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We study experimentally by means of atomic force microscopy (AFM) the jump-to-
contact instability between two droplets in air, with radii ranging between 0.7 and 74 pum.
This instability which occurs at the nanoscale is responsible for droplet coalescence. The
AFM experiments were conducted in contact and frequency-modulation modes where the
interaction force and the frequency shift are monitored while the two droplet interfaces
approach each other. The critical distance dp;, at which the jump to contact takes place
is determined by fitting the experimental curves by the theoretical expressions for the
force and the frequency shift. The results point out the existence of two regimes. For
submicrometer droplets, dp, scales as (H Req/ y)'/3 where R4 is the equivalent droplet
radius, H the Hamaker constant, and y the surface tension of the liquid. For larger droplets,
dpmin 0o longer depends on the droplet size and scales as (H/y)'/?. This second scaling is
the one that controls droplet coalescence in most situations.

DOI: 10.1103/PhysRevFluids.3.102001

Coalescence of liquid droplets plays a fundamental role in many industrial applications. Liquid-
liquid extraction, emulsification, polymer blending processes, and multiphase flows are examples
of processes encountered in chemical, pharmaceutical, petroleum, and nuclear industries. Cell-cell
interactions are also involved in many biological processes. All these processes are based on
the mechanisms of coalescence of soft and deformable bodies, which interact with each other,
sometimes under flow. Coalescence is a complex multiscale issue, which is not well understood,
especially at the nanoscale where the stability of the interfaces is controlled by the interplay between
hydrodynamic forces and molecular forces [1-4].

The extensive literature on the droplet coalescence clearly shows that there are many different
mechanisms, which depend on the characteristics of the surrounding flow [5-7]. In any case, the
final stage when the droplets coalesce is controlled by molecular interactions. The hydrodynamic
forces play mainly a repulsive role and are generally responsible for the droplet deformation [2,8].
For droplets in air, these forces are significant only at high interface approach velocity. Regarding
pure fluids (without any surfactant or contaminant), the molecular forces between interfaces are at-
tractive and there exists a threshold distance dy,;, below which the droplets spontaneously form an ir-
reversible capillary bridge among each other [9]. In this case, coalescence is a deterministic process
based on the jump-to-contact instability at the air-liquid droplet interfaces. In most practical models,
the coalescence time is determined by considering that the drainage process is ended when dyy, is
reached. This approach requires the determination of the dy,;, value, which is at this time unknown.

Considering van der Waals interactions (vdW), the attractive force between droplets of radii
R, and R, depends on the Hamaker constant H of the liquid and on the equivalent radius
Req = R1R2/(R1 + R»). On the other hand, the surface tension y opposes the interface deformation.
Assuming that dy,;, depends only on the three physical parameters H, Req, and y, dimensional
analysis leads to dmin ~ R (H /v)?, with o +28 = 1. By different ways, several authors have
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FIG. 1. Sketch of the experimental setup: AFM coupled with a high-speed camera and an inverted optical
microscope.

proposed a scaling diin = (H Req/ y)l/ 3 [1,4], which corresponds to ¢ = 1/3 and g = 1/3. This

scaling can also be written d*;, ~ Ha'/® in nondimensional form, where d;, = dmin/Req and
Ha = 3;%2 . This relationship has been obtained theoretically in the case of the jump-to-contact
eq

instability of a rigid sphere approaching a liquid interface in air and considering the interface
deformation prior to coalescence [10,11] and confirmed experimentally by atomic force microscopy
(AFM) experiments [12]. However, for coalescence between two droplets, the dependence of dpi,
upon the physical parameters has not been found yet, either theoretically or experimentally.

In this Rapid Communication, we study experimentally the jump-to-contact instability between
two droplets in air with the aim to measure dy,;, in situations where the attractive force is controlled
by vdW interactions. The experiments are conducted by means of an AFM coupled with an inverted
optical microscope and an ultrafast camera. A structural series of liquids has been considered in
order to investigate the dependence of dp,;, on Ha over six decades. An unexpected regime is found
for droplets larger than 2 x 10~° m for which d., is independent of the droplet radii.

In order to investigate the droplet coalescence at the nanoscale, we use an AFM JPK Nanowizard
3 to experiment the jump-to-contact instability in contact mode and in frequency-modulation (FM)
mode (Fig. 1). A specific cantilever holder has been built to perform coalescence experiments
between droplets. It includes a 45° gold mirror giving access to the side view of the droplets and a
direct drive piezotransducer to vibrate the cantilever at a given amplitude and frequency. An inverted
optical microscope Nikon Eclipse Ti is placed under the AFM. A 50x /0.6 long-distance objective
is coupled to a high-speed PCO Dimax camera. During the experiments, the camera records the
approach and coalescence of the droplets with a maximum frame rate of the camera of 1279 fps for
2016 x 2016 pixels image size. Camera and AFM are synchronized via the signal access module.
The camera is used to ensure an accurate positioning of the droplet fixed at the cantilever extremity
just above the sessile droplet deposited on a glass substrate, to verify that no evaporation takes place
during the coalescence and to provide an estimate of the instant of coalescence.

In this work, we consider a structural series of four liquids, which are characterized by a same
Hamaker constant H ~ 6 x 10720 J [13,14]: diethylene glycol (2EG), triethylene glycol (3EG),
tetraethylene glycol (4EG), and glycerol (Gly). The liquids are purchased from Sigma-Aldrich

102001-2



JUMP-TO-CONTACT INSTABILITY: THE NANOSCALE ...

FIG. 2. Side view of a cantilever droplet before coalescence with a sessile droplet.

and are used as received after characterization using a rheometer Haake Mars III (ThermoFisher
Scientific) and a tensiometer DSA100 (Kriiss). Their dynamic viscosity and surface tension are
w = 30, 40, 50, and 910 mPas and y = 50, 48, 46, and 63 mN/m, respectively. After depositing a
sessile droplet of a given liquid on a glass substrate, the droplet at the extremity of the cantilever
is formed by immersing the tip in the sessile droplet. Successive immersions or redeposition on
the bare substrate are performed in order to obtain pairs of droplets with different radii R; and R,
where R) is the radius of the droplet attached to the cantilever and R, of the sessile droplet on the
substrate (Fig. 2). Typically, we can change the radius of the cantilever droplet between 0.7 and
24 um, and the radius of the sessile droplet between 4 and 74 pwm. The droplet radii are measured
on camera images just before each AFM experiment. It has been checked that the radius values of
cantilever droplets measured optically are close to those calculated with the resonance frequency
shift resulting from the additional mass induced by the liquid at the extremity of the cantilever.

For contact mode experiments, a Hydra 6V-200WG AppNano with a stiffness k = 0.12 N/m
and a radius R = 25 nm is used. For FM experiments, three different cantilevers are used: (1) PPP-
NCHAuD nanosensors with k = 31 N/m and R = 12 nm; (2) the same model with k = 31 N/m and
R = 45 nm; and (3) PT-Si02.Si.1 Novascan with k = 19.5 N/m and R = 450 nm. The cantilever
stiffness is characterized by thermal noise using the deflection sensitivity derived from contact mode
experiments on a silicon wafer substrate [15]. Because the stiffness of all the cantilevers is at least
four times larger than the effective spring constant of the interface, which is of the order of y/2 [16],
the jump to contact is not a consequence of a mechanical instability of the cantilever, but is the result
of a hydrodynamic instability of the droplet interfaces. In contact and FM modes, the force F and the
frequency shift A f, respectively, are monitored versus the actual distance d between the interfaces
of the droplets. The latter is calculated by the following relationship: d = z + § — 8,, + dmin, Where
z is the piezoelevation whose origin is arbitrarily taken at the jump to contact (detected by the
maximum value of the gradient of the experimental curves), § is the cantilever deflection measured
at the distance z, and §,, is the cantilever deflection measured at z = 0.

In order to determine dy,,, the force curves are fitted by

H R4
e 1
o ey
corresponding to the interaction between two rigid spheres separated by a distance d. The
assumption that the droplets remain spherical up to the jump-to-contact instability (d > dpin) is
valid because (1) the interface deformation prior to the jump to contact is small compared to the

102001-3



VERONIQUE CHIREUX et al.

0 L
. -05¢
Z
&3
7 —3EG R,y = 10 pm 1
Gly Req = 16 pm
—3EG Ry =39 pm
_1 .5 L ‘ _Fits 4

0 20 40 60 80 100 120
d (nm)

FIG. 3. Contact AFM experiments: force versus displacement. Fits are obtained by means of Eq. (1).

droplet radii [12] and (2) the viscous effects in the interstitial film are negligible according to the
% < 1, where V and 7 are the droplet approach velocity and the air viscosity.
InFM monge, the shift frequency curve is fitted by the following relationship derived and validated

in [12]:

criterion:

Af 1
fo  2mkA?

2
/ F x Acos(x)dx, (2)
0

where fj is the cantilever eigenfrequency and A is the oscillation amplitude. In both contact and
FM modes, the fits are done by least-square method where dii, and Req are the free parameters
for minimization. The values of R.q are consistent with optical measurements, which makes us
confident with the values of dy,;, provided by this method.

Examples of measured force and frequency shift curves together with the fits are presented in
Figs. 3 and 4, respectively. These curves show the increase of the absolute value of the attractive
force between the two droplets or that of the frequency shift as the interface distance decreases.
As expected, the vdW interaction range expands as Req becomes larger. We observe a very good
agreement between the experimental curves and Egs. (1) and (2), which confirms that the droplets
do not deform significantly up to dni,. Even if they are more difficult to execute, FM experiments
provide more accurate data and the experimental frequency shift curves are less noisy. This is
consistent with the fact that in dynamic mode, at resonance, the sensitivity is increased by Q the
quality factor of the cantilever which, in our case, is of the order of 100. However, both AFM modes
lead to similar results, which validates the determination methods of dp;,. In the following, the
results of the two AFM modes will not be distinguished. Figure 5 displays the measured values
of dpin as a function of the radius R.q for a series of droplets of different sizes and liquids. It is
important to note that our droplet manipulation procedure allows one to probe a wide range of
values of R.q spanning over three decades while varying the ratio of radii R;/R5 from 0.04 to 1. We
observe that, for small values of R.q, as expected, dpin increases with R4 following a power law

which is compatible with a Réf dependence. Interestingly, for Req > 2 pum, dpin does not depend
anymore on R.q and reaches a constant value dy;, ~ 15 nm. Moreover, it turns out that dp;, is
independent of R;/R; over the whole range of R.q investigated. This is evidenced in Fig. 5 where
the data points are colored depending on the R;/R; value (blue points for R;/R; < 0.3 and red
points for R;/R, > 0.3). We observe that the two series of data follow the same trend with the
two regimes. Hence, similar values of dy,;, can be obtained with similar values of Req but different
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FIG. 4. FM-AFM experiments: frequency shift versus displacement. Fits are obtained by means of Egs. (1)
and (2).

R1/R, ratios. In order to interpret these results, d; is plotted as a function of Ha in Fig. 6. This
nondimensional form allows one to get rid of the nature of liquids and to obtain a master curve
including all experimental data. The blue and red dots represent the data of Fig. 5: the regime
where dpi, is constant corresponds to the new power law d; o Ha'/?, while the regime where
diin increases corresponds to the already known power law d*. o< Ha'/3. The black dots represent
the results of a previous AFM study of the jump to contact between a puddle and a droplet or a
wetted tip [12], performed with the same series of liquids. In these experiments, R.q = R; (because
R» is infinite) and the definition of Ha is identical. At variance with the present study, this previous
work thus dealt with only a single radius ratio (R; /R, = 0). Furthermore, it investigated a different
range of radius, which did not include large enough droplets to clearly identify the Ha'/? regime.

As a consequence, even though this regime can now be discerned in Fig. 6 for Ha < 1077, the
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FIG. 5. dnin versus Req. The blue dots correspond to R; /R, < 0.3 and the red dots to Ry /R, > 0.3.
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FIG. 6. d,, versus Ha. The blue dots represent the data of the jump to contact between droplets. The blue
dots correspond to R; /R, < 0.3 and the red dots to R, /R, > 0.3. The black dots represent the data from [12]

of the jump to contact between a liquid puddle and a droplet, which corresponds to R;/R, ~ 0.

transition between the two regimes was not noticed in [12] where only the Ha'/? regime was pointed

out. It is remarkable that the results of the two studies which span over nine orders of magnitude
in Ha exactly show the same trends, which confirms that . depends only on Ha and not on
radius ratio for R;/R, ranging from 0 to 0.9. The combination of these two types of experiments
thus allows us to clearly identify two regimes which can be approximated by d;, = 22Ha'/? for
Ha $1.5x 1077 and df;, = 1.6Ha'’? for larger Ha. While the regime for the small droplets
in Ha'/? involves that the characteristic scale of dpi, is (H Req/ Y3, as already established by
several authors [1,9,11,12], the regime in H a'’? for large droplets exhibits a characteristic length
(H/y)"/?. This regime can be interpreted by considering that dy,;, becomes independent of Req for
large enough droplets. In this case, the dimensional analysis mentioned above, leads to ¢ = 0 and
B = 1/2 and therefore dmin ~ (H/y)'/?. However, this new behavior is observed from a value as
small as 2 um, both for droplet-droplet coalescence and droplet-puddle coalescence. This result is
crucial for understanding and modeling of coalescence. Hence, except for very specific situations
involving submicrometer droplets, the jump to contact responsible for coalescence occurs at a value
of dpin of the order of 10 nm, which depends only on the physical parameters H and y, and not on
droplet size.

In this Rapid Communication we reported on an experimental study of the jump-to-contact
instability in air. Using an AFM setup and a dedicated protocol to manipulate micron-size droplets,
we provide a large set of experimental data on the distance dp;, at which coalescence occurs.
While for small droplets we confirm the theoretical estimations d, ~ Ha'/? generally accepted,
an unexpected regime dy, ~ H a'/? appears for droplets of sizes larger than 2 um which may
modify the description of coalescence. The conclusions of this work apply for all situations where
hydrodynamic forces within the interstitial film between droplets are negligible and molecular forces
are described by vdW interactions. Future work should now address the coalescence of droplets
immersed in liquid. First, the hydrodynamic forces will cause the interface deformation and delay
or prevent the reaching of dy,;,. Second, electrical charges may screen the vdW forces and possibly
decrease the d,;, value. An experimental strategy similar to the one developed in this work that
allows us to reveal the regimes of droplet coalescence in air should be fruitful as well in liquids.

The authors would like to thank C. Mortagne and M. Ogier for their help in the AFM experiments
and the FERMaT Federation for its support in instrumentation.
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