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Homodyne Dynami Light Sattering inSupramoleular Polymer Solutions: AnomalousOsillations in Intensity Correlation FuntionEmilie Moulin, 1;y Irina A.Nyrkova, 1;y Niolas Giuseppone,1 Alexander N.Semenov, 1;� Eri Buhler 2;�1 Institut Charles Sadron (ICS), CNRS - UPR 22, Universit�e de Strasbourg,23 rue du Loess, BP 84047, 67034 Strasbourg Cedex 2, Frane2 Mati�ere et Syst�emes Complexes (MSC), UMR 7057, Universit�e de Paris (Universit�e ParisDiderot), Bâtiment Condoret, 10 rue Alie Domon et L�eonie Duquet, 75205 Paris Cedex 13,Frane(January 31, 2020)y Contributed equally to this work� Corresponding authors:alexander.semenov�is-nrs.unistra.fr, eri.buhler�univ-paris-diderot.frAbstratDilute solutions of eletronially ative moleules apable of irradiation-driven supramoleular self-assembly are studied by dynami light satter-ing. We detet unusual well-de�ned osillations in the long time range ofthe homodyne intensity orrelation funtion for all solutions that were irra-diated with white light prior to the measurements. The osillation e�et isattributed to the loal laser-indued heating of the samples due to strong-ly enhaned absorption manifested by the supramoleular �laments. It isfound that the osillation frequeny depends on the irradiation time, solu-tion onentration, and the inident laser power, but is independent of thesattering angle. These observations are explained with a semi-quantitativetheory relating the osillation e�et to thermo-gravitational onvetion owsgenerated by laser beam. The results suggest that the presene of suh ho-modyne osillations ould be a sensitive probe for aggregation in manyomplex systems.
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1. IntrodutionLight sattering has provided an important tool to haraterize the struture,loal dynamis and motions of partiles in omplex systems [1℄. Indeed, polymersolutions and gels, supramoleular self-assemblies and olloidal dispersions have beenroutinely studied with laser light sattering for many deades [1{5℄.Dynami light sattering (DLS) in partiular turned out to be a powerfultehnique allowing to disriminate between solute partiles of di�erent sizes andto determine the partile size distribution in a solution or suspension [1,3,4,6{9℄.This method permits investigation of mixtures of widely disparate speies whoserelaxation times may di�er by many orders of magnitude.A topial example for DLS appliation onerns self-assembly proesses in solu-tions of moleular building bloks onneted by nonovalent reversible assoiations(leading to formation of assoiative polymers, gels, �brils, mielles, vesiles, andother supramoleular materials) [1,2℄. Suh systems typially involve mesosopi ormarosopi strutures whose omposition an vary in response to external stim-uli (temperature, pH, onentration, light). [10{13℄ The DLS signal is determinedthrough dynamial orrelations of loal eletri polarizations in the system, andtheir relaxation reets the kinetis of the omposition hanges. In partiular, DLSproved to be a very eÆient tool to study self-assembly proesses initiated byexternal triggers [6{9,12{14℄.However, the DLS studies of the evolution in the self-assembling systems arenot always straightforward, as suh systems are typially haraterized by multi-ple length-sales and time-dependent nature of responsive polydisperse assemblies.Moreover, the assoiating units themselves an ause light absorption, uoresene,plasmoni and other e�ets ompromising the standard DLS protool. To overomethese problems in studying novel highly omplex self-assembling systems, it is essen-tial to develop new experimental strategies haraterizing the dynamis (inludingloal veloities and mobilities) of all individual speies involved in the system.A key diÆulty met in many supramoleular and maromoleular systems isrelated to the light absorption ausing suh unwanted side e�ets as loal heating,onvetion and thermal di�usion. This often imposes restrition on the onentrationrange aessible to the experiments. The ompliations arising from light absorptionhave deterred researhers from studying many omplex systems using light sattering.The main onsequenes of loal heating due to absorption are the appearane ofthe so-alled thermal lens (whih auses the inident laser beam to diverge) and theanomalous osillations arising in the intensity-intensity orrelation funtion measuredby the homodyne DLS [15{17℄.In this paper, we study suh unusual long-lasting regular osillations in ho-modyne DLS spetra observed in sattering of multiomponent supramoleulardispersions based on self-assembling triarylamines (TAA) forming highly ondutivenano-wires upon irradiation [12,13,18{22℄. We disuss the possible origins of theseosillations and respetive spei� details of their manifestation. We show that,despite ompliations due to light absorption, the osillations in the low-frequenyspetrum of the homodyne DLS an be used to haraterize the system, in par-tiular, to provide information on the drift veloities of the sattering partiles insolution. Note that it is the heterodyne light sattering (laser doppler veloimetrywhere the inident beam is mixed with the sattered beam) that is typially used2



to measure the drift veloity [23{29℄. In this paper we demonstrate, however, thatobservation of osillations with a homodyne DLS an provide a simple alternativeto the more involved and ompliated heterodyne DLS studies [1℄.The paper is organized as follows. In the next setion we desribe the light-absorbing TAA systems and the DLS tehnique employed in the paper. Setion3 presents detailed DLS data on intensity orrelations in TAA solutions involvingunusual osillations in their homodyne spetrum. We show that the osillationfrequeny depends on the irradiation time, onentration, and the inident laserpower, but is independent of the sattering angle. These observations are explainedfrom a theoretial standpoint by relating the osillation e�et to thermo-gravitationalonvetion ows generated by the laser beam. Setion 4 is devoted to the relateddisussion and theoretial analysis of the obtained homodyne DLS results.2. Materials and methods2.1. Formation and properties of TAA nanowiresWe ondut our detailed analysis on solutions of triarylamine (TAA) derivativeswith tailored side-groups that are apable to self-assemble into highly ondutivesupramoleular nanowires upon white light exposure [12{14,30℄. The nature ofmulti-stage ooperative self-organization of TAA entities was eluidated in detail bya ombination of experimental and theoretial tools in our previous works [14,30℄.Some key features are illustrated in Fig. 1 for a typial example of monoaminetriaryl moleule (triarylamine). In the present experiments we exploited the sameTAA moleules whose systems have been well-haraterized for all stages of theirself-assembly proess in hloroform [14℄. In partiular, we showed that the light-indued aggregation is initiated by radial ations TAA:+ whih are formed byphoton-exitation of the TAA unimers in an oxidating solvent (stage (i) in Fig. 1a).The radials (adopting the form of TAA:+Cl- dipoles) �rst aggregate with themselves(via dipole-dipole attration) and then with neutral TAA forming the double-olumnal ritial nuleus by harge transfer in onjuntion with hydrogen bonding(of amide groups) and � � � staking of aryl rings (stage (ii)). The short�bril fragments then grow in length via end attahment of free TAA moleules(stage (iii)). Finally, the �brils aggregate both end-to-end and laterally formingmirometer-long and few-nanometer thik stable bundles serving as nanowires (stage(iv)). These nanowires, if formed under irradiation, were proved to show highmetalli eletri ondutivity; they an indue plasmoni e�ets and give thesolution a spei� bright dark green olor (whereas the original unimeri TAAsolution has a light yellow olor).It is important to stress that the original unimeri TAA hloroform solutions arestable in the dark for months. Apart from white-light initiation, the self-assemblyproess an be provoked also by adding a small amount of an oxidant, or byadding of the so-alled `seeds' (small ultra-soniated fragments of �brillated TAA).For short light-pulses the self-assembly ould take a signi�ant time (up to an hourfor 1s-pulses), but it takes just a few seonds for the light exposure of 5s. Ouranalysis [14℄ showed that initial purely unimeri solutions an self-assemble onlyin the presene of radials, and that the ritial nuleus for the TAA assemblyonsists of � 6 monomers inluding � 3 radials. As a result, nuleation rate must3



strongly depend on onentration, hene the nuleation essentially stops soon afterthe beginning of the �bril formation, well before the reservoir of TAA is depleted,so that the thinnest �brils (with no lateral aggregation) may be expeted haveroughly the same length at the end of the self-assembly proess [14℄. However, thesolute is typially dominated with `wires' of di�erent thikness (double �brils andtheir lateral staks, bundles) whih, onsidered together, show a signi�ant lengthpolydispersity beause the e�etive growth rate depends on the bundle thikness(and due to rare strutural defets preventing further elongation of an aggregate).Ones formed, the TAA �brils are extremely stable, their loal struture wasproved to be unhanged for many months of inubation in the dark (a slow growthof �bril length was nevertheless observed due to onatenation of �brils). Besides,the fration of the radials in �brils f (originally in the range of f ' 10 � 20%after a 1-hour irradiation) slowly dereases during the dark inubation (withina time-sale of 1-2 hours f approahes � 5% and then deays as f / 1=t),but it an be reovered after an extra stage of white-light illumination. Thequalitative behavior of the radial amount is reeted in the UV-vis absorptionspetra, Fig. 1d. While the freshly-formed TAA �brils with f > 10% are highlyondutive and brightly green upon the irradiation, the same �brils with f < 3%are brownish and less ondutive. The �brils whih were initiated by seeding or ashort white-light pulse are almost olorless or slightly yellow, similar to the originalunimeri TAA solution.We established that both the radial loss and reovery take plae at the �brilends where the radials an either be formed by photon absorption or deay viapairwise radial annihilation. The pairwise nature of the radial deay (whihdemands the simultaneous presene of two radials at a �bril end) together withthe slow harater of radial di�usion (from the middle of a �bril to its ends)ensures the apparent persistene of the radials (their deay as f / 1=t is muhslower than the ordinary exponential law).2.2. Experimental spei�ationsThe details of TAA synthesis, puri�ation, hloroform solution preparation andirradiation are desribed in refs. [12{14℄. White visible light irradiation was donewith a 20W glow-�lament lamp loated at 5 m from the sample (a glass testtube with TAA solution). Absorption spetra (Fig. 1d) were reorded using aUV-Vis-NIR spetrophotometer Cary 500 san Varian in quartz glass uvette with1.0 m optial path.The homodyne dynami light sattering (DLS) measurements were performed inUMR-7057 laboratory using a 3D DLS spetrometer (LS Instruments, Fribourg,Switzerland) equipped with a 25mW HeNe laser (JDS uniphase) operating at�0 =632.8nm (beam diameter 0.7mm at 1=e2 of maximum intensity, beam divergene1.15 mrad), a two-hannel multiple tau-orrelator (1088 hannels in autoorrelation),a variable-angle detetion system, and a temperature-ontrolled index mathing vat(LS Instruments); the temperature was �xed to T = 293K. The sattering spetrumwas measured using two single mode �ber detetors and two high sensitivity APDdetetors (Perkin Elmer, model SPCM-AQR-13-FC). The power of the inident andtransmitted laser beams was measured using a Thorlabs PM 100 high sensitivityoptial power meter. 4



The prinipal optial sheme of the DLS setup is shown in Fig. 2. The inidentlaser beam (of diameter dbeam � 2mm at L1) is foused on the sample with thelens L1 (foal length F1 = 250mm), so that the illuminated volume has ross-setiondiameter of ds � 100�m [5℄. The beam one divergene angle in the sample is��s � dbeam=F1 � 8 � 10�3 (1)The sattering light is olleted with the lenses L2 (F2 = 250mm) and L3 (F3 =3:9mm) onto an optial �ber (with the optial ore diameter d4 = 4�m) onnetedto an eÆient avalanhe photodiode detetor (APD). The lens L2 is plaed atdistane x2 = F2 from the sample. The sattering volume aessible for thedetetor is nearly ylindrial with the diameter ds and the length Ls along theprimary laser beam, Ls � F2d4=F3 � 260�m (2)For the DLS studies, dilute solutions of monomeri TAA were prepared indeuterated hloroform CDCl3 and transferred into 5 mm diameter ylindrial sat-tering ells. Dust and impurities were removed from the samples before irradiationby �ltration through 0.22�m PTFE Millipore �lters. Prior to irradiation withvisible light, no evidene for the presene of self-assemblies or larger objets ouldbe dedued from the DLS: no harateristi deays were observed in the intensityorrelation funtion apart from the unimer mode with relaxation time �uni ' 3�sorresponding to the average geometrial size of �1nm (f. Figs. 1b,). Moreover,no aggregates were deteted after a long (up to 8 hours) DLS run at a maximumlaser intensity (P0 = 22mW), proving that irradiation at wave-length �0 =632.8nmdoes not indue any TAA self-assembly.Figure 1d shows the UV-Vis spetra of a 1 mM solution of TAA in hloroformin the absene of light irradiation (0s), for samples irradiated for some time (765s,3765s), and for a solution �rst irradiated during t = 3765s and then stored in thedark for 14400s (4h). We observe that the irradiated supramoleular solutions doabsorb light; in partiular, the absorbane around 633 nm (the laser wavelengthused in our light sattering experiments) strongly inreases with the irradiationtime, saturating for t > 3000s. By omparison, inubation of irradiated solutionsin the dark leads to a derease of the absorbane. Thus, light absorbane of TAAsolutions strongly depends on their aggregation state and irradiation pre-history.2.3. Homodyne and Heterodyne Dynami Light Sattering (DLS)tehniquesThe setup of Fig. 2 implies irradiation of the sample with a V-polarized laserlight. The sattering vetor isq � k2 � k1; q = 4�n�0 sin �2! (3)where k1 and k2 are wave-vetors of the inident and sattered light (whih areboth parallel to a horizontal plane), n is refrative index of the sample (n = 1:445at T = 200C for pure CDCl3), and � is the sattering angle.5



Here it is taken into aount that the sattering from partiles moving withthermal speeds (vT ) is typially quasi-elasti (as vT . 100m/s � l = 3 � 108m/s,the veloity of light), hene k2 = k1 = k = 2�n=�0.The sattered eletri �eld Etrue(t) = < [E exp(i!t)℄ 1 at the detetor is determinedby the atual positions of the sattering enters rm(t) present in the satteringvolume V : E / V (q; t) � 0Xm exp �iq � rm(t)� (4)where V (q; t) is the Fourier transform of the partile onentration V (r; t) alulat-ed over the sattering volume V (here and below the prime over summation meansthat it inludes only those partiles that are present in the sattering volume Vat the given time t). Eq. (4) is valid in the quasi-elasti approximation, that is, ifthe sattering enters move slowly with speed vT � l�=Ls, whih is typially truefor soft matter studies (here Ls � 0:1 � 1mm is the linear size of the satteringvolume).The instantaneous intensity of the sattered light is Itrue(t) = lEtrue(t)2=4�, whilethe mean intensity (averaged over the osillation period 2�=!) is:I(q; t) = l8� jEj2 = l8�EE� / 0Xm 0Xn exp �iq � [rm(t)� rn(t)℄� (5)When the mutual positions of the sattering partiles rm(t) hange, the �eld E,eq. (4), and the intensity I, eq. (5), hange aordingly. Hene, time orrelationsin the slow-hanging (ompared to the light frequeny) E(t) and I(t) funtionsarry information about the partile motions.The following two time-orrelation funtions are useful for interpretation of DLSexperiments: the autoorrelation funtion of the �eld:G(1)(q; � ) � � l8�� hE�(q; 0)E(q; � )i (6)and of the intensity: G(2)(q; � ) � hI(q; 0)I(q; � )i (7)The statistial averages in eqs. (6), (7) are equivalent to time-averages over a longenough time, tDLS : hX(0)X(� )i = 1tDLS Z tDLS0 X(t)X(t+ � )dt (8)The funtion G(2), is often alled the homodyne orrelation funtion, is diretlymeasured by the 2-hannel tau-orrelator onneted to the photomultiplier lightdetetors of the DLS setup. Eqs. (4), (5), (7) onnet G(2) with orrelations ofthe sattering partiles:G(2)(q; � ) / F2(q; � ) � DV (q; � )�V (q; � )V (q; 0)�V (q; 0)E (9)1Here < and = mean the real and imaginary parts of a omplex number.6



In aordane with eq. (4) the funtion G(1) (alled the heterodyne orrelationfuntion) is proportional to the dynami struture fator (autoorrelation funtionof onentration utuations):G(1)(q; � ) / F1(q; � ) � DV (q; � )�V (q; 0)E (10)It an be diretly measured with the so-alled heterodyne DLS, when a portionthe inident laser beam (E0) is added to the sattered light E, eq. (4), henethe resulting �eld at the detetor will be Etrue(t) = < [(E0 + E) exp(i!t)℄, where E0inludes the phase shift. The DLS-measured ount-rate autoorrelation funtion isthen G(2)het(q; � ) � hIhet(q; � )Ihet(q; 0)i (11)where Ihet(t) = (l=8�) jE0 + E(t)j2, f. eq. (5). With no utuations of the addedlight (E0(t) = E0 = onst ), we getG(2)het(q; � ) ' I20 + 2I0G(1)(q; 0) + 2I0< hG(1)(q; � )i+G(2)(q; � ) (12)where I0 = l jE0j2 =8� is the added light intensity and the terms involving E(0)E(� ),or those linear or ubi in E are omitted as they vanish for ds � 1=q. If theadded inident �eld E0 dominates the sattered signal: jE0j � jEj, the lastquadrati term in eq. (12) an be negleted, heneG(2)het(q; � ) ' A + < hG(1)(q; � )i=Bwhere A and B are onstants (independent of � ). Therefore indeed the heterodyneDLS allows for determination of the real part of the heterodyne orrelation funtion:< hG(1)(q; � )i = B �G(2)het(q; � )�G(2)het(q;1)� (13)sine G(1)(q;1) = 0 for a system in the liquid state.In pratie the DLS experiments are often desribed using the normalizedheterodyne and homodyne orrelation funtions (f. eqs. (6), (7)):g(1)(q; � ) � G(1)(q; � )G(1)(q; 0) = F1(q; � )F1(q; 0) (14)< hg(1)(q; � )i = �G(2)het(q; � )�G(2)het(q;1)��G(2)het(q; 0)�G(2)het(q;1)� (15)g(2)(q; � ) � hI(q; � )I(q;0)ihI(q; 0)i2 = G(2)(q; � )G(2)(q;1) = F2(q; � )F2(q;1) (16)Hene, g(1)(q; 0) = 1 and g(2)(q;1) = 1 by de�nition. Note that G(1)(q; 0) =l8� DjE(q)j2E � I(q) gives the angular dependene of the time-averaged satteringintensity (here I(q) = hI(q; t)i, where I(q; t) is de�ned in eq. (5)). Similarly,G(2)(q;1) = I(q)2, G(2)het(q;1) = Ihet(q)2 (Ihet(q) is de�ned in analogy with I(q)), sog(2)(q; � ) � hI(q; � )I(q; 0)iI(q)2 (17)7



2.4. Interpretations of the DLS orrelation funtions in some simpleasesFor illustration purposes we present below the relationships between the DLSorrelation funtions and the self-intermediate sattering funtion for some simplemodel systems.Let us de�ne the partile status funtion [1℄bm(t) � ( 1; if m 2 V0; if m =2 V (18)whih shows if a partile m belongs to the sattering volume V at time t: ThenV (q; t) =Xm bm(t) exp �iq � rm(t)� ; (19)V (0; t) =Xm bm(t) = N(t) (20)where N(t) is the urrent number of partiles in V: The summations here are nowperformed over the whole system (f. (4)). Next, we de�ne the self-intermediatesattering funtion Fs(q; � ) � Dexp �iq � [rm(� + t)� rm(t)℄�E (21)whih haraterizes the displaement of a partile during time � . It is importantto stress that we onsider the stationary systems only in this study: any jointprobability distribution does not hange with a time shift t, so Fs depends on � ,but not on t. For q 6= 0Fs(q; 0) = 1 and Fs(q;1) = 0 (22)2.4.a. Ideal ase: dilute solution of idential point-like partilesIf the sattering partiles do not interat diretly with eah other (the solutionis dilute enough), their trajetories are statistially independent. Hene,F1(q; � ) = *Xm bm(� )bm(0) exp �iq � [rm(� )� rm(0)℄�+ (23)f. (10), (19) and note that in the light-sattering experiments the zero satteringwave-vetor is always exluded: q 6= 0, hene Dexp(iq � r)E = 0. We also note thatthe exponential fator in eq. (23) reets the statistial properties of the partiledisplaement �rm(� ) � rm(� ) � rm(0) whih are expeted to be the same for allpartiles in the sattering volume V: It is obvious that bm(� )bm(0) and �rm(� )are statistially nearly independent ifj�rm(� )j � Ls (24)so 8



F1(q; � ) 'Xm hbm(� )bm(0)i Dexp�iq � [rm(� )� rm(0)℄�E (25)There is no need to satisfy the ondition (24) for large j�rm(� )j � 1=q sinein this ase the exponential fator gets very small, hene this ondition an bereplaed by 1=q � LsThe latter ondition is typially satis�ed in the DLS experiments. 2 Thus, eq. (23)for the heterodyne orrelation funtion (6) transforms intoF1(q; � ) ' hNiFs(q; � ) (26)where we used eqs. (20), (21) and hNi � hN(t)i is the statistial average of thenumber of partiles in V [1℄ (note also that bm(� ) = bm(0) for most of the partilessine j�rm(� )j � Ls).From the statistial independene between the sattering partiles and be-tween their �rm(� ) displaements and bm(t) values we get for the fator F2 (f.eqs. (9), (19)) similarly to eq. (25):F2(q; � ) = *Xm b2m(� )�Xn b2n(0)+ ++*Xm bm(� )bm(0)�Xn6=mbn(� )bn(0)+ Fs(q; � )Fs(�q; � ) (27)Then, using eqs. (18), (20), we obtain:F2(q; � ) = hN(� )N(0)i + hN(N � 1)i ���Fs(q; � )���2 (28)For large systems with N � 1 partiles we an neglet utuations of N , hene [1℄F2(q; � ) = hNi2 �1 + ���Fs(q; � )���2� (29)(the so-alled Gaussian approximation). In this ase the two DLS orrelationfuntions are onneted (f.eqs. (26), (29), (22)):F2(q; � )� F2(q;1) = ���F1(q; � )���2 (30)The normalized orrelation funtions, eqs. (14), (16), are onneted in a similarway: g(2)(q; � )� 1 = � ���g(1)(q; � )���2 ; � = F1(q; 0)2F2(q;1) (31)(the so-alled Siegert relation) [1℄. From the de�nitions eqs. (9), (10):F2(q;1) = hV (q; 0); �V (q; 0)i2 = F1(q; 0)2;hene � = 1 for the ideal ase onsidered in the present subsetion.2In fat, the typial DLS range of wave-vetors is: 0:5�105m�1 < q < 2�105m�1 (satteringangle � = 300 � 1500) and the sattering volume linear sizes are Ls ' 0:1 � 1 mm (Fig. 2),hene Lsq > 500� 1. 9



2.4.b. Idential partiles in uniform driftLet us onsider a dilute solution of idential di�usive partiles whih are foredto move (by an external fore and/or a marosopi ow) with an average veloityv. Then the partile onentration (r; t) follows the di�usion equation with adrift [1℄: ��t +rJ = 0; J = v(r; t)�Dr(r; t) (32)where J(r; t) is the partile ux, and D is the di�usion oeÆient whih is relatedto the so-alled hydrodynami radius RH of the partiles via the Stokes-Einsteinrelation: D = kBT6��RH (33)where T is the absolute temperature and � is the solvent visosity. Solvingeqs. (32) we get: (r; t) = Z Fs(r � r0; t)(r0; 0)d3r0; (34)Fs(r; t) � 1(4�Dt)d=2 exp �(r � vt)24Dt ! (35)where d = 3 is the spae dimension, and (r0; 0) is the initial distribution.The Green funtion Fs(r; t) in eq. (34) (also alled the Van-Hove spae-timeorrelation funtion) is a onditional probability to �nd the partile at the pointr at time t if initially it was at r = 0 (i.e., for the initial ondition (r; 0) � Æ(r)):Hene Fs(r; t) simultaneously determines the self-intermediate funtion Fs(q; � ) (f.eq. (21)) [1℄: Fs(q; � ) = Z eiq�r Fs(r; � )d3r (36)From eqs. (35), (36) we get for a dilute solution with a drift:Fs(q; � ) = exp(iq � v� ) � exp(�q2D� ) (37)From eqs. (14), (26), (37) we get the funtion < hg(1)(q; � )i whih an bedetermined in a heterodyne experiment (f. eq. (15)):< hg(1)(q; � )i = < hFs(q; � )i = os(q � v� ) � exp(�q2D� ) (38)This is an osillating funtion with the periodTos = 2�q � v (39)arrying an information about the value and the diretion of the drift veloity v.The above equations serve as a basis of the laser Doppler veloimetry [24{29℄.In ontrast to g(1), the homodyne funtion g(2) normally has a simple exponentialshape and does not depend on the drift v: indeed, for many partiles in thesattering volume hNi � 1 eqs. (16), (29), (37) giveg(2)(q; � )� 1 = ���Fs(q; � )���2 = exp(�2q2D� ) (40)10



2.4.. Multiomponent solution (polydisperse sattering objets)Let us turn to the more general ase with several distint types of satteringpartiles in the solution ontains. The amplitude E of the sattered eletri �eldnow is (instead of eq. (4)):E /Xp Mp(p)V (q; t) � CV (q; t) (41)where the summation is taken for all types (p) of the partiles, Mp is the materialonstant haraterizing p-partiles, and (p)V is the Fourier transform of the spaedistribution of these partiles (as de�ned in eq. (19) with the summation overp-partiles only). In analogy with setion 2.3, one an show that the homodyneand the heterodyne DLS experiments yield the funtions < hg(1)iand g(2) de�nedwith eqs. (14), (15), (16) in terms of the respetive orrelation funtions F1 andF2 (f. eqs. (10), (9) with CV (q; t) instead of V (q; t)). We de�ne also the partialorrelation funtions: F (p)1 (q; � ) � D(p)V (q; � )(p)�V (q; 0)E (42)F (p)2 (q; � ) � D(p)V (q; � )(p)V (q; 0)(p)�V (q; � )(p)�V (q; 0)E (43)Assuming that the partiles are unorrelated (whih is true in a dilute so-lution), we de�ne a set of self-intermediate sattering funtions for eah type p(p. eq. (21)): F (p)s (q; � ) � Dexp �iq � [rm(� )� rm(0)℄�E (44)where m is a partile of the type p: The arguments of subsetion 2.4.a lead tothe following `partial' relations:F (p)1 (q; � ) = hNpiF (p)s (q; � ) (45)F (p)2 (q; � ) = hNpi2 �1 + ���F (p)s (q; � )���2� (46)(f. eqs. (26), (29)) where hNpi is the statistial average of the number of p-partiles in the sattering volume V (here we neglet utuations ÆNp assumingthat the sattering volume is large enough, Np � 1, whih is equivalent to theGaussian approximation). The total orrelation funtion F1 of the multiomponentsystem then is:F1(q; � ) =Xp M2p D(p)V (q; � )(p)�V (q; 0)E =Xp hNpiM2pF (p)s (q; � ) (47)Turning to the total homodyne orrelation funtion, F2(q; � ) / hC4i, we notethat it is only the terms of type D(p)V (p)�V (p0)V (p0)�V E that survive in F2 after theaveraging (realling the mutual statistial independene of the partiles and thatDexp �iq � r�E = 0). Hene 11



F2(q; � ) =Xp M4pF (p)2 (q; � ) +Xp Xp0 6=pM2pM2p0 �F (p)1 (q; 0)F (p0)1 (q; 0) + F (p)1 (q; � )F (p0)�1 (q; � )�Finally, using eqs. (45), (46), (44) we get (realling that F (p)s (q; 0) = 1):F2(q; � ) =Xp Xp0 M2p hNpiM2p0 hNp0i h1 + F (p)s (q; � )F (p0)�s (q; � )i (48)Using eqs. (22), (47) we get:F2(q; � )� F2(q;1) = �����Xp M2p hNpiF (p)s (q; � )�����2 = ���F1(q; � )���2 (49)where F2(q;1) =  Xp M2p hNpi!2 (50)These results show that the relationship (30) between F1 and F2 stays valid alsofor polydisperse systems, and the same is true onerning the Siegert relationbetween g(1) and g(2) � 1 (eq. (31)).Let us now turn to a solution of polydisperse di�usive partiles moving withdistint drift veloities v1,..., vp. The �rst orrelation funtion, eq. (47), then reads(on using eq. (37)):F1(q; � ) =Xp hNpiM2p exp �iq � vp� � q2Dp�� (51)The heterodyne DLS experiment (see eqs. (14), (15)) allows to obtain< hF1(q; � )=F1(q; 0)i whih is now a sum of p damped osillation modes withfrequenies !1,...!p (!p0 = q �vp0); f. eq. (39)). The homodyne DLS experiments (seeeqs. (16), (49)) measure (g(2)(q; � ) � 1) = ���F1(q; � )���2 =F2(q;1) whih now inludesosillating terms reeting all the veloity di�erenes:g(2)(q; � )� 1 =Xp �2p exp(�2q2Dp� )++2Xp Xp0>p�p�p0 exp h�q2(Dp +Dp0)� i � os h�q � �vp � vp0�i (52)see eqs. (16), (49). Here �p is a material onstant related to the polarizability ofp-partiles and their onentration:�p = hNpiM2pPp0 hNp0iM2p0 (53)For the ase of only two distint types of partiles, the heterodyne funtion< hF1(q; � )=F1(q; 0)i onsists of just two osillating terms with frequenies !1 and!2. Conomitantly, the homodyne funtion g(2)(q; � )�1 inludes only one osillatingterm with frequeny 12



! = j!1 � !2j = ���q ��v��� ; �v � v1 � v2 (54)With no drift (for pure di�usion) the DLS result, eq. (52), transforms toqg(2)(q; � )� 1 =Xp �p exp(�q2Dp� ) = Z 10 G(�)e���d�; � = q2D (55)The integral expression is generally valid for systems of polydisperse satteringobjets with di�erent di�usion onstants D. Thereby the DLS tehnique providesinformation on the size distribution of the sattering objets: the rate � reetsthe partile size (hydrodynami radius) RH (f. eq. (33)), while the funtionG(�) is related to �p, hene to the partial onentrations Np=V of the partiles(f. eq. (53); the dependene RH(Mp) is expeted to be known).To obtain G(�) based on DLS data an inverse Laplae transform in eq. (55)must be done, whih is a diÆult problem. It is usually solved using the speialregularization programs like the CONTIN algorithm [31,32℄. The latter proedureallows to distinguish between two partile populations if their respetive rates �di�er by a fator of 5 or more and the ratio of their intensities G(�1)=G(�2) isbelow 105.3. Results: Unusual osillations in the homodyne DLSorrelation funtion of TAA solutionsTAA self-assembling nanowires is an example of a system with ompliatedmulti-level internal organization. To monitor the size distribution and the growthof the aggregates (�brils) at various experimental onditions is a hallenging task.As explained above, the DLS tehnique is a suitable tool to deal with thisproblem (by getting G(�), f. eq. (55)). However, the time-dependene of the DLShomodyne orrelation funtions turned out to be unusual for TAA solutions: itinvolves well-de�ned osillations (with more than a dozen periods) of the intensityorrelation funtion g(2)(q; � ) in the long time range for all irradiated samplesof TAA solutions in hloroform. As shown below, these osillations annot bereadily explained with the argument whih led to eq. (52) due to their unusuallylong-lasting harater (see setion 4.1 below).For the purpose of the analysis we �t the time-dependenies of the DLS intensityorrelation funtions in analogy with eq. (52). It turns out that g(2)� 1 shows aninitial quasi-exponential deay (with a few relaxation modes) followed by a dampedosillatory relaxation (with a regular period and slow deay) and by the terminalexponential deay at very long times:g(2)(� )� 1 'Xi Gi exp(� ��i ) +Gos exp(� ��os )� os(2��Tos ) +Ge exp(� ��e ) (56)see the values of the �tting parameters in Table 2. While the initial (pre-osillation)deay generally involves few relaxation modes (with �i < Tos), for the terminaldeay (�e > Tos) just one mode is typially enough for �tting. The deayingexponents in eq. (56) orrespond to di�usion of partiles with hydrodynami radii,RH , related to the deay time � : 13



RH = K sin2(�=2) �; K � 16�kBT3� �n��2 ' 0:062ms (57)(f. eqs. (3), (33), (52)). Note however, that the fastest modes with �i < 3�10�7san be exluded from the onsideration of the TAA aggregation kinetis as theyformally orrespond to RH < 0:1 nm (for � = 900), i.e., to submoleular sales.Our DLS experiments show that self-assembly (indued by white-light irradiationas explained in setion 2.1) is a prerequisite for the osillations in g(2). Typiallyjust a few seonds of irradiation is enough to impart the osillating harater of g(2).For example, Fig. 3 shows the homodyne signal from TAA solutions monitored aftershort light pulses (irradiation time of tirr =5{15s provides subsequent TAA dark-phase self-assembly within . 10s [14℄). The long-lasting osillations (�os=Tos ' 4for tirr =5s and 10s) are apparent for all urves, with a moderate dereaseof the periods Tos for longer pulses. For the shortest pulse, tirr =5s, the initialdeay ontains a few modes related to oligo-aggregates (relaxation rates in the range2�10�6s < �i < 7�10�4s orrespond to 0:6nm < RH < 0:22�m, f. eq. (57)) pointingto a substantial amount of small aggregates in the TAA solution. Relatively noisyharater of the intensity orrelation funtion g(2) for � < 10�3s reets the preseneof transient modes orresponding to growing �brils with lengths up to 200nmwhose onentration hanges during 1hour of monitoring in the DLS experiment.However, for longer irradiation times (tirr = 10 and 15s) the submiron aggregatesare not deteted any more (see Table 2), manifesting a signi�ant growth of theself-assembling TAA �brils with the irradiation time. In parallel, some mirometri�bers an be seen with the naked eye as they glitter in the laser beam in thesesolutions. Suh hanges in the aggregate sizes are in line with the �bril growthbehavior reported in ref. [14℄.Osillations with periods Tos = 2�=!0 ' (5:8 � 7:5) ms whih are observed forthe intermediate time-sales (Tos=4 < � < �e) formally orrespond to frequenies!0 = q�v (f. eq. (54)) with�v = �02n 1Tos sin(�=2) ; �02n ' 2:2� 10�5m (58)(f. eq. (3)). Hene �v ' 41 � 53�m/s for the three urves of Fig. 3 (we used� = 900 and assumed that q ��v = q�v).The presene of osillations in the long-time range of the DLS autoorrelationfuntion g(2) is a well-known phenomenon in systems with strong light absorptionwhere the inident laser beam ause heating of the illuminated part of thesolution [15{17℄. Indeed, suh heating an ause the thermo-gravitational onvetionin the sample. As the ow veloity v(r) generally depends on the position r, thepartiles in di�erent parts of the sattering volume V an move with di�erent driftspeeds vp leading to osillations as desribed in setion 2.4. (f. eq. (52)).The solution of self-assembled ondutive TAA �brils we study is indeed har-aterized by strong absorption at the laser frequeny, see Fig. 1d. One ouldtherefore expet the emergene of a onvetive ow (due to laser heating) leadingto some osillations in g(2): However, the prinipal di�erene between the osillationsin the present system and the previously reported osillations in the light-absorbingsolutions is the long-lasting harater of osillations in our ase with more than adozen of periods (see Fig. 3b). 14



By ontrast, a regular onvetive ow pattern implies that the drift veloitiesvp(r) hange smoothly in the spae. As a result the sattering volume V shouldontain partiles with di�erent drift veloities giving rise to a superposition ofosillating terms with di�erent periods in g(2). An analysis [15,33℄ (see alsosetion 4.1 below for details) shows that in suh situations the amplitude ofosillations in the autoorrelation funtion g(2) rapidly deay with time � , inontradition to the behavior of our system (a omparison is presented below inFig. 12).In order to larify the origin of the osillations we performed a detailedexperimental investigation of this phenomenon. The list of the main experimentsan be found in Table 1. Most of them were done at the maximum laser powerP0 = 21�22mW whih ensures the best signal-to-noise ratios. In eah experiment wemonitored the initial laser power P0 (at point `0', see Fig. 2), the fration P2=P tol2of the light power left in the beam after passing through the sample (at point `2'),and the relative intensity of the sattered light, I3=Itol3 (at point `3' orrespondingto sattering at � = 900). 3 The well-de�ned osillations in the funtion g(2) weredeteted at long times in all irradiated samples of TAA hloroform solutions forall onentrations studied (ranging from 0.375 to 7.5mM, or 0.023-0.45 vol%). Onthe ontrary, no osillations were found in non-irradiated samples. Table 1 alsoshows the values of the osillation period Tos (f. eq. (56)) in the ases whenosillations in g(2)(� ) were visible in time range 10�3s < � < 10�1s.We also observed the following interesting phenomenon: as soon as the samplewas illuminated with white light for a few seonds, the laser beam start to shiftvertially downwards (see Figure 4), while the solution starts to visibly absorb thelaser light. Within the �rst minute after swithing-on the laser the inident beamprogressively deets downwards and often form an interferene ring pattern [34℄behind the sample. The maximal vertial shift (after stabilization of the pattern)for the 7.5 mM solution irradiated for 1 hour orresponds to an angle �(0)? ' 0:02for the entre of the beam and up to �(r)? ' 0:045 for the di�ration one patternaround the entral spot (see Table 1). For briey irradiated solutions (like 5sirradiation followed by inubation in the `dark' when only the DLS red laser lightis applied) we deteted a smaller vertial shift with �(0)? ' 0:004 and no apparentdi�ration pattern.Although the appearane of irradiated for 5s and then inubated TAA solutionsis very similar to that of the original monomeri solution (lightly yellow andtransparent), suh solutions do absorb and satter laser light, and the absorbaneinreases with the inubation time tin (see Table 1 for the transmitted lightintensity, P2(tin), for 7.5mM solution inubated in the dark for time tin afterirradiation for 5s). By ontrast, the solutions irradiated for 1h manifest themaximum absorbane whih slowly dereases during the inubation time (ompare7.5mM solutions with tirr = 1h and tin = 0 � 19h). Conomitantly, they hangeolor from brightly green to brownish (f. the absorbane plot in Fig. 1d).While the period of osillations strongly depends on the irradiation time (e.g.Tos � 7� 10�3s for 7.5mM TAA solutions for tirr = 5s, and Tos � 2:5 � 10�3s for3The intensity values P2 and I3 are normalized by the respetive intensities, P tol2 and Itol3 ,measured for pure toluene using the same laser power P0.15



tirr = 1h right after irradiation), it rather weakly depends on the inubation time inthe dark (slowly inreasing with tin up to Tos ' 8:5� 10�3s for tirr = 5s, and upto Tos ' 3:5 � 10�3s for tirr = 1h after tin = 19h), see Figures 5a,b and Table 1.Moreover, the osillations beome faster at higher onentrations (see Figure 6).These observations are in aord with the expeted variations of the laser lightabsorption: it inreases at higher onentrations and for longer irradiation time,but beomes weaker with longer inubation time tin:Following the literature reports on g(2) osillations aused by light ab-sorbane [9,15,16,33,35℄ we studied the inuene of the sattering angles � onthe intensity orrelation funtion g(2). As the osillations are observed at anyonentration, dilute TAA solutions ( = 0:375mM) were used in order to minimizethe absorption of the laser beam and hene to weaken the dependene of thesattered intensity I3 on the position of a sattering element along the inidentlaser beam. We used long-irradiated samples (tirr = 1hour) and maximal laserintensity (22.2mW). To minimize the e�et of the inubation time variation, weonsidered just 3 di�erent sattering angles (� = 600; 900 and 1200) for most ofthe series, and made eah series of measurements within 12min time-lags (threemeasurements of tDLS = 200s and 1-2mins for an adjustment of the satteringangle �). The auto-orrelation funtions g(2)(q; � ) for these three angles � werereorded roughly every hour during the �rst 3 hours of the 'dark inubation'after the irradiation. For all these series, no dependene of the period Tos onthe sattering angle � was observed, while a weak but detetable hanging in theosillation period was registered over the ourse of this experiment (f. Table 1).Finally, the onlusion that Tos(�) = onst was on�rmed by the funtions g(2)(q; � )reorded for the sattering angles between 30Æ and 140Æ (with 12 di�erent �)after tin = 3h30min-4h05min inubation in the dark, see Figure 7 and 9. Thisis in ontrast with previous reports on light-absorbing assemblies and polymerswhere a lear dependene of the osillation period on the sattering angle wasobserved [15,16℄.Given that light absorption leads to a loal heating and onvetion, it is essentialto establish the e�et of the inident laser light power P0. When reording theDLS data at a �xed sattering angle (� = 900) for TAA solution,  = 0:375mM,illuminated for tirr = 1 hour and kept in the dark for tin = 5 hours prior to themeasurement, we found that a variation of the inident laser power results in ahange of the osillation period (see Figure 8 and Tables 1, 2). The osillationswere shown to shift to slower times as the laser power dereases. At the sametime the amplitude of the osillatory mode (with Tos between ' 6 � 10�3 and4� 10�2s) dereases making it easier to separate from the fast deay modes (with�i) assoiated with di�usion of short �bril fragments.The dependenies of the osillation period Tos on various experimental parameters(TAA onentration ; inident laser power P0, white-light irradiation time tirr,inubation time tin in the `dark', and the sattering vetor q) are summarized inFig. 9.In addition, we have examined the e�et of �bril size on the period Tos (whihis possibly related to sedimentation of self-assembling aggregates). To this end,two soniation experiments were performed. In the �rst experiment two aged self-assembled TAA solutions with  = 0:375mM and  = 7:5mM (whih were preparedby irradiation for tirr = 1h followed by inubation in the dark for tin = 42h) were16



soniated for 2 hours in the dark. The orrelation funtions g(2) were reordedjust before the soniation (at tson = 0) and then every 30min during the soniationstage, and �nally 3 hours after the end of soniation (i.e., at tson + trest withtson = 2h and trest = 3h). The results are shown in Fig. 10. The DLS reordingtimes were hosen here to be very short (20s) in order to avoid re-assembling ofthe aggregates during the DLS measurements when the soniation was temporaryinterrupted for instrumental reasons (on the adverse side, the shorter measurementtime is responsible for a higher noise level in the DLS signal). We observe thatthe resulting period Tos is nearly the same for all measurements.Another soniation experiment was done with freshly prepared 0.375mM TAAsolution whih was simultaneously soniated and irradiated with white light during1 hour. Every 10 mins the soniation/irradiation was interrupted for 10s forbrief DLS reording. The results are presented in Fig. 11. The osillation periodslightly dereases from Tos ' 8 � 10�3s for the �rst reord (at tson = 10min) toTos ' 6 � 10�3s at tson � 30min, and then it stabilizes.4. DisussionThe regular osillations observed in the intensity orrelation funtion g(2) mayarise from the so-alled `heterodyning' of the sattered light when the detetorsimultaneously reeives light sattered from two (or more) distint sattering objetsmoving with di�erent drift veloities v1 and v2, f. eqs. (52), (54). As suh objetsone an onsider solute partiles in separate subvolumes V1 and V2 (both belongingto the sattering volume) having distint marosopi drift veloities v1 and v2, ortwo distint speies in a ommon volume (e.g. small partiles and large aggregates)whose motion with distint veloities is driven by an external fore �eld.The two possibilities are onsidered in referenes [15,16℄. In the �rst referene,Shaertl and Roos proposed an inhomogeneous onvetion pattern due to loalheating of dispersed gold lusters by the inident laser beam: the onvetion uxveloity hanges from �v to +v near the enter of the beam inside the satteringvolume. In the next setion 4.1 we shall onsider a generalization of this modelfor an arbitrary experimental geometry (the shape of the sattering volume andthe ow pattern in the solution) trying to explain the intermediate and long-timeosillations in the g(2) funtion.In the seond referene, Sehgal and Seery introdued a model where the heavyand the light frations of the solute (omposed of light absorbing polyaniline oromplexes of ytohrome  and ytohrome  peroxidase) are moving with distintveloities v1 6= v2 due to a loal gradient of marosopi ow �eld. It leads to thefollowing autoorrelation funtion (the osillatory relaxation model):g(2)(q; � )� 1 = A1 exp h�2q2D1� i + A2 exp h�2q2D2�i++A exp h�q2(D1 +D2)� i � os(q ��v� ); (59)where �v = v1 � v2. 17



4.1. A quantitative desription of onvetion-related DLS osillations.Let us onsider a solution with just one type of solute partiles haraterized bythe same di�usion oeÆient D. In the presene of a onvetion ow the partilesmove with di�erent drift veloities v = v(r) depending on the partile position r.In this ase eq. (52) transforms as:g(2)(q; � )� 1 = A exp(�2q2D� ) eg(q; � ); (60)eg(q; � ) = 1V 2 ZV d3r ZV d3r0 os h�q � (v(r)� v(r0))i (61)where we assume that the average onentration of partiles, (r), is the sameeverywhere within the sattering volume V . The osillations smear out at longertime � . Mathematially it is similar to the smearing of the intensity osillations inthe di�ration pattern from a hole at large di�ration angles [33℄. The smearingdepends on the geometry of the sattering volume V and the distribution of thedrift veloities v(r) in it.The simplest assumption is that the drift veloity hanges linearly in spae,hene so does q � v(r) (say, it varies from a1 to a2 in the sattering volume). Asa result, the osine argument �X, X = q � (v(r)� v(r0)), should vary within thesegment [��!; �!℄, with ! = a2 � a1: Depending on the geometry of the satteringvolume V , the integration of os(�X) in eq. (61) results ineg1(!� ) = "sin(!� )!� #2 for slit aperture (62)eg2(!� ) = "2J1(!� )!� #2 for ylindrial aperture (63)eg3(!� ) = 9 " sin(!� )(!� )3 � os(!� )(!� )2 #2 for spherial aperture (64)where J1 is the Bessel funtion of the �rst kind and �rst order. The equationsabove orrespond to the three most natural geometries of the sattering volume.The `ylindrial' aperture means that the volume V is ylindrial along the beamand that the drift veloity v hanges in a linear fashion aross this volume (i.e.,in the diretion perpendiular to its axis). This situation is quite natural for alaser beam; it was onsidered in ref. [15℄. The `spherial' aperture means thatthe sattering volume V is restrited equally in all three diretions (so that Vis spherial). By ontrast, the `slit' geometry means that all ross-setions of thevolume V along the planes of equal veloities (with the same value of q �v(r)) haveequal areas. This situation an be realized for a laser beam of uniform thiknessif the drift veloity hanges along the beam (but not aross it).The smearing funtions, eqs. (62), (63), (64) (see Fig. 12b) are universalfuntions of the renormalized time parameter !� . They determine the time-deayharater of the osillations in the autoorrelation funtion g(2). The slit model18



(eq. (62)) gives the slowest deay, whereas the spherial aperture model (eq. (64))provides the fastest smearing of the osillations. Note that the full auto-orrelationfuntion g(2), eq. (60), inludes also the exponential fator whose deay is de�nedby an independent parameter q2D.The theoretial preditions given in eqs. (60), (61) are ompared in Fig. 12awith the experimentally obtained orrelation funtions g(2). The weakest theoretialdamping orresponds to the absene of di�usion (D = 0; g(2)(q; � )� 1 / eg(q; � )) andto the `slit' geometry: eg = eg1, eq. (62). Hene,g(2)(q; � )� 1 = A "sin(!� )!� #2 +A0 (65)where ! = !(q), ! � hq � v(r)imax � hq � v(r)imin (the minimal and maximal valueswithin the sattering volume) and A0 is a onstant related to the bakgroundnoise and slow proesses (with �slow � � ). However even in this ase the dataannot be �tted satisfatorily using the model, eq. (65): experimental osillationsdemonstrate substantially weaker damping than any of the `di�ration' funtions,eqs. (62), (63), (64). For the theoretial funtions, the ratios of the amplitudesof the �rst to the seond peak and of the �rst to the �fth peak are r12 � 2.9-5.9and r15 � 14-100 , respetively, whereas the experimental data imply r12 � 1.2-1.5and r15 � 2.2-4.8 .Suh anomalous persistene of osillations in g(2) from TAA solutions indiatesthat the observed e�et annot be attributed to onvetion ow gradients. Ratherit may be due to a superposition of signals from two distint sattering soures(either subvolumes or solute omponents) haraterized by well-de�ned but distintdrift veloities. In this ase we return to the osillatory relaxation model, eq. (59),whih indeed provides a good �t of the experimental data (f. Figs. 3, 12a). 4However, it is unlikely that the sattering volume involves two subvolumes withdi�erent marosopi veloities, v1 and v2, and that no intermediate veloities arepresent there. Thus, we are driven to onsider the last option: that there are twodistint omponents moving with di�erent veloities in the solute. In the nextsetions we disuss this possibility in detail, in partiular we onsider the natureof these distint speies, the origin of their drift, its diretion and the possibledrift patterns in the sample.4.2. The main prerequisites for g(2)-osillations: sedimentation oronvetion?The disussion above makes it lear that the observed osillations in g(2)(� ) arelikely to be due to two sorts of sattering partiles moving with distint veloities,v1 and v2. The relevant e�etive drift veloityv� = �0=Tos (66)4Note that eq. (56) is equivalent to eq. (59) as long as the osillatory part of the DLS orrelationfuntion g(2)(�) is onerned. 19



is related to �v = v1 � v2. 5 Its dependene on various parameters is shown inFig. 9. Typially v� ' 50 � 250 �m/s in our experiments.Before turning to a disussion on the nature of suh two speies, let us onsiderthe origin of their assumed oherent motion. Suh motion an arise, for example,from sedimentation or onvetion.In the ase of sedimentation, suh olletive drift would be rapid enough to beobservable by naked eye: for a typial DLS experiment lasting for tDLS � 1 hour (f.Fig. 3 showing Tos � 7ms) the expeted partile displaement is �v tDLS � 20m,whih is muh longer than the sample size. Moreover, some TAA samples wereinubated for many hours (see Table 1), but no sedimentation was ever detetedin the solutions. Furthermore, the DLS experiments were also performed on TAAsolutions soniated in the dark for 2 hours to ut/shorten the TAA �brils anddestroy their large aggregates. The soniation therefore must diminish or suppressthe hypothetial sedimentation e�et: one an expet that the sedimentation speedshould derease after soniation. However, the soniated samples still display theharateristi osillations with nearly the same period (Fig. 10) or even shorterperiod orresponding to a faster �v (Fig. 11).Therefore, it is the onvetion that should be favored as a possible reasonfor osillations. A thermal onvetion is expeted here sine the studied TAAsolutions absorb laser light rather strongly due to ondutive (metalli) nature ofTAA aggregates (typially with 20-50% of laser power absorbed in the samples,see Table 1). The light energy serves to heat the solution loally (around thelaser beam) thus reduing its density and induing gravitational ow as shownshematially in Fig. 13: the ow is direted mainly upward in the beam region.This onvetion ow is onsidered in more detail in the next setion 4.3 (itsveloity is also estimated there).Eq. (54) shows that the frequeny of osillations, ! = ���q � (v1 � v2)���, depends onthe sattering vetor and veloity orientations. For example, let us assume thatthe sattering speies 1 are onveted with veloity v1 = v, while there is not driftfor speies 2 (v2 = 0). Then �v = v1 � v2 = v,! = ���q ��v��� = ���q � v��� (67)If the sattering vetor q = k2 � k1 is horizontal (whih is the standard ase inDLS, f. Fig. 2), the relevant veloity omponent is also horizontal. By symmetrythe horizontal projetion of v is expeted to be parallel to the inident beam (k1).Hene ! = j(k2 � k1) � vj = kv (1 � os �), so it must strongly depend on the satteringangle �. Suh dependene, however, was not observed: rather, ! = 2�=Tos is foundto be nearly independent of � (see Fig. 9). This observation suggests that thesattering vetor q has a permanent vertial omponent qz (independent of �) andthat v is nearly vertial: v = vnz (nz is vertial unit vetor).While the vertial drift veloity in the sattering volume is pretty ompatiblewith the thermal onvetion ow pattern (f. Fig. 13 and the next setion), it isless lear how a nonzero qz an emerge. Here we see 2 possibilities. One way to5The e�etive drift veloity v� orresponds to n�v � q=k in eq. (59). As before, k = 2�n=�0 isthe wavenumber, n � 1:45 is the refrative index of the solution, f. eq. (3).20



get qz 6= 0 is simply via a not preise alignment of the DLS setup allowing for asmall angle between the diretion of the sattered light and the true gravitationhorizontal plane. 6 Another possibility is related to thermal refration of themain laser beam downwards due to temperature gradient in the vertial diretion,f. Fig. 4.Let us �rst onsider the possibility of a non-perfet orientation of the optialtable (with unit normal vetor nDLS) with respet to the gravitation vertialdiretion nz. Indeed, due to the DLS set-up alignment proedure, the wave-vetorof the primary beam k1 and the sattered light wave-vetor k2 lay perfetly in theDLS set-up plane, i.e. k1 � nDLS = k2 � nDLS = 0 (68)f. Fig. 2. Now suppose this plane is tilted with respet to the horizon:nz �nDLS = os  < 1; where the tilt angle  between nDLS and the vertial diretion(unit vetor nz) is small:  � 1. Choosing the Cartesian oordinate systemwith z-axis along nz and y-axis perpendiular to both nz and nDLS , so thatnDLS =(sin ; 0; os ), we �nd:! = ���q � v��� = j(k2 � nz � k1 � nz) vzj = kvz jsin ('1 + �)� sin'1j (69)where '1 is the angle between the inident beam and the y-axis. For any valueof '1 the frequeny ! = !(�) strongly depends on �: In partiular, as � is variedin the experimental range 30Æ � � � 150Æ (f. Fig. 9), ! must vary at least by afator of 2. Obviously, suh strong angular dependene of ! ontradits the dataof Fig. 9 showing that Tos = 2�=! is pratially onstant with less than 10%deviations. Hene, the e�et of deviation from horizontality of the DLS setup anbe negleted.The remaining seond possible reason for qz 6= 0 is the thermal refration of themain laser beam: the solution is strongly heated right above the beam (due tolight absorption and onvetion), while below it the heating e�et is muh weakerdue to low thermal ondutivity of the solution and signi�ant upward onvetiveow (see Fig. 13). The laser-indued heating thus leads to a strong refrative indexgradient, dn=dz < 0, near the beam. The gradient must give rise to a vertialdownward deetion of the beam as it passes through the sample (f. Fig. 4),showing the so-alled thermal lensing e�et. Suh deetion was indeed observed inmost experiments on irradiated TAA solutions, f. setion 3. The typial deetionangles are between �z ' 0:004 (for briey irradiated TAA samples, tirr = 5s, whihwere then inubated for 1 hour to aomplish the �brillization) and �z ' 0:02 forthe 7.5 mM TAA solution irradiated for 1 hour (the ase of maximum absorption).As a result, the wave-vetor k1 of the primary beam tilts down, k1;z = �k�z, whilethe sattered light (k2) remains perfetly horizontal (due to alignment of the DLSset-up). Hene, qz = k2;z � k1;z = k�z, and there is no angular dependene of theosillation period Tos = 2�=! any more:6The DLS set-up is routinely heked for the quality of alignment (whih should be parallel tothe optial table). However, a veri�ation of horizontality of the table as suh is not inludedin the protool. 21



! = vzqz = vzk�z; Tos = �0nvz�z (70)4.3. The onvetion ow patternEq. (67) with vertially oriented v gives ! = qzvz, hene the dependene of theosillation frequeny ! on the parameters is primarily de�ned by the onvetionveloity vz near the beam. To �gure out the onvetion ow �eld, we adopt asimpli�ed model assuming an in�nite sample size along the vertial axis (z-axis),whih is reasonable sine the sample height (' 5m) is muh larger than itsradius R = 2:5mm (R is half of the diameter of the sattering ell). We alsoassume that the ow is uniform along the beam (x-axis), with 2-dimensionalveloity in yz plane (Fig. 13). Thus, we onsider a thermo-gravitational onvetionow in a slit (�R < y < R) rather than in a ylindrial ell. The main goalhere is to estimate the onvetion veloity vz in the sattering volume, near theorigin y = z = 0 orresponding to the enter of laser beam. The beam diameterdbeam � 100�m � R. The ow �eld presumably involves 2 onvetion rolls extendingup to the height � H above the beam and on the distane � R below it (f.Fig. 13).To established the onvetion ow, we need to onsider simultaneously 2 �elds:veloity v(r) and temperature T (r), or �T (r) = T (r) � Tout, where Tout is thetemperature in the bath outside the sample. The temperature rise �T is generatedby the laser light energy absorption with rate �0I per unit volume, where I = I(r)is the beam intensity and �0 is the absorption oeÆient. The absorbed heat thenpropagates outside the beam by onvetion and thermal di�usion aording to themaster thermo-ondutivity transport equation:�T�t + v � rT = DTr2T + �0I=Cp (71)where DT = �T=Cp is the thermo-di�usion onstant, �T is thermal ondutivity ofthe solution, Cp is its heat apaity per unit volume and �=�t is time-derivativewhih is set to 0 below as we onsider a stationary ow. The ow veloity isgoverned by the Navier-Stokes equations with kinemati visosity � = �=�0, where� is the shear visosity of the solution and �0 is its density:�v�t = �r��0 + f�0 + �r2v (72)where � is exess loal pressure equal to the di�erene between the true pressureand the ideal pressure in the liquid at rest without heating: � = �true+ �0gz. Thevolume fore f here is the buoyant fore (direted upwards) due to temperatureexpansion of the liquid, f = fbnz, withfb = ���g ' {�0g�T (73)where ��� �0, g is the gravity aeleration and { � 1:27�10�3 1=K is the thermalexpansion oeÆient of the solvent (hloroform).22



The TAA solutions we onsider are rather dilute (solute volume fration � .0:5%), hene it is possible to approximate their density, heat apaity, thermalondutivity and visosity by the pure solvent values (at 20ÆC):�0 � 1:49 gm3 ; Cp � 1:43 � 107 ergm3 �K ; �T � 0:13� 105 ergs � m �K ; � � 0:57P (74)Hene DT � 9 �10�4m2=s and � � 4 �10�3m2=s meaning that heat di�usion is slowas ompared with vortiity di�usion: DT � �. In addition, we adopt the followingonditions (veri�ed at the end) to simplify the model:DT � Rv0; R2v0 � �H (75)where v0 is the harateristi ow veloity.The buoyant fore (73) driving the ow is de�ned by the temperature �eldT (y; z) whih is desribed below. We �rst fous on the region near the origin,jyj � R. Here the ow veloity v must be direted vertially (along z-axis),v � v0(z)nz, where the subsript `0' indiates that y = 0. Then eq. (71) gives inthe stationary ase (�T=�t � 0)v0�T�z = DTr2T + �0I(r)Cp (76)where r2T = �2T�z2 + �2T�y2 . It is useful to reall that the beam intensity is loalizedin the region r � py2 + z2 . dbeam: I(r) is negligible for z � dbeam. In this regimeeq. (76) is analogous to a simple di�usion equation (with z=v0 playing the role oftime). Assuming that v0(z) � onst (f. eq. (85) below) and negleting the term�2T=�z2 in r2T , the solution of eq. (76) for z� dbeam reads:�T (y; z) ' fWq2��2y exp � y22�2y ! ; �2y � 2DT z=v0 (77)where fW = �0Pv0Cp (78)and P = Z I(r)dydz (79)is the total laser power. Here we take into aount that �T � 0 below the beam(z < 0, jzj � dbeam) where T � Tout.Now we note that the term �2T=�z2 an be negleted in eq. (76) if �y � zwhih is equivalent to z � DT=v0 (we used here the solution, eq. (77)). Thisondition an be understood with a simple saling argument. For a given distanez from the beam enter, the harateristi drift time is jzj =v0 and the thermo-di�usion time is z2=DT (f. eq. (71)). Therefore the drift dominates over di�usionin z-diretion if z � zD � DT=v0 = v0�D; �D � DT=v20 (80)23



whih oinides with the stated above ondition to neglet the term �2T=�z2 ineq. (76).More general results on the temperature �eld, �T (y; z), are outlined in theAppendix A. The preditions, eqs. (77), (A9), (A11), (A12), are important. Theyshow that the heating e�et is loalized above the beam in a zone jyj . �y � pzzDwhih is narrow as long as �y � R. The latter ondition is satis�ed ifz � H � R2=zD (81)Hene, eqs. (77), (A9) are valid for zD � z � H. For z � H the laser-induedheat is spread over the whole ross-setion of the sample and get absorbed by thesample walls. As a result both �T and the veloity �eld deay exponentially forz � H (hene, of ourse, v0(z) is not onstant any more in this regime). Therefore,the length H an be indeed onsidered as the e�etive height of onvetion roll.Note that H � R due to the �rst ondition (75). Note also that the meantemperature inrement at a height z above the beam, zD � z � H is�Tmean(z) � 12R Z �T (y; z)dy = �0P2v0CpR = fW2R (82)i.e. it does not depend on the oordinate z (we used here eqs. (77), (78)).Eq. (77) shows that the fore fb(y; z) ' {�0g�T driving the ow (f. eq. (73))is loalized near the xz plane in a signi�ant region of the sample (for 0 < z � H,H � R). Therefore the fore fb an be replaed by the surfae fores 2Fb appliedat y = 0 with Fb = Z R0 fb(y; z)dyUsing eq. (77) we �nd that Fb does not depend on z for z � zD:Fb ' 12 fW{�0g � F 0b ; zD � z � H (83)By ontrast, this fore is exponentially small below the beam, z < 0, jzj � zD (f.eq. (A11)): Fb ' F 0b exp (� jzj =zD) ; z < 0 (84)The uniform surfae fore 2F 0b above the beam applied at y = 0 must naturallygenerate two unidiretional simple shear ows on both sides of the zx plane (fory < 0 and y > 0). Assuming the no-slip boundary ondition at the solid surfaes:v = 0 at y = �R, we get the veloity pro�le (v is direted vertially):vz(y; z) ' F 0b� (R � jyj) ; �R < y < R; R� z � H (85)The above veloity pro�le (85), however, violates the volume onservation (inom-pressibility) ondition in the onvetion slit demanding thatZ R�R vz(y; z)dy = 0 (86)24



Physially this ondition is provided by an appropriate pressure gradient �0 = ��=�zgenerating a two-dimensional analogue of the Poiseuille ow (with �2vz=�y2 = �0=�,f. eq. (72)). Thus, the total veloity beomesvz ' F 0b� (R� jyj) + �02� �y2 �R2� (87)where we used the boundary ondition vz(�R) = 0 and the symmetry of the owin the slip �R < y < R. From the ondition (86): �0 = 1:5F 0b =R yieldingvz ' v0(1 � jyj =R) (1 � 3 jyj =R) ; v0 � RF 0b4� ; R� z � H (88)Note that ow veloity in the spei�ed region does not depend on z; and that it isdireted upwards near the enter (for jyj < R=3) and downwards at the peripheryof the sample forming the pattern shown in Fig. 13. Using eqs. (78), (83), (88))we �nd v0 '  {�0g8�Cp �0PR!1=2 (89)The resulting v0 is the vertial onvetion veloity in entral part of the ow (fory � R; R � z � H). For z . R the ow veloity slightly dereases due to thevirtual absene of the buoyant fore below the beam (f. eq. (84)). This e�et isnegleted in the present study. It is important to note, however, that generally thevertial veloity v0 = v0(y; z) hanges very little in the region of interest, jzj � R,jyj � R, and this feature justi�es the assumption vz(y; z) = v0 = onst introduedbefore eq. (77) and used to derive eqs. (77), (A7).To estimate the numerial value of vz = v0, eq. (89), we now need to know howthe produt �0P depends on the solution onentration  and the inident laserpower P0. The orresponding analysis an be found in Appendix B, see eq. (B6).The result is �0P ' � e��P0 exp(��R) (90)(the pre-fator � e� an be found in eq. (B5) and the absorption oeÆient � ineq. (B3)).For example, for TAA solution with  = 0:375mM irradiated for 1-hour we getfrom eq. (90): �0P � 3:9mW=m at P0 = 22:2mW. The orresponding onvetionveloity vz = v0 (de�ned in eq. (89)) is vz � 0:17 m=s. The frequeny ofthe osillations, ! � 2�=Tos, in the autoorrelation funtion g(2)(q; � ) is de�nedin eq. (70) (note that v is direted vertially). Experimental data show thatTos � 5:5 � 0:2ms for 300 < � < 1500 (f. Fig. 9) does not depend on thesattering angle �. Using this Tos, the theoretial vz and eq. (70), we getthe vertial tilt angle �z � 0:04 � 2Æ whih is a reasonable estimate (roughly inagreement with independent estimates of the tilt angle, f. setion 4.2) supportingthe adopted assumption that the osillations are de�ned by the thermo-onvetionveloity.The theoretial dependene of the osillation period Tos = 2�=! on the laserpower P0, obtained for �z = 0:035 and  = 0:375mM using eqs. (70), (89), (90), isshown in Fig. 14a, where the experimental data (f. Fig. 9d) are presented as well.25



A similar omparison for the onentration dependene of 2�=! at P0 = 22mW(f. Fig. 9b) is shown in Fig. 14b. A good agreement is observed in both ases.Turning to the temperature �eld, the typial laser-indued temperature inrementin the layers above the laser beam (for zD < z� H) an be obtained with eq. (82);for example, it gives �Tmean ' 0:5 fW=R = 2�zDTb=R � 0:09K for  = 7:5mM andP0 � 22mW. By ontrast, the loal temperature rise in a narrow zone rightabove the beam with z � zD, y . pzzD; is muh stronger (f. eqs. (A13), (A2)):�Tbeam � 0:24�0P= (CpDT ) � 3Tb, so �Tbeam � 5K for the same  and P0.Let us �nally verify the onditions (75) adopted above. The typial onvetionveloity is vz = v0 � 0:1m/s (f. eq. (89)). Hene DT=v0 � 0:1mm, and the �rstondition (75) is satis�ed: DT=v0 � dbeam � R = 2:5mm. The seond ondition (75)is equivalent to � � DT (f. eqs. (80), (81)), whih simply follows from thehloroform material onstants, eq. (74).4.4. The nature of solute speies providing the veloity ontrastThe results of the previous setion strongly support our hypothesis that osilla-tions of g(2)(q; � ) must be related to the thermal onvetion ow v(r) indued bylaser heating. However, as disussed in setions 3 and 4.2, the e�et is also hingedon the existene of two distint solute speies moving with di�erent veloities, v1and v2, in irradiated TAA solutions.Both mirosopy and light-sattering data [9,12{14,18,20,30,36℄ suggest thatmost TAA moleules in irradiated solutions form �brils of typial length L & 1�m(in the studied onentration range of 0:3 � 10mM). These mirometer-saled self-assembling �brils (together with shorter �brils and other submiron aggregates) anbe onsidered as the first omponent whih must follow the marosopi ow withveloity v1 = v(r) (reall that the harateristi size of onvetion ow, eq. (88), ismuh larger than the sizes of suh aggregates).Let us turn to the nature of the seond omponent moving with a di�erentveloity. The studies on hloroform TAA solutions [12{14,18,20,30,36℄ show thatin addition to �brils (of thikness d � 5 � 15nm) the solute moleules also formmuh longer �brillar aggregates (bundles) of thikness � 20 � 50nm and almostinde�nite length. Suh �ber-like bundles an assoiate to produe highly visousthermoreversible gels and entanglement networks. It is then possible to expetthat a gel is formed below the beam (older region), so that dangling hains fromthe gel an reah the laser beam region serving as the immobile omponent (withv2 = 0). However, this explanation is not exatly onsistent: the gel formation maybe expeted before the laser is swithed on, and then the gel should lead to adramati inrease of the solution visosity whih is not observed (the visosity ofTAA solutions is omparable to that of the solvent).One may further argue, however, that a mirogel (involving small gel partiles)is formed instead of a ontinuous gel phase: in this ase a strong visosity inreasemay be avoided. However, if a large immobile gel partile of size Lg � dbeam entersthe sattering volume it would suppress onvetive ow there. On the other hand,if a mirogel partile is smaller than the sattering volume size (dbeam � 100�m),it would be driven by the onvetion ow, so its veloity v2 would not di�er muhfrom v1. 26



To overome this restrition let us onsider a gel partile of size rp . dbeamand argue that it ould be eletrially trapped in the beam region. In fat, thepartile is a network of TAA �bers whih are known to be highly ondutive afterirradiation (with metalli-type ondutivity) [14,18,20,30,36℄. Hene the gel partilesare expeted to behave like metal partiles in the laser beam if the network meshsize � is smaller than the laser wavelength �. Using this analogy and assuming aspherial partile of radius rp we get the trapping energy U ' 0:5 r3pn2E2, whereE is the e�etive eletri �eld in the beam related to its intensity I = nE2l=4�with l, the veloity of light in vauum [37℄. The e�etive laser power isP � (�=4) Id2beam. Thus U � 8nl r3pP=d2beamThe highest energy U � Pdbeam=l is attained for the largest partiles with rp �dbeam=2. For P � 20mW and dbeam � 100�m it beomes U � 10�7erg. Thisenergy is muh larger than the thermal energy kBT (at ambient T � 293K):U=kBT � 2 � 106. Hene, the onsidered gel partile an be indeed strongly trappedby the laser beam under equilibrium onditions. However, in the presene of aonvetive ow the trapping is possible only if the laser-indued fore ft � U=dbeamis stronger than the hydrodynami drag fore fd � 6�rp�vz. For rp � dbeam=2 andvz � 0:1m/s (as estimated in the previous setion) this is not really the ase:ft=fd � U= �3�d2beam�vz� � 0:1It is therefore not likely that the gel partiles an be trapped in the laser beamfor the range of laser powers (P0 . 20mW) used in our DLS studies.It is possible, however, that mirogel partiles involve very long dangling �bers.If the mirogel is loated well below the sattering volume, suh giant �bers (withL� dbeam) ould be dragged and extended by the onvetive ow (note that thisow is elongational near and below the laser beam, f. Fig. 13). As a result afew thik and oriented �bers an stay basially immobile in the sattering volume(being anhored to the mirogel) and therefore serve as the seond satteringomponent with v2 � 0 (f. Fig. 15). On the other hand, the onvetive ow oftypial TAA �brils (of L & 1�m) should be e�etively unperturbed if the distanebetween the giant �bers along the laser beam exeeds their length.Yet another type of sattering speies an be provided by gas bubbles of airdissolved in hloroform. The laser-indued heating of the sample an aelerateformation of these bubbles. Their nuleation should normally take plae at thesolid surfaes, so the bubbles must be dragged by the onvetive vortex motionto reah the sattering volume. This is possible only if the veloity vb of theirgravitational rising (always direted upwards and measured with respet to the loalux of the solution) is suÆiently low ompared to the onvetive ow veloityv(r). In this ase there would be two speies in the sattering volume: TAA�brils (moving with the ux veloity v1 = v(0; 0) ' vznz whih is direted upwards)and the bubbles (moving also upwards with the veloity v2 = v1 + vb), hene theg(2) osillation eq. (67) would be de�ned by vb: ! = qzvb: In the peripheral partof the vortex onvetive motion (f. eq. (88) for jyj & R=3) the bubbles movedownwards with veloity jvzj � vb, hene they follow the ow and an aumulatein time. The bubble rising veloity vb depends on its radius rb and an be found27



by balaning the buoyany fore fb � 4�3 r3b�0g and the visous drag fore on anempty sphere fd ' 4��rbvb [38℄: vb � 13 r2b�0g=� (91)(f. also [39℄). With vz � 0:1m=s (f. setion 4.3) the ondition of the dominaneof the onvetion ow over the buoyany rising (vb < kvz where k < 1 is anumerial fator) leads to rb < pk � 10�mf. eq. (91). For k ' 0:1 this ondition reads as rb < 3�m, hene the respetivebubbles are still large enough (� �0=n) and ould give rise to a onsiderablesattering intensity omparable to the ontribution of TAA �brils. However, suhlarge bubbles would be easily visible (with naked eye) as glittering partiles. Suhbubbles were not observed for the systems we studied, hene we tend to rejetthe bubble hypothesis and return to the model of mirogels with dangling tails,Fig. 15. 5. ConlusionsIn this paper we onsidered DLS data on dilute solutions of photosensitivearylamine-based ompounds (TAA) in deuterated hloroform (CDCl3). The solutemoleules self-assemble forming long supramoleular �brils and �bers upon whitelight exposure [12,13℄. We show (by UV-Vis spetrometry) that the self-assemblyis aompanied with a dramati inrease of the visible light absorbane of thestudied TAA solutions [14℄. This inrease is found to be relatively slow, withtime-sale � 5 min whih is longer than the time required to onvert nearly allTAA moleules in the aggregated state (few dozens of seonds [14℄). However, therelevant time-sale should rather orrespond to the growth time for the number ofspins in the �brils, whih is muh longer, typially � 1 hour [14℄: the spins areknown to be responsible for high eletroondutivity of the �brils. It is likely thatthe inrease of light absorbane is related to the emerging high ondutivity ofsupramoleular arylamine �laments whih show metalli properties upon white lightexposure [18,20,30,36℄. It is important that high absorbane of irradiated TAAsolutions in red part of visible spetrum was independently on�rmed by diretmeasurements of transmitted laser beam intensity (see setion 3).Surprisingly, the photoindued self-assembly also leads to a dramati hange ofthe DLS properties of the solutions showing long-lasting well-resolved osillationsin the intensity orrelation funtion, g(2)(� ), of the sattered laser light. Suhfeature is not expeted for equilibrium Brownian systems whih must always showa monotonially deaying orrelation funtions g(2)(� ), f. eq. (55). Thus, one ofthe main results of this paper is that self-assembly in solutions an be indiatedby the emergene of osillations in the DLS orrelation funtion g(2). Moreover,we antiipate that the presene of suh osillations ould be a sensitive probe foraggregation in many omplex systems, inluding solutions of supramoleular andprotein polymers, as well as onjugated and onduting maromoleules.28



The osillations we report here are strikingly well-developed and persistent,making our systems very distint from the previously published osillations inhomodyne spetra g(2) of diverse light-absorbing systems, refs. [15,16,33,35℄. Westudied in detail how the osillation frequeny ! depends on various parameters.It is shown that ! regularly inreases with the irradiation time tirr, with TAAonentration , and with the laser power P0. Amazingly, we also observed that! does not depend on the sattering angle � (see Figs. 7, 9), and this is theseond major result of this study. It indiates that in our system the relevantproesses (produing osillations) have no horizontal veloity omponent, ontraryto the systems of refs. [15,16℄.There are only 2 general reasons to get osillations in g(2): (i) due to inertiale�ets whih are totally negligible at the wave-length of light for inompressibleliquids like the studied solutions; (ii) due to non-equilibrium e�ets.Fousing on the seond possibility we showed that enhaned absorbane in TAAsolutions leads to their non-uniform heating by the laser beam and to the thermallensing e�ets due the emerging temperature (T ) and refrative index (n) gradients(see setion 3). In turn, a vertial gradient of n auses a small vertial downwardshift of the inident laser beam (on the angle �z), while a signi�ant inreaseof T near and above the sattering volume generates an upward onvetion owin this region (see Figs. 4, 13). As a third major ahievement, we developed aquantitative theory of this thermo-gravitational onvetion prediting the relevantvertial ow veloity v0 as a funtion of the system parameters like the thermalexpansion oeÆient { of the solution, and its absorption oeÆient � whihwas obtained based on the transmitted laser intensity. The theory explains theobserved independene of the osillation frequeny ! on the sattering angle �.It also reprodues well (at the semi-quantitative level) the dependene of ! onthe laser power P0 and solution onentration  (see Fig. 14). The only �ttingparameter �z was set to 2Æ whih is in good agreement with the observed deetionof the laser beam.Thus, based on the disussion in setions 4.2, 4.4 we showed that the observedosillations in the DLS intensity orrelation funtion g(2)(q; � ) are related to thermo-gravitational onvetion generated by laser heating and leading to marosopi driftof the sattering partiles. It is also shown that the slow deay of the osillationsannot be explained by a ontinuous variation of the partile drift veloity withinthe sattering volume. The osillation e�et points to the presene of two types ofsattering partiles in the solute moving with di�erent veloities and a onsiderableveloity ontrast �v = v1 � v2. As argued in setion 2.4. (and was proposedbefore [16℄) the osillation frequeny ! must be proportional to �v. We thusshow that it is possible to determine the drift veloity di�erene by doing simplehomodyne light sattering experiments. It appears that the order of magnitudeof the osillation frequeny, ! / �v, and its dependenies on the parametersare orretly desribed by the assumption that �v is simply proportional to theonvetion veloity vz. One type of the sattering speies an be attributed tomiron-size supramoleular TAA �brils. However, the nature of the seond distintsattering omponent is less evident. As a possible andidate we propose thatthis role is played by giant TAA �bers spanning from the sattering volume to amirogel partile. 29



Conits of interestThere is no onits of delare.AknowledgementsThe authors aknowledge supports from LabEx CSC (the University of Stras-bourg) and from the University Paris Diderot (the DLS setup)APPENDIX A: Temperature �eld �T (y; z) in a smoothonvetion ow due to the heating by a narrow laser beamHere we solve eq. (71) exatly for the ase when the motion of the solvent isassumed to be homogeneous: v = v0 and direted vertially upwards. To simplifythe treatment we also assume that a very narrow beam is swithed-on at t = 0 :I(r; t) = ( PÆ(r); t � 0;0; t < 0 (A1)where Æ(r) = Æ(y)Æ(z) is the 2-dimensional delta-funtion, f. eq. (79). Thetemperature �eld �T (y; z; t) is hene essentially two-dimensional in spae.We �rst disuss the short-time asymptoti solution of eq. (71). The thermaldi�usion is fast ompared to the drift v0 in the region lose to the beam,z2 + y2 � z2D, f. eq. (80). Omitting the onvetion term v � rT we solve thedi�usion equation (71) (whih beomes deoupled from the veloity �eld) to getthe time-dependent temperature �eld T (r; t) after swithing-on the laser beam att = 0. The result for the temperature �eld at t > 0 (obtained on assuming that�T � 0 for t < 0 whih means no heating without laser beam) is�T (r; t) = �0PCp Z t0 14�DT t exp(� r24DT t )dt = TbE1  r24DT t! ; Tb � �0P4�DTCp (A2)where E1(x) � Z 1x he�t=tidt (A3)is the integral exponential funtion. For small x:E1(x) ' � � lnx+ 1Xk=1 (�1)k+1xkk � k! (A4) ' 0:577 is the Euler-Masheroni onstant, E1(1) ' 0:22 and E1(x) ' e�x=xfor x � 1: For �xed distane r from the beam, the temperature rise an beapproximated as�T (r; t) ' Tb � ( (t=tD(r)) e�tD(r)=t; t� tD � r2=4DT ;ln (t=tD(r)) � ; tD � t� �D = DT=v20 (A5)30



if r � zD (the latter ondition is needed for the inequality tD � �D). Theonditions r � zD and t � �D � zD=v0 and are needed to neglet the onvetionterm v0 � rT in eq. (71).After swithing-on the laser beam, �T is �rst exponentially low (for t � tD),then it grows logarithmially up to the maximum�T �(r) ' Tb ln (�D=tD) ' 2Tb ln (zD=r) (A6)at t � �D, f.eq. (A5). At longer times t & �D: �T saturates due to the onvetion(drift v0) providing a ux of fresh old liquid from the lower part of the solution(with z < �zD) where T � Tout, see Fig. 13.The general solution of eq. (71) with v = v0nz and loalized beam, eq. (A1),an be written for t > 0 using Green funtions (f. eq. (A2)):�T (y; z; t) = Tb Z t0 exp �(z � v0t0)2 + y24DT t0 ! dt0t0 == Tb exp� v0z2DT �Z v0t=r0 exp�� v0r4DT �� + 1� �� d�� (A7)where � � t0v0=r, r � py2 + z2. Here we assumed (as before) that the laser beamwas turned on at t = 0, so �T � 0 for t < 0. The above equation for �T (likeeq. (A2)) is valid for r � dbeam.Let us now fous on the steady regime, v0t=r !1, when the onvetion owis fully developed. Setting the upper limit in the integral (A7) to +1, we getfor t� �D (f. eq. (80)):�T (y; z) ' 2Tb exp� z2zD �K0 � r2zD � (A8)where K0 is a modi�ed Bessel funtion, K0(x) = R10 exp(�x osh � )d� ; K0(x) 'ln(2=x) � , z � 1; K0(x) ' q�=(2x)e�x, x � 1. For z � zD eq. (A8) an besimpli�ed as �T (y; z) ' 2Tbr�zDz exp � y24zzD ! (A9)whih oinides with eq. (77). At shorter distanes dbeam � r � zD, the asymptotiresult is �T ' 2Tb �ln 4zDr � � (A10)The above equation agrees with the more approximate eq. (A6). Finally, belowthe beam, at z < 0, jzj � zD we obtain from eq. (A8):�T (y; z) ' 2Tbs�zDjzj exp � y24zzD ! exp �jzjzD! (A11)Hene, the temperature inrement is exponentially small, so T � Tout in this regionbelow the beam. 31



The temperature pro�le right above the beam, at y = 0, z� dbeam, is�T (z) ' 2Tb exp� z2zD �K0 � z2zD � (A12)In partiular, �T (zD) ' 3:048Tb � 0:24 �0PDTCp (A13)APPENDIX B: Evaluation of the light absorption rate �0Pausing the onvetionThe onvetion veloity v0 in the sattering volume (within the sample illumi-nated by a foused laser beam) is de�ned in eq. (89). Apart from the materialonstants of hloroform, f. eqs. (73), (74), v0 depends on the absorption oeÆient�0 and the loal laser power P . Here we evaluate them based on our experimentaldata, Table 1.To this end we �rst note that pure solvent (hloroform) nearly does not absorbvisible light, so �0 must be entirely due to the solute (TAA). A linear dependeneof �0 on  is naturally expeted at low onentrations :�0 = � (B1)Hene the expeted transmitted laser power P2 after the sample in a DLSexperiment (f. Fig. 2) is proportional to the inident laser power P0 and theexponential deay fator: P2 = �02P0 exp(�2�R) (B2)where R = 2:5mm is the inner radius of the test tube and �02 is the instrumentaloeÆient aounting for the power loss outside the sample (due to interfaereetions, diaphragms, et.). �02 an be de�ned as �02 = P (0)2 =P0 � 0:72 � 0:025,where P (0)2 is the transmitted laser power for the ase when instead of the samplea test tube with pure solvent ( = 0) is used (see seond line in Table 1).The absorption oeÆient � depends on the irradiation pre-history of a TAAsolution (i.e., on tirr and tin, f. Fig. 1d and Table 1). To �nd � for solutionsirradiated during tirr = 1 hour (with tin = 0) we ompare the transmitted laserpower P2 after the sample for pure solvent and for TAA solutions of severalonentrations  (using the maximum inident laser power P0 ' 21 � 22mM toredue the experimental error). Thus, for  = 0:375mM from Table 1 we get�02P0=P2 ' 1:09 � 1:25, whereas for  = 7:5mM this ratio is �02P0=P2 ' 8:2� 9:25:Using the data for  = 7:5mM and the relation (B2) we �nd the absorptionoeÆient: � = [2R℄�1 ln [�02P0=P2()℄ � 0:58 � 0:05 (m �mM)�1 (B3)for tirr = 1 hour and tin = 0. For longer inubation time tin the absorptionoeÆient dereases: � � 0:5 � 0:05 (m �mM)�1 for tin = 1h and � � 0:125 �0:015 (m �mM)�1 for tin = 19h. 32



We now reall that the e�etive power P orresponds to laser intensity in thesattering volume loated near the the enter of the sample. The laser beampower P1 just before entering the dealine bath (f. Fig. 2) is lower than P0; ourmeasurements give P1 = �P0, where the fator � � 0:88 aounts for the powerloss due to reetions aused by lens L1 and its aperture. Next, P 01 = e�P1 is thelaser power at the beginning of the passway inside the TAA solution bath. TheoeÆient e� was alulated using the Fresnel formula for the reetion oeÆientR = R(i; j) at an interfae between two media (i) and (j):R(i; j) = (ni � nj)2(ni + nj)2 (B4)where ni is refrative index of medium i. The transmission oeÆient K(i; j) =1 � R(i; j); so the total oeÆient of transmission through the air-glass-dealine-glass-hloroform sequene of interfaes is:e� = 3Yi=0K(i; i+ 1) ' 0:965; � e� ' 0:85 (B5)where n0 = 1 (air), n1 = n3 = 1:4585 (quartz), n2 = 1:481 (dealine), n4 = 1:4458(hloroform). An additional laser absorption in TAA solution (from the point of en-tering till the enter of the test tube) leads to P ' P 01 exp(��R) = P0� e� exp(��R).Finally, we get the light energy absorption rate in the sattering volume�0P ' � e��P0 exp(��R) (B6)

33



Referenes[1℄ B. J. Berne, R. Peora. Dynami Light Sattering With Appliations toChemistry, Biology, and Physis (Dover Publiations INC., Mineola, New York,2000).[2℄ C. S. Johnson, Jr., D. A. Gabriel. Laser Light Sattering (Dover PubliationsINC., New York, 1994).[3℄ W. Sh�artl. Light Sattering from Polymer Solutions and Nanopartile Disper-sions (Springer, New York, 2007).[4℄ Photon Correlation and Light Beating Spetrosopy, ed. H. Cummins, NatoSiene Series B Vol. 3 (Springer, New York, 1974).[5℄ B. Chu. Laser Light Sattering, Basi Priniples and Pratie (Dover Publia-tions INC., Mineola, New York, 2007).[6℄ N. Jouault, Y. J. Xiang, E. Moulin, G. Fuks, N. Giuseppone, and E. Buhler,Phys. Chem. Chem. Phys. 2012, v.14, 5718.[7℄ J. Appell, G. Porte, and E. Buhler, J. Phys. Chem. B 2005, v.109, 13186.[8℄ E. Buhler, J. P. Munh, and S. J. Candau, Europhys. Lett. 1996, v.34, 251.[9℄ N. Jouault, E. Moulin, N. Giuseppone, E. Buhler, Phys. Rev. Lett. 2015,v.115, 085501.[10℄ L. Brunsveld, B. Folmer, E. Meijer, R. Sijbesma, Chem. Rev. 2001, v.101,4071.[11℄ J.-M. Lehn, Angew. Chem. Int. Ed. 2013, v.52, 2836.[12℄ E. Moulin, F. Niess, M. Maaloum, E. Buhler, I. Nyrkova, and N. Giuseppone,Angew. Chem., Int. Ed. 2010, v.49, 6974.[13℄ E. Moulin, J. J. Armao IV, N. Giuseppone, A. Chem. Res. 2019, v.52,975-983.[14℄ I. Nyrkova, E. Moulin, J. J. Armao IV, M. Maaloum, B. Heinrih, M. Rawiso,F. Niess, J.-J Cid, N. Jouault, E. Buhler, A. N. Semenov, N. Giuseppone,ACS Nano 2014, v.8, 10111-10124.[15℄ W. Shaertl, C. Roos, Phys. Rev. E 1999, v.60, 2020-2028.[16℄ A. Sehgal, T. A. P. Seery, Maromoleules 1999, v.32, 7807-7814.[17℄ W. Shaertl, C. Roos, K. Gohr, J. Chem. Phys. 1998, v.108, 9594.[18℄ V. Faramarzi, F. Niess, E. Moulin, M. Maaloum, J. F. Dayen, J. B. Beaufrand,S. Zanettini, B. Doudin, and N. Giuseppone, Nat. Chem. 2012, v.4, 485.[19℄ E. Moulin, J. J. Cid, and N. Giuseppone, Adv. Mater. 2013, v.25, 477.[20℄ J. J. Armao, M. Maaloum, T. Ellis, G. Fuks, M. Rawiso, E. Moulin, and N.Giuseppone, J. Am. Chem. So. 2014, v.136, 11382.[21℄ Y. Domoto, E. Busseron, M. Maaloum, E. Moulin, and N. Giuseppone, Chem.Eur. J. 2015, v.21, 1938.[22℄ E. Busseron, J.-J. Cid, A. Wolf, G. Du, E. Moulin, G. Fuks, M. Maaloum, P.Polavarapu, A. Ru�, A.-K. Saur, S. Ludwigs, and N. Giuseppone, ACS Nano2015, v.9, 2760.[23℄ E.R.Pike. Photon Correlation Veloimetry. In: "Photon Correlation Spetrosopyand Veloimetry" edited by H.Z.Cummins, E.R.Pike (Plenum, New York, 1977).[24℄ N. Ben-Yosef, S. Zeigenbaum, A. Weitz, Appl. Phys. Lett. 1972, v.21, 436.[25℄ R. V. Mustaih, B. R. Ware, Phys. Rev. Lett. 1974, v.33, 617.[26℄ T. Tanaka, G. B. Benedek, Applied Optis 1975, v.14, 189-196.[27℄ B.R.Ware, W.H.Flygare, Chem. Phys. Lett. 1971, v.12, 81.[28℄ B.R.Ware, W.H.Flygare, J. Coll. Int. Si. 1972, v.39, 670.34



[29℄ A.Wada, I.Nishio, K.Soda, Rev. Si. Instrum. 1979, v.50, 458.[30℄ J. J. Armao IV, I. Nyrkova, G. Fuks, A. Osypenko, M. Maaloum, E. Moulin,R. Arenal, O. Gavat, A. Semenov, and N. Giuseppone, J. Am. Chem. So.,2017, v.139, 2345-2350.[31℄ S.W. Provenher. "CONTIN: A general purpose onstrained regularizationprogram for inverting noisy linear algebrai and integral equations". Com-puter Physis Communiations, 1982, v.27, 229-242. doi:10.1016/0010-4655(82)90174-6.[32℄ S.W.Provenher. "A onstrained regularization method for inverting data repre-sented by linear algebrai or integral equations". Computer Physis Communi-ations 1982, v.27, 213-227. doi:10.1016/0010-4655(82)90173-4[33℄ G. G. Fuller, J. M. Rallison, R. L. Shmidt, L. G. Leal, J. Fluid Meh. 1980,v.100, 555-575.[34℄ N. V. Tabiryan, W. Luo, Phys. Rev. E 1998, v.57, p.4431.[35℄ R. S. Hall, Y. S. Oh, C. S. Johnson, Jr., J. Phys. Chem. 1980, v.84, 756-767.[36℄ J. J. Armao IV, P. Rabu, E. Moulin, N. Giuseppone, Nano Lett. 2016, v.16,2800-2805.[37℄ L.D.Landau and E.M.Lifshitz. Eletrodynamis of Continuous Media (Volume 8of A Course of Theoretial Physis). (Pergamon Press, 1960).[38℄ D.J. Aheson, Elementary Fluid Dynamis. (Clarendon Press, Oxford, 2005).[39℄ L. Parkinson, R. Sedev, D. Fornasiero, J. Ralston, Journal of Colloid andInterfae Siene, 2008, v.322, 168-172.

35



TABLESTABLE 1. The main DLS harateristis of the studied samples: the referenesolvents (toluene, CDCl3) and the TAA solutions in hloroform (CDCl3). The mainpreparation parameters of the TAA samples (onentration, irradiation time tirr,inubation time in the dark after irradiation, tin) are indiated together with theinident laser light power P0, the transmitted laser power P2; the intensity of thesattered light, Iexp3 (measured by the APD at � = 900), and the orreted netsample sattering intensity without the dark noise, I3 7, and the osillation periodTos of g(2)(� ). The ratios P2=P tol2 and I3=Itol3 are also shown (P tol2 and Itol3 arethe referene values measured for pure toluene and the same laser intensity P0).The error bars are: ' 0:03 � 0:05mW for P0; ' 7% + 0:1mW for P2; ' 0:5kHzfor I3, and ' 1% for Tos:TABLE 2. Parameters of the theoretial �ts based on eq. (56) for the DLS dataon the intensity orrelation funtions g(2)(� ) � 1 shown in Figures 3, 8. Theolumns indiate Figure numbers, urve labels, initial (short-time) deay parameters�i and Gi, osillation parameters Tos, �os and Gos, and terminal deay parameters�e and Ge. FIGURE CAPTIONSFIG. 1. (olor online) (a) Chemial struture of the tailored triarylamine (TAA)moleule (hemial formula C36H49ClN2O3, moleular weight of 593:25 g/mol)used in our experiments (upper left); shemati representation of the supramole-ular self-assembling mirometri onduting nanowires formed by the aminemoleules upon light irradiation. Moleular models of TAA unimer (b), and ofthe double �bril (front and side views) () whih are the basi elements ofthe TAA self-assembling nano-wires. (d) UV-Vis absorption spetra of a 1mMfreshly-prepared TAA solution in hloroform before irradiation (tirr = 0 s, blakline), after a period, tirr = 765 s, of irradiation with 20W glow-�lament whitelamp (blue line), after tirr = 3765 s (green line) and after both irradiation (fortirr = 3765 s) and inubation in the dark for tin = 14400 s (dashed grey line).The inset shows the time evolution of the absorbane at � = 635 nm for the�rst TAA solution during the irradiation stage (0-3765s) and the dark stage(3750-18165s); the dashed line is a guide to the eye.FIG. 2. The shemati DLS set-up. The lens L1 fouses the inident beam (withwavevetor k1) onto the test tube with a sample solution (TS) plaed into thethermostated dealine bath (DB). The lenses L2 and L3 fous the light (withwavevetor k2) sattered from the sattering volume (SV) onto the photodetetor7The experimental APD data, Iexp3 , have been orreted as I3 � Iexp3 � Idark3 , where Idark3 '1:45 � 0:12 kHz is the `dark noise level intensity' measured on the detetor when the laser isshut o� and the sample is out of the dealine bath (Idark3 omes from the parasiti light, thermalnoise on the detetor, et.). 36



(PD). The sattering vetor is q = k2�k1 (the sattering angle is �). The foallengths of the lenses are respetively: F1 = F2 = 250mm and F3 = 3:9mm. Theharateristi distanes shown on the sheme are: x1 = x2 = 250mm, x3 = 125mm.The intensity of laser light was measured at the laser exit (inident power P0at point `0'), before entrane in the sample, at point `1' (laser beam intensityP1) and after the sample, at the point `2' (P2, the transmitted intensity)using the same type of the power meter. The sattering intensity I3 andthe intensity autoorrelation funtion G(2)(q; � ), eq. (7), were measured by thephotodetetor PD at the point `3'. The intensities at the point `10' inside thetest tube (P 01 = e�P1) and at the point `�' near the SV (P = e�P1 exp(��R))were alulated as desribed above eq. (90).FIG. 3. Intensity orrelation funtions measured in the homodyne DLS (averagingtime tDLS = 1 hour, sattering angle � = 900) for  =7.5mM (0.45 vol%) TAAhloroform solutions irradiated with short white pulses prior to the measure-ment. 8 (a) The traditional log-log plot of time-dependene of autoorrelationfuntions g(2)(q; � ) � 1 for three irradiation times (tirr =5, 10, and 15s). (b)Semi-log plot of the same autoorrelation funtions. Blak rosses show theDLS data (with inident laser power P0 =22.2 mW). Red urves represent thetheoretial �ts using eq. (56). The urves are shifted vertially to improve thevisibility.FIG. 4. A sheme illustrating an expansion of the inident laser beam (due to thethermal lensing e�et) and its vertial shift (due to the vertial temperaturegradient near the beam oming from strong light absorption in TAA solutions).The photograph (right) shows the di�ration rings pattern in the transmittedbeam observed on a sreen at a distane L =160m from the sattering sample.Here the inident light wave-vetor, k0, does not oinide with the wave-vetork1 of the transmitted light: k1 = k0 � qz. The sattered light wave-vetor, k2,is perfetly horizontal (like k0), but the e�etive sattering vetor q = k2�k1 isnot: it involves a vertial omponent qz � �zk, where �z = �z=L:FIG. 5. Intensity autoorrelation funtion, g(2)(� )�1, averaged over tDLS = 200s fora TAA solution with  = 7:5mM and various inubation times tin in the darkafter it was irradiated for (a) tirr = 5s and (b) tirr = 1h. The data are reordedfor the sattering angle � = 900 and laser power P0 =22.2mW. The urves areshifted vertially to improve the visibility.FIG. 6. TAA onentration dependene of the intensity orrelation funtion, g(2)(� )�1 (averaged over tDLS = 200s, reorded at � = 900 and P0 = 22:2 mW). Allsolutions were illuminated for tirr = 1h prior to the measurements (tin = 0). Theurves are shifted vertially to improve the visibility.FIG. 7. Angular dependene of the intensity orrelation funtion: g(2)(� ) � 1 wasreorded at various sattering angles, �, for  = 0:375mM TAA solution irradiated8For irradiation of TAA samples we routinely use a 20W white glow-�lament lamp plaed at adistane of 5m from the sample. This proedure is the same as used in our previous works onTAA self-assembly, refs. [12,14℄. 37



for tirr = 1h and left at rest in the dark for tin = 3h30min . The inident laserpower is P0 = 22:2mW; tDLS � 200s for � = 900 � 1400; tDLS � 60s for� = 700 � 800; and tDLS � 20s for � = 300 � 600: The dashed line shows the�-independent position of the �rst osillation. The urves are shifted vertiallyto improve the visibility.FIG. 8. Variation of the intensity orrelation funtion with the inident laser powerP0 for 0.375mM TAA solution irradiated for tirr = 1hour and left at rest in thedark for tin ' 5h15min-5h35min . The funtion g(2)(� ) was measured at � = 900,the DLS-averaging time was tDLS = 200s. The log-log plots of g(2)(q; � )� 1 areshifted vertially to improve the visibility. The data (blak rosses) are �ttedusing eq. (56) (the respetive red urves), see Table 2 for the �tting parameters.FIG. 9. The period of osillations, Tos = 2�=! (irles), and the assoiated e�etivedrift speed v�, eq. (66) (triangles), are plotted as funtions of: (a) irradiationtime tirr (for 7.5mM TAA solution); (b) TAA onentration  (for solutionsirradiated for tirr = 1 hour); () sattering vetor q (for solution of  = 0:375mMirradiated for tirr = 1 hour and inubated for tin ' 3:5 � 4h); and (d) inidentlaser power P0 (for solution of  = 0:375mM irradiated for tirr = 1 hour). In(a-) the inident laser power is P0 = 22:2mW, in (a,b,d) the sattering angle is� = 900. The dashed lines are guides to the eye.FIG. 10. Intensity orrelation funtion from two aged self-assembled TAA solutionswith  = 0:375mM (a) and  = 7:5mM (b) obtained during their soniation in thedark for 2h (after their irradiation for tirr = 1h and inubation for tin = 42h).The funtions g(2)(� ) were reorded every 30mins during the soniation, and�nally at trest = 3h after the end of 2h soniation. The DLS averaging time wastDLS = 20s for all measurements apart from the last measurement (for trest = 3h)where tDLS = 200s. The urves are shifted vertially to improve the visibility.FIG. 11. Intensity orrelation funtion of a freshly prepared TAA solution of = 0:375mM whih was simultaneously soniated and irradiated with white lightduring 1 hour. The data were reorded every 10 mins. tDLS = 10s was hosento be very short so that the soniation/illumination proess was only brieyinterrupted, explaining the higher noise level. The urves are shifted vertiallyto improve the visibility.FIG. 12. (a) Fittings of the experimental auto-orrelation funtion g(2)(� ) (fromFig. 3b, for tirr = 5s) with the `osillatory relaxation model' (implying two distintdrift speeds v1 and v2), eq. (56) (red line), and with the `veloity gradientmodel' for the slit geometry, eq. (65) (blak line). (b) The three lassialdi�ration `smearing funtions': eg1 (`slit', blak line), eg2 (`ylindrial', blue line)and eg3 (`spherial', green line), eqs. (62), (63), (64), respetively. All �ttingand smearing funtions are shown for the same period Tos � 2�=! = 7 � 10�3sused for theoretial �ts with eq. (56).FIG. 13. Convetion ow in the slit �R � y � R �lled with light-absorbing visousliquid (a), the heated zone above the laser beam (b) and the temperaturepro�le �T (z) � T (z)� Tout in the enter of the slit, for y = 0 (). The beamof diameter dbeam direted along the x-axis is shown with red/yellow star. The38



ross-over distane zD � DT=v0 separates the proximal zone (where the di�usionis more important than the drift) and the far zone (where the heat propagationis dominated by the drift).FIG. 14. The osillation period Tos of g(2)(� ) as a funtion of: (a) the inidentlaser power P0 (for TAA solution with  = 0:375mM), and (b) the TAAonentration  (for P0 = 22:2 mW). All solutions were irradiated for tirr = 1hour(tin = 0) prior to the measurements of g(2)(� ), the sattering angle was � = 900.The solid urves are theoretial preditions obtained using eqs. (70), (89) withvz = v0 and �z = 0:035 � 2Æ.FIG. 15. On the origin of two distint veloities in the sattering volume: small�brils move through the beam with the onvetive ow veloity v1 = v0 whilelong �bers are anhored to mirogel partiles with v2 � 0.
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Table 1.

Sample tirr  tinc P0

(mW)

P2

(mW)

P2/P2
tol

I3
exp

(kHz)

I3

(kHz)

I3/I3
tol

Tosc

(ms)

Toluene - - 22.2 16.1 1 27.83 26.4 1 -

CDCl3 - - 22.2 16.0 0.99 16.06 14.61 0.55 -

Decalin bath

without test tube

- - 21.6 15.8 1.01 10.51 9.06 0.35 -

TAA 7.5mM 0 - 22.2 14.9 0.93 21.98 20.53 0.78 -

TAA 7.5mM 5s 0 min

10 min

30 min

1 hour

2 hours

3 hours

4 hours

19 hours

22.2

22.2

22.2

22.2

22.2

22.2

22.2

21.2

14.7

14.9

14.0

14.7

14.2

14.2

14.9

12.6

0.91

0.93

0.87

0.91

0.88

0.88

0.93

0.82

22.55

22.27

22.90

22.24

19.69

19.73

19.69

19.16

21.10

20.82

21.45

20.79

18.24

18.28

18.24

17.71

0.80

0.79

0.81

0.79

0.69

0.69

0.69

0.70

7.1

7.6

6.9

7.6

8.3

6.8

6.7

8.5

TAA 7.5mM 1 hour 0 min

10 min

30 min

1 hour

2 hours

3 hours

19 hours

42 hours

22.2

22.2

22.2

22.2

22.2

22.2

21.2

22.2

1.86

2.10

2.17

2.42

3.53

4.38

9.22

-

0.12

0.13

0.13

0.15

0.22

0.27

0.60

-

3.54

3.94

4.14

4.42

5.39

6.19

12.67

13.98

2.09

2.49

2.69

2.97

3.94

4.74

11.22

12.53

0.08

0.09

0.10

0.11

0.15

0.18

0.44

0.47

2.7

2.4

2.5

2.3

2.6

2.5

3.5

3.8

TAA 0.375mM 1 hour 0 min

1 hour

2 hours

3 hours

19 hours

42 hours

21.2

22.2

22.2

22.2

21.2

22.2

13.13

13.2

13.8

13.6

14.6

-

0.82

0.82

0.86

0.84

0.95

-

13.25

15.76

14.51

15.15

14.83

14.3

11.80

14.31

13.06

13.70

13.38

12.85

0.45

0.54

0.49

0.52

0.53

0.49

6.4

5.4

5.7

5.7

8.0

9.0

TAA 0.375mM 1 hour 5h15min

5h20min

5h25min

5h30min

5h35min

22.0

12.0

5.0

2.5

1.0

14.7

8.25

2.75

1.47

0.50

0.92

0.95

0.76

0.81

0.69

17.12

9.42

4.67

2.70

1.77

15.67

7.97

3.22

1.25

0.32

0.60

0.56

0.54

0.49

0.42

6.0

8.0

12.3

24

42

TAA 3.75mM 1 hour 0 min 22.2 - - 6.6 5.15 0.20 3.7

TAA 0.75mM 1 hour 0 min 22.2 - - 9.4 7.95 0.30 5.6



Table 2.

Figure Curve τi  (s) Gi Tosc� ��V� τocs  (s) Gosc τe  (s) Ge

5×10
-8 23

2.5×10
-7 0.70

2×10
-6 0.05

3.5×10
-5 0.03

5s

7×10
-4 0.003

0.0070 0.027 0.0095 0.12 0.025

5×10
-8 1510s

1.7×10
-7 2.0

0.0075 0.033 0.90 0.27 4.15

5×10
-8 15

Fig.3

15s

1.2×10
-7 3.0

0.0058 0.015 1.8 0.15 10

5×10
-7 0.422.2mW

5×10
-4 0.07

0.0060 0.025 0.065 0.13 0.25

3×10
-7 0.9

5×10
-6 0.07

12mW

3.5×10
-4 0.03

0.0080 0.02 0.03 0.1 0.07

1.5×10
-6 0.3

4×10
-5 0.1

5mW

3×10
-3 0.05

0.0123 0.05 0.04 0.25 0.1

2×10
-6 0.5

6×10
-5 0.15

2.5mW

1.5×10
-3 0.02

0.024 0.1 0.01 0.22 0.025

5×10
-6 0.7

1×10
-4 0.17

Fig.8

1mW

2×10
-2 0.06

0.042 0.3 0.025 1.0 0.15
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Fig. 4
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Fig. 7
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Fig. 10

c=0.375 mM
t
irr

=1 h, t
inc

=42 h

τ /s

10-6 10-5 10-4 10-3 10-2 10-1

g
(2

) ( q
, τ

)-
1

0.0001

0.001

0.01

0.1

1
t
son

=0min

t
son

=30min

t
son

=1h

t
son

=1h30min

t
son

=2h

t
son

=2h + t
rest

=3h

a)

c=7.5 mM
t
irr

=1 h, t
inc

=42 h

τ /s

10-6 10-5 10-4 10-3 10-2 10-1

g
(2

) ( q
, τ

)-
1

0.0001

0.001

0.01

0.1

1

t
son

=0min

t
son

=30min

t
son

=1h

t
son

=1h30min

t
son

=2h

t
son

=2h + t
rest

=3h

b)

a)

b)



Fig. 11
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Fig. 12
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Fig. 14
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