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Abstract

Electron momentum profiles of the highest occupied molecular orbital (HOMO) of acetone have been measured under experimental conditi
where a use of the plane-wave impulse approximation is justified. A double peak is observed in the experimental profile and it was found t
calculated profiles by the use of the standard basis set always underestimate the magnitude of the low-momentum peak. Possible origins ¢
discrepancies between the calculated and measured profiles are examined, leading to an improved agreement by modifying the exponents of d
functions employed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction outer spatial regions of valence orbital electron density in the
position space.

The key to understanding the chemical properties of Earlier EMS studies employing single-channel detection sys-
molecules is a detailed knowledge of electron behavior, mosem were, however, plagued by low cross-sections and the
importantly for the electrons in the outermost valence orbitalresultant momentum distributions were qualitative rather than
Quantum chemical calculations have been extensively carrieguantitative. Recent developments in multi-channel detection
out to achieve this goal and electron density distribution in positechnique have significantly improved the quality of experimen-
tion space is one of the most useful concept in such studiesal data. At the same time, thanks to advancements in computa-
Electron momentum spectroscopy (EM%3-3], based on the tional technology, extensive theoretical calculations with large
binary (e, 2e) reaction, greatly helps us to understand electronlzasis sets have now become easily accessible. As a consequence
structure from a different point of view, i.e. from momentum a great deal of theoretical and experimental EMS studies has
space. The EMS experiment basically provides two types obeen made on many orbitals of a variety of molecules to find
information. First, binding energy spectra are obtained ovegood agreement between thé.

a wide energy range, for example, by scanning the incident There still exist, however, a number of orbitals for which
electron energy while detecting in coincidence the two emittheoretical calculations fail to reproduce observed momentum
ted electrons having a fixed energy. Second, spherically aveprofiles, in particular at low-momentum regif-10]. One of
aged electron momentum distribution or momentum profile fothe notable examples is the highest occupied molecular orbital
individual orbitals in atoms and molecules are obtained by meaHOMO) of acetone. Acetone is the prototype molecule for
suring the EMS cross-section at a fixed value of the bindingliphatic ketones and plays fundamental roles in photochemistry
energy as a function of the azimuthal angle difference betweeand photobiology; its photochemical decomposition, initiated by
the two emitted electrons. While binding energy spectra are sinthe excitation of the HOMO electron to the lowest unoccupied
ilar to those obtained by photoelectron spectroscopy, momentumolecular orbital (LUMO), is one of the most thoroughly studied
distribution is unique to EMS. Itis extremely sensitive to the low- organic photoreactiofi1]. EMS study on the HOMO of ace-
momentum part, which corresponds to the chemically importantone was first carried out by Brion and coworkers with the use
of a single-channel spectromef&j. Because the accuracy and
statistics of the experimental data were limited due to the low
* Corresponding author. Tel.: +81 22 217 5386; fax: +81 22 217 5337. cross-section of this orbital, the acetone molecule was chosen as
E-mail address: masahiko@tagen.tohoku.ac.jp (M. Takahashi). the firsttarget when a multi-channel EMS spectrometer was con-
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structed by the same research gri@ip Although a particularly  Kohn-Sham (KS) approximation has been proposed as a means
detailed study was made on the HOMO with much improvedof approximating Dyson orbitals by KS orbitdts3—-15] With
experimental accuracy, large discrepancies were found to exifitese approximations E({l) is reduced to:
between the experimental momentum distribution obtained at )
impact energy of.1200 eV and all t_he calculated ones |nclud|ngﬂzl\/IS & / W/(l’)’ de2p, @)
Cl calculations with very large basis sets.

In a recent study, it was found that experimental momen-

o . .. wherey;(p) is thejth one-electron momentum-space orbital.
tum distributions of some orbitals show remarkable orbital- Theoretical momentum profiles have been calculated by

dependent impact energy depender{ad), and hence it was density functional theory (DFT) using the B3LYP functional

suggested that a use of the plane-wave impact approxmatlo[%]_ Briefly, position—space wavefunctions of the molecules

(PWIA), which is assumed in most EMS studies, may not . .
T : : were generated using the Gaussian03 program and were sub-
always be justified for polyatomic molecules. The impact ener-

: . . equently converted to momentum profiles with the aid of the
gies employed in most EMS studies, around 1200 eV, may n i . i
be high enough to warrant the use of the PWIA. %evs program developed by Brion and coworkers. To com

In this study, electron momentum profile of the HOMO pare with experiments all the profiles were folded with the

. : . L instrumental momentum resolution rdin Migdall l.
of acetone is thoroughly studied with varying impact energy. strumental momentum resolution according to Migdall et a

and compared with various calculations. It was found that for[17]'

this orbital the hiah-eneray limit is reached at impact ener The molecular structure of acetone has been determined from
g gy P Wmicrowave spectroscopy and electron diffraction as follows: four

of 1200 eV but still discrepancies exist between experimenta\lqeawy atoms and two hydrogen atoms are in the same plane

momentum proﬂle_ and calcqlated ones by convenponal baSIgnd the in-plane hydrogen atoms eclipse the oxy[d&r20]
sets. Possible origins of the discrepancies are examined and cofi-

. : ) ssuming this conformationzy) geometry optimization cal-
cIudgd to 'be resolved by chgnglng functional forms of d'ﬁuseculation was made by the DFT method applying the B3LYP
functions in the standard basis sets.

functional by the use of the 6-31G** basis set and the geo-
metrical parameters thus obtained are used to calcutaje.
2. Experimental method and theoretical calculations Contributions from some other possible conformers are also

_ . _ o _ examined as will be described later.
EMS is a high-energy electron-impact ionization experiment

in which the kinematics of all the electrons are fully determined3 Results and discussion
In the symmetric non-coplanar scattering geometry, two out-"
going electrons having equal energies and making equal polaj,rl Bindi

: 7 .. t
angles of 45 with respect to the incident electron beam are HIdINg energy spectra

detected in coincidence. Then, the magnitude of the target elec- Binding energy spectra of acetone in the range 5-18eV
tron momentum before collision can be determined by measure: . cured at impact energies of 800, 1200 and 1600 eV are
ments of the out-of-plane azimuthal angle difference betweenhown inFig. 1 The spectra were ob:[ained by summing all

the two outgoing electrons. The EMS spectrometer employeaqe coincidence signals over the entire azimuthal angle dif-

g?z:ifgcfrfr\]”Osrsllyadsjfgfgi'cr:rgzggi gﬁﬂsy’ :tgr?qnselsés he}‘ﬁrence range covered. From photoelectron spectroscopy stud-
gun, a g o Y » @ SPnetig [21,22] five orbitals are known to exist below 15eV: bb
cal analyzer and a pair of position-sensitive detectors. Aceton{%

. .8eV), 2h (12.6eV), 4b (~13.4eV), 8a (14.1eV) and 1a
from Tokyo Kaseiwas degassgd by repeated frgeze—pump—th ~14.4 eV). Deconvolution of low-energy part of each spectrum
cycles before use. The experiments were carried out at impa

V\}as attempted by using three Gaussians centered at 9.8, 12.6

energies of 800, 1200 and 1600eV. To achieve higher ENeIYd~14 eV. The deconvoluted curves thus obtained are shown
resolution the electrons were energy-analyzed and detected aft% dotted curves and their sum as a solid curve in the figure.

being decelerated to 4:1 with the electrostatic lens system. Th&lthough the energy of the third Gaussian peak is somewhat
instrumental energy and momentum resolutions were then abo

}‘nbiguous, it will be evident that it does not affect the intensity
1.68, 1.71 and 2.33eV (FWHM) and about 0.16, 0.19 andéjl : :
0.21 a.u. at impact energies of 800, 1200 and 1600 eV, reSpeof the Gaussian curve attributed to the HOMO thus extracted. A

. . . ) eSPeG ilar fitting procedure was employed for a series of binding
g\rl]tzl?/éyNsopg;t;ctable impurities were observed in the blndlngenergy spectra at each azimuthal angle difference. Then, experi-

o7 . mental momentum profiles at each impact energy were produced
) rW':?'n tit]/enP:)N!A the EMS cross-sectiafiws for a gaseous by plotting the area of the Gaussian curves of the HOMO as a
argetis given by: function of azimuthal angle difference.

2
N—1|gN
OEMS & / ‘<p v | >‘ d2p. Oy Impact energy dependence of momentum profile

Here,ll/iN andl,l/f"’*l are the initial neutraly electron) and final Since the experimental momentum profiles or cross-sections
ionic ((N — 1) electron) wavefunctions, andis a plane wave are not absolute, the results under different experimental condi-
representing the target electron at the collision instant. The targéibns must be normalized when comparisons are made. In this
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o P A results were obtained by the use of somewhat different integrand,
i .. ] for example, from0Oto1.750r 2.25a.u. _

! : An existence of a double peak at about 0.4 and 1.3a.u. is
characteristic of the momentum profile of this orbital, as has
been observed inthe previous studies]. The relative intensity
of the two peaks, however, depends on impact energy; the low-
momentum peak reduces with the increase in impact energy
from 800 to 1200 eV. On the other hand, the momentum profile
remains almost unchanged with an increase in impact energy

r 1 from 1200 to 1600 eV. Apparently PWIA does not hold for the
30000 E¢=1200eV ] HOMO of acetone at the impact energy of 800 eV, while 1200 eV
I ; ] impact energy is enough to ensure a use of PWIA.

This is in contrast with earlier impact energy dependence
studies of momentum profiles for atoms and simple diatomic
molecules such as noble gagg8—-26] H» [27], HF [28-30]
and COJ31], but in parallel with the recent observation for
polyatomic molecules glyoxal and biacef¢0]. In passing, it
] may be worthwhile to mention that impact energy dependence
L LI 1 of electron momentum profile even above 1200 eV seems to be

- g - not an exception for relatively large molecules; in a separate
s ] experiment on an analogous molecule acetaldehyde it was also

L found that momentum profile changes up to impact energy of

1600 eV, but remains the same at impact energy of 20032V
- - The results obtained here support the assertion that the range of

0 lemmianinase?™ | oo P ] validity of the PWIA depends on the target and care has to be
2 10 1 exercised for the use of PWIRL0].
Now a use of the PWIA is ensured for the momentum profile
Fig. 1. Solid circles are binding energy spectra of acetone, measured at impaof acetone HOMO obtained at impact energy above 1200eV,
energiesindicated in the figure. Dotted curves are Gaussian deconvolution curvge can compare the momentum profile at 1200 or 1600 eV with
and solid curves are their sum. the PWIA calculationsFig. 3 shows the momentum profile

) ) obtained at impact energy of 1600eV together with theoret-
study, each momentum profile was normalized by the use qtal momentum profiles generated by the DFT using several
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Eq.(3). standard basis sets indicated in the figure. Normalization is
2 also made for theoretical momentum profiles by the use of Eq.
/|¢j(p)| dp=1 3 (3). Even the smallest basis set shown in the figure, 6-31G,

reproduces the observed double peak, but significantly under-
Fig. 2 shows experimental momentum profile of the HOMO estimates the height of the first peak of the experimental data.
obtained at impact energies of 800, 1200 and 1600eV. Here,
an integrand from 0 to 2.0 a.u. was employed. Almost the same

1.5 —
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Electron Momentum [a.u.] Fig. 3. Comparison of experimental momentum profile of acetone HOMO
obtained at impact energy of 1600eV (solid circles) and theoretical ones by
Fig. 2. Impact energy dependence of momentum profile of acetone HOMO. using basis sets indicated in the figure.
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Fig. 4. Comparison of the calculated momentum profiles without (solid curve)/with (dots) reduction of the exponent of diffuse function by a f&tpeah@ental
momentum profile is also shown by solid circles. (a) C 2p, (b) O 2p, (c) O 2p+C 2p+H 2p and (d) electron density distribution of acetone HOMO calbulated wit
aug-cc-pVTZ.

An addition of polarization function, 6-31G**, shows almost Momentum profiles were calculated about seven possible
no improvement in the fit. On the other hand, better agreemertonformers after structure optimization, and we did find that
with the experimental data can be achieved by an addition alhomentum profiles depend considerably on conformation. In
diffuse functions. All the three basis sets incorporating diffuseparticular, the momentum profile of the staggered—staggered
functions, 6-31++G**, 6-311++G** and aug-cc-pVTZ, show conformer shows much higher low-momentum peak which
almost indistinguishable momentum profiles with each otherroughly reproduces the experimental one. However, an ab initio
but still considerably underestimate the first peak. A use of morstudy combined with spectroscopic data by Smeyers §34.
extended basis set, aug-cc-pVQZ, gives almost the same resulisdicates that the total energy of this conformer is higher than
In short, even with much improved accuracy in experimental datéhe most stable eclipse—eclipse form by over 700tmvhich
than that previously obtaindd,8], the discrepancies between was confirmed by our independent calculations. Hence, the con-
theoretically calculated momentum profiles and the experimentribution of the staggered—staggered conformer to experimental
tally observed one could not be resolved. Since experimentahomentum profile must be negligible at room temperature.
momentum profile does not change at impact energies abov@ombining calculated profiles with Boltzmann distribution fac-
1200 eV, a failure of PWIA cannot be the reason of the discreptors for other possible conformers, we conclude that presence of
ancies. In what follows implications of the observed apparenseveral other conformers cannot explain the observed discrepan-
discrepancies is discussed. cies between experimental and calculated momentum profiles.
Two possible origins of the discrepancies related to nuclear In addition to methyl tortional motion, the acetone molecule
positions can be conceived; molecular conformation andhas a low-frequency CO out-of plane bending vibration. The
low-frequency vibration. Orientation of methyl group has frequency is reported to be 124.5th low enough to make
been reported to have almost no effect on the momenturaome contribution at room temperat(ig®]. It was found from
profiles of dimethyl ethef5,6] and biacetyl[10]. In a recent calculations, however, that electron momentum profile hardly
publication, however, Deleuze et &l33] observed about depends on the out-of-plane coordinate of the oxygen atom, and
n-butane that significant differences in the momentum profilehence the possibility from excited out-of-vibration mode is ruled
exist between the all-staggered and the gauche forms. In traut.
case of acetone, in addition to the eclipse—eclipse conformation Since consideration of molecular conformation and molecu-
described in SectioR, several other stable conformers suchlar vibration cannot resolve the discrepancies between the exper-
as staggered-staggered and staggered—eclipse are possibiteent and theoretical calculations, the origin of the difference
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should be sought for in electronic state calculations. Because4] C.E. Brion, G. Cooper, Y. Zheng, I.V. Litvinyku, I.E. McCarthy, Chem.
all the calculations underestimate the ionization intensity in the  Phys. 13 (2001) 13.

low-momentum region that corresponds to electron distribution[?] S-A-C. Clark, A.O. Bawagan, C.E. Brion, Chem. Phys. 137 (1989) 407.
. . . . . [6] Y. Zheng, E. Weigold, C.E. Brion, W. von Niessen, J. Electron. Spec-
in thg outer spatial region, itis natur.al to susp_ect that the diffuse™ | . - "rolat Phenom. 53 (1990) 153,

functions employed in the conventional basis sets may not bg7; B.p. Hollebone, P. Duffy, C.E. Brion, Y. Wang, E.R. Davidson, Chem.
diffuse enough. Hence, calculations were carried out by vary-  Phys. 178 (1993) 25.

ing the exponents of diffuse functions of the carbon and oxygen(8] Y. Zheng, J.J. Neville, C.E. Brion, Y. Wang, E.R. Davidson, Chem. Phys.
atoms. The HOMO of acetone, which is depictedFig. 4d, 188 (1994) 109.

. . . . . [9] Y. Zheng, J. Rolke, G. Cooper, C.E. Brion, J. Electron. Spectrosc. Relat.
is mainly due to the lone-pair oxygen 2p electrons with fairly ™ 5 - - -5, (2002) 377

large contribution from the methyl group carbons and hydro{io} m. Takahashi, T. Saito, J. Hiraka, Y. Udagawa, J. Phys. B: At. Mol.
gens. Because of the lsymmetry of the HOMO oxygen 2s Opt. Phys. 36 (2003) 2539.

orbital is not involved. Hence, calculations were carried out byf11] Y. Haas, Photochem. Photobiol. Sci. 3 (2003) 6. _

changing the exponents of the diffuse functions of oxygen 2p2 gbgg;‘azhziszh" T. Saito, M. Matsuo, Y. Udagawa, Rev. Sci. Instrum. 73
f:arbon 2s and 2p, and hydroge_:n 1s and 2p, which are inclqd %] P. Duffy, D.I.D. Chong, M.E. Casida, D.R. Salahub, Phys. Rev. A 50

in the aug-cc-pVTZ basis functions. It turned out that reducing  (1994) 4707.
the exponents of hydrogen 1s, carbon 2s and 2p into halves @®] M.E. Casida, Phys. Rev. A 51 (1995) 2005.
less makes only slight changes on the momentum profile. As dis] P. Duffy, Can. J. Phys. 74 (1996) 763.
example, the momentum profile calculated when the exponef}8] A-D- Becke, J. Chem. Phys. 98 (1993) 5648.
of the carbon 2p diffuse function is reduced by a factor of 2 i417] J-N. Migdall, M.A. Coplan, D.S. Hench, J.H. Moore, J.A. Tossell, V.H.

- ~ ' Smith Jr., J.W. Liu, Chem. Phys. 57 (1981) 141.
shown inFig. 4a together with that calculated using the standardig) r. Nelson, L. Pierce, J. Mol. Spectrosc. 18 (1965) 344
basis set. The difference is discernible, but only barely. [19] T. lijima, M. Kimura, Bull. Chem. Soc. Jpn. 42 (1968) 2159.
On the other hand, as is expected from the constituents ¢#0] T. lijima, Bull. Chem. Soc. Jpn. 45 (1972) 3526.
the HOMO, reducing the exponents of oxygen 2p by a fa0121] G. Bieri, L. Asbrink, W. von Niessen, J. Electron. Spectrosc. Relat.
tor of 2 makes significant changes, as is showRim 4b; the Phenom. 27 (1982) 129. - -

) . ! v 22] K. Kimura, S. Katsumata, Y. Achiba, I. Yamazaki, S. lwata, Handbook
first peak increases, and the second one decreases considerably, of Hel Photoelectron Spectra of Fundamental Organic Molecules, Japan
approaching the experimentally observed profile. Reduction of  Scientific Society, Tokyo, 1981.
the exponents less than half makes almost no change. When 38l E. Weigold, S.T. Hood, P.J.O. Teubner, Phys. Rev. Lett. 30 (1973) 475.
exponents of the 2p diffuse functions of oxygen, carbon ané?! f‘l';'?;o;’féif' McCarthy, P.J.0. Teubner, E. Weigold, Phys. Rev. A 8
hydmge_n are reduce_:d by a fgctor of 2, the CalCUIatEd_ mo_merPZ'S] S.T. Hood, I:E. McCarthy, P.J.O. Teubner, E. Weigold, Phys. Rev. A 9
tum profile almost coincides with the observed one, asis evident ~ (1974) 260.
from Fig. 4c. That is, the HOMO orbital of acetone is spatially [26] M.J. Brunger, I.E. McCarthy, E. Weigold, Phys. Rev. A 59 (1999) 1245.
more diffuse than anticipated so far. [27] S. Dey, |.E. McCarthy, P.J.O. Teubner, E. Weigold, Phys. Rev. Lett. 34

It is interesting to note that calculation always underestimatie28 (1975) 782. . .
. . . ] C.E. Brion, |.E. McCarthy, I.H. Suzuki, E. Weigold, Chem. Phys. Lett.
the magnitudes of the low-momentum region when large dis* " - (1979) 115,
crepancies between calculations and observations are reported| c.e. Brion, S.T. Hood, I.H. Suzuki, E. Weigold, G.R.J. Williams, J.

[5-10]. In all these studies, it has been confirmed that incor-  Electron. Spectrosc. Relat. Phenom. J. Electron. Spectrosc. 21 (1980)
poration of conventional diffuse functions makes calculated 71
momentum profiles closer to the observed ones. It may be wortfZ20] S-W. Braidwood, M. Brunger, D.A. Konovalov, E. Weigold, J. Phys. B:

. ) . ; . At. Mol. Opt. Phys. 26 (1993) 1655.
while to re-examine those orbitals along the lines employed IM311'S. Dey, AJ. Dixson, K.R. Lassey, I.E. McCarthy, P.J.O. Teubner, E

this study. Weigold, P.S. Bagus, E.K. Viinikka, Phys. Rev. A 15 (1977) 102.
[32] T.K. Cho, M. Takahashi, Y. Udagawa, unpublished result.
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