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1. Ion trap

1.1. Configuration

A homemade linear ion trap! was employed in this study, which consists of an
octopole ion guide arranged between two end electrodes (Figure Sla). The ion guide
was driven by radio-frequency (rf) voltages from a homemade rf generator” for radial
confinement of ions, while axial confinement was controlled by DC voltages applied to
the end electrodes with the aid of a buffer He gas to decelerate the ions in the trap. As
depicted in Figure S1b, the eight pole electrodes (¢ = 3 mm) were arranged in a circular
manner with an inscribed circle diameter of 11 mm. The ion guide was operated in a
quadrupole mode by wiring neighboring poles pairwise to form four pairs of electrodes,
which concentrated the ions to distribute near the center of the trap, ensuring optimal
overlap between the ions and a laser beam; otherwise, an ordinary octopole forces the

ions distributed in a ring profile with a low ion density on the axis of the trap.?
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Figure S1. A schematic view of the present ion trap.
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1.2. Evaluation of overlap between ions and laser beam

The spatial distribution of the ion density is a key to quantitative evaluation of
photodissociation cross sections, which was measured prior to experiment of
photodissociation spectroscopy.  The procedure has been described elsewhere.?
Briefly, dissociation yields were measured by scanning the laser position (x, y) at a
constant laser power. The spot size, ~1 mm in diameter, of the laser beam was also kept
constant during the measurement. The result was typically Gaussian-like as shown in
Figure S2 measured for Ags” in the quadrupole-mode operation of the present ion trap.
This one-dimensional result was converted to two-dimensional data by assuming a
cylindrical symmetry. Numerical integration of the two-dimensional data within the
spot size of the laser beam in the spectrum measurements (typically about 3 mm in
diameter) gives the y value, i.e., the fraction of the ions irradiated with the laser, in

Equation 1.
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Figure S2. Spatial distribution of Ags" inside the trap.
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2. Photon-energy dependence of dissociation process

The dissociation processes of silver clusters are dependent on photon energy as
well as cluster sizes. The photodissociation spectrum of Agis" is shown in Figure S3a
for example. The ordinate shows dissociation yields per photon, D / Nphoton, instead of
photodissociation cross sections because one- and two-photon dissociation processes
coexist in the spectrum. The coexistence of the two dissociation processes were
confirmed by an additional experiment shown in Figure S3b, which displays the
dissociation yield measured as a function of the number of incident photons at three
photon energies indicated by the arrows in Figure S3a.  Firstly, the value of the slope is
M =1.00 = 0.04 at 4.25 eV, indicating one-photon dissociation at this photon energy.
The slope becomes steeper as the photon energy is lowered, where the M value is between
one and two; M =1.40+0.03 at 4.00 eV. This non-integer slope suggests that both one-
and two-photon dissociation channels are present. The M value finally reaches 2.1 + 0.1
at 3.00 eV, indicating two-photon dissociation as a major process. This photon-energy
dependence of the dissociation processes was also observed for N=15and 17. On the
other hand, N = 16 exhibited only one-photon dissociation in the corresponding spectral

range.
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Figure S3. (a) The photodissociation spectrum of Agis*. (b) The photodissociation
yield of Agig” as a function of the number of the incident photons in 10 pulses. The
measurement was performed at three energies of incident photons indicated by colored
arrows in Panel (a). The solid lines are the best linear fits to the logarithmic plots. The
values of the slopes are M =2.1+0.1, 1.40+ 0.03 and 1.00 + 0.04 for 3.00, 4.00 and 4.25
eV, respectively. The pressure and the temperature of the buffer gas were ~ 1 Pa and

300 K, respectively.

3. Simulation of photodissociation processes

3.1. Method

The statistical RRK theory*® is employed to estimate the dissociation rate upon

photoabsorption, which is expressed by the following equation:
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s—1

Dy
— < F.
krrg =14 (1 Eint) (Do < Ein) (S1)
0 (otherwise)

where v is the frequency pre-factor, Ein the internal energy of the cluster, Do the bond-
dissociation energy and s the number of the vibrational modes that is 3N — 5 (for linear
clusters, i.e., the dimer) or 3N — 6 (for the others). The bond dissociation energy, Do,
has been reported by collision-induced dissociation’ and time-resolved
photofragmentation® experiments, which also employed a statistical theory for analysis.
The internal energy Ein originates from the initial thermal energy due to the temperature
and from the photon energy absorbed. Eqn (S1) tells that the cluster would dissociate
when Eiy exceeds Do upon absorption of a photon with a sufficiently high energy and that
the dissociation rate decreases exponentially as the cluster size N increases. Therefore,
once Ein exceeds Do, one-photon dissociation should be observed even for large clusters
if the clusters were stored in the trap for sufficiently long time in accordance with the
lowered dissociation rate. However, practically, the clusters release their internal energy
via cooling upon collision with the buffer gas, which could suppress dissociation of large
clusters if the cooling rate exceeds the dissociation rate. In such a case, clusters absorb
multiple photons to increase their internal energies, which accelerates dissociation. This
is the qualitative explanation for the multi-photon dissociation observed at large cluster
sizes.

For quantitative understanding, numerical simulation was performed as follows.
Suppose that all the clusters are photoexcited and that the photon energy absorbed is all
converted to the internal energy of the clusters via rapid internal conversion followed by
IVR. The density of the parent cluster, nparent(?), at time, ¢, after laser irradiation follows

the following differential equation:
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d nparent (t )

- _ 2
at Krri (t) Moarent (t) (S2)

krrk(?) is the unimolecular RRK decay rate of eqn (S1) modified to include time

dependence:
s—1

0
krr(t) =47 (1 a Eint(t)) (Do < Eine(0)) (S3)
0 (otherwise)

where Ein(?) 1s the time-dependent internal energy, which takes into account collisional

cooling as follows:

skgTousfer + v = SkBTparent(O) (t=0)
SkBTparent(t) (t > 0)

by assuming one-photon absorption, where kg is Boltzmann’s constant and Tparent(?) the

Eine(t) = { (S4)

temperature of the cluster. According to Ref. 9, Tharent(?) is expressed by

t

K Leollision S5
Tparent (t) = (Tparent (0) _Tbuffer ) 1- 3NkB + Tbuffer ’ ( )

where K is the energy-exchange constant and Zcotision 1S the interval of collisions between

the clusters and the buffer gas. The interval was obtained as the reciprocal of the

2
/mxb fror €
kLangevin = gu;r nbuffer’ (S6)
0

where apufter 18 the polarizability volume of the buffer gas, e the elementary charge, ¢o the

Langevin rate constant

vacuum permittivity, (4 = MparentMbufter / (Mparent + Mbufier) the reduced mass, mparent the mass
of the parent cluster, myufrer that of the buffer-gas atom and npuffer = poufier / kTbutfer the
density of the buffer gas. By solving eqns (S2) thru (S6), the density (or population) of
the parent cluster is derived as a function of time after laser irradiation. Because it is
difficult to solve these equations analytically, eqn (S2) was transformed to the following

equation to perform numerical simulation:
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Nparent(f + At) = nparent(f) = —KRRK(!)Nparent(?) AL, (S7)
where At is the time step for the simulation. The temporal change in the population was
simulated by solving this equation iteratively until dissociation completes, i.e., all the
clusters dissociate or their internal energy becomes lower than the bond-dissociation

energy Do. The values of the parameters used are listed in Table S1.

Table S1 The parameters used in the simulation.

Parameter Value Note

v 448 x 10 Hz  The Debye frequency of bulk silver “
Do Size-dependent Bond dissociation energy ©
hv Size-dependent Absorption maximum

Touffer 300 K Room temperature
K 4.5ueVK! Value for Pd;3¢

Olbuffer 1.38a0°" Value for helium ¢

Pbuffer 1 Pa Experimental condition

" ao is the Bohr radius. “ The Debye frequency of bulk silver!® was adopted for the
frequency pre-factor, v, which is in the same order of the vibrational frequencies of Agn".
> Ref. 7. ¢ The K value reported for Pdi3 ° was employed because that for Agy" is not

available. “Ref. 11.

In the following discussion, we compare the decay rate krrk(?) (eqn (S3)) with

the cooling rate kcooling, Which is defined as the reciprocal of the lifetime in eqn (S5):

-1

1 K

I(cooling =——In (1_ 3Nk j (88)
collision B
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3.2. Results

We first focus on the result of Agg" (Figure S4). The population of the parent
cluster decreased rapidly in an exponential manner: almost all the clusters dissociate
within 200 ns. This is because N = 8 is sufficiently small to exhibit a dissociation rate
of 29 pus™!, which is much higher than the cooling rate of 0.28 ms'. Therefore, the
internal energy and the dissociation rate can be regarded to be constant until dissociation
is completed for all the clusters within 200 ns.  This result is consistent with the present

experiment showing that Agg™ dissociate upon one-photon absorption.
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Figure S4. The results of simulation for N = 8. The internal energy, decay rate and
population of the parent clusters were calculated as a function of time. The dashed line
in the top panel indicates the dissociation energy Do. The photon energy was assumed

as 3.87 eV.
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On the other hand, Figure S5 shows results of simulation for Agio™. Upon one-
photon absorption (Figure S5a), the RRK decay rate is much smaller (1.6 x 1073 s7!) than
the cooling rate of 0.12 ms ™! at the time origin as shown in the middle panel, which
decreases rapidly within 1 ms in accordance with the decrease in the internal energy due
to collisional cooling by the buffer gas; the internal energy becomes below the
dissociation energy at 10 ms as shown in the top panel. Therefore, dissociation hardly
occurs as displayed in the bottom panel. We extended the present simulation to the two-

photon process by modeling the internal energy as

SkBTbuffer + 2hv = SkBTparent(O) (t = O)
SkBTparent(t) (t > O).

The result is shown in Figure S5b. It is similar to that of Agg" in that the population of

Eine(t) = { (S9)

the parent cluster exhibits an exponential decay, although the time scale of dissociation is
longer by about two orders of magnitude. It was thus revealed that two photons are
necessary to cause photodissociation for N = 19 in an ion trap, which is also consistent
with the experiment.

The model can reproduce multi-photon dissociation processes with more than
two photons.  We simulated dissociation processes of Agai*, which dissociated by three-
photon absorption in our experiment. The dissociation energy of Ag»s™ in Ref. 7, 2.18
eV, was used in the simulation because there is no data experimentally determined for
dissociation energy of Ags1”. We extended the simulation to the three-photon process in

the same manner as the two-photon process:

SkBTbuffer + 3hv = SkBTparent(O) (t = 0)
SkBTparent(t) (t > 0)

We computed temporal profiles of dissociation yields upon one-, two- and three-photon

Eint(t) = { (510)

processes (Figure S6).  One- and two-photon processes do not lead to dissociation, while

the clusters decay rapidly upon three-photon absorption.  Thus, the model presented here
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can explain the emergence of multi-photon processes.

The present simulation can also reproduce the dissociation processes of N = 15,
17 and 18, which were found to depend on the photon energy. Figure S7 shows the
results of the simulation for N = 18. The clusters do not dissociate by the low-energy
photon at 3.00 eV (Panel a), whereas a part of them dissociate by the high-energy photon
at 5.00 eV (Panel b). This photon-energy dependence is consistent with the
experimental results. At lower photon energies, the internal energy and the RRK decay
rate become lower, which leads to the change in the dissociation process from one-photon
to two-photon. At an intermediate photon energy, both one-photon and two-photon
processes can occur statistically, which explains the experimental result of Ags” at 4.00
eV shown in Figure S3b.

Note that the results of the present simulation may contain some ambiguity: for
example, the energy-exchange constant was employed from Pd;3, which was reported in
a previous simulation study,” because those of Agy' are not available (see Table S1).
Nevertheless, the model proposed here is sufficiently reliable to reproduce the
experimental results. The present results of the numerical simulations suggest in turn
that the assumption of the frequency pre-factor and the energy-exchange constant are
reasonable. The discussion presented here supports the fact that the dissociation takes
place statistically, which is manifested also experimentally in the size distribution of
fragment ions showing sequential evaporation (see Section 5), while one should note that

small clusters may follow non-statistical pathways as reported for Ags".!?
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Figure S5. The results of simulation for N=19. Panels (a) and (b) correspond to one-
and two-photon processes, respectively. The dashed lines in the top panels indicate the
dissociation energy Do. The dotted lines show the internal energy before irradiation,
sksThe, 1.€., the thermal energy at room temperature. The photon energy was assumed

as 3.81 eV.
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(a) one-photon (b) two-photon (c) three-photon
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Figure S6. The results of simulation for N =41. Panels (a), (b) and (c) correspond to
one-, two- and three-photon processes, respectively. The dashed lines in the top panels
indicate the dissociation energy Do of Agys’, which is the largest size where the
dissociation energy is available. The dotted lines show the internal energy before
irradiation, skgTHe, 1.€., the thermal energy at room temperature. The photon energy was

assumed as 3.80 eV.
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(a) hv=3.00 eV (b) hv=5.00 eV
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Figure S7. The results of simulation for N=18. One-photon absorption of (a) 3.00 eV

and (b) 5.00 eV was assumed by employing eqn (S4).
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4. High-sensitivity photoabsorption spectroscopy

4.1. Procedures

Cavity ring-down (CRD) spectroscopy'® is a powerful technique to measure
photoabsorption spectra, detecting extremely weak extinction of light without relying on
action spectroscopy that involves destructive processes. The experimental setup and

measurement procedures have been described elsewhere.!!*13

Briefly, a pair of high-
reflectivity mirrors, i.e., an optical cavity, was placed at both ends of the trap as depicted
in Figure S8.  The reflectivity of the mirrors is typically higher than 99.90% as described
in Section 4.2. Laser pulses were introduced into the cavity and thus into the trap after
a sufficient amount of cluster ions were loaded. The laser pulses transmitted through
the cavity after multiple reflection were detected by a photomultiplier tube, where the
temporal profile of the output signal was recorded by an oscilloscope. The signal shows
an exponential profile characterized by a decay rate k. Measurement of the decay rate
was carried out both with and without ions in the trap, where the difference between the

two decay rates, Ak, reflects optical losses due to photoabsorption by the ions. The

decay-rate difference, Ak, is related to a photoabsorption cross section, gabs,
Lcavity Ak

CLtrap Ncluster

Oabs = (S11)

where Lecavity 1s the cavity length of 1.6 m, Lip the trap length of 40 cm, ¢ the speed of
light and ncluster the density of cluster ions, which was measured in advance as
demonstrated in Figure S2. Photoabsorption cross sections were measured as a function

of photon energy to obtain a linear photoabsorption spectrum.
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Figure S8. Illustration of cavity ring-down spectroscopy.

4.2. Reflectivity of mirrors

In this technique, reflectivity of the mirrors, R, is the key to high sensitivity; a
cavity with a lower loss (a higher finesse) allows higher sensitivity in optical absorption
measurement. In our previous studies, we reported that the noise level in absorbance
per round-trip of the cavity is as low as 0.1 ppm for R = 99.98%,"!*15 which is indeed
extremely high sensitivity, whereas it is about 1 ppm for R =99.90%.'*  Figure S9 shows
reflectivity of the present mirrors (LAYERTEC GmbH) as a function of photon energy
measured in our experimental setup. We obtained two types of mirrors (mirror A and B)

that are tuned at 3.5 and 3.9 eV, respectively. Mirror A shows reflectivity higher than
99.90% in the range between 3.3 and 3.8 eV (375 — 326 nm), while mirror B does

between 3.8 and 4.1 eV (326 — 302 nm). The noise level at R = 99.95% was about 0.5
ppm. As the spectrum of Ags1”, for example, ranges at least from 3.5 to 4.1 eV as shown
in Figure 5, the two types of mirrors are really needed to cover the spectral range of
interest. It is thus necessary to employ several different types of mirrors to conduct

measurement through a broad spectral range.
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Figure S9. Reflectivity curves of two types of cavity mirrors, A and B, measured in the

present experimental setup.

5. Photofragment analysis

Although the measurement of photodissociation yields is sufficient to obtain
action spectra, where only parent cluster ions are detected to monitor their depletion upon
photoabsorption, analysis of photofragment ions provides us with further information
about the photodissociation process. Size distribution of fragment ions was measured
by detecting each size one by one by tuning the second quadrupole mass filter.

The results for Agy™ (N =9, 21 and 50) are shown in Figure S10. From Ago",
which exhibits one-photon dissociation, Ags” is the major fragment ion produced via one-
atom loss from the parent. As for Agy;" dissociating with two photons, Agxo™ and Agio”
are the major fragments. Relatively large Agso’, dissociating with three photons,
produces Agso”, Agss’, Agss" and further smaller fragment ions with progressively
decreasing intensities. The intensities of Agao" and Agss" are weaker than those of
neighboring sizes, which is due to odd—even alternation often observed for alkali- and

coinage-metal clusters.!® The overall dissociation processes are thus described by

S17



717 These evaporation

monomer and dimer evaporation taking place sequentially.
processes are governed by energetics, which rationalizes employing the statistical theory

in the present simulation of dissociation processes. !
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Figure S10. Fragment ions produced upon photodissociation.
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