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ABSTRACT: An insight into the electronic structure of several hafnium(IV), zirconium(IV), and lutetium(III)
phthalocyaninoclathrochelates has been discussed on the basis of experimental UV—vis, MCD, electro- and spectroelec-
trochemical data as well as density functional theory (DFT) and time-dependent DFT (TDDFT) calculations. On the basis of
UV—vis and MCD spectroscopy as well as theoretical predictions, it was concluded that the electronic structure of the
phthalocyninoclathrochelates can be described in the first approximation as a superposition of the weakly interacting
phthalocyanine and clathrochelate substituents. Spectroelectrochemical data and DFT calculations clearly confirm that the
highest occupied molecular orbital (HOMO) in all tested complexes is localized on the phthalocyanine ligand. X-ray
crystallography on zirconium(IV) and earlier reported hafnium(IV) phthalocyaninoclathrochelate complexes revealed a slightly
distorted phthalocyanine conformation with seven-coordinated metal center positioned ~1 A above macrocyclic cavity. The
geometry of the encapsulated iron(II) ion in the clathrochelate fragment was found to be between trigonal-prismatic and

trigonal-antiprismatic.

1. INTRODUCTION

Supramolecular assemblies with several electronically coupled
transition-metal centers have been intensively investigated
during the past several decades because of their potential
application in molecular electronics and light-harvesting
modules.' ™ Hybrid inorganic and organometallic transition-
metal arrays with relatively isolated #- and o-electronic
fragments, which belong to different substituents, on the
other hand, have received relatively little attention. Such
“polytopic” materials, however, have proven to be a potentially
useful building blocks for redox- and photoredox driven
molecular electronic devices as well as artificial photosynthetic
systems with long-lived charge separation states.”” Of the
published reports on polytopic transition-metal complexes, the
recently discovered phthalocyaninoclathrochelates®” deserve
special attention. These phthalocyanine-capped cage iron(II)
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hybrid complexes have a phthalocyanine-centered extensive 7-
system that is coupled to the o-bonded transition-metal cage.
While phthalocyanine 7z-systems could be exploited for their
known photo- and electro-chromic as well as photocatalytic
properties,'® complementary iron(II) chlathrochelate fragments
could be utilized as sensitizers in photochemical hydrogen
production from water.'"' So far, several zirconium(IV),
hafnium(IV), and lutetium phthalocyaninoclathrochelates
have been prepared and characterized by spectroscopic and
electrochemical methods.*® Although significant progress has
been made in synthesis and characterization of the
phthalocyaninoclathrochelates, little is known about their
electronic structure as well as UV—vis spectra band assign-
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ments. Moreover, all electrochemical data were assigned on the
basis of the available literature data for parent phthalocya-
nines'? and clathrochelates'® and have not been confirmed by
experimental and theoretical methods.

Thus, in this paper, electronic structure and experimental
UV—vis band assignments of several phthalocyaninoclathro-
chelates (Figure 1) are discussed on the basis of density

M = Hf, (1) Zr(2)

Figure 1. Target phthalocyaninoclathrochelate complexes.

functional theory (DFT) and time-dependent DFT (TDDFT)
approaches. In addition, theoretical findings were supported by
magnetic circular dichroism (MCD) and spectroelectrochem-
ical data. Finally, a new X-ray structure of the zirconium(IV)
phthalocyaninoclathrochelate is also reported.

2. EXPERIMENTAL SECTION

Materials and Physical Measurements. Dichloromethane
(DCM) was distilled over calcium hydride prior to experiments. For
electrochemical experiments, tetrabutylammonium perchlorate
(TBAP) was recrystallized twice from ethyl acetate. UV—vis data
were obtained on Jasco-720 or Cary 17 spectrophotometers. MCD
data were recorded using OLIS DCM 17 CD spectropolarimeter using
1.4 T DeSa magnet. The MCD spectra were measured in mdeg = [6]
and converted to Ae (M™" ecm™ T~') using the regular conversion
formula: Ae = /(32980 X Bdc), where is the B is the magnetic field, d
is the path length, and c is the concentration. Complete spectra were
recorded at room temperature in parallel and antiparallel directions
with respect to the magnetic field. Electrochemical measurements were
conducted using a CH electrochemical analyzer utilizing a three-
electrode scheme with platinum working, auxilary, and Ag/AgCl
reference electrodes in 0.1 M solution of TBAP in DCM with redox
potentials corrected using an internal standard (ferrocene) in all cases.
Spectroelectrochemical data were collected using a home-built
spectroelectrochemical cell in 0.3 M solution of TBAP in DCM.

Computational Details. All computations were performed using
Gaussian 03 or Gaussian 09'* software packages running under
Windows or UNIX OS. The excitation energies were calculated by a
TDDFT approach with the lowest 100 singlet excited states
considered to ensure that both Q- and B-band regions of the UV—
vis spectra of phthalocyaninoclathrochelates are covered. Theoretical
spectra were modeled using GaussView 5.0 software' using a 800
cm™' bandwidth in all cases. In all geometry optimizations, Becke’s
exchange functional'® and Perdew's correlation functional'” (BP86)
were used. All complexes were optimized without any truncations in
geometry except B-Bu groups in complexes 1 and 2 were modeled
using B-Me substituents. For all optimized geometries, vibronic
frequencies were calculated to confirm minima on the potential energy
surface of corresponding phthlocyaninoclathrochelates. Taking into
consideration the size of the phthalocyaninoclathrochelates, ECP
LANL2DZ basis set'® was used for all atoms. Single point and
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TDDEFT calculations were conducted using pure GGA BP86, hybrid
B3LYP" and long-range corrected CAM-B3LYP*° exchange-correla-
tion functionals. During testing of all exchange-correlation functionals,
it has been found that the “standard” GGA (BP86) and hybrid
(B3LYP) functionals predict the number of intense charge-transfer
transitions in the Q-band region of phthalocyaninochlathrochelates,
which is inconsistent with the experimental data. Use of the long-range
corrected CAM-B3LYP exchange-correlation functional, however,
resulted in much better correlation between the experimental data
and the theoretical results for the target compounds. The percentage
of atomic orbital contributions to their respective molecular orbitals
were calculated by using the VMOdes program.*' Since the low-spin
state of iron(II) ion in clathrochelate substituent of complexes 1—3 (as
well as all known iron(1I) clathrochelates) has clearly been established
on the basis of polynuclear NMR and Mdssbauer spectroscopies,®”
only the diamagnetic ground states were considered in DFT and
TDDEFT calculations.

Single Crystal X-ray Analysis. Single crystals of complex 2 were
grown at room temperature using a benzene—isooctane mixture. The
crystallographic measurements were conducted at 120 (2) K using
Bruker SMART 1 K CCD area detector and Mo—Ka radiation (1 =
0.71073 A).>* Reflection intensities were integrated using SAINT
software and corrected by a semiempirical method (SADABS
program).”®

The structure was solved by the direct method and refined by full-
matrix least-squares in the anisotropic approximation for nonhydrogen
atoms using SHELXTL.>* Positions of the hydrogen atoms were
calculated geometrically and refined using the riding model with
isotropic temperature factors Uy, = nUeq(C), where n = 1.5 for methyl
groups and 1.2 for the others; U, values are the equivalent isotropic
displacements parameters of the corresponding pivot carbon atoms.
Crystal data for FeNx;(Bn-C,H,)(ZrPc)-3C¢Hg: C,,Hg;BN,,O4FeZr,
M = 1382.28, monoclinic, crystal size 0.60 X 0.44 X 0.20 mm, space
group P2,/c, a = 20.570(3), b = 12.248(2), ¢ = 26,966(3) A, f =
107.766(4)°, V = 6469.5(2) A, Z = 4, pyeq = 1419 grem™, 20, =
52.00°, 12572 unique data (R, = 0.1087), R; = 0.0675 (8804 refls.
with I > 26(I)), R, = 0.1392 (all unique reflections), number of
parameters: 820, GOF = 1.011. CCDC reference number is 780361.
The main geometrical parameters of the molecule are represented in
Table 1.

3. RESULTS AND DISCUSSION

UV-vis and MCD Spectra of Selected Phthalocyani-
noclathrochelates. UV—vis and MCD spectra of selected
phthalocyaninoclathrochelates are shown in Figure 2. In the
first approximation, the degree of electronic interaction
between the porphyriniod-type chromophore and axially
coordinated ligand(s) could be determined using UV—vis
spectra of such assemblies. When axial ligand(s) are electroni-
cally coupled with porphyrinoid-type chromophores, then their
most prominent B- (Soret-) and Q-bands under§o significant
shifts to the lower or higher energy regions.”> When the
degree of electronic interaction between the porphyrinoid-type
chromophore and the axial ligand(s) is small, however, then the
energies of its most prominent B- (Soret-) and Q-bands will
remain close to those observed in the parent chromophore.*®
UV—vis spectra of selected phthalocyaninoclathrochelates
could be clearly viewed as a superposition of the UV—vis
spectra of the parent phthalocyanine chromophores and the
axial chlathrochelate ligands. UV—vis spectra of phthalocyani-
noclathrochelates are dominated by the intense Q- and B-band
regions with the corresponding observed maxima at 687—688
and 342—350 nm. Both Q- and B-band regions of the
phthalocyaninoclathrochelates are virtually indistinguishable
(+2 nm) from the UV—vis spectra of the respective parent
hafnium, zirconium, and lutetium phthalocyanines.*® Broad
bands, which are observed at 474—480 nm for hafnium and
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Table 1. Selected Bond Distances and Angles in
Zirconium(IV)-Capped Complex 2 According to X-ray
Diffraction Data

Bond Distances (A)

Zr1—02 2.092(3)  Fel-N1 1.905(3)
Zr1-04 2.095(3)  Fel-N3 1.903(3)
Zr1-06 2.115(3)  Fel—NS 1.896(3)
Zr1-N8 2257(4)  Fel-N2 1.927(3)
Zr1-N10 2259(4)  Fel-N4 1.913(3)
Zr1-N12 2266(4)  Fel—-N6 1.920(3)
Zr1-N14 2262(3)  O1-N1 1.390(4)
02-N2 1.364(4)  O3-N3 1.373(4)
04-N4 1.371(4)  O5-NS§ 1.372(4)
06—-N6 1.347(4) N1-C1 1.297(5)
N2—-C2 1294(5)  N3-C3 1.305(5)
N4-C4 1.305(5) N5-CS$ 1.305(5)
N6—C6 1.306(5)  C3-C4 1.439(6)
Cl1-C2 1.443(5)  NI1--N3 2.597(5)
C5-C6 1441(6)  N3--NS 2.611(5)
N1---N5 2.583(5)  N2--N6 2.670(5)
N2--N4 2.695(5)  N4-N6 2.714(5)
Angles (deg)
N3—Fel-N5  86.8(1) NI-Fel-N3  86.0(1)
N1-Fel-N2  78.5(1) N1-Fel-N5  85.6(1)
N3—Fel-N4  79.0(1) N2-Fel-N4  89.2(1)
N5S—Fel-N6  79.4(1) N2—Fel-N6  87.9(1)
02-Zr1-04  83.7(1) N4—-Fel-N6  90.2(1)
06-7r1-04  84.6(1) 01-B1-03 109.2(3)
02-7Zr1-06  82.6(1) 01-B1-05 109.2(3)
N2-02-Zrl  123.5(2) 03-B1-05 110.0(3)
N4—04-Zr1  1240(2) C1-NI1-01 116.5(3)
N6—06—Zrl 124.5(2)  C3-N3-03 117.0(3)
N1-O1-B1 1112(3)  C5-NS5-05 116.8(3)
N3-03-B1 111.3(3)  C4-N4-04 115.5(3)
N5—05-B1 111.5(3)  Fel-N2-02  125.6(3)
C2-N2-02 1162(3)  Fel-N4-04  1259(2)
Fel-N1-O1  1232(2) Fel-N6-06  124.9(2)
Fel-N3-03  1237(2) h/A 2.295
Fel-N5-05  123.5(2) ¢ 30.1, 30.1, 30.4 (av. 30.2)
C6—N6-06 11723) « 39.5

zirconium complexes 1 and 2, as well as a broad unstructured
band observed between ~500 and 600 nm for lutetium
complex 3, are virtually identical to the UV—vis spectra of the
starting iron(II) clathrochelates® except in the latter case,
where some of the low-energy charge-transfer bands are
masked by more intense vibronic satellites of the phthalocya-
nine-centered Q-band observed between 600 and 650 nm.
MCD spectra of complexes 1—3 are dominated by the very
intense phthalocyanine-centered Q-band represented by the
Faraday A-term centered between 687 and 690 nm (Figures
2—4). In agreement with perimeter model*® and earlier MCD
data on phthalocyanines,” another (about one order of
magnitude smaller) Faraday A-term was observed in the B-
band region (340—348 nm). Intensities of the MCD signals of
the charge-transfer transitions in iron(II) clathrochelate
substituents are expected to be significantly smaller compared
to intensities of phthalocyanine-centered 7—z* transitions.”*>°

In agreement with this expectation, we had to collect MCD
data on clathrochelate-centered charge-transfer transitions in
400—600 nm region using ~10 times higher concentration of
phthalocyaninoclathrochelates (Figure 2). MCD spectra of
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Figure 2. UV—vis (top) and MCD (bottom) spectra of hafnium(IV)-
capped complex 1 (A), zirconium(IV)-capped complex 2 (B), and
lutetium(III)-capped complex 3 (C), in DCM. Magnification of the
MCD spectra in MLCT and B-band regions are color coded by red
and blue fonts.

hafnium and zirconium complexes 1 and 2 in the 400—600 nm
region are very close to each other and consist of four major
features. The highest energy feature is the Faraday A-term
centered at 430 nm. Since the same feature is present at the
same energy in phthalocyaninoclathrochelate lutetium complex
3 as well as nickel tetra-tert-butyl-phthalocyanine complex
(Supporting Information, Figure 1), this Faraday A-term was
assigned to the second doubly degenerate 'E (C,, effective
symmetry of phthalocyanine chromophore) excited state
predicted earlier by semiempirical>’ and TDDFT>* calculations
on simple main group and transition-metal phthalocyanines and
confirmed below on the basis of TDDFT calculations on
phthalocyaninoclathrochelates.

Two lowest energy positive Faraday B-terms observed at
~575 and 595 nm could be easily attributed to typical for the
phthalocyanine compounds3’3 vibronic components of the Q,_,
band centered at 687—688 nm in complexes 1 and 2. Two
positive Faraday B-terms observed at 454 and 480 nm were
attributed to the predominantly clathrochelate-centered as well
as clathrochelate-to-phthalocyanine and phthalocyanine-to-
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clathrochelate charge-transfer bands based on the experimental
UV—vis spectra of iron(II) clathrochelates and the TDDFT
calculations on phthalocyaninoclathrochelates discussed below.
Similar to the MCD spectra of complexes 1 and 2, the MCD
spectrum of lutetium phthalocyaninoclathrochelate 3 in the
400—600 nm region has a weak Faraday A-term centered at 427
nm, which could be attributed to the second doubly degenerate
'E state (C,, effective symmetry) of the phthalocyanine
chromophore. The charge-transfer region of the clathrochelate
substituent in complex 3 is presented by two weak positive
Faraday B-terms observed at 454 and 477 nm and one more
intense and very broad negative Faraday B-term centered at 480
nm. This negative B-term overlaps with two positive Faraday B-
terms located at 575 and 595 nm resulting in reduced intensity
of the latter signal and negative amplitude of the former one.
Both signals can be attributed to the vibronic components of
the intense phthalocyanine-centered Q,_, band observed as a
Faraday A-term at 688 nm. On the other hand, Faraday B-terms
observed at 454, 477, and 480 nm could be attributed to the
predominantly intraligand clathrochelate-centered charge-trans-
fer transitions as discussed below. Overall, UV—vis and MCD
data for phthalocyaninatoclathrochelate complexes 13, in the
first approximation, could be interpreted in the terms of an
electronically uncoupled system, which consists of phthalocya-
nine and clathrochelate chromophores.

X-ray Structure of Phthalocyaninatoclathrochelate 2.
The molecular structure of the phthalocyaninoclathrochelate 2
is shown in Figure 3. The first coordination sphere of the FeN,

Figure 3. X-ray structure of the zirconium(IV)-capped phthalocyani-
noclathrochelate 2. Hydrogen atoms are omitted for clarity.

polyhedron is in between a trigonal prism (TP, distortion angle
@ = 0°) and a trigonal antiprism (TAP, ¢ = 60°): the angle ¢
value is equal to 30.20° and the height (%) of this coordination
polyhedron is approximately 2.30 A. These values are similar to
those reported earlier for hafnium(IV) phthalocyaninoclathro-
chelate 1%. The average Fe—N distance (1.91 A) is character-
istic of the tris-dioximate iron(Il) clathrochelates,'"** but the
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Fe—N(2,4,6) bond lengths (av. 1.92 A) for the zirconium-
containing tripodal fragment are greater that those for the
boron-capped moiety (the Fe—N(1,3,5) distances are approx-
imately 1.90 A, Table 1).

The average bite angle a (half of the N—Fe—N angle in
chelate cycle) value is also characteristic of the macrobicyclic
iron(II) tris-dioximates,""** whereas the angles in the N—Fe—
N fragments, in which donor nitrogen atoms belong to the
different ribbed a-dioximate fragments, are significantly higher
in the case of the zirconium-capped moiety (av. 89.1°) than
those in the boron-containing one (av. 86.3°). The distances of
the encapsulated iron(I) ion to the planes defined by N1, N3,
and NS and N2, N4, N6 are 1.126(2) and 1.169(2) A,
respectively, and the average nonbonding N---N distances in
these bases of the TP—TAP coordination polyhedron are equal
to 2.693(5) and 2.597(5) A, respectively. As a result, the O2—
N2—Fel-N4—-04 and O2—N2—Fel—-N6—06 moieties are
more open than the corresponding boron cross-linked
fragments, and the N—O—B bond angles are more acute than
the N—O—Zr angles with the remaining of the main
geometrical parameters (the C=N, N—O, and C—C bond
distances and the corresponding bond angles) in the a-
dioximate chelate cycles of the clathrochelate framework. These
distortions of the mixed boronzirconium-capped clathrochelate
framework may be caused by the difference in the (Shannon)
radii*® of its cross-linking ions as well as by their different Lewis
acidity. Similar to the earlier reported ditopic complex 1,° the
phthalocyanine ligand in complex 2 is slightly nonplanar with
both hafnium and zirconium in 1 and 2 located at ~1 A above
the phthalocyanine central cavity. Both hafnium and zirconium
centers in complexes 1 and 2 are seven-coordinated with four
nitrogen atoms of phthalocyanine and three oxygen atoms of
clathrochelate ligand. The average M-N bond distances
observed for the zirconium complex 2 (2.26 A) are close to
those found in the hafnium analogue 1 (2.24 A).® Similarly,
average M-O bond distances observed in zirconium complex 2
(2.10 A) are close to those reported earlier for hafnium
analogue 1 (2.09 A, Table 1)8

The packing of the phthalocyaninoclathrochelate 2 and the
major intermolecular interactions in this compound are very
similar to those observed in the previously described hafnium-
containing analogue 1.° Specifically, only partial 7—z
interactions were observed between neighboring phthalocya-
nine ligands with the closest contacts observed between the
pyrrole units close to 3.5 A.

Electronic Structures and TDDFT Predicted Vertical
Excitation Energies of Phthalocyaninoclathrochelates.
To gain a further insight into the UV—vis and MCD
spectroscopy as well as the redox properties of phthalocyani-
natoclathrochelate complexes 1—3, we investigated electronic
structures and origins of the vertical excitation energies using
DFT and TDDFT approaches, which are proven to provide
accurate electronic structures and spectroscopic parameters for
inorganic,36 organometallic,37 and organic compounds includ-
ing porphyrinoids®**® and clathrochelates.’® From spectro-
scopic and theoretical points of view, phthalocyaninatocla-
throchelate complexes 1—3 present an interesting case in which
the axial clathrochelate ligand, with an effective 3-fold
symmetry, is axially coordinated to the phthalocyanine
chromophore with effective 4-fold symmetry. In agreement
with X-ray data on zirconium and hafnium complexes 1 and 2,
all target compounds were optimized in the C; point group,
while all our attempts to increase the total symmetry to C;
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resulted in imaginary frequencies indicative of structure
instability. When comparison between theory and X-ray
experiments is possible (Supporting Information, Table 1), it
suggests that the DFT predicted geometries are in a good
agreement with experimental parameters.

The DFT predicted MO diagrams for the target
phthalocyaninatoclathrochelates 1—3 are presented in Figure
4, while an analysis of the orbital compositions is provided in

==|Fe+L —
-1 }Fe+ }Fe+L el
-2- ® b TR T
{ — 7 (Pc) —— == (Pc) X (Po)
i
3
. =54
(NN 4 a(Pc)
-64 a(Pc) (Pc)
-7+ ==]Fe+L =}Fe+L ——}FesL
8‘ =}/ — =}R(PC)
T . (PC) . (Po) ——Fe+l

Hf complex 1 Zr complex 2 Lu complex 3
Figure 4. Molecular orbital energies of phthalocyaninoclathrochelates

1-3 (calculated at CAM-B3LYP/LANL2DZ level).

Supporting Information, Figure 2. The frontier orbitals of the
target ditopic complexes 1—3 are pictured in Figure S. In

%9%
2, 0\ o®
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:,‘:

LUMO+2

LUMO; LUMO+1
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83.

HOMO-1

‘t

pd-
A
HOMO

Figure S. Frontier orbitals of phthalocyaninoclathrochelate 3
calculated at CAM-B3LYP/LANL2DZ level.

agreement with Gouterman’s classic four-orbital model for
porphyrins and phthalocyanines,*® the highest occupied
molecular orbital (HOMO) in complexes 1-3 is a
phthalocyanine-centered m-orbital corresponding to an a;,
MO in the Dy, point group notation, which is reflective of
the effective 4-fold symmetry of the phthalocyanine ligand. The
HOMO in ditopic complexes 1—3 is a pure phthalocyanine-
centered MO without any contribution from the axial
clathrochelate ligand. Introduction of a single clathrochelate
substituent into the phthalocyanine axial position in complexes
1 and 2 results in the next five MOs (HOMO-1 to HOMO-5)
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becoming predominantly mixed iron (d Ly diy, and d,?) and
clathrochelate 7 MOs, while the second classic Gouterman’s
phthalocyanine-centered occupied 7-orbital of a,, symmetry
(D4, point group) is located at the lower energy (HOMO-6).

The different nature of the clathrochelate ligand in complex 3
leads to situation when the classic phthalocyanine-centered
Gouterman’s 7-orbitals are separated by only three (HOMO-1
to HOMO-3) mixed clathrochelate/iron MOs, with two of
them (HOMO-1 and HOMO-2) being nearly degenerate
(Figure 4). In agreement with previous computatlonal
data 313238 as well as the classic Gouterman’s model,* the
nearly degenerate lowest unoccupied molecular orbital
(LUMO) and LUMO+1 in ditopic complexes 1—3 are pure
phthalocyanine-centered 7-orbitals with no admixture from the
axial clathrochelate ligand. In zirconium and hafnium ditopic
complexes 1 and 2, these MOs are energetically well separated
from the higher energy, clathrochelate-centered unoccuppied
m*-orbitals (LUMO+2 to LUMO+4). The energies of
clathrochelate-centered unoccuppied z*-orbitals (LUMO+2
to LUMO+4) in complex 3, however, are much closer to the
phthalocyanine-centered LUMO and LUMO+1 (Figure 4).
Because of the redox silent nature and size similarities of the
hafnium and zirconium ions in complexes 1 and 2, it is
expected that the orbital energies and compositions of MOs in
these compounds should be very close to each other and
indeed, analysis of the MO compositions and energies confirms
this hypothesis. Taking into consideration the large metal—
metal distances in complexes 1—3, it is not surprising to see
that the long-range corrected DFT calculations predict no
significant overlap between two metallocenters. The electron-
donating properties of the clathrochelate substitutent in
complex 3 result in significantly higher energies of the
phthalocyanine-centered classic Gouterman’s z-orbitals com-
pared to those in complexes 1 and 2, and this trend is in
excellent agreement with the electrochemical data on the
respective phthalocyaninoclathrochelates.®”

Overall, based on the DFT predicted electronic structure of
the phthalocyaninatoclathrochelates 1—3, one would expect the
following classes of electronic transitions in their UV—vis and
MCD spectra: (i) phthalocyanine-centered intra-ligand 7—7*
transitions; (i) clathrochelate-centered d-d, metal-to-ligand
charge-transfer (MLCT), and ligand-to-metal charge transfer
(LMCT) transitions; (iii) phthalocyanine-to-clathrochelate
inter-ligand LMCT and 7—z* transitions; (iv) clathrochelate-
to-phthalocyanine MLCT and z—z* transitions (Figure 6). In
the oversimplified picture, it is expected that the phthalocya-
nine-centered 7—7* transitions to the nearly degenerate
LUMO and LUMO+1 will result in intense absorption bands
observed in UV—vis spectra as well as intense Faraday A-terms
observed in MCD spectra of the respective ditopic complexes
1-3.

According to the perimeter model,*® it is expected that the
intensity of the MCD A-term, which corresponds to the low-
energy Q-band, should be about an order of magnitude larger
compared with the intensities of the MCD A-terms observed in
the B-band region. In the case of the completely electronically
uncoupled clathrochelate ligand, it is expected that the low-
energy band observed in the ~500 nm region will have
predominantly MLCT character, while more intense bands in
the UV regions will correspond to the 7—z* transitions. Taking
into consideration electronic structure and the extent of the 7
system of the clathrochelate substituent, it is expected that all
MCD A- and B-terms, which correspond to the clathrochelate-
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PcM iron(Il)-clathrochelate
LUMO+2
LUMO+1
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HOMO =
HOMO-1

Figure 6. Simplified possible types of the transitions in the
phthalocyaninoclathrochelates 1—3. Phthalocyanine 7—z* transitions
are given in blue; phthalocyanine-to-clathrochelate z—z* CT
transitions are given in dark green; intra-ligand clathrochelate
transitions with significant MLCT are given in light green;
clathrochelate 7—7z* transitions are given in red; clathrochelate-to-
phthalocyanine transitions with significant MLCT character are given
in magenta; clathrochelate-to-phthalocyanine z—z* transitions are
given in brown.

centered MLCT and z—z* transitions will be significantly
weaker compared to the MCD signals originating from the
electronically allowed transitions of the phthalocyanine core.*
The tentative analysis of the UV—vis and MCD spectra of
phthalocyaninoclathrochelates 1—3 provided above is sugges-
tive of electronically uncoupled phthalocyanine and clathroche-
late ligands in these compounds. Further insight into the nature
of the experimentally observed transitions was gained using the
TDDFT approach. It was found that in general, TDDFT
calculations reproduce very well all experimentally observed
features in the ditopic phthalocyaninoclathrochelate complexes
1-3 (Figure 7 shows experimental and TDDFT predicted data
in cm™! scale, while similar data in nm scale are presented in
Supporting Information, Figures 3—S5). In agreement with the
earlier publications,****™*° the absolute TDDFT errors for
complexes 1—3 calculated at BP86, B3LYP, and CAM-B3LYP
levels are increasing with the increase of the amount of
Hartree—Fock exchange but still are in a very reasonable range
of ~0.1-0.3 eV. Because of the large similarities observed in
the experimental UV—vis and MCD as well as TDDFT
predicted spectra of the zirconium and hafnium complexes 1
and 2, these will be discussed together. All features in TDDFT
calculated spectra of ditopic complexes 1 and 2 could be
arranged into five regions as labeled in Figure 7. According to
TDDEFT calculations, region I, which corresponds to the Q-
band region in the experimental spectra of complexes 1 and 2,
entirely consists of the phthalocyanine-centered 7—7* tran-
sitions. These intense transitions originate from the HOMO (z,
Pc) - LUMO, LUMO+1 (#*, Pc) excitations.

In agreement with the TDDFT calculations, the Q-band
envelope in UV—vis and MCD spectra of the ditopic complexes
1 and 2 should be dominated by the doubly degenerate (or
nearly doubly degenerate) m—z* transitions, which should
result in the intense MCD A-terms. It is known that the
TDDFT approach tends to underestimate oscillator strengths
of the low energy 7—z* transitions in phthalocyanines,® and
thus it is expected that the actual intensities of the
predominantly phthalocyanine-centered 7—z* transitions in
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Figure 7. Experimental (top) and TDDFT predicted (bottom) UV—
vis spectra of hafnium(IV)-capped complex 1 (A), zirconium(IV)-
capped complex 2 (B), and lutetium(IIl)-capped complex 3 (C).
Spectral regions are labeled with Roman numbers.

complexes 1 and 2 should be larger than those predicted by the
TDDEFT.

The region II envelope, which corresponds to the low
intensity band centered at ~480 nm in the UV—vis spectra of
complexes 1 and 2 is dominated by seven excited states. The
most intense transitions have charge-transfer character and
originate from clathrochelate(z) + iron(d) (HOMO-1 to
HOMO-3) — cdlathrochelate (7%, LUMO+2 to LUMO+4)
transitions. In addition, two lower intensity charge-transfer
bands originating from HOMO-1 (clathrochelate(x) + iron-
(d)) to LUMO and LUMO+1 (phthalocyanine 7*) transitions
are indicative of the potential weak electronic coupling between
phthalocyanine and clathrochelate fragments. This pair of nearly
degenerate charge-transfer transitions should result in the weak
MCD Faraday A-term, while the other excited states should
lead to Faraday B-term in the MCD spectra of 1 and 2.

The TDDFT predicted region III envelope corresponds to
the low-energy wing of the B-band region (Figure 7). TDDFT
calculations predict eight relatively intense excited states in this
region with the most intense excited states being predominantly
intra-ligand clathrochelate charge-transfer, intraligand phthalo-
cyanine-centered 7—7*, and clathrochelate (L + Fey) to
phthalocyanine (7*) transitions. Again, the latter transitions are
indicative of the potential weak electronic coupling between
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phthalocyanine and clathrochelate substituents. The presence of
predominantly phthalocyanine-centered 7—z* transitions in
region III envelope could explain the existence of the weak
Faraday A-term experimentally observed in the MCD spectra of
complexes 1 and 2 at ~430 nm. Following TDDFT
calculations, region IV of the UV—vis spectrum consists of
~40 excited states with predominantly phthalocyanine-centered
m—m* transitions being the most intense. Region V of the
TDDFT predicted UV—vis spectra of ditopic complexes 1 and
2 consist of the numerous excited states with clathrochelate-
and phthalocyanine-centered intraligand transitions.

The electronic structure of lutetium complex 3 is slightly
different from that in complexes 1 and 2. Specifically, the
phthalocyanine-centered HOMO is better separated from the
clathrochelate-centered HOMO-1 to HOMO-3 (Figure 4).
The phthalocyanine-centered LUMO and LUMO+1 are closer
in energy to several clathrochelate centered unoccupied MOs.
As a result, TDDFT predicted origins and energies of the
excited states in regions I—V (Figure 7) are slightly different
compared to those in complexes 1 and 2. The spectral region I
envelope consists of two excited states originating from
HOMO (x, Pc) -» LUMO, LUMO+1 (n*, Pc) transitions.
These transitions are responsible for the intense Q-band
observed in the UV—vis spectrum of complex 3 as well as
corresponding very intense Faraday MCD A-term observed in
the MCD spectrum of this compound. The spectral region II
consists of eight excited states of significant intensity. Five of
the most intense transitions predominantly originate from
HOMO-1 to HOMO-3 (7, L + d, Fe) - LUMO+2 to LUMO
+4 (7%, L) charge-transfer excitations and (unlike transitions in
complexes 1 and 2) are localized at the clathrochelate ligand.
The TDDFT predicted region III spectral envelope is
dominated by the two excited states, which have predominant
phthalocyanine intraligand 7—z* character and are similar to
complexes 1 and 2. These are responsible for the weak Faraday
A-term observed in MCD spectrum of complex 3. Again,
similar to ditopic complexes 1 and 2, region IV of the spectral
envelope of lutetium complex 3 is dominated by several
phthalocyanine-centered intraligand z—z* transitions.

Overall, experimental UV—vis and MCD spectra as well as
TDDFT calculations on the phthalocyaninochlathrochelates
1-3 clearly suggest that their spectra are dominated by the
intraligand transitions localized on either the phthalocyanine
macrocycle or the clathrochelate fragment. Although TDDFT
calculations predict several clathrochelate-to-phthalocyanine
and phthalocyanine-to-clathrochelate transitions in UV—vis
region, their intensities should be small and thus it is extremely
challenging to extract those transitions (if present) from the
experimental UV—vis and MCD data. Thus, the questions
whether or not clathrochelate ligand is even weakly electroni-
cally coupled to the phthalocyanine fragment remains open at
this time.

Oxidation of Phthalocyaninoclathrochelate Com-
plexes at Spectroelectrochemical Conditions. Redox
properties of phthalocyaninochlathrochelates 1—3 have already
been investigated by some of us using the cyclic voltammetry
(CV) approach in an 0-DCB/TBAP system (Table 2).*? The
redox behavior of the ditopic complexes 1—3 in 0-DCB/TBAP
and DCM/TBAP (system, which was used for spectroelec-
trochemical experiments described below) is virtually identical,
and thus will not be discussed in details.

The first reversible oxidation and reduction processes were
attributed to the phthalocyanine core based on the potential

8368

Table 2. Redox Properties (mV) of the Hybrid Complexes
1-3°

complex Ox3 Oox2 Ox1 Redl Red2 Red3
1° 1700™ 1260 1030 —650 —1080  —1860™
2? 1680™ 1270 1030 —640 —1070  —1870""
3¢ 1420™™ 990 610 —-1090  —1690

“o-dichlorobenzene; TBAP; Ag/AgCL bRef 8. “Ref 9.

difference and their similarities to the parent hafnium,
zirconium, or lutetium phthalocyanine complexes.'> The
second quasi-reversible and the third irreversible oxidation
waves at CV conditions were attributed to the oxidation of the
clathrochelate substituent based on their similarity to the
oxidation processes observed in the parent clathrochelates.'" In
agreement with these tentative assignments, our DFT
calculations predict that the HOMO and the LUMO are
predominantly phthalocyanine-centered, while HOMO-1 and
HOMO-2 have predominantly clathrochelate character. To
verify experimental electrochemical assignments and DFT
calculation, spectroelectrochemical experiments on all ditopic
complexes 1—3 were conducted in the DCM/TBAP system.
The spectroelectrochemical transformations of the phthalocya-
ninatoclathrochelate complexes 1—3 are presented in Figure 8
and Supporting Information, Figures 6 and 7. In all cases
studied, during oxidation at the first oxidation potential in
spectroelectrochemical experiments, initial Q-band intensity at
~690 nm and B-band ~350 nm decreases, while the three new
bands observed at ~425, ~530, and ~830 nm appear in the
UV—vis spectra of the ditopic complexes 1—3. In each case, the
first oxidation was accompanied by six isosbestic points and is
characteristic of formation of the phthalocyanine-centered
cation-radical.*'

The high intensity of the cation-radical band at ~830 nm is
characteristic of the monomeric form of the oxidized ditopic
complexes 1-3 (i.e, [1—3]"), while the presence of the weak
and broad band at ~720 nm is indicative of a small fraction of
the [1-3],>* dimers.*' Such dimers are well-known and
originate from the cofacial 7— interaction between monomeric
[1-3]" complexes. It should be noted that in agreement with
electrochemical data, the first oxidation process is fully
reversible, and the initial neutral phthalocyaninoclathrochelates
1-3 can be regenerated from corresponding cation-radicals
upon electrochemical reduction (Supporting Information,
Figure S). During electrolysis at the second oxidation potential,
all phthalocyanine-centered cation-radical bands at ~830,
~720, ~530, ~420, and ~330 nm lost their intensities
(Supporting Information, Figure 6) without formation of the
new absorption bands. Since initial neutral complexes 1-3
cannot be regenerated from these doubly oxidized compounds,
it easy to conclude that at the relatively slow bulk electrolysis
conditions, dications [1—3]*" are not stable and degrade in
solution. This observation is also in agreement with the
electrochemical data, which is suggestive of the quasi-
reversibility of the second oxidation process only at high scan
rates. Overall, spectroelectrochemical data support -earlier
tentative assignments of the redox properties of phthalocyani-
noclathrochelate complexes 1—3 and are in excellent agreement
with DFT calculations presented above, which are indicative of
a phthalocyanine-centered HOMO.
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Figure 8. Oxidation of the hafnium(IV)-capped complex 1 (A),
zirconium(IV)-capped complex 2 (B), and lutetium(III)-capped

complex 3 (C) at the first oxidation potential in DCM/TBAP system
in spectroelectrochemical experiment.

4. CONCLUSIONS

An insight into the electronic structure of several hafnium(IV),
zirconium(IV), and lutetium(III) phthalocyaninoclathroche-
lates has been discussed on the basis of experimental UV—
vis, MCD, electro- and spectroelectrochemical data as well as
DFT and TDDFT calculations. Although UV—vis and MCD
spectroscopy can be interpreted in the first approximation as a
superposition of the phthalocyanine-centered and clathroche-
late-centered transitions, theoretical TDDFT predictions
revealed a more complex picture. In particular, multiple
phthalocyanine-to-clathrochelate and clathrochelate-to-phthalo-
cyanine charge-transfer transitions were predicted in all
experimentally observed spectral envelopes, and thus it was
concluded that the electronic structure and spectroscopy of the
phthalocyninoclathrochelates can be described as a super-
position of the weakly interacting phthalocyanine and
clathrochelate substituents. DFT calculations clearly confirm
that the HOMO in all tested complexes is localized on the
phthalocyanine ligand. In agreement with this prediction,
spectroelectrochemical data clearly is suggestive of the
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formation of the phthalocyanine-centered cation-radical during
electrolysis of all tested phthalocyaninoclathrochelates at the
first oxidation potential. It was found that the monomeric
cation-radical species dominate in solution over the dimeric
cation-radicals. In agreement with the electrochemical data,
monitored by the spectroelectrochemical method, electrolysis
of one-electron oxidized complexes at the second oxidation
potential results in degradation of the phthalocyaninoclathro-
chelate assembly.
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