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DFT and XPS studies were conducted on a series of nine manganese(il) complexes of the general formula
[Mn(B-diketonato)s], with the ligand B-diketonato = dipivaloylmethanato (1), acetylacetonato (2),
benzoylacetonato (3), dibenzoylmethanato (4), trifluoroacetylacetonato (5), trifluorothenoylacetonato (6),
trifluorofuroylacetonato (7), trifluorobenzoylacetonato (8) and hexafluoroacetylacetonato (9). The
binding energy position of the main and satellite structures of the Mn 2ps,, photoelectron line, as well as
the spin—orbit splitting, gave insight into the electronic structure of these manganese(i) complexes. DFT
calculations showed that an experimental sample of the d* [Mn(-diketonato)s] complex can contain
a mixture of different bond stretch isomers and different electronic states, in dynamic equilibrium with
one other. The presence of more than one isomer in the experimental sample, as well as interaction
between an unpaired 2p electron (originating after photoemission) and an unpaired 3d electron, which
aligned anti-parallel to the unpaired 2p electron, caused broadening of the Mn 2p photoelectron lines.
Multiplet splitting simulations of these photoelectron lines, similar to those calculated by Gupta and Sen
for the free Mn(in) ion, gave good fits with the observed Mn 2ps,, photoelectron lines. The XPS spectra of
complexes with unsymmetrical B-diketonato ligands were simulated with two sets of multiplet splitting
peaks, representing both the mer and fac isomers. The satellite structures obtained in both the Mn 2p=,,>
photoelectron line (shake-up peaks) and the ligand F 1s photoelectron line (shake-down peaks), are
representative of the ligand-to-metal charge transfer during photoionisation. The binding energies of the
Mn 2p, F 1s and S 2p electrons, as well as the amount of charge transfer from ligand-to-metal, are both
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1 Introduction

Knowledge of the electronic structure and properties of tran-
sition metal complexes is important, due to their role in
a variety of chemical and biological processes. High spin
manganese(u) complexes have various applications, for
example as building blocks in molecular magnets,'® catal-
ysis,” ™ redox mediators in dye-sensitised solar cells,*>*® and in
biochemical reaction cycles.”” Due to the four unpaired
d electrons of high spin Mn(u1) complexes, their geometry
displays the Jahn-Teller effect and also the X-ray photoelec-
tron spectroscopy (XPS) lines of these complexes split into
many peaks, due to a coupling interaction between the
unpaired core p-electrons (originating after photoemission)
and the unpaired valence d-electrons.”” Recently an X-ray
photoelectron spectroscopy study on [Mn"(ferrocenyl-p-
diketonato);] complexes, where the B-diketonato ligand con-
tained at least one ferrocenyl group,*® showed that a charge-
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dependent on the electronegativity of the different groups attached to the B-diketonato ligand.

transfer process from the p-diketonato ligand to the Mn(m)
metal centre is responsible for prominent shake-up satellite
peaks of the main Mn 2p photoelectron lines. These results
further showed that the binding energies of the Mn 2p
photoelectron lines are linearly influenced by the sum of the
Gordy scale group electronegativities** of the different R
groups attached to the B-diketonato ligands (RCOCHCOFc)~
(Fc = ferrocenyl group), varying over a binding energy range of
0.55 eV. By adding the XPS data of [Mn"(B-diketonato)s]
complexes, where the B-diketonato ligand does not contain an
electron donating ferrocenyl group, we hereby enlarge the
range of binding energies of the Mn 2p photoelectron lines by
nearly 100%, to a range of 1.07 eV. Thus, in continuation of our
interest in the geometrical®**® and electronic structure* of
[Mn(B-diketonato);] complexes containing p-diketonato
ligands with different electrondonating and -withdrawing
properties, we hereby present a combined study of theoretical
quantum chemistry calculations (using density functional
theory, DFT) and experimental measurements (using XPS)
on the series of nine non-ferrocene-containing [Mn(p-
diketonato);] complexes shown in Fig. 1 (with pB-diketonato =
dipivaloylmethanato (1), acetylacetonato (2), benzoylacetonato

This journal is © The Royal Society of Chemistry 2017
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R i 2 Results and discussion
R (1) C(CHgz)s  C(CH3)3  [Mn(dpm)s] .
(g) 8:3 g:js [mn(abcac)sl The spectra obtained by X-ray photoelectron spectroscopy (XPS) of
54; Pho Ph [[Mr?(gba:\)%i] 3d transition metal complexes containing unpaired d electrons,
Eg; gg gihss EI\M/IEEg?hiﬁl frequently contain a variety of several features which arise from
R (7) CF3 C4H30  [Mn(tffu)s] the electronic structure of the material. [Mn(B-diketonato);]
ES; 8;2 223 {mg?a?fs]] complexes are high-spin paramagnetic octahedral complexes,

Fig. 1 Structure of the different [Mn"'(B-diketonato)s] complexes
under investigation. The B-diketonato ligands of complexes 1, 2, 4 and
9 are symmetrical, while complexes 3, 5-8 have unsymmetrically
substituted B-diketonato ligands.

(3), dibenzoylmethanato (4), trifluoroacetylacetonato (5), tri-
fluorothenoylacetonato (6), trifluorofuroylacetonato (7), tri-
fluorobenzoylacetonato (8) and hexafluoroacetylacetonato (9)).
Results are also compared with previously published results*

with a d-electron occupation of (t,,)*(e,)".** Since the electronic
configurations (tyg)’d}. and (tyg)’dy. . are degenerate, Jahn-
Teller geometric distortion of [Mn(B-diketonato);] complexes
occurs in order to remove the degeneracy, with a consequent
lowering in symmetry and energy.” Elongation Jahn-Teller
distortion in [Mn(B-diketonato);] complexes is characterised by
two long bonds along the z-direction, as well as four short bonds
in the xy-plane, and a d-electron occupation of diyd}czd;zd;, with
the highest occupied molecular orbital (HOMO) of mainly d,
character. The elongation along the z-direction stabilises the

energy of the d, HOMO. Compression Jahn-Teller distortion

III .
n [Mn ™ (ferrocenyl-p-diketonato);] complexes. in [Mn(B-diketonato);] complexes on the other hand, is
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Fig. 2 Illustration of the two electronic states of [Mn(B-diketonato)s] complexes, containing a symmetrical B-diketonato ligand (RCOCHCOR) ™,

leading to either (a) elongation (d},d;,d},dz.) or (b) compression (d,,d;,d;.d% .) Jahn-Teller distortion. (c) The fac and mer isomers of [Mn(B-

diketonato)z] complexes, containing an unsymmetrical B-diketonato ligand (RCOCHCOR’)™ with R # R’. (d) Four possible elongation
(d}cyd}(zdylzd;z) Jahn-Teller bond stretch isomers for [Mn(B-diketonato)s] complexes, containing an unsymmetrical B-diketonato ligand
(RCOCHCOR')™ with R # R’. The d,2 HOMO or d,z_,2 HOMO has been superimposed on the structures.
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characterised by two short bonds along the z-direction, as well as
four long bonds in the xy-plane, and a d-electron occupation of
d;,d;.d),dp . instead, with the HOMO of mainly d»_,» character.
Elongation along the x and y-directions in this case, stabilises the
energy of the d,._,» HOMO.®” The two electronic states
dyd;.d;,dp. and dyd;.d) dy. ., respectively leading to elonga-
tion and compression Jahn-Teller distortion in [Mn(B-
diketonato);] complexes, are illustrated in Fig. 2(a) and (b), for
[Mn(B-diketonato);] complexes containing a symmetrically
substituted B-diketonato ligand (RCOCHCOR')™, with groups

R=FR.

2.1 DFT study

The influence of the ligands upon the geometry, energy and
electronic structure of [Mn(B-diketonato);] complexes, can
conveniently be studied by quantum chemical calculations.
DFT calculations conducted on both the two electronic states
dy,d,,d},d;, and dyd;,d) d;; . of complexes 1-9, show that for
1-9, the elongation Jahn-Teller distortion geometry is generally
more stable than the compression Jahn-Teller distortion
geometry, see Table 1.”**° Both elongation®" as well as
compression Jahn-Teller distortion®**® has experimentally been
observed in crystal structures obtained for [Mn(B-diketonato);]
complexes. However, compression Jahn-Teller distortion as
observed for [Mn(acac);],** has actually been attributed to an

Table 1 DFT calculated energies of the indicated electronic states of
[Mn(B-diketonato)s] complexes 1-9

Relative energy in eV

No dd ! dl, al dl ! !

Xy Xz x2—y?

1 [Mn(dpm);]*
2 [Mn(acac);]*
3 [Mn(ba);]*

0.000

0.000

0.000 (mmer Ph-Ph)*
0.015 (mer Ph-Me)*
0.025 (mer Me-Me)*
0.020 (fac)*

0.000 0.058
0.000 (mer CF3;-CF3) ¢
0.030 (mer Me-CF;)

0.064 (mer Me-Me)

0.044 (fac)

0.000 (mer Th-Th) ¢
0.016 (mer CF;-CF3)

0.025 (mer CF5-Th)

0.090 (fac)

0.000 (mer CF3-CF3) ¢
0.019 (mer CF3-Fu)

0.055 (mer Fu-Fu)

0.085 (fac)

0.000 (mer CF;-CF3) ¢
0.023 (mer CF3;-Ph)
0.041 (mmer Ph-Ph)
0.071 (fac)

0.000

0.036
0.038
0.056 (fac)”

4 [Mn(dbm);]*
5 [Mn(tfaa);]

6 [Mn(tfth),]”

7 [Mn(tffu),]

8 [Mn(tfba)s]

9 [Mn(hfaa);]* 0.037

“From ref. 30. ” From ref. 26. ¢ Compression Jahn-Teller input
geometry spontaneously converged to elongation Jahn-Teller geometry.
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unusual consequence of unknown crystal packing effects,**
stating that typically the tetragonal elongation is the “natural”
Jahn-Teller effect of [Mn(acac);], in agreement with the DFT
calculations obtained in this study (Hacac = acetylacetone).

When the [Mn(B-diketonato);] complex contains an unsym-
metrically substituted p-diketonato ligand (with groups R # R/,
as for complexes 3, 5-8), then two geometrical isomers are
possible, namely both the fac and mer isomers, depending on
the arrangement of the unsymmetrical B-diketonato ligands
around the metal; see Fig. 2(c). In the case of unsymmetrical
complexes, the elongation Jahn-Teller distortion of the mer
isomer can occur along any of the three different Og. giketonato™
Mn-Og._giketonate’ PONAs, leading to as much as three different
bond stretch Jahn-Teller elongation mer isomers for the elec-
tronic state dy dy,d),d;., as illustrated in Fig. 2(d).”** The OLYP/
TZP energies for these four (including the one fac) different
elongation [Mn"(B-diketonato);] isomers of unsymmetrical
complexes 3, 5-8, are given in Table 1. The DFT calculations
show that for these unsymmetrical complexes 3, 5-8, (i) the
most stable isomer is a mer isomer, (ii) the fac isomer is
generally slightly less stable than the different mer isomers, and
(iii) the energy differences between the different bond stretch
isomers of [Mn(B-diketonato);] complexes are small. This result
indicates that an experimental sample of [Mn(B-diketonato)s]
can contain a mixture of all four different bond stretch isomers
(and possibly also different electronic states), in dynamic
equilibrium with one other. This result agrees with the fact that
experimental crystal structures of both the fac*>* and mer
isomers*® of [Mn(B-diketonato);] complexes have been
characterised.

While the DFT study focused on the energy and character of
the different [Mn(B-diketonato);] isomers, which are mainly
determined by the valence Mn-d electrons, an X-ray photoelec-
tron spectroscopy (XPS) study of a series of these [Mn(B-
diketonato);] complexes, gave insight into the energies and
properties of the core electrons of Mn and other elements
present in [Mn(B-diketonato);].

2.2 XPS study

X-ray photoelectron spectroscopy (XPS) is a convenient charac-
terisation technique to study the chemical and oxidation states
of the elements present in a sample.’® The binding energy
position, shape and intensity of a photoelectron line can addi-
tionally provide a wealth of information regarding the magnetic
character,* electronic properties**** and metal-ligand bond of
the elements under investigation.****

The XPS of complexes 1-9 in this study all displayed the Mn
2p (641-652 eV), C 1s (ca. 284.5 eV) and O 1s (ca. 528.8 €V)
photoelectron lines, while the XPS of the five fluorine-contain-
ing complexes 5-9 also showed the F 1s photoelectron line
(main line at ca. 688.5 eV; satellite line at ca. 684.9 eV) and
complex 6 displayed the S 2p photoelectron lines (main line at
ca. 164.7 eV; satellite at ca. 161.2 V). The Mn 2p region of the
XPS spectra of these non-ferrocene containing [Mn™(B-
diketonato);] complexes 1-9 of this study, is shown in Fig. 3,
with selected data tabulated in Table 2. The Mn 2p;/, and Mn

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra04921h

Open Access Article. Published on 24 May 2017. Downloaded on 4/3/2026 4:06:45 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Mn 2p,, main
Mn 2p,j5 gatel N

R

>
! Mn 2p,; main

Mn 2p;); cotel

3: Mn(ba), SN\

6: Mn(tfth),

9: Mn(hfac)s

View Article Online

RSC Advances

1 N
8: Mn(tfba)s/l'\&
AR
1
i
9: Mn(hfac),/ |
AP
1
1

665 655 645 635
Binding Energy (eV)

170 166 162 158
Binding Energy (eV)

696 692 688 684 680
Binding Energy (eV)

Fig. 3 Comparative XPS spectra, showing one peak fitted for the main and satellite peaks of (left) the Mn 2ps,, and 2p;,, photoelectron lines,
(middle) the S 2p=/> and 2py,» photoelectron lines, and (right) the F 1s photoelectron lines of complexes 1-9. The photoelectron lines are charge
corrected against C 1s, at 284.5 eV. The grey dashed line at 642.4 eV (left) and 689.3 eV (right), illustrates the shift of the binding energy of

complexes 1 to 8 relative to complex 9.

2p1» photoelectron lines are located respectively between
641.67-642.38 eV and 652.82-653.56 eV, with the presence of
a satellite peak (due to the shake-up mechanism) at a binding
energy of ca. 4 eV higher than the main Mn 2p photoelectron
lines. The maximum binding energy of the main Mn 2p;,, peak
of all the [Mn(B-diketonato);] complexes 1-9, is found at ca. 3 eV
higher than the binding energy of the Mn 2p;,, of the free
manganese metal Mn’, which is located at ca. 639 eV.* This 3 eV
shift to a higher binding energy indicates that Mn in fact exists
in oxidation state III in the complex, which is further confirmed
by the ca. 641 eV binding energy reported for other Mn™
species,* as well as by the 641.2 eV previously reported in
literature for [Mn(acac);], complex 2, in ref. 45.

Both the Mn 2p;/, and Mn 2p,,, photoelectron lines exhibit
broad peaks, with a fairly high value of 4-6 eV measured for the
full width at half maximum (FWHM). The FWHM of the ob-
tained peaks is rather large in comparison with the FWHM of
2.28 eV, reported for the Mn 2p,,, photoelectron line of the
cubic alloy AlgoPd,5Mn; 5, which was measured at a pass energy
of 29.5 eV,* and in comparison to the Mn 2p,,, photoelectron
line of elemental Mn° which gave a FWHM of 2.52 eV

This journal is © The Royal Society of Chemistry 2017

(measured at a pass energy of 35.75 eV).*” The unexpectedly
high FWHM value observed for these Mn"™ photoelectron lines
might be due to various reasons:

(i) Mn™ is known to exist in a high spin paramagnetic
state,*®** and the FWHM of high spin Mn'" is generally higher
than that of a low spin Mn complex. For example, the FWHM of
high spin Mn"™ in Mn,O; was measured as 1.75 eV, while the
FWHM of low spin Mn"" in MnO, was found to be only 0.91 eV
(both measured at 20 eV pass energy).*

(ii) A higher pass energy allows for a larger number of elec-
trons to reach the detector, but the energy determination
becomes less precise, causing the FWHM to increase. In this
study a large pass energy had to be used in order to obtain well
defined peaks (the same pass energy of 93.90 eV was used for all
the complexes in the Mn 2p region), which contributed to the
higher FWHM. For example, the FWHM of elemental Mn° is
1.14 eV at 25 eV pass energy, 0.79 eV at 20 eV pass energy and
0.74 eV at 10 eV pass energy,* therefore obtaining smaller
FWHM values with decreasing pass energy.

(iii) The larger than expected FWHM value is also an indi-
cation of more than one species most probably being present in

RSC Adv., 2017, 7, 27718-27728 | 27721
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Table 2 Sum of the Gordy scale group electronegativities of all the R-groups, =xr = 3(xr + xr) of IMN(RCOCHCOR')3]. The Binding energies at
the maximum binding energy (BE) of the Mn 2pz,, photoelectron lines, the spin orbit splitting of maximum binding energies of the Mn 2p
photoelectron lines (ABE,), the binding energy of the satellite Mn 2ps/,, photoelectron line (BE Mn 2pszzsat). as well as the peak separations
between main Mn 2ps,, and the satellite Mn 2pz,, photoelectron lines (ABE,), the ratio area % between main Mn 2ps,, and the satellite Mn 2ps,,»
photoelectron lines (/;ati0). The binding energies of the maximum binding energy (BE) of the main and satellite F 1s photoelectron lines, as well as

the ratio area % between main F 1s and the satellite F 1s, / 40

Sxr =3 vco BE Mn ABE,” BE Mn ABE,° BE Mn BEF BEF

Complex (xe +xr)® (em™)  2pzomain (€V) (eV) 2P3/asat (€V) (V) Latio” 2P3/2main M€ (€V)  1Smain (6V)  1Sgac (€V)  Lao®
[Mn(dpm);], 1 13.62 1591  641.67 11.88  645.87 420 0.6 641.49 — — —
[Mn(acac)s;], 2 14.04 1590  641.73 11.91  646.09 436 017 —° - - -
[Mn(ba);],3  13.65 1591  641.69 11.89  645.98 429 016 641.51 —f —f —f
[Mn(dbm),], 4 13.26 1592  641.67 11.80  645.99 432 017 —° - - -
[Mn(tfaa);], 5 16.05 1598  642.05 12.21  645.81 3.76 0.1  641.87 688.49 684.88  0.41
[Mn(tfth),], 6  15.33 1602  641.93 12.02  645.83 3.90 0.13 64175 688.20 684.60  0.45
[Mn(tffu),], 7 15.39 1597  641.97 12.04  645.84 3.87 013  641.79 688.33 684.48  0.44
[Mn(tfba);], 8  15.66 1601  641.99 12,12 645.83 3.84 0.1  641.81 688.48 684.63  0.42
[Mn(hfac);], 9  18.06 1639  642.38 12.38  645.73 335  0.05 —° 689.32 685.70  0.23
“ Sum of the Gordy scale group electronegativities, see ref. 24. 5 ABE, = BEyy, 2Pyaman — BEMn 2p,,. .- ¢ ABE, = BEyp 2Py — BEMn 2p,, e 4 Iratio =

ratio between the intensities of the satellite and main Mn 2p;, photoelectron lines = (Ivn 2p, )/

Ivn 2p,,...)- < The R-groups of the ligands of the

complex are equivalent, hence the complex does not show mer and fac isomers.” The R-groups of the ligands of the complexes do not contain F.
% Iatio = ratio between the intensities of the satellite and main F 1s photoelectron lines = (Is 15_)/(If 15

the sample, namely the fac as well as different bond stretch mer
isomers, as discussed in the previous section.

(iv) The large FWHM value could also be attributed to final
state effects, such as the coupling of the angular momenta of
the unpaired electrons of the core level after photoionisation,
with one of the four unpaired 3d electrons of high-spin Mn™ of
the outer orbitals (causing multiplet splitting), as well as crystal
field- and electrostatic interactions.**> Multiplet splitting is
discussed in a separate section below.

2.2.1 Binding energies. The spectral deconvolution of the
Mn 2p;/, photoelectron lines indicates that complexes 1-9 all
display different binding energies (BEmn 2p,,, See Fig. 3 and
Table 2), which are influenced by their chemical environment,
which in this case are the different groups attached to the B-
diketonato ligands in [Mn"(B-diketonato);] complexes 1-9. It is
known that for a fixed oxidation state, the binding energy of
a metal-electron increases as the electronegativity of the ligand
attached to the metal increases.*® For B-diketones and metal-f-
diketonato complexes, the electronegativity of the f-diketonato
ligands can conveniently be expressed in terms of Zxy, which is
the sum of the Gordy scale group electronegativities, of the
different R groups attached to the B-diketonato ligands
(RCOCHCOR')". It has been shown that the relative electron-
withdrawing or electron-donating ability of different R groups
in B-diketone ligands as well as metal-B-diketonato complexes,
influences chemical properties like electrochemistry,>*® spec-
troscopic response,®®*” kinetics,*®* turn-over frequency of
catalysis,* and NMR peak positions® of the B-diketone ligands
and metal-B-diketonato compounds. For [Mn"(RCOCHCOR');]
complexes, the sum of the Gordy scale group electronegativities
is Zxr = 3(xr + xr’)- Evaluation of the different binding energies
of the Mn 2p;,, photoelectron lines of complexes 1-9, shows
that the binding energy of the Mn 2p;/, electrons increases as
Sxr in [Mn"™(RCOCHCOR');] increases, see Fig. 4A. An increase
in the electron withdrawing character of the B-diketonato

27722 | RSC Aadv., 2017, 7, 27718-27728
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ligands, expressed as increasing Zyg, causes electron density to
move away from the manganese metal centre, resulting in
a more positive manganese metal centre. The manganese centre
therefore binds more strongly to its core electrons, leading to an
increase in the binding energy of the Mn 2pj3), electrons.® The
linear relationship obtained between the binding energy (BE) of
the Mn 2p;/, core electrons of complexes 1-9 and Zxg, the sum
of the electronegativity of the different R groups in
[Mn™(RCOCHCOR');], can be fitted by the following equation
(Fig. 4A):

BEwmn 2p,, = 0.1532 2xg + 639.6; R*=0.993 (for complexes 1-9)

For comparative reasons, data of previously published [Mn"(-
ferrocenyl-p-diketonato);] complexes, containing an additional Fe
metal,® is also considered at this point. Considering published
data from a previous study of the [Mn"(ferrocenyl-B-diketonato)s]
complexes 10-14, containing at least one ferrocenyl group on the -
diketonato ligand (with ligands ferrocenyl-p-diketonato =
(FcCCOCHCOCF;)~ (10), (FcCOCHCOCH;) ™~ (11), (FecCOCHCOPh) ™
(12), (FCCOCHCOFc) ™~ (13) as well as (ferrocenyl-B-diketonato); =
((FcCOCHCOFc) ),(FcCOCHCOCH;) ™ (14), where Fc = ferrocenyl),
and including this data in the linear fit of BEyyy, 2p,, With Zyg, it was
found that the above equation stays basically the same, within
experimental accuracy (see Fig. 4A), namely:

BEmn 2p,, = 0.1503 Sxg + 639.6; R?=0.995 (for complexes 1-14)

This result illustrates that the above equation can be
used to a high degree of accuracy, to also determine the binding
energy of related [Mn(B-diketonato);] complexes, if the electro-
negativity xr of the groups attached to the B-diketonato ligands
(RCOCHCOR/)™, is known.

This journal is © The Royal Society of Chemistry 2017
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2.2.2 Spin-orbit splitting. Another important feature of the
Mn 2p XPS peaks, is the difference between the maximum
binding energy of the main 2p;,, and 2p,,, peaks, known as the
spin-orbit splitting. For complexes 1-9, a spin orbit splitting
(ABE; = BEmn 2p,,,.., — BEmn 2p,,,,,,) Was observed in the range
of ABE; = 11.8-12.4 eV. This is in the same order as reported
data of ABE,; = ca. 11.6 eV, for Mn'™" in Mn,0;.6>"%

Spin-orbit splitting is an initial state effect, and the magni-
tude of the separation is dependent on the degree of spin
density delocalisation of the electrons in the valence
orbitals.®** Thus it is expected that a more electron with-
drawing group (with a higher degree of spin density delocali-
sation) would be associated with a larger spin-orbit splitting.
The correlation between the sum of the Gordy group electro-
negativities (2xg) and the spin-orbit splitting (ABE,) between
the Mn 2ps,, and Mn 2p; , photoelectron lines (see Fig. 4B), is in
agreement with the above.

It was found that the spin-orbit splitting ABE; of the main
Mn 2p3), and 2p,,, peaks for complexes 1-9, increases linearly
as Zyg increases (see Fig. 4B):

ABE; = 0.1185 Sxgr + 10.25; R* = 0.970 (for complexes 1-9)

ABE; = 0.1110 Sy + 10.36; R* = 0.972 (for complexes 1-14)

Here again we observe that enlarging the Zyxr range, by
including Fe-containing ligands from the previous study* of
[Mn"(ferrocenyl-B-diketonato);] complexes 10-14 into the
linear fit of ABE; with Zxg, does not have any significant
influence on the accuracy of the fit or the linear relationship.
The presence or absence of the second metal Fe in the ligand of
these [Mn'""(diketonato);] complexes, does not influence the
binding energies of the Mn 2p XPS peaks any more than merely
the normal effect expected from the electronegativity of the
ferrocenyl group.

2.2.3 Shake-up Mn 2p satellite peaks. In addition to the
main photoelectron lines displayed by the XPS of complexes
containing high-spin metals, satellite structures are often

642.4
642.1
641.8
641.5

<)
N
=
N

BE Mn 2p3/2main/ eV

10 12 14 16 18
)M

10 12 14 16 18
ZYr

Fig. 4 Relationship between Zyg, the sum of the Gordy scale group
electronegativities of the R-groups on the B-diketonato ligand of
complexes 1-14, with (A) the maximum binding energy (BEmn sz/mW)
of the main Mn 2ps,, photoelectron line, as well as with (B) the spin
orbit splitting of the maximum binding energy (ABE;) of the main Mn
2pz;> and Mn 2py, photoelectron lines (ABE; = BEwn 2p,,... —
BEwmn 2p,,.,,)- Data of complexes 1-9 from this study is shown in blue
(from Table 2) and data of complexes 10—14 from a previous study in
red (from ref. 23).
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observed. These structures are due to final state effects. They are
observed either as shake-up peaks at higher binding energies than
the main photoelectron line, or as shake-down peaks at lower
binding energies than the main photoelectron line. The position
and intensity of these satellite structures both are dependent on
the ability of the electron hole that has been created due to
photoemission, to be stabilised by the electronic structure of the
surrounding environment of the complex. This ability is related to
the intrinsic properties of the complex. Published results show
that there is a link between the intensity of these shake-up or
shake-down satellite peaks and the magnetic moment, u,*® as well
as the spin density of the corresponding complex.*

As mentioned earlier and shown in Fig. 3, the Mn 2p;.
shake-up satellite peak is located at ca. 4 eV higher binding
energy than the main Mn 2p;,, peak (see also columns 4 and 6
in Table 2). It previously has been shown for paramagnetic Cu(u)
complexes, that the intensity of the satellite peak in comparison
with the main metal M 2p;,, peak, namely Laio = (Iv 2p,,,.)/
(Im 2p,,,,,), increases (non-linearly) as the spin density of the
ligands attached to the Cu metal increases.® In this study it has
been found however, that the ratio of the intensity of the
satellite peak towards the main Mn 2p;, peak, Laio =
(Imn 2p,,..)/ (Ivn 2p,,,,.,.)» 1S inversely proportional to Zyg, which is
a measure of the electronegativity of the different ligands. This
“opposite” trend will be explained below.

Satellite peaks are generally caused by one of two phenomena.
In the first instance, shake-up peaks commonly observed for
paramagnetic transition metals occur, when the kinetic energy of
the emitted photoelectron is being reduced due to energy
transfer to a non-photoelectron of the same element (causing the
non-photoelectron to be in an exited state), which leads to
a “shake-up” peak at a higher binding energy than the main
line.” On the other hand, shake-up peaks also occur due to
a strong configuration interaction in the final state, involving
significant ligand-to-metal charge transfer instead (for example
in Ni(n) and Co(u)), which results in an “extra” 3d electron,
compared with the initial state.” The excited energy transfer
satellite mechanism in the first instance dominates over the
latter charge-transfer satellite mechanism, when firstly the
difference between the maximum binding energies of the satel-
lite and the main metal peaks is large (namely the charge transfer
energy, ABE,), when secondly the core-hole-d-electron Coulomb
attraction energy is small, and thirdly when there are many
empty 3d orbitals.”> However, for the d* complexes 1-9 in this
study, with as many as 6 empty 3d orbitals each, the observed
shake-up peaks can best be interpreted in terms of the latter
instance, namely a ligand-to-metal charge transfer during pho-
toionisation, since ABE, is only a small value (less than 5 eV).
Also, in the F-containing [Mn™(B-diketonato);] complexes 5-9,
the corresponding shake-down peaks are observed for the main F
1s photoelectron line, as well as for the main S 2p line of the S-
containing complex 6 (see Section 2.2.4 below). Comparable
shake-down satellites were reported in a previous study, for the
photoelectron lines associated with the Fe 2p electrons of the Fe-
containing ligand, for related [Mn™(ferrocenyl-B-diketonato)s]
complexes.”® In addition, the latter charge transfer model also
accounts quantitatively for the observed intensities of the
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satellites to the main peaks (I a0),”> as was found in this study for
complexes 1-9.

The electron configuration of Mn(m) in complexes 1-9 is
1s25”2p®3s°3p°3d*. However, after ligand-to-metal charge
transfer during photoionisation of a 2p electron, the final state
is 1s2s%2p°3s?3p®3d*™, where n = 1 denotes the amount of
charge transferred from the ligands to the Mn metal.** Ligand-
to-metal charge transfer during photoionisation, therefore
leads to a change in spin density. As more charge is transferred
from the ligand to the metal (leading to the “extra” 3d electron
during photoionisation), the larger the satellite charge transfer
peak (shake-up peak) of the metal becomes. The inversely
proportional relationship observed between Zxr and Iato
(Fig. 5B) affirms that B-diketonato ligands with higher Zxgr
values (for example Zxg = 18.06 for complex 9), indicating
stronger electron withdrawing properties than others, would
obviously transfer less charge to the Mn metal centre during
photoionisation of a 2p electron, than the ligands of, for
example complex 4, with a smaller value of Zxr = 13.26,
therefore withdrawing much less electrondensity. In literature,
this result also agrees with the linear increase observed for the
intensity ratio, I ..o, With the decrease of the Pauling electro-
negativity of the halides,””* for three series of metal-dihalides,
namely CoX,, FeX, and MnX,, where X = F, Cl or Br. The same
increase in Iya0 With decreasing 2xg can be seen in the example
of the Mn-dihalides series from literature: MnF, (I;a¢0 = 0.06, X
= 3.98), MnCl, (I;aiio = 0.28, xr = 3.16) and MnBr, (Iai0 = 0.38,
xrp = 2.96).”> However, metal-to-ligand charge transfer, as
observed for Cu(u) in literature,* results in the opposite trend
between I., and ligand electronegativity (than ligand-to-metal
charge transfer) during photoexcitation. The linear relationship
obtained between the I.., of the Mn 2p3,, peaks and Zxg, the
sum of the Gordy scale group electronegativities of the R-groups
on the ligands, fits the following linear equation (see Fig. 5B):

Latio = —0.0256 Sxgr + 0.5172; R? = 0.970 (for complexes 1-9)

Laio = —0.0248 Sxr + 0.5040; R?=0971 (for complexes 1-14)

ABE, / eV

10 12 14 16 18
Zxr

10 12 14 16 18
Zxr

Fig. 5 Relationship between Zxg, the sum of the Gordy scale group
electronegativities of the R-groups on the B-diketonato ligand, of
complexes 1-14, with (A) the charge transfer energy (ABE;), namely
the difference between the maximum binding energy of the main Mn
2pz/2 photoelectron line and the satellite Mn 2ps,, photoelectron line
(ABE2 = BEmn 2p,,... — BEMn 2p.,...)- @S Well as with (B) the intensity ratio
(lratio) Of the satellite to the main Mn 2ps,, photoelectron lines, / 40 =
IMn 2p, 50,0/ UMn 2p,,...)- Data of complexes 1-9 from this study is shown
in blue (from Table 2) and data of complexes 10—14 from literature in
red (from ref. 23).
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2.2.4 Shake-down F 1s and S 2p satellite peaks. Detail of
the spectral deconvolution of the F 1s photoelectron line,
present in the XPS of the five CF;-containing complexes 5-9, is
shown in Fig. 3. Similarly to the Mn 2p photoelectron lines, the
binding energy position of the F 1s photoelectron line, is also
influenced by the sum of the Gordy scale group electronega-
tivities, Zyxg, of the R-groups attached to the f-diketonato
ligand. Again, (as in Fig. 4A for the main Mn 2p;/, photoelectron
line), as the electronegativity of the ligands, Zxg, increases, the
binding energy (BEr ;5) of the F 1s photoelectron line also
increases, see Fig. 6A. The linear relationship obtained between
the binding energy of the main F 1s photoelectron line
(BEr 15, ), and the sum of the electronegativity of the different
R groups, Zxg, of the five fluorine-containing complexes in this
study, 5-9, can be fitted by the following linear equation:

BEr |5 = 0.3834 Syr + 682.39; R = 0.979 (for the F-containing
complexes 5-9)

The substructure of the F 1s photoelectron lines displays
a strong shake-down satellite peak, ca. 3.7 eV lower than the
main F 1s photoelectron line. This shake-down peak of the main
F 1s photoelectron line is associated with the corresponding
shake-up peak of the Mn 2p photoelectron, which depicts the
ligand-to-metal charge transfer during photoionisation. The
shake-down peak of the F 1s photoelectron line can be
considered representative of some of the charge transfer from
the F-containing ligand to the Mn metal.

The Lo of the F 1s peaks (Lo = (I 15, )/F 1s,,)) iS
a measure of the amount of charge transferred from the CF;-
containing ligand to the Mn metal of these five complexes 5-9.
The intensity ratio, and thus the amount of charge transferred
from the fluorine-containing ligand to the Mn metal decreases,
as the electronegativity of the CF;-containing ligand (Sxg)
increases (see Fig. 6B). This inversely proportional linear rela-
tionship obtained between the I, of the satellite to the main F
1s peaks with electronegativity 2xg, fits the following equation
(see Fig. 5B):

Latio = —0.0798 Syg + 1.674; R? = 0.989 (for the F-containing
complexes 5-9)

689.5 05 18-
% ‘..
~ 689.0 o 04
W 688.5 =~ 03
o

688.0

14 16 18 14 16 18
ZAr ZXr

Fig. 6 Relationship between Zyg, the sum of the Gordy scale group
electronegativities of the R-groups on the B-diketonato ligand, of the
five CF3z-containing complexes 5-9, with (A) the maximum binding
energy (BEf 35 ) of the main F 1s photoelectron line, as well as with (B)
the intensity ratio (/,a1i0) Of the satellite and main F 1s photoelectron
lines, lratio = (IF 15, )/UF 15,,,)- Data from Table 2.
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The above result implies that the symmetrically substituted
ligands in complex 9, containing as much as six strongly electron
withdrawing CF; groups, will subsequently transfer even less
charge to the Mn metal in complex 9, than in complexes 5-8,
which each contain only three electron withdrawing CF; groups.
This observed result agrees with the lowest amount of charge
“received” by Mn in complex 9 (Fig. 5B), as given by IL.i, =
(Imn 2p,,,)/(Ivn 2p,,,,,,) = 0-05 (see the point farthest to the right in
Fig. 5B).

The observed ligand-to-metal charge transfer during photo-
ionisation, occurs from the p-diketonato ligands to Mn. Therefore
charge is also transferred from the other atoms on the p-diketo-
nato ligand to the Mn metal. For example, in complex 6, con-
taining sulphur in the groups substituted on the ligand, the main
S 2 p3, peak at 164.8 eV also exhibits a shake-down charge
transfer satellite peak at 161.5 eV, with a spin-orbit splitting
(ABE,) of 3.3 €V, as seen in Fig. 3. It however was not possible to
also identify the satellite peaks associated with the C and O lines
in complexes 1-9, due to the presence of adventitious C and O.

2.2.5 Fitting of fac and mer isomers. As mentioned previ-
ously, the large FWHM (full width at half maximum) obtained for
the Mn 2p spectral lines, could be an indication that more than
one species is present in the sample. The FWHM obtained for the
unsymmetrically substituted complexes 3, 5-8, for which both fac
and mer isomers are possible, is slightly larger (namely 4.9, 5.3,
6.2, 5.1 and 4.7 eV respectively) than the FWHM obtained for
complexes 1, 2, 4 and 9 (3.9, 4.4, 4.5 and 5.1 eV respectively),
containing symmetrically substituted B-diketonato ligands. Two
peaks, one for the three mer bond stretch isomers and one for the
fac isomer, can successfully be fitted into the original Mn 2p peak.
The fitting of these simulated peaks into the original Mn 2p peak,
results in a much smaller FWHM for the unsymmetrical
complexes 3, 5-8 (of 3.8, 4.1, 4.7, 3.9 and 3.6 eV respectively).
These fitted values are then comparable to the original FWHM
obtained for the symmetrical complexes 1, 2, 4 and 9 (in the range
of 3.9-5.1 eV). See Fig. 7, which depicts the fitting of complex 3, as
an example of the unsymmetrical complexes. Additionally, the
CHI squared value (indicating the goodness of fit) decreased,
when two main peaks instead of one were fitted for the unsym-
metrical complexes 3, 5-8. For example, for complex 3, CHI
squared decreased from 1.6 to 1.5 when fitting two main peaks,
thereby accommodating both the fac and the mer isomers. The
DFT calculations in Section 2.1.1 above, showed that the fac
isomer is generally less stable than the mer isomer, and also that
three mer bond stretch isomers are possible for unsymmetrical
complexes 3, 5-8. Since the statistical distribution between the
three different mer bond stretch isomers and the one fac isomer is
3 : 1, the two Gaussian peaks were fitted in a ratio of 3 : 1 into the
original Mn 2p peaks for the unsymmetrical complexes 3, 5-8. The
Mn(m) pB-diketonato complexes containing unsymmetrically
substituted B-diketonato ligands (3, 5-8), were further simulated
to have two Mn main 2p;/, peaks, as well as two satellite peaks;
one satellite structure is associated with the three more stable mer
bond stretch isomers (at lower energy) and the other satellite peak
with the less stable fac isomer (at higher energy). The difference in
binding energy between the mer and the fac isomers is ca. 0.01 eV.
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Fig. 7 XPS spectra of the unsymmetrical complex 3 (as a representa-
tive), showing the two simulated peaks, as an example for the
complexes with unsymmetrical B-diketonato ligands, representing
both the mer and fac isomers (a ratio of 3 : 1 was simulated), as well as
the satellite shake-up peaks of the Mn 2p area at a higher binding
energy.

The mer and fac simulation of complex 3 is shown in Fig. 7, as an
example for the other unsymmetrical complexes.

However, the FWHM obtained above is still larger than ex-
pected. A more accurate fitting of the peaks due to additional
multiplet splitting, commonly observed in high spin para-
magnetic complexes, is therefore needed.

2.2.6 Multiplet splitting. Interaction between an unpaired
2p electron (originating after photoemission) and an unpaired 3d
electron, which alignes anti-parallel to the unpaired 2p electron,
causes additional splitting of the original Mn 2p photoelectron
lines (also contributing to the increased FWHM) of complexes 1-
9.°° The photoelectron lines of the Mn 2p presented in this study,
are therefore even more complex than described thus far, because
of the additional effect of multiplet splitting.”>”® Gupta and
Sen®"** theoretically calculated the splitting of the 2p peaks of
a high-spin free Mn®* ion, to be in a ratio area percentage of
1:1:1.35:0.7: 0.3 for the five splitted 2p peaks. Fig. 8 shows
a simulation of the theoretical multiplet splitting ratio as calcu-
lated by Gupta and Sen,”>*> simulated for both complex 2 (repre-
sentative of complexes 1, 2, 4 and 9 with symmetric ligands), as
well as for complex 3 (representative of complexes 3, 5-8 with
unsymmetric ligands, in this case fitting both the fac and mer
isomers). These multiplet splitting peaks consist of five compo-
nents (labelled peaks 1-5 for symmetrical complex 2, as well as f1-
f5 (fac) and m1-m5 (mer) for the unsymmetrical complex 3). For
complex 2, the CHI squared value decreased from 1.8 to 1.3 when
multiplet peaks instead of one single peak were fitted for the Mn
2pss photoelectron line, indicating a good fit. The CHI squared
value for unsymmetrical complex 3, also decreased further from
1.5 (where merely two main peaks for the fac and mer isomers

RSC Aadv., 2017, 7, 27718-27728 | 27725
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Fig. 8 Detailed Mn 2psz,, area of complex 2 (top, showing the simu-
lated multiplet splitting of the symmetrical complex 2), depicting the
five components, labelled peaks 1-5; as well as the detailed Mn 2ps,,
area of complex 3 (bottom, showing the simulated multiplet splitting of
the fac (grey line) and the mer (black line) isomers of the unsymmet-
rical complex 3). In the latter complex 3, the peaks labelled m1-m5
above the spectra belong to the mer isomer, while the five compo-
nents of the peaks labelled f1-f5 below the spectra, belong to the fac
isomer. No multiplet splitting, or separate fac or mer peaks, were fitted
to the satellite peak.

were fitted for complex 3) to a CHI squared value of 1.3, when also
applying the multiplet splitting peak fitting. The overall FWHM of
the Mn 2p;,, photoelectron line when using multiplet splitting,
decreased (from the original range of 3.9-6.2 eV, before applying
any simulation, see Section 2.2.5) to a range of 1.4-1.8 eV, which is
in the same order as was found for related free Mn ions: For
example, the calculated Gupta and Sen multiplet splitting distri-
bution for Mn** and Mn®" free ions, when applied to Mn*" in
MnO, and to Mn®" in manganite, resulted in FWHM values of the
multiplet peaks of 1.7 for Mn** and 1.25 eV for Mn*',”” which are
similar to the above improved FWHM values for the Mn 2p;,
peaks (range of 1.4-1.8 eV), after fitting the multiplet splitting.

3 Experimental section
3.1 Synthesis

A series of nine B-diketonato manganese(m) complexes of
formula [Mn(RCOCHCOR);], with symmetrically substituted
groups R = C(CHs); [1]; (CH5) [2]; (CeH;) [4] and (CF3) [9], or of
formula [Mn(RCOCHCOR');], with unsymmetrically substituted
groups R = (CH;) and R’ = (C¢H;) [3]; and also R = (CF;) and R/
= (CH;) [5], (OC4H;S) [6], (OC,H;S) [7] or (Ce¢Hs) [8], were
prepared and characterised according to published methods.”®

3.2 XPS measurements

The X-ray photoelectron spectroscopic (XPS) analysis was
carried out with a PHI 5000 Versaprobe, using monochromatic
Al Ko X-ray radiation, with 4y = 1486.6 eV. The hemispherical
analyser pass energy, used to record the high resolution spectra,
was maintained at 29.35 eV for C 1s and O 1s, and at 93.90 eV for
Mn 2p, S 2p, and F 1s, in order to obtain peaks with good
resolution, using 1 eV per step. In order to acquire a neutral
charge on the surface of the sample, a low energy electron beam
was utilised. All the binding energies of the photoelectron
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Table 3 DFT calculated energies of the indicated spin states of
[Mn(acac)s] optimized with the indicated functionals

Spin BLYP OLYP B3LYP CAM-B3LYP® MO06-D3“ MO065X?
1 0.000 0.33 0.27 0.27 0.92 0.91
2 0.232  0.00 0.00 0.00 0.00 0.00

¢ Optimized using the Gaussian 09 program package* and the 6-
311G(d,p) basis set.

spectra were referenced against the lowest binding energy of the
C-C simulated adventitious C 1s photoelectron line, which was
set at 284.8 eV. The XPS data was analysed, utilising the Mul-
tipak version 8.2c computer software.”

3.3 DFT calculations

Density functional theory (DFT) calculations were conducted
with the ADF (Amsterdam Density Functional) 2013 pro-
gramme.*® The GGA (Generalised Gradient Approximation)
functional OLYP (Handy-Cohen and Lee-Yang-Parr),*"** a all-
electron TZP (Triple ¢ polarised) basis set, and spin-unrestricted
open shell calculations were used for geometry optimisations.
The OLYP functional proved to be a good choice for correctly
calculating the ground state of high spin 3d metal-
complexes.**** To further support the reliability of the
computational method used in this work, the S = 1 (two
unpaired electrons) and S = 2 (four unpaired electrons) spin
states of [Mn(acac);] as representative example of [Mn(p-
diketonato);] complexes, were optimized using a selection of
functionals, see Table 3. These results indicate that the OLYP,
B3LYP, CAM-B3LYP (B3LYP with long-range correction), M06-
D3 (M06 with the Grimme empirical dispersion correction) and
MO065X functionals correctly predicted the experimental high
state of S = 2 of [Mn(acac);], in agreement with experimental
EPR studies.?®

4 Conclusions

A DFT study of the energy and character of the Frontier orbitals
of [Mn(B-diketonato);] complexes shows that a highest occupied
molecular orbital (HOMO) of mainly d,: character is responsible
for the elongation of two Mn-ligand bonds along the z-direction.
[Mn(B-diketonato);] complexes containing an unsymmetrically
substituted B-diketonato ligand, can have one fac and three mer
bond stretch isomers. An XPS study of the Mn 2p core electron
binding energies, provides insight into the influence of the
electronic environment caused by the electron donating/with-
drawing properties of the B-diketonato ligands, on the binding
energy strength. The main and satellite peaks of the Mn 2p XPS
photoelectron lines were fitted with multiplet splitting peaks, as
calculated for the free Mn(m) ion by Gupta and Sen, as well as
with satellite shake-up peaks, due to charge transfer. Two sets of
multiplet splitting peaks, representing the mer and fac isomers,
were simulated for the Mn 2p;,, photoelectron lines of those
[Mn(p-diketonato);] complexes containing unsymmetrically
substituted B-diketonato ligands. The relative intensity of the
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satellite peak of both the Mn 2p signal of the metal and the F 1s
signal in the five fluorine-containing ligands, is related to the
amount of charge transferred between the -diketonato ligands
and the Mn"™" metal centre.
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