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The correct determination of the ionization potential (IP) and electron affinity (EA) as well as the energy
gap is essential to properly characterize a series of key phenomena related to the applications of organic
semiconductors. For example, energy offsets play an essential role in charge separation in organic
photovoltaics. Yet there has been a lot of confusion involving the real physical meaning behind those
quantities. Experimentally the energy gap can be measured by direct techniques such as UV-Vis
absorption, or indirect techniques such as cyclic voltammetry (CV). Another spectroscopic method is the
Reflection Electron Energy Loss Spectroscopy (REELS). Regarding data correlation, there is little
consensus on how the REELS’ energy gap can be interpreted in light of the energies obtained from
other methodologies such as CV, UV-Vis, or photoemission. In addition, even data acquired using those
traditional techniques has been misinterpreted or applied to derive conclusions beyond the limits
imposed by the physics of the measurement. A similar situation also happens when different theoretical
approaches are used to assess the energy gap or employed to explain outcomes from experiments. By
using a set of porphyrin derivatives as model molecules, we discuss some key aspects of those
important issues. The peculiar properties of these porphyrins demonstrate that even straightforward
measurements or calculations performed in a group of very similar molecules need a careful
interpretation of the outcomes. Differences up to 660 meV (~190 meV) are found comparing REELS
(electrochemical) measurements with UV-Vis energy gaps, for instance. From the theoretical point of
view, a reasonable agreement with electrochemical measurements of the IP, EA, and the gap of the
porphyrins is only obtained when the calculations involve the full thermodynamics of the redox
processes. The purpose of this work is to shed light on the differences and similarities of those
aforementioned characterization methods and provide some insight that might help one to develop a
critical analysis of the different experimental and theoretical methodologies.
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materials viz. processability from solution, mechanical flexibil-
ity enabling integration to curved or flexible substrates, easy
functionalization leading to the possibility to fine-tune their
optoelectronic properties. In what concerns the easier synthesis

1 Electronic supplementary information (ESI) available. See DOL: 10.1039/d1ma00652¢ ~ and/or functionalization one remarkable feature is the
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possibility of adjusting the energy levels which, to some extent,
will control the charge transfer mechanism in the redox-like
reactions as well as the optical absorption. This tailoring can be
done by combining electron-rich and electron-withdrawing
moieties forming the so-called Donor-Acceptor (D-A) mole-
cules or copolymers.’** This strategy was one of the driving
forces for the impressive development of OPVs, which now are
reaching the market as an alternative for clean energy
generation.

In fact, for all the mentioned application, a proper assess-
ment of the ionization potential (IP) and electron affinity (EA)
as wells as the energy gap is crucial, not only as a basic
characterization of newly synthesized materials but also to
conceive the combination of materials to be used to assemble
the device. To cite an example, the energy offsets play a key role
in the charge separation in OPVs.>*’ Since the advent of the
new electron acceptors, commonly called non-fullerene accep-
tor (NFA), an intense debate is taking place regarding the need
(or not) of an IP offset between the donor and acceptor
materials for the charge transfer process when the acceptor is
excited by the absorption of a photon.’”*' Additionally, a
simplistic comparison of energy levels measured for the iso-
lated materials cannot fully describe the charge transfer
process.*?> Concerning the energy gap, different techniques
are used to measure it both as a direct measurement, such as
UV-Vis absorption, or as an indirect measurement, such as
cyclic voltammetry (CV). In CV measurements both the
reduction and oxidation processes are accessible so that the
energy gap will be defined as the difference between
the reduction and oxidation potentials multiplied by the funda-
mental electron charge. Finally, the energy gap can be evaluated
by spectroscopic measurements if one has access to ultraviolet
photoelectron spectroscopy (UPS)*® to directly measure the
HOMO energy and inverse photoemission spectrocopy***® to
probe the LUMO energy (then the energy gap is determined by
the HOMO-LUMO difference).

Another spectroscopic technique that could be used to probe
the energy gap is the Reflection Electron Energy Loss Spectro-
scopy (REELS). A REELS spectrum is obtained by firing mono-
chromatic electrons at the surface of the analyte. After
interacting through elastic and inelastic scattering, the
reflected electrons are collected by an electron energy analyzer,
which records their reminiscent kinetic energy. One of the
advantages of REELS lies in the elastically backscattered por-
tion of a REELS spectrum as it allows to quantify hydrogen
atoms at the surface of the samples.*® Furthermore, the study
of the inelastic peaks helps towards chemical characterization
of materials as they hold information about valence and inner-
shell excitations. That is the main reason why this technique
can also be used to estimate the energy gap.*”*® Additionally,
the REELS spectrum can be acquired combined with the UPS
measurement in the same experimental setup and most impor-
tant, in the same sample spot. Although most of the works
reported in the literature are still focused on inorganics, the
energy gap is undeniably a very important parameter for
semiconducting organic molecules and indeed there are several
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examples of successful applications of REELS into organic
systems.**™>?

Regarding data correlation, there is little consensus in the
literature on how the energy gap determined through REELS is
physically related to the ones determined through other meth-
odologies, such as CV, UV-Vis, or photoemission. In optical
measurements, for instance, the energy gap is the lowest
incident energy for photon absorption, i.e., the onset of the
absorption band. In this case, there is an additional informa-
tion due to the interaction between the electron and the hole
(exciton), which should affect the gap obtained through this
method. The exciton binding energy may range from few meV
to 1.5 eV depending on the material.>® Vos et al.*® have pointed
out these energy gap discrepancies and suggested that the gap
obtained by REELS could be higher than those obtained
through UV-Vis and closer to the actual energy separation
between valence and conduction bands (obtained through the
combination of direct and inverse photoemission). On the
other hand, Y. R. Denny et al. reported gaps determined by
REELS for oxide thin films that were consistent and compar-
able to the ones obtained by UV-Vis spectroscopy.*® Further-
more, the surface sensitivity of REELS is expected to be higher
when compared to photon-based measurements since it is well-
known that electrons have less penetration depth into solids.’*
Consequently, surface effects may not be completely dis-
charged when analyzing energy gap values obtained through
REELS. In the event of a more conventional method such as CV
measurements involving organic materials, several approxima-
tions are inevitable to correlate the electrochemical potentials
with orbital energies, as described by C. M. Cardona et al. in
their report.>® Moreover, in spectroscopic measurement of
energy gaps, such as UV-Vis and REELS, the electronic transi-
tions take place in a very fast rate, in comparison with the
nuclei relaxation, resulting in the so-called vertical energy gap,
while in the CV measurement the redox reaction are slow
(at least when compared to the characteristic time for photon
absorption) allowing structural relaxation providing an adia-
batic energy gap. Because of all those peculiarities, energy gap
evaluations in organic semiconductors (especially when derived
employing different experimental techniques) must be inter-
preted with caution.

Theoretical estimation of energy gaps also has challenges of
its own. It can be determined as an energy difference between
the frontier orbitals (HOMO and LUMO), which is analog to the
photoemission assessment of the gap. It can also be deter-
mined by the difference between the calculated redox potential
obtained by properly preparing the ionic states and computing
all the thermodynamic contributions to the Gibbs free
energy,’®® which should be more comparable to CV based
measurements. Another way is to calculate the energy of the
first electronic excitation via time-dependent calculation which
is the theoretical analog of a UV-Vis measurement. According to
our experience, a comparative analysis of these quantities is not
often seeing in the literature.

Besides the non-trivial correlation of those different techni-
ques commonly used to probe the energy gap, a lack of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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standardized nomenclature is also a clear issue. Usually, the
terminology bandgap is used, perhaps borrowed from the
inorganic semiconductor field. This sounds inappropriate for
organic semiconductors as for most of them the intermolecular
interaction is rather weak, resulting in more molecular-like
electronic structure without the formation of bands. In those
cases, the term energy gap is more appropriated. Another point
is the proliferation of many specifications associated to the
term ‘“‘gap” like transport gap, optical gap, and electrochemical
gap, which raises an important question on which of them
should be used to describe a general physical process or what is
the meaning of them. That is a crucial discussion since those
terms do not denote simple nomenclature differences, but they
represent distinct physical concepts that are related to specific
information about the energetics of the material. These subtle
differences should be considered for a sound interpretation of
the desired physical/chemical phenomena.

To shed some light on this discussion we present here a
comparative study of different experimental and theoretical assess-
ments of energy gaps for a set of porphyrin derivatives, viz. H,TTP -
5,10,15,20-tetra(thiophen-2-yl)porphyrin, H,5BfTTP - 5,10,15,20-
tetrakis(5-bromothiophen-2-yl)porphyrin and Zn5BrTTP - 5,10,15,
20-tetrakis(5-bromothiophen-2-yl)porphyrin; Zn(u) complex (see
Scheme 1). The chosen porphyrins display interesting features
showing clearly that even straightforward measurements or calcula-
tions carried out in a group of similar molecules need to be carefully
analyzed to have the proper interpretation of the outcomes. For
instance, the REELS determination of the energy gap can lead to a
difference up to 600 meV in comparison to UV-Vis since the first
absorption peak has very low intensity being difficult to resolve in
the REELS spectra. Additionally, the optical and electrochemical
energy gaps displayed a difference up to 100 meV because of the
different nature of these two measurements. From the theoretical
perspective, the need for a proper assessment of the redox potentials
is clear when one compares the HOMO-LUMO energy gap and the
gap estimated considering the ionic states and the full thermo-
dynamics of the redox processes. The critical analysis of those
different methodologies to determine the energy gap can contribute
to the debate regarding the real meaning of these quantities and
how to properly interpret them.

H,TTP

H,(5-Br-TTP)

View Article Online
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2. Experimental and
computational methods

As mentioned before, three porphyrin derivatives were consid-
ered in this study as shown in Scheme 1.>° We restricted our
discussion to a narrow number of strongly related molecules to
avoid further confusions and complexities associated to varia-
tions in the chemical structure of the OS. It is worth to mention
that, among several interesting properties, these materials were
shown to be very good n-stackers, a behavior which can explain
the results discussed in Section 4. For the three materials, the
energy gap was determined using both experimental and
theoretical approaches whose methods are described below.

All the measurements describe bellow were performed in
solution and/or thin film deposited from solution.

2.1. Reflection electron energy loss spectroscopy (REELS)

Reflection Electron Energy Loss Spectroscopy (REELS) spectra
were carried out using the Thermo Escalab 250Xi spectrometer.
The pressure inside the vacuum chamber was maintained
below 5 x 10~ ° mbar. REELS spectra were measured using a
primary electron beam with energy of 1000 eV and spot size of
150 um, an electron current of 5 nA and a constant analyzer
pass energy of 12 eV. The full-width at half-maximum (FWHM)
of the elastic peak in this experimental condition was 0.6 eV.

2.2. Cyclic voltammetry

The redox potential and the ionization energy (IP) and electron
affinity (EA) associated with the potentials were achieved
through cyclic voltammetry measurements. The equipment
used, a CompactStat from Ivium technologies, consists essen-
tially in a set of a controller module, a sealed electrochemical
cell with an atmosphere controlled by a constant flow of
nitrogen and a set of three electrodes, which setup is composed
by: (a) a graphite electrode as working electrode (where the
redox process occurs), (b) an Ag-AgCl as reference electrode
and (c) a platinum wire as a counter electrode.

In order to setup the optimal measurements condition, an
initial electrochemical cell composed of a solution of 10 mL of
anhydrous dichloromethane (CH,Cl,) and 193.7 mg of

Zn(5-Br-TTP)

Scheme 1 Chemical structure of 5,10,15,20-tetra(thiophen-2-yl)porphyrin (H,TTP), 5,10,15,20-tetrakis(5-bromothiophen-2-yl)porphyrin (H,5BrTTP)
and 5,10,15,20-tetrakis(5-bromothiophen-2-yl)porphyrin; Zn(i) complex (Zn5BrTTP).
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tetrabutylammonium hexafluorophosphate (TBAPF¢) as elec-
trolyte support® was prepared, to check the quality of the
solvent and identify the potential presence of contaminants.
After that, ferrocene Fe(CsH;),, whose voltammogram profile is
well known by IUPAC (International Union of Pure and Applied
Chemistry),®® was used as a reference and to calibrate the
system.

The solution of the three porphyrins (H,TTP, H,5BrTTP and
Zn5BrTTP) were prepared separately at a concentration of
10~ M in 10 mL of CH,CI, plus 193.7 mg of TBAPF,, then
transferred to different pre-cleaned electrochemical cells. Each
measure was performed between the pivoting points (—1.5 V to
1.5 V) with a step of 50 mV s~ during 3 cycles.

2.3. UV-Vis measurements

The linear absorption spectra were measured using the Perki-
nElmer Lambda 950 UV-Vis spectrophotometer equipped with
deuterium and halogen lamps. The samples, which consist in
thin solid film and solutions were measured in the range of
300-800 nm at room temperature. Thin films were manufac-
tured through the spin-coating method from a concentration of
4 mg mL~" in THF and then spin cast at 900 rpm for 60 s with
average thickness in the order of 20-25 nm on quartz substrate.
For liquid measurements, the spectra were measured for sam-
ples with concentrations ranging from 10~ to 10”7 M in THF
solution into a quartz cuvette.

2.4. Computational methods

The redox potential and the Gibbs free energies associated to
oxidation and reduction processes were also assessed theoreti-
cally by means of Density Functional Theory (DFT). The proce-
dure to obtain the Gibbs free energy variation, associated to the
oxidation and reduction reactions for the redox pair P"/P°(E,,)
and P°/P(E.q) was as follow. First the structures were opti-
mized using M06°" as exchange-correlation functional and 6-
311++G(d,p) as basis-set,**®* followed by frequency calcula-
tions to get the Gibbs free energies for the neutral and ionic
species. The Gibbs free energy was calculated as

Energy GAP assessment

Cyclic
voltammetry
(solution)

DFT
(implicit solvent
ACN)

(thin film) (implicit
solvent THF) .\/
)

UV-Vis
(thin film /
solution)
L

REELS

Vertical Process (E, ;)

Scheme 2

Adiabatic S:
Process

(Efuna)

View Article Online

Materials Advances

Gsolv = Eelect T Ezpg + PV + Usgg — TSy0s, (1)

where E.e.: stands for the total energy of the molecule, Epy, for
the zero-point energy and the last two terms represents the
finite temperature contribution to the internal energy and the
entropic contribution. The solvation free energies were intro-
duced by using Born-Harber thermodynamic cycle using the
dichloromethane. Then, the theoretical electrochemical energy
gap (EEGY) was obtained through:

EEG" = Ereq — Eox. (2)

Additionally, the HOMO-LUMO energy gaps (EE¢T) were
obtained directly from self-consistent field DFT calculations.

Finally, the electronic transitions were calculated within the
TD-DFT framework, by considering the first 100 singlet electro-
nic transitions at the same theory level described before. These
calculations provided the optical energy gap (OES™) by con-
sidering the energy of the first electronic transition. All the

calculations were performed using the Gaussian16 code.®®

3. Results

Before going to the results, it is important to consider
Scheme 2. Essentially it classifies the gaps in two major
groups:®® (i) The first group is formed by the techniques that
quantifies the optical gaps (E,p). Here it corresponds to the
experimental gaps given by REELS and UV Vis and the theore-
tical gap calculated by TD-DFT (OES™). The methods in this
group are characterized by very fast electronic transitions so
that the geometry of the molecules is essentially frozen (vertical
transition) during the gap quantification. (ii) The second group
is constituted by the techniques that evaluate the fundamental
gap (Fruna)- Here it corresponds to the cyclic voltammetry
measurements and the theoretical gap (EES"'). The methods
in this group are characterized by slow adiabatic processes that
allow nuclear relaxation.

Scheme 2 can be used as a guide to clarify the basic physics
behind each kind of energy gap, and it will be very helpful for

ii)
Reduction Pot.(P/P)

A

opt Efund

Energy
m

So

Oxidation Pot. (P/P*)

Vertical Process (E,,y)  Adiabatic Process (Egypg)

(i) A representative scheme of the energy gap assessment using different experimental and theoretical approaches discussed in this article;

(ii) illustrative representation of optical (Eqp) and fundamental energy gap (Etung) highlighting the conceptual differences between these two quantities.
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the discussions below. The basic distinction illustrated in this
scheme should always be remembered before any direct infer-
ence from the numerical results reported in the next section.

3.1. REELS measurements

Fig. 1 presents REELS measurements for samples deposited
onto ITO/glass substrate. The most intense peak of all REELS
spectra has 0 eV of electron energy loss and therefore it is also
called the zero-loss peak. This peak is related to the elastically
backscattered electrons from the surface of the thin films.*”"%®

However, the more energetic and less intense peaks
observed emerge from inelastic scattering between the elec-
trons and the surface. In particular, the low-loss energy region

View Article Online

Paper

Table 1 Electronic energy gap values derived for HoTTP, Ho5BFTTP and
Zn5BrTTP thin films

Onset energy — Eqnsee (V)  Maximun energy — Enay (€V)

H,TTP 2.45 2.90
H,5BITTP  2.30 2.95
Zn5BrTTP  2.37 2.90

transitions of the material.®® In this specific region, depending
on the analyzed sample, an inelastic peak emerges between
2.70 eV and 2.95 eV, which usually can be attributed to the less
energetic n-n* transitions. Thus, we have used the onset of this
particular peak to obtain the electronic energy gap for each
sample as shown in Table 1. All samples presented electronic

contains wuseful information about valence electronic
I 1
Zero | | Energy Gap = 2.45 eV
Loss n—m* = 2.9 eV
%)
o
(@]
H,TTP {
222018161412108 6 4 2 0 -2 4 2 0
Electron Energy Loss (eV) Electron Energy Loss (eV)
fer‘-’ Energy Gap = 2.30 eV
| |—n*=2.95eV An—m*
%)
o
(@]
HSBTTP H,5BITTP Eg|
222018161412108 6 4 2 0 -2 6 4 2 0
Electron Energy Loss (eV) Electron Energy Loss (eV)
- Zere | 'Energy Gap = 2.37 eV
T—* =2.9 eV
(70] T—=TT*
o
ot
ZnSBrTTP e k Zn5BrTTP 2) ,
222018161412108 6 4 2 0 -2 6 4 2 0

Electron energy Loss (eV)

Electron energy Loss (eV)

Fig. 1 REELS spectra of H,TTP, H5BrTTP and Zn5BrTTP thin films (deposited over ITO/glass substrate). The left side is an overall view. The right side

shows the determination of the electronic energy gap (Eg).
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energy gaps in the 2.00-2.50 eV energy range. The highest gap
was derived for the H,TTP. When brominated, it was observed a
small decrease in the electronic energy gap. Another interesting
finding is that the presence of Zinc in the porphyrin ring
slightly increased the electronic energy gap.

3.2. Cyclic voltammetry measurements

Fig. 1 shows the voltammograms obtained for the three porphyrin
derivatives by using cyclic voltammetry. The three porphyrin deri-
vatives displayed quasi-reversible oxidation and reduction processes.
The redox potentials for the compounds were determined by
considering the onset of the oxidation and reduction peaks, respec-
tively. Ferrocene (Fc/Fc'), which presents the well-defined and
characteristic voltammogram (see Fig. S1 in the ESIt), was the
reference sample. Two peaks of oxidation and reduction were
observed at 0.55 V and 0.46 V, respectively. The potential obtained
through the onset methodology is located at 0.43 V, when using a
similar experimental setup as reported by Cardona.”

In Fig. 2a) the H,TTP voltammogram shows the main
oxidation peak at 0.60 V and the main reduction peaks at
—1.52 V, with the onset potentials obtained at 0.51 V and
—1.41 V, respectively. For negative bias this molecule presents
a reversible local reduction process and oxidation peaks at
—1.52 V and —1.44 V, respectively. For a positive applied bias,
an irreversible process was noticed, showing a peak at 0.60 V.

A similar behavior was observed for the H,5BrTTP molecule,
as shown in Fig. 2b). The main oxidation peak is localized at
0.69 V and the main reduction peak at —1.44 V. The oxidation
onset is located at 0.62 V while the reduction onset was
obtained at —1.33 V. Reversible processes were observed when
negative voltage was applied.

For the Zn5BrTTP molecule, present in the Fig. 2c), two
reversible processes were observed with oxidation peaks at
0.62 V and 0.80 V and reduction peaks at 0.54 V and 0.73 V.
In the negative voltage bias, it was observed one single
reduction peak at —1.59 V and a one tiny oxidation peak at
—1.55 V. The onset values were 0.51 V and —1.46 V for oxidation
and reduction potentials, respectively.

View Article Online
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The energy gaps obtained from the electrochemical mea-
surements (EEg) are 1.92 eV for H,TTP, 1.95 eV for H,5BrTTP
and 1.97 eV for Zn5BrTTP.

The results discussed up to now reveals a major disagreement for
energy gaps obtained from REELS and CV measurements. Following
the classification in Scheme 2, the first is an optical gap while the
second is a fundamental gap so that a fair agreement between these
two quantities is highly unexpected. Yet the details behind this
discrepancy will be better rationalized in the Discussion section.

3.3. UV-Vis measurements

Aiming to address further fundamental variations between the
energy gaps measured by spectroscopic or electrochemical
techniques, we recurred to a second experimental technique
to measure E,p, viz. UV-Vis absorption. In addition, we also
performed theoretical assessment of the optical and electro-
chemical properties that will be presented and discussed later.

Fig. 3 shows the spectra for H,TTP, H,5BrTTP and Zn5BrTTP
which were measured in a THF solution at 10~> M as well as in thin
films. The spectra exhibit the main absorption peak centered at
around 435 nm, labeled as the Soret band and also minors bands,
commonly called Q-bands,” located at higher wavelengths (530~
670 nm).

Different procedures to determine the UV-Vis optical gap were
considered, such as the onset absorption edge’®”* and Tauc
plot.”>”> (To check other procedures, see Table S2, ESIT). When
using the absorption onset edge method, the UV-Vis optical gap
(OEg) can be achieved from the offset wavelength (Acqqe) derived at a
low energy absorption band, estimated according to:

1240

OEG (CV) = m.

(3)

By using the Tauc plot method, the OEg is determined
through a linear extrapolation of the observed trend in the
spectral dependence of (aav)"* which intercepts the abscissa

axis giving by the photon energies v following the relation:”®

4

(xh)** o (hv — OEg),

8 8 8
4+ 4+ 4+
Or o oF
<1 4 4+ 4
E’, 8t Bl 8t
S Ef=141 EX =051 2 [/ EX =133 Ere=062 [ T E® =146 EX =051
16 16+ 161
— @HTIP — (b)H5BTTP —— (c) Zn5BITTP
i -2I.0 -1I.5 -1l.0 -0I.5 OTO EIS 1i0 -2I.0 -1I.5 -1I.0 -0I.5 OI.O 015 1i0 -2I.0 -1I.5 -1I.0 -0I.5 070 075 1i0
Potential (V vs Fo/Fc") Potential (V vs Fo/Fc) Potential (V vs Fo/Fc")

Fig. 2 Voltammograms for the three porphyrin derivatives: (a) HoTTP, (b) H.5BrTTP and (c) Zn5BrTTP, from which the electrochemical energy gap can
be obtained by considering the difference between oxidation and reduction potentials. The red lines highlight the onset considered to extract the redox

potentials values.
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Fig. 3 UV-Vis spectra of HoTTP, Ha5BrTTP and Zn5BrTTP solution. UV-Vis TDDFT calculations are also plotted for comparison. In the graphs below, the
identification of Soret and Q-bands in the thin films porphyrin UV-Vis spectra are presented. For discussion, see text.

where o is the absorption coefficient and Av is the photon
energy. The OEg for the three porphyrins are shown in Table 2
(For further details, see Fig. S2, ESIT).

As expected, the thin film spectra displayed a redshift in the
absorption, when compared to the spectra measured in
solution, as well as broadening of the peaks (see Fig. 3) because
of solid-state effects associated to n-stacking and formation of
aggregates. For this reason, the OEg is lower for the films than
in solution. Regarding the two different methods (absorption
onset and Tauc plot), one can see that they are equivalent since
their application only result in minor variations of OEg.

As one could anticipate, the OEg is slightly smaller than the EEg.
As a matter of fact, this is one important point to be discussed. The
EE; and OEg are two different quantities in essence since the first is
an optical gap whereas the second is a fundamental gap. However,
sometimes these two concepts are mixed or referred in the literature
as the same property. A more detailed discussion regarding this
topic will be conducted in Section 4.

3.4. Redox potentials and UV-Vis assessment from DFT and
TD-DFT calculation

Theoretical determination of energy levels and optical proper-
ties are nowadays quite common practice thanks to advances in
computational resources and the dissemination of quantum
mechanics packages. Here, we present the evaluation of the

Table 2 The UV-Vis optical gap (OEg) obtained by employing the onset
absorption edge and Tauc plot methods

Onset absorption edge Tauc plot

energy gaps (the calculated analogs to EEg and OEg) from a
perspective of atomic-scale modeling.

Table 3 summarizes the main results of our calculations. It
shows the energies of the HOMO and LUMO orbitals and the
calculated free energies for the reduction and oxidation reac-
tions together with the respective energy gaps for the three
porphyrin derivatives considered in this study. Eg " is the
HOMO-LUMO gap obtained directly from the Self-Consistent
Field (SCF) calculation and EEGY is the gap derived from the
difference between the E,, and E,q free energies. It is clear the
discrepancy between the values of energy gaps obtained directly
from the SCF calculation and the values obtained from a more
elaborated methodology which considers variations of the
Gibbs free energy for the redox process.

It is commonly acknowledged in the literature that the
discrepancy between the experimental and calculated LUMO
energy has its origin in the fact that DFT calculations are not
suitable to describe unoccupied orbitals. Indeed, this is one of
the reasons behind the bad description of LUMO energies
estimated using this method. However, there are more to be
considered if one aims for a proper theoretical description of
the redox potential or other characteristic energies like IP and
EA. One strong indication of that is the clear difference between
the HOMO energy and the E, in Table 3, revealing that the
HOMO energy assessed from SCF calculations is not directly

Table 3 HOMO and LUMO energies and the free energies associated to
the redox process related to the P*/P° (Eo,) and P°/P~(E,eq) redox couples.
The energies were obtained from DFT calculations at M06/6-311++G(d,p)
level of theory

HOMO LUMO  EgF  Eo Ered EEGC
Solution (eV) Thin film (eV) Solution (eV) Thin film (eV) (eV) (eV) (ev)  (eV) (eV) (eV)
H,TTP 1.84 1.79 1.81 1.77 H,TTP —5.73 —2.69 3.04 —5.06 —3.27 1.79
H,5BrTTP 1.82 1.76 1.80 1.70 H,5BrTTP —5.98 —2.98 3.00 —5.46 —3.38 2.08
Zn5BrTTP 1.97 1.85 1.85 1.86 Zn5BrTTP —6.02 —2.89 3.13 —5.41 —3.22 2.19
© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.,, 2022, 3,1791-1803 | 1797
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comparable to the oxidation energy. This is equally valid if one
wants to compare the calculated HOMO energy in Table 3 with
experimental values. This result raises an important discussion
on how significant a simple DFT calculation is to explain
certain properties of organic materials. Of course, the DFT
method is of great relevance to estimate electronic properties
of organic semiconductors. Yet one needs to be meticulous and
(in most of the cases) go beyond a simple geometry optimiza-
tion or single-point calculations to address some key features of
these materials. For instance, a more sophisticated approach
might be fundamental to get relevant information about redox
potentials which is essential to properly characterize processes
involving charge transfer. The comparison between experi-
mental and theoretical energy gaps will be left to Section 4.

Regarding the optical absorption, it is well known that TD-
DFT is a powerful tool to describe the UV-Vis absorption
profile as well as to provide important information about the
nature of the electronic transitions which contribute to each
absorption band.

Fig. 3 shows the comparison of experimental UV-Vis and the
calculated spectra. Although the fair agreement regarding the
main absorption peak, the Soret band, and even the overall
shape, when zoom out one can see that some features are not
captured by a single molecule calculation (see the inset in
Fig. 3). To properly explain the Q bands, it was necessary to
perform calculation for dimers aiming to model the presence of
complex molecular agglomerates which might be formed even
in solution. As depicted in the insets of Fig. 3, two of the Q
bands sound to have an intrinsic origin while two of them only
appear when an aggregate model is considered. This effect
results in two different energies for the first singlet electronic
transition which here has been called OEE*®, being the dimer
energy gap lower in ~0.25 - 0.15 €V in comparison to the gap
calculated considering an isolated molecule (see Table 3).

4. Discussion

After showing several values of energy gaps obtained with
different experimental and theoretical methodologies, it is
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worth rationalizing those results. The idea is to instigate a
necessary discussion on the meaning of those quantities and
their respective conceptual basis. In addition, it is also worth to
promote a critical analysis on how simplistic and uncareful
interpretations of experimental and theoretical data can influ-
ence the validity of conclusion drawn from those measure-
ments. Table 4 summarizes all the relevant outcomes that were
discussed separately in the previous sections. It compiles the
different energy gaps obtained experimentally and theoretically
and how they are arranged in the two groups of Scheme 2.
One striking result in Table 4 is the great contrast among the
energy gaps measured by REELS relative to the other measure-
ments, especially to the UV-Vis. In principle both techniques
should lead to equivalent results since they belong to the group
of optical gaps in Scheme 2. But before further discuss this
issue, it is worth highlighting the main aspects underlying the
REELS technique. Primarily, the raise of the inelastic peak to
the left side of the highly intense zero-loss (or elastic) peak is
related to the energy transfer from the incident electrons to the
valence electrons enabling the electronic transitions. This
process would be REELS’ analog to photon absorption in UV-
Vis absorption measurement. In this sense one may suggest
that the REELS spectrum, at least in the energy range close to
the material’s gap, should resemble the standard optical spec-
trum. Following this assumption, the REELS spectrum may
carry information regarding the energy gap that would agree
with OEg. However, the validity of this assumption is arguable
for low energy gap materials when the spectrum features
associated to OEg are close to the zero-loss peak (becoming
indistinguishable from the hydrogen loss peak at 1.8 eV) and/or
when there are weaker electronic excitations associated to the
HOMO-LUMO transition. Both undesirable characteristics
seems to be present in the REELS measurements of the
porphyrin derivatives considered in this study since the Q’s
bands of the UV-Vis spectra are completely masked by the
hydrogen loss peak. Yet one can see from Fig. S2 and Table
S2 (ESIY), the onset of the Soret band is in quite good agree-
ment with the energy onset obtained from REELS spectrum,
showing unambiguously that the electron energy loss

Table4 Comparing the energy gap obtained by different techniques. For the calculated values, the gap was obtained from DFT and TDDFT calculations
at M06/6-311++G(d,p) theory level. The theoretical optical energy gap considers the HOMO — LUMO electronic transition from the TDDFT calculations.

The onset absorption was used for the optical energy gap determination.

written in bold while the gaps related to Eqp are written in italics

Following the color convention of Scheme 2, the gaps related to Er g are

Experimental
EEg (eV) OEg 50l (eV) OEg film (eV) REELS Eqpget (eV) REELS Epax (eV)
H,TTP 1.92 1.84 1.79 2.45 2.90
H,5BrTTP 1.95 1.82 1.76 2.30 2.95
Zn5BrTTP 1.97 1.97 1.85 2.37 2.90
Theoretical
EESY (eV) OES™™ single molecule (eV) OES™™ dimer (eV) Ejmax (€V)
H,TTP 1.79 2.10 1.87 2.92
H,5BrTTP 2.08 2.10 1.85 2.94
Zn5BrTTP 2.19 2.20 2.05 2.93
1798 | Mater. Adv, 2022, 3,1791-1803 © 2022 The Author(s). Published by the Royal Society of Chemistry
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technique is indeed able to detect the most intense band of
photon absorption. If one defines the energy gap as the first
electronic transition involving the HOMO and LUMO orbitals,
the porphyrins are an example on how uncareful comparisons
between experimental data measured using different techni-
ques (in this case UV-Vis and REELS) can be confusing.

Regarding the electrochemical and optical measurements, a
small divergence in the energy gaps was observed despite the
different basic nature of those gaps (see Scheme 2). However,
there are key aspects regarding the physical processes involved
in those measurements that it is worth discussing. Even when
an apparent match between the electrochemical and optical
gap are achieved caution must be taken when comparing these
values as the similar values can be an artifact of terms cancela-
tion (viz. adiabatic or vertical, solvation, exciton binding energy,
etc. . .).

Contrary to the UV-Vis technique, electrochemical determi-
nation of the redox potentials (that gives EEg) quantifies a
fundamental gap which involves slow adiabatic charge transfer
processes. Consequently, the final reduced or oxidized species
may have enough time to relax its structure in order to
accommodate the excess charge. This relaxation is followed
by a stabilization of the charge state by the dielectric environ-
ment and the charge compensation by interaction with the
respective counter-ions. The optical (UV-Vis spectroscopy)
measurement, on the other hand, probes an optical gap which
depends on the electronic transitions promoted by the absorp-
tion of a photon that excites electrons from occupied electronic
states to unoccupied ones. In principle it does not produce a
net charge on the excited molecule and is usually fast compared
to any structural relaxation (vertical transition). In addition, the
intensity of this absorption depends on the energy of the
incident photon and on the symmetry of the states involved
in the electronic excitation. Due to these distinctions, the
assessment of the HOMO-LUMO energy, as usually this gap
is assumed to be in the literature, can be quite tricky and even
misleading.

Another point is that the fundamental and optical gap tends
to be different for a solvated isolated molecule or molecules in
the solid-state because of enhanced intermolecular interactions
as well as variations in the dielectric screening. Such effects
might add additional caution when comparing gaps measured
in solution or in thin films as highlighted in the commentaries
about Table 2.

Two important facts cannot be ignored for a sound estima-
tive of the gap using optical measurements:

(i) First, the HOMO — LUMO transition leads to a state in
which the excited electron is experiencing an electrostatic
interaction with the net coulombic potential generated by the
positive charges of N nuclei and the negative charges of the
N — 1 electrons that remains in the occupied states. The
absence of the excited electron from the HOMO can then be
modeled as a hole (effective positive charge equivalent to the
net charge between N nuclei and the N — 1 electrons). This
interaction gives rise to a bounded state called exciton (or
electron-hole pair). In this sense, the value of OEg brings the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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influence of the exciton binding energy which contributes to
the difference between this value and the energy gaps measured
by assessing IP and EA either through spectroscopic (UPS and
IPES) or electrochemical (CV) techniques. In this sense OEg
tends to underestimate the gap given by the difference between
IP and EA as can be verified in Table 4.

(ii) Second, for highly symmetric molecules the HOMO —
LUMO transition can be forbidden by selection rules due to the
parity of the orbitals. In this case, the OE; obtained might not
correspond exactly to the HOMO-LUMO energy difference.
Indeed, the absorption spectrum of porphyrins is again an
example of this fact. This spectrum has been explained in terms
of the ‘“four-orbital” (two degenerated highest occupied =
orbitals and two degenerated lowest unoccupied n* orbitals).
This oversimplified picture well reproduces the major feature
of these systems. The Q and Soret bands arise from a linear
combination of these one-electron transitions. For the lower Q
band, the transition dipoles nearly cancel producing a weak
absorption in the visible region. For the Soret band, the
transition dipoles reinforce, resulting in the very intense
absorption in the UV region.”” Hence, even though the S band
involves a HOMO — LUMO transition, it corresponds to a
slightly higher energy compared to the lowest energy necessary
to excite an electron between these two states.

Having these concepts in mind, one should acknowledge
that the use of OEg to estimate the missing potential (or energy
level) can be, for some materials, a very rough approximation,
and any conclusion based on these measurements (viz. energy
levels offset, ...) should take those aspects into account. For
instance, if the OEg was used to estimate the EA of the
porphyrins reported in this study, the deviation would be
between 80 meV and 130 meV (considering the UV-Vis mea-
sured in solution). This difference is more than enough to
eventually mislead a discussion for which the determination of
the EA position is crucial, as it is the case of charge separation
or charge injection processes in organic electronics.

Finally, regarding the theoretical assessment of energy gaps,
the outcomes of our calculations make clear the need for a
proper treatment of the redox processes aiming to achieve a
good description of the redox potentials. A reasonable theore-
tical estimate of the energy gap (that can be compared to the
EE obtained by CV measurements) is found only after comput-
ing the entire free energies for the oxidation and reduction
processes. Considering the H,5BrTTP molecule for instance, a
large discrepancy was observed between the HOMO (LUMO)
energy taken directly from SCF calculations and the IP (EA)
determined by the electrochemical method (a deviation of
590 meV for IP/HOMO and 460 meV for EA/LUMO). On the
other hand, the IP and EA are in reasonable agreement with the
respective calculated redox potentials showing a deviation of
70 meV for the oxidation potential (IP/AGp+/p0) and 60 meV for
the reduction potential (EA/AGpop-). For further details regard-
ing these values, see Table 3 and Table S1 from the ESLf
Actually, one important consideration is needed at this point.
Although the energies obtained from CV measurements (when
converting the redox potentials to absolute values of energy
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against vacuum) are commonly called HOMO and LUMO
energies, they do not correspond to the molecular eigenvalues
or, in other words, orbital energies. They bring much more
information than only quantities related to electronic states. As
mentioned before, a whole thermodynamic process is probed
by these measurements, and the energies associated to redox
potentials are, in essence, free energy variations of the oxida-
tion/reduction electrochemical reaction. Those variations
involve entropic contributions and structural relaxation. Hence
the energies assessed by those techniques are more suitable to
describe adiabatic charge transfer reactions. In contrast, the
“real” HOMO and LUMO energies (that play a key role in
ultrafast charge transfer dynamics) are more likely to be
assessed by UPS and IPES measurements, respectively. It is
important to acknowledge that the redox free energies and the
orbitals energies might be close for systems characterized by
small contributions of thermal and reorganization energies.
However, even in these cases, the meaning of these two
quantities is still different.

Regarding the calculated OEg, a good theoretical-experi-
mental agreement can be achieved when considering the
proper level of theory (DFT exchange-correlation functional
and basis set), as well as the appropriate molecular model.
The latter is the main source of inaccuracy for the molecules
considered here since single molecule calculations cannot fully
reproduce the experimental absorption. As shown in Table 4, a
remarkable agreement between theory and experiment is
obtained when considering a dimer of molecules as the primary
molecular model. Using this approach, the calculate OEg in
solution differs only 30 meV from the experimental value for
H,TTP and H,5BrTTP, and 80 meV for Zn5BrTTP. This is an
indication that these porphyrins are prone to form aggregates
(which increases intermolecular interactions) even in low
concentration solutions (see Fig. S3, ESIT).

5. Conclusions

By using three porphyrin derivatives as model compounds, we
attempt to reconcile experimental and theoretical methodolo-
gies for the determination of the energy gap. Different assess-
ments of the gap are a source of divergences and even
controversies in the literature which may eventually lead to
misleading conclusions. The situation can be specially confus-
ing when comparing gaps obtained by methods that involves
adiabatic processes (fundamental gap, Egnq) with the ones
obtained involving fast electronic transitions (optical gap, Eop).
A clear distinction between those two general types of energy
gaps is essential towards finding a wide accepted and sound
conceptual framework to this important physical quantity.

In more specific terms, REELS is a particularly useful
spectroscopic tool that, among other applications, can aid in
the determination of the optical gap. This technique can be
particularly useful when UPS measurements are performed to
assess the IP of a given material. In principle REELS measure-
ments are expected to closely match the UV-Vis absorption
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profile (another technique to measure E,). Yet the absorption
onset obtained by REELS might not correspond to the Ep, for
low energy gap materials and/or for those materials with a low-
intensity first electronic HOMO — LUMO transition, which is
the case of the porphyrin derivatives. In this sense, a previous
knowledge of the material’s electronic transitions is highly
desirable for a proper interpretation of the REELS spectrum
(at least in what concerns the energy gap determination). For
this task, the theoretical calculation of the electronic transi-
tions is a convenient tool.

TD-DFT calculations of the UV-Vis spectrum can also have
their challenges, as observed in our model materials. When the
intermolecular interaction is not negligible, the single molecule
approach is not enough to fully describe the absorption
features. In these cases, a cluster model (or at least dimer
models as proposed here to the porphyrins) should be consid-
ered. This result highlights the importance of calibrating both
the theoretical level and the molecular model against experi-
mental data when the aim is to perform a joint experimental-
theoretical study. This criterion procedure ensures the proper
assignment of the photophysics/photochemistry underlying the
target phenomena.

Regarding the theoretical determination of the IP and EA,
attention must be paid to what indeed is aimed to be calcu-
lated. Simple DFT calculations, from which the HOMO and
LUMO energies are obtained, are commonly used to address
questions as energy offsets for charge transfer. This is a rough
approximation since accurate values of energies for the charge
transfer reaction, like the ones measured in a CV experiment
for instance, can be significantly different from orbital energies
of single molecules. Depending on the experimental technique,
a better theoretical description of the measured data can be
obtained only if thermal contributions and structural relaxation
are not ignored during calculations.

Another source of misinterpretation is the common practice
of using the optical gap to estimate the missing potential when
the material cannot be reduced/oxidized. As these two quan-
tities are unlike in essence, one needs to keep in mind the
implications of those intrinsic differences on conclusions
derived following such approximation.

The main conclusion one can learn from these simple model
systems we discussed here is that even the most standard and
well-established measurements as CV, spectroscopies as UV-Vis
and REELS, and DFT calculations should be used having in
mind the physics behind them and as consequence, how to
properly interpret and use the outcomes of those measure-
ments. Otherwise, the full comprehension of the system and
the interpretation of the results can be compromised.
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