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ABSTRACT: Valence electron singlet excitation energies (VEEXE), valence electron
ionization energies (VEIE), core electron binding energies (CEBE), and non-resonant X-
ray emission energies of substituted anilines and related molecules were calculated using
density functional theory (DFT). The energy calculations were done with TZP basis set of
Slater Type Orbitals. PW86x-PW91c, turned out to be the best XC functional among eight
functionals tested for time dependent DFT (TDDFT) calculation of the singlet excitation
energies of the substituted anilines. Using the XC functional, average absolute deviation
(AAD) from experiment was 0.223 eV for eighteen cases with maximum absolute
deviation of 0.932 eV. The valence electron ionization energies of the substituted
benzenes were calculated by ASCF method with PW86x-PW91c. AAD from experiment
was 0.21 eV. The CEBEs were calculated with the previously established method, named
as scheme 2003. ACEBE(SMS),, sum of mono substituted (SMS) CEBE shift, and mutual
interference effect (MIE) were defined and their values were calculated. Magnitude of MIE
provides the degree of mutual interference between two substituents in a phenyl ring.
Average absolute value of MIE was ca. 0.1 eV for the three isomers of phenetidine. Using
the calculated valence electron ionization energies and the core electron binding energies
of one of the phenetidines, some X-ray emission energies were calculated.

Keywords: singlet excitation energy; ionization energy; CEBE; Density Functional

Theory, substituted anilines

Introduction

Accurate theoretical calculation of electronic spectra helps in understanding and

interpreting experimentally observed ones. The density functional theory has been widely

used to calculate not only ground state energy of systems but also transition energies
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through the use of the time dependent density functional theory. When one uses DFT and
TDDFT, one has to choose appropriate exchange and correlation functional to get the
best possible results. There is no universal exchange and correlation functional that
serves for any situation. Very recently, Jacquemin et al. [1] published results of an
extensive TDDFT benchmark study for singlet-excited states using a very extended set of
organic molecules testing 29 functionals of five major categories: LDA, GGA, meta-GGA,
GH, and LCH. With the optimal functionals, they obtained mean absolute deviations
smaller than 0.25 eV. PBEO and LC-wPBE(20) [2], for instance, provided a mean
absolute error of 0.14 eV for the 228 states related to neutral organic dyes. The
electronic spectrum of molecules has a strong multideterminantal nature. Transition
wavelengths to excited-states presenting a doubly excited character or a significant
charge-transfer nature are traditionally poorly estimated. Recently long-range-corrected
hybrids (LCH) have been developed to correct this deficiency [3]. Mirashi et al. [4]
obtained experimental electronic absorption spectra of some substituted anilines in vapor
phase and polar and non-polar solvents. Jana and Ganguly observed UV absorption and
emission spectra of o-, m-, and p-phenetidines (Figure 1 A-C) in non-polar and hydrogen
bonding solvents at room temperature (liquid state solvent) [5]. UV photoelectron

spectra (UPS) of substituted benzenes (Figure 1 D, E) were observed by Klasinc et al.

[6].
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Figure 1. (A) o-phenetideine, (B) m-phenetidine, (C) p-phenetidine, (D) aniline, (E)
ethoxybenzene.

The object of the present work is to calculate valence electron singlet excitation
energies, valence electron ionization energies, core electron binding energies, and non-
resonant X-ray emission energies of some of the substituted anilines and related
molecules using density functional theory. First, we search for an appropriate exchange

and correlation functional to calculate singlet excitation energies of the substituted
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anilines. The calculated excitation energies are compared with the observed ones. The
selected exchange-correlation functional is used to predict gas phase excitation energies
of the phenetidines and analyze their observed UV spectra in non-polar solvent [5].
Second, Valence electron ionization energies of some substituted benzenes are calculated
and compared with the observed ones [6] in order to evaluate accuracy of the
calculation. Third, core electron binding energies of the three isomers: o-, m-, and p-
phenetidines (Figure 1 A, B, C) are calculated. CEBE is a convenient physical quantity to
study substituent effect [7, 8]. Finally, transition energies corresponding to non-resonant

X-ray emission of the phenetidines are calculated using the VEIEs and CEBEs.

Material and Methods

Method of calculation

Geometry optimization of the ground state neutral molecules was performed with
GAUSSIAN program package [9], using the Hartree-Fock (HF) method with the basis set
known as 6-31G(d). The optimized geometries were used for all the energy calculations.
All the energy calculations were done using the Amsterdam Density Functional (ADF)
program [10]. In all the ADF calculations, basis set used was triple-zeta polarized (TZP)
Slater type basis set. The TZP basis set consists of two 1s Slater type orbital (STOs),
three 2s and 2p STOs and one 3d STO. For calculation of the excitation energies, we
used time-dependent DFT. Eight typical exchange-correlation (XC) energy functionals
available in the ADF package were chosen and tested for calculation of the excitation

energies of the substituted anilines. They are listed bellows:

(1) BP86: this is equivalent to Becke(exchange) [11] + Perdew (correlation) [12]
together.

(2) PWO91: this is equivalent to PW91x [13] + PW91c [13] together.

(3) mPBE: this is equivalent to mPBEx [14] + PBEc [15] together.

(4) PW86x [16] + PW9lc.

(5) BLYP: this is equivalent to Becke (exchange) + LYP (correlation) [17].

(6) OLYP: this is equivalent to OPTX (exchange) [18] + LYP (correlation).

(7) LB94: this refers to the XC functional of Van Leeuwen and Baerends [19].
(8) SAOP: the statistical average of orbital potentials [20, 21].

The first six functionals, (1) - (6), are Generalized Gradient Approximation (GGA)
type and the last two, (7) and (8), are asymptotically correct XC potentials.

The core electron binding energies (CEBEs) of carbon atoms in the phenetidines

were calculated using density functional theory with Scheme 2003 [22].
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AEkg (PW86-PW91)/TZP + C//HF/6-31G*.  (Scheme 2003)

AEks (= CEBE) is the difference in the total Kohn-Sham(KS) energies calculated

by Amsterdam Density Functional for the core-ionized cation and for the neutral parent
molecule. The TZP basis set was found to be the most cost effective resulting average
absolute deviation from experiment of 0.16 eV for 59 CEBE cases. STO s are especially
suited to represent inner core electronic structure. The functional combination is the
Perdew-Wang 1986 exchange functional [16] and the Perdew-Wang 1991 correlation
functional [23]. The relativistic corrections [24] can be estimated by an empirical

equation 1,
Crel ZKI’Z (1)

where I, is the non relativistic CEBE and C, is the relativistic correction. When both C,
and I, are in eV, K = 2.198x10”7 and N = 2.178. In case of carbon atom, C,, takes the
value 0.05 eV. Substituent effect of a ring carbon atom in substituted benzene is
estimated by CEBE shift (ACEBE) which is defined as,

ACEBE (substituent effect)
= CEBE (C atom in Ph-X) - CEBE (C atom in Ph-H) (2)

The vertical, valence electron ionization energies were calculated with almost the
same method as the Scheme 2003, namely the ASCF method. Only difference is that the

relativistic correction, C,e, Was not included for the calculated valence electron IEs.

Results and Discussion

Valence Electron Excitation Energy

The valence electron singlet-singlet (singlet) excitation energies of seventeen
substituted anilines in isolated form were calculated using the eight different XC
functionals. There are two or three observed bands reported for each molecule [4]. When
the observed lowest energy band is compared with the calculated one, there is no
ambiguity in assignment. However, there are ambiguities in assigning the second and
higher energy bands comparing calculated spectra. This is the reason why we compare
theory with experiment for only the lowest excitation band. In Table 1, the calculated
lowest excitation energy of each molecule is compared with the corresponding

experimental value obtained in gas phase [4].

Average absolute deviations (AADs) obtained from the total of 17 molecules are
listed. They lie between 0.2 and 0.3 eV. The lowest AAD value, 0.223 eV was obtained
with the PW86x-PW91c functional. The 2", 3, and 4™ lowest AADs are 0.227 eV, 0.229
eV, and 0.230 eV that were obtained with BP86, mPBE, and PW91, respectively. The
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three AADs are very close to each other. The largest AAD obtained among the eight XC
functional tested is 0.298 eV, which was obtained with OLYP. The two asymptotically
correct XC potentials, SAOP and LB94, resulted AADs of 0.272 eV and 0.288 eV that
belong to the worst three results among the eight XC functionals tested. Maximum
absolute deviation (MAD) is listed in the last line of the table. MADs resulted from meta-
nitroaniline, m-0O,NCgH4NH, , for all the eight XC functionals were tested. The MADs are
as large as ca. 0.9 eV or more. Absolute deviation from experiment for para-nitroaniline
is ca. 0.5 eV which is also large. The eight XC functionals failed to calculate accurate
excitation energies of the nitroanilines. If AADs are calculated with only 14 compounds
excluding the three nitroanilines (15, 16, 17), The AAD of PW86x-PW91c drops from
0.223 to 0.146 eV (The second line from the bottom in Table 1). This is a substantial
improvement. AAD reduces substantially when the nitroanilenes are excluded for all the
remaining cases as shown in Table 1 In the case of LB94, AAD drops from 0.288 eV
with nitroanilines to 0.141 eV without the three nitro compounds. The difference is quite
substantial. LB94 results accurate excitation energies for substituted anilines except for
the nitroanilines, for which it fails badly. We conclude that the best XC functional is
PW86x-PW91c. BP86, mPBE, and PW91 are almost as good as the best one. It is
interesting to note that PW86x-PW91c is also the best XC functional for calculating CEBE
[22]. Singlet excitation energies corresponding to the first transition band of o-, m-, and
p-phenetidines, in vacuum, were calculated using PW86x-PW91c (the second column in
Table 2).

Since observed UV absorption spectra of the molecules were measured in
cyclohexane [5], the calculated transition energies cannot be compared directly with the
observed ones. Relation between excitation energies in vacuum (or in gas phase),

AE(vacuum), and the one in a solvent, AE(solvent), can be given by eq. 3:

AE(vacuum) = AE(solvent)+WD (3)

where WD stands for solvent effect.

Mirashi et al. [4] observed UV absorption spectra of o-, m-, and p-
methoxyanilines in vapor as well as in cyclohexane. Average solvent effect of 0.116
eV, WD in eq. 3, of these three compounds in cyclohexane was obtained. Since
methoxyaniline and phenetidine (ethoxyaniline) are very similar molecules, one can
assume that solvent effect of phenetidines can be approximated by that of
methoxyanilines. With the calculated AE (Vacuum)s and the solvent effect, 0.116 eV, one
can estimate transition energies of the three phenetidines in cyclohexane using eq.3. The

resultant values are listed in the 3™ column of Table 2. The last column lists observed
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values. The estimated transition energies are close to the observed values. AAD of the

estimated values is 0.073 eV.
Valence Electron Ionization Energy

Since PW86x-PW91c is the best XC functional to calculate the valence electron
excitation energies of the substituted benzenes and CEBEs[22], we expect that it can
also be a good functional for calculating valence electron ionization energies. The VEIEs

were calculated with the ASCF method that can be described as following:

AEgg (PW86-PW91)/TZP //HF/6-31G(d).

Where AEgg (= VEIE), TZP was used for basis set. Geometry was optimized with
HF/6-31G(d). Table 3 lists the calculated VEIEs of some substituted benzenes together

with observed ones.

In majority of the cases, SCF calculation of cation converged. However, there
were cases where SCF did not converge. Non convergence of SCF is indicated by xxx in
Table 3. The VEIEs due to only several highest occupied molecular orbitals are listed for
the most of the molecules. Assignment of observed UPS bands using the calculated VEIEs
involves some ambiguity especially for higher energy bands. There is no ambiguity in
assigning the lowest energy PE spectrum band, because it corresponds to ionization from
the highest occupied molecular orbital (HOMO). Assignment of the second lowest band is
also possible. It involves one level bellow to HOMO (HOMO-1). Table 4 lists the two
lowest observed PE bands and the calculated VEIEs due to HOMO and HOMO-1.

Table 4. Calculation of average absolute deviation (AAD) of valence electron ionization
energies, in eV, for mono substituted benzenes using only HOMO and HOMO-1.

Molecule Orbital Calc. Obs.[6]

1 PhNH, HOMO 7.88 8.02
2 HOMO-1 9.09 9.12
3 PhCH; HOMO 8.84 8.78
4 HOMO-1 9.17 9
5 PhOH HOMO 9.00 8.61
6 PhOMe HOMO 8.16 8.39
7 HOMO-1 9.17 9.22
8 PhNO, HOMO 9.30 9.88

AAD(1-8) 0.21 0

AAD(1-7) 0.15 0

MAD? PhNO, 0.58

a. Maximum absolute deviation

Average absolute deviation of the eight cases is 0.21 eV. The maximum absolute
deviation is 0.58 eV which is due to PhNO,. If PhNO; is excluded in the list, AAD becomes

Orbital Elec. J. Chem., Campo Grande, 2(1): 27-40, 2010
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0.15 eV. It is interesting to observe that the AADs of Table 4 is almost identical to those
obtained in Table 1 in the column of PW86x-PW91c. The XC functional results AAD of ca.
0.22 eV both in calculation of valence electron excitation energy (Table 1) and ionization
energy (Table 4). If the nitro compounds are excluded for the statistics, AADs drop to
0.15 eV in Tables 1 and 4. It is noteworthy the fact that AAD for calculating CEBE with
PW86x-PW91c is 0.16 eV [22].

Core electron binding energy

Table 5 lists calculated CEBE, ACEBE (eq. 2), in eV, of ring carbons of mono (Ph-
X) and o-, m- and p-phenetidines (Figure 1 A-C). Calculated and observed [25] CEBEs, in
eV, for C;, C;, C3 and C4 of Ph-NH, are 291.39 (291.29), 289.99 (289.85), 290.17
(290.25), 289.81 (289.85), in which observed values are in parentheses.

Average absolute deviation is 0.09 eV. The calculated CEBEs reproduce the
observed values well. We expect similar accuracy to the calculated CEBEs of the
remaining molecules in Table 5.Figure 2 shows calculated ACEBE of Ph-NH, and Ph-OEt.

C4
>|< -+
£
5 [T Ph-OFEt
= 777 Ph-NH,
5
S 1
5
@)
o C2
A=
e
5 1
o
L

C1

UELELELEN BLELELELEY UL BUELELELE NLELEL L NLELEL LN BLELELELE BLELELELE BLELELELE BLELELELE

-06 -04 -02 0,0 0,2 0.4 0,6 0,8 1,0 1,2
CEBE SHIFT (eV) in Ph-NH, and Ph-OEt

Figure 2. ACEBE (eV) of four ring carbons, C; = Ipso, C, = ortho, C3 = meta, and C; =
para in Ph-NH; and Ph-OEt.

The ACEBEs of the two molecules have negative values at C, (ortho), C3 (meta)

and C,4 (para) indicating that NH, and OEt are of electron donating. The electron donating
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power of NH, is almost twice as great to that of OEt. We assume that ACEBE of the di-
substituted (X-Ph-Y) benzenes (Figure 1 A-C) is a consequence of cumulative of two
ACEBEs of mono-substituted Ph-X (Figure 1 D), mono-substituted Ph-Y (Figure 1 E) and
mutual interference effect (MIE). This assumption can be expressed by Eq. 4.

Table 5. Calculated CEBE , ACEBE and ACEBE (SMS), sum of mono substituted (SMS)

CEBE shift, and mutual interference effect (MIE), in eV, of mono (Ph-X) and di-
substituted benzene (X-Ph-Y), where X and Y = NH, and OEt.

(1) (2) (3) (4) (5)
CEBE ACEBE | ACEBE MIE
(SMS) (3)-(4)
PhNH,
1 291.39 0.91
2 289.99 -0.48
3 290.17 -0.31
4 289.81 -0.66
Ph-OEt
1 291.59 1.12
2 290.21 -0.27
3 290.35 -0.12
4 290.22 -0.26
0-PHENETIDINE
1 290.99 0.52 0.64 -0.13
2 291.33 0.85 0.64 0.21
3 289.86 -0.62 -0.58 -0.04
4 289.61 -0.86 -0.79 -0.07
5 289.70 -0.77 -0.79 0.01
6 289.75 -0.73 -0.58 -0.15
AAD? 0.10
m-PHENETIDINE
1 291.19 0.72 0.79 -0.07
2 289.61 -0.86 -0.75 -0.12
3 291.52 1.04 0.81 0.23
4 289.58 -0.90 -0.93 0.03
5 290.01 -0.46 -0.43 -0.03
6 289.61 -0.87 -0.74 -0.13
AAD 0.10
p-PHENETIDINE
1 291.20 0.73 0.65 0.07
2 289.96 -0.52 -0.60 0.08
3 290.00 -0.48 -0.58 0.10
4 291.02 0.54 0.46 0.08
5 290.00 -0.48 -0.58 0.10
6 289.96 -0.52 -0.60 0.08
AAD 0.09

a. Average absolute deviation

Orbital Elec. J. Chem., Campo Grande, 2(1): 27-40, 2010
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ACEBE (X-Ph-Y) = ACEBE(Ph-X) + ACEBE(Ph-Y) + MIE (4)
ACEBE(SMS) = ACEBE(Ph-X) + ACEBE(Ph-Y) (5)

Eq.5 defines sum of mono substituted (SMS) CEBE shift. If MIE=0, one gets
ACEBE (X-Ph-Y) = ACEBE (SMS). According to Eq.4, we can express ACEBEs of six ring

carbons of o-phenetidine, for instance, by following six equations:

Ci = Ci-+ Cy +MIE; (4.1)
C, = Cy-+ Cy» + MIE, (4.2)
Cs = C3-+ Cor + MIE; (4.3)
Cs = C4-+ C3 + MIE, (4.4)
Cs = Cs+ Cy4r + MIEs (4.5)
Ce = Cy-+ Cy + MIEg (4.6)

In Table 5, ACEBE (SMS)s and MIEs corresponding to the Eq. 4.1 to 4.6 are
listed in the columns denoted as ACEBE (SMS) and MIE for o-phenetidine. In a similar
manner, ACEBE (SMS)s and MIEs for m-phenetidine and p-phenetidine were calculated
and listed in this table.

The value of MIE at Cs in o-phenetidine (Figure 1 A) is 0.01eV. This indicates that
mutual interference between the two substituents is almost zero. It may be that the
substituent effect of X diminishes that of Y. MIE is as large as 0.21 eV at C, in the
molecule. This implies that mutual interference between the two substituents is large.
MIE is ca. 0.1 eV at every carbon atom in the ring of p-phenetidine indicating uniform
mutual interference effect of the two substituents. This may be due to a consequence of
high symmetry of the molecule. Average absolute values (AAV) of MIE of o-phenetidine is
0.10 eV. AAVs for m-phenetidine and p-phenetidine are 0.10 and 0.09 eV respectively.

We conclude that average absolute value of MIE in phenetidines is ca. 0.1eV.
Non-Resonant X-ray Emission

Non-resonant X-ray emission is the result of a valence electron dropping to a
core-hole. The energy of the X-ray emission is simply the difference between VEIE( listed
in Table 3) and CEBE (listed in Table 5). Table 6 lists some calculated energies, in eV, of
the X-ray emission for aniline and phenetidines. Only those that originate HOMO, HOMO-
4, HOMO-8 are listed in the table for the sake of brevity. Experimentally, the X-ray

emission is related to near edge X-ray absorption fine structure (NEXAFS).
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Table 6. Some calculated none-resonant X-ray emission spectra, in eV, of aniline and
phenetidines.

Atom NEXAFS

PhNH, HOMO HOMO-4 | HOMO-8
1 283.51 279.78 277.92
2 282.11 278.39 276.53
3 282.29 278.56 276.70
4 281.93 278.20 276.35

0-PHENETIDINE

1 283.77 280.51 278.76
2 284.10 280.85 279.10
3 282.63 279.38 277.63
4 282.39 279.14 277.38
5 282.48 279.22 277.47
6 282.53 279.27 277.52

m-PHENETIDINE

1 283.74 280.78 279.12
2 282.16 279.20 277.54
3 284.07 281.10 279.44
4 282.13 279.17 277.50
5 282.56 279.60 277.94
6 282.16 279.20 277.54
p-PHENETIDINE
1 284.10 280.74 279.15
2 282.86 279.49 277.91
3 282.90 279.53 277.95
4 283.92 280.55 278.97
5 282.90 279.53 277.95
6 282.86 279.49 277.91

PW86x-PW91c, is the best XC functional among the eight functionals tested for
TDDFT calculation of singlet excitation energy of the substituted anilines. Using the XC
functional, average absolute deviation from experiment is 0.223 eV for the eighteen
cases with the maximum absolute deviation of 0.932 eV which resulted from m-
nitroaniline (Table 1). The largest AAD among the eight is 0.298 eV, which resulted from
OLYP. Large errors are registered in the three isomers of nitroanilines with all the eight
XC functional tested. If the nitroanilines are excluded in the statistics, AADs drop to
ca.0.15 eV. Valence electron ionization energies of the substituted benzenes were
calculated by the ASCF method with PW86x-PW91c. AAD evaluated from eight cases is
0,21 eV which is close to the corresponding value obtained for the calculation of the
excitation energy. CEBEs and ACEBEs of o-, m-, and p-phenetidines and related mono
substituted benzenes were calculated. ACEBE(SMS), sum of mono substituted (SMS)

CEBE shift and mutual interference effect (MIE) were defined and their values were
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calculated. The magnitude of MIE provides the degree of mutual interference between
the two substituents. Average absolute value of MIE is ca. 0.1 eV for the three isomers.
Using the calculated valence electron ionization energies and the core electron binding

energies of one of the phenetidines, some X-ray emission energies were calculated.=

The numbers of cases used to evaluate the AADs, 0.223 eV for the valence
electron single excitation energies and 0.21 eV for valence electron ionization energies of
the substituted anilines are seventeen and eight, respectively. These numbers of the
cases are rather limited. The conclusions obtained based upon these numbers may not
be very general. However, it is interesting to observe that the values of our two AADs,
0.223 and 0.21 eV, are very close to 0.25 eV that is the AAD obtained by the benchmark
study of singlet excitation energies using a very extended set of organic molecules.
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