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ABSTRACT: By using high-level ab initio methods, we examine the nature of bonding
between Rydberg electrons hosted by two four-coordinate nitrogen centers embedded in a
hydrocarbon scaffold. The electronic structure of these species resembles that of diradicals,
yet the diffuse nature of the orbitals hosting the unpaired electrons results in unusual
features. The unpaired Rydberg electrons exhibit long-range bonding interactions, leading to
stabilization of the singlet state (relative to the triplet) and a reduced number of effectively
unpaired electrons. However, thermochemical gains due to through-space bonding are offset
by strong Coulomb repulsion between positively charged nitrogen cores. The kinetic
stability of these Rydberg diradicals may be controlled by a judicious choice of the molecular scaffold, suggesting possible strategies
for their experimental characterization.

Well-known in spectroscopy and photochemistry, Ryd-
berg states are characterized by very diffuse electron

density and molecular orbitals with atomic-orbital-like shapes.1

Because Rydberg electrons reside far outside the molecular
core, the structural properties (such as bond lengths and
vibrational frequencies) of Rydberg states are often very similar
to those of the respective cations. Ground-state Rydberg
species also exist: notable examples2−4 include NH4 and H3O
(see ref 5 for an overview of experimental and theoretical
studies) and microsolvated clusters of alkali metals.6−8 The
electronic structure of these radicals5,8,9 can be described as a
cationic core with the unpaired electron occupying a diffuse
atomic-like orbital, as illustrated in Figure 1 for NH4. Their
excited states follow the same pattern as atomic states. More
complex systems (e.g., clusters) may feature different types of
Rydberg states. For example, a pyrrole−ammonia dimer has an
excited Rydberg state (localized on the pyrrole moiety) and a

ground Rydberg state (deprotonated pyrrole radical + NH4).
10

Rydberg origin was also proposed for different alkyl-substituted
ammonium radicals,11,12 which play an important role in
protein sequencing by electron-transfer-dissociation mass
spectrometry.13−15 An entirely different class of Rydberg-like
molecules is based on the M−L motif, where L is an
electronegative ligand (F, OH, OCH3, CCH, etc.) and M is an
alkaline-earth metal (Ca, Sr, Ba); these systems are actively
exploited in laser-cooling experiments in the context of
quantum information science.16−30

The existential reason for ground-state Rydberg radicals is
particularly strong bonding in the closed-shell cationic core:
H3O

+ is exceptionally stable hydronium, NH4
+ is isolectronic

with CH4, and alkali cations are solvated very effectively by
polar solvents. Following the same design principle, double
Rydberg species were discovered;33−35 in these closed-shell
species, two electrons occupy a very diffuse atomic-like orbital
enveloping a stable dicationic core.
Some questions naturally arise: Can ground-state Rydberg

species form chemical bonds? If so, how strong can those
bonds be? Are such species with Rydberg bonds stable enough
to be detected experimentally?
Given the similarity between doublet Rydberg radicals and

alkali metal atoms, alkali metal dimers provide a useful
reference point. Bonding in such dimers is relatively weak, e.g.,
the dissociation energies of Na2 and K2 are 0.737 eV (17.0
kcal/mol) and 0.552 eV (12.7 kcal/mol), respectively. These
energies are significantly lower than the corresponding bond
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Figure 1. Dyson orbitals visualizing the unpaired electrons in NH4
and Na (isovalue of 0.02). In NH4, the unpaired electron occupies an
s-like orbital, as in the sodium atom. The experimental ionization
energy (IE) of NH4 is 4.73 eV,31 which is close to the IEs of alkali
metal atoms (5.14 eV for Na and 4.34 for K).32 The corresponding
values calculated at the EOM-EA-CCSD/aug-cc-pVTZ level are 4.52
eV for NH4, 4.99 eV for Na, and 4.22 eV for K.
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energy in H2, which can be attributed to the much larger sizes
of many-electron alkali cations, which prevent them from
coming sufficiently close to maximize the orbital overlap.
Motifs similar to alkali metal dimers can be realized in M−L−
M molecules22 (where M is an alkaline-earth metal), in which
the two metal-centered Rydberg electrons can interact either
through space or through the linker.
Putative bonding of two NH4 radicals was investigated

computationally.36 The Rydberg dimer, (NH4)2, is bound by
about 8 kcal/mol with respect to the two NH4 moieties, but it
is metastable with respect to exothermic dissociation into
ammonia and molecular hydrogen. The estimated37 barrier
height is less than 2 kcal/mol, which makes its experimental
isolation challenging. In contrast, the corresponding radical
cation, (NH4)2

+, in which the unpaired electron occupies a
bonding Rydberg orbital, was predicted to be more stable.38

Is it possible to block the decay channels by fixing the
(nonmetallic) Rydberg centers within rigid chemical scaffolds,
such that molecules with Rydberg N−N bonds become
kinetically stable and can be realized experimentally? In this
contribution, we investigate this question by means of
electronic structure calculations for specially designed
molecules. The key feature of the model systems is that two
Rydberg centers (NH4-like) are incorporated into hydrocarbon
frameworks of varied length and conformation, as shown in
Figure 2. This molecular design, in which the centers hosting

the unpaired electrons are spatially separated, is reminiscent of
diradicals.39−41 The unpaired electrons in diradicals can
interact and their interactions have concrete structural,
spectroscopic, and thermochemical consequences.42

Spectroscopically, the strength of the interactions between
the unpaired electrons manifests itself in the gap between the
triplet and singlet electronic states, i.e., zero gap corresponds to
noninteracting electrons, whereas a large gap (in favor of the
singlet state) reveals significant bonding interactions. Bonding
interactions also affect the structure, e.g., causing deformation
of the molecular framework that allows the two centers to
come closer to each other. Thermochemically, the strength of
the bond formed by the two diradical electrons can be
quantified by the diradical stabilization energy (DSE), which is
the energy of a hypothetical isodesmic reaction in which the
two radical centers are separated into two different
molecules.42−44

The strength of the bonding interactions depends on the
distance between the radical centers. To illustrate typical values
of the above metrics of the bonding interactions between

unpaired electrons, consider the benzyne series.42,43,45,46 The
distances between the carbons at the ortho, meta, and para
positions in benzene are roughly 1.4, 2.4, and 2.8 Å;
consequently, the strength of the bonding interactions
decreases, and the diradical character increases accordingly.
In o-benzyne, the two centers are so close that the unpaired
electrons can form almost a complete bond: the singlet−triplet
(ST) gap is 1.6 eV, and the DSE is ∼32 kcal/mol. In m-
benzyne, the ST gap is 0.9 eV and the DSE is ∼18 kcal/mol. In
p-benzyne, the gap is 0.2 eV, and the DSE is about 2 kcal/mol.
In addition to these physically motivated quantities, one can

also analyze the underlying wave functions. The diradical
character manifests itself in the fractional occupations of the
natural frontier orbitals, i.e., in a perfect diradical the frontier
orbitals are singly occupied. From the natural occupations, one
can compute the number of effectively unpaired electrons
using, for example, Head-Gordon’s index47 nu,nl. In the singlet
benzyne series,46 nu,nl has the values 0.16, 0.26, and 1.45,
reflecting the increasing diradical character (in the triplet
states, nu,nl = 2.00). Similar trends are at play in other diradical
series.48 Thus, strong radical−radical coupling is possible for
relatively short distances between the radical centers (i.e., < 1.5
Å). Longer distances, as realized in 1−3 and 1−4 diradicals,49

lead to weakly coupled diradicals.48 In contrast to these
properties of regular (valence) diradicals, the diffuse character
of Rydberg unpaired electrons enables strong bonding
interactions at much longer distances between the radical
centers. We also note that the Rydberg character of the
unpaired electrons suppresses the stabilization of the singlet
states via orbital interactions with the molecular scaffold,
leading to charge transfer to the diradical moiety (a mechanism
exploited in tuning singlet−triplet gaps in non-Kekule
diradicals49,50). On the other hand, the large size of the
Rydberg orbitals suggests the possibility of long-range through-
space interaction leading to stabilization of the singlet state.
As a prototype of the Rydberg diradical, one can consider

NH3NH3 (hydrogenated hydrazine; see Figure S1 in the
Supporting Information (SI)). In the triplet state, this system
dissociates into two NH3 fragments, but in the singlet state
there is a stable minimum with rNN = 1.442 Å. NH3NH3 is
highly energetic and can dissociate either into two ammonia
molecules or hydrazine and molecular hydrogen exothermi-
cally, with dissociation energies of 7.17 and 5.05 eV,
respectively. The adiabatic attachment energy of the respective
cation is 4.89 eV, indicating that addition of the second
Rydberg electron is favorable. It is instructive to compare this
value with adiabatic attachment energy of 4.25 eV for the
NH2NH3 cationthe smaller value can be explained by a
more localized state of the Rydberg electron in the latter. Thus,
the energy difference of 0.64 eV can be interpreted as the
energy lowering due to formation of a bonding-type orbital in
NH3NH3. The number of effectively unpaired electrons is 0.06,
indicating the formation of a strong Rydberg bond and a rather
minor diradical character of NH3NH3. This nearly closed-shell
pattern is consistent with the large vertical singlet−triplet
gapat the optimized singlet geometry, the triplet is 0.97 eV
above the singlet.
However, a strong Rydberg bond does not necessarily imply

strong thermochemical stability, as reflected by the DSEs. The
DSE computed as the energy of a hypothetical reaction
separating the two Rydberg centers,

+ →NH NH NH NH 2NH NH3 3 2 2 3 2

Figure 2. Structures of model Rydberg diradicals.
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is −0.34 eV. The negative value indicates destabilizing
interactions between the two Rydberg centers sharing the
same molecular scaffold. One can also compute the DSE using
a different reaction:

+ →NH NH CH CH 2NH CH3 3 3 3 3 3

The energy of this reaction is more negative (−1.01 eV).
Because this reaction is not isodesmic, the thus-computed
reaction energy includes two components: the interaction
between the Rydberg electrons and the difference between the
bond enthalpies. Using the literature values51 ΔH(CC) = 348
kJ/mol, ΔH(NN) = 163 kJ/mol, and 2ΔH(CN) = 2 × 293 kJ/
mol, we estimate the bond enthalpy contribution to be −0.78
eV (75 kJ/mol), which leads to a Rydberg interaction energy
of −0.34 eV, which is exactly equal to the DSE computed using
the isodesmic reaction above. Negative DSEs for diradical
species with strong closed-shell character are unusual and
appear to be characteristic of Rydberg bonding:22 the
stabilizing interaction between the two Rydberg electrons is
offset by the Coulomb repulsion between the two positively
charged centers.
As the next species in the series of Rydberg diradicals, we

consider NH3CH2NH3 in which the two centers are separated
by CH2 and are further apart. Figure 3 (bottom panel) shows

the frontier natural orbitals of NH3CH2NH3, and its key
structural and energetic parameters are summarized in Table
S2. The distances between the two nitrogens at the optimized
singlet and triplet geometries are 2.434 and 2.452 Å,
respectively, indicating bonding interactions in the former. In
the cation, the distance is slightly shorter (2.422 Å), which is
consistent with the fact that (NH4)2

+ is more stable than
neutral (NH4)2.

38 The singlet is below the triplet by 0.414 eV
adiabatically. The vertical singlet−triplet gap at the singlet
geometry is 0.473 eV. The magnitude of the gap indicates
noticeable bonding interactions between the two Rydberg
electrons, and the latter are also reflected by the number of

effectively unpaired electrons in the singlet state (nu,nl = 0.21).
Thus, by the value of singlet−triplet gap one can describe the
Rydberg bond in NH3CH2NH3 as intermediate between those
of p- and m-benzyne (interestingly, the distance between the
radical centers is also similar). The binding energy of the
second Rydberg electron (i.e., the adiabatic electron affinity of
the NH3CH2NH3 cation) is 4.25 eV, which again is larger than
the adiabatic electron affinity of the NH2CH2NH3 cation (3.70
eV). The DSEs computed using two different reactions,

+ →NH CH NH CH 2NH CH3 2 3 4 3 3

and

+ →NH CH NH NH CH NH 2NH CH NH3 2 3 2 2 2 3 2 2

are negative (−0.20 and −0.23 eV, respectively), yet the
magnitudes are smaller than those in the corresponding
reactions of NH3NH3, which we attribute to reduced Coulomb
repulsion between the two positively charged NH3

+ groups.
These examples demonstrate that incorporation of the

methylene bridge between the two nitrogens spatially separates
the Rydberg electrons, reducing their bonding interactions, as
is evident in the decreased singlet−triplet gap and increased
number of effectively unpaired electrons in NH3CH2NH3
relative to NH3NH3. At the same time, a larger separation
reduces the Coulomb repulsion between the positively charged
radical centers, leading to less negative DSEs. This observation
prompted us to examine the distance dependence of the
singlet−triplet gap and the number of effectively unpaired
electrons by further increasing the number of methylene
groups in the linker.

Figure 4 shows that incorporation of a second methylene
group considerably reduces the singlet triplet gap (Est

v = −0.02
eV) and results in two unpaired electrons (nu,nl = 2.00).
Addition of the third methylene further reduces the magnitude
of the singlet−triplet gap (Est

v = 0.01 eV), yet the number of
the effectively unpaired electrons decreases slightly (nu,nl =
1.88). The nonmonotonic dependence of nu,nl on the linker
length can be attributed to the varying contribution of the
through-bond interaction to the overall interaction between
the two Rydberg electrons. Indeed, Figure S2 shows that in

Figure 3. Frontier natural orbitals in NH3NH3 and NH3CH2NH3 and
the respective occupations in the singlet and triplet states, vertical
singlet−triplet gaps (Est

v , in eV), numbers of effectively unpaired
electrons (nu,nl), and distances between the nitrogens (rNN, in Å)
calculated at the EOM-SF-CCSD/aug-cc-pVTZ level.

Figure 4. Effect of the distance between the two nitrogens (rNN) on
the singlet−triplet gap (Est

v , in eV) and the number of effectively
unpaired electrons (nu,nl). The distance rNN is controlled by the
number of methylene groups in the hydrocarbon linker. Calculations
were performed at the SF-TDDFT/B5050LYP/aug-cc-pVTZ level.
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NH3(CH2)2NH3 the antibonding orbital lies below the
bonding orbitala phenomenon that arises due to significant
through-bond interactions. A similar effect has been observed
in p-benzyne46,52 and exploited in tuning singlet−triplet gaps
in non-Kekule diradicals.49,50

Along with the decreasing bonding interactions between the
Rydberg electrons, the Coulomb repulsion between the
positively charged Rydberg centers is also reduced, as is
evident from the vanishing DSEs. The DSEs of hypothetical
reactions with NH3(CH2)2NH3 and NH3(CH2)3NH3 are
−0.14 and −0.03 eV, respectively (Table S5).
Rather than adding a fourth methylene in a linear fashion,

we constructed 1,4-diammoniumpiperazine, a diazacyclohex-
ane analogue of the Rydberg diradicals: NH2(CH2CH2)2NH2.
This system allows us to examine how the bonding interactions
vary in boat and chair conformations of this ring framework.
The calculations show that the boat conformer is more stable
than the chair conformer by 0.56 kcal/mol, indicating a
stronger bonding interaction between the Rydberg electrons in
the former. Indeed, the singlet−triplet gap is 0.66 eV in the
boat compared with 0.20 eV in the chair (Figure 5).

Correspondingly, the boat conformer has almost perfect
closed-shell character (nu,nl = 0.04), while nu,nl = 0.62 in the
chair conformer. Interestingly, despite a shorter distance
between the nitrogens in both the boat and chair
conformations relative to NH3(CH2)2NH3, the magnitude of
the DSE estimated via

+ →NH (CH CH ) NH 2CH CH 2NH (CH CH )2 2 2 2 2 3 3 2 2 3 2

is nearly zero yet positive (Table S6), as found in various
organic diradicals. We note that the choice of a particular
reaction for calculating the DSE is not unique, and several
different schemes are possible. For example, Table S6 compiles

several possible reactions with 1,4-diammoniumpiperazine, and
the corresponding DSEs vary in the range from −0.23 to 0.04
eV.
To assess the kinetic stability of these molecules, we

performed ab initio molecular dynamics (AIMD) simulations
with SF-TDDFT/B5050LYP for NH3CH2NH3, and the results
are collected in Table S5. We also estimated the barrier heights
for H2 elimination in NH2(CH2CH2)2NH2 using transition-
state calculations. Considering that the simplest Rydberg
diradical, (NH4)2, was deemed to be kinetically unstable
because of a low (less than 2 kcal/mol ≈ 1000 K) barrier for
the dissociation into ammonia and molecular hydrogen,37 we
were particularly interested to see whether NH3CH2NH3 can
survive at excess energies above this value. The AIMD
trajectories executed with excess energies of 350−5000 K
showed that NH3CH2NH3 remained stable in the course of
dynamics with excess energy up to 500 K (∼1 kcal/mol), but
fell apart when the energy was higher (see Table S7 for details
of the dissociation channel). Within the first 200 ps of the
simulation at the temperature of 1000 K, a hydrogen atom in
one of the two −NH3 groups dissociated and approached the
second −NH3 group following a roaming53−55 trajectory (see
the movie in the SI), yielding NH2CH2NH2 and H2. These
results suggest that although the barrier for (direct)
dissociation in NH3CH2NH3 might be higher than that in
(NH4)2, the dissociation is still possible via the roaming
mechanism.53−55 However, under certain conditions this
species may be detected experimentally, similarly to other
Rydberg species, such as NH4, which are prone to hydrogen-
loss reactions. We also estimated the barrier for loss of
molecular hydrogen in 1,4-diammoniumpiperazine (boat
conformation), and the computed barrier height of 9.5 kcal/
mol is encouraging. As in the case of the classic Rydberg
species NH4, deuteration or microsolvation can increase their
kinetic stability.31,56

In this contribution, we have examined the nature of the
Rydberg bonding between two NH4-like Rydberg centers
connected via hydrocarbon linkers of varied length and shape.
Our analysis illustrates the peculiar nature of Rydberg bonding,
which shares many similarities with the bonding in various
conventional diradicals yet possesses several distinct features.
The two Rydberg centers confined within the same

molecular scaffold form a delocalized bonding-type orbital,
which leads to noticeable energy lowering (>0.5 eV) relative to
the parent localized orbital. Adding the second Rydberg
electron is energetically favorable, i.e., the adiabatic electron
electron affinity of the respective cation radical is large.
Depending on the distance between the radical centers, the

bonding pattern formed by the two electrons can vary from
almost purely closed-shell to nearly perfect diradical. For
distances greater than 3.8 Å (or three methylenes in the
hydrocarbon linker), the interaction between the two Rydberg
electrons becomes vanishingly small. Through-bond inter-
actions may contribute to bonding, but through-space
interactions are dominant because of the diffuse nature of
the unpaired electrons. Nevertheless, despite strong bonding
interactions between the two Rydberg electrons, the Rydberg
diradicals may be thermochemically unstable, as indicated by
the negative DSEs in linear species. The destabilizing
interaction comes from the Coloumb repulsion between the
positively charged −NH3 groups which are not screened
effectively by the diffuse Rydberg electrons.

Figure 5. Frontier natural orbitals in the boat and chair conformations
of NH2(CH2CH2)2NH2 and the respective natural occupations in the
singlet and triplet states, vertical singlet−triplet gaps (Est

v , in eV),
numbers of effectively unpaired electrons (nu,nl), and distances
between the nitrogens (rNN, in Å) calculated at the SF-TDDFT/
B5050LYP/aug-cc-pVTZ level.
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The conformation of the linker is an additional factor in the
overall strength of the Rydberg bonding, as we have
demonstrated by the example of boat and chair conformations
in a cyclohexane analogue of a Rydberg diradical (hydro-
genated 1,4-piperazine). The singlet−triplet gap varies
significantly between the two conformations, and the DSEs
are near zero yet positive despite the modest distance between
two Rydberg centers. Importantly, both parameters (singlet−
triplet gap and DSE) show significant stabilization of the boat
conformer relative to the chair conformer.
Finally, analysis of the kinetic stability showed that these

molecules might be stable at lower temperatures, suggesting
that this class of species may be detectable experimentally, as
proposed in Figure 6.

■ THEORETICAL METHODS

We employed coupled-cluster and equation-of-motion
coupled-cluster methods57 to characterize the electronic
structures of all species in an accurate and consistent fashion.
We used the aug-cc-pVTZ basis set in all of the calculations
(Table S1 shows the results for daug-cc-pVTZ for NH4). Core
electrons were frozen. CCSD was used for closed-shell singlets
and high-spin triplets, whereas doublet radicals were described
by the EOM-EA-CCSD variant (using cationic references) and
diradicals were described by EOM-SF-CCSD.58

We used wave function analysis tools59 to compute natural
frontier orbitals, their occupations, and the number of
effectively unpaired electrons47 (nu,nl) following the same
protocols as in ref 46.
For larger species, we used SF-DFT with the B5050LYP

functional, which has been shown to yield reliable results,60,61

and the same aug-cc-pVTZ basis. A large fraction of Hartree−
Fock exchange is important for describing Rydberg character.
Table S2 compares EOM-SF-CCSD and SF-DFT results for
NH3CH2NH3; as one can see, the two methods give a
consistent description of the bonding in this system. The
kinetic stability of the radicals was assessed by AIMD
simulations using SF-DFT/B5050LYP. The transition-state
geometry of 1,4-diammoniumpiperazine (boat conformation)
was optimized at the M062X/aug-cc-pVTZ level, and the
energy barrier was calculated at the SF-DFT/B5050LYP/aug-
cc-pVTZ level.
All calculations were carried out with the Q-Chem electronic

structure package.62 Optimized structures are collected in the
SI.
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