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5.2. Experimental section

All the chemicals used in the syntheses described in this chapter are listed in Chapter 2 

(Section 2.1). The instruments and the methods used for characterization of as-prepared

nanoparticles are also discussed in Chapter 2. 

5.2.1 Synthesis of type-B MnAs nanoparticles

The experimental procedure for the synthesis and purification of type-B MnAs 

nanoparticles is the same as the procedure described in section 4.2.1. In brief, nanoparticles

with 8 nm particle sizes were synthesized by a hot injection method followed by high 

temperature quenching of the reaction mixture at 603 K by cannulation into chloroform 

(maintained at 290 K) after 10 hours of reaction time. In this synthesis, a total of 0.5 mmol of 

manganese carbonyl dissolved in 8 mL of 1-octadecene is injected into a mixture of 4 g of TOPO 

and 1 mmol of triphenylarsine oxide in a Schlenk flask maintained at 573 K.  

5.2.2 Incorporation of iron

The type-B MnAs nanoparticles synthesized as described in section 5.2.1  were re-

dispersed in TOPO (2 g) in a Schlenk flask and heated at 373 K under vacuum for 15 minutes 

followed by purging with argon gas. Iron carbonyl (Mn:Fe 1:0.25) dissolved in 1 mL of 1-ODE 

was injected into the reaction mixture maintained at 373 K and the resulting nanoparticles were 

isolated after 15 minutes of reaction time by rapid cannulation into chloroform maintained at 290 

K and purified as described in section 3.1.1.

5.2.3 Probing the mechanism of iron incorporation

Iron incorporation was carried out as described in Section 5.2.2, and approximately 0.2 

mL aliquots were withdrawn from the reaction mixture at different reaction times. The first 

aliquot was withdrawn 15 minutes after iron incorporation and the second aliquot was isolated 
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Figure 5.1 (a) shows the TEM image of the initial type-B MnAs nanoparticles consisting

of high contrast spherical core (MnAs, adventitiously P-doped) and a low contrast amorphous 

(Mn arsenate/arsenite) shell. The average crystallite size of the initial MnAs nanoparticles, 

calculated from PXRD data by Scherrer’s equation, is 8.9 nm, which is in good agreement with 

the particle core size obtained by TEM (8.4 nm).  The nanoparticles resulting from iron treatment 

(with Fe(CO)5) appear to retain the same core shell structure and the particle size is unchanged. 

Figure 5.1 TEM images of (a) initial type-B MnAs nanoparticles and (b) 15 minutes iron-treated

type-B MnAs nanoparticles. The insets show size distribution histogram. 

The ICP-MS data suggests 2.6% Fe-incorporation after treatment with iron, while 

maintaining similar P concentrations. Intriguingly, Mn concentration has decreased after Fe-

treatment, suggesting displacement of Mn. In order to evaluate the distribution of elements, an 

elemental map and elemental line profiles were obtained for the iron treated MnAs nanoparticles 

(Figure 5.2). The HAADF image clearly shows the core-shell structure of nanoparticles is intact

after iron treatment. In the elemental map, Mn and As signals are very intense in both the 

crystalline core and the amorphous shell of the nanoparticles. The signals for P and Fe are faint 

relative to Mn and As, suggesting a lower concentration within the core and shell.  
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Figure ��.2 HAADF image and the elemental map of iron treated nanoparticles

In order to have a better understanding about the Fe-distribution, the elemental line 

profile analysis for several individual Fe treated MnAs nanoparticles has been performed and 

Figure ��.3 shows a representative elemental line scan for an Fe-treated nanoparticle along with

that of an initial type-B MnAs nanoparticle. In the elemental line scan for the initial type-B 

MnAs nanoparticles, signals for Mn and As rise and fall together throughout core and shell and a 

trace amount of P is observed, whereas, in the iron incorporated nanoparticles, a trace amount of 

P and Fe is uniformly distributed throughout the core and the shell of the nanoparticle. 

Intriguingly, the distribution of Mn appears to be altered with the incorporation of iron. After Fe-

treatment, there is more Mn in the shell compared to initial nanoparticles. The Mn displaced with 

Fe-treatment might result formation of a manganese oxide layer on the surface.  
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Figure 5.12 HAADF image and elemental map of an aggregated feature isolated from an aliquot

withdrawn after 90 minutes of reaction time 

The nanoparticles isolated from aliquot withdrawn after 90 minutes of reaction time 

indicate that complete displacement of Mn with Fe is feasible if synthetic parameters are 

properly exploited. In order to verify the complete displacement of Mn with Fe, the experimental 

procedure described in Section 5.2.2 was followed and iron incorporation was performed at 573

K. In contrast to previously mentioned iron doped samples, room temperature PXRD of MnAs

incorporated with iron at higher temperatures (i.e. 573 K) show complete conversion into FeAs 

within 15 minutes of reaction time (Figure 5.13). As no additional arsenic was introduced, the

formation of FeAs requires either dissolution of the initial MnAs nanoparticles, and subsequent 

nucleation and growth of FeAs, or an exchange process in which Mn is diplaced by Fe.  
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Figure 5.13 PXRD of a MnAs sample reacted with Fe and heated for 15 minutes at 573 K. 
Reference lines for FeAs (PDF # 75-1041) 

Interestingly, direct synthesis of FeAs with the same iron precursor and coordinating 

solvents has been unsuccessful. Desai and co-workers reported a method for synthesis of 

superparamagnetic FeAs nanoparticles, where Fe precursor was injected to a mixture of As 

precursor and surfactants at 598 K to prepare superparamagnetic FeAs nanoparticles with an 

amorphous shell and crystalline FeAs core.
53

 In contrast to the present work, the synthesis 

method reported by Desai et al. involves the use of triphenylarsine as the As precursor and 

hexadecylamine as a surfactant. In the present study, under the given reaction conditions, the 

final product isolated showed large aggregated features in addition to the core-shell structured 

nanoparticles. TEM images of MnAs samples incorporated with iron at high temperature show 

deformation of core and/or complete dissolution of core (Figure 5.14) suggesting FeAs formation

essentially occurs at the expense of MnAs core as additional As is not introduced in doping 
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process. The hollow shells (Figure 5.14 (b) inset) may be attributed to residual oxides. In present

work, high temperature iron incorporation is reminiscent of work reported by Beberwyck et al. 

where highly crystalline, nearly monodisperse GaAs and InAs by a 15 minute ion exchange 

process at 573 K.
121

 However, in the present work, FeAs nanoparticles do not retain the same 

morphology or particle size, and the “empty” shells suggest a dissolution/re-precipitation and/or 

ripening process. The “empty” shells are unstable under the beam, thus prohibited elemental 

analysis by EDS. 

Figure 5.14 TEM images of type-B MnAs nanoparticles (a) before and (b) 15 minutes after Fe

treatment at 573 K. The inset in (b) shows “empty” shells presumed to be an oxide remnant from 

etching of the arsenide core. 

5.4. Conclusions

In this part of the dissertation work, type-B MnAs nanoparticles adopting the β-structure 

were treated with Fe (as Fe(CO)5) and the extent of Fe-incorporation and consequences on 

structural and magnetic phase transitions are measured. The core-shell morphology, particle size 

and β-MnAs structure are retained upon incorporation of iron (ca. 2.6%) at a relatively lower 

temperature (373 K) with a short reaction time (15 minutes). The %P appears to remain 
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unchanged upon Fe-treatment. Iron incorporation into type-B MnAs nanoparticles appears to 

compress lattice parameters and lower the magneto-structural phase transition temperature upon 

cooling. The changes in intrinsic properties may be arising mainly due to the volumetric effect 

on the unit cell. However, electronic structure needs to be evaluated in order to investigate the 

effect of dopant incorporation. The elemental line profiles and maps indicate incorporation iron 

into the type-B MnAs nanoparticles. In order to further evaluate the elemental composition and 

distribution, atomic pair distribution function and X-ray photoelectron spectroscopy can be 

employed to understand 3D-information about the material and the surface nature, respectively. 

Extended reaction times appear to result in mixed phases (MnAs and FeAs), whereas high 

temperatures leads to complete conversion to FeAs. This study unveils a new path for synthesis 

of transition metal arsenide nanoparticles with increased compositional complexities by using 

accessible transition metal arsenide nanoparticles as a substrate. 
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CHAPTER 6 CONCLUSIONS AND PROSPECTUS 

Due to the size, surface functionality and shape tunable properties, considerable attention 

has been drawn to research on nanomaterials. Transition metal pnictides are a large group of 

materials that have been studied in bulk. However, their nano counterparts are relatively 

unexplored, in part due to a lack of synthetic methods that enables independent control of size, 

morphology and composition. Arsenides are a fundamentally and technologically relevant group 

of materials that exhibit composition dependant properties including superconductivity, semi-

conductivity and ferromagnetism. Despite the range of technological applications nanomaterials 

based on arsenides have to offer, the synthesis of arsenides as discrete nanoparticles remains 

relatively unexplored. Thus, the intrinsic size-dependant properties of arsenide nanomaterials are 

unknown.  

 Among transition metal arsenides, bulk MnAs has been extensively studied due 

to its potential application in magnetic refrigeration. While MnAs is a promising 

candidate for magnetic refrigeration, its cycling efficiency is adversely affected by high thermal 

hysteresis and the narrow temperature range over which MCE is maximized. Thus, studies 

on MnAs have focused on tuning the phase transition temperature and hysteresis. However, 

all the reported work on MnAs has been performed on bulk MnAs or nanostructures 

prepared on an epitaxial substrate. The Brock research group introduced a solution phase 

arrested precipitation (SPAP) method that allows synthesis of MnAs as discrete 

nanoparticles, providing an opportunity to study the intrinsic properties of MnAs on the 

nanoscale without epitaxial strain. SPAP has been found to be a versatile synthetic method for 

fabrication of transition metal pnictide nanoparticles as it allows fine tuning of morphology, 

composition and structure. Nanostructuring, combined with cation and anion doping, of MnAs 

can be used to tune the degree of hysteresis and phase 
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transition temperature, thereby enabling the properties to be refined for magnetic refrigeration 

applications. 

 Previous work performed on MnAs nanoparticles by the Brock group reported synthesis 

of type-A MnAs nanoparticles (adopting the α-structure at room temperature) by a slow heating 

method and type-B MnAs nanoparticles (adopting the β-structure at room temperature) by a 

rapid injection method. Type-A MnAs nanoparticles were reported to exhibit the 

magnetostructural phase transition at 312 K similar to bulk MnAs, but with a narrower 

hysteresis. Type-B MnAs nanoparticles were found to be doped with phosphorus, and as a 

consequence, the phase transition temperature shifts below room temperature. As the temperature 

of the first-order phase transition depends on the bond distances between Mn-Mn and Mn-As, it 

can be tuned by doping, which effectively creates an internal chemical pressure. However, the 

large size distribution and the inability to independently control size and dopants restricted the 

ability to probe the intrinsic properties as a function of particle size and dopants. This 

dissertation research is focused on understanding the growth mechanism of type-B MnAs 

nanoparticles, establishing synthetic methods to independently control size and dopant 

concentration (P and Fe doping), and probing the effect of particle size and doping on the 

magnetic and structural properties of MnAs nanoparticles. 

This dissertation research successfully established a reproducible synthetic 

method enabling formation of type-B MnAs nanoparticles with fine control of size and 

composition. The SPAP method followed by rapid quenching of the reaction mixture allows 

isolation of type-B MnAs nanoparticles with a high degree of size uniformity. The 

evolution of solution-phase MnAs nanoparticle formation and incorporation of P has been 

quantitatively assessed. The dimensions of the nanoparticles were found to change with the 

monomer concentration change 
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and the particles become morphologically uniform as the temperature stabilizes. In type-B MnAs 

synthesis, high temperature isolation of nanoparticles is required to achieve narrow size 

distribution. Adventitious phosphorus incorporation from the solvent TOPO occurs during 

nucleation, and P is subsequently lost, likely due to self-purification. Thus, varying reaction time 

enables isolation of nanoparticles with different concentrations of P. 

The second objective of this dissertation was to extend the knowledge obtained from the 

adventitious doping and mechanistic study to independently control MnAs nanoparticle size and 

P incorporation. Nanoparticles incorporating different P amounts with ca. 8 nm particle sizes 

were synthesized by SPAP followed by rapid quenching of the reaction mixture at different 

reaction times. Smaller nanoparticles of ca. 5 nm with 0.8 % P were synthesized by diluting the 

TOPO (P-source) with 1- octadecene and increasing the reaction time. Nanoparticles with ca. 5 

nm core diameter and 1.9 %P were synthesized using TOP in place of less reactive TOPO. 

Regardless of size or %P, all the samples exhibit ferromagnetic behavior and the magnetic and 

structural transitions appear to be related. All the samples show hysteresis and an extensive 

temperature range of phase coexistence. The phase coexistence of nanoparticles can be attributed 

to heterogeneity of the nanoparticles in terms of %P, and possibly also due to variation of size, 

surface properties and defects. Thus the individual particles are likely to transform abruptly 

while the sample as a whole exhibit phase coexistence. The short reaction time may be giving 

rise to inhomogeneous distribution of the P-dopant in the MnAs nanoparticles. 

As an alternate approach to P-doping on the anion lattice, this dissertation research also 

investigated doping with Fe on the cation lattice. Mn1-xFexAs is reported to show a colossal 

magnetocaloric effect in the bulk. This dissertation established the conditions under which Fe 

can be incorporated to type-B MnAs while retaining the β-MnAs structure at room temperature. 
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The core-shell morphology and particle size can be retained upon incorporation of iron (by 

reaction of (Fe(CO)5 and type-B MnAs nanoparticles) at a relatively low temperature (373 K) 

with a short reaction time (15 minutes). Iron incorporation appears to compress the lattice 

parameters and lower the magneto-structural phase transition temperature. Attempts to perform 

iron incorporation at longer times (90 minutes) or higher temperatures (573 K) result in FeAs 

formation, apparently by Mn excision, as a partial or exclusive final product, while direct 

synthesis of FeAs with same precursor and solvent system was unsuccessful. Accordingly, this 

study unveils a new synthetic path where inaccessible transition metal pnictides can be 

synthesized from accessible phases by exploiting ion-exchange routes. 

During the type-B MnAs nanoparticle synthesis, approximately 20% Mn and As 

monomers remain in the solution, possibly as an unreactive by-product that is not isolated by our 

protocol, and the exact nature of this by-product remain unclear. Evaluation of the reaction 

mixture with fourier transform infrared spectroscopy and UV-visible spectroscopy after isolation 

of solids can facilitate to understand chemical nature of the remaining solution. The changes in 

intrinsic properties observed with doping on the cation and anion lattice may be arising mainly 

due to volumetric effect in unit cell. However, further studies are necessary to investigate the 

effect of doping and particle size on the electronic structure. This can be probed by evaluating 

the density of electronic states. The magnetic properties observed in doped MnAs (P or Fe) may 

also be in part due to inter-particle interactions. Thus, further studies involving systematic 

dilution with n-eicosane are necessary in order to probe the effect of inter-particle interactions. 

This dissertation study was limited to investigating the effect on magnetostructural properties 

upon Fe-doping on 8 nm sized nanoparticle. Further studies that enable independent control of 

size and %Fe are needed to understand the magnetic and structural behavior of Fe-doped MnAs. 
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Particularly, in the high Fe-concentration range where unexpected ferromagnetism is observed. 

In order to probe the effect of particle size, ca. 8 and 5 nm type-B MnAs nanoparticles can be 

used as substrates. Synthesis of type-B MnAs with high Fe-concentration range is possibly 

achievable by employing low temperatures (50-80 
o
C) and extended reaction times. Formation of

FeAs upon high temperature reaction of Fe(CO)5 with pre-made MnAs nanoparticles provides a 

synthetic route for future studies to investigate use of nanoparticles as templates for generating 

new discrete nanostructures that are difficult to prepare by direct synthesis (e.g. CoAs, NiAs). 
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APPENDIX RELATIVE QUANTITIES OF α-PHASE 

 

Analysis title % α 

8 nm-2.1%P-Room Temperature-Start  0 

8 nm-2.1%P-183 K Cooling 4.7 (±1.0) 

8 nm-2.1%P-93 K 49.4 (±0.9) 

8 nm-2.1%P-183 K Warming 4.7 (±1.1) 

8 nm-0.9%P-Room Temperature-Start 0 

8 nm-0.9%P-283 K-Cooling 8.2 (±0.1) 

8 nm-0.9%P-283 K-Warming 15.0 (±1.5) 

5 nm-1.9%P-Room Temperature-Start 0 

5 nm-1.9%P-223 K-Cooling 16.5 (±0.8) 

nm-1.9%P-223 K-Warming 62.9 (±1.7) 

5 nm-0.9%P Room Temperature-Start 3.7 (±0.1) 

5 nm-0.9%P 283 K-Cooling 5.9 (±0.9) 

Initial MnAs-283 K cooling 13.8 (±0.9) 

Initial MnAs-283 K warming 8.4 (±0.4) 

Fe-treatedMnAs-273 K cooling 6.9 (±1.6) 

Fe-treatedMnAs-273 K warming 30.7 (±0.7) 
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ABSTRACT 

ELUCIDATION OF THE CATION AND THE ANION DOPING MECHANISM OF 

NANOPARTICULATE MANGANESE ARSENIDE: EFFECT OF DOPING ON THE 

MAGNETOSTRUCTURAL PROPERTIES 

by 

ROSHINI PIMMACHCHARIGE 

May 2017 

Advisor: Dr. Stephanie L. Brock 

Major: Chemistry  

Degree: Doctor of Philosophy 

The evolution of MnAs nanoparticles in solution-phase synthesis and incorporation of P 

has been quantitatively assessed and the knowledge obtained from adventitious doping is 

extended to independently control nanoparticle size and P incorporation in order to understand 

the roles of size and dopant concentration on the magnetostructural properties. During the 

solution-phase synthesis, the dimensions of the nanoparticles change simultaneously with the 

monomer concentration in the bulk solution and the particles become morphologically uniform 

when the temperature stabilizes. The temperature at which the nanoparticles were isolated 

controls the particle size and polydispersity. High temperature isolation of nanoparticles is 

required to achieve narrow polydispersity and ultimately leads to a highly reproducible product. 

Adventitious phosphorus incorporation from the solvent TOPO occurs during nucleation, and P 

is subsequently lost, likely due to self-purification. 

The reaction conditions for synthesis of nanoparticles of similar sizes with different P 

concentrations and different particle sizes with similar P concentrations were established and the 

effect on magnetic and structural properties was evaluated. Temperature-dependent XRD studies 

and magnetic measurements suggest that the transformation from β to α structure upon cooling is 
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reversible, but occur with hysteresis. As a consequence of P-doping, the phase transition 

temperature has shifted below room temperature and a large region of phase co-existence is 

observed. The magnetic and structural properties appear to be correlated.  

The conditions for Fe-doping on type-B MnAs nanoparticles are established and the 

consequence on magnetic and structural properties is probed. The core-shell morphology, 

particle size and β-MnAs structure are retained upon incorporation of iron at relatively lower 

temperature (100 
o
C) with a short reaction time (15 minutes). Iron incorporation appears to 

compress lattice parameters and lower the magneto-structural phase transition temperature. 

Overall, the changes in intrinsic properties observed with doping on the cation and anion 

lattice may be arising mainly due to volumetric effect in unit cell. This dissertation research 

reveals synthetic pathways to produce inaccessible phases from accessible phases by exploiting 

ion-exchange routes and direct syntheses. 
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