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RAPID SIMULTANEOUS MEASUREMENT OF HYDROGEN ISOTOPES 

IN AQUEOUS SOLUTION BY 31P NMR 
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Josann A .  Valley and Ronald F. Evilia 
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University of New Orleans 
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Abstract: reaction 

of yield 

an accurate measurement of the percent of deuteration ( o r  protonation) after 

correction for the kinetic isotope effect. A kinetic isotope effect favoring 

proton reaction by a factor of 3 . 2  5 .25  is found. The method is tested over 

the range of 10% to 90% deuterium. The results are found to be accurate to 2 

6% relative, which is probably limited by experimental error in the determina- 

tion of the integral. Measurements outside the 10 to 90% range are possible, 

but require longer acquisition times because of the low signal-to-noise ratio 

of the small peaks. 

Integration of the 31P spectrum of phosphite formed after 

phosphorus tricholoride with partially deuterated water is found to 

INTRODUCTION: 
In principle the determination of 'H and ' 8  is possible by nuclear 

magnetic resonance spectroscopy if one adds some standard compound to the 

sample to provide an intensity standard or by a method of standard additions. 
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542 VALLEY AND EVILIA 

Because proton NMR is more common and easily performad than deuterium NMR, the 

direct NMR determination of 'H in deuterated samples has been reported.'-3 

The direct method is most suitable for small amounts of 'H in highly deuterat- 

ed solvents because of the difficulty of accurately measuring absolute values 

of very large numbers or because of difficulty in doing a standard addition 

extrapolation from high concentrations. Leyden and Reilley reported a method 

for hydro- 

gens of benzyl-amine~.~ In this method, the splitting of the benzyl CHZ into 

a doublet by 'H and a poorly resolved 1:l:l triplet by 'H upon protonation (or 

deuteration) of the amine in highly acidic solution provides integrable sig- 

nals whose intensities are proportional to the percentage of 'H and 'H respec- 

tively. Although this method is superior to the direct method because it 

provides a measurement of both isotopes and does not require any intensity 

standard, four serious problem limit its utility. First, the separation of 

the protium doublet from the deuterium triplet is small making it difficult to 

accurately measure the integrals; second, the coupling is only observed when 

proton (or deuteron) exchange with the amine is slow (i.e. in highly acidic 

solutions); third, the presence of a large water peak in mixtures containing 

significant amounts of 'H is a serious source of error; and finally, the 

presence of other compounds having signals in the region of the CHZ resonance 

cannot be tolerated. 

determining both 'H and 'H from the proton spectrum of non-labile 

In this communication we report an improvement in the method of Leyden 

and Reilley that overcomes all of the disadvantages mentioned above. In this 

method and 

hydrochloric acids. bonded 

to the phosphorus and is inert to chemical exchange on a time scale much 

longer than the NMR time scale, the 31P NMR spectrum shows coupling to either 

'H *H20. 

The large ' 5  coupling constants characteristic of 'lP NMR spectra result in 

widely spaced peaks that are easily integrated f o r  quantitative analysis. 

PC13 is reacted with the aqueous solution to produce phosphorous 

Since one of the hydrogens of phosphorous acid is 

o r  'H depending upon whether it was formed by reaction with 'HZO or 
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MEASUREMENT OF HYDROGEN ISOTOPES 543 

EXPERIMENTAL: 
' Aqueous mixtures varying from 10% deuterium to 90% deuterium were pre- 

pared by weight from 99.8% deuterium oxide (Norell, Inc.) and distilled water. 

The phosphorus trichloride was obtained as a 2 solution in methylene chlo- 

ride from Aldrich Chemical Co. Samples were prepared by reacting 0 . 5  mL of 

the PClg solution, removed from the sealed vial with a nitrogen filled sy- 

ringe, with 1.0 IT& of the aqueous solution at room temperature. The 31P NMR 

spectrum of the aqueous layer of each sample was obtained immediately after 

reaction or, if it was not possible to obtain the spectrum immediately, the 

sample was stored at O°C until the spectrum could be acquired. 

All spectra were acquired with a JEOL, Inc. FX90Q FTNMR spectrometer. A 

transmitter pulse of approximately 60' (20 microseconds) and a pulse delay of 

10 seconds were employed for the data acquisition. Spectral acquisition 

consisted of 4K real points and 4K zero filling. Fifty spectra were averaged 

for each data point. All spectral widths were 1500 Hz (41.4 ppm) and a 1.7 Hz 

apodization transfonna- 

tion. The ratio of the deute- 

rium triplet integral to the proton doublet was recorded. 

was applied to all of the data sets prior to Fourier 

Spectra were integrated by the FX90Q software. 

RESULTS AND DISCUSSION -- 

Figure 1 shows representative spectra for several levels of deuteration. 

The widely spaced doublet (J - 690 Hz) arising from the protonated phosphorous 
acid is clearly separated from the 1:1:1 triplet (J = 106 Hz) of the deuterat- 

ed compound. Visual examination of the spectra and quantitative comparison of 

the relative integrated intensities in every case indicated that the deuterium 

signal was significantly less than predicted on the basis of the mole per- 

centage of deuterium in the sample. One possible explanation for the lower 

than expected deuterium signal is contamination of the PC13 by environmental 

water either during the transfer to the sample or on storage prior to use. It 

was determined that contamination was not the source of this discrepancy when 
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544 VALLEY AND EVILIA 

i d 

I . . . . , .  . . I .  . i . . . . I .  . 1 . . .  I . . . . , . .  . I  

Figure  1. 31P Spec t ra  of Phophorous Acid S o l u t i o n s  a t  Various Degrees of 
Deutera t ion .  A: 18.3%; B: 31.6%; C: 57.5%; D: 1 1 . 4 %  

no observable  proton double t  was observed a f t e r  r e a c t i o n  with 100 .0% deuter ium 

oxide ( A l d r i c h ) .  I t  was determined also t h a t  t h e  cause  of t h e  reduced deute-  

rium s i g n a l  was not  a longer  r e l a x a t i o n  t i m e  for  t h e  d e u t e r a t e d  sample when 

s p e c t r a  acqui red  with pulse  d e l a y s  of  1 0 ,  100  and 4 0 0  seconds had no d i f f e r -  

ences  i n  t h e  r e l a t i v e  proton t o  deuteron  i n t e n s i t i e s  o u t s i d e  of normal exper-  
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ncASUREMENT OF HYDROGEN ISOTOPES 545 

0 20  4 0  6 0  80  100 

Actual % Deuterium 

Figure 2 .  Measured Deutera t ion  Percent  versus  Actua l  D e u t e r a t i o n  Percent .  
Measured percent  c a l c u l a t e d  from Equat ion 3. 

imental  e r r o r  (approximately 2 5 % ) .  Therefore ,  a 1 0  second p u l s e  d e l a y  was 

used t o  a c q u i r e  a l l  of t h e  d a t a  r e p o r t e d  h e r e .  

In order  t o  e x p l a i n  t h e  lower than  expected s i g n a l  s t r e n g t h  f o r  t h e  

d e u t e r a t e d  compound, t h e  d a t a  were ana lyzed  assuming t h a t  an i s o t o p e  e f f e c t  

favored  r e a c t i o n  by pro ton  over  deuter ium. It was found t h a t  t h e  d a t a  could  

be w e l l  expla ined  by an i s o t o p e  e f f e c t  t h a t  f a v o r s  r e a c t i o n  wi th  pro ton  over  

r e a c t i o n  with deuteron by a f a c t o r  of 3 .2  2 .25 (95% C . I . ) .  It is i n t e r e s t i n g  

t o  note  t h a t  an i s o t o p e  e f f e c t  of 3.1 was measured by Salomaa e t .  a l .  f o r  t h e  

i o n i z a t i o n  of weak acids . ’  

Figure 2 shows a p l o t  of t h e  percentage  deuter ium c a l c u l a t e d  from t h e  

experimental  s p e c t r a ,  c o r r e c t e d  f o r  a 3.2 i s o t o p e  effect, v e r s u s  t h e  a c t u a l  

mole percent  of deuter ium i n  t h e  Sample. The exper imenta l  percentage  of 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
0
3
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



546 VALLEY AND E V I L I A  

deuterium was calculated from the relative integrated intensities of the 

deuterium and protium signals in the following way: 

R = kDCD 

kHCH 

Where R is the ratio of integrated intensities (2H/1H), CH is the actual 

proton concentration of the sample, CD is the actual deuterium concentration, 

kH constant 

for reaction with deuterium. 

is the rate constant for reaction with proton and kD is the rate 

Rearranging equation 1 and assuming that CH + % - 110 g leads to equa- 

tion 2 for the concentration of deuterium. Dividing equation 2 by 110 (CH + 

CD), percentage 

leads to equation 3 from which the mole percentage of deuterium in a sample 

can be calculated from the measured ratio of deuterium to proton integrals. 

The data summarized in Figure 2 were generated by using equation 3 to convert 

the measured integrals to deuterium percentages. These deuterium percentages 

are plotted vergus the deuterium mole percent calculated from the weights of 

deuterium oxide and water used to make each sample. 

assigning a value 3.2 to the kH/kD ratio and expressing as a 

11OR$/ kD 

1 + R$k/kD 
c =  D 

320R 
Deuteration % = ~- ( 3 )  1 + 3.2R 

The linear regression line drawn in Figure 2 has a slope of 1.03 and a Y 

intercept of -1.8% with a correlation coefficient of 0.993. The average error 

between the measured and actual deuterium percentages is 6 . 6 %  relative. This 

experimental error is comparable to the typical error involved in the measure- 
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MEASUREMENT O F  HYDROGEN ISOTOPES 54 7 

ment of integrals and indicates that the source of error probably lies in the 

data acquisition rather than in the chemical system. 

Although this technique was only tested on aqueous solutions, it is, in 

principle, applicable to any protic solvent system (e.g. alcohols) that pro- 

duces phosphite ion upon reaction with PC13.6 It is, of course, very possible 

that a different isotope effect will be operative in other solvents. Although 

the hydrolysis of Pel3 was used to produce the phosphite ion in this work, one 

could, obviously, utilize other phosphorus (111) halides or other compounds 

(e.g. P406) that produce phosphite when reacted with the desired solvent. 

With the easy availability of multinuclear Fourier Transform NMR spectrome- 

ters, this technique is one that can be quickly and easily performed in most 

reasonably equiped laboratories. 
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