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Organo-soluble porphyrin mixed monolayer-protected gold nanorods were synthesized and
characterized. The resulting gold nanorods encapsulated by both porphyrin thiol and alkyl thiol on their
entire surface with strong covalent Au-S linkages were very stable in organic solvents without
aggregation or decomposition, and exhibited unique optical properties different from their
corresponding spherical ones. Alkyl thiol acts as a stabilizer not only to fill up the potential space on
gold nanorod surface between bulky porphyrin molecules, but also to provide space for further insertion

of C¢p molecules forming a stable Cgp-porphyrin-gold nanorod hybrid nanostructure.
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INTRODUCTION

Building metal nanoparticles protected by functional organic molecules is a rapidly growing
fascinating and challenging scientific area of contemporary interest. Gold nanorods (GNRs), providing
many promising applications in optics,’ sensors,’ biological imalging3 and anticancer agents4 due to their
extraordinary shape- and surface chemical environment-dependent optical properties, are among the
most exciting materials today. They are quite different from the widely investigated spherical gold
nanoparticles (GNPs),’ including more distinguished physical properties“"6 particularly for their tunable
absorption in the visible and near IR region. Besides, since anisotropic metal nanoparticles can give
higher sensitivity than spherical ones in surface plasmon shift, GNRs are highly suitable for plasmon
sensing with a high-value shape factor (surface curvature).” Also nanoparticle shape plays an important
role in surface-enhanced Raman scattering enhancement (SERS). The enhancement factors on the order
of 10*-10° were observed for absorbed molecules on the GNRs, while no such enhancement was
observed on spherical nanoparticles under similar conditions.®

It is well established that modifying the chemical composition of GNR surfaces provides a versatile
means to tune their properties. For example, with dye molecules on GNRs, photothermal therapy and
fluorescence imaging can be accomplished simultalneously.4b Although the coupling of dye molecules
and GNRs has been implemented via ionic interactions,’” the dynamically unstable bilayer
cetyltrimethylammonium bromide (CTAB) structure on GNRs has been a problem limiting their
potential applications. In these cases, thiol molecules may have an advantage because thiol monolayer-
protected GNRs exhibit superior stability, accessible surface functionalization and good compatibility
with organic media, in which they can disperse well. However, to date only a few thiol monolayer-
protected GNRs have been reported as the seemingly trivial work of exchanging CTAB with organic
thiol molecules to form thiol-monolayer-protected GNRs is challenging.10

For chemical modification of GNRs, one class of intriguing dye molecules are porphyrins, which have
been intensively studied for a range of applications over the decades due to their excellent thermal

11,12

stability, charge transport ability and high light-harvesting capability. It was discovered that when

2
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attached to spherical GNP rather than on bulk gold surfaces, the undesirable energy transfer quenching
of porphyrin’s singlet excited state can be suppressed.13 Furthermore, porphyrin and fullerene (Cgg) are
an ideal donor-acceptor pair, which allows accelerated photoinduced electron transfer and slow charge
recombination, leading to the generation of a long lived charge-separated state with a high quantum
yield." The porphyrin-Cg assemblies can be stabilized by the attractive 7-m interactions.'*" It is the first
time to anchor them onto anisotropic gold nanoparticles and they are expected to present advantages for
solar energy conversion.

Herein we report the synthesis of GNRs that are protected by porphyrin thiol 1 and 1-decanethiol
molecules via strong covalent Au-S bonds on the GNR’s entire surface. The resulting mixed
porphyrin/thiol monolayer-protected gold nanorods (P-Cy9-GNR) were very stable in organic solvents
without aggregation or decomposition, and exhibited particular optical properties, in sharp contrast to
the corresponding spherical GNPs, as well as, the porphyrin thiol 1. The alkyl thiol C;oH,,;SH acts as a
stabilizer not only to fill up the potential space on GNR surface between bulky porphyrin molecules, but
also to provide space for further insertion of Cgy molecules. Owing to the presence of C;oH, SH
molecules, the shorter alkyl chains create void space between bulky porphyrin groups for Cey molecules,
resulting in an electron donor-acceptor structure on the GNR surface. Together with P-Cyo-GNR, single
porphyrin monolayer-protected gold nanorods (P-GNR), C;oH,;SH monolayer-protected gold nanorods
(C10-GNR), and porphyrin monolayer-protected spherical gold nanoparticles (P-GNP) were also
synthesized for comparison study (see supporting information). Compared with the straightforward
synthesis of spherical P-GNPs in one step,15 the preparation of thiol monolayer-protected GNRs is more
complicated.

EXPERIMENTAL SECTION

Materials and Measurements. All chemicals and solvents were purchased from commercial supplies
and used without further purification. HAuCly is a 30 wt% in diluted HCI solution. 'H NMR spectra
were recorded on a Bruker 400 MHz NMR spectrometer, with deuterated chloroform (CDCl3) as solvent
at 25 °C. The chemical shifts were reported using 7.26 ppm of CHCI; residue as the internal standard.

3
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BC NMR spectra were recorded on a Varian 200 MHz NMR spectrometer, with deuterated chloroform
(CDCls) as solvent. The chemical shifts were reported using 77.16 ppm of CHCI; residue as the internal
standard. The NMR graphs and data were collected by using Spinworks 3 software. Fourier transfer
infrared spectra (FTIR) were recorded on a Nicolet Magna-IR™ spectrometer 550 spectrometer at the
resolution of 4 cm™. High resolution mass spectrometry (HRMS) was performed by Mass Spectrometry
& Proteomics Facility of Ohio State University. Elementary analysis was performed in Robertson
Microlit Laboratories. UV-visible spectra were collected on a PerkinElmer Lambda 25 UV-Vis
spectrometer at the resolution of 1 nm. Fluorescence spectra were recorded on a FluoroMax-4
spectrafluorometer of Horiba scientific. The Raman spectra are obtained with a RENISHAW inVia
Raman microscope instrument using a diode laser with excitation wavelength of 785 nm. Samples for
Raman spectra were casted on glass slides and left to dry before measurements. Each spectrum is
obtained in 10 s collection time with five accumulations. For transmission electron microscopy (TEM)
observation, solution samples were first dispersed on TEM Cu grids pre-coated with thin carbon film
(Cu-400 CN) purchased from Pacific Grid Tech. After completely dried, they were studied using a FEI
Tecnai TF20 FEG TEM equipped with a EDAX energy-dispersive X-ray spectrometer (EDX) for
elemental analysis.

Preparation of Porphyrin Thiol 1. The route of preparing porphyrin thiol 1 was shown in Figure 1.
The porphyrin thiol 1 was synthesized starting from unsymmetrical porphyrin derivative 2, which was
reacted with 11-bromo-1-undecanol to give bromo compound 3. Then the active bromide 3 was reacted
with potassium thiol acetate to give the intermediate compound 4. Finally the intermediate 4 was
deprotected in the presence of tetrabutylammonium cyanide (TBACN) to afford the product porphyrin
thiol 1. The structure of intermediate 2-4 was identified by '"H NMR, Bc NMR, Ft-IR, elemental
analysis and HRMS. For 1, because it was not able to be purified through column, the reaction product
of 1 was characterized by '"H NMR and HRMS, from which the yield and rightness of the compound 1

can be verified (Figure S1). The details were listed in supporting information.
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Br

SCOCH;

SH

51 Figure 1. Synthesis of porphyrin thiol 1. Conditions: (a) propionic acid, reflux; (b) 11-bromo-1-
53 undecanol, DIAD, PPh;, stir at RT; (¢) CH3;COSK, acetone/CHCIl; (1:1), RT, 24h; (d)

55 tetrabutylammonium cyanide, CHCl3/MeOH (2:1), 50°C, 24h.
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Preparation of CTAB-Coated Gold Nanorods (CTAB-GNRs). The CTAB-coated GNRs were
freshly prepared by the seed-mediated growth method."* For seed preparation, specifically, 0.5 mL of an
aqueous 0.01 M solution of HAuCls was added to CTAB solution (15 m L, 0.1 M) in a vial. A bright
brown-yellow color was appeared. Then, 1.20 mL of 0.01 M ice-cold aqueous NaBH4 solution was
added all at once, followed by rapid inversion mixing for 2 minutes. The solution developed a pale
brown-yellow color. Then, the vial was kept in a water bath maintained at 25 °C for future use. For
nanorods growth, 9.5 mL of 0.1 M CTAB solution in water was added to a tube, 0.40 mL of 0.01 M
HAuCly and 0.06 mL of 0.01 M AgNOs aqueous solutions were added in this order and mixed by
inversion. Then, 0.06 mL of 0.1 M of ascorbic acid solution was added and the resulting mixture at this
stage becomes colorless. The seed solution (0.02 mL) was added to the above mixture tube, and the tube
was slowly mixed for 10 seconds and left to sit still in the water bath at 25-30 °C for 3 h. The final
solution turned purple within minutes after the tube was left undisturbed.

Porphyrin thiol monolayer protected gold nanorods (P-GNRs). The solution of CTAB-GNRs was
centrifuged at 7500 rpm per 20 minutes several times to remove the excessive CTAB and other solution
components and redispersed in 1.5 mL of water. Then, this aqueous solution of GNRs was added
dropwise to a solution of the thiol 1 (50 mg) in 40 mL THF with stirring under the protection of
nitrogen. The color of the reaction mixture is purple. The reaction mixture was continued to stir at room
temperature for 3 days and centrifuged. To improve the GNRs with thiol molecules over the surface, the
precipitates were dispersed in CHCl; and sonicated, 10 mg thiol 1 were added into the solutions. The
solution was stirred for another 24 h and centrifuged. This procedure was repeated another three times.
The as-prepared GNRs were centrifuged and washed with CHCl; several times until there was no UV or
'H NMR signal in the top layer solution, which means there were no free thiols in the system. The
resulting GNRs were named as P-GNRs.

Decanethiol monolayer protected gold nanorods (C19-GNRs). The synthesis method was following
the above, the thiol molecules C;oH,;SH (30 mg) was used for the first exchange and 10 mg was used
for each of the next steps for complete surface protection.

ACS Paragon Plus Environment
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Porphyrin thiol and decanethiol monolayer protected gold nanorods (P-Ciy-GNRs). The
synthesis method was following the above, the porphyrin thiol 1 (56 mg, 0.057 mmol) was mixed with
CTAB-GNR first and then C;oH2;SH (10 mg, 0.057 mmol) was added slowly. 5 mg 1 and 10 mg
C1oH21SH were used for each of the next steps for complete surface protection.

Synthesis of Porphyrin-Thiol Monolayer Protected Spherical Gold Nanoparticles (P-GNPs). The
route is based on the reference'™ with some modifications. An aqueous solution of hydrogen
tetrachloroaurate (3 mL, 30 mmol/L) was mixed with a solution of tetraoctylammonium bromide in
toluene (8 mL, 50 mmol/L). The two-phase mixture was vigorously stirred until all the tetrachloroaurate
was transferred into the organic layer. The water layer was removed and 50 mg 1 was then added to the
organic phase. A freshly prepared aqueous solution of sodium borohydride (2.5 mL, 0.4 mol/L) was
slowly added with vigorous stirring. After further stirring for 3 h the organic phase was separated,
evaporated to 1ml in a rotary evaporator and mixed with 40 ml ethanol. The mixture was kept for 4 h at
-18°C. The crude product was filtered off and washed with ethanol. The solid was dissolved in CHCl;
and centrifuged at 14000 rpm for 12 min. After centrifuge, the top layer was removed and the solid was
sonicated after adding CHCls. This wash step was carried several times until the top layer does not have
UV or vis absorption signal for free porphyrin molecules. Afterwards, the P-GNP in CHCI; was
obtained.

Preparation of Cg)-P-C19-GNR. For inserting fullerenes (Cgp) into the P-C;p-GNR or P-GNR, about
0.4 mg corresponding NRs was dissolved in 2 mL of 1:1 (v/v) toluene/CH3;CN. Saturated Cey toluene
solution (3 mg/mL) was added by drops. The mixture was stirred at room temperature. The prepared
Ce0-P-C19-GNR and Cg-P-GNR solutions were centrifuged. Then the top layer was removed, 2 mL of
CHCIl5 was added and the mixture was sonicated. After washed with CHCIl; several times until there was
no UV absorption in the top layer, which means there was no free Cg in the solvent. CHCl3 (2 mL) was
added and the solid was sonicated and dispersed well.

I, Induced Decomposition of P-C;p-GNR. In a typical procedure, ca. 2 mg P-C;-GNR were
dissolved in CDCl; and its '"H NMR spectrum was collected. Then, 1 mg iodine was added to this

ACS Paragon Plus Environment 7
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solution and followed by stirring at room temperature for 3 h. The decomposition process could be
monitored by a change in solution color from purple to dark red-purple. After removal of bulky gold by
centrifuging, the clear top layer solution was collected and dried. After dissolved in CDCl;, 'H NMR
spectrum was collected and it was compared with that from before decomposition. For fluorescence
experiment, since the excess I, made the solution pink-red color, aqueous (NH4)>,SO3 solution (0.5 M)
was added to the above organic solution and it was shaken vigorously. Afterwards, the aqueous layer
was removed. P-GNP and P-GNR were treated the same way for releasing porphyrin thiols.

RESULTS AND DISCUSSION

| (a.u.)

2(.)0 . 460 . 660 . 18(.)0 . 1000
Wavenumber (cm™)
Figure 2. Raman spectra of the CTAB-GNR (red), P-C19-GNR (blue), P-GNR (green), and C1p-GNR

(black).

Raman spectra (Figure 2) exhibited a characteristic Au-Br band at 180 cm™ for CTAB-coated gold
nanorods (CTAB-GNR) and a characteristic Au-S band at 260 cm™ accompanied with the
disappearance of Au-Br band for P-C19-GNR, P-GNR and C10-GNR,8’16 which indicated the successful
removal of bromide and covalent bonding of thiol molecule to gold surface. In order to further confirm
that the thiol molecules indeed replaced CTAB molecules on GNR surface, energy-dispersive X-ray
spectroscopy (EDX) was performed (Figure S2). It can be seen that the S peak appeared for P-C;p-GNR
with the disappearance of Br peak. Besides, '"H NMR (Figure 3) measurements show the peaks became
broadened and weaker than the free porphyrin 1 molecules, similar to the results of other GNRs.'™ The
reasons for this broadening effect have been raised: (a) the tight packing of protons close to the Au core
causes rapid spin-spin relaxation from dipolar interactions; (b) there are different chemical shifts for
surface heterogeneities (different nanocrystalline faces: vertexes, edges, terraces), and the chemical
shifts vary with core size and defect; and (c) slow rotational diffusion of the clusters (analogous to

8
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effects seen for large proteins) depending on nanoparticle size.'™ Although the signals of porphyrin
thiols could not be observed on GNRs, they reappeared after been detached from GNRs. After
degradation by adding I,, the composition of thiol molecules on P-C19-GNR can be calculated (Figure
3). The following is the way to calculate the ratio of porphyrin 1 to C;oH,;SH. In the green cruve, the

ratio of integration areas of aromatic part to alkyl part equals to 1:3. Since for porphyrin thiol 1 the

©CoO~NOUTA,WNPE

porphyrin core part has 24 H (aromatic) and alkyl part has 50 H, we can calculate the integration of
11 protons from C;oH,;SH equal to: 3—1/24x50 = 0.92 from the green curve (as the integration of porphyrin
13 aromatic H = 1). Therefore, the ratio of 1 to CjoH»;SH is (1/24):(0.92/22), approximately 1 : 1. Thus, it
is 1:1 ratio of thiol 1 to C;oH2;SH on P-C;(-GNR.

33 ' ' ' ' ]
-2 0 2 4 6 8 10

33 Figure 3. '"H NMR spectra of: P-C19-GNR (blue), mixture residue after I, induced decomposition

40 (green), 1 after reducing reaction (red).

Abs (a.u.)

56 300 400 500 600 700 800
57 Wavelength (nm)
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Figure 4. UV-Vis spectra of CTAB-GNR in H;O (red), and P-C;p-GNR (blue) and spherical P-GNP
(black) in CHCls. The insets show photographs of the solutions of corresponding CTAB-GNR (right-
top) and P-C;9-GNR (right-bottom) in the two phases (top layer: water; bottom layer: CHCls), and TEM

images of P-GNP (left) and P-C4o-GNR (right).

UV-vis absorption spectra of CTAB-GNR, P-C;p-GNR and spherical P-GNP are shown in Figure 4.
Stable organo-soluble P-Cy9-GNR and spherical P-GNP were observed by transmission electron
microscopy (TEM), showing they were well dispersed with no aggregation (Insets in Figure 4). P-Co-
GNR displayed an average size of 44 nm x 13 nm and an approximate aspect ratio of 3.4 based on a
sample of 500 nanorods. Spherical P-GNP had an average diameter of 2.3 nm. The existence of typical
porphyrin peak at 421 nm indicated the bonding of porphyrin thiol 1 on GNR. After a successful
exchange with thiols, the nanoparticles were moved from aqueous media to organic solvent. In contrast
to UV-vis absorption spectrum of the spherical P-GNP, two characteristic plasmon peaks were observed
for both CTAB-GNR and P-C;p-GNR. The strong longitudinal peak in the near-infrared region (710
and 714 nm respectively) is corresponding to the electron oscillation along the long axis, and a weak
transverse peak in the visible region (513 and 533 nm respectively) is due to electron oscillation along
the short axis. The red-shift of the longitudinal and transverse peaks for P-C;9-GNR results from the
change of dielectric constant around GNR due to attachment of the porphyrin 1. Without porphyrin 1,
C10-GNR did not show such red shift for either of these two peaks (Figure 5). Notably, the transverse
peak shows a large red-shift (about 20 nm), which could be ascribed to the side-by-side arrangement of
nanorods in solution.'” However, since there was neither accompanying blue-shift of the longitudinal
band, nor any prominent side-by-side assembly of GNRs observed by TEM (Inset of Figure 4 and Figure
S3), the peak shift can only be attributed to the influence of porphyrin 1. Additionally, UV-vis absorption
spectra and TEM images of P-GNR (with only porphyrin 1 on GNR surface) were shown in Figure 6.
The appearance of characteristic porphyrin peak (421 nm) indicated the binding of 1 onto these GNRs.

However, its CHCl; solution displayed bluish color and UV-vis absorption spectra showed that the two

10
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SPR peaks broadened. Also there were significant red-shift for transverse SPR (from 520 to 557 nm)
and blue shift for longitudinal SPR (from 722 to 705 nm). This implies the side-by-side assembling of
GNRs, which was observed by TEM. The attractive n-r interaction of porphyrin chromophores could be

the interpretation for the assembly of P-GNR.

©CoO~NOUTA,WNPE

785
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520

21 400 500 600 700 800
22 Wavelength (nm)

25 Figure 5. The UV-Vis spectra of CTAB-GNR in H,O (red) and C;9-GNR in CHCl; (blue).

w
N
Abs (a.u.)

37 4(I)0 5(I)0 660 7(I)0 8(I)0
38 Wavelength (nm) 50_nm

40 Figure 6. Left: UV-vis of CTAB-GNR (red) and P-GNR (blue) (Inset: the picture of P-GNR in CHCI;
42 showing bluish color, top layer is water). Right: TEM image of P-GNR, indicating the existence of side-

by-side assembly.

Fluorescence spectra (Figure 7(a), (b) ) also revealed the distinctively different patterns for all these
50 prepared nanoparticles. After detaching from gold nanoparticles, free porphyrin thiols in CHCI; showed
52 characteristic emission peaks at 656 and 721 nm. When being linked onto gold nanoparticles including
GNPs and GNRs, the intensity significantly quenched, almost 99%. However, for P-GNP the peak shape
57 was almost same as free porphyrins. For P-GNR and P-C10-GNR, the peak intensity and shape were

59 similar. Different from free porphyrins and P-GNP, the peak at 712 nm was relatively much stronger

ACS Paragon Plus Environment 11
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than the 656 nm peak. This indicated that there exist the interaction between the porphyrin and gold

nanoparticles, and the photoelectronic properties of porphyrin chromophores are significantly altered

when closely bound to GNRs.

(a) (b)
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Figure 7. (a). Fluorescence spectra of free porphyrins detached from P-C;p-GNR (red) (diluted for ten
times), P-C19-GNR (blue) and P-GNR (cyan)in CHCl; with excitation wavelength at 420 nm. For, P-
GNR the intensity of free porphyrin thiols was normalized to be the same as from P-C10-GNR.(b)
Fluorescence spectra of free porphyrins detached from P-GNP (red) (diluted for ten times), P-GNP
(green) in CHCl; with excitation wavelength at 420 nm. (c): The quench of P-C4-GNR in 1:1 (v/v)
toluene/CH3;CN (0.2 mg in 2 mL mixture) upon the addition of Cgp (Ceo concentrations from top to
bottom: 0 mM, 0.02 mM, 0.05 mM, 0.08 mM, 0.1 mM and 0.15 mM). (d) Dependence of d)fO/(d)fO -
®¢(ob)) on the reciprocal concentration of Cg in acetonitrile/toluene ) 1/1.
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Figure 8. (Top): UV-vis spectra of P-C1p-GNR (blue) and P-GNR (green) after washing away free Cg
in solution. Solution of Cg (black) has also been presented for referring. (Bottom) TEM images of P-
C10-GNR (A) and Cg-P-C19-GNR conjugate. Note: The diffusion layer on the edge of P-C10-GNR (B)

indicates the existence of Cgy molecules.

The formation of Cg-GNR conjugations was verified by further fluorescence quenching in
toluene/CH3CN mixture for P-C;p-GNR in Figure 7(c), even though the fluorescence of porphyrin
chromophores has been significantly quenched by GNRs.( The association constant for the formation of
P-C19-GNRand Cg complex has been calculated based on the fluorescence quenching in Figure 7 (c)
and (d). After simplified treatment,'® the formular is:

1 1 1

4+

D7 — Do) P} - ‘bf K(‘D?‘ - ‘D})[Ceo]

@¢ is the fluorescence quantum yield of uncomplexed P-C;o-GNR, @ is the complexed one, (I)fo(ob) is
the observed yield and K is the association constant. @ is considered as 0 when complex is completely
formed. By using this equation, a linear dependence of 1/( @ - d)f0(0b>) on the concentration of Cgp can
be obtained. After linear fit, the constant K is calculated from the slope. The K value is 58600 M

After removing free Cgp in solution by repeated centrifugation and ultrasonication, the successful
intercalation of Cgp on P-Cyp-GNR was further examined by monitoring their characteristic UV-vis
absorption spectra peak (see Figure 8 top), whereas spectroscopic evidence of Cgp could not be found in
P-GNR when insertion of Cgy was performed under the same experimental conditions. TEM provides
direct evidence for the Cg intercalation. As shown in Figure 8 bottom, a sharp boundary can be

observed between the edge of P-C;9-NR and the supporting carbon film (A), while a thin layer can be

ACS Paragon Plus Environment 13
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identified on the nanorod surface (B) after the addition of Cg followed by removing free Cgp molecules
in solution, supporting the conjecture of the sandwiched Cgp molecules in the hybrid GNRs. The
combination of C;oH,;SH molecules and P-C;9-GNR enabled the insertion of Cg, creating the electron
donor-acceptor alternative structure on the GNR surface. A schemetic illustration of this hybrid structure

has been presented in Figur 9.

A
=CioHz2:SH @@ = Ceo

e

Figure 9. Schemetic representation of P-C9p-GNR intercalated with Cgy and chemical structure of our

synthesized porphyrin thiol 1 and commercially available 1-decanethiol.

Structural details of thiol molecules on P-C;9-GNR and P-GNR were described in Figure 10, which
showed the feasibility of intercalating C¢p between porphyrin molecules on P-C;p-GNR but not on P-
GNR. Due to the curvature of the small spherical GNPs (ca. 2 nm), there was a suitable void space for
Ceo to insert between two porphyrin groups.18 In the case of P-GNR, the surface curvature is insufficient
to provide such a void space. On GNR surface, the average distance between two gold atoms to which
thiol molecules are attached is about 5 A.' For P-C19-GNR, between two 1 molecules it is about 10 A
with one C;oH,;SH molecule standing in the middle. From center of porphyrin 1 to the surface of GNR,
it is about 26 A and the longest chain length of C;oH,;SH is 13.4 A away from the GNR surface. It can
be calculated as 12.6 A from the center of porphyrin ring to C;oH,;SH chain, which is much larger than
7.1 10\, the diameter of a Cg molecule.'® The closest distance between a carbon of Ceo and the center of

the porphyrin ring has been reported as 2.856 A.** The smallest center-to-center distance of two
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porphyrin chromophores which can sandwich a Cgp molecule is about 12.8 A by adding the diameter of
Ceo to twice the closest distance between Cgp and a porphyrin ring. With the flexible n-alkyl part of 1
which has 11 CH; units, the two 1 molecules on P-C;p-GNR can tilt slightly to accommodate a Cg
molecule, as shown in the top left picture. On the other hand, for P-GNR, since there is no short chain
on the surface to provide the void space, Cgo molecules could not be sandwiched by porphyrin
molecules. The section view of GNR has also been presented to illustrate the feasible intercalation of
Cso on P-C19-GNR and infeasible intercalation on P-GNR. The lengths of porphyrin molecule 1 and

CioH2;SH were calculated in Chem 3D of ChemDraw.

_______________

Figure 10. Schemetic interpretation of feasible intercalation of Cg into P-C;9-GNR instead of P-GNR.
The top pictures are from the side view of GNR, and the bottom pictures are from the section view. The

t-butylphenyl groups at porphyrin core are omitted for clarity.

CONCLUSION
In conclusion, porphyrin mixed monolayer-protected GNRs were for the first time synthesized and

characterized. The resulting porphyrin GNRs showed unique optical properties in sharp contrast to their
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corresponding spherical GNPs. With the short alkyl thiol molecules, P-C;9-GNR enabled the insertion
of Cgp, creating the electron donor-acceptor alternative structure on the GNR surface. Through this
hybrid nanomaterial, it opens a new avenue for research in investigating the effects of functional organic
molecules on the plasmonic properties of anisotropic gold nanoparticles. This hybrid structure holds
promise for energy conversion in hybrid photovoltaic devices by providing increasing donor-acceptor
interface for the porphyrin-Cgp system with the huge contact area. In addition, for the future study, when
shorten the alkyl of porphyrin thiols and n-alkyl chains which pull the porphyrin groups and Cgo
molecules closer to GNR surface (<1 nm), the nanorod structure could be used as a direct path for
charge transport, a key requirement for efficient photovoltaic devices. This combination of organic
electron donor-acceptor system and inorganic NRs could be used to enhance the capability of

photovoltaic devices and improve their performances.
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