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mechanical strength and stability.

However, many reversibly covalently cross-linked polymers
have inherent low reactivities that require external stimulation
such as heat or UV irradiation. Thus, in order to achieve a re-
versible covalent self-healing material which is autonomous or
needs weak stimulations, an appropriate choice of this covalent
bond is a key feature.18–21 In this sense, disulfide bonds appear
as good candidates to introduce a healing functionality at lower
temperatures while keeping a reasonably level of bond strength.

The chemistry of disulfides is very versatile. Due to the dy-
namics and reversibility of the S-S bond cleavage (to generate
sulfenyl radicals), disulfide compounds play a crucial role in sev-
eral fields such as physiological chemistry, where disulfide bridges
are involved in folding, conformational stability and biological ac-
tivity of proteins by means of thiol-disulfide exchange reactions
with the thiol moiety in cystein residues,22–24 or synthetic chem-
istry.25 Besides, it is noteworthy their use in materials science as
highly versatile precursors for the synthesis of colloidal nanocrys-
tals26 or as crosslinking groups that result from the vulcanization
of rubber, in analogy to the role of disulfides in proteins, strongly
affecting the rheology of the material.27

Several disulfide compounds are shown to exchange in the
presence of catalysts28–30 or under UV irradiation31 but, in or-
der to improve their performance, it would be desirable to have
this exchange at room temperature and without external stimuli.
Therefore, disulfide bonds with lower bond dissociation energies
are necessary to prepare self-healing materials under mild condi-
tions. This is the case of aromatic disulfides, in which metathesis
has been reported to happen at room temperature, both in solu-
tion32 and in the solid state.33 Following this approach, a very
successful work has appeared recently in the literature, where
bis(4-aminophenyl) disulfide is used as a dynamic crosslinker for
the design of self-healing poly(urea-urethane) elastomers, which
show quantitative healing efficiency at room temperature with-
out the need of any catalyst or external intervention.34 The high
healing efficiency is explained in terms of the constant exchange
of aromatic disulfides at room temperature, which is further im-
proved by the generation of hydrogen bonds among urea moi-
eties, contributing up to a 50% of the healing efficiency.

Apart from this outstanding application, few other works are
found in the literature, both theoretical35–37 and experimen-
tal,21,33,38 where the metathesis of aromatic disulfides is ex-
plored. Thus, it is clear that the mechanism of such an important
and highly applicable process deserves further discussion and a
more detailed investigation, to achieve a better understanding of
the reaction at the molecular level, which may lead to an im-
provement of the self-healing capacity of the materials by pre-
dicting new disulfide bonds which experience exchange without
the presence of catalysts or UV irradiation. In order to do that,
theoretical methods of quantum chemistry are the most suitable
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Fig. 1 Schematic representation of the [2+2] metathesis (above) and
[2+1] radical mediated (below) reaction mechanisms

and useful tools to explain the phenomenology, understand the
experiments and make predictions that may guide future experi-
ments.

In this work, the self-healing process accomplished by disulfide-
based materials is studied by means of theoretical chemistry,
which is a very robust and useful tool for the design and study of
new materials. Starting from diphenyl disulfide, several deriva-
tive compounds are designed, where different moieties (with
different electron donating or withdrawing character) are intro-
duced as substituents in the phenyl rings, in order to analyze how
the substitution affects the chemistry of the process. Among these
substituents, amino derivatives are found to be the most promis-
ing ones and, for these cases, the trisubstituted derivatives in or-

tho and para possitions where considered. Besides, π-conjugated
non-aromatic disulfides are also investigated. For all these com-
pounds, the sulfur-sulfur bond dissociation energies (BDE) have
been calculated to estimate the strength of this bond. The absorp-
tion energies (λ) have also been calculated to study the photodis-
sociation of the S-S bond. In both processes, key electronic fea-
tures were identified. In addition to this, the stabilization energy
attained by the hydrogen bonds between disulfide chains was
also evaluated. Finally, the reaction mechanism is examined by
means of transition state characterization and rationalized based
on the different chemical structures. Two different alternatives
were considered: the [2+2] metathesis reaction mechanism and
the [2+1] radical-mediated mechanism. These two mechanisms
are described in Figure 1. Notice that low BDEs are compati-
ble with both mechanisms, while photodissociation would lead to
radicals that are only compatible with the radical mediated mech-
anism. The knowledge achieved in this analysis will allow us to
propose several compounds that may be useful for the experimen-
tal community as a first step towards improved new self-healing
materials.
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2 Methods

All geometry optimizations were carried out in gas phase within
density functional theory (DFT),39,40 combined with the 6-
31+G(d,p) basis set.41 Harmonic vibrational frequencies were
obtained by analytical differentiation of gradients, in order to de-
termine whether the structures found are minima or transition
states. The frequencies were then used to evaluate the zero-
point vibrational energy (ZPVE) and the thermal (T = 298 K)
vibrational corrections to the enthalpy (H) and Gibbs free en-
ergy (G) in the harmonic oscillator approximation. Single point
calculations using the 6-311++G(2df,2p) basis set42 were per-
formed on the optimized structures in order to refine the elec-
tronic energy, and the previously calculated corrections to the en-
thalpy and Gibbs free energy were used to calculate the H and
G of each species, namely: H298

T Z = ET Z + H
corr,298

DZ and G298

T Z =

ET Z +G
corr,298

DZ . In order to understand the photodissociation pro-
cess, Time-Dependent Density Functional Theory (TDDFT)43 was
used, combined with the 6-31+G(d,p) basis set. All DFT calcula-
tions were carried out using the Gaussian 09 package.44

Wavefunction-based CASSCF/CASPT2 calculations45–49 to-
gether with the aug-cc-pVDZ basis set50,51 have been performed
for the study of the dissociation of dimethyl disulfide and
diphenyl disulfide. The active space in the methyl derivative com-
prises de distribution of 6 electrons in 4 orbitals, CAS(6,4), cor-
responding to the two σ(C-S), σ(S-S) and σ∗(S-S) orbitals. For
the methyl sulfenyl radical, the active space is CAS(3,2). In the
case of the phenyl compound, the π orbitals of the aromatic rings
and the lone pairs in the sulfur atoms must be included in the ac-
tive space, therefore, the active space is CAS(22,12) and for the
phenyl sulfenyl radical, CAS(5,3). The MOLCAS 8.0 suite of pro-
grams52 were used throughout the study. Besides, ab initio Born-
Oppenheimer Molecular Dynamics (QMD) calculations were fur-
ther carried out for the optimized species in order to determine
their thermal stability. These calculations were performed us-
ing the PBE functional,53,54 combined with a DZP quality basis
set and the RI formalism with the corresponding auxiliary basis
sets.55–57 The calculations were carried out at 298 K by means of
the Nose-Hoover thermostat. All these simulations were as long
as 40.000 a.u. (9.651 ps), with a time step of 40 a.u. (1.93 ps).
These QMD calculations were performed using the TURBOMOLE
package.58

Finally, the analysis of the population of the natural orbitals
have been performed using the Natural Bonding Orbital (NBO)
method.59–61

2.1 Benchmark of the density functionals

In order to accurately describe the homolysis of the disulfide
bond, the choice of a proper density functional is a crucial
step. Thus, we have selected a set of twelve popular exchange-

correlation (xc) functionals divided in five groups (see Table 1):
functionals constructed within the generalized gradient approx-
imation (GGA): PBE,53,54 BLYP62–64 and PW91;65 hybrid GGA
functionals (HGGA), such as B3LYP,62,66 B3LYP-D3, including
the version of Grimme’s dispersion with the original D3 damp-
ing function,67 and B3P86;66,68 meta GGA functionals (MGGA),
such as M06-L69 and MPWB1K;70 meta hybrid GGA function-
als (MHGGA), such as M0671 and M06-2X,71 and, finally, long-
range corrected (LRC) functionals, such as ωB97X-D72 and CAM-
B3LYP.73

We have tested the behaviour of these functionals in the dissoci-
ation of two model compounds: dimethyl disulfide and diphenyl
disulfide, as seen in the reactions below, where the bond disso-
ciation energy (BDE) corresponds to the enthalpy of this process
calculated as: ∆H = 2× H(RS·) - H(RS-SR), where R = CH3 for
reaction 1 and R = Ph for reaction 2. λ is the absorption wave-
length to the first excited state which leads to dissociation.

CH3S−SCH3

hν
−→ 2CH3S· BDE1,λ1

PhS−SPh
hν
−→ 2PhS· BDE2,λ2

(1)

In Table 1, the results for the twelve density functionals to-
gether with the CASPT2 calculations and the available experi-
mental results are shown. Since the CASPT2 results are in good
agreement with the experiments, we have used them as the refer-
ence for the benchmark, since no experimental data are available
for the absorption energy of the diphenyl disulfide. Therefore, the
absolute errors are referred to the CASPT2 results in all cases.

It is observed that most of the functionals underestimate the
bond dissociation energy, with the exception of M06-L for the
dimethyl disulfide and B3LYP, B3LYP-D3, MPWB1K and M06-
2X for the diphenyl disulfide. Regarding the excitation energy,
all functionals overestimate this property and the deviations are
greater for the diphenyl disulfide molecule.

In Table 2, where the mean absolute errors (MAE) are gath-
ered, it can be observed that all functionals perform reasonably
well in the calculation of dissociation energies, especially the
MHGGA family, with a mean error of only 1.3 kcal/mol for the
dissociation of dimethyl disulfide. Within this family, the most
satisfactory results are provided by M06 functional (see Table 1).
The functionals belonging to the GGA group show good perfor-
mance too, and the results obtained with PBE and PW91 must
be highlighted. LRC and HGGA functionals show a very similar
performance, while the worst results are provided by the MGGA
family of functionals.

In the calculation of the excitation energies, the GGA family
clearly fails, with a mean error of 90.1 nm in the calculation of the
absorption in the diphenyl disulfide and 30.5 nm in the dimethyl
disulfide. The best results are obtained with LRC and MGGA func-
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Table 1 Performance of the different DFT functionals in the calculation of the bond dissociation energy (BDE), in kcal/mol, and the excitation energy
(λ ) to the first excited state, in nm, for dimethyl disulfide (BDE1, λ1) and diphenyl disulfide (BDE2, λ2). In parentheses are shown the absolute errors
with respect to the CASPT2 results

Type Functional BDE1 BDE2 λ1 λ2

GGA PBE 63.3 (-1.2) 46.5 (-3.9) 279.7 (29.4) 398.0 (90.3)
BLYP 55.3 (-9.2) 37.7 (-12.7) 282.4 (32.1) 397.5 (89.8)
PW91 63.4 (-1.1) 47.9 (-2.5) 280.4 (30.1) 398.0 (90.3)

HGGA B3LYP 55.4 (-9.1) 57.2 (6.8) 267.9 (17.6) 350.3 (42.6)
B3LYP-D3 57.6 (-6.9) 61.7 (11.3) 267.9 (17.6) 350.3 (42.6)
B3P86 61.0 (-3.5) 46.3 (-4.1) 265.3 (15.0) 349.3 (41.6)

MGGA M06-L 81.1 (16.6) 49.4 (-1.0) 255.9 (5.6) 362.2 (54.8)
MPWB1K 62.3 (-2.2) 64.3 (13.9) 257.3 (7.0) 321.5 (13.8)

MHGGA M06-2X 62.5 (-2.0) 65.4 (15) 268.5 (18.2) 334.8 (27.1)
M06 64.0 (-0.5) 49.1 (-1.3) 276.5 (26.2) 357.3 (49.6)

LRC ωB97X-D 61.0 (-3.5) 48.0 (-2.4) 257.9 (7.6) 319.9 (12.2)
CAM-B3LYP 55.7 (-8.8) 41.5 (-8.9) 258.6 (8.3) 319.8 (12.1)

CASPT2 64.5 50.4 250.3 307.7
Experimental 65.2±0.9a 51.2±3b 248.0c -

aRef. 74, bRef. 75, cRef. 76

Table 2 Mean absolute error (MAE) for each family of functionals in the
computation of bond dissociation energies (BDE), in kcal/mol, and
excitation energies (λ ), in nm, for dimethyl disulfide (BDE1, λ1) and
diphenyl disulfide (BDE2, λ2)

Type of functional BDE1 BDE2 λ1 λ2

GGA 3.8 6.4 30.5 90.1
HGGA 6.5 7.4 16.7 42.3
MGGA 9.4 7.5 6.3 34.3
MHGGA 1.3 7.2 22.2 38.4
LRC 6.2 5.7 8.0 12.2
MAE 5.4 6.8 16.7 43.5

tionals. Within the first group, ωB97X-D is the functional which
performs better, and within the second group is MPWB1K. How-
ever, comparing the overall performance of both functionals (see
Table 1) we can state that ωB97X-D is the best functional and,
therefore, will be used along the whole work, not only for ge-
ometry optimization and frequency calculations, but also for the
TDDFT calculations. That is, the calculation level is: ωB97X-D/6-
31+G(d,p)//ωB97X-D/6-311++G(2df,2p).

3 Results and discussion

The success of a self-healing material relies on three basic param-
eters at the molecular level: the liability of the disulfide bond, the
presence of hydrogen bonds between polymer chains and the ca-
pability to overcome the reaction barrier easily, at room tempera-
ture. Therefore, in the next sections the results are presented and
organized as follows: firstly, we study the dissociation (both ther-
mal and photodissociation) of the S-S bond for different diphenyl
disulfide model compunds, including electron donating and with-
drawing moieties in the phenyl rings, and a special analysis of
the amine derivatives is performed. At the end of this section,
a group of disulfides where the phenyl rings are substituted by

aliphatic groups bearing conjugated double bonds is also studied.
Next, in the second section, the role of the hydrogen bonds among
polymeric chains is investigated and, finally, the third section is
devoted to the reaction mechanism of the process, where it is ob-
served that the radical-mediated mechanism is preferred over the
metathesis. Along the whole work, we will use as reference the
bare diphenyl disulfide as well as the bis(4-aminophenyl) disul-
fide studied in the work of Odriozola and co-workers.34

3.1 Analysis of the disulfide bond cleavage

In this section we analyze the dissociation of the disulfide bond
using a set of substituted diphenyl disulfide molecules, with dif-
ferent moieties in the phenyl rings. Several substituting groups
have been chosen depending on their ability to donate or remove
electron density into the aromatic ring: electron donating (EDG)
or activating groups, and electron withdrawing (EWD) or deac-
tivating groups. The effect of the nature of the substituents is
studied using the bond dissociation energy (BDE), the occupation
and bond order (BO) of the sulfur-sulfur bond, as well as the spin
density on the sulfenyl radical generated after the cleavage (ρS)
and the excitation energy to the first excited state (λ).

Firstly, a set of monosubstituted diphenyl disulfides, in para

positon (see Fig. 2, left panel), is investigated. Once a moiety
has been selected as the best candidate for weakening the S-S
bond, that is, facilitating the healing process, the same analysis is
performed for a second group of trisubstituted diphenyl disulfides
with the same group both in para and in ortho positions (see Fig.
2, right panel).

3.1.1 Dissociation of monosubstituted diphenyl disulfides

The effect of six electron withdrawing groups (EWG): SO3H, F,
CO-OCH3, CF3, CN and NO2, and five electron donating groups
(EDG): NH2, OCH3, CH3, OH and O-CO-CH3 has been studied
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Fig. 2 Model diphenyl disulfide compounds used in the analysis of the
S-S bond cleavage

and compared to the unsubstituted molecule, PhS-SPh, and with
three models related to the experimentally tested amine deriva-
tive: two urea-based compounds (R = NH-CO-NH2 and NH-CO-
NH-CH3), and one urethane-based model (R = O-CO-NH-CH3).
In Table 3 are collected the bond dissociation energy (BDE), the
spin density on sulfur atom (ρS), the occupation of the bond-
ing η(σSS) and antibonding η(σ∗

SS) sigma orbital of the disul-
fide bond, as well as its bond order (BO), defined as: (η(σSS)

- η(σ∗

SS))/2, the excitation energy to the first excited state (λ)
and the maximum (rmax

S−S) and average (rave
S−S) sulfur-sulfur bond

distances obtained in the molecular dynamics simulations.
Comparing the results to the unsubstituted diphenyl disulfide,

it is possible to observe that the EWGs increase both the spin
density on sulfur atoms (from 0.809 in PhS-SPh to 0.852 in the
cyano-substituted derivative) and the BDE (from 48.0 kcal/mol
in PhS-SPh to 55.56 kcal/mol in the sulfonic acid derivative).
It is remarkable how the fluorine atom, although it is a strong
withdrawing moiety, has the opposite effect: the spin density is
lower than in the unsubstituted disulfide (0.792 vs 0.809) and
also its BDE (47.17 vs 48.00 kcal/mol). It is well known that
in the halogen-substituted aromatic rings there is an electron-
withdrawing effect for chlorine but there is essentially no effect
for fluorine. Although the dipole moment is greater in the fluori-
nated phenyl because fluorine has a greater electronegativity than
chlorine, the resonance effect for fluorine is also better than for
chlorine because fluorine has a significant 2p−2p orbital overlap
with carbon, while chlorine shows an inefficient 3p − 2p over-
lap. In the case of fluorine, these two effects efficiently cancel out
for a net dipole of essentially zero, which means that it does not
exert an appreciable inductive effect. Therefore, in the fluorine-
substituted diphenyl disulfide, we find values close to the ones
of the unsubstituted disulfide, showing even a slightly reversed
effect compared to other EWGs.

However, when the phenyl rings are substituted with an EDG,
including the compound used in Ref.34, we observe the opposite
effect, that is, a decrease in the spin density on the sulfur atom
(from 0.809 to 0.726 in the amino derivative) as well as in the
BDE (from 46.62 to 41.28 kcal/mol, also in the amino derivative).
It is worth empashizing the effect of the ester group (O-CO-CH3),
which induces a greater spin density (0.840 vs 0.809) and greater
BDE (48.29 vs 48.00 kcal/mol). In this moiety, the electron do-

nating resonance contribution is expected to be considerably less
than the observed for OCH3, for example, due to the fact that
the lone-pair electrons on the ester are also delocalized into the
carbonyl oxygen. Similar behavior is observed in the urethane
derivative (O-CO-NH-CH3), with a spin density of 0.804 and BDE
of 51.99 kcal/mol.

Regarding the occupation number of the bonding and anti-
bonding orbitals (σSS, σ∗

SS) and the bond order of the S-S bond,
we find, in general, that all the moieties induce a charge transfer
from the bonding to the antibonding orbital, regardless of their
nature, reducing the bond order, although this reduction is rather
small, from 0.97 to 0.95 approximately. It is relevant how the
antibonding orbital is largely populated when the phenyl is sub-
stituted with EDGs. This means that the resonance effect is actu-
ally weakening the disulfide bond, consistent with the observed
reduction of the BDE values.

Concerning the results of the molecular dynamics, we find that
lower bond dissociation energies are followed by longer sulfur-
sulfur bond distances, as expected, which is a reflection of the
easiness to cleavage the S-S bond. Thus, when EWGs are present,
shorter bond distances are observed (2.25 - 2.27 Å); however, if
the phenyl is substituted with EDGs, the opposite trend is noticed,
where the maximum S-S bond distance is provided by the NH2

derivative (2.41 Å). Nevertheless, this variation is not perfectly
linear and probably longer time simulations would be needed to
produce more accurate results. The calculated average distances
are very similar to the DFT-optimized ones, as expected.

The analysis of the excitation energies (λ) shows that all com-
pounds absorb in the near ultraviolet region of the spectrum, but
it is remarkable that EWG-substituted molecules display longer
absorption wavelengths. In this sense, the sulfonic moiety, which
exerts an increase of the BDE of more than 7 kcal/mol with re-
spect the the bare diphenyl disulfide, absorbs at 383.4 nm, close
to the visible region of the spectrum (390 nm), which means that
the photodissociation may take place easier than the thermal dis-
sociation under room conditions. However, for the rest of the
cases, the absorption wavelength is located in the UV. Therefore,
under room conditions, photodissociation would not take place
unless external estimulation is given.

In summary, we may conclude that the electron donating
groups activate the aromatic ring and, as consequence, the fol-
lowing two effects are enhanced. First, the delocalization into the
aromatic ring of the unpaired electron of the sulfenyl radical gen-
erated in the dissociation, which is consistent with the observed
reduction of the spin density on sulfur and, thus, an stabiliza-
tion effect is accomplished. Second, the increase in the electron
density into the antibonding σ∗

SS bond, producing a weakening
of the S-S bond. The combination of these two effects reduces
the bond dissociation energy. Among the EDGs studied, is the
amino moiety (NH2) the one with less electron density on sulfur
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Table 3 Bond dissociation energy (BDE), in kcal/mol, spin density on sulfur atom (ρS), occupation numbers (η) for the bonding and antibonding σSS

orbitals, bond order (BO) of the disulfide bond, excitation energy (λ ), in nm, and optimized sulfur-sulfur bond length (ropt
S−S), in Å, calculated at the

ωB97X-D/6-31+G(d,p)//ωB97X-D/6-311++G(2df,2p) level of theory. rmax
S−S and rave

S−S correspond to the maximum and average sulfur-sulfur bond
distances, in Å, calculated in the QMD simulations

R BDE ρS η(σSS) η(σ∗

SS) BO(σSS) λ r
opt
S−S rmax

S−S rave
S−S

H 48.00 0.809 1.9792 0.0212 0.979 319.9 2.10 2.22 2.09
NH-CO-NH2 46.62 0.775 1.9596 0.0583 0.957 340.3 2.11 2.33 2.13

NH-CO-NH-CH3 48.55 0.769 1.9602 0.0578 0.951 359.9 2.11 2.31 2.12
O-CO-NH-CH3 51.99 0.804 1.9613 0.0522 0.955 357.1 2.11 2.33 2.12

Electron withdrawing groups
CO-OCH3 48.83 0.827 1.9605 0.0489 0.956 338.4 2.10 2.26 2.10

CN 49.33 0.852 1.9600 0.0474 0.956 333.4 2.09 2.27 2.11
CF3 50.13 0.837 1.9596 0.0485 0.956 334.2 2.10 2.26 2.10
NO2 50.23 0.833 1.9596 0.0453 0.957 341.1 2.09 2.26 2.10

SO3H 55.56 0.840 1.9569 0.0492 0.954 383.4 2.12 2.25 2.10
F 47.17 0.792 1.9628 0.0565 0.953 317.8 2.10 2.30 2.12

Electron donating groups
NH2 41.28 0.726 1.9634 0.0711 0.946 320.5 2.11 2.41 2.13

OCH3 44.11 0.769 1.9607 0.0543 0.953 316.9 2.10 2.27 2.12
OH 44.63 0.767 1.9635 0.0638 0.950 311.3 2.10 2.31 2.13
CH3 46.62 0.801 1.9614 0.0573 0.952 320.0 2.10 2.33 2.11

O-CO-CH3 48.29 0.840 1.9607 0.0543 0.953 319.8 2.10 2.28 2.10

(0.726) and greater population on the σ∗

SS bond (0.0711), with a
resulting BDE of 41.28 kcal/mol, almost 7 kcal/mol less than the
unsubstituted diphenyl disulfide.

3.1.2 Dissociation of amine derivatives

The analysis performed in the previous section shows that, in or-
der to decrease the bond dissociation energy, it is necessary to
substitute the phenyl ring with an electron donating group. Since
among the studied moieties the amino group (NH2) is the most
promising, producing a decrease of 6.7 kcal/mol in the BDE, in
this section we intend to further improve this result by means of
three approximations: first, the modification of the amino group
and, second, the analysis of the effect exerted by the presence of
more amino groups in the phenyl ring, specifically in ortho po-
sitions, to obtain bis(2,4,6-triaminephenyl) disulfides (see Figure
2, right panel). Finally, a third set of compounds will be studied,
where the phenyl ring is substituted by different aliphatic conju-
gated double bonds. The results are summarized in Tables 4, 5
and 6.

The modification of the amine group consists in the substitution
of one hydrogen atom by different moieties, among them those
bearing double bonds that may increase the conjugation degree
with the lone pair of the nitrogen and the phenyl ring. We have
performed the same analysis as in the previous section, that is, we
have calculated the bond dissociation energy (BDE), spin density
on sulfur (ρS), occupation numbers of the bonding and antibond-
ing σSS orbitals, the bond order (BO), excitation energy to the first
excited state (λ) and dynamic simulations have been carried out
as well. Concerning the monosubstituted disulfides, it is observed

that the modification of the amine moiety may either facilitate
or hinder the sulfur-sulfur bond cleavage (see Table 4). In this
manner, when a carbonyl group is included, the electronegativity
of this group removes electron density from the nitrogen center,
diminishing the ring-activating effect of the amine, and the BDE
grows to values closer to the one of the bare diphenyl disulfide
(48.00 kcal/mol). The introduction of groups such as vinyl (NH-
CH=CH2), methanol (NH-CH2OH), phenyl (NH-Ph) or an extra
amine group (NH-NH2) induces slight changes on the BDE, 1-2
kcal/mol, compared to the unsubstituted amine (NH2). Surpris-
ingly, we observe that including an EWG in the vinyl group, such
as -OH (NH-CH=CHOH), a remarkable decrease of the BDE takes
place (36.73 kcal/mol).

Nevertheless, the incorporation of moieties in ortho positions
of the phenyl ring has a remarkable effect on the bond dissocia-
tion energies and notable reductions are observed, which is also
reflected in low spin density values and large populations of the
antibonding σ∗

SS orbital (see Table 5). Hence, when three amine
groups are included in the rings, denoted as (NH2)3 in the table,
the BDE drops from 41.28 to 30.13 kcal/mol. The spin density
is only 0.577, compared to 0.726 of the para-amine monoderiva-
tive and to 0.809 of the unsubstituted diphenyl disulfide. Also,
the population of the antibonding orbital is calculated to be 0.14,
twice the value of the monosubstituted compound (0.07) and al-
most ten times of the one corresponding to the bare diphenyl
(0.02). All these facts induce the observed reduction of the BDE.
Besides, modifications of the amine groups have been carried out
again and, in general, minor changes are found with respect to
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Table 4 Bond dissociation energy (BDE), in kcal/mol, spin density on sulfur atom (ρS), occupation numbers (η) for the bonding and antibonding σSS

orbitals, bond order (BO) of the disulfide bond, excitation energy (λ ), in nm, and optimized sulfur-sulfur bond length (ropt
S−S), in Å, calculated at the

ωB97X-D/6-31+G(d,p)//ωB97X-D/6-311++G(2df,2p) level of theory, for monosubstituted amino derivatives of diphenyl disulfide. rmax
S−S and rave

S−S

correspond to the maximum and average sulfur-sulfur bond distances, in Å, calculated in the QMD simulations

R BDE ρS η(σSS) η(σ∗

SS) BO(σSS) λ r
opt
S−S rmax

S−S rave
S−S

NH2 41.28 0.726 1.9634 0.0711 0.946 320.5 2.11 2.41 2.13

NH-CH=CHOH 36.73 0.717 1.9617 0.0725 0.945 318.2 2.11 2.39 2.14
NH-CH2OH 39.14 0.746 1.9598 0.0746 0.943 346.5 2.10 2.38 2.14
N-(CH2OH)2 39.94 0.761 1.9613 0.0661 0.948 317.4 2.10 2.36 2.12
NH-CH=CH2 42.06 0.736 1.9615 0.0703 0.946 324.3 2.11 2.29 2.15

NH-NH2 42.51 0.826 1.9619 0.0709 0.946 317.7 2.11 2.34 2.14
NH-Ph 42.70 0.730 1.9598 0.0747 0.943 366.1 2.13 2.36 2.15

NH-COOH 45.27 0.779 1.9620 0.0614 0.950 325.3 2.10 2.40 2.12
NH-HCO 45.81 0.781 1.9608 0.0587 0.951 321.1 2.10 2.28 2.12

NH-CO-NH2 46.62 0.775 1.9596 0.0583 0.957 340.3 2.11 2.33 2.13
NH-CO-NH-CH3 48.55 0.769 1.9602 0.0578 0.951 359.9 2.11 2.31 2.12

N-(CO-NH2)2 49.03 0.826 1.9799 0.0184 0.981 268.0 2.05 2.28 2.10
NH-CO-NHCl 49.04 0.784 1.9570 0.0727 0.942 393.8 2.15 2.36 2.12
NH-CHClOH 51.61 0.755 1.9601 0.0630 0.949 355.4 2.12 2.43 2.19

the triamine compound, and no clear trend is observed. However,
it is outstanding the results obtained with the amino-vinyl deriva-
tives ((NH-CH=CH2)3 and (NH-CH=CHOH)3), where a dramatic
reduction of more than 10 kcal/mol is observed.

In order to check if this effect is exclusively due to the presence
of extra substituents on the aromatic ring, independently of their
nature, we have also calculated the BDE for the trihydroxy deriva-
tive, (OH)3, since it appeared to be a good candidate among the
para-substituted derivatives (see Table 3). However, we observe
that there is no remarkable change after the addition of the two
hydroxyl groups, from 44.63 to 43.71 kcal/mol. Thus, we can
conclude that the reduction in the BDE is induced by the presence
of activating groups close to the sulfenyl radical that stabilize it
in a greater extent.

Let us analyze now the results obtained for the amino-vinyl
derivatives. This notable decrease in the BDE must be attributed
to the high conjugation observed in these molecules, due to the
particular geometry adopted by the amino groups. In the free
NH3, the nitrogen possesses a trigonal pyramidal geometry, with
a dihedral angle of 120◦. Nevertheless, the NH-CH=CH2 group
adopts a more planar configuration when attached to the phenyl
ring in such a way that, in the para position, the dihedral angle is
152◦ while in the ortho position is 176◦, almost planar. This fa-
vors an extended delocalization including the lone pair of the ni-
trogen, the double bond of the vinyl and the aromatic ring, which
is reflected in the conjugation of the π-type molecular orbitals.

3.1.3 Dissociation of non-aromatic conjugated disulfides

Finally, since the previous results point out that delocalization and
conjugation are key factors for the weakening of the S-S bond, we
decided to investigate different chemical structures, where the
phenyl rings are substituted for other conjugated systems. Two
promising compounds are [3]dendralene and thiuram disulfides.

Fig. 3 Molecular structures of thiuram (top left) and [3]dendralene
disulfides (top right), and the corresponding derivatives (bottom)

In figure 3 are displayed the molecular structure of these com-
pounds and in Table 6 are collected the results corresponding to
the different derivatives.

Following the analysis performed in previous sections we find
that, for all [3]dendralene compounds, the spin density is notably
reduced compared to both the bare diphenyl disulfide and the
para-substituted amine derivative. Besides, the population of the
antibonding σ∗

SS orbitals is notably increased; however, these val-
ues are below the one shown by the para-NH2 derivative, except
for the NH-CH2OH compound. In any case, the dissociation ener-
gies are well below, in general, than the reference compounds in
Table 6. Regarding thiuram disulfide, this molecule shows a BDE
similar to the one of bare diphenyl disulfide (48.94 kcal/mol) but
the substitutions improve greatly this result, which is reflected not
only in the BDEs but also in the spin density and in the variation of
the occupation of the bonding and antibonding σSS orbitals, as ex-
pected. It is also remarkable how the excitation energy is shifted
to the visible region (λ > 390 nm) in several thiuram compounds,
making them prone to experiment photodissociation more easily.
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Table 5 Bond dissociation energy (BDE), in kcal/mol, spin density on sulfur atom (ρS), occupation numbers (η) for the bonding and antibonding σSS

orbitals, bond order (BO) of the disulfide bond, excitation energy (λ ), in nm, and optimized sulfur-sulfur bond length (ropt
S−S), in Å, calculated at the

ωB97X-D/6-31+G(d,p)//ωB97X-D/6-311++G(2df,2p) level of theory, for trisubstituted amino derivatives of diphenyl disulfide. rmax
S−S and rave

S−S correspond
to the maximum and average sulfur-sulfur bond distances, in Å, calculated in the QMD simulations

R BDE ρS η(σSS) η(σ∗

SS) BO(σSS) λ r
opt
S−S rmax

S−S rave
S−S

NH2 41.28 0.726 1.9634 0.0711 0.946 320.5 2.11 2.41 2.13

(NH-CH=CH2)3 24.81 0.567 1.9643 0.1262 0.919 371.4 2.18 2.86 2.43
(NH-CH=CHOH)3 28.37 0.535 1.9653 0.1441 0.911 373.5 2.37 3.04 2.57

(NH-CO-NH2)3 29.11 0.582 1.9643 0.1074 0.928 372.1 2.15 2.67 2.40
(NH2)3 30.13 0.577 1.9644 0.1402 0.912 350.1 2.16 2.90 2.39

(NH-Ph)3 30.23 0.545 1.9579 0.1225 0.918 382.3 2.17 3.23 2.43
(NH-NH2)3 33.47 0.532 1.9641 0.1594 0.902 375.9 2.29 2.78 2.36
(NH-HCO)3 46.35 0.661 1.9612 0.0901 0.936 341.3 2.13 2.51 2.27

(OH)3 43.71 0.620 1.9617 0.0663 0.948 335.8 2.11 2.30 2.15

p-NH-CO-NH-CH3 o-NH2 26.25 0.591 1.9665 0.1159 0.925 358.3 2.17 2.78 2.43
p-NH-CO-NH2 o-NH2 26.46 0.595 1.9664 0.1156 0.925 356.6 2.17 2.61 2.32
p-NH-CH2OH o-NH2 29.74 0.582 1.9642 0.1359 0.914 348.0 2.17 2.69 2.34

Nevertheless, estimulated photodissociation is not possible for the
rest of the compounds.

In general, the [3]dendralene and thiuram disulfide derivatives
show rather low bond dissociation energies, lower than those of
the para-substituted amine derivatives and close to the trisubsti-
tuted ones, which makes them good candidates for self-healing
materials based in aliphatic compounds without the need of ex-
ternal stimuli such as light or heat. This results open the door to
new families of disulfides, which may be a promising alternative
to aromatic disulfides.

Finally, as a summary, we have represented graphically in Fig-
ure 4 the relationship of the spin density and the bond order with
the dissociation energy for the different sets of compounds con-
sidered in this work. A general decreasing trend of the BDE is
observed when both the spin density and the bond order are de-
creased, which is specially notorious for the triamine derivatives.

3.2 Relevance of hydrogen bonding

As it was observed experimentally, one of the relevant aspects in
the efficiency of the self-healing process is the presence of hy-
drogen bonds between functional groups of different polymer
chains34 and, hence, in this section we intend to investigate
the role of this interaction in the healing mechanism. In order
to do that, we evaluate the interaction energy (∆HHB) of two
disulfide chains that are able to establish this kind of bonding.
Since a hydrogen bond takes place when a hydrogen bound to
an electronegative atom experiences attraction to other nearby
electronegative atom, not all the proposed chemical models up to
now are valid, and, therefore, we have selected a few representa-
tive compounds that are able to generate hydrogen bonds. Two
conformations have been explored, denoted as 1 and 2 (see Fig.
6). In the first one, the chains are located in such a way that the

disulfur units are spatially near while in the latter are at longer
distances. The interaction energy is, then, designated as ∆HHB

1

and ∆HHB
2

, respectively.

In Table 7 we have gathered four groups of compounds: para-
substituted diphenyl disulfides, trisubstituted diphenyl disulfides,
[3]dendralenes and thiuram disulfides, and we have calculated,
for both conformations, the interaction energy due to the pres-
ence of hydrogen bonds (∆HHB) and the distances (maximum and
minimum) among the sulfur atoms of different disulfide bonds
(r

opt
S−S). Besides, we have performed quantum molecular dynamics

that show the transformation from conformation 1 to conforma-
tion 2. Notice that rmin

S−S coincides, approximately, with the short-
est distance in conformation 1 and rmax

S−S with the longest distance
in conformation 2.

The first three lines in the table correspond to the urea- and
urethane-based diphenyl disulfides, with R= NH-CO-NH2, NH-
CO-NH-CH3 and O-CO-NH-CH3. The interaction energy due to
the hydrogen bonding in these compounds varies between 30.40
and 36.89 kcal/mol for the conformation 1, and between 25.41
and 33.91 kcal/mol for the conformation 2, so that, this stabiliza-
tion energy is very similar in both conformations. The quantum
molecular dynamics for this system show that the position of the
pair of S-S bonds oscillates between 6.5 and 14.3 Å. In Figure 5
are represented the results of the molecular dynamics performed
for this system, where the top graphic shows this variation of the
S-S distance among the four S atoms, and the bottom graphic
represents the S-S bond distance in a single molecule, oscillating
between 2.05 and 2.4 Å.

In the following three compounds it is observed that the vinyl
alcohol establish a weaker interaction (close to 20 kcal/mol) with
a second chain. That is, the hydrogen bonding is less effec-
tive than in the amide, acid or methyl alcohol derivatives, which
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Table 6 Bond dissociation energy (BDE), in kcal/mol, spin density on sulfur atom (ρS), occupation numbers (η) for the bonding and antibonding σSS

orbitals, bond order (BO) of disulfide bond, excitation energy (λ ), in nm, and optimized sulfur-sulfur bond length (ropt
S−S), in Å, calculated at the

ωB97X-D/6-31+G(d,p)//ωB97X-D/6-311++G(2df,2p) level of theory for thiuram and dendralene. rmax
S−S and rave

S−S correspond to the maximum and
average sulfur-sulfur bond distances, in Å, calculated in the QMD simulations

R BDE ρS η(σSS) η(σ∗

SS) BO(σSS) λ r
opt
S−S rmax

S−S rave
S−S

PhS-SPh 48.00 0.809 1.9792 0.0212 0.979 319.9 2.10 2.22 2.09
NH2PhS-SPhNH2 41.28 0.726 1.9634 0.0711 0.946 320.5 2.11 2.41 2.13

[3]dendralene 38.74 0.642 1.9717 0.0418 0.965 295.6 2.08 2.24 2.12
NH-CH2OH 33.78 0.563 1.9605 0.0795 0.941 348.1 2.09 2.42 2.17

NH-CH=CH2 35.45 0.572 1.9662 0.0622 0.952 327.0 2.09 2.34 2.15
NH-CH=CHOH 35.49 0.553 1.9697 0.0633 0.953 375.1 2.10 2.36 2.17

NH-CO-NH2 41.65 0.617 1.9700 0.0474 0.961 305.2 2.09 2.41 2.14
NH-COOH 50.53 0.628 1.9706 0.0441 0.963 301.8 2.08 2.35 2.14

Thiuram 48.94 0.520 1.9812 0.0458 0.968 474.5 2.06 2.31 2.12
NH-CO-NH2 35.17 0.330 1.9768 0.0749 0.951 410.9 2.05 2.41 2.16
NH-COOH 36.72 0.479 1.9773 0.0661 0.956 407.5 2.06 2.32 2.12
NH-CH2OH 40.22 0.513 1.9730 0.0536 0.960 354.1 2.07 2.33 2.13

NH-CH=CH2 40.68 0.542 1.9762 0.0649 0.956 369.5 2.07 2.41 2.19
NH-CH=CHOH 47.51 0.542 1.9767 0.0621 0.953 359.5 2.06 2.33 2.15
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Fig. 4 Graphical representation of the spin density (left panel) and bond order (right panel) vs bond dissociation energy (BDE)
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Fig. 5 Quantum molecular dynamics for the interaction of the two
disulfide chains in the (NH2-CO-NH-Ph)2S2 compound. Top:
sulfur-sulfur distances between the four sulfur atoms. Bottom:
sulfur-sulfur distance of the disulfide bond in one of the chains

show an interaction energy between 25 and 37 kcal/mol, approx-
imately.

For the group of trisubstituted diphenyl disulfides, we have
chosen the urea (NH-CO-NH2, NH-CO-NH-CH3) and the alcohol
(NH-CH2OH) para-substituted molecules, and two NH2 groups
have been added in ortho positions. It is remarkable how the
inclusion of the amino groups in ortho increases the interaction
energy due to the hydrogen bonding around 20 kcal/mol for both
NH-CO-NH2 and NH-CO-NH-CH3 derivatives (53.19 and 52.98
kcal/mol, respectively), while for the the alcohol a small decrease
is observed (24.86 kcal/mol).

Among [3]dendralene compounds, the unsubstituted molecule
shows a small interaction energy (9.93 kcal/mol) and the sec-
ond conformation could not be found. Thus, in the molecular
dynamics, the dimer is not stable and tends to separate from each
other, consistent with the high value of rmax

S−S = 18.0 Å. When this
molecule is modified with a vinyl alcohol, an interaction energy
of 14.16 kcal/mol is calculated, close to the value obtained for
the para-substituted vinyl alcohol (19.64 kcal/mol). However,
the methyl alcohol derivative shows a much greater stabilization
energy (45.34 kcal/mol).

Finally, regarding thiuram compounds, the bare molecule has a
similar behavior as the unsubstituted [3]dendralene, with a very
low stabilization energy (1.52 kcal/mol) and the second confor-
mation was not found. Again, the rmax

S−S calculated in the molecu-
lar dynamics shows that the dimer tends to separate. The amide
derivative shows an interaction energy of 37.45 kcal/mol, very
similar to the amide para-substituted diphenyl disulfide (36.89
kcal/mol).

As a summary, we may assert that the hydrogen bonds play a
structural role, which may favor the reactivity. However, at this

level of theory where only two chains are considered, is not pos-
sible to conclude that stronger hydrogen bond interactions will
accomplish an improvement of the reactivity among disulfides. A
higher-scale simulation, where a certain number of chains should
be included, would be needed to establish a relationship between
hydrogen bonding and reactivity.

3.3 Radical reaction mechanism

Finally, in order to understand the healing process, it is manda-
tory to study in detail the reaction mechanisms that are involved.
The efficiency of the material implies that the reaction may take
place spontaneously at room temperature, so that, it must fulfill,
at least, the following two conditions: firstly, the cleavage of the
bond should be reversible and, secondly, the reaction should have
a low energy barrier, that is, the reaction path should go through
a low-lying transition state in order to have a process kinetically
favorable.

In this context, two reaction mechanisms have been consid-
ered in this section: the metathesis reaction mechanism based in
the metathesis proposed in Odriozola’s work,34 and the radical-
mediated reaction mechanism. In the first case, the breaking
and formation of the two S-S bonds would occur simultaneously,
while in the radical-mediated mechanism, the breaking of one
S-S would lead to the formation of sulfur-centered radicals that
eventually would attack other S-S bonds. All attempts to lo-
cate the transition state structures of metathesis reaction mech-
anisms failed. We therefore conclude that the occurring reaction
mechanism is the radical-mediated [2+1] mechanism, where the
cleavage of a S-S bond generates sulfenyl radicals that may at-
tack another disulfide bond of a different chain through a three-
membered transition state, producing a new radical, in a single-
displacemente reaction, and another disulfide compound.

An schematic reaction profile for this mechanism is depicted in
Figure 7, where two reaction pathways have been characterized
for the NH-CO-NH2 para-derivative, and two different hydrogen
bonding patterns between the amide moieties are considered. In
black lines, the reaction mechanism occurs through complexes
and transition states containing hydrogen bonds among the three
chains, forming a sort of triangle. In blue lines, hydrogen bonds
are established only between the central and terminal chains, in
an linear path. The reaction model is the following: in an in-
tial step, a radical monosulfide species approaches a disulfide
molecule (left structure) to react via a transition state (central
structure) where the radical attacks to form a new disulfide bond
and generate a new monosulfide radical (right struture). The
numbers correspond to enthalpy reaction energies (∆H), which
means that the transition states are located around 10 kcal/mol
over the initial complex, and the energy difference between com-
plexes is 0 or close to 0 (reversible reaction). These are approxi-
mate
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Table 7 Interaction energy between two disulfide units (RS-SR) due to the presence of hydrogen bonds in conformations 1 (∆HHB
1

) and 2 (∆HHB
2

), in
kcal/mol. rSS states for the minimum and maximum S-S distance among the four S atoms in each configuration, in Å, while rSS

min and rSS
max are the same

distances calculated in the QMD simulations

R Conformation 1 Conformation 2 QMD
∆HHB

1
r

opt
S−S ∆HHB

2
r

opt
S−S rmin

S−S rmax
S−S

NH-CO-NH2 36.89 7.54 - 9.98 33.91 12.61 - 13.42 7.0 14.3
NH-CO-NH-CH3 30.40 7.72 - 9.93 25.41 12.33 - 13.01 6.5 13.8
O-CO-NH-CH3 33.64 9.22 - 9.87 26.45 11.56 - 12.67 8.4 14.1

NH-COOH 24.79 7.82 - 10.00 27.22 13.54 - 14.17 7.8 15.6
NH-CH2OH 29.70 5.85 - 7.79 27.86 12.25 - 12.72 5.3 15.5

NH-CH=CHOH 19.64 6.70 - 9.82 15.05 11.63 - 13.64 6.3 14.5

p-NH-CO-NH2 o-NH2 53.19 7.89 - 9.92 49.01 13.61 - 13.82 7.2 12.4
p-NH-CO-NH-CH3 o-NH2 52.98 7.71 - 9.74 49.26 10.66 - 11.66 7.7 11.8

p-NH-CH2OH o-NH2 24.86 8.07 - 8.86 27.61 11.75 - 13.36 7.1 10.5

[3]dendralene 9.93 4.92 - 7.13 - - 3.5 18.0
D-NH-CH2OH 45.34 5.72 - 7.55 41.80 7.24 - 8.74 4.5 9.3

D-NH-CH=CHOH 14.16 5.12 - 7.72 17.67 8.79 - 10.17 4.5 12.3 9

Thiuram 1.52 3.89 - 6.20 - - 3.0 17.0
T-NH-CO-NH2 37.45 4.44 - 7.13 34.26 5.44 - 6.32 4.0 9.8
T-NH-COOH 18.04 3.78 - 6.56 23.09 4.81 - 7.31 4.8 10.1

Fig. 6 Molecular structure of two para-substituted diphenyl disulfides (R = NH-CO-NH2) interacting via hydrogen bonds. Conformations 1 (left) and 2
(right) are shown
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Fig. 7 [2+1] reaction mechanism proposed in this work for the
NH-CO-NH2 para-substituted diphenyl disulfide. ∆H values in kcal/mol.
Black lines: triangular reaction path. Blue lines: linear reaction path

values, and a whole conformational analysis would be needed
in order to get absolute energy values, which would be highly
demanding computationally and is out of the scope of this work.
Since both reaction paths are very similar, the rest of the reactions
studied are done using the linear conformation.

Thus, we have studied the reaction profile for selected disul-
fides and, in Table 8, the geometrical parameters (sulfur-sulfur
distances and angles) for the reaction complex and the transition
state, as well as the reaction barrier enthalpies and imaginary
frequencies of the transition state are given. This imaginary fre-
quency corresponds to a S1-S2-S3 bond stretching. Four groups of
molecules have been studied: the bare diphenyl disulfide and the
amino monoderivative (R = NH2); several amine monoderiva-
tives together with the urea- and urethane-based compounds;
trisubstituted molecules and dendralene derivatives. The thiu-
ram molecules have not been included since the breaking of the
disulfide bond generates a radical which is delocalized between
the two sulfur atoms directly bonded to the carbon, becoming in-
distinguisable and making the reaction mechanism less obvious.

The analysis of the S1-S2 and S2-S3 bond distances reveals that,
in the transition state structure, both values are very similar,
which means that the original disulfide bond is weakened (the
bond distances rS1−S2

are enlarged around 0.2 - 0.3 Å) and a new
disulfide bond is forming (the values rS2−S3

are shortened more
than 1 Å in all cases). It is remarkable how all the reaction barri-
ers (∆HT S) show a similar energy range, less than 14 kcal/mol in
most cases, except for the two [3]dendralene species, with 17.24
kcal/mol for the methyl alcohol derivative and 26.97 kcal/mol for
the vinyl alcohol derivative. We may highlight the low values for
the bare diphenyl disulfide (9.15 kcal/mol), the NH-CO-NH-CH3

derivative (9.73 kcal/mol) and the trisubstituted p-NH-CO-NH2

o-NH2 compound (9.79 kcal/mol). These results suggest that,

in almost all cases, the reaction barrier is low enough to be sur-
passed in normal conditions and, therefore, the reaction is not
kinetically hindered.

Although the conclusion of this section implies that the main
reaction mechanism goes through the formation of sulfenyl radi-
cals and three-membered transition states, an experimental proof
(such as EPR measurements, for example) would be desirable.

4 Conclusions and future work

As a summary, we may conclude that the chemical structure of
the disulfide is a key factor in order to improve the properties of
self-healing materials. There are two main features that are rel-
evant for the performance of this class of materials. Firstly, the
breaking of the S-S bond, which starts the process and should be
spontaneous at room temperatures. This implies low bond disso-
ciation energies or photodissociation in the visible region of the
spectrum. Secondly, low energy barriers are mandatory to have
the simultaneous formation and breaking of S-S bonds, in a re-
versible process. In this vein, theoretical methods of quantum
chemistry have been used in order to rationalize the process at
the molecular level, in an attempt to have a guidance for the im-
provement of the performance of these materials.

Three properties have been studied in detail: the S-S bond
cleavage, the interaction among chains via hydrogen bonding
and the reaction mechanism. In this manner, it is observed that
the performance of aromatic disulfides, which have shown to be
very efficient, may be enhanced by chemical modification of the
aromatic rings. When the phenyl groups are para- substituted
with ring-activating moieties, the bond dissociation energy is de-
creased, as a consequence of two factors: firstly, the reduction
of the spin density on the sulfur atom in the generated radical,
which is largely delocalized in the aromatic ring and, therefore,
stabilized. Secondly, the increase of the population of the anti-
bonding σ∗

SS orbital, reducing the bond order and promoting the
bond cleavage. Besides, this weakening effect is enlarged by fur-
ther substitutions in ortho positions with moieties that contribute
to an additional delocalization of the radical electron.

The study of hydrogen bonding between chains has revealed
that this interaction has a structural role in the process, keeping
the disulfide chains close. However, due to the small models used
in these work, is not possible to conclude that this interaction
would raise the possibility of reaction.

The plausible mechanism of the reaction is a radical-mediated
[2+1] mechanism. All the attempts to describe the reaction
as a methatesis have been unsuccessful. The transition states
have been characterized and found to be located at relatively
low energies (less than 14 kcal/mol) for almost all the proposed
molecules. This implies that the kinetic barriers are low for the
systems studied, and easy to surpass. The radical formation, nec-
essary at the first stage of this reaction mechanism, would basi-
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Table 8 Geometrical and energetical parameters along the radical-mediated [2+1] reaction mechanism. Sulfur-sulfur distances (rS1−S2
and rS2−S3

), in
Å, (S1,S2,S3) angle (α), in degrees, reaction enthalpy (∆HT S), in kcal/mol, and frequency of the imaginary mode (ν̄), in cm−1

Complex Transition state

R rS1−S2
rS2−S3

α rS1−S2
rS2−S3

α ∆HT S ν̄

Ph-SS-Ph 2.10 3.59 140.4 2.33 2.35 149.8 9.15 -312.8
NH2 2.10 4.13 158.4 2.40 2.44 152.4 13.84 -345.4

NH-CO-NH2 2.14 4.47 149.3 2.43 2.44 156.2 11.61 -347.5
NH-CO-NH-CH3 2.14 4.58 147.9 2.44 2.44 156.4 9.73 -348.6
O-CO-NH-CH3 2.14 4.42 152.9 2.40 2.42 151.9 10.62 -335.8

NH-CH2OH 2.11 3.73 164.5 2.39 2.44 152.9 12.90 -345.7
NH-COOH 2.14 4.31 165.6 2.40 2.42 154.7 12.86 -339.1

NH-CH=CHOH 2.15 4.05 156.8 2.41 2.46 154.8 13.06 -357.5

p-NH-CO-NH2 o-NH2 2.20 4.03 142.1 2.57 2.66 171.6 9.79 -327.4
p-NH-CO-NH-CH3 o-NH2 2.20 4.19 141.5 2.57 2.66 171.5 11.24 -328.5

p-NH-CH2OH o-NH2 2.16 3.88 151.8 2.64 2.66 170.9 11.50 -327.7

D-NH-CH2OH 2.12 4.31 110.7 2.41 2.41 142.9 17.24 -408.6
D-NH-CH=CHOH 2.09 3.81 176.4 2.52 2.44 149.0 26.97 -389.2

cally occur due to thermal dissociation of the S-S bond, and not
due to photodissociation, since the absorption wavelengths corre-
spond to the UV region in most cases. Hence, photodissociation
only would take place under external estimulation of the mate-
rial.

Besides, since the delocalization of the radical and π-
conjugation are relevant factors to control the strength of the
disulfide brigde, new alternatives such as conjugated aliphatic
structures have been explored. In particular, thiuram and [3]den-
dralene disulfides have been studied and the results show that
these compounds possess very low dissociation energies and are
good candidates for self-healing materials. This result is of high
relevance, since aliphatic disulfides usually need an external stim-
ulus, such as heat or light, to work efficiently, but the results
provided in this work open the possibility to use aliphatic com-
pounds that are even more efficient than the usual diphenyl-based
compounds. Regarding the reaction mechanism, it is observed
that the reaction barriers of [3]dendralene derivatives are higher
compared with those of the aromatic disulfides, while the case
of thiuram has not been calculated, since its particular molecular
structure makes the reaction mechanism to be more complicated,
and further studies must be performed. This would be the main
drawback of using aliphatic disulfides.

Based on the results obtained in this study, we may propose
several candidates that may enhance the properties of these im-
portant materials. Among the aromatic disulfides, an outstanding
performance is carried out by the trisubstituted urea derivatives:
p-NH-CO-NH2 o-NH2 and p-NH-CO-NH-CH3 o-NH2, where the
presence of the NH2 moieties in ortho positions of the ring seems
to improve the behavior. Also, the change of the amide group by a
methyl alcohol substituted amine, p-NH-CH2OH o-NH2 performs
very satisfactorily. The same alcohol without ortho substituents

is also very promising: p-NH-CH2OH. Among the aliphatic com-
pounds, the following [3]dendralene: D-NH-CH2OH and thiu-
ram: T-NH-CO-NH2 are very promising as an alternative to aro-
matic compounds.

Finally, in order to surpass the limitations associated to the
use of small models and to get a more general interpretation
of the observed phenomena, further molecular dynamics simu-
lations based on several candidates selected from this work are
already on-going in our laboratory, making use of larger, more
realistic models, to study the role of hydrogen bonding in the
interaction and reactivity among disulfide chains, as well as the
possibility to establish additional interactions such as π-π stack-
ing between aromatic rings.
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