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Despite the fact that the natural distribution of chemical substances in the three-dimensional world is
far from homogeneous, most liquid-phase chemistry involves operations on homogeneous solutions.
Here we describe two facile methods for real-time monitoring of liquid-phase chemical heterogeneity
induced by convection in millilitre-range volumes. The liquid medium was continuously aspirated
from the vial (acting as a ““convection chamber’’), and driven to online detectors either using
continuous or discontinuous (segmented) hydrodynamic flow. In one embodiment, after the initial
passage through a flow-through optical detector, the sample was driven to an electrospray ion
source—set in front of the orifice of an ion trap mass spectrometer. The system recorded the
emergence of chemical waves produced as a result of convection currents from the test substances
introduced to the vial. Both variants of the method (using continuous and segmented flow) revealed
fluctuations of the analyte concentration before an equilibrium was reached, and the mixture became
homogeneous. We believe that this analytical scheme can further be used to study spatiotemporal
characteristics of various dynamic chemical systems in liquid phase.
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1. Introduction

A vast majority of contemporary developments and applications
in liquid-phase chemistry deals with homogeneous solutions.
Synthetic chemists pay a lot of attention to adequate mixing of
reaction mixtures; inhomogeneities could lead to a decrease in
reaction efficiency, or produce system instabilities. Also in
analytical chemistry, homogenisation of samples is essential for
ascertaining reliable and reproducible results. However, many
natural and human-triggered processes are non-homogeneous;
examples include the diffusion of atmospheric gases into ocean
waters, and dispersion of environmental pollutants in the
atmosphere, or in water reservoirs. Chemical gradients are
omni-present in the macro-world and micro-worlds: for example,
organisms emit signalling molecules in their habitats while
individual cells do the same in their microenvironments in order
to exert a response of other biological entities. Diffusion (passive
transport of molecules from a zone with a high concentration)
and convection (collective movement of molecules within fluids)
further contribute to the dispersion of these chemical species
until an equilibrium is reached. On the sub-cellular and supra-
cellular levels, chemical gradients are responsible for the
evolution of important physiological processes.
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Chemical analysis of the convection-driven currents can
contribute to better understanding of natural and artificial
processes. For example, consider chemical reactions that require
high concentrations of reactants—in those cases, a homogeneous
reaction environment may incur a dilution of reactants. On the
other hand, convection process may allow one to increase the
contact area of reactants (or a reactant and a catalyst) without
considerable dilution. Thus, recording temporal characteristics
of convection currents can provide an insight into chemical
processes in heterogeneous mixtures. However, analytical
methods for studying the propagation of chemical waves in
non-equilibrated mixtures are scarce. For example, the so-called
“Hele-Shaw cell”” enables observation of convection patterns in
a quasi-two-dimensional environment.' Optical imaging meth-
ods provide high lateral resolution but have poor chemical
selectivity. On the other hand, when analyzing three-dimensional
samples using spectrophotometric tools, one has to assume a
perfect homogeneity of a solution, so that the absorption laws
are obeyed (cf. Fig. S1A). Therefore, spectrophotometry—in its
standard format—is not directly applicable to the analysis of
chemical heterogeneity. The same holds for other modern
analytical techniques such as mass spectrometry (MS), in which
case liquid samples are typically loaded into syringes in order to
infuse them via electrospray ionization (ESI) emitter into MS
orifice; this normally eliminates the possibility of studying
chemical gradients which occur in liquid media.

One way of recording dynamic spatiotemporal gradients in
heterogeneous mixtures is continuous sampling of the medium,
followed by the transport of the samples to a detection system
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(cf. Fig. S1B, ESIt). However, the suction of fluids into capillary
tubing or microfluidic devices is likely to blur the spatiotemporal
gradients present in the sampled media. Although hydrodynamic
dispersion (zone broadening) of sample plugs transported in
microfluidic channels can be reduced by implementing electro-
kinetic flow,? application of electric field is not always feasible or
convenient. Another way to reduce dispersion of samples
transported in a flow line is by implementing segmented flow,
which can readily be achieved by simultaneous injection of two
immiscible fluids into a capillary or a microfluidic channel.*
Segmented-flow systems can readily be coupled with various
types of analytical instruments; in fact, this approach has widely
been used in enzyme assays,® analysis of proteins,”® small
molecules,” ! and single-cell analysis.'>!* Segmented flow can
also be used in conjunction with various detection platforms,
including nuclear magnetic resonance (NMR)" and mass
spectrometry (MS).'*1?

Building on previous work outlined above, here we show two
facile methods for recording spatiotemporal gradients formed
during convection of substances in liquid media—used as a
model process, which illustrates the dynamics of chemical
heterogeneity in the three-dimensional space. The methods
presented here are either based on continuous or segmented
flow fluid transport, and used in conjunction with visible-range
absorbance and/or mass spectrometric detection.

2. Materials and methods
2.1 Materials

Caffeine, ferroin, n-octanol, and reserpine were purchased from
Sigma-Aldrich (St Louis, USA). Inks (Simbalion, New Taipei
City, Taiwan) were purchased from a local stationery shop. The
fused silica capillary with the ID 150 pm (OD 375 pum) was
purchased from GL Science (Tokyo, Japan), while the ID
320 um (OD 435 um) and the ID 450 um (OD 673 pm) were
purchased from Polymicro (Phoenix, USA). Tygon tubing of
different kind was purchased from both Saint Gobain (Akron,
USA) and Idex (Oak Harbor, USA).

2.2 Experimental set-up

2.2.1 Flow-through optical detector. The multi-point tri-
wavelength flow-through optical detector enables measuring
the absorbance of sample plugs delivered in segmented or
continuous flow (Fig. 1A and 1B). It comprises 8 photoresistors
(diameter: ~5 mm; CdS type; resistance range: 8-20 kQ;
purchased from a local electronics shop) and 8 tri-colour light
emitting diodes (LEDs; diameter: ~5 mm; 4 pins, common
anode; diffuse light; power angle 20-25°; measured wavelengths:
Jred = 6029 + 6.50m, Agreen = 518 £ 16 nm, Apyye =463 £+ 11 nm;
purchased on eBay) housed in plastic shieldings. The silica
capillary acts as a flow line as well as an optical cell with 8
detection windows. The wavelength of the emitted light can be
changed sequentially, or alternatively, the LEDs in the neigh-
bouring detection channels can be set to emit light in different
wavelengths. Although detection at 8 points is enabled, in the
present study, only 1 or 3 out of 8 channels were used
simultaneously while all the other channels were switched off.
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Fig. 1 Multi-point multi-wavelength flow-through optical detector. (A)
Assembly of the device. (B) Electronic circuit for the absorbance
measurement in an individual channel. Note that only up to 3 channels
were used in this study. (C) An ideogram showing a typical response of
the detector following the injection of a light-absorbing solution.

The optical cell was incorporated into an 8-hole plastic casing
(Fig. 1A, left panel). The holes have a diameter of 4.1 mm, and
are spaced at 8-mm interval. The inner surface of the casing was
lined with aluminium foil. An infrared ps-laser engraving
machine (Huahia Laser, Taipei, Taiwan) was used to create
eight pinholes (diameter, ~450 pm) on the aluminium foil.
Polyimide coating was removed from a standard GC-type fused
silica capillary (length: 12 cm; ID 450 pm, OD 673 pm)—used as
the optical cell—and the transparent section of the capillary was
precisely aligned with the pinholes along the aluminium foil
lining inside the plastic casing. The two parts of the plastic casing
were joined together, so that the positions of the LEDs on one
side matched the positions of the photoresistors mounted on the
opposite side (Fig. 1A, left panel). Smaller holes were drilled on
the plastic casing in order to increase air circulation (Fig. 1A,
right panel). The optical cell assembly was installed inside a
styrofoam box (inner dimensions: 24 x 22 x 10 cm, w/d/h).
Three PC-type electric fans were also installed in the box to
enhance air circulation, and to facilitate heat dissipation. The
fused silica capillary was connected to the upstream and the
downstream parts of the flow line with Tygon tubing (ID
0.38 mm, OD 2.2 mm).

The wavelength of the light emitted by the tri-colour LEDs
was controlled by the relay board (Denkovi Assembly
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Electronics, Byala, Bulgaria). An analog/digital data logger
(ADC-20; resolution: 20 bits; input range: + 2.5 V; preset
sampling rate: 61-183 ms data-point™'; Pico Technology, St
Neots, United Kingdom) was used to record the electric
potentials at the outputs of the photoresistor circuits. Both
devices were connected to a computer vie USB ports, and
operated with appropriate software packages. The segmented-
flow data were treated using a custom software program written
in Free PASCAL (version 1.0.10 2009/04/10; B. Gabor, P.
Muller, P. Vreman); the algorithm automatically removed the
features due to m-octanol segments, and preserved the features
due to the water-based segments.

2.2.2 Segmented-flow generator. The design of the segmented
flow generator is shown in Fig. S2, ESI{: Two fused silica
capillaries (length: 2.5 cm; ID 320 pm; OD 435 um), connected
with Tygon tubing (ID 0.25 mm, OD 2.07 mm), were inserted to
another piece of Tygon tubing with an ID of 0.7 mm (OD
3.2 mm). The distance between the outlets of the two fused silica
capillaries which are inside the 0.7-mm ID section of Tygon
tubing was ~5 mm. The resulting Y-junction was then sealed
with Epoxy glue (plastic steel Epoxy resin; PowerBon, New
Taipei City, Taiwan), and after setting for ~1 h, the whole
assembly was ready for use. In order to produce segmented flow,
aqueous phase and n-octanol (immiscible phases) were delivered
via the inlet ports (Fig. S2, ESI¥).

2.2.3 Coupling with mass spectrometry. Hyphenating different
detection systems in order to attain orthogonal chemical
information is an important area of analytical sciences. Along
these lines, we coupled the home-made multi-point multi-
wavelength detector (section 2.2.1) with a mass spectrometer in
order to enable simultaneous monitoring of spatiotemporal
gradients by two detection systems. Careful optimization of the
experimental setup was necessary to select the flow rates which
were suitable for the studied process (convection), and optical as
well as mass spectrometric detection. Clearly, pumping too much
liquid sample towards the orifice of the mass spectrometer may
invite contamination of the instrument. On the other hand,
decreasing the flow rate during the sampling will also decrease
the temporal resolution of the method. By implementing the
“split-flow” approach, and adjusting backpressures in the flow
line, it was possible to achieve workable conditions for this
hyphenated setup.

When using the hyphenated system, several modifications had
to be introduced to the convection chamber and the sampling
setup: Two fused silica capillaries (length: 6 cm; ID 320 um; OD
435 pm) were transferred through the septum in the cap (18-
MSL-ST3; Thermo Fisher Scientific, Waltham, USA) of the
20-mL glass vial (20-HSV; Thermo Fisher Scientific) acting as
the sample/convection chamber. One of these capillaries was
connected to the syringe pump, and the other one was connected
to the downstream flow line (Tygon tubing) with the optical
detector and the mass spectrometer. The fused-silica capillary
used as the ESI emitter (length: 2 cm; ID 150 pm; OD 375 pm)
was mounted in a tiny hole made in the Tygon tubing (ID
0.38 mm; c¢f. Fig. S3A, ESIt). The distance between the ESI
emitter and the orifice of the ion trap MS was relatively long
(~2 cm) in order to avoid contaminating the instrument when

concentrated samples were analyzed. Since the section of Tygon
tubing mounted downstream from the ESI emitter exerted a
slight backpressure on the liquid in the flow line, a small portion
of the liquid was diverted to the fused silica capillary section
acting as the ESI emitter. Recently, a method of introducing
samples to mass spectrometers without the need for establishing
an electrical connection at the emitter has been published.?® In
our system, we also skipped the electrical connection at the ESI
emitter, which greatly simplified the design and operation of the
system without damaging its performance. We used the amaZon
speed ion trap mass spectrometer from Bruker Daltonics
(Bremen, Germany). The voltage applied to the ion transfer
capillary was —5500 V (positive-ion mode), and the end-plate
offset was set to 500 V. The flow rate of the dry gas was set to
12 L min~'. The mass range was 70-380 Da, and the
accumulation time was 0.5 ms.

At the beginning of the experiment, before acquiring data, the
test analyte (ferroin) was injected into the lower part of a glass
vial filled with ~21 mL of an aqueous solution containing
caffeine (4.8 x 107° M) and acetic acid (0.5%). The data
acquisition started when the syringe pump was turned on, and
the 0.5%-solution of acetic acid was pumped into the vial. Since
the vial was completely filled with the liquid medium, the acetic
acid solution—injected with the syringe pump—exerted hydro-
dynamic pressure on its contents; as a result, the liquid medium
was pushed out via the second capillary mounted in the septum.
Overall, this setup provided an adequate flow stability for the
continuous MS analysis.

In order to measure the effective flow rate of the sample in the
ESI emitter, we implemented the experimental setup shown in
Fig. S3.f Water was pumped through the flow line by syringe
pump at the flow rate of 30 uL min~'. Effluent was collected at
the outlet of the Tygon tubing (ID 0.13 mm) during a 10-min
interval. The net weight of the effluent aliquots was determined
using analytical balance. The procedure was performed with the
mass spectrometer turned on and off, and also after the removal
of the ESI emitter (Fig. S3Bt). The flow rate of liquid sample in
the ESI emitter was then calculated by subtraction of the flow
rates determined for the eluate collected at the outlet of the
Tygon tubing—without and with the ESI emitter installed.

3. Results and discussion
3.1 Monitoring convection-driven currents by optical detector

Here we demonstrate probing chemical waves, which are formed
in a liquid medium due to convection, by using continuous flow
sampling in conjunction with optical absorption detection. A
small amount of medium is sampled and transferred along the
capillary flow line towards detector by using either segmented
flow or non-segmented (continuous) flow. At the beginning of
the experiment, we injected a small aliquot of ferroin solution
into the bottom of a 20-mL glass vial. Subsequently, the lower
part of the vial was heated up (~34 °C) in order to develop a
temperature gradient, and induce convective mixing of the
ferroin solution with the aqueous medium present in the vial. We
used a syringe pump operated in the withdrawal mode in order
to pull the contents of the vial with the flow rate of 30 pL min ™ '.
An immiscible solvent (n-octanol) was simultaneously injected to
the Y-junction (installed along the flow line) by a syringe pump

This journal is © The Royal Society of Chemistry 2012

RSC Adv., 2012, 2, 12431-12437 | 12433


http://dx.doi.org/10.1039/c2ra21695g

Published on 12 October 2012. Downloaded on 28/04/2014 23:03:26.

View Article Online

A
Segmented flow Octanol
Pull«
Capillary
Flow-through optical detector
‘ Contlnuous flow Ferroin
Pulle Heat
200s 400 s 600 s
C a Segmented flow
40
>
£ 30
%‘ 20
2 10
= ols
0 100 200 300 400 500 600 700 800 900 1000
b Time/s
>
[
=
[7]
o
2
[
= .20. e Ve
0 100 200 300 400 500 600 700 800 900 1000
Time/s
D a Continuous flow
>
3
=
2
2
=
0 100 200 300 400 500 600 700 800
Time/s
b

Intensity / mV

ol . ; ‘ ; : ; ;
0 100 200 300 400 500 600 700 800
Time/s

Fig. 2 Recording convection with segmented and continuous flow. (A)
Experimental setup used in the real-time sampling with/without
segmented flow prior to detection by the flow-through optical detector
(cf. Fig. 1). The segmented flow was generated by pushing n-octanol
towards the Y-junction while the bulk of the liquid was withdrawn by a
syringe pump at the outlet of the flow line. (B) Photographs of the vial
(nominal volume: 20 mL) during the convective mixing of 100 pL ferroin
with 15 mL water (aided by heating). The ID of the capillary used for on-
line sampling was 320 um. Distance from the bottom of the vial to the
inlet of the capillary: ~40 mm. (C) The output data (red solid line)
obtained with the segmented flow sampling (2 replicates: (a) and (b)). The
blue dashed lines correspond to the exponential functions fitted to the
experimental data (after removal of n-octanol-related features from the
trace): (a) flr) = 31 x (1 — %0959 (b) fir) =52 x (1 — 7000390 The
features marked with asterisks (*) are due to air bubbles. (D) The output
data (red solid line) obtained with the continuous flow sampling (2
replicates: (a) and (b)). The blue dashed lines correspond to the
exponential functions fitted to the raw data: (a) f(r) = 27 x (1 —

7000300y (b) iy =43 x (1 — ¢ %0%39) The ranges of horizontal axes
in (C) and (D) were adjusted in order to represent comparable sampling
volumes (taking into account differences in the effective sampling rates).

operated in the infusion mode at the flow rate of 6 pL min '

(Fig. 2A). Taking into account the low ratio of the cross sections
of the sampling capillary (ID 0.320 mm) and the convection
chamber (ID 20 mm), estimated to 2.6 x 10™%, it is expected that
the laminar hydrodynamic flow (~24 pL min~!, Re < 3) in the
sampling tubing does not significantly perturb the spatiotem-
poral pattern of the convection waves developing in the chamber.

Fig. 2B shows photographs of the inlet vial representing the
convection-driven mixing of ferroin (red) with the liquid medium
(transparent) while Fig. S4, ESIt shows the corresponding raw
data obtained with the optical detector. The “‘ups” and “downs”
in the original signal trace are caused by differences in refractive
indices and extinction coefficients of n-octanol and the aqueous
samples. The relative heights of the bottom parts of the valleys in
Fig. S4+ vary according to the absorbance of the plugs sampled
from the vial. In order to simplify the representation of the data,
a custom software was used to remove the signal of n-octanol,
and the treated data is displayed in Fig. 2C (red solid line).
From this data it is clear that the signal increased due to the
increasing absorbance of ferroin. Interestingly, the increase of
the absorbance with time (in relative units) cannot be described
by any simple function, as one could do for the diffusion process.
The gradual mixing of ferroin with the liquid medium is a
random and chaotic process, and the trace in Fig. 2C (red solid
line) represents numerous fluctuations before the signal stabilizes
at a level when the mixture became a homogeneous solution.

Next, we carried out a similar experiment but using con-
tinuous (non-segmented) flow to transfer samples from the glass
vial to the detector. This yielded a curve which also represents
some fluctuations (Fig. 2D, red solid line). However, in this case,
the trace is much smoother than the curve obtained using
segmented flow (Fig. 2C, red solid line). This unwanted
“smoothing effect” is due to advection and diffusion (e.g.
ref. 18,21), taking place in the flow line—between the sample
inlet and the detector. By digitizing three-dimensional chemical
waves, the segmented flow sampling preserves the temporal
characteristics better than continuous flow; this is in agreement
with the previous studies implementing segmented flow.'*'" In
the present study, the temporal resolution obtained using the
segmented flow is defined by the signal rise time equal to ~8 s
(cf. Fig. S5, ESIt). The difference between this value and the
duration of the signal of each segment (~4 s, ¢f- Fig. S47) is due
to the hydrodynamic dispersion of the sample between the
sampling capillary inlet and the Y-junction used to generate the
segmented flow.

In both cases, the traces can be fit with exponential functions
(Fig. 2C and 2D, blue dashed line), which represent the mixing
trends. In all cases, the time constants were ~333 s (t =
1/0.0030). Despite the fluctuations caused by convection
currents, the equilibriums are reached at similar times (taking
into account the small difference between the effective sampling
flow rates in the segmented-flow and continuous flow systems).
In Fig. S6, ESI,T the experimental data (¢f- Fig. 2Ca and 2Da,
red solid line) were subtracted with the values predicted by
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the fitted exponential functions (¢f. Fig. 2Ca and 2Da, blue
dashed line): this representation highlights the presence of strong
fluctuations of relative absorbance due to the convection
process. These fluctuations are especially apparent in the middle
of the data record, i.e. 400-800 s (segmented flow, Fig. S6AT),
and 300-700 s (continuous flow, Fig. S6BT). From Fig. 2C it is
also clear that at some points the relative absorbance values
(represented by the measured potential) are much higher than the
equilibrium-stage absorbance at the end of the data record. This
result points out an important feature of the convection current;
a momentary concentration of the substance away from the
source may be higher than the concentration of this substance
after complete mixing with the medium. This feature has
implications on the real-world convection systems, for example,
the release of pollutants to the environment. Overall, the
experiments discussed above show the feasibility of sampling
convection-induced waves from liquid media on the scale of
micro- to millilitres. In order to realize the possibility of
performing measurements at various wavelengths offered by
the detector described above (¢f. Fig. 1), we further attempted
the monitoring of sequential convection of substances with
different absorption maxima (Fig. 3). First, an aliquot of 100 pL
of a blue ink was injected into to the lower part of the 20-mL
glass vial, which was then heated up to induce convection, and
segmented flow was then used for sampling (Fig. 3A). The blue

A

ink absorbs green and red light (wavelength range of red: 600
700 nm, green: 490-560) but it does not absorb blue light
(wavelength range 450-490 nm, cf. Fig. S7B, ESIf). Therefore,
one could observe the fluctuating increase of the signal in the
detection channels operating at wavelengths 629 and 518 nm
(Fig. 3B). Subsequently, a 100-uL aliquot of ferroin was injected
into the lower part of the same vial. This time the detection
channels operating at wavelengths 518 and 463 nm produced a
significant change in the light absorption traces (Fig. 3C). In a
similar experiment, two dyes with different absorption maxima
were dispersed in water, and the segmented-flow sampling
routine was carried out. Signals were recorded at three different
wavelengths. As can be seen in Fig. 4, the convection waves of
the two dyes—absorbing light at different wavelengths—did not
overlap. This is because the two samples were not delivered in a
mixture but separately, and the mixing occurred simultaneously
with the convection process.

3.2 Monitoring convection-driven currents by optical detector and
mass spectrometer

Optical detection benefits from the direct dependence of
absorbance on concentration, warranted by the Beer-Lambert
law; however, it has poor selectivity. In order to demonstrate the
possibility of continuous sampling of chemical waves—such as
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Fig. 3 Sequential convection of two substances with different visible light absorption maxima. (A) Photographs of the vial (nominal volume: 20 mL)
filled with 15 mL of water after injection of blue link (three pictures to the left), and ferroin (three pictures to the right). (B,C) Sampling and detection of
the vial content by segmented flow used in conjunction with the home-made optical detector (¢f- Fig. 1). (B) Measurement started after the injection of
100 pL of blue ink (50 x diluted original sample). (C) Measurement started after subsequent addition of 100 pL of ferroin sample. In (B) and (C),
different wavelength channels are denoted by their apparent colour (red, green, and blue light—top to bottom). Wavelengths: 1..q = 629 + 6.5 nm,
Agreen = 518 + 16 nm, Jye = 463 + 11 nm. The traces were shifted vertically for clarity. The delay time between red/green and green/blue channels is
~2.5s. The raw data have been treated with a custom software in order to eliminate the peaks due to the n-octanol plugs.
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Fig. 4 Simultaneous convection of two dyes absorbing light of different
wavelength using the optical detector shown in Fig. 1. Blue ink (100 uL,
diluted 20 x) and red ink (100 pL, diluted 20 x ) were injected into a
beaker containing 50 mL of 25% ethanol solution in water. The lower
part of the beaker was heated up to ~34 °C to speed up convective
mixing of the inks with the medium, and the contents of the beaker were
constantly aspirated by the sampling capillary and digitized in the
segmented flow generator (¢f- Fig. S2, ESIf). Different wavelength
channels are denoted by their apparent colour (red, green, and blue
light—top to bottom). Wavelengths: A,.q = 629 + 6.5 nm, Agreen = 518 +
16 nm, Apje = 463 + 11 nm. The traces were shifted vertically for clarity.
The traces were also shifted horizontally to compensate for the delay
caused by sequential detection in the three channels (red, green, and
blue). The time “zero” roughly corresponds to the start of the
experiment, even though some mixing of the ink with the medium could
already be noticed during the introduction of the sample to the beaker.
Vertical dashed lines highlight non-overlapping waves of the two inks.

those due to the convection currents—we have attempted
coupling the home-made flow-through optical detector with a
mass spectrometer. Several technical problems had to be solved
to assure satisfactory performance of the system. When coupling
the convection monitoring setup with MS, we opted for using
continuous flow because it provided much better signal stability
than using segmented flow. Moreover, maintaining a high
sampling rate is essential to ensure satisfactory temporal
resolution. However, when coupling fluidic systems with MS, it
is not desirable to work with high flow rates. Therefore, we have
implemented “‘split-flow” coupling of the sampling setup with
MS via an electrode-free ESI interface (Fig. SA), as described in
section 2.2.3. A section of Tygon tubing with a relatively small
ID (0.13 mm) was used to produce a backpressure (~ 160 mbar),
and divert a desired fraction of the flow towards the ESI emitter.
In this experiment, the nominal flow rate was set to 30 pL min~'.
The flow rate measured in the fused silica capillary (ESI emitter)
was found to be ~6.7 uL min~! (Table SI, ESIt). Counter-
current flow (12 L min~ ") of dry gas (N5 at 250 °C) was used to
ensure desolvation of microdroplets formed at the ESI emitter.

Similarly to the previous experiments, discussed in section 3.1,
a 100-pL aliquot of ferroin solution was injected into the lower
part of a 20-mL glass vial, and the convective mixing was
induced by heating (~34 °C) (Fig. SA). Fig. 5B shows the results
obtained by the home-made optical detector (wavelength:
518 nm) as well as the mass spectrometer. In this experiment,
caffeine was added to the liquid medium present in the glass vial,
and used as an internal standard. Fig. 5C shows the resulting
plot representing the intensity ratios of ferroin ([MJ**) and
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Fig. 5 Application of the hyphenated system—incorporating the home-
made optical detector (¢f. Fig. 1) and mass spectrometer—in the
monitoring of the chemical current due to convection. (A)
Experimental setup. Nominal volume of the vial is 20 mL. The vial
was completely filled with ~21 mL the aqueous medium containing the
internal standard (caffeine). (B,C) Measurement of the relative changes
in the concentration of ferroin in the course of convection. (B) Optical
detection; the raw data (red solid line) were fitted with an exponential
function (fr) = 31 x (1 — %0939 plue dashed line). (C) MS
detection; the smoothed data were fitted with an exponential function
(fir)y=7.5 x (1 — ¢ 009309) blye dashed line). The data acquisition with
MS started 132 s after the start of the data acquisition with the optical
detector in order to compensate for the dead-volume delay.

caffeine ([M+H]") peaks at the m/z 298 and 195, respectively.
The MS result approximately matches the result obtained from
the flow-through optical detector, with the time constants equal
to ~333 and 286 s, respectively. However, exact matching is
hindered by the fact that dispersion and diffusion occur as the
sample traverses the flow line section between the optical
detector and the ESI emitter, non-linear response of the ion-
trap MS, and possible ionization biases. In particular, the role of
hydrodynamic dispersion in peak deformation is evident from
the comparison of the segmented-flow and the continuous-flow
sampling (Fig. 2C and 2D). As noted above, we chose to
combine continuous (non-segmented) flow with MS, which—in
the case of the present study—provided a higher stability of MS
signal than the segmented flow. In order to demonstrate the
further capabilities of the MS monitoring of convection, we used
this experimental setup to monitor convection waves of a
substance that does not absorb visible light: using the ESI-MS
setup shown in Fig. 5A, convection of reserpine could readily be
monitored in the presence of an internal standard (Fig. S8,
ESI+).
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4. Conclusions

We have demonstrated two simple methods for monitoring liquid-
phase chemical heterogeneity induced by convection—in millilitre-
range volumes—in real time. In essence, the three-dimensional
chemical waves present in the vial acting as a convection chamber
were sampled into a one-dimensional flow line, and transferred to
single-point (zero-dimensional) detectors. Segmented-flow sam-
pling preserves the characteristics of convective currents to a
greater extent than continuous-flow sampling. This is attributed to
the occurrence of hydrodynamic dispersion in the continuous-flow
system, which is reduced when using the method with segmented
flow. However, continuous-flow sampling is better suited for
coupling the fluidic system with mass spectrometer.

We are currently working on various practical applications of
the proposed analytical methods: they include monitoring
chemical waves in unstirred reaction vessels, spatiotemporal
gradients produced by oscillating reactions, and waves of
signalling molecules secreted by biological cells. The proposed
methods can be further developed by hyphenating them with
other detectors, including UV absorption detection, electroche-
mical detection, and microscale nuclear magnetic resonance.
They can also be used to study other dynamic processes, for
example, dissolution of pharmaceutical preparations. The
systems described here operate in liquid phase; however, in the
future, it would also be interesting to develop them further to
probe convection waves in the gas phase.
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