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A B S T R A C T   

We describe the novel mechanism of spontaneous formation of the concentric stripe patterns of microdiamonds 
via gradual solvent evaporation from a suspension confined in a teardrop well. The self-organized patterns 
exhibit a series of arcs with regular spacings varying between hundreds of micrometers and millimeters. They 
result from an interplay between the directional forced circulation of the solvent and a stick-slip movement of its 
contact line during the gradual drying of the suspension. We reveal the mechanism of the phenomenon and 
discuss the effects of various parameters on the obtained structures.   

1. Introduction 

Numerous studies over the last decades have focused on the interplay 
between evaporation and particle deposition. Evaporation as a method 
to control small particle assemblies (from molecules to colloids) appears 
to be a promising and rather simple technique for the fabrication of 
regular patterns of deposited particles [1–6]. 

Evaporation-related patterns are useful as an efficient and econom
ical method for self-assembly techniques [7] and the construction of 
device-oriented structures [8,9]. They are also important for the 
reduction of print and coating inhomogeneities [8,10,11] and for the 
production and control of specific structures that allow controlled sur
face functionalization [12]. The latter also includes the self-assembly 
during the evaporation of liquid suspensions. In these processes, the 
capillary bridge [13,14] creates a meniscus at the contact line, and a 
stick-slip motion of its interface produces regular quasi-periodic stripe 
patterns [7] like the concentric ring patterns reported in many studies 
[1,14–16]. 

Well-known examples of such patterns are coffee rings which arise 
due to capillary and Marangoni flows in freely evaporating suspensions 
of insoluble particles [17–20]. They have a powerful impact on the 
spatial distributions and properties of the nanoparticle deposits obtained 

[7,14,16,21–25]. 
The colloidal behavior of diamond particles (DPs) depends not only 

on the properties of the particles but also on the chemical composition 
and pH of the dispersion medium [26]. The discovery of spontaneous 
self-assembly of the DPs has shed new light on the colloidal properties of 
these particles. One of the factors inducing or preventing the self- 
assembly of DPs is their surface moieties. Jirásek et al. [27] found that 
hydrogenated detonation nanodiamonds (DNDs) functionalized with 
reactive oxygen species tend to self-assemble into chain-like structures 
after deposition on Si substrates, contrary to non-functionalized hy
drogenated DNDs. Chang et al. [28] reported that DNDs suspended in 
water without any surfactants tend to dynamically form lace-like net
works rather than remain single particles. Yoshikawa et al. [29] proved 
that this self-assembly could be prevented by coating the particles with 
polyglycerol and increasing the ionic strength of the dispersion medium. 
El-Demrdash et al. [30] showed that the sizes and shapes of agglomer
ates spontaneously self-assembled from DNDs in water are significantly 
affected by the concentration of the diamond particles, while the salt 
content (NaCl) in the range of 0.005–1 mM has a negligible influence. 
Opletal et al. [31] applied molecular dynamics simulations to verify the 
impact of the morphologies, polydispersity, and surface potentials of the 
DPs on the outcomes of the self-assembly of the particles in a vacuum. 

Abbreviations: DPs, diamond particles; NV, nitrogen vacancy; IPA, isopropanol; DNDs, detonation nanodiamonds; PSD, Particle size distribution; DLS, dynamic 
light scattering. 
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In many cases, self-assembly of the DPs is specifically engineered and 
deliberately induced to develop controllable arrangements of the par
ticles or to create novel hybrid particles. Shulevitz et al. [32] trapped 40 
nm-sized, nitrogen vacancy (NV) centers-containing DPs from an 
aqueous suspension in cylindrical traps manufactured in a polymer 
template via electron beam lithography. The removal of the template 
has left an array of evenly distributed diamond particles, enabling 
automated characterization of the optical properties of the NV centers. 
Li et al. [33] used self-assembling to integrate combretastatin A4 with 
DPs functionalized by protamine sulfate. The resulting biocompatible 
complexes enabled the combination of anti-angiogenesis therapy with 
photothermal therapy against liver cancer. Hybridization of comple
mentary sequences of DNA was used by both Liang et al. [34] and 
Schmidheini et al. [35] to create conjugates of gold nanoparticles and 
fluorescent DPs via self-assembling with the aim of enhancing the 
emission dynamics of NV centers through the localized surface plasmon 
resonance of gold. 

The present paper deals with the mechanism for the formation of 
diamond micro- and nanocrystal patterns generated through the evap
oration of liquid confined within a “teardrop” microslide cavity. The 
coverslip eliminated the evaporation above the cavity wall, thus the 
process occurred only at its edge from a thin layer of liquid between 
glass surfaces. After evaporation of the solvent, specific patterns were 
present at the bottom of the cavity. We analyze their characteristics for 
different solvents. The observed patterns depend on various parameters, 
such as the size of the diamond, solvent, and cavity geometry. This paper 
describes the novel mechanism that leads to the formation of the stripe 
patterns and discusses the dependence of their properties (number of 
stripes, length, and spacings) on various factors. It resembles the 
arrangement utilizing a capillary bridge described in [13] yet with 
several important differences: in our setup, we have an opposite ge
ometry to that of [13,14], the evaporation rate is not regular, and most 
importantly, the dynamics of the process is controlled by a directional 
geometry-determined suspension circulation, which dominates other 
flows in the liquid. 

Our study elucidates a direct correlation between the unique surface 
chemistry and the behavior of diamonds and its impact on material 
properties. The microcrystalline diamond particles analyzed here 
display stochastic morphologies, a direct result of the ball milling pro
cess. This contrasts with other nanoparticles, often characterized by 
uniform shapes conducive to isotropic self-assembly processes, both 
chemical and physical, which are less prevalent in diamond structures. 
Central to our investigation is the observation of the dynamic surface 
modifications in diamond particles. These modifications are attributed 
to oxidation and deprotonation processes, markedly altering the stabil
ity and zeta potential. Such alterations significantly impact the assembly 
behavior of these particles, a phenomenon intrinsically associated with 
distinct diamond’s characteristics [36–39]. 

2. Materials and methods 

We used sub-micrometer DPs suspensions made in-house from par
ticles obtained by disintegration of fluorescent diamond powder 
(MDNVN1umHi, Adamas Nanotechnologies Inc.) with a dominant par
ticle size fraction equal to 700–750 nm. The ultrasonic disintegration of 
diamonds in the solvents was carried out using a Bandelin Sonopuls HD 
4200 homogenizer (Berlin, Germany). No abrasive has been used in the 
process, allowing particles to be crushed only as a result of collisions 
between them. The suspensions were prepared by 20 min long high- 
power pulsed ultrasound sonication (50 % duty cycle), which dis
integrated the DPs aggregates while having a marginal effect on the 
mean grain size. 

The suspensions were prepared using four different solvents: meth
anol (purity: ≥99.9 % A.C.S grade), isopropanol (purity: ≥99.9 % A.C⋅S 
grade), ethanol (purity: 96 %, ethanol-water solution) and deionized 
water. Each suspension that we used had an DPs mass concentration of 

0.1 %. Although we mainly worked with sub-micrometer DPs, we also 
used the 140-nm size suspension (NDNV140nmMd-1.5 ppm-10 ml, 
Adamas Nanotechnologies Inc., Raleigh, NC, USA) to verify the effect of 
the diamond size on the results of the experiment. 

Particle size distribution (PSD) in each suspension used in this study 
was measured via dynamic light scattering (DLS) with the Zetasizer 
Nano ZS particle analyzer (Malvern Panalytical, UK) equipped with a 
633 nm laser. The analyzer is suitable to measure size distributions for 
particles with diameters in the range of 0.3 nm–10 μm [40]. Each sus
pension was measured in the backscatter configuration (light collected 
at an angle of 173◦) and measurements were repeated 3 times. The 
Zetasizer Nano ZS has also been used to evaluate zeta potentials of the 
diamond particles dispersed in different liquids. For that purpose the 
suspensions were placed in standard, disposable folded capillary cells 
(DTS1070). 

A microscope glass slide (25 × 76 mm in size and 1 mm in thickness) 
with a spherical cap cavity with a diameter of 15 mm and a depth equal 
to 0.41 ± 0.01 mm was filled with 40 μl of suspension. To confine the 
liquid, the standard 22 × 22 mm coverslip of 0.13–0.17 mm thickness 
was pulled over the well, taking care to avoid trapping air bubbles. Since 
the cover glass did not perfectly seal the cavity, the evaporation was 
confined but not eliminated and proceeded with a low rate determined 
by the imperfections of the glass surface contact (Suppl. Mater. Video 1 – 
Preparation). 

The deposited patterns were observed with optical microscopy with 
white-light illumination (DNT DigiMicro Profi USB 5 Mpx) and scanning 
electron microscopy (SEM) (HITACHI S-4700 microscope with the 
NORAN Vantage microanalysis system). Due to relatively low deposit 
density, the light intensity scattered off the diamond particles can be 
taken as the measure of the scatterer’s density, that is, in the first 
approximation, they represent the particle density. The dewetting and 
pattern formation processes were also recorded by the microscope 
camera (Moticam 2) and the recorded images and movies were analyzed 
with image analysis software (ImageJ). Experiments were carried out in 
air at room temperature (around 22 ◦C). 

3. Results 

The most important stages of the sample evolution on a time scale of 
minutes to hours are described below. 

3.1. Mechanisms of the pattern formation 

The main steps of pattern formation are schematically illustrated in 
Fig. 1. The liquid trapped in sealed well evaporates slowly at the edge of 
the cavity. Since the glass surfaces of a coverslip and a microslide are not 
perfectly flat and well-matching, the capillary force at the edge of the 
well has different values depending on the size of these imperfections. 
Small air bubbles enter the well at the spot where the capillary forces are 
the weakest, breaking the rotational symmetry around the edge of the 
cavity. The position of the bubble stream entrance spot is specific for 
each sample and generally remains stable over the entire evaporation 
cycle (except for <5 % of cases). The air-bubble stream moves DPs from 
the bottom of the well creating the inlet channel – a straight line region 
without DPs. Circulation forced by the directional air-bubble stream 
along the inlet channel moves DPs towards the tip of the contact angle 
shown by the arrow in Fig. 1b, where they accumulate and pin the 
contact liquid-air line. Simultaneously, the solvent evaporates and the 
central bubble keeps expanding. Since its contact line is pinned, the DPs 
are further deposited at the tip of the meniscus wetting angle and form a 
ring/arc-shape “rib” (Suppl. Mater. Video 2 – Inlet channel). Generally, 
the first rib constitutes a nearly full ring, since it is caused by a complete 
circumfluence of the big central bubble by the small-bubble flow. 
Eventually, the forces on the contact line overcome the pinning force, 
and the contact line jumps abruptly to the next equilibrium position 
placed closer to the perimeter of the well (Fig. 1c). 
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After the formation of the first rib, the phenomenon exhibits regular 
repetitive dynamics with the key role played by the pinning-depinning, 
or the stick-and-slip mechanism, similar to that observed in other 
studies, e.g. [1,4,22,25,41] This dynamics is determined by the 
competition between the forces on the contact line of the liquid ring 
around the central bubble and the pinning force, or by the properties of 
the so-called capillary bridge [13]. Each repetition of this mechanism 
creates another rib in the observed pattern (Fig. 1c). 

Fig. 2(a) depicts a photograph of a typical pattern that appears 
during the evaporation of DPs suspension in isopropanol (IPA) and ex
hibits features related to all the stages discussed above. More details are 
visible in the attached movies. Fig. 2(b) and (c) shows the SEM image 
and the fluorescence scan image, respectively, of an expanded section of 
the stripe pattern depicted in Fig. 2(a). 

3.2. Pinning-depinning (stick & slip) mechanism 

The observations described above are manifestations of a special 
type of capillary effect, the capillary bridge that is described by the 
Laplace equation [42–44]. For the capillary bridge, it can be assumed 
that the stick-slip motion emerges from a competition between the force 
generated by the Laplace pressure and the anchoring friction force 
caused by the defects of the solid surface [45], in particular, the DPs 
deposit as in our case. The contact line pinning depends on the local 
concentration of the suspension the evaporation conditions and the 
particular influx rate of small air bubbles [46]. While the above refer
ences describe the salient features of the effect [42–45], in this work we 
focus on the qualitative description of the effect, with a particular 
emphasis on general pattern symmetry and morphology described in 
Section 3.3 and critical parameters such as particle size and solvent 
colloidal stability (Sections 3.3.2 and 3.3.3). 

The evaporation of the solvent and the influx of small air bubbles 
into the cavity result in the expansion of the central bubble. Such an 
expansion moves the DPs deposit on the bottom of the well, the so- 
called, plough effect. It is associated with an increase in friction force 
on the contact line between three phases: air, DPs suspension, and glass 
well surface. The contact line moves slowly, slips, and the wetting angle 
at the contact line increases. Eventually, all forces are balanced and the 
contact line becomes stick or pinned by the diamond deposit at the 
bottom of the well. After pinning, the air-bubble pressure keeps 
increasing, and at some point the pinned contact line exerts a fast slip 
movement to a new equilibrium position, where it may be pinned again. 
Thus, the observed phenomenon results from a competition of all rele
vant forces: the capillary force, air pressure, and friction which lead to a 
repeated sequence of slip and stick movement that create the observed 
self-organized patterns of DPs deposit. 

Thus, two kinds of slips may occur, the slow one, when the contact 
line is not pinned, or the rapid one, otherwise (Fig. 3). They both have 
been observed in our experiments: the slow slip is conveniently visible 
when the influx rate is low (Suppl. Mater. Video 3 – Slow slip) and one 
observes a systematic slow increase of the central bubble size without 
substantial change of the DPs distribution in the cavity, that is almost no 
rib movement. On the other hand, the quick slip (Suppl. Mater. Video 4 – 
Quick slip) occurs when a larger portion of air bubbles is injected into 
the central bubble. It is associated with an abrupt jump-like increase of 
the central bubble, vigorous rearranging of the DPs distribution, and 
formation of a new rib (Suppl. Mater. Video 4 – Quick slip). 

3.3. Morphology of the deposited patterns 

3.3.1. General pattern symmetry 
The mechanisms discussed above are responsible for the specific fish 

Fig. 1. Schematic of various stages of the solvent evaporation and formation of 
the DPs patterns. The left column shows cross-sections through the cavity and 
the cover slip; right – the top view. The orange color marks the liquid. Red 
arrows indicate liquid circulation within the cavity forced by air bubble stream, 
white dots symbolize air bubbles, and black dots the DPs deposit. 
(a) small air bubbles (white dots) stream along the inlet channel towards the 
center of the cavity as shown by the red arrow and the central air bubble in
creases. 
(b) after the central air bubble touches the bottom of the cavity, the air-liquid 
meniscus is formed. Air bubbles streaming towards the center create directional 
flow in the liquid that deposits DPs (black dots) at the tip of the wetting angle of 
the meniscus (shown by blue solid arrow). 
(c) the stick and slip movement: the deposited DPs pin the liquid to the cavity 
bottom, yet the volume of the air bubble and strength of the capillary force keep 
increasing until the contact line of the expanding central bubble jumps to a new 
position where it is pinned again. 

Fig. 2. Typical example of incomplete evaporation of DPs suspension in IPA: a) 
photograph illustrating the main stages of the evaporation patterns. Well-visible 
are: an inlet channel with individual small bubbles, the central air bubble, the 
developed rib structure, and a significant broadening of the inlet channel 
around the skeleton; b) SEM image with typical example of concentric stripe- 
patterns of diamonds; c) fluorescence scan image recorder on a confocal opti
cal microscope setup. The size of the scale bar (white line) is 1 mm. 
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skeleton-like appearance of the DPs patterns obtained after complete 
evaporation. The deposited pattern depends on many parameters, some 
well controlled, like the organized geometry, size of the DPs, and the 
kind of the solvent, but others are rather erratic in the experiment per
formed where the uncontrolled evaporation rate seems to be the most 
relevant factor. Despite the irregularity of the evaporation rate, >70 % 
of about 70 investigated samples characteristic structures with specific 
symmetry are well visible and characterized by three elements:  

i) a straight, empty line determined by the directional flow of air 
bubbles and the forced circulation of the suspension particles in 
the inlet channel that constitutes the skeleton’s “spine”;  

ii) arched stripes, which form the ribs of the skeleton. They are the 
result of the deposition of DPs and the stick-slip mechanisms 
discussed above (see Fig. 2(b));  

iii) a “head” formed by the circumfluence of the first central air 
bubble, according to Fig. 1(b). 

3.3.2. Typical evaporation patterns and solvent effect 
Once established, the directional flow remained stable for the entire 

evaporation cycle except for a few cases (<5 %) when a change in the 
entrance position of the inlet channel was observed (Fig. 4). The inlet 
channel (the skeleton’s spine) was broadened by the backward circu
lation (recoil) from the central bubble (Suppl. Mater. Video 5 – Circu
lation) with a broadening degree strongly dependent on the kind of 
solvents: isopropanol, methanol, ethanol, and water. As seen in Fig. 5, 
the observed patterns demonstrated a strong dependence of their 
morphology on the type of solvent. 

Qualitatively, the structures observed with isopropanol (IPA) (Fig. 5 
(a)) had regular shapes of repetitive symmetrical arched skeleton ribs 
and were most stable and reproducible. They illustrated the mechanisms 
discussed above (Sections 3.1, 3.2) with the highest accuracy. 

The patterns obtained with methanol (Fig. 5(b)) also exhibited a 
distinct fish skeleton-like structure with the spine and ribs, but the ribs 
were wider and less regular than those of IPA, and had irregular broken 
ends and visible gaps. Most likely, this resulted from a more dynamic 
recoil effect of the central bubble after a quick slip. Its consequence was 
a significant broadening of the input channel and a barely visible rib 
structure around the center of the well. The ends of the ribs are broad
ened by pushing the deposit through the slipping interface (a “plough 
effect” - Suppl. Mater. Video 5 – Circulation). The ribs that were more 
distant from the center were less distorted by the recoil effects and better 
visible. 

The most characteristic feature of the ethanol patterns (Fig. 5(c)) 
were the ribs in the form of regular concentric rings broken by a well- 
visible, regular spine without DPs. The almost perfect circular stripes 
demonstrated that, in ethanol, the DPs completely circumfluent the 
central bubble. Moreover, there is a visible modulation of the amplitude 
of the stripes, which may be caused by some liquid oscillations before 
complete evaporation. 

The patterns seen with the water suspensions (Fig. 5(d,e)) differed 
most strongly from the other ones. In particular, they did not show 
regular and symmetric patterns similar to those of fish skeleton-like 
structures. Instead, they had rather a chaotic shape. The patterns 
recorded with sub-micron DPs suspension exhibited some repeatability, 
but those seen with 140 nm DPs showed just a single ring with short 
fingers or spokes, similar to that described in Weon and Je [47] 

Fig. 6 presents two typical rib profiles measured with IPA. The 
depicted profiles represent the distribution of the scattered light in
tensity with white-light illumination. They were measured along the 
broken lines marked in the insets to indicate the highest fringe (rib) 
contrast. As seen in both plots, the fringe contrast reaches nearly 100 %, 
which demonstrates very efficient modulation of the DPs density by the 
revealed mechanisms. 

Fig. 3. Stick-slip movement of the contact line. Scenario for the stripe pattern 
formation similar to that described by Chen et al. [46] 
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Fig. 4. Examples of changing the inlet channel during evaporation (observed with IPA). Panel (b) depicts an interesting event of a change of the inlet channel 
followed by a return to the initial one. The size of the scale bar (white line) is 1 mm. 

Fig. 5. Typical evaporation patterns obtained with various solvents: (a) isopropanol, (b) methanol, (c) ethanol (d), and (e) water. The suspensions were prepared 
with sub-micron DPs, except for (e) which was measured with 140 nm DPs. For each solution two representative patterns are presented. The size of the scale bar is 2 
mm (white lines). 

Fig. 6. Rib density profiles of DP-deposit patterns that occur with isopropanol and are presented in Fig. 5(a). The red lines in the insets depict the contours of a 
maximum modulation. 
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3.3.3. Impact of colloidal stability 
On the basis of the investigated mechanism of the pattern develop

ment and structures obtained from the suspensions in different solvents, 
it may be stated that the colloidal properties of the diamond suspensions 

affect the deposition of diamond particles in the stripes form. The 
dispersion media affect the tendency of DPs to flocculate and sediment, 
which impacts their accumulation at the tip of the contact angle of the 
bottom liquid-air meniscus, and the formation of the ribs. Varied 

Fig. 7. Results of DLS measurements: particle size distributions (a, c, e, g, i) and correlograms (b, d, f, h, j) for aqueous suspension of “NDNV140nmHi” (a–b), and 
powdered “MDNVN1umHi” suspended in deionized water (c–d), methanol (e–f), ethanol (g–h), and isopropanol (i–j). 
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colloidal behavior of diamond particles dispersed in different media is 
visible in the results of dynamic light scattering (DLS) shown in Fig. 7. 

The zeta potentials of the diamond particles along with the dynamic 
viscosities of their respective dispersion media are presented in Table 1. 
The vapor pressures of the solvents are also included in the table, as they 
serve as good indicators of the evaporation rate – a liquid characterized 
by a higher value of the vapor pressure evaporates more easily due to 
weak intermolecular forces [48]. Due to the presence of carboxyl moi
eties on their surfaces, non-modified diamond particles exhibit a nega
tive zeta potential after being dispersed in liquids [49]. Diamonds 
suspended in deionized water are characterized by the zeta potentials of 
the highest magnitude. The values obtained for both the 140 nm-sized 
particles (− 44.0 mV) and 700 nm-sized particles (− 41.0 mV) indicate a 
high colloidal stability, confirmed in DLS measurements, which have 
yielded very repeatable results. The baselines of the correlograms in 
Fig. 7(b,d) are flat, which confirms that there should be no larger par
ticles and/or agglomerates. Moreover, among the samples prepared 
from the “MDNVN1umHi” diamonds, the aqueous suspension is char
acterized by the smallest mean peak size of particles (Fig. 7(c)). Highly 
stable particles are not expected to sediment and accumulate at the 
bottom of the cavities. As water is assigned with the lowest vapor 
pressure among the investigated liquids, it is expected to evaporate 
relatively slowly. Expansion of the central air bubble in aqueous sus
pensions may be too slow to create a flow rate high enough to induce 
directional movement of the diamond particles. Therefore, ribs have not 
been formed in these cases and the chaotic structures probably result 
solely from the slow evaporation of water. 

Of all the solvents used in the study, methanol is characterized by the 
lowest dynamic viscosity and the highest volatility due to the largest 
value of its vapor pressure. Both these properties facilitate fluctuations 
of the central air bubble and make DPs suspension prone to the recoil 
effect, resulting in irregularity of the deposited patterns. The DPs sus
pended in methanol are also characterized by the lowest absolute value 
of the zeta potential (− 27.4 mV), and therefore the lowest colloidal 
stability among the investigated samples. The instability is further 
confirmed by the results of DLS measurements (Fig. 7(e,f)). The baseline 
in the correlogram in Fig. 7(f) is far from flat, with the correlation co
efficient not reaching zero until very late, which indicates flocculation of 
DPs. The particle size distribution (Fig. 7(e)) reveals the presence of a 
larger fraction of the particles, which due to their size must undergo 
sedimentation. This fraction starts at ≈6.5 μm and extends beyond the 
detection limit (10 μm). The DPs suspended in methanol are expected to 
aggregate and flocculate rapidly throughout the liquid in its entire 
volume, additionally disturbing the orderliness/regularity of the fish 
skeleton-like patterns. 

Because of its high dynamic viscosity, isopropanol is less prone to 
fluctuations and the recoil effect. Assessed by the value of the zeta po
tential (− 29.0 mV), the stability of DPs dispersed in isopropanol is 
slightly higher compared to methanol, though the particles still show a 
tendency to sediment as displayed by the baseline of the correlogram 

(Fig. 7(j)) being noisy in comparison to the aqueous suspension. The 
diamond particles may accumulate at the tip of the contact angle of the 
bottom liquid-air meniscus, but their flocculation may occur less 
rapidly, enabling one to create regular patterns. At the same time, iso
propanol does not evaporate as easily as methanol and ethanol (with a 
smaller value of the vapor pressure), which makes this colloidal system 
more stable and provides enough time for patterns to form. 

3.3.4. Control experiments 
We performed three control experiments and each of these mea

surements included three samples. In the first one, pure isopropanol was 
evaporated from a cavity slide sealed by a coverslip glass. This did not 
result in a formation of any fish-skeleton like deposit on the bottom of 
the well. A very thin and faint organic deposit from solvent was observed 
only along the edge of the cavity, and it did not show any fluorescence 
under excitation with 532-nm-wavelength light. The second control 
experiment included the evaporation of a diamond suspension in iso
propanol from an uncovered well. Unconstrained evaporation from the 
whole cavity surface left a deposit with evenly distributed DPs. In the 
third control experiment, the slide well was filled halfway with DPs 
suspension in IPA and sealed with a glass coverslip. The obtained deposit 
also did not reproduce the regular and symmetric patterns of the fish 
skeleton-like structure. 

4. Discussion 

The main result of this work is the identification of mechanisms 
responsible for the development of structures deposited during confined 
evaporation of DPs suspensions with various solvents. These structures 
are the result of the interplay of several factors. Some are well known 
from other observations, like the Marangoni effect or coffee-ring, but 
some are novel caused by the specific conditions of the described 
experiment, like the confined evaporation in a specific well geometry, 
and/or directional air bubble flow. Although we managed to identify the 
basic mechanism, the phenomenon is very complex with the contribu
tion of several synergistic mechanisms that were difficult to estimate 
quantitatively in the described experiments. For example, we observed 
oscillations of the liquid-air interface that could contribute to the overall 
dynamics. In our studies, we were focusing on diamond particles 
because of unique surface chemistry affecting assembly behavior, but we 
hope that the described mechanism of the pattern formation is a general 
one and can also occur in other cases. 

In contrast to earlier observations, where the radially isotropic 
Marangoni flows were the main driving force, the effects analyzed here 
are mainly caused by gradual, confined evaporation and the directional 
flow of small air bubbles. Stimulated bubble and DPs flows appear to be 
the most relevant mechanisms that determine the properties of the 
deposited patterns. Although the flow starts stochastically from a 
random local leak in the liquid film between two glass surfaces, it de
termines a regular directional flow to the cavity center and the orien
tation of the final structure of the deposited pattern. 

This study reveals that the orderliness and the regularity of the 
deposited patterns depend on a combination of several factors, among 
which there are zeta potential of the particles as well as dynamic vis
cosity and evaporation rate of the dispersion media. Terminal sedi
mentation velocity of particles suspended in liquids is directly 
proportional to their size and inversely proportional to the viscosity of 
the solvent [29]. Therefore, larger and/or aggregated diamonds are 
expected to flocculate more rapidly than well-dispersed particles. The 
size of the particles suspended in liquids is influenced by the zeta po
tential. Generally speaking, the higher the magnitude of the zeta po
tential, the stronger the electrostatic repulsion between the particles, 
and the more well-dispersed they stay. It should also be pointed out that 
the mathematics used by particle analyzers like the Zetasizer Nano ZS to 
determine zeta potential of the particles takes into consideration dy
namic viscosity of the liquids. According to the equation used, the zeta 

Table 1 
Zeta potentials of diamond particles suspended in methanol, ethanol, iso
propanol, and deionized water along with selected physical properties of the 
solvents.   

Zeta 
potential 
(mV) 

Dynamic viscosity 
(cP) of solvent in 
25 ◦C [50] 

Vapor pressure 
(kPa) of solvent at 
25 ◦C [50] 

“MDNVN1umHi” 
powder suspended in    
Methanol  − 27.4  0.544  16.9 
Ethanol  − 35.9  1.074  7.87 
Isopropanol  − 29.0  2.038  6.02 
Deionized water  − 41.0  0.89  3.169 

“NDNV140nmHi” 
aqueous suspension  

− 44.0  0.89  3.169  
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potential is directly proportional to the dynamic viscosity of the 
colloidal system [51]. The evaporation rate of the liquid impacts the 
inflow of air bubbles along the inlet channel and the expansion of the 
central air bubble, which results in the directional flow positioning the 
sedimenting particles at the bottom of the cavity. 

The self-assembled patterns described in this study exhibit high 
spatial density modulation with the contrast reaching 100 % and reveal 
their potential for application. In particular, they could serve as sub
strates for selective-area nucleation and growth of diamond crystals 
using chemical vapor deposition. Moreover, if the observed mechanism 
of formation could be reproduced with electrically conductive diamond 
particles (e.g. boron-doped diamonds), the stripes might potentially be 
used as interdigitated electrodes. 

5. Summary & conclusions 

In summary, we have demonstrated the formation of concentric 
stripe patterns through a confined evaporation of an DPs suspension 
from a spherical cavity slide. A small bubble influx and strong, direc
tional liquid circulation produced a residue with a periodic stripe 
pattern of diamond particles resembling a fish skeleton. These patterns 
were formed during the continuous and oscillatory motion of the liquid- 
air contact line due to the pinning-depinning (or stick and slip) 
mechanism. 

The exact shape of the formed deposit strongly depends on the kind 
of solvent used. We observed the thinnest spine gap and the highest 
structure reproducibility with isopropanol, while the most characteristic 
feature of the ethanol patterns (Fig. 5(c)) were the ribs in the form of 
regular concentric rings broken by a well-visible regular spine without 
DPs. The patterns obtained with methanol also exhibited a distinct fish 
skeleton-like structure with a visible spine and ribs, but the ribs were 
wider and less regular than those of IPA and had irregular broken ends 
and visible gaps. These differences are attributed to the better colloidal 
stability of DPs dispersed in isopropyl alcohol. Unlike alcohols, water 
suspensions of sub-micron particles and 140 nm DPs did not result in 
regular and symmetric fish skeleton-like patterns. We have attributed 
this to a fairly good stability of diamond particles in water since these 
are not expected to sediment and accumulate at the bottom of the cavity. 

The self-assembling processes of creating specific patterns of other 
particle types are still an open question. In our experiments, the critical 
parameters turned out to be the particle size and the kind of solvent. 
Although in our studies the choice of DPs was important because of two 
reasons: our future applications and the diamond particles’ unique 
surface chemistry impacting its’ assembly behavior, we believe that the 
described mechanism of the self-assembling process under conditions of 
constrained evaporation is to a large extent universal. Thus, we expect 
that sub-micrometer particles with a density close to that of diamond 
(3.5 g/cm3), matched with a proper solvent, ensuring colloidal stability, 
could produce patterns similar to the ones discussed here. Specifically, 
interesting candidates could be particles of magnetite (Fe3O4, d = 5.1 g/ 
cm3), alumina (Al2O3, 4.0 g/cm3), rutile (TiO2, d = 4.26 g/cm3), or 
zirconia (ZrO2, d = 5.68 g/cm3). Understanding the mechanism of for
mation of such a structure may also contribute to understanding of the 
processes of surface modification through the solvent. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.diamond.2023.110783. 
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