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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 Physial-Tehnial Institute, Russian Aademy of Sienes194021, Saint Petersburg, RussiabInstitute of Geology, Karelian Researh Centre, Russian Aademy of Sienes185910, Petrozavodsk, RussiaPeoples' Friendship University of Russia117198, Mosow, RussiaReeived August 12, 2013Viewing shungite as loosely paked fratal nets of graphene-based (redued graphene oxide, rGO) quantumdots (GQDs), we onsider photoluminesene of the latter as a onvining proof of the strutural oneptas well as of the GQD attribution to individual rGO fragments. We study emission from shungite GQDsfor olloidal dispersions in water, arbon tetrahloride, and toluene at both room and low temperatures. Asexpeted, the photoluminesene of the GQD aqueous dispersions is quite similar to that of syntheti GQDsof the rGO origin. The morphologial study of shungite dispersions shows a steady trend of GQDs to formfratals and to drastially hange the olloid fratal struture aused by the solvent exhange. Spetral studyreveals a dual harater of the emitting enters: individual GQDs are responsible for the spetra position whilethe fratal struture of GQD olloids provides high broadening of the spetra due to strutural inhomogeneity,thus ausing a peuliar dependene of the photoluminesene spetra on the exitation wavelength. For the�rst time, photoluminesene spetra of individual GQDs were observed in frozen toluene dispersions, whihpaves the way for a theoretial treatment of the GQD photonis.DOI: 10.7868/S00444510140500731. INTRODUCTIONOriginally, the term �graphene quantum dot�(GQD) appeared in theoretial researh and wasattributed to fragments limited in size, or domains, ofa single-layer two-dimensional graphene rystal. Thesubjet of the investigations onerned the quantumsize e�ets, manifested in the spin [1; 2℄, eletroni [3℄and optial [4�9℄ properties of the fragments. Thesestudies signi�antly stimulated the interest in GQDsand their attrative appliations (see, e. g., [10℄ andthe referenes therein), whih raised the question oftheir preparation. This proved to be a di�ult taskand the progress ahieved by now has been presentedin exhaustive reviews [11; 12℄. On the basis of spetralstudies, we have found that in almost all ases, theGQDs are not single-layer graphene domains but*E-mail: sheka�ip.a.ru

multi-layer formations ontaining up to 10 layers ofredued graphene oxide (rGO) of less than 30 nm insize.Optial spetrosopy, and photoluminesene (PL)in partiular, was the primary method of studying theproperties of the GQDs. Review [12℄ presents a om-plete piture of the results, whih an be summarizedas follows.1. Regardless of the method of obtaining GQDs inwater solution, the �nal produt is a mixture of parti-les di�ering in size (both width and thikness).2. Morphology of GQDs reveals that the partilesize is not determined by the prodution proess, 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 thikness of partilesindiates 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 spetrosopy and838



ÆÝÒÔ, òîì 145, âûï. 5, 2014 Fratals of graphene quantum dots : : :photoeletron spetra show that in almost all the asesstudied, the hemial omposition of GQDs orre-sponds to partially oxidized graphene.4. The absorption spetra in the visible and UVrange show a well-marked size e�et that is manifestedas a red shift of the spetrum with inreasing the GQDsize.A detailed desription of these features with the pre-sentation of their possible explanations and links to therelevant publiations is given in [12℄.As seen from the synopsis, optial spetrosopyof GQDs gives a ompliated piture with many fea-tures. However, in spite of this diversity, ommonpatterns an be identi�ed that an be the basis ofthe GQD spetral analysis. These general harater-istis inlude: (1) strutural inhomogeneity of GQDsolutions, whih should rather be alled dispersions;(2) low-onentration limit that provides surveillaneof the PL spetra; (3) dependene of the GQD PL spe-trum on the solvent, and (4) dependene of the GQDPL spetrum on the exitation light wavelength. Itis these four irumstanes that determine usual on-ditions under whih the spetral analysis of omplexpolyatomi moleules is performed. The ondition op-timization, primarily inluding the hoie of solventand the experiment performane at low temperature,in many ases led to good results, based on struturalPL spetra (see, e. g., the relevant researh of fullerenesolutions [18�21℄). In this paper, we show that imple-menting this optimization for the spetral analysis ofGQDs turns out to be quite suessful.2. GRAPHENE QUANTUM DOTS OFNATURAL ORIGINSyntheti GQDs desribed in the preeding setionhave reently been omplemented with GQDs of natu-ral origin [22; 23℄. It has been shown that GQDs presentthe main strutural peuliarity of shungite of Kareliandeposits. Based on the detailed analysis of physial andhemial properties of graphene and its derivations, itwas established in [22℄ that shungite should be regardedas one of the natural arbon allotropes, possessing mul-tistage fratal nets of rGO fragments less than 1 nm insize. The generality of the basi strutural elements ofshungite and syntheti GQDs as well as the ability ofthe former to disperse in water provided a basis of aresearh projet [23℄ aimed at establishing the gener-ality of the spetral properties of aqueous dispersionsof shungite and syntheti GQDs and proving the stru-tural formula of shungite given above. The onduted

spetral studies provided the desired on�rmation, atthe same time exhibiting partiular features of the ob-served spetral harateristis that allowed insights intothe strutural and spetral peuliarities of the GQDsdissolved in di�erent solvents.3. FRACTAL NATURE OF THE OBJECTUNDER STUDYThe GQD onept evidently implies a dispersedstate of a number of nanosize rGO fragments. Empiri-ally, the state is provided by the fragment dissolutionin a solvent. One 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 moleular solvents, arbon tetra-hloride and toluene, were used to replae water in thepristine dispersions. In eah of these ases, the olloidalaggregates are the main objet of study. Althoughthere has been no diret on�rmation of their fratalstruture, there are serious reasons to suppose thatit is an obvious reality. Atually, �rst, the fragmentformation ourred under onditions that unavoidablyinvolve elements of randomness in the ourse of bothlaboratory hemial reations and natural graphitiza-tion [22℄; the latter onerns the fragment size andshape. Seond, the fragment struture ertainly bearsthe stamp of polymers, for whih fratal struture ofaggregates in dilute dispersions has been onvininglyproved (see [24℄ and the referenes therein).As shown in [24℄, the fratal struture of olloidalaggregates is highly sensitive to the ambient solvent,the temperature of the aggregates formation, and otherexternal ations suh as mehanial stress and so forth.This fat makes the de�nition of quantum dots of ol-loidal dispersions rather vague at the strutural level.In the ase of GQDs of di�erent origin, the situationis additionally ompliated beause 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 reall that afeature of fratal strutures is that fratals are typi-ally self-similar patterns, where �self-similar� meansthat they are �the same from near as from far� [25℄.This means that the peuliarities, e. g., of the optial839



B. S. Razbirin, N. N. Rozhkova, E. F. Sheka et al. ÆÝÒÔ, òîì 145, âûï. 5, 2014behavior of eah of the two rGO-Sy and rGO-Sh ol-loidal dispersions obey the same law. From this stand-point, there apparently is no di�erene whih stru-tural element of a multilevel fratal struture of theirolloidal aggregates should be attributed to a quantumdot. However, the identity of both �nal and intermedi-ate fratal strutures 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 assoiate with rGO individual fragments. Thisis why di�erent fratal nets of GQDs provided by dif-ferent olloidal dispersions are the objet of this study.As regards the spetral behavior of the dispersions, weshould expet an obvious generality provided by theommon nature of GQDs, but simultaneously ompli-ated by the di�erene in fratal paking of the dotsin the di�erent-solvent dispersions. The latter mainlyonerns 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 soniation of the pristine shungitepowder for 15 min with an ultrasoni disperser UZ-2M(at a frequeny 22 kHz and the operating power 300 W)followed by �ltration and ultraentrifugation [28℄. Themaximum ahievable onentration of arbon is lessthan 0.1 mg/ml, whih 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-distributionharateristi pro�le of rGO-Sh aggregates is shownin Fig. 1a. It was obtained by dynami light satter-ing using nanopartile size analyzer Zetasizer Nano ZS(Malvern Instruments). The results were proessed inthe approximation of a spherial 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, suh that the resulting olloids aresigni�antly inhomogeneous. The inhomogeneity obvi-ously onerns both size and shape of basi rGO frag-ments and, onsequently, GQDs. The struture of thearbon 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 fratal struture formed by aggre-

gates, whose shape is lose to spherial. It should bementioned that the ondensate fratal struture shouldnot be idential to that of the pristine dispersion [24℄,although, no doubt, some ontinuity of the strutureshould be manifested.Figure 2a shows an overview on the harater-isti patterns of the emission spetrum of rGO-Shaqueous dispersions at di�erent exitation wavelength�ex at 80 K. Inreasing the temperature to 293 Kdoes not ause a signi�ant hange in the spetra,resulting in only a slight broadening of their stru-tural omponent related to the Raman spetrum ofwater at the fundamental frequeny � 3400 m�1of the O�H strething vibrations. When exited at�ex = 405 and �ex = 457 nm, the Raman spe-trum superimposes a broad luminesene band in therange 17000�22000 m�1. The emission of the disper-sion at �ex = 532 nm is weak. Figure 2b shows thePL spetra of the aqueous dispersion at �ex = 405 and�ex = 457 nm after subtrating the Raman spetrumof water. Both spetra are broad and bell-shaped thatis harateristi of the PL spetra of rGO-Sy aqueousdispersions (see [12℄). In spite of the large width ofPL spetra, their position in the same spetral regionfor both rGO-Sy and rGO-Sh aqueous dispersions evi-denes a ommon nature of the emitting GQDs.The similarity of the spetral behavior of the twodispersions also extends to a onsiderable overlap oftheir absorption and PL spetra, so that a set of newPL spetra an be exited with an inrease in �exwithin pratially eah PL spetrum. Of ourse, ashift of these new PL spetra maxima toward longerwavelengths with inreasing �ex is observed. Suh abehavior usually indiates the presene of an inhomo-geneously broadened absorption spetrum of the emit-ters that widely overlaps with the PL one and whoseexitation at di�erent �ex within the overlapping re-gion results in the seletive exitation of di�erent setsof emitting enters. In the ase of rGO-Sy dispersions,the spetrum inhomogeneous broadening is usually ex-plained by satter 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, whih shouldbe expeted for the rGO-Sh dispersions, in partiular.This is learly seen in the example of various aggregatestrutures of the ondensates shown above in Figs. 1band 1. Unfortunately, the large width of PL spetradoes not allow exhibiting those spetral details thatmight speak about the aggregated struture 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 overome di�ul-ties aused by inhomogeneous broadening of optialspetra of omplex moleules is the use of their dis-persions in frozen rystalline matries. The hoie ofsolvent is highly important. For example, water isa �bad� solvent beause the absorption and emissionspetra of dissolved large organi moleules are usu-ally broadband and unstrutured. By ontrast, frozensolutions of omplex organi moleules, e. g., inlud-ing fullerenes [18�21℄, in arbon tetrahloride (CTC) ortoluene (T), in some ases provide a reliable monitoringof �ne-strutured spetra of individual moleules (Sh-polskii's e�et [29℄). Detetion of PL strutural spetraor strutural omponents of broad PL spetra not onlysimpli�es spetral analysis but also indiates the dis-persing of emitting enters into individual moleules.It is this fat that was the basis of the solvent hoiein studying spetral properties of shungite GQDs [23℄.Organi rGO-Sh dispersions were prepared from thepristine aqueous dispersions in the ourse of sequentialreplaement of water �rst by isopropyl alohol and thenby CTC or T [30℄. The morphology and spetral prop-erties of these dispersions turned out to be di�erent,and we therefore disuss them separately.5.1. rGO-Sh dispersions in arbontetrahlorideWhen 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 seond result onerns the high inertitude inthis fratal struture. Figures 3a and 3b present size-distribution pro�les related to CTC-dispersions mostdi�erent with rspet 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 averageolloidal aggregate size inreases when water is sub-stituted by CTC. The nearly spherial shape of aggre-gates in Figs. 1b and 1 is replaed by lamellar faeting,mostly harateristi of mirorystals. Noteworthy isthe absene of small aggregates, whih indiates a om-plete absene of individual GQDs in the dispersions.Therefore, the hange in size-distribution pro�les aswell as in the shape of the aggregates of the ondensateevidenes a strong in�uene of solvent on the aggregatestruture, thus deisively on�rming that the intera-tion between GQDs is stronger than between GQDsand solvent moleules.

The onduted spetral studies are quite onsis-tent with these �ndings. The dispersions have a faintyellow-brown olor, whih indiates the presene of sig-ni�ant absorption of the solutions in the visible range(Fig. 4a). The PL spetra were studied for a wide rangeof dispersions obtained at di�erent time. As found,both the behavior of these spetra at di�erent exiting-laser wavelengths �ex and the shape of PL spetraof di�erent dispersions are largely similar, while thespetra 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 spetra of CTC-dispersion DC1,whose morphologial properties are lose to thoseshown in Fig. 3a. As we see from Fig. 4a, the dispersionabsorption inreases when advaning to the UV region.It an be assumed that the absorption of eah om-ponent of the aggregate onglomerate inreases withdereasing �ex, and therefore the exitation with UVlight at �ex = 337:1 nm a�ets almost all the emittingenters in the rystal matrix. Atually, the UV-exitedPL spetrum in Fig. 4a is very broad and overs theregion from 27000 to 15000 m�1. In this ase, thePL spetrum overlaps with the absorption spetrumover the entire spetral range. Suh a large overlapevidenes the inhomogeneously broadened harater ofboth spetra, 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 theenters is low). Indeed, suessive PL exitation bylaser lines 1, 3, 4, and 5 (see Fig. 4a) auses a signif-iant modi�ation of the PL spetra (Fig. 4b ). Thewidth of the spetra dereases as �ex inreases, thePL band maximum is shifted to longer wavelengths,and the spetrum intensity dereases. This is due toseletive exitation of a ertain group of enters. Ingeneral, the observed pattern is typial for struturallydisordered systems disussed in the preeding setion.To simplify the subsequent omparative analysis of thespetra obtained at di�erent �ex, we let them be de-noted in aordane with the exitation wavelength:405-, 476-, 496-spetrum, et.Comparing the PL spetra of dispersion DC1 at dif-ferent exitations, we note that (1) PL spetra obtainedwhen exited in the overlap region of the absorptionand emission spetra in Fig. 4a, have a more distintstruture than the 337-spetrum, but still evidene asuperpositioning harater of the spetra; (2) the inten-sity of the 405-spetrum is almost an order of magni-tude higher than the intensity of the rest of the spetra.842
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Before disussing the features of the observed spetra,we onsider the PL spetra of dispersion DC2 that islose in morphology to the dispersion shown in Fig. 3b.Figures 5a and 5b ompare the 405- and 337-spetraof DC2 with those of DC1 desribed above. The 337-spetrum of DC2 exhibits a new UV band, the intensityof its 405-spetrum dereases by several times. How-ever, it is important to note that the 405-spetrumof DC2 is still the most intense among other spetra(Fig. 5). The spetrum of DC2 still retains a three-peak shape, but their intensities are signi�antly redis-tributed. Apparently, the di�erene between DC1 andDC2 spetra speaks about a redistribution of the GQDsets in the two dispersions.Comparative analysis of the PL spetra of disper-sions DC1 and DC2 shows that the above- mentionedspetral regularities are sensitive to the struture ofCTC dispersions and are diretly related to the degreeof strutural inhomogeneity. Thus, narrowing the size-distribution pro�le related to dispersion DC2 undoubt-edly auses the narrowing of inhomogeneously broad-

ened absorption and emission spetra, suh that the in-tensity of the long-wavelength emission spetra of DC2dispersion dereases. Beause of the uto� of the long-wavelength absorption spetrum of DC2 dispersion, thestruture of its 405-spetrum beomes more notieable,apparently due to an additional feature of the distribu-tion of emitting enters in DC2 over energy. Unhangedin both sets of spetra is the predominane intensity ofthe 405-spetrum.The di�erene in the strutural inhomogeneity ofdispersions raises the question of their temporal sta-bility. Spetral 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 spetrum of DC1� reveals the ap-pearane of new emitting enters, responsible for PL inthe UV region. The rest of the 337-spetrum does nothange muh, preserving its intensity and large width.Changes in PL spetra in the visible range are less pro-nouned (Fig. 6b ). Attention is drawn to the high in-tensity of the 457-spetrum of DC1�.844
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entration of the solute. In addition, the low onentra-tion makes the dispersion very sensitive to any hangein both the ontent and struture. This auses stru-tural instability of dispersions, whih is manifested, inpartiular, in the time dependene of the relevant size-distribution pro�les. Thus, the three-peak distributionof the initial toluene dispersion shown in Fig. 7a is grad-ually replaed by a single-peaked distribution in Fig. 7bin one to two hours. The last distribution does nothange with time and represents the distribution of thesolute in the supernatant.Similarly to arbon tetrahloride, toluene auses adrasti hange in the olloidal aggregates struture thusone again proving the fratal struture of the pristineGQD olloids in aqueous dispersions. However, if thearbon tetrahloride ation an be attributed to theonsolidation of the pristine olloids, the toluene re-sults in a quite opposite e�et, leading to their dispers-ing, whih indiates that the interation between GQDsis weaker than between GQDs and toluene moleules.The three-peak struture in Fig. 7a shows that at theinitial stage of water replaement by toluene, in theresulting liquid medium, there are three kinds of par-tiles with average linear dimensions of about 2.5, 70,and 1100 nm. All the three sets are haraterized bya wide satter. Large partiles are seen in the ele-tron mirosope (Figs. 7 and 7d ) as freaky sprawledfragments. Over time, these three entities are replaedby one with an average size of about 0.25 nm. Thus,freshly produed 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 beausethe program proessing of the partile 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 sales. Carbon onentrations are (a) 0:08 mg/ml and(b ) 0:04 mg/mlthe approximation of spherial three-dimensional par-tiles, whereby the output data an be assigned to thetwo-dimensional strutural anisotropi partiles with abig streth. Hene the value 0.25 nm an be aeptedas a very approximate one and only onsistent by theorder of magnitude with the empirial 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 peuliar manifestation of theinteration of solvents with fratals desribed in [24℄.Apparently, GQD fratals are di�erently �opaque� or�transparent� with respet to arbon tetrahloride andtoluene, whih auses suh a big e�et. Certainly, this�nding may stimulate the onsideration of nanosizegraphene dispersions in the framework of fratal si-ene similarly to the polymer study [24℄. As regardsgraphene photonis, the obtained toluene dispersion

has allowed investigating individual GQDs for the �rsttime.Figure 8 shows the PL spetra of olloidal disper-sions of individual GQDs in toluene. The brutto exper-imental spetra, eah of whih is a superposition of theRaman spetrum of toluene and the PL spetrum of thedispersion, are presented in Fig. 8a. We note the learlyvisible enhanement of Raman sattering of toluene inthe range 20000�17000 m�1. Figure 8b shows the PLspetra after subtrating the Raman spetra. The spe-tra presented in the �gure an be divided into threegroups. The �rst group inludes the 337-spetrum (7 )that in the UV region is the PL spetrum, similar inshape to the UV PL spetrum of toluene, but shifted tolonger wavelengths. This part of the spetrum shouldapparently be attributed to the PL of some impuritiesin toluene. The main ontribution to the PL 337-spet-rum in the range 24000�17000 m�1 is assoiated with846
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Fig. 8. Photoluminesene spetra of shungite toluenedispersion at 80 K (a) as observed, (b ) after the sub-tration of Raman sattering 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 spetrum is broad and strutureless, whih appar-ently indiates the strutural inhomogeneity of GQDolloids.The PL 405- and 476-spetra (1 and 3 ) in the range23000�17000 m�1 should be attributed to the se-ond group. Both spetra have a learly de�ned stru-ture that is most distintly expressed in the 405-spet-rum. The spetrum is harateristi of a omplexmoleule with allowed eletron transitions. Assum-

ing that the maximum frequeny at 22910 m�1 de-termines the position of a pure eletron transition,the longer wavelength doublet at 21560�21330 m�1an be interpreted as vibroni transitions. The dis-tane between the doublet peaks and the pure eletronband is 1350�1580 m�1, whih is onsistent with thefrequenies of totally symmetri vibrations of the C�C graphene skeleton, ommonly observed in Ramanspetra. Similarly, two peaks of the muh less inten-sive 476-spetrum, whih are wider than in the pre-vious ase, are divided by the average frequeny of1490 m�1. The PL 457-spetrum shown in Fig. 8(urve 2 ) is similar to spetra 1 and 3, loser to the405-spetrum in intensity. All the three spetra arerelated to individual rGO fragments, albeit of diffe-rent size that gradually inreases in going from the405-spetrum to 457- and 476-spetra.The shape of 496- and 514-spetra substantially dif-fers from that of the seond-group spetra. Instead ofthe two peaks observed there, a broad band is observedin both ases. This feature makes these spetra at-tributable to the third group, to be assoiated with theappearane of not individual frozen GQDs but theirpossible lusters (suh as dimeri homo- (GQD+GQD)and hetero- (GQD+toluene) strutured harge trans-fer omplexes, and so forth). The evidene for suh apossibility is disussed in the next setion.The onduted spetral studies of the rGO-Shtoluene dispersions one again on�rmed the status oftoluene as a good solvent and a good rystalline ma-trix, whih allows obtaining strutured spetra of in-dividual omplex moleules under onditions when inother solvents the moleules form fratals. This abil-ity of toluene for the �rst time allowed obtaining thespetra of both individual GQDs and their small lus-ters. This �nding represents the �rst reliable empirialbasis for further theoretial treatment of the spetraobserved. 6. DISCUSSIONAs follows from the results presented in the previoussetions, rGO-Sh dispersions are olloidal dispersionsregardless of the solvent (be it water, arbon tetra-hloride, or toluene). The dispersion olloid struturedepends on the solvent and is therefore substantiallydi�erent. This issue deserves a speial investigation.Thus, the replaement of water with arbon tetrahlo-ride leads to multiple enlargement of pristine olloids,whih promotes the formation of a quasi-rystalline im-age of the ondensate struture. At present, the olloid847



B. S. Razbirin, N. N. Rozhkova, E. F. Sheka et al. ÆÝÒÔ, òîì 145, âûï. 5, 2014detailed struture remains unlear. In ontrast to ar-bon tetrahloride, toluene auses the deomposition ofpristine olloids into individual rGO fragments. Thelast fats ast doubt on the possible diret link betweenthe struture of dispersion fratals and the elementsof the fratal struture of solid shungite or its post-treated ondensate. The observed solvent-stimulatedstrutural transformation is a onsequene of the ge-ometri peuliarities of the behavior of fratals in liq-uids [24℄. The resulting spetral data an be the basisfor further study of this e�et.The spetral behavior of the aqueous and CTC-dis-persions with large olloids is quite similar, althoughthe latter signi�antly di�er in size and struture.Moreover, the features of the PL spetra of these dis-persions pratially repliate patterns that are typialfor the aqueous rGO-Sy dispersions disussed in de-tail in Se. 1. This allows us to onlude that thesame strutural element of the olloidal aggregates ofboth rGO-Sh dispersions and rGO-Sy one is respon-sible for the emission, in spite of a pronouned mor-phologial di�erene in its paking in all these ases.Aording 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 rGOolloidal dispersions in all the ases.Spei� e�ets of toluene, whih aused the de-omposition of pristine partiles into individual rGOfragments with their suessive embedding into a rys-talline matrix of toluene, for the �rst time allowedobtaining the PL spetrum of individual rGO frag-ments. Obviously, the resulting fragments are of dif-ferent size and shape, whih determines the struturalinhomogeneity of toluene dispersions. This feature oftoluene dispersions is ommon with other dispersionsand explains the dependene of PL spetra on �ex,whih is the main spetral feature of GQDs, both syn-theti [11; 12℄ and of shungite origin.The strutural inhomogeneity of GQDs olloidaldispersions is mainly aused by two reasons, internaland external. The internal reason onerns the uner-tainty in the struture (size and shape) of the basirGO fragments. It is the most signi�ant for shun-gite while, under laboratory onditions, the rGO frag-ments struture might be more standardized [11; 12℄.Nanosize rGO basi strutural elements of solid shun-gite are formed under the onditions of intense ompe-tition of di�erent proesses [22℄, among whih the mostsigni�ant are: (1) natural graphenization of arbonsediments, aompanied by simultaneous oxidation ofthe graphene fragments and their redution in water

vapor; (2) the retention of water moleules in spaebetween fragments and esape of the water moleulesfrom the spae into the environment, and (3) the mul-tilevel aggregation of rGO fragments providing the for-mation of a monolithi fratal struture. Naturally,the ahieved balane between the kinetially-di�erent-fator proesses is signi�antly in�uened by randome�ets, suh that the rGO fragments of natural shun-gite that survived during natural seletion are statis-tially averaged over a wide range of fragments thatdi�er in size, shape, and hemial omposition.Obviously, the reverse proedure of shungite dis-persing in water is statistially also nonuniform withrespet to olloidal aggregates, and therefore there is astrong dependene of the dispersions on the tehnolog-ial protool, whih results in a hange in the disper-sion omposition aused by slight protool violations.This (in a sense, a kineti instability of dispersing) isthe reason that the omposition of olloidal aggregatesan vary when water is displaed by another solvent.The onduted spetral studies have on�rmed theseassumptions.An external reason is the fratal struture of ol-loidal aggregates. The fratals themselves are highlyinhomogeneous and, moreover, strongly depend on thesolvent. The two reasons determine the feature of theGQD spetra in aqueous and CTC-dispersions, whilethe �rst one dominates in the ase of toluene disper-sions. In view of this, photonis of GQDs has two faes,one of whih is of the rGO nature and the other on-erns fratal paking of GQDs. As follows from theforegoing, the spetrum study is quite e�ient in ex-hibiting this duality.The strutural PL spetra allow asking the questionof identifying the interation e�et of dissolved rGOfragments with eah other and with the solvent. Nano-size rGO fragments have high donor-and-aeptor abili-ties (low ionization potential and high eletron a�nity)and an exhibit both donor and aeptor properties,with fragment lusters (dimers, trimers, and so forth)being typial harge transfer omplexes. Besides this,toluene is a good eletron donor, and it an thereforeform a harge-transfer omplex with any rGO fragmentthat ats as an eletron aeptor. The spetrum ofeletron�hole states of the omplex, whih depends onthe distane between the moleules and on the initialparameters, is similar to the eletron�hole spetrumof 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-is of fullerene C60 solutions [20℄, the enhanement ofthe Raman spetrum of toluene is due to a superposi-848



ÆÝÒÔ, òîì 145, âûï. 5, 2014 Fratals of graphene quantum dots : : :tion of the spetrum over the spetrum of eletron�holestates, whih follows from the theory of light ampli�a-tion aused by nonlinear optial phenomena [31℄. Addi-tionally, the formation of rGO-toluene harge transferomplexes may promote the formation of stable hem-ial omposites in the ourse of photohemial rea-tions [32℄, whih might be responsible for the PL third-group spetra observed in toluene dispersions. Cer-tainly, this assumption requires further theoretial andexperimental investigation.7. CONCLUSIONPhotonis of shungite olloidal dispersions faes theproblem that great statistial inhomogeneity inherentin the quantum dot as an objet of study makes it dif-�ult to interpret the results in detail. Consequently,most important beome ommon patterns that areobserved on the bakground of this inhomogeneity. Inthe ase of the onsidered dispersions, the ommonpatterns inlude, primarily, the dispersion PL in thevisible region, whih is harateristi of large moleulesonsisting of fused benzenoid rings. This allowedon�rming the earlier �ndings that graphene-likestrutures of limited size, namely, rGO fragments arethe basi strutural elements for all the dispersions.The seond feature onerns the dependene of theposition and intensity of seletive PL spetra on theexiting light wavelength �ex. This feature lies inthe fat that regardless of the dispersion omposition,and solvent the PL exitation at 405 and 457 nmprovides the highest PL intensity, while exitationat either longer or shorter wavelengths produes amuh lower emission intensity. The answer to thisquestion must be sought in the alulated absorptionand photoluminesene spetra of graphene quantumdots, whih we attribute to nanosale fragments ofredued graphene oxide.The �nanial support provided by the Ministry ofSiene and High Eduation of the Russian Federa-tion (grant No. 2.8223.2013), Basi Researh Program(RAS) Earth Sienes, Setion 5, and the RFBR (grantNo. 13-03-00422) is greatfully aknowledged. The au-thors are grateful to A. E. Goryunov for assisting inpreparing the dispersions.REFERENCES1. B. Trauzettel, D. V. Bulaev, D. Loss, and G. Burkard,Nature Phys. 3, 192 (2007).
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