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A series of molecular gallium compounds were analyzed using X-ray photoelectron spectroscopy (XPS).
Specifically, the Ga 2ps,, and Ga 3ds,, photoelectron binding energies and the Ga LzMysMy4s Auger
electron kinetic energies of compounds with gallium in a range of assigned oxidation numbers and with
different stabilizing ligands were measured. Auger parameters were calculated and used to generate
multiple chemical speciation (or Wagner) plots that were subsequently used to characterize the novel
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gallium—cryptand[2.2.2] complexes 1-3 that possess ambiguous oxidation numbers for gallium. The
results presented demonstrate the ability of widely accessible XPS instruments to experimentally
determine the chemical state of gallium centers and, as a consequence, provide deeper insights into

www.rsc.org/dalton reactivity compared to assigned oxidation and valence numbers.
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ity. Two formalisms exist for classifying the atoms of interest Oxidation numiber=+3 Cricidistise. mu T
in a new compound: oxidation or valence numbers." As put Valence numbor =3 Valence number =3

forth by Parkin, the oxidation number can be described as
“..the charge remaining on an atom when all ligands are
removed heterolytically...”, with the electron pairs involved in
bonding given to the atom with the larger electronegativity.
Conversely, valence indicates the “number of electrons that an

Fig. 1 Differences in oxidation and valence numbers for BF; and BF .

atom uses in bonding”.> While the oxidation and valence ~ ~
numbers are sometimes equal, many examples exist for main F\B,F BFs - BFs
group compounds where this is not the case. As an example, |': M.. CI”
Group 13 halides in their monomeric forms are assigned an Valence number: 3 @
oxidation and valence number of +3, illustrated using BF; in + —_
Fig. 1. In B,F,, each boron atom is assigned an oxidation BF; as
number of +2, and a valence number of 3. Both compounds M.. x
react primarily as Lewis acids, despite their different oxidation
numbers,®>* and demonstrate that one measure alone cannot
be used to predict the reactivity of main group compounds. Base
Although Parkin argues that the valence number of an ol o [Bzpiny{Base)] as

atom is more reflective of its chemical state, several main DaB_an Electrophile . X
group complexes do not follow this narrative. For example, in
Scheme 1, although both compounds have valence numbers of Valence number: 3
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Scheme 1 Example of how the valence number can fail to accurately
predict reactivity.
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3, BF; reacts as a Lewis acid and an electrophile, coordinating
to the oxygen atom of 1-cyclohex-2-enone.”> Conversely, if a
base such as a phosphine or methoxide is added to B,pin,
(pin = pinacolato), the boron fragment acts as a nucleophile,
resulting in addition to the alkene, demonstrating that the
construct of valence numbers can fail when attempting to
predict reactivity.®

Another example where valence numbers do not properly
predict reactivity is observed for unsaturated main group com-
pounds, examples of which are shown in Fig. 2. Here, a multi-
ply bonded digallene’ and disilene® are shown, along with
their assigned oxidation and valence numbers. While the
valence numbers depict main group centers that are using all
of their available electrons for bonding, their oxidation
numbers demonstrate that these two complexes are reactive
toward a variety of organic and inorganic substrates.”'° It is
evident that while chemically intuitive qualitative descriptors
can aid in the prediction of reactivity, experimentally deter-
mined measures of the chemical state of a given atom in a
compound are needed.

As with its lighter congeners, gallium chemistry has many
examples where the assigned oxidation number and reactivity
of a given complex may not correlate. Often, the oxidation
numbers of individual atoms may not be immediately evident
upon initial scrutiny, and depending on the compound, the
formalism of oxidation numbers may not accurately represent
the reactivity of the molecule. It is, therefore, important to use
a measure that has an experimental basis that can correctly
give indications as to what types of reactivity can be expected.
As examples, the structural and bonding characteristics of two
common “low valent” gallium starting materials, ‘Gal’ and
Ga,Cl,, have required extensive studies to firmly establish the
compositions of both compounds and to understand their
reactivity.

As the crystal structure of ‘Gal’ could not be determined
due to its insolubility, susceptibility to disproportionation in
donor solvents, variable composition, and amorphous nature,
only spectroscopic and diffraction methods have been used to
determine the composition of ‘Gal'.'' A recent study utilizing
Raman, "'Ga solid-state NMR, and '*’I NQR spectroscopies
and powder X-ray diffraction has revealed that, depending on
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Fig. 2 Oxidation and valence numbers of a digallene and a disilene.
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the reaction time, ‘Gal’ can have vastly different compositions;
its chemical formula was found to be either [Ga’],[Ga*][Gal,]
or [Ga®],[Ga™],[Ga,l,> ]! The formulae were elucidated using
the chemical shift values and quadrupolar coupling constants
of the 7'Ga solid-state NMR signals, and the unique
frequencies of the '*’I NQR signals of the multiple iodide
environments present in the ‘Gal’ samples. Despite its variable
composition and the presence of higher oxidation numbers
within the sample, the reactivity of ‘Gal’ can mostly be
attributed to the gallium(i) centers, but the occurrence of
gallium(u) and gallium(ur) products can be attributed to the
ease with which Lewis bases can cause disproportionation of
the gallium(1) cation or the existance of gallium centers with
higher oxidation numbers in the starting material.

Similarly, the structure of Ga,Cl, was initially unknown,
and it was uncertain as to whether Ga,Cl, was a gallium(u)
compound containing a gallium-gallium bond with equivalent
gallium centers, or a mixed valent salt with a gallium() cation
and a tetrachlorogallate(in) anion (Fig. 3). Following successful
crystallization, it was determined that the latter description
was the most accurate.”®> As an added complexity,
comproportionation of Ga,Cl, from [Ga][GaCl,] to Cl,GaGaCl,
readily occurs upon the addition of a Lewis base to the
complex.’® *°Cl and ®””'Ga solid-state NMR spectroscopy have
also been utilized to characterize [Ga][GaCly]. Two gallium
environments exist: the gallium(1) signal is centered around
—610 ppm, and the tetrachlorogallate(ur) signal is located at
231 ppm.'*"'®> While the significant difference in the electronic
nature between the two sites allows for easy characterization
and assignment in this salt, in more complex species, it may
be more difficult to assign an oxidation number based on
chemical shifts or quadrupolar coupling constants.

Examples where the oxidation number of gallium in a given
complex is ambiguous despite knowing the molecular struc-
ture often arise when multiple atoms of a given element are
bound together, or when a gallium center is bound by ligands
that are capable of hosting electron delocalization or a negative
charge. An example is shown in Fig. 4. Here, a [Gasl,]**
fragment stabilized by NacNac ligands can be described by
multiple bonding descriptors, two of which are shown. The
ambiguity of the bonding in this compound cannot be
resolved through structural or traditional spectroscopic

GI“G n_gal «Cl
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Oxidation Numbaer: +2
I+3

[GaYj[Gal"Cl,]

Oxidation Numbers: +1, +3
10, +3

Fig. 3 Two possible structures of Ga,Cly.
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Fig.4 Two bonding models for the [Gasls®* core of
[Gasl4(B¥MesNacNac)s], with the NacNac ligands removed for clarity.

methods typically employed by synthetic chemists,
highlighting the need for alternative techniques for chemical
state determination."®

We have recently reported the synthesis of novel cationic
multinuclear gallium-cryptand[2.2.2] complexes, 1 and 2.
Despite extensive characterization using the standard spectro-
scopic techniques and analysis of the bonding using compu-
tational methods, the oxidation numbers of the gallium
centers were ambiguous.’”” Thus, we sought out a means to
assess the chemical state of the gallium in these complexes to
aid in the prediction and rationalization of their reactivity.

Experimental techniques for chemical
state elucidation

Very few analytical methods for the evaluation of the chemical
states of main group elements exist. One well-known technique
is Mossbauer spectroscopy. This method uses y-irradiation to
induce a nuclear transition in the sample. Although Mo6ss-
bauer spectroscopy is extremely sensitive and is very effective
at distinguishing chemical states of certain elements, the tech-
nique is somewhat limited since few elements of the periodic
table have adequate y-ray sources and y-ray sources are subject
to decay.'®'® Although Mossbauer spectroscopy has been used
for many years as an effective technique to probe the bonding
and chemical states of molecular tin and iron compounds,**~
more widely accessible techniques for chemical state determi-
nation are desired for those elements which do not possess a
suitable Mossbauer source.

Another spectroscopic method that has been utilized for
the assessment of the chemical state of main group com-
pounds is solid-state NMR spectroscopy. Our group has used
33Cl solid-state NMR spectroscopy as an indirect probe for eval-
uating the chemical state of a range of chlorogermanes. The
magnitude of the quadrupolar coupling constant (Cq) of the
33Cl signal was found to correlate to the oxidation number of
the germanium center.”® While this has been shown to be
effective, methods which probe the element of interest directly
and are more generally applicable are desired.

X-ray absorption near edge structures (XANES) has been
commonly employed to evaluate the local geometry and chemi-
cal state of a given atom in a molecular compound or
material.>**® There are, however, many disadvantages to using
XANES to probe the chemical state of a given element; a syn-
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chrotron is required to perform such experiments, and signifi-
cant expertise in this field is required for data acquisition and
interpretation limiting the use of XANES. Nonetheless, XANES
has much promise in this endeavor.*”

Another technique that has been used for chemical state
elucidation is X-ray photoelectron spectroscopy (XPS). Unlike
the aforementioned *°Cl solid-state NMR spectroscopic study
for germanium compounds, the presence of an indirect probe,
in this case a chloride ligand, is not required, as the data
obtained pertains directly to the element being examined.
Similar to XANES, XPS provides information on the chemical
state of the atom using X-ray radiation. Unlike XANES, the
technique is widely accessible, as a synchrotron is not
required. XPS can be used to analyze most solid samples and
can detect all elements except for hydrogen and helium.
Although XPS has been utilized primarily for surface analysis
and speciation, it may be applied to molecular compounds as
well, despite the rarity of such reports in the literature. The
dearth of XPS studies on molecular compounds may arise
from the potential for surface contamination, as often con-
taminants remain in the analysis chamber, which, despite the
ultra-high vacuum, may deposit on the surface of the sample.
In some cases, when the contaminant contains the primary
element of focus for a particular study, the data obtained may
be affected. However, this is not the case for many main group
elements, as they are rarely observed as contaminants. While
contamination of the sample may result in a decrease in the
desired signal intensity, this is not a significant problem if the
signal of interest is of a sufficient strength.?®

The initial process of performing XPS is straightforward. A
sample is placed inside an observation chamber that has been
put under ultra-high vacuum (~10~° Torr). The sample, which
is spread onto a sample holder, forming a surface, is bom-
barded by high-energy X-ray photons (Ey,) (typically
monochromatic Al K(a) radiation at 1486.71 eV or Mg K(a) at
1253.6 eV). This causes the expulsion of core electrons from
the atoms present in the sample, termed photoelectron
emission. The kinetic energy of the photoelectrons is
measured, and is related to the binding energy of the electrons

by eqn (1):
Ex = Eny — Eg — hxps (1)

where Ex is the kinetic energy of the photoelectron, ¢xps is the
work function of the XPS spectrometer, and Ey is the binding
energy of the photoelectron. The binding energy is specific to
each orbital for each element of the periodic table. The
usefulness of XPS relies on the fact that the binding energies
shift depending on the chemical state of the atom. The
chemical state can be thought of as any variable that can affect
the nature of the atom being observed. For example, changes
in oxidation or valence number, ligand type, and charge can
affect the chemical state of an atom and the binding energies
of its photoelectrons. While using only binding energies to
probe the chemical state of certain elements can be somewhat
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inaccurate, the use of the Auger parameter can improve the
accuracy of these measurements.®
The original definition of the Auger parameter is shown in

eqn (2):
a = Ex(Auger) — Ex (2)
o' = Ep + Ex(Auger) (3)

where Eyx is the kinetic energy of the photoelectron, and
Ex(Auger) is the kinetic energy of the Auger electron.>® Auger
electron emission results from a relaxation mechanism,
whereby an atom, which has emitted a photoelectron, fills its
core hole, resulting in the simultaneous emission of an Auger
electron from a higher orbital, and the repopulation of the
core hole by an electron from the same orbital. The Auger
electron kinetic energy is dependent on the valence electron
richness of the atom being analyzed: as the electron richness
increases, the kinetic energy also increases. Although the
original Auger parameter was defined as the difference of the
kinetic energies of the photo- and Auger electrons, the
modified Auger parameter (eqn (3)), which is the sum of the
photoelectron binding energy and the Auger electron kinetic
energy, is independent of the X-ray energy used. The reasoning
behind using the Auger parameter in determining differences
in chemical states arises from the stronger influence of the
environment of the atom on the Auger electron energies for
some elements, as well as combining the influence of both the
photo- and Auger electron energies. This is an important
consideration for insulators and semi-conductors, as the
accumulation of charge on the sample can result in significant
deviations in electron energies. Additionally, any surface
charging shifts will be of the same magnitude, but of the
opposite direction in each of the components, and any
associated error will be eliminated.”® The modified Auger
parameter has been extensively studied and utilized, and
therefore, is now the accepted definition.>' Several reviews
have been published in recent years, outlining the
mathematical and theoretical background to using the Auger
parameter for the differentiation of chemical states.?***

The Auger parameter has been used for many elements of
the periodic table and its effectiveness is maximized when the
data are presented in a graphical plot. These are known as
chemical speciation or Wagner plots. An example is shown in
Fig. 5. Wagner plots contain three axes: on the left axis, the
Auger electron kinetic energy (Ex(Auger), or Ex(C'C"C""); these
are expressed in X-ray notation, i.e. LMM>®); on the bottom,
the photoelectron binding energy (Ep, or Ep(C); this is
presented in spectroscopic notation, i.e. 2ps;); and on the
right axis, the modified Auger parameter (a). The definition of
the Auger parameter leads to the generation of lines with a
slope of 1, which are equal to the value of the Auger
parameter, with the intercepts being equal to the
photoelectron binding energy and the Auger electron kinetic
energy for the x and y axes, respectively. Wagner plots are
known to be effective in chemical state determination,
allowing the differences in photoelectron binding energy and
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Fig. 5 A generic Wagner plot.

the Auger electron kinetic energy to be visualized. Although
the use of the Auger parameter and Wagner plots aids in the
determination of chemical states, the Auger parameter itself is
not a measure of the electron deficiency or richness of a given
element, as compounds with vastly different electronic
environments may have similar Auger parameter values.

An additional aspect of chemical state differentiation that
can be extracted from the Auger parameter and Wagner plots
are whether the differences between compounds are more
strongly influenced by initial or final state effects. Initial state
effects are shifts in the orbital energies of an atom before it is
subject to X-ray radiation. These effects are highly dependent
on the nature of the ligands bound to the element of interest.
In essence, the partial charge induced at the atom by the
attached ligands gives rise to significant deviations in the
binding energy observed. These deviations can be thought of
as a type of chemical shift. An example is the change in
binding energy as halide ligands are varied down Group 17, as
the binding energy is expected to decrease due to increased
electron density at the central atom. Final state effects result
from differences in polarization within the electron cloud of
the atom after it has been ionized by X-ray irradiation. Final
state effects are often dominant when dealing with com-
pounds that have the potential for significant polarization or
electron motility.>*”* From Wagner plots, a series of com-
pounds that follow a straight line with a slope equal to 1,
meaning they have similar Auger parameter values, have
similar final state characteristics, whereas samples that follow
a line with a slope of 3, have similar initial state effects.’®**
These trends, in some cases, can help discern between
differing chemical states of a given element. As an example,
when two lines, one with a slope of 1 and one with a slope of
3, are plotted on a Wagner plot for copper compounds and
intersect at the data point for copper metal, compounds with a
+2 oxidation number generally follow the line with a slope of
3, whereas those with a +1 oxidation number are closer to the
line with a slope of 1. These results would indicate that copper

Dalton Trans., 2016, 45, 7678-7696 | 7681
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compounds with a +2 oxidation number have similar initial
state effects but different final state effects. Alternatively,
copper compounds with a +1 oxidation number have similar
final state effects but different initial state effects.>?

Although many elements of the periodic table have been
extensively studied using XPS and chemical speciation plots,
few studies have involved gallium. Although the binding ener-
gies of several molecular gallium(m) compounds have been
reported,®® most studies have utilized XPS to characterize sur-
faces and study reactivity and structural features of gallium-
containing materials.**** Only one example of a Wagner plot
for gallium compounds has been reported in the literature,*?
and while more data exist for other main group elements,
these studies generally focus on the characterization of
materials and minerals.***>*® 1t is therefore of interest to not
only demonstrate the applicability of XPS and Wagner plots to
elucidate the chemical state of a variety of gallium compounds,
but to apply this technique to molecular compounds of other
heavier p-block elements. The goal of this study is to analyze a
range of standard gallium compounds with a variety of assigned
oxidation numbers, electronic and bonding environments using
XPS, and to generate Wagner plots to determine the chemical
states of these compounds. Distinctions between the assigned
oxidation numbers of the known complexes and the experi-
mental chemical states will be made in examples where these
quantities differ. Subsequently, three gallium-cryptand[2.2.2]
complexes (1-3) will be studied by XPS and following the deter-
mination of their chemical states, reactivities will be predicted.

Results and discussion

As described previously,'” several low valent gallium-cryptand
[2.2.2] complexes were synthesized from the mixed
valent halide salt Ga,Cl, ([Ga][GaCl,])."”> The facile
comproportionation of [Ga][GaCl,] was utilized, giving
Ga,Cl,(THF),,"* which was then added to cryptand[2.2.2], both
without and in the presence of trimethylsilyl triflate (TMSOTY),
leading to the generation of [Gaz;Cly(crypt-222)][GaCly], 1 and
[Ga,Cly(crypt-222)][OTf],, 2, respectively (Scheme 2). The

Ga,Cly(THF )y

1) excess Me,SiOTF

cryptand[2.2.2]
2) cryptand(2.2.2)

[GasCly(crypt-222)]iGaCly), 1 [GasCla{erypt-222)][OTf],, 2

,I.f-*’“\o.-" '_"-.O
NN\ o\ o\ N
G\._.P\/J
cryptand[2.2.2]

Scheme 2 Synthesis of gallium—cryptand[2.2.2] complexes, 1 and 2.

7682 | Dalton Trans., 2016, 45, 7678-7696

View Article Online

Dalton Transactions

analogous derivative with iodide ligands, [Ga,I,(crypt-222)]
[Galy];.75[OTf]o.25, (3), was synthesized from Ga,l,, TMSOTf
and cryptand[2.2.2]. Simple bonding descriptors of
[GasCly(crypt-222)][GaCly] and [Ga,Cl,(crypt-222)][OTf], could
not be unambiguously determined using conventional
experimental techniques and computational methods, making
it difficult to predict the reactivity of these novel complexes.'”

To understand the chemical states of the gallium centers in
complexes 1-3, a series of gallium compounds with various
oxidation numbers and structures were studied using XPS. The
compounds are shown in Table 1. A wide range of ligands were
chosen to gain as much information as possible on how the
binding energies of gallium complexes vary as a function of
the ligand, and their influence on the chemical state of the
gallium centers. For Gam),” ™" GaN,*® GaP,” Gaas,*
Ga,03,°*" and Ga,Se;,*® XPS data were available from the
literature, although experimental data were recollected for
Gagm) and Ga,0;.°%%!

Data collection began with survey scans of each sample.
The purity of all synthesized compounds was initially evalu-
ated by multinuclear NMR spectroscopy and ESI-MS before
XPS data were collected, nonetheless, some contaminants were
observed in the survey spectra. In each spectrum, adventitious
carbon was present (C 1s), which was used as an internal
charge correction standard set at 284.8 eV. Additionally, the
adhesive tape used for sample preparation was carbon-based,
leading to a large increase in the atomic percentage of carbon
for all samples and skewing the percentages for the other
elements present. Other contaminants were oxygen, possibly
arising from residual solvent molecules from synthesis of the
samples, and fluorine, postulated to arise from leaching of the
fluoropolymer from the vial caps used during synthesis and
sample transport. The atomic percentages of each element
based on the intensities of each signal in the survey spectra
can be found in the ESI (Table S17).

High-resolution XPS spectra were then obtained of each
compound. Although two gallium photoelectron signals were
observed, namely the Ga 3d and the Ga 2p emissions, the dis-
cussion of the results will focus primarily on the Ga 3d photo-
electron energies, as it is more intense, and closer in energy to
the valence shell of gallium (4p), and thus, more sensitive to
subtle changes in the chemical state of gallium. An example of
a high-resolution Ga 3d spectrum is shown in Fig. 6 and this
spectrum will be used to explain the data analysis process.
Initially, one signal is observed, which must be deconvoluted,
as the Ga 3d peak is composed of two separate signals at
slightly different energies: Ga 3ds,, and Ga 3ds;,. The energy
separation is a consequence of spin-orbit splitting, which
arises from the difference in the orientation of the emitted
photoelectron with respect to the nuclear magnetic field (m, =
+1/2 or —1/2). These signals were fit with a spin orbit splitting
of 0.449 eV, equivalent full-width at half-maxima (FWHM), and
a 3ds), : 3d3), area ratio of 3:2. The fit of these two signals to
the experimentally observed spectrum is shown by the red
curve. A standard Shirley background was used for all spectral
fitting and is shown by the dashed line. The binding energy

This journal is © The Royal Society of Chemistry 2016
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Table 1 Gallium compounds studied by XPS. Valence numbers are given in parentheses following the compound names
Assigned oxidation number Compounds
0 Ga(metal]
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Fig. 6 Ga 3d signal for GaNacNacPPP. The experimental (black), simu-
lated (red), component Ga 3dz, (blue) and Ga 3ds, (green) and
background spectra (dashes) are shown.
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Fig. 7 Ga 2ps/» signal for GaNacNacPPP. The experimental (black),
simulated Ga 2ps,, (red) and background spectra (dashes) are shown.
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listed for all measurements is that of the Ga 3ds,, signals, and
not the observed signal maxima. A similar analysis was
applied to the Ga 2p;/, and Ga L;My5;My5 signals (Fig. 7 and 8),
however, deconvolution was not necessary for the Ga 2p;;,
emission, as the Ga 2p;, and the Ga 2p;, signals are
completed resolved (1143.2 eV versus 1116.4 €V, respectively).®

1085 1060 1065 L]
Kinetic Energy (V)

Fig. 8 Ga LsM4sMys signal for GaNacNacPPP. The experimental (black)
and simulated Ga LzM45Mys (red) spectra are shown.
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Analysis of the data of the gallium trihalides, GaCl;, GaBrs;,
and Gal; (Fig. 9) reveals that the photoelectron and Auger
electron binding energies decrease upon substitution of the
chloride for bromide and then iodide (for exact values, see
Table 2). Thus, as the ligand is varied down Group 17, the
Ga 3ds, binding energy decreases as the electronegativity of
the halogen decreases and the gallium atom becomes more
electron rich. A similar trend was observed in a study of
nickel(n) halides by XPS.*! Additionally, experimental and
theoretical studies have demonstrated decreasing Lewis acidity
for GaX; compounds while descending Group 17.°% All of the
gallium trihalides exhibit sharp signals, as evidenced by small
FWHM values (Table 2), and satisfactory correlations between
the fitted and the experimental spectra were obtained.

The gallium XPS spectra for Gagm, GaNacNacPPP,
Ga,Cly(diox), and GaCl;, with oxidation numbers of 0, +1, +2
and +3, respectively, are shown in Fig. 10. The spectra reveal a
marked shift in the binding energies. For example, the
binding energy of the Ga 3ds, signal increases by
approximately 2 eV between GaNacNac”'PP and Ga,Cl,(diox),,
and by approximately 1 eV between Ga,Cly(diox), and GacCl,
and between Gay) and GaNacNac”'PP (Table 2). It becomes
increasingly more difficult to remove an electron as one
progresses from Gagy, to GaCl;, presumably because the
gallium becomes more electron deficient from gallium metal
(0) to GaCl (+3), which is in agreement with the assigned
oxidation numbers for these compounds. Despite the changes

fitd 1058 1058 DBD 08T 1084 1DBE 0S8 'lﬂ:?ﬂ
Kinetic Energy (eV)

Fig. 9 Ga 3d (left), Ga 2ps3» (center) and Ga LzM45Mys (right) XPS spectra of GaCls (bottom), GaBrz (middle) and Gals (top).
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Table 2 Photoelectron binding and Auger electron kinetic energies and full-width at half-maxima for high-resolution XPS spectra
Compound Peak Binding or kinetic energy (eV) FWHM (eV)
Gagm) Ga 3ds), 18.39 0.57
Ga 2pz)n 1116.49 1.04
‘ Ga LyM,5M,5 1068.01 0.79
GaNacNacP'PP 4 Ga 3ds), 19.29 1.74
Ga 2ps, 1117.50 2.27
) Ga L;M,5M,5 1063.09 2.05
K[GaDAB"'PP] 5 Ga 3ds), 20.17 1.77
Ga 2ps, 1118.02 2.18
Ga L3;M,5M,5 1061.92 1.78
[Ga(prismand)][OTf] 6 Ga 3ds), 21.34 1.24
Ga 2p;, 1119.31 1.87
Ga L;M,5M,s 1060.65 1.41
Ga,Cly(diox), 7 Ga 3ds), 21.10 1.67
Ga 2pz)n 1118.86 2.13
Ga L;MysM,5 1061.39 2.16
Ga,14(NH,¢Bu), 8 Ga 3ds), 20.53 1.64
Ga 2p;), 1118.36 2.03
Ga L;M,5M,5 1062.13 1.61
Ga,l,Ar*, 9 Ga 3ds), 20.48 1.34
Ga 2ps,, 1118.33 1.93
Ga L;M,5sM,5 1063.01 2.20
GacCl; 10 Ga 3ds), 21.91 1.23
Ga 2ps), 1119.85 1.76
Ga L;M,5M,s 1060.09 1.53
GaBr; 11 Ga 3ds), 21.48 1.16
Ga 2pz)n 1119.45 1.53
Ga LyMysM,5 1061.17 1.51
Gal; 12 Ga 3ds), 21.06 1.28
Ga 2ps, 1119.17 1.76
Ga L;M,sM,5 1062.26 1.57
GaCl,Mes 13 Ga 3ds), 21.84 1.64
Ga 2ps, 1120.10 1.94
Ga L;M,5sM,5 1060.16 1.92
Ga,Cl, 14 Ga 3ds), 21.77 1.34
Ga 2p;), 1119.54 1.85
Ga L3M,5M,s 1060.43 1.61
Ga,l, 15 Ga 3ds), 20.80 1.51
Ga 2pz)n 1118.72 2.08
Ga L;M,5sM,5 1061.98 2.06
Ga,03 19 Ga 3ds), 20.00 1.22
Ga 2p;), 1117.80 1.55
Ga L;M,5M,5 1062.60 1.49
[GazCly(crypt-222)][GaCl,] 1 Ga 3ds), 20.79 1.63
Ga 2ps, 1118.51 2.10
Ga LyMysM,5 1061.64 1.82
[Ga,Cly(crypt-222)][OTf], 2 Ga 3ds), 20.65 1.61
Ga 2ps), 1118.57 2.47
Ga L;M,5M,s 1061.62 1.84
[Ga,L,(crypt-222)][Galy]; 75[OTf]o 25 3 Ga 3ds), 21.00 1.19
Ga 2pz)n 1118.90 1.57
Ga L;MysM,5 1061.91 1.85

Ga L3M,5M,;5 signals are kinetic energy values, which have opposite trends to binding energies (eqn (1)).

in chemical state, the line shapes of each compound are
similar, with narrow FWHM, although the signals for Gay, are
markedly more intense and have a much narrower FWHM
(£1.0 eV). The FWHM of the Ga L3M,5M,;5 signal of GaCl; is
narrower by more than 0.5 eV compared to the FWHM values
of GaNacNac”'PP and Ga,Cl,(diox),, The trend is likely a result
of the highly symmetric bonding environment in GaCl; ** in
comparison to GaNacNac”PP®* and Ga,Cl,(diox),, and
therefore, is not related to the chemical state.>®

This journal is © The Royal Society of Chemistry 2016

Wagner plots were generated to reveal further trends in the
chemical state of the gallium centers as a function of ligand
type and assigned oxidation number. The Ga 3ds,, binding
energies, Ga L3zMysMys kinetic energies and the Auger
parameter values for the gallium halides and compounds with
an assigned oxidation number of +3 are shown in Fig. 11. As
with nickel(n) halides,* increasing Auger electron Kkinetic
energy, decreasing photoelectron binding energy, and
increasing Auger parameter values were observed as the halide
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Fig. 10 Ga 3d (left), Ga 2ps/, (center) and Ga LsM4sMys (right) XPS spectra of Gam, (bottom), GaNacNac®®P (lower middle), Ga,Cls(diox), (upper

middle) and GaCls (top).

ligands were altered down Group 17. The nearly linear increase
with a slope approaching 2 in the Auger parameter values
from GaCl; to GaBr; to Gal; suggests that gallium trihalides
are not dominated by initial or final state effects. This is
corroborated by the calculated initial and final state shifts for
each compound (Table 3), where the initial state shifts for the
gallium trihalides differ by 0.19 eV (from —1.32 eV for GaCl; to
—1.13 eV for Galy), and the final state shifts differ by 0.66 eV
(from —2.20 eV for GaCl; to —1.54 eV for Gals), which are
small in comparison to nickel(n) halides, whose initial state
shifts vary by 2.7 eV and final state shifts vary by 0.9 eV. The
vast difference between the initial and final state shifts for
nickel(n) halides lead to the conclusion that initial state effects
dominate these compounds, but such a definitive trend was
not apparent for the gallium trihalides.>"

The gallium chlorides GaCl;, GaCl,Mes and Ga,Cly,
possess similar Auger parameters. Specifically, GaCl; and
GaCl,Mes are nearly identical, possibly resulting from a
similar solid-state structure, with four coordinate gallium

7686 | Dalton Trans., 2016, 45, 7678-7696

atoms, and bridging chloride ligands.>**® Electronically, both
the chloride and mesityl ligands are electron withdrawing, and
GaCl; and GaCl,Mes demonstrate similar reactivity. Despite
the solid-state structure of Ga,Cl,; having a gallium(i) cation
and a tetrachlorogallate(m) anion ([Ga][GaCly]),"* the signal
was not broadened, as might be expected for a mixed valent
salt. Given the known solid-state structure, three suggestions
are put forward to rationalize the low FWHM: (1) upon X-ray
irradiation, the gallium cation in [Ga][GaCl,] undergoes
disproportionation and is oxidized; (2) the cation is volatilized
under the conditions of the experiment and not detected,
which is supported by the observation of gallium in the survey
spectra of subsequently analyzed samples unrelated to this
study; or (3) unlike the gallium() in GaNacNac”'PP, the
gallium(i) in [Ga][GaCl,] is, essentially, a naked cation carrying
a full positive charge and stabilized in the solid-state only by
interactions with the chloride ligands of the tetrachlorogallate(in)
anion.'” Similar interactions are observed in the solid-state
structure of GaCl;.>® Thus, the cationic gallium(i) has a

This journal is © The Royal Society of Chemistry 2016
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Fig. 11 Wagner plot of gallium halides using Ga 3ds/, binding energy. Symbol legend: diamond = chloride ligands; square = bromide ligands;
triangle = iodide ligands.

Table 3 Auger parameters and relevant shifts for compounds analyzed using Ga 3ds,, binding energy

Auger parameter, Relaxation shift, Final state shift, Initial state shift,

Compound o' (eV) AEg (eV) AE (eV) Ad' (eV) AR (eV) Ae (eV)
Gayy) (meas) 1086.40 — — — — —
Gam) (lit)*”"* 1086.69 — — — — —
GaNacNac”'PP 1082.38 0.90 -4.92 -4.02 -2.01 1.11
K[GaDAB"'PP] 1081.84 1.84 —6.40 —4.56 —2.28 0.44
[Ga(prismand)][OTf] 1081.99 2.95 -7.36 —4.41 -2.21 -0.75
Ga,Cly(diox), 1082.39 2.61 —6.62 —4.01 —2.01 —0.61
Ga,l,(NH,tBu), 1082.66 2.14 —5.88 —-3.74 —-1.87 -0.27
Ga,l,Ar*, 1083.49 2.09 —5.00 -2.91 —1.46 —0.64
GaCl; 1082.00 3.52 -7.92 —4.40 —2.20 -1.32
GaBr; 1082.65 3.09 —6.84 -3.75 —1.88 -1.22
Gal; 1083.32 2.67 -5.75 -3.08 —-1.54 -1.13
GaCl,Mes 1082.00 3.45 -7.85 —4.40 —-2.20 -1.25
Ga,Cly 1082.20 3.38 —7.58 —4.20 -2.10 -1.28
Ga,l, 1082.78 2.41 —6.03 -3.62 -1.81 —0.60
GaN 1084.05 1.21 -3.56 -2.35 -1.18 -0.35
GaP 1085.33 0.91 -1.98 -1.07 -0.54 —-0.38
GaAs 1085.77 0.81 —1.44 —0.63 -0.32 —0.49
Ga,0; (meas) 1082.60 1.61 —5.41 -3.80 -1.90 0.29
Ga,0;, (lit)***” 1082.85 2.01 —-5.56 -3.55 -1.78 —-0.24
Ga,Se; 1085.20 1.41 —2.61 -1.20 —0.60 —0.81
1 1082.43 2.40 —6.37 -3.97 -1.99 —0.42
2 1082.27 2.26 —6.39 —4.13 -2.07 -0.20
3 1082.91 2.61 —6.10 -3.49 -1.75 -0.87

Calculations were performed as follows using the measured data for Gagmy: o' = Eg + Ex(Auger); AEg = Eg — Eg(Gagm)); AEx = Ex(Auger) — Ex(Auger,
Ga(m)); Ad' =a — a’(Ga(m)) =2AR; Ae = —AEg — AR.

This journal is © The Royal Society of Chemistry 2016 Dalton Trans., 2016, 45, 7678-7696 | 7687
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Fig. 12 Wagner plot of Ga—Ga compounds using Ga 3ds,, binding energy. Symbol legend: diamond = synthesized gallium-cryptand complexes;
square = chloride and iodide ligands and O/N donors; triangle = iodide and terphenyl ligands.

chemical state similar to a gallium(m) with covalently bound
ligands leading to a single signal and the observed location for
[Ga][GaCl,] on the Wagner plot. The data obtained for
[Ga][GaCl,] also reveal a higher Auger parameter (0.2 eV), with
lower binding and higher kinetic energies, than GaCl; and
GaCl,Mes, suggesting that the presence of the additional
chloride ligand on the tetrachlorogallate anion increases the
electron density at the gallium center.

As with Ga,Cl,, the FWHM of the Ga 3ds), and 2p;/, signals
of Ga,l, ([Ga][Gal,]) were both less than 2.1 eV, indicating
either a single species or multiple species with similar
chemical states were present in the sample. As with the
gallium trihalides, the gallium in the iodo derivative of Ga,X,
is more electron rich compared to the analogous chloro
derivative. However, unlike [Ga][GaCl,] and GaCl;, the Auger
parameter for [Ga][Gal,] was lower than that for Galz. For both
[Ga][GaCl,] and [Ga][Gal,], the photoelectron binding energies
decrease compared to the corresponding GaX;; however, the
Auger electron kinetic energy increases going from [Ga][GaCl,]
to GaCl; and decreases going from [Ga][Gal,] to Gals,
demonstrating the large, but subtle, effect the electronic
properties of the ligands can have on the chemical state of the
gallium center.

7688 | Dalton Trans., 2016, 45, 7678-7696

A Wagner plot for the gallium compounds containing a
Ga-Ga bond and an oxidation number of +2 is presented in
Fig. 12. Ga,Cly(diox), is more electron deficient than
Ga,l,(NH,tBu),, with chloride being more electronegative than
iodide and amines being better donors than ethers, decreasing
the binding energy for the iodide derivative.”” As with the
gallium trihalides, a trendline with a slope approaching 2 is
observed going from Ga,Cl,(diox), to Ga,l,(NH,tBu), and to
Ga,I,Ar*,. The increase in the Auger parameter from
Ga,I,(NH,tBu), to Ga,l,Ar*, is mostly induced by an increase
in the Auger electron kinetic energy. As the photoelectron
binding energy does not undergo a significant shift, the
gallium centers in both compounds must have a similar
chemical state. The change in the Auger electron kinetic
energy must result from an undetermined phenomenon after
the initial ionization occurs in Ga,I,Ar*,. For compounds with
a gallium oxidation number of +3 (Fig. 11) and +2 (Fig. 12), it
appears that the expectation that final state effects are more
influential than initial state effects is not observed within each
oxidation number as the Auger parameters differ significantly
as the ligands are varied for gallium compounds with higher
assigned oxidation numbers unlike for the aforementioned
copper compounds.*?

This journal is © The Royal Society of Chemistry 2016
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Fig. 13 Wagner plot of Ga() compounds using Ga 3ds,, binding energy. Symbol legend: diamond = halide ligands; square = chloride ligands and

O/N donors; triangle = organic ligands.

Fig. 13 shows the Wagner plot generated for gallium
compounds with an oxidation number of +1. Although
GaNacNac”PP| K[GaDABP'PP] and [Ga(prismand)][OTf] are
classified as having the same oxidation number, they have sig-
nificantly different Auger and photoelectron energies but
similar Auger parameter values. The structures of GaNacNac”PP
and K[GaDABPP] are somewhat related, as they both possess
anionic bidendate nitrogen ligands, however, the dianionic
nature of the [DAB”PP]*~ ligand leads to the coordination
of a potassium counter-ion to the gallium center in
K[GaDAB"PP], and thus, the gallium atom donates some of its
electron density to the potassium cation, giving it a higher Ga
3ds;, binding energy than GaNacNac”'PP. Similar to
[Ga][GaCl,], the [Ga(prismand)]" moiety in [Ga(prismand)]
[OTf] is cationic with weak interactions between the neutral
prismand macrocycle and the gallium, and thus, the gallium
is more electron deficient in comparison to those complexes
with covalent bidendate nitrogen ligands, leading to a
lowering of the Ga L;M,sMy;5 kinetic energy, and an increase
in the Ga 3ds;, binding energy. The Auger parameter for
[Ga(prismand)][OTf] is similar to that of [Ga][GaCl,], where
the gallium cation is also weakly stabilized and electron
deficient. Despite the differences in the structures of the

This journal is © The Royal Society of Chemistry 2016

gallium compounds with an oxidation number of +1, they
appear to have similar final state effects, as they all possess
Auger parameter values of approximately 1082 eV, varying by
only 0.27 eV. Thus, the chemical states of these gallium
compounds are more influenced by the nature of the attached
ligands, and the polarization of the gallium centers upon
ionization must be similar. The gallium in [Ga(prismand)]
[OTf] is similar in chemical state to the gallium trihalides
(GaX3) and would, therefore, be expected to act as a Lewis acid.
Conversely, GaNacNac”PP and K[GaDABP'PP] are much more
electron rich, and would be expected to act as Lewis bases, as
well as being less reactive toward electron donors. Indeed, the
Lewis basic nature of GaNacNac”'PP and K[GaDAB"PP] is well-
known.’®>° Finally, the difference in position on the Wagner
plot between GaNacNac®P? and K[GaDAB"PP] can be
attributed to the coordination of the potassium cation in the
latter compound, decreasing the electron-richness of the
gallium center. The preceding analysis demonstrates how
Wagner plots are effective at the prediction of reactivity
pathways for novel main group compounds and can be a
useful tool in the classification of chemical states.

Fig. 14 gives the Wagner plot for selected gallium com-
plexes stabilized by chlorine and/or nitrogen-based ligands of

Dalton Trans., 2016, 45, 7678-7696 | 7689
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all oxidation numbers. It is evident that the Auger parameters
are all very similar, leading to the generation of a trendline
with a slope of approximately 1, indicating that, for this series
of compounds, similar final state effects are observed whereas
the initial state effects differ significantly (A(AR) = 0.28 eV;
A(Ag) = 2.43 eV). Again, the similarity of the final state effects
can be understood on the basis of the nature of the ligands;
chloride and nitrogen are both hard bases,”> with minimal
polarizability and little effect on the polarizability of the
gallium. However, their effect on the gallium centers can be
observed in the significant initial state shifts. Three distinct
regions of the Wagner plot can be identified in Fig. 14. The
bottom left area of the plot with Ga L;M,sM,5 < 1061 eV and
Ga 3ds, > 21.5 eV, correlates to the most electron deficient
gallium complexes often with an oxidation number of +3. An
intermediate area is present in the center of the plot (1061 <
Ga L3My5My5 < 1062 eV and 21.5 > Ga 3ds,, > 20.5 eV), where
most compounds with an oxidation number of +2 and the
gallium-cryptand complexes are located. Toward the upper
right of the plot (Ga L;My5My5 > 1062 eV; Ga 3ds, < 20.5 eV),
electron-rich gallium compounds that are in the +1 oxidation
number can be found. Not only can the oxidation numbers be
determined using this method, these data allow for a
classification of the complexes on the basis of their chemical
states. Furthermore, analogous reactivity might be expected
from complexes with gallium in similar chemical states. The
ability of XPS to differentiate clearly between multiple
chemical states of molecular gallium compounds is a striking

7690 | Dalton Trans., 2016, 45, 7678-7696

result, as this technique is widely accessible, although
sparingly used, for this purpose. Furthermore, since XPS is
widely accessible, our results suggest that this technique can
be easily applied to the study of other main group molecular
complexes to aid in the understanding of their electronic
nature and reactivity.

The Wagner plot for gallium-iodide complexes, shown in
Fig. 15, does not appear to have distinct groupings as a func-
tion of ligand or oxidation number. Unlike the chloride-
containing complexes, a trendline cannot be generated for the
gallium-iodide compounds and it is unclear whether initial or
final state effects dominate. This could be due to the increased
number of electrons in iodide ligands in comparison to chlor-
ide, where it is able to donate more electron density to the
gallium center in gallium-iodide compounds, limiting the
shifts in binding energy of the gallium centers. The polariz-
ability of iodine, with its diffuse electron cloud could also con-
tribute to the inconsistency of the Auger parameter for
gallium-iodide complexes. Notably, compounds with different
oxidation numbers  (Ga,l4(NH,tBu),, [Ga,l,(crypt-222)]
[Gal,]; 75[OTf]o.»5 compared to [Ga][Gal,] and Gals) are in close
proximity, which demonstrates that although the four
compounds are classified differently based on their assigned
oxidation numbers, the experimentally determined chemical
states of the gallium centers indicate they are all very similar
in nature and should exhibit similar reactivity. Once again, the
formalism of oxidation or valence numbers fails to accurately
describe the chemical state of a given element which may lead

This journal is © The Royal Society of Chemistry 2016
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Fig. 15 Wagner plot of gallium—iodide compounds using Ga 3ds,, binding energy. Symbol legend: diamond = Ga(i); square = Ga(i).

to misconceptions of the reactivity, Not surprisingly,
experimental determinations of chemical states are more
appropriate and should lead to more accurate predictions of
reactivity.”

As shown in Fig. 14 and 15, the data points for [GazCl,(crypt-
222)|[GaCly], [Ga,Cly(crypt-222)[OTf], and [Ga,l,(crypt-222)]-
[Gal,); 75[OTf]o»5 fall within the intermediate section of the
Wagner plot. An oxidation number of +2 for [Ga,Cl,(crypt-222)]
[OTf], and its iodide-substituted analogue is consistent with
the solution-state NMR spectroscopic data and computational
data, where both gallium centers are equivalent and each have
a charge of +1. Other compounds with similar connectivity are
located in this area of the Wagner plot. The proximity of the
data points for both [Ga,Cl,(crypt-222)][OTf], and [Ga,L,(crypt-
222)|[Gal];.75[OTf]o05 on the Wagner plot indicates that the
macrocyclic ether ligand has a stronger influence on the Auger
parameter compared to the halide ligands attached to the
gallium center. Despite the presence of an additional gallium
environment, namely the tetraiodogallate(m) anion, the
location of [Ga,l,(crypt-222)][Galy]; 75[OTf o5 on the Wagner
plot it is not significantly different from the positions of the
other two gallium-cryptand[2.2.2] complexes.

While the dicationic nature of the [Ga,X,(crypt-222)]*"
complexes might be expected to result in significant electron

This journal is © The Royal Society of Chemistry 2016

deficiency at the gallium centers, they are positioned within
the intermediate region of the Wagner plot (Fig. 14). Although
XPS data of the precursor to [GaX,(crypt-222)]*",
Ga,Cl,4(THF),, was not obtained due to its poor stability,'**°
the THF complex is analogous to Ga,Cl,(diox),, which also
contains a Cl,GaGaCl, core stabilized by ether donors.
Ga,Cly(diox), is located in close proximity to the two
[Ga,X,(crypt-222)]*" dications on the Wagner plot in Fig. 14,
suggesting that upon removal of halide ligands and
coordination of cryptand[2.2.2], the chemical state of the
gallium does not significantly differ from Ga,Cl,(diox),, and
therefore, from the Ga,Cl,(THF), precursor. The Auger
parameters for both dications are slightly elevated from
Ga,Cly(diox), due to the effective coordination of the
multidentate cryptand[2.2.2] donor; the gallium centers are
more electron rich in these compounds, resulting in higher
Auger electron Kkinetic energies, and lower photoelectron
binding energies. This is quite striking, as upon initial
scrutiny of the gallium-cryptand[2.2.2] complexes, it is not
immediately obvious that the gallium centers in these cations
would be more electron rich than the starting materials given
the charge assigned to the gallium centers.

While several of the postulated bonding models for
[Ga;Cly(crypt-222)]" suggested that it may have at least one

Dalton Trans., 2016, 45, 7678-7696 | 7691
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gallium(r) center, this is not reflected in the XPS data on the
basis of its Auger parameter, which was greater than those of
GaNacNac”PP and K[GaDAB”'PP], and its position near the
center of the Wagner plot in Fig. 14. While structural data for
[Ga;Cly(crypt-222)][GaCl,] demonstrated four structurally
unique gallium atoms, only one signal was observed in the
XPS spectrum. The resolution of the experiment is limited by
the natural line width of the gallium signals*® and individual
environments may not be resolved, however, if multiple
gallium environments were present, the signal would be
expected to be broad. The signals for [Ga;Cly(crypt-222)]
[GaCl,] are narrow with FWHM between 1.63 and 2.10 eV,
consistent in magnitude with the FWHM of other compounds
possessing only one unique gallium environment and
suggesting that all gallium atoms in the complex have similar
chemical states despite the variation in coordinating ligands."”
On the basis of the XPS data, the chemical state of
[GasCly(crypt-222)]" most closely resembles compounds with
an oxidation number of +2, and would, therefore, be expected
to react similarly to Ga,Cly(diox), and Ga,I,(NH,tBu),. The
same trend was also observed for the [Ga,X,(crypt-222)]*"
complexes. Thus, in comparison to Ga,Cl,(diox),, all three
gallium-cryptand complexes are expected to act as
electrophiles, and may react with a variety of Lewis bases and
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nucleophiles, however, such reactivity may be impeded by the
bulkiness of the cryptand ligand. Once again, the ability of
XPS to allow for more precise reactivity predictions compared
to qualitative descriptors is evident.

As a significant amount of XPS data have been reported for
a variety of solid-state gallium materials, a Wagner plot for the
gallium materials is presented in Fig. 16. The Auger parameter
values were obtained by averaging all of the data available for
each compound in the NIST XPS database.’®***7 73156
A sample of Ga,0O; was analyzed in this study to determine
whether the analytical methods used in this study were within
experimental error of the data reported. Although some
variation was observed between the data obtained
experimentally for Ga,O; and that reported in the
literature,*®3>*7*® the difference in the Ga 3ds, binding
energy was approximately 0.4 eV, which falls within
experimental error.>®

Similar to the trends observed for the gallium trihalides,
trendlines with large slopes were evident for Ga(Group 15) and
Ga,(Group 16); materials. The slopes were larger than for the
gallium trihalides, and demonstrate that for both Group 15
and 16 gallium materials, initial state shifts do not change
nearly as much as the final state shifts upon descending the
group, especially for Group 16 (Group 15: A(AR) = 0.86 eV;

1068
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1066 -
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Kinetic Energy Ga LzM4sMgas (eV)
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Fig. 16 Wagner plot of gallium materials using Ga 3ds,, binding energy. Symbol legend: diamond = Group 15 elements; square = Group 16

elements.
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A(A¢€) = 0.46 eV; Group 16: A(AR) = 3.34 eV; A(Ae) = 1.1 eV).
Thus, final state effects dominate for these materials, which
demonstrates that the nature of the Group 15 or 16 elements
has a vast influence on the electronic properties of the
material, specifically following ionization. Interestingly, the
location of the gallium materials on the Wagner plot is close
to gallium metal. All of the materials shown in Fig. 16 except
Ga,0O3; have significantly elevated Auger parameters in
comparison to the molecular gallium compounds (>1084 eV
for the gallium materials; <1083 eV for molecular
compounds), despite the gallium in each of the compounds
having an oxidation number of +3. The Ga 3ds, binding
energies are lowered significantly, and suggest that these
materials are alloy-like, with significant electron mobility. This
is indeed the case for the Group 15 materials, as gallium
nitride, phosphide and arsenide are all semiconductors used
in the electronics industry.®’ Additionally, as the atomic
number of the Group 15 element increases, the bonding
becomes more metallic; the relative size of arsenic and
gallium are more similar compared to nitrogen and gallium.
Given the position of GaAs on the Wagner plot, clearly the
individual atoms are more elemental in nature, and more
closely related to gallium metal in terms of their electron
richness, than to the electron deficient gallium trihalides.
A similar trend is observed for the Group 16 gallium materials.
Ga,0; is a wide gap semiconductor and an important
industrial material.®> When selenium is substituted for
oxygen, the material, Ga,Sez, becomes more alloy-like.

Similar Wagner plots were generated using the Ga 2p;/,
signal and compared to those generated using the Ga 3ds,
signal. The Ga 2p;z, Wagner plots are presented in the ESI
(Fig. S1-S5%). The same trends were observed, including a
slope approaching 3 for the gallium trihalides, indicating final
state effects varied for GaX; compounds, and initial state
effects did not, which is more pronounced than for the Ga 3ds,
photoemission (A(AR) = 0.73 eV; A(A¢) = 0.11 eV). As for the
Ga 2p;,, transition of the selected gallium-chloride and -
nitrogen compounds, the trendline with a slope of
approximately 1 and the initial and final state shifts (A(AR) =
0.20 eV; A(Ag) = 2.35 eV) were similar to those observed with
the Ga 3ds, data. While some of the Auger parameter data
points were more disperse in the Ga 2p;, data, for example, in
the gallium-chloride compounds, some overlap was observed
(Fig. S57). Although the gap between the electron deficient and
intermediate regions of the Wagner plot were more
pronounced for the Ga 2p;, data, the intermediate and
electron rich regions overlapped, suggesting that the Ga 3ds,
data are more useful for chemical speciation as expected, due
to the increased sensitivity of the Ga 3ds, signal to small
changes experienced by the valence electrons.

Conclusion

In conclusion, we have performed XPS studies on a series of
molecular gallium compounds with varying ligands and
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chemical environments. The photoelectron emissions of the
Ga 3ds), and Ga 2p;,, core electrons were measured, as well as
the Auger electron Ga L;M,;5sM,5 emissions. Auger parameters
were calculated and Wagner plots were generated which
allowed for the chemical state determination of [Ga;Cl,(crypt-
222)][GaCly] (1), [Ga,Cly(crypt-222)][OTf], (2) and [Ga,I,(crypt-
222)|[Galy]; 75[OTf]o.25 (3). The XPS data demonstrate that the
cations of 1-3 are in an intermediate chemical state, which
was not possible using other experimental and computational
data. The data also reveal that for 1, although a single bonding
model could not describe the bonding of the gallium centers
of [GazCly(crypt-222)]', which was demonstrated in the
previously obtained data, it exists in an intermediate chemical
state that is very similar to the other gallium-cryptand cations.
The gallium trihalides have similar initial state effects,
whereas gallium-chloride and -nitrogen complexes have
similar final state effects. For molecular gallium complexes of
different chemical states, namely electron rich and electron
deficient, each were sufficiently separated to allow for the
chemical state determination of these compounds. We have
demonstrated the applicability of XPS to assess the chemical
states of a variety of novel main group complexes giving
valuable insights into the reactivity.

Experimental
General considerations

All manipulations were performed under an inert atmosphere
of argon using general Schlenk techniques or under an atmo-
sphere of nitrogen in an MBraun glovebox unless otherwise
stated. All solvents were purified using an Innovative Techno-
logies 400-5 Solvent Purification System and were stored over
activated 3 or 4 A molecular sieves, unless otherwise stated. All
reagents were used as received from Sigma-Aldrich, Alfa Aesar,
Strem Chemicals or Gelest. Commercially available com-
pounds (GaCls, Strem; GaBr;, Alfa Aesar; Gals, Gelest; Ga,Os,
Alfa) were used as received. ‘Gal’,** [Ga;Cl,(crypt-222)][GaCl,]
(1), [GayCly(crypt-222)][OTf], (2),"” GaNacNac”®P (),°*
K[GaDAB"PP] (5),°* Ga,Cl,(1,4-dioxane), (7),"®> Ga,I,(NH,Bu),
(8),”  Ga,l,(2,6-dimesitylphenyl), (9),°° GaCl,Mes (13),%
Ga,Cl, (14),°%°° and Ga,l, (15)°® were synthesized according to
literature procedures. The purity of the synthesized
compounds was determined using 'H, '°F, and "'Ga NMR
spectroscopy. To avoid any potential contamination or
oxidation of the air sensitive compounds, the samples were
stored in air-tight, capped vials with fluoropolymer linings.
The vials were further sealed using parafilm and tape. The
vials were then transported to the XPS instrument and were
opened and prepared in a purged argon-filled glove box, which
was directly attached to the introduction chamber of the XPS
instrument. NMR spectra were recorded on a Varian INOVA
1400 ("H 400 MHz; *C{"H} 101 MHz; '°F 376 MHz) or a Varian
INOVA 1600 ("H 600 MHz; “*C{"H} 151 MHz; °F 565 MHz; "'Ga
183 MHz) FTNMR spectrometer. Chemical shifts (5) are
reported in ppm and were internally referenced to the residual
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protonated solvent peaks for 'H spectra, and the deuterated
solvent for "*C{'H} spectra. "’F NMR spectra were referenced
to CFCl; (0.0 ppm) based on the internal lock signal from the
deuterated solvent and to Ga(NO;); (0.0 ppm) in D,O for "'Ga
spectra. Coupling constants (J) are reported in Hz and
multiplicities are reported as singlet (s), doublet (d), triplet (t),
quartet (q), multiplet (m), broad (br) and overlapping (ov).
Electrospray ionization mass spectra were collected using a
Bruker micrOTOF II spectrometer. Mass spectral data are
reported in mass-to-charge units (m/z).

Synthesis

Synthesis of [Ga,I(crypt-222)][Galy], 75[OTf]o.»5, 3. Solid
Ga,l, (0.172 g, 0.266 mmol) was dissolved in THF (4 mL). The
solution turned yellow, and was allowed to stir for several
hours, at which point the solvent was removed under reduced
pressure. Toluene (4 mL) was added to the reaction flask,
along with THF (1 drop), followed by a solution of Me;SiOTf
(0.472 g, 2.12 mmol) dissolved in toluene (2 mL). The mixture
was allowed to stir for 1 h, at which point a solution of
cryptand[2.2.2] (0.100 g, 0.266 mmol) dissolved in toluene
(2 mL) was added, leading to the immediate formation of a
white precipitate. The mixture was allowed to stir for 36 h,
after which a green-grey oil had separated in the vessel. The
supernatant was decanted, and the oil was triturated in
CH;CN (3 mL). A grey solid was removed by filtration, and the
filtrate was dried under reduced pressure. The resultant solid
was dissolved in CH3CN (3 mL), and ether (2 mL) was added.
The solution was concentrated under reduced pressure,
resulting in the formation of a white precipitate. The mixture
was cooled to —20 °C for several hours, the supernatant was
decanted and the precipitate was washed with ether (3 x 2 mL)
and dried under reduced pressure.

Yield: 0.094 g (33%); mp: 265-268 °C (decomposition); "H
NMR (600 MHz, CD;CN, 298 K)° §: 4.41-4.38 (m, 2H,
[0-CHH-CH,-O]coora), 4.20-4.12 (m, 8H, [O-CHH-CH,-
Nleoords [0-CH,~CHH-Olepord, [O-CHy~CHy~Olgree), 4.05-3.97
(m, 6H, [O-CHH-CH,Nleoora, [O-CHH-CH,N]gee), 3.92
(dddd, J = 2 Hz, 5 Hz, 13 Hz, 19 Hz, 2H, [0-CH,~CHH-N]co0ra),
3.86-3.76 (m, 8H, [0-CH,~CHH-N]coora, [0~CHH-CH,~Nleoords
[0-CH,~CHH-O)co0ra, [0-CHH-CH,~Olcoora), 3.73 (ddd, J =
1 Hz, 5 Hz, 12 Hz, 2H, [0O-CHH-CH,-N]coora), 3-45 (ddd, J =
1 Hz, 4 Hz, 14 Hz, 2H, [O-CH,~CHH-N]g.), 3.35 (dddd, J = 1
Hz, 2 Hz, 12 Hz, 14 Hz, 2H, [O-CH,~CHH-Ngc), 3.19-3.16
(m, 2H, [O-CH,-CHH-N]coora), 3.06 (ddd, J = 1 Hz, 2 Hz, 14
Hz, 2H, [0O-CH,-CHH-N]eoora); ~C{'H} NMR (151 MHz,
CD;CN, 298 K) 8: 121.1 (q, J = 321 Hz, [03SCF;]7),”" 74.47 ([O-
CH,~CH,Olgrec), 72.26 ([O-CH,~CH,-Oleoora), 70.91 ([O-CH,-
CH,Nlgree), 68.06 ([O-CH,~CH,~Olcoora), 66.50 ([O-CH,~CH,-
Nleoord)y 66.43 ([O-CH,~CH,~Nleoora), 61.14 ([O-CH,~CH,—
Nleoora), 56.34 ([O-CH,-CH,—Nleoora), 55.32 ([O-CH,~CH,-
Nliee); '"F NMR (564 MHz, CD;CN, 298 K) & -79.3
([05SCF;]); 7*Ga{"H} NMR (183 MHz, CD;CN, 298 K) §: —455.4
([Galy]"); LR ESI-TOF MS (m/z; positive ions): 895
[ GasL(crypt222)) s 917 [Pyl (erypt-222)][OTF]) T; LR
ESI-TOF MS (m/z; negative ions): 149 ([OTf]"); 577 ([*°Gal,]");
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HR ESIFTOF MS (m/z; positive ions): Caled for
C1oH36F31,N,008%Ga,  [([Gayly(crypt-222)][OTf])]: 916.8695,
Found: 916.8707; Elemental analysis (%) caled for [Ga,l,(crypt-
222)][G314]1.75[0Tf:|0.25 (C18.25H36F0.75G33.7SI9N206.7SSO.25]: G, 12.06;
H, 2.00; N, 1.54; S, 0.44; found C, 12.08; H, 2.04; N, 1.51; S, 0.39.

Synthesis of [Ga(prismand)][OTf], 6. [Ga(prismand)][GaCl,]
was synthesized according to literature procedures.””
[Ga(prismand)][GaCl,] (0.100 g, 0.142 mmol) was suspended in
acetonitrile (3 mL), to which a solution of Me;SiOTf (0.063 g,
0.284 mmol) in acetonitrile (2 mL) was added. After several
hours the suspension had changed color from off-white to grey.
After stirring for 36 h, the suspension was filtered, removing a
grey metallic-like precipitate. The resultant solution was dried
under reduced pressure, yielding an off-white residue. *Ga{'"H}
NMR spectroscopy revealed that the characteristic signal for
[GaCly]” (6 ~ 251 ppm) was not present, indicating that the
anion had been removed. '°F NMR spectroscopy revealed the
presence of the [OTf]™ anion.

XPS analysis

XPS analyses were carried out with a Kratos AXIS Ultra spectro-
meter using a monochromatic Al Ka (15 mA, 14 kV) X-ray
source. The instrument work function was calibrated to give
an Au 4f;, metallic gold binding energy of 83.95 eV. The
spectrometer dispersion was adjusted to give a binding energy
of 932.63 eV for metallic Cu 2p;,. The Kratos charge
neutralizer system was used for analyses of non-conductive
samples. Charge neutralization was deemed to have been fully
achieved by monitoring the C 1s signal for adventitious
carbon. A sharp main peak with no lower binding energy
structure is generally expected. Instrument base pressure was
9 x 107'% Torr. Survey scans were obtained using an analysis
area of ~300 x 700 pm and a 160 eV pass energy. High
resolution spectra were obtained using an analysis area of
~300 x 700 pm and a 20 eV pass energy. A 20 eV pass energy
corresponded to Ag 3ds,, FWHM of 0.55 eV.

A single peak (Gaussian 70%-Lorentzian 30%), ascribed to
alkyl type carbon (C-C, C-H), was fitted to the main peak of
the C 1s spectrum for adventitious carbon. A second peak is
usually added that is constrained to be 1.5 eV above the main
peak, and of equal full width half maximum (FWHM) to the
main peak. This higher binding energy peak is ascribed to an
alcohol (C-OH) and/or ester (C-O-C) functionality. Further
high binding energy components (e.g. C=0, 2.8-3.0 eV above
the main peak; O-C=0, 3.6-4.3 eV above the main peak;
CO;>7, 3.8-4.8 eV above the main peak) can also be added if
required. Spectra from insulating samples have been charge
corrected to give the adventitious C 1s spectral component
(C-C, C-H) a binding energy of 284.8 eV. This process has an
associated error of +0.1-0.2 eV.”?

Survey scan analyses for selected samples are presented in
the ESL.}

Spectra were analyzed using CasaXPS software (version
2.3.14).”* Gaussian (100-X%)-Lorentzian (X%), defined in
CasaXPS as GL(X), profiles were used for each component. All
C 1s component species spectra have been fit with line-shapes
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of GL(30). A Ga 3ds,,-Ga 3d3), splitting of 0.449 eV was used
for all samples. A standard Shirley background is used for all
spectra.

All samples were mounted on non-conductive double sided
3M Scotch® adhesive tape. The powder samples were not
sputter cleaned prior to analysis, as it is well known that this
can cause reduction of oxidized species. The main stage was
precooled to —130 °C prior to introducing the sample. After
addition of the sample holder to the stage it was allowed to
cool fully before analysis began. Cooling of the sample has
been shown to reduce X-ray and thermal degradation effects in
metal compounds such as copper and vanadium.””
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Table S1: Tabulated survey scans for compounds 1 - 15, 19.

Atomic Percentage (%)

Compound

N @] F Na Mg Si S Cl K Ca Ga Br |
1 56.5 - 191 0.3 - - - - 14.3 - - 9.5 - 0.4
2 50.3 - 217 7.2 - - - - 12.1 - - 8.6 - -
3 o57.1 - 239 96 - - - 2.6 - - - 2.3 - 4.5
4 90.3 35 22 - - - - - 0.3 - - 3.1 - 0.6
5} 65.5 - 181 1.3 - - 0.3 - 27 89 - 2.2 - 0.9
6 50.3 - 25.0 1538 - - 18 5.0 - - - 2.0 - 0.1
7 51.7 - 19.0 - - - - - 19.9 - - 9.5 - -
8 68.7 - 15.1 - - - - - - - - 6.5 - 9.7
9 851 - 8.3 - - - - - - - - 35 - 3.1
10 41.9 - 170 56 0.4 - - - 21.8 - - 134 - -
11 67.5 - 100 14 0.2 - - - - - - 69 126 1.3
12 534 - 10.2 - - - - - - - - 8.2 - 28.3
13 42.6 - 203 3.6 - 0.6 - - 19.7 - 06 122 - 0.3
14 34.9 - 10.0 424 - - - - 7.8 - - 4.9 - -
15 55.1 - 16.0 18.3 - - - - - - - 4.2 - 6.4
19 8.7 - 95.5 - - - - - 0.2 - - 35.5 - -

Note: Varying levels of contamination were observed for most of the samples analyzed.

Common contaminants were found to be iodine, oxygen, carbon, and fluorine. The source of the

iodine is postulated to come from cross-contamination arising from the vacuum chamber of the

XPS instrument, as it was not only observed in samples related to this study, but in other data
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from unrelated work. Carbon and oxygen arise from the adhesive tape used in sample
preparation. Alternatively, the oxygen could have been a result of possible oxidation of the
samples. Despite the use of an argon filled glovebox for sample preparation and introduction to
the XPS instrument, the sensitivity of the gallium compounds to oxygen and water could have
lead to some oxidation on the surface of some samples, causing oxygen contamination, however,
because of the strict anaerobic conditions employed, this was assumed to be negligible. Any
additional carbon and oxygen contamination could be resulting from excess solvent present in the
samples, due to incomplete drying. The presence of fluorine in the survey spectra is likely a result
of the fluoropolymer lining in the sample vial caps, which were used for synthesis and
transportation of the samples. Overall, none of the contaminants were believed to interfere with
any of the results of this study, as the gallium signals were used for characterization and

assignment for all compounds, of which there was no contamination source.
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Figure S1: Wagner plot of gallium halides using Ga 2p3; binding energy. Symbol legend: diamond = chloride
ligands; square = bromide ligands; triangle = iodide ligands.
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Figure S2: Wagner plot of Ga-Ga compounds using Ga 2ps; binding energy. Symbol legend: diamond =
synthesized gallium-cryptand complexes; square = chloride and iodide ligands and O/N donors; triangle =
iodide and terphenyl ligands.
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Figure S3: Wagner plot of Ga(l) compounds using Ga 2ps, binding energy. Symbol legend: diamond = halide
ligands; square = chloride ligands and O/N donors; triangle = organic ligands.
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Figure S4: Wagner plot of gallium-chloride and gallium-nitrogen compounds using Ga 2ps, binding energy.

Symbol legend: diamond = Ga(l11); square = Ga(ll); triangle = Ga(l).
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Figure S5: Wagner plot of gallium-iodide compounds using Ga 2ps, binding energy. Symbol legend: diamond

= Ga(lll); square = Ga(ll).
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Table S2: Auger parameters and relevant shifts for compounds analyzed using Ga 2psj, binding energy.

capans ASETOTES s o) e GRS TR ot
Gagm) (meas) 2184.50 - - - - -
Gagm (lit) 2184.88 - - - - -
4 2180.60 1.01 -4.91 -3.90 -1.95 0.94
) 2180.86 1.76 -6.40 -4.64 -2.32 0.56
6 2180.96 2.82 -7.36 -3.54 -1.77 -1.05
7 2180.25 2.37 -6.62 -4.25 -2.13 -0.25
8 2180.49 1.87 -5.88 -4.01 -2.01 0.14
9 2181.34 1.84 -5.00 -3.16 -1.58 -0.26
10 2179.94 3.36 -7.92 -4.56 -2.28 -1.08
11 2180.62 2.96 -6.84 -3.88 -1.94 -1.02
12 2181.40 2.68 -5.78 -3.10 -1.55 -1.13
13 2180.26 3.61 -7.85 -4.24 -2.12 -1.49
14 2179.97 3.05 -7.58 -4.53 -2.27 -0.79
15 2180.70 2.23 -6.03 -3.80 -1.90 -0.33
18 2183.30 0.41 -1.61 -1.20 -0.60 0.19
19 (meas) 2180.40 1.31 -5.41 -4.10 -2.05 0.74
19 (lit) 2180.25 0.96 -5.16 -4.25 -2.13 1.22
1 2180.15 2.02 -6.37 -4.35 -2.18 0.16
2 2180.19 2.08 -6.39 -4.31 -2.16 0.08
3 2180.81 241 -6.10 -3.69 -1.85 -0.57
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