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I. Introduction 
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used to investigate problems involving various types of 
closed-shell molecular systems.23 The utility and applicabi­
lity of the molecular fragment procedure for closed-shell 
systems have been analyzed recently,2b and its extension to 
open-shell systems has been described. Specifically, investi­
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cal ions.4 This paper continues the characterization of the 
molecular fragment procedure in open-shell systems, re­
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The first stable nitroxide was reported in 1959,5 although 
their existence was postulated earlier in 1956 by Rogers, 
Johnson, and Trappe.6 '7 Since that time, these molecules 
have developed as important probes in both biological8 and 
excited state studies.9 Despite their great utility as probes 
and spin labels, the literature on the basic properties of the 
nitroxides is still quite sparse and contains much conflicting 
information, especially concerning the geometry of the ni­
troxides and the localization or lack thereof of the unpaired 
electron. 

This study examines several important nitroxides in order 
to characterize the electronic and geometric features of 
these molecules and to assess their effect upon properties 
such as the spin density distribution. In addition, an esti­
mate of the effect on the spin density and associated proper-
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ties produced by electric fields of the order found in excit­
able membranes is obtained using a finite-field procedure. 
The results are discussed in terms of the effect of such 
"membrane generated" electric fields on the spin density 
distribution in various nitroxide spin labels. 

II. Theoretical Techniques 
The basis set consists of normalized, nonorthogonal, 

floating spherical Gaussian orbitals (FSGO) defined as fol­
lows 

G^r ) = (2/7rPi
2) exp{-(r - R4)VPi2I (D 

where p,- is the orbital radius, and R,- is the location of the 
FSGO relative to some arbitrary origin, ir-type orbitals are 
represented by a fixed linear combination of two FSGO's 
placed symmetrically on a line passing through the given 
atom and perpendicular to the T plane, i.e. 

GS(r) = [2(1 - O ] " 1 / 2 (G11" - Gd°) (2) 

where Gu" and G^" are FSGO's*placed above and below the 
atom, respectively. Aud is the overlap integral between Gu" 
and Gd". 

The position and size of each FSGO is determined via en­
ergy minimization calculations on molecular fragments 
chosen to mimic various anticipated bonding environ­
ments.10'" The orbitals so obtained are then used as basis 
functions for an unrestricted Hartree-Fock self-consistent 
field molecular orbital12 (UHF-SCF-MO) calculation on a 
particular large molecule of interest. 

The first-order density matrices for a- and /3-spin elec­
trons,13 P a and P", that result from the SCF calcula­
tions12'14'15 are defined as 

POT n 

P r s" = X Cri'Csi\ V = a or /3 (3) 

where C^ is the MO coefficient corresponding to the rth 
FSGO in the /th MO. The charge and bond order matrix is 
given by 

P = P<* + P3 (4) 

while the corresponding spin density matrix is given by 

P® = P» - P s (5) 

The effect of an electric field on the spin density has been 
investigated using a finite field procedure.16-18 The proce­
dure is based on the direct inclusion of electric field terms 
in the molecular Hamiltonian, i.e. 

X = £X(f) + E WrJ (6) 

where 

and f is the electric field strength. Minimization of the total 
energy with respect to the linear variation coefficients, Cn", 
leads to a set of coupled UHF equations which differ from 
the usual set3,4 in that they implicitly contain the electric 
field dependence 

F"tfXV(f) = AC1^f)Cj(J) (8) 

These equations are then solved in a self-consistent field 
manner for various values of the electric field.: Equation 9 
shows the explicit electric field dependence of the Fock ma­
trix elements 

Ffa"(f) = Hn - f • (m)rs + Jrs - Krs« (9) 
where 

(m)rs = <xr|r|Xs> (10) 

Table I. Molecular Fragment Data 

Distance from 
Fragment Orbital radius (p) the heavy atom 

CH4 

:NH3 
(planer, "sp2") 

OH 
("sp") 

PCH= 1.67251562 

PC = 0.32784375 
PNH = 1.47683593 
p N = 0.27814453 
P77= 1.51198608 

POH = 1.23671871 
PO = 0.24028227 

PLP-a= 1.28753780 
PLP-Tr= 1.19741696 

P77= 1.12242182 

1.23379402 

0.0 
0.94031372 
0.0 
±0.1 
0.74647773 
0.00057129" 
0.21614258 

±0.1 
±0.1 

a This position is along the OH bond, displaced in the direction of 
the H nucleus. 

and Hn, Jn, and Kn
1* take on their usual meanings.3,4 The 

basis orbitals, Xr and Xs, are either a- or ir-type FSGO's as 
given by eq 1 and 2. The charge and bond order and spin 
density matrices, P(f) and PSD(f), are still formed in the 
same manner, although they implicitly contain the electric 
field dependence. Thus, the change in spin densities due to 
the presence of an electric field can be determined in a 
straightforward manner. 

III. Structural Studies 
1. The Fragment Parameters. As mentioned above, the 

position and size of each FSGO is determined via energy 
minimization calculations on molecular fragments, chosen 
to mimic various anticipated bonding environments.10-11 

The current fragments21* were developed over a period of 
time and represent the results of considerable testing and 
examination of prototype closed-shell molecules. While it is 
entirely possible that a modified or new set of fragments 
may be desirable to describe excited and open-shell systems 
adequately, it seems both expedient and desirable first to 
test the capabilities of existing fragments, which were de­
veloped for closed-shell systems, to help establish whether 
there is a need for additional fragments. 

Only three fragments are necessary to describe all of the 
nitroxide free radicals which are examined in this study. 
The optimized FSGO parameters for these fragments are 
reproduced in Table I. The proper method of combining 
these fragments to form a large molecule has been ex­
plained in detail in earlier closed-shell papers.2b 

In each of the studies to follow, the effect of spin contam­
ination19-21 has been ignored and has been assumed to be 
negligible. This assumption is based on initial studies of 
(S2) in nitroxide and methyl nitroxide. For example, the 
calculated values of (S2) for H2NO ranged only from 
0.750 to 0.755 in the four different basis sets examined. 
This indicates that spin contamination is not likely to cause 
difficulties, regardless of the basis set employed. 

2. Nitroxide. The simplest member of the nitroxide free 
radical class of molecules is H2NO. It was first prepared in 
1965,22'23 but the geometry of this radical still has not been 
determined experimentally, due to its short lifetime. How­
ever, in 1970 Salotto and Burnelle24 reported the results of 
a UHF study on the geometry of H2NO. They concluded 
that H2NO is nonplanar, with an out-of-plane angle (6) of 
26° and an HNH angle of 116°. However, the nonplanar 
structure was reported to be only 1.19 kcal/mol more stable 
than the planar structure. They also determined the bond 
lengths of NO and NH to be 2.53 and 1.87 a0, respectively. 

The planar geometry was used as the starting point in the 
current study. The total energy at various NO bond lengths 
is presented in Table II. A three-point parabolic fit of the 
data gives an optimum NO bond length of 2.38 ao, with a 
corresponding energy of -110.795130 Ea. Fixing the NO 
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Table II. Total Energy of H2NO for Various Values of /?NO 
and the Out-of-Plane Angle (9)" 

^NO 

2.30 
2.38 
2.45 
2.53 

6, deg 
O 
10 
18 
20 
30 
40 
50 

Total energy, E a 

A. N O Bond Length^ 

B. Out-

-110.789232 
-110.795129 
-110.790400 
-110.776117 

of-Plane Angle*-' 

-110.795129 
-110.795587 
-110.796395 
-110.796603 
-110.797157 
-110.795682 
-110.790215 

a The NH bond length is 1.87 a0. b For these variations, the HNH 
angle was fixed at 116°, and the molecule was assumed to be planar. 
c For these variations, the NO bond length was fixed at 2.38 a0. 

Table III. Total Energy of Methyl Nitroxide for Various Values of 
the Angle-of-Rotation (0) and Out-of-Plane Angle (6) 

<t>, d e g Total energy, Ea 

A. Rotational Variation at 6 = 0° 
0 -144.049149 

15 -144.049404 
30 -144.050023 
45 -144.050643 
60 -144.050900 

B. Rotational Variation at e = 18° 
0 -144.048300 

15 -144.048341 
30 -144.049029 
45 -144.049963 
60 -144.050591 
75 -144.050547 
90 -144.049858 

105 -144.048928 

C. Out-of-Plane Variation at0= 60° 
S, deg 

0 -144.050900 
10 -144.050855 
18 -144.050591 
30 -144.048930 

bond length at 2.38 a0 and the NH bond length at 1.87 a0, 
the total energy of H2NO was then examined as a function 
of the but-of-plane angle. These results are also presented in 
Table II and Figure 1. A three-point parabolic fit of the 
data gives an optimum angle of 27.7° and the correspond­
ing energy is —110.797209 Ea. Thus, the nonplanar struc­
ture is calculated to be 1.30 kcal/mol more stable than the 
planar structure. 

It is seen that both the calculated out-of-plane angle and 
depth of the potential well are in excellent agreement with 
the values reported by Salotto and Burnelle. Furthermore, 
the NO bond length calculated in the current study agrees 
within approximately 1.2% of the values determined experi­
mentally for larger stable nitroxides (2.4125 and 2.4026 ao). 
However, the NO bond length of 2.53 ao reported by Salot­
to and Burnelle for H2NO is significantly larger than found 
in the current study. Since the basis sets used by Salotto 
and Burnelle were substantially larger than those used in 
this study, it was of interest to explore the source of this dis­
crepancy in greater detail. 

In an earlier study on HNO using similar basis sets, Sal­
otto and Burnelle27 reported an NO bond length of 2.50 ao. 
For that case, the bond length is known experimentally28 to 

20 }0 
p (Degrees) 

Figure 1. Total energy of H2NO as a function of the out-of-plane 
angle. 

60 75 

# (Degreei) 

Figure- 2. Total energy of methyl nitroxide as a function of rotation 
about the CN bond. 

be 2.29 a0. Hence, since the Salotto and Burnelle basis sets 
are seen to overestimate the NO bond length when com­
pared to experimental data on HNO, it appears likely that a 
similar effect may have occurred in the case of H2NO. 

3. Methyl Nitroxide. This simple alkyl derivative of ni­
troxide is also shortlived and, consequently, very little is 
known experimentally about its structure. However, Cha-
pelet-Letourneux, et al.,29 argue from esr spectra and an­
alogies to acetaldehyde that the most stable structure is 
probably one in which a CH bond is eclipsed with the NO 
bond. 

To examine this question, the NO, CN, CH, and NH 
bond lengths were fixed at 2.38, 2.85, 2.06, and 1.95 ao, re­
spectively. These values are representative of those found in 
larger nitroxides.25-26,30 The bond angles formed at the car­
bon atom were taken to be tetrahedral, and the CNH angle 
was fixed at 130°, a value approximating those frequently 
found in larger nitroxides.25,2630 The clockwise angle of 
rotation (0) was incremented in steps of 15° for both the 
planar (6 - 0°) and nonplanar (6 = 18°) structures. An 
out-of-plane angle of 18° was chosen since it is also an ap­
proximate average value found for many larger stable ni­
troxides.31 Planarity for the larger nitroxides refers to the 
planarity of the Y(X)N—O moiety. 

Total energy, at the various angles of rotation for the 
"planar" structure, is presented in Table III and Figure 2. 
The corresponding energies for the nonplanar structure are 
also presented in Table III. The results of both rotations are 
quite similar, and the staggered conformation (4> = 60°) is 
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Table IV. The n Charge and Bond Order Matrix Elements" 
for "Planar" Methyl Nitroxide as a Function of the Angle 
of Rotation (0) 

0, deg 

0 
15 
30 
45 
60 

^N 

1.839 
1.839 
1.839 
1.840 
1.840 

^O 

1.165 
1.165 
1.164 
1.163 
1.163 

^NO 

0.367 
0.367 
0.367 
0.366 
0.366 

a These and all other charge and bond order matrix elements are 
given over a symmetrically orthonormalized basis. See ref 33. 

observed to be more stable than the eclipsed conformation, 
in contrast to the prediction of Chapelet-Letourneux, et 
al.29 However, the energy difference between the eclipsed 
and staggered conformations is seen to be quite small, i.e., 
1.10 kcal/mol for the planar structure. 

To examine this conformational question in greater de­
tail, it is of interest to consider acetaldehyde, which is the 
analogous aldehyde. In that case, the eclipsed conformation 
is found experimentally32 to be more stable by 1.16 kcal/ 
mol, and 1.5 kcal/mol more stable in molecular fragment 
studies.33 However, the CCH angle is 117.5°, while the cor­
responding CNH angle in methyl nitroxide has been taken 
to be 130°. Hence, the repulsive interaction between the 
N H hydrogen and the CH 3 hydrogens will be reduced, thus 
reducing the typical barrier to rotation about the CN bond. 

Also, hydrogen bonding, if it were present, would be ex­
pected to stabilize the eclipsed conformer. During the 
course of a study on amides,2a it was observed that hydro­
gen bonding could be detected from an examination of the 
changes which occur in the ir charge and bond order matrix 
elements. The T charge and bond order matrix elements for 
methyl nitroxide as a function of the rotational angle are 
presented in Table IV. As is seen from the table, the charge 
and bond order elements are virtually unaffected by 
changes in the rotational angle. Thus it appears that there is 
no evidence to support the formation of an intramolecular 
hydrogen bond in methyl nitroxide. 

Although the conformational results of the current study 
are rationalized above, care must be taken to point out pos­
sible effects which have not yet been taken into account. 
There is a certain amount of basis set inflexibility in the v 
system (consisting of only two pT orbitals) which is doubly 
occupied by the a-spin electrons. Also, configuration inter­
action effects are only partially accounted for in UHF cal­
culations,4 and hence cannot be ruled out when such small 
energy differences are involved. Finally, the choice of other 
geometric parameters by analogy to larger nitroxides, e.g., 
the CNH angle, may affect such small energetic differ­
ences. 

It is also found that the planar staggered structure is 
more stable than the nonplanar structure, as shown in Table 
III. It must be stressed, however, that the total energy in­
creases very slowly with increasing out-of-plane angle, per­
haps making the question of linearity or lack thereof one 
more of semantics than of substance. 

4. Dimethyl Nitroxide. Using arguments similar to those 
used for methyl nitroxide, Chapelet-Letourneux, et al.,29 

proposed that the most stable conformation of this dialkyl 
derivative of nitroxide has two CH bonds eclipsed with the 
NO bond. In the current studies, the geometry chosen was 
the same as that of methyl nitroxide, with the N H hydrogen 
replaced by CH3 . The total energy was examined at several 
values of <j> for the two methyl groups. The results presented 
in Table V show that the staggered-staggered (# = # ' = 
60°) conformation is calculated to be the most stable, with 
the energy difference between the staggered-staggered and 

Table V. Total Energy of Dimethyl Nitroxide for Various Values 
of the Angles-of-Rotation (0, 0') and Out-of-Plane Angle (0) 

0, deg 0', deg Total energy, Ea 

A. Rotational Variation at 6 = 0° 
60 60 -177.286052 
60 30 -177.285420 
60 0 -177.284773 
0 0 -177.282998 

B. Out-of-Plane Variation at 0 = <p' = 60° 
0,deg 

0 -177.286052 
10 -177.286197 
18 -177.286313 
30 -177.285396 

eclipsed-eclipsed conformations being 1.92 kcal/mol. This 
is seen to be approximately twice the barrier found in meth­
yl nitroxide, and indicates the consistency of the calcula­
tions. Furthermore, it indicates that the discussion given 
above concerning the differences between the current re­
sults and those predicted by Chapelet-Letourneux, et al.,29 

may also be appropriate here. 
Although Table V shows the nonplanar staggered-

staggered conformation to be the most stable, the differ­
ences in total energy may be too small to be useful or reli­
able as quantitative estimates. However, for all three ni­
troxides studied above, it can be concluded that the poten­
tial curves as a function of the out-of-plane angle are ex­
tremely shallow. 

IV. Spin Densities 

The general structure (I) of stable nitroxide free radicals 
which have been found useful as spin labels is as follows: 

I 
O 
I 

It is known that the basic esr spectrum is unaffected by the 
nature of the R groups.34 Three specific molecules were se­
lected for inclusion in the current study as representatives 
of this class, i.e., di-ferf-butyl nitroxide (II), 2,2,5,5-te-
tramethylpyrrolidine-1-oxyl (III), and 2,2,6,6-tetramethyl-
piperidin-1-oxyl (IV). These systems contain 81, 79, and 87 
electrons, respectively. 

c H : " > o ^ c H 3 cH;<\r~jL-cH3 
(CH3)3C—N—C(CH;i)3 CHj N ^ S H 3 CH, 1^ CH3 

O O O 
II III IV 

The nuclear geometry of (II) (CgHisNO) was taken es­
sentially from the electron diffraction study of Andersen 
and Andersen.30 However, the NO, CC, and CH bond 
lengths were fixed at 2.38, 2.91, and 2.06 an, respectively.35 

The CNC angle was fixed at 130°, and these molecules 
were each constrained to a planar configuration. This is not 
totally unjustified in view of the lack of other definitive 
data, and the shallowness of the calculated potential curves 
as shown in the previous section. The nuclear geometry of 
(III) (C 8Hi 6NO) was taken from the crystal structure of a 
derivative compound determined by Boeyens and Kruger.26 

The nuclear geometry of (IV) (C9HigNO) was taken from 
the crystal structure of a derivative compound determined 
by Bordeaux and Lajzerowicz.25 However, in both cases, 
the NO bond length was fixed at 2.38 ao.35 

It is generally agreed in experimental studies36 that the 
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Table VI. Approximate Values of the Spin Density on the 
Nitrogen Atom of Simple Nitroxides 

Molecules or 
class of molecules 

2,2,6,6-Tetramethyl-
4-piperdon-l-oxyl 

Simple nitroxides 
Dimethyl nitroxides 
Nitroxide 
Simple nitroxides 
Nitroxide, 

dimethyl nitroxide 

Approximate value 
of P N S D a 

0.5 

0.9 
0.23 
0.5 
0.6 

<0.35 

Ref 

36 

34 
37 
38 
39 
40 

a See ref 41. 

Table VII. Spin Density Distribution for Several Nitroxide Free 
Radicals at Various Values of the Out-of-Plane Angle (6) 

Molecule 

H2NO 

CH3HNO 

(CH3), NO 

II 
III 
IV 

9,deg 

0 
18 
30 

0 
18 

0 
18 

0 
0 
0 

P N S D * 

0.158 
0.152 
0.143 
0.160 
0.154 
0.164 
0.155 
0.158 
0.156 
0.160 

P 0SDa 

0.842 
0.846 
0.853 
0.837 
0.840 
0.831 
0.835 
0.823 
0.823 
0.821 

P N S D + P 0 S D 

1.000 
0.998 
0.996 
0.997 
0.994 
0.995 
0.990 
0.981 
0.979 
0.981 

a See ref 41. 

unpaired spin density, PxSD (X = N, O), is almost entirely 
localized in the x orbitals of the nitrogen and oxygen atoms. 
However, there is practically no agreement concerning the 
distribution of the spin density between the nitrogen and 
oxygen atoms, as indicated in Table VI, where the reported 
nitrogen spin density, P N S D , ranges from 0.2337 to 0.934 in 
previous studies.34,36'40 

The spin densities calculated in the current study are pre­
sented in Table VII. In comparison to Table VI, it is seen 
that the current values of P^SD are smaller than previously 
reported experimental values. Table VII also indicates that 
the unpaired spin is almost entirely located on the NO 
group, with approximately 1% or less derealization occur­
ring when rings are formed. The effects of basis set choice 
on these results are discussed below. The data also show 
that the spin density on the nitrogen atom is relatively in­
sensitive to a change in the out-of-plane angle.41 Therefore, 
the following studies will deal primarily with the planar 
conformations. 

V. Effects of an Applied Electric Field 
1. Spin Densities. In this study the electric field42 was 

chosen to lie along the NO bond axis (the origin was chosen 
at the oxygen atom, and the negative x axis points toward 
the nitrogen atom) in the negative direction. Such a field 
tends to move the electrons toward the more electronegative 

oxygen atom, and would maximize the effect on the nitro­
gen and oxygen ir-spin densities. At low electric field 
strengths such as might be present in biological membranes, 
i.e.,fx ~ 1CT5-10-4 Ea/ean (5 X 104-5 X 105 V/cm), al­
most no change in calculated spin density was found. In 
fact, electric fields on the order of 1O-3 Ea/eao are required 
to produce significant changes in spin density. The results 
qf several such calculations carried out on nitroxide radicals 
are summarized in Table VIII and compared to available 
data.22'23-43'45 Of particular interest is relative indepen­
dence of the spin density change with respect to the radical 
studied. Also, an examination of PoSD in the presence of a 
field showed that P^SD(t) + PoSD(f) — 1» as was observed 
in the field free case (see Table VII). 

2. 14N Isotropic Hyperfine Coupling Constants. It is also 
of interest to relate the change in spin density at the nitro­
gen atom due to the presence of an electric field to the 
change in the nitroxide 14N isotropic hyperfine coupling 
constant, aN. The Karplus-Fraenkel46 relation has been 
used successfully to determine isotropic hyperfine coupling 
constants, for planar ir-electron radicals, and the lack of 
spin derealization from the nitroxide group suggests that it 
may also be useful in the current study. This relation for the 
nitroxide 14N splitting constants (in gauss) is given by47 

= QN-PN + Qo-Po (H) 

where g N = 24.2 and Qo = 3.6 G respectively. 
From the previous discussion (see also Tables VII and 

VIII), it is justified to assume that 
p SD 1.0 (12) 

both in the presence and absence of an electric field. Equa­
tion 11 can then be rewritten as 

= (QN - QO)-PN 8 Qo 

and 
= (QN " Q O ) - P N

8 1 3 ' + Qo 

(13) 

(14) 

where the primes indicate the presence of an electric field, 
and it is assumed that the Karplus-Fraenkel relationship, 
eq 11, holds in the presence of an external electric field. 
Thus, the change in the isotropic hyperfine coupling con­
stant is given by 

Aan = a-s' - «N 

or 

(15) 

- P N
5 0 ) (16) 

(17) 

(18) 

Using eq 18, the values of AaN for the various nitroxide 
free radicals at fx = -1.0 X 1O-2 Ea/ean have been calcu­
lated and listed in Table VIII. From that table it is clear 
that AON is effectively constant for all nitroxides investi­
gated. 

(QN " Qo)U3N813' 

(QN - Q O ) A P N ^ 

A«N = 2 0 . 6 A P N ^ 

Table VIII. Effect of an External Electric Field on Spin Density2 

/x = O.Oc -0.001c 

Molecule* 

H, NO 
CH3HNO 
(CH3 )2 NO 
II 
III 
IV 

Exptl 
aNc 

11.9<* 
13.8« 
15.2/ 
15.18 
15.3/1 
16.3'' 

P N S D 

0.158 
0.160 
0.164 
0.158 
0.156 
0.160 

«N''/ 

6.85 
6.90 
6.98 
6.85 
6.81 
6.90 

Zx = -0.0K 

^N SD A P N SD AaN
c P N S D 

0.172 
0.174 
0.177 
0.172 
0.170 
0.174 

A P N S D 

0.014 
0.014 
0.013 
0.014 
0.014 
0.014 

AaN
c 

0.29 
0.29 
0.27 
0.29 
0.29 
0.29 

0.160 0.002 0.023 

" The relationship PNSD(f) + p o SD(f ) =* 1.0 still holds in the presence of an applied electric field. 6 T h e structures of II, III, and IV are 
given in the text. e Electric field strengths (fx) in Ea/eap , and isotropic hyperfine coupling constants (aN) in G. d See ref 22. eSee ref 22 and 
23. /See ref 22. g See ref 43. » See ref 44.• See ref 45. / Calculated using eq 11 and 12. 
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Thus, when an electric field of approximately —1.0 X 
1O-2 Ea/eao is applied, one obtains an easily observable ef­
fect on the isotropic hyperfine coupling constant of the ni­
trogen atom. On the other hand, if fx = -1.0 X 1O-3 Ea/ 
eao, the calculated change in AN is only 0.023, which would 
be on the borderline of detectability (±0.02 G).39 There­
fore, electric strengths on the order of those found in excit­
able membranes (~10 - 5-10 - 4 Ea/eao) are not expected to 
produce observable changes in a^. This conclusion agrees 
with that of Griffith, et al.,39 based on estimates obtained 
using Hiickel MO theory. 

VI. MO Structure 
Many examples in closed-shell systems have shown that 

valence MO ordering obtained by the molecular fragment 
procedure is identical in almost all cases to that obtained 
using more extended basis sets. Unfortunately, such com­
parisons on open-shell systems are more difficult to carry 
out, due to the lack of suitable extended basis set UHF cal­
culations. However, Salotto and Burnelle24 have examined 
the MO structure of H2NO using an extended basis set. 
Their results give the following electron configuration of 
planar nitroxide: (lai)2(2ai)2(3ai)2(4ai)2(lb2)2(lbi(ir))2-
(5ai)2(2b2(n))2(2b1(7r*))1. In the current studies, the or­
dering of the a MO's is the same as that reported by Salotto 
and Burnelle. However, the current results for a and /3 
MO's are not identical with each other, and for the /J MO's, 
the lb] and 5ai molecular orbitals are interchanged. These 
orbital energies are tabulated in Table IX (basis set A). 

As Salotto and Burnelle's24 calculations were carried out 
at a larger NO internuclear distance (2.52 a0 vs. 2.38 arj), 
the MO ordering obtained in the present calculations at 
2.53 ao was also examined to ascertain whether the NO 
bond distance would produce any changes. No changes 
were observed, i.e., MO ordering was invariant at an NO 
bond distance of 2.53 ao. 

For molecules with closed-shell ground states, a linear re­
lationship has been established between the orbital energies 
of valence orbitals calculated by the molecular fragment 
procedure and those calculated using more extensive basis 
sets.2b As a first test of fragment suitability, it is obviously 
of interest to see if a similar relationship exists for open-
shell states. The form of the relationship is 

e{
ref = aef

MF + b (19) 

where the e,MF are valence molecular orbital energies ob­
tained using the molecular fragment procedure, and the e,ref 

are similar quantities taken from more extensive basis set 
calculations. A least-squares fit of the data for a MO's re­
ported by Salotto and Burnelle yields the following parame­
ters: a = 0.7811 and b = -0.3580 (see Table X). These 
values are in the same range as those found in closed-shell 
studies.26 This indicates that, as in the closed-shell studies, 
the open-shell molecular fragment procedure also gives 
larger spacings than those obtained in more extensive basis 
set studies, and will result typically in calculated vertical 
ionization potentials being uniformly too small. 

VII. Basis Set Improvements 
Initial Studies on Nitroxide. From the previous discus­

sion, it is clear that, while the minimum FSGO basis (basis 
set A, see Tables I and IX) provides a reasonable descrip­
tion of geometric and MO structure, it may be deficient 
with respect to the calculation of spin densities. As pointed 
out earlier, the spin densities calculated in the current study 
are seen to be outside the range of those previously reported 
(see Table VI), in contrast to more recent studies which in­
dicate that the spin densities on the nitrogen and oxygen 
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Table X. Approximate Linear Relationships between MO's of 
Molecular Fragment and More Extensive Basis Sets& 

Basis set 

A 
B 
C 
D 

a 

0.7811 
0.7997 
0.7886 
0.8028 

b 

-0.3580 
-0.3070 
-0.2449 
-0.2288 

Sc 

0.0330 
0.0422 
0.0290 
0.0306 

Pd 

0.9967 
0.9945 
0.9974 
0.9971 

a The coefficients "a" and "b" in this table are those of eq 19 
in the text, b The large basis set calculations used for this comparison 
are in ref 24. <•' S is the root-mean-square deviation from the least-
squares line. For details, see ref 2b. dp is the correlation coefficient. 
For details, see ref 2b. 

atoms are nearly equal.3 Two of the most likely reasons that 
might lead to this result are: (1) the lack of diffuse 7r-type 
basis functions on both the nitrogen and oxygen atoms, 
which may be necessary components of the it* orbital; and 
(2) the inflexibility of the T and TT* orbitals when only two 
basis functions are available to describe the it bonding por­
tion of the system. It is obvious that these two consider­
ations are inseparable. These problems were first noticed in 
the study of formaldehyde,4 and a more complete discussion 
is presented there. 

In order to investigate the effect of basis set improve­
ment, several preliminary studies have been carried out, and 
are summarized in Table IX. It should be emphasized, how­
ever, that these results indicate only the kinds of improve­
ments which can be obtained, and are not necessarily final 
recommendations. 

Basis set A (ten orbitals) is the original molecular frag­
ment basis set (Table I) which has been used in all of the 
calculations discussed above. Basis set B (12 functions) 
adds two px orbitals to basis set A, one on nitrogen and one 
on oxygen. The orbital radius is 2.5, and the FSGO's are lo­
cated ±0.2 ao above and below the atoms.48 These are 
added to increase the flexibility of the ir system and to pro­
vide more diffuse basis functions which may be necessary to 
obtain an adequate description of the it* orbital. Basis set C 
(16 orbitals) adds two more p orbitals and two s orbitals to 
basis set B. The two additional p orbitals are used to com­
plete the 2p subshell on nitrogen, and the parameters are 
the same as those listed in Table I. The s orbitals are cen­
tered on the hydrogen atoms with an orbital radius of 1.4, 
and they serve to increase the flexibility of the basis de­
scription in the CH bonding region. Basis set D (19 orbit­
als) adds three more p orbitals to basis set C. Two of the 
functions are p^ orbitals, one on nitrogen and one on oxy­
gen. The orbital radius is 5.0, and the FSGO's are located 
±0.15 ao above and below the atoms. The last p orbital is 
placed on the oxygen atom along the NO axis. The parame­
ters are the same as those listed in Table I. 

As is seen in Table IX, the Ib1 and the 5ai MO's are still 
interchanged for the (3 MO's using basis set B, and they are 
interchanged for both the a and /3 MO's using basis sets C 
and D. These new data have again been fit to that of Salotto 
and Burnelle.24 The resulting parameters for eq 19 are 
shown in Table X. From these data, it is concluded that the 
slope remains approximately constant, and the first-order 
effect of increasing the size of the basis set is simply to 
lower all the valence orbital energies uniformly. These ob­
servations provide further evidence that small basis sets 
may be devised that are just as useful as large basis sets for 
examining properties that depend on the relative spacing of 
the orbital energies. 

A study of the effect of these different basis sets on the 
spin density distribution of H2NO in the planar conforma­
tion was also conducted. The geometry used here was that 
of Salotto and Burnelle.24 The calculated spin density on 
the nitrogen atom as indicated in Table IX is 0.158, 0.341, 

0.483, and 0.422 for basis sets A through D, respectively. 
These results indicate an obvious basis set dependence, and 
that care must be exercised when predicting magnitudes of 
spin densities using small basis sets. It is of interest to note 
that the values found using basis sets C and D are both in 
excellent agreement with the work of Hayat and Silver,36 

and the calculated hyperfine splitting constant for basis set 
D is in good agreement with the measured value. 

Using basis set C, which was the simpler basis set that 
gave good agreement with the spin densities reported by 
Hayat and Silver,36 the change in P N S D due to the presence 
of an electric field is calculated to be 0.0038 and 0.0396 at 
fx = -1.0 X 10 -3 and/x = -1.0 X 10~2 Ea/ea0, respective­
ly. The corresponding changes in a^ are calculated by eq 18 
to be 0.08 and 0.82 G, only three to four times larger than 
indicated with basis set A, even though the value of the spin 
density itself has changed enormously. This indicates that, 
although perhaps not appropriate for predictions of abso­
lute magnitudes of spin densities, small basis sets may be 
used effectively to examine changes in ^N- In any case, the 
trend still indicates that fields in the range of 10 -5 to 1O-4 

Ea/eao will not have an observable effect on the 14N isotro­
pic coupling constants. Since the isotropic part represents 
primarily the "contact" interaction at the nucleus itself, it is 
not necessarily surprising that rather large electric fields 
are required to produce a measurable effect on a^, as the 
electrons close to nuclei are tightly bound. 

It should also be pointed out that, due to the difference in 
the nature of the interaction, no definitive conclusions can 
be drawn from the current study concerning the magnitude 
of the effect of an applied electric field on the anisotropic 
hyperfine coupling constants, which is also of great interest 
in the study of membrane dynamics. The anisotropic part of 
the hyperfine coupling operator represents an electron di-
pole-nuclear dipole interaction, and thus will be influenced 
more by the more easily polarized electrons further re­
moved from the nucleus. Further studies to quantify the 
magnitude of this effect are contemplated. 
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al„ ' and the utility of the (q,\p) coordinate system is gen­
erally accepted, application to a general five-membered ring 
with unequal bond lengths and angles is not straightfor­
ward. Given the Cartesian coordinates for the five atoms 
(as from a crystal structure), determination of puckering 
displacements Zj requires specification of the plane z = 0. 
A least-squares choice (minimization of 2z/2) is one possi­
bility, but the five displacements relative to this plane can­
not generally be expressed in terms of two parameters q 
and \p according to eq 1. 

An attempt to define a generalized set of puckering cor-
dinates which avoids these difficulties was made by Geise, 
Altona, Romers, and Sundaralingam.9-11 Their quantita­
tive description of puckering in five-membered rings in­
volves the five torsion angles 6j rather than displacements 
perpendicular to some plane. These torsion angles are di­
rectly derivable from the atomic coordinates and are all 
zero in the planar form. They proposed a relationship of 
the form'' 

O1 = 6m cos (P + ATT(J - l)/5) (2) 

for these torsion angles where again 8m is an amplitude and 
P is a phase angle. Given values for the five 6j, the phase P 
is obtained from 
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