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Collision Energy Resolved Penning lonization Electron Spectroscopy of Azines: Anisotropic
Interaction of Azines with He*(23S) Atoms and Assignments of lonic States

Naoki Kishimoto and Koichi Ohno*
Department of Chemistry, Graduate School of Science, Tohokeeksity, Aoba-ku, Sendai 980-8578, Japan
Receied: March 14, 2000; In Final Form: May 2, 2000

lonization of azines<triazine, pyridazine, pyrimidine, pyrazine, and pyridine) with HESR metastable

atoms was studied by (collision-energy/electron-energy-resolved) two-dimensional Penning ionization electron
spectroscopy. Collision energy dependence of the partial ionization cross sections (CEDPICS), which reflects
interaction potential energy between the molecule and H&)(Zhowed anisotropic interaction around the
molecules. Assignments of the Penning ionization electron spectra and ultraviolet photoelectron spectra were
discussed on the basis of different behavior (positive or negative slope) of CEDPICS. Theoretically computed
CEDPICS ofs-triazine by classical trajectory calculations were found to be useful to confirm the assignment
of the ionic states.

I. Introduction On the other hand, theoretical calculations of CEDPICS were
_ _ N . _ limited to small molecules such asfand N?42% because of
To elucidate a chemical reaction, it is important to investigate e gifficulty in potential energy surface and collision dynamics
dynamics of particles on the anisotropic interaction potential ~gculations. Recently, ionization of a polyatomic molecule,
energy surface. A chemi-ionization process known as Pe””inQCH3CI, was studied with Ne* beam and quasiclassical
ionizatiort™* is induced by collision of a reactant molecule M yaiectory calculations within the assumption that ionization takes
and a metastable atom A*, where A* has a larger excitation pjace only at the classical turning point. Classical trajectory

energy than the lowest ionization potential (IP) of M calculations for N,26 NCCN28 and CHCN2 have been per-
formed based on simplified models for potential energy surface
M+A* —M"+A+e Q) and ionization width, accumulating ionization probability on the

trajectories; the theoretical CEDPICS showed good agreement
Collision energy Ec) dependence of total Penning ionization with experimental results.

cross sectionot(Ec), which reflects interaction potentials In this study, we have measured CEDPICS of azirsdsi{
between the colliding particles, has been measured by observingazine, pyridazine, pyrimidine, pyrazine, and pyridine) with the
product ion intensity as functions & of an A* atom>-12 two-dimensional Penning ionization electron spectroscdépy.

The electron exchange moéfalvas proposed for the Penning  Anisotropic interaction potential around the molecule was
ionization process. In this model, an electron in a molecular investigated using ab initio molecular orbital calculation or a
orbital (MO) of M is transferred to the inner-shell orbital of ~density functional theory (DFT), and assignments for the
A* and the excited electron in A* is ejected. Penning ionization Penning ionization electron spectrum (PIES) of these molecules
electron spectroscopy,therefore, provides us information on and the He | ultraviolet photoelectron spectrum (UPS) are
the electron density distribution of the target MOs exposed discussed based on PIES band intensity and its change with
outside the boundary surface of collisiBnThen the state- respect to collision energies. Fsttriazine, different behavior
resolved measurement of the collision energy dependence of(positive or negative slope) of CEDPICS was obtained theoreti-
partial ionization cross sections(Ey) for the ith ionic state  cally using trajectory calculati@h??of He* atoms on the three-
enables us to investigate anisotropic potential energy surfacedimensional potential energy surface, reflecting the anisotropic
around the target molecule because the most effective directioninteraction around the molecule (attractive interaction around
for the collisional ionization is different depending upon the the nitrogen atoms and repulsive interaction arougglbonds
more or less localized electron distributions of the target MOs. and out-of-plane direction). Assignments of the ionic states in

Coupled techniques including velocity (or collision energy) UPS and PIES o$-triazine were confirmed by the theoretical
selection of He*(8S) metastable atoms and electron kinetic CEDPICS.
energy analysi§ have been developed to yield (collision-energy/
electron-energy-resolved) two-dimensional Penning ionization
electron spectroscopy. Collision energy dependence of the Metastable beam of He*!8, 2S) were produced by a
partial ionization cross sections (CEDPICS), which reflects discharge nozzle source with a tantalum hollow cathi§de,
anisotropic interaction between M and He*, has been observedand the He*(2S) component was quenched by a water-cooled
for small simple molecule¥$'® unsaturated hydrocarbo#s, helium discharge lump. He | UPS were measured by using the
organic molecules including heteroatoffsyomatic compounds ~ He | resonance photons (584 A, 21.22 eV) produced by a

II. Experimental Section

(benzené?-21a polycyclic aromatic hydrocarbor?d? five- discharge in pure helium gas. The kinetic energy of ejected
membered heterocyclic compourids,and [2,2]-paracyclo- electrons was measured by a hemispherical electronic deflection
phané!d, and an organometallic compouffd. type analyzer using an electron collection anglé 89 the
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lonization Potential/eV For collision-energy-resolved measurements, we have mea-
9 10 11 12 13 14 15 16 17 18 19 20 21 sured two-dimensional spectrgEe,t) as a function of electron
ottt kinetic energyEe and timet utilizing two-dimensional measuring
He | UPS o “7"" h@' techniqué’ and a time-of-flight (TOF) method with a mechan-
00 o =05 N ical choppef833The He*(2S) metastable beam was introduced

into the reaction cell located 504 mm downstream from the
chopper disk. The resolution of the analyzer was lowered to
250 meV in order to obtain higher count rates. The observed
two-dimensional spectra can lead to two-dimensional Penning
ionization cross section normalized by the velocity distribution
of the He*(2S) beam that was determined by monitoring

1= L 1 L I 1 1 I 1 | L 1 J . . .
2 11 10 9_8 7 6 5 4 8 2 1 0 secondary electrons emitted from an inserted stainless electron
Electron Energy/eV steel plate in the reaction céfl.
4a,'
7 [ll. Calculations

He*(2°S) PIES

To obtain electron density contour maps and schematic
diagrams of MOs, ab initio self-consistent field (SCF) calcula-
tions were performed with 4-31G basis functions. The geom-
etries of neutral target molecules were selected from literature
for striazine®* pyrazine3® pyrimidine3® pyridazine3® and
pyridine3” Schematic diagrams of MOs with circles and ellipses
R R T N S S R R were used as in a previous studly.In-plane p-type orbitals
2 10 were shown by couples of ellipses. Out-of-plane components
of p orbitals were shown by dashed circles. Valence s orbitals
were shown by solid circles. Electron density contour maps were
incident He* or photon beam. We estimate the energy resolution @lso used with thick solid curves indicating the repulsive
of the electron energy analyzer to be 60 meV from the full width molecular surface approximated by van der Waals f&dii.
at half-maximum (fwhm) of the Ar(°Ps;) peak in the He | Interaction potentiaV/ was calculated on the basis of the well-
UPS. The transmission efficiency curve of the electron analyzer known resemblance between He*®} and Li(ZS); the shape
was determined by comparing our UPS data with those by of the total scattering cross section of He*$2 by He, Ar, Kr
Gardner and Sams&nhand Kimura et af? The background is very similar to that of Li(2S)3° and the location of the

1 sar(on %™ 55e‘ 6

8 7 6 5 4 3
Electron Energy/eV
Figure 1. He | UPS and He*(2S) PIES ofs-triazine.

pressure of the reaction chamber was on the order of Torr. interaction potential well and its depth are very similar for He*-
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Figure 2. (a) Collision-energy-resolved He<{8) PIES ofs-triazine: solid curve at 86108 meV, average 100 meV; dotted curve at-1366

meV, average 150 meV; dashed curve at-2284 meV, average 250meV. (b) Collision energy dependence of partial ionization cross sections for
s-triazine with He*(2S). Thick lines show experimental data between 90 and 300 meV collision energy, and thin lines indicate theoretical data by
trajectory calculations.
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lonization Potential/eV exchange with Lee, Young, Parr correlation function (B3L%P)
? 0 1'1 2 113 1'4 5 1‘6 1'7 18 19 210 21 in order to avoid spin contamination problem. Calculated results
were compared for some access directions. All quantum
He | UPS 52 N chemical calculations were carried out with the GAUSSIAN
10 [ ) 94 progrant?

Trajectory calculations for ionization o$-triazine were
performed on three-dimensional potential energy surface ob-
tained by the DFT at more than 300 points utilizifis,
symmetry of the molecule. lonization width was calculated on
the following simplification; Neglecting the angular distribution
of the ejected electrons and taking into account that helium 2s

3b,
4by, 2
9

1byg(m5) 7 by,

Gag("“; o %M 5
4

1bag(m2) ab, 1bgy(m)
39

=T H0 s 8 7 6 s i s s 1 orbitals and the continuum orbitals are too diffuse compared to
Electron Energy/eV the helium 1s and ionized orbitals, the positional dependence

. of the ionization widthT" is mainly governed by the more
He*(2%S) PIES 10 compact 1s and ionized orbitals. The ionization width for each

ionic states"(), therefore, are represented by
=k |, | v, 2)

whereK is a constant, and; andW¥;s are the ionized MO and
helium 1s orbital, respectively. The impact paramedtervas
set randomly from Oa 8 A for 10 000 trajectories at each
e | collision energy. The molecule is treated as a rigid rotator. The
Electron Energy/eV orientation of M was randomly generated, and the initial
Figure 3. He | UPS and He*(35) PIES of pyrazine. rotationgl energy of the molecule was .deFermined with Bol.tz-
mann distribution at 300 K. The partial ionization cross section
(23S) and Li(2S) with various target3*°4Because of these o) was obtained from ionization probabiliB" with a weight
findings and difficulties associated with calculations for excited of 2zhdb
states embedded in ionization continuum, Li atom was used in
this study in place of the He$8) atom. The 6-31t+G** basis oV = znbe(‘)db (3)
function was used, and the electron correlation energy correction
was taken into account by using second-ordeflbt—Plesset Details of the trajectory calculations were reported in previous
perturbation theory (MP2) or DFT with Becke’s three-parameter papers%2°SeveraK values were attempted for better agreement
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Figure 4. (a) Collision-energy-resolved HeX8) PIES of pyrazine: solid curve at 9211 meV, average 100 meV; dotted curve at-13%0

meV, average 150 meV; dashed curve at-2284 meV, average 250meV. (b) Collision energy dependence of partial ionization cross sections for
pyrazine with He*(2S).
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lonization Potential/eV of striazine, pyrazine, pyrimidine, pyridazine, and pyridine. The
SR G 4 15 16 17 18 19 20 21 electron energy scales for PIES are shifted relative to those for
o He | UPS the UPS by the difference in the excitation energies, 21_—.22
Hrax(on) 51gaéb2 N - 19.82= 1.40 eV. The CERF_’IES are _s_hown for low collision
g2 Jaad 7 9, @‘ energy (ca. 96110 meV), middle collision energy (ca. 135
1 234 10 v (1) 165 meV), and high collision energy (ca. 22290 meV). The

CEDPICS were obtained from the two-dimensional PtHEe,

E:) within an appropriate range & (typically the fwhm of

the respective band) to avoid the effect of neighboring bands
and shown by the log vs log E; plots in a collision energy
T S S S R R R range 96-300 meV. Electron density maps are also shown in
the figures in order to grasp effective access directions of He*.
The calculated electron density maps éoorbitals are shown

on the molecular plane, and those foorbitals are shown on

a plane at a height of 1.70 A (van der Waals radii of C atom)
from the molecular plane. Theoretically obtained CEDPICS for
striazine by trajectory calculation at several collision energies
(50, 100, 200, 300, 500, and 700 meV) were shown in Figure
6 in solid line.

Tables1-3 list the vertical ionization potentials (IP deter-
mined from the He | UPS) and the assignment of the observed
8 7 6 5 4 5 2 1 o bands fors-triazine, diazines (pyrazine, pyrimidine, and py-
Electron Energy/eV ridazine), and pyridine, respectively. Valence IP values by earlier
Figure 5. He | UPS and He*(3S) PIES of pyrimidine. calculations by post Hartred=ock methods are also shown. GF

is the many body Green’s function metht#dTDA the two-
of the slope of CEDPICS, because the determination of the particle-hole TammDancoff approximation calculatior{$ P3
unknownK value requires the use of at least one experimentally the partial third-order electron propagator methddnd CI the

I E— |
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N
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8a,
10
He*(2°S) PIES

201(Mg) 145,
7b2(NN)  1ay(my)

2 34

)

determined physical parameter. configuration interaction calculatiort6. SAC—ClI is based on
the symmetry-adapted cluster (SAC)-Cl thebfyThe peak
IV. Results energy shifts AE) in PIES measured with respect to the

Figurest10 show He | UPS and He*f3) PIES of target ~ “nominal” energyE, (Eo = the difference between the meta-
molecules (odd figure numbers) and collision-energy-resolved stable excitation energy and the target ionization potential) are
Penning ionization electron spectrum (CERPIES) and CEDPICS also shown in the tables. Values of the slope paranratar
obtained from the two-dimensional data (even figure numbers) the logo vs log E¢ plots estimated in a collision energy range
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Figure 6. (a) Collision-energy-resolved HeXg) PIES of pyrimidine: solid curve at 94.08 meV, average 100 meV; dotted curve at-1384
meV, average 150 meV; dashed curve at-2282 meV, average 250meV. (b) Collision energy dependence of the partial ionization cross sections
for pyrimidine with He*(2S).
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Figure 7. He | UPS and He*(2S) PIES of pyridazine.

90—300 meV (106-300 meV for trajectory calculation) by a
linear least-squares method are also listed.

Potential energy curve¥(R) for in-plane or out-of-plane
access were shown in Figuresil2 by the model potential
calculations for M-Li system. The distancB between Li and
the molecule is measured from the center of the ring.

V. Discussion

Kishimoto and Ohno

signments of some bands. On the other hand, electronic
structures of these azines also have been investigated theore-
tically.#4-47.60-69 For the PIES measurement, Penning ionization
of pyridine was observed with the Néf,) atom, and assign-
ment ofr; band which shows highest IP amongoands was
confirmed previously?

A. s-Triazine. lonization from degenerate “lone-pair” 6e
(ny) and 1le" &) orbitals is observed for band 1 and band 2,
respectively. In previous studies of UP%#a Jahi-Teller split
was observed for band 2, and nitrogen breathing vibrational
structure ¢ = 1190 cntl) was reported for band 3 which
originates from lone-pair 3a(ny) orbital. In this study, strong
negative collision energy dependence was observed for the two
ny bands (band 1 and 3), while collision energy dependence
for band 2 was not stronger than thebrands (Figure 2). Clearly
different trends were obtained in the calculated CEDPICS for
ny bands (negative dependence) antband (positive depen-
dence).

As discussed in previous papérsl positive or negative
slope of CEDPICS reflects the type of interaction. In the case
of attractive interaction, a slower He* atom can approach
reactive region more effectively through deflection of its
trajectory. For atomic target, it is known that ionization cross
section ¢(E;)) can be represented as a function of collision
energy 6(Ec) O E.29) if the long-range attractive part of the
interaction potentiaV/(R) plays a dominant role and shown with
a potential parametes (V(R) O R™S). In the case of repulsive
interaction, higher He* can approach reactive inner region of
the molecule, which results in positive collision energy depen-
dence ofo(E.).

Actually, negative and positive slopes were obtained by the
trajectory calculation reflecting the strong attractive interaction
around the nitrogen atoms and repulsive interaction for out-of-

Photoelectron spectra of azines have been extensivelyplane direction, respectively. Negative peak shifts for band 1
investigated;~5° but there are discrepancies concerning as- (AE = —2604+ 50 meV) and band 3XE = —2104+ 50 meV)
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Figure 8. (a) Collision-energy-resolved HeXQ) PIES of pyridazine: solid curve at 9111 meV, average 100 meV; dotted curve at-13Z0
meV, average 150 meV; dashed curve at-2285 meV, average 250meV. (b) Collision energy dependence of partial ionization cross sections for

pyridazine with He*(2S).
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Figure 9. He | UPS and He*(2S) PIES of pyridine.

indicate the existence of an attractive well of this order, and repulsive interaction for out-of-plane direction (ionization from
the estimated values are on the order of the calculated well depthr MO) and attractive interaction for in-plane direction (ioniza-
(Figure 11a). On the other hand, peak shift for band 2 was tion form 5 MO). Observed results of CEDPICS show small
relatively small AE = —100+ 75 meV), which is consistent  (band 4) and relatively large (band 5) negative dependence,
with the small slope of observed and calculated CEDPICS. which is in good agreement with the assignment of band 4 to
It should be noted that interaction potential energy curves 1&" () and band 5 to 83eMOs (Figure 2). In addition, since
by DFT calculation were quantitatively similar to those by MP2  a larger negative peak energy shift of band 5 rather than that of
calculation for in-plane direction access to the N atom and out- band 4 is expected because of the attractive interaction for in-
of-plane direction access to the ring, while interaction potential plane direction, the order of ionic states for band 4 and 5 in
calculated for out-of-plane direction of other azines in this study UPS is thought to be unchanged in PIES.
shows a different trend between DFT and MP2 calculations. In  Large intensity of band 7 can be ascribed to in-phasé 4a
addition, since trends of anisotropic interactions were clearly orbital outside the molecular surface in contrast to small intensity
different (attractive interaction around the nitrogen atoms and of band 6 that ordinates from scarcely extending babital.
repulsive interaction around CH bonds and out-of-plane direc- Similar large bands were also observed for ionization from in-
tion) and overlapping of bands—B of s-triazine were not plane orbitals of five-membered heterocyclic compoufiéls,
observed, significant difference was obtained both for experi- furan and thiophene. Calculated CEDPICS for ionization from
mental and theoretical CEDPICS. 1a' and 4@ MOs shows strong negative dependence reflecting
Discrepancy of the band assignments can be ascribed toattractive interaction for the in-plane direction around the
overlapping band 4 (IR= 14.7 eV) and band 5 (I 14.9 eV, molecule, while the observed CEDPICS showed weaker de-
or IP=15.6 eV in ref 52b). The ordering in IPs of '5& and pendence rather thanynbands. This discrepancy may be
1a&'"'~1 was uncertain, even by the post Hartré®ck calcula- ascribed to background signals observed in low electron energies
tions (Table 1). Anisotropic interaction with a He3&) atom or satellite lines where one-patrticle picture of ionization breaks
is useful in the assignment of overlapping bands 4 and 5. A down as indicated in TDA calcualtioft.
distinct difference was obtained for ionization from,1dr) B. Diazines.For ry bands, large differences between excita-
MO (positive dependencen = 0.05) and 5eMO (negative tion energies for cationic states and Koopmans’ IPs of diazines
dependencen= —0.15) in the calculated CEDPICS, reflecting show considerable relaxation in ionization relativertmniza-
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Figure 10. (a) Collision-energy-resolved HeQ) PIES of pyridine: solid curve at 9307 meV, average 100 meV; dotted curve at-1383
meV, average 150 meV; dashed curve at-2281 meV, average 250meV. (b) Collision energy dependence of partial ionization cross sections for
pyridine with He*(2S).

TABLE 1: Band Assignments, lonization Potential (IP), Peak Energy Shift AE), Obtained Slope Parameter fn) and Calculated
lonization Potential for s-Triazine (See Text)

obs orbital Koopman's  GF TDA® P2 Cle
band IP/leV AE/meV m calcm character IP/leV IP/leV IP/leV IP/leV IP/leV

1 1040 —260+50 -0.37+0.03 —-0.28 6&(nN) 10.90 10.31 10.72 10.550 9.877
2 11.79 —-100£5 —0.154+:0.03 —0.06 1¢(7) 11.79 12.01 11.98 12.104 11.731
3 13.37 —2104+ 50 —0.31+0.06 —0.18 5a’'(nN) 14.78 13.25 14.28 13.521 12.589
4 14.64 —50+100 —0.014+0.06 —0.05 1a'(n) 16.64 15.68 15.22 15.593 14.958
5 1499 —-200+100 —0.13+0.03 -—0.15 5é 17.85 15.37 15.66 15.429 15.294
6 17.6 —0.024+£0.05 —0.49 1a' 20.21 18.50,18.86 18.714 16.639
7 18.31 -50+100 —0.094+0.03 —0.30 4q 21.02 19.72 19.84 18.919

a Reference 44° Reference 45. Results with correlation consistent triplasis set are listed.Reference 46e. Shake-up states were calculated
in 13 < IP < 18 eV regiond Main peak.

tion. Band 3 (R) and band 4:) of diazines lie close together ionization for in-plane and out-of-plane direction. Interaction
in UPS and PIES (Figures 3, 5, and 7). Assignments of the potential calculations (Figure 12) show attractive curves for in-

first four bands mostly agree within the post Hartré®ck plane direction with well depth more than 450 meV. On the
calculation*46 to a sequence of\n< 3 < ny < m, in the IP other hand, repulsive interaction was calculated by MP2 method
order for pyrazine and pyrimidine and tq < w3 < m2< ny for out-of-plane direction and difficulty in SCF convergence
for pyridazine. Moreover, first four bands of pyrazine and occurred at short distance. Weak interaction was indicated by
pyrimidine were also assigned tqyn< m3 < ny < m by peak energy shift and CEDPICS ferbands of pyrimidine and

observing angular distribution parameter in photoelectron pyridazine. It should be noted that the negative peak energy
spectroscopy®>° On the other hand, the orderings of valence shift values forz bands of pyridazine{80 meV in average)
IPs for band 5 and band 6 of diazines seem to be uncertainare larger than those of pyrimidine (positive or near zero), which
even by the post Hartred-ock calculations (Table 2). In  qualitatively agrees with the potential energy curve for out-of-
addition, relatively low pole strength for ionization from plane direction by DFT method with well depth for pyridazine
orbital of these samples was calculatéIn higher ionization (350 meV) and pyrimidine (160 meV).
potential energy range than 16 eV, many satellite lines or shake-  For pyrazine, however, significant difference was not ob-
up states were suggested by the TBIAR3 and CFéb~d served for strong negative collision energy dependence of band
calculations. 1 (ny) and band 243) (Figure 4), which also agrees with the
As observed CEDPICS of pyrimidine (Figure 6) and py- attractive interaction calculated for in-plane and out-of-plane
ridazine (Figure 8) for band 1 {(n the slope parameter is directions by MP2 and DFT calculations (Figure 12a). In
between ca--0.5 to—0.6) and band 24, the slope parameter  addition, strong negative collision energy dependence for band
is between ca-0.2 to—0.3), clear difference was observed in 6 (711, m= —0.31+ 0.05) and large negative peak energy shift



Penning lonization Electron Spectroscopy of Azines

J. Phys. Chem. A, Vol. 104, No. 30, 2008047

TABLE 2: Band Assignments, lonization Potential (IP), Peak Energy Shift AE), Obtained Slope Parameter fn) and Calculated
lonization Potential for Diazines (See Text)

obs

orbital Koopman's GR TDA? P2 Cle

band IP/eV AE/meV m character IP/eV IP/eV IP/eV IP/eV IP/eV
pyrazine
1 9.61 —270+ 40 —0.41+0.06 63(Nn+) 10.88 9.21 8.96 9.788 9.01
2 10.20 —200+ 50 —0.43+0.03 1hy(7s) 10.08 10.18 9.87 10.290 10.08
3 11.38 —170+ 50 —0.54+ 0.07 5hy(nn-) 13.44 11.04 10.59 11.573 10.84
4 11.80 —220+ 80 —0.53+ 0.03 1by(772) 11.90 11.62 11.23 12.013 11.65
5 13.37 30+ 75 —0.07+ 0.05 3by 15.11 13.69 13.54 13.984 14.00
6 13.93 —110+ 20 —0.31+ 0.05 1by(7r1) 15.81 14.40 13.66 14.441 13.87
7 14.98 0+ 60 —0.16+ 0.04 icH 16.87 15.39 15.29 15.229 14.11
8 16.10 —10+ 40 —0.16+ 0.04 4k, 18.50 16.5% 16.67 16.791 16.32
9 16.58 —50+ 100 —0.13+0.03 3by 19.35 16.16,17.29 17.467 17.03
10 16.97 —130+ 20 —0.30+ 0.06 53 19.93 17.12,17.31  17.747 16.21
S (18.0) —0.26+ 0.05
S (19.1)
pyrimidine
1 9.69 —250+ 75 —0.53+ 0.07 7h(nn-) 11.00 9.50 9.86 9.863 9.351
2 10.50 100+ 70 —0.29+ 0.04 2h(7r3) 10.46 10.54 10.43 10.647 10.412
3 11.22 250) (—0.43+0.10) 11a(nn+) 12.61 10.87 11.15 11.334 10.713
4 11.40 (100) £0.42+£0.10)  la(m) 11.40 11.23  11.16 11576  11.292
5 13.9 10+ 100 —0.06+ 0.08 1h(sy) 15.68 14.46 13.9520.79 14.558 14.015
6 14.1 —120+ 100 —0.32+ 0.05 10a 16.20 14.25 14.46 14.557 14.916
7 14.4 —100+ 100 —0.31+0.10 6b 16.42 14.40 14.73 14.726 15.007
8 15.8 10+ 150 —0.06+0.12 9a 17.84 16.02 16.31 16.162 16.303
9 16.88 0+ 200 —0.13+0.04 5b 19.12 17.28 17.52 17.450 18.049
10 17.4 —360+ 150 —0.15+0.10 8a 20.31 18.22 18.228 17.663
11 (20.5) T7a 24.31 21.99 22.27
pyridazine
1 9.27 —350+ 50 —0.59+ 0.04 8b(nn-) 10.83 8.79 9.08 9.284 8.523
2 10.61 —100+ 75 —0.22+0.02 1a(ms) 10.65 10.62 10.44 10.853 10.697
3 11.2 —50+ 75 —0.30+ 0.03 2h(7r2) 11.11 11.11 11.00 11.287 10.872
4 11.3 —340+ 100 —0.574+0.03 10a(nn+) 12.91 11.20 11.44 11.656 10.679
5 13.97 —90+ 75 —0.27+0.03 1h(my) 15.83 14.42 13.8320.80 14.554 13.776
6 14.27 —200+ 50 —0.43+0.04 9a 16.10 14.13 14.45 14.519 13.367
7 14.66 —200+ 75 —0.37+0.04 7h 16.51 14.95 15.25 14.880 14.239
8 15.90 —-30+ 75 —0.20+ 0.03 6b 18.33 16.47 16.70 16.517 16.502
9 16.8 —0.21+0.03 8a 19.15 18.16 17.26 17.390 16.888
10 17.43 —370+ 150 —0.35+0.06 7a 20.15 18.57 17.959 17.300

aReference 442 Reference 45. Results with correlation consistent triphasis set are listed Reference 46bd. Shake-up states were calculated
in the IP> 12 eV region Main peak.

TABLE 3: Band Assignments, lonization Potential (IP), Peak Energy Shift AE), Obtained Slope Parameter fn), and

Calculated lonization Potential for Pyridine (See Text)

obs

orbital Koopman's GF TDA? P ADC(3)e cCH SAD-CI
band IP/eV  AE/meV m character IP/leV IP/leV IP/leV IP/leV IP/leV IP/leV IP/leV
1 9.67 (-500) —0.54+0.06  1la(ny) 11.08 9.59 9.64 9.849 9.78 8.843 8.96
2 9.85  (-40) —0.34+0.07  1a(ms) 9.55 9.57 9.45 9.827 9.44 9.526  9.38
3 1052 —-50+50 —0.49+0.07 2Rk(m2) 10.37 10.24 10.15 10.596 10.15 10.127  9.95
4 1260 —-50+75 —0.034+0.10 b 13.95 12.87 12.97 13.039 12.73 12.908 12.12
5 13.19 —-90+25 -—0.38+0.06 1h(m) 14.74 13.43 12.90 13.536 1318 13.044 13.2020.77
6 13.79 —40+75 —0.3640.06 10a 15.72 14.18 14.26 14.114 13792 13.696 13.46
7 14.51 70+£50 —0.264+0.07 6b 16.36 15.11 15.14 14.843 1465 14.636 14.34
8,9 15.6 (0.16+ 0.04) 9a° 17.71 16.32 16.26 16.111 16f02 16.048 15.75
15.8 (~0.13+0.07) 5h¢ 17.98 16.05, 16.31 16.284 16.18  15.497 15.38
10 17.10 —-120+50 -—-0.254+0.06 8a 19.74 17.9418.40 17.720 17.60 17.28,17.37
S (18.5) —0.37+0.06
11 19.6 4b 23.29 21.16, 21.32 20.44 20.50

aReference 442 Reference 45. Results with correlation consistent triplasis set are listed.Reference 69. Satellite lines were calculated in
IP > 14.0 eV regiond Reference 46a. Shake-up states were calculated in IB.9 eV region® Reference 47.Main peak.9 Assignments are
uncertain.
were observed far bands. The attractive interaction potential shift of 7 band (band 2) into account, peak position gftrand
for out-of-plane direction of pyrazine can be ascribed to short- (ca. 8.35 eV 19.82 — IP + AE)) in PIES can be lower
range interorbital interaction between the s component of Li electron energy tham band (ca. 8.52 eV). Both peak positions
and HOMO that is in-phase in the ring, which was confirmed are indicated by arrows in CERPIES (Figure 6). The slope of
by checking the molecular orbital component of the interacting CEDPICS for lower electron energy region of strongly overlap-
system. In contrast to pyrazine, HOMOs of other azines in this ping bands 3,4 in PIEST{= —0.43+ 0.10) was not different
study were not in-phase in the ring. from that of higher electron energy region of bands 3w~

For band 3 and band 4 of pyrimidine, taking large negative —0.42+ 0.10). Therefore, bands 3 and 4 in PIES are difficult
peak energy shift ofjnpband (band 1) and positive peak energy to be assigned to the particular MO. On the other hand, for
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Figure 11. Interaction potential energy curves for (@jriazine—Li

and (b) pyridine-Li: in-plane access to the N atom by MP2 calculation
(») and DFT (B3LYP) calculationK); in-plane access to the H atom
by DFT (B3LYP) calculation¥); out-of-plane access to the center of
the ring by MP2 calculation) and DFT (B3LYP) calculation®).

pyridazine, large negative peak energy shift of bandwbémd,
AE = —340+ 100 meV) makes it easy to observe significant
difference in CEDPICS for band 34, m = —0.30 &+ 0.03)
and band 410 = —0.57 &+ 0.03) (Figure 8).

For overlapping bands-57 of diazines, assignment for;
orbital is useful for checking the results of the ionization
potential energy calculations. Referring relatively weak negative
CEDPICS and small peak energy shift, band 5 of pyrimidine
(Figure 6) and pyridazine (Figure 8) can be assigned torthe
orbital. Stronger negative slope of CEDPICS for band 6 and
band 7 of pyrimidine or pyridazine rather thanband can be
ascribed to ionization for in-plane direction, which is similar
to the case of-triazine. On the other hand, strong attractive
interaction for out-of-plane direction of pyrazine results in
negative slope forr; band as mentioned above. Weak slope of
CEDPICS for band 5 of pyrazinen= —0.07 & 0.05) can be
ascribed to repulsive interaction arouogy region where the
3bsg orbital extends (Figure 4). Relatively weak negative slope
of CEDPICS for band 7 and &¢n band) of pyrazine can be
ascribed to repulsive interaction around thg bond and effects
of background signals lower than 5 eV in electron energy.

Band 8 of pyrimidine (Figure 5) and pyridazine (Figure 7)
in PIES shows similar shape, and both can be ascribedio

Kishimoto and Ohno

orbital. Vibrational structure of band 8 in PIES was observed
in CERPIES of pyrimidine, while vibrational progressions at
each collision energy are thought to be composed in PIES. The
small slope of CEDPICS for the band 81& —0.06 + 0.12)

of pyrimidine and increasing trend of the cross section in higher
collision energies are consistent with repulsive interaction around
the correspondingcy bonds. On the other hand, for band 8 of
pyridazine, the slope of CEDPICS (Figure 8) shows relatively
stronger negative slopen(= —0.20 £+ 0.03). This may be
ascribed to the effect of the strong attractive interaction around
neighboring two N atoms.

A common character of enhanced band intensity for band 10
with respect to band 9 was observed also for diazines, which is
thought to reflect ionization from extending ar & MOs. It
should be noted that split lines are calculated in band&®8
region of pyrazine according to TDA calculatiéh.

At lower electron energy region than 4 eV in He | UPS of
pyrazine (Figure 7), satellite bands labelegar® S were
observed, and CEDPICS of the; $and shows negative
dependencenf = —0.26 + 0.05). In He | UPS of pyrimidine
(Figure 5), shoulder of band was observed at lower electron
energy region than 3 eV, which can be ascribed to band at 20.5
eV in IP observed by He Il UP%d

C. Pyridine. Assignment of first three bands in UPS has been
confirmed to be IP order\n< @3 < 7, by angle-resolved
measurement of photoelectrd§i$®In addition, the ionic ground
state is determined to be due to ionization from the nonbonding
orbital by multiphoton ionization spectroscogfy However,
theoretical calculatiort$45462.47.69show inconsistent results
concerning the first two ionization states as shown in Table 3
(ADC(3) is Green function calculation including third-order
electron correlation effe®d). In He*(23S) PIES, negative
collision energy dependencen(= —0.49 + 0.07) and small
negative peak shiftAE = —50 + 50 meV) was observed for
band 3 () (Figures 9 and 10). On the other hand, a strong
attractive interaction with the well depth of more than 500 meV
was calculated for the straight access to the nitrogen atom
(Figure 11b). If we assume the peak energy shift for ionization
from ny (AE = —500 meV) andr; (AE = —50 meV), bands
1 and 2 can be assigned g orbital (9.92 eV € 19.82— IP
+ AE) in electron energy) andyrorbital (9.65 eV), respectively.
Both peak positions are indicated by arrows in CERPIES (Figure
10). The slope of CEDPICS for higher electron energy region
(m= —0.344 0.07) is similar to that of band 51(= —0.38+

() (b) (©
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Figure 12. Interaction potential energy curves for (a) pyrazine-Li, (b) pyrimidine-Li, and (c) pyridazine-Li: in-plane access to the N atom (or the
center of N atoms for pyridazine) by MP2 calculatiax){ out-of-plane access to the center of the ring by MP2 calculatiyrad DFT (B3LYP)

calculation @).
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0.06) that was confirmed to ionization from orbital by the ring increases from benzene gdriazine, except for pyrazine.

angle-resolved UPSand PIES by metastable Ne* atdfhln For all sample molecules, interaction around dlag bond was
addition, large negative collision energy dependence of lower found to be repulsive.
electron energy regiom(= —0.54 4+ 0.06) of bands 1,2 can Obtained information on the anisotropic interaction around

be ascribed to the strong interaction around the nitrogen atom.the molecule leads to reasonable assignment of photoelectron

Interaction potential energy curve for out-of-plane access is spectra. Utilizing positive slope of CEDPICS reflecting repulsive

deformed downward by the weak attractive interaction with well interaction for out-of-plane direction and negative slope of

depth of ca. 50 meV (MP2) or 180 meV (DFT) that is consistent CEDPICS reflecting attractive interaction for in-plane direction,

value with the peak energy shift far bands comparing with  we have assigned the overlapping band 4 and band-fiazine

the deep well around the nitrogen atom. It should be noted thatto ionization from 1g'(z) MO and 5é& MO, respectively.

in case of benzenell, attractive interaction potential well with  Similarly, different slope of CEDPICS was useful in assignment

depth of ca. 200 meV was calculated for out-of-plane direction of ny andzz bands for diazines and pyridine. Negative collision

by MP2 method and negative slopa { —0.3) was observed  energy dependence was observed for shake-up states in lower

for = bands of benzenda electron energy region of PIES for pyrazine and pyridine.
Collision energy dependence of band 4 shows small slope

(m= —0.03=+ 0.10), which reflects repulsive interaction around ~ Acknowledgment. This work has been supported by a Grant

och orbital region similarly toocy bands of benzenam( ~ in Aid for Scientific Research from the Japanese Ministry of

0.0)#20n the other hand, relatively strong negative collision Education, Science, and Culture.
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