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Singlet excited states and ionized states of aniline are studied by the symmetry adapted cluster/
configuration interaction method. Absorption bands of states that have mainty* nature are
assigned as!A” (~1B,), A’ (~!A), A" (~1By), A" (~'A), A" (~!B,) in
increasing-energy order. AstRydberg state is predicted to lie between the first and second valence
states, in agreement with recent experimental results. The lowest band has a charge-resonance
character with a slight charge-transf&T) characteCT is defined as Nk CgHs); third and fifth

valence bands have back-GBCT) nature, and second and fourth are local excitations within the
benzene ring. The extent of CT of excited states depends on amino group conformation. In the
planar form, CT characters of several states were altered; however, spectral shapes are very similar
to that of the equilibrium form. On the other hand, amino group twisting altered both the spectrum
and nature of excited states. Third and fourth lowest valence states exhibited strong CT character,
while fifth to eighth states are of the strong BCT type, implying that the CT nature of excited states
of aniline can be changed by amino group twisting. For ionized states, the lowest three states are
assigned to?A’ (~2B;), 2A” (~2A,), ?A’ (~?2B,) in increasing-energy order, all being
m-ionizations. The sixth one is also due eionization (~2B;) and the others are-ionizations.
Ordering was the same as Koopmans’ case2@®2 American Institute of Physics.

[DOI: 10.1063/1.1487827

I. INTRODUCTION formation, despite the fact that the amino group is pyramidal
in equilibrium geometry. This is a critical consideration for

It is well known that excited states of aromatic com- . ) .
rE)roper assignment, as shown in this paper.

pounds exhibit large changes in molecular geometry and i Aniline ionization spectra were observed by Palmer

idit icity from their groun . Aniline is one of th ) . L
acidity/basicity from their ground states elsone oft © et al,'% Kimura et al,** and Kishimotoet al? Kishimoto

most important monosubstituted benzenes and is quite im:

portant for industry. Monosubstituted benzenes may be clat al. also reported Penning ionization electron spectroscopy

sified into two types, weak and strong substituent groups(PIES) of aniline: Palmeret al. and Kimuraet al. also per-

from spectroscopic point of view. The weak one causes Egormed Hartree—Fock cal_culations u_sing_do_ubl_e-zeta class
spectral shift without any additional bands, whereas thd@SiS —Sets Of‘l”d assigned  their ionization  peaks
strong one causes not only spectral shift, but also appearanﬁgjepe”demlf’- ““Agreement of calculated energies with the
of new bands owing to charge-transfé@Ts) between the experiment were rather poor however, and their assignments
substituent and the benzene ring. Aniline belongs to the lattefere different. Kishimotet al. calculated the ionization po-
group: the NH group is a strong substituent. This has causedentials using the outer-valence Green’s functi@®VGF)
some controversy in assignment of electronic specft&or ~ method and gave assignments of the ionization peaks by
example, the second band was assigned to CT transition lgpmparing this calculation and PIESHowever, these cal-
Kimura'? and Murrell® while Bab# and Fischer-Hjalmars ~culations may be inappropriate if effects of “shake-up” pro-
assigned it to a locally excite@LE) transition within the cesses are not negligible.
benzene ring; Suzuki and Fljileemed it a mixed state hav- For reliable theoretical assignments of excitation and
ing both characters. ionization spectra, one should use highly accurate theory
Singlet electronic spectra of aniline have been observediith an appropriately large basis set. Symmetry adapted
in gas phasé?” in water® in perfluorohexang, and in  cluster (SAC) (Ref. 13 and SAC-configuration interaction
crystals! Theoretical studies mostly have been used a semitCl) (Refs. 14, 15 methods are powerful methods to de-
empirical method:® ab initio calculations are reported only scribe ground, excited, and ionized states of molecules which
by Bertinelli et al. in the single excitation configuration in- have been applied to various systethd’ This study exam-
teraction(SEC) level with a minimal-class basis sethey  ines the ground, singlet excited, and ionized states of aniline
are therefore very poor by today's theoretical standardysing the SAC/SAC-CI method. Calculated excitation and
Moreover, all calculations were performed for a planar conjgnization energies and intensities agreed well with experi-
mental results, indicating that our assignments are reason-
3 Author to whom correspondence should be addressed. able.
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Since we study vertical excitations and ionizations, weTABLE I. Orbital energies and natures of some HF orbitals of aniline.
use the most stable geometry in which the amino group takes orbital
a pyramldal form. However, we al_so calcul_ate two other con- |, ;mpet Symmetry energy(eV) Naturé
formations having planar and twisted amino groups. In the
planar form, spectral shape is similar to the equilibrium one,

Occupied orbitals

but CT characters of several states are altered. On the other 13 l§, _12:22 gf
hand, the twisted form altered both the spectral shape and 16 118’ ~17.71 ot
natures of the excited states. This indicates that aniline can 17 12’ -16.19 ot
have twisted intramolecular C'I'(TICT)18 states as in 13 ‘;a —1217)‘51 o
; ; it al —15. o
N, N-dimethylaminobenzonitrilé€DMABN ). 20 120 a8 o
21 14’ -13.72 o’
II. COMPUTATIONAL METHOD 22 8a” ~13.26 o
’ +
Ground, singlet excited, and doublet ionized states of ;i 193 7_1;:2 :7 ()
aniline (GHsNH,) were calculated by the SAC/SAC-CI 25 16/ ~8.07 = (HOMO)
method. The basis set was Huzinaga-Dunning’s Unoccupied orbitals
(9s5p/4s)/[5s3p/3s] with standard scaling factdrs plus 26 1a’ 1.55 diff.(s) (LUMO)
Huzinaga’s polarization functioA([1d] for C and N,[1p] 27 1 221 diff.(p.)
T ) 28 18’ 2.49 diff.N(p,)
for H) and Dunning’s diffuse anion badfs(2s2p] for N) 29 1%’ 304 diff.(s,p.)
split with standard splitting factors. The total number of con- 3¢ 112" 3.44 )
tracted basis functions was 190. Molecular geometry of 31 2@’ 4.04 wt
aniline is due to electron diffraction experimeftsyhile ex- 32 2’ 7.14 o, diff.(s)

pe”menta”y uncertain angles were O_ptlmlzed byaNumbering starts from the lowest energy orbital including core orbitals.
MP2[5s3p/3s]+ pol.(d,p) + diff.(s,p) calculations. bSee Fig. 1 and the text for the definition of molecular axes.

We used the SAC/SAC-CI SB-method in which single  “Superscripts+,— stand for symmetry with respect to the mirror plane;
and double excitation operators are considered as linked opdiff” stands for a diffuse (Rydberg nature.
erators. Hartree—FockdF) orbitals were used as reference
orbitals. The actiye space consisted C_)f 18 occupied orbitalg, Singlet excited states for equilibrium conformation
and 158 unoccupied orbitals: onlys Drbitals were frozen as
core orbitals. All single excitation operators and some double ~ Table Il shows energies and natures of singlet excited
excitation operators selected by perturbation selectiogtates of aniline calculated by the SAC/SAC-CI method to-
proceduré® 2 were employed as linked operators. Selectiondether with experimental values.Figure 2 shows a com-
thresholds were %10 ¢ and 5x 107 for ground and ex- parison of the calculated spectrum with the experimental
cited states, respectively. For unlinked operatSés,RlSZ, one. The SAC-CI theoretical spectrum is in good accordance
and R,S, types were employed, whel®, is a symmetry-
adaptedn-electron excitation operator for SAC calculations
andR, is that for SAC-CI calculations. Selection thresholds
for unlinked terms werey=0.005(0.002 for ionized statgs
7=0.0005(0.001 for ionized state¢sand 7= 4= 0.05; de-
tails of these thresholds are described elsewfretAll cal-
culations were performed using the local version of the
SAC-CI program® combined with thesAUSSIAN 98 program
packagé’’

Occupied Orbitals
#23 (154" #24 (9a") #25 (16a")

I1l. SINGLET EXCITED STATES OF ANILINE
A. Hartree-Fock MOs

Unoccupied Orbitals
#28 (11a™) #30 (11a™) #31 (20a")

Energies and natures of some HF orbitals of aniline are
listed in Table I. Figure 1 shows the shapes of important
orbitals. Superscripts- and — stand for symmetric and an-
tisymmetric characters for the mirror plane. Theaxis is
perpendicular to the mirror plane and tkeaxis is perpen-
dicular to the benzene ringrig. 1). The 7 orbitals are 18’
(#23; ~by), 92" (#24; ~a,), 16a’ (#25; ~b,), 11a" (#30;
~a,), and 2@’ (#31; ~b;). The #24 and #25 MOs corre-
spond to degenerate MOs of benzene; #30 and #31 corre-
spond to degenerate* MOs. Although #23 MO has ar
Cha.ract[er’ el.eCtron denSIty is localized on th_e N atom_and_thl IG. 1. Some important Hartree—Fock molecular orbitals of aniline. Mo-
orbital is assigned ta nature. Other unoccupied MOs in this |ecylar axes are shown in the figure. Circles on each atom stand for
energy region have diffuse Rydberg natures. m-electron lobes.
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TABLE Il. Excitation energies and natures of singlet excited states of aniline.

SAC-CI Experimerit
Excitation Oscillator Second Excitation ~ Oscillator
State Main configurations ¢|>0.3) Naturé energy(eV) strength  moment(a.u)  energy(eV) strength
XA/ (ground state 0.00 ‘e —90.13
11A” 0.83(25-30) 0.43(24-31) -7 4.20 0.024 —89.74 4.40 0.028
21A 0.8625-26 7" -Ryd.(s) 4,53 0.006 —126.79
3IA’  0.67(25-31)0.53(25-28)-0.31(24—-30)  w'—7** 5.34 0.156 —99.57 5.39 0.144
21A”  0.9025-27% " -Ryd.(p,) 5.57 0.001 —133.07
4'A7  0.8725-29 7" -Ryd.(s,p,) 6.06 0.012 ~129.06
51 0.69(25-28)-0.49(25—-31)-0.36(24—30) 7" -Ryd.(py) 6.26 0.001 —122.52
31A"  0.77(24-26)0.33(24—-29) 7 -Ryd.(s) 6.39 0.078 —120.57
4'A”  0.59(24—31)0.35(25-30)-0.35(24—-29) 7 —7** 6.62 0.258 -98.91 6.40 0.510
—0.33(23-30)-0.31(24—26)-0.30(24-28)
6 1A’ 0.81(24-30)0.42(25-31) T - ¥ 6.87 0.722 —93.80 6.88 0.570
7A" 0.9424-27% 7~ -Ryd.(p,) 7.24 0.019 —137.69
51A”7  0.80(24—29)-0.41(24—26) 7 -Ryd.(s,p,) 7.52 0.002 —-133.37
61A”  0.76(24-28)0.48(23-30) 7 -Ryd.(py) 7.70 0.039 —127.20
8 1A 0.76(23-26) 0.33(25-26) m*(n)-Ryd.(s) 7.80 0.029 —129.61
9IA"  0.9522-30 o -7 * 7.96 0.003 —-88.74
71A"  0.61(23-30)0.46(24—31)-0.40(24-28) 7 (n)—m * 8.10 0.246 —-102.97 7.87 ~0.68
8IA”  0.8521-30 ot * 8.37 0.028 —89.37
10%A’  0.80(25-—32) 0.46(25-33) 7 —o™*, Ryd.(s) 8.40 0.005 —103.17
91A” 0.8622-3) o —m"* 8.41 0.001 —89.91

®References 1 and 2.
bSee Table | footnote for notations.

with the experimental one. The five bands in the experimenstates agree well with experimental ones, thoughof the

tal spectrum are assigned tdA” (~B,), 3'A’ (~!A;),  ground state is somewhat underestimated compared to the
47" (~'B,), 6!A’ (~!Ay), and 7!A” (~'B,) in  experimental value. Judging from configuration analysis,
increasing-energy order. The second moments of these stateiilliken charges, and dipole moments of these states, we
are as small as that of the ground state; they are mainlgssigned the fiver—7* excited states to CR, LE, BCT, LE,
assigned tor—7* natures, although the *A” state has an and BCT in increasing-energy order, where LE stands for
n—m* character. The 8A’, 8'A”, and 9'A” states are also |ocal excitation within the benzene ring, BCT forglds
valence states and are assignedrtorr™ transitions. —NH, back charge transfer, and CR for charge resonance

Table 11l shows Mulliken charges and dipole moments ofresulting from mixing of CT and BCT charactet€T is
the ground and the five—7* excited states of aniline cal- NH,— Cg4Hs, whereas BCT is gHs— NH,). Although the
culated by the SAC/SAC-CI method. Experimentally ob-first excited state $A” is assigned to CR, it has small CT
served dipole momerits**are also listed in the table. Cal- character. The A" has the largest positive dipole moment
culated dlpOle moments of the ground and the first eXCite(#n excited states below 8 eV. Our assignments on the CT
characters are very different from those reported
previously*~® It is probably attributed to that the BCT com-
Exptl. ponent has not been considered in the literature because of
(Kimura er al ) limitation of the virtual 7 spaces.

Rydberg excited states of anilih® and its
derivative$*~*% have been reported. Recently, Ebataal 3’
observed a new electronic state between the first and second
7—a* excited states as a broad band in IR ard2ioniza-
tion spectra. The state was found at 4.62 eV above the
0.6 ground state and at 0.38 eV above thkAl excited state. In
addition, they also observed a sharp signal at onset of the
0.4- broad band in 22 ionization spectra, which is assigned to
4'A" the 0-0 transition from the ground state to new excited
states; the signal was not found in excitation spectra from
11A”. In our SAC-ClI results, the 2A’ state was calculated
to be at 4.53 eV and corresponds’®, state inC,, sym-
metry. This is consistent with the observation of Ebettal.
because excitation from " (~!B,) to 2*A’ (~!B,) is
FIG. 2. Aniline electronic spectra by SAC-CI calculation and by gas phasluasiforbidden while that from the ground state tAy) is
experimentatior(Refs. 1, 2. allowed. The 2A’ state has a larger second moment than

0.8

SAC/SAC-CI g6a’

0.2 3'A'

) 114" 3ar 6'A
2ar e AIAIS‘A‘T TA sian &
Q fo}
T

O

Oscillator Strength

0

4.0 5.0 6.0 70
Excitation Energy [eV]
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TABLE Ill. Properties of singlet excited states for equilibrium form.

SAC-CI Experiment
Mulliken charge Dipole momenD)? Dipole moment(D)?
Excitation 9 P A CT Excitation P K
State energy(eV) CeHs NH, Ky || charactet energy(eV) Ky ||
XA’ 0.00 +0.05 —-0.05 0.84 1.49 1.13 1.5391.5%
11A” 4.20 -0.05 +0.05 2.12 2.39 CECT) 4.40 1.98! 2.459 2.80" 2.38
31A’ 5.34 +0.06 —0.06 0.66 3.15 LE 5.39
417" 6.62 +0.15 -0.15 —-0.18 2.57 BCT 6.49
6 1A’ 6.87 +0.02 —0.02 1.37 1.78 LE 6.88
7A” 8.10 +0.21 -0.21 —2.47 3.15 BCT 7.87

Sy and|u| are they-axis component and absolute value of the dipole moment, respectively.

PLE=local excitation within the benzene ring, ERharge resonance, GTcharge transfer (Nj+-CgHs), BCT=back-CT (GHs— NH,).
‘References 1 and 2.

YReference 28.

‘Reference 29.

Reference 30.

9References 31 and 32.

"Reference 33.

valence states and exhibits a diffuse character. Moreover, ttepond to 1*A”, 3!A’, 41A” 6A’, and 7*A”. Thus, ef-
oscillator strength is 0.006, which is the order of typical fects of amino group wagging on electronic structure do not
Rydberg states. The 12\’ state is therefore expected to be seem to be very large.

associated withr-Rydberg states. To investigate this state in However, CT characters and dipole moments of excited
more detail, we performed SAC-CI calculations with an en-states are greatly effected by conformational variation. Table
larged basis set comprising the above basis set plus Rydberg
(3s,3p) functions on every C atom and split Rydberg
(4s,4p,4d) on the center of the benzene ring. According to 08
configuration analysis in this calculation, thé&' state is Equilibrium Form 064’
found to be amr-Rydberds) excited state. This assignment is
further supported by observations of Rydberg states of
N,N-dimethylaniline andN,N-diethylaniline’®3*=36 They
were reported to be at4.5—4.7 eV for both molecules.

0.6

04
414" 7140
0.2 314"
C. Singlet excited states for planar conformation A T

Oscillator Strength

aoll | o

In many of reported calculations of excited states of 0+——0— - r
. 40 50 60 70 8.0 9.0
aniline, the molecule was assumed to be planaHowever, 1
dependence of electronic states of aniline on amino group
conformation has not been studied except for the ground and
the lowest excited states. We calculated singlet excited states
and associated electronic spectrum of the planar aniline to-
gether with those of the equilibrium form. Geometry was
determined by MP2 optimization with the same basis set

Planar Form 414,

0.754

] 2132 41B,
0.25+ 214
used for the equilibrium form, but with constraint @, 118, :
symmetry. Also, computational conditions for the SAC-CI ol oo T,\_,, o o oo o
method were the same as the equilibrium form. The HF or- 050 50 60 7.0 8.0 9.0
bitals for the planar form were similar to those for the equi- Twisted Form
librium form and are not drawn explicitly.

Figure 3 shows the SAC-CI electronic spectra for three
conformations: the equilibrium form, the planar form, and
the twisted form(Sec. Il D). One should note that principal
axes of conformations differ from each other. In our defini-
tion, A’ andA”, m—=* states for the equilibrium form cor-
respond toA; and B, in C,, symmetry, respectively. The
spectral feature for the planar form is very similar to that for 0 . f-0-0—00—0Q—

e . 40 50 6.0 70 8.0 9.0
the equilibrium form. All states of the planar form can be Excitation Energy [eV]
corresponded to those of the equilibrium form. Intense bands

H § * 1 1
consist of the f|V_e m=7 s_tates, 1B,, 2'A;, _2 B2, FIG. 3. Electronic spectra of aniline calculated by SAC-CI for three con-
4'A,, and 4'B,, in increasing-energy order, which corre- formations: equilibrium form, planar form, and twisted form.

Oscillator Strengt!

0.6+

0.4

0.2 814"

Oscillator Strength
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TABLE V. Excitation energies and properties of singlet excited states for planar form.

SAC-CI
o ) Mulliken charge )

Excitation Oscillator = Dipole CT
State Main configurations €|>0.2) energy(eV) strength CeHs NH, moment(D)*  charactet
XA, (ground state 0.00 +0.09 —0.09 1.60
1'B,  0.84(25-30)-0.41(24-31) 4.35 0.037 —0.04 +0.04 3.05 CRCT)
21A, 0.70(25-28)-0.57(25—31)-0.26(24—-30) 541 0.148 +0.25 -0.25 —0.56 BCT+LE
21B,  0.64(24—31) 0.47(24-28) 0.38(25—30) 0.35(23—30) 6.85 0353 +0.11 -0.11 1.78 CR
4'A;  0.83(24-30)0.41(25-31) 7.18 0.830 +0.04 —0.04 2.47 LE
41B, 0.71(23—-30)0.48(24—31)-0.27(24-28) 8.38 0.367 +0.14 -0.14 -0.23 CRBCT)

@Along the C, axis.
PLE=local excitation within the benzene ring, GRharge resonance, Glcharge transfer (Nk— CgHs), BCT=back-CT (GHs— NH,).

IV shows energies and properties of the ground and the five The SAC-CI electronic spectrum for the twisted form is
7—a* excited states for the planar form. From this informa-shown in Fig. 3 and compared with those of other conforma-
tion, we assign the five excited states to CR, BATE, CR, tions. Both spectral shape and nature of the excited states
LE, and CR in increasing-energy order. FotB,, the CT  were largely altered by twisting; also, the spectrum is rather
character overcomes BCT; for'®,, BCT overcomes CT. similar to that of benzene. No bands with large intensities
The 2'A, is assigned to a mixed state of BCT and LE char-were calculated up to 7 eV. Four strong bands observed at
acters. The CT characters for the planar form are, therefores 7—8 eV correspond to 5A’, 6*A’, 7*A’, and 8'A’ in
different from those for the equilibrium form. This implies increasing-energy order. They are assigned to mixedr*,
that the assumption of planar conformation may provide in-w-diff.N(p,) states. This is explained in terms of the change
correct aniline assignments, in particular for the CT characin the HF MOs, which are shown in Table V and Fig. 4. Note
ters. Wagging of the amino group from the planar form givesthat the principal axis for the twisted form is different from
BCT, CT, BCT, BCT, and BCT characters for'®,, 2'A,, that for the equilibrium form even though they have the same
2'B,, 4'A;, and 4'B, states, respectively. The CT charac- point group,Cs: the axis perpendicular to the benzene ring
ter of the ground state is unaffected by the wagging. is the x-axis for the latter, whereas it is theaxis for the
Change in CT character is explained in terms of mixingformer. Therefore, allm—#* excited states belong t4’
of 7r ando natures. For example, the dipole moment 68} symmetry. The MOs also change greatly by twisting. The
is larger than TA” for the equilibrium form. This is ex- #24 and #25 MOs of the twisted aniline correspond to de-
plained by the following. The most dominant configuration generater MOs of benzene, and #30 and #31 correspond to
of the lowest excited state is #25—#30 excitation for bothdegenerater* MOs of benzene, respectively, similarly to the
forms. For the equilibrium form, #30 MO slightly includes equilibrium form. However, these MOs are much more lo-
the o(N—H) electron cloud, whereas such mixing is forbid- calized at the benzene ring for the twisted form than the
den in the planar form and includes only thelectron cloud  equilibrium form. Therefore, two quasiforbiddes—7*
on the benzene ring. Thus, CT contribution due to this constates of the twisted aniline were calculated at 4.73 and 6.19
figuration is more effective in the planar form. The'B,

state has the largest positive dipole moment in excited states _ _ . . .
L L TABLE V. Orbital energies and natures of important HF orbitals of twisted
similarly to the equilibrium form.

aniline.
D. Singlet excited states for twisted conformation MO Orbital
numbef Symmetry energy(eV) Naturé

The twisted intramolecular CTTICT) model is widely

Occupied orbital
accepted to account for anomalous fluorescence of celipied ororials

23 21a’ —-11.26 n

N,N-dimethylaminobenzonitrile(DMABN) in polar sol- 24 23" ~911 o

vents; this phenomenon has been observed in various 25 4" —-8.93 7" (HOMO)
systems® For DMABN, the TICT state exhibits a strong CT y od orbital

character that is generated by twisting of the dimethylamino ¢ oo nOCCUplellgé 'tasdiff.N(s) (LUMO)
group. Although TICT states of aniline have been reported »7 59" 2.32 dift.N(p,), o* (N=H)
neither experimentally nor theoretically to our knowledge, it

would be interesting to investigate twisted-aniline excited 30 6a” 336 w*

states. We calculated the singlet excited states and the elec- 3% . 362 @'

tronic spectrum of aniline for the twisted amino group by ayumbering starts from the lowest energy orbital including core orbitals.

90°. Geometry was calculated by MP2 optimization with the’Definition of symmetries is different from the equilibrium form. Tatand

same basis set as that for the equilibrium form, but with aa” corrrespond to symmetric and antisymmetric characters with respect to
; ; : ; oCg the benzene plane, respectively.

constraint that the b.enzene ”'.19 is the mirror plan f ‘Superscriptst, — stand for symmetry with respect to tige plane, which

symmetry. Computational conditions for the SAC-CI method i the mirror plane for the equilibrium form. See Table | footnote for nota-

were also identical to the equilibrium form. tion.
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Occupied Orbitals form. Obviously, the third and fourth lowest valence excited
#23 (21a") #24 (3a" #25 (4a™) states(2 'A” and 4'A”; n—=*) exhibited strong CT (NK

—CgHs) characters, while the fifth to eighth staf@s®A’,

61A’, 7'A’, and 8'A’; =-diff.N(p,), m—m*] showed
strong BCT (GHs— NH,) natures. Dipole moments of these
excited states are much larger than those of any excited states
of the equilibrium form. This indicates that aniline can have
twisted intramolecular CT(TICT) states, similarly to
N,N-dimethylaminobenzonitrilgDMABN),*8 if the amino
group is twisted. In contrast, dipole moments and Mulliken
charges of first and second stat@sA’ and 4'A’; m—7*)

ulu}

Unoccupied Orbitals are unchanged from the ground state and are assigned to LE

#27 (5a") #30 (6a") #31 (7a") states. This is the largest difference between aniline and
‘Q\ DMABN. It is interesting that there exist strong BCT states
QN as well as CT states in the twisted form. Introducing

electron-donative groups to the benzene ring could promote
this effect in BCT states, which is a challenging subject for
future study.

IV. IONIZED STATES OF ANILINE

Finally, we performed calculations and assignments of
ionized states of aniline up to 20 eV. For ionized states, we
FIG. 4. Some important Hartree—Fopk molegular orbitals of twisted a”i"”e-Performed perturbation selection of linked operators using
Molecular axes are shown in the figure. Circles on each atom stand fo ] ; " b
m-electron lobes. not only S|_ngly-eXC|ted refere_nce c_onf|gurat|ons,_ but also

doubly excited reference configurations; we confirmed that
both single- and SD-reference calculations provided similar
eV, which are similar to'B,, and 1B, states of benzene results.
[experimental values, 4.90 elRef. 38 and 6.20 eV(Refs. The SAC-CI results are shown in Table VII, in which
38, 39, respectively. The fourm—=* states at 7—8 eV cor- Koopmans' result and experimerif&l*?and other theoretical
respond to the'E,, states of benzengexperimental value, values? are also listed. Figure 5 shows the present theoreti-
6.94 eV (Ref. 38]. Splitting causes a breakdown of spatial cal ionization spectrum compared with experimental spectra
degeneracy and different mixing between the-7* and  reported by Kimuraet al!! and Palmeet al° Band intensi-
m—diff. N(p,) excitations. The diff.Ng,), mainly #27 MO, ties were calculated by monopole approximattdihe cal-
is a mixture of #28 diff.Np,) MO ando* (N—H) MO of the  culated spectrum agrees well with experimental ones, infer-
equilibrium form. Further, two quasiforbidden-=* states ring that these ionization band assignments are reliable. All
were calculated at 6.60 and 6.99 eV for the twisted formbands up to 20 eV are mainly due to one-electron ionization
They are excitations from #23 MO, which is an MO processes. Thus, the effect of the “shake-up” processes on
caused by twisting of the #23 MO for the equilibrium  spectra would be small.
form. For aniline, Koopmans theorem gives correct ionization

Table VI shows details of energies, natures, and properband ordering, though ionization energies are rather poor.

ties of the ground and valence excited states for the twistetlowever, we note that Koopmans theorem with small basis

TABLE VI. Excitation energies, natures, and properties of singlet excited states for twisted form.

SAC-CI
s Dipole

Excitation Mulliken charge moment(D)?

energy Oscillator CT
State Main configurationg €|>0.3) Nature (eV) strength CgHs  NH, y || charactet
XA’ (ground statg 0.00 +0.10 —-0.10 —-0.10 1.37
21A" 0.69(25-30)+0.59(24-31) T—* 4.73 0.001 +0.10 —-0.10 —-0.13 1.37 LE
41A" 0.65(24—30)0.64(25-31) T—7* 6.19 0.008 +0.13 —-0.13 —-0.38 1.32 LE
21A” 0.64(23-31)0.53(23—-27)-0.44(23—-30) n—m* 6.60 0.000 —-0.31 +0.31 582 5385 CT
41A" 0.80(23—30)0.47(23-31) n—m* 6.99 0.001 -0.46 +0.46 8.03 8.13 CT
51A’ 0.62(24—-27) 0.47(25-30)- 0.41(24—31) 0.31(25-31) 7-diff.N(p,), m—m*  7.16 0580 +0.40 —0.40 -3.91 4.09 BCHLE
6 1A’ 0.71(25-27) 0.54(24-30) m-difft.N(p,), m—7* 7.26 0.487 +0.52 —-052 —-6.10 6.23 BCHLE
7 A’ 0.57(25-27% 0.56(25—31)- 0.34(24—-30) m-dift N(p,), m—=*  7.42 0.447 +0.53 —-0.53 -5.82 6.07 BCRLE
8 1A’ 0.68(24—27) 0.48(24—31)-0.27(25-30) 7-diff N(py), m—=*  7.83 0.139 +0.68 —0.68 —8.34 852 BCTLE

%uy and|u| are they-axis component and absolute value of the dipole moment, respectively.
PLE=local excitation within the benzene ring, €tharge transfer (Nj+-»CgHs), BCT=back-CT (GHs— NH,).
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TABLE VII. Energies and natures of ionized states of aniline.

Other theor.

SAC-CI Expt. (eV) (eV)
Koopmans

State Main configurations  Naturé lonization Intensity’ ionization Kimura Palmer Kishimoto OVGF/

(IC|>0.3) energy(eV) energy(eV) et al® et ald et al® 6-311G™ ¢
12A’ 0.9625) ot 7.66 0.939 8.07 8.00 8.05 8.05 7.68
12A” 0.9724) T 8.99 0.935 9.13 9.21 9.23 9.25 8.89
227 0.94(23) mt 10.80 0.906 12.18 10.80 10.84 10.73 10.73
227" 0.9622) o 11.78 0.930 13.26 11.74 11.82 1.7 11.82
32’ 0.9621) at 12.09 0.918 13.72 12.39 12.47 1.7 12.21
42p 0.9320) ot 12.76 0.873 14.48 ~12.6 12.47 12.3 12.77
32p” 0.89(19)+0.34(18) o 14.02 0.914 15.74 14.04 14.17 13.8 14.11
42p" 0.88(18)-0.34(19) o 14.19 0.909 16.05 14.04 14.17 14.0 14.26
527’ 0.9517) ot 14.36 0.909 16.19 14.04 14.17 14.3 14.52
6 %A’ 0.9216) ot 15.73 0.852 17.71 15.52 15.62 15.49 15.96
527" 0.9415) o 16.74 0.915 18.44 15.9 15.9 16.95
72A’ 0.9414) ot 17.00 0.880 19.05 16.77 16.84 16.80 17.15
8 2A/ 0.91(13) A 19.92 0.830 22.01 18.9
6 2A" 0.77112 o 19.95 0.590 22.56 19.2

aSee Table | footnote for notations.
PEstimated using monopole approximation.
‘Reference 11.

YReference 10.

°Reference 12.

fValues in italic are those of shoulder peaks.

sets may give an incorrect order. Assignments in Ref. 11
Exptl. were based on the HF/4-31G calculation. Those assignments
(Kimura er al.) differ from ours at higher ionized states. Because the
shake-up processes are unimportant, the OVGF calculations
by Kishimotoet all? also provided the same order as ours.
The lowest three stated ?A’, 12A”, and 2?A’) are as-
signed to ionizations fromr orbitals, although the third one
also has an ionization character from therbital. The sixth
state (4°A’) is also assigned to a ionization. Other states
are due too ionizations. In summary, ionized states are as-
signed tow™, #, wt, o7, ¢, 7w, 07, 07, o', o,
o, o, o', o in increasing-energy order. They corre-
spond to 2By, 2A,, °B;, ?B,, °A;, °B;, ?B,, °B,,
2A;, 2A;, °B,, 2A;, 2A;, and ?B, for C,, symmetry.
lonization bands observed at 22.1 and 23.0 eV by Palmer
V4 et all® are expected to contain shake-up processes: for reli-
able study on the shake-up peaks, it is necessary to employ
the SAC-CI generaR method!’#

(Palmer er al.)

Intensity

"SAC/SAC-CI1 V. SUMMARY

We studied ground, excited, and ionized states of aniline
using the SAC/SAC-CI method. Calculated singlet excitation
energies showed good agreement with the experimental val-
ues. Absorption bands are assigned'®y’ (~!B,), A’
("’lA]_), lA// (NlBZ)! lA/ (NlAl). 1A// (Nle) in
increasing-energy order having mainty—#* natures. An
s-Rydberg state was found to lie between first and second

? T . ' 7—m* states, supporting recent experimental results of
80 120 160 200 Ebataet al®” The lowest band has a charge-resonai@®)
Tonization Encrgy [eV] character with a slight charge-transf@T) nature. The third

FIG. 5. lonization spectrum calculated by SAC-CI with those observed byand fifth valence bands have a baCk'Qng) nature, while
Kimura et al. (Ref. 11) and Palmeet al. (Ref. 10. the second and fourth have local excitati®ft) nature. The
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CT characters of excited states are dependent upon confofH. Nakatsuji and K. Hirao, J. Chem. Phya8, 2053(1978.
mation of the amino group. In particular, the spectra andl:H- Nakatsuji, Chem. Phys. Lets9, 362(1978.

natures of excited states were largely altered in the twistegsH

. Nakatsuji, Chem. Phys. Let.7, 329(1979; 67, 334(1979.
H. Nakatsuji, Acta Chim. Hungl29 719(1992.

form; third and foqrth |OW(_5St Vale'_"ce states exhibited SIrong7H. Nakatsuji,Computational Chemistry, Reviews of Current Treratited
CT characters while the fifth to eighth states showed strong by J. Leszczynskiworld Scientific, Singapore, 1997\Vol. 2.
BCT natures. This implies that aniline can have CT and BCT*See, e.g., A. Broo and M. C. Zerer, Chem. Phys. 1227, 551 (1994);

excited states if the amino group is twisted.
The ionization spectrum calculated by the SAC-CI

U. Lommatzsch and B. Brutschy, Chem. Ph284, 35(1998; A. B. J.
Parusel, G. Khler, and S. Grimme, J. Phys. Chem182 6297 (1998,
and references are therein.

method agreed well with experimental ones. lonizatiomeT. H. Dunning Jr., J. Chem. Phys3, 2823(1970.

are assigned to be", 7, v, o=, ot, T, o7,

bands
AN *, o%, and o~ in increasing-energy

g,

o ,o0,0 ,0,0

order. Koopmans theorem gives identical order, but the vala

203, Huzinaga, J. Andzelm, M. Klobukowski, E. Radzio-Andzelm, Y. Sakai,
and H. Tatewaki, Gaussian Basis Set for Molecular Calculations
(Elsevier, Amsterdam, 1984

T. H. Dunning Jr. and P. J. Halodern Theoretical Chemistrgdited by

ues are rather poor. These bands are due mainly to one. F. schaefer llPlenum, New York, 1977 \ol. 3, p. 1.
electron ionization; effects of the “shake-up” process seent?G. Schultz, G. Portalone, F. Ramondo, A. Domenicano, and I. Hargittai,

to be small.
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