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Abstract: The significance of nonzero intercepts in the temperature dependence of isotropic shifts for paramag­
netic complexes has been investigated. A number of systems have been designed in an attempt to elucidate some 
of the causes for nonzero intercepts. Ion pairing interactions, hydrogen bonding interactions, and temperature 
dependent chemical equilibria are established as principal causes in the systems investigated. The effect of nonzero 
intercepts on the coupling constants calculated from such systems by various procedures is critically examined. 

I n this laboratory,1-4 we have been interested in the 
investigation of the nmr contact and pseudocontact 

shifts of paramagnetic transition metal complexes. In 
the course of these studies, we have found that the 
temperature dependence of the isotropic shift of a wide 
variety of complexes does not have the temperature 
dependence predicted by the equations for the contact 
and pseudocontact shifts. 

The observed, isotropic shift, Aviso, is the sum of 
contact and pseudocontact contributions. The con­
tact shift is given by the Bloembergen equation6 where 

A^> = -Aig^^S{S + 1) ( 1 ) 

V0 gN/3N3/cr 

v0 is the probe frequency, At is the nuclear spin-electron 
spin coupling constant (in gauss), gav the average g 
value of the electron, /3e the Bohr magneton, gN the 
nuclear g value, /3N the nuclear magneton, S is the 
total electron spin of the system, k the Boltzmann 
constant, and T is the absolute temperature in 0K. The 
pseudocontact shift is given in general form for axial 
symmetry by the equation6 

f^x\ = & 2 S ( S + l)F( .(3 c o s ' J T , - 1) 
\vjf 45/cr K8) Rt»

 (Z) 

Here, F(g) is a function of the principal components 
of the g tensor,1 Xt is the angle between the principal 
axis of the molecule and a vector from the metal to 
the /th nucleus, and Rt is the length of this vector. 

Assumptions made in the derivation of eq 1 and 2 
greatly restrict their use on inorganic complexes. It 
was assumed that there was only one thermally popu­
lated energy level in the absence of a magnetic field; 
that there was no zero-field splitting; and that spin-
orbit effects produced no more than first-order effects 
in the magnetic moment. 
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As can be seen from the above equations, the iso­
tropic shift should have a linear 1/T dependence with a 
zero intercept 

Aviso = K^ (3) 

where K is a constant for a particular complex which 
includes the quantity of interest in these experiments, At. 
The existence of a nonzero intercept raises questions 
as to the significance of the value calculated for A1 

in these systems. Since the purpose of many nmr 
studies on paramagnetic systems is to obtain At and 
interpret this quantity {i.e., infer derealization mech­
anisms), the full implications of a nonzero intercept 
must be established. 

We have examined a large number of systems and 
find that "nonzero" intercepts for A^80 vs. l/T plots 
are very common. This type of behavior has been 
reported several times in the literature.7-10 However, 
little effort has been made in the literature to discuss 
this phenomenon. 

Reuben and Fiat10 proposed that the nonzero in­
tercepts arose from an exponential dependence of the 
pseudocontact shift on temperature which arises when 
the tumbling motion of the complex is not charac­
terized by a correlation time r such that 1/T >>> h~l-
(\/3\Ho\g\\ — g j ) . This explanation, though possibly 
pertinent to the systems discussed by these authors, 
should not be valid for the reported systems of octahe­
dral Ni(II) and tetrahedral Co(II) since in these cases 
(g« — SL) is small. Kurland and McGarvey11 dis­
cussed the relationship of nonzero intercepts and non-
Curie law behavior for systems in which zero-field 
splitting can occur. 

Other factors are reported here which very frequently 
are part of the cause of a nonzero intercept. Under-

(7) N. A. Matwiyoffand S. V. Hooker, Inorg. Chem., 6, 1127 (1967). 
(8) D. K. Ravage, T. R. Stengle, and C. H. Langford, ibid., 6, 1252 

(1967). 
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Figure 1. Temperature dependence of isotropic shift for Co-
(HMPA)2Cl2: (a) [Co(HMPA)2Cl2] = 0.0946 M, in CHCl3; (b) 
[Co(HMPA)2Cl2] = 0.0980 M, in nitrobenzene. 

standing of the causes suggests ways of minimizing 
the problems and indicates the magnitude of the errors 
introduced in calculated coupling constants when non­
zero intercepts are obtained. 

Experimental Section 
Apparatus, (a) Nmr Spectra. The nmr spectra were obtained 

on a Jeolco C-60H spectrometer. All spectra were measured 
relative to TMS as an internal standard. The temperature was 
controlled by a Jeolco JES-VT-3 temperature controller to ±0.5° 
and was measured to ± 2 ° using YSI Model 42SL and 42SC tele-
thermometers. Slopes and intercepts of all plots were determined 
by a least-squares analysis of the data. 

(b) Visible and Near-Infrared Spectra. All near-infrared and 
visible spectra were determined using a Cary recording spectro­
photometer, Model 14RI. 

Preparation of Compounds. All compounds measured in this 
paper were prepared as previously described in the literature or 
else as described. For each compound, the appropriate reference 
is given. Anal. Calcd for Co(HMPA)2X2:12 C, 29.52; H, 7.46; 
N, 17.22. Found: C, 29.42; H, 7.64; N, 16.95. Anal. Calcd 
for Co(HMPA)2Br2: C, 24.97; H, 6.30; N, 14.56. Found: 
C, 25.10; H, 6.50; N, 14.59. Anal. Calcd for Co(pyridine)2Cl2:13 

Co, 20.45; Cl, 24.64. Found: Co, 20.54; Cl, 25.04. Anal. 
Calcd for Ni(bipyridyl)3(PF6)2: Ni, 7.18; C, 44.05; H, 2.94. 
Found: Ni, 7.11; C, 44.00; H, 2.95. 

2,2'-Bipyridyl (2 g, 0.0128 mol) and 1 g (0.0042 mol) of NiCl2-6-
H2O were added to 50 ml of H2O and warmed until all solid had 
dissolved. Benzene was used to extract any excess bipyridyl. 
HPF6 (65%) was then slowly added and a pink precipitate formed 
immediately. The product was filtered, washed with cold water, 
then with ethanol and ether, and dried over P2O5 under vacuum. 
Anal. Calcd for [Co(CH3CN)6](BF4)2:14 Co, 12.30; C, 30.09; 
H, 3.76. Found: Co, 12.42; C, 29.37; H, 3.76. Anal. Calcd 
for [Ni(4 methylpyridine /V-oxide)6](C104)2:

15 C, 47.40; H, 4.61; 
N, 9.21. Found: C, 47.29; H, 4.60; N, 9.15. Anal. Calcdfor 
[Co(CH3CN)6](ClOj)2:16 CO, 11.69; C, 28.57; H, 3.57. Found: 
Co, 11.99; C, 28.35; H, 3.55. Anal. Calcd for [Co(CH3OH)6] 
(C104)2:17 Co, 13.09; C, 16.00; H, 5.38. Found: Co, 12.98; 
C, 15.91; H, 5.22. 

Results 

In all cases, the experimental shifts were studied 
over as wide a temperature range as possible. In 
most systems, the nature of the complex restricted 
the choice of solvent, the concentrations used, and 

(12) J. T. Donoghue and R. S. Drago, Inorg. Chem., 2, 572 (1963). 
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2009 (1966). 
(16) N. A. Matwiyoff and S. V. Hooker, ibid., 6, 1127 (1967). 
(17) P. W. N. M. Van Leeuwen, Reel. Trav. CMm. Pays-Bas, 86, 247 

(1967). 

the temperature range studied. Table I lists the im­
portant data for the compounds that will be discussed 
in this paper. 

In Figure 1, we have a plot of Aj>obsd vs. 103/T for 
Co(HMPA)2Cl2 in a hydrogen bonding, CHCl3, and a 
nonhydrogen bonding, nitrobenzene, solvent. The 
primary coordination sphere of the cobalt in solution 
was shown to be identical in the two solvents by com­
parison of the electronic spectra, Table II. 

Discussion 

In Table I, we have listed a wide range of complexes 
where the isotropic shifts have been studied as a function 
of temperature. Most of these data were collected 
in this laboratory. No attempt is made to discuss 
each individual complex for which a nonzero intercept 
is observed. Rather, we shall use a few representative 
examples in the following discussion to demonstrate 
the various factors that can give rise to this behavior. 
The ideas presented here can be easily extended to 
most of the other complexes found in Table I. 

To interpret the observed deviations in the tempera­
ture dependence of the isotropic shift, at least three 
possible sources should be considered: first, an extrap­
olation error in the graph; second, a temperature 
dependent chemical change taking place in solution; 
and third, eq 2 and 3 describing the contact and pseudo-
contact shifts are not valid for the systems being studied 
because of magnetic complications, e.g., non-Curie be­
havior. 

Extrapolation Error. The intercepts in each case 
require a very large extrapolation and were determined 
by a least-squares treatment of the nmr data. A close 
look at Figure 1 shows that one is unable to force a 
zero intercept on these systems by proposing reasonable 
errors in the data.18 Thus, Table I contains several 
well-documented cases where the "nonzero" intercepts 
cannot be attributed to extrapolation error. Some 
of the values in Table I are only approximate since 
it was necessary to obtain data points from a graph 
in a journal. 

Non-Curie Behavior. Our primary concern will be 
with the contributions of magnetic effects to the mea­
sured hyperfine coupling constants in systems where the 
pseudocontact contribution is small. Systems which 
lead to this situation have been previously described in 
the literature.19 Recent progress11 in factoring out 
the pseudocontact contribution is encouraging and 
our conclusions relating to the Fermi contact part 
of the isotropic shift will be applicable to these systems 
when the factoring problems are solved and the needed 
experiments carried out. 

The Curie law contact shift equation (1) can be ex­
pressed in terms of the susceptibility 

Vo NgN@N 
XM (4) 

where At is in units of gauss. Substitution of the 
Curie law equation for Xm gives eq 1. It is well known 
that a good many complexes do not obey the Curie 

(18) Dr. N. A. Matwiyoff has called our attention to the fact that the 
extrapolation error can be avoided by plotting TAv vs. T"'1. Normal 
behavior corresponds to zero slope and anomalous behavior to positive 
or negative slope. 

(19) M. Wicholas and R. S. Drago, J. Amer. Chem. Soc, 91, 5963 
(1969). 
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Complex 

Co(H MPA)2Cl2" 

Co(HMPA)2Br2" 
Co(HMPA)2(SCN)2" 
[Co(HMPA)4](C104)2° 
Co(a-picoline)2Cl2 

Co(pyridine)2Cl2 
[Ni(bipy)3](PF6y 

[Ni(DADPHs)2](ClO4V 

[Ni((CH3)2SO)6](C104)2 

[Ni(CH3OH)6](C104)2 
[Ni(DMF)6](ClOi)2'

1 

Ni(C5H4CHs)2 

[Ni(P-CH3C5H4NO)6](ClO4)S 

[Co((CH3)2SO)6](C104)2 

[Co(CH3CN)6](ClO4)S 
[Co(CH3CN)6](BF4)2 
[Co(CH3OH)6](ClO4). 

[Co(H20)6](C104)2 
[Co(DMF)6](C104)2 

Solvent 

CHCl3 

Nitrobenzene 
CHCl3 
CHCl3 
Nitrobenzene 
Acetone and 

a-picoline 
CHCl3 
CH3CN 

Propylene 
carbonate 

Acetone 

Dimethyl 
sulfoxide 

CH3OH 
DMF 
Toluene 

CH3NO2 

Dimethyl 
sulfoxide 

CH3CN 
CH3CN 
CH3OH 

H2O 
DMF 

Proton 

CH3 

CH3 
CH3 
CH3 
CH3 
CH3 

OT-H 

4,4' 
5,5/ 
4,4'! 
5,5' 
CH3 
OT-H 
p-H 
CH3 

CH3 
-C(=0)K 
CH3 
Ring H 
P-CH3 
OT-H 
CH3 

CH3 
CH3 
CH3 
OH 
0—H 
-C(=0)H 

O 

—C CH3 

Intercept, 
Hz 

+ 131 
+62 

+ 115 
+88 

O 
+ 1425 

O 
O 
O 
O 
O 

-488 
+533 
+202 

O 

~+700 
-700 

0 
O 

+300 
+57 

0 

~ —788 
~ - 7 5 0 

-600 
+ 1500 
-400 

700 

+30 

Aj>i,o (Hz) at 
26° 

-113 
- 9 2 

-157 
-193 
-175 
-820 

-212 
-43Ol 
-2281 
-4301 
-228 
+7251 

-380O^ 
— 72Oj 

2850 
+3400 

— 11,70Ol 
+ 15,000] 

-1029} 
— 490/ 

+350 
+325 

-3800 
-5750 
-7100 
+4100 

+296 

Ref 

This work 
This work 
This work 

h 
i 
J 

This work 

This work 

k 

I 

m 
n 
O 

This work 

This work 
This work 
This work 

P 
n 

N 

O 

—C 
/ 

+ 10 +455 

N 

Fe(bipy)3(PF6)3
i 

Fe(PDC)3' 

V(CeH5CHs)2
+ 

V(mesitylene)2
+ 

V(C6He)2
+ 

Co(HMBZ)2(PF6)/ 
Fe(HMBZ)2(PF6)/ 

CH8 
D2SO4 

CHCl3 
Toluene 

Mesitylene 

Benzene 
CD2Cl2 
CD2Cl2 

5,5' 
4,4' 
3,3' 
a-CH2 
Ring H 
CH3 
Ring H 
CH3 
Ring H 
CH3 
CH3 

0 
0 
0 

—h900 
-1458 

-20511 
-318 

-10,867 \ 
+ 3371 
+24J 

475] 
43Of 

+ lOOj 
-4850 

-16,740 

-16,410 
-3860 

-13,990 
-3695 
-255 

0HMPA, hexamethylphosphoramide. b Bipy, a,a'-bipyridine. "DADPH2, 2,6-diacetylpyridine dioxime. d DMF, dimethylformamide. 
8 PDC, pyrrolidyl dithiocarbamate. / HMBZ, hexamethylbenzene. « All shifts are reported relative to free ligand or whenever possible to 
the diamagnetic analog. * M. Rosenthal, Ph.D. Thesis, University of Illinois, 1965. ' B. B. Wayland, Ph.D. Thesis, University of Illinois, 
1964. > S. S. Zumdahl and R. S. Drago, J. Amer. Chem. Soc, 89, 4319 (1967). * E. Baucom and R. S. Drago, to be published. l N. S. 
Angerman and R. B. Jordan, lnorg. Chem., 8, 2579 (1969). "* Z. Luz and S. Meiboom, /. Chem. Phys., 40, 1058 (1964). » N. A. Matwiyoff, 
lnorg. Chem., 5, 788 (1966). » M. Rettig, Ph.D. Thesis, University of Illinois, 1967. " N. A. Matwiyoff, J. Phys. Chem., 72, 2659 (1968). 
«R. E. DeSimone, private communication. ' R. M. Golding, W. C. Tennant, C. R. Kanekar, R. L. Martin, and A. H. White, /. Chem. 
Phys., 45, 2688 (1966). R. M. Golding, "Applied Wave Mechanics," Van Nostrand, Princeton, N. J., 1969, p 372. » S. Anderson and R. S. 
Drago, J. Amer. Chem. Soc, 92, 4244 (1970). 

Table II. Electronic 

C6H5NO2 
CHCl3 
CH2CL 

Spectra of Co(HMpA)2Cl2 

Concn, M 

0.0133 
0.0197 
0.0201 

. 

660(533) 
664 (487) 
665 (537) 

640 (465) 
640(411) 
640 (453) 

N _ „ 

610(331) 
610(299) 
610(323) 

590 (308) 
596 (284) 
597(318) 

580 sh 
580 sh 
580 sh 

1 Numbers in parentheses represent molar extinction coefficients at band maxima. 
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law, Xm = c/T, but follow an empirical Curie-Weiss 
law, Xm = cj(T + 6), where 9 is the Weiss constant 
in 0K. Since the contact shift is derived for simple 
Curie law behavior, it seemed possible that, for systems 
which obey the Curie-Weiss law, one may not observe a 
zero intercept. The Weiss constant can be incorporated 
by substituting it into eq 4 

For this case, we would expect Av0 a [1/(T + 0)] 
and Av0 <X Xm. Thus, a plot of Ay vs. IjT would give 
rise to an intercept because of a displaced temperature 
axis. If 0 is a contributing factor to the temperature 
dependence of the contact shift, then the effect can 
be empirically accounted for by plotting A^c vs. Xm> 
where Xm and Av0 were determined for the same solu­
tions at the same temperatures. This plot in effect 
cancels out any 0 contribution to the intercept and 
comparison of the intercepts in the Av vs. Xm and Av 
vs. IjT plots would reveal the magnitude of complica­
tions from this effect. This procedure was carried 
out for the complexes [Co(HMPA)2Cl2], [Co(CH3CN)6]-
(C104)2) and [Ni(bipy)3](PF6)2. In all cases, the inter­
cepts were essentially the same as reported in Table I. 

For systems in which there are appreciable pseudo-
contact contributions, one has at least two components 
to the susceptibility, xn and x±- If it can be shown 
experimentally that the total susceptibility, Xm, follows a 
Curie-Weiss law, then it may be reasonable that each 
individual component, xj; and x i , will also follow a 
similar relationship. However, it is possible that the 
Weiss constants, in the parallel and perpendicular 
directions, would not be the same and could give rise 
to nonideal behavior of the pseudocontact portion 
of the isotropic shift potentially leading to a nonzero 
intercept. For reasons previously stated, the problem 
of the pseudocontact shift contribution to the intercept 
will not be considered further. 

From the above arguments, it can be concluded that 
the Weiss constant is not important in the temperature 
dependence of the contact shifts for Co(HMPA)2Cl2, 
C O ( C H 3 C N ) 6 ( C I O J ) 2 , and Ni(bipy)3(PF6)2, but no gen­
eral conclusions can be drawn regarding other systems. 
For complexes clearly different than those studied here, 
Xm should be determined as a function of temperature. 

Another possible magnetic contribution is from tem­
perature independent paramagnetism, TIP, which is a 
second-order Zeeman effect. This contribution to the 
susceptibility can be estimated from electronic spectral 
data. The susceptibility is given by 

Xm = £ + Na (6) 

where Na is the TIP contribution to the susceptibility. 
Substituting this expression into eq 4 yields 

A^c —At c —A{ , , . . ,_, 

"o NgK /3X T Ngx fc 

If TIP is a contributing factor to the observed tempera­
ture dependence, its effect would be to change the in­
tercept but not the slope of a Av0 vs. l/T plot. 

The TIP, as expressed in eq 4, may be a contributing 
factor in some cases to the nonzero intercepts. How­

ever, this contribution only predicts an intercept with 
the same sign as the observed shift and therefore cannot 
account for the large majority of the available data 
since it is quite common for the intercept to have a 
sign opposite to that of the observed shift and often 
to have a different sign for different protons in the 
same complex. Again, it should be emphasized that 
these arguments hold only for systems in which the 
pseudocontact shift is negligible. 

Equations 1 and 2 were derived for free-radical 
systems and Curie law behavior. Thus, it should not 
be completely unexpected if these equations break down 
when used on paramagnetic complexes. It is impor­
tant to note that there are many cases where these 
equations do seem to be completely valid; see Ta­
ble I. If the equations are valid for a particular com­
plex, then it does not seem unreasonable to expect 
them to hold for complexes whose magnetic behavior 
is very similar. For example, it is seen from the data 
in Table I that Ni(bipy)3(PF6)2 is a well-behaved com­
plex. However, the complex with the tridentate ligand 
DAPDH2, [Ni(DAPDH2)2](C104)2, is not well behaved 
with respect to its temperature dependence of the iso­
tropic shift. If eq 1 and 2 are valid for the [Ni(bipy)3]-
(PF6)2 complex with regard to the magnetic behavior 
of the system, then it seems reasonable to expect it 
to be valid for the magnetic behavior of the [Ni-
(DAPDHa)2(ClOj)2 complex. The deviation of the 
temperature dependence in the latter complex is due 
mainly to the hydrogen-bonding interactions (vide infra) 
known to occur with this compound. 

Equations 1 and 2 are undoubtedly invalid for many 
inorganic complexes and what is really needed is a 
complete theoretical investigation leading to appro­
priate equations for all inorganic coordination com­
pounds. The general expression for the proton contact 
shift is 

£N/?X 

where (S2) is the average value of the electron spin 
in the z direction. The difficulty arises in the evalua­
tion of (S1). This evaluation is simple and straight­
forward under conditions of Curie law behavior and 
eq 1 results (after substitution of Av/v0 for AHjH0). In 
systems which exhibit spin-orbit coupling of ground 
to nearby excited states and/or zero field splitting, 
(S1) must be evaluated including these effects. When 
the spin-orbit levels are greatly separated (»/c?) gav 

is constant and takes orbital angular momentum into 
account, but when the levels are closely spaced, gav 

may change and non-Curie behavior can be expected 
even in an isotropic system. The effects of zero-field 
splitting are comparable. Preliminary work11'20 has 
shown that the resulting expressions for this type of 
system do not have a simple inverse temperature 
dependence as do eq 1 and 2. Additional complica­
tions can be encountered when the derealization pat­
tern from the populated excited level is different from 
that of the ground level. Although this magnetic phe­
nomena is a very likely reason for the observation 
of nonzero intercepts, in some cases, the existence of 
other nonmagnetic effects will be conclusively shown 

(20) R. M. Goldiug, MoI. Phys., 8, 561 (1964). 
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to cause significant nonzero intercepts in the following 
sections. 

Chemical Change. There are two general types of 
chemical change that accompany dissolution of a solute : 
one that is temperature independent and one that is 
temperature dependent. If a temperature independent 
change took place upon dissolution of a substance 
(i.e., the equilibrium constant is so large that there is 
no significant change in the concentration of species 
present over the temperature range studied), the iso­
tropic nmr shift would be due to the same compound 
at each temperature. Even though we may not know 
the exact nature of the compound in solution, we 
would expect a temperature dependence as predicted 
by eq 1 and 2 (assuming a magnetically nonideal sub­
stance was not produced). One of the important condi­
tions for the use of the equations for contact and 
pseudocontact shifts is that one is looking at the same 
species at each temperature. If a temperature de­
pendent chemical change took place, the position of 
the equilibrium or the nature of the species in solution 
would be altered at each temperature. If the species 
were interconverted by a process which is fast on 
the nmr time scale, the observed nmr shift at each 
temperature would be due to an average system which 
differs from that at any other temperature. Under 
these conditions, a straight line may or may not result, 
depending upon the magnitude of the change over 
the temperature region studied and the differences in 
the isotropic shifts of the compounds involved. A 
nonzero intercept will inevitably result if the isotropic 
shifts differ. 

The types of temperature dependent changes that 
are manifested by the systems in Table I are ion pairing, 
hydrogen bonding, and an equilibrium among chemical 
species with different primary coordination spheres 
(e.g., tetrahedral and square planar Ni2+). 

It has been shown21 that hydrogen bonding solvents, 
such as chloroform, strongly interact with some com­
plexes. As the temperature is varied, the relative 
amount of hydrogen bonding may change, less hydrogen 
bonding being expected at higher temperature for an 
exothermic interaction. For this type system, as the 
nmr is studied as a function of temperature, one is 
in effect observing various mixtures of different species 
whose contact shifts may differ. If the extent of hy­
drogen bonding changes in a regular fashion, a linear 
l/T dependence on the shift could result over the 
region studied, but a "nonzero" intercept would result. 

A test for the hypothesis that hydrogen bonding 
is one cause of the observed "nonzero" intercepts is 
to study a complex in a hydrogen bonding and a 
nonhydrogen bonding solvent. A comparison of the 
magnitude of the intercept for the same complex (one 
capable of hydrogen bonding) in the two types of 
solvents would reveal the potential existence and the 
magnitude of such an effect. It has been shown22 

by an infrared study that Co(HMPA)2Cl2 and Co-
(HMPA)2Br2 complexes are hydrogen bonded to the 
solvent, CHCl3, presumably via the halides. We re­
port here a study of Co(HMPA)2Cl2 in the hydrogen 
bonding solvent chloroform and in the nonhydrogen 
bonding solvent nitrobenzene. Figure 1 demonstrates 

(21) M. Rettig and R. S. Drago, 7. Amer. Chem. Soc, 88, 2966 (1966). 
(22) B. B. Wayland, Ph.D. Thesis, University of Illinois, 1964. 
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Figure 2. Temperature dependence of chloroform resonance for 
0.0946 MCo(HMPA)2Cl2 in CHCl3. 

the solvent dependence of the isotropic shift for this 
system. As is readily seen from the graph, there is a 
large difference in the isotropic shift behavior in these 
two solvents. From Table I, we see that even in nitro­
benzene, there still exists a slight "nonzero" intercept 
outside the 25 Hz expected from extrapolation errors. 
Clearly, though, the effect of hydrogen bonding is 
to give rise to a significant nonzero contribution to 
the intercept and straight line AP VS. l/T behavior 
of the isotropic shift. It is to be emphasized that if 
the hydrogen bonding interaction was so extensive and 
there was no significant change in the extent of it 
with temperature, a nonzero intercept could not result 
from this effect, since the mole fractions of species 
in solution would not be changing as a function of tem­
perature. 

Other evidence for a change in the amount of hy­
drogen bonding with temperature change is obtained 
from the temperature dependence of the chloroform 
resonance for solutions of Co(HMPA)2Cl2 in chloro­
form. Figure 2 shows nonlinear behavior of the chloro­
form resonance as a function of l/T. If the amount 
of hydrogen bonding was constant, then we would 
expect a linear l/T dependence with an intercept cor­
responding to the value for the chloroform hydrogen 
bonded to a diamagnetic analog. 

The complex [Co(HMPA)4](C104)2 is well behaved 
in nitrobenzene. Since hydrogen bonding occurs at a 
coordinated halide in [Co(HMPA)2X2], there are no 
sites available for hydrogen bonding in the former 
complex. Thus, we would predict that the isotropic 
shift of this complex would not be effected by a hydrogen 
bonding solvent. This is the behavior reported for 
this system.23 Golding24 investigated the temperature 
dependence of the magnetic moment and the isotropic 
shift of tris(pyrrolidyl dithiocarbamato)iron(III). From 
the magnetic moment measurements, he determined 
that the complex has a 6Aj ground state. This implies 
that the Curie law equation for the isotropic shift 
should be valid for this complex. Using the data 
presented in his paper, an intercept of +900 Hz is 
obtained for the a-CH2 group (see Table I). The iso­
tropic shift measurements were carried out in chloro­
form. In light of the previous discussion, it seems 
reasonable that the chloroform could hydrogen bond 

(23) B. B. Wayland and R. S. Drago, /. Amer. Chem. Soc, 87, 2372 
(1965). 

(24) See Table I, footnote r. 
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Figure 3. Temperature dependence of isotropic shift of Co(pyri-
dine)2Cl2 in CHCl3. 

to the uncoordinated nitrogen atom on the ligand, 
thus giving rise to the observed nonzero intercept. 

From Table I it can be seen that [Ni(CH3OH)6]-
(ClC)2 and [Ni(DMF)6](ClO4)2 both have rather large 
nonzero intercepts. The shifts for these two com­
pounds were obtained in the ligand as solvent and thus 
can easily be explained on the basis of hydrogen bond­
ing of the solvent to the coordinated ligand. The 
complex [Ni(4-CH3-pyNO)6](C104)2 also has a nonzero 
intercept, as seen from Table I, but we would not 
predict extensive hydrogen bonding in CH3NO2. 
Thus, the behavior of this complex cannot be ration­
alized in this context and will be discussed later. 

A great deal of work has been done25-28 on the 
nature of ion pairing for charged complexes in solu­
tion. The formation of an ion pair could distort a 
complex and change the isotropic nmr shift by changing 
the value of the pseudocontact and/or contact shift. 
Ion pairing in solution is a much more complex problem 
than that of hydrogen bonding. As pointed out by 
Fanning and Drago,26 if the enthalpy of association is 
negative as expected, then a decrease in association 
would be expected as the temperature increases. How­
ever, as the temperature increases, the dielectric con­
stant of a solvent decreases, and the degree of associ­
ation would be expected to increase. Both effects 
give rise to a temperature-dependent change in the 
species in solution. As previously shown,26 ion 
pairing can induce a pseudocontact contribution to the 
shift giving rise to different isotropic shifts in the ion-
paired and dissociated species. We would not expect 
this effect to be very important in systems that are 
nearly isotropic, e.g., octahedral Ni(II). Since even 
Dlh Ni(II) complexes do not exhibit pseudocontact 
shifts, we feel that ion pairing will not be sufficient to 
produce pseudocontact shifts in six-coordinate Ni(II) 
via distortion. However, in six-coordinate Co(II), 
where a large pseudocontact contribution to the iso­
tropic shift is possible, ion pairing could have a very 
significant effect on the temperature dependence of the 
isotropic shift. We believe this is the cause of a sub­
stantial contribution to the nonzero intercept in Co-
(CH3CN)6(ClOO2. 

(25) J. C. Fanning and R. S. Drago, J. Amer. Chem. Soc, 90, 3987 
(1968). 

(26) I. Walker and R. S. Drago, ibid., 90, 6951 (1968). 
(27) D. W. Larsen and A. C. Wahl, Inorg. Chem, 4, 1281 (1965). 
(28) G. N. LaMar, R. H. Fischer, and W. D. Horrocks, Jr., ibid., 

6, 1798(1967). 

An equilibrium among more than one structurally 
different species in solution would also affect the tem­
perature dependence of the isotropic shift. An example 
of this effect was found in Co(py)2Cl2. Figure 3 dem­
onstrates the temperature dependence. Although we 
are not able to identify the species, electronic spectra 
over the temperature region covered in Figure 3 in­
dicate that there is an equilibrium involving complexes 
of different coordination number and that the position 
of equilibrium is changing with temperature. Inter-
conversion between the species is fast on the nmr time 
scale. Here the interaction is such as to give rise to 
nonlinearity in the Av vs. 1/T plot. However, it can 
be seen that if the system were studied over the tem­
perature range —58 to +20° , a straight line with non­
zero intercept would be obtained because of an equi­
librium possibly involving octahedral (bridging chlo-
rines)-tetrahedral species. Thus equilibria of this 
sort are a potential cause of nonzero intercepts. 

In this case, we were unable to observe any shift in 
the chloroform resonance as a function of temperature 
presumably because, in the dilute solutions of com­
plex that had to be used, the chloroform shift would be 
too small to be observed. The zero intercept for the 
high-temperature region implies essentially tetrahedral 
species and such extensive hydrogen bonding to CHCl3 

that the solvation number is not changing appreciably 
over this temperature range. 

The complex, [Ni(4-CH3pyNO)6](C104)2, previously 
mentioned, may also fall in this category. The possi­
bility of hydrogen bonding or ion pairing being the 
cause of the nonzero intercept has already been dis­
counted. The shifts for this system were determined in 
nitromethane with excess 4-methylpyridine N-oxide 
by use of the mole fraction equation over the temper­
ature range +25 to +85°. It is very possible that at 
the higher temperatures some 4-methylpyridine //-oxide 
is displaced from the first coordination sphere (by 
CH3NO2 or anion), producing more than one species 
in solution. A very small amount of this could 
account for the observed nonzero intercept in this 
complex. 

Another possible contribution to nonzero intercepts 
is the temperature dependence of conformational 
equilibria which could be important in systems such as 
4-methylpyridine N-oxide and dimethylformamide. 
The significance of these effects was dramatically in­
dicated in an analysis of the contact shifts of some 
alkylamine complexes of nickel(II).29 

Evaluation of At for Nonzero Intercept Systems. 
The problem of a nonzero intercept has profound 
implications on the meaning of the values calculated 
for A1 by eq 1. Significantly different results are ob­
tained \i Ai is evaluated from the slope of the line or 
from a single room temperature measurement as shown 
for some representative systems in Table III. Clearly, 
nonzero intercepts should be avoided to obtain mean­
ingful coupling constants. The work described in the 
previous sections suggests ways of doing this by proper 
selection of conditions, e.g., nonhydrogen bonding, 
poorly coordinating, and high dielectric constant 
solvents. 

(29) R. J. Fitzgerald and R. S. Drago, / . Amer. Chem. Soc, 90, 2523 
(1968). 
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Compound Ai" (single temp, 26°) Af (slope of 1/r plot) 

Co(HMPA)2Cl2 
Ni(DAPDH2MClOi)2 

[Ni(4-CH3pyN-*0)6](C104)2 

p-n 
m-H 
CH3 
P-CH3 
m-H 

+ 1.175 X 104 

+ 1.56 X 105 

+ 8.25 X 10s 

- 1.58 X 105 

+2.205 X 106 

+ 1.050 X 10s 

+2.526 X 104 

+ 1.87 X 106 

+9.27 X 108 

-2 .67 X 106 

+2.861 X 10s 

+ 1.179 X 105 

a In units of hertz. 

If the nonzero intercept arises in the case of nickel(ll) 
complexes because of reaction with the solvent (as 
proposed for Ni(ONC6H4CH3)6

2+) and if spectro­
scopic studies are available to show that the desired 
species is predominant (95% or better), the most 
accurate At values can be expected from a single 
measurement at the temperature of the spectroscopic 
studies. Using typical values for NiL6

2+, NiLX2+, 
etc., complexes, errors less than 5% in At should be 
expected from a single temperature measurement, 
whereas 20-30% discrepancies are noted in Table III. 

In conclusion, the temperature dependence should be 
studied in any investigation of isotropic shifts. The 
potential influence of error from a nonzero intercept on 
the conclusions being drawn should be investigated in 
the manner described above. As additional systems 
are investigated, other factors giving rise to nonzero 
intercepts will undoubtedly arise. 
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Abstract: The temperature dependences of the 8/POCH of trisneopentyl phosphate and of the VPOCH and the two 
VHH of tris(/3-chloroethyl) phosphate have been measured. In both cases the preferred conformations for rota­
tion about the CO bonds are those with the phosphate and alkyl groups in trans orientations. In the chloroethyl 
derivative the chlorine and phosphate oxygen are preferentially gauche. 

The phosphate ester linkage is a common structural 
feature of biological molecules, including sugar 

phosphates, phospholipids, nucleotides, RNA's, and 
DNA's, etc. A study of the conformation of such 
molecules, centering on rotational isomerism about the 
P-O and O-C bonds, may yield information useful in 
understanding the binding of these substances to en­
zymes, and the mechanisms of their chemical reactions. 

Studies by Sasikekharan and Lakshminarayanan1 

based on X-ray diffraction results and on empirical cal­
culations have established that the groups on the O-C 
bond tend to occupy staggered positions, as in substi­
tuted ethane (Figure 1). 

Rotation about the O-C bond may be studied via 
the 31P-H vicinal coupling constant, 3Jp0CH, in suitable 
systems. Different values of 3/POCH in diverse trialkyl 
phosphates were observed by Axtmann, Shuler, and 
Eberly2 in 1959. That these differences arose from 
conformational effects was suggested by Dudek.3 

(1) V. Sasikekharan and A. V. Lakshminarayanan, Biopolvmers, 8, 
505(1969). 

(2) R. C. Axtmann, W. E. Shuler, and J. H. Eberly, / . Chem. Phys., 
31,851(1959). 

Measurements on rigid compounds of known geom­
etry4-7 have generally been concordant with the idea 
that the value of SJPOCK depends on the POCH dihedral 
angle, and that the form of the dependence is similar to 
the well-known Karplus8 curve for 3/HCCH-

Tsuboi, et al.,s observed the 3/POCH values in a series of 
mono- and dialkyl phosphates in heavy water solution, 
and have estimated the conformational equilibria from 
these values, as well as the values Jt = 28 and Jg = 1.5 
Hz derived from the couplings observed in methyl esters 
and in the rigid compound 1-phenyltrimethylene phos­
phate. In rigid model compounds, however, J1 has 
usually been smaller, of the order of 20 Hz.4,6 

(3) G. O. Dudek, ibid., 33, 624 (1960). 
(4) L. D. Hall and R. B. Malcolm, Chem. Ind. (London), 92 (1968). 
(5) G. M. Blackburn, J. S. Cohen, and Lord Todd, Tetrahedron Lett., 

2873 (1969). 
(6) J. G. Verkade and R. W. King, Inorg. Chem., 1, 948 (1962); 

ibid., 3, 884 (1964). 
(7) R. S. Edmundson and E. W. Mitchell, J. Chem. Soc. C, 2091 

(1968). 
(8) M. Karplus, J. Chem. Phys., 30,11 (1959). 
(9) M. Tsuboi, F. Kuriyagawa, K. Matsuo, and Y. Kyozoku, Bull. 

Chem. Soc. Jap., 40, 1813(1967). 
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