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Abstract: An in situ reduction ap-
proach to synthesizing gold and silver
nanoparticles by using a series of newly
designed, redox-active amphiphiles at
basic pH is described. These amphi-
philes are the conjugates of a fatty acid
(e.g., oleic acid, stearic acid, and lauric
acid) and a redox-active amino acid
(e.g., tryptophan or tyrosine). The am-
phiphile-coated nanoparticles are then
efficiently transferred from water to
different nonpolar organic media (such

ane, and hexane) simply by acid treat-
ment. The phase-transfer process was
monitored by UV/visible spectroscopy
and transmission electron microscopy,
and the results showed that the average
particle size and size distribution
remain almost unchanged after trans-
ferring to the organic media. The an-
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choring of the amphiphile to the nano-
particle surface was confirmed by
FTIR spectroscopy and thermogravi-
metric analysis. A mechanism is pro-
posed to describe the stability of colloi-
dal Au and Ag nanoparticles formed in
situ and their phase transfer to organic
solvents. The presence of the amphi-
phile increases the thermal stability of
the colloidal gold nanoparticle conju-
gates in organic solvents.

as benzene, toluene, xylene, cyclohex-

Introduction

The synthesis of noble metal nanoparticles (MNPs) has at-
tracted the whole nano-community due to their intrinsic
size- and shape-dependent optoelectronic properties. A vari-
ety of synthetic wet-chemical techniques have already been
developed to prepare size- and shape-tunable MNPs, most
of which are water-based methods.'">! However, the use of
nonpolar organic media to synthesize noble MNPs has been
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Supporting information for this article contains details of the synthe-
sis and characterization of redox-active amphiphiles, a plot of surface
tension against concentration of sodium salt for all the amphiphiles,
UV/visible spectra of the Ole-Trp-GNPs conjugates with varying
amounts of amphiphile, UV/visible spectra of the Ole-Tyr—-GNPs con-
jugates in different organic solvents, UV/visible spectra of the Ole-
Trp—GNPs conjugates in toluene after transfer by using different pro-
tonated acid, additional TEM images, histogram plot of the amphi-
phile-GNPs/SNPs conjugates in water and in toluene, DLS curves,
FTIR spectra of Ole-Trp-GNPs conjugates, and the change of the
SPR property of the amphiphile-GNPs/SNPs conjugates in toluene as
function of temperature. This data is available on the WWW under
http://www.chemeurj.org/ or from the author.
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an important branch of nanoparticle (NP) research in recent
years.”! The importance of such MNPs is mainly due to their
versatility in terms of their application as a catalyst for or-
ganic reactions in nonpolar media,® their solvent-depen-
dent optical properties,”™'” and also the binding ability of
stabilizer molecules on to the surface of MNPs in contact
with various environments.'"'?) Furthermore, MNPs in or-
ganic media are susceptible to spontaneous assembly into
hexagonal-close-packed monolayers upon solvent evapora-
tion, which eventually produces new structural materi-
als, 1315

The methods for direct single-phase synthesis of MNPs in
nonpolar organic media are limited because of the poor sol-
ubility of the corresponding metal-ion precursor. In particu-
lar, the synthesis of gold nanoparticles (GNPs) in nonpolar
organic media (such as toluene, benzene, xylene, and cyclo-
hexane) is very rare, maybe because of the commercial un-
availability of soluble gold-ion precursors in these solvents.
Among the few reports of organic-based MNP synthesis,
most are generally based on the thermal treatment of a
metal-ion precursor in the presence of a capping molecule
in organic solvent.'®2?"! These methods are restricted to only
a few MNP syntheses, and thus a two-phase synthesis proto-
col is adopted for the organic-phase synthesis of MNPs.
Brust et al. were the first to develop a two-step method for
preparing MNPs in organic media, which involved the trans-
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fer of HAuCl, from water to toluene by using a phase-trans-
fer catalyst, tetraalkylammonium bromide, followed by re-
duction using sodium borohydride in the organic phase.'*]
Consequently, the Brust protocol was rapidly followed by
other researchers for preparing self-assembled monolayers
(SAMs) of alkanethiol *? aromatic thiol**! alkyl
amine,>*%! dialkyl disulfide,”” and thiolated cyclodex-
trin®?! molecules on GNP and silver nanoparticle (SNP)
surfaces. However, the disadvantage of this method, as re-
ported by Rao et al., is that the MNPs formed contain nitro-
genous surface impurities due to the presence of phase-
transfer reagent, which render it difficult to obtain good su-
perstructures.’” Sastry etal. have modified the two-step
Brust protocol for the synthesis of organic-based MNPs to
one step. In this method, the phase transfer of chloroaurate
ions from water to chloroform, and their spontaneous reduc-
tion to yield stable GNPs of controllable size, was accom-
plished by a single molecule, such as hexadecylaniline.*)

Another approach involves the direct transfer of pre-
formed aqueous-based MNPs to the organic phase by using
an appropriate chemical approach. This transfer process re-
quires hydrophobization of the MNP surface.®?32-61 Most
of these techniques mainly differ due to the different nature
of the capping molecule, which needs different chemistry to
hydrophobize the surface of the NPs®! Underwood and
Mulvaney were the first to transfer the preformed, citrate-
capped GNPs from water to an organic solvent, such as
butyl acetate.’”) A simple place-exchange method can also
be used to transfer alkanethiol-capped GNPs to organic sol-
vents.**! Similarly, GNPs capped with alkyl amine can also
be used to accomplish such phase transfer to organic
media.['#2%324.92 Rag and co-workers have demonstrated
the HCl-assisted phase transfer of aqueous colloidal Au, Pt,
and Ag NPs into organic solvents, such as toluene, by using
alkanethiols.®**! Efrima et al. have reported the transfer of
sodium oleate-capped SNPs from water to organic solvents
by using a small amount of orthophosphoric/perchloric acid
in the reaction medium, with a transfer efficiency of 50—
70% .'"2 However, other acids, such as H,SO,, HCI, formic
acid, or anisic acid, did not induce such phase transfer.
Sastry et al. have also reported the phase transfer of oleic
acid-capped Ni/Ag core-shell NPs by using orthophosphor-
ic/perchloric acid, but they were not successful with HCl/
H,S0,. "

In situ synthetic methods for the generation of MNPs are
gaining much interest, as they avoid the use of any external
reducing agent or stabilizer.”**! Based on this technique,
we have already reported the formation of gold and silver
NPs by using the redox-active tyrosine/tryptophan-based
peptides. ! Sastry et al. have also reported the formation
of GNPs by using alkylated tyrosine at the liquid/liquid and
air/water interface.” To the best of our knowledge, except
for this work, there are no reports on the in situ synthesis of
gold and silver NPs in water by using redox-active amino
acid based amphiphiles and their subsequent transfer to or-
ganic solvents.
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Herein, we report the synthesis of colloidal gold and
silver NPs by the in situ reduction technique at pH 11, by
using a series of newly designed, redox-active amphiphiles
as the reductant/stabilizer. These amphiphiles are the conju-
gate of a fatty acid (e.g., oleic acid, stearic acid, or lauric
acid) and a redox-active amino acid (e.g., tryptophan or ty-
rosine). The MNPs formed are then efficiently transferred
to different nonpolar organic solvents simply by acid treat-
ment.

Results and Discussion

Redox-active amphiphile synthesis and characterization:
Redox-active amino acid based amphiphiles were synthe-
sized by conventional solution-phase coupling of the respec-
tive amino acid and fatty acid by using a racemization-free
fragmentation/condensation strategy, and the corresponding
sodium salt was obtained by titration of the respective am-
phiphile with sodium hydroxide in ethanol according to the
literature report.”®! Scheme 1 depicts the chemical structures
of all the above-mentioned amphiphiles. Details of the syn-
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thesis procedure and their characterization are provided in
the Supporting Information. The amphiphiles exist as aggre-
gated micellar structures in the aqueous alkaline phase, and
micelle formation can be well understood from the surface
tension data. The value of the critical micelle concentration
(CMC) was determined from the slope of the surface ten-
sion versus concentration curve, and was found to be
~(0.14 mm for the sodium salt of the amphiphile Ole-Trp
(see Figure S1 in the Supporting Information). Similarly, the
CMC s of the sodium salt of amphiphiles Ste-Trp, Lau-Trp,
and Ole-Tyr were calculated to be ~0.034, ~0.163, and
~0.029 mm, respectively.

Synthesis of amphiphile-GNP and amphiphile-SNP conju-
gates: In aqueous alkaline solution, the hydrophilic end of
the amphiphile contains a carboxylate group along with an
adjacent tryptophan or tyrosine moiety, whereas the hydro-
phobic part contains the long alkyl chain. Typically, an aque-
ous solution of HAuCl, (0.5 mL, 10 mm) was added drop-
wise to the alkaline solution of each amphiphile (1 mL,
40 mm) separately at pH~11. The UV/visible spectrum of
this as-prepared Ole-Trp-gold nanoparticles (Ole-Trp—
GNPs) conjugate in water exhibits a sharp surface plasmon
resonance (SPR) band at 528 nm (Figure 1a). The UV/visi-
ble spectra of Ole-Trp-GNPs prepared with various
amounts (1.0, 0.75, 0.5, 0.25 mL; 40 mm) of the amphiphile
Ole-Trp and with a fixed amount (0.5 mL, 10 mm) of Au*™* is
provided in Figure S2 of the Supporting Information. The
optical results show that an increase in the amount of am-
phiphile only increases the intensity of the SPR band at
528 nm corresponding to the formed GNPs, indicating the
formation of only spherical GNPs. Thus, all other reactions
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Figure 1. UV/visible absorption spectra of Ole-Trp-GNPs conjugate:
a) as-prepared in water, b) after transferring to toluene, and c) the re-
maining aqueous layer after the transfer. Inset: pictures of the colloidal
Ole-Trp—GNPs conjugate in two different phases.
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were carried out with 1 mL of amphiphile (40 mm) and
0.5mL of Au’* ion (10 mm) as they yielded a higher
number of GNPs. In all cases, we observed a color change
from yellow to ruby red, indicating the formation of colloi-
dal GNPs by oxidation of the tryptophan residue of the am-
phiphiles through electron transfer from the tryptophan
moiety to the Au’* ion, as reported in our earlier work.[*!
The GNPs formed are stabilized by anchoring of the indole
part of the tryptophan moiety of the amphiphiles. The de-
tails of the formation and stabilization mechanism of the
nanoconjugates will be discussed later in this section. In the
case of SNPs, the in situ reduction of AgNO; by the trypto-
phan moiety of the amphiphile results in a color change
from colorless to yellow, indicating the formation of colloi-
dal amphiphile-SNPs conjugates that were similarly trans-
ferred to various organic solvents.

Phase transfer: The appearance of a single, sharp SPR band
at 528 nm (Figure 1a) indicates the presence of well-dis-
persed GNPs of sizes below 20 nm.*l After HCI treatment,
the Ole-Trp-GNPs conjugate is completely transferred to
toluene after stirring for just 1 min, and the corresponding
absorption spectrum shows a sharp SPR band at 528 nm
with much-enhanced intensity (Figure 1b). The UV/visible
spectrum of the remaining aqueous phase shows no trace of
any SPR signal of GNPs, indicating the complete transfer of
the Ole-Trp—GNPs conjugate to the toluene phase (Fig-
ure 1c). This finding can be confirmed by the pictures of the
Ole-Trp—GNPs conjugate in both aqueous and organic
phases (see inset of Figure 1), which clearly shows that the
color of the organic phase changes to ruby red while at the
same time the aqueous phase becomes colorless. These re-
sults also reveal that there is no change in the position of
the SPR band after the transfer of the Ole-Trp—GNPs conju-
gate to the organic phase. The enhancement in the intensity
of the SPR band in toluene may be due to the change of po-
larity of the surrounding solvent of the GNPs as a result of
the transfer from water to toluene.

Also, the Ole-Trp-GNPs conjugate is effectively trans-
ferred to other organic solvents, such as benzene, xylene, cy-
clohexane, and hexane, in a similar fashion and the UV/visi-
ble spectra are shown in Figure 2. In all cases, the spectra
show that the SPR band of the GNPs remains at the same
position at 528 nm before and after the transfer. The insets
of Figure 2 display pictures of the colloidal Ole-Trp—GNPs
conjugate in these solvents, showing the same color as ob-
served in the case of the nanoconjugate in toluene.

To study the effect of alkyl chain length and the olefinic
double bond on the preparation of GNPs and their transfer
to organic media, we prepared GNPs by using two different
amphiphiles (Ste-Trp and Lau-Trp; Scheme 1) following sim-
ilar experimental conditions as those used for Ole-Trp, in
which the oleyl chain of Ole-Tip is replaced by stearyl and
lauryl chains, respectively. Both the experiments resulted in
the formation of stable suspensions of GNPs in water, which
were completely transferred to toluene upon acidification
with HCI after just 1 min. Figure 3 shows the UV/visible
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Figure 2. UV/visible absorption spectra of Ole-Trp-GNPs conjugate:
a) as-prepared in water, b) after transferring to the respective organic sol-
vents, and c) the remaining aqueous layer after the transfer. Insets: pic-
tures of the colloidal Ole-Trp—-GNPs conjugate in the respective organic
solvents.
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Figure 3. UV/visible absorption spectra of A) Lau-Trp—GNPs conjugate
and B) Ste-Trp-GNPs conjugate: a) as-prepared in water, b) after trans-
ferring to toluene, and c) the remaining aqueous layer after the transfer.
Insets: pictures of the colloidal GNP conjugates in two different media.

spectra of the Ste-Trp—~GNPs and Lau-Trp—GNPs conjugates
in water and after transferring them to toluene. These re-
sults indicate that the SPR band position of the Lau-Trp-
GNPs conjugate in water and in toluene remains the same
(528 nm) as that of the Ole-Trp—-GNPs conjugate (compare
Figures 1 and 3A). However, the as-prepared Ste-Trp-GNPs
conjugate in water exhibits a broad SPR band centered at
629 nm (Figure 3Ba). The appearance of such a broad SPR
band may be due to the formation of irregular-shaped parti-
cles of wide distribution or of aggregated GNPs, which will
be confirmed by transmission electron microscopy (TEM)
analysis later in this section. The Ste-Trp—GNPs suspension
on shaking with toluene at pH 2-3 results in complete trans-
fer to toluene with the SPR band centered at 545 nm (Figure
3Bb). The actual reason for this blue shift from 629 to
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545 nm is not clear, but may be due to the better dispersibil-
ity of the Ste-Trp—~GNPs conjugate in toluene compared to
that in water. Because of the broad SPR band, we observe a
blue suspension that changes to violet on transferring from
the aqueous to the toluene phase.

Earlier, we reported the synthesis of gold and silver NPs
by using tyrosine-containing peptides through -electron
transfer from the tyrosine residue to the metal ion.”**" This
study further prompted us to design redox-active amphi-
philes containing a tyrosine residue for GNP formation.
Thus, the amphiphile oleic-Tyr-COOH (Ole-Tyr; Scheme 1)
was utilized for preparing GNPs by using similar reaction
conditions as those for the tryptophan-containing amphi-
phile-based synthesis. The UV/visible spectrum of the as-
prepared Ole-Tyr—GNPs conjugate in water shows a SPR
band at 521 nm (Figure 4a). The Ole-Tyr—GNPs conjugate
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Figure 4. UV/visible absorption spectra of the Ole-Tyr—-GNPs conjugate:
a) as-prepared in water, b) after transferring to toluene, and c) the re-
maining aqueous layer after the transfer. Inset: pictures of the colloidal
GNP conjugate in two different media.

was then treated with HCl in the presence of different non-
polar organic solvents under vigorous magnetic stirring. The
UV/visible spectrum shows no change in the SPR band posi-
tion of the Ole-Tyr-GNPs conjugate after transferring to
toluene (compare Figures 4a and 4b), but a decrease in in-
tensity of the SPR band is observed, which may be due to
the poor solubility of the base amphiphile, Ole-Tyr, in tolu-
ene. The Ole-Tyr is partially soluble in benzene, toluene,
and xylene, whereas it is insoluble in cyclohexane and
hexane. The Ole-Tyr—GNPs conjugate was thus partially
transferred to benzene, toluene, and xylene, but not to cy-
clohexane or hexane. The UV/visible spectra of the Ole-
Tyr—-GNPs conjugate in different organic solvents show the
presence of a SPR band of GNPs at 521 nm after transfer-
ring to benzene and xylene, but no such band is observed in
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cyclohexane and hexane (see Figure S3 in the Supporting In-
formation). Thus, the presence of a tyrosine-based amphi-
phile also enables transfer of GNPs to nonpolar organic sol-
vents because of the anchoring of the tyrosine OH group of
the Ole-Tyr to the GNP surface, as reported earlier.””

To study the versatility of this method, SNPs were also
prepared by the reduction of AgNO; by using the amphi-
phile Ole-Trp under similar reaction conditions. The aque-
ous suspension of Ole-Trp—SNPs conjugates was then al-
lowed to transfer to toluene by treatment with HCIL
Figure 5 shows the UV/visible spectra of the Ole-Trp—SNPs
conjugate in water and toluene. These optical results indi-
cate the complete transfer of SNPs to the toluene layer, but
the SPR band position was slightly red-shifted from 417 to
421 nm (compare Figures 5a and 5b) upon transferring from
water to toluene. The inset of Figure 5 displays pictures of
colloidal Ole-Trp—SNPs in water and in toluene, showing
complete transfer of SNPs. We have also successfully trans-
ferred the Ole-Trp—SNPs conjugates into other organic sol-
vents, such as benzene, xylene, hexane, and cyclohexane.

Our method of phase transfer is not restricted to any par-
ticular acid treatment, and other protonated acids, such as
H,SO,, HCOOH, and H;PO,, are also capable of effectively
transferring the amphiphile—
MNPs conjugates to various
nonpolar organic solvents. This  A)
is clearly evident from the ap-
pearance of a sharp SPR band
in the UV/visible spectra of
the Ole-Trp—~GNPs conjugate
in toluene by using different
protonated acids (see Figure S4
in the Supporting Informa-
tion). As we are able to trans-
fer these amphiphile-GNPs/
SNPs by using any protonated
acid, this method is superior to
other similar methods!''~*!
and can be applied to the
transfer of a wide range of
noble MNPs.

Figure 6A shows a TEM
image of the as-prepared Ole-
Trp—GNPs conjugate in water,
indicating well-dispersed spher-
ical NPs; the average size was
calculated to be 7.4+1.3 nm,
taking at least 100 particles
into consideration. The TEM
picture of this conjugate in tol-
uene also shows spherical par-
ticles of average size 7.5+
1.3 nm (Figure 6B). Figures 6C
and 6D show a histogram anal-
ysis of the particle size distri-
bution of the corresponding
Ole-Trp—-GNPs conjugates in
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Figure 5. UV/visible absorption spectra of the Ole-Trp—SNPs conjugate:
a) as-prepared in water, b) after transferring to toluene, and c) the re-
maining aqueous layer after the transfer. Inset: pictures of the colloidal
SNP conjugate in water and in toluene.
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Figure 6. TEM images of the Ole-Trp—-GNPs conjugate: A) as-prepared in water and B) after transferring to
toluene. Insets: enlarged views of the corresponding images; scale bars: 10 nm. Histograms of particle size dis-
tribution analyzed from the corresponding TEM images of the conjugate: C)as-prepared in water and
D) after transferring to toluene.
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aqueous and toluene phases, respectively. These results indi-
cate that the particle size and the size distribution remain
almost unaltered on transfer from water to toluene. Thus,
we can conclude that the transfer process brings no change
in the GNPs’ morphology and size distribution.

Figure 7 shows the corresponding TEM images of the Ste-
Trp-GNPs, Lau-Trp-GNPs, Ole-Tyr—-GNPs, and Ole-Trp—
SNPs conjugates in water and in toluene. From the TEM
pictures, it is evident that the Ste-Trp-GNPs conjugate has
no definite shape, whereas the morphologies of Lau-Trp-

——

Figure 7. TEM images of A) Ste-Trp-GNPs conjugate in water, B) Ste-
Trp—GNPs conjugate in toluene, C) Lau-Trp—-GNPs conjugate in water,
D) Lau-Trp-GNPs conjugate in toluene, E) Ole-Tyr—-GNPs conjugate in
water, F) Ole-Tyr—-GNPs conjugate in toluene, G) Ole-Trp-SNPs conju-
gate in water, and H) Ole-Trp—SNPs conjugate in toluene. Insets: en-
larged views of the corresponding TEM images; scale bars: 10 nm.
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GNPs, Ole-Tyr—GNPs, and Ole-Trp—-SNPs conjugates are all
spherical in nature in the aqueous phase. The formation of
such irregular-shaped Ste-Trp-capped GNPs might result in
the appearance of a broad SPR band as mentioned above
(see Figure 3B). The blue shift of this band after transferring
to the toluene phase might be due to the better dispersibility
of the GNPs in toluene compared to that in the aqueous
phase, as evident from Figures 7A and 7B. After transferring
the respective particles to toluene, the average size and size
distribution remain almost the same. The details of particle
sizes of the NPs prepared with all four amphiphiles in both
media are summarized in Table 1. Additional TEM images

Table 1. Particle size analysis of GNPs/SNPs determined from the re-
spective TEM images.

GNPs/SNPs Particle size in water [nm] Particle size in toluene [nm]
Ole-Trp-GNPs  7.4+1.3 75+13

Ste-Trp-GNPs ¢! —al

Lau-Trp-GNPs 6.8+0.6 6.8+0.5

Ole-Tyr-GNPs  6.7+1.3 7.0+£12

Ole-Trp-SNPs  17.2+£3.5 17.1+£3.7

[a] Unable to determine the size because of irregular-shaped particles.

and the corresponding histogram analysis are provided in
the Supporting Information (see Figures S5 and S6). As the
shape of the Ste-Trp—~GNPs conjugate is irregular in nature,
we are unable to determine the exact size or the histogram.
These results again indicate that the transfer of the GNPs/
SNPs from the aqueous to the organic phase brings no
change in the particle morphology and its distribution. How-
ever, from the particle size data reported in Table 1, we can
summarize that as the alkyl chain length of the amphiphile
decreases, the size of the GNPs formed decreases. Also,
upon comparing the standard deviation values, one can con-
clude that the GNPs’ size distribution tends more towards
monodispersity.

To provide further support to the TEM analysis data, a
dynamic light scattering (DLS) experiment was carried out
to measure the particle size of a representative sample, Ole-
Trp—GNPs conjugate, in water and in toluene. In the aque-
ous phase, the diameter of the Ole-Trp—GNPs conjugate was
around 10.1 nm (see Figure S7 in the Supporting Informa-
tion), which is very close to the value obtained from TEM
measurements (7.4+1.3 nm). Besides the peak for this parti-
cle size, another peak was also observed at 91.3 nm in the
DLS curve. However, the TEM result shows no sign of any
such large particle size throughout the grid. This may be
due to the formation of a large cluster of individual GNPs
in the aqueous phase or the micelle of the amphiphile, Ole-
Trp, which may be destroyed during the drying of the
sample on the TEM grid. The DLS study of GNPs in tolu-
ene indicates only one peak corresponding to a diameter of
7.5 nm, which also agrees well with the TEM result (see
Table 1). The diameter of Ole-Trp-GNPs in water, as mea-
sured by DLS, is a little bigger compared to that of the
TEM results, which may be due to the surrounding water
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molecules associated with these NPs in the aqueous
phase [

Evidence of amphiphile adsorption: FTIR spectra of the
neat Ole-Trp, neat sodium salt of Ole-Trp, and the centri-
fuged Ole-Trp—-GNPs conjugate isolated from the aqueous
and toluene phases are provided in the Supporting Informa-
tion (see Figure S8) and the details of the peak assignment
are summarized in Table2. For both Ole-Trp and the
sodium salt of Ole-Trp, bands at 2926 and 2854 cm™' were
observed as a result of the asymmetric and symmetric
stretching of the CH, groups. A band due to the stretching
mode of the olefinic =C—H bond was also observed at
3007 cm™. In addition, the Ole-Trp shows a band at
1728 cm™! due to the C=0 stretching vibration, whereas the
sodium salt of Ole-Trp shows bands at 1589 and 1406 cm™!
due to asymmetric and symmetric COO™ stretching frequen-
cies, respectively. Both the above amphiphiles also show the
amide I and II bands which appear in the regions 16501630
and 1530-1515 cm™". The Ole-Trp-GNPs conjugate in both
media shows the presence of the CH, vibration mode (2926
and 2854 cm™), indicating the presence of the amphiphile
on the GNP surface. The position of the olefinic =C-H
bond vibration remains unchanged even after adsorption of
the amphiphile to the surface of the GNPs, which indicates
that the olefinic bond has no role in stabilizing the GNPs.
Earlier, it was reported that the stabilization of SNPs is
achieved by the anchoring of oleic acid onto the surface
through the interaction of its olefinic bond, and hence a
shift in the olefinic vibration mode was observed.'”! The am-
phiphile Ole-Trp attached to the GNPs, isolated from aque-
ous phase, shows bands at 1589 and 1402 cm™', indicating
the presence of a carboxylate ion and not the carboxylic
acid form. The amphiphile Ole-Trp attached to the GNPs
shows bands at 1589 and 1402 cm™" in the aqueous phase, in-
dicating the presence of a carboxylate ion and not the car-
boxylic acid form. A band appears at 1728 cm™! when it is
transferred to the organic phase by acid treatment, indicat-
ing complete protonation of the carboxylate group present
in the aqueous phase. Also, the Ole-Trp—~GNPs conjugate in
both the aqueous and organic phases shows the presence of
amide I and IIbands (1650-1630 and 1530-1515cm™).
FTIR spectra of Ole-Trp-SNPs and the GNP conjugates
prepared with the other amphiphiles also show a similar

Table 2. FTIR peak assignment of the amphiphile (Ole-Trp) and Ole-Trp-GNPs conjugate under different

type of band, as discussed above, and hence no data are pro-
vided for the sake of brevity. This result proves that the am-
phiphile molecules are really attached to the surface of the
NPs.

The anchoring of the amphiphile on the surface of the
NPs was further confirmed by the thermogravimetric analy-
sis (TGA) of a representative sample, Ole-Trp-GNPs conju-
gate, isolated from two different media. Thermograms of
the centrifuged/washed Ole-Trp—-GNPs conjugates isolated

90 —

Weight loss / %

85 —

Weight loss / %

80 — - ii
0 LI B L I
- 200 400 600 800
T/°C

P=r T T T T T T T T T " T T T "1 "1
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Figure 8. TGA thermogram of isolated Ole-Trp—~GNPs conjugates from:
a) water and b) toluene. Inset: TGA thermogram of neat i) sodium salt of
Ole-Trp and ii) Ole-Trp.

from both water and toluene (Figure 8) were compared with
those of the neat Ole-Trp and neat sodium salt of Ole-Trp
(see inset of Figure 8). According to the thermograms, the
onset of decomposition of the neat sodium salt of Ole-Trp
and neat Ole-Trp is ~350 [(i), inset of Figure 8] and
~250°C [(ii), inset of Figure 8], respectively. However, the
Ole-Trp—GNPs conjugate isolated from water starts decom-
posing at ~240°C and the same nanoconjugate isolated
from toluene starts decomposing at ~ 190 °C, which indicates

that GNPs promote decompo-

sition of the amphiphile. The

fact is that the amphiphile

present in the as-prepared
conditions. . .
nanoconjugate isolated from
= . X ..
Ole-Trp [cm™] Sodium salt of Qlc-Trp—GNPs Qle-Trp—GNPs Pee}k water exists in the form of the
Ole-Trp [cm™!] isolated from isolated from assignment .
5 o sodium salt, whereas the am-
water [cm™'] toluene [cm™] o .
- phiphile present in the same
3415 3412 3412 3405 indole NH . f £
3007 3007 3007 3007 —C-H n'anocon]ugate a te'r trr?lns er-
2926, 2854 2926, 2854 2924, 2854 2924, 2852 CH, ring to toluene exists in the
1728 - - 1728 c=0 acid form. As mentioned
- 1589, 1406 1589, 1402 - Ccoo~ above, the decomposition tem-
1651, 1519 1630, 1527 1626, 1529 1651, 1521 amide I+11
perature of the two forms of
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the amphiphile are different; thus, this is the reason for the
difference in the decomposition temperature of the ad-
sorbed amphiphile on the surface of the GNPs isolated from
water and toluene. Furthermore, the weight loss of the
nanoconjugate isolated from water was calculated to be
~11% between ~240 and 800°C (Figure 8b), which is
solely due to the decomposition of adsorbed amphiphile on
the GNPs’ surface. However, such a weight loss is ~19%
for the same nanoconjugate isolated from the toluene phase
in the temperature range of 190 to 800°C (Figure 8b). These
results confirm that the nature and the amount of amphi-
phile adsorbed on the surface of the GNPs are different,
which leads to different modes of stabilization of GNPs by
amphiphiles in the aqueous and toluene phases.

Control experiments: A control experiment was performed
to explain the role of the tryptophan/tyrosine residue in the
transfer of gold and silver NPs to the organic phase. GNPs
were first prepared by the reduction of HAuCl, with NaBH,
in the presence of neat oleic acid at pH 11. The UV/visible
absorption spectrum shows the appearance of a sharp SPR
band at 520 nm (Figure 9a), indicating well-dispersed GNPs
that are stabilized within the oleic acid micelle. However,
we were not able to transfer the GNPs to any nonpolar or-
ganic solvent, although we carried out the transfer process
in a similar fashion to that discussed earlier. In this case, the
toluene layer did not show any SPR band corresponding to
GNPs (Figure 9b). Rather, the GNPs came out from the
aqueous phase and stuck to the surface of the glass contain-
er at the interface of the two immiscible liquids. As a result,
we did not observe any SPR signal in the remaining aqueous
phase. A possible reason is that the GNPs formed are stabi-

0.8 —

0.6 —

Absorbance

0.4 —

300 400 500 600 700 800
A/nm

Figure 9. UV/visible absorption spectra of oleic acid capped GNPs: a) as-
prepared in water, b) after transferring to toluene, and c) the remaining
aqueous layer after the transfer.
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lized within the micelle of oleic acid in the aqueous alkaline
phase, as the oleic acid has no specific anchoring site for the
GNPs’ surface. When these oleate ion-capped GNPs are
treated with an acid to transfer them to toluene, the micellar
structure is disturbed because of the protonation of the car-
boxylate group of the oleate ion, and the GNPs are not able
to stay in suspension. This results in aggregation of the
GNPs and the aggregated particles separate out from tolu-
ene and stick to the surface of the glass container, as no spe-
cific anchoring group for the GNPs is present in the oleic
acid molecule. From these results, we can conclude that the
presence of a tryptophan/tyrosine residue in the amphiphile
of oleic acid imparts extra stability to the formed colloidal
GNPs and SNPs that can facilitate the easy transfer of these
NPs from the aqueous to nonaqueous phase.

The control experiment also shows that the oleic acid
capped SNPs cannot be transferred to the organic phase by
using HCI. Similar observations have also been noticed by
earlier researchers regarding the transfer of oleic acid
capped SNPs.[l

Proposed mechanism: On the basis of the above results, we
propose the following mechanism for the formation, stabili-
zation, and transfer of GNPs/SNPs to the organic phase. As
a representative case, we have chosen the HAuCl,/Ole-Trp
system to explain the whole mechanism. In the aqueous
phase, the tryptophan moiety of the amphiphile (Ole-Trp)
reduces Au™ to metallic Au, which eventually makes clus-
ters to form the GNPs and is stabilized by the micelle of
Ole-Trp, as shown in Scheme 2. The NH group of the indole
moiety of the tryptophan residue remains anchored to the
GNP surface due to its reasonable binding efficiency, as re-
ported in our earlier work.* The carboxylate group of the
adsorbed amphiphile is protonated upon acidification with
dilute HCI and becomes insoluble in the aqueous phase but
soluble in the organic phase, and thus the protonated amphi-
philes are readily transferred to the organic phase along
with the anchored GNPs (Scheme 2). In a nonpolar organic
phase the micelle structure is disturbed, but the amphiphile
is still anchored to the surface of the GNPs through the
tryptophan moiety and gives rise to stable dispersions of
GNPs. The anchoring of the acid form of the amphiphile
was evident from FTIR (Table 2) and TGA data (Figure 8).
During acidification, intermolecular hydrogen bonding
cannot be ruled out, which may result in self-assembly of
amphiphile-GNPs conjugates, as reported in earlier re-
search.”® However, our TEM result did not show any such
kind of assembly. We reasoned that the presence of long hy-
drophobic alkyl chains on the surface hinders the formation
of self-assembled Ole-Trp—GNPs through hydrogen-bonding
interactions. To prove this, the as-prepared Ole-Trp—GNPs
conjugate was acidified with dilute HCI solution in the ab-
sence of toluene, which resulted in bulk precipitation due to
insolubility of the amphiphile in water. On making the
medium alkaline, the Ole-Trp-GNPs conjugate again
formed a stable dispersion without any change in SPR band
position. A similar type of mechanism is also valid for the
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layer of long hydrophobic alkyl
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Scheme 2.

remaining amphiphile-capped GNPs as well as amphiphile-
capped SNPs.

Reversibility study: We also tried the switching of amphi-
phile-coated GNPs and SNPs between aqueous and organic
phases repeatedly by changing the pH. The transfer occurs
with 100 % efficiency in the first cycle, that is, from aqueous
to organic phase, whereas no transfer occurs in the second
cycle, that is, from organic to aqueous phase. To resolve this
issue in more detail, we tried the experiment with the neat
amphiphile molecules (no GNPs or SNPs). The transfer oc-
curred from the aqueous to the organic phase but not the re-
verse, as monitored by the UV/visible spectra of the trypto-
phan-containing amphiphile. This is probably due to the fact
that in the aqueous phase the amphiphiles remain in the
form of micelles, in which the hydrophobic chain is inside
the core and the hydrophilic part is exposed to water. In this
micellar solution, the GNPs or SNPs formed are stabilized
through the anchoring of the tryptophan group adjacent to
the carboxylate group (hydrophilic part) of the amphiphile
(see Scheme 2). Thus, the carboxylate groups are exposed
and can be readily protonated by acid treatment, which
eventually promotes GNPs or SNPs to transfer to the organ-
ic phase. However, in the organic phase the hydrophilic car-
boxylic acid group of the amphiphile is at the core (nearer
to the surface of the GNPs or SNPs) and is surrounded by a
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phases, we recorded the UV/
visible spectra of the Ole-Trp-
GNPs conjugate at varying
temperatures and times before
and after the transfer process.
The SPR band of the Ole-Trp-
GNPs conjugate in water is un-
changed up to 80°C and re-
mains stable for more then 2 h
at that temperature (Fig-
ure 10A). After transferring to
toluene, the intensity of the
SPR band decreases slightly on
increasing the temperature to
80°C and reverses back on
cooling, which may be attribut-
ed to the change in refractive
index of toluene with temperature. Again, the Ole-Trp—
GNPs conjugate was kept in toluene at 80°C in a thermo-
static temperature bath and the SPR band was recorded at
various time intervals. The spectra demonstrate that the
Ole-Trp—GNPs conjugate is stable for more than 2 h at that
temperature (Figure 10B). The SPR band of GNPs remains
unaltered even if the heating (at 80°C) is prolonged for
more than 12 h (Figure 10B). This result indicates that the
colloidal Ole-Trp—~GNPs conjugate is thermally (80°C)
stable for more than 12 h in toluene, unlike the alkyl thiol-
capped MNPs, which undergo irreversible change just above
60°C.F"%¥ The higher thermal stability of the amphiphile—
GNPs conjugates allows one to effectively use these GNPs
for the fabrication of various optoelectronic devices. The
other amphiphile-GNPs/SNPs suspensions are also stable
against temperature and the details are provided in the Sup-
porting Information (see Figure S9).

Conclusion

A series of newly designed amphiphiles, with either a redox-
active tryptophan or tyrosine moiety at one terminus, was
successfully used for the preparation of gold and silver NPs
by the in situ reduction technique at basic pH. An efficient
method was developed for complete transfer of gold and

Chem. Eur. J. 2007, 13, 98509861
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lowed by coupling with amphiphile
by using DCC/HOBt. The details of
the synthesis procedure and charac-
terization of the products are provid-
ed in the Supporting Information. For
CMC measurement, sodium salts of
the corresponding amphiphiles were
prepared by titration with sodium hy-
droxide in ethanol according to the
literature report.”*’!

Preparation of amphiphile-capped
gold nanoparticles  (amphiphile—
GNPs): In a typical reaction, an am-
phiphile Ole-Trp/Ste-Trp/Lau-Trp/
Ole-Tyr solution (1mL, 40mwm in
methanol) was diluted with triple-dis-
tilled water (8.5 mL). The pH of the
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Figure 10. UV/visible absorption spectra of the Ole-Trp—~GNPs conjugate as a function of temperature in

A) water and B) toluene.

silver NPs to various nonpolar organic solvents without
causing any particle aggregation, simply by changing the pH
of the medium from alkaline to acidic. The UV/visible spec-
tral results showed no change of the SPR properties of these
NPs after transfer to organic solvents. The TEM study also
showed that the particle size and size distribution remain
unchanged after transfer to organic solvent. The presence of
an amino acid head group increases the thermal stability of
the GNPs in either phase. This method can also be applied
to the preparation of other MNPs by using a variety of
amino acid derivatized fatty acid molecules. In brief, our
method has several advantages over earlier reported meth-
ods, for example: 1) no external reducing agent is required;
2) 100 % transfer occurs simply by changing the pH by using
any protonated acid; 3) the nature and position of the SPR
property of GNPs/SNPs remain unaltered during transfer;
and 4) the method is very simple to use and requires only
two steps.

Experimental Section

Materials: Oleic acid, stearic acid, lauric acid, L-tryptophan (Trp), L-tyro-
sine (Tyr), dicyclohexylcarbodiimide (DCC), and 1-hydroxybenzotriazole
(HOBt) were purchased from SRL India. Hydrogen tetrachloroaurate-
(III) trihydrate (HAuCl,3H,0) and silver nitrate (AgNO;) were pur-
chased from Sigma-Aldrich. All the aqueous solutions were made with
triple-distilled water. HPLC-grade organic solvents were used for other
purposes.

Synthesis of redox-active amphiphiles: Four new redox-active amphi-
philes (conjugates of a fatty acid and an amino acid), oleic-Trp-COOH
(Ole-Trp), stearic-Trp-COOH (Ste-Trp), lauric-Trp-COOH (Lau-Trp),
and oleic-Tyr-COOH (Ole-Tyr), were synthesized by conventional solu-
tion-phase methods using a racemization-free fragmentation/condensa-
tion strategy.*” Scheme 1 depicts the chemical structures of these trypto-
phan- and tyrosine-based redox-active amphiphiles. The C terminus of an
amino acid was first protected by esterification with a methyl group, fol-
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medium was adjusted to alkaline by
adding NaOH for complete solubili-
zation of the amphiphile. An aqueous
solution of HAuCl, (0.5 mL, 10 mm)
was then added dropwise to the
above solution with constant magnet-
ic stirring. The pH of the final reac-
tion mixture was adjusted to ~11
with standard NaOH solution, and
the mixture was stirred magnetically for 3 days at ambient temperature.
We observed a color change from yellow to ruby red, indicating the for-
mation of colloidal GNPs through oxidation of the tryptophan/tyrosine
residue of the respective amphiphiles.

Preparation of amphiphile-capped silver nanoparticles (amphiphile-
SNPs): In a typical reaction, an amphiphile Ole-Trp solution (1 mL,
40 mM in methanol) was dissolved in triple-distilled water (8.9 mL). The
pH of the medium was adjusted to alkaline for complete solubilization of
the amphiphile. An aqueous solution of AgNO; (0.1 mL, 10 mm) was
then added dropwise with constant magnetic stirring. The pH of the final
reaction mixture was adjusted to ~11 with standard NaOH solution, and
the mixture was stirred for 3 days at room temperature. We observed a
color change from colorless to yellow, indicating the formation of colloi-
dal SNPs through oxidation of the tryptophan residue of the amphiphile.

Preparation of oleic acid capped gold nanoparticles (oleic acid-GNPs):
In a typical reaction, oleic acid solution (1 mL, 40 mm in methanol) was
dissolved in triple-distilled water (8 mL). The pH of the medium was ad-
justed to alkaline (pH 11) for complete solubility of oleic acid. An aque-
ous solution of HAuCl, (0.5 mL, 10 mm) was added to the above solution
with constant stirring. Finally, NaBH, solution (0.5mL, 10 mM) was
added dropwise to the above mixture with constant magnetic stirring. A
change of color from yellow to ruby red indicated the formation of
oleate-stabilized GNPs and the solution was further stirred for 30 min.

Phase transfer of amphiphile—GNPs and amphiphile-SNPs: Typically, the
as-prepared colloidal amphiphile-GNPs suspension (2 mL) was mixed
with an equal volume of toluene to obtain two immiscible layers consist-
ing of the transparent organic phase on the top and the colored hydrosol
at the bottom. HCI (0.25N) solution was added to this biphasic mixture
under magnetic stirring to make the aqueous phase pH 2-3. The phase-
transfer process was completed within a few minutes. The complete
transfer of the GNPs from water to toluene can be visualized by the
color change of the aqueous phase from ruby red to colorless, and at the
same time the organic phase from colorless to ruby red. A similar proce-
dure was also followed for the transfer of conjugates to other nonpolar
organic solvents, such as benzene, xylene, cyclohexane, and hexane. The
amphiphile-SNPs conjugates were also transferred to toluene by using
the same procedures.

Characterization

NMR experiments: All NMR studies of the redox-active amphiphiles in
CDCl; (1-10 mm) were carried out with Bruker DPX 300 MHz spectrom-
eters. All NMR data are available in the Supporting Information.
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Determination of CMC of redox-active amphiphiles: The CMC of the
sodium salt of an amphiphile in water was determined by measuring the
surface tension at 25°C by the ring method in a Kriiss tensiometer. In a
typical experiment, water (10 mL) was first placed in a glass container,
which was equipped with a thermostatic water bath maintained at 25°C.
The stock solution of a sodium salt of amphiphile (20 mm) was then
added in small portions and the surface tension was recorded until a con-
stant value was reached. Finally, surface tension was plotted against the
amphiphile concentration. The CMC was then determined from the slope
of the curve.

UV/visible absorption spectroscopy: UV/visible absorption spectra of the
amphiphile-GNPs/SNPs suspension in both water and organic phase
were recorded with a Hewlett Packard 8453 UV/visible spectrophotome-
ter. For thermal stability studies of the colloidal amphiphile-GNPs/SNPs
conjugates, the respective suspension was first placed in a 1cm path-
length quartz cuvette, which was then put in a cell holder equipped with
a thermostatic water-circulation bath and the spectra were recorded at
various temperatures. The upper temperature of the measurement was
limited by the boiling point of the solvent or by the 80°C temperature
limit of the bath.

Transmission electron microscopy (TEM): One drop of the as-prepared
aqueous/toluene suspension of the amphiphile-GNPs/SNPs conjugates
was placed on a carbon-coated copper grid and allowed to air dry. The
grid was then observed under a JEOL JEM2010 high-resolution transmis-
sion electron microscope at an accelerating voltage of 200 kV.

Fourier-transform IR (FTIR) spectroscopy: FTIR spectra of neat Ole-Trp,
neat sodium salt of Ole-Trp, and the centrifuged/washed/dried Ole-Trp—
GNPs conjugates isolated from aqueous and toluene phases were record-
ed by a Shimadzu FTIR-8400S spectrometer. Pellets were prepared by
mixing the corresponding dried sample with KBr in a 1:100 (wt/wt) ratio.
Dynamic light scattering (DLS): DLS data of the suspension of Ole-Trp—
GNPs conjugates in water and in toluene were acquired with a Zetasizer
Nano ZS apparatus (Malvern Instruments) containing a He-Ne laser op-
erating at an incident wavelength of 652 nm.

Thermogravimetric analysis (TGA): The samples for TGA were isolated
by ultracentrifugation of suspensions of the Ole-Trp—~GNPs conjugates in
water and in toluene. Thermograms of the dry powdered samples were
recorded by using a TASDTQ600 instrument at a heating rate of
20°Cmin ' under a N, atmosphere.
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