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Revealing viscoelastic bending relaxation
dynamics of isolated semiflexible colloidal
polymers†
Simon G. Stuij, *a Hannah J. Jonas,b Zhe Gong, c Stefano Sacanna,
Thomas E. Kodger, d Peter G. Bolhuis b and Peter Schall *a

c

The viscoelastic properties of filaments and biopolymers play a crucial role in soft and biological
materials from biopolymer networks to novel synthetic metamaterials. Colloidal particles with specific
valency allow mimicking polymers and more complex molecular structures at the colloidal scale,
oﬀering direct observation of their internal degrees of freedom. Here, we elucidate the time-dependent
viscoelastic response in the bending of isolated semi-flexible colloidal polymers, assembled from dipatch
colloidal particles by reversible critical Casimir forces. By tuning the patch–patch interaction strength,
we adjust the polymers’ viscoelastic properties, and follow spontaneous bending modes and their
relaxation directly on the particle level. We find that the elastic response is well described by that of a
semiflexible rod with persistence length of order 1000 mm, tunable by the critical Casimir interaction
Received 15th April 2021,
Accepted 23rd July 2021
DOI: 10.1039/d1sm00556a

strength. We identify the viscous relaxation on longer timescales to be due to internal friction, leading to
a wavelength-independent relaxation time similar to single biopolymers, but in the colloidal case arising
from the contact mechanics of the bonded patches. These tunable mechanical properties of assembled
colloidal filaments open the door to ‘‘colloidal architectures’’, rationally designed (network) structures

rsc.li/soft-matter-journal

with desired topology and mechanical properties.

I Introduction
The mechanical properties of filaments and biopolymers are
central to many soft and biological materials, crucially determining their function. They are important in the packaging and
replication of DNA,1 the swimming behavior of bacteria,2–4 and
the mechanics of assembled (bio)polymer networks.5 In contrast to
flexible synthetic polymers such as polybutadiene, biopolymers are
often semiflexible and have a finite bending rigidity, which
describes the elastic restoring force to bending deformations.
In biopolymer networks, bending deformations allow stabilization
of the network below the isostatic limit, and can couple to
stretching modes of the fibres.6,7 This is also the case for elastic
networks, where the bending rigidity can significantly stiffen the
network,8 and for colloidal gels.9 The bending rigidity plays also an
a

Institute of Physics, University of Amsterdam, Science Park 904, 1098 XH
Amsterdam, The Netherlands. E-mail: s.g.stuij@uva.nl, p.schall@uva.nl
b
van’t Hoﬀ Institute for Molecular Sciences, University of Amsterdam, Science Park
904, 1098 XH Amsterdam, The Netherlands
c
Molecular Design Institute, Department of Chemistry, New York University,
29 Washington Place, New York 10003, USA
d
Physical Chemistry and Soft Matter, Wageningen University, Stippeneng 4,
6708 WE Wageningen, The Netherlands
† Electronic supplementary information (ESI) available. See DOI: 10.1039/d1sm00556a

This journal is © The Royal Society of Chemistry 2021

important role in the viscoelastic properties of dense solutions of
semiflexible polymers, where also tension along the chains and
entanglements comes into play,10 as experimentally visualized for
actin filaments,11 as well as in self-assembly processes, where the
bending influences the dynamic formation path and affects the
final structural stability.12 When coupled with activity, it can have
interesting dynamic effects: flexible chains diffuse markedly faster
compared to their stiff counterparts,13 and activity coupled with
semiflexible chains of appropriate bending rigidity leads to interesting steady-state oscillations of the filament, imitating that of
periodically moving biological filaments such as cilia.14
While already simple aggregated colloids can exhibit rigid
bonds leading to bending rigidity,15–17 recent realization of
anisotropic ‘‘patchy’’ interactions18–29 opens new opportunities
for assembling and investigating colloidal analogs of filaments
and simple biopolymers: the particle patches set the local
valence and bond angles, causing the formation of geometrically distinct structures such as straight chains, cyclic structures and networks. With this new level of control, we can now
address key questions about the mechanical properties of such
assemblies, and how to tune these mechanical properties
with experimentally available control parameters. As particles
with directed interactions form open structures with pre-set
connectivity, we expect interesting, tunable viscoelastic
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properties to emerge that can be tailored by the building blocks
and their mutual interactions.
In particular, the application of critical Casimir forces on
patchy particles allows tunable patch–patch interactions to be
realized.30,31 The attractive interaction arises from the confinement of fluctuations of a near-critical solvent between the
surface-modified patches, and allows reversible control over
their attractive strengthvia the temperature offset from the
solvent critical temperature, Tc,32–37 providing genuine control
of the colloidal phase38–40 and gelation behavior.41–43 Specifically, using divalent particles, analogues of polymers form that,
in equilibrium, show the expected exponential length distributions in agreement with Flory theory predictions.28,31 These
colloidal polymers provide simple, directly observable models
of their molecular and biological counterpart.
In this paper, we explore the viscoelastic bending response
of patchy-particle chains, colloidal analogues of semiflexible
polymers, assembled from di-patch colloidal particles.
We employ critical Casimir interactions to tune the strength
of the patch–patch bond in situ, and measure its effect on the
viscoelastic properties of the chain. By analyzing the bending
mode spectrum and its dynamic evolution, we find that on
short timescales, the dipatch particle chain is well described as
a semiflexible elastic filament, with attraction-dependent bending rigidity. On longer timescales, bending fluctuations relax in
a two-step process, which we associate with external fluid drag
and internal friction due to slow conformational changes.
The viscoelastic response reflects that of biological
filaments,44,45 exhibiting similar wave-length independent
internal friction, which in our case we associate with the
surface friction arising at the particle-scale contact. These
results demonstrate mechanical control of assembled colloidal
polymers and more complex molecule-like structures, suggesting the future design of colloidal superstructures with mechanical properties that can be tuned by the experimentalist.
We envisage that programmatic control over the bending
rigidity, especially in low-coordinated network structures, could
dramatically shift the material response from rigid to floppy or
from bending dominated to stretching dominated.46–48

II Methods
We use colloidal dipatch particles consisting of a sphere with
two opposing fluorescently labeled patches, prepared by a
recently published colloidal fusion technique.18 Particles with
two diﬀerent patch sizes are used, ‘‘large-patch’’ particles with
an average radius of rA = 1.6 mm with polydispersity (s(rA)/hrAi)
of 3%, a patch size yp,A = 211(2) and a patch radius of
curvature Rp,A = 1.0(2) mm, and ‘‘small-patch’’ particles, with
an average radius of rB = 1.55 mm with the same polydispersity,
a patch size of yp,B = 141(2) and a patch radius of curvature
Rp,B = 1.2(2) mm. Here, the patch arc angle is defined by
yp,A = 2 sin1(dp,A/2rA), with dp,A the patch diameter of particle
A, as measured by atomic force microscopy, and similar for
particle B. The particles are dispersed in a binary mixture of
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water and lutidine with lutidine volume fraction cL = 25%. Salt
(0.375 mM Magnesium sulfate) is added to screen the particle
charges (Debye screening length lD = 4.5 nm) and increase the
lutidine adsorption preference of the patches with respect to
that of the particle bulk. The lutidine and salt concentrations
are optimized to obtain selective patch–patch attraction in a
large temperature window DT = Tcx  T below the solvent phase
separation temperature Tcx = 33.75 1C. Since the density of the
particles (rp E 1.05 g ml1) is larger than that of the solvent
mixture (rs = 0.981 g ml1), the particles sediment to the
bottom of the capillary, forming a quasi two-dimensional layer
with gravitational height hA = 0.35 mm (large-patch particles)
and hB = 0.4 mm (small-patch particles). The particle volume
fraction is chosen such that after sedimentation, sufficiently
long chains can form, yet their steric interaction remains small.
To form dipatch-particle chains, we heat the sedimented
suspension to temperatures in a range of DT = 0.2 to 0.05 K below
Tcx, with a smaller DT causing larger interaction strength. Fine
temperature control is achieved using an objective collar and
sample heater coupled to a single water bath with a setting
accuracy of 0.01 K. To investigate the eﬀect of patch–patch
attractive strength on the bending rigidity, we vary the temperature
in steps of 0.02 K from DT = 0.19 to DT = 0.05 K, waiting at least 10
minutes at each temperature before acquiring images to ensure
thermal and mechanical equilibration. We then image chain
conformations by acquiring optical bright-field images at a frame
rate of 2 s1 over a time of 30 minutes, resulting in 3600 images at
each temperature. These images capture chains of different length,
containing up to N = 15 particles. To check for reversibility, we also
decrease the temperature back to DT = 0.19 K using the same
temperature steps; at DT = 0.17 K, some bonds of the chains break,
and at DT = 0.19 K all bonds disintegrate attesting the reversibility
of the critical Casimir interaction. We locate particle centers in the
recorded plane with an accuracy of 20 nm using particle-tracking
software.49 The accuracy is estimated based on the image pixel size
of 103 nm and a conservative subpixel accuracy factor of 5.
We note that due to their proximity to the wall, the particles
exhibit dynamics that are slowed down with respect to bulk
particles due to hydrodynamic eﬀects.50 We therefore measured
the single-particle diﬀusion coeﬃcient of sedimented particles
at DT = 2 K, where critical Casimir forces are negligible.
The mean-square displacement of the large-patch particles
shows a diﬀusive power law with diﬀusion coeﬃcient
D = 0.035  0.005 mm2 s1 (see ESI†), roughly half of the bulk
value DEinstein = kT/6prAZ = 0.074 mm2 s1, where we have used
the solvent viscosity Z = 1.9 mPa s for the binary mixture at
T = 30 1C.51 This slowdown by a factor of two is in reasonable
agreement with the theoretical estimates in ref. 50

III Results and discussion
A

Static analysis: single bond level

The assembled chains exhibit widely diﬀerent lengths
(Fig. 1(a)), following an exponential size distribution in agreement with Flory-theory predictions.31 Within the chains, the
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particles are bonded via their patches, as clearly seen in the
epifluorescence image highlighting the fluorescent patches in
Fig. 1(b). The chains are straight on average and exhibit
thermally excited bending fluctuations around this average.
The amplitude of these fluctuations increases with temperature
oﬀset DT from Tcx, until the chains finally break, as shown in
Fig. 1(c). These qualitative observations suggest that we can
tune the bending rigidity of the chains via the temperaturesensitive critical Casimir force.
To explore this dependence quantitatively, we determine the
eﬀective bending angle yi of a dipatch particle i from the bond
angles fi and fi+1 with its neighbors according to yi = fi+1  fi, as
illustrated in Fig. 2(a and b). Time traces of yi for all particles
within the chain are shown in Fig. 2(c and d). Indeed, they
fluctuate around zero, as can be best seen by the density profiles
of three selected angles in Fig. 2(e). To measure the fluctuation
magnitude, we fit Gaussian distributions to the density profiles
and extract their standard deviations s(yi). Interestingly, this
standard deviation varies slightly from particle to particle, indicating some inhomogeneity; to obtain a mean fluctuation measure
for the whole chain, we average over all particles to obtain an
average angle and show the resulting distribution of bending
angles for diﬀerent temperatures in Fig. 2(f). A systematic broadening of the distribution is observed with increasing DT corresponding to decreasing critical Casimir attraction. All angle
distributions are well fitted by Gaussians; the extracted standard
deviations hs(yi)i show an almost linear increase with temperature
(Fig. 2(g)). Furthermore, the dependence is reversible: we find the
same value of hs(yi)i upon decreasing the temperature. We thus
conclude that, within accuracy, there is no hysteresis or aging of
the bonds. This is in contrast to interactions between DNA-grafted
colloids, which often show eﬀects of hysteresis.52 Note that these
measured variances are well above those related to locating
uncertainty; the bond angle uncertainty corresponding to the
positional uncertainty of e = 20 nm is ey = 3e/d E 0.025 rad, which
further narrows down by the averaging. Thus, these bond bending
variances represent true movement of the particles.

Paper
Local bending angle variances along all particles of the
chain are shown in Fig. 2(h). Interestingly, the diﬀerence in
fluctuation magnitude between particles persists over the
diﬀerent temperatures; bonds that are most flexible at one
temperature are also most flexible at another, suggesting
that this variation is characteristic of the chain and constituting particles. We hypothesize that to a large part this
variation can be attributed to polydispersity of the patches,
especially those variations that are non-monotonic along the
chain. Based on atomic force microscopy measurements, we
determine the patch size polydispersity to be on the order of
10% (see ESI†), giving rise to variation of the bond rigidity
from particle to particle. Another source of variation can be
standing waves on the chain. Such vibrational modes have
specific position-dependent amplitudes along the chain that
would result in continuous changes of bending variation
along the chain. For instance, the lowest energy mode is a
half sine wave with maximum bending amplitude in the
middle of the chain. Looking at Fig. 2(h), the bending
amplitude is indeed higher in the middle of the chain than
towards the ends, in agreement with this expectation.
B Static analysis: modes and bending rigidity
To study the vibrational modes in more detail, we decompose
the thermally excited bending fluctuations into Fourier
modes.45,53 We express the bond angles as
sﬃﬃﬃﬃﬃﬃ
X
2 N2
aq cosðqn si Þ; i 2 1; . . . ; N  1;
(1)
fi ¼
L0 n¼0
where n is the mode number and aq the amplitude of the n-th
mode. The corresponding wave vector is defined as qn = np/L0,
where L0 is the contour length of the chain and si = (i  1/2)2r
the discrete arclength along the chain, with 2r = L0/(N 1) the
average particle diameter. Time traces of the amplitudes of
each mode are shown in Fig. 3a. Again, the distributions are
centered around the y = 0 axis, confirming the low intrinsic

Fig. 1 Temperature-dependent fluctuations of assembled dipatch-particle chains. (a) Aggregated chains at DT = 0.1  0.01 K, scale bar 10 mm. Yellow
arrows indicate some of the chains used in the analysis. (b) Epifluorescence image overlayed on a bright field microscopy image showing that the
particles are bonded via their labeled fluorescent patches. Scale bar 3 mm (c) Bright-field images of a fluctuating colloidal chain at increasing DT. Bending
fluctuations grow with increasing DT, until the chain finally breaks at DT = 0.17 K. The focus was set slightly below conventional bright-field focusing to
obtain a bright particle center for good locating accuracy of the particles. Scale bar is 3 mm.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Analysis of bending angles. (a and b) Definition of the tangent angle fi and bending angle yi. (c) Time traces of each bending angle at DT = 0.05
measured at a frame rate of 2 s1 over a 30 min time interval. (d) Zoom-in of one representative bending angle y9, red line is a rolling mean over a 10 s
time interval. (e) Density plot of three bending angles at a single temperature DT = 0.05. Black lines are Gaussian fits. (f) Density plot of the average of all
bending angles of the chain for three diﬀerent temperatures, and Gaussian fits (black lines) (g) Average standard deviation hs(yi)i obtained from the
Gaussian fits of the average bending angle (panel (f)) as a function of DT. Each point corresponds to a 30 minute measurement, error bars represent
variation in s along the chain. The yellow pentagon indicates the breaking temperature. (h) Standard deviations s(yi) of the individual bending angles of
particles i at three temperatures. Stars indicate the positions of chain breaking at DT = 0.17 K. All data correspond to the chain depicted in Fig. 1c.

curvature of the chain. To determine the bending rigidity, we
consider the worm-like chain Hamiltonian given by
ð  
B L0 @f 2
U¼
ds;
(2)
2 0 @s
where B = kBTLp is the bending rigidity, and Lp the persistence
length. The worm-like chain model assumes a continuous
filament. The tangent angle can be expressed in terms of
rﬃﬃﬃﬃﬃﬃ
1
2 P
Fourier modes as fðsÞ ¼
aWL cosðqn sÞ; with aWL
the
q
L0 n¼0 q
mode amplitudes of the worm-like chain, to be distinguished
from the experimental mode amplitude aq. By inserting the
Fourier decomposition into eqn (2) and assuming that every
mode is excited on average with the same thermal energy kBT
(equipartition theorem), it follows that the amplitude variance
of a mode with wave number q is given by
s2 ðaWL
q Þ¼

kB T
Bq2

(3)

To test this prediction, in Fig. 3b, we plot the mode amplitude variance as a function of q. Indeed, over an extended range
of intermediate q, the measured variance decreases with q in a
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power-law with slope – 2 for all three temperatures, validating
the mapping of the chain to a filament. Some deviation is
observed for large q, for which the short wavelength approaches
the particle scale and the continuous worm-like chain model
breaks down. Some deviation also occurs for small q, possibly
due to the long relaxation time of these long-wavelength
modes, which becomes of the order of the measurement time.
We note that while the short wavelengths are also more
susceptible to noise, we remain safely above the estimated
noise level for all q values.
We now determine the persistence length from a linear fit of
s2 versus q2 over the intermediate q interval, where eqn (3)
applies. The resulting values (Fig. 3c) show a clear decrease
with increasing DT, from Lp B 1500 mm to Lp B 500 mm,
corresponding to Lp/d B 470 and Lp/d B 160, respectively,
showing that these chains are in the semi-flexible regime, with
a finite persistence length that is significantly longer than the
particle diameter. We confirm that the measured persistence
length is robust for chain lengths down to N = 10 (Fig. 3d); for
shorter chains, the continuum description breaks down
and the persistence length becomes unreliable. Remarkably,
the chain persistence length scales roughly linearly with the

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Analysis of bending modes and bending rigidity. (a) Time traces of the amplitude of mode n = 1 to 13 at DT = 0.05 K. (b) Variance of mode
amplitude as a function of q for three diﬀerent temperatures. Dashed line is a q2 fit for q-values between 0.1 and 0.6 at DT = 0.15. Indicated noise floor is
based on the tracking accuracy of 20 nm. (c) Fitted persistence length versus DT, the yellow pentagon indicates the breaking temperature. Inset shows Lp
versus x = x0(DT/Tc)0.63, with x0 = 0.19 nm. Dashed line is a linear fit of Lp versus x. (d) Persistence length Lp versus chain size N at DT = 0.1 K. Red area
and dotted line are guides to the eye. All data in (a–c) correspond to the chain in Fig. 1c.

correlation length x = x0(DT/Tc)0.63 (Fig. 3c inset), estimated
for a solvent at the critical composition, which is close to the
correlation length of our oﬀ-critical solvent, albeit slightly
larger.37 Thus, changes at the smallest (solvent fluctuation)
length scale aﬀect the emergent mechanical properties on a
much larger length scale.
C

where the relaxation time t is related to the drag coeﬃcient g
and bending rigidity B by

Dynamic analysis: two relaxation timescales

To elucidate the nature of the bending modes, we studied their
dynamic evolution. An elastic filament in a solvent subject to
fluctuations should show a characteristic time dependence:
just like a single Brownian particle exhibiting an increasing
mean-square displacement, the modes of an elastic filament
exhibit increasing mean-square amplitudes, which due to the
elastic restoring force, however saturate at a final steady-state
value, the static variance s2(aq). The full time evolution is
described by the Langevin equation45
@4u
@u
B 4 þ g ¼ f ðs; tÞ;
@s
@t

(4)

where u(s,t) is the transverse position related to the tangent
angle f = qu/qs, f a random thermal noise and g is the drag
coeﬃcient per unit length of the filament. Assuming that the
Fourier modes act as normal modes, which has been shown to
be a valid assumption for semiflexible biopolymers,45 eqn (4)

This journal is © The Royal Society of Chemistry 2021

predicts that the time evolution of the modes’ mean-square
amplitudes, h(aq(t + Dt)  aq(t))2it, to the final static variance
follows a single exponential given by45:
2 E
1D
aq ðt þ DtÞ  aq ðtÞ
¼ ð1  eDt=t Þs2 ðaq Þ;
(5)
t
2

t’

g
;
Bq 4

(6)

with q* E (n + 1/2)p/L0.
To test these predictions, we monitor the mode amplitudes
over time and determine, for each mode, the mean-square
amplitude as a function of lag time, which we show for mode
1 to 11 in Fig. 4(a). The data shows indeed characteristic
relaxations to plateaus; interestingly, however, we observe two
diﬀerent relaxation timescales. This is clearly visible in the
higher-order modes n 4 3: an initial exponential relaxation
towards a plateau is followed by a second relaxation. The initial
exponential relaxation indicates an elastic process. We separate
it from the second by performing a least-square fit of the fast
relaxation with a linear weighting favoring small Dt, see
Fig. 4(a), blue lines. The initial fast relaxation time follows a
q*4 dependence from the second mode up to the minimal lag
time set by the experimental acquisition rate (Fig. 4(b)), in line
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Fig. 4 Dynamic analysis of modes: two relaxation timescales. (a) Mean-square amplitude versus lag time for modes n = 1 to 11 (top to bottom) at
DT = 0.05 K. Blue (red) lines are exponential relaxation fits to the fast (slow) relaxation processes. (b) Fitted relaxation times tfast (blue) and tslow (red) versus
q* for three diﬀerent temperatures. Dashed slope corresponds to q*4 fit of tfast at DT = 0.13 K. Dotted line corresponds to tc, the constant saturation
value of tslow at DT = 0.13 K. Red lower shading corresponds to the minimum experimentally accessible Dt = 0.5 s between frames. (c, left) Temperature
dependence of the bending rigidity of the fast component and drag coeﬃcient from power-law fit. (c, right) Temperature dependence of the saturation
values tc of tslow, determined from averaging tslow for q* 4 0.2 mm1. Error bars are the standard deviation of those values. The multiple datapoints at
single temperatures correspond to multiple independent measurements at that temperature.

with eqn (6), further confirming the elastic nature of the
relaxation process. Using this equation, we can then determine
the ratio of bending rigidity to drag coeﬃcient, Bfast/g, as shown
in Fig. 4(c) (left panel), which decreases with DT, as expected for
the lower elastic restoring force associated with the lower
critical Casimir attraction.
In contrast, the second relaxation is not well captured by an
exponential. We can still determine a relaxation time by imposing an exponential fit (but with an opposite weighting as before,
see red lines), and find that this second slow relaxation time
does not decay with q, but tends to a constant, tc (Fig. 4(b)),
further confirming its non-elastic origin. This constant is

shown as a function of DT in Fig. 4(c) (right panel); except for
a lower value at lowest interaction strength, the large error bars
don’t allow to see a clear trend with DT, and we average over all
points with DT o 0.17, to obtain htci = 30  10 s.
We use this decomposition to extract the elastic component
of the vibrational modes alone. To do this, we separate the
mode variances sfast2(aq) and sslow2(aq), from the plateaus after
the first and second relaxation times. Plotting sfast2 as a
function of q (Fig. 5(a)), we recover a remarkably clean signal
for the higher q values, with a clear monotonic temperature
dependence, and the expected q2 dependence over an
extended q range. The extracted elastic persistence lengths

Fig. 5 Elastic mode fluctuations at short timescales (a) variance sfast2, extracted from the fast exponential relaxation, versus q for four diﬀerent
temperatures. Open/closed markers and dashed/solid lines correspond to two independent measurements, going up and down the temperature ramp,
respectively. (b) Persistence length Lp obtained by fitting a q2 dependence to sfast2, sslow2, and sstatic2 (blue dots, red traingles, and black squares,
respectively). Inset: Transverse drag coeﬃcient per unit length, g, determined by dividing Bfast by the data from Fig. 4(c). Line corresponds to the mean of g
for DT r 0.13 K.
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are about a factor of two higher than those extracted from the
slow relaxation and obtained through the static analysis, as
shown in Fig. 5(b). We use the corresponding elastic bending
rigidity Bfast to calculate the drag coeﬃcient g from their
previously determined ratio, see Fig. 5(b), inset. This drag
coeﬃcient remains constant for the most reliable low DT, for
which the strongest elastic response is expected. The average
value g = 63  2 mPas is of the order of the measured drag
coeﬃcient of the transverse diﬀusion of the chain, gT = 31  3 mPa s
(see ESI†), albeit a factor of two larger, possibly due to the
additional rotational drag the colloidal particles experience
upon chain bending.
From this we conclude that on suﬃciently short timescales
(t o tc), the chain is described by an overdamped elastic
process. This elastic behavior can be captured by a single elastic
bending modulus Bfast, and drag coeﬃcient g, with the former
largely tunable by temperature. On longer timescales, a second
non-elastic relaxation process occurs. The non-exponential
relaxation and wavelength-independent relaxation time, tc,
show that this is not a standard overdamped elastic process.
Such constant relaxation times have been observed before in
microtubules,44,45,54 and attributed to extra energy losses from
internal friction. In this case, the Langevin equation becomes
modified by an additional dissipatory term with internal friction coeﬃcient g 0 (see ESI†), which relates to the relaxation time
according to the modified equation

t¼

g þ g0 q4
:
Bq4

(7)

The internal friction coeﬃcient g 0 can be associated with an
eﬀective internal viscosity via Z 0 = g 0 /a4, where a is the filament
diameter. Using the measured values of tc together with the
bending rigidities B = Bstatic from the static analysis, we obtain
an internal friction coeﬃcient of g 0 B105 mPa s mm4 and an
internal viscosity of Z 0 B103 mPa s. Furthermore, using for g
the value determined from the fast relaxation we obtain a
critical wave vector of qc B 0.2 mm1, above which bending
relaxation is dominated by internal friction.
Interestingly, already a single bending angle (made up of
three bonded particles) shows very similar slow-relaxation
dynamics, see ESI.† This suggests that the slow relaxation does
not originate from a collective eﬀect, but rather arises on the
single-bond level. We hence associate tc with friction in the
patch–patch contact of two bonded particles. We speculate that
the origin of this internal friction is a stick-slip like process in
which the point of contact between the two colloids moves on
timescales larger than tc; below this timescale, the point of
contact is essentially fixed giving rise to an elastic bending
constant Bfast, while beyond this time, the contact can diffuse,
still being bounded by the finite patch size. This is also in line
with previous observations of the plastic buckling of chains.17
With decreasing particle size, tc likely decreases as thermal
agitation more easily overcomes contact–contact friction for
smaller particles.
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D

Dependence on patch size

We finally investigated the influence of patch size by using dipatch particles with significantly smaller patches, and otherwise identical properties, see ESI.† Their patch arc angle is
yp,B = 141(2) instead of yp,A = 211(2), hence two thirds of the
patch size of the previously investigated particles. By full
dynamic analysis of the modes, we find a very similar relaxation
behavior: a robust two-step relaxation process with similar
dependence of plateaus and relaxation time on q and q*.
Interestingly, the corresponding persistence lengths of the fast
and slow relaxations are both a factor of B2 higher than those
of the larger-patch particles. The higher persistence length of
the slow relaxation is qualitatively expected from the more
restricted range of bond angles for smaller patch sizes. The
higher persistence length of the fast relaxation is surprising as
one naively expects a smaller patch to exhibit lower interaction
strength. However, while the size of the patch is smaller,
its radius of curvature is bigger: Rp,B = 1.2(2) mm instead of
Rp,A = 1.0(2) mm. Consequently, the patches are flatter, resulting
in a larger contact area and a higher elastic interaction strength.

IV Conclusion
We investigated the viscoelastic response of assembled patchy
particles. By decomposing spontaneous bending fluctuations
into bending modes, we found that patchy particle chains are
well described by semiflexible filaments with a persistence
length set by the patch size and the temperature-dependent
strength of the critical Casimir interaction. Further dynamical
analysis revealed rich viscoelastic behavior, in which the bending fluctuations follow a two-step relaxation process similar to
that of biopolymers: a fast elastic relaxation, followed by a
slower non-elastic one. We attribute the latter to a combination
of external friction due to drag and internal friction due to
contact mechanics of the bonding patches. Internal friction
eﬀects have also been observed for microtubules;44,45,54–56
while their fast relaxation is of the same damped elastic nature
as for our colloidal chain, however, the internal friction is of
different microscopic origin: in microtubules, it has been
associated with solvent drainage through the porous structure.
In our quasi two-dimensional case of single polymers, these
effects are not relevant, and we associate the internal friction
with contact mechanics of the patches. Nevertheless, the
presence of such internal friction in our colloidal model system
suggests that these type of effects may be general and could be
expected in other filaments that consist of segmented units,
such as nanoparticle chains.57
These results, while still in two dimensions, open the door
to the rational design of colloidal architectures with programmed viscoelastic properties. For example, by implementing higher-valency particles serving as branching points, one
can make three-dimensional equilibrium networks29,58,59 or
cyclic structures mimicking cyclic molecular structures.60
Our system can then be extended into three dimensions by
density matching the binary solvent via the addition of sucrose
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that, as preliminary results show, does not aﬀect the solvent
phase diagram. The design parameters to control the
mechanics of these structures are then the properties of the
particle patches (angle and surface friction) and their interactions, in our case set by the critical Casimir force. The latter can
not only be used to control the radial interaction strength, but
also the shear rigidity between bonded colloids. Our results
encourage investigation of the eﬀect of bending rigidity in
general colloidal molecules and networks, whose structure
and rheology are expected to have a non-trivial dependence
on rigidity. In this case, the bending rigidity will be a crucial
factor determining the structural stability; its in situ control
could yield switchable mechanical states and shape changing
behavior.61,62 Further opportunities arise for the study of dense
semiflexible polymers, for which the colloidal analogue can
provide visualization of polymer interactions and their eﬀects
on the kinetics.31 Finally, opportunities arise for the assembly
of nanoparticles such as quantum dots into materials, where
besides mechanical properties, optical and electrical properties
come into play63–65 that are dependent on the assembled
structure.
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