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CNDO Calculations: Electronic Spectra and
Nitrogen-14 N.M.R. Shielding Constants for

Some Small Nitrogen Ions.

David N. Hendrickson 'and Paul M. Kuznesof "

t

Department of Chemistry of the Uhlversity of Callfornla and
the Inorganic Materials Research Division
of the Lawrence Radiation Laboratory,
Berkeley, California 94720

Abstract

The th chemical shifts of the series NO ' 3 s , CN, Né s

and, NHh have been calculated using CNDO molecular orbltals. The required

average energles AE were obtained by a simple virtual orbital method.
The electronic spectra of the nitrite, nitrate and cyanide ions are-

discussed.
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Introduction

The independent electron molecular orbital theory of diamagnetism

13C and 9F NMR chemical shifts has given satisfactory agreement

1,4,7,

applied to

13 The same method has been reported to

7

~ with experimental dat
reproduce the th chemical shifts in linear8’ 19 and spg-hybridized
nitrogen-containing molecules and ions, emplOying Tt -lonly LCAO-molecular
orbitals. Also, the large nltrogen and proton chemlcal shifts between
pyrldlne and the pyridinium ion have been explained assumlng a dls-
trlbutlon of the g - electrons.6 However, Emsleyh has shown recently
" that within“the CNDO molecular orbital frameworklh (i.e. no assumption '
concerning the g - electron distribution)'the calculated nitrogen chenical
shift between pyridine and the pyridinium ionlis practically zero.
Appllcation of Pople' s theory of chemlcal shifts requires a knowledge
- of the electronlc charge distribution in the ground state of the molecule
~as well as an average excitation energy, AE, for the magnetically allowed -
tran31tlons. A common factor of all the above mentioned applications
'7Vof Pople's theory is an assumption concerning the requlred AE value. ‘The
‘present CNDO calculations were undertaken to obtain the electronic
excitation energies by a simple virtual orbital method for a series of '
small nitrogen fons: 0,7, NOS, wo,", on’, W, and NHllL This
approximate description of the excited states coupled with the ground
state atomic charges from CNDO molecular orbitals provides a basis for
Z'testing the ability of the chemical shift theory to reproduce the observed
:th chemical shift range (approximately 600 ppm)3 for the above series of

ions.
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Calculatlons
Modified. CNDO/l calculations were performed on a CDC 6400 computer
" using a Fortran v program.lo Details and approximations for the calculations
~.of molecular orbitel'éigenvectors,'eiéenvalues,,eleetronic state wave
lfunctiohs,'and eintafion'energies are given in ReferenCello. In all
cases except the nltrate ion the conflguratlon 1nteractlon included all
p0551ble one electron determlnants resultant from the fllled and v1rtual
» molecular orbltals.' The three\lowest filled molecular orbltals of the
nitrate ion Were not used in the_configuretion interaction calculation

" for the nitrate ion.

.-

'Cglculations of the.th shielding constants were performed considering
only the "paramagnetic" contribution. Neglecting thevtwofeenter integrals
and using the average energy approkimation, the'mean value of the local -

f-paramagnetie‘chemieal,Shieldiﬁg tensor‘for atem‘A hae tﬁe;form

o an - o
GPAA -5 n (AE)av < §2P %

where Q,, == O (P +P -+ P )
. AB 3 B Txyxp  Yp¥p %A% . (2@

5 : - ' N

~S(p. _P +P P +P P )

3 ¥V Zp%5  Zp%p %pX¥p Xa¥p YaVB

)

(p._P + P P + P P
Ya?p 2p¥B ZAXB XpZp Xp¥p Vp¥p

win |
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..Here, the va are charge-density bond-order matrix elements for the 2p
orbitals‘on atoms A dr.B. The average excitation energies (AE)av. for the
’ ﬁagneticeily allowed transitions were taken as éhe eigenvalue of the
lowest electronic state of proper symmetry. Any possible localization

of the excitafion on ?arﬁicu%ar atems-was iéﬁored; The averagefinveise
cubic radius for a nitrdgen 2p electron was calculated as.

<y, < 5 (3o’ EEERC)

where 4

A is the nuclear charge obtained by Slater's rules considering

the net electron density Py On the nitrogen atom A.

Z, = 3.90 - o..35 .(pA' - 1)

Results and Discussion

Electronic Spectra

Nitrite ion - Experimentellyvdetermined bond_lengths.and'angles, rNO =

1-23K aﬁd X ONO = ll6°,18 were used in the caleulation of the eleetronic
spectrun. Tﬁe calculated and experimental'transitioﬂlénergies end oscillator N
strengths for the nitrite iqn are listed in Table I. 'Only the lowest.'.

:; caleulated transition energiee of‘each symmetry are included in the table. - v

1 - ' : '
In an earlier calculation, McEwen assigned the observed nitrite

transition energies at 3.50, 4.20, and 5.95 ev to symmetries of lBl,
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TABLIE I-'

: Electroﬁic’Transitions for the Nitrite, Nitrate, and Cyanide Ions

Ion - Symmetry " Energy(ev) and-Oécillator Strength®
Noé' o J‘:Bl - ‘ 2.1’6(3.56)_’; 7.22; 8.31
| | 002k (- 0005)°
fa, 3.59(4.20); 5.92; 13.1
: o(o. oooh)b
132u ) 4.91(5. 95) 1o 23 1h L
. 0. 038(0 20) '
;Al - 6.03; 7.96; 11.1
| | | 0. ooh6 , _
wo,” g © 4.39(k.10); 6. 3u(5 26); 10. B
T » 0.0054(.0001) ; 0.25(0.15)°
a, . 4.565 10.6; 6.2
1, , o
rAl 12.2
g 4.06; 4.84; 9.89
1

A t? : 5.)_}5
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Table I (continued)

Ion Symmetxry Energy(ev) and Oscillatof Strengtha -
CcN~ a 4 | 5.69(3.92) ; 11;5; 12.4
' |  0.013(---)° -
A -: 7.46
1g- 7.46
1.+

N 9.27; 16.2; 19.1

i

a. Oniy the lowest calculated transition energies'are‘giQen;'
'experimental va;ues follow in parentheseé. In some.cases thé
oscillator strengths, both calculated and observed, are listed
imﬁédiately below the corresponding transifién_énergy.
b. See Referenée 11.

¢. This work.

«
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" oscillator strength. = The experimental work of’ Strlckler and Kasha

is expected.12 Both nitrate bands have been observed
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;AQ’ and lB2, reSpectlvely; The sPacing of‘the threexcorresponding

- transitions in Table I is the same as that obtained by -McEwen within

" 4%. In addition, two more states of low energy are predicted, one

allowed at 6. 03 ev( A ) ‘and one forbidden at 5.92 ev( A ) Considering_
the calculated and observed osc1llator strengths for the varlous

trans1t10ns, the as31gnment proposed by McEwen. seems most reasonable.

.Thus, assignment of the calculated 4.91 ev(lB ) transmtlon to the

.:observed band at L. 20 ev is precluded due to the large calculated

16
has also shown that the same assignment is reasonable on the basis of

solvent effects on the absorption spectrum of nitrite. PosSihly the

calculated 6.03’ev(lAi) band is the highienergy‘shoulder on the 5.95 ev

band observed bnytrickler and Kasha in the nitrite-spectrum in

acetonitrile.

Nltrate 1on - Calculations were carrled out: assumlng D symmetry and

3h
with o = 1. 21A 18 Two allowed transitions, both of E' symmetry, are

apredicted as shown in Table I. The lower energy E' transition arises

from a low energy a ¥ antibonding orbital»originallyvsuggested by

11
McEwen  to account for the lower energy band in the electronlc spectrum

The calculated osc1llator strengths for both E' tran51t10ns exceed the
correspondlng experlmental values, but qualitative agreement is all that
15 to have E'
polarizatlon in agreement with the above assignments. Strickler and.

1l ' '
Kasha 7 have made an alternate assignment for the lower energy band on

the basis of the effects of solvent and temperature. They assign the
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4,10 ev band as the highly forbidden n— n* transition of Ai symmetry.

According to our calculations this assignment is unsatisfactory.

- Cyani&e.igg - The carbon-hitrogen bdna distance wés_#aken as 1.133, the
value obtained in the cfystal strueture:of KCN%B CNDO ﬁolegular
orbitals and energies were calculated and the ordering:of the molecular
orbitals is compared.in Figurg~IAwith that obtained by an gg-initio
‘ calculation.22 In the latter case a "double zeta plus polarization basis"
- was used,2 ﬁhere the polarization consisted of one 3do and oﬁe 3dxn
. function for the carbon and nitrogen with orbital exponenté o?;l.70,
‘-‘1.80,'1.90 and 2.00, respectively. No optimization of orbitallexponents
‘wasAattempted, for it is reasonaﬁie'to expect the molécular orbital
energies would be closevto convergence. As seen in'Figure I, ﬁhe CNDO
ordefing ié Quité similar toltﬁg ab iﬁiﬁiﬁ orderiné'for the cyanide ion.
For the cyénide jon the ultfaviolét.region:shows'bne peak at

23

3.92 ev shouidering on the end absorption. Calculated transition
energies and the calculated oscillator strength for the ailQWed ;H
transition at 5. 69 ev are listed in TableII. It seens reasonable to
.-a381gn the observed band at 3.92 ev to the lowest calculated 1H
transition energy. It was not p0351b1e to determlne an osc1llator

strength for thls band, but the molar extinction coeff1c1ent was found

to be approximately 2.0 4/mole-cm.

Azide, Ammonium, and Nitryl ions - Molecular dimensions obtained in

standard structure determination_sl8 were used for the calculations on

the azide, ammonium, and nitryl ‘ions. The caleculated transition
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w Electronic Transitions for the Cyanide,
. Amohiuﬁ, Azide, and Nifryl’ Tons. .
~Ion Symmetry  Energy(ev)
St g 9.40; 23.1; 30.5
s T 2 -405 23.15 30
lTl 22.5
‘ 22,
‘B, 5
1 25.4; 34k
1 SOt DT
jms' . 3.69; 7.08; 17.5
z L]
L 9.77
"1zg+ 12.0; 17.1; 22.4
1, :
A 9.78
o 9.7 |
1nu 8.61; 12.3; 13.3
1y - 2.62
" _ u -
+ ' : :
lzu 6.94; 15.8; 19.8
A 26.2
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Ion Symmetry Energy(‘ev)
'Noa ;ng | 3.78; 7.23; 16.6
1z + 8.60
g
1zg+ 11.3; 17.2; 2k.2
1A 8.60
€ .
’ lnu 7.92; 13.4; 1.k
L | |
Z, » ‘4.37
lzﬁ* 6.81; 17.5; 22.k
1A 4.37
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energies for these ions afe listed in Taole II. No experiﬁental deta>
are aveilable as a check on the calculations.
- y_snielding Constants
The'usual’applications-of.Equation (1) for the calculation of

chemical shifts for a series of;structcially'similer molecules,involves
ﬁhe,asSumptioh of one AE value for ell ﬁolecoles; Ofﬁen,.a'"teasonable"
'édjustment in AF is made. However, for the diversified series of ions
'under study here, the AE's were chosen as the eigenvalue for the lowest'
electronlc state of proper symmetry, only very qualltatlve agreement
vbetween-calculated and observed lhN—-chemJ.cal shlfts were ‘obtained
| (Coldmni6; Table III).
*The disparitiee in the qualitative trend between our calculated
. and the observed chemical shifte mey be:attributed, at leest in part,
| ﬁo‘differencee in the effectivenesé'of the amount of configuretion
interaction considered for each ion. Thus;‘for:ﬁhe.elecﬁronic'spectrum :
of cyanide ion, the calculetion for the lowesf elecéric dipole transifion )
gives an energy 1.77 ev in e%cees of the value'determlned for the only
 peak observed...On the other hand, for the nitrite ion the'experimental
'tranSitioc energies exceed their corresponding calcﬁl;ted values; as
a result the calculated nitfogen chenical shift between nitfite and_
?gﬁcyanlde ions is too large. Accordincly, adjustment of the AE value for.
;jithe nltrlte ion to 3.0 ev will improve the quantitative agreement in many

Tcases. A better AE could be obtained if a weighted average of the

~ eigenvalues for the lowest electronic states of proper‘symmetry was used.
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‘ 1
Calculated and Observed -hN Chemical Shifts

<3

Scale. Sobs. &

e %:QAB | (& -c}()!(c;gél’i ) (ppm) (ppm)
NO,” 2.878 2.539 2.16 2l53 =0 =0
MO - 2.934 2.768  4.06 _lysd - 1003 “ 25k
no," - 2.564  3.039 3.78 1494 958 260
CN™ ©2.18  2.143 5.69 "597 | 1856 380
N, inner 2.&93_i 2.537  3.69 1243 1210 383
N3'outer 2.247 2.124 3.69 938 1515 532
" 1.901  2.498  22.5 153 2300 600

a. See References 3 and 20.
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This would require more refined excited state eigenfunctions and transi-
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9
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Figure 1. Comparison'qf the Filled Molecular Orbital Energie; Obtained by CNDO/l

vs. those by an ab initio method for the cyanide ion.
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