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Abstract 

Hypothesis 

Rotational Brownian diffusions of colloidal particles at a fluid interface play important roles in particle 

self-assembly and in surface microrheology. Recent experiments on translational Brownian motion of 

spherical particles at the air-water interface show a significant slowing down of the translational 

diffusion with respect to the hydrodynamic predictions [Boniello et al. Nat. Mat. 14 (2015) 908–11]. 

For the rotational diffusions of partially wetted colloids, slowing down of the particle dynamics can be 

also expected. 

Experiments 

Here, the rotational dynamics of Janus colloids at the air-water interface have been experimentally 

investigated using optical microscopy. Bright field and fluorescent microscopies have been used to 

measure the in-plane and out-of-plane particle rotational diffusions exploiting the Janus geometry of the 

colloids we fabricated.  

Findings 

Our results show a severe slowing down of the rotational diffusion Dr, connected to the contact line 

motion and wetting-dewetting dynamics occurring on particle regions located at opposite liquid wedges. 

A slowing down of the particle rotational diffusion about an axis parallel to the interfacial normal Dr,|| 

was also observed. Contact line fluctuations due to partial wetting dynamics lead to a rotational line 

friction that we have modelled in order to describe our results.  

 

Keywords: Rotational diffusion, interfacial diffusion, colloid, air-water interface, viscous drag, line 

pinning, partial wetting 
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1. Introduction 

A solid particle straddling an interface should not be simply seen as a geometrical object partially 

immersed in a liquid but rather as an intriguing partial wetting configuration. For colloidal 

microparticles, the fluid interface deformation due to gravity or other external fields is usually weak and 

the solid particle immersion is set by an equilibrium contact angle in analogy with the partial wetting of 

a sessile drop on a solid substrate [1]. This configuration, however, should not be considered static since 

both the colloidal particle and the contact line are subjected to thermal agitation, which results in the 

particle Brownian motion and in the displacement of contact line back and forth around some 

equilibrium position [2]. 

Particles straddling a fluid or a soft interface are encountered in many research fields ranging 

from Pickering emulsions, self-assembly, flotation, encapsulation, drug delivery, microrheology and 

microfluidics [3][4][5,6][7][8]. Translational and rotational motions of particles partially immersed at a 

fluid interface differ strongly from the motions in the bulk [9,10]. The fluid interface indeed interacts 

with the particle motion via hydrodynamic and capillary interactions. As a consequence, the interfacial 

hydrodynamics becomes rather complex and models are still lacking even for the rotational motion of 

simple particles. For example, to the best of our knowledge, only the geometry of an half immersed 

sphere has been modelled but no general expression of the rotational frictions as a function of the particle 

immersion has been reported [11]. For the translational motion, hydrodynamic models [11][12–14], 

which account for viscous dissipations, particle immersion and finite slip lengths, have been developed. 

Experiments, however, show large deviations from these models [15][16][17]. Recently, the roles of 

partial wetting dynamics and contact line pinning (neglected in the previous hydrodynamic models) 

have been pointed out to explain both the slow particle motion across the interface and the particle 

translational diffusion parallel to the interface [18,19][20][2].  

Concerning the rotational motion, for a spherical particle (of radius R) fully immersed in a liquid 

(with a viscosity ), a unique bulk rotational diffusion coefficient can be defined as Dr,b = kBT/𝜁𝑟,𝑏 where 

𝜁𝑟,𝑏 is the bulk viscous rotational friction: 𝜁𝑟,𝑏= 8R3 in no slip conditions (and 𝜁𝑟,𝑏= 0 in full slip 

conditions). For a spherical particle half immersed in a liquid, the rotational diffusion is not unique and 

it will differ if the spherical particle rotates about an axis perpendicular or parallel to the interface 

normal. Hydrodynamics models predict that in the no slip conditions the rotational diffusion coefficients 

of an half immersed sphere at a gas-liquid interface should be null for Dr, (𝜁𝑟,⊥ = ∞) and twice the bulk 

value for Dr,|| (𝜁𝑟,∥= 4R3), where Dr, and Dr,|| are the perpendicular and the parallel rotational diffusion, 

defined considering the interface normal and the particle axis of rotation, respectively [11]. Removal of 

the contact-line singularity and the effect of a finite slip length b on the particle rotational diffusions (or 

frictions) were modelled by O’Neill et al.[11]. This model predicts large variations of the rotational 

diffusions with the particle size. However, for colloidal particles, one finds that for typical values of b 

and micrometric particle size, predicted Dr, (and Dr,||) differ only slightly from the bulk rotational 

diffusion Dr,b being the interfacial diffusions of the same order of magnitude of the bulk Stokes rotational 

diffusion.  

From an applied point of view, rotational diffusion of a colloid at the fluid interface is a key factor 

for both the design of particle hybrids and for the control of the active motion of self-propelled particles. 

In wet routes, particle hybrids are sometimes fabricated exploiting the partial wetting of colloids at a 

fluid interface[21][22,23]. Adsorption or chemical reactions can be carried only on one partial wetted 

surface of the particle. Janus or more complex geometry particles have been formed in this way.18 

However to obtain non-symmetric structures, it is crucial that the rotational particle motion is slow 

enough so that adsorption or chemical reactions occur only on well defined regions of the particle’s 

surface [21]. Still at the single particle level, experiments on the translational and rotational dynamics 

at fluid interfaces remain very challenging, in particular for particle sizes approaching the nanoscale. 

Numerical studies have mainly focused on nanoparticles, showing that the continuum description of the 

free interfacial energy valid for micron-size particles breaks down for truly nanometric particles [24,25]. 

Rotational Brownian diffusion is also a key parameter that sets the persistence of active motion 

of self-propelled colloids [26]. Janus spherical silica particles half coated with a thin platinum layer are 

such particles, self-propelling in presence of hydrogen peroxide[27]. Recently, we have studied their 

behaviour at the air/water interface. They possess two hydrophilic faces with similar wetting properties 

and are only partially wetted when trapped at the interface. We have revealed an enhancement of their 
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two dimensional active motions compared to the bulk [28][29]. In this paper, we report new 

experimental results on their rotational Brownian motion extending our first observations on the slowing 

down of the perpendicular and parallel rotational diffusion coefficients, Dr, and Dr,|| [27,29]. A model 

for the rotational friction is also developed in order to describe our experimental findings. 

 

 

2. Materials and Methods 

2.1 Colloidal particles 

Two particle systems have been investigated: (i) fluorescent platinum-melamine resin (Pt-MF) 

Janus colloids, and (ii) non-fluorescent platinum-silica (Pt-SiO2) Janus colloids. The first ones were 

fabricated starting from melamine resin MF particles R = 1.15 ± 0.3 µm (Microparticles GmbH, 

Germany). Pt-SiO2 were fabricated starting from silica particles R = 1.06 ± 0.3 µm (Microparticles 

GmbH, Germany). Particle size measurements by scanning electron microscopy agree with the nominal 

size and polydispersity provided by the supplier. Both Pt-MF and Pt-SiO2 Janus colloids were fabricated 

by physical vapour deposition [30]. Details on the fabrication protocol can be found in [27–29]. Two 

metal thin layers were deposited on top of colloid monolayers in order to have a stable and homogeneous 

coating on the particles. On the bare colloids, first 10 nm of titanium and then 20 nm platinum were 

deposited, see Fig. 1.  

 

2.2 Sample preparation 

Dilute colloidal dispersion of Janus particles were sprayed by airbrush deposition on water, which 

was filled inside a cylindrical container of 10 mm in diameter [2,28]. Area fraction of Janus particles at 

the interface is very low, << 0.1%. After particle deposition the container was also close in order to 

reduce water evaporation. All measurements are performed at room temperature (T = 22 °C). 

 

2.3 Particle tracking, image analysis and particle contact angle 

Bright field and fluorescence optical microscopies were used for particle tracking and imaging. 

Up-right and inverted optical microscopes mounted on anti-vibration tables were used. In typical 

experiments, images of isolated Janus particles were recorded at a rate of 30 frames per second using 

objective of different magnifications (×32, ×50, ×63 and ×100). The partial coating of platinum on the 

colloid modifies the light transmission through the particles or the fluorescence of the particle. It is then 

possible to evaluate Pt region under adequate illumination. Using IDL (Interactive Data Language) 

routines, we treated the raw image sequences and detected the Pt-cap of Janus particles by applying a 

grayscale threshold. The out-of-plane orientation  of the particle with respect to the interface was 

evaluated by measuring the absolute value of the visible Pt cap area. The in-plane orientation  of the 

particle was instead evaluated by measuring the orientation of the lever arm L connecting the center of 

the whole particle and the center of the Pt-cap. Tracking of the particle center was done by an IDL 

routine or by using an image correlation-based approach (‘‘Stat Tracker St. Andrews’’) implemented in 

Labview (National Instruments). 

A “Gel trapping” technique was used to measure the particle contact angle [31]. Details on the 

protocol used can be found in [2]. Briefly, Janus particles were deposited on a gelled water (Phytagel 

(Sigma-Aldrich) solution, 2% wt. in water) surface at room temperature. Then, the temperature was 

raised briefly to 90°C in order to let the particles finding the stable contact angles at the air-water 

interface. Back at room temperature, Janus particles are transfer in a film (Norland Optical Adhesive 81 

(NOA81)) which was photopolymerized by UV light. In this way, the polymerized film contained the 

Janus particles trapped at a complementary position with respect to the air-water interface Scanning 

Electron Microscopy (SEM) on a FEI Quanta 200 FEG microscope in a tilted configuration was used to 

evaluate the particle contact angle. 

Fig. 1(A) and (B) show SEM pictures corresponding to (gel-trapped) Janus colloidal particles. Pt-

MF Janus colloids show contact angles = 65°±6° and Pt-SiO2 Janus colloids show  = 64 ± 2° at the 

air-water interface. It is important to note that bare particles have smooth surfaces with negligible 

roughness (< 1 nm). Janus colloids instead show surface roughness of about 10 nm, which is comparable 

with the Pt coated layer thickness. We also noted that the morphology of the coated Pt layer is more 
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homogenous for silica than MF colloids, probably due a better adhesion of titanium and platinum on 

silica than MF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1 Particles trapped in a polymer layer at the complementary contact angle position with respect to the air-

water interface. (A) SEM images of two Pt-MF Janus particles, with a contact angle at the air-water interface of  

 65°. (B) SEM images of two gel trapped Pt-SiO2 Janus particles, with a contact angle at the air-water interface 

of   64°. Dashed lines indicate the Janus boundaries. Scale bars correspond to 2 µm. 

 

 

3. Results: Rotational diffusion of Janus colloids at the gas-liquid interface 

To measure the rotational diffusion of spherical particles, we used Janus particles with two 

distinguishable faces. If the Janus boundary crosses the fluid interface, particle orientation angles  and 

 can be evaluated and rotational diffusions can be measured, see Fig. 2 [27,29]. 

An example of fluorescent microscopy experiments on Pt-MF Janus colloids at the air-water 

interface are shown in Fig. 2(A). In these experiments, the Pt cap strongly diminishes the particle 

fluorescent signal and particle images appear as the crescent moon phases. Hence, the fluorescent region 

of particle corresponds to the silica area of the colloid, which is not covered by Pt. Subtracting the latter 

region to the circular area of the entire particle, the Pt cap region can be obtained and its area and 

orientation fluctuations can be monitored in time, Fig. 2(B) and (C). 

Bright field microscopy experiments of Pt-SiO2 Janus colloids were already described in our 

previous articles [27,29,32], where the darker side of the particle corresponds to the Pt cap possessing a 

complex refractive index of 0.48 + 4.87i (at 532 nm wavelength, whereas the silica refractive index is 

1.46 + 0i) [27,29,32]. By analysing the images taken during the tracking of the Brownian motion of Pt-

SiO2 Janus colloids at the air-water interface, we were able to evaluate the changes of the absolute area 

of the platinum cap. We then evaluated the orientation angle  (see Fig. 2(B)) from the visible Pt absolute 

area, APt, knowing that APt = 1/2(1cos)R2, and calculated the mean square angular displacement 

MSAD(). In Fig. 3, we plotted MSAD() as a function of the lag time for three specific datasets 

corresponding to three different particles for which  varies of  during 30 s. We fitted the MSAD 

data by: 

 

MSAD() = MSAD0 + 2Dr,t,         (1) 

 

where the parameter MSAD0 accounts for the noise introduced by the image treatment. From the fits in 

Fig. 3, we find that rotational diffusion times r,=1/Dr, = 87 s (triangle), 152 s (circle), and 547 s 

(square) are larger by one order of magnitude or more than the hydrodynamic prediction for particles 

half immersed in water with finite slip lengths b, r, = 𝜁𝑟,⊥/kBT = 8. 4 s if b = 1 nm (r,= 11 s if b = 0.1 

nm) [11]. Note that the rotational diffusion time in the bulk is r,b=1/Dr,b = 6.3 s, which is of the same 

order of magnitude of the rotational times calculated with a finite slip length.  
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In order to discuss these results, we assume the hydrodynamic prediction of 𝜁𝑟,⊥ for b = 1 nm for 

half immersed particles [11], and associate an Arrhenius form to the rotational diffusion Dr,: 

 

𝐷𝑟,⊥ =
𝑘𝑇

𝜁𝑟,⊥
exp (−

|Δ𝐸𝛽|

𝑘𝐵𝑇
),         (2) 

 

where E is the activation energy that is required for the out-of-plane change of orientation. Averaging 

on all MSAD data, we found E = 3.6 ± 0.9 kBT.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2 (A) Fluorescent microscopy images of a Pt-MF Janus colloid at the air-water interface taken at different 

time t. The bright region of the particle corresponds to the silica face of the Janus colloid. (B) Side view sketch of 

a Janus particle at the gas-liquid interface.  is the angle defined by the normal to the interface (�̂�) and the Janus 

axis (𝑗̂) and Dr, is the associated rotational diffusion. (C) Top view sketch of a Janus particle at the gas-liquid 

interface. L is the lever arm that connects the center of the whole particle and the center of the visible Pt cap.  is 

the angle defined by x-axis (in the laboratory frame) and the projected direction of L in the x-y interfacial plane.  

(A) 
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Figure 3 Mean squared angular displacement (MSAD) of the out of plane orientation angle  as a function of the 

lag time for three selected Pt-SiO2 Janus colloids at the air-water interface. Solid lines represent best fits of 

MSAD() = MSAD0+2Dr,t. 

 

 

Now we turn our attention to the in-plane rotational diffusion, see Fig. 2(C). By tracking the 

motion of fluorescent MF particles partially covered by platinum, we were able to distinguish the 

fluorescent cap of the colloid from the platinum cap that strongly reduces the particle fluorescence (see 

Fig. 2(A)). Thus, we calculate the angle  between the projected Janus axis and the lab frame.  was 

evaluated from the orientation of the lever arm L with respect to the laboratory x-y axis in the interfacial 

plane, see Fig. 2(C). MSAD() was calculated for different L/R datasets. In Fig. 4(A), MSAD() data 

show several slopes in different lag time intervals. We fitted the data in the short time limit, for t < 0.2 

s, by:  

 

MSAD() = MSAD0 + 2Dr,||t.         (3) 

 

From the fits, we plotted the coefficient Dr,|| as a function of L/R in Fig. 4(B). Dr,|| for Pt-MF Janus 

colloids is surprisingly low. In no-slip conditions, given the particle contact  65°, the diffusion 

coefficient Dr,|| = kBT /𝜁𝑟,|| is expected to be in a range between the bulk value of kBT/(8R3) and the 

half immersed particle value of kBT/(4R3). Moreover, Dr,|| should be higher than the latter prediction 

for positive slip lengths [11]. Except for one measurement, Dr,|| is however lower than the prediction and 

it is even lower than the bulk value. In the long lag time limit, most of MSAD data show low slopes or 

even plateaus, which points to confined dynamics probably due to long range capillary interactions, see 

inset Fig. 4(A) [33–35].  

Just for the sake of comparison with Dr,, Dr,|| can be also written in an Arrhenius form: 

 

𝐷𝑟,∥ =
𝑘𝑇

𝜁𝑟,∥
exp(−

|Δ𝐸𝜑|

𝑘𝐵𝑇
),         (4) 

 

where E is the activation energy that is required for a change of orientation . For a half immersed 

particle,  = 90°, 𝜁𝑟,|| 4R3 (if b = 0.1 or 1 nm as before) [11]. Given the Janus particle contact angle 

  65°, we assume here that 𝜁𝑟,|| = 1.45 (8R3) in analogy with the contact angle correction in the 

model of Fischer et al. for the translational motion [13]. Accounting for all MSAD data, we find E = 

1.8 ± 0.9 kBT. Hence, the slowing down of Dr,|| is much less severe than the one of Dr, as Eis smaller 

than E.  
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Figure 4 (A) Mean squared angular displacement (MSAD) of the in-plane orientation angle  as a function of the 

lag time of fluorescent Pt-MF Janus colloids at the air-water interface for different L/R. Solid lines represent best 

fits of MSAD() = MSAD0+2Dr,||t for t < 0.2. (B) Interfacial rotational diffusion Dr,||t as a function of L/R.  

 
4. Discussion: Line friction 

As pointed out in Boniello et al. for the slowing down of the translational diffusion of bare 

particles at the air-water interface, our experimental results cannot be described by current 

hydrodynamic models that assume a flat and static fluid interface [2]. We suggested that thermally 

activated deformations at the contact line lead to fluctuating random forces on the particle. We described 

these fluctuating forces for the translational motion and associated an extra viscous friction on the 

particle, which leads to a measured translational diffusion slowing down. Here we extend this analysis 

for the rotational diffusion. 

We start summarizing the force calculations for the translational diffusion as reported in Boniello 

et al. [2]. A fluctuating force F and a torque M acting on the particle can result from an interface 

deformation due to a contact line displacement, see Fig. 5(A). Considering a short contact line segment 

l and time t at an angular position 𝛷𝑖 with respect to an arbitrary axis w in the interface plane, a contact 

line displacement  induces a force F and also a torque M on the particle (Fig. 5). Focussing on the 

force, one can write the component along w by 𝐹𝐿,𝑖(𝑡, 𝑙) = 𝐹𝐿
0(𝑡, 𝑙)cos𝛷𝑖, where 𝐹𝐿

0(𝑡, 𝑙) = 𝛾𝑙(1 −

cos𝜒), where  is the deformation angle between the horizontal plane and a plane defined by the tangents 

to the fluid interface at the contact line, see Fig. 5(A) and (B). Several fluctuations may occur along the 

contact line. Assuming that these fluctuations are not correlated over a finite distance l=, the number n 

of possible independent fluctuations is:  

 

n = 2Rsin/           (5) 

 

Hence, the total random force is 𝐹𝐿(𝑡) = ∑ 𝐹𝐿,𝑖(𝑡, 𝜆)
𝑛
𝑖=1 . One may associate a characteristic time L to 

the dynamics of 𝐹𝐿(𝑡). For t >L, the mean of this random force should be zero, i.e. < 𝐹𝐿(𝑡) > = 0. 

However, the mean squared of 𝐹𝐿(𝑡) is different from zero and equal to: 

 

< 𝐹𝐿(𝑡)
2 >= 𝑛 < 𝐹𝐿,𝑖(𝑡, 𝜆)

2 >= 𝑛 < [𝛾𝜆(1 − cos𝜒)]2 >=
1

2
𝑛[𝛾𝜆(1 − cos𝜒)]2  (6) 

 

Hence, this random force due to contact line fluctuations will affect the Brownian motion of the particle. 

Under some assumptions, one can define a line friction coefficient 𝜁𝑡,𝐿  associated with the fluctuations 

of the contact line: 

 

𝜁𝑡,𝐿 =
1

2𝑘𝐵𝑇
∫ < 𝐹𝐿(0)𝐹𝐿(𝑡) > 𝑑𝑡 ≈
+∞

−∞


1

2𝑘𝐵𝑇
< 𝐹𝐿(0)

2 > 𝜏𝐿     (7) 

 

0.0 0.2 0.4 0.6 0.8 1.0
0.00

0.01

0.02

0.03

0.04

0.05

          L/R

 0.12

 0.14

 0.23

 0.45

 

 

M
S

A
D

(
) 

/ 
ra

d
2

t / s

A

0 1
0.0

0.1

M
S

A
D

/ 
ra

d
2

t / s

L/R=0.14

0.1 0.2 0.3 0.4 0.5
0.00

0.05

0.10

0.15

0.20

0.25

k
B
T/(4R

3
)

 

 

D
r,

||
/ 
ra

d
2
.s

-1

L/R

B

k
B
T/(8R

3
)



8 

 

 

 
Figure 5 (A) Side view sketch of an interface fluctuation at the contact line. On the left side of the particle, 

interfacial tensions are in equilibrium and  is the equilibrium contact angle defined by Young’s equation. On the 

right side, an interface fluctuation displaces the contact line on the particle over a distance  and drives the 

interfacial tensions out of equilibrium.  is the angle between the tangent to the fluid interface at the particle and 

the horizontal. The imbalance between  and cos leads to a force 𝐹𝐿
0 on the particle. (B) Top view of a line 

deformation, over a segment , at the angular position 𝛷𝑖. (C) Sketch of a contact line displacement × on the 

particle surface for = 90° and ≠ 90°. 

 

Note that in Eq. 7 we impose that < 𝐹𝐿(0)𝐹𝐿(𝑡) > vanishes if t >L. The total friction experienced 

by the particle is the sum of 𝜁𝑡,𝐿 and 𝜁𝑡,𝐻, where 𝜁𝑡,𝐻 is the hydrodynamic friction, which depends only 

on the particle immersion and the viscosity [12][13][36].  

Eqs. 5, 6 and 7 allow us to write 𝜁𝑡,𝐿 as: 

 

𝜁𝑡,𝐿 ≈
1

4𝑘𝐵𝑇
𝑛[𝛾𝜆(1 − cos𝜒)]2𝜏𝐿 =

π𝑅sin𝛼

2𝑘𝐵𝑇
𝜆[𝛾(1 − cos𝜒)]2𝜏𝐿.     (8) 

 

The remaining unknowns in eq. 8 are L and . The characteristic time L of the interface 

fluctuations is given by the molecular kinetic theory of partial wetting [37]: 

 

𝜏𝐿 ≅
𝜂𝑣𝑚

𝑘𝐵𝑇
exp

𝐸𝑎

𝑘𝐵𝑇
=

𝜂𝑣𝑚

𝑘𝐵𝑇
exp

𝜆2𝛾(1+cos𝛼)

𝑘𝐵𝑇
        (9) 

 

where vm is the molecular volume of the liquid (vm = 2.99 1029 m3 for water) and 𝐸𝑎 is the activation 

energy needed for the line displacement, which can be written as the adhesion energy 𝐸𝑎 = 𝜆2𝛾(1 +
cos𝛼) [37]. 

Finally, the deformation angle  of the interface (Fig. 5(A)) can be found for n >>1 [38].  

 

tan  4sin/ .          (10) 

 

Now, we focus our attention on the rotational dynamics. Following the same approach as for the 

translational friction, the rotational line friction related to Dr, (Fig. 2(B)) can be written as [2]: 

 

𝜁𝑟⊥,𝐿 ≈
1

2𝑘𝐵𝑇
〈𝑀𝐿,⊥(0)

2〉𝜏𝐿,         (11) 

 

where 𝑀𝐿,⊥ is the total torque (see Fig. 5(A)) due to contact line fluctuation, 〈𝑀𝐿,⊥(𝑡)
2〉 = 𝑛〈𝑀𝐿⊥,𝑖(𝑡)

2〉, 
and n is given by eq. 5.  

A difference between the translational and rotational friction calculations can now be pointed 

out. If the fluctuation of the contact line corresponds to an advancing line motion (positive vertical 

displacement, see Fig. 5), corresponding to the wetting of a particle region ×the torque on the 

particle becomes 𝑀𝐿⊥
0 (𝑡) = 𝐹1𝑅cos𝛼 − 𝐹2𝑅sin𝛼, where 𝐹1 = 𝛾𝜆(1 − cos𝜒) and 𝐹2 = 𝛾𝜆sin𝜒. While 

if the contact line fluctuation leads to a dewetting of a particle region ×(negative vertical 
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displacement), 𝑀𝐿⊥
0 (𝑡) = 𝐹1𝑅cos𝛼 + 𝐹2𝑅sin𝛼. Hence, 

 

< 𝑀𝐿⊥(𝑡)
2 >= 𝑛 < 𝑀𝐿⊥,𝑖(𝑡)

2 >=
1

2
𝑛[(𝐹1𝑅cos𝛼)

2 + (𝐹2𝑅sin𝛼)
2]    (12) 

 

The rotational line friction 𝜁𝑟⊥,𝐿 can be now written as: 

 

𝜁𝑟⊥,𝐿 ≈
1

2𝑘𝐵𝑇
𝜋𝑅3sin𝛼𝛾2𝜆[(1 − cos𝜒)2cos2𝛼 + (sin𝜒sin𝛼)2]𝜏𝐿.    (13) 

 

where equations 9 and 10 give 𝜒 and 𝜏𝐿.  

In Fig. 6, we show that for = 0.4 nm at intermediate particle contact angles 𝜁𝑟⊥,𝐿 (equation 

13) becomes comparable to the bulk rotational friction, 8R3. For  as for Pt-MF Janus colloids, 

and = 0.6 nm, 𝜁𝑟⊥,𝐿 is three orders of magnitude higher than the bulk value. Hence  between 0.4 nm 

and 0.6 nm could explain our experimental findings showing a severe slowing down of the rotational 

diffusion Dr, (Fig. 2(B)). These values also agree with the value of  evaluated from the translational 

friction [2]. 
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Figure 6 Rotational line friction 𝜁𝑟⊥,𝐿  divided by the bulk Stokes rotational friction as a function of the particle 

contact angle for different values of the contact line displacement . 

 

Note that the energy E in the Arrhenius expression of Dr, is related to the adhesion energy in 

the molecular kinetic theory of partial wetting, which is the energy needed to displace the contact line 

on the particle surface over a distance . Given that the Janus particle surface is not perfectly smooth 

due to the platinum coating and intrinsic nanometric roughness, this energy is strictly connected to the 

strength of line pinning [39][2]. An analogy can be also made between the activation energy 𝐸𝑎 =
𝜆2𝛾(1 + cos𝛼) in eq. 9 and the activation energy described for the rotation of nanoparticles with defects 

in molecular dynamics (MD) simulations [40]. In MD simulations for very small nanoparticles with a 

cylindrical symmetry, the life-time of the nanoparticle metastable orientations depends strongly on the 

presence of a satellite surface defect, which could lead to life-times from 5 to 104 times higher than in 

absence of the surface defect. Here, surface defects also affect  that should be considered as an averaged 

value since the particle is composed of two faces (Pt and silica). Hence, a slowing down of the rotational 

diffusion Dr, can be interpreted in terms of thermal hopping of the contact line as for colloidal particles 

adsorbing at the oil-water interface [2][18]. 

Finally, we can discuss the in-plane rotational diffusion Dr,|| results shown in Fig. 4. A slowing 

down of Dr,|| points to the existence of a line friction for the rotational diffusion about an axis parallel to 

the interfacial normal. However, the model built before for the translational motion and for the rotation 

about an axis perpendicular to the interfacial normal (Dr,) assumed that contact line fluctuations lead 

to forces directed to the vertical axis passing through the center of a perfectly spherical particle (see Fig. 

5(B)). Hence in this case, the force acting on the segment  has no component tangent to the contact 

line perimeter. Consequently, no fluctuating torque related to Dr,|| should exist, and a rotational line 

friction connected to a rotation about an axis parallel to the interfacial normal is not expected. However, 

a breaking of the particle spherical symmetry could occur for Janus colloids given the non-negligible 
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thickness and the non-regular shape of the Pt coating. In this case, Janus colloids can be regarded as low 

aspect ratio ellipsoids for which a rotational line friction was modelled and a slowing down of the 

rotational diffusion has been experimentally observed [2]. Additionally, one could also consider a 

generic scenario for which the contact line fluctuations yield both to a radial and an azimuthal force 

component, 𝐹𝛷, able to generate a fluctuating torque parallel to the interface normal, see Fig. 5(C) . 

Following the same approach as before, a rotational line friction related to Dr,|| can be written as 

[2]: 

 

𝜁𝑟∥,𝐿 ≈
1

2𝑘𝐵𝑇
〈𝑀𝐿,∥(0)

2〉𝜏𝐿,         (14) 

 

where 𝑀𝐿,∥ is the total torque due to contact line fluctuations and 〈𝑀𝐿,∥(𝑡)
2〉 = 𝑛〈𝑀𝐿∥,𝑖(𝑡)

2〉, n is 

given by eq. 5 and:  

 

< 𝑀𝐿,∥(𝑡)
2 >= 𝑛 < 𝑀𝐿∥,𝑖(𝑡)

2 >=
1

2
𝑛[𝐹𝛷𝑅sin𝛼]

2      (15) 

 

where 𝐹𝛷 = 𝛾𝜆 cos Ξ, where Ξ is an angle which defines the azimuthal force component 𝐹𝛷 

generating a torque parallel to the interface normal, see Fig. 5(B) and (C). Hence, a rotational friction 

𝜁𝑟∥,𝐿 can be written: 

 

𝜁𝑟∥,𝐿 =
1

2𝑘𝐵𝑇
𝜋𝑅3sin3𝛼𝛾2𝜆 cos2 Ξ𝜏𝐿 =

sin3𝛼

2

𝑣𝑚𝜆𝛾2 cos2 Ξ

(𝑘𝐵𝑇)
2 exp

𝜆2𝛾(1+cos𝛼)

𝑘𝐵𝑇
𝜋𝜂𝑅3.  (16) 

 

Note that for Ξ =  (in the ideal case shown in Fig. 5(B)) there is no rotational line friction 𝜁𝑟∥,𝐿. 

Since Ξ cannot be calculated or estimated without making several assumptions, in Fig. 7 we plotted the 

ratio of 𝜁𝑟∥,𝐿 and the bulk rotational friction as a function of the contact line displacement  for 

and for three given values of 90° Ξ = 0.1°, 1° and 10°. These calculations can be compared 

with experimental values of Dr,|| ,which are about five times slower than the hydrodynamic prediction. 

In the range of  between 0.4 nm and 0.7 nm, the calculated 𝜁𝑟,|| (eq. 16) agree with the experimental 

results. However as pointed out before, the value of Ξ cannot be accessed.  

Before concluding this section, it is worth noting that particle surface heterogeneity (roughness 

or defects) would lead not to a single value of contact line displacement but to a range of  values (and 

deformation angle Ξ values). For Janus colloids, surface roughness and defects due to the coating 

fabrication were observed and their distributions seem also non-homogeneous (see Fig. 1). Hence, a 

distribution of  (and Ξ) values due to particle surface heterogeneity can be also related to a large 

distribution of results observed for the rotational diffusions of Janus particles. 
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5. Conclusion 

Rotational diffusion of partially immersed particles at a fluid interface has been experimentally 

investigated focussing on Janus spherical colloids at the air-water interface. The Janus geometry has 

been exploited to distinguish the two faces of the particle in optical microscopy. Given that two particle’s 

faces have similar wetting properties [27], no strong line pinning on the Janus boundaries has been 

observed. In this regard, similar results can be expected for non-Janus particles. In agreement with the 

slowing down of the translational diffusion previously reported for bare spherical and ellipsoidal 

particles [2], we have observed a slowing down of the rotational diffusion both for the perpendicular 

and parallel rotations, Dr, and Dr,|| (Fig. 3 and 4). Hydrodynamic models, which assume a flat and calm 

fluid interface, fail to explain our experiments [11]. In order to describe our results, instead, we have 

extended a model built for the translational diffusion [2] of bare spherical colloids to the rotational 

diffusion. In the model, contact line fluctuations and weak line pinning on the surface defects of the 

particles result in contact line displacement , which impacts dramatically the rotational diffusion (Fig. 

6 and 7). 

The severe slowing down of Dr, is in agreement with the experiments reported by Kaz et al. [18] 

on the slow vertical motion of single colloids breaching a fluid interface. The slowing down in both 

cases is related to the relative motion of the contact line on the solid particle, and connected to wetting 

or dewetting processes occurring on the particle surface. The slowing down of Dr,|| reveals that contact 

line fluctuations may also lead to force components tangential to the contact line and result in a rotational 

line friction 𝜁𝑟,||.  

In general, nanoscale roughness and heterogeneity present on the particle’s surface have a very 

strong impact on the interfacial frictions. This result can be rationalised considering that single 

nanometric defects possess a defect energy of few kBT, and, in absence of any external field, the diffusion 

dynamics is driven by thermal agitation (kBT) only. A large distributions of the rotational frictions were 

observed, which reflect the dramatic dependence of the rotational frictions to  variations (Fig. 6 and 

7).  

The results presented here have clear impacts on the understanding and control of assembly 

occurring at the fluid interface and in the field of surface microrheology. Dr, is in fact a key parameter 

for the fabrication of Janus particles via adsorption or chemical reactions of partially wetted bare colloids 

in one fluid phase [8]. Dr,|| and the associated rotational line friction 𝜁𝑟,||plays also a pivotal role in the 

modelling of passive surface microrheology, because it represents a large contribution to the dissipation 

measured [7][41].  

Perspectives of this work include the role of line pinning strength (weak or strong line pinning) 

on the contact line frictions, and on how rotational line frictions change in the presence of external fields 

or persistent velocities as in active microrheology or macrorheology. 
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