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NMR Studies on the Rotational Motion of Coordinated D:O Molecules
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The parallel (D,7/) and perpendicular (170,7.) rotational correlation times of coordinated D2O molecules
in MBr (M=Lit*, Na*, K, Cs*) aqueous solutions in the concentration range of 0.2 to 1.0 mol kg1 at 25 °C were
determined by NMR. The spin-lattice relaxation rates (R1) varied linearly with increase in concentration up

to 1.0 mol kg%

The ratios (t,/7.) of the rotational correlation times of coordinated D2zO molecules in LiT,

Na*, K*, and Cs* ions were 1.12, 1.13, 0.89, and 0.92, respectively. These results indicate that for coordinated
D30 molecules in Li* and Na* ions, the perpendicular rotational motion is 10% faster than the parallel one.
On the other hand, for coordinated D20 molecules in Kt and Cs* ions, the tendency was reversed. These
results are explained in terms of both the Eulerian angle B between the diffusion tensors with the molecular
plane and the intermolecular interactions between the ions and D2O molecules.

In general, ion-water and ion-ion interactions are
coupled in real electrolyte solutions. Study of con-
centration effect on dilute aqueous electrolyte solu-
tions is of importance to the understanding of the
translational and rotational dynamics of ions and
water molecules, because studies of dilute solutions
give us information about accurate limiting values
due only to physical properties of ion-water interac-
tions at infinite dilution. There are two approaches
to investigate the dynamics of electrolyte solutions.
One is by using dynamical properties of ions as
solutes and the other by using properties of water
molecules as a solvent in electrolyte solutions. This
study focuses on the rotational dynamics of water
molecules as a solvent in dilute electrolyte solutions.
For the translational motion of water molecules, the
viscosity B-coefficients! due to ion-water interactions
have been established for concentrations below 0.1
moldm=-3.2 Studies of the rotational motion of water
molecules at low electrolyte concentrations less than
1.0 mol kg1 are lacking compared with those of the
translational motion except for the D magnetic relaxa-
tion studies by Uedaira and Uedaira.® Therefore,
study of the concentration effect on the rotational
motion of water molecules in dilute electrolyte solu-
tions is necessary to understand the whole picture of
the rotational dynamics of water molecules in electro-
lyte solutions.

Many studies of the rotational motion of water
molecules in electrolyte solutions have been done by
use of NMR.4 Hertz et al.5-8 studied the concentra-
tion dependence of spin-lattice relaxation rates (R1) of
1H and 170 nuclei of coordinated water molecules in
electrolyte solutions in the concentration range of 1 to
6 molkg-1. They calculated spin-lattice relaxation
times (T1) of O nucleus of natural abundance in
water molecules from the half width of signal with a
large error. These data were expressed by a quadratic
polynomial equation as a function of molality con-
centration to provide relaxation rates of coordinated
water for each ion at infinite dilution. Since 'H

nucleus (spin quantum number I=1/2) is relaxed by
the dipole-dipole interaction, observed R; values con-
tribute to the intermolecular (translational motion) in
addition to the intramolecular (rotational motion)
interaction. In order to improve the accuracy of rota-
tional relaxation rates of coordinated water molecules
in electrolyte solutions, Leyte et al.9-12 studied the
concentration dependence of R; of D and 17O nuclei of
water molecules by the inversion-recovery method in
the same concentration range as Hertz et al.5-®
Both the nuclei are relaxed by the quadrupole interac-
tion due to the pure rotational motion of water mole-
cules. They first reported the concentration depen-
dence of the anisotropy of the rotational motion of
water molecules in the hydration sphere. In a range
of high electrolyte concentrations, the relative D and
170 relaxation rates crossed at 4 molkg-! for water
molecules in the hydration sphere of Li* ion, and for
Nat ion at about 1.0 mol kg-1. However, the relative
D and 170 relaxation rates of K* or Cs* did not change
in the whole experimental concentration range of 1—
5 mol kg-1.

We can point out the following disadvantage of the
above two experiments at the high concentration
range above 1.0 molkg-! involving ion-ion interac-
tions. In order to consider the rotational motion of
water molecules at infinite dilution, experiments at
low concentrations below 1.0 molkg~! are important
to treat the ion-water (dipole) interaction separately,
if one wants to clarify the quantitative rotational
dynamics of coordinated water molecules in aqueous
electrolyte solutions. Relevant experiments should
be done at concentrations below 1.0 molkg-1. Since
R: varies linearly with concentration below 1.0
mol kg-1, both the ion-ion and the coordination
sphere interaction can be neglected. Therefore, we
can consider the rotational dynamics of water mole-
cules quantitatively, solely from the view point of
ion-water dipole interaction on the basis of the two-
state model.

The NMR technique recently developed is prefera-
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ble for studying the rotational motion of water mole-
cule at lower concentrations in aqueous electrolyte
solution to any other available experimental tech-
niques. For D20 molecules, there are two nuclei, D
and 0, which can be measured by NMR, and the
rotational motion of water molecules is derived from
spin-lattice relaxation rate (R1) values.

In the present paper, we report the concentration
dependence of the relaxation rate of D and 70O nuclei
of coordinated D2O molecules in alkali metal (Lit,
Na*t, K*, Cs*) bromide aqueous solutions up to 1.0
molkg-1. The main component of the quadrupole
interaction tensor at D nucleus lies along the O-D
bond, and the component at 17O nucleus is perpendic-
ular to the molecular plane of water. The two char-
acteristic rotational motions of D and 170 nuclei are
the parallel and the perpendicular rotational motion
on the water molecular plane. Consequently, com-
paring the D relaxation rate with that of 170, we can
see which of the positive and the negative hydration
reflects the componential rotational motion. Further-
more, the anisotropic rotational motion of D20 mole-
cules coordinated to alkali metal ions can be deter-
mined by using D and 7O relaxation rates and on the
basis of the two-state model. We discuss the ion-D20
interaction or hydration of alkali metal ions from the
viewpoint of anisotropic rotational motion of DO
molecule.

Experimental

Samples. Alkali metal bromide (LiBr, NaBr, KBr, CsBr)
salts from Nakarai Tesque, Inc. (extra pure grade) were
recrystallized from water or ethanol. D20 was obtained
from CEA, containing D over 99.8%. Sample solutions
were passed through membrane filters with a pore size of 0.1
pm to remove dusts. Sample solutions were bubbled with
nitrogen gas for about five minutes just before NMR mea-
surement to remove OXygen gas.

NMR Measurement. D and O relaxation times were
measured on a JEOL GX-270 pulsed spectrometer, operat-
ing at 41.5 and 36.6 MHz, respectively. Samples were kept
in 10 mm diameter glass tubes. Resolution was established
by D nucleus of neat D:O before sample measurement.
Spin-lattice relaxation times (71) were measured by the
inversion-recovery method, using a pulse sequence of 180°-t-
90° pulse. T, values were determined for each sample at 16
different time intervals (¢), and the pulse delay time (PD) was
more than 107:. Frequencies were 1200 Hz for D nucleus
and 60000 Hz for 170 nucleus. The free induction decay of
D and 170 nuclei was accumulated 4 to 16 times and 100 to
1600 times, respectively, depending on concentration. The
error in T1 measurement was less than 2%. Temperature
was controlled to 25£0.1 °C with an air compressor.

Results and Discussion

Concentration Dependence of R; of D20 Molecule
in Aqueous Bromide Solutions. The relation between
the spin-lattice relaxation rates (R1=1/T1) of the D
and 70 nuclei of a D20 molecule and their concentra-
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Fig. 1. Plots of D relaxation rates (R1/R?) of a D20
molecule in alkali metal bromides solutions at
25°C.

A: LiBr, O: NaBr, O: KBr, ¢: CsBr, ------ : KCL

0.90 1 I I I
00 02 04 06 08 1.0

mol / kg D20

Fig. 2. Plots of 170 relaxation rates (R1/R?) of a D:O
molecule in alkali metal bromides solutions at
25°C.

A: LiBr, [0: NaBr, O: KBr, ¢: CsBr, ------ : KCL

Table 1. D and O Spin-Lattice Relaxation Rates (R1)”
of a D20 Molecule™ at 25°C

[D20]/mol kg-!

Sale 02 0.4 0.6 0.8 1.0
DO D YO D YO0 D YO D Y0
LiBr 229179 232181 235182 238184 2.43 188
NaBr 2.26 177 2.26 176 2.26 176 2.25 178 2.27 177
KBr 222175 218172 216171 213170 2.10 169
CsBr 220173 218172 215169 2.11 166 2.09 165
KCl 226174 225173 220173 221172 217172

a) Unit is s~! and accuracy is within 2%. b) For pure
D20 molecule, D=2.27 s-! and 170=176 s—!

tion in aqueous bromide solutions at 25 °C is shown
in Figs. 1 and 2, and Table 1. The ratios (R1/R?) vary
linearly with increasing concentration up to 1.0
mol kg-1. The R1/RY values of D and 7O nuclei are
in the order
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Lit>Nat>1>K*>Cs*.

It is clear that the positive hydration ions (Lit, Nat)
cause increase in D and 7O relaxation rates, whereas
the negative hydration ions (K*, Cs*) cause decrease in
the relaxation rates.

For D and 70 nuclei the concentration dependence
of R is given by linear equations below 1.0 mol kg-1
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Anisotropic Rotational Motion of the Coordinated
Water Molecules. R$™ values vary linearly with
increasing concentration for all salts, as shown in
Figs. 1and 2. By assuming that RS is the sum of the
spin-lattice relaxation rates of bulk water (RY), the
anion coordinated (R7) and cation coordinated (RY)
water molecules are given by57?

as follows: R*=(1—x*t—x")R}+x~R7 +x*Rt, (5)
obs _
RY"=(1+Boc)R} (1) R™/R}=1+ x-{R;/R%—1}+ x*{Rt/R{—1}, (6)
for D nucleus, and x~=n¢/50.0 x*=n%c/50.0,
R$™= (1+Boc)R? 2) where RY, Rf, Ry, nt, and n- are the spin-lattice

for 170 nucleus, where, R and R? are the spin-lattice

relaxation rates at concentration ¢ and for pure D20,
respectively.

Since Bp and Bo contain contributions of cation ()
and anion (=), Bp=B}+Bg and Bo=B§+Bg Egs. 1 and
2 are transformed to

R{”={1-+(B}+B5)c}R} @)

for D nucleus, and
R$®={1+(B§+Bg)c}R? (4)

for 170 nucleus, where Bf(x=D or O) and B; values are
determined by the following method. First, on the
assumption that B¥=Bs is established for KCl solution
in the case of equal splitting of B-coefficient into ionic
components, Bz(Br-) values are determined by using
B of KBr solution and Bf(Kt). Next, from Bz(Br-)
and B> of various electrolyte solutions, Bf values for
various aqueous bromide solutions are determined.

Bp, Bo, B}, Bs, and Bi—B{ values are shown in
Table 2. For Li*, Na*, K*, and Cs* ions, the B§—B§
values are 0.03, 0.02, —0.01, and —0.01, respectively.
From these results, it is clear that the structure-making
effect of Li* and Na' ions or the structure-breaking
effect of Kt an Cs* ions is more influenced by the
rotational motion of D nucleus than by that of 7O
nucleus up to 1.0 mol kg-1.

relaxation rates of pure water, cation coordinated
water, and anion coordinated water and the coordina-
tion numbers of cation and anion, respectively. In
this study, we use n*=n-=6 for all ions.® In Eq. 6,
on the assumption that Rf=Rj7 is established for KCl
solution in the case of equal splitting of B-coefficient
into an ionic component,!® R values for various ions
are determined by the same method from B* values.
From the fact that RS varies linearly with increasing
concentration, it is clear that RT and Ry values do not
vary at concentrations up to 1.0 molkg-t. The RY
and Rt values of D and 7O nuclei are shown in Table
3.

D and 7O nuclei are quadrupole nuclei with spin
quantum numbers /=1 and 5/2, respectively. These

Table 3. D and 7O Spin-Lattice Relaxation Rates (RT)”
of Coordinated D2O Molecules of Infinitely
Diluted Complexes at 25 °C

Ion RED)/s1 RE(0)/s1
Lit 4.51 312
Na* 3.33 228
Kt 1.87 163
Cst 1.59 134
Br- 1.40 136
Cl- 1.87 163

a) Accuracy is within 4%.

Table 2. Bp, Bo, Bb, BS, and B5—B§ Values® at 25 °C

Salt Bp” Bo” Bb BS
LiBr 0.065+0.003 0.0580.002 0.106£0.005 0.08240.004
(0.102+0.008) (0.0720.009)
NaBr 0.010+0.001 0.010=0.001 0.0510.001 0.035+0.001
(0.05 +0.01) (0.022+0.008)
KBr —0.060+0.002 —0.0320.0008 —0.01940.002 —0.0080.0002
(—0.02740.003) (—0.0210.001)
CsBr —0.07440.002 —0.047+0.001 —0.0330.002 —0.023+0.001
(—0.0414-0.003) (—0.030-£0.005)
B5—B}
LiBr 0.03 +0.02
NaBr 0.02 #0.01
KBr —0.014+0.008
CsBr —0.01 £0.01

a) Concentration is reduced to molkg-! (55.5 D20) which can correspond to HzO. b) ()
indicates citation of Cl salt values from Ref. 12.
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nuclei relax mainly by electric quadrupole interac-
tion. In this case, the relation between spin-lattice
relaxation rate (R1) and rotational correlation time (1)
is given by¥

R({bs:
3 2143 (eZqQ )2(111;2)[ 2t 8t

— | + i
400 I221-1)\ & 3 L1+ 14+(2mvre
(7)

where I, 1, e2gQ/h, and v are quantum number, asym-
metry parameter, quadrupole coupling constant, and
resonance frequency of experiment, respectively. For
the experimental condition of motional narrowing
limit (2nv1<1), Eq. 7 is transformed to

3 2143 2 2 2
obs _ ___ € QQ ) (l_[Ln )1:. (8)
40 IQI-1)\ # 3
When Eq. 8 is substituted into Eq. 6, we obtain®
3 2I+3 2 2 2
obs __ T (1*x+—x-) e QQ 1+L 0
40 I22I-1) o3
2 2 2 2 2 2
+x+( aQ (l f ! )T++x'( ‘ QQ) (1 I ! )‘L"]. 9
B+ 3 nol- 3
Assuming  (e2qQ/h)o=(e2qQ/h)+=(e2qQ/h)_>® and

using the constant values for D (e2qQ/#=254 kHz with
7=0.135) and for O (e2qQ/#=8.1 MHz with n=
0.75)11 for this experiment, we may evaluate 7™ and 7~
from Egs. 6 and 9.

The rotational motion of quadrupole nuclei is con-
cerned with reorientation of the main component of
quadrupole interaction tensor. The main compo-
nent of the 170 nucleus in D20 molecule lies along the
axis perpendicular to the molecular plane, and the D
nucleus does almost along the O-D bond axis.111516)
The characteristic rotational motion of D and 70
nuclei are the parallel and the perpendicular rota-
tional motion of the D:O molecular plane. From
this point of view, we can adapt 7/ (the parallel
rotation for the molecular plane)=t* (D) and 7, (the
perpendicular rotation for the molecular plane)=
H(170).

Table 4 shows the 7y and 71 values for each ion,
which are independent of concentration for dilute

Table 4. Rotational Correlation Times (7) of Coordinated
D20 Molecules of Infinitely Diluted Complexes

Rotational Motion of D2O

and Pure Water at 25°C
D QY D/1QY

Ion
T4/ ps 7./ps /Ty
Lit 4.72 4.22 1.12
Nat 3.49 3.09 1.13
K+ 1.96 2.20 0.89
Cs*t 1.67 1.81 0.92
pure D2O 2.38 2.37 1.00

a) Accuracy is within 4%. b) Accuracy is within 8%.
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electrolyte solutions below 1.0 molkg-1.  Since the 7
and 71 values for a pure D20 molecule are 2.38 and
2.37 ps, respectively, it 1s concluded that the rotational
motion of a pure D:O molecule is isotropic. The
rotational anisotropies (t;/7L) of the coordinated D2O
molecules of alkali metal ions (Lit, Nat, K, Cst) are
1.12, 1.13, 0.89, and 0.92, respectively. These results
tell us that for the coordinated D2O molecules of Lit
and Nat ions, the perpendicular rotation is 10% faster
than the parallel one on the D2O molecular plane.
On the other hand, for the coordinated D2O molecules
of K* and Cs*, the perpendicular rotation is about 10%
slower than the parallel one. This fact is interesting
to understand the dynamic aspect of the rotational
motion of the positive (Li* and Nat) and negative (K*
and CsT) hydrated DO molecules at infinite dilution.

The Eulerian angle B8 between the diffusion tensors
with the molecular plane is important to discuss the
anisotropic rotational motion of coordinated D20
molecules. For the experimental condition of
motional narrowing limit, the rotational correlation
time is transformed to?

1 2 . .
d=—— 3 VPVP'DY (BDYtn, (10)
2 k,l,m=—2
14 ;2)12
B=2
tm!=6D, +m2%Dy—D.), (11)

where D@2 is the Wigner matrix elements describing
the diffusion tensor which is characterized by the
Eulerian angle B, Dy and D, are the diffusion compo-
nent on the molecular plane which bisects the D-O-D
angle and the perpendicular diffusion component for
Dy, respectively, and V% is the irreducible elements.

For D and 7O nuclei, V{»=eq(3/2)¥2 and V&=—n/
2, and the asymmetry parameter n is defined as
N=(Vyy—Vxx)/V2 From this relation, Eq. 10 is trans-
formed to!V

2
=3 axtm, (12)

m=0

where az is the normalized constant defined by B.
With the experimental th/t8(=1//71) value, the Euler-
ian angle B and diffusion tensor Dy/D. are defined
theoretically by Egs. 10—12. From these calcula-
tions, the relation 7;/t1>1 is found in the range
0°<B8<30°, whereas 7;/71<l when pB>40°. From
comparison of the theoretical treatment and our
experimental results, for Li* and Na' ions B is
between 0° and 30°, and for K* and Cs* ions 8 is larger
than 40° at infinite dilution from the linear relation
between R; and concentration in the low concentra-
tion range below 1.0 mol kg=1. The B values for each
ion are independent of salt concentration. There-
fore, the limiting values at infinite dilution reflect the
relaxation behavior of isolated hydration complex.
At high concentrations above 1.0 mol kg~! studied by
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van der Maarel et al.1? for Li* ion the relative D and
17Q relaxation rates cross in the 4 molkg-! range,
where B increases from B<30° at lower concentrations
to 8>40° at higher concentrations. For Na* ion B is
found to be larger than 40° above 1—2 mol kg-! and
may be less than 30° at infinite dilution. For K* and
Cst, B>40° in the whole concentration range 1—5
mol kg-1.

We can describe the whole picture of the Eulerian
angle B between an ion and a water molecule. For
K* and Cs*, B keeps being a constant larger than 40°
in the whole concentration range from 5 mol kg-! to
infinite dilution. The angle for the negative hydra-
tion ions is not influenced by the ion-ion interaction.
On the other hand, for Li* and Nat, the orientation of
water molecules of the isolated hydrated complex at
infinite dilution perturbs with increasing concentra-
tion, which increases from B<30° at lower concentra-
tions to 8>40° at higher concentrations with the elec-
tric field at the ionic surface. Therefore, we can not
distinguish in dynamic properties between the posi-
tive and negative hydration ions from f values at
higher concentrations. Only at infinite dilution, it is
possible to find difference in anisotropy between rota-
tional motions of coordinated water molecules.

Finally, we consider the reason why the anisotropy
of the rotational motion of coordinated D:O mole-
cules occurs in electrolyte solutions. The coordi-
nated D20 molecules in the positive hydration ions
(Li*, Na™) are very strongly hydrated with D20 (oxy-
gen-metal ion bonding) but not in a rigid arrange-
ment. DO molecules deviate B degrees from the
plane of the ion-D2O complex (Fig. 3).171® The per-
pendicular rotation of this structure is freer than the
parallel rotation. Since the structure changes easily
from +B to —B degrees, 7y must be larger than 7.

On the other hand, for the small surface-charge-
density ions Kt and Cs*, the D:0-D20O bonds are
stronger than the ion-Dz0 bonds, compared with Li*

and Nat ions. In this case, one coordinated D2O
molecule of Kt and Cst ions forms three D2O-D20O

hydrogen bonds and one ion-D20 bond. For these
four bonds, the hydrogen bonds in the D20 molecular
plane lie along the bonding direction and the other
bonds lie above the hydrogen bonds of pure D20
because the rotational correlation times decrease with
increasing concentration. The rotational motion of
the coordinated D2O molecules of the ions is caused by
breaking these bonds. Four bonds among D2O mole-

Ion

Fig. 3. The stereo formula of ion-coordinated DO
molecule complex.
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cules and ions must be broken for the perpendicular
rotation, but three bonds need to be broken for the
parallel rotation. This is the reason why 7. is larger
than 1.

Conclusion

The spin-lattice relaxation rates (R:) vary linearly
with increasing concentration up to 1.0 molkg-L
The linear slope of the concentration dependence of
R; of 170 is smaller than that of D for Lit and Na*t
ions. On the other hand, K* an Cs* ions show the
reverse tendency. These results tell us that the posi-
tive and negative hydration effects on R; are more
significant for the D nucleus than for the 170 nucleus.

The anisotropy (tj/tL) of the coordinated D:O
molecules at infinite dilution is 1.12, 1.13, 0.89, and
0.92 for Lit, Nat, K+, and Cs™ ions, respectively. For
the coordinated D20 molecules in the positive hydra-
tion ions, the perpendicular rotational motion is
about 10% faster than the parallel one. On the other
hand, the parallel rotational motion of the coordi-
nated D20 molecules in the negative hydration ions is
10% faster than the perpendicular one. These
dynamic properties relate to the difference in bonding
strength between the D2O-ion or D2O-D20O interactions.

We are indebted to Professor Masaru Nakahara,
Kyoto University for his helpful discussion and con-
tinuous encouragement. This research was sup-
ported by a Grant-in-Aid for Scientitic Research No.
62124039 from the Ministry of Education, Science and
Culture.
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