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Dipole-bound anions of 27 molecules containing either a carbonyl, nitrile, or sulfoxide group were
studied using Rydberg electron transfer~RET! reactions with rubidium atoms excited tons2S and
nd 2D excited states. The electron affinity of each molecule was obtained from the Rydberg state,
nmax* , that gave the largest negative ion yield using the empirical relationship electron affinity5
23/nmax*2.8eV as well as from fitting the charge exchange profile to a theoretical curve crossing model.
Electron affinities for the low dipole moment molecules~carbonyls! were also deduced from
measurements of the electric field required to detach the electron from the anion. Calculations of the
electron affinities for some of the nitriles at the coupled-cluster level of theory were performed. The
dependencies of the electron affinity upon dipole moment, polarizability, dispersion interaction,
conformation, and geometry of the molecules were investigated. It was found that a higher dipole
moment generally results in a higher electron affinity. However, for molecules with similar dipole
moments, other factors such as polarizability and the dispersion interaction play an important role.
The effect of collision velocity on the creation of these anions is also studied through the use of
different carrier gases (H2 , He, Ne, Ar, Kr, Xe! in the nozzle jet expansion. Competition between
RET and collisional detachment is observed and discussed qualitatively. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1590959#
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I. INTRODUCTION

It is currently accepted that any molecule possessin
dipole moment greater than about 2.5 D can permane
bind an excess electron unless there are atoms or funct
groups occupying the region of space where the excess
tron would otherwise be bound. The resulting weakly bou
diffuse negative ions are termed dipole-bound anio
Dipole-bound anions have gained much attention over
last few years and are readily produced through the tran
of an electron from an excited Rydberg atom to a po
molecule.1–3 A maximum in the Rydberg electron transf
~RET! cross section occurs for those values ofn* for which
the characteristic frequency of the Rydberg electron matc
that of the excess electron in the dipole-bound anion st
We report here on the creation of dipole-bound anions for
molecules possessing dipole moments ranging from ab
2.5 to 4.5 D. The species studied fall into the classes
scribed as low and high dipole moment molecules. The lo
dipole moment molecules~2.5–3.2 D! contain a CvO group
~aldehydes, ketones!, whereas the higher dipole mome
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molecules~3.9–4.5 D! contain a nitrile~CwN! or sulfoxide
~SvO! group. This investigation of a wide range of pol
molecules allows us to examine how the electron bind
energies depend on other molecular properties such as p
izability and molecular conformation. Of particular ‘‘geo
metrical’’ importance is the extent to which atoms present
the region where the diffuse electron resides affects the e
tron binding energy.

Dipole-bound anions are produced in this study throu
the transfer of charge via collision of polar molecules w
excited Rydberg atoms. Dipole-bound anions were first p
duced via charge exchange of CH3CN with atoms in high
Rydberg states excited by electron impact.4 More recent
studies have employed laser excitation of alkali atoms5 or
excited rare gas atoms6 as the RET method for producin
dipole-bound anions. From these studies, it is found that
RET cross section exhibits a maximum over a very narr
range of effective principal quantum number,nmax* , of the
Rydberg state. The position ofnmax* is independent of the
alkali or rare gas atom. However, as will be seen below,
position ofnmax* does depend slightly upon the relative co
lision velocity. Collisional ionization of the Rydberg atom
also competes with this charge exchange process and
relative importance of the two channels varies depend
il:
0 © 2003 American Institute of Physics
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upon the value ofn* . Rotational and vibrational cooling in
the nozzle jet is also important in producing dipole-bou
anions, particularly so for low dipole moment molecule
Rotational excitation in the molecule is believed to be p
served in the RET process and gives rise to rotational a
detachment of the dipole-bound anion. Then* dependence
of the RET cross section for the formation of dipole-bou
anions can be described using a potential energy curve c
ing model,6 outlined below.

The physical and chemical properties of atoms in h
Rydberg states have been a topic of intense study for m
years. The electronic states of an atom are Rydberg in na
if the energy levels can be described as arising from a qu
hydrogenic ‘‘one-electron’’ atom, in which case the ener
levels relative to the ground state follow the familiar Ry
berg formula

En,,5IPA2
RA

n* 2 , ~1!

where IPA represents the ionization potential of the atom,RA

is the Rydberg constant for the atom, andn* is the effective
principal quantum number

n* 5n2d, , ~2!

with d, being the,-dependent quantum defect.
The interaction of the Rydberg atom,~e.g., excited ru-

bidium atoms in the present case! and a polar molecule ha
been described in terms of a curve crossing model involv
diabatic neutral and ionic states.6 Covalent potential curves
corresponding to neutral rubidium atoms inn, Rydberg
states plus neutral polar molecules, cross an ionic Coulom
diabatic curve corresponding to the ionized rubidium ato
Rb1, plus the newly formed dipole-bound anion. It is a
sumed that the newly created anion is in the same molec
rovibrational internal state as its neutral parent since the
cess electron is added to a very diffuse orbital on the posi
side of the molecular dipole. At each avoided crossing
system can pass from one potential curve to the other with
adiabatic probability. It is possible to compute the total pro
ability for ion-pair formation and the anion formation ra
constant for various experimental conditions. However
will be shown that competition with collisional detachme
of the electron must also be taken into account, especial
higher values ofn. This curve-crossing model will be em
ployed here to explain the shift innmax* and the charge ex
change profile dependence upon the carrier gas employe
the supersonic expansion.

In favorable cases, electron affinity~EA! values for
valence-bound molecules generally have uncertainties of
order of 10 meV, representing the uncertainties inheren
most photoelectron spectroscopies. Since the electron a
ties for dipole-bound anions typically are in the range
1–100 meV, their determination is a severe test of conv
tional experimental methods. Fortunately, values of elect
affinities for dipole-bound anions can be determined
within ;1 meV using the above-mentioned curve cross
model, an empirical construct relating EA tonmax* , as well as
Downloaded 31 Jul 2003 to 160.36.203.118. Redistribution subject to A
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from electric field detachment thresholds. The following e
pirical relation has previously been presented5 that relates
nmax* and the electron affinity

EA5
23 eV

nmax* 2.8
. ~3!

However, this relation does not take into account the con
tions under which the dipole-bound anion is created. It w
be shown in this study thatnmax* depends slightly upon the
nozzle jet expansion conditions~i.e., rovibrational tempera-
ture and laboratory velocity!. Nevertheless, Eq.~3! repre-
sents a useful empirical relationship for estimating the el
tron binding energies of dipole-bound anions. This empiri
relation can be qualitatively understood as follows: the ch
acteristic frequency of the excess electron in the dipo
bound anion must be similar to the electron frequency in
Rydberg atom in order to favor the charge exchange proc
Since there is in general only one dipole-bound anion st
the first frequency is approximately given by EA divided b
h. On the other hand, in the Rydberg atom, the electron
quency is approximately given by the difference betwe
two successive Rydberg states~also divided by h!, i.e.,
2 RA /hn* 3. Equating these frequencies leads to the relat
EA ;27 eV/nmax*3 , which is close to the above empirical ex
pression Eq.~3!.

Field detachment of the dipole-bound anion is anot
more accurate method which has been employed to de
the electron affinities of a number of polar molecules.7 The
process is similar to that found in atomic field ionization. F
atoms, the presence of an electric field modifies the ato
potential such that the excited electron experiences a po
tial

V~r !52
e

r
2Fr , ~4!

wheree is the charge on an electron,r is the distance of the
electron from the core, andF is the magnitude of the externa
electric field. As the field is increased the effective ionizati
potential of the atom is lowered by 2(eF)1/2. The width of
the barrier leading to ionization is sufficiently wide that th
time for ionization via electron tunneling is long compared
normal ionization collection times in most mass spectro
eter. Thus, the binding energy of the Rydberg state can
accurately determined from direct measurements of the fi
required to detach the electron.

The case for field ionization of a dipole-bound anion
very similar to that of the Rydberg atom case except that
potential seen by the excess electron in the dipole-bo
anion is now represented by

V~r !52
m

r 2
2Fr , ~5!

wherem is the molecular dipole moment. Specifically, E
~5! is valid whenm is parallel to the electric field,F. The
critical potential for field detachment of dipole-bound anio
is 23(mF2/4)1/3, provided that electron tunneling does n
play an important role. However, unlike the case for fie
ionization of atomic Rydberg states, tunneling through
narrow barrier represented by Eq.~5! now becomes impor-
tant on the time scale of 1026 s. The field detachment o
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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dipole-bound states including tunneling has been descr
previously.6,7 The fraction of anions left undetached at a p
ticular electric field is given by

f 5exp2vT, ~6!

whereT is the time~all variables in atomic units! spent by
the anion in the electric field andv is given by

v5
N2F

4g2 S exp2
2g3

3F D , ~7!

whereN is the normalization constant for the dipole-bou
anion radial wave function,F is the electric field, andg is
given by

g5A2EA, ~8!

where EA is the electron binding energy of the dipole-bou
anion.

In this study we report a method of field detachment
the source region of the time-of-flight mass spectromete
is straightforward to calculate the time elapsed as the an
are accelerated from rest to some final velocity, in this
gion. The time spent in the electric fieldF is given by

T5A2md

F
, ~9!

whered is the acceleration distance. For example, the ti
spent in the electric field in our experiment ranges fro
;1200 ns for acetaldehyde to;300 ns for cyclohexanone
Sincef can be experimentally measured as a function ofF, it
is a straightforward matter to fit the curves in order to ma
g, and therefore determine EA. This method was only
plied to those molecules with dipole moments below;3.3
D. Field detachment for anions withm larger than this was
not possible because the available pulsed voltage supply
only capable of23000 V.

II. EXPERIMENT

The output of a tunable OPO laser~Continuum Sunlite
or Mirage! or dye laser~Quanta Ray PDL-2! pumped by the
second~l5532 nm! or third harmonic~l5355 nm! of the
fundamental~l51064 nm! of a Nd:YAG laser~Continuum
Powerlite! was used to excite rubidium vapor to vario
ns2S1/2 andnd 2D5/2,3/2Rydberg levels via one- or two-colo
two-photon excitation. For highnd states aboven;10 the
J55/2 and 3/2 levels were not resolved. For the two-co
experiments the 5p 2P3/2 state was pumped with one dy
laser and a second dye or OPO laser was used to
through the various high Rydberg states. The rubidi
source was housed in a separate chamber and located 3
from the interaction region. The baseline pressure in b
chambers was approximately 131027 Torr, although the
pressure in the interaction region was increased to appr
mately 231026 Torr under normal operating conditions. Th
rubidium source was held at approximately 160 °C. The C
tinuum Sunlite OPO and Mirage OPO have narrow lin
widths ~approximately 0.2 and 0.01 cm21, respectively!,
which make them ideally suited to probe the high Rydb
states of alkali atoms through multiphoton excitation. T
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absolute wavelength of the pulsed lasers was determine
within 0.001 nm with a Burleigh wavemeter model WA
4500-0. An RM Jordan pulsed supersonic valve~PSV!
~model C-211! was used to pulse a jet of molecules perpe
dicular to the beam of excited rubidium atoms. The po
molecules were entrained~seeded! in various carrier gases
(H2 , He, Ne, Ar, Kr, Xe!. After a reaction time of approxi-
mately 2ms the resulting negative ions were extracted with
pulsed voltage and analyzed with a 0.65 m time-of-flig
mass spectrometer. The drawout pulse voltage was vari
from 0 to 23000 V producing electric fields from 0 to
25000 V/cm across the drawout electrodes. The electric fi
(V/d) was confirmed from measurements of critical fiel
for field ionization of high Rydberg states of Rb. The use
atomic Rydberg field ionization potentials provides prec
determinations of the electric field, i.e., it was not necess
to accurately measure the grid separation in the ion sou
The ions were detected using a dual-microchannel plate
tector and were displayed on a digital oscilloscope, avera
by a boxcar integrator~Stanford Research Systems mod
SR250!, and recorded by a data acquisition computer p
gram. The laser polarization was perpendicular to the elec
field under normal operating conditions, however, a dou
fresnel rhomb was used to rotate the polarization of the la
in order to study the effects of alignment of the dipole-bou
anions following charge transfer from aligned Rydberg
oms. The effects of atomic alignment~m distribution! on
field ionization has been treated by many authors.8–10 For
Rydberg atoms, the predicted shift is

D522AF1 1
2mF3/4. ~10!

When the polarization is parallel to the field,F, m50. When
the electric field and plane of polarization are perpendicu
the critical field shifts to higher ionization threshold b
mF3/4/2. Similar effects have been observed for some dipo
bound anions indicating that alignment was preserved un
some conditions.

III. RESULTS AND DISCUSSION

Figure 1 shows the relative anion formation for som
representative carbonyl, nitrile, and sulfoxide compounds
a function of n* of rubidium, with nmax* representing the
largest anion signal for each. Helium was used as the ca
gas in each of these cases shown. These charge exch
profiles are characteristic of the 27 molecules studi
Charge exchange, and therefore dipole-bound anion for
tion, occurs when the laser wavelength is tuned to excite
appropriate Rydberg levels of rubidium using two photo
Electron transfer only occurs over a narrow range ofn* .
Empirically, this range can be approximated byDn* /n*
;0.4. In general, a higher dipole moment results in an
formation at a lower value ofn* and as a result of the highe
electron affinity. However, as will be seen there are ot
more subtle molecular properties which also contribute
electron binding.

The electron affinities determined from the curve cro
ing model~RET CALC!, from nmax* and Eq.~3! ~RET EMP!,
and from field detachment~FD! curves are listed in Table I
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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With few exceptions, molecules with low electron affinitie
~below 8 meV! exhibit excellent agreement between t
three methods employed to determine the EA. Howe
there is disagreement on the level of;2 meV between val-
ues obtained from the curve crossing model and Eq.~3! for
more polar molecules with higher electron affinities. Al
shown are the dipole moments in Debye and polarizabili
in units of 10224cm3 for the molecules studied. Thenmax*
values used for the calculation of EA values from RET m
surements were determined for molecules in a helium exp
sion. For some of the molecules more than one conforme
present at room temperature and therefore data are give
each of the major species. The dipole moments and mol
lar polarizabilities of some of the molecules studied have
been measured experimentally~EXP! and for some others
the reported experimental values for these quantities
questionable. For this reason dipole moments and pola
abilities were calculated usingGAUSSIAN 98,11 employing the
Møller–Plesset~MP2! method and the aug-cc-pVDZ bas
set.12 For some of the smaller molecules calculations w
also performed with the aug-cc-pVTZ basis set.12 For the
carbonyl and nitrile containing molecules there is lit
change in the molecular properties upon employing
larger basis set. However, for the sulfoxide containing m
ecules, dipole moments calculated with larger basis set
about 0.24 D smaller than those calculated with the sma
basis set. Of the sulfoxides considered, an experime
value of the dipole moment is available only for dimethy
sulfoxide. In that case the dipole moment calculated with
larger basis set is in better agreement with experiment.
empirical method of Miller and Savchik13 ~EMP! was also
used to estimate the molecular polarizabilities. The theor
cal dipole moments and polarizabilities are in good agr
ment with available experimental values in most cases. M
accepted values for dipole moments were determined u
microwave spectroscopy and can be found in theCRC Hand-
book of Chemistry and Physics,14 with the exceptions of pro-
panal ~gauche conformation!,15 2-methylpropanal,16

FIG. 1. Relative anion formation of tetramethylenesulfoxide~circles!, 2,2-
dimethylpropanenitrile~triangles!, 3-methylcyclohexanone~squares!, and
propanal~diamonds!. The smooth lines through the data points are a fit
the curve crossing model.
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3-methylcyclopentanone,17 and 4-methylcyclohexanone,18

which were obtained from other sources. Experimental
phase dipole moments for nine of the molecules were
available. Given the excellent agreement between exp
ment and theory for the majority of the molecules studie
we are led to question the accuracy of some of the exp
mental values for which there are sizable discrepancies
tween theory and experiment. Specifically, the reported
perimental dipole moment for cyclopentanone does
follow the theoretical trend. The only available gas pha
dipole moment measurement for butanal was determi
from dielectric constant measurements and a mixture of c
formations makes this value ambiguous. The experime
values of the dipole moments of cyclohexanone a
2-methylpropanenitrile differ from the calculated values
0.25–0.42 D. Also, the greatest deviation between theory
experiment for the polarizabilities are for cyclopentano
and pentanenitrile. In these cases, the measured value
0.5– 0.7310224cm3 larger than the calculated values.

A. Field detachment of dipole-bound anions

We present here a simple method for the determina
of the field detachment of dipole-bound anions in the sou
region. Previous studies have concentrated primarily on fi
detachment in the flight tube region.1,6,7These earlier experi-
ments employed narrowly separated grids mounted perp
dicular to the ion flight path. A high voltage was applie
between these grids in order to produce neutrals from fi
detachment. Field detachment reported herein occurs in
ion source region. The ion draw-out pulse voltage is
creased and the voltage~i.e., field! at which the ion signal
disappears is determined. The neutrals are not acceler
and thus do not activate the electron multiplier. As the el
tric field used to accelerate the anions down the flight tub
increased, electron detachment from the anion occurs du
tunneling of the electron through the potential barrier. Eve
tually a critical field is reached in which the electron is n
longer bound and the negative ion signal disappears. E
weakly bound valence-type anions would not be field d
tached using the voltages employed in our experiments.
signal due to dipole-bound anions is compared to that of S6

2

at all field strengths in order to ensure that detector efficie
does not change. Field detachment in the source region
lows for the separation of conformers or mixtures for futu
reactions in a separate chamber by field detachment of
weaker dipole bound anions. Shown in Fig. 2 are field
tachment curves for some molecules with dipole mome
less than;3.5 D. The solid line through each of the expe
mental field detachment data points is a fit to Eq.~6!. The EA
values obtained from fitting the field detachment curves a
from nmax* through Eq.~3! agree very well. The data an
fitted curves also agree with those reported previously~ac-
etaldehyde, pivalaldehyde, butanal, cyclobutano
2-butanone, acetone, cyclopentanone, and cyclohexano!,
using n f Rydberg states of xenon for dipole-bound ani
formation.1 It is important to point out that the field detach
ment curves do not vary with the carrier gas employed or
Rydberg state (n* ) that is used to create the anions. Th
implies that only one dipole-bound state is being access
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE I. Dipole moments, molecular polarizabilities, and electron affinities for 27 carbonyl, nitrile, and sulfoxide containing molecules.

Molecule Formula

Dipole moment~D! Polarizability (10224 cm3)

nmax*

Electron affinity~meV!

EXP
MP2

PVDZ
MP2
PVTZ EXP EMP

MP2
PVDZ

RET
EMP

RET
CALC FD

Acetaldehyde CH3CHO 2.75 2.81 2.80 4.6 4.5 4.50 42.8 0.6 0.6 0.6
Propanal~cis!

CH3CH2CHO
2.52 2.68 2.68

6.33
6.24

35.8 1.0 1.0 1.0
Propanal~gauche! 2.86 2.91 2.91 6.29
Acetone CH3COCH3 2.88 2.99 2.98 6.4 6.33 6.28 25.7 2.6 2.6 2.5
Cyclobutanone C4H6O 2.89 2.93 2.92 7.7 7.51 30.2 1.7 1.7 1.6
2-Methylpropanal~gauche! (CH3)2CHCHO 2.69 2.76 ¯ ¯ 8.17 8.04 31.5 1.5 1.6 1.1
2-Methylpropanal~trans! 2.86 2.91 2.92 8.09
Butanal~cis/gauche! CH3CH2CH2CHO 2.72 2.57 ¯ 8.2 8.17 8.15 34.0 1.2 1.2 1.3
Butanal~cis/trans! 2.97 ¯ 8.15 29.1 1.8 1.8
2-Butanone CH3CH2COCH3 2.78 2.83 ¯ 8.1 8.17 8.03 29.0 1.8 1.8 1.8
Cyclopentanone C5H8O 2.88 3.13 ¯ 9.3 9.08 24.9 2.8 2.8 2.8
Pivalaldehyde (CH3)3CCHO 2.66 2.74 ¯ 10 10.01 9.84 33.7 1.2 1.2 1.0
2-Ethylbutanal (CH3CH2)2CHCHO ¯ 2.62 ¯ ¯ 11.83 11.56 31.2 1.5 1.5 1.2
2-Methylcyclopentanone
~axial!

C6H10O ¯ 2.99 ¯ ¯ 11.12 10.81 26.7 2.3 2.4 2.2

2-Methylcyclopentanone
~equatorial!

2.97 ¯ 10.87

3-Methylcyclopentanone
~axial!

C6H10O 3.14 3.17 ¯ ¯ 11.12 10.82 24.5 3.0 3.0 3.0

3-Methylcyclopentanone
~equatorial!

3.17 ¯ 10.96

Cyclohexanone C6H10O 2.87 3.29 ¯ 11.5 11.12 10.83 19.4 5.7 5.7 5.9
2-Methylcyclohexanone
~axial!

C7H12O ¯ 3.21 ¯ ¯ 12.97 12.56 21.7 4.2 4.2 4.7

2-Methylcyclohexanone
~equatorial!

3.09 ¯ 12.51

3-Methylcyclohexanone
~axial!

C7H12O ¯ 3.24 ¯ ¯ 12.97 12.53 16.7 8.7 10.2 8.8

3-Methylcyclohexanone
~equatorial!

3.26 ¯ 12.13 21.3 4.4 4.4 4.1

4-Methylcyclohexanone
~axial!

C7H12O 3.26 3.35 ¯ ¯ 12.97 12.57 18.9 6.1 6.0 6.7

4-Methylcyclohexanone
~equitorial!

3.31 ¯ 12.71

Acetonitrile CH3CN 3.92 3.92 3.94 4.44 4.42 4.36 12.7 18.7 19.3 ¯

Propanenitrile CH3CH2CN 4.05 4.03 4.03 6.47 6.27 6.19 13.7 15.1 15.8 ¯

2-Methylpropanenitrile (CH3)2CHCN 4.29 4.04 ¯ 8.05 8.11 8.01 15.0 11.7 11.6 ¯

Butanenitrile #1 CH3(CH2)2CN 4.07 4.15 ¯ 8.4 8.11 8.06 13.4 16.1 17.0 ¯

Butanenitrile #2 3.99 ¯ 7.94 ¯

2,2-Dimethylpropanenitrile (CH3)3CCN 3.95 4.02 ¯ 9.59 9.95 9.80 14.6 12.6 13.2 ¯

2-Methylbutanenitrile #1 CH3CH2CHCH3CN ¯ 4.15 ¯ ¯ 9.95 9.81 14.5 12.9 13.5 ¯

2-Methylbutanenitrile #2 3.99 ¯ 9.88
3-Methylbutanenitrile #1 (CH3)2CHCH2CN ¯ 4.04 ¯ ¯ 9.95 9.82 15.0 11.7 11.7 ¯

3-Methylbutanenitrile #2 3.98 ¯ 9.71 ¯

Pentanenitrile #1 CH3(CH2)3CN 4.12 4.26 ¯ 10.4 9.95 9.92 14.6 12.6 12.6 ¯

Pentanenitrile #2 3.95 ¯ 9.80 ¯

Dimethyl sulfoxide CH3SOCH3 3.96 4.38 4.14 ¯ ¯ 8.10 14.1 13.9 13.9 ¯

Methyl ethyl sulfoxide CH3SOCH2CH3 ¯ 4.24 4.01 ¯ ¯ 9.93 14.7 12.4 12.5 ¯

Tetramethylene sulfoxide C4H8OS ¯ 4.52 ¯ ¯ ¯ 10.77 13.0 17.5 17.5 ¯
m
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irrespective of then* Rydberg atoms used to create the
There is one exception, 3-methylcyclohexanone, which
pears to have two dipole-bound anion states as obse
through two distinct electric field detachment curves. Ho
ever, we attribute this to the presence of two conformati
of 3-methylcyclohexanone~discussed below!.

B. Trends in electron affinity and effect of
conformations and isomers

A plot of electron affinity as a function of experiment
dipole moment for all of the molecules studied is shown
Downloaded 31 Jul 2003 to 160.36.203.118. Redistribution subject to A
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Fig. 3. The electron affinity values used in constructing t
plot were obtained by averaging the values determined fr
Eq. ~3!, from the curve-crossing model, and from field d
tachment curves. Experimental dipole moment values
employed where these exist, and theoretical dipole mom
are used in the other cases. There is a steady trend of inc
ing electron affinity with dipole moment with two notabl
exceptions: cyclohexanone and acetonitrile. These molec
have higher than expected electron affinities compared
their dipole moments and to the rest of the molecules in th
group. Alternately, it could be stated that the other molecu
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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have electron affinities which are smaller than expected
their dipole moments, as will be discussed below. Howev
as noted above, the experimental dipole moment of cy
hexanone may be in error. Indeed if the calculated value
the dipole moment is used in place of the experimental va
this point also falls close to the line fit to the results for t
other molecules.

Propanal, whose dipole-bound anion has eluded de
tion until now, has the lowest experimental dipole mome
~2.52 D! of any observed dipole-bound anion. This cla
assumes that the experimentally measured dipole mome
accurate and that thecis form of propanal is present unde
the present experimental conditions. The calculated dip
moments for the two most stable of propanal’s four confor
ers support the experimental values. At 300 K 19% of p
panal is in thegaucheform which has a much higher dipol
moment~2.86 D!.19 Kim et al. have recently shown that th
3-methylcyclopentanone20 and 3-methylcyclohexanone21

FIG. 2. Fitted field detachment curves for acetaldehyde~squares!, propanal
~open diamonds!, acetone~open triangles!, 3-methylcyclopentanone~dia-
monds!, 3-methylcyclohexanone~open circles!, and 2-methylcyclohexanone
~triangles!.

FIG. 3. Electron affinities of various carbonyl~diamonds!, nitrile ~triangles!,
and sulfoxide~circles! containing molecules as a function of dipole mome
The solid line serves to aide the eye in showing the general trend.
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conformers tend to be rapidly ‘‘frozen out’’ in a molecula
beam expansion. This would lead one to believe that
dipole-bound anions of both thecis andgaucheconformers
of propanal could be present. Propanal’s experimentally
termined electron affinity~1.0 meV!, however, is higher than
that of acetaldehyde~m52.75 D, a54.6310224cm3, EA
50.6 meV! and approximately equal to that of pivalaldehy
~m52.66 D,a510.0310224cm3, EA51.2 meV!. Thus the
electron affinity of propanal seems to be too large for the
conformer and too small for thegaucheconformer. However,
it has been previously noted that for molecules having si
lar values ofm, larger values ofa and smaller molecular
sizes can result in higher electron affinities.1,22Assuming that
the dipole-bound anion signal is due to thecis form it is
possible that propanal’s larger polarizability is responsi
for its larger electron affinity as compared with acetaldehy
The low polarizability of acetaldehyde might also expla
why it has the lowest electron affinity of all of the molecul
studied, even though its dipole moment is not the smalle

Both 2-methylpropanal and butanal also have multi
conformers at room temperature. For 2-methylpropanal 9
of the molecules at room temperature are in thegauchecon-
formation and 10% are in thetrans conformation.23 The en-
ergy difference between the two forms has been rece
estimated to be about 0.7 kcal/mol24 with a barrier of 1.5
kcal/mol.25 Experimentally we observed one dipole-bou
anion charge exchange maximum with an electron affinity
about 1.5 meV. Similarly, butanal has a number of possi
conformations, at least two of which are populated at ro
temperature. The planarcis/transconformer is predicted to
be the lowest energy state with thecis/gaucheonly about 0.3
kcal/mol higher in energy with a barrier of rotation of abo
3 kcal/mol.25 The individual dipole moments for these tw
species have not been experimentally measured but h
been calculated here to be 2.97 D for thecis/transand 2.57
D for thecis/gauche. Experimentally, the dipole-bound anio
of butanal is observed over a wide range ofn* and has a
rather large shoulder at highern* when compared to the
curve crossing model. This, along with butanal’s field d
tachment profile, which also exhibits a shoulder, is shown
Fig. 4. This is rather unusual since the curve-crossing mo
and field detachment curves are in excellent agreemen
the other molecules studied. Both of the measurements
indicative of two charge exchange profiles that are ov
lapped. If one assumes that the two profiles are due to
two major species present~cis/transandcis/gauche! then the
major profile with an EA of 1.8 meV would correspond
thecis/transspecies (mmp252.97) and the minor profile with
an approximate EA of 1.2 meV would correspond to t
cis/gauche(mmp252.57).

As can be seen in Table I, cyclohexanone and its th
possible methyl derivatives exhibit differentnmax* values.
Each methyl derivative consists of isomer pairs in whi
the CH3 group can be in the axial or equatorial position
Shown in Fig. 5 are the dipole-bound anion~RET! spectra
for these molecules. Although the dipole moments and
larizabilities of these molecules are similar, their charge
change profiles are markedly different. Cyclohexanone
4-methylcyclohexanone have similar electron binding en
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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gies, whereas 2- and 3-methylcyclohexanone have lo
binding energies. All five of the observed dipole-bou
states in this series presented here~including the second
bound state of 3-methylcyclohexanone! exhibit distinct
field detachment thresholds, as shown in Fig. 6. 3-meth
cyclohexanone’s additional maximum in the charge
change spectra corresponds to a binding energy of abo
meV and was previously ascribed to an additional disti
conformation present in the supersonic expansion.5 Estimates
for the composition of 3-methylcyclohexanone at 300 K
clude 94% equatorial, 5% axial, and 1% twist26 and 83%
equatorial, 9% axial, 7% twist, and 1% twist chair.27 Baer
has calculated the enthalpy of interconversion between
two conformers to be 1.5560.12 kcal/mol.21 The ratio of
dipole-bound anion signal of the higher electron affinity st
to the lower is approximately 0.15, depending upon wh
carrier gas is employed~see below!. Assuming that both
dipole-bound anions are created with the same rate con
this composition matches that which is predicted. One wo
expect that the other molecules in this series of cyc
hexanones ~as well as 3-methylcyclopentanone! would
also have multiple dipole-bound anion states correspond
to their various conformations. It appears that this may
the case with 3-methylcyclopentatone and 2-methylcyc
hexanone. Both of these molecules exhibit a slight shou
in their charge exchange spectra. However, the effec
not as large as in the case of 3-methylcyclohexanone. T
is no obvious explanation for the trend in electron affin
in this series, especially when compared to dipole mom
The dipole moment of the axial form of 3-methylcyclo
hexanone is calculated to be slightly smaller~,1%! than

FIG. 4. Experimental~data points! and theoretical~solid curve from curve
crossing model! charge exchange profiles and field detachment profile
butanal.
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that of the equatorial conformer, but the polarizabili
of the axial is calculated to be larger by 3%. It seems r
sonable to assume that the ‘‘shapes’’ of these molecu
somehow contribute strongly to the properties of th
dipole-bound states. Specifically, ‘‘shape’’ refers to the ext
to which atoms extend out into the region of excess elect
density.

r

FIG. 5. Dipole-bound anion spectra of cyclohexanon
2-methylcyclohexanone, 3-methylcyclohexanone, and 4-methylcy
hexanone.

FIG. 6. Field detachment profiles for cyclohexanone~open triangles!,
2-methylcyclohexanone~closed triangles!, 3-methylcyclohexanone~open
circles and closed circles!, and 4-methylcyclohexanone~diamonds!.
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Downloaded 31 Ju
TABLE II. Comparison of calculated and experimental electron affinities~in meV! for selected nitrile-
containing compounds. For butanenitrile, pentanenitrile, and 3-methylbutanenitrile two different confo
labeled 1 and 2 are considered. In each case conformer 2 is more stable.

Molecule Formula KT HF MP2 CCSD CCSD~T! EXPa

Acetonitrile CH3CN 6.53 6.87 9.24 14.10 13.35 18.7
Propanenitrile CH3CH2CN 4.63 4.97 6.72 11.76 11.09 15.1
Butanenitrile #1 CH3(CH2)2CN 3.54 3.60 4.93 9.68 9.27 16.1
Butanenitrile #2 3.54 3.84 5.44 10.70 —
2-Methylpropanenitrile (CH3)2CHCN 3.81 3.93 5.32 10.33 9.85 11.7
Pentanenitrile #1 CH3(CH2)3CN 2.99 3.24 4.52 9.34 9.03 12.6
Pentanenitrile #2 2.72 2.89 4.12 8.95 —
3-Methylbutanenitrile #1 (CH3)2CHCH2CN 2.72 2.81 3.98 9.01 — 11.7
3-Methylbutanenitrile #2 3.72 3.29 5.22 12.56 —

aCurrent work~RET!.
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With few exceptions, a larger dipole moment genera
results in a higher electron affinity for the carbonyl conta
ing molecules. The sulfoxide containing molecules also
hibit an increasing electron affinity with dipole momen
However this is not the case for the eight nitrile containi
molecules, whose dipole moments vary only from 3.9
about 4.3 D. Within the estimated accuracy of the measu
and calculated dipole moments~;0.1 D! there is no obvious
trend between the electron affinity and dipole moment for
nitriles. In fact, CH3CN has the lowest dipole moment of th
group but exhibits the largest electron affinity. With the d
pole moments being so similar other factors must be resp
sible for variations in the electron affinities. Since the pol
izability grows with increasing molecule size, this too cann
be responsible for the observed trends. In addition, som
the molecules exhibit a broader charge exchange profile
others. For example, the charge exchange profiles
3-methylbutanenitrile spans a broader range ofn* than that
of pentanenitrile byDn* '1. The broadened exchange pr
files could reflect the presence of multiple conformers.

To aid in interpreting the results for the nitriles,ab initio
calculations of the electron binding energies were carr
out. The calculations proceeded as follows. The geome
of the neutral molecules were optimized at the MP2 le
using the aug-cc-pVDZ basis set. For butanenitrile, p
tanenitrile, and 3-methylbutanenitrile, two low-energy co
formers were optimized. The optimized geometries w
used for larger basis set single-point calculations on the n
tral molecules and the anions. The single-point calculati
were carried out at various levels of theory up to coupl
cluster single double~triple! ~CCSD~T!!, in most cases, and
employed a basis set, formed by combining the aug-cc-pV
~-f! basis set for the heavy atoms, the aug-cc-pVDZ basis
for hydrogen, and a supplemental set of 7s7p5d diffuse
primitive Gaussian functions, with the exponents chosen
geometric ratio, centered on the carbon atom next to the
group. One can justify the choice of that location by noti
that the dipole moment is almost parallel to the line form
by the a carbon and the CN group. Test calculations p
formed at the Koopmans’ Theorem~KT! and Hartree–Fock
~HF! levels show that the binding energy is not apprecia
changed upon moving the center of the diffuse functio
from thea carbon to either of the adjacent C atoms.

Table II reports the electron binding energies calcula
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at the KT, HF, MP2, CCSD, and CCSD~T! levels of theory.
For each molecule, the KT and HF binding energies are q
close, indicating that relaxation effects are relatively uni
portant. In contrast, there are large increases in the bind
energies in going from the HF to MP2 level and, then aga
in going to the CCSD level. Thus, it is seen that electr
correlation effects are crucial for describing the electr
binding to these molecules, resulting in increases in the b
ing energies by a factor of 1.9–3.8, with the percentage
crease growing with the size of the molecule. As discusse
recent papers, the large contributions of electron correla
in the binding of excess electrons to polar molecules i
consequence of dispersion interactions between the ex
electron and the electrons of the molecule.28–32 The binding
energies calculated in the CCSD~T! approximation are
3%–5% smaller than the corresponding CCSD values.

The CCSD/CCSD~T! calculations consistently give
smaller ~by 16%–42%! electron binding energies than de
duced from the RET measurements. This could reflect a
dency of the procedure to extract electron binding energ
from RET data to overestimate the electron binding o
tendency of the CCSD and CCSD~T! calculations to under-
estimate the electron binding energies. The latter possib
could be addressed by performing CCSDT calculations
which the triple excitations are treated self consistently rat
than perturbatively. Nonetheless, in spite of these discrep
cies, there is qualitative agreement in the trends in the ca
lated and in the RET binding energies. In particular, the c
culations predict the largest binding energy for acetonitr
which is in agreement with experiment.

The calculations also confirm that factors other than
net dipole moments and net polarizabilities are importan
establishing the electron binding energies. For example,
though the dipole moment of conformer 1 of butanenitrile
0.16 D higher than that of conformer 2, the KT values
the electron binding energies are essentially identic
We believe that this results from the fact that the exc
electron interacts strongly with more CH groups in t
latter species, as seen from Fig. 7~a!. This explanation
also appears to account for the greater KT level elect
binding energy of conformer 2~compared to conformer 1! of
3-methylbutanenitrile@see Fig. 7~b!#. Apparently, multipole
moments higher than the dipole are playing a significant r
in the electron binding. We note also that electron correlat
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 7. Pictures of the orbitals occupied by the exce
electron in: ~a! butanenitrile and ~b! 3-methyl-
butanenitrile conformers. The value of the isosurface
the same for all plots.
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effects prove to be more important for the binding of t
excess electron to conformer 2~rather than conformer 1! of
both butanenitrile and 3-methylbutanenitrile. This is cons
tent with an analysis in which the dispersion interaction
tween the excess electron and the molecule is decomp
into contributions involving individual CH3, CH2, CH, and
CN groups. As seen from Fig. 7, for conformer 1 there
only one CH3 group near the excess electron, but three a
four CHn groups ‘‘near’’ the excess electron for conformer
of butanenitrile and 3-methylbutanenitrile, respectively.

C. Effect of reaction velocity on RET

We have previously found that the range ofn* values as
well asnmax* values observed for RET is dependent upon
carrier gas used to entrain the polar molecules.33 This obser-
vation has implications on the application of Eq.~3! since it
was based on Rydberg charge exchange rates using heliu
the carrier gas. Figure 8 shows the relative anion forma
versusn* for acetone using He, Ar, and Xe as carrier gas
As the velocity of the entrained molecules decreasesnmax* is
observed to shift slightly to higher values along the ser
H2 , He, Ne, Ar, Kr, and Xe. When the velocity of the mo
ecule is taken into account in the curve-crossing model
charge exchange profile does indeed shift as experimen
observed. If the relative collision velocity is increased, t
system tends to switch more easily from the initial coval
curve to the ionic curve, i.e., the diabatic probability is i
creased. In order to restore the probability for optimal el
tron transfer, one must start from lower initialn* values
because the ionic-covalent coupling term will then increa
leading to a decrease of the diabatic probability.1–5 In addi-
tion, the rate constant for anion creation is also predicted
Downloaded 31 Jul 2003 to 160.36.203.118. Redistribution subject to A
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decrease as the velocity decreases, because the cross s
at nmax* is essentially unchanged while the velocity is lowe
This would imply that H2 and He would yield the larges
anion signal. It is observed experimentally, however, that
yields the largest anion signal. This implies that rotation
cooling via the nozzle jet expansion also plays a signific
role in anion production since Ar is known to be a bet
expansion gas for rovibrational cooling. Shown in Fig. 9 a
the RET spectra of 3-methylcyclohexanone using the abo
mentioned six different carrier gases. As with acetonenmax* is
seen to increase in the order H2 , He, Ne, Ar, Kr, Xe. The

FIG. 8. Comparison of the relative anion signal for acetone as a func
of the carrier gases He~squares!, Ar ~circles!, and Xe~triangles!. The three
curves are theoretical calculations using the curve-crossing model
the approximate velocities of He~broken line!, Ar ~solid line!, and Xe~dot-
ted line!.
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signal has been normalized tonmax* in each spectrum to show
that the relative abundance of the two dipole-bound sta
changes depending upon the carrier gas employed. At
relative collision velocities there is not enough energy
overcome the endothermicity of the reaction for the lown*
feature. For this conformer ion pair formation must not
possible for velocities less than 400 m/s, i.e., about the r
tive velocity corresponding to Kr.

D. Competition with collisional detachment

Collisional detachment of high Rydberg atoms by po
molecules has been well studied both experimentally
theoretically. A review of the many aspects of Rydberg ato
and collisions of Rydberg atoms with molecules can
found in numerous chapters of the book edited by Stebb
and Dunning34 and also in the more recent review article
Beigman and Lebedev.35 Competition between collisiona
detachment and charge exchange is expected to play a ro
the RET process involving dipole-bound anions. We ha
previously reported our measurements of Rb1 ion spectra
with and without polar molecules present.33 It is important to
understand the influence of collisional detachment of h
Rydberg atoms as it relates to dipole-bound anion format
Figure 10~a! shows the Rb1 ion signal without the presenc
of a collision gas. Below the field detachment threshold o
signal due to~211! resonantly enhanced multiphoton ioniz

FIG. 9. Dipole-bound anion spectra of 3-methylcyclohexanone in six dif
ent carrier gases. The signal has been normalized tonmax* in each spectrum to
show that the relative abundance of the two dipole-bound states cha
depending upon the carrier gas employed.
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tion ~REMPI! of nd Rb Rydberg states is observed. Abo
the field ionization threshold both REMPI and field detac
ment of high Rydberg states contributes to thend Rb1 signal
whereasnsRb1 signal is from field detachment. Figur
10~b! shows the Rb1 ion signal resulting from REMPI and
collisions with acetone seeded in a jet of He. Most of t
ionizing collisions are believed to be due to the presence
acetone in the nozzle jet. The continuity of signal through
field ionization threshold and the appearance ofns states
below this limit is apparent. Figure 10~c! shows the dipole-
bound negative ion signal for acetone. It is clear that
cross sections for collisional detachment processes are m
larger than that for RET in this region ofn. A similar set of
data is shown in Fig. 11 for the case of acetonitrile. Aga
examination of the Rb1 signal and CH3CN2 signal clearly
shows that collisional ionization is larger for highns andnd
states, however, RET is seen to clearly dominate the resu
the collisions in the region of lowns andnd. Figure 11~d!
~showing only thensRb1 signal! clearly shows a peak pri
marily due to RET. These experiments emphasize the n
for a better theoretical understanding of the interaction
Rydberg atoms and polar molecules, with regards to the c
petition between collisional ionization and dipole-bound a
ion formation.

IV. CONCLUSIONS

In summary, accurate EAs for a diverse series of 27
lar molecules are reported. These molecules do not form
lence bound anions, however their dipole moments v
from 2.5 to 4.5 D and are sufficient to support dipole-bou
negative ion states. Negative ion production for these co
pounds is observed only over a narrow region of princi
quantum number of the Rydberg atom collision partner. T
is indicative of the formation of dipole bound anions. Th

-

es

FIG. 10. Rb1 ionization signal with no gas jet~a!, Rb1 ionization signal
with acetone gas jet~b!, and acetone (CH3COCH3

2) dipole-bound anion
signal ~c!.
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dipole-bound electron affinities for all the molecules we
determined from the RET technique employing the se
empirical relationship relating EA and the effective princip
quantum number at which the negative ion signal maximiz
i.e., EA523/(n* )2.8eV. The electron affinities for thos
molecules with dipole moments below;3.3 D were also
determined using an electric-field detachment technique
results are in excellent agreement with the RET valu
For 3-methylcyclohexanone two distinct negative ion sta
are observed, one with an electron affinity of 4.4 meV a
another with 8.7 meV. It is possible that the less tigh
bound state is an excited state. Another explanation is
the two dipole-bound negative ion states are due to
presence of both the axial and equatorial forms
3-methylcyclohexanone present in the nozzle jet. Althou
the dipole moments of these two conformers are almost id
tical, the difference in the binding energy could result fro
differences in the contributions of the dispersion forc
present in the two cases. The diffuse electron cloud of
dipole-bound electron is expected to interact differently w
the methyl group in the equatorial and axial forms. Hi
level ~CCSD~T!! electronic structure calculations were ca
ried out on the series of nitrile containing molecules a
these give electron binding energies in qualitative agreem
with the experimental trends. Within this series of molecu
values of the experimental electron affinities do not corre
well with dipole moment or polarizability, but rather with th
dispersion interaction of the excess electron with the mole
lar framework. It is clear from these studies that dipo
bound electron affinities are mainly dictated by the dip
moment, however other properties of the molecule, e.g.,

FIG. 11. Rb1 ionization signal with no gas jet~a!, Rb1 ionization signal
with acetonitrile gas jet~b!, acetonitrile (CH3CN2) dipole-bound anion sig-
nal ~c!, Rb1 ns ionization signal with acetonitrile gas jet~d!.
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larizability, molecular size or shape, higher moments~such
as quadrupole or higher multipole moments! and the disper-
sion interaction all play an important role in determining t
electron binding energies.
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