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ABSTRACT

Heteroaromatic species are commonly found in complex gaseous mixtures, from tobacco smoke to petroleum and asphaltene combustion
products. At high temperatures, C-H bond rupture produces various dehydro radical isomers. We have used the spin-flip formulation of
equation-of-motion coupled cluster theory with single and double substitutions (EOM-SE-CCSD) to characterize the energies and wave
functions of the lowest lying singlet and triplet states of the diradical (2,3), (2,4), (2,5), and (3,4) di-dehydro isomers of pyrrole, furan, and
thiophene. In all cases, these diradicals are minima on the broken-symmetry wB97X-D/cc-pVDZ potential energy surface. In most cases, the
diradical geometries distort to enhance through-space or through-bond coupling in the singlet states and to avoid Coulombic or exchange
repulsion in the triplet states. EOM-SF-CCSD results indicate that all diradical isomers are two-configurational, closed shell singlet states.
The only exceptions to this are for (2,3) and (2,4) thiophene and (2,3) pyrrole, which each contain more than two configurations. In all cases,
the leading term in the multiconfigurational diradical wave function doubly occupies the symmetric radical o orbital, indicative of either
through-space or 1,3 through-bond coupling. We utilized the nucleus-independent chemical shift (NICS) approach to qualitatively assess
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aromaticity and find that this property varies and may be related to the energetic splittings in these diradical isomers.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0233736

I. INTRODUCTION

While tobacco has been widely known to cause cancer for over
twenty years,' it has only recently been determined that the com-
pound benzo(a) pyrene (BaP) present in cigarette smoke induces
DNA damage similar to the genetic mutation patterns found in
smoking-related lung cancers.”” However, the specific molecu-
lar mechanism linking aromatic and heteroaromatic compounds
present in tobacco smoke to the initiation and progression of a vari-
ety of cancers is not well understood. This is partially due to the com-
plexity of tobacco smoke, where each of over 7000 components’ has
the potential to interact with the smoker’s cells in unexpected, often
dangerous ways. This complexity is further heightened by the chem-
ical reactions and decompositions that take place in the components
of tobacco at the elevated temperatures associated with smoking.
One class of molecules whose chemical and biological activity is rel-
atively well understood is free radicals, which are produced in high
concentrations during the combustion of tobacco.”’

Spectroscopic identification of the free radicals present in
tobacco smoke poses a significant challenge due to the complex
nature of the mixture. The most successful approach leverages elec-
tron paramagnetic resonance (EPR) spectroscopy,” whereby the spin
of the unpaired radical electron is used to quantify radical con-
centration. Due to their short lifetimes and high reactivity, it is
necessary to first trap the primary gas-phase radicals to form spin
adducts, which are sufficiently long-lived to be analyzed via EPR.
Recently, Goel et al. developed the first standardized EPR-based free
radical quantification procedure for the analysis of tobacco smoke
and identified that the absolute per-cigarette quantities of both
gaseous and particulate radicals (6.2 nmol and 65 pmol, respectively)
were comparable to the amounts of other carcinogenic gaseous
and particulate radicals in tobacco smoke such as nitromethane
(9.8 nmol) and benz[a]anthracene (117 pmol), respectively.” Despite
this, the US Food and Drug Administration (FDA) does not recog-
nize free radicals as hazardous and potentially hazardous chemicals
(HPHC:) present in tobacco smoke, which Goel et al. attribute to the
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analytical challenges associated with their quantification. The devel-
opment of novel analytical techniques to facilitate the detection of
free radicals in tobacco smoke is, therefore, of significant interest
in the scientific and human health fields. To promote the direct
detection of free radicals in tobacco smoke and subsequent under-
standing of the carcinogenic and toxicant properties of these species,
theoretical approaches are highly complementary to experimental
methods. Unlike experimental analysis, computational characteriza-
tion of these species is not constrained by either their short lifetimes
or low concentrations. In particular, quantum chemistry has been
used to support the spectroscopic characterization of analytes in a
variety of contexts, from helping to develop an approach to detect
explosives via halogen bonding to the identification of Cg™ in the
diffuse interstellar medium.” "

Though not faced with the same logistical and detection
hurdles as experimental characterization, computational ab initio
approaches to describe di-, tri-, and polyradicals do experience
unique challenges.'' >’ The charge and multiplicity for most organic
molecules (typically neutral singlets) are such that the exact elec-
tronic wave function may be reasonably represented by a single
Slater determinant of occupied molecular orbitals. Such “well-
behaved” molecules are, therefore, amenable to description by
theoretically straightforward single-configurational approaches, e.g.,
Hartree-Fock molecular orbital theory (HF) and post-HF elec-
tron correlation methods as well as Kohn-Sham density functional
theory (KS-DFT). For open-shell molecules where one or more elec-
tron(s) is (are) unpaired, however, a single configurational wave
function is reasonable only for high-spin states where all unpaired
electrons are of parallel spin (all spin-up or all spin-down, denoted
a and B, respectively), e.g., doublets, high-spin triplets, quintets,
etc. The simplest conceptual model for the electronic structure
of a diradical places two radical electrons in two nearly degen-
erate “radical” molecular orbitals. Even this (2e, 20) model still
produces six possible configurations that combine to form four elec-
tronic states: two closed-shell singlet (CSS) states; an open-shell,
two configurational singlet (OSS); and the three components of the
open-shell triplet (with M; = -1, 0, +1).“‘11 For systems where
there is only moderate energetic splitting of the radical orbitals,
the two closed shell singlets may further mix to produce a pair of
two-configurational closed-shell singlet states, TCS(+) and TCS(-).
In such “diradicaloid” species (in the vocabulary of two excellent
reviews of diradicals, Refs. 21 and 23), the only wave functions that
are single configurational are the M; = -1 and M; = +1 compo-
nents of the triplet, while all the low-spin states [viz., TCS(+) and
TCS(-), OSS, and M = 0 component of the triplet] are formally
two-configurational. In real molecules with more than two electrons
and two orbitals, these low-spin states are likely to be multiconfigu-
rational, i.e., with many configurations contributing nontrivially to
the total wave function. To examine these states rigorously neces-
sitates multiconfigurational self-consistent treatment (MCSCEF) in
combination with a post-MCSCF multireference (MR) treatment of
dynamical electron correlation,”"** which have been applied suc-
cessfully to describe the electronic structures of a variety of organic
and inorganic di- and polyradicals.'""*

If, however, a diradicaloid molecule can be reasonably repre-
sented within the (2e, 20) model, a somewhat qualitative alterna-
tive to such a multiconfigurational/multireference treatment is the
broken-symmetry approach,” ** whereby the HOMO and LUMO
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of a single-configurational reference are mixed during the self-
consistent field (SCF) procedure. Most commonly combined with
DFT (denoted BS-DFT), this approach has become routinely applied
to semiquantitatively characterize both the energies and geome-
tries of diradicaloids that, due to either size or complexity, are
not amenable to a fully multireference treatment.”’ Finally, if a
higher level of accuracy than BS-DFT is still needed while main-
taining the desired relative simplicity of a single-reference approach,
spin—flip formulations of time-dependent density functional the-
ory (SF-TDDFT),” " configuration interaction (SF-CI),”" *” and
equation-of-motion coupled cluster theory (EOM-SE-CC)™""" %
access formally multiconfigurational low-spin states by perform-
ing a spin—flipping excitation on a single-configurational (typically
high-spin triplet) reference. Among these methods’ original use
cases, a variety of organic and inorganic diradical systems have
been explored with spin-flip approaches,”*>*"*7*77"%* including
recent efforts by some of us.””"’

In this study, we investigate the molecular geometries and elec-
tronic structures of the twice dehydrogenated diradical isomers of
furan, pyrrole, and thiophene (Fig. 1), which are representative
model systems for the wide variety of polycyclic aromatic hydro-
carbons (PAHs) present in tobacco smoke. We have employed
BS-UDFT to obtain optimized structures and vibrational frequen-
cies for the lowest singlet (S:) and lowest triplet (T;) states of
these species. Furthermore, we have characterized the energies and
wave functions of these states and singlet/triplet splittings via EOM-
SE-CCSD. Analysis of the natural orbitals (NOs) of spin-flipped
singlet states reveals the classic through-bond coupling of radical
lobes originally described by Hoffmann,” showcasing both these
species’ diradical nature and the source of their electronic stabi-
lization. Finally, we have characterized the aromaticity for these
diradicals using the nucleus-independent chemical shift (NICS)
approach,’” * whereby we find that aromaticity plays a support-
ing role in these molecules’ notable stability and explains the planar
structures observed in all optimizations. It is our hope that our
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FIG. 1. Heteroaromatic diradical isomers characterized in this study.
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characterization of the lowest energy ground states and geome-
tries, along with electronically excited triplet states, will support
future spectroscopic identification of aromatic diradicals in tobacco
smoke.

Il. METHODS

For all diradical isomers of the heteroaromatic molecules furan,
thiophene, and pyrrole, the molecular geometries of the lowest-
energy triplet and singlet states were optimized using the wB97X-D
functional””' and the cc-pVDZ basis set’” with an unrestricted
Kohn-Sham (UKS) reference determinant. To approximately tar-
get the structure of the unpaired diradical singlet state for each
isomer, the broken symmetry approach was utilized (BS-UKS) by
equally mixing the HOMO and LUMO Kohn-Sham orbitals in
the reference. The only exceptions are for the lowest diradical
singlet (S;) states of 23P, 25P, and 25F, which were optimized
using unrestricted coupled cluster theory with single and dou-
ble substitutions (UCCSD) and a broken-symmetry unrestricted
Hartree-Fock (BS-UHF) reference determinant in the same cc-
pVDZ basis set. All optimized geometries were confirmed as true
minima on their respective potential energy surfaces via frequency
analysis, performed at the same level of theory as the geometry
optimizations.

The wave functions for the lowest energy singlet states of each
diradical isomer were constructed using the spin-flip formulation
of equation-of-motion coupled cluster theory with single and dou-
ble substitutions (EOM-SF-CCSD) in the cc-pVDZ basis set. This
approach accesses these formally multiconfigurational electronic
states within the context of a single configurational theory by apply-
ing a spin-flipping excitation operator to the high-spin (M; = +1)
component of the open-shell triplet reference, which we prepared
for each isomer at the UHF/cc-pVDZ level of theory by ensur-
ing that the radical orbitals 0 and ¢* (or S and A in Hoffmann
notation,”” respectively) were singly occupied by a electrons. Once
the appropriate UHF reference was prepared, EOM-SF-CCSD was
applied to generate a range of excited states, the lowest energy of
which were fully characterized by (i) their singlet-triplet splittings,
i.e., the energy difference between the spin-flipped low-spin state
and the high-spin reference configuration at the CCSD/cc-pVDZ
level of theory; (ii) examining their orbital transitions and ampli-
tudes to determine the identity of the state; (iii) computing their
spin-squared expectation values, {S*), to identify the presence of
any spin-contamination; and (iv) constructing their natural orbitals
to facilitate their chemical interpretation (further details on ref-
erence state preparation and analysis of the spin-flipped excited
states is presented in Sec. S-II of the supplementary material).
Despite the possibility that these unrestricted computations may
suffer from spin contamination, we have utilized unrestricted ref-
erences in all spin-flip computations (i.e., at the EOM-SF-UCCSD
level of theory) to allow for direct comparison of our results with
cyclopenta-2,4-dien-1-id-2,5-ylene, the all-carbon anionic analog of
these heteroaromatic 2,5-diradical isomers, which has been previ-
ously examined by some of us as a product of the Bergman-type
cyclization of penta-1,4-diyn-3-ide.®* All geometry optimizations,
frequency analyses, and spin-flip computations were performed
using Q-Chem version 5.4, whose default molecular orientation
results in symmetry labels, which do not conform to the Mulliken
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convention; we have converted all symmetry labels in this work
to conform to Mulliken conventions to facilitate consistency with
the literature. Finally, the presence of aromaticity in the S; geome-
tries for all isomers was assessed with isotropic nucleus-independent
chemical shift (NICS) computations”® within the gauge-invariant
atomic orbital (GIAO) formalism’™’® at the B3LYP/6-311++G**

level of theory with a BS-UKS reference using Gaussian 16.”

I1l. RESULTS AND DISCUSSION

A. Optimized molecular structures of diradical
isomers

Presented in Tables T and II are the optimized molecular
geometries and geometric parameters of the ground singlet (X' A1)
state of pyrrole, optimized at the wB97X-D/cc-pVDZ level of the-
ory with a closed-shell restricted Kohn-Sham (RKS) reference, and
the lowest open-shell singlet (S;) and high-spin triplet (T}) states for
all diradical isomers of pyrrole optimized at this same level of the-
ory (with BS-UKS and UKS references, respectively), except for the
Si structures of 23P, 25P, and 25F, which were optimized at the
BS-UCCSD/cc-pVDZ level. We have limited our geometric discus-
sion in the main text to the diradical isomers of pyrrole because
the salient features of these structures, as well as their implications
for the electronic states of isomers analyzed in Sec. III B below,
are also shared with the diradical isomers of thiophene and furan.
A complete set of figures visualizing the S; and T; geometries of
all diradical isomers and their geometric parameters (both raw and
deviations with respect to parent molecules) are presented in Tables
S-1.1-S-1.9 of the supplementary material; finally, the lowest vibra-
tional frequencies for S and T\ structures of all isomers are provided
in Table S-1.10 in the supplementary material.

1. Adjacent radical centers: Geometries
of 2,3- and 3,4-diradical isomers

For diradical isomers with adjacent radical centers [i.e., the 2,3-
diradical and 3,4-diradical isomers; Tables I(b), I(e), II(b), and II(e)],
the most striking geometric feature is the notable shortening of the
C-C bond length between the radical centers in the structures of the
Si state. For example, R3 contracts by between —0.05 and ~0.10 A
for the S, state of all 2,3-diradicals, while the corresponding bond
length R34 shortens by between —0.15 and —0.16 A for the S; state of
3,4-diradicals. These geometric differences are most likely due to the
coupling of radical electrons within the ring plane via spatial over-
lap of their molecular orbitals (a “through-space” coupling), thereby
increasing the effective bond order between radical centers beyond
what would normally be expected due to aromatic delocalization.
On the other hand, triplet geometries for 3,4-diradical isomers either
do not display as significant a bond-length shortening as their sin-
glet counterparts (e.g., —0.09 vs —0.16 A for T; and S; states of 34F,
respectively) or exhibit a nonsignificant lengthening (+0.001 A for
the T, state of 34T). For 2,3-diradical triplet isomers, all exhibit an
increase in the distance between adjacent radical centers vs the par-
ent structure of up to +0.09 A for the T; state of 24F. This behavior
likely results from both the Coulombic and exchange repulsion felt
between these parallel-spin radical electrons, where the favorable
through-space coupling and subsequent “bond” formation present
in S, states is spin-forbidden.
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TABLE . (a) Molecular symmetry and optimized structure for the X"A; state of the pyrrole parent molecule, optimized at the wB97X-Dicc-pVDZ level of theory with a RKS
reference; (b)—(e) molecular symmetries and optimized structures for the lowest singlet (S4) and triplet (T4) states of each diradical isomer of pyrrole.

(a) Pyrrole (X'Ay)
([ ®) i
C2v
(b) 23P (c) 24P (d) 25P (e) 34P
Sl ﬁ( ﬁ

o o
Cs Cs CZv CZv

(¥ o
C, ¢ Coy Cay

2. Non-adjacent radical centers: Geometries
of 2,4- and 2,5-diradical isomers

Despite being separated by two intervening o bonds, the
S structures for all 2,4-diradical isomers also exhibit a shorten-
ing of the intraradical C,---Cy4 distance (Rz4) of —0.30, —0.16, and
—0.32 A for 24F, 24T, and 24P (differences relative to the parent
molecule; data shown in Tables S-1.3 and S-1.6 of the supplementary
material and Table IT of the main text, respectively). Just like for
the 2,3-diradical isomers, this is an indication of the importance of
through-space coupling for these molecules, supported by the fact
that the T structures for these isomers display markedly different
geometries, with Rys decreasing by only —0.05 A in 24P and actu-
ally increasing by +0.04 and 0.03 A in 24F and 24T, respectively.

Coupling of the radical centers in 2,4-diradical isomers is not only
possible through spatial overlap but also via interactions with the
intervening o bonding network in the ring, which defines the clas-
sic “through-bond” coupling originally described by Hoffmann.””"”
The radical electrons in 2,4 isomers can couple with one another
through either a “1,3” or “1,4” interaction (using Hoffmann’s nota-
tion). These coupling pathways pass through either the two interven-
ing 0 bonds (between C,-C3-Cy4) or through the three intervening
o bonds (between C,-X-Cs-Cy; X = N, O, S), respectively. It has
been hypothesized that the through-bond coupling strength in a
1,3-coupling motif increases as the intervening bond angle (here,
£234) becomes more acute;’® however, we will forego such fine-
grained interpretation of our geometric deviations in favor of the
wave function and orbital analyses in Sec. I1I B below.

95'62:9} 202 4290100 02
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TABLE II. (a) Bond lengths (A) and angles (°) for optimized structure of the X'A; state of the pyrrole parent molecule,
optimized at the wB97X-Dicc-pVDZ level of theory with a UKS reference; and (b)-(e) differences in bond lengths (A) and
angles (°) for the lowest singlet (S) and triplet (T) states of each diradical isomer of pyrrole, computed as diradical minus
parent value.

(a) Pyrrole (b) 23P (c) 24P (d) 25P (e) 34P
Parameter X'A; Si T, Si T, S T, S T
Riz (A) 137 4001 —-0.00 +0.00 -001 +0.00 -0.00 +0.02 +0.01
Ry (A) 1.38 -0.05 +0.02 -0.01 +0.01 +0.01 +0.04 +0.00 +0.05
Ras (A) 1.42 +0.02 -0.02 -0.05 -0.01 +0.02 -0.03 -0.15 -0.09
Rss (A) 138  +0.02 +0.01  -0.00 -0.01 +0.01 +0.04 +0.00 +0.05
Rsi (A) 137 +0.02 +0.01  —0.01 +0.02 +0.00 -0.00 +0.02 +0.01
Ros (A) 2.26 -0.00 +0.04 -032 -0.05 -0.01 -0.00 -0.07 -0.03
Rys (A) 2.24 -0.01 +0.00 -0.09 -0.01 -0.06 -0.02 0.03 -0.04
2123 (°) 107.7 -1.9 -2.0 +14.1 +2.6 +4.4 +0.5 —-4.1 +1.7
2234 (°) 107.3 +4.9 +2.9 -17.6 -3.5 -1.9 -0.6 +4.0 +0.4
2345 (°) 107.3 -6.6 -2.5 +16.8 +3.4 -1.9 -0.6 +4.0 +0.4
2451 (°) 107.7 +1.5 +1.4 -7.9 -1.7 +4.4 +0.6 -4.1 +1.7
2512 (°) 109.9 -3.7 -0.5 =55 -1.6 -5.1 -1.1 +0.1 -4.2

Unlike the 2,3- and 2,4-diradical isomer geometries, which vary
from their fully saturated parent molecule in a uniform fashion
regardless of the heteroatom, the geometric features of 2,5-diradical
isomers are unique to each heteroaromatic molecule. For 25T,
Rys shortens greatly by —0.32 A and lengthens insignificantly by
+0.002 A for the S; and T states, respectively. This geometric devi-
ation is most likely the result of a through-space coupling of the
radical electrons, as the narrowing of #512 by —11.7° in the S;
structure should maximize their spatial overlap. For 25F and 25P,
however, the intraradical C;---Cs distance decreases by no more
than —0.06 A in either the S; or Ty structures; these changes are pre-
dominantly mediated by a narrowing of #512 and 2234 = £345.
While the narrowing of «512 is of similar magnitude in the S; and
T structures of these two isomers, the deviation in <234 of more
than —11° for both S, and T, structures of 25F is significantly larger
than the same deviations of —1.8° and —0.6° for S; and T; structures
of 25P, which is mirrored by a slight lengthening of the C3-C4 bond
in both structures of 25F vs a slight shortening of the same bond
in 25P. The very small decrease of Rys in 25F indicates minimal
through-space coupling, while the flattening of <512 may suggest
the importance of 1,4 through-bond coupling in this isomer. These
geometric distortions are too subtle to reliably interpret on their own
but will play a supporting role in the analyses of Sec. 111 B below to
help identify the specific coupling motifs present between the radical
electrons in these isomers.

Finally, the markedly greater shortening of Rs and narrowing
of «512 exhibited by the S structure of 25T vs the S; structures 25P
and 25F are due most likely to the different properties of the het-
eroatoms themselves. Specifically, the sulfur 3s- and 3p-like valence
atomic orbitals are more diffuse than the 2s- and 2p-like valence
atomic orbitals occupied by O and N. This allows «512 in 25T to
enjoy more angular flexibility vs 25P and 25F, which is, therefore,
able to better accommodate the geometric distortions necessary to
maximize both through-space and 1,3 through-bond radical cou-
pling. This is supported by the structure of the ground-state singlet

(XlAl, hereafter So) of cyclopenta-2,4-dien-1-id-2,5-ylene (cf. Fig.
S-3 in the supplementary material of Ref. 64), where the correspond-
ing bond angle of 97° compares much more closely with the values
0f102.4° and 112.5° for «521 of 25F and 25P, respectively, whereas
the «521 is significantly more acute in the S; structure of 25T at
80.0°.

B. Electronic structures of diradical isomers

We have characterized the wave function of the lowest energy
singlet state at the S; structure of each isomer with the spin-flip
formulation of equation-of-motion coupled cluster theory (EOM-
SE-UCCSD) with the cc-pVDZ basis set. This approach requires
the initial preparation of a high-spin triplet reference determinant
such that the singly occupied molecular orbitals (SOMOs) corre-
spond to the symmetric (o) and antisymmetric (6*) combinations
of nonbonding radical orbitals within the ring plane (see Tables
S-II.A.1-S-11.C 4 in the supplementary material for frontier molec-
ular orbital visualizations, symmetry labels, and chemical des-
ignations for all diradical isomers). For all EOM-SE-CCSD
computations, this triplet reference was constructed with unre-
stricted Hartree-Fock (UHF) and the cc-pVDZ basis set at the S;
structures described in Sec. III A. Schonflies symbols, total elec-
tronic energies (Eiwo; a.u.), expectation values of the spin-squared
operator, ($%), and leading determinants contributing to the total
wave function for both the lowest energy spin-flipped excited sin-
glet and high-spin triplet reference states are shown in Table III. In
addition, included in Table III are the vertical spin-flip excitation
energies (AEst; eV), equivalent to the energy difference of singlet
minus triplet total energies.

For all isomers, the singlet state lies lower in energy than the
triplet state, and all ground state singlet wave functions are multi-
configurational. The leading determinant for the ground state wave
function for all isomers is |(0)2 ) (i.e., the closed-shell determinant
which doubly occupies the symmetric radical 6 MO), and with the
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exception of 23T, the corresponding closed-shell |(0*)?) determi-
nant (doubly occupying the antisymmetric radical 6™ MO) is the
second most significant contributor. Furthermore, for all isomers
except 23T, 24T, and 23P, |(0)?) and |(c*)?) are the only significant
contributors to the ground state wave function, interpretable within
the classic (2e, 20) model (cf. Fig. S-1 in the supplementary material
of Ref. 64) as being two-configurational, closed shell singlet (TCS)
states,

|TCS) = wil(0)*) + wa (™)), 6))

where w; is the weight of determinant 7 for the ground state wave
functions given in Table 1], and where without loss of generality we
have ignored the contribution of the doubly occupied core orbitals
to each determinant. For 24T and 23P, however, four determinants
are significant contributors to the ground state wave function,

|X'4") = wil(0)*) + wil(0)*(0™)%)
+ wsl(6)*) + wal(0)*(a®)P) + ... )

Two of these leading determinants resemble the TCS of Eq. (1), while
the others correspond to the combination of open-shell low-spin
(i.e., M5 = 0) determinants in a manner akin to an open-shell singlet
(OSS) state within the (2e, 20) picture, namely

| 0SS) = wi|(6)P(6™)*) + wi|(0)*(c™P) + ... (3

We can, therefore, think of the ground state |X'A") wave function
for 24T and 23P as being predominantly a TCS with contributions
from an OSS, i.e.,

|X'A") = ¢| TCS) + o] OSS) + ..., (4)

where ¢; and ¢, are generic expansion coefficients not connected
to the determinant weights w; provided in Table III. The contri-
bution of this OSS state is symmetry-allowed within the C; point
group (both TCS and OSS states belong to the A’ irreducible
representation in the C; point group, the symmetries to which
24T and 23P both optimize), whereas the same phenomenon is
symmetry forbidden for all C,,-symmetric isomers because the TCS
belongs to A; but the OSS belongs to B, (see, e.g., Table S-II.C.3 in
the supplementary material for visualizations of the MOs of 25P, a
C,y symmetric isomer). The prevalence of TCS states as the ground
state for all species (or, at least, where |(0)?) is the dominant con-
tributor to the total wave function) is not surprising, as the ground
state for both p-benzyne and cyclopenta-2,4-dien-1-id-2,5-ylene are
known to be TCS.””*" Taken together with their geometries dis-
cussed earlier, the dominance of the |(¢)?) determinant in the wave
function for all isomers suggests that radical electron coupling takes
place via either through-space or 1,3 through-bond coupling, i.e., if
through-bond coupling were occurring via the 1,4 motif, this would
swap the energetic ordering of these orbitals to favor the (0*)*(0)°
configuration.”””” Our detailed analysis below of the natural orbitals
for these ground state wave functions also confirms the presence of
1,3 through-bond coupling in these heteroaromatic isomers.

In addition, provided in Table III are values for the verti-
cal singlet-triplet state splitting, AEst, which demonstrate that this
property is, at least qualitatively, related to the weights of the |(c)?)
and the |(¢*)?) determinants within the total ground state wave
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function. For example, for the five isomers exhibiting AEst of
approximately —0.5 eV or smaller in magnitude, |(6)*) and |(c*)?)
contribute with weights of <68% and >10%, respectively. Alterna-
tively, for the seven isomers with AEst > 0.87 eV, the ground state
is >77% |(0)?) and <9% |(c*)2)—and for the four-configurational
23T, the |(6*)*) determinant does not contribute to the total wave
function! While |(0)?) is still the leading determinant in the ground
state of 23T, three open-shell determinants contribute with a larger
weight to the total ground state wave function of this isomer than
|(6*)?). Two of these resemble the OSS singly occupying the o and
o™ orbitals [i.e., akin to Eq. (3)], but the other is one belonging to
a different OSS that singly occupies the 15 a’ and ¢* orbitals while
doubly occupying the o orbital, namely |(15a")® (0)* (6*)°). As can
be seen in Table S-I1.B.1, the 154" orbital in both the a and p mani-
folds resembles the fully antisymmetric combination of all ¢ bonding
orbitals within the ring itself. Even with this determinant’s relatively
small contribution to the ground state wave function of 23T at ~2%,
its presence at all is notably different from the ground state wave
function of o-benzyne,”” whose analogous “ring 6*” natural orbital
was found to be even more occupied at the CAS(12,12)-PT2(FC)/cc-
pVTZ level of theory than that species’ radical o natural orbital (cf.
the first two orbitals and occupation numbers in the top row of the
table included on pp. 7 of the supplementary material for Ref. 79). It
is tempting to ascribe the unimportance of the radical 6* orbital in
23T to the very short C,-Cs bond length of 1.26 A, as this orbital
exhibits an intraradical nodal plane that bisects the C,-Cs; bond;
however, the same bond in 23F is a trivial 0.01 A longer, but the
ground state for this isomer actually has the largest relative weight
of all isomers for the |(6*)?) determinant, at 17%. Because the dif-
ferences in the weight of the |(0*)2) determinant in the total ground
state wave functions of 23T and 23F are clearly not geometric in
origin, we have also obtained the first pair of particle/hole natural
transition orbitals (NTOs) for the spin-flip excitations of the high-
spin reference determinants necessary to generate the ground state
wave functions of all isomers to more closely examine the electronic
factors that must, therefore, control this phenomenon.

With Noec < Nyir being the number of occupied and virtual
(unoccupied) MOs in the reference determinant, respectively, these
particle/hole NTOs correspond to the left and right singular vec-
tors of the state-specific transition density matrix T connecting the
reference and excited state,”’

UTvV = A, (5)

where U and V are unitary transformation matrices within the
occupied and virtual MO subspaces of dimension Nocc X Nocec and
Nyir X Nyir, and T and A are both of dimension Nocc x Nyir. The
positive semidefinite matrix A takes the generalized diagonal form

A= diag ()\1, >\2, PN )\N; 0), (6)

where each real, positive singular value A; is the amplitude for the
excitation connecting the particle NTO u; with the hole NTO v;.
Because the particle NTOs {u;} and the excitation amplitudes {A;}
have been shown to be equivalent to the natural orbitals (NOs) {|¢:)}
and the occupation numbers {n;} of the excited state,’ we will here-
after refer to them as such for the ground state wave functions listed
in Table III. Furthermore, because the transition density matrix
T is constructed in the basis of all singly excited determinants with

J. Chem. Phys. 161, 154304 (2024); doi: 10.1063/5.0233736
Published under an exclusive license by AIP Publishing

161, 154304-7

95'62:9} 202 4290100 02


https://pubs.aip.org/aip/jcp
https://doi.org/10.60893/figshare.jcp.c.7466875
https://doi.org/10.60893/figshare.jcp.c.7466875
https://doi.org/10.60893/figshare.jcp.c.7466875

The Journal
of Chemical Physics

TABLE IV. Occupation numbers for the o and 6 natural orbitals in a and p manifolds
[ng(a) and ny(p) for the generic orbital label ¢, respectively] computed for the ground
state wave functions of each diradical isomer at the EOM-SF-UCCSD/cc-pVDZ level
of theory with their Sy structure. In addition, provided for convenience are effective
total occupations ny = ng(a) + ny(P) for o and o* natural orbitals, as well as the
difference of these effective total populations, An = ny — ng», and the number of
effectively unpaired electrons according to the Head-Gordon index,”>* n, ;.

Isomer Orbital ng(a) ng(B) ng(a) + ng(B) no—n Ny
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nonzero contribution to the desired excited state (i.e., whose excita-
tion amplitudes are nonzero), {|¢;)} and {n;} for each ground state
wave function include contributions from all determinants with
nonzero weight in the multiconfigurational expansions of Table III.
Of particular interest to the following discussion are the radical
o and 6* NOs, which we have included in Tables S-1I1.A.1-S-1I1.C.4
of the supplementary material, and whose occupation numbers we
have listed in Table IV. By comparing the ¢* NOs for 23F and 23T,
it is clear that the lobe of ¢* surrounding C; is spatially cramped
in 23T by a lobe surrounding the sulfur that is largely absent from
the oxygen in 23F. As a result, the 6™ NO is destabilized in 23T
relative to 23F, which is consistent with the smaller effective total
occupation [ng+ = ng+(a) + ng+(B)] of 0.097 vs 0.400 for 23T and
23F, respectively.

In addition, provided in Table IV are the effective number
of unpaired electrons in each excited state as computed by the
Head-Gordon index,””* n,, ,;, which is given by

My = 2.7 (2717, %)

where 7; is the spin-averaged occupation number for natural orbital
¢i. Clearly, there is a significant breadth in the values of n,, ,;, ranging
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from as small as 0.09¢™ for 23T to as large as 1.29¢” for 23F. Other
than for 23T, the ground state wave functions must, therefore, have
nontrivial contributions from various OSS states; this is not unex-
pected given that the TCS-dominated ground state of p-benzyne has
i, = 0.28 (cf. Table IT of Ref. 63). The seemingly surprising value
of n,,,; = 0.09¢” for 23T is actually understandable when combining
the data in Tables I1I and V. From Table 1], we can see that 23T
is the only diradical isomer for which the (6*)* configuration does
not make a significant contribution to the ground state wave func-
tion. Furthermore, from Table IV, the occupation number for the
0" NO of only 0.097 is the smallest among all diradical isomers. The
tiny value of n,,,; for 23T is, therefore, a result of the dominance of
the (0)* NO rather than the lack of any open-shell determinants in
the ground state wave function.

Beyond using the isomer NOs simply to interpret the weights
of determinants contributing to the ground state wave functions
(Table III), we may also use the NOs and occupation numbers
to illuminate the nature of the coupling between radical electrons.
In Sec. III A, we attempted to interpret the geometric deforma-
tions displayed by these diradical isomers to the presence of either
through-space or through-bond coupling between the (nonbond-
ing) radical orbitals o and ¢”. In so doing, we implicitly assumed a
(semi-)localized picture of the bonding in our diradical isomers,*
similar in spirit to the valence bond theory (VB) perspective of
chemical bonding that is ubiquitous in (especially experimental)
organic chemistry. Thanks to the simultaneous facts that (i) the
ground state wave functions for all diradical isomers can be rea-
sonably interpreted within the classical two-level picture and (ii)
that the generalized valence bond (GVB) and two-configurational
SCF (TCSCEF) description of diradical singlets have been shown to
be equivalent,”® our semilocal interpretation in Sec. [1I A is not, as
it may appear, actually at odds with the molecular-orbital theory
(MO)-based discussion of Sec. I1I B. Therefore, by reinterpreting our
diradical isomers’” ground state wave functions (Table I1I) and their
natural orbitals (Tables S-IIL.A.1-S-III.C.4 of the supplementary
material) through a semilocal lens, we may indulge our VB-
attuned desire for chemical intuition even within the NO framework
necessary for quantitative accuracy.

As noted earlier, both through-space and 1,3 through-bond
coupling lead to the simultaneous stabilization of the symmetric
combination of semilocal radical lobes (the radical  MO) and desta-
bilization of the corresponding antisymmetric combination (c*),
thereby favoring a total wave function with electron configuration
(0)*(0*)° thanks to the aufbau principle. Unlike molecular orbitals,
which can be only “occupied” or “unoccupied,” however, any nat-
ural orbital (NO) ¢ can be fractionally occupied, where the NO
occupation number ng represents the effective number of electrons
occupying each orbital, varying between 0 and 2 for restricted NOs
(or between 0 and 1 for unrestricted NOs) and which collectively
sum to the total number of electrons in the molecule. Provided in
Table IV are occupation numbers for the ¢ and ¢ natural orbitals
in both the a and  manifolds, denoted by ny(a) and ng(p) for
the arbitrary orbital label ¢. Because ng(a) and ng(B) vary inde-
pendently of one another and without consideration for chemical
interpretation, we also include in Table IV the effective total occu-
pation for each of the o and 6™ NOs, computed simply as g = ng(a)
+ ng(P), together with the difference between these total occupa-
tions, An = ny — ny«. By analogy to the MO picture, we would
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expect that ¢* will be more occupied than o for systems dom-
inated by 1,4 through-bond coupling (i.e., 0 < 1, < fgx < 2)
and o will be more occupied than ¢* for systems dominated by
either through-space or a 1,3-mediated through-bond coupling (i.e.,
0 < ng+ < ng < 2). Based on the orbital populations shown in
Table IV, where ng+ < n, for all isomers, 1,3-mediated through-bond
coupling and/or through-space coupling appears to be the dominant
coupling motif in all isomers. These NO populations confirm our
prediction in Sec. III A that 1,3-mediated through-bond coupling
dominates over 1,4-mediated through-bond coupling for all isomers
with the lone exception of 25F. Due to the presence of some con-
founding subtleties in that isomer, however, we must first discuss
another trend, namely the vague relationship between the vertical
singlet triplet state splittings and the weights with which |(0)*) and
|(6*)?) contribute to each isomer’s total ground state wave function.

Within the (2e, 20) picture, we should expect that o will
be increasingly stabilized and o* increasingly destabilized as the
strength of either the through-space or 1,3-mediated through-bond
coupling between these orbitals increases (such coupling is here-
after denoted as o - -0™). In this simplified (2e, 20) framework, AEst
will be related to the difference of the energies of the (0)‘3 and
(0™)% orbitals, since at least for the leading |(0)2) determinant, the
So < T transition is equivalent to the (0)'3 « (6™)* spin-flip exci-
tation. While this is of course not perfectly representative of the
many-electron nature of our real molecules, we may apply this logic
to interpret our NO populations. Through this lens, where the NO
occupation number g is the eigenvalue, rather than the MO energy
g, 0---0" will instead be related to the differences in their respective
orbital occupations An = 1y — ng«, with stronger o - -0* manifest-
ing as a greater An, which we have also included in Table IV for
each diradical isomer. Based on the variability present in An, the
o---0" coupling strength is not uniform with respect to either het-
eroatom or isomer. By comparing against the vertical singlet-triplet
state splittings presented in Table III, however, An clearly does
correlate to AEst and indeed exhibits a correlation coefficient
R? = 0.8676 for a simple linear fit of those variables (see Fig. S-I111.D.1
in the supplementary material).

For the 25F isomer, all of the electronic descriptors discussed
in this section—including the relative contributions of the |(¢)?) and
|(6*)?) determinants to the total ground state wave function and the
effective total NO occupations—are consistent with what would be
expected from a 1,3-mediated through-bond coupling. When exam-
ining An for this isomer vs all others, however, a pattern emerges:
25F exhibits the smallest An of only 0.858, consistent with its rank-
ing as the isomer with the smallest AEst of only 0.2090 eV. 25F
also has one of the smallest weights of the \(0)2) determinant (65%)
and the largest weight of the |(0*)*) determinant (17%) within the
ground state wave function. Collectively, though these electronic
descriptors for 25F do suggest 1,3-mediated through-bond cou-
pling, they do so in the least convincing fashion among all diradical
isomers considered. Contrasted against the strong geometric evi-
dence for the dominance of 1,4-mediated through-bond coupling
in this system, the only reasonable conclusion is that there exists
both strong 1,4-mediated through-bond coupling and strong
through-space coupling in this isomer. The competition between
these two coupling motifs, whose downstream effects on the
electronic and geometric structures of this isomer are diametri-
cally opposite one another, makes their isolated interpretation a
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significant challenge. Fortunately, however, this semilocal (2e, 20)
analysis filters away this convolution and provides a clear chemical
interpretation for the properties of this system.

Finally, we note that while some spin contamination arose
when preparing the high-spin triplet reference states for the
2,4-diradical isomers, all spin-flipped singlet states are reasonably
spin-pure, with a maximal spin contamination of less than 10% for
23F and 24T but only ~3.8% on average. This is true despite the
fact that the unrestricted formulation of EOM-SF-UCCSD applied
here is neither restricted to produce a spin eigenfunction by con-
struction (as would be guaranteed by the restricted-open-shell for-
mulation, EOM-SE-ROCCSD) nor spin-projected to eliminate spin
contamination.

C. Role of aromaticity in stabilizing diradical isomers

We have applied the nucleus-independent chemical shift
approach® within the gauge-invariant atomic orbital (GIAO)
formalism’ """ to compute isotropic deshieldings as a semiquantita-
tive metric of aromaticity in our diradical isomers.”” All magnetic
metrics of aromaticity are based on the ring current model,”" *’
where the delocalized 1 electrons of an aromatic molecule respond
to an applied magnetic field by moving around the ring, thereby
generating an electric current whose own magnetic field opposes
the applied one. In NICS specifically, the isotropic magnetic
(de)shielding is computed by a “probe” atom (without either nuclear

TABLE V. Isotropic deshieldings (ppm) for the Sy structures of each diradical isomer
and the Sy structure of their respective parent molecules, computed via the nucleus-
independent chemical shift (NICS) approach at the (BS-U)B3LYP/6-311++G**
level of theory. NICS probes were placed at the ring centroid [NICS(0)] and +1 A
above and below the ring centroid along the molecule’s principal moment of inertia
[NICS(£1)] (see text). In addition, provided for reference are the NICS(-1, 0, +1)
values computed using this same approach for benzene.

NICS index
Species -1 0 +1
Furan -9.3 -12.2 -9.3
23F -4.9 -11.7 -4.9
24F —4.4 -5.1 —4.4
25F -15.3 -63.4 -15.3
34F -7.1 -19.2 -7.1
Thiophene -10.0 -13.7 -10.0
23T -9.6 -25.1 -9.6
24T -5.3 -8.7 -5.3
25T -8.3 -30.5 -8.3
34T -7.3 -14.3 -7.3
Pyrrole -11.9 -22.6 -11.9
23p -5.1 -15.7 -5.1
24P -7.9 -18.2 -7.9
25P -3.7 -4.4 =37
34P -8.8 -24.4 -8.8
Benzene -11.1 -8.7 -11.1
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charge or basis functions), located at one or more point(s) in space
around a molecule noncoincident with any atomic positions. Most
commonly, probes are placed at the geometric center of the ring or
+1 A above and below the geometric center along a vector normal
to the ring plane [a.k.a. NICS(0) and NICS(+1), respectively]. For
an aromatic molecule like benzene, probes placed at these locations
will be shielded by the m electron aromatic ring current and will,
therefore, experience a smaller magnetic field than what is applied,
as opposed to the perimeter hydrogens, which feel an enhanced
magnetic field (sc. a deshielding) due to the ring current. We have
employed the generalized approach developed in Ref. 64 to place
the NICS(0) and NICS(+1) probes for our cyclic diradical isomers,
which are not perfectly pentagonal, at the non-mass-weighted cen-
troid of ring atoms and +1 A along the ring atoms’ principal moment
of inertia above and below the ring centroid. Contained in Table V
are these isotropic deshieldings for the S; structures of all diradical
isomers, computed at the BBLYP/6-311++G™ * level of theory with a
BS-UKS reference using Gaussian 16.”” In addition, included for ref-
erence are the isotropic deshieldings for the Sy structures of the fully
saturated parent molecules furan, thiophene, and pyrrole, as well as
for benzene, computed with the same approach.

As can be seen from the data in Table V, all NICS probes in our
diradical isomers experience the negative deshielding (i.e., shielding)
indicative of the presence of at least some aromaticity, although these
deshielding values vary significantly. In particular, NICS(0) is larger
in magnitude than NICS(+1) for all diradical isomers and their par-
ents, whereas the opposite is true for benzene. Furthermore, even
among our heterocycles, NICS(0) deshieldings vary significantly in
magnitude, ranging from as little as —4.4 for 25P to as large as —63.4
for 25F. This is not to be interpreted as an indication that 25F is
sixfold aromatic; rather, the several very large NICS(0) deshieldings
are likely due to the proximity of this probe to the o bonding net-
work between the ring atoms themselves, which also experience an
induced ring current in opposition to the applied magnetic field and
further shields this probe. In these diradical isomers, the presence
of through-bond coupling is likely increasing the in-plane o elec-
tron density. The presence of the ¢ ring current is known to be a
limitation of the NICS(0) index,®” so further assessment of the tradi-
tional 7 aromaticity in our diradical isomers must instead focus on
the deshieldings measured at the NICS(+1) probe locations, which
are more likely to measure the m ring current alone.

Compared with the NICS(+1) deshieldings of benzene, all of
the saturated parent molecules are qualitatively aromatic, as are
25F, 23T, 25T, and 34P. Considerable as somewhat aromatic are
34F, 34T, and 24P, while the remaining isomers trend closer to
nonaromatic [NICS(+1) > —5]. Interestingly, excluding 25F as a
lone outlier, NICS(+1) also correlates negatively with An, where
the simple linear regression of these data (neglecting 25F) exhibits
a correlation coefficient of R* = 0.7355 (see Fig. S-IILD.2 in the
supplementary material). Based on this relationship, it appears that
aromaticity in these systems increases as the o radical NO becomes
more populated. It is certainly possible that this relationship is
purely phenomenological, where the simplicity of the BS-UDFT
approach used in our NICS computations is more poorly describing
the electronic structure of our isomers and, therefore, underesti-
mating their aromaticity as they increase in diradical character (i.e.,
as An decreases). Instead, we hypothesize that the radical ¢ NO
is slightly better able to contribute to the ring current within the
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molecular plane, relative to the 6™ NO. We base this supposition on
the difference in the shape of the 0 and ¢ NOs: in the 0 NO there is
no node perpendicular to the perimeter of the ring, while this node
is present in all radical o NOs. Therefore, the observed correlation
between NICS(+1) and ¢ NO occupation is actually not due to an
increase in the m aromaticity but rather due to the increased ring-
o aromaticity yet affecting the apparent magnetic field strength felt
by the NICS(+1) probes. This interpretation is strongly supported
by the high degree of positive correlation between the deshieldings
measured at NICS(0) and NICS(+1) probes, where the linear regres-
sion across all isomers (including 25F; see Fig. S-II1.D.3) shows a
correlation coefficient of R* = 0.9234. This phenomenon also likely
caused 25F to be an outlier in the correlation of NICS(+1) deshield-
ings vs An (see Fig. S-IILD.2 of the supplementary material), as the
incredibly strong in-plane ring current for this isomer—evidenced
by its NICS(0) deshielding of —63.4 ppm—is still very much felt at
the NICS(+1) probe locations, even a full Angstrom away from the
ring plane. The outlier behavior of 25F may be attributable to 1,4
through-bond coupling, which does not seem to be present in the
other heteroaromatic diradical isomers studied here but is present in
para-benzyne, which displays a NICS(0) value of —28.6 (computed
at the same level of theory as the values in Table V of Ref. 64).

SUMMARY AND CONCLUSIONS

We have characterized the lowest lying singlet and triplet state
geometries of the di-dehydro diradical isomers of furan, pyrrole,
and thiophene using broken-symmetry unrestricted density func-
tional theory (wB97X-D/cc-pVDZ). We find that all singlet and
triplet structures for these isomeric species display Caz, [(2,5) or
(3,4)] or Cs [(2,3) or (2,4)] symmetry geometries on this poten-
tial surface. The structural differences between the structures of
these diradical isomers and their fully saturated parent molecules
are seemingly driven by through-space and 1,3 through-bond cou-
pling of the radical electrons, with the exception of 25F. To account
for any possible multiconfigurational character in the singlet wave
functions, we utilized the BS-UDFT geometries to perform an EOM-
SE-CCSD/cc-pVDZ analysis of the energetics, wave functions, and
natural orbitals. Our EOM-SF-CCSD results indicate that the sin-
glet state lies lower in energy than the triplet state. Electronically,
the singlet ground state wave function for all of these isomers is at
least two configurational, and the leading contributor is always the
|(6)?) determinant, providing further evidence that through-space
or 1,3 through-bond coupling dominates the behavior of these sys-
tems. We analyzed the natural orbitals and found that the difference
insand s* NO occupations correlates with the vertical singlet-triplet
splittings, as well as revealing that 1,4 through-bond coupling may
be occurring for the outlier 25F but is countermanding the effects
of through-space and 1,3 through-bond coupling. Finally, we also
applied nucleus independent chemical shift (NICS) analysis to qual-
itatively assess aromaticity and found a relatively high degree of
variability with some heteroaromatic isomers displaying aromatic,
somewhat aromatic, or non-aromatic properties. We suspect that,
in this application, the qualitative nature of NICS analysis (which
attempts to measure 7 ring current) is being further complicated
by an increase in o ring current attributable to the presence of
through-bond coupling in these diradical isomers.
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SUPPLEMENTARY MATERIAL

See the supplementary material for figures visualizing molecu-
lar structures for and tables of geometric parameters for BS-UDFT
optimized singlet and triplet geometries for all heteroaromatic
diradical species along with the fully saturated parent molecules;
tabulated vibrational frequencies confirming all species as minima
on the BS-UDFT surface; details for how we prepared the triplet
reference state for the EOM-SF-CCSD computations; tables con-
taining visualizations relevant frontier molecular orbitals for the
high spin triplet reference; tables containing visualizations of nat-
ural orbitals and values utilized in the natural orbital analysis of
the EOM-SE-CC wave functions; and plots of An vs AEst, An vs
NICS(+1), and NICS(0) vs NICS(+1). Further provided for refer-
ence are plain-text XYZ files containing the Cartesian coordinates
of the molecular structures of all diradical isomers and fully satu-
rated parent molecules, available in the following publicly accessible
GitHub repository: https://github.com/Parish-Lab/heteroaromatic-
diradicals
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