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Abstract 

Fabrication of Au nano-objects and the nonlinear optical properties of Au 

nano-objects are both research focus. In present work, Au nanoparticles with different 

mean size (18, 32, 42, and 70 nm) are controllably fabricated in ethanol by changing 

the concentration of poly(vinylpyrrolidone) (PVP) and HAuCl4, as well as the power 

of continuous wave UV light at 365 nm. PVP acts as both the reducing and protective 

agent. The mechanism of photo-reduction of PVP to HAuCl4 is proposed. PVP 

undergoes a series of chemical reactions which include the attack of hydrogen atom 

on the tertiary carbon atom at the α-position of nitrogen atom, production of hydroxyl, 

and chain scission. The hydroxyl combines with the hydrogen atom produced through 

the dissociation of HAuCl4, which facilitates the decomposition of HAuCl4. The 

fabrication mechanism of Au nanoparticles is discussed. The nonlinear absorptions of 

these Au nanoparticles are investigated, all of them exhibit saturable absorption, and 

the saturable absorption dominates the nonlinear absorption with increase of laser 

energy. The dominance of saturable absorption in the nonlinear absorption is due to 

the stronger single-photon absorbed intraband absorption from the ground state to the 

first excited state in the conduction band, the weaker excited state absorptions in the 

conduction band, and the weaker two-photon absorption from the d band to the 

conduction band.  

 

 

 

 

 

 

 

 

 

 

Page 2 of 42Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 3

1. Introduction 

Fabrication of Au nano-objects has become a research focus. The simpler, safer, 

greener, and more effective method for fabrication of Au nano-objects is important 

and always pursued by researchers [1-3]. For fabrication of Au nano-object, HAuCl4 

is typically used as precursor and poly(vinylpyrrolidone) (PVP) is often used as 

protective agent. Usually, a reducing agent is needed to reduce Au(III) of HAuCl4 to 

Au atom. C. E. Hoppe et al. reported the reduction of PVP for Au(III) of HAuCl4 and 

fabrication of Au nanoparticles (NPs) by heating the mixed solution of HAuCl4 and 

PVP [4]. Younan Xia et al. also reported the similar work [5]. The reducibility of PVP 

greatly simplifies the fabrication of Au NPs. In view of the biocompatibility of PVP, 

these works are meaningful for fabrication and application of Au NPs. However, these 

works are mainly performed in aqueous solution which is heated, the reducibility of 

PVP may be aroused by the elevated temperature [4-8]. The reducibility of PVP under 

light irradiation in organic solvent has less been concerned. In fact the fabrication of 

Au NPs in organic solvent is important, because this is a way leading to the 

fabrication of metal NPs doped organic films whose potential applications in 

optoelectronics devices have attracted increasing interests [9,10]. Ethanol can dissolve 

PVP and HAuCl4, whose boiling point is low, the photo-fabrication of Au NPs in the 

presence of PVP in ethanol is a valuable choose. Although the photo-fabrication of 

metal NPs in water/ethanol in the presence of PVP is reported [11,14], the mechanism 

of photoreduction of PVP to HAuCl4 and controllable photo-fabrication of Au NPs is 

further needed to be explored.  

On the other hand, tremendous interests are focused on the nonlinear optical 

properties of Au NPs [15-25]. These properties depend on the intensity, wavelength, 

and pulse duration of laser, as well as the size, shape, and surface plasma resonance 

(SPR, the collective oscillation of the conduction electrons when the NPs are 

irradiated by the electromagnetic wave, which causes a peak in the optical extinction 

spectrum of the NPs) wavelength of Au NPs. There are also other factors such as NPs 

damage, solute migration, and bubbles of solution caused by the laser affect these 
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 4

properties. It is revealed that Au NPs exhibit saturable absorption (SA) when the 

intensity of laser is low whereas reverse saturable absorption (RSA) when the 

intensity is high, usually, there is a changeover from SA to RSA as increase of the 

intensity [15,16,19]. It is also revealed that Au NPs exhibit RSA when the intensity is 

low whereas SA when the intensity is high, and there is a changeover from RSA to SA 

as increase of the intensity [22,23]. For the nonlinear optical properties of Au NPs, 

there are still many problems to be investigated. Among these problems, the 

domination of SA in the nonlinear absorption (NLA) of Au NPs, to the best of our 

knowledge, have not been reported.  

In this work, a simple method for controllably fabricate Au NPs in ethanol by 

using PVP as both the reducing and protective agents is proposed. Under the 

irradiation of UV light, the photoreduction of PVP to Au(III) of HAuCl4 takes place at 

room temperature. The sizes of Au NPs can be simply changed by changing the 

concentration of PVP and HAuCl4, as well as the power of light. Au NPs with 

different mean size are fabricated, and the NLAs of these Au NPs are investigated by 

using Z-scan technique with femtosecond laser at 800 nm. Each sample exhibits SA, 

which does not change with increase of the laser energy. Mechanisms for the 

photoreduction of PVP to Au(III), the fabrication of Au NPs, and the domination of 

SA in the NLA are all discussed in detail.  

2. Experimental details 

The PVP and HAuCl4 we used are purchased from Aladdin Industrial 

Corporation at Shanghai, the average molecular weight of this PVP is 5000 g/mol. 

HAuCl4 and PVP are dissolved in ethanol. A quartz cuvette with 1×1×4 cm
3
 internal 

dimension is used to contain the liquid with liquid volume of 3 ml. A continuous wave 

UV lamp is used as light source, which operates at 365 nm and provides output 

powers of 40 or 20 watt. In our experiments, there are two different concentrations of 

HAuCl4, four different concentrations of PVP, and two different powers of the UV 

light, which offer 6 schemes and produce 6 samples. These samples are labeled 

accordingly, as shown in the table 1. At room temperature, these samples are 
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 5

irradiated by the UV light, as shown in the scheme 1. There is no stir in these samples. 

To evaluate the decomposition of HAuCl4 and the formation of Au NPs, absorptive 

(or optical extinction) spectra of the as-processed samples are acquired by using a 

spectrophotometer (Shimadzu Corp., UV-1800) at different irradiation time. TEM 

characterization for Au NPs is carried out with a JEM 1400 transmission electron 

microscope (JEOL Ltd.). The Fourier transform infrared spectra of these samples are 

acquired by using a FT-IR spectrophotometer (Bruker). The 
1
H NMR spectra are 

recorded by using a spectrometer (Varian, Avance III Ascend 500 HD). All 
1
H NMR 

measurements are performed in CDCl3 at room temperature, the frequency of the 

spectrometer is 500 MHz, and TMS is used as the internal standard. The NLA of Au 

NPs are investigated by using Z-scan technique. A regenerative amplified Ti:sapphire 

femtosecond laser system (Coherent Inc., Legend) is used to perform the Z-scan 

experiments. Laser pulses with wavelength of 800 nm, repetition rate of 200 Hz, and 

pulse duration of 120 fs are focused by a 20 cm focal length lens.  

3. Results and discussions 

3.1. The photochemical reactions of HAuCl4 and PVP 

The yellow solution of HAuCl4 possesses a peak at 323 nm in the absorption 

spectrum when the concentration is low, which originates from the ligand-to-metal 

charge transfer band of AuCl4
−
 [26]. The peak becomes a much intensified platform at 

the range from 297 to 354 nm when the concentration of HAuCl4 is increased to 

2.33×10
-3

 mol/L, as shown in Fig. 1. With irradiation of the UV light, for the samples 

S11, S12, S22, S31, and S32, the platform narrows down and disappears, which 

indicates the decomposition of HAuCl4, as shown in Fig. 2 (a), (b), (c), (d), and (e), 

respectively. And then a peak around 530 nm emerges and the height of the peak 

increases, which indicates the formation of Au NPs. It is noticeable that a sub-peak 

nearby the SPR peak of the sample S31 increases and then disappears with the 

irradiation time, as shown by a red arrow in Fig. 2 (e), which indicates the formation 

and precipitation of Au nanorods. The Au nanorods can be seen in the TEM image of 

the sample S31, as shown in the inset of Fig. 2 (e). And for the sample S35, the SPR 
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 6

peak is faint although the irradiation time is long, as shown in Fig. 2 (f), which 

indicates that the formation of Au NPs in this sample is insignificant. The samples 

S11, S12, S22, and S32 are purple, and the sample S35 is almost colorless, all of them 

keep unchanged more than one year. Whereas the sample S31 is brown, in which the 

particles precipitate within several days.  

To evaluate the role of PVP in decomposition of HAuCl4 and formation of Au 

NPs, a solution of HAuCl4 (2.33×10
-3

 mol/L) without PVP is also irradiated. The 

platform disappeared after a time which is much longer than that in the presence of 

PVP, and then a very faint SPR peak appears, as shown in Fig. 3. These experiments 

indicate that PVP dramatically facilitates the photodecomposition of HAuCl4 and 

formation of Au NPs.  

The photodecomposition of HAuCl4 and formation of Au NPs in present work 

can be expressed as fellows [27,28]:  

hv3+ 3+

4 4(HAu Cl )  (HAu Cl )*→                                   (i) 

3+ 2+

4 3(HAu Cl )* (HAu Cl ) + Cl→                                   (ii) 

hv2+ 3+ 1+

3 4 22(HAu Cl )  (HAu Cl ) + (HAu Cl )→                       (iii) 

hv1+ 2+ 0

2 32(HAu Cl )  (HAu Cl ) + H + Cl + Au→                      (iv) 

hv3+ 2+

4 3(HAu Cl )* + PVP  (HAu Cl ) + Cl + PVP*→                   (v) 

hv2+ 1+

3 2(HAu Cl ) + PVP  (HAu Cl ) + Cl + PVP*→                   (vi) 

hv1+ 0

2(HAu Cl ) + PVP  Au  + H + 2Cl + PVP*→                    (vii) 

0

n nAu   (Au)→                                            (viii) 

The equation (i) describes the excitation of HAuCl4 under the irradiation of UV light. 

When there is no PVP in the solution, the dissociation of HAuCl4 and formation of Au 

atom are described by the equation (ii) to (iv), these reactions are very inefficient. And 

when there is PVP in the solution, the dissociation of HAuCl4 and formation of Au 

atom are described by the equation (v) to (vii), these reactions are efficient for the 

promotion of PVP.  
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 7

The photoreactions of PVP under irradiations of UV lights and various lasers are 

characterized by the FT-IR spectrum, transient grating method, size exclusion 

chromatography, and gas chromatography [29-32]. Herein the photoreaction of PVP 

in ethanol (4wt %) under the irradiation of UV light at 365 nm is characterized by the 

absorption spectrum, as shown in Fig. 4 (a). It can be seen that the absorbance from 

230 nm to 600 nm decreases with the irradiation, which may be due to the scission of 

PVP chain caused by the irradiation. The photo of the sample S11 shot immediately 

after appearance of pink color is shown in Fig. 4 (b). It can be seen that the pink color 

is deep at the bottom of the solution (with continuation of the irradiation, the whole 

solution becomes pink colored subsequently), which indicates that Au NPs are 

initially formed at the bottom of the solution. This may also be due to the scission of 

PVP chain caused by the irradiation. Namely, with the scissions of PVP chain, the 

viscosity of the solution decreases, the as-formed Au NPs are settled in the bottom of 

the solution. For the samples S12, S22, S31, and S32, the settlements of initially 

formed Au NPs under the irradiation of UV light at 365 nm take place too. However, 

under the irradiation of UV light at 312 nm or 254 nm, the initially formed pink color 

of the solution is homogeneously distributed, as shown in Fig. 4 (b), which indicates 

that there is no settlement of the initially formed Au NPs.  

The FT-IR spectra of PVP and HAuCl4 before and after irradiation by UV light at 

365 nm are characterized. In the FT-IR measurement, the solution is dropped onto the 

surface of thallium iodide wafer, and then the solution is blow-dryed, the remained 

film is analyzed. As can be seen from Fig. 4 (c), the peaks of HAuCl4 are much 

weaker than that of PVP for the much lower concentration of HAuCl4. Comparing to 

the PVP before irradiation, for the mixed solution of PVP and HAuCl4 after 

irradiation, there is no peak disappears or emerges. For the PVP and HAuCl4 mixed 

solution before and after irradiation, the heights of FT-IR peaks are shown in Fig. 4 

(d). It can be seen that the peaks of the irradiated mixed solution of PVP and HAuCl4 

change obviously. The remarkable changes locate at 3449, 2953, 2921, 2880, 1681, 

1423, 1286, 845, 734 and 649 cm
-1

, which can be identified accordingly [33]. The 

peak at 3449 cm
-1

 is due to the OH stretch mode, which is easily affected by the 
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 8

moisture because PVP is hygroscopic. The peak at 2953 and 2921 cm
-1

 is due to the 

CH2 asymmetry and symmetry stretch mode of the pyrrolidone ring and PVP 

backbone, respectively. The peak at 2880 cm
-1

 is due to the C-H stretch mode. The 

peak at 1681 cm
-1

 is due to the C=O stretch mode. And the peak at 1423 and 1286 

cm
-1

 is due to the CH2 scissor and wag mode, respectively. The peak at 845 and 734 

cm
-1

 is due to the C-C ring and C-C chain breathing mode, respectively. And the peak 

at 649 cm
-1

 is due to the N-C=O bend mode. The decrease and increase of peak height 

at 2953 and 1681 cm
-1

 may be due to the opening of pyrrolidone ring and scission of 

PVP chain, respectively [29-32].  

The 
1
H NMR tests of three samples are carried out at room temperature. A sample 

is PVP dissolved in CDCl3, which is labeled as A0. The samples S11 and S22 are 

centrifuged after formation of Au NPs, the supernatants are dried in vacuum at room 

temperature, the as-formed films are dissolved in CDCl3, which is labeled as S1 and 

S2, respectively. The 
1
H NMR spectra of these samples are shown in Fig. 4 (e), the 

peaks are identified accordingly [34,35]. The decreases of peaks a and b of the 

samples S1 and S2 may indicate the scission of PVP chain. And the peaks c, d, and e 

of the samples S1 and S2 are different from that of the sample A0, which may indicate 

the opening of pyrrolidone ring. The end-group analysis of 
1
H NMR spectroscopy is 

used to determine the molecular weight of PVP [36]. The test reveals that the average 

molecular weight of the reacted PVP in the sample S2 is smaller than 2000 g/mol, 

which indicates that the irradiation at 365 nm leads to the scission of PVP chain.  

The photochemical reaction of PVP in water is investigated under the irradiation 

of UV light [29-32]. According to the commonly agreed reaction mechanism, the 

hydrogen atoms in PVP molecule are abstracted by certain radicals, which then leads 

to a series of reactions [29-32]. The radicals are produced through the photochemical 

reactions of chromophoric impurities in PVP, and/or other compound such as metal 

salt, hydrogen peroxide, and titanium dioxide particle that added into the solution. 

The photochemical reaction of PVP is less affected by the solvent. In present work the 

decomposition of HAuCl4 produces chlorine atom which initiates the photochemical 

reaction of PVP. According to the experimental results and discussions mentioned 

Page 8 of 42Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 9

above, the reaction of PVP is proposed, which leads to the scission of PVP chain, as 

shown in scheme 2.  

There are two carbon atoms in the α-position of the nitrogen atom of PVP 

molecule, either a secondary carbon atom or a tertiary one [31].  

CH2 CH

N
C O

The tertiary carbon atom

The secondary 

carbon atom

 

The first step of the photoreaction of PVP is hydrogen abstraction on the tertiary 

carbon atom at the α-position of nitrogen atom by chlorine atom. Then the 

macroradical is formed and reacts with oxygen, leading to peroxy radical that gives 

hydroperoxide by abstraction of a labile hydrogen atom (e.g. produced through the 

dissociation of HAuCl4). The hydroperoxide is photochemically unstable, which is 

decomposed through the homolysis of the peroxide bond and gives hydroxyl radical 

and alkoxy radical. The alkoxy radical is decomposed through β-scission of the main 

chain of PVP, which decreases the average molecular weight of PVP [31]. And 

hydroxyl combines with the hydrogen atom produced through the dissociation of 

HAuCl4. The decomposition of HAuCl4 and PVP promotes each other, and PVP acts 

as the reducing agent. Although the FT-IR and 
1
H NMR tests indicate the opening of 

pyrrolidone ring, the details are needed to be further investigated.  

The SPR peak of the sample S11, S12, S22, and S32 is evaluated, and the optical 

extinction intensity at SPR peak wavelength is normalized, as shown in the inset of 

Fig. 2 (a), (b), (c), and (d), respectively. With irradiation the narrow down of SPR 

peak indicates the narrow down of size distribution of Au NPs. For the samples S11, 

S12, S22, and S32, the time evolutions of SPR peak wavelength are shown in Fig. 5 

(a), (b), (c), and (d), respectively. The increase and plateau structure in the evolution 

curve indicates that the mean sizes of Au NPs increase quickly at a early stage and 

then the increase slows down [37]. Namely, the mean sizes of Au NPs are saturated 

and no longer able to increase at last. For the samples S11, S12, S22, and S32, the 

time evolutions of the optical extinction intensity at SPR peak wavelength are also 
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 10

shown in Fig. 5 (a), (b), (c), and (d), respectively. The increase of the optical 

extinction intensity at the SPR peak indicates the increase of the large sized Au NPs 

(there is no SPR for the Au particle smaller than 2 nm [38,39]). This also indicates the 

continuous formation of Au nuclei. However, the amount of these continuously 

formed nuclei decreases with the irradiation time. Otherwise, the later formed nuclei 

should be seen in the TEM images. Namely, the absence of very small Au NPs in the 

TEM images indicates that the Au nuclei are mainly formed at the early stage, all the 

saturated sized Au NPs grow from these earlier formed nuclei, as shown in Fig. 6.  

The TEM image of Au NPs in the sample S11, S12, S22, and S32 is shown in 

Fig. 6 (a), (b), (c), and (d), respectively. The corresponding size distribution 

histograms are shown as the insets. The average size of Au NPs in the samples S11, 

S12, S22, and S32 is 18, 70, 32, and 42 nm, respectively. Comparing to the NPs in the 

sample S11, the NPs in the sample S12 are much larger for the lower irradiation 

power; and the NPs in the sample S22 are larger for the higher concentration of 

HAuCl4; and the NPs in the sample S32 are larger for the lower concentration of PVP. 

Namely, the controllable fabrication of Au NPs can be achieved by changing the 

irradiation power of the UV light and the concentration of HAuCl4 and PVP. The 

reason is that the high concentration of HAuCl4 provides more Au atoms to form 

larger Au NPs. And the low concentration of PVP less restrains the thermal motion of 

Au atoms, so a particle can "absorb" more atoms to form a lager particle. In the case 

of low irradiation power, a slow release of Au atoms through the decomposition of 

HAuCl4 leads to a less amount of Au nuclei initially. These nuclei and the successive 

arriving Au atoms experience competitions in growing up into NPs or nuclei. 

Comparing to an Au atom, an Au nucleus possesses a larger absorption cross section, 

so the successive arriving atoms tend to combine with the initially formed nuclei 

rather than combine with other atoms. Therefore these initially formed nuclei 

experience a more sufficient growth through the absorption of the slow arriving but 

long term sustaining Au atoms and grow into large Au NPs. The TEM image of Au 

NPs in the sample S31 is shown in the inset of Fig. 2 (e), there are many nanorods, 

which is unlike to that of the sample S11, S12, S22, and S32, and also unlike to the 
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 11 

results of previously reported works in which the solution is heated and nanorods are 

formed with low concentration of PVP [4,40]. The difference of formation 

mechanisms of Au NPs among these results is needed to be explored. And for the 

sample S35, there is little Au NPs can be observed because the rather low 

concentration of PVP can not reduce HAuCl4 to Au atoms to form Au NPs.  

3.2. The nonlinear absorption of Au colloids 

The sample S11, S12, S22, and S32 is filled in a glass cell with inner optical path 

of 2 mm, the linear transmittance of the sample at 800 nm is 80%, 71%, 74%, and 

73%, respectively. The open aperture (OA) Z-scan experiment of each sample is 

performed, each transmittance curve exhibits a peak which indicates the SA [41], as 

shown in Fig. 7. In a wide range of intensity (from 6.65 to 100 GW/cm
2
), the NLA of 

each sample is dominated by the SA, and there is no change from SA to RSA. The OA 

Z-scan experiments of the supernatants of these samples are also performed and no 

NLA can be found, which indicates that the Au NPs exhibit SA.  

The NLA of Au NPs includes the interband absorption from the d band to 

conduction band and the intraband absorption in the conduction band, as shown by the 

cyan and orange arrows in Fig. 8 (a), respectively. The interband absorption at 800 nm 

(1.55 eV) is two-photon absorption (TPA) due to an energy gap between the d band 

and conduction band (2.4 eV) [42]. The interband absorption takes place at the L point 

of Brillouin zone. The intraband absorption includes a series of single-photon 

absorptions (SPAs) which take place from the ground (or lower excited) state to the 

first (or higher) excited state. All the excited conduction band electrons ultimately 

relax to the ground state in the conduction band. Since the effective mass of the d 

band electron is larger than that of conduction band electron, the d band electron is 

less easily be excited comparing to that of conduction band electron [17]. Beyond that, 

the behavior of the excited d band electron in the conduction band is similar to that of 

conduction band electron. Note that all the excited d band electrons ultimately relax to 

the d band rather than the conduction band.  

The NLA is described as possible electron transitions that take place in a 
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five-level model, as shown in Fig. 8 (b). In Fig. 8 (b), the states in the conduction 

band are drown as red horizontal lines. The ground state, the first, second, and third 

excited state is denoted as C0, C1, C2, and C3, respectively. The d band is drown as a 

blue horizontal line and denoted as D. According to the discussions mentioned above, 

the transitions and relaxations of conduction band electrons and the transitions and 

relaxations of d band electrons are independent and therefore can be divided, as 

shown by the dotted lines in the red horizontal lines.  

The transitions and relaxations of the conduction band electrons are shown by 

the red arrows in the Fig. 8 (b). A part of electrons in the ground state C0 are excited 

to the first excited state C1 through an SPA process. The electrons in the state C1 may 

relax back to the state C0 by a nonradiative transition, or undergo an SPA process and 

excite to the second excited state C2. The electrons in the state C2 may relax back to 

the state C1 by a nonradiative transition, or undergo an SPA process and excite to the 

third excited state C3. The transitions and relaxations of conduction band electrons 

can be described by the rate equations 

0 0 0 1

10

C C CdN IN N

dt

σ
ω τ

= − +
h

,                          (1) 

1 0 0 1 1 1 2

10 21

C C C C CdN IN N IN N

dt

σ σ
ω τ ω τ

= − − +
h h

,                    (2) 

2 1 1 2

21

C C CdN IN N

dt

σ
ω τ

= −
h

,                           (3) 

0 0 1 1 2 2C C C CN N Nα σ σ σ= + + ,                        (4) 

where NC0, NC1, and NC2 are the number densities of conduction band electrons in the 

states C0, C1, and C2, respectively. σ0, σ1, and σ2 are the absorption cross sections of 

the states C0, C1, and C2, respectively. τ10 and τ21 are the relaxation times of the states 

C1 and C2, respectively. Since the lifetime of the state C3 is very short (τ32≈0), so the 

number density of electrons in this state can be neglected (NC3≈0). ћω is the photon 

energy of the laser. αC is the absorption coefficient of the conduction band electrons.  

The transitions and relaxations of the d band electrons are shown by the blue 
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arrows in the Fig. 8 (b). A part of electrons in the state D are excited to the state C0 

through a TPA process. The d band electrons in the state C0 may relax back to the 

state D by a nonradiative transition, or undergo an SPA process and excite to the first 

excited state C1. The d band electrons in the state C1 may relax back to the state C0 by 

a nonradiative transition, or undergo an SPA process and excite to the second excited 

state C2. The d band electrons in the state C2 may relax back to the state C1 by a 

nonradiative transition, or undergo an SPA process and excite to the third excited state 

C3. The transitions and relaxations of d band electrons can be described by the rate 

equations 

'2

0

02

CD D

D

NdN I N

dt

β
ω τ

= − +
h

,                          (5) 

' ' ' '2

0 0 0 0 1

0 102

C C C CD

D

dN N IN NI N

dt

σβ
ω τ ω τ

= − − +
h h

,                   (6) 

' ' ' ' '

1 0 0 1 1 1 2

10 21

C C C C C
dN IN N IN N

dt

σ σ
ω τ ω τ

= − − +
h h

,                   (7) 

' ' '

2 1 1 2

21

C C C
dN IN N

dt

σ
ω τ

= −
h

,                          (8) 

' ' '

0 0 1 1 2 2D D C C CIN N N Nα β σ σ σ= + + + ,                   (9) 

where ND is the number density of the d band electrons that can be excited to the 

conduction band. N'C0, N'C1, and N'C2 are the number densities of d band electrons 

excited to the states C0, C1, and C2, respectively. Similarly, the number density of d 

band electrons in the state C3 is neglected. τ0D is the relaxation time of the d band 

electrons from the state C0 to D. β is the TPA coefficient from the state D to C0. αD is 

the absorption coefficient of the d band electrons.  

The absorption of the sample is described by the Beer's law equation 

( )
'

C D

dI
I

dz
α α= − + ,                          (10) 

where z' is the penetration depth of the laser pulse into the sample. In the OA Z-scan 

experiment, the intensity I varies with z, r, and t as 
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22 2

0
0 2 2

2
( , ) exp exp

( ) ( )

r t
I z t I

z z

ω
ω ω τ

      = − −     
        

,             (11) 

where ( )
1/ 2

2

0 0( ) 1 /z z zω ω  = +   is the beam radius at z, z is the sample position 

away from the focus of the laser beam, 2

0 0 /z πω λ=  is the diffraction length of the 

beam, 0ω  is the beam radius at the focus, and I0 is the on-axis peak irradiance at the 

focus and can be calculated from ( )3/ 2 2

0 0
2 /I E π ω τ= , E is the energy of the laser 

pulse, and τ is the pulse duration of the laser.  

To fit the experimental data of these samples, the corresponding parameters are 

selected. The relaxation times of the states relate to the ultrafast dynamics of Au NPs. 

For Au NPs (with diameter of 48 nm), under the excitation of low intensity, the 

conduction band electrons that absorbed the photon energy are excited, which collide 

with the unexcited electrons and leads to the thermalization of the electron gas that 

possesses the energy nearby the Fermi level. The thermalization of electron gas is 

described by the electron-electron interaction time (τe-e), which is about 450 fs [43]. 

And then the thermalized electron gas interacts with the lattice of Au particle, leading 

to the thermalization of the particle, the electron-phonon interaction time (τe-ph) is 

about 1.7 ps. At last the Au NPs interact with the solvent through the phonon-phonon 

interaction, which heats the solvent by consuming the thermal energy of Au NPs, the 

phonon-phonon interaction time (τph-ph) is about 90 ps. Obviously, the τe-e can be 

reasonably viewed as τ10. For Au NPs, the τe-e is found to be size independent in the 

diameter range from 9 to 48 nm (~500 fs) [43]. For Au film with thickness of 300 nm, 

τe-e is found to 600 fs [44]. So for Au NPs, the τe-e is considered to be size independent. 

The τ10 of the samples S11, S12, S22, and S32 can be all reasonably assigned to be 

500 fs. As far as we know, the relaxation time of the second and higher excited states 

in the conduction band (i.e. τ21 and τ32) are not clear. However τ21 and τ32 should be 

much shorter than τ10, and τ32 should be much shorter than τ21. These are reasonable 

because the higher excited state typically possesses a shorter relaxation time. To fit 

the experiment data, τ21 and τ32 are assumed to be also size independent and assigned 
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to be 20 and 0 fs, respectively. The τ0D is the relaxation time of the d band electrons 

from the state C0 to D, which relates to the recombination of the d band electrons and 

holes. Efforts are made to investigate this problem. The τ0D is assumed to be size 

independent and longer than the τe-e, which is assigned to be 800 fs for each sample.  

The molar concentration of Au NPs in the sample S11, S12, S22, and S32 is 

3×10
-5

, 5×10
-7

, 1×10
-5

, and 2×10
-6

 mol/L, respectively. The linear absorption cross 

section σ0 of an Au NP can be deduced from the linear absorption coefficient α0=Nσ0, 

where α0=-lnT/L with T the linear optical transmittance, L the thickness of the colloid, 

and N the number of Au NPs in an unit volume of colloid. According to the method 

reported in the previous literatures [22,23,45,46], the TPA coefficients of the samples 

S11, S12, S22, and S32 are calculated to be 1.3×10
-14

, 1×10
-14

, 1.5×10
-14

, and 

1.5×10
-14

 m/W, respectively. The TPA coefficient β of an Au NP in the samples S11, 

S12, S22, and S32 is calculated, as listed in the table 2. The conduction band electrons 

travel freely inside Au NPs, which can be all excited. So NC0 is assigned to be 

5.9×10
22

 cm
-3

 [47]. Accordingly NC1 and NC2 before the excitation is 0 and 0, 

respectively. The occupied density of state of 5d band electrons of Au NP (with 

electron configuration of 5d
10

6s
1
) extends from 2 to 8 eV below the Fermi level [48]. 

The 5d electrons far below the Fermi level can not contribute to the interband TPA at 

800 nm. So ND is assigned to be 3×NC0(-∞), i.e., 30% of the number density of 5d 

band electrons. The beam radius at the focus is 20 µm. The experimental data are 

fitted with the equations (1) to (11), as shown in the Fig. 7. The fitting parameters are 

listed in the table 2. For each sample, the σ1 is smaller than the σ0, which may be 

viewed as a regularity. However, there is no similar regularity between the σ2 and σ0. 

More importantly, in fact, the NLA of the sample is decided by the sum of αC and αD. 

If the sum of αC and αD decreases (increases) with the increasing intensity, the NLA is 

SA (RSA). In this sense, the irregularity between the σ2 and the σ0 can be understood 

and ignored. These discussions can be verified by selecting the sample S11 as an 

example, as discussed below.  

For the sample S11, with the irradiation of a laser pulse, the conduction band 

electrons in the states C0 decrease initially and increase afterwards, and the electrons 
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in the states C1 and C2 increase initially and decrease afterwards, as shown in Fig. 9 

(a). Since NC0 is larger than NC1 and much larger than NC2, so the absorption 

coefficient of the conduction band electrons 
0 0 1 1 2 2C C C CN N Nα σ σ σ= + +  decreases 

initially and increases afterwards. As a whole, αC decreases with the irradiation of a 

laser pulse, as shown by the red line in Fig. 9 (c). With the irradiation of a laser pulse, 

the d band electrons in the state D decrease initially and increase afterwards, and the d 

band electrons that excited to the states C0, C1, and C2 increase initially and decrease 

afterwards, as shown in Fig. 9 (b). For the d band electrons, since their TPA is 

stronger than their NLA in the conduction band, so their absorption coefficient 

' ' '

0 0 1 1 2 2D D C C CIN N N Nα β σ σ σ= + + +  is mainly decided by the TPA, which increases 

initially and decreases afterwards, as shown by the black line in Fig. 9 (c). However, 

as a whole, the total absorption coefficient is mainly contributed by the αC, which 

decreases with the irradiation of a laser pulse, as shown by the blue line in Fig. 9 (c). 

So the NLA of the sample S11 is dominated by the SA. In addition, for the sample 

with σ0>σ1 and σ0>σ2, similar analysis reveals that the NLA is also dominated by the 

SA. In a word, for each sample, the dominance of SA in the NLA is due to the 

stronger SPA from C0 to C1, the weaker excited state absorptions in the conduction 

band which is due to the short relaxation time and small absorption cross section, as 

well as the weaker TPA from the d band to conduction band.  

In addition to the NLA, other factors that influence the OA Z-scan transmittance 

should be also noticed. These factors include the fragmentation of NPs, solute 

migration, and nonlinear optical scattering, which enhance as the increasing intensity. 

The fragmentation of metal NPs is a result of photoejection of electrons that are 

caused by the multi-photon absorption, which decreases the transmittance of the 

sample [49]. In present work, each sample with volume of 0.2×1×1 cm
3
 is placed at 

the focus of Z-scan experiment, at which the peak intensity is 100 GW/cm
2
. This 

intensity is equal to the maximum intensity that used in the Z-scan experiment. The 

irradiation is persisted for 2 hours with the repetition rate of laser pulse is 200 Hz. The 

TEM image of Au NPs in the irradiated sample 11 is shown in Fig. 10. It can be seen 
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that the morphology changes are insignificant, as pointed out by the arrows. The 

morphology changes of other samples are also insignificant. These results rule out the 

effect of fragmentation of NPs to the OA Z-scan transmittance. As introduced 

previously, the laser heats the electron gas which interacts with the lattice of Au 

particle, leading to the thermalization of the particle. This process is almost 

nonradiative, so large amount of excess energy of Au NPs are converted from the 

energy that absorbed from the laser [43,50,51]. The highly concentrated excess energy 

leads to an "explosion" in the colloid [50,51], which pushes the Au NPs laterally 

outward from the center of the laser beam, leading to the migration of Au NPs. The 

migration causes the concentration gradient of Au NPs in the colloid. If the 

concentration gradient caused by a laser pulse sustains until the arrival of the next 

pulse, the absorption of the next pulse will be weakened, so the transmittance 

increases. This cumulative effect becomes more severe as the sample is moved to the 

focus of Z-scan experiment [50-52]. In present work the viscous colloid matches these 

conditions. So the effect of Au NPs migration to the OA Z-scan transmittance may not 

be ignored, however the details are needed to be further investigated. The nonlinear 

optical scattering in liquid is caused by the bubble which is caused by the heated 

particle. The scattering decreases the transmittance of laser. However, the pulse 

duration of the femtosecond laser is much shorter than the time for forming a bubble, 

so the scattering in present works can be reasonably neglected.  

4. Conclusions 

In present work, Au NPs with different mean size are controllably fabricated in 

ethanol by changing the concentration of PVP and HAuCl4, as well as the power of 

UV light. The mechanism of photo-reduction of PVP to HAuCl4 under the irradiation 

of UV light is proposed. PVP undergoes a series of chemical reactions which include 

the attack of hydrogen atom on the tertiary carbon atom at the α-position of nitrogen 

atom, production of hydroxyl, and chain scission. The hydroxyl combines with the 

hydrogen atom produced through the dissociation of HAuCl4, which facilitates the 

decomposition of HAuCl4. The fabrication mechanism of Au NPs is discussed. The 
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NLA of Au NPs with four different mean sizes are investigated, all of them exhibit SA, 

and the SA dominates the NLA with the increase of laser energy. The dominance of 

SA in the NLA is due to the stronger single-photon absorbed intraband absorption 

from the ground state to the first excited state in the conduction band, the weaker 

excited state absorptions in the conduction band, and the weaker two-photon 

absorption from the d band to conduction band. 
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Table 1 The compositions of the samples before irradiation; and the irradiation schemes of the 

experiments as well as the mean size of the as-produced Au NPs.  

Sample     concentration of       concentration of     powers of the      mean size of 

         HAuCl4 (×10
-3

 mol/L)      PVP (wt%)      UV light (watts)     the NPs (nm) 

S11             2.33                 3.2               40              18 

S12             2.33                 3.2               20              70 

S22             4.66                 3.2               40              32 

S31             2.33                 6.4               40              -- 

S32             2.33                 1.6               40              42 

S35             2.33                 0.13              40              -- 
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Table 2 The fitting parameters of the rate equations. 

The fitting parameters.            S11         S12         S22          S32 

σ0 of an Au NP, (×10
-21

 m
-2

)        6.2         570          25           130 

σ1 of an Au NP, (×10
-21

 m
-2

)        1.55        559          5.2           86.7 

σ2 of an Au NP, (×10
-20

 m
-2

)        3.72         21          6.5           6.5 

β of an Au NP, (×10
-37

 m/W)       7.2          330         25            125 
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Scheme 1 The schematic of experimental setup. 
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Scheme 2 The photoreaction of PVP under irradiation of UV light at 365 nm.  
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Fig. 1 The absorption spectra of ethanol, PVP in ethanol, and HAuCl4 in ethanol with different 

concentrations. 
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Fig. 2 The absorption (or optical extinction) spectra of the samples irradiated by UV light at 365 

nm. (a) sample 11, (b) sample 12, (c) sample 22, (d) sample 32, (e) sample 31, (f) sample 35; the 

inset in (a), (b), (c), and (d) is the corresponding optical extinction spectra at the SPR of the 

as-producing Au NPs, which are normalized at the SPR peak wavelength. The inset in (e) is the 

TEM image of Au NPs in the sample 31.  
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Fig. 3 The absorption spectra of HAuCl4 in ethanol in absence of PVP, black and blue line is the 

spectrum before and after irradiation by UV light at 365 nm, respectively.  
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Fig. 4 (a) The time evolutions of absorption spectra of PVP (4wt %) in ethanol irradiated by UV 

light at 365 nm. (b) Under the respective irradiation of UV light at different wavelengths, the 

photos of the sample S11 shot immediately after the appearance of the pink color; the photo of the 

sample S11 before irradiation is also presented. (c) The FT-IR spectra of PVP, HAuCl4, PVP and 

HAuCl4 before the irradiation of UV light at 365 nm, and the FT-IR spectrum of the irradiated 

PVP and HAuCl4. (d) The height of peaks of the FT-IR spectra of PVP, PVP and HAuCl4 before 

and after irradiation. (e) The 
1
H NMR spectra of three samples in CDCl3.  
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Fig. 5 The time evolutions of the SPR peak wavelength and the optical extinction intensity at the 

SPR peak wavelength of the as-irradiating samples, (a) S11, (b) S12, (c) S22, and (d) S32.  
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Fig. 6 The TEM images and size distribution histograms of the as-produced Au NPs in the sample 

11 (a), 12 (b), 22 (c), and 32 (d).  
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Fig. 7 The OA Z-scan experimental results of the Au nanoparticles with different mean sizes: (a) 

18 nm, (b) 70 nm, (c) 32 nm, and (d) 42 nm, the peak intensity at the focus (I0) is presented, 

respectively. The solid lines are theoretical fitting curves using the equations (1) to (11). 

Page 39 of 42 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 40

 

 

 

 

 

Fig. 8 Schematic diagrams of the nonlinear absorption of Au nanoparticle. (a) The energy band 

structures around the L point of Brillouin zone of Au nanoparticle and the nonlinear absorption. (b) 

Five-level model of the nonlinear absorption of Au nanoparticle.  
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Fig 9. The changes of the number densities of the electrons and the absorption coefficients during 

the irradiation of a laser pulse on the sample S11. τ is the pulse duration of a laser pulse (120 fs). 

The intensity is 17.2 GW/cm
2
. (a) The changes of the number density of the conduction band 

electrons in the states C0, C1, and C2. (b) The changes of the number density of the d band 

electrons in the states D, C0, C1, and C2. (c) The changes of the absorption coefficients of the 

conduction band electrons, d band electrons, and their sum.  
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Fig. 10 The insignificant morphology change of the Au NPs in the sample 11 caused by the laser 

pulse irradiation, blue arrows point to the insignificant morphology change of the NPs.  
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