
This journal is © the Owner Societies 2025 Phys. Chem. Chem. Phys., 2025, 27, 23257–23269 |  23257

Cite this: Phys. Chem. Chem. Phys.,

2025, 27, 23257

Simulation of radiation damage on [M(COD)Cl]2

using density functional theory

Nathalie K. Fernando, *a Nayera Ahmed,a Katherine Milton, b Claire A. Murray,c

Anna Regoutz ad and Laura E. Ratcliff ef

Theoretical calculations of materials have in recent years shown promise in facilitating the analysis of

convoluted experimental data. This is particularly invaluable in complex systems or for materials subject to

certain environmental conditions, such as those exposed to X-ray radiation during routine characterisation.

Despite the clear benefit in this use case to shed further light on intermolecular damage processes, the

use of theory to study radiation damage of samples is still not commonplace, with very few studies in

existing literature. In this paper, we demonstrate the potential of density functional theory for modelling

the electronic structure of two industrially important organometallic systems of the formula [M(COD)Cl]2
where M = Ir/Rh and COD = 1,5-cyclooctadiene, which are subject to X-ray irradiation via X-ray

diffraction and X-ray photoelectron spectroscopy. Our approach allows calculated spectra to be

compared directly to experimental data, in this case, the X-ray photoelectron valence band spectra,

enabling the valuable correlation of individual atomic states to the electronic structure.

1 Introduction

The simulation of materials, particularly using first principles
approaches such as density functional theory (DFT), is invalu-
able for aiding the analysis of experimental data. This is parti-
cularly true where experiment alone may be insufficient to infer
information from complex systems under special conditions and
phenomena, such as radiation damage. Indeed, the use of theory
to study radiation damage is not unheard of. The simulation of
radiation-induced structural defects and properties is an active
area of research, particularly in nuclear reactor materials,1–3 DNA
and other biologically important systems,4 as well as Si particle
detectors,5–7 which are typically modelled under the irradiation
of proton, neutron, gamma, electron, or ion/plasma beams.

Despite this, the application of computational methods is
very limited in X-ray irradiation studies. To date, there exist few
reports of theoretical models describing X-ray induced sample

change. Bernasconi et al. studied the X-ray induced effects to a
model natural wax crystal, n-eicosane, at room temperature,
using excited-state ab initio molecular dynamics (AIMD) based
on time-dependent density functional theory time-dependent
DFT (TD-DFT) at the B3LYP level of theory.8 The authors
explored two extreme cases: the first, what is termed the
absorption limit, whereby an electron–hole pair is created by
promotion of one electron to a low-lying virtual state (possibly
the lowest empty state), and the photoemission limit, in which
an electron is ejected and a positive hole is created. Close et al.
used DFT, also with the B3LYP exchange–correlation functional
to explain the structural changes induced in crystalline proteins
at 100 K. This was achieved by considering specific two one-
electron and two-electron reductive and oxidative reaction
pathways in a range of amino acids, in gas phase and in
solution phase. The aim was to determine which pathway
resulted in thermodynamically stable observed products.9 Bhat-
tacharyya et al. later employed DFT with B3LYP for a select
range of protein crystals.10 Using theory to complement their
single crystal XRD (SCXRD) data, the authors suggested a
correlation between the likelihood of the disulfide bond clea-
vage and the position of a carbonyl O atom along the S—S
bond, which provides a pathway for electron transfer for
reduction of the bond.

These studies clearly showcase the benefit of applying theory
to better understand specific reaction pathways and structural
damage in organic and macromolecular systems. However, to
date, very few studies have used theory to simulate the
radiation-induced changes to the electronic structure of a
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material, not least of a small-molecule crystal. One such example
is the work by Błachucki et al. who studied the electronic
structure changes in [Fe(CN)�6]4 in solution under X-ray free
electron laser (XFEL) irradiation (via non-resonant X-ray emis-
sion spectroscopy, NXES) and supported their results with
simulations of X-ray emission spectra to explain the occurrence
of high oxidation states with increasing flux by removing integer
electrons.11 Schürmann et al. also combined computational
methods with X-ray diffraction studies by applying extended
DFT methods in the refinement of radiation-activated residual
density peaks from the BnSeSe radical species.12

Key insights into the chemical states and electronic struc-
ture of the transition-metal catalysts upon X-ray irradiation
were determined from X-ray photoelectron spectroscopy (XPS),
as a complementary technique to XRD in our previous study.13

In that work, the combined application of XPS to the Ir and Rh
complexes, with theoretical calculations based on DFT, was intro-
duced. Good agreement was achieved between the experimental
valence band (VB) and the densities of states (DOS) determined by
DFT analyses, such that conclusions could be drawn on the
contribution of specific states to the electronic structure of the
system, in its intrinsic, undamaged state. This enabled hypotheses
to be made on the level of contribution of these states after X-ray
irradiation by comparison with the VB of the damaged complexes.
The benefit of applying theory to these transition-metal catalysts
has therefore already been demonstrated.

In this article, we expand on this previous work by using DFT
to explore in more detail the electronic structures of [Ir(COD)Cl]2

and [Rh(COD)Cl]2 under the effects of X-ray exposure. In doing
so we have two main objectives:

(1) To determine the total and projected densities of states
(PDOS) of the complexes after irradiation to gain insights into
the effects of irradiation on electronic structure.

(2) To mimic the physical processes known to occur from
XPS under irradiation by applying them to the undamaged
structure to see if the resulting spectral changes emulate the
experimental VB spectra of the most significantly damaged
structure.

By using the crystal structures of the Ir and Rh complexes after
maximum dose irradiation via both XPS and XRD experiments,13

a close connection between theory and experiment is maintained.
In particular, the gradual change in electronic structure observed
in the experimental VB with increasing dose is simulated by
systematically applying various physical processes known to occur
from previous XPS analyses, namely the metal photoreduction
and the loss in Cl intensity. The three scenarios of radiation-
induced local changes explored are therefore:

(1) Simulating the photoreduction of the metal
(2) Simulating the loss of Cl�

(3) Simulating the concomitant metal reduction and loss of Cl�

Studying the effect on the DOS in these extreme (1 and 2)
and combined (3) cases enables important similarities to be
drawn with the experimental VB changes with increasing X-ray
dose. The framework applied here paves the way for future
predictive approaches to radiation damage studies of these
transition metal complexes.

In this paper, geometry optimisations of the minimum and
maximum dose structures for the Ir and Rh complexes offer
starting structures for the computational approach outlined in
the section below. DOS for the undamaged (minimum dose) and
damaged (maximum XRD and XPS dose) structures are com-
pared with the minimum XPS and maximum XPS and XRD dose
experimental valence bands, respectively. Following this, we
explore a method of explicitly perturbing the system to simulate
the effects of radiation and analyse the resulting PDOS.

2 Methods

The experimental XPS and XRD methods followed to obtain the
minimum and maximum dose structures, XP core-level and
valence band spectra, as well as the method of calculating dose
using RADDOSE-3D, are outlined in Fernando et al.13

This section provides an outline of the computational
approach, which can be divided into two parts. First, the
influence of radiation-induced changes to the atomic structure
on the VB spectra were explored by calculating the PDOS of the
Ir and Rh complexes for both the undamaged, ground state
structures and the experimentally-determined damaged struc-
tures. Second, a more detailed exploration of damage was
performed by mimicking some of the key physical processes
involved. To ensure that the computational results described as
closely as possible the true nature of the samples used in
experiment, crystal structures were those obtained from Rietveld
refinements of XRD patterns of samples. A flowchart summaris-
ing the overall theoretical approach is presented in Fig. 1.

2.1 Influence of atomic structure

Initially, calculations of the total and projected densities of states
of [Ir(COD)Cl]2 and [Rh(COD)Cl]2 were performed on the ground
state structures using the PBE functional,14 and compared directly
to experimental VB spectra from XPS experiments. The input
crystal structures were obtained from Rietveld refinements of the
first minimum XRD dose (corresponding to 6 MGy and 2 MGy for
Ir and Rh complexes, respectively), assumed to be the intrinsic,
undamaged structure. PDOS calculations were performed for both
the unrelaxed (i.e. experimental) and relaxed structures, wherein
both the atomic positions and cell parameters were optimised.
Comparative PDOS calculations were also carried out using the
PBE0 hybrid functional.15 Although PBE0 results were in margin-
ally better agreement with experiment than PBE, the PBE results
nonetheless provided satisfactory agreement with experiment and
thus PBE is used throughout.

Total and projected DOS were then calculated for the damaged
structures, using structures obtained from the refinement of
PXRD datasets corresponding to an X-ray dose equal to the
maximum dose absorbed by the sample during the 35 hour XPS
experiment.13 Similarly, the structures corresponding to the max-
imum dose achieved at beamline I11 during the PXRD experi-
ments of 2903 MGy and 1012 MGy for the Ir and Rh complexes,
respectively, were used to gain insights into the contributions of
states at this point of severe structural damage. Initially, the
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damaged structures were relaxed with DFT, however they reverted
back to the undamaged ground state form after geometry opti-
misation. I.e. without the imposition of any external conditions,
the damaged structures appear to only be metastable. In future it
might be interesting to try relaxing while mimicking experimental
conditions, e.g. while imposing an explicit charge, to see if the
relaxed structures stay closer to the damaged structures instead of
reverting to the ground state. However, for the purposes of this
work, only the experimental, unrelaxed structures were employed
for this step.

2.2 Simulating X-ray induced changes

Following the exploration of structural effects, an attempt to
model the effects of radiation damage on the DOS and PDOS of
the complexes was made by mimicking the known processes
that occur during X-ray exposure, as determined from XPS
experiments, namely the photoreduction of the metal and the
loss of Cl. These changes were applied to the initial, minimum
XRD dose, relaxed and unrelaxed structures, and comparisons
made with the maximum XPS dose VB spectra, to determine
whether applying these changes theoretically gives a reliable
description of the radiation damage process. In order to
simulate the photoreduction of the metal, PDOS calculations
were carried out on structures with negative charges explicitly
added to the initial structure, from one to 16 in integer electron
intervals for the Ir complex, and one to eight for the Rh
complex. These values were chosen since they correspond to

the total number of metal/chlorine atoms in the associated
unit cell.

The next stage was to mimic the severe loss of Cl observed in
both Ir and Rh complexes. Since the M—Cl central core com-
prises of Cl�, and in order to remove this ion from the system, Cl
atoms from one to 16 were removed in one atom steps from the
initial structure, and an extra positive charge added for every Cl
atom removed, to take into account the more positively charged
complex left behind. As this presents an extreme case, to
combine both the metal reduction and the loss of Cl, again,
one to 16 and one to eight Cl atoms are removed from the initial
Ir and Rh cells, respectively, with no extra charges added to the
neutral systems. This combined approach describes the removal
of the Cl atom from the system but also the presence of the
remaining electron which drives the metal photoreduction at a
ratio of 1 : 1 of Cl atoms lost : electrons added. In order to gain
useful insights into the localisation of charge after perturbing
the initial (neutral) undamaged system due to adding charges
and removing Cl, Bader charges of these new structures were
extracted and compared with those of the initial structure.16

2.3 Computational details

All calculations were performed using the CASTEP code (plane-
wave basis set),17 with computational parameters chosen to be
the same as in our previous work, wherein they were deter-
mined based on a combination of convergence tests, e.g. for the
cut-off energy and k-point sampling, and comparison of the

Fig. 1 Schematic summarising the computational approach taken in this study. The starting structures (yellow boxes) input into the calculations were
obtained from Rietveld refinements of PXRD patterns collected, as discussed in Fernando et al.13
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resulting simulated spectra to experimental data.13,18 These
parameters are restated here for convenience. The PBE
exchange–correlation functional was employed with norm-
conserving pseudopotentials (NCP).19 The number of electrons
treated explicitly was 15 and 17 for the metals of [Ir(COD)Cl]2

and [Rh(COD)Cl]2, respectively. A maximum force tolerance of
0.02 eV Å�1 was used for geometry optimisations and the semi-
empirical Tkatchenko–Scheffler dispersion correction scheme
was applied to account for van der Waals interactions.20

All geometry optimisation calculations were carried out with
no spin polarisation using the BFGS scheme,21 allowing both
lattice parameters and atomic coordinates to be optimised. For
both Ir and Rh complexes, an energy cut-off of 900 eV was
selected, whilst a 1 � 1 � 1 G-point only grid was chosen for the
Ir complex and a 2 � 1 � 2 Monkhorst–Pack k-point grid for the
Rh complex.

All PDOS calculations were performed using a Mulliken-style
population analysis and later post-processed using the Opta-
DOS code.22 The density of states were sampled at 0.01 eV
intervals. For both the Ir and Rh complexes, the LCAO basis
states applied were 4/2/2/1 for Ir(Rh)/C/H. To account for
experimental broadening, a Gaussian broadening of 0.44 eV
was applied, determined by the energy resolution of the Ther-
moScientific K-Alpha spectrometer used in XPS experiments,
with a gold foil.

To enable comparison of the DOS with the experimental VB
spectra from XPS, the Galore package was used to weight the
calculated PDOS,23 according to the Scofield photoionisation
cross-sections at 1.48667 keV (Al Ka).24,25 A Shirley background
was subtracted from the experimental VB and normalised
relative to the maximum peak intensities. To align the energies
of the DOS and valence spectra, the DOS spectra were shifted by
a value determined by taking a linear fit of the leading VB edge
of the minimum dose VB spectra and determining the energy at
half the maximum intensity.

3 Results & discussion
3.1 Atomic structure

Geometry optimisations were carried out on the minimum dose
(starting) XRD structures of both Ir and Rh complexes. The
lattice parameters obtained from these relaxed structures are
presented in Table S1 in the SI along with the lattice parameters
from the minimum and maximum dose (start and end) struc-
tures, extracted from Rietveld refinements of PXRD data, for
comparison. The geometry optimised structures clearly show
good agreement with the starting experimental structures, with
maximum deviations of 2–3% in the b (c) lattice parameter of
the Ir (Rh) complex.

3.2 Ground state projected densities of state

In order to determine the electronic structure of the two
complexes at the minimum dose, PDOS calculations were
carried out on the relaxed and unrelaxed structures (i.e. non-
geometry optimised and experimental, respectively). PDOS

results obtained directly from these calculations are termed
‘‘unweighted’’ as they have not yet been treated to take into
account photoionisation cross-sections.

Considering the minimum dose structures, at 4 MGy and 2
MGy for Ir and Rh complexes, respectively, there is a region of
negative DOS at 5 eV and 13 to 17.5 eV for both complexes,
associated primarily with the metal p-state. Since negative
densities are unphysical, it is likely that the negative DOS is
an issue of the Mulliken projection scheme used in the PDOS
calculations not being well justified. Earlier tests using the
wavelet-based BigDFT code26 to simulate the molecules in gas
phase, discussed in Fernando et al. showed there was no
negative PDOS contribution, indicating that this issue is a
result of the projection approach, and not a general limitation
of DFT or the functional employed to model these systems.13

Another metric for the quality of the projection is the
spilling parameter, which gives an indication of whether or
not the LCAO basis applied is complete enough. Different
combinations of LCAO basis functions were tested; in each
case the spilling parameter was small (o1%), with little varia-
tion across basis sets (see Table S2 in the SI). Therefore 4/2/2/1
was chosen in both cases in order to minimise the negative
DOS contributions.

3.2.1 Relaxed vs. unrelaxed structures. Before investigating
the changes in electronic structure in the damaged structures,
an initial comparison was made of the relaxed vs. unrelaxed
undamaged structures. To this end, the unweighted PDOS of
the relaxed and unrelaxed structures from the minimum dose
XRD data are shown in Fig. S1(a), (b) and S2(a), (b), with the
corresponding weighted spectra and experimental comparison
in Fig. S1(c) and (d) for [Ir(COD)Cl]2 and Fig. S2(c) and (d) for
[Rh(COD)Cl]2. The overall lineshapes of the unrelaxed and relaxed
structures of the Ir complex have total PDOS that agree well with
the experimental VB. The relaxed structure, however, shows the
closest agreement, particularly considering the width of the main
low energy feature. The unrelaxed PDOS does not take into
account the secondary Ir d feature at E3 eV that is observed both
in the relaxed DOS and experimental VB. Previous calculations
showed only small differences between the relaxed solid state
PDOS structure and that of a gas phase molecule extracted from
the structure without further relaxation. Therefore, the differences
between the relaxed and unrelaxed spectra can be attributed to
differences in internal molecular structure, rather than intermo-
lecular interactions. For example, the Ir–C bond lengths have a
much wider spread of values in the unrelaxed structure than in
the relaxed one, ranging from 2.09 to 2.11 Å in the relaxed
structure compared to 2.05 to 2.29 Å in the unrelaxed structure.
This gives rise to more distinct features in the C s and p peaks in
the unweighted PDOS of the unrelaxed structure (see Fig. S1(c)
and (d)), in turn affecting the shape of the weighted PDOS.

For the Rh complex, the PDOS of the relaxed structure,
shown in Fig. S2(c) has very good agreement with the normal-
ised experimental VB, notably the lineshape of the main Rh d
feature at the top of the VB. There are slight discrepancies in
the relative intensities between the relaxed theory and experi-
ment in the region between 4–8 eV where there are two
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competing effects from the Rh d and Cl p states. The differences
between the DOS of the unrelaxed structure and the experi-
mental VB, see Fig. S2(d), although subtle, are greater than those
between the relaxed structure and the experimental VB. Most
notably, there is a slight deviation of the top of the main Rh d
state towards lower BE, which results in the misalignment of this
region relative to the experiment. This can be attributed to the
reduced contribution of the Cl p state at approximately 3 eV in
the unrelaxed structure, which leads to an overall underestima-
tion of intensities in this region of the total DOS.

Since in both cases the relaxed structures show better
agreement with experiment, only these will be used for sub-
sequent comparisons with the results for the damaged
structures.

As reported in Fernando et al., for both complexes, the
region closest to the valence band maximum (VBM), is domi-
nated by the metal d states, which explains the intensity
increase observed in XPS in this region as well as across the
4–8 eV region upon irradiation due to the photoreduction of the
metal centres. The PDOS in this energy range shows greater
hybridisation with Cl p states. From previous XPS results,13 Cl
is known to be lost from both catalysts upon irradiation,
however, as there is a notable increase in VB intensity con-
tribution in this region, it can be deduced that the increase in
electron density for the metals (i.e. photoreduction) dominates.

3.3 PDOS with damaged initial structures

To confirm the validity of the above hypotheses based on the
minimum dose PDOS spectra, and provide further insights into
the physical processes upon irradiation, the PDOS of ‘‘damaged’’
structures are calculated. These correspond to the structures at
maximum absorbed dose during XPS measurements and max-
imum dose absorbed during the PXRD experiments, which are
presented in Table 1 and obtained from Fernando et al.13

PDOS calculations of damaged structures enable direct
comparison with the maximum dose VB spectra collected.
The unweighted and weighted PDOS for the minimum XRD
dose, maximum XPS dose, and maximum XRD dose structures
are presented in Fig. S3 (in the SI) and Fig. 2, respectively. As
might be expected due to the lack of external constraints, the
damaged Rh structures reverted back to the minimum dose
structure, and thus only unrelaxed damaged structures are
included.

Considering first the changes to the PDOS of the Ir complex
as X-ray dose is increased, it is clear that there are some
discrepancies between the 4 MGy PDOS and TDOS (Fig. 2(a))
with that at 26 MGy (Fig. 2(b)), the maximum dose achieved
during XPS experiments. However, the 4 MGy DOS here is of the
relaxed structure, whereas the 26 MGy and 2903 MGy corre-
spond to the PDOS of the unrelaxed structure. In fact, previous
work showed that there is no notable difference between the
unrelaxed 4 MGy DOS and the unrelaxed 26 MGy DOS.13 As
such, Fig. 2(b), shows very little similarity with the VB collected
at the same dose. For instance, the overall broadening of the
VB, the increase in intensity between 3–6 eV, the drop in
intensity of the main Ir d state feature and the slight increase

in intensity contributions at the VBM, are not observed in the
DOS plot. A further increase in the dose is considered, with the
DOS of the system at 2903 MGy, Fig. 2(c). It is interesting to note
that at this maximum XRD dose, the total DOS shows some
resemblance to the experimental VB at maximum XPS dose,
despite the disparities in absolute dose. This could indicate that
values of absorbed dose during XPS measurements have been
underestimated or that the influence of environment plays an
important role. At 2903 MGy, there appears to be an increase in
contributions at the VBM, as well as at approximately 3 MGy
where a secondary feature, associated with the Ir d states, is now
prominent. This leads to an overall broadening of the TDOS
which is consistent with experimental observations with increas-
ing dose. In the 4–8 eV region, the hybridisation of Ir d and Cl p
states remains, although the intensity contributions of both, as
well as the Ir s state (at 7 eV) are greater than at 4 and 26 MGy.

There are also notable differences in the unweighted and
weighted PDOS across the varying dose structures for the Rh
complex, see Fig. S3 and Fig. 2(d)–(f). Moving from the 2 MGy
PDOS to the maximum XPS dose PDOS at 42 MGy, there is a clear
increase in Rh d state intensity contribution at the VBM position,
which agrees with the experimental observation, pointing to a
metal photoreduction. There appears to be no significant change
in the Cl p state at 42 MGy, relative to the minimum dose
structure at 2 MGy. However, as in the Ir case, the broadening of
the VB at 42 MGy is not completely taken into account in the
theory at the same dose. Further increasing the dose to 1012
MGy, does not bring about significant change in the PDOS—the
only notable difference being the slight increase in intensity of
the Rh d feature at 1.8 eV, which leads to an overall increase in
TDOS in this region, as observed in experiment.

Overall, direct comparisons of theory and experiment using
structures of the damaged Ir and Rh complexes have proved
insightful. For both complexes, it is clear that the DOS of the
minimum dose, relaxed structure offers the closest agreement
to experiment. Increasing the dose to the maximum cumulative
dose achieved during XPS experiments, shows some similarity
with experiment at the same dose, notably with an increase in
DOS towards the VBM, however the extent of these changes
appears to be underestimated with respect to experiment. The
intensity loss with dose and broadening of the metal d state
features at this dose is notably less in theory than experiment for
both complexes. Although there is no direct experimental VB
comparison at the dose achieved at maximum XRD (2903 MGy
for Ir and 1012 MGy for Rh), it is evident that for the Ir complex,

Table 1 X-ray dose of [Ir(COD)Cl]2 and [Rh(COD)Cl]2 in their undamaged
and damaged states. This corresponds to the minimum XRD dose struc-
ture (undamaged) and the maximum dose absorbed at the end of long-
duration XPS and PXRD experiments (damaged)

Experiment condition

Dose/MGy

[Ir(COD)Cl]2 [Rh(COD)Cl]2

Min. XRD (undamaged) 4 2
Max. XPS (damaged) 26 42
Max. XRD (damaged) 2903 1012
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overall broadening continues, as a result of a growing 3 eV Ir d
state feature and increase in DOS at the VBM. From 42 MGy DOS
to the maximum dose structure of the Rh complex (1012 MGy),
there is surprisingly very little change in DOS, although a slight
increase in intensity of the Rh d state at 5 eV is observed, which
is consistent with the intensity rise observed in experiment. Due
in large part to these discrepancies between theory and experi-
ment, it was decided not to look at any additional intermediate
dose structures, but rather to focus on exploring other factors
which might better account for the observed changes in the
spectra.

3.4 Simulating X-ray induced chemical change

3.4.1 Simulating X-ray-induced photoreduction. Given that
the use of experimentally damaged structures alone was not
sufficient to capture the changes in electronic structure visible
in the VB, the next step was to directly model the observed
photoreduction by adding a series of negative charges to the
minimum dose structures.

Fig. S4 and S5 in the SI show both the unweighted and
weighted PDOS of the relaxed and unrelaxed starting minimum

dose structures when 1 to 16 and 1 to 8 electrons are added to
the Ir and Rh complexes. As discussed above, it is clear that the
overall increase in DOS and lineshapes of the relaxed system is
closer to the experimental VB than the unrelaxed system. The
feature below EF at approximately �1 eV can be attributed to
the unoccupied conduction band states, which are invisible
to XPS experiments. The intensity of this peak in the charge
neutral case is dependent on how many extra bands are
included in the calculation. Increasing the number of electrons
in the system, sees a gradual shift of the VBM closer to the EF,
in addition to a slight intensity loss in the VB (where the main
metal Ir d state lies). Both these observations are in good
agreement with experiment, however no notable broadening
of the TDOS in either the Ir or Rh complexes, with increasing
charge is seen in this model, which is reflected in experiment
as an increase in intensity contributions between 3.8 eV and
7.0 eV. Based on the fact that the trends observed are consistent
in both the relaxed and unrelaxed systems, but the initial DOS
spectra agrees closer with the relaxed structures, from now on
only the minimum dose relaxed structures of both complexes
will be considered.

Fig. 2 Electronic structure of the undamaged (minimum dose) and damaged structures (maximum dose) of [Ir(COD)Cl]2 and [Rh(COD)Cl]2. All
subfigures correspond to weighted densities of states of: (a) the minimum XRD dose structure at 4 MGy, (b) at the maximum XPS dose of 26 MGy, and (c)
at the maximum XRD dose of 2903 MGy. Similarly, for [Rh(COD)Cl]2, the weighted DOS is presented for (d) the minimum XRD dose structure at 2 MGy, (e)
at the maximum XPS dose of 42 MGy, and (f) at the maximum XRD dose of 1012 MGy.
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It is interesting to explore the individual contributions of the
states to the total DOS when the number of electrons is
increased. For simplicity, a comparison is made between no
added electrons, 8 (4) added electrons and 16 (8) added
electrons for relaxed Ir (Rh) complexes in Fig. 3. Considering
first the top row, corresponding to [Ir(COD)Cl]2, there is little to
no variation in relative energy positions of all the PDOS features
moving from 0 to 8 to 16 added electrons. There is, however, a
notable drop in overall intensity of the Ir d state with increasing
number of electrons. This is compounded with the subtle drop
in the intensity of the first of the split peaks comprising the Ir d
contribution, relative to the second, higher energy position
feature. Increasing the number of electrons sees no change in
the Cl and C state contributions. In the bottom row of Fig. 3 the
TDOS and PDOS of the Rh complex, with no added electrons, 4
and 8 added electrons, are presented. As in the Ir calculations,
there is a gradual increase in intensity contributions around
the VBM and a shift of the VBM towards the Fermi energy (EF).
An overall intensity drop is also observed with increasing
electrons. From the PDOS Fig. 3(f)–(h), there is an overall
increase in Rh d states towards the VBM, resulting in a more
rounded appearance to the main feature of the VB. This change
is also observed in experiment. In the 4–8 eV region, where
hybridisation of the metal d and Cl p states occur, the metal
d-state intensities gradually drop, which means that the
relative contribution of the Cl p state, which has a maximum
at approximately 5 eV, increases with increasing electrons.

This results in an overall increase in intensity of the TDOS at
5 eV which agrees well with experiment at this energy.

3.4.2 Removing Cl ions. Aside from the metal photoreduc-
tion, another physical process known to occur from the pre-
vious radiation XPS studies is the loss of Cl from the complexes.
In an attempt to model this process explicitly, 16 and 8 Cl� ions
are removed from the minimum dose Ir and Rh complexes,
respectively, in integer steps, see Fig. 4. First considering the
changes in the Ir complex electronic structure (top row),
removing the Cl ion only, without metal photoreduction, as
expected, results in the VBM shifting away from the EF towards
higher binding energies, contrary to the experimental shift in
the VBM towards the EF. Interestingly, there is an overall
broadening effect on the VB due to increased electron localisa-
tion around the Ir p and s states as more Cl ions are lost.

The electronic structure changes to the Rh complex appear
to be more erratic and do not follow a consistent, gradual trend
with incremental Cl ion loss. Despite this, the leading edge of
the VB (Rh d peak) moves away from the EF as the number of Cl
ions removed reaches 8, which again is contrary to experiment.
It becomes increasingly difficult to decipher the point of VBM
in Fig. 4(e). The intensity contribution of the Rh d is also seen
to change erratically. The clear systematic trend that is obser-
vable as Cl ions are removed, is the greater localisation of
charge around the metal d states, reflected in the increasing
intensities at approximately 1.5–1.8 eV and at the main feature
at 2.5–4.0 eV. In the extreme case of no remaining Cl ions, there

Fig. 3 Calculated density of states for the minimum dose structure of (a)–(d) [Ir(COD)Cl]2 (top row) and (e)–(h) [Rh(COD)Cl]2 (bottom row) at 4 MGy and
2 MGy, respectively. (a) The DOS as 1 to 16 charges are added, with the minimum and maximum XPS dose VB. (b)–(d) Correspond to the PDOS at various
stages of charge addition, with 0 (neutral), 8 and 16 added electrons. (e) The DOS as 1 to 8 charges are added to the Rh complex with the minimum and
maximum XPS dose VBs. (f)–(h) The PDOS at various stages of charge addition, with 0 (neutral), 4 and 8 added electrons.
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appears to be some added charge contribution from the Rh s
state. Overall, there is very little similarity between experimental
VB trends and PDOS when removing Cl ion alone, except the
broadening of the Ir complex VB. This model also does not take
into account the formation of new Cl species following the
cleaving of Cl–M bonds. It is evident that removing Cl� ions
alone is too extreme a case. In reality, the competing effects of the
metal photoreduction and loss of Cl ions must be considered.

3.4.3 Removing Cl atoms. Based on the two previous
models and to take into account both the metal photoreduction
and loss of Cl seen in XPS, Cl atoms as a whole are removed
explicitly from the relaxed initial structures, reflecting the loss
of the Cl ion, and the excess electron resulting in the reduction
of the metal in the M–Cl central core. Again a total of 16 and 8
Cl atoms are removed in integer steps from the Ir and Rh
complexes, respectively. The TDOS with increasing Cl loss,
along with the PDOS for the neutral case, middle case (half
Cl atoms in unit cell removed) and extreme case (all Cl atoms in
unit cell removed) are presented in Fig. 5.

Overall, there is an increase in DOS towards VBM with Cl
atom loss, which can be attributed to the increased localisation
of the excess negative charge around the metal d states. In the
Ir complex, this is also reflected in the broadening of the VB
with increasing Cl loss, which is in good agreement with
change in the experimental VB with increasing dose. The
change observed in the DOS is certainly in closer agreement
with the experimental changes, relative to the reduction and Cl-
ion loss models discussed previously, as this model takes into

account the multi-faceted processes involved. A shifting of Ir p
states towards higher energies with loss of Cl is also seen to
occur, when comparing the neutral, 8 and 16 Cl loss PDOS. This
change could point to the Ir p state electron localisation and
interaction with the Cl atoms i.e. the contribution of the Ir p
state electrons to the bonding with the Cl atoms.

In addition, from 6 to 8 eV, the movement of Ir states
depends on whether the electron remains within the system
(neutral) or is taken out (Cl ion), affecting the rate of intensity
drop in this region. When all the Cl atoms are removed, all the
remaining electrons localise around the iridium states which
explains the build up of charge near the EF in this combined
case. This also occurs in the Rh complex as the number of Cl
atoms removed increases from 0 to 4 to 8 atoms. Unlike in Ir,
only the Rh d and Cl p states are prevalent. A drop in Cl
intensity is observed, as expected, combined with a loss in Rh d
intensity. As more Cl atoms are removed, charge localisation
occurs also on the Rh s state. In this particular model, there is a
1 : 1 loss in Cl to gain in electron. However, from earlier
discussions, in the 4–8 eV region, photoreduction dominates,
potentially signifying that a 1 : 2 ratio better describes the
scenario. Additionally, it would be interesting to explore relaxa-
tion of the structures with added electrons and lost Cl atoms, to
determine whether this would match experiment more closely.

3.4.4 Charge analysis. In order to better understand and
quantify the localisation of charge after perturbing the mini-
mum dose structure with the addition of electrons and removal
of Cl, charge analysis was carried out. Bader and Mulliken

Fig. 4 Calculated density of states for the minimum dose structure of [Ir(COD)Cl]2 (top row) and [Rh(COD)Cl]2 (bottom row) at 4 MGy and 2 MGy,
respectively. (a) The DOS as 1 to 16 Cl� s are removed, plotted with the minimum and maximum XPS dose VB. (b)–(d) Correspond to the PDOS at various
stages, after 0, 8 and 16 Cl� s removed. (e) The DOS as 1 to 8 Cl� s are removed from the Rh complex and plotted with the minimum and maximum XPS
dose VBs. (f)–(h) The PDOS at various stages, after 0 (neutral), 4 and 8 removed Cl� s.
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charges were first calculated to compare whether both approaches
showed similar trends. Fig. S6 shows the change in average Ir and
Cl charge as a function of the number of electrons added in the
photoreduction model, using both Bader and Mulliken charge
analysis approaches. The average change in charge is determined
by taking the mean of the charge difference of all Ir/Cl atoms in
the unit cell after the addition of the electrons, relative to the
neutral case (number of electrons added = 0).

It is evident that in both charge analysis models, on average,
both the Ir and Cl atoms see a linear increase in charge with
electrons added, with the Ir atoms showing the greatest rate of
charge increase. The difference in charge is slightly more
extreme in the Mulliken charge model with respect to the Bader
equivalent, with the Ir atoms consistently showing a signifi-
cantly greater rate of charge increase and the Cl atoms showing
a smaller increase in charge, relative to the Bader model. The
differences between Bader and Mulliken charges for the Rh
complex are more subtle, see Fig. S7 in the SI. Given that both
Bader and Mulliken show the same trends across both relaxed
and unrelaxed initial structures, and as absolute charge values
are not particularly important here, rather, the relative compar-
isons between the M and Cl atoms comprising the central core,
only Bader charges will be presented going forward.

To gain further insight into the distribution of charge across
all atoms in the unit cell, the individual Bader charges are
plotted for the neutral, 8 and 16 added electron cases, see
Fig. 6. A clear difference is visible in the charge density
difference plots (see inset structures in subfigures (a) and (b))

with the Rh complex showing more localised changes to the
charge density. This is expected from the difference in diffu-
sivity between the Ir 5d and Rh 4d frontier orbitals, which are
more diffuse in the case of Ir, enabling a better overlap with
ligand orbitals, thereby leading to a higher degree of covalency.
In addition, Ir is less electronegative compared to Rh, again
favouring higher covalency. When the number of electrons is
increased from 0 to 8 to 16 for the Ir complex (Fig. 6(a)), the Ir
shows the greatest increase in charge, followed by Cl. There is
then a notable discrepancy between the charges localised
around the C atoms of the cyclooctadiene ligand that are
coordinated to other C atoms and the C coordinated to the
Ir–Cl centre. Those bonded to the Ir see an overall higher
charge density difference, as can be seen in the electron density
diagram in the inset of Fig. 6(a). The Rh complex, see Fig. 6(b),
shows the same order of change in charge from the Rh (highest),
Cl, C to H (lowest). However, unlike in the Ir complex, due to the
more localised changes to the charge density discussed above
which have little impact on either the C coordinated with Rh or
other C atoms, there is no notable difference in the charge
between the two different coordinations of C. In both complexes,
doubling the number of added electrons results in the doubling
of absolute charge localised around all atoms in the unit cell.
Linking back to the PDOS, the greater localisation of the addi-
tional charge around the metal compared to Cl in both systems
is reflected in the increase of the Rh d and Ir p and d states close
to the VB, with a much smaller increase in the Cl p contribution
(see Fig. 3).

Fig. 5 Calculated density of states for the minimum dose structure of (a)–(d) [Ir(COD)Cl]2 (top row) and (e)–(h) [Rh(COD)Cl]2 (bottom row) at 4 MGy and
2 MGy, respectively. (a) The DOS as 1 to 16 Cl atoms are removed, plotted with the minimum and maximum XPS dose VB. (b)–(d) Correspond to the PDOS
at various stages, after 0 (neutral), 8 and 16 Cls removed. (e) The DOS as 1 to 8 Cls are removed from the Rh complex and plotted with the minimum and
maximum XPS dose VBs. (f)–(h) The PDOS at various stages, after 0 (neutral), 4 and 8 removed Cls.
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Increasing the number of Cl ions removed from 0 to 8 to 16
for the Ir complex (Fig. 6(c)) and 0 to 4 to 8, for the Rh complex
(Fig. 6(d)), shows the metals to have the greatest increase in
charge. In fact, as the negative charge of Cl� is removed, all
other atoms (H and C) experience a notable drop in negative
charge, although this drop is small, relative to the loss of

electron density from the Cl and small gain around the metals,
as is highlighted in the schematics of the electron densities of
the molecular unit in the inset of Fig. 6(c) and (d). In other
words, the system overall becomes more positively charged, as
is expected. Where 8 (4) Ir (Rh) ions have been removed, the
charge on the remaining Cl atoms decreases, in contrast to the

Fig. 6 The change in Bader charge across all atoms in the unit cell, (a) when 8 (light grey) and 16 (dark grey) electrons are added, relative to the neutral
(0 added electron) charge for the relaxed, minimum XRD dose structure of [Ir(COD)Cl]2 and (b) when 4 (light grey) and 8 (dark grey) electrons are added
to the [Rh(COD)Cl]2 structure. (c) and (d) Depict the change in Bader charge across all atoms in the unit cell, (c) when 8 (light grey) and 16 (dark grey) Cl
ions are removed, relative to the neutral (0 added ions) charge of [Ir(COD)Cl]2 and (d) when 4 (light grey) and 8 (dark grey) Cl ions are removed from the
[Rh(COD)Cl]2 structure. Similarly, (e) and (f) depict the change in Bader charge across all atoms in the unit cell, (e) when 8 (light grey) and 16 (dark grey) Cl
atoms are removed, relative to the neutral (0 removed) charge of [Ir(COD)Cl]2 and (d) when 4 (light grey) and 8 (dark grey) Cl atoms are removed from the
[Rh(COD)Cl]2 structure. The pink, green and blue/orange data points correspond to the H, Cl, and Ir/Rh atoms, respectively. The purple data points
correspond to ligand C, coordinated to the metals and the grey corresponds to C in C–C coordination. The electron density difference, relative to the
neutral case, of the individual molecular unit for [Ir(COD)Cl]2 when 8 electrons/Cl ions/Cl atoms are added/removed, and (d) [Rh(COD)Cl]2 when 4
electrons/Cl ions/Cl atoms are added/removed are also presented as insets to the corresponding subfigure. The yellow represents regions of charge
addition and cyan, regions of charge depletion.
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increase in charge localisation on the metals. This is again
reflected in the PDOS (Fig. 4), where the metal p and d states
increase in intensity.

In the combined photoreduction and Cl loss case, increas-
ing the number of Cl atoms removed from 0 to 8 to 16 for the Ir
complex (Fig. 6(e)) and 0 to 4 to 8, for the Rh complex (Fig. 6(f)),
again shows the metals to have a substantial increase in
negative charge. This can be attributed to the remaining
negative charge of Cl�. These results show that this excess
charge from the Cl localises predominantly around the metals
after M–Cl bond cleavage. All other atoms (H and C) comprising
the molecule experience almost no change in charge, relative to
the neutral case as Cl atoms are removed. These results are
clearly presented in the electron density maps, see insets of
Fig. 6(e) and (f), and are also reflected in the PDOS (Fig. 5),
where the Rh (Ir) s and d (s, p and d) contributions increase
significantly compared to the Cl p.

The average change in Bader charge is again extracted, as in
Fig. S6, but now explored also as a function of electrons added,
and Cl ions and Cl atoms removed, focusing only on the M and
Cl atom charge contributions. In the photoreduction scenario
alone, for both complexes, the metal and Cl atoms see a gradual
increase in average charge with increasing electrons, see
Fig. 7(a) and (d) for Ir and Rh complexes, respectively. This

observation confirms that the electrons localise predominantly
around the metals (which experience a steeper incline in charge
with added electrons) but also around the Cl atoms. Next, when
removing the Cl ions alone, see Fig. 7(b) and (e), the metals
experience a gradual linear increase in charge, accompanied by a
simultaneous loss in overall charge density around the Cl atoms,
which can be attributed to the remaining excess negative charge
localising around the metals as would be expected from the
cleavage of the Cl–M bond. The rate of this charge increase,
however, is small, as the system experiences an overall positive
charge. For the Rh complex the loss of Cl charge is approximately
equal to the gain in Rh charge with Cl ion loss, although again,
these changes are very subtle. Removing the neutral Cl atom, see
Fig. 7(c) and (f), the localisation of charge around the Cl atoms
remains almost constant with increasing Cl atom loss. Meanwhile,
both Ir and Rh metals see a large increase in charge, which can be
attributed to the additional remaining electron from the Cl�.

4 Conclusions

In recent years, the value of predicting experimental XP spectra
using computational calculations has gained recognition, par-
ticularly in the calculation of core-level spectra.27–30 In this

Fig. 7 The change in Bader charge averaged across all metal and Cl atoms in the unit cell relative to the neutral charge case for the relaxed, minimum
XRD dose structures of the two complexes. The top row corresponds to [Ir(COD)Cl]2 when (a) electrons are added, (b) Cl ions are removed, and (c) the
combined case when Cl atoms are removed. The bottom row, (d)–(f), are the equivalent plots for [Rh(COD)Cl]2.
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work, the combined use of theory and experiment was extended
to determine X-ray-induced electronic structure changes using
DFT and XPS to aid in the deconvolution of experimental
valence band spectra. In so doing, the potential to uncover
insights into chemical changes (photoreduction and loss of
ligands) to complex organometallic systems with increasing
X-ray dose was demonstrated.

Specifically, a direct comparison of calculated spectra to
experimental X-ray photoelectron valence band spectra enabled
the correlation of individual atomic states to the electronic
structure via the PDOS. These calculations allowed for an
enhanced understanding of the electronic structure of
damaged structures from the end of previous long-duration
XPS and XRD measurements, acquired from refinement of
PXRD data at the respective absorbed dose. In addition, the
use of theory to mimic physical processes known to occur from
XPS studies in incremental steps shed further light on the
influence of photoreduction and loss of Cl on the electronic
structure of the catalysts. The impact on the electron density via
complementary Bader charge analysis successfully enabled the
quantification of atomic charge localisation at various stages of
the damage process. The work presented here confirms that
adding charge and removing Cl from the Ir and Rh complexes
alone is very much an extreme case, and that in order to more
accurately simulate experimental spectra with DFT, a combi-
nation of these competing effects must be taken into account.

The scenarios considered here are clearly not exhaustive of
the radiation-induced processes that occur. However, these
systematic calculations pave the way for future studies incor-
porating other physical effects. For instance, future calculations
could account for the photoelectron-induced presence/for-
mation of cascading radicals, in addition to the formation of
new Cl species, known to occur from previous XPS experiments
reported in Fernando et al.13 Additionally, to better understand
effects of ambient sample environments on X-ray damage,
systematic DOS calculations of the system under ambient
conditions (alongside comparative ambient pressure XPS
experiments) could be carried out. Finally, the combination of
theory and experiment employed here could be further
extended to other small molecule crystal systems, where a
detailed exploration of electronic structure can provide invalu-
able information to better understand their intrinsic behaviour
under X-ray irradiation.
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21 B. G. Pfrommer, M. Côté, S. G. Louie and M. L. Cohen,
J. Comput. Phys., 1997, 131, 233–240.

22 A. J. Morris, R. J. Nicholls, C. J. Pickard and J. R. Yates,
Comput. Phys. Commun., 2014, 185, 1477–1485.

23 A. J. Jackson, A. M. Ganose, A. Regoutz, R. G. Egdell and
D. O. Scanlon, J. Open Source Software, 2018, 3, 773.

24 J. Scofield, Technical Report, Lawrence Livermore Labora-
tory, 1973, UCRL-51326.

25 C. Kalha, N. K. Fernando and A. Regoutz, figshare, 2020.
26 L. E. Ratcliff, W. Dawson, G. Fisicaro, D. Caliste, S. Mohr,

A. Degomme, B. Videau, V. Cristiglio, M. Stella,
M. D’Alessandro, S. Goedecker, T. Nakajima, T. Deutsch
and L. Genovese, J. Chem. Phys., 2020, 152, 194110.
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