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A systematic study of all possible tetraatomigNp structures has been made at the B3LYP/6-BG{2df)

and CASPT2(12e,120)/ANO-L levels. A closed-shell butte@y structure A) is predicted to have the lowest
energy on the tetraatomicR®, potential energy surface. The energies for dissociation,f Bo two P=N

or to N; and B have been examined. A closed-shell quasi-tetrahegifastructure of PN, (B) and a linear
open-shell singlet PN=N—P (E*) have been found to be kinetically stable to fragmentation or rearrangement
at the CASPT2/ANO-L level. Several transition states have significant biradical character which reflects the
orbital crossings that are found along reaction paths of least motion. The fragmentation reactieN=sf P
N—P to 2B=N involves a trans-bent transition state that has a strong similarity to a known transition metal
reaction.

Introduction properties. Even thoughyR; has not been detected experimen-
tally, it is possible that &N, a well-known interstellar speciés,
could dimerize to form N, in the dense interstellar medium.
A matrix-isolation experiment established the existence of {PN)
a trimer of P=N unit2* Schrickel and co-worke#fs reported
IR experiments on#N and BNz as well as SCF calculations
of (PN) (x = 1, 2, 3). They concluded that the most stable
structure of PN, was a van der Waals complex of tweeR
molecules withD,, symmetry?°

In the present study, quantum mechanical calculations were
used to determined the low-energy structures S;Hsomers

drane as well as larger nitrogen clusters, (N> 4), have been as well as rearrangement pathways among isomers and frag-
considered as possible candidate high energy-density matetfals. - 9 P y 9 9
mentation to BN, N, and B.

Previous theoretical studies have characterized the lowest-energy
conformer of N as the triplet open-chai@y, structure®8 On
the other hand, the tetrahedral ¥ a local minimum which is
the most stable singlet on thesNotential energy surface Two different theoretical approaches were used in this study.
(PES)810.13.15In particular, tetrahedral Nas been the primary  First, density functional theory (DF39at the B3LYP/6-31%+
subject of previous theoretical studie¥12141517.1hecause the  G(2df) levet” was applied to obtain optimized geometries of
dissociation of N into two N, molecules is a Woodward all stationary points. All geometries were analyzed by computing
Hoffmann symmetry-forbidden reactiéhDunn and Morokuma  vibrational frequencies and characterized as minima with no
characterized a transition state for the exothermic dissociationimaginary frequencies or as transition states with one imaginary
of tetrahedral Ninto two Ny and estimated the activation energy frequency. The transition vector of each transition state was
barrier to be 63 kcal/mol at the CASSCF(12e,120) léwehich animated by the MOLDEN prografi.If the pathway connect-
indicates that blis a metastable species and should be kinetically ing the transition state to reactant and product was not obvious,
stable. Recent experimental studies confirmed the existence ofa small distortion along the transition vector was added to the
N4 in the nitrogen plasma as well as in liquid and solid transition state geometry, which was then reoptimized to the
nitrogen16.18 corresponding reactant or product. Zero-point and heat capacity
Most recently, the experimental detection of tetranitrogen was corrections were also obtained from vibrational frequency
reported using neutralizatierreionization mass spectromety. calculations. All DFT calculations were carried out with the
The tetrahedral Nisomer could be eliminated as the species Gaussian 98 prografi.
observed on the basis of isotopic substitution reactions. The Many of the stationary points in this study can be character-
authors considered the open-chained triplgtsNecies as the  ized as biradicals, which indicates that there are significant
most likely candidate for the observed species. contributions from more than one electronic configuration. DFT
There have also been numerous theoretical calculations onmethods are known to be capable of describing singlet biradi-
the isomers of i which have shown that tetrahedral B cals3® A general approach is to optimize geometries with an
undoubtedly the lowest energy isomer followed by the butterfly unrestricted DFT method (UDFT) where theand spins are
Daq structure?? allowed to be mixed. UDFT solutions for singlet biradical
P:N,, isovalent to R and N, could be another possible structures can be found with the aid of “guessnix” option
candidate high energy-density material becaubk B expected in Gaussian 98 where the spin-squared vali®} may
to be a bridge betweensRnd N, with intermediate physical  approach 1.0 for a strong singlet biradical rather than the correct
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The chemistry of nitrogen and phosphorus has attracted
considerable attention from scientists due to their central role
in biology and the environmeatAlthough both nitrogen and
phosphorus atoms belong to group 15 of the periodic table, their
chemistries are quite different. The most abundant form of
nitrogen occurs as Ndue to the extraordinary stability of a
triple bond, whereas tetrahedral(@lemental white phosphorus)
dissociates to two Pmolecules only at high temperature.

In the last 2 decades, isomers of dlich as tetraazatetrahe-
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TABLE 1: Relative Energies (kcal/mol) of Species on the N, Potential Energy Surface

CASPTZ2
orbital occupatiot
PG DFP (= DFT +ZPC CASPT2 +zPC AG(298KY) HOMO LUMO
A Cy 0.0 0 0.0 0.0 0.0 0.0 1.912 0.086
B Cy, 9.0 0 9.0 2.0 2.0 2.1 1.920 0.071
C Ca 35.2 0 35.2 24.0 24.3 23.6 1.816 0.166
C* Co, 35.2 0.06 34.9 23.9 235 23.1 1.816 0.169
D Daon 40.6 0 40.2 32.1 31.7 30.8 1.878 0.115
E Deoh 25.1 0 25.8 17.5 18.2 19.0 1.005 1.005
E* Deon 11.9 1.04 12.6 17.4 18.1 18.9 1.006 1.006
E(t)9 Dooh 7.6 2.08 8.3 4.2 4.9 51 0.995 0.995
TS1 Con 3.1 0 2.6 3.9 35 3.5 1.911 0.073
TS2* Ca, 38.4 0.85 37.0 36.1 34.8 34.4 1.782 0.202
TS3* Cy, 48.2 0.98 47.3 42.0 41.0 40.7 1.212 0.778
TS4 C 71.2 0 69.4 63.5 61.7 61.0 1.847 0.158
TS5 C 75.7 0 74.6 75.9 74.8 74.2 1.871 0.119
TS5* C 64.3 1.02 62.6 66.5 64.8 63.9 1.022 0.964
TS6* C 49.4 1.00 48.0 45.7 44.3 43.8 1.142 0.849
TS7 Co 49.7 0 49.8 40.8 40.8 40.7 1.667 0.320
TS7* C, 452 0.89 44.4 37.2 36.4 35.8 1.591 0.394
TS8 Con 41.9 0 40.4 32.3 30.9 30.0 1.742 0.253
TS8* Con 40.8 0.38 39.0 315 29.7 29.5 1.774 0.219
TS9 Cs 62.4 0 61.5 54.2 53.3 525 1.832 0.187
TS10* Cs 37.3 0.34 36.0 23.1 21.7 211 1.819 0.163
TS11 C, 24.1 0 22.9 20.3 19.2 18.1 1.900 0.084
No+P» —51.5 —52.6 —63.7 —64.8 —73.2
2P=N 2.3 0.6 —-8.1 —9.8 —19.2
PNNHP(S) 61.2 60.4 43.1 42.3 34.1
AINNAI X Deon 0.0 0 0.0
AINNAI X* Deon —-11.7 1.00 —-11.6
AINNAI X(t)9 Deon -15.9 2.01 -15.8
SINNSIY Deon 0.0 0 0.0
SINNSIY(t)9 Deon 51.3 2.03 50.4
SNNSZ Deoh 0.0 0 0.0
SNNSZ(t)9 Deon 65.6 2.02 64.4

a At the BSLYP/6-31H#-G(2df) level.? Spin-squared value at the B3LYP/6-34G(2df) level before spin projectios.CASPT2(12e,120)/ANO-
L//B3LYP/6-311-G(2df). ¢ Natural orbital populations for the two orbitals which deviate most from 2.0 (HOMO) and 0.0 (LUNEZYo-point

corrections are computed at the B3LYP/6-313(2df) level.f Heat capac
at 298K are used with relative energies at the CASPT2(12e,120)/A
state.

ity corrections and entropies computed at the B3LYP/-G(2df) level
NO-L//B3LYP@Ef)+ZPC level to compute free energiéslriplet

value of 0.0. Nevertheless, many studies have shown resultsabout 1.8 electrons and the LUMO number is about 0.2
which closely match those of more sophisticated methods. Our electrons. As thé®[value increases to that of a biradicE#(

approach is to find the “broken-symmetry” open-shell solution

= 1.0), the CASPT2 HOMO and LUMO occupation numbers

whenever possible and to use this geometry for higher-level approach 1.0 (Table 1).
calculations. In every case where an optimized geometry was

located based on both a restricted (RDFT) and unrestricte

dResults and Discussion

solution (UDFT), the geometry based on the unrestricted solution ) ) _
produced a lower energy with single-point energies at the more  All possible structures in the tetraatomigN2 system were

rigorous level of theory.

On the bases of UDFT geometries, CASPT2 calculatons
with the large atomic natural orbital (ANO-L) basis ¥avere
carried out in order to include the effects of dynamic and
nondynamic correlatio® The contraction schemes of the
ANO-L basis set in this study were [4s3p2d] for nitrogen and
[5s4p2d] for phosphorus. For diatomics such asf, and B=
N, an active space was chosen to include six electrons in si
orbitals (6e,60). For all tetraatomig®, species, a 12-electron

optimized (and frequencies calculated) at the standard DFT level.
The labeling of minima (0 imaginary frequencies) and transition
states (1 imaginary frequency) are as follows; bold letters refer
to minima (i.e., A" or “B”), “ TS” designations with a number
refer to transition states (i.e.TS1" or “TSZ2’), while an asterisk
indicates an open-shell singlet geometry (i.E*™or “ TS2*").
Computed relative energies at the DFT and CASPT2 levels are

x given in Table 1. Unless otherwise noted, relative energies will
be at the CASPT2(12e,120)/ANO-L//B3LYP/6-3t®(2df+ZPC

in 12-orbitals (12e,120) active space was used. All CASPT2 level, denoted as “CASPTZPC". Optimized geometries of

calculations were made with the MOLCAS 5.0 progrénin
Table 1, the CASPT2/ANO-L natural orbital occupation num-
bers of the HOMO and LUMO (the two orbital occupations
which differ most from 2.0 and 0.0) are compared Wil
values at the UB3LYP/6-31G(2df) level. In general, there
is a good correlation between the HOMO or LUMO orbital
population and$[] At the onset of symmetry breaking, where
the UDFT solution is lower in energy than the restricted DFT
(RDFT) solution, the CASPT2 HOMO occupation number is

all minima on the tetraatomic,R potential energy surface are
shown in Figure 1 with calculated vibrational frequencies of
stable minima given in Table 2. Total energies and Cartesian
coordinates are available as Supporting Information.
Minimum A, a closed-shell butterfly structure witl,,
symmetry, is the lowest energy tetraatomplPspecies on the
DFT potential energy surface (Figure 2). The-l® bond
distance is computed to be 1.676 A, compared to the known
average P-N bond distance of 1.77 Awhich is between the
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Figure 1. Optimized structures at the B3LYP/6-3tG(2df) level on
the tetraatomic M, PES.

computed N-N bond distance of N(1.447 A) and computed
P—P bond distance off42.200 A)1” The Wiberg bond indices
(WBI)3 in natural bond orbital (NBGY analysis, a computa-
tional measure of bond order, indicates that theNFbond is a
typical single bond (WBE 1.115). The N-N and P-P bond
distances inA are computed to be 2.460 and 2.196 A,
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TABLE 2: Calculated Vibrational Frequencies (cm™1) with
Infrared Intensities in Parentheses (km/mol) for BN,
Isomers at the B3LYP/6-31H#G(2df) Level

V1 V2 V3 Va Vs V6

A(C)  369(11) 372(0) 644(8) 824(175) 877(17)  931(1)
B(C,)  485(5) 585(3) 597(0) 627(0) 776(17) 980(11)
C*(C) 254(0) 341(0) 368(1) 560(0) 698(1) 1543(55)
D(Dx)  37(41) 493(32) 596(0) 848(0) 873(48) 887(0)
E* (D) 159(4) 383(0) 558(0) 1022(55) 1869(0)
E(t) (Der) 159(4) 380(0) 554(0) 1012(37) 1877(0)

respectively. MinimunB, 2.0 kcal/mol higher in energy than
A at the CASPT2ZPC level, is the second lowest energy
isomer with a closed-shell quasi-tetrahedta) structure. The
computed P-P bond (2.126 A; WBI= 1.039), N-N bond
(1.502 A; WBI = 1.051), and PN bond (1.791 A; WBI=
0.889) show single-bond characters, while theFPand N-N
bonds are very similar to those i, Bnd N, respectivelyt’
Minimum C* is 23.5 kcal/mol higher thai\, with a small
amount of biradical character (See Table 1, CASPT2 orbital
occupation; 1.816 for HOMO, and 0.169 for LUMO). The-P
bond distance is computed to be 2.081 A, indicating a single
bond, whereas the NN bond (1.225 A) is slightly shorter than

a typical N=N bond (1.25 &7). In addition, the P-N bond
distance (1.920 A) i+ is rather long (P-N bond inA is 1.676

A), which suggests that fragmentation may be facile. Minimum
D is a closed-shell plandDy, structure 31.7 kcal/mol higher in
energy tharA at the CASPT2 level. The computee-R bond
distance (1.686 A) is very similar to that of minima(1.676

A), whereas the NN bond is significantly longer than the-\N
single bond in NHy4 (1.779 versus 1.45 A)Minimum E(t) is

I TS11(19.2)
: : : .
—

. ®
A(0.0) '_'_ } 2P=N
®

(-9.8)

T
(3.5

Figure 2. Potential energy surface (PES) of\3 system at the CASPTH2ZPC level (energies in kcal/mol relative #). StructureB appears
twice. A thin horizontal line indicates the CASPFZPC value for the closed-shell (RDFT) geometry.
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Figure 3. Schematic depiction of orbital crossings between species onMepBtential energy surface. (a) Molecular orbital correlation diagram
betweenA andB, (b) betweerB andD, (c) betweerB andC*, (d) betweerC* andE*, (e) betweerE* and fragments (2PN), and (f) between

C* and fragments (Nand B).

TABLE 3: Transition States Located for Reactions that
Have an Orbital Crossing (see Figure 3)

figure  least motion symmetry TS symmetry [(F0

TS2* 3a Ca, Ca, 0.85
TS3* 3b Co, Ca, 0.98
TS6* 3c G Ci 1.00
TS7* 3d Co, C 0.87
TS8* 3e Con Con 0.38
TS10* 3f Co Cs 0.34

a triplet which is only 4.9 kcal/mol higher in energy thAnat
the CASPT2-ZPC level, while the open-shell singleE¥) is
13.2 kcal/mol less stable thdz(t).

A number of reactions studied on theN3 PES have orbital

squared value. Three of the transition stafeSg, TS7*, and
TS10¥) have lower symmetries than the least-motion reaction
path indicating the existence of stabilizing interactions allowed
by mixing orbitals in the lower point group. In the reactich

— E* (Figure 3d), the least motion path @&, during which
the HOMO/LUMO switch from &a? to a’at. There is &Cp,

— C, symmetry lowering in the transition stat€g7*) which
allows the @ and a orbitals to mix (both have a symmetry in
C, symmetry).

The reaction<C* — E* andE* — 2P=N (Figure 3d,e) do
not actually involve an orbital crossing since the HOMO and
LUMO on one side of the reaction become degenerate on the

crossings along the least-motion reaction paths. For six of the other side. The orbital crossing in the synchronous fragmentation
reactions (Figure 3), the orbitals that cross have been identified.0f trapezoidC* to N, + P, (Figure 3f) is easily avoided by

In Table 3, the transition states for the six reactions in Figure Simply becoming unsymmetrical $10). In fact, the transition

3 are listed along with the symmetry of the least-motion reaction stateTS10* is predicted to be 1.4 kcal/mol lower in energy
path, the actual symmetry of the transition state, and the spin-than C* (Figure 2) which suggests tha&r* does not exist on
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TABLE 4: Comparison of P—N=N-P with ML ;—N=N-—ML 3 Complexes, M= Mo, W, and L = NH,
o X
¥—N—N—X —= N—N —» 2 N—X
>/ TS
X X(Q—-D)a XNNX(T =Sy N—Ne N—N(TS) NNX(TS)e AH AHpye8 BDE(X/NNX)"

P _ 325 13.2 1.199 1.612 129.0 325 14.7 29.2

Mo(NH,)s 14.5 6.4 1.220 1.544 140.0 14.5 26.9 48.5

W(NH,)3! 4.9 1.2 1.238 1.458 145.8 4.9 48.0 36.3

a Quartet-doublet splitting of X in kcal/mol. Quartet is ground statdriplet—singlet splitting of XNNX in kcal/mol. Triplet is ground state.
©N—N distance (A) in XNNX singlet minimumd N—N distance (A) in XNNX singlet transition structureN—N—X angle in XNNX singlet
transition structure’. Activation barrier for singlet XNNX— 2 NX reaction in kcal/mol9 Exothermicity of dissociation reaction in kcal/mélBond
dissociation energy (kcal/mol) for the-XNNX bond with respect to triplet XNNX going to quartet plus doublet produdReference 40.

D= -

615 p.NN (1)
+P(D)
20 p NN e
P-NN-P 15.2 209
('Ay)
P-NN-P \0.0

Gzt 0
@—NEN—

Figure 4. Potential energy curve showing an avoided crossing in the
fragmentation of PN=N—P. The diabatic curve connects with PNN
(311) plus PED) while the adiabatic curve connects PNANI] plus P(S).

The energy of BD) was determined by adding the experiment quartet-
doublet splitting (32.5 kcal/mol) to the CASPT2 calculated energy of
P(S). The crossing seam between the states was not located.

the potential energy surface. Thus, reactions which invGive
are predicted to go directly to Nt Ps.

The reaction of singletPN=N—P (E*) — 2P=N is perhaps
the most intriguing process because a formally tripketNNbond
is broken in a single step with an activation barrier of only 11.6
kcal/mol. This reaction is of intense interest to nitrogen fixation

AlI—N=N—AI Si—N=N—Si Pp—_N=N—P S—N=N—S
- { — — —_— —+ 4= 4 4
++—1— ++—H— + 4 + 4
4 4
ox [ I° 4~ - 4
TN=N
GNEN{ Wyt - et Ayt
Triplet Singlet Triplet Singlet
15.8 50.4 17.5 64.4

Figure 5. Molecular orbital diagram of XN=N—-X, X = Al, Si, P,

and S. The ground state for the linear species is a triplet fer Xl

and P and a singlet for X Si and S. The values below each MO set
is the difference between the triplet and closed-shell singlet at the
B3LYP/6-31H-G(2dp)tZPC level.

are calculated be to 15.2 kcal/mol higher than reactants with
an undetermined addition activation along the adiabatic reaction
surface, stepwise fragmentation is not expected to be competitive
with concerted fragmentation which has an activation barrier
of 11.6 kcal/mol.

The calculated &N bond distance itE(t) (1.198 A) is only
0.1 A longer than the Ntriple bond (1.0975 A¥2 The
corresponding calculated-\N distances in M(NH)sN=NM-
(NH5)3, M = Mo, and W, are slightly longer at 1.238 and 1.220
A, respectively. The calculated=EN stretching frequency in
E(t) (w(N=N)=1869 cnt!, Table 2) is also higher than the
experimentab(N=N) in (u—Nz){ Mo[N(R)Ar] 3} (1630 cn1?).3°

Prior calculations of linear AINNAIX),*344 SINNSi (Y),*®

where molecular nitrogen is converted by biological processes and SNNS Z)* suggest an alternating pattern of ground state

into ammonia® The complex, £—N2){ Mo[N(R)Ar]3},, R=
CMe;, and Ar = 3,5-GHsMes, has been found to undergo
nitrogen—nitrogen bond cleavage with an activation barrier of
23.34 0.3 kcal/molR® Morokuma and co-worket$undertook
a theoretical investigation of this reaction with the model
complexes, Me—N=N-—ML3, M = Mo and W, and L= H,

triplets and singlets for the linear species. To compare the
XNNX, X = Al, Si, P, and S, series at a consistent level of
theory, calculations have been made at the B3LYP/6+33-1
(2dpy+ZPC (Table 1). If comparison is made between the
XNNX triplet and closed-shell singlet, the triplet is lower by
15.8 and 17.5 kcal/mol for X= Al and P, while the singlet is

Cl, and NH. The present results are compared in Table 4 where lower by 50.4 and 64.4 kcal/mol for ¥= Si and S. The

replacing P with M(NH)3, M = Mo and W, bares an uncanny
similarity. The ground state of P and M(N)}4 are quartets, the
ground states of XN=N—-X, X = P, M(NH,); are triplets,

explanation can easily be seen in a simple MO diagram (Figure
5). The N=N triple bond is exceptional strong especially in
comparison to bonding between N and Al, Si, P, or S. Thus,

and the transition state for nitrogen fragmentation involves trans the biradical nature of AIN=N—AI (X(t)) and P-N=N—P

bending of the terminal groups. Trans bending allows-a\\N
o orbital to correlation with one component of theeR bond
(Figure 3e).

If fragmentation of X-N=N—X occurs stepwise, the lowest

(E(t)) reflects the half-filledr level in the linear species (Figure
5).

The triplet state of PN=N—P (E(t)) is 13.2 kcal/mol lower
in energy than the biradical singleEX). In the case of St

energy fragments, X and NNX, are in the quartet and doublet C=C—Si, a system isoelectronic with AN=N—AI, Rintelman
electronic states. However, the reaction correlates with the and Gordofy’ found the linear triplet to be 4.6 kcal/mol more

excited gP) state of phosphorus (Figure 4) that is 32.5 kcal/
mol higher than théS ground staté! At some point along the
single-bond P-N fragmentation pathway, tH&AIT surface will
intersect the?PAII surface and be followed by intersystem

stable than the biradical singlet at the MCQDPT(12e,110)/aug-
cc-pVDZ+ZPE level. In P-N=N—-P or SiC=C-Si, the
—X=X- linkage allows conjugation between the two terminal
atoms (phosphorus or silicon) such that the orbital of each

crossing to the ground state. Since the ground-state fragmentsunpaired electron has a tail residing on the opposite terminal
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atom. Electron repulsion between one unpaired electron and the (17) Hirsch, A.; Chen, Z.; Jiao, HAngew. Chem., Int. E®2001, 40,

tail of the other is minimized if the spins are parallel, thus
favoring the triplet state.

Conclusions

A comprehensive study of thelR, potential energy surface
has been reported. The quasi-tetrahedral isdBnisrpredicted
to be the most kinetically stablelR, species with a 32.8 kcal/
mol activation barrier for fragmentation to twesRl molecules.
The most thermodynamically stablgN3 isomer is a butterfly
isomerA, which has a 19.2 kcal/mol barrier to form twe=R
molecules. A linear triplet PN=N—P isomer E(t)) is only
4.9 kcal/mol higher than the tetraatomic global minimui).(
The most likely unimolecular barrier for decompositionkgf)
is intersystem crossing to the linear singlgt), 13.2 kcal/mol
higher in energy, followed by 11.6 kcal/mol of additional
thermal activation for fragmentation via a trans-bent transition
state to yield two BN molecules. An interesting alternating

sequence of triplet and singlet ground states was found in the 517

linear series XNNX, X= Al, Si, P, and S. The explanation is
traced to the dominating stability of the=MN triple bond and
the sequence of half-filled/full-filleer orbitals as X varies from
Al to S.
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energies (hartrees), spin-squared values, zero-point energie%

(kcal/mol), heat capacity corrections to 298K (kcal/mol),
entropies (cal/mol K), CAS(12e,120)/ANO-L energies (hartrees),
CASPT2/ANO-L energies (hartrees), and contribution to MP2
electron correlation from the active space foNPspecies are
given in Table S1 (1 page). Cartesian coordinates fi,P
species optimized at the B3LYP/6-3t6G(2df) level of theory
are given in Table S2. This material is available free of charge
via the Internet at http://pubs.acs.org.
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