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Abstract 

The l ine  width of one of the hyperfine components i n  solut ions of  

i M ~ ( c ~ o , + ) ~  containing added NaCl and Na2S04 was studied Aom 20 - 200 OC 

a t  gjOOO mc/sec. The chloride ion contributes- l i t t l e  broadening a t  0.1 M 
. . - 

below 80°c but  conside&le broadening is obtained above t h i s  temperature. 
I 

The su l fa te  contributes broadening a t  a l l  temperatures. The r a t e s  of 

formation of "inner-sphere " and "outer-sphere I' complexes a re  discussed' 

together with t h e i r  r a t e s  of relaxation. A t  the lower temperatures the 

11' outer-sphere " complexes primarily contribute t o  the broadening while a t  

the higher temperatures the "inner-sphere" complexes a l s o  contribute. From 

the broadening above 80°c the r a t e s  of formation o f  the "inner-sphere " 

com'lexe s are  evaluated. 



I. Introduction 

' .  

Solutions of manganous ion were among the first aqueous solutions of  

t rans i t ion  metal ions i n  which electron paramagnetic resonance (EPR) was 

detected.' The spectrum of MnC2 i n  d i lu t e  solution a t  room temperature 

,consists of s i x  l ines ,  each about 30 oe. wide, and each separated by 95 oe. 
?. These six l ines  a r i s e  from interact ion of the electronic  spin with the nuclear 

5 5 5 moment of Mn ( I = 2 ) .  

More careful examination of the s p e c t - , \ o f  MnW shows t h a t  the six 

l ines  .do not a l l  have the same width. The narrowest l i n e  a t  9OOO mc/sec is  

the fourth from the low f i e l d  end of the spectrum. The t h i r d  and f i f t h  l i n e s  

a re  of roughly the same width and somewhat wider than the fourth, and the 

second and s ix th  l ines  a re  s t i l l  wider. The first Une  is  widest. This 

variation i n  width was explained by ~inlrham." He showed t h a t  se,cond order 

e f fec ts  were appreciable i n  the spectrum a t  9000 mc. These second order 

effects ,  which a r i se  from the off-diagonal terms.of the i so t ropic  hyperfine 

coupling, s p l i t  the f ive  t rans i t ions  (superimposed 3n the strong f i e l d  repre- 

sentation) which compose each of the she l ines .  This s p l i t t i n g  var ies  from one 

hyperfine component t o  another and causes the differences in width. The analysis 

shows t h a t  the narrowest l ine,  which corresponds to b$ = + 5 , is es sen t i a l ly  

unspl i t  a t  9000 mc. Thus t h i s  l i n e  is  the only one sui table  f o r  s tudies  of 

+2 magnetic relaxation i n  Mn 

The EPR l i n e  widths of i n  aqueous solution have been s tudies  by 

several workecs. One of t h e  early s tudies  was made by ~ c ~ a r v e ~ , ~  who observed 

the l inevidth of MnC12 solutions a t  room temperature and 90(K, mc/sec. He t r i e d  

to  explain the observed width as the r e s u l t  of imperfect ro t a t iona l  averaging 

of sone fixed zero f i e l d  s p l i t t i n g  of  the ion. Howewr, Bloembergen and Morgan 4 

have ' shown convincingly t h a t  the mechanism of relaxation of ~ n + *  does not involve 



, 

rotat ional  averaging by studying the e f f e c t  of on the relaxation of the 

protons i n  H 0. Thry propose instead t h a t  the relaxation is due t o  a f luc-  2 

tuat ing zero f i e l d  s p l i t t i n g  caused by water molecules dar t ing i n  and out  o f .  ' 
i 
f 

the v i c in i ty  of the ion. They show t h a t  good agreement with experhent ' can  

be obtained by using the correlation times deduced from t h e i r  experiments with 

proton relaxation and a mean squared zero f i e l d  s p l i t t i n g  equal t o .  the s t a t i c  
f. 

s p l i t t i n g  observed i n  crystals .  More recent ly Nolle and ~ o r ~ a n ~  have measured 

I ~ the l i ne  width of the 5 = + 1 l i ne  i n  d i lu t e  solutions of Mn(~10 ,+)~  as a 
2 i;. 

I function of temperature and have shown that the texperature and frequency 

dependence agrees roughly with t h a t  deduced from proton.relaxation measurenients. 

It s t i l l  remains f o r  detai led calculations to  be done f o r  t h i s  model i n  order 

t o  es tab l i sh  i t s  complete val idi ty .  We s h a l l  not be concerned with t h i s  

d i f f i c u l t  question but  s h a l l  only consider -the e f f e c t s  of anions on' the l i ne -  

width of MxI+~.  We shall assume that the behavior of d i lu t e  M n ( c 1 0 ~ ) ~  solut ions 

represents the behavior of Mn+2 unperturbed by anion ef fec ts ,  since changing 

the concentration of ~ 1 0 ~ ~  i n  these solutio-ns does not a f f e c t  the Une  width 

appreciably . 
There appears t o  be but  one previous published observation of the e f f e c t  

I ' 
of a diamagnetic anion on the relaxation of wC2. Kozynev and his associates  6 

have studied the l ine  width of MnC12 solution8 between room temperature and i 

about 20O0c and have observed e f fec t s  similar t o  those we report  below. 
i ~ 

Unfortunately, they musunderstood t h e i r  resul ts ,  assuming the behavior they I 
t . I  

observed t o  be i n t r i n s i c  t o  the M X I + ~  ra ther  than the chloride ion t h a t  was a l s o  t~ 
i n  the solution. 



11. Experimental 

' Spectra were taken with a conventional X-band EPR apparatus employing 

100 cps magnetic f i e l d  modulation. Elevated temperatures were obtained by 

passing hot a i r  over the sample which was contained i n  a quartz dewar tube 

inserted i n  the cavlty. Temperatures we= .measured using a very f ine  Cu- 

constantin thermocouple wrapped around a glass  rod which was sealed t o  the 

sample tubes. Because of loca l  temperature' f luctuations and because the 

thennocouple was not d i r ec t ly  attached t o  the samples, the measured temperatures 

0 
nay be i n  e r r o r  by a s  much a s  .2 a t  the upper end of our temperature range. 

Samples were a t  f i r s t  contained i n  heavy walled tubes but  it was hter found 

tha t  ordinary melting point capi l lary tubing served as well, so this was used 

instead. Magnetic f i e l d  measurements were ,made with a proton resonarice probe 

and a frequency counter. Reported l i n e  widths r e f e r  t o  f u l l  wid th 'a t  points  

of maximum slope. The symbol &I w i l l  be used f o r  *this quanti$y, 

i 
111. M.n( c104 I2 Solutions 

f 
i I 

The l ine  widths of several M n ( ~ 1 0 ~ ) ~  so lu t ions  were studied from 20' t o  

200'. I n  the range from 20' t o  lGbO no difference a t  a l l  could be observed 

between t i .  0.05 . - M and a' 0.01 - M M ~ ( c ~ o ~ ) ~  solution. Above 1 0 0 ~ ~  the 0.0.5 M - 

solution had widths which differed by a s  large a s  0.5' oe . f ron  the more d i lu t e  i 
1 

ones, but the trend with di lut ion was always small and the most d i l u t e  solut ion f 
did not always give the narrowest l i n e  width a t  a l l  temperatures. Since we I 

-2 primarily wanted t o  compared the much la rger  e f f e c t  of ~ 1 -  and SO4 ions 

we have adopted the 0.05 M ~ n ( C 1 0 ~ ) ~  as a reference. I n  Fig. I we show the - 
variation of l i n e  width of t h i s  solution with temperature, 



N. Effect of Chloride 

G .  

In  Fie. 1 the e f f e c t  of adding H a C l  t o  a 0.05 M ~ ( ~ 1 0 ~ ) ~  solut ion is ; 
t - 
t shown. I n  the concentration range shown the e f f e c t  of  added ~1' below 80' 

- 7  

w a s  always l e s s  than 1 oe and it is  omitted from t h i s  figure.  Above 80' the 
/' 

widths of the ~ 1 -  containing solutions a re  much grea ter  and they change 

.rapidly with temperature. The excess width of the ~ 1 -  containing s o l u t i o ~ s  
- 

over tha t  of the pure C104 solution i s  nearly but  not exact ly  proportional 

t o  the ~1 '  concentration. This i s  c lear ly  indicated by the0 .05  - M MnC$ 

curve shot~n i n  Fig. 1. I n  order t o  i l l u s t r a t e  both the e f f e c t s  of C1- and 

of tenperat- the excess widths divided by the ~1 -  concentrations f o r  a l l  

the ~ 1 -  solutions run are  given i n  Fig. 2. 

The s t ra ight  l i n e  i n  Fig. 2 was drawn as the bes t  l i n e  through the points  
- 

containing 0.1 - M C104 but it was a l so  drawn p a r a l l e l  t o  ' the 0.05 - M MnC12 points.  

It can be seen from t h i s  figure t h a t  while ionic  s t rength e f f e c t s  seem t o  

en ter  and the excess width is  not exactly a l inea r  function of the ~ 1 -  concen- 

tration,,  these deviations a re  secondary t o  the overa l l  trend with temperature 

and ~ 1 -  concentration. 

V. Effect  of Sulfate 

Figure 3 displays the r e su l t s  obtained from several  su l f a t e  systems. A s  

-2 can be seen, t h e  e f f ec t s  of the SO4 are more complex than those of C l - .  For 

one thing, there is a.:.large contribution to '  the width a t  a l l  temperatures due 

-2 to  the presence of SO4 . For another, the e f f e c t  of s 0 c 2  is not even nearly 

proportional t o  the concentration of the ion, 

. . 



c 

i 
/ 
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' .i VI . Discussion 
- i 

I< It is  quite apparent From the ~ 1 -  and data t h a t  complex fo&ation 

i s  the source of the excesG l ine  width. The qual i ta t ive  difference between 
1 

t h e  room temperature behavior of ~ 1 -  and s 0 c 2  is re&dily explained by the 

I : expected s ize  of the equilibrium constants f o r  complex formation with a 

. divalent ion l i k e  'I'he expected value f o r  the equilibrium cdnstant7 a t  

i 20°c &d low ionic  strength f o r  the formation of a Mnc1+ complex is about 
< .  

'0 .1  him1 and f o r  MnS04 complex it i s  about 100 dl. I n  the onion concentrations 

shown i n  Fig. 1 and f ig .  3 the k ~ ~ - ~  i s  not appreciably conplexed by ~1-  but  

> -2 
some SOb complex i s  t o  be expected. 

Several addi t ional  de ta i l s  m u s t  be consiiiered: One must consider both 

18 inner-sphere " and "outer-sphere " complexes and the r a t e s  of formation of 

- 2 
these complexes. W s  i s  par t icu lar ly  evident i n  the SO4 case whek the 

opposite e f f ec t s  on l i n e  width are  observed i n  the low and high temperature 

regions. 

8 Pearson and Buch have considered the e f f e c t .  of the r a t e s  of complex 

formation upon EPR l i n e  widths. I n  most of the cases t h a t  they considered 

they assume t h a t  the l i n e  width was primarily'determined by the r a t e  of 

formt ion  of a second coordination sphere complex, and t h i s  i s  a reasonable 

a s s u q t i o n  f o r  t h e i r  systems. I n  the case of C1- we s h a l l  show t h a t  the l i n e  

- 2 
. - vidth i s  determined by a first coordination sphere complex while the SO4 l i n e  

widths are affected by both ra tes  depending upon the temperatureo I n  the develop- - 
merit of our theory we s h a l l  use a notation, in as much a s  i s  possible, which is , 

consistent with Pearson and Buch. 

Before these resul td  can be interpreted i n  te rns  of interact ions between 
< /'. 

14~1'~ and the anionslih the solution one must convert the measured l i n e  widths 

i n  magnetic f i e l d  un i t s  i n to  transverse relsxat ion times, T2. The relationship,  



i 
between AH and. T2 d.epends, as is well known, on the shape of the line. We 

' . shall assume this to be Lorentzian, an assumption which is consistent a-$h 
1 

?$+ 

the model we propose below. Under this assumption T2 and AH are related $y 

the expression T2m = h(J3. flgp)-l. Thus a width of 1 oe corresponds to 

Some interaction between a Mn+2 ion and an anion presumably. exiets at 

all d.istances of separation between the two but we shall assume that this 

does not become significantly large until the anion occupies a coordination 

+2 sphere about the Mn We shall assume that the first important coordination 

position for relaxation is when the anion enters the second, coordination 

sphere. Thus, we shall consider three manganous species in solution. These 

are manganous ions..with no anion in the first or second coordination sphere, 

manganous ions with an anion in the second coordination sphere and. manganous 

ions with an anion in the first coord.ination sphere. We shall call them 
' .  

~ n + ~ ,  ~ n + ~  %OX-?, and ~ n + ~  X-n respectively, or alternately, species a, b, 

and c respectively. 

We define the following rate and equilibrium constants: 



i - ,  
: ..A, - .  
A .  . . 

' Let T2a be the transverse relaxation t h e  of the ~ n + ~  species. This iz- 

w i l l  be ident i f ied with the relaxation times observed f o r  ~ n ( ~ 1 0 ~ ) ~  so1utiong.i + : 

Let T2b and T be the relaxation times of E20 x-" and M.ta*2 xen, c 
2c 

respectively. These are  the EPii relaxation times t h a t  would be obsemed if I! 

the manganous were present i n  the indicated forms a t  a l l  times. 

I f  we consider f o r  the moment only the first two species a and b there 

a r e  two. possible extreme circumstances not spec i f ica l ly  covered by Pearson 

and Buch. If i . >> TZa and ? >> TZb then the equilibrium between these 
a ba 

two species can be considered a s  frozen and the.EPR spectrum w i l l  be a simple 

superposition of the individual spectra of the. two separate species. Pearson 

and Buch's equation (5) can not be reduced t o  t h i s  r e s u l t  because of  the 

apgroximation of Lorentzian form i n  t h i s  equation, For slow exchange the 

observed absorption would not be Lorentzian since the sun of two Lorentzian 

absorption curves is not i t s e l f  of the Lorentzian fonn, even i f  u, a = %  If 

one u t i l i z e s  a derivative method f o r  l i n e  width determination it can be readi ly  

determined tha t  the AE value i s  dominated by the species with the smaller l i n e  

width. Since Mnf2 is expected t o  have the la rges t  value of T2, e ig.  

T2a ' T2cj a r e l a t ive ly  large amount of mC2 H ~ O  xTn o r . ~ a + '  X-" must 

be fomed under slow exchange before the All values could be expected t o  approach 

t h e i r  l i ne  widths. For example, i f  two species a and b a r e  present in equal 

amounts and T = TapO. slow exchange would give a &I value which would be 
2b 

increased by on ly  0.15 over tha t  f o r  species a alone..  

It is quite probable that a t  low temperatures the Mn+2 X-" species is 

exchanged with Mn+2 and M I I + ~  H20 x - ~  r e l a t ive ly  slowly and t h a t  the values of 

T2c are  re la t ive ly  small. I n  t h i s  case, the observed . l ine  width w i l l  almost 

en t i r e ly  be determined by the ~ n + ~  and ~ n + ~  %0 xWn. A t  higher temperatures 

t h i s  may not be t rue.  



, , 

-8- i : .  
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. i If on the other hand, ra << Tia and rba << T2b an exact Lorentmian . - 

I $ 

i 
form is to be expected and we have the well known result for fast exchangp ,$ - 

I ,' - .  t 

1/T2 = iPaT2, + pb/T2b (6) 
3 

. where Pa and. P are Che respective mole fractions. If T2*> T2b and i 

b : 

pa > pb a useful form of ~ q .  (6) is 

This equation is similar to Pearson and Buchf s:Eq. (8) for' the case 

'bat T2b' 
In ord.er to make quantitative use of the chloride and, sulfate data it is 

necessary to consider the primary sources of line width. Since the line width 

is not only determined by the T2 values' alone but also by the T values it is 

necessary to make estimates of both of these values- In Table I we show such 

a set of estimates. The anion concentration was assumed to be 0.05 - I4 in all 
cases end ionic strength effects have been neglected, in making these estimates. 

Chloride Ion - The estimates of .ra were made by assuming that kab is a 
8 

d.if msion controlled. ,reaction. We estimate at 20°C and 160"~ respectively 

that kab varies from 2 x lolo to 2 x 10 11 1 -1 sec The higher value at 

160"~ is due to the well known decrease in both the viscosity and, dielectric 

constant for water at higher temperatures. From Table I it can be seen that 

T < T2a particularly at the higher temperatures. Since T would increase as a a 

the anion concentration is lowered the condition r < T would not be expected a 2a 

at very low concentrations. Above 100°C and at our ~ 1 -  concentration we do 

have the case where ra < TZae 

The bquilibrium constant Kab should be small and the values of rba were 

- 1 obtained assuming that Kab = 10 M - ~  at all temperatures. It is possible that 

Kab is smaller than this at low temperatures and high ionic strengths. The 



relaxation :f ime. .T cannot be measured, but the contribution of an anitb., 
2b 

:+ ;> , >.7 
i n  the second coordination sphere t o  the D term i n  the spin ~ a m i l t o n i a k  

4 
should. be similar t o  tha t  e s t j k t e d  f o r  Mn+2 and tha t  found f o r  c rys t a l s  9 

containing hydrated manganous ion. m e  correlation time f o r  Mn+* 5 0  x'~ 

should be close t o  t h a t  expected f o r  t m b l i n g  so t h a t  a t  20°C we 'wouldies- 

timate t h a t  T ~ ~ / T ~ ~  - 10. A t  1 6 0 ' ~  the higher act ivat ion energy f o r  tumbling 

might make T2a and T2b f a i r l y  close i n  value and T2b should be no smaller 

than lom9 sec a t  the higher temperatures. 

The ' l ifetime rba i s  very small indeed and as  a very good approximation 

-rba C T2b a t  nearly a l l  temperatures. Over most of the temperature region 

i n  Fig. 1, Eq. (7) should apply t o  the Mn+2 and Mn+2 %0~1- species. Since 

we find. t ha t  chloride causes only a 1$ increase i n  l i n e  width below 8 0 " ~  

- 1 
. and, a t  0.1 - M we can conclud,e from Eq. (7) tha t  ~ ~ d T ~ ~ , a  10 under 

these conditions. This r e su l t  i s  very close t o  our estimates as it ind.i- 

cates the Kab - < 10-1 M-l a t  0.1 - M and below 8 0 " ~ .  

It i s  not very l ike ly  tha t  Eq. (7) would predict  a large increase i n  

l i n e  width with increasing temperature. The enthalpy associated with Kab 
, /' 

should nearly cancel the act ivat ion energy associated with TZb since they 

are  both expected t o  be i n  the range 3 t o  5 KcaS/mole. The dramatic increase 

i n  l i n e  width i n  Fig. 1 and i t s  9.35 ~ca l /mole  act ivat ion energy cannot a r i se  

'from conditions of f a s t  exchange. Since the f i r s t  coordwation sphere species 

contributes very l i t t l e  t o  the l i n e  width a t  low temperatures we are  l ed  t o  

assume tha t  the' increase a t  high temperatures i s  associated with t h i s  spe- 

cies.  I f  we have the conditions with rc c T2c a l l  three species would be 

i n  f a s t  exchange and the 9.35 ~ c a l /  mole cannot be explained.. But' it i s  

clear  t h a t  -rc must decrease v i t h  increasing temperature so tha t  the f i r s t  

coordination sphere species 'can contribute t o  the l i n e  width. 



2 .  

If weehave the condition where rc >> T2c then everytime a first \ J . . .+. .-*. 

coordination sphere complex is formed it results in relaxation. under? '-.. 
'i 

these cond.itions a variety of equations can be obtained from Pearson and 

Buchls equation (7). With the conditions .ra < T2a, T~~ < T2b, Ybc < T 
3b 

and T > T2c one can expect that 
C 

For chloride complexes under our conditions Pa is very close to unity and 

: 
kbc> 1 + I$c/~2a so that 

+-om the data in Fig. 2 at i60°c excess width/ [cl-] = 130 oe M'~ so 

that Kab k,c = 2.0 x lo-' sec'l d l  at 160'~ and'l.5 x lo7 sec-l M - ~  at 

25OC. The values of rc and r in Table I were calculated assuming that b c 

Kab = 10-1 M - ~  at 20' and 1 d l  at 160°ce10 The values of T2c were esti- 

2 
mated assuming4 that D for Mn+2 x'~ were ten times those previously esti- 

mated for Mn+2 5 0  x'". It can be seen from Table I that the estimated 

times are in reasonable agreement with the assumptions which are made in 

ord.er to derive Eq. (10). 

It is possible that the very act of removal of water from the first 

coord.ination sphere and its replacement by ~ 1 -  would lead to spin relaxa- 

tion. If this were the case then it would not be necessary in Eq. (8) to 

have any relationship between 2 and. T2ce The consistency of our values 
C 

for Kab kbc with ofher data will be discussed. later. 
Sulfate Ion - The values in Table I for the sulfate ion case were 

estimated in much the same way as tihe chloride were. Eigen and Tamm ll 



: 1 '  
' i  
i 4 

i . f o r  both chloride and sulfate.  The values of rba were calculated assuming i ,  
..,. ." 
x- 

K = 10 M - ~  a t  a l l  temperatures. The data of Eigen and Tami were used a t  24.C 
i ? ab 

t o  determine T and T and the 1 6 0 " ~  values were estimated by assuming an ! bc c 
- I 

11 activation energy f o r  sC of 9.0 ~cal/mole s t i l l  keeping '6. = 0.2 a t  a l l ;  

temperatures . 
A graph of the excess width f o r  0.05 M M n ( ~ 1 0 ~ ) ~  solutions with added , N ~ ~ S O ~  

i s  shown i n  Fig. 4. A t  the  lower temperatures the excess width i s  nearly a 

l i nea r  function of the  I and it i s  not v& dependent upon temperature. 

Above ~ O O ' C ,  a s  can a lso  be seen i n  Fig. 3, the  l i n e  width increases with tempera- 

ture  a s  it does i n  the chloride case but a t  the  very highest temperatures added 

sulfate  above the  stoichiometric amount has l i t t l e  effect .  

In  the 20-80'~ range we should be able t o  apply Eq. (7). This equation 

predicts an excess width which i s  nearly independent of temperature and i f  Kab 

i,s small enough the excess width should a l so  be l inea r  i n  added sulfate .  The 

near l i n e a r i t y  i n  added sulfate  requires a K values a s  low a s  1 M-'. Ionic 
ab 

strength ef fec ts  make t h i s  low a val,ue possible. The' i n i t i a l  slope of the  

20-80'~ curve i n  Fig. 4 i s  100 oe M-I and Eq. (7)  would predict t h a t  

, ~~~k~~ = 6 x M sec. This i s  i n  good agreement with our estimates i n  

. Table I i f  Kab i s  close t o  the value of 1 MW1 a t  the  low temperatures our 

ionic strength. 

In  Fig. 4 a t  1 6 0 ' ~  it i s  clear  tha t  K E. 100 M - ~  so t h a t .  P i s  a l i nea r  
ab b 

function of the added sulfate  only up t o  the  stoichiometric requirement. I f  

we apply Eq. (8) t o  the t o t a l  l i n e  width observed f o r  the 0 . 1 ' ~  - su l fa te  data 

- 9 a t  1 6 0 ' ~  with Pa = 0 and Pb = 1 then we obtain T~~ = 2 x 10 . sec. Some other 

runs12 were alsq made on a 0.005 - M MnSOq solution. I f  we apply Eq. (10) t o  the  



1 6 0 " ~  excess l i n e  width of 10  oe obtained fo r  0.005 - M MnSO 4 we f ind that$xs,. 

-2 -2 
T k [so4 1 = 2 x 10-9 sec. Since t h e  product bf  Kab [so4 1 i s  probably bc ab 

close t o  uni ty  under the  conditions of 0.005 _M MnS04 t h e  agreement i s  very 

sa t i s fac tory  considering the  l a r g e  difference i n  ionic strength.  

The act ivat ion energy t h a t  i s  found f o r  t he  excess width of t h e  0.005 Y 

MnS04 data12 i s  4.8 ~cal/mole. On the  other  hand the  t o t a l  l i n e  width of 

the  0.1 M Na2S04 data  gives only about a 2.8 ~cal/mole ac t iva t ion  energy. 

-2 8 
These two values give a t  20°C T ~ ~ / K ~ ~  [so4 1 = 2 x 10- and T = 1 x 1 0  

-8 
b c 

see. Both of these estimates a r e  a t  l e a s t  a factor  of t e n  shorter  than the  

2 x s e c v a l u e  f o r  T of Eigen and Tamm. 
b c I n  Table I it took a 9.0 

~cal /mole  act ivat ion energy t o  correct  t h e i r  20°C value t o  our observed 

1 6 0 " ~  l i fe t ime.  It i s  t o  be expected t h a t  t he  quanti ty rbc Kab [ s o ~ - ~ I  should 

have a la rger  act ivat ion energy than does T bc ' The 2 Kcal mole difference i n  

act ivat ion i s  too  s m a l l f o r  Kab alone since the  low and high temperature data  

require a var ia t ion i n  K such t h a t  nearly an 8 ~cal/mole difference should 
ab 

be expected. It i s  c lear  howeve? t h a t  the  I i s  not r e a l l y  constant 

even i n  0.1 M Na2S04. Further data w i l l  have t o  be obtained i n  solut ions  with 

more nearly constant ionic strength. 

V I I .  Compar'ison and Conclusion 

From the  chloride data we were able t o  evaluate t h e  quanti ty Kab kbc and 

i t s  combined act ivat ion energy. .Since we can only make estimates f o r  Kab it 

i s  not possible t o  evaluate t h e  r a t e  constant kbc with accuracy. The l i n e  

width increase a t  low temperatures indicate  t h a t  Kab _< 10-' M-I. However, 

t he  l i fe t imes  T~~ which a re  calculated i n  Table I a r e  so small t h a t  a value 

f o r  Kab l e s s  than 10 -1M-l wodd make our two- step,. complex model un rea l i s t i c  . 
On bas i s  of our data we must assume a t .  room temperature t h a t  Kab = 1 0 - ' ~ - ~ ~  



. * " f 

The change i n  enthalpy associated with Kab i s  most . ce r ta in ly  pos i t ive  and it ' ,  
.k .,. 

%> 

should be equivalent t o  an ac t iva t ion  energy of about 3 ~ c a l / m o l e  If we 

8 ' 
i 

assume t h i s  value than kbc = 1.5 x 1 0  sec'l a t  2 5 ' ~  and i t s  ac t iva t ion  enepgy ' 

1 6  about 6 ~cal /mole .  
I 

Without considering t he  d e t a i l s  of t h e  process whereby t h e  chloride ioq 

moves from the  second t o  t h e  f i r s t  coordination, it would appear t h a t  out value ' 

f o r  %c i s  a reasonable one. This value and i t s  ac t iva t ion  energy y ie ld  a 

12  -1 
frequency f ac to r  equal-to about 10  sec , and t h i s  i s  reasonable f o r  a uni- 

./ 

molecular reaction. The l i f e t ime  of t h e  water molecules i n  t h e  f i r s t  coordina- 

t i o n  sphere of Mn+2 has been r a the r  accurate ly  determined.4313 Near room tem- 

-8 
p e r a t u e  t h i s  value i s  3 x 1 0  sec and i t s  ac t iva t ion  energy i s  8.1 ~caJmole .  

This l i fe t ime  i s  about 5 times longer than our room temperature est imate f o r  

T and a t  1 6 0 ' ~  the  extrapolated values f o r  t h e  water l i f e t ime  would be very 
b c 

close t o  our est imates f o r  -rbC. The mechanisms f o r  t h e  replacement of a f i r s t  

coordination sphere water molecule by 'a chloride ion i n  the  second coordination 

sphere o r  by a water molecule a r e  most probably very similar.  Our data  ind ica te  

t h a t  chloride ion i s  only s l i gh t ly '  f a s t e r  than water i n  t h i s  replacement process. 

Tentative data  f o r  bromide ion and iodide ion  a l s o  indicate  s imilar  r a t e s  of 

replacement. Further work on these ions  and on chloride ion under condit ion 

of constant ionic s t rength i s  being done and such data  should be very usefu l  

f o r  a consideration of the  mechanism of these  reactions.  

Obr extrapolated value f o r  T a t  room temperature f o r  t he  su l f a t e  system 
b c 

i s  about a f ac to r  of t e n  shor ter  than t h a t  determined by Eigen and Tamm. l1 1n 

l i g h t  of t he  complications of t he  su l f a t e  system we must consider t h i s  a s  s a t i s -  

, factory agreement. Further work on t h e  su l fa te  system with c lose ly  control led 

ionic s t r eng th  conditions should help c l a s s i f y  t h i s  more complicated system. 
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Table I 

Estimated Relaxation - and Lifetinies (a  > 

(a) Tines  are in seconds and they are estimated for 0.05 solutions o f  anion with 

additional assumptions given in the text .  

(b) V a l =  from Ref. (ll) - our valve is about a factor o f  ten smaller than this. 
I ,/' . 
I 

/ 



Figure Captions 

I ! Figure 1. The sol id l ines  are a summary of the e f fec t  of added NaCl on the - 

M I= + X component of 0.05M - Mn(c10~)~.  The dashed curve i s  0 . 0 5 ~  - 
~ u ( c 1 0 ~ ) ~  without added sa l t .  The dotted curve is 0.05M - Mn C$. 

Figure 2. The l ine  drawn i n  this p lo t  corresponds t o  an activation energy 

of 9-35 Keal moleo1. The points correspond t o  NaCl added t o  

0.05M - IQ( ~ 1 0 ~ ) ~  i n  the amount: p 0.0I.M, - A O.O25M, - U 0.0%, (3 0.05l4, 

0 0.I.M. - The points A correspond t o  0.05M - N$12 and the points 8 to 

a solution 0.025M - ~ I J J ( c ~ o ~ ) ~  with 0.05M - added NaCl. . 

, Figure 3. ihe ef fec t  of added Na2S04 t o  0.05M - M n ( ~ 1 0 ~ ) ~  i n  the amount: 

0 0.024, - O 0.03M, - O 0..04~, - 0 O.O5M, - A 0.M. - The dashed curve 

i s  0.05M - M n ( ~ 1 0 ~ ) ~  without "added s a l t .  

Figure 4. The di rec t  e f fec t  of added Na2SO4 to 0.0m - ~ ( ~ 1 0 ~ ) ~ .  I n  the 

range X )  - 80°c there i s  no consistent variation with temperature 

and the t o t a l  spread of the data are shown. 
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