
+ [2 7 V i 7 V | j - T V l l Z C ^ C^CfVki{\) ( 1 ) ) + [2 N%-N%] T (cf c£ C?VM(2) <Pi(2)/<p0B ( 2 ) ) 
ikl ikl 

— [Na N'B/2] T Ctc^cfcfvki(l)cpi(l)(pj(l)/\<PA(1)\2 + 
ijkl 

-[NlNl/2] Z c t c f c f CfViji2) <Pk(2) <P?(2) /|<p£(2)|2 , 

where 
= f(<pl(j) (Pß(j)) ( l / r i ? ) d t ; / . 

This HAMiLTONian is exact (apart from exchange 
terms which can be included later) if <£0 is the product 
of one-electron pseudo-wave functions. We suggest that 
the equation H\2$o = .E0o *5 a 8°°d approximation 
also if 0O is a correlated pair function. This assumption 
is strongly supported by the following argument. The 
operator H12 is derived in such a way that the ortho-
gonality projection operator (1 — 0 1 2 ) is transformed 
into pseudopotentials. But we orthogonalize correlated 
and uncorrelated two-electron functions with the same 
operator; i. e. (1 — ü 1 2 ) is the same regardless whether 
it operates on a correlated or uncorrelated function2. 

By transforming (1 — Q 1 2 ) we have eliminated the 
troublesome integrals from the calculations. By solving 

H ?2$o = E®O 

variationally we can put <Z>0 in a H Y L L E R A A S form and 
only two-electron integrals will occur since all terms 
in H12 have the character of potentials. 

T h e method is developed here for the two valence 
electrons of an atom. Generalization for an arbitrary 

electron pair is straightforward. T h e wave function 
will be the same again with O representing any elec-
tron pair. The derivation of H12 will f o l l ow the same 
steps but the equations for q)A and <pB will be different 
and therefore also H12 will be slightly different. 

A s a first, demonstrative calculat ion we computed a 
correlated pair function for the (2s) shell of the Be 
atom. Since the pseudo-wave functions are not available 
for the Be (2s) electrons we used the pseudo-wave 
function for the (2s) electron of Be+ i o n 7 . It can be 
shown that the pseudopotentials are not sensitive to 
small changes in the pseudo-wave f u n c t i o n 8 . Using a 
6 term H Y L L E R A A S type funct ion with a S L A T E R function 
as the leading term we obtained a correlat ion energy 
of Ee= —0 .0302 a. u. By carrying out the orthogonali -
zation explicitly one obtains with the same ansatz 
£ c = — 0 . 0 3 2 1 a. u. 5 . T h e agreement is very g o o d ; the 
small difference is probably a result of using Be+ 

pseudopotentials instead of the correct ones for Be. 
The work is being continued and the results will be 

presented in forthcoming publications. 

7 L. SZASZ and G. MCGINN, J. Chem. Phys., to be published. 
8 J . C. PHILLIPS and L . KLEINMANN, Phys. Rev. 116, 2 8 7 [ 1 9 5 9 ] . 

Proton Spin Relaxation in Paramagnetic Ion 
Solutions: Deuterium Isotope Effect 

V . L . P O L L A K a n d R . R . S L A T E R 

Department of Physics, Oklahoma State University, 
Stillwater, Oklahoma, USA 

( Z . Natur forsd ig . 22 a, 2110—2111 [1967] ; received 12 August 1967) 

In aqueous paramagnet ic ion solutions the observed 
rate of proton spin relaxation (1 /T2) is control led by 
the rate of relaxation in the primary hydrat ion shell of 
the paramagnetic ion (1 /T^x) , and by the rate of pro-
ton exchange between the hydration shell and the sol-
vent. The relaxation rate is given by 

1 /T2 = P(T<>X + tXW)-1, (1) 

where P is the fract ion of protons in hydration shells, 
and TXw is the mean l i fet ime of a proton in the hydra-
tion shell. The effects of isotopic substitution have been 

1 G . LAUKIEN and F . NOACK, Z . P h y s i k 1 5 9 , 3 1 1 [ I 9 6 0 ] . 
2 A. ARTH and F. NOACK, Proc. XII. Colloq. Ampere, 344 

[1963]. 
3 R. K. MAZITOV, Dokl. Akad. Nauk SSSR 152, 375 [1963]. 

studied by measurement of deuteron spin relaxation in 
D 2 0 solutions 2 , and of proton and deuteron relaxation 
in solutions of mixed isotopic composi t ion 3 ~ 6 . The pre-
sent discussion will apply to cases l ike Cr3 + and V 0 2 + , 
where the dominant exchange mechanism is proton 
transfer across hydrogen bonds , rather than exchange 
of whole water molecules . W e seek to account for 
changes in the T2 of protons (and deuterons) with 
variation in the isotopic composit ion of the solution, as 
have been observed by M A Z I T O V and R I V K I N D 5> 6 . 

If the solution contains a mixture of the isotopes H 
and D, the factor P in Eq . (1 ) is given by 

P= (nx/w) {ßx/ßw), (2) 
where n is the hydration number , x is the paramagnet ic 
ion concentration, w is the concentrat ion of water mole-
cules, and ß is the fractional concentration of pro-
t o n s - i . e . , ßx = Hx/(Hx + Dx), and ßw = Hw/(Hw + Dw). 
Due to the difference in zero-point vibrational energy, 
the chemical rate constants for H and D exchange dif-

4 H. SPRINZ, Z. Naturforschg. 19 a. 1243 [1964]. 
5 R . K. MAZITOV, Dokl. Akad. Nauk S S S R 156, 135 [1964]. 
6 R . K. MAZITOV and A. I. RIVKIND, Dokl. Akad. Nauk S S S R 

166. 654 [1966]. 
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fer 7 . Since the H and D systems are separately in equi-
librium we have the usual relationship between rate 
constants and concentrations —i. e., kv,xii/kxwa = Hw/Hx 

= K n , and similarly for D . Using these relations to eli-
minate Hw and Dw f rom the defining expressions for 
the ß's, we get homogeneous algebraic equations for Hx 

and Dx . The condition for a non-trivial solution re-
quires that ßwlßx— ( 1 — ß w + K, where K = Kyi/Ku. 
For a dilute solution ßw is very nearly the same as the 
overall proton fraction (ß). Thus, Eq . (1) becomes 

T2"=(w/nx)(T2x + rxw)ü[(l-K) ß + K]. (3) 
The analogous expression for 7 , 2 D is obtained by re-
placing K by K_1, and ß by (1 — ß). The ratio of deu-
teron to proton relaxation times in the same solution 
comes out to be T2D/T2H = (T%x + tXw) t>/K (T^x + txw) H, 
which is not explicitly dependent on ß. T h e ratio 
K = Kti/Kr> is temperature dependent — i . e . , 

K = exp(AGü-AGR)/RT, 
hence the isotope effect will be most pronounced at low 
temperature. 

The experimental results of M A Z I T O V and R I V K I N D 5 ' 6 

are in partial agreement with the above conclusions. 
The observed relaxation times are either constant, or 
decrease linearly with ß. For a 0.1 M solution of 
C r N 0 3 , at 0 ° C , both T2H and 7\H data indicate K = 2. 
For a 0 .16 M solution of V 0 S 0 4 , at 25 ° C , the T2H 

7 See, e. g., Chapt. XI, "Isotope Effects in Acid-Base Reac-
tions" in R. P. BELL, The Proton in Chemistry, Cornell Uni-
versity Press 1959. 

and 7 , 2 d data are entirely compatible with the above 
picture, and give K = 1.6. On the other hand, T\,2D in 
the case of Cr3 + , and 7\H ' D in the case of V 0 2 + show 
at most slight variations with ß, contrary to what would 
b e expected f rom Eq . ( 3 ) . 

The above analysis is based on the assumption o f a 
s imple " p r i m a r y " isotope effect. In contrast, the ex-
planation offered by M A Z I T O V 5 invokes a dependence of 
the l i fetimes, r X W H , D , upon isotopic composit ion of the 
solution. Such a dependence would be classed as a 
secondary isotope effect 7 , and may well be required for 
a complete explanation of the experimental results. 
However , the data presently available do not really per-
mit one to draw definitive conclusions along these l ines. 
This is because recent work has shown that unless the 
concentrations of proton donors l ike H 3 0 + and H S 0 4 ~ 
are suitably adjusted, the relaxation behavior of the 
system lies outside the realm of validity of the s imple 
Eq . (1 ) 8i 9 . Nevertheless, it seems clear that experi-
mental studies of this kind will allow one to distinguish 
between primary and secondary isotope effects, as wel l 
as to make inferences regarding mechanisms of proton 
transfer reactions involving paramagnetic complex ions. 

Acknowledgement is made to the donors of the Petroleum 
Research Fund, administered by the American Chemical So-
ciety, and to the Army Research Office (Durham), for partial 
support of this research. 

8 C . E . MANLEY a n d V . L . POLLAK, J . C h e m . P h y s . 4 6 , 2 1 0 6 
[ 1 9 6 7 1 . 

9 T . J . SWIFT, T . A . STEPHENSON, a n d G . R . STEIN, J . A m e r . 
Chem. Soc. 8 9 , 1 6 1 1 [ 1 9 6 7 ] , 

Hydrogen Isotope Effect among the Different 
Dehydration Stages of C u S 0 4 ' 5 H 2 0 

K . H E I N Z I N G E R a n d T . S . R A O 
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Several investigations are reported in the literature 
dealing with the fractionation of hydrogen isotopes be-
tween salt hydrates and their saturated solutions. The 
measurements by D A Y et a l . 1 , T E I S 2 , and U U S I T A L O 3 

showed either no isotope effect or an enrichment of 
deuterium in the solid phase. B A R R E R and D E N N Y 4 , how-
ever, found an inverse effect in several chloride and 
sulphate systems. Their result was a few per cent en-
richment of the light isotope in the hydration water of 

1 J . N . E . D A Y , E . D . HUGHES, C . K . INGOLD, a n d C . L . WILSON, 
J. Chem. Soc. 1934, 1593. 

2 TEIS, Dokl. Akad. Nauk S S S R 9 9 , 5 8 5 [ 1 9 5 4 ] . 
3 UUSITALO, Suomen Kem. 3 1 B, 3 6 2 [ 1 9 5 8 ] . 
4 R . M . BARRER and A. F . DENNY, J . Chem. Soc. 1 9 6 4 , 4 6 7 7 . 
5 C . G . SWAIN, R . F . W . BADER, a n d E . R . THORNTON, T e t r a -

hedron 1 0 , 2 0 0 [ I 9 6 0 ] , 

the crystal. Based on the assumption that hydration 
effects in the crystal are similar to those of the ions 
in solution, their results are in agreement with calcula-
tions by S W A I N , B A D E R and T H O R N T O N 5 , concluding that 
in solutions the hydration water of ions has a smaller 
D / H ratio than the bulk water. This conclusion has 
been supported in the case of the hydronium ion by 
N M R 6 ' 7 as well as b y vapor pressure measurements 8 . 

Only one investigation is known searching for a 
dif ference in the D / H ratio of water liberated on step-
wise dehydration of hydrated crystals. A N D E R S O N et al. 9 

used water containing 0 .5% D 2 0 for the hydration of 
anhydrous C u S 0 4 and found that on dehydration the 
first f our molecules of water liberated were heavier 
than the fifth. T h e variations in their data, however, 
did not enable them to attach a quantitative signifi-
cance to the results. 
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