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Abstract

Wet processing of graphene flakes is an important route for creating novel materials.

In the present work flow dichroism and small angle light scattering are used to investi-

gate the state of functionalized graphene flakes in suspension and the response to shear

flow. In line with expectations from scaling theory, the functionalized graphene sheets

are present as flat objects, and flow increases the orientation as for hard spheroidal

objects. Comparing the flow induced orientation of thick gold decahedra with the thin

graphene flakes shows essentially the same behaviour, except for effects of polydisper-

sity. Adequate prediction of the effects of flow on orientation of graphene flakes is

important for designing wet processed graphene based composite materials. In this

work we show that quantitative prediction is now possible.
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Introduction

Graphene sheets are two-dimensional (2D) materials composed of carbon atoms arranged in

a honeycomb structure.1 Pristine graphene sheets are known to own outstanding mechanical

and electrical properties; a Young’s modulus of 1 TPa, making it one of the strongest mate-

rial; thermal conductivity of 5000 W/m3K, only comparable to that of single walled carbon

nanotubes.2–5 Due to their 2D nature, it is relatively easy to produce macroscopic films and

sheets that can be used in diverse applications such as large area conducting surfaces,9 inter-

face stabilised emulsions,10 transparent electrodes,11 drug sensors12 and nanocomposites.5

In all of the above applications, graphene sheets are dispersed in a medium to be then de-

posited or transferred to a substrate. This dispersion processing route is generally followed

since it is efficient, inexpensive, and can process large quantities. Once dispersed in solu-

tion, a precise knowledge of the orientation and ordering of graphene sheets during flow is

required to control the final macroscopic properties of the produced materials. Rheological

properties evidently play an important role in controlling the structure and orientation of

the grapheneous materials.6 For graphene oxide a pronounced shear-induced alignment has

been reported, which revealed a surprising interplay between shape and single layer flexibility

effects.7 However, due to the many defects graphene oxide is super-flexible when compared

to Graphene. The bending modulus of graphene is of order 100 kBT6,8 and it is interesting

to investigate how graphene orients under flow and if, unlike its oxidised counterpart, can

be treated as a rigid sheet, to understand and predict how processing can be done. In this

article, we experimentally and theoretically, determine the flow-induced anisotropy of func-

tionalized graphene sheets in suspension.

To this end, rheo-optical measurements will be used; as early as 1973 Mason and co-

workers used turbidity measurements to obtain quantitative information on the motion of

particles and their alignment with respect to the flow direction.13 However, turbidity alone

does not allow one to measure both the dichroism and orientation angle of the distribu-
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tion; moreover turbidity requires rather concentrated systems. The draw backs of turbidity

measurements were overcome by using flow dichroism.14,15 Flow dichroism has the ability

to elucidate the nature of particle motion and average degree of alignment simultaneously,

and can be used even for nanoparticles.16–20 Flow dichroism has been used in the past to

study both rod-like and disk-like nanoparticles in suspension.14,21–24 In all the cases where

disk-like nanoparticles are studied the particles were made of high bending modulus mate-

rials such as clay or gold.14,19,25 Using flow dichroism and static light scattering, we study

the behaviour of functionalized graphene sheets (FGS) to investigate their 2D nature in sus-

pension. Graphene oxide sheets have been suggested to exist in a crumpled state26,27 but

more precise experiments only found relatively flat configurations.28 Scaling arguments from

polymer theory for 2D polymers suggest that self-avoiding surfaces make the “flat” state

dominant for 2D polymers, even for very small values of bending rigidity. The local bending

is important in the self-avoiding nature and this leads to flatness.29 Yet some fluctuations,

both parallel and perpendicular to the sheet are going to be present. For graphene oxide

particles in concentrated suspensions it was observed that they become even flatter when

sheared.7

The knowledge obtained on the state of FGS in suspension will eventually lead to a

better control over the solution process and consequentially, to a superior product design.

Depending on the final application, flow-induced alignment of the constitutive elements can

be an advantage or disadvantage. On one hand, flow-induced alignment is a disadvantage

for high strength and high electrical conductivities because it reduces the density of contact

junctions per unit volume which leads to a lower strength and electrical conductivity.5,30

On the other hand, alignment of particles can be used as a means to create materials with

anisotropic properties. To our knowledge, no experimental work has been carried out on the

flow-induced anisotropy of functionalized graphene sheet suspensions in the dilute regime.
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Rheo-optical techniques provide unique information linking rheological measurements

with in-situ microstructural events in real time. The material properties of interest is the

refractive index tensor, n = n′ − in′′. Dichroism is related to differences in the principal

eigenvalues of the imaginary part of the refractive index tensor, ∆n′′. Physically, dichroism

is related to the attenuation in the transmitted light generally due to absorption and scatter-

ing. Flow-induced dichroism of both single-walled and multi-walled carbon nanotubes have

been experimentally determined by Fry et al.31,32 They showed that the concentration-scaled

dichroism, which directly relates to the order parameter, scales as Pe2.0 at low Pe and Pe0.25

for modest Pe, where Pe is the Péclet number. Fry et al. used a parallel plate setup to

measure the flow alignment of CNTs allowing them to access only gradient direction and

therefore they could not measure rotational diffusion of CNTs experimentally.31,32 A more

interesting and useful direction to measure flow induced alignment is the vorticity direction,

which could be accessed by using a Couette cell.14,17,33 To this end, Natale et al.20 have

recently reported results of flow induced alignment of multi-walled CNTs using Couette cell.

Here by probing in the vorticity direction they have been able to experimentally obtain rota-

tional diffusion (Dr) using flow relaxation experiments. The scaling relation Pe0.25 obtained

for CNTs agrees qualitatively with the Doi and Edwards prediction for semiflexible poly-

mers.34

Static light scattering (SLS) is a powerful technique that provides information related to

the shape of the particles (when probed in the right scattering vector range). For disk like

particles, the scattering vector (q) between q = 2π/d to q = 2π/t in the reciprocal space,

where d is the diameter of the disk and t the thickness, provides information on fractal nature

of disks surface. Power law relationship between scattered intensity and q with exponent

of 2.0 within the correct q range indicates that the particle is a flat disk. If the sheets are

crumpled then this exponent is expected to be around 2.5. SLS has been used in the past to

study graphite oxide suspensions where the authors found that the particles remained flat

4



without crumpling,27,28 in agreement with recent scaling argument for 2D polymers29

In the present work, flow dichroism and static light scattering techniques are used to

shed light on the state of FGS in suspension and on their orientation dynamics. In addition,

the extent of FGS alignment obtained from flow dichroism measurements is compared to the

experimental data of oblate (decahedron) gold nanoparticles to highlight differences in the

orientation behaviour induced by the different geometrical shapes of these two nanoparti-

cles.19 The orientation evolution of these dilute systems is also analysed by modelling the

orientation distribution function as a convected quantity.35 The Fokker-Planck or Smolu-

chowski equation is used to describe the orientation state of the systems. The particles are

modelled as Brownian spheroids following the dynamics described by Jeffery’s equation.36,37

Rotational diffusion obtained from flow relaxation experiments and the nanoparticles’ form

factor obtained from transmission electron microscopy (TEM) and atomic force microscopy

(AFM) are used as input to the theory. A thin disk geometry is used to represent the shape

of graphene while an oblate spheroid, for gold nanoparticles (decahedron). The theoretical

description, without the use of any fitting parameters, can overall predict the flow alignment

obtained from dichroism experiments for these two systems. For the FGS suspension, poly-

dispersity is also included in the model. Hence, results from dichroism and light scattering

indicates FGS in suspension are not crumpled and their orientation behaviour overall fol-

lows the behaviour of rigid particles. To complement flow dichroism experiments, we perform

static light scattering experiments which confirms FGS in suspension to be flat objects, in

agreement with scaling arguments29
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Experimental

Materials

Details of FGS synthesis with their corresponding microscopy images was reported by McAl-

lister et al.38 and the synthesis and characterisation of the gold dodecahedra is given by

Reddy et al.19 The average thickness and diameter of FGS is around 1.75 nm and 500 nm

respectively and contains functional epoxy and hydroxyl groups.39 The thickness of graphene

particles resulted to be uniform while large polydispersity was encountered in term of lateral

dimensions, see Fig. 1. FGS was diluted using 100 mPas mineral oil (Sigma), which was

Newtonian for all the range of shear rate analysed. Four different concentrations of graphene

sheets in the hydrodynamically dilute regime were studied in this work and they are listed

in Table 1. For comparison, two different dimensions of gold decahedrons in the hydrody-

namically dilute regime were used; Length/diameter = 170/105 nm and 292/180 nm. Oblate

gold spheroids in water were diluted with glycerol/water mixture. In both cases the viscosity

of the suspending fluid was chosen such that the hydrodynamically dominated regime was

accessible in the limited shear rate window of the rheometer.

Figure 1: Plot of number of particles as a function of FGS diameter.
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Table 1: Concentrations of graphene suspensions

Name wt/vol. %
Sample-1 3.00x10−4

Sample-2 6.07x10−4

Sample-3 1.21x10−3

Sample-4 2.43x10−3

Sample-5 3.04x10−3

Rheo-optics

Dichroism measurements are performed using an in-house rheo-optical setup based on an

MCR300 stress-controlled rheometer as the mechanical platform (Paar Physica, Austria).40

Here a Couette cell is used with a laser light (10 mW He-Ne, λ= 632.8 nm) being sent along

the vorticity direction of the flow cell. This allows us to determine the flow-induced dichro-

ism and orientation angle simultaneously as a function of the applied shear rate. The inner

and outer radii of the Couette cell are 16.95 and 17.95 mm (Ri/Ro = 0.94) respectively and

the optical path length is 21 mm. All experiments are performed at room temperature. The

optical train consists of a laser (λ = 632.8nm), followed by a Glan-Thompson polarizer (P1,

Newport, USA), a photoelastic modulator (PEM, Beaglehole Instruments, NZL) oriented at

45o with respect to P1 and a zero-order quarter-wave plate (Newport) at 0o with respect to

P1. Using a combination of prisms the beam is passed into the Couette cell in the vorticity

direction. The transmitted light is collected by a photodiode. Data from the photodiode is

sent through a low-pass filter into two Lock-In amplifiers (Stanford Research Systems Model

830) from which we obtain the first and second harmonic signals (R1 and R2). The setup

is calibrated in such a manner that the orientation in the flow direction corresponds to a

positive dichroism. The extinction coefficient (δ′′) and the orientation angle (χ) are obtained

from the first and second harmonics (R1 and R2) along with the calibration values for J1(A)

and J2(A) (Bessel functions of the first kind) using Eq. 1 and 3.33 The associated dichroism

(∆n′′) is obtained from Eq. 2

7



δ′′ = -sgn(R2) tanh−1

{
1

2

√
R1

-J1(A)
+

R2

-J2(A)

}
(1)

∆n′′ =
δ′′λ

2πd
(2)

where d is the optical path length and λ the wavelength of the laser light source. The

orientation angle is obtained from:

χ =
1

2
tan−1

{
R1/J1(A)

R2/J2(A)

}
(3)

Static light scattering

Static light scattering (SLS) measurements are performed on an ALV CGS-3 (Langen, Ger-

many) compact goniometer system equipped with a multi-tau digital correlator (ALV/LSE-

5003). The light source is a 35 mW He-Ne laser with a wavelength (λ) of 632.8 nm. Samples

are equilibrated at the measuring temperature of 20oC for 30 minutes prior to any mea-

surement. A circulating water bath is used to control the temperature within ±0.1 oC of

the set value. SLS measurements are performed from scattering angles of 30 to 120o which

corresponds to 6.835x10−3 nm−1 < q < 2.28x10−2 nm−1, where q is the scattering vector

given by q = 4πn sin(θ/2)/λ, with n = 1.47 the refractive index of the suspending medium

and θ the scattering angle.
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Results and discussion

Static light scattering

We performed static light scattering (SLS) experiments on dilute suspensions to investigate

if FGS is indeed present as a flat 2D structure in suspension, even in the absence of flow. In

a light scattering experiment, particles act as point scatterers, when qd << 1, whereas for

qd >> 1 the internal surface of the particle is probed, where d is the characteristic size of the

particle and q the wave vector. In the region qd >> 1 the scattered intensity Is shows a power

law dependency I(q) ∝ q−df , where df is the fractal dimension of the particle. Flat 2D sheets

show a fractal dimension df = 2.0 in the range q = 2π/d = 7x106 m−1 to q = 2π/t = 3.6x109

m−1, where d in the case of FGS is the diameter and t the thickness. The fractal dimension

for a compact/collapsed particle is df = 3.0.26,27 An average fractal dimension of df = 2.1 is

obtained, which indicates essentially flat surfaces (with some wrinkles). Although the data

only covers a decade in q, it is consistent with data on the even more flexible graphite oxide

flakes which also does not show a crumpled state in suspension, but rather flat sheets,28 and

in line with the expected morphology based on scaling arguments.29

Steady state dichroism

The flow-induced dichroism and the average orientation angle of the functionalized graphene

sheet suspensions as a function of applied shear rate and concentration are shown in Fig.

3. At rest, due to Brownian motion, non-spherical nanoparticles are randomly oriented re-

sulting in negligible dichroism with an isotropic orientation angle of 45o. When a shear flow

is applied to a randomly oriented sample, the flow on an average aligns the particles (for

a polydisperse system), causing the flow dichroism to increase and the orientation angle to

decrease. Once the particles are flow aligned the dichroism reaches a maximum value and

any further increase in the magnitude of the shear rate will not affect the magnitude of

the dichroism to a significant extent. In this high shear rate regime, the optical response
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Figure 2: Scattered light intensity normalised by incident light obtained from static light scattering
is plotted as a function of scattering vector (q) for 3 different FGS suspensions. The solid line
represents the q2 dependence. The q dependence for each FGS concentration is shown next to
there respective curve.

is completely dominated by hydrodynamic effects as shown in Fig. 3.a. where dichroism

increases linearly with concentration, at all shear rates. The scattering intensity for all shear

rate decreases linearly with increasing in concentration as shown in the inset of Fig. 3.b.

This linear dependence of both flow dichroism and scattering intensity indicates that the

FGS concentrations used are in the hydrodynamically dilute regime. The average orienta-

tion angle depends only on the orientation of particles in the suspension with respect to

the flow direction and therefore is independent of the concentration of particles, see Fig.

3.b. To compare the flow behaviour of a flat disk-like FGS suspension to that of oblate

spheroids, we performed dichroism experiments using oblate gold nanoparticles as shown in

Fig. 7. From plots of orientation angle as a function of shear rate for both between FGS

and oblate gold nanoparticles it can be seen that at low shear rates orientation angle of gold

nanoparticles is close to isotropic state whereas for FGS it is already low at around 20-25o.

At intermediate shear rates the slope of the orientation angle for FGS is around 0.25 and for

gold nanoparticles its round 0.9. At high shear rates gold nanoparticles are completely flow
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aligned with orientation angle close to 0o whereas for FGS its around 5o. To explain the above

differences we need to look at their transient flow behaviour, that is dealt in the next section.

Figure 3: a) Flow dichroism as a function of shear rate for four different concentrations of FGS in
the dilute regime and b) evolution of the average orientation angle with respect to flow direction as
a function of shear rate. The inset in Fig. b) shows the intensity of the transmitted light through
the four suspensions whose concentration is given in Table 1.

Relaxation experiments

Flow cessation experiments in the hydrodynamic regime (large Peclet number regime) are

used to obtain the rotational diffusion coefficient (Dr) from dichroism relaxation. After
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Figure 4: Orientation angle as a function of shear rate for oblate gold nanoparticles with diameters
of 170 and 292 nm. For comparison average orientation angle for FGS from 3.b is also shown.

cessation of flow, particles that are oriented along the flow direction relax back to the isotropic

state by Brownian motion. The decay in dichroism due to particle relaxation is used to obtain

Dr.
41 For mono-dispersed particles the dichroism relaxation shows a single exponential, Eq. 4

with β = 1.42

f(t) = e
−

{
t

τ

}β

(4)

where t is time and τ = (6Dr)
−1. If the particles are polydisperse, the relaxation will

be a stretched exponential (Eq. 4) with 0 < β < 1.42 Dichroism relaxation upon flow

cessation for oblate gold spheroids with L = 170 nm and 292 nm is shown in Fig. 5. The

relaxation curves for both particles can be fitted with a single exponential to obtain rotational

diffusion coefficients of 0.23 s−1 (for L=170 nm) and 0.14 s−1 (for L=292 nm). The single

exponential fits to the oblate gold spheroids indicate that the these particles are relatively

monodisperse, in agreement with earlier results.19 Using the experimentally obtained value

for Dr, characteristic sizes of the particles are obtained from Eq. 5 for oblate spheroids.43

Dr =

(
kBT

4ηoV

)(
r2

r4 − 1

){
r2 − 2√
r2 − 1

tan−1
(√

r2 − 1
)

+ 1

}
for r > 1 (5)
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where kB is the Boltzmann constant, T the temperature, ηo the viscosity of the solvent, r

= b/a the ratio of semi-major axis to the semi-minor axis and V the volume (4πab2/3).

In Eq. 5 the effective aspect ratio for oblate gold spheroids is taken to be 0.55, obtained

from flow start up experiments.19 The characteristic size calculated for oblate gold spheroids

from Eq. 5 was 197 nm and 235 nm, which is in good agreement with TEM measurements

of 170 nm and 292 nm. The small difference of 15–20% can be attributed to the fact that

flow dichroism measurements average over a large amount of particles as compared to few

hundred particles in TEM measurements.

Figure 5: Transient dichroism normalised by the steady state value as a function of time, after
cessation of flow in the high Peclet regime for oblate gold nanoparticles. Solid lines are single
exponential fits with β = 1 in Eq. 6. The data has been shifted for clarity, where the top data (red
symbols) is for 170 nm and the bottom data (green) is for 292 nm.

Dichroism relaxation upon flow cessation for FGS suspension are shown to be more

gradual (Fig. 6). The average relaxation data (averaged over four concentrations, all in the

dilute regime) is fitted using Eq. 4 with β = 0.61. Unlike oblate gold spheroids, the small

β necessary to fit dichroism relaxation of FGS suspension indicates large polydispersity, as

SLS experiments already revealed the sheets to be rather flat and not crumpled. The mean

relaxation time is obtained using Eq. 6 and the corresponding rotational diffusion coefficient
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Dr = 0.04 s−1.42

< τ >=
τ

β
Γ

{
1

β

}
(6)

where Γ is the gamma function. Using Eq. 7 for flat circular disk an average diameter of 900

nm is obtained from the mean relaxation time.

d3 =
3kBT

4ηoDr

(7)

here, d is the diameter of the flat circular disk. The effective size of the FGS obtained

by dichroism relaxation is slightly higher than the average size of 500–600 nm measured by

AFM.38The difference between the size obtained from dichroism and AFM can be attributed

to the large polydispersity of the graphene sheets, relatively small statistics from AFM

measurements, and the dominant contribution of larger particles to the scattering in flow

dichroism.

Figure 6: Transient dichroism normalised by steady state value as a function of time after cessation
of flow in the hydrodynamic regime for four different concentrations of FGS suspensions. Solid line
is a stretched single exponential fit to the average with β = 0.61 in Eq. 6.
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Orientation of rigid Brownian particles

We consider a dilute suspension of inertialess identical particles, and treat them as spheroids.

The adjective dilute implying that each particle is hydrodynamically independent. Each

particle has an aspect ratio r (r > 1 or < 1 for a prolate and oblate spheroid, respectively)

and its orientation is defined by an unit vector p parallel to the axis of revolution of the

spheroid. In these conditions, the time change of the single spheroid orientation follows the

Jeffery’s equation:36

ṗ = Ω · p + λ (E · p− E : ppp) (8)

where E is the rate of strain tensor and Ω the vorticity tensor. λ represents the spheroid

form factor and it is defined as the ratio (r2 − 1/r2 + 1). For very long thin rods, λ is equal

to 1 while for flat disks, it is equal to -1. To describe the evolution of the orientation of

a suspension of spheroids, it is necessary to employ the orientation distribution function

ψ (p, t) defined such that the probability to find a particle oriented within a solid angle dp

of p is ψdp. The time evolution of ψ is governed by the following equation:45

∂ψ

∂t
+∇ · (ṗψ −Dr∇ψ) = 0 (9)

where Dr is the rotational Brownian coefficient. The term in between the brackets repre-

sents the flux of the particle probability in the orientation space due to the torque induced

by the external flow field and to the random effect of Brownian motion. At steady state the

previous equation simplifies in

∇ · (ṗψ −Dr∇ψ) = 0 (10)

From the orientation distribution, it is possible to calculate the second order orientation
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tensor defined as:

a2 =

∫
ppψdp (11)

This tensor contains average information on the overall orientation state of the system.

Following Fuller (1995),33 we can express the average orientation angle with respect to the

flow direction as function of the orientation tensor as

χ =
1

2
arctan

(
2a12

a11 − a22

)
(12)

where aij are the components of a2. We solve numerically eq. (10) since no simple ana-

lytical solution is possible. We employ a finite volume method as previously performed by

Ferec et al.46,47 (see Ferec et al 46 for more details about the mesh and the treatment of the

periodic boundary conditions). A central scheme is implemented to interpolate properties

between nodes and to obtain a physically steady state solution. Once the orientation distri-

bution is numerically solved for a given shear rate, the orientation tensor is evaluated and the

average orientation angle is consequentially obtained. In the model two input parameters are

required: λ and Dr. These two parameters can be obtained experimentally from TEM and

AFM particle characterisation and from the dichroism relaxation behaviour (Dr). In Table

2 , the values for the two parameters are reported for graphene and gold nanoparticles:

Table 2: Graphene and gold nanoparticles λ and Dr used in the model

Particle λ Dr

Graphene -1 0.04 s−1

Gold-170nm -0.53 0.233 s−1

Gold-292nm -0.53 0.138 s−1

The orientation angle predicted by the model and the experimental results are com-

pared in Figure 7. The model, without any fitting parameters, is able to overall predict the

orientation dynamics of these two systems.

In the case of gold nanoparticles, the suspensions are slightly polydisperse (with a poly-

dispersity index of 0.119). The model predicts correctly the effect of the slightly lower Dr for
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Figure 7: Comparison between experiments and theoretical predictions for average orientation
angle as a function of Peclet number for FGS and oblate gold nanoparticles.

the system Gold-292nm. Lower Dr implies higher Peclet numbers (Pe = γ̇/Dr) at equal shear

rate applied. Hence the particles have lower average orientation angle at equal shear rate

compared with the results (experimentally and in the model) for the system Gold-170nm.

The differences between the model predictions and the experimental results can be due to

approximation in the particle shape which in the model are assumed to be oblate spheroid

(while in reality, they have a decahedral shape) and to neglecting the weak polydispersity.

In the case of FGSs, the model shows larger deviations at low Pe and this deviation levels off

increasing the Pe. It is important to underline that the graphene suspensions analysed here

are very polydisperse while in the model, the particles are considered to be monodisperse and

the shape may not be fully represented. In order to account for polydispersity, we defined

subsets of the graphene suspensions and calculated (for each of the subset) the average D̄r

starting from the AFM characterisation showed in Fig. 1. Since the system is dilute, each

subset of particles can be simulated independently from the rest of the subsets. Hence, the

Ni particles in the subset i have an average rotational diffusion D̄r,i (calculated according eq.

(7)) and average diameter D̄i. By solving eq. (10) with D̄r,i, we can calculate the evolution

of average orientation angle for the subset i, χi. Once all the subsets are solved, we average

the results for the orientation angles in two ways: a number χ̄N and a surface average χ̄S
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χ̄N =

∑
χiNi∑
Ni

(13)

χ̄S =

∑
χiNiD̄

2
i∑

NiD̄2
i

(14)

We can observe in Fig. 8 that the surface average results (Eq. 14) are closer to the

experimental values with respect to the model prediction obtained for monodisperse system

and polydisperse using a number average (Eq. 13). This implies that the dichroism results

are influenced more by the larger size particles in the case of a polydisperse system, which can

be rationalised by the scattering power of the objects. This also explains the deviation at low

Pe between the model predictions in the case of assuming the system monodisperse. Since

the dichroic response is more influenced by larger particles, the Peclet numbers that we are

probing experimentally are effectively higher than the one simulated (assuming an average

rotational diffusion coefficient) and hence, the discrepancy at low shear rates. Finally, the

good agreement between the model predictions assuming the shape of particles as thin disks

and the experimental data confirms that the FGS studied here behaves as 2D structures

with flat surfaces once suspended in the liquid medium.

Conclusions

In this paper, flow alignment of functionalized graphene sheets in dilute suspension was

studied using rheo-optical measurements and compared to theoretical predictions and with

results for solid gold decahedra. To describe their orientation dynamics, the FGS particles

can be treated as solid flat sheets, despite the relatively low local bending modulus of the

sheets. We observe in steady shear experiments the orientation angle of FGS with respect to

flow direction decreased with a slope of -0.25 when plotted versus shear rate (or Pe number)

where as for gold nanoparticles showed a slope of -0.9. Relaxation experiments confirmed
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Figure 8: Comparison between experimental data and theoretical predictions for FGS. If surface
averaged polydispersity is taken into account then the theoretical predictions are closer to the
experimental data when compared to the predictions assuming monodispersity or number averaged
polydispersity.

that this difference is due to a higher polydispersity. Moreover, in both cases, the results

demonstrate that these particles behave as flat, rigid particles and that equivalent spheroids

is a first order approximation to characterise the orientation of these systems. In the case of

FGS, we reproduce the polydispersity of the system by simulating subset of particles with

different average rotational diffusion. Interestingly, we found that the surface average poly-

dispersity gives a better prediction to experimental results. This implies that the dichroism

results (as a scattering technique) is influenced to a greater extent by larger particles rather

than smaller one when the system is polydisperse. Quantitative agreement between dichro-

ism experiments and model predictions indicates FGS to be made of flat surface without

any crumpling. We also performed static light scattering measurements that showed FGS

to have flat 2D surface in suspension without any indication of crumpling.
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