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Fully resolved outer valence orbital momentum distributions (MDs}-bfitane C4H10) in the ground electronic

state (XAg) are studied quantum mechanically using RHF/TZVP, density functional theory (DFT) DFT-BP/
TZVP, and B3LYP/TZVP methods. The orbital MDs are simulated to reflect the recent experimental conditions
with the plane wave impulse approximation (PWIA) and are compared favorably with the available experimental
orbital cross sections. However, the majority of the outer valence molecular orbitals (M@$utdne has

been only partially resolved experimentally, forming into three clustered MOsyof 24, + 68, 2a, + 6k,

and 1B + 5hb, + 5a. Deconvolution of the clustered MOs is a challenge experimentally but rather
straightforward theoretically, as the inversion is a multiple channel process. The outer valence MOs are crucial
to understanding the chemical bonding mechanism and the unresolved outer valence orbitals cause significant
bonding information loss. This work provides an orbital based assessment to the quality of the RHF/TZVP,
DFT-BP/TZVP, and B3LYP/TZVP models using orbital MD information, by decomposing the clustered outer
valence MOs ofh-butane, which also reveals the bonding mechanism of the species.

I. Introduction n-butane potential energy surface and with small orbital energy
splitting in the outer valence shell. The low energy barriers that
esulted in free €C rotational and torsional motions under the
xperimental condition can cause some orbital cross sections
being trapped into the local energy minimum structure of
butan&’ in the experiment. Nevertheless, the small orbital
energy splitting in eithen-butané or isobutan&® brings great
Ichallenges to the modern EMS technique and leads to partially
resolved orbital momentum distributions, causing information
loss in the chemically most significant region. Some recent EMS
analysis, such as forbutane®4 employed high-level theoretical
methodsseparatelyfor the binding energies and orbital MDs.
For example, the Green function calculations with various basis

Electron momentum spectroscopy (EMS) is a unique tech-
nigue in molecular spectroscopy because it measures the bindin
energies which are directly mapped to the square of the orbital
wave functions through orbital MDs. Energy and its wave
function are the core of quantum mechanics (QM). However,
unlike the energy, the quality of the wave function was usually
assessed indirectly through related molecular properties unti
the EMS orbital MDs became available. Molecular orbitals are
the primary description of the electronic structure of molecules
and play a central role in the understanding of all aspects of
chemical phenomeriaMolecular orbital theory concentrates on

the valence-shell of molecules for the chemical bonding -
mechanism, as electrons in the core-shell of an atom are IessSetS S_UCh a%ggffé’?‘gggﬂgﬁlslfgﬁze uss_(tll flor the blndtl_ng
sensitive to their environment than are the valence electrons, EN€rg!€s an A or the orbital Cross section

The valence orbitals of a molecule can be directly measured smulqtlons ofn-butane. Unfortungtely,. the-butane. blno_llng
only by the EMS through orbital momentum distributions at energies were decoupled from their orbital MDs, which virtually
demolishes the significance of the EMS technique as a unique

resent. . S
P ool of detecting both energy and wave function simultaneously.

Butane is a simple saturated hydrocarbon alkane compose X
of four carbon atoms and connected only by single bonds. It is(%il:g?teZ)Tl;)i;;’-égzetp-rf; ':IE g(?gt(;nterfgog 3ch:(el§ r(;?lt)i'garlougsea

one of the simplest alkane compounds which have attractedf fions3 A It th 4 tee that the 10-GF/
considerable research attention experimentally and theoretically unctions= As a result, there IS no guarantee that the p-

in the past few decades. Some good summaries of previousADC(3) and _BSLYP methods are dealing with the same
research in butane are given in refs 2 and 3. Until recently, the molecular orbl.tals. ] ] ]
structure of simple alkane was thought fully understood, leading ~ Careful design and consideration for both theoretical and
to conclusions such as “the classification of the valence €xperimental studies are required to reveal the subtle differences
molecular orbitals of &£Han 2 alkane inton inner valence levels ~ Of chemical bonds caused by the environment effects of the
in the Cys region, well separated from tie+ 2 outer molecular ~ €lements. It is beyond the reach of many QM models in
orbitals of dominantCy, + His character”. Such a conclusion ~ configuration space, which are dominated by the energy of the
has been seriously challenged by EMS experimentstaftane molecular equilibrium structure and its wave function that is
(CHsCH,CH,CHs). Despite the apparent simplicity, butane is usually determined by energy minimizatiérin most cases,
also complex enough to possess both constitutional and con-molecular wave functions so-obtained emphasize the isotropy

formational isomers, with low rotational energy barriers on the (radial dependence) rather than the anisotropy (angular depen-
dence) in the configuration space. For example, many post-HF

*To whom correspondence should be addressed. methods, such as MP2, largely concentrate on electronic
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energies, which cause significant losses either in the capability TABLE 1: Comparison of the Molecular Geometry of

(e.g., MP2) to predict properties other than the total energy, N-Butane (CHig) Produced Using Quantum Mechanical
such as dipole moments, as MP2 provides only self-consistentCalculations

field (SCF) wave functions in most of the computational geometries RHF/TZVP  DFT-BP/TZVP  B3LYP/TZVP

chemistry packages such as Gaussian 03 or losses the simplec,—c,/A 1.529 1511 1.533
molecular orbital picture (e.g., Cl), as the MO wave functions C,—Cy/A 1.528 1.512 1.530
become a mixture of weighted configurations unless full Cl is Ci—Hi/A 1.088 1.108 1.096

; ; i Ca—Hs/A 1.086 1.104 1.093
achieved. Nevertheless, quantum mechanics does not automati S_A 1086 1105 1094

H H 3~ M7l . . .

cally_guarantge the gngular behavior of tr_\e electronic wave Co—Ci—Cyl° 113.142 113.135 113.306
functions particularly in the long-range regiolfsDue to the Hyi—Ca—Hyg/° 106.269 105.658 106.001
isotropic nature of the wave function generation, improvement Hy—Cs;—H/° 107.675 107.177 107.503
in the angular behavior of wave functions usually does not lead Hs—Ci—H7/° 107.763 107.660 107.649
to significant improvement in total electronic energy. In the Hu—Ci—Cd 109.215 108.829 109.518

configuration space, there does not exist any efficient descrip- total energyn,  —157.338015 —158.497078 —158.387820

tions to assess the quality of orbital wave functions directly,

and the energetic properties, therefore, become the dominanfientation in space is the same as mentlone_d elsewhere. The
measures of quality assessment for a QM model. configuration of n-butane withCy, symmetry is the global

. . . energy minimum structure on the potential energy surface
Molecular orbital wave functions in momentum space, such gy P gy

. i o . formed by its conformational isomers of the torsional motions
as orbital MDs, provide quantitative and detailed structural 6.7
; : : - . . of the butane central carbon—C bond®’ The four carbon
information on the anisotropy of wave functions in the entire

region with emphasis on the long range. Therefore, orbital MDs atoms are connected by single bonds, and the carbon atoms are

are capable of providing direct assessment and indication of Numbered as g—Cq)~Ce)~Cra). TheZ-shaped carbon nuclei
. . . . framework is confined in thexy plane, and theC, rotational
the angular dependence in the chemical bonding mechanism,

L . . ._'axis coincides with the axis in space.
which is particularly responsible for phenomena such as organic . ) .
molecular isomerization, bond angles, and wave function The electronic calculations are performed using the RHF/
anisotropy. As a continuous study of tmebutane valence  1Z£VP, DFT-BP/TZVP, and B3LYP/TZVP models with energy

orbitals®7 this paper provides comprehensive QM orbital MD _minimization_. Th_e same TZ_VP basis set is used in all models
simulations of the individual outer valence orbitals for normal N Order to minimize the basis set related errors hereby to ensure

butane. A group of well designed QM models, such as RHF, comparison between the QM _mo_dels. Trinb_utane moleculqr
B3LYP, and density functional theory (DFT) using generalized point group symmetry ,OK:Z" is imposed in the electronic
gradient approximation (GGA) with exchange-correlation (XC) structure calculat|on_s using the GAMESSQZ suite of progfams
energy due to Beckeand Perde#? (DFT-BP) are employed, to reduce computation and to ensure orbital symmetry, except
together with the DGauss valence polarized triplet zeta basis for the DFT-BP/TZVP calculations which used the DGauss suite

set (TZVP)L3 The TZVP basis set, which is specifically designed ©f Programs:-22The total electronic energy ofbutane in the
for DFT calculationd?together with the DFT-BP model, agrees 9round electronic state is given byl 57.338015;-158.497078,
well with EMS orbital MDs to the experiment for a number of and —158.387820E, using RHF/TZVP, DFT-BP/TZVP, and
organic compound¥:-19 so that it is employed in this study BSITYP/TZVP models, respectively, wlth individual geometry
for the calculations in order to minimize basis set related errors. OPtimization. Note _that all wave functions are Qe”efated fro_m
Comparison between the orbital MDs using different QM separate single-point calculations at the opu_rmzed geometries
models, along with available experiment, on an individual MO  USing the same models, such as RHF/TZVP(single-point)//RHF/
base will not only provide information regarding the electronic TZVE’(opt|m|zat|on), to minimize the errors in the wave
structures of the molecule but it also provides theoretical insight fUnctions cazlésgd by the optimization calculations. Because in
of the approximations on which the models are based. Further- SAMESS02” like most other quantum mechanical packages,
more, as the energy resolution of high-resolution EMS spec- a geometry optimization calculation is termmate_d when the total
trometer available is 0.52 e¥,the chemically most important ~ €/€Ctronic energy converges (to a given criterion), as a resul,
outer valence orbital energies ofbutane could not be fully ~ the total energy is calculated at théh step, whereas the wave
resolved by the experimehtThe present study therefore funcpons and many other properties are calculated at the
provides fully resolved orbital MDs for the outer valence MOs Prévious 1 — 1)th step. As the energy convergés,= Ep-1),
of n-butane in the region of 116 eV, to explore information  Put this does not guarantee thiér and ( — 1)th wave functions
beyond the reach of the experiment. are the same, in particular, when the wave functions are very
We begin our discussion by comparing orbital energies of anisotropic. Consequently, a smgle-po'lnt energy calculation is
the molecule calculated using various QM models with experi- needed to ensure that the wave functions are produced at the

ments. The outer valence orbital MDs are simulated individually €¥2Cty optimized molecular geometry. .

and compared collectively with the available experiment. The ~ 1able 1 lists the optimized geometriesrebutane obtained
individual orbital MDs are presented and discussed in the next USing these QM models. As indicated in this table, all of the
section, focusing on the assessment of orbital based XC energyPredicted geometries of the molecule are consistent. As ex-
included in the QM models as well as the complexities of the Pected, the optimized bond lengths by the QM models agree

HOMO and NHOMO. Finally, conclusions from the present generally better than the bond angles, mainly due to the isotropic
work are drawn. ' nature of the models employed. The fact that differertGC

and C-H bond lengths exhibit subtle differences indicates that
those bonds im-butane are not identical as a result of the
element environment (or symmetry) effects. Therefore, to claim,
as is stated in many organic chemistry textbooks, that all of the
The ground electronic state {Xg) of n-butane with point C—H bonds and €C bonds inn-butane are the same is only
group symmetryCyy, is considered in this work. The molecule approximately valid. However, some properties such as disper-

Il. Computational Details and Orbital Energies of
n-Butane
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sion forces, dipole moments, and orbital anisotropy can only 20

be understood when anisotropic structural information is taken

into account® Bond angles are of importance with respect to e Expt

the chemical bonding mechanism as they directly determine the e g?ﬁgﬁﬂ:'zvp

bond fashion such as tleeor 7 bond. In Table 1, the agreement ] <t B3LYP/TZVP 5

on bond angles between the QM models is not as good as for g HF/B-311G**

the bond lengths, though they are consistent. This is an indicator -0 1p-GF/ADC(3)/6-311++G™] s

of capability for the QM models to produce the orbital wave o §

function anisotropy, which may be presented qualitatively > 154 l“‘ﬁ- _ <>.:"

through the orbital electron density contour plots in space. o OO

However, a more detailed and quantitative assessment of orbital 3 -

wave function anisotropy of a molecule can only be achieved § l__,.ﬁ"‘ ’-"'

by orbital momentum distributions so far. wer g3 E *
Valence shell orbital symmetry classification febutane is % v b

determined by the point group symmetry of the orbital wave S o e e ® A

functions as well as the orbital energies and their ordering. In hd R

the outer valence shell, the orbital energies and their ordering EEy -

often depend on the model employed due to the small orbital 104 ﬁ,_..-»-"’*’ o

energy splitting. For example, ref 4 gives the outer valence

configuration fom-butane ofCz, symmetry as (1%(5ay)(1bg)? oK B

(5by)?(6hy)%(6ag)%(2a,)%(2hy)%(7ay)%, whereas in ref 5, the con- A__...--A“”""A

figuration for the same species is (Jfé5ay)?(1bg)%(5b,)%(6h,)*- 1 &

(2a,)(6ag)?(2by)*(7ay)?. The same group claimed that this o 3 4 & &

configuration of the outer valence shell, based on HF/6-311G**, .

is (laJ)Z(sag)2(5bu)Z(le)Z(GhJ)z(zaU)Z(Gag)Z(z%)2(7%)2 The RHF/ Outer Valence’MOs of n-Butane (HOMO MO1)

TZVP model in the present work indicates that in the one- Figure 1. Outer valence orbital energy diagramrebutane calculated

particle description the outer valence shell configuratiohAgX using quantum mechanical methods of RHF/TZVP, B3LYP/TZVP, and

with Ca, symmetry is DFT-BP/TZVP, together with experiments and other calculations.

2 2 2 2 2 2 2 2 2 energies but only energies. The individual MO symmetry
(18,)7(58)"(5h,)"(10,)"(6h,) (28, (6)"(2y) (78" (1) assignment ofi-butane was assisted by the HF/4-31Galcula-
which is confirmed by the RHF/aug-cc-pVTZ calculations tions based on a point group symmetryf(the symmetry of
conducted in present work. However, it is also noted that both the global energy minimum structurembutane isCz,, instead).
the DFT related methods, DFT-BP/TZVP and B3LYP/TZVvP, Hence, the orbital symmetry in the Hel PES experiment relies
give the reversed orbital symmetry order of the HOMO and ©n the HF/4-31G calculation and its orbital energy ordering and
the next HOMO (NHOMO) as 2pand 7g, respectively, configuration. As indicated before, the ground state configura-
reflecting changes of the orbital symmetry (with respect to the tion for n-butane is not the same as the configuration given by
principal C, rotational axis ofn-butane) as a result of energy the HF/4-31G model? Consequently, PES cannot directly map
ordering. This problem can be resolved with the help of orbital @ particular MO with its binding energy to its orbital wave
MDs, which will be discussed in the later sections in detail.  function and therefore the orbital identification. The EMS
Figure 1 plots the valence orbital energiesmdgfutane (XA,) experiment is able to directly map the orbital binding energies
against the orbital energy Ordering_ The orbital energies are into its own orbital MDs (therefore, the orbital identification,
compared among RHF/TZVP, DFT-BP/TZVP, and B3LYP/ at least to the fully resolved MOs). However, as the EMS
TZVP in the present work, with HF/6-311G** and 1p-GF/ADC-  technique is limited by its resolution at present and the outer
(3)/6-311+G** theoretical dat® The experimental outer Vvalence shell ofh-butane is unresolved, the observed orbital
valence b|nd|ng energigSare also presented in this ﬁgure as a blndlng energies to its identified orbital wave functions of
reference. Strictly speaking, experimental binding energies cann-butane are determined unambiguously by experiment only for
only be approximated by orbital energies under the one particle the inner valence shell.
description, which neglects the pair electron correlation and
orbital relaxation effects in the ion wave functions. That is, !ll. Resolved Outer Valence Orbital MDs: Beyond
Koopman's theoref¥ is only an approximation for binding  EXxperiment
energies in the HF theory in the single determinant SCF  The EMS cross section for randomly orientated molecules is
description. In DFT models, there does not exist such a simple gjyen pyto
relationship between the orbital energies and the binding
energies. However, the orbital energies can be obtained by the

Janak theoref which defines the KohnSham orbital energies o=K [ dQ|omwi Wi )

as the first derivatives of the total energy with respect to the

orbital occupation numbersyj; that is, the distribution ofy where K is a kinematical factor which is essentially constant in
that minimizes the total energy gives the orbital enefg@®nly the experimental arrangemelﬂllfN_1 andllfiN are the electronic
the first binding energy can be approximated by the orbital many-body wave functions for the final idhand the target
energy of HOMO with half electron occupanay € 1/2)27 moleculari ground electronic states, aidl is the momentum

It is noted that the experimental binding energies-tiutane of the target electron at the instant of ionization. ThelQ
are not unambiguous with respect to the orbital symmetry, averages over molecular orientations. The basic theoretical
except for the inner valence MOs af-butane. The Hel approximations are the BorfOppenheimer approximation, one-
photoelectron spectra (PEBSpave reliable outer valence MO  electron approximation (one particle description) for the target
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Figure 2. Comparison of the orbital MDs ofa}, simulated using the
guantum mechanical methods and the EMS experiment.

and ion wave functions, and the plane-wave impulse approxima-
tion (PWIA).10

The overlap of the initial and final electronic wave functions
is a one-electron quantity known as the Dyson orbital. It can
be approximated by an M@y;(IT), using the same one-particle
model for the target and ion. Equation 2 reduces to

o=Kg [ dQ [y (3)

where the spectroscopic factﬁf) is the probability of one-
hole configuratiorj being in the ion wave functiok/}' *.28

The simulation was set up to reflect the experimental EMS
conditions® Briefly, the energies of the two outgoing electrons
A and B are equal, and the polar angle#is- 45° with respect
to the direction of the incident electron beam. The total energy
(sum of the energies of A and B) is 1200 eV. The finite
spectrometer acceptance angles Afe= +0.6° and A¢ =
+1.2°. Hence, the relationship between the azimuthal aggle
and the target electron momerithis given by°

11 = ((211, cos — I)* + 411, sin’ 6 sinz(%)]m @

A typographical error of this equation in ref 3 is noticed. Here
0 = 45°, T1a = 6.64077 au andl, = 0.271105(1206F IP)Y2
auw

The chemically most significant outer valence MOs including
the frontier MO (HOMO) are not fully resolved in the
experiment (except for MO 1a° The nine outer valence MOs
of n-butane can be divided into three groups: (i) the experi-
mentally resolved orbital 1a (ii) the experimentally partly
resolved but unambiguously decomposable orbital clusters of
5g + 5b, + 1by and 6k + 2a, and (iii) the most complex
three outermost orbitals of ga- 2y + 7a,.

A. Orbital Based XC-Energies AssessmeniOrbital MDs

Wang

larger MD peak all ~ 0.50 au than both of the RHF and DFT-
BP orbital MDs. On the other hand, the orbital MDs simulated
by the RHF/TZVP and DFT-BP/TZVP models are closer to the
experiment than the B3LYP orbital MDs in the regionldf<

0.25 au, so that this QM pair is of similar quality in predicting
the orbital anisotropy. However, it is difficult to assess the
quality of these models in the MD peak region (where the
models diverge) unless more experimental data in this region
are provided, as the orbital MD discrepancies between these
QM models are within the experimental error bars. The lack of
sufficient experimental data in the regionldf < 0.25 au also
makes it difficult to assess the large orbital MD discrepancies
given by the QM models. Hence, the present work indicates
that more intense data in the regionldf~ 0.50 au are needed
for new EMS experiment of this species.

B. Unambiguously Decomposable Orbital Clusters of 5a
+ 5b, + 1by and 6k, + 2a,. Figures 3 and 4 give the orbital
MDs of the two unambiguously decomposable orbital clusters
containing five outer valence MOs, which are partly resolved
by the experiment. Figure 3a gives the partially resolved
clustered MDs of 5+ 5h, + 1hy, superpositioned by the orbital
MDs simulated from individual QM models against the experi-
ment. All models are able to produce the major features
regarding turning points (sign changes in gradient) in the small
momentum region of less thdd < 1.0 au. The QM orbital
MDs are almost indistinguishable in the large momentum region
of IT > 1.0 au and agree well with the experiment. As the large
momentum region corresponds to small distances in the con-
figuration space, this indicates that the QM models are reliable
in the prediction of electronic structural information at the
vicinity of the molecular equilibrium structure. The QM orbital
MDs start to split as the momentum moves to the left-hand side,
but all are well within the experimental error bars until the
momentum hits 0.50 au. The orbital MD splitting among the
guantum mechanical methods and the experiment becomes
apparently large in the region &1 < 0.25 au as indicated in
Figure 3a. Similar to what was found in MO (laf Figure 2,
the B3LYP orbital MDs split from the orbital MDs generated
by the other models in the small region Bf < 0.25 au and
largely underestimate the orbital anisotropy in this region. The
RHF and DFT-BP pair exhibits similarly quality and demon-
strates better agreement with the experimental orbital cross
sections than the B3LYP model, even though the former also
underestimates the orbital anisotropy in the same region.
Therefore, RHF and DFT-BP models will be able to provide a
more appropriate description for this orbital cluster in the long
range.

Although the clustered MOs simulated by different models
agree well each other and also with the experiment as
demonstrated in Figure 3a, this does not guarantee a well
behavior of the individual orbital MDs generated from the same
models. The discrepancies between the models are orbital and
symmetry dependent, which provides an excellent base to make

can be used to assess the anisotropy of the orbital wave functiorcomparison on the quality of the QM models involved. Figure

of a molecule and the quality of the orbital dependent XC
energies represented by the QM models. In Figure 2, the
simulated orbital MDs of laare displayed against the experi-

3, parts b-d, shows the individual orbital MDs for the {,I5h,,
and 53 MOs, respectively. The orbital MDs of the dland 5g
MOs (Figure 3, parts b and d) exhibit a similar p-like feature

mentally observed cross sections. As expected, the orbital MDsas can be expected from the clustered orbital MDs in Figure

are nearly identical in the larger momentum regiolof 0.75

au but the QM orbital MDs split as the momentum decreases.
All models indicate a local minimum of the orbital cross sections
with the DFT related models exhibiting the minimum to a larger
extent. The B3LYP orbital MDs clearly exhibit a larger gradient
in orbital MDs in the region ofll < 0.25 au and display a

3a. It is a surprise that the individual QM models behave so
differently in presenting the orbital MDs of the SBIO (Figure

3c). This orbital MDs indicate a significartAO and p-AO
mixed character. Such important bonding information has been
masked and entirely invisible in the unresolved experimental
MDs (Figure 3a). However, all QM models in Figure 3c produce
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Figure 3. Orbital MDs of the decomposed three outer MOs: (g)tBh, + 5a, (b) 1k, (c) 5h, and (d) 58

the same major features but vary in the MD amplitudes. The BP/TZVP orbital MDs. The DFT-BP and RHF orbital MDs
RHF/TZVP and DFT-BP/TZVP orbital MDs exhibit large agree well in the small momentum region until 0.50 au where
deviations with the DFT-BP/TZVP orbital MDs varying in  they largely split as illustrated in Figure 3b. The behavior of
particularly large amplitudes. This may imply that the orbital MO 5a, in Figure 3d is similar to that of MO except that
dependent exchange (X) energy functional of the DFT-BP (i) this MO exhibits a local minimum &l ~ 0.15 au and (ii)
underestimates the X energy or the electron correlation (C) {he QM orbital MDs split into two groups of B3LYP/TZVP as

functional ov_erestimates the C energy or vi_ce versa. Conse-\ all as RHE/TZVP and DET-BP/TZVP in the region BF <
quently, caution must be taken when applying different QM 0.50 au but being repaired in the peak region of [0.5, 1.0] au

models in the study of the chemical reaction in the long range into B3LYP and DFT-BP as well as RHF. This implies that

such as bond formation and break, due to inappropriate XC . . .
energy and orbital anisotropy. the B3LYP model contains inappropriate XC energy for this

The orbital MDs of two p-iike orbitals ipand 53 (Figure MO in the.sfmaIIH region, but this is improving ad incregges.
3, parts b and d) are reproduced well by the QM models except SUPerposition of MOs 1H5h,, and 5g gives an sp-hybridized
for the cross section peak region of [0.5, 0.8] au and the small (Strong s- and p-AQ coupling) clustered MO from a strong p-like
momentum region of less than 0.25 au. In the case gfthie MO (Ibg), an s-AO and p-AO mixed MO (weak s- and p-AQ
B3LYP orbital MDs underestimate the orbital anisotropy in the coupling, 5k) and a hybridized MO (5 The orbital MDs of
region of IT < 0.25 au but become closer to the other models the 5k MO behave like a transition made between thg dd
when the momentum increases and nearly overlap with the DFT-5&, MOs. Figure 3, parts-ad, clearly demonstrates how the
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au. The RHF and B3LYP models provide consistent results in

0.0012 -
‘“’f“fg’(»P almost the entire momentum region, but B3LYP further
RHF produces the turning point & ~ 0.15 au, as indicated in the
0.0006 == DFT EMS experiment. Hence, from Figure 5a, we may conclude
. -+ B3LYP|

that these QM models produce electronic calculations with
similar quality and approximately the same orbital XC energy
0.0000 4=, i . ; and anisotropy. Similar observation and conclusions can also
0.0 0.5 1.0 15 2.0 25 be made from the analysis of the simulated orbital MDs of the
third MO 64 as displayed in Figure 5b, where the QM orbital
MDs agree very well in the entire momentum region with
B3LYP being slightly better in the region of less than 0.10 au.
Despite the subtle difference, it indicates that this orbital is not
sensitive with respect to electron correlation energy and orbital
anisotropy so that the HF wave function has sufficient accuracy
to predict it's orbital MDs.

The most interesting and challenging issue of the clustered
MOs is the HOMO (MO1) and NHOMO (MO2) ofi-butane
0.0006 calculated using these QM models. It has been noted in the

7 previous section that the orbital symmetries of the HOMO and
NHOMO are different using RHF and DFT models. In RHF/
TZVP, the orbital symmetries of HOMO and NHOMO arg,7a
and 2k, respectively, whereas the symmetries using B3LYP/
TZVP and DFT-BP/TZVP are 2Zpfor HOMO and 7g for
0.0000 —_— v NHOMO. Figure 5, parts ¢ and d, gives the orbital MDs for
0.0 05 1.0 15 20 25 MO2 and MO1, respectively, simulated using those QM models.
Momentum (a.u.) At the first glance, the orbital MDs of MO1 and MO2 seem
Fi 4. Orbital MDs of the d d two outer MOs: 20 s_lgnlflcantly (_1|fferent as a resuIF of ab initio and_DFT c_alc_ula-
GEure . Orbital MDs of the decomposed two outer MOs: (a) tions. There is no further experimental information to indicate
, (b) 2a, and (c) 6h. . . . .
which model gives the correct orbital energy ordering for these
individual MOs. However, such information beyond the experi-
MDs of a group of very different individual orbitals could cause ment can be obtained from theoretical molecular spectroscopy
valuable bonding information loss. _ and the point group symmetry. Further analyzing Figuredia

The decomposition of clustered MOs of@ind 2ais rather it s clear that all models agree on the MO3 with gisgmmetry
straightforward. Figure 4ac portrays the two p-like orbitals,  of 3 strong s-like with some p-like contribution, which implies
collectively (part a) and respectively (parts b and c). In these that the HOMO with also ang@symmetry may have the orbital
MOs, all of the models agree well in general with only small  \ps with a similar feature as that in Figure 5b. The RHF/TZVP
shifts upward in the MD peak region. The agreement indicates cajculation indicates that the NHOMO is dominant by contribu-
that all of these models are able to independently predict the tion between the carbon 2pnd 2y AOs so that the NHOMO
reliable orbital anisotropy. Inclusion of the XC energy in the ought to be p-like. The orbital MDs of the RHF/TZVP in Figure
QM models does not make apparent improvement to the orbital 5q possess the appropriate MO symmetrydbathe HOMO,
MDs with the experiment. Further examining the symmetry of \yhereas the p-like orbital MDs in the same figure simulated
the 2 and 6k MOs, they are symmetric (a) and anti-symmetric y the B3LYP/TZVP and DFT-BP/TZVP models belong to the
(b) with respect to the rotation@, operation. As a consequence, NHOMO 2h,. Figure 5, parts e and f, presents the MDs of the
MO 23, is dominated by the carbon 2A0s, whereas MO 6b  HOMO and NHOMO with “appropriate” orbital symmetries.
is dominated by the carbon 2pr 2p, AOs. Figure 4 confirms The QM models agree very well on the NHOMO of,2kith

such a bonding mechanism by indicating that thedled 6 small discrepancies in the cross section peak region and small
MOs are both strongly p-like MOs. As the experimental orbital momentum region.

MDs did not sample the cross sections with sufficiently low
momenta to reveal the local minimum at approximatilly=  y/ aAssessment of the QM Models Using Orbital MDs
0.15 atk the present simulation suggests further EMS experi-
ments with larger concentration of the data in the low A reason which causes the orbital symmetry alternation
momentum region of these MOs. between the HOMO and NHOMO in the B3LYP/TZVP and
C. Analysis of the Complex Outermost Orbitals of 7g + DFT-BP/TZVP models stems from the nature of ab initio and
2bgy + 6ay. If it is a surprise that the bonding information of the DFT models. Here, B3LYP is considered as a DFT method.
s and p- mixed MO 5pis masked by the unresolved clustered The electronic Schidinger equation on which the RHF is based
MOs of 1ky + 5k, + 53 collectively in Figure 3a, it can be  focuses on the total energy of the molecule. By obtaining the
astonishing if one sees the complexity of the three outermostlowest energy (in variational methods), one assumes that the
MOs. The HOMO, NHOMO, and MO3 agree “well” col- associated wave function yields the electron distribution of the
lectively to the unresolved experiment. Figure 5a compares theground electronic state. In the DFT theory, the Sdimger
three clustered orbital MDs simulated using the QM models equation is “bypassed” and attention is focused on the electron
with available experimental cross sections. The comparison density from which many desired properties including energy
shows that the clustered MOs with a strong s-AO and p-AO can be derived directly. Perhaps one of the largest noticeable
mixed character and that a “good” agreement with the experi- differences in the DFT theory is that the number of electron
ment has been achieved, except for the DFT-BP/TZVP orbital occupancyn;, does not need to be an integer and @& < 1.27
MDs which exhibit small deviation in the region &f < 1.00 This causes the 18th MO imbutane to also possess negative
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Figure 5. Decomposed valence orbital MDs of the outermost valence MO clusters:q (a)Zl, + 63, (b) MO3 (6a), (b) MO2, and (c) MO1,
together with the MOs with “appropriate” orbital symmetries of NHOMO j2lol) and HOMO (7g) (e).

orbital energy from the B3LYP/6-3H#+G** calculations? Agreement from different models on the MDs of the next highest
Therefore, strictly speaking, the “HOMOQO” ofi-butane as occupied MO also implies that the orbital electron XC energy
discussed in ref 3 using B3LYP/6-31#G** calculations is to this particular orbital anisotropy is insignificant.

in fact the MO of the species with the second highest negative  The significantly different orbital MDs of HOMO (ga as
orbital energy. This fact indicates that the 1p-GF/ADC(3)/6- exhibited in Figure 5f given by the QM models are somehow
311++G** orbital energies and the B3LYP/6-33H-G** unexpected. Despite the orbital symmetry difference in HOMO
orbital wave functions are not on the one-to-one base and doand NHOMO, given by ab initio and DFT models, two of the
not have direct connections. The parametrized and approximatedQM models, namely, RHF and B3LYP, agree quite well
XC functionals of the DFT methods and wave function collectively with each other and with the experiment (Figure
imperfection may contribute to the energy alternation of the 5a). Although the QM models display the HOMO a strong s-AO
outermost valence MOs. Only an energy splitting of 0.01 eV and p-AO interacted MO, the DFT-BP/TZVP model gives a
between HOMO (8.72 eV) and NHOMO (8.73 eV) given by MO with strong s-like with some p-AO character. Based on
the B3LYP/TZVP model, and of 0.24 eV between HOMO (7.44 the clustered experimental MDs of Figure 5a and molecular
eV) and NHOMO (7.68 eV) are observed from the DFT-BP/ orbital theory, it can be concluded that the DFT-BP/TZVP model
TZVP model. As indicated in Figure 5e, for the p-like orbital produces the inappropriate orbital MDs for tirbutane HOMO
MDs of NHOMO, 2k, all of the QM models agree quite well. ~ (7a,). The reasons are as follows. The orbital MDs in Figure
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Figure 6. Decomposition of the clustered outermost valence orbital MDslofitane using the quantum mechanical models: (a)RHF/TZVP, (b)
DFT-BP/TZVP, and (c) B3LYP/TZVP.

5a strongly suggest that DFT-BP/TZVP overestimates the orbital frontier MO of n-butane, and it must represent one of thekC

MDs in the small momentum region of less than 1.0 au, though or C—C bonds. None of the €H bonds or outer valence-€C
unresolved and as a collection of three orbitalg Fa2ly + bonds can be dominated by two s-AOs. Instead, those bonds
6ay. The orbital MD amplitudes of both HOMO and NHOMO  can be only formed either by a hydrogen (or carbon) s-AO and
are nearly five times weaker than the MDs of MO34.6a a carbon 2p-AO (s- and p-mixed MOs) or two carbon 2p-AOs
However, the nearly indistinguishable orbital MDs of this MO (p-like MOs). The orbital MDs simulated by RHF/TZVP and
(6&) given by the QM models make it possible to assess the B3LYP/TZVP confirm the s- and p-mixed HOMO. The strong
impact of HOMO and NHOMO. Nevertheless, the HOMO is a s-like MO predicted by the DFT-BP/TZVP model is, therefore,
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inappropriate. As the B3LYP model is a hybrid functional, Compaq SC AlphaServer Cluster National Facilities and the
which defines the exchange functional as a linear combination HPCCC group of CSIRO for high performance computer
of Hartree-Fock, local, and gradient-corrected exchange terms, resources. Professor lan E. McCarthy is acknowledged for
it is concluded that the exchange-energy functitrialthe DFT- providing the original AMOLD codes and Professor Wenning
BP model may be incorrect for the HOMO pfbutane. Pang for then-butane EMS experimental data.
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