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A unique type of chemical reaction known as an ambimodal reaction has drawn tremendous attention
owing to its intriguing feature of forming multiple (two or more) products from the same (single)
transition state. In contrast to conventional reactions, bifurcation of the potential energy surface takes
place in ambimodal reactions. Density functional theory (DFT) based calculations were performed to
probe the Diels—Alder (DA) cycloaddition reactions of various carbon nanotubes (CNTs) with 1,3-
butadiene. The present investigation reveals the possibility of ambimodal transition state formation on
a potential energy surface (PES) corresponding to an unusual [5 + 4]-cycloadduct along with the
conventional [4 + 2]-cycloadduct. The ground state of the [5 + 4]-cycloadduct obtained from butadiene
and the H-terminated CNTs is a triplet (°T) state, but on the other hand the [4 + 2]-cycloadduct is
a singlet (1S) state. The [5 + 4l-adduct is energetically more stable in comparison with the [4 + 2]-
adduct. The possibility of the formation of the [5 + 4]-adduct is validated using frontier molecular
orbitals. The length of the nanotube significantly influences the overall kinetics and thermodynamics of
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Introduction

The utmost attention has been devoted to modelling and
understanding new reactions and their mechanisms in chem-
istry. A single transition state in the chemical reaction that
yields two or more dissimilar products via potential energy
surface (PES) bifurcation is known as an ambimodal reaction."™
While researching the dimerization of cyclopentadiene, Car-
amella and co-workers proposed a “bispericyclic” (ambimodal
pericyclic) transition state.>® As mentioned, multiple products
can be obtained from the single transition state, the conven-
tional transition state theory plays a small part in probing the
reaction kinetics. Therefore, numerous attempts have been
made to understand the dynamics of ambimodal reactions.”®
Factors that are proposed to play a decisive role in deter-
mining the ratio of various products in ambimodal reactions
are: (i) the shape of the PES; (ii) the geometry of the transition
structure; and (iii) the dynamic matching.***? Singleton and co-

Department of Chemistry, National Institute of Technology (NIT) Warangal,
Telangana-506004, India. E-mail: ravinder_pawar@nitw.ac.in

T Electronic supplementary information (ESI) available: Periodic calculation
details and results, the role of the basis set, biradical formation, IRC
calculations, the PES bifurcation model, the optimized geometries of various
TSs along with the important geometrical parameters, and all of the optimized
coordinates of various pristine, TS, and functionalized nanotubes are given. See
DOI: 10.1039/c9ra10252c¢

This journal is © The Royal Society of Chemistry 2020

workers and Houk and co-workers have contributed signifi-
cantly to the understanding of various factors that influence the
ratio of products obtained in ambimodal reactions.**'**31”
They have also carried out studies to find the ambimodal
transition structures (TSs) in various reactions. Ambimodal
transition states have also been proposed and explored in the
biosynthesis of spinosyn A and heronamide A.">'® Recently,
Burns et al. reported [4 + 3] and [5 + 2] products in the cyclo-
addition of butadiene and oxidopyrylium ylides via a novel
ambimodal transition structure (TS).'®'° Furthermore, Datta
and co-workers reported PES bifurcation in different
contexts.’**

Single-walled carbon nanotubes (CNTs) are conceptually
generated by enfolding of the graphene sheets. Numerous
experimental and theoretical studies have been carried out on
CNTs to understand their physical, electronic, and optical
properties, as well as the chemical reactivity.”>** Furthermore,
the functionalization of various CNTs and fullerenes was
considered to be an enormously important process to separate
and tune the properties of these materials. Various chemical
reactions have been reported in the context of the successful
functionalization of different CNTs and fullerenes.?*?***® The
Diels-Alder (DA) cycloaddition is recognized as a plausible and
convenient chemical approach for functionalization, in this
context few reports are known.****** A similar strategy has been
used in the present investigation.
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The DA cycloaddition of a single walled carbon nanotube
(SWCNT) with ester functionalized terminals and o-quinodi-
methane was carried out under microwave irradiation.*® The
results obtained from scanning force microscopy (SFM) and
Raman spectral analysis reveal the side-wall functionalization
via a cycloaddition reaction. Furthermore, the high-density
pentagon-heptagon defects in the nanotube lattice were high-
lighted as being the preferred zone for functionalization.*®
Elsewhere, the functionalization of the single wall CNTs via the
DA reaction of a fluorinated single walled carbon nanotube was
reported. The presence of electron withdrawing substituents
enhances the rate of cycloaddition by providing “activated”
C=C bonds on the sidewall.*” Doris and co-workers carried out
the functionalization of single walled carbon nanotubes
(SWCNTs) using tandem high-pressure/Cr(CO)s activation.*®
They investigated the synergistic effect of pressure and chro-
mium on the DA reaction and found that the nanotube is acti-
vated by the combined effect of high pressure and Cr(CO)e.*
The theoretical report by Lu et al. demonstrated the energetics
of the DA reaction with the aid of an ONIOM two layer method.*
The report highlights that the stability of the TS is attained
mainly owing to the aromaticity.*” Both the experimental and
theoretical reports described herein focussed on the formation
of only the [4 + 2]-cycloadduct. However, the possibility of
formation of other products is unavoidable in the majority of
chemical reactions. During our investigation of the DA reaction
of the H-terminated CNTs of finite length with butadiene, we
noticed an unusual critical point structure on the PES. The
unusual point structures are ambimodal transition states which
require further exploration.

Therefore, in the present investigation, a systematic attempt
has been made to understand the energetics of the DA reaction
of various nanotubes at the H-terminating corner. The plausi-
bility of formation of an extremely unusual [5 + 4]-cycloadduct
along with the conventional [4 + 2]-cycloadduct in various
nanotubes have been scrutinized. The role of the nanotube
length in the cycloaddition reaction has also been addressed.
The effect of solvent on the cycloaddition reaction has also been
investigated.

Computational details

The geometries of various pristine, TSs, and functionalized H-
terminated CNTs were fully optimized without any
geometrical/symmetrical constraints using density functional
theory (DFT)-based Becke's three parameter hybrid exchange
functional and the Lee-Yang-Parr correlation functional
(B3LYP) method.*** To gain an insight into the effect of the
inclusion of polarization and to diffuse the basis set functions,
the calculations were performed using 6-31G* and the same
basis set in combination with 6-311++G** (the fragments
considered using 6-31G* and 6-311++G** basis sets are shown
in Scheme 1).

In order to assess the role of inclusion of the dispersion
interaction, all of the geometries were re-optimized using the
B3LYP method along with inclusion of the empirical dispersion
correction (D3) as suggested by Grimme et al., employing both
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the basis sets, that is 6-311++G**:6-31G*.”> The nature of the
critical point structures were characterized as local minima and
as first order saddle points by the frequency calculations at the
same level of theory. The TSs were confirmed by the existence of
a characteristic single imaginary frequency with displacement
vectors in the direction of bond formation (breaking). Intrinsic
reaction coordinate (IRC) calculations were performed to
ensure that the saddle points found were true TSs connecting
the reactants and the products. The energetics of the various
reactions were calculated at a temperature of 298.15 K and 1
atm of pressure in the gaseous phase.

Continuum solvation model density (SMD) calculations were
carried out to probe the effect of solvation on the reaction. In
order to understand the role of the polarity of the solvents in the
present investigation, toluene (¢ = 2.3741) and acetonitrile (¢ =
35.688) were utilized. Systematic comparison of the gas-phase
DA cycloaddition reaction in the same non-polar and polar
reaction medium were carried out. All of the calculations were
performed using the Gaussian 09 suite of programs.*

Results and discussion

Various mechanisms were proposed to probe the DA reactions
of the small molecule viz. non-polar mechanisms (synchronical
mechanism, biradicaloidal one step-mechanism, stepwise bir-
adical mechanism, and polar mechanisms (one step-two stage
mechanism, stepwise zwitterionic mechanism)). In this context,
Jasinski and co-workers have made significant contributions to
analysing the different small molecules.>*°

The DA cycloaddition reaction of various H-terminated CNTs
with 1,3-butadiene were chosen as the model reactions. Both the
moieties considered in the present work are neutral. Therefore,
all of the reactions are considered to follow the concerted reac-
tion mechanism path. A plethora of reports on the DA reaction of
CNTs revealed that the CNTs conceivably act as model dien-
ophiles in DA cycloaddition reactions.***** Therefore, in the
present investigation the nanotube models were considered as
dienophiles. The terminal carbon atoms of CNT, which are
connected to the H atoms (H-terminal), are possibly displaced
from their equilibrium position owing to the reduced strain.
Therefore, the reactivity of the carbon atoms which are linked to
the H atoms (terminal) is greater when compared to that of any
other C atoms in the CNTs. The reactive nature of the terminal
carbon atom enables such units to engage as a dienophile in the
[5 + 4]-cycloaddition reaction. Scheme 2 illustrates the different
DA cyclic adduct formation routes through path-1 and path-2 via
the ambimodal transition state.

Qualitatively, ambimodal TS formation in cycloaddition
reactions indicates that both the reaction paths are kinetically
indistinguishable. The red dot in the [5 + 4] adduct represents
the free electron and the single electron resonates throughout
the nanotube structure. Thus, the possibility of the formation of
frustrated biradical species in the reaction is probable. The
carbon nanotube model dienophile consists of an extended -
electron conjugation, thus the newly formed biradical may be
stabilized via the formation of a resonance structure (as a triplet
ground state) and/or followed by flipping of the spin of one of

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 The atoms shown in the ball-stick model were considered using the 6-311++G** basis set and the atoms shown in the wire model
were considered using the 6-31G* basis set.

these electrons (as a singlet ground state). Thus, the electron approach was selected to understand the cycloaddition reaction
spin inversion is also of considerable importance in the process of various CNTs with 1,3-butadiene.
of product formation.
The thermodynamic quantities obtained for the reaction
determines the ratio of the products along with various other ~Geometry

factors viz. the shape of the PES and the geometrical features of  The gptimized geometries of the reactant, TS, and the products
the TS, and the distribution of the momenta at the TS. A similar  gptained in the DA reaction (8,0)CNT with 1,3-butadiene are
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Scheme 2 (i) The dual cycloaddition reactivity modes of a H-terminated CNT, and (ii) the possible [4 + 2] and [5 + 4] pathways of the reaction
with butadiene. (iii) An arrow pushing diagram of the formation of the [5 + 4]-cycloadduct via biradical formation.
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shown in Fig. 1 and are labelled with the important bond
distances. Geometries (optimized coordinates) of all other
CNTs, corresponding TSs and products are given in the ESL}
As observed from the previous investigations, the geomet-
rical parameters of TS play a decisive role in the formation of
different products in various ambimodal reactions, in the
present investigation geometrical data analysis was carried out
and the important results are described herein. Important
geometrical parameters of various TSs, [4 + 2]-cycloadduct, and
[5 + 4]-cycloadduct are reported in Table 1. Important bond
angles and dihedral angles along with the index /,_,, as defined
by Jasinski et al.,>>* are given in Tables S1 and S2 in the ESLt
All of the TSs contain three partially formed bonds (viz.
bonds indicated by the labels a, 8, and « in Fig. 1) which indi-
cate that these TSs are possibly ambimodal, but the 8 and
a bond distances are significantly larger when compared with
the bond distance designated by label a. As the diameter of the
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CNT increases, the value of the a bond distance increases
enormously in the TSs. Typically, the calculated « bond length
in the different TSs range from 2.53 to 3.01 A. The same value
for the 8 bond ranges from 2.35 to 2.49 A. The discrimination in
the increment of the newly formed bonds may be attributed to
the reduced flexibility of the terminal carbon atom. As the tube
diameter increases, the ability of the carbon atoms to attain
planarity increases, thus the flexibility of the same atom
decreases. Close analysis of the newly formed bonds in the
various TSs clearly indicate that the formation of all of these TSs
is considerably asynchronous in nature.

Herein, the Cy,-~Cgy» bond distance is reported which is
significantly larger in comparison with the conventional Cgp~
Csp* bond distance. Close analysis of the geometrical parame-
ters of the various adducts reveal that the « value in the [5 + 4]-
cycloadduct is marginally larger when compared with the
conventional C-C single bond distance (i.e. 1.54 A). Typically,

(8 O)CNT[4+2]Product

(8, O)CNT[5+4]Product

Fig. 1 Optimized geometries of the reactant, ambimodal transition structure and products (@, b, c, d, e, a, and @ are the most important bond
distances in the active site) with a tube length of 9.25 A; calculations were carried out using the B3LYP-D3/6-311++G**:6-31G* level of theory

(colour key: grey = carbon and white = hydrogen atoms).
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the calculated « values for the (5,0), (6,0), (7,0), and (8,0)CNT
adduct range from 1.60 to 1.61 A. Similar distances for the C-C
bonds were found in the case of the diamondoid dimers (and
other highly crowded alkanes).®* In this context Schreiner and
co-workers have shown that the molecular systems have an
elongated Cyp,~Cgpe bond in which the dispersion interaction
plays a major role in attaining the stability of the system.*
Therefore, comparative analysis of the C-C bond distances in
the functionalized CNTs and the diamondoid dimer indicates
that the stability of the [5 + 4]-cycloadduct is governed by the
dispersion interaction and is an important factor to consider in
the calculation of the geometry and energetics. Nevertheless, in
the present case the longer Cq,-Csp: bond may be attributed to
the large strain, allowing it to form a nine membered ring
structure involving five C atoms from the CNT.

To gain insight into the role of the length of the CNTs, in this
investigation various length CNTs of (5,0) chirality were
considered. Typically, the selected model H-terminated CNT
lengths were 9.25, 11.34, 13.49, and 15.63 A, respectively.
Optimized geometries of various ambimodal TSs involved in the
DA cycloaddition reaction of the (5,0) CNTs with different
lengths are shown in Fig. S5.7 It should be noted from the
geometries of various TSs that the increment in the length of the
CNT marginally alters the geometry of the active site.

Energetics

Effect of tube diameter and formation of the triplet state. In
order to understand the stability of the [5 + 4] and [4 + 2]
cycloaddition products using different nanotubes, in the
present investigation the reaction energetics along with the
reaction coordinates were analysed. The role of usage of
different basis sets on the reaction are described in the ESI
(Fig. S1f). The results obtained using the B3LYP-D3/6-
311++G**:6-31G* level of theory are reported herein. The
calculated relative Gibbs free energy profile (AG) of various
nanotubes is shown in Fig. 2 (all other energetics including the
electronic energy (AEs) and enthalpies (AHs) are given in Table
S3+1).

The ambimodal reactions of various CNTs show the same
energy barrier for the formation of both products. It can also be
noted that the calculated energy barrier of the cycloaddition
reaction on different CNTs increased upon the increase in the
tube diameter and the results are in agreement with a previous
report on single wall (SW) transformation in various nano-
tubes.®* Furthermore, the role of the charge transfer (polar
nature) of these cycloaddition reactions was investigated using
the global electron density transfer (GEDT) index (Domingo
et al.).®*** The calculated GEDT values obtained from the
B3LYP/6-31G* level of calculation for the TSs involved in the
(5,0), (6,0), (7,0), and (8,0) cycloaddition reactions are 0.008,
0.012, 0.034, and 0.036(e), respectively. Interestingly, it was
found that the GEDT increases linearly as the energy barrier
height increases (r* = 0.81). Therefore, the charge transfer in TS
is a prominent factor in the kinetics of the DA reactions.

Fig. 2 illustrates that the adduct obtained from the [5 + 4]
cycloaddition is energetically more stable when compared

This journal is © The Royal Society of Chemistry 2020
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with the corresponding [4 + 2] counterpart. The same adduct
stability trend is observed for the cycloaddition reactions using
(6,0)CNT to (8,0)CNT. The adduct obtained in the case of the
same length (5,0)CNT, for the [4 + 2]-cycloaddition is energeti-
cally more favourable when compared with the [5 + 4]
cycloaddition. As the tube diameter increases, the thermody-
namic stability of the adduct decreases and some of these
adducts are thermodynamically less stable when compared to
that of the reactant. Thus, it is worth noting that although the
kinetics of formation of both products are the same, the ther-
modynamic stability of these adducts enables the
discrimination.

To evaluate the path adopted to convert the [5 + 4]- and [4 +
2]-cyclic products from the ambimodal TSs, the intrinsic reac-
tion coordinates (IRCs) were investigated. Relative energies of
various geometries along with the reaction coordinates are
depicted in Fig. 3. Total energies along with the IRCs are plotted
in Fig. S37 for all of the TSs. As the systems under scrutiny are
substantially larger and computationally demanding, the IRC
calculations were carried out using the B3LYP-D3/6-31G* level
of calculations.

Fig. 3 clearly illustrates the formation of a [5 + 4]-cyclic
adduct in addition to that of the [4 + 2]-cyclic adduct. It is
also interesting to note that the ambimodal TSs are more like
the [4 + 2] type. Moreover, the same trend is seen for all other
TSs. The calculated PES contour map, along with the distance
variation is shown in Fig. S4 in the ESL7

It can be observed from the above described results that the
product obtained from the [5 + 4]-cycloaddition reaction is
energetically more stable when compared with that of the cor-
responding [4 + 2]-cyclic adduct counterpart. Furthermore, the
possibility of formation of a triplet state intermediate and
products along with the singlet is also ambiguous, thus the
inclusion of an unrestricted calculation was found to be more
interesting. Therefore, the geometries of the various point
structures involved in the cycloaddition reaction of (6,0)CNT

Table 1 Important geometrical parameters (gas-phase reactions
calculated using B3LYP-D3/6-311++G**:6-31G*); all of the species
reported herein are in the singlet ground state®

a b c d e « I
(5,0)CNT-TS 1.58 1.49 1.35 1.45 1.51(1.40) 2.53 2.35
(6,0)CNT-TS 1.60 1.48 1.36 1.43 1.52(1.44) 2.82 2.38
(7,0)CNT-TS 1.61 1.47 1.36 1.42 1.52(1.43) 2.99 2.35
(8,0)CNT-TS 1.64 1.48 1.37 1.41 1.53(1.44) 3.01 2.49
(5,0)CNTssgpproduce 1.59 152 1.35 1.53 1.47 1.60
(6,0)CNTs:sproduce 1.60 1.52 1.35 1.52 1.48 1.61
(7,0)CNTjsiqproquce 1.60 1.52 1.35 1.52 1.48 1.60
(8,0)CNTs:sproduct 1.60 152 1.35 1.52 1.48 1.60
(5,0)CNTpsizproduce 1.56 150 1.33 1.50 1.59 1.56
(6,0)CNTigiofproduce  1.57 1.50 1.33 1.50 1.60 1.57
(7,0)CNT[4+2]pmduct 1.57 1.50 1.33 1.50 1.60 1.57
(8,0)CNTsioproquet 1.57 1.50 1.33 1.50 1.60 1.57

@ All of the parameters are in A and a value given in parenthesis
represents the same bond in the reactant.
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Fig.2 The relative free energy profiles of the [4 + 2] and [5 + 4]-cycloaddition reactions of various carbon nanotubes with 1,3-butadiene (using

B3LYP-D3/6-311++G**:6-31G*).

with butadiene were re-optimized using the UB3LYP-D3 method
employing the 6-31+G*:3-21G* basis set. The energetics ob-
tained using the above mentioned method are given and
described in the ESIt (biradical formation). The results clearly
indicate that the [5 + 4]-cycloadduct is biradical with a triplet
ground state.

Effect of the tube length. As noted from the above section,
the trend in the adducts stability observed in the case of the

cycloaddition reaction of (5,0)CNT of 9.25 A with 1,3-butadiene
differs significantly from all other nanotubes. To gain insight
into the anomalous behaviour of (5,0)CNT towards the cyclo-
addition reaction, the length dependent reactivity of (5,0)CNT
was probed. All of the optimized geometries with important
bond distances are given in the ESI (Fig. S51). The calculated
energetics (AG) of the ambimodal cycloaddition reaction of

15

—
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Fig. 3 Relative energies plotted along with the IRC (calculated using B3LYP-D3/6-31G*).
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Fig. 4 The length dependent reaction free energy profiles of (5,0)CNT with butadiene for both the [4 + 2] and [5 + 4]-cycloaddition reactions
(using B3LYP-D3/6-311++G**:6-31G*).
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presence of different solvents along with the gas-phase reaction (using B3LYP-D3/6-311++G**:6-31G*).
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Fig. 6 Potential energy and geometric variations with time.

different length tubes are depicted in Fig. 4. The other energies
related to the DA reactions are given in Table S4 in the ESL{

It should be noted from Fig. 4 that an increment in the tube
length enhances the energy barrier significantly. Typically, the
calculated energy barrier of the different lengths of (5,0)CNT
range from 10.9 to 24.6 kcal mol '. The enhancement in the
energy barrier with the tube length may be attributed to the
extended m-electron cloud in conjugation (extended conjuga-
tion) for the larger nanotubes.

It is interesting to observe that the adducts obtained from
the cycloaddition reaction of the 9.25 A length CNT show an
exceptional stability trend compared with the same nanotube
with a longer length. The exceptional behaviour of (5,0)CNT
with a length of 9.25 A may be attributed to the small length and
small radius of the tube, which leads to reduced conjugation of
the m-electron cloud.

Effect of solvents. An attempt was also made to unveil the
effect of solvent on the ambimodal reaction. The relative free
energy profile of the cycloaddition reaction for various nano-
tubes was calculated using different solvents and these in
addition to the gas-phase are revealed in Fig. 5. Detailed ener-
getics are given in the ESI (Table S57).

It should be noted that the change in the polarity of the
solvent only marginally alters the energy barrier height. The
change in the thermodynamic stability attained owing to the
change of solvent is of the order of ~1 kcal mol . Therefore, it
is worthwhile mentioning that the solvent effect on the forma-
tion of the ambimodal transition structure, as well as the
thermodynamic stability of the adduct formed, is only
marginal.

Ambimodal reaction dynamics. As highlighted, TST fails to
probe the product formation and reaction kinetics of the
ambimodal reaction; therefore, in this investigation, the Born-
Oppenheimer molecular dynamics (BOMD) simulations were
performed for the transition state. The BOMD simulations were
carried out using the ONIOM multilayer method employing the
B3LYP/6-31G* and UFF level of theories. The calculated poten-
tial energy surface and geometric variation along with the time
evolution for TS5 g)cnr i given in Fig. 6.
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The calculated geometric parameters clearly emphasize that
the large trajectories were found to be similar to the conven-
tional [4 + 2]-cycloadduct. The feasibility of formation of the [5 +
4]-cycloadduct in a singlet ground state is significantly low when
compared with the [4 + 2]-counterpart. Therefore, the singlet
ground state dynamics indicate that more of the [4 + 2]-
cycloadduct is formed from the ambimodal TS. The results
are in agreement with the thermodynamic stability obtained for
both of the adducts.

Conclusions

DFT based calculations clearly indicate that the cycloaddition
reactions of various CNTs with 1,3-butadiene involve the
formation of two thermodynamically stable products via an
ambimodal transition state. Bifurcation of the PES leads to
a thermodynamically more stable [5 + 4]-cyclic adduct
compared to the conventional [4 + 2]-cyclic adduct. As the
nanotube length increases, the energy barrier increases and the
stability of the adducts decreases. The effect of solvents with
different polarities on the reaction is only marginal.
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