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Maossbauer, Crystallographic, and Density Functional Theoretical Investigation
of the Electronic Structure of Bis-Ligated Low-Spin Iron(II) Phthalocyanines

Victor N. Nemykin,?l Nagao Kobayashi,*!#! Victor Y. Chernii,”! and Vitaly K. Belsky!*!

Keywords: Iron / Phthalocyanines / Mdssbauer spectroscopy / Density functional calculations

We present the crystal structure of pcFe(4-methylpiperidine),
as a first example of a low-spin iron(Il) phthalocyanine (pc)
complex bis-axially coordinated by aliphatic amines. It is
shown that electronic rather than steric effects are respons-
ible for the elongation of the Fe-N(axial) bond in pcFeL,
complexes. Using density functional theory, the electronic
structures as well as Mossbauer isomer shifts and quadrupole
splittings have been investigated for a large number of
pcFel, and pcFeL!L? complexes, in which the axial ligands
have varying electronic and steric properties. The electron
charge densities and electric field gradients at the iron ion
were evaluated using a locally dense basis approach with

Wachters' all-electron basis set for the iron ion, the 6-
311++G(2d) basis set for atoms directly bonded to the iron
ion, the 6-31G(d) basis set for atoms two bonds away from
the iron ion, and the 3-21G* basis set for all other atoms. A
good correlation between the theoretical and experimental
isomer shifts and quadrupole splittings has been observed
for all the complexes tested. It has also been shown that the
proposed model for the calculation of Mdssbauer spectral
parameters is adequate for the evaluation of the axial ligand
conformation in cases of conformational flexibility in pcFeL,
complexes.

Introduction

Iron-containing tetrapyrrole macrocycles and their ana-
logues have been found to be capable of mimicking the act-
ive sites of a wide variety of biological enzymes.[!l Tetra-
benzotetraazaporphyrin, i.e. phthalocyanine (pc), iron com-
plexes have been the subject of widespread interest, both as
homogeneous and heterogeneous catalytic systems with
high oxygenating activity,”! and have also been extensively
studied as heme protein modelst®! by virtue of their high
thermal and chemical stability. The possibility of axial coor-
dination and the stability of iron—axial ligand bonds are
key features of these systems that play an important role in
catalytic and model biological processes.l! 3! The nature of
the central metal—axial ligand bonding in phthalocyanine
iron complexes has been qualitatively discussed over the
past 30 years. A large number of bis-axially coordinated
low-spin iron(II) pcs (pcFel, or pcFeL!'L?) with aliphatic
and heterocyclic nitrogen bases, isonitriles, phosphanes, and
phosphites have been studied.[*~% In principle, Mdssbauer
spectroscopy represents one of the most powerful methods
for assessing the metal—axial ligand interaction in these
systems. However, despite a large amount of experimental
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data concerning the Mdssbauer spectra of iron pcs,-¢! pub-
lications on the theoretical analysis of 3"Fe Mdssbauer spec-
tral parameters of these complexes are scarce, especially for
bis-axially coordinated low-spin iron(II) pcs. This can be
mainly attributed to two factors.l! Firstly, only a few good
X-ray crystallographic structures are available for pcFel,
or pcFeL'L? complexes that can be used as initial structures
for quantum mechanical calculations.l”! With a view to rec-
tifying this situation, we present herein the first crystal
structure of a low-spin iron(Il) pc bis-axially coordinated
by aliphatic amines. Secondly, the computation of energies,
electronic structures, and properties of transition metal
complexes requires consideration of electronic correlation
effects.[¥! However, for calculations of the electronic struc-
tures on systems of the size of pcFeL, or pcFeL!L? (con-
taining up to 97 atoms), all the usual electron correlation
methods, based, for example, on multiconfigurational inter-
action, Moller—Plesset perturbation theory, or other algo-
rithms, would require speeds typically as high as ca. N’
(where N is the number of basis functions) and are still
expensive. Fortunately, computational methods based on
density functional theory (DFT) can be used as an alternat-
ive to conventional ab initio methods for large systems of
this type because they include electron correlation effects in
the exchange-correlation functional and are computa-
tionally very inexpensive. As has recently been shown, the
simplest local density approximation (LDA) as well as the
more precise B3LYP exchange-correlation functional gener-
ally give much better results for the ground-state properties
of transition metal compounds, including porphyrins hav-
ing structures that closely resemble those of pcs, than those
obtained at the semiempirical or conventional ab initio
Hartree—Fock levels.’! In this paper, we present Mdssbauer
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spectra and the results of DFT calculations for a large num-
ber of bis-axially coordinated iron(II) pcs. In addition, X-
ray crystallographic data are presented for a low-spin
iron(IT) pc coordinated by two aliphatic amines. In order to
find the best computational method for the prediction of
Maossbauer spectral parameters and to understand the ori-
gin of the differences in the spectroscopic data, comparative
semiempirical, conventional ab initio, and DFT calcula-
tions have also been performed. In particular, we wanted to
ascertain whether it is possible to reproduce a large differ-
ence in quadrupole splitting (AEg) among the complexes
(from 0.56 to 2.28 mm s~ !), and to rationalize the influence
of specific effects, such as the conformation of the axial
ligands, on the Mdssbauer spectral parameters. For these
purposes, we chose the following pcs, in which the axial
ligands have varying electronic and steric properties:
pcFe(14en), (1), pcFe(mepip), (2), pcFe(BuNH,), (3),
pcFe(mim), (4), pcFe(mepy), (5), pcFe(cyclo-CsH1NC),
(6), pcFe(CO)(dmf) (7), and [pcFe(CN),]*>~ (8), where 14en,
mepip, mim, and mepy are 1,4-diaminobutane, 4-methylpi-
peridine, N-methylimidazole, and 4-methylpyridine, respect-
ively. As described below, the results represent the first suc-
cessful theoretical analysis and prediction of Mdssbauer
spectral parameters in bis-axially coordinated low-spin
iron(IT) pcs.

Results and Discussion

Structural Aspects and Rotational Barriers

The SHELXTL-93 structure of pcFe(mepip), (2) is
shown in Figure 1. Atomic coordinates, as well as selected
intramolecular distances and angles for this complex, are
summarized in the Supporting Information (Tables 2 and
3) with the numbering scheme indicated in Figure 1. The
structure of pcFe(mepip), (2) is the first X-ray structure of
an iron(II) pc to provide unprecedented stereochemical data
on the coordination of aliphatic amines to iron pcs. In the
recently reported X-ray structure of turnip cytochrome f,
one of the axial ligands was found to be the a-NH, group
of Tyr-1, and thus pcFe(mepip), (2) may provide a useful
starting point for delineating the role of aliphatic amino
acids in biologically relevant amine complexes of iron por-
phyrins. In the unit cell of pcFe(mepip), (2), four solvated
mepip molecules are present in a chair conformation. The
iron ion is coordinated by six nitrogen atoms that form an
approximately square-bipyramidal structure. The essentially
uniform Fe—N(pc) distance (1.93 A) is consistent with a
low-spin iron(II) configuration and is close to the corres-
ponding distances found in other known bis(amino)-ligated
iron(IT) pcs such as pcFe(mim), (4) and pcFe(mepy), (5)
(Table 1).747°) The Fe—N(mepip) distance (2.12A) is
longer than that in any of the known iron(II) pcs bis-axially
coordinated through the N, C, or O atoms of the ligands.!”)
Two factors may be invoked to account for this bond
elongation, namely steric interactions between protons of
the axial ligand and the pc core, and electronic effects. Both
of these are discussed below. The N(pc)—Fe—N(mepip)
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angles are close to 90° (the largest deviation is 1.85°). The
phthalocyanine core is almost planar, keeping the in-
teratomic distances close to those in pcFe(mim), (4) and
pcFe(mepy), (5)."7 The axial ligands adopt a chair con-
formation with the intramolecular distances and angles
close to those in solvated molecules present in the unit cell.
The dihedral planes between the axial ligands are close to
zero. This orientation of the axially coordinated mepip
planes relative to the phthalocyanine core in the structure
of 2 is fixed by the steric requirements imposed by the con-
formation of the solvated, as well as neighboring, axially
coordinated mepip molecules. Any rotation of the axially
coordinated ligands about the Fe—N(mepip) axis leads to
a reduction in the non-bonding interactions between the
carbon or hydrogen atoms of the axial ligands and the axi-
ally coordinated ligands of neighboring molecules of
pcFe(mepip), (2) and/or solvated mepip molecules. For ex-
ample, rotation of the axial ligand about the z axis by 90°
would result in unacceptably close non-bonding contacts
(less that 2 A) between the carbon atoms of the axial ligand
and a nitrogen atom of a solvated mepip molecule. Such
steric hindrance to the rotation of axial ligands in the crys-
tal structure of pcFe(mepip), (2) is well reproduced by rota-
tional barrier calculations at the molecular mechanical and
semiempirical levels. The results of calculations at the mo-
lecular mechanical level are summarized in Figure 2. Sim-
ilarly qualitative results were obtained from semiempirical
PM3 level calculations. Thus, the procedure described in the
Experimental Section leads to estimated barriers for rota-
tion of the axial ligands of 1.92 kcal mol™!, 1.20 kcal
mol~!, and 2.54 kcal mol~! at the MM+ level and of 2.07
keal mol~!, 1.71 kcal mol~!, and 2.95 kcal mol~' at the
PM3 level for pcFe(mepip), (2), pcFe(mim), (4), and
pcFe(mepy), (5), respectively. Similar results have recently
been reported for the barriers to rotation of axial ligands
in predominantly planar or slightly distorted bis-axially co-
ordinated iron(II) and iron(IIl) porphyrins.®®1% Thus, it is
clear that in the gas phase, or in solution in the absence
of any specific interactions between bis-axially coordinated
iron(IT) pcs and solvent molecules, the rotational barrier for
rotations of axial ligands is invariably very small, in agree-
ment with the room-temperature 'H NMR spectral
data.a=41 On the other hand, for solvated mepip molec-
ules the height of the rotational barrier of the axial ligand
increases by more than two orders of magnitude according
to both MM+ and PM3 calculations (Figure 2). Finally, it
is important to delineate the factors that are responsible for
the elongation of the Fe—N(axial) bond in pcFe(mepip),
(2) as compared with the corresponding distances in the
complexes pcFe(mim), (4) and pcFe(mepy), (5). If steric in-
teractions were to play a major role, as discussed previ-
ously'! for tppFe(pip),, which contains an almost planar
porphyrin core, the decrease in the Fe—N(axial) bond
length would lead to a dramatic increase in the barrier to
rotation of the axial ligand in pcFe(mepip), (2). In order to
reproduce this effect, model calculations on pcFe(mepip),
(2) were carried out in which the Fe—N(axial) bond length
was shortened to 2.04 A [as in pcFe(mepy) (5)]. The results
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showed that, in fact, the barrier to rotation of the axial
ligand increases by less than 1.0 kcal mol~! and that the
total energies differ by less than 7 kcal mol™!, both at the
molecular mechanical and semiempirical levels. These re-
sults clearly indicate that the elongation of the Fe—N(axial)
bond in pcFe(mepip), (2) must stem from a difference in
the electronic structure of the axial ligands in pcFe(mepip),
(2) compared to the situation in other pcFel, and
pcFeL!'L? complexes, in particular complexes pcFe(mim),
(4) and pcFe(mepy), (5). Indeed, the Fe—N(axial) distances
are roughly paralleled by the order of the magnitude of the
sum of o-donor and m-acceptor properties of the axial li-
gands: mepip > mepy > cyclo-C¢H NC > CO.P»12]

Figure 1. Perspective view of 2; hydrogen atoms are omitted for
clarity

Table 1. Structural data (distances in A)

1 2l 3 1L IS I ) B 1 8l
Fe—N,. 1.930 1.930 1.930 1.932 1.934 1.943 1.892  1.941
Fe—L,, 2.080 2.119 2.080 2.012 2.040 1.911 1.72/2.07 1.960
Fou® 00 00 00 00 00 00 0.04 0.0

[al This work. — 1 Ref.[®) — [€] Ref.[7al — [ Ref7d] — [€] Ref.[7e]
Fe—C(CO)/Fe—O(dmf). — I Refl’] — el |z | denotes the dis-
placement of iron atom from the phthalocyanine N, plane.

Mossbauer Spectra of Bis-axially Coordinated Iron(II)
Phthalocyanines

As for other low-spin (S = 0) iron(I) inorganic and or-
ganometallic compounds,'3! the Mdssbauer spectra of bis-
axially coordinated iron(II) phthalocyanines consist of one
doublet,P! the example shown in Figure 3 being typical. The
quadrupole splitting, AE,, varies significantly from
0.56 mm s~ ! in the complex [pcFe(CN),]*~ (8) to 2.89 mm
s~ in pcFe(dabco),.’d The valence contribution (g,) to
AEq is approximately related to the anisotropy of
the Fe(3d) and Fe(4p) shell occupations, as expressed
by the Townes—Dailey approximation:P*13-161 4 .= =
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Figure 2. Barriers to axial ligand rotation in 2 (upward triangles),
in 2 with solvated mepip molecules (inverted triangles), in 4
(circles), and 5 (squares), computed by a molecular mechanics
(MM +) method

4/7(1 - R)<r_3>3d{n(dxy) + n(dx2fy2) - n(d_.2) - [n(dx:) +
n(d,DV2} + I = RI<r—>4,{[n(p,) + n(p,)2 = n(p.)},
where n(d) and n(p) are the effective populations of the re-
spective iron orbitals, and <r~3> is the expectation value
of 1/r3 taken over the appropriate iron radial functions. For
most bis-axially coordinated low-spin iron(II) macrocyclic
complexes, such as pcs, porphyrins, and substituted dioxim-
ates, the valence contribution to AEq dominates!>%-3 and
hence the large (> 2.0 mm s~ !) quadrupole splitting seen
in many pcFeL, complexes having a formal (d,,)*(d,..d,.)*
electronic configuration is difficult to understand. Accord-
ingly, in order to understand this phenomenon and to re-
produce the large AEg values, comparative quantum chem-
ical calculations were performed on the various pcFeL, and
pcFeL!'L? complexes, as described in the next section.
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Figure 3. Room-temperature, zero-field Mossbauer spectrum of 2

Density Functional Theory Calculations

Despite the large amount of experimental data on
Maossbauer spectra of low-spin iron(II) pcs, only one theor-
etical study of quadrupole splittings on the basis of INDO
semiempirical calculations has been published, although the
parameters were not given.[® Moreover, to the best of our
knowledge, there has been no report of a successful theoret-
ical analysis of Mssbauer spectral parameters for low-spin
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Table 2. Computed total charge electron densities for the >’Fe atoms in complexes 1—8, together with the calculated and experimental
Moéssbauer quadrupole splittings (in mm s~!) and asymmetry parameters

la 1b 2 3 4 5 6 7 8a 8b
o Expt. 0.481al 0.53M 0.511 0.521 0.52M0) 0.39( 0.350d1 0.38[
AEy  Expt. 1.84 +2.281 197 1.71 +1.96  +0.69M  +1.561  0.56
n Expt. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
AEq ZISY 1.02 0.97 1.09 0.88 0.96 0.40 1.51 0.28
AE; RHF 1.33 0.76
AE; B3LYP 1.92 1.99 2.18 2.02 1.72 1.94 0.55 1.84 —0.02 0.51
ul B3LYP 0.0 0.0 0.0 0.0 0. 0.0 0.1 0.0 0.0 0.4
p(o) B3LYP G98 11616 11616 11616 11616 11616 11616 11617 11617 11617 11617
p(o) B3LYPGS 1161594 1161599 11615.84 11616.03 1161591 1161594 11616.51 11616.77 11616.65 11616.66
AE; LSDA 2.304 2.69 2.20 2.10 2.24 0.87 1.93 0.26 0.78
ul LSDA 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.2
p(o) LSDA G98 11566 11566 11566 11566 11566 11567 11567 11567 11567
AE; LDA 1.90 2.46 2.53 2.17 2.30 0.91 2.10 0.28 0.95
n LDA 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.3
p(o) LDA G98 11579 11579 11579 11579 11579 11580 11580 11580 11580

[a] This work. — [ Ref.5al — [ Ref.[54] — [d] Ref.[5¢] — [l Ref.[51 — [l Based on sign determined for pcFe(pip),, ref.51 — (&l Based on sign
determined for pcFe(py),, ref.*l — M Based on sign determined for pcFe(mesNC),, ref.”4 — [l Based on sign determined for pcFe(CO)(-
MeOH), ref.Pl — 1 Abbreviations: Z/S is Zerner’s INDO-S parameterization; RHF is the ab initio Hartree—Fock level with Wachters’
all-electron basis set on iron and the 6—311+G(2d) basis set on all other atoms; G98 is Gaussian-98W; GS is GAMESS (USA).

iron(IT) pcs. In view of this, the Mossbauer spectral para-
meters for the complexes pcFe(mepip), (2) and pcFe(mim),
(4), for which relatively large quadrupole splittings were ob-
served compared to other low-spin iron(Il) pcs, have been
analyzed theoretically, and the results have been compared
by quantum chemical calculations at the following levels of
theory: (i) semiempirical ZINDO/S,I'7! (ii) conventional ab
initio [with the same basis set as discussed for DFT
methods, as well as with Wachters’ all-electron basis set for
iron and 6-311+G(2d) for all other atoms], (iii)) DFT
methods with B3LYP, LDA, and LSDA EC functionals. As
can be seen from the results presented in Table 2, the elec-
tric field gradients obtained from both semiempirical and
conventional ab initio methods show a marked deviation
from the experimental values, while those obtained from the
DFT methods are much closer. As a consequence, in the
following we will discuss and compare only the results of
the DFT calculations.

Orbital Energies

The order of the orbital energies is shown in Table 3, in
the Supporting Information (Tables 4 and 5), and Figure 4
and Figure 5. In general, the order of metal-centered or-
bitals reflects the splitting pattern of distorted octahedral
coordination of the central ion. The “#,,”” manifold of the
Fe(3d) orbitals is split into an almost degenerate d,. and
d,. pair and a d,, orbital, except in the case of
[pcFe(CN),]*~ (8), while the “e,” manifold is split into d.2
and d,2_ 2 orbitals. Furthermore, in all cases the LUMO
“e,” orbitals are pc-centered as in other metal-containing
pes.21 However, the relative energies of the metal-centered
orbitals as well as the pc-centered orbitals were found to be
strongly dependent on the EC functional used. Thus, when
the B3LYP EC hybrid functional was used (Figure 4), the
pc “a;,’ (in Dg4, notation) orbital was found to be the
HOMO for all the complexes, except in the case of

Table 3. Calculated orbital energies (eV) for complexes 1—8 using the B3LYP hybrid EC functional

Orbital 1 2 3 4 5 6 7 8
d2_,2 1.133 1.250 1.209 1.447 1.184 1.004 0.719 6.600
d.2 0.365 0.091 —0.065 0.749 0.306 0.478 —0.422 6.598
pe “byy (%)” —0.440 —0.677 —0.676 —0.399 —0.602 —0.602 —0.657 4.224
pc e, (n%)” —1.966 —2.219 —2.230 —1.904 =2.120 —2.128 —2.281 3.056
-1.974 —2.231 —2.239 —1.904 -2.122 —2.130 —2.278 3.056
pe “apy, (m)” —4.406 —4.628 —4.663 —4.364 —4.523 —4.591 —4.688 0.548
d.. —4.853 —5.058 =5.151 —4.841 —5.156 —5.306 —5.898 0.591
d,. —4.888 —5.120 —5.168 —4.843 —5.167 —5.310 —5.902 0.591
d, —5.269 —5.367 —5415 —5.090 —5.437 —5.498 —6.037 0.037
pe “ary(m)” —5.893 —6.252 —6.316 —5.991 —6.193 —5.885 —6.522 0.015
2p(Fe) 702.80 702.73 702.79 702.50 702.97 703.19 703.89 697.49
3s(Fe) 92.14 92.16 92.21 91.89 92.28 92.49 93.26 86.77
Acr 5.237 5.180 5.095 5.591 5.468 5.786 5.478 6.007
A 4.431 4.412 4.484 4.443 4.560 4.706 5.243 3.633
Agband 2.436 2.378 2.428 2.460 2.402 2.462 2.408 2.508
Agband 3.923 4.027 4.071 4.087 4.072 3.756 4.242 3.041
alu—a2u 1.487 1.624 1.653 1.627 1.670 1.294 1.834 0.533
736 Eur. J. Inorg. Chem. 2001, 733—743
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Figure 4. The ground-state MOs of complexes 1—8 [relative to
“a;,” (pc) orbital] with predominant Fe(3d) character, as well as
the most important pc-centered MOs, as obtained by B3LYP
DFT calculations
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Figure 5. The ground-state MOs of complexes 1—38 (relative to d,,
orbital) with predominant Fe(3d) character, as well as the most
important pc-centered MOs, as obtained by LSDA DFT calcula-
tions

[pcFe(CN),]*~ (8) where the d,. orbitals are slightly higher
in energy and are thus the HOMOs. For 1-8, the d,. and
d,. orbitals are higher in energy compared to d,,, while the
d,2_,2 orbital is always higher in energy than d.2. When
LDA and LSDA EC functionals were employed (Figure 5),
the order of the orbital energies was found to be roughly
similar, but differed in a few respects. Thus, the near-degen-
erate “d;” orbitals are always lower in energy than the d,,
orbital, which is the HOMO. The d,2_ 2 orbital is higher
in energy than the d.2 orbital for 1—7, while in the case of
[pcFe(CN),]*>~ (8) the order of these orbitals is reversed. As
can be seen in Figure4 and 5, the splitting between the
d,2_,2 and d.2 orbitals is considerably smaller for the com-
plexes pcFe(cyclo-C¢H, NC), (6) and [pcFe(CN),]>~ (8).
The main reason for this is the destabilization of the iron
d.2 orbital due to the shorter iron—axial ligand distances
as compared to those in the other tested complexes. In the
case of [pcFe(CN),]*>~ (8), strong electron donation from
the negatively charged cyano groups also serves to destabil-
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ize the d.2 orbital. In the case of complexes pcFe(cyclo-
Ce¢H{NC), (6) and pcFe(CO)(dmf) (7), which contain at
least one axial ligand with strong m-back-donating proper-
ties, the d.. and d,. orbitals are significantly stabilized and
have lower energies than the pc-centered “a;,” orbital.

It is interesting to compare the calculated iron 2p and 3s
orbital energies with the experimentally determined ioniza-
tion potentials (IPs) (XPS experiments) for the pcFe(im),
(Feapan: 708.0 eV; Fesq: 92.5 eV) and pcFe(3mepy), (Feapspo:
708.1 eV; Fesy: 92.3 eV) complexes.!'?! The reverse-signed 2p
and 3s iron orbital energies computed for complexes 1—8
[Table 3 and Supporting Information (Tables 4 and 5)] par-
allel the IP values obtained from the XPS data. In particu-
lar, the closest values were obtained using the B3LYP EC
functional.

The crystal field splittings, A, defined as the differences
between the orbital energies of d, (average value) and d.2
for the B3LYP EC functional (Figure 4) or d,, and d.2
{d,2_ 2 for [pcFe(CN),]*~ (8)} for the LDA and LSDA EC
functionals (Figure 5) are larger than 1.8 ¢V, in agreement
with the observed low-spin ground state for 1—8 (in gen-
eral, the value of A parallels the values in the spectrochem-
ical series).[?% It is well known that in the electronic spectra
of pcFeL, and pcFeL'L? complexes, the band at around
2.95 eV can be assigned as a metal-to-ligand charge transfer
(MLCT) band [d,., d,. = “b;,” (n*, pc)] since it is sensitive
to the nature of the axial ligand.**?!1 Using the LDA and
LSDA EC functionals, the estimated energies of the MLCT
bands were in qualitative agreement with the available ex-
perimental data, while with the B3LYP EC functional, the
obtained values reflected a strong overestimation of the
MLCT band energies, which is typical of ground-state cal-
culations with hybrid DFT EC functionals.??! For all the
tested EC functionals, the pc “a;,” orbital was found to be
higher in energy than the pc “a,,” orbital and the orbital
separation was of the order of 1¢eV or more {except for
complex [pcFe(CN),]*~ (8)}, consistent with the fact that
the lowest energy m-m* transition has an essentially pure
“ar,” (M, pc) — “e,”(m*, pc) configuration.!]

Isomer Shifts and Electric Field Gradients

The following five quantities can be derived from
Maossbauer experiments, as well as theoretical calculations
using SCF wavefunctions:['3 isomer shift (8), quadrupole
splitting (AEq), the sign of the principal component, V,,,
of the EFG tensor, the direction of V,,, and the asymmetry
parameter (1). The isomer shift in Mossbauer spectroscopy
depends on the electron charge density, p(0), at the nucleus
and is proportional to changes in p(0) with respect to refer-
ence compounds. Thus, 6 = a[p(0) — p,(0)], where o is a
calibration constant and p(0) and p.(0) are the electron
charge densities at the nuclei in the sample and reference
compounds, respectively.l'*! For quantum chemical calcula-
tions, the p.(0) value is usually replaced by a constant, 3,
and thus d is calculated as & = a[p(0) — B]. In the ideal
case, B corresponds to the electron charge density at the
Mossbauer nucleus in the reference compound.l'3231 A
good correlation was found when plotting the isomer shift
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values against the calculated total electron charge densities
on the iron atoms for complexes 1—8 (Figure 6). The calib-
ration constant, a, was evaluated as —0.192 ¢ mm s~ ! for
the eight points, with a correlation coefficient > of 0.980
and an r.m.s. error of 0.016 mm s~ !. This obtained value of
o is close to that recently published and used for CASSCF
ab initio calculations of Mdssbauer spectral parameters for
iron porphyrins (—0.166 @2 mm s ')1?33 and other iron-
containing inorganic and organometallic compounds.**
Moreover, the value obtained for constant  (Figure 6) is
close to the calculated total electron charge density at the
iron atom in sodium nitroprusside (11617.77 ag3). When
the calculated value for sodium nitroprusside p(0) was in-
cluded in the p(0)/d correlation analysis, the correlation co-
efficient did not change (+> = 0.981), but a changed signific-
antly from —0.19 to —0.26 a3 mm s~ '. The latter value of
o is closer to that found by Trautwein et al. for some iron-
containing inorganic compounds (—0.31 to —0.38 &> mm
s 1).[251 The calibration constant a can also be written as
o = (4Ze*R*c/5E,)(8R/R) = C-(8R/R),'3] where R is the
average nuclear radius and SR is the change in radius on
going from the ground to the excited state. Having estim-
ated a from a p(0)/3 correlation analysis and calculated the
total electron charge density for sodium nitroprusside,
which is used as a reference compound, it is possible to
estimate the value of R/R in order to support our isomer
shift calculations on pcFeL, and pcFeL'L? complexes. Us-
ing the value of C = 0.3083-10° @3 mm s~ ! obtained by
Alton and Swift,1**¢ the SR/R values were estimated (aver-
age for 1-8) as —6.16:107* and —8.43-10~* when a is
—0.19 and —0.26 a mm s~ !, respectively. Both these values
are in reasonable agreement with previously published re-
sults.>Y1 Although the computed values of o and SR/R es-
timated from the correlation analysis are different, the pre-
sent results are very promising because they suggest that
Mossbauer isomer shifts in iron pcs, and probably in other
iron-containing compounds as well, can be calculated with
high accuracy using modern DFT methods.

0.56 1
0.54 1
0.52
0.501
0,484
0.46 1
0.44 4
0.42 4
0.40
0.384
0.36 4
0.34

§ [mms')

T T M 1 v T T M T M 1
11615.8 11616.0 11616.2 11616.4 11616.6 11616.8 11617.0

-3
p(0) [a" ], (calc.)
Figure 6. Correlation between the observed Mdssbauer isomer

shifts and the calculated total electron densities at the >’Fe nucleus
by the B3LYP DFT method; numerical values are given in Table 2
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The Mossbauer quadrupole splittings and asymmetry
parameters, 1, for compounds 1—8, calculated using the
locally dense basis set approach in conjunction with the
B3LYP, LSDA, and LDA EC functionals are presented in
Table 2, while those calculated with the B3LYP EC func-
tional are shown graphically in Figure 7. The results of our
DFT calculations using the B3LYP EC functional demon-
strate that the magnitude of the AEq values, the sign and
orientation of the principal component of the EFG tensor,
and the n values, are all in agreement with the experimental
data. A correlation coefficient of »> = 0.982, with an r.m.s.
error of 0.14 mm s~ !, has been found between the predicted
and experimental AEq values for complexes 1—8. These re-
sults are very promising, since they suggest that DFT
methods can now be applied with some reliability to pre-
dicting both Modssbauer quadrupole splittings and
Mossbauer isomer shifts in large systems such as phthalo-
cyanines, for which other methods based on semiempirical
and conventional ab initio quantum mechanical levels have
hitherto proved inadequate. For example, for the complex
pcFe(mepip), (2), we have computed AEq and & values of
2.18 and 0.52 mm s~ !, respectively, which can be quite fav-
orably compared with the experimental values of 2.28 and
0.53 mm s~ !. Similarly, for complex pcFe(cyclo-C¢H 1 NC),
(6), even though the EFG is much smaller, there is likewise
good accord between the computed (0.55 and 0.35 mm s~ 1)
and experimental (0.69 and 0.39 mm s~")>4 values. Among
complexes 1—8, the computed and experimental AEq
values only differ significantly in the case of the complex
[pcFe(CN),]*~ (8) (marked as 8a in Table 2 and indicated
by an unfilled circle in Figure 7); this large deviation could
originate from the uncompensated lattice effects of two pos-
itively charged counterions, as well as from deficiencies in
the basis sets and the functional used. Indeed, when, for
example, two sodium ions were placed in the positions of
the cationic nitrogen atoms of PNP counterions, as deter-
mined experimentally for (PNP),[pcFe(CN),],l’! the calcu-
lated AEq value was found to be in excellent agreement with
the experimental data (marked as case 8b in Table 2). The
large n value calculated in the case of 8b can easily be ex-
plained by taking into consideration the fact that in the
actual crystal of (PNP),[pcFe(CN),], the iron pc is symmet-
rically surrounded by four PNP cations,[’? whereas in our
model calculation only two sodium ions were used in order
to compensate for the negative charge of the [pcFe(CN),]*~
moiety. The observation that V,, is directed along the
Na—Na axis supports this explanation. As pointed out in
the literature, #5581 the axial ligand in the complex
pcFe(14en), (1) is probably stabilized through intramolecu-
lar hydrogen bond formation. It is thus interesting to com-
pare the experimental Mdssbauer spectral parameters with
those calculated for the open-chain (1a) and intramolecul-
arly hydrogen-bonded conformations (1b). The calculated
Mossbauer spectral parameters for la are close to those
calculated for the complex pcFe(BuNH,), (3), for which
only an open-chain conformation is possible. On the other
hand, the calculated Mdssbauer spectral parameters for 1b
are in close agreement with the experimental data, sup-
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porting the previously proposed hypothesis concerning the
possibility of intramolecular hydrogen bonding in this com-
plex. Additional evidence concerning the axial ligand con-
formation in pcFe(14en), (1) can be obtained from a com-
parison of the experimental 'H NMR spectra of
pcFe(14en), (1) and pcFe(BuNH,), (3) and the computed
isotropic shifts for the protons of the axial ligands. It is well
known that in the '"H NMR spectra of pcFeL, complexes
the protons of the axial ligands are strongly shielded by the
ring current of the pc ring, this effect depending on the
electronic structures of the axial ligands and their positions
in relation to the pc plane.3 4l The experimental chemical
shifts for the coordinated NH, protons in pcFe(14en), (1)
and pcFe(BuNH,), (3), as well as the calculated chemical
shifts and shieldings are summarized in Table 4, together
with the calculated NMR parameters for >’Fe. Again, the
calculated chemical shifts for 1a and pcFe(BuNH,), (3) are
close, while the values for 1b differ significantly in accord
with the experimental data. Finally, the computed ’Fe
chemical shifts have reasonable values, as judged on the ba-
sis of the available experimental and calculated data for bis-
axially coordinated iron(II) porphyrins.”>?% Since the cal-
culated n values for complexes 1—8 are small, and the direc-
tion of V,, corresponds almost exactly with the molecular
z axis, in agreement with the experimental data,*4dl the
V,, components of the EFG can be divided into the so-
called valence, covalence, and lattice contributions.[?®14:13]
The valence contribution is approximately proportional to
the anisotropy of the Fe(3d) and Fe(4p) shell occupations.
The covalence contribution is almost proportional to the
Fe—ligand overlap population, while the ligand contribu-
tion arising from the cores and valence electrons of all li-
gand atoms is roughly proportional to the charge on the
atom of the ligand directly coordinated to the iron and the
Fe—ligand distance as Z/r3. Taking all these factors into
consideration, it appears possible to discuss the influence
of each contribution on the EFG in complexes 1—8. Unfor-
tunately, however, as discussed in the literature,?”-2%] the
Mulliken population and charge distribution analysis are
completely inappropriate for systems containing a large
number of diffuse Gaussian-like functions. Thus, con-
sidering the fact that for bis-axially coordinated iron pcs
and porphyrins, particularly for those with experimentally
large AEq values, the valence contribution usually domin-
ates over the covalent and ligand contributions,®¥ the an-
isotropy of the Fe(3d) and Fe(4p) shell occupations can be
expected to be around 0.3—0.5 electrons for complexes 1—5
and 7. However, a Mulliken population analysis gave an
anisotropy of Fe(3d) shell occupation of no more than 0.23
electrons. The covalent contribution, which is based on the
Mulliken population analysis, is also inappropriate because
the overlap populations have negative (!) values for all the
Fe—ligand bonds in all the cases tested and, of course, do
not have any physical meaning. The most attractive altern-
ative to the Mulliken population analysis is based on the
use of Natural Bond Orbital (NBO) population and charge
distribution analysis.?8! However, the NBO package, as im-
plemented in the Gaussian-98 program family and
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GAMESS (USA) software, is unable to operate with such
large and highly covalent systems as found in phthalocyan-
ines. Since the Gaussian-98W program is based on
Gaussian-type basis functions, the next questions to be ad-
dressed are the influence of various basis sets, particularly
on the iron atom, and of the functionals on the calculated
EFG components and thus the AEq values. From our com-
parative calculations of the EFG components for the com-
plexes pcFe(mepip), (2) and [pcFe(CN),]>~ (8) using the
Wachters—Hay all-electron basis set (611111111/51111/311)
for the iron ion, with and without the inclusion of diffuse
functions, and using the original Wachters’ all-electron ba-
sis set for the iron ion,'®!7l with and without the inclusion
of polarization functions, it can be concluded that the influ-
ence of diffuse and polarization functions is small, and that
the AEq values computed with the Wachters—Hay all-elec-
tron basis set are in better agreement with the experimental
data [Supporting Information (Table 6)]. The AEq values
calculated with pure DFT functionals (LDA and LSDA),
as well as those estimated from Gaussian-98W calculations
of p(0), are presented in Table 2. Inspection of these results
reveals that the estimated values of p(0) are in good agree-
ment with the expected values, while both functionals are
systematically overestimated with respect to the experiment-
ally observed AEq values for complexes 1—7. However, in
both cases, a good correlation between calculated and ex-
perimental AEq values is observed, with correlation coeffi-
cients % of 0.957 and 0.993 and r.m.s. errors of 0.18 and
0.09 mm s~ ! for the LDA and LSDA EC functionals, re-
spectively. One of the advantages of the hybrid DFT B3LYP
EC functional is that it is not necessary to take Sternheimer
corrections into consideration when AEq values are com-
puted from the EFG tensor components. On the other
hand, for pure DFT methods, Sternheimer corrections must
be applied when AE values are computed, at least for the
LDA functional, as pointed out by the authors.?*!41]
Since it is impossible to separate valence, covalence, and
lattice contributions to the EFG using the Gaussian-98W

)
o]
A
TU)
£
E
EO
0.2- 8a
0.0 +—4

LU AL L L L I AL DAL
04 06 08 10 12 14 16 18 20 22 24
1
AEQ [mm s ] (exp.)
Figure 7. Correlation between the experimental and calculated (by

the B3LYP DFT method) Mdssbauer quadrupole splittings in com-
plexes 1—8; numerical values are given in Table 2
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Table 4. Calculated and experimental 'H (coordinated NH, group) and >’Fe NMR shielding (ppm) for complexes 1 and 3

Complex Atom Shielding tensor element. Isotropic shielding Isotropic shift §;
o1 G2 G33 Gi Calcd. Exp.

la Felal —14435 —14228 —7326 —11996 9084

NH, I 35.4265 38.2657 47.2148 40.3023 —8.38 —6.58
1b Fe —13944 —13810 —6634 —11462 8551

NH, 29.9200 37.0061 47.1299 38.0187 —6.10 —6.58
3 Fe —14635 —14538 —7305 —12159 9247

NH, 36.8145 39.6581 47.2216 41.2314 -9.31 —7.44
(2] The isotropic shifts are obtained from the computed absolute shielding as: 8 = —2912 — o, where the value of § = —2912 refers to

the computed absolute shielding in Fe(CO)s. — [®! The isotropic shifts are obtained from the computed absolute shielding as: & = 31.9197
— o, where the value of § = 31.9197 refers to the computed absolute shielding of the protons in TMS at the B3LYP/6—31G(d) level.

and GAMESS (USA) programs, we were unable to accur-
ately calculate AE, values for complexes 1—8 applying
Sternheimer corrections, even at the limits of the simple
Townes— Dailey approximation.[!6->]

Thus, it is concluded that DFT methods, particularly em-
ploying the B3LYP EC functional, are now able to repro-
duce and predict the Mossbauer spectral parameters of bis-
axially coordinated iron(II) pcs with high accuracy, in con-
trast to semiempirical and conventional ab initio methods.
The hybrid B3LYP EC functional can be recommended as
the best approximation for the evaluation of total electron
charge density and electric field gradient on a Mdssbauer
nucleus using the Gaussian-98W program, while the LDA
and LSDA EC functionals are only useful with software
implementing an alternative to Mulliken population ana-
lysis algorithms,[%%:14:15]

Conclusions

In this paper, we have discussed the relationship between
the nature of the axial ligands in bis-axially coordinated
iron(IT) phthalocyanines and their electronic structures,
structural, and Mossbauer spectral parameters. The first ex-
ample of a crystal structure of a low-spin iron(II) pc bis-
axially coordinated by aliphatic amines has been presented,
and the reasons for the observed elongation of the
Fe—N(ax) bond length have been discussed. The electronic
structures of numerous pcFeL, and pcFeL!L? complexes
have been assessed on the basis of density functional theory
calculations. The results constitute the first accurate calcu-
lations of Modssbauer quadrupole splittings and isomer
shifts for bis-axially coordinated low-spin iron(IT) phthalo-
cyanine complexes by means of density functional theory
methods. A good correlation between the experimental and
theoretical values has been obtained using the hybrid
B3LYP EC functional, while with the pure DFT LDA and
LSDA functionals, it has been found that Sternheimer cor-
rections need to be taken into consideration when quadru-
pole splittings are computed. Of particular interest is the
reproduction of the Mdssbauer spectral parameters of com-
plexes with conformationally flexible axial ligands.
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Experimental Section

Synthesis: Compounds 1—4 were synthesized according to stand-
ard methods.[#2~4<ll52=5¢1 A]] the complexes were characterized by
their UV/Vis, 'TH NMR, and Méssbauer spectra, as well as by ele-
mental analysis [Supporting Information (Table 1)]. In addition, an
experimental geometry for pcFe(mepip), (2) was determined by an
X-ray crystallographic analysis.

X-ray Crystallography: A single crystal of pcFe(mepip), (2) was
obtained by slowly evaporating the solvents from a benzene/hept-
ane (1:3, v/v) solution of the complex over a period of a week.
Diffraction data were collected with a CAD-4 diffractometer using
Mo-K,, radiation (A = 0.71073 A). The structure was solved by full-
matrix least-squares techniques on F? for all data, with anisotropic
thermal parameters for non-hydrogen atoms and isotropic para-
meters for hydrogen atoms. All calculations were performed using
the SHELXTL-93 software.?% General information concerning the
crystal structural determination is given in Table 5. Crystallo-
graphic data (excluding structural factors) for 2 have been depos-
ited at the Cambridge Crystallographic Data Centre (CCDC) as
supplementary publication no. CCDC-145879. Copies of the data

Table 5. Crystal data and structure refinement for 2

Empirical formula

CsgHesFeN,
Formula mass 965.08

293 K
Crystal system monoclinic
Space group P2(1)la

Unit cell dimensions

Volume

zZ

Standards number
Standards interval time
Standards decay
Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Final R indices [/ > 2o(/)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

a=11.7922) A

0.01%

1.279 mg/m?

0.352mm™!

1028

0.42 X 0.31 X 0.28 mm
1.65—22.47°
-12=h=12
0=k=18

0=/=13

2036

1925 [R(int.) = 0.0124]
1925/0/434

R, = 0.0305 wR, = 0.0843
R, = 0.0305 wR, = 0.0843
0.0000(4) )

0.244 and —0.232 eA™3
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can be obtained free of charge on application to the CCDC, 12
Union Road, Cambridge CB2 1EZ, U.K. [Fax: (internat.) + 44-
1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].

Mossbauer Spectroscopy: Mossbauer spectra were recorded using a
GRS-4M spectrometer in constant acceleration mode. The source
was 3’Co in a chromium matrix with an initial activity of 50 mCi.
Isomer shifts were referenced to sodium nitroprusside at 298 K (the
conversion factor from sodium nitroprusside to iron foil is
—0.257mm s™ ).

Computational Aspects: Total electron charge density and electric
field gradient calculations were carried out using Gaussian-98W
software.3! In order to negate convergence problems, the following
procedures were used for the energy convergence and electric field
gradient calculations: Step 1: All atoms were represented by a 3-
21G* basis set at the Hartree—Fock level. Step 2: As Step 1, but
iron was represented by a Wachters—Hay all-electron basis set
(611111111/51111/311) using the scaling factors of Raghavachari
and Trucks,*?! and the 6-31G* basis set was used for all atoms
directly attached to or two bonds away from iron. Step 3: As Step
2, but using the respective exchange-correlation functional. The fol-
lowing exchange-correlation (EC) functionals were used for the
DFT calculations: Becke’s three-parameter exchange functional
with the Lee, Parr, and Yang correlation functional (B3LYP),l*
the Local Density Approximation (LDA) functional,? and the
Local Spin Density exchange functional with the Vosko, Wilk, and
Nusair correlation functional (LSDA).3 Step 4: As Step 3, but a
6-311++G(2d) basis set was used for all atoms directly attached
to iron. Since Raghavachari and Trucks recommended both scaling
and the inclusion of diffuse functions when using a Wachters—Hay
basis set for the first transition row elements,*?! we compared elec-
tric field gradient calculations on the complexes pcFe(mepip), (2)
and [pcFe(CN),]>~ (8) using a Wachters—Hay basis set for iron
with and without diffuse functions. Moreover, since the
Wachters—Hay basis set implemented in the Gaussian-98W pro-
gram and the set originally reported by Wachters?*®! are different,
we also compared electric field gradient calculations on the com-
plexes pcFe(mepip), (2) and [pcFe(CN),]>~ (8) using the original
Wachters’ all-electron basis set for iron (62111111/331211/3111),
with and without the inclusion of polarization functions.’”? A more
detailed discussion concerning the influence of different Wachters’
basis sets at the iron atom on the electric field gradient tensor ele-
ments in the complexes pcFe(mepip), (2) and [pcFe(CN),J>~ (8) is
given in the Results and Discussion section. The total electron
charge densities on the iron atoms were estimated using Gaussian-
98W software with the help of the atoms-in-molecules (AIM) algo-
rithm.! Since the current codes of AIM included in the Gaussian-
98W program can only operate up to five digits when total electron
densities are computed (this leads to an error of 0.1—0.2 mm s™!
in the isomer shift calculations), the total electron charge densities
on the iron atoms were calculated more precisely using GAMESS
(USA) softwarel3®! with the help of converged wavefunctions ob-
tained from the previous DFT calculations [DFT is not currently
included in GAMESS (USA)]. The components of the electric field
gradient tensor (EFG), Vj;, were directly calculated using a
Gaussian-98W program based on the following expression: Vj; =
0Mo0x[ZZael(ra — rrel) — J ep(N/(r — rrel)dr], where rg is the
position vector of the iron nucleus, p(r) is the first-order density
matrix of electrons, and r, and Z, are the position vector of the
nucleus of atom A and the nuclear charge, respectively. The meas-
ured AEj is related to the major component, V,,, of the EFG ten-
sor according to the following expression*?! where e is the electron
charge, Q is the quadrupole moment of the I* = 3/2 14.4 keV
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excited state, and m is the asymmetry parameter [n = |V, —
|sz| (sz > Vyy > Vxx)]-

Vil

AEq = (1/2)eQV,,(1 + n/3)12

The magnitude of the nuclear quadrupole moment Q was chosen
as 0.16 barn on the basis of the most recently determined
value.’®3% This value is also close to that used by Trautwein’s
group (0.15 barn) for calculations of Mossbauer spectral para-
meters using an LDA EC functional.’®14151 As recently
shown®®~%dl for DFT calculations with a B3LYP hybrid EC func-
tional, Sternheimer corrections do not have to be taken into ac-
count when AE is predicted on the basis of the DFT calculations.
Experimentally determined geometries for pcFe(mepip), (2),
pcFe(mim), (4), pcFe(mepy), (5), peFe(cyclo-CsHiiNC), (6),
pcFe(CO)(dmf) (7), and [pcFe(CN),J>~ (8) were used,”! with the
modification that C—H and N—H bond lengths were extended to
typical values (1.05—1.09 A); the most important structural para-
meters are given in Table 1. Since X-ray crystal data are not avail-
able for the complexes pcFe(14en), (1) and pcFe(BuNH,), (3), the
pc core was reproduced from the experimental geometry of
pcFe(mepip), (2), while in each case the axial ligands were placed
at an Fe—N distance of 2.08 A and their geometries were optimized
at the semiempirical PM3 level®” using the Polack—Ribiere algo-
rithm*!! with help of the HyperChem 5.1Pro software.®? Since the
experimental geometries for pcFe(mepip), (2) and pcFe(mepy), (5)
are quite similar, in spite of the pronounced difference between the
axial ligands (mepip is a pure and strong o-donor, while mepy is a
moderate o-donor and m-acceptor),>®1? the structural parameters
of the pc core were considered to be representative of those of
pcFe(14en), (1) and pcFe(BuNH,), (3) as well. The choice of struc-
tural parameters for the axial ligands in pcFe(l4en), (1) and
pcFe(BuNH,), (3) was not so straightforward. However, our elec-
tronic  structural calculations on pcFe(l4en), (1) and
pcFe(BuNH,), (3) showed the geometry of the axial ligands as ob-
tained by optimization at the semiempirical PM3 level to be ad-
equate for the prediction of Mdssbauer and '"H NMR spectral
parameters. The molecular z axis was defined by the iron atom and
the two atoms of the axial ligands directly coordinated to it. The
rotation barriers of the axial ligands were calculated using the
HyperChem 5.1Pro software at the molecular mechanics (MM +
force field) and semiempirical (PM3) levels. In all such model calcu-
lations, the phthalocyanine core and one axial ligand were kept
fixed, while the other axial ligand was rotated in steps of 10° about
the molecular z axis. The height of rotation barrier was then de-
rived from the variation of the total energy as a function of the
rotation angle. The NMR shielding tensor elements were calculated
using the gauge-including atomic orbital (GIAO) method™? with
the help of the Gaussian-98W program. The aforementioned basis
set with the hybrid B3LYP EC functional (Step 4) was used for the
calculations of the NMR isotropic shifts.

Supporting Information Available: Spectroscopic and analytical data
for the pcs used in this study. Atomic coordinates, equivalent iso-
tropic displacement parameters, bond lengths and angles for 2. Cal-
culated orbital energies for complexes 1—8 using the LSDA and
LDA EC functionals. Calculated, using the B3LYP hybrid EC func-
tional and different basis sets for iron, Mdssbauer quadrupole split-
tings in complexes 2 and 8 (see the note on the first page of this art-
icle).
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