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EXTERNAL TRANsvERsE MAGNETJC FJELD EFFECT ON 
ELECIROLYTE DIFFUSJON IN ALKALI CHLORIDE-WATER SOJXfIONS 

C&m&i EI@.. Depuurmrn. II&e Uni%er&y of Btihh Gdtunbia. Vbnca~. B.C_ (Canada) 

(Rchva3 12 August 1976) 

The observed external transverse magnetic field effect on electrolyte diffu- 
sion in diamagnetic aikali chloride (LiC!, NaCl; KCI and CsCl)-water solutions, 
expressed as the fractionaJ arithmetic average integral diffusion coefficient, 
D* = [((&)-@‘))/@‘)]I lo’; has ken corn&ted with structural (hydration num- 
ber, viscosity and ionic limiting equivalent conductance) and microdynamical 
(proton nuckar magnet& relaxation times and proton nuclear magnetic resonance 
shifts) parameters exprekng the configurational rearrangement modes of the sol- 
vent and solute moIecuk forming the aqueous solution. 

INTRODUtXIOI’J 

Liilmezs and co-workers*~s by means of modified* fritted glass dia- 
phragm-cell n~thodt~ (Fig. 1) have found that an. applied transverse magnetic 
field of 5 kG strength, at 25 “C and at the ambient pressure; influences the in- 
tegral diflksion coeflkient values of alkali chloride (LiCl, NacI, KCI and 
CsCJ)-water soIutions at various concentrations_ The obtained results (including 
the previously d&cussed3 HCl-H20 system) in the form of the integral diffusion 
coefficient and the corresponding arithmetic mean fractional diffusion coefficient; 
have been summk&d in Fe. 2 and 3. In all integral diffusion coefficient value 
caIcuIations it has been assumed that the applied transverse magnetic field does 
not in any way alter the physico-chemical properties (density, electric conduct- 
ance) of water- and the salt used. The observed external transverse magnetic - ._~ 
field effect on ek&olyte difksion in alkali cbiorid-ater solutions’“; expressed 
through the fradional arithmetic average integral diffusion coefkient. 

D’ = [(U5q-@)U59Jx 102 has bee n con-elatedrr (Table 1, Figs. 5-10) with 
a series of rnkmscopic structuraI and micmdynamical parameters of the alkali 
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the CsCl- and RbCl-Hfl systen~‘“~. If the ionic radii for alkali metal ions form 
the following &crekng size) order+ 

Cs*>Rb’>K+>Na*>Li+ (0 

then the transport projxxtks of alkali chloritiater solution series increase with 
the in- c&ionic radius with the only exception for the RhCl salt which has 
the largest conductance seK_n coeffkient and cationic trgnsport num- 
be?‘, Howewer, the akali chloride ionic Bcoefficients for vis~&ty~~~*~ fall in 
the series as follows (ranging fiom positive to negative values): 

Li*>Na+>K+>Rb+>Cs+ (2) 

Equation’(2) implies that the structural disordering effect is greater the smaller 
is the ihafge to mdiui rations Yet, recent s0htion sv studies*7 of the proton 



mzgnetk~~ShiftSofwaterprototlsinthepresenceofthe!aIkalimetal 
ions (EtbIe 1, Fs IO) show the following ionic sequence at the infii dilution, 

Ck+<Rb*<K+>Na+>Li+ (3) 

Equation (3) in&ares the presmce of maximum disonkr for K*-ion (up&Id 
~ST~lsHowsthatD*((dimensionlessmeasllleofthe~fieMeffect 
on the ekwo&te diffbinn behavior in alkaIi &bide solutions) forms the f&- 
lowingsexiesforansaItamcentrations: 
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Fig_ 4, The ii*- @-’ dot for KCl-Hz0 sola at the same concca(ration and at 25’C. b* is 
d&CdZ1J+=((<Bg>- cbo>)/-z~>] x 100 while #= [(P-@)/I@ x lOO- The diffa- 
skm -IS were paformed* at 5 kG wide the viscosity mcasnrtlnen ts9 at I2 kG strcnght 

of the applied magnuic Wd- 

theseakdichbride~whichhavethe maximum disqrder and highest de- 
greeofstnrctural~Exactlyhowtheap~mslPneticfreld(orperhaps 
beuer,themagneticstatecfiangeofthesystem)infSueacesthesalt~npro- 
cess canuot be s&i with auy certaiuty at this time- However, an examination of 
the pnzxnted co&&ms (Fii 5-10) shown to exist between the Devalues and 
the saIt7water molecuk parvneters e the aqueous solution structural 
(hydration numbe?; axffiit of structuraI chw in solvent*9; ion limiting 
a~nductauce~; reIative solution visakty”‘6) and miaudynami~ (proton nuclear 
magnetk an timk~*~~ and proton nudezu maguetk -resonaIl~ shifts’3 
proper& flabk 1) may at kst yield partial understanding of the ~mpkxities 

_ gssoaatedwiththeobxrvedmagnetkf&efkctonthedifIkionalprotxSesof 
alkaIi B SofutiOnS. 

Fm 5 shows that fractional diEusion a&kient, D* conelates with the 
hydration number of the given alkali chlo&ie aqueous soh~tiox~ Tfie hydration 
numberis~tobetheeffedivenumberofwatermdeculesattacfiedto 
the ion as it moves through the sdution, The presented hydration numbers 
(IWe I, Fs 5) were obtained Corn activity axSCent vah~~‘*~ The relation 
found between the ~-v&es and the conesponding hydration numbers @iii 5) 
seemstofdlow~~ofprobn~~~shiRsequeace(eqn~3)), 
Inthiscontext,F~Simpliesthat~marmiturleofthetotalblndingofwater 
mokcukStoth!esalt-mdearte alonedoesnotsuffickutlydesaibetheobserved 
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Fig.5.m plot versus the hydration number. I)ata taken from ref_ 18. 

magnetic fieId effect on the diffusion of ekctrolytes in aqueous solution. In its 
simplest form this is expressed by ~ii/T*l, the dimensionless ratio% of the times 
of residence of water moIecuIe near to an ion and in solution surrounded onIy 
by other water moIecuIes. Conditions ci/c * i I.0 describe the hydrated compkx 
structural stability- For G/r*> l-0 (such as found in I.33 - ad NaCl +-Hz0 SO~U- 
tions), the water moIecuIe spends more time in the vicinity of the ion than in 
the neighborhood of another water molecule yieIding more effective binding and 
hence more stable confmration of water mokuks about the ion than in pure 
water. When c,/c* -G 1.0, the water molecule near the ion becomes more mobiie 
than in pure water; the effective binding decreases and the resulting configuration 
of water molecules around the ion is Iess stable as in pure water and should be- 

come more unstabIe with an increase in the ionic sizP-9 If the ionic size se- 
quence (eqn (1)); the measure of structural disorder (eqn (3)), and the configura- 
tional stability and the mobility of water mokcules in the hydrated ion compIex 
(C,/c* ratio) are considered; then the p-hydration number relation (Fig. 5) brings 
~Iearly out that the hugest &&re shouId be expected for systems of maximum 
structural disorder, i.e.. solutions chamcu&zd by confiirationahy least stabIe 
hydrated ion complexes_ Indeed, the largest p value is found for KCl-Hz0 sys- 
temwitbsequentiaI~*decrease for NaCI-, LiCI- and CsCI-Ha sohxtions. 
while for KCI-, NaCI- and LiCI-H~ sohrtions the observed D* values appear 
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to be dimtly assodated with restmints of l3pations (1) and (2) and the Ci/{* ratio; 
Understanding of the hydxated compkx behavior for CTsCl-HrO solution re- 

quires additionat ams&r&on. It seems that the descriptin of molecular motion 
in the soiution under the influence of an applied magnetic field should include 
~particle~insuchawayastoindicatethittupon~hingacertaincritical 
parti& d&meter ti unstable hydrated ion complex of that aqueous solution 
startsto~~-~~?hismolecularmotion~bedgaibedbythe 
z3om lelat%m: 

D = kT/6xaq (5) 

where “CT*’ is the radius of the moving particie while q is the shear viscosity Cm 
cemisto~) of the medium_ Equation (5) indicates that the mokuk motion may 
be aikted f&t, directly by the particle size “a’*; and secondly, indirectly through 
the option that shear viscosity ,q” is function of the difksiqg particle siz; 
ix_, q= q(a)_ If’ we consider the product “a#‘; and assume that D* represents 
tfremolecularmorioninthesamewayasDineqn(5);thanforsystemsofweak 
interactionsandlarge rnoka&r size, the product Ua#’ will be large (since 

= ap (a)) ykkbg smaU b+-value. For a system of smaU mokcuk with 
~&xacGons; the product ̂ aq* wiil again be Iarge and the resulting D* 
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smaII. Indeed, both limiting solutions, C&I-Hz0 and LiCI-HzO, follow thii reIa- 
tion between the solution structure (strength of interactions) and the molecular 
size and show smaII D*-vahres (Fig. 5, Table 1). On the other hand, Fig. 6 gives 
D*-vaIue plot against -A (G),; where -A(G),; represents a parameter introduced 
by Ben Naim” to measure the structural changes in the solvent induced by the 
dissohrtion of solute (compare with structure breakerstructure promotor con- 
cept*‘-as) in aqueous solutions. If we accept the correctness’ of the given -A(G),- 
values (Table 1); then the relation between D* and -A(G’& (Fig. 6) maffii the 
previously made observation that the largest applied magnetic field effect on the 
difbionaI behavior of eIectroIytes, shotrId be found for the Ieast stable hydrated 
compIex oontiirations. The appearance of negative A(G), vahd9 (TabIe 1) in- 
dicates that the addition of salt to the aqueous solution has destabiiiig (the 
more negative A(G),; the Iess stable the water structure) effect on the structure 
of water. How the applied magnetic field influences the stability of water strut- 
ture and how this inffuence changes the diffusional process of salts in aqueous 
solution, is a topic which cIearIy deserves further study. Figure 7 shows cone- 
Iation between the measure of the magnetic fieId effect on the diffusion of the 
salts in solution, the D*-vahres and the natural logarithm of the product of li- 
miting equivalent conductance of cation?” and the reIative visGosity (T’ab!e 1) of 
soIution1s~16 when this product is divided by the concentration of the eIectroIytes. 
It is seen (Fig 7) that the observed magnetic field effect on diffusion of ekctro- 
Iytes (D*-values) tends to fai1 into two distinct groups: the positive high D*-va- 
Iues associate with the KCI and NaCI salts; while the negative low D*-values are 
found for Lick and CsCI-Hz0 solutions- The produa c~, represents the ion 
mobility and eIectroIyte vkcosity effect on the medium in which ions move when 
referred to the given ekctrolyte concentration. Thii &q=product represents two 
separate changes: the Iimiting equivalent conductance ~-values increase? fol- 
Iowing the ion sequence Cs+>K+ >Na+>Li+, whiIe the reduced soIution vis- 
cosity ~m15.16 in concentration for LiCI- and NaCI-Hz0 solutions but dec- 
reases’% 16 for KCI- and CsCI-Hfi solutions (Table 1) Relative viscosity, a, is 
defied as: 

%ol=f ioa 
tl*= - 

as=0 

(6) 

Expansion of eqn (6) in concentration yields the modified Jones-Dole equa- 
tion’% 16: 

%d~tiom q==-= l+Ac++Bc+Dc2 (7) 
QSZO 



aJ4-l~l; b = M-la ; c = PI-m 
I4 I4 14 

@I 



The txkhted fradional parameters a, 6 and d are: 

LicI: a = - 19.9; b = -0.97; d= +0.91 

NaCI: a= -12.3; b= 0.17; d = +0.91 

KCI: a= -1.4; 6=+0.60; d = +0.83 (9) 

CsCI: a= -9.20; b = -1.04; d= +0.80 

It is of interest to note (eqn (9)) that parameter A (may be estimated from ionic 
equivaIent conductivS#) is of the same order of magnitude as parameter D at 
25 “C temperature- Indeed for KCI-H20 solution, A-value exceeds that of D-va- 
lue. 0x1 the other hand, B-values are larger than A-values; however, again for 
KCI=H@ solution this observed dmerence between the A and B-values, is the 
smaIIes~ Fmally, B-value contributions exceed those of D-value for all alkali chlo- 
ride-water solutions. If we consider the q,+ behavior (eqn (7)); then the A-term 
(long range CouIombic forces) predominates at very low salt concentrations (up 
to 0.002M); while other interaction mechanisms (chiefly B-term) are found to 
predominate up to 0.1 M salt concentration in water. For higher amcentrations 
there appea# at Ieast one extra term in 2 (coeffZent 0). In view of this, it 
seems that the Iargest long range Coulombic contribution is found for the 
KCI-H~ solution (eqns (7) and (9)). indeed it appears that the resuhs of Fig. 7 
indicate that the hgest measure of the applied magnetic fieId effect on the alkali 
chIoride diff&sion behavior should be expected in these aqueous solutions which 
poses the strongest available (over other interaction mechanisms) long range 
CouIombii forces to interact with the extemaIIy applied magnetic field. As a mat- 
ter of fact, the largest D*-values OCCUT CThble 1, Figs. S-7) at very low concen- 
trations for KCI- and NaCI-Ha solutions. 

iUicrodynarnic stmctwa~ corfeIations 
TabIe 1, Fm. 8 and 9 indicate that the o&served measure of the magnetic 

field effect on the difl%sionaI behavior of salts @*-vaIues) may be related to the 
microdynamicaI relaxation pmcesses occurring in the hydrated complex of the ion 
in the aqueous solution. In turn, the relaxation pmasses of the diamagnetic al- 
kali chloride-water solution are expressed through the reorientationaI and trans- 
lational correlation times (7= and 7,) of the water molecules of this solution. As- 
suming the validity of the theory of Brownian motion iu the diagnetic salt-water 
solutions, it is possibIez~-~ to obtain the weII known proportionalities between the 
totaI proton relaxation time r* (for alkali chIorid_ater so1ution.s the longitudi- 
nal relaxation time T’ is approximately the samez*-z as the transverse relaxation 
time, I;-‘), the seIf%Iif&sion coefficient of watet molecule in solution, 0, and the 
shear viscosity, v, as+: 

T,’ QC D-’ ocq W) 



Frg 8. l-he ii” =[((,i@ -@))/@)J x 100 plot against the reoricnmional corrdation time ratio. 
rgq. The nioricntatioml correlation time_ fs and < values taken from ref. 23. 
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experimental total proton spin-lattice relaxation time T;-’ can be separated 
two independent axmi.iutions: 

(TX?), = U~*L8+(T~‘~i~cr WI 

where: =P = experimental 
intra = intramolecular 
inter = inteMloIecuIar 

The intramo&uIar relaxation rate, (T;-‘)i, is due to the magnetic dipolepole 
i.llteraction of two protons within the same rotating molecule and foilowing 
Hertzz*-ts *can be written as: 

0 1 2 T4h2 
Fintn=5 P 

I@+I) _ { 1 i-0=7: == + 47, 1 

1+0=7,2 

WfltXtZ 

(12) 

7 = 

I = 

r = 

h = 
W= 

7, = 

nuclear eyromagnetic ratio 
nucIear -spin (equal protons, I= 3) 
intramolecular distance between the two interacting protons in the molecule_ It 
is constant throughout the solution. 
hJ2z, Planck’s constant/2lt. 
nuclear magnetic resonance frequency 
rotatiox@ (z reorientational) correlation time of the water molecuie in the 
hydrated complex (hydration sphere) around the ion- 

The high fluidity liquids (water, aqueous solutions) may be characterized by the 

sscalkd “extreme narmw; that is product c$$+ I. Subject to this iimiting 
constraint (letting e+O), Equation (12) for the diamagnetic alkali chIoride-wa- 
ter solution can be rewritten a+? 

($_ = ((l-xf -x-1 (+)ia*n +x+ (+)imt ra +x- (+)itiJ 

++x_ --x-)73-x*7r,++x-7,-3 

with: x+ V+I1I+C ==; x - _ v-6 -- 
55.5 

(13) 



The foIfowing notation has beSIt used: 

1 0 = intramoiecnlar relaxation rate of-the free water, 
z iMn 

= intramolecular relaxation rates in the hydration spheres of the cation and 

anion. respeddy- 

T”, = 

?ft = 
c 

xfr = 
v= = 
d = 
C = 

correlation time of the reorientational motion of the water molecule in the free 

water, 
correI&ional time of the reorientational motion of the water molecuk in the 
cationic and anionic hydration spheres, respectively, 
mole fractions 
stoidriometric number (cationic, anionic) of the electrolyte 

hydration numbers of rhe cation and anion 
concentration in moles per kg H,O- 

While it appears that within its feasiity range*l+ (0?< +O), Equation (13) is 
an artifkt referring to a set of uaiformly distributed non-over&ping hydration 
spheres; yet the axn&tion times e. z$ serve as measures of structure blx&ing 

=d==t=:promotingp=== in aque~~ salt solution~*~~~. Indeed in view 
of eqns (7), (lOH13), IkrtP-s has expressed as a fii approximation the ratio 
of reorieatational correlation times $ to the reorientational axdatbnal time in 
pure water, z$, in terms of ionic CoefiicieDts B*(B = v+B++v-E) as: 
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where a’, b’ and c’ are constants; r is the ionic radius; while term E = ze/p is 
the ektric field appear& at the periphery of the ion. From eqn (16), Hertz= 
identified the ionic anSicient B* as: 

Z2e2 B’* = &[a'&-b'elZ1-d 7 

Equations (14), (15) and (17) show that the ratio r,‘/< is a measure of the ionic 
charge (and the associated Coulombic force interactions) taken as a function of 
the ionic radius_ This fkrther indicates that the shape and the charge distriiution 
of the ion are related to the abirity of the ion to change the water structure to 
a confiion of mokcules with f&ter or slower motions. Assuming that in 
lKl-H~0 solution BQC’) =B’(Cl-) is the proper way of separating the B’-coef- 
ficient in its ionic contributions, B’+ and B”, such that B’ v+B’++ v-B”; 
Her@ has given for alkali chloride-water solutions a set of B’%oeScients: 

(17) 

LiC : B” = 0.14; Na’:B’* = 0.06; Ki:IT* = -0.01; 5 

C,’ : B’+ = -oo.05; a-: E- = -0.01 (1s) 

Comparing data (Table 1, JZquations (17) and (18)), KC&HI0 solution displays the 
following microdynamical parameter behavior at 25 “C: B’” =B’-; f,' = f,'; so 

that B’cO and f,f/e 1.0. These Iimiting conditions indicated that ionic mi- 
crodynamical parameters of KCl-&O solution are almost identical (at 25 *C tem- 
perature) with the corresponding quantities in pure water, i.e., it may be thought 
that the microdynamical behavior of the water mokcufes in the hydration sphere 
of K’ and Cl- ions is alike to that of pure water- Comparing this KCl-H@ so- 
lution behavior with the values of the solution structural stability factor, -2 (0,; 
we rec2l.I that ICCi-&O solution in terms of the listed -2<O, value CTabIe 1, 
Fig_ 6) represents the least stable hydrated sphere configuratidn; that is, the KCX- 
salt apparently has a very intense destabii effect on the structure of water 
in aqueous soWion_ Indeed, it appears that the KCl-Ii~ soIution posse&kg al- 
most the same (at 25 *C) correktion times (em = 1.0; with B’=: 0) as pure wa- 
ter; should also possess the most unstable mofecubr confiiration of the hydra- 
tion sphere in the alkali chloride-water solution s&es_ This is brought out by 
Fe. 8 which presents the P-value reIation w&h the remientational correlation 
time ratio, f$/‘c,o; once again showing that the high@ p-value is found for 



the CollfjuTatiDnalIy least stahk KCl-H~ solution_ On the-other hand, the in- 
tennobxkxr &axation time, (T;-‘&, (eqn (11)) contribution is thought to be due 
to the magnetkdipobd@Ie interact& between protons on difkent water 
moIecu& difbing transIationaIIy reIative to one another in the liquid- Hertzsx 
gives the fdlowing simpIif%d relation for the intermdecular rebxation rate in dii- 
magnetk aqueous SoIutions: 

-in 
=t = average translational jumping time of the proton, concentration dependent 
3s) c = average translational jumping time of the ion in the solution, concentration 

d-dent 
7(_’ = *(qQ-Tp) 

is = self diff’on coefkient of the ion, concentration dependent 

4s = f(B,+BJ 
4s = distanaz of closest approach between the water proton and 

For fkrthcr ncnxnciature, see ref- 23, 

ionic hydration 
SphereandthefieeWatef, EespediveIy, and ti* is the mean square displacement 
for One translationaf jump in the ionic hydration sphere; then we may write the 
fofIowing reIations between the self-diffusion coeficient and the uansIationaI 
comzIation times*? 

the ion nuckus 

*_I<?>* 
Tg --- 

6 Dof 

and: 
%* 1 -= 

0 
7, 1+55S e 

--r;rDo 
4 

0 dD * 

dC C-O 

where: 
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similarfy21-li to mxkntational co-n time ratios (eqn 1) we may write for the 
mean tmnsIationai correlation times that: 

g$ LO 
‘5, (=I 

Equation (21) indicates that we have ions for which their translational correlation 
times-are either shorter, longer or equal to those of pure water. Siilarly to the 
behavior of the reorientational motion (eqn (15)); eqn (21) indicates that the aque- 
ous solution structures depending on the added salt may be classified as structure 
breakers for which $/e<I.O; or again, as structure promotors, r:/<>l.O. This 
correlation time similarity (eqns 15 and 21) in dynamic micrustn~ctural behavior 
is brought out by Fm 9 representing the D*-value z$&’ ratio plot. Similar to 
Fig. 8, Fis_ 9 shows that the fargest magnetic field effect on the electrolyte dif- 
fksiin in solution is found. for the KCI-Ha solution. Both, the reorientational 
and the transIational correlation times correlate with b*-values in the same man- 
ner. This should not be mgarded as a surprise since both of these moks of mi- 
crostmctural molecuIar motion are formally equiva.Ient2*-=; and seem to show the 
same type of configurational instability of the hydrated complex (Figs. 5-7); eqns 
(3), (8) and (9). The results of salvation spectra analy~is’~ by means of the absolute 
proton magnetic resonance shifts for water protons in alkali chloride-water solu- 
tions support the contention that the structural instabiii& of the hydrated com- 
plex may be hugely responsibIe for the observed magnetic field effect on the eke- 
trolyte diffusion in alkali chloride aqueous solutions (D*-values, Table I)_ Fi- 



HUE 10 indiaas this by prestmm a relation between the @*-values and the mo- 
Izfsaltshiftsof~~inwater,The~b*-~~oaws atthemax- 
imum disnnkr (upfii shift”, compare with eqn (3)) for the KCl-HP s&tin_ 
Figure 10 spews that in terms of m&l salt shifts the i?*-vaIues ~EWSS from 
CsCL, LiCl-, NaCi- to KC%&0 solution- The microdynqicai Structural cone- 
&ions (F&s_ l&10; eqns (11x21)) seem to confirm the interpreration of the pm 
sented scrudural zmpefw cxmddom F$s. 5-R ems (31, (7H9) that the &=t 
applied magnetk fPed efkct on the salt clifkion in alkali chlorkkwater solu- 
tions should be expeckd for these soMions which have conf&uSionaUy the 
kst s&He hydra&d con@exes (hydration spheres) and which appear to be as- 
socIatedwiththe~~availaMeressdual~~rel;biontootherinteractilonme- 
chan&ms) Coulo@ic force intemctions. Indeed, it does not appear that the ob- 
served D*-Vatue changes will fokw alone the pattern of somewhat strktiy di- 
~.~~CZ~~IS with rekence to the pure water as strudure breaks 
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