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Anisotropic Manganese Antimonide Nanoparticle Formation by 
Solution-Solid-Solid Growth Mechanism : Consequence of Sodium 
Borohydride Addition Towards Reduced Surface Oxidation and 
Enhanced Magnetic Moment 
Malsha A. Hettiarachchia, Ehab Abdelhamidb, Boris Nadgornyb and Stephanie L. Brock*a

A new approach to the solution-phase synthesis of manganese antimonide 
nanoparticles was developed to reduce competitive oxide formation by 
exploitation of sodium borohydride (NaBH4) (0.53-2.64 mmol) as a sacrifical 
reductant. However, in the presence of near-stoichiometric precursor amounts of 
manganese carbonyl and triphenyl antimony, the introduction of NaBH4 results in 
a different growth mechanism, Solution-Solid-Solid (SSS), leading to tadpole-
shaped manganese antimonide nanoparticles with antimony-rich heads and 
stoichiometric manganese antimonide tails. We hypothesize that a solid antimony-
rich manganese antimonide cluster acts as an initiator to tail growth in solution. 
Notably, the length of the “tail” correlated with the amount of NaBH4 used. 
Interestingly, these anisotropic particles can be transformed progressively into 
spherical-shaped nanoparticles upon the addition of excess manganese carbonyl. 
The anisotropic manganese antimonide particles possess saturation magnetizations 
ca. twenty times higher than that reported for MnSb nanoparticles prepared 
without NaBH4, attributed to limitation of oxidation.

.............................................................................

Introduction
Bulk MnSb, and related ternary phases, have long 
been studied due to the strong coupling between the 
ferromagnetic properties and caloric, optical (Kerr 
effect) and/or structural changes, achievable near 
room temperature. Therefore, these phases are of 
interest as potential magnetic refrigerant materials,1 

and components in data storage/processing devices2 
and magneto-optical readouts.3 

Nano-structures of MnSb have also been 
investigated, as epitaxial dots grown on supporting 
substrates including Si4 and GaAs3, and as thin 
films on Ge/Si5. MnSb nanoparticles on Si (111) 
with lateral diameter <d> <9 nm were found to 
exhibit superparamagnetic properties while MnSb 
nanoparticles with <d>  15 nm are ferromagnetic 
at room temperature.4 For GaAs, the cluster 
coalescence of MnSb nano dots (nominal thickness 
0.35-1.05 nm) leads to an increased saturation 
magnetization compared to thin films of MnSb 
(thickness 5 nm), and polar magnetic dichroism,  an 
indication of the active magneto-optical properties 
of these MnSb dots.3 Finally, in the case of 
molecular beam epitaxial growth of 70 nm 
thickness MnSb (0001) films on Ge (111)/Si (111) 
by reduced pressure vapour deposition, a saturation 
magnetization value of 3.3 BM/Mn5, approaching 

Page 1 of 15 Nanoscale



ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

the experimentally recorded moment for bulk 
MnSb (3.5 BM/Mn)6 is achieved.  

The Brock group has pioneered the synthesis of 
MnSb nanoparticles by solution phase routes.7  
Growing nanocrystals in the solution phase evades 
strain induced in the nanoparticles due to epitaxial 
supports, enabling the study of intrinsic size and 
shape-dependent properties. In this method of 
synthesizing MnSb nanoparticles, the driving factor 
for the successful preparation of MnSb with no 
evident precipitation of elemental antimony (Sb) as 
a secondary phase, was to use a large excess of 
manganese (Mn) precursor, manganese carbonyl 
[Mn2(CO)10] (ca. 160% mole Mn excess). We 
rationalized the need for excess Mn2(CO)10 as a 
function of the high volatility of Mn2(CO)10 in the 
reaction at elevated temperatures. In addition, we 
observed a manganese oxide (MnOx) shell around 
the MnSb nanoparticle core, which we suspected 
formed because of an adventitious oxygen source. 
This MnOx shell formation not only consumes a 
portion of the Mn2(CO)10, resulting in Mn 
precursor deficiency relative to triphenyl antimony 
(Ph3Sb), but also reduces the magnetic moment of 
the material when calculated with respect to the Mn 
moles in the final product (0.04 BM/MnSb vs. 3.3 
BM/MnSb for bulk). We presume that when excess 
Mn2(CO)10 is present, it acts as a sacrificial agent to 
react with adventitious oxygen producing free 
MnOx that washes away in the purification process, 
in addition to forming an amorphous shell around 
the MnSb core. Further, we hypothesized that a 
reducing agent would be a stronger sacrificial agent 
(better oxygen-getter) than Mn2(CO)10 and could 
react quickly with adventitious oxygen before it 
reacts with Mn2(CO)10, thus reducing or 
eliminating the excess Mn2(CO)10 for the reaction 
and the extent of oxidation. 

To test this hypothesis, we employed a mild 
reducing agent, sodium borohydride (NaBH4), in 
the synthesis, and in so doing revealed a new 
mechanism for MnSb formation based on the 
Solution-Solid-Solid (SSS) mechanism. SSS 
growth has become a prominent synthetic strategy 
for synthesizing one dimensional (1-D) 
semiconductor nanorods and nanowires in solution, 
such as ZnSe8-10 and CdSe8.11-13 In SSS, a solid 
particle acts as an active catalyst, facilitating the 

formation of tail growth by breaking down 
precursor components in the solution phase. This 
mechanism is distinguished from the more common 
Solution-Liquid-Solid (SLS) growth mechanism by 
the use of nucleating particles with bulk melting 
points several hundred degrees above the reaction 
temperature.8-10, 14-19 In general, nucleating 
nanoparticles are superionic in character, and the 
growth is vacancy driven.  However, Buhro and co-
workers have observed the same growth pattern for 
CdTe when Bi nanoparticles are employed, with 
Bi2Te3 identified as the “active catalyst”. SSS has 
also proven to be a model method to synthesize 
complex ternary and quaternary nanowires and 
nanoribbons such as CuInS2,16 CuGaSxSe2−x,20

 and 
AgInZn7S9,21 which are challenging to prepare by 
conventional reaction approaches. To the best of 
our knowledge, the use of antimonides as catalysts 
for SSS has not been reported.

Experimental
Materials

Mn2(CO)10 (98%), Ph3Sb (99%), NaBH4 (90%) 1-
octadecene (1-ODE) (90%, technical grade) and 
trioctylphosphine oxide (TOPO) (90%, technical 
grade) were purchased from Sigma Aldrich, Inc. 
Chloroform was purchased from Fisher Scientific, 
and ethanol (200 proof) was purchased from Decon 
Laboratories. TOPO was purified by the fractional 
distillation method.22 All other chemicals were 
used as received.

Synthesis of MnSb nanoparticles in the presence 
of NaBH4

The synthetic method for production of solution-
phase MnSb nanoparticles in the presence of 
NaBH4 was developed by modification of our 
previously reported MnSb nanoparticle synthesis 
method.7 TOPO (4.0 g), Ph3Sb (1 mmol), 
Mn2(CO)10 (0.6-1.5 mmol), NaBH4 (0.53-2.64 
mmol), and 1-ODE (20.0 mL) were combined 
together in a Schlenk flask in the glove box and 
moved to a Schlenk line in a fume hood. The 
Schlenk flask was evacuated for about 20 min at 60 
oC followed by purging with argon (Ar) to degas 
the mixture. The flask was heated using a heating 
mantle controlled by a programmable temperature 
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controller with a thermocouple placed directly in 
the solution. The contents were slowly heated (20 
oC/10 min) up to 180 oC under Ar to avoid 
volatilization of Mn2(CO)10, and then the 
temperature was rapidly increased up to 250 oC and 
maintained for 3-8 h. Upon heating, the initial light 
yellow color solution gradually turned into orange, 
red, dark red and black. The final black product 
was allowed to cool naturally to room temperature. 
The product was dispersed in chloroform and 
precipitated with ethanol, followed by 
centrifugation. This process was repeated several 
times, and then the product was dried under 
vacuum to obtain a free-flowing powder.

Study of Morphological Transformation

Near-stoichiometric amounts of Mn2(CO)10 (0.6 
mmol), Ph3Sb (1 mmol), along with TOPO (4.0 g), 
1-ODE (20.0 mL) and NaBH4 (0.92 mmol) were 
initially employed, and the contents of the flask 
were slowly heated under Ar following the 
procedure described above for the synthesis of 
MnSb nanoparticles. After allowing the reaction to 
run for 3 h at 250 C, a fraction (0.2 mL) was taken 
out and quenched in cold chloroform for Powder 
X-Ray Diffraction (PXRD) and Transmission 
Electron Microscopy (TEM) analyses. Immediately 
after taking out the fraction, Mn2(CO)10 (0.9 mmol) 
heated and dissolved in 1-ODE (<10.0 mL) was 
cannulated into the initial reactant mixture at 250 
C under inert conditions. The contents were 
further heated for 3-8 h at 250 C. The resultant 
black solution was then purified and isolated using 
the method described above.  PXRD and TEM 
analysis were carried out to determine any phase or 
morphology differences, respectively. 

Characterization

Powder X-Ray Diffraction 

Room temperature Powder X-Ray Diffraction 
(PXRD) patterns were acquired in the range         
2 = 20o–70o on a Bruker Phaser II model X-ray 
diffractometer equipped with a Cu anode. Samples 
were placed on a zero background quartz holder for 
measurements. 

Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) images 
were obtained on a JEOL 2010 transmission 
electron microscope operated at 200 kV. The 
specimens were prepared by dispersing the solid 
sample with sonication in chloroform and 
supporting the particles on a 200 mesh Cu grid 
coated with a carbon film.

High Angle Annular Dark Field- Scanning 
Transmission Electron Microscopy 

The elemental composition of individual 
nanoparticles was analyzed using an FEI Titan 80-
300 High Angle Annular Dark Field- Scanning 
Transmission Electron Microscope (HAADF-
STEM) with ChemiSTEM technology at 200 kV.  

Magnetic Measurements

Magnetic measurements were acquired on solid 
MnSb nanoparticle powders stored in a silica gel 
capsule under inert conditions up until the time of 
measurement in order to avoid oxidation. 
Magnetization (M) vs applied magnetic field (H) 
data were acquired using a Quantum Design 
Superconducting Quantum Interference Device 
(SQuID) magnetometer (MPMS-5S) at 50 K and 
300 K, sweeping fields from +10,000 Oe to -10,000 
Oe. All data are normalized to moles of Mn in the 
sample, determined by Inductively Coupled Plasma 
– Mass Spectrometery (ICP-MS).

Inductively Coupled Plasma – Mass 
Spectrometry (ICP-MS) 

The elemental ratio of Mn:Sb and number of moles 
of Mn were obtained using an Agilent 7700x Series 
ICP-MS. Solid powders of MnSb nanoparticles (1 
mg, weighed on an analytical balance) were 
completely dissolved in concentrated nitric acid (2 
mL) and then diluted to 100 mL in a volumetric 
flask with 2% nitric acid (HNO3) (v/v). This was 
further diluted by taking a 0.10 mL aliquot and 
diluting to 100 mL using 2% HNO3.  2% HNO3 
served as the blank solution. In order to calibrate 
the instrument, Mn and Sb standard solutions (300, 
500, 700, 1200, 1500, 1800, 2500 ppb) were 
prepared by a serial dilution of Mn and Sb stock 
solutions. 

Results and Discussion
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Effect of NaBH4 Addition on MnSb Nanoparticle 
Synthesis with Near-Stoichiometric Mn2(CO)10: In 
order to test our hypothesis, i.e., the introduction of 
a reducing agent eliminates the need for excess 
Mn2(CO)10  to avoid co-precipitation of Sb, discrete 
MnSb nanoparticles were synthesized in the 
presence of NaBH4 (0.53 mmol) by heating at 
250C using a slight excess of Mn2(CO)10 (1.2 
mmol Mn: 1.0 mmol Sb) in TOPO and 1-ODE for 
a dwell time of 3 hr. Fig. 1 shows the difference 
between the two MnSb nanoparticle syntheses 
carried out using near-stoichiometric Mn2(CO)10 in 
the absence and presence of NaBH4.  

Figure 1: PXRD data of the product of MnSb 
synthesis carried out in the absence and in the 
presence of NaBH4 (0.53 mmol). The 
corresponding peaks for Sb, (012) at 2=28.7 and 
(110) at 2=42, are marked with asterisks for 
comparison. (MnSb-PDF # 03-065-0388, Sb-PDF # 
00-035-0732)    

The addition of NaBH4 clearly results in less 
elemental Sb formation and also, based on 
diffraction peak broadening, smaller MnSb 
nanoparticles. Assuming that the remaining Sb 
precipitate could be avoided by an increase of the 
amount of NaBH4, we increased the amount of 
reductant incrementally from 0.53 to 2.64 mmol, 

Figure 2: PXRD data of the product of MnSb 
synthesis (1 mmol Sb and 1.2 mmol Mn) as a 
function of added NaBH4. The asterix denotes the 
position of elemental Sb; the principal peaks of 
MnSb are labeled. (MnSb-PDF # 03-065-0388, Sb-
PDF # 00-035-0732). 

keeping the concentrations of Mn and Sb 
unchanged. 

According to Fig. 2 a, b, the increase of NaBH4 up 
to 0.79 mmol continues to decrease Sb precipitation 
(qualitatively determined by the intensity ratio of 
(012) and (110) [marked with asterisks] of the Sb 
phase to (101) and (110) peaks [as labelled] of the 
MnSb phase).  However, complete elimination of 
Sb is not observed. The quantity remains small but 
constant up through 1.06 mmol (Fig. 2 c, d) 
whereas for higher NaBH4 concentrations (1.59 – 
2.64 mmol) the amount of Sb is again increased 
(Fig. 2 e, f) 

Scherrer size calculations of the crystallite size of 
the MnSb nanoparticles for different NaBH4 
amounts (0.53, 0.79, 0.92, 1.06, 1.59, 2.64 mmol), 
when measured from either MnSb (101) peak, or 
the MnSb (110) (when significant peak overlap of 
MnSb (101) with Sb (012) occurs), are presented in 
Table 1 and compared to values for the Sb 
impurity phase.. 
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Table 1: The crystallite size of MnSb and Sb 
nanoparticles, synthesized using different NaBH4 
amounts, calculated by Scherrer equation23 

* Crystallite size cannot be calculated due to peak overlap
** Crystallite size cannot be calculated due to the low 
intensity of the peak

In cases where the (101) peak can be resolved, the 
crystallite sizes are similar to values obtained from 
the MnSb (110) peak. However, there is no clear 
trend observed in crystallite size for MnSb and/or 
Sb vs NaBH4 amount. 

The challenges in computing crystallite size based 
on Scherrer equation become evident upon 
evaluation of TEM data. Fig. 3 and 4 shows the 
TEM images of the MnSb samples corresponding 
to the PXRD patterns displayed in Fig. 2.  Clearly, 
the introduction of NaBH4 has had a profound 
effect on the morphology, resulting in tadpole-
shaped particles, and rendering the Scherrer 
calculation for spherical nanoparticles 
inappropriate. According to Fig. 3 and 4 all the 
nanoparticles synthesized by the addition of NaBH4 
possess a head-tail morphology rather than the 
spherical morphology characteristic of MnSb when 
no NaBH4 is included.7 

NaBH4 
amount
(mmol) 

Crystallite 
size of 
MnSb 

from the   
(101) peak 

(nm)

Crystallite 
size of 
MnSb 

from the 
(110) peak 

(nm)

Crystallite 
size of Sb 
from the 
Sb (110) 

peak
(nm)

0.53 * 16 66
0.79 * 40 **
0.92 22 23 **
1.06 43 36 37
1.59 34 35 54
2.64 * 25 39

Figure 3: TEM images of MnSb syntheses in the presence of different amounts of NaBH4 (0.53-0.92 
mmol) and associated histograms corrosponding to the head diameter, tail length, and tail width.
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However, except in the case of 2.64 mmol of 
NaBH4, the size of the head is relatively constant 
(ca. 14-19 nm) in diameter as is the tail width (ca. 
8-10 nm) throughout the different NaBH4 values 
used. In contrast, the tail part lengthens gradually 
with the addition of NaBH4, from 30 to 100 nm, 
resulting in elongated head-tail nanoparticles. 
When the NaBH4 amount is 2.64 mmol the former 
spherical-shaped head becomes oval in shape, ca. 
35 nm, (head diameter measured along the 
direction of the tail), the diameter swells to 13 nm 
and the length extends to 165 nm. 

Chemical Nature of the Head-Tail Morphology: 
In order to probe the compositional heterogeneity, 
the elemental mapping of individual head-tail 
particles was obtained from HAADF-STEM 

imaging combined with elemental analysis (EDS) 
as shown in Fig. 5. Fig. 5 a-c reveals the presence 
of Mn and Sb elements throughout the particle, 
from head to tail. However, when considering the 
distribution of Mn and Sb in the line scan (Fig. 5 
g), Sb is slightly rich in the head region, while both 
Mn and Sb are co-localized in the tail region. 
Elemental mapping of individual particles was also 
done for O, P and B to check for incorporation of 
these elements (Fig. 5 d, e) and Fig S1, ESI#). 
According to the HAADF-STEM data, oxygen is 
present throughout the particle, which we presume 
is due to surface oxidation or a shell of MnOx. 
However, the MnOx shell appears thinner (< 1 nm) 
than in the nanoparticles synthesized in the absence 
of NaBH4 (ca. 2 nm).7 The mapping data do not 
indicate co-localization of B despite its small 

Figure 4: TEM images of MnSb syntheses in the presence of different amounts of NaBH4 (1.06-2.64 
mmol) and associated histograms corrosponding to the head diameter, tail length, and tail width
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atomic size (Fig S1, ESI#), but P is evident 
throughout the head-tail morphology (Fig. 5 g). 
Based on these data, we conclude that the 
nanoparticles are composed of an Sb-rich MnSb 
head and a MnSb tail, with a small amount of P 
throughout the structure. According to the ICP-MS 

Figure 5: (a) HAADF-STEM of MnSb 
nanoparticles synthesized in the presence of NaBH4 
(2.64 mmol) and EDS mapping of (b) Sb and (c) 
Mn (d) O and (e) P; (f) Bottom mount image of a 
portion of the tail part of a MnSb nanoparticle 
showing lattice fringes; (g) line scan elemental 
analysis of a single head-tail MnSb nanoparticle: 
:Sb (green), Mn (red), O (blue), and P (cyan).

analysis, the P content is 0.2% of the total atomic 
composition, consistent with minimal uptake. This 
P may correspond to either the presence of surface 
bound TOPO, the stabilizing agent that protects the 
particles from aggregation, or incorporation of P 
into the nanoparticle lattice during the synthesis. 
According to previous studies of MnAs 
nanoparticles reported by our group, unintentional 
incorporation of P into nanoparticles of as high as a 
few percent can occur when TOPO is used. This 
incorporation takes place during the nucleation 
step, and then P is lost due to a self-purification 
process.24  We surmise a similar process is going on 

in the MnSb synthesis. From ICP-MS data analysis, 
the Mn:Sb ratio of the overall particle was 1:1.08. 
This excess Sb presence can be either attributed to 
MnSb + Sb, MnSb1+ or as a concentration gradient 
of Mn and Sb, as is observed in CdS1–xSex 
nanorods.25 However, the presence of peaks 
corresponding to elemental Sb in the PXRD (Fig. 
2) suggests MnSb + Sb is the more likely scenario. 
Note that Scherrer size calculations for Sb-grain 
sizes (ca 40-70 nm, Table 1) are not reflected in 
the TEM, likely due to sampling errors. Keeping in 
mind that a few larger crystallites will dominate the 
PXRD pattern, but may correspond to a small 
volume fraction, this is either not-captured during 
“snap-shots” acquired on the TEM grid, or the 
larger grains do not make it onto the grid at all 
(they settle out after sonication, and before 
application of solution to the grid).  

Furthermore, some head-tail particles with ‘swollen 
areas’ in the tail were observed, particularly when 
the NaBH4 amount becomes 1.59 mmol, 
reminiscent of peas in a pod (Fig. S2, ESI#). In 
order to analyze these ‘pea pods’, we took line 
scans along the horizontal and vertical axes of these 
tails, across the ‘swollen areas’. According to Fig. 
6, the ‘swollen areas’ or ‘peas’ are richer in Sb 
relative to Mn and P, while in the non-swollen 
areas, both Mn and Sb have similar concentrations. 
Moreover, according to Fig. 6 b, the core is rich in 
Sb. Thus the ‘swollen areas’ are similar to the 
heads, representing Sb rich areas. 

Mechanism of Formation and Transformation:  
We posit that the anisotropic growth of 
nanoparticles arises from an SSS growth 
mechanism. Aliquots taken as a function of time 
reveal that at short times, ca. 30 min, the samples 
are heterogeneous, comprising short rods and 
spheres (Fig. S3, ESI#, 30 min). By 60 min the 
nanoparticle morphology mostly consists of 
tadpoles, and there is no significant morphology 
change at longer times (Fig. S3, ESI#, 60 - 180 
min). At the same time, the PXRD data for all the 
samples (Fig. S3 ESI#) are very similar, with all 
patterns indicative of MnSb formation, but peak 
asymmetry in the (101) reflection suggests 
elemental Sb is also present. It has been reported in 
the literature that colloidal Sb nanocrystals can be 
rapidly (< 1 min) obtained by hot injection methods 
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at modest (150-200 °C) temperatures,26 and these 
act as precursors for alloy27 and composite28-29 
formation. Moreover, it is known that superlattices 
of Mn and Sb spontaneously form epitaxial MnSb 
at the interface, (with lattices oriented along the 
<110> or <001> direction)30; the latter is consistent 
with our observation of ~3Ǻ lattice spacing ((002) 
lattice plane) along the growth direction, Fig. 5f. 
Accordingly, a simple hypothesis would be that Mn 
solution species react with Sb nuclei generating 
MnSb nanorods oriented epitaxially along c with 
growth occurring at the head-tail interface: the SSS 
mechanism. However, the actual mechanism is 
likely more complex, as diffusion of Mn into the Sb 
nuclei forms a MnSb shell (see Fig. 6) from which 
the “tail” emerges at one end. Note that the SSS 
mechanism is chosen over Solution-Liquid-Solid 
(SLS) based on the high melting point (mp) of bulk 
Sb (mp: 630.6 C) and MnSb (mp: 840 C) relative 
to the synthesis temperature. 

  

We think it likely that the reductant also results in a 
higher concentration of reactive Mn in solution, 
which promotes tail growth. If reactive Mn is the 

limiting reactant, then the more reductant added, 
the longer the rods should be (assuming a constant 
number of nuclei), which is exactly what we see.  
So, Sb nucleates, reacts with Mn to form MnSb, 
which grows as a rod because of the epitaxial 
relationship and the high precursor concentration 
Note that head diameter and tail width does not 
change much with increasing NaBH4 conc (ca 18 
nm head diameter and 9 nm tail) until the 
concentration gets quite large. At this point the 
head diameter doubles, tail width increases by 50 
% and length doubles. This is also where swollen 
Sb-rich features become apparent along the length 
of the particle. We surmise that MnSb is not stable 
to disproportionation to the elements for high 
reductant concentrations and that liberated 
antimony condenses to form nuclei within the 
structure (i.e., the swollen features). The fate of Mn 
is unclear, but it may be reconstituted as a reactive 
precursor. Thus, the ‘tail’ grows longer because the 
reactive Mn precursor concentration is higher, but 
this is superposed over a thickening of the ‘head’ 
and ‘tail’ to accommodate Sb nanoparticle 
nucleation and growth. 

In an attempt to better understand how Mn and 
NaBH4 concentrations dictate the formation 
mechanism and to probe whether the morphologies 
can be interconverted and excess Sb eliminated, a 
set of reactions was carried out in the presence of 
NaBH4 (0.79 mmol), with the addition of 0.7, 0.9, 
and 1.5 mmol of Mn2(CO)10 (i.e. 40, 80, 200% 
excess of moles, respectively). Note that 0.9 mmol 
is the Mn2(CO)10 amount used in the successful 
synthesis of MnSb nanoparticles in the absence of a 
reducing agent.7 Fig. 7 shows the corresponding 
TEM images. Interestingly, the morphology of the 
MnSb nanoparticles has evolved from the 
elongated head–tail (no excess Mn2(CO)10) to 
contracted head-tail (0.7 mmol excess Mn2(CO)10) 
and then spherical-shaped nanoparticles (0.9 
mmol excess Mn2(CO)10). Therefore, even in the 
presence of NaBH4, when there is a large excess of 
Mn2(CO)10  the MnSb nanoparticles obtained are 
spherical in shape as is the case for MnSb 
nanoparticles reported previously. As shown in Fig. 
S4 a ESI# the PXRD pattern of the synthesis with 
0.7 mmol of Mn2(CO)10 is indicative of the MnSb 
phase; however, no conclusion can be drawn as to 
the presence or absence of a small amount of Sb 

Figure 6: HAADF-STEM of a MnSb nanoparticle 
with a ‘swollen tail’ synthesized in the presence of 
2.64 mmol of NaBH4 and line scan elemental 
analysis (a) axial (b) vertical scan across the tail: 
Sb (green) Mn (red) and P (cyan). 
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phase due to the breadth of the peak. Indeed, the 
asymmetry of the peak (unusually broad at the 
base) may suggest an amorphous component. In 
addition, the presence of crystalline MnO2 peaks 
was noted. The PXRD patterns of 0.9 mmol and 1.5 
mmol of Mn2(CO)10 do not have apparent oxide 
peaks (Fig. S4, ESI#) and if Sb is present, it is a 
minor product in relation to MnSb.  Thus, spherical 
particles appear to form when Mn is present in 
excess and formation of elemental Sb is minimized.

Alternations between Two Morphologies: After 
seeing that there exist two different morphologies 
that correlate to the amount of Mn2(CO)10 amounts 
(near-stoichiometric and excess), we sought to 
evaluate whether these two morphologies can be 
interchanged as a function of the Mn2(CO)10 
amount.

In order to do so, MnSb nanoparticles were 
synthesized by using near-stoichiometric reactant 
amounts in the presence of 0.79 mmol of NaBH4, 
and then excess Mn2(CO)10 (0.9 mmol) in 1-ODE 
was introduced to the same reaction mixture and 
the morphology evolution probed as a function of 
time. Fig. 8 shows how the elongated head-tail 
morphologies that arise under the near-
stoichiometric reactant conditions progressively 
transform into spherical nanoparticles, when heated 
for different reaction times (3-5 h) at 250 C.

According to Fig. 8, the initial head-tail 
nanoparticles having the head diameter ca. 16 nm 
and tail width ca. 9 nm formed in the presence of a 
slight excess of Mn2(CO)10 relative to Ph3Sb and 

1.59 mmol of NaBH4 (Fig. 8 a, b) turn into mixed 
spheres (diameter ca. 18 nm) and rods (width ca. 9 
nm) 3 h after introduction of excess Mn2(CO)10 
(0.9 mmol). After 5 h reaction time almost all these 
mixed morphologies have converted to spherical-
shaped nanoparticles with a diameter ca. 8 nm. As 
shown in Fig. S5, ESI# a minor amount of 
elemental Sb appears along with the majority 
MnSb phase in the presence of a near-
stoichiometric Mn2(CO)10 amount.  However, this 
minor phase disappears upon the introduction of 
more Mn2(CO)10 to the mixture and heating for an 
additional 3-8 h. A control experiment was carried 
out to determine whether this morphological 
transformation was actually an effect of additional 
Mn2(CO)10 or an effect of extended reaction time. 

An initial reaction mixture having near-
stoichiometric Mn2(CO)10 (0.6 mmol) was heated 
for 8 h at 250 C. Fig. S6, ESI# shows the TEM 
images (low mag and high mag) and PXRD pattern 
of the reaction product. According to these TEM 
images, after an extended reaction time (8 h), the 
sample was still dominated by elongated head-tail 
nanoparticles or nanorods, with only a minute 
amount of spherical nanoparticles. The PXRD 
pattern indicates the presence of Sb (minor phase) 
and MnSb (major phase). This suggests that the 
main driver for the morphology is the Mn2(CO)10 
concentration relative to Ph3Sb and NaBH4. 

Based on the above observations, we surmise that  
in the presence of excess Mn2(CO)10, elongated 

Figure 7 (a-c): TEM images of MnSb nanoparticles synthesized in the presence of NaBH4 (0.79 
mmol), using 0.7, 0.9, 1.5 mmol (40, 80, 200% mole excess) of Mn2(CO)10 (particle diameter refers 
to the head diameter).
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MnSb nanoparticles transform into spherical 
nanoparticles. While the mechanism is not clear, 
we hypothesize that the narrow areas between two 
swollen Sb-rich islands, as shown in Fig. 6a and 
8c, are likely vulnerable to particle etching. Hence, 
the excess Mn2(CO)10 in the solution can attach to 
the open facets and “pinch-off” a particle. 
Alternatively (or in addition) the shape may be 
related to surface energetics for manganese oxide 
shells, with thick shells dictating spherical 
geometry.  

Magnetic Properties of the Elongated Head-Tail 
vs Spherical MnSb Nanoparticles: Our prior 
studies established that MnSb nanoparticles 
prepared with excess Mn and without NaBH4 are 
ferromagnetic, as expected, with Tc> 340K 
(operating limit of our instrument; bulk MnSb has a 
Tc of 572K) with superparamagnetic blocking 
temperature (TB, obtained from zero-field and 

field-cooled data) in the range 245-255 K, but very 
small per-Mn moments (0.04 BM7 vs. ca 3.5 BM6 
reported for bulk MnSb). The small moments were 
attributed to a large volume fraction of amorphous 
manganese oxide, motivating our study of the use 
of a reducing agent to limit oxide formation. 
Accordingly, the elongated MnSb head-tail 
nanoparticles synthesized under near-
stoichiometric Mn2(CO)10 and in the presence of 
0.79 mmol NaBH4 were evaluated for comparison. 

Fig. 9 (a) shows the magnetization per mole of Mn 
(M) vs applied magnetic field (H) data obtained at 
50 K. Additionally, M vs. H data were acquired on 
nanoparticles prepared with excess Mn2(CO)10, 
respectively, also in the presence of 0.79 mmol 
NaBH4, and are shown in Fig. 9b. It is evident 

Figure 8: Low and high magnification TEM images showing the transformation of initial elongated 
head-tail nanorods, [(a) (low mag), (b) (high mag)] into mixed head-tail nanorod and spherical 
nanoparticles 3h after adding 0.9 mmol of Mn2(CO)10 [(c) (low mag), (d) (high mag)] and into 
spherical nanoparticles after 5 h total [(e) (low mag), (f) (high mag)].
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from comparison of Fig. 9 a, b that the sample 
prepared with near-stoichiometric Mn has a larger 
moment (saturation magnetization) than the one 
with excess Mn. Additionally, there is also a 
significant paramagnetic component when excess 
Mn is present, as indicated by the linearity in the M 
vs H at higher field in Fig. 9b. Subtracting this 
component yields the M vs H curve shown in the 
lower inset of Fig. 9b from which an estimated 
ferromagnetic moment of 0.04 BM/mol Mn is 
obtained for the ca 8 nm spherical particles, the 
same as obtained in our prior study. Thus, 
regardless of the inclusion of NaBH4 in the 
reaction, in all cases where Mn is present in 
excess, a significant reduction in ferromagnetic 
MnSb occurs. In contrast, when Mn concentration 
is limited and NaBH4 is present, a moment of 0.8 
BM/mol Mn is obtained, consistent with our 
original hypothesis. Using this value as 
representative of “nanoscale MnSb”, we can 
compute the relative moment of the ferromagnetic 
(presumably MnSb, 0.8 BM) to paramagnetic 

portion of the sample in Fig. 9b. These data 
suggest that >75% by mass of MnSb samples 
prepared with excess Mn is attributable to a 
paramagnetic phase, most likely an amorphous 
oxide. Applying this formulation, in our ca ~8 nm 
particles, the ferromagnetic MnSb core would be 
~5 nm in diameter.

In addition, there is also evidence for a second 
magnetic phase in samples prepared with excess 
Mn. Note that in the case of the near-stoichiometric 
Mn2(CO)10 amount, the hysteresis loop reflects a 
coercivity of ca. 150 Oe. In contrast, for the sample 
prepared with excess Mn2(CO)10 the hysteresis loop 
is much narrower, indicative of a coercivity of ca. 
67 Oe. Moreover, with excess Mn, the hysteresis 
loop demonstrates a small asymmetry, a thinning of 
the loop (goose-neck effect) close to zero applied 
field. We attributed this previously to 
metamagnetism;7 however, in the absence of 
evidence for metamagnetism in bulk MnSb, it is 
more likely that the asymmetry is indicative of a 
second magnetic phase.31-32 

Figure 9: Field dependence of the DC molar magnetization (M) (normalized to Mn moles) recorded at 
different magnetic fields (H) at 50 K for MnSb nanoparticles synthesized (a) with near-stoichiometric 
Mn2(CO)10 amount (0.6 mmol) and (b) with excess Mn2(CO)10 (1.5 mmol) in the presence of 1.0 mmol of 
Ph3Sb and 0.79 mmol NaBH4 (250 C for 3 h). The top insets show an enlarged image of the loops of the 
hysteresis curve obtained at 50 K; the bottom inset in Fig 9(b) shows that curve after subtraction of 
paramagnetic background component 

(a) (b)
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As the samples in Fig 9 a, b were prepared under 
different conditions, we cannot discern whether the 
differences in magnetic response are a function of 
morphology or just reflect the relative volumes of 
crystalline MnSb. However, we can say that while 
the morphology of the samples prepared in the 
presence of NaBH4 with near-stoichiometric Mn is 
complex, the magnetism is fairly simple and 
indicative of MnSb as the only magnetic phase 
(albeit with 25% of the expected moment). In 
contrast, with excess Mn where well-formed 
spherical particles are produced, there appear to be 
two ferromagnetic contributors (both minor), and 
the major product is paramagnetic.

Conclusion

The addition of NaBH4 into the previously reported 
MnSb nanoparticle system eliminates the necessity 
of adding an excess amount of Mn2(CO)10 that can 
compensate for the adventitious oxygen source that 
leads to MnOx. This approach changes the particle 
morphology into elongated head-tail structures, in 
which the heads are slightly rich in Sb, and the tail 
composed of more or less equal amounts of Mn and 
Sb. The formation of these head-tail morphologies 
can be explained by the Solution-Solid-Solid (SSS) 
growth mechanism, in which Sb-rich Mn-Sb 
clusters serve as solid catalysts that trigger the 
formation of the MnSb tail along the <001> 
direction. We also show that there is a 
morphological transformation between the 
elongated head-tail nanoparticles and spherical 
shape nanoparticles upon introduction of more 
Mn2(CO)10 into the previously prepared head-tail 
nanoparticles. The saturation magnetic moment of 
these head-tail nanoparticles is about twenty times 
higher (0.8 BM/MnSb) compared to the saturation 
magnetic moment of previously reported spherical 
shape MnSb nanoparticles, or the ones reported 
herein prepared with excess Mn. We expect that the 
discovery of SSS growth mechanism for 
antimonides will enable targeting of some 
challenging, but important ternary phase 
nanoparticle systems such as MnNiSb, MnPdSb, 
MnGa2Sb2.33 The synthesis of these phases, and 
further elucidation of the formation mechanism, is 
the subject of current investigations.
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Novel synthetic route to synthesize solution-phase anisotropic MnSb nanoparticles was developed and 
the Solution-Solid-Solid growth mechanism was elucidated. 
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