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Photoelectron Angular Distribution in Valence Shell lonization of Heteroaromatic Molecules
Studied by the Continuum Multiple Scattering Xo. Method
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Photoelectron angular distributions are calculated for the valence shell ionization of heteroaromatic molecules
of pyridine, pyrazine, pyrimidine, pyrrole, and furan by the continuum multiple scatteringn®thod. The
asymmetry parameters exhibit strong energy dependences in ionization fsdoitals but are almost invariant

in ionization fromo orbitals, in good agreement with experimental results. The asymmetry parameters in
ionization from nonbonding orbitals appear generally higher than those in ionization from bonding orbitals.
These features are interpreted in terms of the Coulomb phase and photoelectron angular distribution in the
molecular frame.

1. Introduction 2. Theory

The one-photon ionization of randomly oriented molecules ~ The differential cross section in photoionization of an
with linearly polarized light provides a photoelectron angular isotropic ensemble of molecules by linearly polarized light takes
distribution characterized by a single asymmetry parameter the following formt
BE)(—1 < B(E) < 2). This parameter varies with photoion-
ization excess energy depending on the nature of the ionized do(E) _ @

. i : : ) [1 + B(E)P,(cosb))] Q)
orbital. For instancef gradually increases with energy in dQ 4
ionization from s orbitals, but it stays almost constant in
ionization fromo orbitals. Although this empirical relation has ~ whered(E) is an integral cross sectiofi(E) is an asymmetry
helped assigning ando bands?~¢ in ultraviolet photoelectron parameterPk(X) is the Legendre polynomial of theth order,
spectroscopy (UPS), the origins of such energy dependencesandd is the angle between the photoelectkewector and the
have not been elucidated. In this work, we theoretically studied polarization direction of light. The differential cross section can
the energy dependence of asymmetry parameters in the photobe expanded in terms of transition dipole momep{(E)*® as
ionization of heteroaromatic molecules with, o, and n
(nonbonding) electrons. These molecules can also be consideredo(E)
as models of more complex systems of DNA bagbkat are
interesting from a biological viewpoint.

Computational demands are obstacles for detailed studies on % Z (— 1y /(2| + 1)@+ 1)PK(C059k){|1 |1, jK}
K=0,2 t

= 47’ahwl3 Z i@ Ey - (E) 1y, (B)
Jemy Imad"mig!

photoionization dynamics of polyatomic molecules. To over-
come the difficulty and facilitate the analysis, we employ the
continuum multiple scattering (CMS)aXmethod using muffin-

tin potentials for calculating electron scattering waves in the
molecular frame (MF). Although the CMSXmethod may be
less accurate than thB-matrix¥ and Schwinger variational
methods, previous studies have shown that asymmetry param-
eters calculated by the CM$Xmethod agree with experimental
values within 0.3 for linear molecul®s 13 and benzen&! That
level of accuracy would be sufficient for the present study to
elucidate differences in ionization from (n) andz orbitals

x (1= umljm)(L — i [j,m)(0FO]KO)(101QKO)  (2)

wherea is the fine-structure constarity is the photon energy,
(I,m) are the angular momentum quantum numbers of a partial
wave, u is the index for the dipole moment direction in the
molecular frame,n(E) is the Coulomb phase shift, and
(Itmulomp|LM) and{ :::} are the ClebschGordan coefficient and
Wigner §-symbol, respectively. Comparing egs 1 and 2, an
asymmetry parameter is expressetf&s

semiquantitatively. ©)
Heteroaromatic molecules of pyrazine, pyrimidine, pyridine, B(E) = 2 (3)
furan, and pyrrole are planar with three doubly occupied To(B)

orbitals. In the present work, we focus on three types of orbital
that correlate with the 1g(x), 3e4(0), and 3g,(o) orbitals in T(E) = Z \/(2| + 1)\/(2|' + 1)(10I'0]K0)(101QK0)
benzene to examine the energy dependences of photoionization f
asymmetry parameters forthese types of ort_;ital _systematically. 11K =B -mE) )
We do not consider orbitals that largely deviate in shape from X { ||/ | (-1 e zdjm(E) dimi(E) (4)
those in benzene, as their characteristics are determined for some ‘ M
additional factors in individual cases. d m[I(E) = Z(_l)u(l — i)l () (5)

t
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dimi(E) is called the reduced amplitude. The energy dependence

of B(E) arises from the variation in the transition dipole moments GyI(l+ 1) zdlmttdlmtu'
(defined as complex values including dynamical phase shifts) A= m (14)
and the difference in generic Coulomb phasg&) — 71 (E). . .
The latter takes the simple foifn 2+ 1)Z[Of(lt) +o,(yl
It

! 1 : . :
m(E) — n,(E) = Z; arctar(—) (<1 (6) Because the numerator of this equation can be recognized as
25T kA an inner product, the upper bound #(E) can be derived by
the inequality|a-b*| < |allb|.
wherek = +/2E is the wave number of a photoelectron g&ad

is the photoionization excess enerdy € Aw — IE). The 6 /|(| +1)5 S
Coulomb phase difference between the partial waves varies A = - - (15)
rapidly in the low-energy region up to ca. 5 eV, lkaappears as N . .
a denominator in (6). Equation 3 can be expanded in terms of 2 +1) Z[Of(Jt) + 04yl
It

the Coulomb phase ¥#s

BB = A(E) = 5 A coshy (€)=, (B + 5., (B)]

which clearly indicates tha#(E) approaches zero when the
ionization into eithekl- or kl;- continuum becomes negligible.

) 2.1. Eigenchannel and Eigenphaseln the one-electron
approximation, a transition dipole moment is given by
5, Br= arg[zdml,hldl*m[,wl] (8) -
M lime = WoimlrY g, loU (16)

whereA(E) and= i, (E), l. =14 1, are the real functions of  \yherey, is the Smatrix-normalized continuum wave func-
energy. We used the selection rule of the Clebsch-Gordaniign gptained by the CMSX methodS and ¢, is an ionized

coefficient in (4) to obtain (8). Note that the parameters in (7) ne-electron orbital. The asymptotic form of, is
lack the index of the magnetic quantum number and, therefore, "

are invariant under the rotation of molecular axes. This axis

independence allows an arbitrary choice of the molectats “(r-0.6K i i oy (9 ) —

. . . . . . wlm(rv 1¢1 ) ~ [e Im( ’¢)

in treating nonlinear molecules with various symmetries. On 2ir'V kt

the basis of transferred angular momentum formalisi —iw

can be written as ’ o gs*m,,me “Nim(0.0)] (A7)

2 10100 Boll) ~ ,00] o= Kt + % In(2k) = Zlor + 7,(E) (18)
AE) = )
Z[Of(jt) + 0,G)] where theSyiy is the element of th& matrix and the angles
I 0 and ¢ are defined in the molecular frame. The continuum
wave function around the shape resonance is analyzed using
with parity-favored ¢r) and parity-unfavoredo() terms, the eigenphase and eigenchannel formalism. The eigenphases
0, are obtained by diagonalizing tf&matrix as

oi(ip) = %j[—l + %jl+1 (10) -
S=Uexp(2v)U (29)
o) = ﬁtjl (11) where U is the unitary matrix, which consists of column
) eigenvectors of th& matrix, andd is the diagonal eigenphase
S/ = z|d1m'(E)| (12) matrix.
m Eigenchannel wave functions are obtained by the unitary

transformation of th& matrix-normalized wave functions. The
and asymptotic eigenchannel functions are expanded by phase-
) ) shifted Coulomb wave functio#%?° as
(Jy— 1)311‘71 +(ji+ 2)§tjt+1

%) =, Do) 3 E09K=¢" S Upnrogk  (20)

L={l,m}

In contrast to atomithere are parity-unfavored terms in eq 9, 1 [1

by which Ag(E) can be negative for moleculefy(E) can take ~ S0 =S URY, (0,6) SinO., + o) (r — o) (21)
limiting values 2 and-1 in restrictive situations. From eqgs 9 r'V zk Z Ly T v !

and 13, we can see that the condition #Agr= 2 is §; = 0 for

all (ji, ) exceptS and that forAg = —1 is §;+1 = 0 for all jy. The eigenchannel wave functions (20) are energy-normalized
There is a familiar example of the former, i.e., the atomie-ns  in Rydberg unit$° In general, the sum of eigenphases changes
kp ionization. Those limiting cases are not likely for polyatomic by sz when passing through a resonance. If a single eigenphase

molecules, especially the latter case. changes byx, the associated eigenchannel wave function
A(E), | = 1, is described as the magnitude of an interference represents a resonant stéte.
term between the channels with angular momenituml (kl-) 2.2. One-Axis Model.When ionization occurs only through

andl + 1 (kl4+) and written as the transition dipole moment along a certain axis in the
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TABLE 1: Correlation of Bound State Orbitals 2

type benzen®gn pyrazineDap pyrimdineC, pyridine Cy, pyrrole Cy, furanCy,
T X 1ley(zX) C 1y A 2b, B 2k A 2b, A2b,
7 X ley(y? A 1byg Cla Ala X 1a, X 1a,
o A 3exy(xy) D 3bgg X 7hy(n) C7h
o A 3642 — ¥?) X 6a4(Nn) B 11a(n) X 11a&(n)
o C 3ay(X) B 5by,(n)
o C 3a4y) F 4by, 6,

@ Nonbonding orbitals are indicated bg)( X denotes the ground state of a cation, whileAare excited states from lower to higher.

molecular frame, the laboratory frame (LF) and molecular frame tion).214.2%35 Then, they are orthogonalized with fully occupied
(MF) PADs are simply related. If the ionization dipole moment orbitals. Partial wave expansion was truncatethat= 5 (8)

is along the moleculaz-axis, the following relation holds in region | and alnax = 7 (10) in regions Il and Il forr (o
and n) ionization. To obtain converged differential cross
hine = ||m,450;¢ (22) sections, higher angular momentum partial waves were required

) ) for o and n orbitals than forr orbitals, because the and n
wheredy, is the Kronecker delta. The corresponding MF-PAD  qppitals considered here have many angular nodes. The contri-

IS written as bution of the largest partial wavek= Imay) altersp(E) by less
than 0.1 in ionization of the entire energy range, and especially
do(E) =S A E) Y, (0,¢) (23) less than 0.01 folE < 10 eV. Therefore, the results are
do % Im A particularly reliable forE < 10 eV. Because experimental

uncertainty in3(E) is 40.05-0.122"5 the convergence of
Substituting (22) into (4) and comparing that with the MF-PAD theore_tical calculat_ion is good enough to compare_the calcul_ated
formula by Dill2* we obtain the asymmetry parameter in the B(E) with the experimental one. We followed an axis convention

laboratory frame to be by Mulliken.36
BE) = 2 B (E) (24) 3. Results and Discussion
x/gﬂgloF(E) 3.1. Correlation of Bound and Resonant Orbitals.We

considered ionization from orbitals that correlate with the
The convolution of (23) with the alignment function of a leg(7), 3e40), or 3a,o) orbitals of benzene. We have
molecule also leads to the same equation (Appendix). The factorconfirmed correlation of the orbitals between different molecules
2//5 comes from the axis alignment parameter. In (24),4he  from their symmetries and energies. Excluded from our discus-
values are 2 and-1 for ﬁg"OF/ﬁg"oF = /5 and—+/5/2, respec- sion are the pyrimidine 1Qand 6b orbitals, and the pyridine
tively. The v/5 and—+/5/2 correspond to unrealistic extreme 11 orbitals that were found to deviate substantially from the

cases where MF-PAD becomes dunction. In other wordsj benzene orbitals. The resulting 22 orbitals are summarized in
never actually reaches the uppgr= 2) or lower § = —1) Table 1 and Figure S1 (Supporting Information).
bound in this one-axis model. Theo ands orbitals of planar molecules are categorized into

2.3. Details of Calculation.Bound state molecular orbitals  the & and & symmetries in theCs point group, respectively.
were calculated using the GAMESS packégey the HF/4- For azabenzenes, the bonding orbitals with theyenmetry are
31G method. A parallel CMSX code was written for con-  subdivided into nonbonding (n) orbitals that are mainly localized
tinuum wave functions. A muffin-tin potential takes different ~around the nitrogen atoms and bonding ¢rbitals that largely
forms in three spatial regions: Region | denotes the inside of constitute the six-membered aromatic ring framework. The
the spheres centered at atomic nucleii. Region Il denotes thepyrazine 6g and 5h, orbitals, the pyrimidine 7band 11a
outside of region | and the inside of a large sphere around theorbitals, and the pyridine 11arbitals are n-orbitals. Note that
center of mass of a molecule. For region |, we used a touching the 7 and o orbitals are not significantly different from their
sphere model, which prevents the overlapping of atomic spheres corresponding benzene orbitals, because the nitrogen atoms of

with an experimentally determined molecular geomiét#y 28 these heteroaromatic molecules are located on the nodes of the
and Slater's Xt potential with the parametex = 1.0. The 7 ando electron wave functions.
touching sphere model usually emplogs= 1.0; however, Continuum wave functions with the and & symmetries

0.83-0.93 have been found as the optimized values for are denoted ako and ks, respectively. The resonance states
reproducing experimentally observegitype resonances in  are indicated by* or * . It is useful to examine the resonance
diatomic molecule$? The radii of spheres were determined as energies from the eigenphase sum in evaluating the quality of
follows: (1) Half of the chemical bond length is given to a muffin-tin potentials before performing time-consuming calcula-
pair of atoms as the initial atomic radius.<C bonds were tions of the transition dipole moments (16). If necessary the
chosen in the first step for benzene, pyrazine, pyrrole, and furanmodel parameters can be adjusted so as to reproduce the known
and C=N bonds for pyridine and pyrimidine.) (2) The radii are resonance energies. A small differencevcirparameters leads
adjusted to achieve self-consistency to create contact betweerto a noticeable difference in shape-resonance energies. GMSX
spheres. The outside of region Il is region Ill. The potential in calculations by Carlson et al. predicted sewénand onex*
region Il is a pure Coulomb potential with a unit chalge  (byg) resonance states for benzEr{@able 2). On the other hand,
located at the center of mass of a molecule. The resulting our calculations predict another* (b1g) State just above the
parameters are listed in Table S1 (Supporting Information). threshold, in addition to the eight states predicted by Carlson
For a given photon energy, continuum wave functions are et all* at almost the same positions. For heteroaromatic
evaluated usingK-matrix formalism, utilizing experimental  molecules, there is no signature of the shape resonance with
ionization potentials (see Table S2 in the Supporting Informa- thez* state. Because* (big) ands* (bog) are inaccessible by
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Figure 1. Asymmetry parameters far electron ionization as functions ~ Figure 2. Asymmetry parameters for electron ionization as functions

of excess energy. The highest occupiedrbitals are represented by of excess energy. The hlghesbrbltals are represented by solid lines
solid lines for the calculated values and by circles for the observed for the calculated values and by filled circles for the observed ones,
ones, and the second occupiedrbitals by dashed lines and triangles, ~@nd the second highestorbitals by dashed lines and filled triangles,
respectively. Experimental values are taken from Carlson et al. (1987) 'eSpectively. Experimental values are taken from Piancastelli et al.
(0) and Baltzer (1997) et al®) for benzene and from Piancastelli et ~ (1983) for pyrimidine and Holland et al. (2001) (filled symbol) and
al. (1983) for pyrazine and pyridine. The size of symbol represents the Keller et al. (1984) (open symbol) for pyrrole and furan. The size of
typical experimental error ig. Larger basis (6-31G*) results are ~ Symbol represents the typical experimental errof.in

indicated by (square). TABLE 3: Low-Energy Parameters for & lonization E = 0.1

TABLE 2: Correlations of ¢* Resonant States ev

Ao Au A Eiz A A

type Den D2n Ca Cs
benzene lg -038 O 053 091 O 0.00
5 o o b 2 pyridine  la -0.34 000 053 089 002 0.0
3 by, b a a _ 2y —0.34 001 053 1.03 0.00 0.00
2 o — V) 3 a a pyrazine 1, —038 0 050 102 © 0.00
5 odxy) b by a  1pg 032 0 057 115 0 0.00
6 a 3 a a pyrimidine 2 -0.34 0.01 053 110 001 0.0
7 o b by a la -034 000 054 105 001 0.00
g 9 pyrrole la —0.42 0.00 040 1.01 0.00 0.00
, » o . , 2y  —0.32 001 040 1.13 0.01 0.00
dipole transitions from the ionized orbitals considered below, fyran la —-0.39 0.00 037 1.07 0.00 0.00
these are unimportant in the present case. 2y, —-020 016 032 116 0.02 0.00

3.2. lag(m)-Type lonizations. Figures 1 and 2 show the  that the 6-31G* muffin-tin potential provides the sayi¢E)
calculated3(E) values for benzene, pyridine, pyrazine, pyrimi-  with the 4-31G case (Figure 1), suggesting that calculations are
dine, pyrrole, and furan. These values agree rather well with converged for the basis set size.
the experimental values, particularly up to Ea= 16 eV, except A sharp increase of(E) in the low-energy region is a
for the pyridine 1a the asymmetry parameter experimentally common feature of alir orbitals of heteroaromatic molecules.
observed for the Laband of pyridine seems to increase more A similar feature was previously observed in ionization from
slowly than the calculation. However, this should be considered the 7 orbitals of small molecule%;® which was ascribed by
carefully, as it is due at least in part to a signal contamination Thiel to the energy-dependent Coulomb ph¥s€o examine
of the 1a band with an overlapping 1idand (nonbonding  the Coulomb phase effect in the present case, we performed a
orbital)? Above 16 eV, oup values appear systematically lower model calculation in whictB(E) is extrapolated for different
than the experimental ones and those obtained by Carlson elenergies considering only the energy dependence of the
al.l4 Coulomb phase with a constal,(E), atE = 0.1 eV. Figure

We have examined the dependence of calculA{&) on a 3a shows the thus-predicted asymmetry parameters (solid line).
basis set size by performing calculations at the 6-31G* level The result shows that this simple model captures the uprising
for benzene. The muffin-tin potentiaV() calculated at the  features of3(E), supporting the notion presented by Thiel.
6-31G* level was energetically lower than that of 4-31G by  Although the importance of the Coulomb phase is quite
Vo316 — 7316 = —0.03 au on average. However, we found apparent, the experimental and calculaféH) for z orbitals
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2 BecauseAy(E) and Z; i(E) do not vary rapidly in the low-
@ C361, i - energy region, the negative and uprisiygE) (Figure 3b, solid
PR line) is the second origin of the rapid increase¢E) for =
’ eemmmTTTTT orbitals. Then, why doe&y(E) start from a negative value and
N e increases with energy? Theorbitals considered in this study
. are approximated by an atomic 3d orbital, in a united atom
o- 7 = picture, as shown in Figure 1, 2, or S1 (Supporting Informa-
tion): for instance, the benzened@x orbital is similar to
3d., The kp andkf continua are reached by dipole transition
c from an atomic d orbital. We can treat those two continua
P SN . ;eparately, becaus®(E) of egs 9 and 13 does not have any
04l ey, \\\\\ | interference term betwedg andkf.
N e First, we consider th&p continuum. There are two compo-
. nents kpx andkp,, which can be accessed by the dipole transition
o — with polarization along andx axis, respectively. In either case,
sin2(0,) distribution and negativAy(E) are observed. CMSX
calculation shows that the parital cross sectionkfpris more
04 . | 1 L] than 6 times smaller than fdp, at E = 0.1 eV; i.e., the
- photoelectron is more ejected in the molecular plane than in
1N - perpendicular direction to it. If we neglect the small contribution
N of ionization intokp, continuum, we are able to apply one-axis
- ey ] model to evaluatéo(E)

B(E)

AE)

A1(E), Ax(E)

< | E =04 26
A S A|E) = \/- \/— (26)

where —1/+/5 is the molecular frame anisotropy parameter,
Photoslectron kintic energy (eV) Bb% 1Bys » for the photoelectron angular distribution/dQ O
sir? (6) co2 (¢y). When the contribution okp, increases for
higher excess energy, bdkh, andkp, channels must be taken

Figure 3. (a) Asymmetry parameter by model calculations, where
transition dipole moments are fixedt= 0.1 (marked with triangles),

(b) Ao(E) for the benzene orbitals, and (8)(E) for the 3ay orbital into account. Their interference effect can give rise to a positive

and A,(E) for the 3gy and 1g, orbitals of benzene. Ao(E). For instance, theédg(E) is 0.2 for spherical potential,
which can be derived from the Coopezare formulat

(Figure 1) increase more rapidly thA(E) of the model (Figure (—1)

3a). As discussed for (5)3(E) can be expressed by the AfB) = A+1 0.2 (27)

parameterg\(E) andZ, |, (E). Ao(E) andAx(E) for benzene are
shown in Figure 3b,c (solid lines). Those parameters near thewhere only the ionization frond(I=2) to kp is assumed.
ionization threshold have some common features: in ionization \We have found that the ionization into tkfecontinuum also
from the s orbitals of benzene and the heteroaromaie$t) provides negative contribution tAo(E) near threshold and
is negative near the threshold (Table &).is strictly zero for ~ positive contribution aE > 4 eV, though the angular distribu-
benzene and pyrazine for symmetry reasons, and it is nonzerations of the component of tHd continuum wave functions have
but small for other molecules. A major interference term arises complicated structure.
from A,. Further higher angular momentum partial waves  |onization from the 1g, orbital of benzene exhibits a small
contribute less than 4% & < 5 eV for benzene kg due to a dip in B(E) due to shape resonancezt 5 eV (Figure 1). The
centrifugal barrier. An approximate formula for the asymmetry appearance of shape resonanc@(ig) has been observed for
parameter is, hence, obtained as ionization from ther orbitals of small moleculesFor benzene,
because we take into account partial waves of upnie= 7,
B(E) = Ag — Aycosy(E) — n(E) + E,57)  (25) seven g(x) eigenchannels exist. To identify which of these is
in resonance, we examined the eigenphasé&@fcontinuum
whereA; is positive and=E; 3 ~ 0.9-1.2 (Table 3). Although wave functions shown in Figure 4. One of the eigenchannels
eq 8 for=; 3(E) is complicated, the common feature BfE) exhibits a rapid change in phase at approximately 5 eV,
suggests that there is a notable similarity betwgEens(E) in indicating that this channel is solely responsible for the shape
different systems. Because the ionized orbitals have similar resonance. Figure 5 shows this particular eigenchannel wave
shapes, the similarity ¢f(E) imply the corresponding continuum  function &, (r,0,¢,K) of benzeneo*ey(xX) continuum in the (a)
wave functions resemble to each other between different off-resonance and (b) on-resonance. The maximum amplitude

systems. of this wave function in the molecular plane is approximately
Equation 25 is analogous to the Coop@&are formula for |5, = 0.14 au at 4.9 eV and reaches 0.68 au on resonance. The
atomic nd— kpkf ionization, whereA, is positive andz; 3(0) effects of theko*e;(X) shape resonance @(E) and the integral

= 0.5 for Kr and Xé&7 with a weak energy dependence. The cross section are rather weak, because the transition dipole from
atomic Z; 5(E) is related to the difference in quantum defects the x orbital to the ¢* orbital is small. Also note that the
as lime—o=1,4(E) = Jp — 0+.38 Although the interpretation of interference termAl, Am= 0, £1, £2) in eq 2 is expected to
the moleculaE,_,(E) is not as simple as that in atomic cases, be small in this case, because the background states consist of
=14(E) is found to be almost invariant with energy in ionization m= 0 and 1, whereas the resonance state imef 5, as seen
from st orbitals. in Figure 5a. The cross terms of andm' have to share the
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84 (rac)

C 1 |
0 5
Photelectron kinetic energy(eV)

Figure 4. ke, eigenphase of benzene. Sevenohannels exist under
the condition oflmax = 7, but three of them are constantly close to
zero. The solid triangle represent the points referred to in the Figure 5.

samem due to ClebschGordan coefficients, (2x« Im|j;m) and
(=" I'mjimy) of eq. 2, whilem, differs by 4 andy’ from m
andm, respectively. Hence, then—m'| of non zero terms are
equal toju—u'| < 2. Because the maximum amplitude of the
o* wave function is in the molecular plang,— o* resonance
provides electrons ejected perpendicular to the light polarization
and reduce@(E). For heteroaromatic molecules, such singu-
larities are seen for orbitals correlated withyg(g2), i.e., 1hq

of pyrazine and 1zof C,, molecules (Figures 1 and 2). As will
be discussed in the next section, #ie, (1) resonance state of
pyrazine has a large contribution from a single eigenchannel.
The shape of the wave function is presented in Figure 5c. In
contrast, the dips are almost invisible in ionization from orbitals
correlated with benzene ifx2).

3.3. 3e4(o,n)-Type lonizations. The upper panels of Figure
6a—d show asymmetry parameters in thege) ionization of
benzene and similar ionization processes in azabenzene. These
curves exhibit common features 6¢E) varying in the narrow
range of—0.33< < 1.0 (calculations) ane-0.25< 3 < 0.5
(experiments), regardless of the orbital characterof n).
Features due to shape resonance are similar, although the
resonance energy shifts in the order pyrazingyrimidine <
pyridine < benzene. Only three resonance state, @ and3

0
Y(Bohr)

in Table 2 are symmetry-allowed for benzene and pyrazine, Figure 5. key, eigenchannel wave functions in molecular plade(
whereas all six states are possible for molecules withChe 0) for benzene (a, b) and eigenchannel wave function of resdbant
symmetry. A number of resonances cause an irregular variationstate for pyrazine (c). The photonelectron kinetic energies are (a) 4.9
in A(E) in ionization from pyrimidine 7k (E) values near the eV (off resonance), (b) 6.9 eV (on resonance), and (c) 5.7 eV. The

threshold are quite similar between benzene and heteroaromaticd2796S Of contours are (#)0.10, (0)+0.45, and (c}0.45 with 0.05
Spacings. Solid, dashed, and dot-dashed lines represent positive,

The calculateqs is somewnhat larger than the obserygdt is negative, and zero values, respectively. Green points represent atomic

noted that the vibrational motion of a molecule is completely positions.

neglected in the calculation, and the resonance energy, peak-

height andB(E) will vary with nuclear displacements, which

might reduce the calculated energy dependengf) On the and the shape resonancelobr 2 atE ~ 7 eV, whose wave

other hand, the kinetic energy resolution in experiments was in function dominantly consists of = 5 (Figure 5b). In this

the range of 50 meV to 0.2 e¥5 and(E) was averaged over  situation, the ionization into botkp andkf continuum becomes

kinetic energies with a typical bandwidth of 0.5 eV (fwh#nj. negligible, and hencéy(E) approaches zero, due to eq 15.

Such averaging may flatten the structure in obser). In the 3egtype ionization, ko channels (Figure 6) are
The energy dependence8fE) up toE ~ 2 eV is explained accessible via two axes in the molecular plane. As shown in

by the Coulomb phase (Figure 3a). The relevant parameters forTable 5, when the partial cross section of one axis exceeds 80%

eq 25 are listed in Table 4. Above 2 eV, one important difference of the integral cross section, egs 3 and 24 can prgditwithin

from sz ionization is rapidly decreasing(E) (Figure 3c, dashed  an error of+£0.2. The peak of3(E) slightly shifts in energy

line). This change masks the energy variation of the Coulomb from the resonance position as a result of the interference

phase. The decrease A§(E) can be understood from eq 15 between resonance-mediated ionization and direct ionization.
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TABLE 4: Major A and E,_;, Values atE = 0.1 eV for

1_(a) Benzene _£C) P):razme 6a,(n)_| Benzene 3g, and Related lonizations
I —_———— : =
o 3e \ orbital Ao A 13
[ o T PN Lo 90 7 o
0 L et - benzene 3g 0.60 0.90 1.00
| | | | | | pyridi_ne b 0.50 0.91 0.98
N ' : " ' : pyrazine 3k 0.44 0.95 0.95
U)gﬂOO ;— 2 n
gz [ \ pyridine 11a 0.76 0.56 1.11
=5 E pyrazine 6g 0.86 0.72 1.07
£8 1g pyrimidine 7b 0.63 0.64 1.24
e® B pyrimidine 11a 0.68 0.65 1.00
(b) Pyridine (d) Pyrimidine TABLE 5: One-Axis Approximation near Resonance
1 11a,(n)— 11a,(n)] Energies in o lonization
O N T T PN R = ] go E(eV) axi$ % typ@ T 28 | VBB  p°
. W \ leefe o ° 2 pyrazine 63 4.85 Y 92 2 b, 0.21 0.29
% ® ° 7.35 Z 82 3 hy 0.38 0.53
| | | | | | | | 1 | | | 3y 6.1 Y 8 1 hy —-0.12 —0.13
S100L 4 i 485 Z 52 2 B 035  —0.16
§§ E A 5y, 383 Z 28 4 & 0.06 0.51
g g N\, 41 Y 67 5 by 0.27 0.46
2 £7 = 10.1 Y 49 7 Rg 0.15 0.11
s8 ' 4, 38% Z 42 5 by  —017 0.17
L. | | 6.6 Y 8 6 g 0.35 0.15
0 10 .20 30 0 10 o 20 30 10.1 Z 67 7 B 0.65 0.36
Photoelectron kinetic energy(eV)  Photoelectron kinetic energy(eV) pyrimidine 1la 5.1 Z 93 1 a ~0.19 —0.08
Figure 6. Asymmetry parameters and partial cross sections as functions 8.1 Z 57 3 a 0.35 0.55
of photoelectron kinetic energy for benzeng,8g), and corresponding 7, 535 Y 72 1 a —0.04 —0.01
orbitals of pyrazine, pyridine, and pyrimidine (solid lines), and . 106 z 36 6 b 0.23 0.51
corresponding orbitals of benzene, @& — y?) (dashed line) [upper ~ Pyridine  1& 56 Y 79 2 b 0.20 0.09
panels]. Experimental values are cited from Carlson et al. (198)) ( 7.85 Z 713 3 a 0.24 0.30
and Baltzer (1997) et al®( for benzene and from Piancastelli et al. T 31 Y 76 1 a —0.04 0.20
(1983) for pyrazine 6a(®), pyridine 11a (@), and pyrimidine 11a ?gs \Z( gg i b 8‘112 _%0175
(®) and 7b (O). The size of symbol represents the typical experimental 6by 4'6CF 7 25 5 g _0'05 0. 45
error in 8. Partial channel cross section,f — ko) was divided by 8.10 Y 8 6 a 0.38 0.26
degeneracyy = 4 for ey, g = 2 for the other orbitals [lower panels]. 1085 Z 49 7 b 0.53 0.36

The numbers indicate the resonant states listed in Table 2.
aMolecular axis with largest cross sectidnType of resonance state

We may examine the validity of one-axis approximation from in Table 2.¢ Symmetry of continuum wave function, which satisfies
the ratio of the partial cross section for ionization via a certain T'so ® T'ais ® Ik 5 Ta. ¢ Present CMSX calculation.® Peak position
axis to the totalp (% in Table 5). An experimental assessment ©f partial cross sectiorfAt low-energy side of resonance
of the one-axis model is possible through the measurement of iy 3 photoionization of N molecules by the Schwinger

photoionization probability for aligned ensemble of molecules. ygariational method? where a one-axis model is certainly

For these experiments, we previously definagy,p coef- applicable.
ficients3 by which p can be written as In section 2.2, we have mentioned that when the one-axis
’ approximation is applicablgd(E) hardly reaches the limiting
1.+ 5bzozoo_ “/ébzozzo X values,—1 or 2. Even so, the values listed in Table 5 are
/10 ’ remarkably close to zere{0.19-0.65). This can be understood
3 3v 10050000 y o0 )

from the shape oko" resonant wave functions. The ionization

p= 1 15 Bo0200 ‘/§b20220 Y (28) from o to ko* is only allowed via the transition dipole that is
3 3/10b ’ in the molecular plane. Then, the photoelectrons are ejected in
00000 the molecular plane but not specifically to parallel or perpen-
1 @ B202000 7z dicular direction to the dipole, because the wave functions
3 3

‘ Pooooo’ do not have specific direction in the molecular plane as
illustrated in Figure 5b,c. Those rather isotropic wave functions

whereX, Y, andZ denote the axis of ionization in the molecular resultin theg(E) ~ 0. .

frame. Thebik ap coefficient can be observed by time-resolved It is difficult to distinguish betweers and n orbitals by
photoelectron spectroscafior IR + VUV two-photon ioniza- ~ B(E), especially betweert = 2 and 15 eV. However, the
tion spectroscop§ where the first infrared light creates the ~Maximum of the partial cross section &t~ 5 eV is smaller
aligned neutral molecules in the vibrationally excited state. There for n — ko than foro — ko (Figure 6). This difference arises
are also calculations of but in different form. Wallace and ~ from the shapes of wave functions. As an example, a resonant

Dill 42 defined the same value by another parameter as eigenchannel wave function of pyraziki[0*(1)] is shown
in Figure 5c¢. There is a difference between the benkengx)
1+ 8, orbital and the pyrazinkb,, orbital in that the G-H* character
pP=73 (29) is lacking in the latter, which reduces the transition dipole
moment for n— ¢*(1) ionization.
where thes; varies from—1 to 2, whereag changes from 0 to 3.4. 3qy(o,n)-Type lonizations. S(E) values in ionization

1 correspondingly. Lucchese et al. have found hateaches from benzene 3g and related orbitals exhibit similar features
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The partial cross secition & andkd is more than 95% at the
ionization threshold but ca. 30% Bt~ 7 eV, because the wave
le i g functions of the lowest resonance staté( 5) have mainly

SogediecCeo’ high orbital angular momentum b= 4. Table 6 shows a little
o . difference between the and n orbitals, where the partial cross
section of n— ko ionization is 3-4 times smaller than that of
o — ko ionization (Figure 7) aE = 0.1 eV, due to a small
transition dipole from the n state to the broat{6, C—H*)
resonant state.

Above 10 eV, the calculatefl(E) of the n orbital (pyrazine
5byy) is higher than those of the other orbitals. However, the
corresponding experimental results are rather few. (i)
observed for pyrazine 5p seems greater than the value for
benzene 3g at 14-15 eV.

o and n ionizations show a difference in partial cross sections
in the region of 25-32 eV whereo orbitals ionize more to the
kr channel than to thies channel (Figure 7), which is consistent
TR - ' ' ' ' with the results for benzene (ggobtained by Wilhelmy et &
and Venuti et af® In contrast, theko channel is calculated to
be more favored in n ionization for the entire energy range.
This difference between and n in the partial cross sections is
also observed for 3gtype ionization in the same energy region

10 20 30 0 10 20 30 (nOt ShOWn).
Photoelectron kinetic energy(eV)  Photoelectron kinetic energy(eV) On the basis of the partial cross sections, we conclude that
Figure 7. Asymmetry parameters as functions of photon energy for there are clearly n-subgroups for;3¢ype ionizations as well
(a) benzene 3g and corresponding orbitals of (b) pyridine and (c, d) as 3egtype ionizations. The missing+ o* (C—H¥) ionization

pyrazine [upper panels]. Experimental values are cited from Carlson js the origin for the deviation of n frorr in the partial cross
et al. (1987) ©) and Baltzer et a!. (1997ﬂ)_f0r benzene and from section near the threshold.

Piancastelli et al. (1983) for pyrazin®). The size of symbol represents

the typical experimental error jfi Partial channel cross section divided .

by degeneracyg = 4 for e, andg = 2 for the other orbitals [lower 4. Conclusion

panels]. Bold lines indicate the and n ionizations to thio channel.
Thin lines indicate the ionization to thier channel. The numbers

11~ (a) Benzene 3e (c) Pyrazine 4b,,
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Partial cross
section (Mb/g)

(IR L R\ Iy
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We have calculated asymmetry parameters as functions of

indicate the resonant states in Table 2. photoelectron kinetic energy for ionization from various orbitals
of heteroaromatic molecules. The calculations have well repro-
TABLE 6: Major A and &, Values atE = 0.1 eV for duced observe@(E), especially betweel = 0 and 16 eV.
Benzene 3g and Related lonizations Between 0 and 1 eVj3(E) for all orbitals but pyrimidine 7b
orbital Ao A Zo,2 show increases, which has been explained by the energy
o variation of the Coulomb phase. The energy variation of the
benzene 3g 0.63 1.16 0.59 Coulomb phase affecf®(E) through the interference terms of
pyridine 6b 0.64 1.17 0.58 A(E), | = 1 of eq 7, and the relevant interference ternAi€E)
) pyrazine 4B, 0.65 115 0.58 or Ay(E) at 0.1 eV, due to the centrifugal barrier. Above 1 eV,

B(E) for o orbitals increase more rapidly than anticipated by
this simple model. This difference is ascribed to the behavior
(upper panels of Figure 7ai). They exhibit their maxima near  Of Ao(E) that is negative near the threshold, analogously with
the threshold and their minima at approximata}; 10 eV, atomic 3dz - kpx Single channel ionization via the transition
and gradually increase beyond. In contrast to those of the dipole along thez axis, and then becomes positive 6r> 5
previous two types of orbital3(E) is always positive in the eV as a result of interference between kbgandkp, scattering
entire range, except for the value for ionization from the pyrazine Wave functions. In ionization frono- and n orbitals above 2
5by, orbital atE = 10 eV. Peak positions in the calculaig(E) eV, the simple model is completely disrupted by the shape
curves are shifted lower in the order of pyrazinQLA_b pyridine resonances. This disruption is understood by the behavior of
6h, < benzene 3g, reflecting their resonance energies. Aq(E) and Ao(E). TheseA(E) terms foro and n almost vanish

Figure 3a (dot-dashed line) shows that the Coulomb phaseWhen the energy approaches the lowest resonant state2of
primarily controls the energy variation qﬁ(E) Only near the 4, or 5 around 5-7 eV, because the resonance enhances the

pyrazine 5k, 0.64 1.00 0.57

threshold E < 1 eV) with the following formula: contribution of a certain higher angular momentum outgoing
wave and suppress those of the walves3. Because the wave
B(E) ~ Ay + A, sin((E) — 1,(E)) (30) functions for resonant states, includi®gs, and7, are undirected

in the molecular plane, and the transition dipole is parallel to
where the parameters are listed in TableAgis close to the  the molecular plangi(E) is close to zero foE < 10 eV, where

value for 3g4-type ionization (Table 6). The difference iE) these resonant states are the dominant ionization channels.
from 3exg-type ionization arises from the phase sEift, ~ 0.5, AlthoughAs(E) or A4(E) appears where two resonant states with

from which the sine form of eq 30 is obtained. The energy different angular momenta are relevant, these termsAa(ie)
variation of Ay(E) is far larger than that of the Coulomb phase cancel out each other to makgE) nearly zero.

at higher energe > 2 eV (Figure 3c, dot-dashed line). The Keller et al® discriminated various orbital types, including
decreasing)\(E) is caused by the relative reduction of tke m, o, and n orbitals, on the basis of the differencefik)

and kd partial cross sections to the total, through the eq 15. between photoelectron energies 2 and 10 eV. The selected
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energies were rather arbitrary. The near threshold behavior of
B(E) (Tables 3, 4, and 6) would be an alternative measure for

distinguishing the orbital types. For instance, {B¢) near
threshold E ~ 1 eV) is different among g 3ey, and 3gq

types of orbital in the present calculation, and in the experiment
for - and n orbitals of heteroaromatic molecules. This can be

further examined by measuremeni3¢E) for the corresponding
o orbitals of azabenzene. Although there is little difference
betweenos and n in S(E), the partial cross sections &

Suzuki and Suzuki

do

dQ

MBI Vo0t + B0 VlO00} @)

N{ ?)AOF\/:%T + %ﬁgﬂoF\/Z%Pz(Cosek)} (38)

From the last equatio = S /fu x 2/v/5.

Supporting Information Available: Table S1 containing

continuum are different between them. The partial cross sectionionization potentials used for calculations. Table S2 lists the
has never been observed for gas phase molecules; however, theuffin-tin radius and constant potentd,. Figure S1 shows

Ba(E) or the ratio of theko partial cross section to the total can
be observed by time-resolved photoelectron spectro$eapy
infrared=VUV photoionization spectroscopy from a single

HF/4-31G molecular orbitals. This material is available free of
charge via the Internet at http://pubs.acs.org.

level 41 The total cross section should also reflect the difference References and Notes

at resonance, because resonant ionizationskamtoontinuum
dominate the total.
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Appendix: Derivation of Equation 24

In one-axis approximation, doubly differential cross sections
are written as

= p(Qw) Zﬁw\ﬁmw,cﬁ) (31)

[0
dQ dQ,,

where Qy is the Euler angle of molecular orientation with
respect to the laboratory frame apds the distribution function.
o(Qum) can be expanded in terms the rotational méfras

p(Qy) = LgdeMKDb*K(QM) (32)

MF spherical harmonics are transformed by the rotational
matrices into the laboratory frame

YO = erlmr(ek,qsk) Drrim( Q) (33)

Substituting (32) and (33) into (31) and integrating ov&y;,
we obtain

do_

0= 2 Pm Y (Oe9/(2 + 1)

Imm
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