J. Phys. Chem. R007,111,4927-4933 4927
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The most populated conformer of tetrahydrofuranHgO) has been diagnosed as tGgconformer in the
present study, jointly using experimental electron momentum spectroscopy (EMS) and quantum mechanics.
Our B3LYP/6-311+G** model indicates that the&; conformation, which is one of the three possible
conformations of tetrahydrofuran produced by pseudorotation in the gas phase, is a transition state due to its
imaginary frequencies, in agreement with the prediction from a recent ab initio MP2/aug-cc-pVTZ &tudy (
Chem. Phys2005 122 204303). The study has identified the fingerprint of the highest occupied molecular
orbital (HOMO) of theCs (12d) conformer as the most populated conformer. The identification oftthe
structure, therefore, leads to the orbital-based assignment of the ionization binding energy spectra of
tetrahydrofuran for the first time, on the basis of the outer valence Green function OVGF/6-31G* model and
the density functional theory (DFT) SAOP/ET-PVQZ model. The present study explores an innovative approach
to study molecular stabilities. It also indicates that energetic properties are not always the most appropriate
means to study conformer-rich biological systems.

1. Introduction and 180 possess th€s point group symmetry (E, envelope),
conformers atp = £90° have theC, symmetry (T, twisted),

Structures of many biologically active compounds include a .
y gically P and conformations at other angles suclpas +(50—60°) and

tetrahydrofuran (THF) fragment. Tetrahydrofuran is a prototype . -
of heterocyclic five-member-ring structures and an important ¢ ~— +£(120-130) exhibit the C, symmetry as indicated by
structural unit of carbohydrates and biological molecilés. the MP2/aug-cc-pVTZ modél.
particular, THF can be viewed as an analogue of the sugar 1he preferred (most stable or most populated) conformation
moiety in the sugarphosphate backbone of deoxyribonucleic ©f tetrahydrofuran is not precisely known so far. Although a
acid (DNA) and ribonucleic acid (RNA).The sugar moiety ~ number of theoretical and experimental stutlfe$ have tackled
occupies a central position in the structure of nucleic acids and THF, the analyses do not provide a definitive ansivand the
is of crucial importance in shaping their structure and dynamics. findings are either contradictory or insensitive to the pseudoro-
For example’ a Striking difference exists in properties between tation angle. In addition, the results Iargely depend on the models
DNA and RNA, which differ only by their chemical nature of ~used (theory) and methods of experimental data manipulation.
the sugar. The determination of electronic structures of isolated For example, studies of Meyer et%and Engerholm et &f!
fragments of DNA is an important step toward the understanding indicated that the minima associated with @esymmetry were
of mechanisms for secondary structures of DNA and its the global minima for THF, whereas Melnik et *&l.and
damagé.Derivatives of THF are widely prescribed for a variety Mamleev et al® reported completely different minima and
of diseases, such as nucleoside antibiotics. For example,maxima structures for THF, leading to a stability ordering of
azidothymidine (AZT) is commonly recognized as the first anti- C2 > Cs > Cy; the stability ordering ofC; > C; > Cs was
AIDS drug used in antiviral chemotherapy and prophylaxis in given by Cadioli et at.on the basis of the Hartre¢=ock (HF)
the United State$. and second-order MollerPlesset (MP2) calculations. TH&
Largely existed as conformers and tautomers, biological structure of THF in crystal was found by Luger and Buschitan.
molecules exhibit the uniqueness and complexity. In these Most recently, Rajm and Sorddsuggested another possibility
species, compounds and fragments interact in a defined ar-of the stability order a€s > C, on the basis of the MP2 theory
rangement, with not only the chemical composition but also and Dunning’s large basis sets.
their precise stereochemistry. THF, like other molecules with  There is no single approach which is best for all purpdsés.
five-member rings, is not planar but puckered. It displays an Small and subtle energy differences among the conformations
internal motion known as pseudorotatiwhich was originally of tetrahydrofuran are within the error bars of many quantum
postulated for cyclopentafeConformations of THF are flexible ~ mechanical mode. Raym and Sorddfurther indicated that
along the pseudorotation pathas a function of the pseudoro-  very different potential energy cross-sections of THF as a
tation anglep. For example, the THF conformers @t= 0° function of the pseudorotation motion were associated with
. — . different basis sets. The predicted minimal structures with one
M;n%g;’;?néggg‘.gu"’zgt.c\‘l’.r)-l E-mail: - djk-dmp@tsinghua.edu.cn (J.D.); model, for example, the Bymmetry of THF using the MP2/
aug-cc-pVTZ model, might be a transition state with imaginary

T Tsinghua University.
* Swinburne University of Technology. frequencies from another model, for example, the MP2/cc-pVDZ
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model® As a result, energetic properties are obviously not so experimental MDs with theoretical ones; the observed MDs were
sensitive in the determination of the stability of the conforma- divided by a normalized constant to give a best fit.

tions produced by pseudorotation. Although it would be

inappropriate to assume that higher level theory always provides3. Methods and Computational Details

more accurate resulf8,the study indeed indicates that the
critical competition is, in fact, between the THF conformers of
the C, and Cs structures.

When predicting future progress in quantum chemistry many
years ago, Coulsédhpointed out that “the most important clue
seems to be the recognition that the energy is not the only
criterion of goodness of wave functions.” In this paper, instead
of concentrating on conventional energetic properties, we
explore an innovative approach to differentiate @eand Cs
conformers of THF, i.e., using dual space analysis (3SA)
through the identification of symmetries of the highest occupied
molecular orbitals (HOMO) of theC, (9b) and Cs (12d)
conformers, jointly based on an electron momentum spectro-
scopic (EMS) measurement and theoretical calculations. The
measured orbital electron momentum profile, in conjunction with
theoretical simulations for the HOMOs, is able to provide
information of the most populated conformer of THF in the
gas phase under the experimental conditions.

Dual space analysis (DSK)is employed in the present work.
Information obtained in position and momentum spaces is
complementary, and they are connected by the uncertainty
principle, which in one-electron systems may be interpreted as
a statement about the correlation between measurement of the
coordinates and momentg. The mutual information density
in momentum space illustrates that this localization is ac-
companied by strong correlation at small values m#°
Momentum space information such as orbital momentum
distribution$®-35 and momentum space mapare particularly
convenient for the determination of contributions to a given
molecular orbital from orbitals associated with particular
atoms3©

Electronic structural calculations for the ground state of
tetrahydrofuran with &Cs symmetry (XA’), a C, symmetry
(X*A), and a G symmetry (XA) are performed using three
parallel quantum mechanical modeB3LYP, OVGF, and
SAOP. Guassian type basis sets of 6-31G* and 6+3&G**
are employed with respect to the OVGF and B3LYP models.
Here the OVGF/6-31G* model is the outer valence electron

The claimed purity of the sample tetrahydrofuran purchased Propagator (Green's function) modgl*® whereas the SAOP/
is 99.0%. The measurement, therefore, proceeded without furtherET-PVQZ model is an orbital-dependent statistical average of
purification. No impurity of the sample was evident in the orbital potential (SAOP) function&f:*° The ET-PVQZ basis
binding-energy spectra. set is an even-tempered Slater type basi¢'sehe B3LYP/6-

The EMS measurements for THF were undertaken with the 311++G** model is employed to generate a number of
symmetric non-coplanar geometry using a high-resolution and molecular properties and orbital densities in coordinate space,
high-sensitivity (e, 2e) electron momentum spectrometer recentlyWhereas the OVGF/6-31G* and SAOP/ET-PVQZ models are
developed at Tsinghua Universiy.With the novel double employed to generate reliable vertical ionization potentials in
toroidal analyzer and the two-dimension position-sensitive the outer valence space of the THF conformers. The calculated
detectors, the collect efficiency is about 2 orders of magnitude Orbital energies are employed to assist the assignment of the
higher than that of our previous spectroméféd so the binding energy spectra observed from photoelec_tron spectros-
statistical accuracy and the reliability have been improved COPy (PES) and the present EMS. All electronic structural
significantly. In a number of recent EMS experiments aiming calculations according to the B3LYP/6-3t+G**, OVGF/6-
at testing the plane wave impulse approximation (PWIA), the 31G*, and SAOP/ET-PVQZ models are based on the optimized
Tsinghua EMS experimental group has been able to achieve adeometries generated using the MP2/aug-cc-pVTZ nidael
wider range of impact energies, from as low as 400 eV to as Méans of computational chemistry packages such as GAUSS-
high as 2400 e%-28 for molecules such as ethyleFfOMOs IAN9S, G.AUSSIAN03?3 and Amsterdam Density Functional
of 1,3-cyclohexadien®, and HOMO of oxyger® It has been  (ADF) suite of programs: o
indicated that although a certain degree of variation in orbital ~Under the Borr-Oppenheimer approximation, independent
momentum distributions (MDs) in small and large momentum Particle approximation, and the plane wave impulse approxima-
regions is observed, the fundamental shape of orbital momentumtion (PWIA)#4% the triple differential EMS cross-section
distribution remains when the impact energy varies. The incident (momentum distributiong) is given by*4>
energies in the present experiment were 600 and 1200 eV plus
binding energies, respectively. However, the spectra at the GEMSDIdQ@,q;;\‘*lppiNmZ 1)
impact energy of 1200 eV is poor and further work in this

d|rec_t|on is carrying on at the moment. L The overlap of the ion and neutral wave functions in eq 1 is
This new upgraded EMS spectrometer has significantly ynown as the Dyson orbit4$. The Dyson orbital can be directly
achieved the angular resolutionf = +0.7° andA¢ = £1.9, calculated either by configuration interaction (¢Br by Green
with an energy resolution 01E=_ i_1.2 eV (full width at half- function (GF¥® methods, which are highly demanding for
maximum (fwhm)). The EMS binding energy spectra from the compytation power. The Dyson orbitals can be closely further

measurement were deconvoluted using a least-squares fityyh oximated with the KohrSham orbitals of DFT (TKSA¥?
according to Bevington and Robing8rinto Gaussians with  tan eq 1 is simplified as

fixed peak widths and positions but variable Gaussian heights

(relative cross-sections). The procedure of extracting experi- )

mental MDs from those angular resolved energy spectra can oews 0 f d2|y(p)| )

be found in our previous wor¥ In addition, the normalization

of the measured orbital momentum distributions to the simulated where yi(p) is the momentum space canonical KetBham

in the theory is one of the general normalization methods used orbital andsf is the pole strength. The quantifglQ gives the

in the EMS field, employed by the Brion group at the University spherical average over the random orientations of the gas-phase
of British Columbia®58 The procedure is to compare the target molecules.

2. Experimental Details
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species?3152The conformer properties given in Table 1 indicate
that this is not the case for THF conformers produced by
pseudorotation. Only subtle differences are exhibited in these
properties, including dipole moment, as the species undergoes
pseudorotation. For example, the dipole momentsdgrCs,

and C, conformations are given by 1.91, 1.83, and 1.89 D,
respectively. Although the MP2/aug-cc-pVTZ motlehd the

HD B3LYP/6-31H+G** model both predict different stability
Figure 1. Molecular structure of tetrahydrofuran and the atomic ordering of the THF conformations, what is common with these
numbering system. models is that both of them produce a negative lowest frequency
. for the C; structure, leading to the transition-state status for the
TABLE 1: Molecular Properties of the Tetrahydrofuran : : . . .
Conformers Calculated Using the B3LYP/6-313+G** C cpnforma_tl_on. As a result, the issue now is to identify the
Model2 relative stability between conformers of ti@& and C, sym-
property C. C C metries. .
Many molecular properties of th€s and C, structures do
ground state XA’ XA X1A . . T .
HOMO 124 9b 20a not vary substantially. There is, however, a significant difference
firstIP (eV)  10.32 10.01 10.24 in their molecular electron charge (derived) potential (MEP).
Rs° (A) 7.450 7.535 7.403 Figure 2 displays the MEP of th€, (Figure 2a) and the&
géD) 1-332 541503 1;3??2 541463 129312 sa1 471 (Figure 2b) structures, in which the projection is based on a
h - . - . - . —
e (e 3518 47 48 33,81 plane formed by the C(2)O(1)—C(3) network for both cases.

Certain electron distribution patterns with respect to their own
2 The optimized geometries of the conformers are based on MP2/ molecular structure are indeed demonstrated in the MEPs. For
aug-cc-pVTZ of ref 92 Ring perimeterRs) is defined as a simple sum example, in theC, case, the MEP is dominated by positive
of the bond lengths of constituent bonds of the ring. See ref 56 charges, whereas, in ti& case, the electron charge distributions
dipole momentd The lowest frequency() is generated at the B3LYP/ in the C(2)-O(1)—C(3) network concentrate on the hydrogen
6-311++G** level using optimization in the present work. v ) . . ydrog
atoms for positive signs but negative signs for the oxygen and

In the present work, the KS orbitals are produced by the carbon atoms are observed. There is indeed little that is
B3LYP/6-31H+G**//IMP2/aug-cc-pVTZ model in coordinate ~ @nalogous in the MEPs of the two conformers, indicating that
space, from which the orbital MDs of the, @nd Cs tetrahy- the conformers may be associated with very different electron
drofuran conformers are simulated using the HEMS pro§fam density distributions.
via the Fourier transform given in eq 1. Experimental conditions,  4.2. Binding Energy (lonization) Spectra for Tetrahydro-
that is, the impact energy given by 600 eV (plus binding furan. In the present EMS experiment, the binding energy
energies) and the effects of the finite acceptance angles of thespectra of THF obtained at the azimuthal angltever the range
experimental spectrometer in batfand¢ given byAd ~ +0.7° of 0 to+30° (a) and atp = 0° (b) are shown in Figure 3 (impact
andA¢ ~ +1.9°, are incorporated in the simulation with the electron energy of 600 eV plus binding energies). In the outer

Gaussian methott.Note that the azimuthal anglgin EMS is valence space<(20 eV), five peaks have been determined at
a completely different concept from the pseudorotation angle 9.7, 11.9, 14.1, 16.3, and 19.3 eV, respectively, as shown by
@ of THF. the vertical bars in Figure 3b. The present EMS measured

binding energies are given in Table 2, together with the results
4. Results and Discussions of the high-resolution PE8of tetrahydrofuran. Although good

4.1. Molecular Properties of Tetrahydrofuran. Structure agreement in spectral line position between the two experiments
and atom numbering of the saturated THF are given in Figure has b_een achieved, like many other organic and/or blomolecular_
1. That is, the numbering starts from the ether oxygen, O(1); SPecies, the_observed spectra are largely congested as seen in
the carbon atoms directly connected to O(1) are C(2) and C(3), Figure 3. It is noted that both PES and EMS measurements
whereas the other carbon atoms which do not directly Connectphe_mse.zlves do not proylde definite information on orbltal-_based
to O(1) are C(4) and C(5). The energy differences among the ionization spectral assignment, so that Fhe spectralla35|gnment
three conformations of THF are so small so that they are right &n only rely on very accurate theoretical calculations, upon
within the error bars of many computational chemistry mod- the identification of the most stable structure under the
el31 from the levels of theory and basis sets. For example, it experimental conditions. It is noted that a very broad Gaussian
is noted that, on the basis of the B3LYP/6-31tG**//MP2/ with a peak position of ca. 25 eV is seen in the binding energy
aug-cc-pVTZ model, the conformation with ti@& symmetry spectra 'in Figure 3. The broad .peak do.es. not corrglate to any
gives the lowest energy of the three conformations, followed Orbitals in the vglfence shell. This unreahstyc Gaussian may be
by the C; conformer, and the€, conformer yields the highest ~ caused by the fitting procedure employed in the present study,
energy. However, the present B3LYP/6-31£G** optimiza- since the fitting was.performed to achlgve the best fit, rather
tions give the order of stability &8, > C; > Cq. The stability ~ than the most physically reasonable fit (the latter approach
of the Cs conformer predicted by two models is completely avoids such unphysical gaussians but may reduce the indepen-
opposite. More definite information rather than energetic dence of measurements).
properties is, therefore, required as the indicator of the conformer A combination of two accurate models, that is, the outer
stability. valence Green function (OVGF/6-31G*) model and the density

Table 1 compares a number of more anisotropic properties functional theory based SAOP/ET-PVQZ model, is employed
of the three conformation<q, Cs, andC,) of tetrahydrofuran. to produce the orbital-based ionization energies of the species.
Anisotropic properties such as dipole moments have been veryThe OVGF model accurately predicts the positions of spectral
sensitive properties to the changes of electron charge distribu-peaks in the binding energy spectra, but the model itself relies
tions for rotational conformers of a number of biological on the orbital irreducible representatives given by the corre-
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Figure 3. Electron momentum spectroscopic binding energy spectra
of tetrahydrofuran at the azimuthal angi€a) over the range of‘0to

+30° and (b)¢ = 0°. The dashed lines represent Gaussian fits to the

! ) peaks, and the solid curves are the summed fits. The determined peaks
Wiy are marked as vertical bars in b.

determined, once the most stable structure in the gas pBase,
or Cs, is identified.

4.3. Diagnostic of theCs Conformer of Tetrahydrofuran
in the Gas PhaseDiagnostic of the most populated conformer
of tetrahydrofuran in the gas phase provides a showcase for the
mutual dependence of experiment and theory. Without any of
them, the results would exhibit a large degree of uncertainties.
In the present study, theoretical calculations have excluded the
_ C, conformation as a transition state with imaginary frequencies
Figure 2. Molecular electron charge (derived) potentials (MEPs) for rom the group of three possibilitie€(, C;, andCy). For the
tetrahydrofuran of (a) th€, conformer and (b) th€, conformer. remaining two conformers of THFEZ, andCs), our calculations
(OVGF/6-31G* and SAOP/ET-PVQZ) have produced ac-

sponding HF method. If, due to electron correlation, the curately the binding energies in the outer valence space, in

electronic configuration of a species is not the same as the one2greement with the PES and the present EMS. measurements.
However, even though the present calculations and some

obtained from the HF method (which is the case in most . tudidsindeed ted that ti@ struct L

situations), the results from the OVGF model are only useful previous studiesindeed suggested that ta structure 1S in

for ionizati . : - favor with a subtly lower energy, comparing to Bgstructure,

or ionization energies rather than for orbital assignment. For . . .

thi the SAOP/ET-PVOZ del i loved in th such a small energy difference does not give us sufficient
IS re?scin,d € th SAO-P/E('DI' P\Toze lsdelmp oge n edconfidence without solid experimental evidence. The orbital

present study, as he -PVQZ model produces goo irreducible representatives of the HOMO for tg and C;

ionization energy spectra for molecules using the meta-Koop- qntormers, fortunately, are very different since the conformers
man’s theorerf¥ as well as the associated orbital irreducible belong to different point group symmetries. For e con-

representations (note that the matrices in the SAOP model areformer, the HOMO is 12awhereas the HOMO is 9b for the
diagonalized on the basis of their individual irreducible repre- ¢, conformer of THF.

sentatives). Table 2 reports the binding energy spectra of the The HOMOSs of theC, (b) andCs (&) conformers will split

Cz andGs conformers of THF calculated using OVGF/6-31G*  according to their symmetries in momentum space when
and SAOP/ET-PVQZ models, together with the observed PES presented in orbital momentum distributions. To identify the
and EMS experimental spectral peak positions. However, orbital- conformation of THF, it is important to resolve and to detremine
based assignment to the binding energy spectra could only bethe binding energy spectral line (peak 1 in Figure 3) for the

NI R
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TABLE 2: Assignment of the Experimental Binding Energy Spectra of Tetrahydrofuran in the Outer Valence Shell Using
OVGF/6-31G* and SAOP/ET-PVQZ Calculations (eV)

theory
C Cs experiment
OVGF SAOP OVGF SAOP
6-31G*(SP} ET-PVQZ 6-31G*(SP} ET-PVQZ Cs assignmt PES EMS
9.38(0.92) 10.01 (9b) 9.63(0.92) 10.32 (D2a 12d 9.74 9.7

11.11 (0.91) 11.67 (11a) 11.36 (0.91) 11.93 (J1a 114 11.52 11.9
11.85 (0.93) 12.11 (10a) 11.65 (0.93) 11.97'(8a 8a
12.08 (0.92) 12.51 (8b) 11.86 (0.92) 12.40'(ya 7a’
12.30 (0.92) 12.75 (9a) 12.11 (0.91) 12.72 (}0a 10d 12.52
14.06 (0.92) 13.98 (7b) 13.69 (0.92) 13.84'(pa 6a’ 14.1 141
14.72 (0.92) 14.48 (8a) 14.28 (0.91) 14.23')9a 114 14.5
14.72 (0.91) 14.76 (6b) 15.13 (0.91) 15.12'(pa 53" 15.4
16.54 (0.91) 16.22 (7a) 16.15 (0.90) 15.99)8a 8d 16.8 16.3
16.91 (0.91) 16.51(5b) 16.66 (0.91) 16.31'j7a 7a

18.64(6a) 18.67 (43 4a' 19.5 19.3

18.88 (4b) 18.91 (Bn 6a

aHere SP is the spectroscopic pole strength factor calculated by the OVGF rmdtelHe | photoelectron spectrum of tetrahydrofuran from
ref 42 without being assigned to particular orbitals.

HOMO of the species. Fortunately, the energy separations of 0.08 —T— T 7T
peak 1 (the HOMO) and peak 2 for both tBgor Cs conformers

of THF are sufficiently largeX1.50 eV, refer to Table 2), so
that the EMS technique with an instrumental energy resolution
of £1.2 eV (fwhm) is able to resolve peak 1. Although there
exists a certain overlap between peaks 1 and 2 in Figurér3a
fact, peak 1 is presented as a “hump” in this figtdtlee position

of peak 1 (HOMO) at 9.4 eV is clearly resolved in the binding
spectrum at¢ = 0° in Figure 3b of the present EMS
measurement. The first peak at 9.7 eV is evidenced by the
previous PES measuremé&hwith a much higher resolution and

is supported by our quantum mechanical calculations given in
Table 2. It is noted that the likely “peak” in the leading edge of 0.0 05 10 15 20 25
the first Gaussian in the spectrum ¢f= 0° in Figure 3 at Momentum (a.u.)
approximately 8.75 eV is not supported by the other spectrum

n the same flg_ure neither b_y the PES and theoretical calcula- for the highest occupied molecular orbitals (HOMO) of tetrahydrofuran
tl0n§, ‘_"md the discrepancy did not appear F’eyor‘,d three standar s andC, conformers. The theoretical orbital momentum distributions
dev|at|0n barS. AS a I‘eSU|t, we be“eve Itis ma|n|y due to the for CS (Curve 1) an({}z (Curve 2) are simulated using the B3LYP/6-
statistical fluctuation and do not consider it as a peak in the 311++G**//MP2/aug-cc-pVTZ model.
present study.

The uniqueness of the assignment to peak 1 is also evidencedehavior of the experimental cross-sections well fit into the
by intensities. The ratio between the intensities (counts) of peak simulated HOMO (123 orbital MDs of theCs conformer. The
1 and the most intensive peak 4 in Figure 3b is approximately HOMO (9b) orbital MDs of theC, conformer exhibit a typical
1:6, which remains almost the same in Figure 3a. The bell-shaped p-like orbital nature, which does not agree with the
consistency in the spectral ratiogat= 0° and atp = 0° indicates measurements. As a result, the orbital MDs in Figure 4 lead to
that the symmetry of this orbital is dominated by a totally the conclusion that the most populated conformer of tetrahy-
symmetric orbital, such as a f@, and & for the Cs conformer, drofuran in the gas phase is dominated by @econformer.
otherwise the ratio cannot remain if the peak is (i) an orbital The binding energy spectra of THF in the outer valence space
with a b symmetry foiC, and an 4d for the Cs conformer and given by Table 2 are, therefore, assigned to the orbitals of the
(i) a cluster of unresolved orbitals containing orbitals with b  Csconformer in the column highlighted. Combining theoretical
or d' symmetry. In addition, in a most recent EMS measurement models with two different experiments, we are able to assign
for bicyclo[2.2.1]hepta-2,5-dione from one of the world’s the ionization spectra of tetrahydrofuran for the first time, two
leading EMS group&! the overlaps between the binding energy decades after the PES measurenf@ntgere published. The
spectra at eithep = 0° and¢ = 0° in the band of 1+15 eV results are given in Table 2.
of bicyclo[2.2.1]hepta-2,5-dione are more significant than the  The differences in the HOMO orbital MDs between 1@Gg
present study. However, the unique assignment of the EMS andC; conformers imply that the chemical bonding mechanisms
binding energy spectra (Figure 4 in ref 34) was achieved with underlining the conformers are not the same. Figure 5 further
the help of higher resolution PES spectra as well as quantumexplores the orbital electron density contours in the more
mechanical calculations. familiar coordinate space. The orbital electron density distribu-

Figure 4 displays the EMS experiment orbital cross-sections tions of the HOMOSs, 12a9b, of conformelCs andC; indeed
of the HOMO as a function of momentum together with the look very similar with dominated contributions from the C(2)-
simulated orbital MDs of the HOMOs of th€, and Cs H,—0O(1)-C(3)H, network in both HOMOs: the two 1s H
conformers, respectively, under the experimental conditions orbital enhancedorbitals of C(2) and C(3) in the GHyroups
(room temperaturel = 298 K). It is not unfamiliar from our connected the O(1)pone pair. However, the participation of
previous experiencéé 355254 that the ¥ hybridized orbital the p orbitals of C(4) and C(5) in the HOMO of 12af

Relative Intensity

Figure 4. Experimental and simulated orbital momentum distributions
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Figure 5. Orbital electron charge distributions of the highest occupied
molecular orbitals (HOMO) of tetrahydrofuran (&) conformer and

(b) C, conformer. The orbital electron densities are produced using
the B3LYP/6-31#+G**//MP2/aug-cc-pVTZ model. Moldet is used

to plot the contours.

conformer C;, which is only possible in theCs structural
arrangement, forming a “pseudo”bond with the p orbitals
of C(2) and C(3), respectively, further distorts the antibonding

nature of the enhanced p-like distribution (Figure 5a). The orbital

MDs in Figure 4 reflect this distortion with a local minimum.
The C;, conformer does not permit orbitals of C(4) and C(5) to
overlap sufficiently with the C(2)k+0(1)—C(3)H, network in
HOMO (9b) as shown in Figure 5b, leaving this orbital (9b)
with little distortion.

Orbital momentum distributions of the complete valence space

will be able to provide a more comprehensive picture for the
conformers and possibly dynamics of THF. However, the
possibility of interchanging or coexistence (due to low-energy
barriers on the conformational potential energy cross-seftion

of the conformers, combined with the unresolved and clustered
orbitals (due to the congested binding energy spectra of THF),
raises the questions to the uniqueness of the experimental

momentum distributions of other valence orbitals apart from
the HOMO. Theoretically, the configuration of the simulated
orbitals from the available conformers of THF is also not unique.
In addition, the impact energy of 600 eV in the present
measurement may not be sufficiently high when entering into
a higher energy band in the valence space. A theoretical stud
to explore the orbital behavior of the THF conformers in the

valence space is under investigation at the moment. Without
further experimental results to improve the uniqueness of the
orbital momentum distributions, any comparison made at this

point would not be practically meaningful.

5. Conclusions

The most populated conformer of tetrahydrofuran generated

from pseudorotation has been identified as@eonformer in

the gas phase, diagnosed by the present joint electron momentum
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spectroscopy and theoretical calculations. Quantum mechanical
calculations, including density functional theory based on
B3LYP and SAOP and outer valence Green function (OVGF)
methods, play a significant role in the identification of the most
stable structure and hereby the assignment of the ionization
spectra in the outer valence space of tetrahydrofuran.

The Cs conformer has been singled out from three possible
conformations of tetrahydrofuran, that is, tlg, C,, and Cs
structures which are competitive in energy. In coordinate space,
the energy differences among the conformations are very small
and possibly interchangeable, which leads to all possibilities
for the C,814 C,,11215and CS structures to be reported as the
most stable structure for tetrahydrofuran. Experiments such as
microwave and far-infrared spectroscépy'+ 1% and photo-
electron spectroscopy (PE%have been unable to identify the
most stable structure of tetrahydrofuran without contradictfons.
Theoretical results of tetrahydrofurdf>> which have also
predicted almost all possibilities, may be insufficient to make
solid conclusions without experimental support.

Dual space analysis (DSA) has demonstrated the importance
of accessing complementary information from coordinate and
momentum space. The present theoretical optimizations using
the B3LYP/6-311#+G** model exclude theC; conformation
from the group of three conformations due to its imaginary
lowest frequency, indicating a transition state, in agreement with
Rayon and Sord®.The fact that theC, and Cs conformers
exhibit similarities in their energies and other molecular
properties including dipole moments implies that such molecular
properties fail to differentiate the target conformers. However,
the most obvious difference betwe€a and Cs conformers of
tetrahydrofuran is indeed their symmetry and electron distribu-
tions. The molecular electron charge (derived) potentials (MEP)
of the two species are very different, and therefore, the symmetry
of the highest occupied molecular orbitals ©f (9b) andCs
(12d) species is identified to carry the fingerprint of the
conformers. Assisted by the OVGF/6-31G* and SAOP/ET-
PVQZ model predicted ionization energies in the outer valence
space, the HOMOs of th€; and Cs conformers happen to be
the only EMS experimentally resolved orbital for tetrahydrofuran
in the valence space. The EMS measurement identifies the
fingerprint of the Cs conformer to be the most populated
conformer in the gas phase from the simulated HOMO MDs of
the Cs and C, conformers. This discovery leads to the orbital-
based assignment to the PES and EMS experimental binding
energy spectra, based on our OVGF/6-31G* and SAOP/ET-
PVQZ models. The present study demonstrates the comple-
mentary nature of experiment and theory, information in
|coordinate space and momentum space. This study also explores
an innovative approach to study molecular stabilities of biologi-
cal systems which are rich in conformers.
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