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Electronic relaxation, the change in molecular electronic structure as a response to oxidation, is investigated in
[FeX4>~1~ (X = Cl, SR) model complexes. Photoelectron spectroscopy, in conjunction with density functional
methods, is used to define and evaluate the core and valence electronic relaxation upon ionization of [FeXy]?>".
The presence of intense yet formally forbidden charge-transfer satellite peaks in the PES data is a direct reflection
of electronic relaxation. The phenomenon is evaluated as a function of charge redistribution at the metal center
(Adux) resulting from changes in the electronic structure. This charge redistribution is calculated from experimental
core and valence PES data using a valence bond configuration interaction (VBCI) model. It is found that electronic
relaxation is very large for both core (Fe 2p) and valence (Fe 3d) ionization processes and that it is greater in
[Fe(SR)4J?~ than in [FeClsJ>~. Similar results are obtained from DFT calculations. The results suggest that, although
the lowest-energy valence ionization (from the redox-active molecular orbital) is metal-based, electronic relaxation
causes a dramatic redistribution of electron density (~0.7€) from the ligands to the metal center corresponding to
a generalized increase in covalency over all M—L bonds. The more covalent tetrathiolate achieves a larger Aqu
because the LMCT states responsible for relaxation are significantly lower in energy than those in the tetrachloride.
The large observed electronic relaxation can make significant contributions to the thermodynamics and kinetics of
electron transfer in inorganic systems.

Introduction of biological electron flux is achieved in vivo through the

Electron-t f ffund tali . presence of electron-transfer and -transport (ET) proteins,
__Electron-transier processes ar;aoo undamental Importance, g, containing transition metal redox centers. The elucida-
in many key areas of chemistty!® In biological systems,

X . . tion of the factors that control chemical and biochemical
effective control of electrons is paramount in many of the

most important biochemical reaction pathwadeh ntrol functionality of such redox sites has attracted significant
ostimportant biochemical reaction pa yhe contro attention in the bioinorganic community. A critical issue is

to define effectively the electronic structure contributions to
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communication is encouraged (edward.solomon@stanford.edu). the redox properties of the active sites in these ET proteins.
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Diego) 2001, 24, 139-152. _ s) and ferredoxins s). Rds have the simplest of the
® '2\"0%50‘3’3;50-1(_358'3393 C. C.; Chen, X.; Dutton, PSubcell. Biochem.  Feg active sites: a single high-spin iron center coordinated
(4) Kuznetsov, A. M.; Ulstrup, JElectrochim. Acta200Q 45, 2339 to the protein through four cysteinate residues. The biologi-
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runschwig, b. S.; Sutin, oord. em. s .y _ . .
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of the chemical properties of these site$! but the (Agnx) that is attributed to changes in the electronic wave

elucidation of electronic structure contributions to their redox function in response to oxidation of the reduced species. To

chemistry has not yet been fully achieved. determineAqg.x, a valence bond configuration interaction
Variable-photon-energy photoelectron spectroscopic (VBCI) model is used to properly define an unrelaxed

(VEPES) studies of the [Feg# '~ redox couple have reference state, termed the Koopmans state, from which

provided important insights into the electronic structures of electronic relaxation is calculated. Contributiong\m, are

the reduced and oxidized forms of [FgXedox sitest® 2! evaluated explicitly using the VBCI model, as well as density

Importantly, a very large change in the electronic structure functional theory (DFT) methods to determine the origin of

was observed between [Felzt and [FeCJ]*~: although the the phenomenon from a molecular orbital (MO) perspective.

reduced form exhibits a rather “normal” electronic structure, Results from the experimental and theoretical models are

the oxidized species was shown to have an unusual “in- compared, providing the groundwork for an assessment of

verted” bonding scheme, where the filled metal 3d manifold the importance and influence A« on the redox properties

is at deeper binding energy than the ligand valence mani-of [FeXs)>~!~. These methods are applied to determine

fold.!® This change in electronic structure derives from differences on electronic relaxation between the redox

differences in repulsion of metal-based electrons in the two couples.

redox states. The study concluded by emphasizing that a large

change in the electronic structure occurs upon redox and byExperimental Section

?“999,5““9 ',[hat S“?“ pronoupced _el,eCtromc relaxation upon Photoelectron SpectroscopySpectroscopic data were obtained
lonization mlghF b? |mpor.tant |.n def'”'”g the redoxlpropertlt.as on three different instruments: a Perkin-Elmer PHI system employ-
of these and similar active sites. Earlier theoretical studies jng synchrotron radiation from the Stanford Synchrotron Radiation
on simple [Fe(SR]* !~ redox centers also pointed to some | aboratory (SSRL) at BL 10-1 (core) and 1-2 (valence), a Vacuum
very interesting redox behavior, suggesting that the redox Generators ESCALAB Mk II, and a VG Instruments M-Probe, each
process was best described as a ligand-based pr&ééss. using a conventional Al K (1486.6 eV) anode. Variable-photon-
This possibility was never fully investigated from an energy data were obtained at SSRL using the ion-pumped PHI
experimental perspective. To address issues relating tochamber equipped with a double-pass cylindrical mirror analyzer
function properly, it is necessary to develop a self-consistent 0Perating at a pass energy of 25 eV; data were collected with a
description of the electronic structure in both oxidation states 22S€ pressure of2 x 10~ Torr in the analytic chamber. Specific

. . . SSRL beamline characteristics have been described elsetfhere.
?:(;jo?(eglrr(])igs]i electronic structure changes that occur in theConventionaI radiation sources (ESCALAB and M-Probe) were

) . ) . used for core-level data collection using a hemispherical analyzer
This present study experimentally defines electronic gperating at a pass energy of 20 eV; the analyzer chamber was
I’e|axatI0n and pI‘OVIdeS the fOLIndatIOI'l fOI‘ tWO further StUdIeS maintained at<5 X 10*10 Torr. A” data were Signa|_a\/eraged unt"

focusing on the detailed evaluation of electronic structure the signal-to-noise ratio was20; sample integrity was internally
contributions to the redox thermodynamics (part 2) and verified by comparison of initial and final scans. Synchrotron data
electron-transfer kinetics (part 3) of [Fe(SR)1™ and related were normalized to the incident flux by monitoring the photoelec-
actives siteg*?> Using results from core and valence tron signal from a gold-coated stainless steel mesh located in the
ionization spectroscopy on the ferrous species, we define aPath of the monochromatizeq radiation. All data were obtained at
mechanism by which changes in the electronic wave func- SPECtroscopic energy resolutions £0.25 ev. _
tion, i.e., electronic relaxation, can be observed and quanti- Samples were prepared and mounted as fine powders onto a
fied. The overall effect of electronic relaxation is observable samp:e plate using e'tger Sa or conductlvehcarbonrzubstrate; all
. . samples were mounted undes b Ar atmosphere with<2 ppm
as the change in the electron density at the metal Centerof O, and transferred directly to the UHV environment. [N(£H
CHa)4]2[Fe(X)4 (where X= CI, SPh) samples were prepared and

(12) Jensen, T. J.; Gray, H. B.; Ulstrup,d.Inorg. Biochem1999 74,

181-181. recrystallized using literature metho@i€8 Sample charging was
(13) Kummerle, R.; ZhuangJackson, H.; Gaillard, J.; Moulis, J. M. compensated by using an electron flood gun at minimum energy

Biochemistry1997 36, 15983-15991. and current settings for stable and undistorted data. Core bindin
(14) Kummerle, R.; Kyritsis, P.; Gaillard, J.; Moulis, J. M. Inorg. . g ‘ . 9

Biochem.200Q 79, 83-91. energies were referenced to the strong background C 1s signal
(15) Moreno, C.; Franco, R.; Moura, |.; Legall, J.; Moura, J. JEGt. J. (285.0 eV). Valence binding energies were referenced and indexed
16) i‘oﬁhemmmi?a 21; %811989- M3 H A M. Scrofani. S using three independent methods: internal calibration using coun-

yhan, V.; Xlao, £. G.; Lavery, M. J.; nammer, A. M.; Scrorani, S. : . : :

D. B.. Wedd, A. GACS Symp. Sel996 653 40-56. terion peaks and external calibration using Ga (When used as
(17) dePelichy, L. D. G.; Smith, E. Biochemistryl999 38, 7874-7880. substrate) and/or Au (from submonolayer Au sputtering onto the
(18) Moulis, J. M.Theor. Chem. Acc1999 101, 223-227. sample surface). Referenced data obtained from all three calibration
19 SSECQSQ)’QKEL?E 2'2d3zl'ﬂl'252"% V.; Briat, B.; Solomon, E.J.Am. Chem. methods gave results that were identical within the experimental
(20) Butéher, K. D.; Didziulis, S..V.; Briat, B.; Solomon, E lihorg. Chem. resolution of the data. Sample integrity was verified by EPR of the

199Q 29, 1626-1637. irradiated sample, which indicated no observable deterioration over
(1) E’;tgg‘;g’_‘;b 5"-1? Gebhard, M. S.; Solomon, Elrlorg. Chem.199Q the course of data acquisition. Other tetrathiolate models, such as
(22) Néodleman, L Norman, J. G.; Osborne, J. H.; Aizman, A.; Case, D.

A. J. Am. Chem. S0d.985 107, 3418-3426. (26) Guckert, J. A.; Lowery, M. D.; Solomon, E. J. Am. Chem. Soc.
(23) Norman, J. G.; Jackels, S. €. Am. Chem. Sod975 97, 3833— 1995 117, 2817-2844.

3835. (27) Lauher, J. W.; Ibers, J. Anorg. Chem.1975 14, 348-352.

(24) Kennepohl, P.; Solomon, E.lhorg. Chem.2003 42, 689-695. (28) Koch, S. A.; Maelia, L. E.; Millar, MJ. Am. Chem. S0d.983 105
(25) Kennepohl, P.; Solomon, E.lhorg. Chem.2003 42, 696—708. 5944-5945.
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[Fe(SEt)]?-, exhibited sample oxidation during irradiation and were
not used in this study. PES spectra were simulated to include
satellite peaks by utilizing a valence bond configuration interaction
(VBCI) model as described later. Full spectroscopic simulations,
including VBCI and atomic multiplets, were performed using the
TT-Multiplets suite of computer codes, graciously provided by Dr.
Frank de Groof? All TT-Multiplet calculations were performed

on an SGI Origin server.

Density Functional Calculations.DFT calculations were per- - 7
formed using the commercially available Amsterdam Density
Functional (ADF1999 and ADF200%)3* and Gaussian (Gaussian o
98)*> codes. In ADF, the Vosko, Wilk, and Nusair (VWN) local
density approximatiol§ was supplemented with standard nonlocal
corrections from Beck® and Perdew?3° (BP86). All ADF results
were obtained using a triple-STO basis set (Basis 1V) for the
valence levels of all heavy atoms. Core levels were definea for
=1, 2 for Fe and S and fan = 1 for all second-row elements.
Complementary calculations using the BP86 functional were
performed with Gaussian using a 6-311G(d,p) basis set. Results
from the two quantum mechanics codes were similar. Because the
available molecular orbital and charge decomposition schemes are
different in the two codes, results from both are used in this study.
All calculations were performed on either an SGI Origin 2000 8-cpu
R10k server running IRIX 6.5.3 or an Intel dual Pentium Il Xeon
system running RedHat Linux 7.0. Parallelization of ADF and
Gaussian was done using built-in PVM and shared-memory
architectures, respectively. Details of specific input parameters used
for all published calculations are included as Supporting Informa-
tion.

[FeCl, )

[FeCl,]"

Intensity

720 710 700

Binding Energy (eV)
Figure 1. Core-level XPS data for both oxidation states of [R¢@hd
[Fe(SR)]. The points are the experimental data, the solid lines represent
| IVsi full simulations of the data including both atomic multiplets and CT states,
Results and Analysis and the dashed lines correspond to multiplet-only simulations. For both

c lonizati c | | Ee 2 hotoelect ferrous species, the inclusion of CT states is absolutely necessary for proper
ore lonization. Lore-level Fe 2g, pnotoelectron spec- simulation of the satellite (S) features at higher binding energy. All

troscopic (PES) data for [Fef~ and [Fe(SPh)? are given simulations are performed using CT parameters listed in Table 1. Detailed
in Figure 1. The data distinctly show an intense main peak input parameters for the TT-Multiplets simulation package are provided as

. . - Supporting Information.
(M) and a large satellite (S) feature at higher binding energy.
The experimental S-to-M intensity ratioky/(v) of the two species are also given in Figure 1; the satellite features are
species are very largeld/lv is slightly larger in the  far weaker in these species. The presence of intense satellite
tetrathiolate data. For comparison, the data for the ferric features, as observed in the ferrous species, result from shake-
up ionization processt’s“? that are formally two-electron

(29) For more information on the TT-Multiplets program, see http:/ ; ; ;
‘anorg.chem. uu.nl/PUBLIC/degroot htm. processes and thus forbidden. These satellite features provide

(30) Baerends, E. J.; Ellis, D. E.; Ros, @hem. Phys1973 2, 41-51. an experimental handle on electronic relaxation, i.e., the

(31) Versluis, L.; Ziegler, TJ. Chem. Phys1988 88, 322-328. change in the electronic wave function that must occur to

(32) Te Velde, G.; Baerends, E.J.Comput. Phys1992 99, 84—98. S

(33) Guerra, C. F.; Snijders, J. G.. Te Velde, G.; Baerends, Ehdor. allow two-electron ionization processes to be observed. A
Chem. Acc1998 99, 391-403. significant body of literature exists on the nature of these

(@4) Te :,/aer']dg’iiérggﬁeg‘_ag_pk'.:'swijaeBraserJe_ngs_.’ ;'eé'l’er':f}‘éiﬁpft‘_’e"a’ satellite peaks. In first-row transition metal complexes, these
Chem.2001, 22, 931-967. shake-up states are linked with the presence of charge-

(35) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, i i i
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; transfer (CT) interactions between the metal and its

Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, ligands?0:43-53
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, A valence bond configuration interaction (VBCI) model

LipCoss, Mo Sammi, & Mennucel, B 9?32}5%@‘{?23; CQ provides insight into the ionization and electronic relaxation
Morokuma, K.; Salvador, P.; Dannenberg, J. J.; Malick, D. K.; Rabuck,

A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. (40) Van der Laan, G.; Westra, C.; Haas, C.; Sawatzky, @QPys. Re.

V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, B: Condens. Mattefl981, 23, 4369-4380.

P.; Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.;  (41) Zaanen, J.; Westra, C.; Sawatzky, GPAys. Re. B: Condens. Matter

Al-Laham, M. A,; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; 1986 33, 8060-8073.

Gill, P. M. W,; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;  (42) Didziulis, S. V.; Cohen, S. L.; Gewirth, A. A.; Solomon, EJI.Am.

Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, Gassian Chem. Soc1988 110 250-268.

98, revision A.1x; Gaussian, Inc.: Pittsburgh, PA, 2001. (43) Chandesris, D.; Lecante, J.; Petroff JYAppl. Phys1981, 52, 1664~
(36) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200~ 1664.

1211. (44) Larsson, SChem. Phys. Lett1975 32, 401-406.
(37) Becke, A. DPhys. Re. A: Gen. Phys1988 38, 3098-3100. (45) Manson, S. TJ. Electron Spectrosc. Relat. Phendfi76 9, 21—28.
(38) Perdew, J. P.; Burke, K.; Ernzerhof, MICS Symp. Sef.996 629, (46) Robert, T.Chem. Phys1975 8, 123-135.

453-462. (47) Vernon, G. A.; Stucky, G.; Carlson, T. Anorg. Chem.1976 15,
(39) Perdew, J. PPhys. Re. B: Condens. Matted 986 33, 8822. 278-284.
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Figure 2. Valence bond configuration interaction (VBCI) model for core ionization of apkcies. A single CT state is included in this model, although
additional states can be added (see text). The Koopmans ¥ta® (epresents an unrelaxed final state including the effec ofi the ground-state wave
function WM. Electronic relaxation is defined as the change in charge distribution betffg¥rand the lowest-energy final stafé;-.

processes. A representation of the appropriate single-CT stateéhe differential effect of the 2p3d hole interaction potential
(1CT) VBCI model is given in Figure 2. The model is readily (Q) on the two configurationsQ represents the effect of
expanded to include more CT states. The 1CT-VBCI model electron (or hole) repulsion on the two different final-state
involves mixing of a single LMCT configurationd™L[} configurations. The core hole has a destabilizing effect on
into the ionic|d"Oground-state wave function. The resultant the |cd'(lconfiguration Q relative to|cd™1L [} because there
ground VBCI states®;M andW,L) are defined by the matrix  is additional hole-hole repulsion in that configuration. As
shown in eq la. The parametefsand A represent the  aresult, the energy splitting between the two configurations
interaction (or covalent mixing) parameter and the splitting is now A — Q. Notably, whenQ > A, the order of states

of the unmixed ground and CT configurations, respectively. inverts in the final state (Figure 2, far right). The VBCI final
The ground-state covalency is determined frofthe metal states and all associated final-state parameters are now
character in the wave function, which equals?swhere defined as in eq 2, with the order of these final states being
0; is defined in eq 15* The experimental charge-transfer defined by the sign ofA — Q). As a result oQ, the relative
energy W, = Ecy) is also obtained from this treatment, as contributions of the two component states change in the final
given in eq 1c. The VBCI approach assumes that overlap state (:2 = sir? 6; = ;?); this allows for intensity in the
between the initiaJd"Cand|d"*!L [configurations is induced  formally forbidden|d"C— |cd""L Citwo-electron transition.

by the off-diagonal term;T. The approach is similar to

CNDO-type methods in that overlap of the valence bond Q T] W™ =costcd'T singlcd™ 'L (23)
configurations is neglected. T Al Wt=sing|cd"H cos;jcd™ LD
0 T] ¥%=cos|d"T-sing,|d"'LO 2T
= 1a tan(d) = —— 2b
T A] WL = sing,|d"H cos,|d" LD (1a) @) A=-Q (b)
_ A2 2
tan(,) = %F (1b) W= V(A — Q)"+ 4T (2¢)
For the wave functions chosen, the following restrictions
W =E.; = VAZ+4T? (1c) are requiretf>5
The definition of the final statesWi™ and WL, is forA>0, 0 <6 <4%
analogous to the above treatment, except that the relative for (A—Q) >0, <46, <45

energies of the metaldd'l) and ligand- [cd"*'L[J centered
states (c= core hole on metal) have changed as a result of 54

(48) Kato, H.; Ishii, T.; Masuda, S.; Harada, Y.; Miyano, T.; Komeda, T.; — < < <
Onchi, M.; Sakisaka, YPhys. Re. B: Condens. Matted 985 32, for (A Q) 0, 45 Gf o0
1992-1996. . . o ]
(49) Sacher, EPhys. Re. B: Condens. Mattefl985 31, 4029-4030. Within the context of this study, it is useful to define a
(50) Agren, H.; Carravetta, nt. J. Quantum Chen1l.992 42, 685-718. i
(51) Mayer, B.; Uhlenbrock, S.; Neumann, W.Electron Spectrosc. Relat. referenc.e state, t.erm.Ed the Koopmans state, from Whl(.:h
Phenom.1996 81, 63—67. electronic relaxation is calculated. This reference state is

(52) ghkada, ngKostgniézé._;Jéole, B. TJ. Electron Spectrosc. Relat.  shown in the central part of Figure 2 and is constructed

(53) Proom H 1 Phiower B W.: Salaneck, W. R. Bigelow, Raw,  directly from the initial-state wave functions. The wave
Chem. Phys1981, 75, 4273-4284.

(54) The covalency of the metaligand bond reaches a maximumaat (55) In certain cases, the value(s)&fand/or0; must be adjusted hy/2
= 0.5. to respect the limits placed herein.
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Table 1. VBCI Parameters from Core PES Data

EEE 2ppbe 2

species Igivd W A T Q U
[FeCl)?>~ 710.8 037 45 24 18 45 38 084
[FeCl]~ 713.6 024 48 06 16 38- 0.63
[Fe(SR)2~ 7094 041 44 13 16 43 35 076
[Fe(SR)]*~ 709.8 023 39 02 13 31— 055

a All values except follg/lm ando;? are given in electronvolts. For the
ferric species, VBCI is solved using/(Cl) = 3.2 eV andW(SR) = 2.2
eV as input parameter8Reported binding energies are corrected for

electronic relaxation as the intensity-weighted average energy of the

Table 2. Experimental and Theoretical Values for Electronic
Relaxation upon Fe 2p lonizatior?

method [FeCf [Fe(SR)]>~
1CT-VBCI —0.63 —0.64
4CT-VBCI —-0.79 —0.82
Hrf-DF T2 —1.02 -1.11

a Hirshfeld charges from ADF calculations.

the resultant VBCI parameters are quite different because

complete intensity envelope Experimentally derived energies are accurate  Of the experimental differences in their charge-transfer

to within ~0.3 eV.¢ Intensity ratios were obtained by Gaussian fits of the
XPS data; the standard deviation+9.04 in all cases? Obtained from
simulations of the valence PES data (see text).

functions are frozen such thét = 6; (and thuso? = o;9);

energies. As a result, the VBCI model allows for the

determination of the overall covalency for each system. The
XPS results from the 1CT-VBCI model are quite consistent
with the results from other experimental and theoretical

however, the Koopmans states are affected energetically bymethods used to calculate the covalency of these systems:

Q, according to the amount ¢éd"Cicharacter in each wave
function. The energy destabilization dueQdhus distributes
over the two-component Koopmans states as follows

EkM = EiM + Q(aiz)
EC=E5+ Q- o) 3)

The VBCI model provides the proper tools to define

[FeCL]? is significantly more ionic than [Fe(SRY~ (see
0,2 in Table 1).

The VBCI model, as developed above, does not include
some of the complexities of transition metal systems, in
particular the atomic multiplets (AMs) that result from high-
spin initial states. The basic VBCI approach has been applied
together with atomic multiplets in a suite of XAS simulation
codes known as TT-Multiple8. These programs create

electronic relaxation as a function of changes in the effective @Ppropriate atomic multiplets for the atomic system of

charge on the metal on going from the unrelax@t ) to
the relaxed st whenQ > A) ionized state. The change in

interest and then apply a VBCI perturbation over all
component states, in the initial and final states, to obtain a

charge due to electronic relaxation is thus defined as theMore complete simulation of the spectrum (AM-VBCI).

change in metal character upon relaxation and is calculated The two-state fit is extended to include atomic multiplets
as in eq 4 (specifically fo > A). This model also allows by using the VBCI parameters in Table 1 to simulate the
for the calculation of changes in the energies of the statesSPectra using the AM-VBCI method. The simulated spectra,
upon relaxationf.,); this aspect of the model is developed shown as the solid black lines in Figure 1, are extremely

and used in part 2 which deals with redox thermodynamics.

AQy = o*kz - afz
=0’ —a )
= co< 6, — sirf 6

The relative intensities of the two possible-if transitions
is given experimentally b/l (Table 1); it has previously
been shown thdty/ly is related to the above through eq 5.
This equation reflects the application of the sudden ap-
proximation to redistribute intensity over the final states.
IS

= tarf(6; — 6,)
M

®)
Appropriate VBCI parameters can be obtained from the

experimental XPS data using the 1CT-VBCI model. The

ground-state energy splittingy;, is estimated from the onset

representative of the data, providing good confidence in the
VBCI results obtained from the simpler 1CT-VBCI fits. We
note that the inclusion of CT states is needed to simulate
the experimental data properly. If simulations are attempted
without the higher-lying CT states (dashed lines in Figure
1), the higher-energy satellite features are not well described
in the ferrous data. Therefore, the ferrous XPS satellites
require the inclusion of formally forbidden CT final states,
demonstrating the presence of electronic relaxation. In
contrast, the much weaker satellites in the ferric data are
reasonably well described by redistribution of intensity into
higher-lying atomic multiplets; the importance of CT states
(and thus electronic relaxation) in this case is thus much less
than in the ferrous species.

The VBCI analysis of the core data for the ferrous species
allows us to quantitatively evaluate the changes in the
effective charge on the metal due to electronic relaxation
(Agnx, as summarized in Table 2). From the 1CT-VBCI
results, electronic relaxation upon ionization of a core

of charge-transfer absorption in the electronic absorption data,electron is very large in both [Feft and [Fe(SR)}?~. A

yielding 4.2 and 3.5 eV for the ferrous chloride and thiolate
complexes, respectivel Using these values, the 1CT-VBCI
model fits to the ferrous data (Figure 1) give the results listed
in Table 157 Although the relative satellite energies and

intensities for the two ferrous species are reasonably similar,

(56) Gebhard, M. S.; Koch, S. A.; Millar, M.; Devlin, F. J.; Stephens, P.
J.; Solomon, E. IJ. Am. Chem. S0d.991, 113 1640-1649.

concern with the 1CT-VBCI model is its inclusion of only
one ligand hole state, which precludes any involvement of
higher-order CT processes. Even small contributions from
such states could significantly influenéey, so the 1CT-

(57) The VBCI parameters provide unique fits except under conditions when
eitherA or (A — Q) is very near zero. In such cases, th@ solution
space is highly correlated and difficult to evaluate.
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VBCI model has been systematically extended to include
higher-order states. As expected, an increase in the number
of CT states leads to a concomitant increasAdgy, up ton

= 4, at which point further changes ing. become
negligible. Results for the 4CT-VBCI analysis are given in
Table 2; a net increase 6f0.15-0.20 in Aq is observed
relative to the 1CT-VBCI results. Small contributions from
higher-order CT states cannot be experimentally verified
because of the low resolution of the data. However, the
improvement from these higher-order CT states does not
change the overall behavior afgq«, and the VBCI analysis
provides a simple formula for the inclusion of these
unobservable terms. Overall, however, electronic relaxation
is found to be very large in both systems, aAdqy is
consistently observed to be slightly larger for [Fe(3R)
than for [FeCJ]?".

Agux can also be evaluated using DFT methods. The
unrelaxed ionized state is obtained theoretically by symmetric
removal of an Fe 2p electron from the ferrous potential :
withoutreconverging the potential. The change in charge on L L . L 1
the metal ion between the unrelaxed and relaxed final states 15 ) 10, 3 0
is analogous to the experimentally derivAdy,. Several Binding Energy (eV)
theoretical methods exist to determine the atomic charge fromFigure 3. Experimental valence PES data; energy referenced as detailed

. ; : 1in the Experimental Section. (A) Raw PES data for [N¢CHIs)4] 2[FeCl]
DFT results; we have chosen to use Hirshfeld charges, WhIChathV — 40 eV, (B) @Y spectrum obtained from VEPES spectrdrat-

generally yield chemically reasonable results for transition 45 and 25 ev, (C) high-resolution single-crystal PES data foF@&k at
metal systems. The calculated core relaxations are larger thamv = 40 eV. The raw spectrum of the powdered [N(&HH3)d]2[FeCL]

those obtained experimentally (see Table 2) but still support sample is very broad as a result of ionization peaks from the large organic
; 45 eV - f
the id that electroni | ti - | in th counterion. TheDd3: ., spectrum enhances contributions from M3d orbit-
€ idea a_ electronic relaxa '_On IS very large In tNeSe s Note the energetic correlations between the features in spectrum B and
systems and is somewhat larger in the [Fe(ER)omplex. the raw PES data for GBeCl.
Valence lonization. Valence photoemission data were

obtained for the two ferrous species, both with the [N¢cH  This methodology provides an effective way of extracting

CHs)4]* counterion. Raw data for [Feg} athy = 40 eV useful valence PES information from convoluted data.

are shown in Figure 3a; the ionization envelope is very broad, The valence @325y spectra for both [FeGP~ and

a result that is also observed for [Fe(gR) (see Figure S1  [Fe(SR)]? are given in Figure 4. The overall shapes of the
in the Supporting Information). In comparison to results from spectra are quite similar in that they each contain three
a single-crystal VEPES study on [Fel2t (Figure 3c)°the regions of intensity: a low-binding-energy shoulder, a major
data quality is poor. The problem resides in the nature of central feature, and a broad envelope of intensity at deeper
the systems under study. Whereas the previous ffeCl  binding energy. Differences between the data occur in the
study was done using the Cs sHltthe bulky organic splitting of the low-energy shoulder from the main peak
counterion [N(CHCHs)4] " is necessary to ensure the stability (larger splitting in [FeC]|?") and the overall intensity of the

of the [Fe(SR)]%~ complex under experimental conditions. deep-binding-energy envelope (greater intensity in
Because valence PES data are not site-selective, all of thdFe(SR)]*). The energy of the lowest-binding-energy
component atoms of the sample contribute to the overall feature is also significantly different (1.4 eV deeper in
signal. Therefore, the data contain all of the information [FeCL]?"), an observation that reflects important differences
relating to ionization of Fe 3d-based MOs, but those in the redox potentials of these two systeths.

ionization peaks are buried amidst other peaks. To resolve Simulated Fe 3d ionization spectra using only atomic
Fe 3d-based ionization peaks from the background, the multiplets account reasonably well for the low-energy region

normalized ratio of intensities at two different photon of the @525y spectra but fail in the high-binding-energy
energies, 45 and 25 eV, is used)‘zlégx = lysevlasey). region (dashed lines in Figure 4). As for core ionization, the
Because the atomic photoionization cross section for Fe 3dinclusion of CT states (and thus electronic relaxation) is
has a delayed maximum near 45 8\fggions Whergpgg gx necessary to adequately simulate the full valence spectrum
> 1 define contributions from the Fe 3d manifold. The inthese complexes. For valence ionization, the VBCI model
resultant Fe 3d contribution spectrum for [Fg€&l is shown is essentially identical to that developed for core ionization

in Figure 3b. This spectrum is consistent with that obtained except that the hole is now created in the Fe 3d manifold.
from high-resolution data in that the main (lower-energy) This produces two changes in the analysis. First, the3p

features are at the same binding energies in both spectrahole interaction is no longer applicabl@;is replaced in the
model by an additional 3¢3d interaction potential{) that

(58) Yeh, J. J.; Lindau, IAt. Data Nucl. Data Table4985 32, 1—155. destabilizes thed"'[ktate. Second, the creation of a valence
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Table 3. Experimental and Theoretical Values fanq:x on Valence

[FeC]A]z’ lonization
method [FeCf|?~ [Fe(SR)]> A(AQ)
1CT —0.55 —0.59 0.04
VBCI 4CT ~0.69 ~0.76 0.08
AlM 2 —-0.72 —0.76 0.04
DFT Hrfb —0.58 —0.65 0.07
Mike —0.96 —0.99 0.03

a AIM charges from Gaussian 98 calculatioRgdirshfeld charges from
ADF calculations® Mulliken charges from ADF calculations.

As observed in the core ionization data, the inclusion of
CT states allows for satellite intensity at higher binding
energies from the main metal ionization peaks. For the
valence data, the correlation between the simulations and
the @5 & spectra cannot be exact, as thé &\ spectra are
not true ionization spectra and provide only qualitative
information with regard to spectroscopic intensities. Even
so, the energy correlations between the data and simulations
are reasonable. Although the presence of deeper-binding-
energy peaks in the data might also be ascribed to covalent
mixing, an earlier high-resolution study of [Fe2I"*~ has

15 10 5 0 shown that the ligand-based orbitals are at lower binding
Binding Energy (eV) energy than the intensity that results from the satelftes.

) . 450 _ This result will also hold for the tetrathiolate because the
Figure 4. Fe 3d contribution @522 spectra for [FeGl>~ and . . . S .
[Fe(SPh)]>-. The thick solid line ) is the experimentally obtained  ligand orbitals will be at even lower binding energies.
@72V spectra. The thinner solid linej is a complete simulation of the ~ Additionally, the applicability of the sudden approximation
valence ioniZ_ati?n spect][l:ma inﬂfggfezlig{::éce rﬁlﬁ?‘f;i?o”a th S?S;]wedTILle for these valence ionization processes has also been verified
gtickg Irsegrzlsn(;rlitag?en ;)pecifi(iJ component final states of thpe sir?wulétions for [F-eC.I4]2‘_ and .ShOUId also hold for [Fe(SR")‘. As for
including electronic relaxation. Simulation parameters are given in Table 1 COre ionization (vide supra), we can calculatg; for both
and as Supporting Information. [FeCL]?>~ and [Fe(SRj)%; the results are given in Table 3
for the 1CT-VBCI and 4CT-VBCI analyses. The additional

hole results in a significant change in the multiplet structure CT States again increase the calculategx values but do
of the final states relative to that of the initial (and MOt change their relative magnitudes. The valueg\gjx
Koopmans) states. This is reflected by the significant for th_e v_aler_1ce ionization process are smaller than those for
multiplet structure observed in the low-binding-energy region COre ionization, but they are still large for both complexes.
of the spectra. The implication of this second factor is that The differences between [Feft and [Fe(SRJ* [see
atomic multiplets are required in the simulation of valence A(AGn) in Table 3] are somewhat more pronounced for
spectra to obtain reasonable results. For core ionization, Val€nce ionization; electronic relaxation upon valence ioniza-
simulations are still quite reasonable, even when the 1CT- tion is larger in the tetrathiolate complex.
VBCI model in Figure 2 is used. . EIec;tromc relgxatlon for valence ionization can also be
To include shake-up satellite features into the simulated Nvestigated using DFT methods, as was done for core
valence spectra, the ground-state VBCI parameters obtainedonization. Results for valenagq values were calculated
from the core ionization data were used because the ground!Sing both Hirshfeld and Atoms in Molecules (AIM) charge
state remained unchanged. The hole interaction parametefl€COMposition schemes and are given in Table 3. The DFT
was initially assigned a& = Q and then adjusted to find  Values forAd, particularly those from AIM, are in good
the best simulation of the data. The main effect of modifying 29reement with results obtained from experimental data.
U is observed in the energy position of the deep-binding- EIectronl.c r_ela?<at|on is clearly quite substantial for the
energy satellites relative to the main peaks. The final Vlence ionizations of [Fe@f~ and [Fe(SRJ*", and Adu
simulations (solid lines in Figure 4) were obtained using the IS Somewhat larger for the tetrathiolate. The Mulliken charge
values ofU given in Table 1. It was found thal ~ 0.8Q decomposition scheme overestimates the amount of elec-
gave the best agreement with the experimental data, whichtronic relaxation that occurs in valence ionization (see Table

is in good agreement with results for other transition metal 3): Put it provides an opportunity to investigate the origin
systemg9-61 of electronic relaxation with respect to changes in MO

structure upon ionization of the redox-active molecular orbital

Relative Intensity

1995 119, 3_80—393-k . o tion changes in [FeX?~ upon electronic relaxation are given
(60) gaanen, J; Sawatzky, G. Rrog. Theor. Phys. Suppl99Q 231 in Tables 4 and 5. Although there are quantitative differences
(61) Zaanen, J.; Sawatzky, G. A. Solid State Cheni99Q 88, 8—27. in the relaxation processes of [FglZt and [Fe(SR}?", their
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(the B-spin symmetry block that contains the RAMO)
responds to ionization by a modest transfer of electron

Alrix density from the ligand to the metal. The charge relaxation
a by by e total from this active block of MOs Acfc™® ~ —0.1 in both)
3¢z  3dey  3dy  3day;  Adn accounts for only a small portion of the tot&dy,. The other
slp  —0.048 —0.016 -0.034 -0.13 minority (8) spin symmetry blocks that involve F&
« d 0.006 —0011 ~0013 ~0.009 ~0.04 bonding contribute far more strongly toqgqx. As a whole,
tot —0.041 -0011 -0.029 -0.043 —0.17 changes in thesgassie #-spin levels account for80% of
Fe slp  —0.058 —0.029 -0.034 -0.16 the electronic relaxation. This corresponds to a systematic
p d ~0110 —0099 ~0168 ~0.131 ~064 increase in the mixing between the Fe 3d and L 3p manifolds.
tot —0.168 —0.099 -0197 -0.165 —0.80 The covalency of the FeL bonds increases such that the
total —0.209 -0.110 -0.226 -0.208 —0.97 ligand contribution to each of the five empty Fe 3d orbitals
sid  —0.004 0.005 0.003 0.004 0.01 increases by-0.10-0.15. Changes in the majoritg) spin
o P 0051  0.006 0026 0038 016  pjocks contribute only slightly ta\gu (~10%). In these
tot 0.047 0.011 0.030 0.042 0.17  blocks, specific changes in covalency due to mixing of the
Cl sid —0.001 -0.002 —0.002 —0.001 0.01 Fe 3d and L 3p manifolds cannot directly change the charge
B P 0173 0101 0199 0165 080  djstribution because both manifolds are full. For thepin
tot 0172 0099 0197 0164 081  plocks, ligand-to-metal charge transfer occurs by increasing
total 0219 0110 0227 0206 096 the amount of Fe 4s/p character in the final states. This is

consistent with Fe K-edge XAS data, which indicate a much

aValues are differences between the total Mulliken populations of the

spin density in specified symmetry blocks between the relaxed ferric final greater degree of Fe 4p mixing in [FelEt relative to

state and the unrelaxed Koopmans stafheb; symmetry block includes [FeCI4] 2- 63

the redox-active molecular orbital, from which the valence electron is

removed to create the Koopmans state. . .
Discussion

Table 5. Symmetry-Based MO Description of Electronic Relaxation
upon Oxidation of [Fe(SCh4]?~

Electronic relaxation is a concept that is generally ne-
glected in the evaluation and description of redox processes

o e Aslr'x ™ S otal in chemical species. This study of the eIec_tronic structure
3d; ~  3dey 3y 3day At pf [_Fe>§4 2= (X = ClI, SR) complexes and _thelr responses to
b —004 005 —002 —013 |9n|gat|on allows us tp evaluate electronic relaxation quan-
a d -0.04 ~001 -0.02 —-0.01 —0.09 titatively. Our experimental data, corroborated by DFT
tof —0.08 00l —007 —003 —022 results, demonstrate the dramatic influence of electronic
Fe sip —004 002 —003 —012 relaxation on the overa!II e_lec_tromc s_tructure description pf
B d —006 —0.14 -0.09 —0.18 —-0.63 [FeX4)?>~ complexes on ionization. This study further quanti-
tot —0.10 014 -011 —021 —077 fies electronic relaxation as a function of changes in the
63 o 0w 015 ot —ox o SHECINE charge i he cenal mets o) nesponse
S 0.04 —0.03 0.04 —0.01  0.03 . rix
@ R 004 003 001 006 020 —0.65) and [Fe(SR)* (Aqj’ = —0.70) results in dra-
ot 008 000 000 005 005 o003 Matic charge donation from the ligands to compensate for
SCHy s 005 —002 009 007 015 o049 the gregtlon of a valence hole at the metal center. The origin
B R 005 002 003 004 005 o024 Ofthisligand-to-metal charge transfer has been determined
ot 010 000 0412 011 020 o073 by DFT methods. Most generally, we note the direct
total 018 000 01z 016 025 096 correlation of an experimental observable, the intensity of

CT satellite features in valence and core PES data, to the
aValues are differences between the total Mulliken populations of the magnitude of electronic relaxation on oxidation.
spin density in specified symmetry blocks between the relaxed ferric final Lo .
state and the unrelaxed Koopmans staiEhea; symmetry block includes Within this study, two methods have been used to address
the redox-active molecular orbital, from which the valence electron is the mechanisms that allow electronic relaxation. Mulliken
removed to create the Koopmans st&t€he a, symmetry block contains TR : "
no valence Fe character and corresponds to ligand nonbonding interactionspartltlc_mmg O_f chang(_as n PFT_Calcu!ath'd e'?Ctron densities
upon ionization provides important insight into the nature

overall behaviors are very similar, and the mechanisms of of electronic relaxation. The results clearly demonstrate that
electronic relaxation are the same. The electron density@ simple one-electron representation of the ionization process
change is divided in each case into its component spin andiS Misleading. The description of the RAMO, from which
symmetry blocks. FoD.q [FeCl]>~, the RAMO (3¢z_y?) the electron is removed, is inconsistent with the electron
hasb; symmetry, whereaB.q [Fe(SCH)4J2~ RAMO (3d,) density changes that are observed upon ionization. Changes

hasa, symmetry?2 In both cases, thactive symmetry block in the RAMO account for only a small percentage of the
observed electronic relaxation. The response of passive

(62) The nature of the RAMO in [Fe(SR)omplexes is highly dependent
on the orientation of the thiolate ligands (see ref 42 for details). In (63) Westre, T. E.; Kennepohl, P.; DeWitt, J. G.; Hedman, B.; Hodgson,
this particular case, the 3drbital is lowest in energy. K. O.; Solomon, E. IJ. Am. Chem. S0d.997, 119 6297-6314.
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Aqrb:

@y
Figure 5. Relationship between the ground-statéandAgyx. The lines
are given for specific values af/U as calculated from the VBCI model
developed in the text. For a fixed/U value, increasing covalency
(decreasingy?) results in a decrease ignx. However, decreasing/U
increasesAqu«. The experimentally derived values for [Fel2f and
[Fe(SPh)]2~ are shown in the figure.

electrons involved in specific F&L bonding interactions
plays a critical role in stabilizing the ionized final state. Good
mechanisms for LMCT include the dominant Fe-3d3p
interactions as well as some contribution from Fe 44/p

the model is reasonable in providing a qualitative under-
standing of the factors affecting the phenomenon, as well as
a semiquantitative method of obtaining experimentally
derived estimates of electronic relaxation. We note that
increasing the sophistication of the model by adding ad-
ditional CT states and atomic multiplet effects (vide supra)
does not change the fundamental resultsy, is large in
both systems, with a higher value for the tetrathiolate
complex. DFT results provide similar insights into the
process, although the results are too large for the core
ionization process. Discrepancies between the experimental
and theoretical results are mostly attributed to the difficulty
in theoretically defining atomic charges in covalent molecular
systems.

Previous theoretical work has suggested that [fEeX-
redox couples are best described l@mnd-basedredox
processes, in contrast with the viewpoint generally accepted
by experimentalists that such processes are essemtiathl-
based The extent of electronic relaxation in these systems,
dominated by the influence of passive electrons, provides
the proper context for these differing descriptions of the redox
process. The dramatic influence of electronic relaxation
creates a situation wherein the overall oxidation process
involves the loss of more electron density from the ligands

3p interactions, as evidenced by relaxation contributions from than the central metal ion. In fact, we have found that the
a-spin MOs. These DFT results underscore the important effective charge at the metal sit&eq0y) Changes only very

contributions from passive electrons in stabilizing the
oxidized site.

The VBCI model provides further insight into the factors
that affect valence electronic relaxation. It is tempting to

little upon oxidation of these complex&s®* The change in
charge on the metal during redox is only ®.%or
[Fe(SR)]? ', even though the electron is removed from a
mostly metal-based molecular orbifalThis result arises

suggest that a larger ground-state covalency (i.e., a lowerdirectly from the massive ligand-to-metal charge transfer in

o;%) will limit electronic relaxation. Although this is generally
true, it is complicated by the fact that several competing
factors contribute to the dependence\ofi, on a;?, as shown

in Figure 5. Within the VBCI modelg;? is defined byT
and A. The effect of the mixing parametef, essentially
parallels the behavior af;?; increasingl decreases;? and
Aqux. This result is reasonable in that an already highly
covalent system has fewer options in allowing for additional
LMCT upon oxidation. The effect ok is far more complex
and cannot be discussed independently gfiven that both

response to ionization of the (metal-based) redox-active
molecular orbital. Importantly, electronic relaxation redis-
tributes electron density back to the metakr all M—L
bonding interactionswith a dominant contribution from
passive electrons. The distribution of the LMCT relaxation
over multiple MOs creates a relaxed final (oxidized) state
that is best described as a highly covalent Sgstem. The
sum of the changes over allM. bonding interactions causes
the overall process to be ligand-based, even though the
ionized electron is removed from a metal-based MO.

parameters together determine the relative energy splittings

of the initial and final states (see Figure 2). We find that, as
a general rule, decreasimgU serves to increas&qyy (see
Figure 5); therefore, increasirig and/or decreasing will
increaseAdqx. When comparing [FeGlP~ and [Fe(SRyj?",

we find thatAgqx of the latter is greater than that of the
former despite its more highly covalent ground state. The
greaterAgu« during ionization of [Fe(SR)?>~ occurs because
of its significantly lowerA value as compared to [Feft

(the magnitude of) is quite similar). Physically, the available

CT states necessary for electronic relaxation are much lower
in energy in the tetrathiolate than in the comparable chloride

q©

complex, thus allowing for increased LMCT upon ionization.
The above analysis is based on the 1CT-VBCI model an
therefore cannot include the potential influence of other CT
states. Within the context of our study of specific [FEX
complexes with reasonably similar initial-state descriptions,

Final Remarks

This study provides a foundation for the investigation of
electronic structure contributions to the redox properties of
[FeXs)?1 active sites. We have provided experimental and
theoretical data that demonstrate the dramatic influence of
electronic relaxation on the ionization processes of the
reduced [FeX?>" species. In the following two complemen-
tary studies, we use the results of this study as the starting
point for the investigation of electronic structure contribu-
tions to the thermodynantit and kinetic propertie§ of

Small changes in the effective charge of transition metal complexes
have been noted previously (see: Bagus, P. S.; Walgren, U. I.; Almlof,
J.J. Chem. Physl976 64, 2324-2334), but the nature of this effect
has not been determined experimentally.

(65) Kennepohl, P.; Solomon, E. U. Am. Chem. Soc.manuscript
submitted.
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