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Introduction: 

Interfacial (solid/liquid) reduction/oxidation reactions involving 

nanomaterials are generally described in terms of electron 

transfer (ET) reactions.1 ET reactions are fundamental to many 

biological and chemical processes2–4, with many applications in 

medicine, energy and chemical industry. It is therefore 

necessary to investigate ET involving nanomaterials for a wide 

range of potential biological and chemical applications.  

In this work, green chemistry methods were used to synthesize 

advanced non-covalent stabilized, by RTILs, gold nanoparticles 

(AuNP) that have been proven here to be excellent functional 

materials for the extremely fast capture of electrons in water at 

low concentrations: AuNPs can quench electrons generated by 

ionizing radiation before they get solvated.  

Nanomaterial ET reactions are important in many developing 

technologies including sensitization,5 energy transduction in 

photovoltaics,6 and catalytic processes including biphasic 

hydrogenations.7,8 Therefore potential applications of our 

results are immense and given the emerging popularity of metal 

nanoparticles (MNPs) in a number of fields,9–11 there is a clear 

incentive to study the details of MNP electron transfer 

reactions. 

The capacity of MNPs to accept electrons was first suggested in 

the 1990s, when it was found that small clusters of gold, silver, 

and copper exhibit considerable electron affinities.12 The 

subsequent embedding of MNP clusters into mesoporous titania 

led to the observation that ET from TiO2 to AuNPs, 

significantly affected the photocatalytic efficiency of the 

Au/TiO2 nanocomposite.13–15 Bamwenda et al. were the first 

group to report photocatalytic H2 generation by Au/TiO2 and 

Pt/TiO2 nanoparticles in an illuminated aqueous 5 M C2H5OH 

suspension,15 where AuNPs are believed to play a key role, not 

only in catalytic conversion, but in photoconductance as well.16  

ET also plays a pivotal role in radiation-induced free-radical 

damage in vivo, where the prospect of controlling ET reactions 

with AuNPs is enticing.  

To realize the full potential of MNPs, a complete knowledge of 

the intricate mechanisms and conditions under which ET is 

most efficient is needed.  Considering the importance of AuNP 

ET reactions in the above mentioned applications and given the 

ubiquitous nature of water and its importance in the chemistry 

of MNPs,17–22 it is worthwhile to investigate the electron donor-

acceptor dynamics of MNPs in aqueous solutions. Fundamental 

questions need to be addressed, such as the possibility of ET 

from irradiated solvent molecules to MNPs before the electron 

reaches thermal equilibrium and the possibility of electron 

tunneling through the solvent molecular networks to MNPs. 

Pulse radiolysis and photoelectron spectroscopy have been used 

to address such fundamental questions and advanced the 

understanding of solvated electrons in bulk liquid water23–25 and 

electron affinities of atomic clusters;24 however, the 

understanding of electrons, the most fundamental reducing 

agent in solution, in the presence of nanomaterials is still 

incomplete. Nevertheless, there have been some pioneering 

early works by Belloni and Mostafavi24–26 and the Henglein 

group27 on nanomaterial radiolysis that presented a procedure 

for creating small seed particles of gold, and then using 

radiolysis to further control the exact growth/deposition of 

additional gold atoms onto these seeds to produce larger 
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nanoparticles. These studies also showed the proper mechanism 

of AuNP formation via a combination of radiation induced 

redox reactions along with dimer formation in intermediate 

redox states. Radiolysis has later been used extensively to 

reduce metal salts such as Au(III) to Au(0), to form 

nanoparticles, composites and other nanomaterials. Some 

examples include incorporating gold nanoparticles into carbon 

nanotubes by immersing thiol functionalized nanotubes in 

solutions of gold salts and then using radiolysis to reduce the 

gold to form AuNP’s on the nanotubes.28 Another unique 

example is the use of radiolysis to synthesize Cd quantum dots 

on silk fibers.29 Radiolysis techniques can also be used to make 

bimetallic nanoparticles, such as Au/TiO2 photocatalysts in 

which the Au is supported by a TiO2 core. The NPs are grown 

on prepared TiO2 NPs by radiolysis to reduce the gold salts on 

the surface of the TiO2. The resulting particles have good 

charge separation and have catalytic applications.13 Radiolysis 

has also been used to make other bimetallic particles such as 

gold Pd NPs30 as a greener method for synthesis, and to make 

silver nanoparticles for which it was observed that increasing 

the radiation dose reduced the particle size.31 Other composites 

made by radiolysis include gold polymer composites for 

catalysis,32 and CS-ZnS quantum dots on chitosan.33 Radiation 

induced solvated electrons have also been used as reducing 

species to form Cr oxide nanoparticles from dissolved 

dichromate solutions of Cr(VI),34 and iron oxyhyroxide 

nanoparticles35 with low size distributions.  

The solvated electron, along with its non-equilibrium “pre-

solvated” precursors (“pre-solvated” electrons refer to high 

energy electrons shortly after ionization, still in the process of 

equilibrating with the solvent),36 are implicated in various 

chemical and biological processes. Given the increasing interest 

in nanomaterials as adjuvants in medicinal chemistries,37 there 

is an incentive to probe the dynamics of electrons and other 

reactive species in the local environment of aqueous 

nanomaterials.38 

Materials and Methods 

Materials: Benzyldimethyltetradecylammonium chloride was 

purchased from TCI-America, sodium borohydride was 

purchased from Sigma Aldrich and hydrogen tetrachloroaurate 

[HAuCl43H2O] was purchased from Alfa Aesar. All chemicals 

were used as received without any further treatment. Deionized 

water used in all syntheses was obtained from a Millipore Milli-

Q, with resistivity of 18.2 Mcm at 25 ºC. Samples were 

prepared for μSR by removing dissolved oxygen from the 

AuNP suspension by repeated bubbling with argon gas. The 

degassed solution was transferred into a μSR cell under an inert 

N2 atmosphere. 

Synthesis of Gold Nanoparticles: The gold nanoparticles 

[AuNPs] synthesis was carried out as follows:  

In a 250 mL round bottom flask aqueous HAuCl4 5 mL, 2.5 

mmol was stirred at 40 °C under a reduced atmosphere of 

Nitrogen (Praxair 99.997%) for 15 minutes. Bac-14 (4 g, 10 

mmol) was then added to 60 mL water and combined with the 

aqueous HAuCl4 solution to produce a yellow-solution. NaBH4 

(800 mg, 21 mmol) was added to 15 mL of distilled deionized 

water and the resulting solution added dropwise to the reaction 

mixture over several minutes. Reduction was instantaneous and 

the mixture was allowed to stir under mild heat for 2-3 hours. 

Muon Spectroscopy (µSR): Samples were prepared for muon 

spectroscopy [μSR] by removing dissolved oxygen from the 

AuNP suspension by repeated bubbling with argon gas. The 

degassed solution was transferred into a μSR cell under an inert 

Ar atmosphere and irradiated by high-energy positive muons 

generated in the M20 muon channel at the TRIUMF lab in 

Vancouver, British Columbia. 

The muon beam arises from pion [π+] decay at rest and 

possesses ~100% spin-polarization. Thermalization begins as 

the muon interacts with the AuNP solution and eventually 

reaches thermal equilibrium towards the end of the radiation 

track.10 

The spin of the μ+ is initially polarized opposite to the direction 

of its momentum [anti-parallel]. Before a muon interacts with 

the sample, it passes through a counter that sends an electronic 

signal to a time-digital-converter [TDC] and a counter is 

incremented, starting a “clock”. Interaction with the solution 

subsequently thermalizes the positive muon. Radiolytic 

products formed during this process are summarized in the ESI 

(reactions S5 to S10). The positive muon eventually decays to a 

positron and neutrino–antineutrino pair. The positron is emitted 

asymmetrically with respect to the muon spin direction at the 

time of decay. When the decay positron is detected in a counter, 

the “clock” is stopped and the time intervals are collected in a 

histogram. The spectra at TRIUMF were acquired by the use of 

a transverse magnetic field with respect to the muon spin. 

Computational Methods: Electron affinity for bare Au13 

clusters was calculated using 2nd order Møller-Plesset 

perturbation theory (MP2), utilizing the aug-cc-pVTZ basis-set 

using the GAMESS quantum chemistry software suite.39,40 

Water solvent effects on the AuNP electronic structure were 

modeled with the Polarizable Continuum Model, PCM.41–43 

 

Results and Discussion: 

This work is focused on ET reactions between the electron and 

AuNPs stabilized by benzyldimethyltetradecylammonium 

chloride (bac-14 [diameter 9 ± 3 nm]), with a surface plasmon 

resonance (SPR) maximum of λmax ≈ 520 nm (Figures 1, 2).  

A recent report has shown that bac-14 stabilizes the Au surface 

through-space by anion and cation interactions (Figure 1).44 In 

the present work, to determine the rate of electron capture by 

AuNP/bac-14 in solution as a function of temperature, positive 

anti-muons (µ+)45 were used as spin probes as well as the 

ionizing radiation. This can be done at low concentrations of 

AuNP. At very high concentrations (e.g. in a slurry made by 

adding small amount of water to AuNP solid) it is possible that 

muons would cause radiation damage to the AuNPs during 

radiolysis process.46  
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Aqueous suspensions of Au/bac-14 NPs were found to 

scavenge electrons at unprecedented rates, ke = 5 × 1014 M-1s-1 

at μM concentrations. The rate constant reported here is 

considerably larger than rate constants of reactions involving 

equilibrated solvated electrons in water, suggesting ET to 

AuNPs occurs at a rate that competes with the solvation of the 

ionized electron (“dry electron”/non-equilibrium electrons 

before solvation). The use of ionic liquids (IL) in the synthesis 

and suspension of NPs has been reported,47 however, the use of 

bac-14 to stabilize AuNPs has only been reported very 

recently.44 Non-covalent interactions of ionic liquids and 

colloidal metals have been known to facilitate catalytic 

transformations.11,48 To date, there is little reported on the 

subject of ET in AuNP/IL systems.44 The temperature 

dependence of the electron/AuNP reaction reported here 

demonstrates the potential of AuNP/IL suspensions to interact 

with and capture electrons on timescales within solvated 

electron equilibration times (dry/pre-solvated electron capture). 

 

 
Figure 1. Functionalized AuNPs. Gold atoms are electrosterically stabilized by 

charged surfactants in water, as opposed to covalent interactions by thiols or 

thiolate ligands 

 
Figure 2. [A] UV-Vis visible spectrum of Au/bac-14 in water with SPR at 520 nm, 

characteristic of the particle size 44, [B] A representative TEM image of Au/bac-14 

in water (see SI): average diameter 9 ± 3 nm.  

To deconstruct the complex electron-transfer reactions in water, 

muon spin rotation (μSR) spectroscopy was employed. Using 

high-energy anti-muons (μ+) to generate electrons in solution 

(via ionization), μSR is capable of probing transient radical 

species through interactions with thermalizing or thermalized 

anti-muons, serving as spin-probes to study the dynamics of 

transients.   

Previous studies of solvated electrons have involved transient 

spectroscopic techniques, time-resolved to study the dynamics 

of these charge carriers and their precursors.49–51 Work by 

Percival et al., has shown that the nature and yield of 

thermalization products are intimately affected by the applied 

magnetic field, revealing the importance of the solvated 

electron in the radiation track of anti-muons.45 A more recent 

study of water-solvated electrons in the radiation track of 

positive muons, by means of laser-pulse muon spectroscopy, 

confirmed the important role that solvated electrons play in the 

thermalization process.52 

For the present work, a degassed 0.1 M aqueous solution of 

dissolved surfactant (bac-14) was used as a reference. In the 

absence of the AuNPs, the charged surfactant in the reference 

solution was unable to effectively trap electrons. These 

electrons therefore combine with positive anti-muons or 

MuH2O
+ ions to form transient paramagnetic muonium, an 

ultra-light hydrogen atom analog [0.11H] that attaches to the 
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aromatic ring of the surfactant (ESI reactions S5, S7 and S11). 

Free radicals were characterized through a hyperfine 

interaction, or coupling between spin-active nuclei and the 

unpaired electron. The isotropic hyperfine coupling constant 

[hfcc], is a measure of the unpaired electron density at the 

nucleus |ψ[0]|2. For muoniated organic radicals, muon hfccs are 

in the range from a few MHz to several hundred MHz.  

The identities of radicals were facilitated using computational 

chemistry, specifically through comparison of experimental and 

calculated isotropic Fermi contact coupling of different nuclei. 

(see ESI supplementary text and table S1).  

The addition products (radicals) were determined to be ortho (~ 

425 MHz) and ipso (~350 MHz) additions to the bac-14 

aromatic ring (Figure 3 and S7), identified by matching 

theoretical hyperfine-coupling constants of potential products to 

experimental data [see ESI].  

 
Figure 3. [A] Transverse Field µSR spectrum of bac-14 in water at 274 K, showing 

two free radicals with muon hfcc of 428 MHz and 349 MHz. The diamagnetic 

peak is much larger than the two free radical peaks. [B] The calculated spin 

density of the cyclohexadienyl radical [left] and bac-14 radical [right]. Molecular 

geometries were optimized at the B3LYP/6-31G* level of theory. The hfcc of the 

cyclohexadienyl radical is ~515 MHz 53, while the calculated muon hfcc of the 

para bac-14 radical at 0 K is 441.024 MHz. The calculated hfcc of the meta bac-14 

radical at 0 K is 455 MHz. For the ipso bac-14 radical at 0 K it is 409 MHz.  

Measurements for the aqueous AuNP/bac-14 solutions show 

that the electrons in solution are directly affected by the 

addition of the AuNPs. The diamagnetic fraction shown in the 

transverse field spectra (Figure 4) is enhanced for the AuNP 

solution as compared with the equimolar surfactant control 

solution under identical experimental conditions (sample 

geometry and magnetic field). 

In aqueous solutions, competition between reactions (ESI S5-

S9) in the radiation track determines the anti-muon diamagnetic 

fraction.45,54 The observed increase of the diamagnetic fraction 

for the AuNP solution compared with the reference surfactant 

solution suggests considerable electron capture by the AuNPs 

(ESI S10). Computational results for electron affinities of 

AuNPs in solution are consistent with the notion that the 

MuH2O
+ ion is less effective at capturing pre-solvated electrons 

than Au/bac-14 NPs. Therefore, we associate the observed 

increase in diamagnetic fraction to a favorable interaction 

between the pre-solvated, non-equilibrated electron and AuNPs 

at small concentrations.  

 
Figure 4. TF spectra (Fourier amplitudes), showing a diminished diamagnetic 

fraction for the aqueous solution of bac-14. The disparity in the diamagnetic 

fraction is due to the presence of paramagnetic species, as outlined in Reactions 

1, 3, and 4 in ESI. These are either muoniated radicals or Mu. Superior peaks 

represent aqueous solutions of the cationic surfactant at 298 K and an applied 

field H, 1000 G [A] and 330 K at the same field [B]. Inferior peaks represent 

aqueous solutions of AuNPs at equivalent temperatures and fields. 

The thermalization rate, v, is the inverse of the time that it takes 

for high-energy anti-muons to reach thermal equilibrium with 

the surrounding environment. Since the reaction of solvated and 

pre-solvated electrons with AuNPs is in competition with this 

process (see ESI reactions S5-S10), the anti-muon 

thermalization rate provides the lower-limit to the reaction rate 

of AuNPs and ionized-electrons in solution   (Eq. 1):  

v = ke [AuNP]            (Eq. 1) 

where [AuNP] is the AuNP concentration calculated to be 2 × 

10-6 M (see ESI) and the muon thermalization rate45,54 is at least 

1 ns-1.  

The lower limit of the electron capture rate constant (ke) for the 

AuNPs, using Eq. 1, was determined to be 5 × 1014 M-1s-1. This 

large electron capture rate constant suggests the AuNPs are 

capable of reacting rapidly with the pre-solvated electrons 

(epre-), which relax (equilibrate) on ∼100 femtosecond 

 

A 

B 
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timescales.36,55 The large electron capture rate constant allows 

for the exciting prospect of controlling sub-picosecond 

reactions of reactive intermediates with metal NPs. 

The electron capture rate was largest at 298 K and diminished 

with increasing temperature (see Figure 4 for experimental 

temperature studies where the diamagnetic amplitudes are 

different). At temperatures greater than 340 K the diamagnetic 

amplitudes did not change with the addition of AuNPs. The 

temperature dependence of the rate constant indicates pre-

solvated/non-equilibrium electron capture due to the strong 

temperature dependence of the electron 

thermalization/solvation process. At higher temperatures, the 

increased solvation rate competes55–60 with AuNP pre-solvated 

electron capture.  

The observed electron capture rates for AuNP/bac-14 are at an 

order of magnitude larger than those reported for well-known 

scavengers of pre-solvated electrons, such as KNO3 

(1.2 × 1013 M-1 s-1), DMSO (8.1 × 1011 M-1 s-1) and isopropanol 

(2.3 × 1011 M-1 s-1), while at significantly lower scavenger 

concentrations (2 × 10-6 M compared to concentrations as high 

as 2 M).61  In addition, 2nd order Møller-Plesset perturbation 

theory (MP2), utilizing the aug-cc-pVTZ basis-set, predicts the 

electron capture-reaction free energy (ΔGrxn) and electron 

affinity (EA) for bare surface Au13 clusters to be seven times 

that of KNO3, DMSO and isopropanol in solution (Table 1. All 

calculations were performed with the GAMESS quantum 

chemistry software suite.39,40 Water solvent effects on the 

AuNP electronic structure were modeled with the Polarizable 

Continuum Model, PCM).41–43 The large observed rate constant 

is also consistent with the size of the AuNPs used in this study 

compared to the size of molecular species such as KNO3. This 

is discussed in detail within the context of a model for 

diffusion-limited reactions in the SI.   

Table 1.  Theoretical adiabatic electron affinities (EA in eV) and electron 

transfer reaction Gibbs free energy differences (ΔGrxn in eV) are presented. 

All calculations were performed with Moller-Plesset second order 

perturbation theory [MP2] using the aug-cc-pVTZ and MCP-ATZP basis-sets 

for non-metal and metal atoms respectively.  The Polarizable Continuum 

Model [PCM] was used to model the aqueous solvent effect. All properties 

were calculated using GAMESS 39,40. 

Electron scavenger 
 

MP2 adiabatic electron 
affinity EA [eV] 

MP2 Gibbs free energy 
difference ΔGrxn [eV] 

[KNO3]aq
 0.68 -0.76 

[DMSO]aq 0.50 -0.53 

[isopropanol]aq 0.71 -0.78 

[Au13]aq 5.41 -5.63 

[Au13]gas 3.85 - 

[Au13]gas exp[12] 4.0 - 
 

Among the noble metal clusters of increasing size studied by 

Smalley,12 including silver and copper, gold displays the 

greatest electron affinities as described by ultraviolet 

photoelectron spectroscopy. In addition, their work suggested a 

general trend of increase in EA with cluster size, which means 

even within the activation control limit we should expect much 

larger rate constants for electron capture by AuNPs compared 

to KNO3. 

Smalley et al. observed that despite the onset of d bands for 

gold clusters of 1-223 atoms, there is still a noticeable 

convergence to the bulk EA.12 For small clusters (<50 atoms), 

the electronic structure and therefore properties of gold are very 

sensitive to the number of atoms/electrons. Clusters with odd 

numbers of atoms exhibit larger electron affinities compared to 

even-numbered clusters due to the pairing of unpaired electrons 

and shell filling stabilization effects upon electron capture, with 

electron affinity trends similar to those of atoms (certain gold 

clusters are sometimes referred to as “superatoms”).62 For 

example, calculated MP2 valence natural orbitals for 

icosahedral Au13 resemble p and d atomic-like orbitals (Figure 

5) with occupation numbers that are consistent with Hund’s 

rule. This even-odd oscillation due to spin pairing is damped 

and eventually washed out with increasing cluster size, 

however smooth convergence to the bulk is still interrupted by 

shell closings.12       

 
Figure 5.  p-type (left) and d-type (middle and right) MP2 natural orbitals for the 

icosahedral Au13 cluster.  A spin-parallel electron occupies each of the five “d 

orbitals” of Au13, with addition electrons proceeding to fill the d-shell similar to 

atomic electronic configurations following Hund’s rule.  

The combination of the presented experimental and 

computational data, along with the previous works of Smalley’s 

group,12 suggests AuNPs to be extremely reactive with 

electrons in water with rates of reaction among the fastest 

processes in water (faster than charge solvation). 

Considering that pre-solvated electrons can contribute 

significantly to DNA damage,50,61 AuNPs could have potential 

therapeutic applications as electron scavengers in 

radiobiological processes. These results can complement 

existing applications in which nanoparticles are used as drug 

delivery and imaging agents for disease detection63–68 to create 

multifunctional therapeutic agents. AuNPs can act as general, 

efficient and fast electron scavengers for various radiation 

chemistry processes, as the result of large electron scavenging 

rates (5 × 1014 M-1s-1) that are significantly larger than that of 

many currently known electron scavengers, at significantly 

lower concentrations. The compatibility of AuNPs with 

synthetic inorganic materials as well as biological systems 

indicates a potential to incorporate Au/bac-14 as an extremely 

efficient electron acceptor into a variety of environments. 

Though solid support nanomaterials dominate the ET device 

and catalysis literature,69 little is known for aqueous systems 

and our results suggest future investigations of aqueous AuNP 

ET and catalytic redox reactions is necessary.   
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Conclusions 

In conclusion, using green chemistry methods advanced non-

covalent stabilized gold nanoparticles (AuNP) were 

synthesized. These nanoparticles are excellent nanoscale 

functional materials for capturing pre-solvated electrons at low 

nanoparticle concentrations due to their large radii, high 

electron affinity towards “naked” AuNPs as compared to 

dressed AuNPs, and a surfactant that allows the AuNPs to be 

“naked” when needed, and yet stabilize the nanoparticles in 

solution (greater than 6 months). In principle, the ability of 

AuNPs to capture electrons produced by ionizing radiation, 

allows the possible conversion of ionizing radiation into 

electricity. Furthermore, these nanoparticles can function as 

radioprotective materials, preventing solvated and secondary 

electron based damage induced by ionizing radiation. For 

example, the nanomaterials can be incorporated into clays and 

other matrices used to store nuclear waste capturing the 

secondary electrons that degrade the matrix over time. Their 

large radii, high electron affinity and surfactant ability to 

expose the gold core to reactive species also suggest intriguing 

catalytic behaviour from these nanomaterials.  

 In biology and medicine, such aqueous nanoparticles can be 

used to prevent cell damage from secondary electrons generated 

during radiation therapy. AuNPs (of differing sizes under 

different conditions) in combination with radiation were shown 

to prolong survival in tumor-bearing mice however, under low 

scavenging conditions, radio-protective effects have been 

observed.70 Such results encourage further studies on the 

interactions of radiolytic products and free radicals with 

AuNPs. Results presented here could not only help unravel the 

controversies on the role of AuNPs under ionizing radiation, 

but also challenge the conventional notion that radiation 

induced damage would be enhanced in the presence of AuNPs. 

The results presented here also demonstrate the power of muon 

nanochemistry as a new transdisciplinary frontier for the study 

of nanomaterial dynamics. 
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