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UNIVERSITY OF CALIFORNIA

ABSTRACT

An investigation was made of the temperature and frequenéy dependence

+2 2 +2

of T2 for 017 in’ aqueous solutions containing Mh+2, Fe —, C6+ , Ni 7, end

Cu+?. This.represented an extension df the studies previously performed
in thié laborafory on ﬁhese jons. Virtually all of the.temperature‘effects
predicted by the modified Bloch equations for a two species system were
verifiéd experimentall&. Rateé of exchange of water moleculeé between

the bulk of the soiution and the first coordination sphere of theipara-.
magnetic cations were determined for all the ions studied. Activation
.energies for exchange were measured and eleétronic;Tl's and couplingAcon-
stants were determined in some céses. EQidence was found for a tetrahedral
Co+2(H20)h species in aqueous solutions near 100°C. The data fof'cupric ion
were interpreted in terms of six coordinated water molecules in a distorted
:octahedron, with a ratio of ca. lO5 existing for the axial wa#er exchange
rate over that of the equatorial waters.‘ The rates of exchange were_compaiéd
with other physical measurements ahd the nature of the bonding was considefgd;

The results of the O17 MMR studies’were compared with the results of

proton MMR studies of the same systems in order to derive additional infor-

‘mation.



I, INTRODUCTION AID THEORY

The effect of paramagnetic cations on the transverse relaxation
SR & o PR . .
time of O _Aln nuclear magnetlc resonance studles or natural water has
: 1 '
been reported nrevmously More recently, with a weter sample which was
enriched to 0.77 1n 0 AT, and Vlth 1mnroved experlmental technlaues, the
effect was measured with a much_nlgher degree of accuracy; Lower limits
were obtained for the first order rate conétents which govern the water
exchange'process between the bulk'of the solution and‘the first coordi-
nation gphere of the cations by mceng of the relatlonshlps established
" by McConnell and Berﬂer. 13 rOle lIMLbo could be set because it was
not known whether the over-ail relexetion vas controlled by the slov-
ness of the chemical exchange in and ogt oi the first coordination sphere

~

or by the slowness of the Ol( felaAaLloq nrocess in the first'coordination
R " - - ' : v

sphere. Bernheim, et-al., ehave shown that the process governing relaxa-
tion can be established‘in oertein.ceses from the temperature dependence
of ﬁhe overall relaxation. |

In the presentﬂstudy‘the tenperature dependenCe vas used to yield rate
constants and Varieue perameters contro ll : § the relaxation. A detailed
‘analysis of this tempe ' ature function can be derived from the Bloch eqgua-
tions. chConnellﬁ has modified. the Bloeh equations.to include the pOsei-
bility of chemical exchange. ‘in the present vork these equations have been
applied to the limiting,condiﬁionsrpreseﬁtlin e.dilute_aqueous solution
containing pa'*m netie ions.

Tn order toehendle"the'mOSt”Complex case encountered here, we will
treat the three cOmponeﬁﬁesysteﬁ. Tae soluulon centains the nucleus

being obgerved in three different environments, a,b, and ¢, with the g'



species being much more abundant.than b or c. (In the present case of.

‘ OlT 2 will be the bulk water andZP and ¢ will be waters in two different
environnents“inAthe first coordination sphere of.peraﬁagnetic metal ions. )
Only slow paosage condltlons w1ll be con51dered and the power level is
taken to be below aturatlon 50 that Mi ME ;‘etc., i. e.; the z component
of magnetlzatlon of each spec1es is essentlally unlnfluenced by the Hp
711eld. Chemlcal exchange of the nucleus is permltted between all three
species. The approprlate Bloch equatlons for the steady state, by an

obvious extenSIQn of McConnell' s_treatment to three specigs, are:

- 46, ,+.GE/%Eé + Gé/géé = 1w Mﬁ

S . ' b
Gé/%éh*'.BGE ot gg/tgé = 1 o Mg (1)

Tac Gb/% - C G =19 M%

" where Tab is the lifetime for,the exchange of the nucleus from the a to

the b environment G‘ ( = ua + i v ) is the complex sum of the in and out

of phase field components in thc plane oerpendlcular to HO’ and

ac

= l/ng_f 1/rab,+_1/r e | (2)

In the last expression Téafis the tr ransverse relaxation tlme in the a

environment and Awa is the difference between. the resonance frequency for

a and the actual frequency. ~ Solving the three‘simultaneOQS equations for

G, yields: , _
i, {\ﬁ(BC —_—) + Ng( l'r'" o 'rC ) + M%('r i + "rB —) }
_992 ocfea  ba ba'cb ‘ca
G, = : ' (3)
2 MBC 4 i -~¢l PR SR .BT . cT
1b Ten'ac Tab bcTca ) Tbcch -~ TacTea ab ba



From the concentration conditions that [a] >> [b] or [c] it follows

! Al Wb e g . : _ L
that Mz>> My or M5 and 1/7 . << 1/1 b2’ LT, . <. /v, From these in-

equalities and the relatlonuhlp wabcT g = bachTac there results as a
good approximation: - .y o >1.:_
a.(BC - )
1116 TP_QTE:E_)_ o : . - o
B -ABC + : '.+v'rA'r G 'li +'r‘v'r o “
+ "gb'peea  "pe'eb Tac’ca - Tap'ba

In 'bhese experlments the pa rt”of ‘the sgi'gnal: ‘beifzgobéérvéd'is that near
the pure a- revonance. "It cen be shown by a detailed analysis of terms that

the total signal a( = Gé * G+ .GC) 18 given to a very good approximation by

Gé in this regipén"o.f the spectrun and for the concentration conditions speci-
fied.” Vriting .G in the form resembling that for pure a gives:

e )
-4y M
_1)).‘. B

( B c
A - [ s 1 X =
T@_T’k_)_g'rg_g_ ' ‘T._eﬁ‘rcu '_rabT_'_ez l/ be cb

4

For the special casé that only 2 - b and a - ¢ exchange are permitted,

~all terms containirm bc and '1(” disannear. Clea_ring the denominator of

0

:unaglnary term.; ylelds IOI’ v, t-g. out of Dbo e cormonmnt of G:

e l/:: / e

= J=p . =2, (l/.L -1/T féjw_i _ a
SR ) J2
2 (L /e, + 1/ )E*Aa)i



e

The first term in brackets in the denomlnuuor and the part of thc numera-

tor in brackets are essentially frequency independent in the region of

interest: either A(Dj is lafge and varies little on a percentageAbasis v,
over the frequency rang of 1ntere t (the present case) or is so small

that its contribution is negligible. Then v will have its maximum value

“at the frequency.whefe the Secohd term_iﬁ-phé dendminator equals zero.and

. the half-ﬁidth.at;half-height'is given fq a good approximation by the first
brackets in the denominator. The experlmcntal half—w1dth at half helght

w1ll be given by the symbol l/T

‘ )
1/T +3./‘n T )+ AW,
' ed “1
l/T2,= 1./T2 +sz 1/ ag ¥ (1/1’ — 1/1: Ry (7)
The value of- A;wa, i.e., the resonance frequency minus that of pure a is
given to a good approxlmation by
o Arbj _
AW = - 2—- - 3 (8)
a 2 ' 2 .
~ = T LT, 1 + 1/7, + A w,
REC ﬂﬁ[( /‘reg /_J_a). ,‘i]

It is shown in Appendix B that fbr systemstith more tﬂén tvo minof.species
(eﬁchanging only with the major species) ‘the above'eqﬁations éppiy with the
summations e#tended over ﬁheée species. Eqbation 7 shows that the experi-
mental guantity, l/T - 1/T2~, should contain all relaxation effects arising

-

from the presence of the pafamagnetic ions. This quantity will hereafter

be referred to as l/T

For most of the systems studied the two component case suffices for

the interpretation of the experimental data. ¥Tor solutions containing water

and one type of paramaghetic ion'Equation T gives the following result:



5.
- . S / v +l/(T2MM)+AwM . :
l/TQ_E l/ H 0 (l/TgM + l/T + ACDM J . . (9)

‘.where Tab and Tb have been abbreviated “to TH 0 and TM'

— -_— . 2

An'analysis of EhiS‘eQuation'reveals two relaxation mechanisms:
- one involving T2M which has been considered in detail by Bloembergen,

et al.,7 and °olomon )9 and thc other 1nvolvmng A‘%M which, has been dis~

cussed by McConnell and Berger.3 The latter -- the Aw mechanism ~-- can
be of 1mportance if the magnetlc environment of the coordinated waters
differs by a snfficiently'large factor from that of the bulk waters, in -
which case relaxatlon can oceur’ through the large change in the precession-
al frequency of the nucleus in the coordinated state.

The temperature effects predicted by'EQhation 9 were investigatedtby
.a ‘consideration of the follovrng limltlng cases’ .
AwM >> 1/T2M, 1/%, 1/T, ' M/T -1/TH20 - (104)

Relaxation ocecurs through aAchangerin the preceseional.freqnency
and is repid;'l/Tég is. controlled by the rete.of chemicaldenchange.

PM'is given closely by n[M]/55.5 where n is the number of coordina-
ted waters per ion and [M] is the molar concentration of the para-

magnetic ion.
L 5> aad > AT, ) l/’I‘ =P 1 A (10B) -
T “’M o'’ M “y

Chemical exchange is rapid; l/'Tgp is controlled by the rate of

relaxation through the change in the precessional frequency.

.2 2 2 | '
LT >> Day, Yo, l/T = /Ty 1/ch20 ,(loc.)
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Relaxation by T an 1S~fast;vl/T2U is controlled by the rdte of

chcm1cwl cALhan"e.
\) 2 . 1 v_ ’
AT, m,) >> 1/12M, A% ; 1/1& T/ o (10D)

‘Chémicai exchange is rapid; l/T'r ;s conL"olled by the iem féiaka-
tiOn'ﬁrocess. -
;The varigti6h'of fi ﬁith fem5erﬂture is given bY' .
= (kT/h)' exp. (AH /RT - 0S8 /R vhere AH and AS are the anhaTDy

and - -entropy of activation for the lirst order reactlon of exch@ngu of
‘water from a cation. ihe temperature,depgndencg of.A<gM apd i?s rela-~
. tionship to,the scalar coupling constant is given by theléQuatioﬁ 6f
_BloeMbergen:lO | | | R

WI(T + 1) 8(8 + 1L)r A

Aw: , v » e S o (11)

vhere I and S are the spins of the nucleus and paramagnetic ion, v, and
, _ : S - N
Ye are the corresponding gyromagnetic TdLiOS, and A/h is the 'scalar
- S “c = e 2 g - b e r‘l-l . .- y -
coupling constant. A(%ﬁ is proportional vo T . The temperature depen-

dence of TZM v1ll be dlocussbd in the cons 1de atlon of Lhe experimental

results for each ion to which it applies; it;is expected‘to be smzll or

positive.
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II. EXPERIMEINTAL

The O17 resonence signals werec recorded with a.VarianlAssociateé
" Model V-4200 wide-line spectrometer operated at 5.43 and Z;bq‘mc. iThe
sideband technique used previously2 in these s£udies was embioyed. The
only sighificant'change vas the use of a 15 second time consfaht in thé
inteérating filter and a correépbndingly slov.sweep fate.of;ca. O,l3ngauss
per miﬁute. The solutions studied were 2 ml.»in.vpiuﬁe é;d vere made
'from'eﬁriched wvater of 1.2% or7 ana ca. 25¢% Geuterium obtained ffom the
Weizmann Institute of Science. All sélutions vere 0.1 M7.in.HCth.
Temperature studies were made using the sample holder shown ih
Figure 1. Heated air was passed through the coil in the high teﬁperatﬁre
work and cooléd dry'nitfogeﬁ was used to maintain low temperatureé. The

' o .0
temperature range covered was ca. 0 C to 1007C.
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Heated or cooled gas

Fig. 1 - Cross scctlon of the all- rlass sample holder employed in the
temperature studies, shown bolted into the MR probe. Lettered parts
are as follows: (A) Brass block; (B) Brass bolt, welded to probe; (C)
Rubber Gasket; (D) Glass coil, 2 mm o.d.; (E) Non51lvered Devar; (P) Re-
ceiver coil; (G) Thermocouple well; (H) Solution surface; (I) Orifice
for filling and evacuating.

MU-25656




III. RESULTS AND DISCUSSION

Since the 1nterpfetation of results varies greatly between the

different ions studiéd, each ion is considered separately.

A. Manganous Ion

4 - ey .

Bernheim, et al. found that two mechanisms were of " importance in.

the relaxation of protons in aqueous solutions of paramagnetic ions.
. 7,8 . e .
These are the dipole-dipole interaction and the scalar coupling
mechanism.9 The presence of the dipole mechanism was indicated through
the effect of the paramagnetic ion on the experimental Tl's since this
mechanism produced a nearly equal effect on both Ti and T2 under the con-
ditions they employed.
2 " .. -~ . Y - Al 17
Figure 2 shows the temperature variation of T2 and Tl of 07" for a
-1 .

1.82 x 10 " M solution of MnS0), . Also disployed is the temperature de-
“ pendence of Tl and Te'of the enriched water.. The line for Tl of the .
nmanganous solution is shifted from that for water in the direction opposite
to that expected Tor any contribution from the mangunous ion. The rather
large difference in the positvions of the two Tl lines with respect to
each other is believed. to arise from experimental uncertainty which is
inherently high in the saturation mezthod for the determination of Tl's.
Within the accuracy of the T determinations, the manganous ions produce
no effect oanl and thercefore the dipole-~dipole relaxation mechanism was
considered to produce only a negligible effecct. This was found to be

8 - ) - 2 " L ll 3 )
truz for cupric ion also, and Dr. L. Genser - of this laboratory has
indications of the same result for ferric ion in 1 M nitric acid. Values
+

+ ek At .
of T, were not measured for Te' , Co and Ni . The T

1

ions give no indication of ‘a dipole-dipole contribution, although a

o data for these

small one could be present.
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Fig. 2 - Dependence on reciproéal of temperature of log T, for a 1.82 x 100 M &

solution of MnSOu. Also shown are the temperature dependénces of log T
and log T

1 exp
2H,0 and log T

: ]_H'QO o
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temoerature dependence of T

~1)-

-~

Figure 3 shows the tewmperature dependence of T and it reveals
\8 1 T r

that the dependence at low tempercture corresponds to that of a chemical

reaction, which must correspond to region 10A or 10C. The approxinatc

value of T, obtained from the data at lov temperature eliminates the Ao

Mn

mechanism from consideration in this case: an impossibly high value of

the coupling constant would be necessary to account for the data. The

low temperatufe region is then 10C znd the high temperature results lie

in region 10D.

In order to subject the dota of Figure 3 to a curve fitling process

the temperature dependence of T?Hn had to be known. TFrom Bernheim,
(= .

‘2Mn

et al.,u T is expected to be given by:

' . 2
/Ty = BOI(T + 1)8( + 1)}‘%-2_— T = Cr,
1 . .

in thg.frequencylregion éf interest. The value of the correlation time
Te is given by l/'re = l/"l‘le #_}/TMH, where Tle‘is the electrogiq Tl.

At high temperaﬁureS»TgMn will be controlled by the interruption arising’
from chemical exchange, wvhile at lower temmeratures the electronic in-
ierruption will dominate. Thus, at Bigh_temperdtufes éne expects a
limiting slope egual in mégmitude but opposite in sign to that observed
for regioh.lod at lov témperature, as has been drawﬁ for the high and
lov temperature limiting slopes in Fig. 3. InvbetVeen the two extrcmes
an appreciable contribution from the term controlled by electrénic in-
terruption can occur as is shown in the ncérly horizontal iine.' Bloemn-

o 12 . .
bergen and Morgan's ~ Eguations 22 and 24 were used to calculate the

, taking VV = 1.00 kcal from the data of

1
1

O

Codrington and Bloerbergen.

The curve vhich passes through the experimental points of Figure



T,p (sec)

v
!

2t .3l 3.5
| for & 1.82 x 107" M MnSO,, solution

Fig. 3 - Temperature uependence of log T2o
with the lines resulting from the curve-iitting..

MU-25655



.3 was calculated as the sumn of the three lines shown in the Figure

according to Equation 9, which reduces in this case to

1
THoa . P P

W SR S - - S (12)
Yo * Y i t Tam Te T GO Te t YTy

" where C is a temperature independent constant. The three lineo shown

represent the bCuL fit to the data, 1f the electronlc Tl is malntained

-9

12,13,14,15 bbserved value of ca. 3 x 10 7 sec.

near the cxpcrlmentally
Table 1 gives the values of some pafametérs determined through the

curve-fitting §r0cessg A comparison is given fetween thesé values and

those obtained in the proton N woru.u’12 The similérity leéves no doubt

) . . 16
of the correctness of the carlier suggestion of Pearson et al., that

the proton exchange occurs by the c¢:chanse of whole water molecules under:

= I
the conditions used by Bernheim et al.,

The larger value of the coupling constant fbr 017, #s compared to
that of tho proton, res ulLJ in an enhancepent of the scalar coupling
relaxation dnd explaing why the dipoLe—dlpole mcchanism vas not observed.

‘No chemical shift was dcteétcd in solutions of Mn+2.'nThis is con-
sistent with the A/h value listed in Toble I. A calculation showed that
the line broadening is much laréer than the shift and thus the shift
is obscured}

B. Cupric Ton
Figure 4 shows the variatioa of Tgp wvith temperature for a lfOO

'Y lO_3 M solution of Cu(NOq)E. Ixcluding for a moment the high
. b) .

temperature bend, the data show a region of rather ..igh negative slope
where the rate is presumably controlled by the slowness of relaxation.

This corresponds to a region 10B or 10D and indicates @hat véry low



. .’.ll}... .

TABLE I

Parancters feom Figure 3 for Exchange

of OJf( and Prqtons Betveen the First

Coordination Sphere of Man  and Bulk Vater. : v L
Quantity : Oxygen - - Proton (Ref. 4) Proton (Ref. 12)
ik . ) ' ’ ’ : '
N1 (keal) 8.1 7.8 NEY
ky (se_c;l at “3.1x100 3.6 x 107 S nox 100
298°K) ’ ‘ , S _
Tle' (Sécoat ' 3.8.x 1077 3.0 x 1077 3.5 %1077
298°K and ' -
low field)
A/n (ci?s) 2.7 x 10° A leoxe10” 1.0 x 10°
as¥ (eu) 2.9 2.2 | 1.3




L1 il

i

i

T,p (sec)

| |O‘3 |

10”*

2.4 2.8

Fig. 4 - Temperature dependence of log T, for a 1.00 x. 1073 M Cu(NO3)2

P

solution with the lines resulting from the curve fitting.

MU-25644
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temperatures would have to be attained in order to observe the région
where the -relaxation is determined by the rate of the water exchange

process. TIrom the value oi"-Tgb at the lowest temperature shown in

iy

Figure k4 an upper limit was calculated for Tou® This valug is ca.
1lx lO~8 sec., and again the A ® mechanism méy be ignored on £hé basis
of‘ah-imposéibly high-coupliné constant. As was the cése with the Mn+2
solgtions, lines COrrééponding;to'regiohs 10C and 10D ccuid bé added to
give a. curve thrbqgh’thé experimental data at temperatures. less than ca.
80°c. B |

The bendover>at‘high.temperatures is reversible ﬁith réspectfto
temperature. The data,clearly”show the th:eshbldﬂ.of andther,regioni
where the relaxation is occurring by a new'path involviﬁg cupfic ionf

The possibility of dipole-dipole coupling must be discarded for two

reasons: 1t should be much smaller than scalar coupling and T2D should -

show a more negative dependence on the reciprocal of temperature than
the data eppcar to give at thé‘highest tempera ture. Measurements of Tl

were carried-bnly to 80°C and therefore gave essentially no information

about the bendover region.. If scalar coupling is 'still involved, there

must be more than one kind of oxygen associated with<the copper.

. The Cu+2 ion in_cfystals has long been known to coordinate with
four water molecules in a qﬁite stable square-planar arrangement. For
example in CuSOu . SHQO the Cu+2'is octahedrally coordinated with four
waters in.a plane having their oxygens 1.95 to 2.05 R from the CuTg
and -twvo sulfate oxygens at the poiesrhaving their oxygens 2.32 to.2.h45
o) : +2 17 L ' .

A from the Cu ., It is also thought that in aqueous solution the

+2 . . . e .
Cu ion doordinates with six water molecules to form such a distorted

octahedron. This hypothesis can be used to explain the NMR data.

«
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The results of the lbw teﬁperature curvé-fitting of Tigure 4 show
conclusively the presence of a quite labile form of coordinated water,
presumably the aiially coordinated form. vThé highAﬁemperatufe effect
then likely arisés-from exchange of waﬁeré from the eqﬁatorialﬂpositions.

There are two‘piausible nechanisms for_equatorial_watef @xchangé:

(a) .Direét exchﬁnge Qith the bulk waters at the equatorial posi-

tioﬁs.‘

(b) An inversion process in the Qu+2(H20)6 ion in vhich the axial

positions.become equatdrial.dnd two of the.equatorial positions
vbécome'axial;"This process may ‘then be folldwed‘by the rapid

‘water exchange from the axial positions.

The déta are such that no choice is pOSSiblé between these two alterna-

tive mechanisms.

A large range of values for necessary parameters can be found which

"results in lines ﬁhich add to reproduce the data of Figure 4. In order

to constrict the range of solutions the following considerations are
made .

-The entropies of aétiv;%ion bf the water gxéhange procesées for
all the ions. studied had small values. Therefore i@iwas expected that
the loosely bound watersg in:thevaxial positions of the hydrated cupric
ion would go_thrdugh an. entropy of activation. of ca. zero.

Bloembergen and Morgan12 and Kivelsonl8 have shown that the func-

~tional relationship existing between the electronic Tl and temperature

is closely linked with the motion of the bulk water molecules in the

neighborhood of the paramagnetic ions. The getivation energy governing
the Tl relaxation may be considered as a first approximation to be
independent of the naturc of the paramagnetic ion. Since the experi-

: ‘ +2
mental temperature dependence of the electronic Tl of Mn  -has been
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~shown to be very sﬁall, the approximqtipn given above prdbably cannot
produce a sizeable error. Consequently the same slbpe was u;gd here as
was used in the Mn'® casel |

H&yesl9 has partially resolvedvthe,ESR spectrum of cupric‘ion in
aqueous solutions nea? 0°¢. The value obtaiped for thé elecfrénic TQ is
ca. 5 x 10‘9 sec. Ki&elson}8 has shown that Tl may be larger than T2
for cupric ion because of thé.anisotrOpic g factor. The curve-fitting
process was thén rgqﬁired to yield a value of Tle which was > 5x 10”9
sec. |

Coupling constants have also b¢en thained fo?_all ions studied here
and they range from 1-4 x 106 cps. The loosely bound axial water mole-
cules on a cupfic ion certainly cannot possess a coupling constant which
is greatly above this range.

The mathematical problem of curve-fitting was handled through a

consideration of Equation 7, which becomes

1T, 2 s 1/(e 2
Ve = Je. | ecw * Y (TonunTow) * o]
2p Cud’ "CuA 2 2
= v - (/T + v, )T+ tw
2Cuh Cu CuA
, (13)
-1/t 2

e | 2 2
(l/rl,aCLIE + l/TCuE) + lwy n

. ' 2
scu * Y TocunTour) * Moug
+PCuE/T
Cult

Where Poug = 4{cul/55.5, Pooa = 2[Cul/55.5, and A and E refer to axial
and equatorial, respectively. This equation would apply to the case where
the equatorial water exchange occurs directly with the bulk water.

A consideration of the conditions shown by the temperature effects
of Figure h‘reduces BEquation 13 for the relaxation time to the folloving
relation:

Cul ‘
1T, = R p Lub (14)
Pt + T T, ‘
CuA 2CuA Cuk
{ 2\ ' (b)




It is seen that 1/(T

9.

The lines in Fig. b which represent the terms (a) and (b) of Equation 14
do not combine by simple addition to reproduce the experimental reSuits.
Instead the'two lines which make up (a) add to give that pér£ of the data
which excludes the high temperature bend and then 1/(a) + 1/(b) gives the
reciprocal ofbthe béndover region of Fig. 4. The lover temperature
points were subjééﬁed to curvc—fitting under the restrictions previously
ouflined. The line corresponding to (b) was then obtained as a remainder.
Table II givéé the valﬁés of some quéntities caléﬁlated from the lines
shoﬁn in Fig. ﬁ... .

For thé'chemicéi.exchange process to control Tgp at high temperature,

the numerator and denominator of thé brackets of Equatibn 9 must be very

nearly equal.' This relationship obtains if:

_ ' 2 T2 2
Y(TooumTouwr) * ¥ Teum << Yoo * X (15)

At 9700,'this inequality becbmes:

2.2(A/h)2 £ 40 x 10« 1.2 % 10'3“1(A/h)LL + b2 x lO—B(A/h)? (16)

QCuETCuE) >> AmCiE and the lw mechanism may be dis-
carded in the interpretation of the high temperature relaxation; ‘The
lower limit of A/h_oﬁtainea from Equétion 16 is given in Table II.

The possibilityvis now considered that exchangs of equatorial waters
occurs through inversion of the distorted octahedron of waters, coupled
with rapid exchange of axial waters. Starting with Equation 5 and im-
posing the additional restriction phqt{g—g'exchdnge ianegligibié;yields:

- iwlM‘?-

G = 0
1
A - T
T .7 (B - s—"—0)
d,b b a C T.b o T Cb

Solving this equation as before for the half-width at half-height gives

as a good approximation.



TABLES TT

Values Calculated from Fig. 4 for a

4 - 2
1.00 x 10™° M Solution of Cu’

Quontity o ; o EQuatorialiv ' . Axial
AHi (kcal) 1 5
Ky (sec™t at 298°K)' ‘ 1.0 x 10" e~x_108
Tle'($GCQat 298°K) e 2 x 10'Q )
A/h (eps) ‘ >> 5,5 % 10° b x 106
&‘.i (eu) | . ~’I~I | -4

%he value is of course irdependent of the position of coordina-

-tion; but the calculation was nadce from data corresponding to axial

wvater exchange.
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Since the experimental data indicate that Luw terms are unimportant, one

has for the case of interes

1 1 1 2 2¢ be 720 Tor
TRt X T S
2 B2 B gty i
21 15 2c bo(p— + =)
- - *23 Teb .

In the region of the hipgh temperaturc bend the temperature dependenas

‘ndicates that l/rba'dominateg the dencaminator and 1./T2C >> l/TCb; thus

i _ 1 1,1
oot Rt

For the higher temperature region RBquation 14 has precisely this same

L

elgebraic form, cond, therefore, the shape of the temperature dependence

curve is not indicative of the echanisn.
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The data are such<£hat little in the way of numerical aecuracy can
be obtained for the éuantities vhich deai‘with the equatorial water en—
chdgge.‘ A much more accurate value of Aﬂi and Of.TCuE could be obtained -
'through‘detefminatione of T p'at temperatures in excess of 100°C. |

FLnally, a caluulatlon of the rqtlo of chemlcal Shlft to line broad- -

Fning lad to a predictlon of no detectable chemlcal shlft, which was the

experlmental result.

‘d. Nickelous Ion

An extiemely large tcmperature effect was obeerved for the T 2p of
Ni+2 solutlons at 5 45 me as is hown in Flg e In order that the entire
,tempereture range from 0 Lo 100°¢ could be ekamlned, three solutlons of |
'"concentratlons 0. 1oo M, 3. 59 x 10~ M and 6 12 X 10 3M N1(NO5)2 were
employed.x Prev1ous experlments2 had ghown that a llnear relatlonshlp
.CXJSLS between l/T and the concentratlon of Lhe paramagnetlc 1on; Th;s
' vas conflrmed Wlth the three Ni ? solutions mentloned above and all feeults
of Figs. S dndv6 were referred to a Valuetfof'e‘b.lOO M solutien. |

The condltlonb exis tlng in the nolutlon at Lemperaturce in thp llncar
reglon of Fig, 5 qulte clearly are 10A or lOC._ The value of Ni calcu~

lated from the llnear reglon, however, along: W1Lh the very emall clectron

“ r

5 S |
Spln‘O relaxatlon tlme thou ht Lo exist for’ N1 ? in dqueous bolutlons,
make'lOA more plau51ble.. The high Lemperature bend 19 then due to the
theehold of reglon lOB. Table 11T glveu thc numerlcal results oi the

curve Iltting. =

1o VOS aLSCoSCd irom thc hlgh tempcrature ‘data. By .
.

& comblnatlon of reglonb lOB and lOD Lhe followlng reglon is. obtalned

- Phe limit of T

. when Lhe relatlonshlp between Aﬁﬂ and l/T is not known:;f.'

N e -
.1/ v i AwM + 2 (TQM ”) ; 1/f1:212 = PM/T2M + Byl
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Table IIT

Values Calculated from Tigs. 5 and 6 for

Exchange of Water from the -

Firét Coordination Sphere of Ni+2

Quantity . | Value

NG (kcal) 11.6

klv(sec-l‘at'2980K) | 2.7 x 10"

Tlé‘(sec at 298°K) - 511;3 x 1071t
A/h (cps) 3.6 x:l06

ast (eu) / 0.6
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- Fig. 5 - Temperature dependence of log T
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are also shown. Data from 3.39 x 1072 and 6.12 x 1073 M solutions were

cofrected to 0.100 M. _ ' .
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Fig. 6 - Temperature dependence of log Top of a 0.100 M Ni(NO3)2 solution.
The concentration actually used was 0.200 M but the values were referred to
the corresponding value for the more dilute solution for purposes of compdri-

son with Fig. 5. The frequency was 2.00 Mc.
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From pr:vious considerations and from the frequency'Study discussed below,
it is known that P TMG wM is the larger of these two terms. .For the purprses
of obtaining a 1imit for ‘I'2M these two terms were equated. This method was

also used in the determination of the limits of the electron spin relaxation

. a o, te Lt . P s ; ‘ '
. tlmes of {o 2 and Fe ?. The resulting limits in all three cases were con-

Sistent with estimated limifs.eo

A check on the essumptionlthat the conditions‘corresﬁond to regions
10A and 10B was provided oy the-frequency dependence of sz . Figure 6
snows‘the temperature Variation of T2p of a 0.100 M N1(NO ) soiution at

2.00 me.  The two stralght llnes correspond to the llnes of Fig. 5 with

the correction made for the change in frequency accordlng to Equatlon ll

which predicts a linear dependence of LAw on frequency The curve whlch

 represents the swn of the two lines of Fig. 5 fits the data every bit as

well as the lines of Fig. 5 fit the points of Fig. 5. This demonstrates

that the A ® mechanism can produce_appreciable relaxation in solutions

of_baramagnetic ions and elso tnat the value of z&wNi is‘qnite accurately
known.- |

The chemical shift is still not observable in Ni+2 solntions at
2980K even though the broadening is quite small compared to Mn+2 or Cu+2

solutions. By an analysis of Equation 8 under the conditiOns:of 10A the

shift at 5.43 me is predicted to be:

= 17)
g0 = NlA*’Nl A» N ) , (17

Ni

Since‘ Amw§">> L/TNi at 2980K the shift is only a fraction of its maximum

value and is undetectable. Near lOOOC, however, the shift is given to a

.good approximation by:
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Fig. 7 - Temperaturve dependence of T, of Cos0), and Co(Cth)e solutions at

' 5.43 mec. and 2.00 mc. The lines resuiting from the curve-fitting are also
shown. All data are corrected to 1.00 x 1072 M Co+2.
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ADH20 = Py

A calculation revealed that a paremagnetic shift should be observed, and
a sizeable shift was observed experimentally. The value of the coupling
constant calculated from the chemical shift at elevated temperatures was

imprecise and consequently is not given.

D. Cobaltous Ion

As with the Ni+2 solutions the solutions of Co+2 display a marked
temperature variation in T2p as shown.in Fig. 7. The‘upper points were
obtained at 2.00 mec, and th; lower points a% 5.43 mc. The solutions used
in the work at 5.&3 me were 1.00 x 10—2, L77 x 10—2, and 0.163 M in CoSO0),,
and 0.147 M inICo(ClOu)Q. Those used in the 2.00 mc experiménts.were
7.63 X lO“2 aﬁd 0.223 Mgiﬁ CoSOu. The values for all concentrations were
referred to the corresponding values for a 1.00 x lO_? M solution in

‘Pig. T..

The ratio of the TZD'S for the two frequencies at 3OOOK; definitely

-

indicates that the lineér regions in the intermédiate temperature* range
ére 10B. The predicted ratio for 10B is (5;43/2.00)2;or 7.35. This obser-
vation is alsoc consistent with the estimated limiteo‘%or the electronic
Tl' The bend at low temperatures is then due to 1O0A.

The reversible high temperature bend presents more difficulty in in-
terpretation, as did the similar bend in the case of the Cu+2 solutiohs.
An examination of Zguation 9 shows that such a bendover from thevAm re-
laxation controlled region cannot occur through.scalar coupling for the
two component sysien (assuming the temperature dependence of Tle to be

I

+ 3 5
small or(negative). As reasoned for Cu 2, dipole-dipole relaxation should



e

not be importént. Once again the'oﬁly recourse is the 1ntroduction of
a new species. into consideration.

| In spite of the bending regions ih,Fig.'frthe curve fitting was much
easierland more pfeciseﬁthan with the Cu+2:data: :The curves in Figu:e T
-vere subjected to the fitting process-simuitangously with_the restriction

that the ratio of the T, 's at 30°C be 7.35. Table IV gives the results

. ‘ . . . 4o
of this operation for parameters involving wvater exchange from the Co 2

2p

(H20)6_species. |

| Measurement of the chemical shift'provided o confirmation for the-
~ assumption of 10B conditions és well as the Yélueé of To and A/h,‘ Solu-
tions df Cd+2 show broéder iine widths than Nif?,solutions of'tﬁe samé
concentration. Equation 8, however, under conditioné le yields the

following rélationship‘forvthe chemical shift:

MHQO = P . (18)
Thus the shift has assumed its”maXimum value. The measured paramagnetic

: ) ) : : _
shift at 1.00'x 1072 M Co™2 and 300°K was 14.0 ppm. Jackson, et al.o>

u_fouhd a péramagnetic shift of 330 pom in a Q.27M Co+2 solution at ca.
BOOOK, which is slightly larger than found here. | .

A vélue of the cdﬁpling coﬁétaﬁt was calculated from the Bloembergen
equationlo using,the Vaiue of 14.0 ppm for the shift. By this calculation
A/h was found to be 1.1k x 106 cps. The value of A/h calculated from the
chemicai shift wés then ﬁsed to calcuiate kl at 2980K. Figure 7 contains
the chemical exchange controlled linevcorrespondihg to this value of kl.

The relaxation process which enters at high temperatures has a high
activation energy and certainly corresponds to regions 10A or 10C,

‘Equation 7 adapted.to give the high temperature bend is:



- -28-

Table IV

Va;ues;Calculated from Fig. T fpr_
Exchange of'Water ffom-the

. First Coordination Sphere of Co 2

.Quantity R ' . Value

o' (xeal) 8.0
-kl(sec-l at 298°K) : N l.i3ix 105
Tle(sec at 208%¢) <5x107*
A/h.(cpé) 4 - 1.1k x 106

AS:IF (eu) . _ -kl
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2, T
u - 1D
l/ng " “Co [TCd&DCo] * PCO’/TCQ" (29)

where the primes indicate the high temperature species.

The presence of a new species which reveals itself ét high tempgra—

tures suggested an equiliﬁrium analogous to the LeL” + Co+2 _ Co('llu—2
. v : _ B

Syétem of cobalt chloride éompiexesL The possibility of an anion effect

was discbunted-through a determination of T2p fromvSO'to-lOOOC in éolu-‘

.tions of Co(Cth)e; No difference was deteéZed_from the sulfate resulis.

" The treatment of‘a possible_explanatiop Tfor the‘high temperature data
of Fig. 7 will beé as folléwé. ~The data will be discuésed in a geﬁeral
'manner in Orde; to obtain some ch@rﬁcteriétics ofvthg.new cobalt.species
and theh will be interﬁretédvin terms of the newv épecies being tetrahearal
Co+2(H20)l1L in order fo show that this ion ylelds results which are in
agreement with.the observatibns. _ ,

Figure T shows. that at 94.5°C the ratio: (TCO;/?COj)/(TCO/?CO) is equal
‘to'5.0 xrlO3.- The lafge value of this ratid may'be dué té the small concen-
tration Qf the new sﬁecies or to a large difference in the water exchange
rate§ or to a‘combinatibn of thevtwo. '

Z-Assuming fhe primed cobalt species to be d minoﬁ consfituent even at
the high témpergtures,’the slope of thé TCo’/?éo; line yields 17 kecal for
AH = AH; , F AHCO—CO" where the heat of.activatipn*refers to th¢ vater
exchange process for the_pfimed species and AHCO-COF is the enthalpy change

Co

for “the conversion of the Co' - tovthe‘primed cobalt species. From the life-
. : F
times the corresponding free energy change AF = AF Cot + AFCO—CO' is found

: ‘ ¥
d ) o A l ‘-O - A A n e = l .
to be 15.2 kcal at 94.5°C. The entropy change AS = A4S Co! + ASCo-Co' is
then 5 eu., The entropy change can give information about the nature of

the exchange process. Compared to AS o the 9 eu more positive value of
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AS would be consistent qualitutively ﬁith & four-coordinated cobaltous
ion exchanging w#ter molecules directly. Thus AS*CO' might.be expected
to be a small negative quantity as found for QS%CO, but ASCO—CO' éhould
be appfeciably positive because of the freeing of two water mplecules.
Alternatively the fogr coordinated species miéht exchange water molecules
by éonversion to the sig coSrdinated species and vice versa. A fairly
‘positive entropy would be expected, once again, if thé aétivated complex
had.lesé than six fold coordination, ng,, fiﬁe fold. Actﬁally the pre-
cision of'the présent data does not warrant drawing any definite conclu-
sions. Measurements at higheryfemperatures.are underwvay in this labora-
tory to fix the high-temperature activation energy and entropy more pfe-
cisely.

Since the ogfahedrally coordinated cobalt is the only uncomplexed
specles ever identified in an agueous solution near room temperature,'
the cdncentration of‘the Co!' species at high temperatures is no doubt
small. Also .the long linear région at the intermediate temperatures in-
dicates that‘the concentration of the octahedral species is virtually
a constant, an observation which reinforces ‘the idea that the new gpecies
is present at a relatively'low concentration. It is pos;ible, of course,
that the C§+"(H20)6 ion poSsesses nénequivalent positions as with cut
(HEO)G.- Such a case would explain the high temperature data; hovever
the ratio between the water exchange rates at the two different.positions
at 94.500 wéuld have to be > 1 x lOu, s larger value than exists for Cu+2
(H20)6 at the same temperature. X;ray c?ystal studies indicate much less
deformation for octahedrally coordinated Co+2 salts than for.Cu+2 salts.

In order to investigate thé possible presence of a new species at high

temperatures, the visible spectrum of a 0.600 M solution of CoSOu which
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was also 0.1 M in'HCiOM was measured és a funétion'of temperature dsing a
Cary Récording Speétrophotometer. The solution was heated and the tempera-
ture was maintained at 9&.500 by means of an asbestos boara qu which
contained a sealed 5 mm. cell, a-céll»holder, a.#hermbcoﬁple, énd ﬁﬁo
22 mm. gquartz windowsf Alignment ofvthe windows wi#h»the iighﬁ path was
achieved by designing the box so that it.fitted ekactly on the Cary céll
holder plate. ’Heated'aif waé circulated thfough the bdxvto maintain the
"temﬁeraturé. | |
vFigﬁfe 8 shows the spectré at 27°C and 9%.500.'v$he difference be-
tween these spectra indicates the growth of a new peak.at ca;.SSO mu.

23

- Since the tetrahedra; complex was expected” :to'have a smaller érystai field
effeét than the octahedfal éomplex,Athe resglt is consistent éualitatively
with the formation of the tetrahedral species. If the tetréhedral a.quo
‘complex has similar spectrél éharacteristics to the knOWn tetrahédral
halidebco.mplexes,24 it ﬁossesses a maximum molaxr extinction coeffiéient
‘v which is a factor of 102 highe? than the maximum molar extinction coeffi-
cient df the ¢ctahedral_species. The use of this ratio, along with the
épectra of Fig. 8; gives a value of 4 i'lngfof the ra£io of Pcé/?co,e The
resulting ratio of 74 /T, would then be 13 at oh.5%.

‘If these approximgte values of the concentrations and th¢ rates of
water exchange are used,the‘following results may be deduced. The rate

l/TCO‘ equals 12 Aw., at 2.00 me. For condition 10A ﬁo hold in the high

Co
temperature fegion_it is necessgry.théﬁ ;/TCO,<{ZMQCO,“and‘therefore Amco,
would have to.be considerably gréater-thanvAmC§ —— at{lea%ﬁ,aovfgld. There
is no_guide to the ﬁlausibility'of_such élcohdition,, It instééd conditions
10C exist at highvtemperature, Tle for'Co.I must be considerably larger
than for Co, i.e., Tle'>,5 b'd lO~8 sec., Again the plausibility of sﬁch a

condition is not known.
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T 1 i — I
e 27°C
——94.5°C
= (Aga5=Ap7)

A (mu)

8 - Visible spectrum of a 0.600 M CoSOh solution at 2700 and 94.590.

Fig.,
Also shown is the curve represent

ing the difference between the two spec-

tra with the density correction from thermal expansion ihcluded.
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E. Terrous Ion

Figure 9 shows the large temperature dependence of sz in solutions
of ferrous ammonium sulfate at 5.43 me. Three solutions o;.concentrations
1.4 x lOf?, 6.13 x 10_2,-and 0.377T M were employed. AlL values sﬁown in
.Fig. 9 ﬁave been corrected to those for a solﬁﬁion which-is.l.hh b'd lO;zM.

.Points were nbt'bbtainéd near lOOOC because of the broadéning caused

3

by small amounts of Fe© ‘formed by air oxidation. Much care was taken to
exclude air thrcugh the uée of the sample holdef.shown in Fig. 1. The
solutions were prepared on a vacuum line and the sample holder subéequent—
ly filled with an atmbsphere of argon. However, the liﬁe width due to |
Fe+2 narrows sharply with temperature, while that of Fe+3 broadéns rapid-
1 3

ly. L Therefore even a‘very small amount of Fe' contributes appreciably
to.the line‘width neaf iOOOC. |

- As with the Co+2 solutions the linear region shown in Fig. 9 is most
likely 10A. The estimated valuéeo of the electron spin relaxation time
eiiminated'lOC from cqnsideratibn.

Sincelno7chemical exchange controlled region is seen in Tig. 9 it is
fortunate thatvthe chemical 'shift is measurable; _it is of the same magni-
tude as that of the.Co+2 solutions and is detectable for the same reasons
given in thé discussidg of the Co+2 shift. A shift of 119 ppm was observed
with a 6.17 % 1072 M Fe'® solution at 300°K. Table V gives the values of
quantities calculatédAfrom the chemicél shift and from the data‘of Fig. 9.

The value of” at 2980K calculated from ihe chemical shift and the

e _
~data of Fig. 9 is consistent with the value obtained through curve-fitting
on the siight bending at low temperatures in Fig. 9. The stréight line for

the 10A region calculated from the chemical shift has.béen inserted in

Fig. 9.
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. 2p of a 1.b4 x 107" M Fe(NHu)e(SOu)z
solution at 5.43 me.

MU-25645



-35-

TABLE V

Values for .the Exchange of Water From the

First Coordination Sphere of Ferrous Ion

Quantity o Value
AH*'(kcal)‘ T
k) (see™t at 208%) | 3.2 x 10°
T, (sec at 298%) <1 x 1071
A/h (cps) 9.8 x 10°
%

S (eu) -5.0>
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IV. DISCUSSION

17 Results

- A, Interpretation of O

- No other measnrements exist for the rates of erchange‘of‘water mole-
cules in the first coordination spheres ofvthe cations‘studied‘here'except.f
for Mn 2, as discussed in the prev1ous section. i | | |
An instructive comparison has been made earlier w1th16 25 26 2

”rates of & s1milar process, 1.e., the rate of replacement of a water mole-,ﬁi
| ;cule by a sulfate ion in the first coordination sphere of the metal ions.'
‘Shown in: Fig’ 10 is the comparison based now on actual rates of water -
.exchange, rather than'lower limits,‘and on improved‘sulfate complexinghv
_data.2§ The only ion which shows a serious deviation from the linear
-relationship is Cu ?, and the wvater exchange rate is known only approxiF
‘mately‘for this ion. The rough linearity seems to support the theSis25 27f
that the activation energy in complexing reactions arises pr1n01pally from '
: the ‘partial removal of a water molecule and that bonding to the incoming i
.‘group is not an important factor. To make the data strictly comparable,
the water exchange rates should be corrected by a statistical factor of
' '5/4, assuming that the incoming group comes from a face of the octahedron.
It is reasonable that the decrease in bonding of the outhing group
‘is of much more importance to the rate than any weak bonding of the in-.
cominglgroup_in the.activated complex, but the close-correspondence in .
values of the two sets of rates is indeed remarkable. Possihly the in-
comingvoxygen of the sulfate group behaves much like theloxygen of a water
molecule because of the similarity in electric charges.; From dipole
measurements the charge on oxygen in water is approximately 0:6 of an
-electronic charge (assuming the positive charge to lie at the protons),

while half of an electronic charge would reside on each oxygen of 804

if<the sulfur is assumed to be neutral. It is interesting that the same



10 T T T 1 | !
+2
o Cu
8_..
+2
eMn
|
o
2
]?J o F:e't
- | 2
<« 6 oCO+
o
o
O_N.I+2.
4
S | { . . n
2 | 4 6 8

log kn,so; 

Fig. 'lO - Comparison of the rates of water exchange with the rate of replace~

ment of water molecules by sulfate ions in aqueous solutions.
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charge distribution would te'estimated for the oxygene.of the carboxylate
ion, which Eigen and coworker526 have shown once again to have rates of
complexing similar to the sulfate rates.

An attempt was made to correlate the water exchange rates in the.
solutions of the ions studled with three factors: the electrostatic at-
traction, the crystal:field stabiiization, and the -extent of'covalent
bondlng b tween the oxygen and the d electrons of the paramagnetlc ion.
‘The puzpose was to fix the extent to which these factors contrlbute to
the magnltude of the water exchange rate. g

Fig. 11 shows the relationship between the log of the water exchange
rates and the second 1onlzatlon potent1a128 of the gsseous metal, w1th
tne electron initially in the lowest d level of the singly=charged ion.
The slow Cu = exchange rate which is plotted is subject to considerable"
uncertainty. The plot indicates a rough correlation which would brobably
be a measure of bonding--both covalent and ionic, It is impossible to
separate the correlation for the two types of bonds because the coordinated
oxygens penetrate_appreciably into the 4 orbitals of the metai ion and
could thus return negatiVe electric charge to the‘ion either witn or with-
oat covalent bonding.

Fig. 12 shows the difference in crystal I"iel‘d.stabiln‘.zation27 between
the octahedral complexes of the ione studied and two possible activated
complexes for the water exchange prOcéSS; The theoretical calculations
of the crystal field effect were made by Basolo and PearsoneY'in terms
of Dg. To obtain the values in kcal shonn in Fig. 12 we have employed
the experimental spectroscopic values of Dg listed by Basolo and Pearson,27

It is seen that the resulting predicted crystal field effects are consid-

erably ‘greater than the observed variations in A and AF . Since effects
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'Fig. 11 - Plot of the log of the water exchange rates of the ions studied

versus the lonization potential for a 4 electron in the singly-
ionized gaseous ion.
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other than crystal field effecﬁs will determiné the rate parameters, one
can hope to see 6nly large, abrupt changes‘in crystél field ﬁrends{ Quali-
tati?ely the rise in AHi and AF¢ for Ni+2,-predicted by crystal field
theory fqrreither activated,complex, is observed.’ The heaf data indicate
a larger effect thét,fhe free energy data. 'Although the free energy:data
are more precise, a signifiéant part of their variation might_be due to
ientr0py changes rather théﬁ crystal field ¢ﬁthélpy chéﬁges.< The magnitude
‘of the effe¢t f§r Nif? indicates that even here the major part ofAAH¢ does
not arise from crystal field effects[ In fhe case of Mn+f, of cdurse,
crystai field,effecté_are_absent. |

Sinée thé gaseous ions ha&e no cyrstal field splitting, the cofrgla—
tion of rate.ofreXChange with ionization pbtentiai in Fig} 11 should fa;l
to the extent ﬁhat.érystal field effects operate. As pfedicted the.fate
for Ni+2 deviates toward a-smaller value frbm that obtained by tﬁé exﬁra-v
bolatidn bf the straight liné through Nm+2,Afe+2, and Co+2-

An étfempt was made to aécdunt fo: the ﬁagnitude of the observed rate
on the basis éf a priﬁit;vé electrostatic model in which only the reﬁoval
of the'outgoing water is éonsidered. Usihg the formula for thevel¢ctro-
étatic.attraction between aidipole and a chérgelone‘calcuié£es the free

' energy of activation from this source for a divalent ion to be:

AF: = -252 (1/&2 - l/d2)/D keal = (21)

where D is the effective dielectric cohstant and d and d¢ are the metal

to oxygen distances in A of the water in the hydrated ion and activated

2 to be 2.20 X one calculates that

: +
d* - d would have to be ca. 0.3 R to yield the observed AF+ of 7.2 keal,

complex,‘respectivelyQ Taking & for Mn*

with the dielectric constant having the optical vajlue for water, i.e.,

1.77. It is seen that such a model can account for thé magnitude of the
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activdfion'éﬁéréy, althouéﬁ the appropriateness of the assumed small.di-
eiecﬁrié‘cbnstén£ is open to cricicism.
Tﬁe changé of AF¢.with size of the metal can be estimated for the
vabove médél aséumiﬁg that the div— d 1s constant at 0.3 2. The calculated
changevwith radius is only about ohe-thifd of the obServed value, even
 making a corréctiqn forvcrysfal field effects; b&t this may well be only
a reflectién“of thevinadequacy of the modél;  Particularly the>assumption
'of_constdnt sﬁretching is open to question and a more realistic model
would probably improve the comparison. |
The coﬁpling cdnstantsvcalculated.from thevwater exchange data are

ﬁcpendentvﬁn COValenf bonding bétween the 6xygén and the d electrons of
the“paraméghéﬁic ion. .There.is no apparént correlati¢h1betwe¢n these‘
_ coupling consténts and the fates. Thé éonplusion is thaf'cdvaleﬁt char-
acter $éasuréd'by'thé éduﬁiing constants does nofidominatéithegenergy of
ﬁhe‘acfivated'cémplex. |

| In summary, the.ébservations arc consistent wiﬁh an appréciable
1efy§tal fiela effeét on the rate of‘eﬁchangé; o definite'efidénce for
 é6vqleht ﬁonding effects was found, apart from éryStal field contributions,
. Which might be so interpreted. TheAmagnitud@ of the rates can be accounted
for by a crude glectfostatié model; tiis interpretation is possible but by
1o means necessary. Regarding covalent bonding effects it is of interest
that Eigen26 reports the first order rate constants for sulfate complex,

> b -1

and 1 x 10" sec respectively.

formations of Mg ' and Ni't to be 1 x 10
29

Since the empirical ionic radii " of the two .lons are nearly the same,
l.e., 0;75 and 0.74 X respectively, it must be concluded that covalent
effects in Ni++_are not large relative to Mg++. The ten fold lower rate

for Ni++ can probably be attributed to crystal field effects.
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One further correlation is shown in Figures 13 and 14. Fig. 13 shows
a plot of the log of the water exchange rates versus the first stability

20,31 with the paramagnetic

constant for the coordination of ethylenediamine
ions studied.. There is rather good correlation Between complex stability
and rate of exchange, as might be expected. The plot shows a deviation
for‘Con. This suggests that perhaps Co+2 exists in solution as a slightly
distorted octahedron; however this ié shown to be not the case in Fig. lh.
Here the same deviation appears in the data for the formation of the.third

_‘complex. but octashedral distortion should affect the stability of the third

complex in the opposite direction to that of the first.

B. Consideration of Proton Results

It is interesting to compare the NMR data.on diluté-aquéoﬁé solutions
of paramagnetic ions from the present‘O17 work and thé pro%on studies of
other authors‘.u’l?’52 For each ion studied here,'aAlet has bgén maae
(Figs. 15 through 19) of log P Tgp VS lOB/T,.so that both‘ol7 and proton
data are on the same'ploﬁ.

The comparisqns represented in Figs. 15 through i9ﬁare given. in part
as a check én £he'consistency-of thé assﬁmptions previously made by the
éuthor and by thoée who have studied the proton resonance. dne further
calculation must be made,.howevér, before the results can be compared.

In the cases of each of the five ions studied here the proton results
yi¢lded values of thé dipole - dipole félaxation times as a function of
témperature. It is of consiaerable interest to consider the ratio. of the
dipole - dipole relaxation times for protons and O17 in the same solution
of a paramagnetic ion. The following is a very crude attempt at the

calculation of such a ratio. Accofding to the equation of Solomon7 the

ratio is
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: Fig. 13 - Logarithmic plot of the water exchange rates versus the first

formation constants for the paramagnetic ion—ethylene-diémine

v'system.
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T

for Mn+2 solutions from the present O17 NMR

and from the proton VR data.‘u’l2 Also shown are the experi-

¥ig. 15 - A plot of PMnTQ’p

mental T ‘s obtained in the proton studies. The lines which

1 17

resulted from the curve-fitting of the O data are shown,

along with the corresponding lines calculated for protons.
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T/ Too = Ty (Tg + 1) 7 r16{

I, (IO + 1) 72 rg
whére‘rH end r, are the distances between the proton and the 0% ngc;eus:
respectively and the paramagnetic electrons. ihe assumption i§4madé_that

: the'corfelation times for proton motion and 017 ﬁotion are the same,
although this may poséibly be erroneous. |

For purposes of calcﬁlation the paramagnetié ion is'consideréd to
have its paramagneﬁic electrons centered at the ﬁﬁcleus; The M - 0 - H
© bond was taken to be the tetrahedral angle,’109025', in‘the cqordihated
state. X-ray'crystal’studiesai-have indicated that sgch”is the case. ‘The'
>H - O bond distance is @aken to be_0.96.ﬁ, the valueAfor uncoordinated
‘watgr. The M ; 0 bénd diétances were takén to be the cryétaliine inter-'

29

nuclear distances.

The result of this calculation is that thé dipole‘- dipolg reléxation
vmechaniém is ca., O.8Iﬁimes as effectivé for O17 as for protons

The appiication éf this result as well as the régults of othér com-
périsbné between O17 and'protoﬁ data are given in the following éeparate
qonsiderationé 6f éach ion. .
1. Manganous Ion

Fig. 15 shows the fitted Ol7 data along_with the déta of Bernheim

ét al.LL and BlOembergén and Morgan.l2 The valueS‘Qf’PMnTlH are included
in order to showrthe magnitﬁde of the‘dipolé - dipole relaxation for pro-
tons and for'purposes_of comparison wifh the scélar'coupling relaxation.
The 1lines represehtiﬁg l/CHTMn and l/CHTlehﬁ have been drawn through a
consideration of the corresponding lines for O17 together with the following

“acts and assumptions. The O17 work was done at 5.43 mc, while the proton

/an

results were obtained at 10° mcuand th mc}2 The cbnséquence of this
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frequency difference, according to Eq. (22) of Bloembergen and Morgan,
is the slightly larger slope of the line for I/CH T,, over that for

l/CO Tle' Also Tle at the proton frequencies is calculated to be ca. 0.7

of the value at the 017 frequency. The value of the constant C is given
by |
| | C=4pHI(T+1)s (s + 1) (a/8)2
Qhere,i‘for ﬁrotdns_ié lfé and for 017 is 5/?} A/%fwaévtéken‘to.be
1.0 x 106»cps for protpns; as found by ﬁloembergén andebfgan512~ Tﬁe
mechaniSm of protoﬁ exchange was‘assumed to beAﬁhe exqﬁange»of whoie vater
-.molecules. Therefofe 1Mn.is the same for‘both 017'and pfotoné and #he
'cﬁemical exchange'iine drawn applies to both cases.

FigurevlS shows thét the oxygen and proton results are in good agree-
-ment.
- 2. Cupric Ion ‘
figure 16 shows the 017 data and the proton data.of Bernheim‘e;l:‘a.l.)+
and of Hausér.and Laukien;32-‘Thé Ol7 data were piotted, assuming a coordi-
nation nuﬁber_bf two.i A coordination number of six was used in plotting
vproton reéults, The O17 results have been interpreted_previously in this
thesis as arising from interactions at the axial positions."The choice of
lsix as the coordination“nﬁmber,appropriaﬁelfor the protdn results can be
explained through.the following considerétions.
for the proton results, it has:been contludedu’32,tha£

Since T 2 T

1 2
the'vaigéS‘shown arise from dipole-dipﬁle'relaxation{ .The’line represent-
ing exchange at.the equatorial positions cﬁﬁs the proton data...To‘the '
high temperature side of the TCuE line, the proton relaxation should be
the éum of tﬁat at the equatorial and axiélApositions and the effective

coordination number is six. To the right of the-TCuE line, however, the
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relaxation at the equatorial positions is chemical exchange controlled.
Consequently, the effective coordination nunmber becomes two atblow temﬁ-
eratures., This is apart from the fact that the inherent relaxation at the
two positions is probably not the same. The bond distances alone would
indicate this. The data of Fig. 16 should show roughly a three fold in-
_crease superimposed upon the.sloping line as the region of the.line Lo
is traversed from left to_right. v

The data show a small tendency toward the ekpedtedls shape, but not
nearly as large as is expected. .This may be explained by means of the
following considerations. The tumbling time which gdvérns the relaxation
may well have a temperature dependence similar to that of pure water.

This would include a sharp increase in the temperature region from 20°¢

to 0°C. Such a sharp increase in To would partially or totally cancel éut
the increase in T2H due to the change in effective coofdinatioh number.
The daﬁa then are bossibly consistent with predictions.

Two paths are open to the explanation 6fvthe data even if the cof-
relation time érgument.is not used. Either the increase should not be
present at the'crossoyer'or #he line TouR is in error and should.have been
dfawn s0 as to give no crossover in the observed témperature‘region.

The first case would occur only if the inherent relaxation at the
equatorial positionSIWere much smaller than that at the axial positions.
Since the axial waters are much more loosely bonded this is unlikely.

The second ekplanation is plausible, however. The slope 6f the fCuE
line is very uncertain and could be made much smaller, The smaller slope
would theh probably be consistent with the inversion process diécussed
previously in this thesis.

~ From the proton data of Fig. 16, one predicts no significant dipole -

1T

dipole contribution to the observed relaxation of 07 , in agreement with

the O17 Tl results.
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From the 017.results one predicts that the proton relaxation should
occur iargely through scalar coupling if the ratio of proton to oxygen
>scalar coupling constants ié about the same as with manganous jon. Since
- scalar coupling is'not.important with proﬁons tbe manganoﬁs ion coupling
" constent ratio is not génerallyvépplicable. It is possible that a signi-
.lficant amount of pfptbneelégtrdn coupling is dcne'through bonding between
o theiﬁnpéired électrons in thé Eg level.of'thé.paramagentic ion and the :

2 and

' .VH -0 bond'eleétrons. ,Such an interaction would be iargest in Mh+
zero in Ni'2 and Cu*2. The effect of an error investimatién of the coupling
constant rétio,is'intensified in the rélaxatiéh'éince the fatio‘enters '
”;sqﬁared. |
3. Nickelousllon

| Fig. 17 sﬁbws the 0%1 results at 5.43 me ‘and 2.00 me and the proton
data of Hauseér and Laukien.52 Tl of the proton was very nearlyleqpal fo
‘I‘2 and hénce thg relgxation waé assumed52 to occur through the dipole -
dipole mechanism. The plét definitely shows that the bend at low tempera-
turés for thélprotoh'data is due to chemicalvexchange from the first co-
ordinationvspﬁere. An'atteﬁpt wés made to fit the'proton data through the
ufolléwingvconsiderations;_ | | | |

The high temperature slope of the nickel data is small. ‘I‘hevO17 re-

sults discussed préviously have shown tha£ the electronic Tl fof~Ni+2 is
guite possibly shorter than the tumbling cofrelation time,lrc, In such a
case the dipole - dipble relaxation may be governed by Tle rathgr than Tc.
The slope of the dipole - dipole relaxation line was taken to be the same

2

o . All dipole - dipole relaxation isﬂpfesumed”to

.as the T. s10pé of Mn+

le
occur in the first coordination sphere. The result of.the curve-fitting

shows that the data do not bend up sharply enough at low temperatures. -
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This may be explained by assumiﬁg that a small amOunt of dipole - dipole
relaxation occurs outside the first coordination sphere., This relaxation
is not interrupted by 7y, end tends to round off and limit the Qbsérved
bend. The ratio of second coordination sphere relaxation to that which
occurs in the first coordination sphere may be estimated through the ﬁse
of the following model. | | |

The comparison is made between the relaxation of the six first coor-
dination sphere Qaters and. the eight waters situated in the faceé of the
octahedron.. The M - O'internucléar distances are the crystalline disfances'
used préviously in thié thesis. The O« 0 & distance éan néver be less
" than twice the van der Weals' radius for OXygén.‘ This'radiﬁs is taken to
be 1.4 Xﬁ

The Solomon eq_uafcion'Z yields for the ratio of relaxation times:

To, 2nd _ 6/8 &
~ o/C Thng
To ) st =

‘ rlst

For Ni+2 the ratio is 17.5. There ié considerable uncertainty in this
value due té a questionable assumption used in the eguation above. This
_ié the assumption that the correlation times for the first and second
coordination spheres are the same. There is also éonsiderable unCertainty
in fitting the.daté with this additional parametér;_however, the value of
17.5 is not inconsistent with the results. |

From the'O17 results one predicts that‘scalar couplingvshould make a
sizeable contribution to the proton relaxatiqn at.low temperatures if the
coupling conétant ratio of. 2.7 for manganoﬁs protons to oxygens applies.
Thé fact that such is not the case experimeﬁtally may be_explained by means

of the coupling constant argument advanced for Cu+2;



-56-

The dipole --dipolehcontribution to Ol7 relaxation is predicted to
be smgll and unresolvabie from the scalar coupling contribution on’the
basis of Fig. 17. | |
4. Cobaltous Ion

. Fig. 18 shovs the O17 results at 5.43 and 2.00 mc along with the’
| | 2 “Again TlH is
approximately equal to TEH and the relaxation process isl}’5 assumed to be

dipolar. The plot reveals that there could be a 51zeable dlpole - dlpole

proton date of Bernheim et al.h and Hauser and Laukien.

contrlbutlon to the O 17 relaxatlon in the high temperature bendover region
at 2.00 mc.- The presence of such'a contribution does not alter the fact
' that the presence of a new cobalt species is indicated, The dipole -
4'dipole contribution cannot produce the rapid decrease with temperature of
Tep for OlY obéerved at the higheét temperature but would yield a slcpe of
the Qpposite,sign. All srguments based on the slope of the PC ' TC y line
are then extremely uncertain.‘ The uncertainty introduced into the enthalpy
of actlvatlon for, water exchange from the octahedral spec1es by the dipole
‘contrlbutlon is not sizeable, however, as the enthalpy was best determlned
from the 5. 43 me data, where dipole - dlpole effects play & very small part.
Flg. 18 shows the hlgh ‘temperature chemlcal exchange llne cutting
through the proton data. There is no observable break in the PC T2IJ H
f"curve at theAintersection; This‘is consistent With.the-earlier assumption
that the new cobalt species is present as a mincr component. - If the in-~
herent dipole - dipole relaxation on the new sbecies ia comparable tc that
on the octahedral species,” the ratio of the contributiona to the total-
relaxation of prctons-will be the ratio'of the concentrations of the two
species. IT the new species is present in a amall concentration, the fact
that its’COntribution to relaxation falls off rapidly'as the temperature

is lowered leaves the total observed relaxation virtually unaffected.
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5. Ferrous Ion

Fig. 19 gives the O17 data and the proton data of Hauser and Laukien.

TlH is equal to TQH and,the felaxation of protons ha; again been assigned
to the dipolar mechanism. From the proton data one predicts a sizgable'
contribution of dipole - dipole relaxation for'O17 v Tbis result casts a
small degree of uncertalnty on the value glven for AHH o Férroué ion
does offer the opportunity, however, to obtain experlmentally a value for
the dipole - dipole contribution to 017 relaxatlon. If the productlon of
Fe+5 can be surpressed near lOOOC, a bendover should occur in"l‘2p due to
the dipole contribution .

The 017 data lead one to predict that there is no important scalar

coupling contribution to. proton relaxation.

32
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APPENDICES

A. Ixperimental Data

Table A-1. The T, and T, of 1.2} o7 H,0 as a function of tempera-

ture. The water is also 0.1 M in HCth and is ca. 25 mole percent in deu-

terium,
103 /1% Line width® T2XlO3 HlE TleO3(sec.)
' (sgc.) =, |
2.800 _ 17.95 8.85 0540 11.03
3.060 23,50 6.76 .0728 7.97
3.333 30.40 5.23 .0998 5. 47
3,445 37.30 4,26 '
3.510 h3.F 3.64
3.550 50.6
a

All line widths in this appendix refer to the half width at hélf height

in cycles per second and are the average of several'observed values.

The value of the radio frequency field in-gauss where the peak height

is a maximum in the plot of peak height vs. rf fields




Table A-2,’ T, T

M HC10), as a function of ﬁemperature.

2
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and T, of a 1.82 X 10~

2p

i

M MnSOLL solution in 0.10

10°/1°%.  Line width .T2x1q3’ zigggo TépXiO3 B 13103 %
2.745 63.9 2.49  9.25 341 .0886  1k.56
2.800 73.6 2,16 8.85  2.86

2.870 85.0 1.87  8.200  2.h2  .1060 13.55
2.950 102.5 1.55  T.55  1.95 R
3.000 107.5 1.48 7.20  1.86 +.1365 - 10.33
3.070 106.0 1.50 6.70 1.93 -
3.140 105.5 1.51 6.25 1.99  .1k50  8.98
3.240 "97.0 1.6k 5.70 2.30 1528 7.43
3.333 91.4 1.7k 5.23 2.61 - .1638 6.11
3.430 - 86.0 1.85 4. Lo 3.19°

3.500 82.h 1.93 3.70 4.03

3.570 80.8 3.10 5.38

1.97

a s ' :
© All relaxation times are expressed in seconds.
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Table A<3, »Ti; T, end T, of a 1.00 X 1073 M cu (No3)2 solution

ep

in 0.10 M HClOu as a functioh of temperature. Also shown is an approxi-

mate Tl and T2 determination with a S{OO X lO-3 M CuSOu solution in 0.10

M HCth using the derivative method.

103 /1% iigih o TEX;O3:._ T2§ﬁgg ,g§103 'Hlé ,¢1x103'  ‘Soln,®
2.690  31.0 . 5.13 9.80 ~  10.8 A

. 2.770 32.6 . k.88 9.10 . 10.5 A

 2.850 33.5 ‘457 8.50  10.0 A
2.920  37.1 .28 . 7.80  9.53  .0890  8.39 A

©3.005 4.8 3.89  T7.15 . 8.5k | A
3.070 k5.2 3.52 6.75  7.35  .1053  T7.30 A
3.245  59.8 2.66 5,70 5.00 - X A

3.333 710 2.2k 5.23 3.96  .1510 . 5.58 A
3.420 8k.2 1.89 k.50 3.26 ' A
3.435 86.9 1.83 . k.35 3.15 A

1 3.560  108.2 . 1.47 = 3.10 2.79 A
3.333 ~225..  ~ 0.7 5,23 NV RERPV L Y B

2 Solution A is 1.00 X 1075 M Cu (NO3)2 and solution B is 5.00 X 1073
CuSOu.
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Table A-L. T, and T, of Ni (NO,), solutions in 0.10 M HCLO) =as

2p

a function of temperature and frequency.

At. 5.43 me
3 /0@ 3 ‘ 3 3 e &
10°/T°K. Helf . T.X10 T X10 T, X10 Solution
/ width 2 SHOT ep o
2.730 45,2 - 3.52 9.h0 5.65 A
2.7hs 48.0 3.3L 9.30 5.15 A
2.780 k5.2 - 3.52 9.00 5.78 A
2.820 . -~ 8.0 3.31 8.60 - 5.37 A
2.855 2.2  3.05 8.35 L.81 A
2.895 k6.7 - 3.k05 . 8.00 5.92 A
2,900 8.6  3.275 8.00 " ~ 5.55 A
2.945 8.0 3.31 7.60 . 5.88 A
2.955 L6 3.42 8.35 5.81 A
2.975 153.0 1.038 7.40 1.21 B
3.050 . 119.5 - 1.33 - 6.85 1.65 B.
3.125 . 97.3 1.635 6.40 2.17 B
3.160 80.7 - 1.95 6.20 2.88 B
3.190 158. 1.005 6.00 1.21 c
3.225 1ka.5 1.115 5.80 1.38. c
3.265 117.3 1.355 2455 1.79 C
3.333 - 8Lk 1.955 5.23 3.11 - C
3.390 T70.7 - 2.25 L.75 L. 27 C
3.455 ° 6Lk.9 2.5 4,20 5.88 o
At 2.00 mc
2.750 34.8 h.sT 9.25 9.00 D
2,810 40.6 3.92 8.70 7.1k D
2.910 55.3 2.87 7.90 . k.52 D
. 2.995 58.0 2.7h 7.25 L. Lo D
3.110 54.3 2.93 6.45 5.38 D
3.230 48.6 3.27 . 5.75 7.58 D
3.333 41.8 3.80 5.2 ' ~1.39 D

Solution Ais 6.12 X 1073 M, solution B is 3.39 X 1072 M, solution C

is 0.100 M, and solution D is 0.0200 M.
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“Table Al5. T and Td; of CoSOu and Co(Cth) solutions in 0.10

M HClOu as u function of temperature and frequency

. At 5.43 mc
103/1%.  Line wiath ©.x103 . 1T, . X105 1T x103  Solution®
) : . . ' 2X i . 2)H20 ' 2P
2.690 57.0 2.79 9.80 3.91 A
2.820 60.4 2.63 8.65 3.79 A
2.880 68.8 2.31 8.15 3.22 A
2.940 36.4 4.37 7.65 10.2 B
3.050 ‘ 52.3 3.04 6.85 5. 46 B
3.140 68.2 2.33 6.30. 3.72 B
2.720 52.1 3.05 9.55 L. 48 c
2.755 ' L48.3 3.29 9.20 5.12 c
2.820 53.9 2.95 8.65 4,48 c
3.000 93.7 1.70 7.20 2.2 c
3.180 . 39.6 4, 02 6.05 11.9 D
3.270 ' k9.5 3.21 5.50 7.75 D
3.350 . 61.8 2.57 5.05 5.23 D
3.450 76.0 2.09 4,20 " I A D
©3.580 94.0 1.69 2.80 L. 25 D
At 2.00 mec
2.680 . 33.4 ‘ 3.67 9.90 . 5.84 K
2.725 . 39.7 4.00 © 9.55 . 6.89 E
2.760 34k .62 9.15 ©9.34 J
2.880 33.4 Y, 77 8.15 11.40 E
2.980 40.0 3.97 7.35 8.62 B
3.080 s5h b 2.92 6.70 . 5.18 E
3.030° 29.6 5.37 7.00 22.9 iy
3.140 37.6 L, 22 6.30 . 12.8 F
3.250 51.4 - 3.09 . - 5.65 6.85 . F
3.340 61.0 2.60 ©5.10 1 5.31 F
3.460 - 82.8 1.92 . k.10 3.61 F
3.530 102.3 1.555 3.40 2.86 F
3.580 137.5 1.155 2.80 © 1.965 T

a Solution A is .163 M CoSOu, solutioh B is 0.0477T M CoSOu, solution

C is 0.147 M Co (c104) , solution D is 0.100 M CoS0), solution E is

2
0.223 M CoSO, and solution F is 0.0763 M 00304. ~
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Table A-6. T, and T2p of Fe (NHM)Q (sou)2 sosutions in 0.10 M

HClOu.as a function of temperature.

10° /1% Line width 'T2X103 T2;H203103 T2PX103 Solution®
2.895 98.0" 1,62 8.00 2.03 A
2.955 130.0 S l.22 7.55 1.h5 A
3.045 45.3 - 3.43 6.90 . 6.85 B
3.140 70.7 2.25 6.30 3.51 B
3.190 83.3 1.91 6.00 2.81 B .
3.250 10k.0 1.53 5.65 2.10 B
3.255 98.5 . 1.615 5.60 2.27. B
3.333 - 138.0 1.153 5.23" 1.8 B
3.420 71.3 2.23 k.50 b k2 c
3.450 76.5 2.08 . h.2s 4. 06 - C
3.460 8h.5 1.88 k.15 3.43 c
3.530 oL.7 1.68 3.40 3.33 C

Solution A is 0.377 M, solution B is 0.0613 M, and solutibn C is

0.014L M,
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B. Expanded Steady State Solution of the Bloch

Equations, Modified to Include Chemical:Exéhange°

The solution given here is intended to present in detail the mathe -

matics leading to Egs. (7) and (8). Since it is not difficult to extend . .

v:to n specieslthe case‘in.whiéh‘the.minor species exchange only with the
~solvent, the tregtment will be of such a éase.

" The solﬁtion of interest cpntains‘the nucleus obser&ed in n differ-
ent environments. Oné of these, a, is present in a much higher cohcentra—
tién than the others takén cdllectively.' Chemical exchange is allowed
vbeﬁween a and each of the n-1 minor environments. Direct interconver-
sion among the n-1 states is not'allowéd, however. The conditions of.
slow passage and low power lével are employed. 'The definition of terms
'inlthe-following modifiéd Bloch equations isia simple extension df‘those

given in Part I.

‘ . a

-A(% + u%/%ﬁ + %/2& + ”'"'4'%Jﬂ§;=¥%ﬁ0

" b

B-1 GE/T T B GE = 10, My
c

o/ Tac - CG = 1o M

. n

GE/TEE . . | - N GE = o, M

The solution of these equations for G is best accomplished through

the use of determinants. The result is the following.



n n n k n (B-2)
+Z_4,;5=_p (M T 10 L) / (T?;}E’r ) - z_‘ Kb (M, nk12 L)/( GJT[]:I_)
J 4k L¥j,k J¥k 14,k
n a n ‘ n n n )
a n , ro_ =
+ 2_4:1_3 M II;:“J i*‘../T?__‘} / {A IIQFEJ Zg=__ _%=..:L£#J / (ra P }
Equation (B-2) can be rearranged to put it in the following form.
rar(l) n (2) n 3 (3)
G=-diwm {MO [ 1+ _S’—'}_D_ -1/(%}i J)] + Z_Zl=.. Mo/ (TjaJ)_
n 3 () no3(5) |
+zg.’}§=— M/ (TEETQE JK) + Zi=__ A MO/ J (B-3)
J¥k .
n k 6
-3 } MO/ (TajTj JK%} /~{ A - I 1/ (Tajrja J{}
dsk=b
J#k

Each j or k has a J or K associated with it and summations over

J and k imply summations over J and K as indicated in Eq. (B-3).

The concentration conditions are such that the concentration of the

‘ o
minor species taken collectively, Z;_b [;], is much less than [a]. As a
- T B =4
consequence Zi;b M <« MO as long as M.O is essentially determined by J.
This will occur when the resonance frequency of the pure J species, w,
' n

satisfies the condition Z;_ mbj/boa < 1 . Such is the case in the pre-

sent study. The ratio

4 &
My /g

158

will be called r.

Another consequence of the concentration conditions is that
n _

§4b Tja T.. =4 << 1, One further inequality must be mentioned. In

—r

N
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order to make the derivation coincide with the conditions present in a
dilute aqueous solution of paramagnetic ions, something must be said

about the ratio of A to,A<na. It has been found experimentally that

J

A w, in the region of interest is on the order of lO6 sec,-l for all

J

ions studied. The width of the observed resonance signal,‘approximately

equal to the largest value of intereét of Aw ,is no larger than 103

fa]

J

sec. L. Therefore it may be stated that zgﬁb Aw /Ao, << and will be
referred to as s. o -

"It must also bé mentioned fhat'thé resonance signal for a solution
of interest:is appreciably broader than the signal fbr.pure wvater.

Therefore l/fg = ;iéé l/?éiz ;/?gg‘

Equation (B-3) may be simplified through an application of these
inequalities. It will be shown that for the solutions of interest
in this thesis that the terﬁ labeled (1) in the numerator of Egq. (B-3)
overwhelms the other five. Since there aré only five other terms, no
matter how large n is, they also do not give an appreciable cumulative
effect.

A cbnsequence of the fact that termr (1) is the most important term

n
in the nunerator of Eg. (B-3) is that Ga overvwhe lms- Zg—b Gn' This means

that the observed signal arises almost entirely from the nuclei in en-
vironment a, broadened and shifted due to their having been in the other
n-1 enviromments. The signals arising from the nuclei in the other n-1
environments are obscured.

Although‘term (1) is the dominant term under the condition employed
in this research, it is not generally sb. The following treatment will
show that ﬁerm (1) is the most important under the conditions used here

and will also show the conditions necessary for the reversal of this

ihequality.
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The ratio of each of the last five terms to term (l).ie taken in
~ order to. show it to be of the order of q,_r, or s or less. ﬁach ratio.
is separated 1nto a real and an 1mag1nary component and both parts are
. shown to be negllgible | |
‘ One further p01nt must 5e-censidered' The uitiﬁate:resglt of this
derivation will be- the equation of the v component of G. Equeﬁion (B-3)
.for G can be put in the form |

G.= - iwy (R +1I)/(R +iI)

where'-Rl and Ii are. the real and;imaginary'components-of the‘sum of .

:ftcrms in brackets in Ea. (B-3)." R and I, are the real and imaginary

" components - of the denominator of Eq. (B 3) The v .component is

- i 2 2

Vo= -0y (;{l.R2 + I, 12) / (R2 + 12)
As was'statedvabove, it will be shown that Rl‘is essentially the
first term in the numerator of Eq. (B-3). Also I, will be shown to be

much less fhan R Finally thevreshltant equation fof v will show that 12

l‘
is always.§. Rgv in the_region of interest, so that term (1) is the
only term of importance in the numerator of Eg. (B-3).

. The following ie’the_detailed coneideration of terms.

Ter@‘2

Term 2 22 _{ 1 . }_
Term 1~ “J=b T
. | TEQ(l/T?Q + l/?Qé— i eceg)

Rationalization of the .denominator gives

E l/‘I‘J,+l/'r +1ij-

A - [ 1/T23—: l/% ) —+ Aw QJ.}?:

P
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In considefation of the real part, the sum given above is less

than or equal to

/4
02

n o
el }
<= T‘_&_:j (:L/ng._ + l/TJE:)_
The imaginary part yields
' Aw, o
pX

| 32." { [(l/‘l‘g;+ l/Tii)'e NS J}

Tay

r

s

. ) 1 )
. - 2 o o
3%~ (g g/ 0y) {;/T?_Q +-2/(T2_j_'rja)J o Ty (tye BOy) 00

n L
s;géé -{ (iii/fig)dtl/xfﬁiacei)J + Tégﬁxwﬁ .}

The maximum value of the fraction inside the summation occurs when
t . Aw, =1 ./ 7, . Therefore the preceding summation is less than or
H A T G T | ,

equal to

. .
z‘;‘:E 1/(2 'I‘gj-/’l‘g?;) - q/2

Thus term (2) may be dropped in comparison to term (1).

Term 3 -

n J a
Term 3 = = -
Term 1 - 2;:_ MO / (Tja Mb J)

Rationalization of the denominator yields

a I
140 2,
o

472

5

n -{ M (ZL/'TQQ + l/%gg + lA(%Q),
2} 2 s ~
“a [(,1/12:1 AT
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To obtain the real component it may be seen that the preceding sum

is léss than. or equal to

1o (1/ ‘I‘21 + l/T,JE + :'LA(L)‘_])w

a n
1/ My z
.1=E b , 2
d Tgé (l/P2g+.l/'rgE)
" The real component is
, 3
La n M,
1M 2 : : < r

0 j=b ,"rg.fz(»l/'r22 + 1/TQE)

The imaginary component is obtained in the same manner as that for
Term E/Term_l.

The imaginary component is

J
- a n CoOM Aws;
a n . ‘ 3 :
| O 42 _'r,. [ (l/T + l/Tja)2 N

-

The maximun value of the fraction inside the summation occurs

‘when T.a Aw, = 1. Therefore the preceding summation is less than or

equal to

.2 n J
AME M/ 2=x/2
0 j=b O

Term 3 may be dropped.

Term U4
Term 4 a 2 J
= l/MO Z0 'MO/ (1. 7T x JK)
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Term 3 Term 2
Term L~ Term 1

Since Term 3/Term 1l and Term 2/Term 1 are much less than one, the
product is also and Texm 4 may be dropped.

Terms 5 and 6

Terms 5 and 6 are considered together since they are very similar
in form. Also Term 6 is negative and a treatment of the two terms to-

gether gives cancellation to'produce a positive term.

n

Term 5 + Term 6 _ 5 g
Term 1 =b A MO/(M J) J,k =b O/(Taj Ja JK_MO)
: : ‘ j#k -

.—.—

This. equation may be expanded and rearranged to yield the folloving

equation.

Term 5 + Term 6 3 M (M e ( )+ l/r
, Term 1. §= 0/ Zk%a ap L aJ ak

p My 7)) l/<rakf_k§-r<>

Ib

+ 1/r2§ - iA @, {

/g )

The consideration of this equation is made easier through the elimi-

nation of the ¢ondition, j#4k, which is present in the summations. This

. may be accomplished through the demonstration that the term

Zb O/(M T . T 1(2)

0 ak ka

is much less than one. The term is less than Term 3/Term 1 X Term 2/
Term 1 and is therefore negligible and will be dropped} Thé remaining

terns yield
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k [ l/'I‘2] + 1/1 + iA @ J .
(l/T2§+ l/%ké) + A»wk

. o
l/ng (l/Tai + l/%.a) + Acu. 5 T iA(%i/?QE | (B-k)

a a”gv&a_j [(1@2 Vi +Aw2:]

J

wﬁ»wish to show that (Term 5 + Term 6)/Term 1 ié negligible under
the condiﬁidns used in this theéis. In ordef to‘do'this we shall éssume
that it is Qf the order of unity or greater and then we.shall‘show fhat
thié leads to an absurdity; | B

If (Term 5 + Term 6)/Term 1 is large, one or more of the signals

arising from the n¥l miﬁor envirorments is visible over the signal'ari—
n
sing from env1ronment & or EJ S Gj > Ga' It is of interest to see Just

how thls can arise from the  terms in Eq. (B- 4). Therefore these terms

must be 1dent1f1ed Consider the equation for G-

a

- 1&1 MO

A - % l/(f T J)

te

- l(Dl M

e}

2
YT, - ibw + 25 l/Te_i (]./‘I'2 + l/'r ) A © - 38 wj/Tja

-r——

[(l/TQQ + l/fgije + Am? ]

Therefore the secondvterm in brackets in Eq. (B-h) is for the con-
ditions,of interest, ~ iwl Mi/ba. It ﬁill ﬁe shqwn that the real part of
-xol M% is the half width in r;aians per second of the v component of the
signal Ga at the freguency at which the signal intensity is half its

maximum value. The imaginary component will be shown to be the dis-
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placement in radians per second of the frequency from the resonance

frequency‘of the observed signal.
(Term 5 + Texrm 6)/Term 1 when the order of unity or greater is
n
essentially Zg_b Gj/ba. Therefore for such a condition the term

iz My (l/T +1/¢ +1Aw)/t (l/‘I‘ +l/'c ) +AmKJ

IW i=1

b Gk' This equation may be rearranged

may be 1dent1f1ed as —l/ﬁw
to yield _
n ki

. n : | . C '
By G ™ Ty |0/ + /) + B |/

L(l/T ;1/1 24Ai-J

—

The half width at half height of the v compartment of each Gy which

is appreciable with respect to G is thus L/TEk + l/%ka‘and the displace-

ment from the pure k resonance 1is, of course, Acbk

Consider the first term of the real component of (Term 5 + Term 6)/

Term l.
l/"l’2k + ;/Tka

;ié_ Mo/MO [ (l/T2k + l/%_ + A<b? l]

k

oy 2
1/T2g (1/1?2. + 1/1 o)t A o

[l/T2§v+ * =2 TQQ{(l/TQ' + l/r ) N J.

I3

C

!

The second .term in brackets will be shown to be the half width of
the v component of Ga' Experimentally this term is always less than

3

or approximately equal to 10” radians per second. In these experiments
the frequency vas always near that of the pure a resonance and all the

Acﬁis in this frequency region are on the order bf 106 radians per second.
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. ) ) g . . 2 2"’ . v .
Since (l'/Te_}S + l/'rl_{g)/ﬁl/‘l'm—{ + l/'cﬁ) + A(Ddls less than or equal
to ;/A(gk, the sum given above is much less than one. )
For the same reasons given above each of the other terms in the real
and imaginary components of (Term 5 + Term 6)/Term 1 are negligible under

 the conditions empldyed in this thesis. Terms 5 and 6 may then be dropped.

Equation (B-%) reduces to

|

-1 w MO

s

_ /T +l'r)+Aa>-iAwT
l/T2 -l + Z & 2d / J /
a a =b
Ty [(1/7.1'2:j + L/Tja) + A<mj ]

C_h

This equation is easily converted to the form, u + iv, yielding

the following solution for v.
2

2 l/sz(l/Tej +1/c, ) + Do,
—‘1=—- _ 2 2
Tii[(l/Tg + 1/'r ) o+ Acu ]

o

-i0, Mo} 1/T, +

(B-5)

=

v = — , = :
n  1/T (/7 +1/7, )+ S |2 A ws ] .

/T, + z;zb' 2J /23 /.ﬁg Qe oo +I J
.ea f - TEQ[(l/T2Q+ l/TQE) +A<3Q] - - - Taj Ja.ﬁb21+ TJ )ﬂﬁ¢{3

Cse

As vas stated in Part I, Eq. (B-5) is merely Eq. (6) Witﬁ.the stmma -
tion extended over all'the minor components present.

It remains to be shown that the first term in brackets in the de-
nominator of EBq. (B-5) may be identified to a good approximatibn as.the
half width at half height. Also it must be shown fﬁét.the n spegies .
extension of Eq. (8) yields the chemical shift. o

As was stated previously, from the expérimental data it is kpown

that the £>u§:s are on the order of 106 radians per second. The ob-

served line widths were on the order of 103 radians per second. On a
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percentage basis the‘Ac%k's are virtually qonstaht over the frequency

range of interest, The first term ih brackets'in‘thé-depo@inator of
‘Eq. (B-E) may then be considered t§ be frequency indépéndent. The
maximum value of v occurs when the séébnd term in brackets is equal to
zero, so that the chemical shift relative to the maximum of the a

‘resonance line is
. Aw

[y + /550 + 80l ]

fggtjé

The nuvmerator is.virtually frequency indebendent for the'éame reason
given above. Thérefbre thé signaluréaches‘half of its maximum value when
the sccond term in brackets in the denominator équals the first term. The
Tirst term in brackets is ﬁhen a very good epproximation to the disvlace-
nent Irom resonanCe.in radians per second vhen the resonance sigunal has
reached half it s maximum value,

One further consideration must be made in the zpplication oi the
results of this derivation to the remarks on the simplification of Iq.
(B-3). It was.stated‘that I, is always less than or approximately equal
to R2. Ie_has been identified as the displacement in rédians per second .
fromvthe resonance frequency Qf the observed signal. R2 is this dis-
placement in radians per second vhen the signal has reached half 1ts
maximun value. 12 is therefore of no interest past 2 oxr 3 R2 and so 1s
always less than or approximately equal to R2.

It is of interest to investigdte'Eq} (B-4) under conditions differ-
ihg from those employed here, i.e., under those conditions which cause
it to be large.

The concentration cdnditions will be the same as previously dis-

cussed. The restrictions placed on the A w's will be removed however.
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For purposés of simplification the eum overbg will be limited to one

‘particular k which must possess a G,

' What is derived“for this k would apply equally as well ‘to ‘any other k

which is important relative . to Ga
; ~which contributes appreciably to the total signal.
The identification of the restricted first term in braékets in
x S
Eq (B h) as -l/(i W, )[ ~] and the second term in brackets as

- 1w M /C remains the same. The half width at half helght of the v

10
component of Gk-ls (l./"I‘21 + l/% ) and the displacement from the k-
. resonance is Acb : . _.' TN

k

Con51der the rev1sed flrst term of the real component of (Term 5
+ Term 6)/Term l
K s 1/51?2k + l/Tka . _ _
Mo/ My [ s ¢2_l X
: (1/123 +.l/egé) +>A¢%§

n

[ /T2 + 2;3 | Taa [(1/1’2 + l/T )2 . A“’jJJ

ForvlargeTValues of A«bj.it was showﬁ'previously that the second

term in.brackets is virtually frequency independent.”

Wé wish to now extend that tb all values of Aw,. Consider the follow-

d

ing fraction for one value of j.

-

i/Téi + 1/(T iy ) + Acu

) -
%o [(l/Té RVCNE AwJeJ

Then consider. the pbssible’limiting cases.

A(l)'_ 'Acni >>JL/€a,‘l/Té§. The fraction reduces to 1/T . and

there is no frequency dependence.
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(2) 1/(T23 o > 1/Tja, ij ‘The fraction becomes l/ng
and is again frequency 1ndependent '
(3) l/"rJa >> l/(éggfgé), A(bj . The fraction reduces to (fgé/
) 1/r 3 * (Tja/Taj)A<D2 Tj‘. The contribution of the frequency

. There-

dependent term to thc line width equals (TJa/% (A(D T )Acnj

fore & w, is glvcn by the following equatlon.

o contrlbutlon to the line width from d
4 ('r /T )Aw

BIFLY
>> contribution to the line width from i
Therefore.ﬁswj mustvbe'eséentially'constant if it ;s to be of any
importance in the ;elakation.
The half widﬁh at half height of the v component of the Ga signal
is given by the second term in brackets in the first term of ﬁ;e real

component of (Term 5 + Term 6)/ Term 1.

The frequency conditiion for which the first term in brackets

reaches its maxihum value is A(gk = 0. For this condition the ratio
n 1/r (l/P g F ;/T ) N
1/t + I 23 J
2a J=b

e IO
[ |

‘_(1/7[*23 + 1/T %y bo

(1/T2£‘ + 1/11_{2)

nust be greater than or equal to r-l if G1 is to be visible above G .

The ratlo given above is the ratlo of the half width at half helght

of the v component of Gr to the corresponding value for G c Therefore

1 - —

if A<n1 and A(Da are both small G is much more narrow than G and

appears as a narrow spike in Ga' If k 1is such that A;wk reaches zero
. [
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at a frequency far removed from the region of the Ga resonance, no

restriction is necessary on the line width of Gk; however, .such a case

is of no interest here since it causes no interference with Ga'

The possibility of the spike is inherent in esch of the chér terms
- in the real and imaginary components.of (Terw 5 + Term 6)/Term 1 and it

is the only case present which can cause interference with Ga;
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'Témperature dependence of log T for a 1.82 x 10~

..763_-

FIGURES
Cross section of the all-glass sample holder employed in the tempera-
ture studies, shown bolted into the MR probe. Lettered parts are

as follows:

(A) Brass block. _ - (E) Nonsilvered Dewar..
(B) Brass bolt,-Weldedi (F) Receiver coil.
to probe. - (G) Thermocouple well.

(C) Rubber gasket. (H) . Solution surface.

(D) Glass coil, 2 mm 0.d. (I) ‘Orifice for f£illing and

evacuating.-

: -1
Dependence on reciprocal’of temperature of log T2 for a 1.82 x 10 LM

solution of MnSOu. Also shown are the temperature dependenées of log

il exp. and log QQHEO and log ElHEO' v
b M MnS0, solution
2p L

with the lines resulting from the curve-fitting.

o -3
- for a. 1.00 x 10°° M Cu(NO3)2 solu-

tion with the lines resulting from the curve-fitting.

Temperature dependence ol log T

Teﬁpérature dependence of log T, for & 0.100 M solution of Ni(NOB)2

2p

at 5.43 Mc. The lines resulting from the curve-fitting process are
also shown. Data from 3.39 X 10—2 and 6.12 x 10_3 M solutions were
cofreéted to 0.100 M.

Temperature dependence of log T, of a 0.100 M Ni(NOs)g-solution.

2p

The. concentration actually used was 0.200 M but the values verc
referred to the corresponding value for the more dilute solution

for‘purposes of comparison with Fig. 5. The frequency was 2.00 lMc.
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Temperature dependence of T, of CoSO) and Co(ClOM)O solutions et
. Yyl :

2p

5.43 me. and 2.00 mc. The lines resulting from the curve-fitting.

are also shown. A1l data are corrected to LL.OOVx»ZL.O"2 M cotE.

Visible spectrum of a 0.600 M CoS0, solution at 27°C and 9k.5%c. Also

.shown is the curve representing the difference between the two spec-

tra with the densityICOrrecfion_from thermal expansion included.

‘Temperature_dependenpe of log T2p of a 1.4 x 1072 M Fe(NHu)2<SOM)2

solution at 5.43 me.

Comparison of the rates of watef.exchange with the fate of replace-

menf of water molecules byisulfate ions in aqueous solutions.

Plot of the log.of the. wvater exchangé rates of the ions_étudied versus
the ionization poténtial fof a.d electron invfhe singly ionized
gaseous ion.

Plots of.the free enefgy'and enthaipy bf activation for the exchange

of water molecules and the theoretical enthalpies of activation

v arising from cfystal field effects for two possible activated com-

plexes.

Togarithmic plot of thé water exchange rates versus the first forma-

tion constants for the paramagnetic ion-ethylene~diamine system.
Légafithmicvplot of the watef exchange rates versus the third forma-
tion constant for the paramagnetic ion—ethylenefdiamine systen.
The Cu++ point is dnly an upper limit.
+2 L ' 17
for Mn solutions from the present 0" NMR and

PynTop
from ‘the proton'NMR data;u’l2 Also shown are the experimental ?ﬁs

A plot of

obtained in the proton studies. The lines which resulted from the
curve - fitting of the Oer data are shown, aiong_with the correspond-

ing lines calculated for protons.
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o | - L, 32
plot of P, ‘T, for Cu.d’_2 solutions, shpwing'olr{ and proton )3

Cu 2p
NMR”rés&lts;
17

Ni’T2p for -Ni+2'solutions from the 07 ' data and from
32

proton MMR data.

plot of P

» plbt of'isco T, fof Co+‘2 solutions calculated from Ol{ data and

results of proton IWIR.A" 32

plot of PFe ‘I'2p for Fe+2 solutions using 017‘ and proton:’2 data.
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