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Abstract: The chemical shift of the magnetic resonance of sodium-23 in aqueous solutions of NaClO4 and NaOH 
is proportional to the mole fraction ^ of the salt up to saturation and is respectively 24.0 Z (25°) and —21.7 X (27°) 
in parts per million relative to the aqueous sodium ion at infinite dilution. The result is interpreted by the forma­
tion of short-lived ion pairs with a formation constant close to 1. The shift of NaBPh4 is zero, suggesting that no 
contact ion pairs are formed with this large anion. Higher temperature displaces the resonance downfield, — 3.65 
+ 900/r for 5.59 m NaCl and -5.79 + 950/r for 8.3 m NaOH relative to infinite dilution. The relaxation rate 
l/7i = 1/Ti increases steadily for NaClO4 solutions but shows an indefinite break for NaOH solutions around 
Na/H20 = 0.10. When corrected for the viscosity, the break disappears, and IhT for NaOH increases steadily. 
The viscosities at 26° of the solutions are given as a polynomial in c. 

The magnetic resonance of the sodium nucleus is a 
very direct probe for the study of ionic solutions.5-7 

The chemical shift of the resonance is caused by per­
turbations of the electrons of the sodium atom and is 
expected to be sensitive only to the immediate environ­
ment. From the shift, it should be possible to decide 
which molecules or ions are in contact with the sodium 
ion. Additional references are given elsewhere.* 

The sodium ion is not easily polarized, and the chem­
ical shifts are fairly small, typically a few parts per 
million. By comparison, cesium ions have very large 
shifts.7 The sodium resonance consists of a single, 
symmetrical peak, which may be as narrow as 6 Hz in 
spite of the large quadrupole moment. In an asym­
metrical environment, the resonance is broadened.8 

This provides additional information, but the inter­
pretation is not as straightforward as the chemical shift. 

By comparison, the interpretation of the proton910 

chemical shift of the solvent is more complex. Usually 
the average resonance of solvating and bulk solvent 
molecules is observed. It is also affected by proton 
exchange and hydrogen bonding. 

While 17O resonance11'12 is also sensitive to hydrogen 
bonding, it should be more sensitive to the solvation 
of cations then anions. 
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Experimental Part 

Apparatus. The measurements were made with a Varian HA-60 
high-resolution nmr spectrometer at a frequency of 15.871 or 15.085 
MHz, using sample tubes with an outside diameter of 5 mm. Since 
the field was not locked, the magnet was protected from air drafts by 
a curtain of polyvinyl chloride. A photograph1 may be obtained 
from the authors. Over a period of 10 hr, the field drift was con­
stant within 1 %. The field was swept in both directions for all 
measurements. The field homogeneity was adjusted for the proton 
signal at 60.000 MHz. The sodium resonance is obtained when the 
frequency is changed to 15.871 MHz, and the homogeneity is ex­
cellent (0.5 Hz at 15.871 MHz). 

The sensitivity allows detection of an 0.1 M NaCl solution in 
water with a signal to noise (rms) ratio of 13 to 1, and an 0.01 M 
solution is detectable. This is almost half of the proton sensitivity. 

The absorption mode signal was used, and the signal height was 
maximized ( I w ) by varying the radiofrequency power Hi so 

yHlima.y/Wi = 1 (1) 

At this value of yHu the full width at half-height, vi/„ is slightly 
broadened.13 

Vy1 = V2/TT, (2) 

A change in yHi of 1 db changes vy, by 5.8 %. 
Relative values of l /VYi^ were obtained from yHlxm^ = 

l/\/TiTi. By measuring a few values of the signal height on both 
sides of the maximum, yHhmax may be located within 0.2 db. 
This can be done visually, graphically, or by computer. The 
latter was the method used. 

The sweep rate was calibrated from the side bands obtained by 
applying a frequency of 100 Hz or higher to the linear sweep coil. 
To avoid saturation, the modulation was removed while scanning 
the center signal. 

To obtain the chemical shift of the sodium hydroxide solutions, 
an external reference of 5 M NaCl was used. A coaxial sample 
cell (Wilmad Glass Co.) was used, and the reference solution was 
placed in the inner tube, which was sealed with Dow Corning 
Silastic clear silicon rubber. Although the tubes were spun, the 
heavy wall inner reference tube caused an increase of the field 
inhomogeneity by 20 Hz. The results were corrected to a reference 
of an infinitely dilute solution of sodium ions by subtracting 0.75 
ppm from the measurements. 

For sodium perchlorate, some of the measurements were made 
without the external reference by simply sweeping the field. The 
center of resonance of 3 M NaCl was used as the starting position. 
The tube with sodium chloride was then replaced by a tube with 
sodium perchlorate solution, and the field was swept through the 
resonance. This method was much more convenient and equally 
accurate. To correct to infinite dilution, 0.45 ppm was subtracted 
from the measurements. 

(13) A. L. Van Geet and D. N. Hume, Anal Chem., 37, 979 (1965). 
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Figure 1. 28Na chemical shift of aqueous solutions of NaClO4 
(26°), NaCl (27°), and NaOH (27°). The shift of NaClO4 is up-
field: (O, D) 15.871 MHz; (•) 15.085 MHz; (O, O) referenced 
by tube substitution; (D, • ) coaxial tube. 

No correction for magnetic susceptibility differences was made. 
For 12 MNaOH the correction is calculated1.14 as +0.06 ppm, for 
5.00 M NaCl (X = 0.092) as +0.11 ppm, and for 9.65 M NaClO4 
it is estimated as +0.08 ppm. In this, the correction for water 
(infinite dilution) is taken as 0.00 ppm. These values are to be 
added to the observed shifts. 

The temperature of the solutions was measured in the region of 
the radiofrequency coils of the spectrometer with a static Teflon 
thermistor probe16 connected to an Atkins Model 3F01 thermom­
eter. 

Materials. A nearly saturated solution of sodium perchlorate 
was prepared at about 40° and allowed to stand overnight at 24°. 
The crystals which had formed were filtered off: apparent density 
in air at 25°, 1.675 g/cm3. Anal. 70.5% NaClO4 by weight, 
molarity 9.65 M, molality 19.6 m, mole fraction X = 0.261, mole 
ratio NaClO4ZH2O = 0.353, as determined from the signal height 
vmax of the sodium magnetic resonance relative to 3.00 M NaCl and 
the density of diluted solutions.16 The two methods of analysis 
agreed within 1 %. The 3.00 M (26°) NaCl solution had a density 
of 1.114 g/cm3 (26°), molality 3.19 m, X = 0.0544, NaCl/H20 = 
0.0575, viscosity 1.152 cP (25°). 

Sodium hydroxide and sodium chloride solutions were prepared 
using reagent grade chemicals. Boiled water was used to dissolve 
the former, and an effort was made to exclude carbon dioxide from 
the air. The density of the solutions was determined and com­
pared with tabulated values " to determine the concentration. Two 
concentrated solutions: NaOH, density 1.377 g/cm3 (23°), 12.0 
M (25°), 13.4 m, X = 0.193, NaOH/H20 = 0.241, viscosity 
17.6 cP (25°); NaCl, density 1.184 g/cm3 (26°), 4.99 M (26°), 
5.59 m, X = 0.0914, NaCl/H20 = 0.1006 (nearly saturated). 

The density of the solutions was determined by weighing in a 
closed weighing bottle the amount of solution delivered by a 10.0-
ml pipet. 

Viscosities were determined with an Oswald-Cannon-Fenski 
series 25 viscometer (Cannon Instrument Co., State College, Pa. 

(14) R. C. Weast, Ed., "Handbook of Chemistry and Physics," 50th 
ed, Chemical Rubber Publishing Co., Cleveland, Ohio, 1969, p E-132. 

(15) A. L. Van Geet, Anal. Chem., 40, 2227 (1968); 42, 679 (1970). 
(16) National Research Council, "International Critical Tables," 

Vol. Ill, McGraw-Hill, New York, N. Y., 1930, p 80. 
(17) N. A. Lange, Ed., "Handbook of Chemistry," 10th ed, Hand­

book Publishers, Sandusky, Ohio, 1966, pp 1150, 1179. 
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Figure 2. 23Na relaxation in aqueous solutions of NaClO4 (26°), 
NaCl (25°), and NaOH (25°); (O, B) 15.871 MHz; (•) 15.085 
MHz; (O, • ) l/Ti from line width, corrected for inhomogeneity 
by subtracting 0.3 Hz (G) or 2.0 Hz (•) or 1.0 Hz (O, NaClO4); 
(B) 1/VT1T2 from yHu 

16801) at 25° in a water bath. The viscometer was calibrated 
periodically with water, viscosity 0.8937 cP.18 

Results 
From Figure 1, it is apparent that the chemical shift 

5 is proportional to the mole fraction X of the salt 

S = XSz (3) 

For NaClO4, 5Z = 24.0 ppm (26°), and for NaOH, 
-21.7 ppm (27°). A table of the data is given else­
where. 1 

The shift of solutions of sodium tetraphenylborate, 
NaBPh4, is zero within experimental error. For a 
nearly saturated solution (X = 0.0168, density 1.049 
g/cm3 at 24°, 0.750 M, 0.947 m), the shift was 5 = 0.10 
± 0.10 ppm, and for a more dilute solution (X = 
0.0099, 0.48 Af, 0.555 m) it was S = 0.04 ± 0.10 ppm. 
The last number is the estimated rms error. Thus, 
Sz = 0 ± 6 ppm for NaBPh4. The relaxation times are 
given in Figure 2. 

Effect of Temperature. The chemical shift in parts 
per million of 5.00 M NaCl (X = 0.0914) relative to 
1.00 M NaCl (X = 0.0184) was measured between 275 
and 3660K at 15.87 MHz. 

5(5 M) - 8(1 M) = -2.92 + 720/7 ± 0.19 (4) 

The last term is the rms error. Assuming that the shift 
is linear with mole fraction at all temperatures, the 
result may be extrapolated to infinite dilution. 

g(5 M) = -3.65 + 900/7 (5) 

The agreement with the results of Deverell and Rich­
ards7 is perfect. 

(18) Reference 17, p 1680. 
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The chemical shift of 7.89 M NaOH (X = 0.130) 
relative to 5 M NaCl was measured over the same tem­
perature range 

S - 5(5 M NaCl) = -2 .14 + 50/J ± 0.04 (6) 

By adding eq 5, the shift relative to infinite dilution is 
obtained. 

S= -5 .79 + 950/r (7) 

A graph as well as a table of the measurements is 
available.1 

The temperature-dependent terms for NaCl and 
NaOH in eq 5 and 7 are the same within experimental 
error, suggesting that the shift is caused by the inter­
action Na+-H2O rather than N a + - Z - . 

Viscosities. The viscosities of aqueous solutions 
were measured at 25° up to saturation. The concen­
trated NaOH solutions were more viscous than NaC104 
solutions of the same concentration, presumably be­
cause O H - forms part of the hydrogen bonded struc­
ture of water. The results in centipoise (1O-3 N sec/m2) 
were fitted to a polynomial 

NaCl v = 0.896 - 0.097c + 

0.098c2 - 0.011c3 ± 0.008 (8) 

NaClO4 v = 0.895 + 0.076c -

0.020c2 + 0.007c3 ± 0.008 (9) 

NaOH v = 0.900 + 0.193c + 
0.004c2 + 0.008c3 ± 0.072 (10) 

where c is the concentration in moles per liter at 26, 26, 
and 25°, respectively, and the last term is the rms error. 
The densities were also measured, and the results are 
given elsewhere.1 A graph of the viscosities is also 
available.l 

Discussion 

Contact Ion Pairs. From Figure 1, it is apparent 
that the chemical shift is linear with the mole fraction of 
the salt. Deverell and Richards7 measured the shift 
of aqueous solutions of NaNO3, NaCl, NaBr, and NaI. 
When their results are plotted against mole fraction, 
straight lines are obtained1 also, except for NaNO3. 
The values of 5z in parts per million are: NaCl, —7.0; 
NaBr, - 9 . 6 ; NaI, -13 .4 ; NaNO3 ,+19. 

The shift can be interpreted by either or possibly 
both of the following hypotheses, (a) The Na+ and 
ClO4

- form transient contact ion pairs, (b) Ion 
pairs, if formed, remain solvent separated, and the 
Na+ is directly surrounded only by H2O molecules. The 
shift reflects a change in the bond between Na+ and 
H2O as the salt concentration increases. While we 
strongly favor a, we will discuss both of these hy­
potheses. 

(a) The chemical shift observed is large and com­
parable to the shift observed in nonaqueous solu­
tions.5619 For example, the chemical shift of sodium 
tetraphenylborate dissolved in tetrahydrofuran (THF) 
is +7.5 ppm, independent of concentration.8,6 A 
change of the bond between Na+ and H2O as the salt 
concentration increases would be expected to have a 
less drastic effect. 

(19) E. G. Bloor and R. G. Kidd, Can. J. Chem., 46, 3425 (1968). 

The solubility of NaClO4 in water exceeds the mole 
fraction 0.25. Thus, for every two ions in the solution, 
less than three molecules of water are available. At 
least some of the Na+ must be in direct contact with 
ClO4

-, as not enough water is available. One might 
suppose that contact ion pairs only form at very high 
concentration. If so, the shift would not be linear 
however. It is concluded that at least some contact 
ion pairs are present at all concentrations. 

(b) In support of the second hypothesis, it is noted 
that salt solutions have a negative excess volume. The 
interionic attraction leads to compression which may 
cause the shifts. Indeed, increasing pressure on crystals 
of alkali halides leads to downfield shifts.20 

While a strong downfield shift indeed occurs in 
sodium hydroxide solutions, the shift is upfield for 
sodium perchlorate and sodium nitrate. This cannot 
be explained by compression. The still larger anion 
BPh4

- shows no shift at all. 
Alternatively, the shift might be long range, as in a 

solvent-separated ion pair. This would be analogous to 
proton chemical shifts in organic compounds. Since 
the shift would have to be transmitted through at least 
three bonds, it should be fairly small. However, local­
ized hydrolysis21 of the H2O separating the ions would 
lead to species of the type Na+OH* • • -H8+Z - , and an 
appreciable downfield shift might occur. An upfield 
shift, as caused by ClO4

- or NO 3
- , cannot be explained 

in this way though. 
For these reasons, we favor hypothesis a and suppose 

that the shift is caused mostly by very short range inter­
actions, so only molecules in direct contact with the 
sodium contribute significantly. 

At any one time, the sodium ions in a solution will 
not all be in the same environment. The observed 
shift is the average over all sodium ions. In the ab­
sence of contradicting information, we furthermore 
suppose22 that the chemical shift of a particular 
sodium ion is essentially additive. Thus, if the ion is in 
contact with four molecules, each one causes a shift 
5U and the total shift is 81 + S2 + S3 + S4. The only 
experimental evidence for this is the shift of solutions 
of sodium tetraphenylborate in a mixture of tetrahy­
drofuran and water, which may be interpreted on the 
basis of four independent "sites" around the ion.5 

The linearity of the chemical shift with the mole 
fraction of any of the ions is surprising when compared 
with the shift of Na+ in solvent mixtures.519 When 
the shifts in water7 are extrapolated to pure salt, the 
result appears to agree with the chemical shift of crys­
talline halides.20-23'24 With high-resolution nmr, we 
were only able to detect the resonance of crystalline 
NaCl. Though very broad, we conclude that it occurs 
between 0 and —7 ppm. 

Thus, it is supposed that dz as given by eq 3 is just 
the chemical shift of the crystalline salt NaZ. It should 
be emphasized that the experimental evidence for this 
is meager. In solution, the sodium ion is surrounded 
by Z - and H2O molecules in proportion to the mole 

(20) R. Baron, J. Chem. Phys., 38 173 (1963). 
(21) R. A. Robinson and H. S. Harned, Chem. Rev., 28, 419 (1941). 
(22) J. Kondo and J. Yamashita, / . Phys. Chem. Solids, 10, 245 (1959). 
(23) H. S. Gutowski and B. R. McGarvey, / . Chem. Phys., 21, 1423 

(1953). 
(24) J. Burgess and M. C. R. Symons, Quart. Rev., Chem. Soc, 22, 

276 (1968). 

Journal of the American Chemical Society J 94:16 j August 9, 1972 



5581 

fraction of each: X = NaZ/(NaZ + H2O) = Z-/ 
(Z - + H2O), resulting in eq 3. According to this in­
terpretation, the sodium ion has no preference for H2O 
over Ir, or vice versa. Z - ions freely penetrate the 
solvation sphere, forming transient contact ion pairs. 
This situation appears to occur for NaClO4, NaOH, 
NaBr, NaI, NaNO3, and NaCl but probably not for 
NaBPh4. Most likely, the large BPh4

- ion does not 
penetrate the solvation sphere of the sodium ion, and 
no significant shift occurs. If it had penetrated, one 
might have expected a shift still larger than NaClO4. 

The equilibrium constant K for the replacement of 
solvated water by the ion Z -

Na+-H2O + Z- ^ = Na + -Z- + H2O (11) 

is essentially equal to 1 according to our interpreta­
tion. If it were not, the chemical shift would not be 
linear with mole fraction. For rubidium and especially 
cesium salts, the shift is not linear with mole fraction,7 

suggesting that K > 1, for these ions. Apparently 
these large cations prefer Z - ions over water in their 
solvation sphere, because the absolute value of the 
electrostatic ion-ion energy — e2//* is larger than the 
ion-dipole energy — ep/r2 as r becomes larger. Ex­
trapolation of these curves7 to X = 1 agrees with the 
shift of the crystalline salts.2324 Our interpretation 
of the chemical shift is not inconsistent with the con­
ductivity of these solutions.1,21 

The shift caused by the perchlorate is upheld because 
the Na+-ClO4

- interaction is weaker than the Na+-
H2O interaction, as explained in the next section. The 
overlap between the orbitals of Na+ and ClO4

- is very 
small. The Raman spectrum26 of ClO4

- in a saturated 
solution of NaClO4 shows no evidence of Na+-ClO4

-

interaction. Raman spectra of NaCl solutions2627 

suggest that the ion pairs in this solution are solvent 
separated. 

Chemical Shift. To explain the observed values of 
the extrapolated chemical shift 5Z, it is necessary to 
consider the origin of these shifts. 

If an atom or molecule is exposed to a magnetic field, 
its electrons will rotate about the direction of the field. 
This rotation causes a smaller secondary magnetic 
field, opposing the original field. Thus, the resultant 
field at the nucleus is smaller than the original applied 
field. In nuclear magnetic resonance, this screening 
effect is compensated for by increasing the applied 
magnetic field and corresponds to an upfield chemical 
shift. The screening effect is also the cause of dia-
magnetism. 

The electron cloud will rotate freely if it has spherical 
symmetry. If it has axial symmetry, as in the case of 
a p2 or (Jz orbital, it will rotate freely about its axis of 
symmetry (z axis), but rotation about the x ox y axis 
is inhibited, and the diamagnetic screening is reduced. 
This reduction is called the paramagnetic term and 
leads to a downfield shift. In this way, Saika and 
Slichter28 calculate the screening constant (chemical 
shift) of fluorine and find that the resonance should 
occur at low field, in good agreement with experiment. 
Electrons in a p or d orbital have angular momentum. 

(25) R. E. Hester and R. A. Plane, Jnorg. Chem., 3, 769 (1964). 
(26) G. E. Walrafren, J. Chem. Phys., 36, 1035 (1963). 
(27) J. W. Schultz and D. F. Horning, J. Phys. Chem., 65, 2131 

(1961). 
(28) A. Saika and C. P. Slichter, J. Chem. Phys., 22, 26 (1954). 

The magnetic field caused by the angular momentum 
tends to be in the same direction as the applied field, 
contributing to the paramagnetic term. 

An isolated sodium ion has filled shells with perfect 
spherical symmetry. In a molecule of NaCl, the sym­
metry is no longer perfect. Under the influence of the 
electrostatic attraction force — e2//-2 some overlap be­
tween the orbitals of the two ions occurs, leading to an 
equal opposing force. As a result of the overlap, the 
sodium ion acquires an extra electron or fraction of an 
electron, which can only be accommodated in a higher 
orbital. The partial filling of the 3p orbital causes a 
downfield chemical shift. Kondo and Yamashita22 

calculate the charge overlap in crystals of rubidium 
and cesium halides, MZ, and obtain reasonable agree­
ment with experimental values of the chemical shift. 
In this calculation, the shift is proportional to the 
number of nearest neighbors and is simply the sum of 
the individual M+-Z - interactions. Thus, the chem­
ical shift is additive, as supposed in the preceding sec­
tion. Pressure increases the overlap, and the chemical 
shift becomes more negative.20 

The overlap, or occupancy of the 3p orbital of the 
sodium, will be largest when Z - is an electron-donating 
ion or molecule. Thus, dz = —13.4 ppm for I - , and7 

only —7.0 ppm for Cl-. 
The oxygen atoms of NO3

- and ClO4
- are poor 

donors: 6Z = +19 and 24 ppm, respectively. Also, 
the electrostatic energy — e2/r is low because of the 
larger size of these ions. 

Overlap will also occur with the solvent molecules.19 

The electrostatic ion-dipole energy is —ep/r2. In 
pyridine, which is an excellent electron donor, 8 = 
— 6.6 ppm. On the other hand, oxygen-containing 
solvents such as ethers, ketones, and esters are fairly 
poor donors, and 5 « +6-9 ppm. Water is inter­
mediate with 0.0 ppm. Erlich and Popov6 relate the 
chemical shift to the basicity of the solvent as expressed 
by Gutman's donor29 numbers and obtain a very good 
correlation. 

The OH- ion, being negatively charged, interacts 
more strongly than H2O and 5Z = — 22 ppm. 

Summarizing, the chemical shift is increasingly nega­
tive in the order 

C l O r , NO 3 - , THF, H2O, Cl", Br~, I", OH" (12) 

This order is a result of the electron-donating ability 
or basicity of the anion or solvent molecule. 

Relaxation Times. The relaxation of 28Na in dilute 
aqueous solutions of NaCl and NaClO4 has been mea­
sured.7,3(>-32 A few data in nonaqueous solutions are 
also available.5,8 The relaxation of 7Li in aqueous 
and nonaqueous solutions of LiClO4, LiCl, and LiBr 
has also been studied.33,34 The formation of weak 
sodium complexes in water leads to an increase8,35 

in the line width of 23Na. 

(29) V. Gutraann, "Coordination Chemistry in Non-Aqueous Solu­
tions," Springer-Verlag, Vienna, 1968. 

(30) M. Eisenstadt and H. L. Friedman, J. Chem. Phys., 44, 1407 
(1966). 

(31) M. Eisenstadt and H. L. Friedman, ibid., 46, 2182 (1967). 
(32) V. S. Griffith and O. Socrates, J. MoI. Spectrosc., 27, 358 

(1968). 
(33) R. A. Craig and R. E. Richards, Trans. Faraday Soc, 59, 1972 

(1963). 
(34) G. E. Maciel, J. K. Hancok, L. F. Lafferty, P. A. Mueller, and 

W. K. Musker, Inorg. Chem., S, 554 (1966). 
(35) G. A. Rechnitz and S. B. Zamochnick, / . Amer. Chem. Soc, 86, 

2954 (1964). 
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Our results (Figure 2) are in excellent agreement 
with the accurate measurements of Eisenstadt and 
Friedman.30-31 Since relaxation is caused by molec­
ular motion, it is less easy to interpret than the chem­
ical shift. At modest concentration, 1/T2 is essentially 
constant for NaCl and NaOH, as is the viscosity of the 
solutions. This would be easy to explain if the ion 
pairs were solvent separated. However, this can hardly 
be the case for NaOH. 

Relaxation of the sodium ion is dominated by its 
electric quadrupole moment eQ, which interacts with 
electric field gradients eg. Molecular motions cause a 
random fluctuation of the field gradient. The prob­
ability of finding the field gradient unchanged during 
time t supposedly can be represented by exp{— tjr), 
where T is the correlation time of the molecular motion 
responsible for relaxation. Since the motions are sup­
posed to be random, the Fourier spectrum of the mo­
tions is white; that is, it contains all frequencies at 
equal intensity up to a cut-off frequency 1/r. Only 
the spectrum component equal to the Larmor frequency 
w of the precessing nucleus interacts with the nucleus, 
causing relaxation. Usually the molecular motions 
are fast, and 1/T » w. In this case the relaxation 
time is 

l/7-i = 1/r, = Ke^qQr (13) 

where K is a constant depending only on the quantum 
number I for the total angular momentum of the 
nucleus. The condition Tx = T% appears to hold for 
all solutions investigated, although verification for the 
viscous, concentrated NaOH solutions would be de­
sirable. 

The field gradient should be zero for the symmetrical 
complex Na(H2O)4

+. Addition of a small amount of 
NaOH should disturb the symmetry and cause a 
dramatic increase of the field gradient, causing an in­
crease in 1/T2. This is not so. Apparently relaxation 
of Na(H2O)4

+ at infinite dilution is caused30,31 by 
Brownian motion of the H2O surrounding the Na+ . In 
aqueous solutions, the high equivalent conductance of 
the proton is caused by protons jumping across hydro­
gen bonds. This process leads to the transient presence 
of H8O+ and O H - even in pure water, and species like 
Na(H2O)3OH will be present transiently. Localized 
hydrolysis21 of solvent separated ion pairs will have 
the same result. The resulting species will have a high 
field gradient and may also contribute to the relaxation 
of the sodium ion. The field gradient of Na(H2O)3OH 

or distorted Na(H2O)4
+ will change by rotation of the 

complex as well as by proton jumps or exchange 
of H2O or OH - . The effective correlation time will be 

1/T = (1/Tr) + (1/TH) (14) 

where Tr and TH are the correlation times of the rotation 
and the proton jumps, respectively. Usually, T1. is 
assumed to be proportional to the viscosity. 

Addition of a modest amount of NaOH apparently 
will not greatly effect the field gradient. The presence 
of some Cl - ions, even if occasionally in close contact 
with Na+, is not able to dominate the relaxation either. 
However, when the large ClO4

- ions are in close con­
tact with the Na+ , the rotation of the complex slows 
down, and Tr increases, causing broadening. In eq 14, 
Tr apparently dominates, and r ~ T1. The activation 
energy for the relaxation of NaClO4 should be only 
slightly higher than for NaCl and NaOH. While the 
product \ Jr)Tz is approximately constant1 for NaCl, it 
is not so for NaClO4. The viscosity cannot compensate 
for the increase of 1/T2. This is expected, as the aver­
age size of the rotating complex increases with the addi­
tion of ClO4

-. For NaOH, the viscosity overcompen-
sates, and the product 1It)T2 decreases somewhat.1 The 
reason is not clear, but is no doubt related to the anom­
alous nature of the O H - ion. 

At very high concentrations, 1/T2 for NaOH increases 
sharply, as does the viscosity. The break occurs when 
H20/Na+ = 10. This appears to coincide with the 
value of the total hydration number5 of NaOH, that 
is, 4 for Na+ and 6 for36 OH - . However, 1/̂ T2 does 
not show a break. Thus, it is doubtful that a change in 
relaxation mechanism occurs. 

For NaClO4, 1If)Ti increases initially and reaches a 
maximum at Na+/H20 = 0.12. Beyond this a slight 
decrease occurs. In these very concentrated solutions, 
the rotation of the complex may still dominate the 
relaxation. However, the model which views the com­
plex as rotating in a liquid without structure can hardly 
be expected to hold, and it would be too much to ex­
pect37 that Tr and hence 1/T2 are proportional to the 
viscosity t) at these high concentrations. 
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