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Photosensitized Growth of Silver Nanopatrticles under Visible Light
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By employing thionine as a sensitizing dye, we have succeeded in inducing silver nanopatrticle formation
in ethanol/toluene medium. The particle size increases with the duration of photolysis, thus providing a
simple experimental parameter to control the particle size. The photoinduced transformations as probed
by steady state photolysis and transient absorption spectroscopy provide an insight into the charge-
transfer processes leading to the formation of nanoparticles. Under visible light illumination, dye thionine
undergoes self-quenching of the excited triplet to produce electron-transfer products in toluene/ethanol

(1:1) mixture. The quenching of triplet excited dye by the ground state dye moleéutegt© x 10°
M~1 s71) occurs at a much faster rate than the quenching by ibgs k = 1.30 x 10° M1 s7%).
Semithionine acts as a mild reductant to initiate reduction of silver ks 7.26 x 10’ M~ s™1) and
form silver seeds. These seeds grow with autocatalytic reduction ofigkg and by Ostwald ripening
to produce larger size particles (280 nm diameter).

Introduction

Synthesis of extremely small metal particles of diameter
<10 nm are of great interest because of their unusual
catalytic and optical propertiés!* Quantized chargirig'3
and conductanééproperties of gold nanoparticles and their
role in enhancing catalytie and photocatalyti€ properties

have been shown to store photogenerated electrons and
discharge them on demaft¥! In addition, application of
such metal nanoparticles in optics, microelectronics, catalysis,
sensors, information storage, and energy conversion have
been explored10.11.2232

The common methods for the synthesis of metal nano-

have already been recognized. When in contact with a Particles include the chemical reduction of metal salts using
semiconductor nanostructured material, the metal nanopar-various reducing agents in the presence of stabiliZefs.
ticles undergo charge equilibration under photoexcitation and The growth of particles depends on the nature of the

shift the Fermi level of the composite closer to the conduction
band of the semiconductéf-° TiO,-capped silver particles
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Scheme 1. Photochemical Route of Synthesizing Ag Nanopatrticles
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Scheme 2 column of neutral aluming All the solvents were of analytical

grade and obtained from Aldrich. The toluene/ethanol solvent
mixture containing a known amount of dye and Amns were

transferred to a quartz cuvette and deaerated by purging with
nitrogen. Unless otherwise indicated, all solutions were subjected

UV irradiati f luti - bl | to visible excitation under Natmosphere. The Ag particles were
irradiation of aqueous solutions containing noble metal o,.5 terized using a JEOL JEM-100sx electron microscope.

ions in a surfactant solution yields colloidal metal particles.  optical Measurements Absorption spectra were recorded with
Recently, photosensitized reduction of silver ions has beeng shimadzu 3101 spectrophotometer. A 250 W xenon lamp was
studied by irradiating a mixture of benzophenone and silver employed as the primary excitation source. Visible light filtered
ions using UV laser pulseé/8:4* Photocatalytic reduction of  with a 530 nm cutoff filter was used for exciting thionine solution
metal ions on semiconductor particles has also been foundcontaining Ag ions. Nanosecond laser flash photolysis experiments
useful in designing semiconductemetal composite catal-  were performed with a 532 nm laser pulse (5 mJ, pulse width 6
ysts42-44 ns) from a Quanta Ray Nd:YAG laser system. The experiments

The use of dye molecule as a photosensitizer can serve jvere performed ir_l a r_ectangylar_quartz cell, and all the solutions
dual purpose: the sensitizing dye can initiate the reduction "ere deaerated with high-purity nitrogen. The same laser setup was

: . . . also used to study the dependence of silver particle size on the

of metal ions and it can bind with the metal surface to protect laser intensity.
the particle and modify its optical properties (Scheme 1). In
recent years many interesting efforts have been proposed to
functionalize metal nanopatrticles with photoactive molecules
and use them in photochemical solar cé}l&*553 Formation of Ag Nanoparticles with Visible Light

In the present work, we have adopted a photochemical Excitation of Thionine. The changes in the spectral features
method for the synthesis of silver nanoparticles. The reduc- observed upon visible light excitation of thionine dye (10
tion of Ag* ions is initiated by the excitation of the dye ©M) and AgNQ; (504M) solution in toluene/ethanol mixture
thionine (Scheme 2) with visible light. The reduced dye (1:1) are shown in Figure 1A. The dye thionine exhibits
formed during the self-quenching process initiates the strong absorption in the 55630 nm region with a
reduction of Ag ions to produce small Ag nanoparticles. maximum at 598 nm. The filtered light of wavelength§30
Transient absorption spectroscopy measurements that provid@m ensures selective excitation of thionine present in the
mechanistic insights are presented here. solution. With increasing irradiation time, we observe a
decrease in the absorption of the 598 nm band and an
increase in the absorption around 410 nm. These spectral
features are retained even after exposing the solution (visible
light irradiated) to air or oxygen (Supporting Information
Figure S1). The Ag nanoparticles formed during photolysis

N
H,N S NH,
T
N

Thionine (TH")

Results and Discussion

Experimental Section

Materials and Methods. Silver nitrate was obtained from
Aldrich. Thionine (Fluka) was purified over a chromatography
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can be separated using centrifugation and can be resuspended
in polar solvents such as ethanol.

The increase in the absorbance seen around 410 nm is the
characteristic of Ag nanoparticles that arise from the surface
plasmon absorption. The steady increase of the 410 nm
absorption band is representative of growth of Ag nanopar-
ticles. It is also interesting to note that this increase in 410
nm absorption band parallels the decrease in the absorption
of the dye at 598 nm. The failure to observe recovery of the
598 nm band shows the irreversible phototransformation of
the dye €25%) during the photochemical formation of Ag
nanoparticles. These results confirm the participation of dye
molecules in the formation and growth of Ag nanoparticles.

Figure 1B shows the growth of plasmon absorbance
monitored at 410 nm at different concentrations of AgNO

(53) Kamat, P. V; Lichtin, N. NJ. Photochem1982 18, 197.
(54) Hasobe, T.; Imahori, H.; Kamat, P. V.; Fukuzumi,JSAm. Chem.
So0c.2005 127, 1216.
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Figure 1. (A) Growth of the absorption spectra of Ag nanoparticles as a function of irradiation time in toluene/ethanol mixture (1:1). The spectra were
recorded at 10 min intervals; [thionine] 10 uM and [AgNG;] = 50 uM. (B) Absorbance of sample at 410 nm containing (a)®8, (b) 50 «M, and (c)

1mM AgNG; plotted as a function of time of irradiation; [thionine] 10 uM. (C) Absorption spectra of thionine (20M) and AgNG; (50 M) mixture in

water as a function of irradiation time. Each spectrum was recorded at 20 min intervals. (D) Absorption spectra of silver nanoparticles prepared by (a
irradiation of thionine dye (1@M) and (b) addition of NaBHlin toluene/ethanol (1:1) mixture. Concentration of AgiN® both cases is 2aM.

Figure 2. Transmission electron micrographs of silver nanoparticles obtained by visible light irradiatioru® iitionine dye containing 5aM AgNO3
in toluene/ethanol mixture (1:1) at different times: (A) 15, (B) 30, and (C) 90 min.

The plasmon resonance absorbance that represents Aghe spectral changes and transmission electron microscopic
particle formation increases with continued visible photolysis. images of photolyzed samples with different’Agpncentra-
With increasing concentration of AgNOwve observe an  tions are shown in the Supporting Information (Figure S2).
increased rate of particle growth. When the concentration It is interesting to note that even with a & concentra-

of Ag™ was doubled (from 2aM to 50 M), the absorbance  tion of thionine we were able to reduce all the Aigns (25
recorded after 60 min of photolysis was also doubled, thus or 50xM) in 60 min. The complete conversion of Agons
indicating complete conversion of Ago Ag®. However, was confirmed by comparing the absorption of silver
when the concentration of Agwas increased to 250M, nanoparticles formed by the reduction of silver nitrate using
the absorption growth became faster but the observedNaBH, as reducing agent. The absorbance of the 410 nm
increase in the maximum absorbance was lower thanband was comparable in both cases (see Figure 1D). Whether
expected. Since most of the dye (M) is consumed at  we employ a direct reduction by NaBldr a photochemical
this high AgNQ concentration, the reduction of Agons reduction method, we observe similar absorption changes.
does not proceed to completion. Additional thionine is needed Furthermore, the results in Figure 1A show that only a small
to promote the reduction of unreducedigns in solution. fraction of the dye is consumed in the formation of Ag seeds.
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2.2 the TEM image of the silver nanoparticles formed at different
! photolysis times. The particles formed following 15 min of
20k exposure are spherical in shape with nm in diameter.

The wide variation in the particle size distribution at early
photolysis times is indicative of the formation of silver seeds
during the early stages of photolysis. With increasing
photolysis time we observe an increase in the particle size.
The fully grown Ag particles after 90 min of photolysis
exhibit a distribution of particles of~20 nm diameter.
Comparison of Figure 2A,C shows that the small Ag
nanoparticles €10 nm) are absent in long term photolyzed
Lttt samples. The small particles formed in the initial stages of
o 1 2 3 4 5 6 photolysis contribute to the particle growth via Ostwald
[AgNO,], mM ripening.
Figure 3. Dependence of pseudo-first-order decay rate constant of triplet ~ Mediating Role of Excited Thionine. As illustrated in
thionine on AgNQ concentration in toluene/ethanol (1:1) containing LI¢IO  Figure 1A, the formation of silver nanoparticles is initiated
(5 mM) electrolyte. by the excitation of the dye with visible light. The excitation
of thionine produces singlet and triplet excited states that
are capable of undergoing electron-transfer reactions in the
presence of electron donors or acceptors (reactions 1 and
2). For example, the reduction of excited thionine by amines
has been shown to produce semireduced thiotfirte The
one-electron-reduction product further undergoes dispropor-
tionation to produce a stable two-electron-reduction product,
leucothionine. On the other hand, if it is adsorbed on a
semiconductor surface such as ZnO, the triplet excited dye
is capable of injecting electrons and forming oxidized
-0.01 . . . thionine®! In the absence of electron donor or acceptor, the
400 500 600 700 800 dye triplet is also capable of undergoing self-quenching by
Wavelength, nm ground state molecules. The ground state quenching occurs
Figure 4. Time-resolved transient absorption spectra recorded (a) 5, (b) With a diffusion-controlled rate and proceeds with electron
10, (c) 15, (d) 20, and (e) 50s after 532 nm laser pulse excitation of  transfer in nonpolar media. The electron-transfer products
deaerated toluene/ethanol (1:1) solution containing¥Othionine. (oxidized and reduced forms of thionine) formed in the self-
guenching process (reaction 3) have been characterized in
earlier studie§*®?

kobs, 10°, s™
> b
(o]

-
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T T

0.01
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Further reduction of Agions leading to the growth of the
Ag particles is likely to be autocatalytic, perhaps ethanol

acting as a sacrificial donor. The role of metal core in TH + hw — TH* — 3TH* 1)

promoting the reduction of metal ions was discussed in earlier

studies?>57 TH*+D—TH + D" )
We also carried out the steady state photolysis experiments

in water, and to our surprise we failed to observe the STHY + TH™ — TH + TH?" 3)

formzztlodn OL_?fllver nahnopiatrt!clgs. The absorpc);uonh spectlra In the present experiments, one can expect two different
recor I(Ia dat Iterent ph otg y&sglmes .(Flgtl;re dl &S owlon_y reaction pathways with which the dye excitation can result
a small decrease In the dye absorption band. No evolution;, yhe formation of silver nanoparticles. In the first case the

of plasmon absorption band could be seen even afterAg+ ions can directly quench the triplet thionine and undergo

ph(lnztplyss f};the sr?mplifor i h. C?mpans?n ,Of thle results reduction (reaction 4). In the second case, the anions formed
In Figure I'(? ShOV\:jt att e__sodven; po ar|tyf+'pNays an in a self-quenching reaction can reduce thetAgns to
important role in the dye-sensitized reduction offAigns produce Ad (reaction 5).

and formation of Ag nanopatrticles. This important difference

calls for further understanding of the photochemical processes TH" + Ag™ — TH? + Ag° (4)
leading to the formation of Ag nanoparticles. . . .
Transmission Electron Microscopy Characterization. TH +Ag" —TH" +Ag (5)

Silver nanoparticles formed during the visible excitation of
the dye and Ag ions (Figure 1A) were characterized by
transmission electron microscopy (TEM). Figure 2 shows

Ag® produced in either of these photoinduced processes can
further grow to produce larger silver nanopatrticles (Scheme

(58) Hatchard, C. G.; Parker, C. Arans. Faraday Socl961, 57, 1093.

(55) Janata, E.; Henglein, A.; Erschov, B. &.Phys. Chem1994 98, (59) Steiner, U.; Winter, G.; Kramer, H. E. A. Phys. Cheml977, 81,
10888. 1104.
(56) Henglein, A.lLangmuir2001, 17, 2329. (60) Bonneau, R.; Pereyre, Bhotochem. Photobioll975 21, 173.

(57) Shibata, T.; Bunker, B. A.; Zhang, Z. Y.; Meisel, D.; Vardeman, C. (61) Patrick, B.; Kamat, P. VJ. Phys. Chem1992 96, 1423.
F.; Gezelter, J. DJ. Am. Chem. SoQ002 124, 11989. (62) Kamat, P. V.; Lichtin, N. NJ. Phys. Chem1981, 85, 814.
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Figure 5. Absorption-time profile recorded at (A) 420, (B) 500, and (C) 700 nm following 532 nm laser pulse excitationgd¥l kBionine in toluene/
ethanol mixture (1:1) medium.

1). Details on the growth of silver nanoparticles from silver 0.6
seeds can be found in earlier studie® 5°
Interaction of Dye Triplet with Ag * lons. To probe the 0.5

direct interaction between the triplet excited thionine and
Agt ions, we excited the dye in the presence offAgns.
The triplet decay was monitored (700 nm) at different
concentrations of Agions. The reaction was carried out in
the presence of LiCl@to maintain constant ionic strength. 0.2
The Ag' at micromolar concentration level had little effect 1
on the triplet excited state. Only a small decrease in the triplet 0.1 A
lifetime is seen at millimolar concentration levels. The
bimolecular quenching rate constant was determined from 0.0 : : .
the dependence of observed pseudo-first-order decay on the 300 400 500 600 700
concentration of Ag using the relationship Wavelength, nm

04
0.3

Absorbance

o + Figure 6. Formation of the silver plasmon band on irradiating aqueous
kobsd_ kO + I<q[Ag ] (6) solution of thionine dye (1@M) containing AgNQ (50 «M) and TEOA
(25 uM). The spectra were recorded at 5 min intervals.
The bimolecular quenching rate constant of reaction 4 as

determined from the plot in Figure 3 was 1.380(06) x

10° M~1s7L Arelatively low triplet quenching rate constant
of Ag* ions shows that the probability of reaction 4 is rather
small in initiating the reduction process. Furthermore, the
transient spectrum recorded at long times did not indicate
formation of reduced dye. The absence of semireduced
thionine ruled out the possibility of direct electron transfer
from the triplet to Ag ions (reaction 4) as the primary
photochemical event leading to the formation of Ag nano-

corresponding to TH" at 500 nm grows during the same
timeframe. In addition, a residual absorption at 420 nm is
retained and this absorption is representative of the reduced
form of thionine, commonly referred to as semithionine
(TH*). These long-lived absorption features correspond to
the electron-transfer products formed during the self-quench-
ing of triplet excited thionine (reaction 3). The absorption
time profiles recorded at 420, 500, and 700 nm shown in
particles. Figure 5 represent the formation of these products during

Self-Quenching Reaction of the Electron-Transfer the decay of the tnp!et excited state. )
Products. Time-resolved transient absorption spectra of ~From the pseudo-first-order decay dependence (monitored
thionine in toluene/ethanol mixture (1:1) recorded after the & 700 nm) on the concentration of ground state dye, we
532 nm laser excitation is shown in Figure 4. The transient Obtained a bimolecular rate constant of 4290(1) x 10°
spectrum obtained s after the laser excitation shows M™' ™. This high rate constant shows that the self-
absorption in the 400450 nm region with a maximum quenching is the dominant process producing reduced dye,
centered at 420 nm and a broad band in the |0ngerwhich in turn can initiate the reduction of Agons (reaction
wavelength €650 nm) region. The bleaching in the 600 nm 5). The Agj’_ formed in these reactions has an a_bsorption in
region corresponds to the depletion of the ground state dye the UV region® Because of the strong overlapping absorp-
These absorption changes which arise following laser pulsetion in the UV region, we were unable to monitor this initial
excitation are attributed to the triptetriplet absorption of ~ transformation of Ag to Ag® in our laser flash photolysis
thionine. As the triplet absorption decays, new absorption €XPeriments. However, as confirmed from the steady state
bands emerge. The triplet absorption monitored at 700 nm Photolysis (Figure 1B), the growth of Ag nanoparticles can

decays completely within 5@s, and the absorption band be followed by the increase in the surface plasmon band in
the steady state photolysis experiments. It should be noted
(63) Gutierrez, M.: Henglein, AJ. Phys. Chem1993 97, 11368. that a fraction of the dye gets sacrificed during the formation
(64) Ershov, B. G.; Janata, E.; Henglein, A; Fojtik, A.Phys. Chem.  of Ag nanoparticles. In the absence of Aigns the oxidized
1993 97, 4589. and reduced forms of the dye recombine in the millisecond

(65) Henglein, A.; Linnert, T.; Mulvaney, Ber. Bunsen-Ges. Phys. Chem.  © ) e ’ )
199Q 94, 1449. timeframe with minimal degradation of the dye in the long
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Figure 7. (A) Effect of AQNO; on decay of reduced thionine dye monitored at 420 nm. The semireduced dye was generated following 532 nm laser
excitation of 10uM thionine in the presence of 1 mM TEOA in aqueous solution (a) in the absence and (b) in the presence of 0.12 mM(ByNO
Dependence of AgN@concentration on pseudo-first-order decay rate of semireduced thionine.

Figure 8. TEM images of Ag particles formed following 532 nm laser pulse excitation (10 Hz) of®0hionine and 5«M AgNO3 in toluene:ethanol
(1:1). The intensity of the laser pulse excitation was maintained at (A) 2, (B) 10, and (C) 20 mJ/pulse during the 90 s irradiation.

term irradiation experiments. When the Aipns are present  absorption spectra recorded following visible excitation of
the reduced dye transfers electrons, thus accumulatingthionine (10uM), AgQNO3 (50 4M), and triethanolamine (25
oxidized dye in the solution. This oxidized dye further uM) at different times are shown in Figure 6. With continued
undergoes irreversible changes as noted by the decreaseiiradiation time, we see the growth of a surface plasmon band
absorption of thionine at 600 nm (Figure 1A). at 420 nm, confirming the formation of Ag nanoparticles.
When the same laser flash photolysis experiment was The spectral evolution corresponding to the formation of Ag
carried out in aqueous medium, the self-quenching processnanoparticles in Figure 6 is similar to the one observed in
proceeded without the formation of electron-transfer products ethanol:toluene solution (Figure 1A). The only difference is
(see the comparison of transient spectra, Figure S3 in thethe presence of an electron donor TEOA to produce fyH
Supporting Information). We observe only fast decay of the direct electron transfer (reaction 7). Blank experiments

excited thionine triplet in agueous solutions. As established carried out in the absence of thionine or visible light did not
in the earlier studie¥}®? the electron-transfer yield of the  produce silver nanoparticles.

_self-quenchl_ng Process 1 solvent p°"°‘f'ty dependent and We further probed the reaction between *Téhd Ag
increases with decreasing solvent polarity. The absence of

e S ) (reaction 5) in the laser flash photolysis experiment. On a
semithionine formation is the reason for not observing Ag . . ; )
L . . long time scale (40@s), TH is the only species absorbing
reduction in our steady state photolysis experiments. ; : L
: . . at 420 nm. The transient absorption of the semithionine was
Photochemical Reduction of Ad lons in the Presence

S : monitored at 420 nm following a 532 nm laser excitation in
of an Electron Donor. To support the mechanism involving the absence and presence of TEOA. Comparison of the two
the reduced dye in the reduction of silver ions, we introducedt Ei 7Ap h fast d ‘ f'TrhI?Ith
triethanolamine (TEOA) as an electron donor in the aqueous races (Figure 7A) shows a fast decay o € presence

medium. TEOA is capable of intercepting the triplet excited ;)_thE(?)A, con(:w(rjmng therteby elei:trotn t;??:éer to é‘j@n_st'h
state to produce semithionine by direct electron transfer € observed decay rate constant of* Intreased wi
(reaction 7) increasing concentration of silver nitrate, and the bimolecular

guenching rate constant was determined to be #@B3) x
10" M1 sY(Figure 7B).

Although the rate constant for the electron transfer between
If indeed TH is responsible for initiating the reduction TH*® and Ag" is rather small, the long life of THand
process, we should be able to induce photochemical reductiorrelatively high concentration of Agmake this reaction
of dye with TEOA and observe the formation of Ag proceed under both laser and steady state photolysis condi-
nanoparticles in our steady state irradiation experiments. Thetions.

*TH" + TEOA— TH" + products 7
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Silver Particle Formation under Visible Laser Excita- the self-quenching reaction is the dominant process to
tion. One way to accelerate the formation of silver nano- produce TH in nonpolar solvents, an additional electron
particles is to use high-intensity laser excitation. The 2 mm donor (e.g., TEOA) is required to generate the reduced dye
quartz cuvette containing thionine and AgN toluene/ in polar solvents. Both these reactions proceed with the initial
ethanol was subjected to 532 nm laser pulse excitation (10excitation of the dye thionine with visible light, ultimately
Hz) for 90 s. The concentration of the sensitizing dye, yielding the same product, viz., Ag nanopatrticles.
thionine, was kept at relatively high concentration (200)

to avoid any loss of the dye during laser excitation. The Conclusions
Eia;rﬂ::éeg formed at different laser intensities are shown in Photoinduced reduction of Agions is a simple and

convenient way to produce silver nanoparticles of less than
20 nm diameter. Steady state and laser flash photolysis
experiments confirm the mediating role of thionine dye in

At lower laser excitation intensity (2 mJ/pulse) we observe
smaller particles similar to the one observed in steady state

photolysis experiments. The only difference is the short . . : i
duration (90 s) required to obtain small particles. With the Ag nanoparticle formation. The photochemically gener

. . . ) . . .__ated semithionine, Tiserves as the primary reductant as it
increasing laser intensity we see an increase in the particle,

size. The increased number of incident photons is ex ectedtransfers electrons to Agions with a rate constant of 7.3
) P P g:i:O.3) x 10" M~1s1, By controlling the production of THl

umber ofsiver seecs. The increased concentation of siver 5 POSSDI 0 contol the grovth of these particies. The
' dye molecule, which acts as a photosensitizer, also serves

seeds would facilitate the ripening of particles, producing as the capping adent to protect the silver nanoparticles
bigger particles. Additionally, laser-induced fusion of particle Pping ag P P '

aggregatgs s likely to f:ontribute to.the formatian of silvgr Acknowledgment. The work described herein was supported
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