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Oxidative addition of C—1 bond on aluminum nanoclusters '

Turbasu Sengupta, Susanta Das* and Sourav Pal*

Energetics and in—depth reaction mechanism of the oxiglatidition step of cross—coupling reaction is studied irffrdmmewor..
of density functional theory (DFT) on aluminum nanoclusterAluminum metal in its bulk state is totally inactive towy
carbon—halogen bond dissociation but selected Al nantehigsize ranging from 3 to 20 atoms) have shown signifige.. ...
lower activation barrier towards the oxidative additioacgon. Calculated energy barriers are lower than the dolsters an J
within a comparable range with the conventional and mostatde Pd catalyst. Further investigations reveal thasttizvatior.
energies and other reaction parameters are highly sensitithe geometrical shapes and electronic structures afltiséer.
rather than their size, imposing the fact that comprehensivdies on aluminum clusters can be beneficial for nanos
and nanotechnology. To understand the possible reacti@manésm in detail, the reaction pathway is investigated whr
ab initio Born Oppenheimer Molecular Dynamics (BOMD) simulation &imel Natural Bond Orbital (NBO) analysis. In sh-+
our theoretical study highlights the thermodynamic anattimdetails of C-I bond dissociation on aluminum clustensféiture
endeavors in cluster chemistry.

1 Introduction which are widely used catalyst for cross—coupling are yo:
expensive and poisonous, having low 4gvalues®?’. Fi
The C—C cross coupling reaction with transition metals &s ca powder of Pd used as heterogeneous catalyst is pyrophoric as
alyst is the most promising tool of organic and material syn-well?8. Therefore, finding an alternatives catalyst of Ni ¢
thesis since the last four decadés Bond formation pro- s the prime field of research to both theoreticians and &, e
cess between two carbon atoms is highly energy demandingentalists in recent yea¥® Among the newly developed »'
and hence a slow process Therefore C-C coupling reac- ternative catalysts, both experimeﬁt’tﬂg and theoretical ii -
tion requires suitable catalyst to bring down the energyi®ar  vestigations® have shown that Au nanoparticles can be “ises’
and make the reaction practically viable with reasonablydgo as an effective catalyst for C—C cross—coupling reacticow-
chemicalyield. Most extensively used catalysts are Cuylia ever, similar to Pd catalyst Au is also a rare element andy 'gh
Pd complex~’. Recent developmentin both experimental andexpensive, which restricts its use for large scale indaistyin-
theoretical contexts have shown&F& and Aull-2perform  thesis.
moderately well in C—C cross coupling reaction. Among all . o1 a3
these popular methodologies, most versatile and efficatc A nanoclusters are well known for its reactivity
lyst for cross coupling reaction is the heterogeneous Ra(g) Specifically, small ;lzed aluminum clusters_olf_2—50 a‘L"“’ p
alyst'416 commonly used via the different reaction schemegd’® extremely.reactlve and show strong aff|n|t|3e4$3£o ar'sc.h
primarily developed by Kumadd, Heck!8, Sonogashirl, =~ 9@seous species such as, B, O, N2 and O™ The
Negesh®, Stille?! and Suzuki*?2in the early 70-80's. Het- re_actlvny trends of open _and closed shell alummgm cllssf_'
erogeneous Pd(0) catalyst not only gives good chemicad yiel With 0xygen %rilof great interest lately and experimer. =i
with better product quality, but it is also reusable and mosPlementatioi®*! of the same is proven to be extremely in-
of the reaction schemes are less demar@fingurthermore, fluenye}l in elumdgtmg the role of spin conservation on the
most of the organo—palladium complexes are less sensitive t reactivity of aluminum clusters. Receqt work by.CastIe na
wards moisture or air and also have high functional group tol 21d Bergeron has shown that small sized aluminum clus.er
erance. However, despite the above, Pd catalyst suffers fro 21i0NS can dissociate the C—I bond of methy iodide wiui rer-

some well known disadvantages. Heterogeneous Pd catlyst3ive e_aséz. Scientists have also observed that Mel cz 1 ve
prone to catalyst poisoning and leach#tg®. Both Pd and Ni d|ssoc_|ated on Al(111) surface, conflrmed by both scanni.y
tunneling microscopy(STM) and DFT investigatiin Fur

. . . . . ther analysis based on Jellium model reveals that specinc Al
1 Electronic Supplementary Information (ESI) available:aftesian coordi- y P 7

nates for the optimized structures and harmonic frequenSiample IRC data clusters _ha_V€ some unique features. For example,cMiste
and plot, Grid data for Three Dimensional Potential energyese and con-  Shows similarity with halogens, forms stable complexe$iwit

tour plot and Data for BOMD Simulation] _ iodine*, produces ionic assemblies with superalkali ¢ un
Physical Chemistry Division, CSIR-National Chemical Labory, Pune tercation4®46 and even forms similar family of compour |
411008, India . : —
< E-mail [Sourav Pal]: s.pal@ncl.res.in comparable with polyhalidéé. On the other hand, Alshow

* E-mail [Susanta Das]: susanta.chemistry@gmail.com both divalent and tetravalent valenciéssimilar to that ¢
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carbon. All of these observations, stability and reagtivit center increases by one unit. One of the most amazing fea-
can neatly be explained by homogeneous electron gas (HEGire of oxidative addition is the wide range of reactantsolhi
model or most commonly mentioned dellium model’'first ~ can be involved in the dissociation process. Starting v
used by Knight and co—worket$for similar context. These highly polar molecule like organo halides or acids to tg
potent studies on Al clusters provoke further interest tiggy non—polar molecule() can be dissociated with equiva!
their stabilities and reactivities for different chemioadictions  ease. The oxidative process can proceed via any of ‘v = r
and to observe and explain the effects of electronic strasfu mechanistic pathways depicted in Fig 2. The first one is .:om-
size and shape upon the energetics and mechanism. Detailatbnly know as the concerted mechanism, where breaking of
analysis can be useful and will have promising impacts inC—I bond and formation of the bonds with the metals o« ~ur
the field of nanoscience and technologies in the upcomingimultaneously via a three member transition state. This pr
days>CAlongside these wide possibilities within the nano— cess is common for non—polar molecules or aryl halide :  n |
regime, experiment and theoretical studies on atomicetsst followed by retention of configuration of correspondingete
can also be proven convenient in disclosing the long lastinggenic center. Unlike the concerted one, th@ $nechanism
queries about the bulk matter itself. Recently, Schnoakel proceeds via the nuclophillic attack of the metal to lesseie
coworkerd!®152have shown that oxidation reactions ofAl  tronegative counterpart of the substrate leading to thev e
cluster in HCl and Gl environment can be treated as a preciseage of R—X bond in a organometallic cation, followed by cou-
micro analogue of the oxidation reaction of the bulk coun-ordination of X~ anion. This mechanism is mostly comr .«
terpart. Based on the state-of-the-art FT-ICR mass speetro for polar molecules and resulting retention of configurativ
etry they have evaluated each possible sub reaction steps tife stereogenic center. Third possibility of oxidative it
the oxidation process in both environment with absolute&acc is through the ionic mechanism. This pathway is possik!~ ..
racy.Aside from the kinetic similarities regarding thegwots  the substrate (R—X) gets completely dissociated into twiu
and intermediates, DFT investigation have shown astamjshi fragments prior to the reaction. The overall mechanism can
thermodynamic resemblance in terms of exothermicity withproceed via two following ways. First one is the attacii .ci.:
the bulk metal for the same reactions. It is needless to sagf R™ fragment to the metal center, followed by subseq. = ..
that in depth studies like these are of utter importance afid d coordination of X with the cationic complex. The alterr_ -
initely prospective in understanding the growth and form oftive one is just the opposite where halide anion first co. - *
bulk matter with atomic precision. nates with the metal center resulting an anionic complc® »+*
Fig 1 shows most common schematitsf cross—coupling  a rapid coordination of R yielding the final product. Th-
reaction using Pd as catalyst. Other catalysts e.g Ni, Fe dinal one among the listed mechanism is non chain ralic-.i
Au follow similar mechanistic steps. The reaction proceedspathway?. The overall process in this mechanism is similar
via the oxidative addition of Pd(0) complex to organo—halid to Sy2 mechanism, only difference being that the fragm n:a
to form a Pd(Il) complex. Next step is the transmetallationtion process generates radical species rather than iofis. vi
with another organometallic reagent where the nucleojitlile the halide radical attaches itself with the organometaditi
is transferred from the metal to the Pd(ll), which is the slow cal. Rate of the reaction depends on the basicity of the fretal
est step in the whole cycle and hence the rate determinipg stebond strength of R—X fragment and nature of substrat. ar 1
The final process is the reductive elimination to give the-cou solvent. The default rate of the reaction can further be intii
pled product (R-R and regeneration of the Pd(0) complex, enced by modifying substrates, solvents or by adding * .< J
to be ready for the next catalytic cycle. The overall catalyt substances like radical scavengemshich in fact can even in-

reaction can be summarized as, troduce radical pathway in a reaction which otherwise would
have followed non-radical pathway. In some rare situat'_ 1.
R-X+R M M R—R +M—X 1) two or more mechanistic pathway can participate in a v~ -
petitive manner and the final outcome dependsonthe ™ . -
where M=Pd,Ni,Au,Fe etc. dynamics and the kinetics of each pathway and also ¢ . . 2

Oxidative addition is the process by which C—I bond dis-imposed regction conditions. Oxida_tive additio_n rea(si(_).'
sociates and two separate bonds with the metal are createc?'9ano-halides are extensively studied and their meaimde s
The opposite reaction is commonly known as reductive elimVell éstablished because of their importance in cross aog,,
ination. The process is reversible, but depending on dvera[€action. The choice of halogens is usually in the orde: |
thermodynamics, basicity of the metal and nature of the reBr > C4| as C-X bond d'ssoc'l""t'on energy follows an opp .
actants, one particular direction is generally favored thre order® C—Cl(~ 831kcal mol ™) > C-Br(~72 kcal mof~)>
other one. Oxidative addition to a mononuclear complex in-C—1(~57 kcal mor®). Hence, iodine is the best leaving gro
creases the oxidation state of the metal center by 2, where@nong all the halides.
for a binuclear metal catalyst, oxidation state of each meta In this current article we have presented the thermodyr — ":
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and kinetic details for the dissociation of C—I moiety on Al of transition state theory at 298 K and 1 atm pressure.
nanoclusters. Accurate DFT calculations shows that the AFor a brief analysis of underlying reaction mechanism Natu-
nano clusters can participate in C—I bond dissociatiorceff ral Bond Orbital (NBO) analysis are performed on seic ..cu
tive in both aliphatic and aromatic C—I bond cleavage. In-add pre and post reaction complexes using NBO 3.0 suite it i -
tion with that in—depth reaction mechanism,detailed $tma¢ ~ mented in Gaussian 09. NBO analysis are further use * °
analysis and effect of shell structures of the clusters er¢h  each clusters separately to get the insight about sta’
action controlling parameters are also properly accountdd  of cluster during aromatic and aliphatic C—I bond cleavat.= o
BOMD simulation and NBO analysis. Al nanoclusters. The second order perturbative estimation
The paper is organised as follows, in section 2 we have dedonor—acceptor stabilization energy(®ithin the NBO bas 3
scribed in details the computational technique used. Gecti are computed by
3 deals with our results and elaborate discussion. Impbrtan 2
conclusions are drawn in section 4. Eo=AE; =g A—gj, 3

where ¢ is donor orbital occupancy number. i Hs off-
diagonal elements of Fock matrix in NBO basiji=¢j-¢ ic

o the orbital energy difference between acceptor(j) and d@ ..
All the clusters, A}, Als, Alg, Al7, Alg, Al13 and Abg in dif- NBO.

ferent possible conformations are optimized in the frameéwo  Three dimensional potential energy surface scan’ . .c.-

of DFT using Gaussian 09 software pack&eith the TZVP  tormed in B3PW91 functional and with the basis set descr=
basis set and B3PW91 functional. Only the lowest energy opagaylier in this section. The surface consists of a total 3j.
timized structure in each case is chosen as one of the réactalyoints. 51 markers are assigned for C—I bond stretchinggalon
in the C~I dissociation. All the organo—-iodides (iodoetan y axis and 61 are for increment of Al—I—C angle along , « .

iodoethene and iodobenzene) are also optimized using san&axed optimization are performed at each point withoe i~
TZVP basis and B3PW91 functional for C and H similar to hosing any additional constraints. Energies(in a.u) olet*”

the prior case. However, for iodine, LANL2DZ basis is Usedthrough the DFT calculation in each optimized points aré- >~
in addition with LANL2 as model potential (pseudo potential g along the z axis. The surface is constructed by conm «tir
for the core electrons. Optimization of reactants and tt@ms 5| e plotted points in three dimensional Cartesian cer*~

state are performed using Berny’s eigenvalue followin@alg nate and a colormap is assigned based on the DFT calc 1lat xd
rithm implemented in Gaussian 09 package. Normal modeggig range.

of vibration of the optimized structures are carefully abee To gain further insight into the reaction mechanism we ¢ vr
and it is made sure that .aII th_e energetically minimizedcstru carried outab initio molecular dynamics simulation(BOMI)
ture (reactants) have no imaginary frequency whereasahe tr 4t room temperature (300K) using deMon.2%.package. \
sition states must and only have one single imaginary frey,ia| simulation time of 40 pico—second (ps) is introducen t
quency of appropriate magnitude and which corresponds tgssyre that R-I molecule can have sufficient time to in arar t

the C-I bond itself. Intrinsic reaction coordinate (IRC}-ca properly with the Al cluster. The temperature of the compiex

culations are performed to confirm that the transition struc s maintained using the Berendsens thermostat (I = 0.5 .= in
tures are connected with proper reactants and productg aloy, NVT ensemblel. The nuclear positions are updated us.. >

positive and negative direction of chemical reaction ceéord velocity Verlet algorithm with a time step of 1 fs. Throughou
nate. Same calculations are further repeated using Mit&iesoge whole simulation, we have fixed the total angular mor r -
functional M06-2X and also in double—hybrid BHandHLYP t,m of the cluster to zero, thereby suppressing the clust * -
functionalin an attempt to properly bracket the activaban-  tation, Auxiliary density functional theory is employed t* -

rier for C~I dissociation on Al clusters. Thermodynamigall goMmD simulation$2.

controlled product of the reaction for each metal clustes wa

determined by calculating the energies of all possible prod ) .

ucts and choosing the energetically lowest conformer. Basi3 Resultsand Disscussion

set superposition error (BSSE) are corrected using Boys and ) ) o

Bernardi’s counterpoise correction schéfwithin the Gaus- 10 investigate the dissociation process of C-I bond c 1
sian 09 software. Rate constants of C—I dissociation are caPtomic clusters , we have chosen seven different atomie vius

2 Computational Details

culated by using the Eyring—Polanyi equafiér?® ters of aluminum viz. Ad, Als, Alg, Al7, Alg, Al13 and Ab
keeping in mind that properties of atomic cluster are siz& __..
keT _act shape sensitive. Among them lowest energy conforme .. of

k= e where AG!=Gig—Greactant (2)  Alz and Ak are planner and two—dimensional reflecting

1-24 |3
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monovalent character of aluminum alike alkali metals in lowbarrier. Table 1-6 compiles all the thermodynamic data in-
coordinatiorf3. However, starting from Al cluster becomes cluding rate constants and binding energy for all threemoga
three dimensional as overlapping effect between s and p oifedides. It is evident from the table that for all three ¢ sco
bital becomes pronounced. As the second reactant we haumth Al and Ak indeed have shown low activation bar e
selected three organo—iodides which are ethyl, ethylede anand very high rate constants in all three functionals. R
benzyliodide respectively i.e. a combination of one alkyle  obtained in B3PW9L1 functional is usually less than oth 2
alkene and one aryl halide of choice. Although calculationgunctionals, in some cases estimated barrier in B3PW91: 1inc
are performed in three different double hybrid DFT function tional is lower by factor of two or three when compared with
als B3PW91, BHandHLYP and M06-2X, during structural the results obtained in other two functionals. An activata

and binding energy comparison and also for Natural Bond Orergy(A G¥) of 1.8 kcal mot! in B3PW91 functional is also
bital (NBO) analysis we have followed the results obtainedobserved for ethyl iodide on Alcluster, which is the lowe s
by M06-2X functional as family of Minnesota functionals are activation barrier reported within the study (thereforghast
well known for good structural prediction as well as bond-rate constant of magnitude 10’ unit) ,whereas same param-
ing interaction§®. Structural parameters obtained in other eter predicted by other two functionals is much higher. 1mis
two functionals are included in tifgupplementary Informa-  trend is also observed in other clusters which seems toi 1se
tion (SI). Binding energies of the R—I molecule with Al clus- suspicion that results obtained in B3PW91 functional se..:

ters in all cases are calculated by the following formAMita=  underestimate the activation barrier. Underestimatioaot’
E(Aly...IR) - E(R-I) - E (Aly) All the thermodynamic parame- vation barrier is not uncommon for B3PW91 functional ar...
ters are calculated at 298 K and in 1 atm pressure. DFT investigations have shown that other double hybri -\

The results and discussion section is divided into thredional like BHandHLYP performs better in such ca%esAl-
parts. In the first part we have discussed structural anthough it must also be mentioned, that this underestiicuun
thermo—chemical aspects of C—I dissociation on selected Aseems to be less pronounced for bigger clusters and in some
clusters based on DFT investigation. Second part of the disrare cases activation barrier obtained in B3PW91 funce ...
cussion includes the mechanistic aspects of oxidativetiaddi closer with MO6—2X result (e.g. dissociation of iodoether:.
over Al cluster based on the DFT calculation and the natuAlg cluster) than BHandHLYP functional.
ral bond orbital(NBO) analysis. The findings of Born Oppen- Comparison of the reactivity of Alcluster with Ak cluste:
heimer Molecular Dynamics simulation of C~I bond activa- is not as straight forward as comparing its reactivity with.-
tion upon Al cluster are further included in this section.eOn members within our study. According to the jellium mo~'_:,
of the important features of atomic clusters is that eacstelu  considering the monovalent character of aluminum in tizie -
can behave drastically different from each other. The majokcale, A} cluster has a total of 3 valence electrons ,one f'2r-
reason lies behind is the electronic and geometric shateff tron higher than the magic number 2 due to ‘S’ Jellium . h >/
of the cluster itself, commonly known as the cluster size ef<closing. Hence a low activation barrier for oxidative adti*
fects(CSE$®. CSE of a cluster can uniquely change the reacis expected as the cluster achieves the stable filled sheik »=
tivity of each member of same cluster family, and as a resultluster configuration upon one electron loosing. So, bas~d ~
all the parameters including thermochemistry, reactionlme the argument Al cluster should be more reducing tharg !
anism and structure of reactants and products can be aprupttluster as this stability driven electronic shell effecaissent
different for each member, even for the same reaction. Duén later case. This prediction is proven correct for et -1 |
to above fact, we have tried to emphasize on each clustefide(Table 1 and Fig 6 (a)). Both G* andA H* values for
while discussing in details. Specific observations whicly ma Al; cluster are lower than Alcluster for all three function-
be caused by CSE are also duly noted and attempted to expladils. However, the same cannot be said for other two ior« € .
accordingly. Third part provide the comparison of our resul Results obtained for iodoethene and iodobenzene in ak ... ¢
with experimental and theoretical results available in evod  functionals are too close to comment about their exact i wo.
literatures. Fourth section comprises remarks and final cority order towards oxidative addition of C—l bond. As ar .«
clusions. ter of fact, inclusion of other factors like nature of theaca
tants(iodides), geometrical stability of clusters andictur
of transition states are necessary to conclude their velag+
activity. It is evident that all of these factors cumulativde
We begin our discussion with the two smallest clusters of outermine the magnitude of the activation barrier rather te. .
study which are A and Ak. As mentioned earlier, both these electronic shell effect alone.
clusters are two dimensional having very high surface te vol  All the other clusters within our study are three dimensic. ..
ume ratio. Hence, it is expected that both of these clustewith relatively higher surface to volume ratio tharmsAlr Als
should be more reactive and hence will show low activationMost of them have shown comparatively higher activatior -

3.1 Structural and Thermochemical aspects
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rier than the planner ones as expected(Table 1-6). Only exexothermicity values are nearly double or triple than MA@
ception is the A} cluster which have shown exceptionally andAH values obtained for gold clusters in the same function-
low activation barrier for all three iodides in all three fun als®?. Highly negativeAG values indeed indicate enha: .cu
tional. Computed activation energies of7Adluster is com-  spontaneity of the reaction in accordance to thermodyr ai.
parable with planer clusters or even lower than that of Al principles and high exothermicit{) proves higher therm

and Ak clusters. Explanation of this unusual behavior candynamic stability of the post reaction complexes. O € °
again be given from jellium picture. According to the jettiu  portant observation in all the cases of our study is the the
model, electronic structures of Aand Ak cluster are similar. change in Gibbs free energy of the reactid&] values are
Aly cluster has 21 valence electrons, one electron more thaaways greater than change in enthalpy of reacfiéf)(val
closed shell configuration(20). Hence, similar to that of Al ues. Hence, the reaction is entropically unfavorable, vigc
cluster, it is expected that Atluster should show low activa- expected in case of oxidative addition. Brief investigatics

tion barrier towards oxidative addition. This conclusiam-f ing NBO analysis reveals that principle reason of this hian
ther proves the fact that unlike the case of Adlectronic shell ~ exothermicity is intra—cluster stabilization in the posac-
effect is the dominant factor for the reactivity of Atluster.  tion complexes. NBO calculation indicates that all the post
Among all the clusters Alhas shown the second lowest acti- reaction complexes are highly stabilized by multiple n wiy
vation barrierQ G¥ of 2.8 kcal mot ) and second highest E.P introduced donor acceptor(Al-Al) interactions which wer.
rate constant of order 10 unit for iodoethene in B3PW91 ther absent or have negligible contribution in the pre-tiee .
functional. In spite of these exceptional behavior of Ahd  complexes. For example, for the reaction of iodoethara .
Al7 due to electronic shell effect(ESE), the activation barrie Al cluster we have found two newly introduced Al . —
seems to increase with increase in the size of the cluster, ad(LP*) donor acceptor interactions of magnitude 72.6 ~ .,
expected, which after a particular size scale would evéigtua 122.1 kcal mot? respectively in the post—reaction corpicn,
render the cluster completely ineffective towards the axid whereas no Al(LP)-AI(LP*) interaction with stabilizatiam-

tive addition, as observed in bulk phase. Thus, based on a#irgy contribution higher than 32 kcal mdlis found in -
three functionals Aly cluster on average shows highest acti- pre—reaction complex for the same. Similar intracluste.
vation barrier and hence lowest rate constants among all thieractions are also observed for other clusters within igf .
clusters listed. Fig 6(a) collects activation free enesdae  as well. This signifies that the cluster gets more stabi.= -4
ethyliodide in all three DFT functionals. Itis prominendfn  via intra—cluster donor acceptor interaction upon atta™* ~
the oscillatory nature from the plot that ‘Shell effect’'igleed  of the fragmented R—I moieties after the dissociation pse~ -
the key factor which determines the chemical reactivitylof a  This is the prime reason of high exothermicity and high s~aor-
minum clusters towards oxidative addition. As mentionead ea taneity of the dissociation process. Fig 9 shows pictoggtr
lier all the clusters having number of valence electron éigh resentation of some of these intracluster interactions thii

by one unit than the closed jellium shell configuration showsrespective stabilization energies for different clust®istting
lower activation barrier and higher rate constant than ds¢ r the exothermicity values with cluster size(Fig 6 (b)) st rws
of the members. This observation is indeed consistent witlsimilar oscillatory pattern as obtained in case of actbragn-

the experimental findings obtained by Castleman and Bergergies in all functional and for all three organo iodides.c Th
eron*, where the reactivity of the cluster anion is found to be exothermicity pattern again reflects the importance of-eler
inversely proportional with the electron affinity of themdan tronic shell effect on determining their chemical behav' .

Aly5 is found to be least reactive.The chemical inertness of | this context it is interesting to look upon the geomefrica
Al is also observed in the acid dissolution experiment pery, sirictural stability of the aluminum clusters. All theust-
formed by Bowen, Schndckel and Coaut”fd@; Evenwith 165 of pre and post- reaction complexes are included i u; 2
strong acid like hydrochloric, Ak cluster anionisfoundtobe 3 4 4ng'5 |t is evident that upon attachment of R and | group,
resistant towards oxidation due to the presence of highly eny| of the small sized (A-Alg) clusters get structurally urs-
QOthermlc mtermedlate_ reaction steps.Hence, in c_)rdennto | torted. Only exception is the Akcluster which due to havi ¢
tiate the cascade of acid leaching reactions, additior&lgn 5 pjaner three membered ring, is unable to release the stiain
input via radio—frequency (RF) pulse is observed to be essengeyers strain) via out-of—plane bending. Hence, on’ di
tial. Similar behavior is again reflected in experiment with ;4 tions which are observed for Atluster are mostly consisis

41,52 39-4 67 H . .
Cly*1%%0,%*as well as NH® environment. The chemi- ¢ o length or angle distortions. ExceptsAlluster, a

cal inertness of Al can again be attributed to its filled shell 1,6 other clusters upto alshow significant distortions in tiie
magic number(40) configuration alike to the present study. post—reaction complexes upon R—I attachment. Most n¢ au 2

Moving to the exothermicity values, first thing to observe among them is the dramatic structural change af @ustel
from Table 1-6 is both th& G andA H values for all clus-  which, in its lowest energy conformer, is planer but chartc ..
ters are highly negative. When compared by magnitude, tha distorted pyramidal shape in the post reaction complex:-

1-24 |5
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ident from Fig 3. On the contrary bigger clusterg£dnd Abg of both Alz and Ak cluster. Minor contribution frontt elec-
are mostly found resistant to structural changes (Fig 5z i8]  tron density of iodoethene and iodobenzene can be observed
a 13 atom icosahedral cluster, icosahedral shape is wallkno from the figure. NBO analysis indicates a stabilization gy -
for its high stability and the key factor to control the gedme contribution of about 13.48 kcal mot due to donor—accep’ i
rical stability in cluster chemistry. On the other handstame  interaction between nonbonding orbital(LP) of iodine ir
of Alyg cluster can easily be constructed by combining twodoethane to antibonding orbital (LP*) of Atluster. Incas » .~
Al 13 clusters on top of each other and removing the pentagaedoethene and iodobenzene or Atabilization energy ve. -
nal pyramidal cap of the lower cluster. These unique shapeses due to I(LP)-Al(LP*) interaction are found to be 10 8¢
of both Alyz and Al are the key reasons of their structural in- kcal mol! and 7.31 kcal mol! respectively. The I(LP, -
tegrity. Except some minor distortions,the icosahedradsof  Al(LP*) stabilization energy for Ad cluster with ethyl iodide
both the Alz and Abg clusters are found to be totally intactin is 16.8 kcal mot?, for ethylene iodide it is 8.2 kcal mot an:
the post—reaction complexes.That proves that unlike tee ca in case of benzyl iodide which is 9.5 kcal mélintermediate
of HCI and Ch*151-53cosahedric Al clusters are structurally of the previous two values. Despite the fact that the frantie
resistant towards leaching by the organo—iodides, whichsis orbital picture indeed shows participation mfelectron den-
a matter of fact is also proven by related experimtént sity in the bonding process with the cluster, NBO ane ysis
Tables 2, 4 and 6 collect binding energy values calculate¢hows no significant stabilization due to this interactidr..
in M06-2X functional for all three iodides calculated using fact, no donor acceptor stabilization energy value more « ..
the formula mentioned earlier. Binding energy values repre2 kcal moi! is obtained due tot electron participation 1o
sents the strength of Al-I bond in the pre—reaction complexe aluminum cluster. This result confirms that the domina -..u1\
Binding energy values are significantly lower than that déigo tribution to the stabilization of the pre—reaction comglg¥=
clusters, which can be explained improvising the fact tloat p due to the interaction between lone pair of iodine and Vv us
sition of aluminum in the periodic table is in period 3, whaese  cluster itself. Ther electron density induces negligible effect
gold (Au) an element of period 6 lies much closer with iodinein the binding energies.
(period 5). Hence, binding of iodine will be more stronger  The stabilizing interactions of iodine with the cluster aic
with iodine than aluminum due to better orbital matching. Ingjightly different in post-reaction complexes of C—I disis
our case, binding energy values on aluminum clusters for alfion, As observed from Fig 8, that in the pre—reaction cu:-
thee iodides lies within the range 1 kcal mol* to ~ 10 plex of Al; and iodoethane the donor acceptor interactic . <
keal mprl. ‘Highest BSSE corrected binding energy valueof ¢ type i.e. the orientation of non—bonding orbital of .o-
is obtained in case of Alfor |odoet_hane which is 8.9 kcal gine and antibonding orbital of aluminum are along a ¢
mol*_l. Based on our_DFT calculations on all three r_eau:_tantsmon axis. However, this interaction changes to a paral' " ¢r
and in M06-2X functional, AJ cluster shows better binding  7interaction in the post—reaction complexes can be seer. € = n
energyQEgsse 7.6-8.9 kcal mot*) than rest of the clusters. Fig 8. Although it seems that interchanging the orbital ori
Trends in binding energies also follow the same random patantation barely affects the stabilization energy contiins.
tern like activation energy and exothermicity values S§ng | all three post—reaction complexes ofAluster the I(LP)
that CSE is the dominant factor in this case as well. Al(LP*) stabilization energies are in the range 11.3-1%d. -
mol~1, whereas for A cluster these values are within 8.5
12.0 kcal mot ! for all three iodides. Binding of Carbon' ~a
ment in the post—reaction complex differs with that of iadin
To understand the details of the reaction mechanism of C-by two ways. Firstly,donor—acceptor stabilization enesgire
bond dissociation on aluminum cluster, we have performednanyfold higher than that of iodine with aluminum. As icr
natural bond orbital (NBO) analysis and Born Oppenheimeexample C(LP)—-Al(LP*) stabilization energies for ethythe-
Molecular Dynamics(BOMD) simulation along with the DFT lene and benzyl iodide with Alcluster are 71.6,83.1 ana oo. .
calculation. Second order perturbation treatment of Foak m kcal mol! respectively. The principle reason lies in the &t
trix in the NBO basis usually provides information about inos that both carbon and aluminum lies much closer in the peariou:
stabilizing donor—acceptor interaction between Lewislaci table, hence orbitals are well matched energetically akar 2|
base pairs which are present within the chemical species. Ocoefficient wise. Therefore the overlap between the NBG ur-
the other hand, BOMD calculation can simulate and interprebitals of carbon and aluminum is more effective resultir g n
the dissociation process of C—I bond on aluminum cluster irhigher stabilization energy contributions. Second majér u
real time. Observation based on frontier molecular orbitalference is that unlike the case of iodine which can only b ste
shows that in each case organo—iodides bind with aluminurbilized by only one type of donor acceptor interaction(l)k.
cluster utilizing its lone pair electron density. Fig 7 slsow Al(LP*)), NBO calculation shows carbon can produce m ...
the frontier molecular orbitals for the pre reaction compke  ple types of donor acceptor interactions varied in staduilia

3.2 Reaction mechanism

6| 1-24
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energy, for example Alcluster The Al...C bond is stabilized and nature of reactants and products by experimental means.
by an amount of 21.5 kcal mot due the interaction between Hence, data obtained by experimental methods are rare and
non—bonding orbital of Al(n) and sigma antibonding interac suffer from uncertainties due to the unstable nature ot + .u
tion (Z*) of AI-C bond. This interaction is unique and not clusters and there discrete size.
observed in any previous cases. In spite of all these, it is still possible to compare w....
To further investigate the reaction in details, part of tbe p conclude qualitatively based on the data available in & .
tential energy surface is constructed for the reaction eetw erature. As mentioned in the introduction section, Ct ==
Al3 cluster and iodoethane in B3PW91 functional and in theand coworker$®2° have studied extensively the sonogashir~
given basis. Due to computational constraint and high eeth cross—coupling on gold nanoparticles supported on c. it )
micity of the reaction (the post-reaction complex lies far b oxide(CeQ) nanocrystals. Their study also includes the DF™
low in the potential energy surface) only most significantpo calculated activation barrier for iodobenzene onzdalus
tions of the surface is evaluated. Position of both preti@ac ter in PW91 functional which is 11.3 kcal mdl. Further
and the transition states are evident from Fig 10. The righttudy using B3PW91/6-31G(d,p) level of theory indicatec
hand contour plot clearly shows that point C, which is thépat that this activation barrier is much higher (31.6 kcal m9l
towards the post-reaction complex is connected with the prein Au' complexes(MgPAul) when compared to Ay cluste.
reaction complex (point A) by a first order saddle point B.TheA more detailed DFT investigation is performed by Dugia
geometry of the system at point A and B, evaluated from theal.3° for the dissociation of ethyl, ethylene and benzy 1)-
potential surface calculation are indeed matches exadtly w dide on neutral and positive charged clusters ranging iroin
the optimized structures of pre—reaction complex and tre-tr  Aus to Auyg, much similar to our calculation. Their ov ~=u
sition state obtained by B3PW91 calculation as mentioned benvestigation is comprises of two types of DFT calcu!~*._.,
fore(seesupplementary Information). As shown inthe right  in B3PW91/TZVP, LANLO8(Au,l) and M05-2X/6-31+Guy,
hand contour plot that point A, B and C can be connected via ANL2DZ(Au,l) level of theory. The maximum activation
a possible minimum energy path (MEP) directing towards thebarriers obtained for neutral Au cluster in their calcuatars
post-reaction complex of the reaction. Fig 11 and 12 con26.2 and 32.6 kcal mol with an average of 18.2 and 2._
cludes the result obtained by Born—Oppenheimer Moleculakcal mol? at two levels of theory respectively. In both lev .. 5,
Dynamics (BOMD) simulation of iodoethene onsAdluster.  the lowest free energy barrier(8.7 and 11.5 kcal Thokspec
The BOMD simulation demonstrates that after absorbing onively) is calculated for iodobenzene on Acluster improv’
Al surface R—I molecule undergoes several orientation# unting the fact that small Au clusters are more reactive tha: . 2
dissociates as shown in figure 11. The starting geometry folarger ones. Inclusion of results obtained for chargedte! ‘=
MD simulation at 0 picosecond(ps) is the M06-2X optimizedwithin this data only barely affects the average activabian
geometry of the reactant of iodoethene og gluster. Inthe  rier and maximum and minimum free energy barriers ar > .
initial sturture at O ps the Al-l and I-C bond lengths are fbun altered at all. Fig 13 shows a qualitative comparison co’in
to be 3.6 A and 2.1@ respectively. The C—I bond oscillate plot between the free energy barrid®*) obtained for A
between 2.2 to 3.1A during the initial simulation steps upto clusters with the results obtained for Al clusters in thisrent
34 ps then it rapidly increases and finally dissociates @ 34.study. Qualitative comparison between two different s + »
ps as clearly observed from the plot of C-I bond lengthAjn  DFT functionals proves the superiority of the results aiedi
versus time(ps) in Fig 12 . for aluminum cluster than gold cluster. In both set 0™ 1a' 1,
aluminum cluster shows lower activation energy in all thre.
categories which are maximum, minimum and average energy
of activation. In B3PW91 functional aluminum clusters s’ . w
Comparison of the results obtained within the present studyn average free energy of activation of 11.1 kcal Matith
with other results available in literature is essential idey ~ 22.6 kcal mot™* and 1.8 kcal mol* being the maximum v«
properly understand the reactivity of small sized aluminumminimum activation energy respectively. Similarly The e .
cluster towards C—I bond dissociation. Based on recematite Mum, average and minimuG* for Al clusters in M06-2
tures, it is nearly impossible to quantitatively comparete-  functional are found to be 29.9, 3.4 and 14.7 kcal moinuc!
sults due to two prime reasons. Firstly, theoretical resniit- ~ better than the results obtained for gold cluster menti@ae«.
tained are often calculated in different theoretical leveith ~ lier.
variable accuracy. As a second reason, it must be said that, Comparison of our results with Pd cluster is more difficul.
there is certainly some limitation in terms of experimentalbecause of the wider range of Pd contained complexes L seu 'n
context. As atomic clusters are extremely small partidegf  cross coupling reaction. Pd complexes usually shows ai....gye
ing even within sub—nano level and also metastable in naturef activation barrier starting from very low to medium aet’.
there is difficulty associated to properly predict the stuee  tion free energy depending on type of ligands attachec

3.3 Comparison with reported values

1-24 |7
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them and the reactants which are used. The different desocidisclosing the deepest secrets within the nano-regime.
tive pathway can also differ in activation barrier in sigcéifint
manner. Based on these facts activation barrier calcufated 5
Pd catalyst also consists of broad range rather than a slende
one. Available literature shows that concerted dissaaiaif
C-I bond on Pd catalyst via a three member transition stat
shows an activation energy of 17 kcal mbf. On the other
hand, Bickelhaupt and de Jong, based on their gas phase relgy SrE (Senior Research Fellowship). We acknowledc  t e
tivistic DFT calcul_at|0_n, have.shown that the actlvatlonrtm _ Center of Excellence in Scientific Computing at CSIR — | =
qalcul_ated by activation §traln model for C—I bond dlssom{:\ and the CSIR 1?2 five year plan MSM project (csc 0129
tion via a 2 pathway with rearrangement on Pd catalyst iSgrant s p, acknowledges grant from the SSB project of ™ !¢

as low as 10 kcal mof %8, Calculated average activation bar- 4 the J C. Bose Fellowship grant of DST towards partie’ *
rier by two different functionals for Al cluster(11.1 and.T4  fiiment of this work.

kcal mol?) lies closer within this range as mentioned above.
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4 Conclusion

Present study includes a theoretical investigation of atiie
addition of C—I bond over Al clusters combining both Den-
sity functional theory and molecular dynamics methods. C—
| bond dissociation is indeed a crucial reaction and pravide
a key step in various important organic reactions like cross
coupling. Most commonly used catalyst are d and f block ele-
ments like Pd, Ni, Cu, Fe and Au. Our investigation shows that
although Al, which is a p block element is ineffective to dis-
sociate the carbon—halogen bond in bulk phase, nano—duste
are found to be highly effective for the same. Calculated act
vation barriers reveal that Al nano—clusters are remayketsl
ficient towards C—I bond activation and dissociation. Imter

of activation barriers and exothermicity, aluminum cluste
have shown better results as compared to Au clusters. The
calculated activation barriers are also within the rangewsh

by the most versatile and efficient Pd catalyst. Furthermbse
vation reveals that the reactivity of aluminum clustersimts

of activation barriers and other reaction parameters ayiei
dependent on the electronic (Jellium) shell configuratibn o
the clusters, an observation consistent with the expetshen
findings 3%-4251.5267Thjs indeed concludes that effective re-
activity can also be obtained in selected bigger clusteesen

in solid supported clusters. Our study highlights a brieflan
ysis including structures and stabilities of the reactipgcies
along with the thermochemistry and mechanistic pathway of
the reaction which may be proved highly useful for future ex-
perimental implementation for similar purposes. Al cluste
have long been known for their high reactivity, as proven nu-
merous times by both experiments and theory, our investiga-
tion also suggests that in cluster state aluminum can be&-equi
alently reactive even as the transition metals. With thiertee
logical and experimental progress in nano—cluster syighes
separation and stabilization, such fundamental studisscha
on the reactivity and stabilities of aluminum clusters may b
proven rewarding and will no doubt be highly beneficial in

8| 1-24
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% « Transmetallation

Fig. 1 A common scheme for cross coupling reaction cycle using Radyst. The transmetallation step is the slowest stefhande th.
rate determining step.

Oxidative Addition
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®
Concerted mechanism

OO &

L.O+O=P < Ln ;T?iim@- > L, \@

Reactants lonic mechanism Product

LO-Q1r &

Radical mechanism

Reaction Mechanism

Fig. 2 All the possible reaction mechanisms for the oxidative toidiof organohalides with metal catalyst.
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Fig. 3 Energy profile diagrams for AtAlg clusters for all three iodides.Orange arrow highlightsabevation barrier4G*) and green arrow
highlights corresponding exothermicityl) in M06—-2X functional
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Fig. 4 Energy profile diagrams for Aland Al clusters for all three iodides.Orange arrow highlightsabtivation barrier 4G¥) and green
arrow highlights corresponding exothermiciy{) in M06—-2X functional
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Fig. 5Energy profile diagrams for A4 and Abg clusters for all three iodides.Orange arrow highlightsabevation barrier 4G*) and greel
arrow highlights corresponding exothermiciy{) in MO6—2X functional.
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Fig. 6 Plot of activation energies (a) for ethyl iodide and exathieities (b) for benzyl iodide in all three functionals.Tredom trend shows
strong influence ofShell effect’on both the parameters. Low activation barriers (a) foraxid Al; can be explained by invoking the concept

of sphericallellium shells

Iodoethane lodoethene TIodobenzene

Fig. 7 Frontier molecular orbitals of pre-reaction complexes bf#nd Ak cluster with all three iodides. In all cases iodine bindshwit
cluster utilizing its lone pair. In specific cases minor ¢dmittion from rrelectrons (for ethylene and benzyl group) are also observed
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lodoethane e

lodobenzene ,*<!f;, | A,

I(LP)==>AI(LP*) C(LP)==>AI(LP%) I(LP)==pAI(LP¥)

Fig. 8 Most stabilizing donor—acceptor interactions for pre aostpeaction complexes of Atluster as indicated by NBO analysis.
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AI1(LP) = AI2(LP*) AI(LP) = AI3(LP¥)

S.E

72.6 kcal/mol S.E =122.1 kcal/mol

‘\ r _(l" iqj@

Al (LP) = AI2(LP%) Al (LP) = AI3(LP*) Al4(LP) == Al1(LP*) AIS(LP)==p Al*"_+ )
S.E =85.9 kcal/mol S.E=98.8 kcal/mol S.E =86.8 kcalimol S.E=140.8 kcal/mc.

Fig. 9 Most stabilizing intracluster donor—acceptor interatsiin the post—reaction complexes fop@bdoethane) and Aliodobenzene) a
shown as indicated by NBO analysis. These intraclusteilizi@ion are the reason for the high exothermicity as iatid by DFT calculation
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Fig. 10 A segment of three dimensional potential energy surfadeylzded in B3PW91 functional) for the reaction between éllister ana
ethyl iodide. Contour plot for the same is given in the rigabt side. The plot clearly indicates position of pre—remctiomplex, transition
state and the minimum energy path (MEP) towards the posttioeacomplex.
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Fig. 12 C-l bond length fluctuation during BOMD simulation ofgMCyH3l complex.
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Fig. 13 Qualitative comparison of activation free energia&t) of aluminum with gold cluster for C—I bond dissociation érhs of
activation barrier. In all aspects aluminum cluster shoetsdp activation barrier than gold nano—clusters.
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Graphical Abstract

Oxidative
Addition

Fig. 14 Comprehensive study of the reactivities and reaction nméshaof aluminum nanoclusters towards oxidative additib@-¢ bond
using DFT and BOMD simulation.
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Table 1 Thermodynamic data of C—I bond dissociation of ethyl iodideAl nanoclusters in B3PW91, BHandHLYP and M06-2X funcéik »

Activation Barrier (kcal mot?) Exothermicity (kcal mot?)
Al AHF AGH AH AG
nanoclusters B3PW91 BHandHLYP M06-2X B3PW91 BHandHLYP MBS B3PW91 BHandHLYP MO06-2X B3PW91 BHandHLYP wiud—2X

Alz 0.705 7.292 6.202 1.832 11.192 7.295 -68.081 -71.553 -64.846| -67.456 -68.444 -67 575
Als 5.164 11.060 9.479 7.316 14.918 10.846| -58.403 -61.849 -60.713| -56.262 -57.428 -09.827
Alg 4.439 12.144 8.857 6.541 15.625 11.379| -47.158 -56.626 -40.552| -46.537 -54.080 - . 978
Al7 2.841 9.640 7.709 4.036 12.238 5.483 -53.555 -57.093 -50.184| -51.612 -54.186 18 569
Alg 9.413 16.282 13.711 10.632 18.397 14.737] -65.354 -69.868 -67.631| -61.816 -66.651 -6L.661
Alq3 8.597 7.258 16.695 9.178 8.838 16.560 -45.236 -50.683 -42.455| -42.414 -46.067 377
Al 11.469 16.544 18.805 13.644 18.306 20.031| -48.776 -55.676 -47.731| -48.232 -54.399 -46 190

Table 2 Rate constants and binding energies for C—I bond dissoniafiethyl iodide on Al nanoclusters in B3PW91, BHandHLYR an
MO06-2X functionals

E.P Rate constant Binding Energy(kcal myl
Al
nanoclusters BHandHLYP MO06-2X B3PW91 AE(M06-2X) AEgssgM06-2X)

Alg 2.815x16¢ 3.845x1d  2.772x10 -5.005 -4.348
Als 2.677x16 7.124x10  6.901x10 -4.338 -3.786
Alg 9.909x10 2.155x18 2.804x10 -9.805 -8.923
Al; 6.809x168 6.573x1§ 5.907x16 -1.856 -0.838
Alg 9.904x10 1.999x10! 9.656x18 -6.987 -5.938
Alis 1.154x16 2.047x16  4.445x10 -4.781 -3.919
Al 6.122x16  2.331x101  1.267x102 -9.491 -8.393

Table 3 Thermodynamic data of C—I bond dissociation of ethylené®dn Al nanoclusters in B3PW91, BHandHLYP and M06-2X

functionals
Activation Barrier(in kcal mot?) Exothermicity(kcal mot?)
Al AHF AGH OH G
nanoclusters B3PW91 BHandHLYP M06-2X B3PW91 BHandHLYP MBS B3PW91 BHandHLYP MO06-2X B3PW91 BHandHLYP 35°W91

Alg 4.006 6.826 8.791 3.863 8.654 9.586 -73.791 -77.766 -69.935| -72.377 -74.146 -€°929
Als 3.41 6.946 7.87 5.87 10.094 9.37 -60.89 -65.742 -63.84 -56.65 -60.636 -6” 94
Alg 19.389 27.248 25.621 21.205 30.240 26.141| -51.935 -61.309 -49.841| -50.561 -58.799 .0.487
Al; 0.0119 4.095 3.465 2.792 6.332 3.4142 -49.237 -51.670 -48.396| -43.689 -47.857 -7 610
Alg 13.181 22.654 16.330 16.192 27.652 19.013] -70.875 -76.372 -74.621| -68.449 -71.590 ‘0 303
Al 3 15.575 6.025 13.344 14.765 9.963 14.297| -48.890 -55.785 -45.624| -46.921 -50.573 4..218
Al 18.830 27.634 23.864 22.645 29.934 24.625| -54.431 -62.086 -53.145] -51.850 -59.805 ~*103
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Table 4 Rate constants and binding energies for C—I bond dissoniafi ethylene iodide on Al nanoclusters in B3PW91, BHandRLland
MO06-2X functionals

E.P Rate constant Binding Energy(kcal myl
Al
nanoclusters B3PW91 BHandHLYP M06-2X AE(M06-2X) AEgssgM06—2X)

Alj 9.121x16 2.792x16 5.788x18 -4.414 -3.927
Als 3.077x16 2.456x16 8.343x16 -3.351 -2.976
Alg 1.744x10°  4.131x10%°  4.188x107 -8.389 -7.607
Al7 5.567x18° 1.410x16 1.946x10° -2.146 -1.904
Alg 8.280x160 3.265x10°8 7.070x102 -4.400 -3.642
Al 9.221x16 3.065x18 2.031x16 -3.599 -2.976
Alyg 1.534x10%  6.913x10%°  5.418x10° -6.503 -5.579

Table 5 Thermodynamic data of C—I bond dissociation of benzyl iedid Al nanoclusters in B3PW91, BHandHLYP and M06-2X
functionals

Activation Barrier (kcal mot?) Exothermicity (kcal mot?)
Al AH* AGH AH AG
nanoclusters B3PW91 BHandHLYP M06-2X B3PW91 BHandHLYP MBS B3PW91 BHandHLYP MO06-2X B3PW91 BHandHLYP " 62X

Alg 3.481 8.143 11.948 4.950 10.796 12.721]| -74.692 -78.099 -67.672| -69.841 -72.341 -ur.209
Alg 3.492 6.963 8.603 5.200 11.071 8.205 -64.80 -65.956 -67.480| -61.30 -60.477 "~ 855
Alg 16.798 24.783 20.505 18.232 26.438 21.321| -49.720 -56.960 -46.863| -47.156 -53.253 -46 )11
Al 5.029 4.237 6.803 8.708 6.666 9.926 -58.275 -61.880 -51.150] -53.974 -60.206 )
Alg 19.184 28.822 15.942 19.294 33.059 18.710] -70.119 -76.144 -71.593] 69.550 -72.259 58978
Al 16.404 11.172 17.034 14.805 13.099 16.182| -47.936 -54.385 -42.701| -47.047 -53.240 15 )65
Al 22.309 29.801 26.408 21.067 31.146 29.952| -52.173 -61.441 -51.088| -54.767 -60.064 © 499

Table 6 Rate constants and binding energies for C—I bond dissoniafi benzyl iodide on Al nanoclusters in B3PW91, BHandHLY® a
MO06-2X functionals

E.P Rate constant Binding Energy (kcal mbl
Al
nanoclusters B3PW91 BHandHLYP M06-2X AE(M06-2X) AEgssgM06-2X)

Als 1.454x18 7.504x10 2.910x16 -6.312 -5.851
Als 9.539x16 4.719x10 5.966x16 -3.811 -3.406
Alg 2.642x10t 2.532x7 1.433x10°3 -8.980 -8.129
Al; 2.549x16 8.023x10 3.262x18 -6.784 -6.109
Alg 4.398x102  3.534x102  1.178x10* 7.122 -6.394
Al 3 8.612x106 1.536x18 8.425x18 -6.907 -6.068
Al 2.203x10%  8.943x10%!  6.711x101° -8.800 -7.768
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