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We have observed the hyperdiffusive dynamics of light scatterers accompanied by their ballistic motion

by a dynamic light scattering (DLS) technique in blends of semiconducting polymer (poly[2-methoxy-5-

(2-ethylhexyloxy)-1,4-phenylenevinylene], MEH-PPV) with a low-molecular-weight organic acceptor

2,4,7-trinitrofluorenone, TNF) and in fullerene C60 solution. The DLS autocorrelation function has

been found to follow the Kohlrausch-Williams-Watt function with the exponent b in the range of 0.5–2,

depending on the laser power, scattering vector, optical absorption and type of sample. We show that

the hyperdiffusive dynamics (b > 1) results from laser-induced convection caused by optical absorption

at the DLS probing wavelength. The convection appears in the DLS data as a ballistic motion with

velocities in the range of 5–60 mm s�1 depending on the laser power, type of sample and their

absorption. The convection is driven by the local temperature difference, DT � 0.1–0.2 K, as evaluated

from thermal lens effect measurements. We demonstrate that by decreasing the absorbed laser power,

laser-induced hyperdiffusion can be avoided in both the polymer and fullerene samples so that the

inherent thermal molecular motion can be probed. Specifically, in the polymer solutions, we have found

a slow relaxation mode with the characteristic spatial spectrum of the inverse relaxation time Gs a q4.

This mode has been assigned to the coupled motion of entangled conjugated polymer chains.
I. Introduction

Dynamic light scattering (DLS) is widely used for the investi-

gation of molecular dynamics in the liquid phase. The intensity

autocorrelation function (ACF) of light scattered from the

concentration fluctuations provides information about a broad

range of different types of molecular motions; from the diffusion

of individual molecules to the large-scale coupled motion of

entangled polymer chains. The light scattered from particles

under thermal Brownian motion in dilute solution is described by

an exponential ACF. More complicated motions, e.g., inter-

connected fluctuations of entangled polymer chains in semidilute

solutions, could be described by a stretched exponent.1–10 In

many suspensions, gels and semidilute polymer solutions, the

intensity ACF, G2(t), exhibits a two-step decay described by the

Kohlrausch-Williams-Watt (KWW) function:6,11–15

G2 � 1 ¼ (A � exp � (t/sf) + (1 � A) � exp � (t/ss)b)2, (1)

where sf,s are the characteristic times of fast and slow relaxations,

respectively, A is the amplitude of the fast mode, b is the Kohl-

rausch exponent. The common diffusion motion in dilute
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solution corresponds to the mono-exponential decay that is

described in the KWW approach. The type of relaxation, e.g.,

diffusion, reptation, etc., can be determined from the experi-

mental dependence of the characteristic inverse relaxation time,

G ¼ 1/s, on the scattering vector, q ¼ (4pn/l)sin(q/2),1,14,15 where

n is the refractive index, l is the excitation wavelength and q is the

scattering angle. This dependence can be fitted by a power

function G � qa. For example, a ¼ 2 corresponds to common

diffusion,11 a ¼ 1 is interpreted as ballistic motion.16

In semidilute polymer solutions, the fast decay parameter,

Gf ¼ 1/sf, is usually due to the cooperative diffusive motion in

blobs which are roughly defined as the polymer segments

between two neighboring cross-linking points.17 The diffusion

in blobs is characterized by the q2-dependence (a ¼ 2) of Gf.

The slow relaxation time, ss, in various semidilute polymer

solutions was previously assigned to different physical reasons:6

the q-independent (a ¼ 0) viscoelastic relaxation of a polymer

network,18,19 the q2-dependent (a ¼ 2) translational diffusion of

large aggregates,3,5,18,19 the reptation of the entire polymer chain

inside a ‘‘tube’’ made of its surrounding chains.12,18,19 The

Rouse relaxation, which is the stretching and compression of

some parts of the macromolecules along the tube axis,5 and the

reptation relaxation of the entangled polymer chains were

theoretically predicted earlier14 and characterized by different

values of a (from 0 to 4) in the different scattering vector

ranges.5
Soft Matter, 2011, 7, 5585–5594 | 5585
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In all the mentioned cases, the slow dynamics is slower than

the exponential relaxation, which corresponds to b < 1 in the

KWW function and is referred to a subdiffusive dynamics.

However, in some soft matter systems, the slow relaxation is

described by an unusual compressed exponential function where

b > 1, which is a signature of hyperdiffusive dynamics. The

hyperdiffusive dynamics were observed using DLS or X-ray

photon correlation spectroscopy (XPCS) in a wide range of

systems: colloidal fractal gels,20 concentrated emulsions,20

lamellar gels,20,21 micellar polycrystals,20 highly viscous polymer

melts,21 bicontinuous phases of block copolymers,22,23 nano-

composites24,25 and nanoparticles suspended in the glass-forming

liquid.26 The hyperdiffusive dynamics are characterized by

a q-dependent (a ¼ 1) slow decay parameter, Gs ¼ 1/ss,16,20,27,28

that indicates ballistic motion with a characteristic velocity V.26

The typical values of b were usually found to be in the range of

1.3–2.16,22–27,29 The origin of hyperdiffusive dynamics is under

discussion (e.g., Ref. 30). On the one hand, two explanations

related to the intrinsic processes in the sample have been sug-

gested: the continuous time random walk model28,31,32 and the

model of stress-field relaxation.20,33 On the other hand, hyper-

diffusive dynamics can be associated with radiation damage of

the sample during the XCPS experiment.30

In this paper, we report on the observation of hyperdiffusive

dynamics in solutions of p-conjugated molecules and address its

origin. We show that hyperdiffusion can result from laser-

induced convection in solutions absorbing at the DLS wave-

length. By using two different types of samples, namely conju-

gated polymer donor–acceptor blends and fullerene C60, we

demonstrate that the absorption of the DLS laser beam can

induce convection, resulting in the hyperdiffusive dynamics of

light scatterers, along with their ballistic motion. We analyze

how the laser-induced convection can be avoided in DLS in order

to probe the inherent thermal molecular motions. Specifically, we

have found a q4-dependent slow relaxation mode in polymer

solutions, both absorbing and non-absorbing at the DLS

wavelength.

As was shown in earlier DLS studies, if the sample absorbs

at the DLS probing wavelength, the absorption may lead to the

experimental errors and the underestimation of the correlation

length34 as a result of laser-induced convection. The DLS

studies of absorbing systems were previously carried out on

colloidal particles containing tiny gold clusters,35 a solution of

polyaniline and a complex of cytochrome c and cytochrome c

peroxidase in a phosphate buffer,36 and a blue-colored poly-

styrene latex.34 If the laser irradiation causes heating and

convection, the corresponding exponential ACFs may show

oscillations that can be described by the modulated exponential

function.35 The values of the convective flux velocities obtained

were 1 mm s�1, Ref. 35, and 0.4 mm s�1, Ref. 36, for a laser

power of �250 mW and absorbance of �1 cm�1. As shown

below, in our samples the oscillations in the ACF are not

observed. In our experiments, the convection appears as

hyperdiffusive dynamics accompanied by ballistic motion, and

we determine the convective velocities from the spatial spectra

of the corresponding relaxation times. To substantiate that the

hyperdiffusion is laser induced, we have performed thermal lens

measurements and estimated the thermal gradient as the

convection driving force.
5586 | Soft Matter, 2011, 7, 5585–5594
We have investigated two absorbing solutions: fullerene C60

solution and a donor–acceptor blend of a semiconducting poly-

mer poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]

(MEH-PPV) with a low-molecular-weight organic acceptor

2,4,7-trinitrofluorenone (TNF). The blend absorption at the

DLS probing wavelength is caused by the ground-state charge-

transfer complex formed between the donor (MEH-PPV) and

acceptor (TNF).37–39 We show that the polymer and fullerene

samples demonstrate very similar hyperdiffusive dynamics,

which is mainly controlled by the absorbed laser power.

The paper is organized as follows. In Sec. II, the DLS data is

presented. In Sec. III, we explain the observed hyperdiffusive

dynamics in terms of convection. Then, to identify the convec-

tion driving force, we analyze the results of the thermal lens

measurements. Finally, we discuss the inherent thermal molec-

ular dynamics observed at a low laser power. In Sec. IV, the

experimental details are given.
II. Experimental results

A. Polymer samples

To highlight the effect of absorption at the DLS wavelength (633

nm) on the DLS data, we compare below the data for MEH-

PPV, which is practically non-absorbing at 633 nm, and MEH-

PPV:TNF blends, which are moderately absorbing at 633 nm.

Fig. 1 presents the DLS data for the pristine polymer solu-

tion, MEH-PPV, and for the MEH-PPV:TNF ¼ 1 : 0.15 blend

in chlorobenzene. Fig. 1(a) plots the ACFs and the corre-

sponding fits by the KWW function (solid lines) [eqn (1)],

which fits perfectly with the experimental data. The pristine

MEH-PPV exhibits the slow dynamics characteristics of

a semidilute solution1,3,5–7,9,13,18–19,40–43 where the slow relaxation

of entangled polymer chains can be described by an extended

ACF with a stretched exponent (b < 1). Fig. 1(b) shows b as

a function of the scattering vector, q, (i.e., the spatial spec-

trum) for the pristine polymer. As q increases, b falls mono-

tonically from 0.95 to �0.5 and becomes independent of q at q

$ 0.02 nm�1 (q $ 90�). Such a spatial spectrum is evidence of

sub-diffusion. The value b � 0.5 was theoretically predicted for

the macromolecular dynamics in a semidilute solution.14 The

inset in Fig. 1(c) shows the q2-dependence of the fast relaxa-

tion, Gf (q) a Dq2, with a diffusion coefficient of D ¼ (1.7 �
0.4) � 10�7 cm2 s�1. We assign the fast dynamics in pristine

MEH-PPV to the cooperative diffusive fluctuations of polymer

chains in a semidilute solution1,3,5,6,44 that are usually termed as

blob fluctuations. As Fig. 1(c) illustrates, the slow relaxation,

Gs, is q4-dependent, i.e., Gs (q) a Aq4. The q4-dependence was

predicted for the Rouse mode5 in a much higher range (q ¼
0.1–0.3 nm�1) than we have used (q ¼ 0.005–0.03 nm�1). The

q4-dependence was not observed earlier, and it was not pre-

dicted in our range of q. In non-conjugated polymers, other

various motions have been observed and predicted in this

range of q.5,6 Therefore, one can suggest that the q4-depen-

dence of the slow mode appears in the semidilute solution of

conjugated polymer and characterizes the slow dynamics of

entangled p-conjugated chains. Importantly, the DLS data for

the pristine polymer does not depend on the laser power, P,

whereas it does in the polymer-acceptor blend (Fig. 1(d)). First,
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 DLS data for pristine MEH-PPV and MEH-PPV:TNF ¼ 1 : 0.15 blend in chlorobenzene. (a) ACFs for the pristine MEH-PPV (open squares)

and for the blend (full squares) measured at the scattering vector q ¼ 0.005 nm�1 and 100% laser power. The solid lines are the KWW fits with b ¼ 0.96

for the pristine MEH-PPV and b¼ 2 for the blend. The inset shows the relaxation time distribution calculated with the use of the CONTIN software for

the blend. (b) Spatial spectrum of b for the slow mode in the pristine MEH-PPV. The colored points show b for different laser powers at q¼ 0.022 nm�1.

(c) Slow relaxation parameter, Gs, as a function of q, the solid line is a fit by Gs ¼ Aq4 where A � 10�19 cm4 s�1. The inset shows the fast relaxation

parameter, Gf, as a function of q, the solid line is a fit by Gf ¼ Dq2 where D ¼ (1.8 � 0.1) � 10�7 cm2 s�1. The colored points show Gs and Gf for different

laser powers. (d) ACFs for the blend measured at different laser powers at q ¼ 0.0075 nm�1. The inset shows the ACFs for the pristine MEH-PPV

measured for different laser powers at q ¼ 0.022 nm�1. The solid lines are the KWW fits.
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we discuss the data for P ¼ 20 mW (we will refer to this power

as to 100% one), the data for P < 100% is given at the end of

this section.

The ACF is dramatically changed upon the addition of the

acceptor (Fig. 1(a)): it falls faster than the exponential function

and can be well approximated by a compressed exponent (b > 1).

The CONTIN software applied to the ACF gives two relaxation

times: the fast (1/Gf) and the slow (1/Gs) ones. The relaxation

parameters of these modes (Gf, Gs) obtained from both the

CONTIN and KWW fits are the same.

Fig. 2 presents the spatial spectra of Gf,s (q) and the exponent

parameter for the slow mode, b(q), in the MEH-PPV:TNF

blends. Fig. 2(a) and (b) show the q2-dependencies of Gf in MEH-

PPV:TNF ¼ 1 : 0.15 and MEH-PPV:TNF ¼ 1 : 0.2 blends,

respectively. In both, the fitting by Gf(q) a Dq2 results in the

diffusion coefficients D ¼ (1.9 � 0.1) and (2.0 � 0.2) � 10�7 cm2

s�1, respectively. These diffusivities coincide with each other and

also with that of the pristine polymer; hence, they could be

assigned to the one process, specifically, diffusion in blobs.

Therefore, one can conclude that the fast relaxation has not been

changed upon TNF addition.
This journal is ª The Royal Society of Chemistry 2011
Fig. 2 (c) and (d) show the q-dependencies of the slow relax-

ation parameter, Gs, for the MEH-PPV:TNF ¼ 1 : 0.15 and

MEH-PPV:TNF ¼ 1 : 0.2 blends, respectively. The linear

dependence Gs ¼ Vq observed for the blends at q < 0.023 nm�1 is

a fingerprint of ballistic motion with characteristic velocities of

V ¼ 19 and 29 mm s�1 for MEH-PPV:TNF ¼ 1 : 0.15 and MEH-

PPV:TNF ¼ 1 : 0.2, respectively. One can see that the higher the

acceptor content, the higher the velocity. We relate this to the

increasing absorption of the blend with the increasing acceptor

content (see Table 1). The spatial spectrum of Gs up-diverges

from the straight line at q > 0.023 nm�1(Fig. 2 (c)). One can

conclude that the slow relaxation has a different origin in the

pristine (Gs � q4) and blended (Gs � q) solutions. As was dis-

cussed above, in the pristine polymer, the slow relaxation can be

assigned to the large-scale interconnected motions of the entan-

gled p-conjugated chains, whereas, in the blend, the slow relax-

ation appears to be a ballistic motion. The ballistic motion differs

from diffusion,16,20,21 in that the scatterer displacement grows

linearly with time, t, whereas it grows as t1/2 for diffusion. The

ballistic motion was observed in a number of soft matter

systems.16,21–26 In all the studied systems, the linear dependence
Soft Matter, 2011, 7, 5585–5594 | 5587
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Fig. 2 Spatial spectra of the relaxation parameters (Gf, Gs) and the exponent of the slow mode, b, in the MEH-PPV:TNF blends in chlorobenzene for

different laser powers. Gf vs. the scattering vector, q, forMEH-PPV:TNF¼ 1 : 0.15 (a) andMEH-PPV:TNF¼ 1 : 0.2 (b). The solid lines represent fits by

Gf ¼Dq2, withD indicated in the graphs. Gs vs. q for MEH-PPV:TNF¼ 1 : 0.15 (c) and for MEH-PPV:TNF¼ 1 : 0.2 (d). The solid lines are fits by Gs ¼
Vq with V indicated in the graphs. The inset shows the data for the laser power at 5% and 1.5% with their fits by Gs ¼ Aq4, A ¼ 8 � 10�20 and 4 � 10�20

cm4 s�1, respectively. The slow exponent, b, vs. q for MEH-PPV:TNF ¼ 1 : 0.15 (e) and for MEH-PPV:TNF ¼ 1 : 0.2 (f).
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G(q) was accompanied by a compressed-exponential ACF with

b in the range of 1.3–2.16,21,26,27,29 In the blends, we also have

observed that the linear dependence Gs(q) was accompanied by

a compressed-exponential ACF. Fig. 2 (e) and (f) present b for

the slow mode as a function of q for MEH-PPV:TNF ¼ 1 : 0.15
Table 1 Absorption coefficients a at a wavelength of 633 nm, convective (bal
Dn and in temperature DT for the studied samples

MEH-PPV
MEH-P
¼ 1 : 0

a (cm�1) 0.01 0.3
V at P ¼ 100% (mm s�1) n/a 19

vn

vT

1

k
� 10�1

�
cmW�1

�
n/a 1.1 � 0

Dn � 10�5 n/a 1.3 � 0

DT (K) n/a 0.10 �

5588 | Soft Matter, 2011, 7, 5585–5594
and MEH-PPV:TNF ¼ 1 : 0.2. Surprisingly, at the smallest

scattering vector (q ¼ 0.005 nm�1, scattering angle q ¼ 20�), the
slow relaxation is characterized by a Gaussian ACF, i.e., b ¼ 2.

As q is increased, b falls monotonically from two to values

below unity (�0.6). The value of b becomes smaller than unity at
listic) velocities V, the ratio (vn/vT)/k, the local change in refractive index

PV:TNF
.15

MEH-PPV:TNF
¼ 1 : 0.2 C60

0.4 0.5
29 65

.1 n/a 1.7 � 0.1

.2 n/a 3.5 � 0.4

0.01 n/a 0.20 � 0.02

This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 DLS data for C60. (a) ACFs measured at q ¼ 0.005 nm�1 for different laser powers. The solid lines are the KWW fits. The insets show the

correlation length x and hydrodynamic radius Rh distributions calculated by the CONTIN software with 100% and 1.5% powers, respectively. (b) The

exponent, b, vs. the scattering vector q. (c) Relaxation parameter, Gs, vs. q with the laser powers 100% and 28%. The solid lines are Gs¼ Vq dependencies

with V indicated in the graph. The left inset shows the data for laser powers 9% and 5% with their fits by Gs ¼ Vq. V is indicated in the graph. The right

inset shows q2-dependencies of Gs with a laser power of 1.5% with the linear fit Gs ¼ Dq2, D is indicated in the graph. (d) ACFs measured at q ¼ 0.005

nm�1 for C60 (squares) and MEH-PPV:TNF ¼ 1 : 0.15 (circles) in coordinates ln I vs. t2, the lines are linear fits.
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q < 0.023 nm�1 and goes down to 0.55, which is evidence of

a transition to sub-diffusion. At high scattering vectors (small

spatial scales), the values of b in the blend become close to those

of the semidilute pristine polymer (see Fig. 1 (b)). Therefore, one

can suggest that the slow dynamics in the blend and the pristine

polymer are similar at high q.

For the pristine polymer, the ACF shape and all the fitting

parameters (Gf, Gs, and b) are independent of the laser power, as

illustrated in Fig. 1 (b) and (c). Fig. 1(d) and its inset compare the

ACFs for MEH-PPV:TNF ¼ 1 : 0.15 and pristine MEH-PPV,

measured at different powers of the incident laser beam. In

contrast, the ACF in the blends does depend on the laser power.

Fig. 2 (c)–(f) illustrate how the slow dynamics parameters, Gs, b,

and the velocity of ballistic motion decrease with decreasing the

laser power. At powers 5% (1 mW) and 1.5% (0.3 mW), fitting by

Gs (q) a Aqa gives a � 4, which is exactly the same as in the

pristine polymer (inset, Fig. 1(c)). At these low powers, the

spatial spectra of b in the blends also become similar to that of

the pristine polymer; indeed, at any scattering vector, b is smaller

than unity and drops to �0.55 with increasing q. We conclude

that, at a low laser power, the slow dynamics in the blend

becomes similar to those observed in the pristine polymer.

Interestingly, the characteristic time of fast relaxation, sf, does
not depend on the laser power in the blends, as Fig. 2 (a) and (b)

show. At full laser power, the contribution of fast relaxation

in the blends is approximately one order of magnitude smaller
This journal is ª The Royal Society of Chemistry 2011
(A¼ 0.1 in eqn(1)) than that of the slow relaxation, whereas both

of the relaxations give similar (A ¼ 0.4) contributions to the

pristine polymer ACF. Therefore, the slow concentration fluc-

tuations become a dominant relaxation mode in the blends. The

relative contribution of fast relaxation in the blends increases

with the power decreasing, and, at low power, 5% and 1.5%, the

very close contributions of the slow and fast modes in the DLS

signal (A� 0.4 in eqn(1)) are observed, as in the pristine polymer.
B. Fullerene

Fig. 3 presents the DLS data for a C60 solution in chlorobenzene.

Fig. 3(a) shows the ACFs measured at different laser powers, the

solid lines represent fits by the KWW function [eqn (1)]. The

insets show the size distributions calculated using the CONTIN

software. One can see that the CONTIN distribution includes the

only narrow band for 100% (20 mW) laser power. From the

KWW fit, we have obtained A � 10�4 [eqn (1)], which is evidence

of the only relaxation process in the fullerene solution. The

characteristic relaxation time obtained from the KWW fit

corresponds to the only band in the CONTIN distribution.

Fig. 3 (b) and (c) show the spatial spectra of the KWW fit

parameters (b and Gs) for different laser powers. At small q (q <

0.023 nm�1) and a laser power of 5% and higher, the dynamics in

C60 is very similar to that in the polymer blend. Indeed, Gs

depends linearly on q indicating ballistic motion. At a large
Soft Matter, 2011, 7, 5585–5594 | 5589
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Fig. 4 Convection velocities vs. the laser power for the MEH-PPV:TNF

blends and C60. The power 100% corresponds to 20 mW. The lines are

guides to the eye.
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q (q > 0.023 nm�1), the dependence Gs (q) diverges down from the

linear one. The lower the laser power, the less the divergence is

pronounced.

As Fig. 3(b) shows, the Gaussian ACF is also observed in the

fullerene sample at a low q. To visually demonstrate the

Gaussian shape of the ACFs, Fig.3 (d) plots the ACFs for the C60

and MEH-PPV:TNF blend measured at the smallest q in the

coordinates ln I vs. t2,with their linear fits. This fits closely follow

the experimental data, clearly showing the Gaussian shape of the

ACFs.

Upon decreasing the laser power, the ballistic velocity

decreases (Fig. 2(c)), this is also observed in the MEH-PPV:

TNF blends. Moreover, b decreases with decreasing the laser

power and increasing the scattering vector, and this again, is

also observed in the MEH-PPV:TNF blends. However, in

contrast to the polymer blends, b does not fall below unity in

the measured range of the scattering vectors and powers. At the

lowest laser power, the dependence Gs (q) can be fitted by

a quadratic dependence, Gs ¼ Dq2, (right inset, Fig. 3(c)), and

b is about unity and does not depend on q. This indicates the

transition from hyperdiffusion to diffusion at decreasing laser

power. At the lowest laser power (1.5%), the CONTIN size

distribution only includes a wide band with an average

hydrodynamic radius of �430 nm (inset, Fig. 3(a)). This size

could be assigned to the fullerene aggregates in chloroben-

zene.45–47 The diameter of a fullerene molecule is 0.7 nm;

therefore, we could barely probe the diffusive motion of the

individual molecules against the background resulting from the

diffusion of the fullerene aggregates. This can explain why the

fast diffusive relaxation of individual fullerene molecules is not

observed. One can conclude that with decreasing laser power,

the inherent thermal molecular dynamics appear in both the

fullerene and polymer solutions.
III. Discussion

A. Convection

The slow relaxation in both the polymer blend and fullerene

samples appears to be very similar: the hyperdiffusive dynamics

accompanied by ballistic motion is observed. The velocity of

ballistic motion, V, strongly depends on the laser power; it

decreases with decreasing laser power in both the polymer and

fullerene samples. Fig. 4 shows the ballistic velocity as a function
5590 | Soft Matter, 2011, 7, 5585–5594
of the laser power for the samples with different absorptions: C60

and MEH-PPV:TNF blends with different acceptor content.

Therefore, it is natural to suggest that the ballistic motion is

induced first of all by laser irradiation via absorption in the

samples at the DLS wavelength (633 nm). The absorptions of all

the samples and the corresponding ballistic velocities in chloro-

benzene are listed in Table 1. Importantly, the pristine polymer

absorption at 633 nm is more than 30 times lower than that of the

other samples. This explains why we do not observe ballistic

motion in the pristine MEH-PPV. As follows from Table 1, the

higher the absorption, the larger the ballistic velocities.

One can suggest that the laser beam absorption in the sample

results in its local heating that in turn induces the convective

motion. As a result, the laser light is scattered from concentration

fluctuations initiated by the convection. We propose that the

observed ballistic motion is convective due to a temperature

gradient induced by the laser beam. Hence, the measured ballistic

velocity is the convective one. By decreasing the laser power, less

light is absorbed and a smaller temperature gradient drives the

convection. Accordingly, the characteristic convective velocity

will be lower and the hyperdiffusion will be less pronounced.

Therefore, the laser-induced hyperdiffusion should result in DLS

data that is dependent on the laser power. In the gravity field, the

convective flow forms a convection roll.35 The DLS signal results

from the convection velocity difference within the scattering

volume. Moreover, only those components of the convection

velocity that are in the plane defined by the incident and scattered

beams (i.e., the horizontal plane in our geometry) contribute to

the DLS signal.35 This leads to a decrease in the convection

contribution at large light scattering vectors (see the next

section). The convection driving force, i.e., the laser-induced

temperature gradient, is evaluated below (Sec. III C) from the

thermal lens experiment.

It is natural to suggest that the Gaussian ACF (i.e., hyper-

diffusion with b ¼ 2) observed at low scattering vectors (i.e., at

a large spatial scale) in both the polymer blend and fullerene

samples also results from laser-induced convection. This is sup-

ported by the fact that the values of b decrease with decreasing

laser power. Note that we have observed both the Gaussian ACF

and the ballistic motion in the samples with completely different

molecular structures: entangled conjugated polymer chains and

fullerene aggregates.

As shown earlier, the ACF shape in a laminar flow of scatterers

with a linear gradient in their flow velocity can be a Fourier

transform of the laser beam intensity profile48 and, hence, may

not be related to the scatterer fluctuation dynamics. At the same

time, the ACF duration should be proportional to the velocity

gradient projected on the scattering vector. In our DLS experi-

ment, the laser beam profile is Gaussian, and, therefore, the

measured ACF should be Gaussian if we assume that the

convection velocity profile within the scattering volume is similar

to that of the linear shear field.48,49 This assumption is in accor-

dance with the DLS studies on laser-induced motion of

absorbing colloidal particles.35 Consequently, we assign the

observed Gaussian ACF to the Gaussian laser beam profile, with

its duration being determined by the characteristic convection

velocity difference over the laser beam aperture. According to the

model in Ref. 49 and our DLS data, this velocity difference

should be assigned to the measured ballistic velocity. The
This journal is ª The Royal Society of Chemistry 2011
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convection velocity gradient projected on the scattering vector

can be evaluated from the ballistic velocity and the laser beam

radius; this gradient is in the range of 0.1–1 s�1.

The earlier DLS studies on absorbing samples34–36 showed that

the corresponding ACFs include oscillations, which are evidence

of convection.35 The relative oscillation amplitude was observed

to be about 15%35 and 10%.36 As we have not observed oscilla-

tions in our ACFs, we have to analyze the convection in terms of

hyperdiffusive dynamics accompanied by ballistic motion. Our

convection velocities are in the range of 5–60 mm s�1 for an

absorbed laser power of 1–12 mW, correspondingly. They are

one order of magnitude less than obtained earlier,35,36 and this is

in accordance with the one order of magnitude lower power used

(20 mW) at similar absorbancies. One could expect that the

hyperdiffusive dynamics observed in solutions absorbing at the

DLS wavelength can be used as a probe for weak laser-induced

convection.
Fig. 5 Laser beam divergence q�q0 vs. the absorbed power Pa for the

MEH-PPV:TNF ¼ 1 : 0.15 (open squares) and fullerene (full squares)

samples. The lines are fitting curves according to eqn (2) with the

parameters (vn/vT)(1/pak) ¼ 0.23 � 0.01 rad W for the polymer blend

and (vn/vT)(1/pak) ¼ 0.26 � 0.03 rad W for the fullerene.
B. Hyperdiffusive dynamics in polymer blend and fullerene

solutions

We have observed the very similar hyperdiffusive dynamics in the

diverse samples, the conjugated polymer blend and the fullerene

solutions. The above analysis suggests that the sample absorp-

tion mainly controls the observed hyperdiffusive dynamics.

Nevertheless, one can expect that the different molecular struc-

tures of the polymer blend and the fullerene could be exhibited in

the hyperdiffusive dynamics. In this section, we compare the

hyperdiffusive dynamics in the polymer and fullerene samples.

We have observed that the hyperdiffusive dynamics is more

pronounced in the fullerene sample compared with the polymer

blends. Firstly, the q-dependence of the exponent b falls to unity

in polymer blends more quickly than in the fullerene sample

(Fig. 2(e,f) and 3(b)). Secondly, the characteristic convective

velocity in the fullerene sample is considerably larger than in the

polymer blends for a wide range of laser powers (Fig. 4). Thirdly,

the convection becomes negligible in the fullerene sample at

a lower laser power (1.5%) compared to the polymer blends (5%).

We relate these differences first of all to the difference in the

sample absorbance (Table 1). However, although the fullerene

sample absorbance is 1.6 times higher than that of the MEH-

PPV:TNF ¼ 1 : 0.15 blend, the ballistic velocity is �2.4 times

higher. Therefore, apart from the absorbance, there should be at

least one other aspect that influences the hyperdiffusive

dynamics. This reason could be related to the different inherent

molecular dynamics in the fullerene and the semidilute conju-

gated polymer blend. Indeed, the fullerene aggregates can freely

diffuse in solution,45–47 whereas the conjugated polymer chains

are entangled, with their fluctuations interconnected. It is natural

to expect that the isolated fullerene aggregates are more easily

involved in convection than the entangled polymer chains.

Because of this, the hyperdiffusive dynamics can be more

pronounced in the fullerene sample.

At large scattering vectors, differences in the hyperdiffusive

dynamics of the polymer blend and fullerene sample are also

observed: the Gs(q) dependence measured at high laser powers

(100% and 28%) deviates from the straight line and tends towards

shorter relaxation times in the polymer blend (Fig. 2(c)) and

longer ones in the fullerene sample (Fig. 3(c)). The convection
This journal is ª The Royal Society of Chemistry 2011
contribution to the ACF is proportional to the scalar product of

vectors q and V.35 As the convective velocity is perpendicular to

the wave vector of incident laser beam,35 the higher the scattering

vector, the lower the convective contribution to the DLS signal:

the vectors q and V are almost collinear at small scattering angles

(q � 20�–30�) and almost perpendicular at high ones (q � 140�–
150�). Therefore, at high scattering vectors (q > 90�), the inherent
thermal molecular motions become more apparent when

competing with convection. This could explain the observed

deviation of Gs(q) from the linear dependence at high q. In the

polymer blend and fullerene sample, these deviations are oppo-

site and could be assigned for their different inherent dynamics.

One could suppose that the slow dynamics of the entangled

polymer chains, characterized by their q4-dependence in the

pristine polymer (Fig. 1(c)), becomes apparent at high q in the

blend (Fig. 2(c) and (d)). The q4-dependencies are also observed

in the blends at low powers as well as in the pristine polymer (see

Sec. III D). The deviation in the fullerene sample (inset, Fig. 3(a))

is harder to assign as we have no sufficient information about the

structure of the scatterers which could be fullerene/carbon

aggregates or other unidentified species. More careful under-

standing of the spatial spectrum, Gs(q), at the high scattering

vectors in the fullerene sample requires additional studies.

Upon decreasing the laser power and/or increasing the scat-

tering vector, b decreases from two to unity and 0.55 for the

fullerene and polymer samples, respectively. This b-range could

be assigned to the transition from the deterministic convection to

random inherent fluctuations (on ref. 35, i.e., diffusion for C60

and subdiffusion for the polymer blends).
C. Laser-induced temperature gradient

As suggested above, the convection resulting from the local

heating of the liquid sample is a main reason for the hyper-

diffusive dynamics observed in our DLS studies. In this section,

we further substantiate our conclusion by a thermal lens exper-

iment, the observation of the laser beam transmitted by an

absorbing sample in the far field. From this experiment the local

temperature difference driving the convection is estimated from

the analysis of the laser beam divergence.

We have observed that concentric rings appear in the far field

of the laser beam, transmitted by the absorbing polymer and
Soft Matter, 2011, 7, 5585–5594 | 5591
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fullerene samples. This phenomenon is well known as the thermal

lens effect. It develops in the absorbing media, appearing as

a result of self-phase modulation.35,50 The temperature gradient

drives the convective motion of scatterers from the heated

regions to cooler ones.35,36

The divergence angle q of the laser beam after passing through

the samples, has been measured as a function of the absorbed

power Pa. It is displayed as:51

q ¼ q0 þ vn

vT

Pa

pak
; (2)

where q0 is the initial beam divergence that was about 0.6 mrad,

a is the radius of the beam at the entrance of the cell, and k is the

thermal conductivity. The local radial change in refractive index

Dn can be calculated as:52

Dn ¼ vn

vT
DT ¼ vn

vT

Pa

4plk
; (3)

where l is the cell optical length. Fig. 5 presents the laser-induced

changes in divergence, Dq ¼ q�q0 (Pa), for MEH-PPV:TNF ¼
1 : 0.15 and fullerene samples with the fits according to eqn (2).

The refractive index of chlorobenzene (n ¼ 1.52) was also taken

into account. The corresponding values of Dn and (vn/vT)/k were

estimated for a¼ 0.8 mm, l¼ 5 mm, and are listed in Table 1. The

values of Dn and (vn/vT)/k are close to those obtained earlier for

a fullerene solution in toluene.52 The values of Dn are smaller in

the polymer blend than in the fullerene solution in accordance

with the lower absorption of the MEH-PPV:TNF ¼ 1 : 0.15

blend. The lower the absorption, the lower the temperature

gradient and the local changes in Dn. The local temperature

change can be estimated from the fits in Fig. 5 as:

DT ¼ Dn

ðvn=vTÞð1=kÞ$
1

k
; (4)

As the concentrations of the solutions are low (1 g L�1 for C60

and 4 g L�1 for MEH-PPV:TNF blend), one can assume that the

thermal conductivities of the fullerene and MEH-PPV:TNF

solutions are close to that of solvent, i.e., chlorobenzene.

Therefore, we suppose that the thermal conduction is realized

mainly by solvent molecules. By using the thermal conductivity

of chlorobenzene k ¼ 0.128 W m�1 K�1 (for 20�), the calculated
values of DT according to eqn (4) are listed in Table 1, we

conclude that the laser-induced heating of about 0.1– 0.2 K

results in convection with velocities of 5–60 mm s�1. The authors

directly measured the temperature difference in the absorbing

solution of colloidal particles containing tiny gold clusters and

showed that the convection velocity �1 mm s�1 was induced by

a temperature difference of �6 K.35 Accordingly, the ratio V/DT

is in good agreement with the earlier data.

At low laser powers, we have not observed any laser-induced

beam expansion and concentric rings in the far field. This is in

accordance with the DLS data, the disappearance of convection

also occurs at these low powers.

In summary, we have found that the convection induced by

absorption in the samples appears itself in the DLS measure-

ments as hyperdiffusion with the exponent, b, reaching 2. The

convective velocities have been determined as velocities of

ballistic motion for fullerene and conjugated polymer blend

samples and are about 60 and 20 mm s�1 at an absorbed, laser
5592 | Soft Matter, 2011, 7, 5585–5594
power of �12 and 10 mW, respectively. The temperature

differences driving these velocities have been evaluated to be

about 0.2 and 0.1 K, correspondingly.
D. Molecular dynamics at low laser powers

In this section, we discuss the DLS data measured at low laser

powers P. Upon decreasing P down to 5% (for MEH-PPV:TNF)

and 1.5% (for C60), the convection disappears and the inherent

thermal molecular dynamics becomes apparent. In fact, the DLS

data in the polymer blend at decreasing laser powers becomes

very similar to those in the pristine polymer in which the

absorbance at the DLS excitation wavelength is low (see Table 1

and Fig. 1(c)); b becomes P-independent, the b spatial spectra

(Fig. 2(e)) become similar to that of the pristine polymer,

b decreases and passes through unity indicating the transition

from hyper- to subdiffusion (Fig. 1(b)), and the spatial spectrum

in the blend is well approximated as Gs(q) a q4 (inset, Fig. 2(c)).

These similarities indicate that in the blend the light is scattered

from the fluctuations of entangled p-conjugated chains without

any noticeable contribution from convection. Furthermore, the

contribution of fast relaxation (blob fluctuations) increases with

decreasing laser power. At P¼ 5% and 1.5% the ratios of fast and

slow contributions are the same as in the pristine polymer (A �
0.4 in eqn(1)). One can suggest that at P # 5% in the blend, the

local heating is low, so convection can be neglected and hence the

inherent polymer chain dynamics can be probed.

Interestingly, the diffusivities corresponding to the fast relax-

ation are independent of the laser power in the blends and are

close to that of the pristine polymer. One can conclude that the

fast dynamics assigned to the diffusive fluctuations in blobs have

not been changed upon acceptor addition.

In the fullerene sample, decreasing the laser power results in

decreasing the exponent b from two to unity. At the lowest

laser power (1.5%), b is independent of the scattering vector

and equal to unity (Fig. 3(b)), indicating common diffusive

fluctuations. Moreover, the spatial spectrum demonstrates the

quadratic dependence (Gs ¼ Dq2) with diffusivity D ¼ (0.80 �
0.04) � 10�8 cm2 s�1 (right inset, Fig. 3 (c)). This corresponds

to diffusing particles with a hydrodynamic radius of 240 � 14

nm, according to the Stokes–Einstein relation. The CONTIN

software gives the only wide band with an average hydrody-

namic radius of �430 nm (inset, Fig. 3(a)) with the full width at

half maximum of about 1000 nm. This indicates a strong

polydispersity for the fullerene sample. One could suppose that

fullerene aggregates and maybe other carbon species with

hydrodynamic radii in the range 200–1200 nm are present in

the fullerene sample at low concentrations. It is well known

that fullerenes aggregate in most organic solvents.45–47 As the

fullerene solution was filtered by PTFE (Millex 0.45 mm), one

should expect the absence of large particles (>450 nm) in it.

However, one could suppose that the large aggregates are also

formed after filtration. These large particles could be visible in

the data as the DLS method is very sensitive to large species

because the scattering intensity scales to the third degree of the

particle size.53 This could explain why we do not observe the

diffusive fluctuations of individual fullerene molecules on the

background, resulting from the light scattered from the large

particles. Note that in this study, it was not important to avoid
This journal is ª The Royal Society of Chemistry 2011
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fullerene aggregation. We used chlorobenzene C60 solutions as

just another sample (in addition to the polymer ones) absorbing

at the DLS wavelength to establish the origin of the observed

hyperdiffusion.

Thus, at low laser power, the convection is negligible, and the

inherent thermal molecular motion could be probed. In the

polymer blend, fluctuations of polymer chains are dominant,

showing sub-diffusive dynamics similar to those in the pristine

polymer. In the fullerene sample, the dynamics is diffusive,

indicating the presence of large particles. The laser power at

which the convection disappears and the inherent thermal

motions could be probed depends on the sample absorbance and

its type. One can determine this power by measuring the

dependence of hyperdiffusion dynamics on it.
IV. Experimental

MEH-PPV (Sigma-Aldrich, Mn ¼ 86 000, Mw ¼ 420 000) and

TNF were dissolved separately in chlorobenzene at initial

concentrations of 4 g L�1. The overlap concentration in MEH-

PPV solution was found to be about 1.5 g L�1 as described in the

DLS data, hence, the polymer solution under study is semidilute.

The TNF solution was filtered by PTFE (Millex 0.45 mm), and

then the MEH-PPV and TNF solutions were mixed at the MEH-

PPV:TNF molar ratio of 1 : 0.15 and 1 : 0.2 per polymer unit.

Fullerene (99.98%) was dissolved in chlorobenzene at a concen-

tration of 1 g L�1 and filtered by PTFE (Millex 0.45 mm). The

optical absorption coefficients of the samples were measured by

using a fiber-coupled spectrophotometer (Avantes) and are given

in Table 1.

The DLS studies were done with the use of a correlator-

goniometer system ALV-CGS-5000/6010 (Langen, Germany)

equipped by a He-Ne laser radiating at a wavelength of 633 nm,

the power at the sample was 20 mW.We refer to this power as the

100% one. A cylindrical glass cuvette with the sample was placed

in a toluene bath to avoid reflections from the cuvette walls. The

bath was kept at a constant temperature of 20 �C. The cuvette

length was 0.8 cm. The intensity ACF was measured at different

scattering angles from 20� to 150� corresponding to the scattering

vectors q ¼ 0.005–0.03 nm�1. The ACFs were approximated by

the KWW function [eqn(1)]. The inaccuracy of the KWW fitting

parameters was less than 5% for all the samples. The angular

dependencies for different relaxation decays G were approxi-

mated by power function G � qa to determine the fitting

parameter a and the corresponding relaxation type. We also used

the CONTIN procedure to analyze the type of relaxations;

however, the inaccuracy of the CONTIN for 100% laser power

reached 40%. Because of this, for 100% laser power, we used the

CONTIN time relaxation distribution only for the qualitative

analysis. The CONTIN distributions in scatterer sizes could be

obtained from the relaxation times by scaling with the use of the

Stokes–Einstein relation.16 The latter gives either the correlation

length, or hydrodynamic radius, depending on the corresponding

molecular relaxation.

The profile of the transmitted laser beam was studied in the far

field with the power on the sample of 16 mW. The cell length was

1 cm for the MEH-PPV:TNF blends and 0.5 cm for the C60

solution.
This journal is ª The Royal Society of Chemistry 2011
V. Conclusion

We have established the origin of hyperdiffusive dynamics in

absorbing polymer and fullerene samples probed by DLS. The

hyperdiffusive dynamics can appear as a result of laser-induced

convection caused by the local heating of the samples absorbing

at the DLS wavelength. The similar hyperdiffusive dynamics was

observed in diverse samples, namely in conjugated polymer–

acceptor and fullerene solutions, and is accompanied by the

ballistic motion of light scatterers. The relation between the

laser-induced convection and hyperdiffusion have been studied,

and we conclude that the measured ballistic velocities are related

to the convective ones. As a result, on the one hand, the hyper-

diffusion could be used to probe weak laser-induced convection.

On the other hand, the laser-induced convection can mask the

inherent thermal molecular fluctuations in the absorbing

samples. However, we have shown that the convection can be

avoided both in the polymer and fullerene samples by decreasing

the absorbed laser power. Therefore, with the proper caution, the

DLS technique could give information about the inherent

thermal molecular dynamics in samples absorbing at the DLS

wavelength.
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