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Abstract:  

The precise size- and shape-controlled synthesis of monodisperse Al nanocrystals remains 

an open challenge, limiting their utility for numerous applications that would take advantage of 

their size and shape-dependent optical properties. Here we pursue a molecular-level understanding 

of the formation of Al nanocrystals by titanium(IV) isopropoxide-catalyzed decomposition of 

AlH3 in Lewis base solvents. As determined by electron paramagnetic resonance spectroscopy of 

intermediates, the reaction begins with the formation of Ti3+-AlH3 complexes. Proton nuclear 

magnetic resonance spectroscopy indicates isopropoxy ligands are removed from Ti by Al, 

producing aluminum(III) isopropoxide and low-valent Ti3+ catalysts. These Ti3+ species catalyze 

elimination of H2 from AlH3 inducing the polymerization of AlH3 into colloidally unstable low-

valent aluminum hydride clusters. These clusters coalesce and grow while expelling H2 to form 

colloidally stable Al nanocrystals. The colloidal stability of the Al nanocrystals and their size are 

determined by the molecular structure and density of coordinating atoms in the reaction, which is 

controlled by choice of solvent composition.  
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Introduction:  

Colloidally synthesized Al nanocrystals (NCs) have become promising alternatives to 

noble metal NCs for plasmonics as demonstrated by applications ranging from spectroscopic 

detection of unmodified DNA to plasmon-enhanced photocatalysis.1–3 Al NCs support localized 

surface plasmon resonances, or collective oscillations of conduction band electrons, that can be 

tuned from the ultraviolet (UV) to the infrared by controlling the size and shape of Al NCs.4–6 To 

prevent oxidation of the aluminum(III) hydride (AlH3) precursors and metallic Al NCs, the 

synthesis of Al NCs requires air- and water-free conditions.4,7 The synthesis of Al NCs is distinct 

from those of noble metal NCs because a transition metal catalyst, typically titanium(IV) 

isopropoxide (Ti(OiPr)4), is generally required, making AlH3 decomposition analogous to 

polymerization of olefins using Ziegler-Natta catalysts. The challenges of studying this rigorously 

air- and water-free system provide new opportunities to broaden our understanding of shape- and 

size-controlled synthesis of main group, transition metal and alloyed NCs. In general, a variety of 

aspects, such as seed defects, supersaturation, ligands that bind preferentially to particular facets, 

and the colloidal stability of metal atoms, clusters and NCs, determine the size and shape of 

colloidally synthesized NCs.8–12 Recently, cumyl dithiobenzoate-terminated polystyrene ligands 

were used to control the shape of colloidally synthesized Al NCs by supersaturation and selectively 

binding to {100} facets of Al, though the underlying growth mechanism of Al NCs was not 

described in detail.13 Our understanding of the parameters that control NC growth can be advanced 

by the use of analytical techniques such as microscopy and spectroscopy, along with the theoretical 

insight provided by the analysis of spectroscopic signatures.14–16 These approaches also allow us 

to establish an understanding of the formation of complexes between precursors and ligand 

molecules that are responsible for determining the final particle morphology.17–21  
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 In this study, we use 1H nuclear magnetic resonance (NMR) and electron paramagnetic 

resonance (EPR) spectroscopies to probe reaction intermediates and byproducts produced during 

Ti(OiPr)4-catalyzed decomposition of AlH3 in Lewis base solvents. EPR spectroscopy is routinely 

used to provide structural information about organic radicals and transition metal complexes with 

an unpaired electron.22,23 The molecular structures of AlH3 radical anions, radicals with Al-Al 

bonds, and bimetallic titanium(III) aluminum hydrides have been investigated by EPR 

spectroscopy, providing a framework for these results.24–30 A primary characteristic of radicals is 

their g-factor, a measure of the magnetic moment of an unpaired electron in an applied magnetic 

field. The g-factor of main group radicals is close to the value for a free electron (g = 2.0023) but 

deviates for transition metal complexes due to spin-orbit coupling, serving as a spectroscopic 

signature for identification.24–31 Hyperfine splitting may be observed in EPR spectra that arises 

from coupling between unpaired electrons and nuclei, which provides information about the 

molecular structure of radicals.22–31 As most molecules with an unpaired electron are EPR active, 

the radical concentration can be determined by double integration of the EPR spectrum against a 

spin standard. In our case, deconvoluting the EPR absorption spectra based on the g-factor of each 

intermediate enabled determination of their contributions to the EPR signal during Al NC growth. 

Using this data we describe a molecular-level view of the growth of Al NCs from AlH3 and 

Ti(OiPr)4 that is consistent with ensemble growth kinetics and control of Al NC size by choice of 

solvent composition. 

Results and Discussion:  

Molecules of AlH3 are Lewis acids that form adducts with one or two aprotic Lewis bases. 

In these adducts, Al adopts pseudo-tetrahedral or pseudo-trigonal pyramidal molecular geometries 

(Fig. S1).32–35 With Al NCs synthesized using the Ti(OiPr)4-catalyzed approach (Fig. 1A), the 
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formation of adducts between Lewis bases (Fig. 1B) and AlH3 from dimethylethylamine alane 

(DMEAA) influences the final size of the Al NCs (Fig. 1).4 Through transmission electron 

microscope (TEM) imaging and analysis (Fig. 1C), the particles synthesized in 1,4-dioxane were 

found to have an average size of 62 ± 11 nm (number measured (N) = 252), while the average size 

of the particles from tetrahydrofuran (THF) was 157 ± 36 nm (N = 255). This trend in size control 

was also observed when only a stoichiometric amount of tertiary amine ligand, either 

tetramethylethylenediamine (TMEDA) or N-methylpyrrolidone (NMP), in toluene was used as the 

reaction solvent. The Al NCs from the reaction with TMEDA were smaller than those with NMP, 

with average sizes of 101 ± 22 nm (N = 215) and 134 ± 60 nm (N = 228). The histograms associated 

with the size measurements for each reaction solvent are shown in Fig. S2. Despite control over 

NC size by choice of solvent composition, the resulting Al NCs exhibit different shapes, dominated 

by truncated octahedra but also including singly and multiply twinned particles (Fig. 1C). 

      

Figure 1. A. Reaction scheme for the colloidal synthesis of Al NCs by the decomposition of 

DMEAA of with Ti(OiPr)4. B. Molecular structure of the Lewis base ligands used in this study: 
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1,4-dioxane, THF, TMEDA, and NMP. C. Representative TEM images of Al NCs synthesized in 

dioxane (top left) and THF (top right), and with stoichiometric amounts of TMEDA (bottom left) 

and NMP (bottom right) at 40 C. The scale bars are 100 nm. D. 1H NMR spectrum of reagents 

and byproducts during the synthesis of Al NCs in a mixture of deuterated dioxane and THF. 

 

In experimental and theoretical investigations of the dissociative adsorption of H2 by 

metallic Al surfaces, which is conceptually the growth of Al NCs from AlH3 reversed, 

incorporation of Ti into Al surfaces catalyzes H2 splitting.36–40 These studies imply that Al NCs 

synthesized with Ti(OiPr)4 could be doped with metallic Ti atoms. In this situation, all four 

isopropoxy ligands would be removed from Ti(OiPr)4 by AlH3 to generate metallic Ti. However, 

energy-dispersive X-ray spectroscopy of an Al NC synthesized in THF found no Ti within the Al 

NC (Fig. S3). Examination of dried powder samples using X-ray powder diffraction confirmed the 

face-centered cubic lattice of metallic Al, while thermogravimetric analysis under O2 indicated 

that the percentage of metallic Al was ~89% using THF and ~75% with dioxane (Fig. S4).  

Analysis of the reaction intermediates by 1H NMR spectroscopy (Fig. 1D) revealed a small amount 

of Al(OiPr)3 was produced relative to the initial amount of Ti(OiPr)4.
41 Notably, the hydrides of 

the AlH3 precursor had a broad 1H NMR signal at 3.05 ppm that decreased after the addition of 

Ti(OiPr)4, while the signal from dissolved H2 at 4.55 ppm increased (Fig. 1D). Detection of H2 

during the formation of Al NCs verified AlH3 was reduced to metallic Al by Ti3+-catalyzed hydride 

oxidation.42 This data, coupled with the superb plasmonic properties of individual Al NCs, 

provides strong evidence that Ti is not doped into the lattice of Al NCs.4,5 We hypothesize that 

reduced Ti3+(OiPr)3 coordinates with AlH3 and catalyzes elimination of H2, which polymerizes 

AlH3 into low-valent aluminum hydride clusters that coalesce and grow into Al NCs.  
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Figure 2. EPR spectroscopy of Al NCs synthesized in ethers. A. Experimental EPR spectra of 

Ti(OiPr)4 with increasing equivalents of AlH3 in dioxane. B. EPR spectra of Ti(OiPr)4 with 

increasing equivalents of AlH3 in THF. C. Simulations of the EPR spectrum as a function of the 

g-factor for a 1:1 ratio of AlH3 to Ti(OiPr)4 in dioxane (top) and THF (bottom). D. Proposed 

structures of the Ti3+(OiPr)4-AlH3 complexes stabilized by dioxane (top) and THF (bottom). The 

nuclei used to produce the simulated spectra are highlighted with colored spheres while the 

hyperfine splitting values used are presented in Table S1. Mixtures of Ti3+ and Al2+ complexes 

were responsible for the signal while reduced Ti3+-Al2+ complexes that had lost a molecule of H2 

were EPR silent due to spin-exchange coupling. 

 

Initially, Ti(OiPr)4 was EPR inactive with Ti in the +4 oxidation state. After a 

stoichiometric amount of AlH3 was added, the formation of Ti3+(OiPr)4-AlH3 complexes was 

confirmed by EPR spectroscopy in dioxane (Fig. 2A) and THF (Fig. 2B). Simulations of the EPR 

spectra of the 1:1 ratio of Al to Ti (Fig. 2C), indicated that Ti3+(OiPr)4-Al3+H3 complexes having 

a g-factor of 1.952 constituted 90% of the radicals in dioxane and 85 % in THF (Table S1). The 

remaining fraction of the signals was from Ti4+(OiPr)4-Al2+H3 complexes with a g-factor of 1.966. 

The prominent nuclear hyperfine splitting (I = 5/2) of Al2+, in contrast to the lack of nuclear 

hyperfine of Ti3+, supports the presence of Al2+ among these intermediates (Fig. 2C). The 
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molecular structures of the Ti(OiPr)4-AlH3 complexes in dioxane and THF are proposed to contain 

five-coordinated Al atoms (Fig. 2D) based on the simulated EPR spectra, prior EPR investigations, 

and structural analysis of bimetallic Ti3+2H2Al complexes.27–30,42,43 The Ti and Al atoms are 

bridged by two hydrides and an isopropoxy ligand based on the simulated EPR spectra (Fig. 2C) 

and the 1H NMR spectra of the reaction intermediates (Fig. S5A). However, the exact number of 

bridging and terminal hydrides cannot be determined by EPR because simulations with fewer 

hydrides (e.g. from loss of H2) match the experimental spectra. Consistent with other reports, the 

hydrides were not observed at room temperature by 1H NMR.42 In contrast to sterically stabilized 

Ti3+-AlH3 compounds with pseudo-tetrahedral molecular geometry around Al, a bridging 

isopropoxy ligand between Al and Ti increases the valency of Al, pushing the hydrides together 

and predisposing the complex to loss of H2.
42,43 Without the addition of further AlH3, this complex 

is relatively stable, but reacts with AlH3 to facilitate the polymerization of Al atoms into Al NCs 

(Scheme 1). EPR analysis of the formation of Al NCs was accomplished by sequentially adding 

aliquots of DMEAA to the Ti(OiPr)4-AlH3 complex to produce samples with Al:Ti ratios of 2:1, 

3:1, 4:1, 5:1 and 10:1. These spectra are snapshots of the paramagnetic intermediates present 

during Al NC growth. In both solvents, the EPR signal shifted from a narrow signal at ~3400 G (g 

= 1.952) to a broad feature at ~3330 G (g = 1.986) as the ratio of Al to Ti was increased, which 

allowed the reactions to proceed to completion. The formation of Ti3+(OiPr)3 is consistent with the 

appearance of the signal at ~3410 G (g = 1.947) during the later stages of the reactions with higher 

ratios of Al to Ti.   
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Scheme 1. A. Formation of Ti(OiPr)4-AlH3 complex followed by reductive elimination of H2 

and abstraction of an isopropoxy ligand by Al, produces Ti3+(OiPr)3, the active catalyst for 

the growth of Al NCs. B. Representative catalytic cycle of the Ti3+(OiPr)3 with two molecules 

of AlH3 to produce metallic Al2 and three H2 molecules.    
 

The changes in the EPR spectra during the reaction and the observation of H2 by 1H NMR 

indicate that both diamagnetic Ti4+ and Al3+ were reduced to Ti3+ and Al2+ by oxidation of two 

hydride ligands to form one molecule of H2. The proposed mechanism for the generation of the 

active Ti3+ catalyst (Scheme 1A) begins with the reaction of AlH3 with Ti(OiPr)4 (I) to form 

reduced Ti(OiPr)4-AlH3 complexes (II). After reductive elimination of H2 to form III, Al abstracts 

an isopropoxy ligand, generating the active Ti3+ catalyst (IV) for the polymerization of AlH3 and 

elimination of H2 to form metallic Al clusters (Scheme 1B). We propose that Ti3+(OiPr)3 (IV) 

reacts with AlH3 to form V, which releases H2 to form VI. Insertion of additional AlH3 releases 

H2 and generates low-valent titanium-aluminum-hydride (Ti-Al-H) clusters like VII that can 

release H2 and metallic Al while regenerating IV. These steps are consistent with the analogy to 

enzyme kinetics where Ti3+(OiPr)3 serves as the enzyme and AlH3 are the substrates that bind to 

form enzyme-substrate complexes (V-VII) that eventually dissociate into metallic Al clusters and 
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H2 while regenerating Ti3+(OiPr)3.
13 This catalytic cycle controls the rate of Al seeds formation 

and then likely occurs on the surface of growing Al NCs as the concentration of AlH3 is depleted. 

Variable temperature EPR spectroscopy down to ~125K of samples with g-factors of 1.952 

(Ti3+(OiPr)4-AlH3 complex) and 1.986 (signal during Al NC growth) indicated the magnetic 

susceptibilities of each sample was inversely proportional to temperature (Fig. S6). For the  

Ti3+(OiPr)4-AlH3 complex, the signal doubled when cooled, while the EPR signal from Al NC 

growth quadrupled when cooled. We assign the broad signal at ~3330 G (g = 1.986) to the 

existence of low-valent aluminum hydride clusters with Ti3+(OiPr)3 catalysts attached to their 

surface through bridging hydrides and isopropoxy ligands. Though the exact molecular structure 

of these Ti-Al-H clusters is presently unknown, two potential structures contribute to their 

paramagnetic behavior: 1. Ti3+ species on the cluster surface, and 44 2. non-metallic clusters with 

an odd number of electrons.45,46 We rule out the possibility of conduction electron spin resonance 

(CESR) from metallic clusters contributing significantly to the observed spectra because of the 

temperature dependence of the signals (Fig. S6) and because CESR signals from Al metal have a 

g-factor of 1.996.47–49 Similarly, Al radicals have g-factors above 2.00, while bimetallic 

(C5H5)2Ti3+-2H2-AlH2 has a lower g-factor of ~1.990 from spin orbit coupling to the d-orbitals of 

Ti.25–29 Hence, based on these g-factors, the signals with g = 1.986 can only arise from Al clusters 

with Ti3+ catalysts on their surface or an odd number of electrons.44–49 During the later stages of 

the reaction in dioxane (higher ratios of Al to Ti), small hyperfine splitting of 3.0 – 3.4 G was 

observed that was absent from the corresponding spectra in THF. Because 14N has a nuclear spin 

of 1, reactions were performed using TMEDA and NMP (Fig. S7), bidentate and monodentate 

tertiary amine analogues of dioxane and THF, to investigate if this hyperfine splitting was from 
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bidentate coordination of Ti-Al-H clusters. The EPR spectra (Fig. S7) confirm that bidentate 

coordination of Ti-Al-H clusters produces hyperfine splitting during Al NC growth.  

Figure 3. Analysis of integrated EPR spectra from the reactions in dioxane and THF. A. and B. 

Integrated EPR spectra for increasing ratios of Al to Ti as a function of g-factor for reactions in 

dioxane (left) and THF (right). C. and D. Relative abundance of the four paramagnetic species, 

Ti3+(OiPr)4-Al3+H3, Ti4+(OiPr)4-Al2+H3 intermediates, Ti-Al-H clusters, and Ti3+(OiPr)3 as a 

function of Al:Ti ratio. E. and F. g-factors for each of the components identified by deconvolution 

of the integrated EPR spectra as a function of the ratio of Al to Ti in dioxane and THF.  

 

The EPR data was further analyzed by considering the integrated EPR signal intensity as a 

function of g-factor to determine the contributions from Ti(OiPr)4-AlH3 complexes and Ti-Al-H 
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clusters for reactions in dioxane (Fig. 3A) and THF (Fig. 3B). To evaluate the relative abundance 

of each intermediate during the reaction, the absorption EPR spectra were deconvoluted using 

Lorentzian or Gaussian functions centered on their respective g-factors (Fig. S8). Plotting the area 

of the deconvoluted EPR absorption spectra for each species as a function of the molar ratio of Al 

to Ti for reactions in dioxane (Fig. 3C) and THF (Fig. 3D) enabled determination of the relative 

abundance of these intermediates during each EPR snapshot of the formation of Al NCs. As with 

the initial analysis of the EPR spectra (Fig. 2), four paramagnetic species were identified based on 

their g-factors, which were the same in dioxane (Fig. 3E) and THF (Fig. 3F). The four radical 

intermediates detected were assigned as follows: 1. g = 1.956, Ti3+(OiPr)4-Al3+H3 complexes, 2. g 

= 1.966, Ti4+(OiPr)4-Al2+H3 complexes, 3. g = 1.986, Ti-Al-H clusters with odd number of 

electrons, and 4. g = 1.947, solvated Ti3+(OiPr)3 complexes. Note that Ti3+(OiPr)3, the active 

catalyst for the production of metallic Al, appeared after the Ti(OiPr)4-AlH3 complexes, consistent 

with the abstraction of an isopropoxy ligand from Ti(OiPr)4 to generate Ti3+(OiPr)3 (Scheme 1A). 

Comparison of the relative abundance of Ti-Al-H clusters as a function of the ratio of Al to Ti in 

dioxane and THF indicates that the clusters form more rapidly in dioxane than in THF. This data 

suggests that the colloidal stability of Ti-Al-H clusters is higher in dioxane than in THF, resulting 

in the formation of more Al seeds in dioxane compared to THF, which in turn dictates the final 

size of the Al NCs.   
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Figure 4. Kinetics of Al NC formation in ethers. A. UV-visible spectra acquired every five minutes 

during the synthesis of Al NCs in dioxane. B. Value of the extinction at 300 nm plotted as a 

function of time for reactions in dioxane (blue), THF (red), and a 50:50 mix (purple) of THF and 

dioxane. C. Representative TEM images of the Al NCs produced by the reaction in pure THF 

(left), pure dioxane (right) and a 50:50 mixture of THF and dioxane (center). The scale bars are all 

equal to 100 nm. 

 

 

To further investigate the theory that colloidal stability of Ti-Al-H clusters in the solvent 

controls the growth of Al NCs, UV-visible absorption spectroscopy was used to compare the 

relative rates of Al NC formation in dioxane, THF, and a 50:50 mixture (Fig. 4). Initially, Ti(OiPr)4 

was dissolved in the solvent and had absorption in the UV below 330 nm (Fig. 4A, the spectra at 

0 and 5 min overlap). After an aliquot of DMEAA in toluene was injected into the cuvette, the 

reaction immediately turned golden brown and displayed broad absorbance across the visible and 

UV with a shoulder at ~350 nm. Time-dependent density functional theory (TDDFT) calculations 
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of the electronic absorption spectrum of Ti3+(OiPr)4-AlH3 in dioxane have absorption edge at 

~350 nm (Fig. S9), while TDDFT calculations of the optical properties of monolayer-protected Al 

clusters indicate they have absorption edges around ~350 nm that increase as the Al clusters 

become larger.50  From these calculations, we conclude the initially observed broad spectra reflect 

the dynamic mixture of Ti3+(OiPr)4-AlH3 complexes and Ti-Al-H clusters present at the beginning 

of the reaction. After ~10 minutes, production of plasmonic Al NCs was evident from the increase 

in extinction at ~300 nm due to the growing number of light-scattering particles. The relative rate 

of Al NC growth in each solvent was evaluated by comparing the extinction at 300 nm during the 

reactions (Fig. 4B). The data from these reactions (Fig. S10) revealed that Al NC growth was faster 

in THF than dioxane while the average size of particles in THF (118 ± 22 nm) was two times larger 

than the size of the particles from dioxane (63 ± 25 nm), as indicated by TEM (Fig. 4C). 

 

       

Scheme 2. Proposed four-step mechanism for the generation of Al NCs that is governed by 

colloidal stability from Lewis base ligands in the solvent. Brown and gray spheres are low-

valent Ti and Al respectively. Generation of H2 occurs during the growth of Al NCs but has 

been omitted for clarity. 
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 The relative reaction rates and the final sizes of the Al NCs synthesized in dioxane and 

THF (Fig. 4) support the hypothesis that Ti-Al-H clusters have greater colloidal stability in dioxane 

than in THF. The colloidal stability of the clusters influences the time required for each stage of 

the proposed mechanism of Al NC growth (Scheme 2), which influences the amount of seeds 

produced and results in control of Al NC size by choice of solvent composition. After the 

generation of Ti3+(OiPr)3 catalysts, the growth of Al NCs can be described by four steps: 1) 

Formation and coalescence of colloidally unstable Ti-Al-H clusters. 2) Coalescence of colloidally 

unstable clusters into Al seeds with defined crystal structures. 3) The remaining colloidally 

unstable Ti-Al-H clusters and Al seeds coalesce with each other (Al seeds may also coalesce) and 

grow into colloidally stable Al NCs. 4) After Al NCs have become stable colloid in the reaction 

solvent and the unstable Ti-Al-H clusters have been depleted, Al NC growth ends. A self-limiting 

~3-5 nm oxide shell forms after exposure of the Al NCs to ambient conditions, rendering them air-

stable.1,4 With ligands like dioxane and THF, the colloidal stability of Ti-Al-H clusters is largely 

determined by the formation of dative bonds between O and Al atoms. Taking account of their 

densities, dioxane (C4H8O2) has 1.89x more coordinating O atoms than THF (C4H8O) per mL of 

solvent which is inversely related to the average size of the particles produced in reactions with 

dioxane, THF or mixtures of the solvents (Fig. S11). Increasing the density of coordinating atoms 

in the reaction solution, and the ability to coordinate in bidentate manner increases the colloidal 

stability of Ti-Al-H clusters, producing more Al seeds. Since the initial amount of AlH3 was 

constant in the reactions, less Al was left after the formation of seeds in dioxane so smaller Al NCs 

were produced in dioxane than THF, which had fewer seeds and more Al left for growth. Density 

functional theory calculations of the thermodynamically favored structure of metallic Al clusters 

as a function of the number of atoms suggest that Al clusters are not crystalline Al seeds until they 
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contain more than 65 atoms.51 For Al seeds and NCs, the most stable isomers were truncated 

octahedra with the face-centered cubic lattice of Al metal, while a minor fraction consisted of 

singly and multiply twinned particles, consistent with the final shapes of colloidally synthesized 

Al NCs (Fig. 1).51 

To demonstrate the generality of transition metal catalyzed synthesis of Al NCs, reactions 

performed with vanadium(V) isopropoxide (VO(OiPr)3) and titanium(IV) tetrachloride (TiCl4) 

were examined by EPR spectroscopy (Fig. S12). VO(OiPr)3 was selected owing to 99.75% natural 

abundance of 51V nuclei with a nuclear spin of 7/2, while TiCl4 was chosen because both 37Cl and 

35Cl have nuclear spins of 3/2 and account for almost 100% of the natural abundance. The EPR 

spectra of reactions performed with VO(OiPr)3  in dioxane and TiCl4 in toluene show the formation 

of V4+ and Ti3+ radicals after the addition of AlH3. As the ratio of AlH3 to the VO(OiPr)3 or TiCl4 

increased, the spectra shifted and broadened in the same manner as the reactions with Ti(OiPr)4. 

Although Al NCs produced with Ti(OiPr)4, VO(OiPr)3, and TiCl4 in dioxane at 40 C, all had sizes 

of ~60 nm based on TEM imaging, the reactions with TiCl4 were ~4x faster while those with 

VO(OiPr)3 were ~10x slower than Ti(OiPr)4, suggesting that the ligands and the transition metal 

can be selected to tune the activity of the catalyst towards the formation of Al NCs. Notably, the 

polydispersity of the particles was greater with TiCl4 while slower catalysts like VO(OiPr)3 

produced less polydisperse particles with superior plasmonic properties. Using VO(OiPr)3 slows 

the reaction enough that different sized Al NCs can be removed from the reaction as they grow, 

analogous to the synthesis of quantum dots with controlled sizes. As recently demonstrated, the 

ratio of AlH3 to Ti(OiPr)4 is an important parameter that enables control over Al NC size by 

controlling the rate of Al seed formation.13 This molecular-level understanding of the synthesis of 
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Al NCs by Ti3+(OiPr)3 catalyzed decomposition of AlH3 provides new opportunities for the 

rational synthesis of Al NCs of controlled size, shape, and composition.  

Conclusion: 

Through careful analysis of the colloidal synthesis of Al NCs through EPR and 1H NMR 

spectroscopies, a mechanism for the reactions by with Ti(OiPr)4 mediates the polymerization of 

AlH3 into Al NCs has been elucidated. AlH3 is as a single-source precursor for Al metal with 

hydride oxidation into H2, catalyzed by Ti3+(OiPr)3, providing the electrons required to produce 

metallic Al clusters. These clusters are colloidally unstable and coalesce and grow until they reach 

sufficiently large size to become colloidally stable. Ensemble measurements of particle growth 

indicated Al NCs grow more quickly in THF than dioxane owing to the lower colloidal stability 

of Ti-Al-H clusters in THF compared to dioxane, in agreement with the molecular-level 

mechanism of Al NC growth described in this work. By changing the solvent from THF to dioxane, 

the number of coordinating atoms available doubles, improving the colloidal stability of Ti-Al-H 

clusters and producing more Al seeds which results in smaller particles. This research provides a 

conceptual framework for the rational synthesis of Al NCs with controlled size that may help pave 

the route toward shape-controlled synthesis of Al NCs.  

Methods: 

Materials 

All chemicals were purchased from Sigma Aldrich and used as received unless otherwise 

noted. TiCl4 was obtained as a 1.0 M solution in toluene while 0.1 M stock solutions of Ti(OiPr)4 

and VO(OiPr)3 were prepared in toluene. A 0.5 M solution of DMEAA in toluene was the 

molecular Al precursor for all reactions in this work. Anhydrous toluene, 1,4-dioxane, THF, 

TMEDA, and NMP were sparged with N2 before use and stored over molecular sieves. All 
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glassware, including EPR/NMR tubes, cuvettes, vials, and syringes, was dried at 130 °C overnight 

before use. 

Synthesis of Al NCs 

Typical reactions were performed using a Schlenk line under N2 and standard techniques 

for handling air-sensitive materials. For these reactions, the temperature was maintained at 40 °C 

using an oil bath and hotplate with a thermocouple. Generally, 2 mL of DMEAA (0.5 M stock 

solution in toluene) was injected into 8 mL of the appropriate solvent to make a 100 mM solution 

of AlH3 and 0.1 mL of a 100 mM catalyst stock solution was injected once the solution reached 

the desired temperature. Reaction temperatures of 40 °C have been found to produce Al NCs with 

optimal size distributions, presumably because dimethylethylamine, which has a boiling point of 

~37 °C, volatilizes out of the reaction, leaving only the ethers to direct the growth of the Al NCs. 

The reaction was allowed to proceed for two hours with Ti(OiPr)4, 30 min with TiCl4 and 24 hours 

with VO(OiPr)3. To adequately characterize the size and shape of the samples by TEM, the Al 

NCs were washed by adding 20 mL of 50 mM dibutyl phosphate in anhydrous cyclohexane at the 

end of the reaction. Dibutyl phosphate was used to quench unreacted AlH3 in the reactions, limiting 

the formation of extraneous oxide upon exposure to ambient conditions. The aluminum(III) dibutyl 

phosphate byproducts are soluble in hydrocarbons and cyclohexane has minimal absorption in the 

UV so residual cyclohexane molecules do not interfere with optical measurements of the Al NC 

colloids. To wash the Al NCs, they were centrifuged at 1000 ×g for ~5 min and re-suspended in 

~25 mL of IPA followed by centrifugation at 10,000 ×g for ~10 min and re-suspension in IPA 

twice more.   
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TEM imaging 

TEM samples were prepared by drop casting a few µL of Al NCs in IPA onto the carbon 

coated grid. Structural characterization of the Al NCs was performed by TEM with a JOEL 1230 

operating at 80 kV. The average Al NC size was determined from measurements of TEM images 

made using ImageJ software. 

EPR spectroscopy 

While inside of an argon filled glovebox, a 7” screw-capped Suprasil EPR tube with an 

outer diameter of 5 mm (Wilmad) was filled with 0.5 mL of a 10 mM solution of the transition 

metal catalyst in the appropriate solvent and then sealed using a screw cap with a silicon septum. 

The sealed vessels were transported to the X-band EPR spectrometer (Bruker EMX) and a 100 µL 

gas-tight syringe was used to inject aliquots of DMEAA (10 – 50 µLs) into the vessel to initiate 

the production of radical intermediates and the growth of Al NCs. For the EPR measurements, a 

single scan at 1 mW microwave power was acquired at each ratio of AlH3 to transition metal 

compound at room temperature using non-saturating conditions with a modulation amplitude of 

0.1 G and a modulation frequency of 100 kHz. Liquid N2 was used to cool the samples enabling 

measurement of the EPR spectra at various temperatures. Simulations of select EPR spectra were 

performed using Simfonia. Parameters used to for the simulation of experimental spectra are 

presented in Table S1. Details on the deconvolution of the absorption EPR spectra are described 

in Fig. S8.   

1H NMR spectroscopy  

Samples for 1H NMR spectroscopy were prepared in a similar manner as those for EPR 

analysis using the same tubes but using C4D8O (containing tetramethylsilane) and C4D8O2 as the 

solvents and a 20 mM concentration of Ti(OiPr)4. The 1H NMR spectra were acquired using a 
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Bruker 500 MHz NMR at room temperature. A total of 8 scans were collected for each sample. 

Approximately 15 minutes elapsed between scans.  

UV-Visible spectroscopy 

For the analysis of relative reaction kinetics by optical spectroscopy, 10 mL of a 0.1 mM 

solution of Ti(OiPr)4 was prepared by serial dilution in either THF, dioxane, or a 50:50 mixture of 

the two in an argon filled glovebox and 3 mL was added to a UV-grade quartz cuvette with 10 mm 

path length that was sealed with an open-top screwcap and a silicon septum. The sealed cuvette 

was transferred to a Cary 5000 UV-Vis spectrometer with a temperature controller set to 40 °C. 

After 8 min for thermal equilibration, 30 µL of DMEAA (5 mM) was injected into the cuvette to 

initiate the formation of Al NCs and extinction spectrum was recorded every five minutes for an 

hour. The reactions were given four hours to proceed to completion before exposure to ambient 

conditions and washing with dibutyl phosphate stock.  

X-ray spectroscopies  

Energy dispersive X-ray spectroscopy was performed with a JOEL 2100F TEM operating 

at 200 kV. Powder X-ray diffraction spectra of dried Al NCs were measured using Cu K-alpha 

radiation from a Rigaku D/MAX-2100 spectrometer. 

Thermogravimetric analysis 

Dried samples (~1 mg) were heated to ~1100 C in pure oxygen and converted to Al2O3 

with a Q600 Simultaneous TGA/DSC (TA Instruments). The mass gained during the experiment 

was used to determine the initial fraction of metallic Al from reactions in THF and dioxane. 
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