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Abstract Within the bonded tableau unitary group approach (BTUGA), a scheme, combined with
Pauling’ s resonance theory to select the predominant valence bond structures for VB calculations,
is proposed. This scheme ensures a reliable and illustrative bonding picture in the description of

chemical reactions, as exemplified by the isomerization reaction HNCX HCN. The computation
results account for important bonding features about this isomerization at the ab initio level and
explore the mechanism of phenomena such as (i) HCN is more stable than HNC; (ii) the C-N bond
first lengthens and then shortens in the vicinity of the transition state; (jii) only H-atom migration is
observed in the isomerization process, without the breaking of the CN bond. Our results demon-
strate that only a few bonded tableau functions are sufficient enough to provide a visual and reli-
able bonding picture.
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The investigation on chemical reaction mechanism is one of the major activities and goals of
the theoretical and computational chemistry. There have been considerable advances in recent
years in developing high level methods to obtain accurate potential energy surface of small sys-
tems, which provides not only detailed information on the reaction path (energetic, geometric, and
electronic properties) but also good starting points for the prediction of thermodynamic as well as
kinetic properties. Nevertheless, molecular orbital (MO) theory has no insightful relations to va-
lence-bond structures with which chemists have been familiar, and the compactness of wave func-
tionsis lost when alarge scale configuration interaction (Cl) is carried out in order to get an accu-
rate energy profile. By contraries, the modern valence bond (VB) theory can provide a very
physical and highly intuitive picture of bond breaking and bond making that occur in chemical
reactions.

The co-existence of the two isomers has made HNC« HCN a paradigm of H-atom migra-
tion, which is ubiquitous in chemical and biological processes. Moreover, thisisomerization is the
simplest case of the unimolecular reactions RNC« RCN. Therefore, ever since the discovery of
the stable, high energy isomer HNC in 1963, the isomerization HNC « HCN has received exten-
sive attention theoretically and experimentally™™®. However, it must be pointed out that the theo-
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retical studies on this isomerization so far are restricted in the exploration of potential energy sur-
faces and minimum energy reaction paths, the automatic search of the transition structure, the
evaluation of vibration energies, tunnd effect and correlation effect etc. Little attention is paid to a

simple yet quantitative bonding picture for this isomerization. In this paper, therefore, based on
the bonded tableau unitary group approach (BTUGA)! ™ and Pauling’ s resonance theory™, w
offer a proposal for the classification of VB structures, and apply it to the study of the bonding

features of the isomerization HNC« HCN .
1 Methodology

1.1 Bonded tableau unitary group approach (BTUGA)®"

As asimple spin-free VB method, BTUGA involves adopting bonded tableaus (BTs) as state
functions of a system, where these state functions can describe resonance structures correspond-
ingly. Thus, BTUGA is much closer to classical concepts and ideas than other many-body theories
based on the molecular orbital theory. For an N-electron system, aBT is defined as

FU (k) = Al W(K) = Al [u U, (2)--u, ()], 1
where A, is a normalization constant, e{'l] is a standard projection operator for the irreducible
representation [I ]=[2"/? 5,1%°] of permutation group corresponding to the desired spin multi-
plicity 25+ 1 and u; is a one-electron basis function. Eq. (1) describes a VB structure where two
one-electron basis u,;_, and uy overlap to form abond (i< N/2- Sand the “bond” is a lone elec-
tron pair if u,., =U, ) and the last 2S one-electron functions are unpaired. Thus the wave func-
tion of the system can be expressed as a superimposition of al possible BTs, namely

Y :g CiiFi (k). )
k=1
The structura weight of aBTF; (k) inthe Y, can be defined as
Ti(k) = a CikCirSa s (€©)

=1
where S, is the overlap between the two BTsF; (k) and F,(l).
The condition of normaization requires
M
aTi(k) =1 (4)
i=1
In the above equation, M is the number of linearly independent bonded tableaux,

"o (25 +Dl(m+ 1]

©)
(m+1)8—— s‘_’lg - 7+S+10'§n— S sﬂ87+s+1°|

where misthe number of one-electron orbitals.
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The VB charge population P(u;) on the one-electron orbital u; is defined as
P(w) = kngi (K)m (k), (6)
where m; (K) =0, 1, or 2, depending on whether the one-electron orbita u; inthe F (k) isfilled with
zero, one, or two electrons, respectively.
For the convenience of comparisons, we have defined a reduced potential energy function
similar to that introduced by Bartlett et al.™, namely
U@) =1+[E@) - Ers]/ Dy, (7
where q isthe angle between Ry and Rey, defined as the reaction coordinate; E(q ) is the energy
at g point of minimum energy path, Ers is the energy of transition state, and D, = Er5- Ecp»
i.e. the difference between the energy of transition state and the energy of HCN.

1.2 Computational details

Throughout this paper, Xiamen Package™ was used for all VB calculations. 6-31G set was
used, with the 1s orbitals of carbon and nitrogen being frozen to reduce the computational cost.
Minimum energy path (MEP) was optimized at MP2/6-31G level and is listed in table 1, where
Riyc and Ryc represent the H-C and C-N bond lengths, respectively. q is the angle between the
two bonds H-C and C-N and defined as the reaction coordinate.

Tablel Molecular geometries aong the minimum energy path

Geometries q/ () Ruc/nm Ren/nm Geometries q/(°) Ruc/nm Ren/nm
A(HNC) 0 (HNC) 0.22059 0.12033 | 80 0.11683 0.12131
B 13 0.21481 0.12078 J 85 0.11502 0.12103

C 30 0.19194  0.12189 K 95 0.11229 0.12071

D 60 0.13050  0.12305 L 105 0.11050 0.12067

E 65 0.12559 0.12259 M 120 0.10884 0.12078
F(CHN) 67.929 (T.S) 0.12335  0.12231 N 150 0.10733 0.12035
G 70 0.12195 0.12212 (0] 167 0.10707 0.11998

H 75 0.11913 0.12168 P (HCN) 180 (HCN) 0.10702 0.11984

1.3 Congtruction of valence bond wave functions

Consideration is restricted to the case of S= 0, and the numbers of one-electron function and
valence electrons are nine and ten, respectively. Consequently, the total number of independent
canonical VB structures is 5292 according to eg. (5). Atomic hybrid orbitals (AHOs) are taken as
one-electron orbitals to ensure an unambiguous definition of a covalent or an ionic bond, and
AHOs expansion coefficients are simultaneously optimized with VB structural coefficients. In the
following discussion, for simplicity, nine atomic hybrids are denoted with their dominant compo-
nents as H(1s), C(s-py), C(py). C(py), C(s+p). N (s-p,), N (p), N(py), N(s+p,), and are denoted by
Arabic numerals 1—9, respectively. The resultant zero spin means that singly occupied orbitals
emerge in couples so that the electrons on these orbitals can couple with each other. At present,
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the possible numbers of singly occupied orbitals are O, 2, 4, 6, and 8. For each of the cases, the
numbers of independent VB structures are 126, 1260, 2520, 1260 and 126, respectively. As dif-
ferent VB structures make different contributions to various molecular states, it is valuable to find
a minimum set of VB structures that can accurately describe a specific state. Subsequently, there
are two questions. The first is that VB structures are necessary to be incorporated in the descrip-
tion of bonding behavior and the second question is how to choose them from thousands of reso-
nance structures. Generally, the key to obtaining a clear and reliable bonding picture lies in selec-
tion of the predominant VB structures. To this end, we propose a scheme to make rational selec-
tion of VB-structures based on the Pauling' s resonance theory 2. The procedure is as follows:

(i) Excluding VB functions containing 0 or 2 singly occupied orbitals. Because the Pauling’ s
electronegativities of H, C and N are 2.1, 2.5 and 3.0 respectively, it is more likely that there exist
at least two covalent bonds in the HNC/HCN molecule. In other words, the resonance structures
containing more than one covalent bond will make much more contribution to the rea VB struc-
ture than those structures which contain no covalent bond or only one covaent bond.

(if) Merely considering the VB functions that correspond to the classical covalent bonds.
Those satisfying the above requirement are only five pairs whose singly occupied orbitals overlap
to form bond. These five pairsinclude s bonds 1-2, 1-9, and 5-6, and P bonds 3-7 and 4-8.

(iii) According to other research work ™! and the contour lines of the 1BTSCF/OEOS calcu-
lation (that is, one BT function self-constituent field with overlap-enhanced orbitals as
one-electron orbitals), there exists at least one p-bond between C and N atoms. Therefore, we
conjecture that the predominant VB structures should be those containing at least one C-N p -bond.
As aconsequence, the favorable set of covalent bondsis obtained.

(iv) To ensure the accuracy, we repeat test calculations at three critical geometries (HNC,
HCN, TS) and iteratively adjust the selection until three energy values are accurate enough.
Eventually, we pick out 31 BT functions, as shown in fig. 1, to carry out VB calculations for the
whole energy profile.
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2 Reaultsand discussion

2.1 Energies
At the level of 31BTSCF/AHOs, the energies of HNC and HCN are - 92.884724 and
- 92.918340 a.u., respectively, which are significantly lower than that at the HF level (- 92.811472
and - 92.821110 a.u.), indicating that the selected 31BTs can recover considerable amount of elec-
tron correlation and provide a proper description of the isomerization of HNC/HCN. Our isomeri-
zation energy is 88.1562 kJmol, comparable

. Lo - with the value 95.8474 kI¥mol at the MP2
g s | level but higher than the experimental data
é 06 | of (61.864 + 0.836) k¥mol*®. Fig. 2 shows
:“01 04 L the reduced energy curves computed at
E Ll 31BTSCF, MP2 and HF levels. The reduced
Z 00 L energy curve of 31BTSCF amost coincides

0 30 60 90 120 150 130 with that of MP2 except for the bending

Angle between Ry, and Rey /(%) configurations where q = 60°—100°, while
Fig. 2. Reduced potential energies versus the reaction coordi-  there is an obvious discrepancy between the
nate 6, from the 31BTSCF, MP2 and HF calculations. curves at the MP2 and HF levels in the entire
reaction process. Thus, athough potentially larger basis sets and more VB structures can further
improve computational results, we believe that the selected 31BTs can provide a satisfactory VB

description as our focus is on the bonding picture instead of on the accuracy of energy.

2.2 VB sructural weights

The weights of various VB structures for different nuclear configurations are calculated. At
the equilibrium geometry of HNC, it is found that only five structures (i.e. 11, 12, 15, 16, and 19)
have the weights larger than 0.1, while the weights of structures 3 and 4 are about 0.03—0.04.
This indicates that the nature of the C-N bond is more likely to be double instead of being triple as
suggested traditionally. As the reaction proceeds forward, the contributions from structures 11, 12
and 19 reduce gradually, whereas structures 18 and 28 get more and more important. For the D
nuclear configuration, the weights of structures 15 and 16 become zero abruptly, while the contri-
bution from structure 1 obviously increases. After the D configuration, the structures 1—3, 5—10,
21, 26 and 27 start to dominate the description of the isomerization gradually. At the equilibrium
geometry of HCN, structure 1 H- C° N: plays the most important role with a weight of 0.19,
larger than that of structure 4 in the nuclear configuration A, implying that s -interaction between
C and N atoms may be stronger in the HCN molecule than that in the HNC molecule. This
observation explains the origin why HCN is more stable than HNC and why the C-N bond length
in HCN is shorter than that in HNC.



No. 4 VB STUDIES ON BONDING FEATURES OF HNC « HCN 367

2.3 Further VB anaysis

231 H-C and H-N bonds. According to the characteristic of the H-C and H-N bonds, the
31BTs are classified into six groups, denoted as H-C, H' C", H'C', H-N, H'N*, and H'N". The
calculations show that the contribution of H'C  to the ground state of the molecular system is d-
ways larger than that of H"C", and that the weight of H'N™ is also larger than that of H N in the
entire isomerization process. These results not only agree very well with Pauling’ s electronegativ-
ity rule, but also show that the selected 31BTs can provide an appropriate bonding picture. Fur-
thermore, the structural weight of the H-N covalent bond is 0.638 for the HNC molecule, while
the weight of H-C covalent bond is 0.705 for the HCN molecule. For further comparisons, we de-
fine the weight difference between H'A™ and H'A" (H'A" -H A") as the contribution of ionic
bond. Hence, the ionic character of the H-C bond is 0.064, and that of the H-N bond is 0.290. By
normalizing the structural weights, we have the covaent character of 0.917 for the H-C bond in
HCN, and the corresponding value for the H-N bond in HNC is 0.688. This indicates that the H-C
bond of the HCN molecule has much more covalent character than the H-N bond of the HNC
molecule. In other words, the H-C bond of HCN will be more stable than the H-N bond of HNC.
This provides another explanation for the fact that the HCN molecule is more stable than the HNC
molecule.

Fig. 3 shows also the variation of the structural weights of the H-C and H-N bonds vs. the
reaction coordinate g. It is seen that the weight

of the H-C bond increases almost monotonically, g l H-C bond o
showing that the H-C bond becomes strong as § et

the reaction proceeds. On the contrary, the in- g oor

teraction between the H and N atoms tends to “ES all H-N bond
become weak inthe HNC® HCN process. In §° 0T —
addition, an abrupt variation occurs in the range o . . s M

0 30 60 90 120 150 180

from q = 300 tO q = 75o . ThIS |nd| CateS that the Angle between RHcand RN(‘/(O)

H-C bond is formed while the H-N bond is bro- Fig. 3. Variations of structure weights of H-C and H-N bonds

keninthevici nlty of the transition state. versus the reaction coordinate &, i.e. the angle between Ryc and
Ren.
2.3.2 C-N bond. To investigate the be-

havior of the C-N bond, the selected 31V B structures are regrouped into six types according to the
feature of the C-N bond, which are denotedas C° N,C"'= Nor C = 'N, H-C =N, C = N-H,

C2Nand CPN.The weights of each type of VB structures along MEP are givenintable 2. It is
found that the structural weight of C© N increases amost monotonoudly in the process of the
isomerization reactionHNC ® HCN . At the HNC equilibrium geometry, the weight of the VB
structures containing C° N is only 0.07, while the corresponding value at HCN equilibrium ge-
ometry is 0.31, showing that the structure weigh of C° N in the molecule HCN is 0.22, larger
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than that in HNC. Since the triplet bond consists of double p-bond and single s-bond, the higher
weight of C° N means a stronger s-interaction. In other words, the s-bonding between C and
N in the HCN molecule is stronger than that in HNC. Furthermore, if the contribution of the ionic
bond is taken into account, that is, the VB structural weight of the first type is combined with that
of the second type, then the structural weight of the triplet C-N bond in HCN becomes 0.471,
which is by 0.389 larger than that in HNC. Therefore, we can conclude that the larger structural
weight of the triplet G-N bond and stronger s-interac- tion of HCN account for the fact that the
C-N bond length of HCN is shorter than that of HNC and that HCN is more stable than HNC.

The results for the third, forth and fifth types of the C-N bond have further confirmed the
above conclusions. In addition, the calculated results for the sixth type C-N bond provide new
information about the behavior of the C-N bond. The results show that the weight of C2N is
0.192 for HNC, and the corresponding value is 0.130 for HCN. In the isomerization process, the
value of the structural weight first increases until the configuration G and then shows a tendency
to reduce from configuration H to HCN configuration. This behavior is similar to that of the C-N
bond length variation in the reaction, as the C-N bond-length first becomes long and then tends to
become short in the vicinity of the transition state. This indicates that there is a correlation be-
tween the interaction of the p-electrons and the C-N bond length. When the weight of the
p-bond is large, the bond is weak, and subsequently the bond length is long. By contraries, when
the interactions of the s-electrons become important, the C-N bond gets strong and the C-N bond

length shortens.
Table2 Weightsof various C-N bonds

Config./Struct. CoN g zm H-C=N C=N-H cEn cPn
A(HNC) 0.070 0.012 -0.002 0523 0.205 0.192
B 0.073 0.012 -0.002 0.523 0.199 0.194

c 0.080 0.011 0.000 0.524 0.190 0.194

D 0.251 0.014 0.262 0.127 0.120 0.226

E 0.257 0.027 0.266 0.129 0.097 0.224
F(CHN) 0.250 0.033 0.269 0.133 0.092 0.223
G 0.258 0.039 0.282 0.127 0.063 0.230

H 0.269 0.045 0.289 0.116 0.064 0.217

[ 0.271 0.050 0.301 0.115 0.054 0.210

J 0.271 0.052 0.299 0.119 0.060 0.200

K 0.274 0.057 0311 0.114 0.057 0.187

L 0.274 0.072 0.301 0.112 0.061 0.181

M 0.280 0.080 0.316 0.095 0.047 0.182

N 0.300 0.161 0.245 0.087 0.064 0.142

0 0.308 0171 0.237 0.089 0.067 0.128
P(HCN) 0.305 0.166 0.246 0.086 0.067 0.130

2.3.3 Charge digtribution. To check the atomic population distribution in the reaction, the
variation of population on H, C and N versus the reaction coordinate q is plotted in fig. 4. It is
seen from fig. 4 that the electron population on hydrogen increases rapidly in the range of q =
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0°—80° and afterwards increases slowly. For carbon, the variation of atomic population is divided
into four periods: the population increases slowly during q =0°—30°, and then raises rapidly in
the range of g =30°—67°. In the range of q =67°—120°, the value oscillates at 4.00, indicat-
ing that carbon is neutral after adding the 2 core electrons up. After that, there is an obvious in-
crease of the charges on carbon. In contrast with hydrogen and carbon, the value of nitrogen de-
creases monotonously in the entire process, showing that the electrons are transferred from N to H
and from N to C. For nitrogen, the value reduces steeply when q =30°—67°, but the variation
isslow in therange of q =67°—180°. Thisindicates that the charge transfer is fast before reach-
ing at the transition state, and the charge transfer mainly occursin therange of q =30°—67°,i.e.
the vicinity of the transition state. After reaching the transition state, the charge transfer becomes
dow. At the eguilibrium geometry of HCN, the charge distributions are H(+0.167¢€), C(- 0.041¢)
and N(- 0.126€) respectively, which isin agreement with Pauling’ s electronegativity rule.

0.84 }(a) ®) ©
404 |
0.80 | 34
2 400
%) 0.76 + 53
& 3.96
Cont s
392 “ 1
0.68 +
i 1 1 1 388 i 1 1 1 5.1 L 1 I L
0 60 120 180 0 60 120 180 0 60 120 180
Angle between Rycand Rey /(%) Angle between Rycand Rq /(%) Angle between Rycand Rey /()

Fig. 4. Variation of charges on (a) hydrogen, (b) carbon, and (c) nitrogen versus the reaction coordinate &, i.e. the angle

between Ryc and Ren.

3 Conclusions

In this paper a simple scheme, combined with Pauling’ s resonance theory, to choose and con-
struct the VB wave function has been proposed. By following the procedure to make a rational
selection of predominant VB structures, only a few bonded tableau functions are capable of re-
covering considerable amount of correlation energy. The bonding features of the bonds H-C, H-N,
and C-N along MEP are elaborately discussed. The calculation results can provide a plausible ex-
planation for the facts that the HCN is more stable than the HNC and the C-N bond first lengthens
and then shortensin the vicinity of the transition state.
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