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Porphyrins, a type of heterocyclic aromatic compounds consisting of tetrapyrroles connected
by four substituted methine groups, are appealing building blocks for solar energy
applications. However, their photosensitization capability is limited by their large optical
energy gap, which results in a mismatch in absorption towards efficient harvesting of the solar
spectrum. Porphyrin -extension by edge-fusing with nanographenes can be employed for
narrowing their optical energy gap from 2.35 eV to 1.08 eV, enabling the development of
porphyrin-based panchromatic dyes with an optimized energy onset for solar energy
conversion in dye-sensitized solar fuel and solar cell configurations. By combining time-
dependent density functional theory with femtosecond transient absorption spectroscopy we
find that the primary singlets, which are delocalized across the entire aromatic part, are
transferred into metal centred triplets in only 1.2 ps, and subsequently relax towards ligand-
delocalized triplets. This observation implies that the decoration of the porphyrin moiety with
nanographenes, while having a large impact on the absorption onset of the novel dye,
promotes the formation of a ligand-centred lowest triplet state of large spatial extension,
potentially interesting for boosting interactions with electron scavengers. These results reveal

a design strategy for broadening the applicability of porphyrin-based dyes in optoelectronics.

1. Introduction

Control of excited state dynamics in chromophores is a crucial aspect for optimizing
photoconversion efficiency in organic-based solar cell and solar fuel architectures. For
example, understanding and eventually fine-tuning charge carrier dynamics in molecular dyes
is key to facilitate electron-transfer reactions in donor-acceptor systems, where transferred
electrons can subsequently trigger catalytic activity. [1-3] Typical examples of light induced
catalysis based on these architectures are water splitting to produce hydrogen for fuel cells [4—
7] and/or CO2 reduction to achieve high added-value chemicals. [8,9] Within this context,
harnessing parallel electronic decay pathways that detrimentally compete with the targeted
photochemical reaction is crucial to improve photoconversion efficiency. Among currently
available solutions, transition metal complexes have been widely exploited toward that end,
owing to long-lived photoexcited electron dynamics, enabled by rapid inter-system crossing
in the picosecond to sub-picosecond timescale to the triplet state. [10,11] Within this family
of compounds, open-shell metalloporphyrins, such as nickel(l1) porphyrins, depict these

described advantages, as primary porphyrin-centred excited states relax rapidly towards a
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metal centred triplet, enabling the photogenerated electron to be employed for a catalytic
reaction prior to decaying to the ground state.[1,10-12] Apart from this desirable feature, Ni
porphyrins have demonstrated to be very stable under catalytic conditions, being able to
survive the harsh (strongly acidic) reaction conditions employed for their synthesis,[12] or in
operando in solar fuel configurations.[13] Further research on these compounds include the
usage of porphyrin-based metal-organic frameworks (MOFs), which exhibit excellent
photocatalytic reduction of CO>. [14,15] Despite the appealing features of porphyrins acting
as chemical reaction centers, their capability for harvesting sunlight is largely limited to the
ultraviolet region (UV) of the solar spectrum, i.e., their capability to absorb photons in the
green-to-near infrared, where most sunlight photons are available, is very limited. In this
respect, an appealing target is to realize novel dyes where the porphyrin absorption spectrum
is extended [16,17] while preserving the rest of the appealing features; as e.g., avoiding an
impact over the intermediate relaxation pathways and the final yield of the reactive excited
states. Following this aim, previous reports showed approaches where small polycyclic
aromatic hydrocarbons were fused to the porphyrin periphery, developing n-extended
porphyrins with red-shifted absorption onsets toward the near-infrared (NIR).[16,17] More
recently, some of us reported on the synthesis of a 5,15-(dimesityl)porphyrin nickel(1l)
(NiDMP) fused in a symmetric fashion with two nanographenes (named hereafter NPN) as
shown in Figure 1, in which the nanographenes are hexa-peri-hexabenzocoronenes having
two K-regions on the neighboring bay positions [18]. The choice of Ni(ll) as open shell metal
at the porphyrin center instead of Zn(11) or Co(ll) is for the stabilization of the porphyrin core
during the synthesis of the NPN conjugate, which involves an oxidative and acidic reaction
condition.[18] The obtained planar structure of NPN enhances r-conjugation between the
porphyrin and the fused nanographene moieties, which further results in a broad absorption
spectrum spanning across the entire visible region. The NPN absorption spans up to 1200 nm,
well beyond the 800-900 nm absorption limit of porphyrin-based dyads previously reported.
[16,17,19-22] The extended planarity and the large size of the nanographenes are key to
achieve this outstanding panchromatic behavior. Moreover, the three C-C bonds that
completely fuse the nanographenes to the Ni porphyrin core not only enable electron
delocalization, but also extend the heavy atom-effect of Ni to the entire nanographene-
porphyrin structure. Thus, combination of aromatic fusing and heavy metal atom inclusion
can provide possibilities towards introducing spin properties in polycyclic aromatic
hydrocarbons. In this work, we explore the exciton dynamics in NPN by combining time-

dependent density functional theory (TDDFT) and femtosecond transient absorption
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spectroscopy (TAS). Our results confirm the presence of an ultrafast energy transfer from the
nanographene-porphyrin moiety towards the porphyrin metal center, which subsequently
relaxes into a m-extended state. These findings show an avenue for extending the absorption
spectra of porphyrins towards the near infrared via nanographene decoration while providing
spatial extension to promote interactions with electron scavengers. Extending the bandgap
towards the infrared is a key target towards higher photoconversion efficiencies in sensitized
architectures, this critical aspect should, in any case, be accompanied by an engineered donor-
acceptor interface where energetics and excited electron kinetics favor photoinduced charge
transfer. [23] These findings set the basis for improving the applicability of porphyrin-based

compounds to solar energy conversion schemes.

2. Results and discussion

2.1 Experimental and simulated UV-Vis absorption spectra

TDDFT calculations allow to reliably simulate the absorption spectra of both NiDMP and
NPN, as shown in Figure 1. To keep the computational burden under control we described C,
N, and H atoms with the 6-31G(d,p) basis set and the Ni atom with Ahlrichs VTZ basis set.
This choice closely follows a previous computational work on Ni porphyrin [24]. As for the
choice of the DFT functionals, we found that the combination of B3LYP to determine the
ground state equilibrium structure and PBE to compute the vertical transitions by TDDFT was
accurate enough for our purposes. This outcome is also consistent with previous works on Ni
porphyrins [24-26] (further details are reported in SI). The Soret band of NiDMP is observed
at 401 nm and it is computed at 404 nm. It is assigned to electronic transitions involving
delocalized = orbitals (see Sl for details). We also obtain by TDDFT calculations the Q band
at 527 nm (2.35 eV), which is reasonably close to the peak found in the experimental UV-Vis
spectrum at 517 nm (2.40 eV). TDDFT calculations in NPN also provide a good description
of the UV-Vis absorption profile (Figure 1). The position of S; (1182 nm, 1.05 eV) is well
accounted by the theory (1143 nm, 1.08 eV). The experimental peak observed at 994 nm (1.25
eV) is assigned to the 0—1 vibronic component of S1. This is based on the fact that the
vibronic spacing between 1.25 eV and 1.05 eV (1613 cm™) approaches the position of the G
band in the Raman spectrum of NPN [25], for which we expect a sizeable vibronic coupling
based on the geometry relaxation pattern computed between the minima of the GS and S;. As

reported in the Sl, the relaxation pattern shows large displacements along CC stretching
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coordinates whose involvement is expected in G modes. The other NPN broad absorption
band at 605 nm (2.05 eV) corresponds to two rather close transitions computed by TDDFT at
575 nm (2.15 eV) and 610 nm (2.03 eV).

We did not observe spontaneous or stimulated emission for either NIiDMP or NPN molecules,
in contrast to some reports claiming the presence of a SE band which decays in few
picoseconds in Ni(ll) porphyrin related systems. [27—29] This effect is explained as the result

of ultrafast inter-system crossing due to the Ni atom inclusion. [30,31]
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Figure 1. Computed and experimental UV-Vis absorption spectra of NIiDMP (left) and NPN
(right); the chemical structures of the molecules are reported as insets. The spectra have been
normalized and vertically shifted for the sake of clarity. Black lines indicate the position of
the computed vertical transitions whose oscillator strengths are proportional to the line height;

grey lines have the same meaning but refer to the zoomed parts of the spectra.

2.2. Femtosecond transient absorption spectroscopy

To scrutinize the photophysics of NPN, we carried out transient absorption spectroscopy

(TAS) and employed NiDMP as a reference sample. The pump excitation energy employed in
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the TAS experiment on NiDMP (3.2 eV, 387 nm) excites the Soret band, whereas the
excitation pump used for NPN (2.05 eV, 605 nm) excites a delocalized n—n* transition of the
nanographene moiety, which is computed at 610 nm (see Table S2 in SI). In other words, to
properly compare the excited-state dynamics of NIDMP and NPN, we excite S> in both cases.
The decay pathways are instead probed with a supercontinuum in the 3 - 0.9 eV (430-1400
nm) energy (wavelength) range. The TAS experimental findings in NiDMP and NPN are
depicted by the contour plots in Figure 2(a) and Figure 3(a) respectively, where the red and
blue areas stand respectively for pump-induced reduction in ground state absorption also
referred as ground state bleach (GSB, AT/T > 0) and photoinduced absorption (PA, AT/T < 0).
Starting with NiDMP (Figure 2(a)), the TAS is composed (from high to low energies) of a PA
region between 3.10 eV and 2.80 eV, and alternated GSB and PA in the 2.5 — 2.2 eV energy
range, resembling the first derivative of the NiDMP Q absorption band (2.40 eV, 517 nm).
This derivative-like feature was previously reported in similar metalloporphyrins and assigned
to a metal centred (d,d) triplet excited state. [32] In turn, the NPN TAS signal is composed of
two positive (red shaded) areas centred at 1.05 eV and 1.25 eV (Figure 3(a)), which coincide
with the NPN absorption bands at 1182 and 994 nm respectively, being therefore assigned to
GSB. In the low energy region, a PA band down to 0.93 eV due to excited state absorption is
observed. Given that we did not observe any fluorescence from NiDMP or NPN and bearing
in mind the interplay of triplets in the electron relaxation pathways of related
metalloporphyrins, [25,26] we attempted to reconstruct the TAS spectra and dynamics with
different photophysical models, observing a good agreement only when a linear chain reaction
is invoked, which involves inter-system crossing from S: without competition with a parallel
S1-So decay channel. Noteworthy, the linear reaction proposed to fit the data is consistent with
the absence of fluorescence in NiDMP or NPN. The proposed photophysical scenario,
common for NiDMP and NPN, involves photoexcitation of a primary ligand-centred singlet
level which undergoes intersystem crossing towards a non-thermalized triplet level, relaxation
to the lowest triplet state and ground state decay. This four-level sequential model is implicit

in the following set of coupled equations:

dNs/dt = g — ksN 1)
AN, /dt = kN, — ky Ny @)
dNyy/dt = ky Ny — kryNrq 3
dN,/dt = kryNr1 — g 4)



where, Ng, N+, Ny, stand for the time-dependent population of singlets, non-thermalized (T")
and thermalized (T1) triplets respectively, whereas ks, kr and kr1 are their corresponding
decay rates. The ground state population (N,) is depleted by the photoexcitation with an
impulsive-like rate g. A comparison between the experimental and global fitted TAS contour
plots in Figure 2(a) and Figure 3(a) and between the TAS experimental and fitted dynamics at
selected energies (Figure 2(b) and Figure 3(b)), illustrates how the model can describe the
data rather well. Focusing first on NiDMP, photoexcitation leads to a primary singlet which
undergoes intersystem crossing in 0.8 ps towards an upper T~ triplet level, followed by
thermalization in 16 ps to the lowest Ty triplet level and decay to the ground state in 287 ps,
(Figure 2(c)). Noteworthy, these three decay components are in good agreement with ~1 ps,
~20 ps and ~200 ps respectively reported by Chen et al. and Shelby et al. on NiTMP with the
same photophysical model, the first one under identical photoexcitation conditions.[25,26] In
turn, the excited-state deactivation pathways in NPN (Figure 3(c)) involve intersystem
crossing in 1.2 ps towards an upper lying T", thermalization and ground state decay in 18 ps
and 100 ps respectively, namely an almost three-fold reduction respect to ground state decay
in NiDMP, pointing to additional non-radiative triplet decay channels. TAS spectra and
Kinetics are closely modelled with the same linear reaction kinetic models and similar decay
rates, confirming a sequential decay reaction in both compounds. In the next section we
address with TDDFT calculations the nature of the electronic states involved in the de-

activation pathways and their energetic location.
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Figure 2. (a) Experimental (up) and fitted (down) TAS contour plots of NiDMP. (b) AT/T

decay traces at different energies with their associated global fits obtained from the sequential
model for NiDMP. (c) Four sequential level model scheme employed for the global fit
analysis with the corresponding rate values. The electronic character of each level is based on
TDDFT calculations, as well as the energy of each one (S1 [1.88 eV], T’ [1.76 V], T1 [1.01
eV], SO [0 eV]).
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Figure 3. (a) Experimental (up) and fitted (down) TAS contour plots of NPN. (b) AT/T decay
traces at different energies with their associated global fits obtained from the sequential model
for NPN. (c) Four sequential level model scheme employed for the global fit analysis with the

corresponding rate values. The electronic character of each level is based on TDDFT



calculations, as well as the energy of each one (S1 [1.08 eV], T’ [0.96 eV], T1 [0.71 eV], SO
[0 eV]).

2.3. Excited state assignment and discussion

TDDFT calculations determine the energy difference between the ground state (GS) and the
singlet (Sn) or triplet (Tn) excited states. Hence, the TDDFT results reported in Figure 4 have
been used to support the interpretation of the deactivation pathways proposed in the analysis
of the TAS measurements. In the case of NiDMP, by taking the GS energy as reference (0
eV) we obtain the energy of the S; state at 1.88 eV and the energy of the T, state at 1.01 eV.
TDDFT calculations on NiDMP also reveal a pair of nearly degenerate triplets (T2, T3) that
are computed at 1.12 eV and an upper T4 level at 1.76 eV. T1 is described mainly as a HOMO

(3d,2) — LUMO (3d,2_,2) transition, which is localized on the metal center as the maps of

the HOMO and LUMO orbitals clearly show. Based on the labelling scheme adopted by Chen
et al., [25] we label T1 as T1(d,d). The triplets computed at higher energies agree with the
interplay of a T’(=,d) state populated by inter-system crossing from singlets, as depicted in
Figure 2(c) and in line with previous reports. [26,28,31] In particular T4 involves a transition
from the HOMO-3 level which shows a minor contribution from one d orbital and a major
contribution from a delocalized = orbital, leading to the T’(z,d) assignment in the deactivation

pathway of NiDMP discussed above.
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Figure 4. Electron configuration of NiDMP (a) and NPN (b) and their low-lying singlet and
triplet states. The top left part of each panel reports the electron configuration nearby the frontier
orbitals; the nature of each orbital is also specified according to ref. [26]. Light blue and orange
orbitals are put in evidence since they determine localized T(d,d) states (T1 in NiDMP, Tz in
NPN). The table in the top right compares the position of the less energetic singlet state with
the lowest lying triplets: the first and second columns report the singlet state and its energy in
eV; the third and fourth columns report the triplet states and their energies in eV; the fifth and
sixth columns report the main transition involved in the triplet state, and its relative
contribution; finally, the seventh column reports the nature of the initial and final state involved
in the transition. The bottom part shows the isosurfaces of the orbitals at 0.012 ao®? (a) or at
0.006 a0 (b).
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The extended n-conjugation of NPN causes a different orbital ordering with respect to
NiDMP (Figure 4). Upon increasing conjugation, the occupied (unoccupied) 7 orbitals
increase (decrease) their energy in contrast to the d orbitals located on the metal centre which
are expected to be weakly affected by changes in @ conjugation. Indeed, the 3d,2 orbital
energy is -4.49 eV in NPN (HOMO-3) and -4.52 eV in NiDMP (HOMO), whereas the energy
of the 3d,2_,2 orbital is -2.78 eV in both molecules (LUMO+1 in NPN and LUMO in

NiDMP). Hence, the change in position of the frontier z orbitals upon increasing conjugation
causes the change of the HOMO and LUMO orbitals in NPN from d to =. By consequence,
the NPN triplet state localized on the nickel center (T>) is not associated to the
HOMO->LUMO transition but to the HOMO-3 (3d,2) 2> LUMO+1 (3d,2_,2) transition that

involves the localized d orbitals. T> and Tz levels are degenerate, the latter also having a
predominant metal centred character. Their energetic position (0.96 eV) approaches the
T1(d,d) energy in NiDMP, confirming to be insensitive to m-conjugation (Figure 4).
Noteworthy, the nature and energetic position of T> and T3 justifies the interplay of an upper
metal centred T"(d,d) in the deactivation pathways diagram of NPN (Figure 3(c)). The lowest
triplet state T1(r,n*) is computed at 0.71 eV and has instead a major contribution on the
ligand. Notably, electronic relaxation towards a n-n* triplet state delocalized on the ligand is a

distinctive signature of NPN with respect to NiDMP.

In view of the results presented above some conclusions can be drawn. In general, the use of
moieties to extend the porphyrin conjugation can potentially cause interference with the
formation of the transient reactive species required to trigger a specific photochemical
reaction. In this respect, it is noteworthy that triply fused functionalization of NiDMP with
hexa-peri-hexabenzocoronenes preserves a similar ultrafast inter-system crossing rate as in
NiDMP, eluding ground-state relaxation in the singlet manifold. The reconstruction of the
NiDMP and NPN TAS data with a four-level sequential model without intermediate losses to
the ground state suggests the absence of parallel decay processes in the singlet or triplet
manifold. Thus, photoexcited electrons can be eventually harnessed to trigger light-to-energy
conversion without facing competition with intermediate parasitic losses. It is remarkable that
the lateral hexa-peri-hexabenzocoronenes and the central NiDMP core in NPN play two
differentiated roles, the former aiming at extending the absorption spectral range towards the
near-IR coverage whilst the latter hosting the intermediate T'(d,d) state which funnels

electrons from primarily delocalized S(rt,7*) states. In this way, the porphyrin core acts as an
11



intermediate node, from which energy re-distribution takes place. As shown by TDDFT
calculations, its energetic position is decoupled from the peripheral ligands which surrounds
it. Such feature could potentially allow to tune independently the absorption while
maintaining intermediate reactive metal centers of interest for specific photochemical
reactions. The subsequent relaxation towards a ligand delocalized state could potentially aim
at enhancing chemical interactions with the surroundings. It must be noted that the triplet
lifetimes in NiDMP and NPN are well below those reported in some of the most widely
addressed transition metal complexes employed to trigger redox reactions, particularly those
containing d® transition metals such as Ru(l1) or Os (1) with lifetimes extending to the nano-
microsecond. [33] Large redox potentials and long triplet excited state lifetimes have been
identified as key factors for efficient photochemical reactions, [34,35] and for this reason,
open-shell transition metals have been traditionally dismissed owing to the relatively fast
decay of the triplet to the ground state. [36,37] However, the use of transition metal
complexes such as Ni(ll) is relevant since it has been demonstrated that photocalytic activity
can be initiated on picosecond or even sub-picosecond timescales in some metal-transition
complexes. [1,10-12] Besides, from the point of view of applications, the substitution of rare
and expensive metals with relatively abundant and cost-effective transition metals such as Ni

will become of paramount importance for the development of sustainable technologies.

3. Conclusions

Transient absorption spectroscopy and time-dependent density functional calculations were
employed in the characterization of a novel (dimesityl)porphyrin nickel(Il) triply fused with
nanographene-based chromophores with panchromatic absorption. In this nanographene —
porphyrin conjugate we unravel an ultrafast inter-system crossing towards a metal centred
triplet localized at the porphyrin core, which is barely affected from the energetic point of
view by functionalization. Subsequent relaxation towards a delocalized ligand centred triplet
state is unravellled. These results might pave the way to a new strategy to synthesize
panchromatic molecules for solar energy conversion, as the intermediate yield of the reactive
excited-states is almost unnaffected by the symmetric nanographene expansion of the
porphyrin center, which acts as an antenna during the electronic relaxation process, while the
optical properties, and consequently the panchromaticity, likely could be tuned by varying the

nanographene shape and size.
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Extension of Ni-porphyrin with triply fused nanographenes leads to a conjugated planarized
molecule exhibiting high panchromaticity. The nanographene moieties act as antennas during
the electronic relaxation process towards an intermediate (d,d) triplet state almost unnaffected

by the symmetric conjugation expansion, which subsequently delocalizes along the ligand.

17



Supporting Information
Nanographene based decoration as a panchromatic antenna for metalloporphyrin

conjugates

Saiil Garcia-Orrit,? Victor Vega-Mayoral,® Qiang Chen,? Gianluca Serra,® Giuseppe M.
Paterno,? Enrique Céanovas,? Akimitsu Narita,>¢ Klaus Mullen,>" Matteo Tommasini,*" Juan
Cabanillas-Gonzalez,*

4 Madrid Institute for Advanced Studies, IMDEA Nanociencia, c/Faraday 9, Campus de
Cantoblanco, Madrid 28049, Spain.

b Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany

¢ Dipartimento di Chimica, Materiali ed Ingegneria Chimica “G.Natta”, Politecnico di Milano,
Piazza Leonardo da Vinci 32, 20133 Milano (lItaly)

d Physics Department, Politecnico di Milano, Piazza Leonardo Da Vinci, 32, 20133 Milano,
Italy

¢ Organic and Carbon Nanomaterials Unit, Okinawa Institute of Science and Technology
Graduate University, Okinawa 904-0495, Japan

f Institute for Physical Chemistry, Johannes Gutenberg University Mainz, Duesbergweg 10-14, 55128
Mainz, Germany

1. Experimental Section/Methods

TAS set-up

Femtosecond transient absorption spectroscopy measurements have been performed using a
Ti:Sapphire laser with 120 fs pulse duration centered at 778 nm (~1.6 eV). The NPN
absorbance at 778 nm is low and the obtained TAS signal performs a low signal to noise ratio,
therefore TAS measurements were carried out by pumping at 605 nm, near the second
absorbance resonance in the NPN spectra; a NOPA is employed to obtain the desired
pumping wavelength. For NiDMP, as its lowest excited state is above the laser’s fundamental
emission, TAS measurements were performed by pumping with the second harmonic, i.e.,
389 nm (3.19 eV) generated by a BBO crystal. Pump fluence is set at 0.65 pJ/cm? for all the
measurements, with a 0.4 uJ pulse with a diameter of 280 um. Reported dynamics are in the
linear regime (one e-h per molecule). The probed spectral window is given by the
supercontinuum generated in a sapphire crystal (between 0.9 eV and 1.6 eV), enabling the
study of electron dynamics around/in the vicinity of the HOMO-LUMO gaps of selected
molecules. TAS measurements were carried out with 0.043 mM of NiDMP and 0.022 mM of
NPN. These concentrations afforded a clear AT/T signal out of solution saturation regime. All

samples were prepared in a nitrogen atmosphere at room temperature and ambient pressure.
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Sample preparation

The synthesis procedure to obtain NiDMP and the NPN nanographene, as well as its high-
resolution matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (HR
MALDI-TOF MS), IR and Raman spectroscopy, and scanning tunnelling microscopy (STM),
have been previously explained and reported by Qiang Chen and coworkers.[1] NPN and
NiDMP conjugates have been diluted using anhydrous solvents, this dilution is prepared
inside a glovebox to preserve a nitrogen atmosphere and avoid possible photo-oxidation
processes. Since NPN is a planar large molecule, in order to prevent aggregates, the dilution
has been subjected to bath sonication for 12 minutes (with a temperature below 27 °C) to
properly disperse. To prepare our samples we employed chloroform solvent for the NIiDMP
and tetrahydrofuran (THF) solution for the NPN nanographene, the usage of THF instead of
chloroform is justified by a better solubility of the compound in this solvent, in fact, NPN
conjugate required 12 minutes of sonication to properly disolve in THF and prevent the

presence of aggregates.

2. Transient Absorption Spectroscopy

1. Global fit analysis and singular value decomposition
A global fit analysis as previously described in detail by van Stokkum et al, [2] has been
applied to model the TAS signal decay among the different probe wavelengths. In short, the
validity of the Beer Lambert law is assumed (system is far from saturated absorption at all

probe energies):

A(t,w) = X, Ci(¢t) - 0; (W) (S1)

to reproduce the measured transient absorption spectrum A(t,w), which depends on time t and
angular frequency w (w = 1242 eV-nm/\ with A the wavelength in nm), as a superposition of i
excited state transitions with characteristic time-resolved concentration Ci(t) and energy

resolved absorption cross-section o(w). Equation S1 can be written in matrix form:

A(t,w)=C-0o (S2)
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In Equation S2, each column of the C matrix represents one complete concentration-time
dependence of a state i, while each row of the ¢ matrix represents the full (time-invariant)

spectrum of that state i, and is known as evolution-associated difference spectra (EADS).

@ . (b

EADS (a.u.)
EADS (a.u.)

28 26 24 22 20 18 13 12 11 1.0
Energy (eV) Energy (eV)
Figure S1. EADS obtained from the Global fit analysis applied to the TAS measurements for

(a) NiDMP and (b) NPN molecules.

For NiDMP we employed a model based on a previously reported similar porphyrin

(NiTMP) [3]. This model is based in a four sequential level scheme, represented by the first
singlet state (S*), which undergoes inter-system crossing to an upper triplet level (T"),
followed by thermalization to the lowest triplet level (T1), which finally decays to the ground
state (GS). By applying this model by global fit analysis, we reproduce the TAS signal, being
the associated EADS plotted in Figure Sla, together with the residuals Figure S3. In figure
S1 we can clearly observe the presence of the first derivative-like feature in the last two states,

which involve the T  and T levels respectively, while this feature is not present in the singlet

signature.

Nevertheless, for NPN conjugate there is no previous literature on its electron kinetics,
therefore, in a first step, singular value decomposition (SVD) is deployed to estimate the
number of states that need to be considered in Equation S2. SVD is based on in a matrix A

can be expressed as the product of three matrixes:
A=UT-V (S3)

Where X is a diagonal matrix and represents a translation, and U and V are rotation matrixes.

Nevertheless, if det(A) # 0 this decomposition is no longer valid, and a singular value
20



decomposition (SVD) is needed. SVD allows us to obtain A as sum of rank 1 matrices, so we
can approximate A to the sum of the terms with the higher contribution, if A'isarank n

matrix it can be expressed as:
A=20k=1Uij Vi Vi (S4)

where U and V are the vector and convector matrices respectively, and y; are the singular
values contained at the diagonal matrix A. If yx << 1, for example, then the equation ... can be

approximated as:

A3} Uij v Vi (S5)

Therefore, if A represents the TAS measurement matrix, then y; are the Singular Values we
are interested in. If we apply this decomposition to the NPN TAS matrix the vyi values

presented at Figure S2 are obtained.

N Singular values
10 T T T T T T

107 b &

Singular value

10 I I I I 1 1
0 10 20 30 40 50 60 70

Number of singular values

Figure S2. Singular values obtained when decomposing the measured TAS matrix of NPN
molecule. These mathematical results represent the spectral weight associated to a certain

excited state.

As we can observe the first three values are above 107, and there is a wide gap between y3 and
v4 and another one between y7 and ys. This indicates that the first three values have the

strongest contribution, and intermediate values between the gaps do not contribute
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significantly, i.e., to obtain a variance in the matrix representations we should consider or the
first three singular values, the first four or the first eight. As each y; represents a different state
of the excited molecule, consider eight states is physically misleading as internal conversion
occurs faster than the instrumental response function of the system, therefore only states near
S1 will contribute to the electron Kinetics, that is why we expect to reconstruct the TAS matrix
approximating A with the first three singular values (as presented in Figure S3a.1.2) and an
enhancement if the fourth singular value is added (Figure S3b.1.2). Hence, these calculations
have allowed us to estimate the number of states involved during the de-excitation process.
However, the kinetic model employed to describe the excited state must be physically

justified, SVD only provides a mathematical tool but not a physical interpretation.

Reconstruction considering only the strongest 3 singular values Residuals

1.3
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Reconstruction considering only the strongest 4 singular value: Residuals
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Figure S3. Reconstructed AT/T spectra over time considering the first three (a.1.) and four

(b.1.) singular values and the respective residuals obtained for each reconstruction (a.2.) and
(b.2.).
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As previously described in the main text, the same four sequential level model was applied to
reconstruct the NPN TAS signal, the comparison between the time traces and the contour-
plots are presented in the main text in Figure 2 and Figure 3 respectively. Therefore, this
model will consider the 3 excited states presented in the EADS, associated to the Global fit
analysis, in FigureS1b. The residuals obtained for both, NIDMP and NPN, is shown in
Figure S4.

(a) Residuals for NiDMP GlobalFit ATIT (%) (b) Residuals NPN GlobalFit ATIT (%)

‘, ,? , i'rT 0.1 0.1

By i 131
| :

Energy (eV)
N N I
7% o :
Energy (eV)

-0.05 -0.05
1.0

01 1 10 100 01 1 10 100
Delay (ps) Delay (ps)
Figure S4. Residuals obtained applying the Global fit analysis with a four sequential model

for NiDMP (a) and NPN (b) conjugates.

Finally, we also present the TAS spectra measured at different pump-probe delays. For the
NiDMP we can clearly observe the mentioned first-derivative like feature (Figure S5a). And
for NPN that GSB is dominating the Kkinetics in this system despite the excited state
absorption at 0.97 eV (Figure S5b).

(a) 0.2 . . . ; | . (b)
0.0
S
E 0.2 s S el TN
< ¥ —20fs 20 ps \
——800fs 80 ps \
v 2 ps 500 ps LY
-0.4 M‘ 8 ps ‘..\-
- \
30 28 26 24 22 20 18 13 12 11 10
Energy (eV) Energy (eV)

Figure S5. AT/T signal obtained at different wavelengths and pump-probe delays measured
for NiDMP (a) and NPN (b) molecules.
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3. Quantum chemical calculations

Density functional theory (DFT) and time dependent DFT (TDDFT) calculations have been
performed using the Gaussian09 program [4]. We followed the computational approach
introduced by Patchkovskii et al. to interpret the singlet and triplet states of Ni porphyrins [5].
This method, which is substantially equivalent to that used in similar studies [3], correctly
predicts the peak positions of the Soret band of NiDMP, measured at 401 nm, and the less
intense feature at 515 nm, and it was thus selected for calculating molecular orbitals and
excited states of both NiDMP and NPN. Briefly, the structures of NiDMP and NPN were
first optimized by using the B3LYP functional and the 6-31G(d,p) basis set for hydrogen,
carbon, and nitrogen, and the Ahlrichs VTZ basis set for nickel [6]; on such structures
TDDFT calculations have been carried out with the PBE functional, whose performance in
predicting excitation energies is very close to that of the BP86 functional used in ref. [5], as
expected from extensive benchmark calculations [7], and as verified in this work for the
NiDMP compound (see below). The triplets were assessed with the same TDDFT
calculations. The optimized structure of the lowest lying S: state of NPN was computed by
the TDDFT approach. The stability of the B3LYP equilibrium structures of NPN and NiDMP
was confirmed by the absence of negative eigenvalues of the Hessian. The wavelengths and
oscillator strengths of 150 and 500 excited states were computed respectively for NIDMP and
NPN (the different number of computed states reflects the different molecular size); then,
UV-Vis spectra were obtained with the procedure described in reference [8] assuming a
FWHM of 0.1 eV (this simulation of the spectra is close to summing Lorentzian functions
centered at the computed wavelengths with their heights proportional to the oscillator

strengths).

Selection of the DFT functional. To evaluate the effects of the choice of the DFT functional
we computed the absorption spectrum of an isolated NiDMP molecule using several widely
used functionals, namely B3LYP, M06, BP86 [9], CAM-B3LYP [10], PBE [11], and
wB97XD [12]. The absorption spectra (Figure S6 and Figure 1 of the main text) have been
simulated from the results of TDDFT calculations with the procedure described in [8] and a
FWHM of 0.1 eV. As shown in Figure S6, the best agreement with the observed spectrum is
obtained with the PBE and the BP86 functionals, which produce almost identical results, and
also account for the presence of excitations in correspondence of the Q band (experimental
features at 515 and 548 nm), although such transitions are computed with an intensity that is

much smaller than experimentally observed. The spectra of NIiDMP simulated with the PBE
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and BP86 functionals also show bands in the region between 300 and 400 nm which are very
weak in the measured spectrum. However, when considering (at the PBE level) the explicit
interaction of the Ni centre with two chloroform molecules (the solvent used in the
experiments), we observe that such features substantially reduce their intensity ratio with
respect to the Soret transition. We therefore ascribe the bands between 300 and 400 nm to the
absence of solvent effects in the isolated NiDMP model and choose PBE as a reliable
functional for further quantum chemical studies. Since solvent effects are apparently just
modulating the transition strengths below 400 nm, for the sake of keeping the computational
efforts under control we consider in the following just calculations on isolated molecules.

T T T

: :
MO06 A
B3LYP A
wB97XE/IN
Experimentl A L . N

300 350 400 450 500 550 600
Wavelength (nm)

Normalized absorbance

Figure S6. Computed and experimental spectra of NIDMP. The intensity of each spectrum
has been normalized to one. Parts of the spectra computed by the BP86 and PBE functionals
have also been multiplied by 50 after normalization for more clarity. Black lines indicate the
position of the computed vertical transitions whose oscillator strengths are proportional to the

line height; grey lines have the same meaning but refer to the zoomed parts of the spectra.

Optimized structures. Figure S7 shows the optimized structures of the molecular models of
NiDMP (both isolated and interacting with two chloroform molecules) and NPN. The
equilibrium structure of NiDMP is slightly nonplanar, in accordance with a previous work
[5]. This is contrary to the case of NPN, where the inner porphyrin core is coupled with
highly conjugated and planar graphene moieties that impose an overall planarity on such

extensively m-conjugated molecule.
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Figure S7. Equilibrium geometries of the molecular models used in this study: NiDMP (left),
NiDMP interacting with two chloroform molecules (centre), and NPN (right).

Main transitions in the UV-vis spectra. In Table S1 we assign the main features of the
measured absorption spectrum of NiDMP (shown both in Figure 1 in the main text and in
Figure S6) namely the Soret band at about 401 nm and the two less intense features in the Q
band region, at 515 and 548 nm. The Soret band is mainly due to the HOMO-4 — LUMO+2
and the HOMO-3 — LUMO+1 electronic excitations. The Q band at 515 nm is assigned to
HOMO-4 — LUMO+2, HOMO-3 — LUMO+1. In analogy with other porphyrins [13], the
band at 548 nm is assigned to the 0—1 vibronic component of the Q band at 515 nm (which is
the 0—0 transition). Since our present TDDFT calculations do not consider vibronic

couplings, this band is absent in the simulated spectra, like the case of the 994 nm band of
NPN (see below). Table S1 also displays the rendering of the molecular orbitals involved in

the mentioned transitions.
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Experimental peak

Computed wavelength

Oscillator strength

Assigned transitions

position (nm) and energy
HOMO-4 —
0.40

LUMO+2

401 404 nm, 3.07 eV 0.4576
HOMO-3 — 0.34
LUMO+1
HOMO-4 — -0.46
LUMO+2

517 527 nm, 2.35eV 0.0041
HOMO-3 — 0.53
LUMO+1

HOMO-4

HOMO LUMO LUMO+1 LUMO+2

Table S1. Assignment of the main features of the absorption spectrum of NiDMP resulting
from TDDFT computations. The relative contribution of each transition to the excited state
computed by TDDFT is also reported in the last column. The bottom part of the Table shows

isosurfaces at 0.012 ao 2 of the molecular orbitals of NiDMP involved in the transitions.

The measured absorption spectrum of NPN is compared with the simulated one in Figure 1 of
the main text and its main bands are assigned in Table S2. The features at 605 nm and at 1173
nm are well reproduced by our calculation. The band at 605 nm is related to two close states
described by HOMO-6 — LUMO+3, HOMO — LUMO+6, and by HOMO-7 — LUMO+2,
and HOMO-4 — LUMO+3 transitions. The band at 1173 nm is assigned to the HOMO —
LUMO transition. The feature at 994 nm (1.25 eV), not predicted by our calculation, is
assigned to the 0-1 vibronic transition of the S; state: indeed, its energy spacing with the
feature at 1173 nm (1.05 eV) is compatible with a vibrational wavenumber of about 1610 cm-
1 which is fully compatible with a G peak mode that is known to be vibronically coupled with
n-m* excitations from Raman investigations on graphene molecules with similar shape and
symmetry [14]. Such vibronic feature is not predicted by TDDFT calculations at the Franck-

Condon point, such as those considered in the present work.
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Table S2. Assignment of the main features of the absorption spectrum of NPN based on results
from TDDFT computations. The relative contribution of each transition to the excited state
computed by TDDFT is also reported in the last column. The bottom part of the Table shows
isosurfaces at 0.006 ao™®? of the molecular orbitals of NPN involved in the transitions.

Finally, we show in Figure S8 the equilibrium bond length differences between the optimized
structure of the ground state and the S: state of NPN. For consistency in the calculation of the
bond length difference we used the same PBE functional in the DFT optimization of the
ground state and in the TDDFT optimization of Si. Clearly, the structure change between the

ground state and Sz involves many CC bonds of the NPN molecule.
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Figure S8. Pattern of the bond length changes (pm) computed between the minimum of the S;

state and the minimum of the ground state of NPN.
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