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The electronic spectra of Cr+(NH3), Cr+(ND3), and Cr+(15NH3) have been measured from 14 200 to
17 400 cm−1 using photodissociation spectroscopy. Transitions are predominantly observed from the
6A1 ground state, in which the Cr+ has a 3d5 electronic configuration, to the B̃ 6E (Π) state (3d44s).
There is extensive vibronic structure in the spectrum due to a long progression in the Cr–N stretch
and transitions to all six spin-orbit levels in the upper state. The spin-orbit splitting in the excited
state is observed to be Aso

′ = 39 cm−1. For the lowest spin-orbit level, the Cr–N stretching frequency
in the excited state is 343 cm−1, with an anharmonicity of 4.2 cm−1. The 6E (Π) origin is predicted
to lie at T0 = 14 697 cm−1. The first peak observed is due to v′ = 1, so the observed photodissoci-
ation onset is thermodynamic rather than spectroscopic, giving D0(Cr+–NH3) = 14 830 ± 100 cm−1

(177.4 ± 1.2 kJ/mol) and D0(Cr+–ND3) = 15 040 ± 30 cm−1 (179.9 ± 0.4 kJ/mol). The 6E (Π) state
of Cr+(NH3) is ∼2740 cm−1 less strongly bound than the ground state, and the Cr–N bond length
increases by 0.23 ± 0.03 Å upon electronic excitation. Calculations at the time-dependent density
functional theory (M06) and equations of motion coupled cluster, with single and double excitations
(EOM-CCSD) level fairly accurately predict the energy and vibrational frequency of the excited state.
Multi-reference configuration interaction calculations show how the spin-orbit states of Cr+(NH3)
evolve into those of Cr+ + NH3. Published by AIP Publishing. https://doi.org/10.1063/1.5053691

I. INTRODUCTION

The interaction of ammonia with transition metals is
important in solvation, catalysis, and materials synthesis.
Ammonia is a strong-field, sigma-donating ligand and inter-
acts very strongly with metal cations, as evidenced by binding
energies of ∼200 kJ/mol.1–3 The need to understand these
interactions has prompted many gas-phase investigations,4–9

including measurements of M+–NH3 bond strengths,1–3 zero
electron kinetic energy (ZEKE) spectroscopy of M+(NH3)n

(M = Cu, Ag),10–12 vibrational spectroscopy of M+(NH3)n

(M = Na,13 Mg,14 Al,15 V,16 Co,17 Ni,17 Cu,18,19 and Ag19),
and electronic spectroscopy of M+(NH3)n (M = Mg20,21 and
Sr22–24). In this paper, we present the electronic spectrum
of the Cr+(NH3) complex. The ground electronic configura-
tion of Cr+ is 3d5 (6S5/2). The first excited electronic state
is 3d4 4s (6DJ), and its spin-orbit levels are at energies of
11 962 cm−1 (J = 1/2) to 12 496 cm−1 (J = 9/2).25 The 3d5

occupancy of the ground state of Cr+ is retained upon binding
to ammonia, so Cr+(NH3) has C3v symmetry and a symmetrical
6A1 ground state with no first-order spin-orbit splitting. Liga-
tion of ammonia to the 3d4 4s (6DJ) state of Cr+ leads to five
excited states: a 6A1 state and two sets of doubly degenerate
6E states. The 6E molecular states exhibit spin-orbit splitting,
so Cr+(NH3) provides a rare opportunity to study spin-orbit
effects in a non-linear molecule with high spin.

a)Author to whom correspondence should be addressed: rbmetz@chem.
umass.edu

Lessen et al. measured the electronic spectra of Cr+(Ar)
and Cr+(N2) using photodissociation spectroscopy.26 They
found that the photodissociation yield is low until there is
sufficient energy to produce electronically excited Cr+ (6DJ)
products. In a preliminary experiment, the electronic photodis-
sociation spectrum of Cr+(N2) was measured from 17 000 to
17 200 cm−1. The photofragment yield increases 5-fold when
the threshold for dissociation to excited Cr+ is reached. In our
study of Cr+(NH3), the spectrum is entirely due to predissoci-
ation of the initially excited state because the photon energy
is only sufficient to produce ground state Cr+. In addition to
studying spin-orbit effects, this work investigates how strongly
the ground and excited states of Cr+ bind to NH3 and how the
electronic state of the Cr+ affects the Cr–N bond length.

II. EXPERIMENTAL AND
COMPUTATIONAL METHODS

The experiments are carried out on a dual time-of-flight
reflectron mass spectrometer described in earlier papers.27,28

The Cr+(NH3) complexes were made by the laser ablation of a
chromium rod in an expansion gas mix containing NH3, intro-
duced through a pulsed valve. Studies of isotopomers used
ND3 and 15NH3 in the gas mix. The 15NH3 was synthesized
by heating 15NH4Cl and Ca(OH)2 powders, dried by passing
through CaO, and collected at ∼77 K. The large Cr+–NH3

binding energy means that the initially formed Cr+(NH3) is
highly vibrationally excited, and under most source conditions,
the subsequent supersonic expansion does not sufficiently
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cool these vibrations. This leads to a broad, poorly resolved
photodissociation spectrum. In order to produce vibrationally
cold ions, mixes containing 0.01%–0.05% NH3 and 10%
CF4 in helium were used with backing pressures from 50
to 100 psi and an extended post-ablation mixing region con-
sisting of a 0.1′′ ID × 0.6′′ long tube. The Cr+(NH3) com-
plex is then expanded supersonically into vacuum. Studies
of Co+(H2O) complexes on this instrument indicate a rota-
tional temperature of ∼15 K.29 Ions are then extracted into a
time-of-flight mass spectrometer. At the turning point of the
reflectron, the mass-selected ions are photodissociated with
a pulsed Nd:YAG-pumped dye laser (Continuum) in the 585–
705 nm region. The dye laser is calibrated using the absorption
spectrum of I2.30 Parent and fragment ions are identified by
their subsequent flight times to a microchannel plate detector.
The only photofragment detected is Cr+, and the electronic
spectrum is measured by taking the ratio of the fragment
to the parent ion and normalized to photodissociation laser
fluence.

The properties of the ground and low-lying excited elec-
tronic states of Cr+(NH3) were calculated at several levels of
theory to assess the consistency of the results and because
some properties could only be calculated with a limited num-
ber of methods. Initial calculations used density functional
theory (DFT) and time-dependent DFT (TD-DFT) to calcu-
late the equilibrium geometries and vibrational frequencies
of the ground and low-lying excited electronic states. Of the
several functionals examined, M06 was selected because it
best predicts the 3d44s1 ← 3d54s0 excitation energy in Cr+.
The most accurate calculations of the ground state geometry
were obtained at the coupled cluster with single, double and
approximate triple excitations, CCSD(T)/aug-cc-pVTZ level;
however, vibrational frequencies are prohibitively expensive
for this method, and excited state calculations are not available.
The ground and excited states were calculated using equations
of motion CCSD (EOM-CCSD), again with the aug-cc-pVTZ
basis set. This method was also used to scan the potential
along the Cr–N stretch. Promotions are only considered from
the valence orbitals, and these are 3d on Cr, 2s and 2p on N,
and 1s on H by default. It was found that moving the 3p orbital
on Cr from the core to the valence space decreased the calcu-
lated excitation energy of the excited states of Cr+(NH3) by
∼1000 cm−1 (adding even more orbitals to the valence space
had a negligible effect). So, the CCSD(T) and EOM-CCSD

calculations all include the 3p orbital in the valence space. All
of these calculations were carried out using Gaussian09.31

Calculations of the ground and excited states including
spin-orbit effects were done using Molpro.32,33 Wavefunctions
for the ground and 3d44s1 excited states were first simul-
taneously optimized using the complete active space multi-
configurational self-consistent field (CASSCF) approach with
an active space consisting of the 3p, 3d, and 4s orbitals on Cr,
2s and 2p on N, and 1s on H, with the aug-cc-pVTZ basis set.
This is followed by a multi-reference configuration interaction
(MRCI) calculation, with single and double excitations. Using
the Breit-Pauli operator, the resulting states are used to gener-
ate the spin-orbit matrix, which is diagonalized to obtain the
spin-orbit levels.

III. RESULTS AND DISCUSSION
A. Calculated ground state

At the CCSD(T)/aug-cc-pVTZ level, Cr+(NH3) has C3v

symmetry, and rCrN = 2.129 Å, rNH = 1.019 Å, ∠HNH = 105.6◦,
and ∠CrNH = 113.1◦. This corresponds to a geometry in which
the nitrogen is 0.400 Å from the plane of the three hydro-
gens. For comparison, at this level of theory, isolated NH3 has
rNH = 1.015 Å, ∠HNH = 106.4◦, and an N-to-H-plane
distance of 0.387 Å. So, binding to Cr+ slightly length-
ens the N–H bonds in ammonia and makes the molecule
less planar. The calculated Cr+–NH3 binding energy at the
CCSD(T)/aug-cc-pVTZ level, with zero-point energy at the
M06/6-311++G(3df,3pd) level, is 14 575 cm−1. The slightly
less accurate CCSD/aug-cc-pVTZ level predicts a very similar
geometry for Cr+(NH3), with rCrN = 2.143 Å, rNH = 1.017 Å,
and ∠CrNH = 113.1◦. Using DFT, a similar geometry is pre-
dicted at the M06/6-311++G(3df,3pd) level: rCrN = 2.115 Å,
rNH = 1.018 Å, ∠CrNH = 113.0◦, and ∠HNH = 105.7◦.

The calculated M06 vibrational frequencies of Cr+(NH3)
and NH3 are shown in Table I. Ammonia has six vibrations: the
symmetric N–H stretch, NH3 umbrella, and the doubly degen-
erate antisymmetric N–H stretch and NH3 deformation. Of
these six vibrations, five are predicted to change only slightly in
Cr+(NH3), while the frequency of the NH3 umbrella increases
substantially. There are three new vibrations in Cr+(NH3): the
symmetric Cr–N stretch and degenerate antisymmetric NH3

hindered rotation.

TABLE I. Vibrational frequencies of NH3 and the ground and excited states of Cr+(NH3), in cm�1, calculated
at the M06/6-311++G(3df,3pd) level. Frequencies have not been scaled. Note that “e” vibrations are doubly
degenerate. The 1 6E (Π) state is predicted to distort slightly from C3v symmetry, breaking the degeneracy.

NH3 Cr+(NH3)

Vib. # Symmetry Description Ground Ground 2 6A1 (Σ) 1 6E (Π)

1 a1 Sym. N–H stretch 3482 3435 3431 3418
2 a1 NH3 umbrella 1000 1281 1252 1270
3 a1 Cr–N stretch 408 216 286
4 e Antisym. N–H stretch 3620 3535 3536 3513/3540
5 e NH3 deformation 1636 1628 1631 1325/1599
6 e NH3 hindered rotation 587 497 117/498
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B. Excited states and predicted electronic spectrum

The ground state of Cr+ is 3d5 (6S5/2), and the first excited
state is produced by 4s← 3d promotion. This gives the 3d44s
(6DJ) states whose energies25 range from 11 962 cm−1 (J = 1/2)
to 12 496 cm−1 (J = 9/2), with a degeneracy averaged energy
of 12 278 cm−1. The EOM-CCSD calculations reproduce this
very well, predicting a 12 445 cm−1 energy difference. The
M06 results slightly underestimate the splitting, predicting
11 402 cm−1; other density functionals (B3LYP, CAM-B3LYP,
ωB97X-D, M11L) underestimate the splitting even more. The
excited states of Cr+(NH3) studied in this work all correlate to
Cr+ (3d44s, 6DJ) + NH3. In C3v symmetry, there are five excited
states, the Ã 6A1 state (in which the 3dz2 orbital is empty and
thus corresponds to a Σ state for a linear molecule), and the
doubly degenerate B̃ 6E (3dxz or 3dyz empty, corresponding to
a Π state) and C̃ 6E (3dxy or 3dx2−y2 empty, corresponding to
a ∆ state) states. Electronic transitions from the 6A1 ground
state to the 6A1 (Σ) and 6E (Π) excited states are allowed. The
TD-DFT (M06) calculations predict that the 6A1 (Σ) and 6E
(Π) excited states are at very similar energies (Te = 14 724
and 14 915 cm−1, respectively), while the EOM-CCSD cal-
culations place the 6A1 (Σ) state (Te = 13 260 cm−1) well
below the 6E (Π) state (Te = 14 800 cm−1). This excitation
energy is above the value in Cr+, indicating that the excited
electronic states have a smaller diabatic dissociation energy
than the ground state.

The calculations predict that the only significant differ-
ence in geometry between the ground and excited states is
that the excited states have longer Cr–N bond lengths. At the
M06 level, the bonds are longer by 0.30 and 0.20 Å and at
the EOM-CCSD level, by 0.12 and 0.16 Å for the Σ and
Π states, respectively. The vibrational frequencies are also
predicted to be similar (see Table I), except that the Cr–N
stretching frequency is smaller in the excited states. So, it
is not surprising that simulations of the vibrational structure
in the electronic spectrum at the M06 level, which include
all vibrations at the harmonic level, only show a progression
in the Cr–N stretch. Thus, we can simulate the spectrum at
the more accurate EOM-CCSD level and include anharmonic-
ity by scanning the potentials while varying only the Cr–N
bond length. The resulting potentials are shown in Fig. 1.
Solving the one-dimensional Schrödinger equation for these
potentials and fitting the resulting eigenvalues gives Cr–N
stretching frequencies (anharmonicities) of 384.6 (3.3), 357.8
(2.9), and 327.6 (2.8) cm−1 for the ground, Σ, and Π states,
respectively.

The ground state of Cr+ is 6S5/2, and it does not exhibit
spin-orbit splitting; the 6DJ excited states do. Similarly, the
ground state of Cr+(NH3) also has no spin-orbit splitting, but
the excited 6E (Π) and 6E (∆) states would be expected to.
To a first approximation, the excited 6A1 (Σ) state should not
have first-order spin-orbit splitting, as a Σ state has zero orbital
angular momentum. The spin-orbit splitting in Cr+(NH3) was
calculated as a function of the Cr–N bond length [with the NH3

geometry fixed to its value at the M06/6-311++G(3df,3pd)
level], to determine how the spin-orbit levels evolve in going
from the molecule to Cr+ + NH3. The results are shown in
Fig. 2. At the equilibrium bond length, the 6E (Π) state is split

FIG. 1. Scan of the Cr–N stretch potential for Cr+(NH3) at the EOM-
CCSD/aug-cc-pVTZ level. The geometry of the rest of the molecule is fixed
at the equilibrium CCSD geometry.

into six levels, approximately equally spaced by 42 cm−1. This
is also the case for the 6E (∆) state, with a splitting of 88 cm−1.
The 6A1 (Σ) state is also split into three levels, with an average
spacing of 12 cm−1. Figure 2 shows that the Σ state splits
because its spin-orbit levels correlate to J = 1/2, 3/2, and 5/2
in Cr+.

FIG. 2. Evolution of spin-orbit levels in low-lying excited states of Cr+(NH3)
to those of the 6DJ (3d4 4s) excited state of Cr+ + NH3. Energies are relative
to the first excited state and are calculated at the MRCI/aug-cc-pVTZ level.
The calculations are for C3v geometries, with rNH = 1.018 Å and ∠HNH =
105.7◦. The vertical line denotes the equilibrium value of rCrN = 2.15 Å at this
level of theory. The black horizontal markers show the experimental values
for Cr+ (6DJ).
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C. Observed electronic spectrum
of Cr+(NH3) and isotopomers

The photodissociation spectrum of Cr+(NH3) is presented
in Fig. 3. The only fragment observed is Cr+, and the maximum
photodissociation yield is 10% at 5 mJ/pulse at 16 000 cm−1. A
photodissociation onset of 14 830 cm−1 is obtained by extrap-
olating the initial rise to 0% dissociation. This onset is consis-
tent with the Cr+–NH3 bond dissociation energy reported by
the more recent collision induced dissociation (CID) study:2

15 200± 800 cm−1, and with the calculated dissociation energy
of 14 575 cm−1, and it is just outside the error bars of the older
CID value,1 13 100 ± 1400 cm−1. Thus, it is certainly possi-
ble that the onset of dissociation is thermodynamic rather than
spectroscopic and the lowest-energy peak does not correspond
to a transition to v = 0 in the excited electronic state. The spec-
trum consists of many peaks separated by ∼40 cm−1, forming
groups of six peaks above ∼16 250 cm−1. This structure is
due to spin-orbit splitting, so the majority of the spectrum is
due to transitions from the 6A1 ground state to the excited
6E (Π) state. However, this does not rule out the possibility
that some of the peaks in the spectrum are due to transi-
tions to the 2 6A1 (Σ) state. Measuring the photodissociation
spectra of Cr+(15NH3) and Cr+(ND3) allows us to assign vibra-
tional and spin-orbit quantum numbers to each peak and to
determine if the photodissociation onset is thermodynamic or
spectroscopic.

Figure S1 shows the photodissociation spectrum of
Cr+(ND3). The observed onset shifts by 210 cm−1 to
15 040 cm−1. As Table I shows, all of the vibrations in
Cr+(NH3) primarily involve hydrogen motion, except the Cr–
N stretch. As a result, these vibrations have significantly lower
frequency in Cr+(ND3) (Table S1) than in Cr+(NH3), and there
is a large change in the zero-point energy between the nor-
mal and deuterated isotopomers. This makes it difficult to use
shifts between the spectra of these species to assign vibrational
quantum numbers.

The spectrum of Cr+(15NH3), shown in Fig. S2, is much
more informative, as the Cr–N stretch is the only vibration

FIG. 3. Electronic spectrum of Cr+(NH3) with an observed onset of photodis-
sociation at 14 830 cm−1. The combs indicate spin-orbit levels in the upper
(B̃, 1 6E, Π) state; v′ is the Cr–N stretch quantum number in the upper state.
Asterisks indicate peaks likely due to transitions to the 6A1(Σ) state.

with a significant percentage change in frequency (Table S2).
The TD-DFT calculations predict that T0 for Cr+(14NH3) and
Cr+(15NH3) differ by <1 cm−1 and that there is a 6.1 cm−1

isotopic shift for each quantum of the Cr–N stretch. Figure
S3 shows shifts in peak positions between Cr+(14NH3) and
Cr+(15NH3). The first set of six peaks has a shift of 5.8 cm−1,
and each subsequent group of six peaks shows an additional
5.8 cm−1 shift. Thus, the first peaks observed correspond to
v′ = 1 in the Cr–N stretch. In addition, the observed vibra-
tional spacing is consistent with the calculated frequency for
the Cr–N stretch. The vibrational and spin-orbit assignments
are indicated in Fig. 3, and the positions and assignments
for the observed peaks are listed in Table S3. As predicted
by the calculations, the observed spectrum is primarily due
to transitions to the 6E (Π) state. The vibronic structure is
due to a long progression in the Cr–N stretch, with superim-
posed spin-orbit structure. The measured frequency for this
vibration is ωe

′ = 343.0 cm−1, with anharmonicity ωexe
′

= 4.2 cm−1. The TD-DFT calculations underestimate this
value, predicting ωe

′ = 286 cm−1, while the EOM-CCSD
calculations are much more accurate, ωe

′ = 327.6 cm−1 and
ωexe

′ = 2.8 cm−1. There are three peaks observed at ∼15 304,
15 624, and 15 937 cm−1 which show much larger isotopic
shifts. They are likely due to transitions to high Cr–N stretch
levels of the 6A1 (Σ) state and are indicated by asterisks in
Fig. 3.

The change in the Cr–N bond length upon electronic
excitation was estimated by comparing intensities in the
experimental spectrum to those obtained by solving the one-
dimensional Schrödinger equation for several values of the
Cr–N stretch. The calculations use a Morse oscillator for the
ground state (with frequency and anharmonicity from a scan
along rCrN at the CCSD/aug-cc-pVTZ level) and a Morse oscil-
lator for the excited state, with the experimental frequency and
anharmonicity. The simulations indicate that the Cr–N bond
length increases by 0.23 ± 0.03 Å upon electronic excitation,
as shown in Fig. S4.

The observed spin-orbit splitting in the excited state is
196 cm−1 between the lowest and the highest levels, and
the levels are approximately equally spaced, so the spin-orbit
splitting is Aso

′ = 39 cm−1, which is in agreement with Aso
′

= 42 cm−1 from our MRCI calculations. It is a little awkward
to compare the spin-orbit splitting in Cr+(NH3) to that in Cr+,
as, ideally, the molecular spin-orbit levels are equally spaced
while those of the atom are not. Rather, the atomic spacings
are given by the Landé interval rule

|EJ+1 − EJ | =
ξnl

2S
(J + 1),

where ξnl is the spin-orbit coupling constant, S = 2.5 is the
spin, and J is the total angular momentum quantum number.34

For the 6D 3d4 4s state of Cr+, this gives ξnl = 220 cm−1.
Another way to quantify how interaction with NH3 quenches
the spin-orbit splitting in Cr+ is to compare the range of ener-
gies spanned by the six spin-orbit levels. This drops from
535 cm−1 in Cr+ (6D) to 196 cm−1 in the 6E (Π) state of
Cr+(NH3).

The electronic spectrum of Cr+(NH3) is similar to those of
Mg+(NH3),20,21 Sr+(NH3),22–24 and to many M+(H2O).29,35–43
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In each case, the photodissociation spectrum is vibrationally
resolved, and there is a long progression in the metal-ligand
stretch. This is sometimes accompanied by short progressions
in the intermolecular tilts or wags. If there is an additional,
short, vibrational progression in Cr+(NH3), it is obscured
by the spin-orbit structure. Although the spectra of several
M+(H2O) complexes show resolved K rotational structure,
this is not the case for Cr+(NH3) or other M+(NH3). The
spin-orbit splitting in other M+(NH3) complexes has not
been measured. However, neutral CrCH3 is isoelectronic to
Cr+(NH3), and Brugh et al. measured the electronic spec-
trum of CrCH3 near 12 000 cm−1 using resonant two-photon
ionization.44 The spectrum of cold molecules consists of six
peaks spaced by 16.5 to 156.4 cm−1 (average spacing of
73 cm−1), which they assign to the spin-orbit structure in a
6E← X̃ 6A1 band, analogous to the transition we observe in
Cr+(NH3).

Extrapolating the Morse oscillator energy level fit to the
observed spectrum to v′ = 0 gives T0 = 14 697 cm−1 for the
lowest spin-orbit level of the 6E (Π) state. This is below the
observed dissociation onset. The observed photodissociation
onsets thus are thermodynamic and correspond to the zero
Kelvin metal-ligand bond strengths: D0(Cr+–NH3) = 14 830
± 100 cm−1 (177.4 ± 1.2 kJ/mol) and D0(Cr+–ND3) = 15 040
± 30 cm−1 (179.9 ± 0.4 kJ/mol). This refines the most recent
value, obtained via collision-induced dissociation,2 D0(Cr+–
NH3) = 15 200 ± 800 cm−1. Combining the measured ground
state bond strength with the s← d promotion energy25 of Cr+

(11 962 cm−1) and subtracting the predicted T0 for the 6E (Π)
state give a diabatic dissociation energy for the 6E (Π) state
of 12 100 ± 100 cm−1

. Thus, these experiments show that the
3d44s (6DJ) excited states of Cr+ interact with ammonia less
strongly than the 3d5 (6S5/2) ground state. In particular, the
B̃ 6E (Π state) has a weaker (by 2740 cm−1) and longer (by
0.23 Å) Cr–N bond than the ground state. States of transition
metal cations with 3dn−14s electron occupancy typically bind
less strongly to ligands than those with 3dn occupancy, as the
4s orbital is larger than the 3d, leading to increased repulsion
with the ligand.4

IV. SUMMARY AND CONCLUSION

The electronic spectra of Cr+(NH3), Cr+(ND3), and
Cr+(15NH3) were measured in the 14 200–17 400 cm−1 region
using photodissociation spectroscopy. The spectra are predom-
inantly due to transitions to the B̃ 6E (Π state), formed by
4s ← 3dxz or 3dyz promotion. There is extensive vibronic
structure in the spectrum due to a long progression in the
Cr–N stretch and transitions to all six spin-orbit levels in
the upper state. The Cr–N stretching frequency in the excited
state is found to be 343 cm−1, with an anharmonicity of 4.2
cm−1. The observed photodissociation onsets are thermody-
namic, giving a Cr+–NH3 bond strength of 14 830 ± 100
cm−1. Comparison of spin-orbit levels of atomic Cr+ to the
Cr+(NH3) complex shows that the span of spin-orbit levels
is reduced from 535 cm−1 to 196 cm−1. Excited Cr+(NH3) is
∼2740 cm−1 less strongly bound than the ground state, and the
Cr–N bond length increases by 0.23 ± 0.03 Å upon electronic
excitation.

SUPPLEMENTARY MATERIAL

See supplementary material for the vibrational frequen-
cies of ND3 and the ground and excited states of Cr+(ND3)
calculated at the M06/6-311++G(3df,3pd) level, and simi-
larly for 15NH3 and Cr+(15NH3); observed peak positions and
assignments for Cr+(NH3); the photodissociation spectrum of
Cr+(ND3) showing the observed onset at 15 040 ± 25 cm−1;
the photodissociation spectrum of Cr+(15NH3); shifts in peak
positions between Cr+(14NH3) and Cr+(15NH3); the photodis-
sociation spectrum of Cr+(NH3), along with vibrational sim-
ulations for changes in the bond length of ∆rCrN = 0.20, 0.23,
and 0.26 Å.
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