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Selected Standard Protocols for the Synthesis, Phase Transfer, and Characterization
of Inorganic Colloidal Nanoparticles

Abstract

Synthesis, characterization, and applications of colloidal nanoparticles have been a
prominent topic of current research interests within the last two decades. Available
reports in the literature that describe the synthesis of colloidal nanoparticles are
abundant with various degrees of reproducibility and simplicity. Moreover, different
methods for the characterization of colloidal nanoparticles' basic properties are
employed, resulting in conflicting results in many cases. Herein, we describe “in detail”
selected standard protocols for the synthesis, purification, and characterization of
various types of colloidal inorganic nanoparticles including gold nanoparticles, silver
nanoparticles, iron oxide nanoparticles, and quantum dots. This report consists of five
main parts: The first and the second part are dedicated to describing the synthesis of
various types of hydrophobic and hydrophilic nanoparticles in organic solvents and in
aqueous solutions, respectively. The third part describes surface modification of
nanoparticles with focus on ligand exchange reactions, to allow phase transfer of
nanoparticles from aqueous to organic solvents and vice versa. The fourth and the fifth
part describe various general purification and characterization techniques used to
purify and characterize nanoparticles, respectively. Collectively, this contribution does
not aim to cover all available protocols in the literature to prepare inorganic
nanoparticles, but rather provides detailed synthetic procedures to important
inorganic nanocrystals with full description of their purification and characterization
process.
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Introduction

Colloidal inorganic nanoparticles (NPs) gained an extensive interest recently due to
their fascinating electronic, catalytic, optical, magnetic, and biological properties,
which enable a novel material chemistry and a wide range of promising applications.
Continuous development in understanding the fundamental physics, chemistry, and
applications of these inorganic NPs originates from the availability of facile and
reproducible synthetic protocols. The literature is abundant with large number of
synthetic protocols, which focus typically on controlling the nanoparticle size and
shape in addition to purity, crystallinity, stability, and monodispersity *. However, the
preparation of high quality inorganic NPs is still challenging and needs fine-tuning. For
example, the widely used Frens protocol fails to prepare large citrate-capped gold NPs
(> 50 nm) with acceptable monodispersity 2. Recent modification to the Frens method
by adapting the seed-mediated approach, allowed for the synthesis of citrate-capped
gold and silver NPs with excellent monodispersity and large diameter (up to 100 nm as
described in section 11) **. More importantly, the reproducibility of available reports is
an issue in some cases, which may originate from highly sensitive systems and thus
fluctuations of any variable, such as the source of some chemicals, may have a
significant impact on the reaction products. Another reason for the observed
irreproducibility is the unexpressed “critical details” and "tricks" in the published
reports. With this in mind and based on our own experience, we aim in this
contribution to compile reproducible, simple, and detailed synthetic protocols that
enable the synthesis and characterization of high quality inorganic NPs. Accordingly,
sections | & Il in this contribution focus on the synthesis of hydrophobic and
hydrophilic inorganic NPs including gold, silver, iron oxide and quantum dots.

Usually “as prepared” NPs need further modification to control their hydrophilicity,
hydrophobicity, colloidal stability, biocompatibility, biological recognition, and many
other properties. Powerful surface modification reactions and strategies are available
in the literature, including ligand exchange, ligand modification, polymer coating,
silanization > °, as well as controlled bioconjugation ’. Due to the importance of surface
functionalization, we describe ligand exchange reactions in three sections (sections lll,
IV and V) and a polymer coating strategy in section VI. The described ligand exchange
reactions might be employed to control the properties of the NPs such as: i) improving
the colloidal stability and interaction with biological compartments (e.g. ligand
exchange of citrate-capped Au NPs with thiolated polyethylene glycol in section Ill); ii)
facilitating the phase transfer of NPs from water to organic solvent (e.g. ligand
exchange of citrate-capped Au NPs with dodecylamine/polyethylene glycol mix in
section IV); iii) facilitating the phase transfer of NPs from organic solvent to water (e.g.
ligand exchange of alkanethiol capped Au NPs with 3-mercaptopropionic acid in
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section V). Another universal strategy of surface functionalization is detailed in section
VI, in which a polymer coating is employed to change hydrophobic inorganic NPs into
highly charged NPs rending their surface hydrophilic and allowing their transfer to the
aqueous solution. It is worth to mention that the described surface functionalization
strategies herein are general and can be applied to NPs of other materials, sizes and
shapes.

Similar to the synthesis of organic small molecules or polymers, the preparation of
inorganic NPs requires a careful post-synthesis purification to get rid of “impurities”,
which can be any left over reactants, free surfactant/capping agents, or undesired
reaction products. The purification of NP solution is critical in many cases, and should
be considered as a vital step. For example, free cationic surfactants in gold nanorods
(Au NRs) suspensions are responsible for cellular toxicity and in first order not the Au
NRs themselves, highlighting the importance of using “purified” Au NRs solution prior
to biological evaluations/applications 2. Another example is the presence of free
recognition ligands (unbound) in NP solution, which should compete with bound ligand
on the NPs for interaction with the designated target, which complicates
interpretation of results and may result in serious artifacts. Despite the clear
importance of the purification process, it is often overlooked in the literature and only
briefly described in many published reports. With this in mind we tried to focus on this
important topic through designating a separate section that describe various methods
of NP purification including filtration, centrifugation, dialysis, size exclusion
chromatography, and electrophoresis (see section VII).

After synthesis and purification of NPs, proper characterization is essential to confirm
the NPs' structural, photophysical, and colloidal properties, as detailed in sections VI,
IX, and X, respectively. Structural characterization of NPs involves probing the
guantitative and qualitative composition of NPs, size and shape determination of
inorganic core and organic shell using electron microscopy, analysis of NP crystallinity
using X-ray diffraction (XRD), quantification of the organic shell weight percentage on
single NPs using thermogravimetric analysis, and confirming the chemical structure of
the organic shell on the surface of NPs using nuclear magnetic resonance (NMR)
analysis and infrared spectroscopy.

Photophysical characterization of NPs is very important, since it is the basis of various
applications. For example, plasmon absorption and scattering of Au NPs allow sensing,
imaging, and analytical applications of these nanostructures. The fluorescence
phenomenon of quantum dots (QDs) is the basis for their use in imaging, tracking, and
cellular labeling applications. Considering the importance of careful evaluation to the
photophysical properties of NPs, it is addressed separately in section IX, which includes
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characterization of Au NPs' optical absorption and determination of NP concentration
based on their absorption spectra. Also fluorescence spectroscopy as tool to
characterize QDs and to calculate their quantum vyields is detailed with examples.

Characterization of the colloidal properties of NPs such as hydrodynamic diameter,
using dynamic light scattering (DLS) and effective surface charge using laser Doppler
anemometry is very critical and thus included in section X. For example, measuring
hydrodynamic diameters is an effective tool to follow NP aggregation, dissolution, and
interaction with proteins or other ligands. Moreover, evaluation of the effective
surface charge of NPs can be employed to confirm specific surface functionalization,
such as ligand exchange, polymer overcoating, and protein adsorption. In section X,
following NP aggregation as function of salt addition or the solution’s pH is discussed
and detailed with examples of gold and silver NPs with various surface chemistries.
Finally, characterization of the acidity/basicity of NPs by determination of their pK, and
number of acidic or basic groups on single NPs using pH titration and laser Doppler
anemometry is described.
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I. Synthesis and characterization of hydrophobic inorganic NPs in organic solvent

I.1. General considerations

1.2. Synthesis of hydrophobic Au NPs (~ 4 nm or 7 nm core diameter)

1.3. Synthesis of hydrophobic Ag NPs (~ 4 nm core diameter)

1.4. Synthesis of hydrophobic FePt NPs (~ 4 nm core diameter)

1.5. Synthesis of hydrophobic Fe;04 NPs (~ 4 nm core diameter)

1.6. Synthesis of hydrophobic Sn NPs (= 11 nm core diameter)

1.7. Synthesis of hydrophobic CdSe and CdSe/ZnS NPs (~ 2 - 10 nm core
diameter)

1.8. Synthesis of hydrophobic CdS NPs (~ 2 nm core diameter)

1.1. General considerations

All glassware was first cleaned with detergent followed by aqua regia and carefully
rinsed with Milli-Q water and acetone to guarantee an extremely cleaned glass
surface. Aqua regia oxidizes and dissolves residual organic and inorganic impurities,
which may interfere with the synthesis of NPs. Aqua regia solution is prepared by
mixing 3 volume parts of hydrochloric acid (HCI) with 1 volume part of nitric acid
(HNOs3) and should be used fresh. Aqua regia is corrosive and strong oxidizing agent
that should be prepared with care in a well-ventilated fume cupboard with protective
clothing, goggles, and gloves.

Subsections 1.2 - 1.8 describe the detailed synthesis of various types of NPs (Au, Ag,
FePt, Fes0,4, Sn, CdSe, CdSe/ZnS, and CdS) in hydrophobic organic solvents. In these
syntheses, the inorganic NP cores are stabilized by a shell of organic hydrophobic
ligands (Figure 1.1.1), which ensures colloidal stability of NPs in organic solvents such as
toluene or chloroform. The effective NP diameter (des) is the sum of the inorganic core
diameter (dc) and the thickness of the stabilizing ligand shell (ljgang) as per Equation
[.1.1. In case the NP core is comprised of (n) layers of different materials (e.g. core-
shell NPs), the diameter of the 1°" inner material is referred to (d;) and the diameter of
the core after the 2" material is referred to (de2). The diameter of the core after the nt
material is referred to (d¢12..n).

deff = dc +2 X l]igand (Equation |11)
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Figure 1.1.1. The scheme shows an inorganic NP, which consists of an inorganic core
and an organic hydrophobic ligand shell (drawn in red). The inorganic core here is
composed of a core/shell structure of two different materials (first martial is the inner
core drawn in light gray, and the second material is the inorganic shell drawn in dark

gray).

1.2 Synthesis of hydrophobic Au NPs (~ 4 nm or 7 nm core diameter)

Dodecanethiol-stabilized Au NPs (x4 nm core diameter): Hydrophobic Au NPs were

synthesized according to the Brust—Schiffrin two—phase—methodg, with some
modifications, as previously published '°. The reaction was carried out at room
temperature (RT) under ambient conditions. An aqueous phase with gold precursor (a
yellow translucent solution containing AuCl, ions) was prepared by dissolving 300 mg
(0.9 mmol) of hydrogen tetrachloroaurate (Ill) (99.9%, Alfa Aesar #12325) in 25 mL of
Milli-Q water. An organic phase containing 2.170 g (3.9 mmol) tetraoctylammonium
bromide (TOAB, N(CgH17).'Br, Sigma-Aldrich #29,413-6) dissolved in 80 mL of toluene
(Fluka 89682) was prepared immediately afterwards.

The two solutions, i.e. the aqueous and organic phases, were mixed in a 500 mL
separation funnel (cf. Figure 1.2.1 and Figure 1.2.2), and shaken vigorously for about 5
min. Upon mixing, AuCl, ions (in the aqueous yellow phase) were gradually transferred
into the organic toluene phase, forming tetraoctylammonium tetrachloroaurate ion
pairs (N(CgH17)a"AuCls) as per Equation 1.2.1. Within this process, the initial colorless
toluene phase (tol) turned into a deep orange color, while the initial yellow color of the
aqueous phase (aq) turned colorless (see Figure 1.2.2.A-C).

HAuCl, “(aq) + N(CgH17)a'Br™ (tol) = N(CgH17)4"AuCl,” (tol) + HBr (aq) (Equation 1.2.1)

The aqueous solution (at the bottom) was discarded and the organic phase containing
gold precursors was transferred to a 250 mL round flask.
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N(CgHy5)a AuCl,
N(CgHy7),* e N

(tol) (tol)
AuCl,
(aq) (aa)

Figure 1.2.1. Scheme of the process of transferring AuCl, ions from the aqueous phase
to the organic phase through the formation of tetraoctylammonium tetrachloroaurate
ion pairs.

Figure 1.2.2. Photographs of the biphasic system showing the process of transferring
AuCly ions from the aqueous phase (lower phase) to the organic phase (upper phase)
through the formation of tetraoctylammonium tetrachloroaurate ion pairs (dark red
phase in C).

In addition to the gold precursor solution, a solution with a strong reducing agent was
prepared as follow: In a beaker, 334 mg of sodium borohydride (NaBH4; 98 %, Sigma-
Aldrich #452882) were dissolved in 25 mL of Milli-Q water under vigorous stirring. The
prepared solution should be used immediately after preparation due to the fast
decomposition of sodium borohydride as per Eq. |.2.2. Observing small bubbles due to
the formation of hydrogen is common.
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BH4 (aq) + 3H,0 = B(OH); (aq) + 3H, (T) +H* +e  (Equation 1.2.2)

In order to obtain Au NPs, the freshly prepared solution of sodium borohydride was
added drop-wise within one minute to the vigorously stirred organic phase containing
the gold precursor (see Figure 1.2.3 and Figure 1.2.4). Hereby the Au(lll) precursor is
reduced to Au(0) forming Au NPs. A few seconds after the addition of borohydride the
color changed from deep orange (Au(lll) precursor) to red-violet (tetraoctylammonium
bromide capped Au NPs, TOAB-Au NPs).

n x Aut (tol) + 3nx e~ - Au, (Equation 1.2.3)

The solution was kept stirring for about 1 h in order to reduce remaining gold ions
(Figure 1.2.4).

NaBH, (aq.)

dropwise (y
N

/
7

- add washing solution

transfer into a ( 1.25mL (10 mM) HCl (aq.) )

sperational funnel 2.25mL (10 mM) NaOH (aq.)

3. 3 x 25 mL milli-Q water
- shake for 5 min
- wait until phase separation
- discard ageous phase (bottom phase)
- add next washing solution

color change
—_—

O

N(CgH47)a"AuCly stirring at rt
(tol) for1h

Figure 1.2.3. The synthesis of 4 nm TOAB-Au NPs is based on the reduction of Au(lll) to
elemental Au(0) by the addition of NaBH,. After the formation of Au clusters, the NP
suspension is washed several times with aqueous solutions.

Figure I.2.4. Reduction process of gold ions by sodium borohydride.

Page 12 of 167



After 1 h of stirring at RT, the mixture was transferred into a separation funnel. The
aqueous phase was discarded and the organic phase was washed with 25 mL of 10 mM
HCl (aq.), 25 mL of 10 mM NaOH (aq.) and 3 times with 25 mL Milli-Q water (cf. Figure
1.2.3). For the washing steps the solution used for washing (i.e. HCl, NaOH, or H,0) was
added in the funnel to the organic phase and the mixture was shaken. After separation
of the organic and aqueous phase the aqueous phase at the bottom was discarded.
Washing steps are necessary to get rid of residual precursors and salts.

Figure 1.2.5. Purification of TOAB-Au NPs. Upper toluene phase containing TOAB-Au
NPs is washed with aqueous solutions (HCI, NaOH and Milli-Q water) in the lower phase
to remove excess sodium borohydride and other residual chemicals. A) Photograph of
the two phases immediately after shaking note that the two phases are not completely
separated. B) Photograph of the two phases after they were allowed to separate
forming a transparent aqueous phase at the bottom and a deep red organic phase at
the top containing TOAB-Au NPs.

After discarding the aqueous phase from the last washing step, the remaining deep
red, organic solution (ca. 80 mL) was transferred to a 250 mL round bottom flask and
stirred overnight to get thermodynamically stable NPs with narrow size distribution,
mediated by Ostwald ripening **™** (cf. Figure 1.2.6).
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Figure 1.2.6. Ostwald ripening phenomena results in TOAB-Au NPs with a narrow size
distribution. Smaller Au NPs in inhomogeneous population in terms of size dissolve and
end up in bigger Au NPs.

After the synthesis of TOAB-Au NPs, a ligand exchange procedure was carried out, in
order to obtain dodecanethiol-stabilized Au NPs (DDT-Au NPs). TOAB-Au NPs are
stabilized by weakly adsorbed TOAB molecules at the surface of Au NPs, which can be
desorbed by various stresses, such as dilution or repeated centrifugation. In order to
get more stable Au NPs, TOAB can be exchanged with alkanethiols (e.g. dodecanethiol)

that assemble strongly on the surface of gold due to the strong Au-S bond 1415

For the ligand exchange procedure 10 mL of 1-dodecanethiol (DDT, 98%, Sigma-Aldrich
#47,136-4) were added to the TOAB-Au NPs in toluene (ca. 80 mL) (Figure 1.2.7 and
Figure 1.2.8). The solution was heated to 65 °C and stirred for 2 h to facilitate the ligand
exchange and finally stirred at RT to cool down. During this process, the mercapto

16

group in dodecanethiol molecules displaces the TOAB ~°, yielding dodecanethiol-

stabilized Au NPs.
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Figure 1.2.7. Ligand exchange on TOAB-Au NPs with dodecanethiol leading to the
formation of DDT-stabilized Au NPs.
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Figure 1.2.8. Au NPs are stirred after the addition of DDT while the temperature is

controlled by a thermometer that is embedded in the reaction flask.

The solution of DDT-Au NPs was poured into several 40 mL vials and centrifuged at
900 rcf for 5 min, in order to remove larger agglomerates. The supernatant containing
the well-dispersed DDT-Au NPs was collected and pooled, and the agglomerates (i.e.
the precipitate) were discarded. DDT-Au NPs were then precipitated using methanol
(99.8%, Sigma, #32,241-5) as a non-solvent. For this, about 20 mL of DDT-Au NPs
solution was placed in 40 mL glass vials, followed by the gradual addition of methanol
until the solution turned cloudy. The solution was then centrifuged at 900 rcf for 5 min,
in order to precipitate the DDT-Au NPs. After this step of centrifugation, the
supernatant turned colorless and DDT-Au NPs were collected on the bottom of the
centrifugation tube. In case of incomplete collection of DDT-Au NPs, additional
methanol can be added, in order to increase the polarity of the medium and thus
promoting the precipitation of the DDT-Au NPs, cf. Figure 1.2.9. After discarding the
supernatant (which contains excess DDT and the replaced TOAB), the collected DDT-Au
NPs were resuspended in chloroform. Similarly, DDT-Au NPs in chloroform were
precipitated by the addition of methanol (enough amount to induce turbidity),
followed by centrifugation for 5 min at 900 rcf to precipitate and collect DDT-Au NPs.
After discarding the supernatant, collected DDT-Au NPs were resuspended in
chloroform, leading to the final solution of DDT-Au NPs.

The described cleaning procedure by the addition of methanol (i.e. non-solvent)
narrows the size distribution of the DDT-Au NPs. Upon the addition of only a little
methanol bigger Au NPs precipitate, whereas the smaller Au NPs remain in the
supernatant. This size selective precipitation allows for collecting NPs with similar sizes
and discarding extremely small NPs (Figure 1.2.9) 7 It is worth to note here that the
use of excess methanol should be avoided, since this will coprecipitate excess ligand
molecules in solution along with the collected NPs, and thus hinder the purification 2.
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Figure 1.2.9. Size selective precipitation method to purify DDT-Au NPs and narrow their
particle size distribution. The addition of a polar non-solvent (methanol or acetone,
drawn in blue) to DDT-Au NPs in hydrophobic solvent (e.g. toluene or chloroform,
drawn in red) results in agglomeration and precipitation of large DDT-Au NPs. Collected
precipitates of large DDT-Au NPs are redispersed in fresh hydrophobic solvent resulting
in DDT-Au NPs with higher monodispersity. Smaller DDT-Au NPs remaining in
supernatant are discarded 7,

Synthesis of Au NPs in presence of hexanoic acid: Hexanoic acid-stabilized Au NPs (x4

nm_core diameter): In a 25 mL round bottom flask a solution of 29 uL (231 nmol)

hexanoic acid (Sigma Aldrich, #153745) dissolved in 2 mL toluene, was mixed with
25mg (97.2 mmol) Tetrabutylammonium borohydride (TBAB, 98%, Alfa Aesar,
#A17494) dissolved in 1 mL Didodecyldimethylammonium bromide (DDAB, 99%, Alfa
Aesar, #B22839) stock solution (100 mM in toluene) at RT. In addition a solution of
500 pL (25 umol) HAuCl, (Sigma Aldrich, #254169) (50 mM in DDAB stock) and 2 mL
DDAB stock were added fast under vigorous stirring. The solution was left for ripening
for 1 h stirring at RT before further use.

Synthesis of Au NPs in presence of decanoic acid: Decanoic acid-stabilized Au NPs (= 7

nm core diameter): For this purpose, a solution of 43 mg (250 umol) decanoic acid
(Sigma Aldrich, #C1875) dissolved in 2.5 mL toluene, and a solution of 25 mg
(97.2 mmol) TBAB dissolved in 1 mL DDAB stock solution (100 mM in toluene) were
added in a 25 mL flask. Then a solution of 500 pL (25 pmol) HAuCl; (50 mM in DDAB
stock) and 2 mL DDAB stock were added to the mixture fast and under vigorous stirring

and left for ripening for 1 h stirring at RT before further use.

It is worth to note that the synthesis of Au NPs in presence of hexanoic or decanoic
acid results in weakly capped NPs with these ligands, which can be considered as

Page 17 of 167



“intermediate NPs” ready for further ligand exchange with thiol capped molecules.
However, the use of these fatty acids ensures a narrow size distribution of the

prepared Au NPs as described by Jana et al *°.

1.3. Synthesis of hydrophobic Ag NPs (=~ 4 nm core diameter)

Also silver NPs (Ag NPs) can be synthesized in organic solvents % The herein described
synthesis of Ag NPs is similar to the synthesis of Au NPs as described in §1.2. Mari et al.
reported an effective protocol to prepare alkanethiol-stabilized Ag NPs (~4.2 nm in
core diameter) 2%, The first step was the synthesis of an alkyl thiosulfate (namely
sodium S-dodecylthiosulfate) as a ligand precursor as per Equation 1.3.1.

Nazszo3'5H20 + CH3(CH2)1lBr 4 CH3(CH2)115203_ N?;’l+ + NaBr + 5H20 (Equation |31)

Sodium thiosulfate pentahydrate (6.21 g (25 mmol, 1.0 eq), Sigma Aldrich, #217247)
was dissolved in 50 mL Milli-Q water. In addition, 5.19 mL (25 mmol, 1.0 eq)
1-bromododecane (Sigma Aldrich, #B65551) were dissolved in 50 mL ethanol. The
combined solutions were stirred under reflux for 3 h. The mixture was cooled down to
RT and the resulting crystals of sodium S-dodecylthiosulfate were filtered using a
funnel with a proper filter paper. Another crystallization step was performed, where
sodium S-dodecylthiosulfate was dissolved in as less ethanol as possible under heating
(~45°C) and left in a crystallization beaker for cooling to RT. In this manner,
purification of the product was obtained by allowing the solution to gradually cool and
be saturated with the compound. The product of interest crystallized and unwanted
contaminations remained in the liquid phase. Finally, the sodium S-dodecylthiosulfate
crystals were filtered as previously described and the final product was dried in
vacuum (cf. Figure 1.3.1). Importantly, the synthesis should be done in a fume hood
and under controlled laboratory conditions.
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Figure 1.3.1. A schematic illustration of the chemical synthesis of sodium
S-dodecylthiosulfate as a ligand precursor to stabilize Ag NPs.

For the synthesis of Ag NPs, 390 mg (1.26 mmol, 0.75 eq) sodium S-dodecylthiosulfate
in 90 mL ethanol were heated up to 50 °C. To this solution 282 mg (1.68 mmol, 1.0 eq)
AgNOs (Sigma Aldrich, #209139) were added, and the resulting mixture was stirred for
further 10 min. A color change was observed, the white solution turned brown after a
few minutes (cf. Figure 1.3.2). 318 mg (8.4 mmol, 5.0 eq) sodium borohydride (NaBH,
98 %, Sigma-Aldrich, #452882) were dissolved in 15 mL ethanol and added to the
mixture, which turned almost black immediately (cf. Figure 1.3.2). After 5 min 74 mg
(0.42 mmol, 0.25 eq) ascorbic acid (Sigma Aldrich, #255564) were added, and the
mixture was stirred at 50 °C for further 3 h. As the reaction mixture reached RT, the
solution with the Ag NPs was transferred into centrifuge tubes, and the Ag NPs were
collected at the tube bottom by centrifuging at 3000 rcf for 15 min. After discarding
the supernatant, the Ag NPs were resuspended in Milli-Q water and again collected by
sedimentation (3000 rcf, 15 min). This washing step was repeated 2 more times using
ethanol and then acetone (cf. Figure 1.3.2). After that, the Ag NPs were dried under
reduced pressure, which led to gray powder. For further use, the NPs were
resuspended in chloroform.
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Figure 1.3.2. A graphic scheme of the synthesis and purification of dodecanethiol-
stabilized Ag NPs (DDT-Ag NPs).

1.4. Synthesis of hydrophobic FePt NPs (=~ 4 nm core diameter)

The synthesis of * 4 nm core diameter FePt NPs as carried out here was described
firstly by Sun et al.?* This reaction needs to be carried out in a water- and oxygen-free
atmosphere (e.g. Schlenk line and/or glovebox). In a typical synthesis, platinum (Il)
acetylacetonate (197 mg, 0.5 mmol, 1 eq, ABCR, #AB 121416), 1,2-hexadecanediol
(390 mg, 1.5 mmol, 3 eq, Sigma Aldrich, #213748), and dioctylether (20 mL, Sigma
Aldrich, #249599) were mixed in a three-neck flask, a magnetic bar was added, and the
mixture was heated to 100 °C. The temperature was controlled by a temperature
sensor immersed in the solution (cf. Figure 1.4.1). When the desired temperature was
reached, the solution presented a light yellow color. Then, oleic acid (OA, 0.16 mL, 0.5
mmol, 1 eq, Sigma Aldrich, #01008), oleylamine (OLA, 0.17 mL, 0.5 mmol, 1 eq, Sigma
Aldrich, #07805), and Fe(CO)s (0.13 mL, 1 mmol, 2 eq, Sigma Aldrich, #481718) were
added. After the addition of the Fe precursor the color of the solution turned to light
brown. The reaction was heated under reflux (297 °C) for 30 min (cf. Figure 1.4.1). At
this temperature, the solution started to boil and some fumes were observed.
Moreover, the color of the solution changed to deep brown, indicating the formation
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of NPs. After 30 min of heating, the reaction mixture was allowed to cool down to RT
by removing of the heating source.

~
Pt(acac),
Oleic acid/
+ Oleylamine/
Fe(CO);
1,2-hexadecanediol > e
_|_
Dioctylether
heat to 30 min
100°C at 297°C

Figure 1.4.1. Schematic illustration of the chemical synthesis of 4 nm core diameter FePt
NPs. The synthesis was carried out under water exclusion and N, -atmosphere in a
three neck flask equipped with seal septa to be able to add all reagents under oxygen
and water free conditions.

For purification, the solution of FePt NPs was transferred to 2 centrifuge tubes of 50
mL, and ethanol (40 mL, Carl Roth, #64-17-5) was added to induce precipitation of the
NPs. The NPs were separated by centrifugation (5 min, 2700 rcf) (cf. Figure 1.4.2). The
brown colored supernatant containing byproducts was discarded and the black NP
precipitate was dispersed in hexane (25 mL) in the presence of OA (0.05 mL) and OLA
(0.05 mL), in order to provide the NPs colloidal stability for long storage periods.

Transfer to Centrifuge
¥ centrifuge tube at 2700 rcf Add hexane with
{ and add ethanol for 5 min OA & OLA

NA =0A&OLA

Figure 1.4.2. Graphic scheme (upper panel) and photographs (lower panel) of FePt NPs
purification steps after synthesis.
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1.5. Synthesis of hydrophobic Fe304 NPs (~ 4 nm core diameter)

The synthesis of Fe304 NPs as outlined here was initially published by Sun et al. in 2003
2 with a procedure to obtain monodisperse NPs with variable composition: MFe,04,
being M a metal that can be either iron, cobalt, or manganese, allowing to vary the
magnetic properties. This protocol allows for the synthesis of NPs with a tunable
diameter from 3 to 20 nm by changing the initial reaction conditions, or via a post-
synthesis seed-mediated approach. In the present report only the synthesis of 4 nm
core size Fes04 NPs is presented and detailed (cf. Figure 1.5.1). To prepare these NPs,
706.4 mg (2 mmol, 1 eq) of the metal precursor iron (lll) acetylacetonate (Fe(acac)s;
99%, Strem Chemicals, #26-2300)) were dissolved in 20 mL diphenyl ether (Sigma-
Aldrich, #P24101) in the presence of 6 mmol OA (3 eq, 90%, Sigma-Aldrich, #364525),
6 mmol OLA (3 eq, Aldrich, #07805), and 10 mmol 1,2-hexadecanediol (5 eq, Sigma
Aldrich, #52270). The process needs to be carried out in an oxygen- and water-free
atmosphere (glovebox and/or Schlenk line), where the mixture was stirred at 200 °C
for 30 min. The mixture was then heated up to 265 °C for another 30 min to induce
thermal decomposition and thus the formation of NPs (cf. Figure 1.5.1). The Fe3O4 NP
dispersion was then cooled down to RT and was taken away from the water- and
oxygen-free ambient. In this preparation, 1,2-hexadecanediol acts as reducing agent to
reduce the metal precursor into Fes04; NPs that are stabilized with oleic acid and
oleylamine. For purification, the dark brown dispersion was equally distributed into
two 50 mL centrifuge tubes, then 25 mL of ethanol (Roth, #5054.2) were added to each
tube, and the NPs were centrifuged at 2700 rcf for 5 min. Supernatants were discarded
and the Fes04 NPs were collected at the bottom of the centrifugation vial. The Fe30,4
NPs were resuspended in a mixture of hexane with 1% v/v OA and OLA. Additional
centrifugation at 2700 rcf for 10 min is necessary to get rid of any undispersed
residue/aggregates. The resulting supernatants were transferred to clean vials and a
new washing step with ethanol was performed at 2700 rcf for 5 min (cf. Figure 1.5.1).
The final Fe304 NPs with a core diameter of *4 nm forming the pellet were finally
redispersed into hexane supplemented with 1% OA and OLA.
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Final
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-—— -« -
Discard 2. Add ethanol 2. Centrifuge
supernatant at 2700 rcf
for 10 min

Figure 1.5.1. General scheme of the synthesis and purification of FesO4 NPs. After the
initial synthesis, both, large aggregates and solvent impurities, are removed by
centrifugation, obtaining NPs that are finally stabilized by OLA and OA.

1.6. Synthesis of hydrophobic Sn NPs (~ 11 nm core diameter)

The synthesis of monodisperse Sn NPs with a core diameter of 11 nm as reported here
was first published by Kravchyk et al. in 2013 %*. The protocol employs the reaction of
LiN(Si(CHs)3), with a solution of oleylamine (OLA) and SnCl, at 180 °C, followed by the
reduction of Sn(ll) to elemental tin using diisobutylaluminum hydride (DIBAH) (Figure
[.6.1). The reaction was completely performed inside a glove box under N,-
atmosphere. Importantly, all glassware should be dried using heat and vacuum as the
reaction is sensitive to water. The described reaction is violent and thus it should be
carried out with caution, and safety regulations should be considered.
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Figure 1.6.1. Synthesis of monodispersed Sn NPs.

A 250 mL three neck flask was equipped with a reflux condenser, stirring bar, and two
additional seal septa with one thermal sensor connected to a magnetic stirrer with
heating capability. 24.6 mL OLA (Sigma Aldrich, > 98%, #HT-OA100) were filled using a
20 mL syringe into the flask, and was stirred under vacuum at 140 °C for 1.5 h. After
cooling the solvent down to 50 °C, 94.8 mg (0.5 mmol, 1.0 eq) SnCl, (Sigma Aldrich,
#208256) were added and the mixture was again dried under vacuum at 140 °C for
30 min. Meanwhile 601 mg (3.6 mmol, 7.2 eq) LiN(Si(CHz)3), (Sigma Aldrich, #324620)
were dissolved in 3 mL toluene using a small beaker. The mixture of OLA and SnCl, was
heated up to 180 °C under N,-atmosphere, followed by the injection of LiN(SiMe3s), in
toluene solution. After 10s, 0.6 mL (0.6 mmol, 1.2 eq) of a 1.0 M solution of DIBAH
dissolved in tetrahydrofuran (THF) (Sigma Aldrich, #214981) was injected, which
induced a color change to dark brown. The reaction mixture was further stirred for 1 h
before putting the flask into an ice bath to cool it down. During this, at about 150 °C,
10 mL toluene were added, and the flask was extracted out of the glove box and
immediately held into an ice bath to speed up the cooling process (cf. Figure 1.6.2).
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Figure 1.6.2. Schematic illustration of the chemical synthesis of 11 nm Sn NPs. The
synthesis was carried out under water exclusion and Ny-atmosphere in a three neck
flask equipped with seal septa to be able of adding all reagents and guarantee oxygen-
and water-free conditions. For drying the solvent OLA and SnCl, the reflux condenser
was equipped with a three-way valve to be able to switch between N, and vacuum.
Before extracting the flask out of the glove box, the thermal sensor and reflux
condenser were removed and all three necks were closed using seal septa.

When the Sn NP solution had cooled to RT it was transferred into two 50 mL centrifuge
tubes and mixed with 40 mL ethanol, which led to precipitation of the Sn NPs. The
sample was centrifuged at 3000 rcf for 5 min, in order to separate the NPs from the
solvent. The NPs were collected and the supernatant was discarded. Next, the Sn NPs
were resuspended in a solution of oleic acid (OA) in chloroform (~6 mL, 1 mL OA/50 mL
CHCIs), which led to a ligand exchange from OLA to OA. Finally, a second precipitation
step was performed by adding 10 mL ethanol to the solution and centrifugation at
3000 rcf for 5 min and resuspension in 10 mL CHCI; to generate a long term stable
solution of Sn NPs (cf. Figure 1.6.3).
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Figure 1.6.3. Purification of Sn NPs and OLA ligand exchange with OA.

1.7. Synthesis of hydrophobic CdSe and CdSe/ZnS NPs (~ 2 - 10 nm core diameter)

CdSe NPs, so called quantum dots (QDs), of different sizes were synthesized using CdO
as a precursor, via the procedure described by Peng’s group 2 with minor
modification in reaction temperature/time, in order to achieve a better control in the
size of the NPs. To improve the quantum yield and long—term stability of these
fluorescent NPs, coating of the CdSe NPs with a shell of ZnS was employed ° using

diethylzinc and hexamethyldisilathiane as zinc and sulfur sources, respectively *’.

Synthesis of CdSe cores: In a typical synthesis, 0.03 g of cadmium oxide (CdO, Sigma-
Aldrich #202894), 0.11 g of hexylphosphonic acid (HPA, Sigma-Aldrich #750034), and
3.5 g of trioctylphosphine oxide (TOPO, Sigma-Aldrich #223301) were loaded into a
100 mL glass three-neck flask connected to a nitrogen line (see Figure 1.7.1). The
mixture was degassed at 120 °C for 20 min and then heated to 300 — 320 °C under
nitrogen atmosphere for 15 min to allow the complete dissolution of CdO in HPA and
TOPO leading to a clear and colorless solution, which indicates that a Cd—=HPA/TOPO
complex has been formed. In case the CdO did not dissolve completely, (i.e. the
solution did not turn transparent) some more HPA needs to be added.
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Figure 1.7.1. Setup for the synthesis of CdSe/ZnS NPs. The photo shows a three-neck
flask equipped with a heating mantle, a reflux condenser, an addition funnel, a
thermometer connected to a temperature controller, and a nitrogen flow.

Then, the temperature of the solution was cooled down to 270 °C by setting the
temperature controller to this temperature and waiting for around 10 - 15 min. When
the desired temperature was reached, 1.2 mL of selenium stock solution was swiftly
injected with a syringe. The selenium stock solution was prepared by dissolving 0.0255
g of selenium powder (Se, Sigma-Aldrich #229865) in 1.5 mL of trioctylphosphine (TOP,
Sigma-Aldrich #718165), to produce a 0.215 M stock solution of trioctylphosphine
selenide (Se-TOP). After injection, the temperature dropped by roughly 20 °C and was
maintained then at 250 °C throughout the synthesis of the CdSe cores. 3 — 5 min after
the injection the color of the solution turned from colorless to yellow, indicating the
nucleation of CdSe NPs. Upon further grown of the NPs this color gradually turned to
yellow-orange, orange, red and finally dark red 30 — 40 min after the injection.

CdSe NP growth was monitored by taking aliquots from the reaction flask every 5 min.
Aliquot solutions were diluted with chloroform and their UV/visible absorption spectra
were recorded (cf. Figure 1.7.2). Even when the growth rate varied slightly from
synthesis to synthesis, it was always sufficiently slow so that the synthesis could be
stopped whenever the first exciton peak in the absorption spectrum reached the
desired value, which could be easily correlated to the NPs' average size through
calibration curves available in the literature 2%. Once the cores had reached the desired
size, the reaction could be either stopped by removing the heating mantle to let the
solution cool down to RT and the resulting NPs were purified as described below, or
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optionally the temperature could be maintained at 250 °C and the synthesis was
continued further to grow a ZnS shell on the prepared CdSe cores.

A B
e CdSe QD1 (A,p,= 525 NM)

=== CdSe QD2 (A= 545 NM) >
CdSe QD3 (A,ps= 565 nm)
CdSe QD4 (A,ps= 580 nm)
e CdSe QDS (A= 595 NM)

2.0

450 500 550 600 650 700 750

A [nm]

Figure 1.7.2. Monitoring the growth of CdSe NPs by A) recording the UV/visible
absorption spectra A(A) of aliquot samples that were taken from the reaction flask at
different time intervals followed by dilution with chloroform. The peak in the spectrum
at wavelength Aqs is due to the excitation of the first exciton *°. The spectra were
normalized to the absorption at the first exciton peak. Upon growth of CdSe NPs, the
absorption peak shifts to higher wavelength, as shown here in the five spectra recorded
after different time points (t =5 min, 10 min, 15 min, 20 min, 30 min). B) The solutions
of the CdSe NPs are fluorescent with tunable excitation wavelength that red upon
growth of NPs.

ZnS shell growth: A shell of ZnS can be optionally grown around the CdSe cores, see
Figure 1.7.3. Once CdSe NPs have reached the desired size, they can be directly
passivated by growing a ZnS shell, without the need of isolating the CdSe NPs from the
crude solution 3. For CdSe cores with a size of d. = 3.82 nm in diameter, 1.5 mL of the
overcoating stock solution (Zn/S/TOP solution) was added dropwise to the mixture
under vigorous stirring through the addition funnel over a period of ~ 10 min. It is
important that the addition is done dropwise in order to avoid nucleation of ZnS NPs.
The Zn/S/TOP stock solution was prepared by adding equimolar amounts of the Zn and
S precursors in TOP, that is 1.75 mL of diethylzinc solution (ZnEt, 1 M in hexane, Sigma-
Aldrich #296112), and 0.37 mL of hexamethyldisilathiane ((TMS),S, Sigma-Aldrich
#283134) in 10.38 mL of trioctylphosphine (TOP, Sigma-Aldrich #718165). Note that
the Zn/S/TOP stock solution can be separated and frozen into aliquots to be used in
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next synthesis, being stable once frozen for at least six months. After the addition of
Zn/S/TOP solution, the mixture was left to cool down to 90 °C by removing the heating
mantle, and then this temperature was maintained, and the solution was stirred for 3
more hours. Finally, the solution was cooled down to RT by turning the heating off, the
NP suspension was transferred to a glass vial and diluted with 10 mL of anhydrous
chloroform.

The amount of added Zn/S/TOP stock solution depends on the CdSe core size and the
desired thickness of the ZnS shell. The amount of of Zn and S precursors (i.e. Zn/S/TOP
stock solution) needed for growing a ZnS shell of desired thickness can be estimated.
First, from the wavelength of the first exciton peak Aaps in the absorption spectrum of
the CdSe cores the diameter of the cores d. is estimated via an empirical formula by Yu

I28

et al =, which correlates CdSe NPs core size (d.) with the corresponding wavelength of

the first exciton peak (Aaps):

d. = (1.6122 nm x 1072 nm™%) X Agps” — (2.6575 x 1076 nm™3) X Ap,s° +
(1.6242 x 1073 nm™2) X Agps> — 0.4277 X Agps + 41.57 nm (Equation 1.7.1)

According to literature, a number of ZnS monolayers between 1 and 2 is usually the

26, 30, 31
. In case of

optimum for getting the maximum quantum yield in CdSe/ZnS NPs
too thin layers the passivation effect is not significant. In case of too thick layers, the
ZnS shell may crack due to differences in the lattice constants between CdSe and ZnS,
resulting in poor quantum yields. In this work 1.2 monolayers were selected as the
desired thickness of ZnS on CdSe NPs. According to the bulk lattice parameters of ZnS,
the thickness of one single ZnS monolayer is 0.31 nm, defined as the distance between
consecutive planes along the [002] axis in bulk wurtzite ZnS %6 Therefore, the thickness

of the ZnS shell corresponding to 1.2 monolayers is 0.37 nm (cf. Figure 1.1.1).

By knowing the diameter of the CdSe core (d.;) from Equation 1.7.1 (as the inorganic
part comprises here a core and a shell the innermost core is termed d; instead of d.),
and the desired thickness of the ZnS shell (dci; — de1) = 2 x 0.37 nm = 0.74 nm, the
diameter d.1, of the CdSe/ZnS core/shell NP can be calculated (dci = det + 0.74 nm).
The volume of the ZnS shell V., around one CdSe core thus is the volume of one CdSe
NP (Va = (n/6)-dc:’), substracted from the volume of one CdSe/zZnS NP (V. =
(1/6)-dc12’), ¢f. Equation VIII.1.3.

For example, sample QD4 in Figure 1.7.2 corresponds to CdSe NPs with Aas = 580 nm.
According to Equation 1.7.1, d¢; = 3.82 nm, and thus d¢i> = 3.82 nm + 0.74 nm = 4.56
nm. This leads to volumes V = 29.19 nm?> and Voo = Vo — Ve = 20.46 nm® of the CdSe
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core and the ZnS shell, respectively. The ratio of the shell volume to the core volume
thus is Vo/Ve = 0.70. As there are Cd atoms only in the core (Ncg/ne per NP), and Zn
atoms only in the shell (Nz,np per NP), the amount of Cd and Zn in one NP scales
according to Equation VIII.1.9 with the volume of the CdSe core (ratio of Cd:Se = x:y =
1) and the ZnS shell (ratio of Zn:S = x:y = 1), respectively:

N .
Nca/np = Pcdse X VClW (Equation 1.7.2)
1 e
N .
NZn/Np = Pzns X Ve Wi)XMs) (Equation 1.7.3)
nT\1

Hereby Mcq = 112.4 g/mol, Mse = 79.0 g/mol, Mz, = 65.4 g/mol, and Ms = 32.1 g/mol
are the molar masses of cadmium, selenium, zinc, and sulfur, respectively. pcgse= 5.82
g/cm3 and pzns = 4.09 g/cm3 are the bulk densities of CdSe and ZnS, respectively. Thus
the ratio of Zn to Cd atoms in one CdSe/ZnS NP is:

N n n .
—ERE (&) X (—pz S) X (—(MCd+Mse)) = 1.38 X (k) (Equation 1.7.4)
Nca/np Vea Pcdse (Mzn+Ms) Vei

In the case of the sample QD4 in Figure 1.7.2 with Aaps = 580 nm this leads to Nz,/N¢q =
1.38 X 0.70 = 0.96. The amount ncqso Of Cd added in form of CdO as precursor during
the synthesis of the CdSe cores is known. In the particular case of the synthesis
described here it was ncgsoi = 0.234 mmol (mass of added CdO = 0.03 g, My(CdO) =
128.4 g/mol). The amount of Zn needed in the reaction solution thus is Nz, sol = Ncg sol X
(Nzn/Ncg) = 0.234 mmol X 0.96 ~ 0.22 mmol. Note, that this calculation assumes that all
added Cd is ended up in CdSe core. The Zn concentration in the Zn/S/TOP stock
solution is ¢z, =1 M X 1.75 mL/(1.75 mL + 0.37 mL + 10.38 mL) = 0.14 M. Thus, in order
to inject nzy 5ol = 0.22 mmol Zn, the volume Vzn/s/1op sol = Nzn sol/Czn = 0.22 mmol / 0.14 M
~ 1.5 mL needs to be dropwise injected.

Note, that this calculation only provides a rough estimate of the amount of Zn/S/TOP
stock solution, which is needed for growing the ZnS shell. In fact, during growth of the
ZnS shell small aliqguots may be taken and the fluorescence analyzed. Shell growth is
continued until the quantum yield of the NPs does no longer increase.

Page 30 of 167



{/ {/

N, N,
'l
dlssolutlon \\ cool down
cdo

~* Se-TOP

© Cd-TOPO/HPA Cd-TOPO/HPA
complex +
TOfO Se-TOP
HPA
lnucleation
N, N,

cool down
+ purlflcatlon

growing
CdSe NPs
ZnS s}'\ell
growing »\ W
K Zn/s/TOP
cool down ..‘_;53} EJ‘&

+ purification

= T

CdSe/ZnS NPs

Figure 1.7.3. Schematic illustration of the synthesis of CdSe and CdSe/ZnS NPs.

Purification of CdSe or CdSe/ZnS NPs: 10 mL of anhydrous methanol were added to 10
mL of the NP suspension, which caused flocculation of the NPs. The NPs were then
precipitated by centrifugation (5000 rcf, 5 min). Then, the supernatant was discarded
and the NP precipitate at the bottom of the vial was resuspended in chloroform. This
purification process was repeated two more times (cf. Figure 1.7.4). After the last
centrifugation, the supernatant should be colorless and the NPs should be all
precipitated on the bottom of the Eppendorf tube in which centrifugation had been
carried out. If the supernatant is still colored, the addition of more methanol is needed
in order to increase the polarity of the medium, promoting the precipitation of the
NPs. Finally, the purified QD NPs (TOPO-capped CdSe or CdSe/ZnS QDs) were dispersed
in 10 mL of anhydrous chloroform and stored in dark.
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Figure 1.7.4. Purification process of the CdSe or CdSe/ZnS QDs by centrifugation and
washing with methanol. A) Vial with NPs dispersed in chloroform. B) Centrifugation of
the NP suspension after the addition of methanol. C) Precipitated QDs after
centrifugation. D) QDs solution after removal of supernatant in C and redispersion in
chloroform.

1.8.  Synthesis of hydrophobic CdS NPs (= 2 nm core diameter)

Hydrophobic CdS NPs were synthesized by adapting the original method described by
W. W. Yu and X. Peng 32 For the synthesis, a mixture of 4 g including 12.8 mg (0.10
mmol, 2 eq) of cadmium oxide (Sigma, #202894), 85 mg (0.30 mmol, 6 eq) of oleic acid
(OA, Sigma, #364525), and 3.90 g (15.3248 mmol, 306.5 eq) of octadecane (ODE,
Technical grade 90%, Alfa Aesar, #L.11004) were weighted and mixed in a 50 mL three-
neck round-bottom flask. Then, the mixture was heated to 120 °C and stirred under
nitrogen environment, followed by degassing under vacuum for 5 min, cf. Figure 1.8.1.

N, atmosphere

Schlenk line

=9 Three-neck
; round-bottom
4 flask

Heating
mantle
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Figure 1.8.1. Reaction set-up used for heating the mixture of CdO, oleic acid and ODE.

This mixture was then heated to 300 °C, while a solution of sulfur (0.0016 mg, 0.05
mmol, 1 eq, Sigma, #414980) in 2 mg of ODE was prepared in a separated glass vial.
Since it is very difficult to measure such a small quantity of sulfur, a stock solution was
prepared instead by dissolving 8 mg of sulfur in 10 g of octadecane (ODE, Technical
grade 90%, Alfa Aesar, #L11004). To efficiently dissolve the sulfur in ODE, the mixture
was heated to 85 °C under stirring.

When the mixture of CdO, OA, and ODE reached 300 °C, the CdO started to
decompose, and the initial brownish colored solution started turning into a
transparent solution, cf. Figure 1.8.2. When the solution became completely
transparent, the previously prepared sulfur solution was quickly injected using a
syringe, cf. Figure 1.8.3.

Figure 1.8.2. Color change of the mixture before (A) and after (B) decomposition of CdO.
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Figure 1.8.3. Injection of the sulfur-ODE solution at 300 °C.

After injection of the sulfur-ODE solution, the temperature of the mixture dropped to
240 °C. In case the required size of the QDs was d. ~2 nm, the heating mantle was
removed just before injecting the sulfur-ODE solution, and the solution was left
undisturbed to cool down to RT under the same stirring conditions, cf. Figure 1.8.5. In
case the required size of the QDs was bigger than 2 nm, the temperature of the
solution was allowed to recover up to 250 °C after injection of the sulfur-ODE solution.
Depending on the required size of the QDs, the solution was kept for 1 - 15 min at 250
°C (i.e. longer times for bigger QDs), cf. Figure 1.8.4. The formation of the QDs could be
observed by the change of the solution color, from transparent to light yellow. When
the desired size (i.e. the envisaged absorption/emission wavelength of the QDs) was
achieved, the heating mantle was removed and the solution was allowed to cool down
to RT.
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Figure 1.8.4. Growth of CdS QDs. Absorption spectra (A) and emission spectra (B) were
recorded by taking small aliquots from the reaction solution at different time points
(QD1-8). The spectra were normalized to the exciton peak, A(Aq.s) for absorbance and
I(Aem) for emission. Note that upon growth of the QDs, the peak shifts towards higher
wavelength.

After cooling down to RT, the solution was transferred into a centrifuge tube. To purify
the QDs from ODE, OA, and non-reacted Cd or CdO, 20 mL acetone was added, and
mixed together until the mixture became cloudy. The cloudy mixture was then
centrifuged at 2500 rcf for 10 min. The QDs were precipitated and the supernatant was
discarded. The precipitated QDs could be redispersed in organic solvent (e.g.
chloroform, toluene, etc.). For further cleaning of the QDs, a 1:1 volumetric ratio of
chloroform and methanol was used to precipitate the QDs. This process was repeated
1-3 times, until the precipitated QDs were like white powder, in order to ensure the
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purity of the QDs. Finally, the solvent was evaporated and the QDs were dissolved in
toluene.

o=x0 —= Vacuum
=

OH
o
OA
+
CdOo —
+
P v Ve heat to 300 °C T drop to 240 °C
ODE
Remove heat source
and cool down to RT
[T
centrifuge g
at 2522 g for 10 min o
- - -
7 acetone

Figure 1.8.5. Schematic illustration of the chemical synthesis of hydrophobic CdS NPs (d.
~2 nm) is shown. OA, CdO, and ODE were mixed and heated at 300 °C resulting in a
color change from brown to transparent. The sulfur solution in ODE was rapidly
injected to induce the formation of NPs as evident from the change from transparent to
light yellow (QDs). The QDs were purified (1-3 times) by addition of acetone or
methanol followed by precipitation and centrifugation.
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Il.  Synthesis of inorganic NPs in aqueous solution leading to hydrophilic NPs

I.L1 General considerations

1.2 Synthesis of hydrophilic Au NPs (= 5 - 100 nm core diameter)

1.3 Synthesis of hydrophilic Ag NPs (~ 15 nm core diameter)

1.4 Synthesis of rod-shaped Au NPs (variable size)

1.5 Synthesis of star-shaped Au NPs (~ 70 nm diameter, distance from tip to tip)

II.1 General considerations

As detailed in section I.1, all glassware was first cleaned with detergent followed by
aqua regia and carefully rinsed with Milli-Q water and acetone to guarantee extremely
cleaned glass surfaces.

In this chapter NPs are prepared in aqueous media, and thus capped by a shell of
hydrophilic ligands to maintain their colloidal stability, see Figure 1l.1.1. In particular, in
this chapter the synthesis of different materials such as Au and Ag with different
shapes is described. In case the NP cores are not of spherical shape, their geometry
needs to be described by other parameters than just the core diameter (cf. Figure
[1.1.1). While this is complex in the form of irregularly shaped NP cores, some other
cores can be described best by simple three dimensional objects such as tubes,
ellipsoids, cubes, etc. As described in §l.1 the ligand shell adds to the size of the whole
NP. Thus in case of an elongated object, apart from the diameter also the effective
length is higher than the core lengths, see Equation I.1.1 and Equation 11.1.1.

Leff = LC +2 X lligand (Equation ”11)

et derr
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Figure 11.1.1. Sketch of A) spherical and B) rod-shaped inorganic NPs, comprising an
inorganic core (drawn in gray) and an organic hydrophilic ligand shell (drawn in blue).
In the case of nanorods their shape is described by a cylinder with length L. of the
inorganic core and Leg of the NP including the organic ligand shell, and with diameter d.
of the inorganic core and d.g of the whole NP.

1.2 Synthesis of hydrophilic Au NPs (~ 5 - 100 nm core diameter)

Since the first systematic preparation of Au NPs in aqueous media by Turkevich ** and
then by Frens ?, significant efforts have been exerted during the last decade to
fabricate monodisperse Au NPs with controlled size and shape using wet chemical

methods 3+38

. In the following sections we will detail recent synthetic protocols that
present improved outcomes compared to the traditional Frens method in several
aspects: higher monodispersity and reaction yield of prepared Au NPs, as well as

superior tunability and control over NP size and size distribution.

Citrate-capped spherical Au NPs (Cit-Au NPs) can be prepared in agueous media by
reducing gold ions using sodium citrate (SC) as reducing agent and stabilizer. Turkevich
et al. and Frens were the first to prepare monodisperse Cit-Au NPs in aqueous solution

239 However, these protocols fail to produce Au NPs with large

in a controlled way
diameters (d.> 50 nm) with acceptable monodispersity. By controlling the reaction
conditions (temperature, pH, stirring speed etc.), stoichiometry of the reagents (gold
salt to SC ratio), and addition of additives, recent protocols produce different sizes of
Cit-Au NPs (up to 200 nm with excellent monodispersity) as reported by Bastus et al 3,
Synthetic protocols for spherical Cit-Au NPs with core diameter of 5 nm, 13 nm, 20 nm,

25 nm, 50 nm and 100 nm are described below.

Synthesis of Cit-Au NPs (5 nm core diameter): Cit-Au NPs with a core diameter of

around 5 nm were synthesized by following the protocol reported by Piella et a/ 37,
Briefly, 150 mL of 2.2 mM sodium citrate (SC, 0.33 mmol, 13.2 eq, Sigma Aldrich,
#W302600), 0.1 mL of 2.5 mM tannic acid (TA, 0.25 umol, 0.01 eq, Alfa Aesar,
#A17022) (the use of traces of tannic acid helps for the growing of homogeneous
seeds; as tannic acid is used at a very small concentration the predominant capping
agent is citric acid), and 1 mL of 150 mM potassium carbonate (K,COs, 0.15 mmol, 6
eq, Sigma Aldrich, #P5833) were placed in a 250 mL three-necked round-bottomed
flask connected with a condenser to prevent the evaporation of the solvent and were
heated up with a heating mantle under vigorous stirring. When the temperature
reached 70 °C, 1 mL of 25 mM tetrachloroauric acid (HAuCls, 25 umol, 1 eq, Strem
Chemicals, #16903-35-8) was quickly injected. The color of the solution changed
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quickly to purple and then to red in 2 min (see Figure I.2.1). The solution was kept at
70 °Cfor 5 min more, in order to ensure a complete reduction of gold ions.

A B C

Figure 11.2.1. Synthesis of Cit-Au NPs of ~5 nm in diameter. Photographs showing the
reaction flask. A) Before gold injection (note the yellow gold salt solution inside the
syringe). B) Immediately after injection of gold salt solution (the solution color changed
from pale to purple in less than 10 s after the gold addition). C) After few minutes (ca. 2
min) after injection of gold salt solution red color indicates the formation of the Cit-Au
NPs.

The reduction of a gold salt by sodium citrate in general is described in Equation 11.2.1.
This equation represents all the following methodologies to obtain spherical Cit-Au
NPs. A sketch of the reaction is shown in Figure 11.2.2.

n-HAuCl, (ag) + n- (OCOCH,),C(OH)COO’) (aq)—>
4n-Cl (aq) + 4n-H" (ag)+ Au®, + n-((OCOCH,),CO (aqg)+ n-CO, (T) (Equation 11.2.1)

Tannic Acid

+

(@) O
m 70 °C/ HAuCl,
-0 O g

5
+
KCO, OO

o o

by
o

w = 0 o O
(citrate)

Figure I11.2.2. Schematic representation of the synthesis of 5 nm Cit-Au NPs in water.
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Synthesis of Cit-Au NPs (13 nm core diameter): Cit-Au NPs with a core diameter of

~ 13 nm were synthesized by following the protocol reported by Schulz et al *°. Briefly,
144 mL of Milli-Q water were placed in a 250 mL three-necked round-bottomed flask
connected with a condenser, and heated up until boiling (ca. 100 °C) with a heating
mantle. Then, a mixture of sodium citrate (3.5 mL of 60 mM, 0.21 mmol, 8.4 eq) and
citric acid (1.5 ml of 60 mM, Acros, #A0350656) was added and kept under vigorous
stirring (450 rpm) for 30 min. Two parameters are crucial in this reaction to get a
narrow size distribution: the final pH (which is kept constant by the addition of the
buffer citrate/citric), and the heating time (30 min), in which citrate is partially
oxidized. To this solution, 0.1 mL of 30 mM ethylenediaminetetraacetic acid (EDTA,
0.003 mmol, 0.12 eq, Sigma Aldrich, #EDS) was injected quickly, followed by the
addition of 1 mL of 25 mM hydrogen tetrachloroaurate (lll) dissolved in water (0.025
mmol, 1 eq). After ca. 60 s the color of the mixture changed from pale yellow to dull
blue and then to wine-red, which is indicative of the formation of Cit-Au NPs (see
Figure 11.2.3). After that, the heating was switched off (but not the stirring). When the
temperature of the mixture had cooled down to 95°C, the flask with the NP
suspension was immersed in ice in order to stop the reaction. It is worth mentioning
that this method allows for a fine-tuning to Cit-Au NPs size by employing a seed-
mediated approach to grow larger NPs. For example, after the synthesis of Au NPs with
13 nm core diameter as described above, the NP suspension may be cooled down to
95 °C and upon injection of 1 mL of HAuCl,; (25 mM) to this seed solution in the same
flask bigger NPs may be grown, similar to using 18 nm seeds, as explained in more
detail later in this section.

Figure 11.2.3. Synthesis of Cit-Au NPs of ~ 13 nm in diameter. Photographs showing the
reaction flask A) before gold injection, B) after injection of gold salt and EDTA solutions
the solution color changed to purple/blue, and C) shortly (ca. 1 min) after injection,
when red color showed up, indicating the formation of Cit-Au NPs.
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Synthesis of Cit-Au NPs (18 nm core diameter): Spherical NPs were synthesized

following a modified protocol reported by Bastus et al . Briefly, 150 mL of a 1.32 mM
sodium citrate solution (0.2 mmol, 8 eq) was added to a 250 mL three-necked round-
bottom flask connected with a condenser, and heated up until boiling with a heating
mantle under vigorous stirring. After 5 min of boiling, 1.5 mL of 25 mM
tetrachloroauric acid (HAuCls, 0.025 mmol, 1 eq) was injected. A color change was
immediately observed from pale yellow to light blue and then to soft red (see Figure
[1.2.4). The solution was further boiled for 10 min to allow the NPs to grow and then
cooled down with stirring to RT. The resultant Cit-Au NPs had a core diameter of d.
~ 18 nm.

Figure 11.2.4. Synthesis of Cit-Au NPs of ~18 nm in diameter. Real photographs showing
the color change at different stages: A) before gold injection; (B) after injection of gold
salt solution where the solution color changed to light blue then to purple in (C), and
finally to red color indicating the formation of Cit-Au NPs in (D).

Synthesis of Cit-Au NPs (18 < d. < 100 nm core diameter): Cit-Au NPs (18 nm core
diameter) were used as seeds to prepare larger Cit-Au NPs. After preparing 18 nm Cit-

Au NPs as described above, the solution was cooled down to 90 °C and 1 mL of 25 mM
HAuCl, (0.025 mmol, 1 eq) was injected (see Figure 11.2.5). The solution was stirred for
30 min and this process was repeated twice (total three injections of gold salt per
growth step). Importantly, the temperature was set constant to 90 °C during the whole
growing steps. Notice that the temperature is minimally affected by the addition of 1
mL into the 150 mL reaction. After that, the sample was diluted by extracting 55 mL of
sample and adding 53 mL of Milli-Q water and 2 mL of 60 mM sodium citrate (0.12
mmol, 4.8 eq), which temporarily drops the temperature and thus, the mixture
requires ca. 15 min to reach the temperature set in the heating mantle (i.e., 90 °C).
Then, by three consecutive gold additions (0.025 mmol, 1 eq, each) separated by 30
min intervals as described above, Cit-Au NPs with 25 nm were obtained. Likewise, 25
nm Cit-Au NPs were grown to 50 nm, and later they were grown to 100 nm, by using
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the approach described above (i.e., growing from 18 to 25 nm Cit-Au NPs, see Figure
IX.1.6. for UV/vis absorption spectra of different growing steps). After the synthesis the
Cit-Au NPs can be stored for further modification in the presence of free citrate in the

solution to ensure colloidal stability of Cit-Au NPs for long time periods (months).

A B C

Figure 11.2.5. Synthesis of Cit-Au NPs of ~25 nm in diameter using 18 nm seeds and the
seed-mediated approach. Real photographs showing the color change at different
stages: (A) 18 nm Au NPs seeds; (B) after injection of gold salt solution where the
solution color changed to purple in (C) after three injections (30 min reaction time
between injections) to prepare Cit-Au NPs of 25 nm in diameter.

1.3 Synthesis of hydrophilic Ag NPs (= 15 nm core diameter)

Ag NPs can be synthesized with different capping agents in aqueous solution to yield
Ag core of different size and shape. *° Citric acid has been used as most common
capping agent. Synthesizing highly monodisperse citrate-capped silver NPs (Cit-Ag NPs)
has been a challenge for long time. There are plenty of synthetic routes developed to

synthesize Cit-Ag NPs * 40-43

. In this section, we briefly describe the synthesis of Cit-Ag
NPs (15 nm in diameter) as developed by Bastus et al. *. The described procedure
employs tannic acid (TA) (basically its phenolic hydroxyl groups) as well as citric acid as
reducing agents. The use of a small amount of tannic acid controls the size during the
growth process, yielding unprecedented narrow size distributions. TA acts as both a
reducing agent and a size control agent. The advantage of this method is that by
varying the concentration of TA, a wide size range of highly monodisperse Cit-Ag NPs

can be synthesized.
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oxidation
— +2H" + 2e
HO OH HO @]
OH @)
Phenol Quinone (Equation 11.3.1)
Ag'+e o Ag’ (Equation 11.3.2)

To synthesize 15 nm Cit-Ag NPs, 100 mL aqueous solution of sodium citrate (SC) and
tannic acid (TA) were taken in a three-neck round bottom flask such that the final
concentration of SC and TA are 5 mM and 0.1 mM, respectively. At this stage the
solution looks colorless, as it can be seen in the photographs given in Figure I.2.1A.
The flask was heated with a heating mantle (with a magnetic stirrer) and a condenser
was used to avoid the evaporation of solvent. When the solution started boiling, 1 mL
of an aqueous solution of 25 mM AgNO; was rapidly injected into the solution. The
color of the solution immediately turned to bright yellow (cf. Figure 11.2.1B), confirming
the formation of NPs. After cooling down the solution, it was centrifuged at 5000 rcf
for 10 min in order to precipitate the NPs. Then, the supernatant was removed and the
NP precipitate was redispersed in 0.25 mM sodium citrate solution to get the purified
Cit-Ag NPs.

Figure 11.2.1. Synthesis of Cit-Ag NPs of ~15 nm in core diameter. Photographs showing
the solution color (A) before and (B) after injection of silver nitrate solution. Yellow
solution color in B indicates the formation of Cit-Ag NPs. For more clarity, a photograph
of a cuvette containing the solution is given in the inset
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1.4  Synthesis of rod-shaped Au NPs (variable size)

Rod-shaped Au NPs (gold nanorods, Au NRs) with the longitudinal surface plasmon
resonance (SPR) located at Aspr = 650, 800, 830 and 1050 nm were prepared by a seed-

mediated method following previously published protocols 39,44

The wet-synthesis method to prepare Au NRs was pioneered by the groups of Murphy
5 and El Sayed “® in the early 2000s. In general, a solution of small gold seeds (NPs of
d. ®#3-4 nm in diameter) is synthetized in the presence of the cationic surfactant
hexadecyltrimethylammonium bromide (CTAB), and silver ions. These seeds are
further grown in a growth solution that contains more gold ions, silver ions, and CTAB.
The gold ions in the growth solution are partially reduced to Au(l) to allow complete
reduction to Au(0) only at the surface of the added seeds, in order to promote growth
of Au NRs and to prevent undesired nucleation and formation of nanospheres as side
product. The presence of silver ions improves the shape yield and controls the final
aspect ratio (length to width ratio) of the nanorods. CTAB is the shape-directing agent
that promotes the unidirectional growth and acts simultaneously as a capping agent to
form CTAB-capped gold nanorods (CTAB-Au NRs)*’. The shape and size of the prepared
Au nanorods can be tuned primarily by varying silver nitrate levels, but generally by
controlling the reaction conditions and the level of used chemicals (cf. Table 11.4.1).

The traditional protocols to prepare CTAB-Au NRs indicate the use of high
concentration of CTAB (0.1 M), which is a cytotoxic and thus limits the use of CTAB-Au
NRs in biomedical applications 8, Significant effort has been done to prepare CTAB-Au
NRs in low-CTAB growth solution. In 2012, Murray’s group proved that the presence of
aromatic additives in the growth solution reduces the required amount of CTAB to the
half (this procedure will be termed Protocol 1 below) *. In 2013, the same group
published a modified method in which the CTAB concentration was reduced to 0.037
M. This methodology employs a binary surfactant mixture: CTAB and sodium oleate
(NaOL) (this procedure will be termed Protocol 2 below) **.

Synthesis of the seed solution: A seed solution was prepared by mixing 5 mL of 0.5 mM
HAuCl, (0.5 mmol, 1 eq) with 5 mL of 0.2 M CTAB (200 mmol, 396 eq, Sigma Aldrich,
#H9151) in a 40 mL tube. To this solution, 0.6 mL of 0.01 M freshly prepared NaBH,(10
mmol, 19.8 eq, Sigma Aldrich #71321) was added under stirring. The solution color

changed immediately to brownish-yellow (cf. Figure 11.4.1). The seed solution,
containing ~4 nm core diameter Au NPs capped with CTAB, was vigorously stirred at
1200 rpm for 2 min and kept at 25 °C.
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Protocol 1: Synthesis of CTAB capped gold nanorods (CTAB-Au NRs) in the presence of
| 34

5-bromosalicylic_acid. This protoco was used to prepare CTAB-Au NRs with

longitudinal surface plasmon resonance at Aspr = 650 nm and 825 nm. For this purpose,
9.0 g of CTAB (24.6 mmol, 98.5 eq) and 0.8 g of sodium salicylate (5 mmol, 20 eq,
Sigma, #53007) in case of Aspr = 650 nm or 1.1 g of 5-bromosalicylic acid (5 mmol, 20
eq, Sigma, #461814) in case of Aspr = 825 nm were dissolved in 250 mL of warm water
(60 °C) in a 500 mL Erlenmeyer flask. The solution was allowed to cool to 30 °C and
then silver nitrate dissolved in water (AgNO3; 4 mM) was added as per Table 11.4.1. The
mixture was kept undisturbed at 30 °C for 15 min, after which 250 mL of aqueous 1
mM HAuCl, solution (0.25 mmol, 1 eq) was added. After 15 min of slow stirring (400
rpm), ascorbic acid solution was added (64 mM) as per Table 11.4.1. The solution was
stirred for 30 s, until it became colorless. The color change is due to the incomplete
reduction of Au(lll) to Au(l) by ascorbic acid. Finally, seed solution (freshly prepared as
described above) was injected into the growth solution as per Table 11.4.1. The solution
was mixed gently and left undisturbed overnight, to allow for a compete growth of
CTAB-Au NRs. CTAB-Au NRs were collected by centrifugation and the supernatant was
discarded. The centrifuged CTAB-Au NRs pellets were finally redispersed in water.

}\GPR [nm] VHCI _sol [ml-] pH VAgN03_so| [ml-] VAA_soI [ml-] VNP_soI [ml-]
650 0 3.05 6 1 0.8
825 0 2.00 18 2 0.4

Table 11.4.1. Synthesis of CTAB-Au NRs in the presence of 5-bromosalicylic acid, with
different SPR wavelength Aspgas detailed in the text. Vi soirefers to the volume of HC,
which was used to optimize the pH of the growth solution. Vagnos soi refers to the
volume of added AgNOj3 solution. Vaa 5o refers to the volume of added ascorbic acid
solution. Vyp 5o refers to the volume of added NP seed solution.

Synthesis of CTAB capped gold nanorods (CTAB-Au NRs) in the presence of sodium

oleate (Protocol 2): This protocol ** was used to prepare CTAB-Au NRs with

longitudinal surface plasmon resonance at Aspr = 790 nm and 1050 nm. For this
purpose, 7.0 g of CTAB (19.1 mmol, 76.6 eq) and 1.234 g of sodium oleate (NaOL, 4
mmol, 16.2 eq, Sigma Aldrich, #07501) were dissolved in 250 mL of Milli-Q water at 50
°C. After dissolving the reactants, the solution was cooled down to 30 °C and then, a
specific amount of AgNOs (4 mM) was added as per Table 11.4.2 and the solution was
kept at 30 °C for 15 min. To this solution, 250 mL of 1 mM HAuCl, (0.25 mmol, 1 eq)
were added and the solution color changed from dark yellow to colorless during 90
min of stirring at 700 rpm. To control the aspect ratio of Au NRs, HCI (37 wt% in water,

Page 45 of 167




12.1 M, Sigma Aldrich, #320331) was added to adjust the pH as per Table 11.4.2. The
solution was stirred at 400 rpm for 15 min. After this, 1.25 mL of 0.064 M, ascorbic acid
(0.08 mmol, 0.32 eq) was added and the solution was vigorously stirred for 30 s.
Finally, a small amount of seed solution was injected into the growth solution as per
Table 11.4.1). The solution was stirred for 30 s, and kept at 30 °C, without stirring
overnight to allow a compete growth of CTAB-Au NRs. Finally the CTAB-Au NRs were
collected by centrifugation and the supernatant was discarded. The centrifuged CTAB-
Au NRs pellets were redispersed in water.

Aser [Nm] | Vua _soi[ML] pH Vagno3_sol [ML] Vaa_sol [ML] | Vnp_sor [ML]
790 2.4 1.68 18 1.25 0.4
1050 5 1.2 24 1.25 0.8

Table 11.4.2. Synthesis of CTAB-Au NRs in the presence of sodium oleate, with different
SPR wavelength Aspg using protocol 2 as detailed in the text. Vi soirefers to the volume
of HCl, which was used to optimize the pH of the growth solution. Vagnos so refers to
the volume of added AgNOj3 solution. Vas_soirefers to the volume of added ascorbic acid
solution. Vyp 5o refers to the volume of added seed NP solution.
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Figure 11.4.1. Photographs of steps involved in the preparation of CTAB-Au NRs, using
wet chemical seed-mediated method (in the presence of 5-bromosalicylic acid). A)
Preparation of CTAB-capped seeds. B) Growth of CTAB-Au NRs.

11.5 Synthesis of star-shaped Au NPs (=~ 70 nm diameter, distance from tip to tip)

Gold nanostars can be prepared following an unpublished modification of the protocol
reported by Vo-Dihn *°. Typically, gold nanostars are grown using spherical gold NPs as
seeds, and using Ag’ ions as blocking facet agents. These Ag’ ions promote the tip
growth on the surface of the spherical NPs. The reduction of the gold salt at RT using
ascorbic acid promotes the seed growth instead of independent nucleation 20

Briefly, in a clean glass vial, 20 mL of an aqueous solution of 0.25 mM HAuCl, (5 pmol,
1 eq) was mixed with 0.03 mL of 1 M HCI (0.03 mmol, 6 eq) and 1.5 mL of Au NPs of 13
nm diameter, as prepared according to the protocol given in §ll.2. To this mixture, 0.15
mL of 1 mM AgNOs (0.15 umol, 0.03 eq) and 0.15 mL of 66.67 mM ascorbic acid (10
pumol, 2 eq) were added simultaneously. After 1 min, 1 mL of an aqueous solution of 10
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mg/mL a-metoxy-m-thiol-poly-(ethylene glycol (mPEG-SH; molecular weight M,, = 750
Da;, 13.3 umol, 2.67 eq, Rapp polymer, #12750-40) and 0.05 mL of 2 M sodium
hydroxide (NaOH, 0.1 mmol, 20 eq, Carl Roth #6771.3) were added simultaneously (cf.
Figure I1.5.1). After that, the solution was immersed in ice in order to stop the reaction.
The NPs can be stored as prepared, or purified by centrifugation (15 min, 4000 rcf).

Color change upon reaction B>

1. HAuCl,/HClI
2. AgNO./AA Q)
3. PEG/NaOH DS
> ,
/>

A = MPEG,;,-S-

Figure 11.5.1. A) Synthesis process of PEG-coated star-shaped Au NPs. After addition of
AgNO;3; and AA, the solution color changed from soft red to light blue in a few seconds,
and then to dark blue, which is indicating the formation of gold nanostars. B) The
cartoon demonstrates the seed mediated growth of spherical gold NPs (seeds) into
star-shaped Au NPs. The final surface functionalization of the resulting NPs is PEG-SH,
as mediated by displacement of physically adsorbed citrate ions by chemically
assembled PEG-S molecules via the strong S-Au bond.
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lll. Ligand exchange procedures for hydrophilic NPs maintaining their hydrophilic

character

.1
1.2

.3

.1

General considerations

Ligand exchange on citrate-capped Au NPs with bis(p-sulfonatophenyl)-
phenylphosphine

Ligand exchange on citrate-capped Au NPs with thiolated polyethyleneglycol
(PEG)

General considerations

Often the original hydrophilic ligands used for the synthesis of NPs in aqueous

solutions are not adequate to maintain excellent colloidal stability and/or not the

ligand of choice for a desired application. The original ligands can be replaced in a

ligand exchange procedure based on a superior affinity of the displacing ligand and/or

concentration difference *°. The general scheme of the ligand exchange process is

depicted in Figure Ill.1.1. Despite the availability of various examples in the literature,

this section will describe few selected examples.

¢

3 N,
PPt
S grx

] o~
8T
ey B

Figure Ill.1.1. Ligand exchange reaction at the surface of Au NPs. After synthesis, the

depicted Au NP core is capped by hydrophilic ligands (drawn in dark blue). In the case

Au NPs are incubated with new ligands in excess (drawn in light blue), the new ligands

can displace the original ones.

.2

Ligand exchange on citrate-capped Au NPs with bis(p-sulfonatophenyl)-
phenylphosphine
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The citrate ions are physically adsorbed on the surface of citrate-caped Au NPs, i.e. the
ligands are only weakly associated to the Au NPs' surface. For example, citrate ligands
tend to desorb from the surface of Cit-Au NPs upon dialysis, dilution, or repeated
centrifugation, resulting in irreversible aggregation. In other words, Cit-Au NPs are not
stable for long time and further processing/applications. There are many strategies to
improve the colloidal stability of Cit-Au NPs including exchanging citrate molecules
with ligands that provide superior stability or specific functionality. Au NPs of 5 and
10 nm core diameter were used to perform ligand exchange reaction by displacing
citrate ions on the gold surface with bis(p-sulfonatophenyl)-phenylphosphine as
described previously by Pellegrino et al **>2

In order to perform the ligand exchange, bis(p-sulfonatophenyl)phenylphosphine
dihydrate dipotassium salt (150 mg (281 pmol, 1.0 eq; Strem Chemicals, #15-0463) was
dissolved in 500 mL suspension of Cit-Au NPs (d. = 5 nm (cyp = 8.3 nM) or d¢ = 10 nm
(cnp = 9.0 nM), BBI Solutions, #15702 and #15703, or synthesized according to §ll1.2).
The resulting solution was stirred at RT for 2 days, cf. Figure 111.2.1. After this, the
mixture was concentrated to approximately 2 mL, cf. §VII.2. For that, the solution was
centrifuged at 3000 rcf for 5 min using centrifuge filters (Merck Millipore, 100 kDa,
15 mL). Next, the concentrated Cit-Au NPs suspension was diluted in phosphine
solution (3 mg bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotassium salt per
10 mL Milli-Q water) to 15 mL. Then, the solution was concentrated to 2 mL using
centrifuge filters as described previously. Importantly, in order to ensure an excess of
phosphine (by decreasing then amount of citrate molecules), the dilution and
concentration step was repeated three times. Finally, this leads to phosphine-capped
Au NPs (P-Au NPs) that are suspended in 3 mg/ 10 mL phosphine solution.
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Figure 11l.2.1. Scheme of the ligand exchange on Cit-Au NPs of different size with bis(p-
sulfonatophenyl)-phenylphosphine. Spherical Cit-Au NPs of d. = 5 and 10 nm core size
stabilized by citrate molecules (drawn as dark blue ligands) were modified by bis(p-
sulfonatophenyl)-phenylphosphine molecules (drawn as light blue ligands). The
resulting P-Au NPs have improved colloidal stability.

I11.3 Ligand exchange of citrate-capped Au NPs with thiolated polyethyleneglycol

PEGylation, i.e. coating the surface of NPs with an organic shell composed of
polyethylene glycol (PEG), is among the most used strategies to improve the colloidal
stability of Au NPs in both, polar and non-polar solvents, due to the amphiphilic
character of PEG. Moreover, PEGylation is essential for various biomedical applications
as it enhances the biocompatibility of NPs and alters their in vitro cellular interaction
and in vivo pharmacokinetics 3. Usually, linear thiolated PEG polymers with molecular
weight in the range of 0.75 to 10 kDa are employed to PEGylate Cit-Au NPs 456 Thiol
moieties are necessary to ensure strong attachment of PEG chains to the surface of Au
NPs via the strong Au-S bond forming a self-assembled monolayer of PEG on the Au NP
surface. In a typical experiment, PEG-SH is dissolved in distilled water (e.g. 10 mg-mL™)
and added in excess (ca. 5-15 PEG per nm? of NP surface A.) to ensure full coverage of
PEG on the surface of Au NPs >°. After ca. 2 min stirring, NaOH (2 M) is added dropwise
to increase the pH value to 8-9 (to deprotonate thiol groups in PEG-SH and thus
increase their reactivity). Samples are stirred overnight at RT, followed by
centrifugation (at least three steps) to collect the PEG-capped Au NPs (PEG-Au NPs).
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Notice that the centrifugal force has to be adapted to d. (bigger colloids require less
centrifugal force). For instance for PEG-Au NPs with d. ~ 14 nm, 30 min at ca. 15,000
rcf was sufficient to obtain clear supernatants and to pellet all PEG-Au NPs containing
excess. Purified PEG-Au NPs can be stored (ideally at 4 °C) for extended periods of time
(years) without losing their colloidal stability and preserving the initial optical
properties (i.e. UV/vis absorption spectrum). Figure 1I.3.1 illustrates the PEGylation
method for Cit-Au NPs with thiolated PEG molecules, resulting in PEG-Au NPs.

MPEG-SH M
pH 8-9
overnight

purlfy PEGylated
Au NPs by
centrifugation

Figure 111.3.1. A) Cit-Au NPs in so/ut/on with physically adsorbed and excess free citrate
molecules. B) Addition of mPEG-SH at basic pH to promote displacement of citrate
molecules by mPEG-SH. C) Purification by centrifugation in which PEGylated NPs are
purified from free citrate molecules and mPEG-SH in the supernatant.
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IV. Ligand exchange procedures to transfer hydrophilic NPs from aqueous solution
to organic solvent and thus to render them hydrophobic

IV.1 General considerations

IV.2 Ligand exchange on citrate-capped Au NPs with PEG-SH followed by phase
transfer of PEG-capped Au NPs to chloroform containing dodecylamine

IV.3 Ligand exchange on CTAB-capped Au NRs with PEG-SH followed by phase
transfer of PEG-capped Au NPs to chloroform containing dodecylamine

IV.4 Phase transfer of star-shaped PEG-capped Au NPs to chloroform containing
dodecylamine

IV.1 General considerations

The synthesis of Au NPs with complex shapes and/or large size is usually carried out in
aqueous media. However, some applications require hydrophobic Au NPs, for example
in the cases the NPs are to be embedded into an organic matrix as in the case of
molecular electronics. With this in mind, a significant effort was devoted to
developping facile post-synthesis surface functionalization protocols that modify the
surface of hydrophilic Au NPs with hydrophobic ligands (surface hydrophobization) *’.
In this section we will describe three examples in which Au NPs were typically
prepared in water (Cit-Au NPs, CTAB-Au NRs, and star-shaped PEG-Au NPs as per §l1.3),
followed by surface PEGylation, which is an intermediate step prior to phase transfer
the NPs to organic solvent containing alkylamines >* . We found that PEGylation is
crucial to initiate phase transfer without NP aggregation due to the unique solubility of
PEG in both, aqueous and organic media, which provides excellent colloidal stability for
NPs in both media. For more insights into the mechanism of phase transfer, the
original references should be consulted as cited.
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PEGylation
_

Phaseltransfer

Figure IV.1.1. Hydrophobization of Au NPs via two-stage functionalization: 1)
Pegylation in water (upper panel) by displacement of hydrophilic ligands (drawn in
blue) by PEG-SH molecules (drawn in light red), followed by phase transfer into
chloroform containing alkylamines (drawn in dark red).

IV.2 Ligand exchange on citrate-capped Au NPs with PEG-SH followed by phase
transfer of PEG-capped Au NPs to chloroform containing dodecylamine

Herein, a protocol to transfer Cit-Au NPs, as prepared in §ll.2, from water to
chloroform is detailed *°. As prepared Cit-Au NPs were first coated with mPEG-SH (Mw
= 750 Da, Rapp Polymer, #12750-40), as described in details in §lll.3, followed by
purification and concentration (range of ca. cyp = 50-200 nM in distilled water). Then,
typically 1 mL of the concentrated solution of PEG-Au NPs was mixed with 5 mL of
chloroform (Carl Roth, #Y015.2) containing DDA as per Table IV.2.1. DDA was added in
excess of ~ 2.5-10° DDA molecules per NP, in order to promote partial /full exchange of
PEG by DDA. This resulted in a two-phase system with the aqueous phase containing
the PEGylated NPs on top, and the organic phase with the DDA at the bottom (cf.
Figure IV.2.1A). Both phases were mixed by magnetic stirring (ca. 800 rpm), until the
NPs were transferred to the chloroform phase (Figure IV.2.1B). The transfered Au NPs
were cleaned twice by centrifugation in order to remove free DDA and PEG molecules
(i.e., the supernatant was discarded, and the NP pellet was redispersed in chloroform).
The same protocol can be employed to phase transfer Cit-Au NPs with various core
diameter as per Table IV.2.1.
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dc [nm] cne [NM] cooa [M] crec/Cnp Copa/Cnp
5 200 0.1 1 x10* 2.5 x 10°

13 200 0.2 2x10* 5x 10°
20 200 0.4 3x 10 10 x 10°
25 150 0.4 3x 10 13 x 10°
50 100 0.4 20 x 10* 20 x 10°
100 50 0.4 50 x 10* 40 x 10°

Table IV.2.1. Phase transfer of spherical Cit-Au NPs with various core diameters (d.). cyp
and cppa refer to the concentration of NPs and DDA, respectively. The ratios Cpes/Cnp
and cppa/cne describe the number of PEG and DDA molecules added per Au NP,
respectively. Detailed procedure to determine Au NPs concentration cyp can be found in
sections VIII.2 and IX.2.

A)d,=5nm 13nm 20nm 25nm 50nm 100 nm
)

FENEEN
P A e R R AR

B)d.=5nm 13nm 20nm 25nm 50nm 100 nm

—_—

— - -_» e

Figure IV.2.1. Phase transfer of PEG-Au NPs from water (upper layers in all vials) to
chloroform containing DDT (lower layers in all vials). A) Photographs of biphasic system
after ligand exchange of Cit-Au NPs with PEG in water. B) Photographs of biphasic
system after phase transfer of PEG-Au NPs to the chloroform layer with DDT. Different
vials correspond to Au NPs with different core diameter as labeled.

IV.3 Ligand exchange on CTAB-capped Au NRs with PEG-SH followed by phase
transfer of PEG-capped Au NPs to chloroform containing dodecylamine

CTAB-Au NRs can be transfer to the chloroform phase using a similar protocol as for
Cit-Au NPs as described in §IV.2 °. Initially, free CTAB in excess in “as prepared" CTAB-
Au NRs suspensions was removed by centrifugation (5000 rcf, 30 min) and the
supernatant was discarded. The resultant NP pellets were then resuspended in water
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and another round of purification was performed. To the purified CTAB-Au NRs, PEG-
SH (mPEG-SH, My = 750 Da, Rapp Polymer, #12750-40) was added as per Table IV.3.1
and mixed for 2 min. Then, the pH was adjusted to ca. 8-9 by dropwise addition of
NaOH (2 M). The solution was left under stirring at RT overnight, to allow for self-
assembly of PEG-SH on the Au NRs to form PEG-Au NRs. The PEG-Au NRs were then
purified by centrifugation (5000 rcf, 30 min, twice). A significant decrease in (-
potential, from 40 mV (CTAB-Au NRs) to 10 mV (PEG-Au NRs) was observed confirming
a partial ligand exchange >, Finally, a solution of DDA in chloroform (volume ratio 5:1
chloroform to aqueous solution of NPs) was added (cf. Table IV.3.1), leading to a two-
phase system, which was stirred overnight at RT. After stirring for ca. 12 h, PEG-Au NPs
transferred to the chloroform phase (Figure IV.3.1). Au NRs in chloroform were
cleaned twice by centrifugation to remove free DDA and PEG molecules, and were
finally redispersed in chloroform. The same protocol can be employed to phase
transfer CTAB-Au NPs with various aspect ratio as per Table IV.3.1

Aspr [NM] crec/CNR | Copa [M]
650 3x 10 0.4
790 8 x 10 0.4
825 8 x 10* 0.4
1050 8 x 10* 0.4

Table IV.3.1. Phase transfer of CTAB-Au NRs with various aspect ratio and Aspg. Cngr, Creg
and cppa refer to the concentration of Au NRs, PEG, and DDA, respectively. The ratio
cpea/Cnr describes the number of PEG molecules added per Au NR. A detailed procedure
to determine the Au NR concentration cyp can be found in section VIII.2.

A) hspr =650 nm 790 nm 825 nm 1050 nm

.y

B) Agpr =650 nm 790 nm 825 nm 1050 nm
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Figure IV.3.1. Phase transfer of PEG-Au NRs from water (upper layers in all vials) to
chloroform containing DDT (lower layers in all vials). A) Photographs of the biphasic
system after ligand exchange of CTAB-Au NRs with PEG in water. B) Photographs of the
biphasic system after phase transfer of PEG-Au NRs to the chloroform layer with DDT.
Different vials correspond to Au NRs with different aspect ratio and Aspr as labeled.

IV.4 Phase transfer of star-shaped PEG-capped Au NPs to chloroform containing
dodecylamine

The protocol in §11.5 describes the synthesis of star-shaped Au NPs, which are capped
with PEG molecules as prepared. Thus, these NPs can be directly transferred from
aqueous media to chloroform containing DDA (0.2 M), similar to the phase transfer of
PEG-Au NPs and PEG-Au NRs as detailed in §IV.2 and §IV.3. The phase transfer is
shown in Figure IV.4.1.

Figure IV.4.1. Phase transfer of star-shaped Au NPs from water (upper layers) to
chloroform contains DDT (lower layers). Photographs of biphasic system before (A) and
after (B) phase transfer from water to chloroform.
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V. Ligand exchange procedures to transfer hydrophobic NPs into aqueous solution
and thus to render them hydrophilic

V.1 General considerations

V.2 Ligand exchange on DDT-Au NPs with 3-mercaptopropionic acid (MPA) or 11-
mercaptoundecanoic acid (MUA)

V.3 Phase transfer of DDT-Ag NPs from chloroform to water using 3-
mercaptopropionic acid (MPA) or 11-mercaptoundecanoic acid (MUA)

V.1 General considerations

For most biological application dispersion of NPs in aqueous phase is required. Thus,
proper surface modification of hydrophobic NPs, which have been originally
synthesized in organic solvent, is needed to allow their stable dispersion in aqueous
media. Ligand exchange is a powerful approach to displace the original hydrophobic

19, 59

ligands by hydrophilic versions . This section describes procedures to modify the

surface of hydrophobic Au NPs and Ag NPs with hydrophilic ligands.

Ligand exchange S
e

Q Q
S]
Hydrophobic AUNPs Hydrophilic AuNPs
O
HS/\W 1-Dodecanethiol HS/\)LOQ 3-Mercaptopropionic acid

O

HS/\MJQJ\O@ 11-Mercaptoundecanoicacid

Figure V.1. Ligand exchange on hydrophobic NPs (capped with hydrophobic ligands
drawn in red) with hydrophilic ligands (drawn in blue). The chemical structures of 1-
dodecanethiol, 3-mercaptopropionic acid, and 11-mercaptoundecanoic acid are shown.

V.2 Ligand exchange on DDT-Au NPs with 3-mercaptopropionic acid (MPA) or 11-
mercaptoundecanoic acid (MUA)
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Here we describe the detailed procedure for synthesizing Au NPs, protected by weakly
bound ligands and how to perform the following ligand exchange to mercaptocarbonic
acids like mercaptopropionic acid (MPA) or mercaptoundecanoic acid (MUA), which
due to their mercapto-groups are strong ligands, c¢f. Figure V.2.1. The protocol for
synthesizing precursor Au NPs stabilized by hexanoic or decanoic acid (cf. §1.2), as well
as the additional ligand exchange to MPA or MUA was previously described and we

refer to the original protocols for more information ** .

Ligand exchange on DDT-Au NPs (4 nm) with mercaptopropionic acid: To DDT-Au NPs
(d¢ =4 nm) in chloroform (as synthesized per §l1.2), MPA dissolved in CH,CL, (500 pL in
2 mL) were added, and the mixture was left to react in an ultrasonic bath for 90 min at

RT to allow for ligand exchange. The MPA-Au NPs were then transferred into a 50 mL
centrifuge tube, 20 mL of methanol were added, and the mixture was centrifuged at
3000 rcf for 5 min. The supernatant was removed and the sedimented Au NPs were
resuspended in 20 mL of methanol and centrifuged. The washing procedure was done
4 times in total. After the last washing step, the supernatant was discarded and the Au
NP pellet (at the bottom of the centrifugation tube) was dispersed in 15 mL of Milli-Q
water, which led to a dark red solution. Finally, the MPA-Au NPs were washed twice
using centrifuge filters (Merck Millipore, 100 kDa, 15 mL) and a speed of 3000 rcf for 5
min to get rid of free MPA (cf. §VII.2).

Ligand exchange on DDT-Au NPs (7 hm) with mercaptoundecanonic acid: To DDT-Au

NPs (d. = 7 nm) in chloroform (as synthesized per §1.2), 91 mg (417 umol) of MUA were
added, and the resulting mixture was first stirred at 60°C for 30 min and then put into
an ultrasonic bath at RT for another hour to allow for ligand exchange. MUA-Au NPs
were precipitated by the addition of 40 mL methanol, transferred into a centrifuge
tube, and sedimented at 3000 rcf for 10 min to collect the MUA-Au NPs. The
supernatant was discarded and the solid Au NP pellet was resuspended in another
40 mL of methanol, and again centrifuged. This washing procedure was repeated 3
times and the MUA-Au NPs were finally purified by column chromatography using a
Sepharose (CL-4B) column and 25 mM aqueous sodium hydroxide as mobile phase (cf.
§VI1.3).

V.3 Phase transfer of DDT-Ag NPs from chloroform to water using 3-
mercaptopropionic acid (MPA) or 11-mercaptoundecanoic acid (MUA)
This protocol implies the phase transfer of DDT-Ag NPs with MPA or MUA to render Ag

NPs with hydrophilic surface, and thus to resuspend them in aqueous solution with
satisfactory colloidal stability ®*. Briefly, in a 250 mL round bottom flask, DDT-Ag NPs in
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chloroform (10 mL of 0.5 mg/mL, cf. §1.3) were placed. MPA (7.3 mmol, 636 uL) or
MUA (7.3 mmol, 1.59 g) were dissolved in 130 mL Tris-Borate-EDTA (TBE) buffer (0.5x)
(Sigma-Aldrich, #T3913). In case of MUA, the buffer mixture had to be dissolved by
placing it into an ultrasonic bath for 45 min. Then aqueous buffer solution was then
added to the chloroform organic phase, and both phases were mixed thoroughly until
a phase transfer of Ag NPs to the aqueous layer at the top of the vial was observed.
The two phases were then transferred into a 40 mL glass vial and centrifuged at 900 rcf
for 20 min to precipitate the excess ligands as white solid on the bottom of the vial,
and simultaneously to separate the two liquid layers. The aqueous phase, including the
MPA-Ag NPs or MUA-Ag NPs on top of the biphasic system was removed by a pipette
and further washed three times with Milli-Q water using centrifuge filters (Merck
Millipore, 100 kDa, 15 mL) at 3000 rcf for 5 min.

Hydrophilic Ag NPs
Water

o9 3-Mercaptopropionicacid

O@ 11-Mercaptoundecanoicacid

st 1-Dodecanethiol

CHCIy
Hydrophobic Ag NPs

Figure V.3.1. Phase transfer of DDT-Ag NPs from chloroform to water using 3-
mercaptopropionic acid (MPA) or 11-mercaptoundecanoic acid (MUA).
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VI. Polymer coating to transfer hydrophobic NPs into aqueous solution and thus to
render them hydrophilic

VI.1 General considerations

VI.2 Synthesis of the amphiphilic polymer: poly(isobutylene—alt-maleic anhydride)—
graft—dodecyl, PMA-g-dodecyl

VI.3 Phase transfer of alkanethiol-capped NPs from chloroform to water using PMA-
g-dodecyl polymer

VI.1 General considerations

This section describes the phase transfer of hydrophobic alkanethiol-capped NPs to
aqueous phase by overcoating the NPs with an amphiphilic polymer that interacts
strongly with the self-assembled alkane monolayer on the NPs' surface and provides a
hydrophilic character that enables efficient transfer of NPs from organic solvent to
water phase (cf. Figure VI.1.1). In another words, the hydrophobic NPs are
encapsulated inside the hydrophobic cavity of the polymer micelles with independence
on the type of the inorganic core material % .

\ mg Y

Figure VI.1.1. NP cores (drawn in gray) that are capped with hydrophobic ligands
(drawn in red) are modified with an amphiphilic polymer (hydrophilic backbone drawn
in blue and hydrophobic side chains drawn in red). The NP core is embedded in the
resulting polymer micelle, resulting in a hydrophilic nanoparticle surface.

VI.2 Synthesis of the amphiphilic polymer: poly(isobutylene—al/t—-maleic anhydride)—
graft—-dodecyl, PMA-g-dodecyl

In principle, there are many potential amphiphilic polymers which can be used for
polymer coating of NPs. In this section emphasis is given on an amphiphilic polymer
which is based on a backbone of poly(isobutylene-alt-maleic anhydride), functionalized
with dodecylamine, yielding dodecylamine hydrophobic side chains through formation
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of amide bonds upon reaction with the maleic anhydride rings (PMA). The anhydride
rings that have not been reacted with dodecylamine open in contact with water,
forming negatively charged carboxyl groups, and thus providing colloidal stability to
the NPs in aqueous solutions. This chemistry allows for preparation of the amphiphilic
polymers with additional functionalities (e.g. by attaching organic fluorophores) ®.

The synthetic PMA has been reported in previous work 10.65 A 250 mL round bottom
flask received 3.084 g (20 mmol expressed as monomer, cf. Figure VI.2.1)
poly(isobutylene-alt-maleic anhydride) (average M,, ~6,000 g/mol of whole polymer,
molecular weight of one PMA monomer unit Mpya ~154 g/mol, Sigma, #531278). Then,
2.70 g (15 mmol) of dodecylamine (DDA, > 98%, Fluka, #44170) were dissolved in 100
mL of anhydrous tetrahydrofuran (THF, > 99.9%, Aldrich, #186562). Note, each
polymer monomer unit comprises an anhydride ring. The ratio of dodecylamine /
anhydride rings was chosen in a way that Rchain/mon = 75% (15 mmol out of 20 mmol), to
allow for 75% anhydride rings coupled with dodecylamine, and 25% intacted anhydride
rings. It is very important to use anhydrous organic solvents in order to maintain the
maleic anhydride rings active during the synthesis, i.e. to prevent hydrolysis. This
solution was then added to the poly(isobutylene-alt-maleic anhydride), and the
mixture was sonicated for ca. 20 s, followed by heating to 55-60 °C for 3 h under
stirring. This mixture was initially cloudy and only after a while of heating it turned
transparent. Next, the solution was concentrated to 30-40 mL by evaporation of THF
under reduced pressure in a rotary evaporator, and the mixture was heated under
reflux overnight. Finally, the solvent was completely evaporated under reduced
pressure in a rotary evaporator and the dried polymer powder was dissolved in Vp o =
40 mL anhydrous chloroform (299%, Sigma, #372978) , yielding a solution 0.5 M in
monomer concentration, cp. It is important to keep this polymer solution under
anhydrous conditions that the remaining maleimide rings do not yet hydrolyze.

The final molar mass of one polymer unit Mp comprises the molar mass Mpya of one
PMA monomer and the molar mass Mppa = 185 g/mol of one DDA side chain times the
number of side chains per monomer, see Equation VI.2.1.

Mp = MPMA + Rchain/mon X MDDA (Equation V|21)

For Rehain/mon = 0.75 the value of Mp = 154 g/mol + 0.75 x 185 g/mol = 293 g/mol is
obtained.
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Figure VI.2.1. Synthesis of poly(isobutylene—alt—-maleic anhydride)—graft—dodecyl,
PMA-g-dodecyl A) Poly(isobutylene-alt-maleic anhydride) is used as hydrophilic
backbone (the purple box shows one monomer unit). B) Dodecylamine is used as
hydrophobic side chain. The amphiphilic polymer was obtained by reaction of the
hydrophilic backbone with hydrophobic side chains. C) Structure of the amphiphilic
polymer (PMA-g-dodecyl). The purple box in C shows a monomer unit with attached
side chain (of molar mass Mp). The hydrophobic and hydrophilic parts are drawn in red
and blue, respectively

During the polymer synthesis molecules that are soluble in THF and which bear a —NH,
group can be integrated into the polymer. This can be done by adding those amine-
containing molecules (like dyes or spacer molecules like polyethylene glycol) together
with the dodecylamine to the PMA. By this Rehain/mon = 75% of the anhydride rings will
react with the NH, group of the dodecylamine, as described above and some of the
remaining PMA monomers with the additional functional molecules. Typically not
more than Reyne/mon = 5% of the anhydride rings should be modified with functional
molecules, as otherwise the polymer coating procedure as described in §VI.3 may no
longer work. A list with modified polymers that has been reported in literature is
provided in §VI.3.

V1.3 Phase transfer of alkanethiol-capped NPs from chloroform to water using PMA-
g-dodecyl polymer.
DDT-Au NPs in chloroform was mixed with PMA-g-dodecyl dissolved in chloroform. The

mixture was stirred manually for 5 min at RT and then the solvent (i.e. chloroform) was
completely evaporated in a rotary evaporator under heating at 40 °C to force the
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polymer to wrap around the NPs, as illustrated in Figure VI.3.1. A few mL of anhydrous
chloroform were added to the flask to reconstitute the solid film and again the solvent
was removed under reduced pressure. This step was carried out 3 times in order to
obtain a homogeneous coating. After the last step, the remaining solid film in the flask
film was reconstituted in alkaline sodium borate buffer (50 mM, pH 12 adjusted with
NaOH) under vigorous stirring until the solution turned clear, cf. Figure VI.3.2.
Sonication can be optionally used to facilitate the dispersion. In the last step, the
remaining anhydride rings get hydrolyzed in alkaline condition resulting in carboxylate
groups that allow reconstitution in water with excellent colloidal stability. This
approach can be employed to transfer various types of NPs with different sizes from
water to chloroform as per Table VI.3.1.

¥
J,,jﬁH H? 1 \i\\\ - CHCl,

+SBB pH 12

polymer-coating

Figure VI.3.1. Phase transfer of DDT-Au NPs from chloroform (left) to water (right)
using PMA-g-dodecy! polymer.

A key point in this procedure is the calculation of the amount of polymer Np (in terms
of monomer units), which needs to be added to the NPs. The amount of polymer per
NP scales with the effective surface area A of one NP, and with the amount of NPs. In
case of spherical NPs A is given as the surface of a sphere (cf. Figure 1.1.1):

2
Aggr = 4T X (%) =T X deff2 (Equation VI.3.1)

Nanorods were considered as cylinders with diameter dess and length Less to simplify the
calculations (cf. Figure 1.2.1), and thus the effective surface of one rod-shaped NP
becomes

Aeff =2m X (d;ff) X Leff = T X deff X Lefr (Equation VI.3.2)
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In a solution with volume Vyp 501 and NP concentration cyp the number of moles of NPs
is Nnp = Cnp-Vip sol, i.€. the total number of NPs Nyp = nyp X Na (Na = Avogadro’s
number). The total effective surface area of all NPs in solution thus is

Atotal eff = Nnp X Aegr = Cnp X Vp so1 X Na X Aggr (Equation VI.3.3)

The number of monomer units that needs to be added per nm? of effective surface
area (Rp/area) is an important value that should be determined experimentally for any
polymer coating protocol, as it may depend on the core material, core diameter,
surface capping, etc. of the NPs. The number of polymer monomers Np that needs to
be added to the NP suspension thus is

Np = Rp/area X Atotal eff (Equation VI.3.4)

For a polymer stock solution of monomer concentration cp thus the volume Vp g
needs to be added to the NP suspension.

Np
V. _hp _ (NA) _ (RpjareaXAtotalefr) _ (Rp/areaXAefrXCNPXVNP_sol)
P_sol cp cp NaXcp cp

(Equation VI.3.4)

The polymer coating procedure should be carried out in sufficiently diluted NP
suspension. In the case of NPs with d. < 10 nm we typically uses a NP concentration of
around cyp = 1 UM. In case of bigger NPs, lower NP concentrations should be used.

To give an example of the above calculation: A batch of hydrophobic as Au NPs
synthesized according to §l.2 have a core diameter of d. = 4.2 nm, and a ligand length
of dodecanethiol of ljgang = 1 nm was assumed. The Au NPs were suspended at a
concentration of cyp = 1 pM in a volume of Vyp o1 = 7.1 mL. For the polymer coating
procedure the amount of polymer added per effective NP surface was chosen as Rp/area
= 100 nm™>. The polymer was dissolved in a stock solution with monomer
concentration cp = 0.05 M. In this way with help of Equation I.1.1, Equation VI.3.1, and
Equation VI.3.4 the amount Vp o of polymer solution, which needs to be added to the
NP suspension of volume Vyp can be calculated:

deff = dc + 2 X ligand =4.2 nm + (2 x 1 nm) =6.2 nm

A= T X deoff® = TT X (6.2 nm) 2=121 nm?

Vb s = (Re/area X Actt X Crp X Ve soi)/Cp = (100 nm™ x 121 nm?x 1 uM x 7.1 mL)/ 0.05 M
=1.7mL
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A list of polymer coating conditions for a variety of NP materials is given in Table VI.3.1.

Parameters for NPs coated with functionalized polymers are enlisted in Table VI.3.2
and Table VI.3.3.

p—

-

Figure VI.3.2. Phase transfer of DDT-Au NPs (d. = 4.2 nm) from chloroform to water
using PMA-g-dodecyl polymer. Photographs of: A) DDT-Au NPs in chloroform after

addition of the polymer solution dissolved in chloroform. B) Chloroform is evaporated
using a rotary evaporator. C) Sonication after the addition of sodium borate buffer (pH

12).
NP de | L |l | DYTRESE Re/ires
) Shape described | Rchain/mon . Reference
material [nm] | [nm] | [nm] " [nm™]
Au Sphere | 4.2 - 1.0 §1.2 75% 100 10
Au Sphere | 25 - 1.0 | &I.2,8IV.2 |  75% 3000 >
Au Sphere | 50 - 1.0 | §ll.2,8IV.2 |  75% 3000 6
Au Sphere | 50 - 1.0 | §ll.2,8IV.2 |  75% 3000 6
Au Sphere | 100 | - 1.0 | §11.2,8IV.2 |  75% 4000 -
Au Rod 15 | 40 | 1.0 | §ll.4,8IV.3 | 75% 3000 -
Au Rod 15 | 63 | 1.0 | §ll.4,8IV.3 | 75% 3000 >
Au Rod 30 | 100 | 1.0 | &l.4,8IV.3 | 75% 3000 -
Au Rod 12 | 83 | 1.0 |§ll.4,8IV.3 | 75% 3000 >
Ag Sphere | 4.2 1.0 §1.3 75% 100 o1
FePt Sphere | 4 - 1.0 §1.4 75% 100 66
Fes04 Sphere 4 - 1.0 81.5 75% 100 -
CdSe/znS | Sphere | 2-10 1.2 §1.1.7 75% 100 63,67

Table VI.3.1. List of parameters used to overcoat various NPs with PMA-g-dodecy!

polymer. In some of the examples *° the original NPs were not capped with hydrophobic

ligands, and thus were capped with DDT previous to the polymer coating procedure.
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NP core . . RP/Area
. Shape dc [nm] Lc [nm] IIigand [nm] Rchain/mon Rcross/mon R1’unc/mon Added fUI’]CtIOI’\a'Ity -2 CIh [nm] C [mV] Ref-
material [nm™]
Au Sphere 3.2+05 - - 75% 0 0 - 100-200 13.9 - *
Au Sphere 3.2+05 - - 100% 0 0 - 100-200 - - *
Au Sphere 3.240.5 - - 100% 0 0 - 100-200 - - &
Au Sphere 3.2+05 - - 100% 0 0 - 100-200 - - &
Au Sphere 3.2405 - - 100% 0 0 - 100-200 11.4 - &
Au Sphere 4.0 - 1.0 100% 7% 0 - 147, 295 - - °
Au Sphere 4.0 - 1.0 100% 8% 0 - 310 - - &
Au Sphere 4.0 - 1.0 100% 10% 0 - 92, 100 - - &
Au Sphere 4.0 - - 100% 10% 0 - 100 - - o
Au Sphere 4.0 - - 100% 10% 0 100 - - v
Au Sphere 4.0 - 1.0 75% 0 0 - 100 - - 10
Au Sphere 4.0 - 1.0 75% 0 1% Fluoresceinamine 100 - - 10
Au Sphere 4.0 - 1.0 75% 0 4% Galactose 100 - - 10
Au Sphere 4.0 - 1.0 75% 0 4% Biotin 100 - - 10
Au Sphere 4.0 - - 75% 0 2% Amino-MQAE +CV | 50-100 9.6+ 0.6 - *
] . NH,-PEG-Amino- 6
Au Sphere 4.0 - - 75% 0 2% 50-100 10.6+ 0.6 -
MQAE + CV
] . NH,-PEG-Amino- 6
Au Sphere 4.0 - - 75% 0 2% 50-100 11.0+£0.6 -
MQAE + CV
o . NH,-PEG-Amino- 63
Au Sphere 4.0 - - 75% 0 2% 50-100 13.2+0.6 -
MQAE + CV
Au Sphere 4.0 - 1.0 75% 0 4% Cresyl violet 100 - - &
Au Sphere 4.0 - 1.2 75% 0 0 - 100 13.2 - 70
Au Sphere 4.0 - 1.2 75% 0 0 - 100 24.6 - 7
198
Au
neutron phere 42+0.5 - . ) o - -
( Sph 1.1 75% 0 2% ATTO590 100 o
irradiated
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)

198
Au

neutron .
,( diated Sphere 4.2+0.5 1.1 75% 0 3% ABz-DOTA + Gd* 100 - - o
Irradlate
)
198AU
neutron 0 "
,( diated Sphere 4.2+0.5 1.1 75% 3% ABz-DOTA + "In® 100 - - o
Irradilate
)
Au Sphere 4.6 3.25 100% 10% 0 - 100 11.7 - &
Au Sphere 4.6 6.9 100% 10% 0 - 100 - - &
Au Sphere 4.6 9.95 100% 10% 0 - 100 - - "
Au Sphere 4.6 12.65 100% 10% 0 - 100 - - &
8.5 N
Au Sphere 4.6 )16 100% 10% 0 - 100 - -
Au Sphere 4.6 12.35 100% 10% 0 - 100 - - &
Au Sphere 4.6 11.55 100% 10% 0 - 100 - - .
Au Sphere 4.6 17.8 100% 10% 0 - 100 - - &
Au Sphere 4.6 3.95 100% 10% 0 - 100 13.5 - .
Au Sphere 4.6 5.95 100% 10% 0 - 100 15.6 - .
Au Sphere 4.6 8.2 100% 10% 0 - 100 17.9 - &
Au Sphere 4.6 12.1 100% 10% 0 - 100 18.5 - .
Au Sphere 4.6 15.1 100% 10% 0 - 100 18.6 - &
Au Sphere 4.6 2.2 100% 10% - - 100 - - 7
Au Sphere 4.6+1.0 1.0 75% 0 - - 100 19 + (55 + 6) 7
Au Sphere 46+1.0 1.0 75% 0 2% Cresyl violet + PEG 100 40 + -(10+5) 7
Cresyl violet + PEG-
Au Sphere 46+1.0 1.0 75% 0 2% y cpp1 100 60+ 7 -(11+5) 7
Au Sphere 46+1.0 1.0 75% 0 2% Cresyl violet + PEG- 100 35+5 <13+ 4) 7
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CPP2

74

Au Sphere 4.7+0.8 - - 75% 0 0 - - - -
Au Sphere 4.8+0.7 - 1.2 75% 0 2% ATTO590 50 - - S
Au Sphere 5 - - 100% 0 0 - - 21+3 (19.1+04) |
Au Sphere 5 - - 100% 0 0 - - 31.0+02 |-(10.1+06) |
Au Sphere 6.0 - - 75% 0 0 - 100 - - 10
Au Rod 1142 7123; - 75% 0 0 - 3000 29.6+0.5 | -(33.5+0.3) | *°
Au Sphere 24+3 - - 75% 0 0 - 3000 27.0+0.2 | -(25.7+05) | *°
Au Rod 24+5 912;13; - 75% 0 0 - 3000 9.0+0.2 | -(29.2+0.4) | *°
Au Sphere 50+7 - - 75% 0 0 - 3000 43+1 -(34+2) >
Au Sphere 60+ 8 - - 75% 0 0 - 3000 47+1 -(28.4+03) | *°
Ag Sphere 4.2 +0.4 - 1.0 75% 0 0 - 100 12+3 -(31+1) o
Ag Sphere 42+04 - 1.0 75% 0 0 - 100 13+4 -(41+1) o
Ag Sphere 42+0.4 - 1.0 75% 0 0 - 100 12+3 (10.9+04) | *
cdse Sphere 2.6 - 1.2 75% 0 0.1-5% ATTO590 50 - - e
CdSe Sphere 4.7 - - 100% 10% 0 - 100 - - .
CdSe/znS | Sphere - - - 100% 10% 0 - - 55+1.3 - "
CdSe/znS | Sphere - - - 100% 10% 0 - - 10.8+ 1.4 - "
CdSe/ZnS
(Evindent | Sphere - - 100% 0 0 - 100-200 16.9 - &
QD490)
CdSe/ZnS
(Evident | Sphere - - 100% 0 0 - 100-200 23.6 - &
QD610)
CdSe/znS | Sphere - - 75% 0 0 - - - - &
CdSe/znS | Sphere - - 75% 0 0 - - - - “
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75

CdSe/ZnS Sphere 21 1.2 75% 0 2% ATTO590 100 -

CdSe/znS | Sphere 2.35 1.7 75% 0 0 - 100 - 10

CdSe/znS | Sphere 2.56 - 75% 0 2% ATTO590 100 - ot

CdSe/znS | Sphere 2.56 - 75% 0 3% ABz-DOTA + Gd** 100 - ot

CdSe/znS | Sphere 2.56 - 75% 0 3% ABz-DOTA + ™ 100 - ot

Ccdse/zns | Sphere | 2.7+0.4 1.2 75% 0 2 to ATTO5950 100 - &

0.06%

CdSe/znS | Sphere 2.8 1.1 75% 0 0.1-5% ATTO590 50 - e

CdSe/ZnS

(Evidot® | Sphere 3.2 - 75% 0 0 - 10 8
490)

CdSe/znS

(Evidot® | Sphere 3.3 - 75% 0 0 - - 12 78
520)

CdSe/ZnS

(Evidot® Sphere 3.4 - 75% 0 0 - - 12.4 8
540)

CdSe/znS

(Evidot® | Sphere 4.4 - 75% 0 0 - - 13.4 78

580)

CdSe Sphere 4.7 - 100% 10% 0 - 100 - .
CdSe/znS | Sphere 5.3 7.6 100% 10% 0 - 100 13.3 .
CdSe/znS | Sphere 5.3 8.75 100% 10% 0 - 100 - &
CdSe/znS | Sphere 5.3 9.55 100% 10% 0 - 100 - .
CdSe/znS | Sphere 5.3 10.3 100% 10% 0 - 100 - &
CdSe/znS | Sphere 5.3 13.75 100% 10% 0 - 100 - .
CdSe/znS | Sphere 5.3 10.25 100% 10% 0 - 100 - &
CdSe/znS | Sphere 5.3 10.65 100% 10% 0 - 100 - .
CdSe/znS | Sphere 5.3 10.5 100% 10% 0 - 100 - .
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71

CdSe/ZnS Sphere 53 11.95 100% 10% 0 - 100 - -
CdSe/znS | Sphere 5.3 10.05 100% 10% 0 - 100 16.8 - &
CdSe/znS | Sphere 5.3 10.15 100% 10% 0 - 100 17.7 - &
CdSe/znS | Sphere 5.3 11.15 100% 10% 0 - 100 18 - &
CdSe/znS | Sphere 5.3 12.45 100% 10% 0 - 100 18.2 - &
CdSe/znS | Sphere 5.3 14.45 100% 10% 0 - 100 18.4 - .
79
CdSe/znS | Sphere 5.3 - 75% 5% 1% ATTO590 70 - -
CdSe/ZnS Sphere 5.3 - 75% 5% 0 - 70 - - 79
CdSe/znS | Sphere 5.3 - 75% 0 5% ATTO590 70 - - %
10, 15, 19+2 63
CdSe/ZnS Sphere 7.0 1.0 100% 6% 0 - -
20, 60 24+2
19+2 .
CdSe/znS | Sphere 7.0 1.0 100% 10% 0 - 100 -
24+2
CdSe/znS | Sphere 7.0 - 100% 10% 0 - 100 - - v
CdTe Sphere 6.3 2.8 100% 10% 0 - - - &
CoPt; Sphere 8.0 1.0 100% 10% 0 - 100 - - o
Fe;0, Sphere - 75% 0 0 - - 145+ 2 - 8
Fe;0, Sphere - 75% 0 0 - - 178 +7 - 8
Fe;0, Sphere 8.0+1.1 1.0 75% 0 0.75% DY-636 100 6.2+0.2 -(55+3) o
{Pelle
grino
Fe,0; Sphere 9.2 1.0 100% 10% 0 - 100, 519 - -
#911
7}
93, 182, 63
Fe,0; Sphere 9.2 1.0 100% 13% 0 - - -
260
Fe,0; Sphere 10.8+0.5 1.2 75% 2% ATTO590 50 - - o
Fe,0; Sphere 10.8 + 0.5 1.2 75% 3% ABz-DOTA + Gd** 50 - - ot
Fe,0; Sphere 10.8+ 0.5 1.2 75% 3% ABz-DOTA + *In** 50 - - ot
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65

Fe,0; Sphere | 10.8+0.12 - - 100% 0 0 - 100-200 - -

Fe,0; Sphere 13.0 - 1.0 75% 0 0 - 100 - - 10
FePt Sphere - - 75% 0 2% DY-636 300 - 8l
FePt Sphere 3.1+04 - 1.0 75% 0 0.75% DY-636 100 42+0.2 -(44 +3) o
FePt Sphere 3.1+04 - 1.0 75% 0 0.75% DY-636 + Glucose 100 4.6+0.6 (25 +3) o

DY-636 + PEG (750
FePt Sphere 3.1+0.4 - 1.0 75% 0 0.75% Do) ( 100 48+05 |-(17.8+05) |
DY-636 + PEG (5
FePt Sphere 3.1+0.4 - 1.0 75% 0 0.75% D) ( 100 6.5+0.7 -(28+1) o
DY-636 + PEG (10
FePt Sphere 3.1+0.4 - 1.0 75% 0 0.75% D) ( 100 10.6+0.9 | -(14.3+04) | *
FePt Sphere 3.1+0.4 - 1.0 75% 0 0.75% DY-636 100 42+0.2 -(44 £ 3) o
FePt Sphere 3.2404 - 1.1 75% 0 0-2% ATTO590 200 11.2 - 8
FePt Sphere 3.5+0.6 - - 75% 0 0 - - 9+5 -(66 + 2) 8
MnFe,0; | Sphere 4.5 - 1.0 100% 10% 0 - 100 - - &
MnFe,0; | Sphere 6.0 - 1.0 100% 10% 0 - 100 - - &
MnFe,03 Sphere 7.5 - 1.0 100% 10% 0 - 100 - - &
Zn0 Sphere 6.9+1.5 - 1.1 75% 0 - - 100 18 +2 -(35+4) &

Table VI.3.2. List of parameters used for overcoating various NPs with PMA-g-dodecyl! or functionalized PMA-g-dodecy! polymers. R hain/mon
describes the percentage of anhydride rings of PMA that has been used for linking hydrophobic side chains (dodecyl chains). Note, that in
some references a slightly different polymer was used, in which there is one hydrophobic side chain in addition to each anhydride ring, and
thus Rchain/mon= 100% 17,63, 71,77, 79,84 and thus Rchain/mon+ Reross/mon+ Reunc/mon > 100%. Reross/mon describes the percentage of anhydride rings
that have been used for addition of a crosslinker 63, Rfunc/mon describes the percentage of anhydride rings that have been used to add organic
functionalities such as fluorophores. The following fluorophores have been integrated into PMA, as given together with their excitation
wavelength and the extinction coefficient at their excitation wavelength: i) ATTO590 (Aex: = 590 nm, £=1.2 x 10° Miem™), i) DY-636 (Lex =
645 nm, £= 1.9 x 10° M cm™), ii) SNARF (Aext = 514 nm, & = depends on pH), iv) Amino-MQAE (ext = 350 nm, &= 2.8 x 10° M cm™), v) Cresyl
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Violet (CV) (Aext = 590 nm), vi) Oregon Green (Aey: = 494 nm, & = 7.02 10* Mtem™), vii) 3-hydroxyflavone dye (FE) (Aext = 410 nm), viii)
Fluoresceinamine (Aext = 515 nm). Hydrodynamic diameter (dy) and zeta-potential { values are provided (cf. §X).

My(pol
sl T B e A B N R
[g/mol]
Au 4.0 PEO 600,000 8
Au 3.8 PEE"@:?’;?;;;“ 9950 > 50 &
Au 3.8 PEE"@:?’;S:;T' 11000 > 50 &
Au 3.8 PEE"“::';/'ZS:;E’;' 8650 > 50 &
Au 38 PE["@:?@;?SP 9500 > 50 2413 | +(28+15) &
Au 3.8 PE'LV"VAI\:';Z?:;;“ 46200 > 50 &
Au 3.8 PE'C"@:?"Q;Z;“ 47000 > 50 &
Au 3.8 PEF@:?@;\ZEE’; 11000 > 50 742 +(30 £ 14) &
Au 3.8 PEE/'NAI\:';/'GQ;SP 12000 > 50 &
Au 3.8 PEK::';Q@:Z?)” 6500 > 50 &
Au 3.8 PE'LV"\:AE';%ZZ?;' 46000 > 50 &
Au 3.8 PE'LV"\:AE';QQZZZP 7000 > 50 28421 +(31+6) &7
Au 3.8 PMAPHOS(OMe 10500 > 50 ¥
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),-stat-PLMA
(21:79)

Au

3.8

PMAPHOS(OMe
),-stat-PLMA
(25:75)

8000

87

Au

3.8

PMAPHOS(OMe
),-stat-PLMA
(35:65)

11800

(25 +5)

87

Au

3.8

PMAPHOS(OMe
);-stat-PLMA
(40:60)

9500

(21+9)

87

Au

3.8

PMA-g-D1
(68:32)

6000

10.6 £0.7

(24 + 4)

87

CdSe/zZnS

PDMAEMA-stat-
PLMA (38:62)

9500

87

CdSe/zZnS

PDMAEMA-stat-
PLMA (53:47)

11000

50

87

CdSe/ZnS

PDMAEMA-stat-
PLMA (76:24)

7000

50

87

CdSe/ZnS

PDMAEMA-stat-
PLMA (35:65)

11800

50

87

CdSe/ZnS

PDMAEMA-stat-
PLMA (40:60)

9500

50

87

CdSe/zZnS

PDMAEMA-stat-
PLMA (68:32)

6000

50

87

Au

46+1.1

PMAPHOS-stat-
PLMA

9000

50

-(40 + 10)

88

Au

46+1.1

PTMAEMA-stat-
PLMA

16300

50

+(10+9)

88

Au

46+1.1

PMAPHOS-stat-
PLMA-stat-PDI

9500

50

-(23£38)

88

Au

46x1.1

PTMAEMA-stat-
PLMA-stat-PDI

17800

50

+(17 +1)

88
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Table V1.3.3. List of amphiphilic polymers others than PMA which have been used for the overcoating of hydrophobic NPs. For the polymer
materials the ratio of charged (x) to uncharged (y) monomer units in the polymer is noted as (x:y).
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VII. Purification of hydrophilic NPs

VII.1 General considerations

VII.2 Filtration, ultrafiltration, and dialysis
VII.3 Size exclusion chromatography

VII.4 Gel electrophoresis

VIL5 Ultracentrifugation

VII.1 General considerations

Generally, NPs should be purified from excess free reactants, byproducts and ligand
molecules in the solution. The selection of a purification technique for a NP solution
depends on many variables such as colloidal stability of NPs during purification,
efficiency of the purification process, the desired purity level, size and nature of
molecules/ligands to be removed, and availability of the respective purification
techniques. Unfortunately, there is no universal purification tool for any generic NP
solution, but indeed proper purification techniques should be carefully selected for
each reaction, to ensure efficient separation between NPs (products) and free excess
reactants (impurities). Purification on the other hand also may change the properties
of the NPs, e.g. modify their ligand shell 2,

As example, the polymer coating procedure in section VI.3 employs excess polymer in
the reaction, which must be removed afterward (post synthesis purification). It is
worth mentioning that avoiding excess addition of polymer may result in incomplete
coating and thus induce NP aggregation. The free residual polymer in aqueous solution
forms polymeric micelles, with a hydrophobic cavity and a hydrophilic surface, cf.
Figure VII.1.1 . They are stable assemblies of several polymer molecules, in which the
hydrophobic tails point towards the inside of the micelle, and the hydrophilic
backbones are exposed to the outside. Thus they can be thought as "empty" polymer
shells without embedded inorganic NPs. The polymer micelles have the size of a few
nm, and thus it is hard to be separated from NPs with similar size using size exclusion
chromatography. However, efficient separation could be achieved by other separation
methods such as gel electrophoresis and ultracentrifugation (cf. §VII.5).

Purification is paramount for many applications. In case of cytotoxicity studies it is
required to ensure that any effect is related to the NPs and not to residuals in solution.
Also for quantitative labelling, empty micelles will compete with polymer coated NPs
for binding to the same target, however, without any label (i.e. the NP core) inside,
and thus without being detected. Note, that polymeric micelles are hard to detect, as
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the amphiphilic polymer itself does not have any specific absorption of light, and also
is not fluorescent. In case the polymer has been modified with organic fluorophores
these micelles can be detected by their fluorescence ®_In addition negative staining of
the polymer allows for visualizing empty polymer micelles with transmission electron
microscopy, cf. §VII.5.

é<‘“77>

Em\g

Figure VII.1.1. Empty polymer micelles (left) versus polymer-coated Au NPs (right). Due
to similar size, separation using size exclusion chromatography is not efficient

VII.2 Filtration, ultrafiltration, and dialysis

The synthesis of NPs sysnthesis in many occasions is associated with the formation of
large aggregates/agglomerates due to NP aggregation, which can be removed from
solution by simple filtration via a syringe membrane filter (0.22 um pore size, Carl
Roth, #KY62.1) as per Figure VII.1.2. In case the NP solution does not pass easily
through the filter, addition of water to the NP solution, i.e. dilution, may help.

Au NPs +
aggregates

0.22um filter

Au NPs

Figure VII.2.1. A) Purification of PMA-g-dodecyl capped Au NPs (~4 nm core diameter,
cf. §1.2, §VI.3) from aggregates via filtration using a syringe filter. B) After filtration the
aggregates can be seen in the filter by naked eye.
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Ultrafiltration can be employed to purify and to concentrate NPs. Ultrafiltration also
allows for exchange of the suspending media, for example from buffer to water or vice
versa. Briefly, NP suspension is placed in the centrifuge filter (available from various
suppliers; e.g. Vivaspin 20 from Sartorius or Amicon® Ultra 4 mL Centrifugal Filters),
typically 100,000 Da molecular weight cutoff (MWCO). The pores of the filter are big
enough to be passed by small molecules, but retain the NPs. Upon centrifugation the
filtrate that contains free ligands/reactants is collected in the outer vial below the filter
membrane, and the NP suspension is concentrated in the inner vial. Fresh solvent can
be added to the NP concentrate and the filtration can be repeated for several rounds
of clean up as required (Figure VII.2.2 and Figure VII.2.3). Note that excessive
purification/concentration may induce NPs aggregation, which can also block the filter.

(o]
VNP_50| I © | concentration 'y
T by
@& @ diution Cnp .o . . ;
cy @@ T T |t ot e centrifugation | @ . @ +@_| Vip_sol
—_— _ >

C'np

Figure VII.2.2. Ultrafiltration of hydrophilic NPs (drawn as gray spheres with blue
surface) using a centrifugal filter. The NP suspension contains impurities (small black
dots) of concentration c,. First, the NP suspension is diluted with fresh solvent to a
volume (Ve s0)), resulting in NP concentration of cnp. Upon centrifugation only solvent
and the small impurities pass the filter membrane, which results in an increase in NP
concentration (c’np = cnp - V'np_sol/ Ve sol) and a decrease in impurities concentration (c’x

=¢x - Ve _sol/V'np_sol)-

Concentration of AuNPs and removal of small impurities @ 2000 rcf
~

=

Refill with water or buffer

e
‘.\ J

o
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Figure VII.2.3. Ultrdfiltration using a centrifugal filter to purify and concentrate Au NPs.
(PES (Polyethersulfon)-membrane centrifugal filter with 100 kDa MWCO, Sartorius
Stedim, #V52042)

Dialysis is a widely used method to purify NP suspension from free impurities. The
method is described in Figure VII.2.4. The NP suspension is filled in a semi-permeable
membrane dialysis bag with defined pore size and molecular weight cut-off (MWCO),
which then is placed in a beaker filled with large volume of fresh buffer/solvent.
Molecules smaller than the MWCO can penetrate the membrane and diffuse out from
the dialysis bag to the bulk solution in the beaker. Dialysis is driven by the
concentration gradient between the dialysis bag and the concentration in the beaker.
Thus the process occurs until equilibrium is achieved. At this point, the bath needs to
be replaced with fresh solvent. Dialysis is easy to perform, and in fact is a “gentle”
treatment to the NPs, since no mechanical stress is placed on NPs (the case of
centrifugation as an example). However, it is time consuming and it has lower
efficiency, compared to ultrafiltration. In addition, due to osmotic pressure upon
dialysis, the volume of the NP suspension in the dialysis bag may increase resulting in
dilution of the NP suspension

Repeat
/ with fresh buffer \ ,
Viip_solr Cix Vip_soi € 1x Viup_soi € 1x
— — —
6. @ 0 9 0 0,
04 gifusion | 1 |
@ ¢! 1 i I “
%9 ! (time) % %
' @ @ 1 0O @ | XX
1 c. I 1 . 1 I . 1
Viufren Cox - Vhuftern C2x -

Figure VII.2.4. Dialysis of hydrophilic NPs (drawn as gray spheres with blue surface)
using dialysis bag of volume Vyp s, Besides the NPs there are also small impurities of
concentration cix in the NP suspension. The dialysis bag is placed into a bath solution of
volume Vpyger, in which there are no impurities, i.e. c;x = 0. Upon diffusion impurities
move from the dialysis bag into the bath. At equilibrium, concentration of impurities in
the dialysis bag is reduced to ¢’1x (¢’1x = C1x X Vnp_sol/ (Ve soi + Vbugfer))-

VII.3 Size exclusion chromatography
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In size exclusion chromatography (SEC), a NP suspension is run through a porous gel
matrix driven by gravity or by pressure. The separation mechanism is based on the
interaction between the NPs and the pores of the gel: “small” NPs can enter the pores
and are thus get retained, whereas “large” NPs are excluded from the pores and thus
pass the gel faster without interaction. In this way “large” NPs are eluted first, and

|II

“small” NPs take longer to diffuse into and out of the pores, and thus are eluted later,
cf. Figure VI1.3.1. “Small” and “large” sizes of NP are relative to the size of the pores of
the gel, i.e. the pore size has to be selected based on the size of NPs in the sample. The
gel beads used to form the gel matrix have to be inert, i.e. the NPs must not react
and/or stick to them. SEC is frequently used for desalting, i.e. small ions are retained,

whereas the sample, such as proteins, are eluted 89,90

. In this way SEC can be also used
to purify NPs from smaller excess molecules (e.g. salt or capping agent) in solution. For
guantitative analysis, SEC columns need to be calibrated to estimate the hydrodynamic
diameter dy of NPs ’*. An example of one elution profile is shown in Figure VII.3.2 and

Figure VI1.3.3.

Column with porous gel

: Elution: NPs or
*e s %d% molecules fracti-

0000 onated by size
. :. @

Figure VII.3.1. Principle of size exclusion chromatography. Small impurities enter the
pores of gel beads and are thus retarded, whereas larger NPs are eluted faster.
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The possibility of assembling a SEC column in a high performance liquid
chromatography (HPLC) system (cf. Figure VII.3.2) allows for an automatic sample
injection and collection, a customizable constant pressure all over the sample run, and
the possibility of multiple programmed detectors. Optimizing parameters related to
the stationary phase, the column dimensions, the mobile phase or the process flow,
allow fine-tuning of the separation quality. It is important to note that a pre-filtering
step of NP suspension prior to sample injection is important.

12- AuNPs-PMA (=520 nm) ~12
Aceton (An/mm)
| Blue dextran (=620 nm)
1.0 4 1.0
0.8 - 0.8 =
£
- =
S -~
o 064 06 &=
—_— -~
<
04 0.4
0.2 4 0.2
0 o T T T T T 0 0
0 50 100 150 200 250 300
ts]

Figure VII.3.2. A) Elution of PMA-g-dodecyl-capped Au NPs (~4 nm core diameter, cf.
§1.2, §VI1.3) via high performance liquid chromatography (HPLC; Agilent 1100 Series) on
a size exclusion chromatography column (75 cm length and 1.5 cm diameter) filled with
Sephacryl S400HR as stationary phase and sodium borate buffer pH=9 as mobile phase.
The flow rate was set as 0.5 mL-min™.. The inset shows the red band of eluted Au NPs. B)
Size exclusion chromatograph of PMA-g-dodecyl-capped Au NPs (~4 nm diameter, cf.
§1.2, §VI.3) using similar conditions in A. The normalized absorption A at 520 nm is
plotted versus the elution time of the Au NPs (dark red curve). For column calibration,
peaks of blue dextran shown as normalized absorption at 620 nm (drawn in green) and
acetone shown as normalized changes of the refractive index (blue) are also
represented on the chromatogram as reference of the range of the column retention
time at these working conditions. In the case of the acetone the changes of the
refractive index are measured via an internal reference cell and a sample cell set in the
instrument. Both are initially flushed with the mobile phase until the refractive index is
the same in both cells, and at this moment the zero value is adjusted. Once the
measurement starts the reference cell stays closed and the column eluate flows
through the sample cell. The final signal is expressed as Refractive Index Units (RIU),
being the difference An between the refractive index in the sample cell and the
refractive index in the reference cell.
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VII.4 Gel electrophoresis

Gel electrophoresis is based on the mobility of charged molecules in a gel matrix under
applied electric field. The higher the charge of the molecules, the faster they migrate
through the gel 1 The bigger the molecules, the slower they can pass the pores in the
gel and that the slower they migrate 2. In this way, assuming similar surface charge

>l Separation of NPs with

density, “large” NPs run slower in gel than “small” NPs
various particle sizes can be optimized by adjusting the concentration of the gel and

thus the gel mean pore size **.

For gel preparation (here 2% w/v agarose), 3 g of agarose powder (Invitrogen,
#15510027, ”"Agarose UltraPure”) were dissolved in 150 mL of 0.5 x TBE buffer (44.5
mM Tris-borate and 1 mM ethylenediaminetetraacetic acid (EDTA), pH = 8.3, Sigma-
Aldrich, #T3913) in a 500 mL Erlenmeyer flask. The solution was then covered with a
watch—glass and heated in a microwave oven at 380 W for 8 min until the solution
started to boil. The flask was swirled to help all agarose powder to dissolve, and was
then heated again to the boiling point. The hot and clear agarose solution was poured
in a 10 x 15 cm gel tray leveled in a gel caster (BioRad). A comb (1, 2, 15, 20 or 30
wells) was placed into the gel, and the whole device was covered with an alumina or
polyethylene foil. The gel was allowed to cool down to RT and to solidify, which
typically takes 1 h, cf. Figure VII.4.1. After solidification the comb was removed, the gel
was taken out of the casting device and placed into the electrophoresis device (BioRad
Subcell GT wide mini), which was filled with 0.5 x TBE buffer until the whole gel was
covered.

l
e
AR s

-

Figure VIl.4.1. Boiling agarose solution is poured in the gel tray and a template comb is
inserted. The gel then is allowed to cool down and solidify at RT.

Prior to loading into the wells of the gel, the NPs were first mixed with about 20 % of
volume with loading buffer (30 % glycerol in 0.5 x TBE with 0.3 % Orange G). The
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glycerol increases the viscosity that the NP suspension can be better filled into the
wells of the gel. The yellow/orange color of Orange G allows for observing a fast
migrating band as control on the gel. The NP suspension was carefully pipetted into
the wells of the gel, i.e. into the holes made by the removed template comb, cf. Figure
VII.4.2A. The wells should not be filled too high, and the NP suspension should not be
too concentrated, as otherwise the band upon running electrophoresis may be
smeared out. Once the gel had been loaded with NP suspension the electrophoresis
devices was connected to a power source (BioRad Power Pac 1000) and run at a
constant voltage of typically 100 V, corresponding to a potential gradient of 10 V/cm.
The NPs were then run on the 2% agarose gels for 30 - 100 min under the following
conditions: 100 V, 500 mA, 250 W, 0.5 x TBE buffer. In case the NPs are charged, they
migrate towards the oppositely charged pole, cf. Figure VII.4.2B. The speed of
migration depends on the charge and hydrodynamic diameter of the NPs. In this way
different NP species can be separated as different bands on the gel. The more
homogeneous the size- and charge-distribution of one NP species, she sharper the
corresponding NP band is. The longer the running time, the better the separation of
the NP bands.

Figure VII.4.2. Photographs of an agarose gel filled with anionic Au NPs (~4 nm
diameter, cf. §1.2, §VI.3) A) before and B) after electrophoresis. The NP sample is
loaded in the well seen on the bottom of the image and can be seen by the red color of
the Au NPs as labeled. PMA-coated Au NPs are negatively charged and thus they
migrate towards the positive pole when an electric field is applied, i.e. in the shown
image towards the top of the image. Orange G is a small negatively charge molecule,
and thus migrates faster than Au NPs towards the positive pole. Yellow and red bands
in the gel correspond to the Orange G and Au NPs, respectively.
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Afterwards, the gel was taken out from the tray and a digital picture was taken (BioRad
Gel Doc), showing the gel under visible or UV light. In case the NPs did not migrate
sufficiently, the gel was run for another 30 min and another photograph was taken
after the additional running time. For imaging, the gel was placed on a white plastic
plate to enhance the contrast and was inserted into the chamber of the imaging
device, cf. Figure VI1.4.3.

Figure VII.4.3. Photographs of the BioRad Gel Doc imaging device, which was used to
take pictures of gel containing Orange G and Au NPs bands (in Figure VIIl.4.2), under
white light (A) or under UV illumination (B). In both A and B: The gel inside the imaging
device is shown on the left and the resulting images on the right. In case of white light
illumination the yellow band of Orange G and the red band of Au NPs can be seen.
Since Orange G and the Au NPs are non- fluorescent, no fluorescence can be observed
under UV illumination.

Gel electrophoresis can be used for purification of NP samples. Free impurities such as
surfactants, molecules, or polymers micelles typically migrate faster than NPs. By
taking out the NP band from the gel, an NP suspension purified from empty polymer
micelles can be obtained. The band of the NPs was cut with a knife and then put into a
dialysis bag tube (Spectra/Pro 6 dialysis tubing, 50 kDa MWCO, 34 mm flat width,
Spectralabs, #132544). The gel-filled bag was then put into the electrophoresis cell
filled with fresh 0.5x TBE buffer and voltage (100 V) was applied, typically for 20 min.
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Due to the applied voltage the NPs migrated out of the gel, but they remained trapped
inside the dialysis bags. Once the NPs had been migrated out of the gel pieces the
voltage was switch off, the dialysis bags were taken out of the electrophoresis cell, and
the suspension of NPs was pipetted out of the bags, cf. Figure VI.4.4. For
concentration and buffer exchange of this NP suspension ultrafiltration was applied as
reported in §VII.2.

Figure VII.4.4. Recovering Au NPs from a gel band. A) The extracted band contains Au
NPs (~4 nm diameter, cf. §1.2, §VI.3) and was placed inside a dialysis bag, which was
placed into the electrophoresis cell. B) After applying an electric field the Au NPs
migrated out of the gel band, but remained trapped inside the dialysis bag.

VIL.5 Ultracentrifugation

A major method for NP purification is centrifugation. NPs with density higher than the
density of the solvent may be precipitated by gravity or centrifugal forces, whereas
lighter impurities (surfactants, ions, capping agents, polymers, etc.) remain in the
supernatant and thus can be removed by supernatant decantation. The NP pellet is
then resuspended in fresh medium/solvent, cf. Figure VII.5.1. This procedure works
well for NPs that are large or dense enough to be precipitated by using a tabletop
centrifuge (e.g. Au NPs of d. > 15 nm at 10000 rcf). In case of smaller NPs
ultracentrifugation with much higher centrifugation speed is needed. The duration and
centrifugal forces depend on the NPs' size, shape, and density, as well as on solvent-
related parameters such as solvent density/viscosity. Moreover, the colloidal stability
of NPs during centrifugation is a very important parameter to be considered when
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selecting the centrifugation settings. Collectively, optimum centrifugation settings for a
specific NP suspension should be evaluated experimentally. For example, PMA-g-
dodecyl capped Au NPs (4 nm core diameter, cf. §1.2, §VI.3) required centrifugation
at 85000 rcf (Thermo Scientifiv ultracentrifuge equiped with a SureSpin 630 rotor in
combination with 36 mL PET thin-walled tubes (Thermo Scientific, #75000471)) for 3 h.
After centrifugation, a red pellet was observed and the supernatant was discarded.
Three centrifugation cycles were found to be necessary to purify PMA-g-dodecyl
capped Au NPs from empty PMA-g-dodecyl micelles (cf. Figure VII.5.1). After the third
centrifugation step, the Au NPs were suspendet in milliQ water and filtered through a
hydrophilic syringe filter (0.22 um, cf. §VII.2).

.. . remove add fresh 0o
o . °| centrifugation [ ° supernatant solvent o o °
Lo .. - 5 ) e o ——> _— o o ®
Cy .°. o VNP_soI o ° V’NP_soI 'y fee VNP_soI
e Cwp Cawsedess pawdednd] Cyp S Cnp

Figure VII.5.1. Purification via repeated centrifugation of a suspension of NPs (drawn in
gray) of initial volume Vnp 5o and a concentration of cyp. Small impurities (drawn in
black) with concentration cx are presented initially in the suspension. Upon
centrifugation the NPs form a pellet, whereas the impurities remain in solution. The
supernatant with the impurities is removed. Fresh solvent is added to result in a
decreased final concentration of impurities c’x = cx-V’'np_soi/Vip_sol-

Various purification methods may result in different purification efficiency. For
example, we did find that purification of PMA-g-dodecyl capped Au NPs using
ultracentrifugation is more efficient than gel electrophoresis method. Interestingly,
some empty polymer micelles may remain in solution after electrophoresis, whereas
the NP sample was virtually free of empty micelles after three ultracentrifugation
cycles, cf. Figure VII.5.2.
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Figure VII.5.2. Transmission electron microscopy (TEM) images of PMA-g-dodecy! capped
Au NPs (~4 nm core diameter, cf. §1.2. A) TEM images of the DDT-Au NPs (cf. §VIi.3)
before coating with PMA-g-dodecyl polymer at two magnifications in upper and lower
panels. B) TEM images after negative staining (cf. §VIII.4) of the PMA-g-dodecy! capped
Au NPs purified by gel electrophoresis (cf. §VIl.4) at two magnifications in upper and
lower panels (Note: some empty polymer micelles can be seen (gray spots without black
NP inside)). C) TEM images of the PMA-g-dodecyl capped Au NPs purified by
ultracentrifugation at 65000x g three times at two magnifications in upper and lower
panels (Note: the sample is virtually free of empty polymer micelles). The scale bars in
the top and bottom row represent 100 nm and 50 nm, respectively.
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VIII. Characterization of NPs' structural properties

VIIl.1 General comments about the composition of the NPs

VIIl.2 Determination of NP concentrations by elemental analysis

VIII.3 Transmission electron microscopy of NP cores

VIII.4 Transmission electron microscopy of NPs including their organic shell
VIIL.5 X-ray diffraction

VIIIl.6 Thermogravimetric analysis

VIII.7 Infrared spectroscopy

VIII.8 Nuclear Magnetic Resonance

VIIl.1 General comments about the composition of the NPs

As outlined in sections | - VI, NPs described in this report are composed of an inorganic
core and an organic shell. The total mass of one NP (myp) involves the mass of the
inorganic core (m¢) and the mass of the organic surface coating. As inorganic cores can
be conveniently imaged with transmission electron microscopy (TEM, cf. §VIII.3), the
mass of one NP core can be obtained. In addition to the NPs' core material density, the
NP core volume V. should be calculated using NP dimensions as obtained from TEM
images (core diameter (d) in case of spherical NPs and core diameter (d.) and length
(Lc) in the case of rod-shaped NPs). Note, that without additional staining (cf. §VIIl.4)
the organic shell does not provide contrast in regular TEM, and thus only the inorganic
cores are visible. In case of spheres and rods (assumed to have the shape of a cylinder)
the volume of one NP core is:

V.(sphere) = (4—“) X ($)3 = (g) d.>  (Equation VIII.1.1)

3 2
2

V.(rod) = m X (%) X L, = G) x d.* X L (Equation VI11.1.2)

If the core is built in core/shell geometry (cf. Figure 1.1.1), the volume V., of the shell is

Vez(sphere) = V1, (sphere) — V; (sphere) = (3) x (derz® — des®)
(EquationVI11.1.3)

In case the core is composed out of material of density p, the mass of one NP core is:

m;. = p. X V. (Equation VII1.1.4)
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For most inorganic NP materials their densities can be found in the literature. In first
order the bulk densities of the materials can be assumed. The molar mass of an NP
core thus is:

M, =m. X Ny (Equation VII1.1.5)

In case the core is composed out of one element X, then each NP core includes Nx/np
atoms of X. My is the molar mass of element X.
C NA

Nx/np = 11:4/1_)( = pc X Ve X My (Equation VIII.1.6)

To give an example, for a spherical Au NP with core diameter d. = 4.2 nm, V. = (1/6) x
(4.2 nm) 3 ~38.8 nm°. Given the bulk density of Au of pa, = 19.3 g/cms, the mass of one
Au core thus is m¢ = 19.3 g/cm®x38.8 nm® ~ 750 g-(10° m/102 m)® = 7.5x10"° g. The
molar mass of a Au core thus is M. = mxN, = 7.5-10%° g -6.02x10% mol™ ~ 4.5x10°
g/mol. Given the molar mass of Au Mpa, = 197 g/mol, one Au core thus comprises
approximately Nayne = Mc/May = 4.5x10° g-mol™ /197 g-mol™ ~ 2284 ~ 2300 Au atoms.

In case the core is composed out of two elements X and Y with the stoichiometry XY,
(i.e. for Fe304 x = 3 and y = 4), then each NP core includes Nyx/p and Ny,np atoms of X
and Y, respectively. My and My are the molar masses of the two elements.

MC = NX/NP X MX + NY/NP X MY (Equation V|||17)

N
_X/NP _ X (Equation VIII1.1.8)
Ny/Np ¥

Thus Mc = NynpxMy + Ny/npx(y/x)xMy, leading to

— c — Na .
Nx/np = —(MX+(§)XMy) = pe X V¢ X —(MX+(§)><MY) (Equation VII1.1.9)
_ c _ Na .
Ny/np = —(MY+(§)XMX) = pc X V. X —(My+(§)xMx) (Equation VI111.1.10)

To give an example, for a spherical Fes0; NP with core diameter d. = 4.2 nm, V. =
(t/6)x(4.2 nm)3 ~ 38.8 nm>. Given the bulk density of Fe3040f presoa= 5 g/cma, the
mass of one Fe;0, core thus is m. =5 g/cm3 x38.8 nm> = 194 g><(10'9 m/10° m)3 ~
1.9x10%° g. The molar mass of a Fe304 core thus is M = mxNp = 1.9x10%° g -6.02-10%
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mol™ ~ 1.2x10> g/mol. Given the molar masses of iron M. = 55.8 g/mol and of oxygen
Mo = 16 g/mol, one Fe30,4 core thus comprises approximately of Neene = Mo/(Mge +
(4/3)xMo) = 1.2x10° g-mol™/(55.8 g-mol™ + (4/3)x16 g-mol ™) = 1556 ~ 1600 iron atoms,
and None = Mc/(Mo + (3/4)xMge) = 1.2x10° g-mol™/(16 g-mol™ + (3/4)x55.8 g-mol™) =
2074 = 2100 oxygen atoms.

VIII.2 Determination of NP concentrations by elemental analysis

With inductively coupled plasma coupled with either mass spectrometry (ICP-MS) or
optical emission spectroscopy (ICP-OES), quantitative elemental analysis can be
performed. Dilution and acid digestion are required prior to analysis. For example, in
the case of metal NPs, such as Au or Ag, 50 pL of the sample was added to 200 pL of
aqua regia (i.e. concentrated HCl (35 wt%) and HNO3 (67 wt%) in 3:1 volume ratio) and

then it was left for digestion (oxidation of metallic cores into their corresponding ions)
for about 30 min. The digestion step diluted the sample by a dilution factor of 5x prior
to further dilution by a factor of 10x with HCI solution (2 wt% HCI) prior to their
injection into ICP-MS (total dilution factor of 50x). A high dilution factor in acidic media
is required to stabilize metallic ions and to improve the analytical detection limit, as
well as to ensure a qualitative and quantitatively equal background signal for all
samples. Samples with high levels of acid might harm the ICP-MS machinery.

For calibration, the auto-tuning solution from Agilent for ICP-MS 7500cs with a
standard concentration of 1 pg/L of Ce, Co, Li, Mg, Tl, and Y was used to set the
general background, as well as to calibrate the electrical field of the lenses and the
magnetic quadrupole field in strength and frequency before the actual run. The
oxidation level (less than 0.8%), double charge rate (less than 1.8%) was also measured
using this tuning solution.

All vials and working materials were either cleaned using freshly prepared aqua regia
for 2 h followed by boiling in Milli-Q water, or consisted of sterile and clean non-
reusable consumables. The samples were introduced into the ICP-MS set-up through a
Perfluoroalkoxy-Alkane (PFA) based microflow spray chamber, where the aqueous
sample was nebulized, introduced to the argon gas flow, and transported to the torch,
where it was ionized in an argon-plasma of around 6000 °C. After ionization the sample
was presorted using omega lens, element-wise separated in the quadrupole field
through the mass to charge ratio, again sorted using kinetic barriers and a charged lens
system, and finally detected with either an analog or a digital detector depending on
the count rate. It is important to mention that the working mode of the instrument
and flow of Ar gas also affected the analysis.
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Before each run, a proper calibration was needed with an appropriate standard. The
ICP-MS set-up was calibrated by using an Agilent standard of corresponding ions (all
the standards of corresponding ions should be available prior to the measurement).
For example, in the case of Au NPs the element to be detected is Au. The Agilent Au
standard has 1000 mg/L Au concentration from which eight solutions of concentration
2500, 1000, 500, 250, 100, 50, 25, and 10 parts per billion (1 ppb = 10°=1 ug detected
Au / 1 kg water (density pya0 = 1 kg/L), corresponding to a gold concentration Cp, =1
ug/L) were prepared along with a blank using the same low matrix (aqueous 2 wt%
HCl) as diluent. The calibration curve was constructed using concentration points of
the aforementioned standard solutions. Syringe and tubings were washed thoroughly
at the end of each run (for gold, extensive rinsing is needed as it often sticks to the
tube). The calibration curve and the sample results were used to calculate the
concentration of measured elements in the corresponding samples considering the
used dilution factor (Final concentration = dilution factor x measured concentration).

With TEM studies the volume of one NP core V. (the core that contains the detected
element) can be determined, leading to the total number of atoms X per NP (Nx/np) (cf.
§VII1.3). By knowing the elemental concentration of metallic ions X in a sample c,, the
concentration of NPs in the sample can be determined:

cne = Cx / Nynp (Equation VI11.2.1)

For example, to determine the concentration of Fes04 NP in a sample (cnp) we need to
determine the elemental concentration of iron cg. in the sample and the number of Fe
atoms per NP as per Equation VIIL1.9: Neene = Pre3oaXVeXNa/(Mee+(4/3)xMo) =
Pre304%(1/6) xd XV xNa/(Mee+(4/3)-Mg). The concentration of Fe;s04 NP in the sample
now can be calculated as follows: cyp = Cpe/Nge/np-

VIII.3 Transmission electron microscopy of NP cores

Transmission Electron Microscopy (TEM) analysis allows a direct measure of the size
and shape of NPs. The organic ligand shell typically does not provide sufficient electron
contrast, and thus in TEM images only the inorganic part of the NPs can be seen.
However, special techniques can be employed to visualize the organic shell around NPs
as are described in §VIIl.4.

All images in this section were obtained using a Philips CM 100 electron microscope
operated at an accelerating voltage of 100 kV or on a JEOL JEM-1400PLUS TEM
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operated at an accelerating voltage of 120 kV. The NPs were deposited from a dilute
solution onto a 3-4 nm thick film of amorphous carbon supported on a 400 mesh
copper grid (Ted Pella Inc., #01822-F). One drop (2 uL) of NP suspension was deposited
onto the grid and the solvent was evaporated at RT. In the case of NPs suspended in
water the grids were kept under ethanol vapor for 1-2 days prior to sample deposition.
This treatment made the carbon film more hydrophilic and improved the adsorption of
the NPs on it. The microscope magnification was calibrated with a calibration grid
(Grating Replica, Waffle, 2160 I/mm, on 3mm grid, Ted Pella Inc., #607).

From TEM images several parameters can be extracted. First, the shape of the NPs can
be determined, which is important in the case of non-spherical NPs such as rods, stars,
etc. Second, the frequency distribution (histograms) of NP core diameter d. (and length
L. in case of rod-shaped NPs) can be determined to calculate the NP's dimensions.
Figure VII1.3.1-13 show TEM images of NP samples prepared in this work, along with
their size distribution histograms. To determine the size distribution histograms,
dimensions of several NPs were measured from their TEM images using ImageJ 1.42
(freely available software from https://imagej.nih.gov/ij/). As a representative sample,
at least 100 NPs were analyzed for each size distribution histogram, from which the
mean diameter of NPs (d.) and its standard deviation (as indicator of polydispersity)
could be calculated. Third, the state of agglomeration can be observed (note that TEM
works with dried samples, and thus even NPs, which are individually dispersed in
solution, may cluster on the TEM grids due to drying-induced assembly). Drying-
induced clustering on the TEM grids can be reduced by depositing diluted NP
suspensions on the TEM grids, using treated grids (cationic or anionic surfaces), or
optimizing the rate of drying. In contrast, when TEM grids are prepared with higher
concentration of NPs, the NPs can self-assemble into 2-dimensional lattices, cf. Figure
VIII.3.1. Forth, from TEM images with self-assembled NPs the thickness of the organic
coating/shell around the inorganic NP cores can be estimated as half the minimum

71, 74,92 However, for TEM

distance between the two adjacent inorganic NP cores
imaging the NPs have to be deposited on a substrate and the solution in which the NPs
are dispersed must be evaporated. The thickness of the organic layer is likely to be
reduced due to the drying-induced shrinkage. For example, organic hydrophobic tails
of two adjacent NPs can intercalate and polymeric shells on NPs can shrink upon
desolvation. For these reasons, the measured thickness of the organic coating around
NP cores as determined from TEM is likely to be underestimated, and therefore, the

values obtained in this way have to be interpreted as lower limits.
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Figure VIII.3.1. A) TEM image of hydrophobic DDT-Au NPs (capped with dodecanethiol,
~ 4 nm core diameter, cf. §1.2) dried on grid from a chloroform suspension. The scale
bar corresponds to 50 nm. B) Size distribution histogram, plotted as number of NPs
N(d.) that have a core diameter of d.. From this histogram the mean NP diameter and
its standard deviation were determined to be d. = (4.3 #0.4) nm.
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Figure VIII.3.2. A) TEM image of hydrophobic FePt NPs (capped with OA and OLA, ~ 4
nm core diameter, cf. §1.4) dried on grid from a chloroform suspension. The scale bar
corresponds to 100 nm. B) Size distribution histogram, plotted as number of NPs N(d.)
that have a core diameter of d.. From this histogram the mean NP diameter and its

standard deviation were determined to be d. = (3.4 #0.6) nm.
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Figure VIII.3.3. TEM image of hydrophobic Fes04 NPs (capped with OA and OLA, ~ 4 nm
core diameter, cf. §1.5) dried on grid from a chloroform suspension. A) The scale bar
corresponds to 100 nm and B) the scale bar corresponds to 50 nm. C) Size distribution
histogram, plotted as number of NPs N(d.) that have a core diameter of d.. From this
histogram the mean NP diameter and its standard deviation were determined to be d.
=(4.2 £0.6) nm.
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Figure VIII.3.4 A) TEM image of hydrophobic Sn NPs (capped with oleic acid, ~ 11 nm
core diameter, cf. §1.6) dried on grid from a chloroform suspension. The scale bar
corresponds to 200 nm. B) Size distribution histogram, plotted as number of NPs N(d.)
that have a core diameter of d.. From this histogram the mean NP diameter and its
standard deviation were determined to be d. = (10 #4) nm.
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Figure VIII.3.5 A) TEM image of hydrophobic CdSe/ZnS NPs (capped with TOPO, ~ 4 nm
core diameter, cf. §1.7) dried on grid from a chloroform suspension. The scale bar
corresponds to 50 nm. B) Size distribution histogram, plotted as number of NPs N(d.)
that have a core diameter of d.. A1 and B1 correspond to CdSe/ZnS NPs of ~ 3 nm in
diameter. From the histogram in B1, the mean NP diameter and its standard deviation
were determined to be d. = (3.0 #0.2) nm. A2 and B2 correspond to CdSe/ZnS NPs of ~
6 nm in diameter. From the histogram in B2, the mean NP diameter and its standard
deviation were determined to be d. = (6.2 #0.3) nm.
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Figure VIII.3.6 A) TEM image of hydrophobic CdS NPs (capped with oleic acid and to
some extend with octadecane, ~ 2 nm core diameter, cf. §1.8) dried on grid from a
chloroform suspension. The scale bar corresponds to 50 nm. B) Size distribution
histogram, plotted as number of NPs N(d.) that have a core diameter of d.. From this
histogram the mean NP diameter and its standard deviation were determined to be d.
= (2.5 £0.8) nm. Note that for NPs of such a very small size, the size measurement as
determined by TEM has to be interpreted with care, as NPs with ultra-small size may
not provide sufficient contrast and thus are not counted.
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Figure VIII.3.7. TEM images of Cit-Au NPs (cf. §11.2) dried on grid from a suspension of

NPs in water and their

corresponding size distribution histograms, plotted as number of

NPs N(d.) that have a core diameter of d.. From these histograms, the mean NP

diameter d; and its standard deviation were determined for each preparation. Insets

show images of glass vials filled with Cit-Au NPs suspension of each preparation. A) Cit-
Au NPs with d. = (4.6 + 0.5) nm, the scale bar corresponds to 50 nm. B) Cit-Au NPs with
d. = (13 + 1) nm, the scale bars correspond to 50 nm. C) Cit-Au NPs with d. = (19 + 2)
nm, the scale bar corresponds to 200 nm. D) Cit-Au NPs with d. = (17 + 3) nm, the scale

bar corresponds to 50 nm. E) Cit-Au NPs, ~25 nm core diameter, grown on 18 nm
seeds, d. = (25 + 2) nm, the scale bar corresponds to 200 nm. F) Cit-Au NPs, with d. =

(53 + 6) nm, the scale

bar corresponds to 500 nm. G) Cit-Au NPs with d. = (106 + 12)

nm, the scale bar corresponds to 500 nm.
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Figure VIIl.3.8. A) TEM image of Cit-Ag NPs (cf. §1.3) dried on grid from a suspension of
NPs in water. The scale bar corresponds to 200 nm. B) Size distribution histogram,
plotted as number of NPs N(d.) that have a core diameter of d.. From this histogram
the mean NP diameter d. and its standard deviation were determined to be d. = (15 +

1)nm.
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Figure VIII.3.9. TEM images of CTAB- Au NRs (cf. §11.4) dried on grid from a suspension
of NPs in water and the corresponding size distribution histograms, plotted as number
of NPs N(d.) that have a core diameter of d. (histograms to the left) or as number of
NPs N(L.) that have a core length of L. (histograms to the right) . From these histograms
the mean NP diameter d. and its standard deviation, as well as the mean length L. and
its standard deviation were determined for each preparation. Insets show images of
glass vials filled with CTAB-Au NRs suspension of each preparation. A) Aspr = 650 nm, d.
= (16 £ 5) nm, L.= (40 #+ 3) nm, the scale bar corresponds to 100 nm. B) Aspr = 825 nm,
d.=(15+1)nm, L.= (62 + 8) nm, the scale bar corresponds to 200 nm. C) Aspr = 790 nm,
d.=(30+5)nm, L.= (98 + 11) nm, the scale bar corresponds to 200 nm. D) Aspr = 1050
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nm, d.= (13 +# 2) nm, L.= (83 + 10) nm, the scale bar corresponds to 200 nm. Aspg
corresponds to their surface plasmon peak.

Figure VIII.3.10. TEM image of hydrophilic star-shaped Au NPs (cf. §11.5) dried on grids
from a suspension of NPs in water. The scale bar corresponds to 200 nm. The inset
shows a glass vials filled with suspension of star-shaped Au NPs.
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Figure VIII.3.11. TEM images of Cit-Au NPs (cf. §11.2) dried on grid from a suspension of
NPs in water and their corresponding size distribution histograms before (A&C) and
after (B&D) ligand exchange with bis(p-sulfonatophenyl)-phenylphosphine (cf. §lil.2).
Histograms are plotted as number N(d.) of NPs which have a core diameter d.. From
these histograms the mean NP diameter d. and its standard deviation were
determined. All scale bars correspond to 100 nm. A) Cit-Au NPs before ligand exchange
with d. = (6.0 + 1.1) nm. B) Au NPs after exchanging the original citrate capping ions
with bis(p-sulfonatophenyl)-phenylphosphine with, d. = (8.7 £+ 1.0) nm. C) Cit-Au NPs
before ligand exchange with d. = (6.3 #0.8) nm. E) Au NPs after exchanging the original
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citrate capping ions with bis(p-sulfonatophenyl)-phenylphosphine with d. = (8.9 #+ 0.8)
nm.

Figure VIII.3.12. TEM images of PMA-Au NPs, made by DDT-Au NPs (cf. §1.2), which
have been transferred to aqueous solution using PMA-g-dodecyl polymer coating or
ligand exchange method (cf. §VI.3 and §V.2, respectively) and dried on grid from a
suspension of NPs in water, along with corresponding size distribution histograms.
Histograms are plotted as number of NPs N(d.) that have a core diameter d. to
calculate the mean NP diameter d. and its standard deviation. A) PMA-Au NPs (DDT-Au
NPs after coating with PMA-g-dodecyl polymer, §VI.3) with d. = (4.1 + 1.1) nm, the
scale bar corresponds to 100 nm. B) Au NPs originally capped with hexanoic acid, ~ 4
nm core diameter, after ligand exchange with mercaptopropionic acid (cf. §V.2), d. =
(4.4 £+0.9) nm, the scale bar corresponds to 50 nm. C) Au NPs originally capped with
decanoic acid, =~ 7 nm core diameter, after ligand exchange with mercaptoundecanonic
acid (cf. §V.2), d. = (7.1 #1.3) nm, the scale bar corresponds to 100 nm.
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Figure VIII.3.13. TEM images of hydrophobic Ag NPs originally capped with
dodecanethiol of ~ 4 nm core diameter (cf. §1.3), which have been transferred to
aqueous solution using PMA-g-dodecyl polymer coating or the ligand exchange method
(cf. §VI.3 and §V.2, respectively) and dried on grid from a suspension of NPs in water.
Histograms are plotted as number of NPs N(d.) that have a core diameter d. to
calculate the mean NP diameter d. and its standard deviation. A) PMA-Ag NPs (DDT-Ag
NPs after coating with PMA-g-dodecyl polymer, §VI.3) with d. = (3.6 #+ 0.9) nm, the
scale bar corresponds to 50 nm. B) Ag NPs after ligand exchange with
mercaptopropionic acid (cf. §V.3), d. = (4.4 +1.3) nm, the scale bar corresponds to 50
nm. C) Ag NPs after ligand exchange with mercaptoundecanonic acid (cf. §V.3), d. =
(4.4 +1.3) nm, the scale bar corresponds to 100 nm.

VIII.4 Transmission electron microscopy of NPs including their organic shell

As shown in the previous sections, TEM imaging is used to determine the size (d.) and
shape (rods, spheres, stars, etc.) of NP cores composed of various materials such as Au,
Ag, Fe30,4, FePt, etc. The inorganic cores of the NPs appear almost black due to the
strong electron-scattering character of these materials. However, as it has been
previously discussed, these NPs are modified with different organic ligands, which
increase the effective diameter of the NPs (e.g., def). Such organic shells have low
electron scattering character, and thus do not show sufficient contrast to be visible in
regular TEM images. In order to investigate the thickness of these organic coatings
(e.g., ligand), Negative staining is needed. Heavily electron-scattering compounds (e.g.
uranyl acetate, ammonium molibdate, or osmium tetroxide) may be used to stain the

Page 102 of 167



background of TEM grids and indirectly allow the visualization of the organic shell
around NPs®. Ideally, negative staining contrast agents form a homogeneous dark
background and thus the organic shells around NPs appear as a bright corona (i.e.,
negative staining) around the dark inorganic cores (cf. Figure VIIl.4.1.)

Figure VIIl.4.1. Visualizing the PEG shell around PEG-Au NPs using TEM imaging and
the negative staining technique with uranyl acetate > (cf. §/1.2 and §lI1.3). A) Au cores
(d. = 13.7 + 0.7 nm) plus an organic shell of PEG (10 kDa, ljigang = 11.8 + 1.2 nm) results
in degr = 37.4 + 2.5 nm. B) Au cores (d. = 18.9 + 1.9 nm) plus an organic shell of PEG (1
kDa, ljigang = 3.2 £ 0.4 nm) results in deg = 25.4 + 2.1 nm. C) Au cores (d. =23.5+ 1.7 nm)
plus an organic shell of PEG (5 kDa, ljigana = 11.8 + 1.5 nm) results in deg = 37.4 + 1.5 nm.
D) Au cores (d. = 30.1 + 2.6 nm) plus an organic shell of PEG (3 kDa, ljigang = 7.7 + 1.0
nm) results in degr = 45.6 + 3.6 nm. Mean and corresponding standard deviation values
of the core (d.), ligand shell (lizang), and the effective size (d.g), were obtained by
analyzing several negative staining TEM micrographs (> 1000 NPs) as described by del
Pino et al”>. TEM images, such as shown in Figure VIIl.4.1, were segmented using
Matlab (Mathworks) and Cellprofiler °*. The scale bars are 100 nm.

The technique can be visualized as to balance the competition between the sample
and the staining agent to reach the grid surface. Therefore, for a successful negative
staining it may be important to take into account several sample parameters as for
example the overall particle charge or its diffusion rate together of such of the chosen
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stain. This translates into the need of different approaches to achieve homogenous
negative contrast for different samples. For PEGylated Au NPs (cf. §ll.2 and §lll.3), as
shown in Figure VIIl.4.1, a sample preparation protocol reported by Harris® was
optimized as follows™: Samples were prepared on carbon film 400 copper mesh grids
purchased from Electron Microscopy Sciences (Hatfield, USA). To enhance the
hydrophilicity of grids and to impart them with negative charge, the specimen grids
were exposed to glow-discharge treatment under air plasma for 20 s (2.0x10™" atm and
30 mA), using a MED 020 modular high vacuum coating system (BAL-TEC AG, Balzers,
Flrstentum Liechtenstein). Negatively charged carbon grids were used within 5 min
after treatment to ensure hydrophilicity. 0.35 uL sample droplet of NP solution with NP
concentration ranging from 10 nM (for Au cores of 14 nm diameter) to 1.5 nM (for Au
cores of 30 nm diameter) of PEGylated Au NPs was placed on the grid, allowed to
incubate for 20 s to 1 min (the smaller the particle size, the lower the incubation time)
followed by 0.35 pL droplet of 0.25% weight/volume (w/v) uranyl acetate aqueous
solution. The grid was air-dried overnight before actual TEM imaging.

VIIL5 X-ray diffraction

With X-ray diffraction (XRD) the diameter d.s of the crystalline part of the NP core can
be determined. For this, a diffractogram has to be recorded. Briefly, and in most of the
cases, a NP powder solid sample is irradiated with monochromatic X-ray radiation, and
the diffraction (i.e. the change of the direction of the elastically scattered radiation) is
recorded. For a crystalline material, diffraction occurs only for several angles, named
Bragg’s angles (®). Such angles are associated with crystallographic planes, which
depend on the unit cell parameter of analyzed material. In a typical XRD experiment,
the intensity (i.e. number of counts in the detector for a determined ®) is plotted
versus the double of the diffraction angle (2®). The number and position of peaks in a
powder diffractogram can be used for phase identification, since every individual
crystalline compound has its own "fingerprint", which is determined by its
crystallographic structure. The intensity of the peaks (i.e. the number of counts in the
detector for a determined 20) is related to the atomic positions in the crystalline unit
cell, and the width of every peak is connected with the crystallite size and microstrain
in the corresponding crystallographic direction.

The crystallite size for a crystalline direction, determined by a crystallographic plane
and a Bragg'’s angle (®), can be estimated with the Scherrer equation:

KA .
derys = o050 (Equation VII1.5.1)
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where dcys is the crystallite size. K is the shape factor or Scherrer constant, which
varies in the range 0.89 < K < 1, and usually K = 0.9. A is the wavelength of the X-ray
(for Cu K- alpha = 0.15418 nm). B is the line broadening at half the maximum intensity
(FWHM). ©® is the Bragg’s angle of the analyzed peak.

For single crystal NPs, the crystallite size ds estimated by the Scherrer equation is
expected to be very similar to the geometric particle size d. as determined by other
characterization techniques such as TEM % In case of polycrystalline NPs, the obtained
crystalline sizes are much smaller than the actual NP size.

Here, X-ray diffraction (XRD) studies were carried out using a Panalytical X'Pert Pro
diffractometer equipped with an X-Celerator detector. The NPs were deposited on a
silicon sample holder. In this instrument a ®:0 Bragg-Brentano geometry is used, in
which the sample is fixed, the tube rotates at a rate ®°/min, and the detector rotates
at the same rate of rate of ®°/min. In Figure VIII.5.1 data obtained with dodecanethiol-
capped Au NPs (= 4 nm core diameter, cf. §l.2) overcoated with PMA (cf. §VI.3) are
shown. The XRD pattern indicates that the analyzed NPs consisted of fcc Au crystals.
(PDF card number: 00-004-0784).

| (®) [a.u]

PDF 004-0784 ‘ ‘

20 30 40 50 60
20 [7]
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Figure VIII.5.1. XRD diagram I(®) of polymer coated Au NPs (~ 4 nm core size, cf. §1.2
and §VI1.3). The PDF pattern of cubic gold has also been included.

The peak corresponding to the (111) plane (2® around 38.5°) was used to determine
the crystallite size. It should be taken into account that ® values (and not 2®), should
be used, as well as radians units (and not degrees), especially for the B (FWHM) value.
The first step consisted of the appropriate plot of the desired peak (Intensity | versus
®). The determination of the full width at half maximum (FWHM) value was carried
out by fitting the peak. In most of the cases a GauSamp function provides accurate
results (cf. Figure VIII.5.2).

1 (®)[a.u.]

O[]
Figure VIII.5.2. XRD diagram I(®) of the (111) plane of polymer coated Au NPs (~ 4 nm

core size, cf. §1.2 and §VI.3). The red line represents the GauSamp fit of the peak. This
graph is a part of the graph shown in Figure VIII.5.1.

In the presented case, the following values were obtained: ® = 19.198°; FWHM =
1.457° = 0.0255 rad, and thus according to Equation VIIL.5.1: d¢rys = (KxA)/(B-cos(®)) =
(0.9x0.15418 nm)/(0.0255%c0s(19.198°)) = 5.7 nm. In this way the crystallite size
determined from the width of the (111) peak was d¢ys = 5.7 £ 0.2 nm, in acceptable
agreement with the TEM data (cf. Figure VIII.3.1, the actually determined value for the
batch used here was d. = 4.3 nm).
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VIII.6 Thermogravimetric analysis of NPs

Thermogravimetric analysis (TGA) measures the mass of a sample, while its
temperature is continuously increased. Upon decomposition of parts of the sample its
mass decreases and thus allows for analyzing the composition of the sample. In the
case of inorganic NPs upon heating the solvent may be evaporated, as the organic shell
around the NPs surface may decompose. In this section, calculation of the weight
contribution of the organic coating on NPs to the total weight of the NPs will be
detailed.

In Figure VIII.6.1A the TGA analysis carried out on DDT-Au NPs (= 4 nm core diameter,
cf. §1.2) is shown. A suspension of the hydrophobic NPs in chloroform was added
dropwise to an alumina sample holder, and the solvent was evaporated in an oven at
40 °C. The process was repeated until around myp pel ® 2 mg of NPs were deposited on
the sample holder. TGA was performed in air at a heating rate of 5 °C-min”*

Q600 TA Instrument.

, using a

The TGA curve corresponding to the dodecanethiol-capped Au NPs (Figure VIII.6.1A)
showed a very slight loss (< 1%) in the 25 — 150 °C range, as expected from
hydrophobic NPs. An abrupt loss (around 18%) took place between 150 and 300 °C,
which should be caused by the decomposition of the DDT. No changes in the mass
were observed at higher temperatures. Based on these data, an estimation of the
amount of the organic coating (mnp,org, cOmprising the original DDT ligand in this case)
deposited on the NPs surface can be determined. The diameter of the inorganic Au
core of this batch of Au NPs had been determined to be d. = 4.3 nm. The mass myp of
one NP comprises the mass of the inorganic core m, and the mass of the organic
coating myp,org:

myp = M + Myp org (Equation VII1.6.1)

In the present case according to Equation VIII.1.1 and Equation VIII.1.4 the volume V.
and the mass m. of one NP core could be calculated. For a spherical Au NP with core
diameter d. = 4.3 nm, V. = (/6)x(4.3 nm) > ~ 41.6 nm°. Given the bulk density of Au of
Pau = 19.3 g/cm3, the mass of one Au core thus is m, = 19.3 g/cm3 x41.6 nm® ~ 803 g
x(10° m/10 m)®~ 8.0x10™° g (cf. §VIII1).

In the data shown in Figure VIII.6.1A, the absolute weights for the NP pellet (myp_pel(T))

were: Myp pel(25 °C) = 1.744 mg (mass at RT), myp pei(150 °C) = 1.730 mg, myp_pel(340
°C) = 1.424 mg, and myp (700 °C) = 1.421 mg (final mass). We considered that at 700
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°C only the NP cores were present. The number of cores (and thus of NPs) in the
sample thus was N. = myp pe(700 °C)/m. = 1.421x10° g /8.0x10™ g = 1.77x10" ~
1.8x10%. We attributed the mass of the organic coating (DDT) to the mass lost upon
heating from 150 °C to 340 °C: Mnp,org_pel = Mnp_pel(150 °C) - Mnp pei(340 °C) = 1.730 mg
—1.424 mg = 0.306 mg. Thus, the mass of the organic coating around one NP is myp,org
= MNp,org_pel /Nc= 0.306x10°3 g /1.8x10" ~ 1.7x10™"° g. Therefore, the whole mass of
one Au NP is according to Equation VIII.6.1 myp = M¢ + Myporg = 8.0x10° g+ 1.7x10 7 g
~9.7x10™" g. The organic coating thus contributed myp org/Mnp = 1.7x10" g /9.7x10°™%
g ~ 17% of the mass of one NP.

The TGA analysis of the DDT-Au NPs overcoated with PMA (cf. §VI.3) is shown in Figure
VIII.6.1B. The PMA-Au NPs, which were suspended in water, were cleaned by
ultracentrifugation (cf. §VII.2). In this case, the sample was dried before analysis, and
around myp pel ® 1 mg of pelleted PMA coated NPs were placed in an alumina sample
holder. TGA was also performed in air at a heating rate of 5 °C-min?, using the same
Q600 TA Instrument.

The TGA curve of the DDT-Au NPs overcoated with PMA showed a slight weight loss
(around 5 %) in the 25-150 °C range, which can be ascribed to the release of absorbed
water. An additional abrupt loss (around 26%) took place between 150 and 300 °C,
which should be caused by the decomposition of the dodecanethiol and/or the
amphiphilic polymer poly(isobutylene-alt-maleic anhydride)-graft-dodecyl (PMA).
Almost no changes in the mass were observed at higher temperatures. As in the
previous hydrophobic sample, the TGA data could be used to estimate the mass of
organic coating myp,org Of Oone Au NP. The mass of an Au NP core was calculated as
described above to be 8.0 x 10™° g.

The absolute weights myp el(T) in Figure VIILL6.1B were: myp pel(25 °C) = 1.032 mg
(mass at RT), myp pel(150 °C) = 0.990 mg, myp pei(340 °C) = 0.711 mg, mnp pei(700 °C) =
0.693 mg (final mass). As in the previous sample, we considered that at 700 °C only the
NP cores were present. The number of cores (and thus of NPs) in the sample thus was
Ne = mpp pe(700 °C)/m. = 0.693x10° g /8.0x10™° g = 8.66x10"" ~ 8.7x10™. We
attributed the mass of the organic coating to the mass lost upon heating from 150 °C
to 340 °C: mp,org pel = Mnp_pel(150 °C) - mpp pel(340 °C) = 0.990 mg — 0.711 mg = 0.279
mg. Thus, the mass of the organic coating around one NP was Myp,org = Mnp,org_pel /Nc=
0.279x10° g /8.7x10™ = 3.21x10™"° g ~ 3.2x10™*° g. Thus the whole mass of one Au NP
was according to Equation VII.6.1 myp = mc + Myporg = 8.0x107" g + 3.2x10™"%° g~
11.2x10™% g. The organic coating thus contributed myp org/Mnp = 3.2x107% g /11.2x10™"°
g ~ 29% of the mass of one NP. The contribution of the organic coating for the
dodecanethiol-capped Au NPs overcoated with PMA was thus higher than for the
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hydrophobic DDT-Au NPs, as expected. Note that for bigger NP cores the percentage
contribution of the organic coating would be much lower, but in the case of very small
NPs it is highly relevant.
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Figure VIIl.6.1. TGA analyses of DDT-Au NPs (A) and DDT-Au NPs overcoated with PMA
(B). In both graphs, mup ,e/(T) describes the mass of the NP pellet at temperature T. The
masses are normalized to the mass myp ,e(RT) at RT. The same scale in the left y-axes
is used to facilitate the comparison. For both samples d. = 4.3 nm.
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The TGA analysis of dried PMA (cf. §VI.2) is shown in Figure VIII.6.2. Note that PMA
decomposed from 200 to ca. 500 °C, but in the PMA-coated Au NPs (Figure VIII.6.1B)
the main mass loss took place from 200 to 300 °C, and the mass of the sample
remained almost constant above this temperature. The mass loss observed in the PMA
polymer above ca. 350 °C may thus have corresponded to the evaporation of
impurities, which may have originated from the precursors used for its synthesis. By
using ultracentrifugation (cf. §VII.2), such impurities can be removed from the coated
NPs.
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Figure VIII.6.2. TGA analysis of PMA. mp ,.(T) describes the mass of the PMA at
temperature T. The mass is normalized to the mass mp ,(RT) at RT.

Based on these data some quantitative analysis concerning the organic surface coating
can be performed. In the case of the DDT capped Au NPs the number Nppr/ne of DDT

molecules per Au NP can be calculated, by assuming that the organic surface coating
only comprises DDT.

Mnp,org = MNP, DDT (Equation VII1.6.2)
Using the molar mass of DDT Miigang = Mppr = 202.40 Da thus leads to
NDDT/NP = (mNP,org/Mligand)XNA (Equation V|||63)

For the DDT-Au NPs (d. = 4.3 nm) as analyzed here with TGA the following result was
obtained as described above: myp,org = 1.7x10%° g. Thus Nppr/ne = (Mnp,org/Mpp1)XNa =
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(1.7x10™° g/ 202.40 g-mol™) x 6.02-10%> mol™ = 506 DDT molecules are assumed to be
situated at the surface of the DDT-Au NPs. The surface of one Au core is

Ac = 4m-(d/2)? = m-d? (Equation VII1.6.4)

and thus in the present case A. = t-(4.3 nm)? ~ 58.1 nm®. In this way the surface area
which is occupied by each DDT molecule is

Acoo1 = Ac / Nopr/ne (Equation VI111.6.5)

In the present case each DDT molecule covers A ppr = 58.1 nm?/506 ~ 0.11 nm? surface
area. This is less than observed for the highest packing density of alkanethiols on

regular smooth Au(111) surface of 0.214 nm? %

. The discrepancy might be explained
by several arguments. Due to the highly curved surface more thiols may be bound per
surface area according to a radius-of-curvature effect, which leaves more space for the
alkyl chains pointing towards solution . Due to the typical size distribution of Au cores
(such as shown in Figure VIII.3.1), there is a part of NPs with d. smaller than the
average value and thus with a higher surface-to-volume ratio, and thus more thiols can
bind. Despite purification there still may be excess ligand (DDT) in solution. The ligand
exchange from TOAB-Au NPs to DDT-Au NPs may have been incomplete, leading to
presence of ligands others than DDT on the Au surface. In addition the assumed
monolayer formation of DDT may not be completely true and some more DDT may be
attached to the NPs for example due to intercalation. TGA thus helps to verify

assumptions about the structure of NPs.

Also for the PMA coated Au NPs some quantitative analysis can be performed *’. In this
case the mass of the organic surface coating around one NP comprises the underlying
DDT layer myp ppr and the PMA-based polymer myp » wrapped around it.

MNP,org = MNp,DDT + MNpp (Equation VI11.6.6)

According to the TGA results in this section the DDT contributes to 17% of the mass of
one DDT-Au NP, whereas the DDT plus PMA-based polymer contribute to 29% of the
mass of one PMA-Au NP. Thus, based on the TGA data of myp,org = 3.2.10%° g for PMA-
Au NPs the following contributions can be calculated: mypppr = (17%/29%)XMNp org =
(17/29)x 3.2:10™ g ~ 1.9-10™ g, and mypp = ((29%-17%)/29%)XMnp org = (12/29) X
3.2.10" g ~ 1.3:10"° g. By using the molar mass of one polymer monomer (cf.
Equation VI.2.1), the number of polymer monomer bound per NP can be calculated as

Np/Np = (mNp,p/Mp)XNA (Equation V|||67)
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Using the value of Mp = 293 g/mol for PMA-based polymers as calculated in §VI.2 leads
to Np/ne = (Mnpp/Mp) X Np = (1.3-10'19 g / 293 g/mol) x 6.02:10% mol™* ~ 270 polymer
monomer units bound to each PMA-Au NP. This value can be now compared to the
number of polymer monomer units Np/npadded) that have been added to each DDT-Au
NP during the formation of PMA-Au NPs.

Np/Np(added) = Re/area X Aeff (Equation VI11.6.8)

In the present case the following parameters were used: ligang = lopr = 1 nm (cf. Table
VI.3.1), resulting in dest = dc + 2xljigang = 4.3 nm + 2x1 nm = 6.3 nm, and thus according to
Equation VI.3.1 in A = Tt~deff2 = m(6.3 nm)2 ~ 124 nm>. Therefore, Np/np(added) = Re/area X
Aett = 100 nm?x124 nm? = 12,400 polymer monomer units had been added per NP
upon the polymer coating procedure. The fact that Np/np << Np/np(added) demonstrates,
that most added polymer actually has not bound to the NPs, and thus purification of
NP solutions from excess polymer is crucial.

VIII.7 Infrared spectroscopy

Fourier-transformed infrared spectroscopy (FTIR) allows for analyzing the chemical
structure of the organic shell around NP cores. As a vibrational spectroscopy with a
specific vibrational fingerprint for specific functional groups, FTIR can be used to
qualitatively describe the organic shell around NPs and thus can be employed to follow
up surface functionalization or ligand exchange. Moreover, deviations in typical
vibrational features of adsorbing functional groups on the surface of NPs can be used
to describe the type and orientation of organic ligand-core interaction. In the present
work FTIR analysis of DDT-Au NPs (~ 4 nm core diameter, cf. §1.2) before and after
overcoating with PMA (cf. §VI.3), as well as for free PMA as control, were carried out
and compared. Spectra were measured with a Thermo Nicolet 6700 FT-IR. Sample
purity is essential and thus initial the DDT-Au NP sample was purified as described
above (cf. §1.2) and PMA-coated Au NPs (cf. §VI.3) were purified following the protocol
mentioned above (cf. §VII.5), while PMA was used directly as-synthesized (cf. §VI.2).
DDT-Au NPs and PMA solutions were dissolved in chloroform, and they were left to
evaporate to get solid samples, whereas the aqueous solution of PMA-coated Au NPs
was lyophilized prior to the preparation of the KBr pellets. These pellets were prepared
at a 1% concentration of the sample, i.e. myp el = 2 mg of the dried NP sample was
mixed with 200 mg of KBr, grinding until a homogeneous mixture was obtained, and
finally the pellet was formed by using a hand press. For the measurements, 50 scans
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were recorded with a Thermo Nicolet 6700 FT-IR, and the presented FTIR spectra of 50
scans at 4 cm™ resolution were averaged. Data are presented in Figure VIII.7.1.

dodecanethiol-capped Au NPs

PMA

T[a.u.]

PMA-coated Au NPs

4000 ) 35]00 ) 30[00 ) 25'()0 ) 20IOO ) 15100 ) 1000
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Figure VIII.7.1. FTIR spectrum (transmission mode T(v), i.e. transmission T versus

wavenumber v) of DDT-Au NPs of ~ 4 nm core diameter before and after overcoating

with PMA. The spectrum of free PMA is shown as control.

The DDT-Au NPs exhibited only three significant peaks. The strong peaks at 2923 cm™
and 2853 cm™ were assigned to the asymmetric and symmetric C-H stretching of the
alkyl chain, respectively, and the peak at 1460 cm™ was assigned to the bending
vibrations of C-H. In contrast, the PMA polymer (cf. Figure VI.2.1) presented more
peaks. The strong peaks at 2925 cm™and 2854 cm™ were assigned to the asymmetric
and symmetric C—H stretching of the alkyl chains. The broad and weak adsorption peak
from 3200-3600 cm™* corresponded to the presence of the O—H stretching resonance
of the carboxylic acids formed after the anhydride opening. The two peaks at 1780 cm”
1 and 1705 cm™ were characteristic of the cyclic anhydride with 5-membered rings.
The peak of the symmetric stretching vibrations of C=0 from the carboxylic groups
overlapped with the peak at 1705 cm™. At 1583 cm™ the symmetric stretching
vibrations of N-C=0 of the amide groups appeared. The 1468 and 1375 cm™ peaks
were assigned to the angular deformation of CH, and CHjs, respectively. When the
DDT-Au NPs were overcoated with the amphiphilic PMA polymer, the IR spectrum of
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the resulting PMA-coated Au NPs had the same peaks as the DDT-Au NPs and some
additional peaks from the PMA, such as the peaks at 1635 and 1565 cm'lassigned to
the symmetric stretching vibrations of C=0 from the carboxylic groups and N-C=0
from the amide groups, respectively. Here, again the 1466 and 1384 cm™ peaks from
the angular deformation of CH, and CH;s appeared, respectively. Additionally, there
was a broad and intense band from 3000-3600 cm™* corresponding the O—H stretching
resonance of the carboxylic acids formed when the NPs had been transferred to water
and then all the anhydride rings had been opened. Collectively, FTIR results indicated
the surface modification (overcoating) of DDT-Au NPs with PMA.

In summary, FTIR analysis of NPs allows for knowing which ligands and chemical
groups are present on the NP surface. This serves to confirm that the functionalization
strategy (e.g. polymer coating or ligand exchange/displacement) worked properly.

VIII.8 Nuclear Magnetic Resonance

Nuclear magnetic resonance spectroscopy (NMR) is a powerful tool to probe the
chemical structure of the organic shell around the inorganic NP core. NMR is mainly
used to provide evidence on the presence and orientation of organic
molecules/ligands around NPs. NMR works well to analyze small molecules, but it may
get complicated in the case of large constructs, due to the heterogeneity and reduced
flexibility of the analyzed constructs.

In the present work we analyzed the NMR spectra of PMA before and after the coating
of ¥~ 4 nm DDT-Au NPs (cf. §1.2 and §VI1.3). A 'H-NMR spectrum of PMA in CDCl; (i.e.
chloroform where the proton 'H was substituted by a deuteron D = °H) was first
measured. As expected non-resolved broad bands were observed as a result of the size
distribution of the starting poly(isobutylene-alt-maleic anhydride)-graft-dodecyl and
the random distribution of dodecylamine moieties along the polymer chain. In this
situation it was possible to distinguish broad singlets (br s) between 3.66 and 2.63 ppm
corresponding to —CH- protons, 1.69-0.92 ppm corresponding to —CH,— protons, and
0.90-0.80 ppm corresponding to —CHs— protons (cf. Figure VIIL.8.1A). A *C-NMR
spectrum was also measured observing good resolution for non-quaternary carbon
atoms due to their higher signal intensity compared to quaternary ones such as C=0,
for instance (cf. Figure VIII.8.1B). The peak assignment both, in *H and *C-NMR, was
based on the chemical shift (6) and was aided by 2D HSQC experiment (Heteronuclear
Single Quantum Correlation) edited for distinguishing CH, signals from CH and CHs.
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Figure VII1.8.1. A) *H-NMR spectrum of PMA in CDCls. B) BC.NMR spectrum of PMA in
CDCls, the zoomed area shows the peaks for the carbonyl groups.

'H-NMR of PMA coated Au NPs (~ 4 nm core diameter, cf. §1.2) was measured in water
with 15% of deuterium oxide, using a sequence for suppressing water signal. When
PMA was coating the Au NPs, there were no longer cyclic anhydrides present and two
separate peaks were observed for —CH protons: those linked to amide groups and kept
inside the hydrophobic core, and those linked to carboxylic groups and exposed to the
water phase. Those nuclei had very different environments and hence different
chemical shifts. Interestingly, when this spectrum was compared with that of PMA
treated with NaOH to open all the anhydride groups and measured under the same
conditions (H,O with 15% D,0) a somehow different profile was observed. The CH
peak was barely visible and only the CH, and CH; peaks were clearly visible, although
the ratio between them was modified (CH,/CH3z = 2 in PMA coated Au NPs vs. CH,/CH3
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= 1 in PMA after NaOH treatment). This shows that PMA molecules arranged
differently when free in solution (i.e. forming empty polymer micelles) or when on the
surface of Au NPs, but it is difficult to extract further structural information from these
experiments.

B ¥ - -CH3

-CHs

3 2 1 3 2 1

& [ppm] 6 [ppm]
Figure VIII.8.2. A) 'H-NMR spectrum of PMA coated Au NPs of ~ 4 nm core diameter in
15% D,0/H,0 mixture. B) IH-NMR of PMA in 15% D,0/H,O mixture after treatment
with base to open all anhydride groups.

In summary, NMR spectroscopy can give further evidence of the presence of PMA on
the surface of Au NPs of 4 nm and can also be used to check the purity of those NPs
by confirming the absence of other organic molecules such as organic solvents or
glycerol from the filters. However, the heterogeneity of PMA polymer and the poor
ability of some of the protons to resonate when linked to Au NPs led to poor resolution
spectra that could only be interpreted from a qualitative point of view.

'H and 3C spectra were recorded in a Bruker 500 MHz spectrometer. Chemical shifts
are reported in parts per million (ppm) relative to the residual signal of the solvent
used, and are listed below:

PMA (cf. Figure VII1.8.1). *H NMR (500 MHz, CDCl3) & 3.66 — 2.63 (br s, CH), 1.69 — 0.92
(m, CH,), 0.90 — 0.80 (m, CHs). *C NMR (126 MHz, CDCl;) & 178.08, 174.80, 173.92,
77.00, 40.36, 37.19, 31.86, 30.25, 29.59, 29.30, 29.14, 28.78, 26.98, 22.62, 14.05.

PMA coated Au NPs (cf. Figure VIII.8.2A). *H NMR (500 MHz, D,0) & 3.66 (br s, CH),
2.64 (brs, CH), 1.68 (brs, CH,), 1.31 (brs, CH,), 0.89 (br s, CHs).

PMA after basic treatment (cf. Figure VII1.8.2B). *H NMR (500 MHz, D,0) & 2.40 (br s,
CH), 1.08 (br's, CH,), 0.67 (br s, CHs).
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IX. Characterization of NPs' photophysical properties

IX.1 UV/vis absorption spectroscopy

IX.2 Determination of NP concentrations from absorption spectra
IX.3 Fluorescence spectroscopy

IX.4 Determination of quantum yields

IX.1 UV/vis absorption spectroscopy

UV/vis absorption spectroscopy is an easy and simple method to characterize
important properties of colloidal NPs. Several types of NPs, such as quantum dots or
plasmonic NPs have particular features (i.e. resonance peaks) in their absorption
spectra, which provide important information regarding NP size, size-distribution, and
shape. Moreover, UV/vis absorption spectroscopy can be used to determine the
concentration of NPs (cf. §1X.2) and to follow colloidal growth and stability (cf. §X.1).

To record absorption spectra for NPs, several issues need to be considered. First, a
blank has to be recorded for the pure solvent, which needs to be subtracted from the
NP absorption spectrum. Typically (unless for example IR absorbing NPs such as gold
nanorods are investigated) NP suspensions are transparent at high wavelengths.
Spherical Au NPs of a few nm in size have their plasmon absorption peak around 520
nm (cf. Table IX.1.1) and do not absorb light at higher wavelengths of ca. 800 - 1200
nm. In case the measured "absorption" in this range does not converge to zero, in fact
scattering and not absorption has been detected. This most likely is due to partial
agglomeration of the NP sample (cf. §X.1). Thus, before further analysis based of the
UV/vis absorption spectra of a NP solution, it has to be made sure that the absorption
in the spectra converges towards zero in this range (ca. 800 - 1200 nm). In case the
NPs are well dispersed this should be automatically the case after automated
subtraction of the offset. However, in case the offset function does not work, a
constant offset may be subtracted manually, until the absorption for high wavelengths
(ca. 800 - 1200 nm, in case there are no absorption features of the NPs in this range)
converges to zero, see Figure 1X.1.1.

Page 117 of 167



— with offset — without offset

200 600 800 1000 O 400 600 800 1000

A [nm] A [nm]
Figure IX.1.1. Absorption spectra (absorption (A) as function of wavelength A) of ~ 4
nm core diameter Au NPs (cf. §1.2) coated with PMA in water (cf. §VI.3). A) The “raw
spectra” includes an offset at higher wavelengths. B) Processed spectra by subtracting
the absorption at higher wavelengths from the whole spectra. Processed spectra
provide more accurate comparison between different spectra with different offset
levels.

Next, it is important to use a cuvette of an appropriate material. Plastic cuvettes may
be incompatible with organic solvents (e.g. acetone and chloroform), which should be
avoided to eliminate artifacts in recording absorption spectra of NPs. Moreover,
cuvettes are not transparent in the whole UV/vis absorption spectrum. In case that the
absorbance at small wavelengths (< 300 nm) is important, the material of the used
cuvette plays an important role. Plastic cuvettes are not transparent at short
wavelengths (< 250 nm), and thus should be avoided in these cases. Even glass
cuvettes show significant absorption at short wavelengths. The use of quartz cuvettes
is standard practice to minimize cuvette-related absorption at short wavelengths (see
Figure 1X.1.2).
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Figure IX.1.2. Absorption spectrum A(A) of water (with water as blank) recorded in
plastic or quartz cuvette. Note the cuvette-related absorption when plastic cuvette was
used at short wavelength.

Proper sample dilution is essential to record accurate UV/vis spectra of NP solutions. If
the sample is very concentrated, the recorded spectra will be noisy, due to saturation
of instruments detector. Moreover, quantification will not be possible since
absorbance readings will be out of the linear range of concentration-absorbance
relationship.

The absorption A(A) is the logarithmic ratio of the intensity of the incident light beam I
to the intensity of the transmitted light beam Ii(A). For this reason the absorption also
has no units. In case the path length of the cuvette is I;o; = 1 cm, the absorption is also
referred to as optical density (OD) of the solution.

A(L) = log(lo/1(N)) (Equation I1X.1.1)

In case the transmitted light is ten times less, due to the decadic logarithm, the
absorption is a factor of 2 higher. Thus, for high absorptions rates the intensity of the
transmitted light becomes very low and cannot be longer correctly detected.

Figure IX.1.3 shows the UV/vis absorption spectra of Au NPs as function of sequential
dilution, as recorded on an Agilent 8450 UV/vis spectrometer. At high NP
concentrations, the absorption spectrum is noisy and distorted at lower wavelengths,
where the absorption is high and exceeding the capacity of the detector. Thus,
absorption spectra need to be recorded at sufficiently low concentrations by accurate
dilution with solvent. Typical optical densities should not exceed 0.5 and at higher
absorption the shape of the spectrum may be an artifact.
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Figure 1X.1.3. A concentrated aqueous solution of Au NPs was stepwise diluted, which
can be seen by the fading color in solution (upper panel) and deceasing absorption
intensity (lower panel). High NP concentration (black curve) resulted in high absorption,
and thus Ame cannot even be identified due to detector saturation that results in peak
broadening and distortion.

Despite the strong plasmon optical extinction of Ag NPs and Au NPs, NPs from other
materials may have no features in their UV/vis absorption spectra. Figure 1X.1.4 shows
as examples of such cases the absorption spectra for ~ 4 nm FePt (cf. §1.4), = 4 nm
FesO4 (cf. §1.5), and = 11 nm Sn (cf. §1.6) NPs dispersed in organic solvent. These NP
solutions have higher absorption in the UV region (with no peaks), which converges to
zero in the IR.
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Figure IX.1.4. Normalized absorption spectra A(A) of FePt NPs (black curve) (cf. §1.4),
Fes04NPs (red curve) (cf. §1.5), and Sn NPs (blue curve) (cf. §1.6). All NPs are dispersed
in chloroform. Due to the absence of plasmon resonance, the absorption spectra do not
contain defined peak or characteristics.

Plasmonic NPs (such as Au NPs, Ag NPs) have characteristic absorption peaks due to
the surface resonance plasmon (SPR) phenomenon in the UV/vis-NIR region. Plasmonic
NPs may have one or even more SPR peaks, depending on the shape and architecture
of the NPs % The characteristic absorption peaks are responsible for the distinctive
bright color of NP solutions. The spectral position and shape of the surface plasmon
absorption peak depends on a variety of factors, such as NP material, size, size-
distribution, shape, surface chemistry, state of aggregation, as well as of the solvent.
Figure IX.1.5A shows a red shift of the SPR maximum (Aspr) to higher wavelength when
the sized of Au NPs is increased from 13 nm to 20 nm (size dependency). Figure IX.1.5B
shows the absorption spectra of citrate capped spherical Ag NPs in the violet/UV (Aspr
=415 nm) as compared to Au NPs with the same size (15 and 13 nm respectively) that
absorb green light (Aspr = 520 nm) (NP material dependency).
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Figure IX.1.5. Normalized UV/vis absorption spectra of A) Cit-Au NPs ~ 13 nm core
diameter (black line) versus Cit-Au NPs =~ 20 nm core diameter (red line). B) Cit-Ag NPs
~ 15 nm core diameter. Au NPs and Ag NPs suspensions in water were prepared as
detailed in §11.2 and §l1.3, respectively.

The size-dependency of Aspr for Au NPs is well documented with a general trend
predicting a red shift of the absorption (Aspr) as the NP diameter increases. Figure
IX.1.6 shows a red shift of the SPR maximum (Aspg) to higher wavelength, when Cit-Au
NPs increase in size from 5 nm to 100 nm. In case of Cit-Au NPs (green curve in B), the
size distribution of the NPs is poor, i.e. there are NPs of different sizes in solution, and
the absorption peak becomes broader. Thus, a sharp SPR peak is a good indication of
narrow size distribution of the core diameter d.. Figure 1X.1.7 and Table IX.1.1 show a
red shift of the SPR maximum wavelength (Aspr) to higher wavelengths, when
commercially available Cit-Au NPs increased in size from 5 nm to 50 nm.
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Figure IX.1.6. Normalized UV/vis absorption spectra of Cit-Au NPs (cf. §11.2) with core
diameter of ~ 5 nm (A), 18 nm (B, black line), 25 nm (B, red line), 50 nm (B, blue line),
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and 100 nm (B, green line). The corresponding TEM images of these NPs are shown in
VIIL.3.7A, D, E, F, G.
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Figure IX.1.7. Normalized UV/vis absorption spectra of commercial Cit-Au NPs in water
from BBI solutions (cf. §11.2) with core diameter of 5, 10, 15, 30, and 50.

dc [nm] Source Aspr [NM] ene [Mem™)
4.2 §1.2, §VI.3 516 8.70x10°
5 BBI solutions 518 9.70x10°
10 BBI solutions 520 9.55x10’
15 BBI solutions 523 3.64x10°%
30 BBI solutions 526 3.58x10°
50 BBI solutions 532 1.93x10"°

Table IX.1.1. Values of surface plasmon resonance maximum wavelength (Am.), and
molecular extinction coefficients, exp, (cf. §1X.2) of Cit-Au NPs of different size in water.
Extinction coefficients were provided from the manufacturer.

The shape dependence of the SPR peak is well documented and reported in the
literature. For example, rod-shaped Au NPs have two SPR peaks, as the oscillation of
electrons in the conduction band can occur either around the short axis or the long
axis, resulting in the so called transverse and longitudinal peaks, respectively. While in
case of Au NPs the transverse plasmon peak is located generally in the visible region
(~*520 nm), the longitudinal peak can be tuned to be in the visible-Near infrared (Vis-
NIR) region of the spectrum (600-1200 nm) as shown in Figure IX.1.8A. Spectra for star-
shaped Au NPs exhibit one peak in the Vis-NIR as shown in Figure IX.1.8B.

Finally, the surface plasmon peak can change dramatically upon agglomeration due to
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Figure IX.1.8. Normalized UV/vis absorption spectra of: A) Au NRs (cf. §11.4), with Aspr =
650 nm (red curve), 790 nm (blue curve), 825 nm (green curve), 1050 nm (pink curve),
and the original spherical Au seeds used to grow the nanorods (black curve). For TEM
images of these Au NRs cf. Figure VIII.3.9. B) Star-shaped Au NPs with Aspgr = 690 nm (cf.
$11.5). For TEM images of these NPs cf. Figure VIII1.3.10.

The UV/vis absorption spectrum of NPs may also change in dependence of the surface
capping, as well as on the solvent in which the NP are suspended. This is demonstrated
in Figure 1X.1.9.

A 1.2 B 1.0
0.84
_ 0.8
< 0.6+
<
0.44
0.4
0.24
0.0 T T T 0.0 T T T
400 600 800 1000 400 600 800 1000
A [nm] A[nm]

Figure 1X.1.9. Normalized UV/vis absorption spectrum of Au NPs capped with different
surface coating and suspended in different solvents. A) Au NPs with core diameter of
~4 nm (cf. §1.2), either capped with DDT and suspended in chloroform (black curve), or
after overcoated with PMA (cf. §VI.3) and suspended in water (red curve). B) Au NPs
with core diameter of ~ 100 nm (cf. §l1.2) either with the original citrate capping as
recorded in water (black) or after their phase transfer to chloroform by ligand exchange
with dodecylamine and PEG (cf. §IV.3) (red curve), and finally after re-transfer to water
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by PMA coating (cf. §VI.3) (blue curve). The black and blue curves are almost
superimposed in B.

Quantum dots have a characteristic absorption peak in their spectrum due to the
formation of electron-hole pairs (excitons) upon absorption '®**%. In the case of
semiconductor NPs with very sharp size distribution, multiple exciton peaks can be

observed %% The absorption spectra of CdSe/ZnS and CdS NPs are shown in Figure
1X.1.10.
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Figure 1X.1.10. A) Normalized UV/vis absorption spectrum of CdSe/ZnS quantum dots
with core diameter of ~ 4 nm (cf. §1.7; Figure VIII.3.5) as recorded in toluene with Apyqx =
516 nm. B) Normalized UV/vis absorption spectrum of CdS quantum dots with core
diameter of ~ 2 nm (cf. §1.8; Figure VIII.3.6) as recorded in toluene with A, = 360 nm.

The spectral position of the first exciton peak, which corresponds to the energy gap
between the ground states of the valence and conduction band, is extremely size
dependent. This is due to the quantum confinement of light-generated electron-hole

199112 The smaller a QD becomes, the bigger the energy gap and thus the shorter

pairs
the wavelength of the first exciton peak will be. Equation 1.7.1 correlates the
wavelength L. of the first exciton peak in the absorption spectrum with the core NP
%113 Note that in Yu et

al. data are only provided for QDs with a single semiconductor core. However, as

diameter d.. Values have been listed for several QDs materials

demonstrated in §1.7, quantum dots can also be grown with several semiconductor
shells around the semiconductor core. For example, the values for CdSe NPs in Yu et al.
table cannot be directly applied for CdSe/ZnS NPs, as the ZnS shell will shift the
absorption peak A.usto higher wavelength. If this wavelength is used with Equation
[.7.1 the resulting d. for the CdSe core in CdSe/ZnS is overestimated. However, and
since the ZnS shell contributes to the size of the inorganic part of the NPs, this error in
the calculation is often tolerated.
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IX.2 Determination of NP concentrations from absorption spectra

The NP concentration of NP suspension cyp can be obtained from the Beer-Lambert's
law, which correlates the absorption A (from the UV/vis absorption spectrum) with cyp
as follows:

AA) = enp(D) X I X Cnp (Equation 1X.2.1)

Both, the molar extinction coefficient (enp(A)) and thus the absorption (A(A)) depend on
the wavelength A and the solvent. I, is the path length of the cuvette in which the
absorbance has been measured, i.e. the distance that the light passes in the NP
suspension during measurements. As mentioned in §IX.1, a blank spectrum of the
solvent should be measured first and subtracted from the sample spectrum, in order
to eliminate absorption from the cuvette and the solvent. In order to determine the NP
concentration cyp of a sample, the absorption A(A) is measured at wavelength A in a
cuvette of path length I It is important to correct the offset of the absorption spectra
as detailed in Figure 1X.1.1). In case enp(A) is known, the NP concentration can be
calculated according to Equation 1X.2.1.

In case of NPs which do not have specific peaks in their absorption spectra (such as
FePt, Fe304, Sn, etc.), enp(A) usually is not reported in the literature. In this case the
absorption A(A) of a NP suspension is recorded, and then the NP concentration cyp in
this solution is determined by ICP-MS (cf. §VIII.2). The molar extinction coefficient can
then be calculated as enp(A) = A(M)/(cnpxlsol). Once enp(A) is known, the NP
concentration in following samples can be determined by absorption instead of ICP-MS
analysis, which is less time consuming and cheaper.

For plasmonic NPs or QDs, values for the molar extinction at Aspr (wavelength of the
surface plasmon resonance) or Anmay (first exciton peak), respectively, are available in
the literature. For Au NPs some molar extinction values Aspr are given in Table IX.1.1.
An extended table has been reported by Haiss et al. '** Also in the case of QDs lists of

28,115

molar extinction values are reported in literature . In Figure 1X.2.1 an example for

the concentration determination of a solution of Au NPs is given.

Page 126 of 167



0.6

Agpr =518 nm

A

0.0

400 600 800 1000
A [nm]

Figure IX.2.1. Absorption spectrum of ~4 nm Au NPs (cf. §1.2) recorded in chloroform.
The absorption at their surface plasmon peak Aspr = 518 nm is measured to be A(Aspr) =
0.42. The path length of the used cuvette was |, = 1cm. The molar extinction
coefficient &Aspr) = 8.7x10° M'xcm™ is obtained from Table IX.1.1. Thus, the
concentration of Au NPs in this solution was calculated using Equation IX.2.1 as cyp =
A(Aspr)/(Enp(Aser)Xlso) = 0.42/(8.7x10° M xcm™ x 1 cm) = 0.048x10°° M = 48 nM.

NP concentration values obtained via absorption measurements have to be
interpreted with care, as they may be prone to significant errors. With this in mind,
published reports should clearly detail calculation of NP concentration stating the used
molar extinction values and the selected absorption wavelength.

In case the molar extinction coefficient for a NP sample is recorded at one wavelength
A1, but the extinction coefficient at another wavelength A, is needed, this can be
calculated from the absorption spectrum A(A) according to Equation 1X.2.1 as

g(A2) = g(A1) X A(A2)/A(N1) (Equation 1X.2.2)

For homogeneous NPs with characteristic features, such as Au NPs the extinction

114 However,

coefficients of the Au cores are known with relatively good precision
these values refer to the absorption related to the NP core, with an assumption that
the organic coating does not contribute significantly to the total absorption (as the
absorption of the inorganic core is much stronger). Thus, the extinction coefficient for
the core is used for the whole NP. In case of thin transparent ligand shells this
approximation works well at higher wavelengths (Vis-NIR), but not at lower

wavelength (UV) where most organic ligands possess significant absorption. Also in
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case the inorganic part comprises a core and (several) shell(s), such as already
mentioned in the case of CdSe/ZnS NPs, the absorption of the shell often is neglected
and the extinction values for the core are used for the whole core/shell NP.

The organic shell can be modified intentionally with "absorbers", for example in case
organic fluorophores are integrated into the polymer shell around a NP (cf. §VI1.2). In
this case the absorption spectrum shows the absorption of the inorganic NP core, the
absorption of the organic shell (which can be in general neglected), and the absorption
of the integrated fluorophores, see Figure 1X.2.2. Obviously, it is important to
determine the number of fluorophores per NP, for which several methods have been

d ¢ 7 % 0One of these methods is based on determining both, the

propose
concentration of NP cores cyp, and the concentration of dyes cq4pe from the UV/vis
absorption spectra, leading to the number Ngye/np = Caye/Cnp Of fluorophores per NP. An

example of calculation is shown in Figure 1X.2.2.
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Figure IX.2.2. Normalized absorption spectra of ~4 nm Au NPs (cf. §l.2; blue curve)
recorded after their PMA coating and functionalization with a dye (cresyl violet
perchlorate, CV) versus the spectrum of free the dye (red curve). The absorption at
surface plasmon peak Aspr = 519 nm of the NPs is normalized to A(Aspr) = 1.0. The
absorption of the free dye at their emission maximum Agyemax = 583 nm is normalized
to A(Aayemax) = 1.0 as well. To calculate the concentration cqy Of the conjugated dye,
the absorption of the NPs at Agemax is first subtracted from the absorption of dye-
modified NPs at Adyemax = AdyelAdye,max) = Anprdyel Adye,max)- Ane(Adyemax) = 0.73 - 0.63 =
0.1. The molar extinction coefficient of NPs ep(Aspr) = 8.7x10° Mt-cm™ is obtained from
Table IX.1.1 and the one of CV is &iye(Amax) = 8.3x10° M-cm™. The path length of the
used cuvette was I, = 1 cm. Now both concentrations can be calculated according to
Equation 1X.2.1. For the dye cgje = AdyelAdye,max)/(Edye( Adye,max)*Xlsol) = 0.1/(8.3X1O4 M
Lem™ x 1 em) = 1.21x10° M = 1.21 uM. For the NPs cnp = Anp(Aser)/(Enp(Aspr)Xlsol) =
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1.0/(8.7x10° M -cm™ x 1 cm) = 0.115x10° M = 115 nM. By this the ratio of Ngyemp =
Caye/Cnp = 1.21x10° M/0.115x10° M = 10.5 dye molecules per NP can be estimated.

Typically the absorption spectrum of the dye will overlap with the absorption spectrum
of the NP core. Thus, the part of the dye absorption needs to be deconvoluted from
the part of the NP core absorption. For this purpose three UV/vis absorption spectra
need to be recorded: (i) from solutions of the NPs with integrated fluorophores, (ii) of
the NPs alone, and (iii) of the fluorophores alone, cf. Figure I1X.2.2 °* 7. The
fluorophores typically absorb only in a small spectral band, whereas the NP cores
absorb continuously, optionally until a maximum wavelength. Thus the NP core
concentration can be determined at a wavelength where the NP core, but not the
fluorophore absorbs. This can be directly done by the known molar extinction
coefficient eyxp(A) at this wavelength by measuring the absorption from the NP
spectrum, leading to the concentration of NP cores cyp. On the other hand, at the
absorption peak of the dye there is typically also absorption of the NP core. Thus, the
absorption spectrum of the NP cores only is scaled by multiplication with an
appropriate factor to match the absorption spectrum of the NPs with integrated dyes
at the parts, where the dyes do not absorb. Then, at the absorption peak of the dye
the appropriately scaled absorption of the non-modified NPs is subtracted from the
absorption of the NPs with integrated dyes, leading to the absorption of only the dyes.
In case the molar extinction coefficient of the dyes &q.(A) at this absorption
wavelength is known, then the dye concentration can be calculated using Lambert-
Beer's law:

A(L) = €gye() X Caye X lsol (Equation 1X.2.3)

This methodology works the better the more the characteristic absorption peaks of the
NP cores and the more the dyes are spectrally shifted. An example for a calculation is
shown in Figure 1X.2.2.

Also data from TGA (cf. §VIII.6) can be used for estimating the number of dyes
attached per NP. In case the number of polymer units bound the NP (Np/np) is known,
the number of dyes bound per NP (Ngye/np) can be derived from the amount of dye that
has been added per monomer (Rgye/mon):

Ndye/NP = Rdye/mon X NP/NP (Equation |X24)
In the case of the PMA-Au NPs with d. = 4.3 as discussed in §VIII.6, addition of dye to 2%

of the anhydride rings (Raye/mon = 0.02) leads to Ngye/ne = 0.02x270 = 54. This value can
now be compared to the values determined with other methods. In Kaiser et al.®’
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Evidot®540/Catskill Green QDs (d.= 2.7 = 0.4 nm determined by TEM, value provided
by company: 2.6 nm) were modified with 2% dye (Rgye/mon = 0.02) and the value Ngye/np
=7 =+ 0.7 was determined from time resolved photoluminescence spectra. Assuming
that the number of dye molecules per NP scale with the effective surface area A.g, this
value can be compared to the TGA data of Au: Ngpemea) =
Ndye/NP(Z)X((RP/Area(l)XAeff(l))/(RP/Area(Z)XAeff(Z))) = Ndye/NP(Z)X(RP/Area(l)/(RP/Area(Z))X((dC(1)+
2Xliigand(1))/ (deiy+ 2x|,igand(2)))2. In both cases the same amount of polymer per surface
area had been added, Rp/iigand(1) = Rpyiigand(2) = 100 nm?, but the diameters are different.
In the case of CdSe/ZnS d¢(1) = 2.7 nm, liigang1) = 1.2 nm, and in the case of Au: d¢;) =4.3
nm, Iligand(z) = 1.0 nm. Thus leads to Ndye/NP(l) = Ndye/Np(z)‘((dc(1)+ 2X|Iigand(1))/(dc(2)+
2Xligand(2)))” = 54x((2.7 nm + 2x1.2 nm) /(4.3 nm + 2x1.0 nm))° = 54x(5.1/6.3)* = 35. Thus,
TGA analyses leads to a value of Ngemne = 35 dye molecules per CdSe/ZnS NP, as
compared to the optically determined value of Ngy,e/np = 7. For this reason, in order to
estimate the error, it is convenient to use several methods in parallel for the
determination of Ngye/np.

IX.3 Fluorescence spectroscopy

NPs can be fluorescent for two reasons. First, NPs may be intrinsically fluorescent, such

117 11 11 12
8 ° or Ag clusters '%.

in the case of QDs ', upconverting NPs ~—, ultra-small Au
Examples for fluorescence spectra of CdSe/ZnS and CdS NPs are shown in Figures IX.3.1
and 1X.3.2, respectively. Second, organic fluorophores can be integrated in the organic
surface coating (cf. §VI.2) around non-fluorescent inorganic NP cores. An example is
shown in Figure 1X.3.3. In this case the underlying inorganic NP core may affect the
fluorescence emission of the organic fluorophores. In case of plasmonic NPs the
fluorescence of adjacent dyes may be quenched **!, and in the case of QDs,
fluorescence resonance energy transfer (FRET) may occur with the linked-dyes " 79,122
In both cases the effects strongly depend on the distance between the organic

fluorophores and the NP cores.
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Figure IX.3.1. Normalized absorption spectrum A(A) (black solid line, cf. Figure
IX.1.10A) and emission spectrum I(4) (blue solid line) of hydrophobic CdSe/ZnS NPs (d. ~
4 nm, cf. §1.7) in toluene. The absorption and emission peaks are at Aqps ~516 nm and
Aem ~530 nm respectively, correspond to CdSe/ZnS NPs of ~ 4 nm.
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Figure IX.3.2. Normalized absorption spectrum A(A) (black solid line, cf. Figure 1X.1.10B)
and emission spectrum I(A) (blue solid line) of hydrophobic CdS NPs (d. ~2 nm, cf. §1.8)
in toluene. The absorption and emission peaks, respectively at Aq.s ~360 nm and Aem =~

390 nm correspond to CdS NPs of ~ 2 nm.
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Figure 1X.3.3. Normalized absorption spectrum A(A) (black solid line, cf. Figure 1X.2.2)
and emission spectrum I(A) (blue solid line) of hydrophilic Au NPs coated with PMA
modified with cresyl violet (CV) (d. ~ 4 nm, cf. §..2) as recorded in water. The
absorption and emission peaks are at Ayps 519 nm and e, ~630 nm, respectively.

IX.4 Determination of quantum yields

A major characteristic of fluorescent NPs is their quantum vyield (®f). This feature
represents the ratio of the number of photons emitted through fluorescence to the
number of absorbed photons. In other words, the quantum yield describes the
probability that a photo-excited state gets relaxed by fluorescence rather than by
another, non-radiative mechanism. As photons may be emitted in all directions, in
principle, a 4n-detection geometry is required to detect absolute quantum yields 123,
124 |nstead, often relative quantum vyields are measured in standard 90° detection
geometry. For this purpose fluorescence intensities of a dilution series of the sample
(s) and a dilution series of a reference fluorophore (ref) with known absolute quantum
yield @, are determined. From the slopes Ali,./AA;, of the integrated emission (lin)
versus absorption (A,) curves of the sample and the reference fluorophore, the
absolute quantum yield of the NP sample can be calculated, cf. Equation IX.4.1. A good

description of this methodology is detailed by Horiba Jobin Yvon 125

Qs (Alint/AAy)s . ng
Pref (Aling/AAY)s ngef

(Equation 1X.4.1)

[Ds, Dref], [(Alint/AAL)s, (Alint/ AA))ref], and [ns, neef] refer to the quantum vyield, slope of
the integrated emission versus absorption curve, and refractive index of the sample
and reference fluorophore, respectively. An example for determining the quantum
yield of Au NPs with attached fluorophore is provided in Figure 1X.4.1 %,
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To demonstrate how to determine the quantum yield of NPs (Dyp), hydrophobic Au
NPs (dc = 4 nm) were synthetized (cf. §1.2.) and coated with PMA modified with Rgye/mon
= 2% tetramethylrhodamine 5-(and-6-) carboxamide cadaverine (TAMRA, #AS-81506,
Anaspec) (cf. §VI). After their purification using gel electrophoresis (the process has
been repeated twice) (cf. VIl.4), the NPs were concentrated, washed with Milli-Q water
and filtered by passing them through a syringe membrane filter (0.22 um pore size) (cf.
VII.2). Cresyl violet perchlorate (CV) dissolved in methanol was chosen as reference
dye with a known quantum yield ®¢yp = 0.54 £ 0.03 126

To determine the quantum yield first a dilution series of both samples (NPs in water,
CV in methanol) were generated. Dilution was quantified by measuring the absorption
A, of the samples at the excitation wavelength Ae. = 520 nm of TAMRA. Note that for
the NP sample as for the reference dye absorption needs to be detected at the same
wavelength. Ideally, the excitation wavelength of the reference dye should be similar
to the fluorescent NP sample. The highest concentration of the absorption series
should not exceed an optical density of 0.1, in order to avoid reabsorption and self-
guenching of fluorescence, which may occur at high fluorophore concentrations. For
each sample within the dilution series the integrated fluorescence emission |, was
determined (i.e. the intensity of the whole fluorescence peak was counted), using the
excitation wavelength A, at which the absorption A; had been determined before. All
fluorescence emission measurements must be made with the same settings of the
fluorometer. The recorded absorption A(A) and emission spectra I(A) of the dilution
series are shown in Figure 1X.4.1. From these curves the respective absorption Asyg at
Aexc = 520 nm was determined. The integrated emission |,y was obtained as the sum of
all fluorescence emission counts in the spectral range from 530 nm to 750 nm. The
resulting lint(As20) curves show the linear relation between absorbance and integrated
fluorescence intensity. From these graphs the slopes Alin/AAsyo were derived. In the
case of the NP and the CV sample (5.11 + 10.4)x10® cps and (110 + 1.31)x102 cps were
obtained (cps = counts per second). In order to calculate the quantum yield of the NP

sample according to Equation I1X.4.1, the refractive indexes nyy0 = 1.333 for water and

(Alint/AAsz0)NP

Nmethanol = 1.3288 for methanol at 20°C were used, yielding ®yp = Ocyp-
(Aljpt/AAsz0)cv

2
Zn“—zo = 0.025 £+ 0.008. The error was estimated using Gaussian error propagation.

Nmethanol
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Figure IX.4.1. Determination of the quantum yield @yp of TAMRA modified Au NPs (top
row) and CV (bottom row). The graphs on the left side (A, C) represent the absorption
spectra A(A) (dotted line, left y-axis) and emission spectra I(A) (full line, right y-axis)
recorded at excitation wavelength A.,. = 520 nm for dilution series of the Au NPs and
CV. From each absorption spectrum the absorption As,o at 520 nm was determined.
From each emission spectrum at 520 nm excitation, the integrated fluorescence
intensity l;,s was determined as sum of all emitted fluorescence from 530 nm to 750
nm.
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X. Characterization of NPs' colloidal properties

X.1 UV/vis absorption spectroscopy
X.2 Dynamic light scattering

X.3 Laser Doppler anemometry

X.4 pH titration

X.1 UV/vis absorption spectroscopy

UV/vis absorption spectrum provides a fast and simple quality control measure for the
colloidal stability of NPs. Several types of NPs, such as plasmonic NPs and QDs possess
characteristic peaks in their absorption spectrum (cf. 1X.2) that can provide important
information regarding size, shape, surface chemistry and aggregation state. For
example, aggregation of Au NPs is typically associated with a red shift of the SPR (Aspr)
to higher wavelengths and a significant spectral broadening. Most isotropic inorganic
NPs absorb in the UV/vis and not in the near IR, unless they have been designed for
this purpose (e.g. rod-shaped Au NPs, Au nanostars, IR emitting QDs, etc.). Thus,
absorption in the range where NPs do not typically absorb, indicates NP aggregation.
"Absorption"” in this case is mainly light scattering due to NP agglomeration. Figure
X.1.1 shows the red shift and broadening of the plasmon absorption spectrum of Au
NPs upon salt-induced aggregation.
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Figure X.1.1. Absorption spectra of 5 nm core diameter Cit-Au NPs (purchased from
BBI) as recorded in water (black curve) and in water supplemented with NaCl (red
curve). The red shift of the SPR peak to higher wavelength and associated peak
broadening is clear upon the addition of NaCl due to NP aggregation and plasmon
coupling effect.
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Colloidal stability is a critical property for NPs dispersions, which can be maintained by
ensuring repulsive force (either an electrostatic or a steric repulsion) that overweights
the attractive van der Waals forces between NPs °. For example, Cit-Au NPs are
stabilized through electrostatic repulsion due to the presence of physically adsorbing
citrate ions on the surface of Au NPs (zeta potentials of these NPs are typically
negative ~-30 mV). When salt is added, electrostatic forces are screened by counter
ion effects and electrostatic double layer compression, and thus NPs tend to
aggregate. The higher the charge density of the NP surface, the less prone the NPs are
to aggregation. Note, that the surface charge of NPs may depend on the pH (cf. §X.4).
NPs that are stabilized by steric repulsion are typically less prone to aggregation upon
the addition of salt. In various biological applications, NPs are expected to be dosed
into media with physiological salt levels (150 mM NaCl) and thus colloidal stability
should be carefully evaluated.

By titrating the NP suspension against increasing concentrations of NaCl, one can
observe the aggregation state by UV/vis absorption measurements. Such
measurements in particular allow for observing the NaCl concentration at which the
colloidal stability of the NPs is lost. Figures X.1.2 and X.1.3 show the colloidal stability
of Au NPs or Ag NPs with different surface coatings, as judged by their UV/vis
absorption spectra upon titration with NaCl aqueous solution. As agglomeration is time
dependent, these measurements were carried out directly after exposure of the NPs to
salt, and were then repeated after 24 h. The absorption spectra were measured over a
range of 300 to 1100 nm with an Agilent Technologies 8453 UV/vis spectrometer.

In most cases after 24 h the absorption peaks became broader and smaller. The
increment in the peak width was due to agglomeration. The reduction in absorption
intensity was due to the severe degree of aggregation that decreased the number of
individually dispersed NP due to the significant NP loss via precipitation out from the
suspension. Collectively, data in Figure X.1.2 and X.1.3 suggest that PMA is superior to
MPA and MUA in protecting NPs against salt-induced aggregation.
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Figure X.1.2. Absorption spectra recorded for different Au NPs in water in the presence
of different concentrations of NaCl, recorded after 0 and 24 h, with cnp ~ 12 nM. The
NaCl concentrations were in the range of 0.0 to 2.5 M as illustrated using a color map.
Cuvettes with freshly mixed solutions were measured at t = 0 h before incubating over
night at RT and measured again after t = 24 h. A) =5 nm core diameter Cit-Au NPs
purchased from BBI). B) ~5 nm core diameter Cit-Au NPs (purchased from BBI), after
ligand exchange to bis(p-sulfonatophenyl)-phenylphosphine (cf. §l1l.2). C) ~10 nm core
diameter Cit-Au NPs (purchased from BBI). D) ~10 nm core diameter Cit-Au NPs
(purchased from BBI), after ligand exchange to bis(p-sulfonatophenyl)-phenylphosphine

(cf. §111.2).
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Figure X.1.3. Absorption spectra of different NPs in water in the presence of different
concentrations of NaCl recorded after 0 and 24 h, with cyp & 12 nM. The NaCl
concentrations were in the range of 0.0 to 2.5 M as illustrated using a color map.
Cuvettes with freshly mixed solutions were measured at t = 0 h before incubating over
night at RT and measured again after t =24 h. A) ~4 nm core diameter Ag NPs (cf. §1.3)
overcoated with PMA (cf. §VI.3). B) ~4 nm core diameter Ag NPs (cf. §1.3) after ligand
exchange with mercaptopropionic acid (MPA; cf. §V.2). C) 4 nm core diameter Ag NPs
(cf. §1.3) after ligand exchange with mercaptoundecanoic acid (MUA; cf. §V.2). D) ~4
nm core diameter Au NPs (cf. §1.2) overcoated with PMA (cf. §VI.3). E) ~4 nm core
diameter Au NPs (cf. §1.2) after ligand exchange with mercaptopropionic acid (MPA; cf.
$V.2). F) 4 nm core diameter Au NPs (cf. §1.2) after ligand exchange with
mercaptoundecanoic acid (MUA; cf. §V.2).

X.2 Dynamic light scattering

There are several techniques available, which are able to measure the hydrodynamic
diameter d,, of NPs dispersed in solvent. Hydrodynamic diameters may differ for NPs
with different core diameter d., capping agents/polymers, solvent, and aggregation
state. For example, identical NPs with a PEG shell exhibit different dy, in water versus
chloroform due to different hydration/solvation nature and polymer architecture on
the NPs in each solvent. In another context, the addition of a high concentration of
electrolyte to aqueous suspension containing charged NPs may decrease the d; of
these NPs due to the counter ion effect and thus a compressed electric double layer
(Debye length) **’

to determine the monodispersity of NP suspensions by measuring the so called
128

. In addition to measuring the average value of dy, it is also important
polydispersity index (PDI) “*°. The PDI is an unitless parameter that measures the
heterogeneity (statistical variation from the average value) in the NPs' hydrodynamic
diameter in a sample. Values below 0.05 are normally not obtained, meanwhile values
higher than 0.7 indicate that the sample has a very broad size distribution.

There are various techniques to measure hydrodynamic diameters of NPs ’” 129
Dynamic light scattering (DLS) is a simple, fast, and common technique to measure the

hydrodynamic diameter of NPs and associated PDI % 3

. DLS records the temporal
fluctuations in scattered light, due to diffusion of NPs in solution. Using an
autocorrelation function, the diffusion constant of the NPs then can be derived. By
applying the Einstein-Stokes relation and using the measured diffusion constant value,

the NPs' hydrodynamic diameter d, can be calculated. Obtaining reliable size
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measurements of NPs of only a few nm in diameter using DLS is a real challenge, since
the scattering signal from these small NPs is close to the noise of the detector.

It is worth to mention that serious error in measuring the absolute size of NPs using
DLS may occur and can originate from various reasons such as dirty cuvettes,
contaminated solvent, using incorrect values for solvent physical parameters (e.g.
viscosity and dielectric constant), improper sample concentration (too high or too
low), and unstable samples during measurement. To avoid possible under- or over-
estimation of NP hydrodynamic size, an internal calibration with reference NPs is
essential.

When carrying out DLS analysis, the obtained distributions of hydrodynamic diameters
can be plotted in terms of the number of NPs N(dy) or the intensity of the scattered
light I(dy) as shown in Figure X.2.1. The intensity distribution I(dy) considers the
scattering intensity of each NP fraction. Since larger NPs scatter much more than
smaller NPs, the intensity distribution can provide overestimated values of
hydrodynamic diameter. For example, a very low level of aggregates in an Au NP
suspension will scatter extensively and thus will result in a resolved significant peak
(second and third peaks in Figure X.2.1A). Applying Mie’s theory, the intensity
distribution can be converted to volume or number distributions. To do so, there are
several assumptions made, including that all NPs are spherical and homogeneous,
which in the case of samples with broad size distribution and/or anisotropic NPs is not
valid. In the number distribution, the contribution of large NP populations at low level
is very minimal and does not dominate, and thus measured d;, values are closer to the
d. values as obtained by TEM. As example, in Figure X.2.1A, d, obtained from the
intensity distribution (first peak) is 26.07 £ 12.75 nm where dy obtained from the
number distribution in Figure X.2.1B is 11.71 £ 3.29 nm, which is closer to the value
obtained by TEM (d. = 4.3 nm £ 0.4 nm as per Figure VIII.3.1 plus the addition of the
ligand (see Figure VI1.5.2. B and C). Commercial DLS set-ups often assume the presence
of several NP populations in solution, and thus fits of even one NP population may
result in several distinct sizes. For example, in the intensity distribution shown in
Figure X.2.1 three peaks are observed, whereas only one peak in the number
distribution. In fact, only one NP species is present in solution, small agglomerates are
overestimated in the intensity distribution, which then wrongfully identifies three
discrete sub-species.
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Figure X.2.1. A) DLS histograms of Au NPs ~4 nm coated with PMA measured in
aqueous solution. A) Intensity distribution I(dy) and B) number distribution N(d;) of the
hydrodynamic diameter dp.

A significant increase in measured hydrodynamic diameter of NPs as compared to the
structural diameter (i.e. dy >> d. for NPs without the presence of thick organic shell) is
usually a strong indication of NP aggregation. In case NPs are aggregated, the
measured effective hydrodynamic diameter values describe the diameter of NP
agglomerates rather than the diameter of the individual NPs. In Figure X.2.2,
aggregation of PMA-Au NPs upon the addition of NaCl is associated with an increase in
dy. Such measurement of hydrodynamic diameters is an essential tool to probe the
colloidal stability of NPs in solution.

40
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0 n n PR | n n PR R |
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Figure X.2.2. Hydrodynamic diameter (dy) of 4 nm PMA-Au NPs as function of NaCl
concentration in the NP suspension.

More examples on the salt-induced aggregation of Ag NPs and Au NPs with differing
surface modification and core diameter are provided in Figure X.2.3. Aqueous
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suspension of the NPs (1.0 mL; cyp = 25 nM) received equal volume of NaCl (aq.)
(1.0 mL; concentration ranges from 0.0 to 2.5M). Obviously the final NacCl
concentration was hereby reduced to half of the original concentration upon mixing it
with the same amount of NP stock solution. The hydrodynamic diameter d, was
measured immediately after mixing the two solutions and after an 24 h incubation
time at RT (since aggregation is a time-dependent process that can be slow, but
significant). DLS histograms (d, versus cnac)) and real photographs of NP suspensions in
the cuvettes are shown in Figure X.2.3, in which agglomeration can be directly
observed by visible color change. In most cases aggregation of NPs at high NaCl
concentrations was severe, inducing NP precipitation and sedimentation on the
bottom of the cuvette. The results indicated that PMA is superior that MPA or MUA in
protecting NPs against salt-induced aggregation. PMA coating resulted in constant
hydrodynamic diameter values and suspension color even for high NaCl
concentrations. Addition of NaCl to MPA or MUA coated NP resulted in increased
hydrodynamic diameter values and change in suspension color, indicating NP
aggregation.
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Figure X.2.3. Ag NPs and Au NPs with differing surface modification and core diameter
were exposed to different concentrations of NaCl. Hydrodynamic diameter values dy, in

aqueous solution were measured directly (0 h; ™) and 24 h (e) after exposure. The

behavior of the hydrodynamic diameter dy is plotted against the NaCl concentration

within a range from Cy,q of 0.0 to 2.5 M. The NPs were suspended in Milli-Q water to

reach a concentration of 25nM. DLS measurements were done with a Malvern
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Zetasizer nano ZS. The cuvette photos represent the relevant concentrations within the
range where agglomeration took place. A) ~4 nm core diameter Ag NPs (cf. §I.3)
overcoated with PMA (cf. §VI.3). B) 4 nm core diameter Au NPs (cf. §1.2) overcoated
with PMA (cf. §VI.3). C) ~4 nm core diameter Ag NPs (cf. §1.3) after ligand exchange
with MPA (cf. §V.2). D) ~4 nm core diameter Au NPs (cf. §1.2) after ligand exchange
with mercaptopropionic acid (MPA; cf. §V.2). E) 4 nm core diameter Ag NPs (cf. §1.3)
after ligand exchange with MUA (cf. §V.2). F) ~4 nm core diameter Au NPs (cf. §1.2)
after ligand exchange with MUA (cf. §V.2). G) 5 nm core diameter Cit-Au NPs
(purchased from BBI). H) ~5 nm core diameter citrate coated Au NPs (purchased from
BBI), after ligand exchange to bis(p-sulfonatophenyl)-phenylphosphine (cf. §l1l.2). 1)
~10 nm core diameter Cit-Au NPs (purchased from BBI). J) ~10 nm core diameter
citrate coated Au NPs (purchased from BBI), after ligand exchange to bis(p-
sulfonatophenyl)-phenylphosphine (cf. §111.2).

Similar to NP aggregation upon salt addition, NP aggregation can be induced by
changing the suspension pH. While salt screens the electric charge on the NP surface,
pH may suppress ionization and thus decrease the effective surface charge density,
resulting in NP aggregation (cf. §X.3 and §X.4). In Figure X.2.4, examples on pH-induced
NP aggregation and the dependence of hydrodynamic diameter from solution pH for
anionic charged NPs with different types of surface ligands are shown.

For NP with ligands containing weak acids, such as carboxylate functional groups (-
COO0), the NP effective surface charge decreases at low pH (i.e. high concentration of
H*) due to protonation of the -COO™ groups:

R —COOH & R—COO~ + H* (Equation X.2.1)

This equilibrium is described by the pK, value.

c(R-CO0™)xc(H*)

Ka = c¢(R-COOH)

(Equation X.2.2)

pKa = —log(K,) (Equation X.2.3)

Equations X.2.2 and X.2.3 can be combined to the Henderson-Hasselbalch equation 132
—CO0~ + —CO0~
136, pK, = —log(K,) = —log (C(R C007)xc(H )) - _log (C(R €00 )) —log(c(H*)) _

c(R—COOH) c(R—COOH)
¢(R-C00") .
—lo (m) + pH leading to
pH = pK, + log% (Equation X.2.4)

Page 144 of 167



One can thus predict the percent of ionization (Jr.coo.) at certain pH for weak acid as

follows: ] _ c(R—C00™) [l T 1
 JR=CO0™ ™ ¢(R-COOH)+c(R-C00™) e(R-COOH) 1+(w)_1
oo c(R-COOH)
1 .
1+( 10PH-PKa)-1’ leading to
100% |
Jr-c00~ = T opkapH (Equation X.2.5)

Thus, by increasing the NP suspension's pH, the denominator in Equation X.2.5
decreases and thus the percent ionized as wells as the anionic surface charge density
of the NP increases. Instead, by decreasing the NP suspension's pH, the denominator
in Equation X.2.5 increases and thus the anionic surface charge density of the NPs
decreases. In the latter case, vanishing electrostatic repulsion between NPs induces NP
aggregation and increases their effective hydrodynamic diameter at high pH values (cf.
§X.4).

For NPs with ligands containing weak basic functional groups (e.g. R-NHz), the NPs'
effective surface charge increases at low pH (i.e. high concentration of H*) due to
protonation of the amine groups:

R—NH," & R—NH; + H* (Equation X.2.6)
This equilibrium is described by the pK, value.

c(R—NH3)xc(H")

Ka = c(R-NH,*)

(Equation X.2.7)

pK, = —log(K,) (Equation X.2.8)

This leads to the Henderson-Hasselbalch equation:

C(R—NH3)

pH = pK, + logm

(Equation X.2.9)

Again, one can predict the percentage of unionization (Jr.nnz) at certain pH for weak
base as follows:
| _ c(R-NH3) _ 100%
R=NH3 ™ (R-NH,*)+c(R-NH;3) ~ 1+10PKa-PH

(Equation X.2.10)

Thus, by lowering the pH of suspension containing NPs with basic functional group, the
denominator in Equation X.2.10 increases and thus the percent unionized amines
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decreases (i.e. the ionization and cationic surface charge density of NP increases).
Instead, increasing the NP suspension pH, the denominator in Equation X.2.10
decreases and thus the percent unionized increases (ionization and cationic surface
charge density of NP decreases). In the latter case, vanishing electrostatic repulsion
between NPs induces NP aggregation and increases their effective hydrodynamic
diameter at high pH values (cf. §X.4). There are also charged groups whose charge is
independent from the pH. For ammonium salts such as N,N,N-trimethylammonium-2-
ethyl methacrylate iodide there is full dissociation, leading to permanent positive

surface charges 8" %.

In Figure X.2.4 the dependence of the hydrodynamic diameter of different negatively
charged NPs on the pH of the solution is shown. For this the hydrodynamic diameter dy,
of NPs was measured with DLS during a titration with HCl (aq.). The NPs were
suspended in 1.5 mM NaOH (ag.), setting a total volume of 10 mL and concentrations
of cyp = 8.3 or 25 nM. The titrant was aqueous HCl with a concentration of 12 mM. HCI
was added using a Malvern MPT-2 autotitrator and the hydrodynamic diameter was
measured with a Malvern Zetasizer nano ZS DLS set-up.
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Figure X.1.4. Titration of Ag and Au NPs suspended in 1.5 mM NaOH (aqg.) with a
concentration of cyp = 8.6 nM (®) and cyp = 25 nM (), with a total volume of 10 mL. HCI
(ag.) with a concentration of 12 mM was chosen as titrant and was added using a
Malvern MPT-2 autotitrator within a pH range from 11 to 4. The hydrodynamic radius
dy is plotted against the pH to detect size-dependent changes and aggregation of the
NPs. ~4 nm core diameter Ag NPs (cf. §1.3) A) overcoated with PMA (cf. §VI.3), B) after
ligand exchange with MPA (cf. §V.2), C) after ligand exchange with MUA (cf. §V.2). ~4
nm core diameter Au NPs (cf. §1.2) D) overcoated with PMA (cf. §VI.3), E)) after ligand
exchange with MPA (cf. §V.2). F) after ligand exchange with MUA (cf. §V.2). ~5 nm
core diameter G) Cit-Au NPs (purchased from BBI) and H) after ligand exchange to
bis(p-sulfonatophenyl)-phenylphosphine (cf. §/11.2). ~10 nm core diameter 1) Cit-Au NPs
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(purchased from BBI) and J) after ligand exchange to bis(p-sulfonatophenyl)-
phenylphosphine (cf. §l11.2).

X.3 Laser Doppler anemometry

As pointed out in §X.1 and §X.2 the surface charge of colloidal NPs provides colloidal
stability due to electrostatic repulsion forces. Effective surface charge depends on
many variables such as solvent type and its pH. In case of NPs with known surface
chemistry and geometry, titration curves (cf. §X.4) can be used to estimate the number
of charged groups on the surface of a single NP. Alternatively, and most commonly

130, 3L 137 6of the NPs can be measured. The zeta-

used, the so-called zeta-potential
potential describes the electric potential of the NPs at the distance of the electrostatic
screening length (which depends on the ionic strength of the aqueous solution). While
in principle electric potential and electric charge are coupled via the Poisson-Boltzman
equation, the complicated geometry of NPs with inorganic core, organic shell, and
adsorbed counter ions, in general does not allow for deriving the surface charge from
the zeta-potential. However, the sign of the surface charge can be concluded from the
sign of the measured zeta-potential. In addition, the magnitude of the zeta-potential
provides a good indicator of the NPs' colloidal stability. Generally, zeta-potential
values|C| > 20 - 30 mV are required to maintain colloidal stability and prevent NP

aggregation.

One way to measure zeta-potentials is laser Doppler anemometry (LDA). An electric
field is applied and the velocity of charged NPs in this field is detected via the Doppler
effect. From this the electrophoretic mobility, defined as the quotient of the drift
velocity and the applied electric field, can be calculated. By using different models
from electrophoretic mobility the zeta-potential can be estimated *'. Often DLS and
LDA are combined in the same set-up, such as in the Zetasizer from Malvern. Note,
that for LDA special cuvettes are required, which comprise electrodes to apply the
electric field. Note also, that during measurements NP suspensions must cover these
electrodes, and thus before measurements it has to be made sure that electrodes are
functional, and if required the cuvette needs to be changed. In Figure X.3.1 the
distribution of the zeta-potential is shown for PMA-Au NPs. The zeta-potential is then
taken as the mean value from the distribution function.
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Figure X.3.1. Distribution N({) of the zeta-potential { as measured in water from a
sample of ~4 nm core diameter PMA-Au NPs with cyp= 10 nM. The obtained mean
value for the zeta potential is -48.07 + 1.16 mV.

In Figure X.3.2 results for zeta-potential measurements for Au and Ag NPs with
different surface coating at different pH values are shown. Due to the coupled system
of an auto-titrator and a Zetasizer, it was possible to use the same cuvette for dy, (DLS,
cf. §X.2) and zeta potential (LDA) measurements before adding more acid and pursue
the titration (i.e. lowering of the pH). Thus, the NP concentrations and volumes of
added acid are the same as shown in §X.2, as DLS and LDA measurements were
performed simultaneously. The data indicate, that according to Equation X.2.1 at low
pH values the negatively charged -COO™ groups get protonated, the zeta-potential thus
becomes less negative, and thus the colloidal stability of the NPs is decreased.
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Figure X.3.2. Titration of Ag and Au NPs suspended in 1.5 mM NaOH (aqg.) with a
concentration of cyp = 8.6 nM (®) and cyp = 25 nM (), with a total volume of 10 mL. HCI
(aq.) with a concentration of 12 mM was chosen as titrand and was added using a

Malvern MPT-2 autotitrator within a pH range from 11 to 4. The zeta-potential ¢ is

plotted against the pH. These measurements were done simultaneously to the DLS

measurements shown in Figure X.2.4. ~4 nm core diameter Ag NPs (cf. §1.3) A)
overcoated with PMA (cf. §VI1.3), B) after ligand exchange with MPA (cf. §V.2), C) after
ligand exchange with MUA (cf. §V.2). 4 nm core diameter Au NPs (cf. §1.2) D)
overcoated with PMA (cf. §VI.3), E) after ligand exchange with MPA (cf. §V.2), F) after
ligand exchange with MUA (cf. §V.2). 5 nm core diameter G) Cit-Au NPs (purchased
from BBI) and H) after ligand exchange to bis(p-sulfonatophenyl)-phenylphosphine (cf.
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§lll.2). ~10 nm core diameter I) Cit-Au NPs (purchased from BBI) and J) after ligand
exchange to bis(p-sulfonatophenyl)-phenylphosphine (cf. §l11.2).

X.4 pH titration

Acid-base titration is a well-established chemical method in which pH is measured as
function of the amount of added acid or base. The resulting plot is called titration
curve, which can be used to determine the pK, of the NPs and more importantly, the
surface density of acidic or basic ligands. Here, the principle is demonstrated for NPs
with -COOH groups present on their surface. In order to determine titration curves
over a large spectrum and to guarantee fully deprotonated carboxylic moieties, the
NPs were first diluted in NaOH (aq.) (pH=11). The basic NP suspension was then
titrated using HCI (aq.) (cf. Figure X.4.1). First, added H" (from HCI) can react with free
OH" (from NaOH) in suspension. This leads to the first plateau followed by the first
steep drop and equivalent point (ep; in Figure X.4.1). Upon consumption of all free OH"
ions, the carboxylates present on the NP surface become protonated, resulting in the
second plateau (buffer plateau). Further addition of HCl leads to the second steep drop
and equivalent point (ep, in Figure X.4.1). Further addition of HCI leads to the third
plateau at low pH. To determine the pK,the pH value of the halfway point of the
second plateau needs to be considered (~7 in this case). In this experiment, NPs were
suspended in aqueous NaOH solution (1.5 mM, Vnaon soi = 10 mL) to a concentration of
cne = 8.6 nM. HCl solution (2.5 mM) was added in 100 uL steps to the vigorously stirring
NP suspension using the Malvern MPT-2 autotitrator. The resulting volume of the
solution is Vsl = VNaoH_sol + Ve sol- After the addition of each volume of acid the
solution was given 5 s to equilibrate and then the pH was measured using a Sartorius
(PP 50) pH meter. The experiments were repeated after 24 h to confirm the data and
ensure reproducibility. The pK, value of the NPs was found to be around = 7 as per the
titration curve in Figure X.4.1. By adding more acid the charged groups became
saturated with protons, until the pH led to aggregation of the NPs at a pH of around 4-
5 due to the loss of surface charge. Examples of titration curves with determined pK,
values for various NPs with different surface chemistries are shown in Figure X.4.2.
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Figure X.4.1. lllustrative titration curve of carboxylate stabilized NPs suspended in
NaOH (aq.) with the original volume Vyaon_soi against HCI (aq.), of which the volume

Ve sol has been added. The figure is adopted and modified from Charron et al 60
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Figure X.4.2. pH titration of Ag and Au NPs with different surface chemistry originally
suspended in 1.5 mM NaOH (aq.) with a concentration of cyp = 8.6 nM and a total
volume of Vaon sot = 10 mL. HCl (aqg.) with a concentration of 2.5 mM was chosen as
titrand and was added in steps of AVuc so = 100 uL to the NP suspension under
vigorous stirring. After the first titration at t = 0 h (™) the experiments were repeated at
t =24 h (). The NP samples are the same as used in Figure X.2.4 and Figure X.3.2: ~4
nm core diameter Ag NPs (cf. §1.3) A) overcoated with PMA (cf. §VI.3), B) after ligand
exchange with MPA (cf. §V.2), C) after ligand exchange with MUA (cf. §V.2). ~4 nm
core diameter Au NPs (cf. §1.2) D) overcoated with PMA (cf. §VI.3), E) after ligand
exchange with MPA (cf. §V.2), F) after ligand exchange with MUA (cf. §V.2). ~5 nm
core diameter Au NPs G) citrate coated (purchased from BBI) and H) after ligand
exchange to bis(p-sulfonatophenyl)-phenylphosphine (cf. §l11.2). ~10 nm core diameter
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Au NPs |) citrate coated (purchased from BBI) and J) after ligand exchange to bis(p-
sulfonatophenyl)-phenylphosphine (cf. §111.2).

If the concentration of NPs (cnp) is known, the number of carboxyl groups on the
surface of a single NP can be estimated as described by Charron et a/ ® For example,
from Figure X.4.2, the volume of HCl (AVy¢ so)) used to protonate R—-COO™ on the
surface of the NPs can be determined as the length of the buffer plateau.

AVici_sol = VHcl_soll€P2) = VhHel_soll€p1) (Equation X.4.1)
Since the concentration of HCl (cuc) and the volume of initial NP suspension (Vnp sol =
VNaoH_sol) @re known, the concentration of all carboxylate ions on NPs (crcoo-) can be
calculated as follows:

CrR-c00~ X VNP sol = Chcl X AVicl sol (Equation X.4.2)

The number of acid groups per NP (Ngr-coo-/ne) thus should be:

NRr-coo-/np = CR_CEZO_ (Equation X.4.3)

In case of PMA-coated NPs, Nrcoone Can be compared with Npne as described in
§VIII.6. Each polymer monomer unit in fully deprotonated state bears one or two
negative charges, in case the PMA backbone is linked to a side chain or hydrolyses,
respectively ¥

NR-coo-/Np = (2 - Rehain/mon) X Np/np (Equation X.4.4)

While in Figure X.4.2D the second equivalence point is not in the measured pH range,
roughly AVyci soi ® 2 mL. With ¢y = 2.5 mM, cnp = 8.6 NM, Ve soi = VNaor_sol = 10 mL (cf.
Figure X.4.2) this leads to Ng.coo-/ne = ((CHAXAVhcr_sol)/Vip sol)/Cnp = ((2.5x10° M x 2
mL)/10 mL)/ 8.6x10° M =~ 58,000. In §VIII.6 TGA analysis of similar PMA-Au NPs (ca. 4
nm core diameter) yielded Np/np = 270. Thus, with Rehain/mon = 0.75 this leads to Ng.coo-
/NP = (2 - Rechain/mon) X Np/np = (2 - 0.75) x 270 = 338. The discrepancy in values can be
explained by the different degree of purification. While the PMA-Au NPs in case of TGA
analysis had been purified by ultracentrifugation (Ng.coone = 338), the PMA-Au NPs in
case of titration analysis (Nr-coo-/ne = 58,000) had been purified by gel electrophoresis
only, which may result in some remaining polymer micelles, which contribute to the
amount of COO™ groups. These number examples point out again the necessity of
applying different characterization techniques.
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Conclusions

Synthetic protocols in this contribution described the preparation of hydrophobic NPs
of different types (Au, Ag, FePt, Fe304 Sn, CdSe, and CdSe/ZnS). Moreover,
preparation of hydrophilic Au and Ag NPs of various shapes (spheres, rods, stars) and
sizes (5-100 nm) are detailed. The prepared NPs showed good monodispersity as
evident from corresponding TEM analysis. Surface functionalization strategies
including ligand exchange and polymer overcoating were employed on selected NPs to
control their hydrophobicity, hydrophilicity, and colloidal stability. For example, ligand
exchange on citrated-capped Au NPs with alkylamine induced phase transfer from
water to chloroform. On the other hand, ligand exchange on alkanethiol-capped gold
NPs with 3-mercaptopropionic acid molecules facilitated the phase transfer of these
NPs into aqueous phase from chloroform. Similarly, carefully designed amphiphilic
polymer was capable to overcoat alkanethiol-capped Au NPs and render their surface
hydrophilic allowing facile transfer into aqueous phase from chloroform.

Purification of one type of NPs (namely PMA-g-dodecyl-capped Au NPs = 4 nm
diameter, cf. §l.2, §VI.3) was evaluated using various methods: syringe filtration,
ultracentrifugation, size exclusion chromatography, and gel electrophoresis. These
results showed different purity levels for different purification methods (for example
ultracentrifugation resulted in less free polymer micelles as compared to gel
electrophoresis), highlighting the importance of optimizing the purification process for
a specific synthesis.

Various characterization techniques confirmed the ability to probe the structural,
photophysical, and colloidal properties of NPs. For example, visualization of PEG-
capped Au NPs with TEM coupled to negative staining confirmed the NPs' core
dimension and, more importantly, a well-defined polymeric shell surrounding each NP.
Thermogravimetric analysis of dodecanethiol-capped Au NPs confirmed the presence
of the organic shell on NPs and allowed for quantifying its weight percentage per NP.
FTIR and NMR analysis confirmed overcoating of dodecanethiol-capped Au NPs with
PMA polymer, highlighting the importance of these analytical techniques to follow
surface functionalization of NPs. UV/vis absorption was employed successfully to
qguantify the concentration of Au NPs, to follow their salt- or pH-induced aggregation
by monitoring the plasmon peak shift and broadening, and to quantify the loaded dye
per single NP. Finally, effective surface charge analysis as measured by laser Doppler
anemometry upon acid-base titration allowed for the determination of the
acidity/basicity, pK,, and the number of acidic or basic groups on a single PMA-g-
dodecyl-capped Au NP.
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On purpose discrepancies in quantitative results as obtained with different
characterization techniques are presented. In fact, different characterization
techniques analyzed different parameters, and to relate them idealized models, like
the sketches in Figure VI.1.1 have to be used. Also the degree of purity plays a major
role in quantitative analysis.

To the end there is no "optimum" characterization technique. In this contribution an
overview was presented about the characterization techniques routinely used in one
selected laboratory, and what quantitative information can be obtained from them.
Collectively, the described details in this contribution should shed the light on
important corners in the field of inorganic NP synthesis, characterization and surface
functionalization.
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Appendix: Used symbols

d.: diameter of inorganic core

re = do/2 : radius of inorganic core

dcy, deo, ...: diameter NP after growth of different inorganic shells
ligana: thickness of the organic ligand shell

desr: effective NP diameter (dc + 2-ljigang)

dyn: hydrodynamic diameter of NP in solvent

L.: length if inorganic core in case of rod-shaped NPs

Less : effective NP length (Lc + 2 liigana)

A.: surface of one single NP core

A effective surface area of one single NP

Acotal_eff : total effective surface area of all the NPs in a solution
V.: volume of one NP core

V.12: volume of the inorganic core (1) and shell (2) of one single NP
V: volume of inorganic shell i = V. ;.1 - V.1 of one single
mpp: mass of one single NP

m.: mass of one single NP core

Mnp,org: Mass of the organic coating of one single NP

M.: molar mass of NP cores

M,, My(x): molar mass of an element (or material) x

px: bulk densities of a material x

Np/ne = number of polymer monomer units per NP

Ny/np: number of atoms x per NP

Naye/np: NUumMber of dye molecules per NP

cnp: molar concentration of NPs

cp : molar polymer monomer concentration

cx: molar concentration of molecule or element x

Caye: Molar concentration of dye

Vnp_soi: VOlume of NP suspension

Vp soi: VOlume of polymer solution

Vi sol: Volume of solution of compound x

Vnp_pel: Volume of NP pellet

Vp_pel: Volume of polymer pellet

Vx_pel: Volume of pellet of compound x

Mnp_pel: Mass of NP pellet

Nnp = number of NPs

nne = amount of NPs

np = amount of polymer monomer units
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Rchain/mon = percentage of monomer units that are modified with a hydrophobic side
chain

Reross/mon= percentage of monomer units that are modified with a crosslinker molecule
Rfunc/mon = percentage of monomer units that are modified with a functional molecules
(such as an organic fluorophore)

Na = Avogadro’s number

RT: room temperature

T: temperature
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