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Abstract

The so-called semi-experimental (SE) approach is a powerful technique for obtain-
ing highly accurate equilibrium structures for isolated systems. This Featured Article
describes its extension to open-shell species, thus providing the first systematic inves-
tigation on radical equilibrium geometries to be used for benchmarking purposes. The
small yet significant database obtained demonstrates that there is no reduction in ac-
curacy when moving from closed-shell species to radicals. We also provide an extension
of the applicability of the SE approach to medium-/large-sized radicals by exploiting
the so-called “Lego-brick” approach, which is based on the assumption that a molecular
system can be seen as formed by smaller fragments for which the SE equilibrium struc-
ture is available. In this Featured Article we show that this model can be successfully

applied also to open-shell species.

Introduction

Rotational spectroscopy is a high-resolution experimental technique that enables a detailed
characterization of isolated species or small clusters. Rotational constants, the leading terms
of this spectroscopy, are usually determined with an accuracy better than 1 part in 108.
They are proportional to the inverse of the corresponding principal moment of inertia /; (in

frequency units):
I

B =
4:7TIZ‘ ’

(1)

where i refers to the principal inertial axis (a, b or ¢, these leading to B* = A, B® = B or
B¢ = C, respectively, with A > B > (). In turn, the inertia tensor I is a function of the

molecular structure:

I=) Mg(Ri1-RgRY), (2)
K

where the sum runs over all nuclei. Ry is the vector collecting the coordinates of K-th

nucleus and M is the corresponding atomic mass. The relationships [1| and [2] are such



that very small modifications in the geometrical parameters lead to sizeable changes in the
rotational constants. To give an example, a distance of 1.1289 A for CO corresponds to a
rotational constant B of 57841.66 MHz; increasing such bond length by about 1 mA decreases
B by 102.34 MHz."

Within the rigid-rotor approximation, rotational constants are straightforwardly derived
from the molecular structure. Unfortunately, the inverse problem is not as simple: already for
triatomic molecules the number of geometrical parameters exceeds the number of rotational
constants. An additional complication arises from the non-rigidity of any molecular species,
which requires to account for vibrational effects. To address the first issue, different isotopic
species sharing the same geometry are usually employed in order to increase the number
of data to be used in the structural determination via a least-square fit.*® To account for
vibrational effects, it is necessary to introduce how rotational constants depend on vibration.

According to second-order perturbation theory (VPT2),” we obtain:

, 4 . d
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where o’ denotes the vibration-rotation interaction constants; the sum runs over all the r
vibrational modes, d, being their degeneracy. Focusing on the vibrational ground state, eq.

B becomes

% 7 % 7 1 7
By =B, +ABly, = B; - 5 > ald, . (4)

As pointed out in the literature, the magnitude of the vibrational contribution, A B.;,, ranges
from 0.1% to 0.7%, and in most cases —for semi-rigid molecules— is smaller than 0.5%.1*
Despite AB,j, being such a small correction, its impact on structural determinations is
relevant. First of all, from a theoretical point of view and within the Born-Oppenheimer
(BO) approximation,® different isotopologues have the same geometry only if this latter is
the equilibrium one (7.), which corresponds to the minimum of the potential energy surface

(PES). From a practical point of view, neglecting vibrational corrections and, thus, using



the By values in the structural determination leads to the so-called rg effective structure.
Despite the difference between the ground-state [y and equilibrium I, inertia moments is,
in most cases, less than 1%, ry and r, differ in a significant manner. Furthermore, since
vibrational effects are isotopologue-dependent, ry results depend on the number and type of
isotopic species considered.1V

The first attempts to account for vibrational effects in the derivation of molecular struc-
tures date back to the 1950s, i.e., some decades before quantum chemistry became a reliable,
accurate, and affordable tool for structural and spectroscopic studies. Based on the hypothe-
sis that the Iy — I, difference remains constant upon isotopic substitution, Costain introduced
the so-called r, substitution structure,™ which is obtained by calculating the Cartesian co-
ordinates of the atom isotopically substituted (when moving from one isotopic species to
another) using Kraitchman’s equations.*® Despite still being used nowadays, limitations and
flaws in r, have been pointed out in the literature.®¥ An enlightening example is provided
by the molecular structure of monofluorodiacetylene (HC,F). In ref. [14] it was shown that
the r¢ structure is not able to properly describe the changes in the -C=C(-F) distance due
to substitution of hydrogen by fluorine, i.e., when moving from diacetylene to HC4F: the
rs distance results ~20 mA longer than the equilibrium value. To improve the substitution
method, the mass-dependence of I, was introduced,* thus leading to the definition of the so-
called 7, mass-dependent structure. For this latter, two variants, namely r,,(1) and r,,(2),
are available, with 1 and 2 indicating the number of additional parameters to be evaluated.™®
Among the methodologies that account for vibrational effects in a non-rigorous manner, the
best approximation to r. is offered by the r,, structure, with an agreement usually ranging
in the 2-7 mA interval for bond lengths and 0.4-1° for angles. ™18 However, the associated
uncertainties tend to be often smaller than these differences.’®® Furthermore, in molecules
containing hydrogen atoms, the structural parameters involving these latter are often not
well reproduced.* To overcome this shortcoming, the so-called ‘Laurie’ correction can be

introduced, which implies an additional parameter to be determined* without however the



guarantee of getting reliable results.?"

To obtain equilibrium structures, it is necessary to know the equilibrium rotational con-
stants for a sufficient number of isotopic species. According to egs. [3|and [4], the B, values can
be obtained from the knowledge of the rotational constants for the vibrational ground state
and all singly-excited vibrational states. In principle, such information can be retrieved
from rotational and ro-vibrational spectroscopic studies. However, already for tetratomic
molecules, the experimental derivation of the vibration-rotation interaction constants for all
vibrational modes is a challenging task which, in practice, becomes an impossible one as
soon as the molecule contains more than 4 atoms. To overcome such a limitation, Pulay
et al.? proposed the quantum-chemical calculation of vibrational corrections and applied it
to the derivation of the so-called semi-experimental (SE) equilibrium structure (r.(SE)) of
methane. The C—H equilibrium distance they obtained, 1.0862(5) A2 employing vibrational
corrections computed at the Hartree-Fock (HF) level, turned out to be very accurate and was
later confirmed by a re-determination of 1.08595(30) A, which used high-level coupled-cluster
(CC) techniques for the required quantum-chemical calculations.”! While the procedure for
obtaining the r.(SE) structure is detailed in the methodology section, it should be mentioned
that Pawlowski and coworkers*® demonstrated that the SE equilibrium bond lengths con-
servatively have an accuracy of about 1 mA provided that electron correlation is considered
in the calculation of the vibration-rotation interaction constants. However, more recently,
a benchmark study showed that even a global hybrid density functional like B3LYP2324 in
conjunction with a double-zeta quality basis set provides vibrational corrections able to meet
the 1 mA accuracy for bond lengths,2 thus allowing the 7.(SE) determination for larger and
larger systems. 0728

In the last two decades, owing to the software and hardware developments on the one side
and new experimental techniques on the other (e.g., laser ablation of solid compounds®),
the SE approach has established itself as the most powerful and reliable methodology for

obtaining accurate equilibrium structures of isolated systems.0"#50732 While an exhaustive



survey of the literature on SE equilibrium structures is beyond the scope of this paper,
representative examples are provided by refs. 25H28/30H49. For closed-shell species, a com-
prehensive compilation of 7.(SE) geometries is offered by the so-called SE127 database,40
which also collects the original references. Indeed, as demonstrated in ref. 22| it is able to
derive very accurate structural parameters avoiding the shortcomings of pure experimental
determinations mentioned above. For example, while the single computed «, values might
be affected by Coriolis coupling, their half-sum is devoid of any resonance.” Conversely, in
the experimental derivation of vibration-rotation interaction constants, the vibrational state
of interest might be affected by interactions with other states, thus leading to perturbed «
values. If these perturbations are other than the Coriolis coupling mentioned above, then
their effects do not cancel out when performing the sum of eq.

Among isolated systems, radical species are probably the most challenging ones. From
a pure theoretical point of view, for quantum-chemical methodologies based on a single
Slater determinant (HF theory and post-HF methods), the reference wave function can be
described using either the unrestricted (UHF) or the restricted open-shell (ROHF) formu-
lation.” The former is usually preferred also for its ease of implementation. However, the
UHF wave function is inevitably contaminated by higher electronic spin states, thus having
the major drawback of being a not-exact eigenfunction of the total spin operator (§?).2452
In the case of strong spin contamination, one can resort to the ROHF wave function, which
is an exact eigenfunction of S%, but is not free from limitations such as the impossibility
to identify a unique set of canonical molecular orbitals.?!*>® The choice between UHF and
ROHTF formulations can affect the ab-initio equilibrium structure (7.) of open-shell species.
Concerning density functional theory (DFT), Menon and Radom® suggested that, in unre-
stricted double-hybrid procedures, the opposite behavior of UHF and UMP2 (unrestricted

Mgller-Plesset second-order theory=%~%)

usually leads to reasonable results when the spin
contamination is not too high. However, in the presence of non-negligible electron delocal-

ization, this error compensation might become ineffective. While DF'T energies are not used



in the present context, this problem might affect the accuracy of gradients and Hessians,
especially when parallel- and opposite-spin MP2 contributions have different coefficients.”®
While vibrational corrections to rotational constants have been found negligibly affected,
caution should be taken for equilibrium geometry evaluations.””

For open-shell species, accurate reference structures to be used for benchmarking dif-
ferent computational approaches have never been reported in the literature, at least in a
systematic way. On the experimental side, radicals are unstable and reactive; thus, they are
challenging species to be investigated and characterized. In this respect, quantum chemistry
often plays a crucial role in providing accurate predictions and guidance in the interpretation
of experiments. 004

The aim of this work is (i) to systematically apply the SE approach to a significant
set of small radical species ranging from diatomics to tetratomic systems, and (iz) to extend
the potentialities of this methodology to the accurate prediction of equilibrium structures for
large radicals. The first target will allow us to verify that there is no accuracy reduction in the
SE approach when moving from closed-shell species to radicals. As a consequence, this will
lead to the definition of a small database, which will be surely useful for future studies and will
provide the first step toward a systematic characterization of open-shell species structures.

)45,50,65,66 will

For the second purpose, the so-called “Lego-brick” approach (see Methodology
be employed: its potentialities and limitations will be addressed. The organization of the
manuscript reflects this double aim. In the next section, the methodological aspects of the
SE and “Lego-brick” approaches are explained in some detail. Subsequently, results are
presented and discussed: in the first part the SE database is addressed; in the second part,
the outcomes of the “Lego-brick” approach are provided. In the Results section, we proceed in
an increasing-the-complexity order, from diatomics to polyatomics, and we conclude with the
prediction of accurate structures for large radicals. The outcomes of our work are summarized

in the Concluding Remarks section.



Methodology

In this section, the methodology employed in this work together with the corresponding
computational details are provided. The dataset considered for the benchmark of the r.(SE)
structures of radicals includes systems ranging from diatomics to tetratomic (planar) species.
The complete list is reported in Table [Il The experimental rotational constants of each
species have been collected from the literature, with the corresponding references being
indicated in Table [I| for each isotopologue considered.

For medium- to large-sized radicals (i.e. containing more than 4-5 non-hydrogen atoms),
experimental data are very limited, with the phenyl radical®**? being —to the best of our
knowledge— a rather unique exception. Indeed, the number of medium-/large-sized radicals
whose rotational spectrum has been investigated is quite small, and very rarely isotopic
species other than the parent one have been studied. Therefore, for this type of radicals,
we introduce a different strategy, which employs the SE results available for small radicals
and exploits the “Lego-brick” approach to “extend” them to larger systems. The radicals
here considered are phenyl (whose r.(SE) is accurately known®’), S-cyanovinyl (cis and
trans®®), B-trans-chlorovinyl (**Cl isotopologue®), CHyCHCO (s-trans-3-propenalyl and 3-
propenolyl®), C,S with n = 4, 6, and 8. C,S and the naphthyl radical have instead been
considered as good candidates for future studies. All these radicals are shown in Figures
and 2l Finally, the propargyl radical is considered as separate case study to address, within

the “Lego-Brick” approach, the issue of resonance-stabilized open-shell systems.

The semi-experimental approach

As anticipated in the Introduction, the r.(SE) structure is obtained by a least-squares (LSQ)
fit of the molecular structural parameters to the SE equilibrium inertia moments I, (or
alternatively to the SE equilibrium rotational constants B.) for a sufficiently large number

of isotopologues of the considered molecular species (possibly accounting for substitution at



each atom). In all the cases here considered, the xrefit module of the CFOUR quantum-
chemistry package™™ has been used for the LSQ fits.

According to eq. [I the SE equilibrium inertia moments I, are straightforwardly de-
rived from the SE equilibrium rotational constants B,. These latter are obtained from the
rearrangement of eq. [4}

BL(SE) = Bj(exp) — AB., (theo) — AB!

ele

(theo) , (5)

where Bi(exp) and AB, (theo) denote the experimental ground-state rotational constants
and the computed vibrational corrections, respectively. In the equation above, an additional

%

! o(theo), which is the calculated electronic correction to rotational con-

term appears: AB
stants (see below). This contribution is a non-adiabatic term, thus it is usually by far smaller
than the vibrational one and often negligible.#*® However, its impact on the SE equilibrium
structure determination for radicals will be inspected in our study.

According to eq. [ vibrational corrections require the computation of the vibration-
rotation interaction constants. While the readers are referred to, for example, refs. [57,74
for their detailed expression within VPT2, here we recall that for their evaluation, in addition
to moments of inertia and their derivatives, harmonic frequencies (in a normal coordinate rep-
resentation), Coriolis constants and semi-diagonal cubic force constants are needed. For the
computation of the vibration-rotation interaction constants, two different quantum-chemical
programs have been employed in this study: CFOUR™ and Gaussianl6.” The former
software has been used for MP2 and CC singles and doubles with a pertubative treatment of
triples (CCSD(T))" calculations, while the latter has been employed for DFT computations.
Both quantum-chemical programs compute the harmonic force field using analytical second-
derivative techniques (in a normal coordinates representation) and the full set of cubic force

constants by numerical differentiation. Noted is that for large molecules, the second and

semi-diagonal third derivatives needed for the evaluation of vibrational corrections can be



obtained by a much cheaper approach employing analytical gradients.

The AB,. electronic corrections to rotational constants are due to the contribution of
electronic distribution to the moments of inertia and are thus connected to the rotational
g-factor. While the reader is referred to, for example, refs. 2J79 for the underlying theory,

the expression for their calculation is here reported:

ABi, =< g Bl (6)
m

ele
P

where m, and m, are the mass of the electron and proton, respectively, and g* denotes the
diagonal element of the rotational g-factor tensor along the ¢ inertial axis, which is computed
as the second derivative of the energy with respect to magnetic field using gauge-invariant
atomic orbitals.®Y Electronic corrections have been computed at the HF level (using the
unrestricted formulation) in combination with the aug-cc-pVTZ basis set. 5183

In the determination of the r.(SE) structure, it should be recalled that, for planar species,

only two rotational constants are independent because of the following relationship:

- = (7)

While a redundant (linearly dependent) set of data can in principle be used, this might
affect the stability and the accuracy of the LSQ procedure. Therefore, among the three
possible combinations, the most suitable one needs to be selected. To guide this choice,
the first derivative of the rotational constants with respect to the structural parameters
can be inspected, thus leading to the selection of the two rotational constants showing
the largest dependence.*! In those cases where all rotational constants provide significant
information, the combination of the two data to be used in the fit was based on their relative
experimental accuracy and not on the expected accuracy of the vibrational corrections as
done in previous works.?? To give an example, in the case of the NH, radical, A is very well

determined with an error of 0.01 MHz for a value of 710302.019 MHz and B, and Cj, which

10



Table 1: Summary of the radicals” considered for the benchmark dataset together
with the isotopic species used in the 7.(SE) determination.

Radical Isotopic sp. and reference  Radical Isotopic sp. and reference
DiaTowmics
Methylidyne 21'I,~ CH@ Boron monoxide 2371 BO
ISCH llBO
Hydroxyl 2Hi oufd Nitrogen monoxide 2HT NOES
opEd 15500
17onl N1702
18on N180EE
Sulfanyl 2Hi SHMI 15y 180
spled Sulfur Monoxide 3%~ so@sl
Imidogen 3%~ NHEE 335007
NDOE 345003
15NH 3650
15 pI00 §170008
Phosphinidene 3m— pHI0T s18pB3
ppI02 Nitrogen Sulfide 21T, Nsz03l
Arsinidene 3%~ AsHm NSSS
AspIA N34gI0sl
Cyanogen 2y CN 15NS
cleNiIod
13¢NIIo8
13¢ 15N
TRriATOMICS
Methylene 3B; CcH,1I0 Silicon hydroxide 2A’ siop T
cHpi2 30g;oyIH
Amidogen 2B; NH, I3 siopI
NupIIE sit8ouTil
15N H,II5 Thioformyl 2A’ HesIIe
15NgpILD pcsiid
ND, I8 H13cgIIa
15N D, 1201 Thiohydroxymethylidyne 24’  HSCIZI
Phosphidogen 2B pH, 122 psclizl
pHDIZ3 Hs13¢IId
pD, 124 Sulfoxyl radical 2A" 1325160025
Arsenic hydride 2B1 Ang D325160027
AsDoI28 Thioethenylidene 3%~ cc32sIZa
Formyl ; 2 A’ HcoI30 cc34sEl
pcol32 13326133
CISC3ZSm
ISC 130325m
TETRATOMICS
Fluoroformyloxyl 232 FCOQm Hydridotrioxygen 2a" H03
FCO 180138 DO 135
FC 180,137 H1800058
Chloromethyl radical 2B;  35CICH,I38 HO 1800139
37c1cH, 138 HOO 180139
cis-Carboxyl 2A’ HocoIZ0 HO180 18038
pocolil H180180 1800
H180coTH D18o00M3d
HOC 180T DO 80 18013d
Hol3com DlBolSolSom
trans-Carboxyl 2’ HOCOTH cis-Hydroxidooxidosulfur 2" HOsOBD
pocoIEl DOsOBT
H180coL40 HO34s50B7
HOC 8o H180s180E7
HOB3cod

& The experimental rotational constants are taken from the indicated references.
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are 388289.458 MHz and 245013.520 MHz, respectively are affected by a similar uncertainty
(0.015 MHZ and 0.011 MHz);™3 thus, the smallest relative errors are noted for Ay and By,
and their combination has been employed in the LSQ fit. However, in view of the large set
of isotopologues available, NH, will be employed as a sort of case study to test the different
combinations of rotational constants in the LSQ fit, also considering the use of all of them at
the same time (redundant set of data). For the PH, radical, the situation is similar**? and
the Ao/ By pair has been used. Differently, for the AsH, species, the smallest relative errors

126l and therefore their combination has been chosen. Particular

are observed for By and Cy,
cases are diatomic and linear molecules, which have only two non-vanishing and identical
rotational constants. In this case, for each isotopologue, only one rotational constant has to

be considered in the fitting procedure.

The “Lego-brick” approach for radicals

As mentioned in the introductory part of the Methodology section, for medium- to large-
sized radicals, the SE approach is exploited in the framework of the “Lego-brick” scheme,
with the focus somewhat shifting from benchmarking to prediction of structure and rota-
tional constants. From a computational point of view, the accurate determination of their
equilibrium structures is hampered by the computational cost and the intrinsic complexity

of describing an open-shell electronic configuration (see Introduction). Prompted by the

1 129

excellent results obtained for small PAHs,%®*4% henzene-derivatives,**¥ and long chains,
the present work introduces a protocol for the accurate yet cost-effective determination of
the equilibrium geometry of radical species. As already stated, this is based on the so-called
“Lego-brick” approach,®*® which in turn exploits the template-molecule (TM) approach
combined with the linear-regression (LR) approach.”’

According to the TM model, a medium-/large-sized molecular system can be seen as

the combination of smaller molecular fragments, for which accurate equilibrium structures

are available. In the TM scheme, the first step is to obtain the equilibrium geometry for

12



the target molecule at an affordable computational cost (thus using DFT methodologies,

TEFT,T)

. This is then improved by incorporating the corrections for the molecular fragments
(Arf):

T;I‘M,T = r?FT’T + ATéF) , (8>

with r denoting a generic structural parameter and Art? being
Ap(F) — ;SEF _ DFTF (9)
e e e Y

and F denoting the fragment and r°®¥ the r.(SE) structure of the fragment.
If, in the target molecule, there are structural parameters (bonds) connecting the envis-
aged fragments, then these need to be corrected in order to improve the original accuracy of

DFT methodology employed for r?* 1T, To do so, the LR approach is used:
rtRT = (14 a) x rPP0T b (10)

where a and b are the linear regression parameters, which depend on the DFT level chosen
and have been taken from ref. 50l In the present study, based on previous work, 0029143
for rPPTT e have employed the double-hybrid rev-DSDPBEP86-D3BJ®® functional in con-
junction with the jun-cc-pV(T-+d)ZBRe#AEH) hagis set, where “+d” refers to third-period
elements and “D3BJ” indicates the incorporation of empirical dispersion corrections.146147
Hereafter, this level of theory is shortly denoted as revDSD /junTZ.

While the “Lego-Brick” approach is well tested for closed-shell species, this is the first
application to radicals. Two different strategies have been tested. The first one, denoted
as “parent molecule-radical TM” approach, uses only one fragment for the TM approach,
which is the “parent molecule” of the open-shell species, i.e., the closed-shell system obtained

by adding a H atom on the radical site. As shown in Figure ], the test cases selected for this

first approach are the pairs benzene/phenyl radical, acrylonitrile/S-cyanovinyl radical (both

13



parent_molecule-radical TM

x

benzene/phenyl radical trans acrylonitrile/B-cyanovinyl radical
acrolein/s-trans-CH,CHO vinyl chloride/trans-B-chlorovinyl radical propadienone/linear-CH,CHO

2SR b 4

Figure 1: Test-case systems for the “parent molecule-radical TM” approach: in each panel,
the parent (top) and the radical species (bottom) are shown.

cis and trans), vinylchloride/chlorovinyl radical, acrolein/s-trans-CH,CHCO radical, and
propadienone/3-propendyl (also denoted as linear-CH,CHCO), with the latter pair being
the only case where one H atom is added (instead of removed) when moving to the radical
species. Instead, the second strategy, denoted as ‘radical-radical TM” approach, employs
more than one fragment: it combines closed-shell species with one radical fragment. This
approach is illustrated in Figure [2] where the test cases considered are shown: the members
of the C,S family, with n = 4, 6, 8, and 10, the CH,CHCO radicals (both the isomers
previously mentioned), and the naphthyl radical. While for the C,S (with the exception of

n=10) and CH,CHCO families experimental data are available, the naphthyl radical and

14



radical-radical TM

s-trans-CH,CHO linear-CH,CHO

Figure 2: Test-case systems for the “radical-radical TM” approach: in each panel, the TM
fragments (left) and the radicals (right) are shown. Colored halos are used identify to
highlight the fragments within the raical species.

C10S are prospective ones. Based on the results obtained using the “radical-radical TM”
approach (see next section), we indeed report the first accurate estimates of the equilibrium
geometry and vibrational ground-state rotational constants for C;yS and for both forms of
the naphthyl radical shown in Figure [2 (1- and 2-naphthyl radicals). For both strategies,
the results are assessed by comparing the equilibrium rotational constants obtained from the
“Lego brick” approach with the experimental ones. To have a meaningful comparison, the
former parameters have been augmented by vibrational corrections (the level of theory is
detailed in the discussion). To apply the “Lego-brick” approach, the r.(SE) structures of the

closed-shell fragments were taken from the literature: ref. 50/ (SE127 database) for benzene,

15



ethene, propadienone, acrolein, and acrylonitrile; ref. [148| for vinylchloride; ref. 149 for CsS.
Only for CsS, the r.(SE) structure was not available and, therefore, has been purposely
derived in this work. Concerning the radical fragments, their r.(SE) parameters have been
derived in this work, with the only exception of the phenyl radical whose data come from

ref. [33L

Results and Discussion

The results will be illustrated according to the organization of the Methodology section.
First of all, the small benchmark of the SE approach applied to radicals will be presented,
with the discussion being based on the system dimension: first diatomics, then triatomics,
to conclude with planar tetratomic radicals. For all these species, we report the r( structure,
which is obtained from the LSQ fit of the experimental By values without any correction,
the r.(SE) structure, which considers vibrational corrections to experimental By constants,
and the SE equilibrium structure denoted as 7.(SE) ¢, which is derived by incorporating
both the vibrational and electronic corrections (see eq. [p). The standard deviations of the
LSQ fits are collected in the Supporting Information (SI; Table S1). Subsequently, the
results from the “Lego-brick” approach will be presented. In this case, as mentioned in the
Methodology section, the accuracy of the resulting equilibrium geometries is discussed in

terms of rotational constants and their comparison with the available experimental data.

Semi-experimental equilibrium structure dataset

Before proceeding with the detailed discussion of the results as outlined above, we present
the outcome of the tests performed in order to investigate the level of theory used to compute
vibrational corrections. For a selection of radicals for which the corresponding experimental
values are available, the vibrational corrections have been calculated using the CCSD(T)

method, within the frozen-core (fc) approximation, the double-hybrid B2PLYP functional

16



Table 2: Computed and experimental vibrational corrections to the rotational
constants (AB,). All values in MHz.

Species  Rot. Const. Exp. CC/TZ* B2/TZ’® revDSD/TZ¢
SO B -86.20120 -81.60 -85.45 -79.90
BO B -248.74151 -232.79 -247.30 -240.38
CH B -8006.89422 -8011.18  -7696.93 -7592.56
OH B -10656.98%¢  -10768.88 -10534.53  -10391.58
SH B -4174.2357 -4163.85  -4060.51 -4001.63
NO B -263.38%8 -104.14 -257.59 -180.31
NS B -94.2010 -103.12 -94.17 -101.75

HCO A 6040.82122 5005.98 6434.49 8861.54
B -67.15153 -79.35 -98.28 -103.94
C -324.07153 -304.94 -301.76 -298.35
NH, A 8730.1613454 3982 57 0668.88 6399.76
B -1617.9343554_1416.06  -1539.45 -1571.55
C -6248.66114_6399.71  -6069.33 -5991.52
%MAE 14.9% 8.8% 15.8%
%MAE! 11.1% 9.3% 14.5%

2 CC/TZ stands for fe-CCSD(T)/cc-pVTZ. ® B2/TZ stands for UB2PLYP /cc-pVTZ.
¢ revDSD/TZ stands for revDSD /junTZ. ¢ Calculated without the contribution of the NO radical.

(in the unrestricted formulation: UB2PLYP),X® both in conjunction with the cc-pVTZ
basis set,**¥ and the revDSD/junTZ level. The comparison is reported in Table , where
the relative mean absolute errors (%MAEs) are also given. It is noted that, if the NO
radical is excluded from the statistics, the three levels of theory provide similar %MAEs.
Indeed, for NO, UB2PLYP leads to a very good agreement with experiment (2.2%), while the
CCSD(T) value is nearly half of the experimental datum and revDSD/junTZ gives a result
which is somewhat in between. Another outlier for CCSD(T) is the vibrational correction
to A for NHy. As noted in ref. 156, where a ABZ4, value of 5592.9 MHz was obtained at
the CCSD(T)/aug-cc-pCVQZ level correlating all electrons, this discrepancy with respect to
experiment is mainly ascribable to as'. Indeed, this vibration-rotation interaction constant
has a large experimental value (-68195.5 MHz) which is due to the fact that the bending

motion is a large amplitude motion, thus not appropriately described by VPT2. Furthermore,
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it is affected by a low-lying linear electronic excited state. If we exclude this datum, the
%MAE for CCSD(T) reduces to 7.2%.

The overall conclusion that can be drawn from Table [2]is that all levels of theory provides
vibrational corrections to rotational constants with an accuracy which is suitable for r.(SE)
determinations.?#2 Indeed, errors of 20% on the vibrational corrections are estimated to lead
uncertainties no larger than 0.1% on rotational constants.” Interestingly, revDSD /junTZ and,
especially, UB2PLYP /cc-pVTZ perform well also in the case of radical species. This is an
important outcome when, for example, reliable estimates for the vibrational ground-state
rotational constants of a medium-sized open-shell molecule are needed to guide spectral
recording and/or to support spectral analysis. In the following, however, since the systems
considered range from to 2 to 4 atoms and since the aim is to obtain a benchmark dataset,
the fc-CCSD(T)/cc-pVTZ level has been employed. This has been indeed considered as
the level of reference in several benchmark studies.*#?? The only exceptions are the NO
radical because of the discrepancy noted above and the CN radical because of its well-known
multireference character, which would require to incorporate up to quadruple excitations in

the CC expansion.

Diatomic species

For diatomic radicals, the comparison between the 1y, r.(SE) and 7.(SE) ¢ structures is
reported in Table [3] where the available literature values, mainly based on experimental
data, are also given. It is first of all noted that the ry structures are well determined
with the associated uncertainties being smaller than 1 mA, except for PH and AsH, whose
bond lengths show an error of 1 mA. Due to asymptotic limits, in the presence of a single
energy minimum, the ry bond distance, which describes the structure of the molecule in the
vibrational ground state, is greater than its equilibrium counterpart.

Moving from 7 to 7.(SE), the statistical error of the LSQ fit reduces, in most cases, by

one order of magnitude. This is also associated with changes in the resulting bond lengths,
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Table 3: Diatomic radicals: ry, 7.(SE) (SE equilibrium structure incorporating
vibrational corrections) and r.(SE);,; (SE equilibrium structure incorporating
both vibrational and electronic corrections) results compared with literature
data.

Species  7g re(SE)? 7(SE) furr” r. Literature
NH  1.0448(7) 1.0367(1)  1.03631(4)  1.03606721(13)"™
1.037286421

1.4220(1)  1.42166(6)  1.4222158

1.5231(2)  1.5241(5)  1.522370(86)1

SO 1.48399(2) 1.481233(2) 1.481163(1) -

BO  1.20740(3) 1.20473(3)  1.204689(2)  1.20466¢

CON  1.17441(3) 1.17228(2) 1.17211(2)  L.171800(6)™®
1.1717597(14)<152

CH 1.13026(2) 1.119791(4) 1.1180824(4) 1.11810°160
1.11991347

SH  1.3482(8) 1.34056(4) 1.34046(2)  1.3406194(3)7

OH  0.9778(7) 0.96988(9) 0.9708(2)  0.969616(9)5T
0.96978911

NS 1.49705(1) 1.493750(4) 1.493660(5)  1.49403(4)6I

NO  1.15369(2) 1.15254(1) 1.150871(6)  1.1506921(16)%

2 Vibrational corrections at the fc-CCSD(T)/cc-pVTZ level of theory, except for CN and
NO. For them, UB2PLYP /cc-pVTZ has been employed. See text.
b Electronic corrections (rotational g-tensor) at the HF /aug-cc-pVTZ level of theory.
¢ From an isotopic invariant fit. See refs. [100/159 for details.
4 Pure theoretical result obtained by means of a CC-based composite scheme incorporating
up to quadruple excitations and extrapolation to the complete basis set limit.*%4
¢ Pure theoretical result obtained by exploiting an extended HEAT protocol.*03

PH  1.430(

1)
AsH  1.531(1)

which vary from 0.8 mA, in the case of NH, up to 10 mA, for the CH radical, with an average
shortening of 5 mA. The incorporation of the electronic contribution in the LSQ fit (thus
leading to the 7.(SE) ) does not provide any significant modification (with only a couple
of exceptions; vide infra), but in all cases it improves the associated errors.

For NH, CH and OH, the r.(SE) value can be compared with the results from ref. 157,
where the effects of fourth-order vibrational perturbation theory (VPT4) on the SE equilib-
rium structure were considered. According to that work, the CH bond distance is 1.119913 A,
which is thus in very good agreement with our 7.(SE) value of 1.119791(4) A and deviates

by about 2 mA from the other literature value of 1.11810 A0 reported in Table [3| which is
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a pure, extremely accurate, computed result.*%1%3 Such a difference vanishes once we move
from 7.(SE) to r(SE) . Indeed, as in the case of 7.(SE)suu, the bond length from ref.
160 incorporates electronic effects in the equilibrium structure determination. Therefore,
the present work confirms, for CH, the importance of incorporating electronic corrections in
order to get an equilibrium distance fulfilling the 1-mA accuracy. This might be explained
by the presence of a low-lying excited state. In such a case, it is also a matter of relia-
bility because the differences between r.(SE) and 7.(SE) . are larger than the associated
statistical uncertainties. In passing we note the extremely too long bond length (1.137 A)
derived in ref. (164} in this respect, our 7.(SE) s, value together with that of ref. (160l provide
a solid benchmark result that can guide the selection of the level of theory to be employed
in the characterization of radical species. For NH, our r.(SE) value of 1.03631(4) A is in
good agreement with that reported in the literature by Melosso et al. ™ (1.03606721(13) A),
while both values are ~1 mA shorter than that derived using the VPT4 contribution, this
being 1.037286 AT5T The discrepancy reduces to about 0.5 mA if 7¢(SE) fuu is considered.
For the OH radical, our best estimate is 0.96988(9) A and the value obtained using VPT4
is 0.969789 A; thus, the difference is only ~0.1 mA. This is also in good agreement with
the experimental bond distance (from an isotopically invariant Dunham fit) obtained in ref.
87, which is underestimated by only 0.2-0.3 mA. Incorporation of the electronic correction
increases the distance by 1 mA, thus in a non-negligible way but still within the intrinsic
accuracy of the SE equilibrium structures.

Focusing on the other radicals, the largest deviation from the available literature value
is observed for the NO radical. Indeed, for this species, our LSQ fit leads to an equilibrium
bond distance of 1.15254(1) A, while in ref. 90 an experimental value of 1.1506921(16) A
was obtained from an isotopically independent Dunham fit, this latter distance being about
2 mA shorter than our evaluation. This discrepancy might be related to the different set of
isotopic species employed in the LSQ fit. However, it has to be noted that the difference is

reduced to about 0.2 mA once the electronic correction is taken into account, the 7.(SE) fuy
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value being 1.150871(6) A. This was somewhat expected because the experimental result of
ref. Q0 incorporates the effects of the breakdown of the BO approximation.

To summarize, for diatomics, the exploitation of the SE approach together with the
availability of the rotational constants for at least two different isotopic species allows for
obtaining equilibrium bond distances with an accuracy of 1 mA or even better. Our results
point out the need of incorporating electronic corrections in order to meet such an accuracy
whenever non-adiabatic effects cannot be neglected, this often being related to low-lying

excited states.

Triatomic species

In Figures [3|and [4] the triatomic radicals considered in this study are shown and the results
obtained (79, 7¢(SE) and 7.(SE) . structures) are there compared. Figure (3| collects the
triatomic S-containing radicals investigated in this work together with a couple of isovalent
species. Figure (] instead reports four XH, radicals having Cs, symmetry. The presentation

of the results is based on the classification provided by these two figures.

Figure 3l The discussion of Figure [3| starts with the two radicals in the left panels: HCS
(top) and HSC (bottom). Both of them are species of astrochemical relevance and their
astronomical detection provided new insights into the interstellar sulfur chemistry puzzle.1%
As noted in Table[I], for both radicals, the isotopologues experimentally investigated are the
main, the deuterated and the "*C-containing species. However, for HCS and H**CS, only
By + Cy could be determined.

For HCS, starting from /HCS, its ry value of 131.9(1)° differs by about 1° from that pre-
viously determined,® which is 132.8(3)°. The /HCS angle then increases to 133.5°, i.e., by
about 1.6°, when moving to the r.(SE) and r.(SE) s, structures. Such a large o — r. differ-

TI6I119

ence might be related to the experimental spectroscopic analysis; indeed, for the main

and 3C-bearing species, only B, + Cy could be determined and the By — C difference was
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1.5652(2) 1.061(3) | 1.3110(9) 1.1797(1)
1.5619(2) 1.036(2) | 1.31345(3) 1.1762(1)
1.5619(1) 1.036(1) | 1.31349(2) 1.17612(8)

1.1224(4)
1.1178(3)
1.1173(2)

131.9(1) 1.5668(7) 124.97(3)
133.49(9) 1.56388(3) 124.42(2)
133.46(8) 1.56379(2) 124.48(1)
1.401(3) 1.6381(5) 103.8(2) Angle fixed
1.3718(7) 1.6380(1) 104.47(1)  to 118.39°
1.3722(7) 1.6379(1) 104.48(1)
1.4980(4) 0.970
7 103.0(3 .970(1)
03 2§3()7) sy 1387(2) | 0.971(2) 1.6475(1)
103.25(7) -49466(3) 1.3672(1) | 0.972(1) 1.6440(1)
: 1.3674(1) 1.6430(1)

Figure 3: S-containing radicals and isovalent species: 7o (light blue), r.(SE) (red), and
7e(SE) fuu (green) structures. Bond lengths are in A, angles in degrees.

kept fixed at the value derived from the ry value calculated in ref. using the three rota-
tional constants of DCS and By +C, for HCS. However, our resulting r.(SE) /7. (SE) . value
of 133.5° overestimates by about 1° the accurate quantum-chemical derivation of 132.5° 166
This latter is expected to have an accuracy of about a few tenths of degree, the level of theory
employed being a composite scheme rooted in CCSD(T) which accounts for extrapolation
to the complete basis set (CBS) limit and core-valence (CV) correlation effects (hereafter
CCSD(T)/CBS+CV). As a sort of confirmation that the limitations noted above are related
to the available spectroscopic parameters, such a large variation when moving from rq to r.
is not noted for HSC, whose 7 angle is 103.0(3)° and becomes 103.28(7)° when applying the
SE approach. This latter value is also in good agreement with the CCSD(T)/CBS+CV 7,
counterpart of 103.1°,166 while the experimental 7" one of 104.2(2)°, obtained in ref. 121,
results overestimated by about 1°.

For HCS, the considerations made above also apply to bond lengths. The ry value of C—S

is 1.5652 A, which becomes 1.5619 A at the equilibrium, thus shortening by about 3 mA. This

*r, is based on the average nuclear positions at 0 K and can be related to the substitution r, structure.167
For the specific details on HSC, the reader is refereed to ref. 1211
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is still 7 mA longer than the corresponding CCSD(T)/CBS+CV value (1.555 A).T6 These
values agree with those previously reported in the literature, but the same does not apply to
the H-C bond distance. Its 7y value is 1.061(3) A, which becomes 25 mA shorter (1.036 A)
when 7.(SE) and r.(SE) . are considered; however, such a short value is not predicted by
any theoretical method. Indeed, at the CCSD(T)/CBS+CV level, the H-C distance is 1.085
A, thus ~50 mA longer than the r.(SE) /7¢(SE) sy value. Once again, this result is surely the
outcome of the experimental constraints mentioned above. Therefore, our conclusion is that
additional experimental measurements on HCS are required to derive a complete, accurate
and reliable, SE equilibrium structure for this radical. HCS thus provides a significant
example of how the SE approach can be used to verify the reliability of experimental data
once the latter do not result from a complete characterization. Different is the situation for
HSC. For the S—C bond, the difference between ry and 7. is negligible, i.e. within 0.2 mA.
Furthermore, the 7¢(SE) /7.(SE) f value of 1.638 A well agrees with the CCSD(T)/CBS+CV
result of 1.637 A.T66 Ag expected, the H—S distance changes considerably when moving from
To to re: it shortens by about 30 mA. However, our 7e(SE)/re(SE) fuu value (1.372 A) is still
8 mA longer than the CCSD(T)/CBS+CV result, 18 but still in better agreement than the
experimental estimate of r., based on 7, from ref. 121], which is 1.379(3) A.

Two other S-bearing radicals have been investigated, which are depicted in the middle
panels of Figure the linear CCS species (top) and HSO (bottom). In analogy to the
radicals previously discussed, both of them are species of astrochemical interest, which have
been detected in the interstellar medium (ISM). Concerning CCS, the ry values of the C-C
and C—S bond lengths are 1.3110(9) and 1.5668(7) A, respectively. These become about
2 mA longer and 3 mA shorter, respectively, when moving to 7.(SE), with the associated
errors decreasing by about one order of magnitude. This suggests that without accounting for
vibrational effects the overall length of the radical is well determined, but the contributions
of the two bonds are less accurate. Inclusion of electronic contributions leads to negligible

modifications: ~0.1 mA on C-S and 0.04 mA on C—C. The 7e(SE) fui parameters result to
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be: C~S1.56379(2) A and C—C 1.31349(2) A. These bond lengths are very accurate because
data for five isotopologues and isotopic substitution for each atom are available. Therefore,
CCS is a good example for demonstrating that there is no reduction in accuracy when moving
from closed-shell species to radicals in the application of the SE approach. The reliability
of the 7.(SE)/r.(SE) fun structures is supported by the agreement well within 1 mA with a
high-level quantum-chemical equilibrium geometry obtained at the CCSD(T)/CBS+CV level
augmented for the contribution of full treatment of triple (fT) and quadruple (fQ)) excitations
(hereafter denoted as CCSD(T)/CBS+CV+{T+{Q) in ref. 168l Indeed, the latter structural
parameters are 1.5624 A for C—C and 1.3132 A for C—S, which are expected to have an
accuracy better than 1 mA. 15

Focusing on HSO, it should be mentioned that this radical has only very recently been
detected in the ISM1 despite the fact that its first spectroscopic characterization dates back
to 1981. This radical is bent and the ry structural parameters are: S—H = 1.387(2) A s-0
— 1.4980(4) A, and /HSO = 103.8(2)°. The two bond lengths shorten to 1.3672(1) A and
1.49473(2) A, respectively, when moving to the r.(SE) geometry, while the angle increases
to 104.47(1)°. As expected, since the rotational spectrum has been measured only for the
parent and deuterated species and in view of the large mass change in the H/D substitution,
relevant vibrational effects are noted for the structural parameters involving hydrogen: ~20
mA for S—H, 4.3 mA for S—0, and 0.7° for /ZHSO. Once the electronic contribution is
introduced, the geometry remains nearly unchanged, with the S—H bond length experiencing
the largest effect: a decrease of about 0.2 mA to 1.3674(1) A. The present SE equilibrium
structure is accurate and offers the opportunity to derive accurate rotational constants for
rare isotopologues, e.g. those containing 3*S, and thus support their observation both in the
laboratory and in space. In this respect, it is important to stress the accuracy and reliability
of 7.(SE)/re(SE) fuu. In fact, the corresponding structural parameters have been found in
very good agreement with those obtained, in ref. 125, at the CCSD(T)/CBS+CV+{T+{Q

level (S—H = 1.3658 A, S-O = 1.4937 A, and /HSO = 104.59°).
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The last radicals of Figureare two isovalent species: HCO (right panel, top), which is the
O-bearing analogous of HCS, and HSiO (right panel, bottom), which is obtained by replacing
S with O and C with Si in HSC. For HCO, an important species in combustion chemistry
and astrochemistry, only two isotopologues have been experimentally investigated: HCO and
DCO. For all types of structures considered, the uncertainty on the angle is small: 0.03° for
ro and 0.02/0.01° for r.(SE) /7. (SE) fuu. However, while the r.(SE) and r.(SE) ., values are
very similar, 124.42° and 124.48°, respectively, the rq angle is about 0.5° larger (124.97°).
A similar situation is observed for the CO bond, whose rq distance is 1.1797(1) A and
shortens by about 4 mA when moving to r.(SE)/r.(SE) s, the corresponding values being
1.1762(1)/1.17612(6) A. As expected (see discussion above), the C—H bond distance is the
most affected by vibrational effects. The 7y and r.(SE) values are 1.1224(4) A and 1.1178(3)
A, respectively, the former thus being ~5 mA longer than the latter. Instead, electronic
corrections do not affect significantly the bond length, the r.(SE) s, value being 1.1173(2)
A. To improve the re(SE) determination, the lack of important isotopic substitutions has to
be overcome, thus calling for experimental measurements for the 1*C- and /or '¥O-substituted
isotopic species. As mentioned for HSO, the availability of accurate SE equilibrium structures
allows for getting accurate equilibrium rotational constants for missing isotopologues that,
once corrected for vibrational effects, offer accurate predictions to be exploited for experiment
guidance.

The last radical species of Figure [3is SIOH. Its SE equilibrium structure has only been
partially determined because, even though data for four isotopologues are available, these
are limited to effective rotational constants (Beg), which were obtained by fitting SiOH
transition frequencies to the linear molecule Hamiltonian, and thus B.g can be considered
the half sum of By and Cjy. This obviously led to the impossibility of deriving the /HSiO
angle, which has been kept fixed at the best value available in the literature, i.e. 118.39° (from
RCCSD(T) /cc-pV5Z calculations™™@). The 7 structural parameters are: O—H = 0.970(1) A

and Si—O = 1.6475(1) A. These values are in agreement with the determination carried out
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1.089(1)
1.07900(95)
1.07897(95)

1.4172(1)
1.41613(8)
1.41581(4)

7 132.0(4) - 91.70(1)
132.86(35) 91.733(7)
132.86(35) 91.745(4)
1.02431(6)
1.02416(4) 1.528(1)
1.023618(2) 1.51665(9)

1.51647(3)

103.296(8)
90.0(2

103.090(6) 90 75( 1))

103.1488(3) 90.777(5)

Figure 4: Triatomic radicals of Cy, symmetry considered in this work: ry (light blue), r.(SE)
(red), and 7.(SE) uy (green) structures. Bond lengths are in A, angles in degrees.

in ref. 1T (O~ H = 0.969(4) A and Si—O = 1.648(2) A). To account for vibrational effects,
the experimental ground-state Beg constants ((Bg + Cp)/2) have been corrected for the
mean value of the corresponding vibrational corrections ((AByi, + ACyi)/2). The resulting
7.(SE) C-H and Si-O bond lengths are 0.971(2) A and 1.6440(1) A, respectively. Both
bond distances remain nearly unchanged when the electronic correction is incorporated, the
changes being of the order of 1 mA. The last comment concerns the statistical errors, which

are nearly the same for all types of structures.

Figures [4. In Figure [d] four radicals of Cy, symmetry and XH, general formula are col-
lected. While the species with X = N, P and As are members of a family, X belonging
to the same group of the periodic table, CH, has been considered as a separated molecule.

For this latter, which is a radical of astrochemical interest, only two isotopologues have been
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investigated using rotational spectroscopy: the parent species and the mono-deuterated vari-
ant (CDH). From the comparison reported in Figure {4} it is noted that vibrational effects
are very pronounced. The ry C—H bond and /HCH angle are 1.089(1) A and 132.0(4)°,
respectively. When moving to r.(SE), the CH bond length decreases to 1.07900(95) A, i.e.
by about 10 mA, while it remains nearly unchanged when incorporating the electronic con-
tribution. A similar trend is observed for the angle, whose 7.(SE) and r.(SE) s, value is
132.86(35)°, the electronic corrections thus resulting entirely negligible. For comparison pur-
poses, we note that the best computational study on CHsy, which —starting from CCSD(T)
calculations with a large augmented-core-valence basis set (aug-cc-pCV6Z)— incorporated
scalar relativistic effects, diagonal BO corrections and high-order electronic correlations (up
to pentuples),™™ led to C—H = 1.075660 A and /HCH = 133.922°. The largest difference
with our results is observed for the C—H bond (about 3.3 mA). This comparison points out
that even if only two isotopic species are available, an accurate and reliable r.(SE) could be
determined.

The NH,, PHy and AsH, dihydrides provide insights into the structural modifications
occurring when moving down along a group of the periodic table. In the case of NHs, the
experimental data include the rotational constants for NHy, NHD and ND, for both “N
and N (see Table . In view of the large set of isotopologues and its planarity, NH, is
a suitable test case for comparing the different possible choices of rotational constants to
be employed in the LSQ fit. The results are summarized in Table 4] From its inspection,
it is noted that, if only vibrational corrections are incorporated (r.(SE)), the best possible
combination of rotational constants (i.e. smaller uncertainties) is By/Cy, this being related
to the o' vibration-rotation interaction constants as previously discussed. For r.(SE), the
largest differences noted are between the results from the Ag/By and By/Cy sets for the
bond distance, 0.35 mA, and between those from the A, /By and Ag/Cy sets for the angle,
0.08°. Therefore, the differences are larger than the statistical errors, but are well within the

typical estimated accuracy of SE equilibrium geometries (i.e. 1 mA for bond lengths and 0.1°
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Table 4: SE equilibrium structures of the amidogen radical from different com-
binations of the rotational constants.

’I“e(SE) TG(SE)fu”
N-H (&) /HNH (°) N-H (A) /HNH (°)
Ao/ Bo 1.024163(43) 103.0899(58)  1.023618(2)  103.1438(3)
By/C 1.023809(15) 103.1443(40)  1.023931(21) 103.1001(58)
Ao/Cy 1.023878(28) 103.0623(82)  1.023873(14) 103.1718(42)
Ao/By/Cy | 1.023949(42) 103.0991(93) 1.023808(35) 103.1400(77)

for angles). Introduction of electronic corrections (r.(SE)s,;) varies in a nearly negligible
manner the geometrical parameters (the largest changes are 1 mA on N-H for the 4, /By
and Ag/By/Cy combinations, and 0.1° on /ZHNH for the Ay/Cj set) and, on average, reduces
the statistical uncertainties. While for the By/Cj set, a small increase is observed, for the
Ay/Cy and Ay/By/Cy combinations a small reduction is instead noted. Interestingly, for the
Ao/ By set, the statistical errors decrease by one order of magnitude. More in detail, on the
basis of the uncertainties on the structural parameters (from the largest to the smaller), the
combinations order is the following: Ay/By/Cy > Ag/Cy > By/Cy > Ag/By. Such an order
reflects the accuracy of the experimental rotational constants used; indeed, as mentioned
in the Methodology section, the accuracy order (from the most to the least accurate) is
Ay > By > Cy. The last note concerns the Ag/By/Cy combination, which is a redundant
(linearly dependent) set of data: while the structural parameters obtained when using all the
three rotational constants are accurate and reliable, their statistical uncertainties are larger
than those resulting from LSQ fits that use only linearly independent data. This latter is
an outcome of general validity. In the following, only the results from the LSQ fit using the
Ay /By set are considered (also reported in Figure [4)).

For NH,, some previous equilibrium geometries are available in the literature. The
pure experimental and SE equilibrium structures have previously been determined using
only the NH, parent species, the corresponding N—H distance being 1.0254(12) AT and

1.0239(9) A 6 yespectively. Our determination, based on the set of the six different isotopo-
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logues mentioned above, led to a 7y value of 1.02431(6) A and r,.(SE)/r.(SE) .y values of
1.02416(4)/1.023618(2) A. Because of the large uncertainties affecting the N—H bond lengths
in refs. [156/172 (about 1 mA), they agree with our 7y and r.(SE) values. Instead, incorpo-
ration of the electronic corrections leads to a shortening of about 0.5 mA. Moving to the
/HNH angle, the literature values based on the NH, isotopic species are 102.85(14)° (pure
experimental determination#) and 103.10(6)° (SE equilibrium value’*®). For this angle, our
6-isopologue determination is 103.296(8)° for ¢, 103.090(6)° for r.(SE) and 103.1488(3)° for
7e(SE) fuu. All these values agree within 0.2°. Moving from ry to 7.(SE), the angle shrinks
by about 0.2°, and then it widens by about 0.06° when accounting for electronic correc-
tions. For both structural parameters, the uncertainties affecting our values are 1-2 orders
of magnitude smaller than those of the literature results.’*®!*2 Finaly, we note that the
CCSD(T)/CBS+CV-+T+£Q structure from ref. 62, with a N-H distance of 1.0237 A and
an angle of 103.18°, shows an agreement well within 1 mA and 0.1° with our SE equilibrium
geometries. In conclusion, NHs provides another example of the great accuracy obtainable
by applying the SE approach to radical species. Furthermore, incorporation of electronic cor-
rections turns out a powerful tool to recover non-adiabatic effects due to a low-lying excited
state.

For phosphidogen, the LSQ fit employed the data available for the three species con-
taining only stable isotopes: PHy, PHD, and PD,. The resulting 7.(SE) is 1.41613(8) A
for P—H and 91.733(7)° for /ZHPH. Therefore, we note that the angle narrows when go-
ing from NHy to PH,, with this being mainly related to the increased size of the central
atom and its lone-pair when moving from N to P. An analogous —albeit less marked— trend
is observed when going from PHy to AsHs, the r.(SE) angle of the latter being 90.79(1)°.
Thus, it is expected that only negligible variations occur when moving further down along
the periodic-table group. From the comparison of the 7.(SE) s, structures, it is apparent
that incorporation of electronic corrections is less and less important when going down along

the group, indeed becoming negligible for the two heavier hydrides. For PHy, and AsH,,
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the 7o P—H and As—H bond lengths are 1.4172(1) A and 1.528(1) A, respectively, which
shorten to 1.41581(4) A and 1.51647(3) A, respectively, in the case of r.(SE) . (i.e. when
vibrational and electronic contributions are considered in the LSQ fit). The corresponding
angles are 91.745(4)° for PHy and 90.77(75)° for AsHs. It is worthwhile noting that this is
the first accurate equilibrium structure for AsH, reported in the literature so far. For PHs,
the CCSD(T)/CBS+CV-+T-+{Q results from ref. 62, P~ H = 1.4158 A and /ZHPH = 91.78 °,

are in nearly perfect agreement with our r.(SE) s, values.

Tetratomic species

The tetratomic radicals investigated in this work are shown in Figure [5] where the corre-
sponding 7o, 7.(SE) and r.(SE) s, structures are also reported. All the radical species here
considered are planar.

In the left panel of Figure [p| we find the trans (top) and cis (bottom) forms of HOCO.
This radical is important in combustion processes and in the terrestrial atmosphere, where
it plays a key role in converting CO into CO,.™ The trans form is more stable than the
cis one by about 6 kJ/mol. Despite this energy difference, the same isotopologues could be
experimentally investigated for both trans and cis forms."#” These are, in addition to the
parent species, DOCO, H'®*OCO, HOC'0, and HO'¥CO0.140 A SE equilibrium structure for
this species was reported for the first time in ref. 140, together with the ry geometry. The
recommended values for the r.(SE) structural parameters from ref. [140] are also reported
(using pink color) in Figure 5| and compared with the results obtained in the present work.
For both isomers, our 7.(SE) structures agree within the quoted errors with those reported
in ref. [140. It has to be noted that the recommended values from ref. 140 have uncertainties
that are one order of magnitude larger than ours only because conservative errors of 1 mA
for bond lengths and 0.1° were applied to the former. The novelty of this work is the
incorporation of the electronic corrections, which however have a negligible impact on the

ro(SE) parameters.
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Figure 5: Tetratomic radicals considered in this work: 7 (light blue), r.(SE) (red), and
7e(SE) fuu (green) structures for the. The pink color refers to the recommended values from
ref. for the HOCO forms and from ref. 174 for HO5. Bond lengths are in A, and angles

in degrees.

In the middle panel of Figure [5| two isovalent radicals are shown: HOOO (top) and

HOSO (bottom). The HOOO radical is a challenging species: it can be considered as a

molecule formed via weak interaction between the OH radical and the O, molecule. Several

studies addressed the molecular structure of this species, with the most recent results being

reported in 2019.77 In ref. [I74] the vibration-rotation interaction constants required to derive

the vibrational corrections to rotational constants were obtained using a composite scheme

denoted as focal point analysis (FPA). T8 The resulting r.(SE) is: O;~H = 0.9690(21) A,

01*02 == 16632(26) A, 02*03 = 12148(17) A, ZHOloQ == 9605(17)0 and 1010203 -

110.08(7)°.1™ This r,(SE) is their recommended equilibrium geometry and was evaluated

using all the three rotational constants despite the planarity constraint (see eq. @ These can

be compared with our r.(SE) (Figure[5} red color), which was instead obtained employing By

and Cj in the LSQ fit. Focusing on the O;—H bond length, our determination is 0.951(9) A,

thus about 18 mA shorter than the value above. However, if the SE equilibrium structure
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obtained in ref. [I74] using the By and Cj constants is considered, a good agreement is
noted: 0.9521(36) A vs 0.951(9) A. Another 7,(SE) available in the literature (vef. [I77) was
determined using a multireference method (MRCI+Q), in conjunction with the aug-cc-pVTZ
basis set, for computing vibrational corrections. For the O;—H distance, they obtained a
value of 0.961 A, which agrees with both results within statistical uncertainties. A further
SE equilibrium structure determination was reported in ref. 36, where the CCSD(T)/aug-
cc-pVQZ level of theory was used for the evaluation of vibrational corrections. In that work,
the LSQ fits employing different combinations of rotational constants were provided; the
resulting O; —H bond lengths range from 0.944 A to 0.952 A. Therefore, these results are
in reasonable agreement with our determination, while they significantly deviate from the
recommended value of ref. 174l Since the last two works discussed above (namely refs.
30/17T) considered a set of isotopologues smaller than the one employed in ref. [174] and
in our study, the most meaningful comparison is that with the results from ref. [174. The

last comment on the O;—H bond concerns ry. As already noted in previous works,#¢3

a
very short bond distance is obtained when the 7y structure is considered (0.86 A), which
was attributed to the HOj torsional mode. Moving to the other bond lengths, namely
O;-04 (central O—0 bond) and O2—0Oj3 (terminal O—O bond), sensible deviations from
the literature are noted. For O; O, our SE value of 1.661(2) A is in good agreement with
that from ref. 174 (1.6632(36) A), the difference of 2 mA being well within the statistical
uncertainties. For Os—03, the difference is more pronounced: our determination is 1.228(2)
A and thus is 13 mA longer than the recommended value (1.2148(17) A) from ref. 174, We
tried different combinations of rotational constants in the LSQ fit, but we were unable to
reproduce that result: in all cases, a bond length longer by at least 10 mA was obtained.
The comparison for angles points out that we predict a /ZHO;0O, angle smaller by about 2°
than that from ref. 174: 94.2(5) vs 96.02(17)°. Instead, for the Z0;0203 angle the difference
is only 0.1°, 110.0(9)° vs 110.08(7)°, thus well within the given uncertainties. The deviations

from the literature values cannot be ascribed to the different methodologies employed for
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2 instead, as already noted in ref. [36, the

the computation of the vibrational corrections;
combination of rotational constants employed in the LSQ fit affects the final outcome. If
we compare our results (By/Cy combination) with those from ref. [I74] that made use of
same set of rotational constants (i.e. r.(BC) in Table VI**)  the agreement for O; — O, still
persists. Finally, incorporation of the electronic corrections in the LSQ fit does not provide
any noticeable improvement.

The cis (also denoted as syn) form of the HOSO radical is another challenging radical,
which plays a role in combustion, atmospheric and interstellar chemistry.®” According to
the fe-CCSD(T)/ce-pVTZ computations we carried out, this species is planar, and thus its
planarity has been assumed in this work. However, in the literature its non-planarity has
been discussed at length.?? All the structures addressed in the following have been obtained
by fitting the By and Cj rotational constants. If no vibrational corrections are considered in
the LSQ fit, the ¢ structure (see Figure [5) is obtained, which can be compared with that of
ref. 37, From such a comparison it is noted that the two structures essentially agree within
the provided uncertainties. Indeed, our ro H-0; and O, S distances are 0.94(1) A and
1.66(1) A, respectively, which well match the values of 0.932(15) A and 1.657(9) A from ref.
37. Instead, a difference is noted for the S—O bond: our value of 1.435(1) A is 8 mA shorter
than that of ref. 37 (1.443(9) A), which is however affected by a larger uncertainty. Moving
to r.(SE), we first of all note that the LSQ fit resulted problematic, with large residuals which
do not improve by introducing the electronic corrections. The general conclusion is that it
is not possible to define an equilibrium structure able to accurately reproduce the rotational
constants of all the different isotopic species. The overall conclusion is that the molecule is
planar on the vibrational ground state, but it is not at the bottom of the potential energy
well. A small deviation of the system from planarity is expected to also affect the accuracy of
the computed vibrational corrections. However, our LSQ fit suggests that the experimental
results should be reviewed for the doubly ¥O-substituted isotopic species. In fact, we could

only incorporate the By constant in the fit, while Ay and By could not at all be reproduced.
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Finally, a detailed comparison between the ry and 7.(SE)/r.(SE) fuu structural parameters
is meaningless because of the large uncertainties of about 10-20 mA for bond lengths and
0.1°-0.2° for angles affecting the SE geometries.

The last two radicals appearing in Figure [5| (right panel) are FCO, (top) and CICH,
(bottom), which are both planar with Cy, symmetry. The best structure reported in the
literature for FCO4 was obtained in ref. [136l, where both rg and 7 structures were determined.
The former can be compared with the present determination: our ro C—F and C—-O bond
lengths are 1.325(4) A and 1.235(2) A, respectively, which agree rather well with the values of
1.3204 A and 1.2407 A from ref. [136] the differences being about 5 mA for both bond lengths.
Moving to the SE equilibrium structure, it is noted that the differences between r.(SE) and
7e(SE) ruu are entirely negligible. Indeed, the effect of electronic corrections is smaller than
0.01 mA for bonds and about 0.03° for the /ZFCO angle. The 7e(SE) fuu structural parameters
are: C-F = 1.311(1) A, C-O = 1.2340(8) A, and /FCO = 120.51(6)°. The comparison
of these values with the r ones points out a shortening of 14 mA for C—F when moving
to equilibrium, while the difference for C~O is only 1 mA. A noticeable enlargement of 1°
is observed for /ZFCO when going from 7y to r.. Finally, our results agree within 1-5 mA
with the corresponding r, values;™*® however, as discussed in the Introduction, the r.(SE)
structure is more reliable than its r, counterpart. Therefore, our study provides the most
accurate structure of FCO4 available so far; furthermore, its accuracy is such that it can be
employed to derive the rotational constants for the *C-containing isotopologue, which has
not experimentally been characterized yet.

All the structures of CICH; reported in Figure [5] have been obtained from the data
available for only two isotopic species: **CICH, and "C1CH,.138 In ref. 138, in addition to
the characterization of the rotational spectra of these two isotopologues, the ry structure
was provided. The authors assumed a C~H bond distance of 1.09(1) A and, by fitting the
vibrational ground-state rotational constants, they derived C—Cl = 1.691(4) A and /HCH

= 122.6(2)° (this implying /CICH = 118.7°).%* In our ry determination, we let instead

34



the C—H bond length vary and determined all the three parameters. Despite the lack of
any isotopic substitution at the hydrogens, the fit led to a ry geometry in agreement with
the literature one, but improved in terms of uncertainties: C-H = 1.0968(5) A, C-Cl =
1.6912(2) A and /CICH = 118.43(5)° (this implying ZHCH = 123.14°). Moving to r.(SE),
the missing information on the isotopic substitution for the H atoms leads to a suspicious
longer distance for C—H, 1.1046(5) A, and the /CICH seems to decrease too much. Indeed,
these structural parameters are strongly correlated in the LSQ fit. Therefore, without further
experimental data we cannot estimate the reliability of the r.(SE) parameters and improve
them. Incorporation of electronic corrections has negligible effects on both the structural

parameters and their uncertainties.

The “Lego-brick” approach at work

As mentioned in the Introduction, the “Lego-brick” approach can be employed to obtain
accurate equilibrium structures at a low computational cost. It can also be used to provide
reliable estimates for structural parameters that need to be kept fixed in partial SE determi-
nation. To the best of our knowledge, this is the first application of the “Lego-brick” approach
to radical species. As mentioned in the Methodology section, two different procedures have

been tested: “parent molecule-radical TM” and “radical-radical TM”.

The “parent molecule-radical TM” approach

¢

In Figure [I} the systems considered for the “parent molecule-radical TM” approach are
depicted: benzene has been employed to template the phenyl radical, vinyl cyanide (acry-
lonitrile) for the trans and cis forms of the S-cyanovinyl radical, vinyl chloride for the trans-/-
chlorovinyl radical, acrolein for s-trans-CH,CHCO, and propadienone for linear-CH,CHCO.
This test was kept limited because we expected that the strong electronic modifications oc-

curring when a closed-shell molecule homolytically looses a hydrogen atom, are not reliably

accounted for in the TM approach. Furthermore, several systematic studies have shown that,
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Table 5: Comparison of experimental and computed ground-state rotational
constants (MHz) at the revDSD /junTZ level and from the “parent molecule—

radical TM” (TM) approach.

trans-f-cyanovinyl radical

Experiment® revDSD  Error (%) ™ Error(%) ABub"
Ao 65918.10(53) 66621.02 1.07 66327.43 0.62 -257.56
By 5067.06(59) 5067.73 0.01 5098.11 0.61 2.54
Co 4685.71(57) 4701.44 0.34 4726.15 0.86 8.95

cis-F-cyanovinyl radical

Experiment? revDSD  Error (%) T  Error(%) AB°
Ao 49757.42(27) 49622.57 -0.27 49479.09 -0.56 -221.47
By 5364.31(16) 5395.68 0.58 5430.82 1.24 6.245
Co 4832.54(13) 4856.87 0.50 4884.00 1.07 12.58

phenyl radical

Experiment® revDSD  Error (%) T™ Error(%) ABu’
Ao 6280.203(113) 6397.29 1.86 6419.74 2.22 42.78
By 5599.597(92) 5707.55 1.93 5728.54 2.30 41.37
Co  2959.40114(57) 3017.36 1.96 3028.21 2.33 22.04

trans--chlorovinyl radical

Experiment? revDSD  Error (%) ™ Error(%) ABu’
Ay 57457.5039(13)  58656.45 2.09 58642.79 2.06 -328.16
By,  6483.86279(30) 6427.06 0.88 6493.83 0.15 47.03
Co  5816.07623(31) 5782.39 0.58 5836.29 0.35 44.91

s-trans-CH,CHCO

Experiment® revDSD  Error (%) ™ Error(%) ABu”
Ay 60392.2023(21)  60565.82 0.29 60590.49 0.33 543.20
By 4654.42551(55) 4635.65 0.40 4663.52 0.20 21.01
Co  4322.76810(36) 4306.64 0.37 4330.82 0.19 20.29

linear-CH,CHCO

Experiment® revDSD  Error (%) ™ Error(%) ABu”
Ay 48845.53592(146) 48836.30 0.02 49177.01 0.68 459.47
By  4753.70918(38) 4737.85 0.33 4751.55 0.05 3.06
Co  4327.29901(45) 4324.97 0.31 4327.99 0.02 11.00

2 Taken from ref. 68, ® Computed at the revDSD /junTZ level of theory. ¢ Taken from ref. 67, ¢ Taken
from ref. [I78: 3°Cl-isotopologue. ¢ Taken from ref. [I79
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for closed-shell species, the equilibrium bond lengths computed using the revDSD functional
are systematically too long, with this providing a general explanation why the LR, TM,
and related approaches are so successful. 2218l The situation is however different for open-
shell systems: for them, the revDSD functional tends to underestimate the equilibrium bond
lengths. To give an example, the revDSD /junTZ C—C equilibrium bond length in benzene
(1.3941 A) is overestimated by about 3 mA with respect to its r.(SE) value (1.3916(1) A25),
whereas the revDSD/junTZ C-C bond distances in the phenyl radical (C;—C, = 1.3678
A C,-C,, = 1.3953 A, Cn-C, = 1.3881 A) are underestimated, on average, by 5 mA
with respect to their r.(SE) counterparts (C;-C, = 1.3731(47) A, C,~C,, = 1.3980(17)
A, C,,—C, = 1.3927(16) AZ%). Therefore, the general rule seems to be that the systematic
corrections go in opposite directions for closed-shell and open-shell species, thus preventing
the application of the TM approach.

Our expectation is confirmed by the results collected in Table bl where the experimental
and computed ground-state rotational constants are compared. In the last column of Ta-
ble o], the vibrational corrections required to correct the equilibrium rotational constants,
straightforwardly derived from the TM geometry, are reported. It has to be noted that, in
the present case, the “Lego brick” is the entire molecule; thus, there is no LR correction
to apply and the “Lego-brick” approach is the TM approach itself. From the inspection
of Table [f] it is apparent that deviations from experiment increase when moving from the
revDSD /junTZ level to the TM-approach results: on average, for the S-cyanovinyl radical:
from 0.46% to 0.83%, for the phenyl radical: from 1.92% to 2.28%, and for the CH,CHCO
radicals: from 0.29% to 0.37%. Only for the trans-f-chlorovinyl radical we note a slight
improvement: on average from 1.18% to 0.85%. However, these deviations are much larger
than what expected from the TM approach. In Table S2 of the SI, the corresponding re-
sults obtained by applying the TM approach to B2PLYP /junTZ calculations are collected.
It is noted that the outcome is very similar to that of Table 5| both at the DFT and TM

level. We can therefore conclude that, as expected, the disappointing results of Table [5] are
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Table 6: TM bond lengths (in A)® and corresponding rotational constants (in
MHz) for the C,S species with n = 4, 6, 8, and 10.

Parameter C4S CeS CsS C10S
r(C18) 1.5576 1.5571 1.5573 1.5584
r(C1C2) 1.2798 1.2804 1.2805 1.2801
r(C2C3) 1.2908 1.2806 1.2786 1.2779
r(C3C4) 1.2937 1.2726 1.2753 1.2764
r(C4C5) 1.2938 1.2824 1.2796
r(C5C6) 1.2862 1.2691 1.2723
r(C6CT) 1.2960 1.2841
r(C7C8) 1.2817 1.2661
r(C8C9) 1.2973
r(C9C10) 1.2789
B.(TM) 1518.42 596.73 297.42 170.29
Bo(TM) ® | 1518.77 (0.03%) 597.18 (0.01%) 297.93 (0.04%) 170.83
By(exp) © 1519.2062(3) 597.12499(7) 297.81(1) -

2 Angles are kept fix at 180°. P Computed vibrational corrections to rotational constants are: at the
fc-CCSD(T) /cc-pVTZ level for the C4S species, and at the fc-MP2/cc-pVDZ level for longer chain (CgS,
CsS, and Cy0S). ¢ Experimental values taken from ref. [Tl

not related to the choice of the double-hybrid functional employed for the initial structural

determination.

The “radical-radical TM” approach

The systems considered in the “radical-radical TM” approach are shown in Figure [2| In this
model, a radical species is used for describing the radical center of a larger open-shell species.
The first example considered is the C,, S systemﬂ with n = 4, 6, 8 and 10. As shown in Figure
[2, the “bricks” considered are the CyS radical, and the C3S and CsS closed-shell molecules.
Following the color code employed in Figure [2| (and in particular the colored halos), C4S can
be seen as resulting from the combination of the C,S radical and the terminal CC fragment

of C3S (C2C3, the numbering of the C atoms starting from the closest one to S). Moving

fFor n = odd, C,S is a closed-shell molecule; for n = even, C,S is a open-shell species with a 3%
electronic ground state.
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to CgS, the three envisaged fragments are the CyS radical, the central CC moiety of C5S
(C2C3, where the numbering of the C atoms again starts from the closest one to S), and the
terminal CC fragment of C3S. CgS and C1pS are obtained by adding to the fragments used
for CgS, one and two additional central CC moieties of CsS, respectively. As explained in the
Methodology section, the TM approach has been employed for the fragments and the LR one
to correct the linkage between the fragments. For the sake of brevity, TM is used to denote

the application of the TM approach only, while TM-+LR denotes the additional consideration

Table 7: TM? bond lengths (in A) and corresponding rotational constants (in
MHz) for the CH,CHCO radicals.

Parameter | linear-CH;CHCO s-trans-CHyCHCO
r(C1C2) 1.4143 1.3332
r(C1H3) 1.0762 1.0805
r(C1H4) 1.0748 1.0798
r(H5C2) 1.0813 1.0846
r(C6C2) 1.3322 1.4760
r(C608) 1.1620 1.1849
/(H3C1C2) 121.09 120.32
/(H4C1C2) 118.98 121.41
/(H5C2C1) 121.39 122.55
/(C6C2C1) 124.79 119.91
/(08C6C2) 179.70 128.28

A, (TM) 49456.77 61026.45

B, (TM) 4762.48 4675.37

C. (TM) 4344.16 4342.67

Ag (TM) ® | 48997.30 (0.31%)  60483.25 (0.15%)
By (TM) ® | 4759.42 (0.12%)  4654.36 (0.001%)
Co (TM) * | 4333.16 (0.14%) 4322.38 (0.01%)
Ay (exp) © 48845.5359(15) 60392.2030(21)
By (exp) © 4753.70918(38) 4654.42551(55)
Co (exp) © 4327.29901(45) 4322.76810(36)

2 Ethene and the HCO radical employed for the TM approach. » Computed vibrational corrections to
rotational constants are at the revDSD /junTZ level. © Experimental values taken from ref. [T79.
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of the LR approach. However, as in the case of the “parent molecule-radical” strategy, the
LR correction is expected to go in the wrong direction. While the r.(SE) structure of CyS
is shown in Figure , those of C3S and CsS are reported in the SI (Table S4), with that
of C5S being purposely obtained in this work. In the SI, the revDSD/junTZ optimized
geometries are also reported. The resulting TM equilibrium structures for the C,,S radicals,
with n = 4, 6, 8 and 10, are given in Table [6] together with the corresponding equilibrium
rotational constants, while the corresponding TM+LR results are provided in Table S5 of the
SI. The TM and TM+LR B, values have been augmented by vibrational corrections (at the
CCSD(T)/cc-pVTZ level for C4S and MP2/cc-pVDZ for the other radicals), thus obtaining
the computational estimates of the ground-state rotational constants to be compared with
experiment. For the pure TM approach, the agreement is impressive (see Table @, with
deviations that range from 0.01% to 0.04%, and are thus improved by one order of magnitude
with respect to the estimates at the revDSD/junTZ level (see Table S3 in the SI). This
outcome is in line with the benchmark of the “Lego-brick” approach carried out for small
PA(N)Hs.® For Cy,S, there are no experimental data available and, therefore, our TM B
is expected to provide a very accurate prediction with a conservative uncertainty of 0.05%.
From an inspection of Table S5, we note that, moving from TM to TM+LR, the relative
deviation with respect to experiment increases by one order of magnitude, the only exception
being C4S, whose TM+LR relative difference is only twice the corresponding TM one.

In Table[7], the outcomes the “radical-radical” TM strategy applied to the CHoCHCO rad-
icals are reported. As somewhat expected, the results are very good for s-trans-CH,CHCO,
but not so great for linear-CH,CHCO. For the former, the mean relative deviation from
the experimental ground-state rotational constants is 0.05%, while this increases to 0.19%
for the latter radical. Indeed, from the inspection of Figure [2| and as noted in ref. [179] the
radical center is on the CO moiety in the case of s-trans-CH,CHCO, while it lies on the CHy
frame for linear-CH,CHCO. Therefore, the ‘ethene + HCO’ fragments are suitable for the

former, but not for the latter. In the SI (Table S6), the results for the TM+LR approach
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Table 8: Computed equilibrium and vibrational ground-state rotational con-
stants (MHz) of the 1- and 2-naphthyl radicals.?

1-naphthyl radical 2-naphthyl radical
revDSD? TM (b)¢ TM (b+a)? revDSD? TM (b)° TM (b+a) @
A, 3178.779 3168.568  3167.706 3320.117 3312.262  3310.853
B, 1294.451 1293.590  1293.518 1246.460 1244.888 1245.508
C. 919.866  918.589 918.467 906.235  904.819 905.041

Ap®  3156.052 3145.841  3144.979 3296.162 3288.307  3286.898
By¢ 1286.571 1285.710  1285.638 1238.948 1237.376 1237.996
Co® 914.135  912.844 912.736 900.634  899.218 899.440

2 1 and 2 refer to the position of the radical center; see Figure [2|  revDSD stands for the revDSD/junTZ
level of theory. © “b” in parentheses means that the TM approach has been applied only to bond lengths. ¢
“b+a” in parentheses means that the TM approach has been applied to bond lengths and valence angles. °©
Vibrational corrections at the B3LYP-D3BJ /jun-cc-pVDZ level.

are provided. Based on the discussion above, it is not surprising that they are worse than
the TM ones, with the worsening being more pronounced for s-trans-CH,CHCO. Indeed,
the averaged relative TM+LR difference from experiment is 0.30% for linear-CH,CHCO (i.e.
~1.5 times larger than that of TM) and 0.19% for s-trans-CH,CHCO (i.e. ~4 times larger
than that of TM).

Based on the successful application of the “Lego-brick” approach to small PAHs®® and
on the promising results obtained for its “radical-radical TM” variant applied to the C,S
(n=4,6,8) system and s-trans-CH,CHCO, the latter approach has been applied to the accu-
rate prediction of the equilibrium structure and rotational constants for the 1- and 2-naphthyl
radicals. As shown in Figure [2 the two fragments considered are benzene and the phenyl
radica]ﬂ. For this system, there are no linkage bonds; therefore, the “Lego-brick” approach
reduces to the TM model in the “radical-radical TM” variant. This latter has been applied
to only the bond lengths (TM (b)) and to both bond distances and valence angles (TM
(b+a)): while the equilibrium structures are reported in the SI, the corresponding equilib-

rium rotational constants are collected in Table 8| (second and third column for each radical,

For phenyl, the r.(SE) structure obtained using the CCSD(T)/ANOO vibrational corrections from ref.
67 (reported in ref. [33) was considered.
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respectively). In this table, the revDSD/junTZ results are also provided for comparison
purposes (first column). The ground-state rotational constants, obtained by adding the vi-
brational corrections computed at the B3LYP /jun-cc-pVDZ level, are also given in Table .
For the 1-naphthyl radical, the “TM (b)” and “TM (b+a)” approaches provide very similar
rotational constants: the differences are ~0.85 MHz for Ay, ~0.08 MHz for By and ~0.1
MHz for Cy. These differences, in relative terms, range from 0.01% to 0.03%, which are
of the order of the expected uncertainties associated with the TM approach (in line with
what obtained in ref. [66). For the 2-naphthyl radical, the differences are a bit larger, i.e.
~1.4 MHz for Ay, ~0.6 MHz for By and ~0.2 MHz for Cj, but still very small in relative
terms: 0.02%-0.05%. Since in ref. [66] the TM approach was applied only to the distances,
with the angles kept fixed at the DFT level, this tends to recommend the “T'M (b)” results.
While there are not experimental data to confirm such a recommendation, several systematic
studies have shown that valence and dihedral angles optimized at the revDSD /junTZ level
do not require any a posteriori correction.®HEUEl Ty any case, it is surely encouraging that
the “TM (b)” and “TM (b-+a)” approaches lead to very similar results. In the absence of any
experimental information, with the aim of supporting laboratory work, we suggest to take

their mean values and consider them affected by a conservative relative error of 0.05%.

Resonance-stabilized m-radicals

The “Lego-brick” approach is expected not to work for those radicals that show a delocaliz-
zation of the unpaired electron(s). However, if the resonance structures can be reproduced
and suitably weighted, the “radical-radical TM” approach might be successful. Still, the LR
corrections cannot be taken into consideration based on the considerations of the previous
sections. As mentioned at the beginning of the Methodology section, the propargyl radical
has been chosen as test case to investigate the TM approach for resonance-stabilized radicals.

As shown in Figure[6] the propargyl radical has two resonance limits: the ethynyl methyl

and allenyl structures. In ref. [32, the rotational spectrum of the propargyl radical has been
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Figure 6: The “radical-radical TM” approach applied to the ethynyl methyl and allenyl
resonance forms of the propargyl radical. Colored halos are use to highlight the TM fragments
within the radical species.

investigated for nine isotopic species and its SE equilibrium structure accurately determined.
Furthermore, in ref. 32, the experimental hyperfine coupling constants were employed to de-
rive an accurate estimate of spin populations, these being used to evaluate the contributions
of the two resonance structures reported in Figure[6] In this study, the “radical-radical TM”
approach has been employed to provide an accurate description of the two resonance forms.
For the ethynyl methyl radical, the CH, radical and acetylene®® have been employed, the
latter for the description of the CCH fragment. For the allenyl form, allene has been used for
the CH, fragment®? together with the CCH radical.’2 The TM equilibrium rotational con-
stants of these two resonance structures are collected in Table [J] together with their weighted
combination according to the percentages reported in Figure [f] (61% ethynyl methyl + 39%
allenyl from ref. 32)). These latter rotational constants, denoted as “weighted mean”, are also
compared with the SE equilibrium rotational constants from ref. [32. From the inspection of
Table [9] it is noted that none of the two resonance forms is able to accurately describe the
molecular structure of the propargyl radical, with an average deviation of 0.35% for rota-
tional constants. Instead, weighting their contribution (“weighted mean”) leads to rotational

constants that are in very good agreement with the SE counterparts. In particular, for B,
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Table 9: TM equilibrium rotational constants (MHz) of the propargyl radical
and their relative deviations (%) from the SE counterpart.

TM propargyl radical SE®
a

ethyl methyl? allenyl® “weighted mean”
A (%odev.) | 288467.1 (0.49%) 290073.8 (0.07%) 289093.7 (0.27%) 289878.1

B. (%dev.) | 9556.0 (0.22%)  9481.9 (0.56%)  9527.1 (0.08%)  9534.9

(0.08%) 9535.1
C. (%dev.) | 9249.6 (0.20%)  9181.7 (0.54%)  9223.1 (0.09%)  9231.2
(0.09%) 9231.6

2 From ref. [32l Upper line: rotational constants from the r.(SE) structure. Lower line: SE equilibrium
rotational constants obtained from the experimental values corrected for vibrational effects at the
CCSD(T)/cc-pCVQZ level (all electron correlated). ” The CHy radical and acethylene for the TM
approach. ¢ The CCH radical and allene for the TM approach. 4 61% of the TM “ethyl methyl” and 39% of
the TM “allenyl”.

and C,, which are those determined in the spectroscopic investigation, the match is well
within 0.1%. Such an accuracy is usually obtained by exploiting composite schemes rooted
in the coupled cluster theory.1®®183 Finally, it has to be noted that the contribution of each
resonance form to the delocalized radical can be evaluated theoretically, thus not requiring
a preliminary spectroscopic study. For example, in ref. [I84] the contributions of the ethynyl
methyl and allenyl structures were determined to be 65% and 35%, respectively, on the basis

of atomic partitioning of the spin using Mulliken populations (spin density computed at the

CCSD(T)/ANO level).

Concluding remarks

In summary, the very first systematic application to radicals of the semi-experimental ap-
proach for the determination of accurate equilibrium structures has been reported. A thor-
ough analysis of the results together with a discussion also based on the comparison with
literature data pointed out that this is a powerful approach even for open-shell species, with

no degradation of accuracy with respect to the treatment of closed-shell species. Indeed, as
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already noted for the latter, the statistical errors reduce when moving from r( to r.(SE) and
they are such that an accuracy better than 1 mA for bond lengths is obtained. While, in
most cases, incorporation of electronic corrections only improves the statistical errors, in a
few cases, when non-adiabatic effects are important, this leads to contributions of a few mA,
which are non-negligible in view of the typical accuracy of SE equilibrium structures.

The main limitation faced in our systematic study is the number of data available. Indeed,
open-shell species are not only challenging systems from a quantum-chemical point of view,
but their instability and reactivity strongly hamper the experimental characterization. As a
consequence, our benchmark work was limited to small radicals ranging from diatomics to
tetratomic species. To overcome such a limitation and to provide results of similar accuracy
to what obtainable with the semi-experimental approach, the applicability of this latter has
been extended by exploiting the so-called “Lego-brick” approach. In this framework, we
have devised the “radical-radical TM” variant, which seems to be very promising. Indeed,
albeit limited in number, our results suggest that this model is able to obtained rotational
constants with a relative accuracy well within 0.05%, which corresponds to uncertainties
smaller than 1 mA for bond lengths. ™ The “radical radical TM” seems to provide results
in line with those obtained with the “Lego-brick” strategy applied to closed-shell species.
However, it presents three major limitations. First of all, the suitable fragment should be
available, as demonstrated from the CH,CHCO radicals. Second, because of different trends
in the systematic errors occurring in double-hybrid functional calculations for open- and
closed-shell species, the LR approach worsens the results and only the TM model can be
successfully exploited. Lastly, it is not able to well describe resonance-stabilized radicals,
except for those cases that have well-defined resonance structures that can be reproduced

and properly weighted.
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