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Five stable isomers of 2-chloroethanol and 2-bromoethanol have been found by the density functional theory
with the hybrid density-functional B3LYP and the second-order MglRlesset perturbation method using
6-31++G(d,p) and 6-311+G(2d,2p) basis sets. Intramolecular hydrogen bonding plays an important role

in the most stable isomers. Assignments, especially for the low ionization potential bands, in théSje*(2
Penning ionization electron spectra and He | ultraviolet photoelectron spectra were made on the basis of the
characteristics of molecular orbitals, collision energy dependence of partial Penning ionization cross sections
(CEDPICS), and the related calculations. The intramolecular hydrogen bondir@(&H—0O and C-Br---H—

0) leads to the significant steric shielding effects, which further results in distinctly different slopes of CEDPICS
for the low ionization potential bands.

I. Introduction together withAE values can give us the details of the anisotropic
) ] o potential surface around the target molecule. In our labora-
Two-dimensional (electron-energy and collision-energy- t4ry CEDPICS can be obtained by simultaneously measuring
resolved) Penning ionization electron spectroscopy (2D-PIES) cERpPIES using the 2D-PIES technique. 2D-PIES studies of
has been used effectively to investigate anisotropic interactions¢gme polyatomic molecules (from small diatomic molecules
around the target molecules (M)’ Steric anisotropy reflected such as M and CO to the bigger hydrocarbons such as
in the Penning ionization process (A*M — M" + A +e7) anthracenand adamantafieby collision with the He* (8S)
is theoretically based on the electron exchange nfoaed atoms have been reported so far. Among these studies, non-

spatial electron distribution of molecular orbitals (MOJhe bonding lone pair orbitalsj attract particular interest because
for_mer suggests the fac_ts that an elect_ron of an MO of the targetthey play an essential role in hydrogen bonding (HB), which is
M is transferred to the inner-shell orbital of a metastable atom hot topic of current spectroscopic investigatiéhs

A*, and the excited electron of A* is ejected as the Pennin . . . .
J 9 It is noted that variations in reactivity of electrons due to

electron €. Obviously, transition probability to each ionic state . .

in Penning ionization is governed by an overlap of the related ;ntre;(néo:'egu:'arO:B Qaie g?eg osz::rved '(;] El”éts by 8 h‘lt]r? etal.

orbitals. On the other hand, the spatial electron distributions of or 2112 (X = » Bl 2, an (, H)2). e

an MO are usually localized at certain parts of the molecular authors suggested that the mtr_am_o_elcular HB n 2_-ch_|oroethano|

skeleton. Thereby, for a given A* (e.g., a He®&) metastable (CICH,CH,0OH) resulted in a significant steric shielding effect

atom), band intensities in a Penning ionization electron spectrum Y observlnzg the different intensities of the bands in PIES:

(PIES) are closely related to the MO electron density distribu- " the He*(2S) PIES, these split bands usually show different
intensities that may be interpreted by their different spin states.

tions. Furthermore, the characteristics of spatial distributions -
of MOs and the related anisotropic interactions with H&gp ~ 1he PIES measured by Ohno et al. were the collision-energy

atoms can be studied by measurements of collision en&gy ( 2veraged spectra using the metastable H&)atoms produced
dependence of partial ionization cross sections (CEDFI&) by electron impact$? They are remeasured in this work by a
and collision-energy-resolved PIES (CERPIES}! Typically, discharged source in the thermal energy rafigeurthermore,
CEDPICS exhibits a positive slope for a repulsive interaction; it iS worth performing 2D-PIES experiments on both 2-chloro-
namely the partial ionization cross sections are enhanced at thethanol and 2-bromoethanol (Br@&H,OH) to get insight into
higher E values because a faster He* atom can reach the the steric shielding effects arising from the intramolecular HB.
reactive region effectively. On the contrary, if an attractive  For reasonable assignments in the PIES and UPS, we need
interaction governs the ionization reaction, the partial cross to locate the stable isomers of CIgEH,OH and BrCHCH;-
sections decrease with increasigvalues, CEDPICS accord-  OH by searching their molecular potential surfaces. It is well-
ingly shows a negative slope. Moreover, peak shitE)(in a known that the YCHCH,X (X, Y = halogen atoms, OH, N
PIES with respect to He | ultraviolet photoelectron spectrum etc.) type molecules have floppy molecular potential surfaces
(UPS) supply us with information on the entrance channel of because there are not only possible intramolecular HBs but also
the Penning ionization process. A large negative shift indicates the translational and rotational mobility of the X and Y groups.
that there is an attractive potential well on the interaction To our best knowledge, there are no theoretical reports on the
potential energy curve. A positive one indicates that there is a isomers of these two molecules until now. The density-functional
strong repulsive wall. The slope parametarg ¢f CEDPICS theory (DFT) with the Becke’s three-parameter and-t¥ang—
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Parr hybrid functional (B3LYF} and the second-order Mgller of neighboring bands. The CERPIES were cut at the Byo
Plesset perturbation (MP2) meti8avith 6-31++G(d,p) and (lower and higher) values from(Ee,Ec) data with some width.
6-311++G(2d,2p) basis sets are employed for the calculations To study the low-ionization-potential bands, we measured the

of the isomeric systems in this work. CERPIES in the ranges &.: 7.5-9.5 eV for CICHCH,OH
and Es: 7.5-9.75 eV for BrCHCH,OH at the high energy
II. Experimental Section resolution condition.
Details of the experimental apparatus have been reported 2-Chloroethanol (99%) and 2-bromoethanol (99%) were
elsewheré:210 Metastable atoms of He*{8, 2S) were pro- purchased from Wako Pure Chemical Industries Ltd. They were

duced by a discharged nozzle source with a tantalum hollow used after several freezpump—thaw cycles. The liquid sample
cathode. The He*(5) component was quenched by a water- was contained in a Pyrex tube out of the chamber in the
cooled helium discharge lamp. He | resonance photons (584 A, experiments, the Pyrex tube was connected with a steel tube
21.22 eV) produced by a discharge in pure helium gas were inserted into the reaction cell in the chamber. The volatility of
used to obtain UPS. The kinetic energies of the electrons ejectecthe samples at room temperature was high enough to create a
in Penning ionization or photoionization were determined by a sufficient concentration of target molecules in the gas phase,
hemispherical electrostatic deflection type analyzer using an the ambient pressure was controlled at ca 20°° Torr.
electron collection angle 9Qo the incident He*(3S) beam axis
or He | light beam axis. The energy resolution of the electron |j|. calculation Methods
analyzer was estimated to be 80 meV from the full width at
half-maximum (fwhm) of the Ar(2Ps/;) peak in the He | UPS According to the OH orientations, the isomers can be
for the energy higher resolution PIES and UPS measurementsclassified to two types, gauche (G) and stagger (A). All of the
of the samples; for the CEDPICS measurements, the resolutionpossible isomers were optimized then their stabilities were
was lowered to 250 meV to obtain higher electron counting checked by the harmonic frequency calculations at the DFT-
rates. The transmission efficiency curves of the electron energyB3LYP and MP2 levels with the 6-31+G(d,p) basis set. We
analyzer for both of these two modes were determined by calculated the relative total electron energies with&g)(and
comparing our UPS data of some molecules with those obtainedwith zero point vibration energy (ZPVE) correctiorE[ZO'fVE)
by Gardner and Sams¥rand Kimura et at’ The calibration among the stable isomers. Composition rasjf¢r each isomer
of the electron energy scale was made with reference to theof CICH,CH,OH or BrCH,CH,OH was estimated by an
lowest ionic state of molecule nitrogen mixed with the sample exponent function,
molecule in He | UPSHE, = 5.639 eV}® and He*(2S) PIES
(Ee = 4.292 eV}° including a peak energy shift of 50 meV AEZPY
and the difference between the metastable excitation energy and pO ex,{_O‘E) (4)
the lowest ionization potential (IP). KT

For the collision-energy-resolved measurements of Penning
ionization, the metastable He®{®) beam was modulated by a The geometrical parameters of the most stable isomers were
pseudorandom chopper rotating at ca. 400 Hz and thenre-optimized with the 6-31&+G(2d,2p) basis set. This split
introduced into a reaction cell located at 504 mm downstream valence basis set argued with the double d polarization functions
from the chopper disk. Time dependent electron signals for eachto the heavy atoms and the double p polarization functions to
kinetic electron energke were recorded with scanning electron  the H atoms is frequently used for studying HB clusters, and
energies of a 40 meV step and the dwell time for the TOF its reliability has been provel.Hartree-Fock self-consistent-
measurements wag3. The two-dimensional data as functions field (HF—SCF) calculations with the 6-3#G(2d,2p) basis
of Ec and timet were storedn a 2 MBRAM. Two-dimensional set were performed for drawing electron density maps of
spectrale(Eetror), functions of E. and TOF, can lead to  respective MO; thick solid curves indicate the repulsive mo-

le(Ee,vmer), functions ofEe and the velocity of He* dye+), and lecular surface approximated by atomic spheres of van der Waals
then to the two-dimensional Penning ionization cross-section radii2! The IP values were also calculated for assignments in
0(Ee,vr) using the equations, the He | UPS and PIES by outer valence Green’s function
(OVGF) method?23 with the 6-3H-G(d) basis set.
0(Eevy) = Al (Eetner) Tnex(vien)} (Ve v7) @) It is well-known that the shape of velocity dependence of
5 72 the total scattering cross section of He*$2 by He, Ar, and
vy = [vpes” + 3KTIM] (2) Kr is very similar to that of Li(2S)24and interaction well depths

and location of potential wells have been found to be very
wherec is a constanty; is the relative velocity averaged over  similar for interactions of various targets with He?*@® and
the velocity of the target molecullejs the Boltzmann constant,  Lj(22S)25 For atomic targets (H, Li, Na, K, and Hg), quantitative
andT and M are the gas temperature and mass of the target estimation of the well depth was summarized to be in good
molecule, respectively. The velocity distributidfe-(vmer) Of agreement with the ratio of 1.1 and 1.2 by the Li model potential
the He* beam was determined by monitoring secondary with respect to He*(3S) in a recent studsf So this similarity
electrons emitted from the inserted stainless steel plate. Finally,between He*(3S) and Li(2S) is usually used to compare the

0(Ee,vr) was normalized bye(vue) and converted to(Ee,E), computationally much more feasible-M potentials with the
functions ofEe andE, using the relation experimental results on the He®@—M interactions~7 In this
study, the interaction potential calculations with the B&P

E. =,uz/r2/2 3) atom, V*(R,0) (whereR and 6 were defined in the figures),

were performed at the unrestricted MP2 level of theory using
whereu is the reduced mass of the system. The CEDPICS werethe 6-3H-G(d,p) basis set with scannirijor 6 values and the
obtained fromo(Ee,Ec) data within an appropriate range Bf geometrical parameters of the targets fixed at the previously
(typically the fwhm of the respective band) to avoid the effect optimized values. Spin contamination is negligible for these
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Figure 1. (a) Newman projections of 2-halogenoethanol (here=X
Cl or Br). (b) Isomeric conformers (the geometrical parameters are — T T T

optimized at the DFT-B3LYP/6-3&+G(d,p) level). 10 8 6 4 2 0
Electron Energy / eV
calculations. The present calculations of interaction potentials _
and IP values were performed with GAUSSIAN 8. noure. )2 He | UPS and He*(35) PIES of 2-chloroethanol (CIGH
2! .

IV. Results and Discussions OH and BrCHCH,OH, respectively. Electron density maps

A. Results. Newman projections of the stable isomers are plotted onXY plane of the most stable isomer are also shown
shown in in Figure 1a, and their structures determined at the in the figures for grasping effective access directions of the He*
DFT-B3LYP/6-31+G(d,p) level are shown in Figure 1b. It atoms. Due to the lowC; symmetry of the conformer, the
is noted that only sAX is ofCs symmetry whereas the others schematic diagrams of the MOs are presented together with the
flee from theCs symmetry geometry, and the intramolecular density maps for easily recognizing the MO characteristics,
HB occurs in §GX conformer. The optimizations of aGBr  where the solid circles represent valence s orbital, and couples
were always converged to the geometry of gGBr at the MP2 of ellipses and dashed circles represent in-plane and out-of-
level of theory using the smaller 6-31%G(d,p) and bigger plane components of p orbitals.
6-311++G(2d,2p) basis sets. Figures 7 and 8 show the CERPIES and CEDPICS measured

The He | UPS and He*@5) PIES of CICHCH,OH and at the high energy resolution condition for bands3L In Figure
BrCH,CH,OH are shown in Figures 2 and 3, respectively. The 7a, the cold spectrunk{: 116-124 meV, averaged 120 meV)
energy scale for PIES is shifted 1.40 eV relative to that for UPS is exhibited by the solid curve, whereas the hot spectriggn (
by the difference in the excitation energies between the He | 238-262 meV, averaged 250 meV) is exhibited by the dotted
photon (21.22 eV) and the HeXQ) (19.82 eV). curve. In Figure 8a, the cold spectrurk:( 92—98 meV,

Parts a and b of Figure 4 show the CERPIES of GICH,- averaged 95 meV) is exhibited by the solid curve, whereas the
OH and BrCHCH,OH, respectively. In Figure 4a, the hot hot spectrum K. 263—-277 meV, averaged 270 meV) is
spectrum at the higheE; ca. 250 meV (238262 meV) is exhibited by the dotted curve. In Figures 7b and 8b, the plots
exhibited by the dotted curve, and the cold spectrum at the lower of the three highest occupied MO are plotted with MOLDEN,

E. ca. 105 meV (102108 meV) is exhibited by the solid curve. where the contours for the most stable isomer represent

In Figure 4b, the hot spectrum at the higti&rca. 250 meV amplitudes of£0.01. The arrows represent the attractive

(239-261 meV) is exhibited by the dotted curve, and the cold interactions, whereas the broken curves represent the repulsive

spectrum at the loweE. ca. 100 meV (95105 meV) is interactions.

exhibited by the solid curve. The model interaction M potentialsV*(0,R) are shown
log o vs logE. plots of CEDPICS in a collision energy range in Figures 9 and 10. The details can be read in the captions.

90—300 meV are exhibited in Figures 5 and 6 for CI§CHH,- These figures are used to capture the general characteristics of
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Figure 3. He | UPS and He*(2S) PIES of 2-bromoethanol (BrGH L T T T T T T T T T T 1
CH.OH). 10 8 6 4 2 (1]

the anisotropic interactions and the differences of the interactions Electron Energy / eV

around the Cl and Br atoms. Figure 4. (a) Collision-energy-resolved HeX) PIES of CICHCH,-
Table 1 listsdE, 0EZPVE, and the normalized composition OH: solid curveEc ~ 102—-108 meV, average 105 meV; dotted curve,

: : : - E. ~ 238-262 meV, average 250 meV. (b) Collision-energy-resolved
ratios estimated with eq 4. The geometrical parameters andHe*(z?,S) PIES of BICHCH,OH: solid CUrve,E, ~ 95-105 meV,

dip?'e_ moments of the most stable isoméGX (X = Cl, _Br)’ average 100 meV; dotted cuni&,~ 239-261 meV, average 250 meV.
optimized at the DFT-B3LYP and MP2 levels with the

6-311++G(2d,2p) basis sets are summarized in Table 2. In around the GC bond, and (c) stabilization resulting from the
Table 3, the three lowest IPs for four most stable isomers of intramolecular HB?® The former two lead to the staggered
each molecule were predicted with the OVGF calculations and conformers being more stable than the gauche ones (except for
at Koopmans’ approximation using HF and B3LYP orbital g'GX), which is in good agreement with the calculated results
energies. The experimental IP values obtained in this work andin Table 1. However, the'GX conformer is the most stable
cited from the previous wotR are also listed for comparison.  because of the intramolecular HB. The frequency shifts of the
The main orbital characteristics are given for each band. OH stretching mode have been observed for 2-halogeno-
Tables 4 and 5 summarize the experimental IPs and the ethanolg®2° The intramolecular HB energies in 2-halogeno-
calculated values for the most stabl&¥, experimental peak  ethanols can be crudely estimated by comparison of relative
shifts AE, slope parametersm) of CEDPICS, and the band stability between gGX or aGX and@X. Kolbjon and Hedberg
assignments with the orbital characteristics. The slope param-reported the energy difference to be ca. 10 kJ/mol for 2-chloro-
eters were obtained by a least-squares fitting of thedogs ethanol from electron diffraction data in the gas ph#sEhis
log E. plots. The vertical IPs were determined from present He value is close to our calculations (7-761.43 kJ/mol). Fur-
| UPS. TheAE values were obtained as the differences between thermore, this value for 2-bromoethanol should be a little larger
the peak positions in PIEEfes in electron energy scale) and  than that for 2-chloroethanol on the basis of the calculated results
the nominal value Ky, difference between the metastable in Table 1. The ratios estimated with eq 4 indicate tH&>g
excitation energy and sample IRYE = Epes — Eo. predominates at room temperature. The other isomers cannot
B. Isomers and Intramolecular Hydrogen Bonding. The be reflected in the spectra in this work due to low-energy
conformations of 2-halogenoethanols would be governed by resolution and broad ionization bands including vibration
three factors: (a) electrostatic interaction because of mutualstructures. Therefore, we subsequently analyze the geometrical
repulsion of C-X and C-O dipoles, (b) hindered rotation parameters of '@X in detail.
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Figure 5. Collision energy dependence of partial ionization cross
sections for CICHCH,OH collided by He*(2S). The density maps of
the MOs of the most stable isomer are plotted on the p}¥vieThe
black arrow points to the overlap density arising from the intramolecular
hydrogen bonding OH-CI.
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Figure 6. Collision energy dependence of partial ionization cross
sections for BrCHCH,OH collided by He*(2S). The density maps of
the MOs of the most stable isomer are plotted on the pkrie

As shown in Table 2, the results calculated by the DFT-
B3LYP method differ from those obtained by the MP2 method.
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Figure 7. (a) Collision-energy-resolved HeX{8) PIES of CICHCH,-

OH measured at the high energy resolution condition: solid ciye,

~ 116-124 meV, average 120 meV; dotted curlzg;~ 238—-262 meV,
average 250 meV. (b) Collision energy dependence of partial ionization
cross sections of bands-8 for CICH,CH,OH collided by He*(2S).

The contours for the most stable isomer represented amplitudes of
+0.01. The molecular geometry is enlarged for recognizing the MO
characteristics.

In particular, the value of the HB length for each molecule
predicted by the MP2 method is smaller by ca. 0.08 A than
that predicted by the DFT-B3LYP method. The MP2 value of
the dihedral angle D(CIC2C10) being smaller than the DFT-
B3LYP value and the MP2 value of the dihedral angle
D(HOC2CI) being larger than the DFT-B3LYP value indicate
that the MP2 method predicted the dipole interaction between
C—X and C-O to be relatively weak; namely, the intra-
molecular HB predicted by the MP2 method is stronger than
that predicted by the DFT-B3LYP method for these two
molecules. According to classifications of HB strength by the
HB lengths!? the intramolecular HB in these two molecules is
a weak one. However, it is noted that both DFT-B3LYP and
MP2 methods predicted the intramolecular HB in CYCiHi,-
OH to be a little stronger than that in BrGEH,OH because
the HB lengthr(H---Cl) is shorter tham(H---Br). These results
can be interpreted by the smaller electron affinity (EA) of Br
atom (EAg = 1.81 eV, EA, = 1.69 eVF? and stronger
electrostatic repulsive interaction between Br and O atoms.
C. Spectral Assignments, CEDPICS, and Anisotropic
Interactions. Kimura et al. assigned the low-ionization-potential
bands in the spectra of CIGBH,OH to n¢y, nc, andne on the
basis of the SCF MO characteristigsHowever, Ohno et al.
gave a different sequena®;, nc;, andng;, which was supported
by three factord? (a) the calculated splitting for the tway,
orbitals was 0.16 eV, which was in good agreement with the
observed separation between bands 2 and 3 (¥1LTU8=
0.23 eV) and much larger than the corresponding values for
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Figure 8. (a) Collision-energy-resolved HeX{g) PIES of BrCHCH,-

OH measured at the high energy resolution condition: solid ciye,

~ 92—98 meV, average 95 meV; dotted cunig,~ 263—277 meV,
average 270 meV. (b) Collision energy dependence of partial ionization
cross sections of bands-B for BrCH,CH,OH collided by He*(2S).

The contours for the most stable isomer represent amplitude®.6fl.

The molecular geometry is enlarged for recognizing the MO charac-
teristics.

bands 1 and 2 (11.48L0.91= 0.57 eV); (b) the band shape
for the no orbital was rather broad in both UPS and PIES in
comparison with the case fai, orbital; (c) it was based on
the propensity found in the PIES for GEH,X (X = OH, ClI,
NH,, etc.). In this work, we supply further proof supporting

Tian et al.
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Figure 9. Interaction potential energy curv&&(6): M, scanningd
around the Cl atom on the plane a which is perpendicular t€CIC
bond axis®, scanningd around the O atom on the plane b (the HOC
plane); A, scanningf around the Br atom on the plane ¢ which is
perpendicular to €Br bond axis. The distances between Li and Cl,
O, or Br are shown in the figure.

program for highly efficient computations. For the latter, the
OVGF method can be considered as a quasiparticle approxima-
tion of the electron propagator thed®/Using the HF wave
functions, the third-order perturbati&t(used for predicting the

IPs in Tables 35) is still not powerful enough to predict the
correct final states for this case. However, the band splitting
energy predicted by the OVGF method, 0.26 eV between bands
2 and 3, is extremely close to the observed value (}113027

= 0.23 eV). Moreover, the IPs of the bands for Br{CHi,OH
predicted by the OVGF method are in good agreement with
the observed values (see Table 5).

Because of th&C; molecular symmetry and intramolecular
orbital (hx < ng) interactions, the electron distributions of
respective MO are delocalized. Thereby, tiebands in the
previous work are replaced by theycy or nogn in the
assignments. The spectral assignments in this work are not only
based on the facts presented by Ohno &t but also supported
by subsequent discussions. We describe briefly the anisotropic
interactions with the He* atoms around these two molecules.
In Figure 5 and Table 4, the absolute values of the slope
parameters for bands—¥ are much larger than those for the

the assignments given by Ohno et al., owing to the developmentsother bands. Correspondingly, the negative peak shiftgor

of experimental and computational techniques.

bands -4 are also larger. However, the smaller negative slopes

In Table 3, the calculated IPs for the stable isomers are listedfor bands 6-9 are accompanied by the positiveE values.
together with the experimental values. The discrepancies According to their orbital characteristics shown in Figure 5, the
between the experimental IPs obtained in this work and thoserepulsive interactions around the gahd OH groups and along

in the previous work’ may be due to the electron energy
calibrations for the spectra. However, the splitting energies

the CCI bond axis can be used to explain the smaller negative
slopes and positivAE values for bands-69, whereas the larger

among the bands observed in this work are close to the valuesnegative slopes and negatixd= values can be interpreted by

observed previousl. The orbital characteristics are determined
by the calculated MO wave functions. It is interesting that the
band (orbital) sequences for the CIgEHH,OH isomers predicted
by the DFT-B3LYP method differ distinctly from those

the attractive interactions around the electron distribution regions
of theng) andng orbitals. In Figure 10a, the curves for the most
attractive interactions exhibit the well depth to be ca—80
meV. These values are close to the experimefnEafor bands

predicted by the HF method. The sequences by the HF method2 and 3 AE = —150 + 60 and—150 + 40 meV). The well
are the same as those by the OVGF calculations. It can bedepth in the curve for approaching to the O atom in Figure 10c

explained by the following facts: the electron correlation effect
included in the B3LYP functional should be important to predict

is ca. 450 meV, which is close to the observeH (—400 +
100) for band 1rfogn). In Figure 10c, the repulsive interactions

a correct electron configuration although this method gives much for approaching the Cygroup are consistent with the observa-
smaller orbital energies, and a too crude approximations maytions of smaller slopes of CEDPICS and positi&& values

be used in the OVGF method encoded in the GAUSSIAN

for bands 6-9. In Figure 6 and Table 5, the anisotropy of the
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Figure 10. (a) Interaction potential energy curv@¥(R) between Li and CIl, the access along the<CI| bond axis;® and A, the approaches to
the Cl atom at the&) ~ 130° and 220 at the plane a which is perpendicular te-Cl bond axis. (b) Interaction potential energy curk&gR)
between Li and Brill, the access along the-Br bond axis;® anda, the approaches to the Cl atom at the- 90° and 240 at the planec which
is perpendicular to €Br bond axis. (c) Interaction potential energy cur¥$R) between Li and O or (ll, the access to the O atom at the-
130 at the plané (the HOC plane)®, the access to the C atom at bisector of the angle HCH at the HCH glaresef values are the minima
determined in Figure 9.

interactions around BrC}¥H,OH is not as clear as around CERPIES and CEDPICS measured at the high energy resolution

CICH,CH,OH, because the He* trajectories are preferably condition. As shown in Figures 7a and 8a, the lowest intensity

approaching both the Br and O atoms. This steric effect leadsbands (band 1 for CICKH,OH and band 3 for BrCLCH,-

to the averaged slope of CEDPICS for the outer valence bandsOH) are assigned a%cj andnogy, Which is based not only

for BrCH,CH,OH are more negative than that for CIgEH,- on the band shapes as described by Ohno Etlalt also on

OH. In Table 5, one can find that the negative slopes for bandsthe consistent analyses of CEDPICS and interactions given

6—9 are smaller than those for bands4, and the peak shifts  subsequently. In Figure 7b, band 1 shows the much flatter slope

for bands 6 and 7 are much smaller or even positive. It is noted of CEDPICS than band 2 or band 3, in particular, the CEDPICS

that the largest negative slope and negathie are observed  for band 1 even increases slightly with the increasé.dfeyond

for bands 4 and 5 due to tmg andng, characteristics involved  ca. 200 meV. It can be interpreted by two effective approaches

in the related orbitals (see Figure 6). The peak shifts for bands of attractive interactions (as represented by two big arrows

1 and 2 AE = —150+ 40 and—100+ 60 meV) are close to  pointing tono andnc electron distribution regions) accompanied

the calculated potential well depth (14070 meV) in Figure by two repulsive interactions (as represented by two broken

10b. curves) for the Chland OH groups. The slightly increasing
Finally, we discussed the three lowest ionization potential CEDPICS is arising from the repulsive interactions. Band 2

bands for CICHCH,OH and BrCHCH,OH on the basis of the should show a larger negative slope of CEDPICS than shown
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TABLE 1: Relative Total Electron Energy without
Correction of Zero Point Vibrational Energy ( 0Eot, in kJ/
mol) and with the Correction (6Eq, ', in kJ/mol) and the
Composition Ratios (%) for the Stable Isomers

Tian et al.

TABLE 3: Energy Levels (—¢, eV) and lonization Potentials
Observed in UPS (IRysq €V) and Those Predicted by the
OVGF Calculations (IPovcr, €V) for g'GX, gAX, sAX, and

aGX (X = Cl, Br)

gGX aGx gGX gAX SAX €
X =Cl HF? DFT-B3LYP® IPovee® 1Pobsd
OEwet  11.43 11.35 9.86 9.37 0.00 0.00 6.07 6.26 6.66 6.03 gGX (X = Cl)
) EfOFt’VE 10.59 10.46 8.53 7.76 0.00 0.00 5.60 564 550 4.47 1(noc) 12.88 8.03 11.55(0.92)  10.68(10%1
ratio 1.1 11 25 33 795 755 83 7.7 86 124 2(nc) 12.01 8.49 10.99(0.92)  11.27(11%8
X = Br 3(Nci) 12.16 8.70 11.25(0.92) 11.50(11d1
0B 1299 13.14 1148 0.00 0.00 6.89 7.05 8.73 8.13 gGX (X =Br)
OEZRVE 11.74 9.34 0.00 6.29 7.19 1(ner) 11.17 7.88 10.62(0.92)  10.52(10%2
ratio 0.7 20 85.8 6.8 47 2(ner) 11.26 7.97 10.70(0.92)  10.81(10%2
3(no@y) 12.73 8.28 11.27(0.91)  11.23(11%p2
2 The data obtained at the DFT-B3LYP/6-83+G(d,p) and MP2/ ' AX (X = Cl
6-31++G(d,p) levels of theory are listed in the left and right columns, 1(ne) 11.87 g 35 X = io 84(0.92)
respectively. The ratios are estimated using e #he optimization 2(n<c;:) 12‘00 8.73 11'09(0'92)
of aGBr is converged to gGBr at the MP2 level of theory. (o) 13.07 8.07 11.70(0.91)
. : . AX (X = Br)
TABLE 2: Geometrical Parameters (Bond Length in g
Angstroms, Angles in Degrees) and Dipole Momeniy in %(RBF) ﬂﬂ ;'g ig'zé(g'gg)
Debyes) of the Most Stable Conformer X (X = Cl, Br) 3( Bi) 1281 844 11'47(0'91)
Using the 6-311+G(2d,2p) Basis Set (Non) ~ 12. : 47(0.91)
SAX (X = Cl)
DFT-B3LYP MP2 1ne)  11.94 8.30 11.01(0.92)
gGCl 2(nc)) 12.00 8.37 11.03(0.92)
r(C1C2) 1.514 1.511 3(ocy) 12.73 8.14 11.32(0.92)
10 L L s )
r(C2Cl) : : 1(e)  11.00 7.75 10.44(0.92)
r(OH) 0.963 0.962
2(Ner) 11.07 7.84 10.48(0.92)
r(H---Cl) 2.735 2.653 3(no@y) 12.73 8.16 11.29(0.92)
A(C1C2Cl) 110.74 110.01
A(C10OH) 108.20 107.19 aGX (X=_Cl)
A(OHCI) 108.67 110.58 1(ncy) 11.74 8.20 10.74(0.92)
D(CIC2C10) 64.76 63.97 2(nci) 11.83 8.51 10.92(0.92)
D(HOC1C?2) —60.60 —59.24 3(Nocy)  12.83 7.96 11.49(0.92)
D(HOC2C) f-ggf fé’gf 2By the HF/6-311+G(2d,2p)/IMP2/6-314+G(2d,2p) calcula-
# : : tions."By the DFT-B3LYP/6-31%+G(2d,2p)/DFT-B3LYP/6-
g GBr 311++G(2d,2p) calculations By the OVGF/6-31-G(d)//MP2/6-
r((ClC)Z) 1.513 1.511 311++G(2d,2p) calculations! The values cited from ref 17.
r(C10 1.415 1.418
r(C2Br) 1.990 1.954 TABLE 4: Band Assignments, lonization Potentials
r(OH) 0.964 0.962 Predicted by the OVGF Calculations (IPover, €V) and
r(H---Br) 2.821 2.743 Observed in UPS (IRpsq €V), Peak Shifts AE, meV), and
A(C1C2Br) 110.94 110.47 Slope Parameters ifn) for 2-Chloroethanol
oL Lt 2B g o ot P e
D(BrC2C10) 64.91 64.26 (p 9 obsd
D(HOC1C2) —61.03 —59.87 1 No(cy 11.55(0.92) 10.68 —400+ 100
D(HOC2Br) 1.958 2.110 2 Nci 10.99 (0.92) 11.27 —150+ 60 —-0.26¢
u 1.640 1.864 3 Nc 11.25(0.92) 11.50 —150+ 40
4 No,0ccich  12.79(0.92) 12.48 —300+ 80 —0.33
5 occ,No 13.84(0.91) 13.67 —150+ 100 —0.18
in Figure 7b because of the serious overlap with band 1, which 6  ocuon 14.83(0.91) 14.45 128100 —0.18
shows the flatter slopes. It is noted that the absolute value of g ocH ig-zg gg-gig 12-38 12% gg —S-E
— i i OcH . . . —0.
the slope parameter for band & & —0.43) is a little larger 9 oomon 17.95(0.91) 17.63 188 60 —0.09

than that for band 3nG = —0.41), which can be interpreted by
some composition ofip electrons in the orbital corresponding
to band 2 whereas much fewep electrons in the orbital
corresponding to band 3 (see Figure 7b). It is well-known that
the no orbital always corresponds to the strongly attractive
interactions (also see Figures 9 and 10c). Moreover, the slope
for band 2 is slightly bended, which is exhibited by a broken
curve in Figure 7b. This can be ascribed by a repulsive
interaction around the OH group or the HB-¢HCl) region (see
the second contour map in Figure 7b).

aBy the density maps in Figures 5 and®7The OVGF/6-33-G(d)
performed over the MP2/6-3#+-G(2d,2p) optimized geometry of
gGCl. ¢ The parametenn of bands +3 are—0.21,—0.43, and-0.41,
respectively (see Figure 7b).

80%) in thenp sy orbital are much larger than those (ca. 60%)
in the no(cyy orbital;3 the attractive interactions around thg
electron distribution region are stronger than those around the
ncs electron distribution region. The slightly increasing (or the
flatter) CEDPICS for band 3 is also observed in the higker

It is interesting to find the significant differences of CEDPICS region. To our surprise, the slope parameter for banoh &=(
for bands 13 between CICKHCH,OH and BrCHCH,OH. For —0.46) is much more negative than that for banch2 —0.38).
theno@r band (band 3), the absolute value of its slope parameter This should arise from their distinctly different MO electron
(m= —0.42) is much larger than that for timgy band. This distributions as shown in Figure 8b. There are no steric
is based on two facts: the compositionsmef electrons (ca. hindrances from the OH or GHyroup for band 1, but there is
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TABLE 5: Band Assignments, lonization Potentials
Predicted by the OVGF Calculations (IPovcr, €V) and
Observed in UPS (IRpsq, €V), Peak Shifts AE, meV), and
Slope Parameters ifn) for 2-Bromoethanol

orbital |Pov(3|:

band charactet (pole strengtt) |Popsa AE m
1 ng 10.62 (0.92) 10.52 —150+ 40 } —0.39
2 Ner 10.70 (0.92) 10.81 —100+ 60 '
3 nogen 11.27 (0.91) 11.23-180+40  —0.42
4 ocH,Ner 12.52 (0.92) 12.35 —400+ 80 } —0.45
5 ocenNo 13.36 (0.91) 13.31 —200+ 80 '
6  ocHon 14.67(0.91) 14.40 —60+ 80 -0.24
7 OOH,CH 15.58 (0.91) 15.45 18- 100 —-0.21
8 Ochcoho  16.28(0.90) 16.11 —300+ 100 —0.29
9 och,No 17.87 (0.91) 17.62 —100+ 100 —0.30

a By the density maps in Figures 6 and®8The OVGF/6-33-G(d)
performed over the MP2/6-3#H-G(2d,2p) geometry oG Br. ¢ The
parametersn of bands +3 are—0.46,—0.38, and—0.42, respectively
(see Figure 8Db).

a strong hindrance due to the OH group (or the weakly HB

(H---Br) region, because the overlapping densities between Br

and OH are much fewer than those in the-¢El) region; see

Figures 7b and 8b) for band 2. The latter is represented by an
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