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ABSTRACT: We present a kinetic study on the reduction of 4-nitrophenol (𝑁𝑂2) with borohydride, catalyzed by silver na-
noparticles. The latter are immobilized inside the hydrogel shell of core-shell nanoreactors, comprising a polystyrene core, 
surrounded by a thermoresponsive poly-N-isopropylacrylamide (PNIPAM) hydrogel shell. Cryogenic transmission electron 
microscopy shows that silver nanoparticles with an average diameter of 5.6 ± 2.4 nm are located deep inside the PNIPAM 
shell. The Levenberg-Marquardt-algorithm is applied for the decomposition of UV-Vis spectra, recorded during the reduc-
tion of 𝑁𝑂2, and its potential use in the assessment and evaluation of model reactions is demonstrated. The decomposition 
of UV-Vis spectra, obtained in a wavelength range of 240 to 500 nm, shows that the reactant 𝑁𝑂2 is directly transferred to 
the product 4-aminophenol (𝑁𝐻2) without accumulation of intermediates. Hence, a stationary state for the intermediate 4-
hydroxylaminophenol is present from the beginning of the reaction onwards. Based on this, a kinetic model is presented, 
which is related to a model previously derived for the kinetic analysis of the reaction catalyzed by gold. The kinetic data, 
obtained at room temperature at nine different combinations of 𝑁𝑂2 and borohydride concentrations, are globally fitted by 
a genetic approach. The results are in good accordance with previous results obtained on gold and, furthermore, show that 
the adsorption of 𝑁𝐻2 to the catalyst surface has a substantial influence on the kinetics on silver. Measurements between 
𝑇 = 10 and 50 °C reveal a non-Arrhenius dependency of the reaction rate, caused by the thermoresponsive PNIPAM hydro-
gel. We show how a systematic decomposition of kinetic, adsorption and partitioning effects provides useful qualitative 
insights on the partitioning coefficients of reactants and products, i.e. the ratio of the concentration inside/outside the hy-
drogel network, which play a significant role in the kinetics of PNIPAM-based catalysts. Furthermore, it is found that small 
ions like chloride and borohydride show a similar partitioning behavior in PNIPAM. 

Introduction 

In today’s context of the increasing challenges of becom-
ing economically/energetically more efficient and the 
trend to “greener” (and more selective) chemical processes 
to protect the environment, novel approaches are emerg-
ing for rational catalyst design.1–3 Here, metallic nanoparti-
cles have become the subject of intense research during 
the last two decades.4–6 Today silver2,7 as well as other 
transition metal (catalytic) nanomaterials receive particu-
lar attention and are among the most active fields in nano-
science.5,8–10 

The main challenge with metal nanoparticles is that they 
tend to coalesce and aggregate.1,5 As a consequence, the 
catalytically active surface area reduces, and the particles 
may precipitate and lose their catalytic activity. Therefore, 
metal nanoparticles always require a suitable stabilization 

to sustain their colloidal stability over long periods.11,12 For 
that purpose, the metal precursors are commonly reduced 
in the presence of soluble or colloidal stabilizing/capping 
agents.4,8,11 However, the metal surface must still be acces-
sible for the reactants in catalysis, i.e., the surface must not 
be irreversibly and entirely covered by the stabilizer.5 For 
that purpose, numerous different approaches have been 
demonstrated, yielding more and more sophisticated sys-
tems, e.g., based on polymers,13–15 dendrimers,16–18 micro-
gels19–21 or more complex colloidal systems.22,23  

Furthermore, if so-called responsive polymers are ap-
plied, the support provides an environment with addition-
al functionality. Responsive polymers are polymers that 
are sensitive to stimuli such as 𝑝𝐻,24,25 light,19,26 concentra-
tion of cosolutes,27 or temperature.28,29 Hence, the catalytic 
activity of nanoparticles can be modulated externally.  
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Figure 1. Reaction scheme for the reduction of nitroarenes. 
Direct route (green) and condensation route (red). 

Hence, such systems are termed active carriers or nanore-
actors.5 

Recently, systems comprising the thermoresponsive 
polymer poly-N-isopropylacrylamide (PNIPAM) are under 
intense research due to their potential use in biomedical 
applications30–32 and catalysis.5,33 PNIPAM exhibits a so-
called lower critical solution temperature (LCST). It is 
hydrophilic at low temperatures and becomes hydropho-
bic above its LCST of 𝑇 = 32 °C.34,35 As a consequence, 
hydrogel networks of PNIPAM undergo a volume transi-
tion upon heating where they expel water, and the hydro-
gel collapses. This functionality enables the external con-
trol of their catalytic activity in a non-Arrhenius way 
through simple temperature adjustment.20,28,36 In first-
order kinetic analyses, the non-Arrhenius behavior of the 
reaction rate could be fully traced back to a complex tem-
perature dependence of the partitioning coefficient (i.e. the 
ratio of the reactant concentration inside/outside the hy-
drogel network) and permeability behavior of the hydrogel 
across the volume transition, explicitly discussed for the 
first time from a theoretical perspective.5,37–41 To assess the 
catalytic activity of different catalysts, so-called model 
reactions are applied, which offer the possibility for repro-
ducible and easy-to-handle measurement of reaction rates 
of different catalysts or at different reaction conditions.5,6 

The reduction of 4-nitrophenol (𝑁𝑂2) to 4-aminophenol 
(𝑁𝐻2) with borohydride has been first suggested as a 
model reaction by Pal et al. and Esumi et al.42,43 Since then, 
it has gained tremendous interest and is nowadays the 
most widely used benchmark reaction to evaluate the 
catalytic activity of all varieties of metal-based nanocom-
posites.5,12 The reduction was shown to take place only in 
the presence of a metal catalyst and the reaction rate to be 

proportional to the metal surface area present in the reac-
tion mixture, showing that the reaction takes place on the 
surface of the catalyst metal.44,45 

The general reaction scheme for the reduction of ni-
troarenes, shown in Figure 1, was first established by Ha-
ber in 1898.46 Two reaction routes were identified.47 In the 
direct route, nitroarenes (1) yield the respective arylamine 
(4) in three reaction steps via nitroso (2) and hydroxyla-
mine (3) intermediates. In the condensation route, the 
latter two intermediates undergo a condensation reaction 
in solution, yielding an azoxy intermediate (5), which is 
subsequently reduced to the respective arylamine via azo 
(6) and hydrazo (7) intermediates. If the intermediates (2) 
and (3) are not adsorbed strong enough to the catalyst 
surface and desorb during the reaction, the condensation 
route mechanism could occur as an undesired parallel 
reaction to the desired direct route. Therefore, utmost care 
is necessary during the kinetic evaluation to ensure that 
the reaction satisfies the prerequisites of model reactions. 
If the reaction kinetics are monitored by UV-Vis spectros-
copy, the presence of isosbestic points (where all spectra 
intersect) is commonly accepted as a sign that only the 
reactant and product are present at varying concentrations 
in solution. Hence, the prerequisites for model reactions 
are regarded as fulfilled. 

 

Figure 2. Core-shell nanoreactors, comprising of a PS core 
(grey), a thermoresponsive PNIPAM shell (blue), and silver 
nanoparticles, immobilized in the shell (orange). Upon heating 
above (cooling below) 𝑇 = 32 °C, the network changes its 
volume and shrinks (swells). 

In this work, PS-PNIPAM core-shell nanoreactors, com-
prising of a polystyrene (PS) core and a PNIPAM shell, 
crosslinked with N,N’-methylenebisacrylamide (Bis), are 
used as support for silver nanoparticles (Ag@PS-PNIPAM) 
as shown in Figure 2. 

We present a detailed spectral analysis of the reduction 
of 𝑁𝑂2 with borohydride to verify the absence of interme-
diates in solution, exclude that the reaction follows (partly) 
the condensation route, and to obtain the time dependency 
of the product (𝑁𝐻2) concentration. Therefore, the UV-Vis 
spectra recorded during the reduction are deconvoluted 
with the Levenberg-Marquardt algorithm (LMA).48–50 The 
latter uses the entire UV-Vis spectra in a rage from 240 to 
500 nm to obtain the precise concentration-time depend-
encies of all species present in the reaction mixture. Fur-
thermore, we demonstrate the potential of the LMA as a 
general assessment tool for model reactions. 

For the reaction catalyzed by gold nanoparticles, a mod-
el has been developed which could successfully describe 
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the full kinetics of the 𝑁𝑂2 reduction on different metals.51–

53 Here, we investigate the reaction on silver to expand the 
existing picture of the kinetics. We present a kinetic model, 
based on the results of the LMA, and investigate the kinet-
ics at a constant temperature. Additionally, the effect of the 
thermoresponsive PNIPAM hydrogel on the kinetics is 
investigated with measurements at different temperatures 
to evaluate the influence of the partitioning coefficients of 
the reactants and products on the kinetics. 

Experimental 

Materials 

Styrene (≥ 99%; stabilized with 250 ppm dibutylated 
hydroxytoluene; BHT), N-isopropylacrylamide (NIPAM; 
≥ 97%), N,N’-methylenebisacrylamide (≥ 99%), sodium 
dodecylsulfate (SDS; ≥ 99%), 4-nitrophenol (≥ 99%), and 
BHT inhibitor remover, all obtained from Sigma-Aldrich; 
potassium peroxodisulfate (KPS; ≥ 99%) and silver nitrate 
(≥ 99.5%), both from Fluka; 4-aminophenol (≥ 99%; 
Merck), sodium borohydride (≥ 99%; Acros), buffer (boric 
acid-based; 𝑝𝐻 = 10; Carl Roth), and 4,4’-didhydroxy azo-
benzene (𝐻𝑁𝑁𝐻; ≥ 98%; TCI) were used without further 
purification. Styrene was run over a column packed with 
inhibitor remover and stored at 𝑇 = 5 °C prior to use. Mil-
lipore water (𝑅 = 18.2 MΩ) was used throughout all prep-
arations and experiments. Ultrafiltration was performed 
with nitrocellulose membranes (Millipore) with 50 and 
100 nm pore sizes, respectively. 

Nitrosophenol (𝑁𝑂; water content ~ 40%; TCI) was pu-
rified according to a modified literature procedure.54 After 
drying in vacuum at 𝑇 = 40 °C overnight, 𝑁𝑂 was dis-
solved in anhydrous diethyl ether, the insoluble residue 
was filtered off and remaining water was removed over a 
molecular sieve (4 Å mesh size) overnight. After removing 
the ether, the crude product was redissolved in dry ether 
(20 g L-1), and a green solution was obtained. Upon adding 
the 2.5-fold volume of dry hexane to the solution, orange 
crystal needles precipitated, were filtered off, dried in 
vacuum, and stored at 𝑇 = 4 °C. 

Synthesis 

Synthesis of the Ag@PS-PNIPAM nanoreactors was car-
ried out as described elsewhere.55,56 

Polystyrene core particles were prepared by emulsion 
polymerization. A mixture of SDS (0.45 g), styrene (30 g), 
and NIPAM (1.63 g) in 250 mL H2O was heated to 
𝑇 = 80 °C. KPS (0.3 g; dissolved in 20 mL H2O) was added 
to initiate the polymerization and the mixture was stirred 
at 250 rounds per minute (rpm) for 8 hours. After cooling 
down and filtering over glass wool, the suspension was 
purified by ultrafiltration until the permeate reached a 
conductivity of 𝜎 ≤ 30 µS cm-1. A particle suspension with 
a mass concentration of 𝑐𝑚 = 67.6 g L-1 was obtained. 

PS-PNIPAM core-shell particles were prepared by seed-
ed emulsion polymerization. A mixture of the precursor PS 
core particle suspension (28.3 ml), NIPAM (2.1 g), Bis 
(0.072 g), and additional 92 ml H2O was heated to 
𝑇 = 80 °C. KPS (0.3 g; dissolved in 20 mL H2O) was added, 
and the mixture was stirred at 250 rpm and for 4.5 hours. 

After cooling down and filtering over glass wool, the sus-
pension was purified by ultrafiltration until the permeate 
reached a conductivity of 𝜎 ≤ 2 µS cm-1. A particle suspen-
sion with a mass concentration of 𝑐𝑚 = 4.2 g L-1 was ob-
tained. 

Ag@PS-PNIPAM nanoreactors were prepared by in-situ 
reduction of AgNO3 by NaBH4. Silver nitrate (0.045 g in 
30 mL H2O) was added dropwise to an aqueous dispersion 
of 0.3 g PS-PNIPAM core-shell particles in 260 mL H2O over 
30 minutes. After stirring for another 2 hours, the mixture 
was degassed for 30 minutes and cooled with an ice bath. 
NaBH4 (0.06 g in 20 mL H2O) was added dropwise over 30 
minutes, and the suspension was stirred for another 30 
minutes before filtering over glass wool and subsequent 
ultrafiltration until the permeate reached a conductivity of 
𝜎 ≤ 1 µS cm-1. A stock catalyst suspension with a mass 
concentration of 𝑐𝑚 = 0.194 g L-1 was obtained. 

Instrumentation 

Cryogenic transmission electron microscopy 

Cryogenic transmission electron microscopy (cryo-TEM) 
measurements were conducted on a JEM 2100 microscope 
(JEOL) equipped with a LaB6 cathode and a Gatan 914 
holder (Gatan) for cryogenic measurements. Samples were 
prepared on lacey carbon grids (200 mesh Cu; Science 
Services), which were pre-treated by glow discharge for 
about one minute. 4 µL of the sample was applied on a grid 
and vitrificated in liquid ethane with a Vitrobot™ (FEI). 
The blotting conditions were blot force = 0 N, blot time = 
1 s, humidity = 100%, wait- and drain time = 0 s and 
𝑇 = 5 °C. The microscope was operated at an acceleration 
voltage of 200 kV, and images were recorded with a Tem 
Cam F416 camera (TVIPS) by aid of the SerialEM 
software57 and further processed with ImageJ v.1.49 
(Wayne Rasband, National Institute of Health, USA). 

Dynamic light scattering 

Dynamic light scattering (DLS) measurements were car-
ried out on a Zetasizer Nano ZS ZEN 3500 (Malvern In-
struments), equipped with a He-Ne Laser (𝜆 = 633 nm). 
Measurements were performed in PS cuvettes (VWR) at a 
mass concentration of 𝑐𝑚 = 50 mg L-1, using Millipore 
water for dilution and analyzed with the proprietary 
Zetasizer Software v.7.11 (Malvern Instruments). For a 
typical measurement, ten runs of 30 seconds duration 
were measured at a scattering angle of 173° and averaged. 
For the thermoresponsive core-shell microgels, tempera-
ture-dependent measurements with a range from 𝑇 = 10 
to 50 °C and a step size of 2.5 °C were conducted. 

Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was performed on a 
STA 409PC Luxx (Netsch). For a typical measurement, 
about 15 mg of previously freeze-dried sample was filled 
into a crucible and heated to 𝑇 = 800 °C. The measure-
ments were conducted with a heating rate of 10 K min-1 
under argon flow (30 mL min-1), and the temperature was 
held constant at 𝑇 = 800 °C for 1 hour. 
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UV-Vis 

UV-Vis spectroscopy was performed in QS-110 cuvettes 
(Hellma), using an Agilent 8453 spectrophotometer (Ag-
ilent), equipped with a K6s-NR thermostat (𝛥𝑇 ≤ 0.1 °C; 
Huber). Baseline correction was recorded against pure 
water for all measurements. 

Kinetic measurements 

For the kinetic measurements, all solutions were proper-
ly degassed before use and held under N2. NaBH4 was dis-
solved in previously degassed water under N2 prior to each 
measurement. All solutions were pipetted into a thermo-
statted cuvette and held under N2 until the catalyst was 
added last. Like that, oxygen could be excluded to that 
extent that no induction time was observed (i.e. too short 
to be resolved until the measurement was initiated). Sub-
sequently, the cuvette was sealed, turned once for mixing, 
and immediately subjected to measurement. For the kinet-
ic measurements, spectra from 𝜆 = 240 to 500 nm were 
recorded every 5 seconds. A detailed description of the 
measurement protocol is provided in the Supporting In-
formation. 

Results and discussion 

Characterization 

The Ag@PS-PNIPAM nanoreactors were characterized 
by cryo-TEM, DLS and TGA. Figure 3 shows a typical cryo-
TEM image of the Ag@PS-PNIPAM core-shell nanoreactors. 
The image shows the PS core as large dark spheres, sur-
rounded by the silver nanoparticles (small black dots), 
which are predominantly located close to the surface of the 
PS cores. The PNIPAM shell (with a diameter of around 
200 nm in Figure 3) is hardly visible around the PS cores 
because the hydrogel swollen with water gives only a very 
weak contrast in the images, which is difficult to be distin- 

 

 

Figure 3. Cryo-TEM image of the Ag@PS-PNIPAM core-shell 
nanoreactors vitrificated at 𝑇 = 5 °C. The large spheres are 
the PS core particles, surrounded by silver nanoparticles 
visible as small black dots. The PNIPAM shell is hardly visible 
as halo around the PS core particles. 

 

Figure 4. Hydrodynamic radii of the core-shell nanoreactors 
before and after the reduction of silver nanoparticles. 

guished by our cryo-TEM instrument without energy filter. 
However, the existence of a thermoresponsive shell is 
undoubted, as disclosed by the measurements of the hy-
drodynamic radii against temperature in Figure 4. 

The size of the silver nanoparticles was determined via 
cryo-TEM images. Therefore about 400 particles were 
measured to obtain the representative average nanoparti-
cle diameter of 𝑑𝐴𝑔 = 5.6 ± 2.4 nm. The obtained size dis-

tribution of the silver nanoparticles is provided in the 
Supporting Information. 

After each synthesis step, the particle size was deter-
mined via DLS. For the core particles, a hydrodynamic 
radius of 𝑟𝐻 = 52.6 nm was obtained. For the core-shell 
structure the size was determined between 𝑇 = 10 and 
50 °C, both, before and after the preparation of the silver 
nanoparticles. The results in Figure 4 show the expected 
collapse of the PNIPAM network upon heating to be in 
accordance with previous results.20,36,58,59 Between 𝑇 = 25 
and 35 °C the particle radius shrinks to about 50% of its 
value at low temperatures. The steepest shrinkage is ob-
served around the lower critical solution temperature 
(LCST) of 𝑇 = 32 °C for PNIPAM, where the polymer 
changes from hydrophilic to hydrophobic, expels water 
and collapses.35 The hydrodynamic radius remains essen-
tially the same upon silver reduction; the differences are 
within the experimental error. 

The silver mass fraction of the readily prepared Ag@PS-
PNIPAM nanoreactors was determined via TGA. The 
weight loss of the nanoreactors before and after the syn-
thesis of silver nanoparticles was determined, and the 
residual mass of the PS-PNIPAM nanoreactors was consid-
ered in the calculation, yielding a silver mass fraction of 
𝑓𝐴𝑔 = 0.099 for the dried catalyst. 

Together with the average silver nanoparticle radius and 
the mass concentration of the Ag@PS-PNIPAM catalyst 
stock suspension, a silver surface area per unit volume of 
𝑆 = 2.0 m2 L-1 was obtained. The details of the calculations 
are provided in the Supporting Information. 
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Spectral decomposition 

Prior to the kinetic analysis, the spectra recorded during 
the reduction of 𝑁𝑂2 with borohydride are analyzed. Pre-
vious kinetic studies were always based on the concentra-
tion-time dependency of 𝑁𝑂2 derived from its optical ab-
sorption maximum at 𝜆 = 400 nm. However, with this 
approach, only the reactant concentration can be moni-
tored. Here, the full spectra recorded during the reduction 
from 𝜆 = 250 to 500 nm, shown in Figure 5 (a), are decon-
voluted with the Levenberg-Marquardt algorithm (detailed 
in the Supporting Information) to obtain the product con-
centration as well and additionally verify the absence of 
intermediates in solution, which is a condition for model 
reactions. 

Prerequisites for the decomposition are reference spec-
tra of all species to be detected. Since the (wavelength-
dependent) extinction coefficient curve of each species in 
solution represents a unique fingerprint, the experimental 
spectra can be regarded as a linear combination of n-
dimensional vectors for each species. Here, n stands for the 
number of data points of the UV-Vis spectra. 

The present analysis is based on the molar extinction 
spectra of the reactant 𝑁𝑂2, the product 𝑁𝐻2, one inter-
mediate of the direct route 𝑁𝑂, and one intermediate of 
the condensation route 𝐻𝑁𝑁𝐻 as well as the spectrum of 
the catalyst (see Figures S 2 (a) and (b) in the Supporting 
Information). 

With the reference spectra, the experimental spectra can 
be deconvoluted (exemplary shown in Figure 5 (b)). Only 
the reactant, the final product, and the catalyst yield signif-
icant contributions to the UV-Vis spectrum (the absorb-
ance of the catalyst is subtracted for better visibility). Alt-
hough a residual spectrum (green) was detected, the pres-
ence of 𝑁𝑂 and 𝐻𝑁𝑁𝐻 in the solution can be excluded 
safely by the LMA. The residual spectrum in Figure 5 (b) as 
well as the residual spectra recorded during the entire 
course of reaction (see Figure S 2 (c) in the Supporting 
Information) exhibit an overall low intensity compared to 
the absorption of the original spectra. 

The resulting concentration-time curves of the concen-
tration of 𝑁𝑂2, 𝑐𝑁𝑂2

, 𝑁𝐻2, 𝑐𝑁𝐻2
, and their sum concentra-

tion (normalized to the initial concentration of 𝑁𝑂2 𝑐𝑁𝑂2,0) 

in Figure 5 (c) show that the sum concentration of 𝑁𝑂2 
and 𝑁𝐻2 is constant to 𝛥𝑐 < 1% of the initial 𝑁𝑂2 concen-
tration. This result shows that 𝑁𝑂2 is converted to 𝑁𝐻2 via 
the direct route while intermediates (𝑁𝑂 and 4-
hydroxylaminophenol) remain adsorbed, hence no reac-
tion along the condensation route can occur. Additionally, 
the first derivatives of 𝑁𝑂2 and 𝑁𝐻2 in Figure 5 (c) coin-
cide with high precision, emphasizing further that 𝑁𝑂2 is 
directly transferred to 𝑁𝐻2 without accumulation of in-
termediates. 

The presence of isosbestic points in the UV-Vis spectra 
(where all spectra intersect in Figure 5 (a)) is commonly 
accepted as a sign that only two species of varying concen-
tration (i.e., the reactant 𝑁𝑂2 and the product 𝑁𝐻2) are 
present in solution and that the reaction takes place solely 
along the desired direct route. However, in some cases, 

isosbestic points are not clearly discernible.29,60–63 For such 
cases, the above spectral decomposition provides a tool to 
verify whether the reaction does or does not run solely 
along the direct route. 

Additionally, the spectra of 𝑁𝑂2 and 𝑁𝑂 are very similar 
and both species show an absorption maximum at 
𝜆 = 400 nm (see Figure S 2 (a)). Therefore, it is theoretical-
ly possible that the absorbance at this wavelength, which is 
commonly used to follow the 𝑁𝑂2 concentration for the 
kinetic evaluation according to 

 
𝐴𝑏𝑠(𝑡)−𝐴𝑏𝑠(𝑡=∞)

𝐴𝑏𝑠(𝑡=0)−𝐴𝑏𝑠(𝑡=∞)
=

𝑐𝑁𝑂2

𝑐𝑁𝑂2,0
, (1) 

comprises contributions from 𝑁𝑂 as well. 

Furthermore, the almost identical extinction curves of 
𝑁𝑂2 and 𝑁𝑂 at both isosbestic points (at 𝜆 = 280 and 
315 nm of the spectra in Figure 5 (a)) would result in isos-
bestic points, even if all three species 𝑁𝑂2, 𝑁𝑂, and 𝑁𝐻2 
are present in solution at varying concentrations. Deriving 
the 𝑁𝑂2 concentration from the absorbance at 𝜆 = 400 nm 
would then result in a wrong concentration-time curve, 
although the presence of isosbestic points would give de-
ceptive confidence of a model reaction with only two spe-
cies present. However, the application of the LMA will 
avoid this pitfall during data evaluation and serves as an 
assessment tool for model reactions at the same time. 

The LMA, enables a safe discrimination, even of species 
with very similar spectra like 𝑁𝑂2 and 𝑁𝑂. Figure 5 (d) 
illustrates a case where 𝑁𝑂2 and 𝑁𝑂 are mixed 
(𝑐𝑁𝑂2

= 𝑐𝑁𝑂 = 2.5×10-5 mol L-1). The LMA discriminates 

𝑁𝑂2 and 𝑁𝑂 with the fitted concentrations 𝑐𝑁𝑂2
= 2.32×10-

5 mol L-1 and 𝑐𝑁𝑂 = 2.84×10-5 mol L-1, respectively. Assum-
ing an error of Δ𝑐 ≤ 5% during solution preparation, the 
LMA yields the correct concentrations with an average 
error of Δ𝑐~ 5%. This can be considered as a good value 
for species with very similar spectra and would be lower 
for spectra with more pronounced differences. 

Overall, the adaptability of the LMA, which only requires 
reference spectra of the species to be detected, makes it a 
versatile tool to test the applicability of a reaction as a 
model reaction. Here, the LMA is applicable to any reaction 
which can be measured with UV-Vis spectroscopy or even 
other measurement techniques, yielding spectra which are 
a simple sum of the separate spectra of different species in 
a reaction mixture. 

For the present case, the curves of the concentration of 
𝑁𝑂2, obtained via spectral decomposition, and obtained 
from the absorption maximum of 𝑁𝑂2 at 𝜆 = 400 nm, ac-
cording to equation (1), are virtually identical (see Figure S 
3 in the Supporting Information). Therefore, the following 
kinetic analysis can be based on the latter. 

The pivotal result of the LMA for the following kinetic 
analysis is that it evinces the direct conversion of 𝑁𝑂2 to 
𝑁𝐻2 without the accumulation of intermediates. This is the 
basis for the kinetic model presented hereafter. 

Kinetic model 

The model for the analysis of the reduction catalyzed by  
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Figure 5. Absorption spectra (a) recorded during 𝑁𝑂2 reduction (arrows indicate the course of reaction), exemplary experimental 
absorption spectrum (b) recorded during the reduction of 𝑁𝑂2 with resulting deconvoluted spectra for 𝑁𝑂2, 𝑁𝐻2, and the residual 
spectrum, obtained concentration-time curves (c) for 𝑁𝑂2, 𝑁𝐻2, the sum concentration of both (normalized to  
𝑐𝑁𝑂2,0 = 1×10-4 mol L-1), and modulus of the first derivatives for 𝑁𝑂2 and 𝑁𝐻2, and exemplary spectrum of a mixture of 𝑁𝑂2 and 

𝑁𝑂 (d) with resulting deconvoluted spectra for 𝑁𝑂2, 𝑁𝑂, and the residual spectrum. 

Ag@PS-PNIPAM nanoreactors is based on the two-step 
model applied for the analysis of the reaction on gold and 
gold-palladium alloy catalysts by Gu et al.51–53 Here, the 
reaction of 𝑁𝑂2 to 4-hydroxylaminophenol (𝑁𝐻𝑂𝐻) is 
regarded as the first reaction step with the rate constant 
𝑘𝑎 (the reaction step of 𝑁𝑂 to 𝑁𝐻𝑂𝐻 is fast, therefore the 
reaction of 𝑁𝑂2 to 𝑁𝑂 and further to 𝑁𝐻𝑂𝐻 is considered 
as one step)51,64 and the reaction of 𝑁𝐻𝑂𝐻 to 𝑁𝐻2 is re-
garded as second reaction step with the rate constant 𝑘𝑏. 
Additionally, the adsorption of the reaction product 𝑁𝐻2 is 
considered in the present model. 

The differential rate equations for the temporal evolu-
tion of the concentrations of 𝑁𝑂2 and 𝑁𝐻𝑂𝐻 are then giv-
en as51,65 

 −
𝑑𝑐𝑁𝑂2

𝑑𝑡
=  

=
𝑘𝑎 𝑆 (𝐾𝑎𝑑′,𝑁𝑂2

𝑐𝑁𝑂2
)

𝑛
𝐾𝑎𝑑′,𝐵𝐻4𝑐𝐵𝐻4

(1+(𝐾𝑎𝑑′,𝑁𝑂2
𝑐𝑁𝑂2

)
𝑛

+𝐾𝑎𝑑′,𝑁𝐻𝑂𝐻𝑐𝑁𝐻𝑂𝐻+𝐾𝑎𝑑′,𝐵𝐻4𝑐𝐵𝐻4+𝐾𝑎𝑑′,𝑁𝐻2
𝑐𝑁𝐻2

)
2(2) 

and 

 
𝑑𝑐𝑁𝐻𝑂𝐻

𝑑𝑡
= −

𝑑𝑐𝑁𝑂2

𝑑𝑡
−

𝑑𝑐𝑁𝐻2

𝑑𝑡
=  

=
𝑆𝐾𝑎𝑑′,𝐵𝐻4𝑐𝐵𝐻4(𝑘𝑎(𝐾𝑎𝑑′,𝑁𝑂2

𝑐𝑁𝑂2
)

𝑛
−𝑘𝑏𝐾𝑎𝑑′,𝑁𝐻𝑂𝐻𝑐𝑁𝐻𝑂𝐻)

(1+(𝐾𝑎𝑑′,𝑁𝑂2
𝑐𝑁𝑂2

)
𝑛

+𝐾𝑎𝑑′,𝑁𝐻𝑂𝐻𝑐𝑁𝐻𝑂𝐻+𝐾𝑎𝑑′,𝐵𝐻4𝑐𝐵𝐻4+𝐾𝑎𝑑′,𝑁𝐻2
𝑐𝑁𝐻2

)
2(3) 

where 𝐾𝑎𝑑′,𝑁𝑂2
, 𝐾𝑎𝑑′,𝑁𝐻𝑂𝐻, 𝐾𝑎𝑑′,𝑁𝐻2

 and 𝐾𝑎𝑑′,𝐵𝐻4
 are the ad-

sorption constants of 𝑁𝑂2, 𝑁𝐻𝑂𝐻, 𝑁𝐻2, and borohydride 
(supposedly; see chapter “Influence of temperature” for a 
detailed discussion), and 𝑐𝑁𝐻𝑂𝐻 and 𝑐𝐵𝐻4

 are the concentra-

tions of 𝑁𝐻𝑂𝐻 and borohydride, respectively. A brief deri-
vation of equations (2) and (3) is provided in the Support-
ing Information. Here, the adsorption of 𝑁𝑂2 is modeled 
with a Langmuir-Freundlich adsorption isotherm with the 
unitless surface heterogeneity parameter 𝑛.65,66 Prerequi-
site for the applicability of equations (2) and (3) (as well as 
generally for all models based on Langmuir-Hinshelwood 
kinetics) is that the surface reaction rate is slow (i.e., the 
rate-determining step) compared to the diffusion of reac-
tants to the catalyst surface, which was shown to be true 
for the 𝑁𝑂2 reduction.67 A theoretical treatment of the 
reaction rate for (catalyzed) unimolecular reactions in 
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core-shell nanoreactors with multiple active catalyst parti-
cles, accounting for variable rates of reaction and diffusion, 
was presented by Piazza et al.39 Despite treating the geom-
etry of the catalyst used in this work, the theory cannot 
readily be connected to the present kinetic model of a two-
step reaction accounting for the competitive adsorption of 
multiple species. However, it showed that for our specific 
geometry, the rate (in the reaction-controlled limit) must 
be linearly proportional to the catalyst metal surface area 
and the partitioning coefficient, justifying our ansatz (2) 
for the total rate and as well the separation of adsorption 
constants and partition ratios in eq. (14) later in the analy-
sis. 

The decomposition of the UV-Vis spectra recorded dur-
ing the reduction of 𝑁𝑂2 showed that the decrease in the 
reactant (𝑁𝑂2) concentration directly corresponds to the 
increase in the concentration of the final product 𝑁𝐻2 with 
high precision. No accumulation of the intermediates oc-
curs and the reaction runs cleanly along the direct route, as 
desired for the kinetic evaluation. Hence, a stationary state 
for the concentration of the intermediate 𝑁𝐻𝑂𝐻 is present 
from the very beginning of the reaction onwards and 
therefore 

 −
𝑑𝑐𝑁𝑂2

𝑑𝑡
=

𝑑𝑐𝑁𝐻2

𝑑𝑡
. (4) 

Thus, the concentration of 𝑁𝐻2 can be derived from the 
𝑁𝑂2 concentration according to 

 𝑐𝑁𝐻2
= 𝑐𝑁𝑂2,0 − 𝑐𝑁𝑂2

. (5) 

With equation (2) and (3) it follows that 

 𝐾𝑎𝑑′,𝑁𝐻𝑂𝐻𝑐𝑁𝐻𝑂𝐻 =
𝑘𝑎

𝑘𝑏
(𝐾𝑎𝑑′,𝑁𝑂2

𝑐𝑁𝑂2
)

𝑛
, (6) 

𝐾𝑎𝑑′,𝑁𝐻𝑂𝐻𝑐𝑁𝐻𝑂𝐻 can be substituted in equation (2), and the 
rate equation for the reactant is derived as 

−
𝑑𝑐𝑁𝑂2

𝑑𝑡
= 

=
𝑘𝑎𝑆 (𝐾𝑎𝑑′,𝑁𝑂2𝑐𝑁𝑂2)

𝑛
𝐾𝑎𝑑′,𝐵𝐻4

𝑐𝐵𝐻4

(1+(1+
𝑘𝑎
𝑘𝑏

)(𝐾𝑎𝑑′,𝑁𝑂2𝑐𝑁𝑂2)
𝑛

+𝐾𝑎𝑑′,𝐵𝐻4
𝑐𝐵𝐻4

+𝐾𝑎𝑑′,𝑁𝐻2𝑐𝑁𝐻2)
2. (7) 

Equation (7) was described previously for the stationary 
state of the reduction by gold nanoparticles (without the 
term for the adsorption of the product 𝑁𝐻2 in the denomi-
nator). However, as a stationary state was not present 
from the beginning of the reaction, it could not describe 
the entire kinetics.51 Here, it provides a full description of 
the kinetics of the reaction with the six fitting parameters 
𝑘𝑎, 𝑘𝑏, 𝐾𝑎𝑑′,𝑁𝑂2

, 𝐾𝑎𝑑′,𝑁𝐻2
, 𝐾𝑎𝑑′,𝐵𝐻4

, and 𝑛. A closer look re-

veals that equation (7) is underdetermined. Substituting 
the fit parameters with 

 𝐾1 = 𝑘𝑎(𝐾𝑎𝑑′,𝑁𝑂2
)

𝑛
 (8) 

and 

 𝐾2 = (1 +
𝑘𝑎

𝑘𝑏
) (𝐾𝑎𝑑′,𝑁𝑂2

)
𝑛

 (9) 

reduces their number to five and equation (7) is obtained 
as 

−
𝑑𝑐𝑁𝑂2

𝑑𝑡
= 𝐾1𝑆

(𝑐𝑁𝑂2)
𝑛

𝐾𝑎𝑑′,𝐵𝐻4
𝑐𝐵𝐻4

(1+𝐾2(𝑐𝑁𝑂2)
𝑛

+𝐾𝑎𝑑′,𝐵𝐻4
𝑐𝐵𝐻4

+𝐾𝑎𝑑′,𝑁𝐻2
𝑐𝑁𝐻2)

2. (10) 

The substitution of fit parameters shows that for the 
present model (describing a reaction where a stationary 
state is present from the beginning of the reaction), it is 
impossible to obtain the two reaction rate constants 𝑘𝑎 
and 𝑘𝑏 separately. Without a stationary state from the 
beginning, it is indeed possible to obtain 𝑘𝑎 and 𝑘𝑏 sepa-
rately as shown by Gu et al. with gold nanoparticles.51 
However, a reduced reaction rate constant 𝑘𝑟𝑒𝑑 can be 
obtained from the two substituted parameters 𝐾1 and 𝐾2 
as 

 
𝐾1

𝐾2
= 𝑘𝑟𝑒𝑑 =

𝑘𝑎𝑘𝑏

𝑘𝑎+𝑘𝑏
. (11) 

This is reasonable, considering that 𝑁𝑂2 is directly re-
duced to 𝑁𝐻2 without accumulation of intermediates in 
solution. Both reaction steps are coupled, and the ratio 
𝐾1 𝐾2⁄  can be regarded as the overall reaction rate, similar 
to the classic expression for catalyzed unimolecular reac-
tions5,40,41 

 𝑘𝑡𝑜𝑡
−1 = 𝑘𝐷

−1 + 𝑘𝑅
−1, (12) 

which also describes two coupled consecutive steps (with 
the diffusion rate 𝑘𝐷 and the reaction rate 𝑘𝑅) by a total 
reaction rate 𝑘𝑡𝑜𝑡. 

Two limiting cases can be distinguished: 

If a) 𝑘𝑎 ≫ 𝑘𝑏, 𝐾1 𝐾2⁄ → 𝑘𝑏 follows, the intermediates will 
accumulate on the catalyst surface, and slow down the 
overall reaction to 𝑘𝑏. The spectral decomposition re-
vealed that the sum concentration of 𝑁𝑂2 and 𝑁𝐻2 remains 
constant throughout the whole reaction. This observation 
means that in this case, the adsorption of the intermediate 
must be sufficiently high to suppress its desorption. 

If b) 𝑘𝑎 ≪ 𝑘𝑏, 𝐾1 𝐾2⁄ → 𝑘𝑎  follows, and the intermediates 
are immediately reduced to products without accumulat-
ing on the catalyst surface. Furthermore, equation (10) 
reduces to the classic one-step Langmuir-Hinshelwood 
kinetics68,69 (with Freundlich adsorption isotherm if 

𝑛 < 1)65 as 𝐾2 reduces to 𝐾2 = (𝐾𝑎𝑑′,𝑁𝑂2
)

𝑛
. This shows that 

the present two-step Langmuir-Hinshelwood model is 
mathematically indistinguishable from the classical one-
step model and only the interpretation of the obtained fit 
parameters 𝐾1 and 𝐾2 differs. As 𝑘𝑏 disappears if 𝑘𝑎 ≪ 𝑘𝑏, 
the initial number of fit parameters is reduced to five, 
equation (7) is not underdetermined, and 𝐾𝑎𝑑′,𝑁𝑂2

 can be 

derived as well. 

Kinetic analysis at a constant temperature 

For the kinetic analysis at 𝑇 = 20 °C, measurements at 
three 𝑁𝑂2 and three borohydride concentrations were 
conducted, yielding a 3×3 matrix. All measurements were 
conducted at a ratio of borohydride to 𝑁𝑂2 concentration 
of 𝑐𝐵𝐻4

𝑐𝑁𝑂2
⁄ ≥ 50. Therefore, the borohydride concentra-

tion can be regarded as constant throughout every single 
experiment. All experiments were conducted three times 
and averaged. The catalyst surface area per unit volume 
was 𝑆 = 0.0625 m2 L-1. Consistent with previous results on 
gold, platinum, ruthenium and silver catalysts, the reaction 
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rate is increasing with increasing borohydride concentra-
tion, and decreasing with increasing 𝑁𝑂2 
concentration.17,18,65 Even though the borohydride concen-
tration is much higher than the 𝑁𝑂2 concentration, a 
change in the (initial) borohydride concentration influ- 
 

 

Figure 6. Time dependencies of the experimental 𝑁𝑂2 concen-
tration (symbols) and fit results (lines) for the reduction at 
𝑐𝐵𝐻4

= 5×10-3 (a), 1×10-2 (b), and 2×10-2 mol L-1 (c). 

ences the surface coverage of both reactants and, hence, 
has an influence of the observed reaction rate. The subse-
quent fit with only one set of fit parameters for all nine 
measurement conditions demonstrates that the reason for 
an influence of the borohydride concentration on the reac-
tion rate originates from the different adsorption con-
stants of borohydride and 𝑁𝑂2. 

All data were fitted globally up to a conversion limit of 
50%. A detailed description and the code for the fit algo-
rithm are provided in the Supporting Information. The fit 
results in Figure 6 show that the model fits the data with 
high precision up to the conversion limit of 50%. 

Fits with a model, disregarding the adsorption of 𝑁𝐻2 
showed a strong deviation between experimental data and 
fit where the analysis of the deviation points to the adsorp-
tion of 𝑁𝐻2. Hence, the latter is included in the model pre-
sented here. The respective fits without 𝑁𝐻2 and a detailed 
discussion of the deviation are provided in the Supporting 
Information. 

The obtained fit parameters for both limiting cases, a 
faster first (𝑘𝑎 ≫ 𝑘𝑏) and a faster second reaction step 
(𝑘𝑎 ≪ 𝑘𝑏) are 𝑛 = 0.788, 𝐾𝑎𝑑′,𝐵𝐻4

= 35.8 L mol-1 

𝐾𝑎𝑑′,𝑁𝐻2
= 1.81×104 L mol-1, 𝐾1 = 0.110 Ln mol1-n m-2 s-1, 

𝐾2 = 2.06×103 Ln mol-n and 𝑘𝑟𝑒𝑑 = 5.32×10-5 mol m-2 s-1. 

The fit parameters 𝑛 and 𝐾𝑎𝑑′,𝐵𝐻4
 are of the same order 

of magnitude as the values obtained previously on gold 
(𝑛 = 0.5 and 𝐾𝑎𝑑,𝐵𝐻4

= 50 ± 4 L mol-1).51 The higher value 

of 𝑛, obtained in the present work, points to a more uni-
form surface of the silver nanoparticles compared to the 
gold nanoparticles in the aforementioned work (recall that 
the parameter 𝑛 accounts for the distribution of adsorp-
tion energies due to the heterogeneity of the surface where 
𝑛 = 1 represents a completely uniform surface).66,70 Con-
sidering that a larger particle size automatically means less 
curvature and accordingly fewer edges and defects, this 
result is in accordance with the larger size of the silver 
nanoparticles in the present work (𝑑𝐴𝑔 = 5.6 ± 2.4 nm 

compared to 𝑑𝐴𝑢 = 4.4 ± 0.8 nm).65 The reduced reaction 
rate is slightly lower than the reaction rate of the slower 
reaction step in the kinetic model applied on gold 
(𝑘𝑏 = 5.6×10-5 mol m-2 s-1).51 Together with the slightly 
lower value of 𝐾𝑎𝑑,𝐵𝐻4

, this fits with our general experience 

of a slower reduction of 𝑁𝑂2 on silver compared to 
gold.71,72 

If 𝑘𝑎 ≪ 𝑘𝑏, the (supposed) adsorption constant of 𝑁𝑂2 
can be derived as 𝐾𝑎𝑑′,𝑁𝑂2

= 1.61×104 L mol-1 and the re-

duced reaction rate constant 𝑘𝑟𝑒𝑑 represents the rate con-
stant 𝑘𝑎 of the first reaction step. The latter is more than 
one order of magnitude lower than the value obtained 
previously on gold (𝑘𝑎 =  9.4×10-4 ± 2.6×10-4 mol m-2 s-1)51 
while the adsorption constant of 𝑁𝑂2, obtained on silver, 
would be over four times higher than on gold (𝐾𝑎𝑑,𝑁𝑂2

=

3.70 ×103 L mol-1).51 

Influence of temperature 

Measurements were conducted in intervals of ∆𝑇 = 5 °C 
between 𝑇 = 10 and 50 °C, and at concentrations of 
𝑐𝑁𝑂2

= 1×10-4 and 𝑐𝐵𝐻4
= 1×10-2 mol L-1 to investigate the 
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influence of temperature on the reaction. All experiments 
were conducted three times and averaged. Here, the data 
were fitted individually for each temperature up to a con-
version limit of 50%. 

 

 

Figure 7. Time dependencies of the experimental 𝑁𝑂2 concen-
tration (symbols) and fit results (lines) for the reduction at 
𝑇 = 10 to 50 °C and 𝑆 = 0.0625 m2 L-1. The data were fitted up 
to 50% conversion. 

As 𝑛 is a measure for the heterogeneity of the catalyst 
surface, the parameter is expected to be approximately 
constant at moderate temperatures. In the previous sec-
tion, nine experimental curves were simultaneously (glob-
ally) fitted, which leaves little freedom to the (genetic) fit 
algorithm in terms of letting the fit parameters work 
against each other (i.e. compensating the change in one 
parameter by the change in another one). As a good fit 
quality was obtained, these fit parameters are regarded as 
reliable reference values for the fits at other temperatures 
where only one curve is fitted at once. Therefore, the pa-
rameter 𝑛 is fixed to the value obtained in the global fit at 
𝑇 = 20 °C and the number of fit parameters is reduced by 
one. This will help to obtain more reliable results in the 
Individual fits. 

The experimental 𝑁𝑂2 concentrations in Figure 7 show 
that with increasing temperature, the reaction rate in-
creases first between 𝑇 = 10 and 15 °C, followed by a de-
crease up to 𝑇 = 35 °C before it increases again. The fit 
results show that the model fits the data satisfactorily for 
all temperatures. Overall, the temperature-dependent 
measurements are slightly better fitted than the data ob-
tained at 𝑇 = 20 °C, shown in the previous section, because 
only one experimental concentration-time curve is fitted at 
once (compared to nine curves fitted globally at 
𝑇 = 20 °C). 

The results for the obtained fit parameters 𝐾1, 𝐾2, 𝑛, 
𝐾𝑎𝑑′,𝐵𝐻4

 and 𝐾𝑎𝑑′,𝑁𝐻2
, and for 𝑘𝑟𝑒𝑑, shown in Figure 8 (and 

summarized in Table 1), show that the obtained fit param-
eters (at 𝑇 = 20 °C) are in good accordance with the pa-
rameters obtained in the previous section. This shows that 
despite a different number of experimental curves is fitted 
simultaneously, reliable fit results are obtained by the 
individual fits as well. 

A separate interpretation of the temperature dependen-
cies of the fit parameters 𝐾1 and 𝐾2 is not possible as they 
comprise three and four (temperature-dependent) varia-
bles, respectively. However, both variables exhibit a specif-
ic behavior around the LCST of PNIPAM (minimum in 𝐾1; 
plateau in 𝐾2). 

For 𝑘𝑟𝑒𝑑, a non-Arrhenius dependency is obtained, which 
was found repeatedly for the reaction rate of PNIPAM-
based thermoresponsive catalysts.20,36,58,59,73 The reduced 
reaction rate increases first at low temperatures, decreases 
then, and reaches a minimum around the LCST before it 
increases again. The lowest value of 𝑘𝑟𝑒𝑑 is found at 
𝑇 = 35 °C, in accordance with the slowest concentration 
decay in Figure 7. 

The red line in Figure 8 (b) shows a linear fit to 𝑘𝑟𝑒𝑑 be-
tween 𝑇 = 40 and 50 °C to derive the (Arrhenius) activa-
tion energy. Obviously, the linearity of 𝑘𝑟𝑒𝑑 in this temper-
ature regime is not ideal and neither is a fit to only three 
data points. However, it is the only regime where the ef-
fects of the PNIPAM hydrogel collapse on the reaction rate 
are expected to be minor (according to the hydrodynamic 
radius of the nanoreactors in Figure 4), where an approxi-
mate linearity in the Arrhenius plot of 𝑘𝑟𝑒𝑑 would be ex-
pected, and is observed. The resulting value for the activa- 
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Figure 8. Arrhenius plots of the obtained fit parameters 𝐾1 and 𝐾2 (a), 𝑘𝑟𝑒𝑑 = 𝐾1 𝐾2⁄  (b), and Van’t Hoff plots of 𝐾𝑎𝑑′,𝐵𝐻4
 (c), and 

𝐾𝑎𝑑′,𝑁𝐻2
 (d). The thin-dashed vertical lines indicate the LCST of 𝑇 = 32 °C. The red line in (b) is a linear fit to 𝑘𝑟𝑒𝑑  between 𝑇 = 40 

and 50 °C.  
 

Table 1. Fit parameters obtained for the global fit at 𝑻 = 20 °C and for the individual fits between 𝑻 = 10 and 50 °C. 

Fit type 𝑇 / °C 𝐾1 / 10-3 Ln mol1-n m-2 s-1 𝐾2 / Ln mol-n 𝑘𝑟𝑒𝑑  / mol m-2 s-1 𝐾𝑎𝑑′,𝐵𝐻4
 / L mol-1 𝐾𝑎𝑑′,𝑁𝐻2

 / L mol-1 𝑛 

global 20 0.110 2.06×103 5.32×10-5 35.8 1.81×104 0.788 

individ-

ual 

10 0.114 2.09×103 5.47×10-5 37.1 1.68×104 0.788 

15 0.117 2.02×103 5.76×10-5 38.1 1.65×104 0.788 

20 0.109 1.94×103 5.64×10-5 35.7 1.95×104 0.788 

25 0.106 1.89×103 5.59×10-5 34.8 2.10×104 0.788 

30 0.096 1.84×103 5.19×10-5 31.2 2.57×104 0.788 

35 0.085 1.84×103 4.61×10-5 28.8 3.06×104 0.788 

40 0.093 1.81×103 5.14×10-5 30.7 2.72×104 0.788 

45 0.112 1.71×103 6.56×10-5 35.3 2.24×104 0.788 

50 0.164 1.33×103 1.23×10-4 46.6 1.96×104 0.788 

 

tion energy is with 𝐸𝑎 = 31.8 kJ mol-1 close to the value 
which was reported for the first reaction step (𝑘𝑎) on gold 
(𝐸𝑎 = 36.1 kJ mol-1).51 

It may be seen as critical to derive an activation energy 
from a reduced reaction rate constant, comprising the rate 

constants of two reaction steps according to equation (11). 
However, if one of the rate constants is much larger than 
the other, 𝑘𝑟𝑒𝑑 is approaching the rate constant of the 
slower reaction step (v.s.: discussion of limiting cases) and 
the derived value represents the respective activation 
energy. Hence, the similarity of the obtained value to the 
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activation energy of the first reaction step on gold could 
mean that in the present case, the first reaction step is the 
slower step, i.e. 𝑘𝑎 ≪ 𝑘𝑏. 

The Van’t Hoff plots of 𝐾𝑎𝑑′,𝐵𝐻4
 and 𝐾𝑎𝑑′,𝑁𝐻2

 supposedly 

show the adsorption constants of borohydride 𝐾𝑎𝑑,𝐵𝐻4
 and 

𝑁𝐻2 𝐾𝑎𝑑,𝑁𝐻2
 alone. For the latter, though, a linear depend-

ency would be expected in Figure 8 (c) and (d) according 
to the linearized Van’t Hoff equation74 

 ln(𝐾𝑎𝑑,𝑖) =
1

𝑇
(−

𝛥𝐻𝑖

𝑅
) + (

𝛥𝑆𝑖

𝑅
), (13) 

where 𝛥𝐻𝑖  and 𝛥𝑆𝑖  are the enthalpy and the entropy of 
adsorption, respectively. 

However, the kinetic model applies the bulk concentra-
tions for borohydride, 𝑁𝑂2, and 𝑁𝐻2 for a reaction that 
takes place at the surface of silver nanoparticles, immobi-
lized inside the PNIPAM hydrogel. It is known that the 
actual concentration of solutes inside hydrogel networks 
can differ from their bulk concentration.41,75–77 The ratio of 
the concentration inside a hydrogel and in the surrounding 
bulk solution can be described by the partitioning coeffi-
cient according to5,37,75 

 𝐾𝑃𝑎𝑟𝑡,𝑖 =
𝑐𝑖

𝑔

𝑐𝑖
, (14) 

where 𝑐𝑖
𝑔

 and 𝑐𝑖  are the concentrations of solute 𝑖 inside 
and outside the hydrogel, respectively. Accordingly, the 
true concentration inside the hydrogel can be expressed by 
the product of the bulk concentration and the partitioning 
coefficient 𝐾𝑃𝑎𝑟𝑡,𝑖 . As the latter is not explicitly included in 
the present model, the derived constants 𝐾𝑎𝑑′,𝑖 are ex-

pected to contain both, the adsorption constant 𝐾𝑎𝑑,𝑖 as 

well as the partitioning coefficient 𝐾𝑃𝑎𝑟𝑡,𝑖 according to40 

 𝐾𝑎𝑑′,𝑖 = 𝐾𝑎𝑑,𝑖𝐾𝑃𝑎𝑟𝑡,𝑖 . (15) 

This is then, of course, valid for all the supposed adsorp-
tion constants 𝐾𝑎𝑑′,𝑁𝐻𝑂𝐻, 𝐾𝑎𝑑′,𝐵𝐻4

 𝐾𝑎𝑑′,𝑁𝐻2
, and 𝐾𝑎𝑑′,𝑁𝑂2

. 

 

 

Figure 9. Van’t Hoff plot of 𝐾𝑎𝑑′,𝑁𝑂2
, derived under the as-

sumption 𝑘𝑎 ≪ 𝑘𝑏 . The thin-dashed vertical lines indicate the 
LCST of 𝑇 = 32 °C. 

The latter can only be derived when 𝑘𝑎 ≪ 𝑘𝑏 is assumed. 
Figure 9 shows that the as-derived values of 𝐾𝑎𝑑′,𝑁𝑂2

 are of 

the same order of magnitude as the values of 𝐾𝑎𝑑′,𝑁𝐻2
 in 

Figure 8 (d). As the molecules 𝑁𝑂2 and 𝑁𝐻2 exhibit a simi-
lar structure, both their adsorption constant, as well as 
their partitioning coefficient, are not unlikely to be similar. 
Hence, similar values of the product of the latter (i.e., of 
𝐾𝑎𝑑′,𝑁𝑂2

 and 𝐾𝑎𝑑′,𝑁𝐻2
) may be another indication that the 

first reaction step is indeed the slower step. 

For a further analysis of the data in Figures 8 (c) and (d) 
and Figure 9, the values of the adsorption constants and 
the partitioning coefficients, contained in 𝐾𝑎𝑑′,𝑖 according 

to equation (15), need to be separated into the respective 
adsorption constants 𝐾𝑎𝑑,𝑖 and the partitioning coefficients 

𝐾𝑝𝑎𝑟𝑡,𝑖 . Unfortunately, to our best knowledge, no data for 

the partitioning coefficients in PNIPAM, or the adsorption 
constants on silver, exist for borohydride, 𝑁𝐻2, and 𝑁𝑂2. 
Hence, Figures 8 (c) and (d), and Figure 9 can only qualita-
tively be analyzed hereafter. 

To circumvent the lack of experimental values for the 
present system, the adsorption constants 𝐾𝑎𝑑,𝐵𝐻4

 and 

𝐾𝑎𝑑,𝑁𝑂2
, previously obtained on gold, are adopted.51 With 

these values, the partitioning coefficients can be derived 
according to equation (15) (i.e. 𝐾𝑝𝑎𝑟𝑡,𝑖 = 𝐾𝑎𝑑′,𝑖/𝐾𝑎𝑑,𝑖). The 

adsorption constants of borohydride and 𝑁𝑂2 were previ-
ously reported between 𝑇 = 10 and 30 °C while the data in 
Figures 8 (c) and (d), and Figure 9 range up to 𝑇 = 50 °C. 
Hence, the reported adsorption enthalpies and entropies of 
borohydride and 𝑁𝑂2 (𝛥𝐻𝐵𝐻4

= 37 kJ mol-1, 𝛥𝑆𝐵𝐻4
= 

158 J mol-1 K-1, 𝛥𝐻𝑁𝑂2
= 24 kJ mol-1, 𝛥𝑆𝑁𝑂2

= 150 J mol-1 K-

1) are used to derive their adsorption constants 𝐾𝑎𝑑,𝐵𝐻4
 and 

𝐾𝑎𝑑,𝑁𝑂2
 with (the Van’t Hoff) equation (13) for the entire 

required temperature range.51 Transferring the adsorption 
constants from gold to silver may not be an ideal solution.  
 

 

 

Figure 10. Derived partitioning coefficients for borohydride, 
𝑁𝑂2 and 𝑁𝐻2 (filled symbols) and values for the partitioning 
coefficient of NaCl in a PNIPAM hydrogel, measured by Kawa-
saki et al. (open symbols).78 
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However, the respective values for silver can be expected 
to be of the same order of magnitude as for gold and, 
hence, provide a basis for at least a qualitative interpreta-
tion. 

The present kinetic model includes the adsorption of 
𝑁𝐻2 for the first time, thus, no values for its adsorption 
constant exist yet. Here, the adsorption constant of 𝑁𝑂2 is 
adopted as the molecules are similar (i.e., 𝐾𝑎𝑑,𝑁𝑂2

=

𝐾𝑎𝑑,𝑁𝐻2
). All values of the adsorption constants 𝐾𝑎𝑑,𝑖 and 

the derived partitioning coefficients 𝐾𝑝𝑎𝑟𝑡,𝑖 are provided in 

Table S 1 in the Supporting information. 

Figure 10 shows that the obtained partitioning coeffi-
cients for borohydride, 𝑁𝑂2, and 𝑁𝐻2 are all decreasing 
with increasing temperature, as expected for hydrophilic 
species, which become increasingly expelled from the 
hydrogel (which becomes hydrophobic above the LCST). 
𝑁𝑂2 is undoubtedly deprotonated to 4-nitrophenolate 
under the experimental conditions where the 𝑝𝐻 was pre-
viously stated to be around 10.67 This is a result of the 
autocatalytic decomposition of borohydride, which slows 
down exponentially around this 𝑝𝐻 and remains approxi-
mately constant on the timescale of the kinetic measure-
ments. The partitioning coefficient of 𝑁𝐻2, differing from 
the behavior of 𝑁𝑂2, could be a consequence of a slightly 
higher 𝑝𝐻 in the range of the dissociation equilibrium of 
𝑁𝐻2 (which has a dissociation constant of 𝑝𝐾𝑎 = 10.3).79 
As a consequence, not solely 𝑁𝐻2 or 4-aminophenolate 
would contribute to the observed values, but a mixture of 
both. 

Additionally, Figure 10 shows the partitioning coeffi-
cient of NaCl, experimentally determined by Kawasaki et 
al. between 𝑇 = 22 and 50 °C.78 The partitioning coefficient 
of borohydride is of the same order of magnitude as for 
NaCl. This fits with the results of Kanduč et al., who found 
that the partitioning coefficients for small ions are similar, 
independently of the very type of ion (as the strongly 
bound hydration shell shields their specific character).41 
Obviously, borohydride is not a simple ion such as chlo-
ride, but it is still a monovalent ion with a symmetric 
charge distribution, and Figure 10 indicates that borohy-
dride exhibits a partitioning coefficient of the same order 
of magnitude as NaCl. 

In contrast to that, the values obtained for 𝑁𝑂2 and 𝑁𝐻2 
are markedly higher. The reason for that could be a higher 
affinity of these organic molecules to the PNIPAM chains of 
the hydrogel, compared to small ions, which was shown in 
molecular dynamics simulations of the solute binding af-
finities to single PNIPAM chains, both for 𝑁𝑂2 and 𝑁𝐻2.80 

It can be speculated that a sigmoidal decay of the parti-
tioning coefficients of borohydride, 𝑁𝑂2, and 𝑁𝐻2 in Figure 
10, with an inflection point around the LCST (similar to the 
hydrodynamic radius in Figure 4), would be more likely 
than the observed course. However, regarding the assump-
tions which were made to derive the partitioning coeffi-
cients and the complexity of the underlying kinetic model, 
a further interpretation is problematic. 

As a consequence of the results in this chapter, the fol-
lowing implications on the previous chapter arise: 

The comparison of the value of 𝐾𝑎𝑑′,𝐵𝐻4
 to the value 

𝐾𝑎𝑑,𝐵𝐻4
, obtained on gold, remains approximately valid as 

𝐾𝑎𝑑′,𝐵𝐻4
~𝐾𝑎𝑑,𝐵𝐻4

 at 𝑇 = 20 °C. For the case 𝑘𝑎 ≪ 𝑘𝑏, the 

higher value of 𝐾𝑎𝑑′,𝑁𝑂2
 to the literature value 𝐾𝑎𝑑,𝑁𝑂2

, 

obtained on gold, could be caused by a substantial influ-
ence of the partitioning coefficient 𝐾𝑝𝑎𝑟𝑡,𝑁𝑂2

 which is in-

cluded in 𝐾𝑎𝑑′,𝑁𝑂2
. 

Overall, the model draws a consistent picture and shows 
insightful trends against temperature, though some infor-
mation cannot be derived due to mathematical limitations 
and unavailable values for the solute partitioning in 
PNIPAM/adsorption on silver. For an improved analysis, 
the partitioning coefficients for 𝑁𝑂2, 𝑁𝐻2, and borohydride 
should be included additionally. However, the inclusion as 
additional fit parameters is impossible as one fit parameter 
would be replaced by two, and the model would become 
underdetermined. An alternative could be to use experi-
mentally determined partitioning coefficients; however, to 
our best knowledge, no studies thereof exist yet. 

Conclusion 

With the combination of a profound analysis of the re-
duction of 𝑁𝑂2 with borohydride, catalyzed by silver na-
noparticles embedded in core-shell nanoreactors with a 
thermoresponsive PNIPAM hydrogel shell (Ag@PS-
PNIPAM) and based on the decomposition of UV-Vis spec-
tra (with the Levenberg-Marquardt-algorithm), this work 
covers three major aspects which are generally relevant 
beyond the very system investigated in this comprehen-
sive kinetic study. 

- The potential of the LMA as an assessment tool for the 
fulfillment of the prerequisites for model reactions as well 
as for the investigation of the kinetics of reactions with 
multiple reaction steps was demonstrated. With the reduc-
tion of 𝑁𝑂2 on silver, we showed how the LMA can be used 
to gain essential information about the reaction kinetics, 
which can then be used to improve or set up a kinetic 
model. In this work, the LMA showed that no reaction 
intermediates accumulate in solution, the reactant 𝑁𝑂2, is 
directly transferred to the product 𝑁𝐻2, and a stationary 
state for the intermediate is present from the beginning of 
the reaction onwards. The reaction cleanly follows the 
direct route and all intermediates remain adsorbed. This 
information serves to set up the kinetic model for the re-
duction of 𝑁𝑂2 on silver subsequently. 

- The kinetics of the 𝑁𝑂2 reduction with borohydride on 
silver was investigated and compared to the kinetics on 
gold. As this reaction is one of the most widely applied 
model reactions, detailed information about the reaction 
kinetics and their differences on different catalyst metals 
provides useful information for the comparison of kinetic 
data between different catalyst metals. Here, the analysis 
showed that the kinetic model differs for the reduction 
catalyzed by gold and silver, respectively. We presented a 
two-step Langmuir-Hinshelwood model for the kinetic 
analysis on silver and applied it to fit the kinetic data. The 
results reveal a good fit quality and draw a consistent pic-
ture of the kinetics, in accordance with results previously 
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obtained on gold. Furthermore, the analysis showed that 
the adsorption of the reaction product 𝑁𝐻2 has a consider-
able influence on the kinetics and should be accounted for 
in the reduction on silver. 

- PNIPAM is under intense research as material for cata-
lytic nanomaterials, hence, accounting for solute (i.e., reac-
tant and product) partitioning coefficients inside nanore-
actors (which are macroscopically not easily accessible) 
and their influence on the reaction kinetics is of general 
importance for the kinetics of PNIPAM-based catalysts as 
well as for catalysts comprising other thermoresponsive 
polymers. With the analysis of the reaction, catalyzed in-
side a thermoresponsive PNIPAM network at different 
temperatures, we demonstrated the influence of the parti-
tioning coefficients of reactants and product on the reac-
tion kinetics of catalysts embedded in such thermorespon-
sive hydrogels. In accordance with theoretical studies by 
Kanduč et al., the analysis of the partitioning coefficients 
yields a similar behavior of borohydride compared to NaCl 
as well as a much higher partitioning coefficient of the 
reactant 𝑁𝑂2 and the product 𝑁𝐻2 in PNIPAM. This means 
the actual concentrations at the catalyst surface inside 
PNIPAM nanoreactors are much higher than the macro-
scopically measured bulk concentrations which is especial-
ly important upon comparing the catalytic performance of 
such catalysts to others. 

By the combination of these aspects, we showcased an 
approach which enables investigating mechanistic aspects 
to set up a kinetic model, analyzing the reaction kinetics 
and accounting for additional effects in thermoresponsive 
hydrogel-based smart nanoreactors in a single approach. 
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Characterization 

Cryo-TEM 

To obtain the size distribution of the silver nanoparticles, about 400 particles were measured with Im-

ageJ v.1.49 (Wayne Rasband, National Institute of Health, USA) in several cryo-TEM images. 

 

 

Figure S 1. Histogram of the silver nanoparticles determined from cryo-TEM images. 
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TGA 

The weight loss of the microgels with and without metal nanoparticles was measured, and the residual 

mass of the pure polymer was considered in the calculation of the metal mass fraction. From the TGA 

measurement of the PS-PNIPAM nanoreactors before the synthesis of silver nanoparticles, the relative 

mass loss of the pure polymer 𝑓𝑙𝑜𝑠𝑠,− was obtained. The TGA measurement of the Ag@PS-PNIPAM 

nanoreactors after the synthesis of metal nanoparticles yielded a relative mass loss 𝑓𝑙𝑜𝑠𝑠,+ which was 

only caused by the mass loss of the polymer. From the ratio of the latter and 𝑓𝑙𝑜𝑠𝑠,−, the polymer mass 

fraction of the nanoreactor was obtained, and the silver mass fraction 𝑓𝐴𝑔 of the nanoreactor was calcu-

lated according to 

 𝑓𝐴𝑔 = 1 −
𝑓𝑙𝑜𝑠𝑠,+

𝑓𝑙𝑜𝑠𝑠,−
, (S 1) 

yielding 𝑓𝐴𝑔 = 0.099. 

 

Calculation of the surface area per unit volume 𝑺 

The silver surface area to mass ratio of the nanoparticles 𝑟𝐴/𝑚, with units of [m
2
 g

-1
], is required to de-

termine the metal surface area per unit volume 𝑆. The latter can be calculated with the diameter of the 

metal nanoparticles 𝑑𝐴𝑔 = 2 𝑟𝐴𝑔 = 5.6 ± 2.4 nm and the density of silver (𝜌𝐴𝑔 = 10.49×10
6
 g m

-3
)

1
 

according to 

 𝑟𝐴/𝑚 =
𝐴𝐴𝑔

𝑉𝐴𝑔 𝜌𝐴𝑔
=

4 𝜋 𝑟𝐴𝑔
2

4

3
 𝜋 𝑟𝐴𝑔

3  𝜌𝐴𝑔
=

3

𝑟𝐴𝑔 𝜌𝐴𝑔
, (S 2) 

where 𝐴𝐴𝑔 is the surface area of one single nanoparticle and 𝑉𝐴𝑔 is its volume. The surface area to mass 

ratio is multiplied by the mass concentration of the Ag@PS-PNIPAM stock catalyst suspension 

𝑐𝑚 = 0.194 g L
-1

, and the silver fraction of the nanoreactors 𝑓𝐴𝑔, according to 

 𝑆 = 𝑟𝐴 𝑚⁄  𝑓𝐴𝑔𝑐𝑚, (S 3) 

yielding a metal surface area per unit volume of 𝑆 = 2.0 m
2
 L

-1
 for the catalyst stock suspension. 

 

 

Spectral decomposition 

Decomposition algorithm 

The overall absorption 𝐴𝑚𝑜𝑑𝑒𝑙(𝜆𝑖), at one of the n wavelengths 𝜆𝑖 and at a specific time 𝑡 during the 

reduction of 𝑁𝑂2, is a superposition of the following absorption contributions 

 𝐴𝑚𝑜𝑑𝑒𝑙(𝜆𝑖) = 𝑐𝑁𝑂2(𝑡)𝐸𝑁𝑂2(𝜆𝑖) + 𝑐𝑁𝐻2(𝑡)𝐸𝑁𝐻2(𝜆𝑖) + 𝑐𝑁𝑂(𝑡)𝐸𝑁𝑂(𝜆𝑖) +  

 +𝑐𝐻𝑁𝑁𝐻(𝑡)𝐸𝐻𝑁𝑁𝐻(𝜆𝑖) + 𝑐𝑐𝑎𝑡(𝑡)𝐸𝑐𝑎𝑡(𝜆𝑖) + ∑ 𝑎𝑘

𝐸𝑥𝑝[−
(𝜆𝑘−𝜆𝑖)

2

2𝜎2
]

√2𝜋𝜎2
𝑛−5
𝑘=1⏟            

𝐴𝑟𝑒𝑠(𝜆𝑖)

. (S 4) 
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Here 𝐸𝑗(𝜆𝑖) and 𝑐𝑗(𝑡) are the respective extinction curves and concentrations of the reference species, 

respectively. The last term 𝐴𝑟𝑒𝑠(𝜆𝑖) describes the residual spectra of unknown species and consists of a 

sum of Gaussian distributions with a standard deviation 𝜎 = 1 nm and different amplitudes 𝑎𝑘. There-

fore, the whole absorption spectrum 𝐴𝑚𝑜𝑑𝑒𝑙(𝜆𝑖) can be regarded as a vector 𝐴𝑚𝑜𝑑𝑒𝑙(𝛽), dependent on 

the fit parameter vector 𝛽, which has to be fitted to the data vector 𝐴𝑑𝑎𝑡𝑎. The fit parameter vector is 

defined as 

 𝛽𝑇 = (𝑐𝑁𝑂2 , 𝑐𝑁𝐻2 , 𝑐𝑁𝑂, 𝑐𝐻𝑁𝑁𝐻 , 𝑐𝑐𝑎𝑡, 𝑎1… , 𝑎𝑛−5). (S 5) 

The different 𝜆𝑘 of the residual spectrum range from 𝜆1 − 5𝜎 up to 𝜆𝑛 + 5𝜎 in equidistant 𝑛 − 5 steps. 

This specific range ensures that also the contribution of unknown species that are slightly outside of the 

observed wavelength interval can contribute to the overall absorption. A modified Levenberg-

Marquardt algorithm with a damping parameter 𝜆𝑑 = 1 was implemented in Mathematica (Wolfram 

Research) to find the fit parameters for each time 𝑡 with 

 (𝑱𝑇𝑱 + 𝜆𝑑 ∙ 𝑑𝑖𝑎𝑔(𝑱
𝑇𝑱)) ∙ 𝑫 ∙ 𝛿 = 𝑱𝑇(|𝐴𝑑𝑎𝑡𝑎 − 𝐴𝑚𝑜𝑑𝑒𝑙(𝛽)|), (S 6) 

where 𝑱 is the Jacobi matrix, defined as 

 𝑱 =
𝜕𝐴𝑚𝑜𝑑𝑒𝑙(�⃗⃗⃗�)

𝜕�⃗⃗⃗�
, (S 7) 

𝑫 is the weighting matrix, and 𝛿 is an n-dimensional step vector. 

The differentiation with respect to the fit parameters 𝛽 gives 

 𝑱𝒊𝒋 =

{
  
 

  
 
𝑗 = 1:     𝐸𝑁𝑂2(𝜆𝑖)

𝑗 = 2:   𝐸𝑁𝐻2(𝜆𝑖)

𝑗 = 3:    𝐸𝑁𝑂(𝜆𝑖)
𝑗 = 4: 𝐸𝐻𝑁𝑁𝐻(𝜆𝑖)
𝑗 = 5:      𝐸𝑐𝑎𝑡(𝜆𝑖)
𝑒𝑙𝑠𝑒:       𝑨𝑟𝑒𝑠,𝑖𝑗

. (S 8) 

The weighting matrix 

 𝑫𝑖𝑖 = {
104 𝑓𝑜𝑟 𝑖 ≤ 5

1 𝑒𝑙𝑠𝑒
 (S 9) 

has only non-zero entries on the main diagonal and prioritizes the fit with the extinction curves 𝐸𝑗(𝜆𝑖) 

over the residual spectrum 𝐴𝑟𝑒𝑠(𝜆𝑖). 

The n-dimensional step vector 

 𝛿 = ((𝑱𝑇𝑱 + 𝜆𝑑 ∙ 𝑑𝑖𝑎𝑔(𝑱
𝑇𝑱)) ∙ 𝑫)

−1
𝑱𝑇(|𝐴𝑑𝑎𝑡𝑎 − 𝐴𝑚𝑜𝑑𝑒𝑙(𝛽)|) (S 10) 

can be calculated in each iteration step and gives a new adjusted parameter vector 

 𝛽𝑛𝑒𝑤 = |𝛽 + 𝛿|. (S 11) 

The entries of the initial parameter vector 𝛽𝑠𝑡𝑎𝑟𝑡 at each time 𝑡 were set as 

 𝛽𝑠𝑡𝑎𝑟𝑡
𝑇 = (𝑐𝑁𝑂2 , 𝑐𝑁𝐻2 , 0.01 µ𝑀, 0.01 µ𝑀, 𝑐𝑐𝑎𝑡, 0.01µ𝑀 ∙ 𝑛𝑚… ,0.01µ𝑀 ∙ 𝑛𝑚), (S 12) 
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 𝑐𝑁𝑂2 =
𝐴𝑑𝑎𝑡𝑎(400 𝑛𝑚)|𝑡

𝐸𝑁𝑂2(400 𝑛𝑚)
, (S 13) 

and 

 𝑐𝑁𝐻2 =
𝐴𝑑𝑎𝑡𝑎(400 𝑛𝑚)|𝑡=0

𝐸𝑁𝑂2(400 𝑛𝑚)
−
𝐴𝑑𝑎𝑡𝑎(400 𝑛𝑚)|𝑡

𝐸𝑁𝑂2(400 𝑛𝑚)
. (S 14) 

The fit routine was stopped after 10
6
 iterations and the concentrations of each reference species at time 

𝑡 = 𝑡0, as well as the residual spectrum, was extracted from the last parameter vector 𝛽. 

 

Details of the decomposition 

 

Figure S 2. Spectra of the molar extinction coefficient (a) for 𝑁𝑂2, 𝑁𝐻2, 𝑁𝑂 and 𝐻𝑁𝑁𝐻 recorded at 𝑝𝐻 = 10, 
spectrum of the catalyst (b), recorded at a surface area per unit volume of 𝑆 = 0.0625 m2 L-1 which 
was used for the kinetic measurements, and obtained residual spectra upon decomposition (c). The 
inset shows the first (black) and last (red) spectrum recorded during the reduction compared to the 
corresponding first (green) and last (blue) residual spectrum. 
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Figure S 2 (a) shows the spectra of the molar extinction coefficient 휀𝜆 for the reactant 𝑁𝑂2, the product 

𝑁𝐻2, one intermediate of the direct route 𝑁𝑂, and one intermediate of the condensation route 𝐻𝑁𝑁𝐻 

which were used as reference spectra for the decomposition. Figure S 2 (b) shows the absorbance of the 

catalyst at the concentration which was applied in the kinetic measurements. Figure S 2 (c) shows the 

residual spectra obtained upon decomposition of the spectra in Figure 5 (a). The spectra show an overall 

low intensity compared to the experimental spectra, as shown in the inset. 

 

 

Kinetic measurement protocol 

Dry borohydride was prepared in a small vial under N2 atmosphere to prevent the uptake of humidity 

(due to its hygroscopicity) for each measurement. Millipore water and a 4-nitrophenol (𝑁𝑂2) stock 

solution (𝑐𝑁𝑂2 = 0.01 mol L
-1

) were degassed and subsequently held under N2 atmosphere. Shortly 

before the reactants were mixed, borohydride was dissolved in degassed water to yield 

𝑐𝐵𝐻4 = 0.05 mol L
-1

 and held under N2 atmosphere. 

For a typical run, the reaction mixture was prepared directly in the cuvette. The cuvette was placed 

inside the thermostatted cuvette holder (𝛥𝑇 ≤ 0.1 °C) and constantly purged with N2 (above the liquid 

surface) to prevent oxygen uptake. First, water and the desired amount of 𝑁𝑂2 stock solution were add-

ed to the cuvette, followed by the corresponding amount of borohydride. After that, the catalyst was 

added, the N2 purge was removed, and the cuvette was simultaneously sealed. The cuvette was turned 

once for mixing, and the measurement was initiated immediately. Like that, the delay between adding 

the catalyst (i.e. start of the reaction) and start of the measurement could be kept below 5 seconds. All 

experiments were carried out three times and averaged to obtain more reliable results. Spectra were 

recorded every 5 seconds, and the time dependency of the 𝑁𝑂2 concentration was derived from the 

absorption at 𝜆 = 400 nm. 

All measurements were performed at a silver surface area per unit volume of 𝑆 = 0.0625 m
2
 L

-1
, and 

with a measurement volume of 3 mL. For the measurements against temperature, the reaction mixture 

was thermostatted for three minutes before addition of the catalyst and initiation of the measurement. 

 

 

Kinetic analysis 

Comparison of the temporal evolution of the 𝑵𝑶𝟐 concentration 

Figure S 3 shows that the temporal evolution of the 𝑁𝑂2 concentration obtained via spectral decompo-

sition with the Levenberg-Marquardt algorithm is virtually identical to the concentration obtained from 

the optical (UV-Vis) absorption at 𝜆 = 400 nm. Therefore, the latter can be used for the kinetic evalua-

tion. 



 

 

6 

 

Figure S 3. Comparison of the 𝑁𝑂2 concentration obtained via spectral decomposition (black) and obtained 
from the optical absorption at 𝜆 = 400 nm (red). 

 

Derivation of the kinetic model including the adsorption of 𝑵𝑯𝟐 

The kinetic model can be derived similarly as shown previously without the adsorption of 𝑁𝐻2.
2,3

 Ac-

cording to the Langmuir-Hinshelwood model, the temporal evolution of the concentration of 𝑁𝑂2 can 

be expressed as 

 −
𝑑𝑐𝑁𝑂2
𝑑𝑡

= 𝑘𝑎𝑆𝜃𝑁𝑂2𝜃BH4. (S 15) 

The surface coverages 𝜃𝑖 for 𝑁𝑂2 and borohydride can be derived as 

 𝜃𝑖 =
𝐾𝑎𝑑′,𝑖𝑐𝑖

(1+(𝐾𝑎𝑑′,𝑁𝑂2𝑐𝑁𝑂2)
𝑛
+𝐾𝑎𝑑′,𝑁𝐻𝑂𝐻𝑐𝑁𝐻𝑂𝐻+𝐾𝑎𝑑′,BH4𝑐BH4+𝐾𝑎𝑑′,𝑁𝐻2𝑐𝑁𝐻2)

 (S 16) 

and equation (S 15) is obtained as equation 2 in the main text: 

 −
𝑑𝑐𝑁𝑂2
𝑑𝑡

=
𝑘𝑎 𝑆 (𝐾𝑎𝑑′,𝑁𝑂2𝑐𝑁𝑂2)

𝑛
𝐾𝑎𝑑′,BH4𝑐BH4

(1+(𝐾𝑎𝑑′,𝑁𝑂2𝑐𝑁𝑂2)
𝑛
+𝐾𝑎𝑑′,𝑁𝐻𝑂𝐻𝑐𝑁𝐻𝑂𝐻+𝐾𝑎𝑑′,BH4𝑐BH4+𝐾𝑎𝑑′,𝑁𝐻2𝑐𝑁𝐻2)

2. (S 17) 

The concentration of 𝑁𝐻2 can be described accordingly with the surface reaction between the reaction 

intermediate 4-hydroxylaminophenol (𝑁𝐻𝑂𝐻) and borohydride with the reaction rate constant 𝑘𝑏 of the 

second reaction step according to 

 
𝑑𝑐𝑁𝐻2
𝑑𝑡

= 𝑘𝑏𝑆𝜃𝑁𝐻𝑂𝐻𝜃BH4 =
𝑘𝑏 𝑆 𝐾𝑎𝑑′,𝑁𝐻𝑂𝐻𝑐𝑁𝐻𝑂𝐻𝐾𝑎𝑑′,BH4𝑐BH4

(1+(𝐾𝑎𝑑′,𝑁𝑂2𝑐𝑁𝑂2)
𝑛
+𝐾𝑎𝑑′,𝑁𝐻𝑂𝐻𝑐𝑁𝐻𝑂𝐻+𝐾𝑎𝑑′,BH4𝑐BH4+𝐾𝑎𝑑′,𝑁𝐻2𝑐𝑁𝐻2)

2(S 18) 

and the kinetic model can be derived as further described in the main text. 

 

Fit algorithm 

The differential equation (S 19) was used to fit the kinetic data by a genetic approach.
4
 The data were 

fitted with Mathematica (Wolfram Research). Figure S 4 shows the flow chart of the fit algorithm. After 



 

 

7 

importing the discrete experimental data and transferring them into continuous data with a spline fit, a 

conversion limit was set up to which the data are fitted. For each parameter 𝑝𝑖, a range was defined, and 

test parameters were derived in 𝑁𝑖 logarithmic equidistant intervals to generate parameter sets which 

are tested with the target function 

 휀𝑗(𝑡𝑙 , 𝑠𝑗) =
1

2𝑁𝑒𝑥𝑝
(∑ (∑

|𝑐𝑒𝑥𝑝(𝑡)−𝑐𝑓𝑖𝑡(𝑡,𝑠𝑗)|

𝑐𝑒𝑥𝑝(𝑡)

𝑡=𝑡𝑙
𝑡=0 )

𝑁𝑒𝑥𝑝
1 + ∑ (∑

|𝑐𝑒𝑥𝑝
′ (𝑡)−𝑐𝑓𝑖𝑡

′ (𝑡,𝑠𝑗)|

𝑐𝑒𝑥𝑝
′ (𝑡)

𝑡=𝑡𝑙
𝑡=0 )

𝑁𝑒𝑥𝑝
1 ) (S 19) 

to derive a reasonable starting parameter set 𝑠𝑗
∗ for the mutation step. Here, 𝑁𝑒𝑥𝑝 is the number of ex-

perimental curves which were fitted simultaneously, 𝑡𝑙 is the limiting time of each experimental curve 

at which the conversion limit is reached, 𝑐𝑒𝑥𝑝(𝑡), 𝑐𝑓𝑖𝑡(𝑡), 𝑐𝑒𝑥𝑝
′ (𝑡) and 𝑐𝑓𝑖𝑡

′ (𝑡) are the experimental and 

the fitted concentration-time curves and their first derivatives (i.e. the curvature), respectively. In the 

subsequent mutation step, each fit parameter of 𝑠𝑗
∗ was randomly varied within the margins of 

𝛥𝑝𝑖 ≤ ± 1%, and the new parameter set 𝑠𝑗
∗∗ was tested with the target function 휀𝑗(𝑡𝑙 , 𝑠𝑗

∗∗). If its value 

decreased, compared to the value for 휀𝑗(𝑡𝑙 , 𝑠𝑗
∗), the new parameter set was used in the next mutation 

cycle, otherwise, the previous set is maintained. This is repeated until no improved set of fit parameters 

is obtained in 𝑐𝑛 = 200 consecutive mutation cycles. 

 

Figure S 4. Flow chart of the genetic fit algorithm. In the creation step a spline fit is used to transfer the discrete 
experimental data into continuous datasets. The final fit is obtained after no further improvement is 
achieved in 𝑐𝑛 consecutive mutation loops. 
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The steps of the program code (attached in the following) are as follows: 

1) Import (discrete) experimental data and transfer into continuous data with a spline fit. 

2) Define experimental conversion limit to define up to which time 𝑡𝑙 the data are fitted. 

3) Define differential equations and fit parameter 𝑝𝑖 for the fit. 

4) Define range for each fit parameter 𝑝𝑖. 

5) Set values in 𝑁𝑖 equidistant steps for each fit parameter 𝑝𝑖 within the respective range and gen-

erate starting parameter sets 𝑠𝑗 of their combinations. 

6) Test the starting parameter sets 𝑠𝑗 with the target function 휀𝑗(𝑡𝑙 , 𝑠𝑗) in equation (S 19). 

7) Take the best parameter set 𝑠𝑗
∗ (for which 휀𝑗(𝑡𝑙 , 𝑠𝑗

∗) is minimal) and mutate by randomly vary-

ing each parameter within the margins of 𝛥𝑝𝑖 ≤ ± 1% to generate mutant parameter set 𝑠𝑗
∗∗. 

8) Test mutant parameter sets 𝑠𝑗
∗∗ with the target function 휀𝑗(𝑡𝑙 , 𝑠𝑗

∗∗). 

9) If 휀𝑗(𝑡𝑙 , 𝑠𝑗
∗∗) < 휀𝑗(𝑡𝑙 , 𝑠𝑗

∗), take mutant parameter set and repeat mutation cycle, 

 if 휀𝑗(𝑡𝑙 , 𝑠𝑗
∗∗) ≥ 휀𝑗(𝑡𝑙 , 𝑠𝑗

∗), keep old parameter set and repeat mutation cycle. 

10) The final result is obtained if no improved parameter set If 휀𝑗(𝑡𝑙 , 𝑠𝑗
∗∗) < 휀𝑗(𝑡𝑙 , 𝑠𝑗

∗) is obtained

 for 𝑐𝑛 = 200 consecutive mutation cycles. 

Program code: 

(*Import step*) 
SetDirectory[StringJoin[{NotebookDirectory[], "\\Results"}]]; 

fn = FileNames["*.txt"]; 

impNip[x_] := {#[[1]], #[[2]]} & /@ Take[Import[x, "Table"], {2, -1}]; 

df[y_] :=  

  Transpose[{Transpose[y][[1]],  

    D[Interpolation[y][x], x] /. x -> Transpose[y][[1]]}]; 

DATAx = impNip /@ fn; 

 

(*Set conversion limit*) 
Xconv = 0.3; 

 

(*Define Differential equations*) 

MODEL[x_, cNip0_, cBH4_, n0_, ks_, KNip_, KBH4_] :=  

  1/(cBH4 KBH4 ks (-1 + n0) (1 + n0)) cNip0^(1 - n0) 

    KNip^-n0 x^-n0 ((-(1 + (cNip0 KNip)^n0)^2 + (-1 + (cNip0 KNip)^( 

           2 n0)) n0 + 2 (cNip0 KNip)^n0 n0^2 -  

        cBH4^2 KBH4^2 (1 + n0) +  

        2 cBH4 KBH4 (1 + n0) (-1 - (cNip0 KNip)^ 

           n0 + (cNip0 KNip)^n0 n0)) x^n0 +  

     x (n0 + cBH4^2 KBH4^2 (1 + n0) - 2 n0^2 (cNip0 KNip x)^n0 -  

        n0 (cNip0 KNip x)^(2 n0) + (1 + (cNip0 KNip x)^n0)^2 -  

        2 cBH4 KBH4 (1 + n0) (-1 - (cNip0 KNip x)^n0 +  

           n0 (cNip0 KNip x)^n0))); 

DMODEL[x_, cNip0_, cBH4_, n0_, ks_, KNip_,  

   KBH4_] := (-(( 
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    ks cNip0^(n0 - 1) x^n0 KNip^ 

     n0 cBH4 KBH4)/(1 + (cNip0 x KNip)^n0 + cBH4 KBH4)^2))^-1; 

 

dDATAx = df /@ (Select[#, 0.9 > #[[2]] > 0.15 &] & /@ DATAx); 

strBH4[x_] :=  

  ToExpression[ 

   StringTake[StringCases[x, "-" ~~ __ ~~ "-"][[1]], {2, -2}]]; 

strNip0[x_] :=  

  ToExpression[StringTake[x, {1, StringPosition[x, "-"][[1, 1]] - 1}]]; 

 

cBH4s = N[strBH4 /@ fn*10^-3] 

Nip0s = N[10^-3 (strNip0 /@ fn)] 

Grid[{{ 

   ListLinePlot[DATAx, Frame -> True, ImageSize -> 300,  

    PlotRange -> Full], 

   ListLinePlot[dDATAx, Frame -> True, ImageSize -> 300,  

    PlotRange -> Full]}}] 

 

DATAxCut = (Select[#, #[[2]] >= 1 - Xconv &] & /@ DATAx); 

dDATAxCut =  

  df /@ (Reverse[#] & /@ # & /@ (Select[#, 0.9 >= #[[2]] &] & /@  

       DATAxCut)); 

 

(*Set range of parameters*) 
{n0min, n0max} = {0.05, 1}; 

{ksmin, ksmax} = {10^-8, 10^-2}; 

{KNipmin, KNipmax} = {10^2, 10^6}; 

{KBH4min, KBH4max} = {10^-3, 10^1}; 

 

(*Set parameters in equidistant steps*) 
PARS0 = Flatten[N[Table[{i1, 10^i2, 10^i3, 10^i4}, 

     {i1, n0min, n0max, (n0max - n0min)/7}, 

     {i2, Log10[ksmin], Log10[ksmax], (Log10[ksmax] - Log10[ksmin])/7}, 

     {i3, Log10[KNipmin], Log10[KNipmax], ( 

      Log10[KNipmax] - Log10[KNipmin])/7}, 

     {i4, Log10[KBH4min], Log10[KBH4max], ( 

      Log10[KBH4max] - Log10[KBH4min])/7}]], 3]; 

 

(*Creation step*) 
n = 0; 

Err0 = 10^10; 

Dynamic[n] 

Dynamic[PARS] 

Dynamic[Err0] 

Do[ 

 n = n + 1; 

 err = Mean[ 

   Table[Mean[ 

     Abs[(MODEL @@  

            Flatten[{#[[2]], Nip0s[[i]], cBH4s[[i]], PARS0[[n]]}] & /@ 

           Take[DATAxCut[[i]], {2, -1}] - (#[[1]] & /@  

           Take[DATAxCut[[i]], {2, -1}]))/#[[1]] & /@  

        Take[DATAxCut[[i]], {2, -1}]]], {i, 1, Length[fn]}]]; 

 derr = Mean[ 

   Table[Mean[ 

     Abs[(DMODEL @@  

            Flatten[{#[[1]], Nip0s[[i]], cBH4s[[i]], PARS0[[n]]}] & /@ 

           Take[dDATAxCut[[i]], {2, -1}] - (#[[2]] & /@  
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           Take[dDATAxCut[[i]], {2, -1}]))/#[[2]] & /@  

        Take[dDATAxCut[[i]], {2, -1}]]], {i, 1, Length[fn]}]]; 

 Err = Mean[{err, derr}]; 

 If[Err < Err0, PARS = PARS0[[n]]; Err0 = Err]; 

 , {Length[PARS0]}] 

 

(*Mutation step*) 
n = 0; 

count = 0; 

Dynamic[n] 

Dynamic[countMax] 

Dynamic[PARS] 

Dynamic[Err0] 

 

Do[ 

 n = n + 1; 

 count = count + 1; 

 l0 = Length[PARS]; 

 RI = RandomInteger[{1, l0}]; 

 fac = RandomSample[ 

   Join[Table[RandomReal[{0.99, 1.01}], {RI}], Table[1, {l0 - RI}]],  

   l0]; 

 guess = fac*PARS; 

 err = Mean[ 

   Table[Mean[ 

     Abs[(MODEL @@  

            Flatten[{#[[2]], Nip0s[[i]], cBH4s[[i]], guess}] & /@  

          Take[DATAxCut[[i]], {2, -1}] - (#[[1]] & /@  

           Take[DATAxCut[[i]], {2, -1}]))/#[[1]] & /@  

        Take[DATAxCut[[i]], {2, -1}]]], {i, 1, Length[fn]}]]; 

 derr = Mean[ 

   Table[Mean[ 

     Abs[(DMODEL @@  

            Flatten[{#[[1]], Nip0s[[i]], cBH4s[[i]], guess}] & /@  

          Take[dDATAxCut[[i]], {2, -1}] - (#[[2]] & /@  

           Take[dDATAxCut[[i]], {2, -1}]))/#[[2]] & /@  

        Take[dDATAxCut[[i]], {2, -1}]]], {i, 1, Length[fn]}]]; 

 Err = Mean[{err, derr}]; 

 If[Err < Err0, PARS = guess; Err0 = Err; countMax = count]; 

 , {100000}] 

 

Fits with the kinetic model without the adsorption of 𝑵𝑯𝟐 

The equation for the kinetic model without the adsorption of 𝑁𝐻2 was derived previously as
3
 

 −
𝑑𝑐𝑁𝑂2
𝑑𝑡

=
𝑘𝑎𝑆 (𝐾𝑎𝑑′,𝑁𝑂2𝑐𝑁𝑂2)

𝑛
𝐾𝑎𝑑′,BH4𝑐BH4

(1+(1+
𝑘𝑎
𝑘𝑏
)(𝐾𝑎𝑑′,𝑁𝑂2𝑐𝑁𝑂2)

𝑛
+𝐾𝑎𝑑′,BH4

𝑐BH4)
2. (S 20) 

Equally to the model with the adsorption of 𝑁𝐻2 it is underdetermined and can be rewritten as 

 −
𝑑𝑐𝑁𝑂2
𝑑𝑡

= 𝐾1𝑆
(𝑐𝑁𝑂2)

𝑛
𝐾
𝑎𝑑′,BH4

𝑐BH4

(1+𝐾2(𝑐𝑁𝑂2)
𝑛
+𝐾𝑎𝑑′,BH4

𝑐BH4+)
2. (S 21) 
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The obtained fit results (for the data used for the global fit at 𝑇 = 20 °C shown in the main text) in Fig-

ure S 5 show that the fits significantly deviate from the experimental data. At higher conversion, the fits 

begin to deviate towards lower concentrations and the curvature of the fit does not match with the ex-

perimental data. Two potential reasons for the deviation are conceivable: A decrease in the borohydride 

concentration due to its partial decomposition during the reaction time, and the adsorption of the reac-

tion product 𝑁𝐻2 to the catalyst surface. Both effects are not captured by the model. To assess which of 

the two potential reasons is more probable, the deviation relative to the absolute 𝑁𝑂2 concentration at 

each time 𝑡 is analyzed and discussed in the following. 

 

Figure S 5. Time dependencies of the experimental 𝑁𝑂2 concentration (symbols) and fit results for the kinetic 
model without the adsorption of 𝑁𝐻2 (lines) for the reduction at 𝑐𝐵𝐻4 = 5×10-3 (a), 1×10-2 (b), and 

2×10-2 mol L-1 (c). 

 

Deviation of the fit without product adsorption from the experimental data 

To evaluate the difference between fitted and experimental curves of the 𝑁𝑂2 concentration at 

𝑇 = 20 °C, the relative residue is calculated according to 
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 𝛥(𝑐𝑒𝑥𝑝 − 𝑐𝑓𝑖𝑡)𝑟𝑒𝑙
=
𝑐𝑒𝑥𝑝(𝑡)−𝑐𝑓𝑖𝑡(𝑡)

𝑐𝑒𝑥𝑝(𝑡)
= 1 −

𝑐𝑓𝑖𝑡(𝑡)

𝑐𝑒𝑥𝑝(𝑡)
. (S 22) 

With equation (S 22), the deviation between fit and experiment can be evaluated relative to the absolute 

𝑁𝑂2 concentration at the respective time and independently of the initial concentration. This way, a 

comparison of the deviation between the different experiments at 𝑇 = 20 °C is possible. Furthermore, 

the deviation is plotted against conversion instead of reaction time as the data are always fitted up to 

50% conversion (which is reached at different times for each experiment). 

To evaluate whether the deviation may be caused by a decrease in the borohydride concentration (due 

to hydrolysis) or by adsorption of 𝑁𝐻2, the deviation graphs are plotted in two ways. Figure S 6 (a), (c) 

and (e) each show the three measurements at equal 𝑁𝑂2 and varying borohydride concentration while 

Figure S 6 (b), (d) and (f) compare measurements at equal borohydride and varying 𝑁𝑂2 concentration. 

The hydrolysis of borohydride is catalyzed by protons, i.e. 𝑝𝐻-dependent. Upon decomposition, the 𝑝𝐻 

increases, and the rate of hydrolysis is therefore fast at the beginning and becomes exponentially slower 

with time as the 𝑝𝐻 increases.
5
 However, as the reaction volume is the same for all experiments, the 

same amount of borohydride will be hydrolyzed in all experiments before the 𝑝𝐻 increase retards the 

rate of hydrolysis. If this is the reason, the deviation should be more pronounced at lower initial boro-

hydride concentrations where a larger fraction of the borohydride concentration is hydrolyzed. Figure S 

6 (a), (c) and (e) show that no clear trend of the deviations with respect to borohydride concentration is 

discernible.  

If the deviation is caused by the adsorption of 𝑁𝐻2, the deviation should, at similar conversions, be 

higher at higher initial 𝑁𝑂2 concentration as the conversion correlates with the concentration of 𝑁𝐻2 

(relative to the initial 𝑁𝑂2 concentration). Figure S 6 (b), (d), and (f) show that this is the case with only 

one exception. 

The analysis of the deviation between fit and experiment indicates that the deviation is caused by the 

adsorption of 𝑁𝐻2. Unfortunately, no direct proof for notable adsorption of 𝑁𝐻2 compared to 𝑁𝑂2 was 

found in the literature. To our best knowledge, no studies comparing the adsorption energies of 𝑁𝑂2 

and 𝑁𝐻2 exist for silver. However, some findings on the other coinage metals copper and gold support 

the possibility. In a DFT study, Simpson et al. investigated the adsorption of trisubstituted benzene de-

rivatives on copper(111).
6
 Here, the binding energies of 1,3,5-trinitrobenzene and 1,3,5-

triaminobenzene were found to be 𝛥𝐸𝑏𝑜𝑛𝑑 = −141.0 and −219.3 kJ mol
-1

, respectively. In a mechanis-

tic investigation of the reduction of nitrobenzene on gold, Corma et al. found aniline as an adsorbed 

species on the catalyst surface during the reaction via infrared spectrometry.
7
 The kinetic investigations 

by Gu et al. found an adsorption constant for 4-hydroxylaminophenol much higher than the one of 

𝑁𝑂2.
3,8

 As the molecules are similar, it is not unrealistic that the adsorption constant of 𝑁𝐻2 on silver is 

large enough to cause significant adsorption as well. Hence, the kinetic model including the adsorption 

of 𝑁𝐻2 was applied and discussed in the main text. 
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Figure S 6. Relative deviation of fitted and experimental 𝑁𝑂2 concentration as function of conversion. Effect of 
increasing borohydride concentration at 𝑐𝑁𝑂2  5×10-5 (a), 7.5×10-5 (c) and 1×10-4 mol L-1 (e) and ef-

fect of increasing 𝑁𝑂2 concentration at 𝑐𝐵𝐻4 = 5×10-3 (b), 1×10-2 (d) and 2×10-2 mol L-1 (f). The dot-

ted lines indicate the transition between the fitted regime and extrapolation of the fit results to high-
er conversions. 
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Derivation of partitioning coefficients via adsorption constants of borohydride and 𝑵𝑯𝟐 

The data of 𝐾𝑎𝑑′,𝐵𝐻4, 𝐾𝑎𝑑′,𝑁𝐻2 and 𝐾𝑎𝑑′,𝑁𝑂2 in Figures 8 (c) and (d) and Figure 9 are further analyzed 

with the values for the adsorption constants of borohydride 𝐾𝑎𝑑,𝐵𝐻4 and 𝑁𝑂2 𝐾𝑎𝑑,𝑁𝑂2, previously de-

rived on gold nanoparticles.
3
 These values were obtained on nanoparticles, immobilized on spherical 

polyelectrolyte particles, i.e. without a PNIPAM hydrogel. Accordingly, the values are not influenced 

by partitioning coefficients. For 𝑁𝐻2, the values for the partitioning coefficient of 𝑁𝑂2 are applied as 

the molecules are similar and no values for 𝑁𝐻2 exist (i.e. 𝐾𝑎𝑑,𝑁𝑂2 = 𝐾𝑎𝑑,𝑁𝐻2). Transferring the adsorp-

tion constants obtained on gold to silver may not be an ideal solution, however, the respective values 

for silver can be expected to be of the same order of magnitude and, hence, provide a basis for at least a 

qualitative interpretation. The adsorption constants are calculated with the enthalpy and entropy of ad-

sorption for borohydride and 𝑁𝑂2 (𝛥𝐻𝐵𝐻4 = 37 kJ mol
-1

, 𝛥𝑆𝐵𝐻4 = 158 J mol
-1

 K
-1

, 𝛥𝐻𝑁𝑂2 = 

24 kJ mol
-1

, 𝛥𝑆𝑁𝑂2 = 150 J mol
-1

 K
-1

)
3
 with (the Van’t Hoff) equation (13) in the main text to obtain the 

required values between 𝑇 = 10 and 50 °C, given in Table S 1. The partitioning coefficients are then 

derived with equation (15) in the main text (i.e. 𝐾𝑝𝑎𝑟𝑡,𝑖 = 𝐾𝑎𝑑′,𝑖/𝐾𝑎𝑑,𝑖). 

 

Table S 1. Parameters for the adsorption constants of borohydride, 𝑵𝑶𝟐 and 𝑵𝑯𝟐, applied for the calcula-
tion of their partitioning coefficients, and resulting partitioning coefficients. 

𝑇 / °C 𝐾𝑎𝑑,𝐵𝐻4 / L mol-1 𝐾𝑎𝑑,𝑁𝐻2  / L mol-1 𝐾𝑎𝑑,𝑁𝑂2  / L mol-1 𝐾𝑝𝑎𝑟𝑡,𝐵𝐻4 𝐾𝑝𝑎𝑟𝑡,𝑁𝐻2 𝐾𝑝𝑎𝑟𝑡,𝑁𝑂2 

10 29.6 2.68×103 2.68×103 1.25 6.26 6.12 

15 38.8 3.20×103 3.20×103 0.983 5.16 4.93 

20 50.4 3.80×103 3.80×103 0.709 5.15 3.93 

25 64.8 4.47×103 4.47×103 0.536 4.70 3.24 

30 82.8 5.24×103 5.24×103 0.376 4.90 2.67 

35 105 6.11×103 6.11×103 0.275 5.01 2.29 

40 132 7.10×103 7.10×103 0.233 3.83 1.92 

45 165 8.20×103 8.20×103 0.215 2.74 1.55 

50 204 9.42×103 9.42×103 0.228 2.08 0.99 
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