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Theoretical Study of the
Electronic Structure of Diazomethane

I. The Dissociation Process CH,N, -CH, + N, in Point Group
C,, Symmetry
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Laboratoire de Chimie Physique Mol éculairé, Université Libre de Bruxelles, Faculté
des Sciences, Avenue F.D. Roosevelt, 50, B-1050 Brussels, Belgium

Ab initio calculations of the dissociation process CH,N, > CH, + N, are presented.
Calculations were made on the ground *4; state as well as on the first few excited
states (°B, 1By, 14¥) necessary to the description of the dissociation mechanism

in point group C,,, symmetry. The variation of energy was determined as a function
of the parameters Reyy, Ry and Oyep at several Ropy values. Most results were
obtained by using a basis set of Gaussian lobe functions contracted to “double-zeta”
accuracy. A few calculations were made with the addition of polarization functions

on all centers. The equilibrium geometry of the ground state, determined from coupled
quadratic equations in the molecular parameters, is in satisfactory agreement with ex-
perimental values. The dissociation paths on the potential energy surfaces were deter-
mined. The locus of intersection points of the two 14 states is described; the avoided
crossing of the two potential surfaces was determined from CI calculations based on an
“intermediate” Hamiltonian. The geometric and electronic rearrangements due to dis-
sociation as well as the bonding characteristics of the orbitals are discussed.

The dissociation energy of the molecule (DJ(CH,N,)) is calculated to be 0.91 eV.
Finally, the term energy of the 14 state of CH, is predicted to be 0.49 eV.
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1. Introduction

Diazomethane and related isomers are important species in organic chemistry as they

are prime producers of the methylene radical. For this reason, diazomethane finds wide
use in organic reactions [1]. Although the chemical properties of the compound are
rather well known experimentally, little is known concerning the dissociation mechanism
of the molecule to yield methylene and nitrogen.

Theoretically, the molecule has been studied only in its ground state. Snyder and Basch

[2] report total energies for diazomethane and diazirine at their equilibrium geometries.
Hart [3], using moderately sized basis sets has calculated a series of isomers of the molecule.
Leroy and Sana [4] with small and medium-sized basis sets have derived an equilibrium
geometry and, by use of localized orbitals, have studied the electronic structure around

this geometry. These authors have also derived the enthalpy of formation of the molecule.
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GROUP G, SYMMETRY

(3 ) e e -

Fig. 1. Geometry and Cartesian coordinates
of CHzNg

We propose to study the dissociation mechanism of diazomethane to form CH, and Ny
products. In this work the dissociation mechanism will be determined in the limiting case
of point group €, symmetry; in subsequent work [5], the symmetry requirements of this
group will be relaxed, and the dissociation process will be investigated in point group Cg
symmetry more in conformity to expectations according to the Woodward-Hoffmann
rules [6].

2. Methods of Calculation

2.1. Geometry

Although CH,N, has a wide variety of isomers, some stable and others presumably

unstable [3], this work is devoted to the isomer diazomethane only. Fig. 1 shows the
molecule schematically as well as the system of axes adopted in all calculations. Four
structural parameters were varied extensively (Reu, =Rcn, =Rcu, Reows Ry and
Byicyy) in order to determine the equilibrium geometry of the molecule as well as the
C,, dissociation path. Tables 3 and 4 give a partial list of the geometries considered®.

2.2, Electronic Configurations and States

According to previous calculations [7], the first few electronic configurations and
states of CH, are, in order of increasing energy:

3By (1a,)%(2a,) (10,2 (32, ) (101)
14y 1 (1ay)*(Q2ay)*(164)* (32, )?
1B, : same as °B,
14% (12,2 (2a, ) (1o (164
L5 (10g)2(20,)* (Loy)* (A1)’
the 147 state being supposedly linear {7] (in agreement with the present findings).
1 Pue to lack of space, some calculated points were omitted from this list: these include the 13 points

necessary to the calculation of the equilibrium properties of the ground state, as well as some other calcu-
lated points on CH; and Np.
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The first four levels of the dissociation products involve the four CH, states above and
the ground 12; state of N, 2 corresponding to configuration:

12; : (lag)2(1ou)z(zog)2(20u)2(177u)4(30g)2
In point group C,,, this state and configuration become:

1/11 : (1‘11)2(2‘11)2(341)2(4511)2(1172)2(1171)2(5”1)2 >

and if one couples the configurations and states of CH, and N,, one obtains in order of
increasing energy, the configurations and states (for Rey large):

By (1~ 6)(21)?(16,)*(1b1)?(7a1)*(2b5)*(8a,)(2b1) (4)
"4y (1—6)(@y)*(16,)°(161)(7a,)*(2b,)* (82, ) (B)
1By : same as ®B;

'y (1= 6)(@)*(16,)*(16,)*(7a1)*(2b2)*(261)°  (C)

Previous studies [4] have shown that the ground state of CH,N, (R¢y equilibrium
is the 14, state corresponding to configuration (C). Therefore one expects that, in Cy,
symmetry, this state will intersect the three others.

Of particular interest is the intersection of the two ' A states and the study of their
avoided crossing. If, as it is the case in the present study, the symmetry requirements are
not relaxed, the lower adiabatic 14 state will change configuration as Ry increases
going from . .. (2b;)? to ... (8a,)?, thereby probably giving rise to a barrier in the corre-
sponding potential energy surface.

In the following, configurations (A), (B) and (C) will be investigated. For the sake of
clarity, the 4, state of configuration (B) will be written ' 4%,

2.3. Programs and Calculations

The set of programs used in this work was developed by Whitten and his collaborators.

It includes a program which calculates the necessary multicentric integrals over a Gaussian
lobe basis set, a program which classifies these integrals according to their symmetry proper-
ties, an SCF program, a program which calculates the transformed molecular integrals, and
finally a CI program.

The only modification which was made to this set of programs for the present work is

the introduction of a decelerating factor in the open-shell part of the SCF program. The
effect of this type of factor is to reduce the variation in the one-electron density matrix
between two successive iterations. This has for result of accelerating greatly the convergence
of the calculations whenever oscillations occur. In the particular cases studied here, import-
ant oscillations were found between the 1s orbitals of the two N atoms which are quasi-
degenerate.

Separate SCF calculations were carried out for the 3B;, 14, and 'A¥ states; the
energies of the ! B, state were obtained from the SCF results of the iso-configurational
3B, state®. The non-crossing of the two 14 1 states was determined from 2 x 2 CI calcu-
lations as described below (Sect. 3).

2 The first excited state of Ny lies more than 6 eV above the ground state 8].

3 E(B) =ESCE(GBy) + 2Kg, o, - A test on the analogous 'B; state of CH, shows that this
approximation is valid within 0.002 a.u.
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Table 1. Previous ab initio results (a.u.) and basis sets

Ref.No.  Basis Set® ESGR(CHoN,, T4 Ref.
I STO-3G (Ref. [9]) — 145.9206 4

1 7s 3p (Ref. [10]) ~147.1857¢ 4
1 LW (533; 3) (Ref. [11]) — 147.2868 3
v 4-31 G (Ref. [12]) — 147.6055¢ 4

v (42/2) (Refs. [2, 13, 14]) — 147.7702¢ 2
VI Whitten 83, 20 (contracted) (Refs. [13,15])f  —147.51614 LV.e
VI Whitten 83, 34 (Refs. {13, 15])F ~ 147.7704 LV.
VI Whitten 83, 49 (Refs. [13,15])f —147.77724 LV.
X Whitten 85, 34 (Refs. [13, 16])f — 14777148 L.V.
X Whitten 96, 47 (Refs. [13,15, 17])f ~147.8207¢ LV.

2 References in this column apply to the basis set only.

b Unless otherwise indicated, the energies refer to equilibrium geometries as derived from that basis set.
¢ Experimental equilibrium geometry.

d Equilibrium geometry obtained from calculations using basis set No. VIL

€ This work.

f First number refers to number of primitives, second to number basis orbitals.

All the calculations were carried out on the CDC 6500 computer of the Université
Libre de Bruxelles.

2.4. Basis Sets

In Table 1 are listed a series of results on the ground state of the molecule using different
basis sets. The first five entries proceed from previous work, the five last from this work.

Among the literature values, the result of Snyder and Basch {2] only is of comparable
accuracy to most of the present results. The other values have been obtained with basis
sets inferior to double-zeta quality.

In Table 2 we give a more detailed description of basis sets VI-X. Basis VI, which is
totally contracted, has been used only to evaluate the correlation energy of the molecule
and of its dissociation products as described in Sect. 2.6.

Basis VII, which is of double-zeta accuracy [18], was used extensively to describe the
whole of the potential surfaces. Basis set VIII which is a less contracted combination of
the same Gaussian primitives was not used, because the energy increment introduced by
the additional relaxation thus introduced (~ 0.007 a.u.) is not sufficient to justify the large
increase in computation time (#(VIII) =~ 3:(VID).

Basis set IX is the same as basis set VII, except that the 15y basis orbital has 5 instead
of 4 lobes, and that a+/2 scale factor has been introduced for molecular applications.
Here again it was judged that the energy difference between sets VII and IX (0.001 a.u.)
compared with the respective computer times (#(IX) = 1.1 #(VII)) did not warrant its
extensive use.

The difference between sets X and VII is the addition of polarization functions on all
centers: one 3d,,, and two 3d,,,* functions were centered on the carbon and on each of

4 In point group Cy;, one has: 3dy? 2, 3d;2 €43 3dxy ©as;3dy; €hyiand 3dy; €by. Since
3dy?_y* and 3d,2 have maximum probability on the Cartesian axes, they introduce only smalil polar-
ization effects distinct from that of the 2py, 2p, and 2p; orbitals already present in the basis set. 3dy,
is discarded because the configurations considered do not contain MO’s of g, symmetry.
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Table 2. Description of basis sets

Basis Sets?

Center Type No. Lobes VI v VIl X X
C,N Contb 3 1 1 1 1 1
1sP 4 1 1 2 1 1
2sP 3 1 2 3 2 2
2p:bc,y,z 5 1 2 3 2 2
3d,,° 1 - - - - 1
3dxz® 2 - - - - 2
H 159 4 1 2 2 -2
1s® 5 e
2py, 2 ¢ 1 - - - - 1

2 Numbers in these columns refer to the number of basis orbitals in
which the original atomic orbital has been split. When an atomic
orbital containing # primitives is split in two basis orbitals, the
Gaussian lobe with the lowest exponent becomes one of the basis
orbitals, and the » — 1 remaining primitives, the other.

b Ref. [13]. © Ref. [17]. 9 Ref.[15]. © Ref.[16].

the nitrogen atoms, and one 2p,, and 2p, functions were added to the hydrogen set. The
exponents and lobe separations of the 3d functions on carbon and of the 2p functions
are taken from the work of Whitten on CH, O [17] ; by analogy the 3d functions on
nitrogen were chosen with the following parameters:

a) exponent: 0.1758 lobe separation: 0.4131
b) exponent: 0.617 lobe separation: 0.2205

With these additions, the resuiting basis set is composed of 96 Gaussian primitives,
contracted to 47 basis orbitals. Although the resulting energy is significantly improved
with respect to the basis set VII result (0.05 a.u.), the computer time needed for the
calculation of one point was too great (#(X) = 4.5 #(VID)) to be able to use this basis set
for all calculations. For this reason, SCF results using basis set X were carried out only
on two geometries of the ground state and on the dissociation products.

2.5. Determination of the Equilibrium Geometry and Force Constants

Since CH, N, has a total of nine structural parameters (two Rcy, Rens RNN» OncH
ON,-c-n, in plane and out of plane, fn_N_cy, in plane and out of plane) of which only
four were varied in this work, the equilibrium geometry determined here is based on the
assumption that the most stable conformation of the molecule is of Cy,, symmetry
(Rcu, =Rcn, > 2nd O, c-n, = On-N-cu, = 180° in both planes). Another consequence
in the presently imposed limitations of geometries is that the force constants calculated
here pertain to vibration frequencies of 4, symmetry only.

To determine the equilibrium geometry, calculated points were fitted to a quadratic
expression in each of the four parameters and also containing linear coupling terms
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between some of them. The expression is:
E=a;R¥y +ayRen +asbficn * a0ucn
+asREN + agRen +a7RN * asRNN + @sRcnbfuch
+a0RcuReN *@110ncuRen T @RenRNN Has (1)

The first partial derivatives of the energy relative to the four parameters gives the equi-
librium geometry and the minimum of energy (Eyn)-

Eq. (1) expressed in terms of the symmetry coordinates:

1
%(ARCHI + ARcn,) =81, ABycu =52, ARcN =853, ARNN =84

becomes:
AE =keuST + 3koS3 + 3kenS3 + 2hnnSi
++/2kcp-68152 + V2kcu-onS1S3 + ko-cnS2S3 T kenoNnS3S4-
where AE =F — Eyn- (2)
Comparison between Eqgs. (1) and (2) yields the desired force constants.

If these equations are suitable for representing geometries near the minimum of the
potential surface, i.e. for rather small variations of all the parameters, they are inadequate
to describe the surfaces along the whole of their dissociation path because of their incorrect
asymptotic behaviour in Rey.

A better description is given by an expression of the type:

n
EQ,RcN) = izzl (B * brsiQ + boneiQREN] + banss +bansaQ + b3n3Q®  (3)

where Q represents Roy, Ryn 0r Ogcn- This equation has a correct asymptotic behaviour
in Ren and maintains a quadratic dependence in Q which itself depends on the value of
Ren . The coefficients b3, 41, ban+2, Pan+s are determined for Rey = oe.

Three-dimensional representations of the potential surfaces were obtained from expres-
sion (3) with the help of a digital XY plotter (Benson 441) connected to the computer [19].

2.6. Correlation Energies

In view of determining the dissociation energy of CH,N, into CH, and N, products,
the correlation energy of these systems was determined by a semi-empirical method
described previously [20].

The underlying idea of this method is to estimate the molecular correlation energy from
the atomic (and/or ionic) constituents of the molecule. The charge and electronic states

of the constituents are derived from atomic population analyses. The molecular correlation
energy is then the sum of the correlation energies of the constituents weighed by their
population analysis coefficients [20].

In this work, we have carried out calculations using completely contracted basis sets
(basis set VI, see Tables 1 and 2) for this purpose, in order to ensure a one-to-one corre-
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Table 4. Geometries, basis sets and SCF energies of some calculated points of
CH, and N, (a.u.) (Basis set VII)

R 6
Molecule  State (a.u.) (deg.) Egcy N
CH, 144 2.0385 121.7 —38.8524  —0.0125
2.0385 150.0 —-38.8269  —0.0196
2.1 106.0 ~38.8585
CH, 4% 2.0385 121.7 —38.7525
2.0385 150.0 —38.7959 0.0196
2.0385 170.0 ~38.8094
CH, 3B, 2.0385 121.7 —38.9035
2.0385 150.0 —38.9007
2.039 132.0 —38.9052
CH, ig,a 2.033 145.9 ~38.8399
2.0385 121.7 —38.8285
2.0385 150.0 —38.8382
N, 'zz 1.948 - ~108.8530
2.048 - —~108.8699
2.148 - —~108.8667

2 See footnote to Table 3.

spondence between the molecular basis orbitals and the atomic orbitals of the constituents.
Mulliken’s method [21] was used for the atomic population analyses, and the atomic
correlation energies were taken from the work of Verhaegen and Moser [22], and
Desclaux ef al. [23].

3. Results and Discussion
3. 1. Equilibrium Geometry and Force Constants

The present results are compared to previous work [4] and to experimental values [24,
25] in Table 5.

The calculated values of the equilibrium angle and interatomic distances agree satis-
factorily with experiment (A0 ~ 3° and AR ~ 0.005 &), considering the relatively simple
model used here. The particular cases of Ry and Ry deserve closer attention: whereas
the sum of the two experimental values agrees well with the corresponding calculated

value (2.439 A, and 2.436 A respectively), the individual values show a larger discrepancy
(~ 0.01 A). In this specific case, it may well be that the experimental values (obtained from
microwave spectroscopy) should be slightly revised, since it is their sum only which seems
to be accurately determined [25].

The force constants calculated here also agree relatively well with experiment [24],
even in the case of small non-diagonal terms. The fact that the calculated values are
systematically high is reasonable and in accord with usual findings using SCF results.

It is also interesting to compare the present results with the calculated values of Leroy
and Sana [4] derived from a much smaller basis set (STO-3G, basis I, Table 1). On the
whole, their results are of the same general quality as the present ones except for Ryn
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Table 5. Equilibrium geometry and force constants of CHyN, (14 4)

Calculated Calculated
Property Experiment? (Ref. [41) (this work)
Oycyu (deg.) 126 121.7 123
Rcp (&) 1.075 1.078 1.080
Ren(A) 1.300° 1.282 1.289
RyN(A) 1.139° 1.189 1.148
ReN + RNN(A) 2.439b 2471 2436
kg (erg/rad?) 0.631 -1071 3.6-1071 0.801 - 1071
ko_cy (dyn/rad) — - 0.036 - 103
ko_cn (dyn/rad) ~0.467-1073 - —-0.583-1073
kcy (dyn/cm) 5411 -105 - 6497 -10°
kop-con (dyn/cm) -~ 0413 -10°
kcn (dyn/em) 8.34 - 10° 12.53 105 1091 - 105
koN-NN (dyn/em) 1.23 - 105 - 1.95 - 10%
kN (dyn/em) 16.89 - 105 17.48 - 105 18.98 - 10°

8 Unless otherwise indicated, Ref. [24].

b Cox, Thomas and Sheridan, cited in Ref. [24].

for which they find 1.189 A and for kg which is a factor of 6 in error (3.6 107" erg/rad?).
These rather large discrepancies show that equilibrium properties derived from very small

basis set calculations should be considered as approximative only as some of the parameters
thus calculated may be quite doubtful.

3.2. Dissociation Paths

3.2.1. Diabatic Potential Energy Surfaces

In Table 6, the “equilibrium” vatues of ey and Ry are given along the dissociation
paths of the four states considered. These values were derived from quadratic expressions
in these parameters at each Rcy value considered.

The last row of Table 6 gives the calculated equilibrium angles of the corresponding
four states of CH,® and the equilibrium distance of N,. These values are in fair agreement

with the most precise values available in the literature: Rify(exp) =2.067 a.u. [8];

Table 6. Dissociation path coordinates on diabatic potential energy surfaces (R in a.u.)

State 14, 1A% 3B, 3
Ren\_ 6, RN 6° RNN  6° RNy 0° Ryn  ©° RNN
2435 1226 2170 - - - - - -
3.2 146 2.094 92 2117 119 2111 132 2.115
4.1 165 2080 102 2095 129 (.091) 141 (2.094)
5.0 177 2.081 106 2.087 132 2.082 (145) 2.083
o 180 2.082 106 2082 132 2082 149 2.082

5 Since the 14, state of CH, N, dissociates diabatically to CHo(1A4F) + NZ(IZ‘;), and the YAT state
to CH2(1A1) + N2(1 Z';) (see Sect. 2.2), it follows that, at Rgy — o, the first column of Table 6 refers
to CH2(1AT) and the second to CH2(1A 1)
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Egcrlan)

Fig. 2. SCF potential energy surfaces of 3B, and
1B, states RN = 2.09 a.u., Rey = 2.0385 a.u.).

o fycy ranges from 100° (front) to 150° (back)
with a 1° increment between curves

O5tcr (1A ) (exp) = 102° [26]; 0ficu (P 4F) (cale) = 180° [7]; 6%cu(CBy) (exp) = 136°
[27]; 651 (1B ) (exp) = 140 £ 15° [27].

The “equilibrium” values of Rcy, not listed in Table 6 show very little variation as a
function of Roy : according to the present findings, Rt (14, CH,N,) =2.04 a.u.,
whereas in CH, R& (144, 14%,°B,, 1B) =2.10,2.00, 2.06, 2.03 a.u. respectively.

Furthermore, since the force constant k¢yy is rather small (= kyy), the optimization of
the energy with respect to this parameter gives rise to very small increments: using points
14, 19 and 20 of Table 3, one finds for instance that at Ry = 5.0 a.u., the lowering of
energy due to Rcy optimization is ~5 1073 a.u. for the 14, state. For this reason, the
dissociation paths were not fully optimized with respect to Ry, contrary to what was
done for Ry and ycp-

Three-dimensional representations (£ vs. Ren vs. Oycry) are shown in Figs. 2 and 3.

3.2.2. CI Calculations

In Fig. 3, the locus of the crossing points of the two 14 states is shown by a dashed
line. 2 x 2 CI calculations were carried out to determine the interaction between these
two states, and thus the adiabatic ' 4, dissociation path.

-7 43

-147.50

147,55 i
\
|

17 3 \

-147 85

o T X // Fig. 3. SCF potential energy surfaces of !
‘““\\\////%///
\{

Eecrlan,)

2.0385 a.u.). 8y ranges from 100° (front)
to 150° (back) with a 1° increment between
9 5o 68 70 80 curves. The locus of intersection points is
Ren (@) shown by a dotted line

© HCH
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[}
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(au) A,
147560 |- + —+ -+ —
4
1
1
|
1
147575 - + A T T f =
1
1
I
i
1
-147.600 F + —% - i —
41*_
_ T
1A? i |1
1 1 i
447625 M —L A - .: —
i ! .
! ! Fig. 4. CI (2 x 2) calculation between 14, and
| ' . . . :
H ' 1 4% states using different Hamiltonians. Left-hand
& column gives SCF energies. Dashed arrows indicate
shifts in energy resuiting from CI calculation. See
F 1 1 % 3 .
st Ham(A) | Ham(A) | Ham (Bp text for more detail

The CI calculations envisaged here involve two configurations (B and C) which differ

by the outermost orbitals: ... (82;) and . .. (2b,)? for the 1 AF and ' 4, states respec-
tively. The interaction term between the two states is thus the exchange integral Kg, 25, -
Since 8z, is a virtual orbital for Hamiltonian C and 2b for Hamiltonian B, it is apparent
that neither of these Hamiltonians will describe the interaction term adequately. In addi-
tion, for the same reason, Hamiltonian B will give a poor energy for the ' 4, state, as
Hamiltonian C for the 47 state.

Oppositely, in configuration 4, corresponding to the 3B, state both orbitals 8a; and

2b, are occupied. Therefore, if use is made of Hamiltonian 4, the deficiencies of Hamil-
tonjans B and C should disappear to a large extent. Use of intermediate Hamiltonians, such
as Hamiltonian A4 in this case, has been made previously by Salem, Leforestier, Segal and
Wetmore [28].

Fig. 4 illustrates the importance of the choice of Hamiltonian on the CI result. It is
noteworthy to point out that Hamiltonian 4 introduces an absolute error of 9 - 1073 au.
in the energies of the two states considered, and, more important in a CI context, a
relative error of 5 - 10~ a.u. only. Furthermore, numerous tests showed that the locus of
intersection points of the two ! 4, states was not altered by the change in Hamiltonian -
Fig. 5 shows an example of this.

For these reasons, Hamiltonian A4 was used to calculate the energy displacements
(AEgy) of the two intersecting states. These energy increments were then added to the
proper SCF energies in order to eliminate the absolute errors mentioned above. The
numerical values of AE¢y are given in the last column of Tables 3 and 4.

3.2.3. Adiabatic Potential Energy Surfaces of the 1 4 States

Fig. 7 shows the adiabatic surfaces of the two 14, states. In Fig. 6 a more detailed
description of the interaction is shown for one value of gy ; for the sake of complete-
ness, the SCF energies of the >B; and ' B, states are also shown in this figure.
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The most relevant features in Figs. 6 and 7 are:

(1) the interaction between the two states is important and subsists as Roy = ©0;

(2) in spite of this “strong” interaction a potential barrier remains decreasing in import-
ance as 8oy varies from 100-150°;

(3) at Ry & 4.35 a.u. the energy is virtually independent of 0oy .-

At all C-N interatomic distances considered here, the MO’s 82, and 2b, are both
centered (almost exclusively) on CH,, more particularly they correspond predominantly
to carbon 2p, and 2p, AQ’s respectively. The fact that these two orbitals are centered

in the same region of space explains why the integral Ksa,2p, is quite large at all Ry
values.

14740 Buen =1217° 5
Rey  =20385 au,
Ry =209au |
~14750F
5 -0l CHy(ENo('Ty |
=
1%
w
14770},
bt e i - i =
CHlADNATEY ] Fig. 6. Cross-section (RNN'
38, ) , . 2.09 a.u., 0oy =121.7% in
‘ \ CHLByNAIY) potential surfaces showing cal-
40 50 80

== culated avoided crossing of
Ren{au} the two 14, states
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Ren(au) curves
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It is also for this reason that the potential barrier decreases as 0 yoyy increases. Indeed, in
the limiting case of 6 o = 180° (not calculated here), no barrier should subsist since the
two diabatic surfaces do not intersect but rather merge to a common dissociation limit:

ESCE(N,, '3 ) + JESCF(CH,, ' £7) + 3E5CT (CH,, 1 4,)°.

The presence of the potential barrier is not surprising owing to the fact that, as men-

tioned above, the dissociation process limited to point group C5, symmetries is not
favoured by the Woodward-Hoffmann rules since the adiabatic dissociation path involves

a change of symmetry of the outermost orbital (254 - 8a). According to these rules the
lowest adiabatic dissociation path involves the molecule in a point group of lower symmetry
in which C,y irreducible representations b; and a; both correlate to the same irreducible
representation. This point group is either Cy in which the plane o bisects the H-C-H

angle - this symmetry is achieved by variation of two additional parameters; out of plane
fn-c-n, 2nd On-N-cn, - OF €, in which all parameters are varied.

It is expected that in these groups, most, if not all of the potential energy maximum
will disappear in agreement with experimental findings [26] .

Fig. 7 makes it possible to visualize the adiabatic dissociation path as a function of
Ocp in the limiting case of point group Cy,: for 24 <Ry < 3.3, the fycy value

6 Since the two states become degenerate as Ron — o, it follows that AEcy =+ Kgg,2p, - Further-

more as Ron = *, and Op3cH ~ 180°, Ksq 2p, (CHaN2) Kmuxmuy(cyz). It may be shown that if
Imyx = 2px(0) z;nd Imyy = 2py(C), one has Ky samyy,, = %-’muxmux = 31wy imyy, = %J%uumu- Thus,
since AEcy =2 37 %,,u 1m,, and since in the SCF approximation AE SCE(CH,, 'Z5 _ 14 o= Ty iy it

is normal that the common dissociation limit above lies halfway between the two “proper’” dissociation
products. In CH,, the usual coordinate convention is adopted: in point group Cyy, the Z axis bisects the
molecular angle and the X axis is perpendicular to the molecular plane; in point group Doy, the Z axis

is co-linear to the molecular axis.
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increases from ~120° (equilibrium value of CH,N,, *4;) to 150°; for 3.3 <Ry <4.3,
the Oyycy value increases further and probably reaches 170° (see diabatic path in Table 6);
at Ren = 4.35, there is a spectacular change in the value of Oy going from ~ 170° to
~100°, the value of the energy being virtually independent of the angle at this distance;

for Ron > 4-35, the value of ¢y stays constant at 106° (equilibrium value of CH,, 14)).

The height of the potential barrier may be estimated by the difference in energy at

Ren =4.35 a.u. and the energy at Rey — <. We find 0.045 a.u. = 1.2 eV. This rather high
value means that the true dissociation path involves geometries which are probably quite
distant from a C,, conformation.

3.3. Population Analyses

The changes in electronic structure which occur as the molecule dissociates were
analysed using Mulliken populations [21].

In Table 7 gross and overlap populations are given for CH,N, (14 ) and for its diabatic
dissociation products: CH,(* 4F) and N, (' 7).

It is worth noting that the overall effect of the formation of the C-N; bond is very

slight and results in a gross transfer of only 0.06 charge from CH, to N,. The analysis

of this overall effect shows, however, that this small charge results from much greater
variations in the orbitals of different symmetry: in the a; orbitals there is a 0.7 charge
transfer from N, to CH,, in the b, orbitals there is a 0.7 charge transfer in the other direc-
tion, while in the b, orbitals there is a 0.4 charge transfer between the two N atoms balanc-
ing the charge differences introduced by the above ¢; and b, transfers.

The total overlap populations show, as expected, strong bonding characteristics between
first neighbours and small anti-bonding characteristics between second neighbours. Compari-
son between the molecule and its dissociation products shows that the large charge density

Table 7. Gross and overlap populations of CH, N, (1A41), CH, (L4F) and N, (¢ zg) Gy =121.7,
Ry = 20385, Roy = 2423, Ry = 2.148)

Molecute

(State) Center Sym.a; Sym. b, Sym. by Total

CH;N,(14,) H 0.36 042 0 0.78
C 3.97 1.10 1.31 6.38
Ny 441 140 1.22 7.03
N, 4.90 0.66 147 7.03
H-C 0.35 0.39 0 0.74
C-N; 0.66 -0.23 0.37 0.80
N;-N, 0.27 046 0.16 0.89
H-N; —-0.02 0 0 -0.02
C-N; -0.11 -0.04 —0.14 -0.29
H;-H, 0.04 —0.06 0 -0.02
H-N, 0.01 0 0 0.01

CH, (4} H 0.28 047 0 0.75
C 3.44 1.06 2.00 6.50
H-C 0.33 0.39 0 0.72
Hy-H, 0.02 -0.09 0 ~0.07

N, (1 Zg) N 5.00 1.00 1.00 7.00

N-N 0.11 047 047 1.05
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between C and N, results from the weakening of the N, -N, bond, the rest of the charge
coming from the net populations on C and Ny. It is noteworthy that the C-H bonds are
not affected upon molecular formation.

In Fig. 8 the first-neighbour overlap populations of the 4, ! A¥ and ®B, states are
plotted as a function of R¢y - Among the different populations, only those of C-N for the
1 4% and 3B, states are negative for all Ry values considered; this is consistent with the
repulsive nature of these two states.

The populations show that the anti-bonding nature of the C-N bond for these states

is due almost exclusively to the MO 8a,, singly occupied in the 331 state, and doubly
occupied in the ' A¥ state, whence its strongly repulsive nature. The orbital 82, corre-
sponds almost completely to a 2p, orbital on the carbon atom; in CH,, the corresponding
orbital (34,) is a non-bonding lone pair with respect to the C-H bonds.

Since in point group C,,, this lone pair is precisely the point of attack of the N, molecule,
it follows that this orbital becomes strongly anti-bonding with respect to the C-N bond.

It is interesting to note that, if the angle of approach of N, is modified (out of plane
On-c-n, F 180°), the repulsive nature of the diabatic 1A¥ state of CH,N, is greatly
reduced. Preliminary small-basis set calculations show that the optimum value of out-of-
plane Oy_c_g, is roughly 90° at Ry =3.8 a.u. [5].

One has an inverse situation for CH,(*Z;) + Np(*Z3). In this case the outermost orbi-

tal of CH,(1m,) corresponds to a 2p, * i2p,, charge density on the carbon atom. As N,
approaches the carbon atom, the cylindrical 2p,, 2p,, charge density is destroyed, the CH,
molecule bends and the outermost orbital of the resulting 147 state (15,) corresponds now
to a 2p,, charge density above and below the molecular plane. The N, point of attack accord-
ing to group C,, symmetry is then, in this case, the most favourable. Accordingly, the
resulting CH, N, state (*4,) is bonding.

In Fig. 8, one may also notice that for Rey < 3.2 a.u. the N-N overlap population of
the 147 state becomes negative. This is due to the very repulsive nature of this state: at
Ren =3.2 a.u. the dissociation channel: CHyN, - CH,N + Nis opened.

R —

=)

Overtap population (electrons)
o>
T

-0~

/4283132
i R

] ]
30 40 50 60

Reytau)

;) —
(o)

Fig. 8. Mulliken overlap populations for N-N, C-H and C-N bonds at 8oy = 121.7°, Ryn = 2.248
and Ry = 2.0385 a.u, Full ines refer to the 3B, state, dashed lines to the diabatic 14, state and
dotted lines to the diabatic 1 A¥ state
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Table 8. Data to calculate the dissociation energy of CHaN, (141) and the term energy of CHy(14;)2

Energy (a.u.) CHaN,(144) N, (A2D) CH,(®B;) CH,(14;)
SCFP ~147.821 —~108.926 ~38.911 -38.874
Correlation — (0.781 — 0.501 -~ 0.221 — 0.240
Total ~148.602 —109.427 ~39.132 39,114

2  Energies calculated at equilibrium geometries (basis set VII): CH, Ny, see Table 5; Ny, Ry = 2.082
a.u.; CHy(3By), 6 = 132°% Reg = 2.039% au; CHa (4 y), 6 = 106°, Repg = 2.1 a..
B Basis set X.

3.4. Dissociation Energy

The dissociation energy of CH,N, was calculated from the best available SCF energies
(basis set X) together with estimated correlation energies (see Sect. 2.6). These energies
are given in Table 8.

The last two columns of Table 8 show that the difference in correlation energy between

the 3B, and 'A4, states of CH, is 0.019 a.u. According to population analyses, the MO’s

3a, and 1b,, which are the outermost orbitals of these states (*By: ... 3a;15;:'4,: ...
3a?), correspond almost exclusively respectively to 2p, and 2p, orbitals on the carbon atom.

Thus one has the approximate equivalence:
ECORR(CH, 3B,) — ECORR(CH,, 14,) ~ ECORR((, 3p)
— LECORR(C 16y _ 2pCORR(C 1Dy = 0.020 a.u. [22],
in agreement with the molecular value.
From the total energies of Table 8, we calculate:
D(CH,N,, (*41) > CHy(*4,) + Ny (127)) = 0.061 au. = 1.66 eV,
as the adiabatic dissociation energy.

In order to calculate the “thermodynamic” dissociation energy, zero-point energies have

to be considered. To this end, the vibration frequencies of gaseous CH, N, were taken from
the work of Moore and Pimentel [24], that of N, from the Rosen tables [29], while for the
CH, frequencies, by default of experimental values, we adopted the theoretical values of
(’Neil, Schaeffer and Bender {30] which were obtained from correlated wave-functions.
These values, combined with the appropriate energies of Table 8, yield:

DY(CH,N,(*4,) = CH,(®B;) + N, (1Z)) = 0.91 eV = 21 keal/mole.
g

This result may be compared with a few existing experimental upper limits:

photodissociation measurements: <41.7 kcal/mole [31]
electron impact: <44 kcal/mole [32]
pyrolysis: <35 kecal/mole [33]

Also, Braun, Bass and Pilling [34] cite a value of 25 kcal/mole. The only theoretical
values are those of Leroy and Sana [4], who find:

AH§ (formation) = 58.85 kcal/mole
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These authors [4] also cite values of 61.03 and 62.83 kcal/mole from consideration of
isodesmic reactions [35]. The resulting dissociation energies (D9) range from 29 to 33
kcal/mole in fair agreement with our value.

3.5. Term Value of CH,(*41)

The controversial term energy of the 14, state of CH, may also be calculated from the
data of Table 8. We find:

T.(*4,) =049 eV = 11 keal/mole.

There are a large number of calculated values for this property. Most of these predict

a term value of ~1 eV. It is only the most recent large-scale SCF-CI calculations carried
out with basis sets including polarization functions which give values systematically lower:
Hay, Hunt and Goddard III [36] find 0.50 eV; Staemmler [37] finds 0.38 eV, and Handy
{38] finds 0.67 V.

Experimentally, the situation is not clear. There exist measurements which indicate a
very low term value: 1-2.4 kcal/mole [39]. Oppositely other measurements lead to a
higher term value 8-9 kcal/mole [40]. Spectroscopically, Herzberg and Johns [27] find
an upper limit of ~1 eV.

Finally, Harrison [41] in a recent article reviewing all previous experimental and
theoretical determinations favours a value of 9-10 kcal/mole (~04 eV). Our result is in
satisfactory agreement with this value considering that our basis set is only of DZ+
polarization quality and considering the approximation made here for the determination
of the corellation energies.

4. Conclusions

In this work we have investigated the dissociation behaviour of CH,N, into CH, and
N, products ini the limiting case of point group C,, symmetries.

Most of the results given above should be quite reliable. They concern the equilibrium
geometry, the dissociation energy and the CH, (14,) term value. In this list we may also
include the electronic rearrangements discussed in Sect. 3.3,

The major uncertainties remaining concern the height of the potential barrier in the
lower *4, state. Different contributions to this quantity, such as: influence of basis set,
correlation energy and differences in zero-point energies, might influence notably the
height of the barrier. It is probable that the first factor will increase slightly the height of
the barrier, whereas the latter two will decrease it considerably.

No quantitative estimates of these factors have been made, however, since according

to the Woodward-Hoffmann rules the C,,, dissociation path is not expected to be the
lowest. Indeed preliminary calculations with smaller basis sets show that at intermediate
Ry values, lower energies are obtained for non-planar conformations of the molecule.
The resuli of these calculations will be reported in a forthcoming paper.
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