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Abstract

The discovery of fullerenes and their production in measurable quantities launched many

studies about their reactivity and possible applications. Their peculiar structure opened pos -

sibilities for their study, initially replacing carbon atoms with alternative atoms. The surface
See™1” Z>@le'Z1™ e’ <'¢’+¢1 e 1S4SE"" —+1®@ZYZ>Se1le™ZE ZelS
»Z™>7@7Z—e@1S1E ' SeeZ—271<ZES70Z217+1+'Z1™ e’ s’ «¢1 e 1E"
<Z@E " —Z1e7Z0eeloeeSceZ1 ‘Z—1S4SE ' Zele 1e'Z1ZieZ2> ">17¢1¢'Z1ESZ
Z>S<e01S ZE 1< 1E'Z-"ESe1S—e 1™ Ce'ESs1™>"™75e’ 711l —1e"
tion of 3—10 nitrogen atoms as aggregates inside the G cage. We also study the structures and
YZS@E'Y'eC1l'—eZiZelS—ele'Z1@eSc' ¢’ £Se' " —1E"—*Z>>2°1Se1S1>Z
aggregates are mainly of interest because of their possible application as energetic materials.

Keywords: polynitrogen, endohedral fullerenes, Density Functional Theory, reactivity
'—e7iZ®@0d1 |VO1Z—2Z>272+ E1-S+Z>'See

1. Introduction

Over the course of time, carbon materials have become important components not only every-
day aspects of life, but also vanguard research. The enormous diversity concerning their uses
and applications is constantly increasing, representing an area of constant development.
Whether as part of a compound or in pure form, carbon has always S4>SEeZ«1S4:
least in its purest forms, 1'ecelaee>72Ee7>Sele’'YZ>0 ¢ 1 &gukjk):Z—-Z+¢1 &

Research on the formation and arrangement of carbon compounds that included long chains
of this element in interstellar space lead to the discovery of fullerenes in 1985. Subsequently

[ 7KH $XWKRU V  /LFHQVHH ,QWHFK2SHQ 7KLV FKDSWHU LV GLVWULEXWHG
|ntech0pen &RPPRQV $WWULEXWLRQ /LFHQVH KWWS FUHDWLYHFRPPRQV RUJ OLFHQVHV E
GLVWULEXWLRQ DQG UHSURGXFWLRQ LQ DQ\ PHGLXP {9l KH RULILQD
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Figure 1.1 ee o> " ™ ' E1e">—@1 e1ES><"—11 > —1eZeele 15’¢'e1S—e17™7Te " 1e” 1o’
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©e72¢C1-SC1'SYZ1ZY eYZel1SEE «Z—+Seetdl’'—z E'Z—+127
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‘ZiSeT—@el' —1¢'Z'51@e>72E*Z>ZALXV1I —1'Z1ES®Z17+1+'Z1
result in the C_ structure, which is more like a soccer ball and C,, which is more like a rugby
< S «Fityidre 2). While C,, is more often known as a buckyball, the rest of the hollow structures
are inscribed to the general fullerene group.

1.1. Types of fullerenes

Z2@ZS>E 'l —e"1ezee757—701'Sel«22—17is>2-2+¢1'YZ>07
e>7E*72>Se1Se™ZEele " 1cZ1loeeze’'Zeil “>5Z@™ " —o'—ee¢dl Z
0 ’e'1ZjeZ>—Sele’eS—e@l™>1-—"e7ZE2e7200UB1Z—e""Ze>Seccll '-
Z>7 0200757 —7010 '¢'1"—7Z1"51-">Z1ES>«"—1Se -1’ —1'Z1C

i Ze>Selezee7s7—7001'SYZ1Z0eZ—'Seetl>Z0ZeeZele> =17 ~>4
72—7®01-8" —e¢1SE"'ZYZ1¢¢t1-72S—01 " 1E'Z-"ESelez—E+""
™y Y Zele " 1¢Z1Zie>Z—-2C1" —eZ570¢ —ed1lc e le™51—-Z'ESe1S™TU
o' " — el —1-S.7)> 458 1\EtiEegpectdd hertofullerenes, the substitution of carbon atoms
<Clc<™>"—01—'e>"eZ7Z—1S—ele'e'E"—1'Se1«ZZ—1™>" ™M " Zepl —
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Figure 2. Comparison of C_, fullerene with a soccer ball and C, with a rugby ball.

been as -BN- pairs, thus ensuring that isoelectronic species are obtained, although this has nc
necessarily been the only purpose; in the case of silicon, the main motive has been to search ft
7@Ze701S™M ™M ESe” —@Mpill BE@E L EedryYSeedlZ—"'7Z>S
“ele'Z1eSEele'SeleZ¢1S>7Z1  ee” 0100710 Z2¢1'SYZ1e'Z1™ 07—’
—"e/E7eZ081+'7®@®1ISE—1Se1ESs>>'Z>el™H>1esSc e £250i1 ¢
o7 —]Z7Z—e""7e>Se1—7eSee" 0700757 —70/'SYZ1<ZZ—1S4>SE'YZ1s
E ™o —S5¢1S5572S®@01@ZE'1S®1-SZ228251S—+1< "+ e’ ES+1a(

1.2. Polynitrogenated materials

Considerable interest in nitrogen compounds has emerged, especially those with a high con-
oZ—el17ele’@1ZeZ-7—81<ZES700Z17¢1e'Z'51™S>e’ EZeS>1™>"T
T —1-TeZEz°S> 1081w AZN0S el —" —17e1le™ZE Zoel 'L
«'Zlet¢—e"Zoe’ el 1" Z 106 HAWer bver tinde, new polynitrogenated species
such as N, N,, N."and N, have been discovered or posited, whose synthesis has either repre
07 —71S1E SeeZ—e71">12>—7+1"7¢137-BOE 1oe2>1"¥e ™ ¢ Z1e ¢11:
the species with the highest content of nitrogen produced in measurable quantities has corn-
oS’ —Zel[1—"e>"¢Z—1Se"—@d1-ZS—"—el1e'Sel’—1™MS e’ EZ2S>1-
ered as a motivator for theoretical studies on its formation, as well as representing a building
<o"@E"1le" S>ee1-">Z1E"—™ 813b{Eih DFl@F EYZ el "ol e Z>1—
proved to be very unstable with respect to decomposition to N _, theoretical studies have out-
—2—<2>72+172{™Z> —2—eSe1"—Z70eil *1'ZZ81'+1'Sel<Z2Z—1+7
and N are acyclic, N,1-7cee1<Z1e">-Z1¢>"—1S —1SENA IS =4S S 71D
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™ZeC—"e>"¢Z—001-SC¢1ZjNMNe NeRFl'SSewllS1 > ZS  I6AAECGnZdSihg
larger structures, there is no doubt that polyhedral or fullerene-type structures have provided
inspiration, as they are considered as alternative polynitrogenous arrangements with a greater
number of nitrogen atoms 118, 19, 21, 41, 4317pil —le"’eleZ—0Zd1S1 " ee" 1
E ™eZ1cZ1%20 727201 5100 > —el' —e75—Sel-—"e7ZE272031 "E"

®e>ZE*2>2001S01ES—<'*SeZelHIE — —'—e1 ™ e¢—"e>"e7Z-
2iS-™eZ0el'SYZ1<ZZ— 19847 Joteckén N, , 14§52pd1 “"E‘1'SYZ1
theuse ofthe G, 1 ES+Z1S01S1 S¢17«1E"— — ' —<153V5UpTIW 13 HE

encapsulation of a polymer nitrogen chain in a carbon nanotube was conceived, as in principle
e @1 E " Zee1c¢Z10e*SceZ17 ™1« 55 Thid eohtradtg withe dther pgoposed polyni -
trogenated phases of nitrogen that have been inspired by the analogy to phosphorus and arse
—E31Seelez™Z> 51’ —172Z—7>0¢1"1'Z1 E2< EL1SZE'Z 10
E" —e' e "—@1S—e1"-Z1Zi™Z>' —Z—Se17Y 7 — EBIBIF Theréfdre,
E"— —Z7-7—1>7Z2™>7007—201S—1SeeZ5—Se’YZ1e >1e'Z1e+S<’
not necessarily related to high temperatures and pressure.

©177Z>1 ">"1e>"7™1'Seloeeie’ZelezeeZ>7—T7718,163-65Rhd itZHaslbedr
proposed thatC 1 —"+'e1<Z1S—1'eZSe1ES—+'eSeZ1+">1+>S™ B3 54 the
intention now is to show that C _ might also be an alternative way of storing polynitrogenous
species, contributing to the development of new materials in the future.

2. Methodology

—e’Se’ el "1 E"—@’'*Z>S<sZ1 ee>7ZEe75Sel’YZs®’'+¢d1l 7
fullerenes; N _ InG= 3-10). For this, we used the C structure that corresponds to the iso-
—Z>1e>"—1e"@1IE -™ @'« —1S—e1E " -™e'Z@el '+'1e'Z1'c"S:
Y'ez2Se'£7>1 Sl -16B®INSNYISAIZI @Iy e’'+Z>SceZ1—7—«
ZleZeZ>—"—Zele'Z1—"—"—72-172—7>%C1lee>2E+2>201'—1s "1~
Ze>C1 " ™o "£Se’" _@1e” 51 Seel —"eZE7e70H3) Foehsurelthathe gidbal
— ' ——7-1H1ZSE'1E -™"@®'e’ " —1'S®el«ZZ—1"eZ—¢" Zed1ls".
those inspired by genetic algorithms, is essential, but this is currently beyond the scope of this
eC™Z1"eleCeeZ—i1l "~ ZYZ>81+'Z1«'YZ>®'eC1 e1™>"YZ —1e>2
mination of the most important and representative species. Subsequently, both the geometry
S—ele'Z1Z2ZEs>"—" E1lwe>2E*2>21 Z>Z1>2Z —Z+1+ 5121+ Z
Likewise, the calculation of vibrational frequencies was undertaken in order to corroborate
that the stationary points located on the potential energy surface correspond to a minimum
0 —Se1%1ViUil eele'’el Selz—eZ>¢S"7Z—170" —ele'Z1 Cc>’e
\, YW\BB,B9pi1l cele'Zlcee>Z2Ee7>7Z01 7 e1le'Z1™ ¢ —"e>"e7 —1e™7
to charge, this factor was also evaluated, determining the structures for the isomers neutral,
ESe’"—1S—e1S—""—il ee1ESeE7eSe’""—0el Z>Z1™Z75¢"30]Z17%
Z1Se"1ESeE®2eSeZe1’"—"£Se’"—172—75"20010 UlS—elZ+Z
ESeE®zeSeZe1e"1>ZYZSele'Z1e70e™ "—el7 1PN ¢ Bl 7D IAEY ce i

utral



S5HDFWLYLW\ QGH[HY DQG 6WUXFWXUH
KWWS G[ GRL RUJ LQWHFKRSHQ

‘Z-"ESe1™"eZ _¢'Sel SEIE"—-™7eZ¢1«¢1E " —EZ™e72Sel Z—
“31S8S—1 1Z«ZEe>"—1oetoeeZ-1 'e'1S—17jeZ>—Sel1™ e7 _e’Se:
"eleZ —Z7+1S0e1e'Z1™S>e’Sel7Z—7>0¢17>’YSe'YZ1e 10721 —7—
o'7—1<¢1le'Z1e7Z —'e’"—1"el 70’7 —1Sel1'Z1-725S—1"+1 1S—
e 'Y'et1' 0l Z1-"eZE7¢S>1E'Z-"ESe1™ eZ _e'Sedlei

E: +
ET70:=T 76711
H M) o, e 2
‘Z-"ES+1‘S>e—70me]l SelES E7¢SeZ1SelITp&IZw1Z2¢A-S5:
E‘'Z-"ESel™"e7 —9'Sele"1e'71—7—-<2>1"0172¢ZEe>"—@d1Sex™!

(o]

5—11

EB :
(t?( EN:Z) (ﬂ)7(’7
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Coloee>ZzEez>Z81S™™e¢ —ele'71¢90°07SHANEL>9%I1 ™ RO <2
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3. Results

o1 Sl ™>72Y " 7eetl1>Z™ 6701 e'Sele'71 -7 6" e"et1E " —r’
oZYZeil 0ele' 21572 —72-2—01S—e17¢ZEe>"— Elmee>2Ee72>21 7
¢ 7¢1S8S>7Z1™s7Z@Z—eZ17ZiEe70’'YZetl —1e‘Z1le ee™ '—oj

For the majority of the structures obtained, neutral and charged species correspond to the
®S-721S>>S—eZ-7—¢i1l —1ES0eZel ‘Z>Z1'«1'el—"1"ceZ>Yz

3.1. Nn@C structures and reaction energies

N,. The minimum energy structure corresponds to a linear and centered N,, which shows
the same structure in charged and neutral systems, sed-igure 3. There is also found a seconc
stable structure that may closely resemble the association between the N molecule and an

'@ "eSeZe 1—"e>"e7—1Se"—il ‘Z1le' Z>Z—EZ1' —1e'21572S’YZ
us to assume that the linear isomer encapsulated in C would predominate, if it was ever pro -
eZEZeil "@*eS—EZelcZs ZZ—1—"9>"¢Z—1S"—0c10WIiXV1#illc
forN,LOWTWW1#0i

Reaction energies were calculated based on various assumptions. First, it is considering onl
¢ Z1@eS e ESe T — 1077171 Z17—ES™ezeSe’ " —1"el—"e5"e7-
Re>7@Ee7>7Z01¢'Se1ES—1<Z1e"7—e1Sel1> " —1e7 -TaEr>S+7>721Sce

The3N+C N, _ reactionwas used to evaluate the role ofthe C 1< j1le"> 1" Zloes

07>1—"e(11 7 e1Y1 @ ¢eSeZel—"e>"¢7—1Se"—d1E"—™MS>5Ze1e~1™
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Figure 3. Structure of N, wheren1% 1Y WV31Z—e""Ze>SelezeeZ>72—7®@31ES*EZz+SZ-12

formasN,il ™M ™S>7Z—ee¢1>ZSE+""—w1S>Z2172—7>+Z+" ESe=¢1SY"™
Zeele 51 'Z1ESe’ " —dle ee” Zelc¢1le'Z1S—Table1l)S—e1 —Seec¢le

Z12YSe2SeZe1Z2—275eC1e Z2572—EZ®e1+51'Z1>ZSE""—cel™
©'Z1570717¢1'Z1<7i81 ‘Z—1"—"+'Se1-S+7>'Se1E " —ce'eiindN,
rather than isolated nitrogen atoms). Evidently, as is stated in Table 1, the cation has lower
E 1Z—7>eCi1 ""el—"eZ@E 2721 “7e01<Z1¢'Z1-"0e1Y'SceZ1 ™4~
ES><«"—1ESZ1 "7ee1Z ZE'YZeCleeS< e £Z21«'Z1—" 2> s I5ableh
®eSeE£Z1S—e1ESeZ1e'Z21S—""—1™"e¢—"e>"¢7—-31S0e1l *1Se
'Z1ES®Z17e1e'Z1—Z7%25Selees72@E&e2>Z81""@1'e1l—"e1™>Z0’
@S ESe NI C 1ESZ1'01SY >S<eZ10E 1%1°\ViZZ1"E
N,il Z1S—Se¢£Z+1ce+>7E*2>Zce1E" — wrdleeules:FidlreBs in dimbst pavallel
™Toe’e’"—ll e 1S—1S™ ™, ' —SeZ1e c0eS— EIS DRG] L#EAS
very similar to the neutral one was observed for the charged systems. Unstable structures for

charged systems were also found, as in essence they could almost be considered as 4 ator
with no obvious interacting link.

‘71 @S £Se " —17e1S55S—eZ-7—e@17¢1Z1—"e5"¢7Z—1S"—e1
reaction energy, results for which are shown in Table 1. Evidently, the encapsulation would be
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Nn@C, Anion Neutral Cation

Forn=3 2N+N'+C, N, 3N+C, N, 2N+N*+C, N, '
°z_[inrX CYAYIN_ °[zzi[wW
N30+ C?O N3 70 15N2 + C:'70 NS 70 N3+ + C?O N3 70+
°Y_TWY 101.29 CWVNI_]

Forn=4 3N+N+C, N, AN+C, N, BN+N*+C, N, _*
ONIATN °\VA\TZ X °NNzZi[]
N2 + N2D+ C70 N4 70 2NZ ] C?O N4 70 N2 + NZ+ + C70 N4 70+
o\ _in 40.49 oW Z[i]Y

Forn=5 4N+N'+C, N, 5N+C, N, AN+N*+C, N,

5N-a °ONZi[W O\[Xi[_ OAW ZTW X

5N-b °1Z[iX\ °\Z\ivVZ °AVZIYW

5 N-a N50+ C?O NS 70D 25N2 + C:70 NS 70 2N2 + N+ C70 N5 70+
°VIiwWY 156.04 CWATiXW

5N-b N2+N3°+C70 NS 700 N2+N3+C70 NS 70 N2+N3++C70 NS 70+
34.89 73.75 °ZYiYW

Forn=6 S5N+N+C, N, _° 6N+C, N, S5N+N*+C, N, '
OANWITN °AVI]IXZ °_\[iZ]
2N2 + N20+ C?O NG 70 3N2 + C?O NG 70 2NZ + N2+ + C?O NG 70+
50.62 163.12 OXYIW_
N50+N+C:70 NG 70 N50+N++C70 NG 70 N3+N3++C70 NB 70+
OWWI]iX_ OYA[TVV CWYWi[Z

N30+N3++C70 N6 70

OX[[TWZ

Table 1. Reaction energies due to the encapsulation of nitrogen structures for Nn

Y &\, YWW 1eZYZel ele‘Z >¢j

;o Where n = 3-6, obtained a

energetically favored. Similar to that observed in the previous isomer, it is predicted that the inter -
action with the cationic system would be greater than with the anionic or with the neutral one.

—SeCE —e1Z—ES™@zeSe"—1>ZSE+""—o0el — 'S+’ — nduttal'dnd
charged), evidently the neutral one is not predicted to be energetically favorable. This would
lead to a structure which could be very interesting for possible high energy density mate -

>'Sel0

U1S™™Me'ESe’" —d181 Zeel ‘Z>21-7SeeS<eZ1E -

<"—ee1S857Z17Z—E®"2>SeZ¢i1 ~ ZYZ>81le'Z1e' e S—EZ1<Ze 27—

"ee'E 1" >1S1e>'™MeZ]1<¢"—ef1

CE‘1le e ES>ee10Se1¢Z7ZSeel—

charged systems, the reaction energy is favorable. This gives an idea of the role played by th:
ColES+Z1'—172—7>S+81Se1l’'sle+Sc«'£ZcleteZ-0l =1
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N.. The geometries for N, . nitrogen polymers are shown in Figure 3. Captions 5 N-a and
[1 ,<1C—«<"e'£Z1e'Z1 ™o ' "£7ele>2E*2>Z20O01L—"e¢"—ele'Sel|
Se"—el1e'Sel’e187'«Z1e’—"¢S>1e"1ECE+"™Z —+S £~ 29 B]Distarice=
«Zo 2Z—1—"0>"07—1Se"—@1UAWIYZ1#ULleH>1'Z1ECEZLl 7"
5 N-b isomers essentially consist of two systems; N, and N,d1 e Z™S>SeZe1<¢1¢
XTZ1#11 Z1S4Z—-"™eZele"1"™¢ ' £71 S 1 'cthat 1VES qitedictect theoricdlly;”
Y ZYZ>8172>17 "reel 72521 —1YS'—081Se1SeeleZlmerzEez
between nitrogen atoms are, for bended N,1>Se—Z —+31WiW _1#§1«'ZZZ S\eiN

27—2+>¢1SEE72'>2+1<C1[1 ,S1-"eZE&221>Z2™>72®@Z—e0e1e'Z1-"
'@ I\iI[1"ESe&—"¢1>72Se7>1«*'S—1[1 ,S61 “"E‘'1-S¢1«Z1E~"—o0e
e "1SEVZYZ12—7512{™7Z> -7 —eSelE " —e'¢'"—eil "7 'Z81-
S—el1ESe " —1leteeZ-01ZiEZZ°1WVI1I"ESe&—"281 '¢*1'721C

‘21" >-Se'"—17—7>+"Zcel "1 «! Zidomierd mre calculated by assuming thai
nitrogen atoms were the material at initiation, indicating at all times that this reaction would
be favored. The highest value corresponded to cationic species, followed by anionic specie:
S—el —See¢1—Z27>Sele™ZE'Z®il ‘S—e¢’ —ele'Z21>72Se7—ee1l
—~Seil eeZ-—"—e1+"5-Se’"—1 "e*1e'Z1™7 «SE£"eSe71S—""—1 "
but when substitute for N , + N,"81«‘ZeZ1letesZ-l«ZE& " -212—27>+2+'Q
this approach might discourage synthesis, it could also act as a motivator, as it would be con-
®'eZ2>72¢1S®1-72S®eS<eZ1S—e1S1ES—+'eSeZ1e 51" 7' 172750

N, For N, , the most favored structure corresponds to the arrangement of three N, mol-
ZEz°20810Z™S>SeZ+1X1ZIRylrE S)HEot preliols tepordof K, . 159, 54]
o 721" 7Z>172—7>¢1e>72E2>2Z1E >>Z0™ " —eele 121 ™ e oo
®Z—eZ+1'7Z>72711 Z1lzeeZoesle'Sele"le’ Z>7Z—EZ1 eskeniatec
to C, which allows a bigger dispersion within the cage. Cyclic structure with boat-shaped
E"—+>=Se’"—1'®1e"2Z—sIWVVI1I"ESe&—"01>2Se7>1"—17Z—7Z>¢(
considered as a possible candidate.

When the reactants are represented by isolated nitrogen atoms, formation energy shows ar
energetically favorable reaction. However, by changing the reactants for N, the prediction
<ZE"-Zoel''e'et¢1z—eSY>S«<eZil Z1Z—eZ>+"""1S—Sete’'®el<tl]
when we proposed charged species as reactants, negative formation energies appeared. W\
S45'¢70Z1¢’@1-S"—eCle"1e'Z1eSc<’ e’ £Se’ " —17e1E 'S>eZ®@lc¢

N,il el'e™—Z>0e1'eZ—+" Ze1l'—1e+"’celetoe~Z-31-+" ANppdtdership,
similar to that found previously for C . 158, 54. Other systems involving N , with 2N , or even
nngs of N, 1 ™>7Y Zele"1<Z1l0eeSceZ1<z2+1E™— '+ Eigbre3).1Bond distahees
Tl —"esTeZ — —esTeZ 1" —1e'7Z1™7 eS¢ —1S5ZIWiIYW.WiYY:
®ZE"—1Z—27>+¢1'0"-2Z>1ardRNpdA>S@—"22ecelil ®1IX"1"ES&
whereas a distorted heptagon N, 1 EC¢E*Z1' 1S« 21 _VI1I"ES&-"21"""Z>
the pentagon-N,1S e " E’'Se'"—1 "Zeelc«Z1e'Z1"—eCl' @™ =Z>1"2—>1

ZSEe'"—1Z—2>+'Ze1l0e'” 1+'Sele'Z1l@eSce'£Se'"—17el'—e' Y
'e1e'Z7152S572—21S>Z21Z{E'S—eZ1+">17 " Z>00 1y €N 2wt d not
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<Z1e'Z1ESeZil «S'—1¢""'1™M>ZeZ—ee1S1™ " cceme’'c«eZ17¢'Z>1:
also present alternative reactions with energetically favored schemes, which we essentially
S4>'c7e71¢ 1071 @eSce’£Se’" —1"e¢1E 'S >Tabed) —1e'Z1e7ee7>57—

N7l ‘Z1-"ceeleeSceZl' @™ =Z>1">1e""1E =™ '« "—1E " —oce’
and a dimer as two separate units. Bond distances for N
related to a double bond. Likewise, isomers that involve the formation of a distorted—but
unstable—octagon are found with considerably higher energies, making it possible to ensure

15>21S8>"7—«1WiYY.

Nn@G, —"—10°0 Z7e>S+10VU Se’"—10,0
Forn=7 BN+N+C, N, _° IN+C, N, BN+N"+C, N, _*
° 1.V z OA\\TY] oWV X\TY[
N2 + N50+ C:'70 N7 700 35NZ + C‘:70 N7 70 3N2 + N+ + C?O N7 70+
107.89 265.72 o[[i__
2N2 + N3D+C70 N7 700 N5”+ NZ+ + C'70 N7 70
123.67 OWZ AT\
Forn=8 IN+N'+C, N, _° 8N+C, N, IN+N+C, N, .~
OW\WI[iWwA OW[XAi]] OWN\ANTTW
N3 + NSO + N2 NB 700 4N2 + C?O N8 70 35N2 + N++C7O N8 70+
187.33 392.54 70.88
N3+N5[l NB 70[l N50+N3++C70 NB 70
171.55 °oZWizZn
Forn=9 8N+N+C, N, _° ON+C, N, 8N+N*+C, N, -
OWV Z\iN] o [i]_ CSWWZ _i[A
N50+ 2N2 + C70 NQ 70° 45N2 + C70 N9 70 4N2 + N+ + C?O N9 70+
364.43 459.75 144.23
3N2 + N3D+ C70 N9 700 N30+ N3++ NS ¥ C?O NQ 70
380.20 °Z1iY]
FOr n= 10 9N it l\r+ C70 NlO 70“ 1ON * C'70 NlO 70 gN 4 N+ + C?O NlO 70+
b SWWZYiZW ° AWiN] SWW _XiZ]
a SWWI[VizX °  \TwX OWWAZi\\
N30+3'5N2 + C70 NlO 70” 5N2 + C70 NlO 70 4'NZ + N2++C70 NlO 70+
a 438.36 621.14 396.74

N50+ 25’\12 NlO ’

70

422.59

Table 2. Reaction energies due to the encapsulation of nitrogen structures for Nn

Y &\, YWW 1e¢ZYZel ele‘Z">¢i

;o Where n = 7-10, obtained a
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e'Sele’@1’0"—Z>1 "Zeel™>Ze" ' _SeZ1’'—1S—1Z;™Z>' —Z—+il
e'SeloeZeeZeele ™ 7¢eZ1¢ —e@BLI>S—e’—ele> " —1WiYW1e"1WiY][1
>S—eZ1e> " —1TWiX\1e"1TWiY 1#7

0850081215728 Ee " —172—7>0¢1e> -1 71 @S ESe T —1"
«Z1S1+SY 521 ES®Zd1®eSre’—el '¢'1¢'Z1ESe " —dLle"ee” Zs
Changing the reactants it is found that metastable species would be formed with molecules
present at laboratory conditions, such as N, and N5°. This alternate reaction scheme opens uj
«Z1™T o' eteCleTI ™ ez EZL 1ES—e'eSeZcei

N,. The most favored structure for this encapsulation consists of the assembly formed from
an N, ring and two dimers parallel to this. Nitrogen-nitrogen bonds for the cycle are very
'—"eS>1e 1 ' Z1E™>Z™ " —e'—ele"51’'~"+S>1 ECE-Zgid adolit
XTX_1#11 2Se’eSe’YZ+¢81 1" 01 ce’ -, dthdughlwittScohsitérablylgréater
' e+ S 58 FoSiaple structures involving ensembles formed with N , and 3N, species art
WATJAL"ESe&—"01"e7>1"—17—75>0¢71 ‘Z1eSEele‘'Sel’el’el™>
simple ones, indicates us to suggest a more determinant role of the C 1 SeZ1l —1e;
T —1"ele'Z1e>2Ee2>271 ‘Z1—2Se’YZ1YSe2Z2017+1+'21>2SC
polynitrogenated species and evidently the reaction is more favored when the system is posi-
o' YZeC1l@E S>eZ2¢81SeeZ51 ""E'le ee” @le'Z1—ZSe’'YZ1lebeZ
Z—27>0C1e’ 72572 —@EZ1>2ZY2ZSe’'—e1S1™ " @’e'YZ1Z—7>¢1>7Z ZE-
See'"7e'1™57(Scel 'e'1-ZeSeeSceZ1l™s e7Eeeil >Z2"YZ>81<¢
obtain the isomers of 9 nitrogen atoms, favorable reactions are obtained.

NIl eele*Z1S-"72—e1"el—"e>"eZ—1Se"—el’'—1e¢'Z1lezeeZ>72—71¢€
gen polymer structures can be perceived. For this system, the neutral minimum corresponds
to a distorted cycle of 10 atoms, which contrasts with that reported previously for C _ 159,
54pil ~ ZYZ>81'2Z1ZE " —el1Z—7>2¢1e>72E*25721+ >1E S>e7Z"
—"e1ZiEZZe—+1 1" ESe&-"+1E -™S>Ze1e"1e'Z1-"00*1l0e*S<g.
T’ —ele’®@eS—EZ®lcZs ZZ—1—"0>"e7—1Se"—-®1S>Z1WiXY.
WiXZ. WiZMA1#1le ™ >1e'Z1@ZE " —eil ‘Z1e">-Se'"—17—7>+¢10+S>
—Z2+S'YZ1YSe72Z81lezecZes’—el0oeeSc o £S5 " whichislhighbst Mok
o' Z1ESe " —0le ee™ Ze1<01e'721S—""—1S—e1 —See¢le'71—7%
ates from a variety of reagents, such as I\f’ N5°and N,, shows positive values, which suggest
metastable structures.

3.2. Global reactivity indexes

721 <eS'—7ele'Z1e ee” "ol E'Z-"ESe1>ZSE'Y'o¢t1 —eZjZ0ef
'e¢01S @l Ze*1S®1ZeZEs>»" — E1'‘S>e—7Zeel1S—e1E‘'Z-"ES-1
Table3711 ">1'"—'£Se¢'"—1™"e7 _¢'SeedlS™M™ME,7 oot leieel>7—

within a range of 7.4—7.6 eV. Notably, when the fullerenes contain 4 and 6 nitrogen atoms, the
force with which the nitrogen endohedral fullerenes retain the electrons is slightly greater

than when encapsulating between 3 and 5 nitrogen atoms. When encapsulating between
and 8 nitrogen atoms, this force tends to be the same, but with 9 nitrogen atoms within the



S5HDFWLYLW\ QGH[HY DQG 6WUXFWXUH

KWW S G[ GRL RUJ LOQOWHFKRSHQ
| A V] <
N, 7.51 4.49 o\ 1.51
N, 7.61 2.77 O[TW _ 2.42
N, 7.47 4.49 ofi_n 1.49
N, 7.61 2.87 °[iXz 2.37
N, 7.54 4.56 O\TV] 1.49
Ny, 7.54 3.39 o[iZ\ 2.08
N, 7.81 1.85 0ZiNyY 2.98
N 6.3 6.33 °\TYW °ViVvX

i
o

70

Table3.1 ¢"<S¢1>ZSE+"YV'e¢1lh—eWHarhI %N ] . WVI1 <SS —Ze1Se1 Y &\, YWW 172V

fullerene, this energy increases to 7.81 eV, implying that more energy is required in order to
remove an electron. Contrastingly, when there are 10 nitrogen atoms within the fullerene
—Z¢ ">"81¢1°00172S0'2>1"1>2-"YZ1S—1272E+>"—1<ZES7ce
ZYZ—8& el Z ZEe1"<«Z>YZel' —1'Z1 >eelEezeZ>1-S¢1<:
et 1 Ee"eZel e Zee10ZYZ—1—7—<Z>17 el —"e>"e7Z —@Ule"1¢Z21""
®‘Zeel0 0ol —7—<Z>17el—"0>"0Z—U1¢'Se1E " —>S>’e¢1l “Zeel
electron, resulting in a closed shell.

‘Z17ee&ZNZ—1<Z'SY'">17e1Z—e""Ze5Selezeel>s7—7081 —1+S*
«'YZ21'"—81'01See 1>Z2 ZE+Z+1'—127ZE+>" fdlSrenes-enodpSutate 3
5 and 7 nitrogen atoms, the energy released is greater than when 4, 6 and 8 nitrogen atonr
are caged. Notably, the energy of 8 nitrogen atoms increases to a lesser degree than 4 ai
6 atoms of nitrogen. When encapsulating 9 and 10 nitrogen atoms, the sequence tends t
change, because higher energy release corresponds to the 10 nitrogen structure and the lowe
energy release corresponds to the 9 nitrogen structure.

—1eZ>-®17e1ZeZEe> " — ELE'Z-"ESe1l™ o7 —o'Sed1lZ—e""Ze>
ent the highest values for chemical potential, so they tend to accept electrons. Fullerenes of @
5 and 7 atoms have the lowest value, so they can donate electrons more easily. However, o
reaching 9 and 10 atoms, the sequence changes because the isomer with 9 nitrogen atoms
the one that has the highest value of chemical potential than all other values, whereas the one¢
with 10 nitrogen atoms has the lowest value of all.

With respect to overall hardness, there is a sequence ranging from 3 to 7 nitrogen atom:
where the highest hardness values are the even numbers. These, therefore, have the greate
resistance for modifying their electronic density. The lowest hardness values correspond to
the odd numbers of nitrogen atoms. ¢171 —'e>"e7Z —1Se"—@dle'Z102827
now the odd number of nitrogen atoms is the one that presents the greatest value for global
hardness, besides being the molecule that is least reactive in terms of hardness. Considerin
the case of N, this structure has the lowest hardness value. Consequently, it can modify
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Figure 4. Frontier orbitalsfor N~ wheren1%1Y . WV81Z—e+"'Ze>Sele7ee2572—7@31ESEZ+S-

"e@1Z¢ZEe> " — EleZ—r'e¢1-">7217ZS0e’'*¢d1le " 1e'Sel’el>Z™,

results for C, ;12— ES™dEpSee™ A4yl S1>Z«2EZ-1 ,  1.5S™31S¢
— > 7 —®@1'—E>ZS®eZA1X01Z81\81281WVil el ele™ -Z
“ele'Z1S™M MM, _Se'" _ele”le el ™S>S 7751 0l "Eighr€4)ce Z o (

3.3. Analysis of frontier orbitals

sZY'"zoeleeze'2@1'SYZ1-Z—¢""—Zs1e'Sele> " —1X1e"1WVI1—
transfer fromthe C,, 1 ESeZ1e " 1¢'Z1—"¢>"¢Z—1™"e¢ 758172 ™S —
T—ESe’ T —1S—elZeZEe>"T—ZeSe'Y o1l ™M eZ —e’'Sel el 1E"-
gen atoms, there would be a reverse transfer from the nitrogen to the carbon atoms. This

S®1S4>'<7202e171>72¢7EZ1@™MSEZ1ISYS +Sc ' 88AIQ—21%Y".
¢'Zles”—e'7Z5175<’eSeel7ele'Z1-"@el®eSceZle>2E25201
appreciable contribution from frontier orbitals to the nitrogen atoms. This implies that
©'75721-70+1<Z1S52S01®720EZ™e'«sZ1+"1>ZEZ2’'Y —1E"'S>
when the number of N atoms within the fullerene increases, the contribution of Nitrogen-
EZ—7>Z17>c’eSeele">1 1'e12YZ—1+>7ZS+7>i,1n8 high® 5ysS
*Z—-01S1IYZ>¢1E " —e’'*Z>S<eZ1E " —e>' <z’ "—1"7e1 l1'cel”
possible interactions with the cage are initiating. This may also relate to the suggestion
that greater interaction between the cage and the N takes place, as the amount of nitroger
atoms increases. The reaction energy may also result from this, particularly as it is apparent
that fromN toN,1«'Z>721'@1S1-">Z21">1ZeelE " —®*S—1'—E>
energy. This reaction energy changes with N, and higher, suggesting greater participation
on the part of the cage and its interaction with N .
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4. Conclusions

The C lezeeZ>72—Z71'01Y'SceZle 51 >SeZ1S—eleeSc’« £S5 "—
atoms, without presenting any concurrent structural deformation in the carbon network or
Y 'zl —eZ>SEe T —10<"—e, " Z20U1<Ze ZZ—1+'Z1—"9>"¢Z—18S

Evidently, the formation energy from the isolated nitrogen atoms is favored in all cases and
from N ,to N, there is a progressive increase, indicating the role of the cage as an encapsulat
S—el@eSc< e’ £72517¢1 ™ et —"e5"eZ _"7m®le>z2E&*2>Z0il ‘'Z—1 .
fullerenes, initiating with materials that can be found under laboratory conditions, we predict
that metastable structures will form, a fact that may be of interest in the potential use of these
~SeZ5>’Se®e1Scel @il ‘Z1@eSc e’ £ —elE —e>'cze’"—17ele'7Z
number of nitrogen atoms within it increases, manifested in a considerable contribution on
¢ Z1™Ssel eles ™ —e'75175¢’eSee1S®LI™ eZ —¢'Se1E'S>eZ1eS.

®l lezeeZ>7—71'001S51¢S>¢Z1-"eZE2217«1S™™>7"—SeZe¢1l’
Y. ]J1l—"e>"eZ—1Se"—0l ™>Ze751¢"15Z-S"—1S0el—"e>"eZ—1-"¢
atoms onwards, the fullerene cage begins to have greater interaction with the nitrogen poly -
~72>081>7Z ZEeZe1l' —1e'Z1eSEele'Sele'Z@Z1cZe' —1"1E T
™ e¢—-Z5010" —1e'Z1le 5—1"e15" —eceli

EE >e’ —ele 1l —eZiZ01 e1lee " «Se1E'Z-"ES*1>2ZSE+"Y'*¢d1
ZYZ—1<¢Z2'SY" ™" >1¢'Sel1E " >>Z0e™ " —e@le 1e'SelZ{™MZEeZols"
ZeZEe>"—cefle” Z>1'"—"£Se’"—1™%eZ e'Sel1S—e1'Sre—Zcece®
™ o7 —¢'Se(ilS—e1lEe"®Ze1eSCZ>102ZY2—1—2-<Z>1"91ZZEe>
—Z®®edle” Z>172+ZEe>"—"ELS —'+¢1S—e1E'Z-—" ESe1™ 07—
nitrogen atoms, there is a change in behavior. This coincides with the change in formation
Z—75>7201S—+1'2Z1S—Set@’'eel ele>"—e' 75175 eSe@dLl>Z
fullerene behavior. The fact that smaller fullerenes have been able to encapsulate more atom
is an indication that the point of saturation in this structure has not yet been reached, provid -
'—e1S—1"—EZ—+'YZ1e"1 —el—Z7 1ee>2Ee2>Z®1 '*'1e>72S7>
tion progresses. These would thus constitute candidates for energetic materials and studies
are ongoing.
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