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Highlights 
 
 

 Ag-polyaminocyclodextrin nanocomposites show a layer-organized structure 
 

 These systems were used as catalysts for nitroarene reduction with NaBH4 
 

 The reduction reaction showed peculiar kinetic features 
 

 Kinetics were rationalized on the by a modified Langmuir-Hinshelwood model 
 

 Results brought us to reconsider some literature mechanistic ideas  
 

 

 

Abstract 

Silver nanoparticles stabilized by means of poly-(6-N,N-dimethyl-propylenediamino)-(6-deoxy)--

cyclodextrin were synthesized, characterized by different techniques (UV-Vis spectroscopy, 

Dynamic Light Scattering, High Resolution Transmission Electron Microscopy, Fourier-transform IR 
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Spectroscopy) and used as catalysts for the reduction of various nitrobenzene derivatives with 

sodium borohydride. The nanocomposites obtained appear to have an organized structure, with a 

metal core surrounded by a layer-structured coating shell. Kinetic data, rationalized in terms of a 

modified Langmuir-Hinshelwood model, evidenced a non-linear dependence of the reaction rate 

on the concentration of the catalyst. This was explained on the grounds of the catalytic activity of 

differently covered catalyst areas. Careful analysis of kinetic data, in particular the effect of the 

para substituent on the nitroarene structure and the trends of the induction period observed at 

the beginning of the reaction, provided with interesting insights on the reaction course, and 

brought us to critically reconsider several mechanistic ideas reported in previous literature. 
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1. Introduction 

 

The reduction of aromatic nitrocompounds is an important synthetic route leading, under the 

proper reaction conditions, to different nitrogen-containing derivatives [1]. In particular, the 

reduction to anilines (Scheme 1), which has also a great interest as an industrial process, is 

generally carried out with strong reducing agents or under harsh conditions. The most common 

protocols provide the use of LiAlH4, transition metals in strongly acidic media (Fe and conc. HCl is a 

typical industrial method), or catalytic hydrogenation. 

 

Unfortunately, these conditions may be unsuitable whenever particularly delicate functional 

groups are present in the molecule. Therefore, the availability of milder alternative methods has 

an undoubted appeal. In this context, the use of NaBH4 in the presence of noble metal 

nanoparticles (NPs) has attracted a certain interest [2,3]. The reduction of 4-nitrophenol or 4-

nitroaniline (to 4-aminophenol and 1,4-diaminobenzene respectively) has been successfully 

carried out using NPs stabilized by various capping agents, including biopolymers such as dextran 

[4,5] or alginate [6-8], and PAMAM- or PPI-type dendrimers [3,9,10]. The latter class of auxiliaries 

is particularly interesting, because dendrimers provide a strictly defined micro-environment for 

the formation of the NP and for the actual nitroarene reduction process as well.  
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Cyclodextrins (CDs), both native or chemically modified with suitable donor groups, constitute a 

class of alternative capping agents for the formation of metal NPs which have been occasionally 

employed [11,12]. The most known example is probably constituted by the heptakis-(6-thiol)-(6-

deoxy)-CD [13], which has been successfully used for the synthesis of Au or Ag NPs. Recently, 

some of us synthesized a new class of polyamino-cyclodextrin products [14], which have been 

tested as effective auxiliary agents for the preparation of Ag nanoparticles. The CD derivatives 

were obtained by a simple nucleophilic displacement reaction between the heptakis-(6-iodo)-(6-

deoxy)-CD and various polyamines (Scheme 2).  

 
 

However, due to the unavoidable occurrence of poly-substitution, the reaction affords mixtures of 

products bearing a different number of polyamino pendants [15]. As a matter of fact, the same 

polyamine unit may substitute more than one iodine on the same CD scaffold. The obtained 

materials, which are isolated as partial hydroiodides, have been fully characterized by means of 

Nuclear Magnetic Resonance, Electrospray Ionization Mass Spectrometry and potentiometric 

titration. The combined use of these techniques allowed to identify the different constituents of 

the mixtures, to determine the average number of polyamine pendants (n) and formal HI 

molecules (x) per CD unit, and to calculate the possible protonation or charge status as a function 

of the pH. 

Despite the nitroarene reduction catalyzed by metal NPs has been known for relatively long time, 

the actual mechanism of catalysis has not been satisfactorily understood, and even the kinetic 

features of the process are still debated. There is no general agreement about the kinetic order of 

the reaction, which is usually reported as first order in the nitroarene [3,6,10,12,16-18], but which 

has been also occasionally described as zeroth order [2,8]. Moreover, the possibility to apply this 

reaction to further nitroarene derivatives has never been explored in detail. Therefore, a 

systematic investigation and in general a critical reconsideration of the entire topic seemed 

interesting. In this context, we reasoned that the use of a cyclodextrin-capped Ag-NP system as 

the catalyst could be particularly intriguing. Indeed, CDs as auxiliary agents may provide both a 

suitable micro-environment for the formation and the stabilization of the NP, and a sort of 

receptor site on the catalyst surface, constituted by the CD cavity, able to bind and direct the 

nitroarene substrate.  
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In the present work we investigated the reduction reaction of various nitroarene derivatives 1-8 

(Figure 1) with NaBH4 in the presence of two Ag-NP catalyst systems, obtained by using the poly-

(6-N,N-dimethyl-propylenediamino)-(6-deoxy)-CD (AmCD, Figure 2) as the capping agent. 

 

                                 

 

 

The structural and morphological characterization of the Ag-NP systems chosen as catalysts was 

performed by means of combined UV-Vis spectroscopy, Dynamic Light Scattering (DLS), High 

Resolution Transmission Electron Microscopy (HR-TEM) and FT-IR spectroscopy. These techniques 

allowed to get information on the size and polidispersity of the NP suspensions, as well as to 

investigate the morphology of the NPs. The chosen nitroarene substrates differ for the substituent 

at the para position with respect to the reactant nitro group. They were suitably selected to 

present significant variations in their molecular properties [19,20]. In particular, we considered the 

electrondonating effect, the possible charge status and the steric hindrance of the para 

substituent, as well as the intrinsic affinity of the substrate for the CD cavity. 

 

 

2. Results and discussion 

 

2.1. Synthesis of the NP catalysts 

According to previous work [14], AmCD-capped Ag-NPs can be obtained by reacting in the dark a 

solution of the [Ag(NH3)2]+ complex in the presence of a suitable amount of the auxiliary AmCD, 

with an excess of formaldehyde at 40 °C for 90 minutes. Noticeably, on the grounds of the 

analytical data reported elsewhere [14], AmCD bears on average 5.7 N,N-dimethyl-

propylenediamino pendants and 4.0 formal HI molecules per CD unit. The formation of the NPs is 

evident by the appearance of the typical reddish color, due to the characteristic surface plasmon 

resonance (SPR) absorption band, usually centered between 400 and 450 nm. In a series of 

preliminary experiments we explored the effect on the NP formation process from changing the 

concentrations of the reactants and their molar ratio, in particular: i) by fixing the [Ag(NH3)2]+ 

concentration (1.0 mM) and varying the AmCD (0.410.0 mN; the normality of the AmCD solution 

is defined according to the average number of donor sites, namely 11.4, per CD unit); ii) by fixing 
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the AmCD (2 mN) and varying the [Ag(NH3)2]+ (0.25.0 mM); iii) by simultaneously varying both the 

reactants, while keeping constant their equivalent ratio (2:1 eq/eq, i.e. the same as in the starting 

[Ag(NH3)2]+ complex). The obtained systems were preliminarily characterized by UV-vis 

spectroscopy; the results obtained are summarized in Table 1. 

 

 

The outcome of the NP formation process strictly depends on the AmCD/[Ag(NH3)2]+ equivalent 

ratio used. Nearly no reaction occurred with ratios larger than 4:1. In the other cases the systems 

showed an absorption band centered at 401±2 nm, the intensity of which (expressed by the 

relevant molar extinction coefficient, ) regularly increases on decreasing the equivalent ratio. 

Moreover, the same ratio heavily affects the stability of the system. Samples obtained with a 2:1 

ratio are stable for several weeks, if kept in the dark at room temperature. By contrast, systems 

with a 0.4:1 ratio or prepared with the largest [Ag(NH3)2]+ concentrations, appear cloudy or turbid 

and form reddish-brown precipitates within few days (lower ratios were also explored, indeed, but 

resulted in the quick separation of part of the reduced Ag as the typical “silver mirror”). On the 

whole, these preliminary findings suggest that the auxiliary AmCD protects the silver ion towards 

its reduction under the conditions used. Data indicate that NP formation is hampered at the 

highest AmCD/[Ag(NH3)2]+ ratios, is partial for the ideal 2:1 value, and becomes almost complete 

at the lowest ratios. Of course, the presence of a minimum amount of AmCD is needed in order to 

ensure the actual formation and stabilization of the NP system. Therefore, it seems reasonable to 

hypothesize that NPs prepared with a 2:1 ratio are constituted by a metal core, surrounded by a 

shell of AmCD units complexing a certain amount of Ag+ ions by means of their the amine donor 

groups. The presence of a significant positive charge on the NP surface ensures the time stability 

of the system. On the other hand, in systems prepared at low (namely 0.4:1) ratios the NPs formed 

bear nearly no charge on their surface, and consequently may aggregate or coalesce. 

In order to confirm these hypotheses, we thoroughly investigated two particular representative 

NP systems, which were subsequently used as the catalysts for studying the nitroarene reduction 

reaction. These systems, indicated hereinafter as Catalysts I and II, were prepared at a 1 mM 

[Ag(NH3)2]+ concentration, and AmCD concentrations as large as 0.4 mN (Catalyst I) and 2 mN 

(Catalyst II), which correspond to AmCD/Ag+ mole/mole ratios (as large as 0.035 and 0.175 

respectively. Moreover, as it will be illustrated more in detail in section 2.3, in order to perform 

the nitroarene reduction reaction Catalysts I and II are subjected to dilution (up to 1:750 v/v., i.e. 
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1.33 M) and subsequent interaction with NaBH4. This may cause deep modifications in the 

structure of the nanocomposite, as it can be evidenced by simple observations. After dilution 1:1 

or 1:9 v/v of the preformed Catalyst II with water, a significant enlargement and decrease in 

intensity of the SPR band centered at 401 nm, and the appearance of a new band at 567 nm can 

be noticed in the normalized UV-vis spectra (Figure 3). The corresponding color change is apparent 

even at naked eye. The observed behavior might account in principle for either an increase in NP 

average size, or concomitant changes in the polar character and/or the local refractive index of the 

coordination shell immediately surrounding the metal core [21]. Furthermore, the residual Ag+ 

possibly present at the NP surface (in particular in the case of Catalyst II) can be easily reduced to 

Ag0 by borohydride ion. As a matter of fact, addition of NaBH4 to a solution containing [Ag(NH3)2]+ 

and AmCD (at the  

 
same concentrations as in Catalyst II) instantaneously causes the formation of a turbid brown 

suspension, which precipitates down in few minutes. For these reasons, together with “as-

prepared” Catalysts I and II, we subjected to characterization three further control systems, 

namely two dilutions 1:1 and 1:9 v/v of Catalyst II with water (indicated as IIdilA and IIdilB 

respectively), and a mixture 1:1 v/v between Catalyst II and a freshly prepared NaBH4 48.0 mM 

solution (indicated as IIred). 

 
2.2. Structural and morphological investigation of the NP catalysts 

The knowledge of NPs size and morphology is of outmost importance in order to rationalize their 

activity as catalysts [22]. These information are typically achieved by means of direct methods 

such as transmission electron microscopy (TEM), as well as by indirect scattering-based methods 

such as Dynamic Light Scattering (DLS). The latter one affords an evaluation of particle size in 

suspension, allowing to analyze a more statistically representative sample at the cost of lack in 

high resolution details about the morphology of nanoparticles. For our purposes, it is worth 

stressing here that TEM and DLS provide with complementary information about the structural 

organization of our systems: the former focuses on the metal core alone, whereas the latter looks 

at the entire nanocomposite, including its coating and hydration shell.  

As representative examples, TEM micrographs for Catalysts I and for control systems IIdilB  and 

IIred are shown in Figure 4 (further images are provided in the Supporting). The pristine Catalysts I 

and II show well defined, quite spherical, individual metal cores with a relatively low polydispersity 

and scarce tendency to aggregation. Statistical analysis of TEM images indicates unimodal 
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diameters distributions centered at ca. 27 and 19 nm respectively. Therefore, larger NPs are 

formed in the presence of a lesser amount of capping agent. Dilution does not seem to have 

significant effects on the dimensions of the pristine metal cores; however, a fair tendency to 

aggregation can be noticed, together with the appearance of a new population of small faint 

objects having an average diameter of ca. 3.6 nm. Considerable modifications are apparent after 

treatment with NaBH4. TEM images show a large tendency to aggregation, together with 

modification of both the size and the morphology of the pristine metal cores and, most 

interestingly, the formation of new small sized cores. Statistical analysis of images reveals a 

completely different diameter distribution, with a maximum frequency centered at ca. 9.7 nm. 

 

 

Different information are provided by DLS determinations. Data for “as-prepared” systems 

indicate the presence of smaller aggregates for Catalyst I than for Catalyst II, with average 

diameters as large as 86 and 149 nm respectively. Sizes were evaluated by applying the CONTIN 

method (see Experimental for details; representative DLS curves are reported in Supporting), and 

again show unimodal distributions. For the control systems IIdilA and IIdilB average diameters of 

149 and 59 nm respectively are found, indicating that significant dilution (namely 1:9 v/v) causes a 

noticeable decrease of the aggregate size. By contrast, once Catalyst II is treated with NaBH4, for 

the system IIred the aggregates in suspension grow dramatically in size, with an average value of 

the diameter of 464 nm, and show high polydispersity. The latter result is in agreement with TEM 

evidence of NPs aggregation. 

It is interesting to notice that, on the grounds of TEM results, metal cores for Catalysts I and II may 

be estimated to possess on average 6·105 and 2·105 silver atoms respectively, and average surface 

areas as large as 2300 and 1100 nm2 respectively. On the other hand, simple molecular models 

suggest that a single AmCD unit may cover an area on the NP surface, which can be roughly 

estimated as comprised between 3 and 7 nm2 [23]. Keeping into account the actual composition of 

the systems, in particular the values of the aforementioned AmCD/Ag+ mole ratios  (section 2.1), 

it can be calculated that only a minor fraction (less than 5%) of the AmCD present might actually 

come in direct contact with, and fully cover, the metal core. It must be also considered that the 

height of a single CD torus is reported to be 0.79 nm [24]; therefore, a single AmCD layer cannot 

be much thicker than 1 nm. Thus, everything considered, the whole of the TEM and DLS results 

can be explained as follows (Scheme 3).  



8 
 

 
 

Pristine NP cores, formed after the slow formaldehyde reduction of silver ions embedded in a sort 

of Ag+·AmCD macroaggregate, are initially surrounded by a thick layer-structured coating, 

constituted by shells of AmCD units held together by various supramolecular interactions, 

including the mutual inclusion of the polyamine tails into the CD cavities and the complexation of 

residual Ag+ ions with the polyamines. This coating offers both a steric and an electrostatic barrier 

against the aggregation/coalescence of the NPs and, of course, is thicker for Catalyst II, prepared 

with the largest amount of AmCD. Dilution of the catalyst causes the progressive dissolution of the 

coating shells (as accounted for by the decreased size estimated by DLS), with formation of small 

Ag+·AmCD microaggregates (the faint objects observed in IIdilB), which act as seeds for the 

formation of new small Ag cores after treatment with NaBH4. The latter process may cause the 

deposition of further metal on the pristine cores, modifying their size and shape (as observed in 

IIred). The concomitant exhaustive reduction of Ag+ removes at the same time the electrostatic 

barrier, causing extensive aggregation. 

Further confirmation for the composite nature of our AgNP systems was achieved by means of FT-

IR evidence. By subjecting a large amount of Catalyst I to centrifugation, a sample of Ag NPs was 

isolated and its IR spectrum (KBr) was recorded. Noticeably, owing to the strong intrinsic 

absorption due the nanosized Ag component, the sample disc results fairly opaque to IR radiation. 

After suitable correction, however, the resulting spectrum shows very intriguing features (Figure 

5).  

 
 
Comparison with the spectrum of free AmCD, reveals the presence in the composite of the signals 

expected for the organic capping agent. More in detail, we observe that the pristine large AmCD 

band at 3310 cm-1, due to superimposition (because of extensive hydrogen bonding) of the -OH 

and -NH- groups stretching, splits in two bands centered at 3470 and 3136 cm-1 respectively. This 

indicates a neat discrimination between the two different groups, reasonably owing to the 

occurrence of the N-Ag interactions at the NP surface. The AmCD fingerprints at 1153, 1086, 1041 

(C-O stretching) and 943 cm-1 (-OH bending) attributable to the CD scaffold, are present in the 

spectrum of the composite with minor shifts, together with new bands at 998 and 839 cm-1. The 

latter one, in particular, replaces the corresponding AmCD band centered at 756 cm-1 which can 

be attributed to N-H wagging. Therefore, this large shift confirms the occurrence of strong N-Ag 
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interactions at the primary CD rim. Finally, The spectrum of the composite shows the trivial C-H 

stretching bands (30002800 cm-1), and two strong bands at 1456 and 1385 cm-1 due to carbonate 

ion (superimposed to the expected C-H bending bands of the AmCD at 1466 and 1368 cm-1), the 

presence of which can be easily explained as due to CO2 uptake by the quite alkaline NP solution.  

2.3. Kinetic study of the nitroarene reduction 

In order to study the kinetics of the reduction reaction of nitroarenes 1-8 mediated by Ag-NPs, 

sample systems were prepared by mixing the proper amounts of stock solutions of the reactants 

and the catalyst (see Experimental), in such a way to have initial concentrations of the substrate 

and NaBH4 as large as 0.1 mM and 4.0 mM respectively, and a catalyst concentration ranging 

between 1.33 and 83.3 M. The latter concentration is expressed as the equivalent concentration 

of silver ion (CAg) needed to obtain the amount of NPs introduced in the sample. The reducing 

agent, which is the last component introduced in the system immediately before starting the 

registration of the kinetic trace, is always used in large excess with respect to the nitroarene 

substrate. Kinetic experiments were performed at 313 K, following by UV-vis spectrophotometry 

the disappearance of the absorption band of the substrate, at its max value. A typical kinetic trace 

is shown in Figure 6. 

 

 

In agreement with literature [2,17,25,26,27], a preliminary induction period is present. 

Subsequent data points monotonically decrease, till a plateau is almost abruptly reached. In 

striking contrast with previous literature, the decreasing branch of the kinetic trace cannot be 

satisfactorily fitted neither as the exponential decay expected for a first order process, nor as a 

simple straight line accounting for a zeroth-order process. Rather, experimental points appear 

tentatively adaptable at a first approximation by a parabolic trend. In a preliminary set of control 

experiments performed with 4-nitroaniline 1, we fixed the amount of catalyst (50 M) and suitably 

varied the borohydride concentration in the range 1.08.0 mM. We verified that the initial 

reaction rate, as expressed by the first order coefficient (c1) of the fitting parabolic curve, linearly 

increases with the reducing agent concentration within the range considered (Figure 7, see data in 

Supporting). According to previous reports [5,23,28], a curvilinear dependence of the initial rate 

vs. borohydride concentration would have been expected at much larger concentrations (> 10 

mM). 
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The kinetics of NPs catalyzed reactions has been frequently approached by means of the 

Langmuir-Hinshelwood model [7,18,25,29-31], providing the reversible association of the 

reactants on different sites of the catalyst surface. This, in particular, explains the curvilinear 

dependence of the initial reaction rate [5,28], which has been rationalized admitting a fast 

association pre-equilibrium between the catalyst and the BH4
- ion, followed by the transfer of a 

hydride ion onto the NP surface [7,25,32]. However, we preferred to develop a modified version of 

the model. In particular, we considered the Ag-NP catalyst surface divided in effective area cells a, 

each as large as the average surface covered by a single AmCD unit. Then, we hypothesized that 

the reaction product is formed in a rate-limiting step from a surface-substrate-borohydride ternary 

complex, deriving through a set of fast pre-equilibria (Scheme 4). 

 

It can be assumed that a cells have an actual concentration (Ca) proportional to CAg according to 

the relationship Ca = ·CAg , where  is the ratio between the total surface for the NPs generated 

by one mole of silver ion, and the average surface which can be covered by one mole of AmCD 

units. From Scheme 4 the following differential kinetic expression can be written: 

 

||||||||1
||||||||

2424

24
24

2

ArNOBHKArNOKBHK
ArNOBHCkKArNOBHak

dt
ArNOdv
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aBR

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


 (1) 

 

where KB, KR and KBR are the stability constants for the binary (a·ArNO2) and (a·BH4
-) complexes 

and the overall stability constant for the ternary (a·BH4
-·ArNO2) complex respectively; k is the 

kinetic constant for the rate determining step. Equation (1) can be simplified by considering that 

the observed linear dependence of the reaction rate on |BH4
-| implies the algebraic condition: 

1+KR|ArNO2| >> KB|BH4
-|+KBR|BH4

-||ArNO2| , then: 

 

||1
||||

||1
||||||

2

24

2

242

ArNOK
ArNOBHCkK

ArNOK
ArNOBHCkK

dt
ArNOd

R

AgBR

R

aBR







 

    (2) 

 

which is equivalent to the expression expected on the grounds of the original Langmuir-

Hinshelwood model. It has to be pointed out [31] that an expression such as equation (2) is never 

approached as such, because it can be reduced to either a first order or a zeroth order expression, 
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by imposing the conditions 1>>KR|ArNO2| or 1<<KR|ArNO2| respectively. Nevertheless, it can be 

integrated as: 

 

t = ti + (1/kobs)(C0-|ArNO2|) + (1/kobsKR) ln(C0/|ArNO2|)       (3) 

 

where ti is the length of the induction period, C0 the starting concentration of the substrate and 

kobs = k(KBR/KR)CAg|BH4
-|. The latter condition may be also written as kobs = kKB*CAg|BH4

-|, where 

KB* is the equilibrium constant for the association between the preformed (a·ArNO2) binary 

complex and BH4
-. Evidence for the occurrence of a strong association between nitroarenes and 

Ag-NPs, by Raman spectroscopy, has been already reported in literature [16,33]. The integrated 

equation (3) comprises both a zeroth-order (linear) and a first-order (logarithmic) term in the 

substrate. So, it can be suitably used to accomplish an excellent fitting the experimental kinetic 

traces, as shown in Figure 6 [34]. 

The expression for kobs predicts a linear dependence of the reaction rate on both the 

concentrations of the reducing agent and the catalyst as well [18, 35]. Surprisingly, however, 

experimental results showed for kobs a non-linear dependence on CAg (Figure 8, the complete set of 

data is collected in the Supporting). In some cases, namely with Catalyst II and anionic substrates 2 

(sodium N-4-nitrophenyl-glicinate), 3 (sodium N-methyl-N-4-nitrophenyl-glicinate) and 5 (sodium 

4-nitrophenate), we even found non-monotonical trends. No reaction could be observed for 

substrate 7 (sodium 4-nitrobenzoate) with both catalysts, and for 8 (nitrobenzene) with Catalyst II. 

 

 

Keeping into account the characterization of the catalysts discussed in Section 2.2, the observed 

dependence of kobs on CAg can be explained considering that, under the high dilution condition 

used, the catalyst should have lost most of its coating. Thus, we can hypothesize that the effective 

surface cells a may be present in the reaction system in three different conditions, namely naked, 

covered with one AmCD unit only, or covered with two (or even more) AmCD layers. Of course, 

differently covered a cells are each other in equilibrium and have different catalytic effectiveness. 

In particular, we can assume that doubly-covered (or even multiply-covered) cells should be 

catalytically inactive, because the reactants are likely to interact with the outer AmCD layer, so 

they cannot approach the catalytically active NP surface. This has been verified in a set of control 

experiments performed with 4-nitroaniline 1 and Catalyst I (50 M). As a matter of fact, by adding 
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increasing amounts of AmCD, we noticed a progressive decrease in the reaction rate, until 

substantial inhibition was achieved for AmCD concentrations larger than 1.0 mM. Therefore, we 

considered a more complex mechanistic scheme (Scheme 5), keeping also into account the 

possible host-guest binding equilibrium between the free AmCD and the nitroarene substrate. A 

similar inverse dependence of the reaction rate on the amount of capping agent has been 

reported for the reduction of nitrophenol with Au NPs stabilized with natural extracts of Breyhnia 

rhamnoides [16]. 

 

 

In principle, the reaction rate should depend on the concentrations of the possible active catalyst-

substrate-borohydride ternary complexes, according to the expression: 

 
v = k(0)|a·ArNO2·BH4

-| + k(1)|(a·AmCD)·ArNO2·BH4
-| = 

= k(0) KR(0)KB*(0)|a||ArNO2||BH4
-| + k(1)K(1)KR(1)KB*(1)|a||AmCD||ArNO2||BH4

-|  (4) 

From Scheme 5, considering the mass balance on the surface cells and the equilibrium conditions, 

and applying few suitable simplifications, we can obtain the following kinetic equation: 
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










  (5)
 

 
In equation (5) the concentration of free AmCD is accounted. The total amount of AmCD in the 

system (CCD) is bound to CAg by the relationship: CCD = ·CAg, where  is the AmCD/[Ag(NH3)2]+ 

mole ratio defined above (Section 2.1). However, at a first approximation it may be assumed 

|AmCD| ·CAg , i.e. the concentrations of the various complexes may be considered negligible 

with respect to free AmCD [36]. Then, the following final kinetic expression can be obtained: 
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||||)(||

2
22

)2(21)1(1)0(
22

211

24)1(*)1(1)1((0)*(0)02
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dt
ArNOd
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AgRAgRRAgAg

AgAgBRBR












 (6) 

 
Despite its complicated appearance, equation (6) assumes to the same form as equation (2), and 

can be integrated in the same way to afford the final expression: 

 
t = ti + (1/kobs)(C0-|ArNO2|) + (1/kobsKapp) ln(C0/|ArNO2|)       (7) 
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where: 
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Equation (8) can be also written as: 

22
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BH
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
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 (10) 

 
where kobs,0= k0KB*(0) , kobs,1= k1KB*(1) , Kapp,1 = K1(KR(1)/KR(0)) and Kapp,2 = K2(KR(2)/KR(1)). Noticeably, 

kobs,0 and kobs,1 provide a quantitative estimation of the catalytic efficiency of the naked and the 

singly-covered NP surface respectively. The catalytic efficiency depends, in turn, on the 

morphological characteristics of the NPs (accounted for by ), on the ability of the NP-substrate 

pre-complex to bind the reducing agent (accounted for by KB*(0) or KB*(1)) and on the intrinsic 

reactivity of the substrate onto the particular catalyst cell (accounted for by k0 or k1); Kapp,1 and 

Kapp,2 represent the conditional binding constants between the NP surface and the AmCD layers in 

the presence of the different substrates.  

Equation (10) can adequately describe the non-monotonical kobs vs. CAg trends observed with 

Catalyst II and anionic substrates. However, as long as data relevant to Catalyst I are considered, 

the use of equation (10) leads to unreliable Kapp,2 values, characterized by unacceptably large 

indeterminations. From an algebraic viewpoint, being the term Kapp,1Kapp,2CAg
2 negligible with 

respect to 1+Kapp,1CAg , a simplified form of equation (10) can be more suitably used: 
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The results obtained in analyzing the apparent kinetic constants kobs for substrates 1-8 with either 

equation (10) or (11) are summarized in Table 2. 

 

 

We can notice that kobs,0 values spun over a much larger range for Catalyst II than for Catalyst I, 

indicating larger variations in reactivity between the various substrates, and therefore a larger 

selectivity for the catalyst. Moreover, larger Kapp,1 values are generally observed with Catalyst I 

than with Catalyst II. These differences among the two catalysts may be ascribed to the different 

amount of unreduced Ag+ ion present on the catalyst, which is likely to interact with the 

nitroarene substrate before the addition of borohydride. Then, after BH4
- is introduced to start the 

title reaction, it also reduces the residual Ag+. Thus, the consequent modifications in the 

morphology of the catalyst may be affected by the possible occurrence of significant Ag+-substrate 

interactions. This seems particularly evident in the case of anionic substrates, for which non-

monotonical trends in kobs values vs. CAg are observed. 

Analysis of data reported in Table 2 indicates that the presence of a strong electrondonating 

substituent at the para position with respect to the reacting nitro group, is an important 

requirement for the reaction to occur. As far as kobs,0 values are concerned, nitroanilines 1-4 and 

nitrophenate 5 appear significantly more reactive than nitroanisole 6 and nitrobenzene 8, whereas 

nitrobenzoate 7 is not reactive at all. This result might appear quite surprising, because the 

reduction reaction should imply either an electron transfer process [16,37] or the nucleophilic 

attack of a hydride species to the nitro group. The latter type of process is consistent with the 

hypothesis reported in literature that BH4
- transfers a hydride ion onto the NP surface [7,25,32]. In 

both cases the reaction should be unfavorably affected by electrondonating substituents. By 

contrast, the behavior observed indicates that the mechanistic course of the process provides the 

interaction of the nitroarene with an electrophilic species, which must be identified with the 

catalyst surface. Nitroanilines 1-4 give further insights on the role of the para substituent group. 

N-substituted derivatives 2-4 do not appear more reactive than parent nitroaniline 1, despite alkyl 

substituents on the N atom should enhance the overall electrondonating character of the group. 

Therefore, the presence of a negative charge on the ancillary chain bound to the N atom 

(substrates 2 and 3), or the occurrence of significant steric hindrances (substrate 4), play an 

unfavorable role. This probably reflects a more difficult approach of the anionic reducing agent to 

the nitroarene-catalyst pre-complex, and a lower stability of the reactive ternary complex. The 



15 
 

reactivity of nitrophenate 5 with Catalyst II appears exceptionally high. This is probably due to 

peculiar modifications in the NP surface morphology, occurring as a consequence of particular Ag+-

substrate interactions, as discussed previously.  

On passing to analyze kobs,1 values, we can immediately notice that the singly-covered surface cells 

appear by far less catalytically active than uncovered ones. More in detail, kobs,0/kobs,1 ratios range 

from 4.6 (substrate 4 with Catalyst II) up to 97 (substrate 5 with Catalyst I). A lesser activity for 

singly-covered cells is not a trivial finding, because it indicates that inclusion into the receptor-like 

cavity does not lead the nitroarene to approach more easily the catalytic surface. This, however, is 

in contrast with the fact that the organic molecule is correctly included with the nitro group 

directed towards the primary CD rim [19,20,38]. By considering data for Catalyst I, the lowest kobs,1 

values are observed for substrates 2 (sodium N-(4-nitrophenyl)-glicinate) and 5 (sodium 4-

nitrophenate). The former one is known to form a very stiff inclusion complex with native CD 

[20], due to the occurrence of multiple hydrogen bonding with the secondary host rim. The same 

effect likely blocks this substrate quite rigidly within the AmCD cavity. By contrast, other 

substrates unable to undergo multiple hydrogen bonding form more flexible complexes [20], and 

consequently are able to slip down more easily onto the NP surface after inclusion. It is interesting 

to notice that even the parent nitrobenzene 8 appears relatively reactive onto the singly-covered 

catalyst. Finally, the scarce reactivity of 5 may be likely attributed to the occurrence of a strong 

hydrogen bond interaction of the anionic centre with the secondary host rim, which forces its 

average position far from the NP surface. 

A few considerations are due to the apparent binding constants Kapp present in equations (7) and 

(9) and to the conditional binding constants Kapp,1 and Kapp,2 present in equations (8), (10) and (11). 

Kapp reflects the actual contribution from the first order term to the overall reaction kinetics. This 

contribution increases in importance as Kapp decreases; consequently, larger deviations are 

observed in the kinetic trace with respect to the ideal linear trend expected for a purely zeroth 

order process. Unlike a true binding constant, Kapp depends on the concentration of the catalyst 

according to equation (9). Observed values usually range between 4·104 up to 4·105 M-1, and 

frequently show bell-shaped trends as a function of CAg, with few exceptions. However, these 

values are affected by very large indeterminations (up to 40 %), so that a detailed analysis would 

be a pointless exercise. On passing to Kapp,1 and Kapp,2, their values depend on both on the intrinsic 

affinity of the AmCD towards the naked or singly covered NP surface (irrespective of the substrate, 

as accounted for by K1 and K2 respectively), and on the different abilities of the naked, singly- or 
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doubly-covered cells to bind the nitroarene (as accounted for by the ratios (KR1/KR0) and (KR2/KR1)). 

Therefore, large differences in Kapp,1 or Kapp,2 among different substrates have to reflect similar 

differences in the latter ratios. For instance, nitrobenzene 8 shows with Catalyst I a much smaller 

Kapp,1 value as compared to the other substrates. This clearly mirrors its much lesser affinity for the 

host cavity, consequent to the smaller value of its binding constant with native CD [39] as 

compared with nitroanilines. The same argumentation can be applied to nitroanisole 6 with 

Catalyst II. However, it should be reminded that Kapp,1 values for Catalyst II are influenced by the 

deep modifications of the catalyst upon introduction of the reducing agent, as discussed 

previously. The outcome of the possible substrate-Ag+ interactions on such modifications is not 

easily predictable. Regarding Kapp,2, its estimation was possible only in few cases, but values 

appear quite lower as compared to Kapp,1. It is worth stressing that Kapp,2 accounts for the 

interaction between superimposed layers of AmCD, which probably involves the inclusion of the 

diamine pendants of the outer layer into the cavities of the inner one. Therefore, data suggest that 

the latter interaction is significantly less effective. 

Finally, regarding induction times ti, for each substrate-catalyst combination examined we 

observed that values increase on decreasing the concentration of the catalyst (data for substrate 1 

with Catalyst I are shown in Figure 9 as a representative example).  

 

Induction times vary with both the substrate and the catalyst. Nitroanilines 1-4 show smaller 

values than nitrophenate 5 and nitroanisole 6, whereas nitrobenzene shows the largest values. At 

the largest NP concentrations, slightly shorter induction times are observed with catalyst I, with 

the exception of nitrophenate 5. The occurrence of an induction period has been justified in 

different ways. It was formerly admitted that the catalytic process can start only after a tiny layer 

of silver oxide possibly present on the NP surface had been reduced by BH4
– [2]. It has been 

alternatively proposed that induction times (viewed as the inverse of a sort of kinetic constant 

[25]) might be related to the diffusion of the reacting species onto the catalyst surface [17], or to 

the reconstruction of the NP surface [25]. Our results, however, seem to rule out these 

interpretations, because they cannot explain neither the observed dependence on the 

concentration of the catalyst and on the structure of the substrate as well, nor the fact that 

induction occurs also with Catalyst II, having a significant amount of Ag+ immediately reduced in 

situ by borohydride. On the other hand, it is well known that induction is typical for mechanisms 

involving free-radical species. Therefore, it might be tentatively interpreted as an indication that 
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the nitroarene substrate undergoes single electron transfer processes leading to short-lived radical 

species, which are scavenged by the molecular O2 present in solution [40]. There is literature 

evidence that induction times for 4-nitrophenol reduction are suppressed by exclusion of O2 from 

the reaction system [27]. As a consequence, the target reaction cannot properly start unless all the 

O2 has been consumed by reaction with the excess borohydride. The latter process will be 

catalyzed by NPs and, as a consequence, its duration will depend on the concentration of the 

catalyst. On the other hand, it can be expected that the NP-substrate interaction will favor this 

process, with an increasing effect on increasing the electron-donating character of the substrate 

itself. 

 

 

3. Conclusions 

 

Polyaminocyclodextrin-capped Ag NPs were synthesized and characterized by combined UV-vis, 

DLS and TEM techniques. Our systems appear constituted by a metal core surrounded by a layered 

coating shell, made by the AmCD units held together by supramolecular interactions such as tail-

cavity mutual inclusion or complexation of the residual unreduced Ag+ ions. This shell offers both a 

steric and an electrostatic barrier to aggregation, but it is progressively dissolved upon dilution on 

the system. Then, possible treatment with NaBH4 causes both a modification of the size and shape 

of the pristine metal cores and the formation of new small cores. 

Two Ag-AmCD NP systems were used as catalysts for the reduction of nitroarene derivatives with 

sodium borohydride. The reaction shows a peculiar kinetic trend and an unexpected dependence 

of the apparent kinetic constants kobs on the concentration of the catalyst. On the grounds of a 

modified Langmuir-Hinselwood model, experimental data were rationalized by means of a 

complex mechanistic scheme, providing the possibility that the catalyst surface may be present in 

the reaction system partly naked, and partly covered with one or more AmCD layers. Data show 

that the reaction course is favorably affected by the presence of electron-donating groups on the 

substrate, indicating that the NP surface acts as an electrophile towards the nitro group. 

Nevertheless, the presence of negatively charged or bulky groups on the substrate has a slightly 

unfavorable outcome, probably due to a more difficult approach of the reducing agent. The 

AmCD-covered catalyst surface seems less active, because of the intrinsic stability of the 

substrate-AmCD inclusion complex. In the case of Catalyst II, which contains a significant amount 
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of unreduced Ag+ ion, its morphology changes as BH4
- is introduced into the reaction system. The 

latter process may be significantly affected by the presence of the substrate. Finally, the trends for 

the induction period seem to provide evidence for the occurrence of free-radical pathways in the 

intimate mechanism of reduction of the nitro group. 

 

 

4. Experimental 

 

4.1. Materials 

All commercial (Aldrich, Fluka) reactants and materials were used as purchased, with no further 

purification. The nitroaniline derivatives 2-4 were prepared according to literature [19,20], by a 

nucleophilic aromatic displacement reaction between 4-nitrofluorobenzene and the proper amine.  

The poly-(6-N,N-dimethyl-propylenediamino)-(6-deoxy)-CD AmCD [14] was synthesized by a 

nucleophilic displacement reaction between the heptakis-(6-iodo)-(6-deoxy)-CD and a 20-fold 

excess of 3-(N,N-dimethylamino)-1-aminopropane (which functions as the solvent too), at 60 °C 

for 48 h. Its high-resolution ESI-MS spectrum gave the following signals: 990.4720 (C77H154N14O28 

2HI·2H)++,  873.5507 (C77H154N14O28HNa)++, 862.5601 (C77H154N14O282H)++, 820.5090 

(C72H140N12O28·H2O·2H)++, 811.5024 (C72H140N12O28·2H)++, 778.4575 (C67H126N10O28·2H2O· 2H)++, 

769.4513 (C67H126N10O28·H2O·2H)++, 760.4447 (C67H126N10O28·2H)++, 582.7033 

(C77H154N14O282H·Na)+++, 575.3765 (C77H154N14O283H)+++, 547.3417 (C72H140N12O28·H2O ·3H)+++, 

541.3379 (C72H140N12O28·3H)+++. All other physical and spectroscopic data (m.p., IR, 1H NMR, 13C 

NMR) were consistent with literature. 

 

4.2. Instrumentation 

ESI-MS mass spectra were recorded in positive mode on an AGILENT Technologies 6540 UHD 

Accurate Mass Q-TOF LC-MS apparatus (1 kV nozzle voltage, 250 V fragmentor voltage). UV-vis 

spectra were recorded on a Beckmann DU 800 spectrophotometer, equipped with a Peltier 

thermostatic apparatus, which was used also to perform the kinetic experiments. FT-IR spectra 

(2% in KBr) were acquired on a Bruker VERTEX 70 apparatus. 

TEM micrographs were acquired using a JEM-2100 (JEOL, Japan) electron microscope operating at 

200 kV accelerating voltage. A drop of each suspension was put onto a 3 mm Cu grid “lacey 

carbon” for analysis and let the solvent to complete evaporation.  
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DLS measurements have been carried out by using a 90 Plus Particle Size Analyzer (Brookhaven 

Instrument Corp., Holtsville, NY, USA) equipped with a BI-9000AT Digital Autocorrelator. The 

source was a He-Ne 632.8 nm laser and the detector was a photomultiplier tube, both mounted 

on a turntable; measurements were performed at 90°. By using the software supplied by 

Brookhaven Institute, data were obtained directly as electric field self-correlation function, G(τ), 

versus decay time, τ. In order to check data reproducibility and the stability of the suspension, 

measurements have been repeated in triplicate on different freshly prepared samples. Electric 

field self-correlation functions have been analyzed to obtain diffusion coefficients, D. The 

scattering particle diameters, d, have been evaluated by means of the Stokes-Einstein equation: D 

=KBT/3πηd once provided the absolute temperature T, and the viscosity of the solution η. Owing 

to the low concentration of the systems, the latter can be assumed coincident with the one of the 

pure solvent, within the limits of experimental errors. The self-correlation function computed by 

using the Cumulant analysis [41], did not satisfactorily reproduce the experimental data, thus 

suggesting that the particles in suspension were polydisperse. Therefore, a more appropriate 

analysis was performed by means of the CONTIN method [42].  

 

4.3. Synthesis of Ag-NPs 

Ag-NP systems were prepared with a slight modification of reported procedure [14]: mother 

solutions of [Ag(NH3)2]+ 15 mM and AmCD 6 mN were prepared in double-distilled water, 

previously degassed with a fine stream of Ar for 15 minutes. Then, samples were prepared by 

mixing in a dark vial the proper amounts of water, [Ag(NH3)2]+ and AmCD solutions up to 14 mL. 

The samples, kept under Ar atmosphere, were placed in an oil bath thermostated at 40 °C, 

inoculated with 1 mL of formaldehyde solution 33.4 mM, and allowed to react for 90 minutes. UV-

vis spectra of the samples were recorded immediately after the reaction time. Catalysts I and II 

were carefully kept and stored in the dark before use. In order to collect a sample for FT-IR, 100 

mL of Catalyst I were subjected to centrifugation at 5000 rpm for 15 minutes, and the resulting 

solid residue was isolated and lyophilized (yield 14.3 mg). 

 

4.4. Kinetics 

Kinetic experiments were performed at 313 K, according to the following procedure. In a quartz 

cuvette the proper amount of a stock solution of catalyst (1.0 mM) was diluted in the proper 

amount of freshly double-distilled water (degassed with a fine stream of Ar for 15 minutes), in 
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such a way to have 2.65 mL of solution; then, 100 L of a stock solution 3.0 mM of the substrate 

were added, and the mixture was thermostated. A 48.0 mM solution of NaBH4 was prepared just 

before use by dissolving a weighed amount in a volumetric flask; then 250 L were rapidly 

introduced in the cuvette, and the registration of the kinetic trace immediately started, following 

by UV-vis spectrophotometry the disappearance of the nitroarene substrate.  
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Figure 1. Nitroarene substrates 
 
 
 

 
Figure 2. Structure of AmCD 
 
 

 

Figure 3. Normalized UV-vis spectra for pristine Catalyst II and its dilutions 
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 Catalyst I    IIdilB          IIred 

 
Figure 4. TEM micrographs of Catalyst I (a,d), IIdilB (b,e) and IIred (c,f). Micrographs a, b and c 

acquired at a 50000X magnification; micrographs d, e and f acquired at a 150000X magnification.  

 

 

 
Figure 5. FT-IR spectra of AmCD (….) and Ag NPs precipitate from Catalyst I (___). 

 

 

c) a) b) 

f) e) d) 
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Figure 6. Kinetic trace (squares) for the reaction of 1 (0.1 mM) with NaBH4 (4.0 mM) in the 

presence of catalyst II (50 M). 

 

 

 

Figure 7. Dependence of the initial reaction rate (c1) vs. BH4
- concentration for the reaction of 1 

(0.1 mM) in the presence of catalyst II (50 M). 
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Figure 8. Dependence of kobs/|BH4

-| on CAg for Catalyst I (a) and Catalyst II (b). 

 

 

 

Figure 9. Induction times ti for the reaction of 1 with Catalyst I at different concentrations. 

 

 

 
 
 
Table 1.  values for the AmCD/Ag NP systems at the relevant max. 
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 |Ag+| (mM) 

0.2 0.5 1.0 2.0 5.0 

|AmCD| 
(mN) 

0.4 No reaction n.d. 12420 n.d. n.d. 

1.0 n.d. 4670 10020 n.d. n.d. 

2.0 No reaction No reaction 5540 9240 Turbid 

4.0 n.d. n.d. 440 5060 n.d. 

10.0 n.d. n.d. No reaction n.d. Turbid 

 
 
Table 2. Values of kobs,0, kobs,1, Kapp,1 and Kapp,2. 

Sub. 
catalyst I catalyst II 

eq. 
kobs,0 

(s-1M-1) 
kobs,1 

(s-1M-1) 
Kapp,1 

(10-6M-1) 
Kapp,2 

(10-6M-1) 
eq. 

kobs,0 
(s-1M-1) 

kobs,1 
(s-1M-1) 

Kapp,1 
(10-6M-1) 

Kapp,2 
(10-6M-1) 

1 (11) 36.2±1.4 1.30±0.07 8.4±0.8 n.d. (10) 62±3 2.0±1.0 3.9±0.4 0.8±0.4 
2 (11) 29.0±0.4 0.40±0.03 5.1±0.2 n.d. (10) 65±2 (< 0.2) 5.2±0.2 (<0.4) 
3 (11) 36.0±2.0 0.88±0.09 10.0±1.8 n.d. (10) 23±2 0.6±0.4 2.0±0.2 0.5±0.3 
4 (11) 26.7±1.1 1.00±0.05 9.8±1.2 n.d. (11) 11±2 2.4±0.1 0.8±0.2 n.d. 
5 (11) 32.0±0.6 0.33±0.02 13.7±0.7 n.d. (10) 131±2 6.3±2.0 3.2±0.8 1.2±0.3 
6 (11) 16.9±0.7 0.93±0.03 10.0±1.2 n.d. (11) 7±1 1.1±0.1 0.44±0.1 n.d. 
7 - n.d. n.d. n.d. n.d. - n.d. n.d. n.d. n.d. 
8 (11) 5.2±0.3 0.67±0.07 0.84±0.07 n.d. - n.d. n.d. n.d. n.d. 

 
 


