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ABSTRACT

The excited localized surface plasmon (LSP) in metallic nanoparticles is known to relax through several
processes such as electron-electron scattering, electron-phonon coupling, and phonon-phonon scat-
tering. In the current research, the ultrafast electron-phonon (e-ph) coupling relaxation processes for
different average sizes and crystallinity of chemically synthesized silver nanoparticles were evaluated
utilizing transient absorption spectroscopy. The nanoparticle size and crystallinity of similar linear
dimension polycrystalline spherical and monocrystalline cubic nanoparticles ranging from ca. 30—60 nm
was related to their electron relaxation time constants and revealed very different dependencies. For the
monocrystalline nanocubes, the electron-phonon coupling was not dependent on the cube edge length,
while for the polycrystalline nanospheres, it was linearly decreasing with diameter. We demonstrate that
the e-ph coupling time constant could be used to evaluate crystallinity and crystallite size in plasmonic
metal nanoparticles when the size (surface area) of the nanoparticle is known.
© 2023 The Authors. Published by Elsevier B.V. on behalf of The Chinese Ceramic Society. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Metal nanoparticle synthesis and optical characterization have
become an important focus in diverse fields from catalysis to
sensing and medicine. Special attention is paid to noble metal (Au,
Ag, and Pt) nanostructures because they support plasmon reso-
nance. Due to their unique physicochemical properties, Ag NPs are
used as biosensor material, additives to composite fibres, cosmetic
products, and electronic and optical components [1]. Ag NPs have
been one of the most attractive nanomaterials in biomedicine,
where they are used for antimicrobial and anticancer therapy,
promote wound repair and bone healing, or as an adjuvant to
vaccines as an antidiabetic agent [2]. Ag NPs also find multiple
applications ranging from heterogeneous catalysis [3] to gas
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sensing and nonlinear optics [4,5]. Metallic nanoparticles act as a
functional base component of nanoscale devices or sensors with
high selectivity and sensitivity in these applications. These nano-
particles can also be applied in spectroscopic systems to enhance
Raman scattering spectroscopy signal [6]. Nanoscale metal features
support localized surface plasmon resonances (LSPs) associated
with strong electromagnetic (EM) hotspots. These EM fields
enhance the Raman scattering of adsorbed molecules and can be
used for chemical sensing [4].

One of the key issues to consider during a variety of applications
of metallic NPs includes developments and novel applications in
photovoltaics, photodetection, photocatalysis, etc. where the LSP
excitation of NPs is employed, is their ultrafast optical user-
designed response. Currently, there is knowledge of the temporal
evolution of hot electrons excited by light and its dependence on
the size, composition, and morphology of metal NPs. The excited
LSP in metallic NPs is known to relax through several processes
such as electron-electron scattering (e-e, typical time scale ca. 100
fs), electron-phonon coupling (e-ph, 1-5 ps), and phonon-phonon
scattering (ph-ph, 10—100 ps) [7]. When the excitation source is
faster than the expansion/contraction period, the light-heated
particles can form coherent vibrations called optomechanical
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oscillations that decay together with ph-ph [7—9]. One of the
pump-probe spectroscopy variants, transient absorption spectros-
copy (TAS) is a primary choice for studying the kinetics of the LSP
effect of different processes taking place in femto — to picosecond
time scales. Despite intensive research in this field, the thermali-
zation effect of hot electrons in metal NPs with the lattice via
electron-phonon coupling, especially the NPs size and shape de-
pendency of the process, has been controversially discussed in
recent literature [8,10]. For example, theoretical studies [11] done
on the temporal evolution of optically excited conduction electrons
in small plasmon-supporting gold and silver NSs predict that the
contribution of surface states (and the effect of the size of the NPs)
to hot electron dynamics should be relatively small, as surface
electrons only make a small fraction of the total conduction elec-
trons for the particle sizes under consideration. In Refs. [8,12] it was
experimentally shown that gold and silver NPs do not demonstrate
a dependence of hot electron dynamics on size and shape, while
copper NPs have shown some dependence on size [13]. Other
studies indicated that the e-ph coupling time constants of Ag and
Au NPs stop depending on size and shape if the diameter of the NPs
becomes greater than 10 nm [8,14,15]. The importance of bulk
phonons dependence on the degree of crystallinity of gold NPs was
revealed — it was demonstrated that the e-ph coupling time con-
stant increases when polycrystalline gold nanoprisms are annealed
and transformed into nearly single-crystal nanospheres (NSs). On
the other hand, a size-dependent e-ph coupling time constant was
experimentally demonstrated in gold monocrystalline NSs [10]. The
larger monocrystalline gold NPs have demonstrated a lower e-ph
coupling time constant, which was explained as a result of the
decreasing effect of electron-surface scattering and e-ph coupling
constants approaching the values reported for bulk gold. Further-
more, the size dependences were outweighed by the effective
scattering at grain boundaries [10]. Similar results were reported
for gold NPs in Ref. [16] showing no influence of crystallinity on
electron-phonon equilibration dynamics. It was suggested that the
crystal twins present in the polycrystalline gold NPs do not
significantly enhance the e-ph scattering.

Despite the manifold plasmonics-related applications of Ag NPs,
the dependence of the e-ph interaction on crystallinity are almost
not considered in the literature for Ag NPs in comparison to Au NPs.
Studies of the dependence of e-ph coupling on size have been done
for a long time [13,17,18] and in most cases no significant size effect
was found [13,17—20]. This indicates that e-ph coupling depen-
dence on size is very unlikely in Ag NPs. Nevertheless, in these
articles, the crystalline structure was not examined; therefore, it is
hard to discriminate between the size and crystallinity influence,
which is being tackled in this work. In our studies, the difference in
Ag NPs crystallinity was implied by the use of two different wet
chemistry methods (reduction of silver salt and polyol synthesis).

Different preparation methods have been reported for the pro-
duction of Ag NPs, including physical (laser ablation, sputtering,
etc.), chemical (chemical reduction, green synthesis), photochem-
ical methods, and microwave processing [1]. One of the popular
methods used to produce silver nanospheres (Ag NSs) is the
reduction of silver salt. In this method, monodisperse Ag NSs are
synthesized via the reduction of silver nitrate using a mixture of
two chemical agents: sodium citrate (SC) and tannic acid (TA).
Combining SC and TA forms a complex with better reducing and
stabilizing properties than SC and TA alone [21—23]. Whereas the
polyol synthesis method is frequently utilized when non-spherical
geometries are preferred, such as nanocubes (NCs), nanowires [24],
etc. The method provides better control of the crystallinity and
geometry of monocrystalline nanocubes (NC) and various poly-
hedrons were obtained [25,26].

In the current research, we have performed a systematic
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analysis of ultrafast processes taking place in highly monodispersed
polycrystalline and monocrystalline Ag NPs colloids, investigating
their LSP relaxation kinetics empowering TAS as a perspective tool
for nanomaterial characterization. We explored the dependence of
Ag nanoparticle shape, average size, and crystallinity on e-ph
coupling. The e-ph coupling of single-crystal Ag NCs was size-
invariant while e-ph coupling in polycrystalline Ag NSs had a
linear size dependence.

2. Experimental section
2.1. Materials

Silver salt (AgNO3), tannic acid (TA, C7gHs52046), and trisodium
citrate (TC, Na3CgH507), 1,5-pentanediol, copper (II) chloride dihy-
drate (CuCly-2H0), poly (vinylpyrrolidone) (PVP, M,, = 55,000
amu) were purchased from Sigma Aldrich and used without further
purification. All solutions were prepared with Milli-Q water.

The synthesis of silver nanospheres (sequence a) was carried out
according to the procedure developed by N. Bastus [23], where a
complex of TA and TC is used and allows control over the nucle-
ation, growth, and stabilization processes, leading to reproducible
monodisperse Ag NSs. The method consists of two preparation
steps: synthesis of silver seeds followed by growth of Ag NSs.

Synthesis of silver seeds. An aqueous solution (100 mL) con-
taining 5 mmol/LTC and 0.012,5 mmol/L of TA was heated at 100 °C
degrees for about 15 min under vigorous stirring. Subsequently,
1 mL of the silver salt solution (25 mmol/L) was injected. The
synthesis lasted for 70 min.

Growth of Ag NSs. 19.5 mL of seeds were mixed with 16.5 mL of
water and heated under 90 °C, 250 pL of 2.5 mmol/L TA, 100 pL of
25 mmol/L TC, and 250 pL of 25 mmol/L AgNO3 were sequentially
injected. After 30 min of heating, 1 mL of aliquots was extracted for
further characterization. The solution produced was used as the
seed solution for the subsequent synthesis step. The growth pro-
cess was repeated four times. Aliquots were centrifuged at 7,000 r/
min.

Monodisperse solutions of Ag nanocubes (sequence b) were
prepared using a modified procedure based on the polyol synthesis
method described in Refs. [26,27]. A copper chloride solution was
prepared by dissolving 80 mg of CuCl, in 10 g of 1,5-pentanediol
(PD; Acros). Then the two precursor solutions were prepared by
dissolving 0.4 g of polyvinylpyrrolidone (PVP; Sigma-Aldrich) in
20 g of PD, and dissolving 35 pL of the above CuCl; solution and
0.4 g of AgNOs into 20 g of PD. Next, a 100 mL round bottom flask
(RBF) was filled with 20 g of PD and heated to an internal tem-
perature of 130 °C. Once the PD reached this temperature, 500 pL of
the AgNOs solution was added to the RBF, then 30 s later 500 puL of
the PVP solution was added to the RBF. This process was repeated
every minute (i.e. Add the Ag" solution at 0:00, the PVP solution at
0:30, then Ag™ at 1:00 and so on) until the desired nanocube size
was achieved.

2.2. Analysis methods

UV—Vis absorbance spectra of the studied nanoparticles were
recorded using a fibre-optic spectrometer AvaSpec-2048 (Avantes,
The Netherlands) with a resolution of 1.2 nm in the 400—800 nm
spectral range.

Transmission electron microscope (TEM) Tecnai G2 F20 X-TWIN
(FEI, The Netherlands) with an FE source operated at 200 kV was
used for the visualization of Ag NSs. 20 uL of the precipitates after
centrifugation were dropped onto a TEM copper mesh and left to
dry at room temperature. While Ag NCs were inspected with 2100F
(JEOL) TEM operating at 200 kV.
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The images were analyzed with Image] software and used for
the estimation of the mean diameter/edge length and size distri-
bution. For each sample, at least 50 NPs were measured to evaluate
the mean diameter (D)) and standard deviation (SD) - dispersity of
the ensemble.

The X-ray diffraction method was used to study the crystalline
structure of synthesized Ag NPs. The D8 Discover (Bruker AXS
GmbH) diffractometer with a Cu K,; (A = 0.154 nm) radiation
source and parallel beam focusing geometry was used. Peak in-
tensities were measured in the 30°—90° 26—6 with 0.012° step size.
The DIFFRAC.EVA software was used to process the diffractograms.
Considering that in all cases single-phase compounds were ob-
tained, we performed the Rietveld refinement using X'pert High-
Score Plus software to calculate crystallite sizes and lattice
parameters based on Scherrer formula.

Transient absorption spectroscopy was used to study the ul-
trafast electron dynamics of Ag NPs. The HARPIA spectrometer
(Light Conversion, Lithuania) was used for the TAS measurements.
For the sample excitation with an ultrafast 290 fs pulse length and
1,030 nm wavelength Yb:KGW laser Pharos (Light Conversion, LT)
with aregenerative amplifier at a 66.7 kHz repetition rate was used.
Collinear optical parametric generator Orpheus and harmonic
generator Lyra (Light Conversion, LT) were used to tune the pump
beam wavelength to 350 nm with an excitation intensity of
0.6—13.6 pJ/cm?, and a pulse width of about 290 fs. The samples of
Ag NPs were probed with a white-light supercontinuum generated
using a 2 mm thickness sapphire plate excited with the second
harmonic (515 nm) of fundamental laser wavelength. The spectral
range of the supercontinuum probe, as well as the detection range
of the TAS signal relaxation dynamics, spanned wavelengths from
370 nm to 674 nm. The excitation beam was focused on a ca.
700 pm diameter spot, while the diameter of the spatially over-
lapped supercontinuum probe was ca. 500 um [28].

3. Results and discussion
3.1. Properties of synthesized Ag NPs

The process of seeded growth chemical synthesis was repeated
and after each growth cycle, Ag nanospheres of different sizes were
obtained. The method based on a seed-growth approach allowed us
the production of long-term stable aqueous colloidal Ag NS dis-
persions with narrow size distribution. The homogeneous growth
of Ag seeds was kinetically controlled by adjusting the reaction
parameters: concentrations of reducing agents, temperature, a sil-
ver precursor-to-seed ratio, and pH value as it was proposed in
Ref. [23]. From the TEM analysis (Fig. 1) it was determined that Ag
NSs diameters after the 1st growth process were 27.8 nm (noted as
sample al) and ranged to 56.6 nm (a4) after the 4th cycle. TEM
microscopy analysis also revealed the polycrystalline structure of
the Ag NSs (Fig. 1: a—d), while Ag nanocubes are monocrystalline
structures (Fig. 1: e—h).

The increasing linear dimension was accompanied by the ex-
pected redshift of the absorbance peak (Fig. 2 a, c¢) related to the
dipolar LSP resonance mode and the emergence of the second peak
in the UV region associated with the quadrupole mode in larger Ag
NSs (Fig. 2a) and Ag NCs (Fig. 2c). The mean diameter (Dy) and
standard deviation (SD) of the synthesized Ag NSs, Ag NCs along
with their size distribution are depicted in Fig. 2b and d,
respectively.

3.2. Crystallinity analysis of Ag NPs

For each sample, the crystallite size and its standard deviation of
the NPs were evaluated from the XRD patterns (Fig. 3) which show
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the diffraction peaks at 26 = 38.2°,44.5°, 64.6°, and 77.6°, 81.7° that
correspond to the planes (111), (200), (220), (311), and (222)
respectively of the face-centered cubic (FCC) silver structure, ac-
cording to the standard powder diffraction card Joint Committee on
Powder Diffraction Standards (JCPDS 04—0783).

The crystallite size was calculated using the Scherrer formula
[29], and the results are presented in Table 1. The table includes the
mean diameter of NSs and mean edge length of NCs with standard
deviations defined from TEM analysis. One can see that for Ag NSs,
the Ag NSs crystallite size increases together with the diameter
(Table 1) and this is in good agreement with the applied synthesis
approach where during the seeds-growth process, Ag ions reduce
on the surface of Ag NPs avoiding new nucleation or agglomeration
[23]. The growth mechanism enabled the formation of NPs with a
controlled crystallite size, which is important in the quantitative
studies of electron-phonon scattering, elucidating the effects of
electron scattering in grain boundaries. The crystallite size of Ag
NCs was bigger than their spherical counterparts and much closer
to the linear dimension of the nanoparticles, a similar result was
obtained for the monocrystalline silver nanocubes in Ref. [30] and
gold nanospheres in Ref. [31].

3.3. Nonlinear optical spectroscopy

3.3.1. Excited-state relaxation dynamics

TAS measurements were employed to characterize Ag NPs,
including defectiveness and structure. The TAS measurement data
for Ag NSs at different probe wavelengths and different pump
excitation intensities are shown in Figs. S1—S5. Electron-phonon
coupling (e-ph, 71) and phonon-phonon (ph-ph, 72) scattering
time constants were calculated from the TAS signal decay traces
(Figs. S2—S5) by fitting traces at the negative and positive peaks of
the TAS spectra using the exponential decay function with one or
two components (1) [26,32].

I(t) = Are ™ + Are 7 + 1 (1)

where A1; A; and 7q; 7, are the amplitudes and time constants of
decay, respectively, while I represents the background of the TAS
signal [32]. The fitting results for Ag NSs are summarized in
Table S1, while the Ag NCs data analysis depicted in Figs. S7—S10 are
compiled in Table S2.

For the investigation of coupling time constants, pump excita-
tion intensity measurements were performed (Fig. S6 and Fig. S11).
From these measurements, the e-ph coupling time constant (7e_pn)
was extrapolated from 71 under 0 excitation intensity as [13,33,34].
The extrapolated e-ph coupling time constants are shown in
Table 1.

Damping of the excited state depends on e-ph couping. It varied
from 0.69 ps to 0.96 ps for Ag NSs and from 0.85 ps to 1.05 ps for Ag
NCs (Table S1). A relatively weak TAS signal relaxation component
was observed and that can be attributed to ph-ph scattering whose
durations ranged from 10 ps to 206 ps for Ag NSs (Table S1) and
22—73 ps for Ag NCs (Table S2).

The two-temperature model was used for the calculation of the
electron-phonon coupling constant [8] and the electron-phonon
coupling constant G was found based on the equation [13,33,35]:

G= ’YTO/Te—ph (2)

where v equals 65 J-m~3-K~2 [36]; Ty is the ambient temperature
(293 K); Te_ph is hot-electron lifetimes (provided in Table 1).

The polycrystalline Ag NSs indicated a decrease in the e-ph
coupling time constant with increasing mean diameter (Fig. 4a)
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Fig. 1. TEM analysis of the Ag NPs. Top row: Ag nanospheres after 1st process of growth (al); after 2nd (a2); after 3rd (a3), and after 4th (a4). Bottom row: Ag nanocubes with edge
lengths of 32 nm (b1), 35 nm (b2), 37 nm (b3), and 55 nm (b4). The scale bar is 25 nm.
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Fig. 2. UV—Vis absorbance spectra (a, ¢) and size distribution (b, d) of Ag NSs (a, b) and Ag NCs (c, d).
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Fig. 3. XRD patterns of Ag NPs: nanospheres (a) and nanocubes (b). The peaks are
assigned to diffraction from the planes (100), (200), (220), and (311) of silver (spectra
are offset for clarity).

while the monocrystalline Ag NCs seem to be independent of the
edge length (Fig. 4a). We also calculated the e-ph coupling time
constant dependence on volume of Ag NSs and Ag NCs that cor-
responds well with data in Fig. 4a (Fig. S12). According to theo-
retical predictions, the absence of size-dependent e-ph coupling in
Au and Ag NPs is due to the relatively small contributions of surface
phonon modes to the e-ph coupling process [13] (in case they have
a polycrystalline structure [31]). On the other hand, the depen-
dence of the time constant of e-ph coupling on the NPs size has
been reported for Cu NPs [13,37] and monocrystalline Au NPs [31].
In these cases, the dependence of the e-ph time constant was
attributed to the stronger influence of surface phonon modes on
the e-ph coupling process, and the increase in the size of NP has led
to longer e-ph coupling time constants. However, this contradicts
our obtained dependencies presented in Fig. 4 a. It is also known
that the e-ph coupling time depends on the crystallinity of the NPs
[33], and the grain boundaries are important to consider in all
modes of plasmon damping [31]. To verify this hypothesis, we
chose the ratio (Crystallite size/Linear dimension of Ag NPs)?
(Table 1) for the analysis of the decay time constant of the e-ph
coupling, assuming that the higher ratio of crystallite size to the
size of NPs corresponds to a more pronounced monocrystalline

Table 1
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structure and fewer grain boundaries of the NPs. In this ratio:

(Crystallite size/Linear dimension of Ag NPs)? 3)

Crystallite size — parameter calculated with Scherrer formula
from Ag NPs sample XRD data; Linear dimension of Ag NPs — linear
dimension is the length picked to evaluate size of Ag NPs. It is
diameter for Ag NSs and edge length for Ag NCs. We use Eq. (3) to
describe generally both types Ag NPs — for Ag NSs we use eq.
(Crystallite size/Diameter of Ag NSs)? while for Ag NCs - (Crystallite
size/Edge Length of Ag NCs).

The linear dependence of the e-ph coupling decay time constant
on (Crystallite size/Diameter of Ag NSs)? (Fig. 4b) shows that the e-
ph coupling time constant for NSs is size-dependent, and this
dependence correlates with the crystallinity of the NP. These
findings support the results of other researchers who have shown
that the grain boundaries in polycrystalline Au NCs increase the
efficiency of coupling of hot electrons with phonons, making the e-
ph coupling process faster [12,31]. In this way, the reviled depen-
dence on the time constant e-ph coupling on (Crystallite size/Linear
dimension of Ag NP)? could in the future be used for control of the
crystalline structure of plasmonic metal NPs.

The analysis of e-ph coupling time constants was done for the
Ag nanoparticles with sizes that provided us with the most reliable
TAS data and therefore the most reliable e-ph coupling time con-
stants. The extension of the range of sizes of samples becomes
problematic, because smaller nanoparticles absorb more and
scatter less light leading to a strong TAS signal but the smallest
samples (below linear size 28 nm) are unstable therefore their time
resolved spectroscopy becomes complicated. Investigation of sizes
above 60 nm is also challenging because both the absorption and
scattering from the nanoparticles prevail and lead to a decrease in
TAS signal amplitude and larger noises which makes the calculation
of e-ph coupling with huge error margins especially for Ag NSs
samples. For comparison we used only Ag NCs that have most
similar sizes/volume to Ag NSs. All in all, in our studies we chose to
investigate the most reliable results demonstrating Ag nanoparticle
sizes for the e-ph coupling time constant analysis. Although we
believe that the size range could be extended in the study but some
improvements to the synthesis and stability of Ag NSs need to be
improved in the future.

4. Conclusion

The chemical synthesis method based on a seed-growth
approach applied for the production of long-term stable aqueous
colloidal dispersions of spherical silver nanoparticles with narrow,
controlled size distribution (mean diameter 28—57 nm), and vari-
able crystallinity proven by TEM, XRD and TAS measurements,
allowed systematic studies of the e-ph coupling process in plasmon
relaxation dynamics. Comparing similar mean linear dimensions of

The mean sizes of Ag NSs (al—a4) and Ag NCs (b1—-b4) based on TEM analysis, crystallite size based on XRD data, electron-phonon coupling time constant 7.y, calculated from

TAS data (eq (1)), e-ph coupling constant G based on eq. (2).

Sample Linear dimension (Diameter/Edge Crystallite size  Ratio (Crystallite size/Linear Ratio (Crystallite size/Linear Te-ph (PS) G x 10" (W/
length) (nm) (nm) dimension) dimension)? (m3-K))
al 278 +4.1 9.8 +3.1 0.349 0.122 0.96 + 0.020 1.98
a2 35.7 +4.9 105 +3.8 0310 0.096 0.90 + 0.002 2.12
a3 447 + 44 13.0 £ 48 0.291 0.085 0.77 + 0.003 2.47
a4 56.6 + 5.6 15.0 + 6.6 0.272 0.074 0.69 + 0.020 2.76
b1 313+ 1.7 271+ 14 0.869 0.755 0.86 + 0.040 2.21
b2 351+1.7 278 +1.9 0.792 0.627 0.94 + 0.010 2.03
b3 372 +22 309 + 45 0.831 0.690 0.85 + 0.010 2.24
b4 55.8 + 3.6 32.1+38 0.575 0.331 0.85 + 0.020 2.24
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Fig. 4. Dependence of the e-ph coupling time constant (7..pn) on the diameter of Ag NSs and the edge length of the NCs (a). Estimated based on the negative TAS signal, (a), e-ph
coupling time constant dependence on (Crystallite size/diameter of Ag NSs)? (b); (Crystallite size/edge length of Ag NCs)? (c). The black and red lines show the guide for eyes. D —
diameter of Ag NSs, EL — edge length of Ag NCs. The insets show schematic image of Ag NSs samples (b) and Ag NCs samples (c).

chemically synthesized polycrystalline and monocrystalline silver
particles it was obtained that their electron-phonon relaxation
time constants follow different dependencies. The polycrystalline
nanoparticles indicated faster relaxation with increasing size, while
the decaying of monocrystalline counterparts was indifferent to the
size. We have demonstrated that the e-ph coupling decay time
constant depends linearly on (Crystallite size/Linear dimension of
Ag NPs)? for polycrystalline Ag nanospheres, while monocrystalline
Ag nanocubes do not show any clear dependence on this ratio. This
fact illustrates that e-ph coupling time could be used to evaluate
crystallinity and crystallite size in plasmonic metal nanoparticles
when the size (surface area) of the nanoparticle is known.
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