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A B S T R A C T   

The colloidal probe (CP) technique is an essential tool for quantitative direct force measurements by atomic force 
microscopy (AFM). By attaching a colloidal particle to the free end of an AFM-cantilever, not only a defined 
interaction geometry can be accomplished, but also a nearly arbitrary surface chemistry becomes possible. 
Commonly, the CP-technique is utilized for spherical particles in the sphere/sphere or sphere/plane interaction 
geometry. Here, the CP-technique has been extended to rod-shaped colloids with diameters well below one 
micrometer, thus preparing ‘rod probes’ based on a procedure similar to that known from DNA combing, 
allowing for a controlled alignment between these rods and the rod probe. In combination with AFM-imaging by 
the rod on the probe, sufficiently orthogonally aligned pairs of rods can be identified, and direct force mea
surements in the crossed-cylinder geometry, similar to the surface force apparatus (SFA), can be accomplished. A 
proof-of-concept of direct force measurements between silica rods with diameters of 270 ± 50 nm has been 
presented. The acquired interaction force profiles have been quantitatively evaluated within the framework of 
the full solutions of the Poisson-Boltzmann equation, including charge regulation.  
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1. Introduction 

In the last three decades, the atomic force microscope (AFM) 
developed from a tool primarily used for imaging purposes to a very 
versatile analytical instrument that also allows for the direct determi
nation of surface forces [1–3]. Previously, such direct force measure
ments have been the domain of the surface force apparatus (SFA). The 
development of quantitative force measurements by AFM has been 
substantially facilitated by the introduction of the colloidal probe (CP) 
technique, which was independently presented by Ducker [3] and Butt 
[4]. This technique is based on attaching a colloidal particle to the free 
end of an AFM-cantilever, thereby replacing the sharp tip with a colloid 
of exchangeable surface chemistry and defined interaction geometry 
[5–7]. Various types of colloidal particles have been utilized in the past 
as probes, ranging from hard inorganic materials (e.g., glass or silica 
particles) [3,4,8–10] or organic materials (e.g., polystyrene particles) 
[11–13] to soft materials, such as hydrogel beads [8]. However, nearly 
all measurements reported by the colloidal probe technique were per
formed with spherical probes [5–7] with few exceptions [9–17]. How
ever, the great advantage of the colloidal probe technique is that it 
allows, in principle, to utilize every type of colloidal object as a probe, 
including cylindrical rod-shaped particles. 

Recently, rod-shaped colloids have received much attention as they 
allow for the preparation of anisotropic materials, e.g., in order to 
control heat flow or fluid viscosity [18–20]. Concentrated colloidal 
suspensions of non-spherical particles also provide interesting addi
tional degrees of freedom to tune gel properties with a significant in
fluence of particle shape on the resulting rheological properties [21,22]. 
Moreover, the adsorption kinetics of non-spherical particles to planar 
substrates provide important insights for the adsorption of non-spherical 
objects, such as proteins [23,24]. The fundamental understanding of the 
governing interaction forces is essential for all these different colloidal 
systems. Hence, developing approaches that allow for direct force 
measurements of such non-spherical colloids would be necessary as 
these anisotropic particles are commonly significantly smaller than the 
other non-spherical objects used so far as colloidal probes [6,7,25]. The 
importance of directly measuring interaction forces in order to under
stand phenomena such as aggregation for colloidal suspensions has been 
pointed out in the past [26,27]. We predict, that in the case of aniso
tropic particles the importance of understanding the govering interac
tion force might have even more benefits. 

Here, we present a new approach to determining interaction forces 
between rod-shaped colloidal particles with diameters of about 300 nm. 
By classical definition, such colloidal rods cannot be considered as 
‘nanorods’, albeit their diameter is significantly less than a micron. 
There is an analogy to the term ‘nanoparticle’, which is commonly 
reserved for particles with diameters less than 100 nm [28]. To the best 
of our knowledge, no direct force measurements of such small 
rod-shaped colloids have been reported so far. It should be highlighted 
that only a small number of direct force measurements have been re
ported with spherical colloidal particles bearing diameters smaller than 
1 μm [25,29–31]. In the case of cylindrical objects, such as rods, the 
so-called crossed cylinder geometry provides a well-defined interaction 
geometry that is identical to the one of the SFA [32,33]. This interaction 
geometry can be described by the Derjaguin approximation, which is 
similar to the interaction between spherical particles [32–34]. 

In order to determine quantitatively the interaction forces between 
rod-shaped colloids with sub-µm diameters, several experimental chal
lenges have to be addressed: First, the geometric constraints due to the 
attachment of the rods on flat surfaces pose boundary conditions for the 
immobilization on the substrate as well as on the cantilever. Second, the 
force contributions by the lever arm must be excluded as its area is large 
compared to that of the rod. Third, one has to ensure a defined relative 
position between two rods, which are not visible by optical microscopy, 
in order to achieve the crossed-cylinder geometry. For all these funda
mental impediments, we have been able to find experimental solutions 

and can present a proof-of-concept for quantitative direct force mea
surements between two rod-shaped colloids in a defined interaction 
geometry. 

2. Materials and methods 

2.1. Synthesis 

The rod-shaped silica particles have been prepared according to a 
protocol described in the literature [35]. The synthesis and the analyt
ical outcome have been reported previously [22]. Briefly: De-ionized 
(DI) water, obtained from a Millipore apparatus with a resistivity of 
18.2 Ω.cm at 298 K, was used for the rod synthesis. 12 g of poly
vinylpyrrolidone 40k (PVP, Aldrich) were dissolved in 1.2 L 1-pentanol 
(98 %, Alfa Aesar) by sonication for 3 h. Next, 32.4 mL DI water, 7.2 mL 
of 0.18 M sodium citrate (sodium citrate dihydrate, 99 %, Aldrich) so
lution and 128 mL ethanol (98 %, Alfa Aesar) were added and the re
action medium was mixed with an overhead stirrer for 5 min. 24.3 mL 
ammonium hydroxide solution (25 wt%, Aldrich) and 10.8 mL of tet
raethyl orthosilicate (TEOS, 98 %, Aldrich) were added before stirring 
for 60 s. After 4 h, 5.4 mL of TEOS were added, and the mixture was 
shaken by hand. The reaction was left to proceed overnight without 
stirring. The rods were recovered by centrifugation at 4400 g for 1.5 h, 
and washed by centrifugation/re-dispersion cycles: 4 times in ethanol at 
736 g, 4 times in water at 736 g, 8 times in water at 304 g. The super
natants of the centrifugation cycles were discarded, to remove the 
smaller rods, and the precipitates were retained. The larger rods or ag
gregates were removed by two additional centrifugation cycles in DI 
water at 60 g by discarding the precipitates and retaining the superna
tant. The rods were recovered from the supernatant by centrifuging at 
2500 g for 20 min. 

2.2. Conductivity of electrolyte solutions 

The conductivities of the electrolyte solutions were determined with 
a combined pH/Conductometer (914 pH/Conductometer, Metrohm, 
Herisau, Switzerland). Before the measurements, a calibration of the 
conductometer was carried out with conductivity standards (100 µS/cm 
KCl in water, Metrohm, Herisau, Switzerland). 

2.3. Characterization of nanorods by atomic force microscopy (AFM) 
and scanning electron microscopy (SEM) 

AFM-images of the drop casted rod-shaped colloids were acquired 
with a Dimension Icon AFM (Bruker Corporation Billerica, Massachu
setts, USA) equipped with a NanoScope V controller. For imaging pur
poses, standard tapping mode cantilevers (OMCL-AC160TS, Olympus, 
Japan) were used. The tapping mode frequency was set to 95 % of the 
cantilever’s actual resonance frequency with an excitation amplitude of 
500 mV and an amplitude setpoint of about 400 mV. The AFM images 
were processed with NanoScope Analysis software (version 1.80). 

For scanning electron microscopy imaging, the substrates or canti
levers were sputtered with a 1.5 nm platinum layer (Cressington Platin- 
Sputter Coater 208 HR, Tescan GmbH, Dortmund, Germany) and 
imaged by SEM (FEI Quanta FEG 250, Thermo Fischer, Waltham, Mas
sachusetts, USA). For the images using the secondary electron detector 
were acquired at a working distance of 5 mm with an acceleration 
voltage of 15 kV. 

2.4. Combing of rod-shaped colloids on substrates 

Glass disks (Irlbacher Blickpunkt Glas GmbH, Germany) were 
cleaned by an expanding CO2-treatment using a SnowJet (Applied Sur
face Tecnologies, New Jersey, USA), followed by 20 minutes of exposure 
to air plasma (Zepto, Diener Electronics, Ebhausen, Germany). Subse
quently, 50 µL of a 0.01 wt% suspension of the colloidal rods was placed 
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at the edge of the glass disk. A nitrogen stream with a pressure of 4 bar 
was applied at an angle of 0◦ with respect to the substrate’s surface, until 
the glass substrate was dry. The success of the alignment was routinely 
evaluated using optical microscopy with 40x magnification (Axio 
Examiner.D1, Zeiss, Oberkochen, Germany). 

2.5. Preparation of rod probes on AFM cantilevers 

Cantilevers with a plateau tip (SD-PL-CONT-10, nominal spring 
constant: 0.2 N/m, Nanosensors, Neuchatel, Switzerland) were cleaned 
by air plasma treatment (Zepto, Diener Electronic, Ebhausen, Germany). 
Rod shaped colloids were attached to the cantilever via a micromanip
ulation process similar to the one reported previously for spherical silica 
particles [36]. This process results in a permanent immobilization of the 
rod-shaped colloids to the cantilever, in difference to aspiration tech
niques based on fluidic force microscopy [30,31]. An etched tungsten 
wire was used to place a tiny droplet of UV-curing glue (NOA63, Norland 
Adhesives) on the plateau tip with the help of a motorized microma
nipulator (DC-3 K, Märzhäuser, Wetzlar, Germany). Subsequently, a 
rod-shaped colloid was placed onto the droplet with another tungsten 
wire. The amount of glue was sufficiently small in order to prevent 
wetting of the rod. The process has been monitored on a fixed-stage 
optical microscope (Axio Examiner.D1, Zeiss, Oberkochen, Germany) 
to which the micromanipulator has been attached. Subsequently the 
etched tungsten wire used for manipulating the glue has been exchanged 
for a fresh wire, which has then been used to pick-up a single rod-shaped 
particle and holding it only by capillary forces. By placing this rod in the 
previously prepared glue spot, the adhesion of the latter was stronger 
than for the capillary forces. Curing has been carried out by a mercury 
lamp. After attaching the rod, the spring constant was calibrated by the 
thermal noise method [37]. 

2.6. In-situ imaging with rod-probes and direct force measurements 

All AFM imaging and force distance measurements using the rod- 
probes were performed on a commercial AFM system (Nanowizard 4, 
JPK BioAFM, Berlin, Germany). The AFM was mounted on an inverted 
optical microscope (Axiovert 200, Zeiss, Oberkochen, Germany) in order 
to monitor the cantilever as well as the substrate. The experiments were 
performed in a commercial fluid cell (Asylum Research, Oxford In
struments, Abingdon, UK), into which circular glass disks (Irlbacher 
Blickpunkt Glas GmbH, Germany) were mounted. Imaging of the 
adsorbed rods was then performed in QI-Mode. 

After the identification of suitable rods by imaging, direct force 
measurements were carried out by ramping the z-piezo in the ‘point and 
shoot’ method, selecting specific points in the images. For each ionic 
strength, a new substrate of pre-aligned rods was prepared. In between 
changes of the ionic strength, the cantilever has been rinsed with Milli-Q 
water to remove salt residues. Measurements were performed on 
different spots on each rod, on each spot at least 50 measurements. For 
each ionic strength, at least two rod combinations were probed. 

2.7. Quantitative evaluation of force measurements 

The raw data were exported with the JPK Image Processing Software 
6.1.169 (JPK BioAFM, Berlin, Germany) and subsequently converted 
into a plot of force versus displacement in a custom-written procedure 
with IgorPro (Wavemetrics, Nimbus, Portland, USA). A script was used 
to fit the exponential decay, in the interval 0.5κ− 1 to 2κ− 1 of the Debye 
length κ− 1 for 1.8 mM and 5.8 mM, respectively. The data measured at 
an ionic strength of 58 mM were fitted between 1κ-1− 1 and 2κ− 1. 

Symmetric fits to the full solutions of the Poisson-Boltzmann were 
performed by fixing the regulation parameter p to 0.6 and fitting the 
diffuse layer potential as well as the ionic strength with custom software 
[38]. These fits were performed between 0.5κ− 1 - 2κ− 1 for 1.8 mM and 
5.8 mM, respectively. 

3. Results and discussion 

3.1. Characterization of rod-shaped colloidal particles 

The rod-shaped particles used throughout this project have been 
prepared by a procedure reported recently[21,22], which was based on 
a previously reported synthesis of similar particles[35]. The resulting 
rod-shaped particles consist of silica but have been stabilized by PVP 
[35]. An example of a typical rod-shaped particle is shown in Fig. 1. The 
average diameter of the rods was 270 ± 50 nm as determined by scan
ning electron microscopy imaging (SEM) (cf. Fig. 1a). This diameter 
range has been confirmed by atomic force microscopy (cf. Fig. 1b). The 
length of the rods varied from approximately 0.8 μm to 6.6 μm. The rods 
did show a nearly perfect cylindrical shape, as shown in Fig. 1a and b. 
However, the surface of the rods showed considerable surface roughness 
as determined by AFM imaging in Tapping Mode. Fig. 1b shows an 
AFM-image of a typical rod under ambient conditions. The inset shows 
the surface topography of the rod after second-order plane fitting. A 
root-mean-square (RMS) surface roughness in the order of 1.6 nm has 
been determined, comparable to the roughness typically observed for 
µm-sized silica colloidal particles synthesized by the Stöber process. For 
the latter, the RMS-roughness was reported as 2.1 nm [39]. 

3.2. Preparation of rod probes 

One of the major challenges in preparing colloidal probes from rod- 
shaped colloids was the geometrical constraints that result from the 
small diameter (i.e., about 300 nm) of the rods. The preparation of 
colloidal probes, or in this case ‘rod probes’, on regular, beam-shaped, 
tipless AFM-cantilevers is not possible due to geometric constraints for 
most cantilever geometries whose top-view dimensions are not perfectly 
rectangular but are tapered. Hence, it is geometrically highly probable 
that the lever arm touches the sample first instead of the rod, due to its 
small diameter (see Figure S1 in Supplementary Material). Moreover, an 
additional problem for the preparation of rod probes from rod-shaped 
colloids on tipless cantilevers arises from the presence of the canti
lever beam at a separation distance of less than 1 µm and a tilt angle of 
10◦ for the used AFM. In this case, the large interaction area of the 
cantilever beam with the substrate cannot be neglected under all con
ditions, for example, in cases when the interaction is dominated by long- 
ranged diffuse layer overlap in an electrolyte solution of low ionic 
strength. Similar considerations concerning the role of the cantilever 
beam for interaction forces in AFM experiments have been reported 
previously, albeit for electrostatic interactions [40,41]. 

So-called plateau tips provide a direct solution to the experimental 
requirements outlined before (cf. Fig. 2). These tips have only partly the 
shape of a conventional AFM tip, bearing a plateau at their end instead 
of an apex. Nevertheless, the tip length before ending in the plateau is 
several μm. The top-view dimension of the plateau is also in the order of 
a few μm2 compared to a sharp tip with a radius of a few nm. Here, 
commercially available cantilevers with plateau tips have been used 
[42]. However, the preparation of such tips from standard 

Fig. 1. : (a) SEM image of rod-shaped colloid. (b) AFM Tapping Mode image of 
rod-shaped colloid under ambient conditions. The inset is a zoom-in of the 
surface after 2nd-order plane-fitting and highlights the surface roughness of 
the rods. 
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AFM-cantilevers by ablation has also been described previously [43]. 
Plateau tips find applications, for example, in the field of nano-antenna 
research [44]. 

Fig. 2a shows a SEM image of a rod probe prepared from a rod- 
shaped colloid that has been immobilized to a plateau tip by UV- 
curable glue. The long axis of the rod has been aligned with the long 
axis of the cantilever beam. However, other configurations are also 
possible, such as orthogonal configurations of the long axis. The posi
tioning and immobilization of the rod has been carried out similarly as 
established for the preparation of spherical colloidal probes[45]. A 
schematic representation of the different steps involved is given in 
Figs. 2b and 2c. A small amount of glue has been placed on the plateau 
tip and subsequently a nanorod was picked up and placed on the droplet 
of the glue. Essential is here a minimal amount of glue in order to avoid 
contaminating the rod’s surface with glue. The UV-curable glue has been 
cured under the optical microscope. The resolution of the optical mi
croscope was only sufficient to control the manipulation and alignment 
but imaging by scanning electron microscopy was necessary in order to 
exclude the presence of glue on the top surface of rod-shaped particle 
acting as probe. 

3.3. Pre-alignment of rod-shaped particles on substrates 

For quantitative direct force measurements, the interaction geome
try has to be controlled with a certain degree of accuracy [31,46]. This 
requirement is even more important for cylindrical objects such as rods, 
which show more degrees of freedom in the relative orientation. Only 
accurate alignment of the rods on the sample and cantilever allows for 
quantitative evaluation, ideally in a crossed-cylinder configuration [9, 
10,12,13]. Hence, the rods on the substrate should also be pre-aligned, 
such that ideally, only the substrate has to be aligned. However, the 
necessary alignment becomes increasingly problematic if the rods are 
too small to be resolved by optical microscopy: The orientation of the 

rod on the cantilever is fixed, and in consequence, rods on the substrate 
have to be identified that show the right orientation (cf. Section 2.4). As 
this process is time consuming and prone to errors, the pre-alignment of 
the rods on substrates is advantageous. Moreover, in direct force ex
periments, one is dealing with low adsorption densities in order to have 
well-separated, isolated rod-shaped objects. These requirements are 
similar to the ones well-known from DNA-combing, where DNA is 
aligned on a substrate, commonly modified mica or glass substrates, by 
controlling the liquid flow during drying [47–49]. 

Here, we followed an approach that resembles important elements of 
DNA-combing (cf. Fig. 3): A glass substrate has been freshly cleaned by 
snow-jet treatment, air plasma treatment and by rinsing with ethanol 
and Milli Q-water, respectively. After cleaning, this substrate has been 
incubated with a drop of approximately 50 μL of aqueous 0.1 wt% rod 
suspension. However, the volume depends on the size of the substrate, 
which should be enough to cover the width of the substrate. The droplet 
of suspension has been dried immediately under a constant, strong flow 
of nitrogen (4 bar through a 5 mm nozzle). At this point, a significant 
part of the liquid has simply been blown away from the surface. In 
consequence, the resulting density of adsorbed rods is much smaller 
than for a substrate where the suspension is just allowed to dry. Fig. 4d 
shows a SEM image demonstrating the resulting pre-alignment of the 
rods and the resulting low surface coverage. 

3.4. Imaging with rod probes 

Due to the preferential direction of the rod-shaped colloids on the 
sample and the pre-defined orientation of the rod fixed on the cantilever, 
the coarse alignment has been achieved directly by the macroscopic 
orientation of the sample. However, the final identification of suitable 
rods on the substrates and the ultimate control of the alignment between 
the rod probe and sample rod still needs to be controlled. Hence, we 
chose a direct approach by imaging the substrate with the rod probe as 
the tip in non-resonant AFM imaging in liquid. Thus, the rod probe is 
scanned over the sample with adsorbed rods while an AFM-image is 
acquired. Examples of such images are shown in Fig. 4 for two different 
orientations between the sample and the rod probe. 

The role of tip shape in AFM-imaging has been studied extensively 
[50,51] even for cantilevers with attached colloidal particles, albeit of 
spherical shape [52,53]. The surface topography obtained by 
AFM-imaging results from convolution of the tip and the sample ge
ometry [50,51]. Hence, while imaging with a nanorod-probe is a 
straightforward procedure, it does not result in high-resolution images 
(cf. Fig. 4) but is highly dependent on the relative orientation between 
the rods on the tip and those on the substrate. This effect, resulting from 
the different convolution by different relative orientations, is used here 
to ensure a proper alignment between probe and substrate. The differ
ence between the images in Fig. 4a, b and Fig. 4c, d respectively, is 
evident. For rods aligned in parallel, the convolution in direction of the 
fast scan axis is minimal (cf. Fig. 4c), while for rods aligned orthogo
nally, the contact on the fast scan axis (cf. Fig. 4a) lasts for longer periods 
of time. Hence, in the latter case, we get a ‘rectangular’-shaped image of 
the sample nanorod (cf. Fig. 4b) while in comparison to a ‘needle’-like 
image in the former case (cf. Fig. 4d). 

The step outlined in Fig. 4 is essential to ensure the correct relative 
alignment of the two rods. Imaging with rod probes thus not only 
allowed for the identification of single rods but also provided necessary 
confirmation of parallel and crossed cylinder interaction geometry. In 
Fig. 4b the cross-cylinder interaction geometry has a deviation of 
approximately < 10 % from perfect orthogonality. Moreover, by 
acquiring the AFM-image, ‘point and shoot’ force measurements can be 
conducted. This established technique allows for the exact positioning of 
the probe on a defined spot of the recently acquired image, using the x-, 
y-scanner of the AFM in closed-loop feedback. Thereby, measuring 
interaction forces at well-defined lateral positions of the sample became 
possible. In Figs. 4b and 4d, positions at which direct force 

Fig. 2. : (a) SEM image of a rod probe. The rod-shaped silica colloid has been 
immobilized with a minimal amount of UV-curable glue on the cantilever with 
plateau tip. (b, c) Schematic representation of the micromanipulation steps for 
preparing these rod probes: (b) A small amount of UV-curable glue (blue) has 
been deposited with an etched tungsten wire. (c) The rod-shaped colloid (red) is 
placed and aligned with another tungsten wire on the plateau tip. Afterwards, 
UV-curing takes place (not shown). 
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measurements in the crossed and parallel cylinder configuration have 
been indicated by crossed circles. However, in order to identify suitable 
rods on the substrate with sufficiently high success rate the pre- 
alignment outlined in 3.3 was necessary. 

3.5. Direct force measurements between a pair of aligned rods 

Force measurements by AFM allow the relation of the acquired 
interaction force profiles with surface properties. The Derjaguin 
approximation provides a direct relation between the measured force F 
(D) at a given separation D and the free interaction energy per surface 
area W(D) at the same separation by [33,34,54]: 

F(D) = 2πReff W(D) (1) 

The effective radius Reff depends on the interaction geometry. For 
sphere/sphere interaction, e.g., two colloidal particles with radii R1 and 

R2, we find R− 1
eff = R− 1

1 + R− 1
2 . This expression is commonly used for the 

quantitative evaluation of measurements between two spherical col
loids [29–31,46,55,56]. For two perpendicularly crossed cylinders with 
radii R1 and R2, a similar expression can be obtainedReff =

̅̅̅̅̅̅̅̅̅̅̅
R1R2

√
[33, 

34]. The latter expression is frequently used to describe experiments by 
SFA[32,57] and is also the appropriate description of the interaction 
geometry between two crossed cylinders in AFM-based force measure
ments [10,12,13]. A theoretical description of the different interaction 
geometries between to cylinders, i.e., parallel vs. crossed configuration, 
has been given by Ohshima [58]. In the case of two cylinders interaction 
in a parallel configuration also the length of the interacting cylinder 
segments has to be considered. 

Fig. 5 shows interaction force profiles that have been acquired be
tween two rod-shaped colloids for two different interaction geometries: 
In crossed cylinder geometry (cf. Fig. 5a) and parallel cylinder geometry 
(cf. Fig. 5b), respectively. For each interaction geometry, force profiles 

Fig. 3. Comparison of rod orientations after drying without external influence (a, c) and combing by a strong nitrogen stream (b, d). (a) Schematic representation of 
the rod orientation after drying without external influence and (b) after combing with defined rod orientation. (c) SEM image of the substrate after drying without 
external influence and (d) after combing. 

Fig. 4. : Schematic representation for imaging with a rod probe (a, c) and the resulting AFM images (b, d) for crossed cylinder (a, b) and parallel cylinder con
figurations (c, d). The marks Ⓧ in (b) and (d) represent locations at which force-distance curves were subsequently acquired. 
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have been acquired in aqueous CsCl-solutions at three different ionic 
strengths (1.8 mM, 5.8 mM, and 58 mM, respectively). The choice of 
CsCl as an electrolyte solution has been motivated by the fact that the 
same electrolyte has been utilized for rheological characterization of 
suspensions of analogously prepared rod-shaped colloids [22]. The 
presence of counterions leads to the formation of a diffuse layer of ions 
at the solid/liquid interface [33]. The characteristic decay constant of 
the diffuse layer potential due to the increased counterion concentra
tion, respectively, is the so-called Debye length κ− 1, which is given by 

κ− 1 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ϵϵ0kBT
2NAe2I

√

(2)  

where εε0 is the total permittivity of water, kBT is the thermal energy at 
room temperature, NA is Avogadro’s number, e is the elementary charge, 
and I is the ionic strength, respectively [33]. 

Here, the ionic strength has been determined by conductometric 
measurements. The resulting values have been compiled in Table 1. 
These ionic strengths have been used subsequently to calculate the 
corresponding theoretical Debye lengths for the different electrolyte 
solutions; these values are also summarized in Table 1 and can be 
compared to the experimentally determined Debye lengths as obtained 
by the fits to the full solutions of the Poisson-Boltzmann equation. 

The decay length in the interaction force due to diffuse layer overlap 
at sufficiently large separation distances can be derived from fits to the 
interaction force profiles. The free interaction energy between two 
charged surfaces in an electrolyte solution is approximately proportional 
to an exponential decay for sufficiently large separations D: 

W(D)∝e− κD (3) 

The exponential decay of Eq. (3) is valid for all sphere/sphere as well 
as for crossed-cylinder interaction geometries[34]. At smaller separa
tions, i.e., D < κ− 1, effects like charge regulation, surface roughness, and 
van der Waals force have to be taken into account, and significant de
viations from an exponential law are expected [46]. Fig. 5 shows force F 
versus separation D curves in a semi-logarithmic representation for the 
different interaction geometries and the three ionic strengths, respec
tively. In the semi-logarithmic representation, an exponential decay of 
the interaction forces after Eqs. (1) and (3) will appear as a straight line. 

The interaction force profiles for both interaction geometries showed 
repulsive interaction forces as expected between two identical surfaces 
(i.e., the rod-shaped silica colloids). The force profiles were mostly 
linear in the semi-logarithmic representation, except at small separation 
distances where charge regulation took place. The absence of short- 

ranged, attractive van-der-Waals (vdW) forces has often been observed 
for silica-particles and can be attributed to presence of additional steric 
forces at small separation distances [59–62]. Additional effects include 
hydration forces [63–65]and surface roughness [46,66]. A similar sur
face chemistry and surface roughness comparable to silica particles is 
present for rods. 

The solid lines in Fig. 5 correspond to fits at large separations of the 
interaction force profiles. The experimental decay lengths κ− 1 were 
extracted from the slope of a linear fit. The fit interval is indicated by the 
solid lines, whereby the dashed lines represent extrapolations to larger 
separation distances where the noise due to the thermal movement of 
the cantilever becomes significant. The results from these fits of the 
decay constant for the diffuse layer overlap were compiled in Table 1. 
The experimental errors were determined for n > 30 fits to individual 
force profiles. Additional to the semi-logarithmic representation in Fig. 5 
also linear force scale is provide in the supporting information (cf. 
Figure S3) 

The decay lengths, as determined from the interaction force profiles, 
correspond within the experimental errors to the theoretical Debye 
lengths calculated from the electrolyte conductivities for both interac
tion geometries as predicted theoretically [58]. In general, errors are 
in-line with deviations observed for the direct force measurements on 
comparable colloidal systems, such as Stöber silica particles [46] and 
polyelectrolyte-covered silica surfaces [36,67]. We attribute the larger 
variation at the highest ionic strength to additional non-DLVO forces 
that are becoming significant at smaller separation distances, which will 
be discussed later. In general, the interaction force profiles for both 
interaction geometries are in-line with an interaction that is dominated 
by diffuse layer overlap and hence the charges present on the rod-shaped 
particles. However, due to the tilt of the cantilever (cf. Figure S1 in the 
supporting information) the separation is not completely constant over 
the whole length of the interacting rod segments, which did lead to 
increasing deviations at small separations. This effect becomes even 
more pronounced for the measurement of the interaction profiles 

Fig. 5. : Interaction force profiles between two rod-shaped colloids for two different interaction geometries in CsCl solutions of different ionic strength. (a) Crossed 
cylinder interaction geometry and (b) parallel cylinder interaction geometry. The solid lines represent the fits and fit intervals for the determination of the expo
nential decay constants. The dashed lines are an extrapolation to larger separation distances. 

Table 1 
Comparison of Debye lengths derived from conductivity measurements and fits 
to force profiles.   

Ionic Strength  

1.8 mM 5.8 mM 58 mM 

Theor. Debye length [nm] 7.37 3.99 1.26 
Crossed Cylinders [nm] 6.31±2.50 5.19±1.70 2.42±1.45 
Parallel Cylinders [nm] 6.20±2.46 4.77±2.04 2.42±1.12  
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between the rod-probe and a planar glass surface (cf. Figure S3 c,f,i in 
the SI). On the other hand the measurements in this interaction geom
etry confirm the stability of the rod probes. 

3.6. Diffuse layer properties of the rod-shaped colloids 

The interaction force profiles in Fig. 5a for the crossed-cylinder 
configuration have been evaluated quantitatively on basis of the Der
jaguin approximation [33,54] and have been fitted to the full solutions 
of the Poisson-Boltzmann (PB) equation, which describes the forces due 
to the overlap of the diffuse layers [27,68]. A quantitative evaluation of 
the interaction force profiles for the parallel cylinder configuration 
would demand an accurate knowledge about the segment lengths that 
were involved in the interaction [58]. Moreover, due to the tilt of the 
cantilever the separation would be not constant. Hence, this approach 
has been not followed here and we did concentrate on the crossed cyl
inder geometry. 

Fig. 6 shows the interaction force profiles for I=1.8 mM and 
I=5.8 mM, respectively, with the corresponding fits to the PB-equation. 
Besides the two well-known boundary conditions of constant charge 
(CC) and constant potential (CP) [33,54], we also included charge 
regulation on the basis of the constant regulation (CR) approximation 
[38]. This approximation summarizes all contributions from ionizable 
groups at the surface by means of a regulation parameter p that can be 
expressed as the ratio of the inner surface capacitance Ci and the diffuse 
layer capacitance Cdl. The classical boundary conditions correspond to 
p=0 (CP) and p=1 (CC), respectively. The constant regulation approxi
mation has been successfully applied to inorganic surfaces [38,69] as 
well as adsorbed polyelectrolyte layers [36,67]. The fits in Fig. 6 result 
from p=0.6, which is compatible with charge regulation for silica 
colloidal particles [69] as well as polyelectrolyte layers [36,67]. How
ever, the good agreement of the fits for all three boundary conditions at 
separation distances larger than one Debye length indicates that the 
diffuse layer potentials ψdl reported in Fig. 7, which were obtained at 
separation distances κ− 1<D<2κ− 1, are basically independent of the 
boundary conditions (CC, CP, and CR) in the evaluated interval. 

Fig. 7a,b summarize the results for ψdl as obtained from the fits for 
the two lowest ionic strengths, namely 1.8 mM and 5.8 mM, for various 
sequences of direct force measurements. The data shown in Fig. 7a 
originate from force profiles acquired at various positions (Pos. 1–3 and 
Pos. 1–4, respectively) for two different rods but always acquired with 
the same rod probe. Within one position, the values for the diffuse layer 
potentials show only small variations, while the values for ψdl change 
noticeably between the different positions on the same rod. However, 

the variations between different positions and different rods seem to be 
comparable. The observed variation in the diffuse layer potentials can be 
attributed primarily to various effects: (i) significant surface charge 
heterogeneities on the rods. (ii) Local variations in the surface roughness 
of the interaction area on both rod-shaped particles. (iii) Variations of 
the rod diameter of the rods, respectively. The latter contribution would 
be possible according to the SEM images (cf. Fig. 1a) but might not be 
sufficient to explain the full scale of variations observed. Hence, we 
suggest that all three effects contributed to the observed variation. 

Fig. 7b shows diffuse layer potentials from fits to force profiles ac
quired at I=5.8 mM on different positions of the same rod. Due to the 
smaller Debye lengths at this higher ionic strength, the surface rough
ness of the rods (cf. Fig. 1b) does exert a larger influence as the diffuse 
layer potentials have been determined at smaller separation distances. 
Hence, the scattering of the data for one position increased significantly 
as small lateral variation due to drift contributed more. Nevertheless, 
also for 5.8 mM a difference at different positions can be observed for 
ψdl, as can be seen for the averaged values for each position (see shaded 
areas in Fig. 7b). 

The diffuse layer potentials ψdl determined here for the rod-shaped 
colloids are much higher than the ones normally reported for Stöber 
silica particles under equal conditions. [63–66,70,71] Here, ψdl =-99.2 

±7.9 mV at 1.8 mM have been derived for the rod-shaped colloids in 
comparison to a value range of − 45 mV to − 60 mV in a similar 
pH-regime for spherical Stöber silica particles [63–66,70,71]. Analysis 
of the diffuse layer potentials ψdl vs. ionic strength I by means of the 
Grahame equation indicates a much higher charge density for the 
rod-shaped colloids than commonly reported for spherical silica parti
cles. The Grahame equation relates the charge density σ with the diffuse 
layer potential ψdl by 

σ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
8Iϵϵ0RT

√
sinh

(
Fψdl

2RT

)

(4) 

Fig. 6. : Interaction force profiles between two rod-shaped colloids in the 
crossed cylinder geometry. The dashed lines indicate fits to the constant charge 
(CC) and constant potential (CP) boundary conditions, respectively. The solid 
lines indicate fits, including charge regulation (CR) (p=0.6). 

Fig. 7. : (a) Diffuse layer potentials for different positions on two different 
immobilized rods in the crossed cylinder geometry and I=1.8 mM CsCl. (b) 
Diffuse layer potentials for different positions on rods in crossed cylinder ge
ometry and I=5.8 mM CsCl. (c) Diffuse layer potential versus ionic strength. 
The solid line is the extrapolation according to the Grahame equation for the 
values at 1.8 mM. The error bars of the diffuse layer potentials as obtained from 
the fits to the Poisson-Boltzmann equation correspond to their standard devi
ation from all performed fits. 
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with F as the Faraday constant and R as the universal gas constant, 
respectively. Fig. 7c shows the diffuse layer potentials ψdl as a function 
of the ionic strength I, with the solid line being the extrapolation of the 
Grahame equation for ψdl = − 99.2 ± 7.9 mV at 1.8 mM, which corre
sponds to a charge density of σ = − 12.7 mC/m2. This charge density is 
rather high compared to σ= − 6.1 mC/m2 for ‘classical’ Stöber silica 
particles[62]. The shaded area in Fig. 7c shows the error propagation for 
the charge density σ = − 12.7 mC/m2. While the diffuse layer potential at 
I=5.8 mM did fall well within the range given by this error propagation, 
the diffuse layer potentials at I=58 mM are clearly much higher than 
expected on basis of the Grahame equation. However, the large devia
tion between the experimental and the theoretical value of the Debye 
length at 58 mM supports the interpretation of additional steric forces. 
Such steric forces have been primarily observed for polyelectrolyte 
layers [36,67] but have also been reported for silicic acid hairs [59]. 
Such steric force can be rather extended and can be described approxi
mately by the Alexander-de Gennes theory for polyelectrolytes [72]. 
However, here, a flatter adsorption conformation than the one of a brush 
must be assumed with an extension of only a few nm [73–75]. It should 
be noted that despite the use of the polyelectrolyte polyvinylpyrrolidone 
(PVP) in the synthesis of the rod-shaped silica particles, a polyelectrolyte 
layer would result in a reduced charge density or charge reversal. The 
latter can be excluded as interaction forces between the rod-probe and 
the glass substrate were repulsive (data not shown). Moreover, much 
lower absolute charge densities in the range of σ= 2.3 mC/m2[36] – 1.5 
mC/m2 [67] for silica surfaces completely covered with adsorbed pol
ycations have been observed. Hence, the most likely explanation for the 
high surface charge density is a layer of silicidic acid hairs. Similar ef
fects of increased surface charge density due to increased volume charge 
density due to surface porosity have been reported for silica particles 
[76–78]. The presence of a porous layer and silicidic acid hairs on the 
here-prepared could be verified by heat-treatment, i.e., a type of calci
nation, which would result in a reduction in porosity as reported for 
Stöber silica particles [78]. 

4. Conclusions 

Here, we report for the first time a proof-of-concept for direct force 
measurements between rod-shaped colloids with diameters of a few 
hundred nanometers. The here-developed approach allows to extend 
quantitative direct force measurements in a defined interaction geom
etry for colloidal objects that cannot be resolved properly by optical 
microscopy anymore. Quantitative evaluation of the resulting interac
tion force profiles can be accomplished in the crossed-cylinder geometry 
in the framework of the Derjaguin approximation and a comparison to 
the DLVO-theory can be performed. Hence, one of the greatest advan
tages of the colloidal probe technique, measuring the interaction forces 
between real colloidal objects rather than model systems, can now also 
be utilized for rod-shaped colloidal particles. However, it should be kept 
in mind that due to the small radii of curvature, the absolute forces are 
smaller compared to ‘classical’ spherical colloidal probes in the micro
meter range [36,46,55,69] and are comparable to sub-micrometer 
spherical colloidal probes [25,29–31,56,79]. By utilizing cantilevers 
with the same type of plateau tips but lower spring constants and an 
additional reflective coating, the experimental force sensitivity could be 
increased significantly if necessary. 

Our results show that the rod-shaped silica colloids, as used in recent 
studies [21,22] bear a surface charge that is much higher than expected. 
Hence, approximations of the interaction potentials based on data for 
silica particles synthesized by the Stöber process [63–66,70,71] would 
be misleading. One rationalization for the higher charge densities here 
would be an increased volume charge density with protruding silicidic 
acid hairs, as also observed for Stöber silica under certain conditions 
[59]. In future works, this question could be answered by applying 
heat-treatment as demonstrated by Kobayashi et al. [78] as well as 

performing electrophoretic mobility measurements where the Smo
luchowski approximation would be valid also for the rod-shaped parti
cles. Due to the isotropic nature of the rod-shaped particles, we assume 
that there might also be a significant charge density difference between 
the lateral surface and the tip of the rods. This assumption stems from 
observing rod aggregation in the dilute regime where the tendency is 
always a cross configuration and not tip-to-tip, body-to-tip, or parallel 
configuration. However, for large separation distances, the interaction 
force profiles are clearly compatible with DLVO theory as indicated by 
the Debye-lengths irrespectively of the orientation. Therefore, interac
tion forces due to surface charge play a significant role at low ionic 
strengths. 

Generally, the presence of heterogenous charge distributions, surface 
roughness, and adsorbed polymeric layers often make the modeling of 
real-world colloidal systems difficult and require the actual experi
mental determination of interaction profiles and adhesion forces, 
respectively. Our example demonstrates insights that might provide 
urgently needed information to model such systems, for example, in 
terms of their rheological properties [21,22]. Other fields of application 
might be, for example, adsorption studies where the inter-particle 
interaction potentials are of great relevance, such as RSA-models for 
non-spherical colloids [23,24]. Along these lines, future studies 
involving frictional measurements of rod-like colloids approached at 
different relative angles would be valuable for understanding the 
micromechanics and, eventually, the structure formation and mechan
ical response of rod-like particle colloidal gels [21,22,80]. 
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