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Abstract: We propose an advanced in situ extinction spectroscopy set up to investigate the
dynamic of the fragmentation and reshaping processes of gold colloids during a ns-laser pulse
exposure. The evolution of the aspect ratio distribution of gold nanorods (NRs) during the laser
exposure is obtained by analyzing each spectra with the shape distributed effective medium
theory. We demonstrate that the kinetics of NR shape transformation can be divided into two
fluence regimes. At small fluence, the kinetic is limited by the NRs orientation, while at high
fluence, the fragmentation rate is only limited by the probability of NRs to be located in the
irradiated volume.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Metal nanoparticles (NPs) exhibit unique optical properties such as surface plasmon resonances
(SPRs) coming from the collective oscillations of their surface conduction electrons. SPR is
increasingly used in many fields of applied sciences. The position and amplitude of SPR bands
depend on the size, shape and environment of the NPs [1,2]. Frontier areas of research and
development require the precise control of the NP size and shape [3,4]. Therefore, the control of
the size/shape distributions of the NPs is of great importance for plasmonic devices.

Among the control methods [5,6], pulsed-laser fragmentation and reshaping can be considered
as an attractive way to refine the NP shape distribution. Several authors demonstrated the
effectiveness of the use of pulsed-lasers to control of the size and aspect ratio distribution of the
NPs. Numerous experimental and theoretical investigations of the mechanisms of laser interaction
with colloidal NPs have been conducted to have a smart control of the distributions [7—10].
That is why many researches were invested into real time observation of the evolution of NPs
during laser exposure by using several techniques such as small angle X-ray scattering (SAXS)
[11,12], X-ray absorption fine structure (XAFS) [13,14] or extinction spectrometry [15-18]. In
this sense, S. Link ez al. [19] have studied the shape changes of colloidal gold nanorods (NRs)
during exposure to femtosecond and nanosecond laser pulses by recorded an extinction spectra
corresponds to an increased number of absorbed laser pulses. A strong correlation between the
characteristics of the extinction spectra and the NPs shape evolution was demonstrated after
the laser exposure. Similarly, A. Attia ef al. [20] recorded extinction spectra during ns-pulsed
laser irradiation of Au NRs at various wavelengths. M. Barberio ef al. [21] monitored the size
evolution of Au NPs produced by laser ablation in liquid medium using absorption spectrometry
and Mie theory. The effective medium theory was also used elsewhere for the investigation of
average aspect ratio and volume fraction temporal evolution of the seeded growth processes
of gold nanoparticles [22]. Recently an effective medium theory based on a mean field and
quasistatic approach was introduced to describe the optical properties of spheroids distributed in
aspect ratio [23-27]. This model, named shape distributed effective medium theory (SDEMT),
takes into account the NPs aspect ratio distribution. It was used to explain the impact of aspect
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ratio distribution on the plasmon band of silver and gold NPs [24]. Simulations performed with
this model revealed that the dependency of the plasmon band position and width on the mean
value and standard deviation of depolarization parameters, respectively [24].

In this paper, the SDEMT model is used to monitor the aspect ratio distribution of Au NPs
exposed to ns-laser pulses. Herein, in-situ extinction spectra were recorded in real time during
the process. The evolution the aspect ratio distributions of the Au NPs was then determined
by fitting each spectra using the SDEMT model. The as-obtained aspect ratio distributions
were compared to those obtained by transmission electron microscopy (TEM). In contrast with
TEM measurements, the proposed approach has the advantage of being noninvasive and enables
the monitoring of NP aspect ratio evolution during laser exposure. Based on the evolution of
the aspect ratio distribution, the laser-colloids time constant, which characterizes the kinetic
of the evolution of the NP aspect ratio distribution, can be extracted for several fluences and
initial distributions. We demonstrate that the evolution of time constant as a function of laser
fluence shows two regimes. In the first regime, which occurs at low fluence, it is found that the
time constant depends on the initial aspect ratio distribution. In contrast, in the second regime,
it becomes independent on the initial aspect ratio distribution. The occurrence of these two
regimes is rationalized by a modified Takami model [9], which allows the calculation of the time
constant. We show that in the low fluence regime the process is governed by the dependence of
the NRs orientation with respect to the ns-laser polarization while in the second one it becomes
independent on the NRs orientation.

2. Experimental and theoretical methods
2.1. Experimental methods

Three Au colloidal suspensions named S1, S; and S3 were investigated. S, and S3 were purchased
from Sigma Aldrich while S| was made according to the seed-mediated growth method [28].
First, a seed suspension is synthesized by mixing 5 ml of an aqueous solution containing 5 x 10~
M of HAuCly and 0.2 M of CTAB with 0.6 ml of ice-cold 0.01 M NaBHy4. Then, S; was obtained
by mixing 0.25 ml of a solution containing 4 x 107> M AgNO3 and 0.2 M CTAB, 70 ul of 0.08
M ascorbic acid, 5.0 ml of 0.001 M HAuCly and 12 pl of the seed suspension. The obtained NRs
were characterized with a Phillips CM200 TEM operated at 200 kV. The TEM samples were
prepared by evaporating a drop of colloidal suspension on a carbon-coated copper grid. The
TEM images of the NPs/NRs prior to laser exposure are shown in Fig. 1. S; NPs (Fig. 1(a))
exhibits a broad NPs aspect ratio and size distribution. It is observed that S; is composed of a
mixture of nanorods (NRs) and almost spherical NPs. Their aspect ratio and minimum Feret
diameter are in the 0.2-1 and 3-25 nm ranges, respectively. S, colloidal suspension (Fig. 1(b)) is
composed of NPs with narrow aspect ratio distributions showing mean aspect ratio and minimum
Feret diameter of S, NRs are 0.6 and 27 nm, respectively. S3 colloidal suspension contains NRs
with mean aspect ratio and minimum Feret diameter of 0.28 and 8 nm, respectively (Fig. 1(c)).

For irradiation experiments, 2 ml of the colloidal suspension was introduced in a 1 cm light-path
quartz cell, which is horizontally exposed to ns-laser pulses. The suspension was continuously
stirred with a magnetic stirrer during the laser exposure. The laser pulses were delivered from a
Nd-YAG laser (Continuum Surelite I) set to its fundamental wavelength (1064 nm). The pulses
width and repetition rate were 6 ns and 10 Hz, respectively. The laser energy and fluence was
adjusted by varying the Q-switch delay keeping the output laser beam diameter constant (4 mm
in diameter). The spatial profile of the output beam was reshaped by means of an intracavity
apodizer in order to attenuate the hot spots inherent to the elliptical pumping configuration of the
laser rod.

Extinction spectra of the suspensions were recorded in situ and during the laser exposure
according to the set-up shown in Fig. 2. The UV-visible light emitted from a xenon source was
collimated by a set of two quartz lens (f=150 mm) and a slit. The collimated beam was then
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focused at the center of the quartz cell by means of a 90° off-axis parabolic mirror (f=150 mm)
and collimated by a second off-axis parabolic mirror with identical characteristics. It was then
sent into an AvaSpec-ULS2048L-USB2 spectrometer (Avantes) via a parabolic collector coupled
with an optical fiber. The extinction spectra of the colloidal suspension were recorded in range of
400-900 nm and an acquisition rate of 10 Hz.
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Fig. 2. Schematic diagram of the experimental setup used to record the extinction spectra
of the colloidal suspension during pulsed-laser exposure.
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2.2. Shape distributed effective medium theory

The optical properties of metallic nanoparticles (NPs) dispersed in liquid (water) and distributed
in aspect ratio are investigated by using the shape distributed effective medium theory (SDEMT)

[23-27]. By considering the quasistatic approximation, the spatial average of electric field (<E >)

and displacement field (<5> = Eof <7?>) in colloidal suspension are the sum of two contributions:

(E) = 1 =1) (En) +1 (Ewp). (M
oy (E) = (1= )ew (En) +feup (Eup). @

where f is the volume fraction of NPs. &y, and ey, are the dielectric function of the water and Au

NPs, respectively. They are extracted from the Palik handbook [29]. <E_np> > and <EZ > are the
spatial average electric fields inside the NPs and inside matrix, respectively. These fields are

linked together by:
— —
(Eup) = 0 (En). 3)
For randomly oriented NRs, The slope (1) is given by:
1 2
Ay = [P Ly + dLy, 4
(= Jo" PLa) 3 \em+Li(enp—&m)  &m+05(1—Li)(&np — &m) ! @)

where L, is the depolarization parameter of NRs along their major axis. This parameter only
depend on the NP morphology. The NP aspect ratio distribution is taken into account thanks to
the distribution of depolarization parameter P(L;). According to TEM, colloidal suspensions
are composed of two populations of NPs: spherical NPs and NRs which can be assimilated to
prolate NPs. Thus, we assume that P(L;) is described by a normalized bi-Gaussian distribution:

2 _
(Lr% _(LrLl)2

P(L)) = N(Nje 2057 +e 2007 ), (®)]

The first and the second terms of Eq. (5) are related to almost spherical NPs and NRs, respectively.
L, is the mean values of the depolarization parameters of NRs. o and 0y are the standard
deviation of spherical NPs and NRs aspect ratio distribution, respectively. N is a normalization
constant and N is a relative ratio between spherical NPs and NRs. The effective dielectric
function of a medium composed of NRs distributed in aspect ratio and randomly oriented can be
obtained by combining Egs. (1)-(3) [23-27]:

_ (1 =f)em + fenp (1)

Eeff = , (6)
T a=-p+f
The extinction coefficient @ of the medium is then calculated from the following equation:
4r
a:T*Im(@). @)

We must keep in mind that the SDEMT is based on quasistatic approximation. Therefore, the
extinction coeflicient obtained from the SDEMT model is accurate if the following conditions
are fulfilled:

- The NPs size must be negligible compare to the wavelength.

- The scattering cross section must be negligible compared to the absorption cross section of
NPs.

- The volume fraction of NPs must be small enough to neglect the interaction between NPs.
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2.3. Modified Takami model (MTM)

According to our previous work [9], the interaction between colloidal gold nanorods (NRs)
and ns-laser pulses can be described by the modified Takami model (MTM). Using the energy
conservation principle. The MTM model simulates the evolution of the nanoparticle temperature
by using the following set of equations:

& (3 dT d? _0.5(2
Psﬂl—z (— - 1) Cy— + ndi(T — Ty) + 67T—T4 — 0 Foe e 05(=") = 0for T<T,, (8)
r

r dt
xd? (3 f1+p, nd? 4 7z -0 5(2)2
pxﬁ ——1|AH,+ [ 7ndc(Ty—To)+6—T, —0 Fope e 2’ dt=0forT=T,,
r 151 r
(&)
B (3 dT d? ~05(5)
oy (_ - 1) €S+ 7dK(T = T) + 6T = Foe™%e™ ) = 0 for T,,<T<T, (10)
, r

t—tp 2

3 b+, 2
p,% (% - 1) AH, + [ rdk(Ty - To) + 6%T,‘7‘ — o Foe e T 4= 0 for T =T,
t
2 (an
The first term of Eqs. (8)—(11) represents the heat of NR while the second and the third terms
denote the conductive and the radiative losses, respectively. The last term of Egs. (8)—(11)
describes the absorbed light energy by considering a Gaussian ns-pulse centered at #,=6 ns with
a standard deviation 7,=2 ns. F) is the maximum fluence value of the pulse while @ and Z are
the extinction coefficient of the colloidal suspension measured at 1064 nm and the position of the
NRs along the laser beam in the cell, respectively. ps = 19.32 g.cm™ and C; = 0.129 J.g7! K~!
are the density and the heat capacity of Au in the solid state, respectively. p; = 17.31 g.cm™ and
C; =0.15J.g7'. K~! are the density and the heat capacity of Au in the liquid state, respectively.
r and d are the aspect ratio and the minimum Feret diameter of NRs, respectively. Top=298 K
is the temperature of the solvent. § = 5.67 1078 W.m~2.K~* is the Stefan-Boltzmann constant,
respectively. Due to the release of energy from NP to its environment, a thin layer of water vapor
is assumed to be formed around the NP [30]. This layer is assumed to act as a thermal shield,
which limits the dissipation of energy by convective losses. To take into account this effect, we
use the thermal conductivity water vapor k=0.0239 W.m~!.K~!. As SDEMT model describes
the optical properties of a collection of NRs distributed in aspect ratio, this model cannot be used
to determine the absorption cross section of individual NR. In addition, due to the NPs aspect
ratio distribution in colloidal suspensions, we cannot determine the absorption cross section
of individual NRs from absorption spectroscopy measurements. Thus, the absorption cross
section o of individual Au NR in water is evaluated at 1064 nm (laser wavelength) by using the
boundary element method. According to its symmetry, Au NRs support two plasmon resonances:
the transversal (T-SPR) and the longitudinal plasmon modes (L-SPR) which can be selectively
excited with a light polarized along the minor and major axes of NRs, respectively. Thus, we
calculate the absorption cross section (07-spr, or—spr) for these two eigen polarization states.
Then, the absorption cross section o (6, ¢) for any NR orientations is deduced from the following
equation:

0 (0, ¢) = o1_spr sin*(@)cos*(0) + ar_spr (sin*(p)sin®(6) + cos*(¢)). (12)

The angles 6 and ¢ give the orientation of NR with respect to the incident polarization.
Depending on the laser fluence and the absorption cross section, the temperature rise of the NRs
during the laser pulse, results in phase transitions, which determine the shape of the NRs after
laser exposure:

- The NRs is unmodified if T < T,, and ¢ < 1;.



506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556

6 |

Research Article Vol. 0, No. 0/00 00 0000/ Optics Express

Optics EXPRESS

- The NRs is partially melted and reshaped in surface if 7 = 7, and #; <t < t] + 1.

- The NRs is completely melted and reshaped into spherical NP if 7, < T < Tp and 1] + t,, <
t< .

- The NRs is partially vaporized and fragmented if 7 = T and t, < t < t, + t,. The partial
fragmentation produces clusters and a spherical NP.

The NRs is completely vaporized and fragmented if 7, < T and #, + 1, < t. The fragmentation
produces clusters

As we have shown previously, the MTM model can be used to estimate the shape distribution
of NPs after their exposure to ns-laser pulses [9].

3. Results and discussion
3.1. Effect of the NPs distribution

In order to study the effect of the initial aspect ratio distribution on the shape evolution of the
NPs and NRs, three different gold colloidal suspensions S;, S, and S3 were exposed to laser
pulses at a fluence of 0.8 J .cm2, Figures 3(a), (b), and (c) shows the in-situ extinction spectra as
a function of pulse number. Prior to laser exposure, the optical spectra (Fig. 8 in Appendix A)
show the presence for each sample of two bands, centered at 730 nm and 530 nm for S, at
560 nm and 526 nm for S,, and at 830 nm and 509 nm for S3. The first band is attributed to
the longitudinal plasmon resonance of the NRs, and the second one to a convolution of the
transversal plasmon of the NRs and the plasmon band of the spherical NPs. The amplitude of the
longitudinal plasmon bands S; and S;3 is found to decrease in favor of the plasmon band of the
spherical NPs. However, the absorption spectra of S, show that the position and amplitude of the
plasmon resonance bands remain constant during the laser irradiation. This can be explained by
the fact that the Au NRs in S| and S3 colloidal suspensions transform into spherical NPs during
the laser irradiation, while the aspect ratio of the NPs in S, suspension remain unchanged.

As the NPs have a sufficiently small size to neglect scattering effect, the measured spectra
were then analyzed using the SDEMT model given in the Modeling section. In addition, the
Levenberg-Marquardt algorithm was used to solve the inverse problem by minimizing the root
mean square error between the measurements and the calculated absorption data. The fit for each
spectrum was performed by considering 5 uncorrelated free parameters: the volume fractions
f of NPs, the relative ratio between spherical NPs and NRs N;, the mean value Li, and the
standard deviations (o7, o) of the distribution of depolarization parameters. As unambiguously
demonstrated in our previous work [24], the plasmon resonance energies mainly depend on the
mean value of the depolarization parameter while the width of the plasmon bands is directly
correlated to the standard deviation of the NPs aspect ratio distribution. Therefore, by fitting
extinction measurements with SDEMT model, the distribution of depolarization parameter of
colloidal gold suspension can be determined and it closely linked to the aspect ratio distribution.
Indeed, the depolarization factors of NRs are directly related to their aspect ratio r:

2 V1 — 42
Li=——|-1+ L pxvVi=ry), (13)
I-r 2N1-72 \1-V1-12

The calculated spectra from the SDEMT model (Figs. 3(d), (e), and (f) and Fig. 8 in Appendix A)
are in agreement with the in situ measured spectra (Figs. 3(a), (b), and (c)). The calculated
values of energies, widths and amplitudes of the plasmon bands are close to the experimental
values. The model also predicts a decrease of the amplitude of the longitudinal plasmon band
of S; and S3 NRs. Moreover, the total volume fraction (f) of NPs remains constant during the
fragmentation. The volume fraction of Sy, S, and S3 estimated from the SDEMT model are 3
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Fig. 3. Time evolution of the extinction spectra measured from the colloidal suspensions
(a) Sy, (b) Sy and (c¢) S3 during laser exposure at a 0.8 J .cm~2 fluence. Time evolution of
the extinction spectra calculated by SDEMT model for the same suspensions (d) S, (e) Sp
and (f) S3. Time evolution of the aspect ratio distribution determined for the suspensions (g)
S1, (h) S and (k) S3.

ppmv, 2.7 ppmv and 1 ppmv, respectively. The aspect ratio distribution of Au NPs as a function
of the laser irradiation time have also been calculated and are shown in Figs. 3(g), (h), and (k).
Contrary to several works [31], which limits their analyses to the longitudinal plasmon band of
NRs, the modeling of spectra in a large spectral range avoids correlation between free parameters
and gives more accurate results in the case of bimodal distribution composed of NRs and nearly
spherical NPs. In addition, contrary to several numerical approaches such as boundary element
method [32] or discrete dipole approximation [33], the SDEMT requires few computing resources.
The accuracy on the distribution depends on the aspect ratio of NR. For nearly spherical NPs, the
relative error on the aspect ratio is estimated to 7%. This value decreases with the aspect ratio.
Indeed, the relative error is smaller than 1% for an aspect ratio smaller than 0.7.

It is observed that the aspect ratio distribution of S; and S3 change during the laser exposure.
A photothermal model based on a modified Takami model (MTM) can predict the mechanisms
behind such transformations. We recently introduced this model to explain the mechanisms
of shape changes of Au NRs in colloidal suspension induced by ns-laser pulses. This model
takes into account the orientation of NRs with respect to the laser polarization, the radiative and
convective losses, and the phase transitions of NRs [9].

Based on MTM, the increase of the concentration of spherical NPs in S; and S3 can be
attributed to the fragmentation or the complete reshaping of NP. The fragmentation process
generates smaller and spherical Au NPs, while the reshaping process is revealed by an increase
of the NRs aspect ratio. Therefore, the increase of the NRs aspect ratio in S; (Fig. 3(g)) can be
related to the reshaping process in which the NRs are melted and cooled before being transformed
into spherical NPs due to the surface tension of the molten phase. For S1 suspension, this process
is more often observed for NRs having large anisotropy [7,9]. In the case of S, suspension, the
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aspect ratio remains unchanged during the irradiation. Indeed, according to the phase diagram
simulated with MTM model and shown in Appendix B, most of the NRs are localized between
the locus of partial and complete reshaping (Fig. 9 in Appendix B). Therefore, the shape of a
large amount of NRs remains unchanged during the laser exposure.

The TEM images of the NPs after laser exposure are reported in Fig. 4. The observed
morphology is in agreement with the calculated aspect ratio distribution shown in Fig. 3. As can
be seen from Fig. 4(a), sample S; after laser exposure (10 min) is composed of smaller spherical
Au NPs and NRs which exhibit broad aspect ratio and size distributions. Their average value
of their aspect ratio and minimum Feret diameter estimated over more than 1000 NPs are 0.83
and 5.6 nm, respectively. After laser exposure, most of the NRs in sample S, remain unchanged
(Fig. 4(b)). S3 is composed of nearly spherical NPs which have an average minimum Feret
diameter below 10 nm. Therefore, the NPs aspect ratio observed by TEM after laser exposure is
in agreement with the aspect ratio distributions obtained from the SDEMT model (Figs. 3(g), (h),
and (k)). Contrary to TEM measurements, the exploitation of extinction spectra with the SDEMT
has the advantage of providing in situ information about the NPs aspect ratio distribution of
colloidal suspension as shown in Fig. 3.

Number of NPs

Number of NPs
g

Number of NPs

0-.0 02 04 s 03 19 0-“) 0.2 04 s 08 1.0

ol
00 02 o4 05 08 1
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Fig. 4. (a)(b)(c) TEM images of (a) Sy, (b) Sy, (c) S3 gold NPs after laser exposure, (d)(e)(f)
aspect ratio distributions measured by the TEM of (d) Sy, (e) S, (f) S3.

In summary, according to the Fig. 3, we conclude that the evolution of the NPs morphology
and their final aspect ratio distribution after laser exposure are affected by their initial aspect ratio
distribution.

3.2. Effect of the laser fluence

In our previous work, we have also shown the effect of the laser fluence on the morphology
of NPs after exposure to laser pulses [9]. Here, this effect on NPs aspect ratio distribution is
investigated as a function of duration of exposure to pulsed-laser i.e., pulses number. To this end,
the sample S3 was exposed to laser pulses at various laser fluences i.e., 3.2 J.cm™2, 1.6 J.cm™2 and
0.4 J.cm™2 For sake of clarity, the obtained samples are named S3_r, where F is the laser fluence.

Figure 5 shows the evolution of the aspect ratio of NPs distribution for different laser fluences. A
decrease of the concentration of the initial population of NRs is measured at the beginning of each
laser exposure. However, due to the range of color scale, these variations do not clearly appear
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in Fig. 5. However, these variations are clearly shown in Fig. 6. At low fluence (Fig. 5(a)), the
initial population of the NPs is progressively transformed into a bimodal distribution, composed
of almost spherical NPs (aspect ratio close to 1) and NRs with aspect ratios between 0.3 and 0.8,
larger than that of the initial one. This result is confirmed by the TEM images of the sample after
laser exposure, which is mainly composed of spherical and ¢-shape NPs. According to the MTM
model, ¢-shape NPs result from a competition between the reshaping and the cooling process.
Indeed, S3 94 NPs are localized in the locus of reshaping where the laser absorption leads to a
complete melting of NPs (Fig. 10 in Appendix B). The molten NPs take a spherical shape to
minimize their surface energy. However, due to the finite duration of the process most of NPs are
solidified before achieving the spherical shape.
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Fig. 5. Aspect ratio distribution as a function of exposure time to laser pulses of the S3
suspension at various fluences (a) 0.4 Jem™2, (b) 1.6 J.em™2 and (c) 3.2 J.em™2; TEM
images (left) of initial S3 NPs, TEM images (right) of S3 NPs after laser exposure.

The modeling results obtained at intermediate (Fig. 5(b)) and high (Fig. 5(c)) laser fluences
are also provided in Fig. 5. Similar final aspect ratio distributions are obtained at 1.6 J.cm™>
and at 3.2 J.cm™2. Both samples are composed of nearly spherical NPs after laser exposure,
which can be attributed to the partial or complete fragmentation process. Indeed, according
to MTM model, the initial NRs distribution is located in the locus of the partial or complete



910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960

Research Article

Optics EXPRESS

@ S ®) optical model (©) MTM model

+ 04J.cn"XSDEMT)

+ 1,59 J.cm"2(SDEMT)

+ 32 Jan"(SDEMT)
0,4 J.an'z(ﬁrst order kinetic)
——1,59 J.cm 2 (first order kinetic)
3,2 J.am~2(first ord er kinetic)

2
3

-]

&

Time constant (s)
&
——

3
——i

Time constant (s)
o-

8

°

0 20 40 60 8 100 120 140 160 s 10 15 20 28 & s 00 05 10 15 20 25
Time (s) Fluence (J.cm_z) Fluence (J.cm_z)

30 35

Fig. 6. (a) Evolution of the volume fraction of the NRs with aspect ratio of 0.22 for the
suspension S3 at three different laser fluences, (b) variation of reaction rate as a function of
the fluence calculated by fitting the measured volume fraction for different suspensions Sy,
S, and S3, (c) variation of the reaction rate as a function of the fluence calculated by the
MTM model.

fragmentation, which lead to the formation of small spherical NPs. On the other hand, the NRs
surface is evaporated during the partial fragmentation, while their core remain in the liquid state.
Therefore, the core of the NRs core is transformed into the more thermodynamically favored
spherical shape. Here again, a good agreement is obtained between TEM images showing nearly
spherical NPs distribution after laser exposure and the calculated aspect ratio distributions shown
in Fig. 5.

3.3. Kinetics of colloidal suspension evolution

The previously described results show that in situ extinction spectroscopy can be used to
investigate the kinetics of laser-induced modifications of colloidal suspensions. In the following,
we monitor the time-evolution of the volume fraction of NRs with initial mean aspect ratios rg of
0.28, 0.54, and 0.22 for samples Sy, S», and S3, respectively. As an example, the modification
kinetics of the NRs aspect ratio of sample S3 is given in Fig. 6(a) for three different laser fluences.
The volume fraction of the selected population of NRs is plotted versus exposure duration to
lasers pulses. As shown by Fig. 6(a), all these evolutions exhibit an exponential decrease. As
illustrated in Fig. 6(a), this variation, attributed to reshaping and fragmentation processes, can be
described by a pseudo first-order kinetic law:

fP(ro,1) = ae"* +b, (14)

where ry is the selected aspect ratio of NRs. a + b is the volume fraction of NRs at t=0 and b
is the remaining volume fraction of NRs with aspect ratio ry after laser exposure. Their values
were directly estimated from the extinction spectra recorded at the initial and final states. The
time constant 7, which is the inverse of the reaction rate, is obtained by using a Levenberg
Marquardt fitting procedure. This latter is reported in Fig. 6(b) for several initial distributions
and laser fluences. As expected, the time constant decreases by increasing the laser fluences.
Two regimes are observed: for fluence below 2 J.cm™2, the reaction rate strongly depends on the
initial distribution of NRs and above 2 J.cm~2, the reaction rate becomes independent on the
initial aspect ratio distribution.

We applied the MTM model (Eqgs. (8)—(11)) to elucidate the mechanism behind these regimes
and simulate the evolution of the aspect ratio of 1000 NPs observed by TEM. Each simulation
step was associated to the exposure to a subsequent pulse. In addition, it is assumed that after
each laser pulse, the NRs cool down to the room temperature. Indeed, this cooling process occurs
within at most few ps which is much less than the time between two consecutive pulses (0.1 s).
The simulations were conducted on the basis of the following assumptions:
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- The Z position (Fig. 7) of each NP in the cell was randomly chosen in the 0-1 cm range
according a uniform distribution. Simulations show that the NRs position in the cell has a
negligible impact on the reaction rate. Indeed, due to the low particles concentration and
their small absorption cross section at the laser wavelength, the suspensions have a small
absorption coefficient at the laser wavelength.

- At each pulse, each NP has a probability P=1/16 to be exposed. This value is defined by the
ratio between the irradiated volume and the volume of the colloidal suspensions.

- The NPs are randomly oriented with respect to the beam laser polarization (Fig. 7). Thus, a
couple of NPs orientation angles (6, ¢) were randomly chosen for each pulse and each NP.

Fig. 7. Schematic diagram of the system considered in simulations: only a small amount of
NRs is exposed to the laser beam at each pulse. Each NR has a random orientation defined
by the angles (6, ¢) and has a random position Z along the beam path.

It should be noted that a quantitative determination of the reaction time constant is beyond
the scope of this simulation. Instead, this simulation qualitatively describes the variation of the
reaction rate as a function of laser fluence. The reaction rate is evaluated from the evolution
of number of NPs which remain in the ry — 0.1-ry + 0.1 range after each calculation step. The
simulation results are plotted in Fig. 6(c). In spite of the assumptions made, the model is
predictive enough, to reveal the previously observed two fluence regimes in Fig. 6(b). In the first
regime, it is found that the reaction rate depends on the NRs orientation and the probability of that
the NRs is located in the irradiated volume. Indeed, one should keep in minds that according to
Eq. (12), the absorption cross section of a NR depends on its orientation relative to the direction
of laser polarization. At the laser wavelength, it reaches a maximum value when the longitudinal
plasmon mode of NRs is selectively exited. In other words, only the NRs which are oriented
close to the laser polarization can be reshaped or fragmented. Thus, the NRs must be exposed to
several pulses before undergoing an aspect ratio modification. In the high fluence regime, the
absorbed energy is sufficiently high to induce a phase transition whatever the NR orientation. In
this case, the reaction rate is mainly governed by the probability of a NR to be located in the
irradiated volume and this probability does not dependent on the initial aspect ratio distribution.
This result explains why all the reaction time constants tend towards the same value at high
fluence.

4. Conclusion

In summary, we have developed an in situ extinction spectroscopy set up to investigate the
dynamic of the fragmentation and reshaping processes of Au NPs induced ns-laser pulses. Each
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recorded spectra is analyzed with the SDEMT model. We show that the modeled spectra by
the SDEMT are close to the measured ones. In addition, the aspect ratio distributions of NPs
estimated from the SDEMT before and after the laser exposure are in agreement with those
determined by TEM. Contrary to TEM, our technic allows determining the evolution of the NRs
aspect ratio distribution along the exposure to laser pulses. We show that the evolution of the
NRs aspect ratio can be satisfactorily described by a first order kinetic law which reaction rate
decreases with laser fluence. Using the MTM model, we demonstrate that the kinetics of NRs
aspect ratio transformation can be divided into two fluence regimes: a low regime for which
the kinetic is mainly limited by the orientation of NPs and a high fluence regime in which the
reaction rate is independent on the initial shape distribution of the NRs and is only limited by the
probability of NRs to be located in the irradiated volume.

Appendix A: initial extinction spectra of S;, S, and S;
Figure 8 shows the measured and calculated initial extinction spectra of Sy, S, and Ss.

@ 4 ®) 4 © 4
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Model

-1

Extinction coefficient (cm™)
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Fig. 8. The measured and calculated initial extinction spectra of Sy, S, and S3.

Appendix B: metastable phase diagram

Figure 9 shows the metastable phase diagram simulated with the Modified Takami Model (MTM)
for a laser fluence of 0.8 J.cm™2. The initial and final distributions of S;, S, and S5 NPs, obtained
by TEM, are also reported. The metastable phase diagram predicts the shape transformation
between the initial and the final distribution.

Each NP observed by TEM before and after the laser exposure, is reported in the metastable
phase diagrams (Fig. 9). Part of initial NPs for S| and S5 is localized in the complete or partial
fragmentation domains, suggesting the formation of spherical nanoparticles. The other part of
initial NPs for S7 and S, is localized in the complete and partial reshaping domains. Due to the
cooling process of the NP induced by the heat losses, the NPs are solidified before reaching the
spherical shape. These phenomena induces the formation of the NP with an aspect ratio larger
than the initial NP.

Figure 10 shows the comparison between the phase diagrams of Au NRs simulated from the
MTM model for 3 laser fluences: 0.4, 1.6 and 3.2 J.cm™2. The initial and final distributions of
S3 04, 53_1.6, 53_32 NPs, obtained by TEM are also reported.

At these fluences, part of nanoparticles is localized in the total fragmentation domain suggesting
that the laser exposure induces the formation of spherical nanoparticles. This result explains the
increase of the concentration of spherical nanoparticles during the laser exposure. The other part
of §3 0.4 NPs is localized in the partial fragmentation and the total reshaping domains, suggesting
the formation of NP with a larger aspect ratio. This result explains the increase of the average
aspect ratio of the NRs during the laser exposure.
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Fig. 10. Metastable phase diagrams in the space of Au NRs calculated at (a) 0.4, (b) 1.6
and (c) 3.2 J.cm™2 laser fluences. Each a) 83 0.4 (b) S3 16, (c) S3 32 NP observed by TEM
after laser exposure is represented as a pink dot. The raw NPs observed in (a) S3 .4 (b)
83 1.6 (¢) S3_32 before laser exposure are also represented by black dots.
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