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Aqueous Media: A Kinetic Analysis of the Surface Reaction by

Microfluidic SERS
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Abstract: Hydrides are widely used in reduction reactions. In
protic solvents, their hydrolysis generates molecular hydrogen
as a second reducing agent. The competition between these two
parallel reduction pathways has been overlooked so far since
both typically yield the same product. We investigated the
platinum-catalyzed reduction of 4-nitrothiophenol to 4-amino-
thiophenol in aqueous sodium borohydride solution as a prom-
inent model reaction, by using label-free SERS monitoring in
a microfluidic reactor. Kinetic analysis revealed a strong pH
dependence. Surprisingly, only at pH > 13 the reduction is
driven exclusively by sodium borohydride. This study demon-
strates the potential of microfluidics-based kinetic SERS
monitoring of heterogeneous catalysis in colloidal suspension.

Sodium borohydride is one of the most widely used reducing
agents in chemical synthesis.'! This reducer is stable even at
400°C,” but undergoes hydrolysis in protic solutions and
generates molecular hydrogen [Eq. (1)].¥

NaBH, +4H,0 — NaB(OH), + 4 H, (1)

Quantitative studies with borohydride in aqueous solution are
difficult to perform because of this instability. Furthermore,
molecular hydrogen itself is also a strong reducer and
therefore a competitor of hydride during the reaction.!
This is often overlooked since the reduction product for
both hydride- and H,-driven reductions is generally the same.
However, for understanding the underlying reaction mecha-
nisms, it is mandatory to differentiate between the two
competing reductions.

A prominent example for a reduction reaction in aqueous
borohydride solution is the conversion of 4-nitrothiophenol
(4-NTP) to 4-aminothiophenol (4-ATP), which is catalyzed by
platinum.®! In this reaction, the 4-NTP starting molecules are
coated on the surface of a bifunctional substrate with both
plasmonic and catalytic activity. The catalytic process occurs
in the localized surface plasmon resonance (LSPR) field of
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the bifunctional nanostructure and surface-enhanced Raman
scattering (SERS) of the adsorbed molecules is excited.[!
SERS is ideally suited for monitoring molecular changes at
the metal/solution interface because of its molecular specific-
ity in combination with high sensitivity and surface selectiv-
ity.! In the past few years, the reduction of 4-ATP to 4-NTP
has been frequently investigated by using SERS on bifunc-
tional substrates with different metal catalysts.®! So far, all of
them have assumed explicitly or implicitly that hydride is the
actual reducing agent in aqueous borohydride solution, that
is, the role of molecular hydrogen due to the hydrolysis in (1)
has been overlooked. The present study was therefore
undertaken for differentiating between hydride- and H,-
based reduction of 4-NTP in aqueous sodium borohydride
solution. This competition has been overlooked so far since
the reaction product (4-ATP) is the same in both cases.”!

Scheme 1 summarizes the central mechanistic findings on
the reaction derived from our kinetic analysis. Both hydride
and molecular hydrogen lead to the formation of surface-
adsorbed atomic hydrogen (Pt—H), which reacts with ad-
sorbed 4-NTP via a Langmuir-Hinshelwood mechanism to 4-
ATP.

NOz NO, NH,
@ C} - C}
Au-Pt-Au

Scheme 1. Reaction Scheme showing the reduction of 4-nitrothiophe-
nol (4-NTP) to 4-aminothiophenol (4-ATP) (with rate constant k;) by
adsorbed atomic hydrogen formed on Au-Pt-Au surface using borohy-
dride (with rate constant k;) and molecular hydrogen (with rate
constant k), respectively.

Bifunctional Au-Pt-Au hybrid NPs are used as both metal
catalysts and plasmonically active SERS substrates. In order
to eliminate severe complications associated with standard
SERS cuvette experiments, this fast (few seconds) Pt-
catalyzed reduction is monitored in a custom-made micro-
fluidic reactor, which provides 1) fast mixing of the reactants,
2) high temporal resolution (milliseconds), and 3) eliminates
unwanted side reactions caused by continuous laser illumi-
nation. The kinetic analysis of time-resolved SERS spectra
acquired at different pH values and temperatures allows us to
disentangle hydride from H, reduction chemistry.
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The bifunctional NPs employed in this study have a Au
core, a Pt shell, and many small Au protuberance particles on
the Pt shell.! The plasmonic coupling between the Au core
and the small Au particles on the very thin Pt shell (ca. 3 nm
here vs. 10 nm in Ref. [5]) enables SERS enhancement of the
molecules involved in the catalytic reactions (see Figure S1 in
the Supporting Information). Control experiments shown in
Figure S2 confirm the role of Pt as the catalyst of the
reduction from 4-NTP to 4-ATP in aqueous sodium borohy-
dride solution. The 4-NTP-coated NP suspension is mixed
with sodium borohydride solution in a temperature-con-
trolled microfluidic mixer with 30 alternatingly combined
channels (Figure 1 and Figure S3) for complete mixing within
0.1s (see Figure S4). SERS signals from the mixture are
recorded from the meander-shaped reaction channel.

Figure 1. The microfluidic reactor chip used for label-free SERS moni-
toring of the reduction of 4-NTP on Au-Pt-Au bifunctional NPs in
aqueous borohydride solutions. The reducing agent and the colloidal
catalyst are injected into the reactor, divided into 30 channels and then
recombined alternatingly for fast mixing. Time-resolved SERS spectra
are recorded at different positions along the meander-shaped flow
channel (top right). The red points are shown as examples for the
SERS detection at different reaction times.

In conventional SERS experiments employing cuvettes,
continuous laser illumination induces the photocatalytic side
reaction from 4-NTP or 4-ATP to 4,4'-dimercaptoazobenzene
(4,4-DMAB).'"! Here, we eliminate this unwanted photo-
catalytic side reaction (red spectrum in Figure 2a) by using
a microfluidic channel with a continuous flow which signifi-
cantly reduces the laser illumination time for the same sample
volume. When the syringe pump is switched on, the bifunc-
tional NPs flow fast through the laser focus (ca. 1 pm) and we
only detect SERS from 4-NTP (blue spectrum in Figure 2a),
but not from 4,4-DMAB. Therefore, this microfluidic SERS
detection scheme allows us to directly probe reagent-induced
reductions without interference from photoinduced reduction
chemistry.

Furthermore, the microfluidic approach also provided the
necessary time resolution for kinetic monitoring of this fast
Pt-catalyzed reduction reaction. The time intervals can be
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Figure 2. a) Comparison of SERS spectra from 4-NTP adsorbed on Au-
Pt-Au NPs when the flow in the microfluidic channel is switched off
(plasmon-induced photocatalytic side reduction from 4-NTP to 4,4’
DMAB) and on (no side reaction is detected). b) SERS intensity of the
photoproduct 4,4-DMAB (peak at 1437 cm™') for several on-off cycles.

easily increased or decreased by recording SERS spectra at
different positions on the channel of the microfluidic reactor
or by changing the flow rate."!! This is not possible in static
experiments employing cuvettes or capillaries since the
mixing of the reactants is not fast enough and the acquisition
time for each Raman/SERS spectrum is significantly longer
than the half-time of the reaction.

Figure 3a shows a false color-coded intensity map of the
kinetic SERS data recorded from the microfluidic reactor.
The reaction time is determined only by the detection
distance and the sample flow rate. Thus, one can measure as
long as possible at a defined position/reaction time to improve
the spectral quality. This is not possible in conventional
cuvette experiments. The corresponding SERS spectra in
Figure 3b and Figure S5 (detection at longer reaction times)
do not contain any detectable contribution of 4,4-DMAB
from the unwanted photocatalytic side reactions. Quantitative
information on the relative contributions of the 4-ATP
starting material is obtained by comparing the peak areas of
the phenyl ring vibrations of 4-NTP and 4-ATP at 1569 and
1591 cm ™', respectively. This requires correction for their
different Raman scattering cross sections/SERS intensities as
determined under otherwise identical experimental condi-
tions (see Figure S6). Figure 3¢ shows the determination of
the rate constants at temperatures ranging from 5 to 50°C.
The reduction at 50°C is finished after about 1 s (rate constant
4.72 s7'). A time increment of 25 ms for SERS monitoring was
chosen. The activation energy of this first-order reaction is
(56.1+3.45) kJmol™" (see Figure S7).

Since the rate constant of the hydrolysis of sodium
borohydride in aqueous solution is pH-dependent,!'” we
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Figure 3. a) SERS false color-coded intensity map for the catalytic
reduction of 4-NTP on bifunctional Au-Pt-Au NPs in aqueous sodium
borohydride solution at 10°C. The educt 4-NTP is directly converted to
the product 4-ATP. No contributions from the unwanted photocatalytic
side product 4,4-DMAB are observed. b) SERS spectra recorded at
different reaction times: 0.66, 1.31, 5.31, 7.91, and 11.17 s (from
bottom to top). c) Determination of the rate constants (first-order
kinetics) for the reduction of 4-NTP at different reaction temperatures.
C, is the relative contribution of the educt 4-NTP.

monitored the catalytic reactions at different pH values
(Figure 4a). Interestingly, the reaction shows a different
reaction order (zero-order) at very basic conditions (above
pH 13) under which H, production does not occur.

The pH-dependent half-life times (t,,,) for the hydrolysis
of sodium borohydride in water are listed in Table S1. Below
pH 9 at room temperature, ¢, is smaller than 20 seconds. We
therefore performed pH-dependent SERS under basic con-
ditions at 10°C to slow down the hydrolysis process for kinetic
SERS monitoring. Figure 4a shows that the reduction of 4-
NTP follows first-order kinetics until pH 13. This result is

Angew. Chem. 2016, 128, 13933-13937

Zuschriften

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

® Old NaBH,
® Fresh NaBH, %

2 4 6 8 10 12
Time (s)

-4

Figure 4. a) Kinetic SERS monitoring of the catalytic reduction of 4-
NTP in aqueous sodium borohydride solution at different pH values
(10°C). The reaction follows first-order kinetics up to pH 13.7.

b) Comparison of the reaction kinetics by using freshly prepared (red)
and aged (gray) sodium borohydride solutions, respectively, at

pH 13.7. The reduction using aged borohydride solution follows first-
order kinetics due to the presence of H,.

consistent with previous studies without pH control.*13 At
pH > 13, however, sodium borohydride is stable in water and
molecular hydrogen does not form. Therefore, the observed
zero-order reduction is exclusively caused by hydride

[Eq. (2)]-

4R-NO, +3NaBH, + 4H,0 — 4R—NH, + 3NaB(OH), 2)

In contrast, the reduction of 4-NTP by H, gas has been
reported to follow first-order kinetics.!”’ Thus it is very likely
that at pH < 13 the reduction proceeds through H, (first-order
kinetics) because H, is generated in aqueous solution by
hydrolysis as shown in Equation (1) [Eq. (3)].

R-NO, +3H, — R—NH, + 2H,0 3)

In order to confirm this hypothesis, reactions with fresh and
old sodium borohydride solutions are compared (Figure 4b).
Sodium borohydride aged for 48 hours at pH 13.7 contains
more H, than freshly prepared hydride. As expected, the
reaction with “old” sodium borohydride solution exhibits
first-order rather than zero-order kinetics (gray in Figure 4b).
We propose that the reduction at the catalytic interface
follows the Langmuir-Hinshelwood mechanism (Scheme 1)
and involves 4-NTP and adsorbed atomic hydrogen (Pt—H).
Thus the reducers (H, and/or hydride) must penetrate the 4-
NTP molecular layer and form Pt—H on the metal surface.
The differences at different pH values can be attributed to the
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Pt—H formation [see Eqgs. (4)-(6)] in the presence of different
reducers (H, or hydride):

H, + 2Pt — 2Pt—H (4)
BH,” + H,0 + 2Pt — BH,OH +2Pt-H (5)
R-NO, + 6Pt—H — R-NH, + 6Pt + 2H,0 (6)

The zero-order kinetics when hydride is the reducer is due to
the low Pt—H concentration which makes the reaction rate
independent from the 4-NTP concentration.

To further corroborate the hypothesis that the reduction
at pH > 13 proceeds through a different reducer (hydride),
SERS monitoring of the reaction at pH 14 is performed at
different temperatures. Figure 5 reveals zero-order kinetics of

pH 14

08 Zero-order

. 0.6

N
0.4+
0.2
0'0_ 20 °|C T T T T
5 10 15 20 25
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Figure 5. Temperature-dependent kinetic SERS monitoring of the cata-
lytic reduction of 4-NTP in aqueous solution of sodium borohydride at
pH 14. The relative contributions of 4-NTP are plotted at different
reaction times. The reaction follows zero-order kinetics.

the reaction at all temperatures from 5 to 20°C. The
corresponding activation energy (see Figure S8) of this zero-
order reduction is 64.5 kJmol™', which is higher than the
activation energy of the first-order reduction by H,
(56.1 kJmol™"). We attribute this to the higher concentration
of Pt—H in the case of H,, which leads to a higher apparent
rate constant k,,,=k;[Pt—H] (see the discussion in the
Supporting Information).

In summary, the pH-dependent catalytic reduction of 4-
NTP in aqueous solution of sodium borohydride is studied by
SERS. By using a temperature-controlled microfluidic reactor
with high temporal resolution, the rate constants of the fast
(few seconds) metal NP-catalyzed reaction are determined at
different pH values and temperatures. At very basic con-
ditions (pH > 13), the reaction exhibits zero-order kinetics.
Under these conditions, sodium borohydride is stable in water
and the formation of the competing reducer H, through
hydride hydrolysis is not observed. We therefore conclude
that the zero-order kinetics resembles the actual reduction by
hydride. In contrast, below pH 13 (first-order kinetics), the
reaction is dominated by the reduction with H,, where the
formation of the surface-adsorbed atomic hydrogen (Pt—H) is
easier than in the sodium borohydride solution without H,
(pH > 13). This competition has been overlooked so far since
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the reaction product 4-ATP for the two reducers is the same.
Although the pH window of the borohydride reduction is very
limited, one can slow down the hydrolysis process for a “real”
hydride reduction by reducing the proton concentration, for
example, in an aprotic environment.
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