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The synthesis, structural characterization, and electronic properties of a new series of high-spin six-coordinate
dihalide mononuclear Mn" complexes [Mn(tpa)X;] (tpa = tris-2-picolylamine; X = 1 (1), Br (2), and Cl (3)) are
reported. The analysis of the crystallographic data shows that in all investigated complexes the manganese ion lies
in the center of a distorted octahedron with a cis configuration of the halides imposed by the tpa ligand. By a
multifrequency high-field electron paramagnetic resonance investigation (95—285 GHz), the electronic properties of
1-3 were determined (D, = —0.600, Ds; = —0.360, D¢ = +0.115 cm™1), revealing the important effect of (i) the
nature of the halide and (i) the configuration (cis/trans) of the two halides on the magnitude of D. The spin Hamiltonian
parameters obtained by density functional theory calculations initiated from the crystal structure of 1-3 are in
reasonable agreement with the experimental values. The absolute value of D is consistently overestimated, but the
sign and the trend over the chemical series is well reproduced. Theoretical models (cis- and trans-[Mn(NH;),X],
X =1, Br, Cl and F) have been used to investigate the different contributions to D and also to understand the
origin of the experimentally observed changes in D within the series reported here. This study reveals that the
spin—spin coupling contributions to the D tensor are non-negligible for the lighter halides (F, CI) but become
insignificant for the heavier halides (I, Br). The four different types of excitations involved in the spin—orbit coupling
(SOC) part of the D tensor contribute with comparable magnitudes and opposing signs. The general trend observed
for halide Mn" complexes (D, > Dg; > Dgy) can be explained by the fact that the halide SOC dominates the D value
in these systems with a major contribution arising from interference between metal- and halide-SOC contributions,
which are proportional to the product of the SOC constants of Mn and X.

Introduction parameters of such complexes remain rare. Sinct isla
6S state ion with low effective nuclear charge it usually shows

Numerous mononuclear manganese(ll) complexes have =’ . " !
neither observable spin-allowed-d transitions nor intense

been described in the literature due to their relevance in many
scientific domains including biochemistrand catalysig.
Studies related to the precise determination of the electronic
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ligand-to-metal charge-transfer transitions that could be usedsite in a perfectly cubic ligand field) up to 1.21 ch¥

to investigate the electronic structure of such'Mites. Thus,
the majority of the experimental electronic structure informa-
tion about M sites derives from magnetic measurements,

Specifically, for four- or six-coordinate Mn-dihalide
complexes [Mn(L)Xz] (X =1, Brand Cl;n =4 for L =
pyridine (pyrf®3¢ andy-picoline (picfcandn = 2 for L =

among which electron paramagnetic resonance (EPR) specN,H,,32 o-phenanthroline (pherd},and OPPE9), the trend

troscopy and related techniques such as electnuelear
double resonance play a dominant r&té.In this respect,

of the magnitude oD is D | > Dg, > D¢ and is proposed
to be correlated to the ligand-field strength of the halide

the recent progress that has been made in advanced EPRgand (A, <Agr <Acj). Our recent study of an analogous

methods, in particular in multifrequency (high-frequency/

series of five-coordinate complexes [Mn(terpy)X (terpy

high-field (HF)) EPR opens up many avenues that lead to = 2,2:6',2 -terpyridine) led to the same ordering. Regardless

detailed electronic structure insights. Specifically, it is now
possible to almost routinely investigate Mcenters by way
of a broad range of microwave frequencies (9.4 GHz (X-

of the coordination number, the magnitudelbfs between
0.9 and 1.2 cmt for the iodo complexes, 0.5 and 0.7 ch
for the bromo complexes, and 0.16 and 0.30 &ffor the

band), 34 GHz (Q-band), 95 GHz (W-band), and even 285 chloro derivatives& " except for the phen series, which is

GHz HF-EPR). HF-EPR allows one for the first time to

characterized by significantly lowéd values (D,| = 0.59

unambiguously determine the electronic parameters of cm™?, |Dg/ = 0.36 cn?, |Dg| = 0.12 cmrd).2¢ It has been

synthetié®™" and biological—* mononuclear Mhcomplexes
to high precision.

As mentioned above, the electronic properties of the high-

spin Mrd' ion (3cP) in its electronic ground state are
characterized by a total electronic s{8r= %, and a nuclear
spin of | 5/,. Since the high-spin ®dconfiguration is
orbitally nondegenerate, it is well described by a spin
Hamiltonian (SH) of the form of eq 1

H = BgS+ IAS+ D[S/ — Y/,X(S+ 1)] +
ESZ-S) ()

suggested that the discrepancy of the phen series originates
in the configuration of the halide ligands to the Mion:

cis for the phen series and trans for the other six-coordinate
complexes (pyr and pic series).

These are highly interesting observations since they
provide an, albeit indirect, link between the geometric and
electronic structure of the Mnsites and the coordination
geometry as well as covalencies. Many reasons may be
responsible for the observed trends: cis versus trans ar-
rangement of the halide ligands, changes in d-orbital split-
tings with the nature of the halide, changesrrversuso
covalencies, changes in excitation energies, the influence of

The two first terms represent the Zeeman and electron nucleafi9and spin-orbit coupling, or the influence of metal-to-
hyperfine interactions, respectively, whereas the last two ligand charge-transfer states, to name only a few. In this

define the second-order (bilinear) zero-field splitting interac-
tion (ZFS) with D and E being referred to the axial and
rhombic parts, respectively. Higher-order ZFS terms in the
powers of the fictitious spirs are sometimes included in
the analysis of systems wis> 1 but in most cases represent
small corrections that, furthermore, are difficult to interpret
in terms of molecular geometric and electronic structure.
Mononuclear MK complexes display a large range f

values ranging from essentially zero (as expected for & Mn
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F.J. Am. Chem. So@004 126, 2720. (k) Kappl, R.; Ranguelova,
K.; Koch, B.; Duboc, C.; Httermann, JMagn. Res. Chen2005 43,
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respect, it is expedient to call on a combined experimental
and theoretical investigation in order to determine the nature
of the ZFS in M dihalide complexes. Unfortunately, the
first-principles theory of the ZFS interaction is still in its
infancy and only recently a significant systematic activity
has evolved in the quantum chemical community in order
to predict the ZFSs of transition-metal complexes using
methods based on density functional theory (DFT) or
correlated ab initio methods. The present state of knowledge
indicates that ligand-field theory (LFT), which is a powerful
guide to many properties of transition-metal complexes, is
notoriously unreliable for the explanation of ZFSs. While it
has been proven possible to fit the ZFSs of countless
transition-metal complexes with ligand-field based equations,
it may be challenged whether such approaches obtain the
right answers for the right reason since the number of
disposable parameters that enter the ligand-field based
treatments is usually so large that the desired result may
readily be obtained. In fact, recent investigations using first-
principles quantum chemical methods point to significant
contributions from the electrerelectron magnetic dipolar
spin—spin interaction, something that is almost never taken
into account in ligand-field treatments. Furthermore, the
crucial role of spin-flip excited states must be recognized.
Although they have necessarily been taken into account in
the treatment of high-spirP@ystems, their role is much more

(4) Neese, JJ. Am. Chem. SoQ006 128 10213.
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universally important, even for configurations such as that function of the nature of X and also of the configuration

of high-spin d. The combined effect of spirspin and spir-

orbit contributions to the ZFS makes it a very challenging
property to be predicted by quantum chemical methods. It
is particularly true in those methods where the total spin does

(trans/cis).

We focus here on points a, b, and d, since a systematic
DFT calibration study for ZFSs that includes all technical
aspects of the theory will be presented elsewhere.

not remain a good quantum number, as is the case for spin-

unrestricted DFT treatments. We do not wish to review the
entire history of the theory of the ZFS here since this has
been done a number of times in the recent p&¥e merely
point to the general formulation of the spinrbit coupling
(SOC) contribution to the ZFSits approximate realization

in a DFT framework,” where the relation to the DFT

Experimental Section

General Procedures.Reagents and solvents (analytical grade)

were purchased from Aldrich and Fluka and used as received. Tris-

2-picolylamine or tris(2-pyridylmethyl)amine (tpa) was prepared
according to the literature methétinfrared spectra were recorded
on a Perkin-Elmer Spectrum GX FTIR spectrometer. Elemental

treatment of the SOC contribution to the ZFS due to Pederson2nalyses were performed by the Service Central d'Analyse du

and Khannd? as used by several recent autiddisis
discussed. The spirspin (SS) contribution to the ZFS in a
DFT framework has been initiated by Petrenko et ahd
was implemented for large-scale application by several
authors recently in various electronic structure varidhts.
Nevertheless, there still is a very limited amount of experi-
ence with the application of ZFS theories to transition-metal
chemistry, and it is of utmost importance to assess the
accuracy and validity of the available approaches on
experimentally well-defined systems.

This line of approach defines the main goal of this paper.
In particular, we wish to (a) report the synthesis and structural
characterization of a new series of six-coordinate mono-
nuclear Mt complexes of the general formula [Mn(tpa}X
(tpa = tris-2-picolylamine; X=1 (1), Br (2), and CI Q))
with a cis configuration of the halide, (b) obtain high-
precision experimental data through HF-EPR techniques
coupled to computer simulations of the spectra, (c) test the
validity of the currently available DFT methods in their
application to M# sites, and most importantly, (d) under-
stand the origin of the observed ZFS effects in the series of
compounds reported. Specifically, we will purposely employ
strongly simplified chemical models in the analysis to most
clearly expose the origin of the observed changeb af a

(5) (a) Boca, R.Coord. Chem. Re 2004 248 757. (b) Neese, F.;
Solomon, E. |. InMagnetoscienceFrom Molecules to Materials
Miller, J. S., Drillon, M., Eds.; Wiley: New York, 2003; Vol. IV; p
345. (c) Neese, F. IGalculation of NMR and EPR Parameters. Theory
and Applications Kaupp, M., Binl, M., Malkin, V., Eds.; Wiley-
VCH: Weinheim, Germany, 2004; pp 54564. (d) Neese, F.
Biological Magnetic Resonangilanson, G., Berliner. J., Eds., in press.
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Mater. Phys.1999 60, 9566. (b) Kortus, JPhys. Re. 2002 66,
092403. (c) Ray, K.; Begum, A.; Weyhertier, T.; Piligkos, S.; van
Slageren, J.; Neese, F.; Wieghardt, )XAm. Chem. SoQ005 127,
4403. (d) Schoeboom, J. Neese, F.; Thiel, W. Am. Chem. Soc
2005 127, 5840.

(8) (a) Reviakine, R.; Arbuznikov, A.; Tremblay, J.-C.; Remenyi, C.;
Malkina, O. L.; Malkin, V. G.; Kaupp, MJ. Chem. Phys2006 125
054110. (b) Aquino, F.; Rodriguez, J. Bl. Chem. Phys2005 123
204902.
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Matter 2002 14, 12433.

(10) (a) Vahtras, O.; Loboda, O.; Minaev, B.; Agren, H.; Ruudkem.
Phys. 2002 279 133. (b) Loboda, O.; Minaev, B.; Vahtras, O.;
Schimmelpfennig, B.; Agren, H.; Ruud, K.; Jonssondhem. Phys.
2003 286, 127. (c) Shoji, M.; Koizumi, K.; Hamamoto, T.; Taniguchi,
T.; Takeda, R.; Kitagawa, Y.; Kawakami, T.; Okumura, M.; Ya-
manaka, S.; Yamaguchi, Rolyhedror2004 24, 2708. (d) Sinnecker,
S.; Neese, FJ. Phys. Chem. 2006 110, 12267-12275.
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Synthesis of [Mn(tpa)X;] (X =1 (1), Br (2), and CI (3)).
Complex 1 To a stirred solution of tpa (79.57 mg, 0.274 mmol)
in 30 mL of methanol was added 1 equiv of Mii84.59 mg, 0.274
mmol). The resulting colorless solution was heated to reflux for 1
h under an argon atmosphere and then cooled to room temperature
and filtered. Colorless single crystals were obtained by slow
diffusion of ethyl acetate into the filtrate. Complexzand3 were
prepared according to the same procedure using 80.6 mg of tpa
and 59.2 mg of MnBrand 80.4 mg of tpa and 34.8 mg of MnCl
respectively. Yield: 0.1453 g (88%). Elemental Anal. CalcdXor
(C1gH18MNNyl, (599.14)): C, 36.08; H, 3.03; N, 9.35; I, 42.36.
Found: C, 36.05; H, 3.16; N, 9.46; |, 42.09. IR (KBr,cht v =
3445 (vs), 1601 (s), 1571 (m), 1478 (m), 1456 (w), 1441 (s), 1421
(m), 1394 (w), 1354 (m), 1316 (w), 1289 (m), 1273 (w), 1233 (w),
1154 (w), 1144 (w), 1117 (m), 1095 (m), 1048 (m), 1015 (s), 994
(w), 968 (w), 958 (w), 937 (w), 911 (m), 899 (w), 854 (w), 818
(W), 771 (s), 754 (s), 738 (w), 721 (w), 651 (w), 639 (M), 514 (w),
499 (w), 442 (w), 413 (m), 336 (w).

Complex 2.Yield: 0.1255 g (90%). Elemental Anal. Calcd for
2 (CygH18MNN4Br;, (505.12)): C, 42.80; H, 3.59; N, 11.09; Br,
31.64. Found: C, 42.73; H, 3.68; N, 11.19; Br, 31.88. IR (KBr,
cmY): v = 3445 (vs), 1602 (s), 1572 (m), 1479 (m), 1457 (w),
1443 (s), 1422 (m), 1396 (w), 1354 (m), 1317 (w), 1294 (m), 1272
(w), 1231 (w), 1157 (w), 1146 (w), 1120 (m), 1096 (m), 1048 (m),
1015 (s), 997 (w), 970 (w), 960 (w), 938 (w), 911 (w), 894 (w),
854 (w), 818 (w), 774 (s), 763 (s), 741 (w), 723 (w), 650 (w), 639
(m), 515 (w), 500 (w), 440 (w), 413 (m), 339 (w).

Complex 3.Yield: 0.1054 g (91%). Elemental Anal. Calcd for
3 (CigH1eMNNLCI; (416.21)): C, 51.94; H, 4.36; N, 13.46; CI,
17.03. Found: C, 51.76; H, 4.51; N, 13.59; Cl, 16.96. IR (KBr,
cm™1): v = 3419 (vs), 1602 (s), 1571 (m), 1479 (m), 1458 (w),
1442 (s), 1422 (s), 1396 (w), 1354 (m), 1317 (w), 1295 (m), 1272
(w), 1231 (w), 1158 (w), 1146 (w), 1121 (m), 1096 (m), 1048 (m),
1015 (s), 997 (w), 970 (w), 961 (w), 939 (w), 911 (w), 895 (w),
854 (w), 819 (w), 774 (s), 764 (s), 741 (w), 723 (w), 650 (w), 639
(m), 515 (w), 499 (w), 440 (w), 412 (m), 340 (w).

Physical Measurements IR spectra were obtained using a
Perkin-Elmer Spectrum GX spectrophotometer, controlled by a Dell
Optiplex GXa computer. Spectra were recorded on a solid sample
at 1% by mass in a pellet of KBr. High-frequency and high-field
EPR spectra were recorded on a laboratory-made spectrémeter
using powder samples pressed in pellets to avoid preferential
orientation of the crystallites in the strong magnetic field. Gunn

(11) Karlin, K. D.; Hayes, J. C.; Hutchinson, J. P.; Zubietdndrg. Chem.
1982 21, 4106.

(12) (a) Barra, A.-L.; Brunel, L.-C.; Robert, J. Bhem. Phys. Leti99Q
165 107. (b) Muller, F.; Hopkins, M. A.; Coron, N.; Gryndberg, M.;
Brunel, L.-C.; Martinez, GRev. Sci. Instrum 1989 60, 3681.
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Table 1. Principal Crystallographic Data and Parameters for the

[Mn(tpa)Xz] Complexes (X=1 (1), Br (2), and CI Q))

Duboc et al.

tion of the SOC operator in the implementafibas well as the
effective nuclear charge SOC-Hamiltonian parametrized by Koseki

compound et al?_2 In_the latter, the SOC is represented by a sum over atomic
1 5 3 contributions
chemical ClgH18|2MI"IN4 ClnggBl’zMnN4 ClnggclenN4 (12 Zf\ﬂ
formula Aepo=— — 1,8 2

fw 599.10 505.12 416.2 ¢ .z Z r— R, A @
cryst syst monoclinic monoclinic monoclinic : A
space group P2(1)ih P2(1)h P2(1)h ; e : i i -
aA 9.1075(18) 9.0109(18) 9.0260(18) yvhereon is thelflne struct:k:e constant{/;z7in f'it_omr:c unlts_)_, wnf:c
bIA 16.228(3) 15.951(3) 15.876(3) i sums over e ectrons.a sums over atoms; is the position o
c/A 14.137(3) 13.459(3) 13.278(3) theith electron, andR, is the position of nucleus. The operators
o/deg 90 90 90 § and lis represent the spin of thigh electron and its angular
ﬁ;ggg 8(1)36(3) 5(?-33(3) 9%8-84(3) momentum relative to ator, respectivelyZS" is a semiempiri-
7/ . .
volume/A& 2088.2(7) 1922.8(7) 1880.1(7) cally chosen effective nuclear charge that is generally smaller than
T/K 298(2) 193(2) 298(2) the true nuclear chargé, to compensate for the neglect of two-
MA 0.71073 0.71073 0.71073 electron terms that essentially provide a screening. This representa-
density/mg m*®  1.906 1.745 1.470 tion is partially used below despite its somewhat inferior accuracy
z - 4 4 4 since it provides the opportunity to separate many-center contribu-
ulmm 3.597 4.851 0.994 . . N .
F(000) 1140 996 852 FIOF!S_ to the SOC as well as to qqeqch_ the_ contributions of
reflns collected 13004 7395 7276 individual atoms to the SOC to obtain insight into the nature of
R12 0.0298 0.0352 0.0386 the calculated effects. For the calculation of the smpin
wR2 0.0511 0.0844 0.0772

contribution to the ZFS, we refer to ref 4, whereas the SOC
contribution was calculated with the method of Pederson and
Khannd?@ to allow for easier comparison with the work of other
diodes operating at 95 and 115 GHz and equipped with a second-authors that have implemented the same methodology. Specifically,
and third-harmonic generator were used as the radiation sourcethe SS and SOC contributions to tbetensor are calculated as
The magnetic field was produced by a superconducting magnet (O 2 2
e o

12 7). D(55)= - -

Crystal Structure Determination. Diffraction data were col-
lected on a Bruker SMART diffractometer with Mookradiation.
The crystals of the complexes were of dimensions 0.D.2 x
0.2 mm forl, 0.3 x 0.3 x 0.2 mm for2, and 0.4x 0.4 x 0.2 mm BISOG B r,B1 hSOC , B
for 3. The crystallographic data are summarized in Tables 1 and 2. p§°© = — 1 AN Ty Tl 90

AR1= JIIF| — [FdUZ|Fol. PWR2 = [(TW(|Fo| — |Fc|)?YWFe?)]Y2

(PP Pl — Pl PPy vy
4 525-1) % z : “ 12

{3riapiz) — Ouri}kr0(3)

All calculations were effected using th8HELXTL computer 4S8 i eg—e{j’

program!® The CCDC reference numbers are 610291 §10223 480G arr o SOG

(2), and 6102243) _ i Ey)l |hK (:]waljw)ath CW% u
Theoretical Calculations All calculations reported in this work 418 5, €L — e

were performed with th©®RCAprogram packag¥. The structure @S0G, Ay BnSOC, .  a

of the modelsis, trans[Mn'(NHa)a(X)] (X = F, CI, Br, I) were 1 kg LI Oy 0

fully optimized using the BP86 functiorfaland the TZVP basis 184 f_ o

set!® As discussed in more detail below, scalar relativistic effects ” a o 'SO e 0 SOC a

were taken into account for the Br and | derivatives using our 1 _ WPy Mgy 0

implementation of van Wien’s model potential approximatiéh ey o B (4)

48 = € 7€

to the ZORA equation¥ In the geometry optimizations with the
ZORA model we have used the one-center approximation since it Here,Sis the total spin of the electronic ground statef here),

has been shown to lead to negligible errors in the computed g, (=2.002319...) is the free electranvalue, o. (~137) is the
structures? fine structure constant?®# is the spin-density matrix in the

EPR properties were calculated using spin-unrestricted DFT atomic orbital basig§¢,}, which is used to expand the molecular

together with both the spinorbit meanfield (SOMP representa- spin-orbitals aspy = 3,.C;,¢, with orbital energies, (p = i and

a refers to occupied and unoccupied spin-orbitals, respec-
tively). The operatorl’;{ 3rioKriz) — 6k|rf2} represents the dipolar

U > ! : - spin—spin coupling between a pair of electrons, ehi&’c is the
(14) Neese, FORCA—AnN ab Initio, Density Functional and Semiempirical Kth tial t of d d SOC i (=
Program Packageyersion 2.4.55; Universit88onn: Bonn, Germany. spatial component of a reduce operatQt (= x,

The program can be downloaded free of charge from http://www. Y, Z .21
thch.uni-bonn.de/tc/orca.

(15) (a) Becke, A. DPhys. Re. A 1988 38, 3098. (b) Perdew, J. Phys.
Rev. B: Condens. Matter Mater. Phy$986 33, 8822.

(16) Schiger, A.; Huber, C.; Ahlrichs, RJ. Chem. Physl1994 100, 5829.

(17) van Willen, C.J. Chem. Phys1998 109, 392.

(18) van Lenthe, E.; Sniijders, J. G.; Baerends, B. £hem. Phys1996

(13) Sheldrick, G. MSHELXTL-Plus, Structure Determination Software
Programs,version 5.1; Bruker-AXS Inc.: Madison, WI, 1998.

Results and Analysis

To obtain structural data on a series of dihalide"Mn
complexes with a cis configuration, we have used the

105, 6505.
(19) van Lenthe, J. H.; Faas, S.; Sniijders, J.Ghem. Phys. Let200Q (21) Neese, FJ. Chem. Phys2005 122 034107.
328 107. (22) (a) Koseki, S.; Gordon, M. S.; Schmidt, M. W.; Matsunaga,JN.

(20) Hess, B. A.; Marian, C. M.; Wabhlgren, U.; Gropen, Chem. Phys.
Lett 1996 251, 365.

Phys. Cheml995 99, 12764. (b) Koseki, S.; Schmidt, M. W.; Gordon,
M. S.J. Phys. Chem. A998 102 10430.
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Figure 1.

Table 2. Selected Bond Distances (A) and Angles (deg) for the
[Mn(tpa)Xz] Complexes (X=1 (1), Br (2), and CI @))

compound

1 2 3
Mn—X(1) 2.8011(9) 2.5771(10) 2.4219(11)
Mn—X(2) 2.8773(7) 2.6187(7) 2.4542(8)
Mn—N(1) 2.363(2) 2.372(3) 2.396(2)
Mn—N(2) 2.267(2) 2.275(3) 2.2943(19)
Mn—N(3) 2.318(3) 2.327(2) 2.3525(19)
Mn—N(4) 2.263(3) 2.266(3) 2.285(2)
N(1)-Mn—N(2) 73.32(9) 73.07(9) 72.54(7)
N(1)-Mn—N(3) 74.56(9) 74.01(9) 72.87(7)
N(1)~Mn—N(4) 73.15(9) 72.61(9) 72.00(7)
N(2)—Mn—N(3) 86.53(9) 83.50(9) 81.23(7)
N(3)—Mn—N(4) 84.06(10) 83.84(9) 83.45(7)
N(2)-Mn—N(4)  146.47(9) 145.49(10) 144.13(7)
N(1)—Mn—X(1) 167.59(6) 166.26(6) 164.08(5)
N(1)—Mn—X(2) 96.10(6) 95.01(6) 94.00(5)
N(2)-Mn—X(1)  105.57(6) 106.65(7) 106.98(6)
N(2)—Mn—X(2) 92.33(7) 93.66(6) 94.50(5)
N(3)—Mn—X(1) 93.06(6) 92.27(7) 91.27(5)
N(3)—Mn—X(2) 170.53(6) 169.02(7) 166.85(5)
N(4)-Mn—X(1)  107.02(7) 105.81(7) 105.60(6)
N(4)—Mn—X(2) 91.80(7) 92.74(7) 93.14(6)
X(1)—Mn—X(2) 96.297(18) 98.71(2) 101.87(3)

tetradentate tpa ligand to impose this configuration. The

ORTEPdiagrams showing the molecular structures of compléxe3.

distances and angles, and Figure 1 displays tO&TEP
views.

The Mn' ions in complexed—3 are pseudo-octahedrally
coordinated by four nitrogen atoms from tpa and two halide
atoms. The halide ligands are cis in all cases, with this
configuration being imposed by the nature of the tpa ligand.
The Mn—Nga (Mn—N(1) and Mn—N(3)) bonds trans to the
X atoms (2.318-2.396 A) are consistently longer than the
other MN—Nga bonds Mr-N(2) and Mn—N(4) (2.263-
2.294 A). This trans effect has already been observed in
[Mn2" (u-O:CCHg)o(tpak],?* [Mn' (tpa)(TCNQ)(CHOH)**
(TCNQ = tetracyanoquinodimethane), and [M(CA)-
(tpak)?t 2* (CA = chloranilic acid).

The Mn—X bond lengths for2 and 3 are located in the
range of values found in other MaX complexes (Mr-

Br, 2.490-2.666 A"2>Mn—Cl, 2.224-2.538 /32522526
whereas the Ml bond lengths of 2.8773(7) and 2.8011(9)
A for 1 are slightly longer than those expected for such
complexes (Mr-1, 2.661-2.767 A252%) The decrease of
the bond distances in the order Mh> Mn—Br > Mn—Cl

(23) Oshio, H.; Ino, E.; Mogi, |.; Ito, lInorg. Chem.1993 32, 5697.
(24) Xiang, D. F.; Duan, C. Y.; Tan, X. S.; Liu, Y. J.; Tang, W. X.
Polyhedron1998 17, 2647.

electronic properties of these complexes were investigated(25) (a) Turner, P.; Gunter, M. J.; Skelton, B. W.; White, A. Alst. J.

by HF-EPR on powder samples at high frequencies—(95
285 GHz). The spin Hamiltonian parameters of these

complexes have also been calculated theoretically by DFT.

Synthesis and Crystal Structure Determination. The
[Mn(tpa)Xz] (X =1(1), Br (2), and CI @)) complexes have
been isolated from a mixture of an equimolar amount of
anhydrous MnX and tpa in methanol. Single crystals were
obtained by slow diffusion of ethyl acetate into these

methanolic solutions, and their crystal structures have been

determined by X-ray diffraction. Tables 1 and 2 provide the
principal crystallographic data together with selected bond

Chem.1998 51, 853. (b) Delaunay, J.; Hugel, lorg. Chem1986
25, 3957. (c) Butcher, R. J.; Sinn, B. Chem. Soc., Dalton Trans.
1976 1186. (d) Girolami, G. S.; Wilkinson, Gl. Am. Chem. Soc.
1983 105, 6752. (e) Tajiri, Y.; Ichihashi, M.; Mibuchi, T.; Wakita,
H. Bull. Chem. Soc. Jpri986 59, 1155.

(26) (a) Shuangxi, W.; Ying, Z.; Fangjie, Z.; Qiuying, W.; Liufang, W.
Polyhedron1992 11, 1909. (b) Di Vaira, M.; Mani, FJ. Chem. Soc.,
Dalton Trans 1990 191. (c) Ferrari, M. B.; Fava, G. G.; Pelizzi, P.;
Tarasconi, P.; Tosi, Gl. Chem. Soc., Dalton Tran&987, 227. (d)
Phillips, F. L.; Shreeve, F. M.; Skapski, A. Bcta Crystallogr.1976
B32 687. (e) Oki, R.; Bommarreddy, P. R.; Zhang, H.; Hosmane, N.
Inorg. Chim. Actal995 231, 109. (f) Lah, M. S.; Chun, Hinorg.
Chem.1997, 36, 1782. (g) Goodson, P. A.; Oki, A. R.; Hodgson, D.
J. Inorg. Chim. Actal99Q 177, 59. (h) McCann, S.; McCann, M;
Casey, R. M. T.; Jackman, M.; Devereux, M.; McKee, Marg. Chim.
Acta 1998 279, 24.
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Table 3. Electronic Parameters and Coordination Number fot' Mn
Dihalide Complexes Described in the Literature and in This \Work

" 1 (115 GHz) complexe8 coordno. D(cm™) E(cm™) |E/D| ref
cis-[Mn(tpa)l;] 6 —0.600 0.095 0.158 this work
cis-[Mn(phenly] 6 0590  0.145 0.246 3c
trans-[Mn(pic)4l 2] 6 0.999 =<0.005 =<0.005 3c

2 (190 GHz) trans-[Co(Mn)(pyrl2] 6 0.932 0.0196 0.021 3b
[Mn(terpy)l;] 5 +1.000 0.19 019  3f
[Mn(OPPh)l;] 4 0.906  0.223 0.246 3d
[Zn(Mn)(N2H,)l 2] 4 1.21 0.023 0019 3a
3(115GHz) e cis[Mn(tpa)Br.] 6 —0.360 0.073  0.203 thiswork
cis-[Mn(phen)2Bs] 6 0359 0074 021 3c
trans-[Mn(pic)4Br3] 6 0.626 <0.003 =<0.005 3c
trans-[Co(Mn)(pyr)- 6 0.590 0.0032 0.0054 3b
. . . —i . . . . . . . Bry]
6 1I é 1|3 alt é flj % é é 1I0 1|1 1I2 trans[Mn(X-pyr)4Br3] 6 0.650 0.0065 0.01 3e
. . [Mn(terpy)Br,] 5 +0.605 0.159 0.26 3f
Magnetic Field (T) [Mn(OPPh).Br] 4 0507 0134 0263 3d
Figure 2. Experimental (solid line) and simulated (dotted line) neat powder [ZN(Mn)(N2H4)2Br2] 4 0.71 0 0 3a
HF-EPR spectra of complex&g115 GHz),2 (190 GHz), and (115 GHz) ) .
recorded at 30 K. Parameters used for the simulatibrD = —0.600(5) Cis-{Mn(tpa)Ch] 6 +0.115 0.020 0.174  this work
e 1 _ _ cis-[Mn(phen)2C}] 6 0.124 0.005 0.04 3c
cm™Y, E = 0.095(5) cmi?, g = 1.99(1),gy = 1.98(1),9, = 2.00(1).2, D i -
- Y e s _ - rans-[Mn(pic)4Cl,] 6 0.186 0 0 3c
= —0.360(4) cm!, E = 0.073(2) cn1?, gy = 2.00(1),9y = 1.98(1),9; = trans{Co(Mn)Mn- 6 0.208 0 0 30
2.00(1).3, D = +0.115(2) cm?, E = 0.020(1) cm?, g, = 1.97(1),gy = (PyNCls]
2.00(1),g; = 2.00(1). trans[Mn(X-pyr).Cl;] 0.188 0.011 006 3e
[Mn(terpy)Ch] -0.260  0.075 029  3f

is correlated to the electronegativity properties of the anions MN(OPPR):Cl]

) . [Zn(MN)(N2H,):Cl]
(I < Br < CI). The angles around the Mn ions observed in
1—3 are characteristic of M'ncomplexes containing the tpa aThe sign ofD is specified when it has been determingdbbreviations:
. . . . phen= o-phenanthroline; pie y-picoline; pyr= pyridine; terpy= 2,2:
ligand due to its tetradentate spatially constrained n&kffe. g 2" terpyridine; OPPh= triphenylphosphine oxide; X-pyr OPELSIOCH-

Multifrequency EPR Experiments. Powder HF-EPR pyr.

spectra have been recorded for each complex at frequencies
between 95 and 285 GHz over the temperature range-605 are separated in the field. The number of detectable transi-
K. Figure 2 displays 30 K EPR spectra of the complexes tions also depends on tIEéD ratio. WithE/D equal or close
recorded at different frequencies. At temperatures lower thanto 0 or 1{3, only 5 transitions are expected, whereas for
30 K, the shape of the spectra indicates saturating conditionsintermediateE/D ratios, up to 13 transitions are expected
This problem is recurrent for mononuclear Meomplexes  (in the isotropic case wherg, = gy = g;). The accurate
with slow electronic relaxation ratésUnfortunately, thés- determination of the spin Hamiltonian parameters from
Mn-hyperfine structure was not resolved in these experi- simulations of the experimental EPR spectra using a full-
ments, which is presumably due to intermolecular dipole Mmatrix diagonalization procedure of the SH eq 5 corroborates
dipole interactions. The analysis of the HF-EPR spectra of this reasoning.
1—3 has been performed as described previcighand will

6
5
4 0.165 0.045 0.273 3d
4 0.29 0.0044  0.0015 3a

therefore not be further elaborated. H=pBgS+ D[S’ — /,5S+ 1]+ E(S?~S?) (5)
Under high-field limit conditions @ < hv), the ZFS

parameters govern the shape of the "MBPR spectra. For each complex, the EPR spectra were reproduced at

Accordingly, they have similar shapes at all frequencies and all frequencies and temperatures, with the unique set of

the resonances are simply shifted Bis= Bv'/v, whereB parameters given in Figure 2 and also reported in Table 3.

andB' are the field locations of the same linesaandv', Comparisons of simulated and experimental spectra are

respectively. In the spectra shown in FigureAMs > 1 presented in Figure 2. The signDfhas been unambiguously

transitions located below 2.5 T are only observable for established on the basis of the low-temperature HF-EPR
complexesl and3 since the spectra have been recorded at spectra.

lower frequencies compared with those2oll of the other Table 3 also reports SH parameters determined for other
detected features correspondAs = 1 transitions associ-  mononuclear dihalide Mh complexes described in the
ated with the three principal magnetic axey, andz. The literature. TheD values obtained fot—3 are very close to

spectrum ofl has the largest total width (around 5.2 T) those of the phen series, confirming the important effect of
compared witt? and3 (3.0 and 1.2 T, respectively). Thisis  the configuration of the two halides on the magnituddof
directly correlated with the magnitude Df which decreases  in six-coordinate complexes. A cis versus trans arrangement
from 1 to 3. A larger number of transitions is resolved in  of the anions decreases tBevalues by almost a factor of
the EPR spectra df and2 (Figure 2) compared with those 2. The general trend of thB values as a function of the
of 3, since the larger the value DX the better the transitions  nature of the halide is also still observed within the tpa series.
. : — ~ The sign ofD has been determined only in few cases since
@7 #ae)lx'g‘l’r'stTJ gfgghgm'éﬁ"gﬂggﬁg’gq%% 'i;,;;'ﬁgaﬂ‘ébg"ﬁd';ng”"’ HF-EPR experiments at low temperature are required for this
N.; Kéhler, F. H.; Miler, G. Inorg. Chem.1984 23, 3044. purpose.
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Figure 3. Representation of the Mmodels. The orientations of the
tensor are also shown.

Table 4. Experimental and Calculated Electronic Parameters for
Complexesl—3

Dexp Deaic Dsoc
complexes (cm™) (cm™?) Dss(cm) (cm) E/Deyp E/Deac
1 —0.600 —0.868 —0.009 -—0.859 0.16 0.16
2 —0.360 —0.510 -0.010 -—-0.500 0.19 0.24
3 +0.115 +0.155 +0.005 +0.150 0.20 0.17

From Table 3, it appears that tH&D ratio depends
predominantly on the nature of the neutral ligand. With
monodentate ligands such as pyr, the systems are quasi-axi
(E/D = 0), whereas with bi-, tri-, or tetradentate ligands,
the steric constraints cause an increase inBtieratio for
six-coordinate complexes. ThE/D ratios for 1-3 lie

between 0.15 and 0.23, reflecting the distortions observed

in their X-ray structures.

Density Functional Calculations. A. Calculations on
Complexes +3. To understand the trends in the observed
D andE/D values, a systematic DFT study has been carrie

starting from pseudo-octahedral coordination geometries. The
optimized structures dfransM' and cisM' are shown in
Figure 3, and detailed metrical parameters obtained for the
eight models are collected in Table 5. Scalar relativistic
effects at the ZORA(MP) level have been included for the
M!, MBandM® derivatives. FoiM', the changes in the
Mn—N/X distances due to relativity are less than 5%, and
for MEB", the changes amount to less than 4%, whereas for
M¢ they are less than 1%. Consequently, the ZORA method
has only been employed for the calculations onltteand

MB" models. ForMF and cissM® models, the optimized
structures were highly distorted from idealized octahedral
geometries. Since they cannot be related to real molecules,
they were dropped from further analysis.

Where comparison is meaningful, the optimized structures
are in excellent agreement with experimental metrical data.
The Mn—N bond distances vary from 2.26 to 2.36 A whereas
the Mn—X distance increases significantly with increasing
size and decreasing electronegativity of the halide, as

aprected (2.8 A<Mn—1 <29 A; 2.6 A<Mn—Br < 2.7

;and 2.52 A<Mn—Cl < 2.53 A). The Mr-X distances
in M', MB andM¢® are, nevertheless, slightly longer (by
~5 pm) than those found in the crystallographically char-
acterized M# complexes (see Table 2), which is typical of
the BP86 functional used in this stuéfy.

In the trans models, the octahedral angles are almost
perfectly retained foM' andM B whereas foM @, they differ

g from the expected values (90 and IB(As an example, the

out. The calculations on the actual systems studied experi-X~Mn—X angle is equal to 160in tlrans-M C;'r Regarding
mentally above were initiated from the crystal structures. The the cis series, the optimization &' and M® had to be
EPR parameters predicted at the optimized geometries (Bp86performed using geometrical constraints to prevent one halide

TZVP) are collected in Table 4 and show reasonable

from being ejected from the coordination sphere during the

agreement between the experimental and the calculated ZF®Ptimization. The structures are characterized by a distorted

parameters. The absolute valuelbfs consistently overes-

octahedral geometry, as can be seen from the metrical

timated, but the sign and the trend over the chemical seriesParameters as well as the valency angles kM—N, 166
are predicted accurately. Consequently, the calculations cargnd 162 for the | and Br models, respectively; 169
be used to qualitatively understand the origin of the observedX—Mn—N < 173 for all models). The XMn—X angles

effects. However, since the focus of the investigation is on

were found to be 108and 114 for M' andME', respectively.

the qualitative interpretation on a related series of compoundsThese angles are comparable in all structures, showing that
rather than on their individual members, the simplest even if repulsion occurs between the two halide ligands, the
reasonable chemical models have been chosen for a detaileéncreasing size of the halide is largely compensated by the
study, namely, [Mn(NR)4(X)2] (X = F, Cl, Br, I). It will be longer Mn—X bond lengths. A similar trend has been
shown below that the calculations yield important clues to observed experimentally in the tpa series, for which the
the origin of the observed variations in the ZFS parameters. X—Mn—X angle varies between 9&nd 102 (Table 2).

A detailed methodology-oriented study on a much more B.2. Electronic Structure. Since ZFS parameters are
extensive series of Mrcomplexes will be reported elsewhere  frequently related to ligand-field models, an attempt was
to establish the typical error bars of the employed methodol- made to obtain some insight into the nature of the ligand

ogy.

B. Model Study. Detailed calculations were carried out
for trans and cis-[Mn"(NHz)4(X),] (X =1, Br, Cl and F;
S= %) models, leading to a total of eight structures (labeled
cis, transMX, with X = F, Cl, Br, 1). Attention was given
to: (a) variation ofD with the nature of the halide; (b)
variation of D with the arrangement of the halides; and (c)
individual SOC and SS coupling contributions@o

B.1. Geometric Structure Geometry optimizations at the
BP86/TZVP level were performed for all eight models

field seen by the central Mrion from the DFT calculations.

It is, however, not evident what the best procedure for the
connection is. The spin-unrestricted calculations lead to
separate spin-up and spin-down orbitals. The former set of
metal 3d-based orbitals is occupied and optimized in the
variational process while the set of spin-down orbitals is
unoccupied and unoptimized. As discussed, for example, in

(28) See, for example, the statements and references made in Neése, F.
Biol. Inorg. Chem2006 11, 702.
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Figure 4. Energy diagrams obtained from the calculated energy (eV) of the quasi-restricted SOMOs fof thedéls.

Table 5. Calculated Metrical Parameters (in A) Obtained from the Optimized Geometry dfithéX = I, Br, Cl, and F) Models

transM'! trans-MBr transM ¢ transMF cis-M! cis-MBr cisM¢ cisMF
Mn—N 2.311 2.305 2.321 2.313 2.353 2.352 2.338 2.35
Mn—N 2.311 2.304 2.311 2.303 2.349 2.349 2.336 2.344
Mn—N 2.309 2.297 2.310 2.297 2.286 2.289 2.266 2.241
Mn—N 2.303 2.294 2.300 2.293 2.285 2.289 2.265 2.34
Mn—X 2.844 2.691 2.528 2.097 2.900 2.70¢ 2.653 2.090
Mn—X 2.841 2.652 2.523 2.063 2.800 2.60G¢ 2.487 2.047

aThese bond lengths have been constrained to prevent ligand dissociation.

detail by Noodleman and co-workeitsthe exchange stabi-  models and to a compression in the cis ones. This is nicely
lization of the occupied spin-up orbitals is so large that they reflected in the MO diagrams (Figure 4). For the trans
fall energetically in the region of the ligand orbitals and mix models, the -2 and d, and d, based MOs are the highest
so strongly with them that an analysis in terms of dominant energy orbitals within theggand by orbital sets, respectively
Mn-d contributions is impossible. However, the metal (octahedral symmetry labels are kept for clarity). By contrast,
character is still contained in the occupied space. Since thethe cis arrangement leads te @énd dy being the most
occupied space is invariant to unitary transformations, it is destabilized d-based MOs in thg &d tq Sets.

possible to find a display that reveals these orbitals, their As expected, the effective electronic symmetry is higher
shapes, and to some extent, also their energies in the clearesh trans models (axial, pseudgy,) than in the cis models
possible way. The set of orbitals that we prefer for such an (rhombic). In pseud&,, symmetry, the g and d, orbitals
analysis is the set of quasi-restricted molecular orbitals are degenerate under effecti@g, symmetry, whereas they
(QRMOs) introduced recenth° The five SOMOs of the  are split in the cis models. The splitting reflects the
QRMO solution correspond to the metal d-based MOs and differences inr interactions with the halide ligands.

can be employed for a ligand-field type analysis. In Table 6, the fractional population for each singly

The resulting partial molecular orbital (MO) schemes are occupied molecular orbital (SOMO) in terms of the percent-
displayed in Figure 4. As expected, the results reveal that inage contribution of the manganese, halide, and other atoms
the trans series, the tetragonal axis of the octahedron is alongs provided. It becomes evident that there is a fairly large
the X—Mn—X axis, whereas for the cis models, it is located increase in ther covalency fromM® to M® to M' in all
along the N-Mn—N axis. Consequently, from an electronic models. And this increase in tlebond strength is reflected
point of view, the equatorial plane is formed by the four in the orbital splitting of the gorbitals in Figure 4. By
nitrogen atoms in the trans models and by the two halide contrast, the variation in ther covalency is much less
and two nitrogen atoms in the cis structures. Since the pronounced. Thus, the reverse trend in the orbital splitting
halides arer donors in contrast to the amines, the tetragonal in ther set of the trans models may best be explained with

apparent distortion corresponds to an elongation in the transthe electrostatic interaction of the metal ion with the halide,
which becomes stronger as the halide becomes smaller and
(29) Noodleman, L.; Case, D. A. Imorganic Electronic Structure and  the metal-ligand distance becomes shorter. It is also evident
SpectroscopySolomon, E. I., Lever, A. B. P,, Eds.; John Wiley &  that in the trans models, theyarbital is at nearly constant
Sons: New York, 1999; Vol. 1, pp 661ff energy, since it is not involved in any interaction with the

(30) Sinnecker, S.; Neese, F.; Noodleman, L.; Lubitz, WAm. Chem. - ] 2o . .
Soc 2004 126, 2613. halide ligand. This is different in the cis models, where the
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Table 6. Composition (%) of the SOMOs of thd* Models from a Laovdin Analysis of the QRMO%

transM! trans-MBr transM ¢ cis-M! cis-MBr
Mn | rest Mn Br rest Mn Cl rest Mn | rest Mn Br rest
Oy 98.4 0 1.1 98.5 0 1.1 98.4 0 1.0 96.1 2.7 0.8 96.0 2.3 0.9
dyz 96.6 2.7 0.4 97.1 2.3 0.2 96.8 2.1 0.7 98.1 0.3 1.1 97.1 0.2 2.5
dy, 96.6 2.7 0.4 97.1 2.2 0.2 96.8 2.1 0.7 97.5 1.4 0.6 97.2 15 0.9
dz 84.2 10.4 5.2 86.3 9.1 4.1 88.7 2.8 8.1 86.8 3.7 9.1 87.3 3.2 9.0
Oee—y? 89.0 0 11.0 89.0 0 10.9 87.8 55 6.2 86.6 7.3 5.6 87.3 5.5 6.1

arest corresponds to the addition of the contributions of the other atoms.

Table 7. Calculated EPR Parameters (Zero-Field Splitting Parameters, Overall D Parameter. The D parameters calculated for
Isotropicg Value, and Isotropic Hyperfine Constant) for th Models the various models are in excellent qualitative agreement with

transM' transM®  transM  cisM'  cisM® the available experimental data on similar molecules. The
D (cm™Y) +1.358 +0.541  +0.212  +0.590 +0.355 trends of the variations d@ with the nature and arrangement
Dsoc(cm™1)2 +1.301 +0.534 +0.177 +0.567 +0.334 H H
o Aa75 40544 40045 41730 40340 of the hallde ligands are correctly reproduced. Furthgrmore,
B—p° +5.460 +0.786  +0.086  +2.537 +0.536 E/D ratios close to zero were found for the trans series and
a—p° —4.857  —0.365  +0.069 2444 -0.325 are consistent with the effective axial symmetry of the
f—ab —-3.777 -0431  -0023 -1.256 -0.217 ) )
Dss (cm1)° 40.058 +0.008  +0034 40023 +0021 electronic structure in these models. By contrast, e
one centet +0.033  +0.049  +0.017  +0.035 +0.020 ratios of the cis models are almost perfectly in the rhombic
two cente? +0.037  -0.033  +0.028 -0.008 +0.003 limit (E/D ~ 0.3). th . ith the distorted i
three center -0012 -0009 -0011 —0.004 -0.003 imit ( :3), thus agreeing with the distorted geometry
E (cmrY) 0.004 0 0 0.159  0.102 found around the Mhion.
Esoc(cm 1) 0.001 0 0 0.167  0.113 . . : .
Ezgfc(m_l)f) 0003 © o _0.009 —0.011 Orientation of the D Tensor. The orientations of the
|E25DS\ ) 0.003 0 0 ®69 0288 principal axis of theD tensor are shown in Figure 3 for both
A(Mn) (MHz) — —121 —127 -126 -115  —119 o
Geo 2011 20050 50033 2010 20063 the trans and cisM' models. Comparable resultg were

observed for the Br and Cl models. ians-M', the axis of

aThe SOC contribution to the totBl value. The excitations contributing . .
to the totalDsoc value.¢ The SS contribution to the tot& value.d The the Dzz tensor is along the XMn—X axis, as expected.

n-center contributions to the totdlss value.® The SOC contribution to Concerningcis-M', the Dxyx tensor component is oriented
the totalE value.f The SS contribution to the tot& value. a|0ng the moleculaz axis, whereas the two other orientations
of D do not coincide exactly with any of the molecular axes.
Indeed, theDzz and Dyy directions make an angle of 14
with the molecular axeg andy, respectively, both located

in the equatorial plane of the octahedron. Accordingly, the
easy axis oD is essentially oriented along a>Mn—N axis.
Note, however, that in the rhombic limit the nature of the
easy axis is ambiguous, since even small geometric distor-
tions can lead to a flipping of the eigenvalues of Eheensor

and a different assignment. Thus, in such an arrangement, a

tog Splittings are anisotropic and do not show a similarly
pronounced variation with the nature of the halide.

B.3. Calculations of EPR ParametersThe ZFS param-
eters of the five remaining models have been calculated using
spin-unrestricted DFT calculations on the BP86 level on the
basis of (a) our recent implementation of the sgspin
contribution to theD tensor*'% (b) the Pederson-Khanna
formalism for the estimation of the SOC contributiGrand

(c) the SOMF operator for the representation of the spin h bl ‘entation @ is to b tod. |
orbit coupling?® The results obtained for the fin&l values much more variable orientation @r 1S to be expected. In

and their breakdown into individual contributions as well as fact, non-co-incidence of the prmqpal axes fW',th the
the E/D (and the manganese isotropic hyperfine together with molecular_axes has been obser\ged in two recent single-crystal
the isotropicg value) are displayed in Table 7. EPR studies on Mhcomplexes:

Non-ZFS Parameters. We note in passing that the SS Contributions to D. In the case of the models studied
isotropic 55Mn hyperfine coupling constants (HFCs) are here, the dipolar SS interaction contributes up to 0.06cm
calculated in the range of115 to —127 MHz, which is to D in all models (Table 7). Consequently, this contribution
notably smaller in magnitude than that of the experimental is completely negligible for the heavier halides (Br, 1),
HFCs (176-280 MHz}, thus confirming the scaling factor ~Whereas it becomes comparable to the individDgbc
of 1.5 previously proposed for the correction of this contribution already present for the“ model(s). In general,
quantity3* As expected foffS ions, the isotropig values we have observed that in many Mromplexes, the SS
show rather unspectacular deviations from the free-electroncontribution must be taken into account to obtain a good
g value. Nevertheless, a significant increase of the isotropic correlation between theory and experimebgs can be
g values is noted from thil ' (giso = 2.0033) toM' (giso = decomposed into-center contributionsn(= 1—4). Fortu-
2.011), which parallels the trend in the SOC constants of nately, the major portion oDss originates from the one-
the halide ligands, as will be analyzed more completely for center and two-center contributions; for the trans models they
the D tensor below. are comparable, whereas in the case of the cis models, only
the one-center terms notably contributeligs

(31) (a) Kosky, C. A.; Gayda, J.-P.; Gibson, J. F.; Jones, S. F.; Williams,
D. J.Inorg. Chem1982 21, 3173. (b) Carmieli, R.; Manikandan, P.;
Epel, B.; Kalb (Gilboa), A. J.; Schnegg, A.; Savitsky, A.;"blos, (32) Carmieli, R.; Larsen, T.; Reed, G. H.; Zein, S.; Neese, F.; Goldfarb,
K.; Goldfarb, D.Biochemistry2003 42, 7863. D. J. Am. Chem. SoQ007, 129 4240.
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Table 8. Calculated Electronic Parametdds(in cm™1), Dsog andDss and the Contributions to thBsoc and Dss Parameters for thil' and M B
Models in Three CasesZq; with Their Default Values, All Atoms (tot), andes Set to Zero for Either Mn{Mn) or the Halide I, Br)

transM! trans-MBr cis-M'! cis-MBr
tot —Mn —I tot —Mn —Br tot —Mn —I tot —Mn —Br
DSOMFa +1.358 +0.541 +0.590 +0.355
DZei +1.500 —0.479 +0.103 +0.733 —0.027 +0.073 +0.678 +0.480 +0.042 +0.337 +0.068 +0.029
Ds& +0.047 +0.048 +0.048 +0.041 +0.041 +0.042 +0.023 +0.001 +0.023 +0.020 +0.007 +0.019

one centet +0.033 +0.034 +0.085 +0.007 +0.007 +0.007 +0.035 +0.003 +0.036 +0.020 +0.012 +0.021
two centet +0.026 +0.026 +0.025 +0.047 +0.047 +0.047 —-0.008 -—0.008 —0.008 +0.003 —0.011 +0.002
three centér —0.012 -0.012 -0.012 -0.013 -0.013 -0.013 -—0.004 +0.007 -—0.004 —0.003 +0.005 —0.003

Dsoc® +1.452 —0.521 +0.054 +0.692 —-0.067 +0.032 +0.654 +0.478 +0.019 +0.318 +0.060 +0.009
a—of +7.913 +7.741 +0.005 +0.600 +0.522 +0.003 +2.985 —3.543 +0.002 +0.279 —0.259 +0.001
B—Bf +9.895 +9.226 +0.017 +0.833 +0.580 +0.014 +4.290 -—5.180 +0.011 +0.457 —0.415 +0.010
a—ff —-9.674 —10.832 +0.035 -0.310 -0.763 +0.017 —4.445 +6.301 +0.009 —0.248 +0.550 +0.001
p—af —6.682 —6.656 —0.003 -0.431 -0406 -0.002 —2.176 +2.900 -0.003 -—0.170 +0.184 —0.003

aDSOMAs related to eqs 3 and 4 D% is related to eq 2 The SS contribution to the tot&l value.® The n-center contributions to the totBlss value.
eThe SOC contribution to the tot& value.The contribution of the indicated excitation class to the tBtgbc value.

Spin—O0Orbit Contributions to D. At this point, a better Metal versus Ligand Spin—Orbit Coupling Contribu-
understanding of the different contribution to theoc part tions. To assess the relative contributions of the halide SOC
is required. As discussed in more detail elsewhere, four typesto theD value, an additional series of calculations was carried
of excitations have to be considered. In the one-electron out where the SOMF operator was replaced with the effective
approximation, they take the forms noted here: (i) excitation nuclear charge SOC model of Koseki et?al(see the
of a spin-down §) electron from a doubly occupied MO  Experimental Section). The advantage of this operator (eq
(DOMO) to a SOMO leading to states of the same pas 2) over the more rigorous and accurate SOMF approach for
that of the ground statg (— f3); (ii) the excitation of a spin-  the purpose of this section is that it is possible to Z&&f
up (o) electron from a SOMO to a virtual MO (VMO) also  for individual atoms to zero, which allows the determination
giving rise to states of total spia(a — «); (iii) excitations of the contributions of this atom to tH2 value. In general,
between two SOMOs that are accompanied by a spin-flip there will be one-, two-, and three-center contributions to

and giving rise to states & = S— 1 (a—3); and (iv) “shell- the SOC matrix elements. These one-center values reflect
opening” transitions from a DOMO to a VMO leading to the local (atomic) SO€the only contribution taken into
statesofS =S+ 1 (f — o). account in ligand-field theory. The two-center terms arise

Although the four classes of excitations can contribute to from the orbital motion of the electrons situated in the
the D tensor, ligand-field theory for high-spirf ¢ystems surrounding bonds and on the surrounding atoms around a
focuses on only class iiic{— ). All other contributions given nucleus. The (very small) three-center terms arise from
would be classified as charge-transfer contributions in ligand- orbital motions of electrons in remote bonds around a given
field language and would be discarded as being small for nucleus.

Mn", since there are usually neither appreciable ligand-to- The results are collected in Table 8. First of all, we note
metal charge transfer nor metal-to-ligand charge transferthat the agreement of the results obtained with the SOMF
states that at least fall in the visible region of the spectrum. andZ. representations of the SOC operator are similar for
However, from Table 7, it can be seen that the magnitudesall models. The limited deviations between the two ap-
of the different contributions coming from the four excita- proaches are of no importance for the qualitative discussion
tions are actuallgomparableand show partially cancelling  below. As expected, comparalidgscontributions have been
signs (the pairst — o; § — f ando — 3; f — a lead to calculated using both representations, sinceZherepre-
contributions of opposite sign). The trend in the magnitudes sentation only affects the SOC part@f There are a number

of the individual excitation class contributions parallels the of striking observations in studying the SOC contributions
trend in the finalD value. However, the individual contribu-  to D in Table 8: (a) The contribution of the halide is much
tions may exceed the magnitude of the fibal/alue by up larger than the contributions of the metal. (b) The contribu-
to a factor of 4 (fortransM'). These results have two tions of the metal and the halide are not even nearly additive.
important implications: (a) The calculation Bf values in (c) IDsod is much smaller than its components that cancel,
Mn' complexes is a very complicated undertaking since there to a large extent. From these observations, it becomes even
are five contributions of two-electron nature that are of the more evident that models that try to explain the ZFS in these
same order of magnitude (four from the SOC and one from Mn" halide complexes based on ligand-field models that
the SS part) but have partially opposing signs and different neglect the ligand SOC cannot lead to realistic results. In
physical content. The accurate and balanced calculation ofparticular, the nonadditivity of the contributions may appear
all contributions is clearly a major challenge to quantum puzzling at first glance, since ig tensor calculations the
chemistry. (b) The ligand-field models of the ZFS in high- SOC contributions are additive in atomic contributions to a
spin ¢ complexes cannot be realistic, not even in the case good approximation. One possible explanation for this
of Mn", which is a “best-case scenario” owing to the very observation would be that multicenter contributions to the
limited covalent bonding. SOC matrix elements may be unusually large. These are
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Table 9. Analysis of Interference Contributions (BP86/TZVP) to the
SOC Part of théD Value for an Idealized Octahedral Model of
trans-MB" with Mn—N Distances of 2.30 A and MrBr Distances of
2.65 A (All Values are in cm?)

high pseudo-octahedral symmetry. The interference contribu-
tion to this value ist-0.168 and thus accounts for essentially
the entireD value. This arises from an extensive cancellation
of much larger individual contributions from the different

o—a - o— —a D . :
A > o A 5 536 5 457 ﬁo 0 ;Olceg excitation classes (last column of Table 9). The net effect is
u ff . . —0. —0. . . . . . -
=Dy, —29.147 —20.361 290.885 28.861 0.238 to mqke the individual .Mn and Br.co.ntr|but|ons negl|g|.ble
Dz, —28.723 —28.825 29.429 28520 0.401 despite the fact that different excitation classes contribute
Ze(Mn) =0 B . 22-2523573 270-6‘;‘: *2‘;’7-52151 *2-63?&11*0-%0511 as much as0.5 cnt' and the absolute values of tBetensor
xx — Uyy — . - . . . . 1 .
D., —26.430 —26.651 26.783 26304 0005 €lements are as large &30 cn. Noticeably, by far the
Zet(B)=0 D 0.002  0.007 0.003—0.003 0.009 larger contribution to thet-30 cnit value comes from the
Dwx=Dy —2.315 -2218 2646 2322 0344  phromine SOC, which clearly dominates the Mn SOC. In fact,
Dy, —2313 2211 2649 2229 0354 .\ oo tribution i ite ol i hich
interference D 0033 0085 0050 0.000 0.168 e Mn— contribufion 1S quiteé close to zero, whic

shows that the effective electronic symmetry around the Mn
center is close to cubic and the anisotropy in the magnetic
interaction is essentially caused by the halide SOC through
the Mn/Br interference contributions.

represented by integrals of the forpa(SO®B)|¢:a), (@A SO-
(A)|@s), and palSOB)|@c), which represent “point charge”,
“bond”, and “three-center” contributions, respectively B,
and C refer to atomic centers and S&)(is the part of the
SOC operator that is centered on atén This possibility
was numerically investigated by setting all of the multicenter  |n this work, a detailed combined experimental and
integrals to zero, which is easily done in ttlRCAcode.  quantum chemical analysis of the zero-field splitting in a
However, the numbers obtained in these calculations (notseries of M# dihalide complexes has been performed.
shown) are essentially identical to those collected in Table We determined both the structural and electronic properties
8. Thus, the conclusion is that the nonadditivity arises from of a series of dihalide mononuclear Moomplexes in a cis
one-center terms. Although it appears contradictory on first configuration. TheD values obtained fot—3 are very close
glance that “multicenter effects arise from one-center con- to those of the phen series, confirming the important effect
tributions”, the answer lies in two facts: (a) tbetensor- of the configuration of the two halides @in six-coordinate
unlike theg tensor-is quadratic in the SOC, and (b) tle  complexes. Indeed, the magnitudedfis comparable for
value= Dz, — (Dx + Dyy)/2 arises as a difference between complexes containing the same halide=X, Br, Cl) in the
the principal values of th® tensor. case of four-, five-, anttans-(X), six-coordinate complexes
Thus, the evaluation of eq 3 integrals of the forff’| (Table 3), whereas theis-(X). six-coordinate ones present
hg 92 M2 |h3°9y Omust be evaluated. For simplicity,  significantly lowerD values (a decrease by a factor of 2).
let us study an occupied/virtual pair of the simplified forms From Table 3, it appears that thE/D ratio depends

Yoo+ /1—y2|¢§Dand6|cpg’,'”D+ v/1—62|¢§DNhered,d' predominantly on the nature of the neutral ligand. With
andp,p’ represent metal d and ligand p orbitals, respectively, Monodentate ligands such as pyr, the systems are quasi-axial
andy and¢ are the mixing coefficients that are related to (/D = 0), whereas with bi-, tri-, or tetradentate ligands,

metal-ligand covalency. This gives products of the form  the steric constraints cause an increase irEtieratio for
the six-coordinate complexes. TH£D ratios for 1—-3 lie
I yg

between 0.15 and 0.21, reflecting the distortions observed
2 2\ o2 2 in their X-ray structure.
(1 =79 (2 = 09&lLpgl” + The experimental ZFS values were subjected to a detailed
2yoN 1 — y? V1 — 62 EunlxRELggLy) (6) theoretical investigation, which has purposely focused on
simplified small models that served to disentangle the various
wherelu, andlx are the SOC constants of the Mn and halide contributions to thé value. In this work, we have focused
and Lqg, Loy are one-center angular momentum matrix on the physical origin of th® value and avoided theoretical
elements$? From this expression, it becomes evident how details as much as possible. A complete calibration study of
the cross terms arise from a product of one-center terms.a much larger series of Mncomplexes will be presented
They will maximize for high covalencies where the mixing elsewhere, where the impact of all relevant technical details
of metal and ligand orbitals becomes significant, which is of the calculational methodology will be studied to rigorously
not the case for Mh which has very limited covalency. assess the achievable accuracy of the predictions. This is of
Second, the expression shows that for bonding/antibondingobvious importance for future applications to low-symmetry
pairs, the contribution to the matrix element pair will be Mn" site$? of perhaps even unknown structure. Nevertheless,
negative, whereas for bonding/bonding or antibonding/ the overall agreement between theory and experiment
antibonding pairs, the cross terms will enhance the matrix achieved in this work is already acceptable. The calculations

Discussion

S SR o I

element product.
To see how the cross terms contribute to the ackual

properly reproduce all experimentally observed trends in the
ZFS values. Thud) increases considerably for the heavier

value, some realistic numbers that were obtained for an evenhalides and is a factor of 2 smaller for the cis compared to

more simplified model otransMP®" are quoted (Table 9).
Here, theD value is only+0.163 cn? due to the artificially

the trans arrangement. A closer analysis of the calculated
results reveals that the origin 8fin these MH complexes
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is highly complex, which precludes any ligand-field-type contributions of varying sign of different physical origin to
analysis from providing realistic conclusions. The main a high precision. This is clearly a major challenge that will
results of the analysis are: (a) Spispin coupling contribu- require significant future efforts before systematically high
tions to theD tensor are non-negligible for the lighter halides accuracy can be obtained for this property. When viewed
(F, CI) but become insignificant for the heavier halides. (b) from this angle, the reasonable success of the relatively
No single excitation class (spin-conserving versus spin-flip) simple calculations pursued in this work is surprising and
dominates th® tensor, and extensive cancellation between to some extent also encouraging.
contributions of different signs occurs. (c) The halide SOC
dominates theD value in these complexes but in a very
complex way: whereas only genuine one-center contributions
are significant, the dominant contributions arises from
interference between the metal and halide SOC contributions
which are proportional t@u.x (X = CI, Br, I). This is
possible due to two reasons: (1) TBetensor is quadratic
in the SOC rather than linear; thus, a similar interference
does not occur ig-tensor calculations where tlgetensor
can, to a good approximation, be decomposed into single
atom contributions. (2) The observalilevalue is a differ-
ence between the principal values of Daéensor that may Supporting Information Available: CIF files of the X-ray
be 1-2 orders of magnitude larger than tBevalue itself. structures of complexe$—3, experimental HF-EPR spectra of
This admittedly somewhat elaborate analysis puts the taskcompoundsl—3 at low temperature, and a representation of the
that the quantum chemical methods face into clear perspec-89 orbjtals of therans andcis—[.Mn(NH3)4I2] models. This material
tive: To predict accurat® values for M complexes, it is is available free of charge via the Internet at http://pubs.acs.org.
necessary to calculate small differences between largelc062384L
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