
22 April 2026

Alma Mater Studiorum Università di Bologna
Archivio istituzionale della ricerca

Alessandrini, S., Ye, H., Biczysko, M., Puzzarini, C. (2024). Describing the Disulfide Bond: From the Density
Functional Theory and Back through the “Lego Brick” Approach. JOURNAL OF PHYSICAL CHEMISTRY. A,
MOLECULES, SPECTROSCOPY, KINETICS, ENVIRONMENT, & GENERAL THEORY, 128(43), 9383-9397
[10.1021/acs.jpca.4c05198].

Published Version:

Describing the Disulfide Bond: From the Density Functional Theory and Back through the “Lego Brick”
Approach

Published:
DOI: http://doi.org/10.1021/acs.jpca.4c05198

Terms of use:

(Article begins on next page)

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website.

Availability:
This version is available at: https://hdl.handle.net/11585/1011856 since: 2025-03-30

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:

This item was downloaded from IRIS Università di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

http://doi.org/10.1021/acs.jpca.4c05198
https://hdl.handle.net/11585/1011856


Describing the disulfide bond: from the density

functional theory and back through the "Lego

brick" approach

Silvia Alessandrini,† Hexu Ye,† Malgorzata Biczysko,∗,‡ and Cristina Puzzarini∗,†

†Dipartimento di Chimica “Giacomo Ciamician”, Università di Bologna, Via F. Selmi 2,

40126 Bologna, Italy

‡Faculty of Chemistry, University of Wroclaw, F. Joliot-Curie 14, 50-383 Wroclaw, Poland

E-mail: malgorzata.biczysko@uwr.edu.pl; cristina.puzzarini@unibo.it

1

malgorzata.biczysko@uwr.edu.pl
cristina.puzzarini@unibo.it


Abstract

Selected molecular species containing the disulfide bond, RSSR, have been considered,

these ranging from hydrogen disulfide, H2S2 (R=H), to diphenyl disulfide with R=C6H5.

The aim of this work is twofold: (i) to investigate different computational approaches

in order to derive accurate equilibrium structures at an affordable cost, (ii) to employ

the results from the first goal in order to benchmark cheaper methodologies rooted in

the density functional theory. Among the strategies used for the accurate geometrical

determinations, the semi-experimental approach has been exploited in combination

with a reduced-dimensionality VPT2 model, without however obtaining satisfactory

results. Instead, the so-called "Lego brick" approach turned out to be very effective

despite the flexibility of the systems investigated. Concerning the second target of this

work, the focus was mainly on the S-S bond and the structural parameters related to

it. PBE0(-D3BJ), M06-2X(-D3) and DSD-PBEP86-D3BJ have been found to be the

best-performing functionals.
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Introduction

Sulfur is an essential element to life. Indeed, it is present in a wide variety of molecules with

different physiological functions. Disulfide bonds are present in approximately 10% of the

proteins produced by mammalian cells, with cystine, the disulfide derived from the cysteine

amino acid, being the first discovered.1,2 Disulfide (S-S) bonds play a peculiar role in biochem-

istry because, by breaking and/or forming of disulfide cross-linking, trigger conformational

changes, thus influencing protein folding and controlling protein function.3–6 Notably, in

proteins and polypeptides, these disulfide bridges are bonds formed intramolecularly between

two sulfur atoms.7 Rarely, they are established between two vicinal cysteines.7 Interestingly,

these S-S bridges constitute the only natural covalent link between polypeptides strands.7

As mentioned above, sulfur is one of life-essential elements. However, moving to the issue

of the origin of life, its path from interstellar clouds to planets and their atmospheres is still

not well understood. Despite sulfur being the tenth most abundant element in the Galaxy, in

the cold regions of the interstellar medium (ISM), S-bearing molecules are not as abundant

as expected on the basis of its elemental abundance.8 This is the so-called “sulfur-depletion”

problem.9–11 So far, among the few S-bearing molecules detected in space, no one contains

two sulfur atoms, much less the disulfide moiety. However, although H2S2 has not been

detected in the ISM and cometary ices, it is postulated to form in H2S-rich ices and to be

one of the molecules able to explain sulfur depletion. For example, very recently, it has been

pointed out that temperature-programmed desorption experiments of the co-deposition of

C2H2, H2S, and H at 10 K leads to the formation of several sulfur-bearing species.12 Among

the compounds securely identified by means of infrared spectroscopy and mass spectrometry,

two molecules containing two sulfur atoms were found: H2S2 and HSCH2CH2SH.12 This

recent work further demonstrated not only the possible presence of H2S2 in the IMS, but also

the possible formation of more complex species. Therefore, the presence in space of R2S2,

with R being a small organic fragment, cannot be ruled out.

Sulfur-containing molecules have also been attracting a long-standing interest in the
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field of computational chemistry, which however has mainly focused on species containing

only one sulfur atoms. Moving to species bearing the HSS moiety, the molecular structures

of HSSH (H2S2), HSSCN, CH3SSH, CH2CHSSH, CH3SSSH and CH2CHSSSH have already

been studied computationally.13–15 In this work, we aim at performing an accurate structural

characterization of selected molecules containing the disulfide bond and two equal organic

substituents, RSSR. More in detail, we have considered a set of molecular species of increasing

complexity containing the S-S bond, which have experimentally been studied by means of

rotational spectroscopy: dimethyl disulfide ((CH3)2S2),16 diethyl disulfide ((C2H5)2S2),17

diallyl disulfide ((C3H5)2S2),18 diisopropyl disulfide ((C3H7)2S2),19 and diphenyl disulfide

((C6H5)2S2).20 The RSSR molecules investigated are shown in Figure 1 together with the

atom labeling and point-group symmetry. For them, whenever it applies, only the most stable

conformer has been considered.

As noted in Figure 1, together with the RSSR species having R = small organic group,

H2S2 has also been involved in the study as reference species because its equilibrium structure

Figure 1: Molecular structures and atom numbering of the disulfide species considered in
this study, together with the molecules employed within the “Lego-brick” approach.
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(re) has recently been obtained by means of accurate composite schemes rooted in the coupled-

cluster (CC) theory as well as by exploiting the so-called semi-experimental approach.13 While

for (CH3)2S2 composite schemes that combine accuracy and reduced computational cost can

be applied, for the larger members of the RSSR series such methodologies become expensive

and only density functional theory (DFT) is cost-effective. To improve its performance, the

so-called "Lego brick" approach21,22 has been considered. This is based on the assumption that

a molecular system can be seen as formed by smaller fragments whose equilibrium structures

are accurately known. The envisaged fragments are shown in Figure 1. Subsequently, the

resulting accurate structures have been employed as reference for benchmarking different DFT

methodologies. For this second part of the study, several density functionals and different

basis sets have been tested.

As mentioned above, the RSSR molecular systems, with R = CH3, C2H5, C3H5, C3H7, and

C6H5, have already been investigated. In the corresponding works (refs. 16–20), the rotational

spectra of the main isotopologue and various isotopic species have been investigated. This

opens the way toward the application of the so-called semi-experimental (SE) approach,23

which combines experimental ground-state rotational constants for different isotopologues

with the corresponding computed vibrational corrections to derive accurate SE equilibrium

rotational constants to be used for structural determinations. Indeed, these latter parameters

only depend on the equilibrium geometry and the isotopic content.23–28 In addition to the

limited number of experimental data, which prevents any full structural determination,

the molecules here considered present an additional problem, which is related to their high

flexibility and thus to the presence of large amplitude motions (LAMs). Indeed, this hampered

the SE approach to be applied by Demaison and coworkers to diallyl disulfide and diphenyl

disulfide.18,20 In this study, we have tried to overcome these issues.
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Methodology

The goal of this work is twofold: (i) to determine accurate equilibrium structures for

the selected RSSR systems (see Figure 1) and (ii) to use the corresponding results for

benchmarking different DFT levels of theory. In the following, the computational methodology

and details of the two goals are presented separately.

The Gaussian 16,29 CFOUR30,31 and PSI432 suites of programs have been employed in

the present study.

Accurate equilibrium structures

Recent implementations in PSI4 allow the ad hoc definition of gradient-based composite

schemes.33 The one employed in this work, denoted as "gradient-MP2-CCSD(T)", is based on

the extrapolation to the complete basis set (CBS) limit of DF-MP2 gradients34 in conjunction

with the aug-cc-pwCVnZ (n=T,Q) basis sets,35 hereafter shortly denoted as awCnZ. DF-

MP2 denotes MP2 combined with the density-fitting approximation, with MP2 standing

for Møller-Plesset perturbation theory to second order.36 The extrapolation to the CBS

limit employs the two-point n−3 formula37,38 for the correlation energy gradient (∆CBS(DF-

MP2/awC(T,Q)Z)), while it adopts the energy gradient for the HF-SCF term with the

largest basis set (HF/awCVQZ). The contribution due to higher-order electron correlation

energy is incorporated as the difference between DF-MP2 and DF-CCSD(T) gradients (DF-

CCSD(T)/wCTZ - DF-MP2/wCTZ), both in conjunction with the cc-pwCVTZ basis set

(hereafter wCTZ), where CCSD(T) stands for coupled cluster singles doubles augmented by a

perturbative treatment of triples.39 To sum up, the gradient-MP2-CCSD(T) scheme is given
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by:

gradient-MP2-CCSD(T) = HF/awCVQZ

+∆CBS(DF-MP2/awC(T,Q)Z)

+ [DF-CCSD(T)/wCTZ − DF-MP2/wCTZ] .

(1)

In all the DF-MP2 and DF-CCSD(T) calculations above, all electrons (ae) are correlated.

The minimization of the gradient based on eq. 1 leads to the equilibrium structure which, in

the text, is named after the composite scheme.

In addition to the gradient-MP2-CCSD(T) scheme, an approach that exploits the additivity

approximation at the geometrical parameter level40 (instead of energy gradient) has also

been considered. This is the so-called “Cheap” composite scheme41 (hereafter shortly denoted

as ChS):

re(ChS) = re(fc-CCSD(T)/VTZ)

+ [re(MP2/CBS(T,Q)) − re(MP2/VTZ)]

+ [re(ae-MP2/wCTZ) − re(fc-MP2/wCTZ)] ,

(2)

where re(fc-CCSD(T)/VTZ) denotes a generic optimized structural parameter at the CCSD(T)

level, within the frozen-core (fc) approximation, in conjunction with the cc-pV(T+d)Z basis

set. The second term on the right-hand side is a corrective term due to the extrapolation

to the CBS limit, which is performed at the fc-MP2 level employing the cc-pV(T+d)Z and

cc-pV(Q+d)Z basis sets together with the n−3 extrapolation formula.37 In the cc-pV(n+d)Z

basis sets,42–44 “+d” applies to third-period elements. The last term incorporates the core-

valence (CV) correction as difference between ae and fc MP2 geometry optimizations, both

in the cc-pwCVTZ basis set.

For most of the R-substituent cases, both the gradient-MP2-CCSD(T) and ChS schemes

require a high computational cost. For these systems, the so-called “Lego brick” approach,21,22
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which combines the template-molecule (TM)45 and linear-regression (LR)46 approaches, has

been employed for obtaining accurate structures. According to the TM model, a medium-

/large-sized molecular system can be seen as formed by smaller molecular fragments, whose

accurate equilibrium geometries are available. Therefore, a generic equilibrium geometrical

parameter (re) of the target (T) molecule can be written as:

re(TM,T) = rDFT,T
e +∆TM , (3)

In the present study, based on previous works,22,47,48 for rDFT,T
e , the DFT level we em-

ployed is the double-hybrid rev-DSDPBEP86-D3BJ49 functional in conjunction with the

jun-cc-pV(T+d)Z50 basis set, “D3BJ” indicating the incorporation of empirical dispersion

corrections.51,52 Hereafter, this level of theory is shortly denoted as revDSD/junTZ.

The ∆TM correction is defined as:

∆TM = rSE,TM
e − rDFT,TM

e . (4)

In the equation above, rSE,TM
e and rDFT,TM

e denote the same geometrical parameter of the

target system (T) in the selected TM molecule: they are the accurate value and the computed

one at the same level of theory as T (i.e. revDSD/junTZ), respectively.45 In the present case,

SE equilibrium structures (see below) have been used for rSE,TM
e .

While the TM approach is able to improve the accuracy of the structural parameters

belonging to the envisaged fragments (i.e. the TM molecules), the geometrical parameters

connecting them need to be corrected in order to improve the original accuracy of the DFT

methodology employed for rDFT,T
e . For this purpose, the LR approach can be used. The

LR-corrected re(TM,T) is given by:

re(LR,T) = (1 + a)× rDFT,T
e + b , (5)
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where a and b are the linear regression parameters, which depend on the DFT level chosen

and have been taken from ref. 46.

While, in principle, the TM and LR approaches can be applied to both distances and

angles, as a matter of fact, the DFT methodology here employed, i.e. revDSD/junTZ,

already provides very good results for angles.53–55 Therefore, the TM and LR corrections

are only applied to bond lengths. Throughout the manuscript, for the sake of brevity, the

“Lego-brick" approach only considering TM corrections is denoted as "TM", while the model

also incorporating LR corrections as "TM+LR".

In addition to the pure computational structure determinations described above, as briefly

mentioned in the Introduction, the so-called SE approach23 has also been employed. SE

equilibrium structures are obtained from least-squares (LSQ) fits of the molecular structural

parameters to the SE equilibrium rotational constants (Bi,SE
e ) for different isotopologues. The

Bi,SE
e values are derived by correcting the experimental ground-state rotational constants

(Bi,exp
0 ) for the computed vibrational contributions ∆Bi,calc

vib as follows:

Bi,SE
e = Bi,EXP

0 −∆Bi,calc
vib = Bi,exp

0 +
1

2

∑
n

αi
n , (6)

where i denotes the inertial axes a, b, c and, thus, Ba gives the rotational constant A, Bb

gives B, and Bc gives C. In the equation above, αi
n is the vibration-rotation interaction

constant,56 with n indicating the vibrational normal mode and, as said above, i the inertial

axis; therefore, the sum runs over all vibrational normal modes. To evaluate the vibrational

contributions ∆Bi,calc
vib , second-order vibrational perturbation theory (VPT2)56,57 has to be

applied to a cubic force field. Since the molecular systems here considered present at least one

LAM, the reduced dimensionality VPT2 (RD-VPT2) approach58–61 has been employed. In

such a treatment, the LAM modes are treated at the harmonic level, whereas the remaining

vibrational modes are calculated anharmonically. To give an example, for (CH3)2S2, the CH3

torsional mode has been excluded from the VPT2 treatment.

In this study, the required anharmonic force fields have been computed using the B3LYP-

9



D3BJ functional and Jensen’s segmented polarization-consistent aug-pcs-1 basis set;62 this

level of theory is hereafter shortly denoted as B3/apcs-1. Anharmonic and VPT2 calculations

have been performed with the Gaussian 16 package, while the xrefit module of the CFOUR

quantum-chemistry package30,31 has been employed for the LSQ fits. Since only a partial SE

equilibrium structure can be derived for the systems here considered, the non-determinable

geometrical parameters have been kept fixed at the TM/TM+LR counterparts (as explained

in the Results and Discussion section).

Benchmark study of DFT methodologies

For the benchmark study, different DFT functionals and different basis sets have been

considered. These latter have been tested for the reference molecule, i.e. H2S2, and include

the Dunning series of correlation-consistent polarized basis sets63 (aug-)cc-pVnZ (n=D,T,Q,5),

Jensen’s segmented polarization-consistent basis sets62 (aug-)pcs-n (n=1, 2, 3, 4), and cc-

pVnZ-F12 (n=D, T, Q) basis sets64,65 as well as the “seasonal” jun-cc-pVTZ basis set.66

For cc-pVnZ-F12, valence functions for cardinal number “n” are generally taken from the

cc-pV(n+1)Z basis sets and augmented by additional p or d functions, and diffuse s and p

functions from the aug-cc-pV(n+1)Z family.42,43

Subsequently, several DFT functionals in conjunction with the best performing basis

set, namely aug-pcs-2 (jun-cc-pVTZ for diphenyl disulfide), have been employed to compute

equilibrium structures of the selected molecules. In choosing the DFT functionals, the avail-

ability of analytical second-derivatives has been considered as a mandatory prerequisite. In

particular, all functionals employed in a recent benchmark study on vibrational properties67

have been considered. The full list of functionals is reported in Table 1, where they are

classified according to their hierarchy - “Jacob’s Ladder”:68 single-hybrid GGA (XHF+GGA),

single-hybrid Meta-GGA (XHF+Meta-GGA), and double-hybrid (XHF+CMP2+GGA) func-

tionals. Dispersion corrections have been incorporated by means of Grimme’s dispersion69

D3 correction70 with Becke–Johnson (BJ) damping,52 with the exception of the M06-2X and
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APF71 functionals. For M06-2X, the original D3 correction (with no damping) has been

employed, while a purposely developed spherical atom dispersion model has been adopted for

APF (APFD71).

Table 1: List of the DFT functionals considered in the benchmark study.

XHF+GGA XHF+Meta-GGA XHF+CMP2+GGA
B3LYP72–74 M06-2X75 B2PLYP76

B3PW9172–74 MN1577 DSD-PBEP8678,79

CAM-B3LYP80 DSD-PBEh9578

PBE081 PBE0DH82

LC-ωPBE83–85 PBEQIDH86

B9787

ωB97X88

APF71

Results and discussion

Following the organization of the Methodology section, the determination of accurate struc-

tures for the selected molecules containing the disulfide bond are first presented and discussed.

In the second part, the benchmark study aiming at investigating the performance of different

DFT methodologies is reported.

Accurate equilibrium structures of the RSSR systems

As mentioned in the Introduction, selected molecules containing the S-S bond have been

considered for accurate structural determinations to be used in the subsequent benchmark

study. Particular emphasis has been given to the S-S bond and to the structural parameters

involving the S atoms.

The first and smallest member of this selection is H2S2, which –as already mentioned–

has been the subject of an accurate structural characterization.13 In Table 2, its structural

parameters determined using the composited schemes of eqs. 1 (gradient-MP2-CCSD(T)) and
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Table 2: Structural parameters of H2S2 at different levels of theory. Bond lengths
in Å, angles in degrees.

BestEst a rSE
e

a gradient- b ChS c revDSD/
MP2-CCSD(T) junTZ

SS (Å) 2.0503 2.0512(1) 2.0504 2.0562 2.0609
SH (Å) 1.3395 1.3408(8) 1.3389 1.3394 1.3422

HSS (deg.) 98.18 98.19(1) 98.17 98.08 98.24
HSSH (deg.) 90.64 90.65(1) 90.77 90.72 90.63

a From ref. 13. For rSE
e , vibrational and electronic corrections are at the fc-MP2/cc-pVTZ

level. b From eq. 1. c From eq. 2.

2 (ChS) are reported together with those of the best-estimated equilibrium geometry (hereafter

denoted as BestEst) and rSEe from ref. 13. In detail, the BestEst structure was derived from

a composite scheme, entirely based on CC techniques, which incorporates, in addition to

extrapolation to the CBS limit and CV correction at the CCSD(T) level, contributions due to

high-order excitations in the CC expansion up to quadruples as well as relativistic effects (for

all details, the reader is referred to ref. 13). From an inspection of Table 2, the impressive

performance of the gradient-MP2-CCSD(T) scheme is noted; the agreement with the BestEst

structure is nearly perfect despite the great difference in the computational cost, that of

BestEst being extremely high. Concerning the comparison with the SE equilibrium structure,

small deviations are observed, the largest ones being about 2 mÅ for distances (S-H bond)

and 0.1 degree for angles (HSSH dihedral angle). Moving to the ChS (eq. 2) structure, it is

noted that it agrees well with the BestEst, rSE
e and gradient-MP2-CCSD(T) geometries, the

only relevant deviation of 5-6 mÅ being noted for the S-S bond. The overall conclusion is

that gradient-MP2-CCSD(T) is a very accurate scheme at an affordable computational cost

even for larger systems.

In Table 2, the revDSD/junTZ geometry is also reported because this level is the one

employed in the "Lego brick" approach. The agreement is rather good for the S-H bond length

and the angles, with deviations –with respect to BestEst, rSE
e and gradient-MP2-CCSD(T)–

of 2-3 mÅ for the former and well within 0.1 degree for the angles. Instead, the S-S distance is
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10 mÅ longer than the BestEst and gradient-MP2-CCSD(T) values, while the overestimation

is 9 mÅ with respect to rSE
e .

In view of the performance of the gradient-MP2-CCSD(T) scheme for H2S2, it has been

applied to the second molecule in terms of increasing dimension, (CH3)2S2. The corresponding

results are reported in Table 3 together with those from the ChS composite scheme, the

"Lego-brick" approach, and the revDSD/junTZ level of theory. First of all, it is noted the

good performance of the "Lego-brick" approach: the distances involving the S atom result

less than 2 mÅ longer than the gradient-MP2-CCSD(T) ones, while for the C-H distances the

discrepancy is well within 1 mÅ. From the inspection of Table 3, it is apparent that the ChS

composite scheme performs worse than the "Lego-brick" approach; indeed, for the former the

deviations with respect to the gradient scheme are ∼5 mÅ for SS, ∼2 mÅ for SC, and smaller

than 0.5 mÅ for the C-H bonds. Moving to the revDSD/junTZ level, overestimations similar

to those noted for H2S2 are evident. In particular, the revDSD/junTZ S-S bond length is

11 mÅ longer than the gradient-MP2-CCSD(T) one. Concerning the angles, which are kept

unchanged in the "Lego-brick" approach (see Methodology section), it is observed that the

discrepancy is well within 0.1 degree for valence angles and within 0.5 degrees for dihedral

angles. Therefore, the overall conclusion is that the "Lego-brick" approach is well suitable for

the evaluation of those structural parameters that cannot be determined in the SE approach.

Furthermore, in view of its very limited computational cost, it can also be applied to the

largest systems considered in this study and then be used as reference in the benchmark

study .

An additional comparison reported in Table 3 is based on the equilibrium rotational

constants. Indeed, as stressed in the Introduction, rotational constants only depend on the

molecular structure and isotopic composition, this dependency providing the foundation of

the SE approach. Taking the gradient-MP2-CCSD(T) structure as reference, it is noted that

the average deviation of the revDSD/junTZ rotational constants is 0.97%, which decreases to

0.38% once the TM+LR approach is exploited. The ChS geometry appears a bit improved
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with a mean discrepancy of 0.27%.

Table 3: Structural parametersa of (CH3)2S2 at different levels of theory. Bond
lengths in Å, angles in degrees, rotational constants in MHz.

gradient- b ChS c revDSD/ TM+LR d

MP2-CCSD(T) junTZ
S1S2 2.0298 2.0352 2.0409 2.0313
S1C3 1.8077 1.8096 1.8149 1.8094
C3H4 1.0888 1.0890 1.0921 1.0887
C3H5 1.0865 1.0868 1.0893 1.0859
C3H6 1.0856 1.0859 1.0886 1.0852

C3S1S2 102.35 102.23 102.49 –e

S1C3H5 110.88 110.85 110.94 –e

S1C3H4 106.47 106.46 106.35 –e

S1C3H6 110.24 110.21 110.27 –e

C3S1S2C3b 84.77 84.72 85.21 –e

S2S1C3H4 178.03 177.96 177.54 –e

S2S1C3H5 -63.34 -63.42 -63.88 –e

S2S1C3H6 59.14 59.06 58.74 –e

Ae 8163.61 8131.83 8130.23 8182.68
Be 2845.22 2839.05 2806.35 2829.29
Ce 2596.58 2591.05 2567.36 2587.61

a For atom labeling, see Figure 1. b From eq. 1. c From eq. 2. d Results from the "Lego-brick"
approach. The LR approach has been applied to the C-S bond length, while the other distances
have been corrected using the TM approach employing H2S2 and CH4 as template molecules (see

Figure 1). e Angles are kept fixed at the corresponding revDSD/junTZ values.

The accuracy and reliability of the results obtained for (CH3)2S2 in the framework of

the "Lego-brick" approach can also be verified by comparing the corresponding rotational

constants with the experimental counterparts. The results are summarized in first block of

Table 4, where the experimental ground-state rotational constants of the main isotopic species

are compared with those computed at different levels: revDSD/junTZ, TM, and TM+LR. In

order to make such a comparison meaningful, the computed equilibrium rotational constants

have been augmented by vibrational corrections at the B3/apcs-1 level (obtained as explained

in the Methodology section). It is noted that moving from revDSD/junTZ to TM, and then

to TM+LR, the mean relative deviation reduces from 1.00% to 0.64%, and then to 0.49%.
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The performance of the "Lego-brick" approach is not as good as noted in the literature,21,22

but this case with two rotating methyl groups is particularly challenging not only for theory

but also for the experimental determination.

As mentioned in the Methodology details, for (CH3)2S2 and the larger members of the

RSSR series considered, a partial SE equilibrium structure has been determined. For (CH3)2S2,

this is not available in the literature and has been derived for the first time in this work. To

this end, the experimental rotational constants of the parent and five isotopic species, the

mono-34S, the mono-33S, mono-13C, and mono- and doubly-CD3 substituted isotopologues,

reported in refs. 16,89 have been employed. Despite the fact that five isotopic species provide

15 rotational constants and the structural parameters to be determined are 13, a full semi-

experimental structure could not be derived. This is mainly due to two main reasons. The

first one is the high correlation between parameters, which occurs whenever one atom is close

to a principal inertial axis. This was already pointed out for dimethyl sulfide, the mono-S

analogous of (CH3)2S2.90,91 Indeed, the in-plane H atom is extremely close to the b-principal

axis, thus leading to a very high correlation between the C-H bond distance and the SCH

angle. The second reason is related to the presence of two methyl groups, which are internal

rotors giving rise to sizable internal rotation splitting (well resolved experimentally) and also

imply the presence of low-frequency LAM vibrations. For them, the VPT2 treatment is not

adequate. To overcome this issue, as explained in the Methodology section, the RD-VPT2

approach has been employed. However, excluding one or more vibrational modes from the

VPT2 treatment introduces an inaccuracy which affects all spectroscopic quantities.

The SE results are collected in Table 5; the structural parameters not reported in Table 5

are those that could not be determined in the fit and have been kept fixed at the TM

counterparts. As mentioned in the Computational details, the LR approach is applied only to

bond lengths. This means that the only LR-corrected distance is CS, which is however one of

the fitted parameters. From the comparison of the SE results (Table 5) with those reported

in Table 3, it is noted a reasonably good agreement, within the statistical uncertainties, of
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Table 4: Computed rotational constants of RSSR, with R = CH3, CH3CH2,
(CH3)2CH, CH2CHCH2, C6H5, compared to the experimental counterparts.a

(CH3)2S2

Bi,exp
0

b ∆Bi
vib Bi,theo

0
c

ref. 16 B3/apcs-1 revDSD/junTZ TM TM+LR
8163.830(1) -106.49 8023.74 (1.72) 8036.82 (1.56) 8076.19 (1.07)
2816.435(1) -13.877 2792.48 (0.85) 2809.50 (0.25) 2815.41 (0.04)
2570.352(1) -7.902 2559.46 (0.42) 2572.93 (0.10) 2579.71 (0.36)

(CH3CH2)2S2

Bi,exp
0 ∆Bi

vib Bi,theo
0

c

ref. 17 B3/apcs-1 revDSD/junTZ TM TM+LR
4294.4281(9) -33.968 4251.84 (0.99) 4270.75 (0.55) 4281.14 (0.31)
1255.5735(4) -4.388 1251.22 (0.35) 1255.34 (0.02) 1259.41 (0.31)
1182.0645(3) -4.185 1176.52 (0.47) 1181.49 (0.05) 1184.38 (0.20)

((CH3)2CH)2S2

Bi,exp
0 ∆Bi

vib Bi,theo
0

c

ref. 19 B3/apcs-1 revDSD/junTZ TM TM+LR
2559.3242(3) -28.833 2523.28 (1.41) 2527.88 (1.23) 2536.91 (0.88)
752.3375(2) -3.106 748.70 (0.48) 751.67 (0.09) 753.85 (0.20)
692.7608(3) -4.99 688.38 (0.63) 691.01 (0.24) 692.92 (0.02)

(CH2CHCH2)2S2

Bi,exp
0 ∆Bi

vib Bi,theo
0

c

ref. 18 B3/apcs-1 revDSD/junTZ TM TM+LR
1784.34618(81) -8.95 1781.49 (0.16) 1788.00 (0.20) 1791.12 (0.38)
981.02970(50) -2.22 977.56 (0.35) 981.03 (0.0002) 983.73 (0.28)
879.83311(48) -1.80 882.87 (0.36) 885.19 (0.61) 888.15 (0.95)

(C6H5)2S2

Bi,exp
0 ∆Bi

vib Bi,theo
0

c

ref. 20 B3/apcs-1 revDSD/junTZ TM TM+LR
1106.06772(30) -2.67 1090.93 (1.37) 1093.71 (1.12) 1095.69 (0.94)
321.36238(15) -2.77 322.98 (0.51) 324.22 (0.89) 324.83 (1.08)
283.41966(15) -1.87 283.71 (0.10) 284.70 (0.45) 285.28 (0.66)

a In parentheses, the relative deviations with respect to experiment. b Principal axis method (PAM) used in
IIr representation. c Computed equilibrium rotational constants augmented by computed vibrational

corrections at the B3/apcs-1 level.
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Table 5: Partial semi-experimental equilibrium structures for the disulfide com-
pounds considered in this study.

(CH3)2S2 (CH3CH2)2S2 ((CH3)2CH)2S2

Parameter r0 rSE
e r0 rSE

e r0 rSE
e

SS 2.0472(8) 2.036(5) 2.036(1) 2.028(4) 2.062(6) 1.96(2)
CS 1.8060(5) 1.804(3) 1.824(2) 1.829(8) 1.835(3) 1.837(9)
CC - - 1.519(2) 1.504(6) - -
CSS 102.47(2) 102.5(1) 102.91(9) 102.7(3) 102.65(2) 105.67(5)

CSSC 84.44(3) 84.7(2) 87.0(1) 87.8(5) 88.6(2) 84.8(6)
σ 8.7× 10−4 6.3× 10−3 4.1× 10−3 4.0× 10−2 5.8× 10−3 1.8× 10−2

(CH2CHCH2)2S2 (C6H6)2S2

Parameter r0 rSE
e r0 rSE

e

SS 2.00(1) 1.99(1) 2.17(2) 2.12(2)
CS1 1.84(3) 1.83(3) 1.739(6) 1.74(1)
CS2 1.87(3) 1.87(3) - -
CSS - - 105.2(2) -
σ 5.5× 10−2 5.4× 10−2 1.14× 10−2 2.1× 10−2

the former with the gradient-MP2-CCSD(T) and ChS geometries. However, it has to be

pointed out that the statistical errors are by far larger than what expected from the SE

approach and its intrinsic accuracy (i.e. 1 mÅ for bond lengths and 0.1 degree for angles).

This outcome is clearly related to the issues discussed above. In absolute terms, it is observed

that, while the SE angles well agree with those at the gradient-MP2-CCSD(T) and ChS

levels, the S-S distance is ∼4 mÅ and ∼9 mÅ longer than the gradient-MP2-CCSD(T) and

ChS values, respectively. Instead, the SE C-S bond is ∼5 mÅ and ∼7 mÅ shorter than

the gradient-MP2-CCSD(T) and ChS counterparts, respectively. Such a behavior of the SE

equilibrium values for the S-S and C-S bond lengths suggests a strong correlation between

these two parameters. In Table 5, the partial r0 structure is also given. This is obtained from

the LSQ fit of the experimental ground-state rotational constants without accounting for

the vibrational corrections. Therefore, it is an effective structure describing the molecule on

the vibrational ground state. As expected, the bond lengths are longer than the equilibrium

counterparts, but what is interesting is that r0 is better determined than rSE
e , the statistical

uncertainties of the former being smaller at least by one order of magnitude than those of
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the latter. This and the deviations from pure theoretical structures, discussed above, suggest

that the RD-VPT2 is not so effective in overcoming the LAM issues and, thus, the RD-VPT2

vibrational corrections to rotational constants are not as accurate as the VPT2 ones for

semi-rigid molecules.

Going a step further along the RSSR series, the next molecule to be considered is diethyl

disulfide. For (C2H5)2S2, because of its size, only the "Lego brick" approach has been

considered: the revDSD/junTZ, TM and TM+LR structural parameters are reported in

the Supporting Information (SI; Table S1). Their accuracy is here estimated by comparing

the corresponding rotational constants with the experimental counterpart. As done for

(CH3)2S2, for a meaningful comparison with experiment, the revDSD/junTZ, TM and

TM+LR equilibrium rotational constants have been augmented for vibrational corrections

computed at the B3/apcs-1 level using RD-VPT2. From the inspection of Table 4, it is

noted that moving from revDSD/junTZ to TM the average deviation lowers from ∼0.60%

to ∼0.21%, with discrepancies as small as 0.02% and 0.05% for B and C, which are in line

with what obtainable for semi-rigid molecules.22 As evident from Figure 1, the fragments

envisaged for (C2H5)2S2 are H2S2 and ethane (C2H6). Therefore, in analogy to (CH3)2S2, the

unique structural parameter that can be LR corrected is the C-S distance. Incorporating

such LR correction improves the agreement for A, but it reduces that for B and C, the

overall mean deviation increasing from ∼0.21% to ∼0.27%. The TM structure has then

been employed in the determination of the partial SE equilibrium geometry, with the non-

determinable parameters kept fixed at the TM values. Since the C-S bond distance is one

of the determinable (fitted) parameters, the TM and TM+LR structures provide the same

geometrical information. The results are collected in Table 5. It is noted that, similarly to

(CH3)2S2, the statistical uncertainties are larger than what expected from the SE approach.

For the remaining molecules, namely diisopropyl disulfide ((C3H7)2S2), diallyl disulfide

((C3H5)2S2), and diphenyl disulfide ((C6H5)2S2), the "Lego brick" approach was again the only

feasible theoretical model that allows for deriving accurate equilibrium structures at a reduced
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computational cost. While the revDSD/junTZ, TM and TM+LR structural parameters are

reported in the SI (Tables S2-S4), their accuracy can be addressed from the inspection of

Table 4. As done for (C2H5)2S2, the corresponding equilibrium rotational constants have

been corrected for B3/apcs-1 vibrational corrections (from RD-VPT2 calculations) in order

to meaningfully compare them with experiment. Before proceeding with the discussion of

Table 4, it has to be noted that, as evident from Figure 1, the TM fragments envisaged

are H2S2 for all the three molecules here considered and propylene (CH3CHCH2) for diallyl

disulfide, benzene (C6H6) for diphenyl disulfide, and methane (CH4) together with ethane

for diisopropyl disulfide ((C3H7)2S2). Therefore, for (C3H5)2S2 and (C6H5)2S2, CS is the

only parameter that can be LR corrected, while for (C3H7)2S2, in addition to CS, there

is also the C3-C4 distance (see Figure 1). Focusing on diisopropyl disulfide, it is noted

that the average deviation from the experimental ground state rotational constants of the

computed counterparts improves from 0.84% at the revDSD/junTZ level to 0.52% for TM

and to 0.37% for TM+LR. Different is instead the behavior for diallyl disulfide and diphenyl

disulfide. For the former, at the revDSD/junTZ level, the agreement is better than what

usually expected, the mean deviation of the rotational constants being 0.29%. Moving to

the TM approach, the improvement is negligible (0.27%), while the introduction of the

LR correction leads to a marked worsening (0.54%). For diphenyl disulfide, both the TM

and TM+LR approaches lead to an increase of the average deviation: from 0.66% at the

revDSD/junTZ level to 0.82% for TM and 0.89% for TM+LR. However, for such a large

system, we expected that the spatial distribution of the phenyl rings and the associated

LAMs significantly affect rotational constants and the corresponding vibrational corrections.

Therefore, we consider the TM-corrected values as accurate estimates. This means that we

do not expect a particular degradation of the accuracy of the TM/TM+LR approaches by

enlarging the size of the R substituent. The overall conclusion that seems to be drawn from

Table 4 is that, for the RSSR systems considered, revDSD/junTZ and, especially, TM and

TM+LR perform worse than expected. While the presence of LAMs surely prevents from
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obtaining results as accurate as those noted for rather rigid systems like PAHs,22 we do not

expect the degradation of accuracy here noted. However, it is surely difficult to understand

to what extent the RD-VPT2 inaccuracy impacts on the outcome obtained.

For diisopropyl disulfide, diallyl disulfide, and diphenyl disulfide, the partial rSE
e has also

been determined and the results are collected in Table 5. The non-determinable geometrical

parameters have been kept fixed at the TM counterparts, the only exception being (C3H7)2S2.

Indeed, for this latter, the LR-corrected value has been considered for the C3-C4 distance. As

noted in the discussion of Table 4, diallyl disulfide and diphenyl disulfide are the systems that

show the worst results. A similar outcome is obtained when moving to the SE determination.

For both rSE
e and r0, the statistical uncertainties (10 to 30 mÅ for bond distances) are one-two

orders of magnitude larger than what is usually expected from such approaches. Focusing

on the S-S distance, while for (C3H5)2S2 the SE value is about 40 mÅ shorter that the TM

counterpart, for (C6H5)2S2 it results about 100 mÅ longer than the TM value. Finally, for

diisopropyl disulfide, we have obtained results that are a little better than those just discussed,

but still worse –in terms of statistical errors– than those of (CH3)2S2 and (C2H5)2S2. For

(C3H7)2S2, the S-S distance is not well determined, 1.96(2) Å, and it seems to be too short

based on the revDSD/junTZ (2.0398 Å) and TM (2.0268) values. The conclusion that can be

drawn from the inspection of Table 5 is that it becomes more and more difficult to perform a

partial SE fit by increasing the dimension of the molecule. Therefore, for the largest members

of the RSSR series, further experimental work would be necessary and, at the same time, a

variationally-corrected VPT2 model would be required in order to derive accurate (partial)

rSE
e structures. Indeed, an improved approach for the derivation of the vibrational corrections

to rotational constants is needed and this would also help understand the effective accuracy

obtainable from the TM and TM+LR approaches.

The last comment concerns the trend of the S-S distance along the series of the RSSR

molecules here considered. At the revDSD/junTZ level, it is noted that, for R = CH3, C2H5,

C3H5, and C3H7, this bond length is about 2.04 Å, while it is longer (∼2.06 Å) for H2S2 and
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shorter (∼2.03) for R = C6H5. Moving to the TM-corrected values, a systematic shortening

by about 10 mÅ is observed. From the comparison of these latter results with the rSE
e ones

(Table 5), an agreement within the statistical uncertainties is observed only for R = CH3 and

C2H5, while for the largest R groups, as already noted, the SE values are either too short (R

= C3H5 and C3H7) or too long (R = C6H5).

In the original experimental works,16–20 the availability of ground-state rotational constants

for different isotopic species led to the determination of empirical structures. In details,

for dimethyl disulfide, diethyl disulfide and diisopropyl disulfide, the so-called substitution

structure (rs)92 was reported. Starting from the rotational constants for the vibrational

ground state, this approach tries to account for vibrational effects by evaluating the Cartesian

coordinates of the atom isotopically substituted using Kraitchman’s equations.93 For (CH3)2S2,

the partial rs structure of ref. 16 provides rather good results, with the S-S and C-S distances

being about 3 mÅ shorter and ∼5 mÅ longer than the gradient-MP2-CCSD(T) reference

values, respectively. Moving to (C2H5)2S2, in ref. 17, Zhang et al. determined 7 geometrical

parameters (3 bond lengths, two valence angles and two dihedral angles) using the rs

methodology. While the C-C distance well agrees with our TM value, the S-S and C-S ones

result 7 mÅ and 8 mÅ underestimated and overestimated, respectively, thus pointing out

a clear correlation of the two parameters. For (C3H7)2S2, the partial rs structure reported

by Zhang et al. in ref. 19 appears rather unreliable, probably because of the too many

parameters considered. Indeed, with respect to our TM+LR results, the S-S, S-C3 and C4-C3

bond lengths are 12 mÅ, 11 mÅ and 20 mÅ shorter, while C5-S3 appears 50 mÅ longer.

Furthermore, most of the structural parameters were poorly determined with uncertainties

that can be as large as 10-20 mÅ for distances and 0.7-1.2 degrees for angles. Noted is also the

correlation between the C5C3S1 and C4C3S1 valence angles, whose rs values are, respectively,

2 degrees larger and 1.5 degrees smaller than the revDSD/junTZ counterparts, whose accuracy

is expected to be better than 0.3-0.4 degrees. For diallyl disulfide and diphenyl disulfide,

Demaison and coworkers18,20 instead reported the so-called rm mass-dependent structure,94
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which has two variants, namely rm(1) and rm(2), with 1 and 2 indicating the number of

additional parameters (for each inertial axis) to be evaluated.94 Among the methodologies that

account for vibrational effects in a non-rigorous manner, rm provides the best approximation

to the equilibrium structure. Indeed, the accuracy usually ranges in the 2-7 mÅ interval

for bond lengths and 0.4-1◦ for angles.25,95–97 For (C3H5)2S2, in ref. 18, a complete rm(1)

structure for heavy atoms (C and S) could be determined owing to the combination of the

rm approach with the method of predicate observations (or mixed regression).98 This latter

employs auxiliary information, denoted as predicates, which come from quantum-chemical

computations and are added, with appropriate weights, to the LSQ fit. While the rm(1)

results point out that the SE value of the S-S distance is shorter by about 28 mÅ, they

confirm the accuracy of the TM+LR structures, the discrepancies being well within 1-2

mÅ for bond lengths. Furthermore, the rm(1) values corroborate the validity of fixing the

TM/TM+LR angles at the revDSD/junTZ values; in fact, the differences between these latter

and the rm(1) counterparts are well within 0.2-0.3 degrees. Finally, it has to be noted that,

in ref. 18, the authors refrain from exploiting the SE approach because of the unreliability of

predictions based on VPT2 applied to a cubic force field in presence of LAMs. Similarly, in

ref. 20 for (C6H5)2S2, the inspection of the results from anharmonic force-field computations

pointed out their inadequacy to calculate accurately vibrational corrections and their small

variations upon isotopic substitution. In analogy to (C3H5)2S2,18 the authors employed

the rm mass-dependent approach combined with the mixed regression method to obtain a

complete rm(2) structure for (C6H5)2S2. Interestingly, the same conclusions as those drawn

for diallyl disulfide are obtained, that is the high accuracy of the TM+LR approach together

with its use in combination with the revDSD/junTZ angles.
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Benchmark study

Basis set effects

As first step of the benchmark study, the basis-set convergence has been addressed using

the smallest molecule of the RSSR family, H2S2, as a test case. This has been accomplished

by considering different hybrid and double-hybrid functionals in conjunction with a wide

range of basis sets up to the quintuple-ζ quality. As a starting point, the convergence of the

electronic energy at the B2PLYP-D3BJ level has been examined. Three basis-set families,

(aug-)cc-pVnZ with n = D, T, Q, 5, (aug-)pcs-n with n = 1, 2, 3, 4, and cc-pVnZ-F12 with

n = D, T, Q, have been considered. The corresponding trends are illustrated in Figure 2,

where the results obtained with the largest set of each series of bases have been taken as

reference for the corresponding family. From the inspection of this figure, it is evident that

the cc-pVnZ-F12 series shows the fastest convergence. However, it has to be noted that the

(n− 1)Z-F12 basis is approximately a set of n-ζ quality (despite lacking the highest angular

momentum functions of the latest). This is somewhat evident when counting the number of

basis functions, which is, for H2S2, 178, 194 and 260 for cc-pVQZ, pcs-3 and cc-pVQZ-F12,

respectively. Back to Figure 2, it is apparent that the convergence is reached for cc-pVQZ,

pcs-3 and cc-pVTZ-F12. However, as noted above, the number of basis functions is already

large for a molecule as small as H2S2; therefore, they are not affordable for larger systems

and/or extensive exploration of potential energy surfaces (PES) as needed, for example, in

spectroscopic and chemical reactivity studies.

Since the focus of this work is on structural determinations, the basis-set convergence

has been investigated on the geometrical parameters of H2S2. Two double-hybrid functionals,

namely B2PLYP-D3BJ and DSD-PBEP86-D3BJ, and one global-hybrid functional, namely

B3LYP-D3BJ, have been employed. The basis sets considered are of double- and triple-ζ

quality, the only exception being the exclusion of the cc-pVTZ-F12 set because of what

discussed above; furthermore, it is not affordable for larger molecules. Additionally, the cost-
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Figure 2: Basis-set convergence of the B2PLYP-D3BJ relative energy for (aug-)cc-pVnZ
(with n = D, T, Q, 5), (aug-)pcs-n (with n = 1, 2, 3, 4), and cc-pVnZ-F12 (with n = D, T,
Q).

effective “seasonal” jun-cc-pVTZ basis set has also been included. The results are graphically

summarized in Figure 3, which reports the mean absolute errors (MAEs) of the H2S2 bond

lengths and angles with respect to the theoretical BestEst structure. It is noted that all

functionals show a similar trend: the largest MAEs are obtained with the double-ζ basis

sets. For bond lengths, these are on the order of 30 mÅ for the double-hybrid functionals

and 40 mÅ for B3LYP-D3BJ. For angles, the performance of the pcs-1 basis set is instead

very good with all functionals, while using aug-cc-pVDZ leads to MAEs as large as 0.4-0.6

degrees. Interestingly, as far as the double-ζ basis sets are concerned, the pcs-1 and aug-pcs-1

sets, despite being smaller, perform better than aug-cc-pVDZ. Therefore, they might be

considered a viable choice for expensive computations, as in the case of anharmonic force field

calculations. Overall, for B2PLYP-D3BJ and DSD-PBEP86-D3BJ, the best performance,

with MAEs smaller than 10 mÅ and 5 mÅ for bond distances, respectively, is obtained with

pcs-2 and aug-pcs-2. In contrast, for B3LYP-D3BJ, all basis sets show MAEs larger than 15
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Figure 3: Accuracy of the H2S2 structural parameters computed using different DFT func-
tionals in conjunction with selected basis sets. Mean absolute errors (MAEs) with respect to
the BestEst reference (see text) for bond lengths (SS and SH, upper panel) and angles (SSH
and HSSH, lower panel) are shown.

mÅ. Moreover, among the triple-ζ quality basis sets from Dunning’s family, jun-cc-pVTZ

provides the best performance at an affordable cost with respect to the standard aug-cc-

pVTZ basis. In summary, also based on the MAEs obtained for angles, the aug-pcs-2 basis

set is recommended for larger molecules. Owing to the incorporation of diffuse functions,

jun-cc-pVTZ offers a good, less expensive, alternative to aug-pcs-2 for the description of the

possible weak interactions arising in systems with large substituents.

Benchmark of DFT functionals

Based on the results of the previous section, the performance of different DFT functionals

is evaluated by employing the aug-pcs-2 basis set for all molecules except the largest one,

(C6H5)2S2. For the latter, in addition to the excessive computational cost, in some cases (for
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example, with the B2PLYP functional) aug-pcs-2 yielded problems in the SCF convergence

because of the linear dependence of this basis set. These issues have been attributed to

the presence of a large number of diffuse basis functions.66 Therefore, the well-performing

(see Figure 3) yet smaller jun-cc-pVTZ basis set has been employed as a feasible and safe

alternative.

Figure 4 reports the MAEs with respect to the reference values as well as the largest

positive (MAX) and negative (MIN) errors for the key parameters of the disulfide linkage,

namely the S-S and C-S bonds, the valence SSC and dihedral CSSC angles. As reference, the

most accurate theoretical structures are used. These are: BestEst for H2S2, gradient-MP2-

CCSD(T) for (CH3)2S2, TM+LR for (CH3CH2)2S2, (CH2CHCH2)2S2, ((CH3)2CH)2S2, and

(C6H6)2S2. The S-S, C-S, SSC and CSSC values for the levels of theory considered in Figure

4 are collected in the SI together with the reference data (Tables S5-S10).

First of all, we note a quite large distribution of both the S-S and C-S bond lengths for

the different DFT levels considered (over a range of 35-50 mÅ), with MAEs ranging from a

few mÅ to 25 mÅ; the MIN and MAX errors are about -15/-20 and +35/+40 mÅ. The SSC

values vary within the range of about 2 degrees, with MAEs ranging from 0.2 degrees to 1.5

degrees, and overestimation (MAX) up to 1.8 degrees and underestimation (MIN) within 1.2

degree. For the CSSC dihedral angle, the variations are in a range of about 4 degrees, which

is even larger, about 5 degrees, for the (C2H5)2S2 and, almost 7 degrees, for (C6H5)2S2. The

MAEs vary up to 2 degrees, while the MAX error can be as large as ∼5 degrees and MIN

can reach -3 degrees. These results highlight the difficulty in accurately predict the RSSR

structures, and point out the need for a dedicated benchmark study.

Going into details, for the S-S bond length, the best agreement with the reference, with

MAE and MAX deviations of about 5 and 10 mÅ respectively, has been obtained for the

PBE0(-D3BJ), ω-B97X, M06-2X(-D3) and DSD-PBEP86-D3BJ functionals. Moreover, DSD-

PBEh95(-D3BJ) and APF(D) yield MAE below 5 mÅ but in conjunction with MAX values

of 12-16 mÅ the outliers being always related to (C6H5)2S2. Among the best performing
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Figure 4: Performance of the DFT functionals for the RSSR disulphide linkage structural
parameters. The mean absolute (MAE), largest positive (MAX) and negative (MIN) deviations
with respect to the reference (see text) for the (a) S-S bond, (b) S-C bond, (c) SSC angle,
and (d) CSSC dihedral angle are reported.
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functionals, M06-2X(D3) and DSD-PBEP86-D3BJ also provide the correct (according to

the reference) trend for the S-S bond distance, from the longest to shortest, namely H2S2 ≫

(CH3CH2)2S2 > ((CH3)2CH)2S2 ≈ (CH3)2S2 > (CH2CHCH2)2S2 ≫ (C6H6)2S2. B2PLYP(-

D3BJ) reproduces very well the relative changes along the RSSR series, despite showing

rather large MAE and MAX values of 12-14 mÅ and 16 mÅ, respectively. Finally, B3LYP

also correctly describes the S-S bond length trend, despite significant larger errors, which are

>20 mÅ . For all the molecules considered, most of the DFT functionals predict S-S bond

lengths too long (positive deviations). PBE0(-D3BJ) and ω-B97(-D3BJ) show both positive

and negative deviations, while the remaining ones from the PBE family (LC-ωPBE(-D3BJ),

PBE0DH, PBEQIDH) and MN15 predict S-S bonds too short. It is noted that the long-range

correction always leads to S-S bonds shorter than their uncorrected-DFT counterparts. For

CAM-B3LYP, this leads to an improvement over B3LYP, while for LC-ωPBE to a worsening

because of the already shorter (with respect to the reference) PBE0 distances. Dispersion

corrections, as expected, do not have significant effect on the S-S bond length, highlighting

once more that D3BJ corrections are suitable for flexible biological molecules, which often

require dispersion to be accounted for.

For the C-S bond lengths, a better accuracy of the DFT parameters is observed. Indeed,

smaller errors are noted, with MAEs well within 4 mÅ for all the DFT functionals that

performed well for the S-S bond, namely PBE0(-D3BJ), M06-2X(-D3), DSD-PBEP86-D3BJ

and DSD-PBEh95(-D3BJ). Remarkable is also the good performance of the APF(D) functional

with MAE of 3-5 mÅ and MAX of 7 mÅ. Concerning the SSC valence angle, the M06-2X(-D3),

DSD-PBEP86-D3BJ and DSD-PBEh95(-D3BJ) functionals are again the best performing,

with MAEs within 0.5 degrees and MIN errors up to 1 degree; instead, larger MAEs of 0.6-0.9

degrees are shown by PBE0(-D3BJ). For the CSSC dihedral angle, the improvement obtained

by adding dispersion corrections is evident, this indeed lowers the largest discrepancies from

5 degrees to about 2-3 degrees or better. As expected, the most significant effect is observed

for (C6H5)2S2, which presents a strong dispersion interaction between the two phenyl rings.
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Those functionals that showed the smallest errors for the RSSR systems were already

included in previous studies where their performance for structural determinations was

analyzed.77,99–102 Overall, a good accuracy has been noted,77,99 even for amino acids.100–102

However, some differences have to be pointed out. In the present study, the double-hybrid

functionals from the DSD-PBE family exhibit a significantly better performance compared to

B2PLYP, while in the previous works, they were found to provide similar (good) accuracy.

Moreover, for the semi-experimental equilibrium structures of 47 organic molecules (SE47

database103), the MN15 functional was found to provide slightly better results77 than M06-2X

and ω-B97-D, which –instead– is not the case for the RSSR systems.

Conclusion

For selected RSSR molecules, with R=H, CH3, C2H5, C3H5, C3H7 and C6H5, the struc-

tural parameters have been investigated by means of computational and semi-experimental

methodologies. The most accurate data have subsequently been used as reference to test the

performance of several density functionals. For the smallest member of the RSSR family,

H2S2, the gradient-MP2-CCSD(T) composite scheme has been validated by comparing its

results with those issued by the significantly more expensive one entirely based on CC

techniques which also incorporates up to quadruple excitations:13 a near perfect agreement

has been noted. The accurate determination of the S-S bond length carried out in ref. 13

opened the way for the exploitation of the "Lego brick" (TM+LR) approach for disulfide

molecules. For dimethyl disulfide, the TM+LR structure shows a very good agreement

with the gradient-MP2-CCSD(T) counterpart, with discrepancies well within 1-2 mÅ for

bond lengths. For two large members of the RSSR family, namely diallyl disulfide and

diphenyl disulfide, the TM+LR geometries could be compared with accurate experimental

mass-dependent structures available in the literature.18,20 Such a comparison together with

that for (CH3)2S2 allowed us to point out the reliability and accuracy of the "Lego brick"
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approach also for flexible systems. For this reason, the TM+LR geometries were used in the

subsequent benchmark study of DFT methodologies.

The semi-experimental approach, which is renowned for its great accuracy, instead

provided disappointing results both in terms of values and associated errors. This led us

to the conclusion that the RD-VPT2 model is unable to overcome the issues related to the

presence of LAMs. More precisely, its performance deteriorates significantly by increasing

the number of LAMs and thus the flexibility of the system. Therefore, while improving with

respect to VPT2, RD-VPT2 is still not suitable for the computation of vibrational corrections

to rotational constants with the required accuracy.

Moving to the benchmark DFT study, we note that the challenge of accurately describing

the disulphide bond linkage is also evident in the analysis of the results obtained for several

DFT methodologies. Indeed, rather large average deviations of about or more than 10

mÅ are noted for the S-S bond. These outcomes can be compared wtih those from other

benchmark studies employing highly-accurate geometries as reference.77,100–102,104 For them,

DFT methodologies involving at least a single-hybrid GGA functional in conjunction with

a basis set of double-ζ quality typically led to mean errors of about or smaller than 5

mÅ.77,100–102,104 Among the single-hybrid GGA functionals, we found that PBE0(-D3BJ),

ωB97X(-D3BJ) and also APF(D) are the best-performing. Among the single-hybrid Meta-

GGA functional, M06-2X(-D3) performs much better than M15. In the group of double-

hybrid functionals, we noted that DSD-PBEP86-D3BJ and DSDPBEh95(-D3BJ) provide

better results than B2PLYP(-D3BJ). Interestingly, PBE0DH and PBEQIDH are the worst-

performing double-hybrid functionals (among those tested here), despite the fact that they

are variants of the well-performing PBE0. Finally, it is worthwhile noting that the structural

parameters derived in this work represent a useful reference for future benchmark studies of

novel DFT-based or other cost-effective methodologies.
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