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The nuclear-electron Overhauser effect of 3'P and its spectral dependence has been studied in
free radical solutions of two selected solvents containing phosphorus in the oxidation states three
and five. Measurements of the dynamic polarization enhancement factor and of the relaxation times
of 3P and 'H have been carried out on trimethylphosphite, (CH30)4P, and triethylphosphate
(CyH;0) sPO at three widely separated magnetic field values, and at various temperatures. Triple
resonance experiments in the same solutions did not show any evidence of a “three spin effect”,
in contrast to diethylphosphite (C,H;0),P (H)O which was also investigated. From the polarization
coupling parameter and the fluctuations of the dipolar interactions, the importance of scalar contact
coupling, the spectral intensity functions and the (scalar) correlation times have been determined.
The results have been discussed in terms of the pulse model of molecular collisions, where the
average time dependence of the scalar coupling constant is calculated. The phosphorus-unpaired
electron coupling is described by different coupling mechanisms of different ranges, depending
upon the environment of phosphorus and the hybridization of the bonds. Among the mechanisms
capable of affecting the dynamic nuclear polarizations of both triply and quadruply connected
phosphorus, the interaction via the lone pair electrons which are present in the first case only,

is the most likely to play a dominant réle.

Dynamic nuclear polarization (DNP) by the nu-
clear-electron Overhauser effect has provided an ex-
tremely sensitive tool for studying weak intermole-
cular interactions in solutions of free radicals. Most
of the work, however, has so far been limited to the
proton and fluorine Overhauser effect, respectively.
For solvent protons, there are in most cases only
dipolar interactions with the unpaired radical elec-
tron (see preceding paper !, hereafter refered to as
I), whilst for fluorine nuclei both dipolar and sca-
lar couplings have been observed 274 Moreover, it
has been found that the scalar contact interaction
depends sensitively upon the chemical environment
of 19F and upon the particular type of free radical.
Thus dynamic polarization reveals otherwise unob-
servable details of interaction effects, which are of
considerable chemical interest. A study of the be-
haviour of further nuclei thus seemed to be of impor-
tance. Phosphorus is interesting because of its dif-
ferent oxidation states in organic solvent molecules
and its significance in biological materials. First

1 W.MULLER-WARMUTH, ErRoOL OzTEKIN, REYNIR VILHJALMS-
soN, and AYTAG YALGINER, Z. Naturforsch. 25a, 1688
[1970], preceding paper.

2 'W. MULLER-WARMUTH, Z. Naturforsch. 21 a, 153 [1966].

3 R. A. Dwek, J. G. KENwORTHY, D. F. S. NaTuscH, R. E.
RicHARDS, and D. J. SHIELDS, Proc. Roy. Soc. London A
291, 487 [1966].

4 E. H. POINDEXTER, J. R. STEWART, and P. J. CAPLAN, ]J.
Chem. Phys. 47, 2862 [1967].

qualitative results on the phosphorus-31 Overhauser
effect were reported by RICHARDS et al. 5. Enhance-
ment factors of a greater number of compounds at
one frequency have recently been published by
POINDEXTER et al. 678,

From quantitative experiments, it was hoped to
gain information on both the nature of the scalar
interaction and on its time scale. Measurements have
been made at three widely separated frequencies and
at various temperatures in order to determine the
spectral intensity function of the solvent-radical hy-
perfine coupling. Two typical phosphor-organic sol-
vents have been selected, one with trivalent, the other
one with pentavalent phosphorus. Solutions of the
same free radical have been used. Both solutions are
liquid over a large temperature range.

1. Experimental Procedure and Results

The NMR and DNP experiments on 3!P nuclei
were carried out in magnetic fields of 176, 3420
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THE NUCLEAR-ELECTRON OVERHAUSER EFFECT. I

and 13 200 gauss. The 3'P NMR (and ESR) fre-
quencies were 310 kHz (493 MHz), 5,84 MHz
(9.58 GHz) and 22.77 MHz (37 GHz). In the low
field region a new type of sensitive double resonance
spectrometer was used °. The strong field measure-
ments were made on a pulse spectrometer with phase
sensitive detection, and on a high resolution spec-
trometer, respectively. Correction for leakage was

01t
Q
001
C % (C,H50)3 PO
L \
\
\
\ \@
X
0.001 N
\\A \ 1037 ——=
o\
0 ! _\l N Y 1
3 4\ 50x-1 6
-0.001!
i
! —o0—0—0—— 176 gauss
i ——0--o-0-—— 3420 gauss
1

——0—0—0—— 13200gauss

(CH30); P

Fig. 1. Experimental results of the dynamic phosphorus-31

polarization (0 versus reciprocal temperature) in solutions of

trimethylphosphite and triethylphosphate containing BPA.

To aid clarity, with the exception of the lowest decade, differ-
ent logarithmic scales are used.

9 H. GRUTZEDIEK, Tagungsband Hochfrequenzspektroskopie,
Leipzig, September 1969, S. 361.
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always applied in the same way as that described
in I. The 3'P relaxation times of both, the pure sol-
vent and the solution were therefore measured. The
extrapolated enhancement factors and the nuclear-
electron coupling parameters [Eq. (2) of I] were
determined in the usual manner.

In addition to phosphorus the respective measure-
ments were also made for the protons of the solvent
molecule. For this, a few more frequencies and the
same techniques as described in I were applied.

The samples chosen were trimethylphosphite,
(CH3;0),P, and triethylphosphate, (CyH;0)4PO,
both with bisdiphenylene phenyl allyl (BPA) in so-
lution. The samples were degassed and sealed in
glass as usual. The results of the 3'P and 'H-DNP
measurements are presented in terms of the coupling
parameter ¢ in Figs. 1 and 2. The enhancements of
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Fig. 2. Proton-electron coupling parameter of solutions of tri-

methylphosphite (®) and triethylphosphate (0) as measured

at different temperatures and magnetic fields. The solid and

dotted lines are the result of the interpretation given in the
text.
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31P in solutions of the trivalent compound turn out
to be positive (Fig. 1) leading to negative p-values.
The pentavalent phosporus signal on the other hand
is inversely enhanced, and only at very high fre-
quencies and low temperature is a change of sign
observed. Finally the proton signal (Fig. 2) is al-
ways inverted whilst saturating the ESR of the ra-
dical. At low frequencies and high temperatures the
full dipolar value of g is reached, and the differences
between the two solutions are only due to the dif-
ferent diffusion behaviour of the molecules.

In both trimethylphosphite and triethylphosphate,
the indirect spin-spin couplings between 3'P and 'H
are very small. No hyperfine structure of the NMR
lines has been observed. A triple resonance experi-
ment 10 has ascertained, moreover, that there is no
influence of the polarized 'H nuclei upon the phos-
phorus. All this is quite different in solvent molecu-
les with strong J — J-coupling. Experiments in BPA-
solutions of diethylphosphite, (C,H;0),P(H)O,
have shown that the 3P enhancement changes very
much, if the proton resonance is saturated. There
is not only the trivial effect of line collapsing, but
in addition a “three-spin-effect’”, which, however,
does not follow the law usually applied 12, In the
triple resonance experiment the NMR line shapes
are changed, and the enhancement factors become
— even in the case of very strong 'H irradiation —
sensitively dependent upon the exact frequency. In
the anticipation of acquiring a better understand-
ing of these phenomena in the future no discussion
of these results will be given in the present paper.

2. Determination of Scalar Couplings,
Intensity Functions and Correlation Times

The variety of experimental data can be utilized
for a rather complete evaluation of the problem.
From the proton DNP results, which are not affected
by scalar interactions, the intensity function of the
dipolar coupling and the correlation time of trans-
lational diffusion can be derived. With this, it is
possible to determine the relative importance of sca-
lar and dipolar coupling between phosphorus and
the electron spin. Furthermore, the spectral inten-
sity function of the scalar coupling is obtained if

10 G. J. KRUGER, Z. Naturforsch. 24 a, 560 [1969].

11 K. H. HAausser u. F. REINBOLD, Phys. Lett. 2, 53 [1962].

12 H.GrUTZEDIEK and W.MULLER-WARMUTH, Z.Naturforsch.
24 a, 459 [1969].
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the dipolar functions of 'H and 3!P are assumed to
be equal. Fourier transformation finally yields the
correlation function and its average value, the cor-
relation time.

As a theoretical basis we take the discussion of
the preceding paper (I), and we apply Eq. (1) given
therein, which we now write in the form

. [h@-Kfk@2]05
07 1@ +03 1 7}“"') 2405 K fek (8 2)

)

1)

where z = wg 7y and f=74/7;. The meaning of the
other symbols has already been explained in I. The
“rotational contribution” to the dipolar interaction
is neglected. Moreover, since diffusion modulates
both dipolar and scalar interactions, the same acti-
vation law for the temperature dependence of 7, and
g has been assumed. To be more specific, the cor-
relation times will be related to the temperature by
an Arrhenius law,

t=1yexp{Es/RT}, (2)

where E, is the activation energy of the diffusion
process of the molecules.

For the protons of both materials, K in Eq. (1)
turns out to be zero. As in most cases of I, the data
can be explained by dipolar interaction with the
electron spin modulated by translational diffusion
of the interacting molecules (solid and dotted lines
in Fig. 2). fi(z), 7, and E, are thus obtained (see
also Table 2), where — within the limits of accu-
racy — E, corresponds to the activation energy of
the self diffusion constant of the solvent measured
independently 3.

The scalar hyperfine coupling between two part-
ners is supposed to be modulated by the same me-
chanism of molecular motion. The temperature de-
pendence of the phosphorus results may then be
replaced by the dependence upon the correlation
time 7, of translational diffusion, and the p-values
can be plotted against z, Fig. 3. Furthermore, since
the dipolar part of the phosphorus-electron inter-
action is described by the same function f;(z), from
0(z) and Eq. (1) both the scalar spectral intensity
function fg. and the relative importance of scalar
coupling K are determined. In order that the formal
procedures may be better understood, the different

13 G. J. Kri'Ger and R. Weiss, Z. Naturforsch. 25a, 777
[1970].
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functions, parameters, transformations and approxi-
mations used, are listed together in Table 1. More
details may be found in previous papers !, 10,14,
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Fig. 3. The o-values for phosphorus of Fig. 1 as a function of
z=wg Tt . In order to relate 7t to the temperature, the proton
DNP data were utilized. The results of POINDEXTER &7 ob-
tained at 74 gauss are also indicated (®). The solid lines
correspond to the theoretical interpretation.

For the purpose of simplicity, we have approxi-
mated the scalar intensity function by the square
of a sum of exponentials (Table 2). This is of
course a more or less arbitrary choice, but simpli-
fies the calculations. With the parameters of the
sixth column of Table 2, the functions of Fig. 4
are obtained, which — inserted in Eq. (1) — yield
the o-curves drawn in Fig. 3. A more favourable
approximation could certainly be found for a better
fitting of the (CHg)sP data in the medium region
of z. It was not done simply because it would in-
volve a more complicated expression without any
great improvement in the result. The correlation
function and the correlation time 7. in units of 7,
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are directly obtained from fy (see Table 1). All
the numerical parameters are listed in Table 2.

fi (o) = T2 (@S 7))
1,0 (0)
reduced intensity functions of the fluctua-
sk (we T tions of dipolar and scalar nuclear-electron
fsk(ﬂ )= ]7( 2 'Sk) coupling occurring at the ESR-frequency wg
JSk (0) and produced by diffusional motions.
2]sk(0) relative importance of scalar and dipolar
= - interaction.
157,D(0)
a2 correlation time of translational diffusion
= with Dy and Ds being the diffusion con-
5D stants of solvent and dissolved molecules,
resp., and d the distance of closest approach
D=} (D1+ Dsg) of the interacting spins.

auto-correlation func-
tion of the fluctuation
of the scalar coupling
as obtained by Fourier
transformation

K(t)=] k(0 (40 (B2) cos (1 2) du
Ty &2

oo
Tsk= ‘K:(l—())J‘K (t) dt scalar correlation time
0

Approximation of the in-
tensity function by a
combination of expo-

fsk(f2) = (de a2+ Be—bz4Cecx)?

nentials
—— (7/2) 7t
A? B2 C? 2AB 24C  2BC
20 726 T2¢ " atb Tate T bic

Table 1. Synopsis of the functions and procedures used in
order to determine scalar couplings, intensity functions and
correlation times.
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Fig. 4. Scalar coupling strengths and intensity functions that

lead to the interpretation of Fig. 3. For comparison, the di-

polar spectral intensity function is plotted in the same scale
(dotted line).

. 23 ° Er i T : : «
Solution K ‘:It] (1 03_12, kcai?l\}lr(l)le B =1L:{ Intensity function approximated by
(CH40) 4P/BPA 34 7.0 2.9 0.18 (0.66 e—52+0.25 ¢—0.01724 0,09 ¢—0.001z) 2
(C;H;0) PO/BPA 0.20 17 3.8 0.35 (0.635 e—0.924-0.30 e—0.0524-0.065 e—0.001z) 2

Table 2. Numerical parameters as obtained from the experiments, with the procedures described in this paragraph.

14 F. Noack, G. J. KRUGER, W. MULLER-WARMUTH, and R. VAN STEENWINKEL, Z. Naturforsch. 22a, 2102 [1967].
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3. Application of the “Pulse Model”
of Molecular Collisions

Further discussion of the hyperfine interaction
mechanism requires a model in order to explain the
intensity and correlation functions derived from the
experiments. Due to the results of the last para-
graph this model has to be a diffusion model, since
a sticking model does not hold for explaining the
observed spectral dependences. As a consequence of
the general definition, the correlation function can
either be represented by a statistical ensemble aver-
age or by a time average. A suitable model for the
local dependence or the time dependence of the
hyperfine coupling constant A[r(z)] should there-
fore lead to the correct correlation function K(z). In
the literature, only one very special case of a dif-

(a)

~

(e)

A

(c)

Fig. 5. Difference between a “sticking model” (a) and the
pulse model (b, c). In (a) A (¢) has only two values: 4 when
the partner molecules are together, and zero when they are
not. In (b) and (c) this rectangular on-off interaction is re-
placed by a more realistic time dependence, either of short
range (a) or of long range order (b). (a) leads to an exponen-
tial correlation function which disagrees with the present ex-
periments. (b) and (c) lead to correlation functions which de-
pend on the details of the average interaction pulse shape.
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fusion model is known, were ensemble averaging
has been applied 1%, In this, a very short range in-
teraction with an exponential dependence upon the
distance was supposed. Since this particular model
only agrees in exceptional cases with the experimen-
tal behaviour, and since a more general mathemati-
cal procedure for obtaining the scalar coupling po-
tential does not seem feasible, we have calculated
K(t) by averaging over the time.

In a model proposed earlier!* the time depen-
dence of A(¢) is characterized by a statistical suc-
cession of pulses v(2), each occuring at a collision
of two interacting partners. The fluctuations of 4 ()
are supposed to obey a Poisson law, which is equi-
valent to the validity of the diffusion equation in the
ensemble picture. Since the scalar interaction poten-
tial has been shown to increase regularly rather
than abruptly as the molecules are brought closer
together, the time dependence of Fig. 5 (b) or (c)
looks more realistic than that of Fig. 5 (a). If the
multiplicity of collisions between radical and solvent
molecules is taken into account, the “average pulse”
in this model is assumed to be a superposition of
possibly different pulse shapes for the single col-
lision. The mean difference in time between the oc-
currence of collisions is given by the Poisson jump-
ing time 7,. The spectral intensity function is the
square of the Fourier transform of the average
pulse 1%, As a further parameter, 0> the mean square
of the pulse amplitudes enter into the model. The
surface of one pulse is normalized to 27y, where
the mean interaction time 7, is of the same order
of magnitude as 7 .

The detailed procedure for computing the pulse
shapes in the present study is outlined in Table 3.
With the numerical parameters of the last paragraph
the average pulse shapes of Fig. 6 are obtained.

fsk(z) = (A e~ 9%+ Be~bz4Ce—cZ)? reduced intensity function (see Table 1)
V(z) =V] (0) %‘;— (A e—az+B e—bz4C e—cZ) pulse spectrum

oo

v(z) =7A1an(z) cos (_:Tz) dz pulse shape
0

_ 2w ( _Aa , Bb
T oot @@ (tfr)? T b (tf7y)?
41y = %ﬂ* 7(0)

m,Cf_)
A () 2

Table 3. Application of the pulse model. The experimental intensity functions is approximated by the square of a sum of
exponentials.

15 P, S. HuBBARD, Proc. Roy. Soc. London A 291, 537 [1966].
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4. Discussion

The extremely strong scalar interaction of the
phosphorus-IIT compound with the radical is the
most striking feature of the results. The K value of
3.4 (Table 2) corresponds to 63% scalar relaxation
of 3P under extreme narrowing conditions com-
pared with 9% for the P(¥) compound. The im-
portant difference reflects more the hyperfine cou-
pling constants and the coupling mechanisms rather
than the correlation times which are of the same
order of magnitude. The principal result agrees with
the main conclusions, which other workers drew
from single temperature and frequency measure-
ments 5~7. The quantitative study of the present
work has, however, shown that single measurements
may imply wrong exrapolations because of the com-
plexity of the frequency and temperature depen-
dence. Moreover, results on dialkyl and diaryl phos-
phites have to be regarded cautiously since the three-
spin-effect (see Chapt. 2) changes the apparent en-
hancement drastically, and even the sign of the po-
larization may be different.

The frequency and temperature dependence of
the 31P nuclear-electron Overhauser effect in the re-
spective solutions can most easily be studied by an
inspection of Fig. 4. In this the scalar contributions
to the enhancement factor may be compared with
the dipolar part (dotted line). These curves ex-
plain why the enhancement is always positive in
(CH40) 4P, and why the negative enhancement of
the 3!P signal in (C,H;0)3PO becomes rather small
and remains more or less constant at high frequen-
cies and low temperatures. Only at a very high =z,
in the latter case, does the scalar contribution ex-
ceed the dipolar function causing an inversion of
the NMR signal. In contrast to similar studies on
the 19F Overhauser effect in solutions of fluoro-
carbons 1617, in the phosphorus case the scalar in-
tensity functions contain several steps. Beyond this,
in (CH30)4P the extreme narrowing conditions are
never reached, not even in a rather low magnetic
field. Common features, on the other hand, are the
slow decays of the scalar interaction at very high
frequencies and low temperatures.

This behaviour is reflected in the average time-
dependence of the scalar interaction of Fig. 6. The
slow decay, demonstrated experimentally by a rather

16 W. MULLER-WARMUTH, R. VAN STEENWINKEL, and F.
NOACK, Z. Naturforsch. 23 a, 506 [1968].
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small decrease in the DNP signal with decreasing
temperature in the strongest field, corresponds to an
extremely short range interaction. The characteristic
time of this part of the interaction is of the order
of 1/100 of the diffusional correlation time (sharp
peak in Fig. 6 a and b). If the relative surface con-
tribution to the total pulse is taken as a measure of
a kind of “cross section” of this portion of the con-
tact coupling, it makes up a little less than 10% in
both cases. Superimposed one has further inter-
action mechanisms. The extremely long range part
of (CH;0);P with a cross section of 66% has not
been observed in other systems so far, whilst an in-
teraction in the intermediate range (here only 25%)
is generally found. In solutions of (C,H;0),;PO,
more comparable with the fluorocarbons, the over-
whelming part of the interaction is governed by a
coupling mechanism of medium duration (Fig. 6).

The discussion of interaction ranges in terms of
characteristic time constants implies certain difficul-
ties, and there is some confusion in the literature
concerning the definition of these quantities. In the

(CH;0)5 P

1 1 1 1 1

2 7 0 7 2t/
(CoHs0)3 PO

7 7 0 7 T

Fig. 6. Mean time dependence of scalar (solvent) phosphorus-

(radical) electron coupling in the systems (CH30)3,P/BPA

and (C,H;0)3;PO/BPA. The pulse shape lg[z 7t v(2)/2 Tw]

is plotted against the time in units of the correlation time of
translational diffusion.

17 'W. MULLER-WARMUTH, R. VAN STEENWINKEL, and AYTAg
YALGINER ,to be published.
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quantitative consideration we have therefore con-
fined ourselves to a comparison of the correlation
times which are equally and unequivocally defined
for the fluctuations of both dipolar and scalar inter-
actions 1%, The scalar correlation times are certain
average values and if they have turned out to be
only one third or one fifth of the dipolar correlation
time (Table 2), this must not necessarily rule out
contributions of much shorter and longer inter-
actions. In the present study this is obvious, and
the particular interaction times derived from Fig. 6
are not thought to stand for more than one can de-
rive from this picture.

Strong scalar contact coupling of the radical elec-
tron to the triply connected phosphorus might be
understood from the structure of this solvent mole-
cule. The compound exhibits pyramidal symmetry
associated with p3-hybridization plus some sp3-char-
acter. The phosphorus is therefore poorly shielded
and there remains the lone pair of 3s electrons with
a certain amount of hybridization. Spin information
from the radical may thus be transmitted to the 3'P
nucleus by a temporary overlap of the unpaired z-
electron orbital with the lone pair orbital, and trans-
ferred to the nucleus through the s-character. The
coupling or a part of it may also be provided by
some kind of @-0 exchange polarization, which is
known to transmit unpaired z-electron density with-
in a molecule to a nucleus in the nodal plane. These
concepts are supported by the small ionization po-
tential of the solvent molecule making it an electron
donor, which together with the convenient steric
conditions favours complexing with the radical mo-
lecule. We may therefore attribute the strong con-
tact coupling and the long range contribution with
an interaction time several times the dipolar cor-
relation time, to the mechanism just proposed. There
is some similarity with the results obtained from
substituted fluorobenzenes 17, in so far as the scalar
coupling has proved to be particularly large, if the

THE NUCLEAR-ELECTRON OVERHAUSER EFFECT. I

ionization potential of the solvent was either very
small or high.

The interaction via the lone pair electrons is ab-
sent in (C,H;0)3;PO. The quadruply connected
phosphorus atom in this compound has tetrahedral
environment with sp® hybridization of the bonds.
In contrast to the triply connected phosphorus these
bonds also contain some z-character 8. Steric hin-
drance renders the approach of a radical molecule
more difficult, and direct coupling seems improb-
able. Although one has to be careful in the further
attribution of coupling mechanisms, one is tempted
to correlate the medium range coupling, which has
also been found in aromatic fluorocarbone (but not
in (CH30);P), with an interaction of the radical
electron with the a-system of the solvent. Spin
density is then transmitted to the nucleus via o-7
polarization, which is connected with an attenuation
of the effect. The very short range interaction, which
seems to be important in all dynamic polarization
results, is most likely also a consequence of indirect
coupling at the minimum approach of the molecules
during diffusion. The sharp peak indicating the
point of contact may either be a natural part of the
interaction, also occurring with longer duration (for
instance as a consequence of the anisotropy of col-
lisions), or may belong to an additional mechanism.

Since most studies concerning intermolecular hy-
perfine contact couplings have so far been carried
out on fluorocarbon solutions, the contrast in the
time- and frequency dependence of the phosphorus-
electron interaction is particularly striking. While in
the case of 19F, these dependences are rather smooth
functions, here fo. (w 7), K(t) and V(¢) decay step-
wise. This is probably the consequence of more than
one coupling mechanism for %!P as already dis-
cussed.

18 J. R. VAN WAZER, Phosphorus and its Compounds, Inter-
science Publ. Inc., New York 1958.



