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Dynamic proton polarization in several free radical solutions has been studied systematically 
with different radicals at five widely separated magnetic field strengths and at various temperatures. 
Normally, in organic solutions the dynamic enhancements of the solvent proton resonances decay 
with increasing field and decreasing temperature. Scalar proton-electron coupling has only been 
observed in exceptional cases. The spectral intensity functions describing the experimental behav-
iour are derived f rom the dipolar interaction whose time dependence is in the first place due to 
translational diffusion of individual molecules. In addition, a certain solvation effect has to be taken 
into account. Strong solvation occurs in solutions of hydroxyl containing solvents with nitroxide 
radicals. In this case, the dynamic proton polarization appears to be quite different. As an example, 
solutions of tetramethyl piperidineoxyl in acetic acid have been examined in more detail. The re-
sults are explained in terms of hydrogen bridged solvates. The important motional mechanism that 
modulates the proton-electron interaction switches f rom "translation" to "rotation", and electron 
spin density is temporarily transferred to the solvent molecule. 

Studies of dynamic nuclear polarization (DNP) 
by the proton-electron Overhauser effect have al-
ready demonstrated the possibility of obtaining de-
tailed information on the motion of the molecules 
involved. In organic liquids containing free radicals 
the solvent proton magnetic resonance is inverted 
and may be increased up to a factor of about 330, 
if the radical electron spin resonance is saturated. 
By measuring the DNP-enhancement factor and its 
dependence upon the frequency and the temperature 
the interactions between unpaired electrons and pro-
tons may be investigated. Furthermore from the time 
dependence of these interactions the intensity func-
tion of the spectrum of molecular motion can be 
derived. The results obtained so far have been ex-
plained by several workers in terms of dipolar inter-
actions between the protons and electrons, where in 
a satisfactory approximation, quantitative agree-
ment exists with a two-spin model of translationally 
diffusing molecules 1 - 6 . 
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In the meantime DNP studies with nuclei other 
than protons (19F, 13C, 31P, 7Li) have shown that 
intermolecular scalar contact interactions between 
radical electrons and nuclei may also play an im-
portant role. Moreover in some cases an admixture 
of rotational motion has been found 7. Finally dras-
tic departures from the usual DNP behaviour have 
been reported, in a preliminary note, for a case, 
where an association exists between the solvent and 
free radical molecules8. All this has led us to re-
inspect the proton-electron Overhauser effect using 
improved techniques with a number of widely spread 
frequencies. 

In this paper we mainly report proton DNP mea-
surements on two selected liquids with a variety of 
free radicals in solution, and studies on an associat-
ed system. Comparable results have been obtained 
with other organic solutions. In some following pa-
pers similar studies with carbon-13, fluorine-19 and 
phosphorus-31 will be communicated. 

4 R . A . D W E K , J . G . K E N W O R T H Y , D . F . S . N A T U S C H , R . E . 
RICHARDS, and D. J. SHIELDS, Proc . Roy . Soc. London A 
2 9 1 , 4 8 7 [ 1 9 6 6 ] . 

5 R . A . D W E K , H . D . HILL , J . G . K E N W O R T H Y , D . F . S . N A -
TUSCH , a n d R . E . RICHARDS , M o l . P h y s . 1 3 , 2 7 [ 1 9 6 7 ] . 

8 R e v i e w : K . H . HAUSSER a n d D . H . STEHLIK , A d v . M a g n e t i c 
Resonance 3, 79, Academic Press, New York 1968. 

7 G . J . K R Ü G E R , W . M Ü L L E R - W A R M U T H , a n d R . V A N S T E E N -
WINKEL, Z . N a t u r f o r s c h . 2 1 a , 1 2 2 4 [ 1 9 6 6 ] . 

8 W . M Ü L L E R - W A R M U T H a n d EROL Ö Z T E K I N , M o l . P h y s . 1 7 , 
1 0 5 [ 1 9 6 9 ] . 

This work has been digitalized and published in 2013 by Verlag Zeitschrift 
für Naturforschung in cooperation with the Max Planck Society for the 
Advancement of Science under a Creative Commons Attribution-NoDerivs 
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal 
of the Creative Commons License condition “no derivative works”). This is 
to allow reuse in the area of future scientific usage.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der 
Creative Commons Lizenzbedingung „Keine Bearbeitung“) beabsichtigt, 
um eine Nachnutzung auch im Rahmen zukünftiger wissenschaftlicher 
Nutzungsformen zu ermöglichen.



All the results will be discussed in terms of the 
polarization coupling parameter Q, which itself de-
pends upon the nature of the nuclear-electron inter-
action and on the motional properties of the spin 
carrying molecules. In particular, Q can be expres-
sed by a combination of various dipolar and scalar 
spectral intensity functions / ( c o t j ) for the fluctua-
tions of the liquid lattice parameters 9. The time-
dependence of the dipolar interaction is due to fluc-
tuations of the vector r i k connecting the i-th nuclear 
spin and the k-th electronic spin. A distinction is 
made between "translational motions", where also 
the absolute value | r i k | fluctuates with time, and 
"rotational motions", where only the spatial orien-
tation varies. The corresponding reduced intensity 
functions / (co R,) = J (co TJ) / /(0) are ft(cort) and 
/ r (co r r) with the correlation times r t and r r , respec-
tively *** . The relative importance of rotational and 

The reduced intensity functions occur either at the 
ESR frequency cos = H0 , or at the NMR frequen-
cy coj = yi H 0 (}'g and y\ are the gyromagnetic ra-
tios of the unpaired electron and nuclear spins, re-
spectively, H0 static magnetic field). The particular 
spectral dependence of ft, / r and / s k will be discus-
sed in a later chapter. 

1. Experimental Details and Procedure 

Five different double resonance spectrometers 
operating at 15, 176, 1070, 3420 and 13 200 gauss 
were used. The proton (and electron) magnetic re-
sonance frequencies were 65 kHz (42.6 M H z ) , 
750 kHz (493 MHz) , 4.35 MHz (3.0 GHz) , 14.6 
MHz (9.58 MHz) and 56.3 MHz (37.04 GHz) , re-
spectively. At 14.6 and 56.3 MHz high resolution 
NMR technique was applied. The DNP enhancement 
factors were measured in the usual way by com-
paring the NMR signals in the presence and in the 
absence of the ESR saturating power under other-
wise identical conditions. With P being the proton 

9 F . N O A C K , G . J . K R Ü G E R , W . M Ü L L E R - W A R M U T H , a n d R . 
V A N STEENWINKEL, Z . N a t u r f o r s c h . 2 2 a , 2 1 0 2 [ 1 9 6 7 ] . 

*** In literature Tt values which differ by a factor 2, 3 or 6 
are unfortunately used. The correct definition of the trans-
lational correlation time is now available 10 and will be 
adopted throughout. All the translational correlation times 

translational motion is given by 

Ä = / r ( 0 ) / / t ( 0 ) = S d3 xT X / 4 JI Ng b6 r t 

(6 = constant distance between 1 and 5 in a solvate 
complex, d = distance of minimum approach of the 
interacting spins during the translational diffusion, 
N§ = electron spin concentration, X = mole fraction 
of associates). 

The possible scalar interaction can be written 
A Ii Sk, where I; and Sk are the spin operators for 
the nucleus and the electron, respectively. The fluc-
tuation due to molecular motion is involved in the 
time dependence or the local dependence of A. The 
corresponding reduced intensity function is called 
/sk(a)Tsk) with a scalar correlation time r s k . The 
relative importance of scalar and dipolar interaction 
is expressed by K = 2 7 s k ( 0 ) / 1 5 / t D ( 0 ) . Taking all 
this into account, Q may most generally be written 

(1) 

polarization and P0 its thermal equilibrium value, 
the ratio P/P0 = l - Q f s(\ys\/yj) (2 ) 

was determined. The leakage factor / was derived 
from the measured relaxation times T± of the solu-
tion and T10 of the pure organic liquid. The free 
radical concentrations were in a range of around 
10~ 2 molar, so that / took typical values of the or-
der of 0.9. All samples were carefully degassed and 
sealed. 

As a consequence of electron spin exchange the 
ESR lines of most radicals were relatively narrow, 
and there was no difficulty in saturating them. By 
plotting the reciprocal enhancement factors against 
reciprocal microwave power linear dependences 
were obtained that could easily be extrapolated to 
infinite power [s = l in Eq. ( 2 ) ] . Actual saturations 
between 70 and 95% were achieved. An exception 
was the nitroxide radical TMPO. Because of the 
spin 1 of the 14N nucleus, in a sufficiently strong 
magnetic field the hyperfine structure consists of 
three well resolved lines (Fig. l a ) . These can be 

given in previous papers of our group and also the values 
of R and K defined below have therefore to be multiplied 
by some numerical factor. 

1 0 F . N O A C K a n d G . H E L D , Z . P h y s . 2 1 0 , 6 0 [ 1 9 6 8 ] . - G . J . 
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ton-electron double resonance at weak microwave power, a) 
at 3420 gauss, b) at 15.2 gauss. In the weak field spectrum 
one line is inverted because it corresponds to a hyperfine tran-
sition, where in contrast to the others, the magnetic quantum 

number of the upper level is smaller. 

separately saturated and the enhancement measured 
for one line is one third of the total enhancement. 
In a weak field, however, the spectrum is more com-
plex (Fig. l b ) . In this case the saturation para-
meter 5 in Eq. (2) is given by 11 

v V Oig(co — u>i) T / \ /Q\ 
i i l + Oig((o-Wi) v ' 

where g(co — C0j) is the line shape function of the 
hyperfine line i, and A(cOj) a weighting factor, which 
depends upon the electronic relaxation mechanism 12. 
Oi is proportional to the microwave power. Experi-
mentally each line of Fig. 1 b was saturated separa-
tely ( o * > 1) leading after Eqs. (2) and (3) to 
extrapolated enhancements 

Because of 2 A ( c 0 j ) = l , the proton-electron cou-
pling parameter Q could thus be obtained by sum-
ming up all the (P/P0)i s. 

Measurements were carried out over the total 
liquid range of the various solutions. Temperature 
control and temperature measurement of the samples 
was achieved by familiar techniques. 

2. Results and Discussion 

(a) Dimethoxyethane Solutions 

The nuclear-electron Overhauser effect has been 
studied in solutions with four different free radical 
anions. With the exception of (coronene) - , com-
parable enhancement factors of the DME protons 
have been observed in all these solutions. The points 
of Fig. 2 show 5 as a function of reciprocal tempe-
rature as measured in the different magnetic fields. 

Fig. 2. Experimental results of the dynamic proton polariza-
tion (o versus reciprocal temperature) in solutions of dimeth-
oxyethane (DME) containing galvinoxyl ( A ) and the free 
radical anions diphenyl" (A)» acenaphthene" ( © ) , pyrene" 
( O ) and chrysene - ( • ) . The solid lines correspond to the 

interpretation given in the text. 

Likewise, previous measurements 2 on the same sol-
vent, which were carried out with two further free 
radicals in solution (galvinoxyl, diphenyl"), but at 
three magnetic fields only, are indicated in the fi-
gure. In all cases of Fig. 2, in the low-field/high-
temperature limit ("extreme narrowing") Q tends 
towards 0.5. At 16 G only a few of the coinciding 
measured points are indicated. 

The results of the solutions containing (coronene) -

are presented in Fig. 3 as a function of the ESR 
frequency. Because saturation has proved very diffi-
cult, investigations on the temperature-dependence 
have not been made in this particular case. For pur-
poses of comparison, the room temperature results 
of solutions containing (pyrene) - and (chrysene)~ 
are also given in the presentation of Fig. 3. 

The variety of data of Fig. 2 offers an opportu-
nity for testing the theory more carefuly than hith-
erto and for obtaining more detailed information 
on the random motion in the solution. The limit of 



Fig. 3. Coupling parameter Q for solutions of coronene" (<g>), 
pyrene" ( O ) and chrysene" ( • ) in dimethoxyethane at 23 ° C 
as a function of the ESR frequency. The lines are explained 

in the text. 

£> = 0.5 proves that the proton-electron interaction 
is in fact purely dipolar within the experimental 
accuracy, where of course an extremely small scalar 
contribution with K in Eq. (1) smaller than 0.04 
(this means a contribution of less than 1% to the 
nuclear relaxation) would escape observation. If the 
very high field results are first neglected, the mea-
surements might well be described by the translatio-
nal model of molecular motions, as done in the past 
by many authors 1 - 7 . K and R in Eq. (1) are zero 
in this case, and ft is the well known spectral in-
tensity function for isotropic translational diffu-
sion 1 3 ' 1 0 . Such an interpretation is proposed in 
Fig. 4. Q is plotted against cog t t . In order to figure 
the frequency- and temperature-dependence of the 
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Fig. 4. Coupling parameter Q for the case, where the time de-
pendence of the dipolar interaction is only caused by trans-
lational diffusion (solid line). O and • are the experimental 
data for DME solutions containing pyrene" and chrysene", 
resp. The magnetic field ranges at which the measurements 
at various temperatures have been carried out, are indicated 
in the graph. Corrections as explained in the text are the dot-

ted lines, viz. at + 2 3 °C and at —45°. 
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experimental data in one graph, an Arrhenius law 

rt = T t oexp {Et/RT}, (4) 

with an activation energy £ t = 3.0 kcal/mole is as-
sumed for the correlation time. 

It is easily realized that there are systematic de-
partures from this description at high frequencies 
and low temperatures. As long as only measure-
ments in not too strong magnetic fields were con-
sidered, these departures did not carry weight and 
were compensated for by choosing a smaller activa-
tion energy. The many new data, including those on 
further organic solutions show, however, that the 
enhancements in very high fields are in general 
higher than those extrapolated from measurements 
in weaker fields. The molecular motions in these 
solutions are evidently a little more complex than 
has been assumed so far. We believe that the reason 
for this is a second mechanism of motion, which 
could be a rotational contribution to the proton re-
laxation and polarization. Such an assumption is 
particularly justified, since the temperature-depen-
dence of the solvent proton relaxation rates some-
times shows two maxima, if an appropriate frequency 
and temperature range is accessible u . A rotational 
contribution would mean that some solvation takes 
place, a certain number of radical molecules being 
for a time more closely associated with solvent mole-
cules. The solvated complex then tumbles as an unit 
in the liquid, and the correlation time in the corre-
sponding intensity function is either given by the 
residence time or by the rotational correlation time. 

An attempt at such an explanation is shown by 
the solid and dotted lines in Fig. 2. These are the 
result of an application of Eq. (1) with R now be-
ing unequal to zero. For r t and / t the same depen-
dence as before had to be chosen. / r is equal to 
1/ (1 + co2 t r 2 ) and t r has turned out to be smaller 
than r t having also a smaller activation energy. 
Since the rotational contribution is only a correc-
tion in Eq. ( 1 ) , being only important at big cosTt" 
values, the determination of rr is much less accurate 
than that of r t . The R values used are listed to-
gether with the other model parameters in Table 1 
of the next paragraph. Therein, Rf is equal to RIß 
with ß = rT/rt. In DME/(acenaphthene)" the sol-

13 H. TORREY, Phys. Rev. 92, 962 [1953]. - H. PFEIFER, Ann. 
Phys. Leipzig 8 , 1 [1961]. 
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Solution T t ( 2 3 ° C ) Et in 
in 10 — 1 1 s kcal /mole 

R' 

D M E / (acenaphthene)" 

D M E / ( p y r e n e ) -

D M E / (chrysene) ~ 

D M E / (coronene) ~ 

T o l u e n e / T B P 

T o l u e n e / A D B P 

To luene /GV 

4.8 

6.2 

3.1 

0.5 

0 . 5 - 0 . 8 

Other Parameters 

0 . 2 - 1 K=0 

4.7 3.0 0.8 ß = 0.04, . . . , 0 . 0 9 
TO 3 

— = 4 . 4 , . . . , 3.0 

K = O . O 8 

K=0 
y? = 0 . 0 3 - 0 . 2 

K=0 
/? = 0.02 —0.1 

Acet i c a c i d / B P A 17 3.5 0.15 K=0 

Acet i c a c i d / T M P O Fig. 8 E r » 1 . 5 kca l /mo le ; 
K see Fig. 8 

Table 1. List of the free radical solutions 
studied, with the model parameters for 

a best fit of the experimental data. 

vation and R\ for a reliable fit, have been assumed 
to depend a little upon temperature. 

In contrast to the other solutions, (coronene) -

radical ions evidently possess a slight scalar contri-
bution of the coupling to the solvent protons. This 
is in agreement with earlier observations on other 
(coronene) ~ solutions15, and with high resolution 
NMR studies done elsewhere 16. K turns out to be 
about 0.08 (solid line in Fig. 3 ) , this means in the 
extreme narrowing case a contribution of approxi-
mately 4% to the proton relaxation. (Coronene) is 
favourable for contact coupling with solvent nuclei 
since the unpaired electron occupies a sr-orbital 
which is greatly delocalized, and the contact area 
during molecular collisions is large. On the other 
hand it is difficult to understand why no scalar in-
teraction at all has been found with pyrene- and 
chrysene-negative ions (dotted line, interpretation 
of Fig. 2 ) . 

(b) Toluene Solutions 

Earlier studies were concerned with solutions con-
taining the BPA (bis-diphenylene phenyl allyl) radi-
cal 7. Further measurements have now been made 
with galvinoxyl (GV, Fig. 5 ) , with tri-t-butyl-phen-
oxyl (TBP) and amino-di-t-butyl-phenoxyl (ADBP, 
Fig. 6 ) . The results are in many ways comparable 

15 J. HAUPT, Dissertation (unveröffentlicht), Universität Mainz 
1963. 

1 6 J . V A N V O O R S T a n d E . DE B O E R , p r i v a t e c o m m u n i c a t i o n s . 

with those discussed in the last paragraph. Again Q 
approaches the limit 0.5 in low field, and there are 
departures from an interpretation by a purely trans-
lational diffusion model in high fields. The differen-
ces between the radicals are even more important. 

We propose a similar description to the preceding 
case. By chance, in the investigated temperature 
range r t and Et have turned out to be nearly the 
same as for DME. At low temperatures, however, 
Eq. (4) does not hold at all, which was concluded 
from measurements of the self diffusion constant of 
toluene 17. Moreover, the diffusion data and new 
relaxation studies, as well as the present study, have 
shown that the assignment of the two maxima of the 
relaxation rate to translation and rotation is just 
the inverse of the suggestion of Ref. 7. This changes 
little for the translational model parameters. The 
rotational contribution would, however, also in the 
case of the BPA radical turn out to be similar to 
those discussed here. A final fit of the data (solid 
and dotted lines in Figs. 5 and 6) is possible by 
taking account of the rotational term in Eq. (1 ) . 
The inserted parameters are listed in Table 1. 

(c) Acetic Acid Solutions 

Finally, some associated liquids, such as ethanol 
and acetic acid solutions have been studied. Impor-

t There is practically no difference between the diffusion 
constant of toluene in a solution like ours and that in the 
pure l iquid 14. 

1 7 G . J . K R Ü G E R a n d R . WEISS , Z . N a t u r f o r s c h . , i n p r e s s . 



Fig. 5. Experimental results of the dynamic proton polariza-
tion in solutions of galvinoxyl in toluene ( A ) . For compari-
son the results of earlier measurements with BPA ( • ) are 
indicated. The solid and dotted lines correspond to the inter-

pretation given in the text. 

Fig. 6. As Fig. 5 for toluene solutions containing tri-t-butyl-
phenoxyl ( O ) and amino-di-t-butyl-phenoxyl ( • ) . 

tant changes occured with nitroxide radicals18 in 
solution. ESR studies on the hyperfine coupling 
within the radical19 and NMR studies on the solvent 
proton chemical shift20 had already yielded abnor-
mal dependences upon the specific type of solvent. 
Since the ESR saturation of a nitroxide radical is 
worse in ethanol, in the present paper we shall dis-
cuss the measurements made in acetic acid solutions. 
The left hand side of Fig. 7 shows the results of 
solutions containing bis-diphenylene phenyl allyl 
(BPA) . Corresponding data obtained in solutions 
with the nitroxide free radical tetramethyl-piperi-

1 8 R . BRIERE , H . LEMAIRE , a n d A . RASSAT , B u l l . S o c . C h i m . 
France 1965, p. 3273. 

1 9 A . L . B U C H A C H E N K O a n d 0 . P . S U C H A N O V A , Z h . S t r u k t . 
Khim. 6, 32 [1965]. 

Fig. 7. Experimental results of the dynamic proton polariza-
tion in acetic acid solutions. Le f t : bis-diphenylene phenyl al-
lyl (BPA) ; right: tetramethyl piperidineoxyl ( T M P O ) . The 
solid and dotted lines correspond to the interpretation given 

in tbe text. 

dineoxyl (TMPO) are given at the right of the 
same figure. 

The experiments with BPA can be interpreted in 
more or less the same manner as the measurements 
discussed in the last paragraphs. Both the absolute 
value and the activation energy of the translational 
correlation time (Table 1) are only somewhat higher, 
which is certainly a consequence of the molecular 
association. As before, the solid lines in Fig. 7, cor-
respond to the theoretical interpretation. 

In TMPO solutions, however, the proton polari-
zation decreases with the temperature instead of in-
creasing. Only in a very weak magnetic field does Q 
increase, and there more rapidly than usual. Fur-
thermore, the hydroxyl resonance is much more 
strongly enhanced than the methyl resonance. In all 
the other cases studied there was no important dif-
ference in the enhancement of non-equivalent sol-
vant nuclei. Finally a "paramagnetic shift" of the 
solvent NMR has been observed which is removed 
by saturating the ESR of the radical. In order to 
check, that all these abnormalities are really a pro-
perty of the solution and not of the radical, TMPO 
has also been studied in toluene, where no peculiari-
ties were observed. 

The particular effects occur only in solutions of 
nitroxide radicals in hydroxyl containing solvents. 
We explain them by the formation of hydrogen 

2 0 N . A . S Y S O E V A , A . U . S T E P A N Y A N T S , a n d A . L . B U C H A -
CHENKO, Zh. Strukt. Khim. 9, 311 [1968] . 



bridges between the = NO . . . of the radical and the 
— OH . . . of the solvent. A certain amount of spin 
density may temporarily be transferred from the 
radical into a molecular orbital of the solvent via 
the hydrogen bridge. Furthermore, during the asso-
ciation the mechanism responsable for the time de-
pendence of the dipolar interaction would no longer 
be principally the translational diffusion of individ-
ual molecules, but a rotational tumbling of asso-
ciates. 

Quantitatively this would mean that the rotational 
contribution in Eq. (1) becomes more and more 
important with decreasing temperature. The process 
of H-bridge formation is described by 

A + B t A ' B (5) 

with the association constant 

(X^ = mole fraction of solvent molecules A, XQ = 
mole fraction of free radical molecules B) . At lower 
temperature the equilibrium tends towards the right 
hand side of Eq. (5 ) , and Kx increases. The experi-
mental data can be fitted by an exponential depen-
dence of R in Eq. (1) upon reciprocal temperature. 
Since R is proportional to X, and because of Eq. 
(6 ) , it is concluded, that the number of solvent mo-
lecules associated to the radical is still much less 
than the total number of solvent molecules. The best 
fitting R values for the methyl- and hydroxyl proton 
resonances are given in Fig. 8. With the aforemen-
tioned condition the temperature-dependence of R 
is equal to that of the association constant. The 
slope therefore yields approximately the formation 
enthalpy of the solvated complex, which turns out to 
be around 10 kcal/mole. rr is about one order of 
magnitude smaller than rt and varies much less with 
the temperature. No final explanation has been 
found, why in this description t r (OH) is about 
twice as short as r r (CH 3 ) . 

In the numerical evaluation it has been assumed 
that the scalar contribution to Q only plays a role 
in the 15 gauss field, because the correlation time 
rsk is of the order of r t or a little longer and the 
function / s k at 3400 and 13 200 g has thus decayed 
to zero. Since K as well as R is proportional to X. 
the mole fraction of associates, its temperature de-
pendence derived from the weak field data looks 

similar (Fig. 8 ) . The translational contribution to 
Q, finally, has been taken from the measurements 
in the BPA-solution. 

10 

R',K 

1 

0.1 

0 

Fig. 8. Temperature-dependence of the parameters R'= 
Rj(XrjTt) and K as derived from the experimental data and 

the model explained in the text. 

Further parameters of the interpretation can be 
determined from the values of Rcu3, Ron and K in 
F i g . 8 . B e c a u s e o f R'CK/R'CU3 = ^ < W & O H it f o l l o w s 

&CH3~l-4 &oh f ° r the distances between proton and 
electron spins. Compatible values are 6oh = 1 - 6 Ä 
and &CHs = 2.3 Ä leading to the average structure of 
the solvated complex of Fig. 9. Applying the "stick-
ing model" for the scalar interaction 21 > 9, from the 
ratio K/R the hyperfine coupling constant may be 
estimated. This is ACH, and AOH , resp., when the 
two molecules in question are associated, and zero 
when they are not. In the weak magnetic field it is 
not possible to distinguish between OH- and CH3-
protons. Therefore only an average coupling con-
stant of about 1.0 MHz is evaluated which mainly 
takes account of the methyl protons. 

3. Conclusions 

The extensive new investigations of the proton-
electron Overhauser effect in organic solutions have 
shown that the model of isotropic translational mo-



lecular motions for the dipolar interaction may only 
be used in a limited spectral range. At very low tem-
peratures, there exist still random motions which 
are faster than expected from this model. The same 
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Fig. 9. Hydrogen-bonded complex as formed in solutions of 
tetramethyl piperidine-oxyl in acetic acid. 

effect occurs, if very high frequencies are applied in 
the experiment. Relative to these frequencies the 
motions are not as slow as extrapolated from studies 
in lower magnetic fields. This means that the total 
spectral intensity function of the relative molecular 
motion in the solution decays a little more slowly 
than in the translational diffusion model. 

It is concluded, also from the occasional appear-
ance of two maxima in the temperature-dependence 
of proton relaxation rates in free radical solutions, 
that a second mechanism of motion may play a role. 
Taking into account, in addition, a weak dependence 
upon the type of the free radical in solution, this 
mechanism could be a rotation of solvent-radical 
complexes. An appropriate model for mixed phases 
of motion describes the experimental data quite well. 

At low temperature, it leads to rotational correlation 
times, which are much smaller than the translational 
correlation times. From an estimate of the para-
meter R' used in the model (Table 1) and its de-
finition, it turns out that in cases of maximum sol-
vation each radical would have about one solvent 
partner. On the other hand, as previously reported, 
for most solutions scalar contact interactions be-
tween solvent protons and radical electrons have 
either not been observed at all, or are only of minor 
importance. 

All this is quite different, if there exist particular 
associative forces between radical and solvent mole-
cules such as hydrogen bridges. These do not occur 
in ^-electron radicals, but in free radical molecules, 
where the unpaired electron spin density is mainly 
localized in a NO-group. In such a case, dynamic 
proton polarization studies offer a new and effective 
method of obtaining information on the formation 
of solvate cmplexes and on the different time con-
stants involved. The unpaired electron derealization 
in the complex may be studied, and the DNP tem-
perature- and frequency-dependences are very dif-
ferent from the usual behaviour. Unfortunately the 
ESR-lines of nitroxide radicals are broad and some-
times difficult to saturate. It would otherwise be of 
great interest to investigate this kind of association 
in more systems, and particularly in those with a 
larger liquid range. 
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