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H I G H L I G H T S

The Lego-brick approach has been ap-
plied to protonated species.
LETSGO: a new variant of the Lego-
brick approach has been introduced and 
tested.
Lego-brick / LETSGO reproduce rota-
tional constants with an accuracy of 
0.1% / 0.3%.
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 A B S T R A C T

We take the opportunity to extend the applicability of the Lego-brick approach (that is, templating molecular 
systems from small fragments), by applying it to characterize structural properties of protonated molecules. 
We additionally present a new variant for it (LETSGO): instead of employing semi-experimental equilibrium 
geometries of fragments in the templating procedure, experimentally available structures are used. By 
comparison with experiment (rotational constants), we evaluate the performance of Lego-brick and LETSGO 
models on a significant range of systems. Our results appear to be a promising extension to techniques for 
generating equilibrium structures of protonated molecules.
. Introduction

In the field of astrochemistry, in particular for the identification 
f molecular species in the interstellar medium (ISM), rotational spec-
roscopy plays a fundamental role. Radioastronomy exploits rotational 
ransitions as molecular fingerprints to prove the existence of molecules 
n astrophysical environments [1]. In terms of the knowledge required 
or a rotational spectrum, the accurate determination of spectroscopic 
arameters is a fruitful area for collaboration between experimentalists 
nd quantum chemists, with computation often providing supporting 
nd/or complementary information to experimental measurements [2]. 
n rotational spectroscopy, the leading terms are the rotational con-
tants: their dominance is such that other terms (centrifugal distortion 
arameters, for example) usually contribute to significantly less than 
%. Rotational constants strongly depend on the molecular geom-
try [3]; in fact, their equilibrium values can be straightforwardly 
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determined from the equilibrium structure. The inverse problem, which 
is obtaining structural information from rotational constants, is instead 
rather complicated. Vibrational effects are one of the major issues when 
equilibrium geometries are sought.

Focusing on isolated (gas phase) molecules, three approaches im-
mediately come to mind for structural determination: experimental, 
theoretical, and semi-experimental (SE) [4]. The first considers obtain-
ing geometrical parameters by means of (i) gas electron diffraction 
(GED) – either ro-vibrationally averaged (𝑟𝛼) or derived from a thermal 
average of internuclear distances (𝑟𝑔), or (ii) rotational spectroscopy 
– acquiring either an effective structure (𝑟0) [5] by fitting structural 
parameters in a least-squares manner from experimental ground-state 
rotational constants for a set of isotopologues, or a substitution struc-
ture (𝑟𝑠) [6], derived from the same set of data by exploiting the 
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Kraitchman equations [7]. A significant limitation of the experimen-
tally determined structures mentioned above, however, is that they are 
subject to zero-point vibrational and temperature effects. In principle, 
information on all vibrationally excited states may be collected in 
ro-vibrational and rotational spectroscopy studies to derive the exper-
imental equilibrium geometry (𝑟𝑒). However, this is a viable approach 
for only very small molecules (up to 3–4 atoms). This, of course, 
complicates comparisons between the results obtained from different 
experimental techniques, and hampers the subsequent use of 𝑟𝛼 , 𝑟𝑔 , 
𝑟0, or 𝑟𝑠 geometries when calculating molecular properties [4]. Nev-
ertheless, to circumvent these difficulties one may choose to employ 
quantum chemistry to obtain equilibrium structures. Here, within the 
Born–Oppenheimer approximation, each structure is associated with a 
local minimum on a potential energy surface. Moreover, structural pa-
rameters at equilibrium are isotopically invariant, enabling a sounded 
comparison between molecular geometries of various molecules. While 
optimizing molecular structures using theoretical techniques has to-
day become a routine task, predicting accurate equilibrium geome-
tries requires careful attention to the basis set and electron-correlation 
treatment [8,9]. Indeed, for small molecules, theory has become in-
creasingly competitive with experiment in this area [8–10]. However, 
this implies to employ state-of-the-art ab initio methodology, that is, 
extrapolating coupled-cluster (CC) theory [11] results to the complete 
basis-set limit to minimize the basis-set truncation error, accounting for 
electron excitation up to the triple contributions or above to recover to 
reduce as much as possible the N-electron error, and possibly incorpo-
rating very small contributions due to, for example, relativistic effects. 
Unfortunately, for medium-sized molecular systems and larger, the 
accurate determination of equilibrium structures, if possible, represents 
a heavy and expensive computational task. Finally, we turn to the 
interplay between experiment and theory: the semi-experimental ap-
proach. By combining experimental ground-state rotational constants of 
different isotopologues with theoretical vibrational corrections, we may 
derive semi-experimental equilibrium structures (𝑟𝑆𝐸𝑒 ) from a least-
squares fit [12,13]. The success of SE equilibrium structures over the 
past 30 years indicates how versatile the technique is [4,13]. How-
ever, one issue that needs consideration, is the extensive amount of 
experimental data required for a complete structural characterization: 
analysis of different isotopologues, possibly accounting for isotopic sub-
stitution at each atom. Here, things become exceedingly cumbersome, 
and thus as yet, this methodology is not easily applied to molecules of 
significant molecular size and complexity [14–16].

In the case where molecular species have not yet been studied ex-
perimentally, among the three approaches discussed above, we turn to 
the theoretical determination. If the computational study indeed aims 
to support experimental work in the field of rotational spectroscopy, 
the target accuracy (that is, on the order of 1 mÅ for bond lengths, 
0.1◦ for angles, and 0.1% for rotational constants [3]) requires the 
use of state-of-the-art ab initio methodologies, which unfortunately 
are computationally expensive and time consuming. In recent years, 
an alternative approach, coined ‘‘Lego-brick’’, claims to have solved 
the difficulties inherent in the determination of accurate equilibrium 
structures for larger systems [17–20]. The basic philosophy of the 
technique is that one can template a molecule from small fragments (for 
which an 𝑟𝑆𝐸𝑒  is known), much akin to building blocks, and apply linear-
regression corrections between different fragments. The ‘‘Lego-brick’’ 
approach exploits the accurate 𝑟𝑆𝐸𝑒  structure of the fragments, scales 
results with molecular size without a significant loss of accuracy, and 
avoids highly expensive calculations by combining template molecule 
(TM) [21] and linear regression (LR) [22] models. For the interested 
reader, we refer to Refs. [17–19], where the TM and LR approaches 
are detailed in any aspect, and to Refs. [23,24], where LR data for 
common bond distances and angles are available for a variety of density 
functionals and basis sets [22–24]. One striking advantage of the Lego-
brick approach is its degree of accuracy in predicting equilibrium 
geometries and, thus, equilibrium rotational constants, at a fraction 
2 
of the computational cost compared to ab initio means, owing to the 
use of density functional theory (DFT). It has yielded quite promising 
results for polycyclic aromatic hydrocarbons (PAHs) [18], polycyclic 
aromatic nitrogen heterocycles (PANHs) [18], radical species [19], 
biomolecules [23,24], and sulfur-containing species bearing the S-S 
moiety [20], just to name a few. One class of molecules, as yet to be 
evaluated however, are protonated species.

To date, more than 320 molecules have been discovered in the 
ISM [25], with ∼11% being cations, while only 7 anions have been 
detected. This is likely related to the inherent difficulties in deriving 
high quality spectroscopic data for cations, and even more for anions 
in terrestrial laboratory experiments, while they are expected to be rel-
evant species in astrophysical environments. On the whole, cations play 
a central role in interstellar chemistry. They are key intermediates in 
gas-phase ion-molecule reactions, and unique tracers to fully symmetric 
neutral analogues which lack a permanent dipole moment. Within the 
interstellar cations subset, 86% are protonated species whose neu-
tral analogues are known to exist in space [1,25]. In essence, any 
molecule in the ISM may be protonated by the potent Brønsted acid, 
H3

+. Protonation, of course, not only causes a redistribution of the 
electron density in a molecule, but also produces substantial changes in 
molecular properties, by analogy with the neutral species. The question 
here is whether the Lego-brick approach can be successfully applied to 
protonated species. If so, this would enable one to take full advantage 
of calculating accurate structures of currently unknown cations at a 
low computational cost. In turn, this would lay the foundation for their 
spectroscopic characterization.

The first aim of the present study is to test the Lego-brick ap-
proach for protonated molecules. To do so, a significant selection of 
linear, asymmetric-top, and symmetric-top protonated species (that 
have specifically been experimentally characterized) has been consid-
ered. Our test set consists of three subsets. The first includes twelve 
linear molecules: HC𝑛NH+ (with 𝑛 = 1,3,5,7), HCCNCH+, NC𝑛NH+

(with 𝑛 = 2,4), HOC+, HCO+, HC3O+, HC3S+, and HCCS+ (3𝛴−). 
The second subset, asymmetric-top molecules, contains eight ions: 
H2CCCH+, H2NCO+, HOCS+, HSCO+, cis- and trans-HOSO+, HOCO+, 
and CH2CHCNH+. Finally, the third subset is comprised of five
symmetric-top protonated species: CH3CNH+, CH3CO+, NH3D+, H3S+, 
and H3O+.

The validity of the Lego-brick approach rests on the agreement with 
experimental rotational constants, given their high accuracy (usually 
determined with an accuracy better than 1 part in 108) and strong 
correlation with molecular structure. However, in order to make a 
meaningful comparison, vibrational effects must be accounted for in 
the determination of theoretical rotational constants, which otherwise 
refer to equilibrium structures, while the experimental parameters 
correspond to the vibrational ground state. Secondly, we propose here 
a new variant of Lego-brick that may be a viable alternative when 
semi-experimental structures (used for templating) are not available, 
but experimental effective structures (such as 𝑟0 and 𝑟𝑠) are. We call 
this ‘‘LETSGO’’ – Leveraging ExperimenTal Structures for Geometry 
Optimization. While effective structures are often unable to describe the 
equilibrium geometry of a molecule well, they may be the only reliable 
geometric data available. This is, for example, the case of flexible 
molecules which possess large-amplitude motions (LAMs). Needless to 
say, the presence of LAMs hampers the reliable calculation of vibra-
tional corrections and straightforward use of the SE approach (see 
Ref. [20] and references therein). In such cases, it would be desirable 
to have a valid alternative. Thus, alongside Lego-brick, we test the 
performance of LETSGO by applying it to the set of systems listed 
above, and compare results with experiment. In the next section, we 
present the methodology for both Lego-brick and LETSGO approaches, 
followed by our results and discussion. Before moving to summarize our 
findings and give some concluding remarks, we apply the Lego-brick 
approach to four larger systems (protonated forms of benzene, benzoni-
trile, quinoline and isoquinoline) whose experimental characterization 
is still lacking.
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2. Methodology

As already noted, the Lego-brick model applies both the TM and LR 
approaches to the problem of calculating structural parameters. In this 
context, our interest lies in the structural characterization of protonated 
species of interstellar interest. For a concise overview, we refer to 
Refs. [17,19,21,24]. However, for completeness, we briefly present the 
main points that merit discussion.

Within the TM scheme, one improves structural determinations 
of low level, usually obtained from DFT (𝑟𝐷𝐹𝑇

𝑒 ), for a medium- to 
large-sized molecular system by considering it as formed by smaller 
fragments, for which accurate 𝑟𝑆𝐸𝑒  structures are available. Comparable 
to building blocks, one can thus mix and match individual fragments 
to ‘‘build’’ the desired target species [19]. TM-corrected equilibrium pa-
rameters (𝑟𝑇𝑀𝑒 ) for the target molecule (𝑇 ) (in this case, our protonated 
species, 𝑟𝑇𝑀,𝑇

𝑒 ) may then be written as 
𝑟𝑒

𝑇𝑀,𝑇 = 𝑟𝑒
𝐷𝐹𝑇 ,𝑇 + 𝛥𝑟(𝐹 )

𝑒 (1)

where 𝑟𝐷𝐹𝑇 ,𝑇
𝑒  is the target species geometry evaluated at the low (DFT) 

level, and 
𝛥𝑟(𝐹 )

𝑒 = 𝑟𝑒
𝑆𝐸,𝐹 − 𝑟𝑒

𝐷𝐹𝑇 ,𝐹 (2)

Here, 𝐹  denotes the fragment, and 𝑟𝑒𝑆𝐸,𝐹  corresponds to its 𝑟𝑒𝑆𝐸
structure. The fragment species, in this instance, represents the neu-
tral analogue of our protonated target molecule. Incorporating the 
LR approach, that is, correcting interfragment bond lengths between 
structural motifs, 𝛥𝑟𝑒(𝐹 ) is replaced by 
𝛥𝑟𝑒

𝐿𝑅,𝑇 = 𝑎 × 𝑟𝑒
𝐷𝐹𝑇 ,𝑇 + 𝑏 (3)

where 𝑎 and 𝑏 are linear regression parameters, determined by a least-
squares fit for a significant set of molecules containing the bond under 
consideration, and available for different DFT levels [23,24]. In this 
respect, we are testing the LR functionality with respect to C-, N-, or 
O- protonation.

The modification of Lego-brick to obtain LETSGO is straightforward. 
All that is required is to use an experimental effective structure (𝑟0
or 𝑟𝑠) as a template fragment. The well-known limitations of such 
geometries lies in their inability to provide an accurate description 
of molecular structures at equilibrium [10,21]. However, as addressed 
in the Introduction, they may be the only experimental information 
available. It is thus important to understand if LETSGO may be a valid 
alternative to improve low-level results.

Based on previous experience with Lego-brick calculations, 𝑟𝑒𝐷𝐹𝑇 ,𝑇

(and 𝑟𝑒𝐷𝐹𝑇 ,𝐹 ) equilibrium geometries have been obtained with the 
rev-DSDPBE86 [26] double-hybrid functional, incorporating Grimme’s 
D3BJ [27,28] dispersion correction, and the jun-cc-pVTZ basis set [29]. 
For simplicity, we abbreviate rev-DSDPBEP86-D3BJ/jun-cc-pVTZ to 
revDSD/junTZ. As mentioned, for a meaningful comparison with ex-
periment, equilibrium rotational constants need to be corrected for 
vibrational effects. The corresponding vibrational corrections were ob-
tained at the fc-MP2/cc-pVTZ level of theory (fc representing the 
frozen-core approximation and MP2 standing for Møller-Plesset second-
order theory [30]) within vibrational perturbation theory to second 
order (VPT2) [31]. According to the latter, ground-state rotational 
constants can be seen to comprise of two contributions: 

𝐵𝑖
0 = 𝐵𝑖

𝑒 −
1
2
∑

𝑟
𝛼𝑟𝑖 = 𝐵𝑖

𝑒 + 𝛥𝐵𝑖
𝑣𝑖𝑏 (4)

where 𝛼𝑟𝑖  denotes the vibration–rotation interaction constants, 𝑖 is the 
inertial axis (𝑎, 𝑏, or 𝑐), and the sum runs over all 𝑟 vibrational modes 
in the molecule. From a computational point of view, evaluation of 
the vibration–rotation interaction constants requires anharmonic force 
field calculations. Owing to the fact the 𝛥𝐵𝑣𝑖𝑏 term usually accounts 
for 0.5% or less of the corresponding rotational constant, as pointed 
out in Ref. [3], a low level of theory may be employed for its compu-
tation (with an uncertainty smaller than 0.05% affecting the final 𝐵
0

3 
value). All MP2 calculations were performed in CFOUR [32], while DFT 
computations were carried out in the Gaussian suite of programs [33].

Herein for brevity, ‘‘TM+LR’’ refers to the application of the TM ap-
proach in conjunction with LR corrections for C-, N-, or O- protonation. 
‘‘TM’’ thus corresponds to the model that solely uses the TM approach. 
As mentioned above, templating with SE equilibrium geometries or 
experimental effective structures leads to classification of Lego-brick 
and LETSGO procedures, respectively.

3. Results and discussion

To assess the performance of Lego-brick and LETSGO for protonated 
molecules, we have divided the discussion into three parts: results 
for linear (Table  1), asymmetric-top (Table  2), and symmetric-top 
(Table  3) molecules. All tables list the ground-state rotational constants 
as computed using Lego-brick, LETSGO, and revDSD/junTZ schemes 
together with the vibrational corrections employed. The performance 
of each approach is analyzed using relative percentage errors (noted 
in square brackets) with respect to experimental data. In Figs.  1–3, 
we compare equilibrium structures generated using revDSD/junTZ, 
Lego-brick and LETSGO methodologies for the linear, asymmetric and 
symmetric species studied, respectively. The LR-corrected value for 
protonation is also reported. One potential limitation of the LR method 
here, is that corrections for C–H, N–H, and O–H are based on the neutral 
bond length. The validity of thus employing them for structures of 
protonated species is unclear.

3.1. Rotational constants

We begin our discussion with results for the linear subset of
molecules (Table  1 and Fig.  1). If only closed-shell species are con-
sidered (thus excluding HCCS+), the average relative deviation of 
revDSD/junTZ is −0.54%. This is somewhat in line with reported 
literature [34]: while the underestimation of rotational constants with 
respect to experiment is related to the typical overestimation of bond 
lengths at the revDSD/junTZ level, the absolute magnitude is a bit 
larger than the expected ∼0.4% value [18,34]. For Lego-brick, the 
average (unsigned) relative deviation is 0.08% and 0.09% for TM and 
TM+LR, respectively. For LETSGO, the average relative deviation is 
0.23% for both TM and TM+LR. For Lego-Brick, only in four cases 
does the LR correction lead to an improvement of results, which in 
general is very small. Interestingly by comparison, incorporating the LR 
correction for LETSGO improves the agreement with experiment. For 
the most part, the Lego-brick approach appears to be suitable and ef-
fectively applicable to protonated species, providing an accuracy which 
is in line with previous studies. Particularly intriguing is LETSGO’s 
ability to significantly reduce revDSD/junTZ discrepancies without any 
additional computational cost.

Let us now discuss Table  1 results in more detail. In the first row 
of this table, we report the series HC𝑛NH+, with 𝑛 = 1, 3, 5 and 
7. Regarding Lego-brick results, the mean unsigned deviation (MUD) 
is 0.05% for TM and 0.06% for TM+LR. When employing the LR 
correction, the N–H bond length becomes shorter by about 0.002 Å, and 
this affords either a small improvement in the results, or increased the 
error. The LETSGO approach yields a MUD of 0.13% for TM and 0.12% 
for TM+LR. However, it is noted that the relative discrepancies of both 
TM and TM+LR for HCNH+ are −0.36% and −0.31%, respectively, 
while the other members of the series (HC𝑛NH+, where 𝑛 = 3, 5 and 7) 
show deviations smaller than 0.1%. The performance of revDSD/junTZ 
is in accord with its expected accuracy: the average deviation is −0.48% 
and the greatest discrepancy with respect to experiment is found for 
the smallest member of the series (HCNH+, −0.58%). In our test set, 
we consider HCCNCH+, an isomer of HC3NH+. Both Lego-brick and 
LETSGO perform very well. Specifically, when the Lego-brick approach 
is exploited, the deviation is 0.01% for TM and 0.02% TM+LR. Mov-
ing to LETSGO, agreement with experiment is similar to Lego-brick: 
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Fig. 1. Linear protonated species set: Equilibrium structures obtained with revDSD/junTZ, Lego-brick and LETSGO approaches. Bond lengths reported in units of angstroms and 
bond angles in degrees.
Table 1
Set of linear protonated species: computed ground-state rotational constants (MHz). Relative errors (%) (listed in square brackets) with respect 
to experimental dataa.
 Molecule HCNH+ HC3NH+ HC5NH+ HC7NH+  
 Expt.b 37055.7482(3) 4328.9970(5) 1295.8159(3) 553.938802(160)  
 Lego-brick  
 (TM) 37069.804 [0.04] 4326.580 [−0.06] 1294.982 [−0.06] 554.373 [0.08]  
 (TM+LR) 37088.561 [0.09] 4326.670 [−0.05] 1295.040 [−0.06] 554.386 [0.08]  
 LETSGO  
 (TM) 36922.903 [−0.36] 4326.711 [−0.05] 1296.145 [0.03] 554.450 [0.09]  
 (TM+LR) 36941.529 [−0.31] 4327.164 [−0.04] 1296.204 [0.03] 554.436 [0.09]  
 revDSD/junTZ 36842.381 [−0.58] 4308.438 [−0.47] 1289.854 [−0.46] 551.687 [−0.41]  
 𝛥𝐵𝑣𝑖𝑏

c −223.480 −2.418 1.020 0.744  
 Molecule HCCNCH+ NCCNH+ NC4NH+ HOC+  
 Expt.b 4664.431891(692) 4438.0116(11) 1293.90840(60) 44 743.9141(35)  
 Lego-brick  
 (TM) 4664.691 [0.01] 4435.814 [−0.05] 1293.384 [−0.04] 44 815.067 [0.16]  
 (TM+LR) 4665.431 [0.02] 4436.339 [−0.04] 1293.435 [−0.04] 44 596.740 [−0.33] 
 LETSGO  
 (TM) 4661.906 [−0.05] 4436.172 [−0.04] 1304.427 [0.81] 44 645.936 [−0.22] 
 (TM+LR) 4662.547 [−0.04] 4436.653 [−0.03] 1305.478 [0.82] 44 765.533 [0.38]  
 revDSD/junTZ 4646.906 [−0.38] 4414.589 [−0.53] 1289.323 [−0.36] 44 539.617 [−0.46] 
 𝛥𝐵𝑣𝑖𝑏

c −3.196 −1.472 1.065 −21.600  
 Molecule HCO+ HC3O+ HC3S+ HCCS+ [3𝛴−]  
 Expt.b 44594.42895(27) 4460.590(1) 2735.46311(23) 6021.89878(55)  
 Lego-brick  
 (TM) 44513.954 [−0.18] 4466.338 [0.13] 2733.445 [−0.07] 6126.033 [1.73]  
 (TM+LR) 44548.842 [−0.10] 4467.058 [0.15] 2733.767 [−0.06] 6127.143 [1.75]  
 LETSGO  
 (TM) 44345.081 [−0.56] 4468.601 [0.18] 2732.767 [−0.10] 6124.207 [1.70]  
 (TM+LR) 44379.735 [−0.48] 4469.217 [0.19] 2733.088 [−0.09] 6125.316 [1.72]  
 revDSD/junTZ 44217.353 [−0.85] 4433.081 [−0.62] 2712.853 [−0.83] 6031.082 [0.15]  
 𝛥𝐵𝑣𝑖𝑏

c −241.526 −1.395 −1.788 0.601  
a A full table referencing SE equilibrium (Lego-brick) and experimental effective (LETSGO) geometries is given in the Supplementary 
Information. The 𝑟𝑆𝐸𝑒  structures of HC7N, C3O and C3S are available in the Supplementary Information.
b Values in parentheses denote 1𝜎 error and apply to last digits.
c fc-MP2/cc-pVTZ vibrational corrections.
−0.05% and −0.04% for TM and TM+LR, respectively. Agreement is 
worst for the revDSD/junTZ level, for which the relative deviation is 
−0.38%.

Another interesting comparison is the performance of Lego-brick 
and LETSGO for NC𝑛NH+, with 𝑛 = 2 and 4. For NCCNH+, Lego-brick 
and LETSGO schemes are of comparable impressive quality. Either 
4 
employing Botschwina’s 𝑟𝑒𝑆𝐸 structure [35] or Maki’s 𝑟𝑠 structure [36], 
TM relative errors are similar: −0.05% and −0.04%, respectively. In-
cluding the LR correction to N–H makes only a very small improvement 
in the rotational constants: −0.04% for Lego-brick and −0.03% for 
LETSGO. Moving on to the largest ion of the series, NC4NH+, the 
performance of Lego-brick remains excellent: −0.04% for both TM 
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Fig. 2. Asymmetric-top protonated species set: Equilibrium structures obtained with revDSD/junTZ, Lego-brick and LETSGO approaches. Bond lengths reported in units of angstroms 
and bond angles in degrees.
and TM+LR. Conversely, for LETSGO, deviations are large (0.81% and 
0.82% for TM and TM+LR, respectively). This may be attributed to 
the fact that the experimental structure available for NC4N is the so-
called 𝑟𝛼0 [37]. Here, bond lengths are obtained from the refinement of 
the electron-diffraction data, which also consider the thermal average 
of the instantaneous internuclear distances. Of our test set, this is the 
only case which we use a 𝑟𝛼0 structure. From our results, this type of 
structure, compared with 𝑟0 or 𝑟𝑠, is inadequate for templating bond 
distances.

The next group we consider contains the systems HOC+, HCO+, 
HC3O+, HC3S+ and HCCS+. Herein we discuss some interesting compar-
isons: first, HOC+ and HCO+ to gain insight on the performance of the 
TM approach on isomerization; second, HCO+ and HC3O+ to investigate 
(once again) the lengthening of the carbon chain; third, HC3O+ and 
HC3S+ to examine the effect of third-row elements; finally, HC3S+ and 
HCCS+ to study the differences between closed- and open-shell species. 
Concerning the comparison between HOC+ and HCO+, while TM Lego-
brick results yield similar agreement, the deviation from experiment is 
of the opposite sign (0.16% and −0.18%, respectively). With respect 
to the O–H LR correction, lengthening the bond distance worsens 
agreement with experiment. Similarly for HOC+, TM-LETSGO results 
show a discrepancy with experiment of −0.22%, which becomes 0.38% 
by applying the LR correction. For HCO+, LETSGO is unable to recover 
the large revDSD/junTZ deviation (−0.85%), thus leading to TM and 
TM+LR relative errors of −0.56% and −0.48%, respectively. Moving 
from HCO+ to HC3O+, we note an improvement in both TM and TM+LR 
LETSGO results. As evident from Table  1, specifically comparing HC3O+

and HC3S+, both Lego-brick and LETSGO perform well, highlighting 
the methods are not affected by substituting a second-row atom (O) 
with its third-row analogue (S). For the latter species, agreement with 
experiment is very good, with TM+LR Lego-brick and LETSGO devia-
tions down to −0.06% and −0.09%, respectively. Analysis of the data in 
Table  1 reveals that revDSD/junTZ deviates noticeably from experiment 
for the last three cations discussed: by −0.85% for HCO+, −0.62% for 
HC3O+, and −0.83% for HC3S+. The final comparison to be discussed 
is HC3S+ and HCCS+, the latter molecule being the only open-shell 
species of the entire test set. At the revDSD/junTZ level, agreement 
with experiment deviates by 0.15%. This is the only case by which 
revDSD/junTZ overestimates the rotational constant. Comparison of 
Lego-brick and LETSGO data for HCCS+ reveals large discrepancies 
with experiment, on the order of 1.70% to 1.75%. This is not surprising, 
5 
and somewhat expected. For closed-shell molecules, the revDSD func-
tional is known to systematically predict equilibrium bond lengths that 
are too long [19]. Incidentally, this is why the Lego-brick approach is so 
successful. Conversely for open-shell molecules, the revDSD functional 
predicts bond lengths that are too short, as pointed out in a recent 
study on radicals [19]. Another aspect that warrants discussion here 
is the vibrational correction. As expected, MP2 theory is inadequate 
in describing the electronic structure of open-shell species. This fact 
is reflected in the computed 𝛥𝐵𝑖

𝑣𝑖𝑏. At the fc-MP2/cc-pVTZ level, the 
vibrational correction to the rotational constant is 0.60 MHz. Upon 
correlating all electrons (all-MP2/cc-pCVTZ), 𝛥𝐵𝑖

𝑣𝑖𝑏 remains nearly un-
changed (0.47 MHz), however when moving to coupled-cluster theory 
(CC), we note not only a change in sign, but also an increase in an order 
of magnitude: 𝛥𝐵𝑖

𝑣𝑖𝑏 = −5.11 MHz at fc-CCSD/cc-pVTZ, −4.62 MHz 
at fc-CCSD(T)/cc-pVTZ, −4.05 MHz at fc-CCSD(T)/cc-pVQZ and −4.20 
MHz at all-CCSD(T)/cc-pCVQZ [38]. Certainly CC yields improvement 
in the treatment of the vibrational correction, however it has a small 
effect on the overall deviation from experiment. When the best 𝛥𝐵𝑣𝑖𝑏
is employed to TM-Lego-brick results, the discrepancy is 1.65%. We 
note the inadequacy of MP2 theory is limited to radicals. This is 
illustrated by the results of HC3S+. Vibrational corrections at both 
the fc-MP2/cc-pVTZ and fc-CCSD(T)/cc-pVTZ levels of theory are of 
comparable quality, −1.79 MHz and −1.48 MHz, respectively.

Moving on to our series of asymmetric-top protonated species (Table 
2 and Fig.  2), our data set consists of eight molecules: H2CCCH+, 
H2NCO+, the O- and S-protonated forms of OCS, cis- and trans-HOSO+, 
HOCO+, and CH2CHCNH+. With the exception of the first (H2CCCH+) 
and last species (CH2CHCNH+) of this list, we note a change in molecu-
lar point group upon templating the neutral molecule to the protonated 
form. This modification predominantly affects the moment of inertia 
along the 𝑎 axis, and thus the 𝐴0 rotational constant. Indeed, for 
CH2CHCNH+, whose 𝐶𝑠 symmetry remains unchanged upon protona-
tion, 𝐴0 agrees very well with experiment (the relative deviation is 
0.06%). Conversely, for H2CCCH+ (same 𝐶2𝑣 symmetry of the unproto-
nated form), it is noted that the experimental 𝐴0 rotational constant is 
poorly determined (statistical uncertainty of 247 MHz). For our test set 
of asymmetric-top molecules, revDSD/junTZ provides a MUD of 1.27%. 
This large average discrepancy can be traced to the poor performance 
of the approach for cis- and trans-HOSO+. The MUD for these two 
cases is 3.06%, with unsigned deviations greater than 4% on both 𝐴0
rotational constants. If one were to exclude both cis- and trans-HOSO+

from the statistical analysis, the performance of revDSD/junTZ (0.67%) 
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Table 2
Computed ground-state rotational constants for asymmetric-top molecules (MHz). Relative errors (%) (listed in square brackets) with respect to experimental dataa.
 Molecule H2CCCH+ H2NCO+

 Rot. constants 𝐴0 𝐵0 𝐶0 𝐴0 𝐵0 𝐶0  
 Expt.b 281856.(247) 9675.841(1) 9342.877(1) 319782(103) 10 278.6846(26) 9948.9034(23)  
 Lego-brick  
 (TM) 284090.480 [0.79] 9662.698 [−0.14] 9329.296 [−0.15] 314526.502 [−1.64] 10 282.537 [0.04] 9949.437 [0.01]  
 (TM+LR) 284090.480 [0.79] 9664.889 [−0.11] 9331.400 [−0.12] 315907.388 [−1.21] 10 284.089 [0.05] 9952.246 [0.03]  
 LETSGO  
 (TM) 272670.392 [−3.26] 9667.354 [−0.09] 9320.974 [−0.23] 320289.747 [0.16] 10 251.760 [−0.26] 9926.094 [−0.23]  
 (TM+LR) 272972.790 [−3.26] 9669.648 [−0.06] 9323.115 [−0.21] 321759.582 [0.62] 10 253.431 [−0.25] 9929.045 [−0.20]  
 revDSD/junTZ 282814.090 [0.34] 9648.641 [−0.28] 9314.779 [−0.30] 318327.127 [−0.48] 10 208.695 [−0.68] 9883.695 [−0.66]  
 𝛥𝐵𝑣𝑖𝑏

c −1934.526 5.950 −12.069 −4017.520 −28.150 −37.975  
 Molecule HOCS+ HSCO+

 Rot. constants 𝐴0 𝐵0 𝐶0 𝐴0 𝐵0 𝐶0  
 Expt.b 779000.1(41) 5750.3771(30) 5702.9444(32) 279431.995(10) 5696.74654(86) 5575.97796(66)  
 Lego-brick  
 (TM) 776197.021 [−0.36] 5750.273 [0.00] 5703.185 [0.00] 277532.800 [−0.68] 5698.785 [0.04] 5578.488 [0.05]  
 (TM+LR) 774615.478 [−0.56] 5750.983 [0.01] 5703.794 [0.01] – – –  
 LETSGO  
 (TM) 776297.736 [−0.35] 5751.160 [0.01] 5704.064 [0.02] 277532.258 [−0.68] 5699.211 [0.04] 5578.897 [0.05]  
 (TM+LR) 774615.478 [−0.56] 5750.983 [0.01] 5703.794 [0.01] – – –  
 revDSD/junTZ 775669.353 [−0.43] 5695.065 [−0.96] 5648.776 [−0.95] 277534.598 [−0.68] 5642.959 [−0.94] 5524.867 [−0.92]  
 𝛥𝐵𝑣𝑖𝑏

c 19513.818 −14.368 −17.872 −1725.362 −11.246 −17.129  
 Molecule cis-HOSO+ trans-HOSO+

 Rot. constants 𝐴0 𝐵0 𝐶0 𝐴0 𝐵0 𝐶0  
 Expt.b 44183.605(41) 9899.77223(67) 8070.09973(58) 44 766.215(35) 9961.72064(93) 8131.9572(13)  
 Lego-brick  
 (TM) 44510.599 [0.74] 9910.649 [0.11] 8088.802 [0.23] 45 169.697 [0.90] 9944.955 [−0.17] 8134.77 [0.03]  
 (TM+LR) 44484.669 [0.68] 9910.617 [0.11] 8087.905 [0.22] 45 168.912 [0.90] 9943.447 [−0.18] 8133.738 [0.02]  
 LETSGO  
 (TM) 43551.132 [−1.43] 9955.269 [0.56] 8085.315 [0.19] 44 710.106 [−0.13] 9909.112 [−0.53] 8095.489 [−0.45]  
 (TM+LR) 43525.029 [−1.49] 9955.355 [0.56] 8084.451 [0.18] 44 709.362 [−0.13] 9907.614 [−0.54] 8094.465 [−0.46]  
 revDSD/junTZ 42280.255 [−4.31] 9691.305 [−2.11] 7866.359 [−2.52] 42 761.167 [−4.48] 9737.27 [−2.25] 7914.533 [−2.67]  
 𝛥𝐵𝑣𝑖𝑏

c 217.453 −56.131 −47.221 263.456 −60.229 −47.408  
 Molecule HOCO+ H2CCHCNH+

 Rot. constants 𝐴0 𝐵0 𝐶0 𝐴0 𝐵0 𝐶0  
 Expt.b 789944.610(21) 10 773.68964(34) 10 610.3413(23) 46 199.5(167) 4791.13798(92) 4334.79 183(92)  
 Lego-brick  
 (TM) 780720.417 [−1.17] 10 786.718 [0.12] 10 623.190 [0.12] 46 227.521 [0.06] 4788.049 [−0.06] 4332.475 [−0.05]  
 (TM+LR) 777063.288 [−1.63] 10 785.652 [0.11] 10 621.430 [0.10] 46 259.330 [0.13] 4788.944 [−0.05] 4333.766 [−0.02]  
 LETSGO  
 (TM) 780600.255 [−1.18] 10 749.3863 [−0.23] 10 586.874 [−0.22] 45 547.309 [−1.41] 4780.714 [−0.22] 4320.375 [−0.33]  
 (TM+LR) 776944.002 [−1.65] 10 748.327 [−0.24] 10 585.125 [−0.24] 45 549.404 [−1.41] 4781.190 [−0.21] 4320.784 [−0.32]  
 revDSD/junTZ 780421.573 [−1.21] 10 694.375 [−0.74] 10 533.3519 [−0.73] 46 511.767 [0.68] 4761.817 [−0.61] 4313.689 [−0.49]  
 𝛥𝐵𝑣𝑖𝑏

c 20994.534 −28.922 −40.637 −66.436 −17.223 −20.918  
a A full table referencing SE equilibrium (Lego-brick) and experimental effective (LETSGO) geometries is given in the Supplementary Information.
b Values in parentheses denote 1𝜎 error and apply to last digits.
c fc-MP2/cc-pVTZ vibrational corrections.
is in line with results from our linear subset. Turning to the TM Lego-
brick approach, if we disregard 𝐴0 rotational constants for the subset 
of species whose point group change upon protonation (and that of 
H2CCCH+ whose experimental value is poorly determined), we obtain a 
MUD of 0.08%. Albeit, if we consider all rotational constants, the MUD 
increases to 0.32%. The incorporation of the LR correction has a small 
effect. Statistically considering the rotational constants 𝐴0, 𝐵0, and 𝐶0
in TM+LR Lego-brick results, the MUD increases to 0.39%. Alterna-
tively, discounting the 𝐴0 rotational constants (as mentioned above), 
we note the MUD remains unchanged. On average, the application of 
TM Lego-brick leads to agreement with experiment better than 0.1% 
(0.08%), when only 𝐵0 and 𝐶0 rotational constants are considered in 
the statistical analysis. Given all eight species of our asymmetric-top 
test set are planar, for rotational spectroscopy applications, 𝐵0 and 
𝐶0 are most often the rotational constants of interest. With respect 
to LETSGO results, the MUDs (statistically including all rotational 
6 
constants) are 0.51% and 0.70% for TM and TM+LR, respectively. 
However, these deviations decrease upon excluding the problematic 𝐴0
values: 0.30% for TM, and 0.45% for TM+LR. Discarding the problem-
atic 𝐴0 values, the MUD of revDSD/junTZ is 0.97%, which decreases 
(without any additional cost) to 0.30% by TM LETSGO, and further to 
0.08% by TM Lego-brick.

Among the eight ions in our asymmetric-top test set, HOSO+ yields 
the largest deviation from experiment at the revDSD/junTZ level. We 
note this outcome is not however a failure of this level of theory. For 
both cis- and trans isomers of HOSO+, equilibrium geometries and rota-
tional constants have been evaluated at the coupled-cluster level [39]. 
Specifically, if we apply fc-MP2/cc-pVTZ vibrational corrections (re-
ported in Table  2) to the fc-CCSD(T)/cc-pVTZ equilibrium rotational 
constants of cis-HOSO+ [39], we obtain deviations from experiment on 
the order of −4.21% for 𝐴0, −2.03% for 𝐵0 and −2.44% for 𝐶0. Notably, 
these discrepancies reduce to 0.44% for 𝐴 , −0.05% for 𝐵 , and 0.04% 
0 0
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Table 3
Computed ground-state rotational constants for symmetric-top molecules (MHz). Relative errors (%) (listed in square brackets) with respect to 
experimental dataa.
 Molecule CH3CNH+ CH3CO+ NH3D+ SH+

3 H3O+

 Rot. constant 𝐵0 𝐵0 𝐵0 𝐵0 𝐵0  
 Expt.b 8590.5589(10) 9134.47211(20) 131412.1315(130) 146737.6663(13) 331411.766(107)  
 Lego-brick  
 (TM) 8594.776 [0.05] 9132.590 [−0.02] 131268.635 [−0.11] 146788.081 [0.03] 332416.058 [0.30]  
 (TM+LR) 8596.115 [0.06] 9135.177 [0.01] 131052.052 [−0.27] – 329508.111 [−0.57]  
 LETSGO  
 (TM) 8584.797 [−0.07] 91 144.593[−0.22] 131060.667 [−0.27] 143188.675 [−2.42] 333753.168 [0.71]  
 (TM+LR) 8587.266 [−0.04] 9117.145 [−0.19] 131898.638 [0.37] – 330426.601 [−0.30]  
 revDSD/junTZ 8553.738 [−0.43] 9082.291 [-0.57] 130660.147 [−0.57] 146049.942 [−0.47] 329769.185 [−0.50]  
 𝛥𝐵𝑣𝑖𝑏

c −26.476 −26.977 −1974.076 −1629.101 81.148  
a A full table referencing SE equilibrium (Lego-brick) and experimental effective (LETSGO) geometries is given in the Supplementary 
Information. The 𝑟𝑆𝐸𝑒  structure of H2S is available in the Supplementary Information.
b Values in parentheses denote 1𝜎 error and apply to last digits.
c fc-MP2/cc-pVTZ vibrational corrections.
for 𝐶0 when considering fc-MP2/cc-pVTZ vibrational corrections to all-
CCSD(T)/cc-pwCVQZ equilibrium rotational constants. A similar trend 
is obtained for trans-HOSO+. A substantial part of the improvement 
can be attributed to the shortening of the two S-O bond distances 
(by about 21–23 mÅ), when going from fc-CCSD(T)/cc-pVTZ to all-
CCSD(T)/cc-pwCVQZ. Interestingly, as evident in Fig.  2, Lego-brick 
and LETSGO are able to recover the large core-correlation effects at 
no computational cost. These effects are predominantly related to the 
sulfur atom. By comparison, the average deviation of revDSD/junTZ 
for HOCO+ is −0.89%, and for each rotational constant, the agreement 
with experiment is about one third of the corresponding value for 
protonated sulfur dioxide.

The last set of protonated molecules to be discussed is that of 
the symmetric-top species (Table  3 and Fig.  3): CH3CNH+, CH3CO+, 
NH3D+, SH+

3 , and H3O+. For these, only 𝐵0 has been considered, 
owing to it being the only determinable rotational constant from anal-
ysis of the rotational spectrum (if perturbations are excluded). At the 
revDSD/junTZ level, the mean relative deviation across the series is 
−0.51%. These predictions are in accordance with results of both our 
linear and asymmetric-top molecules; relative to experiment, rotational 
constants are underestimated due to the typical overestimation of 
bond lengths of the revDSD functional. Turning to the TM Lego-brick 
approach, the MUD is 0.10%, which increases to 0.23% when the LR 
correction is applied. This increase in error is attributable to NH3D+ and 
H3O+. Indeed, for these two species, the TM+LR structure is simply a 
LR-corrected geometry because all the bond distances are equivalent: 
application of the LR correction substitutes the TM model. Since the LR-
corrected bond lengths are longer than the corresponding TM-corrected 
values, the larger MUD is not all surprising. Given there is no LR cor-
rection for S-H available in the literature, for SH+

3 , we report only the 
TM result. Regarding the performance of LETSGO, if SH+

3  is excluded, 
the TM MUD is 0.32%. If we were to consider SH+

3  in the statistical 
analysis, we yield a MUD of 0.74%. Strikingly, the relative deviation 
from experiment for SH+

3  is −2.42%. This is largely due to the difference 
in 𝑟0 and 𝑟𝑆𝐸𝑒  geometries; the former possesses an S–H bond distance 
that is longer (by 11 mÅ) and HSH angle that is smaller (by about 
1◦). Incorporating the LR correction to LETSGO results reduces the 
MUD to 0.23%. Akin to TM+LR Lego-brick results, the TM+LR LETSGO 
structures for NH3D+ and H3O+ are simply LR-corrected geometries.

As already discussed for our asymmetric-top test set, in some cases, 
we note a change of point group when moving from the templating 
neutral molecule to the protonated species. This is indeed the case for 
SH+

3  and H3O+ (H2S and H2O possess 𝐶2𝑣 symmetry and, upon proto-
nation, their symmetry becomes 𝐶3𝑣), and NH3D+ (the 𝐶3𝑣 symmetry 
of NH3 changes to 𝑇𝑑 , at equilibrium, upon protonation). However, 
as previously mentioned, the change in the symmetry predominantly 
affects the rotational constant 𝐴0. Focusing specifically on TM Lego-
brick results, if we exclude H O+ from the statistical analysis, the 
3
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MUD is halved, reducing to 0.05%. A closer inspection of Table  3 
highlights the TM Lego-brick relative error of H3O+ is 0.30%. This is 
larger than the typical accuracy of 0.1% (or better). However, this is 
not surprising, owing to the umbrella-inversion motion of H3O+, which 
affects both theory and experiment. VPT2 calculations lead to vibra-
tional corrections that strongly depend on the level of theory (5.25 MHz 
with fc-CCSD(T)/cc-pVTZ, 106.79 MHz with all-CCSD(T)/cc-pCVTZ, 
and 238.83 MHz with fc-CCSD(T)/cc-pVQZ). Experimentally, the 0−
and 0+ inversion splitting of the vibrational ground state is relevant, 
with the 𝐵0 values of the two states differing significantly.

3.2. Equilibrium structures

From the inspection of Figs.  1–3, it is apparent that the bond 
lengths of revDSD/junTZ, TM Lego-brick and TM LETSGO equilibrium 
structures agree to two decimal places, variations lying in the third 
decimal place and being usually on the order of 1 to 4 mÅ. Between 
the three structures the angle parameters are also very similar, the 
differences being usually within 0.5◦. These small differences highlight 
the great sensitivity of rotational constants to molecular geometries. 
For example, comparing revDSD/junTZ and TM Lego-brick structures 
for HCNH+, we note that the overall length of the molecule (that is, 
the sum of the bond lengths) decreases by only 6 mÅ from the former 
to the latter. This, however, leads to an increase of 227.4 MHz in the 
computed rotational constant. Another example we may consider is 
HCO+. In this particular case, we observe a 5 mÅ reduction in the total 
length of TM Lego-brick, relative to revDSD/junTZ. This small change 
in the geometry results in the rotational constant enlarging by 296.6 
MHz.

As previously mentioned, the revDSD/junTZ level of theory inade-
quately describes S-O bonds (as in the case of HOSO+), predicting bond 
lengths too long (by about 21–23 mÅ). It is apparent in Fig.  2 that both 
Lego-brick and LETSGO are able to recover this overestimation quite 
well. Another ion showing a large variation in predicted geometries 
is HCCS+. Given its open-shell nature and the effect of protonation, it 
is hardly surprising this cation poses a challenge for Lego-brick and 
LETSGO approaches.

The results of Table  4 showcase the great accuracy one can obtain 
with the Lego-brick approach. The reference structures employed to 
carry out our benchmark are SE equilibrium geometries and/or very ac-
curate theoretical determinations (that are known to have an accuracy 
of about 1 mÅ or better). On average, TM(+LR) structural parameters 
agree with reference values to within 1–2 mÅ for bond lengths, and 
0.1–0.2◦ for valence angles. Overall, we note very few exceptions. For
cis- and trans-HOSO+, the HOS angle deviates by 1.5◦ for the former, 
and 2.9◦ for the latter. Indeed, these angles are neither TM nor LR 
corrected, but rather the optimized revDSD/junTZ parameters. As we 



T.E. Field-Theodore et al. Chemical Physics Letters 868 (2025) 141978 
Fig. 3. Symmetric-top protonated species set: Equilibrium structures obtained with revDSD/junTZ, Lego-brick and LETSGO approaches. Bond lengths reported in units of angstroms 
and bond angles in degrees.
Table 4
Comparison between TM(+LR), semi-experimental (SE) and computed (theo) equilibrium structures.a.

 

Molecule Param. TM(+LR) theo SE Molecule Param. TM(+LR) theo

H3S+b S–H 1.352 1.350 1.3500(1) cis-HOSO+g H–O1 0.987 (0.990) 0.983
HSH 94.2 94.3 94.15(1) O1–S 1.519 1.519

HCO+c C–O 1.106 1.107 1.1091(1) S–O2 1.406 1.408
C–H 1.095 (1.092) 1.093 1.0919(1) HO1S 118.5 120.0

HCNH+d H–C 1.079 – 1.0779(2) O1SO2 115.5 115.2
C–N 1.133 – 1.1340(1) trans-HOSO+g H–O1 0.984 (0.990) 0.981
N–H 1.015 (1.012) – 1.0123(3) O1–S 1.528 1.529

HNCCN+e H–N 1.016 (1.013) 1.014 1.0133(1) S–O2 1.401 1.404
N–C 1.140 1.141 1.1406(1) HO1S 118.5 115.6
C–C 1.372 1.374 1.3724(1) O1SO2 109.8 109.6
C–N 1.164 1.163 1.1634(1) H2CCCH+h H1–C1 1.085 1.086

HCCS+f H–C2 1.076 (1.073) 1.074 – C1–C2 1.349 1.347
C2–C1 1.244 1.257 – C2–C3 1.229 1.228
C1–S 1.550 1.561 – C3–H2 1.075 (1.073) 1.073

HOCS+f H–O 0.981 (0.982) 0.978 – H1C2C3 119.3 120.4
O–C 1.234 1.236 – CH2CHCNH+i H1–C1 1.080 1.081
C–S 1.500 1.498 – H2–C1 1.081 1.080
HOC 117.8 117.6 – C1–C2 1.343 1.341
OCS 174.7 174.8 – H3–C2 1.080 1.081

HSCO+f H–S 1.360 1.355 – C2–C3 1.413 1.416
C–S 1.654 1.655 – C3–N 1.144 1.145
C–O 1.124 1.124 – N–H 1.008 (1.006) 1.006
HSC 90.5 90.3 – H1C1C2 122.1 122.2
SCO 176.2 176.3 – H2C1C2 119.5 119.7

H3C2C3 124.4 124.7
C1C2C3 119.4 119.4

a Bond distances in angstroms and angles in degrees. For TM(+LR) structures, the TM structural parameters are reported, 
where applies the LR-corrected values is given in parentheses.
b 𝑟𝑆𝐸𝑒  (SE) structure from Ref. [21], theoretical (theo) structure (all-CCSD(T)/cc-pwCVQZ) from Table 1 of Ref. [40].
c 𝑟𝑆𝐸𝑒  (SE) structure from Ref. [21], theoretical (theo) structure (CCSD(T)/CBS+CV) from Ref. [38].
d 𝑟𝑆𝐸𝑒  (SE) structure from Ref. [41].
e 𝑟𝑆𝐸𝑒  (SE) structure from Ref. [21], theoretical (theo) structure (CCSD(T)/CBS+CV+fT+pQ) from Table 1 of Ref. [42].
f Theoretical (theo) structure (CCSD(T)/CBS+CV+fT+fQ) from Ref. [38].
g Theoretical (theo) structure (CCSD(T)/CBS+CV+fT+fQ) from Ref. [39].
h Theoretical (theo) structure (all-CCSD(T)/cc-pwCVQZ) from Ref. [43].
i Theoretical (theo) structure (all-CCSD(T)/cc-pwCVQZ) from Ref. [44].
have already discussed, revDSD/junTZ does not perform well for this 
system. Another large discrepancy, that is not surprising however, is 
the open-shell species HCCS+. Here, we note TM(+LR) C–C and C–S 
bond distances deviate from the reference (CCSD(T)/CBS+CV+fT+fQ) 
values by approximately 11–13 mÅ.

3.3. Application to large systems

Finally, this work deals with the accurate prediction of equilibrium 
geometries (and resultant rotational constants) for a few protonated 
systems containing one or two aromatic rings. In this section, we 
restrict ourselves to the application of Lego-brick. Its accuracy is thus 
far very impressive, instilling confidence in results for species where 
there is considerably less experimental data available for comparison.

The species considered in this section are protonated benzene 
(C6H7

+), protonated benzonitrile (C6H5CNH+), protonated quinoline 
(Quinoline-H+), and protonated isoquinoline (Isoquinoline-H+). There 
8 
is limited spectroscopic information on C6H7
+ and C6H5CNH+: rota-

tional constants have been calculated at CCSD(T*)-F12a/cc-pVTZ-F12 
with an empirical correction for expected bond length overestimation 
for the former species [45], while B3LYP-D3/aug-cc-pVTZ [46] calcu-
lations have been performed on the latter. No gas-phase structural data 
are available for protonated quinoline and protonated isoquinoline.

The rotational constants derived from TM and TM+LR Lego-brick 
results are given in Table  5, where a comparison to revDSD/junTZ 
is also provided. In analogy to our benchmark study, the templat-
ing molecule is the non-protonated one: benzene for C6H7

+, benzoni-
trile for C6H5CNH+, quinoline for Quinoline-H+, and isoquinoline for 
Isoquinoline-H+. While the 𝑟𝑆𝐸𝑒  structure is available for benzene and 
benzonitrile, the TM structure from Ref. [18] has been employed for 
quinoline and isoquinoline. The resulting structural parameters are 
reported in Fig.  4. Due to the molecular size and the related compu-
tational cost of fc-MP2/cc-pVTZ anharmonic calculations, vibrational 
corrections have been obtained (within VPT2) at the B3LYP-D3BJ/jun-
cc-pVDZ (hereafter B3/junDZ) level, which is analogous to that used in 
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Fig. 4. Application subset: Equilibrium structures obtained with the Lego-brick approach. Bond lengths reported in units of angstroms.
Table 5
Computed ground-state rotational constants for the ‘‘application’’ subset of molecules (MHz)a.
 Molecule C6H+

7 C6H5CNH+

 Rot. constants 𝐴0 𝐵0 𝐶0 𝐴0 𝐵0 𝐶0  
 Lego-brick  
 (TM) 5443.973 5297.062 2727.236 5544.196 1505.176 1183.642 
 (TM+LR) 5445.413 5297.508 2727.479 5544.196 1505.250 1183.688 
 revDSD/junTZ 5419.571 5289.534 2719.081 5515.275 5289.534 1182.273 
 𝛥𝐵𝑣𝑖𝑏

b −35.574 −36.165 −18.370 −46.318 −4.976 −5.334  
 Molecule Quinoline-H+ Isoquinoline-H+

 Rot. constants 𝐴0 𝐵0 𝐶0 𝐴0 𝐵0 𝐶0  
 Lego-brick  
 (TM) 3095.012 1246.919 889.007 3135.851 1215.081 875.921  
 (TM+LR) 3095.192 1246.919 889.022 3135.898 1215.115 875.941  
  
 revDSD/junTZ 3085.062 1243.380 886.388 3111.576 1218.670 875.876  
  
 𝛥𝐵𝑣𝑖𝑏

b −23.938 −8.102 −5.912 −24.594 −7.822 −5.807  
a A full table referencing the equilibrium geometries of benzene, benzonitrile, quinoline and isoquinoline is given in the Supplementary 
Information.
b B3/junDZ vibrational corrections.
 

 
 
 
 
 
 
 
 
 
 
 
 

Ref. [18]. In accordance with this latter work on PAHs and PANHs [18],
bond angles were kept fixed at the corresponding revDSD/junTZ values.

As noted from Fig.  4, incorporation of the LR correction shortens the
C–H+/N–H+ bond length, thus increasing the rotational constants. Such
an increase is extremely small and ranges from +0.001% to +0.009%,
which in absolute terms means variations from +15 kHz to ∼450 kHz.
Only for 𝐴0 of C6H7

+, a more relevant modification (from TM to
TM+LR) is noted: +0.03%, corresponding to +1.44 MHz. However,
this was somewhat expected because protonation of benzene changes
its symmetry point group. Based on our benchmark study, TM and
TM+LR constants are expected to have an accuracy of about 0.1%,
employing B3/junDZ vibrational corrections does not affect the overall
result [18]. Therefore, it is hoped these results will support laboratory
spectroscopy experiments in a near future. Among the ‘‘application’’
subset, C H + is perhaps the most interesting case because it can be
6 7  

9 
considered as another proxy of benzene; indeed, protonation generates 
a dipole moment of about 0.7 D.

4. Conclusions

In this work, we have extended the applicability of Lego-brick to 
a new area of chemistry: determining accurate equilibrium molecular 
structures of protonated molecules. Furthermore, we have introduced 
a new variant, LETSGO, which further extends its applicability. As in 
previous works, the accuracy has been tested for a significant set of 
species and based on the comparison of rotational constants. For the 
systems considered, the Lego-brick mean absolute error from experi-
ment was found to be 0.08% for TM and 0.11% for TM+LR. Preliminary 
investigation of the newly proposed LETSGO approach also produced 
encouraging results: the mean absolute error of the TM and TM+LR 
schemes are 0.28% and 0.34%, respectively. From the results presented, 
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it can be concluded that linear regression corrections to the molecular 
geometry (with respect to C-, N-, or O- protonation) does not represent 
an improvement in the calculated rotational constants of protonated 
systems. The mean absolute error of revDSD/junTZ calculations with 
respect to experiment is a striking 0.89%. The conclusion that can 
be drawn is that the Lego-brick approach can be successfully applied 
to protonated species using the corresponding unprotonated molecules 
for the TM scheme. The new variant, LETSGO, is a promising method 
because it allows for improving the accuracy of the revDSD/junTZ level 
without any additional cost.

More than two decades ago, theoretical spectroscopists predicted 
calculations would progress to the point where they can be accurate 
enough to guide the detection of difficult molecular species (such as 
small anions or cations) from ab initio predictions [47]. To date, only a 
few interstellar cations have been astronomically detected based solely 
on theoretical calculations. To the best of our knowledge, they include 
N2H+ [48,49], HCS+ [50], HCCS+ [51], 𝑙-C3H+ [52], HC3O+ [53], 
and HC5NH+ [54]. Indeed, the accuracy required by astronomical 
searches can be obtained only experimentally. However, in case of 
linear species, which are characterized by thinned simple rotational 
spectra, accurate computational predictions turned out to be effective 
when experiment was lacking [51,53,54]. The Lego-brick calculations 
of this and previous works are convincing evidence of the impressive 
accuracy that is obtainable at less cost and greater convenience of 
a CCSD(T) computations. We hope the theoretical strategy presented 
herein will be useful in proposing new interstellar molecules and 
predicting their equilibrium structures, in guiding future laboratory 
experiments and assisting in line assignments. Indeed, Lego-brick turns 
out to be a less expensive computational approach than the empir-
ical scaling procedure which is often used in the field of rotational 
spectroscopy (see, e.g., Refs. [51,53]). In fact, this latter approach 
requires the accurate structural determination (with high-level ab initio 
methods) of the reference (experimentally characterized) and target 
(new) species together with the computation of their anharmonic force 
fields (for vibrational corrections to rotational constants).
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Appendix A. Supplementary data

Supplementary material collects: (i) the semi-experimental equilib-
rium and experimental effective 𝑟0 structures determined in this work; 
(ii) replicas of Tables  1, 2, 3, and 5 with references to literature.

Supplementary material related to this article can be found online 
at https://doi.org/10.1016/j.cplett.2025.141978.
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