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ABSTRACT: Photoelectron spectroscopy has been used to study the
electronic structure, photodetachment, and photodissociation of the stable
diplatinum iodide dianions [Pt2I6]

2− and [Pt2I8]
2−. Photoelectron spectra

over a range of photon energies show the characteristic absence of low
kinetic energy photoelectrons expected for dianions as a result of the
repulsive Coulomb barrier (RCB). Vertical detachment energies of ∼1.6
and ∼1.9 eV and minimum RCBs of ∼1.2 and ∼1.3 eV are reported for
[Pt2I6]

2− and [Pt2I8]
2−, respectively. Both of the diplatinum halides exhibit

three direct detachment channels with distinct anisotropies, analogous to
the previously reported spectra for PtI2

− and PtI−, suggesting a platinum-
centered molecular core that dominates the photodetachment. Addition-
ally, evidence for two-photon photodissociation and subsequent photodetachment channels producing I− are observed for both
dianions. Finally, an unexplained feature is observed at photon energies around 3 eV, whose origin is considered. Our work
highlights the complex electronic structure of the heavy platinum-halide dianions that are characterized by a dense manifold of
electronic states.

■ INTRODUCTION

Platinum halides have complex electronic structures and
exhibit unusual bonding, resulting in very high electron
affinities (EA), high formal oxidation states on the platinum
core, and behavior as superhalogens.1−4 These properties
contributed to platinum halide dianions being suggested as
possible candidates for the smallest stable dianions.5,6 While
both [PtCl4]

2− and [PtBr4]
2− have been experimentally

observed, they were found to be electronically metastable
with respect to electron loss, with negative second electron
affinities of 0.25 and 0.04 eV, respectively.7 The increase in
electronic stability offered by the increased size of the halogen
is interesting, but no platinum iodide dianion complexes have
been reported, presumably because these are metastable with
respect to iodide loss. Here, we build on these small platinum
halides and consider the isolated diplatinum iodide dianions
[Pt2I6]

2− and [Pt2I8]
2−. For these molecules, there are

outstanding questions concerning how the larger and more
polarizable iodine and the presence of two excess electrons, as
well as the possibility of a platinum−platinum bond, might
affect the electronic structure and photochemistry. To answer
these questions, we present a photoelectron imaging study of
[Pt2I6]

2− and [Pt2I8]
2−.

A universal aspect of the electronic structure of polyanions is
the presence of a repulsive Coulomb barrier (RCB) that results
from the interplay of long-range repulsive forces and short-
range attractive forces.8−13 Typically the RCB manifests in the
photoelectron spectra of polyanions by a characteristic low

electron kinetic energy (eKE) cutoff, below which no electrons
can be directly emitted. The location of this cutoff corresponds
to the minimum height of the RCB. Photoelectron imaging
also allows the photoelectron angular distribution (PAD) to be
measured. The PAD can encode information about the
molecular orbital from which the electron is ejected;14

however, this can be challenging to interpret for dianions
where the outgoing electron interacts with the resultant anion
and instead provides a measure of the RCB anisotropy.15−17

Over a number of years, photoelectron spectroscopy has
been performed on the platinum halide dianions [PtCl4]

2−,
[PtBr4]

2−, [PtCl6]
2−, and [PtBr6]

2− by Wang and co-work-
ers.7,10,18,19 Both [PtCl4]

2− and [PtBr4]
2− are metastable while

[PtCl6]
2− and [PtBr6]

2− are stable with respect to electron
loss.7 Photoelectron spectroscopy and electronic structure
calculations have also been performed on the diplatinum
dianion [Pt2(μ-P2O5H2)4H2]

2−, which indicated a square-
planar geometry of ligands around each platinum atom with a
Pt−Pt bond, and reported an experimentally measured
adiabatic detachment energy (ADE) of 2.2 eV and a minimum
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height of the RCB of 3.5 eV.20 Recently, we used photo-
electron spectroscopy at a range of photon energies to study
the structure, electron loss, PADs, and photodissociation
dynamics of the smallest platinum iodides, PtI2

− and PtI−.21

The photoelectron spectra for PtI2
− and PtI− were very similar

to each other and to the previously studied PtCl2
−,22 consisting

of three direct detachment peaks over a range of ∼1 eV, with
distinct anisotropies, indicating photodetachment from a
localized Pt−X molecular core. Here, we use a similar
methodology to study the photodetachment and photo-
dissociation dynamics of [Pt2I6]

2− and [Pt2I8]
2− as well as

report the PADs. Strong correlations are seen between the
photoelectron spectra of the diplatinum iodide dianions and
the diatomic and triatomic platinum iodide anions, suggesting
that the electronic structures of all the platinum iodide species
studied to date, whether anionic or dianionic, are similar to the
character of the small Pt−I molecular core.

■ EXPERIMENTAL METHODS

Photoelectron imaging of mass-selected anions was performed
at multiple photon energies by using an instrument which has
been described in detail elsewhere.23,24 Briefly, electrospray
ionization of a solution of 2 mM K2PtI6 in methanol produced
the anions, which were desolvated in a capillary. Ring-electrode
guides were used to transfer anions through a series of
differentially pumped regions and into a ring electrode trap,
where they were stored before acceleration and mass selection
in a Wiley−McLaren time-of-flight spectrometer. Collision-
induced dissociation can also be performed in the ring-
electrode guides.24,25 Surprisingly, we did not observe PtI6

2− in
the mass spectrum, suggesting that it may be quite unstable as
an isolated dianion or metastable with a lifetime shorter than
the transition time of the dianion through the instrument (on
the many milliseconds range). Given that PtCl6

2− and PtBr6
2−

are electronically stable, we suggest that PtI6
2− is unstable with

respect to dissociation. The dianions studied here were some
of the most abundant peaks in the mass spectrum, along with
PtI2

− and iodine clusters, suggesting that these dianions have a
relatively high stability.
Photodetachment occurred at the intersection of a nano-

second laser pulse and a mass-selected dianion packet. Laser
pulses with photon energies in the visible and UV were
produced via a Nd:YAG pumped optical parametric oscillator.
The photoelectrons were imaged on a dual microchannel plate
detector in a velocity map imaging configuration,26 resulting in
an eKE spectrum following deconvolution with a polar onion-
peeling algorithm.27 Photoelectron imaging also yields the
PADs of the emitted electron relative to the laser polarization
axis, which was parallel to the detector face. Calibration of the
electron spectrometer using the photodetachment of iodide
indicated an energy resolution of 5% of the eKE.
Electronic structure calculations were not attempted for

[Pt2I6]
2− and [Pt2I8]

2− in this paper. Relativistic effects, the
large contribution and complexity of spin−orbit coupling, and
an abundance of electronic states motivated us to not perform
such calculations on the simpler PtI2

− and PtI− as we had little
confidence in the results. In the present case, electronic
structure calculations would be even more challenging as the
molecules are larger, may contain metal−metal bonds, and
have an extra excess electron.

■ RESULTS
Photoelectron spectra were recorded for [Pt2I6]

2− and
[Pt2I8]

2− using nanosecond (ns) laser pulses with photon
energies, hν = 2.8−4.2 eV. All of the photoelectron spectra are
reported on an eKE and electron binding energy (eBE) scale,
where eBE = hν − eKE. Each spectrum is normalized to the
most intense feature within that spectrum. From the PADs, an
anisotropy parameter (−1 ≤ β2 ≤ 2) can be extracted for each
spectral feature.28,29 Strong similarities are seen between the
photoelectron spectra for [Pt2I6]

2− and [Pt2I8]
2−, with direct

photodetachment and two-photon photodissociation and
photodetachment channels observed in both cases. The spectra
will be reported here, and the implications for the electronic
structure and the photochemistry of the diplatinum iodide
dianions will be discussed in the following section.

[Pt2I6]
2−. Figure 1 shows the photoelectron spectra of

[Pt2I6]
2− recorded from hν = 2.8−4.2 eV, at 0.2 eV intervals.

The identity of the ion was determined by its time-of-flight
indicating a mass-to-charge ratio of m/z = 576 amu in
combination with the spectral characteristics of a polyanion.
On the basis of the natural isotopic abundance of platinum,
isotopologues with m/z between 571 amu ([190Pt2I6]

2−) and
579 amu ([198Pt2I6]

2−) are expected, where 576 amu
([195Pt2I6]

2−) is the most abundant m/z, but individual
isotopologues are not resolved in the mass spectra.
The photoelectron spectra exhibit three distinct features:

(A) a sharp peak for hν > 3.2 eV with eBE = 3.06 eV (blue),
(B) a sharp peak for hν < 3.0 eV with eBE = 2.62 eV on a
broader background (red), and (C) a broader collection of
peaks at higher eKE, which increase in structural complexity

Figure 1. Photoelectron spectra of [Pt2I6]
2− recorded with hν = 2.8−

4.2 eV on an eKE (left) and an eBE (right) scale. The minimum
height of the RCB is shown by a dashed gray line. Direct detachment
channels of [Pt2I6]

2− are depicted in green and labeled C with the
neutral ground state (solid), first excited (dashed), and second excited
(dash-dotted) state shown. Two-photon photodissociation and
subsequent photodetachment of I− is shown in blue and labeled A.
The peak highlighted in red and labeled B will be discussed in the text.
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and relative intensity as the photon energy increases (green).
PtI3

− is isobaric with [Pt2I6]
2−, meaning it may also be present

in the mass-selected ion packet. However, the presence of the
low-eKE cutoff in photoelectron signal, which is a character-
istic of a polyanion, and given that the EA of PtCl3

− is ∼4.5
eV,22 so that there would be insufficient energy to photodetach
PtI3

− at the photon energies used here, indicate that even if it
was present, it would not contribute to the spectra shown here.
As previously noted, the onset of the photoelectron signal

corresponds to the height of the outer RCB. From Figure 1, we
find that this is ∼1.2 eV for [Pt2I6]

2−. From the most intense
portion of the first direct detachment feature, we find VDE ∼
1.6 eV for [Pt2I6]

2−. The VDE and minimum height of the
outer RCB for [Pt2I6]

2− are comparable to previously reported
values for [Pt2(μ-P2O5H2)4H2]

2− of 2.3 and 1.2 eV (extracted
from the reported height of the inner RCB), respectively.20

Features A and B appear below the RCB, where no signal
should be present. Their appearance could arise from resonant
excitation to an excited state from which electrons can be lost
by tunneling through the RCB.15,16,30−36 Alternatively, they
could arise from a two-photon process through the formation
of an anionic fragment that is subsequently photodetached.
Feature A is a sharp, atomic-like peak with an ADE of 3.06 eV,
which allows us to assign it to detachment of I−. This is further
verified by the 2P1/2 spin−orbit excited state of I seen at hv =
4.2 eV. Iodide is presumably formed via a two-photon process
of photodissociation of [Pt2I6]

2− followed by photodetachment
of I−. As I− is an anion, there is no RCB present, and
photoelectrons are not restricted by a cutoff for this
photodetachment step. The process by which the I− is formed
is, however, not clear. It could occur by Coulomb explosion to
form I− and [Pt2I5]

−, which would have its own ionic RCB to
overcome. This can either take place on an excited state or the
ground electronic state of the dianion following some internal
conversion process. The dissociation to form I− over such a
broad range of photon energies (and likely to also be operable
at lower hv) would be an indication of a very large density of
electronic states of the dianion. Alternatively, I− could be
formed by a dissociative photodetachment (DPD) process in
which [Pt2I6]

−, produced via photodetachment, spontaneously
decays to form I− and [Pt2I5]. As discussed above, it is possible
that PtI3

− is present in the ion beam and able to undergo
photodissociation to produce the observed anionic fragments,
but this would be impossible to distinguish from photo-
dissociation of [Pt2I6]

2− using our experimental apparatus.
At and below hν = 3.0 eV there is insufficient photon energy

to photodetach I−, but a sharp feature at low eKE on top of a
broad background signal is also observed for these photon
energies (but not at higher hν). This feature again has the
appearance of an atomic photoelectron spectrum with an eBE
of 2.62 eV. The origin of this feature is unclear as its eBE does
not correlate with the electron affinity of any known atomic
element, let alone I or Pt. Potential explanations for the feature
will be explored in the Discussion section.
At the highest photon energies studied, up to three distinct

peaks with different PADs are observable above the RCB.
These features shift to higher eKE as the photon energy is
increased, suggesting a direct detachment mechanism. The
direct detachment features are very reminiscent of the
structure of the direct detachment channels of PtI− and
PtI2

−.21 At hν = 4.0 eV the PAD is characterized by β2 = −0.9,
−0.6, and 1.5 for electronic states with increasing eBE.
Interpreting the PADs following direct detachment of a

dianion cannot be done in the same manner as for a
monoanion, as the location of the remaining excess negative
charge ultimately determines the final PAD and therefore must
be accounted for.8,15,16 In the absence of high-level electronic
structure calculations for [Pt2I6]

2−, it is difficult to extract any
information about the nature of the molecular orbitals from the
PAD, other than to say the presence of a number of electronic
states with differing anisotropy appears to be a characteristic of
platinum iodides, as both singly and doubly charged anions.

[Pt2I8]
2−. Figure 2 shows the photoelectron spectra of the

ion packet with m/z ∼ 703 amu recorded with a nanosecond

laser between hν = 3.0−4.2 eV. Given the m/z and that the
spectra share many similarities with those for [Pt2I6]

2−, this ion
most probably corresponds to [Pt2I8]

2−, which has an expected
isotopologue distribution between m/z = 698 and 706 amu.
Again, three clear features are present: (A) a low-eKE feature
attributable to the photodetachment of I− (blue); (B) a sharp
feature on a broad background at eBE = 2.77 eV (red); and
(C) a higher energy broad feature consisting of multiple peaks
from direct detachment of the parent anion (green). In this
case the relative intensity of the two-photon feature is much
larger than the one-photon direct detachment channel, at all
photon energies. The minimum height of the outer RCB is
estimated to be ∼1.3 eV. The VDE is measured to be ∼1.9 eV
and comparable with the VDEs of [Pt2I6]

2− and the previously
reported [Pt2(μ-P2O5H2)4H2]

2−. Similar to the case of
[Pt2I6]

2−, PtI4
− is isobaric with [Pt2I8]

2− and could be present
in the ion beam. However, the spectra indicate a dianion and
the EA for PtCl4

− and PtF4
− are higher than the photon

Figure 2. Photoelectron spectra of [Pt2I8]
2− recorded with hν = 3.0−

4.2 eV on an eKE and eBE scale. Direct detachment channels of
[Pt2I8]

2− are depicted in green and labeled C with the neutral ground
state (solid), first excited (dashed), and second excited (dash-dotted)
state shown. The minimum height of the RCB is shown by a dashed
gray line. Two-photon photodissociation as well as subsequent
photodetachment of I− is shown in blue (solid for 2P3/2 and dashed
for 2P1/2) and labeled A. The peak highlighted in red and labeled B
will be discussed in the text.
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energies used here (EA ≥ 5 eV),22,37 suggesting that even if
present, PtI4

− would not photodetach.
The low-eKE feature (blue line in Figure 2) is again

attributable to a two-photon process of photodissociation and
subsequent photodetachment of the resulting I− fragment,
similar to the observation for [Pt2I6]

2− (blue line in Figure 1).
Unlike [Pt2I6]

2−, this is the dominant channel at all photon
energies above hν ≥ 3.2 eV (i.e., where it can be probed by the
photon energy used). The relative intensity of feature A to that
of C decreases with increasing hν. This may indicate a decrease
in the photodissociation or photodetachment cross section in
the ionic fragmentation channels, but it is more likely
attributed to the direct detachment of the dianion becoming
energetically accessible at the photon energy used. At the
highest photon energy used, there is sufficient energy to
photodetach to both spin−orbit states of I, resulting in the pair
of sharp peaks separated by 0.95 eV. As before, I− is observed
over a very large excitation range, and we do not see evidence
of electron tunneling through the RCB, although there are
clearly excited states accessed.38 As PtI4

− may be present in the
ion beam, it could undergo photodissociation and be the
source of the observed I−.
Similar to [Pt2I6]

2−, below hν = 3.0 eV a second sharp
feature on a broad background labeled B is observed with eBE
= 2.77 eV (red). In this case, it is unclear whether the feature
shifts linearly with hν, as it is only present at one photon
energy studied and we note that it is exceedingly weak.
Nevertheless, it has the appearance of an atomic anion, but, as
before, no element has the matching electron affinity.
The high-eKE feature, which is strongly affected by the

presence of the RCB, originates from direct photodetachment
of [Pt2I8]

2−. Similar to the previous platinum iodide species,
three electronic states are observed in the spectra at higher hν,
but they are difficult to conclusively discern as the spectral
width of the feature increases with photon energy, too. Distinct
PADs are observed for the three features present at hν = 4.2 eV
characterized by β2 = −1.0, −0.5, and 1.0 for states with
increasing eBE. Similar to [Pt2I6]

2−, it is challenging to
interpret the PADs for [Pt2I8]

2−, although we note that the
overall trend of β2 < 0, < 0, and > 0 was also observed for
[Pt2I6]

2−, thus suggesting a similar overall electronic structure.

■ DISCUSSION
In this section the results for [Pt2I6]

2− and [Pt2I8]
2− will be

compared and contrasted with each other and with previously
studied platinum halides and other platinum clusters. The
photoelectron spectra for [Pt2I6]

2− and [Pt2I8]
2− exhibit a

number of similarities including multiple direct detachment
features with strongly anisotropic PADs (feature C, green lines
in Figures 1 and 2) and photodissociation channels producing
I− (feature A, blue in Figures 1 and 2). Additionally, the
photoelectron spectra of all of the platinum iodides studied
here contain extra features indicative of other anionic
fragments formed via photodissociation of the parent species
(feature B, red in Figures 1 and 2). Strong similarities are also
observed between the direct detachment channels observed
here (feature C, green lines in Figures 1 and 2) and those for
other platinum iodide anions and platinum halide anions more
generally.
Assuming the negative charges are localized on the iodine

ligands, then the oxidation state of platinum is +2 (d8) in
[Pt2I6]

2− and +3 (d7) in [Pt2I8]
2−. The constituent PtI3

− and
PtI4

− fragments are electron-deficient with 14 and 15 electrons,

respectively, in contrast to the 18-electron count of many
stable transition metal complexes. Dimers are likely to form to
stabilize the electron-deficient fragments, either by the
formation of a platinum−platinum bond or via bridging iodine
ligands. Given that in the solid phase [Pt2I6]

2− and [Pt2I8]
2−

demonstrate a preference for platinum cores linked by bridging
iodine atoms, as determined via X-ray diffraction of solid state
crystals with various counterions, a similar structure may be
expected in the gas phase, too.39,40 Additionally, the crystal
structures of the dianions indicate square-planar and
octahedral coordination geometries of iodine ligands around
the platinum atoms, which are also likely in the gas phase.39,40

While photoelectron spectroscopy is a powerful tool for
studying the electronic structure of molecules, it is less well-
suited to obtain structural information, especially in the
absence of calculations. Infrared spectroscopy would be more
suitable for studying the nuclear geometry of these diplatinum
dianions in the gas phase.
The observed VDEs for [Pt2I6]

2− and [Pt2I8]
2− are similar in

magnitude to each other (1.6 and 1.9 eV) but significantly
smaller than for PtI2

− (3.5 eV). This difference between the
dianions and anions is due to the larger electron−electron
repulsion in the dianions. The marginally higher RCB observed
for [Pt2I8]

2− compared to [Pt2I6]
2− (∼1.3 and ∼1.2 eV) is

somewhat unexpected given the larger size of [Pt2I8]
2−, which

may be expected to facilitate greater separation of the excess
charges and reduce the Coulomb repulsion within the
molecule. However, this type of argument is strongly
dependent on the geometries of the dianions, which are not
determined here. The VDEs and minimum heights of the outer
RCBs we record for [Pt2I6]

2− and [Pt2I8]
2− are similar to

values previously recorded for [Pt2(μ-P2O5H2)4H2]
2− of 2.3

and 1.2 eV (inner RCB is 3.5 eV), respectively.
The motif of three sharp peaks in the direct detachment

feature with an overall spectral width of ∼1 eV and with
different anisotropies is present in both of the dianions studied
here as well as the previously investigated PtI2

− and PtI−.21 For
the latter, the three-band motif and the observed PAD for
those anions (β2 < 0, > 0, and > 0 with increasing eBE) were
explained by using a simple d-block model of the Pt−I bond.
The strong similarity of the structure of feature C in the
dianion spectra suggests that this motif is a general feature of
the platinum−iodine (halogen) bond. The similarity of
[Pt2I6]

2− and [Pt2I8]
2− to the smaller anions suggests that

these are highly symmetrical molecules, where direct detach-
ment is occurring from a small molecular core. This result may
indicate that the dimers are linked via bridging iodides similar
to the known solid state crystal structures,39,40 rather than a
platinum−platinum bond, due to the strong spectral
similarities between the diplatinum iodide dianions and the
platinum iodide anions. However, it should be noted that this
similarity is also evidence of the limited scope photoelectron
spectroscopy has to unravel the full geometric structure of the
diplatinum dianions, as the three observed transitions can arise
from just a single Pt−I bond.
As noted previously, we have not attempted electronic

structure calculations for [Pt2I6]
2− and [Pt2I8]

2−. It is very
challenging to perform such calculations of small platinum
halides, such as PtI2

− and PtI−, due to the large spin−orbit
coupling of both Pt and I as well as the substantial relativistic
effects that need to be accounted for.21 On top of this, the
diplatinum iodide dianions have the challenges of containing
more atoms and the need to accurately account for the
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presence of two excess electrons within the dianion’s molecular
framework. A simple d-block model can be used to attempt to
understand the nature of the highest energy MOs by
considering symmetry.41 However, spin multiplicities and
spin−orbit coupling, particularly J−J coupling which is used
for Pt, complicate the picture greatly by adding many
additional states, making even a qualitative interpretation
challenging. Hence, we prefer to not endeavor into such
speculation here.
The PADs of the dianions are dictated by two dominant

factors: the location of negative partial charges in the
remaining anion and the transition dipole vector associated
with detachment.15,16,42,43 The fact that the three different
features have different PADs is likely associated with
differences in the transition moments. The PADs could offer
new insights into the geometric structure of the dianion but
would require accurate electronic structure calculations to
relate the RCBs to the PADs.8,11,15,36

The diplatinum iodides undergo photodissociation to form
I−, as evidenced by the presence of electrons from the
photodetachment of I− at specific photon energies. The
mechanism for I− production is unclear and could derive from
a Coulomb explosion in the excited state, DPD via an excited
dianion state, or rapid internal conversion from the excited
state to the electronic ground state, where the presence of
substantial internal excitation leads to iodide loss. As there are
likely to be many excited dianion states and the relative
intensity of the I− feature compared to direct detachment
(features A vs C in Figures 1 and 2) changes with hν, it seems
more likely that dissociation occurs via an excited state. The
production of photoelectrons from I− is a two-photon process
of photodissociation and subsequent photodetachment. For all
of the species this channel is visible at photon energies below
the photodetachment threshold of the platinum iodide
complex. The relative intensity of feature A decreases once
photodetachment becomes an open channel. The relative
intensity of features C, compared to feature A, is much larger
for [Pt2I8]

2− than [Pt2I6]
2−, indicating that the larger cluster

has a stronger preference for photodissociation than electron
loss. This could be explained by the increased strain in the
larger cluster acting as a driving force for I− loss rather than
photodetachment.
One outstanding question concerns the nature of the sharp

atom-like feature below hν < 3.0 eV for the diplatinum
dianions (red line in Figures 1 and 2). For both species, there
is a sharp peak on top of a broader background with eBE =
2.62 and 2.77 eV for [Pt2I6]

2− and [Pt2I8]
2−, respectively. The

photoelectron emission of this feature is also highly anisotropic
with β2 = 1.0 for [Pt2I6]

2−. Because of the lower signal levels, it
was not possible to confidently extract a β2 for [Pt2I8]

2−. It is
observed for multiple photon energies for [Pt2I6]

2− and shifts
by the change in photon energy, suggesting direct detachment.
The sharp nature might suggest atomic emission; however, the
binding energies do not correlate with any atom (only the
halogens have electron affinities that exceed 2.5 eV). Finally,
we note that it appears to be a two-photon feature because it
arises below the cutoff imposed by the RCB of the dianion.
The signal was too weak to perform power-dependent studies
to absolutely verify this.
Given the above observation, a more detailed discussion

appears appropriate. One possible explanation is that photo-
electrons are tunneling through the RCB, which is typically
characterized by a feature that can be anisotropic (if tunneling

detachment is faster than rotational dynamics).15,16,34 How-
ever, this seems unlikely because, while such peaks have been
observed, they have never been as narrow as seen here and not
at such low eKEs. The low eKE would suggest that an electron
would be tunneling through a very wide and high barrier (∼1
eV), which would not be fast and therefore would not lead to
an anisotropic nor necessarily a narrow distribution. Moreover,
previous observations of tunneling dynamics were charac-
terized by a feature with an eKE that does not depend on hv,
which again is not consistent with observations in Figure 1.35,32

An alternative explanation is that photodetachment or
photodissociation produces a cluster which behaves as a
solvated I− and this is subsequently photodetached. Solvation
of I− with atoms or molecules typically leads to an increase in
VDE as the bonding in the anion is stronger than that in the
neutral. But this need not be the case for more strongly bonded
systems, and one could quite easily imagine a case in which the
final state is more bound than the initial state. Such a process
would necessarily be in the anion as an RCB would invalidate
this process. Hence, the process could, for example, be

h

h

Pt I (Pt I )I e

(Pt I )I (Pt I )I e

2 6
2

2 5

2 5 2 5

ν

ν

[ ] + → +

+ → +

− − −

− −
(1)

where the (Pt2I5)I
− complex has absorbed an additional

photon to result in the observed feature. We have, however, no
evidence to support this suggestion.
A third possible source is that, following photodissociation,

the I− is still within the “sphere of influence” of the other
anionic fragments and therefore experiencing repulsion from
the RCB against dissociation, which lowers the eBE of I−. This
could explain the additional broad background observed at low
eKE, but it is challenging to see how it would result in a sharp
feature given the nature of the dynamics of such a process.
Finally, we cannot discount that this feature arises from the
photochemistry of PtI3

− and PtI4
−, even though no direct

evidence for the presence of these ions is found in this study,
and it would be difficult to reconcile why they would have such
similar binding energies. At this stage, we cannot conclusively
assign the origin of this feature.

■ CONCLUSIONS
The electronic structure, photodetachment, and photodissoci-
ation dynamics of [Pt2I6]

2− and [Pt2I8]
2− have been studied by

using frequency-resolved photoelectron imaging. Direct
detachment channels are observed as a band of three peaks,
with distinct anisotropies and a spectral width of ∼1 eV, which
are strongly reminiscent of the photoelectron spectra of PtI2

−

and PtI−, suggesting that the highest energy MOs, which
contribute to the photodetachment dynamics, are associated
with Pt−I bonds. Photodissociation of the diplatinum dianion
to produce I−, which is photodetached in a two-photon
process, is observed for both species studied and dominates at
the lower photon energies investigated. An additional two-
photon atom-like feature is observed at the lowest photon
energies studied, but the origin is unclear. Overall, we show
that the photochemistry of the diplatinum iodide dianions is
very rich with differing photodetachment and photodissocia-
tion channels. While the electronic structure is very complex
and would require electronic structure calculations that
account for relativistic effects, aspects are also rather simple
and can be correlated to that of the Pt−I− photodetachment.
We hope our work will stimulate computational interest in
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these rich systems to further understand their electronic
structure and uncover their geometric structure.

■ AUTHOR INFORMATION
Corresponding Author
Jemma A. Gibbard − Department of Chemistry, Durham
University, Durham DH1 3LE, United Kingdom;
orcid.org/0000-0002-4583-8072;

Email: jemma.gibbard@durham.ac.uk

Author
Jan R. R. Verlet − Department of Chemistry, Durham
University, Durham DH1 3LE, United Kingdom;
orcid.org/0000-0002-9480-432X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpca.2c02008

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
J.A.G. is grateful for the support of a Ramsay Memorial
Fellowship. The authors thank the reviewers for their
constructive comments.

■ REFERENCES
(1) Bartlett, N.; Lohmann, D. H. Fluorides of the noble metals. Part
II. Dioxygenyl hexafluoroplatinate(V), O2 + [PtF6]? J. Chem. Soc.
(Res.) 1962, 5253.
(2) Bartlett, N. Xenon Hexafluoroplatinate(V) Xe+[PtF6]

−. Proc.
Chem. Soc. 1962, No. June, 218.
(3) Christe, K. O. Bartlett’s discovery of noble gas fluorides, a
milestone in chemical history. Chem. Commun. 2013, 49 (41), 4588.
(4) Gutsev, G. L.; Boldyrev, A. I. DVM-Xα calculations on the
ionization potentials of MXk+1

− complex anions and the electron
affinities of MXk+1 “superhalogens”. Chem. Phys. 1981, 56 (3), 277−
283.
(5) Weikert, H.-G.; Cederbaum, L. S.; Tarantelli, F.; Boldyrev, A. I.
On the existence of free doubly negative molecular ions. Z. Phys. D
1991, 18 (3), 299−305.
(6) Weikert, H. G.; Cederbaum, L. S. Free doubly negative
tetrahalides. J. Chem. Phys. 1993, 99 (11), 8877−8891.
(7) Wang, X.-B.; Wang, L.-S. Experimental Search for the Smallest
Stable Multiply Charged Anions in the Gas Phase. Phys. Rev. Lett.
1999, 83 (17), 3402−3405.
(8) Verlet, J. R. R.; Horke, D. A.; Chatterley, A. S. Excited states of
multiply-charged anions probed by photoelectron imaging: riding the
repulsive Coulomb barrier. Phys. Chem. Chem. Phys. 2014, 16 (29),
15043−15052.
(9) Wang, X.-B.; Wang, L.-S. Photoelectron Spectroscopy of
Multiply Charged Anions. Annu. Rev. Phys. Chem. 2009, 60 (1),
105−126.
(10) Weis, P.; Hampe, O.; Gilb, S.; Kappes, M. M. Metastability of
isolated platinum and palladium tetrahalide dianions and the role of
electron tunneling. Chem. Phys. Lett. 2000, 321 (5−6), 426−432.
(11) Dreuw, A.; Cederbaum, L. S. Nature of the repulsive Coulomb
barrier in multiply charged negative ions. Phys. Rev. A 2000, 63 (1),
012501.
(12) Scheller, M. K.; Compton, R. N.; Cederbaum, L. S. Gas-Phase
Multiply Charged Anions. Science 1995, 270 (5239), 1160−1166.
(13) Dreuw, A.; Cederbaum, L. S. Multiply Charged Anions in the
Gas Phase. Chem. Rev. 2002, 102 (1), 181−200.
(14) Reid, K. L. Photoelectron Angular Distributions. Annu. Rev.
Phys. Chem. 2003, 54 (1), 397−424.
(15) Horke, D. A.; Chatterley, A. S.; Verlet, J. R. R. Femtosecond
Photoelectron Imaging of Aligned Polyanions: Probing Molecular

Dynamics through the Electron−Anion Coulomb Repulsion. J. Phys.
Chem. Lett. 2012, 3 (7), 834−838.
(16) Castellani, M. E.; Avagliano, D.; González, L.; Verlet, J. R. R.
Site-Specific Photo-oxidation of the Isolated Adenosine-5′-triphos-
phate Dianion Determined by Photoelectron Imaging. J. Phys. Chem.
Lett. 2020, 11 (19), 8195−8201.
(17) West, C. W.; Bull, J. N.; Woods, D. A.; Verlet, J. R. R.
Photoelectron imaging as a probe of the repulsive Coulomb barrier in
the photodetachment of antimony tartrate dianions. Chem. Phys. Lett.
2016, 645, 138−143.
(18) Kaufman, S. H.; Weber, J. M.; Pernpointner, M. Electronic
structure and UV spectrum of hexachloroplatinate dianions in vacuo.
J. Chem. Phys. 2013, 139 (19), 194310.
(19) Wang, X.-B.; Wang, L.-S. Photodetachment of free
hexahalogenometallate doubly charged anions in the gas phase:
[ML6]

2−, (M = Re, Os, Ir, Pt; L = Cl and Br). J. Chem. Phys. 1999,
111 (10), 4497−4509.
(20) Kruppa, S. V.; Nosenko, Y.; Winghart, M.-O.; Walg, S. P.;
Kappes, M. M.; Riehn, C. Fragmentation pathways of dianionic
[Pt2(μ-P2O5H2)4 + X,Y]2− (X,Y = H, K, Ag) species in an ion trap
induced by collisions and UV photoexcitation. Int. J. Mass Spec. 2016,
395, 7−19.
(21) Gibbard, J. A.; Verlet, J. R. R. Photoelectron imaging of PtI2

−

and its PtI− photodissociation product. J. Chem. Phys. 2022, 156 (13),
134303.
(22) Joseph, J.; Pradhan, K.; Jena, P.; Wang, H.; Zhang, X.; Jae Ko,
Y.; Bowen, K. H., Jr. Evolution of superhalogen properties in PtCln
clusters. J. Chem. Phys. 2012, 136 (19), 194305.
(23) Lecointre, J.; Roberts, G. M.; Horke, D. A.; Verlet, J. R. R.
Ultrafast Relaxation Dynamics Observed Through Time-Resolved
Photoelectron Angular Distributions. J. Phys. Chem. A 2010, 114 (42),
11216−11224.
(24) Stanley, L. H.; Anstöter, C. S.; Verlet, J. R. R. Resonances of the
anthracenyl anion probed by frequency-resolved photoelectron
imaging of collision-induced dissociated anthracene carboxylic acid.
Chem. Sci. 2017, 8 (4), 3054−3061.
(25) Anstöter, C. S.; Verlet, J. R. R. Gas-Phase Synthesis and
Characterization of the Methyl-2,2-dicyanoacetate Anion Using
Photoelectron Imaging and Dipole-Bound State Autodetachment. J.
Phys. Chem. Lett. 2020, 11 (15), 6456−6462.
(26) Horke, D. A.; Roberts, G. M.; Lecointre, J.; Verlet, J. R. R.
Velocity-map imaging at low extraction fields. Rev. Sci. Instrum. 2012,
83 (6), No. 063101.
(27) Roberts, G. M.; Nixon, J. L.; Lecointre, J.; Wrede, E.; Verlet, J.
R. R. Toward real-time charged-particle image reconstruction using
polar onion-peeling. Rev. Sci. Instrum. 2009, 80 (5), No. 053104.
(28) Sanov, A. Laboratory-Frame Photoelectron Angular Distribu-
tions in Anion Photodetachment: Insight into Electronic Structure
and Intermolecular Interactions. Annu. Rev. Phys. Chem. 2014, 65 (1),
341−363.
(29) Cooper, J.; Zare, R. N. Angular Distribution of Photoelectrons.
J. Chem. Phys. 1968, 48 (2), 942−943.
(30) Winghart, M.-O.; Yang, J.-P.; Kühn, M.; Unterreiner, A.-N.;
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