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The lowest singlet and triplet potential energy surfaces for all group 15 HNXH (X, P, As, Sb, and Bi)
systems have been explored through ab initio calculations. The geometries of the various isomers were
determined at the QCISD/LANL2DZdp level and confirmed to be minima by vibrational analysis. In the
case of nitrogen and phosphorus, the global minimum is found to be a streghstHN=XH structure.
Moreover, both singlet and tripletaNX (X = N and P) species are also found to be local minima surrounded

by large activation barriers, so that they should be observable. For arsenic, theoretical investigations demonstrate
that the stability of HNAsH isomers decreases in the order trip}dtAs$ > singlettransHN=AsH ~ singlet
cisHN=AsH > singlet HNAs > triplet HNAsH > triplet H,AsN > singlet HAsN. For antimony and bismuth,

the theoretical findings suggest that the stability of HNXH=EXSb and Bi) systems decreases in the order
triplet HoNX > singlet HNX > singlet trans-HN=XH =~ singletcisHN=XH > triplet HNXH > triplet

H.XN > singlet HXN. Our model calculations indicate that the relativistic effect on heavier group 15 elements
should play an important role in determining the geometries as well as the stability of HNXH molecules. The
results obtained are in good agreement with the available experimental data and allow a number of predictions

to be made.

I. Introduction bulky substituents have been isolated and the main information

) available so far concerns their synthesis and X-ray struéture.
The chemistry of doubly bonded group 15 elements has beenOn the other hand, up to now, neitherSb nor N=Bi double

the subject of intense experimental and theoretical interest over . . o
the last few decadésDuring this period, several multiple §onds have been experimentally identified. Moreover, to the

bonded species and heterocveles have been svnthesized an est of our knowledge, no theoretical study concerning either
P rocy y . ntimonazene, H&SbH, or bismuazene, HNBiH, has been
characterized spectroscopically and structurally. In particular,
. . reported to date.
the double-bonded nitrogen structurdl=N—, has been well- In this paper. we present a theoretical study of HNXH
known for many years in the form of diazene (also called paper, P y

diimine or diimide), HN=NH, and substituted diazenes (also potential energy surfaces, with X varying from nitrogen to
called azo compo’unds) R;N\IRZ In fact diazene is an Pismuth. Our goal is to obtain more insight into the bonding

important compound that is widely used in organic chemistry character of their various isomers and to provide structural and

as a synthetic reagent for the stereospecific reduction of ofefins energetic data. In addition, the purpose of the work reported in

as well as in inorganic chemistry as a ligand for transition metal gh'i;)rifce;fdt?(igzi\gd;;gﬁi?rect,;c?r:énj,cgmitlsoﬂﬁ;‘(lflh?sghrsgpso-
complexes. It is also the parent molecule for a large number T)(g achieve this, it is necessgr to determine the transition-stéte
of azo compounds. Not surprisingly, diazene has been the ’ y

subject of numerous investigations, both experimehfaind (TS) geometries of the molecules as well as the ground-state
theoretical ' energies of the products of isomerization. Unimolecular reactions

Th . . pertinent to the stability of HRXH considered here are as
e second row analogue is the mixed compound phosp-follows_ (A) transHN=XH — TS1— cisHN=XH, (B) trans
hazene (also called iminophosphane or phosphiniminej=HN VAN . _ VA
PH2 A substituted molecule containing theN=P— group was HN=XH — TS2—~ HN=X, and (C)transHN=XH — TS3

first reported in 19739 Since then, many schemes have been N HZXTN' For comparison, the sm.glet and.trlplﬁt N)‘(H. .
devised, and NP double bonds are now considered as potential energy surfaces were investigated using the ab initio

commonplace by experimentalidfsLike their nitrogen ana- method (QCISD). It is believed that this study should be helpful

. . for further developments in group 15 chemistry. In particular,
logues, phosphazenes have already received much attention fro : S
- - the predicted molecular parameters and harmonic vibrational
a number of theoretical chemist.

. . . . . frequencies could aid experimental study of some unknown
Nevertheless, the interest in arsenic, antimony, and bismuth - o
. . . ) . HNXH (X = N, P, As, Sb, and Bi) isomers.
is quite recent. Indeed, relatively little is known about the

corresponding arsenic analogue, arsanazene (also called imi-
noarsane), HR-AsH.12 At present, only trans arsanazenes with 1l. Methodology

*To whom correspondence should be addressed The geometries of all of the stationary points were fully
* National Tsing H‘La University. ' optimized at the QCISD(FC) level of theolyQCISD calcula-
* Kaohsiung Medical University. tions were carried out using the Gaussian 98 prodfamith
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TABLE 1: Computed and Observed Molecular Parameters for Isomers of Singlet HNNH

trans—HN=NH cis—HN=NH N=NHH

QCISD/LANL2DZdp expt. QCISD/LANL2DZdp expt. QCISD/LANL2DZdp expt.
r(N—N) 1.268 A 1.252 R 1.266 A 1.243 A
r(N—H) 1.043 A 1.028 & 1.048 A 1.047 A
OHNN 105.5 106.8° 111.3 123.4
A(cm 9.742584 10.001203 9.585951 10.955892
B(cm?) 1.2728940 1.3043373 1.268024 1.247790
C(cmy 1.1258049 1.1499757 1.119886 1.120207
vy (cm™d) 3282 3128 3237 2966 3147 2862
va(cmY) 1615 1582 1604 1558 1705 1645
va(cm) 1588 1529 1374 1396 1574 1574
va(cmy) 1304 1286 1232 1259 943 1003
vs(cm1) 3272 3120 3134 2984 3135 2805
ve(cm) 1335 1322 1547 1439 1290 1288

aAll were calculated at the QCISD(FC)/LANL2DZdp level of theory, see the teSee ref 5b¢ See ref 5d¢ Estimated values, based on
approximate force field deriver frommansHNNH. See ref 5d¢ See ref 6b and c.

relativistic effective core potentials on group 15 elements bond lengths in both forms are nearly the samd.g67 A).
modeled using the double{DZ) basis sefd augmented by a  These trends can be explained well in terms of steric repulsion
set of d-type polarization functiod8.The DZ basis set for the  between the hydrogens. Moreover, the QCISD calculations
hydrogen elemeftdwas augmented by a set of p-type polariza- indicate closer agreement with experiment at the LANL2DZdp
tion functions (p exponents 0.356). The d exponents used forlevel. The bond lengths are within 0.015 A, and theINN
N, P, As, Sb, and Bi are 0.736, 0.364, 0.286, 0.207, and 0.192,bond angle is within 1.3of experiment. One would therefore
respectively. Accordingly, all of the QCISD(FC) calculations expect that the same relative accuracy should also apply to the
are denoted by QCISD/LANL2DZdp. geometries predicted faissHN=NH and isodiazene.

All of the structures obtained were confirmed to be real  Computed and observed vibrational frequencies can also be
minima or transition states via frequency analysis, which was found in Table 1. The vibrational spectroscopy wans
also used to calculate zero-point energies (ZPEs) without scaling.HN=NH was discussed in detail in the work of Martin and
For all of the transition states, motion corresponding to the Taylor, ** whereas too little experimental information is
imaginary frequency was checked visually, and most structuresavailable forcisHN=NH and isodiazene to make a meaningful
were visually optimized to the minima they connected after comparison possible. An inspection of the vibrational frequen-

perturbing the TS geometry. cies oftransHN=NH presented in Table 1 reveals that the
] ) average deviation between our theoretical and experimental
1. Results and Discussion values for transHN=NH is about 5.0%, well within the

1. HNNH. It is now firmly established that there exist three ~estimated error rangé On the other hand, the predicted QCISD
stable closed-shell structures on the HNNH potential energy frequencies focissHN=NH are within 9.1%, when compared
surface? 8 They aretransHN=NH, cissHN=NH, and planar with estimated experimental resut&sNevertheless, QCISD
H.NN (isodiazene). Both ab initio and density functional results for isodiazene were found to reproduce the experimental
calculationg® on the relative stability of these closed-shell frequencies with smaller errors. In particular, it is interesting
HNNH isomers have consistently shown an order of stability, to see that the QCISD value for thg vibrational frequency
transHN=NH > cisHN=NH > HoNN, together with very (1574 cr’r‘rl) of HoNN is in perfect agreement with the
high (in excess of 50 kcal/mol) isomerization barriers between experimental data (1574 cr#).t°
the isomers (vide infra). It should be pointed out that the order The QCISD/LANL2DZdp rotational constants for the three
of thermodynamic stabilities calculated for these isomers is in closed-shell HNNH isomers are also compared with the
line with experimental observatidevertheless, relatively little  experimental results in Table 1. Again, experimental data is only
is known about the open-shell triplet state of these isorffers, available fortransHNNH.> The QCISD/LANL2DZdp results
which will be discussed in more detail below. were once again found to be in good agreement with available

The geometrical parameters predicted for the three closed-experimental values. For example, an excellent agreement is
shell HNNH isomers as well as the vibrational frequencies and found between the rotational constants (B and C) calculated at
rotational constants, calculated based on the QCISD/LANL2DZdp the QCISD level and experimental data. Nevertheless, there is
level of theory, are collected in Table 1, where they are one significant discrepancy. The rotational constant A is
compared with some available experimental vafte$he predicted to be lower by about 0.26 chthan its corresponding
optimized geometries and relative energies, including the ZPE experimental value. In fact, the predicted rotational constant A
for the HNNH species on the energetically lowest singlet and for transHN=NH is smaller than the experimental value by
triplet potential energy surfaces, are summarized in Figure 1. only 2.6%.

The vibrational frequencies predicted for both singlet and triplet ~ The transition states and barrier heights for isomerization
HNNH isomers, as well as the calculated rotational constants, between the trans and cis forms of singlet+HNH via inversion
dipole moments, and net atomic charges are collected in Tablehave been studied extensively by several grdugeng with

A in the Supporting Information. the barriers and transition states for the isomerization ofHN

Unfortunately, to our knowledge, experimental geometries NH to HoNN.8 In particular, trans and cis isomerization of HN
are only available fotransHN=NH.?" In fact, the QCISD NH has been previously studied using the Gaussian-2 (G2)
results show that the HNNH species have a planar structure method® The relative energies of the HNNH structures with
in both trans and cis forms. THENNH angle is significantly respect taransHN=NH are given in Table 2. As concluded
larger in the cis form than in the trans form, whereas teNN previously (ref 8f),cisHN=NH is slightly more stable by 5.0
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Figure 1. Optimized geometries (in A and deg) of the HNNH isomers and relative energies (in kcal/mol) of the pathways for isomerization of the
TABLE 2: Calculated Relative Energies in kcal/mol for
Isomers and Transition Structures of HNNHat the QCISD

singlet (plain line) and triplet (dashed line) HNNH species at the QCISD/LANL2DZdp level.
species
HN=N

Level of Theory Compared with the Previous Results

QCISB

TS (H.N=N — trans HNNH)
transHNNH

Let us now consider the first excited state of HNNH, a triplet,
which has been the subject of a limited number of theoretical
treatmentg?!12\No experimental study of triplet HNNH isomers
G2 has appeared to date. As one can see in Figure 1, our QCISD
25 24 calculations show that the energies of the triplet structures H
73 70 NN and HNNH both lie significantly above the corresponding
e by HNNH — cis HNNH) 52-0 58-0 singlets. HNN is the more stable of the two triplets. Moreover,
rans — CIs- H i i
CisHNNH 17 50 unlike the planar geometry adopted by singlefNN, it is
2Based on the QCISD/LANL2DZdp geometry, see the tegee
ref 8(f).
kcal/mol than the trans form. MoreoverRN is 24 kcal/mol
transition structure (BNN — trans-HN=NH) is predicted to

predicted that triplet ENN has a nonplandts structure with a

of-plane angle, defined as the angle between theNNoond

OHNH bond angle of 109 Its pyramidalization angle (or out-
and the HN plane) is 69.5. On one hand, the singletriplet
higher in energy than the trans isomer. The relative energy for separation for BENN, of 7.2 kcal/mol (QCISD), is in good
kcal/mol.

be 70 kcal/mol. From Table 1, it is apparent that our QCISD/ CF) and 7.3 (GVB) kcal/mol? However, the energy of triplet
LANL2DZdp results are in excellent agreement with the G2 HNNH is predicted to lie 38 kcal/mol above singlet HNH.

agreement with the earlier highly accurate studies, 7.9 (CASS-
energies. In the best case, the energies differ by less than 0.3To our knowledge, no theoretical data are available for the

singlet-triplet splitting in diazene. Additionally, the activation
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Figure 2. Optimized geometries (in A and deg) of the HNPH isomers and relative energies (in kcal/mol) of the pathways for isomerization of the
singlet (plain line) and triplet (dashed line) HNPH species at the QCISD/LANL2DZdp level.

energy for the 1,2-hydrogen shift (i.e., triplet HNNH TS — initio methods!? They aretransHN=PH, cissHN=PH, planar
triplet HoNN) is anticipated to be 36 kcal/mol, whereas its H,NP, and planar BPN. In addition, the open-shell triplet states
reverse barrier is predicted to be 42 kcal/mol at the QCISD level. of these isomers have also been investig&te@The optimized
These are large enough for both triplet HNNH angNN to geometries and relative energies of the HNPH species on the
have a lifetime sufficient for spectroscopic observation. energetically lowest singlet and triplet potential energy surfaces
In brief, our theoretical findings based on the present QCISD from QCISD calculations presented in this work are shown in
level of theory suggest that the stability ordering calculated for Figure 2. The vibrational frequencies, as well as the rotational
the HNNH species is singldransHN=NH > singlet cis- constants, dipole moments, and net atomic charges calculated
HN=NH > singlet NN > triplet H,NN > triplet HNNH. for both singlet and triplet HNPH isomers are collected in Table
Finally, taking together all of the above investigations of A in the Supporting Information.
molecular properties and relative energies using the QCISD Although a large number of crystallographic investigations
method, we therefore conclude that the QCISD method with on substituted phosphazenes have been carried out during the
the LANL2DZdp basis set should be accurate and reliable for last two decades (ref 9b), no experimental geometries are so
the computational study of the isomerization reactions of these far available in the literature for the parent HNPH isomers. As
and similar molecular systems (vide infra). shown in Figure 2, our computational results indicate that the
2. HNPH. The study of the parent phosphazene, HNPH, singlettransHN=PH isomer is lower in energy than the singlet
parallels the study of diazene, HNNH. In fact, the HNPH species cisHN=PH isomer by 0.85 kcal/mol at the QCISD level of
has attracted considerable theoretical intéfesihce the first theory. The inversion barrier for such a-etsans isomerization
dialkylphosphazenedrans-(t-Bu)P=N(t-Bu), was detected by is predicted to be 18 kcal/mol. Additionally, our QCISD
Niecke el al. in 1981% Four stable closed-shell structures have calculations on the relative stability of the four closed-shell
been reported on the HNPH potential energy surface using abHNPH isomers show an ordéransHN=PH > cissHN=PH



2704 J. Phys. Chem. A, Vol. 107, No. 15, 2003 Lai et al.

TS3

79.65 )
kcal/mol (singlet)

T
. 54.35
(singlet) kcaiimol

44.45
kcal/mol

<HAsH=92.25
<HAsNH=92.49

28.40
kcal/mol

<AsNH=110.2

<HNAsH=93.12 TSt <HAsNH=105.0

0.3464
kcal/mol

— -
m 1.881 @
3 1.561 I 95.76
67.75 1.027

" <HNH=107.0
<HNAsH=120.6

Figure 3. Optimized geometries (in A and deg) of the HNAsH isomers and relative energies (in kcal/mol) of the pathways for isomerization of
the singlet (plain line) and triplet (dashed line) HNAsH species at the QCISD/LANL2DZdp level.

> H,oNP > HoPN. In particular, in the singlet states, the QCISD parameters are as yet available. In addition, very few theoretical
barriers for the unimolecular isomerization reactions decreaseresults have been reported on the=As doubly bonded

in the ordertransHN=PH — H,PN (76 kcal/mol)> trans specied3ik

HN=PH — H)NP (61 kcal/mol)> transHN=PH — cis- In parallel with the above studies of diazenes and phos-
HN=PH (18 kcal/mol). As a result, this strongly implies that phazenes, we have also undertaken a systematic theoretical
1,2-H shifts are unlikely to proceed at room temperature. investigation of the parent arsanazene molecule, HNAsH, and

The singlet and triplet isomerization hypersurfaces from its isomers in their closed-shell singlet states, in low-lying open-
HNPH to the correspondingJRN and HNP isomers are nearly  shell triplet states, and also in the transition states separating
parallel, with the triplet remaining higher in energy throughout these isomers. The optimized geometries and relative energies
the path. As expected, all of the triplet structures are nonplanar.including the ZPE for the HNAsSH species on the energetically
In short, our theoretical findings based on the present QCISD lowest singlet and triplet potential energy surfaces are given in
level of theory indicate that the order of stability calculated for Figure 3. The vibrational frequencies predicted for both singlet

the HNPH species is singldtansHN=PH > singlet cis- and triplet HNAsH isomers as well as the calculated rotational
HN=PH > triplet H,NP > singlet NP > triplet HNPH > constants, dipole moments, and net atomic charges are collected
singlet HPN > triplet H,PN. This ordering is consistent with  in Table A in the Supporting Information.

those previously calculated by Trinquigrand Nagase et 479 As usual, four minima on the singlet potential energy surface

3. HNAsH. To date, a very small number of substituted were found which correspond tansHN=AsH, cisHN=AsH,
arsanazenes (R®AsR) have been isolated and characterized H,NAs, and BAsN. All of these molecules are planar. Although
unequivocallyt* All of their structures have been found to be little is known experimentally about arsanazenes, we may
trans, although only a few details concerning their geometrical compare some of our results with those obtained for substituted
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Figure 4. Optimized geometries (in A and deg) of the HNSbH isomers and relative energies (in kcal/mol) of the pathways for isomerization of the
singlet (plain line) and triplet (dashed line) HNSbH species at the QCISD/LANL2DZdp level.

arsanazenes. The calculated=Ns bond length intrans
HN=AsH (1.736 A at QCISD) compares favorably with trans
N=As bond lengths determined from X-ray data in aminoar-
sanazene (1.714 A) synthesized by Lappert etathe arsan-
azene (1.707 A) prepared by Roesky et4land the arsanazene
(1.708 A) reported by Ross et H# In these three compounds,
the valence angles on arsenic (98.86.3, and 104, respec-
tively) and nitrogen (123 126°, and 112, respectively) are
less sharp than in our calculated trans isomer (98rBarsenic
and 107 on nitrogen, at the QCISD level). This is probably

are yet available for a definitive comparison. For consistency
with the above studies, four stable closed-shell structures on
the HNSbH potential energy surface have been considered in
the present work, i.etransHN=SbH, cisHN=SbH, HNSb,

and HSbN. Likewise, the open-shell triplet states of these
isomers have also been investigated. The optimized geometries
and relative energies for the HNSbH species on the energetically
lowest singlet and triplet potential energy surfaces from QCISD
calculations presented in this work are shown in Figure 4. The
calculated vibrational frequencies for singlet and triplet HNSbH

due to steric interaction that may cause substituted arsanazenesomers as well as the calculated rotational constants, dipole
to have larger bond angles than the parent arsanazene itself. moments, and net atomic charges are collected in Table A in

For the triplet states, we considered five stationary points:

HNAsH, H.NAs, HAsN, and the transition states for the iso-
merization of triplet HNAsH. In short, our theoretical investiga-

the Supporting Information. In many respects, the QCISD results
for the HNSbH isomerization reactions are quite similar to those
discussed earlier for the HNXH (> N, P, and As) systems. It

tions based on the present QCISD level of theory indicate that is our conviction that for the HNSbH species under study, for

the order of stability for the HNAsH species is triplegNAs
> singlettransHN=AsH ~ singletcisHN=AsH > singlet H-
NAs > triplet HNAsH > triplet HAsN > singlet HASN.

4. HNSbH. As mentioned in the Introduction, neither

which the rotational constants and vibrational IR spectra are

still unknown, the presented QCISD results (Table A) should

be of the same accuracy as we have already discussed earlier.
As may be seen in Figure 4, the trend in the order of stability

experimental nor theoretical results for the antimonazene specief the HNSbH species is analogous to that in the HNAsH
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Figure 5. Optimized geometries (in A and deg) of the HNBiH isomers and relative energies (in kcal/mol) of the pathways for isomerization of the
singlet (plain line) and triplet (dashed line) HNBiH species at the QCISD/LANL2DZdp level.

system. In short, our theoretical investigations based on theand net atomic charges are collected in Table A in the
present QCISD level of theory indicate that the order of stability Supporting Information.

of the HNSbH species is triplet NSb > singlet HNSb > It should be noted that the order of stability of the HNBiH
singlet trans-H=SbH~ singletcisHN=SbH > triplet HNSbH isomers is essentially the same as that calculated for the HNSbH
> triplet H,SbN > singlet HSbN. species. With the triplet states, we considered five stationary

5. HNBIH. To date, neither experimental nor theoretical points: HNBIiH, HNBI, H,BiN, and the transition states for
results for the bismuazene species are available for a definitivethe isomerization of triplet HNBiH. In short, our theoretical
comparison. Again, four minima correspondingtitans-HN= investigations based on the present QCISD level of theory
BiH, cisHN=BiH, H,NBi, and HBiN were located on the suggest that the stability of the HNBIH species is in the order
singlet potential energy surface. As usual, the open-shell triplet triplet H,NBi > singlet HNBi > singletcissHN=BIH ~ singlet
states of these isomers have also been investigated. ThdaransHN=BIiH > triplet HNBiH > triplet H,BiN > singlet H-
optimized geometries and relative energies for the HNBiH BIN.
species on the energetically lowest singlet and triplet QCISD 6. Overview of HNXH (X = N, P, As, Sbh, and Bi) Systems.
potential energy surfaces are shown in Figure 5. The calculatedBecause the relative QCISD energies of the various states are
vibrational frequencies for singlet and triplet HNBiH isomers already shown in Figures-15, Figures 6 and 7 present the trend
as well as the calculated rotational constants, dipole moments,in relative stabilities for the closed-shell and open-shell triplet
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80 7 keal/mol where it leads to N{")—H(d™). In particular, the atomic charges

of these two hydrogens would be enhanced as X is a much
heavier element (such as antimony and bismuth; see Table A
in the Supporting Information). In this regard, the electrostatic
attraction between theNH and X—H moieties tends to favor
the cis isomer over the trans isomer, as demonstratdd in

60 1

40

= HoX=N (singlet)

------- trans HN=XH (singlet) Ot TN Hb_
cis HN=XH (singlet) H\
~~~~~~~ HN=X (singlet) N_ X

20 1 .
e cis
(X = Sb and Bi) 1

07 (3) In the singlettransHN=XH species, theINXH angle
decreases and the=hK bond length increases as X changes
from N to Bi.

20 T T T T T For instance, as seen in Figures 1-5, the bond an®/®H

X=N P As Sb B in the singlettrans HN=XH species decreases in the order N
Figure 6. Evolution of QCISD relative energies (in kcal/mol) of the (105°) > P (98) > As (96°) > Sb (94) > Bi (93°). In addition,
Closeg'f:fﬁ;:;ﬁf;ﬁatiz(&%n;? (:gktgﬁ zgtgzg?;':g%:ﬁé?ce) With the N=X bond length increases in the order N (1.268 AP
regar = , . .
(1.618 A) < As (1.736 A) < Sb (1.933 A)< Bi (2.011 A).

60 - keal/mol In singlettransHN=XH, it thus appears that, as the X atom
becomes heavier, a bond angleNXH) approaching 99 is
preferred. The reason for this may be due to the relativistic
effect20 As X changes from nitrogen to bismuth, the valence s
orbital is more strongly contracted than the corresponding p
orbitals?! Namely, the size difference between the valence s
and p orbitals increases from N to Bi (the significant 6s orbital
contraction originates mostly from the relativistic effect).
Consequently, the valence s and p orbitals differ in spacial
extension and overlap less to form strong hybrid orbA&fs It
is therefore expected that in phosphazenes, arsanazenes, anti-
monazenes, and bismuazenes an increased tendency toward sp
hybridization occurs on going from phosphane to bismuth; that
is, bond formation of typ@ is preferred over typ8&. In other
204 words, the so-called “inert s-pair effect” (or “nonhybridization
I e snge effect’)?>>*occurs on moving from phosphane to bismuth, where
ol sp hybridization is preferred to éms a rgsult, the bond angle
%0 ONXH (X = P, As, Sh, and Bi) in singletransHN=XH

' ' ' ' ' species is much smaller than the bond arighNH in singlet

X=N P As Sb Bi
Figure 7. Evolution of QCISD relative energies (in kcal/mol) of the transHN=NH and approaches 9(as the X atom becomes

40

20

open-shell triplet states (minima on the potential enegy surface). Zero heavier.
energy corresponds to the closed-shell singkatss HN=XH isomer.
minima on the HNXH (X= N, P, As, Sb, and Bi) potential : :
energy surfaces. For each figure, the energy reference is the /@( ) OX( )
transHN=XH isomer. The major conclusions that can be drawn
from Figures 6 and 7 are as follows

(1) Bothtrans andcissHN=XH molecules are the minima Q@ O@/
on the singlet potential energy surfaces. Moreover, the sizable /Q @
barriers calculated show that these compounds should be G—Q

kinetically stable with respect to isomerization. As such, one

may then foresee that thens andcissHN=XH species would (4) Singlet HN=XH, H,N=X, and HLX=N isomers possess
serve as candidates for experimental observation. a planar geometry, except for the cases of singk&i and

(2) When X is nitrogen or phosphorus or arsenic, tita@s H2BiN with pyramidal conformations. On the other hand, all
HN=XH isomer is more stable than its corresponding cis HNXH species with open-shell triplet states adopt a nonplanar
isomer. It is found, however, that thes-HN=XH isomer is geometry. Namely, the triplet HNXH molecules are twisted,
slightly more stable than theansHN=XH species, as X goes  whereas the triplet INX and HXN compounds are pyramidal.
from antimony to bismuth. The reason for these phenomena can be easily understood

Conventionally, the trans isomer is more stable than the with reference to their electronic structures. In the singlets, two
corresponding cis isomer due to reduced steric repulsion. In thekinds of interactions exist that determine the geometries of the
case of HN=SbH and HN=BiH, however, this situation may  singlet XN and HNX speciesi?b One is the delocalization
change. It is well established that the charge distribution is of the p—x lone pair of the central atom into the empty p valence
determined by the electronegativities. For most cases, the chargerbital of the terminal atom (i.e.,pt(X) — p—x(N)), as shown
distribution leads to X{")—H(6™), except in the case of N in 4.
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Y
/W 4
The other is a “back-bonding” effect, in which delocalization
of the p— lone pair of the terminal atom into the unoccupied

d orbital (of the appropriate symmetry) occurs on the central
atom (i.e., d(X)— p—a(N)), as shown irb.

'

5

If the above two affects are dominant, then both singlgt H
XN and HbNX molecules definitely prefer a planar structure,

because these effects lead to a maximum overlap betweenX

nitrogen and X atoms. In contrast, if the delocalizations are
weak, then the central atom will tend to adopt a nonplanar
geometry at the expense afbonds. In a phenomenological

sense, this can be considered to be a higher-row manifestation

of the “inert s-pair effect®?2! For example, when X is Sb or
Bi, the tendency to pyramidalize prevails over these weak
delocalizations, allowing the 43bN and HBIN isomers to be
nonplanar. All of these predictions have been confirmed by our
calculations as given in Figures-5.

On the other hand, as can be seen6jnbecuase of the

repulsion between the electron pair on the central atom and the

single electron on the terminal atom, tripletNK and HXN
species should favor the formation of pyramidal structures over

planar structures.
S 5 @% 6

(5) The N—X bond length in the singlet $XN molecule is
shorter than that in the corresponding singlelNM isomer. As
can be seen in Figures—5, for example, it is found that the
N—X bond lengths in singlet 5XN and HNX are as follows:
P (1.547 A< 1.669 A), As (1.667 A< 1.789 A), Sb (1.886 A
< 1.991 A), and Bi (1.990 A< 2.067 A). By contrast, it is
found that the N-X bond length in the triplet XN isomer is
longer than that in the corresponding triplefNX isomer. For
instance, the N-X bond length in triplet HXN and H:NX are
as follows: P (1.773 A 1.756 A), As (1.916 A> 1.881 A),
Sb (2.139 A> 2.080 A), and Bi (2.227 A> 2.164 A).

Lai et al.

gativity of N is larger than that of the other group 15 elements,
i.e., 3.07, 2.25, 2.22, 1.98, and 2.10 for N, P, As, Sb, and Bi,
respectively?? This tends to make it difficult for nitrogen to
donate a lone pair of electrons to X (i.e., when P, As, Sb, or
Bi), and the delocalization from X to N will be small. On the
other hand, because the 3d orbitals of N are too high in energy
to be involved in delocalization, the 3d(N) p—a(X) back-
bonding effect (i.e.4) is expected to be nearly nonexistent. It
is thus reasonable to describe the electronic structureNXH
as
H,N—X @

Again, in resonance language, the above electronic structure,
eq 2, can be regarded agN=X". This resonance form,
however, has little contribution to the-N\K bonding.
Thus, a comparison between the electronic structuresof H
N (eq 1) and HNX (eq 2) reveals that delocalization effects
are responsible for the shorterX bond length in the singlet
H>XN compared to the singlet #MIX.
In the case of the triplet #\X and HXN molecules, the
difference in N-X bond length can be attributed to electrostatic
interactions. For the triplet X species, the nitrogen atom
bears negative charge, whereas the X atom is positively charged.
For instance, the atomic charges on the central nitrogen and
the terminal atom X derived from a Mulliken population
analysig® are as follows: X= P (—0.47 e, 0.14 e), X= As
(—0.51¢,0.17 €), X Sb (-0.63 €, 0.26 €), and X Bi (—0.66
e, 0.30 e), respectively. On the other hand, for the triplet H
XN species, the magnitude of the partial charge on the nitrogen
atom is smaller than that on the heavier X atom as follows: X
=P (-0.22 e, 0.39 €), X= As (—0.21 e, 0.36 €), X= Sb
(—0.29 e, 0.65 €), and X Bi (—0.31 e, 0.75 e). An increased
magnitude charge causes the valence orbitals at N to expand,
whereas the positive charge contracts the valence orbitals of
X.24 As a result, the higher polarity in tripletNX leads to an
increase in ther overlap and the strength of the chemical bond
between N and X. Accordingly, the-NX bond length is shorter
in triplet HoNX than that in triplet HXN. Moreover, our model
calculations also show that the tripletX is more stable than
the corresponding triplet XN for the same reason.

(6) For X=N, P, and As, the stability of the singlet isomers
decreases in the ordeansHN=XH > cisHN=XH > H,NX
> H,XN. In contrast, for X= Sb and Bi, the stability is in the
order HNX > cisHN=XH =~ transHN=XH > H,XN. This
finding suggests that Sb and Bi are more reluctant to form
doubly bonded compounds than N, P, and As.

The reason for the difference in geometrical parameters can Again, the answer lies in the dramatic contraction of the Sb

be traced to the delocalization effects showr iand5. In the
case of singlet state AN, these two delocalization effects are

5s and Bi 6s orbitals due to relativistic effeét€2which reduces
their tendency to form hybrid orbitals. This, results in Sb and

important, and thus, its electronic structure can be depicted asBi preferring to maintain the (5¥bp)® and (6sj(6p)* valence

HX =N (1)

electron configurations, respectively. The use of these three
orthogonal 5p (or 6p) orbitals without significant hybridization
leads to the presence of two lone pairs at Sb (or Bi). It is

Indeed, because the central atom X has lone pairs that cantherefore apparent that the structures with the most lone pairs

participate in p-z conjugation as demonstrated4nwe might
consider the BXN species to be of the resonance form as shown
in 7.
HX—N <—HXx*=N" 7
On the contrary, in the case of singletNX, the delocal-
ization of the nitrogen pe lone pair toward the terminal atom

X (i.e., pwr (N) — p-z(X)) runs counter to the electronegativities
of the two atoms. Namely, it is well-known that the electrone-

are more stable. In short, the reason for the reluctance in forming
NSb (or NBi) multiple bonds is the significant contraction of
the Sb and Bi valance s orbitals.

(7) The HNX isomer is always more stable than the
corresponding BXN isomer for X = P, As, Sb, and Bi,
irrespective of the singlet or triplet states they adopt. In fact,
the theoretical investigations strongly suggest that both singlet
and triplet BXN (for X = P, As, Sb, and Bi) molecules are
thermodynamically and kinetically unstable, and thus should
not be observable.
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The reason for this trend can readily be understood in terms
of the N—H vs X—H bond energies. In theNX isomers, there
are two N-H bonds, whereas there are twe-K bonds in the
HoXN isomers. Experimental values of the=Xl bond energy
are in the order: N-H (93 kcal/mol)> P—H (78 kcal/mol)>
As—H (71 kcal/mol)> Sb—H (61 kcal/mol)?>26Therefore the
HoNX isomer should always be more stable than th&XM
isomer.

The other feature of interest concerns the pyramidalization
angle at the central atom X of the triplet,XN species. In
particular, this angle (the out-of-plane angle, defined as the angle
between the N-X bond and the KX plane) increases in the
order N (70) < P (84) < As (86°) < Sb (88) < Bi (89°).
Again, the pyramidalization angles in tripleb&bN and H-

BiN are close to 99 and provide evidence for the core-like
nature of the 5s and 6s electrons, that is, the so-called “inert
s-pair effect’?021discussed earlier.

(8) For X = N and P, the stability of the triplet isomers
decreases in the order HNXH H,NX > H,XN. In contrast,
for X =As, Sb, and Bi, the stability is in the ordernNX >
HNXH > H>XN. Moreover, ab initio calculations indicate that
the ground state of the HNNH and HNPH species is the closed-
shell singletransHN=XH, whereas for the HNXH species, it
is the open-shell triplet NX, as X goes from arsenic to
bismuth.

Figure 7 clearly illustrates that, when going down group 15,
the triplet pyramidal HNX structure appears to be more and
more favored, whereas the singleansHN=XH structure
becomes less favored. In other words, tripleNK{ (X = As,

Sh, and Bi) is the globally most stable structure and lies 4.8,
13, and 15 kcal/mol, respectively, below the most stable singlet
HNXH (X = As, Sb, and Bi) species. However, for triplet state
H2NN and BNP, the twisted structure was found to be the local
minimum isomer lying 32 and 7.0 kcal/mol in energy above
singlettransHN=NH andtransHN=PH, respectively.
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out of reach of experimentalists. Indeed, both trans-bent and
cis-bent structures for singlet H&XXH (X = As, Sb, and Bi)

are also found to be minima on the singlet potential energy
surfaces and possess relatively large activation barriers with
respect to unimolecular isomerization, so that they should be
suitable candidates for spectroscopic observation.

We hope that the present theoretical results will convince
experimental chemists that a molecule containing=aSN or
N=Bi bond is not an unrealistic proposition. Successful schemes
for the synthesis and isolation of such doubly bonded species
are therefore expected to be devised soon.
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