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The binding energy spectra and electron distributions in momentum space of the valence orbitals of
cyclopentane (€H;q) are studied by Electron Momentum SpectroscOpilS) in a noncoplanar
symmetric geometry. The impact energy was 1200 eV plus binding energy and energy resolution of
the EMS spectrometer was 1.2 eV. The experimental momentum profiles of the outer valence
orbitals are compared with the theoretical momentum distributions calculated using Hartree—Fock
and density functional theoryDFT) methods. The shapes of the experimental momentum
distributions are generally quite well described by both the Hartree—Fock and DFT calculations
when the large and diffuse basis sets are used2004 American Institute of Physics.
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I. INTRODUCTION branched chain species is of importance. As part of a series
study of saturated hydrocarbon molecules using the high en-
Electron momentum spectroscofyMS) with symmet- ergy resolution EMS spectrometer at Tsinghua
ric noncoplanar geometry provides unique and detailed inforuniversity:3-® we now report the measurements of orbital
mation on the electronic structures of atoms andmomentum profiles for the outer valence shell of cyclopen-
molecules:~® The technique can access the complete valanctane (GH,o). The experiment was performed at impact en-
shell binding energy range, though with lower resolutionergy of 1200 eV plus the binding energy using symmetric
than that in most photoelectron spectroscoBfS studies, non-coplanar kinematics and the energy resolution was 1.2
and the orbital density imaging information provided by eV. The measured results of the binding energy spectra are
EMS momentum profiles is unique. In particular, the mo-from 6 eV to 24 eV. The momentum profiles for the indi-
mentum distribution information, obtained by the EMS tech-vidual valence orbitals are obtained. A sufficiently high im-
nique, provides stringent tests for quantum chemical calcupact energy(>1200 eV} and momentum transfer were used
lations at the Hartree—Fock level and also of correlatedo ensure the validity of the plane wave impulse approxima-
treatments such as Density Functional The@FT). The tion (PWIA). The relatively large number of electrons in cy-
details of EMS experimental techniques and the associateglopentane renders accurate quantum chemical calculations
theoretical analysis for atoms, molecules and condensed mauite difficult, thus the availability of good EMS experimen-
ter have been reviewed in detail elsewhkfal® tal data is an important aid for developing satisfactory theo-
Now a large body of EMS measurements is available forretical descriptions of both binding energies and the valence
a wide Variety of targets ranging from atoms to orbital electron densities in hydrocarbons.
molecu|es1-'0_15 These results have Convincingly shown that Theoretical momentum distributions for valence orbitals
the interplay of EMS measurements and high level quanturn@'e calculated using the target Hartree—Fock approximation
mechanical calculations provides very detailed informatior{THFA) and also with the target Kohn—Sham approximation
on the binding energy, electronic structure, reactivity and TKSA).*~®In Hartree—Fock calculation, basis sets STO-3G,
electron density distributions of electrons in atoms and mol6-311G, and 6-31+G** are used. In the DFT calcula-
ecules. In addition, it should be noted that the EMS techtions, hybrid functionals B3LYP and BLYP are used. The
nique is particularly sensitive to the low momentum part andeasured momentum profiles are compared with the HF and
thus the chemically important regiofise., outer spatial re- DFT calculations. In general, e_xperlment and theory are in
gions of the outer valencérontier) orbital electron density. Very good agreement, but a difference between theory and
Up to now, the studies of the electronic structure of satu€XPeriment in the outer valance orbital is observed.
rated hydrocarbon molecules have received much interest.
This is because not only these molecules are prototypes d¢f THEORETICAL BACKGROUND

larger hydrocarbons_, but also .they are important specie_s for |na binary @,2€) experiment, the scattered and the ion-
fuels where reforming of straight chain hydrocarbons intoj,¢ electrons are detected at the same kinetic energies and
the same polar angles in symmetric noncoplanar scattering
dElectronic mail: djik-dmp@mail.tsinghua.edu.cn geometry. Under conditions of high impact energy and high
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momentum transfer, the target electron essentially undergoes cyclopentane using the PWIA. Details of the calculation
a clean “knock-out” collision and the plane wave impulse methods are described below and the total number of con-
approximation(PWIA) provides a very good description of tracted Gaussian-type orbital functiof@GTO) is also given
the collision. In the PWIA, the momentumof the electron for each calculation. The Hartree—Fock and DFT calcula-
prior to knock-out is related to the azimuthal anglé by tions were carried out using th@AUSSIAN 98 program. The

B 2 . . 211/2 Hartree—Fock calculations of the momentum profiles were

P=[(2p; €OS#1—Po) "+ (2P SN0 SIN($/2))"17% (1) performed by using Eq(3) with the basis sets of STO-3G
wherep, =p,= 2E; is the magnitude of the momentum of 6-311G, and 6-31++G**. The B3LYP and BLYP
each outgoing electron anmh= 2E, is the momentum of functional®'® are used for the two DFT calculations, re-
the incident electroitboth in atomic units The EMS differ-  spectively. Two basis sets of 6-311G and 6-3#1G** are
ential cross section in the PWIA for randomly oriented gas-used for the DFT calculations.
phase molecules is given by
A. STO-3G

N—1 Ny [2
‘TEMSOCJ [(pW W) [dQ, 2 A calculation employing a minimal basis defffectively

wherep is the momentum of the target electron state prior tc)single zeta Each function is a contraction of three Gaussian
- . functions and thus it consists of C{8p)/[2s,1p] and
knockout, [WH™ 1) and | W) are the total electronic wave Ctp)/[ 2s,1p]

funci for the final i ot d the t ¢ lecul H(3s)/[ 1s] contractions. Therefore, a total of 35 CGTO is
unctions for the final ion state an € farget molecu eemployed for cyclopentane. This basis set was designed by
ground(initial) state, respectively. The overlap of the ion and

neutral wave functions in Eq2) is known as the Dyson Pople and co-worker.
orbital while the square of this quantity jgpW¥} | WN)|?
and is referred to as an ion-neutral overlap distribution
(OVD) or Dyson orbital momentum density distribution. The 6-311G basis of Pople and the co-workkis com-
Thus, the EMS cross section is essentially proportional to th@rised of an inner valence shell of sixype Gaussians and
spherical averagef(dQ)) of the square of the Dyson orbital an outer valence shell that has been split into three parts
in momentum space. represented by three, one and one primitives, respectively.
Therefore, Eq(2) is greatly simplified by using the tar- Carbon atoms have a (4,5p)/[4s,3p] contraction and hy-
get Hartree—Fock approximatidiiHFA). Within the THFA,  drogen atoms have a $§/[3s] contraction. A total of 95
the many-body wave functiongP} ') and |¥}) are ap- CGTO is used for cyclopentane.
proximated as independent particle determinants of ground
state target Hartree—Fock orbitals. The ion state is then g, 6-311++G**
most cases dominated by a single hole in only one orbital
and Eq.(2) can be simplified to

B. 6-311G

The 6-31%+G** is an augmented version by Pople
et al. Very diffuseds- and p-functions, and spherical-type
polarization functions are added for carbon atoms, the full
set of & Cartesiand functions have been used in the

. . $-311G™ basis set. And a diffuseslp shell andp-type po-
where ¢;(p) is the one-electron momentum space canonica)_ . .. . 24
i . . ; arization functions are added for hydrogen atdf1$* Thus
Hartree—Fock orbital wave function for th electron, cor-

. . . . a(1%,6p,1d) contracts td 5s,4p,1d] for C, and a (6,1p)
responding to the orbital from which the electron was ion- . i
ized. The integral in Eq(3) is known as the spherically to [4s,1p] for H. The number of CGTO s 185 for cyclopen

averaged one-electron momentum distributitfD). Equa- tane.
tion (2) has also been interpreted in the context of Kohn-—
Sham density functional theoty.The target Kohn—Sham

O'EMSOCJ |4;(p)|?d2, ©)

Ill. EXPERIMENTAL METHOD

approximation(TKSA) gives a result similar to Eq3) in The details and operation of the symmetric noncoplanar,
which the canonical Hartree—Fock orbital is replaced by anergy dispersive, multichannel EMS spectrometer used in
momentum space Kohn—Sham orbigi®(p): this work have been described in defaiand thus only a
brief outline will be given here. The gas-phase target mol-
O'EMSOCJ |1 S(p)|2dQ2. (4)  ecules (10 °Torr) are ionized by impact with a high en-

ergy electron beamBEy= 1200 eV plus binding energyTwo

It should be noted that an accounting of electron correlatiomutgoing electrongscattered and ionizedire electron opti-
effects in the target ground state is included in the TKSA viacally retarded, selected energetically by electrostatic analyz-
the exchange correlation potential. A more detailed descripers and detected in coincidence by microchannel plate posi-
tion of the TKSA-DFT method may be found elsewhéfe. tion sensitive detectors mounted on two independent
The TKSA approach has been compared with near Hartreehorizontal concentric turntables. In the symmetric noncopla-
Fock limit and MRSD-CI overlap calculations and EMS nar scattering geometry, the two outgoing electrons are se-
measurements for the experimental momentum profiles of kected to have equal polar angleg, € 8,=45°) relative to
large number of moleculesee, for example, Refs. 10-)15 the forward scattered electron beam. One analyzer turntable

In the present work, spherically averaged theoretical mois kept in a fixed position while the other is rotated by a
mentum profiles have been calculated for the valence orbitalsomputer controlled stepping motor. Each electron energy
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analyzer accepts a range of kinetic energies from 596 to 604

eV simultaneously, but only those coincident electron pairs w004 ¢= fe,"+3e/+3e, 1e," 1a+3a’ 2e, 2e,
with summed energies in the range of 12(5 eV are re-
corded. 200+
In present EMS measurements the individual orbitals are
selected by the choice of the bindiigr ionization energy. 1004

In order to obtain the experimental momentum profiles cor-
responding to the main peaks with the multichannel energy 2 g i ¥
dispersive spectrometer, wide range binding energy spectreg
(BES) are collected at a series of azimuthalt of plane -
anglesg over the range of 0° ta=30° in a series of sequen-

tial repetitive scans.

Momentum distributions as a function of angde are 2004
obtained by deconvolution of these binding energy spectra
using Gaussian functions located at each ionization energy in
the BES. The widths and relative position of the Gaussian
functions can be determined from a consideration of pub- Binding energy
lished high resolution PES vibronic manifolds and the EMS o

FIG. 1. EMS binding energy spectra of cyclopentane from 6 to 24 eV at

instrumental energy resolution functiéh.2 eV FWHM. For #=0° (botton) and 5°(top), obtained at an impact energy of 1200 eV plus

each ionization process, the area of the fitted p@akthe  pinding energy. The dashed lines represent Gaussian fits to the peaks and the
integral of the spectral region, where appropniaseplotted  solid curve is the summed fit.

as a function of momentum calculated fraprusing Eq.(1).
A given set of areas as a function of momentum for a specific

binding energy is referred to as an experimental momentun),qre collected at the out-of-plane azimuthal angfes0°,
profile (XMP). To compare the XMPs with the relative cross 1° 2° 3° 4° 5° 7° 9° 11° 13°. 16°. and 21° in a series of

sections calculated as a function of momentum using expregeqential repetitive scans. Figure 1 shows the valence shell
sions(2) and(3) above, the effects of the finite spectrometerbinding energy spectra of cyclopentane in the range of 6—24
acceptance angles in both and ¢ (A9==+0.6° andA¢ oy 4t theg angles 0° and 5° at the impact energy of 1200 eV
fil.z ) were included in t.he calculatlon_s. ThIS_IS ach|evedp|us the binding energy. The spectra in Fig. 1 were fitted with
in the present work by using the Gaussian-weighted planay et of Gaussian peaks whose widths are combinations of
grid method of Duffyet al.™ Due to finite angular resolution e s instrumental energy resolution and the correspond-

is generally small, the momentum profiles incorporated @Ning Franck—Condon widths derived from high resolution

gular resolution only have small effect in the low momentumpeg 4at28 The fitted Gaussians for individual peaks are
region. After momentum resolution folding, the calculation,gicated by dashed lines while their sum, i.e., the overall

[Eqs.(2), (3) or (4)]is referred to as a theoretical momentum giie spectra, are represented by the solid lines. The relative
profile (TMP). The molecular geometl%sused in all calcula- gnergy values are given by the relative ionization energies
tions for cyclopentane was from Adarms. determined by high resolution PES. The energy scale in Fig.
All multichannel measurements in the present Work Werey 55 calibrated with respect to theef) * vertical ioniza-
obtained using the "binning” mod&’ The cyclopentane ;,, potential as measured by high resolution photoelectron

sample was reagent grade-99.0% purity and was used g0 ciroscopff The relative energy spacings of the Gaussian
without further purification other than freeze—thaw cycles to

. , . " X ﬁ/eaks were estimated from the vertical ionization potentials,
remove FiISSO|Ved air. No impurities were observed in any ol small adjustments to compensate for the asymmetries in
the binding energy spectra.

the shapes of the Franck—Condon envelopes. The measured
ionization potentials of this work and early published
IV. RESULTS AND DISCUSSION dat&#®~3°and the Hartree—Fock values are compared in Table
I. Experimental data and theoretical values have been placed
on a common intensity scale by normalizing the experimen-
tal to the DFT-B3LYP/6-31% +G** theoretical momentum
profiles for the ®] orbital and the relative normalization is
(1a1)%(lep)*(Ley)*(2a;)%(2e)*(2e;)%(3a1)? preserved for other orbitals.

" Y , , " The three outer-valence orbitals’l, 3e;, and 3, , are
(1a2)°(1e})*(3ez)*(3ep)*(1ep)" not well separated experimentally dale toltheir smzall energy

In the ground state, the forty electrons are arranged iseparations. The band located at 14.35 eV corresponds to the
twenty doubly occupied orbitals in the independent particleonization of the ®] orbital. The next two valence orbitals
description. The valence electrons in cyclopentane are distaj, 3a; are not well separated experimentally due to their
tributed in fifteen molecular orbitals and six of the orbitals small energy separations. The ionization peaks for the two
are degenerate. inner valence orbitals, &, and 2, are at 18.85 and 22.35

To obtain the experimental momentum profiles, twelveeV, respectively.
binding energy spectra over the energy range of 6-24 eV  Experimental and theoretical spherically averaged mo-

Cyclopentane belongs to tHes, point group and the
Hartree—Fock(independent particjeground state valence
electron configuration can be written as
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TABLE I. lonization energiegeV) for cyclopentane. 0.3
Experimertt Theoretical orbital Cyclopentane 1e;+3e,"+3e;
energies of HF/6- ] 1 —— summed BLYP/B-311++G**
Orbital EMS*  PES'  PES  XPS 311+ +G** © 2—— summed BILYP/6-311++G™
3—— summed HF/6-311++G**
1€, 11.01 11.824 > 0.2 ; 4 summed HF/6-311G
3e] 1177 11.82 12.961 2 T T 6 2erBAYPIEA 1erGH
3e; 12.0 12.964 b= s : 7—— 30 BALYP/6-3114+4G*
lef 14.35 14.21 15.151 2 . 8—— 1e," BALYP/B-311++G**
1la) 16.16  15.96 17.406 kS
3a) 16.5 17.478 & >
2e; 18.85 18.29 18.40 20.928
2e; 22.35 22.2 22.07 26.087
2a) 25.31 30.027
®The peak of &}, 3e;, and 3, orbitals. 0.0 ——— T e
PThe peak of &% and 3] orbitals. 00 05 10 18 20 25 30
“This work. Momentum (a.u.)
dReference 28. _ _
eReference 29. FIG. 2. Measured and calculated spherically averaged momentum profiles
fReference 30. for the sum of the &), 3e;, and 3, orbitals of cyclopentane. The solid

circles represent the experimental energy dispersive multichannel measure-
ments. All calculations have been spherically averaged and folded with the
experimental momentum resolution.

mentum profiles have been obtained for the valence orbitals

of cyclopentane. Experlmen_tal momentum prqfl{ESMPs)_ crepancy between experiment and theory is probably due to
are extracted by deconvolution of the sequentially obtained

. o L ihaccuracies in the Gaussian fitting procedures since these
angular-correlated, multichann@inning mode binding en- gp

erav spectra. The Gaussian fittin rocedure describea:bitals are not well separated. Another possible reason for
gy sp o 9P ' . _the discrepancy could be because of the molecular geometry
above for the binding energy spectra, is used to determine

L " . AN tsed in all calculations for cyclopentane. The well-balanced
the relative intensities of the various orbital ionizations at yclop

each azimuthal anglé. The experimental momentum profile pentagon structure for cyclopentdhés used in this work,
for a particular orbgi]t;' is obtaized by plotting the areg underbUI that five carbon molecules of cyclopentane were not lo-
P y ploting cated at the same plane was reported in other paper.

the corresponding fitted peak for each electronic state of the The experimental and the theoretical momentum profiles

ion as a function op. Various theoretical momentum profiles for the 1¢” orbital of cyclopentane are shown in Fig. 3. The
(TMPs) of the valence orbitals are obtained with the methOdSexperime;\tal and the theoretical momentum profil'es' show
described in Sec. Il and the experimental instrumental angu;, o expectedp-type distribution (the experimentalp
lar resolutions have been incorporated in the calculations US*47au ). The four TMP&urves 1-4are very similarrgagd
ing the GW-PG methot S

. . ' Tfit to the XMPs very well in the momentum region above 0.3
The theoretical and experimental momentum profiles o . . .
a.u. However, there is a discrepancy between theoretical cal-

the valence orblta_ls of .cyclop.entane are pres ented in F'g%'ulation and experimental data below the momentum of 0.3
2—-4. In the following discussion the comparisons between
the theoretical calculations and the experimental data are
provided for the valence orbitals. 0.15
The first peak of cyclopentane at 11.77 eV in the binding Cyclopentane 1e,"
energy spectrum in Fig. 1 is associated with the§ 13e;,

and 3, electrons. These orbitals are not well separated ex-

® experiment

1 BLYP/6-311++G*™*

QBawn

. . . 2—B3LYP/6-311++G**
perimentally due to their small energy separations. There- ] 3 —— HF/6-311++G"
fore, summed momentum distributions of the}1 3e;, and % ; PSR
3e, orbitals are discussed for comparison between experi- £

ment and theory. Figure 2 shows that the summed XMPs has
a double-peak distribution peaked -ab.25 and~1.0 a.u., ]
respectively. The experimental intensity of the first peak is
greater than the second one in the momentum distribution.
According to the HF and DFT-B3LYP calculations, the;1
orbital has a p-type” distribution, 3e; orbital has a “
p—p-type” distribution and the 8, orbital has a p-type”
distribution, as shown under the summed momentum distri-
bution curves in Fig. 2. The summed theoretical momentum
distribution of these three orbitals therefore has a doubleE!G. 3. Measured and calculated spherically averaged momentum profiles

peak distribution. But. the comparison of the summed XMPgor the 1e] orbital of cyclopentane. The solid circles represent the experi-
’ ! mental energy dispersive multichannel measurements. All calculations have

W_it_h Vario_us calculations in Fig. 2 S_hOWS that there is a Sig'been spherically averaged and folded with the experimental momentum
nificant discrepancy between experiment and theory. The disesolution.

ve

Relat
(=)
o
1
(2 o
(= 2]

0.00 d T T T T T T T v T v
0.0 0.5 1.0 1.5 20 25 3.0

Momentum (a.u.)
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08 V. SUMMARY

Cyclopentane 1a,"+3a,

In summary, the detailed experimental and theoretical

}
§ e i SO investigations of the outer valence orbital electron densities

064 A s 2—— BALYP/G-31144G* of cyclopentane by electron momentum spectroscopy are re-
2::222}1;*"‘ ported. The experimental momentum distributions are com-

g:;‘a"‘{scz‘:{n?biﬁon pared with the associated calculations. The binding energies

are in excellent agreement with previously published PES
data. The experimental momentum profiles are described by
Hartree—Fock 6-311+G** calculations, and the density
functional theory (DFT) calculations using B3LYP and
BLYP functions provide the best description to the experi-
ments.

7 —— 1a," contribution

Relative intensity
o
S
1

o
N
1
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