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Abstract: A protocol for encapsulation of metal nanoparticles with organic shells of porphyrin molecules via silane
coupling is described. A strategy with silicon tetrachloride was used to produce a skewered arrangement of porphyrins
that are linked through a central silicon atom by siloxane, Si-O-Si bridges. The planar macrocycles align cofacially
to surround the periphery of metal nanoparticles (e.g., gold and iron oxide). Skewered ‘shish kebob’ assemblies of
porphyrins form an encapsulating shell by attachment to metal cores with silicon-oxygen-metal bridges. Free-base
porphyrins were skewered through siloxane coupling using SiCl,, with the silicon atom inserted into the center of
the macrocycles. The Si atom binds to the four nitrogens at the center of the macrocycles and also links to adjacent
macrocycles through siloxane bridges. Iron and gold nanoparticles were used as core materials, while the organic shells
were prepared with tetraphenylporphyrin or octaethylporphyrin. The thickness of the shells can be tuned by synthetic
parameters such as concentration and immersion intervals. Structural changes were tracked using ultraviolet—visible
spectroscopy (UV/Vis) spectroscopy to evaluate spectral shifts. Nanoparticle samples were examined with tapping-mode
atomic force microscopy to directly view changes in the size and shapes of nanoparticles before and after encapsulation
with porphyrins. Phase images enabled sensitive mapping of the nanoparticle composition, revealing a soft organic shell
surrounding the hard metal core. The synthetic approach with skewering porphyrins to metal nanoparticles should be
generic for preparing metal core-shell nanoparticles encapsulated with shells of macrocyclic porphyrinoid molecules.
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1. Introduction

Multifunctional nanoparticles composed of hybrid materials such as organic coatings with an inorganic/metal core
have been investigated because of the unique properties that can be tailored for specific applications. Diverse organic,
polymeric, or biological moieties can be incorporated for the composition of organic coatings of nanoparticles to impart
multiple functionalities, such as fluorescent, biomimetic, or therapeutic functions [1-3]. Practical applications with
multifunctional nanoparticles have emerged for use in biomedical imaging [4-6], sensors [7, 8], drug delivery [9, 10],
photodynamic therapy [11, 12], and catalysis [13]. The size and composition of metal nanoparticles can be precisely
controlled to provide desirable properties such as conductivity, plasmon resonance, photon scattering, as well as
magnetic or superparamagnetic properties. Gold nanoparticles have been used by artists centuries ago for their unique
optical properties and fluorescence quenching capabilities [14]. Iron nanoparticles have useful magnetic properties, and
surface modification can result in superparamagnetic iron oxide nanoparticles (SPION) which are used for magnetic
imaging [15-17]. Functional groups can be added to metal nanoparticles by encapsulating the surface with selected
molecules such as alkanethiols [18, 19], phosphines [20], fullerenes [21], cyclodextrins [22], dendrimers [23-25], and
nucleic acids [26]. In this report, the interesting optical and electrical properties of porphyrins will be used to impart
useful properties to encapsulated metal cores of gold or iron nanoparticles.

Several innovative strategies for preparing nanoparticles with porphyrins and phthalocyanines have been reported.
Porphyrins are heterocyclic compounds that have four pyrrole rings and a five-membered structure linked by methine
groups. Porphyrins can spontaneously self-assemble to form aggregate nanoparticles because of the m-conjugated
system [27-40]. Aggregate assemblies formed with porphyrins are directed by n-m interactions, hydrogen bonding,
noncovalent ionic bonds, metal-ligand bonds, van der Waals, and other specific intermolecular interactions [41-45]. The
rigid aromatic architecture, thermal, and optical stability of porphyrinoids are promising for emerging developments
in molecular electronics [46-48]. There are current applications with porphyrinoids for light harvesting [49, 50],
catalysis [51-53], photonics [54, 55], sensors [56, 57], and photodynamic therapy [58]. Incorporating porphyrins
into nanoparticles or surface assemblies can impart interesting optical, electronic, and multiple functionalities to
nanoparticles [59-61].

Among the synthetic strategies that have been reported for preparing porphyrin nanoparticles, one approach is the
‘core-shell’ method of synthesizing nanoparticles of porphyrins. Core-shell nanoparticles are fabricated with an inner
“core” nanoparticle and an outer “shell” such as with an organic film. The thickness and composition of the shell can
be designed to introduce certain functionalities, such as photonic, electronic, adhesive, or biocompatibility [62, 63].
The size and composition of the core nanoparticle will likewise influence properties, such as electron transport and
magnetic susceptibility. In the basic core-shell framework, materials such as metals, nanoparticles, silica, polymers,
and porphyrinoids can be used as either the core or shell. Nanoparticles composed of a porphyrins as the “core” were
surrounded by a shell of silica were prepared by Wang et al. [61]. The nanoparticles were synthesized with a sol-gel
process and surfactant assisted self-assembly with zinc tetraphenylporphyrin (ZnTPP) and silicate precursors.

In recent reports, complex core-shell systems have been investigated by ab initio calculations. Improvements in
computational resources have increased the simulation speed, accuracy, and accessibility and have become an essential
research tool for understanding chemistry at the atomic/molecular level. Core-shell systems of inorganic nanomaterials
have been studied with theoretical modeling to evaluate structural, dynamic and electronic properties. For example,
self-induced InA1N core-shell nanorods synthesized by reactive magnetron sputter epitaxy (MSE) were studied using
density functional theory (DFT) [64]. The thermal stability, elastic, and fracture resistant properties of 2D InBi (Indium
Bismide) were studied with ab initio molecular dynamics (AIMD) simulations [65]. Information of nucleation and
intercalation mechanisms that occur at the atomic scale were obtained through studies with density-functional molecular
dynamics simulations of the reaction pathways responsible for the dissociation of the trimethylindium precursors with
graphene [66].

We have developed a protocol to encapsulate metal nanoparticles with a porphyrin shell with an approach that is
based on silicon coupling. In previous reports, nanostructures of silicon complexes of porphyrins and phthalocyanines
were successfully prepared to form covalently bound structures on surfaces of silicon, glass, and indium tin oxide [67-
69]. The orientation of porphyrins on surfaces is determined by factors such as the nature of the peripheral substituents
and their position on the macrocycle. The strategy of preparing a coplanar, skewered arrangement of OEP multilayers
that are mediated by covalent Si-O bonds has been previously described [70]. Herein, we present results for linking
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porphyrins with Si-O-Si bridges to metal nanoparticles. A silane coupling mechanism was applied to prepare core-
shell nanoparticles encapsulated with porphyrins for metal cores of gold and iron. The free-base porphyrins selected
were 2,3,7,8,12,13,17,18-octaethylporphyrin, and 5,10,15,20-tetraphenyl-21H,23H-porphine. Parameters such as
the concentration, solvent nature and immersion intervals were systematically evaluated for preparing samples of
nanoparticles. Samples were characterized with tapping-mode atomic force microscopy (AFM) and with ultraviolet—
visible spectroscopy (UV/Vis) spectroscopy.

2. Materials and methods
2.1 Materials and reagents

Silicon tetrachloride and 2,3,7,8,12,13,17,18-octacthylporphyrin were obtained from TCI America (Portland,
OR); and 5,10,15,20-tetraphenyl-21H,23H-porphine was obtained from Sigma-Aldrich (St. Louis, MO). Either freshly
cleaved ruby muscovite mica (S&J and Trading Co., NY) or glass coverslips, 12 mm diameter (VWR, Radnor, PA)
were used as substrates. Piranha solution was prepared with sulfuric acid (98.0%) (J. T. Baker, Fisher Scientific) and
a solution of 30% hydrogen peroxide (VWR) for cleaning the glass substrates. Glass substrates were then rinsed with
ethanol, dried in air, and irradiated with ozone (50 min). Absolute ethanol was obtained from Deacon Labs (Prussia,
PA). Milli-Q type 1 water, (18 megohm, Millipore, Bedford, MA) was used for rinsing steps. Chloroform (HPLC grade)
was acquired from Fisher Scientific (Lenexa, KS), and toluene from EMD Millipore Corporation (Billerica, MA). Gold
(ITT) chloride trihydrate and trisodium citrate were both obtained from Sigma-Aldrich (St. Louis, MO).

2.2 Synthesis of metal nanoparticles

Superparamagnetic Fe,O; nanoparticles were synthesized as previously reported [71, 72]. Maghemite (g-Fe,O5)
nanoparticles were synthesized as a surfactant-free non-aqueous (diethylene glycol) colloid. Synthesis was
accomplished by high-temperature hydrolysis of chelated iron(ILIII) alkoxide complexes, followed by oxygenation at
room temperature. Gold nanoparticles were prepared using the citrate-reduction protocol as published previously [73]. A
solution (125 mL) of 0.25 mM gold (III) chloride trihydrate was boiled under reflux at 300 °C in a round bottom flask.
An aliquot of 6.25 mL of 40 mM trisodium citrate was then added to the heated gold solution under reflux. Within 10
min, the solution transformed from clear to a rose-pink color. The solution was removed from heat and stirred at room
temperature for 30 min.

2.3 Encapsulation of iron oxide nanoparticles with silane-coupled tetraphenylporphyrins (Si-TPP)

A solution of 0.5 mM TPP (5 mL) was mixed with 5 pL silicon tetrachloride and stirred at room temperature for 8
min. After stirring, 1 mL of a diluted solution of Fe,O, nanoparticles was added. The solution was then stirred for 24 h.

2.4 Encapsulation of gold nanoparticles with silane-coupled octaethylporphyrin (Si-OEP)

A solution of 0.5 mM OEP (5 mL) was mixed with 5 pL of silicon tetrachloride in chloroform. The mixture was
stirred for 5 min, followed by the addition of 1 mL of the gold nanoparticle solution. Stirring was continued for 24 h.

254AFM

A model 5420 atomic force microscope from Agilent Technologies (Santa Clara, CA) was used to characterize
samples. Silicon probes with an aluminum reflex coating were used to acquire images in tapping mode; either model
Tap300AI1-G probes with a resonance frequency of 300 kHz and a force constant of 40 N/m (BudgetSensors, Bulgaria)
or SCOUT 350 RAL tips with a resonance frequency of 350 kHz and a spring constant of 42 N/m (NuNano, Bristol, UK)
were used for AFM studies. Gwyddion software (Version 2.52) was used for analysis and digital processing of AFM
images [74].
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2.6 UV/Vis spectroscopy

A Cary 50 Bio UV/Vis spectrophotometer was used for acquiring absorbance spectra of solutions of nanoparticles
and porphyrins for solutions within quartz cuvettes.

3. Results

3.1 Encapsulation of metal nanoparticles with siloxane-linked porphyrins

The protocol for preparing metal nanoparticles encapsulated with porphyrins using silane coupling is depicted in
Figure 1. When silicon tetrachloride is added to a solution of porphyrins, a silicon atom is inserted into the center of
the porphyrin macrocycles. The four nitrogen atoms of the conjugated porphyrin macrocycle bind tightly to the central
silicon atom with two chlorides connected at opposite faces of the macrocycles that facilitate hydrolysis self-assembly
reactions for binding assemblies to the nanoparticle as well as to form covalent Si-O bonds to adjacent molecules.

Figure 1. Skewered arrangement of porphyrins linked covalently to metal nanoparticles by silane coupling and self-assembly

To prepare porphyrin-encapsulated core-shell nanoparticles, a precursor solution was prepared by mixing the free-
base porphyrin and SiCl,. An aliquot of metal nanoparticles was added to the mixture to attach porphyrins through
siloxane self-assembly. A “shish kebob” arrangement of cofacially aligned porphyrins is formed with siloxane, Si-
O-Si bridges between macrocycles. Porphyrins bind to adjacent molecules aligned in a cofacial arrangement linked
through the centers of the macrocycles. Each of the central silicon groups coordinated within the porphyrin macrocycles
becomes hydrolyzed for linking either to adjacent molecules or to metal nanoparticles. The hydroxyl groups bind
through self-assembly steps of hydrolysis and condensation to generate core-shell metal nanoparticles that are
encapsulated with porphyrins in a skewered configuration. The molecules form an organic shell surrounding the metal
nanoparticles, in which the macrocycles are oriented in a stacked, coplanar fashion, following the curved geometry of
the central core nanoparticle.

Previous studies have reported that the planar macrocycles are oriented in a cofacial arrangement to form multilayer
films on flat substrates [70, 75]. The assembly process to generate porphyrin multilayers was monitored with UV/Vis
spectroscopy and the bond length between the stacked aromatic ring was investigated with X-ray diffraction studies, as
reported by Lee et al. [75]. Using tetraphenylporphyrinatosilicon(IV) chloride as a building block, the molecules were
shown to assemble in a layer-by-layer process to generate a cofacial arrangement within the multilayer films for samples
that were prepared with ITO or glass substrates.
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3.2 Tapping-mode AFM characterization of uncoated iron oxide (Fe;0,) nanoparticles

Dilute solutions of magnetite nanoparticle were deposited on glass and mica substrates to obtain AFM images
of the uncoated nanoparticles. The surface coverage was tuned by successive dilutions (1,000-100,000-fold) to
obtain sparse surface coverage so that the 3D shapes of the nanoparticles could be resolved. An aliquot of 20 uL of a
nanoparticle solution was dried on freshly cleaved mica and dried in ambient air for the images presented in Figure
2. Mica substrates are commonly used for AFM sample preparation because it is atomically flat with a net negative
charge for electrostatic attachment of nanomaterials. The hydrophilic nature of mica has advantages for minimizing
aggregation of nanoparticles. Topography and phase images reveal a random arrangement of relatively monodisperse
nanoparticles with a spherical shape. An example height profile discloses a height of approximately 7 nm (Figure 2C)
for three nanoparticles, referencing uncovered areas of the substrate as a baseline. Analysis of several images indicates
that overall, the Fe,O, nanoparticles range in size from 0.4 to 15 nm, with an average diameter measurement of 4.2 + 0.3
nm (n = 98).
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Figure 2. Iron oxide nanoparticles prepared on freshly cleaved mica substrates. A - topography image (3 x 3 um®); B - corresponding phase image;
C - cursor profile for the white line drawn in A. Images were acquired with tapping-mode AFM

A strategy for sample preparation by immersion was tested with glass slides that were rendered hydrophilic
by acid cleaning and ozone treatment, shown in Figure 3. Cleaned glass substrates were immersed in a solution of
Fe,0, nanoparticles for 24 min and then dried in air. Well-dispersed, spherical iron oxide nanoparticles are visible in
the topography frame (Figure 3A). The differences in contrast for the hard metal cores and softer organic shells are
sensitively-distinguished in the simultaneously acquired phase image of Figure 3B. In phase frames, the dark dots
pinpoint the central metal core of the nanoparticles. Each nanoparticle is surrounded with a bright halo which indicates
the soft organic shell of a physisorbed surfactant film. A representative height profile drawn across two nanoparticles
indicates a height of ~5 nm (Figure 3C).

I I
1.0 2.0 3.0
Distance (pum)

Figure 3. Iron oxide nanoparticles prepared on glass by an immersion protocol. A - topography image (8 x 8 um’); B - corresponding phase image;
C - cursor profile for the white line in A
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The nanoparticles resolved within the topography frames are well-dispersed with relatively uniform spherical
geometries. The halos were not detected for the sample prepared with mica substrates because it can be difficult to find
the optimum driving frequency for sensitive detection of the surfactant coating when using tapping mode. Interestingly,
the contrast differences for the core-shell chemistry were readily detected when samples were prepared on glass
substrates, as revealed in Figure 3. This observation suggests that the hard surface of glass has influenced the hard/soft
interactions of the tapping AFM probe for detecting changes in phase response.

3.3 Characterization of Si-TPP encapsulated iron oxide nanoparticles

Core-shell nanoparticles were synthesized by adding solutions of metal nanoparticles to a mixture of porphyrin
and SiCl,, as previously described in Sections 2.3 and 2.4. Parameters of concentration and duration of stirring can be
designed to tune the thickness of the organic shell. Core-shell nanoparticles prepared with Fe,O, nanoparticles (magnetite)
were prepared with TPP on a glass substrate, shown in Figure 4. A random arrangement of ~20 nanoparticles
encapsulated with Si-TPP are observed in the topography frame of Figure 4A. The bright halo surrounding each of the
nanoparticles in the corresponding phase image pinpoints the differences in elastic response between the core of the
Fe,0, nanoparticles and the surrounding soft porphyrin coating (Figure 4B). The bright halo observed in Figure 4B
could possibly be attributable to edge effects from AFM imaging, or to residual surfactants not fully displaced by the
siloxane-linked porphyrins. However, there is clear evidence that multilayers of porphyrins have been attached to the
iron oxide nanoparticles revealed by UV/Vis studies, which demonstrate spectral shifts before and after reaction with
SiCl,. The height of the Si-TPP nanoparticles measured ~ 7 nm (Figure 4C). Further analysis of the sizes for core-
shell Fe;O, nanoparticles with Si-TPP from this experiment revealed an average diameter of 6.3 + 1.4 nm (n = 21),
confirming that adding an organic shell of TPP increased the overall size of the nanoparticles.
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Figure 4. Iron oxide nanoparticles encag)sulated with Si-TPP. The sample was prepared on a glass slide by drop deposition. A - topographic image (1
x 1 um’); B - concurrently acquired phase image; C - height profile for the line in A
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The parameters of concentration and varying the duration of substrate immersion were evaluated for tailoring the
thickness of the encapsulating porphyrin shell. Glass substrates were immersed in core-shell nanoparticles for samples
prepared with selected parameters of immersion time and concentrations. After the substrate was immersed for 7 min
the sample exhibits nearly spherical nanoparticles without surface aggregation for the topography frames of Figures SA
and 5D. The phase images do not clearly distinguish between the outer coating and central metal core (Figures 5B and
SE). Cursor profiles across several nanoparticles reveal heights which measure 4-7 nm. Based on the size analysis of the
uncoated particles, the size is 2.4 + 0.9 nm, after coating with the porphyrin, the size increased to 4.0 + 1.2 nm (Figure
5), indicating an increase in the thickness of the organic shell. Evidence of coordination of silicon tetrachloride to the
center of the free base porphyrin and encapsulation is apparent with spectral shifts detected by UV/Vis spectroscopy
(Figure 6). Visible color changes were observed during the reaction of Fe,O, nanoparticles with silicon tetrachloride-
tetraphenylporphyrin. The pink color of the TPP in toluene changed to green after the addition of SiCl,. The spectral
shift from 420 to 450 nm reflects changes when the macrocycle expanded to make room to accommodate a silicon atom
at the center of the ring. After adding the Fe,O, nanoparticles, the color of the solution turned deep green, and there are
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two bands that are observed: a prominent intense band at 420 nm and a weaker band from 450 nm. Typically, porphyrins
have a characteristic Soret band (strong transition to the second excited state) at shorter wavelengths around 400 nm
and Q bands (weak transitions/absorptions) at longer wavelengths from 500 to 700 nm. However, with variations in
appended substituents or the insertion of elements within the macrocycle, the absorption spectrum changes accordingly.
The UV/Vis spectra show the Soret band of TPP at ~415 nm, and there are four broad Q bands. After coordination with
SiCl,, a broad Soret band and two characteristic Q bands were observed, which can be attributed to the insertion of Si
into the center of the free base porphyrin. After encapsulating Fe;O, nanoparticles with Si-TPP, an intense Soret band
with four characteristic Q bands becomes apparent.
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Figure 5. Iron oxide nanoparticles encapsulated with Si-TPP. A - topogra?hy frame (8 x 8 pm”); B - corresponding phase image; C - height profile for
the line in A; D - higher magnification topograph (4 x 4 pm’); E - matching phase frame; F - height profile for the line in D
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Figure 6. Characterization of nanoparticle samples with UV/Vis spectroscopy. The inset photograph shows the change in color from pink to green
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3.4 AFM Characterization of Si-OEP encapsulated Fe;0, nanoparticles

The applicability of the synthetic approach for skewering porphyrin assemblies to Fe;O, nanoparticles was tested
with OEP. Glass substrates were immersed in the nanoparticle solutions for 8 min, dried, and then imaged in ambient air
with AFM. The topography frames (Figure 7) reveal nanoparticles with regular spherical shapes dispersed throughout
the framed areas. Interestingly, the phase images disclose contrast differences for sample softness, with dark spots
indicating the encapsulated metal cores in the center of each nanoparticle. The heights of the nanoparticles measured 2-4
nm, shown with example cursor profiles (Figures 7C and 7F).

3.5 Encapsulation of gold nanoparticles with Si-OEP
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Figure 7. Core-shell Fe,0, nanoparticles prepared with Si-OEP prepared on a glass slide by immersion. A - topographic image (10 x 10 pm’);
B - simultaneously acquired phase frame; C - height profile for the line in A; D - higher magnification topograph
(5 x 5 um®); E - phase image for C; F - height profile for the line in D

The strategy for skewering porphyring assemblies to nanoparticles was tested with a different metal material
by using gold cores. Encapsulation of gold nanoparticles with OEP was accomplished as presented in Figure 8. A
solution of uncoated gold nanoparticles was dried on glass substrates and compared to samples prepared with Si-OEP
encapsulated core-shell nanoparticles. A close-up view of the uncoated gold nanoparticles are shown with topography
and phase images in Figures 8A and 8B, respectively. The height measured ~2 nm, shown with an example cursor
profile in Figure 8C. After encapsulation of the gold nanoparticles with a Si-OEP shell, surface views exhibit randomly
dispersed nanoparticles (Figure 8D and 8E). The heights are slightly larger, an example cursor profile is displayed in
Figure 8F for three nanoparticles measuring 2.8, 2.3, and 2.6 nm. A bright halo is observed to surround the dark central
gold core of each nanoparticle, indicating that a soft organic film encapsulates each Au nanoparticle.

Encapsulation was successful as evidenced by height measurements and phase images. The height of the gold
nanoparticles increased after coating with Si-OEP, indicating a change of nanoparticle size due to the addition of a
coating of porphyrin. The analysis of height profiles for multiple samples and images, an average height of 2.4 + 0.3
nm (n = 50) was measured for bare Au nanoparticles, and the diameter increased for the Si-OEP encapsulated Au
nanoparticles which measured 7.7 £ 0.2 nm (n = 50). In the phase images, the bright halo indicates the presence of a soft
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porphyrin shell around a nanoparticle. This shows that a multilayer coating has formed which has sufficient thickness to
be detectable with a tapping AFM probe, and confirms that the increase in nanoparticle size is due to the attachment of
Si-OEP.

Height (nm)
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Figure 8. Encapsulation of gold nanoparticles with OEP. A - topography; B - phase images of uncoated gold nanoparticles. C - height profile for
the line drawn in A; D - topography; E - phase images of encapsulated gold nanoparticles; F - height profile of the line drawn in D. Samples were
prepared on glass substrates, 2 x 2 um*> AFM views

Visible color changes were observed for each reaction mixture during the preparation of Au nanoparticles
encapsulated with Si-OEP, which is attributable to chemical changes for each step. Photos of the colorful solutions at
each step are shown in Figures 9A-E. A change in color is visible between subsequent solutions, from pink to magenta
as SiCl, is added to the OEP solution and to dark violet as the pale pink nanoparticle solution is added. Absorbance
spectra of each solution were also obtained, with the solutions diluted as necessary to optimize absorbance values (Figure
8F). The characteristic Soret band at 400 nm and Q bands in the 500-600 nm region are observed for the solutions
containing OEP.
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Figure 9. Characterization of OEP encapsulated gold nanoparticles by UV/Vis spectroscopy. (Left) Photographs depicting solutions: A - OEP
in chloroform; B - the OEP-chloroform solution after addition of SiCly; C - solution of gold nanoparticles; D - solution of gold nanoparticles
encapsulated with OEP; E - diluted solution of OEP-Au nanoparticles. (Right) Absorbance spectra of each solution

A peak shift for the Soret and Q bands was observed after addition of SiCl, to the reaction vessel, where the blue
spectral line representing Si-OEP is red-shifted compared to the purple line of OEP in chloroform (Figure 9). The
color changes in each solution are attributable to the effects of changes in the macrocycle geometry of OEP when Si is
inserted within the macrocycles and also when the molecules attach to gold nanoparticles. Analysis of the green spectral
line shows a broad peak for the Au nanoparticles in the range of 520 and 580 nm, consistent with previously published
spectra of gold nanoparticle solutions. After the addition of gold nanoparticles to the solution of Si-OEP, the peak
associated with gold nanoparticles is no longer present at around 540 nm, and the absorbance spectrum appears similar
to a solution of Si-OEP, as shown by the red spectral line. The absorption peaks of the iron and gold nanoparticles do
not significantly contribute to the spectrum of the final encapsulated nanoparticle.

With UV/Vis absorption, changes to the shape of the free-base porphyrins can be tracked. Evidence that Si was
successfully coordinated to the macrocycles of OEP can be readily detected by observing shifts in the Soret and Q bands
using UV/Vis spectroscopy. Structural changes of the central atom or pendant substituents on the ring will also affect the
transition energies profiled in absorbance spectra. The absorption bands in systems of chromophoric porphyrins arise
from electronic transitions between the two HOMOs and LUMOs of the aromatic rings of the macrocycle, indicating pi-
pi transitions [76]. When SiCl, is added to a solution of OEP, there is a characteristic red shift for the broad Soret band
centered around 400 nm, which can be attributed to changes in molecular geometry when a Si atom is incorporated
within the macrocycle. Differences in spectra for the Q bands were also detected, exhibiting a characteristic red shift
(purple vs. red spectral lines in Figure 9).

4. Discussion

Comparing the sizes of the nanoparticles before and after encapsulation gives us an indication of the thickness
of the organic shells. Measurements of height obtained from AFM images were used to estimate the diameter of
nanoparticles, and are summarized in Table 1. The extent of polydispersity at the nanoscale is indicated by the error
terms (standard error values). For the Si-TPP nanoparticles prepared with Fe;O, cores (Figures 4 and 5), the diameter
increased by 4.5 and 1.6 nm, respectively, with the addition of an organic shell. For the Si-OEP nanoparticles prepared
with Fe,O, and Au cores (Figures 7 and 8D), the diameter increased by 1.0 and 5.3 nm, respectively. The height of a
porphyrin molecule aligned in a coplanar orientation measures 0.4 nm; thus, the thickness of the coatings corresponds
to approximately 11 molecules (Figure 4), 4 molecules (Figure 5), 2 molecules (Figure 7), and 16 molecules (Figure
8B). The measurements are based on the cofacial orientation of the macrocycles that were assembled in a skewered
arrangement linked with Si-O-Si bridges. The change in diameter between the uncoated and coated nanoparticles is
evidence that the porphyrin molecules were successfully attached to the metal nanoparticles. The differences in the
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number of attached porphyrin molecules can be attributed to changes in the time intervals for the synthesis, since longer
intervals produced thicker coatings. The core-shell nanoparticles in Figures 4 and 8D were mixed for at least 12 h after
adding solutions of the metal nanoparticles. For the nanoparticles shown in Figures 5 and 7, the reaction took place for
~2-3 h. Further time-dependent studies will be designed to determine if porphyrin molecules spontaneously skewer
upon reaction with silicon tetrachloride or if this takes place by assembly from the surface of the nanoparticles. A further
critical factor for synthesis is the stoichiometry of SiCl, and porphyrin for controlling the shell thickness.

Table 1. Principles of sustainable and livable sidewalks [19]

Sample description Size range (nm) Diameter (nm)
Uncoated Fe,0, nanoparticles (Figure 3) 0.5-53 2.4+0.9 nm (n=83)
TPP + Fe;O, nanoparticles (Figure 4) 55-94 6.9+09nm (n=17)
TPP + Fe,O, nanoparticles (Figure 5) 3.0-6.7 40+1.2nm(n=9)
OEP + Fe;0, nanoparticles (Figure 7) 2.1-3.8 33+ 1.0nm (n=10)
Uncoated Au nanoparticles (Figure 8A) 14-44 2.4+0.3 (n=50)
OEP + Au nanoparticles (Figure 8D) 3.8-9.8 7.7+0.2 nm (n = 50)

A further direction for investigations with porphyrin core-shell nanoparticles will be to directly evaluate the long
term stability of the nanoparticles. After intervals of several months, the suspensions will be characterized with UV/
Vis and AFM studies to evaluate if the coatings persist, or if samples tend to aggregate over time. Since porphyrins are
robust structures that do not degrade with heat or oxidation, the stability of nanoparticle solutions can be verified.

5. Conclusion

Silane coupling of porphyrins with silicon tetrachloride can be used to prepare metal core-shell nanoparticles with a
covalently attached organic shell. Porphyrins were attached to Au and Fe,O, nanoparticles using silane coupling to adapt
a skewered configuration. Using simple mixing steps, silicon molecules were coordinated to the center of free-base
porphyrins (TPP and OEP), which also connect to other macrocycles via Si-O-Si bridges. The assemblies were anchored
to the surface of metal nanoparticles by covalent Si-O-metal bonds so that the planar porphyrin molecules were oriented
cofacially in a skewered arrangement. Visual color changes and spectra from UV/Vis measurements confirm that
encapsulated nanoparticles were synthesized. Tapping-mode phase images of core-shell nanoparticles sensitively reveal
differences in contrast between the hard inner metal core and surrounding organic shells of porphyrin-encapsulated
nanoparticles. Experiments using TPP and OEP with Au and Fe,O, nanoparticles demonstrate that this technique can
be generic for the synthesis of other core-shell nanoparticles with a metal core and an organic porphyrin shell. Future
directions are to test if silane coupling can be used with free-base phthalocyanines, and the effects of porphyrin ligands
on the conductive or optical properties of core-shell nanoparticles will be investigated.
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