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Collision-Energy-Resolved Penning lonization Electron Spectroscopy of Phenylacetylene and
Diphenylacetylene by Collision with He*(2S) Metastable Atoms
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Penning ionization of phenylacetylene and diphenylacetylene upon collision with metastablé)jet(ins

was studied by collision-energy-/electron-energy-resolved two-dimensional Penning ionization electron
spectroscopy (2D-PIES). On the basis of the collision energy dependence of partial ionization cross-sections
(CEDPICS) obtained from 2D-PIES as well as ab initio molecular orbital calculations for the approach of a
metastable atom to the target molecule, anisotropy of interaction between the target molecule af)He*(2
was investigated. For the calculations of interaction potential, 2%)(atom was used in place of He®*®)
metastable atom because of its well-known interaction behavior with various targets. The results indicate that
attractive potentials localize in theregions of the phenyl groups as well as in theonjugated regions of

the acetylene group. Although similar attractive interactions were also found by the observation of CEDPICS
for ionization of allz MOs localized at the &C bond, the in-plane regions have repulsive potentials. Rotation

of the phenyl groups about theC bond can be observed for diphenylacetylene because of a low torsion
barrier. So the examination of measured PIES was performed taking into consideration the change of ionization
energies for conjugated molecular orbitals.

I. Introduction the calculation of orbital reactivity with exterior electron
14,15 i .
Understanding the dynamics of chemical processes anddens't)} (EED) for ith MO (¢)
reactions is of fundamental importance. In the particular case _ 2
of chemi-ionization processes known as the Penning ionizktfon, (EED) = f Q"pi(m dr (@)

the ionization of a target atom or molecule (M) occurs by . . .
- . . ' . whereQ is the space outside the repulsive molecular surface.
collision with a metastable atom (A*). Important information

. . . The combination of the electron energy analysis with the
on the dynamics of this process can be obtained by the energy ; . £6-19 . .
. . velocity selection of A has made it possible to observe
analysis of ejected electrons

the collision energy dependence of partial ionization cross-
sections (CEDPICS) as well as the collision-energy-resolved
PIES (CERPIES). Since the time-of-flight (TOF) method has
e . . an advantage in simultaneous measurement of CEDPICS and
The ngmber of positive ons generated n the experiment cepp|ES in the collision-energy-/electron-energy-resolved two-
determines the_ total ionization cross-s_ectlons f(_)r the t_argetdimensional PIES (2D-PIESY,the TOF method was adapted
molecu_les, which were already studied yvell IN_Previous oy group rather than the velocity-controlled-supersonic-jet-
works?*~* The observed bands can be assigned to particular yo, 1 methodl-23

ionic states by usjng the e!ectron spectroscopip technique; in The obtainea CEDPICSs can be connected to the anisotropic
eq 1, an_lth state Is symbolized by M. The relative ratio of interaction between a target molecule M and a metastable atom
the partial ionization cross sections can be observed by aNax | the case of positive CEDPICS, the metastable atom with
electron spectroscopic technique that is known as the Penninglarger kinetic energy reaches the inner region of the target
ionization electron spectroscopy (PIES)Jsually, ionic states against a repulsive interaction. Thus, the MO region corre-
can be related to valence molecular orbitals (MOs). In the sponding to the positive CEDPICS (,:an be connected to a
Penning ionization process, an electron in MO having higher repulsive interaction. On the other hand, negative CEDPICS
electron density outside the boundary surface of M is transferred can be assigned to an attractive interact,ion around the corre-

to the inner-shell orbital of A*, which, according to the electron sponding MO region, since the metastable atom is deflected to
ex_cl:_zangel ”?Od‘iﬁ re:jsglts In a hlghl:;llrétgn_sn)é band_ln EIES' h the target molecule by the attractive interaction. In this case,
e relative band intensity in Is determined by the o nymper of deflected trajectories decreases with the increase
probability of the Pennl.ng lonization process,.whlch, INtm, IS ¢ colision energy. For the target molecule, since the electron
thought _tod tie '\F;Ir((;p(;rltj'orlal o tge ovErIappl_ng beft_wlze’\r)l(;he distributions of individual MOs are more or less localized on
unoccupied s orHe (.3‘5.) and a selt-consistent fie the special parts of the molecule, different CEDPICSs for
Iocalllzed qut&dg the _coII|S|on bour!dary surface. '_I'hus, the various ionic states can be connected to the anisotropy of
relative ratio of ionization cross-sections can be estimated by ;.o 2 tion between the molecule and the metastable atom
*To whom correspondence should be addressed. T€81-22-795- On the other hand, the peak energy shift in PIES or CERPIES
6578. Fax: +81p_22_795_6580_ E-mail address:  ohnok@ With respect to the ionization band in the_ uItr_avioIet photoelec-
gpcrkk.chem.tohoku.ac.jp. tron spectroscopy (UPS) can also provide information on the

A*+M—A+M" +e (1)
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anisotropy of interaction. According to the model of two
potential curves for the Penning ionization procegsés;
interdistanceR at which the excitation transfer occurs, electron

Borodin et al.

ultraviolet photoelectron spectroscopy (UPS) was #8et.In
these studies, UPS spectra of phenylethylenes and related
compounds were investigated. The correlation between the

energyE. is equal to the energy difference between the incoming highest fourz bands was examined for various phenylacety-

potential curvev*(R) for the entrance channel (A* M) and
the outgoing potential curve*(R) for the exit channel (A+

lenes, and vibrational structures in some bands were confkcted
to the stretching of the £C bond. It was also noticéd for

M), provided that the relative translational energy is conserved diphenylacetylene that some bands should broaden when
during the transfer of electron excitation. The position of the changing the ionization energies with rotation of the two phenyl
peaks measured in PIES can be therefore analyzed as followgroups around the=€C bond at room temperature. The features

E(R) = V*(R) — V,"(R) = Ex* — [IP() + AIP; (R)] (3)

whereEx* is the excitation energy of an atomic probe, A* (19.82
eV for He*(23S)), andIP; () is the ionization potential for the

of UPS were discussét in terms of eigenvalues of the

ionization energies calculated by a semiempirical method
(SPINDO) for various dihedral angles between the two phenyl
groups of diphenylacetylene. In PIES, the reactivity of valence
MOs can be examined with the EED model calculations

ith ionic state of an isolated molecule and is most commonly depending on the dihedral angles around teCCbhond of

determined by means of UPS. At lagt|P; (R) accounts for

diphenylacetylene. It would be interesting to obtain information

the shift in the IP due to interactions between the molecular on the electronic structure af conjugated compounds as well

target and the probe
AIP; = V¥(0) = V,"(0) = [V¥(R) ~ V;"(R]  (4)

In the case of A*= He*(23S), the anisotropic interaction
potential curvesV* for the approach of He*35) to the

as anisotropic interaction around the phenyl groups and#he C
C triple bond compared with related compounds such as
benzene, acetylene, biphenyl, &¢3-46

II. Experimental Section

molecular target along various directions can also be obtained The experimental apparatus used for measurements is de-

by model potential calculations with a LAR) atom, based on
the well-known resemblang& 26 between He*(8S) and Li-
(22S) species in collision processes.

Moreover, the ab initio molecular orbital calculations with
Li(22S)728 may also be applied to the simulation of the 2D-

scribed in detail in previous papé€f%s.1929 Briefly, metastable
He*(23S) atoms were produced by a discharge nozzle source.
In addition, a water-cooled helium discharge lamp was used
for quenching the metastable He*® atoms generated as a
byproduct in the source. To obtain the collision-energy-resolved

PIES data, including CERPIES and CEDPICS. For those Spectra, a pseudorandom chopper Hisbtating with a fre-
simulations the entrance and exit potential energy surfaces,duency of about 400 Hz modulated the beam of the metastable

ionization widths, classical trajectories (taking into consideration helium atoms. For the UPS measurements, the apparatus was

the rotation motions and a so-called impact paramigteetc.

equipped with an additional source of photons from the Hel

should be calculated. A good agreement between the experi-"esonance line (584 A, 21.22 eV).

mental and calculated data even for relatively large molecules

such as CHCN?” and GHg?® allows us to use the calculated
interaction potential curveg* for the analysis of the CEDPICS
directly.

In this way, to obtain information on the anisotropic interac-
tion of He*(2S) with various molecules and chemical functional

The interaction between the vapor of the molecules under
investigation and the metastable HE*$2 atoms as well as with
the Hel photons occurred in a small collision cell (20 mm in
diameter). A hemispherical electrostatic deflection type analyzer
connected to the collision cell was used to measure the kinetic
energy of the ejected electrons. The energy resolution was

groups, a number of compounds has been investigated in ourdetermined by the measurement of the full width at half-

group in recent year®3* The obtained results allow us to

reveal some tendencies in anisotropic interaction with He*-

(2%S): the attractive interaction around the lone pair electfofts
close tox regions for unsaturated hydrocarb&hand for
heterocyclic compound8the repulsive interaction around-¢i

bonds of alkyl groupg?

maximum (fwhm) of the At (2Ps;) peak. The value of fwhm
was about 60 meV for the UPS and PIES measurements in the
higher-resolution mode and about 200 meV for the 2D-PIES
measurement in the lower-resolution mode. The transmission
curve for the energy analyzer was calibrated on the basis of the
relative peak intensities for various compounds with respect to

In this study, we have investigated 2D-PIES of phenylacety- known UPS datd®4° The spectra were measured for the gas

lene (GHsC=CH) and diphenylacetylene (tolaneggHzC=

phase of compounds evaporated at room temperature. Because

CGC¢Hs). These compounds have been studied in photochemistryof the low saturated vapor pressure of diphenylacetylene (it is

in relation to sw-electron conjugation. Since the two phenyl

solid at room temperature), the collecting time for the spectra

groups of diphenylacetylene are flexible at room temperature, was rather long.

the torsional motion of the & C bond of this compound has

The collision energy dependence of the partial ionization

been studied by the laser spectroscopy in a supersonic coolectross-section was obtained for a specific ionic state in 2D-PIES
jet35 The potential barrier height for torsional rotation was also accumulated as a function of two parameters, electron kinetic

reported to be 202 cm.

energy Ec) and collision energyHc) between A* and M. The

In the case of the ground-state cation of diphenylacetylene cuts of the 2D spectrum at selected ionization bands give
(®Bay), the barrier height for the torsional motion becomes much CEDPICSs, while the cuts of the 2D spectrum at selected

larger (1980+ 60 cn11).36 For the G=C stretching modés of

collision energies provide CERPIESS. In the 2D-PIES measure-

diphenylacetylene, Raman spectroscopic techniques have beement, TOF spectrunte at a given scanning electron kinetic

utilized in the lowest excited triplet state (1974 chwith the

energy was accumulated. For the determination of the He*-

nanosecond time-resolved spontaneous Raman spectréscopy (22S) velocity vy, another measurement for intensity of the

and in the excited singlet states (1557, 1577, and 209%)cm
with the coherent anti-Stokes Raman scatteffhror the

secondary electrons from a stainless steel plate inserted into
the collision cell was employed. The relative partial ionization

investigations of ionic states of these molecules, the Hel cross-sectiow(Ee,v;) can be determined by the equations
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0(Eevy) = cl(Eevi)/1(vin)) (vefvi)

= (v,> + 3k, T/m)*?

®)
(6)

wherec is a constanty, is the relative velocity of collision
adjusted for the average velocity of the target molecules with
massm at temperaturdl, andk,, is the Boltzmann constant.
Finally, a(v)) is converted tay(Ec) by the relationship

Yy

E. = ur/12 (7)

whereu is the reduced mass of the system.

I1l. Calculations

The IP values of an isolated target molecule were calculated
with high accuracy by the outer valence Green’'s functions
(OVGF) metho8°-52 with 6-311++G** and 6-31H-G* basis
sets for phenylacetylene and diphenylacetylene, respectively.
The molecular geometry for these calculations was selected from
the experimental datd>*based on the microwave spectroscopy
and electron diffraction for phenylacetylene and diphenylacety-
lene, respectively.

Moreover, a simulation of PIES was performed by the exterior
electron density values (EEB)for the band intensity of
diphenylacetylene with the 6-3H-G basis set and phenylacety-
lene with the 6-311++G** basis set combined with IPs by the
OVGF calculation for diphenylacetylene and by UPS for

phenylacetylene. The bandwidth was assumed to be 410 meV

(fwhm), and the Gaussian-type functions were adapted in the
simulation of PIES.

To calculate interactions between a metastable H&)(@tom
and a target, Li(Z5) was used (based on the resemblance with
He*(23SP429). The interaction potential between a molecule
and the approaching Li{8) was also obtained by the ab initio
MO calculations. The calculations of interaction poterntgr),
whereR is the distance from the Li atom to the investigated
part of the molecule, were carried out using the second-order
Mgller—Plesset perturbation theory (MP2) with the standard
basis sets: 6-3H+G** for phenylacetylene and 6-31G** for
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All presented ab initio calculations were performed by the
Gaussian 03 quantum chemistry packefge.

IV. Results

In Table 1, the following data are listed for the investigated
compounds: the IP values, the EED values, the slope parameters
m of CEDPICS obtained in the collision energy range-2030
meV, and the PIES peak energy sHiftAE, which may be
directly connected taIP; according to eq 4. The values AE
were determined as the difference between the measured electron
energies and the ones calculated on the basis of IP from the
UPS data with respect to the excitation energy difference
between PIES and UPS (21:229.82= 1.4 eV). In Table 2,
the OVGF IP values and the EED values are listed for five
dihedral angleg from 0 to 90 with a step of 22.%

The EED simulation spectrum for a diphenylacetylene
molecule (one part of it may rotate relative to the other) was
synthesized by summing the EED spectra for the molecule fixed
at variousg (the first column of Table 2) with respect to
weighting factors shown in the last column of Table 2. The
weighting factors were roughly calculated as follows: For every
torsional leveP® the range of dihedral angleswas calculated.

For the angular ranges obtained as well as for free rotation, the
probability of observindopd @) for the molecule in states with

a certain dihedral angle was estimated; it was performed for
the room temperature (experimental conditions) on the basis of
potentialV for torsional rotatiof®

V=",V (1 — cos 2) (8)

with Vg = 202 cnt. The probabilities for free rotation and for
oscillation at each level were calculated by the Boltzmann factor.
A double integral for the product of these probabilities &ggl-

() over all possible motions and over the region around selected
dihedral anglep in the rangep + 11.25 gave the probability
Py+11.25 for observing the molecule in states wighfrom this
range as listed in Table 2. Since the spectra for molecules with
dihedral anglest¢ and —¢ were identical, the factors of the
EED spectra (calculated fgp = 0, 22.5, 45, 67.5, and 9D

diphenylacetylene. Moreover, to correct the basis set superposiwere equal toP,11125 for ¢ = 0 and 90 and to double

tion errors (BSSE), the full counterpoise (EPinethod was
applied.

Pg+11.25 for ¢ = 22.5, 45, and 675 Table 2 presents the values
of weighting factors for each dihedral angle.

TABLE 1: Assignment of Bands, IPs Calculated by OVGF (Pole Strength in Parentheses) and Observed by UPS, Peak Energy
Shift AE for Observed Bands in PIES and UPS with Respect to the Difference between Excitation Energies (19.82 eV and 21.22

eV), and Slope Parametem for Phenylacetylene and Diphenylacetylene
phenylacetylene diphenylacetylene
orbital IP IP orbital IP IP

band character UPS/eV OVGF/eV (p.s.) EED/% AE/eV  m band character UPS/eV OVGF/eV (p.s.) AE/eV  m

1 3hy(r) 8.84 8.74 (0.90) 5.32 —-0.12 —-0.12 ® da(r) 8.09 7.68-8.28 —-0.16 —0.11

2 1a(w) 9.51 9.30 (0.89) 6.00 —0.06 —0.13 2 3a(r) 9.23 9.05 -0.11 -0.21
F, 4  3b,4bfr) 9.23 8393 -0.11 -0.21

3 8h(7) 10.34 10.24 (0.89) 5.33 —0.09 -0.12 B 2b(r) 9.56-10.48 -0.23

4 2by(r)  11.03 10.93 (0.88) 5,53 —0.14 —-0.20 & 2a(r) 10.28 10.82-10.48 —-0.15 -0.22

5 7h(o) (12.00) 12.40(0.90) 182 (0.01) o0.10 7,8 200y 11.67 12.10(0.89),12.09(0.89) (0.03) 0.09

6 15a(0) (12.00) 12.48(0.89) 155 (0.01) 0.10 9,10 J19%8h, 11.84 12.25(0.90),12.35(0.80) (0.03) 0.09

7 1b(7) 12.61 12.84 (0.81) 5.10 —0.14 -0.21 1% 12 1a,1bfr) 12.45 12.26-12.75 —0.06 —0.19
S (7w*) -0.21

8 6b, 14.33 14.60 (0.88) 2.52 0.08 13,14 18b7h, 14.08 14.36(0.87),14.38(0.87) (0.03)

9 1l4a 1462  14.84(0.88) 1.92  (0.06) 15,16  786h, 14.48 (0.87), 14.84 (0.87)

10 5b 15.08 15.23 (0.87) 0.65 —0.11 17,18 16a15h, 14.87 14.88(0.86), 15.04 (0.86)—0.08)

11 13a 15.75 16.20 (0.86) 1.66 0.00 19,20 15mMh, 15.51 15.97(0.86), 16.26 (0.85)—0.05
S —0.10

12 12a 16.67 17.29 (0.86) 2.12 -0.01 21 1l4a 16.82 17.35(0.85) —0.02

13  11a 17.55 18.18 (0.89) 1.74 —-0.04

a|P values by the OVGF method are shown in Table 2.
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Figure 6. Collision energy dependence of the partial ionization cross
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Figure 5. (a) He*(2S) PIES spectrum (broken line) for the electron to the Li atom.
kinetic energy region of 8:514 eV compared with OVGF-based EED-
simulated spectra (solid line). EED spectra for various dihedral angles the wave functions for one phenyl group. Thus, for band&7,

¢ between the two phenyl groupg & 0, 22.5, 45, 67.5, and 9pare only one of each couple is presented in Figure 4; those MOs
also shown. (b) Calculated IPs (bars) by OVGF for various dihedral are in bold print

angle =0, 22.5, 45, 67.5, and 9Pand electron density maps for . . .
MOgs (f_(gfor dihedral anglegy = 0, 25, and 90, v map On the basis of the change of the peak height for higher

collision energy spectra relative to those for lower collision
) energy, a negative change was observed forahmnds and

5b. Figure 5a presents the PIES and EED spectrgfer O, the slope of the negative dependence as reflected in CEDPICS
22.5, 45, 67.5, and 90combined with the OVGF ionization (rigyre ). The CEDPICS data were obtained from the two-
energies. The EED spectra are shown with reference to the Iow§imensional spectra within an appropriate rangE«typically
axis of IP. For the PIES spectrum, the upper axis of the electron o fvhm of the respective band) to avoid the effect of
kinetic energy is used._Both axes are shifted against each Ot_herneighboring bands. For the bands that may not be separated (5
by —0.27 e_V, so the V|SL_JaI positions for the _hlghe_st peaks in 544 6 for phenylacetylene-2, 7—10, and 1+12 for diphen-
EED and in PIES are identical. For the simulation of the y|5cetylene), a total CEDPICS is shown. The electron density
summarized EED spectrum, the weighting factors from Table maps are presented for all analyzed MOs next to the curves:
2 were adapted. for diphenylacetylene, the planar configuration is chosen again.

Figures 2 and 4 represent the spectra of CERPIES as well as For the MP2 Li model potential calculations, out-of-plane
the eIecFror_l density maps for MOs connected to observed .b"?‘ndsdirections approaching the phenyl and acetylene groups as well
The solid lines show the PIES spectra for the lower-collision ¢ in-plane directions approaching the acetylene group were
energy range from_ 80 to 120 meV (an average of 100 ’T‘eV)' selected. Moreover, approaches from orthogonal directions to
Wh'!e. the dashed lines show the PIES spectra_for the higher- the G=C bond for the orthogonal configuration of diphenyl-
collision energy range (from 200 to 270 mgv with an average acetylene ¢ = 90°) was also calculated. The obtained interac-
of 235 meV). The calqulated electron density maps are shoyvn tion potential curves are presented in Figure 7 for the approach
above the corresponding peaks for phenylacetylene. Accordlngto the center of a ring or the=eC bond
to the OVGF calculations, the positions and the shapes for bands '
7—21 of diphenylacetylene do not change significantly during V. Discussion
internal rotation around the=€C bond, so the most stable planar
configuration has been chosen for the presentation of these MOs. PhenylacetyleneThe OVGF calculation results in 13 ionic
Moreover, most of the selected MOs are split in two having states for the valence ionization of phenylacetylene in the
similar electron density distributions but the opposite sign of available excitation energy range. As shown in Figure 1, most
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of them, except for bands 5 and BIP = 0.05 eV), can be the long-range attractive part of the interaction cuMfeat
distinctly detected in UPS. The positions of peaks calculated interdistanceR can be approximated by the following relation-
by the OVGF method agree well with the positions observed ship

by UPS; the differences between the calculated and observed

IPs are smaller than 0.27 eV for bands10, which allows us V*(R)~ R ® 9

to assign the observed ionic states reasonably by using the

OVGF method. One might have some difficulties assigning ionic The collision energy dependence of ionization cross sections
states to bands-57, because the observed peak position of band can be representéd® by

7 is very close to those calculated for bands75In any case,

the EED simulation spectra can help us to confirm the assumed o(E) ~ E, *° (10)
assignment.

An EED spectrum synthesized by using this assignment and ©F in the following form
the peak position from PIES is also shown in Figure 1. N
Regardless of the fact that EED is a simple model that does log o(E) ~ —2/slog E, (11)
not consider, for example, the phase of MOs or the vibrational _, .
structure, a good agreement between EED and PIES can b 19Ure 6a presents CEDPICS for bands7] while slope values

easily noticed. The EED intensity for bands 5 and 6 should be (M) for the 10g@) vs logE) plots are listed in Table 1. .
reduced because of the spatial alternations for the sign of the W0 MOs of phenylacetylene are localized on the specific

wave function, the nodal planes, whose activity against He*- parts of the molecule: thgy are band 2 (1g) of the phenyl
(23S) is low. Moreover, it is noticeable that the band vibrational 97°UP and band 3 (8h which belongs to the acetylene group.

structure can be resolved not only for the highest four b&ntfs Although the MO connected to band 3 is localized in t.he
but also for other well-resolved bands except for band 2 1a Molécular plane, it has a typicallyr character behavior;

their fwhm value was used for the simulation of all EED spectra therefore, it was marked ag. These MOs also have similar
in this work. P slopes of CEDPICSn( = —0.13 andm = —0.12). It looks

natural that band 1 (3p also has a similar value of the
Compared to UPS, PIES has strong enhancement of the-ppp|cg siopert = —(o’.)12). Thisz MO distributes in both
rela_tlye band intensities for MOs having thechar_acter. An groups; the parts of this MO localize on the phenyl and acetylene
additional feature of these bands can be well illustrated by groups and are divided by a nodal plane; in fact, this MO is a
CERPIES. It is easy to notice the decrease in ionization imenSityspatial sum of two independent parts ’An opp;osite case is

from the lower collision energy to the higher collision energy presented in the MOs corresponding to bands 4)(2bd 7
range, which indicates an attractive interaction between the (1by). In these MOs, the sign of the wave function is the same

gtehtastlage hHe* a}p nr:tland t.rtye reglﬁns of pheny:jacetylgne. for both C atoms that connect the phenyl and acetylene groups.
fther s av$ S'9 Tﬁ/ po? lve Clqt |§|on enelrg_y bepggD?Dr:geSS So the resulting MOs are spread over the whole molecule and
Ofthe Cross sections. Thus, Tor quaiitative analysis by ' their CEDPICS slopes reash = —0.20 andm = —0.21 for

the first seven most important MOs were selected. bands 4 (2B and 7 (1), respectively. Thereforer conjugation

Structurally, a phenylacetylene molecule contains two partf: between the phenyl and acetylene groups reinforces the effective
a phenyl group and an acetylene group. Interactions with He*- attractive interaction potential in the regions of the target.

(2°S)for both parts have already beeninvestigated sepaféféty> Diphenylacetyleneln fact, a diphenylacetylene molecule has
The main attention in this paper is paid to these components. one more phenyl group than phenylacetylene. Geometrically,
Their contribution to the total interaction with He®&)/Li(22S) the planar structure witB,, symmetry is optimal, but a small

can be illustrated by the model potential calculation (Figure 7a). parrier for rotations about the=eC bond allows us to observe

It is evident from Figures 2, 6a, and 7a that an attractive this molecule in states with various dihedral angjelsetween
interaction can be localized around theegions of the phenyl  he planes of the phenyl groupg & 0—90°). The ab initio
group. The Li model potential calculation shows a well depth cajculation at MP2 level using the 6-31G* basis set results in

of 57 meV for the approach to the middle point of benzene g value for barrier heighMg) of 0.023 eV (184 cmb); the result
ring. Itis interesting that analogous approach to the middle point of experimental estimatihis Vg = 202 cntL,

of benzene shows a more attractive chardteith a well depth Rotation should have an essential inﬂuencemnjugated

of 107 meV. The next attractive region may be localized around MQs: whileo MOs, according to the OVGF calculations, show
the G=C bond. The calculations were performed for out-of- only weak IP dependences (less than 0.01 eV) on dihedral angle
plane and for in-plane approach of Li®. The in-plane 4 Such a weak degree of conjugation allows us to assume that
directions show a repulsive character, while the out-of-plane ; MOs should have ionization energies and shapes of peaks
direction is attractive with a well depth of 65 meV. An acetylene similar to those of pheny|acety|ene_ The PIES and UPS Spectra
molecule has, of course, an axial symmetry and equivalent of diphenylacetylene presented in Figure 3 confirm it. Most of
character for approach to the middle of theeC bond from the bands, except for bands 1@, and 21, are split in two;
both directions (they are orthogonal to each other and to the those are different in the sign of the wave function for one of
C=C bond); the interaction is attractive with a well depth of the phenyl groups. So it is not difficult to assign bands 1 and
~60 meV*4Therefore, it can be concluded thatonjugation 6—21 by OVGF analogously with phenylacetylene, of course,
between the phenyl and acetylene groups breaks the spatiataking into consideration all the merged bands. For a detailed
isotropy of the interaction around the=C bond. assignment and understanding of the regRr= 7.5-11.3 eV

A detailed study of the interaction between phenylacetylene corresponding tor conjugated MOs, the OVGF calculations
and He*(2S) can be done by analysis of CEDPICS. The slope giving accurate band positions, and a combination of OVGF
in double logarithmic coordinates for the CEDPICS of an MO with EED should be used.
can be connected with the character of interaction between the For the six highest bands in the casegof 0, 45, and 90,
metastable He* and the region of the target related to this MO. Figure 5 presents the electron density maps for MOs, the OVGF
Indeed, in the case of attractive interaction with an atomic target, IPs, and the calculated EED spectra. The most noticeable feature
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is a large shift £0.92 eV fromg = 0 to 9C) for the position correspond to bands 5 and 6 have the largest absolute values of
of band 5; atp = 90°, it coincides with shifted band 6 (0.34 the slopesmm = —0.23 and—0.22, respectively. Other MOs
eV). Such a big shift is a good explanation for the absence of with & character (except for band 1) have similar values of the
band 5 in the UPS and PIES spectra as well as for a structureCEDPICS slopes abouh = —0.21. A smaller valuen =
between IP= 9.8 and IP= 10.6 eV. The broadening of band —0.19) for bands 1112 can be explained by the influence of

1 and strong enhancing of the peak at#9.3 eV can be repulsivec MOs 9 and 10 having IPs localized closely, and for
explained in a similar way. @ < 45° even between bands 11 and 12.

To obtain a calculated spectrum that can be compared with Because of structural similarities between both compounds
PIES, several spectra (Figure 5a) were synthesized by usinginvestigated, we can expect that the interaction of planar
the EED and OVGF values fap = 0—90°. The total EED diphenylacetylene with Li&5) should have a character similar
spectrum summed over a number of EED spectra fgor 0 to that of phenylacetylene. The results of the Li model potential
to 90 is presented in Figure 5a by the thick solid line below calculations (Figure 7b) confirm that assumption. Approach to
the measured PIES spectrum (dashed line). Both calculated andhe G=C bond is repulsive for the in-plane direction and
experimental spectra are in a good agreement with each othegttractive for the out-of-plane one with a well depth-e84
within the shift (-0.27 eV) between the scale of IP for the EED meV. If dihedral anglep increases until 45 the directions
spectra and that of the electron energy for the PIES spectrum.corresponding to the ones mentioned above keep their attractive
The main part of this shift-¢0.11 to—0.16 eV) is caused by  character of interaction. Ab = 90°, a natural equalization of
the attractive interaction with the metastable He* atom at these directions occurs; both of them become attractive with a
ionization from MOs related to the attractive regions of the relatively shallow well depth of-25 meV.
target®’ this difference is listed in the columAE) in Table 1.
Another reason for the shift of the EED spectra based on OVGF ) ) ) )
may be referred to the basis set error. Moreover, the following e anisotropy of interaction potentials around phenylacety-
differences between the PIES and EED spectra can be noticed!/ene and diphenylacetylene molecules have been investigated

(i) In the case of phenylacetylene the typical divergence of by the collision-energy/ electron-energy-resolved 2D-PIES as
the OVGF peak position for the highestMO is ~0.1 eV. A well as the model calculations of interaction potential between
similar additional energy shift can be observed for the peak at the target molecule apd HEE) metastable atoms.

E. = 8.85 eV and for the left slope of the bandEt= 11.55 Two different functional groups, the a}cetylene and phenyl

eV ones, form thrle mp:?culer? uL]deL |n\r/]est|ga_t|on._Thz;leogroups
. . interact strongly with each other by the conjugationtd¥1Os.

o v oo oo 1 ooyl A & ConSEgUence, e spatal bavior oferacon i .

structure of the &C ,bond stretching (Introduction, refs 37 and (2°S) is d!fferent from that of benzqne and agetylene.

38): the observed broadening of about 0.2 eV is in a good According to the Li model potential calculations, attacks on

; . o the acetylene group in the plane of the phenyl and perpendicular
agreement with the stretching excitations (152099 cnt?). to the p)rllenylggrofp are npot equivalerl?t, e\yen thgugﬁ both of
Figure 4 presents the CERPIES of diphenylacetylene. Regionihem are perpendicular to thesC bond. In diphenylacetylene

VI. Conclusion

of the "raised zero level” betweeB. = 9 andEe = 10 €V yjth 5 dihedral angle of 90 these two directions of attack are
assigned to the shift of band 5 shows negative collision energy  gquivalent, but the attractive behavior is strongly weakened by
dependence of the cross-section with slope paranater the closest hydrogen atoms of the phenyl groups; the well depth
—0.23 (Table 1). reaches-25 meV only. The anisotropy of interaction potential

Another region that cannot be assigned to any valence bandfound by ab initio calculations should be understood in
but where a similar dependence of the ionization cross-sectionconnection with the fact that at MOs localized on the &C
can be observed localizes at &= 6.65 eV and is marked by bond have similar characters of attractive interactions with He*-
Si. Although the positions of bands 11 and 12 also shift at (23S) found by the observation of CEDPICS.
rotation (Table 2), the lowest energy for them (7.07 eV for band ~ The interaction with the phenyl group is also different from
12 1a, planar diphenylacetylene) is far from the observed that with benzene; so the well depth for phenylacetylene reaches
structure. The most probable reason for that is the excitation of 3 value of—57 meV, which seems not so deep as in the case of
mw*(*Byy) state with ionizatior¥? which has already been  penzene {107 meV).
observed by the 2D-PIES technique for benz&ighe S can Moreover, CERPIES and CEDPICS allow us to observe
be related to the excitation at ionization from some bands in jonization accompanied by excitation that can be assigned to
the peak aE. = 10.55 eV; similar CEDPICS (Figure 6) slopes  z—x* excitation at ionization from ther MOs localized mainly
of the S region and of bands 2, 3, and h(= —0.21) are an  on the phenyl group; this kind of excitation is typical of
argument for that, while an argument against is the difference penzenes.
of excitation energies in our case 3.9 eV) and in ref 36 (4.38 Because of a low barrier of the torsional rotation about the
eV). It should also be noticed that regiop & E. = 3.7 eV C=C bond, a diphenylacetylene molecule can be observed at
shows also the negative slope of CEDPIGB £ —0.10); @  room temperature not only in the most stable planar configu-
distance 0f+3.9 eV to ther bands 11 and 12 allow us to assume ration but also in oscillation or rotation, with dihedral angjes
that a similar excitation process takes place. For phenylacetylene= 0—90° between the planes of the phenyl groups. As a result,
similar structures Sand $ can also be noticed by CERPIES  several types ofr conjugation become possible, which causes
(Figure 2) at the same place. Since those structures are nokeveral shapes of MOs to appear. Different ionization energies
observed clearly, we may only suppose thataBd $ in the of such MOs were obtained by OVGF. So the position of a
case of phenylacetylene and diphenylacetylene have a commorband of the acetylene group shifts by 0.92 eV during rotation;
origin. this band can be observed in the spectra as a “raised zero level”.
The CEDPICS data (Figure 6b) show that, as in the case of Taking into consideration the change of the band position, an
phenylacetylene, the most active part is the acetylene group,EED spectrum, which is in a good agreement with the measured
the MOs which localize mostly in the =C region and PIES spectrum, was synthesized.
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