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Open micro-combinatorial analysis systems of
crystal growth critical points of a w-conjugated
molecule in ionic liquid nanoliter dropletsy

Satoshi Watanabe, @ *@ Shun Inouchi® and Masashi Kunitake ¢

Crystal engineering methodologies based on reproducible and high-throughput fabrication of high-quality
single crystals have attracted much attention. Crystal formation and growth are governed by crystal growth
theory. The driving force of crystallization is systematically represented with phase diagrams. However,
constructing phase diagrams usually requires relatively large quantities of samples (milligrams to grams)
and substantial time (weeks to months) to evaluate many conditions. Therefore, an easy and quick
methodology to obtain phase diagrams, revealing critical conditions for valuable samples, is required.
Here, we proposed a new method to obtain phase diagrams based on nanoliter droplet arrays of
nonvolatile liquids prepared by inkjet printing. Anthracene derivatives and 1-octyl-4-
methylpyridinium derivatives were used as the solute and solvent, respectively. Optimization of ejection

ionic

conditions, such as applied voltage, frequency, pulse width, and head temperature, enabled the
formation of a 0.5 nL droplet per ejection. Inkjet printing under these conditions formed nanodroplet
arrays on substrates at a droplet-patterned density of ca. 50 dots per cm? The volume of each
patterned droplet was varied from 10 to 100 nL by changing the number of ejections. The dissolution
temperature of anthracene at each concentration was obtained at a heating rate of 0.2 °C min~%. This
heating rate was found to be 10 times faster than the conventional technique. The same phase diagram
as that prepared by the conventional technique was obtained in the range of 75-300 mM. The standard
deviation of the dissolution temperatures was 0.8 °C (2.5%). This technique will facilitate the
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Introduction

Crystal engineering of small molecules has attracted much
attention for X-ray single-crystal analysis to determine crystal
structures'” and for enhancing their physical properties, such
as carrier mobilities in organic field-effect transistors,*®
upconversion  luminescence,>®  actuation by  photo-
isomerization,*” texture in chocolates,*® and medicinal efficacy
of medicines.'®"* Success in these applications requires high-
quality single crystals. Crystal qualities are classified into crys-
tallinity (single or polycrystals), crystal size and shape, aniso-
tropic orientation, and crystal purity (densities of impurities
and/or defects). The method of fabrication is pertinent to
enhancing the crystal quality.
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crystallization of multiple and valuable samples.

Crystal fabrication techniques are broadly divided into dry and
wet processes.”>"* Wet processes, sometimes termed “solution
processes”, are often used for organic compounds because they do
not sublimate or decompose at low temperatures and in the air.
Crystals form by facilitating crystallization from homogeneous
solutions by solvent evaporation, cooling, introducing a poor
solvent or using precipitating agents.** ¢ In the initial stages of
research, experimental conditions for crystallization are deter-
mined by trial and error, yet the crystal growth conditions remain
ambiguous. However, this strategy often fails to form crystals and/
or lacks reproducibility because the causal relationship between
crystal formation and experimental conditions remains unclear.

Classical crystal growth theory indicates that crystal growth is
governed by nucleation and crystal growth, which depend on
concentration and temperature.'”*® The driving forces of nucle-
ation and crystal growth are quantitatively calculated by obtaining
the difference in temperature and concentration from the disso-
lution and precipitation curves in phase diagrams. That is why the
dissolution and precipitation curves are often termed critical
curves of crystal growth and nucleation, respectively. In addition,
phase diagrams indicate the specific crystallization conditions of
a molecule. This study reports that the nucleation conditions of
organic semiconductor molecules change between the air/liquid

© 2025 The Author(s). Published by the Royal Society of Chemistry
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interface and the bulk solution phase.” This is because of the
Gibbs absorption of molecules at the air/liquid interface. This
knowledge facilitates crystal growth based on the phase diagrams
of organic semiconductors.”® Obtaining phase diagrams is the
first step to obtaining high-quality crystals with good reproduc-
ibility. However, obtaining a phase diagram requires milligram- or
gram-scale reagents and times ranging from 1 week to nearly 1
month. This hinders the acquisition of phase diagrams for valu-
able reagents, such as nucleic acids, proteins, and synthesized
compounds, as well as the application of various conditions, such
as good solvents, poor solvents, salts, and pH.

Microanalysis and synthesis in small well plates are per-
formed because of their high throughput based on low material
consumption, high reaction efficiency, and ease of environ-
mental control.>**' Zheng et al. screened protein crystallization
conditions by microfluidic chip mixing with several nanoliter
solutions.*® Tyler et al. reported a new screening technique of
crystallization conditions for crystal polymorphs of small organic
molecules by evaporating nanoliter solutions covered with oils.**
Knowles et al. succeeded in obtaining condensed phase
diagrams of biomolecules on combinatorial microdroplets.*> We
reasoned that if solubilities are observed in nanoliter droplets,
many dissolution curves can be obtained concomitantly with
only a small quantity of reagent. However, the concentration of
nanoliter droplets is difficult to determine during evaporation
because of their small size and rapid evaporation speed. This
disadvantage hinders the possibility of extending microsystems
to open ones, not just to crystal engineering.

In this study, we demonstrate a new open micro analysis
system that can obtain the crystal-solution phase diagram of
a small molecule in nanoliter droplet arrays of an ionic liquid
prepared with a piezo-type inkjet printer. Ionic liquids are
nonvolatile in air; thus, even nanoliter droplets can easily
maintain a constant concentration. Ionic liquids are used to
crystallize,* electrochemically decompose,* and assemble two-
dimensional materials.?” As solutes and ionic liquids, anthracene
derivatives and 1-octyl-4-methylpyridinium derivatives were used.
Anthracene derivatives were well known as a typical -conjugated
molecule, and anthracene was used mainly in this study owing to
its basic chemical structure and high solubility in ionic liquids. 1-
Octyl-4-methylpyridinium derivatives were some of the ionic
liquids that dissolved anthracene derivatives well.*®

Materials and methods
Materials

Anthracene, 9,10-dibromoanthracene, and 1-octyl-4-
methylpyridinium bis(trifluorosulfonyl)imide (pC8PryC1 TFSA)
were obtained from FUJIFILM Wako Pure Chemical. 1-Octyl-4-
methylpyridinium bis(trifluorosulfonyl)imide (pC8PryC1 FSA)
was obtained from DKS. o-Dichlorobenzene (DCB) was
purchased from the Tokyo Chemical Industry.

Ejection condition

Anthracene was dissolved in DCB at 100 mM. Prior to inkjet
ejection, the anthracene solutions and pC8PryC1 FSA were
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passed through a polytetrafluoroethylene filter (pore size: 0.2
pum) and then added into 1 mL-volume sample vials. The vials
were set in a piezoelectric inkjet printer (LaboJet-500, MICRO-
JET, Japan) equipped with an I[JHB-1000 thermal heating head.
The distance between the head tip and glass substrates was 1-2
mm. The solution and ionic liquid were ejected under air at ca.
25 °C. The ejections were adjusted by changing the voltage (0-80
V), pulse width (40-120 ps), and frequency (120-500 Hz) applied
to the piezo devices attached to the head. The head temperature
was set to 30 °C for the anthracene solution and 40 °C for the
ionic liquid. The ejected droplets were observed with a video
camera and a strobe light synchronized with the ejected
frequency. The flight velocity of the ejected droplets was
calculated from the droplet position in the camera image and
strobe delay time. The volume of the droplet was determined by
dividing the mass of the solutions (ca. 10 puL obtained by 20 000
ejections) by the density of DCB (1.30 g cm ™) or pC8PryC1 FSA
(1.27 g ecm™3).

Printing and observation

Fig. 1a-d shows the preparation protocol for a droplet array
consisting of anthracene in an ionic liquid by inkjet printing for
the simultaneous screening and construction of a phase
diagram. Flat glass substrates (10 mm x 10 mm x 0.2 mm)
were cleaned by ultrasonication in acetone and chloroform for
20 min each. Anthracene solution was ejected at the 1 x 1 and 3
x 3 array positions onto the glass substrates under optimized
conditions (Fig. 1a). The solution was air-dried because heating
or vacuum caused sublimation of the anthracene from the
substrates. The anthracene solution was again ejected onto the
same location of the substrates until a predetermined quantity
of anthracene was obtained (Fig. 1b). After air-drying, 10-100 nL
of pC8PryC1 FSA was ejected to cover the anthracene (Fig. 1c).
The concentration of anthracene in each droplet was controlled
by changing the quantity (droplet number) of the anthracene
solution ejected.

The substrates were placed on an SS053-convex glass heating
table (BLAST, Japan). The accuracy of the temperature control
was 0.5 °C. The substrates were observed in transmission
mode using an optical digital microscope (RX-100) equipped
with a high-resolution HR-5000 lens (HIROX, Japan). The lens
(with a camera) was above the samples, and white light was
irradiated from the bottom of the samples. The samples were
heated at rates from 0.1 °C min~' to 1.0 °C min~" until the
crystals dissolved completely (Fig. 1d).

Conventional method

Anthracene and pC8PryC1 FSA were added to 1 to 2 mL vials at
75,150, and 300 mM. The vials were set on an aluminium block
on a PH121 temperature-tuned table controlled with a PCC-117-
Co controller. The precision of the temperature control was
+0.1 °C. The heating rates of the samples were from 0.0080 °
C min~" to 0.20 °C min ™. Crystal dissolution was determined
visually.

RSC Adv, 2025, 15, 8404-8410 | 8405
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Fig.1 Schematic for preparing a dot array, consisting of anthracene in
an ionic liquid, by inkjet printing for simultaneous screening and
construction of a phase diagram. (a) Printing of anthracene in DCB
solution, (b) formation of anthracene crystals after air drying, (c)
printing of pC8PryC1 derivatives on anthracene derivative crystals, and
(d) microscopy observation of anthracene crystal dissolution at the
heating stage.

Results

Ejection conditions of anthracene/o-dichlorobenzene solution
and pC8PryC1 FSA

First, the optimized ejection conditions of the anthracene
solutions and the neat ionic liquid were studied. Fig. 2a-
d shows the flying velocity and/or volume of a droplet plotted
against (a and b) pulse width and (c and d) applied voltage in (a
and c) anthracene solutions and (b and d) pC8PryC1 FSA. The
optimized ejection conditions enabled stable ejection of nano-
droplets (0.5 nL per ejection) of anthracene solution and the
ionic liquid. As shown in Fig. 2a and b, the droplet velocities of
the anthracene solution and ionic liquid were maximized at
pulse widths of 78 and 75 us, respectively. The maximum
droplet velocities at 5-6 m s~ ' were obtained at an applied
voltage of 20 V for the anthracene solution and 50 V for the ionic
liquid. As depicted in Fig. 2c and d, the velocity and volume of
a droplet of the anthracene solutions and ionic liquid were
proportional to the applied voltage at the same pulse width (75
us). The droplets were stably ejected at 20-50 V for the anthra-
cene solutions and at 50-55 V for the ionic liquid. The ejection
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Fig. 2 Flying velocity of droplets plotted against the pulse width of
applied voltages in (a) 100 mM anthracene in DCB and (b) pC8PryC1
FSA. Flying velocity (gray) of droplets and volume (blue) of droplets
plotted against applied voltages in (c) 100 mM anthracene in DCB and
(d) pC8PryCl FSA. The frequency of applied voltages and the
temperature of the inkjet head were 500 Hz and 30 °C for anthracene,
and 120 Hz and 40 °C for pC8PryC1 FSA, respectively. The applied
voltages were fixed at 20 V in (a) and 50 V in (b). The pulse width was
set at 75 ps in (c) and (d). The volume of a droplet was obtained by
dividing the weight of 20 000 droplets by the density of (c) DCB and (d)
pC8PryC1 FSA.

conditions were chosen to be 0.60 nL at 20 V for the anthracene
solution and 0.56 nL at 55 V for the ionic liquid. The average
volume and standard deviation of the droplets ejected 10 x were
0.595 and 0.0171 nL (0.3%) for the anthracene solutions and
0.524 and 0.0369 nL (7.0%) for the ionic liquid, respectively
(Table S17).

The flight velocities and ejection volumes of droplets are
determined by the head types, ejection conditions, and the ink
properties of surface tension and viscosity. The influence of the
ink viscosity was particularly large. The viscosity of the ionic
liquid (34 mPa s at 40 °C) was ca. 30x higher than that of o-
dichlorobenzene (DCB; 1.32 mPa s at 25 °C). The applied volt-
ages for the ionic liquid must be higher than those for the
anthracene solutions. Ionic liquids were difficult to stably eject at
temperatures <40 °C, at frequencies higher than 120 Hz, without
an applied voltage of 50-55 V. Low-viscosity ionic liquids at high
temperatures form stable flying droplets but completely dissolve
anthracene crystals when the ionic liquids are covered on a small
quantity of anthracene crystals on substrates. This is not suitable
for measuring dissolution temperature by observing the phase
transition from the heterogeneous crystal coexistence phase to
the homogeneous solution phase.

Nanoliter droplets patterned on substrates

First, 51 nL of anthracene in DCB was placed on the substrate,
i.e., 0.91 ug (5.1 nmol) of anthracene at 25 °C. Fig. 3a shows an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Optical microscope images of a glass substrate obtained at
each step of preparing a nanoliter solution. (a) Anthracene (51 nL) in
DCB at 100 mM by inkjet printing (frequency: 500 Hz, pulse width: 75
us, head temperature: 30 °C, applied voltage: 20 V, number of ejec-
tions: 86); (b) after air drying for several hours to evaporate DCB [0.91
ug (5.1 nmol) of anthracenel; (c) 34 nL of anthracene in pC8PryC1 FSA
at 150 mM by inkjet printing (frequency: 120 Hz, pulse width: 75 ps,
head temperature: 40 °C, applied voltage: 55 V, number of ejections:
65); and (d) after heating at a heating rate of 1.0 °C min~* to 57 °C.

optical microscope image of anthracene in DCB on the
substrate immediately after ejection. The diameter of the
anthracene solution on the substrate was ca. 0.86 mm. The
droplet size decreased even during observation because of DCB
evaporation. The droplets were uniform and transparent, with
no precipitates observed.

Fig. 3b shows an optical microscope image of anthracene
after the DCB was dried. Anthracene crystals precipitated where
the droplet had been. Fig. 3c shows an optical microscope
image of anthracene crystals covered with pC8PryC1 FSA at 34
nL to prepare the anthracene solution at 150 mM. The shape of
the droplet was slightly distorted because each droplet of the
ionic liquid was dispensed manually at different locations of the
substrate to completely cover the anthracene crystals. The
diameter of the ionic liquid droplet was ca. 0.72 mm. Large
crystals were evident, and some small crystals were dissolved in
the ionic liquid.

As the temperature was increased at a heating rate of 1 °
C min ", the crystals dissolved gradually. The crystals dissolved
completely at 57 °C (Fig. 3d). This was defined as the dissolution
temperature at 150 mM. Note that the anthracene completely
dissolved when the ionic liquid was ejected at a head temper-
ature of 80 °C. A low temperature of the ionic liquid ejection
facilitates the measurement of the dissolution temperature.

Heating rate for concentration and temperature equilibrium

The heating rate was studied to determine the dissolution
temperature of anthracene in pC8PryC1 FSA at 150 mM. Fig. 4
shows the dissolution temperatures of anthracene in the ionic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Dissolution temperatures of anthracene in pC8PryC1 FSA at
150 mM plotted against heating rates. The volumes of pC8PryC1 FSA
were 0.5 mL and 34 nL for the conventional (gray circle) and inkjet
(blue square) techniques, respectively. The dissolution temperature
was the temperature at which the crystals were completely dissolved
during observation with the unaided eye using the conventional
technique or with a microscope using the inkjet technique.

liquid plotted against the heating rate measured by applying
conventional (0.5 mL) and inkjet (34 nL) techniques. In the
conventional technique, a heating rate of 0.2 °C min~" corre-
sponded to a dissolution temperature of 68 °C. The dissolution
temperature decreased as the heating rate decreased. A heating
rate < 0.017 °C min ™" corresponded to a constant dissolution
temperature of 52 °C. This temperature was defined as the
dissolution temperature at an equilibrium of 150 mM. In the
inkjet technique, a heating rate of 1.0 °C min~* corresponded to
a dissolution temperature of 56 °C. A heating rate of <0.20 °
C min~" corresponded to a constant dissolution temperature of
52 °C. This dissolution temperature was consistent with that
obtained using the conventional technique. The heating rate of
the inkjet at which the dissolution temperature was obtained
was 10x faster than that of the conventional technique. This
was because temperature and concentration equilibriums were
reached quickly (because of the small size of the droplets).

Fig. S1T shows optical microscope images to obtain disso-
lution conditions at 50 mM of 9,10-dibromoanthracene in 0.5
nL of pC8PryC1 TFSA at a heating rate of 0.17 °C min~'. The
dissolution temperature was about 100 °C, which was almost
the same as that obtained using the conventional technique.
This new technique can also be used for other anthracene
derivatives and pyridinium derivatives.

Phase diagram obtained using the inkjet technique

Phase diagrams were prepared for anthracene in pC8PryC1 FSA
by applying the inkjet and conventional techniques at the
optimized heating rates (Fig. 5 and S21). The phase diagram
obtained by applying the conventional technique corresponded
to dissolution temperatures of 35 °C, 52 °C, and 62 °C at 75, 150,
and 300 mM, respectively. The phase diagram obtained by
applying the inkjet technique exhibited good agreement with
this result. The heating rate at 0.2 °C min~ " in the inkjet

RSC Adv, 2025, 15, 8404-8410 | 8407
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Fig.5 Phase diagrams of anthracene in pC8PryC1 FSA by applying the
inkjet (blue square) and conventional (gray circle) techniques, at
pC8PryC1 FSA volumes of 25-100 nL and 0.5-1.0 mL, respectively, at
heating rates of 0.20 °C min~! and 0.017 °C min~%, respectively.
Anthracene solutions and pC8PryCl FSA were ejected under the
optimized conditions depicted in Fig. 3.

technique was sufficiently slow to reach concentration and
temperature equilibrium at each concentration. The solubility
curves remained unchanged when the solution volume was
reduced from milliliters in the conventional approach to
nanoliters in the inkjet approach.

The solubility increased proportionally to the temperature.
This tendency was called “the upper critical solution
phenomena”. The solubility curves allow the calculation of
solubility enthalpy and dissolution entropy by the van't Hoff
equation (eqn (1)) assuming an equilibrium state of the solute

(eqn (2)):*
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Solid + solvent (precipitated) <
solvated molecules (dissolved), (2)

where C. is the equilibrium concentration of the anthracene
derivatives in the solution (mol L™"); d is the molar density of
the anthracene derivatives in the crystal (7.103 mol L™"); 44H
and 445 are dissolution enthalpy and entropy (J mol %),
respectively; T is the absolute temperature (K); and R is the gas
constant (8.314 ] mol " K™'). The 44H and 44S were calculated
from the phase diagram and the above eqn (1) to be
+41 kJ mol ' and +94 ] mol ' K, respectively, which were
almost equal to those obtained by applying conventional tech-
niques.*® These thermodynamic constants led to a continuous
relationship between concentration and temperature. In addi-
tion, these provide guidelines for material design regarding
solubility because enthalpy and entropy represent intermolec-
ular interactions and the degree of freedom of molecule
arrangements. The more important point is that the supersat-
uration degree can be determined quantitatively. The super-
saturation degree AC (>0) is calculated by subtracting the
concentration C, of the saturated solutions from the Cg of the
supersaturated solutions. The supersaturation degree is an
important factor to quantitatively determine nucleation
frequency and crystal growth rate, which are generally propor-
tional to AC>~ and AC;-,, respectively.

Variation in the dissolution temperature of each droplet

The dissolution temperatures were concomitantly measured in
nine droplets (35 nL and 150 mM) on substrates prepared by

(1) inkjet printing. The droplet-patterned density was approxi-
mately 51.5 dots per cm? Fig. 6 shows optical microscope
(e) 51eC (f) 52°C (9) 55°C
’ . . .
%
A
2.5 mm
P

Fig. 6 Optical microscope images in (a) bright field and (b) cross-Nicol mode of anthracene crystals in pC8PryC1 FSA droplets, at 35 nL and
150 mM, printed using the inkjet technique. Anthracene solutions and pC8PryC1 FSA were ejected onto a glass substrate at (c) 25 °C under the
optimized conditions illustrated in Fig. 3. The sample was heated at a rate of 0.20 °C min~. Parts (d—g) show images at 50 °C, 51 °C, 52 °C, and
55 °C, respectively. Gray arrows and purple circles indicate the droplets in which anthracene dissolved completely. The characters A (analyzer)

and P (polarizer) indicate the direction of the polarized light.
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Table 1 Comparison between the conventional and our techniques
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Conventional This study

Solvent Volatile Non-volatile
Preparation of solutions Vial and pipet only Inkjet printer
Observation Eye Optical microscope
Volume of sample (liter) 10 'to107? 10 °to 107"
Weight of solute (gram) 107" to 107° 10"%to 107"
Measuring time Weeks-months Hours-days
Number of samples at the same time 1-2 1-1 000 000

(em™?)

images in (a) a bright field and (b) crossed-Nicol mode obtained
from the samples at (c) 25 °C, (d) 50 °C, (e) 51 °C, (f) 52 °C, and
() 55 °C at a heating rate of 0.2 °C min~". The crossed-Nicol
images indicate the presence of anthracene crystals with high
contrast. Parts (a) and (b) in Fig. 6 indicate that anthracene
crystals were present in each droplet. The crystals gradually
dissolved as the temperature increased. At 50 °C and 51 °C, the
anthracene crystals in the droplet marked with a purple circle
dissolved completely (parts (d) and (e) in Fig. 6). The dissolution
temperatures of this droplet were 50 °C and 51 °C, respectively.
At 52 °C, the anthracene crystals in droplets dissolved
completely (part (f) in Fig. 6). The dissolution temperature of
the six droplets was 51 °C. The dissolution temperature of the
remaining droplet was 55 °C (part (g) in Fig. 6). The average and
standard deviation of the dissolution temperatures were 52.1 °C
and 0.8 °C (2.5%), respectively. This standard deviation is
smaller than those of the ejected volumes of the anthracene
solution and ionic liquid.

Conclusions

We demonstrate a combinatorial analysis method to obtain
concentration-temperature phase diagrams of anthracene
derivatives in pC8PryC1 derivatives on substrates printed by
applying the inkjet technique. A volume of 0.5 nL of the
anthracene solution and ionic liquid was ejected with standard
deviations of 0.3% and 7%, respectively. The solution was
ejected for anthracene and pC8PryC1 FSA at the applied as the
applied voltage 20 and 55 V, the applied frequency of 500 and
120 Hz, and head temperature 30 °C and 40 °C, respectively.
Nanoliter droplets (diameter: ca. 1 mm) were placed at
a droplet-patterned density of ca. 50 dots per cm®. The disso-
lution temperature of anthracene at each concentration was
obtained at a heating rate of 0.2 °C min~". The standard devi-
ation of the dissolution temperatures was 0.8 °C (2.5%). This
technique also worked for 9,10-dibromoanthracene in
pC8PryC1 TFSA.

Table 1 summarizes the comparison between the conven-
tional technique and this technique. This technique uses small
quantities of reagents and solvents, requires a brief time, and
enables multiple simultaneous measurements of many
samples. The advantage of using only a small quantity of
reagents facilitates the analysis of phase diagrams of valuable
reagents, such as nucleic acid drugs, proteins, and synthesized

© 2025 The Author(s). Published by the Royal Society of Chemistry

compounds. Small droplets enable precise and accurate solu-
bility analysis by microscopy and in-site analysis, such as optical
spectroscopy, electrochemistry, and calorimetry. For quantita-
tive spectrum measurements, it should be necessary to devise
ways to determine the optical path of the droplet solutions.

Simultaneous measurements of many samples in a short
time enable screening of many solute and solvent combinations
and performing crystal engineering based on phase diagrams.
Even with commercially available inkjet printers, the diameter
can be reduced to micrometers (droplet volume: picolitres).
This further optimizes droplet density and measurement time.
Other solutes and ionic liquids can also be used. Note that the
properties of ionic liquids, such as non-volatility, high viscosity,
and high salt strength, could lead to some disadvantages. For
example, it might not be suitable for picking crystals up without
ionic liquids, for rapid crystal growth in droplets, or for ana-
lysing multivalent ion materials. However, these disadvantages
also have the potential for new crystal engineering, such as
composites between ionic liquids and crystals, suppression of
unwanted crystallization, and discovery of new combinations of
solvents and solutes. This technique will facilitate open
microsystem research in combinatorial science, microsystems,
crystal engineering, physical chemistry, and ionic liquid
science.
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