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The unoccupied electronic structure of tetrakis(phenyl)- and tetrakis(pentafluorophenyl)-
porphyrin thick films deposited on SiO,/Si(100) native oxide surfaces has been thoroughly
studied by combining the outcomes of near-edge X-ray absorption fine structure spectroscopy
at the C, N, and F K-edges with those of scalar relativistic zero™ order regular approximation
time-dependent density functional theory calculations carried out on isolated molecules. Both
experimental and theoretical results concur to stress the electronic inertness of pristine
porphyrin macrocycle based 1s© = m* and 1s" = 7* transitions whose excitation energies are
substantially unaffected upon fluorination. The obtained results complement those published
by the same group about the occupied states of both molecules, thus providing the missing tile
to get a thorough description of the halide decoration effects on the electronic structure of the

tetrakis(phenyl)-porphyrin.

1. Introduction

Semiconductive properties of m-conjugated organic molecules
are well known and widely probed for thick film electronic and
opto-electronic devices by exploiting their p-type carrier
transport. Among these systems, a great attention has been
devoted to porphyrins and related derivatives as a consequence
of their electronic and optical properties, which can be tuned
and enhanced through molecular engineering.'”* In fact, the
aromatic structure of these molecules makes them particularly
appealing for use in electronics,* solar cells,” biological fields,®
and sensing,’ thus actually pushing towards the realization of a
promising new generation of solid state devices. Moreover, the
switch of electronic transport properties from p- to n-type
through the substitution of hydrogen atoms on the outer
molecular rim with halogen species such as fluorine is an
intriguing opportunity, impelling research activity towards the
study of organic systems having both electron acceptor and
donor characteristics.® To this end, the investigation of the
unoccupied electronic structure of tetrakis(phenyl)- and tetrakis
(pentafluorophenyl)-porphyrin ~ (hereafter, I and 1II,
respectively) molecular films, complementing the one carried
out by some of us on the occupied states of the same species, is
herein reported.®”?

This journal is © The Royal Society of Chemistry 2013

Thick films of I and II deposited on SiO,/Si(100) native oxide
surfaces by means of supersonic beams seeded by the organic
precursor have been probed by using near-edge X-ray
absorption fine structure (NEXAFS) spectroscopy to elucidate
the nature, the localization and the relative energy positions of
their low lying unoccupied molecular orbitals (MOs)."
Actually, due to the highly localized character of core
excitations, NEXAFS is solidly accepted as a site-sensitive
probe of empty states. According to a well-established
procedure,g'g’11 NEXAFS spectra collected from thick films of
both species have been rationalized with time-dependent
density functional theory (TD-DFT) calculations'>'® performed
on isolated models. Although we are perfectly aware that the
unoccupied electronic structure of I has been already studied
both experimentally!” and theoretically,'”>!® we decided to
revisit it to insure that theoretical results pertaining to I and II
are homogeneous between them.

2. Experimental and computational details

NEXAFS experiments have been carried out at the BEAR end
station (BL8.1L), at the left exit of the 8.1 bending magnet of
the ELETTRA synchrotron facility in Trieste (Italy)."
NEXAFS spectra have been collected in total electron yield
(TEY) mode (i.e., drain current mode) at the C, N, and F K-
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edges, and normalized to the incident photon flux and to the
clean substrate signal. Spectral energies have been calibrated by
referring to the 4f,,™" core level which has been obtained from
an  Au(100) The
synchrotron beam was the
dominating components lying in the horizontal () plane, and

sputtered sample (i.e., carbon free).

elliptically polarized with

the corresponding ellipticity, defined as ¢ = ‘EV‘Z x ‘E W _2, equal to

0.1 (V stands for vertical plane and ¢ = 1 (0) for circularly
(linearly) polarized light). Throughout the measurements, the
incidence angle of the light with respect to the sample surface
plane has been kept fixed at 10°. To correctly process the
acquired data, each absorption spectrum has been first
normalized to the drain current, which has been measured on an
optical element (refocusing mirror) placed along the beam-line,
and then normalized to the absorption spectrum attained under
the same experimental conditions and energy range, on a
Au(100) sputtered sample. The energy scale of each single
spectrum has been re-calibrated taking into account the energy
fluctuation of characteristic absorption features measured on
the refocusing mirror.

Thick films of I and II (i.e., 50 nm) have been grown in ultra
high vacuum by supersonic molecular beam deposition in a
preparation chamber (base pressure < 5 x 107! mbar) directly
connected to the analysis chamber (base pressure < 1 x 107'°
mbar). The nominal film thickness (density, 2.2 g/cm®) has
been monitored by using a calibrated quartz
microbalance.

crystal

TD-DFT calculations have been carried out on I and II isolated
species by using the Amsterdam Density Functional package.'?
The adopted geometrical parameters are those optimized in
refs. 8 and 9 through the assumption of an idealized D,
symmetry for both molecules. Ionization energies of N, C and F
1s-based MOs have been obtained by running scalar relativistic
(SR) Zero™ Order Regular Approximation (ZORA)
calculations,”® and looking at the Kohn—Sham eigenvalues
pertaining to the ground state (GS) electronic configuration.
ZORA calculations have been run by adopting all-electron,
triple-C with a polarization function, ZORA basis sets for all the
atoms®' and the LB94 approximate functional with the GS
electronic configuration.'>'> A further series of GS non-
relativistic calculations have been run to get information about
the lowest lying unoccupied frontier orbitals,>* possible final
MOs (finos) of NEXAFS transitions. The outcomes of these
numerical experiments have been graphically displayed as
density of states (DOS). In fact, these plots, based on the
Mulliken’s prescription for partitioning the overlap density,*
afford an easy inspection of the atomic composition of MOs
over a broad energy range. Partial DOS (PDOS) and DOS have

been computed by using equations (1) and (2), respectively:®
9,11

VNN Ty
PDOSne(S)—Zp:ﬂ(g_g )2+7/Z 1)

while
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DOS (&)= Y. PDOS, (&)= Z%L

(8_517)2 + 2)

v,n,b P

where f| ;ﬁ is Mulliken’s population contribution from the atom

v and the state n¢ to the p™ MO of energy &p and degeneracy g,,.
The Lorentzian broadening factor y has been fixed equal to 0.25
eV. The Mulliken’s prescription,” even though uniquely
defined, is rather arbitrary; nevertheless, it yields at least a
qualitative idea of the electronic localization. Moreover, 3D
contour plots have been also employed to assign the o* or ©*
character of selected MOs.

K-edge NEXAFS spectra of I and II have been simulated by
evaluating excitation energies and corresponding oscillator
strengths (f) for transitions having the 1s“™"-based MOs as
MOs (imos). To this end, SR-ZORA TD-DFT
calculations®® suitably tailored to treat core electron excitations

initial

have been run.®® All electrons, quadruple-( with four sets of
polarization functions, ZORA basis sets have been adopted for
all the atoms;?! moreover, two shells of diffuse functions,
following the even tempered criterion, further augmented the
basis sets of the F, N, and C atoms specifically involved in the
excitations.”® The adiabatic local density approximation'* has
been employed to approximate the XC kernel, while the LB94
approximate functional'® with the GS electronic configuration
has been adopted for the XC potential applied in the self
consistent field calculations. Incidentally, Fronzoni ez al.'® have
pointed out that, among approximate XC functionals having the
correct asymptotic behaviour, a necessary condition for a
proper description of high energy virtual orbitals and Rydberg
states, the LB94 functional provides a satisfactory agreement
between theory and experiment. Finally, scaled ZORA orbital
energies'® in the TD-DFT equations have been employed
throughout to improve deep core excitation energies.

3. Results and discussion

I consists of the pristine porphyrin macrocycle (pmc) with four
phenyl (Ph) rings bonded to the meso carbon atoms (C°, C'°,
CY, and C¥ in Fig. 1, where the recommended TUPAC 1-24
numbering system has been adopted) collectively tagged C™.%’
Despite the bond delocalization (porphyrins are aromatic and
they obey the Hiickel’s rule for aromaticity in that they possess
4n + 2 delocalized m electrons),”® different chemical species
may be identified in the molecule: (i) the pyrrolic nitrogen
atoms, N*' and N?* (N"™), (ii) the iminic nitrogen atoms, N**
and N?* (N™); (iii) the twenty-four phenyl carbon atoms (C™",
chemically very similar); (iv) the four C™ atoms.

Different species of carbons may also be recognized in the non
equivalent pyrrol rings; i.e., those occupying the so called a (1,
4; 6, 9; 11, 14; 16, 19) and g (2, 3; 7, 8; 12, 13; 17, 18)
positions, and, hereafter, collectively tagged C". Besides those
just mentioned, IT includes a further atomic species (F) whose
effects on the occupied electronic structure of I have been
thoroughly discussed in ref. 8 (see PDOS and DOS reported in

This journal is © The Royal Society of Chemistry 2012
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Figs. 2 and 3; in Fig. 2 the 1s© core level spectra of I and II
have been also included for comparison).

Fig. 1 Schematic representation (top and side view) of title molecules. Violet
spheres correspond to H and F atoms in H,TPP (I) and H,TPP(F) (ll), respectively.
The atom numbering corresponds to the one recommended by IUPAC and
adopted by Nardi et al. in refs 8 and 9. In the selected framework, the pristine
porphyrin macrocycle (pmc) lies in the xy plane and corresponds to the oy, plane.
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(IRs): @+ by, + by, + bay (C™, C™, CP®, Fy); ag+ by, + bay + b,
+ a, + by + by, + by, (CI" and F)); a, + by, (N a, + by,
(N™).2 Moreover, information about the localization of I and II
unoccupied MOs, potential fimos in X-ray absorption processes,
may be gained by referring to Fig. 3 where contributions from
heavy atoms 2p AOs to the DOS of I and II are displayed
(lowest lying peaks associated to the empty levels are
alphabetically labelled).

Among I and II heavy atoms (C, N and F), the pmc ones lie in
the oy, plane, while C™ and F species may be either parallel (||)
or perpendicular (1) to it; Cc», %, F® (C29, Cc¥, F¥, F57) and
symmetry related atoms are then collectively tagged Ch’h and F
(C¥Mand F)).

H,TPP(F)

DOS/PDOS (arb. units)

6 4 2 0
Energy (V)

8 4 =2 0

Energy (V)

Fig. 3 H,TPP (1) and H,TPP(F) (Il) DOS; contributions to the DOS coming from the
heavy atoms 2p AOs are also included. Vertical bars represent the highest
occupied MO (full line) and the lowest unoccupied MO (dotted line) energies.

H,TPP(F) H,TPP(F)

(suun -qe) SOAd

§ H,TPP

Intensity (arb. units)

\s

T T . T T I";ﬂ
294 292 200 288 286 284  -296 294 292 200 288 286
Binding Energy (¢V) Energy (V)

Fig. 2 (left panel) 1s¢ core level spectra (background subtracted) from the H,TPP
(1) and H,TPP(F) (Il) films. The single components, shown in the legend, are
related to the different carbon chemical species of the two molecules.®® (right
panel) SR-ZORA DFT H,TPP (1) and H,TPP(F) (II) 1s¢ PDOS. Numerical labels
adopted for both molecular species refer to the ones reported in Fig. 150

The inspection of Fig. 3 clearly indicates that, both in I and II,
the peak labelled as L is generated by 2p AOs of pmc atoms,*®
while major contributions to the higher lying features M and N
come from C™ (I) and C™F (II) 2p AOs (M) and H 1s AOs
(N). In more detail, two quasi degenerate 1, * MOs (12b,,/12b;,
in I'and 21b,,/21b;, in 11, see Fig. 4) contribute to L, while at
least nine (thirteen) MOs participate to the generation of M in I
(I1).>** Incidentally, among MOs generating M, only one 7, *
orbital, namely the 11a, MO in I (see Fig. 4) and the 20a, MO
in I, is present.

12b,, 12b;,

Fig. 4 3D plots of the H,TPP (I) lowest lying unoccupied frontier orbitals.
Displayed isosurfaces correspond to +0.02 el/2A-3/2 values. Corresponding MOs
in H,TPP(F) (11) (21byg, 21bs; and 20a,) are indistinguishable from those depicted
in the figure.

In the D,, symmetry,®*” the linear combinations of 1s atomic
orbitals (AOs) span the following irreducible representations

This journal is © The Royal Society of Chemistry 2012

NEXAFS spectra. NEXAFS is unanimously recognized as an
experimental tool able to provide a site-sensitive probe of the
unoccupied electronic structure of molecules. Actually, since it
implies the excitation of core electrons to unoccupied albeit
bound valence orbitals as well as to shallow states in the near
continuum, the localized character of core excitations makes K-
edge spectra very sensitive to both the electronic structure and
the local surroundings of the absorbing atom.

J. Name., 2012, 00, 1-3 | 3
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Extended NEXAFS spectra at the C, N and F K-edges of I and
II thick films are displayed in Fig. 5, where main features have
been identified and labelled with capital letters. Excitation
energies taken into account range between 280 and 310 eV (C
K-edge), 395 and 415 eV (N K-edge), 685 and 705 eV (F K-

11a,33-35

edge). According to literature, the ranges we considered

have been split in two regions ([i] and [ii] in Fig. 5); the former

is usually associated to 1s%/1s"/1sF = 7* excitations, whereas
the latter accounts for 1s/1s"/1sF = o* valence transitions. The
inspection of Fig. 5, in particular of the C K-edge spectra,
testifies the massive perturbation undergone by the electronic
structure of I upon Ph fluorination. Symmetry, orbitals and
spectra®' have been cooperatively used to rationalize the effects
of such a decoration.

li] [ii]

D
C
A

C K-edge

Intensity (arb.units)

— H,TPP

—— H,TPP(F)

[ii] F K-edge

— H,TPP
—— H,TPP(F)

—— H,TPP(F)

T T T T T T
285 290 295 300 305 310395 400

Excitation Energy (eV)

280

Excitation Energy (eV)

T T T T T T T
405 410 415 685 690 695 700 705
Excitation Energy (eV)

Fig. 5 Extended NEXAFS spectra of thick films of H,TPP (1) (black line) and H,TPP(F) (1) (red line) deposited on SiO,/Si(100) native oxide surfaces. Vertical lines at 290

eV (left), 402 eV (middle) and 691 eV (right) separate [i] and [ii] regions (see text).

Now, before facing the assignment of NEXAFS spectra of I
and II, it can be useful to spend a few words about title
molecules spectroscopic differences foreseeable just on the
basis of symmetry arguments. I and II electric dipole allowed
transitions span the by, b,,, and bz, IRs of the D,, symmetry
point group. In fact,

I, ®,80,>r, 3)

where I'gs is the electronic GS IR (a, in the D5y, group), I, is the
dipole moment operator IR (b;,, by, and bz, in the D, group)
and Ty is the electronic excited state IR.*! In the present case,
electric dipole allowed transitions imply that

r;z = l—‘XS (4)
with
FXS:Fimo®Fﬁno (5)

where, within the approximation, which reduces the complete
one-electron excited configurations space (1h—1p space) to the
subspace where only the core electrons are excited, I';,, and
I, are the IRs of the initial and final MOs, respectively.’® As
such, and before tackling experimental evidences, it can be
useful to remind that, in the adopted geometry,®” Ph rings are
assumed to be perpendicular to oy, (see Fig. 1); ©* orbitals are
then L (7, *) or || (m*) to oy, according to their localization: L if
localized on the pmc atoms, || if localized on the C™ or F ones.
Dipole allowed Is = m;* (Is = m*) transitions will be
therefore of by, (b,, or b;,) symmetry. Constraints for imos and
finos are summarized in Table 2-ESL>!

These considerations, simply based on symmetry arguments,
point out that C-based 1s = m* excitations may be split in two

4| J. Name., 2012, 00, 1-3

sets, one including transitions of b;, symmetry (hereafter, IT,),
the other including b,, or bs, transitions (hereafter, IT)).
Focusing our attention on the former set, this can be further
split in two subsets, one including transitions from #"“C 1s-
based imos (see Table 1-ESI; hereafter, ”"“I1,), the other
encompassing transitions from CF " 1s-based imos (hereafter,
PA[T)). Since ”"“IT, transitions are completely localized on the
pmec, they may be used as an internal gauge of the fluorination
effects on the porphyrin electronic structure when moving from
ItoIL

C K-edge spectra. The [i] region of the C K-edge spectra of I
and II is characterized by the presence of four main features,
which cover an energy range of ~5 eV (see the fitted spectrum
in Fig. 6);3 " moreover, a shoulder S, more evident in II than in
I, is present on the lower energy side of the A band. In both
spectra, the [i] region needed seven components, whose
positions are reported in Table 1, to be properly fitted.

Table 1 Excitation energy position (eV) of C K-edge transitions (components
a-d) for the fit of H,TPP (I) and H,TPP(F) (II) thick films spectra reported
in Fig. 6. AE between similar features for I and II are also reported.

Component | AE 11 AE
a 283.72 - 283.53 -
a' 284.00 0.28 284.19 0.66
b 284.81 1.09 285.53 2.00
b' 285.28 1.56 -
b" 285.78 2.06 -
c' - 286.90 3.37
c 287.30 3.58 287.57 4.04
c" - 288.00 4.47
d 288.57 4.85 288.93 5.40

Before entering into the detail of the assignment of the C K-
edge spectral features of I and II (see Tables 3-ESI and 4-ESI
and Fig. 7), it may be useful to remind that Nardi et al.
succeeded all chemical species
contributing to the complex C 1s spectrum of IL.’ In particular,

in identifying carbon

the combined use of X-ray photoelectron spectroscopy and SR-

This journal is © The Royal Society of Chemistry 2012
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ZORA DFT calculations allowed some of us to state that the Ph
rings fluorination results in a higher binding energy of the C™
Is core levels, while the pmc C chemical species show less
relevant differences when moving from I to II (see Fig. 2).

H,TPP
C K-edge

O Experimental data
A B = Fitting
= Components

=
]

4
%
1

Intensity (arb. units)

0.6 -

0.4+

0.2

H,TPP(F)
C K-edge

O Experimental data
= Fitting
= Components

1.04

0.8

0.6 -

Intensity (arb. units)

0.2+

T T T T
282 284 286 288 290
Excitation Energy (eV)

Fig. 6 Fitted [i] region of the C K-edge NEXAFS spectra of H,TPP (lI) (top) and
H,TPP(F) (Il) (bottom).

A preliminary, sketchy assignment of the C K-edge spectra of I
and Il may be then attempted by exploiting the hypothesis that
PMCT], transitions should have similar excitation energies in I
and II, while the IT; and, to a minor extent, the Phry | ones
should be blue shifted on passing from I to II. Accordingly,
major contributions to the lowest lying band envelope S + A of
both NEXAFS spectra should come from excitations (see Table
1-ESI, Fig. 2 and Fig. 3) associated to transitions from the
b,y/bs, linear combinations of C™-/C™-based 1s AOs to the
lowest unoccupied MOs (LUMOs) of T (12b,, and 12bs, MOs)
and II (21b,, and 21b3, MOs).

Relative intensity variations of bands B and C when moving
from I to II ultimately state that the main contribution to the
intensity of B in I and C in II has to be associated to IT; and
Phry 1. Moreover, as far as the leftover band B in II and at least
one component of B in I are concerned, they could be
tentatively ascribed to a single excitation event corresponding
to a transition having a by, linear combination of C™-/C™-based
1s AOs as imo, and the 11a, (20a,) MO as fimo in I (II) (see
Table 2-ESI and Fig. 4).*> Besides these considerations, two
further points need to be emphasized: i) the number of 1s°-
based possible imos is rather large and it corresponds to the
number of C atoms present in the molecular skeleton (i.e., 44,
see Figure 1 and Table 1-ESI); ii) the energy range covered by
the 44 linear combinations of the 1sC-based possible imos is

This journal is © The Royal Society of Chemistry 2012
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quite wide (1.6 and 3.6 eV in I and II, respectively, see Fig. 2).
Highest lying NEXAFS features of the [i] region of both I and
II might then include contributions not only from 1s = 7* but
also from 1s = o* excitations, the former (latter) having the
1sC-based linear combinations with the highest (lowest) binding
energies as imos.

0.8

0.6

0.4+

£ (oscillator strength)

0.2

0.0

H,TPP(F) to Py
C K-edge
0.8 4

0.6

0.4

£ (oscillator strength)

0.2

280 282 284 286 288 290
Excitation Energy (¢V)

Fig. 7 SR-ZORA TD-DFT C 1s excitation spectra of H,TPP (l) (top) and H,TPP(F) (Il)
(bottom). Contributions from the different imols are also displayed. Convoluted
profiles have been obtained by using a Lorentzian broadening of 0.25 eV. SR-
ZORA ionization limits may be deduced from the right panels of Fig. 28939

Excitation energies and f values for the C s excitation
spectrum of I and II as obtained from SR-ZORA TD-DFT**
are reported in Tables 3-ESI and 4-ESI,
respectively, while the corresponding f distributions between
280 and 291 eV are displayed in Fig. 7.

The comparison between NEXAFS patterns and the 7"
distributions confirms the well-known excitation energy
underestimation (in the present case ~2 eV), ultimately due to
the XC potential deficiencies.'"'*** Nevertheless, SR-ZORA
TD-DFT outcomes prove that, even though the reference to the
carbon PDOS of I and II (see Figs. 2 and 3) allows us to
forecast the major contributions to the NEXAFS features,
theoretical results are unavoidable to look into their details.

calculations

Starting with calculated data regarding I, the inspection of
Table 3-ESI suggests that, according with our symmetry- and
GS-based predictions (see Figs. 2 and 3), the S + A band
envelope has to be associated to the seven lowest lying
excitations, all of them corresponding to I, transitions. More
specifically, the 7"“IT, 10b,, + 10bs, = LUMOs* and the "1,
7bs, = LUMO?® transitions should contribute to S, while the
11a,)
corresponding to ”"“T1, transitions, should be hidden under the

remaining five excitations, all but one (6b;, -

J. Name., 2012, 00, 1-3 | 5
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A feature of Fig. 6 (top). Such an assignment perfectly agrees

Santo er al'™®

with that proposed by Di on a purely
experimental ground, it concurs with theoretical results reported
by Diller et al.'’™ and it sheds new light on the angle-dependent
linear dichroism characterizing the NEXAFS C K-edge
spectrum of a multilayer of L.*° Nevertheless, it has to be
remarked that the numerical agreement obtained by Diller et
al.'™® between theory and experiment is better than that we
herein reported.

Even applying a quite severe filtering to the excitation selection
(only those with '/ > 10 x 10~ have been included in Table 3-
ESI), the analysis of theoretical outcomes states that, as
preliminary foreseen, a really large number of excitations
contributes to B, C and D.

This means that any detailed assignment of these features
would simply be a matter of taste. Nevertheless, useful
information can be obtained by looking into SR-ZORA TD-
DFT results (see Fig. 7). The first thing to be noted is that the
excitation energy range covered by the I [i] region (~5 eV, see
Fig. 6 (top) and Table 1) is well reproduced by the '/
distribution reported in Fig. 7 (top). The same holds for the
AEy, (047 eV, see Table 1), which is quantitatively
reproduced by the range (0.54 eV, see Table 3-ESI) covered by
the closely spaced excitations 8 — 19,*! all but one (6b, > 1la,)
transitions having the linear
MOs as finos.**** The

agreement of such an assignment with NEXAFS data of Di
l.17a

associated to Is =+ m*

combinations of Ph-based e,, ©*
Santo et a is twice as important because both the use of the
isolated molecule approach to simulate NEXAFS features of a
8911 and the
assumption of a D,, symmetry for I’ are further reinforced.

the proposed
assignment implies that the b" component of the NEXAFS

multilayer of weakly interacting molecules

In addition to the above considerations,
spectrum of I has to be ascribed to a single excitation (the 20"
in the Table 3-ESI) associated to the C’-based 10b,, + 10bs;, =
14b;, + 14b,, transition. Incidentally, the energy difference
(0.69 eV) between the 20" and the 19" excitation (see Table 1-
ESI) agrees pretty well with the AE (0.5 eV, see Table 1).

Moving to the broad and ill resolved bands C and D in Fig. 6,
the only things that can be mined by theoretical outcomes and
deserve to be mentioned are: i) C™-based 1s AOs negligibly
contribute to C; ii) C™- and C™-based Is AOs comparably
contribute to D; iii) 1s = m* transitions associated to
excitations hidden under D have the linear combinations of the
Ph-based b,, n* orbitals as Sfinos;* iv) more than 50% of the
excitations reported in Table 3-ESI and associated to the feature
D corresponds to 1s = o* transitions. With specific reference
to this last result, it has to be noted that, once again, it perfectly
agrees with literature data.'”

The striking differences characterizing the C K-edge NEXAFS
spectra of I and II (see Fig. 6) have been already emphasized
and, at a first look, they are quite well reproduced by the SR-
ZORA TD-DFT % and "/ distributions. Moreover, the
comparison of data reported in Table 3-ESI with those of Table
4-ESI indicates that ”"“T1, transitions, viable as internal gauge,

6 | J. Name., 2012, 00, 1-3

can be straightforwardly identified in IL* Besides the very
large blue shift of the I set upon the Ph rings fluorination,* a
careful inspection of theoretical outcomes, including those that
for space saving reasons are not included in the ESI, reveals
that the lower excitation energy regions of I and II include the
same number of transitions (seven) with f > 10 x 107.
Nevertheless, their localization, intensities and composition are
different. More specifically, the 2™ and 7™ excitations of I (see
Table 3-ESI), corresponding to transitions having as imos the
C¥-based 1s AOs, are strongly blue shifted upon the Ph ring
fluorination* and substituted by the two C*-based 12bs, + 12b,,
g 21b2g(70) + 21b3g(30) and 11b,, = 20a,%? transitions, lying at
281.50 ("f = 18.646 x 10) and 282.75 eV ("'f* = 18.838 x 10"
%) (see Table 4-ESI). Transitions reminiscent in I of those just
described in II correspond to the C*-based 8b;, = 12b2g(100) at
281.57 eV and 7b;, = 11a,""” at 282.81 eV, not included in
Table 3-ESI as a consequence of the adopted filtering (their '/
values are 0.49948 x 107 and 0.38949 x 107, respectively).
Such a result provides a first information, among many others
(vide infra), about the effects induced by the F decoration of Ph
rings on the pmc electronic properties: it may magnify the f
values of excitations associated to specific transitions without
significantly affecting their excitation energies.*’

As far as the assignment of the NEXAFS features of II is
concerned, SR-ZORA TD-DFT calculations induce us to assign
all excitations hidden under the band envelope S + A and the
lower excitation energy side of the leftover band B to
transitions belonging to the #"“I1; subset. In more detail, the
shoulder S is ascribed to the lowest lying, C’-based, 13b,,
21b;, transition, while the whole A feature is associated to the
excitations 2 — 7 and the lower excitation energy side of the
leftover band B to the #"II, 9b;, = 20a, transition.
Interestingly, the whole band envelope S + A is substantially
unaffected by the Ph rings fluorination. As a matter of fact, data
reported in Table 1 indicate that, on passing from I to II, the a’
component is slightly blue shifted (0.19 eV), while the a one is
even red-shifted by the same amount. Both evidences are
perfectly reproduced by SR-ZORA TD-DFT calculations,
establish  the upon
fluorination of the selected internal gauge (compare in Table 3-

which ultimately unresponsiveness
ESI and Table 4-ESI the energies of the excitation selected as
internal gauge).*> Other excitations reasonably hidden under B
are those (see Table 4-ESI) associated to 1s = m;* transitions
localized on non-fluorinated Cﬁ’h.

A comparison between components of bands B and C in I and
II, similar to that considered for the band envelope S + A, is
prevented by the substantial perturbation undergone by B and C
upon fluorination; nevertheless, it is noteworthy that the above
the #™TI,
systematically confirmed by comparing correlated transitions in

mentioned unresponsiveness of subset is
the two molecules. A further example is provided by the
comparison between the C’-based 9b,, = 13a, transition in I
(excitation lying at 284.86 eV, see Table 3-ESI) and the C’-
based 12b;, = 23a, transition in IT (284.90 eV, see Table 4-
ESI), both associated to the lower energy side of C in the
corresponding NEXAFS spectra.*® Moreover, even though the

This journal is © The Royal Society of Chemistry 2012
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excitations hidden under C with the highest f values correspond
to © hH” transitions localized on fluorinated C atoms and
involving Ph-based e,, m* orbitals, the contribution from
excitations associated to 1s = m;* and 1s = o* transitions
cannot be neglected (see Table 4-ESI). Differently to I, SR-
ZORA TD-DFT outcomes indicate that no © hH” transition
having a linear combination of the Ph-based b,, m;* orbitals as
fmo is present in the selected range (see Table 4-ESI).

As already mentioned, the inspection of Figs. 2 and 3 clearly
shows that both core levels and the unoccupied electronic
structure of I are considerably perturbed upon fluorination;
nevertheless, the calculated blue shifts undergone by the core
levels, in particular by the C™™-based 1s AOs, are significantly
different with respect to the ones calculated for the unoccupied
electronic structure.*’ Even though we are perfectly aware that
different excitations imply different relaxation processes and
that excitation energies cannot be directly compared with
Kohn-Sham orbital energy differences, the similar blue shift
undergone by ”"“n, * and 7"“C-based 1s AOs upon fluorination
provides a rationale of the experimental unresponsiveness,
theoretically confirmed, of the ”"“IT; subset.

N K-edge spectra. The [i] region of the N K-edge spectra of I
and II is characterized by the presence of three main features,
alphabetically labelled in Fig. 8, which cover an energy range
of ~4 eV. These features have been fitted with three
components whose excitation energy positions are reported in
Table 2.

H,TPP O Experimental data
0419 N K-edge — Fitting
E= Components
0.40 — B
z
= 039
£
<
2
g 0.38 o
0374
0.36
0210 H,TPP(F) O Experimental data
- N K-edge == Fitting
B Components
0.205 4
B
Z 0200
£
£
£
<0195
2
‘7
g
£ 0.190 4
0.185
0.180 4

T T T T T T T
396 397 398 399 400 401 402
Excitation Energy (eV)

Fig. 8 Fitted [i] region of the N K-edge NEXAFS spectra of H,TPP (I) (top) and
H,TPP(F) (Il) (bottom).

The low number of possible imos (four, see Table 1-ESI), the
severe symmetry constraints and the consequent inherent

This journal is © The Royal Society of Chemistry 2012
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simplicity of the N K-edge spectra make their preliminary
assignment straightforward.**>?

Table 2. Excitation energy position (eV) of N K-edge transitions for I and 11
thick films. AE between similar features for I and II are also reported.

Component 1 AE 11 AE
a 397.57 - 397.60 -
b 399.74 2.17 399.83 2.23
c 400.75 3.18 400.96 3.36

As a matter of fact, the information pertaining to the relative
positions of the N core levels (see Fig. 9, where experimental
and calculated 1sM 8948 and the
unoccupied electronic structure of I and II (see Fig. 3) allows

spectra are compared)

us to confidently ascribe the lower excitation energy region of I
and II to 1s = P"“w, * transitions.

H,TPP(F) H,TPP(F)

H,TPP

(suun ‘qre) SOAd

T T T
396 -408 -406 -404 -402
Energy (eV)

406 404 402 400 398
Binding Energies (V)

Fig. 9 (left panel) 1s" core level spectra (background subtracted) from the H2TPP
(1) and H,TPP(F) (ll) films. The single components, shown in the legend, are
related to the different nitrogen chemical species of the two molecules.®® (right
panel) SR-ZORA DFT H,TPP (1) and H,TPP(F) (1I) 1s" PDOS.%°

In particular, the lowest lying feature A has to be associated,
both in I and II, to a single excitation event corresponding to
the by, N™-based 1b;, = 12b,, transition in I and the 4bs, =
21b,, one in II. Similarly, a single excitation associated to the
by, N based 1bs, = 12by, (4bs, = 21by,) transition in I (II)
is hidden under B. Qualitatively, the assignment of the feature
C should include excitations associated to transitions whose
fimos lie necessarily beyond the feature M of Fig. 3.°*

Before moving to the analysis of SR-ZORA TD-DFT results,
both the unresponsiveness of the ”"“T1; subset (see Table 2) and
the agreement of such an assignment with the angle-dependent
linear dichroism characterizing the NEXAFS N K-edge

J. Name., 2012, 00, 1-3 | 7
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spectrum of a multilayer of I'’* and the DFT transition potential
results of Diller ez al.'” deserve to be highlighted.

Qualitative predictions of the number of components in the
experimental spectra perfectly fit the SR-ZORA TD-DFT
results (see Tables 5-ESI and 6-ESI and Fig. 10). Nevertheless,
the comparison of the N K-edge NEXAFS spectra (Fig. 8) with
the /Y and "/ distributions of Fig. 10 testifies a really poor
quantitative agreement between experimental evidences and
theoretical data.

25x10°

H,TPP
N K-edge PyH

20—

o
1

=)
|

(oscillator strength)

H,TPP(F) Py
N K-edge Pyll

f (oscillator strength)

393 394 395 396 397 398 396
Energy (eV)

Fig. 10 SR-ZORA TD-DFT N 1s excitation spectra of H,TPP (l) (top) and H,TPP(F)
() (bottom). Contributions from the different imols are also displayed.
Convoluted profiles have been obtained by using a Lorentzian broadening of
0.25 eV. SR-ZORA ionization limits may be deduced from the right panels of Fig.
9. 89

In fact, besides the already revealed systematic excitation
energy underestimation (in the present case ~2.5 eV),>>"*" the
relative position of the feature ‘B (see Fig. 10) poorly
reproduces the experimental outcomes for both I and II. In
more detail, ‘A and 'B features of Fig. 10 top and bottom are
both due to a single excitation associated to the above indicated
transitions. As far as ‘C is concerned, its lower energy side is
generated by one excitation associated to the 2a, = 15b;, (5a,
= 24b,,) transition in I (II), while its higher EE side includes
one (two) excitation(s) in I (IT) (see Tables 5-ESI and 6-ESI).
Incidentally, both the 15b;, MO in I and the 24b,, orbital in II
correspond, as previously foreseen, to high lying 7", * levels
with no nodes on N atoms (see 3D plots in Fig. 11), while
lower lying 14b,, and 23b,, orbitals are e;u Ph-based m*
levels.™

Moving to the analysis of /N and "/" features, the comparison
of experimental/theoretical excitation energy relative positions
(AE(b-a)/AE("B-'A) =2.17/1.70 ¢V in I and 2.23/1.74 eV in II,

8 | J. Name., 2012, 00, 1-3

AE(c-a)/AE("C-'A) = 3.18/3.10 eV in I and 3.36/3.15 eV in II,
see Tables 5-ESI, 6-ESI and Table 2)* states that the energy of
the component b is underestimated by ~3.0 rather than ~2.5 eV
as those of components a and ¢.*°

15by, 24b,,

Fig. 11 3D plots of the 14b,;, and 15b;, (23b;, and 24b;,) MOs of H,TPP ()
(H,TPP(F) (I1)). Displayed isosurfaces correspond to +0.01 el/2A3/2values.

Such a failure of the adopted theoretical approach, even though
herein particularly evident as a consequence of the very low
number of expected and observed bands in the N K-edge
spectra of I and II, is not particularly surprising. In fact,
homogeneous theoretical results pertaining to the free
1253 provided a AE between the lowest
lying N?¥- and N"M_based 1s = m,* transitions even smaller
(1.55 eV) than the AEE('B-'A) herein reported. The effect on
the H,Pc /N distribution was less evident than in T and II as a
consequence of the presence of the four meso N atoms, which
concurred to increase the complexity of the H,Pc NEXAFS

phthalocyanine (H,Pc)

spectrum. Moreover, it can be useful to remind that H,Pc
excitations associated to N™-based 1s = m * transitions abut
against the N**"-based ones (Fig. 17 of ref. 11a).

As a final consideration, it is noteworthy that, despite the above
SR-ZORA TD-DFT
reproduce the experimental unresponsiveness of the 7"“TI,
subset, thus stressing the negligible perturbation induced by the
Ph F decoration in the excitation energies of 1s = 7" *

mentioned failure, results perfectly

independently of the imos localization.

F K-edge spectra. The [i] region of the F K-edge NEXAFS
spectrum (see Fig. 12) consists of a single intense band centred
at 688.51 eV.

1 HyTPP(F) £ o Experimental data
D — Fitting
i b = Component

F K-edge

Intensity (arb. units)

=
T T T T T T T T

685 686 687 688 689 690 691 692

Excitation Energy (eV)

Fig. 12 Fitted [i] region of the fluorine K-edge NEXAFS spectra of H,TPP(F) (ll).

This journal is © The Royal Society of Chemistry 2012
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The information is surely rather poor,

nevertheless the combined use of symmetry, orbitals and

experimental

spectra appears to be once again the Hobson's choice to get
some information from experimental evidences.

As reported in Table 1-ESI, the F|-based linear combinations of
Is AOs correspond to the la, + 1b;, + 1by, + 1bs, MOs, while
those localized on F, span all the eight IRs of the D,, point
group. Although the number of F 1s-based MOs is quite large
(20), they are closely spaced and the energy range they cover is
quite narrow (see Fig. 13).°

H,TPP(F) H,TPP(F)
— o Exp.
2z — Fit o)
g —F 8
S o2}
&) ®
2 s
& £
=1 2.
z Z

= T T T T "'-"" T T T T T
694 692 690 688 686 -692 -691 -690 -689 -688
Energy (eV) Energy (eV)

Fig. 13 (left panel) 1s" core level spectra (background subtracted) from H,TPP(F)
(1) film.® (right panel) SR-ZORA DFT H,TPP(F) (I) 1s" PDOS.

Excitation energies and f'values for the F 1s excitation spectrum
as obtained from SR-ZORA TD-DFT** calculations are
reported in Table 7-ESI, while the corresponding /* distribution
in the range 680 - 683 eV is displayed in Fig. 14 with
contributions of different symmetries rather than of different
imols. The agreement between experiment and theory is
satisfactory (the absolute excitation energies are underestimated
by ~7 eV). 2513

0.14 —

0.12 —

0.10 —

0.08 —

0.06 —

f(oscillator strength)

0.04 —

0.02 —

000 T T T T T 7

680.0 680.5 681.0 681.5 682.0 682.5 683.0
Excitation Encrgy (V)

Fig. 14 SR-ZORA TD-DFT F 1s excitation spectrum H,TPP(F) (ll). Contributions
from the different symmetry are also displayed. Convoluted profiles have been
obtained by using a Lorentzian broadening of 0.25 eV. SR-ZORA ionization limits
may be deduced from the right panel of Fig. 13. 8

Moreover, consistently with the inversed linear dichroism in F
K-edge NEXAFS data recently published by de Oteyza et al.
for fluorinated planar aromatic molecules,” SR-ZORA TD-
DFT outcomes indicate that F-based b,, and bs, 1s = m* and

This journal is © The Royal Society of Chemistry 2012
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by, 1s = o* transitions share the same energy region (see Fig.
14). In more detail, the quite broad band reported in Fig. 12
includes excitations associated to transitions having the m;* and
o* orbitals contributing to the feature M of Fig. 3 as finos.*?
Interestingly, no transition having linear combinations of the
Ph-based €5, MOs as fmos and f* > 10 x 107 is present in the
energy range taken into account in Fig. 14.

Conclusions

Unoccupied states of two m-conjugated molecules, the tetrakis
(phenyl)- and tetrakis(pentafluorophenyl)-porphyrin, have been
thoroughly investigated by means of NEXAFS spectroscopy at
the C, N and F K-edges. According to a well established
procedure, the rationalization of experimental results collected
from thin films of both molecules has been successfully guided
by the outcomes of calculations carried out for isolated species
in the framework of TD-DFT. Besides shedding new light on
literature experimental results,'’® theoretical outcomes herein
reported provide valuable information about perturbations
induced by the Ph fluorination on the unoccupied electronic
structure of the pristine porphyrin macrocycle. The most
evident, and rather unexpected, result is the electronic inertness
of P™T1, transitions whose excitation energies, but not their f
are substantially upon
Differently, I and, to a minor extent, PRIT, transitions undergo

values, unaffected fluorination.
the expected blue shift when moving from I to II. Results
herein reported complement those we published in the near past
about the occupied electronic structure of I and II, thus
providing the missing tile to get a thorough description of the
halide decoration effects on the occupied and unoccupied
electronic structure of title species, a necessary condition to
address the electronic properties of their transition metal
complexes.

The intrinsic simplicity of the N K-edge spectra of I and II,
ultimately due to the presence of only two types of non-
equivalent nitrogen atoms, revealed a sort of inappropriateness
of the adopted theoretical method to quantitatively reproduce
the energy difference between the lowest lying N-based 1s =
1, * transitions. Further investigations are needed to clarify this
point.
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+ 22by, + 22b3, + 453, + 42by, + 42bs, + 39b,, ones. Similarly to
I, the m,* 20a, MO is localized on the pmc atoms, while the
following eight orbitals correspond to the linear combinations
of the Ph-based e,, m* levels, antibonding in nature with
respect to the C—F = interaction. Moreover, the 21a, + 22by, +

22bsg + 23by, MOs are the 612“ -like m* partners with a node on

the C*, C* and F* atoms. As far as the last four orbitals (45a,
+ 42b,, + 42b3, + 39b;, MOs) are concerned, they have a C—F
c* character. Both in I and II, a huge number of closely
spaced * and o* MOs is present beyond M. Their detailed list
is useless and is not herein reported due to space reasons.
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polarization), to the light polarization || to pmc (8 = 0°, s-
polarization).'” Accordingly, Di Santo et al.'’ assigned the S +
A band envelope to I, transitions, without entering in more
detail. Moreover, consistently with the quasi L orientation of
Ph rings with respect to pmc in the isolated I, they found that
the intense peak due to the Ph-based 1s = m* transitions in p-
polarization still dominates the NEXAFS spectrum recorded in
s-polarization.

Among the excitations 8 — 19, the 12 — 19 ones correspond to
IT, transitions with the highest '/ values.

The six 7 orbitals of an isolated Ph ring transform, in the D¢,

symmetry, as: ap, + e}ng efg+ ey, + e + bye. The first

(second) three are occupied (unoccupied).’!

Excitations selected as internal gauge imply the following
correlations: 1' & 1", 3" & 4" 4' & 3" 51 & 51 6l o 6 9! &
8!,

The huge blue shift of the I set involves transitions localized
on fluorinated C™ atoms. Excitation energies corresponding to
transitions whose imos are C*-based Is AOs are scarcely
affected.

The increase of f values upon fluorination is ultimately due to
the rise of an order of magnitude of the corresponding z
contributions to the transition dipole moments. Irrespective of
their low f values, both C%based 8bs, = 12b2g“°°) and 7b,, =
11a,1%? transitions belong to the 7"“I1, subset.

This journal is © The Royal Society of Chemistry 2012
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The 13a, (23a,) MO is the third (fourth) unoccupied level of a,
symmetry in I (II). The comparison between the 3D plots, not
herein reported, of the 22a, and 23a, MOs of Il revealed the o*
nature of the former and the 7, * character of the latter.

Upon fluorination, C™- and C™-based 1s AOs are blue shifted
by ~1.25 eV and 1.60 eV, respectively. The shift toward higher
binding energies is much more pronounced for C™-based 1s
AOs: 2.5 and 4.3 eV for non-fluorinated and fluorinated C
atoms, respectively. Blue shifts of ”°m,* and ™m* levels are
0.9 and 0.7 eV, respectively.

The experimental (theoretical) AE between N™ and N™" [s-
based levels is 1.90 (1.73) eV both in I’ and IL® Upon
fluorination, N™- and N**"-based 1s AOs are both blue shifted
by 0.80 ¢V,*® while 77, * levels are downshifted by 0.9 eV.*’
The C excitation energy has been estimated, for both I and II,
as the mean energy values between the 3™ and 4™ excitation
energies (Tables 5-ESI and 6-ESI).

A further series of numerical experiments, carried out either by
reducing the D,, symmetry through the pmc tilting, or by using
an exchange correlation potential (SAOP)’! having the correct
asymptotic behaviour but different from the LB94 functional
did not improve the ‘B relative position.”

P. R. T. Schipper, O. V. Gritsenko, S. J. A. van Gisbergen and
E.J. Baerends, J. Chem. Phys., 2000, 112, 1344.

Fronzoni et al. showed that both relative £Es and f'are not very
sensitive to the exchange correlation potential choice, provided
the asymptotic behaviour is correct.”

The quasi degenerate H,Pc 6bs, and 6by, unoccupied frontier?
orbitals have the same symmetry, localization and nodal
properties30 of the 12bs, and 12by, ones in 1.

D. G. de Oteyza, A. Sakko, A. El-Sayed, E. Goiri, L. Floreano,
A. Cossaro, J. M. Garcia-Lastra, A. Rubio and J. E. Ortega,
Phys. Rev. B, 2012, 86, 075469.
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