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4.4. 

4.5. 

4.1. Introduction 

if a chemical species containing the investigated nucleus undergoes chemical 
exchange among different chemical environments, the nuclear NMR parameters are 
affected in several ways. A full treatment of chemical exchange is rather cumbersome, 
both from the points of view of shift and of relaxation properties, and is beyond the 
scope of this book. It is worth noting that even in the simple case of exchange 
between two sites, the general solution implies non-exponentiality of relaxation. 
Fortunately, there are some limiting cases which are much easier to treat and for 
which simple equations can be given. These limiting cases also often hold when one 
of the chemical environments is paramagnetic. 

In general, in the presence of chemical exchange, the nuclei of interest will spend 
a fraction of time residing in each of n different chemical environments. The prob- 
ability P~ of finding a chosen nucleus in a particular site i, will be equal to the molar 
fraction ]~ of nuclei in that environment: 

Pi =f,. - Ni (4.1) 
l! 

i = !  
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where N~ is the number of nuclei in the ith site, ~']iNi is the total number of nuclei 
in the sample, and Ei P~ = 1 by definition. 

Here, the only approximation is to neglect the time spent by a nucleus in moving 
from one environment to another. For example, consider a 0.1 mM water solution 
of a Ni(CH3NH2)~, + complex, in the presence of 0.1 M excess methylamine, assuming 
that the complex is fully formed under these conditions. If there is chemical exchange 
between bound and free methylamine, the methyl protons will spend 

6 x 10 -4 
Pbound = 10-t + 6 X 10 -4 

~ 6 x  10 -3 

of the time in the bound position and 

10-1 

10 1 + 6 x 10 "~ 

of the time in the bulk solution. 
The NH2 protons cart also exchange with water molecules. The probability of 

finding such a proton in each of the three environments will be 

6 x 10 =4 
Pt,ou,,a = 55.5 + 10= t + 6 x 10 =4 

1.1 x 10 -s 

l0  °!  

Pcr~ = 55.5 + 10= t + 6 x 10 =4 
1.8x 10 -3 

55.5 
Pta~o==55.5+lq ! + 6 x l 0  ='~ ~1 

where 55.5 is the approximate molarity of water. Therefore, the exchangeable protons 
will only spend about 1/100000 (i.e. Pbo,,,d) of their time in a bound posY ion. 

The probabilities, or molar fractions, are equal to the fi'action of time a nucleus 
will spend in a particular environment when observed for a suitably long period of 
time. They do not reveal how long the nucleus will stay, on average, in each particular 
position; in other words, the average lifetime of the nucleus in each environment 
cannot be calculated from the molar fractions. As will be seen, the chemical lifetime 
or its reciprocal, the chemical dissociatioa rate, are crucial parameters governing the 
influence of chemical exchange on N M R parameters. 

4.2. A pictorial view of chemical exchange 

Consider, for simplicity, the exchange of nucleus with spin ! between two sites, A 
and B: 

i~ ~ ~  !1~ 
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Although the dissociation rate constants ZA ~ and z~ ~ are not known, it is known 
that, at equilibrium, Z A/Za = PA/Pa. We will give a full description of the effect of 
variation of "t" k {and za) on the nuclear NMR parameters and describe the relevant 
equations involved [ 1,2]. 

The nuclei in the A site will resonate at a Larmor precession frequency tOk, and 
those in the B site will resonate at a frequency toa. Under very slow chemical 
exchange conditions, two signals will be observed, centered at frequency tOA and ~B, 
with intensities proportional to PA and PB respectively. When PA = PB the two signals 
will be of equal intensity and ZAI= Z~l= Z~-~ l (Fig. 4.1(A)(I)). If R2A = R2B the two 
signals have the same linewidth, given by R2A/Tt = R2B/It. We will also assume that 
R IA = R in. When the exchange rate increases, i.e. the lifetime in each chemical 
environment decreases, the uncertainty principle states that the uncertainty in the 
energy of the nucleus in each of the two environments must increase. The energy 
uncertainty is reflected in an increase of signal linewidth. The effect becomes apprecia- 
ble when zM becomes comparable with, or shorter than T2A, T2a. Then the effective 
7"., for the signals becomes close to zu (Fig. 4.1(A)(2)-(4)). In contrast, T~ is only 
affected by the efficiency of coupling of the spin system with the lattice in order to 
undergo spin transitions. Therefore, if these mechanisms are equal in each environ- 
ment (R~A = R~a), longitudinal relaxation will not be affected by exchange between 
the two sites. 

When the exchange rate is further increased to the point where it is about equal 
to the difference Ato in resonance frequency of the two environments, the linewidth 
is also of the same magnitude. Therefore, the two signals are as broad as their 
separation and a single broad resonance is observed, extending from tDA tO (0 B 
(Fig. 4.1(A)(5)). 

When the exchange rate becomes faster than A(o, then the single resonance, 
centered at (tOA + tO,)/2, becomes sharper and sharper. From the NMR point of 
view, the nuclei are now experiencing an average environment and, as the exchange 
time decreases further, the linewidth eventually returns to the value of the separate 
signals in the absence of exchange {Fig. 4.1(A)(6H9)). 

!! has been shown that by increasing ~r~ ~ the resonance frequency of each signal 
passes from tOA or (o, to the average value (tOA + CO,)/2. Fig. 4.1(B) shows that this 
transition is not smooth, and that the two signals begin to collapse only for T~ ~ 
values very close to ,dto. The situation 1:~r ~ = A,~/x/~ ( Fig. 4.1 (A)(5)) represents signal 
coalescence, i.e. the borderline between the so-called slow- and fast-exchange regions. 
Thus, slow- or fast-exchange rates can only be defined with respect to the diflbrence 
in Larmor frequency ,dto, and therefore are dependent on the strength of the external 
magnetic field. 

4.3. NMR parameters in the presence of exchange 

4.3.1. Exac! solutionsjbr two-site exchange 

Having introduced the concept of exchange in a pictorial way, we treat now the 
more general case of exchange between two sites of different population and different 
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Fig, 4,1. Calculated NMR spectra of a system constituted by a nuclear species in chemical exchange 
between two sites, A and B, as a function of the chemical exchange rate, ~ t  (A). The corresponding 
chemical shirt values ate shown in (B). The chemical shirt separation between the A and B signals is 
rico ,= 1000 rad s = =. The various situations are: no exchange ( 1); slow exchange ((2)-(4)); coalescence (5)1 
fast exchange ((6)-(9)). 

intrinsic relaxation times. Under such conditions relaxation is not a single exponential 
but rather a double exponential process, where the individual rate constants are 
given by Eqs, (4,2) and (4,3), The chemical shifts are given by Eq. (4.4) [ 3,4]: 

(4.2) 

/~='~'h = A= + I(; + ((;= + H=)~1=]=1= 2 (4.3) 
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coexch - -  

O~A + con + [-o 
(4.4) 

where 

A t =  2 A2-" 2 

H ~  

A(D 2 

+ TA I~B 1 4 

ACO 
2 

TIA I = RIA + TA I 

T2A I = R2A + "CA I ~ = R2s + T~ t 

In the special case of TA = Zs = Z, R1A - -  Rte = Rx, and RZA - -  R z n  - R 2, the above 
quantities reduce to: 

Ax ffi Rt + z-1 Az -- R2 + T-1 

G = ~- 2 _ ACO2/4 H ffi 0 

and Eqs. ( 4.2 )-(4.4) become 

R l e x c h  ~ RI ~ constant 

R2exch--R2+T=I~(G+'G') 1 / 2 2  

¢OA + COil ( -G+'G ' )  112 
coo~©h - 2 + 2 

(4.5) 

(4.6) 

(4.7) 

Eq.(4.6) accounts for the linewidths of the signals reported in Fig. 4.1(A) and 
Eq. (4.7) for the chemical shifts reported in Fig. 4.1(B). 

4.3.2. Exchange of excess metal ligands 

When the paramagnetic site is the least populated, and the difference in population 
is very large, Eqs. (4.2)-(4.4) can be simplified [3-6]. For example, the chemical 
shift for the signal in the diamagnetic site evolves as follows as a function of ¢M 

fu /]COM 
~COp ffi COp--COd ffi T'~M (R2M + ZMI)2 + (,~COM)2 (4.8) 

where COp is the experimental shift, COd is the chemical shift of the diamagnetic site, 
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and Atom is the difference in chemical shift between the metal site and the diamagnetic 
site. In turn, the paramagnetic contribution to the shift in the metal site is given by 
the equations described in Section 2.2. R2m is the transverse nuclear relaxation rate 
enhancement in the paramagnetic site (Sections 3.4-3.6). The behavior is illustrated 
in Fig. 4.2. For t~-¢ 1 >> R2M, AooM, Eq. (4.8) becomes 

AtOp = f n  AtOM (4.9) 

i.e. the signal sits at the weighted average position between (3) d and tom. 
In analogy with the chemical shift, the relaxation rates of the bulk nuclei will be 

termed Rad and R.,d. In the presence of chemical exchange with nuclei in the 
paramagnetic site, such rates will be enhanced by an amount Rtp or R2p, and the 
measured values will be 

Rtmea s = Rid + Rip R2meas -- R2d + R2p 

The longitudinal relaxation rate enhancement Rtp goes asymptotically from zero to 
./'mRtM with increasing t~f ~ (Fig. 4.31A)), according to the following equation: 

t~t t 
Rip =.fmRtu RtM+ rh I =.~if(Tim + rm) -l  (4.10) 

where Rt,~r is the nuclear longitudinal relaxation enhancement in the paramagnetic 

! 
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Fig, 4,2, Paramagneti¢ ¢ontributioa to the chemical shift ~¢,~p as a hmction of the exchange rate of the 
nucleus from the paramagaetic sile rm, Conditions: A~'~,u = 10'~ rad s~ t, ,li~t = I 0 ~ ,  R~,~f = 10" (A) or 
10 ~ ( B )  s ~ t, 
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Fig, 4.3. Paramagnctic contributions to lilt: nuclear relaxation rates R tp (A) and R.I, ( A } (G)  as ~! function 

I I'1'o111 the paramagnctic site. Conditions: R~,~l = R_.~t = 10"ts of tilt: cxch~lnge I'lltC O1' the nucleus r,~ t 
,l',~! ~ 1 0  : : l m . = 0 l { A } c o i n c i d e n t w i t h  Rip}.l  × 10 41B} .1 .Sx  10 . t iC} ,2×  10  ~1D) .2 .5×  10 alE}. 
3 x I11 .t IF}. 3.5 x I0 .i (G} i 'ads t, 

site (Sections 3.4=~3.6). In other words, in tile absence of exchange there is no 
paramagnetic contribution to the relaxation rate of the bulk nuclei, whereas in the 
fast-exchange limit the measured relaxatien rate is the weighted average between the 
diamagnetic Rtd and paramagnetic R~M rates: 

Rlme~ = Rid +fM RIM 

where the molar fraction of bound nuclei ,/A! is the weighting factor, it should be 
remembered that. as in the case of the paramagnetic shift, RtM can be very large 
compared with Rtd. so that even for small ,[~1 values a noticeable relaxation rate 
enhancement can be measured. 

The r,,,~v~,s, rci~xation r~te enhancement R2p could be treated in tile same way 
if it were not for tile difference in chemical shift A¢oM between the paramagnetic and 
the diamagnetic species. As has already been shown, the difference in chemical shift 
causes a line broadening ~ an increase in R2M --even when the exchange is between 
two diamagnetic sites. Furthermore, tile effect is expected to be much larger in this 
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case since much larger chemical shift differences are involved. The general formula 
relating R2p to dOOM and ~ l  of the bulk nuclei is [5,6] 

fM R22u + R2M~ 1 +(JC~M) 2 
R 2 p -  T M (R2M "4- ZM1) 2 q- (A~M) 2 (4.11) 

Fig. 4.3 shows the variation of R2p as a function of ~ 1  for different values of ATOM. 
Note that in the absence of exchange (z~r t = 0), R2p = 0, and for very fast exchange 

(z~t>> R2u,(JoJu)2/R2u), R2p = f u R 2 u ,  as was found for the longitudinal relax- 
ation rate. 

In the intermediate region, where t/¢ t is comparable with zkoM, R2p may be larger 
than Rtp even if R2u = R lu  because of exchange broadening effects. 

If little or no isotropic shift is present (JtaM << R2M), Eq. (4.1 i) reduces to 

R2p = fMR2u R2u + ~ t  I = fM(T2,vt + %t) -I  (4.12) 

which has the same form as that for Rip in Eq. (4.10). 
In the very fast exchange regions, the observed paramagnetic effects on the chemical 

shift ,de% and the relaxation rates Rip, Rzp, are simply proportional to the full 
paramagnetic effects in the metal binding site, as summarized below: 

deep --- fM 4cou Rtp = fM Rlu R2p = fu  R,M (4.13) 

Therefore, if the molar fraction of bound ligand fu  is known, the full paramagnetic 
effects can be calculated. Of course, if no exchange takes place the liga,d in the bulk 
solution is completely insensitive to the presence of the paramagnetic metal ion. 

In the intermediate situation the measured parameters are complicated functions 
of the full effects experienced in the paramagnetic site (d~M, R.u, R2M) and the 
exchange rate ~i¢ I, The e G~ dependence of such functions has been summarized in 
Figs. 4.2 and 4,3. There are, however, particular regions in which the measured 
parameters are simpler functions of ¢~ .  These regions correspond to cases in which 
Eqs. (4.8), (4,10 ) and (4.11 ) can be appt oximated by 

fM 
Case I Jcop --- T2 dc.oM (deem >> R2M, T~'r I ) (4.14) 

Case I occurs when the difference in shift between the paramagnetic and the diamag- 
netic site, in frequency units, is large compared with both transverse relaxation and 
the exchange rate. In this case the diamagnetic line is only slightly shifted, and the 
shift is inversely proportional to the paramagnetic shift. 

Case I! j ( %  _ ,fM d(oM r~t R2M (R2M >> r~ I, ~o~M) (4.15) 

Case 11 occurs when the transverse relaxation rate is faster than both exchange rate 
and paramagnetic shift. Here the observed shift is directly proportional to the 
paramagnetic shift. 
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Case III Rtp = fuz~ t (Rlu >> ~ t )  (4.16) 

Case IV R2p -- fM'tM 1 (R2M >> Z~ l) (4.17) 

Cases III and IV represent the slow exchange limits for longitudinal (III) and 
transverse (IV) relaxation enhancements. The observed enhancements are propor- 
tional to the exchange rate, independently of the values of Rlu and R2u. 

Case V R2p "-fM(ziOM)2"CM ('CM 1 >> (ZIOJM)2"~M >> R2M ) (4.18) 

Case V is the intermediate exchange case for transverse relaxation. Here, the depen- 
dence on zu is opposite to that in Case IV~ Case V occurs in the presence of relatively 
large paramagnetic shift, as long as (ZICOM) 2 is small compared with ,~r 2 but large 
compared with R2M'~M t. 

In Cases III and IV, Rtp and R2p are a direct measure of the exchange rate z~l. 

4.3.3. Temperature and exchange 

The measurement of the exchange time zM may provide useful kinetic information 
on the system. Kinetic parameters for the dissociation process may be obtained by 
performing relaxation measurements as a function of temperature. If it is assumed 
that the dissociation of the ligand from the paramagnetic site is a first order kinetic 
process, the dissociation rate constant ~ t  is given by the Eyring relationship 

, ~ t =  exp , - ~  (4.19) 

where ziG" is the free energy of activation for the dissociation process. 
In the normal range of temperatures used in NMR experiments, the major source 

of variation of ,~t with temperature is contained in the exponential part. In other 
words, a plot of log *M against 1/T (Arrhenius plot) will give a fairly straight line. 
Given the linear relationship between ,~t and the relaxation rates, straight lines will 
also be obtained by plotting log Rtp or log R2p (Cases 111 and IV) against I/T 
(~: log *M) (Fig. 4.4). Note that a straight line of opposite slope is obtained in Case V. 
The appropriate equations can then be found by simply taking the log of expressions 
III, IV and V, with *M given by Eq. (4.19) (and remembering that ziG ffi ziH - TAS). 
From Eqs. (4.16) and (4.17) we thus obtain 

ZIS* ~H ~ 
+ ~ ~ cost - ~ (4.20) 

R RT 
log Rtp = log R2p = log(fM k-~) - dRH--H-'-~ 

while from Eq. (4.18) we obtain: 

(fM k~) AH* zIs" AH" (4.21) log R2p ffi log Ate 2 + R T R ~ cost' + R---'~ 

where AH" and AS ~' are the enthalpy and enthropy of activation for the dissoci- 
ation process. 
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corresportding to Cases Ill to V. C,~nditions: r m  = 10 "~ s ~. l:~! = I 0 - '  and :h,ha = 10" rad s 

4.3,4, Satztration tt'an,~['er 

As already mentioned (Sections 1.7.4 and 3,13), when a nuclear spin system 
experiences fluctuating mag',netic lields, relaxation occurs, If these Iields are produced 
by other nuclear spins, there is a reciprocal influence that leads to a complicated 
picture, This will be discussed in detail in Chapter 6. However, if these fluctuating 
magnetic Iields are produced by particles which belong to the lattice, i,e. their energy 
is negligibly affected by nuclear relaxation (for example, unpaired electrons), the 
description of the effects is much simpler (Chapter 3) and the return to equilibrium 
after a perturbation is exponential. Under these circumstances we are going to 
analyze the etlbct of chemical exchange. 

We have already defined the equilibrium magnetization of a spin ! in a given 
magnetic field B~ as M.( ~ ), whet~ the (~} refers to the fact that the sample must 
have been exposed to the field for a time sutliciently long for equilibrium magnetiza- 
tion to be virtually achieved. After any perturbation from equilibrium of the nuclear 
spi, system such that. at time zero after the perturbation. M.(0) ~ M.(,x: }. the system 
~,~il t~:nd to return to equilibrium with a simple rate law of the type 

dM:(tt 
dt 

-Rt[M:( t )  .... M: t~I]  (4.22) 

which integrates to an exponential magnetization recovery 

hl:(t) ~ M : ( z )  = [M:(0) - M:( z, )] exp(-  R! t) (4.23) 
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R~ being the rate constant for the longitudinal relaxation process. In the case of an 
inversion recovery experiment, M. (0 )=  -M.(oc) ,  and Eq. (4.23) reduces to 

M.(t) = M_.(oo ) - 2M..(oo) exp( -  Rl t) (4.24) 

which is Eq. (3.30). 
The rate equations for a spin system in chemical exchange between two sites 

kl 
l a  -. i H 

k -  1 

(where kl - t2 t, k_ l = t~ 1), are given by 

dMa(t) 
dt 

dM..n(t) 

dt 

- -  - r a [ / ~ l a ( t )  - M . a (  Go )]  - k ,  [ M . a ( t )  - M . a ( o o  )]  

+ k_, [M.a(t) - M~(oo )] 

- -  - - r~  [M~(t) - M..n( ~ )] - k_, [M..n(t) - M..n(~ )] 

+ k,[Ma..(t) - Ma(oc )3 

(4.25) 

(4.26) 

As anticipated i~a Section 4.1, solution of these two coupled differential equations 
gives biexponential behavior, therefore preventing the definition of R~ for each site 
(although the two rate constants for the two components are known (Eq.(4.2)). 
However, Eqs. (4.25) and (4.26) explicitly contain the rate constants for the exchange 
process, k~ and k_ !, suggesting that they can be used to obtain information on the 
exchange dynamics through some kind of perturbation on the equilibrium popula- 
tiol~s of the spins. Suppose that the signal 1 ̂  is saturated by applying a weak r.f. on 
the A resonance for a reasonably long period of time. Then, the steady state intensity 
of signal B can be obtained fl'om Eq. (4.26) by setting dM~(t)/dt and M~(t) to zero: 

0 = - ( r ~  ~ + k_ 1)IMp(t)-  M~(~ )] - I¢~ M.a(oo ) (4.27) 

from which we obtain an expression for the fi'actional change in intensity of signal 
B upon saturation of A: 

M~(t)- M~(~ ) Ma(~ ) --k~ 
M~(oo ) - M'~(oo ) R~ ~ + k_, 

(4.28) 

Therefore, by knowing the longitudinal relaxation rate constant of the nucleus in 
the B site R[ ~ in the absence of exchange and by measuring the fractional change in 
intensity of signal B (called saturation transfer), the rate constants can be obtained. 
We recall that the two rate constants are related by the fractional populations of the 
two sites (Section 4.2), in turn proportional to the equilibrium intensities of the two 
signals: 

k~ Ma(oo)= k_ ~ M~(~) (4.29) 
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thus, Eq. (4.28) can be further simplified as 

M~(t ) -  MSz(oo ) _ - k - t  (4.30) 
MS~(oo ) - RSl + k_t 

These equations hold for any population distribution of the two sites. Eq. (4.30) is 
the equation to be used when a saturation transfer experiment is going to be planned. 

From the functional form of Eq.(4.30) it is easy to predict the behavior of 
saturation transfer as a function of the exchange rate. When the rate constant for 
the B ~ A transformation (k_ x) is much smaller than the longitudinal relaxation rate 
of the nucleus in the B site (R~S), the saturation transfer tends to zero. When the rate 
constant is much higher, the saturation transfer tends to - 1 ,  i.e. there is a total 
transfer of magnetization to the B site when the A site is kept saturated. Note that 
these conditions are referred to as fast exchange, even if the exchange is still slow 
with respect to the chemical shift separation. Fast exchange conditions on the 
relaxatio~ time scale are often reached before the signals are actually coalesced, so 
that there is still a reasonable range of exchange rates for whi~,h saturation transfer 
can be observed. 

Throughout this section it has been assumed that relaxation in the A and B sites 
is intrinsically exponential. Warnings about this assumption have been made else- 
where (Sections 3.13 and 6.2.2). 

4.4. Equilibrium constants 

4.4.1. NMR of metal ligands 

Consider a metal complex CM, where C is a multidentate ligand that leaves an 
empty coordination position on the metal, in the presence of a monodentate ligand 
L. CM could also be a metalloenzyme interacting with a substrate or an inhibitor 
L. The paramagnetic effects observed on a nucleus of L can then be used to obtain 
information on its dissociation constant: 

[CM][L] (CcM - [CML])(CL- [CML]) 
K ffi --- ( 4 . 3 1 )  

[CMq [CML] 

where Ccu and CL are the total concentrations of all the metal-containing and 
ligand.containing species respectively, and [CML] is the equilibrium concentration 
of the adduct. 

Under fast exchange conditions, the molar fraction of bound ligand ,fM can be 
expressed in terms of Eqs. (4.13) and (4.3 I) as 

[CIVIL] drop_ = a l p  R2a 
f ~  - - ~  

C/, dCO M RIM R2M 

K + CcM + CL - [(K + CcM + CL) 2 - 4CcMCn.] 1/2 
ffi (4.32~ 

2CL 
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Therefore, measurements of either deep, Rip , or R2p at various concentrations of CL 
and/or Ccu allow a two-parameter fitting of the data through Eq. (4.32) in terms of 
K and zltoM, Rlu,  or R~u. 

If the experimental conditions are such that [CML] is always much smaller than 
C~., then Eq. (4.31) becomes 

(CcM -- [CML])Cr. 
K = [CML] (4.33) 

and Eq. (4.32) then becomes 

[CML! CCM 
fu  - ~ - ~ (4.34) 

CL K + CL 

Expressing fM in the form of Eq. (4.13) gives 

z~tOM R IM 
Cr. = Ccu JtOp - K = CCM Rlv - K = CcM R2M _ K (4.35) 

R2p 

For constant Ccu, a plot of 1MtOp, l/Rip (-- Tip), or 1/R2p (-- T2p ) against CL, gives 
a straight line; dtoM, RIM, or R2M can then be obtained from the slope, and K can 
be found from the intercept on the y axis. 

Eq. (4.35), like Eq. (4.32), is valid when the ligand is in fast exchange; it is also 
valid under the exchange-limited conditions, which are described in Eqs. (4.8), (4.10) 
and (4.11), as long as zM is not dependent on Cr.. In this case, K can still be obtained, 
in addition to the limit values of Rip, Rzp, or ,~o~ at fM = 1. 

4.4.2. NMR of water protons (the enhancement factor) 

If one or more ligands L in large excess interact with a metal ion in a metal 
complex C M in the presence of free metal ions M in solution, then the exchange of 
ligand L among three sites should be considered. A typical case is when L is a 
coordinating solvent molecule, e.g. water. The molar fraction of water nuclei is given 
by 

p[M] q[CM] [H20] 
f u  - fcu - fb,,k -- ~ 1 (4.36) 

Ca2o Ca2o Ca2o 

where p and q are the numbers of water molecules interacting with free and bound 
metal ions respectively. The water proton Rip is given by the contribution of the 
metal, (RIp)M, and of the complex (Rtp)cM, both of which can be expressed through 
Eq. (4.10): 

~.~1 ~.~ 
Rip =fMRIM RIM.I.,C~I "t'fcMRIcM RICM.t.,CC t 

p[M] RIM ~1  q[CM] ~ (4.37) 
CHzO RIM 4" ~'M 1 ÷ CHzO RICM RICM 4" "¢C~ 
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The two limiting cases of the metal completely free (K ~ oc) or completely bound 
(K ~0),  where K is the dissociation constant of the CM complex, would give 

pC m t;, '  
R i p  (O(3,)--  C H , O  R 1 n  Rln + t;t 1 

-t  (4.38) 
TCM qCm 

rlp(0)- ~ Rtcm Rlcm + tc~! 

where Cu is the total metal concentration. The first case can be simulated by simply 
not adding any ligand C to the solution. It is then customary to define an enhance- 
ment factor as [7] 

Rip 
' - -  o (~  i (4.39) 

where Rtp is measured in a solution containing both the metal ion and the ligand 
C, and Rtp(~) is obtained from a solution containing the same concentration of 
metal ion but in the absence of the ligand C. From Eqs. (4.37) and (4.38) 

[M]  
Cm 

[ M ]  

CM 

= ,fr + .l'b = 1 + ,l'b - I ) 

q[CM] Rtcutc~f Rtm+ tall 
PCm Rtut~t t Rwn + tc~t 

q[CM] (Twin + Zcm) -t [M] 

pCm (T=m+tm) =! Cn 
[CM] 
- -  i, o 

(4,40) 

where Ji" and j~, are the molar fractions of free and bound metal ion and 

,, (T,,.,, + = n t d o  
t; 0 ~ = 

P (Ttm+ru) =t Rtp(~} 

When the CM complex is fully formed, [M ] = 0 and [CM] = Cn; theretbre, from 
Eq. (4,40), ~: = ~o, ~:0 is thus defined as the enhancenlent factor mec,sured in a solution 
where all the metal is complexed. Since usually q < p, *o should be smaller than unity 
if the intrinsic nuclear relaxation times are the same in the metal complex and in 
the aquaion. However, as often Ttc,.< 'Flu owing to a longer correlation time % in 
the complex (Chapter 3), ~:o can be larger than unity. This is particularly true when 
C is a macromolecule (e.g. a protein) and M is a metal ion with long electronic 
relaxation times. 

As it appears in Eq. (4.40). ~:o is defined only in terms of the molar fraction of 
bound metal ion; that is, independently of the actual concentrations. By using an 
equation for fb analogous to Eq. (4.32), the enhancement factor can be expressed as: 

K + Cm + Cc-[(K + Cm + Cc)" - 4CmCc] t:' 
~: = I + 0;o - 1 ) ( 4 . 4 1 )  2Cm 

Both K and ~:o can be obtained through a two-parameter fit!Jng el" the e data obtained 
at various Cc and/or Cm concentrations. 
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Eq. (4.41) is valid irrespective of the rate at which water exchanges from the two 
paramagnetic sites, in fact, the enhancement factor is defined in terms of the quantities 
T~M + rM and TwM + rcM, which are likely to be constant and, in particular, indepen- 
dent of the concentration of the various species in solution. Furthermore, when the 
exchanging ligand is the solvent, as in the above examples, its concentration is 
virtually constant under any circumstances. 

4.5. Beyond the concept of binding site 

4.5.1. zM as correlation time 

Let us consider a ligand nucleus (e.g. a proton in a water molecule) and its 
interaction with a paramagnetic center (e.g. a metal ion) to which the ligand is 
bound. In the absence of exchange, the hyperfine shifts and relaxation rates are given 
by the equations developed in Chapters 2 and 3. In the case of fast exchange of bulk 
ligands (e.g. bulk water), we have seen in Section 4.3.2. that the shift and relaxation 
rates are the weighted averages between the free and bound ligands. This means that 
exchange does not alter the shift and relaxing capabilities of the metal site. Whereas 
this is always true as far as the shift is concerned, it may not be true for relaxation 
rates. We have seen that nuclear relaxation in the bound species is proportional to 
the average squared interaction energy (either dipolar or contact) and to a function 
of the correlation time that modulates the interaction. We have also seen that the 
correlation time for the dipolar interaction is given by the reciprocal of the sum of 
the electronic relaxation rate, the rotational correlation rate, and the chemical 
exchange rate, whereas in the case of contact relaxation it is given by the reciprocal 
of the sum of the electronic relaxation rate and the chemical exchange r~le (Eqs. 
(3.5) trod (3.61). We have learned that relaxation arises from the modulation o!' the 
interaction energy by whatever random process, if chemical exchange is present, 
dearly the interaction energy can be modulated by exchange, because the interaction 
(both dipolar and contact)is lost upon ligand detachment. In the limit situation 
where rM becomes shorter than r~ (for contact) or shorter than both z~ and z,. (for 
dipolar relaxation) then it becomes the correlation time (Eqs. (3.5) and 13.6)). Of 
course, the RtM and R2M profiles still maintain the same shape as shown in I:igs. 
3.10 and 3.12. 

4.5.2. Outer sphere relaxation 

So far we have assumed that the molecule bearing the nucleus under investigation 
spends a finite {although small) time in a well-defined binding site, and the rest of 
the time in the bulk solution at a distance t'rom the metal which may be considercd 
infinite. In this process, we have considered negligible the time spent in approaching 
and leaving the binding site (i.e. spent at a finite metal-nucleus distance). As ~:M 
becomes shorter and shorter, it will eventually reach the point where it is cemparable 
with, or shorter than, the diffusional correlation time of the molecule. Under these 



126 Chapter 4/Coordination Chemistry Reviews 150 (1996) 111-130 

conditions, the metal-nucleus interaction du[ing the approach and departure of the 
ligand becomes a substantial fraction of the total interaction. A limit situation can 
be reached where a binding site no longer exists and the metal-nucleus interaction 
is only exerted by random encounters between the molecules, regulated only by 
diffusion processes. The correlation time for the latter, termed ~ ,  then becomes an 
important parameter. In the only presence of diffusion-controlled interactions, con- 
tact shifts no longer exist, and dipolar shifts average to zero if the approach to the 
ion can occur in every direction. Therefore, hyperfine shifts are zero (although an 
effect on the shifts can still be detected, see Section 4.5.3), whereas relaxation 
enhancements do not drop to zero. This situation goes under the name of "outer 
sphere" relaxation. At variance with the correlation functions encountered so far, 
the correlation function for molecular diffusion is not exponential [:7,8]. 
Furthermore, its form depends on the assumed diffusional model. 

The diffusional correlation time ~ depends on the size of both the metal and the 
ligand.containing moieties, according to their diffusion coefficients, DM and DL, and 
on the minimal distance that can be achieved between the ligand and the metal ion, 
called distance of closest approach, d [7,8]: 

d 2 

*l>- DM + DL (4.42) 

In turn, the diffusion coefficients are defined by assuming that the molecules behave 
as rigid spheres in a medium of viscosity 7: 

kT kT 
Du ~ 6naM---~ DL -- 6naL--~ (4.43) 

where aM and aL are the radii of the metal-containing and ligand.containing mole. 
cules. Note that, when one of the two molecules has a much larger size than the 
other, its diffusion coefficient is much smaller than the other, and does not contribute 
appreciably to the denominator of Eq. (4.42). In other words, the diffusional correla- 
tion time is only dependent on the size of the small molecule. 

In outer sphere relaxation two limiting situations may thus occur, depending on 
whether the electronic relaxation time T, is shorter or longer than the diffusional 
correlation time To. Since the metal ion and the interacting nucleus are not held 
together in the same molecular framework, the rotational correlation time 1:, is 
ineffective in modulating the electron-nucleus interaction and need not be considered 
further. To is typically in the range 10 "9 to 10- tl s and seldom reaches 10-'z s (for 
instance, water molecules in water have To ~ 3 × 10-t2 s). Thus, % can still be the 
dominant correlation time when the metal ion undergoes fast electron relaxation. In 
such a case, one can figure out that, for each metal-ligand distance between d and 
infinity, the metaHigand system can be considered as frozen on the time interval 
over which ,he electron undergoes many transitions between the spin levels. 
Therefore, Rtp and Rzp can be evaluated by simply integrating the Solomon equations 
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(Eqs. (3.16) and (3.17)) over the distance range between d and infinity [7-9]: 

/' 7T2e 3T1. '~ 2 [t~,'~ 2 NA[M] 4 F~lg~StS + 1) 
Rip- 1-5/~-:'/\4n) 1000 3 n d 3 \1 + ~2T2~ + 1 -.-25" 2 (4.44) + tol T I J  

1 (~Uo'~ 2 NA['M ] 4 y2g~ep2S(S + 1)f  13T2~ 3T1~ 
--" ~ - 2"  2 ~ R2p ] 5 \ 4 g , /  1000 3 7c da 4T1~+ 1 +o~]T2~ + 1 + o h T x J  

(4.45) 

where NA is the Avogadro constant and I'M-I is the concentration of the molecule 
beating the paramagnetic center. Note that only the paramagnetic enhancements 
Rt n and Rzp can be evaluated, since Rtu and R2M cannot be defined. Also, at variance 
with normal chemical exchange situations, Rtp and R2n do not depend on ligand 
concentration but only on the concentration of the metal-containing species. Indeed, 
when no binding site exists, each nucleus may interact with more than one metal at 
a time, independently of the concentration of nuclei; R~n and R2n are therefore only 
proportional to the number of metal ions per anit volume, which is expressed by 
NA[M]/IO00 in SI units. 

In the diffusion-controlled regime different equations should be derived, taking 
into account that the interaction energy is now modulated by fluctuations in r 
between d and infinity. In this case the kind of integration to be performed depends 
on the model assumed for the diffusional behavior of the system. According to one 
of the most commonly used models for diffusion [ 10,11 ], the following equations 
have been derived when ~a is the dominant correlation time: 

32 N^['M] 2 2 2 ~ge#nS(S + 1) 
Rip = 405 n 1000  d(Du + DL) {7J(tOs) + 3J(oh)} (4.46) 

16 N^[M] 2 = 2 )'lgel~nS(S + 1 ) 
Rzp -- 40--5 n 1000  d(DM + D~.) {4J(0) + 13J(tos) + 3J(tol)} (4.47) 

where the spectral density functions are give, by 

1 + 5z/8 + z2/8 
J(o~) = 1 + z + z2/2 + za/6 + 4z4/81 + zs/81 + z6/648 (4.48) 

with 

z = (2to~a) t/2 (4.49) 

It should be noted that, because the interaction energy is averaged in a different 
way with respect to the case of shortest zs discussed above, the equations look very 
different. In particular, the J(to) do not have the usual Lorentzian form (Fig. 4.5). 
Equations are also available for the case of za and % having comparable values [ 12]. 

4.5.3. Bulk susceptibility shift 

In the diffusion limit, the hyperfine shift, defined as the shift difference between a 
paramagnetic and a diamagnetic environment both measured with respect to the 
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Fig. 4.5. Plol of the spectral density functions of Eqs. (4.41) and (4.42) as a fimction of magnetic field 
texpressed as proton Larmor frequency: log scale). ~¢~ = 2 x IO -'~ s. The Solomon profiles obtained for 
t,. = 2 x 10~'~ s are also reported {dashed linesJ for comparison purposes. 

same internal standard, is zero. However, the absolute shifts of all nuclei in the 
paramagnetic solution are al! ,Jffset by the same extent with respect to an analogous 
diamagnetic solution because of the bulk paramagnetism of the sample. As the effect 
is the same for all nuclei in the sample, when chemical shifts are reported relative to 
an internal reference signal the effect is therefore canceled. However, it is possible to 
measure this effect, which is proportioual to the magnetit: susceptibility of the 
paramagnetic solute and to its corlceulration, by referring the shil'ts to an extermtl 
reference signal. The experimental procedure is rel'erred to as the Evans method 
[ 13 ], and constitutes one, of the b~st ways of measuring solute magnetic susceptibilit- 
ies in solution around room temperature. 

The contribution to the absolute chemical shift from the magnetic susceptibility 
of a sample is given by the following equation [ 14]: 

6~--m ~ ~Z p~ '+ ~ 1+ m /J  14.50) 

where m is the mass of solute per unit volume, ~ is a demagnetization fiLctor, Z p ' '  
and ~'~" are the paramagnetic and diamagnetic contributions to the mass susceptibil- 
ity of the solute, Z~°~" is the mass susceptibility of the solvent, and P~o~,~ and l~,,~t, are 
the densities of the solvent and the solution respectively. Z d~'~ is negative and usually 
smaller than ~P"*" in absolute value, unless when dealing with large macromolecules. 
The demagnetization factor 0t depends on the geometry of the sample and on its 
orientation relative to ti,,~ e×ternal magnetic field. For a spherical sample ~ = ~ and 
the susceptibility effect on the chemical shift vanishes. For cylindrical samples, ~t = 

if the magnetic lield is perpendicular to the cylinder's axis {as in most electromagnets) 
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and ~ = 0 if the magnetic field is parallel to the cylinder axis (as is usual in supercon- 
ducting magnets). The quantity ] -  ~ is therefore equal to - ~  in the former case 
and ] in the latter; that is, opposite in sign and double in magnitude. Therefore, a 
high field cryomagnet would be preferable both because of ~ and higher resolution. 

The experimental setup consists of two coaxial tubes (Fig. 4.6) [ 15-1, one of which, 
e.g. the inner one, containing a solution of an inert probe substance and the paramag- 
netic solute, and the other containing a solution of only the inert probe substance 
in the same solvent. The shifts of the probe substance differ in the two solutions, 
and two different signals are observed. Their chemical shift separation is measured, 
and the experiment repeated with the same solution in the outer tube and a diamag- 
netic analog in the inner tube. The chemical shift separation of the two signals is 
again measured. The difference between the two values, if the concentrations of the 
paramagnetic and diamagnetic solutes are the same, is directly related to Z p'~" 

A/i = m  ( ~ - - ~ )  Z para (4.51) 

Note that the terms containing the solvent susceptibility in Eq. (4.50) cancel because 
the two solutions have the same density. Eq. (4.51) can also be rewritten as 

LI6 = IO00M (~  - ~) Z~ ra (4.52) 

where 1000M is the concentration (mol m -3) of the paramagnetic solute and Z~ ''" 
is the paramagnetic contribution to the molar susceptibility, which is directly related 

I 

I 

I 

Fig. 4.6. Coaxial NMR tubes for the measurement of magnetic susceptibility o1' a paramagnetic solute. 
Solution A contains the paramagnetic solute and an inert probe substance. Solution B contains the probe 
substance in the same solvent. The measurement is then repe~lted substituting the paramagnetic solute in 
A with a diamagnetic analog of the same concentration. 
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to the effective magnetic moment of the paramagnetic center (Chapter 1): 

3kT 
- -  X~ TM (4.5 3) 

Typical values of X ~  range from 2 x 10 -8 to 3 x 10 -~ m3mol - t ,  so that for a 
millimolar solution in a superconducting magnet (1000M- 1, u = 0), A6 goes from 
0.007 to 0.1 ppm, that is from 5 to 75 Hz on a 750 MHz instrument. 

Possible sources of error may arise if the probe is not completely inert. In fact, 
even a very weak interaction of the probe with the paramagnetic center may cause 
specific effects on the chemical shift, which may substantially alter the measurement, 
given the relatively small effects being measured. The best approach is to repeat the 
measurements using different probes. Another source of error, for very large macro- 
molecules, lies in the sizable ~dia term, whose absolute value may be of the same 
order of magnitude or even larger than X ~ ,  making the subtraction more critical. 
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