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Highlights

® Large Au nanoparticles (AuNPs) were hydrophobidized and functionalized stably in a low-polar
solvent.

® Thin films of the AuNPs were obtained by Langmuir—Blodgett method.

® The AuNPs showed surface-enhanced Raman scattering and enhanced photoluminescence.

ABSTRACT

A convenient, one-step, approach for surface modification with hydrophobic thiol or its dye-
derivative of hydrophilic citrate-capped Au nanoparticles (Cit—AuNPs) is demonstrated.  This
method depended on the solubility of both Cit—AuNP and thiol or its derivative in the reaction solvent.
We investigated a variety of solvents for Cit—~AuNPs with 15-75 nm sizes and a capping molecule,

octadecanethiol (ODT) or a disulfide derivative of hydrophobic porphyrin (PCi0S),. As to ODT,
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surface immobilization of Cit—-AuNPs with ODT was successful in 2-propanol, while N,N-
dimethylformamide was best in the case of (PC10S),. In both cases, surface modified AuNPs were
redispersible even after storing under dried powder conditions. Two-dimensional monoparticle films
of surface-modified AuNPs by the Langmuir—Blodgett method with ethylene glycol as subphase could
be formed and exhibit surface-enhanced Raman scattering.  Spectra from the porphyrin skeleton were
certainly observed, with the maximum photoluminescence enhancement of 15-fold, around 50-nm
size. As to AuNP with 17-nm diameter, mixed monolayer assemblies of (PC10S), and OT with different
concentration ratios were fabricated and spectroscopic enhancement effects due to localized surface

plasmon resonance were investigated.

Keywords
Localized surface plasmon resonance, Functionalized Au nanoparticle, Langmuir—Blodgett method,

Surface-enhanced Raman scattering, Enhanced photoluminescence.
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1. Introduction

Plasmonic nanoparticles have played a significant, central role on nanophotonics and nano-optics
[1]. The strong interaction between the nanoparticle and light through localized surface plasmon
resonance (LSPR)[2] has been utilized for surface-enhanced Raman scattering (SERS)[3,4] for
improving efficiencies of light-emitting[5—7] and photoelectric conversion[8—12]. Physical and
chemical properties of the nanoparticles (e.g., optical response, solubility, and stability), have been
usually limited by a preparation method because types of chemical species adsorbed on the
nanoparticle surface depend on the chemical reagents used in the preparation method. Therefore,
modification of the nanoparticle surface with functional molecules has been studied extensively to
control its physicochemical properties[4,6,7,13-27]. Even in the case of hydrophobization using
alkanethiols[14,15,19,20,26] which is one of the simplest modification procedures (i.e.,
functionalization), it extends practical applications of the nanoparticles as photofunctional
monoparticle films by using drop casting, spin coating, and Langmuir—Blodgett (LB) method[20,26].
Thus, the development of the preparation method of hydrophobic nanoparticles appropriate to purpose
is basically important. For modification with the functional molecules including dyes, use of the
organic solvent in which the nanoparticles are reacted with the molecules is unavoidable because most
of the dyes usually dissolves only in the solvent. In the modification of nanoparticle surfaces with
photofunctional molecules, a stepwise process of the preparation of organo-soluble nanoparticle at
first, and then surface modification with functionalized molecules is usually employed[7,21-24].
However, in the organic solvent van der Waals interactions among nanoparticles, especially for larger
sizes, often exceed electrostatic interaction and steric repulsion among the nanoparticles, so that it is
hard to avoid irreversible aggregation (or agglomeration) of the particles [28—30].  For this reason,
there have not yet been established methods to functionalize the particle in the organic solvent that is
larger than ~50-nm exhibiting strong electric near-fields and thus suitable to study and apply enhanced
photoluminescence (PL) events.

With respect to the issue of the surface modification of Au nanoparticles with 50-nm size, we have
made three prerequisites in this study as follows: (i) hydrophobization, surface modification with
dye molecules, and purification procedures (extraction and/or centrifugation) can be carried out as
simple as possible, (ii) the size of the nanoparticle is sufficiently as large as ~50-nm exhibiting most
strong near-field in the case of Au nanoparticle (AuNP)[31], and (iii) use of dispersion stabilizers such
as surfactants and/or polymers is not used to prevent them as contaminants after purification process
(e.g., centrifugation).

Previously, we reported that hydrophobic AuNPs with the size of ~50-nm could be prepared by
mixing citrate-protected AuNP (Cit—-AuNP) aqueous solution directly into ethanol (EtOH) solution of
octadecanethiol (ODT)[26]. However, it was difficult to synthesize hydrophobic AuNPs with larger

sizes of ~50-nm. Here, we carefully investigated organic solvents in which both the water-soluble
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Cit—AuNPs and the organic-soluble functional molecules could be miscible, and developed a simple
one-step procedure to surface-modify AuNPs with alkanethiol and/or a porphyrin dye with an alkyl-
thiol tail (Scheme 1). We also carried out SERS and enhanced PL measurements of the above-

described surface-modified AuNPs.
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Scheme 1. Comparing the previous report[26] with a new method.  Octanethiol (OT),
Octadecanethiol (ODT), and (PC10S) (Figure S1) as a functional molecule were used.
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2. Experimental

All starting materials were commercially purchased and used without further purification. Milli—
Q water with the resistivity of 18.2 MQ cm was used throughout the experiments. The synthesis of
porphyrin-linked alkanethiol derivative (PC10S), (Figure S1) followed the literature we previously
reported[8—12]. Synthetic scheme (Scheme S1) was shown in supporting information. UV—vis,
photoluminescence, and Raman spectra were recorded on JASCO V-670ST, Horiba FluoroLog-
R5509, Horiba LabRAM ARAMIS. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were performed on Hitachi SU-8000 and JEOL JEM-200CX,

respectively.

2.1. Cit—AuNP preparation

Citrate-capped AuNPs (Cit—AuNPs) were prepared by using citrate ion as a reducing
reagent[32]. Namely, a solution of HAuCls (0.010 wt% in Milli—Q water, 600 mL) was heated to the
boiling temperature. Then, an aqueous solution of sodium citrate (1.0 wt%, 15.0, 7.38, 4.76, or
3.19 mL) was added to the boiling solution of HAuCls, giving Cit—AuNPs with the diameter of 17,
33, 48, or 75 nm, respectively. The reaction mixture was kept at the boiling temperature for 60

min, and was allowed to cool down to room temperature.

2.2. Test of solubility

The aqueous solution of as-prepared Cit—AuNP with the diameter of 48 nm (50 mL) was
centrifuged (8 000 g, 15 min). The precipitate was redispersed in each solvent. The dispersion
solvents were water; dimethyl sulfoxide (DMSO), y-butyrolactone (GBL), N, N-dimethylformamide
(DMF), acetonitrile, ethanol (EtOH), acetone, 2-propanol (IPA), dichloromethane (CH,Cly),
tetrahydrofuran (THF), chloroform (CHCl;), and toluene. Furthermore, it was determined whether
2 mg of ODT and (PC0S), were soluble in 50 mL of these solvents. The criterion is defined as
"visually smoothly soluble in the solvent", giving priority to convenience because the solubility test
is a screening to reduce the risk of aggregation and irreversible precipitate of AuNPs in the

modification reaction.

2.3. ODT-AuNP preparation

Hydrophobic AuNPs were prepared from Cit—AuNPs by a ligand-exchange process. The aqueous
solution of prepared Cit—AuNP with each size (100 mL) was centrifuged (8 000 g for 17 and 33 nm,
or 5 000 g for 48 and 75 nm, 15 min), and then the precipitate was redispersed in IPA (60 mL).
Subsequently, an IPA solution of octadecanethiol (ODT) (1.0 mM, 6.0 mL) was added to the
colloidal IPA solution (60 mL) under stirring for 3 days. After sonicating the reaction mixture for

~1 min, the solution was centrifuged (15 000 g, 15 min for 17 and 33 nm, or 12 000 g, 15 min for 48
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and 75 nm). This operation was repeated 3 times so as to remove excess ODT, and the precipitate
was redispersed to CHCI3 (60 mL). When they was stored as a solid, the ODT—AuNPs were dried

with an evaporator and then vacuum-dried for 3 h.

2.4. PC19S—AuNP preparation

The aqueous solution of prepared Cit—AuNP with each size (400 mL) was centrifuged (8 000 g
for 17 and 33 nm, or 5 000 g for 48 and 75 nm, 15 min), and then the precipitate was redispersed in
DMF (40 mL). Subsequently, the colloidal solution was added to a mixed solution composed of a
THEF solution of (PC10S), (4 mg, 12 mL) diluted with DMF (188 mL) under stirring for 3 days. The
solution was centrifuged (15 000 g, 15 min for 17 and 33 nm, or 12 000 g, 15 min for 48 and 75 nm),
and then was redispersed to THF (200 mL). The solution was centrifuged again under the same
conditions, redispersed in a mixed solvent of THF: DMF = 1: 1 (200 mL). The mixture solution
was stirred for 6 h to remove physisorption of (PCi9S).. The solution was centrifuged (15 000 g for
17 and 33 nm, or 12 000 g for 48 and 75 nm, 15 min, 2 times), and then was redispersed to CHCI3
including 3% DMF (200 mL). When they was stored as a solid, the PC;oS—AuNPs were dried with
an evaporator and then vacuum-dried for 3 h. To evaluate the amount of PC;0S adsorbed on the
surface, the AuNPs were decomposed with an iodine solution, and the dissociated molecules were

quantified by absorption measurement[21,23,24].

2.5. Control of adsorption degree of PC;oS

(PC10S), DMF solution (1.0 mM) was mixed with octanethiol (OT) DMF solution (1.0 mM) in
any ratio. The mixed solution (50 mL), which included 0, 16.7, 26.9, or 40.9 mL of the OT
solution ([OT]/[(PC10S)2] was 0, 0.5, 1.2, and 4.5) was stirred for 6 h. The Cit-AuNP DMF solution
with the diameter of 17 nm (10 mL) was added to the OT—(PC10S), solution under stirring, and was
reacted for 3 days. The solution was centrifuged (15 000 g, 15 min), and then was redispersed to
THF (50 mL). The solution was centrifuged again under the same conditions, was redispersed in a
mixed solvent of THF: DMF = 1: 1 (50 mL), and was stirred for 6 h. The solution was centrifuged
(15000 g, 15 min, 2 times), and then was redispersed to CHCI3 including 3% DMF (50 mL).

2.6. Fabrication of AuNP thin-film

Monoparticle films composed of ODT—AuNP with the diameter of 17, 33, 48, or 75 nm on a
smooth indium-tin oxide (ITO)-coated glass plate were fabricated by the Langmuir—Blodgett (LB)
technique. First, dried ODT—AuNPs (1.0 mg for 17 and 33 nm, 1.5 mg for 48 and 75 nm) were
redispersed into CHCI3 (200 puL). Then, 200 uL solution of ODT—-AuNP was spread on the surface
of ethylene glycol as the subphase in the LB trough (USI-3-22QY, USI, Japan) at 25 °C, and kept for

15 min to evaporate the solvent. The resultant nanoparticle film was compressed at a speed of 0.1
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mm s~!, and then transferred onto an ITO substrate by Langmuir—-Schaefer method at a speed of 0.1
mms~!.  The monoparticle film on the ITO substrate was dried for 1 h and then slowly immersed in
water to remove a little ethylene glycol remaining. Then, it was vacuum-dried for 3 h. The ITO
substrate was beforehand cleaned by ultrasonication in water and EtOH for 5 min, followed by
drying it with nitrogen gas. The substrate was immersed a mixed solution composed of H>O, and
NH; (H202: NH3 = 1: 3) for 1 h at 50 °C, followed by immersion to 2% hexyltrimethoxysilane EtOH
solution overnight. ~ After washing by water and EtOH, the substrate was cleaned by

ultrasonication. Furthermore, this substrate was heated on a hot plate at 80 ° C for 2 h.
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3. Results and Discussion
3.1. Modification of AuNP with Molecules.

As mentioned in the introduction, it has been a considerable issue how large AuNP can be modified
in organic solvents and stably dispersed, in terms of film fabrication with monoparticle layer levels
using drop casting, spin coating, and LB method.  In this respect, surface modification of AuNP
with hydrophobic organic layers is basically important. Fortunately, both octadecanethiol (ODT) and
porphyrin-linked alkanethiol derivative ((PCi0S)., Figure S1)[8—12] could be soluble in a varieties of
organic solvents, as shown below. Thus, a key to overcome the above issue must be to find out
appropriate organic solvents in which all AuNP (Cit—AuNP), ODT, and (PC;oS); are also soluble
without agglomeration. Here, we investigated several organic solvents in which citrate-capped
AuNP (Cit—=AuNP), ODT, and (PC0S), for modification were soluble, in order to select the appropriate
solvent to realize one-step surface-modification procedure. First, Cit-AuNP aqueous solutions of
each particle size (17, 33, 48, 75 nm) were prepared by the citrate-reduction method, and after
centrifugation, an organic solvent to be capable of redispersing the resultant precipitate (Table 1). As
a result, Cit-AuNP was redispersed into water, y-butyrolactone (GBL), N,N-dimethylformamide
(DMF), and 2-propanol (IPA), maintaining a stable isolated dispersion state (Figure S2).  Also, it was
redispersed into dimethyl sulfoxide (DMSO), appearing no precipitation, but the color of the solution
changed to purple probably due to some aggregation. The other organic solvents were found to cause
neither redispersion nor precipitation. In the range we investigated so far, the Cit-AuNP could be
redispersed in the organic solvents with the dielectric constant of higher than ~18 and the molecular
weight of higher that ~60, except water. From this result, it implies that the solvent molecule requires
a certain degree of polarity and bulkiness to enable redispersion of the Cit—AuNP stably.

Next, we investigated the solvents in which ODT and (PC0S), were miscible (Table 1). The
solvents which could dissolve both Cit—~AuNP the thiol molecules were IPA and DMF in the case of
ODT, while DMF and GBL in the case of (PCi0S).. Therefore, in the case of surface modification
with ODT or (PCi0S)2, IPA or DMF were used, respectively.

Table 1. Solubility of Cit—AuNP, ODT, and (PC1S),. Water (H>0), dimethyl sulfoxide (DMSO), y-
butyrolactone (GBL), N, N-dimethylformamide (DMF), acetonitorile (ACN), ethanol (EtOH), acetone
(ACON), 2-propanol (IPA), dichloromethane (CH:Cl,), tetrahydrofuran (THF), and chloroform
(CHCIs) were used as solvents. MW stands for molecular weight. S, SN, SC, and I mean soluble,
soluble and no change of solution color, soluble and change of solution color, and insoluble,

respectively (S for ODT and (PC0S)2, SN and SC for Cit-AuNP).

Redispersed | ODT? (PC10S).” Relative MW
Cit-AuNP* Permittivity
H,O SN I I 80 18




DMSO SC I I 47 78
GBL SN I S 39 86
DMF SN S S 38 73
ACN I I I 37 41
EtOH I S I 24 46
ACON I S I 21 58
IPA SN S 1 18 60
CHxCl, I S S 9.1 85
THF I S S 7.5 72
CHCl3 I S S 4.8 119
Toluene I I 24 92

1 % SN, SC, and I stand for soluble and no change of solution color, soluble and change of solution color,

2 and insoluble, respectively. * S and I mean soluble and insoluble, respectively.

10
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In general, both thiol and disulfide derivatives chemisorb to AuNP through Au-S bond[33-37].
The AuNPs modified with ODT or (PC10S), were repeatedly centrifuged and redispersed into CHCl3
(Figure S3). Figure 1 shows extinction spectra of Cit—AuNP aqueous solution, ODT-AuNP CHCl;
solution, and PC;oS—AuNP CHCI; solution. Each absorption peak based on LSPR[2] was clearly
observed in the range from 510 nm to 580 nm in all cases. As compared with Cit—~AuNP in water,
the plasmon peak of the modified AuNPs showed red-shift because refractive index around their
surface increased owing to these adsorbed molecules and in the organic solvent.[38,39] Previously,
we reported that the ODT—-AuNPs with the size range from 17 to 48 nm were prepared in water—EtOH
(50%v/v) mixed solvent[26]. In the present case, we succeeded in hydrophobizing AuNP with the
size of 75 nm, though it was not successful in the previous method. These spectra in the case of 48
and 75 nm diameter were broadened owing to some aggregation with plasmon coupling as the size
increased. In the extinction spectrum of PCioS—AuNP, a broad Soret band of the porphyrin was
observed around 420 nm[40—42]. Such broadening is due to aggregation of the porphyrins,
suggesting that a densely-packed molecular layer is formed on the AuNP surface[41,42].
Furthermore, these AuNPs were vacuum-dried overnight and then redispersed into CHCIs.  Figure 2
shows the extinction spectra of redispersed ODT—AuNP and PCoS—AuNP with the size of 17 nm after
drying, followed by redispersion in CHCI3 (Figure S4 for the other sizes). The shape of the extinction
spectra hardly changed even after redispersion. In addition, the AuNPs could be redispersed into the
solvent even after one month of dry storage under normal temperature and atmospheric conditions.
Accordingly, it was demonstrated that the dried solid-state of the modified AuNPs can be redispersible
in the non-polar solvent. In other words, the obtained ODT-AuNP and PC;oS—AuNP can be stored
as the solid state under normal temperature and atmospheric conditions. It is significant to be solid
except when using the AuNPs because, in general, the alkanethiol molecules adsorbed on the Au
surface through the Au—S bond gradually desorb into solution or into vacuum[43-45]. The yield of
the modified AuNPs was in the range of 20—60% for all size in terms of weight ratio of Au contained
in the AuNP to that contained in HAuCls aqueous solution. In the case of the AuNPs with the
diameter of 17 nm, which has the largest specific surface area in this study, it is estimated that the
density of ODT molecule on the AuNP surface is ~8 nm™ or less[46,47]. While, the density of PC10S
molecule was ~0.7 nm as determined from the iodine method (in Experimental 2.4)[21,23,24]. The
results show that above 94 weight% of the AuNP was Au. Improving the yields and reducing

variability are future issues.

11
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Figure 1. Extinction spectra of Cit-AuNP aqueous solution, ODT—AuNP CHCI; solution, and PC1oS—
AuNP CHCIs solution with diameter of (a) 17, (b) 33, (c) 48, and (d) 75 nm.
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Figure 2. Extinction spectra of (a) ODT—AuNP and (b) PCioS—AuNP with the diameter of 17 nm in
CHCI; before and after vacuum-drying. (¢) Photographs of ODT-AuNPs CHCI; solution before

drying (left), after vacuum evaporation and (b) subsequent redispersion into CHCls.

The adsorption degree of the PC10S molecules on the AuNP surface can also be changed by using
different concentration ratios of (PCi0S), to alkanethiol. In order to suppress the formation of
porphyrin aggregates, octanethiol (OT) which has the same length as the alkyl chain part of PC;oS was

added, and the concentration ratio of (PCi0S), to OT was changed as the concentration ratio

12
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([OTV/[(PC10S)2]) was 0, 0.5, 1.2, and 4.5, respectively in DMF, in which all species of Cit—AuNP with
the size of 17 nm, (PC10S)2, and OT were soluble. Figure 3 shows the extinction spectra of surface-
modified AuNP in CHCIl;, after above treatment processes. As the concentration ratio decreased, the
Soret band of PC1S as a monomer at ~420 nm increased[40—42], and then it tended to decrease and
another absorption originating from H-aggregates at ~400 nm concomitantly increased
gradually[41,42]. These results show that the adsorption amount of PC;oS molecule and the
adsorption state could be controlled through change in the concentration ratio in the reaction solution.
Furthermore, although place exchange reaction, which is a two-step molecular modification method,
has been reported so far[48,49], our method demonstrates that the AuNP with a certain size exhibiting
clearly LSPR can be modified with one- or two-types of molecules by one-step.

In order to demonstrate the usefulness of functionalized AuNPs, we investigated SERS spectra of

dense ODT—AuNP films and photoluminescence enhancement of PC1oS—AuNP solution.

- (OTV/(PC,cS):]
S — 0.0 oT PCyoS
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é - 0.5
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E — 45
205 F a
© o
€ w PR
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Figure 3. Extinction spectra of AuNP modified with OT and PC1oS in CHCl; solution. The
concentration ratio of OT to (PCi0S)2 (JOT)/[(PC10S)2]) was 0.0, 0.5, 1.2, and 4.5 in the reaction

solution.

3.2. SERS of ODT-AuNP film.

Our group and other groups have used bottom-up methods to fabricate array structures, such as
electrodeposition[50,51], electrostatic layer-by-layer adsorption[52—55], electrophoretic approach[56],
liquid-liquid interface[55,57-59], and LB techniques[20,26]. In particular, the LB method is an
excellent technique for the preparation of monoparticle film of AuNP film with a high density and,
especially a large area[20,26]. Actually, the LB monoparticle film of ODT—AuNPs could be formed
and was transferred onto an ITO substrate. Previously, we prepared the LB film of AuNP by utilizing
polyethylene glycol (PEG) as an amphiphilic agent added to water subphase[26]. PEG assists
spreading of the hydrophobic AuNPs on water and to form the uniform monoparticle layer. In the
measurements of SERS of the LB ODT—AuNP film, however, PEG should be removed from the LB
film in order to avoid unwanted signals from PEG, inspite that the removing process was rather
troublesome. Preparation of thiolated PEG-immobilized AuNPs is one of the excellent methods for

hydrophobizing AuNPs in an aqueous solution, but it is not suitable for application such as vibrational

13
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spectroscopy. In this study, ethylene glycol (EG) was employed as the subphase instead of water, to
uniformly spread the AuNPs without PEG[60]. In fact, EG could be easily removed only by
immersing the LB AuNP film on the ITO substrate into water. Figure 4a—d show SEM images of LB
ODT-AuNP films with the diameter of 17, 33, 48, and 75 nm (PC0S—AuNP films in SI, Figure S5),
respectively. It is found that monoparticle films with high density were formed. In the extinction
spectra (Figure 4e), the peak wavelength of each film was red-shifted from 590 to 700 nm as the size
increased, in longer wavelength region than that of the solution. This result shows that plasmon
coupling between AuNPs becomes stronger with increasing in the particle size[61]. The plasmon
band of the film composed of larger AuNPs was broader, which may be due to some aggregation in
the solution (Figure 1)[62]. Then the CHCI3 solution of phthalocyanine (CuPc) was spin-coated on
the LB films of AuNPs with 17 and 48 nm, and Raman spectra were measured by Raman spectroscopy
(Figure 4f and Figure S6). In the spectra, signals assigned to CuPc were clearly observed[63], and
the intensity of the LB film sample was higher than that without the LB film, indicating the signal of
SERS. The enhancement factor (EF) is defined as the value of dividing the scattering intensity with
the AuNP film to that without the film. The EFs at 1530 cm™' assigned to the symmetric stretching
motion of isoindole groups were 7 and 31, respectively, and the LB film with 48 nm showed stronger
enhancement. It is considered that the EF of the LB film with 48 nm is due to the overlapping of the
laser wavelength (785 nm) with the broad extinction band, and thus the near electric field appreciably

enhanced by plasmon coupling between the larger AuNPs.

(a) (b) (c) (d)

(e) (f)
g — 17 nm 20
5 1.0 -33nm a 15
-é 48 nm S
-— x
:ﬂ 75 nm 210
E 0.5 %
s S s |
£ M
200 . ; : 0 = T
400 500 600 700 800 900 200 600 1000 1400 1800
Wavelength / nm Raman shift / cm?

Figure 4. SEM images of ODT—AuNP LB film with the diameter of (a) 17, (b) 33, (c) 48, and (d) 75
nm. Surface pressure was shown in (a)—(d). (e) Extinction spectra of the LB films. (f) Raman
spectra (laser wavelength = 785 nm) with ODT-AuNP LB films (diameter of 17 nm, blue: 48 nm,
yellow) and without the film (black).
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3.3. PL enhancement of AuNP colloidal solution.

Photoluminescence (PL) spectra of the PC1oS—AuNP CHCI; solution of each particle size were
measured (Figure 5a and Figure S7). [Excitation spectra were normalized by the amount of
adsorption of PCioS molecules. As a result, an emission intensity at 720 nm increased with
increasing in the particle size. It was largest in the 48 nm diameter. Figure 5b shows dependence
of EFs at each excitation wavelength on the size. EF of photoluminescence is defined as the value
obtained by dividing the intensity of PC;oS—AuNP with that of free PC10S in the solution. The EF of
PCi0S—AuNP with 48 nm was 15 at 648 nm of the excitation wavelength. It is considered that the
plasmon electric field amplified the excitation of PC;oS because the enhancement was observed in the
Q band (518-648 nm) whereas it was not observed in Soret band (420 nm). The size dependence of
EF shows the same tendency as the strength of enhanced near field strength by LSPR[31].

(a) (b)

40 18
— (PCyS): Excitation Wavelength
— 75nm 15 | © :;g:: fo)
* 48nm 1 555 nm
— 33nm 12 | s18nm

PL Intensity
N
=}

— 17 nm <> 420 nm
s w 9 L
w
e F

A
10 | O @]
3 [ (4]
_...._,_._,..f'—'--.,_,._.\____‘____“________ ﬁ
0 N N . N 0 - L L 6 L Z(
450 500 550 600 650 700 0 10 20 30 40 50 60 7O 80

Wavelength / nm Diameter / nm

(a) Excitation spectra of photoluminescence (emission wavelength Aem= 720 nm) and (b) Enhancement
factor (EF) of emission. EF of photoluminescence is defined as the value obtained by dividing the

intensity of PC0S with AuNP by that of free PCoS in the solution.
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4. Conclusions

An one-step surface modification of AuNPs with three types of hydrophobic molecules in organic
solvents was developed. The results were ascribed from solubilities of both citrate-capped AuNP and
the molecules for surface modification, without causing aggregation. The result also made possible
the change of the concentration ratio of the mixed molecular assembly on AuNP. Furthermore, it
made possible easier fabrication of the PEG-free LB films of surface-modified AuNP with monolayer,
enabling clear SERS, and improved the photoluminescence of the PCioS—AuNP colloid solution.
This preparation approach will substantially contribute to the development of plasmonic researches as

well as its practical applications to photonic devices.
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