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We report 355 and 532 nm photoelectron imaging results for H− (NH3 )n and NH2 − (NH3 )n , n = 0−5.
The photoelectron spectra are consistent with the electrostatic picture of a charged solute (H− or
NH2 − ) solvated by n ammonia molecules. For a given number of solvent molecules, the NH2 − core
anion is stabilized more strongly than H− , yet the photoelectron angular distributions for solvated H−
deviate more strongly from the unsolvated limit than those for solvated NH2 − . Hence, we conclude
that solvation effects on photoelectron angular distributions are dependent on the electronic structure
of the anion, i.e., the type of the initial orbital of the photodetached electron, rather than merely the
strength of solvation interactions. We also find evidence of photofragmentation and autodetachment
of NH2 − (NH3 )2−5 , as well as autodetachment of H− (NH3 )5 , upon 532 nm excitation of these species.
© 2011 American Institute of Physics. [doi:10.1063/1.3653232]
I. INTRODUCTION

Chemical structure and dynamics are determined by the
interactions of electrons in and between molecules. Photoelectron spectroscopy is a powerful probe of electronic
structure, with the capacity to reveal electronic and, often,
vibrational energy spacings and Franck-Condon factors.1, 2
Negative-ion photoelectron spectroscopy provides such information about the corresponding neutral molecule, as well as
its electron affinity and vertical detachment energies of the
anion.2
The now-widespread technique of velocity-map3
photoelectron imaging4, 5 yields both energy spectra and
photoelectron angular distributions (PAD) in a single experiment with nearly 100% collection efficiency, including
detection of low-energy electrons.6, 7 The ease of obtaining
angular distributions with respect to the polarization of the
incident radiation is particularly appealing, as the PADs
can reveal details of the parent electronic structure and/or
photoemission dynamics.8–11 Both structure and dynamics
are affected by chemical environment, thus affording photoelectron spectroscopy—imaging, in particular—a prized
vantage point in probing elementary reactions and effects of
solvation. The focus of this paper is on solvation effects on
the intrinsic electronic structure of negative ions and their
photodetachment dynamics.
Solvation of negative ions may be systematically examined via experiments on a series of clusters X− (M)n, where n
neutral molecules (M) are electrostatically (as opposed to covalently) bound to a negative ion (X− ).12, 13 For such species,
solvation is often thought of as having a perturbative effect
on the energy and electronic structure of the anion core, or
“solute.” As anions are stabilized more strongly by solvation
than the corresponding neutrals, addition of solvent molecules
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progressively increases the gap between the ground states of
the anion and its corresponding neutral, thus increasing the
vertical detachment energy (VDE). If the electronic structure
of the solute remains approximately preserved, the photoelectron energy spectra retain their general features, apart from a
shift to smaller electron kinetic energy (eKE) and, commonly,
peak broadening along a solvation series. The difference in
VDE between a cluster and the bare anion is an approximate measure of the solvent stabilization of the anion, while
drastic spectral changes along a solvation series may indicate
chemistry or physics beyond those of electrostatic ion-solvent
interactions.
The effects of solvation on the corresponding PADs are
more intricate and less understood. The relationship between
the symmetries of the initial (bound) and final (continuum)
states is defined by the transition-dipole selection rules.7, 14
Solid theoretical foundations have been developed for understanding the resulting angular distributions for the cases of
atomic and small molecular anions,8, 15–19 but it is less so for
cluster anions. In general, PADs reflect the superposition of
all allowed final states, as perhaps most apparent in atomic
anion photodetachment. In that case, the photoelectron wave
is composed of partial waves defined by the  = i ± 1 selection rule, with  and i being the orbital angular momentum
quantum numbers of the photoelectron and the parent atomic
orbital, respectively. As the relative cross-sections of different
partial waves are, in general, energy dependent,20–22 the PADs
are known to vary significantly with eKE.8, 15, 16
Within this conceptual framework, the effects of solvation on cluster-anion PADs may be separated into several
broadly defined motifs. First, the solvation-induced shift of
photodetachment bands to smaller eKEs affects the relative
cross-sections of the allowed partial waves, thus resulting in a
change in the anisotropy of the corresponding transition. Note
that this effect occurs merely due to energetic stabilization of
the solute anion, without accounting for any change in the anion’s intrinsic structure. Second, solvent perturbation of the
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anion’s intrinsic electronic structure should logically change
the types of partial waves allowed. Thirdly, upon departure
from the parent anion, the photoelectron itself may be perturbed by interactions with the neutral solvent, in particular
when its kinetic energy is in the vicinity of an anionic resonance of the solvent.
Thus, cluster-anion PADs are intricately linked to the
electronic structure of the solute anion and details of the detachment process. The first of the above effects is always
present, and hence comparisons between PADs for bare and
solvated ions must account for any difference in eKE of the
bands in question.23–25 The third (post-detachment) motif,
manifest in the presence of electron-solvent scattering resonances, was also discussed in several recent publications.23–27
In this work, we address the effect of solvation-induced
changes in the parent orbital symmetry (i.e., the second of
the above motifs) by examining PADs for two solvation series, with the same solvent but different solutes with distinct
parent orbitals.
We present photoelectron imaging results for H− (NH3 )n
and NH2 − (NH3 )n cluster anions with n = 0–5, obtained
at 355 and 532 nm. The photoelectron energy spectra are
consistent with those previously reported by the Bowen
group for 488 nm photodetachment of H− (NH3 )1–2 and
NH2 − (NH3 )1–2 .28–30 However, our spectra also include the
previously unobserved NH2 (A2 A1 ) ← NH2 − (X1 A1 ) photodetachment transition, as well as signatures of autodetachment
and photofragmentation in some of the larger clusters probed,
suggesting the existence of metastable charge-transfer states
analogous to those identified for the I− (NH3 )n , n = 4–15,
cluster series.31, 32 We focus our discussion on the photoelectron angular distributions for the observed direct photodetachment transitions. These results suggest that the effect of
any given solvent on photodetachment anisotropies depends
strongly upon the nature of the parent orbital of the solute.
II. EXPERIMENTAL APPARATUS

The experiments were performed using a pulsed
negative-ion photoelectron imaging spectrometer described in
detail elsewhere.33 In brief, a neutral precursor of neat ammonia or 30% ammonia seeded in argon was expanded supersonically through a pulsed nozzle (General Valve, Inc., series
9) operated at a 50 Hz repetition rate into a vacuum chamber
(∼10−6 Torr base pressure, ∼10−5 Torr under load), where it
was bombarded with a counter-propagating continuous beam
of 1 keV electrons from an electron gun. Negative ions34 from
the resulting plasma were extracted into a Wiley-McLaren35
time-of-flight mass-spectrometer by a pulsed repeller plate
downstream of the nozzle.36 The resulting mass-spectra contained two series of peaks, corresponding to the H− (NH3 )n
and NH2 − (NH3 )n cluster-ion series exclusively.
Photoelectron images were obtained for each cluster anion of interest (n = 0–5) by intersecting a linearly polarized
laser pulse with the corresponding ion packet about 15 cm
upstream of the ion detector, between the electrodes of a
velocity-map3 imaging assembly. Photodetachment was performed with the second (532 nm) and third (355 nm) harmonics of a nanosecond pulsed Nd:YAG laser operating at a
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repetition rate of 50 kHz (Quanta Ray Lab 130–50 by Spectra
Physics, Inc.). In each experiment, the laser beam was slightly
focused with a 2 m focal length lens placed about 1.2 m upstream of the laser-ion interaction region, to yield laser fluences of approximately 1.3–1.6 × 106 W/cm2 in the region of
laser-ion overlap.
Five individual images, collected over 15,000 experimental cycles each, were obtained for each species studied at each
wavelength, with the exception of H− (NH3 )n , n = 0–3, at
355 nm, for which only three images were collected. Threedimensional photoelectron distributions were reconstructed
from each image via inverse Abel transform using the BASEX program.37 In the following, we present the cumulative
raw images and energy spectra for each cluster species studied. The photodetachment transitions for bare H− and NH2 −
were used for energy calibration. We also analyze the PADs
determined for each set of individual images.
III. RESULTS

The cumulative photoelectron images and corresponding
spectra for the H− (NH3 )n , n = 0–5, cluster series obtained at
355 and 532 nm are presented in Figures 1 and 2, respectively.
The corresponding data for NH2 − (NH3 )n , n = 0–5, are shown
in Figures 3 and 4. The photoelectron spectra are plotted versus electron binding energy (eBE). Peak eBEs, approximately
corresponding to vertical detachment energies, are indicated
(in electron-volts) in plain type next to the spectral bands assigned to direct photodetachment transitions.
The photoelectron angular distributions for selected transitions were fit using the general equation for one-photon detachment with linearly polarized light:
I (θ ) ∝ 1 + β(3 cos2 θ − 1)/2,

(1)

where θ is the angle with respect to light’s electric field and β
is the unitless anisotropy parameter that in itself characterizes
the distribution. The resulting β values with one-sigma error
bars are reported in italics next to the corresponding spectral
peaks in Figures 1–4.
A. Photoelectron spectra for H− (NH3 )n , n = 0–5

Photoelectron images and spectra for H− (NH3 )n ,
n = 0–5, obtained at 355 nm are displayed in Figure 1. The
n = 0 spectrum corresponds to photodetachment from bare
H− . Its single feature at eBE = 0.75 eV reflects removal of
a 1s electron, yielding the neutral H atom in the 2 S1/2 ground
state.38 The band width reflects the instrumental resolution at
the corresponding eKE.
Photodetachment from the singly solvated (n = 1)
species yields a similar spectral feature (labeled I) shifted to
a higher eBE, along with a less intense feature (II) appearing as a shoulder on the high-eBE tail of band I and peaking
at an eBE approximately 0.4 eV greater than that of the primary transition. Similar features persist through n = 5, shifted
together and monotonically to successively higher eBEs. We
shall refer to the analogous but offset transitions in the spectra for n > 1 as type I or type II transitions. There is some
broadening of these features for n > 0, but we note that
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FIG. 1. Photoelectron images and energy spectra for photodetachment from
H− (NH3 )n , n = 0−5, at 355 nm. Image intensities are arbitrarily scaled; spectra are scaled for matching peak intensities. Peak binding energies (in plain
type, with ±0.02 eV uncertainty) and anisotropy parameters (in italics) are
indicated for the dominant transition. See text for details.

solvation-induced broadening along the series is expected to
compete with improving energy resolution as n increases and
eKE decreases.
Similar features were previously observed by the Bowen
group for 488 nm photoelectron spectroscopy of the n = 1–2
species.28, 29 We adopt their assignment of the dominant peaks
(I) to direct photodetachment from H− solvated by n ammonia molecules and the weaker feature (II) to photodetachment
with activation of an asymmetric ammonia stretching mode.
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FIG. 2. Photoelectron images and energy spectra for photodetachment from
H− (NH3 )n , n = 0−5, at 532 nm. Image intensities are arbitrarily scaled; spectra are scaled for matching peak intensities. Peak binding energies (in plain
type, with ±0.02 eV uncertainty) and anisotropy parameters (in italics) are
indicated for the dominant transition. See text for details.

We do not observe the third peak identified by the Bowen
group for n = 1 (with VDE = 0.472 eV) and assigned to direct
photodetachment from the tetrahedral, double-Rydberg state
described as (NH4 + )2− .
The 532 nm photoelectron images and resulting spectra
for H− (NH3 )n , n = 0–5 are displayed in Figure 2. The spectral
features are generally similar to those observed at 355 nm, but
we note several differences. First, band II is not distinguishable for n = 3, most likely due to threshold cross-sectional
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FIG. 3. Photoelectron images and energy spectra for photodetachment from
NH2 − (NH3 )n , n = 0−5, at 355 nm. Image intensities are arbitrarily scaled;
spectra are scaled to match peak intensities. Peak binding energies (in plain
type, with ±0.02 eV uncertainty) and anisotropy parameters (in italics) are
indicated for the dominant transition. See text for details.

effects. Second, for n = 5, there is a sharp spike in intensity
near the high-eBE or zero-eKE cutoff, which we assign as a
new feature, labeled III.
B. Photoelectron spectra for NH2 − (NH3 )n , n = 0–5

Figure 3 displays the 355 nm photoelectron images and
energy spectra for NH2 − (NH3 )n , n = 0–5. The 355 nm spectrum for unsolvated NH2 − (n = 0) contains two bands. The
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lowest binding energy transition (peaking at 0.77 eV) is assigned to removal of an electron from the b1 HOMO of NH2 −
to generate the neutral amidogen radical in its 2 B1 ground
state, as previously identified.30, 39 The narrow width of this
transition (labeled 2 B1 in Figure 3) and lack of vibrational
progression are consistent with the small geometry change
between the ground states of the anion and the neutral.40–42
The second, higher-eBE transition in the 355 nm photoelectron spectrum for NH2 − (labeled 2 A1 in Figure 3) is attributed to removal of an electron from the a1 HOMO−1 of
the anion, yielding the A2 A1 state of the neutral.43 The band’s
onset is higher in binding energy than the peak of the 2 B1
transition by about 1.35 eV, a spacing closely matching the
energy difference reported between the ground and first excited states of neutral amidogen (≈1.38 eV).44 The peak spacing observed within this partially resolved band, ≈970 cm−1 ,
is consistent with the reported44 bending mode interval
(≈1000 cm−1 ) in the A2 A1 state of neutral NH2 . The large
extent of the observed vibrational progression indicates a significant geometry change along the bending coordinate between the X1 A1 state of the anion and the A2 A1 state of the
neutral (and thus also between the A2 A1 and X2 B1 states of
the neutral).
Both NH2 − features persist in the spectrum for n = 1
in Figure 3, shifted to higher binding energies and somewhat
broadened. The ground-state band is labeled I, while the additional features, labeled IIa and IIb, respectively reflect activation of one and two NH3 vibrational quanta, as first identified
by the Bowen group30 and analogous to the similar bands observed for OH− (NH3 )n , n = 1 and 2.28, 29, 45 These features
persist in the spectra of Figure 3 as n increases until clipped
or suppressed at or near the energetic cutoff (hν = 3.49 eV).
The 532 nm results for NH2 − (NH3 )n , n = 0–5 are displayed in Figure 4. The spectrum for unsolvated NH2 − is similar to that obtained at 355 nm, but here the photon energy is
only sufficient to catch the onset of the transition accessing
the 2 A1 excited state of the neutral. For n = 1, only type I
and IIa features are seen; transition IIb is not apparent for
the smaller photon energy, presumably due to proximity to
threshold. The 532 nm spectrum for n = 2 contains two features analogous to those of the n = 1 spectrum but shifted
to higher binding energies. In addition, a sharp spike is observed near the high-eBE/zero-eKE cutoff which appears to
be distinct from feature II. This spike (labeled as a type-III
feature) persists through n = 5, while direct one-photon detachment of the cluster becomes energetically inaccessible.
Because analogous features are absent from the 355 nm spectra, we conclude that the type III features are not the result of
direct photodetachment.
The n = 4 spectrum in Figure 4 contains two additional,
weak features, labeled IV and V, respectively appearing at
roughly the same binding energies as the X2 B1 band for NH2 −
and band I for NH2 − (NH3 ). Feature V may also be present (at
the same eBE) for n = 5 (see the magnified portion of the
spectrum in Figure 4). The n = 4, 5 photoelectron images in
Figure 4 are shown in split scale to emphasize features IV
and V.
To examine the nature of transitions III, IV, and V, the
532 nm image collection for NH2 − (NH3 )n , n = 2–4 was
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FIG. 5. (a) Average anisotropy parameters for H− (NH3 )n at 532 nm
(n = 0−5), 355 nm (n = 0−5), and 786 nm (n = 0−2). The grey line at
β = 2 corresponds to the Wigner-Bethe-Cooper-Zare (WBCZ) prediction for
bare H− , according to Eq. (2) with i = 0. (b) Average anisotropy parameters for NH2 − (NH3 )n at 532 nm (n = 0–5), 355 nm (n = 0–5) and 786 nm
(n = 0). Two data points from other studies on bare NH2 − are also included.
The WBCZ model fit for photodetachment from bare NH2 − , using Eq. (2)
with i = 1, is plotted as a grey curve. Error bars correspond to ± one standard deviation.

C. Photoelectron angular distributions

FIG. 4. Photoelectron images and energy spectra for photodetachment from
NH2 − (NH3 )n , n = 0−5, at 532 nm. Image intensities are arbitrarily scaled;
those for n = 4 and 5 are shown in split scale to emphasize the less intense
features. Spectra are scaled for matching peak intensities, with details for
n = 0, 4, 5 enhanced by a factor of ten. Peak binding energies (in plain type,
with ±0.02 eV uncertainty) and anisotropy parameters (in italics) are indicated for the dominant transition. See text for details.

repeated at twice the laser fluence. This resulted in no change
in the relative intensities of bands I and III in the spectra for
n = 2 and 3, indicating that feature III is not the result of a
two-photon process. On the other hand, for n = 4, the intensities of bands IV and V approximately doubled relative to that
of band I, indicating that peaks IV and V are the result of a
two-photon process.

Photoelectron anisotropy parameters were computed
over the full width at half-maximum (FWHM) of all lowesteBE (type I) transitions, with the exception of those for
H− (NH3 )5 and NH2 − (NH3 )3 at 532 nm, for which β was calculated over the lower-eBE halves of the transitions to minimize the contribution from overlapping bands. The β values
reported in Figures 1–4 represent averages over the multiple
images obtained for each species at each wavelength studied.
The average anisotropy parameters for H− (NH3 )n and
NH2 − (NH3 )n , n = 0–5 are plotted vs. eKE in Figures 5(a)
and 5(b), respectively. The plots also include anisotropy
values we obtained for 786 nm and 390 nm photodetachment of NH2 − and 786 nm photodetachment of H− (NH3 )n ,
n = 0–2. (The photoelectron spectra from these measurements
are consistent with the 355 nm results for these species and
are not included here.) In addition, anisotropy parameters reported elsewhere for 488 nm photodetachment39 and 532 nm
photodetachment41 of NH2 − are also included in Figure 5(b).
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FIG. 6. Vertical detachment energies (determined as peak binding energies
of the corresponding photoelectron bands) versus n for H− (NH3 )n (open
squares) and NH2 − (NH3 )n (grey filled circles). Values are from 355 nm
results.

IV. DISCUSSION
A. Photoelectron spectra

H− (NH3 )n and NH2 − (NH3 )n , n = 1 and 2, have been
previously studied using photoelectron spectroscopy.28–30 Our
work extends these studies to a larger cluster-size range
(n = 0−5) and reveals several previously unobserved features. The type I and II direct photodetachment transitions
in the spectra in Figures 1–4 are consistent with those observed by the Bowen group for H− (NH3 )n and NH2 − (NH3 )n ,
n = 1 and 2 only.28–30 These bands are attributed to
photodetachment from the anionic solute (H− or NH2 − ) solvated by ammonia molecules. The cluster-size dependence
of the VDEs (determined, approximately, from peak binding
energies of type-I bands in the corresponding 355 nm spectra) is summarized in Figure 6. The plot for NH2 − (NH3 )n ,
shows a consistently greater slope that than that for the
H− -based clusters, indicating that NH2 − is stabilized by ammoniation to a greater degree than H− for all degrees of
solvation examined.
Type III features appear near zero eKE in the 532 nm
energy spectra for NH2 − (NH3 )n , n = 2−5, and H− (NH3 )5 .
Of these species, a photoelectron spectrum was previously
reported only for NH2 − (NH3 )2 (at 488 nm).30 However, the
instrumental low-eKE cutoff at about 0.2 eV inhibited observation of similar type III features in that work. The sharp
type III bands observed in our work are essentially identical on the eKE scale, regardless of the cluster for which they
are observed. The laser-power dependence of the intensity of
these bands is indistinguishable from that of type I features,
indicating their single-photon origin.
In addition, the type III features appear only when the
photodetachment threshold for the given cluster is close to the
photon energy. This condition is similar to that reported by
the Neumark group for generation of weakly bound chargetransfer-to-solvent (CTTS) precursor states in I− (NH3 )n ,
n = 4−15,31, 32 analogous to the clusters in the present study.
These researchers monitored the temporal evolution of the
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CTTS states via pump-probe photoelectron spectroscopy, observing increases in VDE on timescales of picoseconds, and
decreases in signal intensity on timescales from 12 to 53 ps.
While no autodetachment was directly observed (presumably
due to the low-eKE cutoff of the detector), it was viewed as
the most likely relaxation mechanism, due to the lack of fragmentation products.31 We find it likely that the type III features we observe upon 532 nm irradiation of NH2 − (NH3 )n , n
= 2−5, and H− (NH3 )5 are due to autodetachment from analogous photoinduced CTTS states. Another possible explanation would be an enhancement in the near-threshold direct
photodetachment cross-section due to significant long-range
electron-neutral interactions, particularly due to the polar nature of the ammonia solvent.20, 46 However, the overall pattern
in appearance of these bands is less consistent with this explanation; thus, we favor the CTTS hypothesis.
Features IV and V in the 532 nm spectrum for
NH2 − (NH3 )4 are the result of a two-photon process, as indicated by their quadratic laser-power dependence. These features peak at binding energies very similar to those of the 2 B1
band in the spectrum for NH2 − and band I in the spectrum
for NH2 − (NH3 ), respectively (see Figure 4). We therefore believe that this signals are due to direct photodetachment from
the NH2 − and NH2 − (NH3 ) fragment ions, generated as photoproducts of NH2 − (NH3 )4 .
Photoexcitation to yield a metastable CTTS state is also
a straightforward explanation for this fragmentation process,
resulting in bands IV and V, as well as the autodetachment
believed responsible for bands III. Specifically, absorption of
one 532 nm photon (2.33 eV) by NH2 − (NH3 )n , n = 2−5, and
H− (NH3 )5 may result in a transfer of the excess charge to the
solvent network, followed either by (1) electron autodetachment (i.e., band III) or (2) charge back-transfer to regenerate
the core anion, with the excess energy released via evaporation of three or four ammonia molecules. In case (2), absorption of a second photon by the photofragments would result in
photodetachment from NH2 − or NH2 − (NH3 ) (i.e., bands IV
and V).

B. Photoelectron angular distributions

As discussed in the Introduction, solvation of anions
shifts the photodetachment bands to greater eBEs (smaller
eKEs), thus affecting the relative partial-wave cross-sections
and resulting in a general change in β. This shift is expected
to manifest even in the absence of any change in the shape of
the anion’s orbitals or the photoelectron-solvent interactions.
Therefore, for a meaningful examination of the electronicstructure or photoelectron-solvent interaction effects, one
should compare the change in the β(eKE) trends for solvated
vs. unsolvated anions, rather than single β values obtained at a
given wavelength.25 For atomic anions, the anisotropy parameter is described by the Bethe-Cooper-Zare central-potential
model.8, 15, 16, 47 Using this model with some additional assumptions, including the Wigner-law20 scaling of the relative partial-wave cross-sections, β in atomic-anion photodetachment can be expressed as an explicit analytical function
of eKE:48
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i (i − 1) + (i + 1)(i + 2)A2 ε2 − 6i (i + 1)Aε cos(δi +1 − δi −1 )
,
(2i + 1)[i + (i + 1)A2 ε2 ]

where ε ≡ eKE, A is a constant reflecting the relative scaling of the partial-wave cross-sections, typically varied to fit
experimental data, and δi ±1 are the phase shifts of the corresponding dipole-allowed partial waves induced by their interaction with the remaining neutral. This equation may also be
used for molecular anions, when the parent orbital is similar
to an atomic-like orbital, by assigning it an effective orbital
angular momentum quantum number.8, 49
In the case of detachment from an s orbital (i = 0), such
as for H− , electric-dipole selection rules predict the outgoing
electron to be a p wave ( = 1). According to Eq. (2) with
i = 0, β = 2 and is independent of eKE. This is a cosinesquared angular distribution with respect to the laser polarization axis (z), the same angular distribution as a pz orbital.11, 14
The β = 2 limit serves as a theoretical zero-solvation
reference for the H− (NH3 )n cluster series. It is indicated in
Figure 5(a) by a grey line. Our experimental results for bare
H− , plotted in the same figure as open circles, fall close to
this limit and indeed do not display a striking energy dependence, consistent with other reported measurements for
this system.50, 51 In comparison, the H− (NH3 )n , n > 0 results,
shown in Figure 5(a) as filled symbols, do exhibit significant
deviations from the β = 2 limit. These solvation-induced deviations are most pronounced near zero eKE.
In contrast, photoelectron angular distributions for bare
NH2 − are strongly energy dependent. The β values corresponding to the X2 B1 band are shown in Figure 5(b) as
open circles. Because the b1 HOMO of NH2 − is essentially
a nonbonding nitrogen p orbital, NH2 − photodetachment
may be modeled using Eq. (2) with i = 1.41 The WignerBethe-Cooper-Zare model fit to the data for bare NH2 − , with
A = 1.09 eV−1 and cos(δ 2 − δ 0 ) = 0.934, is plotted in
Figure 5(b) (grey line) to serve as a zero-solvation reference for the NH2 − (NH3 )n cluster series. Because the neutral species has a significant dipole moment (1.79 D),52 the
energy-dependence of partial wave cross-sections may deviate from the Wigner law approximation;20, 46 however, the
model nonetheless works well here, as it has for other species
whose neutrals have dipole moments even larger than 2 D.23
The angular distributions for ammoniated NH2 − (filled
symbols in Figure 5b) show only minor deviations from the
zero-solvation limit that are neither consistent in direction nor
remarkable in magnitude, in contrast to the significant deviations observed for ammoniated H− . This suggests that solvation has additional effect on PADs for solvated H− that
does not manifest considerably for solvated NH2 − . As the
solvent is the same in both cluster series, we conclude that
the manifestation of solvent-induced deviations in β(eKE) depend strongly on the nature of the parent orbital. Because
ammonia has both a large dipole moment (which should perturb the anion electronic structure) and a propensity to scatter low-energy electrons53 (which should perturb photoelectron waves), both pre- and post-detachment solvent-electron

(2)

interactions are expected to affect the photoelectron angular
distributions for H− (NH3 )n and NH2 − (NH3 )n to some extent.
At present, we cannot rule out either effect for either system.
However, we propose a relatively simple description for how
solvation effects on parent orbital symmetry may manifest to
different degrees in PADs, depending on the nature of the parent orbital of the solute.
Stronger solvent-solute interactions should logically result in larger perturbations of the solute’s parent orbital. We
may intuitively expect this to translate to larger deviations in
PADs. The fact that solvation has a stronger effect on PADs
for ammoniated H− than for ammoniated NH2 − is thus at
first counterintuitive, considering that NH3 molecules interact more strongly with NH2 − than with H− , as indicated by
the respective shifts in vertical detachment energies across the
two solvation series (see Figure 6).
On the other hand, we may consider the effects of solvation on the symmetry of the specific orbitals. Solvation of
an s orbital (i.e., the parent orbital of H− ) should polarize the
orbital, which can be thought of as introducing some p character to the initial state. Such polarization will result in the
opening of the  = 0 photodetachment channel. Even if the
perturbation is small,  = 0 waves are most important at small
to moderate eKE,20, 54 the region where the H− (NH3 )n PADs
deviate most strongly from the zero-solvation limit. On the
other hand, in the photodetachment from a p orbital, the  = 0
channel is already open. Solvent-induced perturbation of a p
state will add s, d, . . . (etc.) character to the initial wavefunction, thus opening the  = 1 photodetachment channel. While
the photoelectron anisotropy will be affected, the change is
expected to be less significant then in the above perturbed sorbital case, since the newly introduced  = 1 channel does
not compete as favorably with the dominant  = 0 waves near
the detachment threshold. Quantitative modeling of this effect
is the subject of the accompanying paper.55
V. CONCLUSIONS

We have reported 532 nm and 355 nm photoelectron
imaging results for the H− (NH3 )n and NH2 − (NH3 )n (n = 0–5)
cluster anions. The photoelectron spectra indicate that both
cluster series may be described as the H− or NH2 − core anions electrostatically bound to NH3 solvent molecules. The
shifts in vertical detachment energies across the two series
indicate that, for a given number of solvent molecules, the
NH2 − anion is solvated more strongly by ammonia, compared to H− , while the photoelectron angular distributions
reveal an opposite trend. Namely, the angular distributions
for the H− (NH3 )n series are found to deviate significantly
from the zero-solvation (i.e., H− ) limit, while the corresponding deviations for NH2 − (NH3 )n , relative to bare NH2 − , are
minimal. These observations suggest that an anisotropic solvation environment may have a more pronounced effect on
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photoelectron angular distributions emanating from predominantly s-character states. Further studies of photodetachment from simple orbitals in the vicinity of different solvents will be valuable to unraveling the environmental effects on photoelectron angular distributions through both
the perturbation of the initial state and photoelectron-solvent
interactions.
In addition, new features suggestive of autodetachment
from metastable CTTS states are observed in the 532 nm photoelectron spectra of NH2 − (NH3 )n , n = 2–5 and H− (NH3 )5 .
The 532 nm spectrum of NH2 − (NH3 )n , n = 4 and 5, also contains two-photon features assigned to detachment from the
NH2 − and NH2 − (NH3 ) photofragments, likely generated via
charge back-transfer from the same CTTS states.
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