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Controlling Intramolecular Electronic Communication through the
Conformation Changes via Stepwise Oxidations in Dicopper(ll) and
Dinickel(ll) Porphyrin Dimers

Syed Jehanger Shah,? Rupesh Kumar Tiwari,’ Niva Ghosh,? Eugenio Garribba,® Masatoshi Ishida,*
Gopalan Rajaraman,® Hiroyuki Furuta®®f and Sankar Prasad Rath®*

Herein, we report a shape-dependent intramolecular electronic communication in neutral and oxidized complexes of
dinickel(ll) and dicopper(ll) porphyrin dimers. Upon careful manipulation of the reaction conditions, nano-size molecules
having different shapes, namely ‘linear’, ‘cofacially sloping’, and ‘clamshell bucket’, were synthesized by varying the
concentration of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ). Detailed structural, spectroscopic viz. UV-vis-NIR, NMR,
EPR, ESI-MS, VT magnetic study, and extensive computational investigation have been exploited to investigate long-range
electronic communication. The varying shapes and extent of conjugation of the porphyrin dimers are responsible for several
prominent attributes, including colours, polarity, m-conjugation, intensity of NIR absorption bands and narrow
HOMO-LUMO gaps, etc. Notably, the addition of carbonyl moieties at the methine bridge in ‘clamshell bucket’ facilitates
stronger electronic communication through it followed by the ‘linear’ and ‘cofacially sloping’ complexes. Upon stepwise
oxidations, highly stable mono-cation radical and di-cation di-radicals were isolated that exhibited long-range charge/radical
delocalization via the bridge to produce strong NIR bands. The spin-density plots for the neutral, 1e-, and 2e™ oxidised
complexes demonstrate the crucial role of metal ions, the bridge, and their shapes in long-range electronic communication.
n-Conjugation between two macrocycles in the 2e-oxidized complexes is better in the linear ‘butterfly-like’ molecule,
followed by curved ‘cofacially sloping’ and carbonyl-inserted 'clamshell bucket’, while nickel(ll) dominates over copper(ll)
motifs. Notably, the distinct signatures of the triplet state in the EPR spectra were observed due to the magnetic interaction
between the two Cu(ll) centres in the 2e~-oxidized complexes. The carbonyl group acts as a good n-mediator in the oxidized

complex for through-space intramolecular communication between the two rings.

Introduction

Porphyrin arrays with extended electronic networks are
attractive scaffolds for the development of a diverse spectrum
of functional materials, near-infrared (NIR) dyes, and non-linear
optical materials.! Because of their conjugated electronic
properties, these arrays have the potential to be used as
conducting molecular wires.2¢¢ Metalloporphyrin arrays
continue to draw a lot of interest due to their distinctive
features in design and creation.»? In order to facilitate long-
range electronic communication over the bridge linking the
metalloporphyrin centres, these highly conjugated complexes
offer a potential platform for systematic research on spin-spin
coupling.1* The extent of electronic coupling and the
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interchromophore separation are critical elements in the
formation of electron and charge resonance phenomena. The
ability of the redox active and conjugated bridging moiety to
establish a specific shape, relative orientation, and separation
between each chromophore simultaneously facilitates
communication between the spin carriers* along with a sharp
distinction in their molecular and optical properties like
polarity, conjugation, luminescence, two-photon absorption,
etc. Indeed, the advantage of such redox-active bridges is very
intriguing since they may adjust spin communication by mild
oxidation or reduction and thereby function as a very effective
magnetic relay between the spins.>

Exploration of the strongly m-conjugated robust cation
radicals has always been challenging.® Recently, it has been
established that macrocycles can stabilize their extensively
conjugated radicals due to their significant spin delocalization.®
14 The introduction of the mt-spacers between the two porphyrin
units and the m-extension with core porphyrin frameworks leads
to a superior stability of the m-cation radicals. Further, the
increase in conjugation leads to remarkable electrochemical
redox properties and peculiar electronic characteristics due to
breaking the degeneracy of the frontier molecular orbitals
(FMOs) and a decrease of the highest occupied molecular
orbital (HOMO)-lowest unoccupied molecular orbital (LUMO)
energy gap.® The spin coupling models in the metalloporphyrin
dication diradicals are found to be dependent on the nature of
the metal ion.1#
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Herein, we demonstrate shape-dependent intramolecular
through-bridge spin coupling in dinickel(ll) and dicopper(ll)
porphyrin dimers in neutral as well as oxidized conjugated
species formed upon stepwise oxidations. We have reported
recently the synthesis of an unconjugated 5-(2,6-
dichlorophenyl)dipyrromethane (DPM) bridged dinickel(ll) and
dicopper(ll) porphyrin dimers 1¢M (M = Ni, Cu), Scheme 1.142
The controlled additions of 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) or p-chloranil to 1M at different reaction
conditions lead to the formation of conjugated ‘linear” 2eM,
‘cofacially sloping’ 3e¢M, and carbonyl mediated ‘clamshell
bucket’ 4¢M species (Scheme 1). The two conformational
isomers, 2¢M and 3eM, reported recently, are reversibly
interconvertible by applying light and temperature,14 while the
greenish and highly polar complex 4¢M (M = Ni, Cu) has been
reported here for the first time which has been synthesized by
the oxidation of 1¢M with excess DDQ oxidant.

These four different types of metalloporphyrin dimers, 1M,
2eM, 3eM, and 4¢M, are compared here based on their shape,
conjugation, and spin coupling abilities. The highly mt-conjugated
nature and varying shapes of the porphyrin dimers give rise to
various prominent attributes, such as red-shifted and highly
intense NIR absorption bands, narrow HOMO-LUMO gaps,
flexible conformational change, etc. These dinickel(ll) and
dicopper(ll) porphyrin dimers, upon further oxidation, produce
the corresponding one- and two-electron oxidised species
exhibiting long-range charge/radical delocalization with strong
NIR bands. Besides long-range communication and shape
change in the case of 2¢M, 3¢M, and 4¢M, their radical cations
can withstand silica gel chromatography. They can be stored for
months under ambient conditions with extraordinary stability
offered by m-conjugation. In sharp contrast, the dication
diradical complex of the unconjugated 1M was highly reactive
and formed a stable triply-fused nt-conjugated chlorin porphyrin
heterodimer.1>

Results and discussion

Starting from 5-(N,N-dimethylamino)octaethylporphyrin metal
complex (M: Ni, Cu), the 5-(2,6-
dichlorophenyl)dipyrromethane-bridged porphyrin dimer 1eM,
2eM, and 3*M were obtained using a procedure reported
recently by us.1#2 The additions of DDQ or p-chloranil to 1M at
different reaction conditions lead to the formation of
conjugated 2¢Cu and 3¢Cu (Scheme 1). Interestingly, these two
conformational isomers, 2¢M and 3eM, are reversibly
interconvertible by applying light and temperature, as
demonstrated recently.14b

To understand the impact of the bridge on m-conjugation, two
carbonyl groups were introduced between the dipyrrin bridge
and the porphyrin chromophores to form 4¢M. The synthesis of
4¢M was done by the oxidation of 1¢M with an excess DDQ and
stirring for 2 hours. The greenish, highly polar complex 4¢M was
then purified through silica gel column chromatography
(CH30OH/CH,Cl, = 5:95 v/v) with excellent yield as a solid. The
generation of carbonyl at the methine bridge by altering the
reaction conditions introduces contortion in the structure but
still communicates through -C=0 due to its m-acceptor ability

2 | J. Name., 2024, xx, Xx-X

(Scheme 1). Complexes 4¢M have been characterized,using
high-resolution electrospray ionization (ESI)ImE5®/§56¢era36F
4eNj as [M + H]*: m/z = 1523.5756, and 4eCu as [M]*: m/z =
1533.5638 (Figures S1-54).

1M

M= Ni(ll), Cu(ll) 3M

‘clamshell bucket'

4-M

Scheme 1. Synthetic outline of the complexes and their abbreviations.
Reaction conditions: (a) DDQ (2 equiv), CH,Cly, 295 K, 1 h; (b) DDQ (2
equiv), CH,Cl,, 295 K, 30 min, and (c) DDQ (6 equiv), CH,Cl,, H,O (trace
amount), 295 K, 2 h. The distances highlighting the size of the molecules
have been directly taken from their crystal structures.

It is interesting to note that three molecules, 2¢M, 3¢M, and
4+M, with significant changes in their molecular architecture,
were achieved just by careful manipulations of the reaction
conditions, which ultimately brought disparity in their
molecular properties like colour, polarity, m-conjugation, red-
shifted bands in the NIR region, etc. Although the syntheses of
the complexes were done in one pot just by fine-tuning the
reaction conditions, they are easily separated through silica gel
column chromatography due to a significant disparity in their
polarity based on their conjugation abilities. 2¢M was
synthesized by stirring 1¢M with two equivalents of DDQ for 1
hour, and its conformational isomer 3¢M was exclusively
produced by mixing the same precursor 1¢M for only 30
minutes. However, excessive use of DDQ directly leads to the

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Selected structural and geometrical parameters of the complexes
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Complex 1eCu 2eNj 3eCu 3eNi 4eCu-CsH14 4¢Cu-CHxCl2
M1-N, (A)? 2.012(6) 1.898(5) 2.004(4) 1.928(7) 1.995(6) 1.995(3)
M2-N, (A)? 2.002(7) 1.903(6) 1.997(4) 1.913(10) 1.999(7) 2.002(3)

Do (R)P 0.01 0.34 0.13 0.11 0.18,0.08 0.18,0.04
M-M (A)e 9.83 16.39 7.41 7.41 8.79 8.70
Crm-Cm (A)? 8.61 9.94 6.69 6.61 6.78 6.69
o (e 85.55 52.53 14.22 20.42 57.0 52.20
€20-C37 (A) 1.503(10) 1.474(8) 1.490(7) 1.487(11) 1.517(9) 1.513(6)
C37-C38 (A) 1.510(10) 1.331(9) 1.343(8) 1.349(12) 1.456(9) 1.452(6)
C42-C49 (A) 1.493(10) 1.388(8) 1.363(7) 1.380(13) 1.346(11) 1.344(6)
Ref. 14a 1l4a 14b This work This work This work

aA\verage value. PAverage displacement of atoms from the least-squares plane of the CyoN4 porphyrinato core. “Non-bonding
distance between two metal centers. YNon-bonding distance between two meso-carbons that are covalently connected. ®Angle

between two least-squares planes of the C,0N4 porphyrinato cores.

formation of 4¢M as a major product. The wide distribution and
distinction in their colour, such as 2¢M (light reddish), 3eM
(light brown), and 4eM (light green), also makes their
separation even easier.

Crystallographic characterization

Single crystals of 3eNi were grown by the slow diffusion of n-
hexane into the dichloromethane solution of the complex at
room temperature in the air. Similarly, single crystals of 4eCu
were also grown from two different solvent mixtures: in one set,
the dichloromethane solution of the complex was layered with
cyclohexane to produce 4¢Cu-CH,Cl,, and, in another set, the
benzene solution of the complex was layered with n-hexane to
produce 4eCu-CgHis. All the structures were unambiguously
elucidated by X-ray crystallographic analysis. Figure 1 displays
the X-ray structures of the complexes, while their molecular
packings in the unit cells are shown in Figures S5-S7. The
crystallographic data and data collection parameters of the
complexes are shown in Table S1.

In 3eNi, the porphyrin planes are slipped and nearly cofacial to
each other with a dihedral angle of 20.42° and a NieeeNi
nonbonding distance of 7.41 A. The average Ni-Np distances
(Np = pyrrole nitrogen atom of the porphyrin) in the two
porphyrin cores are 1.928(7) A and 1.913(10) A, respectively,

This journal is © The Royal Society of Chemistry 20xx

which fall within the range observed for four-coordinate Ni(ll)
porphyrinates 3eNi displays a planar

(A)
Ni
Ni2
(€
&
o1
cu2
o2

Figure 1. Molecular structures (at 100 K) with two perspective views of
3eNi [A, side view and B, top view] and 4¢Cu [C, side view and D, top
view] (H atoms and solvent molecules have been omitted for clarity). The
atom numbering scheme is displayed in Figure S8.
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dipyrromethene bridge, which is placed nearly orthogonal to
the porphyrin planes with significant alteration in the bond
lengths and angles (Table 1) to make a m-conjugated cofacially
sloping structural scaffold, as reflected in the appearance of an
intense low-energy band in the UV-visible spectrum (vide infra).
Each porphyrin macrocycle is also distorted, with a saddle-
shape distortion observed in 3eNi. Still, the extent of the
distortion is less compared to the fully m-conjugated structural
motif in 2eNi (Table 1). In addition, the NieeeNi and CueeeCu
non-bonding distances are similar (7.41 A) in both 3eNi and
3eCu.14b

It is interesting to see the drastic structural changes from the m-
conjugated curved structure of 3eNi to a contorted structure of
4¢Cu, as shown in Figure 1. Two sets of 4eCu crystals were
grown using two different solvent combinations. One molecule
of dichloromethane was present in one of the crystal lattices,
while one molecule of n-hexane was present in the other.
However, the gross structure and geometrical parameters
remain very similar in both cases, although unit cells are
completely different, along with their solvent of crystallization.
The presence of two carbonyl groups at the methine position of
the dipyrrin bridge in 4¢Cu forces the porphyrin rings to move
away from each other. This has increased the dihedral angle
between them, from 20.42° (of 3eNi) to 57.0° (of 4eCu-CgH14),
and also has increased the CueeeCu nonbonding distance from
7.41 A to 8.79 A. The average Cu-Np distances in the two
porphyrin cores are 1.995(6) A and 1.999(7) A, respectively,
slightly shorter than 3eCu. The bridging C20-C37 and C37-C38
distances are 1.517(9) A and 1.456(9) A, respectively, and the
bridging angle C20-C37-C38 drastically changes to 116.3(6)°,
giving more contortion to the structure. Also, from the crystal
structure, it was found that one of the macrocycles opens the
cavity from 1.0 nm in 3eNi to 1.3 nm in 4¢Cu, and the carbonyl
oxygen is directed toward Cu(ll) at a distance of 3.78 A from
another porphyrin ring, thus increasing the dihedral angle to
57.0°. The electron-withdrawing nature of the -C=0 group and
its t-acceptor ability makes electronic communication between
the two porphyrin macrocycles possible through the bridge,
which is also reflected in the UV-visible spectrum (vide infra).

UV-vis-NIR spectroscopy

The absorption spectrum of 1eCu in CH,Cl, exhibits a sharp
Soret band at 408 nm and two Q-bands at 535 and 568 nm.[14a]
Addition of the solution of DDQ in acetonitrile up to two
equivalents to the unconjugated complex 1e¢Cu in CH,Cl, leads
to the formation of 3eCu, which displays a blue-shifted sharp
Soret band at 402 nm along with an intense Q-band at 561 nm
and a broad NIR band at 846 nm (Figures 2 and S9). The spectral
features are associated with the formation of a m-conjugated
cofacially-sloping structural motif for 3eCu. The decrease in
intensity of the Q-band and low-energy band in the NIR region
of 3eCu prior to 2¢Cu could be associated with a drastic change
in the shape of the molecule from linear to cofacially sloping.
Compared to 2¢Cu, the low-energy NIR band in 3¢Cu is slightly
blue-shifted, which indicates a lowering of the conjugation in
the complex via the bridge. Similar spectral features have also

4 | J. Name., 2024, xx, X-X

been observed in 3eNi (Figures 2 and S9). The,extent, of
conjugation is thus dependent on the shapelofPthetsletiliésa
linear structure has better nt-conjugation than a curved one.
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Figure 2. UV-vis-NIR absorption (in CH,Cl, at 295 K) spectra of (A) 2¢Cu
(blue line), 3¢Cu (red line), and 4¢Cu (green line), and (B) 2¢Ni (blue line),
3eNi (red line), and 4eNi (green line).

Complex 4¢Cu, however, exhibits a sharp Soret band at 405 nm
and three Q-bands at 475, 560, and 640 nm, along with a low-
intense and broad NIR band at 994 nm. Similar spectral features
have also been observed for 4eNi; the Soret and Q-bands
display a slight blueshift, while the low-energy band displays a
red-shift with a slight increase in intensity compared to 4Cu.
Notably, the addition of carbonyl moiety at the methine bridge
in 4¢M resulted in more red-shifted absorption spectra into the
NIR region (Figures 2 and S9) that might be due to the non-
covalent interaction of O atom to Cu (CueeeO = 3.77A), as also
supported by atoms in molecules (AIM) analysis (vide infra).

The time-dependent density functional theory (TD-DFT)
calculations effectively correlate with the experimental spectra for
all the neutral complexes. In 4¢Cu, a low energy NIR band observed
at 994 nm corresponds to the porphyrinic HOMO to the dipyrrinic
LUMO (f = 0.0560) with an appreciable electronic amplitude on the
bridging group (Figure S10). Similarly, the NIR band of 4eNi observed
at 1018 nm can be related to the charge transfer nature with the
HOMO to dipyrrinic LUMO transition (f = 0.0612) (Figure S11).
Interestingly, such a distinctive absorption band was not observed in
the unconjugated complex 1¢M (Scheme 1). Compared to that of
2eM and 3¢M, the low energy band of 4¢M is more red-shifted,
which is consistent with their HOMO-LUMO energy gaps calculated
by DFT calculation (vide infra).

1H NMR Spectroscopy

The molecular shapes of 2¢Ni, 3¢Ni, and 4Ni are reflected in
the 'H NMR spectra-(Figure 3). The resonances related to the
DPM bridge show substantial changes in the oxidised complex
in 2e¢Ni and 3¢Ni due to a variation in the molecular shape,
which further changes in 4eNi. The advent of two singlets in

This journal is © The Royal Society of Chemistry 20xx
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2eNi and 3eNi for the methine protons of the bridge further
confirm oxidation of the bridge, which produces extensive m-
conjugation in Ni(ll) porphyrin rings. The absence of the signals
of methine protons (Figure 3C) indicates the formation of the
carbonyl group in 4eNi. Due to the change in the shape of the
molecule to 4eNi, six meso signals with different patterns than
2eNi and 3¢Ni are observed at § = 10.11, 9.60, 9.75, 9.59, and
9.22 (for two meso protons) ppm, which suggests the retention
of an unsymmetrical nature and increased contortion of the two
porphyrin rings. The resonances related to the bridging moiety
display significant changes due to oxidation and generation of
the carbonyl group. The appearance of four resonances for
bridging B-pyrrolic protons at § =5.52, 5.28, 5.09, and 4.82 ppm
are found in a narrow range compared to 2¢Ni and 3eNi due to
changes in the shape of the molecule. The presence of one —NH
proton at & = 5.33 ppm again indicates the inequivalent nature
of two pyrrole rings in the DPM spacer. The 'H NMR spectra of
[3eNi]2* and [4eNi]2* complexes are too broad to be informative
because of their paramagnetic nature (vide infra).

( A) meso-H
Py-H(m)
-CH(b) ;
-NH
(B) meso-H
Py-H(n)
meso-H Py-H(m)
~CH(b) _ppy Py-H(m) | Py-H(n)
| bUL |
(C) ,
meso-H Py-H(n')
-NH
Py-H(m)
] \| l/ o
Py—H(m’)L Py-H(n)
!
L] L] I’l” ] ]
10.0 8.0 6.0 4.0

& (ppm)

Figure 3. 'H NMR (in CDCl3 at 295 K) spectra of (A) 2#Ni, (B) 3¢Ni, and (C)
4eNi. The numbering scheme used for the *H NMR assignment is given in
Figure S15.

The aromatic behavior of the Ni complexes (i.e., 2¢Ni, 3eNi,
and 4eNi) supported by their distinct 18mt-aromaticity based on
the negative value of NICS(0)%2 (NICS = nucleus-independent
chemical shifts) at the inner porphyrin core and the observation
of the clockwise ring currents in the AICD¢* plots (AICD =

anisotropy of the induced current density) (Figures S12 and S13).

Due to the conformational difference among the complexes,
the extent of the aromaticity for the 2eNi is slightly smaller than
those of 3eNi and 4Niin terms of NICS values. Consistently, the
localized orbital locator (LOL)-m—isosurface map of 2eNi

This journal is © The Royal Society of Chemistry 20xx
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revealed a well-defined macrocyclic delocalizatiop_ channel of
the m-electrons through the dipyrrin moiety: (Piguie/ [SI4pLesin
contrast, the isosurface for 3eNi and 4eNi is partially
disconnected between the meso carbons and dipyrrin moieties
due to the large dihedral angles (Figure S14).

Mechanistic Investigation for Formation of 4¢M

To gain insights regarding the unusual transformation from 1e¢M
to 4*M, we have monitored the progress of the reaction over
time using the ESI-MS technique. A possible reaction
mechanism is as follows (Figure S1). Initially, DDQ partially
oxidises the DPM spacer due to its inherent redox-active nature
and loses one of the methine protons to form a carbocation,
which thereby facilitates the electrophilic attack of water
oxygen to produce a carbonyl group (intermediate I-1) as
inferred from ESI-MS spectral analysis. During analysis of the
crude reaction mixture, m/z = 1507.5668 and 1517.5608 for
intermediate I-1 of 4¢M were observed in the case of Ni dimer
and Cu dimer, respectively (Figures S2 and S3). The
intermediate 1-1 propels the reaction forward by forming
another carbocation, which undergoes a series of spontaneous
electronic and structural changes in the presence of moisture,
resulting in the formation of 4¢M. To confirm the origin of the
two carbonyl groups in 4¢M, the 180 labelling experiment using
H,180 in the reaction mixture was analysed using ESI mass
spectrometry. The molecular ion peak corresponding to m/z =
1536.5873 ion shows that the O-atom introduced in both
carbonyls originated from water (Figure S4).

Electrochemical studies

Electrochemical studies of the complexes 3¢Cu, 3¢Ni, 4¢Cu, and
4eNi were done using cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) at 295 K in dry CH,Cl, containing 0.1
M tetrabutylammonium hexafluorophosphate (TBAH) as a
supporting electrolyte under a nitrogen atmosphere (Figure 4).
Table 2 shows the comparison of the electrochemical data of
the complexes along with 2e¢M reported earlier.l42 The
complexes display four successive irreversible oxidative
responses with decreased potentials as compared to their
unconjugated precursor 1¢M,%42 which suggests a strong intra-
molecular coupling between two metalloporphyrins in the
molecules. The oxidative waves of 3¢Cu and 3eNi have slightly
higher potential than those of 2¢Cu and 2eNi. Interestingly, this
potential further rises slightly in 4¢Cu and 4¢Ni as compared to
3eCu and 3¢Ni due to increased contortion via the generation
of the carbonyl group in the redox-active bridge. Moreover, a
difference of more than 220 mV between first and second
oxidations in these complexes 3¢Cu, 3¢Ni, 4¢Cu, and 4Ni also
corroborates the occurrence of strong through-bond intra-
macrocyclic interactions. In the case of 4¢M, a t*-orbital of the
carbonyl group effectively mediates the bonding interaction
between a porphyrin ring and DPM spacer, resulting in lowering

J. Name., 2024, xx, x-x | 5
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Table 2. Selected spectral and electrochemical data at 295 K in CH,Cl;,

View Article Online
DOI: 10.1039/D5Q101135C

UV-vis-NIR Spectral Data (nm)

Electrochemical Data (V)P

Complex Soret band Q bands EY2 EY2 E12 E12 Ref
(ox1) (ox2) (ox3) (ox4)
2eNi 402 557, 895 0.56 0.82 1.18 1.52 14a
3eNi 400 563, 866 0.58 0.81 1.20 1.53 This work
4eNi 403 471, 554, 635, 1018 0.61 0.85 1.23 1.55 This work
2¢Cu 401 557, 875 0.54 0.80 1.20 1.51 14a
3eCu 402 561, 846 0.56 0.84 1.17 1.50 This work
4eCu 405 475, 560, 640, 994 0.63 0.86 1.25 1.58 This work

aThe reference electrode was Ag/AgCl. PPotential obtained from DPV (scan rate 100 mV s™' with 0.1 M TBAH as the supporting electrolyte).

of the HOMO-LUMO gap from 3eM by stabilizing the LUMOs
(vide infra). These results suggest that the carbonyl group acts
as a good m-mediator!’ between the porphyrin ring and the
DPM spacer, thus favouring m-communication throughout, as
observed in its red-shifted UV—vis—NIR spectra.

AW

15 1.0 05 0.0
Potential (V)

15 1.0 05 00
Potential (V)

(B) : (D) ;
15 1.0 0.5 0.0 1.5 1.0 0.5 0.0
Potential (V) Potential (V)
Figure 4. Cyclic voltammograms and differential pulse voltammograms
(Oxidation only) of (A) 3¢Cu, (B) 3*Ni, (C) 4¢Cu, and (D) 4¢Ni determined

at 295 K in dry CH,Cl, (scan rate 100 mV s7!) with 0.1 M TBAH as the
supporting electrolyte and Ag/AgCl as the reference electrode.
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Chemical oxidation of metal complexes

We have previously reported the successful characterization of
the oxidized complexes, [2¢M]SbFs or [2¢M]* and [2¢M](SbFg), or
[2eM]2*.14aTo gain insight into the reactivities dependent on the
molecular structure in these porphyrin arrays, we explored
stepwise oxidative reactivities of 3¢M and 4¢M using AgSbF¢ as
an oxidising agent, Scheme 2. The ESI-MS spectra display
intense molecular ion peaks at m/z = 751.2863 for [3eCu]?*, and
for [3eNi]2* m/z = 746.7892, the experimental isotopic
distribution pattern matches precisely with the theoretical one
(Figures S19 and S20). The ESI-MS spectra display intense
molecular ion peaks at m/z = 766.2931 for [4eCu]?* and m/z =
761.2965 for [4eNi]?*, with overlapping experimental and
theoretical isotopic distribution patterns (Figures S23 and S24).
The resulting rt-cation radicals are remarkably stable and can be
kept in solid for months under ambient conditions due to their
thermodynamically stabilized mt-scaffolds.

[©] ©

2eM ———» [2-M]SbF, L, [2-M](SbFg),
[-1e] [-1e]
[O] [O]

3M —— [3:M]SbF; ——» [3-M](SbFg),
[-1e] [-1e]
[O] [O]

4+M SETI [4-M]SbF - [4+M](SbFy),

M = Ni, Cu

Scheme 2. Synthetic outline of the oxidized complexes and their
abbreviations. [O]: AgSbFs.

Oxidations of 3eM and 4¢M were performed using a
chemical oxidant AgSbFe at 295 K in a stepwise manner and
were monitored by UV-vis-NIR absorption spectroscopy.
Complex 3eCu in CH,Cl, exhibits an intense Soret band at 402
nm, one Q-band at 563 nm, and a low-energy band at 846 (g,
2.8 x 104 M1 cm™) nm. Upon gradual addition of one
equivalent of AgSbFg solution in acetonitrile to the CH,Cl,
solution of 3eCu, the intensity of the Soret band decreases

This journal is © The Royal Society of Chemistry 20xx
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steadily along with a modest red-shift (from 402 to 404 nm). In
contrast, the intensity of the Q-band at 561 nm decreases along
with the generation of the three new Q-bands at 486, 564, and
680 nm (Figure S16). In addition, an intense NIR absorption
band has appeared at 1125 nm with a molar extinction
coefficient of € = 4.8 x 104 M1 cm~! and is diagnostic of the
intra-valence charge transfer (IVCT).1819The appearance of such
an intense NIR band is due to the strong charge/radical
resonance phenomena over the entire n-conjugated framework
of the mixed-valence m-cation radical dimer, [3eCul*. A similar
spectral pattern has also been displayed by the one-electron
oxidised complex [3¢Ni]*, leading to three new Q-bands and one
strong NIR band at 1095 nm with a molar extinction coefficient of €
=5.5x 10*M~1 cm™ (Figure S17). However, the intensity of the NIR
band of [3eCu]* is slightly lower than that of [3eNi]*, which is
presumably due to the more vital electronic interaction between the
unpaired spin of the Cu(ll) and that of the porphyrin n-cation radical.
Prior to linear conjugated [2¢M]*, the intensity of the NIR bands is
low in the case of curved [3e¢M]*, which is probably due to the
changes in the molecular shapes from being linear to cofacially
sloping with the large dihedral angles (Figures 5, 6, and S18).
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Figure 5. UV-vis-NIR (in CH,Cl, at 295 K) spectra of (A) Z-N'{/‘gﬁpl\eﬁpclén&%lﬁ“g
[2¢Ni]SbFs (red line), and [2¢Ni](SbFs), (blue linep(B)DeNiqgreenlirie)3t0
[3#Ni]SbFs (red line), and [3¢Ni](SbFe), (blue line); (C) 4¢Ni (green line),

[4Ni]SbFs (red line), and [4¢Ni](SbFe), (blue line).

With the further addition of the CH3CN solution of AgSbFs, the
Soret band intensity at 404 nm slowly decreased again, along
with a slight redshift from 404 to 406 nm. Moreover, in [3eCul*,
the Q-band observed at 486 nm increases in intensity while the
band at 563 nm completely disappears. Interestingly, the strong
NIR band at 1125 nm dissipates again, while a new band appears
at 668 nm with a molar extinction coefficient of € = 3.1 x 10* M~
1 cm~1 (Figure S17). These spectral changes correspond to the
formation of a dication diradical complex [3eCu]?*, which is
relatively stable and isolated in the solid state. In the case of
[3#Ni]%*, the spectral pattern is, however, slightly different with
the formation of two Q-bands at 479 and 522 nm, with
dissipation and the formation of strong NIR bands at 1095 and
855 nm, respectively (Figure S18). Indeed, such a drastic change
in the intensity of NIR bands between two isostructural
complexes, [3¢Cu]* and [3eNi]*, also reflects the effects of metal
ions. Similarly, the UV-vis-NIR spectral changes were observed
in the 1le~ and 2e™ oxidised complexes of isoelectronic species
while moving from [2eM]™ to [3eM]™ (n = 1 or 2), which
corresponds to changes in their molecular shape (Figures 5, 6,
and S18).

The UV-vis-NIR spectral features of 4eM after stepwise
oxidation are also characteristic because of the presence of
carbonyl groups at the methine positions in the redox-active
DPM spacer. Upon gradual addition of one equivalent of AgSbFg
acetonitrile solution to the CH,Cl; solution of 4eCu, the intensity
of the Soret band at 405 nm decreases steadily with a small
blue-shift of 3 nm along with the formation of a small hump at
357 nm, which can be attributed to charge transfer from
bridging oxygen and Cu(ll) as they approach closer after 1e-
oxidation. The appearance of the broad NIR-bands around 1075
nm (g, 2.92 x 10* M~1 cm™?) of the oxidised species indicates the
formation of [4eCu]*. On further addition of AgSbFg solution,
the Soret band intensity at 405 nm slowly decreases again along
with blue-shift, and an increase in the intensity of hump at 357
nm further intensifies the charge transfer band. Moreover, the
band at 480 and 645 nm decreases drastically, along with the
decrease of the NIR band and the subsequent emergence of a
new broadened band around 785 nm (g, 3.2 x 10* M1 cm™1).
These spectral changes correspond to the formation of a
dication diradical complex [4eCu]?* (Figure S21). Similar spectral
behavior was observed in their corresponding nickel(ll)
complexes (Figure S22). However, compared to the 1le™-and 2e~
-oxidised species of 2¢M and 3¢M, the intensities of low energy
bands in 4¢M significantly decreased, consistent with the TD-
DFT simulated spectra (vide infra).

Upon comparing the UV-vis-NIR spectra of each oxidised species,
it has been observed that 1e~ and 2e~ oxidised species of 2¢M
exhibit more intense NIR absorption bands than those of 3¢M
and 4¢M in their respective metal complexes. As reflected by
the intensity of NIR bands, the strength of conjugation in the
respective metal complex could follow the order [2eM]"* >
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Table 3. Experimental and DFT computed exchange-coupling constants (J's) in the complexes.

View Article Online
DOl 101039/D5QIQ1135C

Exchange [2#Cu](SbFe)2 [2#Ni](SbFe)2 [3#Cu](SbFe)2 [3*Ni](SbFe)2 [4#Cu](SbFe), [4*Ni](SbFe)2
type
Jorr Jsim Jorr Jsim Jorr Jsim Jorr Jsim Jorr Jsim Jorr Jsim
(cm™) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™)
Jeu-cu 1.5 1.3 - - 1.8 2.3 — - 2.1 2.6 - -
Jeur -113.0 -92.6 — — —48.0 -68.3 — - -53.0 -79.1 - -
Jrr —-24.4 —-25.3 - —25.7 -18.5 -21.1 -19.3 —-21.8 -10.2 -17.6 -11.0 -17.5

[3eM]"* > [4eM]"* (n = 1 or 2), thus highlighting the importance
of the molecular shapes along with the conjugation pathway
(Figures 5 and 6). Similar spectral observations were also made
in isostructural complexes upon changing only the metal from
nickel to copper, where molar extinction coefficients and
intensity of NIR bands in the case of oxidised nickel species
dominate over copper complexes, signifying the role of metal
ions as well (Figure 6).
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Figure 6. UV-vis-NIR (in CH,Cl, at 295 K) spectra of (A) [2¢Ni]SbFs (blue

line),142 [3eNi]SbFs (red line), and [4¢Ni]SbFs (green line); (B) [2#Ni](SbFs),

(blue line),1#2 [3eNi](SbFs), (red line), and [4¢Ni](SbF¢), (green line); (C)
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[3#Cu]SbFs (blue line) and [3¢Ni]SbFs (red line) and (D) [3¢Cu](SbFe),
(blue line) and [3¢Ni](SbFg), (red line).

Magnetic susceptibility measurements

The magnetic susceptibility measurements of 2e~-oxidized
complexes [3¢M](SbFs), and [4eM](SbFg)> were carried out
under a 0.1 T magnetic field over the temperature range of 5 to
300 K. Temperature-dependent magnetization data for all
complexes are presented in Figure 7. At room temperature, the
ZmT values of [3°CU](SbF6)2, [3'Ni](SbF5)z, [4'CU](SbF6)z, and
[4Ni](SbFe)> were found to be 1.16, 0.71, 1.11, and 0.71 cm3 K
mol~?, respectively. These values differ significantly from the
expected theoretical value of approximately 3.0, 1.0, 3.0, and
1.0 cm3 K mol, respectively, for uncoupled systems. This is
attributed to the strong antiferromagnetic coupling that
remains effective even at room temperature. As the
temperature decreases, in Cu-complexes, the ymT values
decrease gradually to 100 K, and thereafter, they decrease
sharply, suggesting various competing exchanges that are
operational in these complexes. In Ni-complexes, the yuT value
decreases rapidly as temperature decreases due to the
increasing population of antiferromagnetic singlet state (S = 0)
due to radical-radical exchange between two porphyrins. The
susceptibility data dominant
coupling in all four complexes, as the room temperature
susceptibility is less than expected for two S = 1/2 Cu(ll) and two
S = 1/2 radical centres. One magnetic exchange (J.r) in the Ni-
complex and three magnetic exchanges (Jcu-cy, Jeur, and Jr) in

indicate antiferromagnetic

the Cu-complexes are possible. The following exchange
Hamiltonians (eq. (i) for Ni complexes and eq. (ii) for Cu
complexes) have been used to compute the several J’s:

H = _ZIT_TSNi:adSNizad (i)

H=-2 []Cu—CuSCuISCuZ +Jcu—r (scmsc“}ad + SCuZSCugad)
+ ]r_rscu:adscuzad (ii)

As fitting the magnetic susceptibility with different exchanges,
particularly in the [4eCu](SbFs);, can lead to an over-
parameterization problem, we have performed broken
symmetry density functional theory (BS-DFT) calculations using
Gaussian 16 suite?® employing unrestricted B3LYP functional,
def2TZVP basis set for Cu/Ni and def2SVP basis set for other

This journal is © The Royal Society of Chemistry 20xx
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atoms (see computational details in ESI for more information).
This methodology has a proven track record of yielding good
numerical estimates of J values. The DFT-optimised structures
are in close agreement with the experimental X-ray structures
(vide supra). The BS-DFT calculation estimates the Jeu-cu, Jeu-r
and J., values of 1.8 cm™, —-48.0 cm™!, and -18.5 cm},
respectively, for [3eCu](SbF6), and 2.1 cm™1, —=53.0 cm?, and —
10.2 cm™1 for [4eCu](SbFe)>.
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Figure 7. XuT versus T plots for (A) [3eCu](SbFe), (blue trace) and
[3eNi](SbFe), (red trace) and (B) [4¢Cu](SbFe¢), (blue trace) and
[4Ni](SbF¢), (red trace). The solid black lines represent the best fit using
PHI suite.

Magnetic exchange coupling computed from DFT calculation
has been used as an initial guess to simulate the susceptibility
curve (ymT vs. T) for complexes using the PHI?! software. The
best fit obtained from the PHI simulation is given in Figure 7,
and the observed J values are listed in Table 3. The fitted curve
suggests that, in general, the exchange-coupling estimated
from the DFT calculation is overestimated, which is consistent
with our previously reported systems.?2 From the PHI
simulations, Jcu.cu values obtained are 1.3 cm™, 2.3 cmtand 2.6
cml, respectively, for [2eCu](SbFg)2, [3eCu](SbFs);, and
[4eCu](SbFs), while Jcy.rvalues are =92.6 cm™1, —-68.3 cm™! and —

This journal is © The Royal Society of Chemistry 20xx
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79.1 cm™L. Also, the simulated J..rwas found to be #:25,3,60% % =
25.7 cm, =21.1 cm™L, =21.8 cm™1, —17.6 - 1GWd LD THOEMSC
respectively, for [2eCu](SbFs);, [2¢Ni](SbFe)2, [3eCu](SbFs)2,
[3Ni](SbFe)2, [4°Cul(SbFs), and [4eNi](SbFe),. These PHI-
simulated J's (experimental values) agree well with the DFT-
computed values.

The Jcucu magnetic exchange is found to be weakly
ferromagnetic, and this is due to the very large CueeeCu
distance (15.5 A), which agrees well with the previous reports!4
in similar systems, where the CueeeCu distance of around 10—
13 A yields the ferromagnetic interaction of the order of 1-10-*
cm~1. The Jcy-cuexchange increases from 1.3 cm=1 ([2eCu](SbFs),)
to 2.3 cm™! ([3eCul(SbFe)2) followed by 2.6 cm™ ([4eCu](SbFs)2)
and this is due to decrease in the CueeeCu distance, where it
changes from 15.5 A ([2eCu](SbFe);) to 6.2 A ([3eCu](SbFs),)
followed by 6.7 A ([4%Cu](SbF¢)2). In [4eCu](SbFs),, the metal-
metal distance increases by 0.5 A, the increase in Jcycu could be
attributed to the interaction between the Cu centre and oxygen
atom (CueeeO = 2.5 A) as suggested by the presence of bond
critical point computed from the atoms in the molecule (AIM)
analysis (Figure S25). The Jcu.r exchange was calculated using the
model system (Figures S26 and S27), where the significant
metal-radical exchange was estimated due to the strong overlap
between the singly occupied d,z_,2 orbital of Cu and porphyrin
n-singly occupied molecular orbital (SOMO, see Figure S27). The
Jrr exchange in the [3eCu](SbFg), and [4eCul(SbFe) was
computed to be —21.1 cm™ and —17.6 cm™, respectively (Table
3), which is relatively weaker than an antiferromagnetic
exchange of —25.3 cm™! present in [2eCu](SbFs),. A similar trend
was observed on going from [2eNi](SbFe); (-25.7 cm™) to
[3eNi](SbFe)2 (—21.8 cm™1), followed by [4eNi](SbFe)2 (—17.5 cm™
1), respectively. It is important to note that our attempts to
DFT-based J values for [2eNi](SbFs),, were
unsuccessful due to convergence issues associated with the

compute

targeted electronic configurations.

As observed from Table 3, J... exchange decreases on going from
[2¢M](SbFg), to [3*M](SbFs), followed by [4¢M](SbFs),. This
trend of decreasing exchange-coupling constant suggests that
the extent of kinetic exchange of the
(delocalization) between the intra-porphyrins decreases, which
implies that electronic communication through conjugation
decreases. The decreased conjugation on going from linear to
cofacially slopping followed by clamshell is also supported by
the increased HOMO-LUMO gap and (LOL)-it isosurface map
(vide infra). The [2eCu](SbFs)2, [3*Cu](SbFs)2, and [4eCu](SbFe)2
follow the trend for the HOMO—-LUMO gap 0.87 eV < 1.04 eV <
2.14 eV while in [2eNi](SbFg)2, [3*Ni](SbFs), and [4eNi](SbFe)2
have the order 1.36 eV < 1.91 klJ/mol < 2.38 eV.

radical spin

EPR spectroscopy

The EPR spectral behavior of 3¢Cu and 4¢Cu (Figures 8 and 9) is
similar to that displayed by 2eCu, reported recently by us.142 In
unoxidised form, 3eCu and 4eCu show the signals of
mononuclear copper(ll) species in the ground doublet state,
suggesting that the magnetic interaction between the unpaired
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electrons on two Cu(ll) ions does not occur through space nor
the bridge. The spin Hamiltonian parameters are: gy,y,. = {2.044,
2.044, 2.192}, Acy.(Cu) = {26.5, 26.5, 201.6} x 10~ cm=,
Axy,(**N) = {15.5, 15.5, 17.0} x 10~* cm~ for 3eCu, and gy, =
{2.048, 2.048, 2.193}, Ay, .(Cu) = {24.5, 24.5, 202.8} x 104 cm~,
Axy,2(**N) = {15.3, 15.3, 15.3} x 10~ cm~! for 4Cu (Table 4). The
relative values of the hyperfine coupling constants, A,(Cu) >>
Ax(Cu) ~ Ay(Cu) > 0, are compatible with the square planar
structure disclosed by X-ray diffraction analysis (Table 1) and a
ground state based on Cu dy-y, orbital.?® The values of A,(Cu),
in the range (200-210) x 10~% cm™, agree well with those
reported for Cu(ll)-porphyrins.13c14a23.24  Simijlarly, the
superhyperfine coupling constant with nitrogen nuclei, A(**N),
is comparable to those discussed in literature, between 15.0 x
10*cm~tand 18.0 x 104 cm™1, 13¢, 142,24

Upon the chemical oxidations of 3¢Cu and 4Cu the resonances
centred around 3040 and 3530 G (denoted by the black squares)
attributed to the perpendicular region of a signal belonging to a
triplet state (25 + 1 = 3); in addition four of the seven
absorptions expected in the parallel region (septet with an
intensity ratio 1:2:3:4:3:2:1 2°) are revealed (they are indicated
with the black triangle and the asterisks). The spectrum of
[3eCul?** was simulated with gxy. = {2.042, 2.042, 2.380},
Axy,2(Cu) ={10.0, 10.0, 102.0} x 10~* cm~%, D (zero-field splitting)
=218 x 10 cm™, E (rhombic parameter) = 72.7 x 10* cm~ and
that of [4eCul?* with gy, = {2.047, 2.047, 2.378}, Ayy.(Cu) =
{10.0, 10.0, 102.0} x 10# cm™, D =220 x 10* cm™, E = 73.3 x
104 cm™ (Table 4); in both cases, the final spectra were
obtained summing to the signals of [3eCu]?*or [4eCu]?*, along
with a small proportion of the signal deriving from their
respective unoxidised complexes 3¢Cu and 4eCu. The value of
A,(Cu) for the septet between 2300 and 3000 G is ca. 102.0 x
104 cm~t which is approximately half of that detected for an
unoxidised Cu(ll) species with the same equatorial
coordination;25 for comparison, A, for 3¢Cu and 4¢Cu are 201.6
x 10 cm~1and 202.8 x 1074 cm™L, respectively (Table 4).

2300 2700 3100 3500 3900 4300
Magnetic field / Gauss

Figure 8 (A) Simulated EPR spectrum of 3eCu; (B) experimental EPR
spectrum of 3eCu (in the CHClz/toluene mixture at 120 K); (C)
experimental EPR spectrum of [3eCu]* (in the CHCls/toluene mixture at
120 K); (D) experimental EPR spectrum of [3¢Cu]?* (in the CHCls/toluene
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mixture at 120 K); (E) simulated EPR spectrum of [3eCu]%, .Thetriangles
and squares indicate the parallel and perpendiculari¢oifpanerntsoof the
zero-field splitting tensor D, respectively. In the inset and with the
asterisks, the hyperfine resonances due to the coupling between the two
unpaired electrons and Cu nuclei are denoted; this region, in the
magnetic field range 2300-2715 G, was amplified 20, 12, and 9 times
compared to the traces (B), (D), and (E).

Considering that (i) the magnetic susceptibility measurements
suggest a strong antiferromagnetic interaction between Cu(ll)
and porphyrin radical cations, (ii) the absence of a through
space coupling Cu(ll)--=Cu(ll) for 3¢Cu and 4eCu (see traces B of
Figures 8 and 9), and (iii) the positive value of Jcy—cy, the results
of EPR spectroscopy can be explained by assumption that the
oxidation of 3¢Cu and 4¢Cu promotes intramolecular electronic
between the two Cu(ll) centres upon
changes, as suggested by UV-vis-NIR
spectroscopy. This confirms the possibility of a long-range spin

communication
conformational

communication through a m-conjugated bridge for dinuclear
metalloporphyrins.142

The EPR spectra recorded on the 2e—-oxidised species, [3¢Cu]%*
and [4¢Cu]?* in the solid state (Figure 10) provide new insights;
the pattern is attributable to a triplet spin state in both cases.
For [3eCu]?* the spin Hamiltonian parameters are gy, = {2.049,
2.049, 2.370}, Ay,..(Cu) = {10.0, 10.0, 101.0} x 104 cm~%, D = 220
x 10 cm™, E = 73.3 x 10™* cm~! and for [4eCu]?* they are gy,
={2.045, 2.045, 2.350}, A,y,.(Cu) = {10.0, 10.0, 103.0} x 10~ cm~
1 D=230%x10"*cm™, E=76.7 x 104 cm™ (Table 4).

(A)

23I00 26;30 2§00 32IDD 35I00 3500 41 IOO
Magnetic field / Gauss

Figure 9. (A) Simulated EPR spectrum of 4eCu; (B) experimental EPR
spectrum of 4eCu (in the CHCls/toluene mixture at 120 K); (C)
experimental EPR spectrum of [4eCu]* (in the CHCls/toluene mixture at
120 K); (D) experimental EPR spectrum of [4eCu]?* (in the CHCls/toluene
mixture at 120 K); (E) simulated EPR spectrum of [4eCu]?*. The triangle
and squares indicate the parallel and perpendicular components of the
zero-field splitting tensor D, respectively. In the inset and with the
asterisks, the hyperfine resonances due to the coupling between the two
unpaired electrons and Cu nuclei are denoted; this region, in the
magnetic field range 2300-2715, was amplified 25, 25, and 16 times
compared to the traces (B), (D), and (E).
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Figure 10. (A) Simulated EPR spectrum of [3eCu]?*; (B) experimental
EPR spectrum of [3eCu]?* (in the solid state at 120 K); (C)
experimental EPR spectrum of [4eCu]?* (in the solid state at 120 K);
(D) simulated EPR spectrum of [4eCu]?*. The triangles and squares
indicate the parallel and perpendicular components of the zero-
field splitting tensor D, respectively. In the inset and with the
asterisks, the hyperfine resonances due to the coupling between
the two unpaired electrons and the two Cu nuclei are denoted; this
region, in the magnetic field range 2300-2715, between 2300 and
2715 G, was amplified 6, 6, 9, and 8 times compared to the traces
(A)-(D).

This confirms that the formation of por*- promotes spin
communication for Cu(ll) complexes. Moreover, oxidation does
not involve the metal centre, and nickel maintains the +2-
oxidation state. The magnetic interaction detected for [3eCu]?*
and [4eCu]?*in the solid state is different; for example, the zero-
field splitting tensor values of D are 220 x 10~ cm™! and 230 x
10~ cm™ for [3eCu]?* and [4¢Cu]?*, respectively (Table 4). This
suggests, as indicated by other spectroscopic techniques, that
the type of chemical bridge and shape of the complex modulate
the spin coupling.

The experimental and simulated spectra of [4eCu]?* in the solid
state are compared in Figure S28. The composite resonances at
the half-field, between 1450 and 1680 G, are typical of
molecules in a triplet state and can be attributed to the
forbidden transition AMs = +2, observed for many dinuclear

This journal is © The Royal Society of Chemistry 20xx
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Cu(ll) complexes, confirming the chemical nature gf [42CulZ::22
It can also be noted that the intensity ratfd: beti@éRothel Fisst
four parallel absorptions (region 2300-2715 G) is 1:2:3:4, as
predicted for the interaction of two copper(ll) ions.2> Overall,
these findings confirm the electronic communication between
the two unpaired electrons on the two Cu(ll) centres Jcy-cu could
be attributed to the interaction between the Cu centre and
oxygen atom (Cuee*O = 2.5 A) as suggested by the presence of
bond critical point computed from the AIM analysis (Figure
$25).

The EPR spectra recorded on 3eNi and 4¢Ni and their oxidised
derivatives confirmed some of the findings for copper(ll)
species. The spectra are silent for 3eNi and 4¢Ni due to the
diamagnetic configuration of square planar d& Ni(ll) centres. The
spectra of [3eNi]?* and [4eNi]?* show the signals of a radical
centred at g = 2.006 and g = 2.005, respectively (Figure S29).

Computational study

(A)

Figure 11. DFT computed spin density distribution throughout the
molecule, indicating the extent of conjugation in (A) [2eCu]?*, (B)
[3eCu]?, and (C) [4eCu]?*. (D) Orbital interactions between intra-
porphyrins showing electronic communication through CueeeO
interaction. The pink dotted line represents non-covalent
interactions. Hydrogen atoms attached to carbons were omitted for
clarity.
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Table 4. Spin Hamiltonian parameters for 2¢Cu, 3¢Cu, and 4¢Cu and their corresponding 2e~-oxidised species [2¢Cu]?, [3-(2Du(5_*,1gnl%\£
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9/D5QI01135C
Complex Ox gy g: Ax(Cu)? Ay(Cu)? A;(Cu)? Ax(**N) 2 A)(*N) 2 A:(*N)? D? E? Ref
2eCu 2.025 2.065 2.188 23.0 25.0 200.0 18.0 18.0 18.0 - - 14a
3eCu 2.044 2.044 2.192 26.5 26.5 201.6 15.5 15.5 17.0 - - Tw
4Cu 2.048 2.048 2.193 24.5 24.5 202.8 15.3 15.3 15.3 - - Tw
[2¢Cu](SbFs)2 2.050 2.035 2.368 5.0 10.0 100.0 18.0 18.0 18.0 216.0 72.0 14a
[3eCu](SbFg)2,® 2.042 2.042 2.380 10.0 10.0 102.0 15.5 15.5 17.0 216.0 72.0 Tw
[3#Cu](SbFe)2, 2.049 2.049 2.370 10.0 10.0 101.0 15.5 15.5 17.0 220.0 73.3 Tw
[4¢Cu](SbFe)2, b 2.047 2.047 2.378 10.0 10.0 102.0 15.3 15.3 15.3 218.0 72.7 Tw
[4#Cu](SbFe)2 ,° 2.045 2.045 2.350 10.0 10.0 103.00 15.3 15.3 15.3 230.0 76.7 Tw

aValues in 1074 cm™! units. ® In a mixture of CHCl3/toluene. In the solid state.

The geometry and structural parameters obtained from the
DFT calculations agree with the experiment (Figures S30-S33).
In 3eNi and 4¢Ni, all the electrons are paired and thus produce
a closed shell singlet state. The spin density distribution in
neutral species 3¢Cu and 4¢Cu (S = 1, triplet state) showed that
the spin is mainly found on both the Cu(ll) centres with the same
phase in the metal dx.—> orbital (Figures S34 and S35).

However, the spin distribution completely changes after le-
oxidation in Ni(ll) and Cu(ll) complexes. In the le~ oxidised
complex [3eNi]* (S = 1/2, doublet state), the spin density is
distributed symmetrically on both the porphyrin rings through
the DPM bridge with an alternate phase change pattern
indicating the effective spin delocalization of mt-cation radical on
the entire molecule (Figure S36). In contrast, the spin density in
[4eNi]* was primarily found on one nickel(ll) porphyrin plane,
indicating the breaking of the spin delocalization over the bridge
due to the carbonyl moiety over the methine bridge as
discussed above. In the le-oxidised complexes, the doublet
state is more stable than the quartet state by 7.90 and 14.12
kcal mol=!, respectively (Figures S34 and S35). There is no
change in the spin densities of the copper before and after
oxidations; thus, there are no metal-centre oxidations in
[3eCu]* and [4eCu]*. This agrees well with EPR results.

On this basis, the 2e~-oxidised complexes [3¢Ni]2* and [4eNi]%*
have also been optimized in two possible spin multiplicities: an
open-shell singlet state, in which two cation radicals endure
antiferromagnetic coupling, and a triplet state, where two
cation radical spins interact ferromagnetically. The open-shell
singlet state was found to be more stable than the triplet state
by 8.5 kcal mol-1 for [3eNi]2* and by 5.3 kcal mol-1 for [4eNi]2*
(Figures S36 and S37). In the case of [4#Cu]?*, three possible spin
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multiplicities are considered: (i) open-shell singlet state, which
accounts for antiferromagnetic interactions between unpaired
electrons of Cu(ll) and porphyrin m-cation radical spin; (ii)
quintet state, which arises due to ferromagnetic coupling
between porphyrin m-cation radical and Cu(ll) unpaired spins
and (iii) triplet state in which two radical spins endure strong
antiferromagnetic interaction. The open-shell singlet state has
been energetically found to be the most stable in both
complexes. Relative energies were found to be in the order:
open-shell singlet (0 kcal mol?) < quintet (5.71 kcal mol?) <
triplet (21.12 kcal mol-?) for [3eCu]?*. A similar order was also
found in [4eCu]?* (Figures S34 and S35).

The decrease in electronic communication and magnetic
exchange coupling constants is also supported by the computed
spin density plot, where a fully delocalized spin density is
predicted in [2e¢M](SbFg¢)> while a distinct localization is
determined in [4¢M](SbF¢)2 (Figure 11). The spin density plots
display the distribution over the entire molecule with significant
contributions on the bridging moiety in the 2e™-oxidised
complexes of [2¢M] and [3¢M]. In contrast, no such spin
distribution via the DPM bridge was observed in the case of 4¢M
after oxidation. It is important to note that the spin-density
plots for the Cu(ll) and Ni(ll) porphyrin dimers in the neutral, 1e~
-, and 2e—-oxidised states of 2¢M, 3¢M, and 4¢M demonstrate
the significance and crucial role of metal ions, bridge and their
shape in the intramolecular electronic communication. The
overall spectral features of the oxidised species were well-
reproduced by the TD-DFT analysis with the UB3LYP method.
The characteristic NIR bands at 1075 and 855 nm observed in
the 1le~- and 2e—-oxidised species of 3eNi are attributed to the

This journal is © The Royal Society of Chemistry 20xx
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Figure 12. Electronic absorption spectra (curved line, left axis) in CH,Cl,
and oscillator strengths (vertical line, right axis) obtained from TD-DFT
calculations at the UB3LYP/6-31G**/LANL2DZ level of theory for (A)
[3#Ni]SbFsand (B) [3¢Ni](SbFe),.
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transitions from a-orbitals of HOMO to LUMO (f 5,0,326Z)-and
HOMO-1 to LUMO (f = 0.1551), respectivehy (FgleD2)35a
similar feature showing strong NIR bands at 1125 and 678 nm
for the resulting oxidized species of 3eCu, is originated from the
transitions from HOMO to LUMO (f = 0.3025) and HOMO to
LUMO+2 (f = 0.1135), respectively (Figure S38). This result
indicates that the transition behaviors of oxidized 3¢M are both
governed by the specific orientation of m-conjugated porphyrin
arrays. Furthermore, in the case of 4eNi, the 1e -oxidised NIR
band at 1192 nm can be correlated to the transitions from
HOMO to LUMO (f = 0.0737), and its 2e~-oxidised band at 912
nm corresponds to HOMO-1 to LUMO (f=0.0782). Similarly, the
le~ and 2e-oxidised species of 4e¢Cu at 1075 nm and 785 nm,
respectively, correspond to transitions from HOMO to LUMO (f
=0.0687), and HOMO-1 to LUMO (f = 0.0805) (Figures S39 and
S40). The above spectral features in the NIR region vary from
the corresponding species of 2¢M (M = Ni and Cu), showing the
fully delocalized electron density distribution over the
porphyrin and DPM bridges originated from the frontier MOs
(e.g., HOMO and LUMO) (Figures S41 and S42). The linearly
orientated 2¢M may possess electronic structures similar to the
oxidised ethynyl-bridged porphyrin dimer, showing NIR
absorption with enormous oscillator strengths.2%2 In contrast,
the oxidised cofacially bent dimers (i.e., 3*M and 4eM)
demonstrated the partial/pure charge transfer character upon
photoexcitations from the HOMOs to the LUMOs (Figures 12
and S38-540). The restricted m-electronic communications
between the cofacial porphyrin arrays through the dipyrrin
moiety in 3¢M and the further disrupted n-conjugation with the

disconnected between the
porphyrin and keto bridge

Figure 13. LOL-it isosurface map of (A) [2eNi]* (top) and [2¢Ni]?* (bottom); (B) [3*Ni]* (top) and [3#Ni]** (bottom); (C) [4eNi]* (top) and [4eNi]?*

(bottom), with iso-value of 0.45 a.u.
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carbonyl bridges in 4¢M resulted in less intense NIR bands than
2.

Notably, upon oxidation of 2¢M and 3eM, a disrupted global
18m-conjugation in both porphyrin macrocycles was visualized
in the LOL-mt isosurface map, indicating the contribution from
the potentially quinoidal porphyrin-like structures (Figure 13,
traces A and B).26b¢ The resulting structures could produce
effective electronic interactions through the dipyrrin moieties.
In the case of oxidized 4¢M, a disrupted electronic conjugation
between porphyrin macrocycles was observed in the LOL-1t
isosurface, likely due to the presence of a discrete carbonyl
resonant structure between the dipyrrin and porphyrin units
(Figure 13C).

Kohn-Sham orbital profile of neutral complexes highlights the
smaller HOMO-LUMO gaps in the case of 4¢M followed by 2eM
and 3eM. Interestingly, the LUMO in 4¢Cu is much more
stabilized, leading to a significant decrease in the HOMO-LUMO
energy gap. This qualitatively explains the observed large red-
shift of the NIR band in the electronic spectroscopy. A similar
trend was observed in nickel complexes (Figures 14 and S43).
Upon oxidation of 2¢M, 3¢M, and 4¢M, the Kohn-Sham orbital
profiles of le— and 2e -oxidised complexes revealed the
notable electronic coefficients and spin delocalization through
the bridge. After stepwise oxidation, HOMO-LUMO gaps are
further tuned due to changes in electronic coefficients and spin
delocalization via the bridge (Figures 15 and S44-S45). As
observed in the neutral complexes, HOMO-LUMO gaps of the
le—-oxidized complexes follow the same order: [4eM]* < [3eM]*
<[2eM]*. This also qualitatively explains the observed red-shift
of the NIR band in the electronic spectroscopy. For the 2e~
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Journal Name

oxidised species, however, the HOMO-LUMO gap follows the
opposite order [2¢M]2* < [3eM]2* < [4e M]ZOWRiEPSGRARDEVSIY
explains the observed blue-shift of the NIR band. This also
highlights the importance of the molecular shapes along with
the conjugation pathway.
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Figure 14. (A) Energy profile of 2¢Cu, 3¢Cu, and 4¢Cu; (B) Kohn-Sham
orbital representations of the HOMOs and LUMOs (isovalue = 0.020).

HOMO

Figure 15. (A) Energy profile of [2¢Cu]*, [3¢Cu]*, and [4¢Cu]*; (B) Kohn-Sham orbital representations of the HOMOs and LUMOs; (C) Energy profile
of [2eCu]?*, [3#Cu]?*, and [4¢Cu]?; (D) Kohn-Sham orbital representations of the HOMOs and LUMOs (isovalue = 0.020).
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Conclusions

We demonstrate herein the shape-dependent intramolecular
spin coupling through the conjugated bridge in dinickel(ll) and
dicopper(ll) porphyrin dimers in neutral as well as in the
oxidized complexes. The addition of DDQ at different
concentrations to the unconjugated dimer, 1¢M (M = Ni, Cu),
leads to various products that differ in their molecular shapes:
linear’ 2eM, ‘cofacially sloping’” 3*M and ‘clamshell bucket’
4eM. All the molecules have been isolated and structurally
characterized. The presence of two carbonyl groups at the
methine position of the dipyrrin bridge in 4eCu forces the
porphyrin rings to move away from each other while one of the
carbonyl oxygens is directed toward Cu(ll) at a distance of 3.65
A of another porphyrin ring. Mechanistic investigations using
the 180 isotope-labeled water (i.e., H,*80) demonstrated that
the carbonyl oxygen in 4¢M originated from the H,O molecule.
The extent of m-conjugation observed in the complexes was
found to be dependent on the choice of the metal-ions and the
molecular shape of the complexes. The highly m-conjugated
nature and varying shapes of the porphyrin dimers resulted in
several prominent attributes, including different colours and
polarities, remarkably red-shifted and intense NIR absorption
bands, and narrow HOMO-LUMO gaps, etc.

Notably, the addition of carbonyl moieties at the methine
bridge in 4¢M facilitates stronger electronic communication
through it. Kohn-Sham orbital profile of neutral complexes
highlights the smaller HOMO-LUMO gaps in the case of 4¢M
followed by 2¢M and 3¢M which has also been found directly
correlated with the order of NIR bands observed
experimentally. Indeed, the LUMO in 4eM is much more
stabilized, while m* orbital of the inserted carbonyl group
effectively mediates the B to B bonding interaction, which
resulted in a large red-shifted NIR absorption band with the
narrowest HOMO-LUMO gap.

Upon stepwise oxidations by chemical oxidants, highly stable
mono-cation radical and di-cation diradicals were isolated that
exhibited long-range charge/radical delocalization via the
bridge to produce strong NIR absorption bands. For le—-
oxidized complexes, HOMO-LUMO gaps follow the order:
[eM]* < [3eM]* < [2¢M]*, which also qualitatively explains the
observed trends of the NIR band in the electronic spectroscopy.
For the 2e~-oxidised species, however, the HOMO-LUMO gap
follows the opposite order [2¢M]2+ < [3eM]2* < [4¢M]2*, which
again reproduces the experimental trends of the NIR bands. This
highlights the importance of the molecular shapes along with
the conjugation pathway.

The spin-density plots for the Cu(ll) and Ni(ll) porphyrin dimers
in the neutral, 1e-, and 2e~-oxidised states of 2¢M, 3¢M, and
4¢M demonstrate the significance and crucial role of metal ions,
bridge, and their shape in the long-range electronic
communication. The spin density plots display the distribution
over the entire molecular framework with significant
contributions to the bridging moiety in the 2e-oxidised
complexes of [2¢M] and [3eM]. In contrast, no such spin
distribution has been observed on the bridge in [4¢M]%*; rather
spin density was completely localized on the porphyrin ring. As
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a result, m-conjugation between two macrocycles,dis hetterin
linear ‘butterfly-like’ followed by curved ‘E5faéialBreiopigtiand
carbonyl-inserted ‘clamshell bucket’, while nickel(ll) dominates
over copper(ll) motifs. The observed J.. exchange coupling for
2e~-oxidized complexes also follows the order. Triplet state EPR
spectra were observed both in the solid as well as in the solution
due to the magnetic interaction between the unpaired spins on
the two Cu(ll) centres. Indeed, the carbonyl group acts as a good
n-mediator in [4¢M]%* and is responsible for through space
communication between the two porphyrin macrocycles. This
has also been demonstrated in the non-covalent interaction
between O atom and Cu (CueeeO = 2.5 A) in the complex
supported by AIM analysis.
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