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 Fe3O4 Nanoparticles as Robust Photothermal Agents 
for Driving High Barrier Reactions under Ambient 
Conditions*  

Robert J.G. Johnson, Kaitlin M. Haas, and Benjamin J. Leara* 

 

 

Magnetite nanoparticles (MNPs) show remarkable stability 
during extreme photothermal heating (≥770K), displaying no 
change in size, crystallinity, or surfactants. The heat 
produced is also shown as chemically useful, driving the 
high-barrier thermal decomposition of polypropylene 
carbonate. This suggests MNPs are better photothermal 
agents (compared to gold nanoparticles), for photothermally 
driving high-barrier chemical transformations. 

Heat is one of the most accessible tools for driving chemical reactions 
and, as such, it occupies a special place in the chemist’s toolkit. 
However, the ultimate utility of heat – from a chemical perspective – is 
limited by a lack of molecular-level precision over its distribution. 
Recently, it was suggested that the photothermal effect (in which light 
is absorbed and converted to heat) of nanoparticles would allow for 
spatial and temporal control with nanometre and picosecond 
resolution.1 The efficacy of this approach has been demonstrated for a 
variety of applications, such as driving reactions with large activation 
energies,2-4 breaking of the H2 bond,5 chemical and materials 
synthesis,6,7 on demand phase changes in materials,8 evaporation of 
liquids,8-10 controlled release of drugs,11-19 and  hyperthermal cancer 
treatment.11-13,20 While a fair amount of work on the photothermal effect 
of nanoparticles has focused on biological and medical applications, we 
are inspired by the first two examples above and our interest is in the 
chemical ramifications of this heat. We find these exciting as they 
demonstrate the ability to cleanly drive reactions which require 

e)	  

Figure 1. (a) Films of PPC with oleylamine-protected magnetite 
nanoparticles exposed to laser irradiation resulted in visible changes to 
the film. (b) These changes are a result of the degradation of PPC near 
the surface of the nanoparticle. (c) Production of the monomer during 
irradiation is verified via NMR spectra of the polypropylene carbonate 
(top) and condensed reaction products (bottom). Also shown are plots of 
the % degradation of a polymer film versus (d) peak laser irradiance and 
(e) concentration of magnetite nanoparticles. 
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temperatures well above those accessible by conventional synthetic 
approaches.  
 All of the referenced work above has employed plasmonic gold 
nanoparticles (AuNPs), as the surface plasmon for small (<60 nm) 
particles is very strongly absorptive, but very weakly luminescent.21 
However, AuNPs also possess several critical drawbacks for 
photothermal applications. Gold has relatively weak metal-metal bonds, 
and will undergo Coulombic explosion and melting that alters the 
nanoparticles geometry.4,22-26 In addition, the Au-S and Au-N bonds 
commonly used to chemically modify gold nanoparticles are weak and 
can be broken at the high temperatures required to accomplish the 
exciting transformations outlined above.16  
 Together, the above issues preclude full control over and 
understanding of the mechanisms of photothermal reactions. In 
particular, alteration of the nanoparticle size will alter their heat 
capacity and absorption constant of the particles, both of which will 
change the ultimate temperature reached by the particles. Changes in 
particle shape will also alter the heat transfer properties at their surface 
– again altering the ability of the heat to drive changes local to the 
particle.  Finally, the loss of ligands will change the solubility and heat 
transfer properties of the nanoparticle surface.  Thus, poor thermal 
robustness of the gold nanoparticles at high temperatures prevents the 
molecular scale control over heat that the photothermal effect promises. 
 Consideration of the above problems leads to a list of desirable 
properties for efficient and stable photothermal agents: (i) a substantial 
photon absorption cross-section, (ii) strong intraparticle bonds, and (iii) 
strong bonds to any surfactants. In this paper, we demonstrate that 
magnetite (Fe3O4) nanoparticles (MNPs) possess all of these properties.  
 Figure 1 shows our approach to test the efficacy of MNPs for 
driving high barrier chemical reactions photothermally. Full 
experimental details can be found in the ESI†. In brief, MNPs were 
synthesized using the method of Sun et. al.27 and a known mass was 
added to a dichloromethane solution of polypropylene carbonate (PPC). 
Films were cast from these solutions onto pre-weighed slides, allowed 
to dry, re-weighed, and then exposed to 8 ns pulses of 532 nm light 
from a frequency doubled Nd:YAG laser operating at a repetition of 10 
Hz. The energy of individual pulses could be varied between 0 mJ and 
200 mJ, in order to control the peak irradiance.  Irradiation of the film 
resulted in a change in both the appearance and mass of the film 
(Figure 1a), the latter of which results from the production of volatile 
propylene carbonate and CO2 (Figure 1b). – The presence of these 
products was verified using 1HNMR (Figure 1c) and mass spectroscopy 
(see ESI†). The mass loss of the film was then used to quantify the 
extent of polymer degradation.  
  Using the film’s mass loss, we then examined the efficacy of 
polymer degradation as a function of light irradiance (Figure 1d). For 
this study, films were cast with a MNPs mass fraction of 9.9x10-3 and 
then irradiated with 7,000 pulses with peak irradiances ranging from 6 
to 50 MW cm-2. Figure 1d shows a linear dependence of the percent 
mass loss upon the intensity of the beam, with no saturation of the 
MNPs absorption up to a flux of 50 MW cm-2, though the linear fit 
suggests a threshold irradiance of ~8 MW cm-2 must be met in order to 
observe degradation. This lack of saturation threshold is the same as 
observed for gold nanoparticles,4 and reflects the strongly absorbing 
nature of the MNP. 
  

 We also examined the efficacy of PPC degradation as a function of 
MNP mass loading (Figure 1e), in which films with MNPs mass 
fractions ranging from 9.1x10-2 to 4.0x10-3 were exposed to 7,000 
pulses (25 MW cm-2). In addition, we exposed pure films of PPC 
(without MNP) to laser pulses.  No matter the laser irradiance used, the 
observed mass loss did not exceed 3%. We find that the percent 
decomposition is roughly linear over the entire range of MNP 
concentrations. This is different from the behaviour of AuNP-doped 
films, which strongly deviate from a linear dependence at higher 
nanoparticle concentration resulting from a “light-limited regime.”4 In 
AuNP samples, the front of the film screens the back of the film from 
incident photons. The measured extinction coefficient (see ESI† for a 
UV-vis spectrum) for our MNPs, 1.51x103 (g/mL)-1 cm-1, is 
approximately 70 times less than that of 2 nm AuNPs (1.06x105 (g/mL)-

1 cm-1), which explains why we do not observe a screening effect over 
the range of concentration of MNPs used in this experiment. However it 
is interesting to note that despite such a large difference in extinction 
coefficient, the MNPs employed here are only ~30% less efficient than 
AuNPs at driving the thermal decomposition of PPC.4  
 Considering the observed extent of decomposition of PPC, we can 
estimate the temperature reached by the particles is at least 770 K. This 
estimate is obtained by using the Arrhenius equation to calculate the 
uniform temperature of the film (see ESI for details†) required to 
generate our observed extent of unimolecular decomposition of PPC 
within the time occupied by 7,000 pulses of light (56 µs). This 
approach is the same as assuming that the energy absorbed by the 
MNPs is instantly converted to heat and distributed evenly throughout 
the film. As instantaneous distribution of heat is not physically 
reasonable, the MNP certainly attain temperatures significantly higher 
than 770 K.  
 The high temperatures reached by the MNPs allow us to highlight 
the remarkable stability offered by MNPs as photothermal agents. As 
shown in the ESI (Figure S2 and S3†), AuNPs are susceptible to 
changes under irradiation such as aggregation, fragmentation, and 
melting.4,22-26 These changes must result in a loss of control over the 
homogeneous spatial-temporal distribution, and absolute amount of 
heat delivered via the photothermal effect. Thus, the major perceived 
advantage of using the photothermal effect of nanoparticles – the fine 
control over local heat – is lost for AuNPs at higher irradiances. On the 
other hand, the MNPs used in this study display much greater stability. 
We have investigated the stability of MNPs in both hexane solutions 
and in PPC films upon irradiation (7,000 pulses, 25 MW cm-1). In what 
follows, we focus on the results from hexane solutions, though data 
showing similar results from the PPC films can be found in the ESI†.  
 First, we highlight the geometric stability of MNPs. As seen in 
Figure 2, we observe no change in their shape (spherical), mean 
diameter, or size distribution of the MNP before (5.9±0.8 nm) and after 
irradiation (5.9±0.8 nm). Though the histograms associated with these 
populations (obtained from at least 300 particles) do show slightly 
different shape, our analysis shows that this is not a statistically 
significant change in either the width or centre of the distribution. This 
is in stark contrast to the behaviour of AuNPs exposed to similar 
conditions, which experience drastic increases in both the size and 
heterogeneity of the particles.4,23  
 In addition to geometric stability, crystalline stability is also critical 
to consider. It is conceivable that irradiation could result in phase or 
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composition changes of the MNPs. For example, Fe3O4 could become 
γ-Fe2O3.28 Such transformations are undesirable, as they could alter the 
light absorbing and thermal properties of the MNPs. X-ray diffraction 
(XRD) taken before and after irradiation (Figure 2) shows the powder 
pattern of the MNPs remains largely unchanged, with bands at 
d-spacings of 2.903, 2.485, 2.076, 1.597, and 1.465 that are 
characteristic of Fe3O4.29 The only noticeable difference upon 
irradiation is a loss of resolution in the (220) peak, though the overall 
relative intensity of the (220) peak is maintained. In addition, the other 
peaks are not significantly broadened, which indicates that there is very 
little change in the crystallinity or size of the sample upon irradiation.   
 Beyond crystalline and size stability, the surfactants covalently 
attached to the MNPs were retained during irradiation – even at the 
extreme temperatures obtained by the MNPs. The MNPs remained 
soluble in hexanes throughout the irradiation – suggesting that the 
surfactant layer is preserved. This conclusion is supported by IR spectra 
taken of the dried powders used for the XRD measurements. The IR of 
the powders are clean and displays spectra fully consistent with the 
presence of oleylamine – particularly the presence of the ν(C=C) 
stretch.  
 The preservation of surfactants during exposure to high photon 
fluency is a striking contrast to the behaviour of thiol protected 
AuNPs,[11] which fall out of solution upon exposure to similar 
irradiances. Even without reference to the AuNPs, the preservation of 
the ligands at the extreme temperatures reached by the particles is 
remarkable. We speculate that endothermic transformations of the 
surroundings are functioning to protect the MNPs.  In the case of the 
polymer, the heat sink is the endothermic depolymerisation reaction.  In 
the case of hexanes, it is the heat of vaporization – as it is known that 

plasmonic heating leads to local vaporization of solvents.  For both 
AuNP and MNP these processes would cool the particles. We then 
hypothesize that the resultant temperature of the particles is sufficient to 
cleave the relatively weak Au-S bonds, but not the stronger bond 
between oleylamine and the MNPs.  This hypothesis is somewhat 
supported by the fact that the MNP appear to be indefinitely stable in 
boiling hexanes, while AuNP are not. We emphasize that the above 
hypothesis needs testing in the future.  However, the fact that it can be 
tested is a testament to the excellent surfactant stability of MNPs, which 
opens the door for solution-based studies into the fundamental 
behaviour of these nanoparticles and the possibility of preserving 
complex functionality of MNPs under extreme photothermal 
conditions.  
 In conclusion, we demonstrated that non-plasmonic MNPs are 
efficient photothermal agents for driving chemical reactions and offer a 
number of advantages over AuNPs for this application, including 
remarkable geometric, crystalline, and surfactant stability. This stability 
will prove critical for fundamental studies into the photothermal effects 
of nanoparticles, as well as in the design of multi-functional 
nanoparticles that are intended for use under these conditions. Though 
we are not the first to recognize the ability of MNP to function as 
photothermal agents,30-37 previous reports have focused on low 
temperature biological applications. We are the first to demonstrate 
their ability to cleanly drive specified high barrier chemical reactions as 
well as their remarkable stability under such extreme conditions. These 
results not only suggest that more work into the use of MNPs as 
photothermal agents is appropriate, but that more semiconducting and 
insulating nanoparticles should be examined for their efficacy and 
robustness as photothermal agents 
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