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In this report we demonstrate a green chemical approach for the synthesis of stable silver nanoparticles
in aqueous medium using tyrosine as an efficient photoreducing agent. A narrow size distribution of
silver nanoparticles can be achieved by this simple photoirradiation method without using any addi-
tional stabilizing agents or surfactants. Two different irradiation sources have been explored resulting
in a different particle size distribution pattern in each case. Further, we show that starting from a poly-

disperse tyrosine synthesized silver nanoparticles sample, it is also possible to fractionate them into
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different size ranges. The size fractionation was achieved by a 2 stage phase transfer method employing
different organic solvents. The nanoparticles synthesized were characterized using UV-vis spectroscopy,
Transmission electron microscopy (TEM) and X-ray diffraction (XRD) techniques.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In the recent phase of rapid developments in nanotechnology,
metal nanoparticles (NPs) have created a niche for themselves in
this field. Metal NPs have interesting plasmonic [1], chemical [2-4],
and physical [4,5] properties that have been suitably exploited for
various optical [6], electronic [7,8], catalytic [2,9] and biological
[10] applications. The current level of understanding of the size
and shape dependent nanoscale properties and their wide applica-
tions are beginning to impose tougher demands on the availability
of efficient synthesis protocols of NPs. Most of the studies and
applications now require that the NPs are of narrow distribution
with respect to their size and shape. Similarly, NPs synthesized
in organic medium or in emulsions might not always suite cer-
tain biological applications where the presence of surfactants or
strongly binding non-polar organic capping agents could be unde-
sirable. Itis thus necessary to have multiple options for synthesizing
NPs to fulfill the various requirements demanded by specific
applications. Although, good quality gold NPs with controlled
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size, shape and functionality can be routinely synthesized using
several reported protocols, the number of successful attempts with
silver nanoparticles (AgNPs) synthesis is not so impressive. In
spite of their growing diverse applications, such as, for Surface
enhanced Raman spectroscopy [11], biodetection [12], cell imag-
ing [13], 2D membrane profiling [14], antimicrobial activity [15],
catalysis [16], recording media [17], etc., there are comparatively
very less reports for facile and efficient synthesis of AgNPs with
narrow size distribution. Organic medium based methods [18-20]
have been relatively more successful in achieving good monodis-
persity. In few other cases the initially formed polydisperse NPs are
treated post-synthesis with specific strong surface active molecules
at elevated temperatures to narrow down the polydispersity by
digestive ripening [21,22]. Synthesis has also been made in biphasic
systems [23], in polyols [24], and even in ionic liquids [25]. AgNPs
with low dispersion have also been synthesized in selected aque-
ous solutions based methods. To achieve homogeneous nucleation
and growth, the synthesis has been preferably done by microwave
[26], photoreduction [27,28], laser ablation [29] or in a controlled
flow reactor [30]. Alternatively, reduction of saturated solution of
AgCl [31] or reduction under pressurized hydrogen atmosphere
[32] has also been carried out to promote growth of monodis-
perse NPs. However, in most cases, polymeric molecules or other
macromolecules have been invariably used additionally to stabilize
them.
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In this work an efficient synthesis of AgNPs by a simple photore-
duction method using tyrosine as the photoreducing and stabilizing
agent has been demonstrated. Tyrosine has been previously used
to synthesize AgNPs by a thermal reduction method [33]. How-
ever, the AgNPs synthesized thermally had a broad bimodal particle
size distribution and hence cannot be put to use where monodis-
perse samples are necessary. Similarly, oligopeptides of tyrosine
too have been used for the synthesis of silver nanoparticles which
again apparently yield nanoparticles over a broad range from less
than 10nm to around 50 nm [34]. We have attempted to carry
out the photoreduction by using two different sources that yield
in a narrow size distribution. In the first method, photoreduc-
tion was carried out by using the fourth harmonic (266 nm) of a
Nd:YAG laser. In the second method, a simple and low-power (4 W)
handheld longwave ultraviolet lamp (UV-A lamp) was used for the
photoreduction. The NPs synthesized were very stable without any
signs of aggregation. The use of the amino acid tyrosine, as a pho-
toreducing agent in absence of any additional stabilizing agent, is a
good example of green chemical approach for the AgNPs synthesis.
The absence of macromolecules or surfactants renders them suit-
able for easy surface modifications and for a variety of applications.
Furthermore, using a polydisperse sample of AgNPs, we have also
demonstrated the possibility of fractionating them into two size
ranges by employing phase transfer method.

2. Experimental
2.1. Materials

Silver sulphate (99%), L-tyrosine (99%) and potassium hydrox-
ide (99.99%) were all purchased from Sigma-Aldrich chemicals.
All reagents were used without any further purification. Deionized
water was used for the preparation of all aqueous solutions.

2.2. Synthesis by photoirradiation

In a typical experiment, a 20 mL aqueous solution with deion-
ized water consisting of tyrosine (2 x 10~4 M) and silver sulphate
(1 x 10~* M) was freshly prepared. To this solution 200 p.L of 0.1 M
aqueous KOH solution was added under stirring condition for
5 min. The same solution was then used for further photoirradiation
experiment using either the laser or handheld UV-A lamp.

Laser irradiation was performed using the fourth harmonic
(A =266 nm)ofaSpectrophysics Nd:YAG (PRO-250) laser. The pulse
rate of the laser was 10 Hz with a pulse width of 7 ns, and the laser
power was set at 80 mJ/pulse. The laser beam was aligned in order
to irradiate a sample solution in a quartz cuvette vertically from the
top opening. The irradiation was carried out for 45 min.

The second type of irradiation was carried out using a spectro-
line handheld lamp consisting of a 4W UV-A lamp by placing it
5 cmabove an uncovered 25 mL glass beaker filled with 10 mL of the
above prepared solution. The irradiation was carried out overnight.
For monitoring the kinetics of the reaction with UV-vis spec-
troscopy, around 1 mL of the reaction solution was taken at regular
intervals for the UV-vis measurements and poured back into the
reaction solution within 1 min. As the reaction progressed slowly,
this mode of measurement did not influence the reaction process
(the end product was similar with identical optical characteristics
as observed with an undisturbed photoirradiation reaction). The
intensity of the lamp, was measured to be 0.97 mW/cm? at a dis-
tance of 5 cm. With aback of the envelop calculation, the intensity of
laser over a minute of irradiation (considering its pulse rate, 10 Hz)
would be around 820 times higher than the UV-A lamp. However,
the instantaneous intensity of laser during each 7 ns pulse would
be around 6.8 x 10 times that of the UV-A lamp.

As a control experiment for comparison, AgNPs were also syn-
thesized following the already reported thermal method [33].
Briefly, a 50 mL solution with final concentration of 2 x 10~ M tyro-
sineand 1 x 10~4 M silver sulphate in distilled water was prepared.
While stirring vigorously, 500 L of 0.1 M KOH was added at once.
This mixture was heated under reflux conditions until the color-
less solution changed into yellow color typical of AgNPs and then
allowed to cool to room temperature.

For phase transfer experiments, polydisperse AgNPs synthesis
was carried out in a UV Laboratory reactor system 2 (UV Consult-
ing Peschl) with a 150 W medium pressure mercury vapour lamp
(Heraeus TQ-150). Around 650 mL of reaction solution with similar
molar ratios and concentrations as in previous cases was used for
the synthesis with this lamp.

2.3. Characterization

The optical absorbance spectra of the different solutions were
measured on a Cary 300 UV-vis spectrophotometer at a resolution
of 1nm using a 5mm path length quartz cuvettes. The NPs were
imaged using Transmission Electron Microscopy (JEOL Jem1011,
operating at an accelerating voltage of 100kV). The samples for
analysis were prepared by drop casting the NPs solution on a
carbon-coated copper grids (Formvar/Carbon 300 Mesh Cu) and
drying them under vacuum. Particle size distribution was calcu-
lated by measuring at least 200 NPs for AgNPs synthesized by each
method, and the resultant histograms were fitted by Gaussian func-
tion to obtain the mean value and its standard deviation unless
otherwise stated. X-ray diffraction (XRD) measurements were car-
ried out on a Panalytical X‘Pert PRO diffractometer with a Cu Ka
(1.54A) radiation in grazing incidence mode. The samples were
prepared by drop casting the aqueous AgNPs solution on a mis-
cut silicon wafer and drying in air. For determining the size of the
NPs samples, analysis of the XRD data was done using Origin soft-
ware. (11 1) Bragg reflection peaks were fitted using the in-built
Lorenztian equation to determine the peak width for calculating
the size using the Scherrer equation (1) [35]:

K\
Bhki cos 0

Dpy1 = (M
where Dy, is the apparent crystallite size along the [h k [] direction,
K is the shape factor (=0.94 in this case), A is the X-ray wavelength,
Bk is the half width at half maximum for the (h k1) diffraction peak
in radians, and 6 is the half-scattering angle corresponding to the
(hkl!) diffraction peak.

3. Results and discussion

The first type of synthesis of AgNPs by photoreduction in an
alkaline tyrosine solution was mediated by the 4th harmonic
(A=266nm) of a Nd:YAG laser. The reduction and synthesis
appeared to occur within the first 30s of irradiation as judged
visually from the appearance of faint yellow color characteristic
of AgNPs. However, the colour initially developed locally within
the upper half of the reaction solution in the cuvette, i.e., where
the laser beam first encountered the reaction solution, and then
proceeded to the lower parts of the cuvette. The solution was
irradiated for 45 min to be sure that the reduction was complete
within the entire solution. By irradiating the solutions for more
than 50-55 min with a power of 80 mJ/pulse, it was observed that
the NPs tend to become unstable in the solution. We attribute this
loss of stability of the NPs to the complete photodegradation of
tyrosine molecules and of their initial reaction products necessary
for stabilizing the NPs. Dashed curve and curve (a) of Fig. 1A are the
UV-vis spectrum of the AgNPs solution measured after 30s and
45 min of irradiation, respectively. After 30s of irradiation a broad
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Fig. 1. (A) UV-vis spectra of AgNPs synthesized by (dashed curve) laser treatment (Amax 395 nm) for 305, (curve a) laser treatment (Amax 395 nm) for 45 min, (curve b) 4W
UV-A Lamp (Amax 414 nm), and (dotted curve) thermal treatment (Amax 420 nm). (B) Time dependent UV-vis spectra of Ag* ions solution during treatment with a handheld

4W UV-A lamp.

absorbance peak is observed at 416 nm which shifts to ~395 nmand
absorbance band is also observed to be more narrow. From various
trials in different conditions, the appearance of an absorbance peak
below 400 nm for aqueous solution of AgNPs corresponded to the
absence of any bigger size NPs or aggregates.

In a similar way, reduction of silver ions for the synthesis of
AgNPs was also affected by using a handheld 4 W UV-A lamp under
a dark enclosure. Curve (b) of Fig. 1A shows the spectrum of the
AgNPs solution formed after overnight irradiation. The absorbance
peak was observed to be at ~414 nm indicating the formation of NPs
larger than the ones formed by laser irradiation. For comparison,
UV-vis spectrum of AgNPs synthesized by the thermal reduction
method with absorbance peak at 420nm is also shown (dotted
curve, Fig. 1A). Owing to the low power UV-A lamp used for the
photoreduction, the formation of AgNPs was much slower, and the
reaction was almost complete by 9 h at room temperature. The evo-
lution of the optical spectra over time can be seen in Fig. 1B; it
can be noticed that the rapid phase of particle formation is within
1-5h of the reaction, with slow incremental differences occurring
there after. From the UV-vis kinetics (Fig. 1B) it can be observed
that the intensity of the absorbance peak constantly increases with-
out any noticeable change in its peak position. This suggests that
the reaction does not occur via the formation of small seed NPs in
the beginning that further grow into larger particles. In a control
experiment carried out in parallel, formation of AgNPs could not be
observed in a similar reaction mixture left at room temperature in
the dark for the same time period. However, some reduction was
observed to occur when left in ambient light resulting in a very
polydisperse AgNPs (Fig. S1A).

In Fig. 2A TEM analysis of the AgNPs synthesized by laser pho-
toreduction is reported. Clearly, the AgNPs are mostly of size less
than 10 nm, they are well dispersed and seem to have a narrow size
distribution. In panel (a) of Fig. 2C, the particle size distribution cal-
culated from the TEM images is shown. From the fitted curve of the
histogram, the mean size of the AgNPs synthesized by laser irradi-
ation is found to be ~8 nm 4 2 nm. Similarly, in Fig. 2B, the AgNPs
synthesized by UV-A lamp photoreduction is shown. As it could be
also deduced from the UV-vis spectra (curve b, Fig. 1A), these NPs
were of larger size as compared to laser irradiation. After fitting
the TEM particle size distribution, the mean particle size was cal-
culated to be 194+ 3.8 nm (panel b Fig. 2C). The larger size of these
AgNPs can be attributed to the low intensity of the UV-A lamp that
results in a slow reduction and hence slow rate of nucleation. Time
dependent TEM (Fig. S2) revealed that initially there are large per-
centage of AgNPs of size around 10 nm up to 3 h ofirradiation. There
percentage gradually decreases with time, though they continue to

exist noticeably even up to 5 h of irradiation (during the time that
rapid changes in absorbance was observed). It therefore can be seen
that in these irradiation conditions there are no separate nucle-
ation and growth phases for AgNPs formation. However, beyond
5h of irradiation, the nucleation rate decreases considerably and
apparently preferential growth of smaller AgNPs occurs leading to
a size distribution between 12 and 25 nm. In the case of laser irra-
diation, due to the high intensity of the beam (80 m]J/pulse), the
reduction occurs rapidly and the changes can be seen visually in
short time. This rapid reduction gives less chance for the growth of
initially formed NPs and favors the formation of smaller NPs due to
enhanced rate of nucleation. Moreover, the laser beam also tends
to fragment the NPs that grow into bigger size [36]. It is observed
that though after 30 s of irradiation few particles of size 20-30 nm
are formed initially (Fig. S3), they are not present after 45 min of
irradiation. Hence, under these conditions, a size focusing could
also be occurring to yield NPs with narrow size distribution. In fact,
from the histograms in Fig. 2C, it can be noticed that the AgNPs
synthesized by both the photoreduction methods have much nar-
rower size distribution as opposed to the broad size distribution
obtained by thermal reduction method [33]. Under thermal reduc-
tion conditions, especially during the temperature ramp up stage,
nucleation is very likely initiated in the solution prior to the attain-
ment of boiling temperature. This results in rapid growth of the
nuclei formed at ramp up stage compared to those formed in boiling
conditions, leading to the observed polydisperse sample. Tyrosine
and similar molecules with phenol moieties are well known to
release electrons with simultaneous formation of phenoxyl radicals
in aqueous solutions upon UV irradiation [37,38]. The reduction of
silver ions, Ag(I) to Ag(0) could occur through this radical formation
mechanism. As under photoirradiation conditions there is a bet-
ter chance for homogeneous photoactivation, uniform reduction in
solution can be achieved very conveniently. Further, the phenoxyl
radicals are formed more efficiently via photoionization of depro-
tonated phenoxide ion under alkaline conditions than at lower pH
[34,39], in fact, also in our attempts AgNPs synthesis was not suc-
cessful at neutral pH. From FTIR characterization (Fig. S4) a peak
at around 1630cm™! is observed that can be attributed to a car-
boxylate anionic group rather than to a ketonic group that occurrs
at arelatively higher frequency. Most likely the reduction proceeds
via formation of dityrosine like radical adducts [34] rather than
semiqunione derivatives as occurring in thermal reduction [33].
Additionally, it may be noted here that as the nitrate ions are good
scavengers of free electrons they significantly inhibit the photore-
duction reduction process, hence, we used AgSO,4 as a precursor
instead of the more soluble AgNOs3 salt. However, on the contrary,
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Fig. 2. Representative TEM images of AgNPs synthesized using (A) laser and (B) UV-A lamp. (C) Histogram of AgNPs size distribution synthesized using (panel a) laser, (panel
b) UV-A lamp and (panel c) thermal treatment. (D) XRD pattern of AgNPs synthesized using (curve a) laser, (curve b) UV-A lamp. The vertical bars at the bottom represent

the 26 values for standard fcc silver (JCPDS 04-0783).

when the reaction was carried out in nitrogen atmosphere with
degassed precursor solutions, the AgNPs were more polydisperse
with a significant presence of NPs size < 10 nm (Fig. S1B). The AgNPs
synthesized by photoirradiation were also characterized by X-ray
diffraction (XRD). The NPs samples were all observed to be crys-
talline with their Bragg reflection patterns matching well with the
standard fcc lattice structure of silver (JCPDS 04-0783) denoted by
the small vertical bars at the bottom in Fig. 2D. Curves (a) and (b)
in Fig. 2D represent the diffraction patterns obtained from AgNPs
synthesized using laser and UV-A lamp, respectively. The particle
size of the AgNPs was also calculated from these XRD patterns. From
the peak widths of (1 1 1) Bragg diffraction peaks and using Scherrer
equation [35], the size of AgNPs synthesized using laser and UV-A
lamp was calculated to be ca. 9.5nm and ca. 17 nm, respectively.
These values are in close agreement with TEM data.

While, with the above two methods it was possible to directly
synthesize nanoparticles within a specific size range, it would also
be worth, having the possibility to extract nanoparticles of specific
size range from a polydisperse sample. This is of particular rele-
vance for AgNPs as most of the common AgNPs synthesis protocols
often yield polydisperse sample. Single step size selective extrac-
tion of nanoparticles by phase transfer from a polydisperse samples
is already well demonstrated [40]. However, extracting more than
one size fractions can dramatically improve the cost effectiveness
of the process by minimizing the wastage. To achieve this goal
we attempted to phase transfer photoreduced AgNPs into different
organic solvents using octadecylamine (ODA) as the phase transfer
agent. In our preliminary attempts we observed that on changing
the solvent for phase transfer, there appeared to be different cut
off values with respect to the size of NPs. We employed hexane
and chloroform for the phase transfer experiments. AgNPs were
synthesized using a similar photoreduction method, except that

they were carried out using a 150 W medium pressure Hg lamp.
The synthesis was carried out in non-optimal conditions resulting
in polydisperse NPs. Because of the higher intensity of the 150 W
lamp as compared to 4W lamp, larger quantities of AgNPs could
be readily made within half an hour. The NPs so synthesized were
characterized by UV-vis spectroscopy (curve a, Fig. 3). From the
TEM measurements (Fig. 4A) it can be seen that the NPs are quite
polydisperse, with a considerable population within the 10-15 nm
size range. However, a large number of AgNPs less than 6 nm can
also be noticed. In the TEM particles size distribution (panel a,

Absorbance (a.u.)

500 600

Wavelength (nm)

400

300 700

Fig.3. UV-vis spectra of (curve a) AgNPs synthesized after 30 min of irradiation with
a medium pressure Hg lamp, (curve b) phase transferred AgNPs fraction in hexane
and (curve c) phase transferred AgNPs fraction in chloroform.
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Fig. 4. TEM images of (A) AgNPs synthesized by using medium pressure Hg lamp, the inset is a digital photograph of the aforementioned AgNPs after lyophilization and
redispersion in deionized water. (B) AgNPs phase transferred into hexane and (C) AgNPs phase transferred into chloroform. (D) Histograms of particles size distribution in

panels a, b and c correspond to the AgNPs in images A, B and C, respectively.

Fig. 4D), it can be observed that, though polydisperse, a large num-
ber of very small AgNPs are formed by this method. The histogram
is skewed positively rather than a normal distribution and from
the size distribution it can be noticed that nearly 79% of the NPs
were of size less than 7 nm. The mean value with standard error
from its lognormal fit was ~4 4- 0.1 nm. As these NPs are quite poly-
disperse with NPs of broad size range, they are good candidates
for testing size fractionation. Apart from these size variations, the
AgNPs synthesized by both the UV lamps were observed to be very
stable. Because of their high stability these NPs could, in fact, be
lyophilized into a dry powder that could be readily redispersed in
water without aggregation (inset of Fig. 4A). We believe that this
enhanced stability has tremendous significance for the bulk syn-
thesis of silver nanoparticles for commercial production. Currently,
silver nanoparticles in powder form in the presented size range are
commercially sold with large excess of polymer drastically deplet-
ing the percentage of actual silver content in it. Further, it could
also be counter productive where a thinner interface between the
particle and host matrix is necessary. After synthesis, the pH of the
solution was measured to be 8 and the ¢ potential was —29 mV.
As the particles are highly negatively charged, ODA was used for
the phase transfer experiments. Under proper pH conditions, the
amine functional group of the ODA molecule will become posi-
tively charged on protonation and facilitate the extraction of NPs
by electrostatic interaction [41].

To a 50mL of as prepared aqueous solution of AgNPs synthe-
sized using the 150 W UV lamp, 50 mL of 2 x 10~4 M ODA in hexane
was added, followed by addition of 200 L of 1M HCI and then
agitated vigorously for few minutes. A yellow color could be read-
ily observed in the upper organic phase while the lower aqueous
phase was still colored implying that only partial phase transfer was
achieved. Additionally, a slight brown color film was also present

at the interface of the two solutions. The NPs at the interface are 2D
aggregates that are not phase transferred into the organic phase due
to insufficient hydrophobization [40,42]. By increasing the concen-
tration of ODA in hexane or by increasing the amount of added HCI,
no further increase in the phase transfer of AgNPs could be effected.
On addition of HCl, the aqueous phase was measured to have pH
3 and the ¢ potential of AgNPs decreased in magnitude to —15 mV.
As the pka value for the carboxyl group of tyrosine is 2.33 [43],
the nanoparticles surface would continue to be negatively charged
due to the deprotonation of the surface bound carboxyl group. We
believe that the residual surface charge after addition of HCl though
not enough to stabilize them in the aqueous medium for long, is
nevertheless sufficient to facilitate phase transfer. Curve b in Fig. 3A
shows the spectrum of the AgNPs phase transferred into the hexane
phase. The low absorbance peak, corresponding to the surface plas-
mon resonance of silver, was broad and observed to be at 411 nm.
To visualize the particles that were phase transferred to the hex-
ane phase, TEM imaging was done on these samples (Fig. 4B). From
the images, a decreased polydispersity of the AgNPs can be readily
noticed as compared to the AgNPs in the parent aqueous solution
(Fig. 4A). It can also be noticed that the AgNPs only below the size
of 10nm have been phase transferred into the hexane phase. In
panel b of Fig. 4D the particles size distribution calculated from
the TEM images of AgNPs phase transferred to the hexane phase is
shown. The calculated mean size was 5.5 + 1.8 nm, and the entire
NPs were within a comparatively narrower size range, implying
a selective phase transfer of smaller size NPs with a significantly
improved size dispersion. Similar selective phase transfer of gold
NPs below 10nm size was also reported by Cheng et al [40]. It
may be further observed that the average size of AgNPs seem to
be slightly increased which is quite probable due to some aggre-
gation during ligand exchange with the surfactant molecules in a
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phase transfer process [44]. However, such ligand exchange would
only be a minor component as the phase transferred AgNPs were
observed by FTIR measurements to be extracted along with the
capping tyrosine derivatives. Post phase separation of smaller size
AgNPs, usually, the residual nanoparticles in the aqueous phase
irreversibly assemble at the interface as discussed above and can-
not be extracted further by a second phase transfer step. As the
irreversible aggregation at the interface is due to the charge neu-
tralization [40,42], and given that the AgNPs reported here are quite
stable, we expected to suppress extensive irreversible aggregation
and facilitate a second extraction. We therefore, attempted to carry
out a second cycle of phase transfer by using ODA in chloroform
(50mL, 1 x 10~4M) as the new organic medium. On vigorous agi-
tation of these two phases, it was indeed possible to phase transfer
the remaining AgNPs from the aqueous medium. A clear yellow
color was observed in the CHCl3 phase and now the aqueous phase
was completely colorless, unlike in the case of phase transfer with
ODA-hexane. Additionally, at the interface between the two phases,
the brown color of the film became very faint, indicating that the
AgNPs assembled here were also extracted to the CHCl; phase.
Curve cinFig. 3Crepresents the UV-vis spectrum of AgNPs in CHCl3
phase. The absorbance peak was measured to be at 408 nm, close
to the peak corresponding to the as prepared aqueous AgNPs solu-
tion. However, the peak width is apparently narrower than that
observed for the aqueous AgNPs solution. We would like to mention
here that the UV-vis spectra for a given metal NPs sample in hexane
or chloroform are slightly red-shifted as compared to their spec-
tra in aqueous media due to the change in the refractive index of
the medium [45]. Therefore, the observed UV-vis spectra of AgNPs
in the CHCl3 phase should correspond to a relatively blue shifted
absorption band with respect to 408 nm in aqueous medium. From
the TEM image of the AgNPs in CHCl3 phase (Fig. 4C), a large number
of AgNPs around 10 nm size can be observed and indeed have a nar-
row size distribution with respect to the parent aqueous solution.
Further, AgNPs of size less than 6 nm are sparsely present, signify-
ing that the very small NPs were well extracted into hexane phase.
In panel c of Fig. 4D, the particles size distribution in CHCI3 phase
is shown. In absence of the small NPs, the NPs of size around 10 nm
that were only a minor component in the as prepared AgNPs solu-
tion, now begin to appear with a higher frequency. It may however
be observed that the AgNPs in CHCl3 phase seem to have some par-
ticles bigger than that observed in the parent solution and could
be due to some unavoidable aggregation of the AgNPs, especially
of those at the liquid-liquid interface. The mean particles size from
the fitted Gaussian curve was calculated to be 9.2 nm 42 nm. The
AgNPs phase transferred to both hexane and CHCI; phases could
easily be dried in rotary evaporator and redispersed in either sol-
vent. It has thus been demonstrated that a NPs sample with broad
polydispersion can be well separated into two different narrow size
ranges. The ability of chloroform to facilitate phase transfer of larger
size NPs as compared to hexane can be attributed to its relatively
higher polarity [42], [t has been well observed that the ion pair asso-
ciation increases with increase in the solvent dielectric constant
and have also been observed to significantly improve the extrac-
tion of ionic species from aqueous medium [46]. We believe that
a similar improved ion pairing occurs between protonated octade-
cylamine molecule and the negatively charged nanoparticles at the
liquid-liquid interface when changing the solvent from hexane to
chloroform. This improved ion pairing could possibly facilitate in
shifting the size limit that can be extracted into the organic phase.
Therefore, with hexane, nanoparticles up to a size of 6 nm could
be conveniently extracted, with chloroform, nanoparticles of size
around 10 nm could also be extracted. Here, we have therefore used
solvent with different polarity, while keeping the same phase trans-
fer agent to selectively extract NPs within a particular size range
from the aqueous phase.

4. Conclusions

We have demonstrated a photoreduction method to synthesize
AgNPs in aqueous medium with a narrow size distribution using
tyrosine as a photoreducing agent and an effective stabilizing agent.
By changing the source of the light, the size of the AgNPs could
be well controlled. We have also demonstrated size fractionation
of a polydisperse sample of aqueous AgNPs into two different size
range by applying phase transfer method. The additional factor that
facilitates such sequential fractionation of the size selected NPs is
the high stability of the tyrosine stabilized AgNPs even in absence
of any thiols or polymers.
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