LUND UNIVERSITY

Theoretical Fe-57 Mossbauer spectroscopy: isomer shifts of [Fe]- hydrogenase
intermediates

Hedegard, Erik Donovan; Knecht, Stefan; Ryde, Ulf; Kongsted, Jacob; Saue, Trond

Published in:
Physical Chemistry Chemical Physics

DOI:
10.1039/c3cp54393e

2014

Link to publication

Citation for published version (APA):

Hedegard, E. D., Knecht, S., Ryde, U., Kongsted, J., & Saue, T. (2014). Theoretical Fe-57 Mossbauer
spectroscopy: isomer shifts of [Fe]- hydrogenase intermediates. Physical Chemistry Chemical Physics, 16(10),
4853-4863. https://doi.org/10.1039/c3cp54393e

Total number of authors:
5

General rights

Unless other specific re-use rights are stated the following general rights apply:

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.

* You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

LUND UNIVERSITY
PO Box 117

221 00 Lund
+46 46-222 00 00


https://doi.org/10.1039/c3cp54393e
https://portal.research.lu.se/en/publications/ab044673-61cc-43e8-b48f-4c4ff5b1dbd5
https://doi.org/10.1039/c3cp54393e

Can °’Fe Mossbauer isomer shifts be calculated
accurately without fitting? Isomer shifts for

[Fe]-Hydrogenase Intermediates

Erik D. Hedegélrd,*’Jr Stefan Knecht,fF Jacob Kongsted,Jr Ulf Ryde,ﬂ and Trond

Saue*8

Department of Physics, Chemistry and Pharmacy, Univers$i§ooithern Denmark, Campusvej
55, Odense 5420 M, Denmark, Laboratory of Physical Chemi&ir Zurich,
Wolfgang-Pauli-Strafl3e 10, 8093 Zurich, Switzerland, Dapant of Theoretical Chemistry, Lund
University, Chemical Centre, P.O. Box 124, S-221 00 Lund, Sweuhel Laboratoire de Physique
Quantigue (CNRS UMR 5626), IRSAMC, Université Paul Sabati@Rloute de Narbonne,

F-31062 Toulouse cedex, France

E-mail: edh@sdu.dk; trond.saue@irsamc.ups-tise.fr

*To whom correspondence should be addressed

TDepartment of Physics, Chemistry and Pharmacy, Univeo$i§outhern Denmark, Campusvej 55, Odense 5420
M, Denmark

*Laboratory of Physical Chemistry, ETH Ziirich, WolfgangaRtrae 10, 8093 Ziirich, Switzerland

TDepartment of Theoretical Chemistry, Lund University, @heal Centre, P.O. Box 124, S-221 00 Lund, Sweden

SLaboratoire de Physique Quantique (CNRS UMR 5626), IRSAMflyersité Paul Sabatier, 118 Route de Nar-
bonne, F-31062 Toulouse cedex, France



Abstract

Mdssbauer spectroscopy is an indispensable technique and analytical iron coordi-
nation chemistry. The linear correlation between the electron density at tfeusy(“contact
density”) and experimental isomer shifts has been used to link calculat¢éactdensities to
experimental isomer shifts. Here we have investigated for the first time istatimethods
of systematically increasing sophistication, including the eXact 2-CompdKXea) Hamil-
tonian and a finite-nucleus model, for the calculation of isomer shifts for ioonpounds.
While being of similar accuracy as the full four-component treatment, X2€uledions are
far more efficient. We find that effects from spin orbit coupling canlgdie neglected, lead-
ing to further speed up. Linear correlation plots using effective densai&er than contact
densities versus experimental isomer shift leads to a correlation coastant0.32 a;> mm
s~ (PBE functional) which is in close agreement to experimental findings. Isehitts of
similar quality can thus be obtained both with and without fitting, which is not the itame
pursuesa priori a non-relativistic model approach. As an application for a biologically rel-
evant system, we have studied three recently proposed [Fe]-hydregéntermediates. The
structures for these intermediates were extracted from QM/MM calculatging large QM
regions surrounded by the full enzyme and a solvation shell of water mekcWe show
that a comparison between calculated and experimentally observed isafteecah be used
to discriminate between the different intermediates, whereas calculated atmarges do not
necessarily correlate with Mdssbauer isomer shifts. Detailed analysis shatthe difference

in isomer shifts between two intermediates is due to an overlap effect.

| ntroduction

It is needless to emphasize the role of coordination comg®uwith an iron metal center in inor-

ganic and bio-inorganic chemistry. Apart from the obvioudustrial interest in iron coordination

compounds, the biological role played by iron is unmatchedry other metal. For instance, en-

zymes comprising heme units have been found in essentlbligeages of life. Another example

are hydrogenase enzynfeswhich are promising candidates for hydrogen storage nedgeri
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An important spectroscopic technique in iron chemistry iskbauer spectroscopylthough
also applicable to other nuclei, its use to characterize @ompounds is by far dominatiri®
Mdossbauer spectroscopy relies on the Mdssbauer effecthwhithe recoilless emission or ab-
sorption ofy radiation from a nucleus in a (solid) sample. A common soto@zeate excited state
iron nuclei is the radioactive’Co isotope, which decays by electron capture to the nucleards
S'MFe. The emitted-ray from the relaxation of the spin= 3/2 to the nuclear grountl= 1/2
state of iron is then used to probe the sample (absorber).

Electrostatic interaction between electronic and nuatearge distributions,

Eeo:/pe(re)%(rn;R)d3re; @h(rn;R) :/—pergne)d3rn (1)

notably its change upon nuclear excitation, may lead to aifivation AE® of the nucleary-
transition energ§,. The modification of the transition energy is in generaletiint for sourcés)
and absorbefa) and gives rise to a non-zero isomer shift

C

5:Ey

(AEL — AES) 2)
wherec is the speed of light. The conversion factoraE, arises as the sample is brought to
resonance by mechanically changing the relative motioroofce and sample taking advantage
of the Doppler effect. The isomer shift is accordingly giverunits of speed, typically mnTs.
In older literature, the Mdssbauer isomer shifts were ofegported with respect to the source
material in which®>’Co was embedded, whereas today it is more common to use a efigled
reference, which thereby takes the place of the source inlibee expression. Typical examples
of MGssbauer references are iron fail-Ee) and sodium nitroprusside )&e(NO)(CN)g]-2H,0.
The modulation of electrostatic interaction upon the cleamgnuclear size from ground to

excited nuclear state can be expressed in terms of a first-Gaylor expansiol’1° Neglecting



any dependence of the electronic charge dengityn nuclear radial size then leads to

AE® 0Ee

R~ / Dol a‘”‘ re’ ImeR | g AR 3)
R=Ro

whereAR is change in the radial size parameRbetween the excited and ground nuclear state.
Since the derivative of the nuclear potentgalis an extremely local quantity one may formally
extract an effective densitye, that is, the weighted average of the electron density deefinite-

sized nucleus, from the integral:

d*r AR (4)

AEE — 58/ Im(riR)
R-Ro

JOR

This leads to the following expression for the Méssbauemnisioshift

6 = a(pe— P, ()

where the isomer shift calibration constant

g <4n2cF%) ARy (6)

5Ey Ro
contains all constants and nuclear information. The dffectensitype is usually approximated
by the contact densityp, that is the density at the nuclear origin.

Quantum chemical calculations typically exploit the linearrelation
& =a(pe—C)+h. (1)

between experimental isomer shifts and the contact’8hiftand using contact densities. This
ansatzallows to absorb not only nuclear information, but also stwmings of the chosen theoret-
ical model chemistry into the fitting constargsandb (C is held constant in the fit), and sois

in general not equal ta. The first computational studies to make use fitting expoesssuch as



Eq. 7 were based on a relativistic but rather crude semiéeapor Hartree-Fock methodd 1315
Later, modern density functional theory with gradient ecoted functionals were applied with
success~18 put without taking into account relativistic effects at.alVhile such aransatzis
efficient and fairly reliable it relies on error cancellat®* and suffers from the fact that each new
functional/method give a new correlation line (Eq. 7).

The most recent developments to ensure an appropriatergcafoelativistic effects were done
by Filatov and co-workers who suggested a method that ipemigent of fitting!®-2°In this model
the isomer shift is calculated directly from 5 using a val@iere= —0.31+ 0.04a(3) mm s ! from
life-time measurements by Ladriézeal 2! At the same time, it was also recommended to employ
effective densitie® which take into account the finite size of the nuclei. In orgeinclude both
relativity and sophisticated computational methods, &urand Filatov alternatively propos&d
to scale non-relativistic effective densities obtaineafrDFT with a factoipye|/ Pnon-reitcOmputed
from CCSD(T) effective density calculations on atomic iromeTscaled densities were then used
in Eq. 7 which led to results similar to quasi-relativistiORA calculations?3-24

The use of effective densities and the inclusion of relgtikias also been considered by others
and both effects have been shown to be of quantitative irapoet for heavier nuclé®26 On the
contrary, for iron both the role of relativity and the use @eetive densities rather than contact
densities remains less clear. An open question is thus to extent relativistic effects should be
included and whether spin-orbit coupling influences thensoshift. Another unknown factor is
how much a finite nucleus treatment will affect the isomeftstalculations. At present, it also
remains to be established which of the two methods, Eq. 7 05 Eeglds the most reliable results
compared to experiment, and whether the inclusion of xefaitan alter conclusions.

The first objective of this contribution is thus to shed lightthe effect of relativity on Mdss-
bauer isomer shifts of iron compounds using a hierarchy lativéstic Hamiltonians, comprising
for example the four-component Dirac-Coulomb as well as tace two-Component (X2CY
Hamiltonian. To the best of our knowledge, this is the finstgithe X2C Hamiltonian and its spin-

free variant are employed to calculate Méssbauer parasetté@on. It is also the first presentation



of four-component DFT and two-component CCSD(T) calculaioinViossbauer isomer shifts on

larger inorganic molecules. Since two-component methodseaSCF level are by far compu-
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Figure 1. Structures used in this study. Molecule§ are used for investigating the relativistic
methods, whiles—8 are the target model structures for [Fe]-hydrogenase.

tationally less costly than four-component methods it wigjnificantly broaden its applicability
provided that similar accuracy can be reached within bofir@gches. All relativistic methods
are compared to the non-relativistic Hamiltonian wherélaofinite sized and a point charge nu-
clei was employed. As a test set for the various relativistadels, we consider the closed-shell
(low-spin) moleculed-5, displayed in Figure Figure 1.

The second objective of this study is to advertise the use gdraline relativistiansatzin
computational bio-inorganic chemistry and the advantdigatsaccrued by such an approach. To
this end, we selected the recently characterized [Fe]dgeairasé®~3Owhich stands out from other
classes of hydrogenases as it contains no iron-sulfureskias well as only a mono-nuclear metal
site. Mdssbauer studies on [Fe]-hydrogenase have beéectaut by Shima et at? In this paper
we use the correlation plots from moleculesb to calculate isomer shifts for the [Fe]-hydrogenase
intermediates. These isomer shifts are then compared texierimental data. It is noted that
moleculesl-5 are well suited for this purpose, having the same spin statdssimilar ligands as
the [Fe]-hydrogenase active site. To investigate whetieX2C is more generally applicable for

iron compounds, we will in a follow-up study extend the $e6 to comprise also open-shell iron
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complexes.

Despite having a somewhat simpler structure than the balfiehydrogenase enzymes, the
exact binding site of Kland the reaction mechanism of, lplitting is not known yet. Structure
6 (Figure Figure 1) is a model of the structurally characestienzyme, whil¢ and8 are mod-
els of two intermediates, which were recently proposed tinbelved in the mechanism of H
splitting.32 We have computed the isomer shift of all three molecute8, where the respective
geometries have been optimized by a QM/MM procedure inoithe full protein, surrounded by
a water sphere of 60 A from the protein center.

The paper is organized as follows: In the following two sausiwe give a short introduction to
the theoretical framework applied in this contribution gmdvide computational details. Next we
discuss our isomer shift data obtained at various leveladiphand in comparison to experiment as
well as the application of our final best model to the isomét datermination of [Fe]-hydrogenase
model systems. In the final section we draw conclusions avel @i outlook to ongoing future

work.

Theory

In this section we briefly introduce the relativistic Hamiltans used in the Mossbauer isomer
shift calculations. The most precise relativistic modelgented in this work relies on the Dirac-

Coulomb (DC) Hamiltonian

ﬁ:zc(a-pi)+ﬁ’mc2+zi+VNN (8)

[ i<y
where’ = B — 1 anda andp are the 4x4 matrices

I 0 0 o
B— a- ©)
0 —I g O



| is the identity matrix andr are the Pauli spin matrices. The DC Hamiltonian includestede-
electron repulsion through the instantaneous Coulombaaoten. This corresponds to the zeroth-
order term of an expansion of the full relativistic two-gtea interaction in orders af~2, which is
sufficient for most chemical purposéAlthough the two-electron operator in the Dirac-Coulomb
Hamiltonian has the same form as the non-relativistic ebeat Hamiltonian, its physical content
is different, for instance giving raise to spin-same orbteraction3* There are several ways to
transform the Hamiltonian in Eq. 8 to a two component Hamitia 3* thereby reducing the com-
plexity of the computational problem. One such Hamiltonglbased on the Zeroth Order Regular
Approximatior?®36 (ZORA) and has been used extensively in Mdssbauer studidatoiand
coworkers have on the other hand introduced the use of the&lmed Elimination of the Small
Component (NESCY/ In the present work we investigate the use of the closelytaélaXact

2-Component (X2C) Hamiltonian, using the formalism of Ref. 27.

Results and discussion

In this section we compare first three different relatigistiethods of increasing accuracy. We also
comment on the use of CC data in iron Moéssbauer spectrosaoghyetate the data obtained here
to previous benchmark studies. Next, a method which emgltiysy (Eq. 7) and a method that
does not require fitting (Eq. 5) are compared to experimetit k@ispect to their performance. The
results from this calibration study is then used to invegggFe]-hydrogenase intermediates as

displayed in Figure Figure 1.

Comparison of Relativistic Models and M ethods

Calculated effective densities versus the experimentalshiiser shifts are shown in Figure Fig-
ure 2 for the relativistic (left) and non-relativistic Hdionians (right). Both methods show a good
linear correlation as could be expected. The fitting coristhave been compiled in Table Table 1

(PBE functional) and Table 2 (PBEO functional). All the usegerxmental data used for the fit-



ting have been compiled in Table 1 in the supplementary nahgmd is given relative to iron foll

(a-Fe). Starting with the relativistic methods at the righntd side of Figure Figure 2, there is

© DC (PBE) & Non. rel. (PBE)
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Figure 2: Correlation between effective densities on iroth @xperimental isomer shifts (Eq. 7).
DC is the Dirac-Coulomb model, X2C is the eXact two-Componendlehand X2C(s.f.) refers to
the X2C spin-free approach. The molecu2end5 have almost identical effective densities in the
relativistic models, whereas for the non-relativistic rabithe effective densities differ slightly.

some obvious difference in the absolute effective derssiietween the relativistic Hamiltonians.
The trends, however, are identical, which is also refleatetthé slopes of the linear correlation
plots. In fact, the change between the PBEO functional (widteexchange) and the PBE func-

tional is larger than the change within the relativisticdlewf approximation. A comparison

Table 1: Fitting parameters (Eq. 7) for the correlation plot Figure Figure 2 with the PBE
functional. In all case€ is kept fixed under the fit. Uncertainties are shown in paesgh.

Method DC X2C X2C (s.f.) Non-rel

a(mmsla;® -0.303(0.02) -0.303(0.02) -0.303(0.02) -0.384(0.0264)
b (mms1) 8.653 (0.570) 11.289 (0.743) 10.747 (0.707) 23.319 (1.607)
C (%) 14900 14900 14900 11800
R2 0.9830 0.9830 0.9830 0.9813

between the X2C and its spin-free version reveals that sgit-effects are rather small for the
iron compounds studied here although we are concerned vatbgerty near the heavy iron nu-
cleus. Taking into account scalar relativistic effectsngtoe other hand inevitable as can be seen

from the large difference in bota andb parameters between the spin-free X2C model and the
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Table 2: Fitting parameters (Eq. 7) for the correlation lot Figure Figure 2 with the PBEO
functional. In all case€ is kept fixed under the fit. Uncertainties are shown in paesgh.

Method DC X2C X2C (s.f) Non-rel

a(mmsla;® -0.291(0.015) -0.291(0.015) -0.291(0.015) -0.370 (0.021)
b (mms1) 6.115(0.317) 7.291(0.378) 7.291(0.378) 21.400 (1.209)
C (5% 14900 14900 14900 11800
R2 0.9894 0.9894 0.9894 0.9874

non-relativistic calculations. Though the data are notshbere, contact densities were also cal-
culated for both the PBE and PBEO functionals and all reldttvimodels. The contact densities
are generally slightly larger in absolute numbers than ffec#ve densities, but give rise to very
similar isomer shifts. Thus the effect of using contact eatinan effective densities is small (this
will be elaborated in the section concerned with the prajacinalysis below). Comparing contact
densities between non-relativistic calculations with anthout finite nucleus models, the effect
of the finite nucleus treatment is found to be even negligiblewever, it should be stressed that
a finite nucleus treatment becomes mandatory in four- ord@mponent relativistic calculations
due to weak singularities in the relativistic wave functairthe origin of a point nucleus.

In order to have high-quality computational reference d@ calculations were performed.
As a by-product, it allowed us to investigate the effect &g into account an increasing level
of electron correlation, by comparing with Hartree-FoclkejHsecond-order Mgller-Plesset (MP2)
and Coupled Cluster with Single and Doubles (CCSD). A subseedECtBresults is listed in Table

Table 3, while the complete set has been compiled in the soppitary material. An inspection

Table 3: Difference in contact densiti@gp) calculated with various methods. TAgg values are
reported w.r.t. [Fe(NO)(CN] 2~ and are given iraags. All results are calculated with the spin-free
X2C Hamiltonian.

Method ApkF ApMP2 ApSCSP ApEEE ApEBEO
Fe(CO)]2~  0.60 -1.87 0.05 0.21 0.06

Fe(CO), -0.37 0.35 0.65 0.00 -0.23
Fe(CO)M2*  -1.13 -0.82 -0.69 -0.33 -0.61
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of Table Table 3 reveals that the trends in HF and the DFT fanats are similar (and correlate
linearly with the experimental trend). Inclusion of dynaalicorrelation through MP2 leads to
isomer shifts which are significantly off. Coupled Clusterhwsingles and doubles (CCSD) is
again closer to the trend observed for HF, DFT and experinritFe(CQOy is still an outlier.
Perturbative inclusion of triples was also attempted, Iihdt yield a particular improvement. In
fact, while the change fqogCSDto pOCCSD(T) in moleculesl-3 was rather moderate, the change
for [Fe(NO)(CN)s]Z‘ (5) was surprisingly high (see Table S4 in the supplementarienad),
leading to very large shifts (sindewas used as reference). The trends for CCSD(T) and CCSD
are however, similar. Thus, with the exclusion of Fe(§®BEO and CCSD provide very similar
shifts in contact density, but both the small size of the se$tand the spurious large change in
contact density upon inclusion of the (perturbative) &gptorrection for [Fe(NO)(CI\J)Z‘, render
the current conclusion very tentative with respect to a cangpn of the CC results with DFT
results. The fact that perturbative treatments are seea podblematic, along with rather high T
amplitudes, indicate large orbital relaxation effects/and potential multiconfigurational ground
state wave function. Thus, itis likely that at least a futllussion of triples and possibly quadruples
or a inherently multiconfigurational treatment, for exaen@ASSCF followed by multireference
CC or Cl, is necessary to obtain reliable high-quality resultke former is possible ii r ac
as such through the interfat®to the MRCC program of M. Kallay/-°® but demands at present
computational resources beyond our capabilities.

Some of the molecules from our test set have also been usetdrg to validate computed iso-
mer shifts. Relativistic calculations were carried out byikn and Filato#%2?for the molecules
2 and4 using the spin-free Normalized Elimination of Small Comparn@& ESC) Hamiltonian ap-
proach. Apart from the varying relativistic models, a direemparison with the studies by Kurian
and Filatov is not feasible since slightly different mollerwigeometries have been used and results
are often reported in a different manner, either in totalsttess or in isomer shifts with respect to
a reference (Eq. 5 witlr from ref. 20). After correcting for the reference compourts relative

values between [Fe(Cg)z‘ and Fe(CQ,) are in reasonable agreement: We obtain 0.147 versus
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0.16 in ref. 20. In addition, we find a reasonable agreememidsn our and the total density of
Fe(Cp) as reported in Ref. 22. Although we use an inherently rekito/approach, it seems nev-
ertheless worthwhile to compare to the fits obtained by usomgrelativistic B2-PLYP densities,
scaled withprel/ Pnon-rel from atomic CCSD(T) calculation® This approach yields a correlation
constant ol = —0.3065\53 mm s 1 and compares quite well with our value from fully relatiigst

calculations at the DFT/PBE level. The correlation constéméined at the DFT/PBEO level is (in

absolute numbers) slightly lower, but still in reasonalgeeament.

Comparison to Experiment

In Tables Table 4 and Table 5 the calculated isomer shift ampared to experiment, by us-
ing either Eq. 7 and the appropriate fitting constants (Eab&ble 1 and Table 2) or Eq. 5 with
[Fe(NO)(CN)] 2- as reference. In the case of fitting, good results can beraatdioth with and
without relativistic effects. This is mainly caused by thege difference in linear correlation con-
stants,a between non-relativistic and relativistic methods. Thhbs, non-relativistic methods are
indirectly corrected through. Since the linear correlation constawith all relativistic methods is
rather close to the experimentally obtaireed? the best result is indeed obtained with an inclusion
of relativistic effects even for the first-row transition talron. In conclusion, both relativistic and
non-relativistic methods can be used to estimate shiftsdarMossbauer spectroscopy. However,
the most coherent and transparent results are obtaineglnesativistic methods, leading to similar
results for approaches which employ fitting procedures hode based on the use of a reference
compound.

A note concerning Fe(C@)should be made. As pointed out in a previous study on isomer
shifts 83 this compound has been measured quite often where a widedspirexperimental isomer
shifts has been obtained ranging frond@to —0.18. From the linear correlation plot displayed
in Figure 2 it is obvious that a value closer-t®.18 will lead to a linear relationship between the
effective density and the isomer shift.

We conclude this paragraph by commenting on the performairtbe different DFT exchange-

12



Table 4: Calculated and experimental isomer shifts (mhor the moleculed-5. The calcula-
tion of isomer shifts are performed with the Dirac-Coulomi€{DeXact two-Component (X2C)
or the spin-free (s.f.) X2C Hamiltonians, using either Efor 5. Experimental values have
been extracted from Ref8-%3The different experimental values are due to differenceference
compounds.

Fit® (PBE) [Fe(CO)]2~ Fe(CO} [Fe(CO)]?* Fe(Cp) [Fe(NO)(CN)]?2-

DC -0.231 -0.168  -0.068 0.545  -0.168
X2C -0.231 -0.168  -0.066 0.545  -0.168
X2C (s.f.) -0.231 -0.168  -0.066 0.545  -0.168
Non-rel -0.227 -0.168  -0.071 0.545  -0.170
EXp. -0.251 -0.18 -0.003 0.534  -0.19
No Fit° (PBE)

4C -0.064 0.000 0.103 0.729  0.000
X2C -0.064 0.000 0.103 0.730  0.000
X2C (s.f.) -0.064 0.000 0.103 0.729  0.000
Non-rel -0.046 0.002 0.080 0.578  0.000
EXp. -0.061 0.010 0.187 0.724  0.000

a The isomer shift is calculated with Eq. 7 using the parameters from Table 1.
The experimental values refer to iron foit {Fe).
b The isomer shift is calculated from Eq. 5 with= —0.31 a3 mm st using
[Fe(NO)(CN)] 2~ as reference.
correlation functionals. This issue has been widely disedgor isomer shifts and it seems to be a
common conclusion that functionals with a high amount otérachange are to be preferr&°
Yet, using the X2C Hamiltonian and for the molecules ingeged here, we find the the PBE
functional performs well and is not inferior to the hybridrsien PBEO — the latter having a high
amount of exact exchange (25%). Although our present CCSDtsesdicate that PBEO is more
accurate, a test with a larger and more varied test set sheuperformed before reaching a final
conclusion regarding the best suited DFT functional forXB€ Hamiltonian. This caution seems

to be in order since the current CC results furthermore sudlgashigher order excitation ranks

in the coupled cluster expansions might be required.
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Table 5: Calculated and experimental isomer shifts (mh)r moleculesl-5. The calculation
of isomer shifts are performed with the Dirac-Coulomb (DC)aeitwo-Component (X2C) or the
spin-free X2C Hamiltonians, using either Egs. 7 or 5. Expental values have been extracted
from refs. 59—-63. The different experimental values aretduhfference in reference compounds.

Fit? (PBEO) [Fe(CO)|2- Fe(CO) [Fe(CO)I2* Fe(Cp) [Fe(NO)(CN)]2-

4C -0.231 -0.148 -0.038 0.540 -0.212
X2C -0.230 -0.148 -0.038 0.540 -0.212
X2C (s.f.) -0.230 -0.147 -0.038 0.540 -0.212
Non-rel -0.226 -0.147 -0.042 0.540 -0.215
Exp. -0.251 -0.18 -0.003 0.534 -0.19

No Fit® (PBEO)

4C -0.018 0.071 0.189 0.813 0.000
X2C -0.018 0.071 0.189 0.813 0.000
X2C (s.f.) -0.018 0.071 0.189 0.812 0.000
Non-rel -0.009 0.058 0.146 0.634 0.000
Exp. -0.061 0.010 0.187 0.724 0.000

a The isomer shift is calculated with Eq. 7 using the parameters from Table
Table 2. The experimental values refer to iron faite).

b The isomer shift is calculated from Eq. 5 withh = —0.31 using
[Fe(NO)(CN)] 2~ as reference

Hydrogenase | nter mediates
| somer shifts

Encouraged by the results from the previous subsection awe &pplied the X2C/DFT model to a
biologically relevant iron system, namely the [Fe]-hydzogse active site. The [Fe]-hydrogenase
protein is found in certain methanogenic archaea and @&slthe oxidation of Kin an interme-
diate step of the reduction of G@o methane. His presumably split by coordination to iron and
a hydride abstracted by®, N1%-methenyl-tetrahydromethanopterin (methenyMPT"), but the
detailed mechanism is still under debdfeA crystal structure of [Fe]-hydrogenase was reported
by Shimaet al,?° but the iron ligation was later reinterpreted following ara§ crystallographic

study of a mutated proteiff Shima and co-workers also carried out a Méssbauer studyeof th
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full protein finding that the isomer shift did not change ugatdition of I—5.31 In the proposed
catalytic mechanism, hydrogen activation is initiated iy H,0/H,, exchange iré to form 7 (see
Figure Figure 1). In a computational study Yang and Hall fbtimat the free energy barrier of
H, cleavage irv to form the thermodynamically more stald¢-3.4 kcal/mol) was quite low (6.6
kcal/mol) and therefore suggest8ds the resting state observed in the Mossbauer experiment.
They further argued that the isomer shifts7oAnd 8 would be quite similar since the Mulliken
charges of iron in the two species are quite close (+0.142+&nti38). We have, however, cal-
culated the isomer shifts of all three species, as shown loleTéable 6 . As can be seen from
our results the isomer shift & is appreciable different from the predicted isomer shif6é@nd

7. An indirect estimate of MOssbauer isomer shifts based oflikda charges can accordingly
not be recommended. The isomer shiftsaind 7 are on the other hand quite close to the ex-
perimental value, in particular when taking into accouratt tthe typical experimental error i5

0.01 mms?.21 Hence, according to our present results it seems likelyahantermediate of the

Table 6: Isomer shifts (mm$) calculated for molecule8-8 with the X2C Hamiltonian and the
PBEO functional, using either Egs. 7 or 5. A single experirabrdlue is given since the Mossbauer
isomer shift did not change upon addition of.f Note that for the intermedia® the “SCH,
group is altered to a protonated HSCgtoup (see Figure Figure 1).

[Fe(L)(pyridone)(CO)(SCH;)]* L=H,0(6) L=H,(7) L=H<(8) Exp.

Isomer shift 0.045 0.034 -0.105 0.060
Isomer shiff 0.275 0.264 0.114 0.250

a The isomer shift is calculated from Eq. 7 using the parameters from Table 2.
The experimental values refer to iron foit {Fe).

b The isomer shift is calculated from Eq. 5 withh = —0.31 using
[Fe(NO)(CN)] 2~ as reference.

type 7 would go unnoticed in a Mdssbauer study. On the other hamdhykdride intermediate
8 has a calculated isomer shift which is significant off theeskpental shift, and quite different
from both6 and7. This observation leads us to conclude tBatoes not build up in significant
concentrations during the Mdssbauer experiment, alth8ugluld still be involved in the catalytic

cycle. In addition, it should be emphasized that the curstudies are performed without taking
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into account the (methenylMPT") substrate, which, according to ref. 31, is supposed to have
a minor effect on the isomer shift only (suggesting rathealsohanges in the iron coordination
sphere). To shed further light on the latter issue we araymgsat present QM/MM optimizations

of 6-8 that include the substrate.

Projection analysis

The difference of 0.139 mm$ in calculated isomer shifts of molecul@sand8 shown in Table
Table 6 translates into a 41 ppm change of contact densityaage whose origin is quite subtle.
Detailed analysi®’ shows that in a relativistic framework the contact dengitras contributions
from atomics, ,, andpy , orbitals only, from the large and small components, resygedgt These
contributions are compiled in Table Table 7 for the neutrahiatom. The table also illustrates
that the contact density as expected overestimates thetiedfelensitype, yet for the iron atom
constitutes a good approximation to it, since the error itherorder of merely 1 % . Comparison
between calculated effective and contact densities foeoudesl-8 furthermore shows that this
1% error is quite systematic in nature. On the other hanckffieetive density can be calculated at

the same computational cost and is therefore recommended.

Table 7: Orbital contributions (ia, 3) to the contact densitgo and effective densitge of the iron
atom in its ground state electron configurat{ém|3d®4s” obtained with the PBEO functional and
the X2C Hamiltonian. Negligible contributions fm from thenps > and 3iz5 5/, orbitals have
been omitted from the table.

Orbital Po Pe

1s,, 1364275 13463.36
25, 128389  1266.99
381/ 184.07  181.64

455 1116  11.01
2012 0.85 0.85

Total 15128.87 14930.02

We have tried to rationalize the variations in isomer shoftshe model structures for [Fe]-
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hydrogenase by means of projection analféi€ The projection analysis is based on the expan-

sion of molecular orbitalg '°} into a set of pre-calculated atomic orbitdlg:* }
|
wO=5S wick+u’ (10)
k ;I; 1 ik k

where the orthogonal complemaﬁfOI is denoted the polarization contribution and should in gen-
eral be small for a meaningful analysis. Insertion into tkgression of the expectation value of an

operatorQ at the SCF-level

occ occ

<Q>:Zwk!lewm=;;;é<wﬁlfz|wF>DﬁA+<pol>; D%A:Zcﬁ*c?k (11)

allows the distinction ofntra-atomic(A = B) andinter-atomic(A # B) contributions. Setting the
above operatof) = 1 we can carry out a population analysis similar to the Mettitone, but
without the strong basis set dependeft&or the present analysis we calculated the atoms in
their electronic ground state configuration using fraaiarccupation and employed all occupied
orbitals of the atoms, adding a secamdrbital for the hydrogens as well as the drbitals of
iron. This set of atomic orbitals does not span the molecaotbitals fully. The polarization
contribution amounts to about one electron, which is a lgihhbut constant for all three molecules
and has negligible contribution to the contact and effeatignsities. We therefore believe that the
projection analysis is reliable for these systems.

Table 8: Electron configuration and charge of iron in moles@l- 8 from projection analysis.

3d 4s 4p e

6 6.74 020 0.21 +0.86
7 6.79 026 0.24 +0.70
8 6.77 0.27 0.27 +0.69

In Table Table 8 we give the electron configuration and chafgeon in molecule6—8 ob-
tained from gross populations. The calculated cha@ésr molecules7 and8 are indeed quite

similar, but somewhat larger than the Mulliken charges resgbby Yang and Half? and con-
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sistent with a F& rather than F2oxidation state. As already stated above, the charges do not
correlate well with the calculated isomer shifts reportedable Table 6. We also note that the
3d populations of7 and8 are basically identical, and so the difference in isomeitshan not be
attributed to a screening mechanism whereby increadgubulation implies increased screening

and thereby reduced contact density of ts@itals in particulaP14

Table 9: Projection analysis of Fe contact densit;ag'ﬁ), relative to the ground state atom, at the
X2C/PBEO level.

6 7 8
Fe (intra) -4.15 -408 -3.54
pm(=j) 4.02 3.20 3.83

s, 059 055 058
25, 298 275 290
2p;  0.00  0.00  0.00
3s,, 1081 1007 10.64
3p, 001 001 002
4s, -10.39 -10.18 -10.30

hyb ( # j) -8.17 -7.29 -7.36
Interatomic contribution -0.37 -0.35 -0.38
Polarization contribution -0.68 -0.71 -0.75
Total -5.18 -5.15 -4.66

We therefore turn to projection analysis, compiled in Tabddble 9, which shows that the
Fe contact density for all three species is, as expectedinddead by intra-atomic contributions
from the iron center itself. The intra-atomic contributsofurther split into diagonalj(= i) and
hybridization ( # i) contributions, cf. Eqg. (11), where the latter contribngoarise from the
breakdown of atomic symmetry in the molecule. Hybridizatamntributions involving the same
atomic types, e.gs;», may also be associated with a radial re-polarization ofnatcorbitals
within the molecule. From Table Table 9 it is seen that theridyzation contributions t@ and8
are quite similar and distinct from those @f The major difference between moleculéand 8
originates from the diagonal contribution involving the3sg,, orbitals. The value of the diagonal

density matrix elemer5S5? is 2.1175, 2.1094 and 2.1156 for molecuted ands, respectively,
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compared to rigorously 2.0000 for the neutral iron atom. Tfierences are very small, but
become crucial when multiplied with the atomic matrix elem¢92.03a53) in Eg. 11. Values
larger than two of the diagonal density matrix element arfsem overlap of the irons , orbital
with ligand orbitals. In molecul& we find for instance overlap on the order of 0.13 betwegn 3
and the hydride coordinated to iron. In summary, our anslgisows that the small, but significant
difference in isomer shifts between molecufeand8 arises as the result of overlap between iron
core orbitals and ligand orbitals. Such an overlap effestdeen discussed previou&y®?, but in
the context of molecular wave functions assembled fromcaieulated atomic orbitals and where
iron orbitals where projected out from ligand ones for ontionality. This can be contrasted
with the present approach in which fully relaxed moleculditals are expanded in pre-calculated

atomic ones.

Conclusion

We have investigated relativistic Hamiltonians of inciegsophistication for isomer shift on iron
compounds. The set of chosen Hamiltonians comprises thectbuponent Dirac-Coulomb and
the two-component X2C Hamiltonians with or without spiribicoupling. In addition, all rela-
tivistic data has been compared to results obtained witlcdingmon non-relativistic Schrodinger
Hamiltonian. Similar accuracy is achieved for both the falir-component reference Hamilto-
nian as well as the X2C Hamiltonian, though the latter is cotajonally less expensive. Further
computational savings are possible since spin-orbit ¢ogplan also safely be neglected. Lin-
ear correlation plots using effective densities versusgrgental isomer shift yield a slope of
a= —0.303a3 mm s ! (PBE functional) which is in close agreement with experira&findings
(a = -0.31 ag mm s 1). Using this correlation constant isomer shifts of very imquality
can be obtained both with and without fitting. On the contrémg non-relativistic calculations
give a significantly different slope and the good corresjgoee is eventually lost between both

approaches.
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Using either method — with and without fitting —, the X2C/DFT deb is applied to three
forms of [Fe]-hydrogenase, which have been proposed tovmdvied in its catalytic cycle of K
cleavage. For these systems we find that both a form withgé}-and the intermediate with H
bound side-on to the Fe cent&) fave similar isomer shifts which are in good agreement tiigh
experimental value. Thus, our theoretical results suggast Mossbauer study cannot be used to
discriminate between these two states. The third discustasel— the hydride intermedige- has
a calculated isomer shift that does not only differ signifibafrom the experimental shift but also
from those of6 and7. These findings prompt the conclusion tBatoes not build up in significant
concentrations during the Mdssbauer experiment. Proj&hnalysis of the associated contact
density of the molecule&-8 reveals that the difference in isomer shift between inteliates7 and
8 arises primarily from small, but non-negligible overlapveeen the iron 8 orbital and ligand
orbitals, in particular thedorbital of the hydride coordinated to iron &

In this work our primary focus has been on closed shell anddpim iron complexes, respec-
tively. Although we expect that our present conclusions ald also in the more general case
of open-shell/high-spin iron complexes we will discusssthessues in a forthcoming publication

using a genuine, relativistic open-shell two- and four-poment self-consistent-field approach.

Computational Details

The applied test set comprises the molecules displayed in Figure Figure 1. The structures
1-5 were optimized with the Gaussian09 progi@msing the BP86 function&*°and a TZVP
basis*#2 The experimental isomer shifts used as reference datadrstiily are provided in Ta-
ble 1 in the supplementary material. The models for the [elrogenase intermediatés8 (see
Figure Figure 1) have been obtained and optimized with DBfisitlering the immediate coordi-
nation geometry of the iron as the QM region and includinglgfwtein matrix. The optimization
was performed using the QM/MM procedure defined by the ComQragram which has been

developed by Ryde and coworket$** From the fully optimized structures the active site model
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was cut out as shown in Figure Figure 1. Details concerniagdioptimizations will be published
elsewhere. All relativistic calculations were performeittvan development version of ti r ac
program packagé® For the molecule4-5, calculations were performed with the Dirac Coulomb
Hamiltonian including all integral classes arising frone tiwo-electron Coulomb term (keyword

. DOSSSS). The next level of approximation was to use the eXact 2-cumept Hamiltoniar?,’
both a spin-free and a spin-orbit variant, where the spinesarbit contributions obtained by an
atomic mean-field integral (AMFI) approximatid:*’ In case of the [Fe]-hydrogenase interme-
diates6-8 the latter relativistic Hamiltonian model was exclusivelgplied. SCF calculations
for the moleculed-5 were performed at the Hartree-Fock and DFT level of the@gpectively.
For the latter, several exchange-correlation functionalse chosen, namely LDA (VWN35§ (not
shown), PBE® and PBEC® The [Fe]-hydrogenase intermediats8 were calculated with PBEO
only. For the ligands we used a Dunning cc-pVTZ basi8’sand for the iron core a triplé-Dyall
basis set’ augmented with one steep s-functidn=£ 3.02252694 10%) and one steep p function
(§ =1.8344949710°). All basis sets in the above calculations were kept in thagontracted
form, which is necessary in the current implementation efAMFI approximation. Although this
constraint is not necessary for the spin free X2C model, vseho keep the basis sets uncon-
tracted to facilitate a direct comparison between the ndgth@oupled Cluster (CC) calculations
have been performed for molecules3 and5. The ferrocene complex) is computationally quite
demanding and has not been run with CC methods. Following/giea protocol in experimental
studies, we usefl as reference in the CC calculations. The calculations werenpeed with the
Relativistic Coupled Cluster program (RELCCSD) implemented inac.>3-°°Contact densities
were calculated based on the prescription by Knecht &t fal mercury compounds. Accordingly,
the correlation contributiop§®™ is calculated from finite-field calculations which is therdad to
the analytical HF valugob'™. We will usep}P?, p§SPandpS“SP(Mto denote the sum gf}F and
pg°" for the given correlated method. A careful investigatiorsyparformed to find the optimal
stencil expression and field strength for the finite-fieldakdtions (see supplementary material).

All MP2 and CC results reported here are from 5-point stene#g a field strength df = 10~/
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a.u. In order to keep the extra cost for the CC calculationsmahcompared to DFT, all of the
former were performed with the spin-free X2C method andigyatom basis sets were contracted.
Comparison betweep('jF with- and without contracted ligand basis functions shdva this has
only negligible influence of the isomer shifts. Furthermamere orbitals and very diffuse, virtual
orbitals were kept frozen. The occupied active space in the&¢€llations was chosen to com-
prise in each case tha{ 1)spnsp shell of the ligand atoms (outer core and valence shallsed

as the 0 — 1)spdns shell of iron. The high cutoff in the active virtual spaceyatdically 15 -16
eV, and on one occasio3)(even much higher, important core-valence correlatingtions were

taken into account.
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