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The ultrafast dynamics of neutral copper oxide clusters (CaOx, n < 5) are reported using femtosecond pump probe

spectroscopy in the gas phase. The transient spectra recorded for each cluster demonstrates they relax on a 100s of fs

timescale followed by a long-lived (>50 ps) response. Density functional theory calculations are performed to determine the

lowest energy structures and spin states. Topological descripters for the excited states are calculated (time-dependent

density functional theory) to relate the measured excited state dynamics to changes in the cluster’s electronic structure with

increasing oxidation. Strong field ionization is demonstrated here to be a soft form of ionization and able to record transient

signals for clusters previously determined to be unstable to nanosecond multiphoton ionization. The relative cluster stability

is further demonstrated by signal enhancement/depreciation that is recorded through the synergy from the two laser pulses.

Once the oxygen atoms exceed the number of copper atoms, a weakly bound superoxide O unit forms, exhibiting a higher

spin state. All clusters that are not in the lowest spin configuration demonstrate fragmentation.

1. Introduction

Bulk copper oxides are p-type semiconductors with two
dominant stoichiometries, where Cu adopts an oxidation state
of either +I (Cu;0) or +1l (CuO). Both have found application in a
wide range of industries, including use as pigments,! sensors,?2
catalysts,> and semiconductor materials* due to their
abundance, low-cost, and nontoxicity. Furthermore, copper
oxides are effective antimicrobial agents,> where their high
photocatalytic activity degrades organic pollutants®? and
prevents the accumulation of microorganisms for use in
medicinal textiles and coatings. Both exhibit sufficient solar
absorption and large charge-carrier separation for applications
in photovoltaics,® optoelectronics, and light-emitting diodes.?10

The properties of copper oxides are strongly dependent on
stoichiometry, and related electron configurations. The band
structure of Cu,0 is experimentally well established, having a
dipole forbidden direct bandgap of 2.17 eV between the Cu-4s
orbitals of the conduction band and the fully occupied Cu-3d
orbitals of the valence band. In contrast, CuO has an indirect
bandgap of 1.2 eV between open shells. The open shell nature
of CuO enables good spin conductivity, but the filled 3d orbital
of Cu,0 makes it a spin insulator.1 Mixing the CuO and Cu,0
stoichiometries, or increasing defect and vacancy sites, enables
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its magnetic moment to be systematically tuned for spintronic
applications.12 The photodynamics measured in bulk copper
oxides also show significant differences. Lifetimes of ~100s fs
are attributed charge-carrier scattering in the valence band of
nanostructured CuO followed by few-ps carrier-phonon
relaxation and finally exciton recombination on 10s-100s of ps
timescale.1314 In contrast, Cu,O has extraordinarily long-lived
(ns to us) excited states (excitons) that are attributed to a parity
forbidden orbital angular momentum coupling (A8 = 2).15
However, how these photodynamics properties translate to the
sub-nanometer scale has not yet been explored.

There is great interest in adjusting the morphology of
nanoscale copper oxides to select desirable electrochemical and
catalytic traits. O, dissociation rates on Cun clusters increase as
they grow in size, attributed to an energy of ~1.7 eV on the
molecular scale and decreasing to < 0.4 eV on the nanometer
scale.1617 Sub-nanometer clusters provide a pathway to
efficiently reduce the cost of catalytic reactions by replacing
precious metals, such as Ag, Pd, and Pt, in catalysts because of
comparable catalytic efficiency and selectivity.18 Copper cluster
catalysts have been extensively studied for methanol synthesis
from syngas (CO, CO,, and H;).1? Significant attention has been
garnered for the heterogeneous catalysis of supported, size-
selected, and partially oxidized copper clusters.16-22 |n
particular, substantial effort has been put into understanding
the catalytic cycle of Cu,.1921.23 However, characterization of the
deposited clusters is challenging, and the working catalytic
mechanism is still debated. The active catalysts may contain a
range of isomers and important oxidation states. Transient
oxidation states may be mechanistically relevant but missed by
ensemble-averaged detection schemes. There is general
agreement that the formation of high oxidation states of CuO
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deactivates the catalysts surface, and that lower oxidation
states are the driving species.

Gas phase studies provide access to a wider range of cluster
stoichiometries, that often can be studied atom by atom, and
therefore have potential to reveal how changes in oxidation
affect the structure/function relationship. Although some
clusters mimic defect sites, others exhibit entirely new
properties. The properties of small copper oxide clusters are
well explored. Subnanometer copper oxides catalyze many
reactions where its efficacy and selectivity, sensitively depend
on oxidation state.2* Photoelectron spectroscopy has been
applied to understand the electronic structure of Cu;0y,2°
Cu04,26 and Cusz0,.2” Collisional induced dissociation
spectroscopy,?® thermal desorption spectroscopy,?® and ion
mobility mass spectrometry30 all show the instability of clusters
containing more O than Cu atoms (above the (CuO),
stoichiometry) and suggests the heavily oxidized clusters
contain weakly bound O; units. Density functional theory (DFT)
calculations have explored the structures and properties of
small copper oxide clusters.30-37

Despite the growing importance of copper oxide clusters,
limited data is available regarding their excited state properties,
which are of fundamental interest for photocatalytic
applications. Here, we present experimental measurements of
the charge-carrier photodynamics in small neutral copper oxide
clusters (CunOy, n <5) and employ DFT calculations to determine
lowest energy structures between isomers and the relationship
of excited state lifetimes and the charge carrier topology. We
focus on small clusters, which exhibit a wide range of
stoichiometries, from bare metal through the fully oxidized
clusters of (CuO).. Our results demonstrate the experimentally
measured lifetimes correlate with changes in the calculated
excited state charge carrier properties with oxidation. We also
present the stability of clusters with varying oxygen content,
structure, and spin state. The transient dynamics of the larger
clusters will be the subject of a subsequent manuscript.

2. Experimental Methods

Neutral copper oxide clusters are produced by laser ablation
and the transient dynamics are measured using a home-built
Wiley-McLaren38 type time-of-flight mass spectrometer (TOF-
MS) coupled to a fs laser. Our experimental apparatus has been
described in detail in previous work.3? Briefly, copper clusters
are produced by ablating a 5 mm copper rod with the second
harmonic of a Nd:YAG (532 nm) pulsed laser. The plasma plume
is confined to a 1 x 60 mm collision cell to aid in copper oxide
cluster formation and is directed with a 120-psi pulsed
expansion of He gas seeded with 5% O,. A molecular beam of
only neutral clusters is formed as the clusters traverse a 2 mm
diameter skimmer at a static voltage of -500V, which deflects all
ionic species. Neutral clusters are ionized by a sequence of fs
laser pulses for detection and separation through mass
spectrometry. Cations produced from fs absorption are
accelerated through a 105 cm field-free region by a ~4 kV
electric field applied to the TOF extraction region. An Einzel lens
focuses the clusters onto a microchannel plate (MCP) detector

as they separate by their mass to charge ratios. A background
pressure of ~7.5 x 107 Torr is maintained during operation by
three turbomolecular pumps.

A fs pump pulse excites the neutral
intermediate excited state, containing an electron and hole pair
(e=—h* or exciton). This excitation initiates an ultrafast non-
radiative relaxation mechanism where recombination
ultimately transitions the electronic energy into vibrations or
heat. This process is monitored using a probe pulse that ionizes
the neutral cluster at a well-defined time delay enabling
detection by mass spectrometry. Transient spectra are
recorded by sending the 800 nm (1.55 eV) pulse through an
optical delay stage, moving in 20 fs increments between + 2.5
ps, and in 1 ps increments to + 50 ps, with respect to the 400
nm (3.1 eV) pulse. The beams are recombined using a dichroic
mirror and focused with a 50 cm focal lens to peak laser
intensities of 1.4 x 1014 (400 nm) and 3.7 x 104 W/cm2 (800 nm).
An average of 1000 mass spectra are recorded at each timestep.
The ion intensity signal for each cluster is proportional to the
excited state population remaining at each timestep. The laser
intensities are minimized to limit ionization from either
individual laser pulse and optimize transient signal obtained
from the combined beams. Despite the laser intensities being
much lower than we previously employed for the study of other
metal oxide systems,?*-42 we record cluster distributions from
either individual laser beams (Fig. 1).

Transient signals are analyzed using a combination of
exponential decay and plateau functions, both convoluted with
a Gaussian function accounting for the instrumental response
function (measured as 35 fs through the cross correlation of Ar).
The fitting parameters and extracted lifetimes (t) are presented
in Table 1. The contributions from both Cu isotopes (53Cu and
85Cu) are averaged prior to fitting. The plateau function is
applied to account for ion signals which remain unchanged
through the limits of the experimental delays (> 50 ps).
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Fig. 1. Cu oxide cluster distribution for the individual 400 nm beam (blue) and 800 nm
beam (inverted, red). The numbers in parenthesis are the relative intensities of the
cropped Cu and Cu,.
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3. Computational Details

Geometry optimizations and time-dependent (TD)-DFT
calculations for neutral copper oxide clusters are performed
within the Gaussian16 software suite*3 using the CAM-B3LYP44
and the 6-311G++(3d2f, 3p2d) basis set. This basis set is
selected for its efficacy in describing the charge carrier
distributions in our previous metal oxide studies?? as it balances
the Hartree-Fock exchange in the short and long range, enabling
an accurate treatment of charge transfer associated with
excited states. The excited state properties are beneficial for
describing the initial charge transfer properties of the cluster
upon photoabsorption of the pump pulse. Subsequent
relaxation involves non-adiabatic coupling between the high-
density of states, which is beyond the scope of this manuscript.
Here, similar dynamics are recorded for both wavelengths
serving as the pump beam and suggests that a rapid relaxation
through the high density of states occurs. Thus, low-lying
excited states are rapidly populated within the few 100s of fs
presented. For simplicity, we limit our discussion to the excited
state corresponding to the optical gap (Ogap) of each cluster,
determined as the lowest energy excited state containing an
oscillator strength (presented in Table 2). This state is sufficient
as a general indicator of the electronic transitions. The excited
state is composed of several electronic transitions, making
transition densities the most straightforward representation of
the e and h* distributions (presented next to the cluster
structures in Figs. 2-5).

Several topological properties of the charge density are
calculated to interpret the role of the e and h* interactions. The
X-coordinate of the centroid of the electron is calculated
through Eq. 1:

Xe =[x pe(r)dr M

where p. is electron density and x is the X component of the
positional vector. The total distance between the centroids of
the electron and hole is calculated with Eq. 2:

d= @) +(d,) + (@) @)

where dy = | Xe-Xn| is the distance between the e and h* and is
combined with the y and z dimensions to obtain total distance.

To determine the distribution breadths of the charge
carriers, their root-mean-standard deviations (RMSD) are
calculated as:

o = /TG~ R2p(dr 3)

where r is the distance from the centroid (R).

The well-known A index4> quantifies the spatial overlap of
the electron and hole wavefunctions, and ranges between 0 and
1 to describe completely separate or overlapping
wavefunctions, respectively. The A value is calculated according
to Eq. 4.

2
A= Zo,v Cov00v (4)

Zow ng

The excitation involves occupied and unoccupied electrons,
and the overlap of their spatial distributions (@, and ¢,) is
calculated by Eq. 5.

0oy = [l@oll@,|dr ®)

Charge carrier overlap is also described by the S, index,
utilizing densities rather than wavefunctions as:

Sy = [ pote(r)pete(rydr (©)

Due to the relationship between wavefunction and density, the
A and S, values are the same for a pure transition, which is never
the case for the copper oxide clusters.

In our previous studies of other metal oxide clusters, the
delocalization of the e~ and h*, the average of c. and o,
correlated with the measured lifetimes.4® The ht/e
delocalization index (HDI/EDI) is similar to c. and on but
accounts for spatially separated localized densities across the
cluster (Egs. 7 and 8).

HDI =100 X /[[p"0le(r)]2dr 7
EDI =100 x / [[pele(r)]2dr (8)

Smaller delocalization indexes describe larger charge carrier
distributions. The HDI and EDI are found to be equally important
and therefore are averaged to describe the total delocalization
(TDI).

Through combination of the S, and HDI/EDI equations, we
present a new I index (Eq. 9), which provides insight into the
spatial overlap and delocalization of the charge carriers.

=100 x \/f phOle(r)pele(r) dr (9)

The charge carrier topological properties for the Ogap excited
states for each cluster are presented in Table 2.

4. Results and Discussion
4.1 Neutral Cluster Distribution

Although it is not possible to definitively resolve the neutral
copper oxide cluster distribution, the cation distribution
recorded through fs ionization provides a reasonable picture of
the neutral cluster beam and also highlights the stable clusters
(Fig. 1). Relatively unstable clusters are recorded with low signal
intensity in comparison to the more stable clusters in the mass
spectrum. In our cluster distribution, (Cuz0), is most prevalent
over the whole distribution, with additional mass peaks
containing an extra Cu or O atom (Fig. 1). The (Cu;0), is more
intense than its neighbouring peaks for small clusters (Cu,Oy, n
< 8), and transitions to (Cu20),0 as the largest signals for larger
clusters, in agreement with previous studies.294¢ Highly oxidized
clusters have been shown to easily dissociate through
collision,?® heating,2° and photoionization.*® We record clusters
in high oxidation states with SFI through either wavelength,
including Cuz0,, CusOs3, Cus04, CusOa, and CugOs, which are
distinctly absent under ns-MPI conditions and limited to
observation through single 118 nm photon (10.5 eV)
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ionization.*¢ Cluster signals arise here through strong-field
ionization (SFI), demonstrating that the SFl is a softer form of
ionization than multiphoton ns excitation.

It should be noted that clusters are not mass selected prior
to ionization, so the measured ion signals may be influenced by
fragmentation. Cu, Cu,, and Cus are nearly absent from the 800
nm distribution but are strong signals (~30x larger) from the
isolated 400 nm laser beam (Fig. 1). Their absence from the 800
implies they products of
fragmentation from larger clusters by the 400 nm beam. Larger

nm cluster distribution are
clusters are also more prominent in the 800 nm distribution,
demonstrating it as softer ionization than the 400 nm, in
agreement with relative Keldysh parameters. The Keldysh
parameter, y = V(IP/2Up), suggests tunneling ionization
dominates for y << 1.47 Although this value is unique for each
cluster according to its IP, we approximate it using a common
value. Assuming an IP = 8, the 400 nm beam reaches ay = 1.4,
whereas the 800 nm beam reaches a y = 0.4. Thus, the 800 nm
signal is dominated by tunneling ionization whereas the 400 nm
beam lies in the regime where tunneling competes with
multiphoton absorption. Several clusters achieve different
signal intensities depending on the laser pump sequence. This
mismatch in signal intensity between long negative and positive
time delays supports that SFI (using IR light) is less dissociative,
than UV excitation (more MPI).

4.2 Lowest Energy Structures

A wide array of isomers and spin configurations are possible
in the cluster beam resulting from the laser ablation process and
are considered. Terminal O atoms are not predicted in the
structures of larger clusters, however, terminal Cu atoms are a
common feature. There is a strong propensity for Cu atoms to
participate as bridging atoms Our
calculations are consistent with reported geometries39-33 and

between O atoms.

the lowest energy structures are reported next to their
transient spectra in Figs. 2-5. In general, the Cu-O interaction is
stronger than the Cu-Cu interaction and poor d-d mixing occurs.
Although IPs have not been reported for the majority of the
clusters, they provide insight to the relative intensity of the
clusters. The cluster vertical IPs are calculated as the difference
in energy between the cation and ground state at the same
geometry. Both As = + 1/2 configurations are considered for the
cation state. We calculate a vIP for CuO at 8.98 eV, in agreement
with the experimental measurement (9.41 eV).*® The bond
length remains similar between neutral and cation structures,
leading to large Franck-Condon overlap. Our calculations (Table
2) range between 6 and 8 eV for clusters containing more than
one Cu atom. Ignoring the naked Cu, series, the vIPs increase
gradually with oxidation. Generally, the (CuO), series have
calculated IPs > 8.5 eV.3* The IPs of CusOy increase almost
linearly from x = 1 to 4 from (6 to 10 eV).31 The HOMO-LUMO
gap also increases from 1.6 eV to 2 eV upon a second O atom.31
Clusters with high oxidation states have ferromagnetic coupling
leading to high spin values. Oxygen rich clusters, defined here
as having equal number of O and Cu atoms, are magnetic with
ferromagnetic ordering, while oxygen poor clusters exhibit low

spin configurations.® This is in contrast to bulk CuO, which has
antiferromagnetic coupling.
4.3 Enhancement Factor

The stability of individual clusters is highlighted through
measurement of the ion signal enhancement factors, E, which
are defined here as the synergistic cluster signal intensity
normalized to the summed signal of the individual 400 and 800
nm laser beams (Table 1). An E > 1 indicates either the
formation of a long-lived excited state or the signal is also
produced from the dissociation from a larger cluster. An E < 1
suggests fragmentation into smaller or less oxidized clusters, or
the excited state moves into poor Franck-Condon overlap with
the cation, thereby reducing the ionization efficiency. The
relative Egoo Or Esoo indicates the stability of clusters signals at
long time delays, labelled according to the pump wavelength.
Previous studies have shown that highly oxidized copper
clusters are susceptible to fragmentation.22 Our E
measurements decrease with oxidation in agreement with
reported relative stabilities.28-30 Fragmentation is noted with
increasing oxidation and spin state.

Table 1. The amplitudes (A) of the fitting coefficients for the excited state lifetimes (1),
and enhancement factors (E) for each cluster, each labelled according to the pump

photon.

Cluster Asoo Tsoo (fs) Esoo Aaoo Tao0 (fs) Ea00
Cu 1.6 164 + 62 1.54 4.5 155+ 58 4.28
CuO 2.4 264 £ 99 2.57 7.8 266 £ 31 2.70
CuO2 1.1 223 +70 0.87 5.1 70+ 10 0.96
CuOs3 0.0 <35 0.74 0.0 <35 0.74
Cuz 0.0 <35 1.84 1.3 261+ 30 1.68
Cu20 0.7 181+ 50 2.44 5.9 221+9 1.95
Cu202 0.3 160 + 42 0.91 2.7 92+11 0.83
Cus 0.0 <35 2.60 2.7 358+44 2.23
Cuz0 0.8 231+103 2.95 6.8 244 +7 1.83
Cus02 0.5 207 £35 1.44 3.0 191+12 1.08
Cus03 0.4 187 + 44 0.90 1.8 153+ 20 0.80
CusO 0.7 335+70 1.16 2.0 216+ 18 1.02
Cus02 0.6 235172 1.67 3.5 1887 1.02
Cus03 0.6 173+19 0.74 2.0 146 +7 0.56
CuqOq4 0.5 223 +63 0.69 1.4 85+17 0.64

All clusters that are not in their lowest spin configuration
exhibit an E < 1, suggesting that they are easily fragmented
(release 30;). The reactivities/stabilities of the clusters are
sensitive to the average oxidation number of the Cu atoms
composing the cluster as the reaction cross sections increase
with oxidation.24 O, is suggested to be released from all clusters
with large oxidation states, including Cuz0s, Cus03, and Cu,Oa,.
These clusters also show E < 1 recorded for these clusters
suggests that they also dissociate upon fs excitation. Such
clusters have been suggested to contain an O, moiety that is
easily released. In contrast, low oxidation state clusters such as
Cus0 and Cu40; are stable and exhibit large E. The measured E
values are insensitive to small changes in laser intensity, and
therefore demonstrate properties of the clusters themselves.
The release of O, dominates reactions of (CuQ),.2° Clusters
which may contain a weakly bound O, moiety fragment to a
more stable cluster. The oxidation of supported Cu, clusters
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with O, is thermodynamically favorable until the (CuO),
stoichiometry is achieved.22 The trends in each cluster series will
be described separately.

4.4. The CuOySeries Dynamics

The excited state lifetimes are measured for the clusters and
labelled according to their pump wavelength, either when the
400 nm beam arrives first (tag0, presented as positive time
delay) or when the 800 nm beam arrives first (tsoo, presented as
negative time delay). The transient signal for atomic Cu exhibits
a strong Gaussian response and increases when pumped with
400 nm with a lifetime, 15, of 155 * 58 fs, and then decays
slightly (ta00 = 227 * 31 fs) before reaching a plateau that lives
beyond the timescale of the experiment (>> 50 ps). This long-
lived Cu* signal aligns with previous measurements, reporting
lifetimes on the 10s-100s of ns.5° The growth after temporal
overlap suggests that Cu* arises from the photodissociation of
larger clusters. Both Cu and CuO decay within ~240 fs. The
excited state lifetimes measured for the oxidized clusters
pumped with 400 nm (ta00) all decrease with oxidation (Fig. 2).
CuO decays with similar lifetimes in positive and negative
transients (Tago = 266 * 31 fs, Tgoo = 264 + 99 fs) with a large E =
~2.6. The Cu-O bond dissociation energy is 3 eV,%851 indicating
that CuO may be unstable upon resonant 400 nm
photoabsorption. However, the large E value suggests it is
stable.

CuO; has an extremely fast relaxation timescale of t400 = 70
+ 10 fs and a slower Ttgoo = 223 + 70 fs. The lowest energy
structure for CuO; has a Cu atom bound to O, where the single
valance electron in Cu interacts with one O atom to form a
superoxide configuration.’2 The O; unit may be the
chromophore that absorbs near 400 nm leading to
photodissociation and recovering the E = 1.25 An energetically
degenerate quartet linear form, O-Cu-0O, is also found (Fig. S1).

CuOsis a weak signal in the mass spectra (Fig. 1) and exhibits
only a Gaussian distribution in the temporal dynamics, matching
the instrumental response function (35 fs). Our calculations
suggest that CuOs contains a CuO bound to a superoxide type
0O unit with a calculated vertical bond dissociation energy (BDE)
of 1.84 eV (30,). The low BDE coincides with the low ion
intensity and Gaussian transient behavior of CuOs. As noted
earlier, such superoxides are relatively unstable, appear as
small signals in our mass spectrum, and exhibit E < 1. Similarly,
the loss of O, was recorded in photoexcitation of CuO5-.25

5F
- ° 0%a o °d
4} % o 5 U5 ]
3 . Tg=155+581fs  Tgoo=16462fs
2M Td:227131 fs
1 1 i 1 L 1 " 1 i 1 i 1 i 1
8 o (CUO)
L N  T400 = 266 + 31 fs
—~ 6} ® Tgop=264+99fs @—@
:: - R0 o
3 4f .
S 2t ° ° o
E 1 1 N 1 n 1 N 1 1 I 1
8 4t °
sl 2(Cu0y)
'E 3F T400=70i10f3
w 2: T800=223170fs

o
&2 5208 oo%wm oo ° °c ° o]

oY% % o @ 500 Sae
[S¢) 00 @o 0 © > E

500 1000 1500
Probe Delay (fs)

2000 2500

Fig. 2. Transient signals and lowest energy structures with corresponding spin for neutral
CuOy clusters (x = 0—3). TD-CAM-B3LYP transition densities, presented at an isodensity
0f 0.004 / A3. Electron density is shown in green, the hole is in blue, Cu atoms are orange,
and oxygen are red. Note the y axis is unique to each cluster to indicate enhancement.

4.5. The Cu,0y Series Dynamics

The transient dynamics for the Cu,Oy series exhibit similar
behavior as the Cu;0« series (Fig. 3) in that the measured
lifetimes decrease gradually upon the addition of O atoms. Cu;
(IP = 7.9 eV) exhibits the slowest relaxation rate (t400 = 261 + 30
fs) before reaching a long-lived excited state with an Esoo = 1.7.
The tsoo is too small for measurement and reaches a larger Egoo
= 1.8. Photoexcitation of Cu; moves electron density from the
bonding to antibonding orbitals. Cu;0 has a t400 =221+ 9 fsand
a large Eso0 = 2. The Tsgo is similar at 181 + 50 fs. The measured
lifetimes for Cu0; of T400 =92 + 11 fs, and Ttgoo = 160 * 42 fs are
both shorter and show an E < 1, suggesting fragmentation.

Our calculations imply that the Cu,0, series form nearly
linear geometries. The lowest energy structure of Cu,0 is bent
with a bond angle of 106.8° and Cu-O bond length of 1.78 A, but
the linear form is only 0.16 eV higher in energy (Fig. S2). Cu,0,
has two low energy isomers, both in spin triplet configurations.
We find the linear form for Cu,0; is the ground state, with a
previously suggested rhombic structure being 0.19 eV higher in
energy (Fig. S2). The Cu,0; peroxide structure is not likely and
is higher in energy (2.54 eV). Cu;Os is not recorded,
demonstrating a low stability. Two competitive isomers were
calculated for Cu,03, either containing a weakly bound 30, or a
linear form with a higher spin state (quintet).
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Fig. 3. Transient signals for neutral Cu,0, clusters (x = 0-2), similar to Fig. 2.

4.6. The Cus0y Series Dynamics

The transient dynamics for the CusOy (Fig. 4) cluster series
continue the trend recorded in the smaller cluster series. As
oxidation increases within the series, the excited state lifetimes
decrease. Less oxidized clusters have E > 1 and more oxidized
clusters, such as CuzOs have E < 1, suggesting fragmentation.
Cus exhibits a ta00 = 358 + 44 fs and a rapid Ttsoo, similar to Cua.
Cus0 exhibits a nearly identical tag0 of 244 + 7 fs and tsgo = 231
+ 103 fs. Cus0 is the most intense cluster in the distribution, has
an extraordinarily IP (6.18 eV), C3 symmetry,
demonstrates the largest E at the temporal overlap of ~7. CusO
has been previously noted as particularly stable.2®

The Cu30; has similar lifetimes in both directions with t400 =
191 + 12 fs and tggo = 207 + 35 fs, but an Eggo > 1 is recorded,
while the 400 nm pump signal recovers to baseline at long time
delays (Eso0 = 1). CusOs is also similar in both directions and
recovers to baseline (E ~ 1), exhibiting tago = 153 + 20 fs and Ttsoo
=187 + 44 fs. This cluster appears to form a highly stable ground
state ring structure, despite being in a higher spin state
(quartet) and in agreement?’:32 with prior work. Alternative
structures, containing an O3 have also been proposed,3° but not
stable.

Cus04 is not observed and is thought to contain a weakly
bound O3 unit.31 Our calculations for CusO4 match these results
as we determine two degenerate lowest energy structures, one
with a high spin state (sextet) and one with a weakly bound O,
unit (Fig. S3). Our calculations for Cuz034 match recent results.?”
4.7. The Cu,0y Series Dynamics

low and

Far less work has been applied to understand the gas-phase
CusOy series.29303649 Cy, is not produced in measurable
quantities under these experimental conditions. It is also absent
in high temperatures studies, despite small Cui.3 clusters also
being recorded.?® The lowest energy structures for Cu,Oy
clusters are suggested to be planar, with intact Cu-Cu bonds.36
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Fig. 4. Transient signals for neutral Cus0O, clusters (x = 0-3), similar to Fig. 2.

2000 2500

The CusOy clusters follow the same trend as all previous
cluster series reported with a decrease in lifetimes with
sequential oxidation (Fig. 5). However, in the CusOx series, the
Tsoo Values are all evidently longer than tag0. CusO exhibits a Ta00
=216 + 18 fs and a longer tsoo = 335 + 70 fs, both with E =~ 1.
The lowest energy CusO structure is 3D with each Cu atom
participating in three Cu-Cu bonds and one Cu-O bond. A planar
isomer lies 0.58 eV higher in energy.

Cu40; exhibits a t4090 = 188 + 7 fs and the only large E in the
series with a Esgo = 1.7, indicating that increasing the number of
Cu atoms in the clusters exhibit less enhancement when E > 1,
aligning with fragmentation into smaller clusters created by the
400 nm beam (Fig. 1). Our calculations demonstrate that O
atoms bridge the Cu atoms, enabling Cu,0; to produce terminal
Cu atoms. CusO; has been previously noted to be the most
stable oxide at high temperatures.2! Cus0; is a planar structure
that contains a rhombic Cu,0, unit in its center and is
terminated with Cu atoms. This structure highlights that the
Cu30 unit plays an important role in small cluster formation.

Cus03 and Cus04 both continue the decreasing lifetime
trend with a Tag0 = 146 + 7 fs and Ta00 = 85 + 17 fs, respectively.
Cu404 also has the greatest discrepancy between lifetimes with
Tsoo being ~2.5x larger than taeo. Both clusters also measure the
lowest enhancement out of all the clusters reported with E =
~0.6. Cus0O4 isomers have been previously shown to generally
contain at least one atom that is easily abstracted?! to form
stable Cus0s3 clusters. All CusO4 isomers were calculated to have
low O abstraction energies, matching our low E values.?! In
contrast, CusO3 isomers present highly variable O abstraction
energies (with some > 2.3 eV).2t
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Table 2. The calculated parameters, including topological descriptors describing the excited state character, charge transfer character (A), S, distance between electron and hole
density (d), average deviation of the electron and hole (o), Optical gap (Og), vertical ionization potential (vIP).

Cluster  VIP (eV) O A s, r HDI ED! 10! d(A) o o Och
(eV) (A3) (A%) (A3) (A%) (A3) (A%)

2Cu 7.73 - - - - - _ _ _ _ _ _
2Cu0 8.98 1.23 0.59 0.63 10.46 3.50 2.83 3.17 0.47 1.35 1.60 1.47
2Cu0; 8.63 1.10 0.51 0.59 8.05 3.07 1.17 2.12 2.27 1.53 2.04 1.79
4Cu0s 10.53 2.29 0.70 0.85 14.99 2.59 4.02 3.30 0.36 1.96 1.72 1.84
Cuz 7.88 2.90 0.60 0.72 3.83 1.51 0.65 1.08 0.00 1.75 3.00 2.37
1Cu0 7.75 1.77 0.46 0.49 6.76 3.50 0.98 2.24 0.92 1.41 2.96 2.18
3Cuz0, 9.88 1.38 0.64 0.81 12.65 2.28 3.26 2.77 1.09 2.09 1.85 1.97
2Cus 8.61 2.44 0.56 0.75 3.43 1.41 0.36 0.89 0.33 231 3.85 3.08
2Cus0 6.18 1.23 0.75 0.83 4.58 1.19 0.77 0.98 0.77 2.39 2.97 2.68
2Cus0; 7.85 1.80 0.63 0.76 10.85 2.19 3.62 2.90 0.00 2.36 2.53 2.44
4Cu303 9.48 0.43 0.65 0.79 11.21 2.39 2.30 2.34 0.31 2.02 2.10 2.06
'Cus0 6.60 1.68 0.60 0.66 4.59 1.99 0.73 1.36 0.57 2.18 2.90 2.54
1Cus02 6.79 1.71 0.48 0.57 4.38 3.11 0.65 1.88 0.00 2.25 4.45 3.35
3Cu40s 8.49 1.29 0.71 0.77 18.14 3.07 3.01 3.04 0.15 1.78 1.80 1.79
2Cua04 8.48 1.39 0.72 0.80 19.44 3.38 2.98 3.19 0.03 1.76 1.83 1.80

Similar to the previous series, the highly oxidized clusters
show fragmentation and are calculated to be high spin states
with O units. Our calculations suggest the lowest energy of
structures for CusO3 and Cu404 are both spin triplets. The lowest
energy isomer of CusO3 has a Cu,0, rhombic structure as a base

T400=216 +18fs
s T800 =335+ 70fs

pes o

connected to a Cu,0 unit. CusO3 has two other near degenerate 1
triplet structures, however, neither contain an O, unit. This [
implicates that the high spin state for this cluster is the main 3t

driver for fragmentation compared to a weakly bound O; unit.
Cu404 contains an O, peroxide unit with a high spin state and
has a very low ion intensity in the mass spectrum compared to
other clusters. The next lowest energy structure is square (Cay)
shaped and is 0.60 eV higher. The cube form>3 of CusO, is
) ) 3 ) T400=14617f$
calculated to be 1.4 eV higher in energy (Fig. S4). CusOs is not Tgop =173 £19fs
observed through SFI, and Cu4Os should be rewritten as 1
Cu403(0;) because they all bear an O, dimer and are not stable % A ~
with respect to O, desorption.2! Our calculations result in a 050 . e ——— o1 00 1]
lowest energy quintet structure for CusOs with a nearly 1.5} o) (1333248)5 £17 fs
degenerate triplet structure, both containing an O, unit. Tgop = 223 + 63 fs 1

n

—_
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Fig. 5. Transient signals for neutral Cu,0, clusters (x = 1-4), similar to Fig. 2.
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4.8. General Oxidation Effect

The transient dynamics measured for such small copper
oxide clusters do not significantly change with cluster size, and
all excited state lifetimes are recorded on the few hundred fs
timescale. Despite this similarity, there is a consistent and clear
decrease in lifetimes (1) recorded with oxidation for each series.
Furthermore, the enhancement factors demonstrate the
increased propensity for fragmentation with oxidation.

Interpreting the trends recorded in transient signals across
the cluster series is challenging due to fragmentation, along
with a high density of excited states and competitive isomers.
However, the topological descriptors of the charge carriers
display general properties that account for the changing
dynamics. The de.h shows the charge carriers are both generally
centered on the clusters. The cen and TDI are similar concepts,
and both show that the charge carriers generally become more
localized with oxidation. The A and S, indexes both quantify the
e/h overlap, and the calculated values are all large (~0.6),
indicating the bonds are more covalent than ionic in nature and
therefore shows the charge transfer between Cu and O atoms
is incomplete. Nevertheless, we make the typical assignment of
a formal -2 oxidation state for the O atoms to assign the
oxidation state of the complementary Cu atoms. We find that
the lifetimes decrease almost linearly with increasing Cu
oxidation state across the cluster series (Fig. 6). Furthermore,
we show that in general the Iindex increases with oxidation. An
increase in I correlates to increased localization and spatial

aligning with the
lifetimes. Thus, the
topological properties clearly demonstrate an increase in

overlap between the charge carriers,
expectation of decreasing measured

localization and overlap of the charge carrier densities with
sequential oxidation.
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Fig. 6. The calculated I index (black) and experimentally measured lifetimes (blue) show
a nearly linear change with the Cu oxidation state for each cluster. The points are fitted
by the dashed lines with their respective color. Values from the CuO, series are omitted
due to their prominence from fragmentation.

Conclusions

The excited state lifetimes of small neutral copper oxide

clusters are measured using femtosecond pump-probe

spectroscopy to be sub-picosecond in duration and reach a
long-lived state (>> 50 ps). The excited state lifetimes decrease
with increasing oxidation. The signal enhancement value for
each cluster shows the likelihood of fragmentation. Density
functional theory calculations were performed to determine
the lowest energy cluster structures. All clusters that are not in
their lowest spin configuration exhibit an E < 1, suggesting that
they are easily fragmented (release 30;). We show that clusters
with high oxidation, increase the likelihood of a weakly bound
0O, in the structure and reside in a higher spin configuration.
Time-dependent density functional calculations were
performed to correlate the experimental trends to topological
charge carrier properties. We show that the I index, which
combines spatial overlap and delocalization of the charge
densities,
lifetimes. The long-lived dynamics recorded for each cluster
(indicated by E > 1) suggests that molecular scale copper oxides
exhibit long lifetimes that may be employed for diverse
applications.

carrier generally aligns with the experimental
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