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Abstract: Gold nanoparticles show important electronic and optical properties, owing to their size,
shape, and electronic structures. Indeed, gold nanoparticles containing no more than 30–40 atoms are
only luminescent, while nanometer-sized gold nanoparticles only show surface plasmon resonance.
Therefore, it appears that gold nanoparticles can alternatively be luminescent or plasmonic and
this represents a severe restriction for their use as optical material. The aim of our study was the
fabrication of nanoscale assembly of Au nanoparticles with bi-functional porphyrin molecules that
work as bridges between different gold nanoparticles. This functional architecture not only exhibits a
strong surface plasmon, due to the Au nanoparticles, but also a strong luminescence signal due to
porphyrin molecules, thus, behaving as an artificial organized plasmonic and fluorescent network.
Mutual Au nanoparticles–porphyrin interactions tune the Au network size whose dimension can
easily be read out, being the position of the surface plasmon resonance strongly indicative of this size.
The present system can be used for all the applications requiring plasmonic and luminescent emitters.
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1. Introduction

Hybrid molecular–nanoparticle materials, obtained by a bottom-up approach, are well suited
for the fabrication of functional nanostructures that display structural control [1] (in terms of ability
to direct the formation of large assemblies in solution and in the solid state) and show well-defined
properties, i.e., to obtain building blocks for molecular switches [2], systems for photocatalysis and
photodynamic therapy [3], nanowires for multienzyme-cooperative antioxidative systems [4], materials
able to enhance light absorption [5], and, in general, hybrid organic–inorganic materials showing
desired functions [6–8].

Porphyrin and metalloporphyrin molecules have attracted great attention because of their
interesting chemical, biological, optical, and electronic properties [9]. Moreover, surface-anchored
molecular switches [10], porphyrins for charge-based information storage [11,12], and porphyrin
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nanostructures with a long range order on Si(100) [13] have been reported. In this context, porphyrin
molecules anchored to electroactive surfaces can be used to build molecular memories that can be
integrated in the electronic circuits. In fact, porphyrin-based information storage elements exhibit
large charge retention times (minutes) compared to those of the semiconductor elements in dynamic
random access memory (tens of milliseconds) [12].

Additionally, Au nanoparticles (Au NPs) are attracting the attention of a large community of
scientists because of their tunable electronic structures that generate characteristic and modifiable
chemical, optical, and electronic properties. In fact, Au NPs with large surface area-to-volume
ratio display size- and shape-dependent physicochemical properties, which are of huge importance
for applications in different technological fields, such as photonics, catalysis, electronics, sensors,
therapeutics, etc. [14–16]. Actually, different particle dimensions and additional structural factors,
such as aggregation and shape irregularity, may also considerably affect the overall properties, as the
surface plasmon resonance that appears at different wavelengths depending on the abovementioned
reasons [9–13,17–27].

Hybrid materials composed of both Au NPs and porphyrin molecules that cover their surfaces
combine many of their distinctive characteristics, thus, originating unique properties fundamental for
the development of optical devices that can be used for many different applications, e.g., to mimic
natural photosynthesis [28–34].

Some different synthetic methods have been proposed to obtain these assemblies, depending on
the porphyrin functional group used as a linker for the Au NPs [35–40]. For this purpose, we have
synthesized a new porphyrin with two triazine moieties in two opposite positions of the porphyrin ring.
This porphyrin molecule is well suited to act as a bridge for Au NPs in order to obtain an extensive
and organized network of Au NPs, covalently linked by organic and emissive connections. To our
knowledge, this represents one of the first few cases of an Au NPs–porphyrin organized, plasmonic,
and emissive network [26,27,41–45].

Therefore, in the present study, we investigated the formation of a new composite assembly
consisting of Au NPs covalently anchored to each other by 5,15,-Di(phenyl) 10,20-Di-benzamide, N-ethyl,
N-1,3,5 Tri-aminotriazine, and 21H,23H-porphine- (DTAzDPH2P) molecules. The rationalization of
the mutual interactions in this assembled nanocomposite 3D architecture will allow the addressing of
applications of this novel plasmonic and emissive material.

2. Materials and Methods

2.1. Synthesis of Au NPs

All glassware used for the present synthesis was carefully washed with aqua regia (conc. HNO3

and HCl: 1:3 v/v ratio, Sigma-Aldrich, Buchs, Switzerland). A total of 0.036 g of sealed tetrachloroauric
acid (HAuCl4·3H2O, MM = 393.835 g/mol, purity ≥ 99.9%, Sigma-Aldrich, Buchs, Switzerland) were
dissolved in 180 mL of double distilled H2O (concentration of this stock solution 5.08 × 10−4 M, mols of
Au3+ = 9.14× 10−5). Then, we added 18 mL of this Au3+ stock solution to a three-necked flask, equipped
with a bubble cooler, and brought it to boil on a heating plate, while stirring. Meanwhile, 0.014 g of
sodium citrate dihydrate (Na3C6H5O7·2H2O, MM = 294.10 g/mol, Sigma-Aldrich, Buchs, Switzerland)
were dissolved in 2 mL of fresh, double distilled H2O (2.38 × 10−2 M, mols of Cit3− = 4.76 × 10−5)
and added to the boiling tetrachloroauric acid solution while stirring, thus, obtaining a Cit3−/Au3+

ratio = 5.21 [46]. This solution was refluxed 20 min and its color turned to ruby red, typical of Au NPs
in water.

2.2. Synthesis of Di-Triazine-Porphyrin

The functionalization of the porphyrin was performed by a synthetic procedure modified
as follows [47–49]: 0.14 mmol of 5,15-di-(p-carboxyphenyl)-10,20-diphenyl porphyrin [50] (Sigma-
Aldrich, Buchs, Switzerland), 0.336 mmol of 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo
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[4,5-b]pyridinium 3-oxid hexafluorophosphate, N-[(Dimethylamino)-1H-1,2,3-triazolo-[4,5-b]pyridin-
1-ylmethylene]-N-methylmethanaminium hexafluorophosphate N-oxide (HATU, a coupling reagent
for the synthesis of amides, Merck, Milan, Italy) were dissolved in 10 mL of dry DMF (Sigma-
Aldrich, Buchs, Switzerland) under N2 atmosphere (Scheme 1). Then, 0.427 mmol of N2-(2-
aminoethyl)-1,3,5-Triazine-2,4,6-triamine (Sigma-Aldrich, Buchs, Switzerland) [51] and 58 µL of
N,N-Diisopropylethylamine (DIPEA, an organic base, Sigma-Aldrich, Buchs, Switzerland) were
added to the mixture. The reaction mixture was stirred at room temperature for 24 h under nitrogen
and then, poured in cooled n-hexane (Sigma-Aldrich, Buchs, Switzerland), thus, obtaining a brown
precipitate which was filtered and washed with n-hexane. The Di-Triazine-Porphyrin was purified by
flash chromatography (Al2O3, CHCl3:CH3OH 95:5, Sigma-Aldrich, Buchs, Switzerland) and further
crystallized by ethanol (yield 51%). 1H NMR (Varian UNITY Inova 500 MHz, CA, USA, DMSO-d6)—
2.91 (s, 2H, NH-Pyr), 3.31 (m, 4H, CH2), 3.61 (m, 4H, CH2), 7.42 (br. s. 8H, NH2-triazine), 7.85
(m, 6H, meso-ArH), 7.89 (br. 2H, NH-triazine), 8.22 (d, J = 6 Hz, 4H, meso-ArH), 8.31 (m, 8H,
meso-ArH-triazine), 8.84 (m, 8H, β-Pyr), and 8.94 (s. br. 2H, NH amide) ppm (Figures S1–S4). ESI-MS:
m/z 1005.8 [M + H]+; m/z 503.5 [M + 2H]2+ (Figure S5). Anal. Calcd. for C56H48N18O2: C, 66.92; H,
4.81; N, 25.08. Found: C, 66.88; H, 4.77; N, 25.01.
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Scheme 1. Reaction pathway for the Di-Triazine-Porphyrin.

2.3. Syntheses of the Au NPs–Porphyrin Nanostructures

In order to synthesize the Au NPs–porphyrin nanostructures, we added aliquots of a 2.07 × 10−5 M
porphyrin CH3OH solution (final added volume 900 µL, in 400 min, corresponding to 1.86 × 10−8 mol)
to 100 µL of an Au NPs aqueous 1.97 × 10−7 M solution, diluted with 2 mL of CH3OH (final total
volume 3 mL) [52]. The synthetic reaction pathway is represented in Scheme 2.

In this proposed scheme, the triazine moieties, which are at 180◦ with respect to the porphyrin
core, covalently bind different Au nanoparticles. The possibility of back-folding of the porphyrin
substituents, with both legs attached to the same Au NPs, was investigated by accurate quantum
mechanical calculations (vide infra) and resulted in being unlikely. Moreover, quantum mechanical
calculations used to optimize the grafting geometry of similar polyfunctional porphyrin molecules
on surfaces always indicated geometries tilted with respect to the normal to the surface plane but
reminiscent of perpendicular arrangements [13].
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2.4. Transmission Electron Microscopy Measurements

Transmission Electron Microscopy (TEM) measurements were performed using an Atomic
Resolution Analytical Microscope (JEOL ARM200F Cs-corrected, JEOL USA, Peabody, Massachusetts,
MA, USA). The samples were placed on a Cu/C TEM Grid. S/TEM and Energy Dispersive X-ray (EDX)
chemical analyses were performed using a 60 K eV electron beam.

2.5. X-ray Photoelectron Data

X-ray photoelectron spectra (XPS) were measured with a PHI 5600 Multi Technique System (Physical
Electronics GmbH, Feldkirchen, Germany, base pressure of the main chamber 3 × 10−8 Pa) [53–55].
Samples, placed on a molybdenum specimen holder, were excited with Al-Kα X-ray radiation using a
pass energy of 5.85 eV. The instrumental energy resolution was ≤0.5 eV. Structures due to the Al-Kα
X-ray satellites were subtracted prior to data processing. XPS peak intensities were obtained after
Shirley background removal. Spectra calibration was achieved by fixing the Ag 3d5/2 peak of a clean
sample at 368.3 eV; this method turned the C 1s main peak at 285.0 eV [53,54]. The atomic concentration
analysis was performed by taking into account the relevant atomic sensitivity factors. The fitting of the
XP spectra in the C1s and N 1s binding energy regions was carried out by fitting the spectral profiles
with symmetrical Gaussian envelopes, after subtraction of the background. This process involves data
refinement, based on the method of the least squares fitting, carried out until there was the highest
possible correlation between the experimental spectrum and the theoretical profile. The residual or
agreement factor R, defined by R = [Σ (Fobs − Fcalc)2/Σ (Fobs)2]1/2, after minimization of the function
Σ (Fobs − Fcalc)2, converged to the value of 0.03. The fitting was performed using the XPSPEAK4.1
software. XPS measurements were performed on the centrifuged Au NPs–porphyrin material.

2.6. UV–vis Spectra

UV–vis measurements of 100 µL of an Au NPs aqueous 1.97 × 10−7 M solution diluted with
2 mL of CH3OH upon the addition up to 900 µL of a 2.07 × 10−5 M porphyrin CH3OH solution were
carried out using a UV–vis V-650 Jasco spectrometer (UV–Visible Spectrometers, Easton, MD, USA).
The spectra were recorded with a 0.2 nm resolution at room temperature in quartz cells with a path
length of 1 cm (3.5 mL capacity).
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2.7. PL Measurements

Luminescence measurements of 100 µL of an Au NPs aqueous 1.97 × 10−7 M solution diluted with
2 mL of CH3OH upon the addition up to 900 µL of a 2.07 × 10−5 M porphyrin CH3OH solution were
carried out using a Varian Cary Eclipse fluorescence spectrophotometer (Varian Optical Spectroscopy
Instruments, Mulgrave, Victoria, Australia) with a λexc of 410 nm at 1 nm resolution and at room
temperature in quartz cells with a path length of 1 cm (3.5 mL capacity). The emission was recorded at
90◦ with respect to the exciting line beam using 5:5 slit widths.

The “footprint” of the porphyrin molecule was calculated by a Molecular Mechanics optimization,
with the HypChemTM (v8.0.7. Gainesville, FL, USA) code, using the so-called MM+ as the force
field. This software optimizes the molecular geometry (length and angle bonds) to obtain a minimum
of the total energy. In addition, non-covalent interactions such as hydrogen bonds, van der Waals
interactions, steric hindrance, and electrostatic interactions were included. In our case, we used a
conjugated gradient (Polak–Ribière) to obtain a minimum of energy, setting the end of the optimization
when the gradient energy between the optimized structure was lower than 0.01 kcal/mol.

2.8. Quantum Mechanical Calculation

All DFT calculations have been performed with the G09 package [56]. Geometry optimizations
have been carried out at the B3LYP/6-31G(d, p) level of theory. Similarly, the Potential Energy Surface
(PES) scans of the α–ε bonds set (see Figure 1) have been performed by considering 10 scans of 36◦

each [56].

3. Results

In this study, we preliminary reduced Au3+ with sodium citrate to obtain Au NPs and synthesized
a new porphyrin to fabricate assemblies comprising of Au NPs covalently anchored to each other by
porphyrin molecules (Scheme 2) [46–52].

3.1. Results of Quantum Mechanical Calculations

The self-assembly geometry of this porphyrin on the Au NPs (Scheme 2) was studied by
investigation of the conformational properties of the porphyrin derivative at the DFT level. In particular,
in order to check the potential conformations of the triazine-based substituents, we performed a
Potential Energy Surface scan of the rotational barriers involved along the chain. To avoid long
computational times, we have considered the model reported in Figure 1, where also the labeling of
the investigated bonds is given. Indeed, the presence of the meso aromatic spacer allows the safe
consideration of a negligible contribution of the porphyrin ring on the rotational barriers.Nanomaterials 2020, 10, x FOR PEER REVIEW 6 of 19 
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Figure 1. Labeling of the bonds for which the PES scan has been performed. µ represents the bond
with the meso substituent.

As expected, rotations on the α and ε bonds are hampered, at standard conditions, by energy
barriers around 17–20 kcal/mol. Nonetheless, rotations around the µ, β, γ, and δ bonds require
about 4–6 kcal/mol, which indicates the possibility of a virtually free rotation around these bonds.
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This flexibility allows the inference of the easy occurrence of different conformations of the porphyrin
derivative. In this context, two main typologies of conformations have been considered as opposite
conformational paradigms. They are shown in Figure 2 and are labeled as chair-like (CL) and as
boat-like (BL) conformations, respectively.
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Figure 2. Starting geometries of the chair-like (CL) and as boat-like (BL) conformations.

CL conformation is recognized as suitable to arrange the framework in Scheme 2, hence, able to
coordinate different Au NPs. In the BL conformation, by the back-folding of the porphyrin substituents,
the two substituents can virtually act as a tweezer by bonding to just one Au NP. On these grounds, we
optimized the corresponding structures by considering the starting geometries reported in Figure 2.
The optimized geometries are reported in Figure 3 and indicate that the CL conformation tends to be
the more preferred. Indeed, the optimized BL conformation, Figure 3, displayed a configuration similar
to that of the CL one (see also their optimized cartesian coordinates as Supplementary Material), but,
the optimized CL conformer resulted 1.6 kcal/mol more stable than the optimized BL one. A Boltzmann
analysis of the population ratio indicated that CL represents 95% of the total population among these
two conformers. To summarize, though the porphyrin substituents have some rotational degrees of
freedom (bonds µ, β, γ, δ, in Figure 1), the CL conformation is more likely. This result corroborates our
reaction path in Scheme 2.Nanomaterials 2020, 10, x FOR PEER REVIEW 7 of 19 
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3.2. XPS Results

The study of the electronic structure of the Au NPs–porphyrin nanostructures is fundamental to
investigate the Au–porphyrin electron interactions, which are the basis of the coupling of the plasmon
Au resonance with the porphyrin emission, and XPS represents the most suited tool to accomplish this
task [34,52–55].

Figure 4 shows the XP spectra of pure Au NPs and Au NPs–porphyrin nanostructures, in the
Au 4f binding energy region. The 4f7/2,5/2 levels for the Au NPs before any porphyrin addition were
observed at 84.0 and 87.7 eV, respectively [5,6]. These states lie at 82.8 and 86.5 eV (3.7 eV spin-orbit
coupling), respectively, for the Au NPs–porphyrin nanostructures, and indicate the presence of Au0

states. Therefore, the considerably decreased values are in tune with the strong electron-donating
capability of this di-triazine porphyrin to the positively charged Au NPs surfaces.
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Figure 5 shows the XPS of the Au NPs–porphyrin system in the C 1s binding energy region.
An accurate fitting of this spectrum required five Gaussian components centered at 285.0, 285.5,
286.7, 287.9, and 288.9 eV. The first component (285.0 eV) is due to both aliphatic and aromatic
backbones [53–55]. The peaks at 285.5 and 286.7 eV are assigned to the C–N and C=N groups,
respectively [55,57]. The peak at 287.9 eV is assigned to the HN-C=N(-NH) and N-C=N(-NH2) triazine
groups [57,58]. The peak at 288.9 eV is assigned to the carbon of the amide group (Ar-CO-NH) [57].

Figure 6 shows the XPS of the Au NPs–porphyrin system in the N 1s binding energy region.
A careful fitting of the experimental profile required five Gaussian components centered at 397.9,
398.6, 399.5, 399.9, and 400.4 eV. The component at 397.9 eV is assigned to the ionization of the two
non-protonated imine nitrogens of the porphyrin core, that at 398.6 eV to the six triazine ring nitrogen
atoms, that at 399.5 eV is assigned to the four –NH2 triazine substituents, that at 399.9 eV is assigned
to the two protonated pyrrole nitrogens of the porphyrin core and to the two –NH- groups bound
to the triazine moiety and, finally, that at 400.4 eV is consistent with the two O=C(Ar)-NH- amide
functionalities [5,55,57–62].
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components; the cyan line refers to the background and the red line superimposed on the experimental
black profile refers to the sum of all Gaussian components.
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The orange, dark yellow, magenta, blue, and green lines refer to the 400.4, 399.9, 399.5, 398.6, and 397.9 eV
components; the cyan line refers to the background and the red line superimposed on the experimental
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3.3. TEM Measurements

The TEM microscopy of the conjugated Au NPs is reported in Figure 7. While single and highly
dispersed Au nanoparticles, having a mean radius of about 5 nm, have been obtained from the reduction
of the tetrachloroauric acid with sodium citrate (Figure 7a), large organized (even though not apparently
ordered) nanoscale assemblies of Au nanoparticles are evident in the presence of 5,15,-Di(phenyl) 10,
20-Di-benzamide, N-ethyl, N-1,3,5 Tri-aminotriazine, and 21H,23H-porphine molecules (Figure 7b,c).
The role of this porphyrin in the formation of the new composite assembly, consisting of Au NPs
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covalently anchored to each other, is evident in Figure 7d, where the ~3 nm texture surrounding
the Au NPs represents the “glue” for the covalent assembly of gold nanoparticles. We analyzed
the chemical composition of these assemblies by EDX (a representative result is reported in the
Supplementary Figure S6) and the results are indicative of Au nanoparticles surrounded by a thin layer
of a nitrogen-containing compound, consistent with a ~3 nm, layer of porphyrin molecules. Therefore,
the bi-functional porphyrin molecules work as covalent bridges between different gold nanoparticles.
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Figure 7. TEM images of conjugated gold–porphyrin nanostructures: (a) Au nanoparticles obtained
from the reduction of the tetrachloroauric acid with sodium citrate; (b) Au NPs obtained from 100 µL of
an Au NPs aqueous 1.97 × 10−7 M solution diluted with 2 mL of CH3OH upon the addition of 240 µL
of a 2.07 × 10−5 M porphyrin CH3OH solution; (c) Au NPs obtained from 100 µL of an Au NPs aqueous
1.97 × 10−7 M solution diluted with 2 mL of CH3OH upon the addition of 450 µL of a 2.07 × 10−5 M
porphyrin CH3OH solution; (d) higher magnification of the Au NPs obtained from 100 µL of an Au
NPs aqueous 1.97 × 10−7 M solution diluted with 2 mL of CH3OH upon the addition of 450 µL of a
2.07 × 10−5 M porphyrin CH3OH solution; the red circle represents the representative area investigated
with EDX to obtain Figure S6.
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3.4. Optical Measurements

The main purpose of our study was the nanoscale self-assembly of Au NPs by means of porphyrin
molecules having two functional groups in opposite positions, useful to connect these Au NPs each
other. It is well known that Au NPs can be either luminescent or plasmonic and this hampers
many possible applications as optical material. Therefore, the goal we would achieve with this final
functional architecture is not only to maintain the strong surface plasmon resonance, typical of Au
nanoparticles, but also the conservation of a strong luminescence signal, coming from porphyrin
molecules. Additionally, this property is strongly related to the absence of porphyrin aggregates
which causes luminescence quenching. Obviously, we can observe and follow variations of the Au
NPs surface plasmon resonance with absorbance spectra and detect the porphyrin fluorescence with
emission measurements.

Figure S7, (in Supplementary), shows the UV–vis spectrum of the as synthesized aqueous Au
NPs solution and Figure S8 shows UV–vis absorbance spectra of porphyrin CH3OH solutions at
different concentrations. The Au surface plasmon resonance (SPR) peak lies at 520.6 nm (Abs = 1.5).
By using literature data for the related extinction coefficient (ε = 7.6 × 106 M−1 cm−1 [52]), we obtained
a 1.97 × 10−7 M concentration value for this Au NPs solution. Figure 8 shows the absorbance spectra of
100 µL of this Au NPs aqueous solution, diluted with 2 mL of CH3OH (Vtot = 2.1 mL), and those upon
the successive addition of aliquots of a 2.07 × 10−5 M porphyrin CH3OH solution, up to a final added
porphyrin volume of 900 µL, corresponding to 1.86 × 10−8 mol, (final total volume 3 mL). The Au
SPR peak, before any porphyrin addition, almost does not move (520.4 nm, Abs = 0.14) with respect
to the position observed for the aqueous solution, but the calculated extinction coefficient now is
ε = 1.5 × 107 M−1 cm−1 for this Au NPs CH3OH solution, almost double, once the dilution from 100 µL
up to 2.1 mL is taken into account.
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Figure 8. UV–vis absorbance spectra of 100 µL of an Au NPs aqueous 1.97 × 10−7 M solution diluted
with 2 mL of CH3OH (blue line), and upon the addition of 40 (black line), 80 (red line), 120 (green line),
160 (cyan line), 200 (magenta line), 240 (yellow line), 280 (dark yellow line), 320 (navy line), 360 (purple
line), 400 (wine line), 450 (olive line), 500 (dark cyan line), 600 (royal line), 700 (orange line), 800 (violet
line), and 900 (pink line) µL aliquots of a 2.07 × 10−5 M porphyrin CH3OH solution (final total volume
3 mL). All the spectra were corrected for the volume variation. Inset: expanded scale of the Au NPs
plasmon–porphyrin Q-bands region.
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As the titration goes on, it is evident the progressive and monotonic increase in the Soret at
414.8 nm and Q-bands at 513.6, 547.8, 590.6, and 642.0 nm. The Soret band of a CH3OH 2.016 × 10−6 M
pristine porphyrin solution (absorbance = 0.60, ε = 289,300 M−1 cm−1) appears at 414.4 nm and the
related Q-bands are at 512.8, 546.8, 589.2, and 644.0 nm, thus, indicating about 1 nm red shift upon
the interaction with the Au NPs. Therefore, the light-induced surface plasmon resonance, coherent
collective oscillation of the valence electrons, and porphyrin absorptions result in an intense band over
a wide wavelength range and this system can mediate excitation energy transport, e.g., to mimic a
natural “light-harvesting” function.

The concentration of the porphyrin in the final solution containing the self-assembled Au
NPs–porphyrin nanostructures is 6.22 × 10−6, about 950 times larger than that of the Au NPs (100 µL
1.97 × 10−7 M diluted to 3 mL = 6.57 × 10−9 M), thus, indicating the possibility of a total Au surface
coverage with porphyrin molecules. In fact, each Au nanoparticle with a ~5 nm radius has a surface
area of 314 nm2 (31400 Å2), while the footprint of the porphyrin molecule, assumed perpendicular to
the Au NP surface (95% of the total porphyrin population) and calculated with a MM+ method, is
about 65 Å2, thus, confirming the possibility to accommodate about 480 porphyrin molecules per Au
nanoparticle. Therefore, this 480/1 porphyrin/Au NP ratio was obtained upon the addition of 450 µL of
the porphyrin solution to the starting Au NPs aqueous 1.97 × 10−7 M solution diluted with 2 mL of
CH3OH. It is important to note that in these exact conditions, we observed the maximum emission
intensity of the Au NPs–porphyrin system (vide infra). The literature data show that the binding of
Au NPs with luminescent dyes could lead to strong coupling of the plasmonic mode with molecular
modes, but, in the present case, no peaking splitting was observed because of the mismatch resonance
peak between AuNP and the porphyrin molecule [63–65].

Figure 9 shows the emission spectra of the above solution (100 µL of an Au NPs aqueous
1.97 × 10−7 M solution diluted with 2 mL of CH3OH, and those upon the successive addition of
aliquots of a 2.07 × 10−5 M porphyrin CH3OH solution, up to a final added porphyrin volume of
900 µL). Figure S9 shows the luminescence spectra of the porphyrin CH3OH solution at different
concentrations and Figure S10 shows a comparison between the PL intensities of the porphyrin CH3OH
solutions and those obtained during the Au NPs titration at different concentrations. The emission
intensities in Figure 9 of both 648 and 715 nm bands reach maximum values upon the addition of
450 µL of the porphyrin solution (9.3 × 10−9 mol; 3.652 × 10−6 M) and in these conditions, the porphyrin
concentration corresponds to that for the total Au surface coverage. It is also important to stress that
at each porphyrin concentration obtained in our experiments, the porphyrin emission intensity was
always lower than that observed for pure porphyrin solutions with the same concentrations. In fact,
after the addition of 240 and 450 µL of the porphyrin solution, we noted 16% and 34% emission
decrease, respectively.

An identical behavior was observed for the centrifuged Au NPs systems deposited on quartz
substrates (Figure 10), thus, stressing that the luminescence is maintained at the solid state and that
the maximum luminescence is observed upon the addition of 450 µL of a 2.07 × 10−5 M porphyrin
CH3OH solution to 100 µL of an Au NPs aqueous 3.66 × 10−7 M solution diluted with 2 mL of CH3OH
(final total volume of the solution 3 mL).
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diluted with 2 mL of CH3OH (blue line superimposed to the x-axis), 40 (black line), 80 (red line),
120 (green line), 160 (cyan line), 200 (magenta line), 240 (yellow line), 280 (dark yellow line), 320 (navy
line), 360 (purple line), 400 (wine line), 450 (olive line), 500 (dark cyan line), 600 (royal line), 700 (orange
line), 800 (violet line), and 900 (pink line) µL aliquots of a 2.07 × 10−5 M porphyrin CH3OH solution
(final total volume 3 mL). All the spectra were corrected for the volume variation. Inset: intensity
behavior of the emission maxima upon the porphyrin additions.
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Figure 10. Fluorescence spectra (λex = 410 nm) of the Au NPs–porphyrin systems centrifuged and
deposited on quartz substrates. Starting Au NPs (blue line), centrifuged solutions upon the addition
of 240 (black line), 450 (red line), 700 (green line), and 900 (cyan line) µL aliquots of a 2.07 × 10−5 M
porphyrin CH3OH solution (final total volume of the solution 3 mL).

4. Discussion

First of all, we want to discuss the geometry assumed by the porphyrin in the self-assembly with
the Au NPs. In this context, we performed accurate quantum mechanical calculations with a Gaussian
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Code to check the potential conformations of the triazine based substituent and performed a Potential
Energy Surface scan of the rotational barriers (Figure 1). Specifically, we optimized the corresponding
structures by considering the starting geometries of two main conformations labeled as chair-like (CL)
and boat-like (BL) (Figure 2). The optimized geometries (Figure 3) indicated that the CL conformation
tends to be the more preferred and the related Boltzmann analysis of the population ratio indicated
that CL represents 95% of the total population among these two conformers. Therefore, though the
porphyrin substituents have some rotational degrees of freedom, the CL conformation is more likely,
and this result corroborates our assumptions shown in Scheme 2. As a consequence, the possibility
of the back-folding of the porphyrin substituents so that the two substituents can virtually act as a
tweezer by bonding to just one Au NP may be related just to 5% of the porphyrin molecules.

The photoluminescence of emitting dyes chemically bound to Au NPs has already been
explored [66–71]. Results are always indicative of pronounced fluorescence quenching of the given
dyes. In some studies, it emerged that quenching was caused not only by an increased nonradiative
rate, but equally important, by a drastic decrease in the dye’s radiative rate [66]. Additionally, reduced
fluorescence, for particular Au NPs–dye distances, almost exclusively governed by a phase-induced
suppression of the radiative rate, has been shown [67]. This behavior has been confirmed and the
strongly distance-dependent fluorescence quenching in Au NPs covered with some polyelectrolytes
has been ascribed to the fact that gold nanoparticles decrease the transition probability for radiative
transitions [68]. Furthermore, it has been reported that the quenching behavior may be consistent
with 1/d4 separation distance from dye to the surface of the nanoparticle and that energy transfer
to the metal surface is the dominant quenching mechanism [69]. Therefore, to maintain the dye’s
emission intensity, Au NPs and the emissive dye should be distant [70]. Consequently, in our system,
upon the addition of 450 µL of the porphyrin solution, the porphyrin molecules extensively reticulate
with the gold nanoparticles to produce an organized Au NPs–porphyrin network and this partially
quenches the porphyrin emission because the Au NPs and porphyrin molecules are close each other.
In addition, this experimental observation confirms that the porphyrin molecules bond different Au
NPs, since, if a relevant number of porphyrin molecules would back-fold and bond the same Au NPs,
the emission quenching would be severe because of the reduced Au NPs–porphyrin distance. This
quenching is rather a plasmonic quenching effect as already observed in many cases where the Au
NPs are mixed with fluorescent molecules. In fact, (vide infra), the porphyrin molecules alone do not
show any concentration-dependent aggregation nor quenching of absorption and luminescence at the
concentrations used in the present experiments and, in contrast, in this Au NPs–porphyrin system, we
noted an increase in the porphyrin ε value (vide infra). As a result, a delicate balance of Au NPs and
porphyrin concentration will allow the synthesis of an organized Au network that remains plasmonic
and emissive, and we observed the maximum emission intensity upon the addition of 450 µL of the
porphyrin solution, exactly that needed for the total Au surface coverage. After the addition of 450 µL
of the porphyrin solution, all Au NPs are covered with porphyrins and the decrease in luminescence
intensity, observed upon further porphyrin addition, is now due to some possible interactions between
the porphyrin molecules in solution that can interact with those linked to Au NPs and be partially
responsible for the observed optical behavior.

We are aware that time-resolved fluorescence experiments could allow further insight into this
behavior, but they are out of the scope of the present study.

Figure 11a shows three selected spectra of Figure 8, in particular, the absorbance spectrum of
100 µL of an Au NPs aqueous 1.97 × 10−7 M solution diluted with 2 mL of CH3OH (black line),
that after the addition of 240 µL of a 2.07 × 10−5 M porphyrin CH3OH solution (red line), and that
after the addition of 450 µL of this porphyrin CH3OH solution (blue line). The comparison of these
three spectra reveals that the first two porphyrin Q-bands are evident and slightly affected by the
rather broad Au NPs surface plasmon resonance that, in contrast, moved to 612 nm (already upon
the addition of 240 µL of porphyrin), thus, overlapping with the two higher wavelength Q-bands.
In principle, this red-shift of the Au plasmon may be due either to aggregation or a strong coupling
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of the two systems, but the Au NPs–porphyrin bonding distance is not close enough for a strong
coupling, being the length (distance between the two opposite triazine moieties) of the porphyrin
molecule ~30 Å [63–65]. In this condition (porphyrin conc. 1.95 × 10−6 M), the porphyrin shows an
ε value of 353,800 M−1 cm−1 with an increase of 22%, with respect to the starting 289,300 M−1 cm−1

value (for the 2.016 × 10−6 M solution). Since it is well known that porphyrin aggregation causes
a decrease in the molar extinction coefficient, this experimental observation strongly suggests that,
after the addition of 240 µL of a 2.07 × 10−5 M porphyrin CH3OH solution to the Au NPs solution,
there are no porphyrin aggregates in solution and all these molecules are involved in the formation
of the Au NPs–porphyrin nanostructures. After the addition of 450 µL of a 2.07 × 10−5 M porphyrin
CH3OH solution to that of the Au NPs, we just noted an overall absorbance intensity decrease (blue
line). A similar trend was observed for the centrifuged same Au NPs–porphyrin solutions deposited
on quartz substrates (Figure 11b), being the starting Au NPs plasmon resonance at 559 nm and that
after the addition of 450 µL of the porphyrin CH3OH solution at 595 nm. It is important to point out
that, in these conditions, we have obtained Au NPs–porphyrin nanostructures showing both strong
surface plasmon resonance and strong luminescence signals. Therefore, the gold–porphyrin assembly
continues to show the surface plasmon resonance that is typical of semiconducting Au nanoparticles
and that, in contrast, disappears on bulk gold.
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Figure 11. UV–vis absorbance spectra of (a) 100 µL of an Au NPs aqueous 1.97 × 10−7 M solution
diluted with 2 mL of CH3OH (black line), upon the addition of 240 µL of a 2.07 × 10−5 M porphyrin
CH3OH solution (red line, corrected for the volume variation), and upon the addition of 450 µL of
a 2.07 × 10−5 M porphyrin CH3OH solution (blue line, corrected for the volume variation), and of
(b) the centrifuged same Au NPs–porphyrin solution deposited on quartz substrates, in the 430–850 nm
wavelength range. The red arrows indicate the four Q-bands at 513.6, 547.8, 590.6, and 642.0 nm and
the black arrow indicates the Au NPs surface plasmon resonance that, in solution, moved from 520.4 to
612 nm and on quartz substrates moved from 559 to 595 nm.

As a consequence, the whole Au NPs–porphyrin assembly behaves as a semiconductor, thanks
to the extensive electron conjugation granted by the porphyrin molecules that work as the wiring
between the different Au NPs.
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5. Conclusions

To summarize, in the present study, we synthesized nanoscale assemblies of Au nanoparticles
self-assembled by means of a new bi-functional porphyrin molecule. In total, 95% of the porphyrin
molecules are bound to the surface of gold NPs by one triazine side/leg and some of them, lying close
to core-to-core axis, are bridging different gold nanoparticles. This functional architecture exhibits a
strong surface plasmon, due to the Au nanoparticles, and a strong luminescence signal coming from
porphyrin molecules, thus, giving a new optical material with unique characteristics, similar to those
of highly organized networks. In fact, the present network organization continues to grant the Au
surface plasmon resonance typical of Au single nanoparticles, while it is well known that bulk Au
loses this property, and also grants the porphyrin luminescence. In summary, this artificial Au NPs
network may be used for plasmon-enhanced fluorescence, heat generation, photocatalysis, nonlinear
optics, solar cells, nanofluidics, photoacoustic, photothermal imaging, cancer therapy, drug delivery,
nanotherapeutics, etc., under atmospheric conditions, since our system is not reactive to air nor to
water and does not need to be stored in a vacuum or inert gas.
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21H,23H-porphine recorded in methanol; Figure S2: 1H NMR spectrum of the Di-Triazine-Porphyrin, recorded in
DMSO-d6; Figure S3: Selected region of the 1H NMR spectrum of the Di-Triazine-Porphyrin after the addition
of 10 µL of D2O; Figure S4: gCOSY spectrum of the Di-Triazine-Porphyrin recorded in DMSO-d6; Figure S5:
ESI-MS spectrum of Di-Triazine-Porphyrin; Figure S6: EDX spectrum of the Au NPs conjugated with the
Di-Triazine-Porphyrin; Figure S7: UV–vis absorbance spectrum of the as synthesized aqueous Au NPs 1.97 × 10−7

M solution; Figure S8: UV–vis absorbance spectra of the porphyrin CH3OH solution at different concentrations;
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Author Contributions: Conceptualization, A.G. and G.T.S.; methodology, A.G., M.C., G.C. and G.T.S.; synthesis,
G.T.S. and C.M.A.G.; formal analysis, L.S., R.P. and G.N.; data curation, C.M.A.G. and L.S.; writing—original draft
preparation, A.G.; writing—review and editing, A.G., G.T.S., M.C., G.C. and R.P.; supervision, A.G. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by PIANO DELLA RICERCA 2018–2020, University of Catania.

Acknowledgments: The authors thank the University of Catania for (Piano della Ricerca di Ateneo 2018−2020)
for financial support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Murugan, P.; Krishnamurthy, M.; Jaisankar, S.N.; Samanta, D.; Mandal, A.B. Controlled Decoration of the
Surface with Macromolecules: Polymerization on a Self-Assembled Monolayer (SAM). Chem. Soc. Rev. 2015,
44, 3212–3243. [CrossRef] [PubMed]

2. Zhang, J.L.; Zhong, J.Q.; Lin, J.D.; Hu, W.P.; Wu, K.; Xu, G.Q.; Wee, A.T.S.; Chen, W. Towards Single Molecule
Switches. Chem. Soc. Rev. 2015, 44, 2998–3022. [CrossRef] [PubMed]

3. Wang, D.; Niu, L.; Wang, J.; Zhong, Y.; Bai, F.; Wang, D.; Niu, L.; Wang, J.; Zhong, Y.; Bai, F.; et al. Synthesis
of Self-Assembled Porphyrin Nanoparticle Photosensitizers. ACS Nano 2018, 12, 3796–3803. [CrossRef]
[PubMed]

4. Sun, H.; Miao, L.; Li, J.; Fu, S.; An, G.; Si, C.; Dong, Z.; Luo, Q.; Yu, S.; Xu, J.; et al. Self-Assembly of Cricoid
Proteins Induced by “Soft Nanoparticles”: An Approach To Design Multienzyme-Cooperative Antioxidative
Systems. ACS Nano 2015, 9, 5461–5469. [CrossRef] [PubMed]

5. Kanehara, M.; Takahashi, H.; Teranishi, T. Gold(0) porphyrins on gold nanoparticles. Angew. Chem. 2008,
120, 313–316. [CrossRef]



Nanomaterials 2020, 10, 1644 16 of 19

6. Al-Johani, H.; Abou-Hamad, E.; Jedidi, A.; Widdifield, C.M.; Viger-Gravel, J.; Sangaru, S.S.; Gajan, D.;
Anjum, D.H.; Ould-Chikh, S.; Hedhili, M.N.; et al. The structure and binding mode of citrate in the
stabilization of gold nanoparticles. Nat. Chem. 2017, 9, 890–895. [CrossRef]

7. Kaminker, R.; Lahav, M.; Motiei, L.; Vartanian, M.; Popovitz-Biro, R.; Iron, M.A.; van der Boom, M.E.
Molecular Structure-Function Relations of the Optical Properties and Dimensions of Gold Nanoparticle
Assemblies. Angew. Chem. 2010, 122, 1240–1243. [CrossRef]

8. Altman, M.; Shukla, A.D.; Zubkov, T.; Evmenenko, G.; Dutta, P.; van der Boom, M.E. Controlling
Structure from the Bottom-Up: Structural and Optical Properties of Layer-by-Layer Assembled Palladium
Coordination-Based Multilayers. J. Am. Chem. Soc. 2006, 128, 7374–7382. [CrossRef]

9. Kadish, K.M.; Smith, K.M.; Guilard, R. Handbook of Porphyrin Science with Applications to Chemistry, Physics,
Materials Science, Engineering, Biology and Medicine; World Scientific Publishing Company: London, UK, 2012;
Volume 18, p. 430. [CrossRef]

10. Auwärter, W.; Seufert, K.; Bischoff, F.; Ecija, D.; Vijayaraghavan, S.; Joshi, S.; Klappenberger, F.; Samudrala, N.;
Barth, J.V. A Surface-Anchored Molecular Four-Level Conductance Switch Based on Single Proton Transfer.
Nat. Nanotechnol. 2012, 7, 41–46. [CrossRef]

11. Lindsey, J.S.; Bocian, D.F. Molecules for Charge Based Information Storage. Acc. Chem. Res. 2011, 44, 638–650.
[CrossRef]

12. Liu, Z.; Yasseri, A.A.; Lindsey, J.S.; Bocian, D.F. Molecular Memories That Survive Silicon Device Processing
and Real-World Operation. Science 2003, 302, 1543–1545. [CrossRef] [PubMed]

13. Cristaldi, D.A.; Motta, A.; Millesi, S.; Gupta, T.; Chhatwalb, M.; Gulino, A. Long Range Order in Si(100)
Surfaces Engineered with Porphyrin Nanostructures. J. Mater. Chem. C 2013, 1, 4979–4984. [CrossRef]

14. Bastús, N.G.; Comenge, J.; Puntes, V. Kinetically Controlled Seeded Growth Synthesis of Citrate-Stabilized
Gold Nanoparticles of up to 200 nm: Size Focusing versus Ostwald Ripening. Langmuir 2011, 27, 11098–11105.
[CrossRef] [PubMed]

15. Katz, E.; Willner, I. Integrated Nanoparticle-Biomolecule Hybrid Systems: Synthesis, Properties, and
Applications. Angew. Chem. Int. Ed. 2004, 43, 6042–6108. [CrossRef]

16. Klajn, R.; Bishop, K.J.M.; Fialkowski, M.; Paszewski, M.; Campbell, C.J.; Gray, T.P.; Grzybowski, B.A. Plastic
and Moldable Metals by Self-Assembly of Sticky Nanoparticle Aggregates. Science 2007, 316, 261–264.
[CrossRef]

17. Prasad, B.L.V.; Sorensen, C.M.; Klabunde, K.J. Gold nanoparticle Superlattices. Chem. Soc. Rev. 2008, 37,
1871–1883. [CrossRef]

18. Shevchenko, E.V.; Talapin, D.V.; Kotov, N.A.; O’Brien, S.; Murray, C.B. Structural Diversity in Binary
Nanoparticle Superlattices. Nature 2006, 439, 55–59. [CrossRef]

19. Macfarlane, R.J.; Lee, B.; Jones, M.R.; Harris, N.; Schatz, G.C.; Mirkin, C.A. Nanoparticle Superlattice
Engineering with DNA. Science 2011, 334, 204–208. [CrossRef]

20. Kalsin, A.M.; Fialkowski, M.; Paszewski, M.; Smoukov, S.K.; Bishop, K.J.M.; Grzybowski, B.A. Electrostatic
Self-Assembly of Binary Nanoparticle Crystals with a Diamond-Like Lattice. Science 2006, 312, 420–424.
[CrossRef] [PubMed]

21. Jones, M.R.; Osberg, K.D.; Macfarlane, R.J.; Langille, M.R.; Mirkin, C.A. Templated Techniques for the
Synthesis and Assembly of Plasmonic Nanostructures. Chem. Rev. 2011, 111, 3736–3827. [CrossRef]
[PubMed]

22. Manna, L.; Milliron, D.J.; Meisel, A.; Scher, E.C.; Alivisatos, A.P. Controlled Growth of Tetrapod-Branched
Inorganic Nanocrystals. Nat. Mat. 2003, 2, 382–385. [CrossRef] [PubMed]

23. Yin, Y.; Alivisatos, A.P. Colloidal Nanocrystal Synthesis and the Organic–Inorganic Interface. Nature 2005,
437, 664–670. [CrossRef] [PubMed]

24. Li, J.; Li, C.; Aroca, R.F. Plasmon-enhanced fluorescence spectroscopy. Chem. Soc. Rev. 2017, 46, 3962.
[CrossRef] [PubMed]

25. Zheng, J.; Zhou, C.; Yu, M.; Liu, J. Different Sized Luminescent Gold Nanoparticles. Nanoscale 2012, 4,
4073–4083. [CrossRef] [PubMed]

26. Trapani, M.; Castriciano, M.A.; Romeo, A.; De Luca, G.; Machado, N.; Howes, B.D.; Smulevich, G.;
Scolaro, L.M. Nanohybrid Assemblies of Porphyrin and Au10 Cluster Nanoparticles. Nanomaterials 2019, 9,
1026. [CrossRef] [PubMed]



Nanomaterials 2020, 10, 1644 17 of 19

27. Lu, J.; Li, Z.; An, W.; Liu, L.; Cui, W. Tuning the Supramolecular Structures of Metal-Free Porphyrin via
Surfactant Assisted Self-Assembly to Enhance Photocatalytic Performance. Nanomaterials 2019, 9, 1321.
[CrossRef]

28. Huang, X.; Zhou, Y.; Ding, L.; Yu, G.; Leng, Y.; Lai, W.; Xiong, Y.; Chen, X. Supramolecular
Recognition-Mediated Layer-by-Layer Self-Assembled Gold Nanoparticles for Customized Sensitivity
in Paper-Based Strip Nanobiosensors. Small 2019, 15, 1903861. [CrossRef]

29. Cao, Z.; Zacate, S.B.; Sun, X.; Liu, J.; Hale, E.M.; Carson, W.P.; Tyndall, S.B.; Xu, J.; Liu, X.; Liu, X.; et al.
Tuning Gold Nanoparticles with Chelating Ligands for Highly Efficient Electrocatalytic CO2 Reduction.
Angew. Chem. Int. Ed. 2018, 57, 12675–12679. [CrossRef]

30. Kim, Y.; Kang, B.; Ahn, H.-Y.; Seo, J.; Nam, K.T. Plasmon Enhanced Fluorescence Based on Porphyrin-Peptoid
Hybridized Gold Nanoparticle Platform. Small 2017, 13, 1700071. [CrossRef]

31. Ikeda, K.; Takahashi, K.; Masuda, T.; Uosaki, K. Plasmonic Enhancement of Photoinduced Uphill Electron
Transfer in a Molecular Monolayer System. Angew. Chem. Int. Ed. 2011, 50, 1280–1284. [CrossRef]

32. Hasobe, T.; Imahori, H.; Kamat, P.V.; Ahn, T.K.; Kim, S.K.; Kim, D.; Fujimoto, A.; Hirakawa, T.; Fukuzumi, S.
Photovoltaic Cells Using Composite Nanoclusters of Porphyrins and Fullerenes with Gold Nanoparticles.
J. Am. Chem. Soc. 2005, 127, 1216–1228. [CrossRef] [PubMed]

33. Imahori, H.; Fujimoto, A.; Kang, S.; Hotta, H.; Yoshida, K.; Umeyama, T.; Matano, Y.; Isoda, S.; Isosomppi, M.;
Tkachenko, N.V.; et al. Host–Guest Interactions in the Supramolecular Incorporation of Fullerenes into
Tailored Holes on Porphyrin-Modified Gold Nanoparticles in Molecular Photovoltaics. Chem. Eur. J. 2005,
11, 7265–7275. [CrossRef] [PubMed]

34. Imahori, H.; Fujimoto, A.; Kang, S.; Hotta, H.; Yoshida, K.; Umeyama, T.; Matano, Y.; Isoda, S. Molecular
Photoelectrochemical Devices: Supramolecular Incorporation of C60 Molecules into Tailored Holes on
Porphyrin-Modified Gold Nanoclusters. Adv. Mat. 2005, 17, 1727–1730. [CrossRef]

35. Shankar, S.; Orbach, M.; Kaminker, R.; Lahav, M.; van der Boom, M.E. Gold Nanoparticle Assemblies on
Surfaces: Reactivity Tuning through Capping-Layer and Cross-Linker Design. Chem. Eur. J. 2016, 22,
1728–1734. [CrossRef]

36. Boterashvili, M.; Shirman, T.; Popovitz-Biro, R.; Wen, Q.; Lahav, M.; van der Boom, M.E. Nanocrystallinity and
Direct Cross-Linkage as Key-Factors for the Assembly of Gold Nanoparticle-Superlattices. Chem. Commun.
2016, 52, 8079–8082. [CrossRef]

37. Xi, W.; Zhang, W.; An, B.-K.; Burn, P.L.; Davis, J.J. Tunnelling Conductance of Vectorial Porphyrin Monolayers.
J. Mater. Chem. 2008, 18, 3109–3120. [CrossRef]

38. Ohyama, J.; Hitomi, Y.; Higuchi, Y.; Shinagawa, M.; Mukai, H.; Kodera, M.; Teramura, K.; Shishido, T.;
Tanaka, T. One-Phase Synthesis of Small Gold Nanoparticles Coated by a Horizontal Porphyrin Monolayer.
Chem. Commun. 2008, 6300–6302. [CrossRef]

39. Ohyamaa, J.; Teramura, K.; Higuchi, Y.; Shishido, T.; Hitomi, Y.; Aoki, K.; Funabiki, T.; Kodera, M.; Kato, K.;
Tanida, H.; et al. An in Situ Quick XAFS Spectroscopy Study on the Formation Mechanism of Small Gold
Nanoparticles Supported by Porphyrin-Cored Tetradentate Passivants. Phys. Chem. Chem. Phys. 2011, 13,
11128–11135. [CrossRef]

40. Ikeda, K.; Takahashi, K.; Masuda, T.; Kobori, H.; Kanehara, M.; Teranishi, T.; Uosaki, K. Structural Tuning
of Optical Antenna Properties for Plasmonic Enhancement of Photocurrent Generation on a Molecular
Monolayer System. J. Phys. Chem. C 2012, 116, 20806–20811. [CrossRef]

41. Yamada, M.; Kuzume, A.; Kurihara, M.; Kubo, K.; Nishihara, H. Formation of a novel porphyrin–gold
nanoparticle network film induced by IR light irradiation. Chem. Commun. 2001, 2476–2477. [CrossRef]

42. Zhang, L.; Chen, H.; Wang, J.; Li, Y.F.; Wang, J.; Sang, Y.; Xiao, S.J.; Zhan, L.; Huang, C.Z. Tetrakis(4-
sulfonatophenyl)porphyrin-Directed Assembly of Gold Nanocrystals: Tailoring the Plasmon Coupling
Through Controllable Gap Distances. Small 2010, 6, 2001–2009. [CrossRef] [PubMed]

43. Conklin, D.; Nanayakkara, S.; Park, T.-H.; Lagadec, M.F.; Stecher, J.T.; Therien, M.J.; Bonnell, D.A. Electronic
Transport in Porphyrin Supermolecule-Gold Nanoparticle Assemblies. Nano Lett. 2012, 12, 2414–2419.
[CrossRef] [PubMed]

44. Williams, L.J.; Dowgiallo, A.-M.; Knappenberger, K.L., Jr. Plasmonic nanoparticle networks formed using
iron porphyrin molecular bridges. Phys. Chem. Chem. Phys. 2013, 15, 11840–11845. [CrossRef] [PubMed]



Nanomaterials 2020, 10, 1644 18 of 19

45. Trapani, M.; Romeo, A.; Parisi, T.; Sciortino, M.T.; Patanè, S.; Villari, V.; Mazzaglia, A. Supramolecular
hybrid assemblies based on gold nanoparticles, amphiphilic cyclodextrin and porphyrins with combined
phototherapeutic action. RSC Adv. 2013, 3, 5607–5614. [CrossRef]

46. Hill, H.D.; Mirkin, C.A. The Bio-Barcode Assay for the Detection of Protein and Nucleic Acid Targets Using
DTT-Induced Ligand Exchange. Nat. Protoc. 2006, 1, 324–336. [CrossRef]

47. Gangemi, C.M.A.; Randazzo, R.; Fragalà, M.E.; Tomaselli, G.A.; Ballistreri, F.P.; Pappalardo, A.; Toscano, R.M.;
Trusso Sfrazzetto, G.; Purrello, R.; D’Urso, A. Hierarchically Controlled Protonation/Aggregation of a
Porphyrin–Spermine Derivative. New J. Chem. 2015, 39, 6722–6725. [CrossRef]

48. Shi, H.; Nie, Q.; Yang, M.; Wang, C.; Liu, E.; Ji, Z.; Fa, J. A ratiometric fluorescence probe for melamine detection
based on luminescence resonance energy transfer between the NaYF4:Yb, Er upconversion nanoparticles
and gold nanoparticles. J. Photochem. Photobiol. A Chem. 2020, 389, 112259. [CrossRef]

49. Deng, H.-H.; Li, G.-W.; Hong, L.; Liu, A.-L.; Chen, W.; Lin, X.-H.; Xia, X.-H. Colorimetric sensor based on
dual-functional gold nanoparticles: Analyte-recognition and peroxidase-like activity. Food Chem. 2014, 14,
257–261. [CrossRef]

50. Tuccitto, N.; Trusso Sfrazzetto, G.; Gangemi, C.M.A.; Ballistreri, F.P.; Toscano, R.M.; Tomaselli, G.A.;
Pappalardo, A.; Marletta, G. The Memory-Driven Order–Disorder Transition of a 3D-Supramolecular
Architecture Based on Calix[5]Arene and Porphyrin Derivatives. Chem. Commun. 2016, 52, 11681–11684.
[CrossRef]

51. Zhou, Z.; Bong, D. Small-Molecule/Polymer Recognition Triggers Aqueous-Phase Assembly and
Encapsulation. Langmuir 2013, 29, 144–150. [CrossRef]

52. Contino, A.; Maccarrone, G.; Fragalà, M.E.; Spitaleri, L.; Gulino, A. Conjugated Gold-Porphyrin Monolayers
Assambled on Inorganic Surface. Chem. Eur. J. 2017, 23, 14937–14943. [CrossRef] [PubMed]

53. Briggs, D.; Grant, J.T. Surface Analysis by Auger and X-Ray Photoelectron Spectroscopy; IMP: Chichester, UK, 2003.
54. Greczynski, G.; Hultman, L. Compromising science by ignorant instrument calibration—Need to revisit half

a century of published XPS data. Angew. Chem. Int. Ed. 2020. [CrossRef]
55. Gulino, A. Structural and Electronic Characterization of Self-Asssembled Molecular Nanoarchitectures by

X-ray Photoelectron Spectroscopy. Anal. Bioanal. Chem. 2013, 405, 1479–1495. [CrossRef] [PubMed]
56. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.;

Mennucci, B.; Petersson, G.A.; et al. Gaussian 09, Revision B.01, Gaussian, Inc.: Wallingford, CT, USA, 2009.
57. Zhao, M.; Meng, L.; Ma, L.; Wu, G.; Wang, Y.; Xie, F.; Huang, Y. Interfacially Reinforced Carbon Fiber/Epoxy

Composites by Grafting Melamine onto Carbon Fibers in Supercritical Methanol. RSC Adv. 2016, 6,
29654–29662. [CrossRef]

58. Dementjev, A.P.; de Graaf, A.; van de Sanden, M.C.M.; Maslakov, K.I.; Naumkin, A.V.; Serov, A.A. X-Ray
Photoelectron Spectroscopy Reference Data for Identification of the C3N4 Phase in Carbon–Nitrogen films.
Diam. Relat. Mat. 2000, 9, 1904–1907. [CrossRef]

59. Xue, R.; Guo, H.; Wang, T.; Wang, X.; Ai, J.; Yue, L.; Wei, Y.; Yang, W. Synthesis and Characterization of a
New Covalent Organic Framework Linked by –NH– Linkage. Mat. Lett. 2017, 209, 171–174. [CrossRef]

60. Osadchii, D.Y.; Olivos-Suarez, A.I.; Bavykina, A.V.; Gascon, J. Revisiting Nitrogen Species in Covalent
Triazine Frameworks. Langmuir 2017, 33, 14278–14285. [CrossRef]

61. Zhao, Y.; Yao, K.X.; Teng, B.; Zhang, T.; Han, Y. A Perfluorinated Covalent Triazine-Based Framework for
Highly Selective and Water–Tolerant CO2 Capture. Energy Environ. Sci. 2013, 6, 3684–3692. [CrossRef]

62. Yao, C.; Li, G.; Wang, J.; Xu, Y.; Chang, L. Template-Free Synthesis of Porous Carbon from Triazine Based
Polymers and Their Use in Iodine Adsorption and CO2 Capture. Sci. Rep. 2018, 8, 1867. [CrossRef]

63. Ni, W.; Ambjörnsson, T.; Apell, S.P.; Chen, H.; Wang, J. Observing Plasmonic-Molecular Resonance Coupling
on Single Gold Nanorods. Nano Lett. 2010, 10, 77–84. [CrossRef]

64. Ni, W.; Yang, Z.; Chen, H.; Li, L.; Wang, J. Coupling between Molecular and Plasmonic Resonances in
Freestanding Dye-Gold Nanorod Hybrid Nanostructures. J. Am. Chem. Soc. 2008, 130, 6692–6693. [CrossRef]

65. Hao, Y.-W.; Wang, H.-Y.; Jiang, Y.; Chen, Q.-D.; Ueno, K.; Wang, W.-Q.; Misawa, H.; Sun, H.-B. Hybrid-State
Dynamics of Gold Nanorods/Dye J-Aggregates under Strong Coupling. Angew. Chem. Int. Ed. 2011, 50,
7824–7828. [CrossRef]

66. Dulkeith, E.; Morteani, A.C.; Niedereichholz, T.; Klar, T.A.; Feldmann, J.; Levi, S.A.; van Veggel, F.C.J.M.;
Reinhoudt, D.N.; Möller, M.; Gittins, D.I. Fluorescence Quenching of Dye Molecules near Gold Nanoparticles:
Radiative and Nonradiative Effects. Phys. Rev. Lett. 2002, 89, 203002. [CrossRef]



Nanomaterials 2020, 10, 1644 19 of 19

67. Dulkeith, E.; Ringler, M.; Klar, T.A.; Feldmann, J.; Muñoz Javier, A.; Parak, W.J. Gold Nanoparticles Quench
Fluorescence by Phase Induced Radiative Rate Suppression. Nano Lett. 2005, 5, 585–589. [CrossRef]

68. Nerambourg, N.; Praho, R.; Werts, M.H.V.; Blanchard-Desce, M. Distance-Dependent Fluorescence Quenching
on Gold Nanoparticles Ensheathed with Layer-by-Layer Assembled Polyelectrolytes. Nano Lett. 2006, 6,
530–536. [CrossRef]

69. Jennings, T.L.; Singh, M.P.; Strouse, G.F. Fluorescent Lifetime Quenching near d = 1.5 nm Gold Nanoparticles:
Probing NSET Validity. J. Am. Chem. Soc. 2006, 128, 5462–5467. [CrossRef] [PubMed]

70. Li, H.; Kang, J.; Yang, J.; Wu, B. Distance Dependence of Fluorescence Enhancement in Au Nanoparticle@
Mesoporous Silica@Europium Complex. J. Phys. Chem. C 2016, 120, 16907–16912. [CrossRef]

71. Anger, P.; Bharadwaj, P.; Novotny, L. Enhancement and Quenching of Single-Molecule Fluorescence.
Phys. Rev. Lett. 2006, 96, 113002. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


