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PRorON EXCHANGE RATES AND NUCLFAR MAGNETIC RESONANCE REIAXATION 
:m AQUEOUS SOLUTIONS OF A HYDROLYTIC TRIMER OF Cr(III) ION 

Ronald Tse Lee 

Inorganic Materials Research Division, Lawrence Radiation Laboratory 
and Department of Chemistry, University of California, Berkeley 

Berkeley, California 

ABSTRACT 

The temperature dependence of the transverse NMR relaxation time of 

protons in aqueous solutions containing a hydrolytic trimer of Cr(III) 

has been studied as· a function of acidity at 60 and 100 MHz. The tempera-

ture dependence of the longitudinal relaxation time in these solutions 

at 11 MHz has also been studied as a function of acidity. The chemical 

shifts of the bulk proton signal with respect to pure water were measured 

as a function of temperature at 60 MHz to gain additional information. 

At the highest temperatures and acidities, the overall rate of relaxa-

tion is controlled primarily by the rate of relaxation of a proton while 

it is in the first coordination sphere of the paramagnetic entity. The 

particular relaxation mechanism for T1 is interpreted as being a dipole

dipole interaction interrupted by rotation and electronic relaxation. 

The mechanisms found to be operative for the T2 data are scalar coupling 

interrupted by electronic relaxation and dipole-dipole coupling interrupted 

by rotation and electronic relaxation. It is found that the t:m mechanism 

also makes a contribution. By decreasing both the acidity and temperature, 

the overall relaxation can be made to be controlled by the slowness of 

chemical exchange of'protons from the first coordination sphere, where 

it is found that a two term rate law is needed to describe the exchange. 
·:~ ..... ~· 

The relevant parameters for the exchange process have been evaluated. 

At the lawest ternp·eratures measured, water exchan$e from an outer or second 
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coordination sphere becomes important, and it is thought that dipole

dipole coupling interrupted by water exchange and rotation is the mechanism 

of relaxation in this region. 
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I. INTRODUCTION 

A. Preliminary Considerations 

The effects of paramagnetic salts on the longitudinal and transverse 

relaxation times (T
1 

and T
2

) of protons in aqueous solutions have been a 

subject of study for almost as long as nuclear magnetic resonance itself.
1 

And much of the treatment of the interactions of the paramagnetic cation 

with the solvent water molecules, by means of exchange from the first 

2-4 . 
coordination sphere, was developed with respect to protons. More re-

cently these investigations have been extended to 017 NMR5' 6 
since in most 

previous cases with proton NMR, ambiguities arose as to whether whole 

water molecules were exchanging or just the prbtons.· 7 In the case of 

certain paramagnetic species, such as complexes of Cr(III), where the rate 

8 
of water exchange is known to be slow, proton NMR may be used to determine 

the exchange rates of protons of water molecules in the first coordination 

splii=re with the l.Julk :;qlvent protou~. 

NMR may be used as a measure of the rate because of specific strong 

interactions between the protons of the first coordination sphere with 

the paramagnetic electrons which shorten the relaxation times (Tlm and T2m) 

of those pr·otons. If e
1
xchange is sufficiently rapid, many protons are 

. allowed to "feel" the presence of the paramagnetic ions, resulting in the 

shortening.of the observed relaxation times (T1 and T2 ) of the bulk solvent 

protons.. This shortening is controlled .by the relative size of two rates: 

the rate of exchange of a proton from the first coordination sphere to 

the bulk solvent and the rate of relaxation of a proton when in the first 

coordination sphere. If the former governs the decrease in T
1 

and T~, 

the system is tern1.ed to be in the chemical exchange controlled region. 
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An increase in temperature results in yet faster exchange which .results in 

yet a greater decrease of the relaxation times of the solvent protons. 

This corresponds to a chemical react_ion, and a piot of the logarithm of 
. . . . 

the reciprocal relaxation time vs lo3/T°K obeys an Arrhenius relationship. ~ 

As the exchange rate increases yet filrther, a point is reached where T1 

and T2 become determined primarily by the slowness of the relaxation when 

in the first coordination sphere. This.is known as the relaxation controlled 

region, and further temperature increases yield information both on the 

specific interactions causing the relaxation and on the interruption pro~ 

cesses for these interactions. ·Obviously, the foregoing discussion implies 

that the relaxation times are studied as a function of temperature. 

The purpose of this investigation was to determine the rate of proton 

. 5+ 
exchange from a hydrolytic trimer of Cr(III), thought to be cr

3
(oH) 4 

as well as its relaxation mechanisms, and to compare the results with 

those of the hexaaquo species, Cr(H2o)~; Accordingly, the transverse 

relaxation times at 60 MHz and 100 MHz, the contact shifts at 60 MHz, and 

the longitudinal relaxation times at 11 MHz were studied as a function 

of temperature and acidity. 

B. Comments on.the Cr(III) System 

The proton NMR of Cr(III) in aqueous solutions has been studied 

extensively. 4, 7,9-l3 Unfortunately, many of the early investigators were 

unaware that the system was appreciably in the exchange controlled region 

at room temperature and their interpretations were.accordingly incorrect. 

11 More recently, Bloembergen and Morgan 

ness of exchange, while Swift and 

correctly accounted for the slow-

12 Stephenson determined that the rate of 

proton exchange could be expressed as a two term rate law with one term 
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being directly dependent on hydrogen ion concentration, [H+], and the other 

independent of it. Most recently, Melton and Pollak13 investigated the 

system again· and accounted for second coordination sphere effects at low 

temperatures. 

The p:resent investigation concerns a study of the proton ex.change 

rate and the relaxation processes which occur in a $olution of a hydro

lytic polymer of Cr(III) -- thought to be cr3 (0H)~; 14 
A hydrolytic dimer 

is also extant with the structure Cr2 (0H)~+. 14
, 15 It would seem that a 

study of the dimer would be more feasible since there are, at most, two 

different typ.es of exchangeable protons on the water ligands, see Fig. la. 

(The rate of proton exhange from the hydroxo bridge will be discussed 

shortly). Unfortunately, there is a proton dependent equilibrium between 

this doubly bridged dimer to a· singly bridged species which also changes as 

a function of temperature.1]. At the same time, preliminary investigations 

showed an acid dependence on the relaxation time which would necessitate 

a study as a function of temperature and acidity. Since the dimer system 

would introduce ambiguities as to the contribution from each species, it 

was thought that the trimer study could be done more easily if there is no 

such equilibrium or if such an equilibrium can be surpressed. Such seems 

to be the case, but unfortunately the exact structure of this trimeric 

complex.is not known. The most plausible possible structures appear to be 

straight linear, of!'set linear or cyclic as Eigs. lb, le and ld show, 

respectively. Disregarding ·!:;he bridging groups, the 2 linear models have 

three different kinds of water molecules in the populations of 4, 4 and 2 

for a total of 10 water molecules; the cyclic model has only two different 

14 kinds, numbering 6 and 3 for a total of 9 water molecules. Thompson 



-4-

has suggested a linear structure on the basis of magnetic susceptibility 

measuremen~s and on the premi.se that a linear structure can more readily 

give rise to more highly polymerized species; these more aggregated species 

have been found but not separated nor characterized. There is evidence, 
I 

however, that this is not the case. One could assume that if the trimer 

were linear., as the dimer must be, it too would exhibit. a single-double 

bridge equilibrium as evidenced by a measureable .change in the optical 

spectrum under similar conditions of acidity and concent.ration. Such 

appears. ·not ·to be the case, and one might assume that this is not the 

case because the molecule is cyclic rather than linear. Experimentally, 

crystals containing the trimer for x-ray diffracti9n have not been pre-

pared so there is no direct method to elucidate the exact structure of 

the complex. Nevertheless, an interpretation of the data can be made 

but with the assumption of one or the other structure. 

As was noted above the proton exchange from the l>riqging hydroxo 
. lb 

groups has been excluded fran consideration. Schwarzenbach and Magyar 

have measured the pK's of various singly bridged hydroxo dinuclear aquo

ammine complexes of Cr(III). Two of these cam.pounds with their reactions 

aud pK's follow: 

5+ 

'·I ' / - Cr-OH-9r-OH 
I' / ' 2 

normal erythro 

5+ 

'/ '/ -----Cr-OH-Cr-OH 
/' ,I\ 

basic ery\;hro 

'/ ,/ \/\/ 
-Cr-OH-Cr- -------Cr .o:..cr-
/' /' I\/\· 

normal rhodo basic rhodo 

4+ 

4+ 

pK 
2.80 

where the dashes ftlling out the six-fold coordination represent NH3 ligands. 
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Since the K is simply the ratio of (kf . d/k ), and since k orwar reverse reverse 

would be expected to be diffusion controlled and therefore about the same 

in each compound, the ratio of kf d for the first reaction to that of orwar . . 

the second is -105. That is, the rate of proton hydrolysis from the hydroxo 

bridge is a factor of -105 slower than from a water molecule attached as 

a ligand to one of the chormium atoms. Susbstituting water molecules for 

the ammonia ligands probably would not greatly change the relative rates 

from the bridges and the water ligands, and the ratio of 105 should remain 

about the same. The presence of one additional hydroxo bridging group 

would tend to reduce further the rate of exchange from a bridge since 

there is appreciable evidence that in the singly bridged compounds, part 

of the driving force for removal of a proton from the bridge comes from 

the tendency of the Cr-0-Cr unit to be linear. 17 The additional bridge 

prevents such linearity, and the ratio of 105 is· probably a lower limit 

to the ratios of exchange. Finally the addition of another chromium atom 

with its hydroxo bridges to produce a trimeric species should not greatly 

affect that ratio of 105. Such being the case, the ·.·ioni'zat'ion rate of a 

proton from the .bridges is expected to be too slow to affect the observed 

bulk proton relaxation times ·in the present study. 

In the course of this study, however, it was found that the rate law· 

describing the exchange has in it a term dependent on the hydrogen ion 

concentration which can be identified as some sort of proton addition~ There 

still exists then the possibility of the bridging hydroxo groups partici-

pat'ihg in exchange by this mechanism, and this possibility will be explored 

later. 
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II. 'rHEORY 

A. General Considerations - The Determination of T1 and T2 

In general, there are two methods !Bor the determination of the 

longitudinal and transverse relaxation times for nuclei. They are 

continuous wave a.nd pulse methods; each method has its particular area 

Of . t b . ·1 · t 18 
SUl. a l. l. y. 

For the experiments doae::in this laboratory, the transverse relaxa-

tion times and chemical shifts were measured using continuous wave spectre-

meters. The Bloch equations describing the macroscopic properties of 

nuclei subject to such conditions have been discussed previously. 19 In 

particular for the experimental conditions of steady state and slow 

passage employed in this work on the Varian HA-100 and Varian A-60, the 

20 signa.l observed which is the first side band has the. following form: 

2/~ [Jl($)]2')'Hl T2 MO 
s 2 2 [J (t3)]2 

( 1) 
1 + (6 m+ T2 ) + (-y H1) Tl T2 1 ' 

')'H 

t3 m 6m =CJ) -&+m 
CD + 0 m m 

where 

s is the observed signal 

Jl is the first Bessel Function of theffirst kind· 

')' is the magnetOgyric ratio of the nucleus'in question 

Hl io one-half the amplitude in gauu~ of the radio frequency. field 

CD is the frequency of the radio frequency field in radians/sec 

H is the amplitude of the modulation field in gauss m 

(I) is the frequency m of the modulation fie a.a in radians/sec. 

mo is the precessiona 1 f req~ency of the nuclei 
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MO is the equilibrium magnetization of the sample 

Tl is the longitudinal .o:r spj_n lattice relaxation time 

T2 is the tir1!msverse relaxation time 

. . 2 2 
For conditions of negligible saturation where ()'H1) Tl T2 [J1 (t3) J 

<< l; the equation.reduces 

2/t3 
s = (2) 

Experimentally the external magnetic field H0 is sqept slowly through 

the signal. According to the I.armor condition ro0 = 'Y H0, so that m
0 

is 

swept. ·btJ:J var:hes and the equation for the + . 

signal is evidently that of a Lol'entzian line where the resonance 

condition is for~+= 0 where m~ =Cl) - mm· Hence 

= -~ 1 
2 

(3) 

where 15m is the full line width at the hal:f-maximt1m of the signal. The 

Varian HA-100 and A-6o spectrometers feature special locking devices 

to prevent field drift. Calibration of the chart sweep width can be 

done by applying audio-frequency side-bands to any sharp NMR signal. Measur-

ing the exact distanc·e·s in. _centimeterl3_ of the. s,ide ·:Qcl,nds from ~the··c~nter 

NMR signal on the chart paper and measuring the exact audio-frequency with 

a counter allow one to calculate a ealibration factor in Hz per centimeter. 

Multiplication by 27r yields the calibration factor in radians/sec per 

cm. Simultaneously, the linearity of the sweep can be checked. 

The longitudinal relaxation times, T1, at 11 MHz were measured using 

0 0 21-23 a pulse spectrometer with a 180 - 90 pulse sequence. · 

The solution to the Bloch equations for the z-component of magneti-

zation is simply: 
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-t/T1 
M ( 1 - 2e .. .)" 

0 

where t is the time i.nterva.l between the 18o0 and 90° pulse. 

Mz ( t) is the magnet iza ti on in the z -direction· 

M . is the ~quilibrium magnetization in the z-direction 
0 

Rearranging the above equation yields 

MO - M (t) -t/T z 
= e 1 

2 M0 

and 

.log [M0 - M (t)] log 2 M0 
t 

= 2.303 Tl z 

(4) 

($) 

(6) 

If [Mo - Mz(t)] or a quantity proportional to it .·is determined as a 

function of t and then plotted vs .t on semi-logarithmic paper, T1 can 

be obtained from the slope of the line. The time interval,t,is monitored 

with a counter. The signals measured, s0 and Sz (t), are the heights of 

the free induction decay signals on the oscilloscope and are proportional 

to the quantities M0 and Mz(t). In particular, s0 is found by neglecting 

the 180° pulse or making t long such that 2 e -t/T1 << 1. 

It is to be not.ed that at Mz(t)=O, T1 =· t/1.n 2. Bete.:tmir1ing T
1 

in 

this manner does not make use of a.11 the available. data, and in particu

lar the magnitude of errors is difficult to es'tima.te. Utilization of 

the·slope method a11owa the use of all the data and a.llows estimation of 

the possible limiting slopes and errors. 

B. Additional Ex:pressions for Chemical Exchange 

With the introduction of chemical exchange of nuclei between 

different magnetic environments, there arises the possibility of relating 
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the rates of longitudinal and transverse relaxation in terms of rates of 

ex.change from one environment to the other. In particular, the T1 and T2 

of the pro.tons in the bulk waters .are measured as was stated in the previous sec-

.tion but. are now interpreted as they are modified by exchange of the protons 

in and out of the vicinity of the paramagnetic species. In principle, 

the T1 and T2 of the protons attached to the waters directly bound to 

the paramagnetic species could be measured. In practice they are too 

short to be determined. 

McConne11
24 

first treated the condition of chemical exchange, and 

Swift and Connick
6 

have consider~d the case for the resonance of the bulk 

solvent molecules in a dilute solution of paramagnetic ions. For the 

steady state condition without saturation, they determined that the rate 

of transverse relaxation is given by 

where 

[l/T
2
· (l/T

2 
+ l/T ) + l::JJ.l 

2
) m m m m (7) 

2 2] [( l/T2 + 1/-r ) ~ m m m m 

'T is the life-time of a proton in the first coordination sphere m 

of the paramagnetic species before ex.changing to the bulk. 

'TH 0 is the lifetime of a proton in the bulk water before exchang-
2 

ing to the first coordination sphere. 

T2m is the transverse relaxation time for a proton in the first 

coordination sphere wiLhuut ex.Change. 

T2H 0 is the transverse relaxation time for a proton in the bulk 
.2 

waters 

4o is the difference in p'f'ecESS·ional frequency,:between··tha't: of':th·e · m 
proton nuc]Jei .of' the .'sol'Ut-ion aBd those ·of the· coordina·ted ·water 

mole·cules. 
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The quantity mea.sured is l/T2 but the parameter af interest is 

1 1 1 1 [1/T2m (l/T2m + l/Tm) + 6 com
2

] 
(8) 

T2p 
= 

T2 T2H 0 
= 

TH 0 
[C1/T2m + l/Tm)

2 
+ 6 mm 2] 2 2 

which is the enchancement of the rate of relaxation of the·bulk protons 

because .of exchange with paramagnetic sites. 

At· exchange equilibrium the rate of exchange of nuclei into the coor-

dinated sites must be equal to the rAte of exchange' out, so that 

1 . + 
+ [H ] )bulk = 1 

"[' 
m 

2n [M+q] 

+ . 
where (2 [H20] + [H ])bulk is the molar concentration of protons in the 

. [ +q] . . bulk environment; and 2n M is the molar concentration of protons in 

(9) 

the first ooorcii:iri.ation sphere, n being the coordination number of· ·the·· metal 

speci~sd'or. the attached wat·e~'s ; . . and· [M+q] is the' molit~ c6ricent'ration· of the 

metal species. Henc·e we can define 

and 

= 

"[' 
m 

p 
m 

.T m 

= p 
m 

. 2 
[l/T2m (l/'r2m + l/Tm) + 6 O>m ] 

[(l/T2 + l/T )
2 

+ ·t::i. m 2 J m m m 

There are two limitmng regions for l/T2 ; 
. p 

.(1) The chemical exchange· cont:;r.oll.ed" region where 

. l/T << l/T2 · . m m or l/'T << 6 Cl) 
2 ~ m m m 

in which case the equation reduces to 

p /'T m m 

(10) 

(11) 

(12) 
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(2) the relaxation controlled region where 

l/r >> l/T and 1/-r >> lm 2 T m m m m m 

in which ca.se 

l/T2p (l/T2m + t.m 2 T ) (13) = p 
m m m 

The two regions can be thought of in terms of two processes which 

govern the bulk water relaxation times~ the ra't'e of' migration ··of· a proton 

13.waiy:.=· f'l:oin the··vi:cinity· of a paramagnetic entity and the rate of inter-

action of that proton with the paramagnetic entity, with the slower of 

the rates governing the overall process. Hence in the first limit, the 

rate of proton exchange is very small in comparison to the rate of relaxa~ 

tion so that the rate of bulk relaxation is simply the rate of exchange. 

The second limit is reached by an increase in the rate of exchange, say 

by increasing the temperature, so that the rate of interaction is small 

in comparison to the rate of exchange and the former governs the overall 

process. 

Similarly the analogous equation for the rate of ehhancement of the 

longitudinal relaxation is given by: 11 

1 
= 

p 
m (14) 

where T1m is the longitudinal relaxation time for a proton in the first 

coordination sphere without exchange. The same limiting regions apply 

for Tlp such that 

= 
p 

m 
T 
m 

(15) 

for the ·chemical exchange controlled region where 1/-rm << _l/T1m and 

1 
= 

p 
m 

for the relaxation controlled region where 1/-rm >> l/Tini· 

(16) 
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Additional information can be obtained from the shifts·of the posi-

tions of the bulk water resonances in the presence of parama.gnetic ions 

as compared to the resonance positions in their absence, since6 

P 6 CD 
m m 

2 + 6 (I) 
m T 

m 
2 

(17) 

where the symbols have been defined previously. 'l'here are also the two 

limiting regions for the shift: 

( 1) the exchange controlled region where _ l/rm. << l/T2m or 

l/T << 6 m 
2 

T in which case the equation ·reduces· to m m m 

6~ 0 = 
2 

- . 2 2 
T /T2 m m 

P 6. m m m 
. 2 

+ A•m . m T ~ 
(18) 

m 

'l'he first or second term in the denominator may be negliglble depending 

on the relative magnitudes of ·1/T2m a?la._ balm;· 

(2) the relaxation controlled region whcr~ 

1/T >> m 

in which case 

6~20 = -P 6. a> m m (19) 

It should be noted that the foregoing was derived with the condition 

of one kind of para.magnetic site exchanging: its ·occupants. with .the bulk 

solution. · If there are two or more different kinds of sites, each of the 

equations can be generalized to include this by writing additional.terms 

each identical in form and each representing the contribution to the 

overa11; relaxation time or shift by e~ch different kind of site, provided 

that t·he· n~le:i. do:-no:t excht.nge·.lj,·ir.e.ct'ly::·fr·om' one·.· of the non-bulk sites 

to another. 
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C. Theoretical Expressions for Nuclear Relaxation 

The interactions of protons on waters in the first coordination 

sphere of a paramagnetic ion which contribute to l/T1 and l/T2 , the 
m m. 

rates of longitudinal and transverse relaxation in t.hat environment, are: 

(a) dipole-dipole, (b) scalar, and· ( c) anisotropic chemical shift. An 

·additional relaxation mechanism for l/T2p is (d) the "t:m" mechanism. 

Since these relaxation phenomena have been discussed previously 

and their contributions to the relaxation have been derived from the basic 

Hamiltcnians only their forms as used in the interpretation of the NMR 

data of the present system will be presented. 

(a) 

1 

T1D· 

1 

Dipole-dipole 25-27 

= 

s(s+1) ... 2. . 2 fJ.2 
. 'Yr -Ys 

15 r 

s(s+1) -Yr2 -Ys2 fJ.2 

15r
6 

(20) 

(21) 

2 where the excellent assumptions of 81: Tl << 1 and mI << ro8 have been 

made, and where 

= _1._ + 1 
T T 

I( . ') ., 22.' 
m r 

and 

(23) 

S is the spin quantum number for the electrons 

-Yr and 'Ys are the magnetogyric ratios of the protons and electrons, respectively . 
.. 

r is the distance separating the two magnetic dipoles 
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are tho precessional frequencies of the proto.ns and electrons, 

respectively 

T is the rotational tumbling time 
r 

Tle and T
2

e · are the longitudinal and transverse electronic relaxation 

times, respectively.· 

(b) Scal.S.r28129 

l S~S+J~ (A/tt) 2 2TC2. 

TlS 
:::: 

3 2 2 
1 + ms· . \;2 

1 s·{s+1} (A/fi.)2 [TCl + 
TC'l 

] . c.. 

T2S 
:::: 

3 2 2 1 + (l,')s TC2 

where.the assumption that CDI << w
8 

has again been ma.de, and where 

a.n.d 

1 
:::: 

_l_ + l 
T T 
m le 

l 
'T: 

m 
+ 1 

'f.' ce 

(24) 

(25). 

(26)• 

(27) 

A is the scalar coupling constant, and other symbo:ls= have been defined 

previously: 

where 

( c) An:i:s.otropfe: chemical shift)O 

1 12/4-0 
2 2 2 

:::: mI 8zz (1·"" 11 /3) Tl 
TJAS 

(28) 

1 14/40 -~ 2 
5zz 

2 
(l + 'ft~/3) Tl 

T2AS 
:::: (29) 

l/Tl = l/T + l/T + l/T1 m r e 
(30) 

ezz is the component of the ~ tensor along the z-ax.is of the 

molecular frame. This corresponds to the Hamiltonian ( -')'01·~1:) 
where ~ is diagonal and traceless. 
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8 -6 
is an asymmetry parameter given by ~ = Xft YY 

8zz 

bl ti f xt . . 2 2 1 h b The~reasona eassump ono e remena.rrowing,~e.<Dr T 1 <<·, as. een 

made. 

It is to be noted that the three mechanisms all contribute. to the 

rate of relaxation of the protons in the first coordination sphere accord-

ing to 

1 1 + 1 + 1 = 
TiS TiAS Tim TiD 

(31) 

where i = 1 or 2. 

(d) The "t:a/• h . 6 mec anism 

It was shown in Eq. · 13 that in the relaxation controlled limit 

1 P ( l/T + .t:Q} 
2 

T ) = m 2m m . m '(32) 
. T2p 

.The contribution from the "Lm1
• mechanism then is written just as 

31 From Bloembergen it is known that 

Since for the dilute solutions considered here 

then 

I tmwl 

1:: 0 = - 103 
. 2 

~ '°I B(S + l) 
'Ys 

"I 
I. 

which is ari excellent approximation .. 

A 
)k'I' 

(33) 

A (34) 
3kT 

(35) 

' (36) 

The interpretation of the NMR data is aimed at resolvd:ng the contri-

bu·t;ions from the chemical exchange controlled region a.nd the relaxation 

controlled region, and evaluating the individual mechanismswhich contri-

bute to the latter. 
ill 
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III. · EXPERIMENTAL 

A. Preparation of Solutions 

Solutions of the trimeric polymer of Cr(III) were prepared by either 

of two methods. 
I 

I 

l. A solution of Cr(c104)
3 

which was -1 t! in Cr was stirred vigor-

ous.Ly whi.Le small amounts O'f solid NaHCO) wen:! all.ut::!<l Lu Ll:it:! suhd;ion a.s 

t;he pH was monitored. When the pH reached 3.5 to 11.0, the addition of 

NaHco
3 

was stopped and the soiution was refll:\Xed at least 12 hours. 1l.',32,33 

Care must be taken as to the amount of· NaHco
3 

added; too little results 

in very little polymerizat~on; too much results in what is thought to be 

extensive polymerization beyond the trimer stage. 

2. A solution of Cr(c104)
3 

which was -0.50 !".!in chromium was passed 

through a Jones Reductor to form Cr(II)~ Th~ effluent was collected in 

a flask with no precaution of excluding atmospheric oxygen. Upon expo

sure to the.,;.~2 mn the atmosphere the Cr(II) turns a dark green. The 

solution was left to stand overnight. The resulting solution has -5C!J, 

trimer. It should be noted that extensive oxidation by bubbling o
2 

through the chromous solution as it emerges from the Jones Reductor 

leads to -6C/fo dimer. 

The resulting solutions in either method of preparation are mixtures 

of monomer, dimer, trimer and what is thought to be yet more highly 

polymerized species. 

Separation of the species was effected by the use of ion exchange 

resin.' Dowex resin, AG 50W-X4, 200-4oO mesh in the:proton form 

purchased from Bio Rad Laboratories, Rluhmonu, Ca., was prepared for 

use by adding it as a slurcy in 2!'.! hydrochloric acid to a column -1 cm 
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in diameter. The resin was washed with distilled water until the effluent 

was free of acid and the red organic decomposition product (a high mole-

cula.r weight ·,sulfonate). This water soluble sulfonate has a high optical 

density in the region of 300 mµ and affects the optical spectra of the 

chromium species if not eliminated. 

The mixture of chromium species was then applied to·:_. the· top of the 

column until ca. 5r:Jf, of the length of the column was occupied. After 

a thorough washing with distilled water to remove all free acid, 0.3 M 

Th(c104)4 was used in a displacement type elution with a flow rate of 

+ 0.10 - 0.15 ml/min. The species are moved down the.column. The Na 

++ 
ions and/or Zn ions come off first and are discarded. Following this 

are the violet-purple monomer, the blue green dimer, and the green 

trimer. There are other green species on the resin Which are·not moved 

and which presumably are more highly charged and highly polymerized 

entities. These latter were ignored and the trimer .was collected with 

care being :taken that neither the dimer which preceded nor the thorium 

ions which followed were included. The result was a solution of pure 

14 trimer and hydrogen ions. _The visible spectrum of the trimer is known 

and the concentration of the stock solution emerging from the column can 

be calCulated from the optical densities at 424 and ~2 mµ where the extinc-

t.ioh i coei'f'iei·er'.ltlL a.r:e'. '29-.:4~ and. t8. 2 · per. mol.e: ·per~ lit ev.: of C.r-:; ·respectively. 

Any mismatch of the calculated concentrations is an indication of impurities · 

by other Cr species. 

NMR solutions were prepared in 10 ml. volumetrics by addition of 

pipetted amounts of stock trimer and addition of acid with dilution to 

volume. As a final check of the exact composmtion of the NMR solutions, 

I' 
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their spectra were taken again on the Cary 14 Spectrophotometer. 

To mea~ure the acidity, one ml aliquots were a.dded to small columns 

of ion exchange resin, in the hydrogen form. Distilled water was then 

used to Ylash off;. all the displaced free acid which in turn was titrated 

with base using methyl-red as the indicator. The titration yielded the 

total positive charges in one ml of the··solution. The contribution t.o the 

total charge by the trimer was found by multiplying its concentration by 

the charge of the species which in this case was five. The difference 

between the total charge per ml and the charge per ml for the trime·r is 

the free acid concent%'9.tion. This latter is important because the rate 

of proton exchange was.found to be dependent on free acid. 

Fortbe determination.of the chemical shifts of the NMR resonance, 

the sodium salt of 3-(trimethysilyl}-propanesulfonic acid, known as 

Uvasol and purchased from Brinkmann Instruments Inc., We.S.·tbtiry,. L.I., 

N.Y., was used as an internal standard. The solutions were ~o.o4 in 

·:uva's01.. As a check that Uvasol itself was not being shifted, para-dioxane, 

distilled from CaH2, was also employed (-1% by volume). The results were 

the same. 

Decomposition of the trimer solutions prepared for.Jthe NMR experi-

ments was determined by addition of some of the solution to a short column 

of ion exchange resin. Elution with -0.5 ~Ca (c104)2 then followed. 

2-t-
The Ca elutes the monomer first, the dimer second, and the trimer la.st 

of all -- the three species being separated into discrete bands along 

14 . the length of the columm. All the effluent Just prior to the forward 

edge of trimer was collected as one fraction, and then the trimer band 

itself was co1lected separately. Since the extmnction coefficients of 

the Cr(III) state are so small, the collected fractions of Cr(III) solutions 
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were oxiQ.ized with H
2
o2 and base to chromate. The resultant. Ca( OH) 2 pre

cipitate was then complexed with Na2EDTA and the. chrom~um concentrations 

. 4 8 3 34 were determined spectrophotometrically at 372 mµ where e= . lxlO . The 

degree of decomposition was found to be at most &fo which is a negligible 

correction. 

B. NMR Experimental 

Measurements of 1rwere made on a pulse spectrometer at 11 MHz with 

8 0 0 35 . a 1 0 -90 pulse sequence as explained previously. The height of the 

signals was measured on the grid of a Tektronix oscilloscope with a 

53/54G plug in unit. The pulse generators were also Tektronix model 163. 

The repetition time was set at 0 10 seconds. 

The samples were contained in glass tubes which were 9 mm ID, 11 mm 

OD. 

The temperature control was effected through use of a Varian EPR 

temperature control unit which used liquid nitrogen as a cooling source 

and a regulated voltage thru high resistance wire as a heating source. 

The temperature unit cooled or heated tank nitrogen which was flowed thru 

a Dewared sleeve inserted in !..he NMR ·transmitter-receiver coil. The 

temperature in the liquid sample was measured by inserting a copper con-

stantan thermocouple into a thin glass tube which had been sesled at one 

end and which contained an organic liquid, and inserting the entire thin 

tube into the larger glass tube which contained the sample. Temperatures 

were measured both just prior. and just after each determination of T 1 
. 0 

and in no instance did the temperature vary by more than ±1 C. 
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Measurements of linewidths at 6o MHz were made on a Varian A-Go 

NMR spectro~eter equipped with a variable temperature probe. This is a 

particularly convenient instrument to use because of an external lock 

system which prevents field drift. Care was taken· such that saturation 

did not occur, and the time constant on the filtering circuits was not 

exceeded. Calibration of the sweep widths to convert centimeters to 

radians/sec was previously explained. 

The shifts of the solvent water protons due to the paramagnetic 

complex were measured using an internal standard. In each case, two 

solutions were prepared which were identical in acidity and internal 

standard content. Only one, however, contained the chromium complex. 

At each temperature the shift of the solvent water relative to the 

standard was measured for each solution, and the. shift of the bulk water 

due to the hyperfine interaction was taken to be the difference in the 

two measured shifts • 

. Samples were contained in standard Varian NMR tubes which were ca. 

4.5 mm OD. 

A Varian Variable Temperature Controll~r Model V-6040 was used to 

change temperatures. The exact temperature was obtained by measuring the 

chemical shift between the different sets of protons in a methanol sample 
. 6 

for the low temperatures and ethylene glycol aL eievateu Lempe1·atures •3 . 

The shifts were measured just before measurements of the paramagnetic 

samples and also just after. The temperature was normally maintained 

within ±1°C. 

Linewidths were also determined at 100 MHz on a. Varian HA-100 NMR 

spectrometer. This instrument features ·an internal lock system to 

prevent field dri~. The locking sample was concentrated H~SOh which was 
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contained in a standard Varian NMR tube. The paramagnetic sample was 

contained in a Wilmad inner capillary designed tQ fit sn~gly inside 

the larger Varian tube. 

Care was taken that saturation did not occur and that the time con

ttant on the filtering circuits was not exceeded. Temperature control 

below room temperature was effected through merging a split stream of 

nitrogen, one of which flowed through copper coils immersed in liquid 

nitrogen. Above room temperature one single stream of nitrogen was 

flowed through the cold sink but was heated fUrther along :in the system 

with a coil of nichrome wire wrapped around a.quartz rod. The exact 

temperature was determined with the shifts of methanol and ethylene glycol 

as above, and was maintained within ±i°C. 

In order tb obtain measurements of the contribution of trimer to 

the bulk relaxation time at elevated temperatures without additional 

ambiguities from mmnomer decomllusltion products, the following procedure 

was adopted: the temperature in the NMR probe would be measured and 

maintained while the tube containing the sample was thrust into .a water 

bath maintained at the probe temperature. Temperature equilibrium of 

the sample through agitation is attained rapidly in this manner, as was 

determined in trial runs with a thermocouple placed inside the tube. 

When the equilibration was complete, the sample was quickly removed, the 

tube wiped and immediately placed in the probe, and the measurement taken 

quickly. At the highest temperatures measurements would be made on a 

different sample for each temperature, a.~er which .each sample would be 

measured at 20°C and compared with a fresh unheated sample also measured 

at 20°C to gauge the amount of decomposition and. degree of reliance to 

be placed on the measurement at the high temperature. 
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It should be noted that l/T2H 0 and l/TlH 0 are 
2 2 

. 37 
very small compared 

to l/T2 and l/T of the paramagnetic samples. Hence l/T
2 

and l/T 1 were 
. 1 

taken as l/T2p and l/T ip; i •. e. '· the blank to be subt.racted was negligibile. 
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IV. RESULTS AND DISCUSSION 

A. Introductory Considerations 

In the preliminary investigation, it was found that the system could 

not be brought unambiguously into the limiting regions of either chemical 

exchange control or relaxation control. The former should occur at low 

temperatures, but unfortunately second coordinatiO'l sphere effects con-

tribute greatly here and obscure the first coordination sphere chemical 

exchange control region. Freezing of the solution limits the accessibi-

lity to lower temperatures which wouJdhave permitted a comple~e investi-

gation of the second coordination sphere contribution. 

The first coordination sphere relaxation control region, normally 

attained at elevated temperatures, was likewise not completely reached 

because of decomposition of the trimer into hexaaquochromiun(III) at 

these high temperatures. It was expected that like the monomer, 12 the 

td.T)11:n· would have an acid dependent ::;Le!J ln its rate law describing the 

·proton exchange, and this expectation was fulfuilled. In principle, this 

acid dependence should be a convenient means of shifting the system 

completely into:tl;le relaxation controlled region since the addition of 

acid makes l/T larger. In practice, this was only partially successful m 

because the additional acid accelerated the decomposition rate. It was 

found, moreover, that at vecy high acid, -10 !i some change of species 

appeared to be occuring as was evidenced by a marked narrowing of the 

NMR signals together with ·a marked change in the optical spectrum of the 

solutions. In the latter, the maxima were shifted· to longer wavelengths 

and the optical density of the peak at the lower wavelength was reduced 

by -l'J{o. The change was found to be reversible within the time required 
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to dilute the strong acid ten-fold with immediate measurement thereafter 

of the optical spectrum, all at room temperature. 

It was thought wise, therefore, to maintain a lower acid concentration 

throughout .so that additional species would not cont.ribute more ambiguities 

to the interpretation. Optical and ultra-vmolet spectra of all the NMR 

solutions used conformed within experimental error to that of the trimer. 14 

There is the problem conce~ning the proton exchange rates from the 

waters at the different sites. As discussed previously, there are at 

least two different kinds of water and there may be as many as three, 

depending on the structure of the trimer. Obviously one expects the. pro-

ton exchange rates, both the hydrolysis or ionization mechanism and the 

·proton addition mechanism, to be different for these different waters. 

(The proton ionization mechanism from the bridges has already been dis-

cussed in Section I and assumed to be negligible.) Initially it had 

been hoped that the experimental data might give evidence of more than 

one site exchanging as has been found for water exchange from a NiEII) 

complex with two different kinds of water, using oxygen-l7 resonance.38 

Unfortunately, the data for the present system do not show any clean-cut 

evidence of different sites. 

The simplest treatment was to assume that the ionization rates are 

the same for each site, as well as the proton addition rates for each 

site, and. to attempt to fit the data with a consistent set of parameters . 

• Since the approach was reasonably successful in treating the data, it 

provides some evidence that the hypothesis is essentially correct, al-

though not conclusively so. One might expect the proton ionization rates 

from the different sites to be nearly the same if these rates are determined 

primarily by the fact of the attachment of their waters to a chromium (III) 



-25-

atom, which means that effects arising from adjacent chromium atoms are 

not important. The same can be said of the proton addition mechanism. 

If true, the two rates for trimer should be quite close to the corresponding 

two rates for monomer, at least within an order of magnitude. Assuming 

that the number of exchanging protons is 20 for the trimer (the use of this 

. 13 
particular number will be discussed shortly), the ratio of k1 for monomer 

to k1 for trimer (k1 is defined as the rate constant for ionization) is 

0 ~ . 
~6 at 25 C, while the ratio of the k2 's at the same temperature is ~0.5. 

The ratios do indicate that the original suposition was correct. 

Although the exchange mechanism of proton ionization from the bridge 

has been discussed.and dismissed, there remains the consideration as to 

whether the bridging groups participate through a proton addition or 

concerted proton exchange path. Since the bridging protons are so weakly 

acidic with respect to the water ligand protons, one might except the 

bridge hydroxide groups to be that much better a base in accepting protons. 

Unfortunately there is no way of 'determining just how important this 

could be .. If it does occur, it could conceivably have a very large rate 

constant such that the acid catalyzed exchange stepwit.h. the bridges would 

always be in the relaxation controlled region, resulting in a constant 

contribution at a given temperature to the overall relaxation. This is 

rather unlikely, since the data have been resolved neglecting this possi-

bility •. Furthermore one would expect a residual chemical shift which one 

does not observe experimentally at low temperatures. The bridges could 

participate in the proton addition mechanism with fortuitously about the 

same rate constant as that for the protons on the bound waters. If that 

were the case, the value of k2 defined for the rate of a specific proton 
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would be reduced by 20/24 for the linear species and 18/22 for the cyclic 

species. For simplicity of treatment, however, it will be assumed that 

exchange of protons on the bridging groups does not occur rapidly enough 

to contribute appreciably to the relaxation and chemical shift effects. 

Analogously there is also the problem as tb whether the rate of 

relaxation of a proton on a water molecule in the first coordination 

sphere is the same in each different site. Again, as in the case of 

chemical ·exchange, the rates of relaxation of protons in each site would 

be the same if these ':tates are determined primarily by the attachment 

of the water molecule to the metal atom and effects of adjacent metal 

atoms are1·negiigible. It will be found that the important mechanisms for 

relaxation are dipole-dipole coupling and scalar coupling. From a mule-

cular model, it can easily be .seen that the distance of a particular 

proton to an adjacent chromium atom is approximately twice that of its 

distance to its own chromium atom. Since the dipJlar interaction comes 

·6 
in as l/r,the effect of an adjacent chromium atom is one part out of 

sixty-four, which is gegligible. The middle chromium atom, assuming 

the complex is linear, would not be expected to have its dipole moment 

changed from that of the other chromium atoms. Magnetic susceptc.billty 

measurements on the trimer have shonw only a small reduction.in the para-

magnetism per chromium with respect to the monomer, indicating that there 

is a little spin interaction through the bridges.
14 

Hence each metal 

atom acts much as an isolated Cr( III). 

Since the scalar coupling interaction is transmitted through chemical 

bonding, one should not expect an appreciable effect between a proton and 

a neighboring metal atom. It is not unlikely that the scalar coupling of 



-27-

the protons with the particular chromium to which that water molecule 

is attached will be nearly the same for the different chraniums·. 

In summary.then, the data were resolved on the assumption that the 

different coordinated water molecules all exchange their protons at the 

same rate and that the protons are relaxed at the same rate in the first 

coordination sphere. 

the 

The complete resolution of all the data , viz., the T1p's at 11 MHz, 

T 'sat 60 and 100 MHz, and the shifts at 60 MHz, into the proper 
2p 

contributions was accomplished, and the parameters found to be mutually 

compatible with each other. The data were interpreted through the follow-

ing equations, the first two of which are modifications of Eq. 14 and 11: 

1 

1 
= 

+ 

where P has been defined as 
m 

p 
m 

p 
m 

p (2) 
m 

T (2) 
2m 

p 
m 

+ tm2 2 
m 'm 

20 [Cr.3+] -3-

(37) 

(38) 

(17) 

(39) 
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for the first coordination sphere. The additional terms in Eq. 37 and 

38 written for the second coordination sphere effects will be discussed 

later in this thesis. 

Figures 2, 3 and 4 show some of the experimental data. The solid· 

lines correspond to the theoretical calculations using parameters de.rived 

as. will be explained later. 

The procedure of resolving the data involved making educated guesses, 

assumptions and approximations in the relevant parameters and their tempera-

ture d~pendences. These were used in attempting to fit the data and were 

subse9uently modified and refined by successive approximations. For 

instance, the fit began with the T2p data at 6o MHz. For simplicity the 

experimental points for each acid concentration were assumed to be described 

merely by 

1 
= 

1 
T 

m 
(40) 

where this is the form thP. first tP.rm of Eq. 38 takes whP.n thP. /'(J) tP.~m 

is negligible. It was assumed that the rate law for exchange could be 

written as: 

1 
T 
m 

( 41) 

* The rate constants k
1 

and k
2 

were assigned various values of L)II 'sand 

6S*' s; .and using these a family of lines of 1/-r vs. 103 /T°K were pre
m 

pared, differentiated only by the varying acid concentrations. T-, 
2m 

should be the same or almost the same for all the acid concentrations at 

a given temperature and cuuld be calculated from 

( 112) 
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Doing this for all temperatures should yield the temperature 

dependence of T2· . To the degree that the results are inconsistent, the . m 

assumptions origfunally made were incomplete or erroneous. Second coordi-

nation sphere effects must. also be considered as well as the contribution 

from the "t:m" mechanism. The contribution by the l::t.D mechanism to the 

:ate of relaxation in the first coordination sphere according to Eq. 13 

can be calculated if A, the scalar coupling constant, is known, assuming 

the temperature dependence of -r is also known. In principle, if the m 

shift data can be taken to high temperatures, then according to Eqs. 

19 and 36, 

~.'·() -!:J». 'P <Dr S(S+l} 
'Yr.. A p = ~ - 3kT m m l's m 

2 
(43) 

' 
yielding a value for the product PA. Unfortunately, the system cannot 

m 

be taken to a high temperature before severe decomposition occurs so 

that Eq. 17 cannot be simplified but must be used in its entirety. 

Equa'bior1 17 lu:t::l T
2 

!:!lld T as well as A as parameters. The choice of m m 

values for these parameters in making a theoretical plot to fit the 

shift data must be consistent with 60 MHz linewidth data. 

In thi::; manner with a constant working back and forth between the 

chemical shift. and width data, a set of parameters as a ,function of 

temperature was obtained such that theoretical piots could be made to 

approximate the experimental data. The parameters so nht.;:d,ned were 

found to be reasonable and internally consistent. 

The theoretical plot of the chemical shifts in the region of 

complete relaxation control yields a product of KAP where K represents 
m 

a group of known constants, A is the scalar coupling constant, and Pm 

is defined as 
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. 3+ 
n/3 [Cr · J 

' 
(44) 

where n is the number of exchanging protons per trimer ion. The scalar 

coupling constant reflects u:npaired electron density per pro~on. A/'fl 

has already been obtained for the h!Jc8aquochrbm1um (III) ion by Melton 

and Pollak13 as l.32Xlo7 rad/sec., which is in elose agreement with the 

value obtained by Luz and shulman. 39 It was assumed that tne scalar 

coupling constant for the trimer would have as its upper limit the value 

for monomer, and that quite probably the A/'n wouid' be the same to a first 

approximation. This is probably a good approximation since as mentioned 

previously magnetic susceptability measurements on the trimeric species 

have shown only a small reduction in the paramagnetism per chromium with 

respect to the monomer indicating little spin interaction through the 

14 
bridges.. This is an indication that drastic changes in the electronic 

st:ructure bave uuL LC2.A.~1i place. The a color ooupling co11sb:rnt. t'nr t.rimer 

should be smaller if anything. If twenty is taken to be the number of 

protons exchanging which would appear to. be the maximum number possible; 

and·_ if the scalar coupling constant of monomer is used, then the product 

KAP is a maximum, and the correct KAP for the trimer should be equal m m 

to t.his or smaller. In the early stages of fitting the shift data, it 

wa.s :t'olind that the fitted·valul::l u.!' ICAP tended to be lar-ger th~n thF? m . 

maxirrrum possible. This fit value can be made smaller, however, by chang-

ing k
1

, k2 , and T2m. In particular it was found_that smaller values for 

6H~ tended to make the fitted values of KA.Pm's larger. The LSH~ was 

finally.adjusted to 10.6 kcal which led the .fitted KAP to be equal to m 
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the maximum. This is a better procedure than it initially appears to be. 

From the data by Melton and Pollak13 for hexaaquochromium (III), one can 

. * * . . derive 6H
1 

and 6S
1 

as 10.5 kcal and 0.7 eu, respectively. For the trimer, 

one would expect that the enthalpy of activation is less than or equal to 

that of monomer since this is a hydrolysis step and the greater charge on 

the trimer might tend to make the protons more acidic. However, as men-

. * tioned above 6H
1 

for trimer being less than that of monomer yields values 

of KAPm larger than possible, so that .6H~ for·trimer has as its lower 

* bound,.6H
1 

of monomer. If there are fewer protons exchanging, then the 

maximum calculated KAP should be smaller. In order to fit the theoretical 
m 

* plot to this smaller KAPm' the .6H
1 

for trimer would have to exceed that 

of the monomer. But this would be unexpected so that one is left with 

* .6H
1 

of trimer being about equal to that of monomer, and n, the number of 

exchanging protons, being equal to twenty. If this assignment of n is 

correct; then the trimer structure cannot be c;:yclic, but must be JJnear 

which would agree with the conclusions of Thompson. This argument is 

obviously not conclusive, however. 

From this fitting of the chemical shift and width data, the tempera-

ture dependencies of k1 and k2 are obtained so that the first coordina

tion sphere Tlp data at 11 MHz can be resolved and Tlm can be found as 

a function of temperature. With all the data so fitted, it then remains 

to consider the contributions by the individual mechanisms to the total 

relaxation. 

Some discussion, however, concerning k
1 

and k2 for the trimer as 

compared to o'bt1er systems is in order. The following table tabulates 

some relevant parameters for exchange. 
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TABLE I. Exchange parameters for the first and second order rate constants 
for proton exchange in solutions of chromic and nickelous ions. 

l/T = kl+ k2 [H+J 
m 

where 
kT (-6H* ~) k = l1exp RT+ R 

'.l-3 
Cr(H20)G 

12, 13 12 

kl M* 
1 10.5 kcal 11±2 kcal 

68* 
1 +o.7 eu. 1±6 eu 

k2 6H* 
2 0.5±0.5 kcal 0.5±0.5 kcal 

6<='* '-'2 -36±2 eu -30±2 eu 

·As was mentioned, the temperature dependence of k1 for the trimer 

was adjusted to be very close to that of the monomer in the fitting of 

tne cnemica.L sni:rt data. ·1·ri.e same was done :rn:r 'the temperatu:re Cl.epen- · 

dence of the k2 line. The enthalpies of activation for the k's were 

thus selected to ·be 10.6 and 0.5 kcal for k1 and k2, respectively. The 

entropies of activation were then obtained through the resolution of the 

other contributions and were found to be -3 eu and -34 eu for k1 and 

k2, respectively. These two values compare closely with the corresponding' 

reactions f'or both Cr(IU) and Ni(ll,). 

The k1 step is essentially a hydvolysis step and describes the 

following reaction: 

4+ + 
(OH)

5 
(H2o)

9 
+ ~ 0 

(45) 
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12 
The k

2 
step has been proposed by Swift and Stephenson as being 

a protonation af one of the water molecules in the complex followed by a 

rapid deprotonation step. For the monomer they wrote the following set 

of equations: 
3/2 

Cr(H20)~+ + H*+ 
k2 . *4+ 

Cr(H2o) 6 
H (46) 

Cr(H2o)
6 

H 
*4+ fast ' * 3+ Cr(H

2
o)

5 
(HOH ) + H 

+ 
( 47) 

where the first reaction is the rate-determining step. The analogous 

reactions for the trimer are self evident. 

B. First Coordination Sphere Effects 

1. 11 MHz Data 

From Eq. 37, the following expression is applicable~c-

1 
p 

m 
·r-- -

Tlm + T lp m 
(14) 

where 

1 1 + 1 
= 

Tlm TlD TlS 
(48) 

The scalar contribution can be shown to be negligible. It can be 

calculated from Eq. 24 using the A/fi just derived, if the correlation 

time, Tc2,is known. Tc2 is just T2e in this case since the rate o:f 

transverse electron relaxation will be shown to be -lo' times more rapid 

than the rate o:f chemical exch&ngl::!, (Eq. 27). The NMR experiments were 

done at 11 MHz or 2,586 gauss so that T2e at this field strength is 

required. No data :for T2e for trimer exist at this particular field 

strength, but T
2

e at 20°C has been derived from ESR experiments at 

-3300 gauss, and found to be 1.42xlO-lO sec. 
14 

This value was verified 
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by the present investigation. Attempts were made to perform these measure-

ments as a function of temperature, but the solutions were too badly 

decomposed into monomer, and the latter's ESR spectrum interferes with 

that of trimer. 

What is needed is T2e at 2,586 gauss as a function of temperature. 

What is at hand is T
2
. at -3300 gauss at 20°C. Howeve~ for monomer at 

·e 

concentrations -3-~lo-4 ~ Melton and Pollak13 have used the equation 

11 
developed by Bloembergen and Morgan for l/Tle' the rate of longitudinal 

electronic relaxation,. and have evaluated the constants in it such that 

l/T
1

e can be calculated at any temperature and frequency. The equation 

is: 

1 
T 
le 

= + 4 'v 2 21. 
1 + 4cus 1\ J 

where 

T 
v 

. -14 
= · 9.3x10 /. 2 .ix103 

exp \ RT ) 
(49) 

(50) 

20 Both the expression for T and the constant, l.3Xl0, were found v 
by an 

empirical fit of their data. 

At the ESR frequency of 9.16 GHz (-3,200 gauss), l/T2e for a 

solution of Cr(H20)~+which was 5 !i in ch~omium has been measured at 

4o o I 9 -1 several temperatures. At 20 C, 1 T2 is found to be 2.3xl0 sec . e 

At the same field where co = 5.72x1010 rad/sec the calculated value for 
IJ 

l/Tle using the above equation is l.92xl09 rad/sec. Moreover, the calcu-

lation shows that the system is in the extreme narrowing condition so 

that the lower fields, in particular 2,586 gauss, should leave l/T1e 

unchanged. The extreme nan·uwlng coudltlun luipllei:i Lhat l/T2e = l/T1e 

which is not quite what has been found. At least part of the explanation 
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must lfe in the fact that Melton and Pollak's conditions were for chromium 
. 4 

concentrations of -10- M. The much greater chromium concentrations used 

in the ESR measurements surely would decrease T2e because of intramolecular 

electronic dipole-dipole and exchange int~ractions. 41 In spite of the 

10
4 

factor in change of concentration, the ratio of l/T2e (measured) to 

l/T
1

e = l/T
1

e (calculated) is only·l.22, and the temperature dependence 

of the measured l/T2e follows closely that of the calculated value.s. 

Hence, it was taken that .the condition of extreme narrowing obtained 

so that l/T
1

e = l/T
2

e applies at these more dilute chromium concentrations. 

Assuming now the same functional form for l/T
1

e for trimer, and 

assuming that the correlation time, T ,is the same order of magnitude . v 

as that of monomer, then for trimer, 

1 

(

measured by ESR at) 
-3250 gauss at -0. 7 ·~ 
M Cr3+ - . 

(~;B~e~a;~~ ~-~~-~· M in cr3+ .... . 

1 

(51.) 

1 = 

The temperature dependence found for monomer at 2,586 gauss is then 

imposed on the measured value of l/T2e of trimer. Figure 5 shows this 

where l/T1e = l/T2e. 

The calculation of l/T18 •can nO-W be done and its values are ·shown 

in Fig. 6, as a .function of temperature. 

The dipolar contribution is found to be the dominant term. From 

Eqs. 22 and 23, to a good approximation: 

1 --::::: 1 + 
Tle 

1 
T 

r 
(52) 
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since l/T1e = l/T2e' and since l/Tm is -103 smaller than either l/T1e or 

T is the rotational tumbling time and is normally taken to obey 
r 

the Stoke's equation where 

T = 
r 3kT 

where a is the radius of the spherical"tl.!nbling entity, k is Boltzmann's 

constant, T is the tempearature in °K, and ~ is the viscosity of the 

(53) 

solution. For a solution of comparable viscosity as those used in the 

present investigation, Melton and Pollak.have calculated that T = 7.7xlo-
11 

r 
0 sec at 25 C for monomer. Since the trimer is not a spherical entity, the· 

Stoke's equation cannot be used without modification. It was thought 

best to take T for trimer as being three times that of monomer. The 
r 

trimer should t'U.mble around its long axis just like monomer, but probably 

would change its orientation much more slowly around the other two mutually 

perpendicular axes which would not contribute significantly to the tumbling 

l:'a'te. Fur~·nerlliore, it sfiould be noted that the ::>toke' s equation can be 

thought of as 
T = 

l' 

where V .. is the volume. A simple calculation shows that the volume for 

trimer is -3 times that of monomer. The temperature dependence for l/T 
r 

of trimer is just T/TJ. Values of TJ were obtained from the data by 
. . . 42 

Brickweddie. It was found also that values of T/TJ were virtually iden-

tical for all the acid concentrations used in the relevant temperature 

range, and therefore no additional corrections were needed for the 

different solut·:ions. 

The ·reciprocal of the correlation time is given in Fig. 5 as well 

as its component parts. With the temperature dependence of Tl = T
2 
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now obtained, it is possible to calculate 

14T · 
2 (55) 

as a function of temperature. From Eq. 20 

1 1 
S(S+l) ~I2 ~S2 ~2 

= 
Tlm 15r 

and since l/T
1
m has been derived from the data, r, the dipolar distance, 

was deduced to be 3.:iA. This seems extraordinarily large. For chromic 

ion, the sum of the ionic radii for Cr(III) and o
2

- yields 2.00 to 2.o9J,... 

as the Cr-0 distance. 43 (The range is due to reports of different inves-

tigat6~s).. If the 0-H distance is taken to be that of the uncoordi-
. 0 

nated water molecule.;. o.96A, and the Cr-0-H angle taken to be the tetra-
0 

hedral angie of 109° 25', the calculated Cr-H distance is 2.49 to 2.57A 
0 

depending on which ionic radii are used, with 2.53A as an average. On the 

other hand, if the protons on the coordinated water molecule lie in the 
0 

same plane as the metal atom, the average Cr-H distance is 2.74A. 
0 

Melton and Pollak have used a value of r = 2.74A to explain and fit 

their data for the monomer. This dipolar distance was taken from their 
44 . . 

interpretation of work done by Hausser and Noack, who measured relaxa-

tion times in solutions of monomer as a function of frequency such that 

correlation times could be obtained. These correlation times, however, 
0 

when used.in the dipolar equation yield a distance of 2.551\. 

The applicability of the experiments by Hausser and Noack to Melton 

and Pollak's work is questionahle. The former made no mention of the 

conditions of acidity, and there may have been appreciable hydrolysis, 
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especially at the higher temperatures. Their first order rate constant 

for proton exchange is a factor of -3 greater than that of Melton and 

Pollak .. Their scalar coupli~g constant is -33~ less than those reported 

11 . 39 n by Bloembergen and Morgan, Lus and Shulman, and Melton and Pollak, 

these latter three groups of investigators all agreeing clo$ely. Finally 

Hausser and Noack state that the experimentally determined correlation 

times do depend on the anion present. Their data were for solutions 

containing nitrate as the anion whereas the work by Melton and Pollak 

involved perchlorate. 

Since Melton and Pollak·:have fitted their data for':monomer satis-
0 

factorily with r = 2.74A, this will be used as a basis of comparison with 
0 

the trimer. Taking r = 2. 7'4A for the Cr-H distance in the tr.imer system, 
. . 

one. catl calculate the correlation time from the experimentally derived values. 

of l/Tlm = l/TlD. Doing so at 25° C yields T 1 = -10 I 0.22xl0 sec or 1 -r1 
4 .. ; 10 -1 Since l/T.1 is the sum of l/Tle and 1/-r , and since l/T1e . oxl:C.l sec . = r 

7>f.l09 s~c -l, then 1/-r = 3~109 sec 
-1 6 -11 for the 

' 
or T = 2. xlO sec r . r 

tumbling time. Using the Stoke's equation, Eq. 53, where a is the sum 

of the ionic radii of Cr(III) and o2
- and the Van der Waals radius of water, 

this latter being i.4A, one calculates that T os 3.'?xl0-
11 

sec for monomer 
r 

at 25°c. The experimental results have produced a Tr for trimer which is 

even shorter than a calculated one for monomer.which does not seem 

reasonable. 

There is the possibility that fewer than twenty protons are exchang-

ing; the coordination number would then be decreased which would account 

for the experimentally observed long relaxation time. This approach was 

tried, but then the chemical shift data yielded a much larger scalar 

coupling constant. In turn T
1 

derived from the data at 14kG became even 
.e 
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smaller ·than the measured T
1 

= T2 at 3250 gauss. Such a result is · e e · 

impossible if Eq. 49 is correct in describing the electr,onic relaxation. 

Equation. 49 ·is derived from considering that the .relaxation is caused 

by zer*'ield.splitting modulated by a distortion of the octahedral coordi-

nation sphere due to moleculeir collisions and vibrations. This is adequate 

in explaining the relaxation times for the monomer. However, for the 

t1·imt:.r_., it may be the case that Eq. 49 is not ad.equate, but an anisotropic 

g tensor mechanism modulated by rotation is also important. This latter 

mechanism has a functional form such that T1e is inversely proportional 

to the square of the field, which would explain why Tle at 14 kG would be 

smaller than Tle at 3250 gauss. However, it is unlikely.that this 

particular mechanism contributes importantly to the relaxation of the 

trimer because fbr irrs,ta.nce., measurements on even the most distorted of 

chromic complexes have not shown evidence of anisotropy in the g tensor, 

and it is unlikely tl.iat the trimer would he vfjry different from the 

monomer in its electronic structur~. 

One has three choices in explaining the data: (1) An unusually large 

dipolar distance; (2) a short tumbling time for the trimer relative to 

the monomer; (3) fewer protons exchang~ng but producing an impossibly 

short T1e. The first choice might. be made possible because the effective 

charge "felt" by the water molecules is less than three due to the hydro-

lysis but the lengthening needed is more than expected. None of the above 

interpretations seem completely satisfactory. 

W~thrich and Connick45 have hypothesized that a water molecule rota-

ting rapidly along the oxygen-metal bond can give rise to a decrease in the 

rate of quadrupolar relaxation by averaging the.elements of the quadrupolar 
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tensor. Perhaps some sort of dipolar averaging is alEW occurring through 

rotational averaging which Eq. 20 does not express·, and the decrease in 

the rate of relaxation in the first coordination sphere would incorrectly 

be expressed as an enlarged dipolar distance, both in the case of the monomer 

and trimer. It is difficult, however, to see how such averaging would 

produce such a large effect. 

The contribution to Tlm of the anisotropic chemical shif't will be 

discussed with that found for the 60 MHz T~ work. The second coordinac:m 

tion sphere contribution at 11 MHz will also be discussed later. 

2. 60 MHz. Data 

From Eq. 38, 

p 
l m 

T . T' ... 
2p. m 

where 

the following expression is applicable: 

tT~m h~ + ~) + imm2 J 

[(T~ 
1 

T2m. = 

+ 1 )2 lmm2] -- + 
T 
m 

1 
+ 1 

(11) 

(56) 

The scalar contribution is given in Eq. 25. Since A/fi is already 

known; and since the rates of electronic relaxation are much greater than 

the rates of exchange (see Eqs. 26 and ~7), only the values of T le and 

T2e aD functions of temperature nre needed. It will be cho"Wl'l further 

that Eq. 25 can be written simply as 

1 = S(S+l) 
3 ~! f T· 

le 
(57) 

The dipolarcontribution is given in Eq. 21. It will be shown that it 

also can be simplified and written as 
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15r 

1 + 
_-Tle 

1 
't' 

r 

Equation 58 can be re-written as 

1 = 
s(s+1) -Yr2 'Ys2 fl.2 

15r 

(58) 

(59) 

7 
T -r 

le r (60) 

Since values for r, Aj'ti and T have been assumed or are known., and 
r 

l/T
2

m has been derived from the line fitting, Tle can be solved for 

from Eqs. 56, 57 and 60 which produce a quadratic equation in T1e. 

These values of Tle were smoothed and the reciprocal of the values so 

produced at 14 kG are shown in Fig. 7 together with those previously 

assumed for l/T1e at 2586, gauss. 

As· was mentioned previously, an equation for the long:i.tudinal electronic 

relaxation time of the hexaaquo species has been derived such that l/T1e 

can be evaluated at any temperature and frequency. Such values have 

been calculated as a function of temperature for the ESR frequencies 

corresponding to 11 and 60 MHz for protons. These values are to be compared 

with:~ values derived for the l/T1e of the trimer at the correspqnding 

fr~qqencies (see Figs. 7 and 8). 

It can be seen that to the degree that the trimer rate of longitudinal 

relaxation obeys the same sort of equation, the magnitude and direction 

of l/T
1

e at the two frequencies is approximately correct. In fact the 
i 

similarity is remarkable considering the. err·ors· necessarily introduced 

in fitting the T2m line as well as the assutlIJtions made concerning the 
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dipolar contribution. If the discrepancies at low temperatures can be 

discounted, the indication is that the same equation for l/T1e applies 

for the trimer and monomer except for the constant in front of the brackets. 

This also is logical since the constant reflects .the degree of dissymetry 

in the complex. 

Alternatively, it could.be said that the discrepancies indicate 

that the use of the same form of equation is invaiid. It should be re-

membered that in the trimeric complex itself the middle chromium atom 

certainly "feels" a different environment so that it could have a diffe-

rent relaxation time than the two· outer atoms. What would then be "felt" 

by the protons might be some sort of average of the electronic relaxation 

times. The possibility of detecting the two separate relnxntion times 

from the NMR data seems remote considering the large number of parameters 

alrea~y involved. 

With a set of values for l/T1 at this fieJd strength the reciprocal 
e . 

of the dipblar correlation times can be evaluated. Figure 9 shows l/T 
r 

from the 11 MHz data and l/T1e for the 60 MHz field, as well as their sum 

to yield l/T1 . The dipolar and scalar contributions to l/T
2

m can be . 

evaluated. Figure 10 shows l/T28 and l/T2D as well as their sum to 

yield l/T2 at 60 MHz. , m 

It was implied in Eq •. 59 that 

>> 
1 + 2 T 2 ms 2e 

for the 60 MHz proton data at 14k Gauss. It is known that 

(61) 
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1 (low field) > 1 (high field) 
T2e T2e 

(62) 

and 

1 > 1 {for any one field) 
T2e Tle 

(63) 

then 

1 
(3,250 gauss) > 1 (14 kG) -> 1 (14 kG) -

Tle T2e T2e 

or at 25°C 9 -1 > 1 (14 kG) > 9 -1 -7><10 sec 
T2e 

-3 .lxlO sec 

Now if the l/T2e (14.kG) is just ~qual to 7xl09 as the worst case, then 

ms 2 
·T2e 

2 
'= (2 .48x1cP-rad./sec x l/f7Xl0-9recf = l.26xl0~ 

Then 

where as 

and 

1 + . 2 T 2 
ms 2e 

T >> le 

l/7><10-9 
= 

12 .6x103 · 

1 + 2 m 2 
CDS .1.2e 

= l.14x10-13 

It can been seen that this inequality is valid throughout the 

tempe~ature range of interest. 

It can now also be shown that the simplication used in Eq. 58 for 

the dipolar :relaxation was justified, i.e., that 

13T
2 

7 '["l > > . 2 2 
1 + CDS T2 

(64) 
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at 14 kG, where 

+ 1 ,. 
r 

The value of l/T2e is not known at 14 k&, so 1/,.2 is not known. 

However., l/T2e is known at 2,586 gauss, and l/T2e(2586 gauss) :::::_ l/T2e 

(14 kG). Hence 

l . l (at 2586 G) > .ll . (14 kG) = ,.2 ,.2 ,.1 

or 

,.2 (14 kG) > Tl_ (2586 G) _._ 
.: .L -

so that ,-2 (14.kG) has a lower limit. 

Tl (at .2,586 gauss) = 9.26x10-11 
seq 

of the denominator in Eq. 64 yields: 

From Fig. 5 ·the smallest value of 

. 2 2 
1 .+·CD · '.' 't . s . 1 

. . 

at lo3/T°K = 3.50; the calculation 

as a lower limit to 1 + m3
2 

,-2
2 at 14 kG. The value of 13:i:~ (at 14 ~kG) 

has as its upper lim~ 13T1 (at 14 kG) since -r2 :;: ,-
1

and the evaluation 

of l/T1 at 14 kG has just been done. From Fig. 9 the largest value of 

.. -9 31 0 Ti = 0.212xl0 at 10 T K = 3. 75·.is taken as the upper limit of ,-2 • 

The calculation follows: 

13 ( o .212x10 -9) 

5.29><10~ 

7(0.212><10-9) + 0.0246 (0.212Xl0-9) 

and it is obvious that 
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The approximation is, of course, even .better than the calculations 

indicate, since the denominator is at a lower limit and tht: numerator.;~ 

at an upper limit. 

The .tm mechanism is found to contribute also to the relaxation rat~. 

The comparison to be made is that of 

The l::t» mechanism becomes strongest at low acidities and low temperatures 

where T is long. According to Eq. 36, !::m ca.n be calculated knowing m . · m 

A, the scalar coupling constant. 2 Figure 11 shows.the values of !::m T 
m m 

for the different acidities together with l/T2m~ 

The contributdion of the anisotropic chemical shift to both l/Tlro 

at 11 MHz.and l/T2m at 6o MHz can be discussed here. The two differ 

only by a ratio of 6/7. Considering just l/T2AS 

1 
'2 

14 2' 82 ( ...!L ) 
=· . 40" CDI z z l + 3 

(29) 

where l/T1 = 
T2AS 

l/Tl + i/T • 
e r 

The validity of the assumption that mI2 
T
1

2 

follows, since from Fig. 9, the largest value of Tl 
-10 is 2.J.xlO sec, 

8 -10. 2 
hence (3.77><10 rad/secx2~Jxl0 sec) = 0.006 << 1. A rough upper 

limit estimate of 8 can be made by taking· zz 

~20 t:m ')'s A 
~ 

m 
S(S+l) 8zz = = 3kT 

mIPm ~ 
')'I 

Then 

l ,,.. 14 2 
( s(s+1) 

'Ys 
A r 2 

T2AS 
l:j:()' mI 

'Yr 
.3kT . (l + +) Tl 

14 ./::m 2 
2 ,...., 

(1 +}) 4D m Tl 

<< l 
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~ is on the order of 1 or less, so that 

1 14 2 
"'"'Ii{) [mm T 1 

T2AS 

This is to be compared with lm 
2

T m m It is obvious that since Tl is -10
4 

small.er than T the anisotropic chemical shift contribution will be far 
m 

less than the bro. The lm mechanism is on the order of both the scalar 

and dipolar mechanisms, so that the l/T2As is unimportant. Similarly 

l/Tl.D is -1~3 larger than l/TLAS' Hence the anisotropic chemical shift 

contributions can be ignored. 

C. Second:Coordination Sphere Effects 

Second coordination sphere effects have beenirtvJlted previously 

1 : . t . NMR • t 46' 47 M . t d . d to exp ain da a in experimen s. oreover, experimen s esigne 
118 

to study this phenomenon have been. carried out. Taube et al. have 

studied the broadening of the bulk water oxygen-17 resonance in solutions 

of Cr(III) where it is known that the first coordination sphere waters 

are slow to exchange. Connick and Ear149 have also studied the chromic 

system and have evaluated the life-time of a water moled.ule in the second 

coordination sphere. Similarly, for proton resonance in Cr(III) solutions, 

Melton and Pollak13 accounted for a decrease i~ relaxation time at low 

temperatures as attributable to second coordination sphere effects. 

The J.fIDi:
2
· u proton data of the present system for three acidities . p 

of 0.10:, 0.16, arnl 0.19 !:! perchloric acid at 60 MHz and the l/T1p data 

for 0.17 ~perchloric acid at 11 MHz also show a turn~up in the region 

of low temperature as the first coordination sphere exchange time becomes 

long, (see Fig. 4 and 12) . 
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The turn-up is attributable to a greater relative importance of inter-

actions of the paramagnetic species with solvent water molecules beyond 

the first hydration sphere. It can be thought of simply as the exchange 

of water molecules or protons from the second coordination sphere to the 

bulk waters with the exchange being so rapid that the contribution is in 

the relaxation controlled region. The chemical exchange controlled 

region is rll.led out because of the temp~rature dependence of the contri-

bution. .It then becomes necessary to •consider what the possible relaxation 

mechanisms might be. However, it should be borne in mind that the resolved 

second coordination sphere contribution was found simply by taking a 

line describing all the interactions in the first coordination sphere? 

which was calculated using all the foregoing parameters, and subtracting 
. . 

it from the experimental· data. The resultant points are small diffe-

rences between large numbers and contain all the errors both in the 

assumed parameters anrl the experimental du ta. Therefm·e the uncertainty 

of the line formed from these points is quite large, and the interpreta-

lion of the data in this region is subject to the same large uncertainty. 

The purpose of the following discussion then, i.s not to obtain CJllantita-

tive parameters from the data, but to show that the data are consistent 

with the calculations as to magnitude. 

Considering now just the T2 data in Fig. 12, certain relaxation mecha

nisms can: immediately be excluded. C:oiB~-'ident on data taken at 60 MHz on 

a solutio.n 0.19 !i in perchloric acid are data taken at ioo MHz on the 

same solution. Therefore any mechanism strongly and directly dependent 

on frequency can be excluded. The l::m and anisotropic chemical shift 

interaction can then be assumed to be unimportant. The two mechanisms 
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left are scalar and dipolar coupling. The interruption for the scalar 

coupling if it is important, must involve chemical exchange primarily 

since the Tle has been found t.o be frequency dependent. Likewise, the 

interruption for the dipolar interaction must be some combination of 

rotation, chemical exchange, and electronic relaxation with the last being 

again not too important. 

It.should be emphasized that the chemical exchange alluded to in 

the second coordination sphere is the exchange of whole water molecules 

to the bulk rather than proton exchange. That this is correct can be 

shown by considering the relevant rate constants for the monomer and 

acidic water at 25°C contained in the following table. 

TABLE II. First order rate constants for water and proton exchange from 
: the first or second coordination sphere. of chromic ion 

First coordination sphere 

~econd corrdination sphere 

First order rate 
constant ·for proton 
exchange in 0.1 M 
acid 

'! 

First order rate 
constant for water 
molecule exchange 

4 -6 -1 
.8xlO sec 

3xlo9 sec-1 

The rate of proton exchange from the first coordination sphere was 

taken from the data of Melton and Pollak; 13 UH:! water exchange rate f1·om 

the first coordination sphere of chromic ion is calculated from Taube's 

experiments.
8 

The second coordination sphere exchange rate is taken from 

work done in these laboratories by Earl.
49 

The two rates to be compared are proton and water exchange, both 

from the second coordination sphere. Proton exchange from the second 
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coordinatiori sphere other than by water exchange can occur through either 

a hydrolysis (ionization) mechanism or an acid catalyzed path. The hydro-

lysis rate is not known but certainly should be less than that for the first 

coordination sphere (first eritry of column one). The acid catalyzed 

path in water can be calculated from Meiboon's work,59 who evaluated 

the rate constants for the following reactions: 

. + k . 
H20 + 130 ~ 130+ + H20 

k 
H

2
0 + HO- 2-+ HO- + H

2
0 

At 25°C, k
1 

and k
2 

are (l0.6±4)x109 liter mole -l sec-l and (3 .8±1.5)x109 

-1 -1 liter mole · sec , respectively. What is desired, however, is the 

average time a specific proton is bonded to a specific oxygen atom. The 

chance that a specific hydrogen atom will be transferred is 1/3 in the 

first reaction and 1/2 in the second reaction. Hence the specific rate 

of exchange of a proton is 

l/r 

For a solution 0.1 !:! in hydrogen io.n,l/r = (3.!Y.t:1.3)x10
8 -1 . 0 

sec at 25 C. 

This would be expected to serve as an upper limit for the acid catalyzed 

path in the second coordination sphere of chromic ion. Both these values 

are much smaller than the measured rate of exchange of a water molecule 

from the second coordination sphere of chrom.ic ion (second entr~ Column 2). 

Since the proton rate constants for the first coordination sphere of 

the trimer are comparable to those of monomer, one expects the same 

general conclusions to apply. Moreover, evidence will be presented later 

that the water exchange rate from the second coordination sphere of trimer 
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is appreciably greater than for monomer. An upper limit to this might 

be the reciprocal of the correlation time fol' translational diffusion 

of a water molecule in water estimated from the Stoke's equation accord-
. 51 

ing to Abragam, where 

Tdif = 
(66) 

The symbols have been defined previously; the radius a is the Van der 
0 

Waals rad:i,.us for watE~r, tfl,ken to be L liA. The calculation at 25°C yields 

I 4 9 -1 1 Tdif = 5xl0 sec • 

Returning now to consideration of. the scalar and dipolar mechanisms, 

some sort of model concerning the.second coordination sphere must be 

assumed in order to estimate ·the" magnitudes of the two interactions. The 

models which will be used here is that the trimer is either linear or 

linear offset and that the water molecules of the s.econd coordination 

sphere occupy the faces of the octa.hedra except fnr t.he fA.ces which 

adjoin the shared edges, due to steric fa~tors. This yield8 a total of 

sixteen water molecules. Furthermore, since an increase in hydrogen ion 

concentration also produces an increa~e in the perchlorate ion concentra-

tion, .wit will be assumed that at the higher acidi.ties, the perchlorate 

anions are able to compete effectively for the second coordination sphere 

sites and tend to exclude water molecules from the faces thereby de~rP.asine 

the contribution at higher acidities. This assumption. is bas.ed on the 

work by Alei52 who found that the chemical shifts of the oxygen-17 resonance 

of the bulk waters in solutions of hexa~quochromium (III), of necessity 

shifted by interactions in the second· coordination sphere, were strongly 

dependent on .perchlorate concentration. He inte:c·:pL'eted this as being 

caused by perchlorate anions excluding water molecules from the faces of 

the octahedral coordination 
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sphere. The effect of a 5+ charged species should be even greater. It 

is possible that one perchlorate anion will effectively exclude more than 

one water molecule so that the effect of perchlorate may be quite signifi-

cant in decreasing the second coordination sphere contribution. 

With this model the relative importance of scalar coupling and dipolar 

coupling can be estimated.· The scalar interaction is unlikely to be much 

of a contributor. To a large degree scalar coupling from a parama~netic 

entity to the second coordination sphere represents bonding betwe~n the 

two since the scalar coupling constant represents unpaired electron den-

sity transmitted through chemical bonding. ~lthough the t 2g electrons are 

pointed towards the faces of the octahedra, still the degree of chemical 

bonding between these electrons and ultimately to the protons must certainly 

be small in comparison to that in the first coordination sphere. 

An estimate of the scalar coupling constant for the second coordination 

sphere prnt.nns cAn be made on the basis of Alei' s work with the monomer.. 

Alei measured the chemical shifts as a function of perchlorate concentra-

tion. Using his data, one can extrapolate to zero perchlorate. If one 

then assumes a coordination number of eight, the resultant scalar coupling 
6 

constant of 2.36x10 rad/sec is obtained for oxygen-17. It should be 

noted. that this is an upper limit for the A/fi based on a coordination 

number of eight. A larger coordination number produces a small A/~. 

Already, it can be seen that A/~ for the oxygen in the second coordination 

~here is -1/8 of that for a proton in the first coordination sphere. It 

is probably a good assumption to .take for A/ti for protons in the second 

coordination sphere, a value like 2.lix105 rad/sec. These conclusions for 

the hexaaquo species should also hold true for the trimer. 
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In accordance with this prediction of a small scalar coupling con-

stant for the second coordination sphere protons, no residual shift was 

detectable in the experimental data for trimer. Moreover, it can be 

shown that the djpola.r interaction will be several orders of magnitude 

larger than the scalar.interaction based on this A/~. 

In estimating the dipolar interaction, one must consider that all 

the water positions are not alike in the interactions they "feel" from 

the chromium atoms. For instance, a water resting on the face of the 

octahedron of the central metal atom would "feel" the effects of the two 

other metal atoms whereas a water resting on an end face at a terminal 

chromium would probably "feel" the effects of just that one atom. This 

effect is relatively more important for th\: second coordination sphere 

than for the first, since the rate of change of the dipolar expression with 

respect to r, is just proportional to l/r7. That is, for r being small, 

an increase in r to b.ecome r; and raised to the siXth pmier still makes 

6 1 6 
l/r >> l/r • If r, however, is already large, the same small increase 

6 1 6 
in r to become r' and r~ :ised to the sixth power yields l/r ~ l/r . Hence 

the interaction of a particular water molecule with more than one chromium 

atom must be considered to see if it is at all important. The expressioff 

of the dipolar interaction can then be written as: 

l 4-waters 
6 + 2 

4 waters 
)( . 6 + 8 waters 

6 
8 waters 

+ 6 + 4 waters 
a. 

r 
1 r2 rl r2 

The first two terms are written for the four water molecules on the 

faces of the octahedron of the central chromium atom. The distance r 1 is 

6 
rl 

just the dipolar distance between the protons .on these waters and the chromium 
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atom itself, whereas r 2 is the distance between these protons and the 

adjacent terminal chromium atoms. The factor of 2 is for the interaction 

with both end atoms. The next two terms are the interactions of the 

eight waters on the faces of the terminal chromium atoms, these faces 

being parallel to the length of the linear trimer. The last term is 

written for the waters on the end faces of the terminal metal atoms. 

The expression can be simplified to: 

1 
4 

16 waters 
+ 

16 waters 
6 

r2 

where, of course, r
1 

< r 2 . Interactions of a proton with a chromium atom 

further away than an adjacent one have been neglected. One can now 

estimate the relativ~ ratio of r 2/r
1 

using molecular models. This ratio 

is found to range from 1. 5 to 2. Taken to the sixth power, however, the 

second term ranges in importance from 1/11.4 to 1/64 with respect to the 

first terni. Since at most, consideration of the second term is less than 

a lafo correction, it will be neglected. Other assumptions will have at 

least this magnitude of error. 

One is le~ now with makibg some estimate of the dipolar distance 

from the p:roLons on water molecules in the second coordination sphere 

to the chromium atom, and some estimate of the correlation time. Some 

limits can be set on the value of the correlation time. As mentioned 

previously, experimentally it was found that the data for a 0.19 ~acid 

solution at 100 and 60 MHz were virtually identical at low temperatures 

in the turn-up region attributed to first coordination sphere chemical 

exchange control and second coordination sphere relaxation control. Assuming 
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that the relaxation is all dipolo.r, then 

[7 Tl+ 
13-r2 . ] [' + 

13-r2 ] 2 2 ::::$ Tl . 2 2 
1 +ms T2 1 + ms -r2 

(at 60 :MHz) (at 100 MHz) (67) 

Since:.·there is no frequency dependence, the expression becomes 

7 't'l at 6oMHz ~ 7 T1 at 100 MHz (68) 

Since T1e is frequency dependent, it cannot contribute greatly to Tl • 

The above equation cannot be in the extreme narrowing region since this 

2 2 . -12 -] 
would mean.that ms T

2 
.<< 1, or at 100 MHz for protons, T

2 
<< 2.4xlO sec -

which is physically impossible for any of the correlation times considered 

here. From Eqs. 67 and 68, 

13 T
2 7 T1 >> . 2 2 

(at both frequencies) (69) 
1 + m8 -r

2 

Since the rate of exchange is much faster than Lhe electronic relaxation, 

= 
l 1 +---1 

-rr 
. (2) 

where l/rex is the rate of exchange of a water molecule from the :::iecond 

coordination space of the trimer. Then from Eq. 69, 

1.86 
1 >>. ----.-2--2-

1 + m T s . 1 

And for m
8 

= 2.48x1011 ~ad/sec, 

in low temperature turn-up region. However, s.ince 
(2) 

l/r1 = l/T + l/T , ex r 

the upper limit for l/T 1 can be lowered because values for 1/-rr have 

.• 
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already been assumed in fitting the first coordination sphere data, and 

l/r (g~ should be less than the rate of water diffusion as used in Eq. 66. 
ex 

,-,Since Tdif has an 71/T~,K dependence, it can be evaluated at any temperatute. 

At 25°c, 

or 

1 

1 
(2) 

T ex 

+ 1 
T 

r 

1 + 

< 

1 
T 

r 
< 

1 1 --+-
Tdif Tr 

At the same time, since the electronic relaxation rate is not important, 

1 

T 
(2) 

ex 

At 25°C, l/Tle 3x109 sec 

+ T 

-1 

' 
so 

-1 
sec 

1 

r 
>> 

1 

Tle 

that· 

<< 1 
~{2) 
T ex 

(at 14 kgauss) 

+ 1 
T 

r 
< 

10 
5Xl0 

With the use of molecular models, one can estimate the distance from 

a central metal to a second coordination sphere proton, allowing for the 

Van der Waals radii on the first and second coordination sphere waters. 
0 

The distance estimated is 4.JA. 

Using the equation for the dipolar interaction and the experimentally 

determined contribution; correlation times can. be calculated using the 

above dipolar distance. 

sphere contribution to 

-1 
sec P' is defined as 

m 

At 25°c, from Fig. 12, the second coordination· 

I rtr +] 6 1 T2 pt for a 0.1 M LH solution is 0.031><10 
Pm 

[Cr( III)] 
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Correcting for the coordination number by multiplying by 3/32 yields 

2 .9Xl.o3 rad_/oec for l/T2D. Then 

S(S+l) ~I2 ~S2 li2 

15r 
2 .gx103 rad/sec = l/T2D = 

and l/r]_ = 30xlo9 sec -l whicl!J. is within the range of values predicted. 

Subtra.c!tlng off the value of 1/-r!. leaves -2 .6x10
10 

sec -l for l/r~~). 
J)m:>oi?:Lng a T/T/f temperature dependence on l/-re5

2
)_, one can calculate the 

I 

correlation times for all temperatures. The line drawn in for the second 

coordination sphere c·ontribution for the 0.10 !i, acid solution in Fig. 12 

was calculated on this basis. Although the data points do seem to lie on 

the calculated line, the fit is dec~~tive since the position of the points 

is subject to such uncertainty as was mentioned previously. 

The points for the higher acidities do lie below those of the 0.10 M 

[H+] .solutions. Presumably, some perchlorate complexing is occurring which 

decreases the sites available for relaxation. No effort was made to fit 

these points except to note their positions with respect to the 0.10 Macid 

solution. 

Using the same correlation time and dipolar distance, a calculated 

line fo~ the low acid 11 MHz data can be drawn in (see the lower line in 

Fig. 4). The calculated values.lie somewhat above the data points, but 

since the position of the points themselves is subject to such uncertainty, 

little is to be gained by reworking the dipolar distance and/or correlation 

time. 

D. Summary 

It. should be emphasized that the fitting of all the data was done 

on the assumption that all of the protons on the different waters are 

,. 
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equivalent; that is, they ex.change at the same rate and are relaxed at 

the same rate. To the degree that this is not the case, the resultant 

parameters are subject to even more uncertainly. The fact that a fairly 

s~tisfactory fit can be obtained using this assumption is evid~nce in 

favor Of its correctness. No results were obtained that indicated strong 

differences in the behavior of the various types of coordinated water 

molecules. 

It is of interest to compare the rate constants for proton exchange 

of monomer, dimer, and trimer. Some·preliminary work was done in the 

present research on the dimer as a function of temperature at a pH of -2 

where the species in solution is virtually all the doubly bridged dimer. 53 

Assuming that there are sixteen exchanging protons, where the bridges are 

again assumed not to contribute to the ~elaxation, one can estimate the 

first order rate constant at 25°C, from a plot of the logarithm of the 

3; 0 reciprocal of the rel~xation ti.mes vs. 10 T K. The k
1 

is found to be 

4 -1 
9±2x10 sec Since the acidity of the solution is so low, one expects 

no contribution from k2, the acid dependent step. For convenience, all the 
0 . 

known rate constants for the three polymers at 25 C have been tabulated 

as well as the charge per chromium atom in each species in Table III. 

TABLE III. First and second order rate constants for proton exchange 
for some Cr(III) species at 25°C . 

Species ( -1 ( -1 -1 charge/metal k
1 

sec ) k sec M ) 
2 - atom 

Monomer l 7Xl0
4 

5Xl0
4 

3 

Dimer (9±2)xlO 
4 

2 

Trimer 3x104 . 9><10
4 

1.67 
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Qualitatively, the trend in the first orde.r rate constants follows 

what one would expect; the lower the effective charge on the metal, the 

smaller is the rate constant. The decreased effective charge in the polymers 

should give a smaller electrostatic repulsion of the protons, thereby 

decreasing the rate of exchange·through·the ionization mechanism. Conversely, 

since the rate determining step in the proton addition mechanism is the 

addition of a proton to a water of the metal species, the second order rate 

constant should increase with a smaller ef·fective charge on the metal 

species. The k2
1 s for the monomer and trimer reflect this trend. Since, 

of course, _there are other effects involved in the rate constant, such 

as steric effects, one cannot expect a quantitative. correlation with 

charge. 

.. , 

. ; . 
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* APPEN1HX I: Experimental Data for Trimer 

A. l/T2p's at 60 MHz for five solutions of varying hydrogen ion and 

trimer concentra.tl.on as a function ·of reciprocal absolute temperature. 

Trimer concentration entered as moles per liter of chromium~ 

Solution [H+] [Cr(III)] ·p' 
m 

l 0.10 0.0632 5, 72Xl0 -4 

2 O.lq . 0.0626 
. 4 

5.67x10-. 

3 o.86 0.0627 5.82xio-4 

4 l.68 0.0630 6 -4 .03x10 

-----~---------~:.~~-------------~:.~~~~--------------~:.~~>5~~=~------------
103 /T°K 

l/T2p (rad/sec) at 60 MHz 

3. 50/3 .51 

3.64/3.66 

1. 

99.6. 

90.0 

3,53/3.51 '103.5 

3.38/3.39 127.1 

3.28/3.28 164.5 

3 . 18 /3 . 13 209 . 0 . 

3.00/3.00 274.4 

3.39/3.41 123 .. 7 

2 

110.0 

102.5 

107'.9 

132.8 

165.0 

219.4 

279.7 

127.6 

3 

230.7 

230.4 

~;:,4.6 . 

250.3 

267.0 

293.2 

325.2 

246.4 

4 

327.1 

324.6 

:J)J.G 

** 5 

388.8 

376.6 

39'.).l 

346.9 407.7 

363.4 414.5 

374.4 . 413.5 

384.7 408.4 

354.3 422 .3 

.ic-
Values tabulated are the averages of many determinations. 

-~* 
N.umbers at the top of columns. correspond fo particular solutions. 



-64-

B. l/T2p's at 60 and 100 MHz for the sa.l'l)e solution as a. function of 

reciprocal absolute temperature 

· Solution 

6 '0..19 

. [Cr( III)] 

0.0629 

P' 
m 

. -4 
5.7ix10 

------------------------------~------------------------------------------

103 /T°K l/T2p (rad/sec) 100 MHz 

3.30 182.6 

3.40 147.5 . 
3.60 119.3 

3 .53 120.~ 7 

3 .58 116.5 

3.40 · i50.7 

.3 .39 152.2 

3.2?. 211.1 
-------------------------------------------------------------------------

103 /T°K l/T2p (rad/sec) 60 MHz 

3.72 103.5 

3. 70 104.~ 

3.62 106.4 

3.50 119.6 . 

3 .50/3 .51 119.6 
3 .44/3 ... 42 135. 7 

3 .36/3.34 156.4 

3.26 189.6 

3 .43/~ .41 134.3 
---... ··-··········---

·i:-· ' 

. "' ;;, •. 
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C. Chemical shifts at 60 MHz:;as a function of reciprocal absolute tem

perature. 

Solution 

7 0.19 

[Cr( III)] . 

0.0628. 

P' 
m 

5.7ox10 
-----------------~------------------------------------------------------

103 /T°K ~ 0 (rad/sec) at 6o MHz 
2 . . . . • 

3 .56/3 .55 6.97±2 

3.43/3.44 13 .95±2. 5 

3 .32/3 .33 24. 76±0.6 

3 .24/3 .25 42 .47±3 .8 

3 .20/3 .21 49.45±2.5 

3 .43/3 ,41 17.09±3.2 

3 .43/3.44 9<-'49±2_.5 
2 .94/2 .95 . 190.19±8.9 

. 3 .41/3 .42 6.97±3 .2 

3.66/3.67 9.49±3.77 

3.54/3.55 4.46±1.88 

3.42/3.43 17 .09±3 .14 

3.28 27 .90±1.88 
3.42 14. 58±3 .1 
3.46 12.69±2 .2 

3 .35/3 .34 22.81±0.88 

3 .28/3 .27 29.78±3.8 

3.55 14.58±2.54 

3 .43/3 .42 20i29±2.54 

3 .37/3 .38 . 19.65±0.63 

3.25 46.28±0.63 

3 .13/3 .14 16. 71±1.90 

3.04 128. 70±1.27 

2.96 179.41±4.44 

2.88 242. 81±19 .65 
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D. T
1 

's at 11 MHz for three solutions of varying hydrogi:m ion and trimer 
p . . . . 

concentration as a function of reciprocal absolute temperature. .. 

Solution [H+] [Cr( III) J · p·r 
m 

8 0.17 0.0626 5.68xlO-

9 0.17. 0.1249 4 -4 11.3 xlO 

10 1.56 0.0624 . 5-93xl0 
_lj. 

Tlp (millisec) at 11 MHz 

103 /T°K 8 9 10 

3.66 13.5 6.7 7.4 

3. 73 13 .2 6.5 7.4 

3.65 . 13.-5 6.5 7.4 

3.65 · 6.G 

3.55 13.4 6.6 7,5 

3 .42 11.8 

3.42 12.3 6.2 7.4 

3.3~ lLQ 5.5 7.6 
3~20 10.1 5.0 7.9 

3A1 11.7 5.7 7.3 

.3.18 9.4 4.8 7.4 

3 .10/3 .12 9.1 4.4 7.9 

3.42 .11.9 5.8 

3.84 7.6 

* Tabula:ted. longitudin~l relaxation times we:re determined as mentiorn~cl 
in text. 

..... 
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FIGURE CAPI'IONS 

1 .. Proposed structures for th~ chromium polymers. The chromium atoms 

2. 

4. 

are locaLed at the centers of the octahedra. Water molecules are 

located at the apices while the hydroxo bridging groups are located 

. . 
at the ends of the sh~red edges. Equivalent water molecules are 

indicated with the same letter. a) Dimer, b) Trimer-straigh,t linear, 

c) ~rimer-offset linear, and d) Trimer-cyclic. 

LYi.lH
20

/P m (rad/sec) vs. the reciproca·~ of the absolute temperature 

at 60 MHz for a solution of trimer where [Cr(III)] = 0.063 !'i and 

= 0 .19 !':!· The solid line corresponds to calculated values. 

as explained in the text. 

p 
m 

.20/3 [Cr( III)] 

l/T
2 

P' (rad/sec) vs. the reciprocal of the absolute temperature at 
Pm . 

60 MHz fo:c three soluti~ns of trimer all 0.063 !'i in chromium but 

diffe:l'."iug in acidity. \7 - 2.41, ~in IJ'I1 -!-
+ .., 1 .. ri8 !:! in (H ] ; ffi - 0 • 86 ·M 

+-in l1f ~. The solid lines correspond to calculated values as explained 

in the.text. 

'p•, 
m 

[Cr( III)] 

2 [H
2

0] + [H +]· 

l/T P' (rad/sec) vs. the reciprocal of the ab.solute temperature at lp m 

11 MHz for three sohitions of trimer. 

[H+] 

0 0.17 
+ 0.17' 
!:::. 1.56 

[Cr(III)] 

0.063 
0.125 
0.062 

• 

·~·h0 two upper solid lines correspond to calculations for just the first 

1.::uu1·ulncttion sphere. The lower set of +· s is the difference between the 

I 
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experimental data for the 0 .17 ~ acid solutions. and the calculated 

line to yield the second coordination sphere contribution. The bottom 

solid line is an attempt to fit this contribution as explained in 

the t~xt. P' was defined previously. 
m 

I . . 

Assumed temperature dependence of l/T1e at 2,586 gauss (corresponding 

lo 11 MHz for protons) added to the assumed temperature dependence of 

l/•r to yield l/•
1 

for trimer. 

6. C;1lculated values for l/T18 for trimer as explained in the text. 

Derived values for l/T
1

D as explained in the text. Both sets are 

LI.one for 3 field corresponding to 11 MHz for protons. 

7. Ass.urned temperature dependence of l/T1e for trimer at 2, 586 gauss 

(corresponding· to 11 MHz for protons) and the derived temperature 

dependence of l/T1e at 14,ooo gauss (60 MHz for protons) as ex-

plained in the text . 

.S. The temperature dependence of l/T
1

e for monomer at the two fields corre-

oponding to 11 aii.d 60 MIIz:, e:akt:;.laL~u. ctl!l!urulug Lu the clata given 

by Melton and Pollak. 

s;. 'l'he sum of l/T1e at. 14,ooo gauss and l/'rr to yield l/r1 for trimer as 

a fnnctj_on of temperature. 

10. The sum of l/T28 and l/T2D to yield 1/T2m for trimer at 14,ooo gauss 

ll. 

es '?- function of temperat.ure. 

Calculated value~ of ~· 2,. for five acidities at 60 MHz for trimer. 
rn m 

li'rom top to bottom, the acidities in moles· per liter are l::i. - 0 .10; 

O - 0.16; 0 - o.86; + - 1.68·; and .\J - 2.41. 1/T2m at 60 MHz is also shown. 

J_'.2_ l/T2 P' (rad/sec) vs. the reciprocal of the absolute temper.ature at 
p m 

:So MHz for three solutions of trimer, all 0.063 ~ in chromium 

-i 
I 
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but differing in acidity: + - 0.19 !i, (±3 - 0.16 !i, 6.:. 0.10 ~ 

in [H +] • 0 . refers to the same solution as + but the· data were taken . 

at 100 MHz. The three upper lines correspond to calculations for jus:t 

the first coordination sphere. The,lower points are merely the. 

differences between the experimental data and the calculated lines 

to yield the second coordination sphere contribution. The lower 

solid line corresponds to an attempt to fit this contribution as 

explained in the text. 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behal.f of the Commission: 

A. Makes any watranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, 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 Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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