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Inkjet printing has emerged as a potential solution processing method for large-area patterned films. Dur-
ing inkjet printing, a single droplet without satellite droplet is required for high-quality film. Herein, we
propose a strategy for obtaining a single droplet by adjusting the reduced concentration (c/c*, where c*
is the critical overlap concentration) in the range of 1.0-1.5. Droplet formation can be categorized into
three distinct regimes: (1) c¢/c* < 1.0, satellite droplet; (2) c/c* =1.0-1.5, single droplet; (3) c¢/c* > 2.0, no
droplet. Furthermore, an inertial-capillary balance led to the 2/3-power scaling of the minimum radius
with time for the solutions of c/c* < 1.0. However, for the solutions of c/c* =1.0-1.5, the ligament radius
decreased exponentially with time. Moreover, the Weissenberg number was higher than the critical value
of 0.5, indicating that the polymer chains underwent coil-stretch transition. The viscoelastic-capillary bal-
ance dominated instead of the inertial-capillary balance. The resulting viscoelastic resistance reduced the
length of the ligament and increased the velocity difference between the satellite and main droplets.
Consequently, a single droplet was formed. In addition, the law can be successfully generalized to various
molecular weights, molecular structures and solvents.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Inkjet printing technology is considered as a highly promising
solution processing method for film formation, due to its wide
range of applicable materials and high material utilization [1-3].
One of the key challenges is the formation of single droplets with
the suitable velocity, volume and excellent reliability [4,5]. This is
particularly critical, as satellite droplets during inkjet printing can
have a significant impact on the quality of the resulting film, such
as inducing incorrect stains, asymmetrical coalescence of droplets
on the substrate, and deviating from the predetermined printing
position [6-8]. The formation of droplets is an intricate process
that is governed by the complex interplay of capillary, inertial, vis-
cous, and elastic effects [9,10]. As for a drop-on-demand (DOD)
inkjet printer, the piezoelectric transducer deforms by applying
voltage signals to squeeze the solutions from nozzle to form liga-
ment. According to the Young-Laplace equation, the capillary pres-
sure is proportional to the curvature of interface, and the pinch-off
commonly occurs at the position with the greatest curvature vari-
ation, that is, the corresponding largest pressure gradient [11,12].
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Newtonian fluid solutions (comprised of pure solvents and small
molecular solutions) exhibit a predictable and concise droplet for-
mation that is primarily governed by physical parameters such as
viscosity and surface tension [13,14]. However, for polymer solu-
tions, other important physical parameters also must be taken into
account, with viscoelasticity being a particularly crucial parame-
ter. The incorporation of small amounts of polymer into the ink
composition results in a significantly more complex fluid system,
and the resultant viscoelasticity can significantly impact the pinch-
off and detachment dynamics of droplets during the printing pro-
cess [11,15-18]. In order to better understand this phenomenon, a
dripping-onto-substrate rheometer was employed to simulate the
process of ligament thinning. The results indicated that the lig-
ament thinning process of Newtonian fluids was governed by ei-
ther an inertio-capillary (IC) or a visco-capillary (VC) balance, until
the eventual breakup of the ligament. However, as the radius of
the ligament decreased, the ligament thinning process of polymer
solutions underwent elasto-capillary (EC) thinning stage. The vis-
coelastic stress generated by polymer stretching masked the iner-
tial effect and emerged as the dominant stress component, thereby
increasing both the pinch-off time and length [9,19]. The confor-
mation transition from coil to stretch state of polymer chains has
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been demonstrated to occur under the inkjet printing process [20].
The Weissenberg number (Wi) was a criterion for determining the
occurrence of the coil-stretch transition (Eq. 1) [16,21].

Wi=¢-A (1)

where ¢ is the elongation rate, and A is the relaxation time. When
Wi was less than 0.5, the polymer chains relaxed and the solu-
tion behaved like Newtonian fluid. Conversely, when Wi surpassed
0.5, the polymer chains began to undergo the coil-stretch transi-
tion, and the solution exhibited viscoelasticity [10,18,22]. Accord-
ing to the Zimm model, the relaxation time in an infinitely dilute
polymer solution can be described through the following expres-
sion (Eq. 2):

Nz = LI @
where 7 is the viscosity of the solvent, [n] is the intrinsic viscos-
ity, My, is the molecular weight, R is the gas constant, and T is
the temperature. Based on the expression of the relaxation time as
depicted in Eq. 2, it can be deduced that concentration, molecu-
lar weight, molecular structure and solvent are the essential fac-
tors determining the relaxation time. To account for the interplay
of all relevant parameters, the critical overlap concentration, c*, is
introduced, which is related to molecular weight, molecular struc-
ture of polymer and solvent. The measurement and calculation of
c* are shown in Egs. S1-S4 and Fig. S3 (Supporting information).
Subsequently, the reduced concentration (c/c*) were used instead
of the commonly used concentrations to explore the droplet for-
mation process.

In this work, a charge-coupled device (CCD) camera was em-
ployed to observe and record the droplet formation process. As
illustrated in Fig. 1, under the same reduced concentration, the
droplet formation remained almost identical, irrespective of vari-
ations in molecular weights, molecular structures, and solvents.
For c/c*=0.3 and 0.5, the main droplet and satellite droplet were
formed due to the head pinch-off of ligament. Two droplets were
ultimately formed. When the reduced concentration exceeded 1.0,
a single droplet was formed due to the mergence of the main
droplet and satellite droplet. Beyond c/c*=2.5, no droplet was
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formed due to insufficient kinetic energy to overcome the resis-
tance, thereby preventing the ligament from detaching and return-
ing to the nozzle. Moreover, as shown in Figs. S5 and S6 (Sup-
porting information), the extracted trajectory data of droplets re-
vealed that the velocity of droplets formed by solutions at con-
centrations of ¢/c* =1.0 and 1.5 was 1.40 and 1.09 m/s respectively,
while the velocity of droplet formed by the solution at c¢/c* =2.0
was 0.83 m/s, which was below the minimum velocity of 1.00 m/s
required for inkjet printing [23,24]. Thus, the concentration range
for forming a single droplet was c/c* =1.0-1.5 for all solutions with
various molecular weights, molecular structures and solvents.

To explore the significant changes in droplet formation in so-
lutions with the reduced concentrations ranging from 0.5 to 1.0,
the ligament diameter was analyzed at the tail pinch-off (near the
nozzle) and head pinch-off locations (near the main droplet). Pre-
vious studies have indicated that in situations characterized by low
viscosity and inelasticity, the evolution of the diameter can be de-
scribed as an inertia-capillary thinning response [25,26].

The relationship between the relative diameter and time in
such cases is known to follow a 2/3 power law (Eq. 3) [27,28].

Dn) _y(te=t)" G
Dy tr

here, Dy is the initial diameter of the ligament, t; is the pinch-off
time, X is the prefactor, and ty is the Rayleigh time, which depends
on the material properties of the fluid (density and surface ten-
sion) and the characteristic length scale. However, when the con-
centration increases to the point where elasticity begins to have
a significant impact, the thinning process of the ligament is con-
trolled by the balance between capillary force and elastic force. In
these conditions, the evolution of the ligament diameter follows an
exponential law (Eq. 4) [19,29-32].
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where G is the extensional elastic modulus, Ry is the initial radius,
o is the surface tension and A is relaxation time.
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Fig. 1. Representative photo sequence of the droplets as a function of the elapsed time for the solutions with different molecular weights, molecular structures and solvents

at different reduced concentrations (c/c* =0.3, 0.5, 1.0, 1.5, 2.0, 2.5). Scale bar: 200 pm.
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Fig. 2. Relationship between the normalized ligament diameter of solutions
(c/c*=0.5, 1.0 and 1.5) and time. (a) Tail pinch-off. (b) Head pinch-off.

As depicted in Fig. 2a, the evolution of the normalized liga-
ment diameter at the tail pinch-off location for the solutions at
c/c*=0.5 adhered to the 2/3 power law, while that of the solutions
at ¢/c*=1.0 and 1.5 conformed to the exponential law. The confi-
dence levels of the fitted curves were greater than 95%. A similar
pattern was observed at the head pinch-off location, as illustrated
in Fig. 2b. This indicates that viscoelastic force was present at both
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pinch-off locations in the solutions at c/c* =1.0 and 1.5, whereas
it was opposite for the solutions at c/c* =0.5. According to Eq. 4,
the effective relaxation time can be derived from the fitting re-
lationship of ligament diameter evolution. For the convenience of
calculation, the natural logarithm was applied on both sides of the
equation, as represented in Eq. 5.

D (t) 1 1 GeRo
ln[ Dy ] = 3—)Le(tc —t)+ 3ln(20)

In Figs. 3a and b, a good linear fit of In[(Dm(t)/Dg] as a function
of (tc-t) can be obtained for all the solutions. This allowed the reli-
able calculation of the effective relaxation time Ae =1/(3k) (k is the
slope). The effective relaxation time of solutions with different re-
duced concentrations were listed in Table S7 (Supporting informa-
tion). For the solutions at c/c* = 1.0, the effective relaxation time at
the tail and head pinch-off were 10.3240.58 ps and 10.54 +0.19
us, respectively. For the solutions at c/c*=1.5, these values were
13.56 £0.29 ps and 14.72 £0.35 ps.

The elongation rate (&) at pinch-off time t. can be estimated
from the decrease of ligament diameter between t. and the time ¢t
near the pinch-off time (Eq. 6) [29].
2 dDn _ 2 Dy — D

Dn dtf D te—t (6)
The Weissenberg number (Wi) was the product of effective re-
laxation time and the elongation rate (Eq. 1), as shown in Figs.
3c and d, and Table S7. The Wi was determined to be 2.71 £+0.08
at tail pinch-off and 2.8640.10 at head pinch-off for the solu-
tions at the concentration of c/c* =1.0. For c/c* =1.5, the Wi was
greater, which was 3.72 £0.06 at tail pinch-off and 3.91 £0.09 at
head pinch-off. These values were greater than the critical value
of 0.5, indicating that the polymer chains underwent coil-stretch
transition at the tail and head pinch-off locations.
The viscoelasticity generated by the coil-stretch transition of
polymer chains has a substantial impact on the formation of lig-

(5)

PFO-82k-CB
f FFO-27TK-CB
- PFO-457k-CB
a PFO-457k-TL
= PFO-457k-0X
QE i FEBT-83k-CB
= TFB-90k-CB
o
AI’
Wi

Fig. 3. The logarithmic normalized ligament diameter as function of the logarithmic shifted time (t.-t) at tail and head pinch-off time. (a) c/c* =1.0. (b) c¢/c*=1.5. The
effective relaxation time (X.) and calculated Wi at tail and head pinch-off time. (c) c¢/c* =1.0. (d) c/c* =1.5.
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Fig. 4. (a) The ligament length and velocity at the tail pinch-off time of solutions at c/c* =0.5, 1.0 and 1.5. (b) The ligament length when head pinch-off occurred and initial
velocity difference of main and satellite droplets. (c) The velocity difference between satellite and main droplets for the solutions dissolving 82 kDa PFO in CB/CHB=_80/20
solvent at different reduced concentrations (c/c*=0.3, 0.5, 1.0, 1.5, 2.0). (d) The velocity difference of all solutions at c/c*=0.5 and 1.0 with different molecular weights,

solvents and molecular structures used in the experiment.

ament and droplet. Whether the droplets merge or not was mainly
determined by the distance and velocity of the main and satellite
droplets. As shown in Fig. 4a, as the reduced concentration rose,
the ligament length at the moment of tail pinch-off gradually de-
creased, while the velocity at the tip of ligament also decreased.
These were beneficial for droplet mergence. After the ligament was
disconnected from the nozzle, the droplet had no additional force
and was in a state of free flight. The stretched polymer chains in
the ligament intensified the traction of the head and tail of the
ligament towards each other. As a result, the ligament length of
head pinch-off gradually decreased as the concentration increased.
The velocity difference was defined as the difference in velocity
between the satellite droplet and main droplet. The initial velocity
difference increased with concentration (Fig. 4b). These also facili-
tated the mergence of the two droplets. Subsequently, the associ-
ation between the velocity difference and time was plotted using
82 kDa PFO CB inks as an example (Fig. 4c). The velocity difference
consistently stayed below zero at the reduced concentration of 0.3.
This demonstrated that the satellite and main droplet finally be-
came too far apart to mix into a single droplet when the distance
between them grew over time. The velocity difference fluctuated
between positive and negative values for c/c* =0.5. The satellite
droplet did not catch up to the main droplet as the main droplet
was 291+ 17um ahead of it at head pinch-off. Consequently, two
droplets were formed. The velocity difference constantly exceeded
zero when c/c* > 1.0, demonstrating that the satellite droplet was
able to close the distance gap between it and the main droplet.
The same trend was obtained for other solutions, regardless of
variations in molecular weight, solvent and molecular structure,
as shown in Fig. 4d. Therefore, the schematic diagram of droplet
formation at various reduced concentrations was plotted based on
the data mentioned above (Fig. 5). The stretched polymer chains
emerged in the ligament of the solutions with the concentration
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Fig. 5. Schematic illustration of droplet formation for the solutions at c/c* < 1.0
and c/c* =1.0-1.5.
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of c¢/c*=1.0-1.5, while they were absent from those with reduced
concentration of 0.5. The viscoelastic resistance that resulted from
this contributed to the balance of inertial force. As a result, the lig-
ament length shrank and the velocity difference between the satel-
lite and main droplets widened. The interaction of these effects en-
couraged the mergence of two droplets into a single droplet.

In summary, a single droplet was obtained by adjusting the re-
duced concentration within the range of c¢/c* = 1.0-1.5. This law can
be generalized to different molecular weights, molecular structures
and solvents. The results of minimum radius evolution indicated
that the ligament produced by the solutions at c/c* =0.5 exhibited
the typical inertia-capillary interaction. However, when c/c* =1.0-
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1.5, the ligament followed viscoelastic-capillary interaction. Fur-
thermore, the Weissenberg number (Wi) was great than 0.5, in-
dicating that the polymer chains underwent coil-stretch transition.
The resulting viscoelastic resistance reduced the ligament length
and the main droplet velocity. This provided an opportunity for
the single droplet formation. Consequently, this work provides a
valuable guidance for the formulation of polymer solutions used in
inkjet printing.
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