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1H and 19F d y n a m i c  nuc lear  polarization studies  at 
X-band : ~gF differential  e n h a n c e m e n t s  t 

by N. C H A N D R A K U M A R ~  and P. T. N A R A S I M H A N  

Depar tment  of Chemistry,  Indian Institute of Technology,  
Kanpur  208 016, India 

(Received 31 July 1981 ; accepted 30 August 1981) 

X-band dynamic nuclear polarization (DNP) measurements on 1H and 
19F nuclei in 1,4-bis(trifluoromethyl)benzene, 1,2,4-trifluorobenzene and 19F 
nuclei in octafluorotoluene are reported. The free radical used in all these 
cases is tri-t-butylphenoxyl. Chemically shifted fluorines have been re- 
solved and clear differential I~F DNP trends have been established in these 
systems. Q-enhancement corrections to ultimate-ultimate enhancement 
values are discussed. Three theoretical models of the radical-solvent inter- 
action involving, respectively, transfer of an electron spin, M.O. treatment 
of solvent-radical interaction at separations around the van der Waals 
distance, and exchange polarization of the solvent molecule are reported. 
The latter, treated as a closed-shell perturbation in the molecular orbital 
framework, leads to an sp~ polarizability parameter which reflects the present 
experimentally observed 19F DNP trends reasonably well. Apart from the 
present work, the only other experimental results on XgF differential DNP 
are those of Dwek et al. at Q-band and their results have also been satis- 
factorily interpreted in terms of our sp~ polarizability approach. 

1. INTRODUCTION 

Differential dynamic nuclear polarization (DNP)  of chemically shifted nuclei 
in a given molecule have attracted attention as a potential source of valuable 
information on molecular structure as well as molecular interactions [1]. Nuclei 
lying in the interior of molecules have more often been the subject of such 
investigations. Thus,  correlations of differential D N P  effects with structure 
have been possible for carbon-13 [2]. However, differential effects exhibited 
by nuclei lying at the molecular periphery have been rarely studied. To  our 
knowledge, only one group of workers have reported studies [3] on differential 
19F DNP.  Their  results pertain to Q-band studies and no satisfactory theo- 
retical interpretation of these results is available. It has been our aim to study 
differential 19F D N P  at X-band,  where the requirements of resolution and 
Overhauser enhancement are generally in less serious conflict than at Q-band 
and to seek a theoretical f r amework  in terms of which differential 19F D N P  
effects can be generally understood. Here we present our 1H and ~gF D N P  
results on 1,2,4-trifluorobenzene and 19F D N P  results on octafluorotoluene. We 
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have been able to demonstrate clearly differential enhancements of the chemically 
shifted fluorines in these two systems. We also report 19F and 1H DNP studies 
at X-band on 1,4-bis(trifluoromethyl)benzene. The free radical employed in 
the present studies is tri-t-butylphenoxyl (TTBP). 

2. EXPERIMENTAL 

All the DNP measurements were carried out at room temperature (25 ° + 2°C) 
on a spectrometer built in our laboratory and described in detail elsewhere [4]. 
The fluorine compounds were laboratory preparations and were used without 
further purification. The radical was prepared in the N.M.R. sample tube 
itself by adding excess, freshly-prepared nickel peroxide to the radical precursor, 
tri-t-butylphenol. The precursor was obtained from K. & K. Laboratories, 
U.S.A., and was freshly recrystallized from methanol before use. Dissolved 
oxygen in the DNP sample was removed by bubbling oxygen-free nitrogen gas 
through it. The radical concentration was estimated in all cases to be 
,-~5 × 10 -z M on the basis of complete conversion of the precursor. Nuclear 
relaxation times in the DNP samples were obtained by rapid repetitive scan of 
the N.M.R. spectrum following sudden switch-off of the microwave power 
subsequent to establishing Overhauser polarization. In all cases relaxation 
times amounted to a fraction of a second, so that the leakage factor could be 
safely approximated to unity. At the maximum microwave power available to 
us (less than 300 mW), observed fluorine enhancements in the systems 1,2,4- 
trifluorobenzene and octafluorotoluene were small and hence extrapolation to 
obtain ultimate-ultimate enhancements (Uo~ values) has not been attempted. 
Instead, relative enhancements were measured for the various resonances of a 
molecule. However, it proved possible to obtain U~ values for both 1H and 
19F in 1,4-bis-(trifluoromethyl)benzene. 

3. RESULTS AND DISCUSSION 

DNP results on the systems that we have studied are summarized in table 1. 
The values in parentheses correspond to those obtained after Q-enhancement 
correction (vide infra). 

3.1. Q-enhancement corrections 
It has been pointed out [1, 5] that the effect of precessing nuclear magnetism 

at resonance is to change the amplitude of the r.f. field H 1 exciting the N.M.R. 
Corrections to the observed enhancements should be applied in order to take 
this effect into account and arrive at the real enhancements. The equation we 
have employed for this purpose is 

~ ( 1 )  = Aa-l-  Ar-l=¢NTl2 h~ TAv (1) 

Here, A a is the apparent enhancement while A r is the real enhancement ; ¢ is 
the filling factor, Q0 the quality factor, Av the linewidth and the other symbols 
have their usual significance. Equation (1) is identical to that given in [5] 
except that a + sign was erroneously introduced and applied in [5]. 
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Table 1. 
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Summary of X-band DNP results on some fluorocarbon/TTBP systems 
(25 ° + 2°C). 

Relative 
enhancements 

Fluorocarbon Nucleus (A) U~t 

1,4-Bis(trifluoromethyl)benzene 

1,2,4-Trifluorobenzene 

Octafluorotoluene 

H 

F 

H 

F1 0.0 
F2 + 0.4 
F 4 -0.5 

Fa - 2'0 
Fo -0 '3  
Fm + 3"6 
Fv + 5'4 

-98_+10 
( - 87) 

-71 +9 
( -64)  

-153+27  
(-126)  

J-Values in parentheses correspond to U~, values after Q-enhancement correction 
(see equation (1) of text). 

3.2. Results 

3.2.1. D N P  in 1,4-bis(trifluoromethyl)benzene 

Proton D N P  measurements  carried out on the sample 1,4-bis(trifluoro- 
m e t h y l ) b e n z e n e / T T B P  yield a U~ value of - 9 8 +  1 0 ( - 8 7 ) .  Here the Q- 
enhancement  correction has been obtained with Q0= 27, A v = 10 Hz and ~ = 
0-7. The  error  in U~ is the standard deviation estimated from the scatter 
observed in U~ values upon repeating the experiments five to ten times. 
Assuming the generally valid model of pure dipolar interaction modulated by 
translational diffusion for the proton case [6], this U~ value leads to a correlation 
time r t= (13 .5  + 2) x 10 - n  s. Upon  fur ther  assuming that the fluorines in this 
molecule have the same dipolar correlation time as the protons, an assumption 
often used and rationalized [7], we should expect for the fluorines U~,19F= 
Uo~.IH x 7 ~ / 7 v =  - -104(- -92) ,  for pure dipolar interaction modulated by trans- 
lational diffusion. The  observed value of U~.1%. is - 71 + 9 ( -  64) in this mole- 
cule, which clearly indicates the presence of a scalar component  of relaxation. 
This  result is in agreement with the general observation [8] that aliphatic fluo- 
rines, especially those bonded to aromatic rings, show scalar interaction, though 
the dipolar component  of relaxation usually dominates. 

3.2.2. D N P  in 1,2,4-trifluorobenzene 

Proton D N P  measurements  carried out on the sample 1,2,4-trifluoro- 
b e n z e n e / T T B P  yield a U~ value of - 1 5 3 _ + 2 7 ( - 1 2 6 ) .  Assuming the model 
of pure dipolar interaction modulated by translational diffusion, this U~ value 
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F4 ~ FI 
F2 

(a) 
1-19.5 ppm 

_ , ~  Oft 

B o 

(b) ~ On 

Max. en hancements  

A1 =0.0 
A2=.0-4 
Az,=-0, 5 

Figure 1. 19F N.M.R. spectrum of 1,2,4-trifluorobenzene/TTBP with (a) microwave 
power off and (b) microwave power on (arbitrary level). 

leads to a correlation t ime r t =(7.1 + 2 ) x  10 -11 s. Th e  19F spectrum of this 
sample is shown in figure 1 both under  unenhanced and enhanced conditions. 
The  differential enhancements  of the three chemically-shifted fluorines are 
unmistakable, with the ordering A 4 < A 1 < A2, A being the maximum observed 
enhancement  ( A = v / V o - 1 ,  v o being the unenhanced N.M.R.  signal intensity 
and v, the enhanced intensity). 

Fm 
F p @ C F 3 ( a l )  

Fm Fo 

Figure 2. 

(a) 

1 2 ' T p p m ~ ~ _  Oft 

FmFPF~ Fal 
Bo 

(b) 
On 

Max. enhancements  
AOI =-2.0; Ao=-0-3 ; 
Ap =.5-4 ; Am=+3-6. 

XgF N.M.R. spectrum of octafluorotoluene/TTBP with (a) microwave power off 
and (b) microwave power on (arbitrary level). 
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X-band DNP studies 183 

3.2.3. D N P  in octafluorotoluene 
Figure 2 shows a recording of the 19F N.M.R. spectrum of the system 

octafluorotoluene/TTBP, both under unenhanced and enhanced conditions. 
Clear differential enhancements are exhibited in this case also, with the ordering 
Aaliphati c < Aorth o < Ameta < Z~para. These results reflect the same trends as 
reported earlier [3] in Q-band studies. 

3.3. Scalar interaction and differential effects in agF D N P  

It is reasonable [7] to assume that all the inequivalent fluorines in a molecule 
have equal dipolar correlation times, equal, in the case of 1,2,4-trifluorobenzene, 
to the value obtained from the proton DNP measurements. The differential 
effects are therefore to be ascribed to differences in scalar interactions at the 
three fluorines. These, in turn, could in general arise from differences in the 
hyperfine coupling constant, or in the scalar correlation time, or both. In the 
present study, the radical we used was the sterically well-shielded TTBP 
species which is well known to interact with solvent molecules by exchange 
polarization rather than by specific chemical interaction [9]. We may, thereforel 
ascribe the observed DNP trends to differences in hyperfine couplings i.e., spin 
densities at the fluorines, assuming equal scalar correlation times. 

3.4. Theoretical models for 19F difjerential D N P  enhancements 

3.4.1. Complete spin transfer 

If an odd electron is transferred from the radical to the solvent it would 
occupy the lowest unoccupied molecular orbital of the solvent. On the other 
hand if an electron is transferred from the solvent to the radical the highest 
occupied molecular orbital of the solvent is to be considered~ The spin densities 
at the various fluorine sites of the solvent can then be calculated by an open- 
shell treatment of the corresponding ion. We were interested in finding out 
whether such calculated spin densities would correlate with the observed trends 
in 19F differential DNP. Open-shell calculations in the INDO framework 
[10] were carried out on 1,2,4-trifluorobenzene (TFB) and octafluorotoluene 
radical ions and the square of the coefficient of the s-orbital of fluorines in the 
appropriate M.O. was employed to calculate the spin density. The calculations 
based on the models discussed in this section were all carried out using an 
appropriately modified version of the program ' C N I N D O '  [11]. I n p u t  
atom coordinates were generated from standard bond lengths and bond angles 
[10]. Molecular structure parameters from microwave data [12] were used for 
1,2,4-trifluorobenzene. Some representative results are given in table 2. It 
is clear that spin transfer as measured by s-orbital coefficients squared in radical 
ions is not an appropriate model to describe the fluorocarbon/TTBP differential 
DNP results. 

3.4.2. Solvent-radical complex 

Supermolecule calculations for radical-solvent separations around the 
appropriate van der Waals distance were carried out on the system TFB/phen- 
oxyl. (Spin density distribution in the phenoxyl radical in the INDO scheme 
is not very different from that in TTBP and was employed in the calculations to 
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Table 2. s-Orbital spin densities in some radical ions. 

S y s t e m  Posi t ion Sp in  dens i ty  x 10 4 

1,2,4-Trifluorobenzene F1 - 1.57 
(radical anion) F2 1.89 

F4 - 1 . 4 7  

Octafluorotoluene Fal 12-40 
(radical anion) Fo 1.18 

Fm -- 1.06 

Fp 4.07 

save computer time.) Radical-solvent interactions have been classified [8] 
as occurring in the (~-, rr- and plane-plane modes. For the sterically inaccessible 
T T B P  radical, the rr-mode has been shown [8] to be most effective in inducing 
spin density at the solvent nuclei. Our rr-mode calculations, however, displayed 
convergence problems which could not be overcome satisfactorily even with the 
level-shift [13] and damping [14] procedures. 

3.4.3. sp~-polarizability 

Considering that the DNP situation corresponds to transfer of 10-2-10 -a 
electron spin only [8], and since chemical interactions are unimportant  with the 
T T B P  radical, we have employed  a modified version of the closed-shell per- 
tubation t reatment  given by Dwek et al. [15], in order to account for the experi- 
mental ordering of enhancements in terms of spin density ordering. To this 
end, we start with the equation for spin density induced at nucleus M on the 
solvent molecule : 

o c t  unoec 
a:','= - 2 Z Z 

i j b',b" 
M',M" 

- ¢ , 0 4 ~ , . , ~ , , . .  (2 )  

This equation treats the exchange interaction between the radical unpaired 
electron and electrons of the solvent molecule as the perturbation and is similar 
to that given by Dwek et al. [t5] except that we have used the difference in 
M.O. energies, Es, as a measure of the triplet excitation energy, whereas Dwek 
et al. have used the average energy approximation, C~.~, M and Cy~,,,M,, are, 
respectively, the coefficient of the valence s-orbital ¢,,M centred on nucleus M 
in the occupied M.O. i, and that of a valence-shell a.o. CW',M" centred on nucleus 
M" in the unoccupied M . O . j .  CR ° is the radical oxygen a.o. 8 i ( r  ) is the 
Dirac delta function operator centred on nucleus M. Here we have retained 
only one-centre integrals of this operator. Equation (2) is further simplified 
by retaining only terms with M ' =  M " = M  in the summation over M',  M", 
since the fluorine atoms lie at the periphery of the molecule. Further, the 
electrostatic perturbation is likely to be large for the valence-shell fluorine 
p-orbitals only, since the valence-shell fluorine s-orbital is deeply buried both 
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X-band D N P  studies 185 

e n e r g e t i c a l l y  and  spat ia l ly ,  in c o m p a r i s o n  w i th  the  p - o r b i t a l s .  C o n s e q u e n t l y ,  
we r e t a i n  on ly  the  t e rms  invo lv ing  p - o r b i t a l s  in the  s u m m a t i o n  over  b', b" in (2). 
F i n a l l y ,  we classify the  p - o r b i t a l s  as p¢, P t and  p~, where  pC is the  p - o r b i t a l  in 
t he  b o n d  d i rec t ion ,  Pl  is the  l o n e - p a i r  o rb i t a l  in the  mo lecu l a r  p lane  (wel l  
d e f i n e d  for  the  a roma t i c  f luo r ines )  and  p~ is the  l o n e - p a i r  o rb i ta l  p e r p e n d i c u l a r  
to t he  m o l e c u l a r  p lane .  I n  th is  r e p r e s e n t a t i o n ,  the  c o n t r i b u t i o n  to 3 M f rom the  
t e r m s  b', b"=p~, p~ is necessa r i ly  very  smal l  due  to s y m m e t r y .  E q u a t i o n  (2) 
t h u s  r e d u c e s  to 

o c c  u n o c c  

831 = - 2 y.. ~. Ci~ l,lejs 3.lCip~, 31Cjp~, 3,/(Ei--E.) 1 
J 

_ . ( 3 )  

W e  have  the re fo re  used  the  q u a n t i t y  

o c c  u n o c c  

(sp¢) u, 1t = 4 Y y~ (~; - ffj)-i cis, 3icj,% 31cipa ' 2~lCjp¢, 3 t "  (4) 
i a 

Table 3. Calculated (sp¢) parameter for some fluorine compounds. 

E H T  SCF( INDO)  

Compound o m p o m p 

Pentafluorobenzene 
Pentafluorochlorobenzenet 
Pentafluorovinylbenzene 
Octafluorotoluene~ 

Octafluoronaphthalene 

1,2,4-Trifluorobenzene 

0.1643 0.1695 0.1708 0.1002 0-1046 0.1045 
0.1681 0.1716 0.1710 0.0944 0.0971 0-0968 
0.1610 0.1679 0.1708 0.0980 0.1038 0.1045 
0.1629 0.1688 0.1708 0-1017 0.1060 0.1054 

0.1629 0.1681 0.1015 0.1042 

(1) (2) (4) (1) (2) (4) 
0.1634 0.1633 0-1588 0.0987 0.0982 0.0945 

t SCF  calculations in the CNDO framework. 
(sp¢) parameter for the aliphatic fluorines : E H T  ~0-13 ; SCF( INDO)  : ~0.08. 

Table 4. Comparison between spin densities based on sp~ polarizability and experimental 
DNP trends. 

Experimental E H T  SCF( INDO)  
System ordering ordering ordering 

PentafluorobenzeneJ; 

Pentafluorochlorobenzene+ 

Pentafluorovinylbenzene ~ 

Octafluoronaphthalene ~ 

Octafluorotoluene~ § 

1,2,4-Trifluorobenzene § 

Fo < Fm < Fp Fo <Fm < Fp Fo < Fm ~ Fp 

Fo <Fm < Fp Fo < Fp < Fm Fo < Fm ~ Fp 

fo  < Fin < Fp Fo <Fm < Fp Fo < F m  < Fp 

F ~ < F  B F=<Fp  F~<Fp  

Fal < Fo < Fm < Fp Fal < Fo <Fm < Fp Fal < Fo < Fp < F m  

F4 < F1 < F2 F~ < F1 ~ F2 F4 < F~ < F1 

t SCF calculations in the CNDO framework. 
Experimental ordering from [3]. 

§ Present work. 
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to compare spin densities at different nuclei M in the same molecule. By 
analogy with Coulson and Longuet-Higgins '  mutual 7r-polarizabilities [16], we 
may term this the (sp¢)-polarizability parameter. We have carried out cal- 
culations of this parameter in both the extended Hfickel theory ( E H T )  and SCF 
I N D O / C N D O  framework [10]. The  molecules that we have treated include 
1,2,4-trifluorobenzene, octafluorotoluene, pentafluorobenzene, pentafluoro- 
chlorobenzene, pentafluorovinylbenzene and octafluoronaphthalene. Experi- 
mental differential 19F enhancements in the last five molecules have been 
reported [3] at Q-band. 

Table  3 summarizes the results of our calculations, while table 4 compares the 
theoretical results with experiment. The  overall agreement in ordering between 
the experimental and calculated results is gratifying. However, the meta- and 
para-fluorines, which normally exhibit rather close relative enhancements, are 
not always correctly ordered by the theoretical calculations. In particular, the 
meta- and para-ordering is often seen to switch the E H T  and S C F - I N D O /  
C N D O  results. This could be related to problems associated with the virtual 
orbitals in finite basis set calculations of this nature. The  reliability of the 
theoretical results probably does not warrant such close comparisons as fre- 
quently have to be made between the meta- and para-fluorines. 

Table 5. Valence-shell diagonal density matrix elements (SCF INDO) 

Compound s-orbital p~ pl Pz Total 

Pentafluorobenzene o 1 - 8 4 4 7  1 . 4 3 7 2  1 . 9 8 2 1  1 . 9 4 5 2  7.2092 
m 1 . 8 4 3 7  1 . 4 2 0 8  1 . 9 8 1 9  1 . 9 5 0 9  7.1973 
p 1 . 8 4 3 7  1 . 4 2 1 5  1 . 9 8 2 0  1 . 9 4 6 4  7.1935 

Pentafluorochlorobenzenet o 1.8224 1 . 4 0 5 6  1 - 9 8 4 4  1 . 9 4 7 4  7.1598 
m 1 . 8 2 1 2  1 . 3 9 5 5  1 . 9 8 4 0  1 . 9 5 5 0  7.1557 
p 1 . 8 2 1 2  1 . 3 9 7 5  1 . 9 8 4 7  1 - 9 4 9 1  7.1525 

Pentafluorovinylbenzene o 1 . 8 4 4 7  1 . 4 3 9 1  1 - 9 7 8 5  1 . 9 4 4 7  7.2070 
m 1 . 8 4 3 8  1.4238 1 . 9 8 2 1  1 . 9 4 9 6  7.1993 
p 1 . 8 4 3 6  1 . 4 2 1 5  1 . 9 8 1 9  1 . 9 4 7 4  7.1944 

Octafluoronaphthalene ~ 1 . 8 4 4 5  1.4318 I. 9815  1 . 9 4 4 3  7.2021 
fl 1 . 8 4 3 7  1 . 4 2 2 3  1 - 9 8 2 1  1 . 9 4 7 1  7.1952 

Octafluorotoluene3; o 1 . 8 4 4 5  1.4304 1 . 9 8 1 3  1 . 9 4 1 2  7.1974 
m 1 . 8 4 3 6  1 . 4 1 4 4  1 . 9 8 1 5  1 . 9 5 0 2  7.1897 
p 1 . 8 4 3 5  1 . 4 1 7 5  1 . 9 8 1 9  1 . 9 4 2 5  7.1854 

1,2,4-Trifluorobenzene F1 1 . 8 4 4 8  1 . 4 4 3 8  1 . 9 8 2 7  1 . 9 5 0 1  7.2214 
F2 1 . 8 4 4 9  1'4458 1 . 9 8 2 8  1 . 9 4 5 5  7.2190 
F4 1 . 8 4 5 8  1 . 4 5 9 6  1 . 9 8 2 8  1 . 9 4 4 9  7'2331 

t SCF CNDO density matrix elements are reported. 
The aliphatic fluorines have : s density ~ 1.87 ; pC density ~ 1.5 ; total valence-shell 

electron density : 7.2535. 
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In table 5; electron densities and valence-shell orbital occupation numbers  at 
the different fluorines have been presented for all the molecules studied. Lower  
electron densities clearly correlate with higher scalar rates. Th e  orbital analysis 
indicates that the differences arise mainly from the p~ density values. 

The  authors have great pleasure in expressing their gratitude to : Mr. H. 
Z immerman of the Max-Planck-Inst i tut ,  Heidelberg, for the generous gift of 
the fluorine chemicals used in this work ; Dr. N. 8athyamurthy,  Depar tment  of 
Chemistry,  I . I .T . ,  Kanpur ,  for kindly providing us the relevant Q CP E program 
tape ;  Mr. P. P. Thankachan,  Dr. V. H. Subramanian, Mr. S. Shankar and 
Miss A. Tr ipathi  for useful discussions. 
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