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Double Rydberg anions: Photoelectron spectroscopy of NH 4
À , N2H7

À ,
N3H10

À , N4H13
À , and N5H16

À
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We report the discovery and photoelectron spectroscopic study of the four double Rydberg anions:
N2H7

2 , N3H10
2 , N4H13

2 , and N5H16
2 ; of three solvated double Rydberg anions; and of a previously

unseen feature in the spectrum of the double Rydberg anion, NH4
2 . In each case, vertical

detachment energies were measured and vibrational features tentatively assigned. In the case of
solvated double Rydberg anions, anion–neutral interaction energies were also determined. ©2002
American Institute of Physics.@DOI: 10.1063/1.1499491#
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I. INTRODUCTION

The term ‘‘double Rydberg anion’’ refers to a negati
ion which is composed of a closed-shell cation and t
Rydberg-type outer electrons. The first double Rydberg m
lecular anion to be discovered was NH4

2 . We observed it
during photoelectron studies of the anion–molecule co
plex, H2(NH3)1 , a system in which the hydride anion
solvent stabilized by an ammonia molecule.1 Because
H2(NH3)1 and NH4

2 have identical masses, the photoele
tron spectra of both appeared in the same spectrum, and
tuitously, the features of the H2(NH3)1 spectrum were well
separated from the spectrum of NH4

2 .
As originally recorded, the spectrum of NH4

2 consisted
of a single, weak intensity peak. The experimental evide
for it being a double Rydberg anion was based on the
lowing observations. The intensity of this peak fluctuat
from day to day relative to the intensities of the H2(NH3)1

portion of the spectrum, indicating that it was not part of t
H2(NH3)1 spectrum. It showed no significant deuterium is
tope shift, implying that it was not a vibrational excitatio
The lone peak was extraordinarily narrow with a nearly
strumentally limited width, implying a high degree o
Franck–Condon overlap with its corresponding neut
From these observations, we inferred that NH4

2 is a separate
electronic entity with a structure which must be very simi
to that of NH4. The neutral NH4 molecule, however, was
already known from the work of Herzberg and others2–5 to
be the molecular Rydberg radical, (NH4

1)2. Moreover, be-
cause its core was the tetrahedral NH4

1 cation, the geometry
of NH4 was also tetrahedral. From this reasoning came
conclusion that the NH4

2 species we were observing must
the anion of the NH4 Rydberg molecule, thus the term
double Rydberg anion. This implied the appropriate rep
sentation of NH4

2 to be (NH4
1)5, i.e., a cationic core of NH4

1

with two electrons occupying diffuse Rydberg-type orbita
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Since the NH4
2 double Rydberg anion was also built on

tetrahedral cation, its structure was presumed to be es
tially tetrahedral as well. The vertical detachment ene
~VDE! of NH4

2 that we measured was 0.472 eV. Given t
close similarity between the structures of this ion and
corresponding neutral, this is also its adiabatic electron af
ity (E.A.a). Herzberg had earlier noted that the united ato
of NH4 is sodium, and that the ionization potentials of N
and NH4 are quite similar at 5.139 and 4.73 eV, respective
Interestingly, the electron affinities of Na and NH4 are also
quite similar at 0.548 and 0.472 eV, respectively.

Theory has provided strong support for the existence
NH4

2 as a double Rydberg anion. Prior to our experimen
work, Cremer and Kraka6 as well as Cardy and co-workers7

both found tetrahedral configurations of NH4
2 . Immediately

after our initial experiments on NH4
2 , Ortiz8,9 confirmed it to

be a viable double Rydberg anion, characterizing
Rydberg-type nature of the two diffuse electrons around
NH4

1 core and predictng its VDE to be 0.42 eV. Gutows
and Simons10–12 next performed calculations on the NH4

2

double Rydberg anion, predicting its VDE to be 0.45 eV.
addition, theoretical studies on NH4

2 were also conducted by
Boyd13 and by Gordonet al.14

Here, we report the photoelectron spectroscopic stud
the four new double Rydberg anions: N2H7

2 , N3H10
2 , N4H13

2 ,
and N5H16

2 ; of at least three solvated double Rydberg anio
and of a previously unseen feature in the spectrum of NH4

2 .
In each case, vertical detachment energies were meas
and vibrational features tentatively assigned. In the case
solvated double Rydberg anions, anion–neutral interac
energies were also determined.

II. EXPERIMENT

Negative ion photoelectron spectroscopy is conducted
crossing a mass-selected anion beam with a fixed freque
photon beam and energy analyzing the resultant photo
tached electrons. This is a direct approach to determin
electron binding energies~EBE!, and it is governed by the
energy-conserving relationship

hn5EKE1EBE, ~1!
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2 © 2002 American Institute of Physics
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where hn is the photon energy, and EKE is the measu
electron kinetic energy. Our apparatus has been descr
previously.15 The species studied in these experiments w
generated in a nozzle-ion source in which 1–2 atm. of co
neat ammonia was expanded through a 20mm diameter
nozzle, with a biased thoriated iridium filament used as
electron source. Most probably, the microplasma outside
nozzle consisted of NH4

1 (NH3)n cations, NH4(NH3)n neu-
tral Rydberg radicals, low-energy electrons, and anions. T
soup was the incubator for forming double Rydberg anio
probably by electron attachment to neutral Rydberg radic
These were then extracted into the spectrometer along
other anions. These negative ions were then mass select
a magnetic sector with a mass resolution of;500 and pho-
todetached with;100 circulating watts of 488 nm~2.540
eV! photons, one anion composition at a time. Finally, t
resultant photoelectrons were energy analyzed by a he
spherical electron energy analyzer with a resolution
;25–30 meV.

III. RESULTS

The photoelectron spectra of the species studied here
presented in Fig. 1. Each spectrum contains contributi
both from an anion–molecule complex, H2(NH3)n , and
from a double Rydberg anion system, (NnH3n11)2 of the
same composition. In each case, the spectral contribut
from the hydride–ammonia complex species are more
tense, broader, and occur at higher electron binding ener
than those from their double Rydberg anion counterparts
distinguish the spectral contributions of these two types
species in Fig. 1, we have magnified the intensity of
double Rydberg anions and plotted them as solid, dark ins
while the spectra of the anion–molecule complexes h
been presented as dotted, subdued traces. For both
anion–molecule complexes and double Rydberg anions,
electron binding energies~EBE! of each discernible spectra
feature in Fig. 1, along with their assignments, spacings,
solvation shifts, are listed in Table I.

IV. DISCUSSION

A. Hydride–ammonia complexes

While hydride anion–ammonia complexes are not
focus of this work, they nevertheless provide useful inform
tion on anion solvation. In the past, we studied1 the species,
H2(NH3)1 and H2(NH3)2 . Here, as a by-product of ou
search for new double Rydberg anions, we have recor
these again as well as the spectra of H2(NH3)n53 – 5. In
all of these H2(NH3)n systems, however, the story
qualitatively similar. Their spectra resemble the photoel
tron spectrum of the hydride anion except for being bro
ened and shifted to progressively higher electron binding
ergies, owing to the stabilizing effect of solvation b
ammonia molecules. This results in the broad pe
(FWHM5130– 240 meV) which dominate these spect
The EBEs of the main peaks maxima are interpreted as t
VDEs in each case. These are listed in Table I. From th
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estimates of sequential solvation energies can be extra
via standard energetic cycles,15 and these are also tabulate
there.

In the cases of the first three complexes (n51 – 3), a
second, much weaker intensity feature can also be seen t
high EBE sides of their main peaks. This feature is due to
excitation of an ammonia stretching motion during photod
tachment. The energy spacings between the maxima of
main peak~their VDEs! and the maxima of these weake
peaks are essentially the same in each case, at 0.436 e
3514 cm21. Ammonia’s symmetric and asymmetric stretc
ing frequencies are 3336 and 3444 cm21, respectively.16

B. Double Rydberg anion systems

1. NH4
À

When we first recorded the photoelectron spectrum
the NH4

2 double Rydberg anion some years ago, it was
tremely weak in intensity compared to the main peak
H2(NH3)1 . Since then, our skill with the source has im

FIG. 1. The photoelectron spectra of (NnH3n11)2, n51 – 5 measured with
2.540 eV photons.
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TABLE I. Electron binding energies~EBE! of peak positions, assignments, spacings, and solvation shifts. Energies are in eV~VDE5vertical detachment
energy!.

Anion
composition

Solvated hydride anions Double Rydberg anions

EBEa Assignment Spacing Shift EBEb Assignmentc Spacing Shift

NH4
2 1.110 VDE of H2(NH3) ¯ ¯ 0.472~A! VDE of (NH4

1)5
¯ ¯

1.546 NH3 stretch 0.436 0.651~a1! n4 of NH4 0.179~a1–A!
N2H7

2 1.460 VDE of H2(NH3)2 ¯ 0.350 0.415~B! VDE of (N2H7
1)5

¯ ¯

1.896 NH3 stretch 0.436 0.578~C! VDE of (NH4
1)5(NH3) ¯ 0.106~C–A!

0.723~b1! Proton motion 0.308~b1–B!
0.757~c1! n4 of NH4 0.179~c1–C!
0.894~b2! N2H7 stretch 0.479~b2–B!

N3H10
2 1.820 VDE of H2(NH3)3 ¯ 0.360 0.424~D! VDE of (N3H10

1 )5
¯ ¯

2.256 NH3 stretch 0.436 0.495~E! VDE of (N2H7
1)5(NH3) ¯ 0.080~E–B!

0.660~F! VDE of (NH4
1)5(NH3)2 ¯ 0.082~F–C!

0.605~d1! N3H10 umbrella 0.181~d1–D!
0.824~d2! N3H10 stretch 0.400~d2–D!

N4H13
2 2.111 VDE of H2(NH3)4 ¯ 0.289 0.427~G! VDE of (N4H13

1 )5
¯ ¯

0.632~g1! N4H13 umbrella 0.205~g1–G!
0.803~g2! N4H13 stretch 0.376~g2–G!

N5H16
2 2.360 VDE of H2(NH3)5 ¯ 0.249 0.434~H! VDE of (N5H16

1 )5
¯ ¯

0.610~h1! N5H16 umbrella 0.176~h1–H!

aErrors for the main peaks in the solvated hydride anion spectra are60.010 eV, while those for the NH3 stretch peaks are60.060 eV.
bErrors for peaks labeled with capital letters are60.005 eV~except for peakE which is 0.015 eV!, while those for vibrations labeled with lower case lette
are60.060 eV.

cVDEs listed here for double Rydberg anions are also equivalent to adiabatic electron affinities, EAa .
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proved, and we have learned how to make higher intensi
As a result, the new spectrum of NH4

2 shown in the top pane
of Fig. 1 is substantially more intense than earlier spectra
terms of peak location and peak width, the main peak~A! in
this new spectrum of NH4

2 is essentially unchanged from
that previously reported,1 i.e., VDE50.472 and;40 meV,
respectively. The enhancement in intensity provided bene
which were more than cosmetic, however, because it allo
us to observe a previously unseen, weak feature in the s
trum of NH4

2 . This is peaka1, seen in the top panel of Fig
1. The center of peaka1 is spaced 0.179 eV~1442 cm21! to
the high EBE side of the center of peakA, and we assign it
as being due to a vibrational excitation in NH4

2’s correspond-
ing neutral, i.e., NH4. Recent calculations by Ortiz17 found
n4 , the triply degenerate umbrella mode in neutral NH4, to
be 1355 cm21. This is likely to be the vibration we hav
observed, given the uncertainty in precisely locating the c
ter of such a weak, broad peak and the fact that peaka1 is
subject to strong, peak-pulling effects from the fast-risi
intensity tail of the H2(NH3)1 spectrum immediately to its
high EBE side. Still higher frequency NH4 vibrational tran-
sitions may also be buried under the tail of the H2(NH3)1

spectrum.
Recall that NH4

1 , NH4, and NH4
2 all have tetrahedra

symmetries, because they are all built on NH4
1 cation tem-

plates. However, since each of these is made up of an N4
1

core with 0, 1, or 2 excess electrons, respectively, their N
bonds should not be expected to be exactly the same. Ind
the observation of an4(NH4) vibrational excitation in the
photoelectron spectrum of NH4

2 reflects the fact that the
equilibrium structures of NH4

2 and NH4 are not precisely the
same. In perspective, however, these results are also co
tent with their structures being very similar, albeit slight
s.
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different, further supporting the characterization of NH4
2 as a

double Rydberg anion.

2. N2H7
À

The double Rydberg anion portion of the N2H7
2 spec-

trum ~low EBE, dark spectral traces in the second pane
Fig. 1! exhibits two strong, narrow peaks~B and C! and
several weaker features~b1, c1, andb2! to their high EBE
sides. The ratio of the intensities of peaksB and C varied
from day to day, implying that they arose from separate
tities. We interpret peakB to be a new double Rydberg anion
i.e. (N2H7

1)5, and peakC to be the NH4
2 double Rydberg

anion solvated by an ammonia molecule, i.e., NH4
2(NH3)1 .

PeakB in this spectrum occurs at EBE50.415 eV ~its
VDE!. This is 0.057 eV lower in energy than the position
peakA in the spectrum of NH4

2 . We attribute this downshift
in EBE to a decreased positive charge density on N2H7

1 as
compared to that on NH4

1 . The Rydberg-type electrons d
not interact as strongly with the more dispersed posit
charge on N2H7

1 , and thus they detach at a slightly lowe
EBE. In recent work, Ortiz17 calculated the VDE of this new
double Rydberg anion to be 0.41 eV, in excellent agreem
with our result. He also computed the structures of both t
anion and its corresponding neutral, finding significant d
ferences in the proton to nitrogen bond lengths in th
hydrogen-bridged structures. This structural difference co
easily translate into a vibrational excitation during photod
tachment, and Ortiz17 predicted this motion to have a fre
quency of 2938 cm21. We observe theb1–B peak spacing in
the spectrum to be 0.308 eV~2482 cm21!. Given that 2938
cm21 was calculated under the harmonic approximation, a
the fact that peakc1 may partially obscure its location, pea
b1 may well arise largely from this motion.
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Peakb2 is located at EBE50.894 eV, and we are als
inclined to assign it as a vibration associated with peakB
~the new double Rydberg anion based on the N2H7

1 cation!
rather than with peakC ~the solvated double Rydberg anion!.
Theb2–B peak spacing is 0.479 eV~3861 cm21!. Our inter-
pretation is based on two observations.~1! It is difficult to
see how peakb2 could arise from the solvated comple
NH4

2(NH3)1 . Neither neutral NH4 nor NH3 provide vibra-
tions consistent with the observedb2–C peak separation.~2!
Similarly spaced high EBE vibrational features appear in
double Rydberg anion spectra of N3H10

2 and N4H13
2 . In both

of these, their highest EBE vibrational features are v
likely associated with their peakB analogs, i.e., peakD in
the spectrum of N3H10

2 and peakG in the spectrum of
N4H13

2 . Thus, peak b2 is probably due to the
photodetachment-induced excitation of a stretching mo
in the neutral Rydberg molecule, N2H7 . This is roughly con-
sistent with the frequencies found for N2H7

1 by Lee and
co-workers.18 These are relevant since the vibrational fr
quencies of a given neutral Rydberg species can be expe
to be similar to those of its corresponding cation.

We interpret peakC, located at EBE50.578 eV ~its
VDE!, as being due to a NH4

2 double Rydberg anion sol
vated by an ammonia molecule, i.e., NH4

2(NH3)1 . This is
the first cluster containing a double Rydberg anion to
seen. Ortiz s calculations17 found a potential minimum cor
responding to an ion–molecule complex composed of te
hedral NH4

2 with NH3. His calculated VDE for this complex
was 0.60 eV, in quite good agreement with the VDE wh
we observed. The spectral shift between peakA in the spec-
trum of NH4

2 and peakC in the present spectrum is 0.10
eV. This is a good estimate of the interaction energy betw
NH4

2 and NH3 in the NH4
2(NH3)1 complex, i.e., the disso

ciation energy of NH4
2(NH3)1 separating into NH4

2 and
NH3. This, however, is a small interaction energy compa
to most anion/ammonia interaction energies. Consider,
example, the 0.35 eV shift between the spectra of H2 and
H2(NH3).1 This is the interaction energy between H2 and
NH3. We attribute the comparatively small interaction e
ergy between NH4

2 and NH3 to the highly diffuse nature o
the Rydberg-type electrons on NH4

2 with which the ammonia
solvent molecule interacts, i.e., the charge density of the
cess electronic charge on the double Rydberg NH4

2 anion is
significantly lower than that found around most normal a
ions. The sharp spectral features seen in the spectra o
double Rydberg anions are, in fact, also characteristic
other highly diffuse excess electron systems, such as dip
bound anions.19

Last, we turn to the interpretation of peakc1. Its assign-
ment as a vibrational excitation associated with peakC is
straightforward. The spectrum of NH4

2(NH3)1 can be
thought of as a perturbed NH4

2 spectrum with the NH4
2 moi-

ety acting as the chromophore for photodetachment. As s
it should exhibit the same spectral features as those see
the spectrum of bare NH4

2 , just shifted to new positions by
the stabilizing effects of ammonia solvation. In the spectr
of bare NH4

2 , peaka1 appears 0.179 eV~1442 cm21! to the
high EBE side of the origin-containing main peak~A!. That
same vibration is discernible in the spectrum of NH4

2(NH3)1
e
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as peakc1. It is located;0.18 eV to the high EBE side o
peakC, just where it should be.

3. N3H10
À

The three peaks, labeledD, E, andF, in the double Ry-
dberg anion portion of the N3H10

2 spectrum are interpreted a
arising from three different double Rydberg anion speci
They are located at 0.424, 0.495, and 0.660 eV, respectiv
These values also correspond to their respective VDEs. P
F is due to NH4

2 being solvated by two ammonia molecule
i.e., NH4

2(NH3)2 . PeakE is due to the double Rydberg an
ion, (N2H7)2, being solvated by one ammonia molecu
i.e., N2H7

2(NH3). PeakD, the highest intensity feature, i
due to a double Rydberg anion which can be characterize
(N3H10

1 )5. Thus, both peaksE and F are due to Rydberg
anion–neutral complexes, while peakD is due to a new
double Rydberg anion. The low intensities of peaksE andF
are probably due to the multiple collisions necessary to fo
anion–neutral complexes compared to the more dir
mechanism involved in forming unclustered double Rydb
anions.

The spectral shift between NH4
2(NH3)1 and

NH4
2(NH3)2 , i.e., the spacing between peakC in the

(N2H7)2 spectrum and peakF in the (N3H10)
2 spectrum, is

a good estimate of the sequential solvation energy exp
enced when an additional ammonia molecule is added
NH4

2(NH3)1 . Its value is 0.082 eV, slightly less than, b
comparable to, the 0.106 shift between NH4

2 and
NH4

2(NH3)1 . This is reasonable, since second solvation
ergies are usually slightly less than first solvation energ
The spectral shift from the new double Rydberg anio
(N2H7)2 ~peak B in the N2H7

2 spectrum! to N2H7
2(NH3)

~peakE in the N3H10
2 spectrum! is 0.080 eV. It is reasonable

that the interaction energy between the N2H7
2 double Ryd-

berg anion and NH3 should be a little less than that betwee
the NH4

2 double Rydberg anion and NH3, given that the
negative charge density on N2H7

2 is probably less than tha
on NH4

2 . Thus, the solvation energies of NH4
2(NH3)1 ,

NH4
2(NH3)2 , and N2H7

2(NH3) are all consistent and mutu
ally supportive of our interpretation of them as ion–molecu
complexes.

As already mentioned, we interpret peakD as being due
to a new double Rydberg anion which can be characteri
as (N3H10

1 )5. While the cation, N3H10
1 , is no doubt closely

related to N2H7
1 , it is also a closed-shell cation in its ow

right. An interesting observation about peakD is that its
VDE is slightly higher than that of peakB in the spectrum of
N2H7

2 ~see Table I!. Indeed, the VDE of peakG in the spec-
tra of N4H13

2 as well as that of peakH in the spectrum of
N5H16

2 also continue to increase slightly compared to the
sition of peakB. Remembering that peakB in the spectrum
of N2H7

2 had shifted in the opposite direction relative to pe
A in the spectrum of NH4

2 , this is a curious trend. It looks a
if the delocalization of positive charge on N2H7

1 is partially
reversed in N3H10

1 , and that this trend continues, albe
gradually, for N4H13

1 and N5H16
1 despite the increasing phys

cal size of these cations.
There are two more discernible peaks in the N3H10

2
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double Rydberg anion spectrum, peaksd1 andd2. These are,
in all likelihood, vibrational features, and since neither pe
E nor peakF is intense enough to exhibit observable vibr
tional intensities of their own, we attribute both peaksd1 and
d2 to peakD. Peakd1 is separated from peakD by 0.181 eV
~1458 cm21!. This is very close to the frequency of then4

umbrella motion in both NH4 ~1355 cm21!17 and NH4
1 ~1447

cm21!.20 A similar motion is probably embedded in the ava
able vibrations of neutral N3H10, i.e., in (N3H10

1 )2, and it is
apparently excited during photodetachment. Peakd2 is sepa-
rated from peakD by 0.400 eV~3224 cm21!, and in analogy
to peakb2 in the spectrum of (N2H7)2, it is probably due to
the excitation of a stretching motion in the neutral Rydbe
molecule, N3H10. As already mentioned, since the vibr
tional frequencies of a given neutral Rydberg species and
corresponding cation can be expected to be similar, the
brations of ammoniated ammonium cations can be helpfu
rationalizing the observed vibrational features found in o
spectra. In general accord with our assignment ofd2,
Schwarz21 found stretching modes in NH4

1(NH3)2 at ;3300
cm21, and Lee18 found stretching frequencies in this io
around;3400 cm21.

4. N4H13
À

In this spectrum, there are only three discernible f
tures, peakG, peakg1, and peakg2. Gone are the spectra
features due to Rydberg anion–molecule complexes that
riched the spectra of N2H7

2 and N3H10
2 . In the spectrum of

N4H13
2 , peak G is due to the new double Rydberg anio

(N4H13
1 )5, and its VDE is 0.427 eV. The peaksg1 andg2 are

due to vibrations associated with it. Peakg1 is separated
from peakG by 0.205 eV~1652 cm21!. Given the uncer-
tainty in locating the center of this relatively weak peak, th
vibration is probably of the same type asd1, described im-
mediately above. Likewise, peakg2 is separated from pea
G by 0.376 eV ~3030 cm21!, and it is likely due to the
excitation of a stretching motion in the neutral Rydberg m
ecule, N4H13. There is a good correspondence, in fact, b
tween this frequency and the range of frequencies see
Lee and co-workers18 in the infrared spectrum o
NH4

1(NH3)3 .

5. N5H16
À

The spectrum of this anion consists of a strong pe
labeled asH, and a weak peak, labeled ash1. This spectrum
is as simple as that of NH4

2 . We interpret peakH as being
due to the photodetachment of the new double Rydberg
ion, (N5H16

1 )5. Its VDE is 0.434 eV. No clustered doubl
Rydberg anions are seen with this composition. Peakh1 is
separated from peakH by 0.176 eV~1418 cm21!. A vibra-
tional feature with a similar separation is common to ev
one of the five spectral panels in Fig. 1. In the spectra
NH4

2 , N3H10
2 , N4H13

2 , and N5H16
2 , they are associated wit

the new, unclustered double Rydberg anionic species
N2H7

2 , however, this feature is observed in association w
NH4

2(NH3)1 . @It may also be present and associated with
unclustered double Rydberg anion, N2H7

2 ~peakB!, but if so,
it is obscured by peakC.# As mentioned above, the vibratio
k
-

g

its
i-

in
r

-

n-

-
-
by

k,

n-

y
f

In
h
e

responsible for this feature is probably a simple moti
which is available to all of the double Rydberg anions stu
ied here.

The scale magnification factors shown on each of
double Rydberg anion spectra are especially interesting.
comparison, we have plotted the strongest peak in e
double Rydberg anion spectrum to be essentially the s
height as the main peak in its corresponding anion–molec
complex spectrum. This allows one to easily judge the fr
tion of photodetachment signal~as measured by pea
heights! coming from the strongest double Rydberg ani
peak versus that coming from the anion–molecule comple
main peak. Since the vast majority of the photodetachm
signal in any given (NnH3n11)2 composition comes from
the latter, this approximates the fraction of total photodeta
ment signal coming from a given double Rydberg anion. F
example, the photodetachment signal from peakA (NH4

2) is
1/300 that from the main peak in the H2(NH3)1 spectrum.
Likewise, peakB’s photodetachment signal is 1/500 of th
main peak in the H2(NH3)2 spectrum~peakC is of the same
fraction!, and peakD is 1/800 that from the main peak in th
H2(NH3)3 spectrum. At the N4H13

2 composition, however,
something unexpected happens. The fraction of photodet
ment signal from peakG has become 1/75 of the mai
anion–molecule peak in the H2(NH3)4 spectrum, and at the
composition of N5H16

2 , the double Rydberg anion at peakH
accounts for 1/15 of the photodetachment signal!~One can
see these effects in the unmagnified baseline.! Because the
total ion currents~those of the hydride–ammonia complex
plus their corresponding double Rydberg anion species a
same mass! for each composition differ substantially~de-
creasing withn!, an absolute comparison between doub
Rydberg anion species is not feasible here. Nevertheless
can still see that the fraction of double Rydberg anion cont
is low at NH4

2 , decreases for the next two compositions, a
then reverses itself starting at the composition of N4H13

2 ,
becoming a significant fraction of the photodetachment s
nal by N5H16

2 .
In the case of the N5H16

2 composition, a likely explana-
tion presents itself for the enhanced fraction of double R
berg anion signal. Studies by Castleman,22 by Nishi,23 and by
Fuke24 all found the NH4

1(NH3)4 cation to be a magic num
ber in their mass spectral distributions of NH4

1(NH3)n clus-
ter ions. Thus, the observed fractional enhancement of N5H16

2

double Rydberg anion photodetachment signal may sim
be due to an enhanced abundance of the N5H16

1 cation in our
nozzle expansion plasma~rather than to a high photodetach
ment cross section!. In turn, the abundance of the N5H16

1

cation may well be due to its particular stability. Th
NH4

1(NH3)4 cation has four ammonia molecules tetrah
drally coordinated to NH4

1 , suggesting an opportunity fo
enhanced stability. An abundance of N5H16

1 may then lead to
a relative abundance of neutral N5H16, from which N5H16

2 is
formed. Last, while it is definitely not as stable a
NH4

1(NH3)4 , the NH4
1(NH3)16 cation,25 with 12 ammonia

molecules in its second shell, is the next highly symme
NH4

1(NH3)n cation which may be capable of forming a
enhanced fraction of its double Rydberg anion, i.
(N17H52

1 )5. It would be interesting to look for it.



s
hi
u

H.

em

H.

, J.

oc.,

m.

5747J. Chem. Phys., Vol. 117, No. 12, 22 September 2002 Double Rydberg anions: Spectroscopy
ACKNOWLEDGMENTS

The authors thank Dr. Vince Ortiz for valuable discu
sions and for sharing his results prior to publication. T
work was supported by the National Science Foundation
der Grant No. CHE-9816229.

1J. T. Snodgrass, J. V. Coe, C. B. Freidhoff, K. M. McHugh, and K.
Bowen, Faraday Discuss. Chem. Soc.86, 241 ~1988!.

2G. Herzberg and J. T. Hougen, J. Mol. Spectrosc.97, 430 ~1983!.
3J. K. G. Watson, J. Mol. Spectrosc.107, 124 ~1984!.
4B. W. Williams and R. F. Porter, J. Chem. Phys.73, 5598~1980!.
5G. I. Gellene, D. A. Cleary, and R. F. Porter, J. Chem. Phys.77, 3471
~1982!.

6D. Cremer and E. Kraka, J. Phys. Chem.90, 33 ~1986!.
7H. Cardy, C. Larieu, and A. Dargelos, Chem. Phys. Lett.131, 507~1986!.
8J. V. Ortiz, J. Chem. Phys.87, 3557~1987!.
9J. V. Ortiz, J. Phys. Chem.94, 4762~1990!.

10M. Gutowski, J. Simons, R. Hernandez, and H. L. Taylor, J. Phys. Ch
92, 6179~1988!.
-
s
n-

.

11M. Gutowski and J. Simons, J. Chem. Phys.93, 3874~1990!.
12J. Simons and M. Gutowski, Chem. Rev.91, 669 ~1991!.
13J. Wang and R. J. Boyd, Can. J. Chem.72, 851 ~1994!.
14N. Matsunaga and M. S. Gordon, J. Phys. Chem.99, 12773~1995!.
15J. V. Coe, J. T. Snodgrass, C. B. Freidhoff, K. M. McHugh, and K.

Bowen, J. Chem. Phys.84, 618 ~1986!.
16G. Herzberg,Molecular Spectra and Molecular Structure~Van Nostrand,

New York, 1996!, Vol. 3.
17J. V. Ortiz ~private communication, 2002!.
18J. M. Price, M. W. Crofton, and Y. T. Lee, J. Phys. Chem.95, 2182~1991!.
19J. H. Hendricks, H. L. de Clercq, S. A. Lyapustina, and K. H. Bowen

Chem. Phys.107, 2962~1997!.
20J. Park, C. Xu, S. Selby, and S. C. Foster, J. Mol. Spectrosc.179, 150

~1996!.
21H. A. Schwarz, J. Chem. Phys.72, 284 ~1980!.
22A. W. Castleman, Jr., W. B. Tzeng, S. Wei, and S. Morgan, J. Chem. S

Faraday Trans.86, 2417~1990!.
23H. Shinohara and N. Nishi, J. Chem. Phys.83, 1939~1985!.
24K. Fuke, R. Takasu, and F. Misaizu, Chem. Phys. Lett.229, 597 ~1994!.
25H. Nakai, T. Goto, T. Ichikawa, Y. Okada, T. Orii, and K. Takeuchi, Che

Phys.262, 201 ~2000!.




