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Evaporating Droplet
Joseph J. Armao IV and Jean-Marie Lehn*

Abstract: Non-volatile solutes in an evaporating drop experi-
ence an out-of-equilibrium state due to non-linear concentra-
tion effects and complex flow patterns. Here, we demonstrate
a small molecule chemical reaction network that undergoes
a rapid adaptation response to the out-of-equilibrium condi-
tions inside the droplet leading to control over the molecular
constitution and spatial arrangement of the deposition pattern.
Adaptation results in a pronounced coffee stain effect and
coupling to chemical concentration gradients within the drop is
demonstrated. Amplification and suppression of network
species are readily identifiable with confocal fluorescence
microscopy. We anticipate that these observations will contrib-
ute to the design and exploration of out-of-equilibrium
chemical systems, as well as be useful towards the development
of point-of-care medical diagnostics and controlled deposition
of small molecules through inkjet printing.

The paradigm of creating novel “static” materials, built on
persistent chemical bonding patterns, and technologies based
on them is giving way to designing dynamic, adaptive
materials, incorporating reversible chemical connections,
that respond to agents in their environment (physical stimuli
or chemical effectors)."! A crucial step towards developing
such novel materials and derived nanotechnologies rests on
the elucidation of chemical systems that adapt to out-of-
equilibrium conditions so as to produce novel structural,
chemical, spatial, and temporal profiles. An evaporating
droplet on a surface represents a system where the equilib-
rium state is perturbed due to a rapid, non-linear evaporation
profile.”!’ When the contact line of the drop is pinned,
evaporation occurs more quickly from the edge of the drop,
inducing the formation of outward capillary flows.’! Sus-
pended solutes within the drop are displaced by these
capillary flows leading to the formation of a coffee stain
pattern around the periphery."! The controlled deposition of
solutes from evaporating solutions has been proposed as
a nanoscale self-assembly method for a wide range of
applications®! such as ink jet printing® and point-of-care
medical diagnostics.”) The application of this method relies on
being able to control whether the coffee stain pattern appears
or not. So far, most of the methods used to control the coffee
stain effect have relied on heterogeneous colloidal suspen-
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sions either by changing their shape,”’ by modifying the
surfactant-mediated colloid—colloid interactions,®! or by
altering the capillary flows within the drop.”) However, the
solute constitution in these cases does not change or adapt to
the conditions imposed by evaporation.

In contrast, we propose to use homogenous small
molecule chemical networks capable of adapting to the out-
of-equilibrium environment imposed by the evaporating drop
to alter the constitution and deposition pattern of the solutes.
Such a responsive system may implement constitutional
dynamic chemistry to create chemical networks based on
chemical species able to rapidly interconvert by component
exchange by virtue of reversible labile bonds."*) Adaptation
to external physical stimuli can give rise to agonist/antagonist
relationships leading to up-regulation and down-regulation of
molecules in the network.!'”! Here, we demonstrate a system
which, during the course of a several minute evaporation time
undergoes 1) phase change-induced component selection!!
by selective precipitation of one of the library components
triggered by evaporation, 2) rapid self-sorting of the chemical
network™>¥ to amplify the appropriate species, 3) dynamics-
enabled spatial separation of the precipitating species in the
form of a coffee stain pattern, and 4) coupling of the chemical
network to chemical concentration gradients induced by
capillary flows within the evaporating droplet. In contrast,
control chemical sets not displaying the coffee stain effect
display neither spatial separation nor coupling to the capillary
flows.

Constitutional dynamic networks based on Schiff base
imines!"™™ (Figure 1) were chosen for two reasons: (1) they
readily undergo reversible imine formation and exchange
processes allowing the formation of constitutional dynamic
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Figure 1. Four-imine chemical library of constituents AB, A'B, AB’ and
A'B’, generated from the four components A, A’, B and B', together
with the corresponding solid-state fluorescence of each imine
(bottom; scale bar=45 pm).
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libraries and (2) they display aggregation-induced emission
due to a restricted internal rotation mechanism in the solid
state.' This solid-state fluorescence allows detection of the
imines by confocal fluorescence microscopy and avoids the
problem of solid-state quenching found with most fluorescent
dyes. The fluorescence profile of the imines (Figure 1) was
tuned by altering the substitution pattern to incorporate
electron-donating and electron-withdrawing groups, with the
push—pull imine AB displaying the largest fluorescence red-
shift (1 =657 nm), followed by AB’ (1=643 nm), A'B (1=
545 nm), and A’'B’ (1 =504 nm; see Figure S1 in the Support-
ing Information; resolution + 9.7 nm). Acetonitrile was used
as the solvent and the imines were tested for their solubility.
Imine AB was the least soluble under these conditions with
precipitation of the isolated species observed at 3 mMm in
acetonitrile. The other imines displayed solubilities greater
than 50 mm. Deposition of acetonitrile solutions onto a glass
surface resulted in a pinned contact line during the evapo-
ration process. The four imines were tested with imine AB
demonstrating a coffee stain pattern when deposited from
unsaturated solutions. The other three imines did not display
coffee stain distribution from 10 mm drops due to increased
solubility preventing precipitation before complete evapora-
tion (Figure S2).

A two-imine dynamic chemical network consisting of an
equimolar mixture of all three components, amines A
(10 mM) and A’ (10 mm), as well as aldehyde B (10 mm),
was equilibrated overnight in acetonitrile under acidic con-
ditions (10 mm DCI) to give an equilibrium mixture contain-
ing imines AB and A’B. Acidic conditions were chosen in
order to promote rapid exchange among the network
components to ensure an adaptive response. The confocal
fluorescence image of an evaporated drop from a 10 mm
solution displayed a nearly perfect coffee stain pattern with
a fluorescence emission matching that of imine AB (Fig-
ure 2a). No fluorescence output could be observed corre-
sponding to imine A'B indicating its suppression during the
evaporation process. Integration of the fluorescence signal
over the entire droplet showed a very strong peak centered
around 646 nm corresponding to imine AB (Figure 2¢). In
contrast, when a control experiment was performed using
a neutral, non-exchanging solution of the separately prepared
imines AB and A’B, the fluorescence signal from imine A'B
could be clearly distinguished and there was no coffee stain
effect observed under these conditions (Figure 2b,d). The
fluorescence intensity profile demonstrating the spatial
distribution of the imines from the two droplets is displayed
in Figure 2e and shows the distribution of almost all of the
material at the edges of the drop in the adaptive network and
a nearly even distribution throughout the drop with the non-
exchanging control sample. The difference in the response of
the two droplets is due to the presence of acid in the solution
that induces rapid imine exchange allowing the network to
adapt to a change in the concentration of one of the
components. Under acid catalysis, we observed by '"H NMR
spectroscopy very fast exchange kinetics in excess of 1M 's™!
with a half-life of less than 40s. Figure 2f shows the
comparison of the exchange kinetics versus the evaporation
kinetics (see the Supporting Information for details) of an
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Figure 2. Confocal fluorescence microscope image of a coffee stain
produced from the two-imine dynamic network AB/A’B with and
without acid catalysis (a; scale bar=750 um, b; scale bar=250 pm);
fluorescence output indicating only imine AB has been deposited from
solution (c); fluorescence output demonstrating both imines are
present in the deposition pattern (d); fluorescence profile from
a cross-section of stains formed from evaporated droplets with and
without acid catalysis (e, top/bottom; red corresponds to fluorescence
emission from AB and green with A'B); overlay of the imine exchange
rate with the evaporation rate of the acetonitrile droplet demonstrating
sufficiently fast exchange dynamics under acidic conditions to enact
an adaptive response (f); connectivity of the dynamic network formed
by precipitating imine AB resulting an increase (green) in the amine A’
and a decrease (red) in all other species (g); '"H NMR solution
distribution of species as a function of concentration; above 12 mm
precipitation of imine AB induces the network response (h). In (c), the
shoulder at 500 nm may be attributed to background fluorescence
from the substrate.

acetonitrile droplet. Clearly, the exchange process occurs
much quicker than the droplet evaporates allowing the self-
sorting response of the chemical network to occur. Thermo-
dynamically, the adaptive response may be explained through
the connectivity of the network, as shown in Figure 2g. Here,
imines AB and A'B as well as their constituents A, A’, and B
are represented with the common aldehyde B designated as
a hub connecting the two imines. In principle, the increasing
concentration in an evaporating drop should lead to (1) the
induced precipitation of imine AB as it is the least soluble
compound, (2) a corresponding decrease in the concentra-
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tions of amine A and aldehyde B as the equilibrium is
perturbed in the system, and (3) a secondary response to the
decrease in aldehyde B leading to a decrease in imine A’B and
an increase in the amine A’. This network configuration was
confirmed through 'H NMR experiments on equilibrated
solutions at concentrations between 6 mM and 25 mm (equi-
molar in amines and aldehyde, Figure 2h). Solutions between
6 and 10 mm displayed no precipitation and a consistent
distribution of the chemical species: 32% A, 29% A'B, 22%
A’, 12% AB, 3% B (+£5%). As the concentration is
increased, amine A’ is amplified in solution while all other
species decrease in concentration, confirming the anticipated
response of the adaptive network. At 25 mwm the distribution
of species is around 66 % A’, 14% A’B, 13% A, 6% AB and
0% B (+£5%). Meanwhile, analysis of the precipitate
confirmed that indeed imine AB is the precipitating species
(Figure S4).

A four-imine dynamic chemical network was tested by
equilibrating a mixture of all four of the amines and aldehydes
in Figure 1 (10 mM starting concentration of all species with
10 mM DCI) to give a mixture containing imines AB, A’'B,
AB’, and A'B’. The profile from a 10 mm drop displayed two
colors this time, with a tight red band along the periphery and
a tail fluorescence in the rest of the deposition profile
(Figure 3a). The close-up image and the corresponding
fluorescence profiles (Figure 3¢,d) demonstrate spatial sepa-
ration of imines in the deposition profile with the outputs
corresponding to imines AB and A’B’. The distribution of the
red color corresponds to the precipitation-induced coffee
stain effect already observed with imine AB. The deposition
of A’B’ is due to the final evaporation occurring from the
center outwards as the remaining solvent adhered to the
deposited AB along the periphery, with a small amount
actually depositing outside the coffee stain pattern. The
response of the four-imine constitutional dynamic library
(CDL) may be explained by the square [2x2] network
connectivity in Figure 3b and the full network, including the
component aldehydes and amines, in Figure S5. Precipitation
of imine AB induces a rapid self-sorting response resulting in
the amplification of imines AB and A’B’. The antagonist
relationship with imines A'B and AB’ leads to the decrease in
available species A and B through the re-equilibration due to
precipitation of AB. The result is an increase in the available
species A’ and B’ in solution leading to the formation of A’B’
in an agonist amplification process.'” 'TH NMR experiments
confirmed this thermodynamic driving force at different
concentrations with the precipitation of imine AB from the
mixture and the subsequent solution amplification of imine
A’B’ (Figure 3 e and Figure S6). The spatial separation of the
imines indicates that there is a situation in which the
precipitating imine AB is being constantly driven by capillary
flows towards the droplet edge, where it then deposits. The
rest of the solution adapts to the changing distribution
resulting in amplification of imine A’B’ which, due to its
high solubility, remains homogenously dissolved in the
solution until evaporation is complete. Control over the
spatial distribution of imines could be affected by the addition
of DMSO to the solutions. A comparison of the radial profile
of evaporated droplets from 10 mm solutions with 1 % DMSO
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Figure 3. Coffee stain pattern from the four imine network of constitu-
ents AB, AB’, A'B and A’B’ (a; scale bar=600 um) and the agonistic/
antagonistic relationships in the network leading to the amplification
of imines AB and A’'B’ (b). A close-up of the ring structure showing the
distribution of imines (c; scale bar=200 um) and the corresponding
fluorescence signals of the regions corresponding to AB and A’B’ (d),
as well as imine distribution showing agonistic amplification of A'B’
upon the precipitation of AB (e). Brightfield microscope image of
coffee stain pattern with 1% DMSO (f) and 4% DMSO (g) and an
overview of the radial profile of each (h; black=1% DMSO, red=4%
DMSO).

and 4% DMSO are shown in Figure 3 f,g,h, and S7. Clearly,
the 4% DMSO solution provides enough solubility of imine
AB to cancel out any anisotropy in the deposition pattern.
Remarkably the separation observed is a true solution
separation of species enacted in a lateral direction and differs
from standard precipitation, which should induce no spatial
preference for deposition, as well as from usual molecular
separation methods implementing an interaction with a sub-
strate medium (i.e. thin layer chromatography, column
chromatography, electrophoresis, etc.). This effect also differs
from separation of colloids based on size at the periphery of
an evaporating droplet.!'®!

The coffee stain effect is driven by capillary flows within
the evaporating droplet and implies the formation of a con-
centration gradient of the species that is being transported to
the periphery—with a lower concentration present in the
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center of the drop and a higher concentration present towards
the edge. The response of the two-imine network to the
presence of a concentration gradient within the evaporating
drop was probed by altering the composition of the network
to nullify the coffee stain effect. For reference, a close-up
image of the stain periphery from the 10 mM experiment
reported above is shown in Figure 4a containing only imine

No Gradient

Concentration Gradient

Figure 4. Comparison of two imine network depositions from a 10 mm
solution leading to an increased formation of imine AB due to the
formation of a concentration gradient driven by capillary flows within
the droplet (a) and the deposition pattern from a 12 mm solution
exhibiting significant deposition of imine A’B (green) due to the lack
of a concentration gradient (b).

AB. In comparison, deposition from a 12mwm solution
containing precipitated AB resulted in the deposition of
imine A’B as witnessed by the green fluorescence in Fig-
ure 4b. Here, the presence of the precipitate nullifies the
coffee stain effect and destroys the presence of a concentra-
tion gradient. The deposition of A’B could also be observed
from 10 mm solutions containing 4 % and 8% added water
which disrupted even further the coffee stain effect (Figur-
es S8 and S9). These results clearly demonstrate that the
chemical network responds to the formation of a concentra-
tion gradient by increasing the formation of imine AB as
compared to cases where there is no concentration gradient.
Importantly, this demonstrates the ability to couple the
chemical network to the concentration gradient within the
droplet.

Overall, these experiments demonstrate an adaptive
response of a chemical network to the out-of-equilibrium
conditions in an evaporating droplet resulting in (1) a change
in the molecular constitution of the species in the network, (2)
a coffee stain effect for the 2-imine chemical network, (3)
spatial separation of imine constituents in a 4-imine network,
and (4) coupling the network behavior to concentration
gradients inside the droplet. These effects are driven by the
different solubilities of the molecular species and the rapid
ability of the network to re-adjust in response to being
perturbed from equilibrium. The present results have impli-
cations for the further design of artificial molecular networks
operating out-of-equilibrium in response to an anisotropic
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physical agent (here evaporation of a droplet) as well as
towards the development of rapid analytical tools, such as
point-of-care medical diagnostic devices.
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