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If a colloidal particle is exposed to an external field, its Brownian motion is modified. In the case of an anisotropic particle, the external potential might not only affect its translation but also its rotation. We experimentally investigate the dynamics of a trimer, which consists of three spherical particles, within a random potential energy landscape. This energy landscape has energy values drawn from a Gamma distribution, a spatial correlation length similar to the particle size and is realized by a random light field, that is a laser speckle pattern. The particle translation and rotation are quantified by the mean squared (angular) displacement, the van Hove function and other observable quantities. The translation shows an intermediate subdiffusive regime and a long-time diffusion that slows down upon increasing the modulation of the potential. In contrast, the mean squared angular displacement exhibits only small deviations from a linear time dependence but a more detailed analysis reveals discrete angular jumps reflecting the symmetry of the trimer. A coupling between the translation and rotation is observed and found to depend on the length scale.
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1. INTRODUCTION

Colloidal particles undergo random thermal motion. Free diffusion is characterized by a mean squared displacement which increases linearly with time. The slope is determined by the diffusion coefficient that depends on the temperature, the particle size, and the viscosity of the medium. However, colloidal particles in more complex situations, for example in the presence of interparticle interactions or external potentials, can show different behavior such as subdiffusion or superdiffusion. These imply mean squared displacements with time dependencies that are less than or greater than linear, respectively [1]. Such dynamics are frequently encountered in systems with biological or industrial relevance. For example, they are observed in living cells [2–5], biological membranes [6–8], porous media [9], and glassy systems [10–14]. Due to the analogy between the behaviors of colloidal particles and many different complex and experimentally less accessible systems, colloidal suspensions are frequently used as model systems to systematically and quantitatively study particle dynamics.

Although spherical colloidal particles are usually investigated, most molecular, biological or industrial systems contain non-spherical objects. The behavior of these objects can be modeled using anisotropic colloidal particles, which can be made using different synthesis routes [15–18]. Anisotropy introduces additional degrees of freedom but also, for instance, more complex interparticle interactions and particle dynamics. Anisotropic particles are, therefore, also interesting in their own right. For example, elongated particles, such as ellipsoidal particles and dumbbells made of two spherical particles, show free diffusion that, up to intermediate times, shows a directional dependence [19, 20]. In addition, experiments on dumbbells and planar clusters of colloidal particles have shown a decoupling between translational and rotational motion at high concentrations [21, 22]. A more complex system, tetrahedral colloidal clusters immersed in a supercooled colloidal fluid, was investigated [23]. Also in this system a decoupling between translational and rotational diffusion was observed when the volume fraction approached the glass transition. Furthermore, molecular dynamics simulations revealed that dumbbells in a porous medium show dynamical heterogeneities [24]. This illustrates that an anisotropic shape as well as external constraints can significantly change the particle dynamics.

Colloidal particles can be manipulated using optical trapping, a phenomenon exploited in optical tweezers [25, 26]. Optical trapping relies on the momentum transfer between the photons to the colloidal particles during refraction and scattering. The magnitude of the effect depends on the intensity and intensity gradient of the light, the refractive index mismatch between the medium and the particle, the wavelength of the light and the particle size and shape [27–29]. In addition to optical tweezers, extended light fields can be used to expose particles to external potential energy landscapes [30]. Different light fields can be created to produce random, periodic or other potential energy landscapes [31–36]. Typically, energy modulations of the order of the thermal energy, kBT, are applied. Subjecting colloids to these energy landscapes will affect their dynamics [30, 37–41]. Therefore, colloids exposed to light fields can serve as a model system to investigate the effect of external potentials on the particle dynamics.

Recently light fields have also been imposed on anisotropic particles [36, 42, 43]. Dilute suspensions of ellipsoids or multimers consisting of spherical particles, particularly dimers and trimers, have been subjected to a periodic light field. In the case of multimers, this results in a small number of preferred states, which reflects the limited number of spatial and orientational configurations the multimers attain due to their confinement in the periodic energy minima. The actual number of configurations depends on the ratio between the particle size and the periodicity of the potential. This suggests that the translational and rotational motions are coupled.

In this work, we study the translational and rotational dynamics of trimers. Trimers are anisotropic particles consisting of three spherical colloidal particles bonded together. They are exposed to a random light field, which imposes a random potential energy landscape. Due to the convolution of the light field with the particle volume, the distribution of energy values follows a Gamma distribution and the spatial correlation length of the potential is about the size of an individual sphere [34]. We characterize the dynamics by several parameters, such as the mean squared (angular) displacement and the van Hove function. The random potential energy landscape leads to an intermediate subdiffusive regime in the translational motion and the long-time translational diffusion is found to be reduced upon increasing the modulation of the potential, which is controlled by the laser intensity. The mean squared angular displacement, however, is hardly affected by the external potential. Nevertheless, a detailed quantitative analysis of the rotational motion uncovers characteristic angular jumps of approximately 120° that reflect the three-fold symmetry of the trimers. Furthermore, it reveals a complex coupling between the translational motion and the rotational motion.



2. MATERIALS AND METHODS


2.1. Synthesis of Trimers and Sample Preparation

Cross-linked poly(methyl methacrylate) (PMMA) spheres with a diameter σ ≈ 2.1 μm were synthesized based on previously established methods [44–46]. After the synthesis, the solvent was exchanged by centrifugation in a two-step washing process: first, the suspension was washed three times with n-hexane (Sigma-Aldrich, Ref. Num. 1043671000) to remove leftovers from the reaction, then seven times with decahydronaphthalene (mixture of cis and trans isomers, 98%, Alfa Aesar, Ref. Num. A13883) to change the solvent to decahydronaphthalene. The particle suspension at 30vol% was then used as stock to prepare trimers [18]. First, decahydronaphthalene was replaced with toluene (anhydrous, 99.8%, Sigma-Aldrich, Ref. Num. 244511) by washing three times. After the last washing step a suspension with a volume fraction of 3.66vol% was obtained. 3 ml of this suspension was mixed with 15 ml of ultra pure water (resistivity 18MΩ/cm) containing 0.5wt% sodium dodecyl sulfate (SDS, Sigma-Aldirch, Ref. Num. L4509) to yield the precursor emulsion. To narrow down the size distribution of the emulsion droplets, the emulsion was homogenized by applying a T25 ULTRA-TURRAX® (IKA, Ref. Num. IK0003725000) for 60 s at 8,000 rpm followed by 25 s at 9,600 rpm. The emulsion was poured into a round-bottomed reaction flask with a capacity of 100 ml and subsequently placed in a constant temperature bath at 80°C. The sample was slowly stirred for 2 h while the toluene evaporated.

The obtained suspension contained different multimers. It was, therefore, fractionated using a density gradient from a water-saccharose-surfactant solution. The density gradient was prepared from two solutions. The denser solution (density ρ ≈ 1.17 g/ml) contained 40wt% D(+)-Saccharose (99.5%, Sigma-Aldrich, Ref. Num. 4661.1) and 0.1wt% SDS. The less dense solution (ρ ≈ 1.08 g/ml) was prepared by diluting the denser solution by a factor of two with ultra pure water; typically 5 ml of the denser solution was diluted with 5 ml of water. Equal volumes of the two solutions were mixed using a density gradient maker with two chambers where each chamber was filled with one of the solutions. The mixed solution was transferred into a round-bottomed glass centrifuge tube. Then, the suspension containing the clusters was carefully loaded on top of the gradient column yielding a thin layer with a height of about 0.5 cm. The tube subsequently was placed in a centrifuge (Hermle Z323, rotor 221.12V01) and subjected to 2,000 rpm centrifugation for 4 min with the brake set to 0. This procedure was repeated many times to obtain a sufficient amount of trimer suspension. Finally, the collected suspension was washed a few times with ultra pure water to remove the surfactant and saccharose. The suspension contained trimers and a very small number of tetramers. The monomers obtained during the fractionation were used to calibrate the energy landscape as described below. An image of the trimers is shown in Figure 1A.


[image: Figure 1]
FIGURE 1. (A) Optical microscopy image of trimers. (B) Random light field (speckle pattern) created by a diffuser illuminated with a laser beam. Particles exposed to such a light field experience a random potential energy landscape. Scale bars are 10μm.


For the experiments, a dilute suspension of trimers was transferred into a quasi-two-dimensional cell consisting of a microscope slide and a cover slip [47], which were first carefully cleaned. The few pyramid-like tetramers present in the suspension served as spacers between the microscope slide and the cover slip. The confinement to quasi-two-dimensions reduces the degrees of freedom of each trimer to a center-of-mass translation and a rotation around one axis. Experiments were performed at a temperature of ~20°C.



2.2. Random Light Field

The random light field is a speckle pattern (Figure 1B). It was generated as described previously [34]. The central optical element is a diffuser (RPC Photonics Inc., Engineered DiffuserTM EDC-1-A-1r), which is illuminated with a planar wave with a Gaussian intensity distribution from a laser (Laser Quantum, Opus 532, wavelength λ = 532 nm). The diffuser creates a top-hat beam including a speckle pattern, which is directed to the sample plane of an inverted microscope. The average speckle size, which determines the correlation length of the light field, matches approximately the monomer size. The magnitude of the modulations is controlled via the laser power PL. Four different laser intensities were applied: PL = 0, 1.15, 1.60, and 2.10 W. The magnitude of the modulations also depends on the refractive index difference between the medium, in this case water with a refractive index of 1.330, and the PMMA particles with a refractive index of about 1.494 for the present wavelength.



2.3. Image Acquisition and Particle Tracking

The quasi-two-dimensional geometry allows us to use conventional optical microscopy. An inverted bright field microscope (Nikon, Eclipse Ti-U) with a 60× objective (Nikon, S Plan Fluor ELWD, NA 0.7) equipped with a CMOS camera (Allied Vision, Mako U-130B, 1,280 × 1,024 px2) was used. The effective pixel pitch was 0.08μm/px and the observation area was ~100 × 82μm2. This area typically contained about 6 trimers.

Before each individual measurement, the diffuser was rotated in order to probe different realizations of the random potential. Then the sample was left to equilibrate for 30 min while it was exposed to the random light field. Subsequently, a series of 36,000 images was recorded at 10 fps resulting in an individual measurement time of 1 h. For each laser intensity, at least 15 individual measurements were performed, which resulted in a minimum of 90 trajectories. The measurements were controlled with a custom-written LabView programme. The positions and trajectories of individual spheres were extracted from the recorded images using a custom-written Matlab programme based on standard algorithms [48]. Based on these trajectories, the center-of-mass trajectories and the orientations of the trimers were determined.




3. RESULTS AND DISCUSSION

We investigated trimers consisting of three joined spherical particles (Figure 1A). They were confined between two glass plates resulting in a quasi-two-dimensional system. Thus, their thermal motion contains two contributions: center-of-mass translation and rotation around the symmetry axis. The motion was modified by a random potential energy landscape whose values are drawn from a Gamma distribution with standard deviation ϵ and whose spatial correlation length is about the size of a spherical particle [34]. The magnitude of the modulations, quantified by ϵ, was varied with the maximum reaching a few times the thermal energy. This potential was imposed on the particles by applying a random light field and the magnitude of the modulations was controlled through the laser intensity PL (Figure 1B). A convolution with the particle volume results in the potential energy landscape [34, 43, 49].

Examples of center-of-mass trajectories of trimers are shown in Figure 2. It illustrates the effect of the potential energy landscape on the translation of the trimers. Within the same time, trimers not exposed to a random potential explore a much larger region than trimers exposed to a random potential. The effect of the random potential on the translational motion will be quantified and compared to the effect on the rotational motion below. However, first the calibration of the random potential energy landscape will be explained.


[image: Figure 2]
FIGURE 2. Trajectories of the center-of-mass of trimers (A) in the absence of an external potential and (B) in the presence of an external potential created with the maximum laser intensity PL = 2.10 W. The trajectories are followed for 60 min.



3.1. Calibration of the Random Potential Energy Landscape—Translation of Spherical Particles

The magnitude of the modulations of the potential is estimated using the dynamics of spherical particles for which a theoretical prediction is available [50]. The dynamics of spherical particles, the building blocks of the trimers, are followed in the same random potential and characterized by the mean squared displacement (MSD) [51]

[image: image]

where ri(t) is the position of particle i at time t and the average is taken over all particles i and all start times t0. This means that we consider the ensemble and time average. Without an external potential, the MSD increases linearly with delay time τ as expected (Figure 3A). In contrast, in the presence of an external potential, the MSD indicates different dynamic regimes: at short times diffusion, at intermediate times subdiffusion and at long times again diffusion but with a considerably reduced diffusion coefficient DL. Whereas the diffusion at short times is not significantly affected by the external potential, the subdiffusion becomes more pronounced and the long-time diffusion increasingly slower with increasing laser intensity PL. This can be quantified by calculating the exponent μ(τ) in the relation 〈Δr2(τ)〉 ~ τμ(τ) from the slope of the MSD in double-logartihmic representation

[image: image]

The values of this parameter indicate initial diffusion (μ ≈ 1), intermediate subdiffusion with μ reaching values as small as about 0.5 and the re-establishment of diffusion at long times τ (Figure 3B). These observations agree with previous results [30, 39].


[image: Figure 3]
FIGURE 3. (A) Mean squared displacement (MSD) 〈Δr(τ)2〉 normalized by the short-time diffusion coefficient DS and (B) exponent μ = ∂log(〈Δr(τ)2〉)/∂log(τ) as a function of delay time τ for spherical particles (“monomers”) exposed to different laser intensities PL (as indicated). The horizontal line in (A) indicates [image: image]. (C) Ratio of the long-time (DL) to the short-time (DS) diffusion coefficient as a function of the square of the laser intensity, [image: image], of spherical particles (squares) and trimers (circles). The lines are linear fits to the data except at the highest PL where DL cannot be determined reliably.


For a quantitative analysis, the confinement of the particles between two plates with only a small gap has to be considered. Furthermore, radiation pressure pushes the particles in the direction of the laser beam and hence affects the distance between the particles and the two plates [27–29]. The resulting hydrodynamic interactions slow down diffusion regardless of whether there is an external potential [52, 53]. This results in a diffusion coefficient which is reduced compared to the bulk diffusion coefficient D0 = kBT/(3πησ), where η is the viscosity of the medium. Thus, the short-time diffusion coefficient DS, which is affected by the hydrodynamic interactions with the plates but not by the external potential, was used to normalize the MSD and other dynamic parameters to account for the hydrodynamic interactions with the plates (Figure 3A). The short-time diffusion coefficient DS was determined from the slope of the MSD at short times by

[image: image]

It was found to increase by ~12% within the range of investigated laser intensities PL (Table 1).


Table 1. Diffusion coefficients for particles exposed to different laser intensities PL: short-time diffusion coefficient DS for spherical particles, ratio of the long-time to the short-time diffusion coefficient (DL/DS) for spherical particles, short-time translational diffusion coefficient DS for the center-of-mass motion of trimers, ratio of the long-time to the short-time translational diffusion coefficient (DL/DS) for the center-of-mass motion of trimers, short-time rotational diffusion coefficient [image: image] for trimers, ratio of the long-time to the short-time rotational diffusion coefficient ([image: image]) for trimers, mean residence time 〈Δt〉 (where the ranges indicate the uncertainties of the fits), mean residence time estimated from the ratio of the total measurement time Tm to the total number of jumps Nm, ratio of the long-time to the short-time rotational diffusion coefficient ([image: image]) for trimers calculated based on the mean residence time 〈Δt〉.

[image: Table 1]

For the case of a random potential energy landscape with the energy values drawn from a Gaussian distribution with standard deviation ϵ, the long-time diffusion coefficient DL is related to the short-time diffusion coefficient DS by [50]

[image: image]

In our experiments, the energy values are Gamma distributed with a shape parameter M ≈ 1.7 [34]. Assuming that the deviations from a Gaussian distribution are negligible, the experimentally determined ratio DL/DS can be used to relate the laser intensity PL to the standard deviation of the energy distribution, ϵ. The long-time diffusion coefficient DL was determined from the slope of the MSD at long times, analogous to the short-time diffusion coefficient DS (Equation 3), if diffusion is re-established within the experimental time window. If this was not the case, DL was determined based on the last data point at τmax, [image: image] (or an average of the values from the last few data points), which is likely to overestimate DL. Within the range of investigated laser intensities PL, the ratio DL/DS decreases by slightly more than an order of magnitude (Table 1, Figure 3C) and using Equation (4) one obtains ϵ = 0.00, 1.44, 1.92, and 2.25kBT, respectively. Thus, the magnitude of the modulations of the potential, ϵ, to which individual spherical particles and hence also each sphere forming a trimer is exposed, is linearly proportional to the laser intensity PL at least for small PL. This is indicated by the linear dependence of log(DL/DS) on [image: image] (Figure 3C). The deviation from linearity at the largest PL = 2.10 W could be due to a non-linearity between ϵ and PL or the fact that diffusion is not re-established in the experimental window and hence DL is overestimated and ϵ underestimated. The latter is more likely to be the reason. Due to this and the assumption concerning the distribution of energy values, in the following we will refer to the applied laser intensity PL as a measure for the magnitude of the modulations of the random potential. Nevertheless, this analysis provides an estimate of the magnitude of the modulations which can reach a few times the thermal energy.



3.2. Translation of Trimers
 
3.2.1. Mean Squared Displacement

The MSD of the trimers was calculated following Equation (1) with ri(t) now representing the trajectory of the center-of-mass of trimer i. As in the case of the spherical particles, the MSD was normalized by the short-time diffusion coefficient DS to account for the hydrodynamic interactions with the glass plates. The hydrodynamic interactions depend on the separation of the trimers from the two plates which is affected by the radiation pressure and hence the laser intensity PL. Within the range of investigated laser intensities PL, the short-time diffusion coefficient DS was found to increase by ~25% (Table 1). This increase is larger than for the spherical particles but still rather modest.

In the absence of a random potential, the MSD increases linearly with delay time τ over the whole investigated time window (Figure 4A) reflecting the expected free diffusion. In the presence of an external potential, however, different regimes are observed. At short delay times, a linear increase is observed which does not depend on laser intensity PL because the time and distances traveled during this time are too short for the trimer to experience significant changes of the external potential. Subsequently, subdiffusion is indicated by a slope μ smaller than 1 with the slope decreasing upon increasing the laser intensity PL (Figure 4B). This is due to the confinement of the trimer to a potential minimum or the confinement of the constituent three spheres to neighboring potential minima. The trimers wiggle within the minima but they do not leave the minima within this time scale. The potential minima correspond to the randomly distributed bright speckles in the light pattern that have an average size of about 2μm (Figure 1B) similar to the sphere diameter σ ≈ 2.1 μm (Figure 4A, dashed horizontal line). The relatively small values of 〈Δr2(τ)〉 in the intermediate regime indicate that the trimers only explore the central part of the minima. A slope μ ≈ 1 is again reached and hence diffusion is re-established at very long times. This time scale is long enough for the trimers to leave the minima and move from minimum to minimum in a random fashion. The ratio of the long-time to the short-time diffusion coefficient (DL/DS) shows a major decrease by about one and a half order of magnitude within the range of investigated laser intensities PL (Table 1, Figure 3C). Thus it is significantly more pronounced than for spherical particles. The dependence of log(DL/DS) on [image: image] is linear except for the largest laser intensity PL = 2.10 W, which again is attributed to the difficulty in reliably determining the long-time diffusion coefficient DL in this case because the long-time diffusive regime is not reached within the experimental time window (Figure 4B). The linear dependence is consistent with Equation (4). Moreover, the MSDs of the trimers and of the spherical particles, the “monomers,” show similar behavior over the whole experimental time window (Figures 3A, 4A). The dependences of the long-time diffusion coefficient DL on the laser intensity PL also show comparable trends but the DL of the trimers is significantly smaller (Figure 3C), which is due to the stronger effect of the light field on the three spheres forming the trimers than on an individual sphere. Nevertheless, there are quantitative differences. In the case of trimers, the subdiffusive regime starts at larger delay times and extends to longer times (Figures 3B, 4B).


[image: Figure 4]
FIGURE 4. (A) Mean squared displacement (MSD) 〈Δr(τ)2〉 normalized by the short-time diffusion coefficient DS and (B) exponent μ = ∂log(〈Δr(τ)2〉)/∂log(τ) as a function of delay time τ for the center-of-mass of trimers exposed to different laser intensities PL (as indicated). The horizontal line in (A) indicates [image: image].




3.2.2. Self Part of the van Hove Function

While the mean squared displacement characterizes the width of the distribution of displacements, more detailed information on the dynamics can be obtained by examining the distribution of displacements itself. The probability to find a particle at position r + Δr at time t0 + τ given that there was a particle at position r at time t0 is given by the van Hove function

[image: image]

where the average is taken over the start time t0. The van Hove function can be separated in a self (i = j) and distinct (i ≠ j) part. Here we focus on the motion of individual particles and hence are interested in the self part of the van Hove function

[image: image]

For an isotropic particle undergoing free diffusion, the self part of the van Hove functions is a Gaussian distribution with mean zero and the square of the standard deviation represented by the MSD.

Based on the trajectories, the self part of the van Hove function Gs(Δr, τ) can be calculated for the different laser intensities PL. We consider the individual components of the displacement vector Δr, namely Δx and Δy, as well as its magnitude, Δr (Figure 5). In the absence of the random potential, in other words in the case of free diffusion, the self part of the van Hove function Gs(Δx, τ) shows the expected Gaussian shape with the width increasing with delay time τ. If the random potential is present, at intermediate delay times the distribution is narrower. This corresponds to the sublinear increase of the MSD with delay time τ and is due to the fact that the trimers remain in the central part of the potential minima for some time. At longer delay times, the self part of the van Hove function develops shoulders on both sides of the central maximum and minor maxima at Δx ≈ −4μm and Δx ≈ 4μm. These shoulders become more pronounced for longer delay times τ and larger laser intensities PL. They reflect the random motion between minima that are randomly distributed and separated by a few μm (Figure 1B). Furthermore, the shape of Gs(Δx, τ) increasingly deviates from a Gaussian shape and, at long times, can better be described by a Laplacian shape.


[image: Figure 5]
FIGURE 5. Self part of the van Hove function Gs for (A) displacements in x direction (Δx) and (B) modulus of the displacement vector (Δr) for different delay times τ (indicated by the color) for trimers exposed to different laser intensities PL (as indicated).


The distribution of the magnitude of the displacement, Gs(Δr, τ) (Figure 5B), resembles the expected Rayleigh distribution in the absence of the random potential. In the presence of the random potential, the evolution with delay time τ and laser intensity PL corresponds to the dependence observed in Gs(Δx, τ). These are a limited broadening of the main peak and the development of shoulders and minor maxima at intermediate and long times.



3.2.3. Non-gaussian Parameter

Since the self part of the van Hove function Gs(Δx, τ) is not Gaussian in the presence of the random potential (Figure 5A), it cannot be fully characterized by only the MSD (Figure 4A) but further moments are required. Thus, the fourth moment is considered, which usually is normalized to yield the non-Gaussian parameter α2(τ) [54]. We focus on the distributions of one-dimensional displacements, Gs(Δx, τ), and hence use the corresponding non-Gaussian parameter defined for one dimension [55]

[image: image]

and similarly for the y direction. Other definitions of the non-Gaussian parameter have been proposed, for example [56], which only differ by a constant factor. Since α2(τ) contains a higher order moment than the MSD, it is more prone to noise and hence has to be based on more data pairs for comparable statistics implying a more restricted range of delay times τ.

The non-Gaussian parameter α2(τ) was determined for Δx and Δy, which, not surprisingly, show similar behavior (Figure 6). As expected, in the absence of an external potential the non-Gaussian parameter α2(τ) ≈ 0. In the presence of an external potential, α2(τ) ≈ 0 at short times and hence small traveled distances, during which no significant changes of the external potential are experienced. However, at intermediate times α2(τ) increases, reaches a maximum and decreases again. The maximum reaches values as large as α2 ≈ 2.5. This large value reflects the pronounced tails and minor maxima in the self part of the van Hove function Gs(Δx, τ) (Figure 5). The maximum is located at the transition from the intermediate subdiffusion to the long-time diffusion (Figure 4) because, at this time, many trimers still reside in their initial minima while a similarly large number of trimers have already moved to other minima and thus the ensemble of trimers exhibits very heterogeneous dynamics. Once most of the trimers have moved to other minima and diffusion is re-established, the non-Gaussian parameter α2(τ) returns to zero.


[image: Figure 6]
FIGURE 6. Non-Gaussian parameter α2(τ) for displacements in the x direction as a function of the delay time τ for trimers exposed to different laser intensities PL (as indicated).





3.3. Rotation of Trimers

The rotation of a trimer can be deduced from the position of its three constituent spheres. One of the three spheres is chosen arbitrarily. The line connecting the center-of-mass of the trimer with the center of this sphere is considered to be the direction of the trimer (Figure 7A, arrow in inset). The angle between this line and an arbitrary but fixed direction (here the x direction) is taken to quantify the orientation of the trimer. This angle θi(t) is followed as a function of time t for each trimer i. Based on θi(t) the rotational dynamics can be investigated.


[image: Figure 7]
FIGURE 7. (A) Mean squared angular displacement (MSAD) 〈Δθ(τ)2〉 normalized by the short-time rotational diffusion coefficient [image: image] and (B) exponent μ = ∂log(〈Δθ(τ)2〉)/∂log(τ) as a function of delay time τ for trimers exposed to different laser intensities PL (as indicated). The horizontal line in (A) indicates [image: image]. (C) Ratio of the long-time ([image: image]) to the short-time ([image: image]) rotational diffusion coefficient as a function of the square of the laser intensity, [image: image], for trimers as determined from the MSAD (circles) and calculated based on the jump statistics (triangles). The lines are linear fits.



3.3.1. Mean Squared Angular Displacement

In analogy to Equation (1), the mean squared angular displacement (MSAD) is defined as

[image: image]

The MSAD was determined based on the experimentally observed θi(t). Similar to the analysis of the translational motion, the MSAD was normalized by the short-time rotational diffusion coefficient [image: image] to account for the effects of hydrodynamic interactions. Similar to the short-time diffusion coefficient DS, the short-time rotational diffusion coefficient [image: image] is affected by the hydrodynamic interactions but hardly affected by the external potential. It was determined from the slope of the MSAD at short times, analogous to the determination of DS (Equation 3). The frame rate was chosen to be fast enough (10 fps) for a reliable determination of the initial slope. The short-time rotational diffusion coefficient [image: image] increases within the investigated range of laser intensities PL by ~20% (Table 1) which is similar to the increase of the short-time diffusion coefficient DS of the center-of-mass diffusion of trimers.

The normalized MSAD was calculated for all laser intensities PL (Figure 7A). The effect of the external potential on the MSAD is modest. At intermediate times the slope is only slightly smaller than unity (μ > 0.8 for all PL, Figure 7B) and the reduction of the long-time diffusion coefficient [image: image] is very limited (Figure 7C). The ratio of the long-time to the short-time rotational diffusion coefficient ([image: image]) decreases by less than a factor of 2 within the range of investigated laser intensities PL. The modest decrease of the long-time rotational diffusion coefficient [image: image] is in strong contrast to the pronounced effect of the external potential on the long-time translational diffusion coefficient DL (Figure 3C). However, [image: image] decreases linearly with the square of the laser intensity, [image: image] similar to DL (Figure 7C, Equation 4). Moreover, the intermediate subdiffusion of the rotational motion is not only much less pronounced than the one for the translational motion, it also occurs significantly earlier than the one for the translational motion: at times about an order of magnitude smaller (Figure 4B). This time window is comparable to the one during which the intermediate subdiffusion of individual spheres is observed (Figure 3B).



3.3.2. Self Part of the van Hove Function and Non-gaussian Parameter

Despite the innocuous-looking MSAD, we determined the self part of the van Hove function for angular displacements, Gs(Δθ, τ) (defined analogous to Equation 6). Overall, Gs(Δθ, τ) has a Gaussian shape with the width increasing with delay time τ (Figures 8A–D). Nevertheless, with increasing delay time τ and especially with increasing laser intensity PL oscillations emerge which are separated by about 120°. The effect of increasing PL, which increases the magnitude of the modulations of the potential, while keeping the delay time constant (data are averaged over the interval 35 min < τ < 60 min) is illustrated in Figure 8E. The data suggest that the trimers perform discrete rotational jumps of about 120° which become increasingly important as the magnitude of the modulations of the potential is increased. (Note that, although there are characteristic rotational jumps with Δθ ≈ 120°, the orientations of the trimers, θi(t), remain random). Whereas the oscillations become significantly more pronounced, in particular at the highest laser intensity, the overall Gaussian shape is hardly affected by the external potential. This is consistent with the non-Gaussian parameter α2(τ) (Figure 9). It only shows a moderate maximum (α2 ≈ 0.3) which is approximately an order of magnitude smaller than the maximum observed in the α2(τ) of the translational motion (Figure 6). Furthermore, the time window during which the non-Gaussian parameter is significantly different from zero occurs much earlier for rotational motion than the corresponding time window of the translational motion (Figure 6): again by approximately an order of magnitude.


[image: Figure 8]
FIGURE 8. Self part of the van Hove function Gs(Δθ, τ) for angular displacements Δθ for trimers exposed to different laser intensities PL (as indicated) (A–D) for different delay times τ (indicated by the color) and (E) for a long delay time (averaged over delay times 35 min < τ < 60 min) for different PL (as indicated).



[image: Figure 9]
FIGURE 9. Non-Gaussian parameter α2(τ) for rotational displacements Δθ as a function of delay time τ for trimers exposed to different laser intensities PL (as indicated).




3.3.3. Angular Jumps

A typical trajectory ri(t) of a particle exposed to a high laser intensity PL = 2.10 W lasting 1 h is shown in Figure 10A. The trajectory indicates that the trimer remains in a limited area for some time before moving on. The size of these areas is about 2μm, which is similar to the speckle size (Figure 1B). This suggests that the trajectories reflect the wiggling in minima as well as the motion between minima as is also indicated by the MSD (Figure 4A). The corresponding time evolutions of the center-of-mass, ri(t), and of the orientation, θi(t), are shown in Figure 10B. They show many small displacements and a few larger displacements of the center-of-mass, ri(t), as well as of the orientation, θi(t). To analyse the discrete angular jumps suggested by the self part of the van Hove function, Gs(Δθ, τ) (Figure 8), a previously proposed algorithm based on the so-called hop identifier function phop(t) [57, 58] was adapted. It detects major changes of the orientation occurring during a time interval T centered around the time t. The evolution of the orientation during the two neighboring time periods [t−T/2, t], and [t, t+T/2] (labeled A and B, respectively), is considered. The average orientations during the two periods 〈θi(t)〉t∈A and 〈θi(t)〉t∈B are determined. Then the hop identifier function phop(t) is calculated which compares the values in one of the periods with the average during the other period. It is defined as

[image: image]

Here we consider a time interval T = 15 s, which corresponds to 150 points in the trajectory and sweeps over the experimentally observed angular traces θi(t). With the help of phop major changes in θi(t) were identified with the value of phop characterizing the magnitude and temporal extent of the change. A large value of phop indicates large changes in the orientation during a short time (Figure 10B). The magnitude of the angular change ΔΘi(tj) of trimer i at time tj is defined as

[image: image]

where the averages are taken over the time intervals before and after the jump at time tj, i.e., 𝔸 = [tj−1 + T/2, tj − T/2] and 𝔹 = [tj + T/2, tj+1 − T/2], respectively. (Note that, in contrast, Δθi(τ, t) = θi(t+τ)−θi(t) represents the difference between two instantaneous angles).


[image: Figure 10]
FIGURE 10. (A) Trajectory of a trimer exposed to a laser intensity PL = 2.10 W lasting 1 h. Red points indicate angular jumps defined by phop > 0.75 rad2. (B) Corresponding time-dependence of the center-of mass ri(t) (top), orientation θi(t) (middle) and angular hop identifier phop(t) (bottom). The vertical lines indicate regions of large values of phop(t).


We consider changes in the angular trace corresponding to phop(tj) > 0.75 rad2 as significant changes (“jumps”) occurring at time tj. Smaller threshold values were found to be too close to the noise level and hence to yield unreliable results. In Figure 10A red dots indicate where angular jumps occurred along the trajectory. Several angular jumps occur while the trimer remains in an individual minima. Therefore, the angular jumps are not related to escapes from minima. This can also be seen from a comparison of ri(t) and phop(t). At times tj where phop(tj) shows a peak and hence indicates a jump in θi(t), the translational motion ri(t) does not show significant changes or jumps. Thus, based on phop(t), angular jumps can be identified but they seem uncorrelated with the translational motion. Angular jumps have previously been observed for the motion of dimers exposed to a periodic potential energy landscape created by a fringe pattern [43]. In this study, rotations within the one-dimensional potential minima have been experimentally observed and theoretically predicted to occur through discrete rotational jumps. These rotational jumps were found to be coupled to the translational motion.

Having identified the angular jumps, the occurrences of clockwise and counter-clockwise jumps were compared. They are equally likely and independent of the previous jump direction. The ratios of the probabilities for clockwise and counter-clockwise jumps were found to be between 0.989 and 1.011 for the different laser intensities PL and do not show a dependence on the laser intensities PL (taking into account a total of 6,615 jumps during a total measurement time of ~235 h). Thus, memory effects are absent for all investigated laser intensities PL.

The probability distribution of the magnitude of angular jumps, p(ΔΘ), was investigated. Again, phop(tj) > 0.75 rad2 is taken to indicate jumps. This criterion suppresses small ΔΘ and hence the resulting distribution will not represent the true distribution reliably at small ΔΘ ([image: image] rad ≈ 50°) and, depending on the temporal extent of the jumps, at larger values of ΔΘ. Despite these shortcomings, we will continue with this analysis. In addition to the anticipated suppression of small values of ΔΘ, p(ΔΘ) decreases for increasingly large jumps (Figure 11A). In the absence of an external potential, the decrease of p(ΔΘ) follows a Gaussian distribution as expected. With increasing laser intensity PL, p(ΔΘ) keeps its overall shape but shows a high probability for jumps with ΔΘ ≈ 120°. This is in agreement with the increasingly more pronounced oscillations in Gs(Δθ, τ) (Figure 8) and supports the idea of discrete angular jumps with ΔΘ ≈ 120°.


[image: Figure 11]
FIGURE 11. (A) Probability distribution p(ΔΘ) of angular jumps ΔΘ for different laser intensities PL (as indicated). Angular jumps are identified by phop(t) > 0.75 rad2 which implies that small jumps with [image: image] rad ≈ 50° are suppressed (vertical line in gray area) and, depending on the temporal extent of the jumps, jumps with larger values of ΔΘ (gray area). (B) Probability distribution p(Δt) of residence times Δt for different laser intensities PL (as indicated). Straight lines represent exponential fits to p(Δt) at small Δt.


Based on phop(t), the residence time between two jumps, Δt = tj − tj−1, can be extracted as the time elapsed between two consecutive occurrences of phop(tj) > 0.75 rad2 and the distribution of residence times, p(Δt), determined. The times are found to be exponentially distributed for all laser intensities PL (Figure 11B) as expected for a Poisson process. An exponential fit provides the mean residence time 〈Δt〉. It ranges from ~160 to 230 s with increasing laser intensity PL (Table 1). These values can be compared to the mean residence times estimated from the ratio of the total measurement time Tm and the total number of jumps during this time, Nm, where Tm ≈ 100 h and Nm ≈ 1,700 for each laser intensity (Table 1). The values are in reasonable agreement given the different weightings involved in the two approaches.

Based on the second moment of p(ΔΘ) and the mean of p(Δt), the long-time rotational diffusion coefficient [image: image] can be calculated assuming that the jumps dominate the long-time rotational diffusion:

[image: image]

where we take 〈ΔΘ2〉 = (120°)2 = (2.09 rad)2. With the values of 〈Δt〉 given above, [image: image] can be calculated for the different PL (Table 1). The calculated values are in very good agreement with the experimentally determined values (Figure 7C).



3.3.4. Link Between Rotation and Translation

Above we considered the self part of the van Hove function for angular displacements Gs(Δθ, τ) as a function of delay time τ (Figure 8). To investigate the correlation between rotation (angular displacements Δθ) and translation (spatial displacements Δr), the self part of the van Hove function for angular displacements Gs(Δθ, Δr) as a function of displacements Δr is considered [Figures 12A–D which for clarity shows Gs(|Δθ|, Δr) instead of the symmetrical Gs(Δθ, Δr)]. Without an external potential, Gs(Δθ, Δr) broadens with increasing Δr. As the translational displacement Δr increases, larger angular displacements Δθ also become more likely. In the presence of an external potential, Gs(Δθ, Δr) also broadens and in addition develops characteristic maxima. This indicates that the particles have preferences for specific angular displacements Δθ. With increasing laser intensity PL, the maxima become more pronounced but the general behavior remains similar. For small Δr ≲ 0.8μm, large values of Gs(Δθ, Δr) are observed at multiples of 120°. This is consistent with the jumps of 120° discussed above and demonstrated, for example, by maxima in Gs(Δθ, τ) separated by ~120° (Figure 8) or by the high probability for jumps with ΔΘ ≈ 120° in p(ΔΘ) (Figure 11A). Since the displacements of the center-of-mass are quite small, these observations reflect rotations of the trimers with the spheres swapping their locations but the center-of-mass of the trimer essentially remaining in the same position (Figure 13A). This explains why no significant translational displacements are observed when angular jumps are identified (Figure 10B) and hence why the rotation and translation appear uncorrelated based on phop(t). Upon increasing the translational displacements to 0.8μm ≤ Δr ≤ 1.4μm, the maxima at multiples of 120° vanish and instead maxima at 60° and much smaller maxima at 180° and 300° emerge. This is consistent with two minima remaining occupied while one neighboring minimum is newly occupied (Figure 13B) because, in an idealized situation, this involves a rotation by 60° and possible further rotations by multiples of 120° in addition to a translational motion by [image: image]m. Therefore, in this case, a rotation of 60° is coupled to a translation of about [image: image]. This coupling of translation and rotation could not be detected with the hop identifier because it cannot reliably identify a jump of 60° with the criterion phop(tj) > 0.75 rad2. Larger translational motions (Δr > 1.4μm) imply that at most one minimum remains occupied whereas two neighboring minima are newly occupied. If one minimum remains occupied, this involves in the idealized case shown in Figure 13C a rotation between 120° and 180° and possibly further rotations by multiples of 120° as well as a displacement [image: image]. Moreover, a motion to new minima can involve any rotation and any displacement with Δr ≳ σ. This is reflected in the broad distribution of angular displacements and the lack of a preference for a specific angular displacement for large translational displacements Δr ≳ 1.6μm. This is qualitatively different from the van Hove function for angular displacements as a function of delay time τ, Gs(Δθ, τ), which also shows maxima at specific angular displacements at long delay times τ (Figure 8). This preference of Gs(Δθ, τ) for specific angular displacements can be maintained during long time periods because a long time period does not necessarily imply significant translational motion during which any angular displacement can occur but does allow for negligible translational motion while a swap of the positions of the spheres results in a rotation by a multiple of 120° (Figure 13A). Thus, the coupling between translation and rotation depends on the distance the particle traveled. At very small distances and hence without significant translation, rotations can occur. In contrast, rotations are coupled to translations at intermediate distances (0.8μm ≤ Δr ≤ 1.4μm). At larger distances translations and rotations are again decoupled.


[image: Figure 12]
FIGURE 12. Self part of the van Hove function Gs(|Δθ|, Δr) for angular displacements |Δθ| for different translational displacements Δr (indicated by the color) for trimers exposed to different laser intensities PL (as indicated, A–D). Note that Gs(Δθ, Δr) is symmetrical and hence Gs(|Δθ|, Δr) is shown for clarity.



[image: Figure 13]
FIGURE 13. Schematic representation of a trimer (differently colored open circles) undergoing rearrangements involving (A) three, (B) two and (C) one initial minima remaining occupied as well as the corresponding angular (Δθ, arcs) and translational (Δr, arrows), displacements. The center-of-mass is indicated by a filled circle and the initially occupied minima are indicated by crosses. The particle size and the speckle size are assumed to be equal. Idealized situations with all three spheres initially perfectly placed in minima are represented here. This does not fully reflect the random nature of the potential but may reasonably approximate the actually occupied locations with low potential energies for the whole trimer.


In addition to the maxima of the van Hove function Gs(Δθ, Δr), the general broadening of Gs(Δθ, Δr) is characterized by the mean squared angular displacement (MSAD) 〈Δθ2(Δr)〉 as a function of the translational displacement Δr (Figure 14A). Without an external potential, 〈Δθ2(Δr)〉 increases with increasing translational displacement Δr. In contrast to 〈Δθ2(τ)〉 (Figure 7A), 〈Δθ2(Δr)〉 starts at Δr = 0 with a finite value since the trimer can rotate without translating, whereas it cannot rotate in no time (〈Δθ2(τ = 0)〉 = 0). In the presence of an external potential, translation is restricted and hence even larger angular displacements are possible during small translational displacements. With increasing translational displacements, 〈Δθ2(Δr)〉 increases further.


[image: Figure 14]
FIGURE 14. (A) Mean squared angular displacement (MSAD) 〈Δθ(Δr)2〉 normalized by the short-time rotational diffusion coefficient [image: image] and (B) orientation correlation function 〈cos(Δθ(Δr))〉 as a function of displacement Δr normalized by the sphere diameter σ for trimers exposed to different laser intensities PL (as indicated).


The experimental uncertainties at large displacements are quite considerable in the presence of a random potential. This is due to the long time required for large displacements resulting in only a small number of large displacements being observed. This is particularly true for large laser intensities PL. The data shown in Figure 14 are based on at least 150 displacements. This number of displacements is easily observed without an external potential. However, with increasing laser intensity PL, this number of displacements is only detected for progressively smaller displacements Δr. Nevertheless, within the experimental uncertainties, the data suggest that 〈Δθ2(Δr)〉 does not depend on the laser intensity PL. This implies that the random potential slows down the translation and rotation of the trimers equally. This seems reasonable because the spheres have to move in the same random potential for both, a translation and a rotation of the trimer. Translation and rotation are considered separately only to simplify the analysis and data interpretation and thus for our convenience. Moreover, although at large distances Δr the uncertainties do not allow for unambiguous conclusions, the data seem to indicate that 〈Δθ2(Δr)〉 might not depend on the presence of an external potential at distances beyond Δr ≈ 2μm. This is about the spatial correlation length of the random potential [34]. This suggests that, at distances larger than the spatial heterogeneity of the random potential, the random potential has no specific effect on the translation and rotation except to generally slow down the motion. In contrast, at distances smaller than the spatial heterogeneity, the random potential leads to specific movements resulting in all or some of the occupied minima remaining occupied (Figure 13).

The coupling between rotation and translation is also characterized by the orientation correlation function 〈cos(Δθ(Δr))〉 (Figure 14B). Essentially independent of the laser intensity PL, the orientation correlation function 〈cos(Δθ(Δr))〉 decays within Δr ≈ 2μm and hence on a length scale very similar to the one found above and to the spatial correlation length of the random potential [34]. Additionally, 〈cos(Δθ(Δr))〉 for trimers not exposed to a random potential decays on a comparable length scale. This could be a coincidence since the spatial correlation length of the random potential and the size of an individual sphere are similar. Future experiments with different particle sizes and different spatial correlation lengths, which can be varied as previously described [34], will be devoted to this issue.





4. CONCLUSIONS

The translational and rotational dynamics of trimers subjected to a random potential energy landscape have been investigated. The translational center-of-mass motion is characterized by subdiffusion at intermediate times due to the confinement to the minima and diffusion at long times reflecting the random motion between minima. The dynamics hence resemble the dynamics of spheres, which are the building blocks of the trimers, but the trimers are more strongly affected by the potential. The rotational mean squared angular displacements (MSAD) are only slightly affected by the potential. However, a more detailed analysis based on the van Hove distribution function and the hop identifier indicates discrete jumps of 120° that are particularly pronounced at long times and large magnitudes of the modulations of the random potential. These jumps are found to dominate the long-time rotational diffusion.

The rotational motion is correlated with the translational motion due to the symmetry of the trimers. During the angular jumps of about 120°, the spheres forming the trimer swap their positions without any significant translational motion. If only two out of the three initial minima remain occupied, a jump of 60° is coupled to a translational motion between ~0.8 and 1.4μm. This is in agreement with an idealized model (Figure 13). Upon a larger translational motion, beyond the spatial correlation length of the random potential, any angular displacement becomes possible and hence the correlation between translation and rotation is lost. In this regime, the random potential slows down the translational and rotational dynamics equally.

The work presented here can be extended in future projects. For example, different particle or speckle sizes could be investigated to study the effect of their size ratio. Depending on the size ratio, the rotational dynamics could be favored or disfavoured compared to the translational dynamics. The coupling between translation and rotation might also be affected by the symmetry of the particles and hence other multimers, such as dumbbells, or other anisotropic particles, such as elliptical or platelike particles, could be studied. In addition, in concentrated samples the interplay between the external random potential and the particle–particle interactions can be explored. The random potential could also be replaced by a periodic potential which would also have a very significant effect on the correlation between translation and rotation.
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