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Abstract: Distinct spectral features at the Fe L-edge of the two compounds Ks[Fe(CN)g] and K4[Fe(CN)g]
have been identified and characterized as arising from contributions of the ligand z* orbitals due to metal-
to-ligand back-bonding. In addition, the L-edge energy shifts and total intensities allow changes in the
ligand field and effective nuclear charge to be determined. It is found that the ligand field term dominates
the edge energy shift. The results of the experimental analysis were compared to BP86 DFT calculations.
The overall agreement between the calculations and experiment is good; however, a larger difference in
the amount of &x back-donation between Fe(ll) and Fe(lll) is found experimentally. The analysis of L-edge
spectral shape, energy shift, and total intensity demonstrates that Fe L-edge X-ray absorption spectroscopy

provides a direct probe of metal-to-ligand back-bonding.

Introduction

The chemical bonding between a transition metal and a ligand
such as CN or CO is generally described in terms of donor
interactions between occupied orbitals of the ligand and the
unoccupied and partially occupied orbitals of the metal, and
acceptor interactions between the occupied or partly occupied
orbitals of the metal and the unoccupied orbitals of the ligand.
The model most widely invoked to describe such bonding inter-

actions is that of Dewar, Chatt, and Duncanohin which o
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Figure 1. Schematic illustration of the DewaChatt-Duncanson model
for back-bonding.

The absorption spectra of [Fe(Gj¥ and [Fe(CNJ]*~ were

donation andr acceptance are described as having a syner- Ofiginally reported as early as the 1946s'® The 10Dq values
gistic bonding effect (Figure 1). Homoleptic octahedral com- ©Of these compounds are large compared with those-aily
plexes of transition metals have played a fundamental role in donor complexes, and there is little difference between the 10Dq
developing many ideas in coordination chemistry because theirvalues observed for [Fe(C§J~ and [Fe(CNgJ*~.*37%% In

molecular orbital and bonding picture is simplified by sym-
metry4~—6 Among the most widely investigated systems that
display back-bonding are the iron(ll) and iron(lll) hexacyan-

ides’—12
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addition to the ligand field (etd) transitions, intense absorption
bands were observed which were assigned as arising from metal-
to-ligand charge-transfer transitions, providing further evidence
for r back-bonding® Around the same time as the absorption
spectra were investigated, substantial research focused on the
force constants of metatarbon and carbemitrogen bond$?22
These were also interpreted in termsyadonation andr back-
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donation?® It was first understood experimentafiyand later
shown with molecular orbital (MO) calculations, that both the
50" occupied and 2* unoccupied orbitals are antibonding with
respect to the CNbond?425 This means that donation has
the effect of shortening the -€N distance, whereas back-
donation lengthens it. From this relationship, periodic trends in

Tanabe-Sugané® diagrams for 8§ metal complexes but for the
2p°3dV 1 final states. A further contribution to the L-edge shape
is the effect of covalency. In the ground state, thecdnfig-
uration mixes with the % L configuration by ligane-donor
bonding (a ligand-to-metal charge-transfer, LMCT, process) and
with the d¥-1 L~ configuration by ligand-acceptor bonding

the bonding to transition metals could be observed based on(metal-to-ligand charge-transfer, MLCT, process), wheres_

vibrational frequencie$326 It was found that [Fe(CN)*~ has

a lower CN- force constant than [Fe(CK$~. This had been
interpreted as an increase in back-donation in [Fe{ZNpver
[Fe(CN)X]3.26 However, these analyses are complicated by two
factors. First, the CNvibrations can be affected by mechanical
coupling to the Fe C stretch, shifting the interligand vibration
to higher energy. Second, whitedonation andr back-donation
have opposite effects on the-Gl bond strength, their relative
magnitudes cannot be uncoupled from the net vibrational

an extra ligand electron and L is a ligand hole. This mixing
can cause changes to the L-edge spectral shape, including the
appearance of satellite structure on the high-energy side of the
Ls/L, edges. Note that the 2p hole spiorbit couples to give
the J = 3/, (L3) andJ = %, (L,) edges split by~20 eV.

As mentioned above, the shapes of the L-edges of the 3d
transition metal series have contributions from two factors:
multiplet effects and ligand field splittings. The effects of these
can be calculated using the ligand field multiplet model

frequency. So, as with absorption data, evidence for back- implemented by Tholé? In early analysis, the effect of

bonding is found from vibrational spectroscopy, but it does not
quantify the relative contributions af donation andr back-
donation’~'2 Further, these techniques do not directly allow a
comparison of the contributions afback-bonding between two
compounds with different ligand sets.

Molecular orbital calculations complement experiments. Good
examples for the determination of the relative contributions of
o donation andr back-donation in terms of both molecular
orbital coefficients and energetics are given in refs 16, 17, 27
31. Several studies of [Fe(CNJ~ and [Fe(CN3]*~ have been

covalency on the L-edge was accounted for only by the
reduction of the Slater integrals associated with electron
repulsion (by < 1).41-43 Later versions of the model included
the charge-transfer effects of covalency by explicitly allowing
each symmetry set of metal d orbitals and ligand configurations
to mix using a valence bond configuration interaction (VBCI)
model. Both the LMCT model and the crystal field model have
been applied to model Fe L-edge spectral st4feArrio and
co-workers have analyzed a number of cubic systems with CN
ligands bridging two transition metal sités:4346 |t was found

performed using different computational techniques and popula- for the Cr sites of these compounds that the LMCT model could

tion analyseg:3%32-3% When studies with the same functional/
basis set are compared, it is consistently found thdiack-
bonding from Fe is slightly greater in [Fe(Cf{jy~ than in
[Fe(CN)]®~. However, the characterization of the degreesof
donation relative tar back-bonding varies substantially, de-
pending on the technique us&’-28:30.33

Fe L-edge X-ray absorption spectroscopy (XAS) provides a
number of key probes of bonding. The 2p 3d transition is

not reproduce the shape of the spectra, and the multiplet model
was adapted to include the effects of MLCT, which successfully
reproduced the spectral shapes.

Recently, a methodology has been develoffeblased on
multiplet simulations, that enables the determination of the
covalent delocalization of the different symmetry sets of d
orbitals, called differential orbital covalency (DOC). For
[Fe(tacny]23*, ac-only donor-based amine ligand system, this

electric dipole allowed, which means that the Fe L-edge intensity enabled the determination of the covalency of theaed b

is directly proportional to the Fe d-character in the unoccupied

sets, showing that thegtcovalency was negligibly small. Thus

orbitals of the metal. In previous studies, where systems containfar, the technique has been applied only to systems where ligand-

only ligand-to-metal donation, this meant that total intensity was
proportional to covalenc$? 3 The shape of the spectrum
permits insight into the ligand field but is convoluted by
multiplet contributions similar to the effects described by the
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to-metal donation is present. Herein the multiplet structures of
the Fe L-edges of {Fe(CN)] and K;[Fe(CN)] are analyzed

in terms of total intensity, energy shift, and spectral shape. The
TT-multiplet program is adapted to simultaneously include
MLCT and LMCT, enabling us to use the Fe L-edge multiplet
structure combined with DOC to experimentally quantify the
o- andsr-donord, and in particular the contributions;oback-
bonding to Fe-cyanide bonding. Importantly, there is an
additional intense feature to higher energy of the main peak in
the L-edge spectrum of compounds with significant back-
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bonding. The nature of this feature and the origin of its high

configurations, 34 L, 3dY, and 3d*! L. To compare to experiment,

intensity are determined. These studies demonstrate the powefalculated transitions were Lorentzian broadened with a fwhm of 0.2

of metal L-edge XAS to recognize and quantifyoack-bonding
in transition metal compounds.

Experimental Section

Samples K Fe(CN)] and K3[Fe(CN)] were purchased from Sigma
Aldrich and used without further purification. Samples were finely

ground and spread across double-sided adhesive conductive graphite

tape and attached to a copper paddle, alignédeatthe incident beam
as described previousf:4”
XAS Data Collection. X-ray absorption spectra were recorded at

the Stanford Synchrotron Radiation Laboratory (SSRL) on the 31-pole

wiggler beam line 10-1 under ring operating conditions of-3200

mA and 3 GeV. The radiation was monochromatized using a spherical

grating monochromator set at 1000 lines/mm and@0entrance and
exit slits. All measurements were made at2® °C. The energy was
calibrated from the Fe L-edge spectra of®¢ run at intervals between
scans. The second feature in theddge and the first feature in the L

edge were calibrated to 708.5 and 720.1 eV, respectively. Data were

taken over the range 67830 eV to permit normalization as described
previously3® A step size of 0.1 eV was used over the edge region{700
730 eV) and 0.5 eV steps over the remaining regions. A function of
the form absorption= [tan '(k(energy — |1) + x/2)(2/3)(1fr)]
+[tan~}(k(energy— 1,) + 7/2)(1/3)(1fr)], wherek = 0.295 (obtained

by experimental fi®*® and 1, = I; + 12.3 eV (due to spirorbit
coupling), was used to model the-land Ly-edge jumps, as described
previously3® For the K[Fe(CN)]/K s[Fe(CN)] data, the absolute energy
of the arctangent was estimated on the basis of a combination o

photoelectron spectroscopy (PES) data and a fit to the L-edge

spectra;138The post-normalization 4intensities reported here were
calculated as the intensity in the range 7005 eV for [Fe(tacr)Cl,
703—-718 eV for K[Fe(CN)], 701-716 eV for [Fe(tacryCls, and
702.5-717.5 eV for K[Fe(CN)], and the L intensities for the
normalized ranges were 72330 eV for [Fe(tacr)Cl,, 718-733 eV

for K4[Fe(CN)], 716—731 eV for [Fe(tacn)Cls, and 717.5732.5 eV

for K3[Fe(CNY)]. The different energy ranges were used to account for

eV over the s edge and 0.4 eV over the; ledge to allow for lifetime
broadening, and with a Gaussian fwhm of 0.2 eV to allow for
instrumental broadening effects as described elsevwfeFeurther
technical details and program input files for implementation of the three
configuration simulations, including both LMCT and MLCT in the
multiplet program, are given in the Supporting Information.
The effects of the different contributions to bonding were considered
Systematically. First, the effects of back-bonding were considered by
MLCT simulations, then the addition of donation and other effects
such ast donation andr back-donation were considered. Parameters
that determined the energy separatidy) petween the ¥ dV-1 L,
and d"*! L configurations, EG2(* and d); EG3(d* and d'*%)
(ground state) and EF2{d! and d&); EF3(d*"* and &™) (final state),
and the values of;, the parameters which allow for the covalent overlap
of different symmetry components),(were chosen on the basis of
previous results and then systematically varied to optimize the spectral
fit.54

DFT Calculations. The starting structures of the two compounds
[Fe(CN)]*~ and [Fe(CNjJ*~ were idealized inOn, symmetry to the
average of all structures of these ions obtained by a search of the
Cambridge Structural Databa®eDFT calculations were performed
using ADF>5%8 The geometries were optimized using the exchange
functional of Beck&® and the correlation functional of Perdew (BP86).
The frozen core approximatihwas used for the 1s2p orbitals for
iron. For valence orbitals, Slater-type orbital (STO) basis sets of tiple-
quality were employed with polarization function on the ligand atoms
f(S»d) and additional valence p orbitals on the metal atoms (i.e., ADF
basis set IV}75862This basis set combination has been shown to give
a well-converged solutiof#:%* Population analyses were performed
using the Mullikef® approach as implemented in ADF. The ADF
fragment approach was used to separatdonor, z-donor, and
sr-acceptor contributions to bondifig38:62

Results

Fe(ll) L-Edge. Figure 2a shows the normalized L-edge

differences in spectral shift. The error reported represents the range ofabsorption spectra of f£e(CN)] and [Fe(tacrpCl,. Two

integrated intensities calculated as defined above, based on at least thr

emajor differences can be seen between the two spectra. The

repeat measurements of the same spectra on different dates. Numbergain feature of the I{Fe(CN)] spectrum shifts 1.4 eV to higher

reported have the units of A&V or normalized intensity.
Computational Details

Multiplet Calculations. Ligand field multiplet calculations were
performed using the multiplet model implemented by TH8lghe
atomic theory developed by Cowéh,and the crystal field (i.e.,
symmetry) interactions described by ButtéThis approach includes
both electronic Coulomb interactions and sporbit coupling for each
sub-shell*5! To simulate the spectra, the Slat&€@ondon-Shortley
parametersK; and G;) were first reduced to 80% of their Hartree
Fock calculated values to account for the over-estimation of eleetron
electron repulsion found in calculations of the free ion. The spectrum
is calculated from the sum of all possible transitions for an electron
excited from the 2p level into a 3d lev&To model ligand-to-metal
and metal-to-ligand charge transfer (LMCT and MLCT), the ground
state of a 3W ion is taken to be a linear combination of three

(47) DeBeer George, S.; Metz, M.; Szilagyi, R. K.; Wang, H.; Cramer, S. P.;
Lu, Y.; Tolman, W. B.; Hedman, B.; Hodgson, K. O.; Solomon, EJ.I.
Am. Chem. SoQ001, 123 5757-5767.

(48) Yeh, J. J.; Lindau, IAt. Data Nucl. Data Table2985 32, 1-155.

(49) Cowan R. DThe Theory of Atomic Structure and Specttmiversity of
California Press: Berkeley, 1981.

(50) Butler P. H.Point Group Symmetry Applications: Methods and Tables
Plenum Press: New York, 1981.

(51) van der Laan, G.; Kirkman, I. W. Phys.: Condens. Mattd992 4, 4189-
4204

(52) Bianéoni, A.; Della Longa, S.; Li, C.; Pompa, M.; Congui-Castelllano, A.;
Udron, D.; Flank, A.-M.; Lagarde, RPhys. Re. B 1991, 44, 10126-10138.
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energy (Table 1), and the spectrum changes shape with an
additional intense peak to higher energy, relative to the spectrum
of [Fe(tacn)]Cl,. The total intensities of the two spectra are
the same within error, 36(4) units forsfce(CN)] and 37(5)

for [Fe(tacn)]Cl, (Table 2). The total intensity at the Fe L-edge
reflects the total d character in the unoccupied orbffal®n

the basis of calibrated intensities of reference compounds, 80.2%
metal character corresponds to 50.5 units of L-edge inteffsity.

(53) deGroot, F. M. F.; Fuggle, J. C.; Thole, B. T.; Sawatzky, GPAys. Re.
199Q B41, 928-238.
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12 Finally, as for Fe(ll), the total intensity does not change
1 - a) —Kq[Fe(CN);] significantly on going from a tacn to a CNdonor set. For k&
10 - [Fe(CNY], 43(5) units of intensity is observed and for [Fe(tagn)
Cl3 41(5) units is observed, giving a corresponding sum % metal
d character in unoccupied orbitals of 334(40)% and 326(40)%,
respectively.
Analysis. 1. Contributions to the Energy Position of the
Fe L-Edge Transitions.The CN- spectra shift to higher energy
than the tacn spectra (Figure 2), and this difference is larger
for Fe(ll) (1.4 eV) than for Fe(lll) (0.7 eV). The energy positions
' of K-edges and, to a lesser extent, L-edges are often used as a
\j measure oZ (the effective nuclear charge on the meta?
' - - - - Thus, the differences could be interpreted as differences in
127 708 710 78 720 728 730 738 back-donation relative to donation. However, since the L-edge
1 b) Energy (eV) — Ky[Fe(CN)g] intensity and edge shift are dominated by transitions to the d
10 4 orbitals, the effects of ligand field on energy shift must be
[Fe(tacn);]Cl, R | . X . ) .
considered in addition tde. Ligand field contributions to the
edge energy of the tacn and Cdompounds can be estimated
from absorption daté~7° As the L-edge intensity is proportional

1 l to the total metal character in the unoccupied orbitals, it provides
1 an independent measure 4.

' a. Fe(ll). The contributions ofZ.+ and ligand field to the

1 relative energy shifts of the 4Fe(CN)] and [Fe(tacrpCl,

1 ' spectra are illustrated in Figure 3a. The total integrated intensities
1 of [Fe(tacn)]Cl, and KijFe(CN)] are the same within error

700 705 710 715 720 725 730 735

[Fe(tacn),ICl,

Normalized Intensity

S =2 N W A 0N
L L L L L L L
i

Normalized Intensity
S = N W & O3~ 0 W

(Table 2), indicating that the difference Zay between the two
compounds is in fact small. This is indicated in Figure 3 by
placing the horizontal thick gray line through the weighted
f;igwe é-l Codmlgaﬁsonlof Flf Lé?\tliges gf éa)tFe(ll)éﬂFefN%] ar:j(_i [Fte' average of the d manifold energies. The 10Dqg values of
§ha¢lacr:‘)tza]atujrznar(is?nge(fro)rr:(g [thee( 2&3561”—» [2;(t?;r%ragéitiggw(g ;IJC:aif [Fe(CN)]*~ and [Fe(tacrp]_2+ have been repo_rted to be 4.19
characteristic of low-spin Fe(lll) spectra. eV and 2.35 eV, respectivef- 70 Differences in 10Dq affect

the L-edge energy because transitions occur only to unoccupied
d orbitals. For low-spin Fe(ll), the L-edge intensity arises from

the transitions to the unoccupied set, which are shifted by

Energy (eV)

Table 1. Maximum Transition Energy (eV) of the L3 and L, Edges
of K4[Fe(CN)g], Ks[Fe(CN)g], [Fe(tacn)2]Cl,, and [Fe(tacn)2]Cls

L intensity L, intensity branching ratio  branching ratio 3 . .
compound (energy) (energy) ilorl) (b feature) (3/5)10Dq _to higher energy relative to the average energy of
KAFe(CNN 20.9(7092) 1507 (7ZL6) o058 A the d manifold (determined &.«). On the basis of these 10Dq
[F4e(tacn)]CI2 2376 (70'7_8) 1277 (720'_1) 0.65 N/A values, the spectrum of e (CN)] shguld shift to~(4.19 —
Ks[Fe(CN)] 28.40 (709.9) 14.52(722.5) 0.66 0.90 2.35)@/s) = 1.1 eV higher energy relative to that of [Fe(tagn)
[Fe(tacn)|Cls  27.46(709.3) 13.54(721.3) 0.67 0.89 Cl,, close to the experimental shift of 144 0.1 eV.

b. Fe(lll). For low-spin Fe(lll) complexes, the contributions
to the energy shifts of the L-edge are similar to those of Fe(ll),
but with an additional contribution due to thg, thole. The
presence of thex§ hole changes the energy weighting )¢

Applying this calibration, the sum of the metal d character in
unoccupied orbitals of Fe(CN)] is 287(30)% and that for

[Fe(tac]Cl2 is 295.(40)%‘ . (4(/5)10Dg— 1(3/5)10Dq) (Figure 3b, marked as “**"). On the
Fe(lll) L-Edge. Figure 2b shows the normahzed_ spectra of i of ligand field differences, the expected shift affé-
[Fe(tacm]Cls and K[Fe(CN)]. The changes on going from a (cN)g would be 0.78 eV to higher energy relative to [Fe(tafn)

tacn to a cyanide ligand set in Fe(lll) are similar to those in Cl,. The total integrated intensity ofEe(CN)] is similar to
Fe(ll), in that an additional large, intense peak is present at ih4t for [Fe(tacry|Cls (42(5)/41(5), Table 2), indicating that
higher energy. The shift to higher energy of the main feature g similar in both compound¥.” Thus, the observed shift of

on going from tacn to cyanide ligation is less in Fe(lll) (0.7 4 7 g\ is again mostly accounted for by the difference in ligand
eV) than in Fe(ll) (1.4 eV) (Table 1). The spectra for the Fe- (g

(1 compounds also display a sharp peak at lower energy,
indicated by the arrow in Figure 2, which is not present for the
Fe(ll) analogues. This feature is due to the transition to the

additional §9 ,h0|e in the d man,|f0|d on gglggsgmm |OW-SpIn (67) Ghatikar, M. N.; Padalia, B. Dl. Phys. C: Solid State Phy$978 11,
Fe(ll) () (Figure 2a) to low-spin Fe(lll) £°)385(Figure 2b). 1941-1955. _
The energy position of this feature relative to the main multiplet (68) Ygg‘;oéé'f-g‘g"fg%ha’dt' K.; Nuber, B.; Weiss, J.Z.Anorg. Allg. Chem.
packet is affected by both 10Dg and multiplet interactighs.  (69) Wieghardt, K.; Schmidt, W.; Herrmann, W.; Kuppers, Hindrg. Chem.
1983 22, 2953-2956.

(70) Wieghardt, K.; Kuppers, H.-J.; Weiss,ldorg. Chem.1985 24, 3067~

(66) Cartier dit Moulin, Ch.; Rudolf, P.; Flank, A.-M.; Chen, C.-J. Phys. 3071.
Chem.1992 96, 6196-6198. (71) Kennepohl, P.; Solomon, E.lhorg. Chem.2003 42, 689-695.

From the above analysis, it is the total intensity of the L-edge,
not the energy shift of the edge, that reflectsZagof the metal.
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Table 2. Total Intensity, Experimental Total Metal Character in Unoccupied Orbitals, DFT Calculated Covalency, and Covalency Based on
VBCI Simulations for K4[FeCN)g], [Fe(tacn)2]Cl,, Ks[Fe(CN)g], and [Fe(tacn),]Cls

DFT (% metal character) VBCI
sum of the metal character total Fe Fe Fe Fe Fe Fe Fe Fe Fe
compound intensity in unoccupied orbitals (error)? unocc. (t2g) (&) T*(tag) T(tag) 0*(&y) (t2g) (&) T(tag) (tag)
K4[Fe(CN)] 36(4) 287(30X 72 314 7 57 16 8 6 45 19
[Fe(tacny]Cl, 37(5) 295(40) 74} 322 93 72 93 72
K3[Fe(CN)] 43(5) 334(40X67} 397 75 54 14 11 2 60 47 26 14
[Fe(tacn)]Cl3 41(5) 326(40) 65} 345 92 64 93 63

aNumbers given in the form A(BJC}, where A is the sum of the metal character in unoccupied orbitals, (B) is the error on ACangives the
hole-weighted average metal character (the sum of the % metal character in unoccupied orbitals/number of unoccupied orbitals).

— = M,
— ‘ﬂ
Observed — ds D
Shift ~1.4 eV A48T
- — 0.2% ¢
e = A=197
9 10Dg = 4.19 eV o
1@ =235ev M:ﬁ;ﬁ
Total intensity = - 8.8 ot
Z,yftacn) ~ ZyyCNY \p |} - , — e
209 c
A=57
B4 2y (M) $ N
2p 2p g AP a=at
31.5% d¢
a) [Fe(tacn),]**—— [Fe(CN),]* 2 b e
40.5% d¢
—— " M, ﬁ A=07
4 oy
o s ame C
223 w o
@ 413
Observed — A% e L ssaNd
shit~0.7ev / L . AN e
10Dq = 2.60 eV 10Dg =4.34 eV a=53
— d T34% o
Total intensity = A3
Z,(tacn) ~ Z_(CN") —_— 79.3% de
A=93
4 H ¢, (M,_n*) - s
9 a3 B
2p 2P — 87.8% ¢
A=163
b) [Fe(tacn),]**——— [Fe(CN)]* 528% d*
Figure 3. Schematic of the relative effects @ty and 10Dqg on the Fe ’\ gf,:ﬂ.
L-edge energy shifts for (a) Fe(ll) and (b) Fe(lll) Cidnd tacn complexes. . " A
Gray arrows represent the orbitals to which transitions are observed; ** ' ' ' ' '
represents the energy-weighted average energy of the unoccupied d orbitals. 702 707 T2 717 722 727
Lines between the CNand tacn energy splittings are intended for reference. Energy (eV)

Figure 4. Set of systematic simulations o0+ [t2g® L~L) in which
This is the net effect of donation, which lowéefs:, and back- 10Dg= 3.5 eV andA was varied through the simulations. To simplify the

bonding, which increases it. The relative contributions of calculations, relaxation was set to zero. The simulations clearly display the
. . . appearance of spectra with the secondary peak structure. The lett&s A

donatlc_m and back-bonding can be determ'rPEd through ANjndicate specific simulations referred to in the text.

analysis of the spectral shape of the L-edge given below.

2. Effects ofz-Back-Bonding on L-Edge Spectral Shape.  tematic changes in L-edge spectra which are a consequence of
To study the effects of back-bonding on the L-edge multiplet  |igand * effects. The relationship oA and the two configura-
structure, a set of systematic simulations were performed (Figuretions, ¢ and & L, is illustrated in Figure 85717376
4). The parameter space was simplified in two ways. First, no
gy mixing (i.e., o bonding oro back-bonding) was allowed, so
any spectral change reflects theback-donation. Second, the e, set, which are also present in the absence béck-bonding,

i -1 — i . . .
energy separation\) between the and d""* L™ configura-  anq there are additional transitions 48 orbitals. These two
tions was made numerically identical in the ground and excited pathways are shown by the gray arrows in Figure 3a, right. A
states’? This requires that the wave function coefficients in the diagram representing the ground-state interaction of the metal
ground and excited states are identical. In this limit, no electronic
relaxation occurs, so no intensity is redistributed due to satellite (73) Hu, z.; Mazumdar, C.; Kaindl, G.; de Groot, F. M. F.; Warda, S. A.; Reinen,

i 74 Thi i ificati _ D. Chem. Phys. Lettl998 297, 321-328.
peaks (see section 374 This enables identification of sys (74) Hu, Z.. Kaind!. G.. Warda. S. A.- Reinen, D.: de Groot, F. M. F.: Muller,
B. G. Chem. Phys1998 232, 63—74.
(72) Within the multiplet program, this is equivalent to setting the parameter (75) Kennepohl, P.; Solomon, E.lhorg. Chem.2003 42, 679-688.
EG2=EF2=X. (76) Kennepohl, P.; Solomon, E.lhorg. Chem.2003 42, 696—708.

Whenax back-bonding is present in a system, there are two
major sets of 2p~ 3d transitions. There are transitions to the
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d°L-e;

m*L- (x)d® +/1-x2d5L-

tygl

e—dfe

10Dg—

v 1-x2d + (x)dSL-

Figure 5. Diagram showing the®and & L~ configurations separated by
A and mixed byTy, in the ground state.

dé configuration and the ligandPd_~ configuration is given in
Figure 5. The two configurations are separated\byand states
of like symmetry can be mixed using the paramdt€f,, and
Te, in On symmetry), which quantitates orbital overlap. Figure
5 shows that the lowest-energy metal-based orbitals,f t
symmetry are occupied; thus, there can be no—2Bd(ky)
transition. Whendy mixing is “turned on” (i.e.,‘l’tzg > 0), these
orbitals mix with the CN z* orbitals of by symmetry. This
mixes metal d character into the unoccupied ligatidrbitals.
Figure 4 shows how the simulated spectra changd &s
systematically varied for a fixed 10Dq (3.5 eV) and mixing
parameteiT: 2 eV for the g set (T,) and 0 eV for the gset
(Te,).”>7* The numerical values off and A determine the
coefficients in the expressioffgs= o|dN[H- |dN-1 L~ LJWhen
A is large and positive, thi,g® L OMLCT state is at a high
energy above thg,PCstate and no mixing between them occurs,
resulting in a pureta®Cground state (point A in Figure 4). In
the reverse situation, wher® is large and negative, a pure
[t2® L~Oground state results (point D in Figure 4). Asis
systematically varied, the energy separation betweert1{fel
and |t°L ~Oconfigurations is reduced, and the metal d and
ligand r* orbitals of by symmetry are allowed to mix. The
spectral consequences of this are first noticeable at point B,
where an additional peak (red underline in Figure 4) can be
seen. AsA is systematically reduced, the wave functions become
more mixed and ther* peak gains intensity and shifts closer
in energy to the maingpeak. As the gands* peaks become
close in energy, the* peak derives intensity from they peak,
which is reduced in intensity. Eventuall becomes negative,
and the resulting spectrum has morée 8thn 3¢ character.
Starting from the ground configuration, which includes
back-bondingui|tz¢® e°TH S1ltog® €,° L[l exciting an electron
from the 2p orbital will produce three excited configurations:

Balty 5, L~ e

o, Itzgs eg°> —

\-mlstz.fegb

o N I —
BN, B, It ;58 L mme

02| Clog® €40 Bal Clog® € L[l and 2’| Clog? €0 L ~[(c = 2p core
hole). There are, in fact, two contributions to the new feature
underlined in red in Figure 4. First, metal d mixing into the
ligandz* orbital provides a direct d contribution to the L-edge
intensity, 52'|ct,® e L[ Second, there is also CI mixing in
the excited state which involveb|ctg® e;t L~ Owith olClg? eylL)
as illustrated in blue in Figure 6. This excited-state mixing
mechanism allows for the* feature, underlined in Figure 4,
to “borrow” intensity from the maingeature, causing enhanced
spectral changes due toback-bonding. This mechanism for
intensity borrowing also exists for Fe(lll) through mixing the
excited configurationg|ctyg* et L~ Oand oiz|Clog® €5

3. Effects of Electronic Relaxation.In the excited state, the
2p— 3d X-ray absorption process creates a 2p core hole. This
core hole lowers the energy of the d orbitals and changes their
mixing with the ligand orbitals in the excited state. For a LMCT
process, the\ between the ¥and the 8" L configurations
decreases upon electronic relaxation; for a MLCT procAss,
between the ¥ and &1 L~ configurations increases. To
evaluate the effects of electronic relaxation, the simulations
given in Figure 4 were extended to inckid 2 eVchange inA
between the ground and the core hole excited states. Figure 7

No relaxation 2eV relaxation

A_=07 Ay=-0.7M3

702 707 T12 717 722 727 702 TO7 Ti2 71T 722 727

Energy (eV) Energy (eV)

Figure 7. Comparison of a set of systematic simulations with no electronic
relaxation and 2 eV electronic relaxation effects included.

compares a series of L-edge simulations with no electronic
relaxation (left, Figure 7) and a series wd 2 eVchange ilA
due to electronic relaxation (right, Figure 7). In the absence of
electronic relaxation, we observe the “double-peakegedge
spectrum whenAge = 1.3; in the series with electronic
relaxation, the double-peaked spectrum is observed At
—0.7, Ae = 1.3%8 Thus, theA in the excited state is the
dominating determinant of spectral shape.

4. Simulation of the Spectra of KJFe(CN)g] and K 3[Fe-
(CN)g]. a. K4[Fe(CN)g], t2¢f. A superposition of the experi-

o back-bonding (Te,)
mixing

n back-bonding (Tt,)
mixing

or,1|tzgseg°> + B, |tzgﬁeg°L-> — az|gtzg°eg1> + |32|gtzgseg°L-> + |32'|gt_2g5eg1 L>

Ground State

Excited State

Figure 6. Configurations involved in the ground and excited states, and the mechanisms by which they can mix.
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Figure 8. Simulations of the spectra ofsfe(CN)] (A—D) and Kq[Fe-
(CN)g] (E—H). Simulations A and E include just the effects mfback-
bonding; simulations B and F include the effectsmoback-bonding and
nephelauxetic reduction of electron repulsion; simulations C and G include
7 back-bonding and donation; and simulations D and H includeback-
bonding, donation,s donation, andr back-donation.

mental spectrum (blue) and a simulated spectrum (gray), whic
only includes the effects of back-bonding, is given in Figure
8A. For Fe(ll), this simulation reproduces the shape of the
experiment reasonably well, the two main features being similar
to the experiment at both theland L; edgeso donation has
two contributions. The first is the reduction in electron repulsion
known as the nephelauxetic effect, which is usually around 60%
of the experimental free ion valdéThe second is the LMCT
mixing into the metal gset. In past multiplet simulations of
this type?=43 it was not possible to include both LMCT and
MLCT in one simulation. Here, the simulations can now
explicitly include both’’:78

Figure 8B shows the results of a simulation which included

the effects of back-bonding by charge transfer and the addition

of a nephelauxetic reduction of 60%. The effect of nephelauxetic

reduction on the spectral shape is very small; it acts to make

the spectrum slightly sharper. Addingdonation explicitly with
LMCT has a similar effect, though it causes slight changes in
the energy positions of the* and g peaks (Figure 8C). These
observations indicate thatback-bonding provides the dominant
effect on the Fe L-edge spectral shape afA€(CN)]. The
effect of systematically adding nephelauxetic reduction (Figure
S6) and the effect of too muahdonation relative tor (Figure
S5) are shown in the Supporting Information.

Finally, two additional effects were included in the final
simulations of the L-edge spectra of[ke(CN)], 7 donation

10448 J. AM. CHEM. SOC. = VOL. 128, NO. 32, 2006

ando back-donation. The addition afdonation (from the filled

7 MO on the CN ligand) did not have a substantial effect on
the spectral shape, since thg orbitals are filled.c back-
donation (into theo* MO of the CN- ligand) would not
normally be thought to play a role in the bonding, because in
low-spin Fe(ll) complexes theyset of d orbitals in the ground
state is empty. However, in an L-edge X-ray absorption process,
the excited state has gt e, electron configuration, which has
an g electron available to undergoback-bonding (Figure 6).
When the effects ofo back-bonding are included in the
simulation, the spectrum becomes broader and gives slightly
better agreement with experiment (Figure 8D).

b. K3[Fe(CN)g], tae°. For this low-spin Fe(lll) complex,
simulated spectra which included only back-bonding did not
have the well-resolved double-peaked structure~@i0 eV
found in the experimental spectrum (Figure 8E). The addition
of o donation by a nephelauxetic reduction of 60%, and by also
includingo donation by charge transfer, improved the agreement
between the experimental spectrum and the simulated spectrum
(Figure 8F,G);x donation had the spectral effect of changing
the intensity of thez; feature. The addition of a small amount
of o back-bonding improved the fit slightly, though the effect
was less pronounced than in the case of Fe(ll). The parameters
of the final spectral fits for the Fe(ll) and Fe(lll) hexacyanides
are given in Table 3.

5. Effects of 3d Spin-Orbit Coupling on the Spectra of
Low-Spin Fe(lll). In the spectra of both {Fe(CN)] and [Fe-
(tacn}]Cl,, there is a significant peak to lower energy of the
main multiplet packet that has been assigned as the t
feature38.66 In the experimental data, this feature is present on
the low-energy side of both the;land the L edges; however,
in simulations at 0 K, theyg feature on the low-energy side of
the L, edge is absent (Figure 9= 1/,, I'; spectral simulation).

The ground #5° configuration gives theT, ground state.

h Spin—orbit coupling gived s®I's = I'7 + I'g(E; + G), of which

I'7 (3= %) is lowest in energy (Figure 16Y.The 25 t,¢¢ excited
configuration gives &T; excited state. This spirorbit couples
to give I'e®I's = I's + I's(Ex + G); the “by peak” at the I
edge is thel's and at the L edge isI's. An electric-dipole-
allowed transition (T= I'y) from aI'; ground state is given by
I/®I'y = I'7 + T's. Thus, the transition to this L, edge feature
is not allowed, and only the 3ty peak has intensity.
Alternatively, starting from the higher enerdy spin—orbit
component of théT, ground state, transitions to both the L
(T's) and Lg (I's) pre-edges have intensiky + I'; + 2I's. These
differences are clear from the multiplet simulations given in
Figure 9, where those for the = %, andJ = Y/, states are
separated. The energy separating the two components of the
ground state is given by}/g)A, or ~422 cntl. Thus, there is

no thermal population of thEg component of the ground state,
and it cannot contribute intensity to the pre-edge feature.
However, this energy separation is small, and in real systems

(77) Jorgenson, C. KProg. Inorg. Chem1962 4, 73—124.

(78) Note that the calculated atomic Slater, Condon, and Shortley parameters
are larger than the experiment ones by a factoraf25; consequently,
these parameters are usually reduced to 80% of the calculated free ion
values. The nephelauxetic effect refers to a reduction over the free ion
value.

(79) EG2/EF2 is the average energy separation between dnd & config-
uration and EG3/EF3 betweefi ld- and d L in the ground and the final
states, respectively.

(80) Figgis, B. N.; Hitchman, M. ALigand Field Theory and Its Applications
Wiley-VCH: New York, 2000.
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Table 3. Parameters for Three Configuration Simulations of Ks[Fe(CN)g] and Ka[Fe(CN)g]
configuration separations’™ mixing parameters
compound 10Dq EG2 EF2 EG3 EF3 &L T, d°L=d® Ty, d7L-d° Te, d’L—d® Ty,
Fe(ll)a. Ki[Fe(CN)] 3.7 2.06 1.56 —2.00 0.00 0.0/0.0 1.9 13 0.0
Fe(ll)b. Kay[Fe(CN)] 3.9 2.06 1.56 —2.00 0.00 0.0/1.0 1.6 1.9 0.0
Fe(lll)a. Ks[Fe(CN)] 3.8 1.00 0.50 1.00 1.50 0.0/0.0 2.0 2.2 0.0
Fe(llb. K[Fe(CN)] 4.0 1.00 0.50 1.00 1.50 0.0/0.9 2.0 2.1 0.6

minor deviations fronD, symmetry will mix these two states
(Figure 10)*>81 A simulation done inD4, Symmetry (i.e., the
dynamic JahrTeller effect for a2T, ground state), with a
separation betweenydand dy,, of ~700 cnT?, is given in
Figure 9, where the§ peak is now present at the low-energy
side of the Iz edge. Parameters of tiey, simulation are given
in the Supporting Information (Table S3 and Figure S8).

6. DFT Calculations. Spin-unrestricted density functional
calculations using the BP86 functional were performed on
[Fe(CN)]*~ and [Fe(CNgJ3~ in O, symmetry for comparison
with the results of the spectral simulations. A summary of the
% covalency from the experimental intensities, the simulations,
and these DFT calculations (Mulliken population analysis) is
given in Table 2.

The DFT-optimized geometries of [Fe(GN) and [Fe(CNjJ*~
differ slightly from the crystal structures. First, both the DFT
Fe—C and C-N bond lengths are longer than the experimental
values. Second, crystallography consistently shows [Fef|ltN)
to have shorter FeC distances than [Fe(CK}-, whereas the
DFT results give similar distances. For Fe(lll), experiment
(DFT) gives Fe-C = 1.941 (1.960) A, &N = 1.15 (1.180)

A, and for Fe(ll), Fe-C = 1.915 (1.964) A, &N = 1.164
(1.192) A. The population analyses at both the experimental

analyses at the experimental geometries are given in the
Supporting Information. The energy splittings obtained from
DFT were close to those obtained by Hummel e#%and
reproduce closely the experimental values of 18Ddhe
HOMOs of both [Fe(CNj*~ and [Fe(CNgJ3~ are the metal-
based orbitals of,§ symmetry. For Fe(ll), these orbitals have
contributions from both CN m-acceptor (14%) and CN
s-donor (8%) orbitals; for Fe(lll), ther-acceptor contribution
decreases relative to that for Fe(ll) to 12%, and thdonor
contribution increases to 11%. The CIX-acceptor contribu-
tions to the iy set of “d” orbitals are reciprocated, with metal
tog character mixed into the CNxz* orbitals: 16% metal
character for Fe(ll) and 14% metal character for Fe(lll). Thus,
on the basis of calculations, CNback-bonds slightly more to
Fe(ll) than to Fe(lll) and acts as a strongdonor to Fe(lll).
(Note that there is no net donation in the Fe(ll) complex,
since the 4y set of d orbitals are fully occupied.) The coefficients
of the metal-based,@rbitals are indicative of the amount of
donation. For Fe(ll), there is slightly more metal character in
the g orbitals (57%) compared to that for Fe(lll) (54%). The
difference is mostly due to the differences in C-donor
character, which is 36% in Fe(ll) and 42% in Fe(lll); however,
there is also a small percentage of Ci-acceptor character.

and optimized geometries were the same within error. Population This contribution is 7% in Fe(ll) and 2% in Fe(lll) and results

exp.
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Figure 9. Comparison of the experimental data (red) to spectral simulations,
J = 1,, T7 (gray),d = 3/, I's (dark gray), andan (blue). Arrows indicate
the “tq feature”, arising from the Zto® — 2p° tof transition.
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Figure 10. Spin—orbit and low-symmetryl4») effects on théT,gground
state of low-spin eicomplexes. (Left§T.q spin—orbit splits in the octahedral
double group to givé'; andI's states § = Y, andJ = 3/,). These are then
low-symmetry split in the I double group. To the right, th 54 state is
split by a tetragonally elongated distortiof)( giving 2B and?Eg states,
which under spir-orbit coupling givel'7, I's, andI'; states; the two limits
are correlated.

in some metal d—ey character mixing into the CNo* MO,
which lies 1.7 eV above CNzx* for Fe(ll) and 3.0 eV above

s* for Fe(lll). This interaction does not contribute to the bonding
in the ground state but can affect the excited state of the L-edge
X-ray absorption spectrum, as described in section 4.

This set of DFT calculations produce orbital coefficients for
the Fe(ll) and Fe(lll) hexacyanides in the range that has been
reported previously’27.28.3033The total metal character in
unoccupied orbitals is calculated with BP86 to be slightly lower
than from the L-edge intensity (Table 2). For Fe(ll), the
experiment-to-calculated ratio of total d character is 287(31):
314; for Fe(lll), this ratio is 334(40):397.

The VBCI spectral simulations performed in section 4 can
be interpreted in terms of differential orbital covalerf€yhen
projected (see Table 2 and Figure 8 for details), the final
simulation of Ki[Fe(CN)] gives the g set as having 45(5)%
metal character and the CNt* set as having 19(3)% metal
character. The VBCI analysis of the experimental spectra gave
an overall more covalent system than the DFT calculations
(Table 2 and Figure 11, left), which gave theset as having
57% metal character and the CM* orbital as having 16%
metal character. For Fe(lll), the VBCI simulation of[Re-
(CN)g] gives 47(5)% metal character in thgset, 60(6)% metal
character in theyg set, and 14(2)% metal character in the CN
sr* orbital set, indicating a 26% contribution afdonation. The
DFT-calculated values are 54% for thgaad 14% for the CN

(81) deGroot, F. M. F.; Hu, Z. W.; Lopez, M. F.; Kaindi, G.; Guillot, F.; Tronc,
M. J. Chem. Phys1994 101, 6570-6576.
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Figure 11. Energy level diagram for [Fe(CRhy~ and [Fe(CNj]3~. The orbital coefficients are given, offset to the left for Fe(ll) and to the right for Fe(lll).
For [Fe(CN}]3~, only the 5-spin orbitals are given. The-spin molecular orbitals are given in the Supporting Information. POMO stands for partially
occupied molecular orbital, as the three-fold degenegfatg levels in Fe(lll) low-spin compounds contain two electrons.

ar* orbitals, with an 11% contribution fromr donation. The ——A No back-bonding - Fe(ll) low-spin
VBCI simulations predict back-bonding to be more dominant ground state tzy°

in Fe(ll) than in Fe(lll). The experimental and theoretical values
reflect the differences between Fe(ll) and Fe(lll) hexacyanides
observed using other experimental techniques, predicting the
back-bonding to be slightly greater in Fe(ll) than in Fe(lll) and
o donation being the same, within error, for bat#7.28.30.33

B Back-bonding in the ground state

C Back-bonding in the ground state
and the excited state.

Discussion
Many techniques have been applied to understand the nature J

of metal-ligand back-bonding, yet all are beset by complica-
tions when trying to separate the effectscoflonation from
those ofr back-donatiod12 The Fe L-edge is the consequence
of a 2p— 3d transition. This transition is electric dipole allowed,
so the intensity arises from metal d character in unfilled valence
orbitals®® In systems with back-bonding, there are additional C
transitions to ligand-based* orbitals which can dramatically ' ' ' '

A

B

change the spectral shape and intensity of the L-edge. The 708 o s 720 25 730
dominance of thesx* back-bonding on the spectroscopic Energy (eV)
structure at the L-edge derives from the fact thiamixes the Figure 12. Effect of back-bonding on an L-edge: YAo back-bonding

(pure Fe(Il) low-spin ¢g)® ground state); (Bxr back-bonding in the ground

multiplet intensity associated with transitions to the metal e state: and (T-back-bonding in the ground and excited states.

orbitals into the ligand-basea* orbitals in the excited state.

In Figure 12, the effects of back-bonding are systematically as in B; however, in the excited state, the back-bonding allows
evaluated. Spectrum A is the L-edge multiplet structure with thez* transition to “borrow” intensity from the intense metal-

no back-bonding. Spectrum B has back-bonding included in the based gtransitions (Figure 6, blue). This excited-state mixing
ground state, and spectrum C allows for back-bonding in both is responsible for the distinct double-peaked feature of the iron
the ground and the excited states. On going from spectrum A hexacyanide L-edge spectra. Thus, the L-edge provides a
to B, we see an additional, relatively weak shoulder to higher sensitive and direct probe of back-bonding and allows it to be
energy, indicated by the red arrow. This shoulder derives from quantified. The analysis of the,fce(CN)] L-edge (Figure 8G)

the additional transition intensity to ligand-baset orbitals gives the % metal character in th# orbital as 18(3)%. The

with metal d character from the occupieg®tconfiguration VBCI analysis of the L-edge of {Fe(CN)] gives ther* orbital
mixed into them through back-bonding. A much larger differ- as having 14(2)% metal character. These values are in the same
ence is observed on going from spectrum B to C, where an range as those predicted by calculations reported both here and
additional intense transition to the CI* is now present. Here,  elsewheré817.27.2930They also agree well with the more
the wave function coefficients in the ground state are the samequalitative results of other experimental techniques, including
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X-ray crystallography?-8* absorption® and IR spectros-  the rest of the L-edge spectral shape, the edge energy shift, and
copy?0-21.23.26\\We also note that there are other methods that total intensity, allows us to use Fe L-edge XAS to uncouple
could potentially quantify the amounts of back-bonding, includ- and quantify the effects af donation andz back-donation in

ing ligand K-edge XAS and XPS through shake-down satellites; metal complexes, thus demonstrating the application of Fe
however, these have not yet been developed sufficiently for this | -edge XAS as a direct probe of metdigand donation and,

purposeil12.:85 in particular, back-bonding.
Finally, there is an important point to make about the _
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In summary, many different experimental techniques have nephelauxetic parameters available for [Fe(tgéhf+ and
been applied to probe the bonding in the ferri- and ferro- [Fe(CN)]43~; scatter plot of the available crystallographic data
hexacyanides. Here, we have used these classic compounds tfor [Fe(CN)]*~ and [Fe(CNyJ3~; effect of simulating the spectra
evaluate the sensitivity of Fe L-edge XAS as a probe of metal- with only & back-donation and the systematic addition of
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have been determined. AnalySiS of this feature, combined with simulations given in Figure 8; input parameters used to generate
the D4y simulation given in Figure 9; expansion of Figure 10
including frontier molecular orbitals; and input files for the TT-

Egig ¥ﬁn Bev?r, A. K.Recl.tTr{aJh. Ch_er_n.1|938 Et>7i|125€%h1261.th ecules: th multiplets program. This material is available free of charge
ese references are to the original crystallography on the molecules; the . .
geometric parameters of modern structures are substantially more accurate Via the Internet at http.//pubs.acs.org.
A scatter plot of the available structural data is given in Figure S4.
(85) Prins, R.; Biloen, PChem. Phys. Lettl975 30, 340-434. JA061802|

(82) Popelov, V. A.; Zhdanov, G. 8. Chem. Phys. (U.S.S.R947 21, 879~
881.

J. AM. CHEM. SOC. = VOL. 128, NO. 32, 2006 10451



