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A novel in situ microspectroscopic monitoring system was
developed, coupling a micro spectrophotometer with a
microscope and optical elements, for real time monitoring of
chemical reaction progress within a microfluidic reactor by
absorbance measurements. The formation process and rapid
changes in size and shape of silver nanoprisms were
successfully detected and reveal that these changes take place
in a very short section of the microreactor.

In this communication we present a novel microspectroscopic
monitoring system as a fast and low-cost analytical tool for in situ
monitoring of rapid (millisecond) changes in chemical reactions.
Optical monitoring of fast evolution of chemical reactions with
conventional bench spectrophotometers is not always possible due to
the long acquisition time required. In addition, the simultaneous
presence of species at different stages of reactions within the same
batch can lead to broad and overlaid spectra. With recent advances in
microfluidic technology, microreactors have proven to be an
excellent platform not only for carrying out chemical reactions, but
also for real time monitoring of reaction progress in order to
elucidate the reaction mechanism and kinetics. As reactions evolve
along the whole microchannel length, all the chemical species are
present simultaneously at different points of the channel allowing
detection of reaction progress in a spatially-resolved format. In
particular for the formation of nanoparticles, changes in optical
properties of the reaction system can act as direct indicators for the
transition from seeds to the final desired nanoparticles.' This could
be used to better understand the formation process, which is crucial
for controlled production of nanoparticles with reproducibility. In
this regard, spatially-resolved kinetic studies have been conducted
by collecting photoluminescence images and emission spectra during
the formation of cysteine-capped CdS quantum dot nanocrystals
within a microfluidic reactor.” However, this method is not suitable
for non-fluorescent metal nanoparticles where absorbance
measurements are commonly used. Furthermore, due to the resulting
short optical path length of microchannels, this method becomes
problematic where low absorbances are to be detected. Although
successful attempts have been made to increase the optical
pathlength, e.g. by increasing microchannel dimension for a selected
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section, or adding optical elements for multi-pass spectroscopy,’
they generally limit the detection to specific points of the channel.
We have now developed a novel absorbance detection system based
on an inverted microscope coupled with a UV-Vis-NIR micro-
spectrophotometer for spatially-resolved spectroscopy measurements
at any point of interest along the microfluidic channel. A schematic
of the experimental setup is shown in Fig. 1a.
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Fig. 1 (a) Schematic layout of the experimental setup, (b) Focused light spot
on the microfluidic reactor channel (scale bar: 200 pm), and (c) the
microfluidic reactor layout where C,, C;and C; are three channel inlets.

In the optical setup, we used a 10 W tungsten halogen lamp as light
source linked through an optical fibre (i.d. 600 pm) to an inlet tube
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which held a collimating lens (focal length 25 mm) and an aspherical
achromatic lens (focal length 40 mm). This setup allowed us to focus
the divergent light from the inlet tube to pass the microfluidic
channel at its thinnest beam waist. The size of the light spot (250
um) compares well with the width of the microfluidic channel (210
um, Fig. 1b) which grants an excellent space resolution, and the spot
can be moved precisely to the selected point of interest along the
microchannel with the X-Y microscope stage. For the precise light
delivery to the detector, the microscope condenser lens holder was
replaced with a custom assembly that held the inlet tube in alignment
with the optical axis of the microscope objective. Another assembly
of lenses was connected to the side port of the microscope to focus
the light in the detector optical lenses (see Fig. S1 of ESI for details
of the instrument setup).

The microfluidic reactor (Fig. 1c) was made of poly (methyl
methacrylate) (PMMA) having 3 inlets and a main reaction channel
of ~108 cm in total length, and having a rectangular cross-section of
width x depth =210 x 300 um. The microreactor was placed on the
microscope stage and the light source holder height was adjusted to
launch the beam waist at its thinnest cross-section through the centre
of the channel. A 60x microscope objective was used to focus and
collect the maximum of the light passing through the microfluidic
channel. A custom assembly of lenses and a sub multi assembly
(SMA) fibre coupler were fixed in a concentric outlet tube which
was attached to the side port through a C-mount adapter and directly
connected to the spectroscopy detector with an optical fibre. With
this setup we reached a minimum integration time of 1.05 ms which
was the lower limit of the detector but sufficient for the light source
to almost reach the saturation limit with the build-in zoom of the
microscope (1.6x) and the 60x objective. For absorbance
measurements, 100 scans were taken and averaged for each
measurement in order to reduce the background noise. We also
collected the background at different points along the channel with
water flowing through the reactor, and averaged the spectra in order
to obtain a baseline valid for the entire length of the channel.

We validated the developed system against a conventional bench
spectrophotometer by measuring the absorbance of solutions at
known concentration levels. Fig. 2 shows examples spectra collected
from aqueous tartrazine solutions in a concentration range of 20 -
100 uM passing through the microreactor channel. For comparison,
spectra collected from samples with the same concentrations using
the benchtop spectrometer are also displayed. As can be seen from
Fig. 2a, the spectra collected from the microreactor match very well
with that from the spectrometer cuvette; all spectra exhibit a
maximum absorbance peak at 425 nm.* In addition, the limit of
detection (LOD) was found to be 20 uM for tartrazine solution in the
microreactor. For a similar application Waechter et al.> achieved an
LOD of 5 uM, however, with more complex techniques employed
including a fiber-loop ring-down spectrophotometer and a diode
laser system.

To quantify the system, the extinction coefficient of tartrazine was
determined using A, = 425 nm (Fig. 2b). The response is linear in
the range of 30 - 100 pM, and the obtained value of & = 2.3 x 10*
M 'em™' agrees well with measurements using a standard
spectrometer and with literature values (2.27 x 10* M 'em ™). The
linear correlation between the microreactor and bench-top data is
overall excellent. Analogous result were obtained using copper
nitrate trihydrate (10 - 50 mM) at Ay, = 809 nm (ESI Table S1).
Thus the system yields valid numbers over a detection range of at
least 400 - 800 nm. It should be noted that microscope objectives
with a significant numerical aperture (NA) could make light rays
passing through the sample take on a variety of paths with different
angles, and the effective path length measured will differ from the
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perpendicular value.” This could bring errors in some cases, e.g. with
high magnification lenses and inhomogeneous solutions.

Following the validation of the system, we used the setup to monitor
the formation progress of silver nanoprisms within the microfluidic
reactor, further to our recent studies on microfluidic-based silver
nanoprism synthesis,” which were characterised with various off-
chip methods including conventional UV-Vis-NIR spectroscopy and
TEM. Briefly, solutions were injected with the help of syringe
pumps into the microreactor with a flow focusing configuration (Fig.
1c), where two reagent solutions were introduced via the two side
lateral inlets (i.e., C; and C;) while water flowing in from the central
(i.e., C,). The solutions contained AgNO; (36 uM), trisodium citrate
dihydrate (6.5 mM) and H,O, (76 uM) for injection into C;, and
isopropanolic NaBH, (3.6 mM) into C;.% The NaBH, solution was
prepared according to Shalom et al.” (see ESI for details) to avoid
hydrogen development in the microchannel which can negatively
affect the overall performance on the microspectrophotometer. The
flow rates of the three streams were optimised to be 1.4 mLh™" for
both C, and C;, and 2.4 mLh™! for C,.
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Fig. 2 (a) Absorbance spectra collected with the microscope-coupled
spectrophotometer from the microreactor (—), and with the bench
spectrophotometer (---). (b) Absorbance of tartrazine solution measured with
the microscope-coupled spectrophotometer (m), and with the bench
spectrophotometer (V) at a wavelength of 425 nm.

It is generally understood that following the mixing of the reagents
under these conditions, the formation and growth of silver
nanoprisms takes place along the microreactor channel.'® Also, the
absorbance spectral position (Ay,,) and its broadness depend on the
size and shape distribution of the nanoparticles.® ' Therefore, we
hypothesised that by monitoring the spectral and absorbance changes
at different points along the microreactor channel, the formation
process and associated rapid changes in size and shape of silver
nanoprisms could be spatially resolved.

Fig. 3¢ shows the optical absorbance spectra taken from the reaction
solution within the microreactor with the incident light beam focused
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at the middle plane of the microchannel at different positions along
the channel. Moving the detector along the channel reveals that
particularly between the points at 82.0 cm and 83.5 cm (with
reference to the channel junction point in the main reaction channel),
the optical absorption band shifts from 400 nm to 750 nm and
becoming significantly broader (Fig. 3c). This spectral change is
indicative of the evolution of the nanoparticles from spheres to
triangular nanoprisms, which was observed previously in the batch
synthesis of nanoprisms.'?
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Fig. 3 TEM pictures of (a) silver nanospheres and (b) silver nanoprisms. The
scale bars are 100 nm (a) and 500 nm (b). (c) Spectral position shift of the
absorbance band as a result of detection at different points along the channel.

It is interesting to note that the change occurs in a very short part of
the channel, while the spectral properties do not change before or
after these points. The assignment of the transition was further
confirmed in our study by characterising the nanoparticles with TEM
(Fig. 3 a & b). Fig. 3a shows the TEM picture taken from
nanoparticles synthesised in a batch reactor exhibiting identical
optical properties as in the microchannel up to the 82.0 cm transition
point. Fig. 3b shows TEM pictures taken from samples which were
collected at the exit of the microreactor. Beyond the point of 83.5 cm
no spectral shifts are observed indicating the formation of stable
colloid systems. The long persistence (several minutes) of the yellow
solution indicating spheres was also observed in batch reactors,
followed by a rapid colour change to give prisms.'> However, in the
microreactor system this process took place in a much shorter time
period. The first stage lasted for about 35 sec (i.e., the residence time
at the point of 82.0 cm) rather than minutes, and rapid change
occurred within one second (from the point of 82.0 cm to 83.5 cm).
The mechanism for this significantly faster kinetics within the
microreactor is unclear, and is under further investigation in our
laboratories. It should be noted that for the microfluidic reactor, we
found that the use of an aqueous solution of NaBH, leads to
hydrogen gas evolution which has a negative effect on the
performance. We therefore use an isopropanolic solution of NaBH,.
In our previous studies we also used the isopropanolic solution in a
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batch reactor. The formation of prisms occurred in comparable times
with both that reported in the literature and the experimental results
obtained in our laboratories using a water solution of NaBH, (data
not shown).

In summary, we have developed a unique microscope-coupled
microspectrophotometer for in situ monitoring of reaction evolution
within a microfluidic reactor. High quality spectra can be acquired
without the need of complex and costing optical setup. Furthermore,
collimating the light by use of a custom-made set of lenses allows
the light to be focused in small spots, and short integration times are
reached along with excellent spatial resolution. The add-on optics
have no effects on the use of the microscope, and the system serves
well for both spectra and image acquisition. Reducing the fibre
diameter, smaller spot sizes can be achieved, which may improve the
spatial resolution of the measurements in the channel, however
requiring an increase of the integration time (as the light source
intensity decreases with smaller fibres). Following validation against
conventional spectroscopy, we have demonstrated the application of
the system to successfully monitor the shape and size evolution of
silver nanoprisms during their formation within a microfluidic
reactor. This provides crucial information for further design and
control of production of nanoparticles with desired geometries and
properties.'* The system will be useful for a wider range of
spectroscopic measurements, avoiding complex designs of integrated
micro optics into the microfluidic devices and dedicated
conventional bench-top instrumentations, e.g. that commonly used
for stlL;dl}ging fast reaction kinetics in stopped- and continuous- flow
cells. ™
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