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Evaporation of droplets is a process important in many different areas of science, technology and also
everyday life. The understanding of droplet evaporation of homogeneous and heterogeneous substance
mixtures is important, for example, to explain the formation of coffee stains or to optimize the results
in offset printing. For a detailed understanding of the evaporation of complex mixtures from structured
surfaces, such as inks used in offset printing, a time-resolved analysis of the droplet composition is essen-
tial. Measurement of (local) concentrations may deepen the understanding of wetting phenomena and
their connection with transport phenomena.

Therefore, we demonstrate in this paper that magnetic resonance methods can be used to (a) image
sessile droplets on structured surfaces and (b) investigate their composition in a time-resolved manner.
First it is shown that water droplets on superhydrophobic, hydrophobic and hydrophilic surfaces, despite
the large liquid/gas interface, can be imaged well and without interfering artefacts using RARE. Further,
the signals are examined in localised PRESS NMR spectra with respect to line shape and quantifiability.
Finally, it is demonstrated that non-localised NMR spectra can be used to track the droplet composition

during evaporation.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Evaporation processes of small droplets on (structured) surfaces
(so called sessile droplets) differ significantly from evaporation on
a large homogeneous surface. Many different factors have an influ-
ence on evaporation processes, with boiling point and vapor pres-
sure of the liquid (mixture) being the most important ones. The
evaporation of sessile droplets depends not only on these factors,
but also on the macro- and microscopic structure of the surface
and its chemical composition, which among other factors affects
the contact angle and subsequently the liquid-gas interface of the
droplet [1-3]. If the droplet is small enough, the contact angle of
the droplet on the surface plays a decisive role in addition to the
boiling point and the vapor pressure of the evaporating liquid
[1-3]. The contact angle depends, among other things, on the wet-
tability of the surface, which can, for example, be influenced by tar-
geted macroscopic or microscopic structuring or by chemical
modification [4,5]. On stimuli-responsive surfaces the wettability
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and/or contact angle can be influenced by a chemical or physical
stimulus like mechanical stress [6] or irradiation with UV light
[7,8]. Furthermore, contact angles on flat or mesoporous surfaces
functionalized with ferrocene polymers can be altered via redox
reactions [9,10]. The contact angle on mesoporous surfaces is also
determined by the accessibility of the pores [11].

The understanding of evaporation processes of sessile droplets
on complex structured surfaces is crucial e.g. to explain the
formation of coffee stains [12,13] or to optimize offset printing
[14]. In both examples, however, no evaporation of pure
substances takes place, since coffee or inks are complex mixtures
of substances. As a result, properties such as surface tension, vis-
cosity or hydrophilicity can change during evaporation and thus
influence the contact angle. This in turn can affect the evaporation
of the droplet [15].

Contact angles of droplets on surfaces are usually investigated
using optical methods [16,17]. Such methods are very well suited,
for example, to observe macroscopic phase separation in droplets
during evaporation [18]. For homogeneous liquid mixtures, the
composition of the droplet can be determined indirectly from the
contact angle via an appropriate calibration or via measurement
of the refractive index [19,20].
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Since a change in contact angle is not necessarily caused by a
change in the composition of the droplet, but can also be caused
by temperature changes or other factors, such a calibration can
only be used to a limited extent. During the evaporation of a liquid,
the droplet usually cools down so that temperature gradients can
occur in the droplet [21], which can induce convective flows
[22,23] and concentration gradients in evaporating droplets [24].
Such processes are often simulated with finite element methods,
for example [25-27]. These methods need at least some input
parameters like surface tension or the time dependent composi-
tion, which might not be known for droplets of complex liquid
mixtures.

Thus it would be desirable to investigate the composition of
small liquid droplets on surfaces using spectroscopic methods such
as NMR spectroscopy and related MR techniques, which have pro-
ven that they can be used in medicine, natural sciences and engi-
neering for a variety of applications such as imaging, structure
elucidation, rheology, diffusion analysis and many more. The
investigation of objects with phase boundaries, especially with a
gas/liquid interface, is avoided if possible, since at such interfaces
variations in magnetic susceptibility can be present. These usually
lead to magnetic field inhomogeneities, which can cause artefacts
in MR images and broad signals in NMR spectra. This hampers/pre-
vents quantification and makes imaging of (evaporating) droplets a
formidable challenge.

Nevertheless, MR techniques have been used, for example, to
study the surface tension of droplets on surfaces in two-phase lig-
uid systems [28]. Also the penetration of water droplets into differ-
ent asphalts has been investigated by MRI experiments [29] or the
freezing of a water droplet by MRI experiments was examined [30].
Recently, Kresse et al. proposed a setup with a static field gradient,
for the examination of droplets on surfaces with high resolution in
z direction [31]. Besides examination of static systems MR imaging
and NMR spectroscopy can be used for the investigation of
dynamic processes like e.g. tablet dissolution [32], growth of
lithium dendrimers in battery cells [33] or flow in porous systems
[34]. However, we are not aware of any studies where pulsed field
gradient MR experiments have been used to investigate sessile
droplets on functionalized surfaces and their evaporation.

2. Materials and methods

1-Hexanol and acetone were purchased from Sigma Aldrich and
used as received.

All MR images and NMR spectra were acquired with a Bruker
Avance III HD spectrometer with 400 MHz proton resonance fre-
quency (9.4 T), equipped with a narrow bore micro 5 probe with
X, ¥, z gradients and three GREAT 60 (A) gradient amplifiers. All
images and NMR spectra were acquired using an insert with a
10 mm coil tuned to the resonance frequency of 'H. MRI and
NMR data were acquired and processed using Paravision 6 and
Topspin 3.1, respectively. All experiments were conducted at room
temperature. For all experiments standard sequences from the
Bruker pulse sequence library were used. Acquisition parameters
of MR images and NMR spectra are given in the figure captions.

All samples were prepared in 10 mm NMR tubes (Wilmad Lab-
glas HT WG-4000). Acrylate inserts were 3D printed on a Pico2HD
(Asiga) DLP 3D printer using PlasCLEAR (Asiga) or Clear Resin
BV-007 (MIICRAFT) photo resin. Superhydrophobic silicon
nanofilament surfaces were prepared on glass slides according to
a  literature  procedure [35-37]. Hydrophobic  PFDTS
(Perfuorodecyltrichlorosilane) surfaces were prepared according
to a literature procedure on 7 mm round microscopy glasses (Plano)
[5,38]. Round microscopy glasses or glass flakes were glued to the
3D printed inserts with cyanoacrylate superglue (Pattex, Henkel).

Photographs were taken with a Canon EOS 1300D with a Canon
Zoom Lens EF-s with 18-55 mm focal length (aperture 1:3.5-5.6).
The photographs shown were taken with 1/20 s exposure time at
iso 1600.

3. Results and discussion
3.1. Sample setup

For the investigation of small droplets on surfaces of different
hydrophobicity by NMR and MRI, a method for introducing a hor-
izontal surface and depositing the droplets on this surface in an
NMR tube must be developed first. Either a) a flat bottom tube or
b) a cylindrical insert with a flat surface for round bottom tubes
can be used (Fig. 1). The argument against a) is that the glass bot-
tom lies within the active volume when the droplet is centered in
the field of view, which can lead to additional magnetic field inho-
mogeneities. Therefore, approach b) is pursued. The basic body for
such an insert can either be made from commercially available
plastic rods with a suitable diameter or from acrylic resins using
3D printing. The advantage of 3D printing compared to commer-
cially available plastic rods is the free choice of diameters, so that
an optimal fit of the insert in the NMR tube can be achieved. In
order to obtain inserts with different surface properties, a round
microscopy glass sheet or silicon wafer with the desired surface
properties can be bonded to the base body using superglue.

The deposition of droplets with defined volumes on such sur-
faces within the NMR tube proves to be difficult. This is mainly
due to the fact that droplets are deposited using syringes with long
cannulas. Depending on the hydrophobicity of the surface, the dro-
plets roll towards the tube wall when the cannula is moved hori-
zontally, so that the tube wall is wetted. A well-functioning low-
tech solution to this problem has been the positioning of the dro-
plet outside the tube and the reduction of the droplet size. In the
volume range smaller than 10 L, droplets can be reproducibly
deposited on the surfaces with piston-operated pipettes. Once
the droplet has been placed, it can be transferred together with
the insert into the NMR tube. Due to the well balanced fit of the
3D printed insert, the insert slowly slides down the tube without
the droplet being deformed by sudden changes in velocity.

Drops with volumes between 10 and 2 pL can easily be placed in
the tube. With decreasing droplet size, however, the filling factor

— 10 mm NMR tube

-
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— sessile droplet
~ surface modified glas

__ 3D printed
acrylate body

Fig. 1. Sample assembly for the measurement of sessile droplets on planar
functionalized surfaces. In the 10 mm NMR tube a 3D printed acrylic cylinder is
used, on which functionalized glass plates can be applied and fixed with superglue.
The small gap between spacer and tube wall can be filled with liquid, which
enhances the filling factor. This might be useful in case when the signal intensity of
a small sessile droplet is too low. In all experiments shown in this paper, the tube
was left open to the atmosphere.
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also decreases. For droplets larger than 4-5 L, the filling factor is
usually large enough to allow all automatic routines (shimming,
automatic adjustment of pulse power and receiver gain) to be per-
formed. For droplets smaller than 5 uL, the automatic routines fail
more frequently because the absolute signal strength is too low.
Such small droplets can still be imaged if the corresponding set-
tings are adjusted manually.

3.2. Droplet shape and artefacts in MR images

Since the shown sample configuration of small droplets on sur-
faces has both a large curved liquid/gas interface and a flat liquid/-
solid interface, it is expected that susceptibility artefacts occur in
MR images of such samples. Therefore, it was first investigated
how MR imaging performs compared (in terms of reproducibility,
signal intensity distribution, shape and contact angle) to optical
methods like photography in such a challenging sample geometry.
In the following, images of small water droplets on a superhy-
drophobic, a hydrophobic and a hydrophilic surface are shown,
which are recorded with FLASH (Fast Low Angle SHot) [39,40]
sequences and RARE (RApid imaging with Refocused Echoes) [41]
sequences. RARE experiments usually show fewer artefacts in sam-
ples with T,* inhomogeneities than images obtained by FLASH
sequences. This is also observed for the water droplets on
hydrophobic and superhydrophobic surfaces (Fig. 2) in the current
investigation. Here, the region near the three-phase contact line
(substrate/droplet/gas phase) is not reproduced properly in FLASH
imaging experiments. This is observed in terms of inhomogeneities
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b) hydrophobic
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in signal intensities, which are much more severe in FLASH than in
RARE experiments.

In RARE experiments a more even distribution of the signal
intensity over the droplet volume is observed. Most of the curved
liquid/gas interface is imaged well with both sequences. In the
RARE image of the droplet on the superhydrophobic surface, the
liquid/solid interface is slightly curved instead of flat. Both types
of sequences yield proper images of the flat water droplet on the
hydrophilic surface. The sagittal images of the droplets on the
three surfaces obtained from RARE experiments are compared with
laterally taken photographs of drops of equal volume on the same
three surfaces. For both superhydrophobic and hydrophobic, the
RARE image and the photographs show a comparable droplet
shape for two droplets of the same volume on the same surface.

Overall, artefact formation is less pronounced than expected, if
short TE times are used, MR images can be easily superimposed
with photographs. The MR images shown illustrate that MR meth-
ods are able to image droplets with a large interface, so that e.g.
contact angles can be determined. Nevertheless, optical methods
are still superior to MR methods in terms of image resolution
and measurement time. MR methods, however, offer the possibil-
ity to investigate the chemical composition of a droplet directly.
Although the magnetic field is homogeneous enough for clean
RARE images, in the following section the magnetic field homo-
geneity in the droplets will be further investigated, since for deter-
mining compound ratios using non-localised and localised
spectroscopy more homogeneous fields are needed than for imag-
ing only.

Superposition
RARE/Photography

Photography

Fig. 2. FLASH and RARE images as well as photographs of water droplets on a (a) superhydrophobic (silicon nano filament), (b) hydrophobic (PFDTS) and (c) hydrophilic
(silicate glass) surfaces. Signal distribution inhomogenieties in the FLASH images of the water droplets on the superhydrophobic and hydrophobic surfaces are marked with
dashed boxes. FLASH and RARE images (a) and (b) were acquired with 4.5 mm FOV (Field of View) with a matrix of 100 x 100 voxel and a slice thickness of 0.75 mm. RARE
images were acquired with NS =4, TR = 2000 ms, echo time = 20 ms and a RARE factor of 8 within a total acquisition time of 1 min 36 s per image. FLASH images were
acquired with NS =3, 30° excitation angle, echo time =4 ms and TR = 300 ms within a total acquisition time of 1 min 30 s per image. FLASH and RARE images of (c) were
acquired with a FOV of 5 mm, a matrix of 110 x 110 voxel and a slice thickness of 0.75 mm. The RARE image was acquired with NS = 4, TR = 2000 ms and echo time = 20 ms
within 1 min 44 s per image and the FLASH image with NS =4, 30° excitation angle and TR = 300 ms within 2 min 12 s per image.
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3.3. Magnetic field inhomogenieties in small droplets

Magnetic field homogeneity within droplets can be examined
by recording T,* and T, weighted images and comparing these
images. It is assumed that the magnetic field within a water dro-
plet with a large liquid/gas interface is less homogeneous than in
a bulk water sample without interfaces. For a droplet of a pure sub-
stance, it can be assumed that the droplet has a homogeneous T,
field, since the mobility of the molecules in the droplet is compa-
rable at any position if temperature gradients are neglected. This
can be observed for a water droplet on the PFDTS surface, where
a MSME (Multi Slice Multi Echo) [42,43] image shows homoge-
neous signal decay with a T, of 74.1 ms (Fig. 3¢, ROI 2) with slightly
higher T, times of 94.7 ms near the three phase contact line
(Fig. 3¢, ROI 1). Therefore, inhomogeneous signal intensities in
T,*-weighted images are mainly due to magnetic field inhomo-
geneities. T,* can be measured by recording GRE (Gradient Echo)
experiments [44]. For the water droplet on the hydrophobic PFDTS
surface (Fig. 3a) in such multi gradient echo (MGE) experiments
inhomogeneous signal decays with T,* between 6.2 ms (ROI 1)
and 12.5 ms (ROI 2) are observed, which indicate corresponding
magnetic field inhomogeneities, especially near the three phase
contact line. Fieldmap shim routines can be used to reduce the
occurring field inhomogeneity (Fig. 3b) to a certain extent. This
routine improves the field homogeneity in the center of the droplet
significantly (T>* = 24.5 ms in ROI 1 and 24.1 in ROI 2), whereas
strong field inhomogeneities remain near the three phase contact
line. Fits of T>* and T, are given in the supporting information.

The comparison of MSME and MGE echo images and calculated
T,* and T, times shows, that a severe variation in the magnetic field
strength is present within the droplet, even after field map shim-
ming of the sample. As shown in Section 3.2 (Fig. 2) and this sec-
tion in Fig. 3¢, this is not a severe problem for imaging of sessile
droplets as spin echo experiments like MSME or RARE experiments
with short TE times can be used. Both experiments yield images

with evenly distributed signal intensity and the liquid/gas and liq-
uid/solid interfaces are imaged properly. However, the presence of
an inhomogeneous T,* distribution within the droplet can have
negative effects on localised NMR spectroscopy, as line shape are
directly correlated with T,*. Therefore, line shapes of non-
localised and localised NMR spectra of sessile droplets were
examined.

3.4. Line shapes in non-localised and localised NMR spectroscopy

As shown in Section 3.2, RARE experiments (and other spin echo
experiments with short TE times) can be used to image droplets
placed on planar surfaces without disturbing T,* artefacts. To
investigate the composition of droplets, however, not only images
with defined interfaces are required, but also NMR spectra from
which the composition can be determined by chemical shift reso-
lution are necessary. In order to obtain spectra with narrow lines,
usually a higher magnetic field homogeneity and longer T, times
are required than for the generation of good MR images, as the
experimental linewidth over the full width at half-height (FWHH)
(for a single exponential decay) depends on T>* (Eq. (1)). To*
depends on T, and the additional dephasing due to field inhomoge-
nieties (Tinnomo.) as shown in Eq. (2) [45]. The reciprocal T3 ! is pro-
portional to the deviation ABy of the magnetic field and the
gyromagnetic ratio of the nucleus observed.

1

1 1 1 1
—= ——+7-AB 2
Tz TZ Tinhomo. T2 ')) 0 ( )

Therefore, in the following section simple single pulse (NSPECT,
Non-localised SPECTroscopy) and spatially resolved (PRESS, Point
RESolved Spectroscopy) [46,47] NMR spectra of sessile droplets

Fig. 3. (a) MGE images at different echo times of a 4.5 uL water droplet on the hydrophobic PFDTS surface, acquired with TR = 2000 ms, NS = 4, FOV = 4.5 x 4.5 mm (80 x 80
matrix), 0.75 mm slice thickness and TE = 3 ms. (b) MGE images of the same droplet after field map shim procedure. (c) MSME echo images at different echo times of the same
droplet acquired with an echo spacing of 5 ms, TR = 2000 ms, NS =4, FOV =4.5 x 4.5 mm (90 x 90 matrix), 0.75 mm slice thickness. All images are cropped to approx.

1.25 x 2.75 mm.
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are examined in terms of line shape and quantifiability of the signal
integrals. The focus will be on the impact of different voxel sizes/-
geometries, as well as on using signals with chemical shift differ-
ences for quantification of signal integrals.

As shown in Section 3.2 the droplet shape in MR images was
examined using water droplets. For the analysis of line shapes
non-localised (NSPECT) and locally (PRESS) recorded NMR spectra,
both water and 1-hexanol droplets were investigated. Hexanol was
chosen because of its more complex spectrum compared to water,
so that a) the chemical shift resolution at the given field homo-
geneity and b) the quantifiability of the relative integrals in
NSPECT and PRESS spectra of one component can be examined.
This is important to ensure the accuracy of a composition analysis
over the relative integral of two or more species in complex mix-
tures. Small droplets (ca. 5uL) of both liquids water and 1-
hexanol do evaporate on a timescale of up to several days at RT
in open NMR tubes, so that no significant change in the droplet vol-
ume is expected for the experiments in the following sections.

3.4.1. Impact of voxel size

PRESS experiments were performed on small water droplets
with different voxel sizes. It is expected, that the line width can
be reduced by choosing smaller voxels, as the extent of magnetic
field inhomogenieties should be smaller in small voxels compared
to bigger voxels, so that the average T>* should be larger [48,49].
Prior to acquisition of PRESS spectra, a RARE image of the droplet
is acquired and automatic shim procedure as well as field map
shimming is applied to the sample. For validation of the assump-
tion that for smaller voxels smaller line widths are obtained, no
voxel specific shimming is applied prior to measurement of PRESS
spectra.

These line shape tests were performed within the center of a
4.2 uL water droplet on a PFDTS surface and near the three phase
contact line of this droplet. Measurements of PRESS spectra in
the center show that the reduction of voxel sizes does improve
the line width of the water resonance from 18.3 Hz FWHH
(37.6 Hz FWTH) for a 0.7 mm x 0.7 mm x 0.7 mm voxel to 8 Hz
FWHH (20.1 Hz FWTH=Full Width Tenth Height) for a

=

0.7 x 0.7 x 0.7 mm

0.4x0.4 x0.4 mm

0.2x0.2x 0.2 mm

4.88 4.84 4.80 4.76 4.72 4.68
*H chemical shift (ppm)

Fig. 4. PRESS 'H NMR spectra of a 4.2 uL water droplet on a hydrophobic PFDTS
surface measured within isotropic voxels. Position of the voxel is indicated in the
drawing in the right upper corner. All spectra were acquired with 8096 data points
within 1.01s acquisition time. A relaxation delay of 2s was used for all
measurements. For the spectrum with the 0.7 x 0.7 x 0.7 mm voxel (0.343 mm>,
red) two scans were accumulated within a total experimental time of 4 s, for the
spectrum with the 0.4 x 0.4 x 0.4 mm voxel (0.064 mm°>, blue) 8 scans were
accumulated within a total experimental time of 16 s and for the spectrum with the
0.2 x 0.2 x 0.2 mm voxel (0.008 mm?, green) 32 scans were accumulated within a
total experimental time of 1 min 4 s. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

0.4mm x 0.4 mm x 0.4 mm voxel and 49Hz FWHH (9.6 Hz
FWTH) for a 0.4 mm x 0.4 mm x 0.4 mm voxel (Fig. 4).

Near the three phase contact line the line width of the water
resonance is significantly larger than in the center of the droplet.
The PRESS spectrum of a 0.4 mm x 0.4 mm x 0.4 mm voxel shows
a line width of 167 Hz FWHH. A reduction to a voxel volume of
0.2 mm x 0.2 mm x 0.2 mm voxel reduces the line width to
111 Hz (see SI). Further reducing the voxel size may reduce the line
width at the expanse of a significantly longer measurement time.

As expected the line width of PRESS spectra can be reduced by
reduction of the voxel size. Hence, it is recommended to use small
voxel size for the acquisition of NMR spectra near the three phase
contact line.

3.4.2. Chemical shift resolution and Quantifiability:

1-Hexanol was chosen as the chemical shift resolution can be
well investigated by separation of the CH, and CH; resonances.
NSPECT and PRESS spectra of a small 1-hexanol droplet were
recorded on the hydrophobic PFDTS surface (Fig. 5; for RARE image
of the droplet see SI). In both spectra resonances with line widths
greater than 50 Hz were observed. The PRESS spectrum recorded in
a2 0.4 x 0.4 x 2 mm voxel shows slightly narrower lines and a more
uniform line shape. In both spectra resonances of the —0—CH,—
and CH,/CHs3 groups are baseline separated and can therefore be
integrated separately. The quantifiability of both spectra can be
judged by the deviation of the measured integral from the ideal
distribution of 2:11 expected for 1-hexanol.

In the non-localised NSPECT 'H NMR spectrum a relation
between the integral of the —O—CH,— and the —CH,—/—CHj; reso-
nances of 1.86:11 instead the ideal relation of 2:11 is observed.
Also the signal integral of the OH resonance with a value of 0.96
deviates by 4% from the ideal value. Both deviations can be
explained by the processing needed to obtain a spectrum with a
clean baseline, as a Whittaker smoother [50] has to be applied to
correct the baseline of the NSPECT spectrum (for uncorrected spec-
trum see SI, Fig. S4). The PRESS spectrum acquired in a
0.4 x 0.4 x 2 mm voxel shows a slightly improved and more sym-
metrical line shape compared to the NSPECT spectrum acquired
over the whole droplet. However, the relative integrals are the
—O0—CH,— and the —CH,—/—CHs resonances show a ratio of
1.68:11 instead the ideal relation of 2:11 is observed. This increas-

oH -O-CH,-
NSPECT _A\__ /\
0.96 1.86 11.00

PRESS N

0.67 1.68 ' 11.00

65 6.0 55 50 45 40 35 3.0 25 20 15 1.0 0.5
"H chemical shift (ppm)

Fig. 5. NSPECT 'H NMR spectrum (blue) of a 4.2 uL 1-hexanol droplet on a PEDTS
surface, acquired with 16 k data points (acquisition time = 2 s) and NS = 1. The full
width at half height of the —O—CH,-resonance is ~95 Hz. PRESS '"H NMR spectrum
(red) of the same droplet acquired with 16 k data points (acquisition time =2 s)
within a 0.4 x 0.4 x 2 mm voxel and NS =128 (TR =10s). FWHH of the —O—CHs-
resonance is ~75 Hz. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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ing deviation of the relative integrals might be explained by addi-
tional signal attenuation caused by T;/T, relaxation occurring dur-
ing the PRESS sequence [46].

Although both NSPECT and PRESS spectra show wide lines
(compared to HR NMR spectroscopy) are observed when measur-
ing sessile droplets, both methods are suitable for qualitative eval-
uation of the composition of sessile droplets. A NSPECT spectrum is
better suited for quantifying the global composition of such dro-
plets with a higher accuracy of approx. 95%. Using non-localised
spectroscopy also avoids increasing measurement time.

3.5. Measuring droplet dynamics — Evaporation of droplets formed by
binary mixtures

As mentioned in the previous section, the evaporation rate of a
small droplet determines the temporal resolution with which
evaporation processes can be examined using MR techniques.
The evaporation process of small droplets (around 5 pL) consisting
of water or alcohols such as 1-hexanol occurs in open NMR tubes
on the time scale of days. The evaporation rate could be increased
by a gas stream passing over the droplet. In order to investigate
faster processes without modifying the setup, droplets from liquids
with lower boiling points were examined. As a benchmark for fas-
ter processes, a droplet of a binary mixture of water/acetone on a
PFDTS surface with acetone being the more volatile component
was studied. A rapid decrease of the droplet size caused by the
evaporation of acetone can be observed on the time scale of hours
(Fig. 6). The evaporation of the droplet occurs with a constant con-
tact angle. In the series of images shown, it can be seen that the
change in droplet size has no negative effect on the image quality.
Thus, it is assumed that the magnetic field homogeneity does not
change significantly during evaporation.

The evolution of the acetone fraction in the droplet can be
observed by non-localised NMR spectroscopy (Fig. 7). The line
shape in the non-localised recorded spectra varies slightly during
the evaporation process, but no strong widening or tailing of the
signals is observed. The ratio of water and acetone resonances
can be used to calculate the fraction of acetone in the droplet
(Fig. 8). If this fraction is plotted against time, an exponential
decrease of the acetone fraction is observed. After several hours
the remaining droplet consists of pure water.

H,0
t =90 min A Acetone
t =20 min /\ A
t=10 min /\ AN
t=0 min J\ A\
7 6 5 4 3 2 1

'H chemical shift (ppm)

Fig. 7. (global) 'TH NMR spectra acquired during evaporation of a water/acetone
sessile droplet on a PFDTS surface. Proton chemical shifts were referenced to the
acetone resonance.

The data obtained from NMR spectra and MR images can be cor-
related. For example, the time-dependent droplet height and width
or the droplet volume can be compared with the decay of the ace-
tone fraction within the droplet after normalisation of the fraction
or width respectively (Fig. 8).

Both the normalised fraction and the droplet width can be fitted
with an exponential decay as a very simple model for the decrease
of acetone and droplet width during evaporation, neglecting the
slow evaporation of water.

I(t) = 1(0)-e

As a result a rate constants k of 2.45 h™! for the molar fraction
and 1.87 h™! for the droplet width are obtained. The correlation
between molar ratio of acetone and droplet width is to be
expected, as the volume decrease is due to the evaporation of ace-
tone from the droplet, evaporation of water within this time inter-
val can be neglected. After the complete evaporation of acetone the
shrinkage rate of the remaining water droplet significantly
decreases. This shows that MR imaging and non-localised NMR
spectroscopy can be used to observe the shape (via imaging) and
the composition (via spectroscopy) of sessile droplets during
dynamic processes.

t = 31 min

Fig. 6. Series of RARE images during the evaporation of acetone from a 5 uL droplet of a water/acetone mixture on a PFDTS surface. The image acquired at t = 61 min shows an
artefact caused by picking up a continuous wave signal emitted by a 400 MHz spectrometer in the neighborhood. Fortunately this artefact does not overlap with the signals of

the observed droplet.
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Fig. 8. Normalised molar fraction of acetone and normalised droplet width during
the evaporation of a droplet composed of water and acetone. Errors are estimated to
be 5% for the molar fraction of acetone and 9% (accuracy was estimated to be +/-
three voxels) for the droplet width.

4. Conclusion

In this work it was shown for the first time that MR techniques
can be used to image small droplets with volumes between 2 and
10 pL on superhydrophobic, hydrophobic and hydrophilic surfaces.
The samples are prepared on 3D printed spacers with a functional-
ized surface and are transferred into the NMR tube. For future
work, this setup can be modified so that (a) the surface is heated
or (b) a gas stream passes over the droplet so that the time scales
of evaporation processes can be actively controlled. Water droplets
can be imaged with well-defined phase boundaries by using spin
echo sequences like RARE or MSME with short TE times. These
images are perfectly superimposable with laterally acquired pho-
tographs and thus demonstrate reproducible droplet deposition
as well as the excellent imaging capabilities with very little imho-
mogenieties. Gradient echo sequences like FLASH also yield images
with well-defined liquid-gas interfaces, but homogeneity of signal
intensities near the three phase contact line is much more inhomo-
geneous than in spin echo experiments like RARE images, due to
inhomogeneous and short T,* times. Magnetic field homogeneity
within a water droplet on a hydrophobic PFDTS surface was exam-
ined with sagittally acquired MGE experiment, which showed a
fast and inhomogeneous signal decay over the droplet. Field map
shimming improves the signal homogeneity in the center of the
droplet, but near the three phase contact line, a significant inhomo-
geneity in the signal decay remains.

The major advantage of MR techniques compared to optical
methods is the possibility to spectroscopically study the composi-
tion of droplets. Here it was shown that with the magnetic field
homogeneities present in the droplet sufficiently good NMR spec-
tra of water or 1-hexanol can be obtained. However, short T,* times
lead to broad lines (>100 Hz) in 'H spectra near the three phase
contact line. A reduction of the voxel size improves the line width
obtained, so that a higher chemical shift resolution can be obtained
at the expanse of a longer acquisition time. It is recommended that
voxel specific shimming is applied. Nevertheless, the spectral qual-
ity is good enough, that non-localised and spatially resolved NMR
spectroscopy can be applied to qualitative and quantitative exam-
ination of droplets consisting of complex liquids of static samples.

This allows e.g. the investigation of evaporation processes of
small droplets from liquid mixtures, e.g. water/acetone as model
system. Here we show that the composition of a 5 pL droplet com-
posed of water and acetone can be tracked during the evaporation

of acetone on the timescale of hours by using non-localised spec-
troscopy. In parallel RARE images can be acquired so that the dro-
plet width or heights can be tracked and compared with the
changes of the droplet composition. This is of great interest, since
the understanding of the evaporation of small droplets is essential
for e.g. the optimization of offset printing.

5. Notes

Raw data are available under http://doi.org/10.23728/b2share.
5f4f0b7ae6d84ab8bdab95131d6ed0a3.
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