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Abstract

Reversible, room-temperature light-induced spin-crossover has been
reported in a Ni-porphyrin functionalized with a phenylazopyridine (PAPYy)
ligand (Venkataramani et al., Science 2011, 331, 445). Upon light irra-
diation (500 nm), the azopyridine moiety induces a change in the Ni(II)
coordination sphere from square planar (n = 4) to square pyramid (n = 5),
leading to a change in the total spin of the molecule from S =0to S = 1.
The trans-cis isomerization in the azopyridine ligand has been proposed
to trigger the spin-crossover effect. However, the radiation used to induce
the HS state is about 135 nm red-shifted with respect to the radiation
used for trans-cis isomerizations of the N=N double bond in other com-
pounds. To elucidate the light-induced spin-crossover mechanism for this
Ni(II) compound, a combined DFT/CASSCF/CASPT2 study has been
performed to determine the most stable cis and trans conformers with
n=4 or n=>5, and to characterize the excitation that triggers the SCO
process. ™ — 7 interactions between porphyrin and PAPy are shown to

play an essential role in the spin crossover.
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1 Introduction

Many first row transition metal complexes present fascinating magnetic proper-
ties due to the presence of unpaired electrons in the 3d-shell. Transition metal
ions with d* to d” electronic configurations are highly interesting because high-
spin and low-spin configurations can be very close in energy depending on the
nature of the coordinating ligands. Changes in the population of these con-
figurations induced by external perturbations can lead to magnetic bistability
when spin crossover (SCO) is accompanied by geometrical rearrangements in
the complex. Particularly interesting for technical purposes are materials with
SCO at room temperature [1]. These materials have attracted attention due to
their potential application as sensors, optical switches, energy and information
storage or energy transformation devices [2-5].

SCO can be induced by environmental changes, such as temperature, pres-
sure, external magnetic fields or light. Among these possibilities, the latter
variant is probably the most interesting one. The prototype SCO complex con-
sists of a (quasi-)octahedral FeNg core, where the nitrogen atom can be part of
a monodentate or multidentate ligand [6-8]. At low temperatures, these com-
plexes present a singlet ground state in most cases. The standard mechanism of
light-induced SCO involves the excitation of an electron from the 3d orbitals of
the Fe(II) ion into a higher lying orbital, for instance the 7 antibonding orbital
of the coordinating ligand through a metal to ligand charge transfer (MLCT)
excitation. This excitation is followed by a relaxation process through inter-
system crossings and internal conversions to the metastable HS state [6, 9-21].
However, this is not the only way to induce SCO by light. The HS state can also
be populated through photoisomerization reactions in the ligands (light-driven
ligand-induced spin change, LD-LISC). When two isomers of a certain ligand
exert a different ligand-field on the metal center, switching by light from one
form to the other can invert the thermodynamic stability of the LS and HS
states [22-24]. A more robust variant of this mechanism is based on a photoin-
duced change of the coordination number of the metal center. Isomerization can
change an n-dentate ligand into an (n + 1)-dentate ligand or vice-versa [25, 26],
and modify the ligand field strength in such a way that a spin change is induced.

Ni(II) complexes do not belong to the traditional class of SCO compounds.
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Figure 1: Electronic configurations of the 3d electrons of square-planar (left),
square pyramidal (middle), and octahedral (right) Ni(II) complexes. Orbital

energies are relative to the 3d,., 3d,. energy.

The sixfold, quasi-octahedral coordination mode strongly favors an S=1 spin
coupling of the 3d® configuration and complexes with square-planar (sqp) four-
fold coordination usually have an S=0 spin state. Square pyramidal (spy) penta-
coordinated complexes can be found in both LS and HS states, but only recently
a classical SCO system with a pentacoordinated Ni(II) has been identified [27].
In square-planar Ni(II) n=4 complexes, the absence of axial ligands stabilizes
the 3d,2 orbital with respect to the 3d,2_,2 one. The 3dy, 3d,. and 3d,. are
also more stable than the 3d,2_,2 orbital, causing the pairing of all eight metal
electrons and these complexes have singlet ground state, as shown in Fig. 1 on
the left. On the other extreme, (quasi-)octahedral n=6 complexes have (nearly-
)degenerate 3d,> and 3dg2_,2 orbitals, favoring singly occupancy and therefore
a triplet ground state (S=1), see Fig. 1 on the right [28]. Square pyramidal n=5
Ni(II) complexes can be either high-spin or low-spin depending on the nature
of the axial ligand. In comparison to the square-planar coordination, the axial
ligand stabilizes the 3d., and 3d,2_,> orbitals with respect to the orbitals with
a z-component. Depending on the gap between the 3d,> and 3d;2_,2 orbitals,
the electrons occupy the 3d,2 orbital to form a S=0 state or both orbitals are
singly occupied leading to an S=1 state, see Fig. 1 middle.

Transition metal (TM) porphyrins are planar structures that can easily in-
corporate axial ligands and therefore are good candidates for LD-LISC processes
guided by changes in the coordination of the TM. Recently, room-temperature

SCO has been reported for Ni-tetrakis(pentafluorophenyl)porphyrin (NiTPP)
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Figure 2: Ni-tetrakis(pentafluorophenyl)porphyrin with a phenylazopyridine
functionalized axial arm (NiTPP-PAPy).

functionalized with a phenylazopyridine (PAPy) arm [26], see Fig. 2. Under
standard conditions, the NiTPP-PAPy complex is low-spin (S=0) and NMR
experiments, among other characterization techniques, indicate a tetracoordi-
nated Ni(II) in a square planar geometry with a trans configuration of the
PAPy arm. Upon irradiation at 500 nm, the compound becomes paramagnetic
and rearranges to a pentacoordinated complex where the pyridine moiety co-
ordinates axially to Ni(II), which becomes high-spin. The SCO process in this
Ni-porphyrin is reversible upon irradiation at 435 nm, while the thermal back
reaction is very slow.

The authors interpret that the SCO process is triggered by the trans-cis
isomerisation of the N=N bond of the PAPy arm. Irradiation at 500 nm induces
a m-7* excitation on the azo group and the PAPy arm evolves to the cis isomer.
This orients the non-bonding electron pair of pyridine nitrogen perpendicularly
to the Ni-porphyrin plane, making possible the coordination of the arm to Ni.
The assignment of the paramagnetic product as a pentacoordinated Ni ion with
the PAPy arm in the cis form was based on NMR Overhauser experiments,
indicating that the Ni-H distance of the two hydrogens adjacent to the nitrogen
of the pyridine ring is identical for both H atoms and significantly smaller than
in the initial complex. The pentacoordination of the Ni(II) ion induces a spin

change to S=1, further stabilized by the electron withdrawing pentafluorophenyl
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groups attached to the porphyrin ring that lower the energy of the 3dg2_,»
orbital and decrease the gap with the 3d,= orbital (see Fig. 1, middle) [28].
Upon irradiation with visible light (435 nm) or by heating the sample, the PAPy
arm recovers the initial ¢rans conformation and the pyridine group dissociates
from Ni(II), which turns back to its initial low-spin configuration.

However, this description of the LD-LISC leaves a few points open to discus-
sion. The most important one is the fact that the irradiation used to induce the
HS state is significantly red-shifted (~135 nm) with respect to the wavelength
normally used for cis-trans isomerizations of N=N double bonds. In fact, the
500 nm irradiation used in the experiments is typical for the Q band absorp-
tion of porphyrins. A second point is related to the indirect characterization
of the cis isomer of the arm in the paramagnetic product, which is based on
measurements on the diamagnetic Zn-analogue of the NiTPP-PAPy complex.
Furthermore, the PBE functional used in the density functional theory (DFT)
geometry optimizations may not be the most appropriate choice given the large
m-systems of the porphyrin ring and the PAPy arm. The interaction between
m-systems is in general not accurately described with standard GGA functionals.

Light induced SCO in simpler Ni(II) porphyrins in basic solvents as pyridine
has been observed before. The mechanism is well established and goes through
the 500 nm excitation in the Q band from the LS ground state (So) to an excited
singlet state (S2). This transition involves 7 and 7* orbitals of the porphyrin
system. The S, state relaxes via an intersystem crossing directly to T4 or via Sy
through internal conversion followed by an intersystem crossing as schematically
depicted in Fig. 3. A solvent molecule is then axially coordinated to the Ni(II)
and the pentacoordinated species relaxes to the Ty state [29-32].

The aim of the present work is to get more insight in the details of LD-LISC
mechanism of NiTPP-PAPy. We clarify the origin of the 500 nm irradiation that
triggers the SCO and discuss the geometries and relative stabilities of several cis
and trans isomers of the complex in LS and HS configurations. For this purpose,
we apply DFT/MO06-2X calculations to optimize the geometries combined with

CASPT?2 calculations for accurate energetics.
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Figure 3: Schematic representation of the SCO mechanism in Ni-porphyrin

complexes.

2 Computational information

Dispersion forces are poorly described with standard DFT schemes. Since the
-7 interactions between porphyrin and PAPy arm can be determinant for the
relative stabilities of the different confomers, we compare standard BP86 [33, 34]
results with those obtained with the dispersion corrected functional M06-2X
[35]. The DFT calculations are performed with the Gaussian09 package [36].
A triple zeta valence + polarization (TZVP) [37] basis set was used for the
Ni(II) ion and basis sets of split-valence + polarization (SVP) quality [38] for
the rest of the atoms. The optimized geometries were characterized as minima
on the potential energy surface by frequency calculations. Solvent effects were
included by means of the COSMO model [39, 40] using the dielectric constant
of dimethyl sulfoxide (e=46.7) to mimic the experimental conditions.

To address the energetics of the ground and excited states in the different
isomers, we apply multiconfigurational wave function based methods. Although
computationally much more demanding, they provide accurate, well-balanced
descriptions of ground and excited states of different spin multiplicity in TM

complexes. Among the different options, we opt for a standard strategy con-
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sisting of the complete active space self-consistent field (CASSCF) approach
followed by a second-order perturbation (CASPT2) treatment of the remaining
electron correlation effects. Calculations are performed with the Molcas 7 pack-
age [41, 42]. A Cholesky decomposition of the two-electron integrals is used to
reduce the computational cost. The basis sets centered on the different atoms
are of the atomic natural orbitals type (ANO-RCC)[43-45]. Apart from being
advantageous to recover the maximum of the correlation energy, these basis sets
are also optimized for scalar relativistic effects and core correlation. The most
relevant atoms in the NiTPP-PAPy and Ni-porphyrin systems (Ni and N) are
described with a TZVP basis set, while the more peripheral atoms (C, F and
H) have a basis set of double-zeta quality. In the PAPy arm, the basis set for
carbon atoms is also of TZVP quality.

The size of the active space to construct the reference CASSCF wave function
for CASPT?2 is critical to obtain reliable results. The standard active space in
the CASSCF calculations on the complexes with Ni (NiTPP-PAPy, and Ni-
porphyrin + pyridine) contains 10 electrons distributed in all possible ways
over eleven orbitals, [10,11]-CASSCF. Ten of the active orbitals are localized on
Ni. From these, five orbitals show mainly contributions from the Ni-3d basis
functions and the other five are built from more diffuse d-functions. This double
d-shell is essential to account for the large correlation effects in the crowded Ni-
d shell. The remaining active orbital is essentially localized on the N-atoms of
the porphyrin that coordinate to Ni, describing the lone-pairs interacting with
the electrons in the 3dg2_,2 orbital of Ni. This active space suffices to calculate
the relative stability of the fundamental singlet and triplet states in the tetra-
and pentacoordinated species. For the study of the vertical excitation energies
in NiTPP-PAPy a [8,10]-CASSCF wave function is considered. The nature of
the active orbitals will be specified in the presentation of the results. CASSCF
calculations on the PAPy arm were done with an active space of 12 electrons
and 9 orbitals (7, 7*, and N lone pair orbitals), further details on the shape of
the orbitals will be given when discussing the vertical spectrum. The absorption
spectrum of Ni-porphyrin was calculated with an active space of 14 electrons

and 16 orbitals.
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Table 1: BP86 and MO06-2X Ni-Npy,iqgine distances and relative energies for
several conformations of PAPy-NiTPP. Square planar (sqp) conformations are
singlet and have fourfold Ni coordination. Square pyramid (spy) conformers are

triplet and pentacoordinated.

Ni-Npyridine distance (A) Relative energy (eV)

Configuration = BP86 MO06-2X BP86 M06-2X
trans-sqp 6.99 4.36 -0.81 0.42
trans-sqp open  12.34 11.52 -0.81 0.72
cis-sqp 4.30 2.62 -0.25 0.91
c1S$-sqp open 9.44 9.39 -0.23 1.32
trans-spy 2.08 2.17 0.15 0.28
c15-spy 2.08 2.16 0.00 0.00

3 Results and discussion

3.1 Conformational analysis

To rationalize the SCO process, Venkataramani et al. [26] performed DFT
calculations on a series of potentially suitable molecular structures. They used
the PBE functional [46, 47] and found several minima for cis and trans tetra-
coordinated and pentacoordinated NiTPP-PAPy. For this last coordination
only a stable structure was found with the cis configuration of the PAPy arm.
As explained in the computational information, the present work compares the
optimization process by means of the BP86 functional, which is supposed to give
similar results as PBE, to those obtained with dispersion corrected functionals.
In this way we can access the importance of the 7-7 interactions and locate
the minimum structure of the pentacoordinated complex with the PAPy arm in
trans.

Table 1 reports M06-2X relative energies and nickel-nitrogen distance, d(Ni-
Npyridine), of the different minima found for both cis and trans PAPy arm con-
figurations. The BP86 optimized metal-nitrogen distance and relative energies
are also reported for comparison. All sqp structures have a singlet ground state

and the spy complexes are triplet. The M06-2X optimized structures are repre-
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sented in Fig. 4. The trans-sqp conformer is the most stable singlet structure,
and the pentacoordinated cis-spy S = 1 structure is the absolute minimum of
the whole set. As a general feature, the axial coordination slightly enlarges the
distance between nickel and the porphyrin-nitrogens, from 1.99 to 2.06 A. This
lengthening of the bond can be easily related to the single occupancy of the
3d,2_,2 orbital (of Ni-N antibonding character) in the HS state, being empty
in the LS state. Geometry optimizations of trans-sqp and cis-spy with a larger
basis set (TZVP on all atoms), and with the B97D functional (Grimme disper-
sion corrected) give practically the same results; most distances and angles do
not differ by more than 0.1 A and 5 degrees in both cases. The largest change is
observed in the Ni-Nj,idine distance in trans-sqp. The 4.36 A predicted by the
M06-2X functional changes to 4.21 A with B97D. This 0.15 A reduction reflects
the relatively flat potential of the PAPy arm when it is not coordinated to the
Ni atom.

The role of dispersion forces is particularly noticeable in the tetracoordinated
trans-sqp minimum, where the pyridine ring is parallel to the porphyrin unit
and 7-7 interaction is important. The distance between Ni and the N of the
pyridine is shortened by 2.6 A when the dispersion is included in the calculation.
The influence of long-range interactions is also evident in the cis-sqp conformer,
where the relatively short Ni-Npyiqine distance suggests an incipient pentacoor-
dination, albeit with a singlet ground state. In this case the nitrogen lone pair
is not conveniently oriented to Ni(II), since the angle between the pyridine and
porphyrin planes is 79°. Hence, the gap between the 3d.» and 3d,>_,2 orbitals
stays large and the singlet remains the ground state.

However, the most important consequence of including long-range interac-
tions in the calculations of the present system is the strong stabilization of the
trans-spy triplet. BP86 predicts a very high energy (0.96 eV) for this pentacoor-
dinated structure with respect to the tetracoordinated trans conformers, while
MO06-2X predicts it to be 0.14 eV more stable than trans-sqp. Beside being
close in energy, the square pyramid cis and trans isomers have also similar Ni-
Npyridine distances, 2.16-2.17 A, compatible with the experimentally estimated
value of 2.1A. Recalling that the cis configuration of the product was assigned

from Nuclear Overhauser experiments on a diamagnetic Zn analog, we conclude

10
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trans-sqp cis-sqp

cis-sqp open trans-spy c18-spy

Figure 4: M06-2X geometries of the NiITPP-PAPy conformers listed in Table 1.

that the trans structure cannot be excluded yet as a possible candidate of the
pentacoordinated paramagnetic product and that alternative mechanisms not
involving azopyridine trans-cis isomerization as the key step of the SCO process
should not be completely discarded.

Finally, we mention that the differences between the geometry optimizations
in vacuum and those with solvent effects through the PCM model lead to vir-
tually the same results. Neither the energies, nor the geometrical parameters
show any significant changes when the complex is treated in a DSMO solvent.

All the results reported below are obtained in vacuum.

3.2 Axial coordination in cis and trans NiTPP-PAPy

The standard active space for an accurate determination of the relative stability
of different spin states in (quasi-)octahedral TM-3d™ (n > 5) complexes consists
of (n + 4)-electrons and 12 orbitals [48]. In addition to the TM-3d orbitals and
the extra set of d-orbitals to account for the double shell effect, one should
also include the two ligand-o orbitals of e,-like symmetry in the active space.
However, in the present case this choice necessarily leads to an unbalanced
description of the four- and five-coordinated species. The in-plane o-orbital of

the Nporph atoms is easily included in the active space for both species, but the

11



Physical Chemistry Chemical Physics

second o orbital corresponding to the axial ligand can only be included in the
five-coordinated complexes. The corresponding orbital in the four-coordinated
species is the lone pair orbital of the N atom on the pyridine ring, which in itself
contributes very little to the electron correlation, and hence, does not stay in
the active space. Therefore, we calculate the relative stability of the singlet and
triplet state of the different NITPP-PAPy species with a [10-11]-CASSCF wave
function. The stability of the results was checked by comparing the singlet-
triplet splitting of different five-coordinated species to the results obtained with
the [12,12]-CASSCF calculations. The shape of the active orbitals is given in
the Supporting Information. CASSCF single point calculations were performed
using the DFT optimized structures of most stable conformers: trans-sqp, cis-
spy and trans-spy.

The relative energies listed in Table 2 indicate that both CASSCF and
CASPT?2 correctly predict a triplet ground state for the pentacoordinated con-
fomers. However, CASSCF fails to establish a singlet ground state for the four-
coordinated sqp complex, which is repaired by including dynamic correlation
through CASPT2. The results with the [12,12] active space are only slightly
different to those obtained with the smaller active space. Interestingly enough,
CASPT?2 places the triplet of the trans-spy isomer energetically close to the
initial singlet state of the square planar conformation, which does not discard
the possibility of a SCO process without trans-cis isomerization.

To further settle the question about the mechanism, we have calculated
triplet energies along the dissociation path of the PAPy arm from the Ni ion.
This provides information about the thermal stability of the light induced pen-
tacoordinated product in the cis and trans forms. The points along the scan
were generated with M06-2X geometry optimizations fixing the Ni-N,,, distances
at different values. As shown in Fig. 5, the release of the pyridine group of the
PAPy arm in the trans-spy form is nearly barrierless, while a steep rise in the
energy is observed when the Ni-N distance is increased in the cis-spy isomer.
The energy along this path reaches a maximum at d(Ni-Ng,,) = 3.3 A, where
it is 0.84 eV higher than the triplet of the pentacoordinated cis isomer. This
means that a hypothetical triplet pentacoordinated NiTPP-PAPYy in trans form

will release the axial ligand very rapidly at room temperature and that this

12
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Table 2: CASSCF and CASPT?2 relative energies in eV of singlet and triplet

states of trans-sqp, cis-spy and trans-spy.

[10,11] [12,12]
Spin  CASSCF CASPT2 CASSCF

trans-sqp  singlet 0.94 0.26 -
triplet 0.70 0.39 -

Cis-Spy singlet 1.34 1.07 1.39
triplet 0.00 0.00 0.00

trans-spy  singlet 1.67 1.32 1.73
triplet 0.36 0.29 0.36

process is slow for the cis form. Finally, we mention that the relative stabil-
ity of the singlet trans-sqp and the triplet cis-spy states is opposite to what
may be expected. This can at least partially be ascribed to the limited basis
set that we use in our calculation. It is well-known that larger basis sets (es-
pecially on the metal) are needed to obtain correct high-spin/low-spin energy
differences in spin crossover processes [48-50]. However, such lowering of the
singlet state(s) will not affect any of the arguments discussed above, and hence,
the only plausible mechanism to explain the LD-LISC in this compound is via
trans-cis isomerization. However, note that the 500 nm irradiation does not
directly cause a 74, — 7., transition in PAPy and similar systems and the

nature of the excitation causing the isomerization needs further clarification.

3.3 Vertical excitation energies of PAPy

In order to locate the 74,0 — 7.,

characterize the 500 nm band of the NiTPP-PAPy complex, we first calculated

excitation in the absorption spectrum and to

the vertical excitation spectrum of the PAPy arm. The minimal active space to
correctly study the vertical excitation spectrum of the PAPy arm should contain
the 7 and 7* orbitals of the N=N bond and the lone pair orbitals (n,.,) of the

nitrogen atoms, extended with two pairs of m# and 7* orbitals of the phenyl

*
side

and pyridine side groups (msqe and 77, ,.), and the lone pair orbital of the

pyridine nitrogen. This active space with 12 electrons and 9 orbitals was used

13
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Figure 5: CASPT2 energies of the singlet (blue) and triplet (red) states of
NiTPP-PAPy. The dashed lines connect the triplet state of the tetracoordinated

complex (middle) to the pentacoordinated species cis-s left) and trans-s
p 1% 1Y Py 1%

(right).

to generate the reference wave function for the subsequent CASPT2 calculations.
Active orbitals are graphically represented in the Supporting Information and
the results are summarized in Table 3.

The effect of electron correlation on the excitation energies is large, especially
for the mg;q — 7., transitions. The very high CASSCF energy of these states
(~ 6 eV) is lowered by approximately 2.5 eV by the CASPT2 treatment of the
electron correlation. The CASPT2 transition energies are in good agreement

with the experimental values for all states. The most important features of the

Table 3: [9,12]-CASPT2 vertical excitation energies in eV of trans 3-

phenylazopyridine (3-PAPy). Experimental values are given for comparison.

trans 3-PAPy CASSCF CASPT2 Oscillator strength  Exp. [51]

Nazo — Thso 3.15 2.75 (450 nm) 6.22-1078 2.76
Tside — Tioso 5.96 3.48 (356 nm) 0.32 3.91
Tazo = Moo 7.41 6.99 (177 nm) 0.28

14
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excitation spectrum are a low-lying n4., — s, excitation around 2.75 eV (450

*
azo

nm) and a high intensity 7s;4. — 75, transition appearing at 3.48 eV (356 nm).

The lowest CASSCF root that involves m,,, and 7*__ orbitals is located at an

energy of 7.41 eV and CASPT2 lowers the transition energy to 6.99 eV (177
nm), much higher in energy than the reported 500 nm wavelength to induce

SCO.

3.4 Vertical excitation energies of NiTPP-PAPy

An important question that remains to be answered is the nature of the 500
nm excitation used to induce the SCO in the NiTPP-PAPy complex. The
CASPT?2 results of the PAPy subsystem place the m — 7* excitation at higher
energies, in concordance with the findings in other azobenzene derivatives, but
the interaction of the PAPy arm with the porphyrin system may shift the 7 — 7*
transition to lower energies as suggested by Venkataramani [26]. Hence, to
obtain a complete description of the optical transitions of the NiTPP-PAPy
system, the 7 system of the porphyrin ring should also be considered. The
most basic description of the optical absorption of porphyrin systems involves
at least four orbitals as established by numerous studies that go back to the
original four-orbital model of Gouterman [52-54]. Adding these four orbitals
(Tporph) to the lone pair orbitals (ngzo), Tazo and meze™ of the PAPy arm gives
a [10,8]-CASSCF wave function. The shape of the 8 active orbitals is given in the
Supporting Information. This active space does not describe any excited state
involving the electrons in the Ni-3d orbitals, but the metal-centered excitations
have a low oscillator strength and the charge transfer excitations appear at
higher energy. Whereas the inclusion of the Ni-3d and 3d’ orbitals is essential
to obtain accurate estimates of the relative stability of the different species, this
is rather unimportant for the vertical spin allowed excitations from the closed
shell n = 4 ground state.

Table 4 lists the lowest calculated transition energies and the corresponding
oscillator strengths. The states are labeled according to the most important
electron replacements involved in the excitation. The lowest two transitions
have intermediate oscillator strength and can be associated to the Q bands

observed around 523 nm in the experimental work. The 7 orbitals involved in
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Table 4: [10,8]-CASPT?2 vertical excitation energies in eV of trans-sqp NiTPP-

PAPy. Experimental values are given for comparison.

trans NiTPP-PAPy CASSCF CASPT2 Oscillator strength  Exp.[26]
Tporph — Tzt porph 3.55 2.59 (478 nm) 3.70-1072 523
Tporph = ot porph 357 2.65 (467 nm) 5.60-102 523
Nazo — T, 3.60  3.23 (383 nm) 9.00-10-6 406
Nazo = Touo | Tporph — Toay 529 4.57 (271 nm) 5.90-10~4 322

these transitions are well localized on the porphyrin ring, but as is shown in
Fig. 6 the m* orbitals have a non-negligible contribution from the antibonding
combination of the N-2p orbitals of the azo bond of the PAPy arm. Hence, the
Q band is not simply a porphyrin centered excitation but also causes a certain
degree of occupation of the 7}, orbital. This weakens the N=N bond and
could very well trigger a trans-cis isomerization. It is interesting to compare
these orbitals with those of the trans-sqp optimized geometry obtained with

the BP86 functional (see Supporting Information). The PAPy arm is more

separated from the porphyrin ring in this geometry and the orbitals are either

*

¥ .0» Without any mixing. This suggests a determinant role of the

pure W;OTph or m
m — 7 interactions in this SCO mechanism, revealed by the M06-2X functional.
The important shortening of the porphyrin-pyridine distance (Table 1) induces
the delocalization and the subsequent possibility of populating the 7* orbital at
lower energy.

Severe intruder state problems hinder the accurate description of the 74, —
., excitation in the large complex. However, the similarity of the SA-CASSCF
excitation energy (7.25 eV) with the one obtained for the PAPy arm (see Sec.

3.3) situates the m,., — 7,, excitation in NiTPP-PAPy at significant higher

energy than the 2.5 eV (500 nm) used in the experiments to induce the SCO.
While the Q band is well reproduced by our calculations, the experimental

absorption spectrum of NiTPP-PAPy shows a Soret band of high intensity at

*

.o €xcitation is found, but the low oscillator

406 nm. At this region a ng,, — 7
strength cannot explain the experimentally observed intense peak. Probably,

this low intensity band is hidden by the optically allowed 7porpn — Tporpn*
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Figure 6: Graphical representation of the orbital that is occupied in the lowest

two vertical excitations of NiTPP-PAPy.

excitations of the porphyrin moiety which cannot be reproduced with the present

[10,8]-CAS [55].

3.5 Vertical excitation energies of Ni-porphyrin

Previous studies show that for an accurate description of the absorption spec-
trum of porphyrin and its derivatives, the basic Gouterman model is not good
enough, and more orbitals have to be included in the active space of the CASSCF
calculations. The "minimal” active space for correctly addressing the vertical
spectrum of porphyrins consists of 8 7 and 6 7* orbitals. Hence, a complete
account of the vertical absorption spectrum of NiTPP-PAPy requires a [20,18]-
CAS (14 porphyrin orbitals, 7, 7* and two lone pair orbitals of the azo-group on
the PAPy arm). This is clearly beyond the limits of CASSCF and the spectrum
has to be calculated by parts. On the one hand, the 8 orbital and 10 electrons
active space used in section 3.4 allows to calculate the Q band. On the other
hand, an active space consisting of 8 7 and 6 7* orbitals of the porphyrin is used
to characterize the Soret band, which is expected to be a Tporpn — w;wph exci-
tation [55]. A [16,14]-CASPT2 is cumbersome for NiTPP-PAPy, and therefore,
this calculation has been carried out on the Ni-porphyrin system (see Fig. 7).

Ni-porphyrin presents Dop, point group symmetry. Two pairs of m-7* orbitals
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Figure 7: Ni-porphyrin model used to study the contribution of the porphyrin
moiety to the absorption spectrum of NiTPP-PAPy.

Table 5: [16,14]-CASPT2 vertical excitation energies in eV of Ni-porphyrin.

State CASSCF CASPT2 Oscillator strength
!By, 3.72 2.66 (465 nm) 1.45-1072
'Bs, 3.09 2.73 (453 nm) 1.58-1072
1By, 5.54 3.70 (335 nm) 1.18
' B, 4.42 4.08 (303 nm) 0.22

with bag and bs, characters, a pair of 7-7* orbitals with a,, character and a set of
3 m and 1 7* orbitals with by, character are taken to form the 14 orbitals active
space. The shape of the active orbitals is shown in the Supporting Information.

Table 5 lists the four lowest m — 7* excitations of Ni-porphyrin system.
The most intense band is due to the transition to the second !Bs,, state and
appears at 335 nm. The deviation respect to the experimental Soret band of the
NiTPP-PAPy (406 nm) can be attributed to the geometrical differences between
the whole system and the Ni-porphyrin model. Furthermore, the calculated
oscillator strength for this excitation shows that this band is of high intensity
compared to the bands obtained in section 3.4. One can conclude that for
the NiTPP-PAPy spectrum, the Q band corresponds to mporpn — 7, tporph
and the Soret band to mporpn — Tr;‘wph excitations not relevant for the SCO

mechanism.
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4 Summary and Conclusion

Although the original proposal of a trans-cis isomerization of the N=N double
bond induced by a m — 7* excitation offers a plausible explanation for reversible
room-temperature spin crossover observed in NiTPP-PAPy, the large red-shift
of 150 nm of the excitation energy leaves some room for improvement. SCO in
standard Ni-porphyrins is induced by a m — 7* excitation of 2.5 ¢V (500 nm)
on the porphyrin ring. The same wave length was used in the experiments on
NiTPP-PAPy and therefore we first investigated the possibility of SCO induced
by a m — 7* excitation on the porphyrin ring without the need of a trans-cis
isomerization. The inclusion of the effect of dispersion forces in the geometry
optimization using the M06-2X functional leads to cis and trans isomers with
four- and five-coordinated Ni ions in a relatively small energy window. Single
point CASPT?2 calculations on the optimized geometries predicts a near degen-
eracy for the low-spin state of the four-coordinated complex and the high-spin
state of the five-coordinated complex with the PAPy arm in ¢rans conformation.
However, the absence of a barrier along the dissociation path of the PAPy arm
in a hypothetical all-trans mechanism is incompatible with the experimental
stability of the high-spin state. On the contrary, a significant barrier was found
for the dissociation of the PAPy-arm in the cis conformation.

Subsequently, we used CASSCF/CASPT?2 calculations to clarify the char-
acter of the excitation that induces the trans-cis isomerization at 500 nm. The
m — 7m* excitation on the azo group was found at very high energy and the exci-
tation from the 7 orbitals of the six-membered rings bonded to the N=N group
into the N=N 7* orbital occurs at 350 nm, also too high to be assigned to the
experimental excitation. The CASPT2 results identify the 500 nm transition
as an excitation involving a bonding 7 orbital of the porphyrin ring and an
antibonding 7* orbital with important contributions from both the porphyrin
system and the N=N group. The occupation of this anti-bonding orbital of
mixed character weakens the N=N bond and leads to a trans-cis isomerization.

Hence, the combination of DFT and multiconfigurational wave function cal-
culations is able to firmly establish the trans-cis isomerism in PAPy arm as
mechanism for the spin crossover in NiTPP-PAPy. The structures obtained

with DFT/M06-2X show that the arm is closer to the porphyrin ring than in
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the structure without taking into account the dispersion. The character of the
excitation that triggers the spin crossover is identified and involves the elec-
tron replacement from a bonding 7 orbital on the porphyrin to an antibonding

orbital with contributions on the porphyrin and the azo group.
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