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                          Abstract 
In the present thesis, we revisit one of the traditional and benchmark reactions 

in the area of nanoparticle catalysis, namely the gold nanoparticle (AuNP) catalyzed 

reduction of para-nitrophenol (PNP) to para-aminophenol (PAP) by sodium 

borohydride. It has been shown that the ability to govern and dictate the interactions 

between different reaction components can have prodigious effects on the reaction 

rates. In this direction, our group has recently shown that regulation of surface 

potential around a gold nanoparticle (AuNP) catalyst can render the same 

nanoparticle (NP) system as an efficient catalyst, or as a non-catalyst. It should be 

noted that most of the studies on AuNP catalyzed PNP reduction can be categorized 

into two directions:- a) finding the design principles to create best catalysts (like 

optimizing catalyst shape and crystallinity, ligand hydrophobicity, catalyst-reactant 

interactions, etc.), and b) finding the best reaction conditions for carrying out efficient 

catalysis (like the effect of light irradiation, dissolved oxygen, pH, etc.). To the best of 

our knowledge, all of the studies utilize sodium borohydride as the reducing agent, 

and relatively little is known about the effect of reducing agents on the PNP reduction 

reaction. With this in mind, the work presented here aims to find out the optimized 

reaction conditions (with respect to the reducing agent) for carrying out efficient 

catalysis. We demonstrate that the strengths of reducing agent (an intuitive 

parameter) is an incomplete descriptor governing the rate of PNP reduction reaction. 

Additionally, the metal cations constituting the borohydride salt, can differentially 

bridge with PNP molecules, thereby increasing the local concentration of reactant 

molecules around the AuNP catalyst. Thus, our studies reveal that both strength and 

bridging ability of the reducing agents plays a key role in the PNP reduction. 

Furthermore, similar trends were observed with AuNPs of different surface 

chemistries, demonstrating the generality of our findings. The idea of incorporating of 

bridging interaction between metal ions (from reducing agent) and reactants is 

powerful enough to convert a non-catalytic system to a catalytically active one. We 

believe that our study shows how simple variations in the reaction conditions can 

help in making significant impacts in the field of chemical transformations. 
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                                                      1 

                     Introduction 
The ‘sea of electrons’ present in metal nanoparticles (NPs) can serve as an 

electron source for driving a wide-range of oxidation and reduction reactions.1–

10Decades of research in the field of nanocatalysis have helped in introducing 

different metal NP based catalysts for many chemical tranformations.1–10Chief 

among them is borohydride (BH4
-) mediated reduction of para-nitrophenol (PNP) to 

para-aminophenol (PAP).3,11–13This reaction has been so widely studied that it has 

become a model reaction for testing the catalytic efficiencies of various NPs.7,10,13–

20Here, borohydride mediated reduction of PNP, despite being thermodynamically 

feasible, proceeds only in the presence of a suitable catalyst. During the course of 

reaction, the surface of NPs act as the adsorption sites for reactant molecule (PNP) 

and borohydride ions, thereby facilitating the transfer of an electron between the two 

moieties.21,22This passive participation of NPs helps to overcome the kinetic barrier 

associated with the reaction, resulting in an efficient reduction of PNP 

molecules.21,22Several studies have been undertaken to identify the optimized factors 

and conditions, capable of carrying out efficient catalysis. In this direction the studies 

that have been undertaken can be categorized into two directions:- 

a) optimizing the design principles to create best catalysts (like catalyst shape and 

crystallinity, ligand hydrophobicity, ligand packing, catalyst-reactant interactions, 

etc.)21,23–30, and  

b) optimizing the best reaction conditions for carrying out efficient catalysis (like the 

effect of light irradiation, dissolved oxygen, pH, etc.).23,31–33 

Most of the studies in literature have focused on studying the role, and effect of 

NP’s crystallinity, hydrophobicity of ligands, surface area of the catalyst, etc. on PNP 

reduction.21,23–30These understandings have helped in establishing design principles 

for making new generation of efficient catalysts. Recently, some studies have been 

undertaken to understand the effects of different environmental conditions on the 
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PNP reduction reaction. Notable among them is the role of light irradiation in 

facilitating the reduction reaction, and the role of dissolved oxygen in affecting the 

catalysis.23,31–33Surprisingly, all of the studies utilize sodium borohydride as the 

reducing agent, and relatively little is known about the effect of reducing agents on 

the PNP reduction reaction. This is possibly because of the intuitive chemical 

understanding that a reduction reaction relies on the reducing power of 

reductant.34,35So modifying the reductant to a stronger one should, intuitively, 

improve the rate of reduction reaction. A conclusive and thorough investigation in 

this direction is presented here, where, we study the effect of strengths of the 

reducing agent on PNP reduction reaction. It is well known that the strength of 

borohydride reducing agent is dictated by the lewis acidity of the metal ions in the 

salt.34,35With this in mind, we performed systematic studies by adding different metal 

salts to the reaction mixture for the in-situ production of stronger borohydrides, in 

accordance with established literature protocols.36 

The present work shows the prodigious, and counterintuitive effects of metal 

ions (comprising the borohydride salt) on the AuNP catalyzed PNP reduction 

reaction. For this, AuNPs functionalized with N,N,N-trimethyl(11-

mercaptoundecyl)ammonium chloride (TMA, [+]) were used to efficiently catalyze the 

reduction of PNP molecule.11It was observed that the addition of different metal 

cations (like Ca2+, Mg2+, Li+) could accelerate the rate of PNP reduction. A common 

understanding of chemistry would attribute these accelerated reaction rates to the 

strength of reducing agents used. In the present study, we show that strengths of the 

reducing agent is an incomplete descriptor, and one needs to take into account 

specific-ion effects to completely explain the observed trends in the rate of PNP 

reduction. More specifically, metal cations can not only influence (speed up) the 

reaction by increasing the reducing power of borohydride, but also bridge with the 

PNP molecule and help in the efficient reduction process. Both these combined 

effects were then used to convert non-catalytic amounts of AuNPs to catalytic 

systems, which helped in reducing the amount of catalyst to ~5 pM (0.03 mol %). We 

observed similar increments in the reaction rates upon the addition of different metal 

ions with AuNPs having different surface chemistries as well. We believe that our 

study shows how simple variations in the reaction conditions can help in making 

significant impacts in the field of chemical transformations. 
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                                         2 

        Materials & Methods 

2.1. Materials and Reagents 

Tetrachloroaurate trihydrate (HAuCl4.3H2O), Tetramethylammonium hydroxide 

(TMAOH) 25 % wt. in water, 11-mercaptoundecanoic acid (MUA), Hydrazine 

monohydrate (N2H4.H2O 50-60%), Tetrabutylammonium borohydride (TBAB), p-

Nitrophenol (PNP), Nitrobenzene (NB), divalent and monovalent salts:- Calcium 

chloride dihydrate (CaCl2.2H2O), Lithium chloride (LiCl), Magnesium chloride 

hexahydrate (MgCl2.6H2O), Potassium chloride (KCl), and Sodium chloride (NaCl) 

were purchased from Sigma Aldrich. (Di-n-dodecyl)dimethyl ammonium bromide 

(DDAB) and Dodecylamine (DDA), were purchased from Alfa Aesar. All experiments 

were carried out without further purification of supplied reagents. All the stock 

solutions of metal ions were prepared in milliQ water (Resistivity = 18.2 MΩ.cm at 

250C). N,N,N-trimethyl(11-mercaptoundecyl)ammonium ion (TMA – positively 

charged) was synthesized according to the reported procedure.37
 

2.2. Synthesis of [+], [-] and [+/-]4 AuNPs: Place Exchange Method 

2.2a) Synthesis of DDA-Capped AuNPs 

All the nanoparticles were synthesized via place exchange reaction of DDA-Capped 

AuNPs (DDA-AuNPs). DDA-AuNPs in toluene were prepared firstly according to a 

modified literature report.11,38–40HAuCl4.3H2O was used as the gold precursor, and a 

mixture of hydrazine monohydrate and TBAB was used as the reducing agent in the 

modified procedure. Solution A was prepared using HAuCl4.3H2O (~15 mg, 1 eq.), 

DDA (~135 mg, 20 eq.), and DDAB (~148 mg, 10 eq.) in 4 mL toluene. Similarly, 

Solution B was prepared by mixing TBAB (~36 mg, 3.8 eq.) and DDAB (~60 mg, 4 

eq.) in toluene (~1.7 mL). Both the solutions A, and B were sonicated for ~15 mins to 

completely solubilize the reagents. Solution B was rapidly injected to Solution A 

along with stirring, which resulted in an immediate color change from yellow to brown 
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(Seed solution). The as prepared seeds were then aged overnight. Next, seed 

particles were grown to 5.6 ± 0.9 nm using growth solution which was prepared by 

mixing HAuCl4.3H2O (~143 mg, 10 eq.), DDA (~1.7 g, 250 eq.) and DDAB (~592 mg, 

40 eq.) in ~36 mL toluene with seed solution along with stirring. The resulting 

solution was further reduced by the dropwise addition (in ~30 min) of solution (~15 

mL) made up of hydrazine monohydrate (~183 μL, 80 eq.) and DDAB (minimum 

amount required for a clear transparent solution) in toluene. The solution was left for 

stirring overnight resulted in the formation of monodisperse DDA-AuNPs of size 5.6 ± 

0.9 nm. 

2.2b) Place Exchange Reaction 

DDA-AuNPs were equally divided into 3 conical flasks to synthesize [+], [-],and [+/-]4 

AuNPs respectively. Each set of DDA-AuNPs were purified using methanol (50 mL) 

resulting in the precipitation of DDA-AuNPs which was redispersed in toluene (20 

mL) after decanting the supernatant. In the place exchange reaction, solution of [+] 

and [-] ligands in 10 mL of dichloromethane (DCM) was added to purified DDA-

AuNPs and kept overnight for complete place exchange. Next, the precipitates were 

collected by discarding the supernatant and washed with DCM (3 x 50 mL), and 

finally with acetone (50 mL), dried, and redispersed in deionized water with the 

addition of 20 μL of TMAOH. In the case of [+/-]4 AuNPs, place exchange was 

carried out in the presence of both [+] and [-] ligands in the ratio of 1:4.  

2.3. Characterization Techniques 

2.3a) Zeta Potential (ζ) Studies 

Zeta potential of all the charged AuNP solutions (pH ~7) were performed using Nano 

ZS90 (Malvern) Zetasizer instrument. In all measurements, the optical density of NP 

solutions kept around ~0.3. ζ was obtained by measuring the electrophoretic mobility 

of AuNPs and using Henry’s equation. 

Henry’s equation is  

U =
2𝜀zf(κ )

3𝜂
 

Where, 
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UE = Electrophoretic mobility 

Z   = Zeta potential 

Ɛ   = Dielectric constant 

η   = Viscosity 

  f(Ka)= Henry’s function 

Smoluchowski’s approximation was used to measure the zeta potential values of 

NPs. The ζ values reported are based on an average of 5 measurements. 

2.3b) Transmission Electron Microscopic (TEM) Studies 

The High-resolution Transmission Electron Microscopic (HRTEM) studies were 

performed on TECNAI G2 20 TWIN at 200 kV. Diluted solutions of AuNPs were 

drop-casted on 400 mesh carbon-coated copper grids (Ted Pella Inc.) and removed 

solvents carefully using tissue paper after keeping the sample undisturbed for ~10 

mins. This method minimizes the appearances of artifacts due to drying effect. 

Imaging was carried out after the complete drying of samples under vacuum. 

2.4. Catalytic Reduction 

Kinetics of all AuNP mediated reduction reactions were monitored using UV-Vis 

absorption spectroscopy (SHIMADZU UV-3600 plus UV-VIS-NIR 

spectrophotometer). The reaction mixture was prepared in 3 mL cuvette (path length 

= 1 cm), and the absorption spectra were collected with a time interval of 5 min up to 

a maximum of 2 h, unless stated otherwise. The time-dependent kinetic experiments 

were performed by recording the absorbance of the reactant at its λmax with time. All 

tests were performed under room temperature except the temperature-dependent 

kinetic studies. UV-Vis spectrophotometer connected with an external temperature 

controller was used for the temperature-dependent studies so as to maintain 

appropriate temperatures of interest. The concentration of AuNPs was calculated in 

terms of nanoparticles using 5.4 x 107 M-1cm-1 as the extinction coefficient41, and mol 

% are expressed in terms of Au atoms. 
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2.4a) Reduction of p-Nitrophenol (PNP) 

In a typical AuNP mediated catalytic reduction of p-nitrophenol (PNP) by BH4
- ions, 

300 μL of 0.1 M NaBH4, 15 μL of AuNP solution (1nM, 4nM, etc. according to the 

desired concentration of NPs in the reaction mixture) and 6 μL of 50 mM PNP and 

milliQ water was mixed in a cuvette. The total volume of the reaction mixture was 

maintained as 3 mL. The time-dependent experiment was performed using UV-Vis. 

absorption spectroscopy by monitoring absorbance at 400 nm with a constant time 

interval. Catalytic reduction of PNP in the presence of various metal ions and its 

time-dependent study were performed in a similar fashion, where, we added 

appropriate concentrations of the metal salt to the solution, after the addition of 

NaBH4. 

2.4b) Reduction of Nitrobenzene (NB) 

AuNP mediated NB reduction by BH4
- ions was performed by mixing 300 μL of 0.1 M 

NaBH4, 15 μL of 4 nM AuNP solution, 6 μL of 50 mM NB (in MeOH) and milliQ water 

in a quartz cuvette (total reaction mixture = 3 mL). Absorbance at 279 nm was 

recorded in a constant time interval. Catalytic reduction of NB in the presence of 

calcium and magnesium ions and its time-dependent study was performed in the 

same way where we added metal salt to the solution, after the addition of NaBH4. 

2.5. Determination of Conversion, Reaction rate (k') and Rate Constant (k) 

The rate of catalytic reduction reaction was determined by assuming the conversion 

of reactant to the product was first-order in the concentration of PNP. In the case of 

PNP reduction reaction, the decrease in the concentration (conversion at time t) of p-

nitrophenolate at 400 nm was calculated using Beer’s Lambert law where 18300    

M-1cm-1 was used as the molar extinction coefficient of p-nitrophenolate.42 i.e., 

Conversion (t) = −
 ( )–  (   )

 

In the case of NB reduction reaction, the conversion of NB to aniline proceeded 

through an intermediate which is N-phenylhydroxylamine.43,44 The reaction rate was 

determined based on the conversion of N-phenylhydroxylamine to aniline at its λmax 

where 1000 M-1cm-1 used as the molar extinction coefficient of N-

phenylhydroxylamine at 279 nm.45 i.e., 
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Conversion (t) = −
 ( )–  (   )

 

The reaction rate was determined by fitting the conversion vs. time (t) plot with a 

function given below 

𝑐 = 𝑐  (1 − 𝑒 ) 

Here, c0 stands for initial concentration of PNP and N-phenylhydroxylamine in PNP 

and NB reduction reaction respectively and k stands for the rate constant of the 

reaction. Rate of reaction is represented below 

𝑑𝑐

𝑑𝑡
 = 𝑐 . 𝑘. 𝑒  

Reaction rate at t = 0 is given as 

𝑘 ′ =
𝑑𝑐

𝑑𝑡
(𝑡 = 0) = 𝑐 . 𝑘 

The rate constant, k was determined by the following equation 

𝑘 =
𝑘

𝑐

′

 

Where c0 was taken as 10-4 M in the case of PNP and corresponding initial 

concentration of N-phenylhydroxylamine in NB reduction with the presence and 

absence of metal ions. 

2.6. Crystallographic Study 

2.6a) Preparation of Crystals 

All crystals used for the studies were prepared by a method of slow evaporation of 

the solvent at room temperature. Firstly, calcium hydroxide and magnesium 

hydroxide were prepared by adding CaCl2.2H2O and MgCl2.6H2O with NaOH in 

milliQ water resulted in the formation of white precipitates of respective hydroxides. 

Further, precipitates were collected by centrifugation and washed with milliQ water. 

These precipitates dried completely after decantation of the supernatant. Crystals of 

PNP with Ca(OH)2 were produced by slow evaporation of solvent from the bright 

transparent yellow colored solution which contained 50 mM PNP and 25 mM 
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Ca(OH)2 in milliQ water. Similarly, crystals of PNP with Mg(OH)2  prepared and 

orangish yellow crystals were formed in both cases within 2 weeks. 

2.6b) Single Crystal X-ray Diffraction 

Single-crystal X-ray diffraction studies for all the p-nitrophenolate salts were 

performed by collecting reflections on a Bruker Smart Apex Duo diffractometer using 

Mo Kα radiation (λ = 0.71073 Å). The structures were refined by using the full-matrix 

least-squares method against F2 using all data by SHELXL-2017 built in the Apex 3 

suite. Crystallographic refinement data for all of the salts are listed in the following 

Table 2.6.1. All of the non-hydrogen atoms were refined anisotropically if not stated 

otherwise. Hydrogen atoms were constructed in geometric positions to their parent 

atoms. 

Compound 

Calcium-

paranitrophenolate 

Magnesium-

paranitrophenolate 

Chemical system Monoclinic Monoclinic 

Space group P 1 21/n 1 P 1 21/c 1 (14) 

a 13.1605(12) Å 12.3698(15) Å 

b 3.6268(3) Å 6.6167(8) Å 

c 16.9855(15) Å 11.7758(14) Å 

 (o) 90° 90° 

 (o) 90° 90° 

 (o) 93.414(5)° 93.553(3)° 

Cell Volume 809.29(12) Å3 961.96(20) Å3 

Table 2.6.1. Crystallographic data for calcium and magnesium 4-nitrophenolate 
salts.  
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                                        3 

         Results & Discussion 

         In order to study the effect of reaction conditions on nanocatalysis, we selected 

the model catalytic reaction of PNP reduction by sodium borohydride (NaBH4) in the 

presence of AuNP. The reaction depends on the adsorption of substrates (BH4
- and 

PNP) on the surface of AuNPs which helps in overcoming the kinetic barrier of the 

reaction. In this direction, we build on the work developed in our group, where 

interactions emanating from the surface ligands could render the same AuNP as an 

efficient catalyst or a non-catalyst.11With this in mind, we worked with positively 

charged AuNPs ([+] AuNPs) which could direct the substrates ([-] PNP and BH4
-) 

towards the AuNP surface, through electrostatic attractions.11 

3.1. Synthesis of [+] AuNPs 

A place exchange protocol was adopted to synthesize [+] AuNPs. For this, we 

synthesized DDA capped AuNPs having a core diameter of 5.6 ± 0.9 nm, using a 

modified literature protocol. 11,38-40DDA ligands on AuNPs were place exchanged with 

N,N,N-trimethyl(11-mercaptoundecyl)ammonium chloride (TMA [+]) to synthesize [+] 

AuNPs (Scheme 3.1.), see Section 2.2. of Materials and Methods for more 

details.39,40  

 

Scheme 3.1. Schematics showing the synthesis of [+] AuNPs through place 
exchange of DDA-AuNPs. 
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The synthesized [+] AuNPs were well characterized by UV-Vis. absorption, zeta 

potential, and transmission electron microscope (TEM) studies (Figure 3.1.). We 

observed a characteristic surface plasmon resonance (SPR) peak at ~520 nm, 

corresponding to the wine-red color of [+] AuNPs (see Figure 3.1a). The average 

size of the prepared [+] AuNPs was estimated to be 5.6 ± 0.9 nm (see Figure 3.1c). 

A zeta potential value of +38.5 ± 3.2 mV confirms the presence of positive charges 

on the surface of AuNPs (Figure 3.1b). With desired [+] AuNPs in our hands, we 

used them to catalyze the reduction of p-nitrophenol (PNP) by sodium borohydride 

(NaBH4), to study the dependence of reduction rate on reaction conditions. 

 

Figure 3.1. Characterization of [+] AuNPs: a) UV-Vis. absorption, b) Zeta potential 
study, c) Representative TEM image, and d) Size distribution histogram for [+] 
AuNPs. The average size of [+] AuNPs was estimated by analysing ~300 NPs. 

3.2. Catalytic Reduction of PNP 

We used 20 pM of [+] AuNPs (0.1 mol % in terms of Au atoms) to catalyze the 

reduction of PNP (100 μM) to p-aminophenol (PAP) in the presence of an excess 

0 2 4 6 8 10 12
0

20

40

60

80

100

 

 

C
o

u
n

ts

Diameter (nm)

-100 -50 0 50 100
0

4

8

12

16

20

 

 

C
o

u
n

ts
 (

x
1

04 )

Zeta Potential,  (mV)
400 500 600 700 800

0.0

0.1

0.2

0.3

 

 

A
b

so
rb

a
n

ce

Wavelength (nm)

[+] Au NP
a) b)

c) d)

200 nm

D (nm) = 5.6 ± 0.9

ζ (mV) = +38.5 ± 3.2

25 nm



22 
 

amount of NaBH4 (10 mM). It has been shown that [+] AuNPs can channelize the 

negatively charged reactant, as well as borohydride to the AuNP surface (in 

accordance with Langmuir-Hinshelwood mechanism), resulting in efficient catalysis. 

The progress of the reaction was monitored by following the changes in the UV-Vis. 

absorption of p-nitrophenolate (at 400 nm) for ~2 h. We observed that [+] AuNPs 

could swiftly catalyze the reduction in the peak intensity of PNP, along with an 

associated color change from yellow to colorless (see inset of Figure 3.2b). The 

steady decrease in the absorbance of PNP at 400 nm was associated with a 

simultaneous appearance of the absorption peak at 300 nm, corresponding to the 

absorption of p-aminophenolate ion (PAP, Figure 3.2a).3,11–13Because of the 

presence of excess amounts of BH4
- over PNP, the reaction kinetics follows pseudo-

first-order kinetics, and the rate constant of the reaction (k) was estimated to be 

~0.04 min-1 from conversion vs. time plot (Figure 3.2b) (see Section 2.5. for more 

details). 

 

Figure 3.2. [+] AuNP catalyzed reduction of PNP by NaBH4: a) Gradual 
decrease in the absorbance of PNP (at ~400 nm; shown with black arrow), along 
with a concomitant increase in the absorption of PAP (at 300 nm; shown with green 
arrow) in the presence of 0.1 mol % [+] AuNPs, and b) Progress of the reaction, 
along with the conversion (shown in green) for the first-order kinetic fitting. Inset 
shows the visible color change before and after the reduction of PNP. 

Various studies documented in the literature have provided a detailed 

understanding of design principles enabling the development of efficient catalysts. 

However, studies investigating the role of reaction conditions on the catalytic 

activities of NP systems are barely investigated in the literature, even though they 

are equally significant factor for efficient catalysis. Towards this, the present work 
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aims to investigate the effect of reducing agents on AuNP catalyzed reduction of 

PNP by BH4
- ions. 

In the present reaction, sodium borohydride (NaBH4) acts as the reducing 

agent, and it may be intuitive to understand that stronger borohydrides (reducing 

agents), will increase the reaction rate. More precisely, the use of stronger reducing 

agents like lithium borohydride (LiBH4), calcium borohydride (Ca(BH4)2), 

magnesium borohydride (Mg(BH4)2), etc. can improve the rate of PNP reduction.34–

36Furthermore, different metal borohydrides can be prepared in-situ by the addition 

of metal ions to NaBH4.
36With this in mind, we envisaged that the addition of metal 

ions in our reaction mixture can enhance the reaction rate by increasing the 

strength of metal borohydrides. In this direction, first, we started with the addition of 

10 mM Ca2+ ions (equal to the amount of BH4
- in the reaction) to test our hypothesis.  

3.3. Effect of Calcium Ions in Catalytic Reduction of PNP 

The catalytic reduction of PNP in the presence of Ca2+ ions (10 mM ) was carried out 

under similar reaction conditions, as were used in section 3.2. In a typical reaction, 

10 mM Ca2+ was added to a 10 mM solution of NaBH4, followed by the addition of 20 

pM of [+] AuNPs and 100 μM PNP. The reaction was then monitored by UV-Vis. 

absorption spectroscopy at room temperature for ~2 h. The addition of Ca2+ ions to 

the reaction mixture resulted in dramatic acceleration (~12 times improvement) in the 

reduction rate of PNP, compared to the reduction in the absence of Ca2+ ions. The 

reaction completed in ~15 min, as opposed to ~2 h in the absence of Ca2+ (see 

Figure 3.3.1a). Figure 3.3.1b shows the first-order kinetics of the reaction in the 

presence (red curve) and absence (green curve) of Ca2+ ions, and the corresponding 

rate constant values are given in the inset. Control experiments performed in the 

absence of [+] AuNPs showed no reduction of PNP even after ~2 h, showing the 

inability of Ca(BH4)2 (a stronger reducing agent) alone to reduce PNP (see blue 

spectrum in Figure 3.3.1b). This confirms the necessity of [+] AuNPs to catalyze the 

conversion of PNP to PAP even in the presence of stronger reducing agents like 

Ca(BH4)2. 
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Figure 3.3.1. Effect of Ca2+ ions on [+] AuNP catalyzed reduction of PNP by 
BH4

- ions: a) Absorption changes during the [+] AuNP (0.1 mol %) catalyzed 
reduction of PNP by BH4

-, after 15 min, in the presence (red) and absence (green) of 
Ca2+ ions, and b)the corresponding first-order kinetic fit (red and green). Blue data 
represents negligible reduction of PNP in the absence of AuNPs even in the 
presence of 10 mM Ca2+ ions. 

The PNP reduction reaction proceeds in accordance with Langmuir-

Hinshelwood mechanism.11,21According to this mechanism, AuNPs help in 

overcoming the kinetic barrier of the reaction by acting as adsorption sites for both 

PNP and borohydride molecules, and mediate the transfer of electrons between the 

two. Furthermore, the effect of Ca2+ ions on the activation energy of PNP reduction 

by 20 pM of [+] AuNPs was investigated by monitoring the reaction rates in the 

absence (Figure 3.3.2a) and presence (Figure 3.3.2b) of Ca2+ ions at different 

temperatures. The activation energies were estimated from the slope of a linear 

fitting between ln(k) vs. 1/T graphs. Interestingly, we observed an appreciable 

decrease in the apparent activation energy for PNP reduction by BH4
-, from ~52 

kJ/mol (in absence of Ca2+) to ~16 kJ/mol (in presence of Ca2+), see Figure 3.3.2. 

Next, our focus was to ascertain whether the addition of other metal ions will result in 

similar improvements in the reaction rates. 
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Figure 3.3.2. Temperature-dependent experiments to estimate activation 
energies: UV-Vis. absorption changes at 400 nm and their corresponding first-order 
rate fittings at different temperatures in the a) absence, and b) presence of 10 mM 
Ca2+ ions, c) Plot showing the variation in the rate constant of PNP reduction with 
temperature, and d) Plot of ln(k) vs. 1000/T to estimate the activation energies in the 
presence, and absence of Ca2+ ions. All experiment were carried out with 0.1 mol % 
of [+] AuNPs. 

3.4. Metal Ions Dependent Catalytic Reduction of PNP 

We performed a series of reactions, to understand the influence of different metal 

ions on [+] AuNP catalyzed PNP reduction by BH4
- ions. In a typical experiment, 10 

mM Mg2+ was added to a 10 mM solution of NaBH4,  followed by the addition of 20 
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pM of [+] AuNPs and 100 μM PNP (for more details on experimental conditions, see 

Section 2.4a). The reaction was then monitored by UV-Vis. absorption spectroscopy 

at room temperature for ~2 h (blue spectrum in Figure 3.4.). Here again, we 

observed a dramatic increase in the reaction rate from 0.06 min-1 to 0.29 min-1 (~5 

times improvement in reaction rate), compared to the reduction in the absence of 

Mg2+ ions. Similar experiments were performed with other metal ions like K+, Li+, and 

Na+ as well. Note: we could not perform experiments with other divalent metal ions 

like Zn2+, Mn2+, Co2+, etc. and trivalent metal ions like Al3+, Fe3+, because of their 

unsuitability under basic reaction conditions (the divalent ions resulted in the 

formation of insoluble hydroxides, and Al3+, being acidic in nature, resulted in a pH 

drift to neutral/ acidic pH values). 

 

Figure 3.4. [+] AuNP catalyzed reduction of PNP by BH4
- with monovalent and 

divalent ions: a) UV-Vis. absorbance changes in characteristic peak of PNP (at 400 
nm) during 0.1 mol % [+] AuNP catalyzed reduction of PNP by BH4

- in the presence 
of different metal ions (10 mM), and b) corresponding conversion graphs for the first-
order kinetic analysis. The reduction rates depend on the presence of metal ions in 
the following order: K+< Na+< Li+< Mg2+< Ca2+. 

After performing PNP reductions in the presence of different cations (K+, Na+, Li+, 

Mg2+, Ca2+), the reaction rates can be arranged in the following order: K+< Na+< Li+< 

Mg2+< Ca2+ (see Figure 3.4, Table 3.4.1.). Some key points to be noted from the 

observed experimental trends in Figure 3.4, and Table 3.4.1. are summarized 

below:-  

a) Divalent ions showed accelerated reaction rates when compared with monovalent 

ions. This is possibly due to stronger lewis acidity of divalent ions over monovalent 

ions, resulting in the formation of stronger reducing agents.34-36 
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b) For monovalent ions, we observe that Li+ being a stronger lewis acid, can 

accelerate the reaction rate (green curve in Figure 3.4.) over Na+, while K+ (pink 

curve in Figure 3.4.) retards the reaction rate because of it weaker lewis acidity 

when compared to Na+. 

c) For divalent ions, surprisingly, we observed that Ca2+ (red curve in Figure 3.4.), 

despite being a weaker lewis acid than Mg2+ (blue curve in Figure 3.4.), shows ~2 

times accelerated reaction rates than Mg2+. 

These results demonstrate the strengths of the metal borohydride, or lewis acidity of 

the metal ion, is an incomplete/ partial descriptor for the variations observed in 

reaction rate trends.  

 

Table 3.4.1. Rate constant of [+] AuNP catalyzed reduction of PNP by BH4
- in 

the presence of various metal salts and their lewis acidic strength. 

 
This counterintuitive observation of weaker reducing agent (Ca(BH4)2) being 

better for PNP reduction than Mg(BH4)2 (a stronger reducing agent), indicates the 

involvement of some other factors in the PNP reduction reaction. We hypothesized 

the existence of specific-ion effects like differences in coordination abilities with PNP 

can also affect the reaction rate. Where, if the metal ions could bridge with PNP, it 

will result in improved substrate channelling and local concentration, thereby 

accelerating the reaction rate (see Scheme 3.4.). We, therefore, hypothesized that 

combined effects of reducing abilities, as well as specific-ion effects like coordinating 

ability of metal ions, are better and complete descriptors for explaining the observed 

variations in the reaction rates. 

S.No. Metal Salt (10 mM)
Lewis Acidic

Strength of Cation46 k (min-1)

1 KCl 0.13 0.03

2 NaCl 0.16 0.05

3 No Salt 0.16 0.06

4 LiCl 0.21 0.09

5 MgCl2 0.33 0.29

6 CaCl2 0.27 0.53
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Scheme 3.4. Schematic representation showing the effect of coordination 
abilities of calcium (left) with PNP in channelling and increasing the local 
concentration of reactant molecules around AuNP catalyst, thereby 
accelerating the PNP reduction. 

With this in mind, we performed two systematic, and independent experiments to 

validate our hypothesis of specific-ion effects (bridging/coordination) influencing the 

PNP reduction reaction. First, we used single-crystal XRD studies to study how Ca2+, 

and Mg2+, interacts with PNP molecules. Second, we performed the [+] AuNP 

mediated catalytic reduction of nitrobenzene (NB) by BH4
- ions, where there is no 

possibility of bridging through the alcohol group.  

3.5. Crystallographic Study of PNP with Metal Ions 

In order to visualize the specific-ion effects (like bridging between metal ions, and 

PNP molecule) in influencing the rate of PNP reduction, we crystallized Ca2+ and 

Mg2+ 4-nitrophenolate salts. For a detailed description of the crystallization protocol, 

see Section 2.6. Here, we observe that calcium 4-nitrophenolate (Figure 3.5a) 

crystallizes with Ca2+ ions interacting with 6 oxygen atoms: 2 from water, and 4 from 

the hydroxyl group in the 4-nitrophenolate molecule, indicating coordination between 

Ca2+ and 4-nitrophenolate. On the other hand, Mg2+ crystallizes by interacting with 6 
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oxygen atoms, all belonging to water molecules, indicating lack of coordination 

between Mg2+ and 4-nitrophenolate (Figure 3.5b). From these single-crystal studies, 

we observe that Ca2+ and Mg2+ ions interact with the 4-nitrophenolate molecule in 

distinctly different ways, in accordance with what is seen in the literature.47,48 

 

Figure 3.5. Crystallographic studies: a) Asymmetric unit (top) showing the 
interaction between Ca2+ ions (shown with green balls), and 4-nitrophenol molecule. 
Bottom panel shows the projection view of calcium 4-nitrophenolate crystal along the 
b axis, indicating the presence of coordination between the two. b) Asymmetric unit 
(top) showing the lack of interaction between Mg2+ ions (shown in green) and 4-
nitrophenolate molecule. The bottom half of b) shows the projection of magnesium 4-
nitrophenolate crystal along b-axis, indicating the lack of coordination between the 
two. 

From these crystal structures, we can see that Ca2+ ions could interact and bridge 

between four 4-nitrophenolate molecules, while Mg2+ ions do not. This presence of 

additional bridging interactions in the case of Ca2+ ions could increase the amount of 

4-nitrophenol molecules around the AuNPs, resulting in the higher local 

concentration of PNP. The presence of this additional bridging factor could assist the 

reduction of PNP, resulting in faster catalysis, when compared to Mg2+ ions. 

3.6. Catalytic Reduction of Nitrobenzene 

Secondly, [+] AuNP mediated reduction of nitrobenzene (NB) by NaBH4 was 

performed in the presence of Ca2+ and Mg2+, so as to investigate the influence of 

a) b)
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specific-ion effects (see Scheme 3.6.1.). Here, the absence of the alcohol group in 

NB eliminates the possibility of coordination with Ca2+, in accordance with the 

crystallographic study (see Section 3.5.).  

 

Scheme 3.6.1. Schematic representation of [+] AuNP catalyzed reduction of 
nitrobenzene (NB) to aniline by BH4

- ions.  

Here again, we used similar reaction conditions as were used for the 

reduction of PNP molecule. The main difference was that the stock solution of NB 

was made in methanol (Figure 3.6a). However the reduction reaction was carried 

out in milliQ water. In a typical experiment, 10 mM Ca2+ was added to a 10 mM 

solution of NaBH4, followed by the addition of 20 pM of [+] AuNPs and 100 μM NB 

(for more details on experimental conditions, see Section 2.4b). The reaction was 

then monitored using UV-Vis. absorption spectroscopy at room temperature for ~2 h 

(see Figure 3.6.). Figure 3.6b shows the time-dependent variations in the 

absorption profiles of [+] AuNP mediated reduction of NB by BH4
-. Here, the 

reduction process was accompanied by an increase in absorption intensity, as well 

as a bathochromic shift of ~13 nm, indicating the formation of N-

phenylhydroxylamine intermediate.43,44This increase ceased after ~20 min, followed 

by a steady decrease in the absorption intensity at ~280 nm and a concomitant 

increase in the absorption intensity of aniline (product) at ~230 nm (see Figure 

3.6b). Note that similar bathochromic shift and increase in the absorption intensity 

were observed in the presence of metal ions as well (see red and blue curves in 

Figures 3.6c, d). Rate constants for the reduction process were monitored by 

following the time-dependent absorption experiments at 279 nm in the presence, and 

absence of metal ions (see Figures 3.6c,d). Here again, we observed ~2 and ~3 

times increment in the reaction rates,  when Ca2+ and Mg2+ were added to the 
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reaction mixture (see Figure 3.6d). It should be noted that Mg2+ surpasses Ca2+ in 

accelerating the reduction of NB, a trend that is in accordance with variations in the 

strengths of the reducing agents. 

 

Figure 3.6. [+] AuNP catalyzed reduction of nitrobenzene (NB) by BH4
- ions: a) 

UV-Vis. absorption spectra of NB (100 μM) in methanol and water, b) Variations in 
the UV-Vis. absorption spectra during the reduction of NB by BH4

- in the presence of 
0.1 mol % [+] AuNPs, c) Time-dependent absorption spectra at 279 nm, and d) 
corresponding first-order kinetic analysis in the presence and absence of metal ions. 

Here, Mg2+, being a stronger lewis acid than Ca2+, results in the formation of stronger 

borohydride salt, and ultimately, faster reduction of NB. Both these studies 

(Sections 3.5. and 3.6.) collectively reiterate the potent role of additional specific-ion 

effects in dictating the AuNP catalyzed PNP reduction by BH4
- ions. This 

serendipitous result shows that ‘stronger is not necessarily always better’! 

3.7. Ionic Strength Dependent Catalytic Reduction of PNP 

The observed behaviour of accelerated reaction rates, in the presence of appropriate 

metal ions, is a counterintuitive finding. It has been already shown that, electrostatics 
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strongly dictates the outcomes of PNP reduction, and addition of salts to the solution 

results in screening of charges, and ultimately retarding the reaction (see Figure 

3.7a).11,49–51To illustrate this point, we performed PNP reduction by BH4
- with 20 pM 

[+] AuNPs, in 1X PBS, and 2X PBS. Addition of PBS resulted in the screening of 

charges and ultimately, a deceleration in the rate of reduction. 

 

Figure 3.7. Deconvoluting ionic strength, and specific-ion effects in [+] AuNP 
catalyzed reduction of PNP by BH4

- ions: a) Progress of PNP reduction in media 
of higher ionic strengths (i.e. 1X, and 2X PBS), and b) corresponding first-order 
kinetic analysis. c) Plot showing the progress of reaction in varying concentrations of 
Ca2+ ions (inset shows a zoomed graph, for the sake of better clarity), and d) 
variation in the rate constant as a function of the concentration of Ca2+ ions. Note 
that all these experiments were carried out in the presence of 10 mM BH4

- ions and 
0.1 mol % [+] AuNPs. 

 

More precisely, we observed no noticeable catalysis of PNP by 0.1 mol % [+] AuNPs 

in the presence of both 1X, and 2X PBS (see Figures 3.7a and b). With this in mind, 

the present results demonstrating the acceleration of reaction rates in the presence 

of Ca2+ ions (see Section 3.2. to Section 3.6.) appear to be counterintuitive. In order 

to rationalize, and align the present finding with the conventional literature 
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knowledge, we performed a series of PNP reduction reactions in the presence of 

increasing concentrations of Ca2+ ions (from 1 mM to 350 mM). The results of these 

experiments are summarized in Figures 3.7c and d. We observed a systematic 

increase in reaction rates until a critical concentration of 50 mM of Ca2+ (Figure 

3.7d). Further increments in Ca2+ ions resulted in a deceleration of the reaction rate, 

with catalysis completely ceasing in the presence of 350 mM Ca2+ ions 

(corresponding to the concentration of ions in 2X PBS). The present study, therefore, 

reveals an unexplored concentration regime, where combined effects of reducing 

power and coordination ability can overcome the ionic strength effects, resulting in 

improved catalytic conditions. 

Next, in order to investigate the generality of the present findings, we 

performed similar PNP reduction reactions in the presence of appropriate metal ions 

with AuNPs having varying surface chemistries. 

3.8. The Versatility of Our Idea: Studies with [+/-]4 and [-] AuNPs 

3.8.1. Synthesis and Characterization of [+/-]4 and [-] AuNPs 

To study the generality of the present findings, we thought of performing similar 

reduction reactions in the presence of AuNP catalysts with varying surface 

chemistries. We synthesized AuNPs with varying surface chemistries by using 11-

mercaptoundecanoic acid (MUA, [-]) ligands to obtain negatively charged AuNPs ([-] 

AuNPs). Furthermore, we synthesized heterogeneously charged AuNPs by utilizing 

a mixture of [+], and [-] ligands during the place exchange protocol (see Figure 

3.8.1a). The as-prepared AuNPs were well characterized using both UV-Vis. 

absorption and zeta potential studies. Here, we observed the zeta potential value 

increased from -38.1 ± 0.9 mV to -31.8 ± 1.0 mV when ~20 % of [-] charges were 

substituted with [+] ligands (see Figures 3.8.1b and c). With the desired AuNPs in 

our hands, we used them to catalyze PNP reduction reaction, to check the generality 

and flexibility of our idea. 

 



34 
 

 

Figure 3.8.1. Synthesis and characterization of [+/-]4 and [-] AuNPs: a) 
Schematics showing place exchange of DDA-AuNPs to obtain [+/-]4 and [-] AuNPs. 
b) UV-Vis. absorption of [+/-]4 (blue spectrum) and [-] (black spectrum), and c) a 
typical zeta potential plot of [-] and [+/-]4 AuNPs. 

 

3.8.2. PNP Reduction with [+/-]4 AuNPs 

Here again, we used similar reaction conditions as were used for the reduction of 

PNP molecule. In a typical experiment, 10 mM Ca2+ was added to a 10 mM solution 

of NaBH4, followed by the addition of 20 pM of [+/-]4 AuNPs and 100 μM PNP (for 

more details on experimental conditions, see Section 2.4a). Figure 3.8.2. shows the 

absorption changes at 400 nm for ~2 h in the presence and absence of different 

metal ions. 
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Figure 3.8.2. [+/-]4 AuNP catalyzed reduction of PNP by BH4
- ions: a) Reduction 

of PNP by BH4
- ions (10 mM) using 0.1 mol % [+/-]4 AuNPs in the presence of 

different metal salts, and b) the corresponding first-order kinetic analysis. c) Bar 
diagram showing the variation in the rate constant with respect to the nature of metal 
ions added to the solution. d) Plot summarizing variations in the rate constant of the 
PNP reduction reaction with varying concentrations of Ca2+ ions. 

The presence of negative charges on the surface of NPs reduces the favourable 

electrostatic attractions with the negatively charged reactants, resulting in a 

decrease in reaction rate, when compared to [+] AuNPs (see Figures 3.8.2a and b). 

The rate constant of PNP reduction with [+/-]4 AuNPs was ~5 times lower than what 

was observed for [+] AuNPs, along with an induction time of ~70 min (black curve in 

Figures 3.8.2a and b). Furthermore, we performed similar reduction reactions in the 

presence of different metal ions (10 mM of Li+, Ca2+, and Mg2+) to study their 

influence on the catalytic performance of [+/-]4 AuNPs (see Figures 3.8.2a, b, and 

c). Here again, we observed that the addition of Li+, Ca2+, and Mg2+ resulted in 

increments in reaction rates, as was observed with [+] AuNPs (see Section 3.3). 

These results are summarized in Table 3.8.1. Interestingly, we observed that with 
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dependent studies with Ca2+ ions to reveal and deconvolute accelerated reaction 

rate regime from ionic strength effects (see Figure 3.8.2d). We observed a 

systematic, and consistent increase in the rate constant values till 10 mM, while 

further increase in the concentration of Ca2+ ions resulted in a steady decrease in 

reaction rate. It should be noted that the reaction ceased at 100-150 mM of Ca2+ 

ions. These results, again demonstrate the unexplored regime where, the addition of 

metal ions can result in an increase in the reaction rates, and dominate ionic strength 

effects at higher concentration values.  

 

Table 3.8.1. Table summarizing the effect of different metal ions on the rate 
constant, as well as induction time in 0.1 mol % [+/-]4 AuNP catalyzed reduction 
of PNP by BH4

- ions. 

3.9. Converting Non-Catalytic Systems to Catalytic Systems 

The idea of ‘introducing metal salts’ to influence and improve AuNP catalyzed PNP 

reduction can have significant impacts in future catalytic chemical transformations. 

With this in mind, we show that the knowledge gained can be exploited to convert a 

non-catalytic system to a catalytically active one (see Figure 3.9.). In this direction, 

we show two studies, where,  

a) the concentration of [+] AuNPs was dropped from 20 pM to 5 pM (see Figures 

3.9a, b), and  

b) convert a non-catalytic system of [-] AuNPs11to a catalytically active one (see 

Figures 3.9c, d).  

We note that 5 pM of [+] AuNPs failed to catalyze the conversion of PNP to PAP 

even after ~4 h (see black curve in Figure 3.9a). The addition of 10 mM Mg2+ions to 

the reaction mixture improved the catalytic activity. After an induction time of ~40 

min, all of the PNP reduced to PAP in ~4 h with a rate constant of 0.01 min-1 (see 

S.No. Metal Salt Added (10 mM) Induction Time (min) k (min-1)

1 No Salt 73.4 0.008

2 LiCl 22.4 0.017

3 MgCl2 2.2 0.076

4 CaCl2 0.7 0.126
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blue curve in Figures 3.9a, b). Interestingly, the addition of 10 mM Ca2+ ions 

enhanced the rate constant of the reduction reaction. All of the PNP was converted 

to PAP within ~2 h, with a rate constant of 0.02 min-1 (see red curve in Figures 3.9a, 

b). These experiments show that by optimizing the reaction conditions, we can 

decrease the catalyst amounts from ~20 pM (0.1 mol %)  to ~5 pM (0.03 mol %). 

Furthermore, we could convert a catalytically inactive system ([-] AuNPs)11 to a 

catalytically active one in the presence of Ca2+ ions. Here, we note that 20 pM of [-] 

AuNPs failed to reduce PNP, even after ~2 days (see black curve in Figures 3.9c, 

d),  whereas the presence of 10 mM Ca2+ or 10 mM Mg2+ ions in the reaction 

medium can conveniently reduce all the PNP to PAP within 20, or 30 min 

respectively (see Figures 3.9c and d). 

 

Figure 3.9. Conversion of non- catalytic systems to catalytically active ones: a) 
Plot showing the conversion of a non-catalytic system (0.03 mol % [+] AuNPs; shown 
in black) into a catalytically active one in the presence of Ca2+ (shown in red), and 
Mg2+ ions (shown in blue). b) Estimation of the rate constants from first-order kinetic 
analysis. c) and d) shows conversion of another non-catalytic system (0.1 mol % [-] 
AuNPs) to catalytically active one in the presence of Ca2+ and Mg2+ ions. 
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              4 

                    Conclusions 
The present study revealed the prodigious effects of reaction conditions on 

AuNP catalyzed PNP reduction reactions. Here, we carry out a thorough 

investigation, where AuNP catalyzed reduction of PNP by NaBH4 was carried out in 

the presence of various metal ions (resulting in formation of stronger reducing 

agents). In principle, introduction of stronger reducing agents should monotonically 

enhance the performance of any reduction reaction. We, however, demonstrate that 

reducing ability of borohydride ions is an incomplete descriptor to explain the 

variations observed with the addition of different metal ions. We note that increments 

in the reduction rates clearly followed the reducing strength of borohydrides in case 

of monovalent cations. Surprisingly, in the case of divalent ions, the addition of Ca2+ 

ions in reaction mixture improved the PNP reduction rate by ~12 times compared to 

Mg2+ ions (~7 times), despite Ca(BH4)2 being a weaker reducing agent than 

Mg(BH4)2. This serendipitous observation is rationalized to be originating because of 

specific-ion effects, in addition to the reducing ability of borohydride. Control 

experiments (like crystallographic studies and NB reduction) demonstrate the 

necessity of bridging interactions in enhancing the reduction rate with Ca2+, over 

Mg2+ ions. The bridging between Ca2+ and 4-nitrophenolate ions increases the 

channelling and local concentration of reactants around the AuNP catalyst, thereby 

enhancing the rate of the reaction. The present results, therefore, show that ‘stronger 

reducing agent is not necessarily better’ for AuNP catalyzed PNP reduction by BH4
- 

ions. The potency of metal assisted enhancement in the reaction rates was then 

exploited to reduce the catalyst amounts from 20 pM to 5 pM, and convert a non-

catalytic system into catalytically active one.  

Thus, our study shows that how simple variations in the reaction conditions can 

have significant impacts in the field of chemical transformations. 
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