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Dipole-bound anions of 27 molecules containing either a carbonyl, nitrile, or sulfoxide group were
studied using Rydberg electron transfBET) reactions with rubidium atoms excited ts2S and

nd?D excited states. The electron affinity of each molecule was obtained from the Rydberg state,
N . that gave the largest negative ion yield using the empirical relationship electron affinity
23/n:;§'fev as well as from fitting the charge exchange profile to a theoretical curve crossing model.
Electron affinities for the low dipole moment moleculé&sarbonyl$ 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 (H He, Ne, Ar, Kr, X8 in the nozzle jet expansion. Competition between
RET and collisional detachment is observed and discussed qualitatively2008 American
Institute of Physics.[DOI: 10.1063/1.1590959

I. INTRODUCTION molecules(3.9—-4.5 D contain a nitrile(C=N) or sulfoxide
(S=0) group. This investigation of a wide range of polar
It is currently accepted that any molecule possessing énolecules allows us to examine how the electron binding
dipole moment greater than about 2.5 D can permanentlgnergies depend on other molecular properties such as polar-
bind an excess electron unless there are atoms or functionglability and molecular conformation. Of particular “geo-
groups occupying the region of space where the excess elemetrical” importance is the extent to which atoms present in
tron would otherwise be bound. The resulting weakly boundthe region where the diffuse electron resides affects the elec-
diffuse negative ions are termed dipole-bound anionstron binding energy.
Dipole-bound anions have gained much attention over the Dipole-bound anions are produced in this study through
last few years and are readily produced through the transfahe transfer of charge via collision of polar molecules with
of an electron from an excited Rydberg atom to a polarexcited Rydberg atoms. Dipole-bound anions were first pro-
molecule! 3 A maximum in the Rydberg electron transfer duced via charge exchange of @EN with atoms in high
(RET) cross section occurs for those valuesidffor which  Rydberg states excited by electron impadvlore recent
the characteristic frequency of the Rydberg electron matchestudies have employed laser excitation of alkali atbms
that of the excess electron in the dipole-bound anion statexcited rare gas atofhss the RET method for producing
We report here on the creation of dipole-bound anions for 2@ipole-bound anions. From these studies, it is found that the
molecules possessing dipole moments ranging from aboWRET cross section exhibits a maximum over a very narrow
2.5 to 4.5 D. The species studied fall into the classes derange of effective principal quantum numbef,.,, of the
scribed as low and high dipole moment molecules. The loweRydberg state. The position of’,., is independent of the
dipole moment molecule®.5-3.2 D contain a G=0 group  alkali or rare gas atom. However, as will be seen below, the
(aldehydes, ketongswhereas the higher dipole moment position ofn¥,,, does depend slightly upon the relative col-
lision velocity. Collisional ionization of the Rydberg atom
aAuthor to whom correspondence should be addressed; electronic maiflSO competes with this charge exchange process and the
rcompton@utk.edu relative importance of the two channels varies depending
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upon the value of*. Rotational and vibrational cooling in from electric field detachment thresholds. The following em-
the nozzle jet is also important in producing dipole-boundpirical relation has previously been presenrtddat relates
anions, particularly so for low dipole moment molecules.nj,. and the electron affinity

Rotational excitation in the molecule is believed to be pre-

served in the RET process and gives rise to rotational auto- Ea= 23 2e8\/. 3)
detachment of the dipole-bound anion. Tiie dependence Nimax

of the RET cross section for the formation of dipole-boundyowever, this relation does not take into account the condi-
anions can be described using a potential energy curve crosgons under which the dipole-bound anion is created. It will
ing model? outlined below. be shown in this study that? ., depends slightly upon the
The physical and chemical properties of atoms in highnozzje jet expansion conditiorige., rovibrational tempera-
Rydberg states have been a topic of intense study for many,re and laboratory velocily Nevertheless, Eq3) repre-
years. The electronic states of an atom are Rydberg in natuignts a useful empirical relationship for estimating the elec-
if the energy levels can be described as arising from a quasiron binding energies of dipole-bound anions. This empirical
hydrogenic “one-electron” atom, in which case the energyye|ation can be qualitatively understood as follows: the char-
levels relative to the ground state follow the familiar Ryd- 5cteristic frequency of the excess electron in the dipole-

berg formula bound anion must be similar to the electron frequency in the
Rydberg atom in order to favor the charge exchange process.
E ¢=IP.— Ra ) Since there is in general only one dipole-bound anion state,
n A pr2’ the first frequency is approximately given by EA divided by

h. On the other hand, in the Rydberg atom, the electron fre-

where IR, represents the ionization potential of the atd&ty, ~ duency is approximately given by the difference between
is the Rydberg constant for the atom, amdis the effective two successive Rydberg stat¢also divided byh), i.e.,

principal quantum number 2 R,/hn*3, Equating these frequencies leads to the relation
EA ~27eVin:3  which is close to the above empirical ex-
n*=n-24,, 2 pression Eq(3).
Field detachment of the dipole-bound anion is another
with 8, being the¢-dependent quantum defect. more accurate method which has been employed to derive

The interaction of the Rydberg atorfe.g., excited ru- the electron affinities of a number of polar moleculéghe
bidium atoms in the present casand a polar molecule has process is similar to that found in atomic field ionization. For
been described in terms of a curve crossing model involvingtoms, the presence of an electric field modifies the atomic
diabatic neutral and ionic statt&ovalent potential curves, potential such that the excited electron experiences a poten-
corresponding to neutral rubidium atoms i¥ Rydberg tial
states plus neutral polar molecules, cross an ionic Coulombic
diabatic curve corresponding to the ionized rubidium atom, V(r)=- TR (4)

Rb™, plus the newly formed dipole-bound anion. It is as-\yheree is the charge on an electronjs the distance of the
sumed that the newly created anion is in the same moleculafiectron from the core, arfélis the magnitude of the external
rovibrational internal state as its neutral parent since the exgjectric field. As the field is increased the effective ionization
cess electron is added to a very diffuse orbital on the pOSitiV%otential of the atom is lowered by @€)¥2. The width of
side of the molecular dipole. At each avoided crossing thgne parrier leading to ionization is sufficiently wide that the
system can pass from one potential curve to the other with afime for jonization via electron tunneling is long compared to
adiabatic probability. It is possible to compute the total prob-,ormal ionization collection times in most mass spectrom-
ability for ion-pair formation and the anion formation rate gtgr. Thus, the binding energy of the Rydberg state can be

constant for various experimental conditions. However, itaccurately determined from direct measurements of the field
will be shown that competition with collisional detachment required to detach the electron.

of the electron must also be taken into account, especially at ' The case for field ionization of a dipole-bound anion is

higher values ofn. This curve-crossing model will be em- yery similar to that of the Rydberg atom case except that the

ployed here to explain the shift iny,, and the charge ex- potential seen by the excess electron in the dipole-bound
change profile dependence upon the carrier gas employed Hhion is now represented by

the supersonic expansion.

In favorable cases, electron affinifEA) values for V(r)=—%—Fr, (5)
valence-bound molecules generally have uncertainties of the r
order of 10 meV, representing the uncertainties inherent irwhere » is the molecular dipole moment. Specifically, Eq.
most photoelectron spectroscopies. Since the electron affin{5) is valid whenyu is parallel to the electric fieldfr. The
ties for dipole-bound anions typically are in the range ofcritical potential for field detachment of dipole-bound anions
1-100 meV, their determination is a severe test of convenis —3(uF?/4)', provided that electron tunneling does not
tional experimental methods. Fortunately, values of electroplay an important role. However, unlike the case for field
affinities for dipole-bound anions can be determined toionization of atomic Rydberg states, tunneling through the
within ~1 meV using the above-mentioned curve crossingharrow barrier represented by E@) now becomes impor-
model, an empirical construct relating EAnd,.,, as well as  tant on the time scale of 1§s. The field detachment of
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dipole-bound states including tunneling has been describeabsolute wavelength of the pulsed lasers was determined to
previously®’ The fraction of anions left undetached at a par-within 0.001 nm with a Burleigh wavemeter model WA-
ticular electric field is given by 4500-0. An RM Jordan pulsed supersonic valiReSV)
(model C-21] was used to pulse a jet of molecules perpen-

f=exp T, (6) ) ; o
dicular to the beam of excited rubidium atoms. The polar
whereT is the time(all variables in atomic unijsspent by  molecules were entraine@eededl in various carrier gases
the anion in the electric field and is given by (H,, He, Ne, Ar, Kr, Xg. After a reaction time of approxi-
N2F 243 mately 2us the resulting negative ions were extracted with a
w=—(exp——7), (7) pulsed voltage and analyzed with a 0.65 m time-of-flight
42 3F mass spectrometer. The drawout pulse voltage was variable

from 0 to —3000 V producing electric fields from 0 to
—5000 V/cm across the drawout electrodes. The electric field
(V/d) was confirmed from measurements of critical fields
for field ionization of high Rydberg states of Rb. The use of
v=+2EA, (8)  atomic Rydberg field ionization potentials provides precise
qdeterminations of the electric field, i.e., it was not necessary
: to accurately measure the grid separation in the ion source.
anion. . ; .

The ions were detected using a dual-microchannel plate de-

In this study we report a method of field detachment in : o ;
ector and were displayed on a digital oscilloscope, averaged

the source region of the time-of-flight mass spectrometer. | b it tofStanford R h Svst del
is straightforward to calculate the time elapsed as the anio a boxcar integrato(Stanfor esearch systems mode
R250, and recorded by a data acquisition computer pro-

are accelerated from rest to some final velocity, in this re- The | larizati dicular to the electri
gion. The time spent in the electric fieklis given by gram. The faser polarization was perpendicuiar to th€ electric

field under normal operating conditions, however, a double
[2md fresnel rhomb was used to rotate the polarization of the laser
T= = ( in order to study the effects of alignment of the dipole-bound

) . ) . anions following charge transfer from aligned Rydberg at-
whered is the acceleration distance. For example, the timg) .« The effects of atomic alignmeftn distribution on

spent in the electric field in our experiment ranges fromga 4 ionization has been treated by many auttioré.For
~1200 ns for acetaldehyde to300 ns for cyclohexanone. Rydberg atoms, the predicted shift is

Sincef can be experimentally measured as a functioR,df
is a straightforward matter to fit the curves in order to match ~ A=—2F+3mF4 (10

v, and therefore determine EA. This method was only apyyhen the polarization is parallel to the fiefe, m=0. When

plied to those molecules with dipole moments bele8.3 e ejectric field and plane of polarization are perpendicular,
D. Field detachment for anions with larger than this was yhe critical field shifts to higher ionization threshold by

not possible because the available pulsed voltage supply WRSE342  Similar effects have been observed for some dipole-

only capable of-3000 V. bound anions indicating that alignment was preserved under
some conditions.

whereN is the normalization constant for the dipole-bound
anion radial wave functionf: is the electric field, andy is
given by

where EA is the electron binding energy of the dipole-boun

Il. EXPERIMENT
The output of a tunable OPO las@Continuum Sunlite Ill. RESULTS AND DISCUSSION
or Mirage or dye lasei(Quanta Ray PDL-Rpumped by the '
second(A\=532 nmn) or third harmonic(A=355 nn) of the Figure 1 shows the relative anion formation for some

fundamental\=1064 nm of a Nd:YAG laser(Continuum  representative carbonyl, nitrile, and sulfoxide compounds as
Powerlit¢ was used to excite rubidium vapor to various a function of n* of rubidium, with n},., representing the
ns2Sy;, andnd?Dsy, 5, Rydberg levels via one- or two-color largest anion signal for each. Helium was used as the carrier
two-photon excitation. For highd states aboven~10 the gas in each of these cases shown. These charge exchange
J=5/2 and 3/2 levels were not resolved. For the two-colorprofiles are characteristic of the 27 molecules studied.
experiments the p?Pg, state was pumped with one dye Charge exchange, and therefore dipole-bound anion forma-
laser and a second dye or OPO laser was used to turi®n, occurs when the laser wavelength is tuned to excite the
through the various high Rydberg states. The rubidiumappropriate Rydberg levels of rubidium using two photons.
source was housed in a separate chamber and located 30 &fectron transfer only occurs over a narrow rangendf

from the interaction region. The baseline pressure in botfEmpirically, this range can be approximated Ayn*/n*
chambers was approximatelyx10 ’ Torr, although the ~0.4. In general, a higher dipole moment results in anion
pressure in the interaction region was increased to approxformation at a lower value af* and as a result of the higher
mately 2< 10~ ® Torr under normal operating conditions. The electron affinity. However, as will be seen there are other
rubidium source was held at approximately 160 °C. The Conmore subtle molecular properties which also contribute to
tinuum Sunlite OPO and Mirage OPO have narrow line-electron binding.

widths (approximately 0.2 and 0.01 crh respectively, The electron affinities determined from the curve cross-
which make them ideally suited to probe the high Rydbergng model(RET CALC), fromn};.,and Eq.(3) (RET EMP),
states of alkali atoms through multiphoton excitation. Theand from field detachmerfED) curves are listed in Table I.
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1. 3-methylcyclopentanon¥, and 4-methylcyclohexanortg,

09 . which were obtained from other sources. Experimental gas
0.8 phase dipole moments for nine of the molecules were un-
0.7 | available. Given the excellent agreement between experi-

ment and theory for the majority of the molecules studied,
we are led to question the accuracy of some of the experi-
mental values for which there are sizable discrepancies be-
tween theory and experiment. Specifically, the reported ex-
perimental dipole moment for cyclopentanone does not
follow the theoretical trend. The only available gas phase
dipole moment measurement for butanal was determined
from dielectric constant measurements and a mixture of con-
formations makes this value ambiguous. The experimental
values of the dipole moments of cyclohexanone and
Effective Principal Quantum Number, n* 2-methylpropanenitrile differ from the calculated values by
0.25-0.42 D. Also, the greatest deviation between theory and
FIG. 1. Relative anion formation of tetramethylenesulfoxidecles, 2,2-  oynariment for the polarizabilities are for cyclopentanone
dimethylpropanenitrile(triangles, 3-methylcyclohexanonésquarey and i
propanal(diamonds. The smooth lines through the data points are a fit to @1d pentanenitrile. In these cases, the measured values are
the curve crossing model. 0.5—-0.7K 10 ?*cm?® larger than the calculated values.
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A. Field detachment of dipole-bound anions

With few exceptions, molecules with low electron affinities Ve Present here a simple method for the determination
(below 8 meVf exhibit excellent agreement between the Of the field d'etachme.nt of dipole-bound anions in the source
three methods employed to determine the EA. However/€9i0N. PreV|.ous stu.dles have cqnce;ntrated pr|n_1arlly on fleld
there is disagreement on the level-e2 meV between val- detachment in the flight tube regid. Thqse earlier experi-
ues obtained from the curve crossing model and (Bfor ~ Ments employed narrowly separated grids mounted perpen-
more polar molecules with higher electron affinities. Alsodicular to the ion flight path. A high voltage was applied
shown are the dipole moments in Debye and polarizabilitief€tween these grids in order to produce neutrals from field
in units of 1072*cm? for the molecules studied. The®,, fjetachment. Flt_ald detachment reported herein occurs in the
values used for the calculation of EA values from RET mealon source region. The ion draw-out pulse voltage is in-
surements were determined for molecules in a helium exparfréased and the voltadee., field at which the ion signal
sion. For some of the molecules more than one conformer idisappears is determined. The neutrals are not accelerated
present at room temperature and therefore data are given fgpd thus do not activate the electron multiplier. As the elec-
each of the major species. The dipole moments and moleciitic field used to accelerate the anions down the flight tube is
lar polarizabilities of some of the molecules studied have nothcreased, electron detachment from the anion occurs due to
been measured experimentalllgXP) and for some others tunneling of the electron through the potential barrier. Even-
the reported experimental values for these quantities artally a critical field is reached in which the electron is no
questionable. For this reason dipole moments and polarizonger bound and the negative ion signal disappears. Even
abilities were calculated usingaussian 98t employing the ~ Weakly bound valence-type anions would not be field de-
Mgller—Plesse{MP2) method and the aug-cc-pVDZ basis tached using the voltages employed in our experiments. The
set!? For some of the smaller molecules calculations weresignal due to dipole-bound anions is compared to that gf SF
also performed with the aug-cc-pVTZ basis ¥efor the  atall field strengths in order to ensure that detector efficiency
carbonyl and nitrile containing molecules there is little does not change. Field detachment in the source region al-
change in the molecular properties upon employing thdows for the separation of conformers or mixtures for future
larger basis set. However, for the sulfoxide containing mol+eactions in a separate chamber by field detachment of the
ecules, dipole moments calculated with larger basis set arweaker dipole bound anions. Shown in Fig. 2 are field de-
about 0.24 D smaller than those calculated with the smallefachment curves for some molecules with dipole moments
basis set. Of the sulfoxides considered, an experimentdess than~3.5 D. The solid line through each of the experi-
value of the dipole moment is available only for dimethyl- mental field detachment data points is a fit to E&}. The EA
sulfoxide. In that case the dipole moment calculated with theyalues obtained from fitting the field detachment curves and
larger basis set is in better agreement with experiment. Thésom n’,., through Eq.(3) agree very well. The data and
empirical method of Miller and Savchik (EMP) was also fitted curves also agree with those reported previouaty
used to estimate the molecular polarizabilities. The theoretietaldehyde,  pivalaldehyde,  butanal,  cyclobutanone,
cal dipole moments and polarizabilities are in good agree2-butanone, acetone, cyclopentanone, and cyclohexanone
ment with available experimental values in most cases. Moatsing nf Rydberg states of xenon for dipole-bound anion
accepted values for dipole moments were determined usinfprmation? It is important to point out that the field detach-
microwave spectroscopy and can be found inGfRC Hand- ment curves do not vary with the carrier gas employed or the
book of Chemistry and Physijtswith the exceptions of pro- Rydberg state r(*) that is used to create the anions. This
panal (gauche conformation,® 2-methylpropanal® implies that only one dipole-bound state is being accessed,
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TABLE I. Dipole moments, molecular polarizabilities, and electron affinities for 27 carbonyl, nitrile, and sulfoxide containing molecules.

Hammer et al.

Dipole moment(D)

Polarizability (10724 cnr)

Electron affinity(meV)

MP2 MP2 MP2 RET RET

Molecule Formula EXP PVDZ PVTZ EXP EMP PVDZ N EMP CALC FD
Acetaldehyde CECHO 2.75 2.81 2.80 4.6 4.5 4.50 42.8 0.6 0.6 0.6
Propanal(cis) 2.52 2.68 2.68 6.24
Propanal(gaucheé CHLCH,CHO 2.86 2.91 2.91 6.33 629 8 1.0 Lo 1.0
Acetone CHCOCH; 2.88 2.99 2.98 6.4 6.33 6.28 25.7 2.6 2.6 25
Cyclobutanone HO 2.89 2.93 2.92 7.7 7.51 30.2 1.7 1.7 1.6
2-Methylpropanalgauch¢  (CHz),CHCHO 2.69 2.76 8.17 8.04 31.5 1.5 1.6 11
2-Methylpropanaltrans) 2.86 2.91 2.92 8.09
Butanal(cis/gauchég CH3;CH,CH,CHO 2.72 2.57 8.2 8.17 8.15 34.0 1.2 1.2 1.3
Butanal(cis/trang 2.97 8.15 29.1 1.8 1.8
2-Butanone CHCH,COCH,; 2.78 2.83 8.1 8.17 8.03 29.0 1.8 1.8 1.8
Cyclopentanone £H0 2.88 3.13 9.3 9.08 24.9 2.8 2.8 2.8
Pivalaldehyde (CH)3;CCHO 2.66 2.74 10 10.01 9.84 33.7 1.2 1.2 1.0
2-Ethylbutanal (CHCH,),CHCHO 2.62 11.83 11.56 31.2 15 15 1.2
2-Methylcyclopentanone CeH10 2.99 11.12 10.81 26.7 2.3 2.4 2.2
(axial)
2-Methylcyclopentanone 2.97 10.87
(equatoria)
3-Methylcyclopentanone  CgH;O 3.14 3.17 11.12 10.82 245 3.0 3.0 3.0
(axial)
3-Methylcyclopentanone 3.17 10.96
(equatoria)
Cyclohexanone £H1,0 2.87 3.29 115 11.12 10.83 194 5.7 5.7 5.9
2-Methylcyclohexanone C;H1,0 e 3.21 e 12.97 12.56 21.7 4.2 4.2 4.7
(axial)
2-Methylcyclohexanone 3.09 12.51
(equatoria)
3-Methylcyclohexanone C,H;,0 3.24 12.97 12.53 16.7 8.7 10.2 8.8
(axial)
3-Methylcyclohexanone 3.26 12.13 21.3 4.4 4.4 4.1
(equatoria)
4-Methylcyclohexanone C;H.,0 3.26 3.35 12.97 12.57 18.9 6.1 6.0 6.7
(axial)
4-Methylcyclohexanone 3.31 12.71
(equitorial)
Acetonitrile CHCN 3.92 3.92 3.94 4.44 4.42 4.36 12.7 18.7 19.3
Propanenitrile CHCH,CN 4.05 4.03 4.03 6.47 6.27 6.19 13.7 15.1 15.8
2-Methylpropanenitrile (CH,CHCN 4.29 4.04 8.05 8.11 8.01 15.0 11.7 11.6
Butanenitrile #1 CH(CH,),CN 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  (CkJ3CCN 3.95 4.02 9.59 9.95 9.80 14.6 12.6 13.2
2-Methylbutanenitrile #1 CECH,CHCH;CN 4.15 9.95 9.81 145 12.9 135
2-Methylbutanenitrile #2 3.99 9.88
3-Methylbutanenitrile #1 (CE),CHCH,CN 4.04 9.95 9.82 15.0 11.7 11.7
3-Methylbutanenitrile #2 3.98 9.71
Pentanenitrile #1 CKCH,);CN 4.12 4.26 104 9.95 9.92 14.6 12.6 12.6
Pentanenitrile #2 3.95 9.80
Dimethyl sulfoxide CHSOCH, 3.96 4.38 4.14 8.10 14.1 13.9 13.9
Methyl ethyl sulfoxide CHSOCH,CHz 4.24 4.01 9.93 14.7 12.4 125
Tetramethylene sulfoxide LElg0S 4.52 10.77 13.0 17.5 175

irrespective of then* Rydberg atoms used to create them.Fig. 3. The electron affinity values used in constructing this
There is one exception, 3-methylcyclohexanone, which applot were obtained by averaging the values determined from
pears to have two dipole-bound anion states as observegy. (3), from the curve-crossing model, and from field de-
through two distinct electric field detachment curves. How-tachment curves. Experimental dipole moment values are
ever, we attribute this to the presence of two conformationgmployed where these exist, and theoretical dipole moments

of 3-methylcyclohexanonéiscussed beloy

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

are used in the other cases. There is a steady trend of increas-

ing electron affinity with dipole moment with two notable

exceptions: cyclohexanone and acetonitrile. These molecules

have higher than expected electron affinities compared to
A plot of electron affinity as a function of experimental their dipole moments and to the rest of the molecules in their

dipole moment for all of the molecules studied is shown ingroup. Alternately, it could be stated that the other molecules
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1.0 1 Wo Ly -® —Og - A conformers tend to be rapidly “frozen out” in a molecular
0.9 : A o A beam expansion. This would lead one to believe that the

2 08" “ éf A Q dipole-bound anions of both thes and gaucheconformers

= 07 H> . : of propanal could be present. Propanal’s experimentally de-

E il A Q termined electron affinity1.0 me\j, however, is higher than

T 06 - | b A that of acetaldehydéu=2.75 D, a=4.6x10 %*cm®, EA

é 05- | <*‘> . =0.6 meV) and approximately equal to that of pivalaldehyde

< 04 L SN Q (1=2.66 D, @=10.0<10 **cn?®, EA=1.2 meV). Thus the

o . i electron affinity of propanal seems to be too large for the cis

2 03: ? Lo \ conformer and too small for thgaucheconformer. However,

g 02 + i A ’ @ it has been previously noted that for molecules having simi-
0.1 L ! A . o A lar values ofu, larger values ofe and smaller molecular
00 % " % e A, sizes can result in higher electron affinitfe Assuming that

0 500 1000 1500 2000 the Qipole—bound anion signal is dut_a to_t_bis_form it is _
Electric Field (V/cm) possible that propanal’s larger polarizability is responsible

for its larger electron affinity as compared with acetaldehyde.
FIG. 2. Fitted field detachment curves for acetaldehigipiarel propanal The low polarizability of acetaldehyde might also explain
(open diamonds acetone(open trianglek 3-methyicyclopentanonédia- —\yhy it has the lowest electron affinity of all of the molecules
mondsg, 3-methylcyclohexanon@pen circley and 2-methylcyclohexanone . . . .
(triangles. studied, even though its dipole moment is not the smallest.
Both 2-methylpropanal and butanal also have multiple
conformers at room temperature. For 2-methylpropanal 90%
have electron affinities which are smaller than expected fopf the molecules at room temperature are ingaeichecon-
their dipole moments, as will be discussed below. Howeverformation and 10% are in thigans conformatior?® The en-
as noted above, the experimental dipole moment of cycloergy difference between the two forms has been recently
hexanone may be in error. Indeed if the calculated value oéstimated to be about 0.7 kcal/rfblwith a barrier of 1.5
the dipole moment is used in place of the experimental valugscal/mol?®> Experimentally we observed one dipole-bound
this point also falls close to the line fit to the results for theanion charge exchange maximum with an electron affinity of
other molecules. about 1.5 meV. Similarly, butanal has a number of possible
Propanal, whose dipole-bound anion has eluded deteconformations, at least two of which are populated at room
tion until now, has the lowest experimental dipole momenttemperature. The planais/trans conformer is predicted to
(2.52 D of any observed dipole-bound anion. This claim be the lowest energy state with this/gaucheonly about 0.3
assumes that the experimentally measured dipole moment kgal/mol higher in energy with a barrier of rotation of about
accurate and that theis form of propanal is present under 3 kcal/mol?® The individual dipole moments for these two
the present experimental conditions. The calculated dipolspecies have not been experimentally measured but have
moments for the two most stable of propanal’s four conform-been calculated here to be 2.97 D for tis/transand 2.57
ers support the experimental values. At 300 K 19% of pro-D for the cis/gaucheExperimentally, the dipole-bound anion
panal is in thegaucheform which has a much higher dipole of butanal is observed over a wide rangendf and has a
moment(2.86 D).!° Kim et al. have recently shown that the rather large shoulder at high@* when compared to the
3-methylcyclopentanod® and 3-methylcyclohexanoffe  curve crossing model. This, along with butanal’s field de-
tachment profile, which also exhibits a shoulder, is shown in
Fig. 4. This is rather unusual since the curve-crossing model

20% acetonitrie—s A and field detachment curves are in excellent agreement for
18 - ° the other molecules studied. Both of the measurements are
16 - indicative of two charge exchange profiles that are over-
S 14 lapped. If one assumes that the two profiles are due to the
£ ] two major species prese(tis/transandcis/gauchgthen the
%* 12 1 major profile with an EA of 1.8 meV would correspond to
£ 10 thecis/transspecies fty,p,=2.97) and the minor profile with
g g | ¥methytcyclohexanone— & an approximate EA of 1.2 meV would correspond to the
E 6* cyclohexanone—s¢ cis/gauche(,uvmp2=2.5'7). .
w : As can be seen in Table |, cyclohexanone and its three

43 propanal possible methyl derivatives exhibit differemt®_, values.

2 Each methyl derivative consists of isomer pairs in which

0L — ‘ _ S o the CH, group can be in the axial or equatorial positions.
2 25 3 35 4 45 5 Shown in Fig. 5 are the dipole-bound ani@RET) spectra

for these molecules. Although the dipole moments and po-
larizabilities of these molecules are similar, their charge ex-
FIG. 3. Electron affinities of various carbonygliamonds, nitrile (triangles, change profiles are markedly different. Cyclohexanone and

and sulfoxidg(circles containing molecules as a function of dipole moment. 4-methy|cyc|ohexanone have similar electron binding ener-
The solid line serves to aide the eye in showing the general trend.

Dipole Moment (Debye)
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FIG. 5. Dipole-bound  anion  spectra  of  cyclohexanone,
gies, whereas 2- and 3-methylcyclohexanone have lowe2-methyicyclohexanone, —3-methylcyclohexanone, and 4-methylcyclo-

binding energies. All five of the observed dipole-boundhexanone.

states in this series presented héircluding the second

bound state of 3-methylcyclohexangnexhibit distinct

field detachment thresholds, as shown in Fig. 6. 3-methylthat of the equatorial conformer, but the polarizability

cyclohexanone’s additional maximum in the charge ex-of the axial is calculated to be larger by 3%. It seems rea-
change spectra corresponds to a binding energy of about¥Pnable to assume that the “shapes” of these molecules
meV and was previously ascribed to an additional distinc60mehow contribute strongly to the properties of their

conformation present in the supersonic expansiBstimates ~ dipole-bound states. Specifically, “shape” refers to the extent
for the composition of 3-methylcyclohexanone at 300 K in- {0 which atoms extend out into the region of excess electron
clude 94% equatorial, 5% axial, and 1% tffsand 83% density.

equatorial, 9% axial, 7% twist, and 1% twist chHiBaer

has calculated the enthalpy of interconversion between the

two conformers to be 1.550.12 kcal/mof* The ratio of T4 L0 e

dipole-bound anion signal of the higher electron affinity state 0.9 17 \\A Ve \.
to the lower is approximately 0.15, depending upon which 2 44 @ 4 \’ \
carrier gas is employe@see below. Assuming that both & | A

dipole-bound anions are created with the same rate constar§

this composition matches that which is predicted. One would % A ‘

expect that the other molecules in this series of cyclo- § '
hexanones(as well as 3-methylcyclopentangnevould < ‘

also have multiple dipole-bound anion states correspondinc 2 A ‘ \

to their various conformations. It appears that this may be% 1 \

the case with 3-methylcyclopentatone and 2-methylcyclo- £ A . °
hexanone. Both of these molecules exhibit a slight shoulder & \‘

in their charge exchange spectra. However, the effect is Chpne L
not as large as in the case of 3-methylcyclohexanone. Thert 1000 2000 3000 4000 5000
is no obvious explanation for the trend in electron affinity Electric Field (V/cm)

in this series, GSpeCIa”y when compared fo deOIe momenH:IG. 6. Field detachment profiles for cyclohexanofapen triangles

The dipole' moment of the aXia'l form of 3-methylcyclo- 5 methyicyclohexanondclosed triangles 3-methylcyclohexanongopen
hexanone is calculated to be slightly smallerl%,) than circles and closed circlgsand 4-methylcyclohexanor(@iamonds.
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TABLE II. Comparison of calculated and experimental electron affinifies meV) for selected nitrile-
containing compounds. For butanenitrile, pentanenitrile, and 3-methylbutanenitrile two different conformers
labeled 1 and 2 are considered. In each case conformer 2 is more stable.

Molecule Formula KT HF MP2 CCSD CCSD) EXP?
Acetonitrile CHCN 6.53 6.87 9.24 14.10 13.35 18.7
Propanenitrile CHCH,CN 4.63 4.97 6.72 11.76 11.09 15.1
Butanenitrile #1 CH(CH,),CN 354 360 4.93 9.68 9.27 16.1
Butanenitrile #2 3.54 3.84 5.44 10.70 —
2-Methylpropanenitrile (CkK),CHCN 381 3.93 5.32 10.33 9.85 11.7
Pentanenitrile #1 CK(CH,)3CN 2.99 3.24 4.52 9.34 9.03 12.6
Pentanenitrile #2 272 2.89 4.12 8.95 —
3-Methylbutanenitrile #1  (Ck),CHCH,CN 272 281 398 9.01 — 11.7
3-Methylbutanenitrile #2 3.72 3.29 5.22 12.56 —
aCurrent work(RET).

With few exceptions, a larger dipole moment generallyat the KT, HF, MP2, CCSD, and CC$D levels of theory.
results in a higher electron affinity for the carbonyl contain-For each molecule, the KT and HF binding energies are quite
ing molecules. The sulfoxide containing molecules also ex€lose, indicating that relaxation effects are relatively unim-
hibit an increasing electron affinity with dipole moment. portant. In contrast, there are large increases in the binding
However this is not the case for the eight nitrile containingenergies in going from the HF to MP2 level and, then again,
molecules, whose dipole moments vary only from 3.9 toin going to the CCSD level. Thus, it is seen that electron
about 4.3 D. Within the estimated accuracy of the measuredorrelation effects are crucial for describing the electron
and calculated dipole moments 0.1 D) there is no obvious binding to these molecules, resulting in increases in the bind-
trend between the electron affinity and dipole moment for theng energies by a factor of 1.9—-3.8, with the percentage in-
nitriles. In fact, CHCN has the lowest dipole moment of this crease growing with the size of the molecule. As discussed in
group but exhibits the largest electron affinity. With the di- recent papers, the large contributions of electron correlation
pole moments being so similar other factors must be responn the binding of excess electrons to polar molecules is a
sible for variations in the electron affinities. Since the polar-consequence of dispersion interactions between the excess
izability grows with increasing molecule size, this too cannotelectron and the electrons of the molectfie®> The binding
be responsible for the observed trends. In addition, some anergies calculated in the CCSID approximation are
the molecules exhibit a broader charge exchange profile thaB?—5% smaller than the corresponding CCSD values.
others. For example, the charge exchange profiles for The CCSD/CCSDI) calculations consistently give
3-methylbutanenitrile spans a broader rang@®fthan that smaller (by 16%—42% electron binding energies than de-
of pentanenitrile byAn*~1. The broadened exchange pro- duced from the RET measurements. This could reflect a ten-
files could reflect the presence of multiple conformers. dency of the procedure to extract electron binding energies

To aid in interpreting the results for the nitrileay initio  from RET data to overestimate the electron binding or a
calculations of the electron binding energies were carriedendency of the CCSD and CC8D calculations to under-
out. The calculations proceeded as follows. The geometriesstimate the electron binding energies. The latter possibility
of the neutral molecules were optimized at the MP2 levelcould be addressed by performing CCSDT calculations, in
using the aug-cc-pVDZ basis set. For butanenitrile, penwhich the triple excitations are treated self consistently rather
tanenitrile, and 3-methylbutanenitrile, two low-energy con-than perturbatively. Nonetheless, in spite of these discrepan-
formers were optimized. The optimized geometries werecies, there is qualitative agreement in the trends in the calcu-
used for larger basis set single-point calculations on the nedated and in the RET binding energies. In particular, the cal-
tral molecules and the anions. The single-point calculationsulations predict the largest binding energy for acetonitrile,
were carried out at various levels of theory up to coupledwhich is in agreement with experiment.
cluster single doublétriple) (CCSIO(T)), in most cases, and The calculations also confirm that factors other than the
employed a basis set, formed by combining the aug-cc-pVTaet dipole moments and net polarizabilities are important in
(-f) basis set for the heavy atoms, the aug-cc-pVDZ basis setstablishing the electron binding energies. For example, al-
for hydrogen, and a supplemental set §7p5d diffuse  though the dipole moment of conformer 1 of butanenitrile is
primitive Gaussian functions, with the exponents chosen in .16 D higher than that of conformer 2, the KT values of
geometric ratio, centered on the carbon atom next to the Clkhe electron binding energies are essentially identical.
group. One can justify the choice of that location by notingWe believe that this results from the fact that the excess
that the dipole moment is almost parallel to the line formedelectron interacts strongly with more CH groups in the
by the a carbon and the CN group. Test calculations per-latter species, as seen from Fig(ai/ This explanation
formed at the Koopmans’ Theore({T) and Hartree—Fock also appears to account for the greater KT level electron
(HF) levels show that the binding energy is not appreciablybinding energy of conformer @ompared to conformer) bf
changed upon moving the center of the diffuse functions3-methylbutanenitrildsee Fig. T)]. Apparently, multipole
from the « carbon to either of the adjacent C atoms. moments higher than the dipole are playing a significant role

Table Il reports the electron binding energies calculatedn the electron binding. We note also that electron correlation
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oo
f’ J
conformer 1, p =4.15D vonformerZyfl =330 FIG. 7. Pictures of the orbitals occupied by the excess
@ electron in: (a) butanenitrile and (b) 3-methyl-
butanenitrile conformers. The value of the isosurface is
the same for all plots.
-4 P
o J
conformer 1, p=4.04 D conformer 2, u=3.98 D

(b)

effects prove to be more important for the binding of thedecrease as the velocity decreases, because the cross section
excess electron to conformer(gather than conformer)lof  atnj., is essentially unchanged while the velocity is lower.
both butanenitrile and 3-methylbutanenitrile. This is consis-This would imply that H and He would yield the largest
tent with an analysis in which the dispersion interaction be-anion signal. It is observed experimentally, however, that Ar
tween the excess electron and the molecule is decomposgitlds the largest anion signal. This implies that rotational
into contributions involving individual CEl CH,, CH, and  cooling via the nozzle jet expansion also plays a significant
CN groups. As seen from Fig. 7, for conformer 1 there isrole in anion production since Ar is known to be a better
only one CH group near the excess electron, but three anexpansion gas for rovibrational cooling. Shown in Fig. 9 are
four CH, groups “near” the excess electron for conformer 2 the RET spectra of 3-methylcyclohexanone using the above-
of butanenitrile and 3-methylbutanenitrile, respectively. mentioned six different carrier gases. As with acetofig, is
seen to increase in the order, HHe, Ne, Ar, Kr, Xe. The
C. Effect of reaction velocity on RET

We have previously found that the rangendf values as 14 o
well asny,.. values observed for RET is dependent upon the 0.9
carrier gas used to entrain the polar molecdfeBnis obser-  §
vation has implications on the application of Eg) since it g 08 -
was based on Rydberg charge exchange rates using helium¢® 0.7 -
the carrier gas. Figure 8 shows the relative anion formation § ¢¢
versusn* for acetone using He, Ar, and Xe as carrier gases. € 05
As the velocity of the entrained molecules decreasgs is “g’ '
observed to shift slightly to higher values along the series 8 94
H,, He, Ne, Ar, Kr, and Xe. When the velocity of the mol- f; 0.3 -
ecule is taken into account in the curve-crossing model the'%, 0.2 -
charge exchange profile does indeed shift as experimentally @ 0.1 4 //
observed. If the relative collision velocity is increased, the ' B O

0

system tends to switch more easily from the initial covalent
curve to the ionic curve, i.e., the diabatic probability is in-
creased. In order to restore the probability for optimal elec- #

tron transfer, one must start from lower initialF values FIG. 8. Comparison of the relative anion signal for acetone as a function
because the ionic-covalent coupling term will then increase® the carier gases Hequare Ar (circles, and Xe(triangles. The three
Curves are theoretical calculations using the curve-crossing model and

I_eading to a decrease of the_diabatic_probab]‘ﬁ@ln ad_di' the approximate velocities of Héroken ling, Ar (solid line), and Xe(dot-
tion, the rate constant for anion creation is also predicted teed line.

22 24

nd Rydberg state of Rubidium
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596 597 598 599 600 601 602 603 tion (REMPI) of nd Rb Rydberg states is observed. Above
nm the field ionization threshold both REMPI and field detach-

FIG. 9. Dipole-bound anion spectra of 3-methylcyclohexanone in six differ—ment of high R}!db_erg St{_ﬂes Contr.lbUteS to ukRb" S|gr_1al
ent carrier gases. The signal has been normalized tpin each spectrum to whereasnsRb™ signal is from field detachment. Figure
show that the relative abundance of the two dipole-bound states changdd)Xb) shows the Rb ion signal resulting from REMPI and
depending upon the carrier gas employed. collisions with acetone seeded in a jet of He. Most of the
ionizing collisions are believed to be due to the presence of
acetone in the nozzle jet. The continuity of signal through the
signal has been normalizednd,,, in each spectrum to show field ionization threshold and the appearancensf states
that the relative abundance of the two dipole-bound stateselow this limit is apparent. Figure 1€ shows the dipole-
changes depending upon the carrier gas employed. At lowound negative ion signal for acetone. It is clear that the
relative collision velocities there is not enough energy tocross sections for collisional detachment processes are much
overcome the endothermicity of the reaction for the loW  |arger than that for RET in this region of A similar set of
feature. For this conformer ion pair formation must not bedata is shown in Fig. 11 for the case of acetonitrile. Again,
possible for velocities less than 400 m/s, i.e., about the relaexamination of the Rb signal and CHCN™ signal clearly

tive velocity corresponding to Kr. shows that collisional ionization is larger for higls andnd
states, however, RET is seen to clearly dominate the result of
D. Competition with collisional detachment the collisions in the region of lowms andnd. Figure 11d)

o _ (showing only thensRb" signa) clearly shows a peak pri-
Collisional detachment of high Rydberg atoms by polarmayily due to RET. These experiments emphasize the need
molecules has been well studied both experimentally angyr a petter theoretical understanding of the interaction of
theoretically. A review of the many aspects of Rydberg atomMRydberg atoms and polar molecules, with regards to the com-

and collisions of Rydberg atoms with molecules can bepetition between collisional ionization and dipole-bound an-
found in numerous chapters of the book edited by Stebbingg,, formation.

and Dunning* and also in the more recent review article by

Beigman and LebedeV. Competltl(_)n between collisional IV CONCLUSIONS

detachment and charge exchange is expected to play a role in

the RET process involving dipole-bound anions. We have In summary, accurate EAs for a diverse series of 27 po-
previously reported our measurements of‘Rion spectra lar molecules are reported. These molecules do not form va-
with and without polar molecules preséfit is importantto  lence bound anions, however their dipole moments vary
understand the influence of collisional detachment of higHrom 2.5 to 4.5 D and are sufficient to support dipole-bound

Rydberg atoms as it relates to dipole-bound anion formatiomegative ion states. Negative ion production for these com-
Figure 1@a) shows the Rb ion signal without the presence pounds is observed only over a narrow region of principal

of a collision gas. Below the field detachment threshold onlyquantum number of the Rydberg atom collision partner. This
signal due tg2+1) resonantly enhanced multiphoton ioniza- is indicative of the formation of dipole bound anions. The
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0 e |2|°| = 1|5 1f|4 1|3 1|2 d larizability, molecular size or shape, higher momefsisch
30 : REREE 18 s as quadrupole or higher multipole momenrasd the disper-
LR sion interaction all play an important role in determining the

electron binding energies.
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