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A theoretical study of the different AKBI isomers has been carried out. The global minimum is predicted to

be a linear AICCN isomer, whereas the previously predicted ground state, a three-membered ring isomer, lies
much higher in energy (more than 25 kcal/mol at the more reliable levels of theory). We have found four
other structures lying lower in energy than the three-membered ring, two of them being rhombic structures.
The preferred atomic arrangement for linear geometries, as in the case of its analgjug/Btém, is AICCN.
However, contrary to what is observed for BC the global minimum is &% state. Predictions for the
vibrational frequencies, rotational constant, and dipole moment, as well as for the atomization energy and
dissociation into AH- CCN, have been made for the global minimum. On the basis of these results we may
conclude that the ground state of AN is relatively stable and therefore it might be of interest for
experimentalists.

Introduction Given the general interest on aluminum-doped carbon clus-
] ters, quite recently Zheng et ®lreported a theoretical study
The study of mixed B-C—N compounds has known an  of the aluminum analogue of BS, that is the AIGN system.
increased interest in recent years, due to their different structuraltne main conclusion of their study is that the predicted global
forms, some of them being of relevance in new materials minimum is a closed-shell cyclic form with &8 ring and the
scienc_e_. For example, depending on the experimental conditions 4juminum atom in an exocyclic position bonded to a carbon
graphitic-sheet-like structures, nanotubes, as well as otheraiom. Other linear structures, as well as another cyclic structure
structures can be synthesiZetEven though several proportions ~ with a AIC; ring, were found to lie much higher in energy,
of carbon in BCN compounds are possible, the most usual is namely more than 60 kcal/mol. This result is in contrast with
BC:N. The properties of BEN materials are intermediate  the conclusions of the study by Kar et'flon the analogue
between those of carbon and BN. Theoretical calculafidns e N system, where a linear triplet state is predicted to be global
predict that BN is a wide-band semiconductor, whereasNBC  minimum. Basically there are two main limitations in the work
is a medium-gap semiconductowith potential interesting  py Zheng et al® (i) only closed-shell singlet states were
applications. In BEN nanotubes the predicted most stable considered for the different possible isomers; (i) only cyclic
structure corresponds to a boramitrogen network with carbon sty ctures containing three-membered rings were studied, whereas
bonds forming a connected hefixsuggesting that they may  for the BGN system the lowest-lying cyclic state is a rhombic
serve as nanocoils. These structures have been theoreticallytrycture. Therefore we decided to reinvestigate the,RIC

studied by different group’;14 confirming that the most likely system in both the singlet and triplet surfaces.
arrangement tries to maximize the number ef and C-C

bonds. Furthermore, one of the most interesting features of
BCyN is that, due to the anisotropic geometry of aBIGheet,
chiral structures preVail. Different types of semiconductors, n- To compare our results with the previous Study of Zheng et
or p-type, could be obtained by small deviations from stoichi- |16 \ve have employed similar theoretical methods. Conse-
ometry/ and these materials might have important applications quently, the geometries of the different ANCspecies have been
in nanotechnology. obtained employing two different methods. First we have applied
The interest of these materials led to Kar et>ab perform the second-order Mller—Plesset theory with the 6-311G(d)
a very detailed and complete high-level ab initio study of the basis set including all electrons in the calculations, which is
basic building block, the BN molecule. The most stable  usually denoted MP2(full)/6-311G(d). The only difference with
structure is predicted to be linear BCCNI( electronic state), the calculations by Zheng et al. is that they used the so-called
and in general triplet states are preferred over singlet ones forfrozen-core approximation, that is inner electrons are not taken
the different BGN isomers. There are several linear species into account for computing correlation energies. Second we have
lying close in energy to the predicted global minimum, employed the density functional theory (DFT), selecting the
particularly the’= and®IT electronic states of the CBCN isomer, B3LYP exchange-correlation functiodéwith the 6-311G(d)
that lie about 6 and 10 kcal/mol, respectively, above BCCN. basis set, that is exactly the same procedure used by Zheng et
On the other hand the lowest-lying cyclic isomer is a rhombic al.1® In addition we should mention that DFT calculations have
structure which is predicted to lie more than 28 kcal/mol higher proved useful as a complement to experimental studies in other

Computational Methods

in energy than linear BCCN. related small aluminum syster#%20
Harmonic vibrational frequencies have been computed on
* Author to whom correspondence should be addressed. each optimized structure at its corresponding level of theory.
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TABLE 1: Relative Energies (kcal/mol) of the AIC;N
Species at Different Levels of Theory, Including ZPVE
Corrections, and [F?LJExpectation Values for the Reference
HF/6-311(G) Wavefunction Employed in MP2 Calculations

B3LYP MP2(full) CCSD(T) G2 G2(P) [0

O—®—o—>r

Linear-bent (I}

) Structures |
Rhombie (1) AICCN() 0.0 0.0 0.0 00 0.0 2268
AICCN(II) 27.9 22.3 284 278 322 2119
AICCN(*A'—1A) 234 12.5 228 203 277
AICCN(t) 94.3 58.7 826 743 817
AICNC() 20.1 14.5 210 207 23.6 2158
_ AICNC(IT) 55.1 38.7 54.9 52.1 57.7 2.064
- ) AICNC(*A'—1A) 413 30.7 40.9 37.4 4438
) ' AICNC(LY) 121.6 96.4 111.2 101.3 108.7
L) AINCC() 13.3 4.7 14.7 145 19.3 2.090
' AINCC(IT) 55.1 55.8 68.7 65.2 70.3 2.090
Rhombie (111) o AINCC(*A'—1A)  34.6 22.1 31.3 282 356
Cydlic (IV) AINCC(L) 125.2 96.0 90.8 73.3 80.7
) . . . AICN(A" 4. 2.2 462 487 3 2
Figure 1. Schematic representation of the different structural forms gAIECE3A::; glg 33.9 42'0 42'1 gg? 2223
of AIC.N considered in this work. NAICC(S) 90.2 76.3 87.0 861 92.2 2.031
. . . . . Structures Il
This not only serves to estimate the zero-point vibrational energy aicnca,) 275 07 18.6 15.7 231
(ZPVE) correction, but also allows to assess the nature of AICNC(®B,) 64.5 38.5 57.0 55,5 61.7 2.059
stationary points in order to verify that they correspond to true AICCN(*A’) 30.8 4.9 222 178 252
minima on the potential surface. Structures |1l
. . . 1
Zheng et al® computed relative energies for the different A'CNC(3A1) 46.3 28.6 401 36.9 443
) . i AICNC(3By)2 42.4 34.8 39.3 392 40.0 2.248
AIC;N species employlng their MP2/6-3llG(d) and B3LYP/ AICCN(*A") 35.1 16.1 28.6 258 332
6-311G(d) values. To compute more accurate relative energies
. . . Structures IV
we have employed two different higher-level theoretical meth- AIC(NC)(tA") 285 52 21.8 185 259
ods. In first place we have applied the so-called G2 me#hod, AIC(NC)(A") 54.3 50.7 52.1 51.3 553 2205
where the geometries are obtained at the MP2 level and theAIN(CC)(*A)? 40.5 19.4 331 300 374

; ; ; P : AIN(CC)(3By) 86.3 76.2 841  91.3 985 2.007
electronic energy is computed, making additivity assumptions, NAI(CC) (A 1182 100.7 1061 1023 1097

effectively at the QC'SD(T)/G-sl‘E_G(?}df,Zp) Iev.el. QC'SD- NA|(CC)(3A2) 75.4 52.4 66.7 65.8 72.3 2.016
(T) stands for a quadratic configuration interaction calculation
with single and double substitutions followed by a perturbative
treatment of triple substitutions. Since we are dealing with open- . . .
shell states and spin-contamination may affect the convergenceforms of AlC?N are summarized n Table 1, whe_rea§ their
of the MP series, approximate projected MP values were energy ordering at the G2(P) I_evel IS represented_ in Figure 2.
employed also to compute electronic energies. These results WiIIGf'Ven the nILmeelr:_of ope|21-cha|rr: structures foutng n the cour‘tse
be denoted as G2(P). In addition we have carried out single-O our work, In Figure 2 we have represented in separate
point calculations with the CCSD(T) metidcoupled-cluster colu_mns the results for the singlet a_nd tr|p|_et states of the open-
single and double excitation model augmented with a nonit- chain structures. Several other cyclic species were searched for,

erative triple excitation correction) with the cc-pVTZ basis set such as triplet states for structures Il and 11l with a AICCN
of Dunning®24on the B3LYP geometries. arrangement@s symmetry), or structures of type IV with an

) . - ) ) exocyclic carbon or nitrogen atom (which should be denoted
All calculations in this work were carried out with the as NC(AIC) or CN(AIC), for example)). However in all cases

a Species with one imaginary vibrational frequency.

Gaussian 98 program package. they collapsed to the corresponding linear structures upon
optimization at both MP2 and B3LYP levels. Most of the AIC
Results and Discussion structures correspond to true minima on the potential surface

) o ) (all their vibrational frequencies are real), with the only

We will employ a similar notation to that used by Kar et exceptions of the cyclic species HAICNC(B,) and IV—
al5in their study of BGN isomers with a few variations. The AIN(CC)(*A,), where one imaginary frequency was found. In
different structural forms of AlgN are schematically represented  poth cases we followed the associated normal mode and
in Figure 1. All open-chain structures, linear and bent, are performed optimizations ifs symmetry, and finally we reached
included in category |, and all possible combinations of atomic the gpen-chain structure-AICNC or the rhombic H-AICCN
arrangements have been considered. Bearing in mind the resultgsomer, respectively.
for several binary carbon clusters of the typgXQwhere X is In Table 1 we have also included in the case of triplet states
a second-row atom, such ast,*® CsSi 2’ C3Si*2%, or GoP%), the [$?Cexpectation values of the HF/6-311G(d) reference wave
two different rhombic species, Il and Ill, have been considered. fynction employed in the MP2 calculations. In most cases these
Structure Il can be viewed as an atom A bonded to the side of yayes are within 10% of the exact value, with a few exceptions
a cyclic BCD unit, whereas structure Il is formally derived gych as AICCNEE) and AICNCEB,), with values above 2.2,
from the side interaction of atom A with a quaSi-ﬁnear BCD and two patholog|ca| cases where very h|@q|]va|ues are
unit. Finally cyclic structures with a three-membered ring and gpserved, CAICN{A") and CAINCEA™). In all these cases the
an exocyclic atom were also considered and they are denoted pFT calculations should be more reliable than the MP2 ones.
following Kar et al.}*> as AB(CD). Spin contamination for DFT calculations is virtually negligible

The relative energies, calculated at different levels of theory in all cases and therefof&values for B3LYP are not reported
and incorporating ZPVE corrections, of the different structural in Table 1.
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Figure 2. G2(P) energy diagram (in kcal/mol) for AJ¥. Is and It stand for the singlet and triplet, respectively, states of structures | (see
Figure 1).

Concerning the performance of the different theoretical  Although the global minimum of both AN and BGN is
methods employed in the present study we should mention thatlinear, corresponding to the same arrangement, AICCN and
all of them provide virtually the same relative energy ordering, BCCN, respectively, there are important differences between
with the only exception of the MP2 level which deviates both systems. In the case of BC the global minimum
considerably from the predictions of other methods for several corresponds to &1 electronic staté; whereas in the case of
isomers. Taking the G2(P) results as the most reliable ones,AIC2N the lowest-lying state i$X. This difference can be
since the possible effect of spin-contamination is somewhat rationalized in terms of the valence-bond structures describing
alleviated in this method, it is worth mentioning the relatively both states. Thé& state corresponds to the following electronic
good performance of B3LYP, which in most cases (with very configuration:
few exceptions, such as the high-lying linéar states) gives
relative energies closer to the G2(P) ones than both CCSD(T) {corg 70 80° 90 27" 100" 110° 3" 37"
and G2 meth_ods_, that are much more computational demandingy g jts dominant valence-bond structure can be depicted as
In fact there is little choice between CCSD(T) and G2 results, ¢,1ows:
since both provide very close relative energies. This is interesting
because the results in Table 1 suggest that for larger systems Al—C=C=N: Q)
of this kind a DFT method, such as B3LYP, could be a ) )
reasonable choice, even better than other more expensiveVhereas thé'lT state corresponds to the following electronic
traditional ab initio methods. configuration:

The most important result from Table 1 is that a linear AICCN {corg 762 802 902 27" 1002 110" 37°
isomer g state) is predicted to be the global minimum. This
is in contradiction with the work by Zheng et &f.where the and the most contributing valence-bond structures (which are
cyclic AIC(NC) isomer tA; state) was suggested as the most compatible with the population analysis) can be represented as
stable AIGN species. This cyclic state is shown to lie about . . .
25.9 kcal/mol (G2(P)) or 28.5 (B3LYP, the same method ‘Al= C—C=N:<-Al= C =C=N: (2
employed by Zheng et af) above the triplet linear isomer. In (2a) (2b)
fact according to our results there are four other isomers which |t is then clear that th&ll state would be favored in the case
should be also more stable than cyclic AIC(NC): AINCE of the BGN system, because of the higher preference for
which is predicted to lie about 19.3 kcal/mol above the global multiple bonding of boron compared with aluminum.
minimum at the G2(P) level; #+AICNC(*A;), 23.1 kcal/mol; Several general trends concerning linear isomers can be
AICNC(%Z), 23.6 kcal/mol; and H-AICCN(*A"), 25.2 kcal/mol. observed in Figure 1. Triplet structures are clearly preferred
Therefore there are also two ring isomers that seem to be moregver singlet ones, and the energy differences between triplet
stable than the ground state predicted by Zheng¥€trdbwever  states andX states are much higher than those found in the
it is not surprising that these authors failed to predict the correct case of BGN.1® A states are much more stable than the
global minimum, because they only searched for singlet statescorrespondindX states (about 4555 kcal/mol, depending on
(whereas the analogue BT system has a triplet ground st&e the atomic arrangement). The linear structures reported by Zheng
and did not consider rhombic species (that are found to be quiteet all6 correspond to théX states, and therefore these authors
stable for other related systems, such 3Al&). predict linear structures quite high in energy. It should be noted
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that!A states have an imaginary vibrational frequency (corre-
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1.995 1.326 1.194

1.768 1335 1183

sponding to a bending mode) at the B3LYP level. Therefore Al —22 ¢, ¢, 0y Al 8¢5 0,2
we carried out optimizations il€s symmetry obtaining the -AICCNGD) -AICCNCTD)
correspondingA’ bent structures. These bent structures deviate

considerably from linearity, with for example ®AICC bond Al s N ﬁc -‘—}%c Al 198 c &N iy c
angle of 144.6for AICCN. At the MP2 level all*A states are ! 2 ! 2
true minima since all their vibrational frequencies are real. LAINCC('E) LAICNCCD)
Nevertheless we have carried out optimization€Jsymmetry

but in all cases linear structures were finally reached. We are me G0 éﬁ%/ﬁ\(‘{'ﬁm

aware that the'A states are not properly described by a | 46 \N Al o C;
monodeterminantal wave function (as employed in the reference wz’ / (zﬁ}N /(;ggj)

HF for the MP2 calculations). However we have reported the
MP2 and G2 results for these structures to have an estimate of
their relative stabilities at those levels of theory. Nevertheless
the energy differences between these states and the AICCN- ras S
(82) structure seem large enough to discard any of these states 9/ \

C
I-AICNC (‘A

1.350
(1.368)

@
Al

TI-AICCN (*A")

Cq
2.376
(zvy/ \ 1.266
(1.279)

as a candidate for the A global minimum. In addition it mcz Al _(@)‘N

should be noted that their relative energies at the G2(P) level 2‘282\ /;321;2) \ /

are not too far from the corresponding CCSD(T) ones. €z N C,
Another characteristic which can be observed in Figure 1 is H-AICCN (A L, e (a)

that for all states, with the only exception ¥ where AINCC sy L, GBI

is slightly more stable, the preferred arrangement is AICCN, 2o 1369

with nitrogen in a terminal position where its lone pair may be d‘ii%c:m

located outside the chain. In general isomers with a terminating
aluminum atom are more stable, a fact that is expected being
aluminum a second-row atom. In fact only tP&'"" states for
CAINC, CAICN, and NAICC are reported in Figure 1 and Table
1, because other states lie even higher in energy.

For all cyclic isomers singlet states are generally preferred
over triplet ones. Of the two rhombic isomers, Il is more stable
for the singlets, whereas Il is more stable for triplet AICNC.
Nevertheless IHAICNC(®B,) is not a true minimum, since it
has an imaginary Jvibrational frequency at both MP2 and

IV-AIC(NC) ('A")

Figure 3. Equilibrium geometries of some of the most stable ANC
isomers at the B3LYP/6-311G(d) and MP2(full)/6-311G(d) (in paren-
theses) levels of theory. Distances are given in angstroms and angles
in degrees.

The most interesting feature of the geometries of the rhombic
isomers corresponding to structure Il concerns the transannular
C—C (II—AICNC) or C;—N (II—AICCN) distances. In both
Hotal ) cases the transannular distance is short enough to suggest the
B3LYP levels. In fact, optimizations lowering t@, symmetry  gyistence of a bond between both atoms, and therefore these
lead to the AIGN global minimum, that is to linear AICCN. It jsomers should be best described as bicylic structures rather
is interesting to note that for isomer Il the symmetric arrange- than as truly four-membered rings. It is also interesting to note
ment, AICNC, is more stable, whereas for isomer Ill the that, as in the case of rhombic BT, multicenter bonding is
arrangement withCs symmetry, AICCN, is preferred. This  found for structures Il. For the other rhombic structures;-Iil
reflects, as in the case of the linear isomers, the preference fora|ccN and 11II-AICNC, whose geometrical parameters are
Al—C bonding instead of AtN bonding, since in structures  rather different than those of structures I, the most salient
I Alis mainly bonded to the middle atom of the qUaSilinear feature is the re|ative|y short A{CZ and Al—N transannular
CCN or CNC moiety (see below). bonds, in any case much shorter than peripheral bond distances.

The geometries of the most stable linear and cyclic isomers This fact suggests that the bonding is preferentially located
of AIC,N are given in Figure 3. For the sake of comparison between Al and the central atom of either the CCN or CNC
with other cyclic structures, we have also included the isomers chain, and that therefore they might be better described as
corresponding to structure Ill, even if they are less stable than T-shape structures rather than as rhombic isomers. Finally our
other structures. In general there are not severe discrepanciegeometrical parameters obtained for the three-membered ring
between the geometrical parameters obtained with the B3LYP isomer IV—AIC(NC) are obviously quite close to those reported
and MP2 methods. by Zheng et al'f and therefore we will not comment on them

Itis clearly seen in Figure 3 that the bond lengths fortge  further.
and 3[1 states of linear AICCN reflect the valence-bond Compared with BEN, there are no essential changes in the
structures discussed above. The-&l bond distance in AICCN- geometries upon replacement of boron atom by aluminum for
(32) is typical of a normal single bond (1.957 A in trimethy- open-chain triplet structures. Nevertheless there are some
laluminum in the gas pha%¥®, whereas in AICCN{[I) is much relatively important modifications for the singlet open-chain
shorter and can be ascribed to a double bond (which can bestructures (the €C distances are reduced up to 0.07 A), as
estimated around 1.73L.79 A from theoretical calculatiof. well as for cyclic species (with lengthenings of-C or C—N
On the other hand the-€N bond distance is slightly shorter ~ distances up to 0.05 A).
for the3I1 state whereas the-€C bond length is slightly longer, To aid in the possible experimental observation of ANC
as a consequence of the contribution of structure (2a). It is alsowe provide the most important information about the predicted
clear that the AFN and AI-C bond distances in AINCEX) global minimum, +AICCN(3Z), computed at the B3LYP level
and AICNCEZ), respectively, correspond also to single bonds. (which should more reliable than the MP2/6-311G(d,p) level
(The Al—N single bond distance in other theoretical calcula- in this case, since it is virtually unaffected by spin contamina-
tions*2 can be estimated to be around 1.81 A)) tion):
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Rotational constantB = 2.326 GHz both corresponding to XCCN arrangement (X being Al or B),
Vibrational frequenciesgn cm™! (IR intensities, in kmmolZ, it is possible that AIGN could also give rise to similar
are given in parentheses): nanostructures with interesting properties in material science.
w. 63 (1.53), essentially AICC bending; 459 (5.56), CCN Another interesting conclusion from our work is that for the
bending. AIC,N system the B3LYP method seems to provide results of
o 421 (141.91), A+C stretching; 1283 (64.89), €C the same quality than other more computational expensive
stretching; 1812 (3.81) €N stretching. methods, and therefore DFT methods could be appropriate to

(the assignment of normal modes is given for a qualitative study more complex related systems.
description, since they are coupled to a certain extent).
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