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The deuterium spin-lattice relaxation time, 7",, of H 2 0 /D 2 0 mixtures is measured at 298.2 K. 
The relaxation rate, Ff 1 , is found to increase with increasing deuterium atom fraction, n, the plot 
of T\ 1 vs. n exhibiting a small depature from linearity. A general equation Tf 1 (n) for the H 2 0 / 
DiO system is formulated. The temperature dependence of Tx is investigated in the temperature 
range 278.2 K to 298.2 K for n = 6.8 x 10"3, 6.8 x IO-2, 0.244, 0.500, and 0.997. On the assumption 
that the electric field gradient parameters (e1 q Q/h and (5) are independent of n and temperature, 
an effective correlation time, rc_ eff, is derived from the T} data. Relatively large isotope effects 
on rc eff are found; possible reasons for the existence of such isotope effects are discussed in terms 
of a simple Debye model. The mean activation enthalpy (A* H) and entropy (zf*S) for the 
relaxation process within the temperature range studied are derived on the basis of Eyring's ab-
solute rate theory and the temperature dependence of rc efT. Both activation parameters are found 
to increase linearly with n: A* H/kJ mol - 1 = 18.2 + 2.46 n, A* S/J K"1 mol - 1 = 37.5 + 6.77 n. 

Introduction 

Dynamic propert ies of pure l iquid water have ex-
tensively been investigated by nuclear magnetic re-
laxation techniques. Deuter ium magnet ic relaxation 
of heavy water serves as an excellent probe of such 
proper t ies because it is governed by a single intra-
molecular mechanism at ordinary tempera ture , i.e. 
the electric field gradient at the site of the deuteron 
interacting with the electric quadrupo le moment of 
the species. From this intramolecular relaxation 
contr ibut ion one can determine a reliable correla-
t ion t ime by which the rotational mot ion of the 
molecule in the condensed phase can be charac-
terized. Several reports of deu te r ium spin-lattice 
relaxat ion times of heavy water have been pub-
lished [ 1 - 9 ] . However, the sets of data did not 
agree with one another; the reason for this dis-
crepancy was not clear. 

In the present study, the deu te r ium spin-lattice 
relaxation time, F , , for H 2 0 / D 2 0 mixtures was 
measured over the whole concentrat ion range at 
298.2 K. The correlation of T\ with the deu te r ium 
a tom fraction n is discussed in some detail, and a 
general expression for the function F f 1 (n) is given. 
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The tempera ture dependence of F, in the range 
278.2 - 298.2 K is also investigated. The effective 
correlation t ime of the water molecule, rc eff, is 
derived f rom the relaxat ion data. The isotope effect 
on rc eff reported in the l i terature [5] is conf i rmed. 
Such isotope effects on correlation times have been 
reported for several systems of simple organic mole-
cules [10-14] . In past studies of nuclear magnetic 
relaxation of pure water molecules [ 1 - 4 , 6 - 9 , 15], 
however, any isotope effects on correlation t imes 
have not been taken into considerat ion or have been 
masked owing to the experimental inaccuracy ex-
cept the recent work by Lankhorst et al. [5]. The 
present deu te r ium relaxat ion data are thus used 
with a view to testing the presence of such isotope 
effects, and possible reasons for the existence of the 
isotope effect are discussed on the basis of Debye 's 
theory [16]. Using Eyring's absolute rate theory [17], 
some informat ion on the enthalpy and entropy of 
activation for the relaxat ion process of pure water 
molecules is reported, as derived f rom the tempera-
ture dependence of the effective correlation time. 

Experimental 

a) Samples and Their Preparation 

D 2 0 with 99.7% deuter ium-iso tope purity was 
obtained f rom Merck Sharp and D o h m e Canada 
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Ltd. Both D 2 0 and deionized H 2 0 were twice dis-
tilled prior to use, using an all quartz-glass appara -
tus. The deuter ium atom fraction of each H 2 0 / D 2 0 
sample was conf i rmed f rom its density which was 
determined by means of a pycnometer immersed in 
a thermobath controlled at (25.00 ± 0.01) °C. The 
solution was filled in a 10 m m (outer -d iameter) 
sample tube with a false bot tom (Shigemi Standard 
Joint Co. Ltd. MB-004B); the sample chamber was 
divided by an inner glass cap with a small hole in 
order to avoid a so-called d i f fus ion effect [18]. The 
filling height of the sample solution was ca. 10 mm. 
In order to remove paramagnet ic trace impuri t ies , 
all glassware was rinsed with an aqueous solution of 
E D T A sodium salt. Dissolved oxygen was removed 
by bubbl ing dried argon through the sample solu-
tions. All handlings of the H 2 0 / D 2 0 samples were 
carried out in a box with a cont inuous flow of dr ied 
argon in order to minimize the isotopic exchange of 
D 2 0 (or H D O ) with H 2 0 present in the a tmo-
sphere. 

b) Instrument and Method for Evaluating T, 

The N M R measurements were pe r fo rmed on 
Varian XL-200 and -300 F T - N M R spectrometers 
equipped with superconduct ing magnets opera t ing 
at deuter ium resonance frequencies (w0) ° f 30.7 and 
46.2 MHz, respectively. N o field dependence of 7", 
was observed; typical examples for the 7, deter-
minat ion on some H 2 0 / D 2 0 mixtures for the two 
sets of the resonant frequencies are shown in 
Table 1. Within experimental error, the results for 
T\ are consistent. A f ie ld-frequency lock was not 
necessary because of the sufficient stability of the 
magnets used. The spin-lattice relaxation t ime, Tx, 
was measured by the conventional inversion-recov-
ery method [19. 20] employing the s tandard ( 1 8 0 ° -
r - 9 0 0 - F I D - / d ) m pulse sequence, where r is a 

Table 1. Dependence of on resonant frequencies for 
H : 0 / D : 0 mixtures. 

n'd 7-,/s n'd 

at 30.7 MHz at 46.2 MHz 

6.8 xlO"3 0.537 ± 0.002b 0.541 ± 0.002b 

0.49 0.493 ± 0.002 0.491 ± 0.002 
0.997 0.450 ± 0.001 0.450 ± 0.001 
a deuterium atom fraction. 
b The uncertainty is stated as one standard deviation. 

variable delay t ime between the two applied pulses 
(180° and 90° ) . F ID means the free induction de-
cay observed after the application of the 9 0 ° pulse, 
td is a repetit ion t ime longer than at least five times 
the r , being measured, and m is the number of 
FID's accumulat ion. Pulse widths for 9 0 ° and 180° 
pulses were carefully adjusted by searching maxi-
m u m and m i n i m u m intensities of the F I D or the 
corresponding Fourier t ransformed spectra, respec-
tively. Four transients were accumulated for each r 
value; sufficient signal-to-noise (SN) ratios were ob-
tained even for samples with relatively low deute-
rium a tom fractions (cf. Fig. 1), and thus no ex-
ponential mult ipl icat ion of the FID was used for all 
the samples. About 15 z values were generally used 
with a careful selection, so that the inversion-recov-
ery spectra may fullfill a wide dynamic range. The 
evaluation of T, values was carried out by a three-
parameter nonlinear fit of the data to the following 
single exponential equa t ion : 

/ z ( t ) = A + B • e x p ( - i / r , ) (1) 

with A = Iz (oo) and B = [7z(oo) - 7Z (0)], (2) 

where 7Z (r) is the intensity as measured by the 
height of the peak for a given t ime r, and 7Z(oo) 
and 7Z(0) are those for a thermal equi l ibr ium and 
r — 0, respectively. This fitting procedure is now 
widely accepted, as recommended by many authors 
[21 - 2 6 ] , because it can minimize the systematic er-
rors caused by, for example, inhomogeneity of the 
radio f requency field ( / / , ) and imperfect choice of 
the parameters in 7Vmeasurements . 

Results 

a) Deuterium Spin-Lattice Relaxation Spectra 

The deuter ium spin-lattice relaxation spectra are 
shown in Fig. 1 (A) as a typical example measured 
at d i f ferent delay t imes for a mixture of H 2 0 / D 2 0 
with a deu te r ium atom fraction (n) of 6.8 x 1 0 - 3 at 
288.2 K. The corresponding line intensity (7Z) vs. 
delay t ime (r) plot is given in Figure 1 (B). The 
solid line indicates a fitted single exponential curve 
as expressed by (1). The single exponentiality of the 
recovery of the longitudinal magnetization was quite 
excellent over a wide range of the delay t ime as 
clearly shown in Figure 1 (B). Such an excellent fit 
to a single exponential curve (i.e. (1)) enables one to 
deduce an accurate r , - v a l u e : the standard error of a 
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Fig. 1. (A) Deuterium spin-lattice relaxation spectra for a 
mixture of H 2 0 / D 2 0 with a deuterium atom fraction of 
6.8 x lO - 3 at 288.2 K obtained using the inversion-re-
covery pulse sequence ( 1 8 0 ° - T - 9 0 ° - F I D - / d ) m with 
m = 4 accumulations and tä = 2.3 s, the delay time t is in-
dicated below each spectrum; (B) the corresponding line 
intensity 1 vs. delay time r plot, the solid line indicating a 
fitted single exponential curve; / in arbitrary units. 

T,-value, calculated in the usual way f rom the es-
t imated variance-covariance matrix of the param-
eter [26], was less than 0.5%. 

b) Effect of Deuterium Atom Fraction («) on F, 

The observed deu te r ium spin-lattice relaxation 
t imes for H 2 0 / D 2 0 solutions over the entire range 
of n at 298.2 K are given in Table 2, where each 
measurement of F, was repeated three to twelve 
t imes and the mean values were tabulated. The re-
producibil i ty of the measurements was qui te good 
as indicated by the est imated uncertainty in Table 2. 
The relaxation rate, F f ' , has been plotted against 
n in Fig. 2 together with the result reported by 
Lankhorst et al. [5]. 

c) Temperature Dependence ofTx 

The tempera tu re dependence of Tx was examined 
between 278.2 K and 298.2 K for solutions with 
n = 6.8 x 10~3, 6.8 x IO - 2 , 0.244, 0.500, and 0.997. 
The results are shown in Table 3. 

1 , V S . 

the deuterium atom fraction, n, in water at 298.2 K; (A): 
this work, (B): [5]. The solid line is drawn according to the 
linear least-squares fit [5], The dotted curve represents the 
best fit of the data to (17) with (24) and (25). The uncer-
tainty is stated as one standard deviation. 

Discussion 

a) Formulation of Tx for H 2 0 / D 2 0 systems 
in Relation to the Variation of F, with n 

The relaxation of a deu te r ium nucleus is almost 
completely domina ted by the quadrupo le mecha-
nism. The deu te r ium relaxation t ime is related to a 
correlation t ime for molecular reorientation, r c , and 
the electric field gradient parameters for the deu-
teron site ( e 2 q Q / h and Ö) in the limit of isotropic 
motion and the extremely narrowing condition (i.e. 
oil t2c <§ 1) through [27]: 

•l _ 3 Tr2 I e2q Q 

h 
1 + (3) 

where e2qQ/h is quad rupo l e coupling constant of 
the deuter ium nucleus and Ö the asymmetry param-
eter of the field gradient . As can be easily ascer-
tained f rom (3), the systematic change of F f 1 with 
n, as clearly shown in Fig. 2, may be explained by a 
possible changes in rc assuming constant e2qQ/h 
and <5 or by possible changes in e2qQ/h and Ö as-
suming constant r c . Fhese two interpretat ions are in 
a sense opposi te poles, and it may be desirable to 
consider both possibilit ies for the data analysis. A 
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Table 2. Dependence of T, on deuterium atom fraction, n, for H 2 0 / D 2 0 mixtures at 298.2 K. 

n No. of runs T f / s n No. of runs T f / s 

0.0049 6 0.54141 0.0010b 0.489 4 0.4908 1 0.0005 b 

0.049 6 0.5375 1 0.0007 0.586 6 0.4845 1 0.0010 
0.097 6 0.5310 1 0.0012 0.683 9 0.4757 1 0.0013 
0.147 6 0.5250 1 0.0011 0.783 12 0.4650 1 0.0008 
0.196 7 0.5196 1 0.0012 0.850 6 0.4590 1 0.0013 
0.244 11 0.5130 1 0.0010 0.878 3 0.4560 1 0.0020 
0.293 8 0.5083 1 0.0007 0.930 3 0.4527 1 0.0026 
0.342 6 0.5053 1 0.0009 0.979 4 0.4510 1 0.0015 
0.391 6 0.5000 1 0.0005 0.997 4 0.4500 1 0.0013 

a at 46.2 MHz. 
b The uncertainty is stated as one standard deviation for each set of measurement. 

Table 3. Temperature dependence of T} for H 2 0 / D 2 0 mixtures at 30.7 MHz. 

Deuterium atom fraction (n) 
0/K 6.8 x l0~ 3 6.8 xl0~ 2 0.244a 0.500 0.997 

r,b/s 

278.2 0.2948 ± 0.0006 (4)c 0.2933 1 0.0014(4) 0.2760 1 0.0029(6) 0.2620 1 0.0011(4) 0.2308 1 0.0007 (5) 
283.2 0.3495 1 0.0005 (4) 0.3453 1 0.0015 (4) 0.3277 1 0.0019 (7) 0.3140 1 0.0007 (4) 0.2780 1 0.0006 (5) 
288.2 0.4055 1 0.0013 (4) 0.4060 1 0.0012(4) 0.38201 0.0020(7) 0.3685 1 0.0006 (4) 0.3292 1 0.0004 (5) 
293.2 0.4687 1 0.0017 (7) 0.4675 1 0.0017 (4) 0.4420 1 0.0013 (7) 0.4298 1 0.0012 (5) 0.3889 1 0.0013 (7) 
298.2 0.5373 1 0.0016 (4) 0.5340 1 0.0007 (5) 0 .51301 0.0010(11) 0.4926 1 0.0022 (5) 0.4498 1 0.0010 (5) 

a at 46.2 MHz. 
b The uncertainty is stated as one standard deviation for each set of measurements. 
c Numbers in parentheses indicate the number of determinations. 

large number of data has been accumula ted con-
cerning the electric field gradient paramete rs 
{e2 q Q/h and <5). The great major i ty of these studies, 
however, has been confined to the solid state. The 
e2q Q/h and ö values for pure water ( H D O or D 2 0 ) 
in the liquid state are not currently available, whilst 
those in the solid state were reported by several 
authors : e.g. at 77 K in polycrystalline hexagonal 
ice, for a D 2 0 molecule in D 2 0 , e2qQ/h = (213.4 ± 
0.3) kHz and <5 = 0.112 + 0.005, for a H D O mole-
cule in H 2 0 e2qQ/h = (213.9 1 0.3) kHz and <5 = 
0.121 ± 0.005 [28]; at 203 and 263 K in a single crys-
tal D 2 0 - i c e , e2qQ/h= (213.2 ± 0.8) kHz and <5 = 
0.100 ± 0.002 [29]. Since the value of the quad ru -
pole coupling constant for the deuteron is very sen-
sitive to the O - D bond length [30,31], it may be 
concluded f rom these results that the O - D bond 
length in a D 2 0 molecule is very close to that in a 
H D O molecule and the solid water has a very simi-
lar O - D bond structure in the t empera tu re range 
investigated by the authors (Note that the results do 
not guarantee equali ty between the O - D bond 

length in D 2 0 and the O - H bond length in HDO.) . 
In view of the lack of accurate informat ion on the 
quad rupo le coupling constant and O - D bond length 
of water in the liquid state, the following discussion 
is subject to the knowledge of the electric field 
gradient parameters of water in the solid state. It is 
thus assumed throughout this article that 

1) the values of e2qQ/h and d for water in the 
solid state can be used for the liquid state water 
molecule too, 

2) the electric field gradient parameters are near-
ly the same in l iquid D 2 0 and in liquid H D O , and 
they are independent of n and temperature , and 
hence 

3) the observed variat ion of T f 1 with n can be 
ascribed to the change in rc (in other words, iso-
tope effects on e2 q Q/h and Ö are negligible). 

In the present H 2 0 / D 2 0 systems, the solution 
contains H 2 0 , D 2 0 , and H D O according to the 
equi l ib r ium relation 

H 2 0 + D 2 0 = 2 H D O . (4) 
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When the isotopic d ispropor t ionat ion equi l ibr ium 
is subject to the rule of the geometr ic mean, the 
equi l ibr ium constant for (4) should be 4, and then 
the concentrations of the waters in a solvent mixture 
become 

[ H 2 0 ] = (1 ~ n ) \ 

[HDO] = 2 / i ( l - n ) , 

[ D 2 0 ] = / 7 2 . 

( 5 ) 

(6) 

( 7 ) 

The probabi l i ty of f inding the D nucleus in H D O 
and D 2 0 , as given in equi l ibr ium (4), can be de-
noted by PHDO and F D 2 Q , respectively, and the cor-
responding rotational correlation t imes at n by 
TC, HDO ( N ) TC, D2O ( n)• If the average l i fet ime be-
tween deuteron exchanges, r h , is very large com-
pared to the correlat ion t imes of the water mole-
cules, i.e. 

TH > T C , H D O ( « ) > T C , D 2 O ( « ) , 

one has [ 3 2 - 3 6 ] 

(8) 

TC ( « ) = P H D O • TC, H D O ( « ) + P D 2 0 ' TC, D 2 0 ( « ) ( 9 ) 

with PHDO + PDzO^l ( 1 0 ) 

and pD2o = n/(2 - n). (11) 

In nearly neutral water, the average life t ime that 
the resonant deuteron in H D O or D 2 0 is bonded to 
a specific oxygen a tom can be es t imated to be the 
order 1 0 - 3 s in the light of the extensive studies of 
proton transfer in pure water [37 -44] , and the rota-
tional correlat ion t ime of pure water is typically of 
the order 10~12 s [ 1 - 9 ] . Thus the condi t ion (8) is 
fullfilled and (9) holds in the present H 2 0 / D 2 0 sys-
tems. Then, the observed deuter ium relaxation rate, 
7", ( n ) ~ \ can be written as 

Tx (/!)-> = 
3 n2 I e2qQ 

2 

2 - 2 » 

h 

5 
1 + — 

3 (12) 

" TC, H D O ( « ) + 
2 - / 7 

D2O 

It is worthy noting that both TC, HDO and TC, D2O are 
functions of n, and their form is unknown. More-
over, each term on the r .h .s of (12) could not be in-
dependent ly de termined f rom the T, («) value ob-
tained experimental ly at a given value of n\ we can 
obtain these terms only by extrapolat ions at both 

sides of the n range, i.e. for n -> 0: 

3 7r2 I e2qQ 
Tx (0 ) - ' = 2 \ h 

and for n -*• 1: 

+ Y | - T C , H D O ( 0 ) , 
(13) 

, 3 7T I e2q Q \21 ö2\ 
T , ( l ) = — ( — p - ( l + — j - r c , D 2 o ( l ) . (14) 

When the deviat ions of rc, HDO(^) and rc, D£>(n) 
f rom TC, H D O ( 0 ) and rc, D 2 O (1 ) , respectively, are de-
noted by ^ H D O ( n ) and AtD20 (77), i.e. 

T C , H D O ( " ) = T C , H D O ( 0 ) + Z I ^ H D O ( " ) , ( 1 5 ) 

T C . D 2 O ( « ) = T C , D 2 O ( 1 ) + < 4 ' D 2 O ( " ) , ( 1 6 ) 

(12) can be rewritten as 

Tx ( » ) - ' = 
3 K2 I e2qQ\2l ö2 

h 
1 + Y L - T C . E F R ( 1 7 ) 

with 

' 2 - 2 / 7 n 
Tc, efT = Kt + -Z ' Tc , D 2 0 ( L ) 

2 - / 7 2 - / 7 

2 - 2 / 7 
-AtHDO(n) + - AtD#(n), (18) 

2 - 7 7 2 - / 7 

where 

K I = T C , H D O ( 0 ) / T C , D 2 O ( 1 ) - (19) 

TC, EFF refers to an effective correlat ion t ime through-
out this article. As clearly shown in (17) and (18), 
T, (« ) " ' or tc, eff may be a qui te complex funct ion of 
n. Numerical evaluat ion of Tx(n)~x in (17) requires 
the explicit forms of Z I /HDO(«) and At^,2o{n), which 
have only been def ined as s imple algebraic splitting 
p r o c e d u r e s in (15) a n d (16). TC, HDO (0) a n d T C , D 2 O (1 ) 
in (15) and (16) can be experimental ly obta ined by 
linear extrapolations of T, (/7) -1 to n — 0 and n = 1, 
respectively, as the procedures are presented in (13) 
and (14); they were evaluated as rc, HDO(0) = 
2.717 ps and Tc,d20 (1) = 3.273 ps f rom our relaxat ion 
data given in Table 2, where the values of ( e 2 q Q/h) 
= 213.7 kHz and Ö = 0.117 were used for the calcu-
lation, and the linear extrapolat ions were m a d e by 
use of the last two values of T} (/7)_1 at each side of 
the 77 range. Since the values of T C HDO(0) and 
TC. D2O(1) are, respectively, m i n i m u m and m a x i m u m 
in the present H 2 0 / D 2 0 systems, the possible range 
of ^ H D O ( ^ ) and A t ^ ^ i n ) in (15) and (16) is con-
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strained to the following requirements : 

1) ^1/DHO (") varies increasingly f rom 0 at n = 0 
to AtHDO (1) — a > 0 at n = 1, i.e. 
O ^ z I / h d o { n ) < a , (20) 

2) AtD20(n) varies decreasingly f rom 0 at n = 1 
to AtDi0 (0) = - b < 0 at n = 0, i.e. 
— b < AtÜ2Q (n) ^ 0, (21) 

3) the value of TC IHDO(1) is expected to be 
smaller than that of TC D 2 O U ) , a n d thus 
f rom (15), 

r c .HDo(l) = ^C.HDO(O) + ^'HDO(1) 
= tc.HDO(0) + a < Tc.D2O(1), 

i.e. a < RC, D2O (1 ) - TC, HDO (0) = 0.556 ps. (22) 
4) similarly, the pa ramete r b cannot exceed 

tc . D2o (1) - Tc, HDO (0), i.e. b < 0.556 ps. (23) 

Four representat ive functional forms for each of 
the ^ H D O ( f l ) a n d ZJ/D2O(>0 a r e considered, which 
are reproduced in Figure 3 (A). The relat ionship 
between T[1 and n is illustrated in Fig. 3 (B) for a 
given combinat ion of AtHDo (n) and At^2o (n). 

In comput ing these curves, both a and b are 
chosen to be 0.533 ps. Similar curves can easily be 
generated with any other combinat ions between 
A tHDO (") a n d AtD2o(n). The profile of a plot of T f 1 

vs. n is sensitive to the forms of At H r > 0 (n ) and 
<4'D2O(w) selected, as shown in Figure 3 (B). On the 

other hand, the experimental plot of T f 1 vs. n was 
found to be linear by Lankhorst et al. [5], which 
could be acceptable as a first approximat ion . How-
ever. their exper iment did not possess the necessary 
accuracy to find a more exact relation between 7 7 1 

and n (see Fig. 2 (B)). The better accuracy of our re-
sults makes it possible to find a fine structure in 
such a plot. It is str iking that the values fall signifi-
cantly above the straight line jo ining the points at 
n = 0 and « = 1. Similar deviations f rom linearlity 
have been found for the related dynamic propert ies 
of pure water such as self-diffusion [45], mutual dif-
fusion [46], and viscosity [47], We now have tried to 
extract the funct ional forms of ^ H D O ( " ) a n d 
^ d 2 o ( > 0 f r o m o u r exper imental result. Compar i son 
of the experimental plot of T f 1 vs. n given in Fig. 
2 (A) with the corresponding calculated one shown 
in Fig. 3 (B) has al lowed us to specify the functional 
forms of Atmo(n) and ZI/D2O( /7) a s they display a 
linear dependence on /?, i.e. 

AtHD0{n) = cin (24) 

and 

At^(n)=b(n-\). (25) 

An at tempt to fit our data to (17), into which (24) 
and (25) are inserted, was made using two adjust-
able parameters, a and b. A least-squares analysis 

2 3 

2.1 

1-9 

1.7 

(B) 

*t0l0(n) 

an bin-1) 
an2 -bin-1 )2 

an{2-n) bin1-]) 

o(2-l) bi 2-2) 

0.5 
n 

1-0 

Fig. 3. (A) Variation of AtHDO and At^2o with variation of the deuterium atom fraction, n: (B) Hypothetical curves show-
ing the dependence of F, on n. For the parameters used see text. 
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gave the best-fit values of a = 0.539 ps and b = 
0.450 ps with a roo t -mean-square deviation in 
F, ( A ? ) " 1 of 0.006 s"1 ; the calculated curve using 
these parameters is represented by the dotted line in 
Figure 2 (A). At tempts were also made to fit the 
data with the other equat ions rather than (24) and 
(25), but stable min ima could not be obtained 
through the least-squares i terat ion procedure with-
out producing physically unacceptable values of a 
and b. 

It is worthywhile here to consider the physical 
meaning of the parameters a and b. When we sub-
stitute n = 1 and « = 0 into (15) and (16), respec-
tively, and use (24) and (25), we have 

A = T C , H D O ( 1 ) ~ T C . H D O ( 0 ) ( 2 6 ) 
and 

£ = t C , D 2 O ( 1 ) - T c , D 2 O ( 0 ) . (27) 

T h e paramete r a (or b) impl ies a magni tude of the 
solvent isotope effect on the correlat ion t ime of the 
H D O (or D 2 0 ) molecule. T h e non-equali ty of a and 
b suggests that the correlat ion t ime of pure l iquid 
water is affected not only by the isotopic composi-
tion of bulk water molecules but also by the isotopic 
fo rm of the chemical species containing the reso-
nant deuteron ( H D O or D 2 0 ) . Using (26) and (27) 
with the derived values of a and b, we can imme-
diately obtain values of Tc HDOO) and TCiD2O(0) 
which may not directly be de te rmined f rom any ex-
periments . For some par t icular cases, the correlation 
t imes of H D O and D 2 0 were found to increase in 
the following order : 

1) H D O in H 2 0 , rc,HDO (0) = 2.717 ps; 
2) D 2 0 in H 2 6 , Tc, D2O (0) = 2.823 ps; 
3) H D O in D 2 0 , rc, HDO (1) = 3.256 ps; 
4) D 2 0 in D 2 0 , Tc 'D 2O(1) = 3.273 ps. 

b) Treatment of the Relaxation Data 
by the Debve-Stokes-Einstein Equation: 
Isotope Effects on Correlation Time 

The effective correlat ion t ime def ined by (18), 
rc< eff, can easily be de te rmined f rom the Fj -value by 
means of (17) with appropr ia te values of e2qQ/h 
and (5. In our calculation, we have used values of 
e2qQ/h = 213.7 kHz and <5 = 0.117, which are the 
averages of the values reported by Edmonds ' s et al. 
for H D O and D 2 0 molecules [28]. T h e effective cor-
relation times thus obta ined are shown in Table 4, 
where the results are based on the quad rupo l e re-
laxation data for the five representat ive H 2 0 / D 2 0 
systems given in Table 3. 

The value of rc<eff was sensitive to n\ the isotope 
effect on rc, eff may partly be related to the di f fer -
ence in the macroscopic viscosity of the solution. 
However, it should be noted that the present solu-
tions di f fer f rom one anothers in the dis t r ibut ion of 
the isotopically d i f ferent kinds of resonant species, 
e.g. the resonant species for n = 0.997 is D 2 0 sur-
rounded by D 2 0 , whereas the solution with n = 
6.8 x 10"3 comprises H D O as the dominan t resonant 
species sur rounded by H 2 0 molecules. Consequent-
ly, the isotope effect on Tc eff is expected to arise 
from the di f ference in the macroscopic viscosity of 
the solution a n d / o r that in the na ture of the chemi-
cal species containing the resonant deuteron. In 
order to clarify such isotope effects on correlat ion 
times, the Debye theory [16], which well describes 
dielectric relaxations of water molecules [ 4 8 - 5 9 ] , 
was used for the analysis of the present deu te r ium 
magnetic relaxation data. For a spherical molecule 
in a cont inuous m e d i u m , the Debye-Stokes-Einstein 
equat ion relates rc eff to the macroscopic viscosity, 

Table 4. Effective correlation times (rc eff) obtained from quadrupole relaxation of deuterium for H 2 0 / D 2 0 mixtures. 

Deuterium atom fraction («) 
0/K 6.8 xlO" 3 6 . 8x l0 - 2 0.244 0.500 0.997 

rc
a

eff/ps 

278.2 4.995 ±0.010B 5.020 ± 0.024 5.335 ± 0.056 5.620 ± 0.024 6.380 ± 0.019 
283.2 4.213 ± 0.006 4.264 ±0.019 4.493 ± 0.026 4.689 ±0.010 5.296 ± 0.011 
288.2 3.631 ± 0.012 3.627 ±0.011 3.854 ± 0.020 3.996 ± 0.007 4.473 ± 0.005 
293.2 3.141 ± 0.011 3.149 ± 0.011 3.331 ± 0.010 3.426 ± 0.010 3.786 ± 0.013 
298.2 2.740 ± 0.008 2.757 ± 0.004 2.870 ± 0.006 2.989 ± 0.013 3.273 ± 0.007 

a Tc.eff w a s obtained by using 213.7 kHz and 0.117 for the quadrupole coupling constant and the asymmetry parameter, 
respectively. b The uncertainty is stated as one standard deviation. 
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77, as follows [16. 27]: 

efT = c • rj • 0~1 

with 
C = 4 n fl3/3 k, 

(28) 

(29) 

where a is the molecular radius, k Boltzmann's con-
stant, and 0 the tempera ture . For real systems, of 
course, this relat ionship may be qui te complicated. 
If (28) holds, the quant i ty C (= tCiefT • 0 • / /" ' ) should 
be constant. Table 5 gives the value of C for the 
solution with /7 = 6 . 8 x l 0 ~ 3 at each tempera ture , 
where the viscosity values of pure H 2 0 [60] were 
used for the calculation. The value of t c efT (n = 
6.8 x 10 - 3 ) may be regarded as an extraporated one 
to n = 0. Values of C / C (288.2 K) are also shown in 
Table 5 with a view to clarifying the constancy of C; 
the normalized values were very close to unity. This 
indicates that the t empera tu re dependence of r c eff 

in this system follows well the classical Debye 
theory presented by (28). The corresponding values 
for the solution with n = 0.997 are shown in Table 6, 

Table 5. Empirical relationship between the effective cor-
relation time, tc eff, and the viscosity of H 20, 77h2o> a t 

various temperatures. 

0/K 103^H2o/Nsm~2 1 0 7 C a / N - ' m 2 K C/C (288.2 K) 
[60] 

278.2 
283.2 
288.2 
293.2 
298.2 

1.520 
1.307 
1.138 
1.002 
0.890 

9.14 
9.13 
9.19 
9.19 
9.18 

0.994 
0.993 
1.000 
1.000 
0.998 

average5 9.17 ±0 .04 0.997 ± 0.004 

d C ~ Tc. eff ' ^ ' 1hIo-b The estimated uncertainty is 95% confidence limit. 

Table 6. Empirical relationship between the effective cor-
relation time, rc eff, and the viscosity of D 2 0, //d20' a t 

various temperatures. 

0/K l O - V ^ / N s m - 2 107 C a /N~1 m2 K C/C(288.2K) 
[60] 

278.2 1.982 8.95 1.002 
283.2 1.681 8.92 0.998 
288.2 1.442 8.94 1.000 
293.2 1.248 8.90 0.995 
298.2 1.097 8.90 0.995 

average6 8.92 ± 0.03 0.998 ± 0.004 

I £ = Tc. eff • 0 • rjD]p. 
The estimated uncertainty is 95% confidence limit. 

where the calculation was done by using the vis-
cosity of pure D 2 0 [60], Similarly, the values of 
C/C (288.2 K.) were very close to unity; equat ion 
(28) is also valid in this system within the tempera-
ture range studied. On the o ther hand, the averages 
of C for the solutions with n = 6.8 x 10~3 and 0.997 
were (9.17 ± 0 . 0 4 ) and (8.92 ± 0.03) x l O ^ N " 1 m 2 K, 
respectively. It is worth noting that the d i f ference 
between the two values was small but significant. 
This suggests that there exist some isotope effects in 
reorientational processes of water molecules charac-
terized by r c eff other than that ascribed to the dif-
ference between the viscosities of H 2 0 and D 2 0 . 

c) Treatment of the Relaxation Data by the 
Transition State Theory: 
Isotope Effects on Activation Parameters 

If we apply the transit ion state theory to the 
present relaxation data, some kinetic in format ion 
may be obtained about the relaxation process f rom 
Eyring's equat ion [17] 

kO 
T(Teff= —— ' exp (A S/R) • exp (— A H/R 0), (30) 

h 

where k and h are, respectively, Boltzmann's and 
Planck's constants, A* H is the enthalpy of activa-
tion for rotational d i f fus ion, and A* S is the cor-
responding entropy. From (30) we obtain 

ln (h/k • r c . e f f- 0) =A*S/R-A*H/R9. (31) 

The plots of ln (h/k • r c e f f 0) vs. 0~] for the select-
ed five H 2 0 / D 2 0 systems are shown in Fig. 4. The 
plots are slightly convex upward . This indicates that 
the enthalpy and entropy of activation are depen-
dent on temperature , and therefore the mean activa-
tion enthalpy and entropy in the t empera ture range 
investigated were evaluated by linearly approximat -
ing the curved plots; the values obtained are listed 
in Table 7. The choice of the quadrupo le coupling 
constant (e2cjQ/h) and asymmetry parameter ((5) 
only affects the derived value of the zJ*^ terms. An 
uncertainty of ± 10% in e2qQ/h corresponds to an 
uncertainty in the zl + S term of ca. ± 5%. The plots 
of A* H and against n were found to be linear 
as shown in Fig. 5, where the solid lines are drawn 
according to the linear least-squares fit 

and 
A* H/kJ m o l - ' = 18.2 + 2 .46/ ; (32) 

J * S / J K - 1 m o l - 1 = 37.5 + 6.77 n. (33) 
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Fig. 4. Temperature dependence of effective correlation 
times, Tc eff, obtained from quadrupole relaxation of deu-
terium for H 2 0 / D 7 0 mixtures: deuterium atom fraction, 
« = 6.8 x 10"3 (o), 6.8 x 10 - 2 (A), 0.244(B), 0.500 (D), and 
0.997 (•). 

Fig. 5. Mean activation enthalpy, A*/ / , and entropy, A*S, 
for Tr eff, vs. the deuterium atom fraction n. The uncer-
tainty is stated as one standard deviation. 

Table 7. Dependence of the mean activation enthalpy, 
A*H, and entropy, A*S, on the deuterium atom fraction, 
n, for H 2 0 / D 2 0 mixtures". 

n A*H/ki mol"1 A*S/J K~> mol"1 

6.8 xlO"3 18.2 ± 0.2b 37.6 ± 0.9b 

6.8 xlO"2 18.4 ± 0 . 3 37.9 ± 1.1 
0.244 18.8 ± 0.2 39.2 ± 0.7 
0.500 19.4 ± 0.3 40.7 ± 1.4 
0.997 20.7 ± 0.3 44.3 ± 1.1 
a The activation parameters were derived from the tem-
perature dependence of rc eff in the temperature range 
from 278.2 K to 298.2 K. 
b The uncertainty is stated as one standard deviation. 

No te that these equat ions are valid between 278.2 K 
and 298.2 K because of the t empera tu re dependence 
of A * / / and A * S . The large value of A * H indi-
cates that several hydrogen bonds are broken in the 
course of the fo rmat ion of the activated state. The 
increase of A* H with an increase in n can be quali-
tatively unders tood in terms of the greater degree of 

s t ructure-making in heavy water a t t r ibuted to a 
slightly greater strength of the O - D * - O hydrogen 
bonds in D * 0 or H D * 0 molecules than of the 
O - H * - • O bonds in H * D O molecules [61,62], On 
the other hand, the large and positive value of A * S 
may reflect a relaxation process involving coopera-
tive mot ion of a g roup of water molecules sur round-
ing the observed nucleus; the fo rmat ion of the ac-
tivated state is expected to involve the breaking of 
several hydrogen bonds, i.e. the entropy of the acti-
vated state can be considerably larger than that of 
the initial state, which leads to the large and posi-
tive entropy of activation found for the relevant 
relaxation process. The observed variat ion of A * S 
with n shown in (33) is in ha rmony with the qual i-
tative considerat ion given for the corresponding 
variation of A* H. In the course of the fo rmat ion of 
the activated state for the D 2 0 molecule more posi-
tive entropy is gained than in H 2 0 (or H D O ) , since 
the initial state is more regular in D 2 0 than in H 2 0 
(or HDO) . 
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It is of interest to compare the present N M R 
relaxation data with those for other dynamic prop-
erties of pure water; here we consider, as such 
properties, dielectric relaxation, viscosity and self-
and mutua l -d i f fus ion , whose activation enthalpy 
and entropy can be evaluated in a manne r similar to 
that for the N M R relaxation [17]. Based on the pub-
lished data of the t empera tu re dependence of di-
electric relaxation [54, 56], viscosity [63, 64], self-
d i f fus ion [65], and mutua l -d i f fus ion [46] in both 
H 2 0 and D 2 0 media , the enthalpy and entropy of 
activation for each dynamic proper ty were cal-
culated in the same t empera tu re range as done for 
the present N M R relaxation data ( f rom 278.2 K to 
298.2 K); the entropy of activation for self- and 
mutua l -d i f fus ion was not extracted f rom the data 
because of the lack of in format ion on /., the distance 
f rom one equi l ib r ium posit ion to the next one in 
d i f fus ion def ined by Eyring et al. [17]. The values 
thus evaluated are shown in Table 8. The numerical 
results of the enthalpy and entropy of activation 
resulting f rom the t empera tu re dependence of each 
given dynamic proper ty are found to be comparab le 
with one another as shown in Table 8, and terefore 
arguments similar to that given in the case of the 
N M R relaxation hold for the other dynamic proper-
ties of pure water. 

Table 8. Mean activation enthalpy and entropy for some 
dynamic properties of H 2 0 and D 2 0 derived from their 
temperatures dependence between 278.2 K and 298.2 K. 

Property A*H/k] mol"1 / l*S/J K- ' mol"1 Ref. Property 

H 20 D 2 0 H 2 0 D2O 

Ref. 

NMR This 
Relaxation 18.2 20.7 37.6 44.3 work 
Dielectric 
Relaxation 16.3 17.3 25.3 26.6 [54, 56] 
Viscositya 18.3 20.4 30.7 35.8 [63, 64] 
Self-
Diffusion13 17.1 18.8 - - [65] 
Mutual-
Diffusion0 17.0 18.6 — — [46] 

a The viscosities of 100mol% D 2 0 are obtained by linear 
extrapolation of the tabulated values for 98.35 mole% D-O 
and 99.88 mol% D , 0 [64]. 
b Tracers used are HTO and DTO in H 2 0 and D 2 0 
media, respectively. 
c Extrapolated to 0 mol% D 2 0 and 100mol% D 2 0 using 
the diffusion data for a number of H 2 0 / D 2 0 mixtures. 
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