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Letters to the Editor
production a that is traditionally considered due to
irreversible phenomena in the system. Therefore, we
look for a in the form a=LI", T-1X~ex)0A"',
where the
Xl ex) are determined from the consistency conditions,
Eqs. (3. 12a) in I, and T is to be identified with nonequilibrium temperature.
With the kinetic expression for A~ "') put into the formula for a just given and comparing the latter with its
statistical formula, we infer that fl must be of the form
logfl = - f3(H j + H~1>
- Ili)' where H j is the kinetic energy
of the particle in the frame of reference moving with the
fluid velocity, H~l)
= LexX; ex) 0 hl ex), f3 = 1/ks T, and Ili is
the normalization factor.
Since hl ex ) are functions of the velocity, the expansion
in hl ex) for fi must be such that the normalization integral
of fj is defined. In order to assure it, it is safe to put
a convergence factor exp [ - Eq(U j ) ] in the integral:
exp( - f3lli) = lim nil (exp[ - Eq(U I)] exp[ - f3(H j + Hl 1»

.-0

J> ,
(2)

where q(u j )=SuPulHll>I. In practice, one does not
have a complete set for the expansion for W; 1>. Therefore, when it is truncated, it must be done such that the
integral is well defined or the convergence factor must
be put in. This must be understood even if it is not
explicitly stated.
The consistency conditions are tantamount to the
statement that there exists a nonclassical contribution

2697

to the entropy flux LI ",Xjex )0l/il"') IT, in addition to the
classical contribution LI (QI - (lIJ I) IT (see I for the notations). It is a practical necessity to have a differential
form for the entropy change in the Gibbs space in order
to have a practicable theory of irreversible thermodynamics for systems removed far from equilibrium.
The nonclassical term is essential for the existence of
a differential form for the entropy density and its integrability conditions to be defined.
Since the extended Gibbs relation means that fj can be
expressed in terms of the entropy derivatives with respect to the Gibbs variables, s may be written as S
=La.J.(as/a.J.)p where .J. denotes a Gibbs variable and
the subscript ~ means keeping the other Gibbs variables
fixed in the differentiation. This shows that S is a first
degree homogeneous function of the Gibbs variables in
the moving frame of reference. This important result
owes its emergence to the extended Gibbs relation directly and to the form of a taken in terms of A:ex J and the
consistency conditions indirectly. This relation can be
useful for developing thermodynamic theory 2(b) for systems removed far from equilibrium.

lB. C. Eu, J. Chern. Phys. 73, 2958 (1980); will be referred
to as 1.
2(a) B. C. Eu, J. Chern. Phys. 74, 2998 (1981); (b) 74, 6381
(1981).
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The enhancement of scalar coupling at nuclei by the
presence of chlorine in the same molecule is a wellknown phenomenon in dynamic nuclear polarization
(DNP) studies. The effect has been noted l - 3 in studies
on 19F, 3l p , and l3C. In general, however, the mechanism of chlorine participation has remained obscure.
In particular, two classes of mechanisms are to be distinguished: the direct participation mechanism, with
the chlorine acting as a spin messenger and the indirect
particpation mechanism, with the presence of chlorine
affecting the electronic environment at the nucleus of
interest and thus enhancing scalar rates. Bates,
has reported l DNP studies on CFCl 3 and CFCl 2H at 75
G and finds an abnormal aliphatic fluorine scalar rate,
to be attributed to the presence of chlorine. In our
J. Chem. Phys. 77(5),1 Sept. 1982

laboratory, X-band studies on the system Freon-113
(CF 2 CI-CFCI 2 )/TTBP (tri-t-butylphenoxyl radical) had
indicated4 a higher scalar rate at the -CFCI 2 fluorine.
We have COnfirmed these findings on our field-frequency locked medium resolution X-band DNP spectrometer, 5.6 with relative enhancements of the fluorines being
A F (-CF2Cll'" -1.4 andAF(_C12)~-O.7
The experiments were performed at 25 ± 2 C. The solvent and
radical precursor were obtained from K& K Laboratories, U.S.A. The radical was generated in the NMR
sample tube itself by adding excess, freshly-prepared
nickel peroxide to the solvent with dissolved precursor.
The tri-t-butylphenol precursor was used after recrystallization from methanol. The DNP sample was freed
of dissolved oxygen by bubbling oxygen-free nitrogen
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TABLE 1. Some parameters of electronic structure for the molecule CF 2CI-CFC12 (Freon-1l3l. PI and
pair p-orbitals. Experimental trend in scalar rates: F(-CFC12) > F(-CF 2ClI.

(sPa)-polarizability

Valence-shell
electron density

p;

are lone-

Valence-shell orbital
occupancies

Nucleus

EH

SCF/cNDO

s

Pa

PI

P;

F(-CF 2Cl)

0.1555

0.0905

7.1734

1. 8305

1. 4040

1. 9749

1.9640

F(-CFC12)

0.1663

0.0915

7.1519

1. 8463

1. 3555

1. 9795

1. 9706

gas. Radical concentration, as estimated from precursor concentration, was"" 5 x 10- 2 M.
Although we could not obtain the extrapolated U"" values 7 owing to the very small effects observed at the low
microwave power available to us, the differential trends
are unmistakable. The differential effects are to be attributed to differences in the scalar interaction, the dipolar interaction not being sensitive to the chemical environment of nuclei.
In an effort to correlate the observed trends with the
molecular electronic structure, we have adopted a
closed-shell perturbation formalism along the lines of
Dwek et al. S Such an approach ought to be capable of
describing our experimental situation, since the TTBP
radical used in our studies is known to interact with the
solvent molecules by exchange polarization, and not by
specific chemical interaction. 9 Treating the exchange
interaction between the radical unpaired electron and
the electrons of the solvent molecule as the perturbationS and approximating the singlet-triplet excitation
energies by molecular orbital (MO) level differences 10
the spin density induced at nucleus M in the solvent
molecule can be written as

X (<Pb',M'

I/!~:

2

I/!~

<Pb",M")

(1)

Subscripts M, M', and Mil refer to the atomic centers
while i and j refer to the occupied and unoccupied MO's
in the closed-shell solvent molecule. E'S are MO energies. <p' s refer to the atomic orbitals (AO) in the solvent molecule while I/! ~ is the oxygen AO of the radical.
C i5,M is the coefficient of the valence s orbital <P 5,M centered on M in the ith occupied MO. b' andb" are the valence-shell AO's centered on M' and M", respectively.
0M(r) is the Dirac o-function operator centered on nucleus M. Only one-center integrals of this operator are
retained. We are interested here in the spin density on
fluorine nucleus. Since the fluorine atoms lie at the
periphery of the molecule we retain only terms with
M' = Mil in Eq. (1). The valence-shell s orbital of fluorine is energetically and spatially deeply buried in comparison with P orbitals and consequently we retain in the
summation over b', btl in Eq. (1) only the terms involving P orbitals. Note that in Eq. (1) now the coefficient
of the s orbital of a fluorine atom appears along with the

coefficient of the P orbital on the same atom for a given
MO. This P orbital is a Pa orbital along the C - F bond
direction. It is thus seen that the induced spin density
is proportional to the (sp a)-parameter defined as

(2)

Noting the analogy with the polarizability parameter of
Coulson and Longuet-Higgins" we refer to the quantity
(SPo)MM as a (sPa) polarizability parameter.
We have calculated the relevant (sp a) polarizability
parameter for the "Freon-113" molecule in the extended
Hiickel (EH) as well as the CNDO framework, 10 using the
"CNINDO" program,12 modified suitably for our purposes. Input atom coordinates were obtained from electron diffraction data 13 on the bond lengths and bond angles
in this molecule. We summarize our results for this
system in Table 1. Also included in this table are the
valence-shell electron densities and valence-shell orbital population analysis for the two representative inequivalent fluorine atoms. Clearly, the fluorine atom
exhibiting the higher scalar rate is also associated with
the higher value of the (sPa) -polarizability parameter.
In addition, it also has the lower valence-shell electron
density, arising essentially from the lower Pa population. In this system at least, therefore, it does not
appear necessary to invoke the direct participation of
chlorine to understand the observed trend in scalar
rates.
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In this work, electron transmission spectroscopy
(ETS)1 is employed to study low-lying temporary anions
in the chloromethanes. The resulting electron affinities
(E.A.), within the context of Koopmans' theorem, may
be associated with the energies of the low-lying unfilled
orbitals of these compounds. Such data are of fundamental importance for an understanding of the electronic
structure of molecules, and are relevant to studies of
fragment anion production by electron capture through
the dissociative attachment mechanism, to the interpretation of optical absorption spectra of the neutral
molecules, and to electron impact studies of inner-shell
electron excitation.
ETS has proven to be a sensitive technique for the
study of short-lived anion states formed by capture of
electrons into the normally unfilled 1T* orbitals of unsaturated hydrocarbons. 2,3 However, such measurements in small saturated hydrocarbons have been less
useful, because the anion states associated with the
antibonding orbitals in these systems lie at high energies and have very short lifetimes, and hence, broad
widths. In recent work, however, we found that chlorine
substitution on ethylene 4 and benzene 5 produced additional features in the transmission spectra other than
those due to the 1T* orbitals. We have attributed these
to the filling of low-lying C-CI (J* orbitals. In support
of this assignment, we expect that similar anion states
should exist in the chlorinated alkanes, and in this note
we describe our results in the simplest molecules of
this class.
In Fig. 1, we present the transmission spectra of the
chloromethanes, CHCl2F, and CC1 2F 2, plotting the
derivative of the unscattered electron current transmitted through the gas cell as a function of electron impact energy. 6 The vertical arrows below the curves
are at the observed midpoints between dip and peak and
J. Chern. Phys. 77(5).1 Sept. 1982

correspond to the vertical attachment energies, i. e. ,
the negative of the vertical electron affinities. 7
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FIG. 1. Derivative of transmitted current as a function of
electron impact energy. The vertical arrows beneath the
curves locate the vertical attachment energies. The lines
above each curve indicate the theoretical anion energies and
orbital symmetries. The theoretical energies are normalized
to the experimental data only at the 2Al resonance in CHCI3'
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