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1. Materials and methods
1.1Reagents and solvents

Commercial reagents and solventdnless stated otherwise, all reagents and solvents were obtained
from the commercial sources: Sigg#edrich, TCI, Boom and Lindas and were used as received. For
aqueous solutions, MilQ water was used.

The following chemicals were purchased fr8gma Aldrich

Iron (0) pentacarbonyl (Sigma Aldrich, 99.99%, SHBN55725-8), linolenic acid (Sigma Aldrich,
70%, BCCD7126, -08-22), oleic acid (Sigma Aldrich, 90%, MKCL2492)7220), trimethylamine
N-oxide dihydrate (Sigma Aldrich, 98%, BCCF8798,722), silver nitrate (Sigma Aldrich, 99%,
MKCRO0415, 189-22), p-benzoquinone (Sigma Aldrich, 98%, BCCG70609-P2),acetic acid (Sigma
Aldrich, 100%, K52550263 025;@%21),hydrochloric acid (Sigma Aldrich, 37%, STBK55836-2Q)
stearic acid (Sigma Aldh¢ 95%, SHBN3646, 03-22), lauric acid (Sigma Aldrich, 98%, SHBN9628,
23-11-22),octanoic acid (Sigma Aldrich, 99%, MKCQ5948,7422),linoleic acid (Sigma Aldrich, 95%,
SHBP0710, 087-22), graphenenanoplatelets (25m patrticle size, surface area 15C¢ g, Sigma
Aldrich, MKCM5180, 102-22), activated charcoal (100 mesh particle size, Sigma Aldrich, SHBN4347,
22-02-22), dibutyl ether (Sigma Aldrich, 99.3%, STBK316&)6222), nonanoic acid (Sigma Aldrich,
97%, 055H0302V, 1®/-22),iron(ll) chloride (Sigma Aldrich, 000012456402422),iron(lll) chloride
(Sigma Aldrich, 97%, STBK34670322), oleylamine (Sigma Aldrich, 70%, STBK08682-22),
activated charcoal 2@0 mesh patrticle size (Sigma Aldrich, SHBL634@2-22),iron(lIl) oxide (Sigma
Aldrich, MKCH7591, A71-21),aluminum oxia (Sigma Aldrich, BCCG634902422),iron(lll) nitrate
(Sigma Aldrich, 98%, MKCNO0770;02122), sodium bromide (Sigma Aldrich, 99%, MKCP4918,
11-02-22),iron (lll) sulfate hydrate (Sigma Aldrich, 97%, STBK26d2-22),znc nitrate hexahydrate
(Sigma Aldrich, 98%, BCCG216502Z22), aluminum nitrate nonahydrate (Sigma Aldrich, 98%,
MKCNO704, 152-22),starch (Sigma Aldrich, SLCC552702P1),sodium thiosulfate (Sigma Aldrich,
99%, BCCC5894,-21-21),benzyl alcohol (Sigma Aldrich, 99%, STBKTESS/-22),iron (l1,111) oxide
(Sigma Aldrich, 97%, MKCL0694:02:21), iron (ll) sulfate heptahydrate (Sigma Aldrich, 99%,
MKCN7636, 182-22),nickel(ll) chloride hexahydrate (Sigma Aldrich, BCCG45@2-22),copper(Il)
chloride dihydrate (Sigma Aldrich, MKCL5412;02-22), oleyl alcohol (Sigma Aldrich, 85%,
MKCQ9938, 2B88-22), potassium lodide (Sigma Aldrich, 99.5%, STBJ71901-21), ammonium
molybdate tetrahydrate (Sigma Aldrich, -88%, SLCH3187, -R1-21), sodium hydroxide (Sigma
Aldrich, 8%, SLCC5278,-01-20), phosphate buffered saline (Sigma Aldrich, SLCF21762-28),
h-terpinene (Sigma Aldrich, 85%, SHBL8464,(32),furfuryl alcohol (Sigma Aldrich, 98%,
MKCJ0857, 0@7-22), styrene (distilled beforeuse Sigma Aldrich, 99%, STBH7369,02-89),
mesitylene (Sigma Aldrich, 98%, BCCN2445,121@), potassium hydroxide (Sigma Aldrich, 85%,
MKCJ6734, 182-19), methylene blue (173820).

The following chemicals are purchased frBmom B.\..

Sulfuric acid (Boom B.V.,95%,26-10-22), nheptane (Boom B.V., 99%, UN1206;0D422), ethanol
(Boom B.V., 100%, EA8922-10SD, 162-22), sodium chloride (Boom B.V., @&%-21), ammonia
solution (Boom B.V., 25%,-D8-21),

The following chemicals are purchased fréeros Organicdron (0) pentacarbonyl (Acros Organics,
A0425102, 2412-20), purchased frori Ci Elaidic acid (TCI, 97%, J6@¥| 1511-22), purchased from
BLD Pharmatech Itd.N-oleylsarcosine (BLD Pharmatech Ltd., Total Nitrogen 3.2%, CMC314,
08-09-22), purchased fronMacrorn Dichloromethane (Macron, UN1593,-03-22), methyl alcohol
anhydrous (Macron, 2217805858, -28-22), isopropyl alcohol (Macron, 135-22), purchased from
Merck Potassium dichromat (Merck9-01-13), purchased fronhindegas Oxygencompressed,0
(technical gradeSOL SpA, S161280921X01247DQ%B22).



Real &ke water (2L) was collected physically frormVippinger Kolk, 52°54'53.6"N 7°23'45.6"E
(52.914897, 7.395993R6892 Wippingen, Lower Saxony, Germamy 6th March 2022 at 17:47.
Remaining sand and animals were filtered off and the water used without further purification. It was
stored in darkness at room temperature.

Bremen

Bielefeld’ "
» &

Figure &: Location ofWippinger Kolk, 52°54'563.6"N 7°23'45.6"82.014897, 7.3959936892
Wippingen, Lower Saxony, Germany for the collection of yeker.

Real sawater (2L)was collected physically from th¢orth Seas52°46'20.2"N 4°39'16.0"E (N52.772285,
E4.654436) 1755 Petten, Noord Holland, Théetherlandson 4th March 2022 at 20:08. Remaining sand
and animals were filtered off and the water used without further purification. It was stored in darkness

at room temperature.

Figure &: Location of North Se&2°46'20.2"N 4°39'16.0"E (N52.772285, E4.654436) P&iten,
Noord Holland, The Netherlands for the collection of seawater.



2. Equipment and general analytical information

Photochemical guipment:
- white light LED lamps (575 Im, 8 W each; 5750 Im, 80 W total) as light source for the rotary
photoreactor.
- LEDs (OSRAM Oslon SSL 80 royal blue, LEXDQUP500Y 2 3 =445nm, 180mW/cn¥) as
light source for batch and flow production of hydrogen peroxide.

General Analytical InformationNuclear Magnetic Resonance spectra were measured with an Agilent
Technologies 40MR (400/54 Premium Shielded) spectrometer (400 MHz). All spectra were
measured at room temperature (224 °C). Chemical shifts for the specific NMR spectra were
reported reldive to the residual solvent peak [in ppm; C&CI 1 | EDQYOPHIT I TT dmc 8 &
multiplicities of the signals are denoted by s (singlet), d (doublet), t (triplet), g (quartet), m (multiplet),

br s (broad signal), appfparent). AIPGNMR spectra aréH-broadband decoupled.

Highresolution mass spectrometric measurements were performed using a Thermo scientific LTQ
OrbitrapXL spectrometer withlectrosprayionization.The molecular ion (M+, [M + H]+ anddX|+)
is given in m/ainits.

U\-vis spectra were recorded with an Agilent 8543 spectrophotomdike Agilent 8453 UVisible
spectrometer was equipped with a custemuilt (Prizmatix/Mountain Photonics) muitvavelength

fiber coupled LEBystem (FGREDWL) including the following LEDs: 365A, 390B, 420Z, 445B, 535R,
630CA. A detailed description ofethsetup was published earlier by our group (see FigurenS1
reference 3! A Quantum Northwest TC1 temperature controller was used to maintain the
temperature at 20 °C during photochemicaudies.

Electrochemical measurements were carried out on a Zahner Zennium & PP211 workstation (Zahner,
Germany). More detailed information on the Mefichottky measurements can be found in Section
Sl4.6.

Dynamic lightscattering (DLS) experiments were performed with a Zetasizer Ultra Red (Malvern
Panalytical, ZSU3305)

A Tecnai T20 cryelectron microscope with 200 keV was used to take the Transmission electron
microscopy (TEM) and scanning transmission electron (STEM) intEgesyydispersive Xay
spectroscopy (EDXyas performed witha silicon drift energy dispersivery (SDD EDX) detector
X-max from Oxford Instrumentsh€ elemental ratio was calculateda INCA software.

A Bruker D8 Advancdiffractometer was used fo Xray Powder Diffraction (XRD) pattern
measuremens.] SNB / dz Y& =18418)employiggya 0.25° divergent slit and a 0.125°-anti
a0FrGGSNAY3a atAd og+a dziAft Al SR ¢KS LI GGSNYya oSNNS
0.017365 ° and a counting time of 4@er step.

Liquidchromatography (LC) maspectrometry (MS) (L®1S) measurements were performed on a
Agilent InfinityLab LC/MSD (G6125C SG2215N102) with an Agilent 1290 Infinity {pddan@olumn

by Waters (BEX€4, 2.1x150, 1./hicron) was utilized with 100.0Water as eluent at a flow rate of
0.300mLmin?* and 600.0(ar pressure (2énin acquisition time). The injection volume was set to
1.00uL. The UADAD detector followed products at wavelength26Dnm, 210nm and 250hm and

full spectra were recorded from 19@n to 350nm. The SQ Mass Spectrometer was set to follow mass
values ranging from 4600m/z. Simultaneously SIM scans at masses of 342 313m/z and
281m/z were conducted.



Gaschromatography (GC) maspectrometry (MS) (GRIS) measurements were performed on a
Shimadzu G010 (Japan) gas chromatograph with a GEQPR010 masspectrometer. A nospolar
column ((5%phenyl}methylpolysiloxane) by Agilent (dimensions rB00.25mm -0.25um) was
utilized

Headspace GTCD (thermal conductivity detector) measurements takermeasurement from the

headspace of the XhL pressure vial using a VICI Precision Sampling PRES3K@&Eyringe

equipped with a pustbutton valve. The evolved gases in the headspace of the reaetiere analyzed

with a Shimadzu Nexis €030 (Japan) gas chromatograph (GC), equipped with a thermal
conductivity detector (TCD). More sampling details and equipment specifics are described in
Section8.1. 5-mL samplesofi KS KSIF RaALI OS 6SNB Ay2SOGSR Ay (KS |
Nexis G030 (Japan) gas chromatograph, equipped with two columns connected-teag Galve.

X-ray photoelectron spectroscopy (XPS) was performed using a Surface Science Instrumé&fs SSX

9{ /! ALISOGNRYSUHISNE S| dzA LIJIEIRE 4R ENIDS YK 2 OIKWRYWd ddk C
in the measurement chamber was maintained below 5*%XAbar during data acquisition. The
photoelectron takeoff angle was 37° with respect to the surface normal. The diameter of the analyzed

FNBF 61Fa&a mnnn >YT GKS SySNHé& NBazfdziAzymoel a mobH
detailed description can bimund inSection 8.3

Computational methodsAll computational input files were prepared in GaussView 6.0 on a local
Windows 10 terminal. Input files were then transferred to thriversity ofGroningen Peregrine HPC
cluster where DFT or TDFT calculations were carried out using the Gaussian 16 (gl16) suite of
programs A more detailed description can be foundSection 8.4 & 8.5



3. Experimental procedures

3.1 Catalyst synthesis in dibutyl etheand optimization
Iron(0) pentacarbonyl (0.4 g, 3.04 mmol, 1 eq.), oleic acid (1.1 g, 3.5 mmol, 1.15 eq, 90%) and dibutyl
ether (12 mLyere heated to 150C for an hour. After cooling room temperature with an ice bath
trimethylamine Noxide dihydrate (I (98%), 8.82 mmol, 2.90 eq.) was added while flushing the
system with nitrogen. The temperature was subsequently increased t&CILf®0 two hours andfter
to 150°C for one hour. After coolingp room temperature with an ice batlhe particles were
magnetically precipitated in ethanol on a magnet. After washing once with ethanol, the particles were
dried and dissolved in DCM for storage in the fridge.

The addition of trimethylamine Mxide was necessary to enhance the substitution of carbon
monoxide ligands and their disconnectidn the iron(0) core. Thereby oleic acid able to
coordinate/connect to iron.

M(CO)+Meb h b [ b +aviéM +hdQ

Scheme & Production of carbon dioxide kddition of trimethylamine Noxide to iron(0) pentacarbonyl.

A screening was subsequently performedbaratio of oleic acid: iron(0) pentacarbonyl (usually 2:1).

It was found that only 2:1 molar ratiagave best resultswhereas 1:1 and 3:fiatios were proven
inactive by peroxide test strip and titration. A molar ratio of 4:1 was also attempted; however, these
particles were not magnetically precipitating on the magnet in the workup. Nanopatrticles shrink in
size with increasing amounts of surfactant added, whimhld explain the particles to not magnetically
fall down as they were too well dispersed.



3.2 Catalyst synthesis optimization

Since the abowvenentioned nanoparticles were found to perform wele opted for further
optimization ofthe synthesis of these iron oxide nanoparticles with molar oleic acid ratio of 2:1. It was
found that glassware used in the synthesis and workup had influence on the performance of the
photocatalyst for hydrogen peroxide productidfeterogeneous catalysts are sensitive to changes in
mass and heat transporThus the performance of bterogeneous catalystan strongly be impacted

by changes in parameters like temperature, particle size, pore dimensions and reacfiguration.?

After thoroughly screenip glassware in the lab (50 mL, 100 mL, 250 mL, 500 mL), it was found that a
100mL twoneck flask yielded the most active nanoparticles in the synthesis. AmlLOBireeneck

flask, a 50nL twoneck flask and 250 ml-rizck flask were also tested, where the particles produced

in the 50 mL tweneck flask werenactive. Reasons for dependence on the glassware could be the
different rates otheating atreflux provided by each piece of glassware or differences in the sheer rate
from the magnet (egg shaped,ctn). An attempt with overhead stirring during the synthesis was
made, but not continued further as it led to inactive particlepon precipitation on a magnet, it was
found that also here the choice of glassware had an effect on the nanoparticles. 250 mL, 500 mL and
1000 mL beakers were tested, where 500 mL beakers produced the most mativparticlesEach
beaker size has a different diameter, which influences the way the magnet pulls the magnetic
nanoparticles out of solutian

The effect of temperature and atmosphere on the synthesis were also tef8dmlitylether has a
boiling point of 14°C, therefore the synthesis was conducted at a temperature of’C5t obtain

reflux. The synthesis was conducted at 2@0once, which gave less active nanopatrticles. Similarly,
synthesis in air instead of nitrogen atmosphere resulted in less active nanopatrticles. These findings
emphasizehe importance of reflux conditions and nitrogen atmosphere in the synthesis for active
iron oxide nangparticles.

Initially, the nanoparticles were stored in the refrigerator in an air atmosphere, which contained
enough oxygen to initiate sefutoxidatian. This resulted in blank positive results in darkness, if the
nanoparticles had been stored for some tinadready This could be prevented by storing the
nanoparticles in DCM in nitrogen atmosphere in the fridge. Ten active batches of nanoparticles were
combined with the intention to make largebatch for condition screening; however, this deactivated

the particles. Therefore, it as opted to always store each separate batch of nanopartinheler a
nitrogen atmosphere in the fridge in a 20 mL vAgdditionally, parafilm was wrapped around the cap

to ensure that each vial remained sealed and its nitrogen atmosphere maintained

Finally, ethanol and methanol were tested as solvent to replace dibutyl ether in the synthesis, since
these are more sustainable following green chemistry prinsipBoth of these solvents in the
synthesis were found to give positive results, where synthesis in ethanol was found to be more active.
Synthesis in ethanol as a solvent resulted in higheldsand more consistent results from batch to
batch compared to dibutyl ether as solvent in syntheldisnce we optedfor ethanol as the standard
solvent
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3.3 Catalyst synthesis in ethanol

Ethanol as solvent in the synthesis instead of dibutyl ether yielded more active and reproduceable
nanoparticles. Synthesis in ethanol is more sustainable than dibutyl ether since ethanol can be
obtained frombiomass® Alsg oleic acid can be regarded sustainable as it is the main component in
olive oil* Photocatalytichydrogen peroxide productiowia these iron oxide nanoparticles compared

to the already existing anthraguinone process is more sustainable according to the principles of green
chemistry.>® Thedescribed photocatalytic process is safer, creates less waste, uses more renewable
materials and can be performed at ambient temperature and pres®uéding upon the synthesis in
ethanol, we prepared nanoparticles with a number of different surfactants in order to gain a better
understanding of the hydrogen peroxide production mechani@wonditionswere kept as optimized

in the previous section, where reflux in ethanol is conducted at °T5oiling point: 78C) This
temperatureis significantlyabove the boiling point of ethanol but was found to be crucial as synthesis
at lower temperatures yielded inactive nanoparticles. The rate of reflux is thus important for activity
of the NPs|t should behighlighted that synthesis in ethanol effectivetgsemblesa synthesis directly

in the antisolvent, which usually would be used to enhance precipitation of nanoparticles in the
workup step. Utilizing the described technique saope of surfactants wasynthesizedFigure 8).

Immobilization on activated charcoal (mesh-20and 100 as well agraphene nanoplateletsas
achievedand resulted in magnetic activated charcoal and graphene nanoplatelet particles as shown
in Figure 80, Figure 82 andFigure 84. Nanoparticlesising stearic acid and linolenic acould not

be synthesizedFigure 8). Stearic acid is a solid at room temperature and did not dissolve in ethanol
at room temperature At elevated temperatures the surfactant was miscible, howewdren cooled

all surfactant precipitated as shown Figure 20. Stearic acid does not dissolve in oleic acid, so
synthesis with a 1:1 mixture of these surfactants was also not an optiBa.with iholenic acid did

not magnetically precipitate on the magnet, possibly because particles were too small and too well
dispersed for precipitation. After synthesis the nanoparticles were stored in DCM under nitrogen
atmosphere in darkness in the fridge. Sessful surfactant incorporation was tested by their stability

in DCM overnight; a batohasregarded stable if still in solutioovernigh.”

No surfactant

Unsaturated fatty acids

\/W\/z\/\/\/\)j\o“

Oleic acid (cis)

/\/\/\/W\/\/\)LOH

Elaidic acid (trans)

/\/\/=\/=\/\/\/\)LOH

Linoleic acid (cis,cis)

Saturated fatty acids

V /\/\/\j\o“ \/\/\/\j\OH x

Octanoic acid Nonanoic acid
o
/\/\/\/\/\)LOH
Lauric acid
Alcohols
NN AN

Oleyl alcohol [o]
Amines

- - - OH

Linolenic acid (cis,cis,cis) o

P U U e e YV W, L)
Oleylamine

OH

N-Oleylsarcosine Stearic acid

Figure 8: Scope oburfactants employed for successful iron oxide nanoparticle syntflefis surfactants not
successful imanoparticlesynthesiqright).
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3.3.1 Synthesis of iron oxide nanoparticles without surfactant

Bhanol (12mL)and iron pentacarbonyl (0.4 mL, 3.04 mmol, 1 eq.) were added to a 100 mhetvko
round bottom flask andhe mixtureheatedat reflux (156C Allihn condenser) for 1h at a stirring speed
of 660rpm (Figure 3). After 1h solid precipitated out of solutiorrigure 8 (A)). The mixture was
initially cooled using an ice bath and then with a 20°C water battoaon temperature(20°C)(B),
while filling the decreasing volume of the headspace with nitrogenthe cooled mixture trimethyl
amine Noxide dihydrate (1 g (98%), 8.82 mmol, 2.90 eq.) was added while flushing the system with
nitrogen, which resulted in bubbling and a dark solut{@) The mixture was then heated to 130°C
for 2h under nitrogen atmospheréD), where overpressure of gas (CO) was allowed to leave the
system in the first few minutegfter 2h the temperature was increased to 150°C forThereaction

was stopped by cooling with an ice bath and subsequently with a water bath untibbéurtherthan
20°C (whole cooling processmiin), while flushing with nitrogenThe nanoparticles were decanted
into a beaker (500nL) and precipitated from ethanol (200L). The magnetic nanoparticles were
pulled out of solution (212L) by a magnet under the beaker for igure S). The ethanol was
decanted off and the particles were washed once with ethanoln§k{. Dried via constant air flow,

the particles were dissolved in dichloromethane (@0) and stored in nitrogen atmosphere and
darkness at 5°C. The particles were not stable in DCM overnigtghasn in Figure $. The
approximate yield was 65Mg per batch

Figure 8: FeQ NPs(batch 143) without surfactant. A) t=50 min, B) t=60 min cooled, C) t=60 miN kldded,
D) t=100 min.

Figure S: Precipitation on magnet dfeQ NPs(batch 143) without surfactant.

Figure ®: Photograph of FeGQ NPs y =
(batch143) without surfactant in DCMfter '
12h-itis clear that the dispersion is not stabl
in solution.
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3.3.2 Synthesis of iron oxide nanoparticles with oleic acid

Oleic acid (2.2¢ (90%), 7.0inmol, 2.31 eq.), ethanol (1AL) and iron pentacarbonyl (OrdL,
3.04mmol, 1 eq.) were added to a 100 mL tweck round bottom flask anthe mixture heated at
reflux (15C°CAllihn condensérfor 1h at a stirring speed of 660 rpfigure 3). After 1h the mixture
had turned from yellow to orange/browri{gure 8 (A)). The mixture wasnitially cooled using an ice
bath and then with a 2T water bath taroom temperature(20°Q (B), while filling the decreasing
volume of the headspace with nitrogefo the cooled mixture trimethyl amine-dkide dihydrate (3
(98%), 8.82nmol, 2.90eq.) was added while flushing the system with nitrogen, which resulted in
bubbling and a dark solutiofC). The mixture was then heated to 130°C for 2h under nitrogen
atmosphere resulting in a colour change to yell@ywhere overpressure of gd€0) was allowed to
leave the system in the first few minutéB). After 2h the temperature was increased to 15@it
keptfor 1h.The reaction was stopped by cooling with an ice bath and subsequently with a water bath
until but not further than 20°C (whole cooling process: rhin, F), while flushingthe solutionwith
nitrogen The nanoparticles werdecanted into a beaker (500 m&) andprecipitated from ethanol
(200 mL)While rinsing the round bottom flask with the ethanol the magnetic nanopatrticle ldtep
were already formed inside the flagkd). The magnetic nanoparticles were pulled out of solution
(212mL)by a magnet under the beaker for 1Rigure S1, J. The ethanol was decanted off and the
particles were washed once with ethanol (&@Q)(K, L) Driedviaconstant air flow, the particles were
dissolved in dichloromethane (1fL) and stored in nitrogen atmosphere and darkness at 5°C. The
particles were stable in DCM overnight, as showirigure S. The approximate yield was34%
corresponding td.00-500mg per batch.

N

Figure $: Synthesis equipment used for the ka@noparticle synthesis. Twuoeck round bottom flask
equippedwith an Allihn condenser and heat®th metal heating mantle.
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Figure 8: Photographs oFeQ NPs(batch 141) with oleic acid surfactant 2:1. A) t=50 min, B) t=60 min cooled,
C)cooled att=60 min MeN added D) heating up at t=63 min and gas formatigrt=100 min F) cooled solution
after synthesis, G) precipitation on magnet, purégcanted, H) washing and rinsing of round bottom flask for
droplet formation.

Figure 8: Precipitation ontop of amagnet ofFeQ NPs(batch 141) with oleic acid 2:1 as surfactaipd)1h
washingwith 200 mL EtOH and droplet formatiol,L)washedFeQ NPs withethanol (50 mL) Photograph of
FeQ NPs (batch 153) with oleic acid 2:1 i€ after 12h- it is clear that thedispersion is stable and no
precipitates can be identifie(bottom right).
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3.3.3 Synthesis of iron oxide nanoparticles with oleic acicbubleshooting

The synthesis was found to be consist¢sR10 batchesand could successfully be reproduced by
three different researcher different labs at different location& bachelor studenat Linnaeusborg
(University of Groningen)a master studentat Linnaeusborg (University of Groningea),PhD
candidateat Nijenborgh& Linnaeusborg (University of Groningen) axtdJniversity of Amsterdain
Especially for the synthesis of heterogeneous catalyst materials, reproducibility is crucial and often an
overlooked aspect Successfubynthesis was independent of iron(0)mtacarbonyl supplies(Sigma
Aldrich, Acros Organics) with different kmimbers, coming from different continents.

Unsuccessful syntheses of a few batchestéedn extensive troubleshootingl'he importance of dry
conditions wagliscoveredvhen once96% ethanol was used instead of the usual 100% ethéimpl
pieces were floating around in the flask after addition of trimethylaminexile dihydrate and
heating to reflux, wheraisually with 100% ethanal completelydissolvedand homogeneousolution

is obtained A similar phenomenon was observed when water was once utilized as 1:1 cosolvent with
ethanol, suggesting that water in the synthesis leads to undesired precipitation of nanopatrticles out
of solution. Wet nitrogen gas from the Schlditte also led to unsccessful nanoparticle synthesis
here the nanopatrticles did not magnetically precipitétem the solution during workup. Over time
stirring bars became yellow/brown after repeatedly being used for synthesis and cleaning using
hydrochbric acid solutior{37%) whichled to particles not magnetically precipitating during workup.

By using aw stirringbars,we were able to overcome this problem. Over time iron(0) pentacarbonyl
was foundo precipitate as a solith the normally yellow liquid, which led to differdptooking pieces
magnetically precipitating in the workul/e suspect that precipitation wasused by the septum on

the bottle being punctured too often, therefore not sufficientgaling thenitrogen atmosphere in

the bottleanymore. Iron(0) pentacarbonyl is a pyrophoric compqgunéaning that it could react with

air to burn to iron(ll) oxide® By switching to a new bottle of iron(0) pentacarbortylese problems

could be avoided When the trimethylamine Pbxide dihydrate was too dry (dry powder instead of
KEINRAO2LIAO HKAGS a2t AR0 AyO2yaraidSyid aeyikSas
recommended over a dry white powddduring the coolingtepsof the reaction mixture nitrogen has

to be flushed into the decreasingplume of the headspacd-urthermore,the cooling should be
performedrapidly with an ice bath for up to 1 min, but not longer ahé temperature should not

drop below 20C this can be monitoredby replacing the initial ice coolingith an additional water

bath. Letting the solution drop below 16 leads to precipitation of frozen oleic acid. These crystals
will trap the 2nm FeQonto 406600 nm crystals of oleic acid, whiigmnot desired. Extensive cooling

also leads to gel/droplet/oil formation at the bottom of the round bottom flask, resulting in tedious
workup and transfer to the beaker.

Below a list of requirements is given as guide, which should be consulted if there are difficulties in
synthesis.
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List of requirementdor successful nanoparticle synthesis

100% ethanol as solvent

clean and dry glassware (100 min€ck flaskAllihncondenser, adapter to Schletike)
clean stirring bar (egg shaped, 2 cm)

clean Schlentine tubing

dry nitrogen (make sure phosphorus pentoxide is still dry by moisture indicator)
clean oil in Schlerkne

660 rpm stirring speed

sufficient reflux

500 mL beaker during workup on magnet

cooling with the ice bath not below 20 °C to avoid precipitation of oleic acid (16 °C)
hygroscopic trimethylamine {dxide dihydrate

=

=4 =4 =4 4 -8 -8 -8 -8 -8 4
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3.3.4 Synthesis of iron oxide nanopatrticles with elaidic acid

Elaidic acid (2.20 g (97%), 7.56 mmol, 2.49 eq.), ethanaghJ2and iron pentacarbonyl (0.4 mL,
3.04mmol, 1 eq.) were added to a 100 mL tweck round bottom flasland the mixture heated at
reflux (15C°C Allihn condenser) for 1h at a stirring speed of 660 fpgu(e 3). After 1h the mixture
had turned from yellow to slightly orang€&igure 30 (A)). The mixture was initially cooled using an
ice bath and then with a 20°C water bathrtmm temperaturg20°C)B), while filling the decreasing
volume of the headspace with nitrogefo the cooled mixture trimethyl amine-dkide dihydrate (3
(98%), 8.82nmol, 2.90eq.) was added while flushing the system with nitrogen, which resulted in
bubbling and a dark solutiofC) The mixture was then heated to 130°C for 2h under nitrogen
atmosphere resulting in a colour change to yellow/orari& where overpressure of gas (CO) was
allowed to leave the system in the first few minutégdter 2h the temperature was increased to 150°C
for 1h.The reaction was stopped by cooling with an ice bath and subsequently with a water bath until
but not further than 20°C (whole cooling press: Imin, (E), while flushing with nitrogenThe
nanoparticles were decanted into a beaker (300) and precipitated from ethanol (206L). The
magnetic hanoparticles were pulled out of solution (24R) by a magnet under the beaker for 1h
(Figure &1). The ethanol was decanted off and the particles were washed once with ethanwiL(0
Driedvia constant air flow, the particles were dissolved in dichloromethanen{lL) and stored in
nitrogen atmosphere and darkness at 5°C. maegparticles were stable in DCM overnight,si®wn

in Figure 31. The approximate yield was 2h&y per batch.

Figure 30: Photographs oFeQ NPgbatch 172) with elaidic acid surfactant 24).t=50 min, B) t=60 min cooled,
C) t=60 min MeN added, D) t=100 min, E) t=240 min cooled.

Figure 81: A,B)Precipitationon top of a magnebf FeQ NPs(batch172) with elaidic acid 2:1 as surfactant.
Photograph ofFeQ NPs(batch 172) with elaidic acid 2:1 in D@Rer 12h-it is clear that the dispersion is stable
and noprecipitates can be identified (bottom right)
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3.3.5 Synthesis of iron oxide nanopatrticles with linoleic acid

Linoleic acid (2.10 g (95%), 7.11 mmol, 2.34 eq.), ethanah(32and iron pentacarbonyl (0.4 mL,
3.04mmol, 1 eq.) were added to a 100 mL tweck round bottom flasland the mixture heated at
reflux (15C°C Allihn condenser) for 1h at a stirring speed of 660 fpigute 3). After 1h the mixture
colour of the mixture was yellowr{gure 32 (A)). The mixture was initially cooled using an ice bath
and then with a 20°C water bath toom temperaturg20°C)B), while filling thedecreasing volume

of the headspace with nitrogef.o the cooled mixture trimethyl amine-dkide dihydrate (y (98%),
8.82mmol, 2.90eq.) was added while flushing the system with nitrogen, which resulted in bubbling
and a dark solutiorfC) The mixture was then heated to 130°C for 2h under nitrogen atmosphere
resulting in a colour change to yellow/oran¢e), where overpressure of gas (CO) was allowed to
leave the system in the first few minute&fter 2h the temperature was increased to 150°C and kept
for 1h. The reaction was stopped by cooling with an ice bath and subsequently with a water bath until
but not further than 20°C (whole cooling processimin), while flushing with nitrogen. The
nanoparticles were decanted into a beaker (300) and precipitated from ethanol (206L). The
magnetic hanoparticles were pulled out of solution (212 mL) by a magnet under the beaker for 1h
(Figure &3). The ethanol was decanted off and the particles were washed once with ethamalL{50
Driedvia constant air flow, the particles were dissolved in dichloromethanen{lL) and stored in
nitrogen atmosphere and darkness at 5°C. imaegparticles were stable in DCM overnight, as shown

in Figure 3. The approximate yield was 50 mg per batch.

Figure 32 Photographs ofFeQ NPs(batch 144) with linoleic acid surfactant 2:1. A) t=50 min, B) t=60 min
cooled, C) t=60 min M#l added, D) t=100 min.

Figure $3: A,B,CPrecipitationon top of a magnebf FeQ NPs(batch 144) with linoleic acid 2:1 as surfactant.
Photograph ofFeQ NPs(batch 144) with linoleic acid 2:1 in DGlfter 12h- it is clear that the dispersion is
stable and ngrecipitates can be identified (bottom right)
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3.3.6 Synthesis of iron oxide nanopatrticles with octanoic acid

Octanoic acid (0.52 g (99%), 3.57 mmol, 1.17 eq.), ethanahi32nd iron pentacarbonyl (0.4 mL,
3.04 mmol, 1 eq.) were added to a 100 mL tmexk round bottom flasland the mixture heated at
reflux (15C°C Allihn condenser) for 1h at a stirring speed of 660 fpgu(e 3). After 1h the mixture

had turned from yellow to brownHigure 34 (A)). The mixture was initially cooled using an ice bath
and then with a 20°C water bath toom temperaturg20°C)B), while filling the decreasing volume

of the headspace with nitrogef.o the cooled mixture trimethyl amine-dkide dihydrate (y (98%),

8.82 mmol, 2.90 eq.) was added while flushing the system with nitrogen, which resulted in bubbling
and a dark solutiorfC) The mixture was then heated to 130°C for 2h under nitrogen atmosphere
resulting in formation of a precipitate on the side of the flédk where overpressure of gas (CO) was
allowed to leave the system in the first few rates. After 2h the temperature was increased to 150°C
for 1h.The reaction was stopped by cooling with an ice bath and subsequently with a water bath until
but not further than 20°C (whole cooling processmin (E), while flushing with nitrogenThe
nanoparticles were decanted into a beaker (300) and precipitated from ethanol (206L). The
magnetic hanoparticles were pulled out of solution (24R) by a magnet under the beaker for 1h
(Figure 85). The ethanol was decanted off and the particles were washed once with ethanwiL(0
Driedvia constant air flow, the particles were dissolved in dichloromethanen{lL) and stored in
nitrogen atmosphere and darkness at 5°C. imaegparticles were stable in DCM overnight, as shown

in Figure 35. The approximate yield was 105 mg per batch.

< A
”»

[N

Figure 34: Photographs ofFeQ NPs(batch 161) with octanoic acid surfactant 1A4) t=50 min, B) t=60 min
cooled, C) t=60 min Mal added, D) t=100 min, E) t=240 min cooled.

Figure 35: A,B,CPrecipitationon top of a magnebf iron oxide nanopatrticles (batch 161) with octanoic acid
1:1 as surfactantPhotograph ofFeQ NPs (batch 161) with octanoic acid 1:1 in D&ftdr 12h- it is clear that
the dispersion is stable and moecipitates can bélentified (bottom right)
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3.3.7 Synthesis of iron oxide nanoparticles with nonanoic acid

Nonanoic acid (0.56 g (97%), 3.43 mmol, 1.13 eq.), ethanehi}2nd iron pentacarbonyl (0.4 mL,
3.04 mmol, 1 eq.) were added to a 100 mL tmexk round bottom flasland the mixture heated at
reflux (15C°C Allihn condenser) for 1h at a stirring speed of 660 fpgu(e 3). After 1h the mixture

had turned from yellow to brownHigure 36 (A)). The mixture was initially cooled using an ice bath
and then with a 20°C water bath toom temperaturg20°C)B), while filling the decreasing volume

of the headspace with nitrogef.o the cooled mixture trimethyl amine-dkide dihydrate (y (98%),

8.82 mmol, 2.90 eq.) was added while flushing the system with nitrogen, which resulted in bubbling
and a dark solutiorfC) The mixture was then heated to 130°C for 2h under nitrogen atmosphere,
resulting in formation of a precipitate on the side of the flédk where overpressure of gas (CO) was
allowed to leave the system in the first fewnntes After 2h the temperature was increased to 150°C

for 1h.The reaction was stopped by cooling with an ice bath and subsequently with a water bath until
but not further than 20°C (whole cooling processmin (E), while flushing with nitrogenThe
nanoparticles were decanted into a beaker (500 mL) and precipitated from ethanol (200 mL). The
magnetic hanoparticles were pulled out of solution (212 mL) by a magnet under the beaker for 1h
(Figure &7). The ethanol was decanted off and the particles were washed once with ethanwiL(0
Driedvia constant air flow, the particles were dissolved in dichloromethane (10 mL) and stored in
nitrogen atmosphere and darkness at 5°C. The particles were stable in DCM overnight, as shown in
Figure 37. The approximate yield was 125 mg per batch.

Figure 36: Photographs ofeQ NPs(batch 162) with nonanoic acid surfactant 14).t=50 min, B) t=60 min
cooled, C) t=60 min M8l added, D}=100 min, E) t=240 min cooled.

Figure &7: A,B,CPrecipitationon top of a magnedf FeQ NPs(batch 162) with nonanoic acid 1:1 as surfactant.
Photograph of~eQ NPs (batch 162) with nonanoic acid 1:1 in D&bdr 12h- it is clear that the dispersion is
stable and ngrecipitates can be identified (bottom right)
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3.3.8 Synthesis of iron oxide nanoparticles with lauric acid

Lauric acid (1.05 g (98%), 5.14 mmol, 1.69 eq.), ethanah(}2and iron pentacarbonyl (0.4 mL,
3.04mmol, 1 eq.) were added to a 100 mL tweck round bottom flasland the mixture heated at
reflux (15C°C Allihn condenser) for 1h at a stirring speed of 660 fpgu(e 3). After 1h the mixture

had turned from yellow to red/brownRigure 38 (A)). The mixture was initially cooled using an ice
bath and then with a 20°C water bath toom temperature(20°C)(B), while filling the decreasing
volume of the headspace with nitrogefo the cooled mixture trimethyl amine-dkide dihydrate (3

(98%), 8.82 mmol, 2.90 eq.) was added while flushing the system with nitrogen, which resulted in
bubbling and a dark solutiofC) The mixture was then heated to 130°C for 2h under nitrogen
atmosphere resulting in formation of a precipitate on the Teflon stirring(Barwhere overpressure

of gas (CO) was allowed to leave the system in the first fewates. After 2h the temperature was
increased to 150°C for 1ithe reaction was stopped by cooling with an ice bath and subsequently
with a water bath until buthot furtherthan 20°C (whole cooling processmin (E), while flushing

with nitrogen.The nanopatrticles were decanted into a beaker (500 mL) and precipitated from ethanol
(200 mL). The magnetic nanoparticles were pulled out of solution (212 mL) by a magnet under the
beaker for 1h(Figure 29). The ethanol was decanted off and the particles were washed once with
ethanol (50mL).Driedvia constant air flow, the particles were dissolved in dichloromethane (10 mL)
and stored in nitrogen atmosphere and darkness at 5°C. némeparticles were stable in DCM
overnight, as shown iRigure 9. The approximate yield was 242 mg per batch.

b

Figure 38 Photographs ofFeQ NPs(batch 171) with lauric acid surfactant 1.5A) t=50 min, B) t=60 min
cooled, C) t=60 min Mal added, D) t=100 min, E) t=240 min cooled.

Figure 39: A,B,CPrecipitationon top of a magnebf FeQ NPs(batch 171) with lauric acid 1.5:1 as surfactant.
Photograph ofFeQ NPs (batch 171) with lauric acid 1.5:1 in D@fér 12h- it is clear that the dispersion is
stable and ngrecipitates can be identified (bottom right)
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3.3.9 Synthesis of iron oxide nanoparticles with stearic acid

Stearic acid (2.11 g (95%), 7.05 mmol, 3.34 eq.), ethanohl}2nd iron pentacarbonyl (0.4 mL, 3.04
mmol, 1 eq.) were added to a 100 mL tweck round bottom flasknd the mixture heated at reflux
(150°C Allihn condenser) for 1h at a stirring speed of 660 fpigu(e ). After 1h the mixture had
turned from yellow to red/brown Eigure 20 (A)). The mixture was initially cooled using an ice bath
and then with a 20°C water bath toom temperaturg(20°C), while filling the decreasing volume of
the headspace with nitrogen. Thissulted in a white colour and solidification of the mixtu¢B). To

the cooled mixture trimethyl amine #xide dihydrate (1 g (98%), 8.82 mmol, 2.90 eq.) was added
while flushing the system with nitrogen, which resulted in bubbling and a darker solution upon adding
heat(C) For the first few minutes of heating overpressure of @3)was allowed to leave the system.

The mixture was then heated to 130°C for 2h under nitrogen atmosphere resulting in a white mixture
(D). After 2h the temperature was increased to0E& for 1hThe reaction was stopped by cooling with

an ice bath and subsequently with a water bath until bat furtherthan 20°C (whole cooling process:

1 min), while flushing with nitrogenThe nanoparticles were decanted into a beaker (500 mL) and
precipitated from ethanol (200 mL). The magnetic nanoparticles were pulled out of solution (212 mL)
by a magnet under the beakéor 1h (Figure 21). The ethanol was decanted off and the particles
were washed once with ethanol (30L).Driedvia constant airflow, the particles were dissolved in
dichloromethane (10 mL) and stored in nitrogen atmosphere and darkness at 5°Qaridparticles

were not stable in DCM overnigtas shown irFigure 21, where pieces floating around in the vial

can be identified This synthesis was regarded unsuccessful due to stearic acid being a solid during
stages in the synthesis.

Figure 80: Photographs ofeQ NPs(batch 146) with stearic acid 2:1. A) t=50 min, B) t=60 min cooled, C) t=60
min MesN added, D) t=100 min.
‘ lnh
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Figure 81 Precipitationon top of a magnetbf FeQ NPs(batch 146) with stearic acid 2:1 as surfactal
Photograph ofFeQ NPs (batch 146) with stearic acid 2:1 in D&fMr 12h- it is clear that the dispersion is no
stable andprecipitates can be identified (bottomght).
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3.3.10 Synthesis of iron oxide nanoparticles with oleyl alcohol

Oleyl alcohol (2.21 g (85%), 7.00 mmol, 2.30 eq.), ethanah{d2and iron pentacarbonyl (0.4 mL,
3.04 mmol, 1 eq.) were added to a 100 mL tmexk round bottom flasland the mixture heated at
reflux (150°C Allihn condenser) for 1h at a stirring speed of 660 Bigu(e ). After 1h a solid
precipitated out of solutionKigure 22 (A)). The mixture was initially cooled using an ice bath and
then with a 20°C water bath tmwom temperature20°C)B), while filling the decreasing volume of
the headspace with nitrogero the cooled mixture trimethyl amine-dkide dihydrate (3 (98%),
8.82mmol, 2.90 eq.) was added while flushing the system with nitrogen, which resulted in bubbling
and a dark solutiorfC) The mixture was then heated to 130°C for 2h under nitrogen atmosphere
resulting in precipitate on the side of the gla&¥), where overpressure of gas (CO) was allowed to
leave the system in the first few minutesfter 2h the temperature was increased to 150°C forTle
reaction was stopped by cooling with an ice bath and subsequently with a water bath untibbut
furtherthan 20°C (wble cooling process: rhin), while flushing with nitroge.he nanoparticles were
decanted into a beaker (500L) and precipitated from ethanol (200 mL). The magnetic nanoparticles
were pulled out of solution (212 mL) by a magnet under the beaker f¢Fithure 23). The ethanol
was decanted off and the particles were washed once with ethanoin(50Dried via constant air
flow, the particles were dissolved in dichloromethane (@0) and stored in nitrogen atmosphere and
darkness at 5°C. Thengarticles were not stable in DCM overnight, sk@wn inFigure 4. The
approximate yield was 6&1g per batch.
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Figure 22: Photographs ofeQ NPs(batch 156) with oleyl alcohol surfactant 2:1. A) t=50 min, B) t=60 min
cooled, C) t=60 min M#l added, D) t=100 min.

Figure 83: Precipitationon top of a magnebf FeQ NPs(batch 156) with oleyl alcohol 2:1 as surfactant.

Figure 24. Photograph of FeQ NPs
(batch 156) with oleyl alcohol 2:1 in DCI
after 12h- it is clear that the dispersior
is not stable and precipitates can b
identified.
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3.3.11 Synthesis of iron oxide nanoparticles with oleylamine

Oleylamine (2.86 g (70%), 7.48 mmol, 2.46 eq.), ethanom{®)2and iron pentacarbonyl (0.4 mL,
3.04mmol, 1 eq.) were added to a 100 mL tweck round bottom flasland the mixture heated at
reflux (15C°C Allihn condenser) for 1h at a stirring speed of 660 fpgu(e 3). After 1h the mixture

had turned from yellow to dark redThe mixture was initially cooled using an ice bath and then with

a 20°C water bath tooom temperaturg20°C), while filling the decreasing volume of the headspace
with nitrogen.To the cooled mixture trimethyl amine-dkide dihydrate (1 g (98%), 8.82 mmol, 2.90
eg.) was added while flushing the system with nitrogen. The mixture was then heated to 130°C for 2h
under nitrogen atmosphere resulting in bubbling and a dark mixture, ebgerpressure of gg£0)

was allowed to leave the system in the first few minutes. After 2h the temperature was increased to
150°C for 1hwherea precipitation on the sidef the flaskwas observedThe reaction was stopped

by cooling with an ice bath and subsequently with a water bath untihbtifurtherthan 20°C (whole
cooling process: nin), while flushing with nitrogenthe nanoparticles were decanted into a beaker
(500 mL) and precipitated from ethanol (200 mL). The magnetic nanoparticles were pulled out of
solution (212 mL) by a magnet under the beaker for 1h. The ethanol was decanted off and the particles
were washed oce with ethanol (5@nL).Driedvia constant air fhw, the particles were dissolved in
dichloromethane (10 mL) and stored in nitrogen atmosphere and darkness at 5°Qaridparticles

were stable in DCM overnight, as showrtrigure 25andFigure 6. The approximate yields for 1:1,

2:1 and 3:1 molar ratios of surfactants were 459 mg, 779 mg andn@ptespectively.

Figure 25: Photograph ofFeQ NPswith oleylamine in DCMfter 12h- it is clear that the dispersions are stable
and noprecipitates can be identifiedatio 1:1 (batch 113) left, ratio 2:1 (batch 11diddle and ratio 3:1 (batch
115) right.

e B

Figure 26: Oleylamine surfactant batches diluted to 1 mgtatio 1:1 (batch 113) left, ratio 2:1 (batch 114)
middle and ratio 3:1 (batch 115) right.
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3.3.12 Synthesis of iron oxide nanoparticles with-dleylsarcosine

N-oleylsarcosine (2.48 g, 7.01 mmol, 2.31 eq.), ethanoln{llR and iron pentacarbonyl (0.4 mL,
3.04mmol, 1 eq.) were added to a 100 mL tweck round bottom flasland the mixture heated at
reflux (15C°C Allihn condenser) for 1h at a stirring speed of 660 fpgu(e 3). After 1h the mixture

had turned from yellow to an emulsion of yellow/whit€igure 27 (A)). The mixture was initially
cooled using an ice bath and then with a 20°C water batlbdon temperaturg20°C)B), while filling

the decreasing volume of the headspace with nitrogemthe cooled mixture trimethyl amine-dkide
dihydrate (1 g (98%), 8.82 mmol, 2.90 eq.) was added while flushing the system with nitrogen, which
resulted in bubbling and a dark solutig@) The mixture was then heated to 130°C for 2h under
nitrogen atmosphere resulting in a yellow/green mixtyi®), where overpressure of gg€0O)was
allowed to leave the system in the first few minut@ster 2h the temperatue was increased to 150°C

for 1h.The reaction was stopped by cooling with an ice bath and subsequently with a water bath until
but not further than 20°C (whole cooling processmin, (E), while flushing with nitrogenThe
nanoparticles were decanted into a beaker (500 mL) and precipitated from ethanol (200 mL). The
magnetic hanoparticles were pulled out of solution (212 mL) by a magnet under the beaker for 1h
(Figure 28). The ethanol was decanted off and the particles were washed once with ethanaiL(p0
Driedvia constant air flow, the particles were dissolved in dichloromethane (10 mL) and stored in
nitrogen atmosphere and darkness at 5°C. imaegparticles were stable in DCM overnight, as shown

in Figure 28. The approximate yield was 97.5 mg per batch.

Figure 27: Photographs ofeQ NPs(batch 158) with Nbleylsarcosine surfactant 1.5:A) t=50 min, B) t=60
min cooled, C) t=60 min & added, D) t=100 min, E) t=240 min cooled.

>“-'_,

Figure 28: Precipitationon top of a magnebf FeQ NPs(batch 158) with MNoleylsarcosine 2:1 as surfactant.
Photograph oFeQ NPs (batch 158) with-Nleylsarcosine 2:1 in DCafter 12h- it is clear that the dispersion is
stable and ngrecipitates can be identified (bottom right)
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3.3.13 Synthesis oFeQ NPswith oleic acid supported on active charco@hesh 2640)

Active charcoal (1 g, 200 mesh size), oleic acid (2.2 g (90%), 7.01 mmol, 2.31 eq.) and ethamatl)(12
were added to a 100 mL twaeck round bottomand heated to 760C for 20 min at a stirring speed of
660 rpm Figure 29 (A)). Iron pentacarbonyl (0.4 mB,04 mmol, 1 eq.was addednd the mixture
heated at reflu150°C Allihn condenser) for 1h at a stirring speed of 660 ({@MThe mixture was
initially cooled using an ice bath and then with a 20°C water battodon temperature(20°C)(C)

while filling the decreasing volume of the headspace with nitrogenthe cooled mixturgrimethyl

amine Noxide dihydrate (1 g, 8.82 mmol, 98%) was added while flushing the system with nitrogen,
which resulted in bubblindD). The mixture was then heated to 130°C for 2h under nitrogen
atmosphere(E) where overpressure of gg€0)was allowed to leave the system in the first few
minutes.After 2h the temperature was increased to 150°C forTlte reaction was stopped by cooling
with an ice bath and subsequently with a water bath until bat furtherthan 20°C (whole cooling
process: Inin, (B), while flushing with nitrogenfhe nanoparticles were decanted into a beaker (500
mL) and precipitated from ethanol (200 mL). The magnetic nanoparticles were pulled out of solution
(212 mL) by a magnet under the beaker for EflgQre S0). The ethanol was decanted off and the
particles were washed once with ethanol (B). Dried via constant air flow, the particles were
dissolved in dichloromethane (10 mL) and stored in nitrogen atmosphere and darkness at 5°C.
Magnetic properties due to immobilization of FelPs on the surface of the active charcoal (mesh
20-40) were confirmedKigure S0). The approximate yield was 1542 mg per batch.

A~ D S = = B~ ey

N

Figure 89: Photographs ofeQ NPs(batch 159) with oleic acid surfactant 2:1, immobilized on active charcoal
(mesh 2640).A) t=15, B) t=70 min, C) t=80 min cooled, D) t=80 mieNViaded, E) t=120 mif) t=260 min
cooled.

Figure S0: Precipitationon top of a magnebf FeQ NPs(batch 159) with oleic acid surfactant 2:1, immobilized
on active charcoal (mesh 2). Magnetic properties of the active charcoal (mesh-48)) right) due to
immobilization of Fe@NPs on the surface, DCM used as solvent

26



3.3.14 Synthesis oFeQ NPswith oleic acid supported oractive charcoal (mesh 100)

Active charcoal (1 g, 100 mesh size), oleic acid (2.2 g (90%), 7.01 mmol, 2.31 eq.) and ethaol (12
were added to a 10l twoneck round bottom and heated to 7Q for 20 min at a stirring speed of
660 rpm(Figure 81 (A)). Iron pentacarbonyl (0.4 mB.04 mmol, 1 eq.was addednd the mixture
heated at reflu150°C Allihn condenser) for 1h at a stirring speed of 660 ({@MThe mixture was
initially cooled using an ice bath and then with a 20°C water battodon temperature(20°C)(C)

while filling thedecreasing volume of the headspace with nitrog€a.the cooled mixture trimethyl
amine Noxide dihydrate (1 g, 8.82 mmol, 98%) was added while flushing the system with nitrogen,
which resulted in bubblindD). The mixture was then heated to 130°C for 2h under nitrogen
atmosphere(E) where overpressure of gg€0)was allowed to leave the system in the first few
minutes.After 2h the temperature was increased to 150°C forTlte reaction was stopped by cooling
with an ice bath and subsequently with a watsath until butnot furtherthan 20°C (whole cooling
process: Inin, (F), while flushing with nitrogenfhe nanoparticles were decanted into a beaker (500
mL) and precipitated from ethanol (200 mL). The magnetic nanoparticles were pulled out of solution
(212 mL) by a magnet under the beaker for EflgQre S2). The ethanol was decanted off and the
particles were washed once with ethanol (8l). Driedvia constant air flow, the particles were
dissolved in dichloromethane (10 mL) and stored in nitrogen atmosphere and darkness at 5°C.
Magnetic properties due to immobilization of FelPs on the surface of the active charcoal (mesh
100) were confirmedKigure S2).

e

Figure 81: Photographs ofeQ NPs(batch 183) with oleic acid surfactant 2:1, immobilized on active charcoal
(mesh 100)A) t=15, B) t=80 min cooled, C) t=80 minsNedded, D) t=120 min, E) t=260 min cooled.

Figure 82: Precipitationon top of a magnebf FeQ NPs(batch 183) with oleic acid surfactant 2:1, immobilized
on active charcoal (mesh 100Magnetic properties of the active charcoal (mesh 100, right) due to
immobilization of Fe@NPs on the surface, DCM used as solvent
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3.3.15 Synthesis oFeQ NPswith oleic acid supported on graphene nanoplatelets

Graphene nanoplateletsl (g, 25>m patrticle size), oleic acid (2.2 g (90%), 7.01 mmol, 2.31 eq.) and
ethanol (12mL) were added to a 100 mL tweck round bottom and heated to 7G for 20 min at a
stirring speed of 660 rprFigure S3 (A)). Iron pentacarbonyl (0.4 mB.04 mmol, 1 eq.was added

and the mixture heated at reflul5C°C Allihn condenser) for 1h at a stirring speed of 660 {Bn

The mixture was initially cooled using an ice bath and then with a 20°C water baibono
temperature (20°C)C) while filling the decreasing volume of the headspace with nitrogenthe
cooled mixture trimethyl amine fdxide dihydrate (1 g (98%), 8.82 mmol, 2.90 eq.) was added while
flushing the system with nitrogen, which resulted in bubbl{fg. The mixture was then heated to
130°C for 2h under nitram atmospherdE) where overpressure of gd€O)wvas allowed to leave the
system in the first few minutes. After 2h the temperature was increased to 150°C féhé&meaction

was stopped by cooling with an ice bath and subsequently with a water bath untibbéurtherthan

20°C (whole cooling process:niin, (F), while flushing with nitrogenThe nanoparticles were
decanted into a beaker (500 mL) and precipitated from ethanol (200 mL). The magnetic nanoparticles
were pulled out of solution (212 mL) laymagnet under the beaker for 1Rigure S4). The ethanol

was decanted off and the particles were washed once with ethanoin(50 Driedvia constant air

flow, the particles were dissolved in dichloromethane (10 mL) and stored in nitrogen atmosphere and
darkness at 5°@lagnetic properties due to immobilization of Fd@Ps on the surface of thgraphene
nanoplateletswere confirmed Figure S4). The approximate yield was 2098 mg per batch.

Figure 83: Photographs ofFeQ NPs(batch 160) with oleic acid surfactant 2:1, immobilized on graphene
nanoplatelets.A) t=15, B) t=70 min, C) t=80 min cooled, D) t=80 misNVéalded, E) t=120 min, E) t=260 min
cooled.

Figure S4: Precipitationon top of a magnebf FeQ NPYbatch 160) with oleic acid surfactant 2:1, immobilized
on graphene nanoplateletddagnetic properties of the graphene (right) due to immobilization of /¢RPs on
the surface, DCM used as solvent
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3.3.16 Immobilization on Ti@, lignin, cellulose and chitosan

Immobilization of the nanoparticles was attempted on Ji@hichitself is dso photocatalyst for
hydrogen peroxide productior? The synthesiswas unsuccessful as the nanoparticles could not
properly attach to Ti@ As the obtained FeEONP are capped with oleic acid surfactant, their
hydrophobic properties are suspected to hinder attachment to hydrophilie. Fi€ordingly, itvas
opted to immobilizahe FeQ materialon carbonbased materiatsCellulose, chitosan and lignin were
chosen as naturally occung polymeric materialsSuccessful immobilization was obtained, but
FeQ@cellulose and Fe@chitosan did not lead tactive NPs fophotochemical production of ..

Immobilization on ligniiFeQ@lignin) led to enhancealctivity, more tharFeQ NPproduced without
immobilization. However, the blank of pure lignin in wayerldedhigherproduction of peroxides as
shown inFigure 85. This suggests that irammobilization on lignin induced Fenton chemistry
(decomposition of kD) ratherthan enhancing the production, while hydrogen peroxide and other
peroxides were formed stoichiometrically fropure ligninas previouslyeported.1**2

Successfuhimobilization on graphene nanoplateletsas achievedbut no enhancement compared
to nonimmobilized nanoparticles was obtainednterestingly, photochemicalproduction by
immobilization ofFeQ NPson activated charcoal (mesh 2M) was achieved Immobilization on
250mg, 500 mg, 1000 mg and 1250 mg activated charcoal (medb2@ere tested, where 1250 mg
activated charcoal (mesh 2) resulted inbest results.
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Figure 85: H,O, production ofFeQ NPs immobilized on lignin (left) atignin Blank (right).
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4. Catalyst properties
4.1DLS results

A Zetasizer Ultra Red (ZSU3305) from Malvern Panalytical was usdgnfonic light scattering
experiments. All samples (1 mL with a concentration of Inm§) were measured at 298.15.

4.1.1 Fe@scope comparison
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Figure 36: Particle sizalistribution of all synthesized batches, measured by DLS at concentration of 1 thg mL
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Figure 87: Comparison of particle size for the whole scope of the synthe&ie@INPs. Active catalyst materials
(oleic acid and linoleic acid) have been depicted in orange/yellow, while the rest is depicted in greyscale.
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Table 3: Particle size and diffusion coefficientléQ NP scopevith concentration 1 mg mt, obtainedviaDLS
measurements.

Surfactant (Batch #) Measured in Particle size (nm) Diffusion coefficient
solvent by number % (>m?s?)
No surfactant (143) DCM 1299+100 0.33:0.09
Oleyl alcohol (156) DCM 377.35%166 1.14+0.05
Octanoic acid (161) DCM 4.75:0.27 109.9:8.81
Nonanoic acid (162) DCM 3.86t0.43 112.4+3.68
Lauric acid (171) DCM 3.85+:1.19 0.39+0.05
Oleic acid (173), DCM 1.88t0.37 8.13+1.49
Acros organics
Olglc acid (1_74), DCM 1.9%#0.31 7 9741.29
Sigma aldrich
Oleic acid (131) THF 3.82£0.42 1.20+0.67
Elaidic acid (172) DCM 2.49+0.55 18.64t14.61
Linoleic acid (144) DCM 1.54+0.26 35.28:13.83
Oleylamine (113, 1:1) DCM 7.41+0.71 52 14:0.36
Oleylamine (114, 2:1) DCM 5.09+0.01 108.7:0.26
Oleylamine (115, 3:1) DCM 5.87+0.23 45.66:2.89
Oleylsarcosine (158) DCM 3.00t0.56 47.24:2 .81
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4.2 Transmission electron microscopy (TEM), scannirapsmissionelectron
microscopy ($EM) andenergy-dispersive Xray spectroscopy (EDXf FeQ NPs

TEM characterization:

A PHILIPS CM 120 Cryo electron microscope with 120 keV was used to take the TEM images. The
sample grid was prepared by droppiBgiL of the solutioril mg/mL in THF or DCM) onto an ultrathin
carbon film coated copper grid (or graphene grid in the case of oleic acid and linoleic acid). After 30
seconds of drying the grid was washed with 5 pL ethanol (EtOH) and any surplus solvent was dried on
a filter paper. In the case of oleic acid and linoleic acid (1 mg/mL THF), the graphene grids were placed
in a desicator at full vacuum ovenight.

STEM characterization:

A Tecnai T20 cryelectron microscope with 200 keV was used to take the Transmission electron
microscopy (TEM) and scanning transmission electron (STEM) images. EDX analysis was performed
with a SDD EDX detector from Oxford xmax instruments, and the etahratio was calculatedia

INCA software.
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4.2.1FeQ NPwith oleic acid(ci9)

Figure 88: A) Transmission electron microscopy of kéfatch 131, oleic acid 2:Acros Organigd mg mLtin
THF), at a magnification of 10000@Xet: zoomed)particle size by DLS 1.94+013%. B) Scanningansmission
electron microscopy of Fe@batch 131, oleic acid 2:1, 1 mg #rih THF), inlet: zoom towards A. C) EDX okFeO
(batch 131, oleic acid 2:1, 1 mg #ih THF), drying spots of solvents contain moref®and concentration
decreases towards the edges of the droplets; oxygelescted in red; iron in green.

Sum Spectrum

Figure 89: Full spectrum of the elemental analysBO0X) of FeQbatch 131, oleic acid 2:1, Acros Organics,
ImgmLtin THE.

50 nm

Figure 80: Transmission electron microscopy of kélatch 131, oleic acid 2:1, Acros OrganicsiglmL? in
THBA, at a magnification of 200000x; particle size by DLS 1.94méh3igher contrast for better visibilitgright).
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Figure 81 Transmission electron microscopy of kekatch 131, oleic acid 2:1, Acros OrganicsiglmL! in
THH, at a magnification of 240000x; particle size by DLS 1.94mth3digher contrast for better visibilitgright).

e+006 ATSAE DoMSei T 125000x 12-12-2022 0 15:58:42 ' # 2156064006

4 e b <070 dad 7

Figure 82: left) Transmission electron microscopy of kéatch 174, oleic acid 2:1, Sigma AldricmdmL?in
THF), at a magnification of 100000x; particle size by DLS 1.9410, 3dgher contrast for better visibilityight)
Transmission electron microscopy of k€Batch 174, oleic acid 2:1, Sigma AldriclmdmL? in THF), at a
magnification of 125000x; particle size by DLS 1.944th84higher contrast for better visibility.
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4.2 2 FeQ NP with linoleic acidciscig)

Figure 83: A) Transmission electron microscopy of kéatch 144, linoleic acid 2:1, 1 mg tih DCM), at a
magnification of 200000x (inlet: zoomed); particle size by DB4&0.26 nm. B) Scanningansmissiorelectron
microscopy of Fe(batch 144, linoleic acid 2:1, 1 mg#ih DCM), inlet: zoom towards A. C) EDX of«fafch
144, linoleic acid 2:1, 1 mg miin DCM), drying spots of solvents contain more ;¢P and concentration
decreases towards the edges of the droplets; oxygen is depicted igired in green.

Sum Spectrum

Figure 84: Full spectrum of the elemental analys=E(X) of Fe@batch 144, linoleic acid 2:1,dgmL?in DCM).
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Figure 85: Transmission electromicroscopy of FeQ(batch 144, linoleic acid 2:1, 1 mg tin DCM), at a
magnification of 150000x; particle size by DLS 1.54#th2chigher contrast for better visibility.

Figure 86: Transmission electron microscopy of kéBatch 144, linoleic acid 2:1,mgmL?* in DCM), at a
magnification of 200000x; particle size by DLS 1.54+4th2ehigher contrast for better visibility.
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4.2.12 FeQ NPswith oleic acid immobilized on active charcoalesh20-40

Figure 87: A) Transmission electron microscopy of ké&@Ps immobilized on active charcoal (batch 159, oleic
acid 2:1, active charcoal mesh-20, 1 mg mitin DCM), at a magnification of 25000x. B) Scanning transmission
electron microscopy Fe®IPs immobilized on active charcoal C) EDX of RE®immobilized on active charcoal
(batch 159)successfummobilization of FeENPs on the support was achieved; oxygen is depicted iq ir@gh

in green.

Sum Spectrum

Figure 88: Full spectrum of the elemental analyst(X) of FePs immobilized on active charcoal (batch 159,
oleic acid 2:1, active charcoal mesh4@ 1 mg mitin DCM).
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Figure 89: Transmission electron microscopy of k&P®s immobilized on active charcoal (batch 159, oleic acid
2:1, active charcoal mesh 2@, 1 mg mtitin DCM), at a magnification of 25000x.

50 nm
.

Figure S0: Transmission electron microscopy of k&®s immobilized on active charcoal (batch 159, oleic acid
2:1, active charcoal mesh 2@, 1 mg mtitin DCM), at a magnification of 62000x.

38



4.2.1.3FeQ NPswith oleic acid immobilized on active charcoal me4b0

Red=0
Green = Fe

Figure S1: A) Transmission electron microscopy of k&Bs immobilized on active charcoal (batch 183, oleic
acid 2:1, active charcoal mesh 100, 1 mgtanLDCM), at a magnification of 19000x. B) Scanning transmission
electron microscopy Fe®IPs immobilized on active charcoal C) EDX of RE®immobilized on active charcoal
(batch 183)successfummobilization of FeE@NPs on the support was achieved; oxygen is depicted iq ir@gh

in green.

Sum Spectrum

Figure S2: Full spectrum of the elemental analyst(X) of FePs immobilized on active charcoal (batch 183,
oleic acid 2:1, active charcoal mesh 100, 1 mg mIDCM).
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Figure $3: Transmission electron microscopy of k&Ps immobilized on active charcoal (batch 183, oleic acid
2:1, active charcoal mesh 100, 1 mghi. DCM), at a magnification of 7800x (top left); at a magnification of
29000x (top right); at a magnification of 80000x (bottom).
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4.2.1.4 Fe@NPs with oleic acid immobilized on graphemanoplatelets

Red =0 |
Green = Fe

Figure $4: A) Transmission electron microscopy of Fe®s immobilized on graphemanoplateletgbatch160,

oleic acid 2:1, ingmL* in DCM), at a magnification of 6500x. B) Scanning transmission electron microscopy
FeQ NPs immobilized on graphemanoplateletsC) EDX of Fe@Ps immobilized onanoplatelets(batch 160),
successfuimmobilization of Fe@NPs on the support was achieved; oxygen is depicted i iexh in green.

Figure S5: Full spectrum of the elemental analysisIXX) of FeNPs immobilized on graphemanoplatelets
(batch 160, oleic acid 2:1, 1 mg #ih DCM).

Figure $6: Transmission electron microscopy of kR&Ps immobilized on graphemanoplatelets(batch 160,
oleic acid 2:1, 1 mg rilin DCM), at a magnification of 6500x.
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4.2 5 FeQwithout surfactant

22000x 12-12-2022 10:22:10 # 2.15548e+006

143_Fe_NP_no_surfactant-006 . dm3,

Figure $7: Transmission electron microscopy of k&P without surfactant (batch 143, no surfactahtng mL*
in DCM); particle size by DLS of 12830 nm.Magnification of 22000x.

75000x  12-12-2022 22:00  # 2.15547¢+006/00
A ; -

143_Fe_WP_no_surfactant-016.

Figure S$8: Transmission electron microscopy of k&P without surfactant (batch 143, no surfactahtng mL*
in DCM); particle size by DLS of 12830 nm.Magnification of 75000x.
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4.2 6 FeQ NPswith octanoic acid

Figure $9: Transmission electron microscopy of kéP with octanoic acidbétch 161, octanoic acid 1:1,
1 mgmL?!in DCM); particle size by DLS of 4027 nm Magnification of 45000x.

Figure $0: Transmission electron microscopy of kéP with octanoic acidbé&tch 161, octanoic acid 1:1,
1 mgmL?tin DCM); particle size by DLS of 4027 nm Magnification of 125000x.
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