�rmedby morphologi
al measurements.3. The observed high sensitivity of PL spe
tra tothe stru
tural inhomogeneity of dispersions allows us-ing the �uores
ent spe
tral analysis as a method fortra
king the pro
ess of the formation of primary dis-persions and their aging over time.4. Sele
tive ex
itation of emission spe
tra by dif-ferent laser lines allows de
omposing the total spe
-trum into 
omponents 
orresponding to the ex
itationof di�erent groups of emitting 
enters. In this 
ase,
ommon to all the studied dispersions is the high in-tensity of the emission spe
tra ex
ited at �ex
 = 405and �ex
 = 457 nm.5.2. rGO-Sh dispersion in tolueneThe behavior of toluene rGO-Sh dispersions is moreintri
ate from both morphologi
al and spe
tral stand-points. Basi
 GQDs of aqueous dispersions are nearlyinsoluble in toluene, and therefore the resulting toluenedispersions are essentially 
olorless due to the low 
on-


entration of the solute. In addition, the low 
on
entra-tion makes the dispersion very sensitive to any 
hangein both the 
ontent and stru
ture. This 
auses stru
-tural instability of dispersions, whi
h is manifested, inparti
ular, in the time dependen
e of the relevant size-distribution pro�les. Thus, the three-peak distributionof the initial toluene dispersion shown in Fig. 7a is grad-ually repla
ed by a single-peaked distribution in Fig. 7bin one to two hours. The last distribution does not
hange with time and represents the distribution of thesolute in the supernatant.Similarly to 
arbon tetra
hloride, toluene 
auses adrasti
 
hange in the 
olloidal aggregates stru
ture thuson
e again proving the fra
tal stru
ture of the pristineGQD 
olloids in aqueous dispersions. However, if the
arbon tetra
hloride a
tion 
an be attributed to the
onsolidation of the pristine 
olloids, the toluene re-sults in a quite opposite e�e
t, leading to their dispers-ing, whi
h indi
ates that the intera
tion between GQDsis weaker than between GQDs and toluene mole
ules.The three-peak stru
ture in Fig. 7a shows that at theinitial stage of water repla
ement by toluene, in theresulting liquid medium, there are three kinds of par-ti
les with average linear dimensions of about 2.5, 70,and 1100 nm. All the three sets are 
hara
terized bya wide s
atter. Large parti
les are seen in the ele
-tron mi
ros
ope (Figs. 7
 and 7d ) as freaky sprawledfragments. Over time, these three entities are repla
edby one with an average size of about 0.25 nm. Thus,freshly produ
ed dispersions 
ontaining GQD aggre-gates of varying 
omplexity turns into the dispersionof individual GQDs. We note that the obtained aver-age size seems to be too small. This might be be
ausethe program pro
essing of the parti
le distribution inZetasizer Nano ZS (Malvern Instruments) is based on845
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dFig. 7. (a and b ) Size-distribution pro�les of 
olloidal aggregates in shungite toluene dispersion; (
 and d ) SEM im-ages of the dispersion 
ondensates on glass substrate in di�erent s
ales. Carbon 
on
entrations are (a) 0:08 mg/ml and(b ) 0:04 mg/mlthe approximation of spheri
al three-dimensional par-ti
les, whereby the output data 
an be assigned to thetwo-dimensional stru
tural anisotropi
 parti
les with abig stret
h. Hen
e the value 0.25 nm 
an be a

eptedas a very approximate one and only 
onsistent by theorder of magnitude with the empiri
al value of about1 nm for the average size of GQDs in shungite [22℄.The 
onversion of the aqueous dispersion of aggre-gated GQDs into the 
olloidal dispersion of individ-ual GQDs in toluene is a pe
uliar manifestation of theintera
tion of solvents with fra
tals des
ribed in [24℄.Apparently, GQD fra
tals are di�erently �opaque� or�transparent� with respe
t to 
arbon tetra
hloride andtoluene, whi
h 
auses su
h a big e�e
t. Certainly, this�nding may stimulate the 
onsideration of nanosizegraphene dispersions in the framework of fra
tal s
i-en
e similarly to the polymer study [24℄. As regardsgraphene photoni
s, the obtained toluene dispersion

has allowed investigating individual GQDs for the �rsttime.Figure 8 shows the PL spe
tra of 
olloidal disper-sions of individual GQDs in toluene. The brutto exper-imental spe
tra, ea
h of whi
h is a superposition of theRaman spe
trum of toluene and the PL spe
trum of thedispersion, are presented in Fig. 8a. We note the 
learlyvisible enhan
ement of Raman s
attering of toluene inthe range 20000�17000 
m�1. Figure 8b shows the PLspe
tra after subtra
ting the Raman spe
tra. The spe
-tra presented in the �gure 
an be divided into threegroups. The �rst group in
ludes the 337-spe
trum (7 )that in the UV region is the PL spe
trum, similar inshape to the UV PL spe
trum of toluene, but shifted tolonger wavelengths. This part of the spe
trum shouldapparently be attributed to the PL of some impuritiesin toluene. The main 
ontribution to the PL 337-spe
t-rum in the range 24000�17000 
m�1 is asso
iated with846
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Fig. 8. Photolumines
en
e spe
tra of shungite toluenedispersion at 80 K (a) as observed, (b ) after the sub-tra
tion of Raman s
attering of toluene, and (
) at-tributed to individual GQDs only. Numbers from 1 to5 denote the same �ex
 as in Fig. 4 and number 6marks �ex
 = 337:1 nmthe emission of all GQDs available in the dispersion.This spe
trum is broad and stru
tureless, whi
h appar-ently indi
ates the stru
tural inhomogeneity of GQD
olloids.The PL 405- and 476-spe
tra (1 and 3 ) in the range23000�17000 
m�1 should be attributed to the se
-ond group. Both spe
tra have a 
learly de�ned stru
-ture that is most distin
tly expressed in the 405-spe
t-rum. The spe
trum is 
hara
teristi
 of a 
omplexmole
ule with allowed ele
tron transitions. Assum-

ing that the maximum frequen
y at 22910 
m�1 de-termines the position of a pure ele
tron transition,the longer wavelength doublet at 21560�21330 
m�1
an be interpreted as vibroni
 transitions. The dis-tan
e between the doublet peaks and the pure ele
tronband is 1350�1580 
m�1, whi
h is 
onsistent with thefrequen
ies of totally symmetri
 vibrations of the C�C graphene skeleton, 
ommonly observed in Ramanspe
tra. Similarly, two peaks of the mu
h less inten-sive 476-spe
trum, whi
h are wider than in the pre-vious 
ase, are divided by the average frequen
y of1490 
m�1. The PL 457-spe
trum shown in Fig. 8
(
urve 2 ) is similar to spe
tra 1 and 3, 
loser to the405-spe
trum in intensity. All the three spe
tra arerelated to individual rGO fragments, albeit of diffe-rent size that gradually in
reases in going from the405-spe
trum to 457- and 476-spe
tra.The shape of 496- and 514-spe
tra substantially dif-fers from that of the se
ond-group spe
tra. Instead ofthe two peaks observed there, a broad band is observedin both 
ases. This feature makes these spe
tra at-tributable to the third group, to be asso
iated with theappearan
e of not individual frozen GQDs but theirpossible 
lusters (su
h as dimeri
 homo- (GQD+GQD)and hetero- (GQD+toluene) stru
tured 
harge trans-fer 
omplexes, and so forth). The eviden
e for su
h apossibility is dis
ussed in the next se
tion.The 
ondu
ted spe
tral studies of the rGO-Shtoluene dispersions on
e again 
on�rmed the status oftoluene as a good solvent and a good 
rystalline ma-trix, whi
h allows obtaining stru
tured spe
tra of in-dividual 
omplex mole
ules under 
onditions when inother solvents the mole
ules form fra
tals. This abil-ity of toluene for the �rst time allowed obtaining thespe
tra of both individual GQDs and their small 
lus-ters. This �nding represents the �rst reliable empiri
albasis for further theoreti
al treatment of the spe
traobserved. 6. DISCUSSIONAs follows from the results presented in the previousse
tions, rGO-Sh dispersions are 
olloidal dispersionsregardless of the solvent (be it water, 
arbon tetra-
hloride, or toluene). The dispersion 
olloid stru
turedepends on the solvent and is therefore substantiallydi�erent. This issue deserves a spe
ial investigation.Thus, the repla
ement of water with 
arbon tetra
hlo-ride leads to multiple enlargement of pristine 
olloids,whi
h promotes the formation of a quasi-
rystalline im-age of the 
ondensate stru
ture. At present, the 
olloid847
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ture remains un
lear. In 
ontrast to 
ar-bon tetra
hloride, toluene 
auses the de
omposition ofpristine 
olloids into individual rGO fragments. Thelast fa
ts 
ast doubt on the possible dire
t link betweenthe stru
ture of dispersion fra
tals and the elementsof the fra
tal stru
ture of solid shungite or its post-treated 
ondensate. The observed solvent-stimulatedstru
tural transformation is a 
onsequen
e of the ge-ometri
 pe
uliarities of the behavior of fra
tals in liq-uids [24℄. The resulting spe
tral data 
an be the basisfor further study of this e�e
t.The spe
tral behavior of the aqueous and CTC-dis-persions with large 
olloids is quite similar, althoughthe latter signi�
antly di�er in size and stru
ture.Moreover, the features of the PL spe
tra of these dis-persions pra
ti
ally repli
ate patterns that are typi
alfor the aqueous rGO-Sy dispersions dis
ussed in de-tail in Se
. 1. This allows us to 
on
lude that thesame stru
tural element of the 
olloidal aggregates ofboth rGO-Sh dispersions and rGO-Sy one is respon-sible for the emission, in spite of a pronoun
ed mor-phologi
al di�eren
e in its pa
king in all these 
ases.A

ording to the modern view on the shungite stru
-ture [22℄ and a 
ommon opinion on the origin of syn-theti
 GQDs [11; 12℄, rGO fragments about 1 nm insize should play a role, representing GQDs of the rGO
olloidal dispersions in all the 
ases.Spe
i�
 e�e
ts of toluene, whi
h 
aused the de-
omposition of pristine parti
les into individual rGOfragments with their su

essive embedding into a 
rys-talline matrix of toluene, for the �rst time allowedobtaining the PL spe
trum of individual rGO frag-ments. Obviously, the resulting fragments are of dif-ferent size and shape, whi
h determines the stru
turalinhomogeneity of toluene dispersions. This feature oftoluene dispersions is 
ommon with other dispersionsand explains the dependen
e of PL spe
tra on �ex
,whi
h is the main spe
tral feature of GQDs, both syn-theti
 [11; 12℄ and of shungite origin.The stru
tural inhomogeneity of GQDs 
olloidaldispersions is mainly 
aused by two reasons, internaland external. The internal reason 
on
erns the un
er-tainty in the stru
ture (size and shape) of the basi
rGO fragments. It is the most signi�
ant for shun-gite while, under laboratory 
onditions, the rGO frag-ments stru
ture might be more standardized [11; 12℄.Nanosize rGO basi
 stru
tural elements of solid shun-gite are formed under the 
onditions of intense 
ompe-tition of di�erent pro
esses [22℄, among whi
h the mostsigni�
ant are: (1) natural graphenization of 
arbonsediments, a

ompanied by simultaneous oxidation ofthe graphene fragments and their redu
tion in water

vapor; (2) the retention of water mole
ules in spa
ebetween fragments and es
ape of the water mole
ulesfrom the spa
e into the environment, and (3) the mul-tilevel aggregation of rGO fragments providing the for-mation of a monolithi
 fra
tal stru
ture. Naturally,the a
hieved balan
e between the kineti
ally-di�erent-fa
tor pro
esses is signi�
antly in�uen
ed by randome�e
ts, su
h that the rGO fragments of natural shun-gite that survived during natural sele
tion are statis-ti
ally averaged over a wide range of fragments thatdi�er in size, shape, and 
hemi
al 
omposition.Obviously, the reverse pro
edure of shungite dis-persing in water is statisti
ally also nonuniform withrespe
t to 
olloidal aggregates, and therefore there is astrong dependen
e of the dispersions on the te
hnolog-i
al proto
ol, whi
h results in a 
hange in the disper-sion 
omposition 
aused by slight proto
ol violations.This (in a sense, a kineti
 instability of dispersing) isthe reason that the 
omposition of 
olloidal aggregates
an vary when water is displa
ed by another solvent.The 
ondu
ted spe
tral studies have 
on�rmed theseassumptions.An external reason is the fra
tal stru
ture of 
ol-loidal aggregates. The fra
tals themselves are highlyinhomogeneous and, moreover, strongly depend on thesolvent. The two reasons determine the feature of theGQD spe
tra in aqueous and CTC-dispersions, whilethe �rst one dominates in the 
ase of toluene disper-sions. In view of this, photoni
s of GQDs has two fa
es,one of whi
h is of the rGO nature and the other 
on-
erns fra
tal pa
king of GQDs. As follows from theforegoing, the spe
trum study is quite e�
ient in ex-hibiting this duality.The stru
tural PL spe
tra allow asking the questionof identifying the intera
tion e�e
t of dissolved rGOfragments with ea
h other and with the solvent. Nano-size rGO fragments have high donor-and-a

eptor abili-ties (low ionization potential and high ele
tron a�nity)and 
an exhibit both donor and a

eptor properties,with fragment 
lusters (dimers, trimers, and so forth)being typi
al 
harge transfer 
omplexes. Besides this,toluene is a good ele
tron donor, and it 
an thereforeform a 
harge-transfer 
omplex with any rGO fragmentthat a
ts as an ele
tron a

eptor. The spe
trum ofele
tron�hole states of the 
omplex, whi
h depends onthe distan
e between the mole
ules and on the initialparameters, is similar to the ele
tron�hole spe
trumof 
lusters of fullerenes C60 themselves and of thosewith toluene [20℄, positioned by the energy in the re-gion 20000�17000 
m�1. By analogy with nanophoton-i
s of fullerene C60 solutions [20℄, the enhan
ement ofthe Raman spe
trum of toluene is due to a superposi-848
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tals of graphene quantum dots : : :tion of the spe
trum over the spe
trum of ele
tron�holestates, whi
h follows from the theory of light ampli�
a-tion 
aused by nonlinear opti
al phenomena [31℄. Addi-tionally, the formation of rGO-toluene 
harge transfer
omplexes may promote the formation of stable 
hem-i
al 
omposites in the 
ourse of photo
hemi
al rea
-tions [32℄, whi
h might be responsible for the PL third-group spe
tra observed in toluene dispersions. Cer-tainly, this assumption requires further theoreti
al andexperimental investigation.7. CONCLUSIONPhotoni
s of shungite 
olloidal dispersions fa
es theproblem that great statisti
al inhomogeneity inherentin the quantum dot as an obje
t of study makes it dif-�
ult to interpret the results in detail. Consequently,most important be
ome 
ommon patterns that areobserved on the ba
kground of this inhomogeneity. Inthe 
ase of the 
onsidered dispersions, the 
ommonpatterns in
lude, primarily, the dispersion PL in thevisible region, whi
h is 
hara
teristi
 of large mole
ules
onsisting of fused benzenoid rings. This allowed
on�rming the earlier �ndings that graphene-likestru
tures of limited size, namely, rGO fragments arethe basi
 stru
tural elements for all the dispersions.The se
ond feature 
on
erns the dependen
e of theposition and intensity of sele
tive PL spe
tra on theex
iting light wavelength �ex
. This feature lies inthe fa
t that regardless of the dispersion 
omposition,and solvent the PL ex
itation at 405 and 457 nmprovides the highest PL intensity, while ex
itationat either longer or shorter wavelengths produ
es amu
h lower emission intensity. The answer to thisquestion must be sought in the 
al
ulated absorptionand photolumines
en
e spe
tra of graphene quantumdots, whi
h we attribute to nanos
ale fragments ofredu
ed graphene oxide.The �nan
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