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      Abstract 

 Ball milling of aluminum in gaseous atmospheres of ammonia and monomethylamine 

(MMA) was found to produce nanoparticles with high efficiency.  A combination of mass 

spectrometry, X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis with mass 

spectrometric product analysis (TGA-MS), scanning electron microscopy (SEM), infrared 

spectroscopy,  and dynamic light scattering (DLS) was used to study the particles and the 

chemical interactions responsible for particle production.  To help understand the nature of the 

surface chemistry, high level quantum chemical calculations were performed to predict the 

structures and energetics for binding and reactions of NH3 and MMA on aluminum surfaces.  

Both are shown to react with fresh aluminum surfaces generated by fracturing, producing H2 and 

other gaseous products, and leaving the surfaces functionalized.  The surface functionalization 

enhances size reduction by reducing the surface free energy and the tendency toward 

mechanochemical welding.  For both NH3 and MMA, the particle cores are metallic aluminum, 

but the surface chemical properties are quite different.  The ammonia-milled particles are capped 

by an AlNxOyHz layer several nanometers thick, which passivates the particles. The MMA-milled 

particles are capped with a thinner passivating layer, such that they are pyrophoric in air and react 

with N2 at elevated temperatures.    
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I. Introduction 

 Aluminum powder in the micron size range has been extensively used as a high energy 

density fuel and fuel additive in propulsion and pyrotechnic applications.1-5  Reducing the particle 

size reduces the ignition and combustion times,6-12 but the presence of a native oxide layer on the 

particles means that the oxide becomes a significant portion of the particle mass for particle 

diameters less than 100 nm.10  Therefore, methods for production of aluminum nanoparticles 

capped by a layer that minimizes oxide layer formation during air exposure are potentially useful, 

particularly if the method is inexpensive and can be scaled to generate quantities needed for 

practical applications.  Here, we present a method, based on ball milling in reactive atmospheres, 

which generates nanoparticles efficiently, capping them in situ with an amine or nitride-like layer.  

The particles can be further functionalized after production to aid in separation, improve 

dispersibility in media such as hydrocarbon or other fuels, and improve stability on air exposure.  

 High energy ball milling typically involves milling feedstock of the material of interest, 

together with balls or other media of some hard, dense material, such that feedstock particles are 

crushed during media-media and media-wall collisions.  The efficiency of size reduction depends 

on a number of factors.13-17 Brittle materials tend to fracture under mechanical stress, whereas 

ductile/malleable materials can also undergo plastic deformation.  Size reduction by fracturing is 

counteracted by mechanochemical (cold) welding, which tends to result in particle aggregation 

and fusion.  Production of nanoscale powder results in an enormous increase in surface area, thus 

one critical factor is the free energy associated with the creation of new surface area.  Almost 90 

years ago, Rehbinder noted that adsorption of surface-active agents lowers the surface free 

energy,18 and as a result, the energy required for crack formation and propagation is lowered, 

embrittling the material, and enhancing size reduction.19-20  The same effect can reduce the 

tendency toward particle welding. 

 Typically, agents used in ball milling are liquids, and can be present either to simply disperse 

particles, or to bind to, and modify the properties of the particle surfaces.  The use of liquid 
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reagents to enhance reactions and improve the efficiency of mechanochemical syntheses is also a 

well-established practice.21-25  We recently reported26 a study of the effects of a variety of liquid 

reactants and solutions on production of nanoparticles by milling aluminum, iron, and copper, 

under conditions where no nanoparticles are produced by milling in non-reactive liquids (e.g. 

hexane).  For the two softer metals (Cu and Al), this approach produced mixtures of nano and 

micron size particles, with nanoparticles making up less than 50% of the product mass under the 

best conditions.  Although it is straightforward to separate the nano and micro particles by 

sedimentation, it would clearly be better to generate only the desired nanoparticles. 

Understanding the mechanism for size reduction in surface-active liquids is complex, because the 

liquids can affect both mechanical and chemical aspects of the process, lubricating interfaces, 

dissipating local heating by vaporization, and affecting transport to and from the particle surfaces.   

 Here we discuss production of aluminum nanoparticles by dry milling in several different 

gaseous atmospheres.  Milling in reactive gases has been investigated in the context of 

mechanochemical production of hydrogen storage materials.27-28 For example, Wang et al.29 and 

Perez et al.30 investigated the effects of milling boron in an H2 atmosphere, and reported 

substantial hydrogen uptake.  Theoretical work by Perez et al. suggested that H2 was 

dissociatively chemisorbing to the boron surfaces, producing particles with borane-like B-H 

surface functionality, and the high hydrogen loadings achieved implied that the surface area was 

large, i.e., the primary particle size was substantially smaller than could be achieved by milling in 

inert liquids or gases.  Furthermore, it was subsequently shown that the H2-milled particles could 

be capped and protected against air oxidation by reaction of the B-H bonds with alkenes.31  As 

reported below, milling aluminum in H2 generates no nanoparticles. 

 Here, we report a study of nanoparticle production by milling aluminum in gaseous NH3 and 

monomethylamine (MMA), which were chosen because amines are known to bind to and react 

with aluminum surfaces.25, 32-37  For example, Davies and Newton38 reported that under ultra-high 

vacuum conditions, ammonia spontaneously decomposes on aluminum surfaces to form stable 
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amide and nitride products.  As shown below, nanoparticle production is more efficient in these 

gases than in reactive liquid milling agents, including alkylamines.  Furthermore, the particle size 

distributions are narrower, without the large concentrations of micron scale particles seen for 

liquid agents.  Particles were characterized by a combination of dynamic light scattering, electron 

microscopy, infrared spectroscopy, and X-ray photoelectron spectroscopy.  In addition, chemistry 

during and after milling was characterized by a combination of mass spectrometry (MS) of the 

milling atmospheres, thermal desorption MS, and thermogravimetric analysis with MS of the 

evolved gases (TGA-MS).  To help interpret the surface chemistry, detailed density functional 

theory calculations were carried out, in which atomically rough Al surfaces were modeled using 

an Al80 cluster that has a variety of surface sites, and is large enough to have a core of bulk-like 

atoms as well. 

II. Experimental and Theoretical Methodology 

Particle Production. 

 Particles were produced by milling aluminum flakes in a Retsch PM 400 planetary ball mill, 

using Retsch 250 ml tungsten carbide jars, and ~3 mm diameter tungsten carbide milling media.  

As described previously,26 the original jar lids were replaced with 316 stainless steel lids that 

have valved ports, which can be used for evacuation, reactant introduction, and headspace 

sampling, via a vacuum/pressure manifold located inside an N2-filled glove box. 

 Approximately 2 g of 1 mm aluminum flakes (Sigma-Aldrich: 518573-500G) and ~200 g of 

tungsten carbide milling media were added to the jar.  The jar was sealed in the glove box, 

evacuated, and then pumped and backfilled three times with the gas of interest to insure that there 

was no significant contribution from N2 to the nitrogen content of the products.  For milling in 

ammonia, the jar was filled to a pressure of ~3.7 atm (~55 psia).  Because the vapor pressure of 

monomethylamine (MMA) is lower, the maximum fill pressure was ~2.2 atm (~32 psia), with 

some variability from run to run due to the effects of evaporative cooling on the MMA tank 

pressure.  To compensate for the lower initial MMA pressure, the headspace was evacuated and 
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re-pressurized after each hour of milling.  For both gases, the mill was operated with a sun wheel 

rotational frequency of 350 RPM (relative centrifugal force of ~20 g) for 5 hours. 

Safety and Handling Considerations 

 Unpassivated aluminum nanopowder is violently reactive with oxidizers such as O2 and H2O, 

and spontaneously ignites upon air exposure.  Solvent-wetted particles may undergo delayed 

ignition.  Samples were handled and stored in a N2-filled glove box, however, note that O2 

contamination, even at levels well below 1 ppm, is sufficient to oxidize the sample surface layer 

in a few seconds, if reaction is efficient.  Samples were stored inside sealed vials in the glove box, 

to minimize exposure to contaminants.  To passivate particles under controlled conditions, we 

simply exposed a thin layer of the Al nanopowder to the glove box atmosphere for a few hours, 

resulting in passivation to the point where the particles no longer would ignite spontaneously 

when brought into contact with air.   

Particle Analysis  

Scanning electron microscopy (SEM) was done using an FEI Nova Nano 600 instrument.  

Samples were prepared by ultrasonicating in acetonitrile and diluting until only slightly turbid, 

followed by drop casting on lacey carbon transmission electron microscopy (TEM) grids.  

Dynamic light scattering (DLS) analyses were performed using a NICOMP 380 ZLS instrument 

to analyze samples dispersed in acetonitrile, and diluted until only slightly turbid.  Samples 

prepared with NH3 or MMA milling were somewhat prone to aggregation, and suspensions were 

only stable for 15 – 30 minutes.  To minimize aggregation, the DLS samples were ultrasonicated 

just prior to analysis.  

A Kratos Axis Ultra instrument was used for X-ray photoelectron spectroscopy (XPS), using 

monochromatic Al Kα radiation (1486.6 eV), and 300 x 700 micron analysis area.  Sample 

charging was compensated using a low energy electron flood gun.  The NH3-milled samples were 

prepared for XPS by pressing the powders directly onto carbon tape on a stainless steel sample 

holder.  For both samples, transfers from the glove box to the XPS instrument were made using a 
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Kratos inert atmosphere transfer device, however, for the much more reactive MMA sample, the 

device was modified to allow the internal volume to be evacuated, leak-checked, and pressurized 

with 99.9999% argon to minimize air intrusion in case of leaks.  As noted above, however, even 

samples handled and transferred in “inert” atmospheres inevitably received significant oxygen 

exposures.  

 Mass spectrometry was used to analyze the headspace of the milling jars at intervals during 

the milling process, in order to probe reactions of NH3 or CH3NH2 with aluminum under milling 

conditions.  For gas sampling, jars were transferred into the glove box and connected to the 

vacuum/pressure manifold, which was used to leak a small amount of headspace gas into a 

sampling vial.  The sampling vial was then connected to the inlet of a quadrupole mass 

spectrometer, with a base pressure below 5 x 10-9 Torr.  Gases were leaked into the mass 

spectrometer at a source pressure of ~1 x 10-7 Torr.   

 Thermogravimetric analysis (TGA) was used to determine the mass loss from samples during 

heating from 25 ℃ to 800 ℃ at a rate of 10 ℃ /min.  The TA Model Q500 Thermogravimetric 

Analyzer is housed in an N2-filled glove box so that samples were not exposed to air during 

transfer to, or measurement in the TGA instrument.  Separate experiments were done using N2 

and Ar to purge the TGA furnace and balance, to examine possible reactions with N2.  Gases 

evolved from the samples during TGA were analyzed by a sampling mass spectrometer 

(ThermoStar GSD301T3, Pfeiffer Vacuum), which monitored multiple mass channels as a 

function of time, allowing them to be correlated with the TGA temperature ramp.  

 Because the TGA-MS allowed monitoring of a limited number of masses, for the MMA-

milled material, we first studied the desorption mass spectrum as a function of temperature, using 

the same mass spectrometer used for headspace analysis.  A powder sample was collected after 

the completion of milling, using an Ar-filled glove box for sample collection to avoid any 

possibility of reaction of the aluminum nanopowder with N2.  Approximately 200 mg of powder 

was transferred to a glass vial which was sealed in the argon-filled glove box, and then attached 
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to the mass spectrometer.  The gas line between the sample vial and mass spectrometer leak valve 

was evacuated, and then gas from the vial was leaked into the mass spectrometer at a pressure of 

~1 x 10-7 Torr.  An initial mass spectrum was measured, and then the sample temperature 

(measured by a K-type thermocouple) was increased in a series of steps, using a tube furnace, and 

waiting 10 minutes for the temperature to equilibrate before taking mass spectra. The sample vial 

was sealed during heating, and only opened to allow mass spectral measurements after 

temperature equilibration.  As a result, the mass spectra are for gas that evolved from the powder 

during heating to each temperature.   

 Infrared spectroscopy was attempted for both the ammonia- and MMA-milled samples.  Both 

specular reflectance and diffuse reflectance were attempted using an instrument at Utah, and 

although it was used successfully for analysis of both boron16 and aluminum particles capped 

with oleic acid,26 no significant absorption features were observed for aluminum produced by 

milling in NH3 or CH3NH2.  Diffuse reflectance and attenuated total reflection experiments were 

also attempted using an instrument at Argonne National Lab, which is housed in an inert 

atmosphere glove box to minimize exposure to air.  Again, however, no significant absorption 

features were observed in the 4000 cm-1 to 800 cm-1 spectral range.  The lack of signal is 

tentatively attributed to a combination of low reflectivity of the nano-aluminum samples, together 

with a relatively low concentration of IR chromaphores on the particle surfaces.  

Density Functional Theory (DFT) calculations.  

 To help understand the reactions of NH3 and MMA with aluminum surfaces, DFT was used 

to probe the interactions between a large aluminum cluster, and molecules of NH3 or CH3NH2.  

Structures and energetics were computed using the M06 hybrid meta-generalized gradient 

approximation (GGA) exchange-correlation functional of Zhao and Truhlar39 and a Lebedev 

quadrature grid with 99 radial and 590 angular points.  The McLean-Chandler (12s,9p)/[6s,5p] 

contracted basis set,40 augmented with a d-type polarization function41 and diffuse s+p shell,42 

was used for aluminum and the 6-311++G(d,p) basis set 42-43 was used for carbon, nitrogen, and 
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hydrogen. This combination of functional and basis sets is henceforth denoted simply as M06/6-

311++G(d,p).  A cluster of eighty aluminum atoms was used as a model for the surface of the 

aluminum nanoparticles.  Its geometry was optimized from a previously reported30 calculated 

geometry for an 80 atom boron cluster, and it exposes a variety of surface sites, while being large 

enough to have a bulk-like core.  All structures reported herein were fully optimized and, unless 

stated otherwise, have been verified as local minima or first order transition states via 

diagonalization of the hessian matrix; i.e., the mass-weighted energy second derivatives with 

respect to nuclear displacements.   The minimum energy path, also known as the intrinsic reaction 

coordinate (IRC), connecting each transition state to reactants and products has been traced using 

the Gonzales-Schlegel second order method.44  Relative energies include zero point vibrational 

energy (ZPE) corrections, obtained from the calculated harmonic vibrational frequencies which 

have been scaled by a factor of 0.983.39  All calculations were performed using the GAMESS45-46 

quantum chemistry program. 

 The primary purpose of these computations is to determine which species may be present on 

the surface of aluminum nanoparticles and the reactions leading to their formation.  Such 

reactions should be consistent, in the case of NH3 for example, with the observed formation of H2 

during milling, and also account for the absence of other stable product molecules such as N2, 

N2H2, and N2H4.  The approach taken is to first consider the decomposition reactions of a single 

NH3 chemisorbed on the surface of an Al80 cluster, followed by consideration of “bimolecular” 

reactions involving two neighboring chemisorbed ammonia molecules.  A similar approach is 

applied to methylamine to determine which products may form on the nanoparticle surface from 

CH3NH2, and to identify the reactions leading to their formation.  Such reactions must be 

consistent with the experimental observation of H2, CH2NH, and CH3NHCH3 products, as well as 

the absence of other stable species such as NH3, CH4, or CH3CH3. 

III. Results and Discussion 

A.  Aluminum nanoparticles from milling with NH3 
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  To track the progress from millimeter Al flakes to nanoparticles, in one experiment the 

jar was opened to allow particle sampling after each hour of milling, for a total of five hours.  The 

jar was refilled with NH3 after each particle sampling operation, and this was the only NH3 

milling experiment where additional NH3 was added during the milling process.  After milling 

one hour in 3.7 atm of ammonia, the initial 2 grams of aluminum flakes was reduced to a 

homogeneous, gray, metallic-looking powder.  After a second hour of milling the material 

appeared homogeneously black, with no visible metallic luster, suggesting that the particle size 

had been reduced small enough to absorb light efficiently.  Examination after 3, 4, and 5 hours of 

milling showed no further visible changes in the milling products. 

 For comparison, the 1 mm Al flake starting material was also milled in neat argon 

(99.9999%), nitrogen, and hydrogen gases.  In all three experiments, the initial aluminum flakes 

were formed into 1 to 2 mm diameter aluminum spheres with no evidence of smaller particles.  

Because the mass of a ~1 mm sphere is much larger than that of a ~1 mm flake, it is clear that 

cold welding of the aluminum flakes to form larger particles was efficient in these gases. Given 

that Ar certainly does not bind to aluminum, the fact that the three gases had similar effects 

suggests that N2 and H2 also do not bind to aluminum under milling conditions. 

 Another qualitative indication that NH3 binds to, or reacts with the aluminum surfaces is the 

effects on subsequent reactivity of the particles with air and water.   Al nanoparticles are 

pyrophoric in air, and also react violently with liquid water unless their surfaces are passivated.  

Particles milled in ammonia and brought immediately out into the laboratory were not 

pyrophoric, and did not visibly react with liquid water (i.e., no H2 gas generation), indicating the 

presence of a stable passivating layer.  This passivating layer was not completely inert, however, 

because upon exposure to air, the particles, which were a free-flowing powder under inert 

atmosphere, rapidly caked and adhered strongly to the walls of the glass vial used to remove them 

from the glove box.  As shown below, the passivating layer contains NHx functionality, thus it is 

not surprising that the material is hygroscopic. 
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 Particle sizes were analyzed using dynamic light scattering (DLS) to probe suspensions 

prepared by ultrasonicating a small sample of the particles in acetonitrile.  The particle 

suspensions were stable for 15- 30 minutes, suggesting that the surfaces were functionalized such 

that they had at least some compatibility with the polar solvent.  Figure 1 shows the bimodal 

mass-weighted size distribution measured for the ammonia-milled particles.  The mode between 

40 and 100 nm represents ~ 85% of the particle mass (~1.7 g), as reported by the instrument 

software, with the balance of the 2 gram batch consisting of particles in the ~250 – 600 nm range, 

which could either be large particles or aggregates of smaller primary particles.  SEM analysis 

(insets to Fig 1) showed primary particles in the size range from ~75 to ~250 nm.  This is 

somewhat larger than the 40-100 nm size mode that dominates the DLS distribution, but the 

discrepancy may simply reflect the effects of particle shape, which is not taken into account in the 

DLS analysis.  Unlike the large aluminum particles produced by milling in liquid milling agents, 

which had flattened, plate-like shapes,26 the nanoparticles produced byNH3-milling appear three 

dimensional, although they certainly are not spherical. 

 While we were unable to obtain IR spectra showing structure associated with the particle 

surfaces, two types of mass spectrometric analyses provide insight into the reactions of NH3 with 

the aluminum particles, and the nature of species present on the surfaces after milling.  The 

headspace gas for NH3 milling was analyzed before starting milling and after one and two hours, 

with the results shown in Figure 2.  Headspace gas sampling was done on separate milling runs to 

minimize perturbations to the jar atmosphere.  Intensities were corrected for variation of 

sensitivity with mass, based on experiments where H2, NH3, and N2 were leaked into the 

instrument at known pressures.  The mass spectrum prior to milling, i.e., the spectrum of NH3, is 

dominated by peaks at masses 17 and 16.  After one hour of milling, the ammonia peaks are 

substantially attenuated, strong signal is observed for H2 (mass 2), and there is a weak feature at 

mass 28 indicating N2 production.  If ammonia were simply dissociating to form H2 and N2, then 

the H2: N2 peak ratio would be 3:1, rather than the 18:1 ratio observed.  This result indicates that 
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ammonia reacts under milling conditions, with most of the nitrogen binding in some form to the 

aluminum, eliminating hydrogen, and generating a small amount of N2.  After 2 hours of milling, 

there is no significant ammonia left in the headspace.  Interestingly, the N2 peak also disappears, 

indicating that under the late-stage milling conditions, i.e., in an atmosphere of mostly H2, the 

aluminum surfaces can also react with or bind N2 in some fashion. 

 The fact that no NH3 is left in the headspace after ≥ 2 hours of milling allows us to calculate 

the mass fraction of nitrogen in the final particles.  From the jar volume (250 ml) and masses of 

aluminum and WC used, we can estimate the headspace volume at ~235 ml, thus 3.7 atm of NH3 

corresponds to ~0.5 grams of nitrogen.  Assuming that all the nitrogen is bound to the 2 grams of 

nanoparticles formed, nitrogen is seen to make up ~20% of the particle mass.  If this nitrogen 

were all in form of an AlN layer, and we approximate the actual particles by 75 nm diameter 

spherical particles, the AlN layer would be 10 nm thick.  Such a thick layer would certainly 

account for the fact that these particles are not pyrophoric or reactive with water at room 

temperature. 

 TGA-MS was performed to look at desorption of products from the samples as a function of 

temperature.  Separate experiments were done using nitrogen and argon as the furnace purge gas, 

to examine the possibility that aluminum might react with N2 at elevated temperatures.  Figure 3 

shows the mass-loss curves for ammonia-milled aluminum nanoparticles in both argon and 

nitrogen gas flows.  The particles heated in argon begin to lose mass at ~60 C, and then gradually 

lose up to ~11% of their mass as the temperature is ramped to 750 °C.  The curve for heating in 

nitrogen is similar, and although there is slightly less net mass loss, there is no obvious signature 

of nitrogen uptake (see below).  The lack of nitrogen uptake indicates that the as-milled particles 

are passivated with respect to reaction with N2, even when heated above the bulk aluminum 

melting point (660°C).47  

 The other obvious question is what species desorb to account for the relatively large mass 

losses.  The TGA curves show no sharp desorption features, and desorption occurs over a broad 
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temperature range, suggesting that the desorbing species have a wide range of binding energies, 

or that they form by decomposition of the thick capping layer on the particles.  The temperature 

dependences of eight masses monitored during TGA are shown in Figure S1 of the supporting 

information.  The only signals that increase significantly in the temperature range where mass 

loss is observed are for masses 16, 17, and 18.  There is a small desorption feature for mass 18 in 

the temperature range between ~50 °C and ~100 °C, and a much larger feature in the ~250 – 600 

°C range, both attributed to desorption of water.  As shown in Figure 2, the mass spectrum for 

NH3 is dominated by signals for masses 17 and 16, thus those TGA-MS signals are attributed to 

desorption of NH3, which shows a sharp onset at 100 ℃ and continues out to ~650 °C. 

Dissociative ionization of water would contribute ~6% of the mass 17 signal and ~1% of the mass 

16 signal in the range between 250 and 650 °C.  Taking dissociative ionization into account, we 

can estimate that the ~11% total mass loss results from loss of water amounting to ~2% of the 

particle mass, with NH3 accounting for the remaining ~9% mass loss. 

 For both H2O and NH3, desorption observed at low temperatures may result from molecularly 

adsorbed species, however, it is not likely that molecular species would bind strongly enough to 

persist at high temperatures.48    Therefore, we attribute the high temperature desorption of these 

species to recombination reactions of surface functional groups such as OH(ads), O(ads), H(ads), and 

NHx(ads) in or on the capping layer.  There are several likely sources of the oxygen in the NH3-

milled samples, including the oxide layer present on the aluminum feedstock, and reactions with 

trace O2 and H2O in the atmosphere of the glove boxes used to handle and analyze the particles. 

Given that milling in NH3 produces copious hydrogen, it is not unlikely some OH(ads) and H2O(ads) 

is produced by reaction of H or H2 with surface oxygen species. 

 It is useful to consider what the 11% mass loss during TGA implies about structure of the 

particle capping layer.  If we, again, assume the particles can be represented by 75 nm spherical 

particles with bulk Al density, there would be an average of  ~1.3 x 107 atoms/particle, with ~2% 

(~2.7x105 atoms) in the surface layer.  11% mass loss in the form of ammonia and water from 
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such a particle corresponds to roughly 8.5 molecules per Al surface site.  Even given the 

uncertainties introduced by distribution of particle size and shape, it is clear that considerably 

more than a monolayer’s worth of NH3 and H2O desorbs from the particles.  

 It is also interesting to compare the nitrogen loss in TGA with the nitrogen content (20% by 

mass) implied by the NH3 consumption during milling.  NH3 desorption (9% mass loss, of which 

14/17ths is N) removes less than 40% of this initial nitrogen content.  As noted above, 20% N 

content would imply a ~10 nm capping layer if the capping layer were AlN, however, it is clear 

that the capping layer contains OH, NHx, and other groups, i.e., that the layer has AlNxOyHz 

composition.  Upon heating, this layer decomposes to generate NH3 and H2O that desorb, leaving 

behind ~60% of the initial nitrogen content in some non-volatile form (e.g. AlNnOm).   

 XPS was used to probe the chemical state of both the nitrogen and aluminum in the capping 

layer.  A sample of the NH3-milled aluminum particles was transferred to the XPS instrument in 

an N2 atmosphere using the manufacturer’s inert transfer device, and a survey scan is given in 

Figure S2, showing the presence of aluminum, nitrogen, oxygen, and carbon.  The sensitivity 

factors for Al, N, O, and C are 0.193, 0.477, 0.711, and 0.296,49 thus the O and N signals are 

significantly exaggerated relative to those for Al in the raw spectrum.  Carbon originates from 

adventitious adsorbates, probably mostly due to the presence of various solvent vapors in our 

glove box atmosphere.  The signal for oxygen reflects all the sources of oxygen in this 

experiment, including the oxide layer present on the aluminum feed stock and reaction with 

contaminants in the glove box and inert transfer device atmospheres. 

 High resolution region scans of the Al 2p region are shown in Figure 4 both as-introduced 

into the XPS vacuum system, and after light sputtering done in an attempt to reduce the 

contributions from adventitious adsorbates.  Analogous scans over the N 1s region are shown in 

Figure 5.  The energy scale was corrected for shifts due to sample charging based on the O 1s 

peak, assumed to be due to aluminum oxide with binding energy of ~531.6 eV.  The effective 

attenuation length50 for Al photoelectrons in aluminum oxide or aluminum nitride is ~3.2 nm, 
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thus most of the XPS signal originates from the top 6 to 8 nm of the surface layer.  The Al 2p 

spectrum is much broader than the instrumental resolution (~1 eV fwhm), suggesting that Al is 

present in a range of chemical states.  As indicated on the figure, reported Al 2p binding energies 

range from 76.7 – 74.1 eV for aluminum oxides and hydroxides,49, 51-58,59 from ~75 to 73.1 eV for 

aluminum nitrides,55, 57, 60-62 and from ~73 to ~72 eV for metallic Al (Al0).38, 49, 54, 57-58, 61, 63  For the 

un-sputtered sample, the aluminum in the XPS-accessible surface layer is mostly oxidized, with 

binding energies in the range expected for nitrides and oxides/hydroxides, with a tail extending 

into the range expected for metallic Al.  The weakness of the metallic Al signal is not surprising, 

given the results discussed above, which suggest that the AlNxOyHz capping layer is ~10 nm thick 

– enough to almost completely attenuate signal from the underlying Al particle core.  After light 

sputtering, the metallic Al increased slightly, as might be expected due to sputtering of the 

surface layer, however, because the sample has many layers of particles present, additional 

AlNxOyHz is exposed as the top layer of particles is sputtered away. 

 Figure 5 shows the corresponding N 1s region scans with, and without light sputtering.  The 

spectra are broad, again suggesting heterogeneity.  The peak value at ~397 eV is consistent with 

nitride-like nitrogen,32, 49,32, 38, 64-65 and the tail to high binding energy is consistent with NHx-like 

nitrogen.49  There is a small shift to lower binding energy after light sputtering, possibly 

indicating Ar+ impact-induced conversion of NHx-like nitrogen to more nitride-like bonding.   

The C 1s and O 1s high resolution spectra are not particularly informative, but are presented, with 

associated discussion, in the supporting information (Figures S3 and S4).   

 The above results indicate that the NH3-milled particles are capped with a ~10 nm thick 

AlNxOyHz layer in which nitrogen is present in both nitride and amine-like states.  Amine-like 

nitrogen on the surface would explain the hygroscopic nature of the particles, by providing sites 

where water can hydrogen bond to the surface.  Because we were unable to observe the IR 

fingerprint of the particles, we tested for amine-like NHx surface functionality by reacting the 

particles with ketones, which might be expected to bind via Schiff base-like chemistry.  Particles 
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were added to neat 3-pentanone or acetophenone and ultrasonicated for one hour.66-67  The excess 

ketone was rinsed away by repeatedly (three times) suspending the material in acetone, 

centrifuging particles out of suspension, and discarding the supernatant.  As shown Figure S5, 

ammonia-milled particles exposed to 3-pentanone or acetophenone were dispersible in n-hexane 

(samples a and d), as would be expected if the ketone complexed with the surface.  In contrast, 

the as-milled particles are incompatible with n-hexane, forming a globular mass of precipitate 

(sample b).  For comparison, we also tried interacting the NH3-milled particles with oleic acid by 

simply adding a drop of oleic acid to a vial containing as-milled particles and n-hexane (like 

sample b), then ultrasonicating for 5 minutes, resulting in a stable suspension, as might be 

expected if the acid were hydrogen bonding to the surface.  XPS was used to look for evidence of 

acetophenone binding to the acetone-washed particle surfaces, and Figure S6 shows that 

acetophenone binding resulted in a substantial increase in C 1s signal, and substantial attenuations 

of the N, O, and Al signals, consistent with the presence of a carbonaceous overlayer attenuating 

signal from the underlying particles.  The high resolution Al 2p, N 1s, O 1s, and C 1s spectra for 

the acetophenone-capped particles are given as Figures S7-S10.  For these spectra, the energy 

scale was corrected for possible charging using the sp2 hybridized C 1s signal at 284.8 eV.  The 

Al 2p spectrum shows a strong peak for oxidized aluminum (AlNxOyHz), with a small but distinct 

peak for metallic aluminum.   

B.  DFT results for NH3 interactions with Al80:   

 The structures and energetics of species formed by interaction of NH3 with aluminum were 

probed via calculations for an Al80 cluster with one or more NH3 molecules present.  Ammonia 

forms a weak dative bond to the surface of the Al80 cluster, henceforth denoted as H3N:Al80.  In 

order to assess the variability of the dative binding energies as a function of specific binding site, 

four distinct configurations of NH3 chemisorbed to Al80 were computed.  These local minima 

have binding energies ranging from 8 to 16 kcal mol-1, relative to separated Al80 + NH3, and are 

shown in Figure S11 in the ESI, along with additional description of the results. 
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Fragmentation of NH3:  As an initial investigation into the potential chemical reactivity of 

H3N:Al80, the energetics were computed for N-H bond dissociation and subsequent covalent 

binding of the resulting NH2 and H fragments to Al80, denoted as H2N-Al80-H.  Several local 

minima of this type were found (Figure S12), bound by 17 to 30 kcal mol-1 relative to separated 

NH3 + Al80.  The greater stability of H2N-Al80-H (17 to 30 kcal mol-1) relative to H3N:Al80 (8 to 

16 kcal mol-1) indicates that dissociation of chemisorbed NH3 to form adsorbed H2N and H is 

thermodynamically favored. The products of further N-H fragmentation, leading to chemisorbed 

NH and N species, are shown in Figures S13 and S14, respectively.  As shown, a number of 

minima were found for NHads + 2 Hads products with energies 10.6 to 35.4 kcal mol-1 below the 

reactant energy – in the same energy range as those found for NH2ads + Hads.  Two minima were 

found for Nads + 3 Hads with energies of 12.6 and 14.5 kcal mol-1 with respect to reactants, i.e., 

complete dissociation is energetically uphill compared to NH2ads + H and NHads + 2Hads. 

 Since N-H bond dissociation in H3N:Al80 to form H2N-Al80-H is exothermic, calculations 

were performed to locate a transition state for this reaction.  A saddle point for this reaction was 

located at 17 kcal mol-1 above the NH3 + Al80 reactants, and the reaction path (IRC) is shown in 

Figures 6 and S15a.  The IRC is not corrected for zero-point energy, but for the reactants, 

transition state, and products, both uncorrected and corrected values are given. Note that the 

reaction is exothermic by 2 kcal mol-1 but that the barrier (31 kcal mol-1 with respect to H3N:Al80) 

is higher than the barrier for simple desorption of ammonia from H3N:Al80 (14 kcal mol-1).  

Therefore, desorption of NH3 has a significantly lower activation energy than N-H dissociation 

via this saddle point.  Note, however, that during milling collisions, adsorbed NH3 may be 

trapped and unable to desorb.  Furthermore, instantaneous temperatures during energetic 

collisions can reach 2000 K,68 driving reactions that would be unlikely under purely thermal 

conditions.  A similar conclusion can be drawn regarding dissociation of adsorbed NH3 via a 

structurally distinct, but energetically similar saddle point which is shown in Figure S15b, where 

the reaction is 5 kcal mol-1 exothermic, but crosses a 30 kcal mol-1 barrier. 
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 The reaction enthalpies and barriers for subsequent N-H fragmentation of chemisorbed NH2-

Al80-H to form NH-Al80-2H, as well as the final N-H fragmentation step leading to chemisorbed 

N-Al80-3H, were also calculated and are described in Figures S16-S18.  The barrier heights for 

these fragmentation reactions, which range from 39 to 62 kcal mol-1, are larger than the 33-35 

kcal mol-1 barrier for the reverse of the initial fragmentation step (H2N-Al80-H → H3N:Al80) and 

are not considered further. 

Formation of H2:   

 H2 is produced by milling Al in NH3 (Fig. 2), and several elementary reactions leading to the 

formation of H2 were considered.  Although we were unable to find a reaction pathway leading to 

the formation of chemisorbed hydrogen atoms with a barrier less than the energy required for 

ammonia desorption, it is, nonetheless, possible that such a channel exists.  For example, it may 

be that at the high NH3 coverages that undoubtedly form during milling under several 

atmospheres of NH3, there are lower energy NH3 dissociation pathways.  Therefore, the reaction 

enthalpy and barrier for recombination of two chemisorbed H atoms to form H2 were calculated, 

with the saddle point and IRC shown in Figure S19.   This reaction is endothermic by 4 kcal mol-1 

and has a barrier of 25 kcal mol-1.  To assess the mobility of chemisorbed hydrogen atoms on the 

cluster surface, reaction paths and barriers for migration of a hydrogen atom between aluminum 

atom binding sites were computed and are shown in Figure S20.  The barrier for H atom 

migration, which ranges from 2 to 17 kcal mol-1, is less than the barrier for recombination (25 

kcal mol-1), i.e., migration should be facile compared to recombinative desorption of H2. 

 The second pathway to H2 considered is 1,1 elimination of H2 from the amino group in 

chemisorbed ammonia, resulting in formation of HN-Al80 + H2.  Several unsuccessful attempts 

were made to locate the saddle point for this process.  However, three distinct local minima 

corresponding to the products formed via this process (HN-Al80 + H2) were located, with binding 

energies ranging from 7 to 24 kcal mol-1 relative to NH3 + Al80 (see Figure S21.)  Therefore, with 
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respect to H3N:Al80, both endothermic and exothermic pathways for 1,1 elimination of H2 are 

possible, although the barriers are unknown. 

 Another possible pathway to H2 might involve reaction of neighboring chemisorbed H and 

NH3 (Figure S22) which was found to be endothermic by1 kcal mol-1 with a small barrier of 12 

kcal mol-1.  A fourth H2 formation mechanism might involve “bimolecular” elimination of H2 

from adjacent chemisorbed ammonia molecules (H3N:Al80:NH3 → H2N-Al80-NH2 + H2,).  As 

seen in Figure S23, this reaction is exothermic by 18 kcal mol-1, however, the saddle point located 

for this reaction lies 28 kcal mol-1 above the 2NH3 + Al80 asymptote, or more than 50 kcal mol-1 

above the H3N:Al80:NH3 energy.  It is, therefore, more energetically favorable for NH3 to simple 

desorb, and because H2 formation via this saddle point is unlikely, the IRC calculations to 

confirm the corresponding reactants and products were not performed.  The final pathway 

considered is bimolecular H2 elimination from two chemisorbed NH2 moieties;  i.e., H2N-Al80-

NH2 → HN-Al80-NH + H2, which was found to be endothermic by 10 kcal mol-1 and for which 

transition state searches were unsuccessful. 

 It is important to note that our DFT calculations were limited to a simplified model of the 

experiments:  Al80 under conditions of low adsorbate coverage, i.e., at most a few NHx or H 

adsorbates/cluster.  Given that NH3 binding to Al80 is found to be energetically favorable, it is 

almost certain that in the experiments, freshly exposed aluminum surfaces are saturated with NH3 

(or fragments thereof) which may significantly change the energetics for NH3 adsorption, 

dissociative chemisorption, and for bimolecular reactions between neighboring adsorbates.  In 

addition, it is clear that as milling continues, a relatively thick AlNxOyHz layer forms, indicating 

that reactions continue well beyond the point of simply producing a saturated monolayer on the 

Al surface.  While it is impractical to include high coverages, impurities, etc. in the DFT model, 

the results, nonetheless, provide insight into the initial reactions of NH3 on aluminum surfaces. 

 The DFT calculations show (Figure S18) that adsorption of NH3 on aluminum is energetically 

favorable, and that dissociation to chemisorbed NH2 + H or NH + 2H can be exothermic, 
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although we were not able to find transition states with energies below the desorption energy of 

H3N-Al80.  Similarly reaction pathways for H2 formation were found that are exothermic (i.e., 1,1 

elimination from chemisorbed NH3 and bimolecular elimination from two NH3 molecules) or 

which have a modest barrier (recombination of two chemisorbed H atoms or elimination from co-

adsorbed H and NH3).  Although the complexity of the system precludes exhaustive searches of 

the large number of potential adsorption geometries and reaction paths, consideration of the DFT 

and experimental results suggests that the initial species formed in interaction of NH3 with 

aluminum are chemisorbed NH3, NH2, and H.  In addition, as discussed further in the supporting 

information, formation of N2, N2H2, and N2H4 via the recombination of chemisorbed species such 

as H, N, NH, and NH2, are highly endothermic processes (~ +42, +103, and +80 kcal mol-1, 

respectively, as shown in  Figure S24.)  This finding is consistent with the experimental 

observation of H2 as the predominant gaseous product, with minimal N2 production in the ball 

milling experiments. 

C. Aluminum nanoparticles produced by milling in MMA. 

 While the fact that ammonia serves as an efficient size-reduction agent in aluminum ball 

milling is interesting, the observation that the resulting particles are heavily passivated by a thick 

AlNxOyHz layer makes the particles less interesting from the fuels perspective.  Particles 

produced in monomethylamine (MMA) atmospheres are more promising.  As noted, the MMA 

vapor pressure is only ~2 atm, and to compensate for the lower initial concentration of reactive 

gas present, the jar was evacuated and refilled with fresh MMA after each hour of milling.  After 

4 hours, the result was conversion of the initial ~2 grams of millimeter aluminum flakes to a 

homogeneous dark black powder that resembled the ammonia-milled particles.  Unlike the 

ammonia-milled samples, however, these particles were pyrophoric, autoigniting within a few 

seconds upon air exposure.  Higher reactivity could result from several factors.  MMA milling 

might result in less thoroughly passivated particles, but it is also possible that smaller particle 

sizes might contribute to the higher reactivity, because small particles have less bulk to dissipate 
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heat generated by surface reactions, and thus are more prone to autoignition.  

 The particle size distribution was measured by DLS, after dispersing the particles in 

acetonitrile, and the result is shown in Figure 7.  The size distribution was bimodal, with a “small 

particle” mode in the 100 to 200 nm range accounting for ~63% of the particle mass, with the 

balance in a mode ranging from ~450 to 900 nm.  SEM of these particles (Figure 7, inset) shows 

what appear to be primary particles in the size range between ~60 nm to ~300 nm, with a few 

ranging up to ~500nm in size.  The particles look relatively smooth, but are elongated and appear 

somewhat flattened.  Given the lack of shape sensitivity of DLS, the agreement with SEM is 

reasonable, and suggests that ~450-900 nm mode seen in DLS consists of aggregates.  Both SEM 

and DLS measurements indicate that the particles produced by MMA milling are somewhat 

larger than those produced in NH3.  We, therefore, conclude that the substantially higher 

reactivity observed for MMA-milled particles is a result of less passivated surfaces, compared to 

particles produced by NH3-milling. 

 Headspace analysis was performed after each hour of milling in MMA, and the results are 

presented in Figure 8.  The MMA molecular mass is 31, however, the largest peak in the mass 

spectrum is mass 30, and to account for fill-to-fill variation in the MMA pressure, each spectrum 

was normalized to constant mass 30 intensity. The “initial” mass spectrum is for MMA prior to 

milling, and is in good agreement with the literature spectrum for MMA,69 with the exception that 

there are a number of barely detectable peaks in the mass 40 to 45 range (see inset), which match 

reasonably well to the expected intensity pattern for dimethylamine.70  Apparently the MMA gas 

either had dimethylamine contamination on the order of 1%, or reacted upon introduction to the 

milling jar to produce it.   

 After one hour of milling, the spectrum is dominated by mass 2, indicating significant 

production of H2, and by peaks due to residual MMA in the milling atmosphere (recall that the 

spectra are normalized to constant mass 30 intensity).  During the second hour of milling (after 

evacuating the jar, and refilling with fresh MMA), H2 was again the major gaseous product.  
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Indeed, the only significant signals in the 2nd hour spectrum were for H2 and residual MMA (the 

mass 15 peak is from dissociative ionization of MMA).  The amount of H2 produced during each 

hour of milling clearly declined with time, such that by the fourth hour, there is little evidence of 

reaction, and only unreacted MMA is present.  Given that MMA appears to react with fresh 

aluminum surfaces generated during size reduction, the implication is that the net production of 

new surface area declines after 2 to 3 hours of milling.  

 In addition to H2 and residual MMA, the 1st hour spectrum shows evidence of a number of 

other gaseous species.  The fact that these peaks are absent in later spectra suggest that their 

source is contaminants, or reaction products of contaminants introduced on the surfaces of the 

aluminum feedstock or milling media, such that they are lost when the jar is evacuated and 

refilled after the 1st hour.  While these are minor products, considering their origins provides 

some insight into the chemistry occurring during milling.  Mass 46 almost has to be either 

C2H6O
+ or N2O

+, and in the former case there would also be a contribution to mass 45.  The high 

intensity at 44 suggests CO2.  Hydrocarbon contaminants (e.g. hexane used for media and jar 

cleaning) would crack to give a variety of CnHm
+ ions, although it should be noted that cracking 

of higher hydrocarbons cannot account for the enhanced signal at masses 44 and 28, or the peaks 

at masses 16 through 18.  The increase, compared to the MMA spectrum, in the relative intensity 

of mass 28 in the 1st hour spectrum is too large to explain as CO+ from CO2, and thus production 

of a small amount of N2, as was seen after the first hour of NH3 milling.  The small peaks at 

masses 12 - 18 are partly attributable to dissociative ionization of MMA and dimethylamine, 

however, there also appears to be some production of methane and water. Methane formation 

might be expected to accompany N2 production, and as shown next, both methane and water 

desorb from the MMA-milled particles when they are heated. 

 As with the ammonia-milled samples, mass spectrometry was used to probe gases desorbing 

from a particle sample as it was heated.  Because the number of potential products is higher for 

MMA, and the TGA-MS instrument only allows a limited number peaks to be monitored, we first 
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examined full desorption mass spectra for temperatures up to 300 °C, in order to identify products 

via fragmentation patterns, and to choose peaks for TGA-MS analysis.  For this measurement, 

~250 mg of particles were collected from the jar after the 4th milling hour, and transferred to a 

vial in the glove box.  The vial was attached to the inlet of the same mass spectrometer used for 

the headspace analysis, evacuated to remove the glove box N2, resealed, and then stepped through 

a series of temperatures, taking a mass spectrum of the desorbed gasses after temperature 

equilibration (Figure 9).  For reference, the spectrum of neat MMA is shown at the bottom of the 

figure.  At 50 ℃, there is already significant signal for products desorbing from the sample.  The 

mass 28 peak, which was allowed to go off scale, is attributed mostly to residual glove box N2, 

which also contributes to mass 14.  Those peaks aside, the mass pattern can be assigned to the 

following desorbing species, in descending order of importance: MMA, H2, water, methane, and 

dimethylamine.  There is also a peak at mass 32, only a few percent of which can be attributed to 

13CH3NH2, suggesting the presence of O2.  Given that these particles are reactive enough with 

oxygen to be pyrophoric in air, it would be surprising if free O2 could exist in the sample.  More 

likely, O2 may have outgassed from the gas line connecting the sample vial to the mass 

spectrometer inlet.  The H2 signal peaks at 100 °C, and by that point, the water, O2, N2, methane, 

and dimethylamine signals decrease substantially.  The H2 signal decreases sharply at 200 °C and 

above, such that the dominant desorption signal is for MMA, with only small amounts of H2, 

water, and methane remaining at 300 °C.   

 The TGA results for MMA-milled aluminum particles in both N2 and Ar purge gases are 

shown in Figure 10.  Mass loss begins at ~60 °C and reaches ~13% by ~500 °C, compared to 

~11% mass loss by ~650 °C for NH3-milled particles (Figure 3).  While the results are 

superficially similar for the NH3- and MMA-milled particles, it is important to note that 80% of 

the mass loss for the MMA-milled particles occurs below 250 °C, compared to ~500 °C for the 

NH3-milled particles.  Clearly the capping layer is more weakly bound in the MMA case.  More 

obviously, when N2 is used as the purge gas, the MMA-milled particles show rapid mass gain 
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starting near the melting point of bulk aluminum (660 ℃).  The small mass gain noted for Ar 

furnace gas is attributed to infiltration of N2 from the surrounding glove box into the TGA. The 

mass gain presumably indicates reaction to form some thermally stable aluminum-nitrogen 

compound. 

 During TGA, the intensities of the mass peaks at 2, 14, 15, 16, 17, 18, 26, 27, 28, 29, 30, 31, 

and 32 were monitored as a function of temperature, and this data set is given in Figures S25 and 

S26.  Masses 30 and 31,which are major peaks for ionization of MMA (see Figure 9, bottom) 

show a desorption feature with onset near 50 °C, peak near 100 °C, and ending near 250 °C.  As 

required if MMA is, indeed, the main desorption product, all the other minor peaks expected for 

MMA ionization (14, 15, 26, and 32 = 13CH3NH2)  also show a similar desorption component.  

Mass 28, which is also a major MMA mass spectral peak, has such high background in the mass 

spectrometer, that it is impossible to observe any increase from desorbing MMA.  Mass 18, which 

is attributed to water desorption, also shows a similar desorption feature, and the mass 16 and 17 

signals, therefore, must have contributions from both MMA and water desorption. 

 The only mass showing a significantly different desorption temperature dependence is mass 

29.  This mass shows a minor feature at low temperatures, as expected from dissociative 

ionization of desorbing MMA, but also a major feature starting at ~375 °C, which is not seen for 

any of the other masses associated with MMA ionization.  The mass 29 ion is almost certainly 

CH2=NH+, suggesting that the molecule desorbing at high temperatures is methanimine, i.e., 

MMA which has lost H2.  This desorption channel was not seen in the mass spectra in Figure 9 

because we were not able to reach high enough temperatures with the glass sample vial.  It is not 

clear if the appearance of this mass at high temperatures results from adsorbed CH2=NH that is 

bound so strongly that it only desorbs above 375 °C, or if this is the temperature where adsorbed 

MMA begins to dehydrogenate.  Unfortunately, the high background/low sensitivity of the TGA-

MS for mass 2 precludes looking for H2 desorption coincident with methanimine desorption.   
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 Because of the extensive fragmentation of MMA, and high background at some masses of 

interest, there is considerable uncertainty in the integrated desorption intensities, however, we can 

say that water, MMA, and methanimine are the main desorption products.  MMA and water, 

which desorb with roughly equal intensities, mostly in the 50 – 250 °C range, account for ~90% 

of the total mass loss, with the balance due to methanimine desorbing  above 375 °C. 

 As with the NH3-milled particles, FTIR characterization failed, however, XPS provides some 

insight into the nature of the MMA capping layer.  As might be expected from the lower 

desorption temperatures seen for the MMA-milled sample in TGA, this sample was found to 

outgas badly in the XPS instrument, and it was necessary to degas the sample before introduction 

into the ultra-high vacuum chamber.  To avoid tying up the XPS load lock chamber for degassing, 

a new sample was prepared and loaded into the inert transfer device in the glove box, and then the 

transfer device was attached to a small vacuum chamber with a base pressure of ~3 x 10-8 Torr.  

The transfer device was then opened in this chamber (leading to an increase in pressure to 1 x 10-7 

Torr), and allowed to pump until the pressure had decreased back to baseline, which took 2 days.  

At that point, the transfer device was sealed, pressurized with Ar, and transferred to the XPS 

instrument.  XPS was obtained immediately after transfer to the instrument, and then to examine 

the effects of air exposure, the sample was moved into the instrument load-lock chamber, briefly 

exposed to laboratory air, then pumped down and then reintroduced to the XPS analysis chamber.  

The post exposure XPS was done using a different area on the sample to avoid potential X-ray 

damage artifacts.  Peak energies were adjusted using the C 1s adventitious peak at 284.8 eV for 

the air-exposed sample.  

 The Al 2p spectra for this sample are presented in Figure 11.  In comparison to the Al 2p 

spectrum for NH3-milled aluminum, the as-transferred (“Inert”) spectrum is considerably sharper, 

with a distinct peak around 72 eV, attributed to Al0 in the particle core, and a somewhat broader 

peak near 74.5 eV in the range expected for aluminum oxides and nitrides.41, 48, 52-53  The distinct 

peak for Al0 suggests that the capping layer is thinner on the MMA-milled particles, although the 
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nitride/oxide component still dominates the spectrum.  The effect of air exposure was modest, 

mostly appearing as a broadening of the metallic aluminum peak in the “Exposed” spectrum.  

Since we know that freshly milled samples of this material are pyrophoric, the small effect 

observed for air exposure in the instrument load lock probably indicates that the sample had 

already received significant exposure to oxidizing contaminants during preparation in the glove 

box and transfer to the XPS instrument, and thus was already largely passivated. 

 The N 1s spectra presented in Figure 12 also show signs that the MMA capping layer is quite 

different that that formed by NH3 milling.  The higher binding energy N 1s component, peaking 

near 399 eV, is in the range expected for organic nitrogen65, 71 and is consistent with the 

observation that intact MMA (and dimethylamine and CH2NH) desorb from this material starting 

at quite low temperatures.  For comparison, the NH3-milled sample (Figure 5) shows no distinct 

feature in this high binding energy range.  The lower binding energy component, peaking near 

397 (~0.5 eV lower than the peak for NH3-milled aluminum), is consistent with binding energies 

reported for metal nitrides.   

 The other major difference is that the amount of nitrogen in the surface layer of the MMA-

milled particles is smaller than for the NH3-milled sample, as can be inferred by comparing 

signal-to-noise ratios of the spectra in Figures 5 and 12.  Integration of the background-subtracted 

spectra shows, in fact, that the XPS-visible N 1s signal is 6 times smaller for the MMA-milled 

sample.   Given the estimate, from NH3 consumption, that the capping layer on the NH3-milled 

particles is ~10 nm thick, the XPS results suggest a capping layer thickness in the ~2 nm range.  

Furthermore, the observation that intact MMA desorbs from these particles at low temperatures 

suggests that a significant fraction is simply molecularly adsorbed to the surface of the particles, 

and this conclusion is supported by the presence of the high binding energy N 1s component in 

Figure 12. 

 After air exposure, the spectrum broadens and shifts slightly to lower binding energy, but the 

relative intensities of the high and low binding energy components is unchanged, presumably 
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reflecting the unavoidable oxygen exposure even in the inert-transferred sample.  C 1s and O 1s 

region spectra for the as-transferred and air-exposed samples are presented Figures S27 and S28.  

Perhaps the only point of interest is that the O 1s intensity does not increase significantly after air 

exposure, again consistent with the idea that the sample was already largely passivated by 

reaction with oxidizing contaminants in the glove box and inert transfer device atmospheres. 

D. DFT results for CH3NH2 + Al80:   

 Similar to the case of ammonia, monomethylamine forms a weak dative bond to the surface 

of the Al80 cluster with a binding energy of 18 kcal/mol, with structure illustrated in Figure S29.  

Starting from this structure, three bond dissociation pathways (N-H, C-H, and C-N bond 

scissions) of chemisorbed monomethylamine, denoted henceforth as MMA:Al80, were 

considered.  The final products of these three reactions are shown in Figure 13.  Dissociation of 

an N-H bond to form chemisorbed CH3NH and H (CH3NH-Al80-H; see Figure 13a) is exothermic 

by 8 kcal mol-1 relative to MMA:Al80.  C-H bond dissociation leading to formation of  (CH2NH2)-

Al80-H (Figure 13b) is endothermic by 2 kcal mol-1 with respect to MMA:Al80.  In contrast, 

cleavage of the C-N bond to form CH3-Al80-NH2 (Figure 13c) is exothermic by 26 kcal mol-1 and 

therefore the most thermodynamically favorable of the three bond dissociation reactions.  

Additional isomers, with energetics, for the dissociation products CH3NH-Al80-H, (CH2NH2)-

Al80-H, and CH3-Al80-NH2 are shown in Figure S30. 

 Saddle points were found for N-H and C-H fragmentation in MMA:Al80, as discussed in the 

supporting information and shown in Figures S31 and S32.  Although calculations to locate the 

saddle point for C-N bond fragmentation in MMA:Al80 to produce CH3-Al80-NH2 were 

unsuccessful, a transition state leading to formation of the latter from (CH2NH2)-Al80-H was 

located and is shown in Figure S33.   Of these three pathways, N-H fragmentation has the lowest 

barrier (26 kcal mol-1.)  Nonetheless, the corresponding saddle point is 8 kcal mol-1 higher in 

energy than separated MMA + Al80, indicating that simple desorption of CH3NH2 from 

MMA:Al80 is a more favorable process than N-H fragmentation.  As discussed above, however, 
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under the instantaneous conditions arising during milling collisions, it is not unlikely that high 

energy reaction channels may be significant.  

 Formation of H2:  As discussed in the ESI, several pathways leading to formation of H2 were 

considered, including (a) H2 elimination from chemisorbed CH3 and NH2, unimolecular H2 

elimination from MMA:Al80, and (c) bimolecular H2 elimination from neighboring chemisorbed 

MMA molecules, MMA:Al80:MMA (see Figures S34-S35.)  Only in the latter instance were 

exothermic pathways found, with the reaction CH3NH2:Al80:NH2CH3 → CH3NH-Al80-NHCH3 + 

H2 having the largest exothermicity, 17 kcal mol-1, and thus representing the most probable means 

of H2 formation.   

 Formation of CH2=NH: As shown above, there is evidence for desorption of methanimine 

(CH2NH) above 375 °C, and discussed in the supporting information, the calculated reaction 

enthalpy to form chemisorbed CH2=NH via a concerted 1,2 elimination of H2 from MMA:Al80 is 

endothermic by 28 kcal mol-1, i.e., well above the desorption energy for intact MMA (see Figure 

S34b.)  In contrast, stepwise H atom elimination, shown in Figure S36, resulting in formation of 

CH2=NH:Al80-2H is endothermic by only 17 kcal mol-1, which is slightly less than the energy 

required for intact desorption of MMA (18 kcal mol-1.)  Regarding the two possible stepwise 

pathways shown in Figure S36, the one occurring via initial C-H fragmentation (panel a) must 

traverse a barrier of 50 kcal mol-1, as illustrated in Figure S32.  In contrast, the stepwise pathway 

via initial N-H fragmentation (panel b in Figure S36) presumably has a barrier similar to that of 

the reaction pathway illustrated in Figure S31 (26 kcal mol-1.)  The latter pathway provides an 

energetically reasonable mechanism for production of CH2=NH, assuming that the unknown 

barrier for elimination of the second H atom (i.e., CH3NH-Al80-H → CH2=NH:Al80-2H) is not 

excessively large.  Furthermore, the two adsorbed H atoms can undergo recombinative desorption 

at high temperatures, providing an additional route to the major H2 product.      

 Formation of CH3NHCH3:  Three elementary bimolecular reactions leading to the formation 

of chemisorbed dimethylamine (DMA:Al80) were considered and are described in the 
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supplementary information (see Figures S37-S39.)   Of these, only one is exothermic (17 kcal 

mol-1, involving the migration of a methyl group from chemisorbed MMA to a neighboring 

chemisorbed –NHCH3 group, resulting in formation of H2N-Al80:DMA. 

 Formation of NH3, CH4, and CH3CH3:  The most direct and plausible routes to formation of 

NH3 and CH4 are via recombination of chemisorbed NH2 + H and CH3+ H, respectively.  

However, a facile pathway leading to chemisorbed NH2 or CH3 starting from MMA:Al80 has not 

been found.  Although formation of chemisorbed NH2 and CH3 could occur by the two-step 

process described earlier; namely, initial C-H fragmentation in MMA:Al80 (Figure S32) followed 

by C-N fragmentation of chemisorbed CH2NH2 (Figure S33,)  the first step in this process must 

traverse a large barrier of 50 kcal mol-1 and therefore is unlikely to occur to a significant extent.  

Even if chemisorbed CH3 were present on the aluminum surface, recombination with a 

chemisorbed H atom to produce CH4 has a calculated barrier of 43 kcal  mol-1, as shown in Figure 

S40, presumably accounting for the minor amount of CH3 observed. 

 Similarly, since the most straightforward route to formation of ethane is via recombination of 

chemisorbed CH3 fragments, the absence of ethane as a product is likewise consistent with the 

unlikelihood of forming chemisorbed CH3.  Although recombination of two chemisorbed methyl 

groups to produce ethane is endothermic by only 7-15 kcal mol-1, the barrier for this process is 

unknown. 

 In summary, the DFT calculations show that adsorption of MMA onto aluminum is 

energetically favorable, with little or no activation energy.  Reactions leading to products such as 

H2, CH2=NH, dimethylamine, and other products were found to be exothermic, or with 

endothermicity in a range accessible at milling temperatures (Taverage  <~380 K).  Many of these 

processes were found to have high activation barriers, however, and we did not identify obvious 

pathways to many of the observed products.  Again, however, we emphasize that the DFT 

calculations were done in the limit of very low adsorbate coverage.  Under the experimental 

conditions, we expect that the surfaces should be saturated by MMA, which is likely to change 
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the energetics for some of the decomposition reactions, and possible open new reaction pathways.  

In addition, the high instantaneous temperatures reached during energetic collisions in the mill,68 

may drive reactions that would be unlikely under purely thermal conditions. 

IV. Conclusions. 

 We previously demonstrated that aluminum nanoparticles can be produced by milling in 

liquid reagents or solutions thereof, which bind to newly created surfaces, lowering the free 

energy of surface creation, and reducing the tendency toward cold-welding.26 Milling in liquids 

that do not bind strongly to aluminum (e.g. alkanes) resulted in no particle production.  The best 

liquid milling agent found was neat acetonitrile, which resulted in efficient particle production, 

but with roughly equal masses of nanoparticles and micron scale particles.  We also examined 

milling with oleic acid and solutions thereof, and in liquid amines (oleylamine and benzylamine), 

and found that while there was efficient production of particles, at most 10% of the product mass 

was nanoparticles.  In contrast, we have shown above that milling in gaseous amines results in 

rapid and exclusive production of nanoparticles, mostly in the 40-100 nm range for NH3, and in 

the 100-250 nm range for MMA.  As also discussed above, milling in H2, Ar, or N2 atmospheres 

resulted in no particle production, but rather lead to cold welding of the aluminum flake feedstock 

to form 1 to 2 mm diameter spheres. 

 The much more efficient size reduction in gaseous amines, compared to liquid milling agents, 

may be influenced by effects such as surface lubrication and evaporative cooling by the liquids, 

however, we propose that the much faster molecular velocities and low viscosity of gaseous 

reactants are also quite important.  Their high diffusion speeds means that a high density of 

reactant molecules is present at internal surfaces of cracks formed by milling impacts, adsorbing 

and thereby reducing the energy required to propagate the cracks (vide infra).  For viscous liquids 

or liquid solutions, delivery of the surface-active molecules to the crack tip may be slow, and for 

bulky molecules (e.g. oleic acid), steric effects will also limit the coverage.  Its small size may 

explain why neat acetonitrile was the best liquid agent found for Al nanoparticle production. 
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 Consider the equilibrium for molecularly adsorbed NH3 and MMA on aluminum surfaces.  

The collision rate for NH3 under the conditions present as milling was started (~3 atm, 350 K) is 

~109 sec-1 per surface aluminum atom, and the analogous rate for MMA is ~4x108 sec-1.  Given 

the calculated binding energies (Edes), ranging from ~8 to ~18 kcal/mol depending on binding site, 

and assuming barrierless first order desorption (𝑘𝑘 = 𝜈𝜈 ∙ exp �− 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑
𝑘𝑘𝑘𝑘
�), with ν ≈1014 sec-1, we can 

estimate that the desorption rates will range from ~109 sec-1 to ~103 sec-1 over the range of binding 

energies.  The ratio of the collision and desorption rates implies that the steady state occupancy 

will be substantial, even for the weakest binding sites, and that the stronger binding sites will 

essentially be saturated within nanoseconds of their initial exposure to the milling gases. 

 The process of converting millimeter flakes to 100 nm particles with aspect ratios similar to 

those shown in Figs. 1 and 7 creates roughly ~25 m2 of new surface area per gram of particles.  

The free energies of aluminum surfaces such as Al(111), Al(110), and Al(210), are reported to be 

in the range of 1.14 to 1.16 J/m2,72-74 and high index/defective surfaces produced by milling are 

likely to have somewhat higher energies.75  1.16 J/m2 corresponds to ~0.55 eV/surface atom, or 

~12.7 kcal/mol of surface atoms.  As discussed above, the calculated energy of the NH3:Al80 

dative bond varies from 8 kcal/mol to 16 kcal/mol, and the MMA:Al80 bond is ~18 kcal/mol.  The 

degree to which adsorption can compensate for the energy required to create new Al surface area 

depends on the coverage.  The calculated structures (Figures S11, S22, S29, S35) suggest that the 

maximum coverage might approach ~ 0.25 to 0.5 NH3 or MMA molecules per Al atom, and such 

coverages are also consistent with comparison of the effective van der Waals diameter of NH3 (~4 

Å),76 and the Al-Al spacings, which are 2.86 Å and 4.04 Å for the (110) surface,77 for example.  

In addition to adsorption of intact NH3 and MMA, however, the production of H2 and other minor 

gaseous products during milling suggest that dissociative adsorption must also occur, and this 

process should result in not only higher coverage but also higher binding energy.  For example, 

our calculations show that NH2 and H adsorb to neighboring Al atoms with net binding energy of 
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up to ~30 kcal/mol – enough to essentially cancel the energy cost of creating new surface area.  

The high adsorption energies, and the fact that both NH3 and MMA are gases able to rapidly 

penetrate small cracks, presumably accounts for why both are such effective milling agents. 

 The DFT calculations found that adsorption of intact NH3 and MMA is exoergic, and that a 

variety of dissociative adsorption processes are also exoergic, however, we were unable to find 

low energy transition states leading these adsorbed decomposition products.  Nonetheless, it is 

clear that there is substantial decomposition of the adsorbed reactants, as shown by copious 

production of H2 during milling, and XPS and TGA results showing that the particles are capped 

with a few nanometers of some material containing aluminum with nitride-like Al 2p binding 

energy, and nitrogen with both nitride and organic nitrogen-like N1s binding energies.  Under the 

high coverages and extreme instantaneous temperature conditions generated in milling, there 

evidently are efficient decomposition pathways. 

 The mass and temperature data from TGA provide additional insight into the nature of the 

particle capping layers.  Both NH3- and MMA-milled particles undergo loss of 10% - 13% of 

their initial masses, corresponding to a few monolayers worth of material desorbing.  In both 

cases, the reactants themselves, i.e., NH3 or MMA, are major desorption products, although there 

is also water for the ammonia-milled particles (Figs. 3 and S1), and CH2NH, (Figs. S25-S26) and 

H2 (Fig. 9) for the MMA-milled particles.  H2 may also be evolved by the NH3-milled sample, we 

were not able to monitor its mass in the TGA-MS experiment. 

 While the desorption behavior is superficially similar for NH3- and MMA- milled particles, 

the temperature dependence of the desorption is quite different.  As shown in Figures 3 and 10, 

mass loss in both cases begins at 60 – 70 °C, however, for the MMA-milled particles ~80% of the 

mass loss occurs below ~250 °C, while for the NH3-milled particles, only ~27% of the mass loss 

occurs below 250 °C, and 80% loss requires heating to ~525 °C.   

 The XPS results for the two samples are also different, and suggest an explanation for the 

differences in desorption behavior.  For the NH3-milled particles, there is relatively little XPS 
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signal arising from Al0 in the particle cores, and there is strong N 1s signal mostly corresponding 

to some nitride-like state.  The TGA and XPS results suggest that the particles are capped with a 

thick layer of some AlNxOyHz composition, with additional NH3 molecularly adsorbed on the 

surfaces.  When heated, such a layer would tend to evolve molecularly adsorbed NH3 at low 

temperatures, and then produce NH3 and H2O by decomposition of the AlNxOyHz layer at high 

temperatures, as is observed.  From the weakness of the XPS Al0 signal, and the ~3.2 nm 

effective attenuation length50 for Al photoelectrons in such a layer, we can estimate that the total 

layer thickness must be ~4 to 5 nm, and it is not surprising that such a thick passivating layer 

would render the particles inert with respect to autoignition in air and toward reaction with N2 at 

high temperatures.   

 For the MMA-milled particles, XPS shows higher Al0 signal from the particle cores 

compared to the NH3-milled case, and the nitrogen signal is roughly equal divided between 

nitride-like and amine-like binding energies.  The MMA-milled particles are also moderately 

pyrophoric, and react with N2 above 650 °C.  The total mass loss is quite similar to that of the 

NH3-milled particles, but occurs at much lower temperatures.  We interpret these results to 

indicate the presence of a relatively thin layer of fully passivated nitride-like aluminum, with a 

substantial amount of MMA molecularly adsorbed on its surface.  A capping layer of such 

structure would give rise to substantial mass loss from molecularly adsorbed MMA at low 

temperatures, with additional MMA and CH2NH being produced at higher temperatures (above 

350 °C) from decomposition/recombination of dissociatively adsorbed species, strongly bound to 

Al, giving rise to nitride-like Al and N XPS binding energies.  The one surprise is that H2 is 

observed to desorb primarily below 100 °C (Figure 9), i.e., far below the temperatures where 

dehydrogenation reactions of adsorbed CHxNHy species might be expected.  We note that copious 

H2 is produced during milling, and it is possible that some becomes physically trapped in the 

layer of MMA bound to the particles, and thus desorbs along with the MMA. 
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Fig. 1 Dynamic light scattering measurement for ammonia milled aluminum 
nanoparticles in acetonitrile suspension.  Insets: SEM image of the aluminum 
nanoparticles.  
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Fig. 2 Mass spectrometry of the headspace before and after one and two hours of 
milling aluminum in an ammonia atmosphere.  Each spectrum was corrected for the 
instrument background, and the spectra are plotted on the same intensity scale. 
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Fig. 3 Thermogravimetric analysis of ammonia milled aluminum nanoparticles 
transferred to a TGA housed in a N2-filled glove box, with different exposures to air 
before analysis 
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Fig. 4. High resolution XPS Al 2p region scan of aluminum nanoparticles milled for 
5 hours in 55 psia of ammonia (NH3): a) non-sputtered b) < 5 sec argon sputtering  
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Fig. 5 High resolution XPS N 1s region scan of aluminum nanoparticles milled for 5 
hours in 55 psia of ammonia (NH3): a) non-sputtered b) < 5 sec argon sputtering Note: 
samples transferred to instrument under argon. 
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Fig. 6.  IRC (blue dots) of chemisorbed NH3 undergoing N-H fragmentation to form chemisorbed NH2 + H, 
excluding zero point energy (ZPE) corrections. The energies, in kcal mol-1, of the stationary points 
(reactant, saddle point, and product) are relative to separated NH3 + Al80.  ZPE-corrected energies are given 
in parentheses.  A portion of the Al80 cluster has been cropped to show the chemisorbed fragments in 
greater detail. 
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Fig. 7 Dynamic light scattering measurement for MMA-milled aluminum particles in 
acetonitrile suspension.  Inset:  SEM image of particles. 
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Fig. 6 Dynamic light scattering measurement for MMA-milled aluminum particles in 
acetonitrile suspension.  Inset:  SEM image of particles. 

Fig. 8.  Mass spectrometric analysis of the headspace during milling of aluminum in 
MMA.  Note that the jar was evacuated and refilled with MMA prior to each hours 
milling.  All spectra are scaled to constant intensity of m/z = 30 
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Fig. 9 Thermal desorption mass spectral analysis of MMA-milled 
aluminum particles 
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Fig. 10. Thermogravimetric analysis of methylamine milled aluminum nanoparticles 
transferred to a TGA housed in a N2-filled glove box.  
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Fig. 11. High resolution X-Ray photoelectron Al 2p region scan of particles milled in 
methylamine for 4 hours, and transferred to the XPS instrument under argon. a) As-
transfer b) exposed to air 
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Fig. 12.  High resolution X-Ray photoelectron N 1s region scan of particles milled in 
methylamine for 4 hours, pressed into a pellet, and transferred to the XPS instrument 
under argon:   a) as transferred in inert atmosphere, b) exposed to air 
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Fig. 13. DFT optimized structures of products resulting from bond dissociation 
of methylamine chemisorbed on Al80. Chemisorbed products following N-H 
bond scission (panel a), C-H bond scission (panel b), and C-N bond scission 
(panel c.) Binding energies are relative CH3NH2 + Al80.  ZPE-corrected 
energies are given in parentheses.  Portions of the Al80 cluster have been 
cropped to show the chemisorbed fragments in greater detail. 
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Fig. S1.  Temperature dependence of the mass spectral intensities during TGA (in argon atmosphere) 

for NH3-milled aluminum nanoparticles, which were transferred under argon to a TGA instrument 

housed in a N2 glove box.  Due to the experimental setup, when the sampling port to the mass 

spectrometer is opened there is a pressure burst, and as a result all masses have a decaying baseline 

reflecting pump down of the ion source.  Desorption signals are seen as positive excursions from this 

decaying baseline.  Because of differences in background signal the intensity scale varies and is labeled 

for each spectrum.  The background signal for all masses was observed to decrease slowly after the 

mass spectral sampling was started, however, only a few masses showed evidence for intensity 

increases in the 100-600 °C range where mass loss was observed (Fig. 3, main manuscript).  Masses 17 

and 16 both show a desorption feature between 100 and 600 °C with intensities matching those 

expected for ionization of ammonia.  There was also a feature for mass 18 in the 250 – 600 °C range, 

suggesting water desorption, which would also contribute a small fraction of the mass 17 signal in this 

temperature range. 
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Fig. S2 XPS Survey scan of non-sputtered, ammonia-milled aluminum nanoparticles 
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Three peaks are fitted to this carbon 1s spectrum. Since this sample is milled in neat 

ammonia, the only sources for carbon are from air exposure, and contamination in the 

milling vessel.  The lid of the milling vessel is stainless steel and the balls are tungsten 

carbide.  There is evidence of wear on the lid of the vessel over the hundreds of hours of 

usage.  It is reasonable that there could be a small amount of carbon contamination 

associated with the milling process, but there is no evidence of other likely contaminants. 

Fig. S3 High resolution XPS C 1s region scan of aluminum nanoparticles milled for 5 

hours in 55 psia of ammonia (NH3): a) non-sputtered b) < 5 sec argon sputtering Note: 

samples transferred to instrument under argon. 
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Fig. S4 High resolution XPS O 1s region scan of aluminum nanoparticles milled for 5 

hours in ammonia (NH3). 
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Fig. S5 Image of ketone functionalized, ammonia milled aluminum nanoparticles suspensions a) 3-

pentanone functionalized, ammonia milled particles in hexanes b) as-milled ammonia milled particles 

in hexanes c) oleic acid functionalized, ammonia milled particles in hexanes d) acetophenone 

functionalized, ammonia milled particles  

a) b) c) d) 
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Fig. S6. X-ray photoelectron survey spectrum of ammonia milled aluminum 

nanoparticles functionalized with acetophenone Note: this survey scan has not been 

argon sputtered 

Distribution A:  approved for public release; distribution unlimited. 6



Fig. S7 High resolution X-Ray photoelectron Al 2p region scan of particles milled in 

ammonia for 5 hours and subsequently functionalized with acetophenone 
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71.6 eV 
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Fig. S8 High resolution X-Ray photoelectron N 1s region scan of particles milled in 

ammonia for 5 hours and subsequently functionalized with acetophenone 
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Fig. S9 High resolution X-Ray photoelectron O 1s region scan of particles milled in 

ammonia for 5 hours and subsequently functionalized with acetophenone 
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Fig. S10 High resolution X-Ray photoelectron C 1s region scan of particles milled in 

ammonia for 5 hours and subsequently functionalized with acetophenone 

286.2 eV 
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Description of DFT results for NH3 + Al80:  Ammonia forms a weak dative bond to the 

surface of the Al80 cluster, henceforth denoted as H3N:Al80.  In order to assess the 

variability of the dative binding energies as a function of specific binding site, four 

distinct configurations of NH3 chemisorbed to Al80 were computed.  These local minima 

have binding energies ranging from 8 to 16 kcal mol
-1

, relative to separated Al80 + NH3,

and are shown in Figure S11. 

As an initial investigation into the potential chemical reactivity of H3N:Al80, the 

energetics of N-H bond dissociation and subsequent covalent binding of the resulting 

NH2 and H fragments to Al80, denoted as NH2-Al80-H, were computed.   Several local 

minima in which the NH2 and H moieties are chemisorbed on the surface of Al80 were 

calculated and found to be bound by 17 to 30 kcal mol
-1

, relative to separated NH3 + Al80,

and are shown in Figure S12.  The greater stability of NH2-Al80-H (17 to 30 kcal mol
-1

)

relative to H3N:Al80 (8 to 16 kcal mol
-1

) indicates that dissociation of an N-H bond in

chemisorbed NH3 to form NH2-Al80-H is thermodynamically favorable. 

Seven local minima obtained by fragmentation of an N-H bond in NH2-Al80-H to form 

three chemisorbed fragments NH and 2H (NH-Al80-2H) were found and are shown in 

Figure S13.  The broad range of binding energies, from 11 to 35 kcal mol
-1

, shows that 
fragmentation of a second N-H bond to form NH-Al80-2H can be endothermic or 

exothermic relative to NH2-Al80-H, depending upon the structural details and specific 

fragment binding sites on the aluminum cluster.  For example, the least stable NH-Al80- 
2H conformer, with a binding energy of 11 kcal mol

-1
, is higher in energy than each of 

the ten NH2-Al80-H local minima shown in Figure S12.  In contrast, the most stable NH-

Al80-2H minimum, with a binding energy of 35 kcal mol
-1

, is lower in energy than each 
of the ten NH2-Al80-H local minima.  Therefore, relative to NH2-Al80-H, formation of 

NH-Al80-2H may be exothermic, though not necessarily in all instances. 

Two structures corresponding to the final fragmentation step, dissociation of NH in NH-

Al80-2H  to form N-Al80-3H, were found and are shown in Figure S14.  The binding 

energies, which range from 13 to 15 kcal mol
-1

, are similar to that of the most stable

conformer of H3N:Al80 (16 kcal mol
-1

,) but are significantly smaller than the most stable

isomers of NH2-Al80-H (30 kcal mol
-1

) and NH-Al80-2H (35 kcal mol
-1

.)  Therefore, from

a purely thermodynamic perspective, fragmentation of chemisorbed NH3 is likely to stop 

at NH-Al80-2H rather than proceed to complete dissociation to N-Al80-3H.   

In order to determine the reaction barriers for the fragmentation steps discussed above, 

saddle point calculations to find the fragmentation transition states were performed, 

followed by IRC calculations to trace the minimum energy reaction path from the 

transition state to reactants and products.  As shown in Figure S15a, a saddle point for N-

H fragmentation of chemisorbed NH3 leading to NH2-Al80-H (reaction R1 shown below) 

was located and is 17 kcal mol
-1

 higher in energy than separated NH3 + Al80.  The

corresponding reactant, product, and IRC are also displayed in Figure S15a, which shows 

that the overall reaction is exothermic by 2 kcal mol
-1

 but traverses a barrier of 31 kcal

mol
-1

.  In contrast, the energy required for simple desorption of ammonia from H3N:Al80

is only 14 kcal mol
-1

.  Therefore, N-H dissociation via this saddle point is unlikely to

occur, even though the overall process is slightly exothermic.  Similar conclusions can be 
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drawn in regard to a structurally distinct but energetically similar saddle point and IRC 

for N-H fragmentation of chemisorbed NH3, for which the reaction barrier and enthalpy 

are 30 and -6 kcal mol
-1

, respectively, as illustrated in Figure S15b.

(R1) H3N:Al80 → H2N-Al80-H 

Likewise, two saddle points were located for the second fragmentation step, in which 

NH2-Al80-H undergoes N-H bond dissociation to form NH-Al80-2H (reaction R2.)  One 

of these transition states has a reaction barrier of 39 kcal mol
-1

 and an exothermicity of 7

kcal mol
-1

, as depicted in Figure S16a.  The 39 kcal mol
-1

 barrier to form NH-Al80-2H is

slightly larger than the 33-35 kcal mol
-1

 barrier of the reverse of reaction R1; i.e.,  NH2-

Al80-H  → H3N:Al80, as shown in Figure S15.  An additional saddle point for reaction R2, 

with a barrier of 45 kcal mol
-1

, is shown in Figure S16b.

(R2) H2N-Al80-H → HN-Al80-2H 

A saddle point for the final fragmentation step, dissociation of the remaining N-H bond in 

NH-Al80-2H to form N-Al80-3H (reaction R3a) 

(R3a) HN-Al80-2H → N-Al80-3H 

is shown in Figure S17a. Reaction R3a has a barrier of 62 kcal mol
-1

, which is

significantly higher than the 45 kcal mol
-1

 of the reverse of reaction R2.  A saddle point

was also located for reaction R3b, which is similar to reaction R3a, but lacks the two 

“spectator” chemisorbed hydrogen atoms. 

(R3b) HN-Al80 → N-Al80-H 

This saddle point, shown in Figure S17b, has a corresponding reaction barrier of 62 kcal 

mol
-1

.

Formation of H2:  The relative energies of all stationary points are summarized in Figure 

S18.  As seen in this figure, the transition state energies become larger with increasing 

number of N-H bond fragmentations.  The reaction enthalpy and barrier for 

recombination of two chemisorbed H atoms to form H2 were calculated, with 

the saddle point and IRC shown in Figure S19.   This reaction is endothermic by 4 kcal 

mol
-1

 and has a barrier of 25 kcal mol
-1

.  Furthermore, in order to assess the mobility of 
chemisorbed hydrogen atoms on the cluster surface, two reaction paths and barriers for 

migration of a hydrogen atom between aluminum atom binding sites were computed and 

are shown in Figure S20.  The barriers for H atom migration, which range from 2 to 17 

kcal mol
-1

, are less than the barrier for recombination (25 kcal mol
-1

), indicating that 
migration is more facile than formation of H2. 
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Several unsuccessful attempts were made to locate the saddle point for 1,1 elimination of 

H2 from H3N:Al80 to form NH-Al80 + H2.  However, three distinct local minima 

corresponding to the products formed via this process (NH-Al80 + H2) were located, with 

binding energies ranging from 7 to 24 kcal mol
-1

 relative to NH3 + Al80 (see Figure S21.)

Therefore, with respect to H3N:Al80, both endothermic and exothermic pathways for 1,1 

elimination of H2 are possible, although the barriers are unknown. 

The lowest barrier pathway to formation of molecular hydrogen was found for reaction 

R4, the elimination of H2 from chemisorbed NH3 and atomic hydrogen: 

(R4) H3N-Al80-H → H2N-Al80 + H2. 

The calculated barrier and reaction enthalpy are +12 and +1 kcal mol
-1

, respectively, as

illustrated in Figure S22. 

Reaction R5, an alternative pathway for the formation of molecular hydrogen in which 

adjacent chemisorbed NH3 molecules undergo “biomolecular” H2 elimination, was also 

considered.    

(R5) H3N:Al80:NH3 → H2N-Al80-NH2 + H2

As illustrated in Figure S23, this reaction is exothermic by 18 kcal mol
-1

.  A saddle point

has been located, presumably for reaction R4, and is also shown in Figure S23.  Because 

the saddle point lies 28 kcal mol
-1

 above the 2NH3 + Al80 energy asymptote, simple

desorption of NH3 is an energetically more favorable process.  Therefore, formation of H2 

via this saddle point is unlikely and thus IRC calculations to confirm the corresponding 

reactants and products were not performed.   

Formation of N2, N2H2, and N2H4:  Assuming the existence of NH2 fragments on the 

nanoparticle surface, recombination of adjacent chemisorbed NH2 moeities to form 

hydrazine might be expected to occur.  However, as seen in Figure S24c, this process is 

calculated to be endothermic by 70 to 90 kcal mol
-1

 and thus unlikely to take place.  
Similarly, recombination of neighboring chemisorbed NH fragments (see Figure S24b,) 
formed via reaction R2, to form diimine (HN-Al80-NH → Al80 + HN=NH) ) is 

endothermic by 102-105 kcal mol
-1

 and thus unlikely to occur.  Finally, formation of N2 
via recombination of neighboring chemisorbed N atoms, the product of reactions R3a,b, 

(N-Al80-N → Al80 + N2) is endothermic by 42-43 kcal mol
-1 (Figure S24a.)  Therefore, 

the energetics of these reactions are qualitatively consistent with the predominant 
formation of H2 with minimal production of N2, and the absence of N2H2 and NH2NH2. 
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Figure S11.  DFT optimized structures of ammonia chemisorbed on Al80.  Energies (in kcal mol
-1

) are

relative to separated NH3 + Al80.  ZPE-corrected energies are given in parentheses.
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Fig. S12. DFT optimized structures of NH2 and H fragments chemisorbed on Al80.  Energies (in 

kcal mol
-1

) are relative to separated NH3 + Al80.  ZPE-corrected energies are given in parentheses.

A portion of the Al80 substrate has been cropped to show the chemisorbed fragments in greater 

detail. 
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Fig. S13. DFT optimized structures of NH +2H fragments chemisorbed on Al80.   Energies (in 

kcal mol
-1

) are relative to separated NH3 + Al80.  ZPE-corrected energies are given in parentheses.  
A portion of the Al80 substrate has been cropped to show the chemisorbed fragments in greater 
detail. 
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Fig. S14. DFT optimized structures of N + 3H fragments chemisorbed on Al80.   Energies (in kcal mol
-1)

1

are relative to separated NH3 + Al80.  ZPE-corrected energies are given in parentheses.  A portion of the Al80 
substrate has been cropped to show the chemisorbed fragments in greater detail. 

Distribution A:  approved for public release; distribution unlimited. 17



Figure S15.  Two transition states and IRCs (blue circles) of chemisorbed NH3 undergoing N-H 

fragmentation to form chemisorbed NH2 + H, excluding zero point energy (ZPE) corrections.    The 

energies, in kcal mol
-1

, of the stationary points (reactant, saddle point, and product) are relative to separated 
NH3 + Al80.  ZPE-corrected energies are given in parentheses.  In panel (b), IRC calculations from the 
saddle point toward the product were unable to proceed past the rightmost point on the IRC plot.  However, 

a geometry optimization starting at this point led to the fully optimized structure shown in the lower right 

corner of the figure.   A portion of the Al80 substrate has been cropped to show the chemisorbed fragments 
in greater detail. Distribution A:  approved for public release; distribution unlimited. 18



Figure S16.  Two transition states and IRCs (blue circles) of chemisorbed NH2 undergoing N-H frag 

mentation to form chemisorbed NH + 2H.  The energies (in kcal mol-1) of the stationary points

(reactant, saddle point, and product)  are relative to separated NH3 + Al80.  ZPE-corrected energies 
are given in parentheses.  A portion of the Al80 substrate has been cropped to show the chemisorbed 
fragments in greater detail. 
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Figure S17.  Two transition states and IRCs (blue circles) of chemisorbed NH undergoing N-H 

fragmentation to form chemisorbed N + H, excluding zero point energy (ZPE) corrections.    The 

energies (in kcal mol-1) of the stationary points (reactant, saddle point, and product)  are relative

to separated NH3 + Al80.  ZPE-corrected energies are given in parentheses.  In panel a), IRC

calculations from the saddle point toward the reactant were unable to proceed past the leftmost 

point on the IRC plot.  However, a geometry optimization starting at this point led to the fully 

optimized structure shown in the upper left corner of the figure. A portion of the Al80 substrate 
has been cropped to show the chemisorbed fragments in greater detail. 
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Figure S18. Energies of chemisorbed NH3, NH2 + H, NH + 2H, N + 3H, NH + H2, N + H + H2, 

and connecting saddle points, relative to separated NH3 + Al80.  Solid lines denote completed  

IRC calculations. 
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Figure S19.  Transition state and IRC (blue circles) for recombination of two chemisorbed H 

atoms to form H2, excluding zero point energy (ZPE) corrections.  Energies (in kcal mol-1) of

the stationary points (reactant, saddle point, and product) are relative to separated H2 + Al80.  
ZPE-corrected energies are given in parentheses.  A portion of the Al80 substrate has been 
cropped to show the chemisorbed fragments in greater detail. 
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Figure S20.  Transition states and IRCs (blue circles) for migration of a chemisorbed H atom 

along the surface of Al80, excluding zero point energy (ZPE) corrections.    The energies (in 
kcal mol-1) of the stationary points (reactant, saddle point, and product) are relative to

separated H2 + Al80.  ZPE-corrected energies are given in parentheses.  A portion of the Al80 
substrate has been cropped to show the chemisorbed fragments in greater detail.   In panel (a)

(panel (b)), the forward and reverse barriers  are 17 and 11 (11 and 2) kcal mol
-1

, respectively.
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Figure S21.  DFT optimized structures of H2 plus chemisorbed NH

.   

Energies (in kcal mol
-1

)

are relative to separated NH3 + Al80.  ZPE-corrected energies are given in parentheses.  A 
portion of the Al80 substrate has been cropped to show the chemisorbed fragments in greater 
detail. 
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Figure S22 .  Transition state and IRC (blue circles) for elimination of H2 from chemisorbed 

NH3 and H, excluding zero point energy (ZPE) corrections.    The energies (in kcal mol-1) of

the stationary points (reactant, saddle point, and product) are relative to separated H2 + Al80.
ZPE-corrected energies are given in parentheses.  A portion of the Al80 substrate has been 
cropped to show the chemisorbed fragments in greater detail. 
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Figure S23.  Transition state and presumed reactants and products for “bimolecular” 

elimination of H2 from neighboring chemisorbed NH3 molecules.  The energies (in kcal 
mol-1) of the stationary points (reactant, saddle point, and product)  are relative to separated

2NH3 + Al80.  ZPE-corrected energies are given in parentheses.  A portion of the Al80 
substrate has been cropped to show the chemisorbed fragments in greater detail. 

Distribution A:  approved for public release; distribution unlimited. 26



Figure S24.  DFT optimized structures of chemisorbed N atoms (N-Al80-N, panel a), NH 

groups (HN-Al80-NH, panel b), and NH2 groups (H2N-Al80-NH2, panel c.)   Energies (in kcal 

mol
-1

) are relative to separated Al80 + N2,  N2H2, and N2H4, respectively.  ZPE-corrected 
energies are given in parentheses.  A portion of the Al80 substrate has been cropped to show 
the chemisorbed fragments in greater detail. 
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 Fig. S25 Tandem MS-TGA, mass-to-charge channels for methylamine-milled aluminum nanoparticles, 

which were transferred under argon to a TGA instrument housed in a N2 glove box.  Note: Because of 

differences in background signal the intensity scale varies and is labeled for each spectrum 
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 Fig. S 26. Tandem MS-TGA, mass-to-charge channels for methylamine-milled aluminum 

nanoparticles, which were transferred under argon to a TGA instrument housed in a N2 glove box.  

Note: Because of differences in background signal the intensity scale varies and is labeled for each 

spectrum 
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The carbon 1s spectra for the sputtered and non-sputtered sample is shown in Figure 

C32.  It is not surprising, that the largest peak for the air exposed sample is at 284. 8 eV, 

which is typically assigned to adventitious carbon.
1
  The low binding energy peak for the

exposed sample is representative of a peak at could potentially be assigned to a metal 

carbide.
2
  However, the only explanation for why the peak increases upon exposure to air,

is a reaction of uncapped surface atoms reacting with adventitious carbon species. 

Evidence of hydrocarbons dissociating on metal defect sites has been reported, and 

therefore this must be considered.
3
  The most probable source for the large C 1s

component of the inert transfer is physisorbed methylamine, and evidence for this 

physisorbed species detected TGA-MS.  
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Fig. S27.  High resolution X-Ray photoelectron C 1s region scan of particles milled in 

methylamine for 4 hours, pressed into a pellet, and transferred to the XPS instrument 

under argon. a) As-transferred b) exposed to air 
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Fig. S28.  High resolution X-Ray photoelectron O 1s region scan of particles milled in 

methylamine for 4 hours, pressed into a pellet, and transferred to the XPS instrument 

under argon. a) As-transfered b) exposed to air 
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CH3NH2 + Al80:  Similar to the case of ammonia, monomethylamine forms a weak dative bond 
to the surface of the Al80 cluster with a binding energy of 18 kcal/mol, as illustrated in Figure 
S29.  Starting from this structure, three bond dissociation pathways (N-H, C-H, and C-N bond 
scissions) of chemisorbed monomethylamine, denoted henceforth as MMA:Al80, are considered.  
The final products of these three reactions are shown in Figure 13.  Dissociation of an N-H bond 
to form chemisorbed CH3NH and H (CH3NH-Al80-H; see Figure 13a) is exothermic by 8 kcal 
mol-1 relative to MMA:Al80.  C-H bond dissociation leading to formation of  (CH2NH2)-Al80-H 
(Figure 13b) is endothermic by 2 kcal mol-1 with respect to MMA:Al80.  In contrast, cleavage of 
the C-N bond to form CH3-Al80-NH2 (Figure 13c) is exothermic by 26 kcal mol-1 and therefore 
the most thermodynamically favorable of the three bond dissociation reactions.  Note that 
additional isomers of CH3NH-Al80-H, (CH2NH2)-Al80-H, and CH3-Al80-NH2 are shown in Figure 
S30. 

A saddle point corresponding to N-H fragmentation in MMA:Al80 leading to formation of CH- 
3NH-Al80-H was located and is shown in Figure S31, which also indicates that the overall reaction 
is exothermic by 8 kcal mol-1 but has a barrier of 26 kcal mol-1.  Furthermore, the energy of the 
saddle point is 8 kcal mol-1 higher than separated MMA + Al80, indicating that simple desorption 
of CH3NH2 from MMA:Al80 is a more favorable process than N-H fragmentation.  Similarly, a C-
H fragmentation saddle point has also been located and is illustrated in Figure S32, which shows 
that this process is endothermic by 2 kcal mol-1 and encounters a large barrier of 50 kcal mol-1.  
Since the saddle point is over 30 kcal mol-1 higher in energy than separated MMA + Al80, IRC 
calculations to confirm the identities of the reactants and products were not performed. 
Calculations to locate the saddle point for C-N bond fragmentation in MMA:Al80 to produce 
CH3-Al80-NH2 were unsuccessful.  However, a saddle point leading to formation of the latter 
from chemisorbed H and (CH2NH2) was found and is shown in Figure S33.  This pathway is 
exothermic by 35 kcal mol-1 and has a barrier of 36 kcal mol-1. 

Formation of H2:  Since C-N bond dissociation of MMA to form chemisorbed CH3 and NH2 is 
the most thermodynamically favorable fragmentation pathway, bimolecular elimination of H2 
from the three possible pairings of CH3 and NH2 was considered (not shown.)  As stated 
previously, the H2 elimination reaction H2N-Al80-NH2 → HN-Al80-NH + H2 is endothermic by 
10 kcal mol-1.  Similarly, H3C-Al80-CH3 → H2C-Al80-CH2 + H2 is endothermic by 28 kcal mol-1 
and H3C-Al80-NH2 → H2C-Al80-NH + H2 is endothermic by 13 kcal mol-1.  Saddle point 
searches for these three H2 elimination reactions were unsuccessful. 

The 1,1 elimination of H2 from the amino group in MMA:Al80, resulting in formation of CH3N-
Al80 + H2 (see Figure S34a,) is endothermic by 9 kcal mol-1.  Since the final products are more 
stable than MMA + Al80, attempts were made to locate the saddle point for this reaction, but 
were unsuccessful.  The 1,2 elimination of H2  from MMA:Al80 to form chemisorbed 
methanimine (CH2=NH:Al80)  + H2 (Figure S34b) is endothermic by 28 kcal mol-1.  Since the 
products are less stable than separated MMA + Al80, this pathway is excluded from further 
consideration as a possible source of molecular hydrogen. 

Next, formation of H2 via single-step elimination reactions involving neighboring chemisorbed 
methylamine molecules (MMA:Al80:MMA) is considered.  One such pathway is shown by 
reaction R6 and is depicted in Figure S35 (panels a and b) in which two amino hydrogen atoms, 
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one from each chemisorbed methylamine, are eliminated and subsequently combine to form H2, 
as shown in reaction R6. 

(R6) CH3NH2:Al80:NH2CH3 → CH3NH-Al80-NHCH3 + H2            

This reaction is exothermic by 17 kcal mol-1 and thus is an energetically favorable pathway to 
formation of H2, to the extent that the reaction barrier is less than the energy required to desorb a 
molecule of methylamine (~18 kcal mol-1.)  The analogous reaction (R7) involving elimination 
of hydrogen atoms from the methyl groups in chemisorbed MMA (Figure S35d) is endothermic 
by 16 kcal mol-1. 

(R7) CH3NH2:Al80:NH2CH3 → (CH2NH2)-Al80-(NH2CH2) + H2            

The cross-elimination reaction R8, involving a hydrogen atom from an amino group and the 
other from a methyl group (Figure S35c,) is exothermic by 3 kcal mol-1.  Thus, the latter two 
bimolecular elimination pathways R7 and R8 are deemed to be less likely sources of H2 than the 
first (R6.) 

(R8) CH3NH2:Al80:NH2CH3 → CH3NH-Al80:NH2CH2 + H2            

In principle, many secondary H2 elimination reactions originating from the chemisorbed products 
of reactions R6-R8 are likewise possible.  However, only one such reaction (R9, shown below) is 
considered in the present work, since this pathway can also account for the formation of 
CH2=NH.  The reaction enthalpy is 65 kcal mol-1 (estimated), and thus unlikely to occur. 

(R9)  CH3NH-Al80-NHCH3 → CH2=NH:Al80:NH=CH2 + H2            

In summary, formation of H2 via elimination reactions of hydrogen from chemisorbed CH3 and 
NH2 is endothermic, as is unimolecular elimination of H2 from MMA:Al80.   However, two 
exothermic pathways for the formation of molecular hydrogen involving bimolecular elimination 
of H2 from neighboring chemisorbed MMA molecules have been identified, although the 
corresponding barriers are unknown. 

Formation of CH2=NH: One possible pathway leading to formation of chemisorbed 
methanimine (Figure S34b) is by unimolecular 1,2 elimination of H2 from MMA:Al80.  However, 
as discussed previously, this reaction is energetically unfavorable and thus unlikely to occur to a 
significant extent.  An alternative, two-step mechanism (reaction R10a) involving stepwise 
dissociation of a C-H bond in MMA:Al80, with subsequent chemisorption of  both fragments 
(CH2NH2 and H), followed by N-H bond dissociation to form CH2=NH:Al80-2H, is found to be 
endothermic by 17 kcal mol-1.  Of course, the order of C-H and N-H bond scissions can be 
reversed (reaction R10b.)  The structures and relative energies of the reactants, intermediates, and 
products of reaction R10 are illustrated in Figure S36. 

(R10a) CH3NH2:Al80 → (CH2NH2)Al80-H → CH2=NH:Al80-2H           

(R10b) CH3NH2:Al80 → CH3NH-Al80-H → CH2=NH:Al80-2H           
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The binding energies of the intermediates in reactions R10a and R10b are 16 and 18 kcal mol-1, 
respectively, which are comparable to that of the reactant (MMA:Al80), 18 kcal mol-1.  The final 
product is marginally more stable than separated MMA + Al80, by 1 kcal mol-1. 

The “bimolecular” pathway, reaction R9 above is another potential route to the formation of 
methanimine, but has a large endothermicity of 65 kcal mol-1 (excluding ZPE corrections.) 

Formation of CH3NHCH3: Several elementary reactions leading to the formation of 
dimethylamine (DMA) are possible.  The first to be considered here is reaction R11, the 
recombination of chemisorbed CH3 and CH3NH (CH3-Al80-NHCH3) leading directly to 
DMA:Al80, as shown in Figure S37.  This reaction is endothermic by 9 kcal mol-1. 

(R11) CH3NH-Al80-CH3 → DMA:Al80 

Similarly, DMA may also be formed in the transfer of a methyl group from one chemisorbed 
NHCH3 ligand to another, resulting in formation of chemisorbed DMA plus an NH ligand, 
as shown in reaction R12 and Figure S38.  This reaction is endothermic by 16 kcal mol-1.

(R12) CH3NH-Al80-NHCH3 → DMA:Al80-NH 

The final DMA-generating reaction to be considered in this study is the migration of a methyl 
group between neighboring chemisorbed monomethylamine and CH3NH, leading to formation of 
chemisorbed DMA and NH2 ligands, as shown in Figure S39 and reaction R13. This reaction is 
exothermic by 17 kcal mol-1 and therefore is the most favorable pathway to formation of DMA. 

(R13)  H-CH3NH-Al80:NH2CH3 → H-DMA:Al80-NH2 

(A “spectator” chemisorbed hydrogen atom is included in reaction R13 to maintain closed shell 
singlet electronic states for computational consistency and convenience.) 
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Fig. S29. DFT optimized structures of monomethylamine chemisorbed on Al80.  The

binding energies (in kcal mol-1) are relative to CH3NH2 + Al80. ZPE-corrected 
energies are given in parentheses.  A portion of the Al80 substrate has been cropped 
to show the chemisorbed fragments in greater detail.  
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Fig. S30. Additional isomers of CH3NH-Al80-H (panel a);  (CH2NH2)-Al80-H (panel b); and CH3-Al80-NH2

(panel c.)  Energies (in kcal mol
-1

) are relative to separated CH3NH2 + Al80.  ZPE-corrected energies are 
given in parentheses.  A portion of the Al80 substrate has been cropped to show the chemisorbed fragments in 
greater detail.  
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Fig. S31. IRC (blue circles) of chemisorbed CH3NH2 undergoing N-H fragmentation to form chemisorbed 

CH3NH + H, excluding zero point energy (ZPE) corrections.    The energies (in kcal mol-1) of the stationary

points (reactant, saddle point, and product) are relative to separated CH3NH2 + Al80.  ZPE-corrected energies 
are given in parentheses.  A portion of the Al80 substrate has been cropped to show the chemisorbed fragments 
in greater detail.  
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Fig. S32. Transition state and presumed reactants and products for C-H fragmentation in chemisorbed 

MMA.  The energies (in kcal mol-1) of the stationary points (reactant, saddle point, and product) are relative

to separated MMA + Al80.  ZPE-corrected energies are given in parentheses.  A portion of the Al80 
substrate has been cropped to show the chemisorbed fragments in greater detail.  
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Fig. S33. IRC (blue circles) of chemisorbed H and (CH2NH2) undergoing concerted C-H recombination and C-

N scission to form chemisorbed CH3 + NH2, excluding zero point energy (ZPE) corrections.    The energies

(in kcal mol-1) of the stationary points (reactant, saddle point, and product)  are relative to separated CH3NH2

+ Al80.  ZPE-corrected energies are given in parentheses.  A portion of the Al80 substrate has been cropped to 
show the chemisorbed fragments in greater detail.  
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Fig. S34. DFT optimized structures of CH3N-Al-80 + H2 (panel a)  and CH2=NH-Al80 + H2 (panel b.)  

Energies (in  kcal mol
-1

) are relative to separated CH3NH2 + Al80.  ZPE-corrected energies are given in 
parentheses.  A portion of the Al80 substrate has been cropped to show the chemisorbed fragments in greater 
detail.  
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Fig. S35. DFT optimized structures of CH3NH2:Al80:NH2CH3 (panel a,) CH3NH-Al-80-NHCH3 (panel b,) 

CH3NH-Al80-(NH2CH2) (panel c,) and (CH2NH2)-Al80-(NH2CH2) (panel d.)   Energies (in kcal mol
-1

) 

are relative to separated 2CH3NH2 + Al80.  ZPE-corrected energies are given in parentheses.  A portion 
of the Al80 substrate has been cropped to show the chemisorbed fragments in greater detail.  
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Fig. S36. DFT optimized structures of CH3NH2:Al-80 → (CH2NH2)Al80-H → CH2=NH:Al80-2H (panel a)  and 

CH3NH2:Al-80 → CH3NH-Al80-H → CH2=NH:Al80-2H (panel b.)  Energies (in  kcal mol
-1

) are relative to 
separated CH3NH2 + Al80.  ZPE-corrected energies are given in parentheses.  A portion of the Al80 substrate 
has been cropped to show the chemisorbed fragments in greater detail.     
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Fig. S37.  DFT optimized structures of CH3NH-Al-80-CH3 (panel a)  and DMA:Al80 (panel b.)  Energies (in 

kcal mol
-1

) are relative to DMA:Al80.  ZPE-corrected energies are given in parentheses.  A portion of the 
Al80 substrate has been cropped to show the chemisorbed fragments in greater detail.    
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Fig. S38.  DFT optimized structures of CH3NH-Al-80-NHCH3 (panel a)  and DMA:Al80-NH (panel b.)  

Energies (in kcal mol
-1

) are relative to DMA:Al80-NH.  ZPE-corrected energies are given in parentheses.  A 
portion of the Al80 substrate has been cropped to show the chemisorbed fragments in greater detail.    
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Fig. S39.  DFT optimized structures of H-CH3NH-Al-80:NH2CH3 (panel a)  and H-DMA:Al80-NH2 (panel 

b.)  Energies (in kcal mol
-1

) are relative to H-DMA:Al80-NH2.  ZPE-corrected energies are given in 
parentheses.  A portion of the Al80 substrate has been cropped to show the chemisorbed fragments in 
greater detail.    
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Fig. S40.  Transition state and presumed reactants and products for recombination of chemisorbed H and CH3 to 

form methane.  The energies of the stationary points (reactant, saddle point, and product)  are relative to 

separated CH4 + Al80.  ZPE-corrected energies are given in parentheses.  A portion of the Al80 substrate has 

been cropped to show the chemisorbed fragments in greater detail. 
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