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Abstract: Understanding how solids form is a challenging task, and few strategies allow for the elucidation
of reaction pathways that are useful for designing new solids. Here, we describe an unusual multistep
reaction pathway that leads to the formation of AuCuSn,, a new ternary intermetallic compound that was
discovered as nanocrystals using a low-temperature solution route. The formation of AuCuSn, using a
modified polyol process occurs through a multistep pathway that was elucidated by taking aliquots throughout
the course of the reaction and studying the products using a variety of techniques. The reaction proceeds
through four distinct steps: (a) formation of Au nanoparticles at or near room temperature, mediated by a
galvanic reaction between Au®* and Sn?* (forming Au® and Sn**, precipitated as SnO, that forms a shell
around the nanoparticles), (b) formation of NiAs-type AuSn nanopatrticles, along with Cu and Sn, upon
addition of NaBHj, (c) aggregation and thermal interdiffusion to form AuCu,Sn, alloy nanoparticles, and
(d) nucleation of intermetallic AuCuSn,, which has an ordered NiAs-derived structure. The proposed
mechanism was tested by starting the reaction with the AuSn intermediate. AuSn nanoparticles were
synthesized separately and reacted with Cu and Sn nanoparticles, and ordered AuCuSn, formed as
expected. Elucidation of this reaction pathway has important implications for guiding the design of new
intermetallic solids, as well as for controlling the synthesis of complex multimetal nanocrystals.

Introduction strategies that modify the structures of framework solids in a
» ) ) » stepwise and predictable manner can also be used to generate
~ The ability to understand how solids form s critically e\ solids via consideration of reaction pathwaysderstand-
important for rationally designing new materials, yet the 4 how low-temperature and metastable phases form could
eIumda_tlon of reaction paf[hwayfs remains one pf the mo_st_W|der provide solid-state chemists with mechanistic guidelines for
recognized challenges in solid-state chemistry. Sesiolid rationally designing new solids, in analogy to the retrosynthetic
diffusion is generally the rate limiting step in solid-state strategies routinely used by organic chemists.

reactions, and as a result, high temperatures and long heating e gevelopment of low-temperature solution routes to solid-
times are usually needed to drive the reactions to completion. giate materialé;” including strategies that yield colloidal and
Consequently, it is difficult to piece together the interactions

among the reactants, including the formation of important
intermediates that may be crucial for successfully forming a
desired product. Furthermore, high-temperature reactions often
preclude the formation of metastable and low-temperature phases

that are not accessible under such conditions. The high- Hornbostel, M. D.; Johnson, D. @. Am. Chem. Sod999 121, 3142~
temperature reactions that are required for traditional solid-state @ ?al,“%e”mschegg, H.; Stuckmeyer, S. L.; Hornbostel, M. D.; Johnson, D.
syntheses, although important for generating many useful 5. G MSRE oA 30 (08 e G 507918 266 3665, (o)
materials, have clear limitations in terms of understanding

Schneidmiller, R.; Hornbostel, M. D.; Johnson, D.l@org. Chem1997,
reaction pathways and stabilizing low-temperature and meta- 36 5894-5899. (d) Hornbostel, M. D, Hyer, E. J.; Edvalson, J. H.;
stable structures.

(1) (a) Williams, J. R.; Johnson, M.; Johnson, D.JCAm. Chem. So2001,
123 1645-1649. (b) Oyelaran, O.; Novet, T.; Johnson, C. D.; Johnson,
D. C. J. Am. Chem. Socl996 118 2422-2426. (c)Williams, J. R,;
Johnson, M.; Johnson, D. @. Am. Chem. So@003 125 3489-3592.
(d) Noh, M.; Johnson, C. D.; Hornbostel, M. D.; Thiel, J.; Johnson, D. C.
Chem. Mater.1996 8, 1625-1635. (e) Schneidmiller, R.; Bentley, A.;

Johnson, D. Clnorg. Chem.1997, 36, 4270-4274.
(3) (a) Stein, A.; Keller, S. W.; Mallouk, T. ESciencel993 259, 1558-
. . . 1564. (b) Gopalakrishnan,Ghem. Mater1995 7, 1265-1275. (c) Schaak,
A few general strategies exist for understanding and control-
ling reaction pathways in solid-state systems, and these typically
involve alternative low-temperature techniques. For example,
Johnson and co-workers have used elementally modulated
reactants as a platform for understanding and controlling reaction
pathways in thin film&and also for generating new solids that
are inaccessible using traditional methéd3opochemical
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nanocrystalline solids, provides intriguing opportunities for intermetallic compound. In addition to elucidating a solid-state
studying solid-state formation mechanisms and accessing newreaction pathway and providing a new way of thinking about
structures. Along those lines, #é2 and otherS1> have the synthesis of intermetallic compounds, this work also has
recently begun to explore the formation of nanocrystalline alloys important implications for controlling the synthesis of complex
and intermetallic compounds using low-temperature strategiesnanocrystals.

that differ significantly from traditional high-temperature metal-
lurgical techniques. Building on extensive work by many groups
on the synthesis of metal nanoparticles using the polyol  Chemicals.All chemicals were purchased from Alfa Aesar and were
process$;15-18 we have been able to access a growing library used as received without further processing or purification: HAuCI
of binary!l12 and ternar}® intermetallic compounds using  3Hz0 (99.99%), Cu(@H302)22H,0 (98.0-102.0%), SnGl(anhydrous,
modifications of this approach. The polyol process provides a 99+% min), poly(vinyl pyrrolidone) (PVP, MW= 40 000), NaBH
low-temperature medium for precipitating reduced multimetal (98%), and tetraethylene glycol (TEG, 9%).

compounds as nanoparticles and, like most successful strategies Synthesis of AuCuSa. AuCuSn was synthesized using a modified
for low-temperature solid-state synthesis, avoids sediolid polyol process similar to our previous rep8tBriefly, PVP (175.0

o e > _ mg), Cu(GH30,)2"2H,0 (21.8 mg, 0.1089 mmol), SnC{70.2 mg,
diffusion as the rate-limiting step. As anticipated from the low 0.3703 mmol, 4-fold excess), and HAUGIHO (35.0 mg, 0.0887

temperature nature of the technlqug, the polyol process c_an aIS(?nmol) were dissolved sequentially in 20 mL of TEG with sonication.
be used to generate metal and multimetal nanocrystals with newrpjg sojution was stirred vigorously under bubbling Ar for a few min.
structures, including-Co*® and AMSn, (M = Cu, Ni).10 The solution was then heated to 70, and a freshly prepared solution
AuCuSn is a new ordered ternary intermetallic compound of NaBH, (35 mg in 2-3 mL TEG) was added dropwise to the solution
that was discovered during our initial attempts to synthesize while stirring. After the metals were reduced (within 5 min), the solution
ternary metal nanocrystals using the polyol proc€3se Au— was further heated to 12200°C. Aliquots were extracted during the
Cu—Sn system has been studied in detail under bulk-scale reaction in order to characterize the species present at each step.
equilibrium conditions because of its importance in solder Powders were collected by centrifugation and washed several times
application€® and interestingly, the ordered polymorph of w_ith_ ethanc_)l._Ac_etonitriIe was also used o_ccasionally as acosolyent to
AuCuSH has not been observed at low temperatures €150 aid in precipitating all of the nanocrystalline powder from solution.
400°C).1%However, we discovered that AuCuSorms readily Characterization. Powder X-ray d_iffraction (X.RD) data were
. . . . collected on a Bruker GADDS three-circle X-ray diffractometer using
in solution below 200C using an unusual multistep procé8s;

. . Cu Ko radiation. Transmission electron microscopy (TEM) images,
more common one-step polyol reactions do not yield the new selected area electron diffraction (SAED) patterns, and energy-dispersive

intermetallic phase (Supporting Information, Figure S1). Im- x_ray analysis (EDS) were collected using a JEOL JEM-2010 TEM.
portantly, we have been able to probe the formation mechanismglemental mapping images were acquired using a semi-STEM (STEM
by taking aliquots from the solution at various stages of the = scanning transmission electron microscopy) attachment. Samples
reaction and studying the crystalline and noncrystalline products, were prepared by sonicating the isolated nanocrystalline powders in
as well as the species that remain in solution. The result, ethanol and dropping a small volume onto a carbon-coated nickel grid
presented here, is a detailed understanding of an unusuaPr by dropping the reaction solution directly onto the grid. Optical

Experimental Section

multistep reaction pathway that yields nanocrystals of a new SPectroscopy measurements were taken on a Jasco V-53Qisile
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(9) Schaak, R. E.; Sra, A. K.; Leonard, B. M.; Cable, R. E.; Bauer, J. C.; Han,
Y.-F.; Means, J.; Teizer, W.; Vasquez, Y.; Funck, EJSAm. Chem. Soc.
2005 127, 3506-3515.
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Vondrova, M.; Majsztrik, P. W.; Gould, S.; Bocarsly, A. Bhem. Mater.
2005 17, 4755-4757.
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J. Chem.1998 1179-1201.
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spectrometer. Solid-state composition analysis was carried out on a
four spectrometer Cameca SX50 electron microprobe.

Results and Discussion

Reaction Pathway for the Formation of AuCuSn. Figure
1 shows a schematic of the proposed multistep reaction pathway
that was derived from the detailed studies that follow. Initially,
the metal salt precursors and polymer stabilizer are dissolved
in a high-boiling glycol solvent. Next, the polyol solvent is
heated to 70C. This facilitates reduction of the At to Au°
nanoparticles and concomitant oxidation of some of th& Sn
to Srf+, which precipitates as Sp@anocrystals that ultimately
anneal to form a shell around the Au-containing nanopatrticles.
Next, NaBH, is added, which is a strong reducing agent that
immediately reduces the remaining?Srto Srf and converts
the C#* to CWP. In this step, the Au nanoparticles appear to
quickly react with the Sn to form nanocrystals of intermetallic
AuSn. With further heating, the Cunanoparticles begin to
aggregate and interdiffuse into the intermetallic AuSn nano-
crystals, along with the remaining Sn. AuCuSranocrystals
form once the reaction is allowed to proceed to completion,
either by controlling reaction temperature or time.

Step 1. Formation of Au Nanopatrticles.After dissolving
the metal salts and polymer stabilizer in TEG, the solution has
a pale-yellow color (Figure 2a). Upon heating to 70, the
solution containing A8, CU?*, Srt, and PVP develops an
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Figure 1. Schematic of the proposed multistep reaction pathway for the formation of AyGuEBocrystals: (a) metal salt reagents (with PVP in TEG),
(b) formation of Au and Sn@nanoparticles (the small orange spheres represent, $@€ilting from a galvanic reaction betweenAand SA* that forms

Au® and Si*, which precipitates as Sn) (c) formation of NiAs-type AuSn nanoparticles, along with Sn and Cu, (d) aggregation and thermal interdiffusion
to form AuCuSny alloy nanoparticles, and (e) nucleation of intermetallic AuGu8n(c), (d), and (e), the orange-colored shell on the AuSn, A8Guand
AuCuSn nanoparticles, respectively, represents the Seating that forms from annealing the Sn@anoparticles in solution, and it persists throughout
the entire reaction.

AuSn ‘

() (b)
F (heated
I" to 300 °C
| . under Ar)

@iy (@) (i) (iv)

I I (Rh} e (AL
Au
(crystalline
product at
70 °C)
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Intensity (arbitrary units)

400 500 600 700 800 20 30 40 50 60 70 80 90
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Figure 2. (a) Visible absorption spectra showing that the SPR band for
the red-colored solution of Au nanoparticles is centered around 520 nm
and the SPR band for the purple-colored-ATu—Sn solution heated to

70 °C is centered at 555 nm. The SPR peak for the-Bu—Sn solution

is red-shifted relative to that of Au due to the presence of Sr@Doparticles

in solution, which interact with the surface of the Au nanoparticles. The
inset shows a photograph of (i) the metal saltsYACW?", Sr¢t) dissolved

in solution, (ii) the purple-colored solution after heating to°@) (iii) the
heated solution reduced by NaBtand (iv) a control (red-colored) solution

of Au nanoparticles formed by NaBtieduction. (b) Powder XRD pattemns  figyre 3. (a) TEM micrograph for the At Cu—Sn reaction solution heated

for the solid product precipitated from the A€u—Sn reaction solution to 70 °C, showing the presence of Au (larger, high contrast) and,SnO
heated to 70C (bottom) and the same powder annealed at 3DGn a (small, medium contrast) nanoparticles. (b) and (c) Semi-STEM elemental
tube furnace under Ar (top), showing the formation of intermetallic AuSN  mapping data for the TEM micrograph in panel (a), showing that Au is
from the Au-Sn nanocomposite. Tick marks below each pattern represent present in the high contrast areas (b) and Sn is present in the areas of medium
the allowed Bragg reflections for Au (bottom) and NiAs-type AuSn (top).  contrast (c). (The lowest contrast regions represent the background.) The

. . . . SAED pattern in (d) shows an fcc pattern matching that of Au. The TEM
intense-purple color (Figure 2a), which suggests the formation micrograph in (e) shows a close-up of Au nanoparticles surrounded by
of metal nanoparticles that have a visible surface plasmon smaller Sn@ particles (facilitated by solution-phase annealing), and the

resonance (SPR) peak. This is confirmed by -tiNsible micrograph in (f) shows Au nanoparticles that were isolated without SnO
spectroscopy (Figure 2a). Interestingly, when a solution contain- €°21ng PY using low-speed centrifugation.

ing only AL** and PVP is heated to 7 in TEG, no visible  panocrystalline Au (Figure 2b). However, electron microprobe
reaction occurs. However, when reduced with NaBthe analysis of the solid product shows the presence of both Au
solution turns wine red and exhibits a SPR peak centered around,,§ 'sn in a 1.00:0.96 ratio. The Cu content of this sample is
520 nm (Figure 2a), which is consistent with the well-known - pejow the detection limit of the instrument, which indicates that
SPR peak of spherical Au nanoparticiésThe optical data Ay and Sn are incorporated into the product but Cu is not.
suggests subtle but important differences between theu- Careful analysis by TEM reveals several additional details.
Sn sample (purple) and the pure Au sample (red), and theserne TEM micrograph in Figure 3, prepared by dropping the
differences are probgd and understood .by utilizing several purple-colored At-Cu—Sn solution directly onto a TEM grid,
complementary techniques that are described below. shows high-contrast nanoparticles that range in size from 5 to
The powder XRD pattern for the solid product |sola_te_d from 30 nm. The SAED pattern (Figure 3d) shows an fcc pattern
the purple Au-Cu—Sn solution by solvent-induced precipitation — hat is consistent with that expected for Au and also agrees with
and centrifugation, yielding a clear colorless solvent, shows only ina XRD data shown in Figure 2b. However, a significant
(21) (a) Mulvaney, PLangmuir1996 12, 788-800. (b) Link, S.: Wang, Z. L amount of diffuse contrast surrounding the Au nanoparticles
El-Sayed, M. A.J. Phys. Chem. B999 103 3529-3533. "~ implies that other smaller nanoparticles are present in the solid
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product. Qualitative EDS analysis shows that both Auand Sn_ BE )
are present, consistent with the electron microprobe data. & ]

Elemental mapping of the TEM micrograph in Figure 3a shows § h
that Au is only present in the high-contrast regions (Figure 3b), g
whereas Sn is also present in the regions of diffuse contrast &
that surround the Au particles (Figure 3c). This indicates that &
the Au nanoparticles are loosely surrounded by smaller Sn-
containing nanoparticles.

Interestingly, if the TEG solution containing Aty Sr¢+, and o iy
Cu2t is not heated, it also turns purple over a short period of 10 20 30 40 50 60 70 80 90
time (Supporting Information, Figure S2). The same color 2-Theta (degrees)
change occurs when no Cu is present. Considering the standard
reduction potentials of Ati/Au [E° = 1.498 eV vs. standard
hydrogen electrode (SHE)] and 8fSr#+ (E° = 0.151 eV vs. i
SHE), we hypothesize that a spontaneous galvanic reaction &
occurs, in which A& is reduced to Atias SA* is oxidized to |
S, precipitated as Snbecause the reaction is not performed
under rigorously air-free conditions). Furthermore, a higher-
magnification TEM image confirms the presence ef2nm
SnG particles (Supporting Information, Figure S3). Apparently,
Au and SnQ@ nanoparticles are mixed in solution, and they form
a nanoscale composite when the solution is dropped onto a TEM § : AN !
grid (Figure 3a). Importantly, when this solid composite product e EEass SFESEs0 i : i : 5
IS a,nnealed u,nder Ar at 30’(03, the XRD pa,ttem matChe.S that Figure 4. (a) Powder XRD and (b) SAED pattern of the solid product
of intermetallic AuSn (Figure 2b), which is further evidence isolated after heating to 7 and reducing by NaBH Tick marks below
that the Au and Sn are mixed in a 1:1 ratio in the solid product the XRD pattern in (a) represent the allowed Bragg reflections for NiAs-
and in solution. We speculate that the Smémains unreactive ~ YPe AuSn. The TEM micrograph in (c) shows the morphology of the AuSn

L. . . nanocrystals, and (d) shows a representative single AuSn nanocrystal, which
and does not participate in the subsequent steps (as will be

) ~“has a single-crystal core and &2 nm SnQ shell.
shown below). However, its presence (the result of a galvanic ] . .
reaction between Sh and A@*) is the result of a critical of SnG, present in the centrifuged sample is less than the total

reaction that helps to reduce the %uo AW at a much lower ~ @mount of Sn@ present in the system. Although a complete
temperature than would normally occur in a standard polyol galvanic reaction between Snand Au* would require 1.5
reaction. Furthermore, the fact that Au and Sm@noparticles Mol of Sr¥* for every mole of Ad*, the centrifuged sample
can be generated at room temperature implies that the polyold0€s not isolate all of the SnOConsequently, the electron
solvent is not the reducing agent. Rather, this further Supportsmlcroprobe data that shows a 1.00:0.96 ratio of Au/Sn for the

the hypothesis that a galvanic reaction is responsible for the Centrifuged sample is reasonable, based on this analysis.
formation of Au nanoparticle seeds. Taken together, the UVvis, XRD, TEM, and electron

Returning to the UV-visible spectroscopy data shown in Microprobe data are consistent with the initial formation of Au
Figure 2a, the red-shift in the SPR peak for the-ALu—Sn narjopart_lcles via a galvanic reactlo_n betweeri*Aand Sr_%ﬂ
sample relative to that of the Au sample, making the-&u— which ultimately forms Snenanoparticles. Also, the data imply
Sn solution purple instead of red, can be explained by the that Cu is does not participate in the initial reaction.
nanostructure of the sample. The Au nanoparticles are sur- Step 2: Formation of AuSn Nanoparticles. When the
rounded by smaller Snthanoparticles in a pseudo cershell reaction solution turns purple (e.g., reac_:he§(2(br is allowed
composite arrangement. Mulvaney and co-workers have studiedi© "€act at room temperature), a solution of NaBsiadded
this in detail, observing a red-shift of the SPR band as Au dropwise and the AuCu—Sn solution immediately turns dark
nanoparticles are coated by a SreDell; the shift in the SPR browp (Figure 2a), which .|mpI|es reduction of other species in
peak is related to the thickness of the Sr@ating?? In their ~ solution. In control experiments, €uand SA" can both be
system, the Sn@@Au nanoparticle solution is purple instead "eéduced to Ctiand SR nanoparticles, respectively, under these
of red22 which matches what we observe. Indeed, after solution- conditions (7G°C in TEG upon addition of NaBk). The powder
phase annealing of our Se@u nanoparticle mixture, core XRD pattern of the precipitate from this reaction, isolated by
shell SNQ@Au aggregates are clearly observed (Figure 3e). cgntrlfugatlon, showg exclusively the formation oflntgrmetalhc
However, if a low centrifugation speed is used prior to NiAS‘type AuSn (Figure 4a). Indeed, electron microprobe
annealing, the constituent Au nanoparticles can be removed@nalysis of the centrifuged product finds a Au/Sn/Cu ratio of
without the Sn@ coating (Figure 3f), implying that the core 1.00:1.32:0.15, which is consistent with the presence of nano-
shell structure is dynamic in solution rather than fully passivating ¢'yStalline AuSn, some of the Sa@enerated in the first step
the surface. Furthermore, at the intermediate centrifugation (SPecifically, the approximate fraction of the total SriBat is
speeds typically used, the Sp@hat is attached to the Au  Incorporated into a coreshell structure as described below),
nanoparticles can be isolated along with the Au, but some and very little Cu or extra Sn. Indeed, after centrifuging all of

remains in solution because of its small size. Thus, the amountthe solid products, the supernatant retains a brown color, which
is consistent with the presence of small nanoparticles of Cu and

(22) Oldfield, G.; Ung, T.; Mulvaney, PAdv. Mater. 200Q 12, 1519-1522. Sn that remain in solution. No well-defined SPR band is

—212

§—004/211
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observed by UV-visible spectroscopy, but this is not unex-
pected, because Cu nanoparticles smaller than 4 nm do not show
a distinct SPR ped&Rand the SPR band for Sn nanoparticles is
primarily in the UV24 Taken together, these data imply that
the Cu remains in solution and does not appreciably incorporate
into the AuSn product and that reduced Sn nanoparticles are
also present in solution.

TEM micrographs of the AuSn nanoparticles are shown in
Figure 4c. The nanoparticles, which are mostig0 nm but !
range in size from 5 to 40 nm, are generally single-crystal AuSn 10 20 30 40 50 60 70 80 90
and have a clearly defined coershell structure (Figure 4d) that Sl
resuls fom soluton-phase annealing o the Snenopariles  Stie 2 (8 "oneer 10 aters ot pods son s 2 nein,
onto the AuSn surface. (Our previous work with the FeSn highlights th% diffupsion of Cu ané) Sg into the AuSn nanoparticles. TEM
system showed analogous SnGhells on most Sn-based micrographs of the aliquots taken at (b) 85 and (c) 120°C show larger
nanoparticles synthesized using a similar polyol-based ap-AuSn particles that are surrounded by smaller particles, which are likely
proach!?) SAED (Figure 4b) shows the hexagonal NiAs Cu. Sn.and G,
structure expected for the AuSn core. Furthermore, XPS analysis . . )
(not shown) shows the presence of primarily oxidized Sn on MO! of Sn, which agrees well with the proposed reaction
the surface with very little signal from Au or Cu, consistent pathway a_nd the z_amoun_t of Sn it requires.
with a thin coating of Sn@on the majority of the particles. As heating continues in the presence of reduced Sn and Cu,

Based on these data, we propose that the core is intermetallictﬂe partples c?ntmue.tr? |ntera(;t and react, W:'Ch IS T'm'larr] to
AuSn and the shell is amorphous SnO the reaction of Au with Sn to form AuSn. The result is the

This step in the reaction pathway is surprising but important, evo_Ivmg formauo_n_ of AUCKEry alloy nqnopartlcles, Wh'Ch. have
and it is significant for several reasons. First, intermetallic AuSn varlaple composmgns that char_lge W'.th temperature (Flgure_Sa)
forms very quickly at 70C, which is a lower temperature than and time (Supportlng !nformatlorl, Figure S6) as .the reaction
is required to crystallize most other related intermetallics we progresses. Continual incorporation of Sn and Cu into the alloy

have synthesized using similar methd@s2 Second, the fact nanoparticles is likely facilitated by the enhanced diffusivity
that Auyforms first and then converts to AuSn whe’n NaB and reactivity inherent in nanoparticle systeth§he thermal

added implies that the Au nanoparticles are highly reactive with interdiffusion of Cu and Sn into AuSn can be monitored using

the reduced Sn, and that the presence of Au seeds may catalyztBOkW dert);f:fD of tthte solid ptroduct;that asre Is,zgggtft:orln Zl Iquots
the nucleation of intermetallic AuSn. Finally, AuSn crystallizes aken at different temperatures (Figure 5a). € lattice

in the NiAs structure, which is the structure from which ordered gonstants are = 4.'29| A antljlc - 5";’4 A, and the u.nlt' cell d
AuCuSn is derived. The NiAs-type AuSn intermediate may toei(é:)n‘? é’ gff;’?\f Bé im; ZZrAa)S ;nz 'fgr(r;pcer(:tu:ralgénﬁ\crease
provide a structural template for the formation of ordered ~° 5.23 A) This i (;onsisfent with the diffusion of' Cu i’nto
AuCuSn at low temperatures. Taken together, the data presente ) : .

above are consistent with the formation of a ceshell the structure, because Cu is smaller than both Au and Sn. (The

SnG@AuSn intermediate with small Cu and Sn nanopatrticles ![z;:ttlce cfons;antsdo'; trcl:e ;‘ u.C;SrIy .alloi/hai (1j9f? C agree W'tlh
present in solution. ose of ordered AuCugnimplying that diffusion is nearly

e complete by this point and that the composition is close to
Step 3: Interdiffusion to Form an AuCu,Sn, Alloy. At P y this poi position |

this point in the reaction (at 70C and after NaBhlis added), AuCuSn)

the solution appears to contain a mixture of S@AuSn, Cu, TEM micrographs of the AuCu—Sn p_art|cles in the 85
. . ) 120 °C range show larger 3040 nm particles surrounded by
and Sn nanoparticles. As a control experiment, we confirmed

. . . . smaller particles that are typically-3.0 nm in diameter (Figure
that SnQ nanoparticles dispersed in TEG with NaB#b not . ;
convert to SA at temperatures up to 30€C (Supporting 5b,c). EDS mapping confirms that Au, Cu, and Sn are present

Information, Figure S5). Thus, we conclude that the SnO n the clusters of part|cles'(F|gure €). Thus, basgd on the
. . . available data, we hypothesize that the smaller particles on the
nanoparticles do not react or incorporate into the product, so

s . . . periphery of the larger ones are Cu, Sn, o-@n alloys, and
they remain inert in solution. The remainder of the Sn necessary . . . . .
. . that they continually interdiffuse and incorporate into the larger
fo convert AuSn into AuCuSncomes from the Sif that is articles as a function of time and temperature, consistent with
reduced to Shby NaBH,. This conclusion is also consistent P P '

with the large 4-fold excess of 8hthat is used to form thesgvalﬁblle:gr?;aal.tion of Intermetallic AUCUSN,. As the
AuCuSn. Per mole of AuCuSg 1.5 mol of Sn are required to p 2

reduce all o the Al to AL, concomitantly oxidizing SF to  Soieton coninues healing, difusion confirues uni the stor-
S+, An additional mole of Sn is required to reduce and react Y y

with the Au nanoparticles to form AuSn. Another mole of Sn forms. The XRD pattern in Figure 7a shows the characfrensnc

. . . superlattice peaks of the ordered AuCuSitructure, which
(along with one mole of Cu) is required to form AuCuSrom appear above 19%C. Ordered AuCuSncan also be accessed
AuSn. Thus, 3.5 mol of Sn are required based on our proposed pp '

. . ; at temperatures as low as 120, if the solution is heated at
reaction pathway, and 4.0 mol are routinely used. Experimen- this temperature for at lea h (Figure S6). Importantly, the
tally, we found that AuCuSnwill not form with less than 3.6 P 9 - 1mMP Y

Intensity (arbitrary units)

(25) (a) Yin, Y.; Rioux, R. M.; Erdonmez, C. K.; Hughes, S.; Somorjai, G. A.;
(23) Lisiecki, I.; Pileni, M. P.J. Phys. Chem1995 99, 5077-5082. Alivisatos, A. P.Science2004 304, 711-714. (b) Son, D. H.; Hughes, S.
(24) Henglein, A.; Giersig, MJ. Phys. Chem1994 98, 6931-6935. M.; Yin, Y.; Alivisatos, A. P.Science2004 306, 1009-1012.
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AuSn + Sn + Cu
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Figure 8. Powder XRD patterns for the products isolated from the reaction
of a physical mixture of AuSn (along with excess Sn) with a solution of
Cu nanoparticles that were formed ex situ. The patterns show temperature-
dependent changes in lattice constants that are similar to those seen in the
original reaction that began with all of the metal salts in solution.
Intermetallic AuCuSpis formed by 215C, and the reflections in boldface
type highlight the most prominent superlattice peaks of AuGuSn

that ordered AuCuSrtan be formed by first synthesizing AuSn
nanocrystals (in the presence of excess Sn as discussed earlier),
then thermally reacting them in solution with Cu nanoparticles
that are formed ex situ.

In this alternate scenario, HAuCand SnCj are dissolved
Figure 6. (a) TEM micrograph of the product isolated at &5, and semi- in TEG with PVP as a surface stabilizing agent. This solution

STEM elemental mapping data that shows the presence of (b) Au, (c) Cu, IS heated to 70C to form a purple solution similar to that
and (d) Sn in each of the aggregates. formed when all three metal salts were present. As expected
from the reaction pathway, the XRD pattern for the solid product

w ((a) =) isolated from this solution by centrifugation matches that of
= . 8 nanocrystalline Au. Furthermore, TEM micrographs show a
3 S = = @ . . L

] S mixture of Au and Sn@nanoparticles that look similar to the
£ S . i
8 8 A 3 % product isolated from the original three-component system
- 8 5 \T|S (Supporting Information, Figure S4). This unambiguously
2 3 . %f establishes that Cu is not implicated in the first step of the
g 8 JIENS) R reaction. When NaBls added, AuSn nanoparticles are formed,
| B B st again without any Cu present in the solution. In a separate vial,

10 20 30 40 50 60 70 80 a solution of Cu(@Hz0,), and PVP in TEG are reduced with

2 Theta (degrees) : - ; NaBH,, forming a brown solution of Cu nanoparticles. This
Figure 7. (a) Powder XRD pattern of intermetallic AuCusisolated at solution is then added to the solution of AuSn nanoparticles
B s and e tors o o gt RO e, ConANINg excess Sr) and fected to 265 Balh te XRD
prrgr?ﬁ?n:eent superléttice peaks of AuCuySsee ref 10 ftglpdetagils)g(b) TEM pattern (Flgurg 8) a”‘?' the SAED pattern (Figure 9a) for the
micrograph of the AuCuSrpowder isolated at 196C. The inset reveals ~ Pproduct of this reaction match that of the ordered ternary
that the core-shell structure is still present on the final product. AuCuSn structure, which forms after the Cu nanoparticles react
with the AuSn nanoparticles. Furthermore, the progression of
XRD patterns from 130 to 21%C in Figure 8 shows the same
evidence for interdiffusion (e.g., progressive evolution of the
lattice constants) as the original sample. Finally, the AuGuSn
nanoparticles made by this method also contain a,Sf@ll,
consistent with the proposed reaction pathway (Figure 9). Taken

AuCuSn nanocrystals have a cofrshell structure (Figure 7b),
which implies that the Sn©coating does indeed persist
throughout the reaction, as shown schematically in Figure 1.
Testing and Confirming the Reaction Pathway.The results
above, characterizing each of the steps involved in the formation
of ordered AuCuSnnanocrystals, provide compelling evidence ;
that AuCuSh forms by (a) nucleating Au nanoparticles from t09ether, these results prove that AuCu&m be made directly
Au® via a galvanic reaction with Sh, (b) reacting the Au from a physical mixture of AuSn apd Cu nano.partlcl.es (in the
nanoparticles with Sn to form intermetallic AuSn nanocrystals, Presence of excess Sn), and provide compelling evidence that
(c) incorporating the additional Sn and Cu into the AuSn the reaction pathway described in Figure 1 is reliable.
nanocrystals via solution-mediated interdiffusion, and (d) nucle-  Applicability to Other Systems. Although our proposed
ation of the ordered AuCuSmstructure when the 1:1:2 stoichi-  multistep reaction pathway is clearly applicable to the formation
ometry has been reached. If this is indeed the correct reactionof AuCuSn, it is important to consider its generality for other
pathway, it should be possible to begin the reaction at any of systems. As a first step toward this goal, we studied the
the intermediate steps and drive the reaction to completion, e.g. formation of AuNiSn. Although AuNiSr is structurally similar
formation of ordered AuCuSnAccordingly, Figure 8 shows  to AuCuSn,!° the synthesis, stability, and reactivity of metal
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Figure 9. (a) SAED pattern and (b) TEM micrograph of the intermetallic
AuCuSn powder isolated at 218C from the reaction of AuSn with Sn
and Cu.

nanoparticles can often be different for each elerd@at it is
worthwhile to compare the Ni and Cu systems. Like AuCySn
ordered AuNiSpappears to only form in solution from a careful

multistep reaction sequence that is analogous to the one shown

in Figure 1. After dissolving appropriate amounts of HAgCI
3H0, Ni(CoH30,)2-xH20, and SnGlin TEG, the color of the

solution changes from yellow to red-brown as the temperature

is increased to 88C. Powder XRD data for the solid product

isolated from this reaction shows the presence of nanocrystalline

Au (Figure 10), consistent with the first step of the pathway
required to form AuCuSn After adding NaBH, the color
changes to black, and the XRD and SAED patterns are
consistent with those expected for AuSn (Supporting Informa-
tion, Figure S7), although the particles are significantly smaller
than those observed for the AuCySystem. As the temperature

is further increased, the XRD peaks sharpen and shift systemati-

cally with temperature (Figure 10), suggesting diffusion to form
disordered AuNiSn, nanopatrticles. Finally, by 210C, the

characteristic superlattice peaks are clearly evident (Figure 10)

indicating the formation of ordered AuNi&n
The isolation of intermediates that are similar to those
obtained for the AuCuSnsystem imply that the reaction
pathway of AuNiSa is also similar, which gives an indication
of its generality to other new, yet related, systems. We are
currently in the process of testing this reaction pathway with
other systems, and preliminary evidence suggests that it will

(26) (a) Ely, T. O.; Amiens, C.; Chaudret, B.; Snoeck, E.; Verelst, M.; Respaud,
M.; Broto, J.-M.Chem.Mater.1999 11, 526-529. (b) Hyeon, TChem.
Commun.2003 927-934. (c) Cushing, B. L.; Kolesnichenko, V. L.;
O’Connor, C. JChem. Re. 2004 104, 3893-3946. (d) Green, MChem.
Commun 2005 3002-3011.
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Figure 10. Powder XRD patterns for the products isolated as a function
of increasing temperature for the ANi—Sn system. (Bottom) Au
nanoparticles isolated at 8&, (Middle) AuNiSny isolated at 163C, and
(Top) ordered AuNiSpisolated at 210C (the arrow highlights one of the
key superlattice peaks). The dashed lines highlight the peak shifting that
occurs with heating, indicative of interdiffusion.

indeed result in the formation of new nanocrystalline alloys and
intermetallic compounds, including in systems that are structur-
ally and compositionally distinct from the M6Sr, phases. Thus,
we reasonably anticipate that this reaction pathway will be
applicable to other systems. However, even if this particular
reaction pathway turns out not to be overly general, it still
provides important new insights into how nanoparticles combine
in solution, in a controllable manner, to form derivative
compounds with more complex structures and compositions.
As such, it provides guidelines for systematically modifying
the structures and compositions, and thus the properties, of
nanocrystalline intermetallic compounds.

Conclusions

In this paper, we identified and tested a plausible multistep
reaction pathway that results in the formation of a new ternary
intermetallic compound, AuCu$ras nanocrystalline particles.
Our experiments identified four key reaction steps: (a) formation
of a mixture of Au and Sn@nanoparticles mediated by a
spontaneous galvanic reaction betweern*Aand SA*, (b)
formation of Sn@-coated AuSn nanopatrticles, along with small
particles of Cu and Sn, upon NaBkeduction, (c) temperature-
controlled interdiffusion to form AuGn, nanoparticles, and
(d) nucleation of the ordered ternary structure of AuGLSn
which retains a coating of SpOConsistent with this mecha-
nism, AuCuSa can also be formed by starting with the AuSn
intermediate and reacting it with Cu and Sn.

Elucidation of the reaction pathway that is required to form
AuCuSn has several important implications. First, it provides
arare look at the steps involved in the formation of a new solid-

'state compound, and these mechanistic insights could provide

valuable tools for the guided design of other new intermetallic
solids. In particular, the formation of NiAs-type AuSn as an
intermediate is important and may help to template the low-
temperature formation of AuCugrwhich is an ordered variant

of the NiAs structure. Second, it demonstrates a novel strategy

. for studying mechanistic details of solid-state phase formation

at the nanometer scale by combining data from multiple
complementary techniques, including microscopy, spectroscopy,
and diffraction. Although the approach and tools are quite
different from those necessary to elucidate molecular reaction
mechanisms, the result is analogeassystematic piece-by-
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piece look at the interactions of small building blocks to form reducing agents (e.g., NaBy%12 The multistep reaction
a larger structureand has similar implications in terms of pathway presented here provides compelling evidence that a
applying the mechanism to other systems. Third, the reaction nanocomposite forms in solution and transforms into alloy and
pathway provides a strategy for fine-tuning the composition and intermetallic nanocrystals via solution-mediated reactions. Es-
structure of multimetal nanocrystals in a more systematic and sentially, the two approaches are the saibeth involve the
controllable manner than is routinely achievable using one-pot formation and interdiffusion of nanoscale composites of two
reactions. Indeed, the ability to react metal and intermetallic or more distinct phases. The approaches appear to differ only
nanoparticles in solution to form derivative phases could open in the method used to interdiffuse the components, e.g., dry
up new doors for the guided design of compositionally and powder processing vs solution annealing. A similar mechanism
structurally complex nanocrystals, and preliminary evidence with may end up being implicated in the formation of other
other systems suggests that it can. Fourth, there are severamultimetal nanocrystals formed by reacting metal salt precursors
strategies for controlling the shape and size of single-metal in high-boiling solvents, and may possibly turn out to be general
nanocrystald®2” but analogous achievements for multimetal for the formation of other multimetal nanocrystals using low-
systems remain rare. Because the formation of AuGb8gins temperature solution routes.
with the nucleation of Au nanoparticles, it may be possible to  acknowledgment. This work was supported by the National
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metallurgical synthesis. In the other approach, alloy and Sn (with no Cu); powder XRD patterns showing the effect of
intermetallic nanocrystals are formed using modifications of the heating Sn@nan’oparticles in TEG with NaBHas well as the
polyol process, which traditionally uses the polyol solvent as time-dependent formation of AuCugat 1200(’:, XRD. TEM
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