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I. Introduction

,/Y
-

Solutions of manganoﬁs ion were among the first aqﬂeous solutions of
transition metal ions in which electron paramagnetic resonance (EPR) was

2 in dilute solution at room temperature

detected.l‘ The spectrum of Mn®

consists of six lines, each about 30 oe. wide, and each separated by 95 oe.

These six lines arise from interaction of the electronic.spin with the nucléar

moment of Ma’” (I= %). |
More careful examination of the spectrum}bf'Mn+2 shows that the six

lines do not all have the same width. The narrowest line at 9000 mc/sec is

the fourth from the low field end of the spectrum. The third and fifth lines

are of roughly the same width and somewhat wider than the fourth, and the |

second and sixth lines are’stiil wider. The first line is widest. This

variation in width was explained by 'I‘inkham.2 He showed that second order

effects were apprecisble in the spectrum at 9000 mc. These second order

effects, which arise from the off-diagonal terms.of the isotropic hyperfine

coupling, split the five transitions (superimposed in the strong field repre-

| sentation) which compose each of thevsix lines. This splitting varies from one

hyperfiné component to another and causes the differences in width. ‘The analysis

Ehows‘thgt the narrowest line, which corresponds to Mi'= + % » 1s essentially

unsplit at 9000 me. Thus this line is the only one suitable for studies of

| magnetic relaxation in Mn+2. . |

The EPR line widths of Mn+2 in aqueous solution have been studies vy

3

several workers. One of the'eafly studies was made by McGarvey,~” who observed

the linewidth of MnCl2 solutions at room temperature and 9000 mc/'sec° He tried
to explain the observed width as the result of imperfect rotational averaging
of some fixed zero field splitting of the ion. However, Bloembergen and Morganl+

+2

have shown convincingly that the mechanism of relaxation of Ma - does not involve
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rotational averaging by studying the effect of Mn+ on the relaxation of the

protons in 320. They propbse instead that the relaiation is due to a fluc-
tuating zero field splitting caused by water molecules darting in and out of}f
the vicinity of the ion. They show that good agreement with experiment can
be obtained by using the correlation times deduced from their experiments with

proton relaxation and a mean squared zero field splitting equal to. the static

P

splitting observed in crystals. More recently Nolle and Morgan” have measured

the line width of the MI = + % line in dilute solutions of M’n(C’th)2 as a

function of tempefature and have shown that the temperature and frequency

dependence agrees roughly with that deduced from proton relaxation measurements.

It still remains for detailed calculations to be done for this model in order
to establish its complete validity. We shall not be concerned with this
difficult question but shall only consider - the effects of anions on the line-
width of Mh+2. We shall assume that the behavior of dilute Mn(Clda)2 solutions
represents the behavior of Mn+2 unperturbed by anion effects, since changing
the concentration of 01ou’ in these solutions does not affect the line width
appreciably.

There sppears to be but one previous published observation of the effect
of a diamagnetic anion on the relaxation of Mn+2. Kozyrev and his associates
have studied the line width of Mh012 solutions between room temperature and
about 200°¢C and have observed effects similar to those we report below.
Unfortunately, they musunderstood their results, assuming the behavior they

2

obsexrved to be intrinsic te the Mh+ rather than the chloride jion that was also

in the solution.
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II. Experimental

Spectra were takén with a conventional X-band EPR spparatus ermploying
100 ¢ps magnetic field modulation. Elevated temperatures were obtained by
'~ passing hot air over the sample which was contained in a quartz dewar tube
inserted in the cavity. Temperatures were measured using a very fine Cu-
constantin thermocouple wrapped around a glass rod which was sealed to the

sample tubes. Because of local temperature fluctuations and because the

£hermocouple was not directly attached to the samples, the measured temperatures

rnay be in error by as much asraé at the upper end of our temperature range.
Samples were at first contained in heavy walled tubes but it was later found
that ordinary melting point capillary tubing sexrved as well, so this was used
instead. Magnetic field measurements wgreAmade with a proton resonance probe
and a frequency counter. Reported line widths refer to full width at pbints

of maximum slope. The symbol A will be used for this quantity.

- III. Mn( €10, ) o Solutions

.The line widths of several Mn(Cth)2 solutions were studied from 20° to
200°. In the range from 20° to 1ob° no difference at all could be observed
between & 0.05 M.and a 0.01 ¥ Mn(Cth)a solution. Above 100°C the 0.05 M

solution had widths which differed by as large as 0.5 oe. from the more dilute

ones, but the trend with dilution was always small and the most dilute solution

did not always give the narrowest line width at all temperatures. Since we
Primarily wanted to compared the much larger effect of C1” and sou‘e ions
we have adopted the 0.05 E’Mn(Cth)2 as a reference. In Fig. 1 we show the

variation of line width of this solution with temperature.
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IV. Effect of Chloride i

In Fig. 1 the effect of adding NaCl to & 0.05 M Mn(C10,), solution 1s’i;
shown. In the concentration range shown the effeét of added C1~ below 80° ,
was alvays less than 1 oe and it 1s omitted from this figure. Avove 80° thé
widths of the C1° conﬁéiﬁing»solutions are much greatef and they change
.rapidly with temperature. The excess width of the c1” containing solutioﬁs
over'that of the pure Cloh" solution is nearly but not exactly proportional
to the CL™ concentration. This is clearly indicated by the 0.05 M MnCl,
curve shown in Fig. l.} In order to illustrate both the effects of C1~ and
of temperature the éxcéss widths divided by the CL- concentrations fof all
the C1 solutions run are given in Fig. 2.

The straight line in Fig. 2 was drawn as the best line throughlthe points
containing 0.1 M C10,” but it was also drawn parallel to the 0.05 M MnCl, points.
It can be seen from this figure that while ionic strength effects seem to
enter and the excess width is not exactly a linear function of the C1~ concen-

tration, these deviations are secondary to the overall trend with temperature

and C1  concentration.

V. Effect of Sulfate

Figure 3 displays the results obtained from several sulfate systems. As
' can be seen, -the effects of the SOLL-2 are more complex than those of ClL~. For
one thihg, there is allarge contribution to the width at all temperatures due
to thevpresence of sohfa. For another, the effect.of ASO)“"2 is not even nearly

proportiocnal to the concentration of the ion.
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0.1 MY and for MaSO, complex it is about 100 M

VI. Discqssion

It is quite apparent from the Cl~ and Soh'2 data that complex formation
is the source of the excess line width. The qualitative difference between

the room temperature behavior of Cl and SOLL-2 is readily explained by the

~ expected size of the equilibrium constants for complex formation with a

divalent ion like m*e, The expected value for the equilibrium constant! at

20°C and low ionic strength for the formation of a MaCL" complex is about

lo In the anion concentrations

shovn in Fig. 1 and Fig. 3 the Mn*? is not aporeciably complexed by Cl~ but

some Sol;2 complex is to be expected.

Several additional details must be considered. One must comsider both

"inner-sphere" and "outer-sphere' complexes and the rates of formation of

‘these complexes. This is particularly evident in the Soh'2 case where the

opposite effects on line width are observed in the low and high temperature
regions.

Pearson. and Buch8 have considered the effect'of the rates of complex
formation upon EPR line widths. In most of the cases that they considered
they assume that the line width was primarily determined by the rate of
fbrmation of a second coordination sphere complex, and this is a reasonable
assumption for their systems. In thelcase of C1” we shall show that the line

width is determined by a first coordination sphere complex while the Soll_"2 line

. widths are affected by both rates depending upon the temperature. In the develop-

ment of our theory we shall use a notation, in as much as is possible, which is

consistent with Pearson and Buch.

Before these results can be interpreted in terms of interactions between

1 //

>Mh+2 and the:anions/ih thé solution one must convert the measured line widths

in magnetic field'units into transverse relaxation times, Ta. The relatiohship'
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between AH andlib depends, as‘is well known, on the shape of the line. /We
shall assume this to be Lorentzlan, an assumption which is consistent w&;h
the model we propose below. Under this aésumption T2 and AH are related%?y
thebexpression TéAH'= héfS,ngB)“l; Thus & width of 1 oe corresponds to |
T, = 6.55 x 10_8 sec. _ | |

Some interactién between a Mh+2 ion and an anion presumably existsfat
‘all distances of separation between the two but we shall assume that this
4_ does not become significantly large until the anion occupies a coordination
sphere about the Mh+2. We shall assume that the first important coordination:
. position for relaxation is when the anion enters the second coordinationx
“sphere. Thus, we shall consider three manganous species in solution. These
are ﬁanganous 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 ig ﬁhe first coordination sphere. We shall call them
Mn+2, e H2OX'9§/;nd Mnt? x72 respectively, or alternately, species a, b,
and ¢ respectively.

We define the following rate and equilibrium constants:

k
+2 -1, ab +2 - .
Mn © + X <kb > Mn'" HLO X : | (1)
a
M2 0 X kbc> Mnte xP (2)
k
cb v
K. = kab Kf. kbc : <3)
= —— k) =2 S tr— . N
ab kba c kcb )
1 : 1 : :
R W : ' : (&)
a -n ba » :
kX7 b
e T BT 0 T Tk | (5)

be kbé Toe cb
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C Let T a ve the transverse relaxation time of the Mn+2 species. This

2 :
will be identified with the relaxation times observed for Mn(Cth)2 solutiong.
Let T, end T, be the relaxation times of Mn*2 B0 X and Mn*2 X, ;

respectively. These are the EPR.relaxation times that would be observed if;ﬁ
the manganous were present in the indicated forms at all times. '

If'we consider for the moment only the first two spécies a and b there
are two possible extreme circumstances not specifically covered by Pearson
and Buch. If fa >> T2a and Tba >> sz then the equilibrium between these
two species can be considered as frozen and the EPR spectrum will be a simble
supexrposition of the individual spectra of theﬂtwo'separate species. Pearson
and Buch's equation (5) can not be reduced to this result because of the
épproximation of Lorentzian form in this equation. For slow exchange-the
observed absorpiion would not be Lorentzian since the sum of two Lorentzian

absorption curves is not itself of the Lorentzian fbrm, even if O =a . 1t

one utilizes a derivative method for line width determination it can be readily

. determined that the AH value is dominated by the species with the smaller line

width. Since Mn+2 is expected to have the largest value of T2, e.g.

2 n

m . . + -1 e -
T2a > T2b > Toer @ relatively large amount of Mn' H20 X7 orMn " X must

e formed under slow exchange before the AH values could be expected to approach

their line widths. For example, if two species a and b are présent in equal
amounts and T, = T, /10 slow exchange would give a OH value which would be

increased by onlylo.l% over that for species a alone. -

It is quite probable that at low teﬁperatures the Mn+2 x species is

2 2

exchanged with Mn < and Ma' H,0 X" relatively slowly and that the values of

T2c are relatively small. In this case, the observed line width will almost
entirely be determined by the Mn*2 and Mn*2 HéO X"B, At higher temperatures

this may not be true.

g e
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If on the other hand, 7. < T, and 7 <<T, an exact Lorentzian §-
. , a = 2a ba 2b :

form is to'be expected and we have the well known result for fast exchang

' .

- o
/Ty =P Tag + By/Tyy,

. where Pa and Pb are the respective mole fractions. - If T2a>- T2b and | é,

P, > P a useful form of Eq. (6) is

. . . -Nn “ .
l/TQ - l/'TQa = -PaKab [_X ] (l/TQb - l/TQa.) °. (7)
This equation is similar to Pearson and Buch's Eq. (8) for the case

TbP<: Téb. | )
4 In order to make quantitative use of the chloride and sulfate dats it is
necessary to consider the'prima%y sogrcgs,of line widfh. Since the line width
:'is not iny determihéa by the Ta.valués;alone'ﬁuﬁ also by the 1 values it is |
necessary to make estimates of both of these values. In Table I we show such

a set of estimates. The anion éoncentration was assumed to be 0.05 M in all

‘cases end ionic strength effects have been neglected in msking these estimates.

Chloride Ion - The estimates of Ty Were made by assuming that'kab is a

diffusion controlled/reaction.8 We estimate at 20°C and 160°C respectively
that k_, veries from 2 x 1079 40 2 x 10" M sec™. The higher value at
160°C is/due fo the well known decrease in both the viscosity and dielectric
constant for water at higher temperatures. From Table I it can be seen that
o particularly at the higher temperatures. Since Ta would increase as
the anion concentration is lowered the condition Ta < T2a would not be expected

T < T
a

at very low concentrations. Above 100°C and at our Cl  concentration we do

have the case where v < T, o
a 2a, ,
The equilibrium constant Kéb should.be small and the values of Tyg Were

obtained assuming that Kab = lO"l Mfl at all temperatures. It is possible that

Kab is smaller than this at low temperatures and high ionic strengths. The
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should be similar to that es@imatedh for Mn+2 and that found for crystals

in Fig. 1, Eq. (7) should apply to the Mn'

-9

relaxationltime&Téb cannot be measured, but the contribution of an ani%?v

in the second coordinstion sphere to the D term in the spin Hamiltoniaq

far

9

containing hydrated manganous ion. The correlation time for Mn+2 HQO XTn

should be close to that expected for tumbling so that at 20°C we'wouldfesa
timate‘that Tza/Teb ~ 10. At 160°C the higher activaﬁion energy for thmbling.v
might make Téa and.Iéb fairly close in value and sz should be no smaller

than 10-9 sec at the higher temperatures.

The lifetime T a is very émall indeed and as a very good approximation

b
at nearly all temperatures. Over most of the temperature region
2

Toa < Top

and,M‘n,+2 HéOCl- species. Since
we find that chloride causes only a 1% increase in line width below 80°C

. | 4 _
and at 0.1 M we can conclude from Eq. (7) that Kab/T2b'm 10° /Eéa under
these conditions. This result is very close to our estimates as it indi-
cates the K < 107" M at 0.1 M and below 80°C.

It is not very likely that Eq. (7) would:predict'a large increase in

line width with increasing temperature. The enthalpy associated with Kﬁb

~

L

should nearly caﬁcel.the.activation energy associated with T2b since they

are both expected to be in the range 3 to 5 Kca%/molev The dramatic increase
in line width in Fig. 1 and its 9.35 KcaL/mole activation energy cannot arise
from conditions of fést exchaﬁge. Since the first coordination sphere species
contributes very little to the line width at low tem@eratures we are led to
aséume that the increase at high temferamures is associated with this s?e-
cies. If we have the .conditions with Té < T2c all three species would be
in fast exchange and the 9.35 Kba;/mole cannot be explained. But it is

élear that To must decrease with lncreasing temperature so that the first

. coordination sphere species can contribute to the line width.



. coordination sphere complex is formed it results .in relaxation. Under:

-10-

If we-have the condition where T, > T2c then everytime a first
these conditions a variety of equations can be obtalned from Pearson ana
, . P : o <
Buch's equation (7). With the conditions v, < Ty, T < Tppy Ty Eab

and Tc > T o ome can expect that

2 : . :
l/ié Pa/Tea + Pb/Tbc | : é8)

it

or

J/Té - l/Iéa = PaKab fc1] [kbc - (l + Kfc)/TEaJ (9)
For chloride complexes under our conditions Pa is very close to unity and

k> 1+K /T, S0 that

’ ~

- Yy - 3T, =K, K [C17]. | (10)

From the data in Fig. 2 at 160°C excess width/ [C1™] = 130 oe Mt so
that K, K, = 2.0 x 107 sec™ ' at 160°C and 1.5 x 107 sec™" M at
25°C. The values of Ta and Toe in Table I were calculated assuming that
K, =107 1" at 20° and 1 M7 at 160°C.70 The velues of T,  were esti-
mated assuming4 that D2 for thQ X" vere ten times those previously esti-
mated for Mn+2 HQO X ™. It cen be‘seenlfrom Table I that the estimated
times are in reasonable agreement with the assumptions which are ﬁade in
order to derive Eq. (10).

It is possible that the very act of removal of water from the first
ceordination sphere and its replacement by C1” 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 Tc and T20° The consistency of our values

for X kb with other data will be discussed lster.
ab c

Sulfate Ion - Thevvalues in Table I for the sulfate ion case were

estimated in much the same way as the chloride were. Eigen and ‘.I'ammll
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for both chloride and sulfate. The values of Tba were calculated assuming éf
K. =10 ML at all temperatures. The data of Eigen and Tamm were used at €Q°C

ab

to determine 7 and T and the 160°C values were estimated by assuming an

‘vactivation energy for k. of 9.0 Kbal/hole still keepingll Kbc'=‘0.2 at all
temperatures. : ' :

A graph of the excess width for o.ova Mn(ClOu)z solutions with addedjﬁaesou
'is shown in Fig. 4. At the lower temperatures the excess width is.nearly a
linear function of the [sou'gl and it is not ve}y dependent upon temperature.
Above iOO°C, as can also be seen in Fig. 3, the line width increases with tempera-
ture as it does in the chloride case but at the very highest temperatures added
éulfate above the stoichiOmetric amount has little effect.

In the 20-80°C range we should be able to apply Eq. (7). This equation
predicts an excess width which is nearly independent of temperature and if Kab
is small enough the excess width should also be linear in added sulfate, The
near linearity in added sulfate requires a Kﬁb values as low as 1 M—lo Ionic
strength effects make this low a value possible. The initial SlOpe of the
20-80°C curve in Fig. 4 is 100 oe Mt and Eq. (7) would predict that
. TQb/kab =6 x ld_lo M sec. This is in good agreement with our estimates in

Table I if K . 1is close to the value of 1 M-l at the low temperaturés our

ab

ionic strength.

In Fig. 4 at 160°C it is clear that Ka.bz 100 Mt so that'Pb is a linear

function of the added sulfate only up to the stﬁichiometric requifement. it
we apply Eq. (8) to the total line width observed fo? the 0.1 M sulfate data
at 160°C with P_ = 0 and P, = 1 then we obtain T, _ = 2 x 10™7 sec. Some other
runs'c were also méde on a 0.005 M MnSO& sdlﬁtion. If we’appiy Eq. (10) to the
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160°C excess line width of 10 oe obtained for o. 005 M Mnsoh we flnd that;‘
. [sou = 2 x 1077 sec. Since the product of K, [50,” 2] is probably

close to unity under the conditions of 0.005 M MnSOu the agreement is very

satisfactory considering the large difference in ionic strength.

The activation energy that is found for the eXcess width of the 0.005 M
MnSOu datal2 is 4.8 Kca%/ﬁole. On the other hand the total line width of
the 0.1 M Naesou data gives only about a 2;8 Kca%/mole activation energy.
 These two values give at 20°C Tbc/kab [sou"zl —2x10° and 7, =1 x 10”
‘sec. Both of these estimates are at least a factor of ten shorter than the

11

2 x 1077 sec value for 7.  of Eigen and Tamm. > In Teble I it took a 9.0

be
-KCa;/mole activation energy to correct their 20°C value to our observed

160°C lifetime. It is to be expected that the quantity Toe Kab [soh'g] should
have a larger activation energy than does tbc° The 2 Kcal mole difference in
activation is too small for K alone since the low and high temperature data
require a variation in Kéb such that nearly an 8 Kbal/ﬁole difference should
be eXpected. It is clear however that the [SOh-z] is not really constant

even in 0.1 M Na SOM Further data will have to be obtained in solutions with

ﬁore nearly constant ionic strength.
VII. Comparison and Conclusion

From the chloride data we were able to evaluate the quantity Kab kbc and
its combined activation energy. -Since we can only make estimates for Kﬁb it

is not possible to evaluate the rate constant kbc with accuracy. The line
-1

width increase at low temperatures indicate that Kéb < 100 M . However,
the lifetimes tba which are calculated in Table I are so small that a value
for K less than 10 lM - would make our two-step complex model unrealistic.

ab

On basis of our data we must assume at.room temperature that K lO lM-
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The change in enthalpy associated with Kéb'is most .certainly positive and i$‘¢

LN

should be equi#alent to an activation energy of gbout 3 Kba%/hole. If we
.éssume this value than k= l.5vx,108 sééul‘at 25°C and its activation enexgy
is about 6 Kcal/mole. o

Without éonsidering the detéils of the process whereby the chloride ioé
moves from the second to the first coordination, it would appear that outf&alue '
for kbc is & reasonable one. This value and its activation energy yield a
frequency factor equé;/tp about lolevsec-l, and this is reasonable for a uni-

~

- molecular reaction. The lifetime of the water molecules in the first coordina-

+ .
tion sphere of Mn 2 has been rather accurately determined.h’13 Near room tem-

perature this value isv3 b'4 10-8 sec and its activation energy is 8.1 Kba%/mole.
This lifetime is about 5 times longer than our room temperafure estimate for

e and at 160°C the extrapolated values for the water lifetime would be very
close to our estimates for Tbc. The mechanisms for the replacement of a first
coordination sphere water molecule by a chloride ion in the second coordination
sphere.or by a water molecule are most probably very similar. Our data indicate
that chloride ion is only slightly‘faster than water in fhis replacement process.
Tentative data for bromide ion énd iodidé ion also indicate similar rates of
replécement. Further work on these ions and on chloride ion under condition

of constant ionic strength is being done and such data should 5e very useful

for a consideration of the mechanism of these reactions.

Our extrapolated value for The at room temperature for the sulfate system

is about a factor of ten shorter than that determined bvaigeﬁ and Tamm.ll In
-1light pf the complications of the sulfate system we must consider this as satis-
factory agreement. Further work on the sulfate system with closely controlled

ionic strength conditions should help classify this more complicated system.
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Table I

Estimated Relaxation and Lifetines (a)

20° ' 160° 20° 160°
| | 9 . -10
1 x lo-9 | 1x lo-lo o 1l x 10-9 : 1lx 10-9
3 X 10'9 : 8 x/lO-9 3 x 10 o _ 8 x 10
z ) ) B "l]-
v =10 ' 5 x 10
5 x 10712 . 5x107%3 5 x 10 '
~10% ~ 1077 | ~ 10730 | ~ 1079
7x 10770 5% 10 10 2 x 1077 (P) 2 x 1072
7 x 1072 5 x 10710 Cohx108®) 070
~2071 . ~107¥0 S~ ~ 10710

Times are in seconds and they are estimated for Q.OS M soLutions of anion with

additional assumptions given in the Vtext.»

Valee from Ref. (11) - our valve is about a factor of ten smaller than this. »
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Figure Captions

The solid lines are a summary of the effect of added NaCl on the
M = + /; component of 0.05M Mn(C10,),. The dashed curve is 0.05M

Mu(Cfl.Ou)2 without added salt. The dotted curve is 0.05M Mn Clz.

The line drawn in this plot corresponds to an activation energy
of 9.35 Keal mole™. The points correspond to NaCl added to
0.05M M:¥C10, ), in the emount: fm 0.01M, A 0.025M, O 0.03M, © 0.05Y,

0 ‘O.IM. The points & correspond to 0.00M MyCl, and the points © to

 a solution 0.025M Mn(Cth)2 with 0.05M added NaCl.

The effect of added Nagsou to 0.05M Mn(Cth)g in ﬂhevamount:
¢ 0.024, @ 0.034, O 0.0LM, & 0.05M, & 0.1M. The dashed curve

is 0.05M Mn(C10y ), without added salt.

The direct effect of added NaZSOu to 0.05M Mh(Cth)z. In the
range 20 - 80°C there is no consistent variation with temperature

and the total spread of the data are shown.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission,lor his employment with such contractor.
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