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Ab initio (MP2) and density functional theory (DFT) methods have been used to examine eight isomers of
the singlet BeM species with the 6-3HG* basis sets. The most stable isomer is Ehg planar structure.
Several decomposition and isomerization pathways for the,Bgicies have been investigated. Thg

planar, theC,, branched, th&s linear, and theC,, pyramidal structures are all likely to be stable and to be
observed experimentally due to their significant isomerizaion or dissociation barriers-(Z&3 kcal/mol).

But theCy, bent, theC,, five-membered ring, and th@,, cage structures are kinetically unstable. Among the
known BeN isomers, theC linear and theC,, pyramidal structures are suitable to be potential high-energy-
density materials (HEDMs) due to their high dissociation energies and significant dissociation or isomerization
barriers.

1. Introduction possibility of stabilizing the B species as a planar hexagonal
) ring in M(176-Ng) (M = Ti, Zr, Hf, Th) systems. Burke et &F.
In recent years, polynitrogen compounds have been the employed a theoretical characterization of pentazole anion with

subjects of intense theoretical and experimental scrutiny metal counterions, where the counterions considered are Na
because of their potential use as high-energy-density materials ’ ¢

+ 2+ + +
(HEDMs) 112 However, their syntheses and handling have been KT, Mg , Ce&", and Zr#". Most recently, Wa_n_g et &k have .
great challenges for experimental chemists due to their meta-StUd'ed the stable structures of neutral, positive, and negative

stable nature. The isolation of stable salts of the atiort3 nitrogen-rich sulfides (S (M = 1-4). We have investigatsed
has put the spotlight on the search for other stable polynitrogen some nltrogen-nch compounds;Ni (M = Li, Na, .K’ Rb, .CS)Z’
species. Recently, Lee and Dateproposed that the most and our compu_tatlonal results show that the blpyramld@NM
likely synthetic route for tetrahedral ,NTd Ng) arises from structures are .I'k(.aly to be s_,table a_lnd_to be o_bser\{eql experimen-
combination of two bound quintet states of. \Cacace et att tally due to their significant isomerization or dissociation barriers
prepared the tetranitrogen {Nrom a linear N** radical cation .(39'2_.48'(.5 kca_l/mol). Th_e main purpose of the ahove theoretical
and positively detected it as a gaseous metastable species Wit}J]nvestlgatlons Is to design mtrogen-r!ch com_pou_nds I
a lifetime exceeding Ls in experiments based on neutraliza- energy yet are stable enough for practical application as HEDMs.
s , L .
tion—reionization mass spectrometric (NRMS). More recently, ThF’mPSP”, et & have con.flrmed that it is po§S|bIe to form
Nguyen et alS have determined the structures, stabilities, beryllium nitrides by_ an experimental and theoretical st_udy. They
ionization, and neutralization of the tetranitrogen system related fO_Url;ld that the reactions of pulsed-laser-ablated tl)eryl_lufm atoms
to the entire pathway occurring in the above NRMS procedure, With Nz in argon and nitrogen matrixes could yield new
and they found that the azidonitrenes(NN) is probably the beryllium—nitrogen species. To further identify the product
N, molecule detected by Cacace et al. Vij et@leported the molecules, they have done quantum chemical calculations. As
first experimental detection of the long-sought pentazoje N & result, as shown in Figure 1, on the singlet surface, two

anion by mass spectrometric techniques. These new discoverie®0SSible Belistructures were located at the RHF/ 6'3116(; level
indicate a bright future for experimental polynitrogen chemistry. of theory: theDon planar'l (N-BeN,) and theC,, branched2

Besides theoretical interest in pure-nitrogen clusters, nitrogen- (NNBeN2). Another two singlet Bedstructures were found

. 1
rich compounds have also attracted interest due to their potentiaf@t the MBPT(2)/6-311G* level of theory: th€, bent '3

) 1 )
use as HEDMs. Previously, Ferris and Bartetbvestigated ~ (NNBENN), and theDe, Ilgear 4 (NNBeNN). On the triplet
theoretically the stability and vibrational properties of the surface, theC,, branched2 (NNBeN,) were located at the

pentazoles HN using coupled-cluster (CC) and many-body ROHF/6-311G* I_e\_/el ofstheory. The,, bent=3 (l\_lNBeNN)
perturbation theory (MBPT). Schieyer et'keported that the ~ and theCz qugsphnear 4 (NNBeNN) were obtained at the
lithium salt, NsLi, favors the planaiC,, structure containing RO,HF/6'311G and MBPT(2)/6-311G* levels of t'heo?ﬂ/ln.
dicoordinated lithium. Recently, Gagliardi and Pyyk@have their paper the au_thors have performed harmonic vibrational
predicted the possible existence of two new class of compounds,fféquency calculations for most molecules. But to support the
Sc(77-N7) andz5-Ns~— M—y7-N7*~ (M = Ti, Zr, Hf, and also expenmgntal resultg, they only Ilsteq the wbraponal freqsuenmes
Th). They pointed out that SeNand N;ThN; should have a of one singlet specied?) and two trlglet species’d and?®4).

fair chance of existing. Lein et &l predicted the ferrocene- Furthermore, the frequencies @and®4 were calculate(_j only
like Fe (75-Ns) » to be a strongly bonded complex witsg at the Hartree-Fock level of theory. Thompson et #lpointed

symmetry. Strak& performed a theoretical study on the out that the singlet2 is a_local min?mum but the tri.pl_e"’c4 Is a
second-order saddle point. The tript8tis a local minimum at

* Corresponding author. Telephone:86-10-6891-2665. Fax:-86-10- the ROHF/6-311G* level of theory, but it is a first-order saddle
6891-2665. E-mail: gsli@bit.edu.cn. point at the MBPT(2)/6-311G* level of theo?). Generally
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Figure 1. Optimized geometries for eight singlet and three triplet Bepecies reported by Thompson et al. at the B3LYP/6+331and MP2/
6-3114+-G* (bold font) levels of theory.

speaking, the results at the Hartrdeock level are not very  calculated the harmonic vibrational frequencies for BaiN\the
reliable due to the absence of electron correlation. On the otherB3LYP/6-311G* level of theory, where B3LYP is the DFT
hand, although MP2 and MBPT(2) are the same level of electron method using Becke’s three-parameter gradient-corrected func-
correlation, it is necessary to further explore whether diffuse tional® with the gradient-corrected correlation of Lee, Yang,
functions are important for the BaNystem. In addition, the  and Parf® and 6-31%-G* is the split-valence triple:- plus
energies provided by Thompson ef&tlo not include the zero-  polarization basis set augmented with diffuse funct®rEhen,
point energy (ZPE) corrections, either. Therefore, it is necessarythe geometries were refined and the vibrational frequencies were
to use higher level, more expensive calculations for more calculated at the level of second-order MgH@lesset perturba-
accurate characterization of these novel molecular species. tion theory (MP23! with the 6-31H-G* basis set. Stationary
In our ongoing work, we will continue to study BgN  points were characterized as minima without any imaginary
compounds, and we expect to find new isomers. On the othervibrational frequency and a first-order saddle point with only
hand, to our knowledge, no theoretical study has been devotedone imaginary vibrational frequency. For transition states, the
to the kinetic stabilities of the Bef\compounds. minimum energy pathways connecting the reactants and prod-
It should be noted that our work in the present study focuses ucts were confirmed using the intrinsic reaction coordinate (IRC)
only on the singlet BeNsystem. Further study on the corre- method with the GonzalezSchlegel second-order algoritt#s3
sponding triplet system is currently in progress and will be the Final energies were refined at the CCS¥M-311+G*//
subject of future publications. B3LYP/6-31H-G* + ZPE (B3LYP/6-313#G*) level of theory.
Throughout this paper, bond lengths are given in angstroms,
bond angles in degrees, total energies in hartrees, and relative
All calculations were performed using the Gaussian 98 and zero-point vibrational energies, unless otherwise stated, in
program packag€. We initially optimized geometries and kilocalories per mole.

2. Computational Methods
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TABLE 1: Total Energies (E),2 Zero-Point Energies (ZPE)? and Relative Energies (RE) for BeN4 Species
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B3LYP/6-311G*

MP2/6-31H- G*

CCSD(T)/6-311#G*//B3LYP/6-311+G*

species E PP RE® E2 PP RE® E2 RE®

1 (Dan) —233.792 17 10.3 (0) 0.0 —233.18425 10.4 (0) 0.0 —233.212 49 0.0
12(C,)  —233.79503  10.4(0) —1.7 —233.17230 9.9 (0) 7.0 —233.208 06 2.9
13(Ca) —233.782 85 10.4 (0) 59 —233.159 64 9.8 (0) 14.8 —233.191 52 13.3
14 (D) —233.78230  10.7 (1) 6.6 —233.15608  10.8 (1) 18.1 —233.190 41 14.3
15(C,)  —233.64122  11.8(0) 96.2 —233.03399  11.6(0) 95.5 —233.058 24 98.3
16 (Cy) —-233.64099  10.7 (0) 953 -233.00871  10.3(0)  110.1 —233.051 71 101.3
7 (Ca) —233.616 51 11.6 (0) 111.5 —233.00063 11.4 (0) 116.2 —233.027 42 117.4
18 (Cz) —233.584 77 9.5 (0) 129.3 —232.976 00 9.1 (0) 129.4 —233.008 82 127.0

aTotal energies in hartreesZero-point energies in kilocalories per mole. The integers in parentheses are the number of imaginary frequencies
(NIMAG). ¢ The relative energies with ZPE corrections in kilocalories per mole.

TABLE 2: Energies (au) for Several Singlet BeN Species

correction) at the MP2/6-3H#1G* level of theory, indicating
Reported by Thompson et al.

that diffuse functions are important for the singlet Bedjistem.

species energy species energy As shown in Figure 1, it is apparent that tBe, planar!l
11 (Dar) —232.418 47 13(Cy) —233.254 30 (N2.BeN;) may be considered as a complex between the
12(Cy) —232.441 49 4 (Deon) —233.254 36 fragments of a beryllium atom and two equivalent dinitrogen

molecules. Furthermore, the beryllium atom induces the length-
ening in the N-N bond lengths (1.1791.216 A) from
molecular nitrogen, suggesting that the interaction between Be
and N atoms plays an important role in determining the
geometry of specietl. The C,, branched?2 (NNBeN,) is a
local minimum of BeN confirmed by Thompson et &t.
Compared with the four bond lengths{NIBeN,, NN—BeN,,

aEnergies at the RHF/6-311G* level of theoPEnergies at the
restricted MBPT(2)/6-311G* level of theory.

3. Results and Discussion

Our optimized structures for eight singlet Bebpecies are
illustrated in Figure 1. Their total energies, ZPE, relative
energies (with ZPE corrections), and number of imaginary ) .
frequencies are listed in Table 1. As is seen, except fobthe  5€¢ N (1ing), and N-N (ring)), 1.070, 1.700, 1.516, and 1.236
linear structure, these BgNsomers are all local minima on A (optimized at the RHF/6-311G* level) in Thompson et al.'s
their potential energy surfaces (PES) at the above-mentionedStructure, our optimized bond lengths are 1.124, 1.562, 1.597,
two levels. For comparison, the total energies for structires ~ @nd 1.211 A, respectively, at the B3LYP/6-31G* level.

14 provided by Thompson et al. are tabulated in Table 2. The 1€ corresponding MP2 values are 1.162, 1.531, 1.642, and
optimized structures for nine transition states are shown in 1-215 A, respectively. Infrared spectra identified thats a
Figure 2. Their total energies, ZPE, and lowest vibrational cOMplex formed by a Bej\ing and a N molecule?® As shown
frequencies are listed in Table 3. The energy differences betweeri™ Figure 1, the bond length of N4NS, 1.124-1.162 A is

the minima and their corresponding transition states are tabulatedn"deed close to the experimenta=Nl triple-bond length

in Table 4. The schematic potential energy surfaces for singlet 1-098 A for the nitrogen moleculeaN® but the bond length of
BeN, isomers are depicted in Figure 3. The reaction energies N2—N3, 1.21+1.215 A, is more close to the double-bond
for dissociation of the BeNisomers to Ber 2N, are shown in  length 1.252 A of HN=NH.** Like the case in'l, the Be
Table 5. atom induces the lengthening in the NM5 bond from

3.1. Structures and Stabilities of the Bel Species.We molecular nitrogen. We predict that structdeis lower in
performed ab initio calculations on a wide variety of singlet €nergy thanf2 due to more RN triple bonds in structurél.
structures of Bell by using two different and sophisticated ~The covalent radius for nitrogen is 0.70%the corresponding
theoretical methods. As exhibited in Figure 1, besides the value for Be is 0.89 &¢ Obviously, in structurél, the Be-N
reported four structuréd—14,26 four new structures have been  bond distances (1.648L.650 A) are slightly longer than the
located, that is, th€,, pyramidalls, the G linear 16, the Cy, sum of covalent radii of the corresponding Be atom and nitrogen
five-membered rind7, and theC,, cage's. As seen from Table ~ atom. In structure’2, the Bel-N2 (N3) bond distances
1, according to our calculation, the energetic stability ordering (1.597-1.642 A) are also slightly longer than the sum of
of the eight isomers i&l > 12 > 13 > 14 > 15 > 16 > 17 > 1g covalent radii of the corresponding Be atom and nitrogen atom,
at the CCSD(T) level of theory. However, we found our results but the Be3-N4 bond distances (1.562.531 A) are slightly
for isomers!1—4 are different from those of Thompson et al. shorter than the sum of covalent radii of the corresponding Be
As shown in Table 2, Thompson etZlreported that thd®., atom and nitrogen atom. To study the kinetic stabilities of these
planar 11 is energetically higher than th€,, branched!2 two isomers, their dissociation and isomerization reactions have
by 14.4 kcal/mol (not including ZPE correction) at the RHF/ been investigated. The schematic potential energy surfaces for
6-311G* level of theory, and the energy (not including ZPE isomers'l and!2 are depicted in Figure 3. Structuf&1 (seen
correction) of theC,, bent!3 is about equal to that of th@wn in Figure 2) is a transition state (TS) of the dissociatiortlof
linear 14 at the MBPT(2)/6-311G* level of theory. But, as characterized to be a saddle point of index 1 by vibrational
mentioned above, the results at the RHF level are generally notfrequency analysis. IRC calculations performed at the B3LYP/
very reliable. On the other hand, the two levels of MP2 and 6-3114-G* and MP2/6-31%G* levels directly lead to dissocia-
MBPT(2) are the same level of electron correlation and the tion into one Be atom and two Nmolecules. The barrier for
difference between their computational results should mainly the decomposition reactidi — TS1— Be + 2N, is predicted
rely on the basis sets used. For example, according to Thompsorio be 27.7 kcal/mol at the CCSD(T) level of theory, indicating
et al.’s calculation, the structures &8 and 4 have almost the high kinetic stability toward decomposition. Similarly,
identical energies at the MBPT(2)/6-311G* level of theory. But, structureTS2 (Cs) is a transition structure of2 dissociating
based on our computation, tki, bent!3 is energetically lower into Be+ 2N,. The corresponding barrier was predicted to be
than theDwh linear ¥4 by 2.2 kcal/mol (not including ZPE  24.6 kcal/mol. The possible isomerization frothto 12 was
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Figure 2. Optimized geometries for nine Beltransition states and the cyclic BeBpecies at the B3LYP/6-3#1G* and MP2/6-31%G* (bold
font) levels of theory.

also studied. The two conformers interconvert through a converts tol2 with a barrier of 25.2 kcal/mol, and conformer
transition structureTS12 (seen in Figure 2). Conformel 12 converts to'l with a barrier of 22.3 kcal/mol. Therefore,
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TABLE 3: Total Energies (E) and Zero-Point Energies (ZPE) for the BeN Transition States

B3LYP/6-311G*

MP2/6-31H-G*

CCSD(T)/6-31#G*//B3LYP/6-3114+-G*
E

species E ZPE E ZPE
TS12(Cy) —233.756 47 9.5 (53¢ —233.13100 8.7 (678 —233.171 01
TS1(Cz) —233.742 34 9.0 (403 —233.137 31 8.7 (31» —233.166 30
TS2(Cy) —233.741 09 8.2 (388 —233.148 18 8.2 (283 —233.165 32
TS3(Cz) —233.765 40 8.2 (312 —233.156 89 7.9 (33p —233.204 29
TS57(Cy) —233.606 11 10.6 (311 —232.987 28 10.1 (283 —233.022 95
TS58(Cs) —233.53529 9.1 (950 —232.912 07 9.6 (1089 —232.954 00
TS6(Cy) —233.592 04 10.1 (169 —232.966 35 10.0 (258 —233.004 98
TS7(Cy) —233.584 47 9.6 (994 —232.951 04 9.5 (1828 —233.018 60
TS28(Cy) —233.581 69 9.2 (259 —233.006 47

aThe values in parentheses are the lowest vibrational frequengiésni 1)].
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Figure 3. Schematic potential energy surfaces for singlet Bisbimers.

TABLE 4: Energy Differences (kcal/mol) of Transition
States Relative to BelyIsomers (Including ZPE Corrections
at the B3LYP/6-3114+-G* Level of Theory

B3LYP/ MP2/ CCSD(T)/6-31%G*//
species 6-3114+G* 6-311+G* B3LYP/6-31H-G*

11 (Dan) 0.0 0.0 0.0
TS1(Cs) 30.0 27.8 27.7
TS12(Cy) 21.6 31.7 25.2
12 (Cy) 0.0 0.0 0.0
TS2(Cy) 31.6 13.4 24.6
TS12(Cy) 233 24.7 22.3
TS28(Cy) 132.7 125.3
13(Cz) 0.0 0.0 0.0
TS3(Ca) 8.7 -0.2 -10.2

15 (Cyy) 0.0 0.0 0.0
TS57(Cs) 20.8 27.8 20.9
TS58(Cs) 63.8 74.5 62.7
16 (Cy) 0.0 0.0 0.0
TS6(Cy) 30.1 26.3 28.7
7 (C2) 0.0 0.0 0.0
TS7(Cy) 18.1 29.2 35
TS57(Cy) 55 7.1 1.8
18 (C2) 0.0 0.0 0.0
TS28(Cy) 1.6 1.2

TS58(Cs) 30.6 40.6 34.0

both speciesl and 12 possess significant kinetic stabilities
toward isomerization.

Our kinetic analysis shows that these two isondérand’2
are likely to be stable and to be observed experimentally.

The C,, bent13 and theC; linear16 are two chain structures.
As tabulated in Table 1, they lie abov# by 13.3 and 101.3
kcal/mol at the CCSD(T) level of theory, respectively. As shown
in Figure 1, the two terminal NN bonds (1.1341.153 A) in
structure!3 are close to the &N triple bond (1.098 A$5 The
bond lengths of N3N4 (1.135-1.170 A) in structure'6 are
also close to that of the=®iN triple bond, but the bond lengths
of N2—N3 (1.204-1.212 A) are closer to that of the=AN
double bond (1.252 A¥ Structure!3 is energetically lower than

TABLE 5: Reaction Energies (kcal/mol) for Dissociation of
the BeN, Isomers to Be+ 2N,

B3LYP/ MP2/ CCSD(T)/6-31%G*//
species  6-311+G* 6-311+G* B3LYP/6-31HG*
11 (Dan) 2.4 15.2 24.7
12 (Ca) 0.7 22.2 27.6
13 (Cw) 8.3 30.0 38.0
14 (Do) 9.0 33.3 38.9
15 (Ca) 98.6 110.7 123.0
16 (Cy) 97.6 125.2 126.0
17(C) 113.9 131.4 142.1
18 (C2) 131.7 144.6 151.7

16 probably due to its more ¥N triple bonds. The BeN
distances in both3 and'6 are slightly shorter than the sum of
covalent radii of the corresponding Be atom and nitrogen atom.
To further analyze their kinetic stabilities, we have investigated
their decomposition pathways. The dissociatiod3proceeds
in a straightforward manner with simple bond fissions. The
transition statd' S3 (C,,) was located on the PES. As shown in
Figure 2, we note that, compared with structiBgthe two bond
lengths of BetN2 and BetN3 in the transition state are
stretched to eliminate two Nnolecules, whereas those of N2
N4 and N3-N5 are actually compressed. The barrier for
dissociation is only 8.7 kcal/mol at the B3LYP level and even
negative at the MP2 and CCSD(T) levels. Such low barriers
imply that structuré3 is highly unstable toward decomposition.
Similarly, structureT S6 (Cy) is a dissociation transition structure
of 16. IRC calculation performed at the B3LYP/6-3%G* level
directly leads to dissociation into one Be atom and twe N
molecules. The barriers for the decomposition reactn—
TS6— Be + 2N, are predicted to be 30.1 and 28.7 kcal/mol at
the B3LYP and CCSD(T) levels of theory, respectively.
However, IRC calculation performed at the MP2/6-313*
level from TS6 leads to BeN2©,,), a planar cyclic structure
(seen in Figure 2), and a Nmolecule. The corresponding
dissociation barrier is 26.3 kcal/mol. The moderate dissociation
barriers suggest that specitsis stable kinetically.

Thompson et &® had examined thB..;, linear4 (NNBeNN)
at the RHF and MBPT(2) levels of theory. But in their paper
they did not provide the frequency calculation results for this
isomer. According to our calculation, the singl&ty, linear 14
is a first-order saddle point at both B3LYP and MP2 levels of
theory. Due to its instability, less attention will be paid to it in
the present study.

The C4, pyramidal?5, the C,, five-membered ring7, and
the C,, cage'8 are all high-energy species. They are higher in
energy than the most stablig by 98.3, 117.4, and 127.0 kcal/
mol at the CCSD(T) level of theory, respectively. As shown in
Figure 1, in structurés, the N—-N bond distances are all close
to that of N—N single-bond and the BeN distances are slightly
longer than the sum of covalent radii of the corresponding Be
atom and nitrogen atom. But, in structdethe case is different.
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The bond distances between nitrogen and nitrogen are allmost energetically favored. Kinetic analysis shows thatihe
between that of the NN single-bond and the N double planar, theCy, branched, thé&s linear, and theC,, pyramidal
bond, and the BeN distances are slightly shorter than the sum structures are all likely to be stable and to be observed
of covalent radii of the corresponding Be atom and nitrogen experimentally. But th€,, bent structure is kinetically unstable
atom. Structurés is interesting. Its lowest frequency (209 th due to its low dissociation barrier. Tl@, five-membered ring

at the MP2/6-311+G* level is high enough to prove the and theC,, cage structures are kinetically unstable with respect
minimum and corresponds to the nitrogen atoms rotating aroundto isomeraization, and if they are formed in any process, they
the Be atom. As shown in Figure 1, the-INl bond distances will transform into theC,, pyramidal and theC,, branched

in this structure are all either close to an-N single bond or structures, respectively. Among the eight Bédbmers, theCs
slightly longer, which is consistent with those in the Td N linear and theC,, pyramidal structures may be possible to be
(where all N-N linkages are single bonds). In structdge the used as HEDMs because of their high dissociation energies and
Bel—N2 (N4) distances (1.9691.981 A) are far longer than  significant dissociation or isomerization barriers.

the sum of covalent radii of the corresponding Be atom and

nitrogen atom. While the BeidN3 (N5) distances (1.5571.572 References and Notes
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