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.;ﬁ‘ - The sdlvatlon numbers(n3 b& b

‘»determlned using. nmr spectrosd%p&

tfansverse relaﬁ%tlon rate. (RZOb d

The R20b‘d values were measured as a functlon of the

‘7separatlon (t p) between successrve 180 punses in the"

for the t dependence of R

}5;‘ o Two 1mportant facts emerge from the R.

. - ABSTRACT . ¢ T T

» 5 Ly

V

"'ﬁlckelﬁlI),

NivaPT2+, and NlTRI2 complexes‘% 3
ORI

Ty
Y g "5
z‘t -

r method of

. ' -4 S
: determlnlng theusolvatlon number 1nvolves measurements,of

'lthe bulk’solvent proton chemlcal shlft(Aw d) and

Rikr;le have been

T

) at varlous temperatures

» .

Carr-Purcel1-Me1boom—G;11 pulse sequence.f From the'.

modlﬁled Bloch equatlons, a general theoretlcal expres51on'

-cp Zobsd has, been derlved for

N

__two—31te exchange systems w1thout restrlctlons on the,

of the two 51tes. Non- llnear least squares fltt#ng of the

Zobsd tcP data to the theoretlcal equatlon ylelded the

: solvent exchange rate (T ) and the chemlcal Shlft of the

solvent molecule coordlnated to the paramagnetlc metal

complex in solutlon (Aw ).

ZObSd CP

14

’ .study of the three nlckel(II) complexes in acetonltrlle.p

A»reglon where R

!

The - Awﬁ value pbtalned from the analy51s is 1ndependent

Vo& the 1n1t1ally assumed n value 1n{the slow exchange,

is controlled by Tml.,Anomalles are

Zobsd

’frelatlve magnltudes of the relaxatlon rates or populatlons‘g_’

, observed in the temperature dependenc1es of the calculated ‘



F

L,

- l( ' ’ 5 » f“’ .. \

-1

. T and Aw 1n the 1ntermed1ate exchange rejaon :where

m_ o ;

Zobsd is a maximum, when the wrong‘n value has been
assumed The .slow; exchangefreglon R2obsd cé data determlne

rellably the Aw value Wthh ‘can be comblned .with nAw

ffrom the chemlcal Shlft ana1y51s to’ glve the solvatxon

5

number. The " 1ntermed1ate exchange reglon data prov1de an

excellent crlterlon for the selectlon of the solvﬁihﬂﬁm

number.

. , S L - Y
*A third method for. determiningithe solvation;'

number is achleved by plac1ng restrlctlons on the

zobsd tCP

ana1y51s and analys1ng the data at all tenperatures

temperature dependence of all parameters in the R

¥
together. ‘No assumptlon on the n value is’ necessary w1th

thls method

’General'limitationsbof the R20b5d4tc?“method’

“of determlnlng the solvatlon number orlglnated from both

the chemlcal natures of the systems studled and from

llmltatlons in 1nstrumentatlon of the pulsed nmr method

’ These llmltatlons are dlscussed in detall

The R solvatlon number study glves the

20bsd CP

'solvatlon nuﬁbers of six, one, and two respeﬁylvely for

2+

rthe Ni®", NlpyDPT2 ,,anvan.TRI2 complexeS'ln acetonltrlle.

‘ For all the nlckel(II) complexes in acetOnltrlle,

except the“NJ.TRI2 ‘complex ‘the solvatlon-numbers‘
/
determlned agree with the total llgand coordlnatlon

'number of 51x around the nlckel(II) centre. The solvatlon

v



 Further §tud1es are needed to clarlfy some of the .

F.POSSLbllltles dlscussed : '.'« R N

.
1

number of two obtalned for the NlTRI2 complex in

'vvacetonitrlle seems to be- 1ncon51stent w1th the expected

J -

octahedral llgand geometry of the n1cke1 QI) complex

151ncelthe TR; 11gand is a tr;dendate. Possxble explanationé'

for this apparent inconsietency re- discussed in Chabter‘IV.
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9 ' Chapter I

INTRODUCTION

{ ] ) . o
When a salt or coordination'complex«of a metal

1on is dlssolved in some coordlnatlng solvent 1t is often
dlfflcult to determlne the number of solvent molecules:"
coordlnated tolthe metal 1on. This number w1ll be re-, .

ferred to as the solvatlon\number, and the purpose of thls

work is to apply and assess an nmr method for 1ts deter—

mlnatlon. TO 1llustrate the problem w1th a 51mple system
one mlght cons1der what BKNbens when CoCl2 iss dlssolved ln
acetonltrlle (AN), poss1ble Spe01es are (AN$ CoCl

(AN) CoCl - (AN) CoCl , and (AN) CoCl These poss1b11—‘t'

27
1t1es are dlstlngulshable 1f one has a method of determln-\,'

" 'ing the. solvatlon number‘of cobalt(II).ln the sy%tem.

R

o - The solvatlon number is obvrously 1mportant to
‘an understandlng of. the chemlstry of dissolved metal 1ons._
The number of coordlnated solvent molecules w1ll affect R

the overall llgand geometry, 1t 1s llkely to affect the

ok

chemlcal react1v1ty, and 1t is requlred ln calculatlng

' spec1f1c rate constants for solvent exchange from the

"l R ) N . . .
coordlnatlon sPhere. o ,",' S R

The earller methods for determlnlng solvatlon

'number have been rev1ewed by Llncoln ,4-In systems whlch -

are klnetlcally 1nert, 1solatlon and analvs1s are satls—_s'
factory methods. For 1nert systems or those that can be»

cooled to a temperature where 11gandtexchange 1s slow on



-W,observed chemlcal shlft 1s,

" where q 15 the solvatlon number of the Dy3‘ ion and Ao

T Aw!

1¥mequ1res relatlvely hlgh concentratlon of M so that n[m] R

1y aifferent fromaw_ . -]

P

the nmr time scale, then simple 1ntegratlon of the bulk
and codrdlnated solvent resonances can be used.to deter-

mine the solvation number. ThlS method is particularly

convenlent for dlamagnetlc spec1es, but in paramagnetic

R

icomplexes the coordlnated ‘solvent peak ls broadenedvmaklng‘

detection diffiqplt and integration uncertain. . ‘ -
The solVation number can also be determined

from chemlcal Shlft measurements on solutlons axmannhg a

‘lablle paramagnetlc ion which causes large solvent shifts.

Dyspr051um(III) has been used for thlS purpose. if Dy3+

1s dlssolved in ‘a solvent of concentratlon {s] then the

o

o ’,A - 3+ g ‘
Awobsd %' qum[Dx 1/1s1,
.aﬁ

m

is the chemical Shlft of the solvent molecules coordinated

1

+

to Dy . If another metal (M) is added to the-Solutlonﬁat

some concentration [m] and has a solvation number n, then

the obserned shift due to the'dysprosium(IIIl is, - KBS
Awébsa”'= qu oy’ ]/([s] - nml).
,,Then n can . be calculated from the values of Awobga'andj
obsd" ' The main dlsadvantage of this method 1s that 1t

A

/
Ais SLgnlf;cant relatlve‘to [s] to;make Awobsd 51gn1f1cant-

obsd



For kinetically labile systcﬁs less direct
méthods are gederaliy required. The electronic spectrum of
the transition oetal ion contains bandsqdue to d-d trans;
,itions‘which are usually sensitive to the ligand geometry
and brovide a guide to coordination number. It may even
be possible to compare the reflectance spectr?m of a solidb
of known structore to its solution spectru%\e d demon- *
dtrate coordination geometry in SOIﬁtion.; The method is
primarily a probe of geometry and could differentiate’

octahedral (AN) CoCL from tetrahedfél'(AN) CoCl “but it

2
would be more dlfflcult to distinguish two tetrahedral
~species such as (AN)3CoCl -and‘(AN)2CoC12.‘ Of course
thls method\is\ndt applioable to ionsfwithout'electrOhic‘
jtransitions'sensitiveﬁto.iigand geometry.

For labile pafahagnetic iohs“two’indirect nmr’
methods can be- used to estlmate the solvatlon number.' If
the metal ion is dlssolved to some concentratlon [m] in

" the coordrnatlng solvent of c;hcentration [s] nd~solvent
: exchange be/Ween bulk and coordlnated solvent is fast on
the nmr tlme scahe, then the measured longltudlnal re-

;laxatlon rate of. bulk solvent nuclel is glven by

“, A

nlm] ’ ' '1' o

R%obsd ‘T [s] Rim -0 |

hemical shift of bulk solvent resonance is given



whore le and Awm‘arﬂ the longitudinal relaxation rate

and chemical shift of the coordinated solvent nucleoeus re-

spective an is the solvation number. The ¥
pectively, and n 3 he solve umbe ¢ Ry opsa e
and AW psq €8N be measured easily but n, Rim’ and Amm a{S/M///
L
unknown. lHowever if one chooses a standard gystem/ﬂf

e

known n value, then R o and/or e - can be detefmined for

1
a particular metal ion - solvent s

oy

stem., It is assumed

_that R or Awm are relatively independent of other ligands

Im

on the metal ion in the same metall ion - solvent system.

Then a measurement of R or A with known [m] and

lpbsd

[s], can be combined with the ass

Yobsd

A -
ed le or W to cal

’ has shown that bw ~for oxygen-17 is "

culate n. Hunt

3

relatively independent of other ligands for a number of

nickel (II) complexes in water. The method has also been

applied to manganese (II) - l'70H2 dystems’. This method

has the advantage of using relatively simple measurements
on rapidly exchanging systems, but suffers from concern

about the validity ‘of the assumption that Amm or Ry is

constant.. This assumption would be especially tenuous if
. ) ‘ ‘ ’ . ‘u
the ligand coordination geometry of the standard and the

test systems happened to be different.

Richafds and coworkers" seem to have béen the
:first‘to propégé Endv5pply a pulsed nmr method for the de-
:termisaﬁion of solvation nﬁmbers;» Thé method was applied

tolhickel(II) perchlorate in acétonitrile by Richards

‘and coworkers" . They  concluded thafﬂthe solvation number.
. 3 4 '



”5]Land coworkers also applled the pulsed nmr method to

’{1;method to varlaf

\:o..

uwas four, 1 e., Nl(AN) 'Irs the domlnant spec1es : 3‘ft
«Thls 1mp11es a tetrahedral geometry for the Nl(AN)

e :
“complex 51nce a square planar nlckel(II) complex would be

e

fl;dlamagnetlc.vHowever, the electronlc spectrum of the:
nlckel(II) 1on 1n acetonltrlle 1s entlrely con51stent

'w1th an octahedral coordlnatlon complex (n~6) Rlchards

'vahls is: con51stent w1th the electronlc spectrum and pre—_f

T
"‘jv1ous nmr 1ntegratlon resulﬁs 1n the slow exchange reglon

The pulsed nmr method has the advantage that 1t

—Emil

p does not 1nvplve any assumptlons, But the valldlty of the:f‘ ;,,_

o
.o-—‘

pmethod could)be con31dered suspect because of the anoma—:

.,'

;floué results found for nlckel(II) 1n acetonltrlle The fdylW;f”"

o

*gpurpose of thlS the51s is to 1nvestlgate the appllcatlon

hhiOf the pulsed nmr method in order to determlne lf 1t 1s’7u

:t:vvalld under what condltlons 1t can be applled “and what

v*}ls the best method of analy51ng the experlmental results.ﬁ

R

difffThe nlckel(II)—acetonltrlle system was relnvestlgated

f

vflrst and then two other nlckel(II) complexes in aceton- r:->°

wffltrlle were studled to assess the sensrt1v1ty of the'”f

C

““f ‘tlonal nlckel(II) complexes studled Were (acetonltrlle)
\b;y[N—(Z pyrldylmethylene)—N [3 (2 pyrldylmethylene)amlno]
”?propyl] 3= propanédlamlne - N, NHN"N"'N"”]nlckel(IIf;

J”f~hexafluor0phosphate {[NlpyDPT(CH CN)] (PF ) } }'stru@ture mﬁ"

R

Ao n 1n solvatlon pumber.ﬁ The two addl- ;'f;

M”»acobalt(II) 1n methanol and ﬁound a solvatlon number of 51x.> B

o



T, and tris(acetonitrile%tribenzo[bf'-, 3] [l 9]tr1—,

,azacycloduodec1nenlckel(II) perchorate { [NlTRI(CHBCN)B]

"(ClO ) }i7 structqre II.""

o

I

Theoretlcal cons1deratlons necessary for the nmr"

,method of determlnlnq the solvatlon number can be lelded

s

atlon rates and the exchanqe parameters and the pulse

'separatlon dependence of the transverse relaxatlon rate

N '“’. .

'*ZfTemperature Dependencﬁﬁof Relaxatlon RateS\and Chemlcal

e ) ‘/

The Bloch phenomenologlcal equatlons% describ;uﬁ

:?Hlng the tlme dependence of the"net nuclear magnetlzatlon

"-1n a sample 1n terms of the longltudlnal and transverse

frelaxatlon processes were extended by McConnelll to take_fVﬁﬁ

<]

Ulnto account the effect of chemlcal exchange.L Sw1ft and B

.’1¢Conn1ck solved the modlfled Bloch equatlons for the

S

fcase of bulk solvent molecules undergorng exchange W1th a

much smaller number of solvent molecules coordlnated to a

-

\?1ssolved paramagnetlc 1on.;nThrs‘two—satepexchange systemxi

o .can be represented by

o where S* represents an’ arbltrary bulk solvent molecule

exchanglng w1th any of n equlvalent solvent molecules

k4

I”1nto two sectlons, the temperature dependence of: the relax— h*

sty vpdﬂ;i$*ipfedshl lii"anhﬁpfﬁ k;;lyp.r
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D T

(R

V(Aw

Z;H;bulk solvent molecules glven by

,coordinated to. the‘metal ion M* Under the slow passage"“

condltlons of the conventlonal contlnuous wave (CW) nmr

Wb e

fmethod the bulk solvent transverse relaxatlon rate ¢4

C!’

20b d) and the chemlcal Shlft Of the bulk solvent

obsd) are glven by

CR,ARS + TITY 4 Awl f L e
flzmllzm-g_lmzfl,,'ém: Lf{?ZSolv,+erR20(;‘2)
t(R2mf+ Fm )fuf'AQm s : o

T P P A(.U : “'m"
B PR
: ~o2memt

_+i‘TmAwm)~'”

QwheréfR:"laﬁd are the transverse relaxatlon rates'g,'

2mf ‘ 2501V

J'of the coordlnated solVent molecules and of’ the pure

e

t:solvent respectlvely,,Aw 1s the chemlcal Shlft between,fjﬁ':
'nivthe resonances of the coordlnated solVent and the pure B
- _solvent, hh is the average llfetlme of the solvent s
imolecules 1n the flrst coordlnatlon sphere,fPA 1s the

'_;ratlo between the populatlons of‘the COOrdlnated and the7l

‘.

P= n[m] T 3\/ o B (1—4) L

S

fwhere n 1s the number of solvent molecules 1n the flrst

"f;coordlnatlon sphere of the metal 1on of molal concentra-ff

. \

Afitlon [m], [s] ds the molal concentratlon of the bulk

:solvent ‘R, 1s the outer—sphere Contrlbutlon to the

2(
7394?T'



‘.observed relaxatlon rate (R2 obsd

»‘outer—sphere contrlbutlon (R, )'arlses:from.the'inter—

,actlon of the solute w1th the solvent molecules beyond
'v‘the flrst coordlnatlon sphere, thls:effect w1ll‘be:dls- ‘
qussed later.v

Luz and Melboom solved the modlfled Bloch

10

v;equatlons to obtaln the follow1ng expre551on for the

f'gbulk;solvent.nuclear longltudlnal relaxatlonlrate,;
"li R S _ O S

SRy T e ; o

f{;???qf )Tlm~+ Tm'F‘,,_;SO;VQ ;:m lof

A O

',where Rlobsd’ Bimh}e l/T 23’ and Rls lv are the long_-,

:'*;;ltudlnal relaxatlon rates of the bulk solvent the co—f

i’fordlnatgd solvent, and the pure solvent respectlvely,.
“Rib is the outer-sphere contrlbutlon arlslng from solvent

Qfmolecules beyond the flrst coordlnatlon sphere..f

4*-‘

lfOf R2 bsd" lobsd’ and Aw b d,the temperature dependence

5h ﬂof the parameters glven 1n equatlons (l 2),_(1 3)'ﬂ

«%{(1 5) must be con51dered. The average 11fet1me (T ) of

ﬂﬁ.the solvent molecules 1n the flrst coordlnatlon sphere,"'”
lfcan be expressed as a functlon of- temperature by the

h{ftran51tlon state theory equatlon

el
oM

o ;where,k'ls Boltzmann.s'constant,‘h~lsMPlanck's.constant,
S e e e T Lo

)'w'In.equaEionl(Z)'the R

M ¥Ry, + PR - (15),

’lfh In order to descine the temperature dependence;/‘

ot (kT/h) exp [ AH+/( RT )+ AS*/R] ?f': ;tci;syi;ph,l”



"Exi-equatlom (l 7)

‘e[h,of the solvent molecules coordlnated to ‘a’ paranagnetlc

T is the absolute temperature, R is the unlversal gas .con-

h'stant, and AH*

and. AS ‘are the actlvatlon enthalpy and-
~ ‘entropy resoectlvely." o "'*M ' hf ' y -x
It was shown by Bloembergen that:the:Fermi ,

o contact Shlft can be expressed ‘as

s 9

A o BVEGEEIY e
Aw = ( / ) woueffs 5 '; R ) ,(1‘7)1
me ;3kYIT_ NE ' e Rty

'

.wherefA/ﬁ.(raaians_s ) is the hyperflne coupllng constant
- between the unpalred electrons of the metal hav1ng
‘electron spln quantum number S and nuclel 1n the co—'
;vordlnated solvent molecule, bo is the operatlng frequency

of the nmr spectrometer, B 1s the Bohr magneton and YI

l7the nuclgar magnetogyrlc ratlo If u ff, the effectlve

ki

>fmagnetlc moment of the complex, 1s 1ndependent«of tempera—fi

| f,ture then Awm'ls glven by
: '-j-'A‘.*’m = cw/ﬂ: : | - (1-8),
."_\_ o Coe R ,
h,'where C “is a constant contalnlng the constants ln
. ‘ | B

Theoretlcal expre551ons for the relaxatlon rates_ ‘

i

B spec1es were derlved by Solomon and Bloemberqen””“5

' ;,‘The"}.

magnetlc 1nteractlon between the nuclear spln and electron

"; spln can be lelded 1nto dlpole—dlpole and Ferml contact

;
@ SRS

o 9 'or hyperflne contrlbutlons.v The dlpolar relaxatlon is %f“

‘v‘_result of a through—space lnteractlon whereas the hyper—.E

f'flne contrlbutlon lS a result of the flnlte probabllltv of

G “»\ .



11

C e

.~ transferrlng electron Spln den51ty through chemlcal bonds
“to the probe nucleus of the cdordlnated solvent molecules.»
. The dlpolar and scalar contrlbutlons are glven by the :3
flrst and second terms respectlvely in the folIOW1ng

r}equatlons._, k fh T - o

2.

Ry = 2o >(YIgs) S(s + DE(rp). (-9

im © 15

)

r3emiss ey |
fR2m“\"_»_§ <l/r >(YIgB) S(s + l)fD( DZ) SRR (} 10).

. . . . : N . 4 - . ) e

c/x‘ ; J . / ) . . n‘ ,. . .

*3 /RTSEs x Dty [

The‘terms'Rim and R :1n equatlons (l—% and Urlm areﬂl’

commonly referred to as the inner- sphere relaxatlon rates

/,\__,

In a@thXB (LJU and Grlm,-'<l/r6> is the average magnltude 'fi/

S

of ‘the rec1procal of the sixth power of the vector con- .
nectlng the 1nteract1ng splns, g is the electronlc g=
factof. The correlatlon time functlons, f (T )/'fn(‘nz)'

/ f (1 1)” and f (T ) are functlons of the dlpolar (t Dl and

D2) and electronlc (Tel and Te ) correlatlon tlmes %S

fglven by Connlck and Flat

|

o



\ | ’
. o ‘ , T : ’
] = : , D2 . _
£p(Tpp) - = Tyt T )2 | (1-12),
- L ' , we D2 :
(€3 = e2 C T
o felter) oF T . e
: - eTez'
and .o
' - Te2. : ' : o -
fe (Tez.) = . Tel -+ N + (w . \)2 : . | (1_14).
. | . e e2
.;The/eerrelatlen tlmes.TDl, TD2, Tel"énd Tezlare given by'
and - e
= . . _ ) " ) l.—
R T m g e N

‘/\ where Rl‘ and Rzr are the longltudlnal and transverse relax—'

A

atlon rates of the electron spln,__'r‘r 1s the rotatlonal

vtumbllng correlatrpn tlme of the molecule. Equatlons (1~ ll)

‘bto (1~ 14) were. derlved under the condltlons wF We

.(wI"'el,z) 2 <. 1 vand (wI Dl,2) es<-}, where we_and'wI‘are

fthe”Larmordfrequenc1es of the electron and nucleus respec-
| tively..

| Theoretlcal expre551ons for the average electron

N

‘spln relaxatlon rates(<Rl‘> and <R2e ) -have .been developed-

. by McLauthan_ :
C<Rye” = Cei"1'¢ (wff'yZ * 1+ (2wt ;2- o ' (lf}7f
. . . ’~erC': , T . e ¢’ .
.l ///

12



“and

s . . 51 SR 2T, . L
Ry >=C/2 | 31+ ——C + _C (1-18),

1+ (wt) 1+ Qu,t) .
‘)' . . . .
-where Ca is a function of electron spin'quantum,number
'a‘@* - and thefzero—field splitting-energy of the paramagnetic

[

complex. Equatlons(l-rﬂ “and U.lB)are valid under the

condition Tc; > R2 . Bloembergen and Morgan have de-

'rlved the same functlonal dependence for Rl
. \)

, fequatlon(l—ln and their treatment 1dent1f1es the correla-

as given by

tion tlme (T ) w1th the correlatlon tlme for dlstortlon

‘of the complex causeg by random molecular c0111S1ons,

19,20

Previous works w1th nlckel(II) 1nd1cate7

that the rotatlonal tumbllng rate Trl may be less than

l.

Ry r SO that 1f Te = Tl then equatlons(lérn and a—lm are

not valid. However"if.rc is related to complex dlstortlon

< LOR

'then 1t may be true that Tcl > R These compllcatlons

2e
‘are not partlcularly 1mportant for the present study be—_

gcause Do attempt is. made to calculate le and R2 -from

= pflrst pr1nc1ples. It w1ll be useful to remember that Rl
and-Ré7 are. the only factors in equatlons (l—lS)and (1—16)

which depend on the magnetlc fleld strength (H ), s1nce\

Ye T YeHg B R R

The field dependence'of R, and Ré- is: such

that they should 1ncrease w1th decrea51ng fleld (1 e. we),~
and thls w1ll generally translate 1nto a decrease in

’f (TDl 2) and £fe (T 1.0 Thls neglects the W dependeanf,
._I‘ v

13




\ | F14' ‘

- T . N \
‘ » - S : ‘ _\\\'
~explicit in equations (1-11) through (1-14)which would cause\

an 1ncrease in fD(TDl 2) and £ (Tel 2) with decreasing \

g Slnce,le and R2 depend dlrectly on f (TDl 5

el 2) it 1s clear” that le and RZm.may hame a com-

‘ﬂﬂ pllcated frequency dependence . However for nickel (II)

) and :;ggl

f (T

Im — 2m

‘crease if anythingiwith‘decreasing Wy

the ‘first effect domlnates and R. and R. . tend to de-~

In principle the feature described above could
P

lead to a compllcated temperature dependence for lerand

Rsz In,practlce 1t is found satlsfactory to assume

that there 1s one domlnant correlatlon time whlch may be
’ related to the solvent v1sc051ty through the Debye Stokes— o

Elnsteln relatlonshlp.x Then

4

Rrom T 3
:7mhe solvent Viscosityf(n)‘usually has an exp nential'
temperature dependenpe S0 that the temperatu e dependence

of R, -and R, .can be descrlbed by .

Im _~~2
o o By omy Y
where Cl om are constants, l om aFe the effective

actlvatlon energles of, the relaxatlon rates, anjd'R 1s the

unlversal gas constant.

It w1ll sometlmes be assumed that Elm = Ezm ;n,

the data~analy51s Thls assumptlon 1mp11es that the same:

correlatlon tlme controls Rin and R2m



~In this work the-values_of‘le an§ R, are in-
‘ ferreu»from the bulk solvent relaxation rates under | .
condltlons where the 1nner sphere contrlbutlons are the - |
'domlnant factor and are 1nseparable from P . An example

of such condltlons is when solvent exchange is fast and

the relaxathn rate is given by

1 L . /

R1,20bsa = Fnf1,2m T PnfL,20 R, 25010

,

: Then the inner- sphere contrlbutlons to R20b é are glven h;

\v/
L 3
‘c'v’ - )
.nlm 1 l 2m. . . o
2L 22 exp ("ﬁi‘“—). S
:Nonel}nearxleast—squares analy51s qf Rl/ZObsd»datavwas‘ |
carried out to obtain the‘fitting‘parameters.' Since only
[m]/[s] is{khown the pre—exponential parameter in the .
least- squares fits contalned n. In’ subsequent
analy51s procedures dlfferent values of n wxll be used in
‘flttlng the data and it is convenlent to express the
11nner—sphere cantrlbutlons as,'»‘“#\r
' , ~
o B o : N
- 1,2m _ 1,2my ‘ A PRUEPY
Ryon = (or ) &0 (g0 (1-21),
where C’ = nC! Then, when different Values of n

1,2m 71,2m"
are’ assumed the 1nner-sphere contrlbutlons w1ll auto—_

"

‘matlcally-bevscaled accordlngly.



- to 1ndlcate that R

(1-23) gives

The oqter;sphere contributions to the observed

trelaxation‘rates arise from dipole-dipole interaction be-

tweenfthe eIEthonvspin of the”paramagnetic speciee and
the nuclear spln of the solvent molecules beyond the
flrst coordlnatlon sphere | Luz and Melboom _ assumedithat
the onter—sphere cont¥1butlons,can be estlmated‘by'ap—.
pxoxihating;the{outer:sphere nucleusidistribution by a
continuum and averaginq'the dipoleedipole intetaétion over:

the volume between the sphere of closest approach W1th

radlus d and 1nf1n1ty, vf\,}’ '”p :, g ly‘
RY = Lo '8>2s(s’+‘1")f (g dmidr L o)
R1o T 15 PAYLIR) M Upra T e '
and\\ R - . . . \\\..
o | | AP N o
Rz = 2 py.g8)2es o amefdr (1)
RZp = 15 P(YIQB) FXS’+ ;)ﬁb(fnz)fd', 6 - h\\xl, 23),

.

where p‘= pN [m] X lO 3'-is the number'of'thenpafamagneticj5\<

"

'_spec1es per mL of the solutlon, p is’ the den51ty of the

solutlon, [m] 1s the molal concentratlon of the para- -
/ .
magnetlc spec1es, and N, is Avogadro S . number.»ﬂThe.

h]superscrlpt prlme is’ used in equatlons (1~22); and (1- 23)

1, 2'vare dependént on the’m tal”lon;

: concentxatlon. _Integration ,ofmeqnations.(l— 2) and .

- - o

. \3‘* . . - 3 ] . 2 -
BNQNO[m] x 10 (YIgB)-S(S + 1)

Rig = —— ~ —— flr) (129

“lo 3 a2

4

454
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“and
L, Amengm x 10“3<vlge>2§«'(s + 1) | ‘
20 © | 1533 // ‘ 'fD(TDZ) (1-25).

.M’IJ
Folhwnnc the arqgunent used in obtalnlnq R1 om given by
equations (1-19) and (1—20% the functional form.of the

outer-sphere contributions can. be expressed as

RJ = 1,20 1,20, - ‘ ,
120 o () exp (_‘,—ﬁ—'f'_—-) ~ QQ*ZGN,

where CifZO contain;constants in equatdons (1-24) and
(1-25) includ‘ing o and [m]ﬂ, and Ey Lo are the ‘effective
| actiVation energies of the relaxation. The 0uter—sphere
:contrlbutlons in equation (1-26) are lelded by

Pm % n[mﬂ/[s], and the equatlon 1s.rearranged keeplng

‘the unknown n to givé

P " : '
R - ‘( l 20

120 .
1’20 , —L=) exp- ( ) - (}-27),

,

where K noW'contain [s] infaddition.to the constants

1, 2
in equatlons (1-24) and (1~ 25), -and Rl 20 are the outer-

?sphere contrlbutlons normalized to unit P . In fact

Q

1 20 are the terms whlch appear on the rlght of- eqUatlons
- |

\,(l 2) and (1 5) given prev1ously. Ip/subsequentvanalyses

l 20 = l 20 /n will be used 1n equatlon (1-27) since dlf—

ferent n values will be assumed.

A The temperature dependente of the observed re-
i"laxatlon rates and the chemical Shlft can now be con51dered.
. .'L
| The dependenc1es of RZOb a and awob a will be dlscussed
together flrst and a brlef descrlptlon of the varlatlon of

lobsd w1th temperature w111 follow.; b

o

. %\‘
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The two limiting conditions (a)’Awi >> R

18

The temperature dependence of | and]

t201)5(1

, ] .
Amoqu is obtained by substitution of the appropriate

temperature functions into equations (1-2) and (1-5). The
Varlous limiting conditions for R2Obsd and Amobsd and

their temperature dependence are summarized in Table 1
and Figure 1. ) ' | - '

In the low temperature limit (région I) the
solvent exchange is too slow to affect the bulk solvént

relaxation and the outer-sphere ¢ontribution (RZO) con-
. ‘

ﬁrolsQRZObsd; R20bsd decreases with increasing tempera-
ture. Since the outer-sphere chemical shift is usually

'smgil, the observed chemical shift is close to zero.

3

‘ AT B
As the temperature increases Th becomes larger

and the limiting conditions in region II begin to apply.

'ng 1;2 and
2. 2 .- )
2 (b) R2m >,> . A(‘Uml Tm

2.'give the same result for the bulk

‘'solvent relaxatlon rate, i.e., RZobsd

portional tQ‘T;l; and’incréases as the temperature in-

>

" creases. Since the solvent exchange rate is émaller than

is directly pro-

' either R, ‘or Aw , each time the éolvent‘nucléi enter the

2m
coofdination“sphere“they are effectively ielaxed or are
effectivﬁiy déphased. Thus the bulk solvent relaxqtion
raté is controlled’by the‘raﬁé‘étcwhiﬁh £hé coérdinated
sol&ent moiecﬁleswreturn to the’bﬁik'solvedt.
ﬂhe‘bbser§edn¢hémical éhiﬁt injfegion.II'in_
creases rapidly with increasihg te@pefatﬁ;enfo§ béth

2
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uf!;llfd‘{zﬁn‘}> N > Ry T

i ,,"" ] : L

.tlons. . A

Table l

;TempeTature dependence of R2'bsd and Awobsd as glven by

obsd

_fif-‘ l'Ux>smﬂJ uJaﬂﬁnt

and Aw

R2obd

~l3¢9.g&m??:A%ﬁflm‘ =

& T

lff"ﬁuglcn _ leatnx;cxndltu:ns - -Réab;de"e¥§g§1v7”7';

BN XY e
,:dgﬁh' ;H%J%O- R

SRR

a

‘P —li- PIEQYL7

.m;n;w_

CRRat Tl

'4'.~1'

(a) The exchange reglons glven above are- des1gnated accord—%'

1ng to Flgure 1

tad A

e L

PoAw

P AW
“momo

jfequatlons (1- 2) and (1-5) under varlous llmltlng condl-,f,

e

19



‘R1,20bsd(§rb*tﬁarv.5????),"

Mopgq (Brbitrary scale) .o

Flgure 1 Illustratlon of the temperature dependence ofv

KR

s
PP

N 235 : 2 95 R B 56 odae

10?T ‘l

'“MRZObsd'vAwobsd' and Rlobsd for a two 51te chemlcal

1exchange system; The four exchange reglons aref:'*"7'

o

"de51gnated as the outer sphere control(I),:thei

Te'SIow exchange(II), the fast exchange(III), ahdh'w" 

'"iathe 1nner sphere control(IV) reglons.hf]



o .

".opp051te frequency dependence of ha

”-If R ";>>‘-lmr

LM

’llmltlng condltlons because.of the T -2 term (Table l)

Ihe two, llmltlng condltlons could be dlstlngulshed by the

obsd" .If-the llmltlngn
2 -2

2 3
.condltlon‘Aw >> R T applles,‘an 1ncrease in-

2m’ Tm

magnetlc fleld strength should result 1n a decrease 1n T

Aw o 51nce Aw

bsd ob a ls 1nversely proportlonal to Awm

o

‘ whlch 1s dlrectly proportlonal to the fleld strength

2 ' Zq T-z'applles, then Aw would 1ncrease-‘

2mbj. oomloome b d

| w1th 1ncrea51ng fleld strength but would be dlfflcult to

fv-measure relatlve to the llnewldth

In reglon III the solvent exchange rate has;
1ncreased to the extent that Tml:> Awm and T l ';Rém,;.Thé_p;

.:7average llfetlme of solvent molecules 'in the flrst co—"

ordlnatlon sphere LS now too short for relaxatlon to

"4occur effectlvely through elther the R, or the Aw

S 2T
) ”i'mechanlsm each tlme the solvent enters the coordlnatlon
, § o
: sphere.ﬁ Slnce R2 bsd P T Aw then R2 b d decrcases‘

E};equatlon (l 8)

ed solvent molecules occurs.~ Ihen R

' rapldly w1th 1ncreas1ng temperature because T becomes

smaller.- dhe average llfetlme 1s too short to affect the'fﬂ",),
. : . ‘_.

observed chemlcal shlft.g;The temperature dependence of

Aw‘

sy
obs q - 1s small and due ‘to the chang

1n¢Awm_glven‘by,w

. \fai?hﬂbgezlrffl ,2“ SR
In reglon IV Rzme ,1?> R2m 3?7‘A»m the ex—_;

'~change rate 15 so fast that no dephasrng of the coord1nat—-~t

2 b d 1s a welghted.c“

average of the relaxatlon rates 1n the two 51tes and lS‘

\-.



'w:'lgnated as the outer sphere COntrol reglon (I),‘

'jVII and III 'where RZOHsd 1s a max1mum (Flgure l),‘shall

22

_controlled primarily byiR"(because of its magnituden'
'arelatlve to R

ﬂhe value of R lS expected to

: 2obsd
‘:decrease w1th 1ncrea51ng temperature but more slowly than

2solv

in. reglon III because the actlvatlon energy for R is

*2m

;’usually less than that for T

5 It should be p01nted out that 1f the lr~}%1ng

'gcondltlon Rgm }>>,yAdi,:T;2 applles to reglon II then-
“bthe llmltlng condltlon T =2 »55» E“z > R ‘T_l w1ll never e,
: moo . 2m mo -

,apply,'and the chemlcal exchange rs never controlled by

N

wam; Such ‘an exchange system con51sts of reglons I II r
j-and IV Ihe work of thls the51s does not deal w1th suchw

AR B

»?a system

V-

'?. For future reference the four reglons are des—'-[~5*

fldw;est

;,and

5;exchange reglon (II), the fast exchange reglon (I
! -

P the 1nner—sphere control region (IV) gﬂhe reglon between

'“fbe referred to as the 1ntermed1ate exchange reglon

S : 2 G T
By The temperature dependence of Rl bs d can be de~~"‘

’1scr1bed by reference to equatlon (l 5) and Flgure l Be-
I_fglnnlng at’ low temperature,there 1s an outer sphere’reglon'h
(;where the solvent exchange 1s too slow to affect the re—,-"'
gllaxatlon of: the bulk solvent then the exchange controlled

: 1 ‘

'freglon (T‘,e<€ltﬁ1m); and flnally the 1nner sphere 5@'

‘f_,controlled reglon (T l;>>f-Riﬁ);f SInce the longltudlnal 1ffhyf”'

"relaxatlon is. not affected by the chemlcal Shlft



=

Vo - . . . . ;

‘fmechanlsm, the solvent exchange has less effect on Rl bsd

L than on R2 bsd However 1n thlS work use has been made

of Rl b a datauto.obtarn.Rlo
‘v1deuestlmate§50f'Bzo‘and R2m';j

.agdele‘whrch ;nutu;p P?Q' L

.

JDepEﬁ@ence.ofeszbéa;on;PulsehSeparatron”;

v
The transverse relaxatlon rate can be measured

\"by the Carr—Purcell-Melboom-Glll(CPMG) pulse method22 2“.

i

iIn the CPMG oulse sequence( 90 : /2 180y —180y,;J]T““

sy /

3...), the net magnetlzatlon 1s tlpped 1nto the +y ax1s,

'v.1n the rotatlng framez“ by a 90° pulse applled along the

':i+x ax1s. The macroscoplc magnetlzatlon(m ) of the

nucle1 in’ the sample dephases for a tlme tCP/Z, a 180°”o

'1pulse is applled along the +y ax1s causrng m to- fllp

|

*’f'through 180° and the magnetlzatlon rephases 1n tlme :

'lnterval tCP/2, at whlch tlme an echo occurs and sampllng

h3{iptakes place. Measurement of the succe551ve echo amp11—°ljs:

”tudes allows one to determlne the transverse relaxatlon'

cp 1s an experlmental/varlable

T'fb; If the nuclel belng observed are exchanglng h:':

,frate. The tlme separatlon t

'"'between srtesyn1th sufflclently dlfferent relaxatlon L

‘-rates and/or prece551onal frequen01es, then the trans—l

1

7l1fverse relaxatlon rate may show -a.. dependence on the value

: of t; The condltlons under whlch such a: dependehce 1s ob—j

ce

servable have been dlscussed by Carver and R:Lchards25 andf;;‘~

_'by Jen2® ., A 51mple qualltatlve descrlptlon can be glven :
7 2

”for the tC dependence under certaln c1rcumstances.l{fﬂ

3 .‘



- Assume thatgnuclel are belng observed in s1te A w1th pre—'

y'ce551onal frequency @a as they undergo exchange w1th ,
nuclei'inL51te B w1th prece551onal frequency wb | After a

.QOéﬁpu se the A nuclel w1ll begln to dephase 1n the x’ -y

‘plane due to natural processes, but 1f the B 51te exchange
':1nto the A 51te they w1ll be prece551ng'at wb and cause

; the rate of depha51ng 1n the A 51te to 1ncrease.aa$he ,

result is the well known 1ncrease 1n transverse relaxatlon
P ‘

’.psrate due to chemlcal exchange.y In the" pulse experunent

the serles of 180 pulses serve to rephase the nuclear

"pfmagnetlzatlon ln the x —y plane.’ If theulnterval’between
ithe 180 pulses (t ) is: suff1c1ently short relatlve to
Iw:—wbl then the depha51ng due to chemlcal exchange and‘
\prece531onal frequency change w111 not have a’ chance to-i”‘”
l'occur before another 180 rephas1ng pulse 1s applleo ~lnf“

..vvo

j.thls short tC llm1L the system w1ll appear as lf no ex—f

a5 change were occurrlng. As t s 1ncreased the dephas—bwr.’

CP
- '1ng w1ll become more and more effectlve 1n 1ncrea31ng

-L'the transverse relaxatlon rate untll 1n the long tCP

»ﬂllmlt the relaxatlon rate w1ll be the same as that measur—”

'”.fed from a contlnuous wave(CW) experlment.-‘A 51m11ar-‘

/f qualltatlve explanatlon has been glven by Jen

A theoretlcal expre351on" for the dependence’

: ;va Zobsd “on tCP was derlved flrst by Luz and Melboom
'hfor the case of eqwa& relaxatlon rates and populatlons 1n
‘ 7ﬂthe two exchanglng 51tes. .The approx1mat1ons.us§lref"



’ Rlchards

l,dependence of R2 bsd on tC was studled also by Allerhandi;
dand Thleleal’and by Jen Recently a comblnatlon of
Tmultlple pulse sequences for measurlng transverse relaxa—v re
" tion rates w1th Fourler transformatlon of the resultlng
'hechoes was proposed by Frahm33, the proposed method was
fgln prlnc1ple nelther restrlcted to exchanges between

e sxtes of equal relaxatlon rates nor populatlons

25

N

'strlcted thelr formulatlon to condltlons of short t., and

cp

'_fast exchange relatlve to the chemlcal Shlft dlfference

'.between the two. 31tes., Follow1ng Luz and Melboom ?,

/ . 1'~‘ :
Allerhand and Gutowsky“'29 developed the exact solution .

o

of" the modlfled Bloch equatlons v;to obtaln the dependence ‘

of,R on-t ~for. the two smte exchange w1th equal

20bsd . cp
relaxatlon rates and populatlons._rLater Carver and

2% derlved a: general theoretlcal express1on of

: ”:‘the to dependence of R2 b ) for the two-site exchange

»{w1thout restrlctlon on the relatlve magnltudes of relaxa—r.

~

¢~tlon rates and populatlons of the t¢o 51tes ' The general
a'expres51on glven by Carver and Rlchards was derlved
blndependently by. Jen ?;’ Gutowsky et aZ extended the T,"

.general two 51te exchange expre551onfto 1nclude spln

o

”'coupllng between the two 51tes and showed that thelr
"rfornulatlons can be applled to exchange between any
~number of spln coupled 51tes The effect of the chemlcal

gexchange between more than two uncoupled 51tes on the

In thls work the method of Allerhand and
L] : T - . -



'f_frame and R2k" k' and Wy are the-tran§§?rse'relaxationi,' -

d:for the dependence of R,

.outl;ne of the der;vatlon follpws."

can be wrltten in complex form

- of 51te k along the +x’ and +y axes ln the rotating

v.of site k. If (a -a

-GUtO‘/V‘Sk:Y?'aa'z'9 has been used to develop the'expressionslﬂ

20bs a on tCP for a two-site ex-.
change system w1thout restrlctlon on the relatlve relaxa-

tion rates or populatlons of the two 51tes . The result
y _

‘.15 the same as. that glven by Carver and Rlchards An"

e

The modified Bloch equationsrp for +the magnet—-

ization betweenilBO pulses, when ‘an rf fleld is absent,

ih

1+
land 3 | I | h
. - , e #
o B
AGp/at = Ty7G = 4Gy
where
Gy = owt i b -3y
and | | : K.f,. o
ey TRy # b s e - W) T (1-34),

uk.and vkvare the components of magnetlzatlon

rate,,average llfetlme, and nuclear prece551onal rrequency

2., -1 -1
b) + 4Ta B v»#. 0 the general

: solﬁtions of eqnatlons (1~32) ‘are



*

Ga(t)( A exp( ¢ t) + A exp( ¢ t)

,éb(t) 8 A exp( ¢, t) + B A exp( o_t)

where A, are the 1ntegratl0n constants’to be determined

from the(bouhdary'conditions'and ¢, and B are functions

\

'of the relaxation rates ‘and exchange parameters of the

‘two s1tes given by \‘

'2¢;; (aa+qb) - t(aa-ab)_ + 47 i .(1436)-

“and

{

‘The complex magnetlzatlon at varlous tlmes are deSLgnated
.as follows. “

G, and Gb for the values of G (t) and G (t) at the'
't'iﬂnth echobz. 1l ) :'l'1~'., - }A ‘.' (l 38)
_fG; and G “'for the Values of G_(t) and Gy (t) at tlme'"

/ .
180°'pulse is applied) - ' f'. ;53
e o - o
-'Gé and;: G/ for the values of G, (t) and Gy (t) at-
“,tlme of the (n+1)th echo.ﬂv 7,1‘
The boﬁhdary'conditions'are :

G (0) = 0; G (0) = 0 t=0, time before the 90° .
v,pulse is applled J(l—39a)

'vGa(O )éMa; Gb(O )=Mb

”;just after‘the'éoqypulse.

is applied.

(1-35),

R e

to /2 after the nth\echo(]ust before the °

27



. o o . o . |
The application of a 180 pulse at tCP/Z after the 90 "
pulse: converts the»magpetization into its complex |
‘vconjugate. Hence -
6 (t5 /2 = : 2)
Ga(tCP/ f‘«Ga‘tCP/ )

(1=39b) . .

. X
Gb(tCP/Z)' Gb(tCP/z).

Equation_(le35)'describe5“£hé time dependence of the /
ﬁagnetiéationéfor the nth echo, frcm,which‘itfcan be /)
shown that
A, = [(B_ Gé 4 Gb)/(S; f'Bt)]exP(¢_t) . ﬁfl#40).(
ot T + a _ _
"By defining -’ ‘

2 =2 2 el v
ST E T lagre) T AT 20T TR, P) (wgmep) Ry yRop) T

L | SR N RN T
ot Z(RzafRZb)(prPa)T 3 zl(RZa—RZb)Kwa_wbx» (1541)f 

b

where Pé and P ‘gre the populations of the~tW6'sites‘and_r.

and



. 6“8+ , : :
o I , < ?
It should be mentioned that the term S. in equation
(l -41) differs from that of Ailerhand and"(,?,utows'ky"’-'8
51nce in’ thlS work no restrlctlon is placed on the

magnltudes of R2a and ‘R and Pa and Pb' whereas Aller-

2b

» handvand‘Gutoweky assumed (1)"R2a = R2b and (1})-

Ry, = sz‘and p ‘f Py-
' ' By comblnlng eguatlon (1~ 35) wrth equatlons

(1-40), (l—43),»and,(l—44) for the magnetlzatlon at time

»

tCP/Z after'the'eCho and-just;before the next 180 pulse,

one. obtains

Al e e S
Gav— P_Ga +-QGb A ‘ _>._(1 45r
“an'd‘ . . N .
Gy = (Py/P,)0G, + PGy | ;1 46),
where
PE %'[Pa/(ST)](BiE; - BiE+)', ‘,'h o (1k4T),
s Q= tPa/Srf](E; - E+)f'.3' o o (1-48),
tEi_=veXP( ¢+tCP/2) o S (1-49),

After the l80° pulse, the boundary condltlon't'

(1- 39b) applles and equatlons (1- 45) and (l 46) become

- Pb/%a o o (1-44).
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W
i - * * R _4
Ga = P G + Q,Gb (1 540)
and .
et a o'l +pley o i-51)."

) In a similar manner the (n+1)th echo ‘at time t+t are

cp
given by
SRR, ,
: 1k 1 * T,
6l = -P_Gl  + 0G, (1-52)
~ and | |
Gy = (P/P)QG_ +.P G Lo - (1-53).

+ b

If equations (1-52) and (1-53) are combined with
equations (i-50)uand (1-51) then one obtains the"re—
jcur51on relatlons, whlch glve the {elatlve amplltudes of

any’ ‘echo in terms of the 1mmed1ately precedlng one

;o

6t - met 4 bet | S o a-sa)
and’ . | I _
: "G)'_ (P./P )b* ’k+f..G* 1-55) :
where . ‘ _
a, = P:Pi + (Pb/Pa)QQ . - B . (1—56)
. and : v . . '\\\v. . | |
' b‘ Lk * \ b. 4 b : 1-57 o
bl and b2 are tne ‘real and - 1maginary parts
| Separatlon of the, real %nd 1mag1nary parts of equatlons ;‘

L
r(l—54)”and£41*55) ylelds the recursion pelatlons_

+
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T(Pp/Py) (bpu, + Byvy) -

(Pp/PRIbov,

+

v

v!

(1-58).

;

_ . /7 o ,
‘In principle it is possible to. use an iterative proce*,

s *

dure to determlne the relaxatlon rates and the exchange

7'parameters from the observed echo amplltudes

However

'vsuch a procedure would be vVery time consuming espec1ally

~ when many echoes are observed

Thus ;t is de51rable

to have.a closed formula'for the ' t

R20bsd'

(1-58) can be solved and,

GutoWsky

Cp

depeﬁdence of

The recursion relations given in equation

r,.

adcording to Allerhaﬁd and

,the solutlons for the nth echo as a functlon

of magnetlzatlon at t ? 0 (after the 90 pulse) are «

-,glven by

Ya

c.a \B

1711

C1ByryT

e

CrBry

n
. 2D2*2 +

3

A3
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where cjs are integration constants to be detcrmlnod

from the initial magnetization after the application of
the 900 oulse; Aj's, Bj's, Ci's, and Dj's are functions
b and Aj's are the solutious\of
the recursion relations in eQuation (l—SB)\given by

where

2

(a2 a2y 2 —61)
p f %(a+ +a’) + ‘Pb/Pa)(b b2) (1 61)
'.and
q=aa (1-62).

bAccordlng to the signs 1n equatlon (1-60) the four
roots are designated A (++), Ay (+=), 3(—+), and X4(—f)‘

. respectlvely.' Allerhand and Gutowskyzg»showéd that the

Aj s can be expressed in terms of experlmental varlables

" using relatlonshlps between sums and products of hyper—
bolic funct;ons. From such relatlonshlps they concluded ok

that

>.0 and A, < X < 0

The fact that Al»is greater.than~x2.was confirmed by _

°

‘various. numerlcalaevaluatlons of xl and,xz‘by.Carver

J

'

' § lﬁ li .
Ay = xl(p+q)/2]° ¢ [(p-q)/2] (1-60),
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Cea. ;It is dlrectly proportlonal to the u= component of °

the omplex magnetlzatlon.” Addltlon oL ﬁi and'u in
? ‘a b

§ | \{.a

equatlon (l 59) and taklng 1nto account the ract that

foi;= X4 and A %X3f; then ‘one obtalns f‘ o
T < 3 :‘Q,_‘ R

i X

u(t) KlexP[ t/t tn(k )] +K2egp[(t/tcp) ln(KZ)] (,13"6“1) '

()
RS
o

»gwhere?"

L ;U,;"-ﬂwhf-pjﬁﬂﬁj ifh.fff S
1 1‘3"1-* B+ (DFe,m, 3
‘TpC (A + B ) + ( l) C (A + B )

a

L

yg Equatlon (l 64) 1nd1cates that the observed echo

J2 0

amplltude cons1sts of two terms decaylng exﬁonentlally

Py

viﬂh'at dlfferent rates, but 51nce A >> Xz Smele exponentlal

: 2L
decay of the echo traln should be observed. Small

u

t

”1‘r1pples may be ebserved due to the Kl term 51nce 1t

con31sts of two terms decaylng in and outzof phase for '
. L '

:?; every other echo., he magnltude of the rlpple obv1ously

depends on the ratlo ¢y (A + B )/c (3, o+ B ) ' Carverl]

e and Rlchards 5"J.ndlcated that dlrect examlnatlon of the:y

echo amplltudes usrng the recurs1on relatlons show%?that f

o

»..33 '

‘ggpif:’ The amplltude of the nth echo now is con31der—fy"

*':such‘modulatlon of - the echo amplltude 1s 1n51gn1f1cant..s,§

Follow1ng the argument presented above one

LA



DI
(3
)

o expects to see 51mple exponentlal decay of the echo

. where

J

vy where R

. o
9 e

o

traln. By deflnltlon

’

=u(t)~ C exp( R2obsd

is’ the effectlve decay rate.‘ A comparlson-"’
Zob d -

of equatlons (l 64) andg(l—GS) 1ndlcates that Sh

.
1

S Bw) L

Thus from the observed echo amplltudes as a functlon

ne can derlve the exchange parameters and

[dyrelaxatlon”rates fram the effectlve relaxatlon rate of

. 2 r
.(‘;«) X R

the bulk solvent (R20bsd) 1n a two 51te exchange f:tll

D

Roobsa = ~UL/Eepdinry o o tftff¥lf§§fz_yx .



e
Smrs

follow:Lng equatlons AR

S

-ji e = (l/t

| Raobsd

5rP1/(sr>1(ﬁ<

o

3l

’(a —¢ )(T/p )

o

(e + al) + (B /R )

P P + (Pb/P )QQ

Bfgﬁ'ibé“ P Q ~ P Q

oo

p iAw
= u"v.' ‘a

'*“E#l;*f'

)an

r<p+qx/21*j+,<éfq>/2i?gf

;_p;é)sri.)‘]'v (",B#E'; - BiE+) o

s [(a +oc )/2] ,5[(@ ‘b)\2 :

f(p /T)(B -e») v ;‘g-,;'"

1

2 R 5
b.l‘ '—_, 2) K

b

ST B0 L

* AP PRT

o

’ A computer programme has been constructed based

.on ~t_;hé

EP
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Cog

.‘ and Rlchards

N

'7In a metal-lon solvent system lt has been conventlonal

V-to use the subscrlpt m for the coordlnated 51te,.thus

the terms P n Aw , ém; and Tml shall be used and the -

’,parameters 1n equatlon (l 67) are: redeflned as :

o ._l'
' T - = ’
R2'b B =. R2m_ Lo
. Awb = -PéAmm

v

°Numerlcal evaluatlon of the dependence of R20b g - on t

’ l”accordlng to equatlon (l 67) for the slow and fast ex-'h

AN

'lbchange reglons is- shown 1n quure 2 The 0501llatlon'

PR

pattern found in. the slow exchange reglon was; also ’vﬁ,e3

noted 1n the numerlcal evaluatlons of Jen25 and Carver

i

25 anduyas descrlbed by Jen as -an effect of

the tnlgonometrlc functlons at some long tCP values.

The Varlatlon of R : w1th t 1n the varlous'

_ _ 20 b d ~CP
exchange reglons 1n Flgure l now 1s con51dered From

equatlons (l 66) and (l 67),h1t can be seen that the de—'

pendence of R on.t 1s compllcated because Al is'af

2 b d CP

compllcated functlon of the relaxatlon rates, populatlons‘

vffbhl;».

36 -
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60 (I) o - R e

;RZObsdfan;#rary seale)—4ﬂ

Raoieq (FDLETARy seale)

SR R T e T s
© . Logl l/t T R IS RAE

’fi?iigég_g I;luetrat;ohs of the varlat;on of Qébsé w1th

e ;vtéélln (a) the slow exchange reglon at 15 3Q,h

lw”feand 50 MHz (b) the fast exchange reglon at 50°

B ;‘;653 and 80°C The three ﬁeglons of t o value'are;h
..i”ihde51gnated the long %:‘(I),the 1ntermed1ate,h‘t';

et (11), and the short t (111) reglons.."'
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. ' 5 . ) ) N . ' _‘ - o
of nuclei, and the precessional frequencies in the'two
s1tes. Therefore,numerlcal evaluatlon of’R20bsd accord—v,
-1ng to equatlon (l 67) w1ll be used to. 1llustrate the'
ba51c features of the varlatlon of R20b a w1th tCP ;n:the
varlous exchange reglons dlscussed prev1ously

Flrst 1t should be p01nted out that 1n the

1nner sphere and the outer sphere control reglons RZobsd

--remalns unaffected by 'the ch01ce of t A varlatlon of

Cp

20b a w1th tC w1ll be observed only 1n the slow, the

‘Vlntermedlate, and the fast exchange reglons., Secondly, :
'1n the 1ntermed1ate exchange reglon, the dependence of :

Zobsd téP 1s too»compllcated to- be descrlbed

‘-fqualltatlvely However 1t w1ll be shown later (Chapter

I:III) that from thls exchange reglon the R2 bsd _ftCPI, : p)la

‘data prov1de useful 1nformat10n for the determlnatlon of

:”the solvatlon number.

The varlatlon of R20bsd w1th th 1n the slow

'5fand.rast exchange reglons 1s 111ustrated by plots 0L R2 bsd

\/ .

'versus log(l/t ) 1n Flgure 2 The basrc features of

“‘5the varlatlon ‘of R w1th t “in both the slow and

20b d Cp
‘fast exchange reglons cons1st of three reglons of tC

\

values, de51gnated as the long t reglon (I), the 1nter- -

CP

| "7med1atentcp reglon (II), and,the short tC reglon (III)

In the slow exchange reglon, the full effect

: h~.of relaxatlon due to R or Awm 1s observed when tCP,is

2m
bf,flong(Reg;on I) Thus R2ob"d is large and corresponds to .



3

the llnew1dth of the conventlonal contlnuous wave nmr- 51g—

A~nal 1n equatlon(l 2), and is glven by
' o U :
d(R': IR v-'='p e R, +pR ’ (l—.69)

v’20bsd long‘t o omm . 2solv . "m 20 ' *

¢

,_Slnce 180° pulses cause the'macroscoplc magnetlzatlon of
the nuclel(m ) in the sample to rephase and the chemlcal.
“exchange enhances depha51ng of ml, succe551ve pu151ﬁg com—
_petes w1th enhanced depha51ng brought about by the cheml-
2 =2

T.‘),',“

:cal)exchange. In the slow exchange reglon(Aw2 >>R2m .

,solvent molecules re51de in . the flrst coordlnatlon sphere

long enough so that Aw' effectlvely causes depha51ng Con—'

\

’.ysequently,‘the pu151ng rate,ll e., repha51ng rate of ml;-f

lcompetes dlrectly w1th‘Awmv Follow1ng,theﬂargument

o presented above, one éxpects that there“exists-a value

VtofftCP at whlch the pu151ng rate w1ll overcome half of

fathe 1nfluence of Aw ’ and thlS value of t

'y

CPl‘corresponds
v“to approx1mately the mld p01nt of the change 1n R20bsd

,w1th tC .

(l/tCP mld—polnt é;*Awm/2.5 o f_b , .,.‘(lf70Xf'

: : (o : . : : : -
vKuatlon (l 70) 1nd1cates that, 1n theQSlow exchange .
freglon, the mld-p01nt of the R2 bsd l/ cp curve is

' frequency dependent,'lt should Shlft to the longer t



values'(émaller i/tép) with decreasing resonance fre-

gquency_as shown\in Figure 2(af.‘,It should be ment ioned :f

‘that equation (1470) only proVides anyesthnate for Awﬁ
}\\from the experlmental results A'nathenatical treatmént“
'fof the p01nt of 1nflex1on 1n the plot of 1nR2 obsd versus
ln(l/t ) for both ‘the slow and the fast exchange reglon
'h is. glven by Campbell et alb . 4”. |

~In the fast exchange region(Figure 25),' 20bsd
corresponds to the conventlonal nmr llnew1dth in- the

long t ' reglon and is given by

B A 2 v
( 20bsd)long tCP mm m '2SOlV~ m 20

'>In this exchange reglon the solvent re51dence the 1s'.

- too short for Awm to cause. depha51ng'of m. effectlvely,

L and accordlng to equatlon (l 71) depha51ng of m, - by Aw'

;ils rec1procally dependent on ‘the’ exchange rate.» Thus the
fpulsmng rate~competes dlrectly Qlin Tm;.> Therefore it

yuls expected that when the pu151ng equais half the ex—t
"change rate, thls w1ll correspond to the mld p01nt of the

w1th t

‘change of RZobsd cp*

, (l/tCP mld—pOlnt = Tm /2 : . (l -72) .

:*Equatlon (l 72) 1nd1cates that the mld p01nt oszhe
v20bsdviil/tCP curve 1n the fast exchange reglon should
uhave.thé,strong temperature dependence of Tml;‘ This is

= P 7 Aw® + R.. + P R S (1-71) .

40



1llustrated in qlgure 2(b) The higher'the temperature
the larger the pu151ng rate at the mld p01nt of the :
Roobsa 7 Yt curve.

In the, short t region (III) the same informa-

CP
tion” is obtained from/thehslow’and‘the fast eXChénée,,
regions.;'The'pﬁising'rate.now is eo‘fast that it{com—‘ ,h
‘.Pletely overcomes the dephasing caused hy A@m.< This>
situationﬁis equiValent to Awm =0 in §wifg and,Connickfe

equatiop (1-2) , and the equation is reduced to’

{Raobsa) shore % P/ Ton? ) 1R 3501v R0

R o asyy
tThls equatlon was. obtalned by Campbell et al.® uslng a
'mathematlcal approach
In the case that‘the short tCP region’is not
,acce551ble experlmentally,a comparlson of equatlon (- 73)
and equatlon gl 5) helps to prov1de a lower limit
“estimate for R2m 51nceo/R2m > Rlm and RZO,Z’Riof
The extent t whlch R2ob a ‘is affected by the

effect 1s determlned by the .long and the short t

CP } cp
reglons, or by the long tCP ‘region and‘Rlobsd ;fnthe~"
short tCP reglon is not avallable.' The t-c effect is

nmaximum'in.the interredlate exchange reglon 51nce R2 hsdi
.has the max1mum dlfference from_Rlobsd in thle reglon,

(Flgure 1)..

N



Chapter IT
'EXPERIMENTAL B

N3

1. Preparation and characterization of Hexakis.

N

(acetonitrile)nickel(Ii)perchlorate {[Ni(CHBCN)S](ClO4)2}

‘ | r \ L o
" 'The title compound was prepared from nickel

carbonate (Baker_gnd Adamson)'and perchloric‘aCid
(McArthur'chemical) in acetonltrlle (Flsher) as descrlbed
by chkenden and Krausel®. The product was crvstalllzed
twice by dlssolv1ng in acetonltrlle and prec1p1tat1ng
w1th ether. The preparation was carrled out eﬁtirely/p
under a dry nltroden atmosphere. | j: /
ThlS compound was 1dent1f1ed byva comparlson of .
',1ts infra-red spectrum\w1th the prev1ously reported re—f
sult3° . The coordlnated acetonltrlle is characterlzed
by .C -N at 2300 cm 1§. The 1nfra—red spectrum of, the
COmpound showed no OH absorptlon in ‘the 3500 cm -1 reglon.
Elemental ana1y51s of thls compound by pyroly51s
"Wes unsuCCessful, thus{separate;analyses4of the nlckel(II)
-and the perchloretewioﬁ'coﬁtent of the complex were.
carried out..’ The nlckel(II) was ana%ysed by atomlc‘-
absorptlon spectroscopy and the perch&orate 1on was de-
term;ned grav1metrlcelly,as,tetraphenYlarsonlum .—.
‘A‘perchlorate. ", .v' h\ | v‘ L |
| E Three sample solutlons were prepared from a .
'welghed amount of ‘the SOlld complex in a glven amount of.

- v
I'd

42
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doubly'distilled water.- ﬁhe solid. complek‘was trans~
ferred in a glovebag filled nlth dry nltrogen.‘ A Varian
”Téchtron model. AA—6 atomic absorptlon spectrometer was
callbrated over' the. concentratlon range of 15 to 30 ug/m/

'us1ng standard nlckel(II) solutlons prepared from 1000

ug/ml standard nlckel(II) stock solutlon (Flsher) The

. absorbance readlngs were taken at 352 4 nm, and each

readlng was taken over a three second perlod -An alr/
acetylene"mlxture was used‘for,the reducing flame.
For_the analysis of the perchlorate'ion,'a two .

s

- fold molar excess of tetraphenylarsonlum chlorlde was

' ladded to a solution of the sample in about 100 ml of 2,5 M

‘sodlum chlorlde and 0 1M HCl at 90 C. The mlxture was

:3 allowed to cool for 2 -3 hours and the white. precipltate‘u

'of tetraphenylarsonlum perchlorate was collected washed" i ) %-'hv

IAW1th:1ce cold water,.and dried at llQ C for severallhonrs:.
Ebefore Qeighing. :The reSdlts-of the analysis are giVenﬁn
as follows. " PRI S "t l |

| 'Anai;'calcd for‘[Ni(Cﬁ?CN)é](ClO4)2:‘ Ni, r1,7;

c104, 39.5. ‘Found: Ni, 11.8, 12.1, and 11.0, average

11.6 + 0.6; clo, 40.6, 40.0, and 37.6, average 39.4 * 1.6. -



2. Preparatlon and Characterlzatlon of (Acetontrlle)

[N—(Z—pyrldylmethylene)—N’—[3 (2—pyr1dylmethylene)

amlno]propyl] -1 3-propaned1am1ne NN N{iﬂ"'w"”]

nlckel(II)hexafluorophosphate{[NlpyDPT(CH CN)](PFG)Z}

The aquo complex of this compound‘
\ a .
6’2

wasﬂpreparediby mihor'mOdifications
: of the method described hy-Spencer and Taylor’® . The

’ «[NlpyDPTOH ] (PF

product was reCrystallized twice from. warm water.

o AnaZ calcd for C18H25N5N10 2PF6 C, 31.98;

H, 3. 73; N, 10.3,§~wm‘nd: c, 31.82; H, 3.7‘5,-' N, 10.28.

oo ‘ S

_The'compouhd,was also“characterized by ciwmpari-
son of its infra—red-SpeCtrum to that reported'by Spencer
and Taylor?g.f The aquo complex was dlssolved in

acetonltrlle, nd then the solvent was remoged under
/

vacuum, and the procedure was repeated three tlmes. The -
"1nfra red spectrum of the resultlng product 1nd1cated
'that water had been removed and replaced by_aceton;trlle

as suppprted by the sharpdpeak at_about 2300 cm-l.

‘ B . . . //"

'iya, The author is grateful to Dr. L.L. Rusnak for preparlng
this compound and the sample for the relaxatlon
measurements. : :

. 4v4
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'acetonltrlle, and then the solvent was removed under S
’ Vacuum, and-the procedure was repeated three tlmes.-

‘1nfra-red spectrum of the product (NUJOl mull) 1ndlca;ed

'( at 2300 cm

o [NlTRI(OH2)3](C10

3. Preparation and Characterization of

Tris(acetonitrile)tribenzo b,f}j-él,5,9 tri- -

azacycloducdecinenickel (I1) perchiOrate ¥

{[NiTRI(CH3CN)3](c104)2}‘

The aquo complex [NLTRI(OH2)3](C104)2 .was pre-

3i7a

pared by the method described by Taylor et al. ' .

after convertlng o- nltrobenzaldehyde to o- am1nobenzalde~

hyde-as descrlbed-by Smlth and»Op;e. . The nitrate salt

. was converted to the perchlorate salt by the addition:of

a sodium perchlorate solution to.an aqueoue solution of

the nitrate salt. The product wa§§filtered, washed with

a solutlon of sodium perchlorate and flnally with water. - s

It was drled for a few days under vacuum over CaSo; The

4°
electronic spectrum’of a,sample of“[NlTRI(OH‘2)3](C104)2

dilute HCl(‘).4 agreed with that reported by Taylor and- .
Buech37b; ' . ' '

a portlon of the agquo complex/was dlssolved“

e @

that water had been,removed and replaced by acetonlt@al%
-1, : : .
C-N f)’-

4)2 -
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2724V u? Co 46.98;

Anal. Calcd for C NgNi.2clo,
H, 3.48; N, 12.18. Found: C, 46. 63, H, 3.37; N, 12.26.

4. Sample Preparation

The solvent acetOnitrile (Fisher) was purified
by triple vacuum distillation from,hinde ;A molecular
sieves. Only.the middle fraction of each distillation

‘was retainedfigmhe solvent Qas always stored overi
’moleculatlsieves and was uacuum distilled 'into a contain-.
er just before use. ‘

| ?Ali_sampleshweré pnepafed in a glovebag filled
with dry nitrogen. The‘general'procedure consisted of
tranSferring the solid complex into a small‘bre-weighedvd
“flagk wh1ch was then rewelghed The solvent was trans-

v

'ferred into the flask contalnlng the solid and the

contents,were reweighed An aliquot of the solution was
& poured into.an nmr tube. In the casé of samples for chem-
'Hcal shlft measurements, the nmr tube contalned ;\pmall -

amount of 1 4-d1methoxybenzene as 1nternal standard The

[

,,,,,

:nmr tube was removed from the glovebag and degassed using

vthe freeze—thaw technique.. The tube was then sealed.

5. Instrumentation

J v,

The C.W. proton nmr. spectra werearecorded on
Varlan Assoc1ates model A56/60 and . HA-lOO Perkln Elmer-

" model R32, and Bruker model Wp-80 spectrometers equlpped

L)

-

Yo s L
s
<
~



‘. j;_temperature was measure

F'~fallowed for thermal equlllhratlon in the sample tube.l

‘-w1th standard commerc1al temperature control unlts'filn'”}

‘all spectrometers the sample was malntalned at constant “:jl»

N

'temperature by pass1ng a thermostatlcally controlled

"fknltrogen gas around the sample tube.r Temperatures on theviz’

A

f‘Varlan A56/60 and the Perkln Elmer R32 1nstruments ‘were.

“onsdetermlned by a comparlson of the peak to peak separatlon
: i

':”of pure methanol or ethylene glycol samples w1th callbra,ffﬂ‘

lon the HA—lOO and WP 80 1nstruments were neasured by means

:,of a. copper constantan therm'couple.‘ In allfcases the:i

_ore and after a\spectral run //

fva:ptlon charts publlshed by Varlan Assoc1ates.g Temperatures rd

-and found to be constant to O 5 C.u About 5 mlnutes were g-«ﬁ

o

\ . Hlvv-, . LI o

A],measured w1th a coppek—constantan thermocouple s}nce the

'”=stample tube was not allowed to spln.- Normal precautlons

Ceg e

d7'were taken to prevent 51gnal saturation and to ensure

'proper pha51ng.i Chemlcal Shlft measurements were re-t“’f

f-};fproduc1ble on all 1nstruments to about . l Hz._'g:!lj1

'F'A'

Longltudlnal (R ) and transverse (R ) relaxatlon'
“dfrates wene measured w1th a Bruker SXP4 100 pulsed nmr t),;f?“‘

wifSpectrometer and a l4—kGauss Varlan Assoc1ates electro—-fﬁ"°

o

!'f?magnet -and v3506 magnetlc fleld flux stablllzer.f Temp—"

'feratures were controlled by a standard Bruker B ST 100/700

'~ff-temperature control unlt, and were measuxed wlth a Dorlc

ﬁ o '()

'l:hTrendlcator 400 dlgltal thermometer us{ng a copper—f5

¢

TﬁffAbout 15 mlnutes were allowed when the temperature vas_"u”wc

}..._ .



‘w',constantan thermocouple '.The nmr spectraa?

~'operated under control of a Nlcolet 118{ i

fanaly51s were done by the Nlcolet 1180 system

‘*;psampllfler followed by an. ;,

ifleld or radlo frequency §

) r‘r

a Nlcolet 293A programmable pulser. Data collectlon and

N

-

The nmr system con51sts of the standard com—'

jtponents of a pulsed spectrometer and only the more unlque,_;
[y or partlcularly pertlnent features w1ll be descrlbed

.The~System has four 1ndependent pulse llnes, and the phase

N

‘.v‘

f,o7 the radlo frequency (rf) pulse is. contlnuously adjust—f-
'i‘nable on each llne. The syst can be tuned to the re-.

7-:qu1red radlo frequency,by ad ustment of two varlable

i’;capac1tors on the hlgh power’ampllfler and the probe arm

_respectlvely The}detectlon system con51sts of a pre—-'

pllfler Wthh can be operated

. (’

'{’1n elther the dlode or the_phase sen51t1ve mode. Dlode
-L?deteqtlon glves a 51gnal whlch 1s the square root of the

sum of the Squares of the absorptlon and dlsperSLOn

P

However the phase sen51t1ve

fllnearlty over the full dynamlc range of the ampllfler-f

‘f‘:and has better tlme constant characterlstlcs. The lattér

Yy

'feature espec1ally nece551tated the. use of phase sen51t1ve

“detectlon“durlng pulse sequencés when{pulse repetltlon and

Q

’_data collectlon occurred 1n ‘a’ few tenths of a mllllsecond

: The detector also contalns an rf frlterJWLEh

L

. 43‘

h»f_51gnals and 1s unaffected by moderate changes ln magnetlc}”‘ﬂ

'rdetectlon glves a betteq 51gnal to noise: ratlo, has better f;?f"”



bandw1dths adjustable from lOO kHz to 100 HZ“
| > The spectrométer was tuned to obtaln a max1mum
o power transmlss1on to the sample.i In a- one pulse sequence

£
w1th a repetltlon tlme of about ten tlmes the T of ther

1
. 'h sample and u51ng dlode detectlon, the free 1nductlon

decay (FID) should be a max1mum after a 90 pulse and a
mlnlmum after a 180 pulse.; Wlth an 1n1t1al pulse length
"much less than a. normal 90 pulse the tunlng capac1tors
were adjusted to glve a maximum 51gnal | Then the pulse*af
length was 1ncreased untll the anplltude of the FID de—lQii”

creased to about 80% of 1ts max1mum value Then the

S

-{@ihlf. 1':'tun1ng capac1tors were adjusted to glve a mlnlmum 51gnal

:':'amplltude. Flnally the pulse length was 1ncreased to

glve a null s1gnalwfor a l80° pulse 1ength The flnal l80°5>

Lo o ey

an- 1terat1ve programme whlch adjusts the pulse length

i‘f?'uh[y\untll a mlnlmum 51gnal’amplltude is detecéﬁgk The 90
':pulse length was taken as half the 180 .value. The 90

::,J' pulse lengths were 1n the range OL 2 5 us.,f’ “7§f

- _ _ v -

The rel‘tlve Phases of the' rf pulses on each Ls

pulse llne were aljusted by observ1ng the FID 1n the
phase\sen51t1ve mode after a 90 pulse. For the flrst

pulse llne the aj proprlate adjustment was made ‘on the [

the pulse.h Thls w1ll be referred to as the +x’ phase.tirf

pulse length can be determlned undeg%computer control bY f-“:"l



w9

o

,referred,torasj the —x phase. v4

| h% was 1ncremented to about I +20A so- that T +20A -3 TILV,“

'vﬁthe equatlon uﬂ‘_

'x“fwhere A and B are flttlng constants, t 1s r +nA, ang ‘.

dp051tzve—g01ng nﬁll 51gnal after the pulse, and 1s re—-‘f
: ”ferred to as the +y phase. The thlrd llne was adjusted
v‘to glve a max1mum negatlve 51gna1 amplltude after the

pulse(1 e., 180° out of phase to the flrst llne) and 1s» -

SR

Lod@ltudlnal relaxatlon rates were measured

normally by the conventlonal 180 -T- 90 pulse\sequence,
ffunder computer control The sequence actually has the“>
“Vhform [180 T —90]—[wa1t]—[l80 (T +A) 90]—[wa1t]—[l80-~

q(T +2A) 90]... here to,,A,‘and the walh tlme -are’ 1nput

iy

”-;1n1t1ally Typlcaily the walt tune was ten tlmes Tl and{jﬂ

€

fﬁ_The FID was detected 1n the dlode mode after the 90°

2

f1pulse, dlgltlzed, anc 1ntecrated over a, flxed reglon.,:;"

-f The relaxatlon rate R was determlned from a nonllnear

1.

‘TVQleast squares fat of the 1ntegrated 1ntens1t1es (I ) to

AT

1 g

:le the relaxatlon tlme (- l/R ) Slnce the FID after a o

51

ato magnetlc f1e1d 1nhqmogene1ty, dlode detectlgn Was lﬂff
_ﬂ;qued for these measurements. ThlS 1s an advantage be—'ﬁfhgiu
_.‘fcause the dlode 31gnal 1s not 51gn1f1cantly1affected by

: the fleld or frequency drlfts that may occur over the_a

‘id909 pulse decays w1th a tlme constant’of about 5 ms, due»“ o

.50




t

several mlnutes often requlred for the R measurements

1

' Thls method’of measurements has a prec151on of about +l%_t"'

)

for solutlons contalnlng paramagnetlc 1ons, and about

"

5° for pure acetonltrlle,

\' B
'
; D

L

In the case of the rather long relaxatlon E

'tlmes of pure acetonltrlle the Rl
rpthe trlplet pulse sequence.ﬁ?f?% Thls sequence is ‘more.

-’

dlfflcult to set up experunentally, and 1s more sens1t1vei

'ufhto pulse lengt@fefrors than the 31mple [180 T 90]
- B L‘—‘
»sequence, but glves a sav1ng 1n

g

-1me because the walt

is not 1nvolveg,

RN perlod of ~ 10 T

,{where subscrlpts refer to phases of the rf pulses de—

”rscrlbed prev1ously In a typlcal experlment T was about'

oy

@;;7;‘[¢l second and the 1ntratr1plet spac1ng, between the_: -
' ;must be much smaller than Tl so that no 51gn1f1cant
“frelaxatlon occurs whlle theqtrlplet 1s applled heh’"

T81gnal was . detected after the flrst 90 pulse in the

A

"»-x phase:

"qufso that_the FID amplltudes after the flrst two pulses

ﬁ,ufof the trlplet were symmetrlcal about zero amplltude and
bethe pulse lengths readjusted untll the FID amplltude‘ff
:fjafter the thlrd phase of the trlplet was mlnlmlzed. The

'Rl was determlned by the nonllnear least—squares flt of

was aIso measured by 3

. (5.;‘ L

The pulse sequence E.

; ‘g92?3,90‘ —180 ; 90 pﬂses was l mllllsecond The spac1ng‘fﬁ'

4tr1p1et us1ng the phase sen51t1ve detectlon mode. The gy7

as readjusted durlng the trlplet pulse sequence

v;used was 180 ~—r—[9o —180 1,290 ,]— -[90 ;=180 —90 ,] T—‘-v‘

ST

P



w’!max1mum 1ntens1ty at a tlme t /2 %fter each 180 pulse.,

tsequencezz“z“,~(90 /2 180y -180y -

¥

the 51gnal 1nten51t1es to equatlon (2- l) Typlcal pre-.

~c151on of thls method of. measurements Was about * 5%.

The transverse relaxatlon rates (R2)‘werev

i

4pmeasured by the Carr-Purcell Melboom—Glll (CPMG)'pulse

C —180 .lf.l) .

.fThe magnetlzatlon rephases to produce an echo w1th a

“~The 1nten51ty of the succe551ve echOes was measured wath

h"shorter than tCP' the echo max1ma are . separated by t

'The R

?“phase sen51t1ve detectlon and collected on the Nlcolet

,‘1180 mlnlcomputer. Slnce the 180 pulse length is much

CP

5 values were determlned by a nonllnear least-

"‘squares flt of the 1nten51t1es to the equatlon

"‘5and,T

'x'experlmental system used in- thls work the maln problem

‘sequence compensate for 1nev1table pulse length errors.~

7“w1kh the R2 measurement was the cfvu%iﬂ““

I, = A+B exp(-t/r) o (22),

Lo

I

_WHere}Adand B are flttlng parameters, t is . real tlme,.

2~is the relaxatlon txme ( l/R ) Typlcal pre—'

'vcis;on”ofﬂthe CPMG method was‘i 5% or better. f o

'_TheVrelatlve phases of the phlses on the CPMG -

.;Small adjustments in- the phase of the 180 pulse can. be

*jmade durlng t 1al expernnents to optlmlze the exponent1al

‘ g [P

"vlappearance of the echo 1ntenslty decay curves.v Wlth thep:“

%

52 -
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‘;an upper llmlt of 20 to 50 ms on the t

' _stattlng gas flow rate 1nd1cated that the t

-;'Thls llmlt probably could be extended w1th smaller_'

‘ a copper constantan thermocﬁ@ple, and found to be re- ;
‘produ01ble to better than 0 5 C.” At least 15 mlnutesd
swere allowed for thermai eqﬁnllbratlonpln the sample

.‘tube.; Precautlons were takenjto allgn‘the sampl@ tube.i;jf ’

53

during the measurement.~This‘problem was not of'major

51qn1f1cance bec@pse most relaxatlon tlmes were

b e

’relatlvely short. However the effect dld seem to. place

Cp

The 1ower llmlt of the t.p value was controlled

value range. -

',by the need to malntaln a constant sample temperature

then a series of 180 pulses 1s- ap lled to the sample , .

'rapldly some of the rf power is con erted 1nto heat
Blank experlments w1th a typlcal sam'le 31ze and thermo-"

cp of 0. l ms-ul

| and duratlon of 1- 2 s for the pulse traln the sample
' temperature was 1ncreased by less than 0. 5 C.v Thus a

lower limit of t. = Ovl ms ‘was used in the experlmentsf

CP

e

.jsamples, faster gas flow rates, and shorter duratlons of
":pulses, but the nece551ty to detect the 51gnal between‘
_rthe 180 pulses, and the rlng—down tlme of the recelver,'_”' /

tpsystem probably glves a: 1ower llmlt of about 0 05 ms._

o

The Amr sample was malntalned at constant

:temperature by pass1ng thermostatlcally controlled ,‘

;nltrogen gas around the sample tube. Temperatures were;

B fdetermlned before and after each experlment by means of

kA




Sohd

S

ki
o

S »
in the sample coil and in between the magnet 'poles to
mlnlmlze the magnetlc fleld gradlent

Electronlc spectra were measured on a Cary 219

spectrophotometer and 1nfra-red spectra on Perkln Elmer

457 and 421 spectrophotometers

6. Treatment of Data

2 An 1terat1ve nonllnear least—squares programme,'

was used to analyse the Awob_d l/T: R1Ob a” ', and Rzobsd*

;l/T and R20b a tcP data.'The‘programme-asqbaaed’en.a
general model T o L

Which'predicts%the value ¥, of a dependent'variable.Y,

= where £ contalns m 1ndependent varlables X and k para—

'meters, and glven n data p01nts

. "; »O o .‘4' . B

&

i%1;2¢,... n

thiSJprogramme dalcnlateS'the\bestbfit'valuesnof'the

jCoefficiehtslijeither by minimiziné the function

54



or by minimizing

A 2
NEER VAN

S o=
i

s

which is referrved to as relative residual minimization.
fThe least-sguares analy51s cf all the Rlobsd—

-1/T as well as R data was based‘cn

and R 20bsd CP

20bsd

the relatlve residual mlnlmlzatlon 51nce the measured re-

1axatlon rates have the same relatlve uncertalnty Then:
each p01nt of the data carrles the same 1nfluence in the

o least squares analy51s. '-‘. oo \

)
Each po;nt of the chemlcal shlft data has ‘the

/

same abSolute uncertalnty Thus the larger the value, the‘

smaller the relatlve uncertalnty,'and the chemlcal Shlft
‘ 1
- data were analysed based on the absolu;e re51dual\m1n1—
i mlzatlon where larger values carry more 1nf1uenCe in the

-

1east squares analy31s.

The uncertalnty llmlts of “the fltted para—
meters calculated by the least squares programme are

equlvalent to the 95% confldenCe 11m1ts

el

55



Chapter III

_ RESULTS AND DISCUSSION

5 -

The contents of thlS chapter are d1v1ded into

‘four major sectlons. Sectlon I deals W1th solvent

acetonltrlle relaxatlon rate measurements, the results of

Wthh were used for the Calculatlons in the remalnlng

Athree sectlons. Sectlons II, III and IV contaln the : ~\y

chemlcal Shlft measurements, the longltudlnal and trans-. -

verse relaxatlon rate measurements, and the data'

analy51s for the determlnatlon of the solvatlon numbers

\

of nlckel(II), NlpyDPT2 ’ and NlTRI?' complexes in

‘ acetonltrlle respectrvely; |

I. ~Solvent Acetonitrile Proton Relaxation Rates -

© . The relaxatlon rates in acetonltrlle have been

studled several tlmes prevrously -“é. As’ a result, a

=deta11ed study was not attempted in this work vIn

_addltlon ‘the solvent proton relaxatlon rates are not of A

v

'great 1mportance in the 1nterpretat10n of results dis-

._cussed in. subsequent sectlons of thlS thesis, -

It 1s known that the acetonltrlle solvent

proton longltudlnal relaxatlon rate (Rlsolv

) is controlled

byvproton—proton dlpolar_relaxatlon 7. The proton -

56



)

transverse relaxatlon rate (stOlV) has contributions

from the dlpolar mechanlsm (R ) and from scalar

2s olv
coupllng between the. protons and n1trogen—l4 (S= l)

N . The quadrupolar relaxatlon of the n1trogen414 causes
(\\ ia fluctuatlng local fleld at the protons to prov1de thlS

¢

relaxatlon mechanlsm;” Allerhand and Thiele?! developed
the theory for the. dependence of" R2 olv on the separaffon
( ) of ‘the 180 pulses of the CPMG pulse traln/for the
llmltlng case of fast quadrupolar relaxatlon '/

<<'1, and found-that n/

IZTTJNH lNI e \ ' .. - L o v/,/‘

o 4

Rysolv = Rasolv t 3" S(S+1)JNH w *
SRR ' R (3-1),
{:l - (ZTlN/tCP)taghPtCP/(ZTIN)]}

-where S‘is:the'nuclear spin duantum‘number of‘nitrogen—
14 JNH is, the proton—nitrogenél4- coupllng constant in

Hz, and TlN

is the nltrogen longltudlnal relaxatlon
-tlTe_(='l/RlN

i
i

,\\y . In the short t., limit, whenthP.5~p.BTlN4

become% 1ndependent of to and‘eQuation_(3%i)/is

Y

‘ R2so 1v
: ;reduced to L ; s

<]

Rysoiv = Rasolv (3-2)



which should equal Rlsle because the acetonitrile

molecule has only the dipolar relaxation mechanism. 1In

the long tCP llmlt when t >> TlN' RZsolV agaln“beoomes
1ndependent of tep and equation (3-1) is reduced to
R = R, .+ 4 2s(s+1)J » - (3-3)
“2solv 2s0lv 3" NH IN | : :

2
NH lN'

1ntermed1ate reglon the variation of RZSOlV w1th tCP

dependenoe"of

- From thlS limit one can determlne J and in the

deflnesvT Thus a. study of the t

AN CP

R)so1y allows one to determlne R2solv Iy and TlN.

Gutowsky et al)"*? studied the top dependence
of RZSClV 1n aceF9nltrlle,and'Obtalned*RlN £ 2.0 Xllo'
-1 2 —l‘

L . . o Lo - J ) o
: S'\) JNH =‘l 38 HZ,‘and RQ\\lv = 8.93 x 10 " s at 26 C.

Since thls early study, Woessner et aZ“5 have dlrectly

measured ‘the nltrogen relaxatlon rate and found
LRlN s,2m27 X 10 s—l at 25 c, whlle a measurement of the-
‘}H~ lSN coupiing'constant -1nd1cates«that JNH,=,1-28_HZ

- for 14N, ‘These discrepanCies, and the‘generalthncerh

of this‘work.With t varlatlons, are the

2 olv
‘reason for a relnvestlgatlon of the. earller ‘work of

GutoWsky et al. 43,

?

Selected results of R., measurements asra .

2s0 lv

'funetion of tCP are shown in Flgure 3,'and the results-
- \ \
\14- 3 {

'are 51m11ar to the values of Gutowsky et al 3%, mhe para-

a
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Figure 3 Selected plots of stolv_versus l/tC? for -

pure acetonitrile at 26.9°C and 16.0 C

 and 60 MHz.
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. ‘ . o, - ) , 3
meters from a least-squaréf analysis offgthese results

‘are summarized in‘Table 2. In Fit I(Table 2) the best: *

lN' and JNH was

obtalned. If JNHand RlN are flxed at the value from di-

L8 rbl

fit of the three pa&Fmeters R2 olv’

rect measurements , then the data are not well fitted"

as can be seen from the fact that the standard error’of
the ﬁdt increases by a factor of 2 to 5. Samples of .
the flt are given ‘in Table 3% |

The’ tc' study glves the expected value of

in the short.tC llmlt but the. value of I, is

Juo9h h

Rosolv
i

too large, and RlN

latlon shows that “the problem can be- traced to the poorly

e)‘u
' . 10”3
| deflned long tCP 11m1t. Slnce TlN = 5 x 10 s, then

the long tCP limit (t 5> le

'teé”z 5 x 10 S. Wlth the apparatus used in this

) is satisfied only if

study, and probably also by Gutowskyet al'”, measurementsd7

P '%

at such longf’tCP values are much less accurate largely

ki

due to magnet;c fleld fluctuatlons. The useful 1essonv

.

'C; from thlS analys1s 1s that stol cannot be.rellably

: . o ’ I
; measured for tcP 2 20 ms w1th\our 1nstrunentat10ﬂ It

| 1s noteworthy that such 1nstrumental problems generally

glve too large values of R2 olv’ and this 1s the dlrect—t

. s 2

lon of dev1atlon between the predlcted and experlmental

values from thlS study and that of Gutowsky et. aZ
i

S is not well deflned. Numerical calcu—‘



“c.. Fit?

e

-“?Tabie“z.;

acetonltrlle at 60 MHz \
W

" 2 j.p ’,

1.

’RZSOIVfS -

\\/

2. b
10 RlN.

AR

.jd‘J L Hz

"»Nle\ R

| f Non—llnear least-squares flt to equatlon (3 2) for purev

“10%5.8.¢

) Fit I R

"R

CiT

s

wﬁ?Fit‘Iifi

'fj;fFlt III

.t.lN‘ =

7’(7 30

7. 01 o 23ﬂjf
7. 30 0.95.
-?6}7z\f,_w*
5 7-00%0.62 . -

A

[ AR

f/

21b1#b:b$7

¢16£m5%
2. os+2 ar

»[;2 §§v1 90_

T
2

1.52:0.65 -

”7 3o+0 73f"' .

f[s 02+1 20

"""" lN'

and J

NH

l 56*0 09 '”

l 28

xg.zﬂ‘ﬁ
1H;Y23 :

*1 52+o 13\

1. 28

l‘

128

. 50 02 11
.';*351 28

Ye
v

1o

61

'7#12;of~""‘
2

R ~fill7j |

12.6

J 1s held constant at thegyalue glven.“jf

NH

0

,:values glven.ngjféfa

| ZSolv and J

H

. \ R

2

2 49 x 10

'l

(0

i »A_ AR
b s

1

are held constant at the »d?%

; \ L S T
RS R I R

e

values from dlrect measurements, equatlon (3 4),;'djs
SR 2 T

and 2 64 x 10

.\’

/

and 30 5 C respectlvely.\l

are flttlng parameters.gtﬂf"
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- Table 2(cont'd) -

_(c) Standard errors of the flts are based on Felatlve
A Y ST :
3 re51dual mlnlmlzatlon. See Chapter II for explanatlon‘

\
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e . Table 3

”'¢Comparlson of tne three-parameter and the two-parameter
bf_flts to equatlan (3 1) for pure acetontrlle at 20 9 C
| and 60 MHz -r] )‘vﬁf"' @v » |

o .

MR St L ‘ "t FittedAValuesg
L tepams g2 =l o o
aCPq“i_-‘ 10 stolv ; | |

o0 a2 s ses -
Ca0 o cee o eas 0 Cosaz -
'tﬁj2:0-n:fhd,ﬁng”f7;40‘_Vda~f;f';f7L36ga;fj.1iv7zéb"j |

Cmg 1 s 7ae

L LJ‘?“ A

"Td1 0 733 Um0 T 7.38

"(ay,fThe three—parameter GI) and the two parameter (II)
S o o

fltS correspond to Flt 1 and Flt 1T at 20. 9’ c: of e

QTable 2;respect1vely '"T'f'; _f_'"f‘y-bfﬁj”'f L T

e




. Wthh predlcts the t

The maln concern here 1s to have an expre551on

Cp

g solvent relaxatlon rates.‘ Fortunately prev1ous studles

TN

‘ "L can be relled on to glve thls dependence ‘ The study of

" the temperature dependence of R (-40 to +60 .C) by -

_3

BQpp39j<anduthe,valueﬂT = (4.38 2 0. 07) x 10 s

YN

.. obtained by*Woessnerlet‘allﬁsxcan.be comblned tovgivev

it e 1.7 k.10 T gy
l SlN’ = 12. 9exP(_——Tﬁff_—??ﬂifv,' o ..x.r(%wﬁ)”
L L

was measured 1n the

3

and temperature dependence of the -

ceyt

pnl s e L T e 3' 1oaaxaod,
- @"lesolV'fﬁRZSplv = 5 70 x 10 p(fffﬁf?_—)'-,: €3T5).M,

W

., that the dlrectly measured J

The value of R -at varlous temperatures

2solv

- and._ tCP values now can he calculated by substltutlon of

o equatlons (3 4) and (3 5) 1nto (3 l) and by assumlng X

NH

u”‘lndependent.‘ Flnally 1t should be reemph;51zed that the,f

values og”R are not very 1mportant to the analy315 :

Zsolv

”7.1n the follow1ng sectlons because thé values are alw ys3-“

SN

much 1ess than the relaxatlon rate measured ln the

presence of the paramagnetlc 1ons.dt:w

) PO

l 28 Hz“e is. temperature S
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340 3_.‘60 3 ao ST 4.00 4 20

Flgure 4

103/T K‘1

Plot of R .lb versus l/m for pure acetonltrlle

‘at’ ‘60 MHz. S e
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ftol

W

”Determlnatlon of the Solvatlon Number of Nlckel(II)

. in Acetonltrlle

MHz

The -

'anhe

Equatlon .,'<3~»s)"pré_q;cts that du i should be dlrectly

-

,Au\‘)%'

Chemical'Shift Measurements

9

e The chemlcal shlfts were measured at 60 and 90

on Varlan 56/60A and Perkln Elmer R32 spectrometers.ﬁ

"1n solutlons eontalnlng about 4%(w/w) of themf b knstan—

(» . ‘si-» i

ER Lo
Awobsd T 80 B¥s

nlckel(II) ions: always cauaediupfieﬁﬂiébiftswof thel

"fsolvent resonance. v ~'_7 : "g&f

' The ¢emperature dependence of Aw béd’ glven by

.e:fequatlﬁn (iﬁgk,qcan be reertten by deflnlng K e—nC and B

5by comblnlng equatlons (1—8) and (l~4) w1th (l 3)

=K /T

S , 12
(ls+ TmRZ ) + (T K n }T

L, s 7 m2
R RN ﬂ*f. .
SN R P

‘O O

S

w

.. 66
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jf'Beyond thlS p01nt dlstlllatlon of solvent 1nto the’%

. v~-~’
proportlonal to [m] at a constant temperature. The varla—

tion of Anob d w1th the molallty of nickel(II) is shown

'1n Flgure 5. and clearly corresponds to the predlctlon of

equatlon (3 6)

" The maln purpose of tqyse chemlcal shift

measurements is to determlne K .51nce thls value is used

4

!1n conjunctlon Wlth the value of Aw from the R

20bsd .
.h —utCP analy51s to calculate the . solvatlon number n,
51nce'“ Hye
o 1.‘:\ ) : Ek‘w
. ., Awm'l,: o .l 3‘ ]
. o
Chemlcal Shlft me&%hrements in the fast exchange re
(1 > r ﬁ ' [r K /n T ] ) glVe the best value of
K because ‘then }3 7_h'__“apfbw'__;_; ) h:_gT
,."\‘ . B
. M B L . . R . . » Sy TE
’Awobsd = ,[lew e : RS
- In thls reglon K, can'be'determined‘in%ependent of any.
,knowledge-of Tm fRZm' and n.tﬁ~ ‘ , »s o
The nlckel(II) acetonltrlle system reaches_ﬁ»%:.‘

th:.s fast exchange ln.mn.t at about 60 C and measurements

u

w",were extended to 80 C, the b0111ng p01nt of acetonltrlle.

p

bt

3!

67
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Tin- Ehe reglon where Aw_

cooler'parts-ofwthe sampleJtube might cause changes in

the nickel(II) molality. The linearity'ofwthe:plot in

. . . L T
Figure 5 ShOWS'that this is not a problem_up(to 80 C.-

‘The chemlcal Shlft results are glVen in

‘ Tahle'4. The values show a melat1Vely small 1ncreise
'with decreasing temperature in the fast exchange region

-h(>6%?

itemperature malnly because T_ is increasing and, .

"ut-theﬁ deéreaseirapidly withrdecreasing

/,, 0-,-~..

- m N

-1, -1,2

(T Kn T ) 1s‘nodlonger small1w;th,respectdt§jl in - oow

)

equatlonu(3—6) o iuw*”

w

In order to fit the témperature dependence

of‘Aw'g a f% is necessary to know the temperature E

dependence of T and R. . In pr1n01ple these parameters,

\ 2
-¢can. be obtalned from the Shlft measurements alone, but--

ln practlce, the Shlft becomes sm’ller and less accurate

obs d decreawts rapldly with de-

ngcrea51ng temperature and T and R2 cannot be accuratelyml,v

' determlned from the Shlfts Therefore the temperature

:dependence[of Tm was glven by equatlon (1-6) w1th
3

h AH:|= = 15 4, x 107 cal mol l, as'determlned from the

4

H)

20bsd ;tCP study descrlbed -in the next sectlon, whlle

h‘AS* was a’ flttlng parameter.‘ The temperature depen-

‘dence of R2 j was obtalned fromeflttlng to equatlon‘

(1 20) the results of Merbach et aZ we 'on\\the llnew1dths -

68
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' Figure 5 Plots of Aw

f 400 |-

[ <.A.
o .
e

ia
|

<
3

_ A.‘"obsdi rad

gl

: $os L Sy PO : ,
. : Dul 2 : . B b . :
. “\ R N | . . L . ‘. B . ’
SR AR A . : '

TR RN S NS G T )
o -2 4 6 8

6 10 - &}tif,_-‘ia
102 nickel (II) motality .-

. “ . '. . : . -k 1'.‘ 'v . N )
’ obsd v?rsgs n;cke.(II):mg;a;;tyr.‘
for the nickel(II) solutions in acetonitrile
at: 50°(0), 60°(a), and 80°C(D) and 90 Miz.
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- Table 4

—

Comparison of the éxperimentai ahd calculated(least—

)

nlckel(II)—acetonltrlle 5ystem at 60 and 90 MHz,

Samplea

o

50

- 80

60

50

80

70

@ .

80"

70

70

40

Chemical shift,

, . -1
radians s

Experimental .

298
278

Calculatéd

300
304
296
247
129
' '119;"
120"
117
98
51;2,
57.?\
57.8
56.3

A}squares) values of Awob a at varlous temperatures for the

sd,MHz.

,70



80

70

60

50
- 35
80"

70

50
35
80 .

70

60

50

60

Table 4 (cont'd)

t-1.

Experimental
434 ——
452
465
402

i

g

Chemical shift, radians s

Calculﬁted'

- 450
452"
ICI

186
227

232

216
96-
84
857
86

80

90 MHz

(&) Thé:sample laﬁéls,given correspond,td the higkél%II)

- (E) molal respectively .q‘

concentrafions of 0.1277(B), 0.06593(C), and 0.02431

Ce

~

v ‘ )

A
e

§

71
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72
' of the coordinated solvent peaks to give
‘8.70x104)ex'(3.78x162)- l o (3;7)
=) exp (T (3-7).

Fom =
It should.be hoted that the (TmRZm) term in equation
(3—6)\is never very'significahtbso that even a 50%

’ chanée in;CZm causes less than 2% ohahge_in‘Kw. For this
reason the same Czﬁ and E, values‘were‘ased at. 60 MHz £
and 90 MHz. The ihitial valueslfor K, hand AS+ weré
‘obtalned from a qualltatlve evaluatlon of the llmltlng
shlft in the fast exchange reélon and from the

. ~ Roopsa ~ tCP.analy31s respectlvely. B ' !_ h - \

The results of varlous nonlinear - least squares
fltsbare summarlzed in’ Table 5. The value of K, at ' '}Q f\‘
90 MHz has been normallzed to 60 MHz by mUltlplylng by _X N
‘l60/90. It is clear that the data at the two frequencies R A

give the same K‘>va1ue withih‘the'95%:COnfidence‘limits.
The 90" MHz values are considered to be most rellable

bbecause the shlfts are larger, and the value ‘of

7 -1

&

'.}, Kw = 1.99 X 10 radlans s K from Fit II will be used ih

I

future calculatlons. ‘ _j;' c L S

The observed and Pr dlcted values from Fits II . -

t

and Iv- are compared ln Table 4. The dlfferences are.

'generally about t 12 radlans s i{i 2 Hz)." This.15~v e
: w : L U
consxdered reasonable 31nce the values represent the,

- - . E i
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N solvatlon number n appears in the denomlnator of

’ of K only. changes by 0. 5%. The value of\A

- the fast.exchange region. "“\"']' . | ,£'=  f“V

4.

R "b. . ,
&
dlfference between the two Shlft meaﬂurements/each of

which has an uncertalnty of about 176 radlans gL,

It may have occurred to the reader that the’\

g
N

equatlon (3 6), and it has been necessary to assume a -

yvalue for n to carry out the flttlng procedure Just

descrlbed.. Thls assumptlon is not crltlcal to. the
\

evaluatlon of K as shown by comparlson of FltS II and

o

1T inﬁﬁable 5. When n 1s changed from .6 to 3 the value,”

S+

changeS'

ew1th n, as, expected from equatlon (3- 6), so that

(T /n) remains the same, but K ,ls unaffe ted In fact

¢
\

K is. detenmlned prlmarlly from the limit ng Shlft 1n e

b
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B \RelaxationaRate,:ﬁeaSuremehts'Of’N;ckei(Ii)hsolutﬁons‘

o The relaxatlon rates (R1ob od - and. R20b d) are'

)

predlcted to have*a dlrect dependence on the nlckel(II)

concentratlon accordlng to equat&ons (l 2) and (i 5)
¢ .
Measurements Of Rl b a as a functlon of nlckel(II) [N

molallty were carrled out at 2? C and\GO MHz, and”Ehe~

llnearlty of the,plot of R1 i 3' versas nlckel(II) molallty'

(Flgure 6) conflrms the dlrect dependence of the relaxa—7ﬂ

¥

: tlon rate on nlckel(II) concentratlon. These observatlons

also conflrm the rellablllty of the sample preparatlon

method \\\ T
.nﬁs -@, Measurements of Rzobsd as a funcB}on of tCP

'of the nlckel(IIT\solutlon 1n acetonltrlle were maae at

: f"‘
60 MHz in. the temperature range\of 50 to 4, 9 C. S
; O N ' :
Measurements at lower temperatures\were not attempted

prlmarlly because the change ‘in R2obsd between the 1ong

and short tC llmlts at 4. 9 C lS already small and ff';ﬂu*

~ Ed

. measurements at lower temperatures would not Y1eld a

5 b d fitC dependence. Furthermore,v

1nformatlon concernlng R2 ' whlch could be obtalned"”'t“

very meanlngful R

from studles at lower temperatures, 1s avallable already fTQ N

from the llterature At temperatures greater than

50 C- R2 bsd could not be measured rellably 51nce dls—



o . 200 - 30
102 mckel (11) molahty ‘

:3 Plot of Rl b d versus nlgkel(II) molallty for

the nlckel(II) solutlons “; acetonltrlle at 25 C

and 60 MHz.\,

R TS TS 1



4

tlllatlon of solvent 1nto cooler sectlons of the sample‘

(<4

, Selected plots of R2 5 a’versus l/t

'kshown in Flgure

‘Q_Appendlxzx. The R

7 The full results are glven

in the ﬂong t. lrmlt,'

20bs d . CP

2

,:'tube caused the nlckel(II) concentratlon to Change-_£f7

are

77

1n// R

wthh 1s

o tequ1Valent to the R. obtalned from the llnew1dth of

”.‘conventlopal nmr 51gna1 /1ncreases with. decrea31ng

vtemperature to a max1mum value at about 40 C, then de-';*~'

T

\

T

-creases w1th decreas1ng temperature., Thls agre

K

es w1th;&.'

the varlatlon of R2 w1th l/T fouyﬁ by Merbach et aZ

from the llnew1dth\method

The results in Flgure 7 show that the long

CP

‘tdeflned at each

R Ty
.,about halfxof 1ts change w1th t

.llmlt 1s absent

:’ﬁliﬁit , and the 1ntermed1ate t \\reglon,‘are

emperatureb 'However,‘the shor

at all temperatures,\due to the'"h

v
¢

~CP.

experlmentel llmltatlon on t ‘ dlscussed 1n Cha

. 1

lht'The lack of data at the short t .

C llmlt could p

arproblemvlnrdata»analy51s : Therefore, further

”;the change 1n R

fand the short t
CP

deflne thls reglon. The value of R

o

20bs a

? when Aw /2

L B o
The 1ower magnet1~ fleld will- lower Amm.g There

2 bsd w1ll appear at longer t

\\
w111 be more access;ble.

well : 3

t tCP

.

pter II.-

resent

"fstudles were carrled out at lower magnetlc flelds to

undergoesf'

l/t

forej

values,'.f

i
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 Figure 7

a2 4 68 2 4 68 20 40 6080

10-3/tcp

o .
Plots of RZob d verSus l/t ( )for the 0 1277‘

'molal nlckel(II) solutlon 1n acetonltrlle from

is ShOWn as D. : "

|
J

s,

- X . . . . e . . L ‘ o e

’jselected data and temperatures at 60 MHz t lobsa;ﬁ;
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w O

o At 30 MHz the short tCP limit still could not
‘- o ', v ) A
be reached at least between 20 ‘and 35 C.. However at -/

- . v Co
.15 MHZAthe.short;tC llmlt was.suf;ibiently wellﬁdefined‘ﬂ
to be.useful."The tC dependence of R2 obsd

from lO to- 30 C at 15 MHz w1th the . results shown in

was . studle

R)obs d - l/ P ﬁlots at

Flgure 8. The m1d\polnt of the R
. 10. 3 C (15 MHZ) corresponds to the l/t value of about ,13

. a quarter of the value at 1916.C and 60‘MHz,as,expected

1 obs d were alsd

measured at 15 MHz They prov1de a lower limit for
L3 ( DI 2

2obsd 1n the short tc llmlt 51nce R2 bsd 2 lobsd

1 The latter relatlonshlp is always satlsfled by the results-

'frOm‘equation (1-70). The values of R

20bsd —'tcp analy51s is to

determlne Awm., Then, from the chemlcal Shlft measurements"‘

‘The goal of the R

*<wh1ch glve K )ﬁand know1ng that Am = K /(nT), it w1ll be
pos31ble to calculate the solvatlon number n.1 However

1nspect10n of equatlons (l—67)and (l—68)shows that

Pm-ﬁ n[m]/[s] must be spe01f1ed in order to flt’the data}

«

~In. other words a value of n must‘be assumed to calculate
3me; $h;s-appears to‘lead to.a cycllcaleargument>ln l.
_ whichlndmust be‘soecified'inlorder’to evaluate n. The - R
vanalys1s below w1ll show that thls 1s actually not the | '
:si case, and that Aw _can be evaluated 1ndependent of the

B 1n;t1ally assumed n'value., In»addltron; 1f an'lncorrect

/ :

n isnassumed'certain/anomalies,appear inithe;fitting_v_'
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molal nlckel(II) solutlon in acetonltrlle from -
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is shqwn‘as D.,»‘

80



.jg

: are,the léast well defined by‘the data'becauSe,their ‘

rcontribution.is'smaller than that of'T;

- 81

i o ' ' o o o Py
parameters whlch glve a clo Jaindibation‘of the in-
‘correct 1n1t1al assumpt;fpquﬁé V
“‘w ] t‘j “x

Tn order haaﬁﬁ Eh@té}iurther the valldlty of Y

z”“

-

the analy51s,the 1nfluence of changes in R2m and R20

o will be 1nvest1gated. These two parameters generally'

I

l . , i ) . v
and Aw_. .One
oomo

‘ wbuld‘hope'fokfindkthat'reasdhable changes in Rom and

szydo,noﬁ‘have_a major influence on T;l and Aw_. These |

will be investigated after the least-squares procedure

is ‘described.
; . : .



P

- t__ Data

C. Least Squares Analysis of R20b a cp

The varlatlon of R2 obsd C
an iterative non- linear least—squares method to
'equatlons Ur67)and(l -68).  The various flttlng pro-’

cedures used are descrlbed in the followa' ‘sectlons;

bé_Considered in the analy51si First‘of'all; because of

ithe potentially large number of parameters,’it will\be

necessary to keep some parameters flxed These para-

’meters generally w1ll be those whlch are least 1mportant¢

to the ultlmate goal of determlnlng the solvatlon

vnumber, and those Wthh are poorly deflned by the data.

_Fortunately the ‘same parameters often belong to’ these

)

tw0'classes‘ However 1t is Stlll necessary to dec1de

on the best values of these flxed parameters.'

Secondly, 1t is necessary “to prov1de 1n1t1al

-values of ‘the fitting parameters for the 1terat1ve

Q

”least—squares programme.' These values can be determlned\'

from a qualltatlve evaluatlon of llmltlng reglons of

the-data, from RL measurements,ﬂaﬁd from previous
experimental work.
The solvent acetonitrile proton relaxation

rates (RZSOlV)/have*been'discpssed:already and always .

"with t.. was fitted by,

82




were he@d constant at the values glven by equatlons

(3- l),véB 4), &nd (3~ 5) w1th *ﬁH = 1.28 Hz., These'

\

4

values are\all reasonably well defined, but are-not very g

for

'1mportant t? the anah(s1s because R20b a >> Zsolv

dlscu%51on w1ll be concerned prlmarlly Wlth the values

ﬂefor the outer—sphere (R )‘and the 1nner—sphere (R2 )
.contributions. . .- ,

3

The outer sphere contrlbutlon was calculated

9

‘from the results of Merbach et al. who studled the

system down to —45 C at 60 ‘MHz. and found well deflned
values of R2 .' These results were- refltted to equatlon
(1-27) to obtain

4 3
) excp (Lo

_ (4:93 x 10
200 nT

rThe pre- exponentlal constant in equatlon (3 8) has been
'reduced by 10% from. the value 1ndrcated by the data of

Merbach et aZ because ‘the (R2 obsd’
have been found to be about lO% gréater than those. .

/P ) of the " latter '

e

. measured in thls work The R : values are 1n the range

20
of 240 to 400 s™1 compared w1th (Ryops /P ) values of
-1

labout 4000~s . Thus the outer—sphere term is generally

a mlnor contrlbutlon, and was flxed at the value glven

'_by equatlon (3—8) in the.least—squares flts;

K vthe nlckelfII) solutions 1n acetonltrlle The followrng

N
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The actiuation energy for R (1.44 x 103

20

cal mol™}) is in reasonable agreement with that for the

A3

viscosity of acetonitrile (1.84 x‘lO3 cal‘molﬁl)ﬁo

. This
is expecte&’if molecule tumbling is the important cor-

relation time for the outer-sphere interaction.

TheuvalueswoffT;l, Am , and R2-‘Were treafed asl

"‘flttlng parameters in the least squares analy51s.
Satlsfactory 1n1t1al guesses of Tml can be obtained from
the slow exchange reglon below 35 C, and Awm can be
estlmated ‘from the\i/t value at whlch R2 obsd
,In other tempera-

had under-

gone half the total change w1th t
-1

cp*

ture ranges Th and Aw’ ‘can be,estlmated by simple ektra-

polation u51ng the expected‘temperatufe depedﬁbnce inen ‘
-by equatlons (1- 6) and (1-8) respectlvely. Sinceﬂthe

short tCP limit was not defined at 60 MHz R2 values

-;1n1t1ally were estlmated from le-as dlscussed breviously
' '1n‘Chapter I. - T N”»
' The results'ef these fits_are,summarizedsin

Table 6. The results in-Table 6 clearlyeiiiuStrate

'that Aw ~and T;l obtalned from the least—squares fit are

essentlally ;nsen51t1ve to the value of R2 . Results
are chpared‘for fits ;n wn}ch R2m,'T_l, and Awmvwere

m
1 and \\\g
).

Awm were parameters,-anleé was glven by equatlon (3 7 \\\ :
L : g ’ ’ ‘ . \\ : .

~

N
\

_fitting parameters,land forxfits in'which'oniy‘T;



Table 6
Table 6

x\)j

1

Effect of the variation of R, 'on 1~ and Bup, from the

" least- squares andlysis of the R

2m

2obsd CP data for the

o : . a.
Anlckel(II) solutions in acetonitrile at160 MHz .°

85

Temp,oc Sahipleb Rzmc,'s"1 10—31;1fs—1‘ 1074Awm,radians s~L
50.4 B 824(484) 20.0(22.5) 1.18(1.24)
0.2 B 104(509) 10.7(5.46)  1.38(1.39)
35.0 . B 35(523)  10.1(8.87) 1.32(1.32)
34,7 B '258(553) 4.54(4.24) 1.09(1.20)
16.4 - B ; 312(5805' 1.88(1.97) - 1.11(0.949)
4.5 - B 406(620)  0.579(0.576)  1.24(1.08)

(a)

' parameter"fits and nunbers’in braékets ‘are from the

(b)

(c)

two—parameter flts. All fits were analysed w1th n—4
The sample labels glven correspond to the nlckel(II)
concentratlons of 0.1277(B) and 0. 0243(E) molal

The R2 vvalues in brackets are flxednat those

calculated frém equation (3-7).

e 8

The first numbers iﬁ»coiumns 3 to 5”are.frpmkthe‘thfee- .
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The results presented in Table 6 are at seclected

‘temperatures where the differences in R values are

2m
largest. Comparison of the results shows that aeven a

causes less than a 15%
1

greater than 50% change in Rom

change in Aw ~and’even less in T;
The;general procedure for the least-squares

"~ analysis of theliSI%HZ“data‘is similar to that used at

;6OI%HZ. However, there are independent measurements .

of the outer-sphere gohtribution,”and this factor is

relatively morgiimportant‘than at 60 MHz. The value.of

Rzé was determined 'from an analysis of the lower

temperature data, which in the long tCP limit, is given

by equation (1-69). The value of T;l is known from the

60 MHz  results of Merbach et al."® and those presented

1

, o _ , o
here. At 10.3 C Tml was fixed at 743 s * and the least-

squares analysis of the R - t,p data gave

‘ 2o0bsd _

R20 = (3.25 * 0.27) x 102 s_l. The temperature depend-
. L ‘ e

ence of R, (EZO) was assumed’to be the same as that of

the viscosity of acetdnitrile5°,,and R20 was calculéted‘f

\

-at aﬂy temperature from \

4 4 x 10

RT

2.11 x:10
nT

yexp (228 ) T (3-9).

Ro = ¢

The importance of this contribution will be discussed

subseguently. HOweverL,;t'may‘be\noted that even if R20



is omitted, the fitting of the

" those of the extreme case where R

Rzobﬂd - tCP data in

the slow exchange region yiclds essentially correct bo
valuesg.
The outer-sphere contribution is much more

L]

important at 15 Mliz than at 60 Miz, and the 15 MHz data
have been selected to indicate_the sensitivity of r%l

and,Auh to Rzé. The results in Table 7 compare values
from figg with Ryo calculated from equation (3-9) to

260 is omitted entirely.
Even with this gxtreme assumptién Aw. values are affected
by‘less than 15%. 1In fact in the slow exchange regién
(<21°C) the change is only about 10%. This is expected
because Awm is essentially defined by the éhange of

RZobsd.ln the intermediate tCP reg%on. It is also clear

that T;l is much more sensitive ‘to changes in RZO’

‘especially in the slow-exchange region. This is expected

because in this region, in the long tCP'llmlt'<R2Obsd
is given to a fair approximation by pm(r;l + Ry ). This
fact actuall& was used to evaluate Rzé since T;l values

are known from studies reported in this work at 60 MHz

\and‘preViously reported by Merbach et al."°.

"The next question is tﬁ@ effect of the initially

-assumed n value oh.the fitting parameters, especially

T;l and Amm. The least-squares results for the assump-

tion that n=6 or n=4 at 60 MHz and 15 MHz are given in

Table 8 and Table 9 respectively.



T ,Table7wy .

e B ) - S . o . . N vt . Ty B
S v - o : X o B B ©

;Comparlson of the parameters obtalned from fltS w1th and

v 9

ﬁ:w1thout the- outer—sphere contrlbutlon for the O 0659 molal

3 o

"f;nlckel(II) solutlon int acetontrlletat 15 MHz Q]
o';r‘f'—3°“‘.'-1 : -3'a1va—1<f =3 e Ll

':‘ijgmgé“_g,‘_loﬁpRzm;1Sj T ’5“..f]10:,AQm'rad‘§

R
e

f@3o,$[ff~'0‘634(1'04y' f3,995(3,a3yjf'.->;z 59(2 98)“"‘

e

L. 25.0 2 0. 670(1 07) 2ﬂ66'(2;83y‘.;_f‘.2 70(3 16)

[ B L JRPRE

B
Y

21000 o 589(0 963) o 1.87 (b,45) "f,’2 84.(3. 08)

10030 0. 492(1 12) 0. 745(1 35) ’ji3;27gg.91)'

K, B : Lo fo &
v ¢ Vi . L N

’

L(a) The parameters obtalned from flts w1thout the

” outer sphere contrlbutlon are glven 1n brackets

-:,The_n.value’OfQG wasfassumed';n‘both,flts?(t

C IR



89

. WY. _NvJN

o Lo'w

.

0L°T

0S°¢C
9€°¢
5T ¥

9g°y

080

L8°Z ¥p T

8T ¥

Lz T
mqrm;mm 1

£0°E Z6°T

fwo«w_

 mN;Hm
wwawn.
20T 80
ﬂorw@
G

81

88°0 -

oT*® o+mﬁ ﬂ
9z o+hH T

.OﬂNN»H

0Z°0FLI"T

91" 078" T-

'80°0760°T

. 9T"07F2E"T

YI078E°T

LTT0F6ET

90°0%8T" T

.Na.OHmo.H_

60°07

907 0%
0°0%

80°0F

~ £0°0F

“0FTET -
007

8LO'07266°0 .

moro%

70T QF
-0 0%F

10707

,

s

umawx\; .,._u

I T

9T T

ET T

@

WH‘

ma.ﬂ
0z” T
00°T .

.MONHw
00T

»nmeﬂﬂmﬂm

mﬂ#quMWwNn

he

s

mmmoﬂv
Hv o+nm v.

Hw m+wm L

mm.oﬂvm,m »,

v m+Hw L
m.mﬁHhOﬂ

hw v+vm m
9 m+> OH,

_m.wﬂhwoﬁ_
i) z70" 02

ch//

lom
mo 0799° H

oa o+Hm N

hozc+ﬂh N

- mm o+mm n
.moo+~fm
.92 o+ow €.
m,mmbOﬂmHum 

BT°0%£0°S

oz H+N Hﬁ

_M.m.owaww.

.‘ﬁiwww»m,

, .meﬂo.Nﬂ.

. ﬂ;wﬁ H+m HH

. m_ c.Mﬂmumw

CTETL

L 0°TELTE

2 ouzrote
;,_ meerm
...m N+m €

(@06t

e
,ww~mvw,vw_
. .u_AuwH,mw&
m.;.mﬁmvm mmw

Auvw mmﬂ

m.._.ﬁovm ot
,,ﬂmvowmh
L'S  (0)7°sE:

>

(V0% 0p
S (@zeop
(@vos

p=u

m G

AT £

7

s pex

Q»

wnmz om pm :Oaus

L3, dueT

S maauuacouwom AHHvaxoac mnu Hou vlc

'\

m.oanwe

qu wlc mzHEﬁmwm wammﬂmsm mwumﬂmmlummma mu @onNm m:u uo wvasmwu msu uo GOmHummEOU

-0

ot



(=]
[«)

H
m

.coHumNaEﬂzHE HMSGHme m>dumﬂwu ‘uo @mmmn mum wudwlmnwlwolmlbnuw @Hmvcmum _An%:

L ‘ \:mﬁuommmmu Am:mvmo 0 @cm .vaamwo 0 .8:.»3 o Lsmomm o

- \ ’ N
mo NUaHMHOE AHHvaMUﬂE ou vcommwuhoo wuwxomun ut cm>dm mﬂmnmﬂ mHQEMm (e vf

av. LT .

s -

S°T 0S°T 0Z°0%¥T'T 20° o+vm 1 820" o+mnm 0 810" 0768€°0 STFI'V. 0°TFL°C (D) 6%

T'Z L6 B0°0FITT, mo 0721 T mo 0%88°1, Jmo,oﬂwm.ﬁ,\_mWJOﬂafm,_mhoﬂulwwmﬁmrwwoam

L T ="

1

U,@m.m,OH T, S pex

T v T s Ty=u 5= T, 5 7dwss
T e e Tl e T R Mg
.\.E : ., B ,: .A ' - , ~EP.« o T .,... v, m \EN PR - ,. B w‘
N R T L S DCELLE R SR SN

3 o : T - LS

_ o o - (Pu3UOD) 8 3Tqel



91

"
‘L,

.m‘wwtw
 mm&H.
smmv
Ly
0v'¥.TZ 2
08°¥%

L2

LLee

mm%d
0S°T

9c"T.

S 0F0T°€

6L°05T0°€.

 98°T799°¢€
p6fr98°€

v0'ZFTIT ¥

€V TsET ¥

.MMwﬁﬂmm.m

omwoﬂhmfm
mwwowmﬁ,m,
mm“oﬂmmrm
vetosretz

2E°070L°2

0€*0%56°2

.wowoﬂumjw_

NQLOHmm”N“

wH o+Hm H vo o+mvh 0 mv o+vm 9

wmm Hﬂwm.m

om v+mm N

¢9’ m+wm N

qovaﬂvam

(€07 ¢+mN €.

Hm H+mv m
T\z

56" N+mv m

no o+mH Hw

ww o+>m H

wm o+nm Hm

90 H+wm 7

hw o+Nm m

vg* o+mm m

[

wm.ﬁﬂﬂmdm

0'PER0°8

L ofmv N‘qumwOo«w,

. m. Nﬂvw.m

zuewssL

S 9¥8Y 6

pesetor.

_m¢wmowmmwv,
£zU0RrT'S
_+mwuoﬂnﬂpm_
Lcvosets
_wwmwowow;w

95 0FH6°S

[

prom.qﬂmﬂjw

mm o+vm w

@ erot

xuvwwmﬁ_

Amvh om
ono HN
Auvo mN;,

Amyowmw

KmM&MQMﬂ

@retoe

p=u

9zu

vlc

.9=u.

Tv=u

H;M__wlc

,@

HJ

S ‘W
S suetpea’’

.3qw-

ot

fﬁJ

W
1

a
=g

0T

.3 N.

u \meB
Lo R

.Nmz mH 3e. Em#whm mHﬂHUHQOQmom AHHVmeUHc ozp How p=u vcm

Amuc mcaszmmm mnmmﬂmcm wmumsvm ummmH mu @wnon wzu mo muHSmmu wau uo GOmHmmmEou

_,..m«mdnma;



92

30

*UOTIRZTWTUTW HMd@wmmu m>ﬂ#ﬂamﬂ,ao,wmwmn.mum.muww.@#u&mo.wn0hnw ﬁuwvcduw;hnv
R i LTIEEESS SAREISS. TOPORER 2T v : .

HMHOE onmmmmo o vcm Amvhhmﬁ o

mqoaumuuﬁwocoo AHHvﬁmxoaz mzu o3~ Usogmmuuoo muwxomﬂn cﬂ cm>am mmaﬁma mamﬁmm AmV

| ‘_,A@yucoovm,mﬁama.



‘ach01ce of n.
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In general it_is'true that the uncertainty -
1imits‘for the'parameters; and the standakd\errors_of.

the flts are larger for n—4 than for n=6. " HoWever’both

v

assumptlons of n prov1de satlsfactory fltS of the data.g,

‘Thls is 1llustrated for data ‘in the fast exchange reglon
! (-]

(50 4 C) in Table 10. and in the slow exchange reglon
(24 7»C).1n Table 11. Thus the goodness of the flt

does not prov1de a useful crlterlon for the correct

o
The trends and uncertalntles 1n Tm;'and”Awm
'ican be understood qualltatlvely when thelr relatlonshlp

to the llmltlng reglon and the tCP Varlatlon 1s noted. o
5y 3§ B \ .' . . =
,'1 exchange reglon the long tCP llmltyglves : L

- m-) and the tCP varlatlon of RZobs

for temperatures <30 C at 60 MHz and <20 cat’ 15\l<'1HZ ’- the .

a givesgAhm.j Thus,“

value of Tml>Wlth n= 4 1s close to 6/4 tlmes the value : 1hﬁ\? f»
'w1th n—6 as expected 51nce (P 1~ ) 1s deflned by the
experlments., In thls same reglon Am ls essenflally

1ndependent of the assumed ‘n value because Awm is. deflned

:‘by;theﬂt . varlat;on,j“ he results in Table 8 and Table 9

cp VA |
'clearlYJestahlish thiS'O ,ervatlon Wthh is cru01al to
v.the appllcatlon of thls met‘od to. determlnef f' Just ‘to
‘3re1terate thlS 1mportant fact ‘Awm determlned from the.d
ﬁnftb study in the slow exchange‘reglon is’ 1ndependent

of the value of n assumed o




“Table 10

Compdrison'of'the observéd relaxation rates and the fitted

values w1th n—6 ang n—4 for the 0. 1277 molal\glckel(II)
o, ,
solutlon 1n acetonltrlle at 50 4 °C and 60 MHz

R2(calcd)v’ s

RZObsd;vs . n=6  n=4

2,00 114 116 116
1.67 113 S 115115
143 13 15 114
0 u2s 113 ‘_';“114’f 114
RS R T S ii3" i‘113-»
‘100 0 113 o113 112
0.833 111 viﬁn_k ‘ 111 . 111
‘, 0.741 | 1@9 fF"-__ ‘vilib," 110
6,525,;' ?109 o  _ , 108 . 108
0.556 ., 108 ;f,‘ ' 'zr~io7;_~ 107
0.500 . ~ 1oe # 105  “';65il
0.450 105 104 104
0.417 3102' ‘1 102 102
"0}38551v 102 - -7161“' i01
6.5 . 100 9gs 990

.nio,312f o 97.3 "’95§6 - 96.9

".‘0 .

0.290° .95.4 948 951

0.267 92,9 92,7 92.9
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o

Table,iO(cont'd) o
| - |
. . . o a -1
o Rotcalca) S

tCP' ms -

S . - n=6 n=4

0.250 .~ 9l.6 0.9 1.1
;91233' . 88.2 B  88.7 88.9
0217 | 862 86.5  86.6

0}504 g *84,2";-"“ - . 84.3 ' 84;4
0192 sl.e . 82.2  s82.2
f 0,i82 - I.SQ;S : B v . 1 80.1 . 80.0
| o072 .';77;9‘f e 78.0. 77.9 -
- o163 . as.e 75030 "75.1
. A 0154 . 7208 - 733 731
o o ,oﬁ1A7‘  706 *:'v“l 71.3' 71.2f

| " T 0.139° “7'} eg,é:.""f.‘; 68. 8 ,f'ee.éV

0.132 66.0. . 66.3  66.3
-0.122 L 62.4 | .':' _63.6 ’ 62-9 A
0.116  61.3 . 60.5 0.8 |
0.111 - 58.6  58.9  58.9 o
f o;1o5, 56.3°  s6.5  56.6

0.100 54.9 . . . . 54.3 " 54.5°

(a}'standard.errors of the fits based on relativé r%sidual
 minimizatidn.afe (a) 8r8x10f3 for n=6 and (b)'8;0x10-3-

»for.n¥4’.



Table 11

K Comparison of the observed relaxﬁtibn fates and the fitted
values w1th n=6 and n=4 for the 0 1277 molal nlckel(II)

solutlon in acetonltrlle at 24.7 C and 60 MHz .

e ~1
RZ-‘calc:'d'S

n=6 " n=4

tepr ™ R)ypsar S

2.00 - .‘84.0‘v B - 85.7  87.3
1.00 - 83.4 .. . ga.2 84.9
0.667 3.2 3.0  83.8
_.o.ssé S 33.2A - 83.4 ‘82.8
0.500  83.7 | 82.7 81;6 
6.454'3  7 82.6 g 81;1~ 79.4
“o.éobv o779 o715 7603 -
0.364 . 74.6 73,9 '73.2¥ | R
'0;333' Y ’.69;7 .  76.1‘ 69.9 -
0.303. .66.6 5.7 5.9
C0.278 - 62.5 - 61.7 - 62.1
"Q:2$o.;' © 56.4 . 56.8 .57.4
0.227 . 52,3 ‘, 52,7 53.4
'_o.ﬁoo;j“'> 474 477 4s3
. 0.194 © 46.5  46.7  47.2
0. 179"; EEPTRE 13,9 442
0. 167*"’f 41.2 - 4al.8 42,0

0,158~ 36.9  40.2  40.3



(a)

minimization are 1.4 2'10—2-fo: n=6 and 2.4 x 1072

- 97

. Table 1l.(cont'd)

! ' A\

| Y

o R2 ca1'a ’ 8 PR
S » -1 N .
0.149 © o 38.9 © . 38.9  38.9

0.143 - 37.5  37.8 37.7 4
0.135 . 36.2  36.6  36.4

. . '

0.125 . 35.5 35,1 - 34.7
10.11 . 35.4° . 34, 33.5
0118 4y 3 -4 0 )

-~

Standard'eriors’Of thévfits based on relativé‘residual

‘for n=4 . S S o S
»
3
g
S
‘L\
¢
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In the fast exchange region the. long top limit

- )
gives P T Awm and the t dependence of R2 bsd glves'
-1 -1

"Tm . Thus, for temperatures 240 C at 60 MHz T is

‘relatlvely 1ndependent of the assumed n Value, but_Amm
is expected to' be larger with n=4 by /—7—_ The data at
‘60 MHz show the expected behaylor. However at 15 MHz
the"highest temperatureistudieddis not really in the

fast exchange limit. .
: I . .
" The interdependence of T;l,'Amm,‘and n in the.

reglon where R. {5 a maximum, between‘the fast and .

20 b d
slow exchange reglons, is too, complex tq understand or

I

~describe in a slmple qualltatlve way. ,%owever-thls

. region is very useful as‘a criterion for establishing

a

-~ the Cerect n value. A great deal of previous work has

shown that Aw' should vary as l/T as descrlbed by
equatlon (1- 8) Thus Aw is expected to decrease slowly
as the temperature 1ncr ases, and by about 20% for the
5 to 50 C range of thlS study. The results 1n Table 8
and Table 9 show,thathw ‘unde s a rather abrupt in-
,crease-aslone proceeds”from theg;lbq\exchangevregion to-
xthe intermediate exchan99 region (35;202C atISORMHz,'

. . o - . o . . . e R L
> 20 C at'lSAMHz) when n=4 is used - However for n=6 no

,such dlSCOHtlDUlty appears and the values of Awm‘decrease

N,

.

A

98

w1th 1ncrea51ng temperature as expected , ’ \\;
1.

" A similar problem occurs: Wlth ‘the T;

. f’

. N
values. .




¢

These should show an exponential increase with increasing

temperature as given by equation (1—6); However;'in the
intermediate exchange region the T;l saiues remain rather
constant whehin$4 is chosen, whereas}for n=6/the exnected
smooth change mith temperature is observed

The sen31t1v1ty to the value of n has been
,tested by further analysrs of the 60 MHz data u51ng n—5
With n=5 a change of 5 degrees in the 1ntermed1ate ex-

3

change (35 40°C) results in no change 1n the Tml va;ues,
klnstead_cf:the‘expected.doubllng of Tm}, Thus’the
‘temperature dependence of T;l is-anOmalous'evenfwith’ -
n=5.: HoweVer,*the anomalous temperature denendence of
Awm-ccurd not be'deduced w}th cOnfidence,mhen n=5'ise
assumed;e This is‘because,the intrinsic changeJin_Amm
‘mith‘temperature;:according.tc equation (l—é))'is small

4 - SO, . . -

comﬁared withfthe magnitude'cf_the uncertainty'limits

of the'Awm value. | | - o |

" In summary_twofimportanthfacts emerge from this
‘anaiysis;: The‘value'of-Alwm is 1ndependent of the )
vdlnltlally assumed n value in the ‘slow exchange reglon.

~The expected temperature dependenc1es of Tml

and Aw_ in
m
.the 1ntermed1ate exchange reglon are only observed if
| /the correct n value has been assumed o _‘.‘x s
The general valldlty of the data and analy81s

presented here can be assessed by comparlsqn of the
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U]

T;l values obtained with those of Merbach et al. f rom

%

a linewidth study. The values are compared in Table 12,
based on n=6 as assumed‘by'MerbaEhfet at. ", The agree-
ment is very good in general for two nmr studies using

quite different methods.

Calculations of the solvation ngmbjr now can
\\\

be made from the values of,Awm,at various 'temperatures

together with the parameter Kw from the chemical shift
.studies.v The‘value of K, = l;§9 X 10? radians s—lK,
‘normalized to 60 MHz, but obtained from the 90 MHz

Chemical shift measuréments, was used. With the 15 MHz

Am values the value of K was 15/60 of 1.99 X 107

é‘radians S‘lK.' The calculated solvation numbers are given
- in Table 13 and Table 14. The average values of the

solvatlon number calculated from the 60 MHz and the

~

15 MHz results are 5.9, 0.3, and 5.8

+ *
‘ 6 6 5
ively. The twovaverage'Values agree’'well within the

4§fespect—

error limite.,'The.solvation number of six for/ the-
ﬁickel(li)—aCetonitrile system is thﬁs concluded. This

1s in agreement w1th the conclu51on made by Merbach
|

“% from a' conparlson of the bound and free solvent .

/'et al.

. l
'shifts‘ ’ and the conclusion from the studylof electronlc

spectra by chkenden andTKrause but dlff#rs from the

’ccnclusion of Campbell'et al. .
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. /
Table 12

™~

Comparison of the 1;1 values from the R least-

20bsd”tep
squares analysis and those obtained from the linewidth
measurements (Merbach et a?."”) for the nickel (I1)-acetoni-

trile system at 60 MHz .

1073 1, g1
m
oC (Sample) 2 This work Merbach's b
50. 4 (B) 23.5%3.0 23.8
40.2(B) 11.2#1.2 10.6
40.0(A) 11.6%1.7 10.4"
39.0(B) 12.0%1.3 ~ 9.58
35.4(C) 5.0340.18 " 7.08
35.0(BY 5.16%0.26 6.84
130.2(C) - 3.90%0.26 4.52
29.8(C) ' " 3.72%0.06. 4.36
29.8(B) 3.93%0.29 4.36
25.1(C) ~2.7120.07 2.87 ’
24.7(B) 2.610.10 2.77
19.6 (B) © 1.66%0.08 1.72
16.4(8) 1.22%0.06  1.27

4.9(E) 0.385%0.018 0.403




;_Téb;eglz(cgnt;d)

;i>). éample 1abels glven 1n brackets correepond to ﬁlckel
"1 (II) molallty of 0 2903(A)',0 1277(B), O 06593(C),-
t?i and 0 0243(E) respectlvely. v" | v |

| ,,k b) Merbach and coworkers 3va1ues are calculated from

equatlon (l 6) w1th AH# l 544 X\ 104 cal_mpl,l and. . -

As* = 9. 056 cal mol’ lK l
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:Cfv‘t.a«, : v, R

iy o - . .
il

“c (,Samp;l_e) |

Cso.am)

40.2(B)

o omo0m
s
' .VI3S‘.:0_("1_31)"' A
:}.:'30:;»‘2’ (é): E b
28 ‘(‘ci o
29 8(B)

”‘f,_'25 l(C)

}24 7 (B)

' 19 6 (3)

'.10,4

y

"Table 13

Aw ,-rad ] -1
ol R

11.6,-‘4;(?3‘) e

o 4}'.‘9'(3):,;' .

I

103

Calculatlons of. the solvatlon number of the nlckel(II) 1onr“

in acetonltrlle from the 60 MHz R20b a tCP analy51s.

Pealed o

[



a)

)

w0”0243l(E) molal respectlvelyl.e”

104

/

'TablellB(COntfd).

Sample labels glven 1n brackets correspond to nlckel

(II) concentratlons of 0 2903(A), O 06593(B),‘and

Calculated from‘Kw = 1. 99‘x 107:rad1ans sﬂ; frbm eﬁé';

s chemlcal Shlft studles and Awm at;the temperatures

' glven,.



Table 14
~1Calculat10ns of ‘the solvatlon number of: the nlckel(IIﬂ 1Qn;

in acetoaltrlae frem the 15 MHz RZObSa‘analy51s._

e _v"f o f';. ;_’ 1' R - '
- o C o wSample'a_j .:ElO_BAwm , ' . b

' radians s~
- 30.2

30.1

oy,

250
25,0  '
2100
I

15.4

3]
~
o
(o))

>13[ The nlckel(II) concentratlons are 0 1277 and 0 06593

'-ngolal for samples B and C respectlvely g f

(bfeCalculated from K -4 Q%SX 106 radlans s-l from the"‘
chemlcal Shlft studles and Am at thfvfemperatures._f. 

s

leven..

.



‘°-purpose of thlS analy51s is to determlne 1f the restrlct—

;;/,;~/’f”////f%—;

D Multlple Temperature Least Squares Analy51s of

Roobsa . tep Data

The determlnatlon of the solvatlon number de— |
scrlbed 1n the prev1ous Sectlon 1s based on the least-‘

‘squares analySLS of the ‘R ‘data carr1ed>out‘

2obsd ~ © cp :
‘at 1nd1v1dual temperatures.ﬁ Such an analysxs does not

b

‘,place any restrlctlons on. the temperature dependence of

' '_H -, and-szf In thls sectlon the temperature
' dependenc1es of Tm; Am _1and R2' accordlng to equatlons

-(176), (l 8), and (l 21) are used 1n the ana1y51s of thev

Roobsd “?CP data at. Varlous temPeratureS-; The maln

”5rlons placed on the temperature dependence of the para—

'ttmeters glve: a better determlnatlon of C from whlch the e
TJsolvatlon number can be caiculated | |

| /N" ﬂ The procedure for the least squares'analy51s o

| efof the multlple temperature R2 Sbs di | data is sllghtly
*ﬁmodlfled from that descrlbed 1n the 1nd1v1dual temperature

”f_danalySLS. Now the ratlo'[m]/[s] ls treated as an

_1ndependent varlable ln addltlon to t and temperature.

cP
'rThe value of n 1s allowed to vary so that other para-’h‘

jmeters obtalned from the flt are free from the 1nfluencew-'
,of an assumed n va}ue.r The parameters whlch are in~ yf':

T”f;herently 1ndependent of n, namely, AH* .E’ 'and E ._e',fj'ﬁﬁ‘

om” “20
pkept constant 1n the analy51s. The flttlng parameters

e



”-f’flxed Slnce the R

¢

qenerally' m"C20’ andﬁn;'_Devlatlons”from
this. generfal prOCedure‘will beidiSCussed for each's thf.
data,' v

Z*Phe 60 MHz data were analysed to. determlne 1f

_AH# from t?e analy51s agrees w1th the value reported“g

.The analy515 ‘was carried . out u51ng the R and R values :

2m 20

descrlbed by equatlons (3 7) and (3 8). respectlvely, ther,

~n value of 51x was assumed. The 1n1t1a1 values of AH#

"and AS* and C were taken from the 1nd1v1dual analyses

i

:and from the chemlcal Shlft studles respectlvely. Thé*f o
| srjAH* obtalned (15 8 0 4) x 103 cal mol (Flt I of

&1;{Table 15), agrees w1th1n the 95% confldence llmlts w1th

4

,.the value of 15 4 Kcal mol } obtalned by Merbach et aZ
' dThus'AH# was, held flxed at 15 4

4
' f,sequent analyses, and the temperature dependence of the-

'5outer—sphere (E ) and the 1nner—sphere (y ) contrlbu—

'.}tlons glven by equatlons (3 7) and (3 8) were also held

2m

x lO3 cal nol e in sub-,‘zv

:»values glven by equatlon (3= 7) were.

107

us]wr

. ,obtalned 1ndependently the sz ‘was held constant whlle‘/?lf

--j;the outer SPhere coeff1c1ent (C ) was allowed to varys;

| 1n the least—squares analy51s._ The results of the
e analys1s are glven An Table 15.__ :

At 15 MHz the temperature dependence of the :'

r,outer sphere contrlbutlon was glven by equatlon (3 9) \‘l‘

P e
o,
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The R, values from the 1nd1v1dual temperature analy51s

2m
(Table 9) were fltted to equatlon (1- 21) to give

o . 8 3
R, - (L:28x 107, . -2.82 x 107,

2m ‘nT - ..~ ' RT

(3-10)

(

.Since the R2- values'in'equation (3—10).are based on the

R2‘o values descrlbed in equatlon (3-9)‘which arejbaSed'on
) 3 . .

4
dependence’ (E20 = 1,84 x 10° cal mol .

Ant = 15 4 x lg cal molll andvthebassumed temperature.

l ‘ .
_), sz and C20 were

 fixed in the analysis. ,The results of the analysis are
given in Table 16.

o Wlth these constralnts on’ the temperature de-

a.

pendenc1es 1t is p0551ble in pr1n01ple to determlne n as

a least squares flttlng parameter of the data.f Thls

-4

- would prov1de a method 1ndependent of the K value from .

-Athe Shlft measurements; "To assess. thls pos51b111ty
best- flt values of n. were determlned at 60 MHz and 15 MHz .
'fxThe‘sensltlvltyvof.the flttlnq ton was rnvestlgated by

'assuﬁiné fixed'values'of 6 or:A‘and examining the quality
of the fits. o o . ”

} When n ls treated as a flttlng parameter (Flt b
II of Table 15 and Fit I of Table 16) the best-fit
'..values are 5 38 i¥0 22 and 5. 88 £ 0. ll‘at 60 Miz - and
‘d‘15 MHz respectlvely.‘ These values do not agree w1th1n

"the 95% confldence llmits. The dlscu551on below lndlcates

vthat the overall fit is not- very -sensitive tc>the11value
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"becausefef compensations ln C.,'AS* and C2 . It'seems
that the best- flt n values are. not a very rellable'
measure Qf,the true n value.

’ The results of the-analysis with assumed n
values cf 6 and 4 dre given'in fits III and IV of-Table'
15 (60 MHz), and Fits IIv‘an‘d 111 Qf-‘Tabl’e""IG (15‘ MHz ) .
The standard error of the”flts is about 2‘times smaller
;w1th n—6 than n=4 at both- frequenc1es A comparlson of"
the dlfference between eXperlmental and calculated

(least squares) R2 bs d Values (Appendlx A ) 1ndlcates

' that the dlfferences are about 10%‘9r less 1n both cases

. Although the’ dlfferences wrth n—6 are generally smaller

than. w1th n=4 the flt with the latter value is not so
bad as to allow it to be excluded. Thus one cannot de—;
‘termlne dec;srvely_the sOlvatlon number on{the basis‘of7’
. the fit aléne. " S |
h?heysclvation number still/can be calculatedw
from the parameter C and the K of 1. 99 x 107Iradians
s 1K at 60 MHz determlned from the chemlcal shift studles.
'The-calculated sqlvatlon numbers, and the 95% confldence
rlimlts, are:‘ 6.24r 0.2 (n—6) and 4.9 1’0.2 (n=4) at-
.66'Msz and 6.2‘r>0.2 (n=%6) and 4 6 = 0»21(n=4)vat 15'MH2.
.It 1s clear that the calculated solvatlon number dlffers
"from the assumed n. value when the 1ncorrect n value is-

'chosen, and the calculated value agrees with the assumed

112
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.n value when the correct n value.is chosen ’ Thus the
‘.con51stency of . the calculated and the assumed n value
bhelps to establlsh the correct choice of the solVatlon’
number.‘ | |
The.lncons1stency of the calculated.solvatlon -

number and the assumed n value when an 1ncorrect n Value
. \

1s chosen can be explalned qualitatively. When n is
'held constant at an 1ncorrect value, e.qg. smaller than
the correct value, the least\squares analys1s is forced
tO\select-larger Aw' values, 1 e, larger C r SO. that the
data 1n the long tCP limits at varlous temperatures are

\

well fltted in .the fast exchange reglon. 1n the'slow
: .

exchange reglon, where Awm 1s 1ndependent of n, the
Ve

2
least-squares fit selects C close to the correct value

\\

Thus the fltted parameter C ‘is the welghted average of
'hhwm values ln the fast and the slow exchangerreglon, i.e. “f‘\\;
the fitted C, value is between the 1ncorrect and the |
icorrect one. Consequently the value: of the calculated
solvatlon number is between the assumed n value and the
correct one. | |
Calculatio%s of the_solvation numb r now’can be

made from_Kw'andew free from anydassumbtion;onn. ' From

Kw‘%>(1.99 £ 0.05) x 107'radiansls‘1x at 60 MHz from the

 shift studies and C_ = (3.41 * 0. 09) x 107 radians s “lg

‘at 60 MHZ (Fit II of Table 15) one cadculates the



' solvation number of 5.82 + 0.29. The 15 MHz‘equivalent‘
of the K, given aone and Cp = (8.25 # 0.22) x 105 radians
s7Ik (Fit I of Table 16) yield the solvation number of

'6.03 + 0.30. The two solvation numbers calcﬁlated agree

 well within the 95%_confidence limits.”

- 114



#

2+

in Acetonitrile

In the previous section a method for the de-

termination of the solvation number using the pulsed nmr
)2+
3’6 °

interest to determine if the same method and analysis

method was demonstrated for Ni (NCCH It is of

procedures can be applied to a system with a smaller

solvation number. 'For this,pdréose the NipyDPTzf—

_acetghifrile system has been chosen for study.

The general experimental procedures to obtain
/ ‘ . -

the R2obsd‘- tCP data are the samg as.those ?mployed in

the previous study. The experimental résults and dis-

“cussion are'presented‘in the order: the chemical shift

studies, the relaxation rate measurements';nd analysis
at individualhtempératures; and the multiple temperature

analysis of the R, opsd T tCP data.

A Chemical Shift Measurements S

' ‘The chemical shifts were measyred at 100 MHz on
alVarian HA~100 Epéctromqter. At lower frequencies the

observed chemical shifts are too small hecause‘df low

o

solubility of NipyDPT(PFG)z in acétonitrile.‘\The .

cﬁémical‘shifts’of both solvent and.the NipYDP‘I‘z+ soluq_

tions in acetonitrile were measured relative to that of

3



e Aw

‘the methoxy protons of l 4—d1methoxybenzene 1n solutlons

Vs ,
ik contalnlng about 6 8%(w/w) of the 1nternal standard.'.

The NlpyDPT2+ complex always caused upfleld Shlfts '

‘”of the solvent resonance. The dlrect dependency of

tiAwﬂséa'on nlckel(II) molallty, predlcted by equat10n4b’

':71(3 6),_1s conflrmed by the llnearlty of the plot of‘f'

ob sd versus nlckel(II) molallty shown in Flgure 9.

s fThls llnearlty also shows the rellablllty of sample,wf-"h

vﬂpreparatlon. j',T;T“STJ' S «,pgs_

116

The chemlcal shlfts were measured from +40 to L

;A—40 C to cover the fast and the slow exchange reglons.,yf

- y2751nce samples w1th dlfferent nlckel(II) molallty were

\ ﬂ

tlused the observed chemlcal shlft values were normallzed

é

leyvleldlng by nlckel(II) molallty., The average values

‘lvOf Awob

'5?F1gure 10.- The values of Aw bsd/[m] 1ncrease gradually

17w1th decrea51ng temp%rature to about 17 C

e”,:(l/T ‘ 3 9. % lO 3K 1) then decrease rapldly wrth de—-v'h

\ gu;crea51ng temperature as expected from equatlon (3 6)

fvwhen the system approaches the slow exchange reglon."

To obtaln the constant K ; the least-squares“~

”lanaly51s of the Aw b dt; l/T data waS‘carrled.out u51ng“

“‘the procedure descrlbed for the nlckel(II) acetonltrlle

.'system. The analy51s was done w1tilAH* ll 67 X lO3

ﬂcal?mol;;; the value obtalned from the study of Jordan :

o ) » L 7

d/[m] were plotted agalnst l/T as shown 1n .”’""”



o

.‘: _O‘. ‘. ‘.
I
|

Awgpgg, radians s=1
0]
I ]

b
o

T

!

.,\‘
»

9. \?_’2- LA s 1o BRI ;1'4_. 16

1 02 nlckel (II) molahty

Qt‘Flgure 9 Plot of Aw bsd;versus nlckel(II) nolallty for the
NlpyDPTz' solutlons 1n acetonltrlle at 0 . and
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"2 (Awgpsq / [m]), radianss™ molal™!
o

o
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1
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S
|
e
.
e
.
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e

Flgure 10 Plot of D, bsd/[m] v*ersus l/T for for the NlpyDPT2

solutlons :Ln acetonltrlle at 100 MHz .
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' ét al. 5“; The 1nner sphere contrlbutlon glven in

Vreference 51 was flxed in the analys1s and an n value

of one was assumed whlle K and AS* were treated as l"

hflttlng parameters. The results of varlous two— :

'parameter flts are glven 1n Table 17 The adequacy of h.fft
hr,the fit is shown in: Table 18 where the experlmental and. )

’°g;calculated values of Aw.g d dlffer generhlly by less than;rdv
‘l:about lO radlans s (<1 5 Hz) Thls agreement is. con—' .‘
lt51dered to be satlsfactory 51nce the Awthd measurement

lhas an uncertalnty of about +6 radlans s -1 (le)

. SR .
From Table l7 K Values from varlous f1ts agree

$
% .

‘-freasonably well w1th1n the 95% conflaence llmnts.' The.;'”

“K value of 3 OO x 10 radﬁans s_lK fr- _1t_IV¢1s‘

"fon all of the data..




e
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Table 17
*‘““—T——

- Least-squares best flts of the Aw b a l/T data for the

oy

NlpyDPT solutlons in- acetonltrlle at 100 MHz.j

CFit

/
[

B T N E R D .
Nickel(rn) Coast S 107°K.° sl
N ‘ 1 l N . B N g : : . .

CIIr

aY,Cmeihedeaata‘ -

"('f;(a)';AHv, C ,\and E

d'molallty : 5'3 cal mol K  radians s-lK‘,e'

b "10,4#0.2_.f, '3.00%0.09 4.4

L

Com om .were held flxed at l 167 x 10

’tical mol =L 1,251Xb10»-sg;, and l 68 X 10 cal mol

'-respectlvely._,,[“
NData of the three samples were fltted together.‘

vThe K ,values glven have been normallzed to 60 Mhz

E t(d)ﬁ Standard errors of flts are based on absolute re51dualb””’

.mlnlmlzatlen.if"”

1200

. 0,08302 "11 0%0.2 2.85%0.07 © 1.3
©o0.1249 7 .10 3%0. 3 S0 3.07%0.15 0 4.4

0.1496 . 10.3f0.2 © 3.00%0.11 3.7

SV 3 1f"'d



Table 18

AT

'Coﬁparisoﬁ of the“experimental and'caléﬁlatedYValﬁes-of‘

‘Awobsd at varlous tenperatures for the NlpyDPT2

”;solutlons 1n acetonltrlle at 100 MHz.» f

.,»"

' "fv L ;-.,f' U -1
Nlckel(II) o Temp - < Aw obsd’ radlans 'S

. °v‘

b:‘ molalltx e o c:?;:‘_Ekperlmental ' Calculated

o o.0832 2 52,2 . _r¥[57;1 g;;

s R T
0 sed 6200

=25 . 572 s6.4

=15 622 635

121

aj;gi;éOf,_f}v_ig'Q49;bj?.~f;;;,»~44;87,}7,‘ ’

o-40 .2b;7i‘wi:'"7-fl2-9;7.”a

o 0.1249 - 40 7908 sls
. v“'.130"7;v"~1v 81;Q>:i-'  av“84A5i.

200 87;3[\;;,1”aj787;33

‘ E flqu;    f._99;9}a!:.--:1195;5(J 
-5 e7.a - ss.3

i{~;;§o';;n'}"'9%;8;faf-zja,92;8f~,.
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| -Table.lB(COntfd)

(Nickel(IT)«  Temp iy g . radians s™

‘ molélitz.' L e Expérimental“4Caldulatedaf

-

0.1’249 . ': 225 : o 88.0 o v 84.8   P "_J;
=35 . a5 42,00

=40 6.9 19,4

© o.tas6 40  93‘71'.}7':?*V9éﬁ°f R
e |
‘ 5 ?7 e 6’ ﬁ,: : f\ii2g',¢f, >j‘A_ilé;f
4;.%15  ;ff vf 1¥6 o ,,Jf.f¥li4"
:i,;;zs‘ff~?]:'_,9856 'kl ;7{.102 v.
o "‘ -30 - 77.3 Tl'fzj80,8_¢ f_
‘  fR>f.j3”-ﬁ  | '“;55,‘_; {f s4;7 {;_{".‘59;3 ‘.‘

?’Tiv- T St s T s
. Calculated values of,Awbbéd;are,frOm;Fit-Iﬁ'II,”ahd

' IIT of Table 17. ~



-1/t Cé 1n Flgure ll The full results are glven in o S

- ,llmlt RZobsd 1ncreases sllghtly w1th decrea51ng tempera—'

123

B 'Relaxation Rate Measurements and Data Analysis- -

J

The R1 obsd | was measured as a functlon of

nlckel(II) molallty at 25 C and 54 7 MH2z and was found

to be a llnear functlon of nlckel(II) molallty. Thrs
. conflrms the dlrect dependence of ‘the relaxatlon rate

on nlckel(II) concentratlon predlcted by equatlon (l 5)

j - v

‘-and'suggests the rellablllty of the sample preparatlon..'

T The R. offth‘e.-NJ.pyDPT2 —acetonltrlle system

20b d

was measured as a‘function of tCP at 60 MHz . from =32. 3°c

v>to~—46 8éc - ThlS temperature range covers the slow ex-
: change reglon and the 1ntermed1ate exchange reglon;
T where R2 b d is a maxxmum v Measurements above ~32. 3 C,,‘
lln the fast exchange reglon were not attempted becausei_
clt was found in the nlckel(II) acetonltrlle system\that

u_the solvatlon number could be determlned best frmn

-

-results 1n the slow and the 1ntermed1ate exchange reglons.
'g-Measurements at temperatures lower than‘-46 8 C could

’f not be carrled out because the solutlon SOlldlfled

B 'Selected R2 obs d values are plotted agalnst-

e

prpendlxIS From Flgure 11 1t can be seen that the Rzobsd -

varlatlon w1th temperature 1n the long tCP llmlt agrees

':w1th that found by Jordan et aZ S In the long to
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o . ° . . - L
ture from -32.3 -to.438.1'C'then‘decreases‘with decreas-

ing temperature; The magnltude of R2 obsg adrees within

10% with that found by Jordan et aZ 51, |
)long t

It is apparent (Flgure ll) that the cp

limit and the*intermediate top region are well defined
at each ﬁemperature but the short'-tCP limit is absent
at all temperaturesvdue to the instrumental limitation. .

'iLowering the'magnetic field to a 10 MHz proton resonance

frequency dld not help to make the short té limit‘

gracce551ble. However the R20b d measurements at 10 MHz /

/
prov1de another set of data for the’ determlnatlon of /

the solvatlon number

vIt should‘be'mentioned.here that\lowering the
resohance frequency from 60 MHz to 10 MHz shlfts the

'ntenmedlate exchange reglon, where R2 bs d is a max1mum,

£ m<—38 C (at 60 MHz) to a lower temperaturerv ThlS is

: expected because R20bsd is a maximum when K

prAw? = 2t (3a1y.
-mm m : . : T ,

¢

If Zm 1s decreased 6 tlmes by the change 1n frequency
xthen Tml must decrease srmllarly to satlsfy this

,COndition. A con51deratlon of the temperature depend—

3

en01es of Awm and Tm; shows that ‘the max1mum temperature

‘,( mz)yat a new.frequency'(vz) can be estimated from thatl
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(Tml) at another frequency (vl)aby  an iterative
solution of the equation

1
k] ) . . i

/) = (/T ) 4 R/ R /v,) + an (T /T )]
v (3-12),
In the present case Ré g a is expected to be a m§x1mum
at —53 C at 10 MHz Slnce the solutlon SOlldifled at’
-477C the 10 Mhz data must all be in the fast exchange
. reglon‘whlch was found to be poor for the aetermlnatron
of the. solvatlon number in the nlckel(II) acetonltrilek
system For thlS reason measurements ‘of R2 bs d at lO MHz
were carried out at two selected temperatures only
The .least-~ squares analys1s ‘of the R20bsd ;'ECP]
o data was carrled out u51ng the procedure descrlbed in the-
study of the nlckel(II)—acetonltrlle system.‘ The-goals
.ofvtheﬂanalysfs‘are tondeterminevhmﬁ;and to determine |
if the criteria' for selecting the correcthsolvation '
number establlshed in the study of the nlckel(II)-

’acetonltrlle system also apply for NlpyDPT2 in

 acetonitrile. T
The'analysis at 60 MHZ*was carried‘out using’
the 1nner—sphere and outer- sphere contrlbutlons glven

by Jordan et alll, In thelr treatment of the data

the R values were flrst fitted to equatlon (1- 5)

lobsd
7 to. glve



"3

3.42 x 10 l1.68 x 10 ' :
Rim = ( =5 )exp (———x ) o (3-13).
Then the assumption Elm ;'EZm ='Elo = Ezo was made. Wlth

thls assumptlon and the values of the parameters contalned

in the pre exponentlal terms 1n equations (l 21) and (1- 27)

the ratlo (C /C )—0 688 was calculated for. the NlpyDPT2
complex in acetonltrlleSI, ‘and flnally the Rz' and R, from.
'the}least~squares analysis,were given by -
5.07 % 10 " i.68 x 103, Cay
R2m‘ = nr ) exXp (T -) f3—l§)
0 (3.A4'9'§< 103 . (1 68 x 103) ,. | (3-15)
P20 T nT P RT S
-1

The lnltlal .values. of the fitting parameter T andﬂ

Awm were obtalned using the procedure descrlbed 1n

)
‘Sectlon II Two parameter (Tml
1

parametqr (T; ¢ Rypr and-dw ) fits were carrled out and

~and-Aw ) and three-,

fthe results are glven in Table 19 and Table 20, Further

dlscu551on will be" glven after the analys;s of the 10 MH;

:data 1&.descr1bed

At 10 MHz the 1nner-sphere and outer-sphere
ccntrlbutlons needed fé& the/least squares analy31s were
obtalned us1ng the procedure described for the 60 MHz
analys1s. ‘First, R lobsd at various temperatures 1n the.r
_fast-eXchange'reglon was;fltted to the equatlon_ e

@
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Rlobsd_zp?lem'+>Pleo;+ R1591V': | ,ffa‘d epd(3516)'"

L., e s

tovobtafn ﬁi and'Ri: descrlbed by equatlons (l—?l)'and
e £-
- v v
| (l 27) under the assumptlon Elm, ?10 and (CZQ(sz)
}s" e ,0.688.' Then, u51ng Rl and Rl as the lower limits,
| Ryp and Ry, are given by

> . w

o 'V';f" -"‘~_ 4 81 X 10 } | - -
N 3 . Z%le*'f" (v-‘;nTO » )exp( ”RTﬂfﬁ.)3, - (3-17)

3 L3
oo 3 3.x 10 4 56 x 10
Rio _(f——jﬁf———)exp( T —) .

vt ; T . v
f RS T cL .

(3rl8)r

b‘ Both the 1nner-sphere and outer—sphere contrlbutlons

, : N SRR
Vot f_{»; were flxed to values glven by equatlons (3 l7) and jg]‘ e
RN ,~.»(3 18) 1n the analy51s. The n value of lzas cond@u ed

from the 60 MHz ana1y51s was used The results of the

b?f,two—parameter (Tml and Aw ) flt are glven 1n Table 21

The 1nfluence of R2 on the flttlng parameters :

tk'i;l and Amm 1s examlned in- Table 19. ‘The results are A O

‘. 2 Ll
;fcompared for three parameter fltS (Bz Tm}kqand Aw )

*( ' ) B ; ‘Y"Y - . T T ""f ’
A _vy.-and two—parameter flﬁs (R 2 held flxed at the value‘“gg o |
AT CLq e ' e
W T_vglven, Iml and Awm are flttlng parameters) A change ’

T;'ln‘RZm by a factor of two changes Aw by only about 7%

andﬁrml by even less. Thls 1nd1cates that the‘@gnen— Ry
: i j.g,z;.@_‘_- y e s

sphere contrlbutlon does not have 51gn1fic*"t'lnfluence /bﬂ¢f, f‘ﬁl

i ?f,:~_on‘T;1 and Awm con51stent w1th the observatlon on the T'

Tu

e nlckel(II)—acetonltrlle system b”ﬁ }."‘l[jt“j;qu;ﬂ;;v”'“

Sy '




- jO 04936 molal NlpyDPT2

g;//< ;

9Least—squares best fltS of the R

e 'fa o 54-_1f

C }'dRZm : lO_'I‘Tm
DY

lO Aw

Table 21. - '

2 bsd CP

da%a for the

2. b-

»g;‘iq S.E.

:.5532L8'u 52.0

@ R

=271 49.7 ' 2.07:0.23

“1;3910Q20

IR

)‘radlans s
G2.07a0,08v=

©2.2120.11 .

-2m

re51dual mlnlmlzatlon

e

‘was’ held constaﬁt at. the value glven.d.

‘lffb), Standard errors of the flts are based on relatlve s

rsolutlon in acetonltrlle at 10 MHz.:‘



. The questlon ralsed in the study of the
'nlckel(II) acetonltrlle system about the effect of the

1n1t1ally assumed n value on- Tml:and Aw 'flnds thevsame

L‘hanswer w1th the NlpyDPT2 -acetonltrlle system The‘r“

s made;

fThe uncertalnty llmlts of the parameters anc thevf

qual;ty of the flt is not 51gn1f1cantly affected but

\fanomalles appear 1n the temperature dependencres of

1

T and Awm when an 1ncorrect 1n1t1al assumptlon of n

‘m-
9

Flrst of all the quallty of the fltS w1th n=1

;and n~2 ‘can be assessed from the results 1n Table 20.,

A

"dstandard error of the flt are larger for n—2 than for

~n;l However the experlmental and the calculated valuesf”

'»’6f w1th ‘n= l and n 2 agree qulte well (Table 20),

2 b d

'“the two values at —38 l C, where the standard errors of SR

K

f,fthe flts are most dlfferent are\compared<$n Table 22

"jfselectlon ofythe solvatlon number

'ﬁ'doubllng as. expected from the AH* value.‘ The abrupt

‘Vf{vchange in- Aw between —42 2 and —38 %g§ 1s also

.,anomalous. However w1th n—l the normal temperature'

o : R R

lehus the uncertalnty llmlts of’ the parameters and the

bstandard errors of the fltS do not prov1de crlterla for :

<

When n—2 is. assumed anomalles 1n the tempera—__

AT

;;ture depenﬁenc1es of T s and Awm'are observed 1n the'

=

132

?h'lntermedggte exchange reglon.v Betweeni—38'l' and -32 3 Cr

Bremalns essentlally constant 1nstead of approxrmately,f_' '



T e R &
D
‘Table 22

‘n'flg:: o Comparlson oﬁ the experlmental and calculated values of

2obsa w1th n=1 and n=2 for ‘the 0. 04936 molal NlpyDPT2

solutlon in. acetonltrlle at —38 l (o and 60 MHZ l.\;‘

1000 155 v 16l4 0 i16.0
6:67 - . 15.4 ., 15.6  16.0

5,000 15,5 15,6 - 15.9°

‘3’33;93“ o1b.a e 15:5f.;315;8;‘f:~{-*
Y200 0 152 . 15.3 155

1067 . 15,2 1si2’ 15.4

"f1g43_ lfdtliséb'~fl‘fal715;l'l‘15ﬂ3ﬁ7'
L 1l \?;15?3;‘a‘~f »filS-Odf'_lS}Z'”

“~r' ::"f‘a;- iy :f’“i;doit\f;flfa14;8 - 'i[ff21413.' aié;o o
=  o.s00 L1500 146l 1407
.Jz”o 57117 ’aﬁl“léid'}ff1;¢l"14;i“d”’14;11aj3"
Y 500 Aj}aﬁlgi3J§lﬁéjf}f?*'13-9f5d*l3>8':«

- dVdfo;444‘_;g',}_13;7'l_lf ~l\;13.7j ”,134522.

o oaee 137 13 13
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. aTablé-ZZ(cOnt'd)v

,ms

__9_1_’_____ - RBaob
0.333 - 1

0.308 1

’A.”o.2863 o
0.267 1
Co.250 11,
S o0a227

sd’
2.9 ,
2.6

2.5

0.178

:"f3,0;149;ddfxu

a)

26;135ﬁff'5‘
7o{1i7f7:§d,'
Oﬂiiidgd ‘
;bﬁibé'f}f
0.100 -

. R
R2(calcd)

7

S

n=1

'5dn¥2

124

12.1

13.0

12.7

Standard errors of the fltS based on relat1ve<*d”""

and (b) 2 35 m 10 -2

for n—2 ‘

: re51dual mlnlmlzatlon are (a) l 10 x 10

12,6
,112;3A;x
dl2;§du'
:*iig7;,‘
ik

“110.

2 for-n%ilf

134




‘ -ezfn value has been assumed 1n the analy51s

135

1dependencies‘ofpf;lLandew , predlcted by equatlons :
'kleﬁi,and (1—8)} are observed
For the purpose of calculatlng the solvatlon

number it ds 1mportant that Am can be_determlned
1ndependent of the assumed n value ‘ The ‘results in
Table 20 show that thls is: the case 1n the slow exchange
4areglon (= 42 2 and —46 8 C) - . S P =

: Two 1mportant observatlons from this analy51s
'agree‘w1th those from the nlckel(II) acetonltrlle system
The‘value of)Awm is 1ndependent of the lnltlally assumed
fdfn Value 1n the slow exchange reglon.‘ The expected
:ltemperature dependenc1es of Tml-and'Awmﬂln the 1nter;.;

Lmedlate exchange reglon are observed only when the correct _

The solvatlon number now can be calculated

=1

fromnK = 3, OO X lO6 radlans s 7K at 60 MHz from the h

“chemlcal Shlft studles and Awm'at varlous temperatures

Ca

"vafrom the analysxs of the R2 5 d :-.C data w1th n= l |
‘h;The calculated values of the solvatlon number are’ glven -
fln Table 23 for both the 60 MHz and the 10 MHz data.a?;;
. The average solVatlon number w1th one standard error -

.ﬂrcalculated from the 0 HEz data is 0.87 + 0. 04 and the

.riaverage solvatlon number calculated from the lO MHz,r

data is 0. 96 +70.02- Aﬂ i
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Tab1e123t o

Calculatlons of the Eolvatlon number of the N:prDPT2

acetonltrlle system from the GO'MHz and 10 MHz data.

. e T '44‘ . o a
oL C'~" ,10 bug -~ Mealed

' radians s
‘ ‘ 60eMHz
=32.3 . 1.36 - 0.92 |
-38.1 ,1.47”“  0.87
-42.20 153 0.85
68 L RTE 0.84
-27.1 ' .0.027 0.98

L 232.8 t‘;'0;2215a"3 .0.54 ‘".ua:_”f o )

a(a)'aCalculated from n—K (Am T) w1th K, —3 oo x 106 R

o

‘radlans s l K (at 60 MHz) from the chemlcal shlft
‘ studles and Awm from the R20b d CP analy51s w1th n* i

'afrom (1) Table 19 for 60 MHz calculatlons..(ll) Table‘-

21 for 10 MHz;calculatloﬁw



\

~n = O 89 0 04 from Flt III 1s in muC'}

. 137

Cc Multlple Temperature Analy51s of the R Data .

20bsd CP

Multlple temperature analy31s of the R2 obsd" CP

. data descrlbed in the study of nlckel(II) acetonltrll\\\

'system was applied to the NlpyDPT2 —acetonltrlle system.

The analys1s was carrled out for the 60 MHz data only

~'because there 1s no slow exchange reglon data at 10 MHz.

' The results of varlous flttlng procedures are

‘summarlzed in Table 24 The effect of changlng the
vassumed:solvatlon number from 1 to 2_1spshown by.Flts

'III'andvIV.“In:these fits R, . and R were fixed at

2m -Zo » T _-,Q‘

A

values given by7equation3‘(3~l4),and (3—15)‘fé$PectiveIY'

and the flttlng parameters are C and AS* Thetstandard;

v

:error of the flt 1s about 6 tlmes worse when n—2,'and '

the 1nadequacy of the flt ‘can. be seen- from the dlfference
! [

tbbetween the experlmental and calculated R2 obs d values

| in AppendeB When n—2 the dlfferences are often in

- B

’the range of 20%, whereas when n=1 the dlfferences are

3

'2 3%.' Clearly n—l is the preferable ch01ce of the

fsolvatlon number.< e

Theisolvation,number'calculated from

n =K /C' =‘l'46- 0. ll (Flt IV) is 1ncon51stent with the o

'flnltlal assumptlon of n—2 However the calculated

v
#

1, L
'etter agreement'

w1th the 1n1t1a1 assumptlon of n=1. These observatlons

o are a further crlterlon for choosrng n—l
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and n (Fit I) and C, } As*, C

The'additidnal fits,in Table 24 use Cw, AS* -

+ C,_ . and n(Fit II) as

2m 20

' f1tt1ng parameters Both-of these fits‘give.a good

‘representatlon of - the data, as can be seen by comparisdn

of the standard errors to that of Fit III Since n is

'a f1tt1ng parameter in both fits ‘the results are

J,lndependent of 1n1t1al'assumptlons about n. The C

Values from these fits differ by less than 10%. so that

'Cw is relatlvely 1ndependent of the magnltudes of R2

. 20

an unrealistic value for Rzm:in‘that it is smaller than.

"R, , see'equationf%3—13) —Fér this reaSOn Fit'II_will o

lm,

:not be used 1n the solvatlon number calculatlon.

. The Value ovaw-=‘(3.24 + 0.11) x lO6 radlans )
s™lKk from Fit I can be combined with the K =(3. 00 * 0. 06)

s

X lO6 radiansts lK from the chemlcal Shlft measurements :

'nto obtaln a solvatlon number of O 93 + 0.06. ThlS

result is cons1stent w1th that from the 1nd1V1dual

'temperature fltS, and can be taken to 1nd1cate that one

acetonltriiermolecule 1s coordlnated to the metal in

the NlpyDPT?'eacetonltrlle system.“

140

~and R . It‘should be noted that—Flt II actually yields o



A'these results constltutes tne flrst part of thlS S

. S | 4 141

\
IV Determination of the Solvation Number of NiTRIZ' )

in Acetonitrile
I}

The nmr method to determine the solvatlon
’?number has been applled to the nlckel(II) acetonltrlle

and the NipyDPT2 —acetonltrlle systems. The method gave

3

con51stent results for these systems whlch have qulte
dlfferent solvation numbers. Now the method will be

'applled to a system in whlch three coordlnatlon 51tes

-

'are occupled by a stable SChlff base llgand namely,
IR

-

trlbenzo[b f,j]-[l 5, 9]trlazacyclododeclnnnlckel(II)

4)2}

' perchlorate{NlTRI(ClO
Slnce the 1nformation about. the exchange rate,

the 1nner—sphere and the outer- -sphere. contrlbutlons of ’@rj
the N1TRI2 —acetonltrlle system were not available, a .
relatlvely exten31ve study of the temperature dependence'

of R20bsd and Rl bsd was undertaken. The’ analy51s of

tlon,
. ,
whlle the remalnder descrlbes experlments and: analyses

,51m11ar ‘to those in the prev1ous two sectlons.

»
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A Measurements and Analysis of R as a Function .

20bsd

g
S

of Temperature

The R of the NirRI’¥ solutions in

lobsd

acetonitrile was measured andw

. . [+]
sample molality at 26.4 C and 53.14 MHz and was found. to

plotted as a function of

be a linear'funCtion of NiTrI%* molality. This observa-

SRR A |
1obsd on NiTRI .
concentratlon predlcted by equatlon (1- 5) and shows the‘ | '

tlon conflrms the dlrect dependence of R,

rellablllty of the sample preparatlon.

In oxder to determine'the exchange*rate ahd,the
lnner sphere and the outer—sphere contrlbutlons, values
of R -at long t values and R ‘ were.measured_

20bsd lobsa - easut
'from 35. 6 (ol to -35. O C at 53 14 MHzZ . 'Measurements at

deflned by the experlments down to -35. O C.n'
© "ba

Plots of R1 b a and R20b d _versu%

from 32 0 to —41 6

. carrled out . at 10 MHz

o ﬁaximum, at about 30 C at 53 MHz and about 76 at 10 'MHZ,
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Flgure 12 »~Plots of RZobsd versus 1/T (O) a’.nd. RlobSd
versus 1/T (0) for the 0.1199 molal Ni’I_‘RIZf
solution in acetonitrile at' 53 MHz .
X } . “ o 4
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. ' hmand decreases rapldly w1th decreas 1;? w- _J{;?;does} A

- *through a mlnlmum at about*—l7°;m1 ‘ | ) at

} 53 MHz and 23° l/T 4 Oxlo Kl )bat 10 MHz, then gradually 8
‘;1ncreases w1th decreaSLng temperature.‘ These observa-
-Jtlons agree w1th the predlctlons of equatlon (1 2). The il"

":‘varlatlons of Rlobsd w1th temperature at both frequenc1es"
'”_are con51stent with' equatlon (l 5). The decrease of

R 1ob d w1th decreasrng temperature after the maxxmum 1s o

_mnot rapld.because Tm has a small 1nfluencevon Rl bsd ;éf;f{.f};

‘“T_fks-jt;fas expected from equatlon (1 5) hffs, rAI'.;f' _
.}ﬁ_,t; ij:4ff::: It is: clear from F gures 12 and 13 that the
»»outer—sphere contrlbutlons t both R2 bsd and Rl b d‘are

,j*reasonably well deflned by‘”he data at both frequenc1es.g S

jThe slow exchange reglons : both frequenc1es are well
”deflned however the excha'ge parameters AH* and AS*
wont obtalned at 53 MHz are more‘rellable because Tml makes e
L n,20bsd at 53 MHz than at 10 MHz'f‘JL,{f3i~5
L}Thus AH* and AS* w1ll be

;aa larger contrlbutlon to
erlved from the 1east—sqdares' ;r?j
.analys1s of the 53 MHz d ta. Slnce the 1nner sphere

‘}contrlbutlons to RZobsd)are not deflned by the data at

SRS __z__

t/:;' felther frequency, it was necessary to use the estlmate« f}»

"aﬂ o Vof the 1nner—sphere contrlbutlon from the Rl b d data

’fi‘«uiﬁ v;based on . the fact that R2 - levand the flttlng pro— "

Ry SR : TS
“‘ﬁ‘-_,-'ocedure descrlbed bel@w,_~_ R T A PS Y
Lo AT e S e g ey :
/ 9 U T . Y




sﬁ-hconstant at the value estlmated from the analy51s of the i

"etthe analysis of the R

ey LT e e

_ lobsd
fiAs

"__t

‘xiusang the 1n1t1a1 guesses for N
'from the plot of R,

T

@from the chemlcal Shlft studles (gl%fn 1n the next

.lvwhlch 1n turn were used 1n the Ry

g

The Rl bsd 1/T data were fltted to

p‘equatlons (l 5), (l 6), (l—21), and (l 27) and the

Zobsd

l(l 8),1(1 21), and (1—27) u51ng an 1terat1ve non—llnear ‘
,‘vleast squares programme In flttlng the R2obsd l/T‘[;

‘data the 1nner—sphere contrlbutlon was always kept

i and

/ 1/r data.d To flt the Rl bsd

’% l/T data,:Ai
y .

E R

lobsd

The analys1s was carrled out flrst w1th the

‘w53 MHz data whlle keeplng only the lnner—sphere constant

20b d

# and E

‘.20' 20

Zob é veré&s l/T (Flgure 12), and C

“ Y

*»..-, e

nfpsectlon) The n: values of 2 -and” 3'were assumed hé?v

vf?analy51s gave the prellmlnary values for AH* and AS* 5'-u”ij'

i lobsd

!

f'_'to obtaln the bestvvalues of C x and Elm Wlth/the

“1m.

”-fllmltatlon noted rhe flttlng process was repeated to

foptlmlze to seIf con31stency between the Rl and R2 data s

)

'»setsa The resul s are summarlzed 1n Tables 25 and 26.

At 10 VHz the analyses of the R l/T and

2'bd

1obsd I/T dat“were'carrled out us1Fg"the procedure o

l/T data were fltted go equatlons (l 2), (l 6),,'

were kept constant 51nce Tm"ls a small contrlbutlon R

-1/ data was carrled out _fi'
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descrlbed for the 53 MHzZ: data except tﬂat in the R2 obsd

analy51s, AH* was fixed at the value given by 'the 53 MHz;

.analysls. The results are glven in Tables 27 and 28.

: and B, (Tables 25 and 27),

(Tables 26 and 28) obtalned from flts w1th the assumed

.The values of AH™

'.lm

.o values of 2 and 3 agree Well w1th1n the 95% confldence

lgllmlts as expected since’ these parameters are 1nherently

f_blndependent of the n value.n Although the flttlng para-v7

Lmeters C. . and C .are- based on the assumedxlvath thev i

: m. - 20

'tixproduct nC and nC are constants as: shown 1n Tables

l 20

”f{>25 to: 28 The 1nner—sphere and outer—sphere contr1but10ns~

'now can- be glven for future galculatlons-=

At 53MEz P
ey F[; (L 01 x 105)exp(4 91 x. 102)
St Tem T m T T AT RT

Candl l' T
o o 312 x10t o 1.a3 w103

v
o

A

R S SR
, At 10 MHz .

e 5 g
p i (6:74 x 10

-Zﬁ * R = 0 ~nT: ) XP( “RT T

R 25 X 10

t(é;zoj.l

2911 x 10 ) q3-21)
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.

.B Chemical Shift Measurements

The chemlcal shlfts were measured at 60,MHz and
80 MHz on Varian A56/60 and Bruker WP - 80 spectrometers

respectively. The chemlcal shlfts of both solvent and

the NiTRI2 solutlons in acetonltrlle were - measured

:relatlve to that of the" methoxy protons and. the phenyl
protons of 1,4- dlmethoxybenzene in solutlons contalnlng
about 7-116(W/W) of the 1nternal standard- the average :

values of the shifts are used in the subsequent analy51s

2+

The NlTRI complex ‘always caused upfleld shifts of the

- ./
solvent resonance.

The chemical shifts were measured'fromYIOO'C
- o X
to 25, 6 C at. 60 MHz and from }10 C to 30 C at 80 MHzZ to

-cover the fast and the slow exchange reglons. Frgures,
,Vl4 and 15 show plots of Awob d versue l/T at’ 60 MHZ - and

80 MHz respectlvely The value of Aw b a 1ncreases

,gradually w1th'decreasrng temperature above 57° o }@;f

3 .

(l/T = 3.02 x lO ) at 60 MHz and 61 C (l/T

3. 0 x 10° 3 ) at.. 80 MHz then decreases rapldly with de-
crea31ng temperature when the slow exchange reglon 1s A

reached as expected from equatlon (3-6).

To obtaln-K ,~the least-squaresaan

‘the Awobsd ttttt

descrlbed,ln'Sectlon II. . The analy51s employedv

C
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oo T : S , | | |
90 N |
80 __.-
701
60

50 - - _
OF .

30 -

Awgpsg, radians s

20 -

) ) . l .‘ . .. . l ;‘, : . l : ) l ‘. ) ‘ l
N 260 - 280 3oo - 3.20 3.40

03/T K“

A

" Fiqure 14 ° Plot of Auw versus 17 for the o 1199 molal
—

2+

obd

NiTRI solutlon in acetonltrlle at .60 MHz .
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200 T T T T 1

o
o
1

‘Awgpsg, radians s~
Lo
O.
|

20 - . A S 3' "_.

T S R S TR SR S S ] |
260 - 280 300~ 320 340 .

103/T, K"

A 1

FiQUre 15_ Plot of Awébsd versué l/Txfdr the 0:1199«molal 
.  NiTRI2+ sqluﬁionvin acetonitrile at 80MHz . -



£ _ 3 o L . C
AH_ = 15, § x 107 cal mol given by the R20bsd 1/

analy51s at 53.14 MHz descrlbed prev1ously. " The innerf
.sphere contrlbutlon was fixed at the value given: by |
equatlonu(3—19).. The :esults of varlous fits .are g;ven
in Téble’zgt T l"« \ |

The adequacy of theé fit is shown in Table 30
| v

: where'the experimenta1 and the calculated (least-squares)

-1

values of Aw differ by less than 7 radlans S.

obsd
(1.1 Hz) for all but 5 of the 32 data p01nts. This
agreement is con51dered~good since the Aw obsd measurement
-~ has an uncertalnty Qf about _'6'rad1ans s =1 (1 Hz)h

From Table 29, the K value is 1nsen51t1ve to

a change in. the n value Wthh is con51stent with' the

results observed from the nlckel(II)—acetonltrlle system;

The K values from fltS at 60 MHz and 80 MHz do not agree»

'Wlthln the 95%\conf1dence llmlts.t However the values ‘
only‘dlffer by about G%f The Km % (5;59 + 0.18) x_le.
fadians's_lK.from\fit \ is ehoseh for future caleulations
sinée.it represents beth the 60 MHs and 80 MEz data.
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Table 29

Least—Squares best fits of the Awobsd*l/T data for the %mQ

NiTRI%" solutions.in acetonitrile at 60 Miiz and 80 MHz.

Fit® ¢+ n As*xfw | 10™0kw P S.E.C

o ﬁ ~calmol k1 radians s-IKG~ L

1 :3?., 9.87#£}26: o 5;70¢o,24v‘ | 5.15 X

11 2" 10.7 0.3 5.70%0.25  6.15 |
 111 3 10.2;¢bﬂ2‘ | S.ssto,icv . 2.84 .
2 1l.0:0.2  5.3620.16 2.8

v .o 2-"\10.8‘10.2e . 5.59%0.18 " 5.53

=
(a) 1Fits I and 11(60.Mﬁz) as well as Fits III and v
.(80 MHz) are obtalned from 51ngle sets of data,
'whereas Flt V is obtalned from,a COﬂblnatan of N
'the ‘60 and 80 MEz data. | |

"(b) The values glven have been nomallzed to 53 14 MHz

N

.(c)‘ Standard errors of the fltS are based on absolute.‘
o 1 .

resldual mlnlm;zatlon.:
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o @ O

o B

: . Table 30
& |
Cqmpg:ison of the experimental and the calculated (least-

squares) Aw_, .4 values for the 0.1199 molal NiTRI’*.solu-

tion in acetonitrile at 60 MHz and 80 MHz.

\

& . : . ,
Chemical shift, rad st v

® Cc ' Experimental ° Calculated L A .
- : 60 MHz -

100.0 80.1: - . '83.0

S o930, 817 . g4.6

- 82.5 -  g7.4

3

S8l

Coa

82.0 . 88.5

87.2\1' . 89.9

b ",ﬁs.% L s0. | |
t'ffv:87.2? o  91.6
: 1']Qo;4 o “91.6 ’
; w888 “9%,5 ’
. ; :\81,7 I 86.5 B |
' 76.2 o~ 74.8 B S A \
g 746 686 >
; 59.7 . 61.3 S | N AR

‘ : : . o s : :g
5.1 . 48.9. o | o

23.6 23.2
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20bsd _ltCP‘Data“'
RN I K X"" R — e -
e ; :\‘-"-,x. BRI

Measurements of ‘R, obsd as a functlob of tC

were carrled out at 53 14 MHz in the temperature range ofdl

C lMeasurements and Analysrs of R

35 6 to -O 3 C.. ‘No. attempts were made to measure R20bsd

’ : f at temperatures lower than'—o 3‘C srnce the change ln &
‘4} E *').

20bsd
small to glve meanlngful R20b d

between the long and short t 11m1t59w5uld%§eﬁtooffn ;"“{ﬁ‘>
N . EESRES

B T ISP S

J@CP dependenc1es.w

lhfjhfpx,1ir Selected plots of R :versus l/t are shown in Flgure“

R 20bsd CP
Qiiftf:{.,pﬁﬂ’lG' The full results are. glven ln Appendlx C The liél

o results ln Flgure 16 show that the long tCé llmlt and the;~'“

1ntermed1ate tC: value reglon are well deﬁlned by the.

'i:j-’ X data but the short tcP llmlt 1s not. ItZWas necessary towﬁ_fufr‘

easurementsfat a lower resonance freq@ency 'S0 ‘;-_a
RN Rt = ' : / o g F oA
S e tha% the sh.rt tC *llm t would become“acce551ble. There-._~vf\%,__@'

Roo b d :itCP measurements at TO MHz were carrled outiffﬁ

ln the temperature range of 20 0 to -6 1 C whdch covers

PR -;:carry oub

fore R

the fast exchange to the slow exchange reglons (Flgure 13)

Au\ Selected R, versus l/t cp- plots are Q1ven 1n Flgure

*20bs a .
17f‘ From Flgure 17 the long t llM’t, the 1ntermed1atef

I

h CP value reglon, and the short t lunlt are well deflned»j, \f.sVJ:;
by the data..'a*fr,»j]“f“‘}“ ;'\;g f.fjﬁ #”3~’55 f'ﬁvf S e

"@fﬁ@df,r‘f ,7‘ a”l‘y- To determlne Aw 'and to determlne rf the w::_ f’f ﬁr\ﬁjh

1

crlterlon for selectlng the correct solvatron numher

i

I ‘

7u{cf?dhf'¢;i establlshed 1n the study of the nlckel(II)~aceton1\rlle “@

PR
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]SyStem.is,applicable,td'the]NiTR12+ - acetonitrild system,

the, R20bsd =y cp least—squares‘analy51s was carrled‘out.

7‘The analy51s procedure 1s the same as that \described-

&
P

‘,preVAoulew-

The analysis was carrled out usrng the inner-

.sphere andfthe'outerFsphere contrlbutlons glven b

’.‘equatlons (3 19) ‘and (3 20) for t 60 MHz data,
: o

equatlons (3 21) and (3- 22) for 'the 10 MHz data. ;Tné,“

. 20 b
) ( ’ -
.naly51s 15 used%ﬁ@r the/}nitlal guesses.f The in tlal o

‘thguesses for the Aw @éléss were glven by Aw :emk
x.ww1th assumed n values of 2“and,3 a&d K from the

7shlft studles.n The results of ghe three paramete'dum P
‘ @ I

'},~f(R' ,'1;1 and Aw ) flts for the 53 MHz and the 1 Mﬁ&

o pth;l and Aw parallels those observed in the nlckel(II)—.'.

'"ugacetonltrlle and the NlpyDPT2 - acetonltrlle sys,ems,_

;i;e; the quallty of the flt is not s1gn1f1cantly gffected
but.anomalles in the temperature dependenc1es of T -1 B
'and Aw are observed when an 1ncorrect 1n1t1al assumptlon
"r;'of n gs made.,f | "v “ : d“-i bp?i;ih,
| 14lf The quallty of the flts w1th ns2- and n—3 can

be assessed fraﬁvthe uncertalnty llmlts and standard

% : PRI L "a“,_' “ o

iferrors of the fltS’glven 1n Table 31 and Table 32 at 53

f,MHz and 10 MHz respectlvely.. The uncertalnty 11m1tsrof
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B

. ature dependenc1es of Tm
‘change by a factor of 1.6 as expected from the AH
'factor of 2. 2 The abrupt changes 1nvAw»

Tﬁ.'assumed the normal temperature dependencies Of'im

bw /)y 4 as predicted by equations (1-6) and (1-8) are

for the determlfatmon of the/solvatlon number.

f‘.%‘
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the parameters and the standard errors of the fltS are

I

only sllghtly smaller for n=2 than- for n~3 yet the experl— B
mental and calculated values of R2 obsd Wlth ‘n=2 and n=3
agree quite well the values at 24.7°C(53 MHz) and. at

5.0 °C(lO MHz) where the standard erro}s of the flts

dlffer most are . compared 1n/Tables 33 and 34 Thus the

quallty of the fltS does not prov1de a crlterlon for
g . .

fch0051ng the solvatlon number,

'When n=3 is assumed, anomalles 1n the tenper-' L

-1 and-Awm'are observed 1nathe‘

j1ntermed1ate exchange re@ion.;Between 24. 7°‘and 30 4°C

'(53 MHz) Tml'changes by a factor of 3 7 1nstead of a

£
( . l * .
value, and between 5. 0° and 12 8°C(10 MHz) Tm changes

vby a factor of 4. 4 1nstead of the expected change by a.v,

*obsa Petween

g such temperatures are 'also znomalous. When n=2 is

'

observed. The results from Tables 31 and 32 also .

"indicate that‘Am'7is independent of'the aSsumed'n value.

1n the slow. exchange reglons. ThlS is very rmportant'

Two i portant observatlons from thls ana1y51s

re cons1stent '1th those 1n the studles of the nlckel(II)—?

e
-
\
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Table 33

rcdmbarison of the experimental_and the calculated (least-
' sguares? R2obsd v;lues with n=2 and n=3 for the 0.1199

, | . o
’molal;N@TRIz+ solution in acetonitrile at 24.7 C and

53_MHz. 

o a -1 7
R (caleca) ' S /

st e 0k, mgMe o Roy s - = =3 '
| ¢ cp! s 2 26bsd’ | n=2 n=3 '}/{

Jfstgo- o 49.3 . 49,2 48.3

R B - - R \

Ctaloo 0 49.1 49.0 . 48.2

r9x3133;'  ‘» v'4g;8\ 7"- . 48.8 . 48.1 i]
" 2.86 1  f- 49.8 -  43.§: - 47.9
2.50 499 484 a8
27oo@Q ase. 150 47.6
1.67 - ‘ 549.0 o  _1";47f5 - 47.3 .
Cras 0 a7.2 ;  :"“ 47.1 ar.0 e
1.25 - 46.9 6.7 . 6.8
Sl R  ; 46,8 . 46.2 6.6
ff i;oo',* Coss.7 45.8 46.2 |
’_9;909" . ss.8 45,4 ’45.8 
1,;0,833“‘ ,‘  5.4 449 457
f,o,769f'l L a4i2 H | B 44.5“¥ 45.6.
0714 - 444 44,@ o 45.6
'f0;667~f~ -,; 439 T43;8» 45,7 -
0.588. 4355 42,9 45.4
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Table 33(cont'd)

R S | 1 .
2 (calecd) ”
n=2 _«n=3

"

4
-

tepr s Roobsa’ ®

0.526 427 42.0 4.5
0.476 - \'4;;5‘, ~40.9 43.2
0.435 - 39.6 i;f' - 39.7 ’_ 41.5
b,4oo A 38.4 -38.4 _‘239.6‘

. 0.370 o396 ¢ 36,9 37.7
0.345 . 35.5 35.5  35.8
©0.323 ,;“" 33,7 0 3400 33.9
'<(o;303' 321 3206 32.2
! o0.286 . 3007 31.2 30,6

& -

0.270 S20.4 20090 2901 -
0.256 2804 2806 27.8 . %
0.244 270 27.5  26.5
-.0.227 25,5 | ,;25.8 "24.9
0.213 B 23.9 244 23.4
C0.200. . 225 . 23,00 22.2
  0§139- 3 ;' 21.6 - 2&.8 a1
0.179 - 20.6 20,8  20.1
0.167 " 19.3 19,5  19.0. |
0.156 - . 18.4 ila;Z‘s,A18,1 e
,’0.147 | ,;. 7.7 17.5 - 17.3 . | .

0.139 16.8 © 16.7. 16.6
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Table 33(cont'd)

Ry (caled) 7 'S

. ' tcp, mS Rzohqd,/;‘l o _h=2  _n=3
0.128 15,7 15.6 15.7
0.116 145 1405 14.8. <
0;111 141 1400 145
S, 0.106 .- 13.8  13.6  14.2
 0.100 S o133te o130 0 137 .

NS

{4) Standard ‘érrors of the fits based‘ative residual

»
2

4 . minimization are 1.39 x%10 ?‘for n=2 and 2.61 x 10

- for n=3. : _ E L o e

.
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Table 34

Comparison of the’experimental-and the calculated‘RZObSd

values with n=2 and n=3 for the 0:1199 molal NiTRIZ*

o

solution in acetonitrile'at 5.0'C and 10 MHz.
, S S i o ,
a1

R2(calca) r'S

n=2 n=3 /ol

-1
R2obsa’ S

20.0 . 13.5 13,0 12.7

15.0 12.8 - L 12,9 12.6
12.5 12.6 1209 ,12.6,'_4‘.  o
0.0 12,7 12,8 1206 . | \
8.00 12.4 12,7 12.5 T
6.67  12.6, 12.6 12,4 . \
5.71 12,3 o125 1204 ! \
- 5.000 1.4 12.4 12.3 R

A o LW
4.44_ 13.0. - . . 12.3  12.2 | |
14,00 o121 ?: 1202 12,2 TN
.64 120 12 1220
333 1203 1200 12.2
o308 122 0 1l 12,2 | |
2.86 119 | e 5112;2“ T
2.50 -11;4‘4 }< 11.6” - 1200 e 3
,2.27 I f', f'ﬁ.il.4" °fi§.8 E

| T -
2.08 N\1.0 © . 1l.2 - 1ll.6



Table 34 (cont'd)

. . a -1
R2(calcd)' s

s-1 n=2 n=3

cp’ ™ Ryopsa’

(-

1.92 . 110 ;) 11.0 11.3

1.75 . 11.2 10.7  10.9
167 - 10.5 1006 10.7
1.54 103 10.3  10.4
1.43 S 10.1 - 10.0 10.0

Ce1.33 0 9.65 9,75 9.70

1.18 . 9.3, 9.28 . 9.16

| 111 ©8.98 . 9.07  8.93 %
: 1.05 Cls.7 0 ses 73
1000 s | 870 8.54 ¢
' © 825 8.10
7091 777
7.64 - 7.52 .
,;Q» 7;42_ A‘.7.32_‘ |
7,22 7.0
T4 707 SRS

7.06 " 7.01 .
6941 690
.. 6.85 \- 6.82
o  6.77 ¢ 6.76
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‘Table 34 (cont'd) .. - . < d ;o

s . o . a -1
- Mcateqy 78
fs R sl n=2" ' n=3 , L

| 0.357 - 6.61
R 0.333 . 6.63
0.308 6.61
0.286° . 6.74 _.

-

0.267 | | 6.50
0.250 . 6.66
a 0.2277_1'”7‘,‘6.54
0.208 . 7 6.48 -
0.192 . 6.3l
0. 179 . v6.36
L - 0. 167 o A.6.45
iiO,lS; .‘“f L s.ééﬂfl
:LoliQB,\frh~‘;g6130
B N
S T e
':d.iilr “‘ 7 ;6}17 /ﬂ‘g,
oo e

(é) standa:d errors of the flts based on,relatlve -

- I S,
; ! ( .

—- / . >
— i

'resxdual mlnlmlzatlon are 1 86 x 10 -2 for n—2 and

N

e

oy

‘ €~;ﬂ<2 42 x 10 -2 for n—3 "fgf,'
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acetonltrlle and the NlpyDPT l— acetonltrlle systems.“

= The value of Awob d is 1ndependent of the 1n1t1ally

assumed n value 1n the slow exchange reglon., The expected

B ¢

temperature dependenc1es of Tml.and Awl are observed only
when the correct n valub has been assumed

‘ The solvatlon number now can be calculated

.‘.

from K 5 59 X lO6 radlans\s K at 53 MHz from the \

chemlcal Shlft studles and Awm at varlous temperatures
[ / -

from the ana1y51s of the R data thh n—2u

2 b d

(Table 3l and Table 32) The results of the calculatlonsf;f?f

are,grven 1n Table 35 and Table 36 for the 53 MHz and

the lO\MHz data respect1Vely The average solvatlon ”C: |

35fnumbe§§ calculated from the 53 MHz and the lO MHz data ;

-

and

3

,,,/°:“-' °.f4

T*Qil 9 0 08 respectlvely._ The two average values agree"
. NE

9

anell w1th1n the error llmrts. The s\lvatlon number of

2k N

1

“'sl @two for the NlTRI ,- acetOnltrlle 1s then concluded f7

from thlS analysrs.u“_{~~.¢r .; i |
‘ = = ~.—> 9
) i ¢ ,.‘/ v L S T \ e : <
Lo et B L PR ‘ i B o o "’ : B B \\'.




Calculatlons of the solvatlon nuﬁber for the 0 1199 molal
-a _
N1TR12 :solutlon 1n acetonltrlle at 53 MHz.

(a)f,Calculated from n*K (Aw T) w1th K *5 59 X lO6 _f f :.,Q e
7 :ad1ans s, 1*K from the chemlcal Shlft studles andy’

IQ‘7j 4AQﬁ fr&&rthe R20bsd CP flt w1th n*Z(Thble 31)




1;~“'4 .. zable 36

5 N .

Ca

’,,:'" - . -
Calculatlons of the sglvatlon number for the O 1199 molal,"

R : e

N1TRI2» solutlon 1n acetonltrlle at 10 MHz. {;f: I;_.jﬁ'”‘ ’j‘ﬁ

.‘ 'r“ o : :°‘ Lo »_;:_ : _—“'3 h /-r-.,‘/" e 7-_ ‘- } w‘ .

/5~v.rad1ansfs~v‘k

o ‘ L;;;f’.//// 12 8 .'i R l‘.‘-89. P i e 1.9 B e

Hi:ssfi:.fe}e°* ?f?ﬁb

¥

R T
L !

FREAR el  1{[}' - ;ﬂ?‘., LA
(a) Calculatedvfrom n-K (Aw T) ; w1th K —1105x10
o \ radlans s lK from the chemlcal Shlft studles and Lol ’V'.;”
H_:--: 47V,x\ ‘ N
?e;eZJeLFe~‘A from the RZobsd CP ﬁlt w1th n—2 at 10 MHz.

[ ST

(Table 32)




‘-h%number, the multlple temperature_analysls of the Rgigga/f/

‘h‘ﬁand the lO MHz data.' The data from the R

'ﬁ_the 1nd1v1dual temperature R

”j”out w1th C and E flxed 51nce the lnner—sphere

?”]were done w1th C.

"were con51stently free from the assumptlon of nf'h/%

&N e e

y . #

| Df‘MultipiéﬂTemperature‘Ana1§éisfof'R Lo - t. Data .

.Zobsd . CP

T
A'J'r.

‘,?g - In order to determlne the best value for C

[

N
CP data descrlbed 1n the study of the nlckel(II)—

A\
20 b d

2 bsd 'tCP analy51s were

hY

» comblned for thls multlple temperature analy51s.vtTheffhli

N

?used in’ the ana1y51s of the 53’ MHz and the 10 MHz data o

'ff respectlvely Flts w1th assumed n values were carrled

"2m 2m S

4

‘//

:fleor-lo MHZ;F However flts wﬁth n as a flttlng parameter/

l
2

\

o

W}Lnner-Sphere and the outer—sphere contrlbutlons glven by_‘tn

ﬂ;ffcontrlbutlon 1s not deflned/by(thehdata elther at 53 MHz E

varylng\so that the C ‘values obtalnedf A

Wthh can be comblned w1th K to calculate the solvatlon }:

Ve

Qhﬂacetonlﬁklle system was carrled out for bhth the 53 MHz O

l/T and i

e

_gfequatlons (3 19) and (3 20),% nd (3 215 and (3 22) werekT"ﬂ.‘

The results of the multlple temperagure analy-ffth

e51s are glven 1n Table 37 and Table 38 for the 53 Mhz
‘!l,and the lO MHz data respectavely Flt II and Flt III of
T%fboth Table 37 and Table 38 1llustrate the effect of

'e~chang1ng the assumed n value from 2 to 3 The standard

. . ‘ .
error of the flt ‘is. about 2 tlmes 1arger (w1th n—3) at
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i s
@

h-n=3) at 10 MHz.

3

cé»bctween the

' values ‘given

. ’ . ERES i ’« N
lf53 MEz and only 1.6 tlmes laréenjgiit
p X

‘From’the comparlson of th“xdégfe

*experlmental ‘and the cachIﬁEe;
in Appendlx C, one fmnds that the dlfferences between
‘ethe experlmental and the calculated values are |
,vgenerally about 5% for n—2 and less than 10% for ﬁ—3 at

vlboth frequenc1es.u Although the dlfferences w1th n=2 are

-

-‘generally smaller the fltS w1th n—3 are cons1dered

¥‘reasonable and cannot be excluded 51nce the uncertalnty

”;;1n R2 bsd measurement is about 5% Thus~the quallty of

':hthe f1t alone does - not prov1de a crlterlon for ch0051ng

‘the solvatlon number.' ! f”' e R CP R 5

R

, - The solvatlon number calculated from n = Ké/cw,.7
UZWlth K, = (5 59 ‘ O l8)~x.l0§-rad1ans 1K from the 8
vb'chemlcal Shlft studles,/ére 2 O * 0 l (n-2) ‘and

. 2.6

O

0 l (n-3) at 53 MHz, and l 9,¢ O'l'(n-2) ‘and

,|+"

'!2'67 0. l (n—3) at lO MHz.' It is clear that when ‘n=3

\‘lS assumed the calculated solvatlon number 1s 1ncon51stent
1w1th the 1n1t1ally assumed n value.? But when n—2 1s
fassumed the calculated solvatlon number is con51stent
lW1th the 1n1t1ally assumed n value. These_observatlons
_prov1de a crlterlon“for ch0051ng the solvation'number ofbr
._2;d Thls behav1or 1s consrstent Wlth that observed 1n

‘ff-the studles of the nlckel(II)-acetonltrlle and the -‘.

’NlpyDPTZ 'e-acetonltrlle systems.‘

%



R 179
= (2.70 + 0.06) x 10° radgians

1

| ’ﬁ ComhihatiOnvof.Cw
vs*;K at ?3 MHz.anH'Cé*f’(S,ZS’i 0.37llx‘105'radians S .
Vvat ld MHé and/K,-=-(5.59‘i b 18) x 166 radians STIK at .
53 MHz from the chemical shift studles glves the

: calculated solvatlon number of 2.1 0 1 and 2 0 *0.2 .

i‘\.

at 53 MHz and lO ‘MHzZ respectlvely. The twoaa ?wéted

rvalues are 1n good agreement w1th1n the 95% confldence. o

»llmlts. They are also 'in good agréement wr h the results
obtalnedrfrom the 1nd1v1dual temperature f1ts Apcordlng-
ly it can be concludedf/hat two acetonltrlle molecules -~
are coordlnated to the. VlTRI complex in the NlTRI-7'

‘acetbnltrlle system.



v rChapter Iv

CONCLUSION

I Assessment and LJ_mJ.talons of the hethods ‘

The relaxatlon rates and chemlcal shifts of the
three nlckel(II) complexes:en acetonltrlle have been -
measured and analysed Various types of analyszs of the f'_fh
.Zobsd CP and the Aw obsd l/r data and the comblnatlon of
\them result 1n three methods of determlnlng the solvatlony'
number.\The first method comblnes the varlatlon of R20hsd'
4 w1th t cp and chemlcal shift measurements and is termed the.
comblnatlon method The second_,ethod employs only the

‘pulsed data(R2 obsd” CP) at several temperatures, 1ncludlng

- »the 1ntermed1ate exchange reglon, and assumes certain n

values 1n the analys1s of the R2 bsd tCP data at each tem—
'mperature. ThlS method is referred to as the 1nd1v1dual :
'ttemperature method The thlrd'method comblnes the pulsed
and chemlcal Shlft measurements and analyses the pulsed
~data at all temperatures together,_and therefore is re—
nferred to as. the multlple temperature method

From the analy31s of the three systems studled
’1t was - found that the comblnatlon method should only be
applled 1f the R2 obsd™ CP varlatlon can be measured 1n the
slow exchange reglon. Then these data deflne %mm, and the_

' chemlcal Shlft measurements glve nAwmvso that the combl—’

'natlon ea51ly ylelds a rellable value of n. Thus the com- . .7

20bs a CP

4

,blnatlon method réqulres ‘that (i) the R
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data be avallable in the slow exchange region and (ii)
the chemlcal shlft data be avallable in the fast exchange i -
reglon where the’llmltlng chemlcal Shlft prov1des nAwm.
Obv1ously this method is applicable only to systems
“which have both,the slow and the.fast exchange‘reglons
.within the liquid temperature‘range of the Solvent.
If the slow'exchange\region cannot be'observed a 1

" non-= coordlnatlng dlluent such as nltromethane can extend
the low temperature llqued range of many polar |

| solvents.sz’53 The slow exchange region can be extended‘
to hlgher temperatures by‘lncrea51ngfthe.magnet1C"f1eld
‘for the R20bsd cp measurements. However thlS option is
of llmlted use because even doubllng the magnetlc fleld‘
only glves a lO 20 C extensron for the typlcal AH+ values

of 10- 15 Kcal mol l. Slmllarly lowerlng the magnetlc field

\
A

.1s of llmlted use for extendlng the chemlcal Shlft
measurements 1nto the Vast exchange region. In- addltion a
the lower fleld makes the observed Shlft proportlonately
smaller and less readlly measureable. .

The llquld range problem may be solved by |

‘studylng a dlfferent solvent nucleus. To make measurements
1n bogh the slow and fast eXChange reglons, 1t requlres
that the 1ntermed1ate exchange reglon (1 ; Aw ) be at
least 20 30 C away from the b01llng or free21ng p01nt of

‘.the solutlon studled. If the slow exchange reglon 1s not

-1 ’
Aacce581ble w1th one nucleus because Awm >Th , then another_



nucleus with a smaller Awm should be studied. If the fast

_ . ' ; | y _1 .
exchange region is not observed then Tm >>Awrh , and a

nucleus with a larger Awﬁ should be studied. Obviously

the practicality of these suggestions depends on the chemi~-

cal -nature of the solvent. For example, in acetonitrile
i . ’
ZH, 13C, 14N, and 15y would be possibilities.

‘A further 1imitation of the combination method
is that the observed chemlcal Shlft in the fast exchange
region must be large enough (.5 Hz or larger) to be

,accurately-measured. Since Aw = PmAwm; the solute must

v obsd _
tbe_soluble enough to give a sufficiently large L value

for accurate. shift measurements. A lower limit of solute

solubility of about'4 xle_3 molal is estimated. The origin

, ’ 5.
,of s limit. w1ll be glven after the general limitation

'uof thé\solvatlon number determlnatlon methods is dlscussed.
_’ :
The, 1nd1v1dual temperature method requlres the
|

2obsd CP varlatlon in the 1ntermed1ate exchange reglon.

',,Thls method is based on the fact that the expected

‘temperature-dependen01es of Tmf and Aw ‘in the 1ntermed1ate

A

: exchange reglon are observed only if the correct n Value

fhas been assumed if the 1n1t1ally assumed n Value 1s wrong'

. then anomalies in the-temperature dependen01es ofvaland

' Bw are observed‘in thefintermediate‘exchange region; The
- anomaly in the temberature dependence of'T;l is more"

' pronounced than that of Awm7because the varlatlon of T .
w1th temperature is larger than that of Awml Thrsjmethod"

o . o (VR
T
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of determining the solvationinumber is very sensitive to
"even small changes in the initially assumed n value. As

illustrated in the study of the‘nickel(II)-acetonitrile
1

systémﬂéhe anomaly in.theltemperature dependence of T;
"is observed even when the‘initially,assumed n value
‘deviates from the correcr‘one by less than 15 $.°

The individual temperature method requires
the‘pglsed daﬁa,from at least two exchange regions;‘the
intermediate exchange regioﬁ andﬁeither the slom éxchange
region er“the fast exchange region. By compariﬁg the para-
meters T;{ bnd Aw in the ;ntermed;ate'exchange region
and the slow (6r fast) exchanga region the presence or

absence of anomalies can be determined.

The individual temperature method has a definite

advahtage over the combination.method'in that it requires
) only the R2°bsd tCP data’ whlch glve a sav1ng 1n time. It
also requires measurements at only a few temperaﬁures from
~the slow(or fast) exchange region and1thegxntermed1ate
exchange reglon. If the 1ntermed1ate exchange reglon is
‘not well deflned it canbe- brought out by one o% the

- methods already dlscussed Slnce the,lntermedlate
‘exchange region occuples a’ small temperature range, these
‘method;’are more llkely to be successful Furthermore

‘the solublllty limitation becomes less ‘important because;

' the chemical shift is not needed. ﬂ~

L.

N
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The third method to‘dathmine the solvation

[

"pumber is based on the analysis of the multiple temperatdre‘
RZobéd“tCP data. The chemical shift mcasurements are still‘
needed.)In fact the multiple temp@raﬁur@ method is simg}y a
modified combination method where restrictions are placed
on”the température dependence of all the parametérs

involved in the ahalyéis. The distinct feature of this

method is that no assumption abqut the initial n,value
4 ,

is needed. This method requires the R t data from

2obsd” CP
a wide range of temperathres including the slow exchange

region. Inclusion of the .data from the slow exchange

region is the minimum requirement of this.method since

Awﬁﬁ= CQ/T is only indépeqdent of n in the slow exchange ,

'

region.

The muitiple temperature meihod Qrovides an
alternate ﬁeﬁhéd fér the solvation numbefvdétermination
when an initial n value is assumed. This\alternate @ethddv
is based on the observation that the dalculated solvation .
numbér n = K 7/C, is consistent with the initially assumed
n value only if the correct n value has béen;assumed.
The incorrect choice of n value results not only in

TR

inconsistency between the calculated solvation rmumber and

e

“the initially assumed one but'alsq in poor fitting of the

data.'However.the quality of the fit as indicated by the

- standard error of the fit does not serve to indicate the

choice of the soivatibn number:well. Quality of the fit

1
| . . ‘o



‘11s more 1ndlcat1ve of the ch01ce of the solvatlon number

',method based ‘on the 1ncon51stency between the calculated

Since the square term makes the poor flttlng apparent..*

Yo [ L . . T e

1n the fast exchange reglon where R %-‘v— P ‘T sz,'
obsds m-

A e

The sens1t1v1ty of - the multlple temperature

solvatlon number and the 1n1t1ally assumed n- value or f

the lack thereof 1s not as goodaas that of the 1nd1v1dual

9 | a.

temperature method In Chapter III 1t was 1llustrated for }ﬁ

T?<the nlckel(II)—acetonlﬁrlle system that the calculated |

- number for a paramagnetlc metal ion’ ln solutlon from

L mentloned.;

'CQf the lnltlally assumed n. value and the correct one.

: solvatlon number 1s the welghted average between the

1n1t1ally assumed n value and the correct one Thus the

.B}

sen51t1v1ty of thls method 1s 11m1ted to. the closenesszﬁf

gl e B

D T

The three methods of extractlng the solvatlon fﬁ

X

20bsd CP data have been dlscussed There reqpln three

B

v

llmltatlons common to the three methods whlch should be

o

As descrlbed ln Chapter III the magnetlc fleld }."
fluctuatlons and the nece551ty to keep the sample
values.;vv7’

temperature constant have placed llmlts on tCP

Wlth the 1nstrumental systém used 1n thls work the upper

,' and the lower llmlts on t P values are 20 50 ms and

O l nis respectlvely The long t llmlt 1s somewhat _”

CP::

art1f1c1al because thlS llmltlng R could be obtalned

2 .
from contlnuous wave nmr measurements. These 11m1ts on Lo
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o

---,I o “'/

paramagnetlc metal 1on complex requlred for the comblnatlony*

S /
radlans s-; then a P of - l x lO 3 must be attalned

Then for a typlcal value of n/[S] 0 25 [m] must be
greater than about 4 X 10 3 molal ) ‘7% 5

The nmr methods of determlnlng the\solvatlonﬂf‘
number nresented are 11m1ted to systems whose Rzobsd lSA

controlled by Aw . As mentloned in Chapter I lf the

186

. '\ h - '
‘J:tcﬁvalues restrlct the use ofhthe nmr methods‘of
determlnlng the solvatlon number to systems w1th certaln
| values of Tﬁ}fand’Aw . These lnstrumental llmltatlons
‘requlre the value of‘Awﬁ»to be between 6 X 102 and about ,w
= 3 X 104‘rad1ans sid;\ln the slow exchange reglon, and - |
‘ ‘;f‘};l must ‘be between 6 x 102 and 3 x lO4 %l'ln the fast ;_
exchange reglon. These restrlctlons arlse from the need Ta
i to observe”thedvarlatlon of R2 bsd w1th tcg;lln the
ln}ntermedlate tCP value reglon, Wthh 1s necessary to
‘; obtain Aw énd r- 1n the slow and fast exchange reglons N
. : " - G N T
’. respectlvely. = 5 o _, \\ | /
-J e “The restrlctlon on the value of Awm‘automatli I;/il
cally sets a lower leit on the concentratlon of the'afiy<.

AN

. /
S ST AR :
g method Slnce Awobsd P Aw 1n the fast exchange reglon,« =
. /
LA Aw b d Zw(SHz) to be measureable and Aw : 3xlO4

/ 2 2 '«,-2' e

llmltlng condltlon R2 >> Aw T applles to the slow

exchange reglon(reglon II 1n Flgure 1) then the fast
-1

‘exchange condltlon Tm2_>> Aw '>”R2tT : w1ll never

mem -



{apply, and the chemlcal exchange 1s never controlled By

fAmm. Such systems con51st of only three exchange reglons

'-JﬁSlnce the fast exchange reglon(r =2 >>Aw = R:'
".fexchange reglon. Conseq.ently the R

”.wsuch exchange systems.‘.

. by say ‘a factor of two, then R20b d 264 S .

’,g.flf more metal 1on were added tovlncrease RZobsd

e T e TR

K]

E A . e . .

&
W

'~_the outer—sphere control, the slow exchange, and the Q'

\- -\«‘l

‘-1nner-sphere control reglons. Thus the varlatlon R2 bsd

-

Qw1th th 1n the slow, 1ntermed1ate, and fast exchange'

rrreglons(lf any) cannot be used to obtaln Tﬁl'and Awm>

2. .
2m m l does

'nnot ex1st and Aw ﬁdoes not control R2 bsd 1n the slow

”fdetermlnlng the solvatlon number 1s not appllcable to

v.'l,

‘3 A less obv1ous llmltatlon on the R2 bsd tep 7_)( ‘

fjl_method occurs 1f solvent nucle1 w1th nuclear spln greater_l,f¢~v,-

o

ﬁfthan l/2 are studled such as.;jojln waterlor 14N.1n3)%t"

fammonla. Such nuclel have 1nherent1y rather large

e

'fgrelaxgtlon rates due to quadrupolar relaxatlon. For v[]”

-1 17,

”“sexample 1n water at 25 C Rl 2 132 s ;_for;_uQQ‘P

‘EIf the addltlon of a paramagnetlf 1on 1ncreased thls rate ,3:_““

1 In order

J‘*to accurately determlne R2 from the CPMG method about
'10 echoes are requlred over the’tlme(Qms) ln Wthh the irﬂ.

"fecho amplltude decreases to 90%fof 1ts 1n1t1al value.-"

/i

ii*;Thls means that the max1mum t nwould"be about‘l‘ms*forﬁ;“

c

';?"the example glven, and would befproportlonately shorter
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- Jt;: gh;s effect could reduce substantlally the range of useful

CP values avallable for solvent nuclel w1th natural

l

rates of about 102 gn a more p051t1ve note 1t should

A

be added that, although the deuteron ‘has- nuclear Spln k&
of \l ‘- déuterlum natural r%laxatlon rates ‘are normally
small enough(l to;10 ‘ ) to escape thlS llmltatlon.f;:
;) For the beneflt of future work in thls area 1t‘ I
S B

1s of 1nterest to con51der what paramagnetlc 1ons are
. \ .

llkely candldates for R20bsd CP’determlnatlons of solvarv;;:

tlon number.-It 13 clear from the three systems studled
here that the method 1s apgllcable to nlckel(II) complexes 'f}d

1n acetonltrlle.‘It also appears that non r%actlng

24
11gand effects are not .80 large as to make the m%thod

“ 1napp11cable for a solvent w1th a lquld range slmllar dl NN
hti to or larger than that of acetonltrlle. It 1s lmportant
to know how the R, method mlght be appllcable?“ !

Zobsd CP

t° the System in other solvents. Prev1ous work on -

nlckel(II) 1n methanollz‘“ blcates that the é;termedl te ~

; :exchange reglon occurs at about 60 C(60 MHz) w1th 1gpihv,iff

S 4 -1

'f;g- p}w~~Im‘;= Aw-g- l 3 x 10 for the —CH3 protons, t"éé,bf'“'

; parameters fall well w1th1n the range for an R20bsd CP
study The nlckel(II)—N - dlmethylformamlde(DME) system
.i‘“‘ls 51m11ar to nlckel(II) 1n methanol wlth the 1ntermed1atei;]i;f

., exchange reglon for the C H proton at about 40 C(40 MHz)

The nlckel(II) dlmethylsul-\:




N

L

L

‘W.and found an 1ntermed1ate exchange reglon at about

| l”be studled by the R

A '“ﬁn(60 MHz) w1th T '?? -
"idecrease 1n operatlng freq_

ﬂ'f_to be amenable to an R,

wdfdstudled 1n others as well

'1nmr method to the cobalt(II)—CH3OD system to obtaln a 5; fiti

flf-solvatlon number of 6 1n agreement w1th the prev1ous._

.f'-zo c(1oo n\&) w1th Tml‘%EAmﬁ 7 ES 10
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pffox1de(DMSO) system presents a spe01 1 problem in. that
ythe 1htermed1ate exchange reglon 1s at gbout 21 C(60 MHz),_

"{ close to the free21ng p01nt of DMSO(lB 4 C), w1th
-1

Tm.;—,Aw = 3 x 103 sfl. Frankelsz has shown that dllutlon |

’ .w1th nltromethane or methylene chlorlde can be used to

@

"‘{extend the solvent 11qu1d range ‘SO that the system could

Zobsd CP method. Van Geeé58 has

,studled the nlckel(II)—aqueous ammonla system by proton ‘,""'Q“V

"nmr, the 1ntermed1ate exchange reglon 1s at about 20 C

5 X lO4 glg Wlth a modest

P

ncy thlS system would seem

2obsd CP

"of solvents. Therefore one mlght expect that af a metal

vflblon can be studled ln one solvent 1t probably can be

Ly
Sy

Rlchards and coworkers have applled the pulsed

e conventlonal nmr study by Luz and Melboom Matw1yoff

e A

‘and Hooker studied e cobalt(II)—acetonltrlle system,-‘:}ﬁﬁ'

¢ RN

s . Therefore



i

\thls system coulé be studled by the R ’ ~t d:method

20 bSd Cp ~
tThe cobalt(II)-DMFS? could also studled since
,f;}yeyAwm = 2.5 x 104 f%.at o.¢c (100 an) |

‘ ¢
The 1ron(II)—methanol system was studled by

Brelvogel58 us1ng contlnuous wave nmr methods and the R

F a,

‘results 1ndlcate that the condltlons are excellent for

!

an R20bsd CP study The 1ntermedaate exchange reglon for

' the —CH3 protons 1s at about 13 C“(GO MHz) W1th

r;¥y= Aw W 2 X lO %.rslmllarly the 1ron(II)-DMSO

(+ CD3N02) system53 is a sultaBle system w1th the 1nter—';

; medlate exchange re?lon ‘at about —35 C (60 MHz) and y
. o
3

y‘T;l:=;Am$;= 4 x Q,'sfl, An 1ncrease 1n frequency to:

lOO MHz woul'"

welp to move the 1ntermed1ate exchange

reglon to hlgher temperatures whlle keeplng Aw (6 7x103

) at a SUltéble value. The C—H proton in the 1ron(II)-ﬂ

190.

"ijMF system - also could be studled, 51nce the 1ntermed1atetj;”

fexchange reglon is at about —25 C w1th Tm"=_Awm =2 x 10

';{fsfl._Although a proton study has not been done on - 1ron(II)f”

14

':1n acetonltrlle the . N results59 are suff1c1ently s1m11arf'

L

'Vr:to those for cobalt(II) that an R20bsd‘ Cé study seems to
‘be fea31ble. lif{dj;*; f’,“{;ﬁ‘3~_gv_¢n.. | |
'ib The tlta (nII) don. 1n'water and methanol was
;dstudled by Chmelnlck and Flat6°' In water,vthe;;ZQ{ |
“hvrelaxatlon measurements 1nd1cate that the 1ntermed1ater |
*fexchange reglon 1s at ‘about’ 4. 6 C (8 13 MHz) w1th
n*hl_f' H;,.Q,Ltyxg;yff‘zy;u}.‘5[:d,:.'iisjn:t-iuf
yiﬁtfyb_“fvv{;;u;rf?} ra_ Y{,~yﬁs7g}h Htkzlh



s =.Awmv='5 x 10 ",'and with
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1671 subStantlal Aw »
’ D\"T -
contrlbutlon 1n the fast exchange x glon. In CD3OH the -

™

:fproton nmereasurements yleld the 1n ermedlate exchange e

-1 4

}jreglon at about -3 C (54 6 MHz) w1th ﬁ = Aw_ = 4 xlO

M
-1

:ls . No substantlal Aw contrlbutlon L% the fa%t

uexchange reglon is observed 1ndlcat1ng that Aw ‘is not

'much 1arger than R

v:-iobsd CP .
: ‘w1ll suffer from the llmlted range of long t Values ,.7 N

. The llmltlng chemlcal shlft Ls

a

~2m

p—

, well deflned by the data Ain- the fast exchange reglon*ln

both solvents. A- modest decrease 1n the magnetlc fleld

should brlng Aw vvalues 1nto the useable range for: the

study. However the tltanlum(III)—l7OH system

P

'51nce the'l70 nucleus has natural relaxatlon rate of ;_:' U

;'about 10 s_ In the tltanlum(III) CD

’1may be appllcable dependlng on whether RZObsd is

2g71, 3OH system a decrease,

‘tln the magnetlc fleld may ellmlnate the Awm controlled L‘v

; >> Aw;}Q‘R ) smnce Awm 1s already not sov

reglon (T 2m i

_large compared w1th R, . The comblnatlon method Stlll

2m

: '\

/ suff1c1ently dlfferent from R1 bsd 1n the slow exchange e /

"reglon where an R

2ﬂW1th these potentlal llmltatlons in mlnd the R

20bsd CP Varlatlon may be observed

20bsd’ CP
solvatlon number study is con51dered marglnally appllcable‘*

ﬁfdto'the tltanlum(III) systems. -

IrOn(III) has been studled in, DMF517and DMSOGZ‘

- Only the slow exchange reglon was observed up to 110 C 1n

v "'*B,l. .

'fDMF and 135 C in- DMS6 respectlvely The Rl and chemlcal : f':./ ~



!

o S Lo S o
shift measurements in DMSO show that Rym > Aw so that -

”,a'Awm controlledfregion”will not:be observed-eVen'at higher‘

\

temperatures. Therefore R2 bsd w1ll not show a dependence
on tC . ThlS behav1or is expected to be general for.
'.1ron(III) because 1t has a relatlvely long electron spln

l X 10 lO s for the 1ron(III)

I

relaxatlon tlme(e g.»Tief

1n water 63) Wthh makes “the scalar relaxatlon mechanlsm

2m equal to or larger than Awm.b-

~very. effectlve and R
In general ‘the relatlve magnltude of R2m ﬁo_“'

'n'Awm can be estlmated from equations (1 7) and (l 9).
‘the scalar mechanlsm domlnates then the ratlo (R /Aw )
i—3 X lO (T )(A/h) 1s estlmated at 25 C and 14 KG fleld.

'For systems w1th coupllng constants of about 107 radlans'

’é'l and T2 ofrabout lO.9 to lO -10 s the condltlon T
'>> Rm w1ll not hold. Such systems 1nc1ude vanadyl o
y(V02+)55 as well as manganese(II) and copper(II)’l_gnd'

these are unllkely to ‘be sultable for Rzobsd tCP~

*determlnatlons of solvatlon numbers. The same applles to'

'.chromlumglII), but 1t also suffers from great klnetlc

inertness to llgand substltutron'(mm1.~'2,l x 1074 m -1 65)
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'II4Comparison with Earlier Work

The three nmr meth ds of determlnlng the solva-

itlon number presented in thls work con51stently glve the
answers of 51x, one, and two respectlvely for nlckel(II),
NlpyDPT2 ’ and NJ.TRI2 complexes in acetonrtrlle »The
solvatlon number of 51x for the nlckel(II)—acetonltrlle
lsystem agrees with the conclu51on of Merbach et aZ “9:.
pus1ng qute a dlfferent nmr method but dlffers from

: the conclu51on of Rlchards and coworkers 'In the latt¥§:>

v .study the R20bsd cp measurements were carrled out. at

_rthree temperatures and three frequen01es essentlally -

o

-in the slow exchange reglon over a tCP'range-51m11ar to'
‘ that of the present work. A comparlson betweén the R2 b d
»values of Rlchards and coworkers and those of thls work
,cannot be made because the nlckel(II) concentratlon |
used in thelr measurements were not reported
Rlchards and . coworkers flrst analysed the long

tCP'llmlt RZObsd l/T data to obtaln the exchange
,parameters necessary for ‘the numerlcal evaluatlon of the-

C dependence of R20bsd' Then n values of 4 and 6 were
used to obtaln two sets of”’ these parameters.vThe chem1ca1 R
} Shlft data were also analysed. Then the theoretlcal
dependence of R2 bsd on tCP was numerlcally evaluated‘
~assum1ng n =4 and n = 6, and the results were compared
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w1th the - exper1menta1 varlatlon of RZob d‘w1th tC
;Rlchards and coworkers concluded that a solvatlon\number
of four gave the closest representatlon of the experl—
mental data. | | |
In this work, it'has been observed consistently |

 for the three nickel(II)gcompleXes'that‘the quality of‘4
the fits with different assumed n values does not'provide
a satlsfactory crlterlon for establlshlng the correct
ch01ce of the solvatlon number. The v1sual comparlson
method emplgped by Rlchards and coworkers is very
subjectlve and would be even less satlsfacfbry than ‘a
least- squares best fit comparlson. In fact nelther of the
| 'computed R2°bsd CP curves w1th n =-4'and n = 6 appear
to match well w1th the exper1mental values even on the
.,small scale plots presented by Rlchards et aZ grlgure 2
:4~of reference 4) Only at 23 C and 18 C (35 MHz and 20 .
MHz) do the computed curves with n‘= 4 appear to match ‘

: w1th the experlmental values better than those w1th



%5

by Rlchards and coworkers in computlng the theoretlcal
2¢bsd—l7tcp“curves reveals that the»(A/ﬁ) values w1th’
n=4andn= 6 are 1nconsrstent w1th each other.

Equatlons (l 3) and (1 7) suggest that (A/h) obtalned

from the analysls of the chemlcal Shlft data 1n the. fast .

exchange reglon should be smaller w1th a larger n value.

In order-to determlne whlch of the (A/#) values given by

Rlchards and: coworkers is the correct one, a comparlson

of these values and those reported in- the llteratures is -

made (Table 39). The comparlson 1nd1cates that the value'

‘ 2 2 X 106 radlans s -1 (w1th n-= 4) 1s preferable over

the value 3.3 x 106 radi 1S s;l. Furthermore, the Awm

o

- value of 1.1 x 10 7ad1ans s -1 calculated from the_
T(A/h) value w1th n = 4 of Rlchards ‘and coworkers 'agrees

.well w1th the rellable Aw values from the R20bsd CP

‘ana1y51s 1n the slow exchange reglon (25 l C)..Thls"

'substantlates further that the value (A/ﬁ) = 2.2 x% 106

l
radlans s of- Rlchards and coworkers is the correct one.

An examlnation of the two sets of parameters used

195
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Table 39 .

i

Comparison of the (A/%) and Am values(for Proton) of

the nlckel(II)—acetonltrlle system at 25 C. and 60 MHz.
. ) / . b

n=6" n=4b.Ref 57 Ref 49 This work

3322 16 1.8 2.2
10'4Awm, rad's™ 1.6 1.1 0.82  0.88 1.1
TR T

o . ! . . : ’ : o ’ ‘ R )
~(a): The values of Awm-at425.c are calculated from equation

(1= 7) us;ng u ff =3.15.
Except where noted the solvatlon number of six ‘has

~been assumed in obtalnlng (A/h)

(b) From reference 4.

'(c)l The Aw values at 25 1 C of 1. 16 x 10 (n—6) and

;.f'l 15 X lO4 (n=4) radlans s -1 are obtalned'from the’ e

- 20bsd CP analy51s in the elow exchange reglon

(Table. 8)-

°



It can be speculated that Richards and coworkers
-mlght have 1nterchanged the two values of (A/#) and used

. - |
the ‘wrong value to evaluate thé theoretlcal R, obsd tCP ;

curves with n=6. If the value of (A/#) = 2.2 x lO6 radians

's._"'l were used w1th n=6 and the value(of 3.3 x 106ﬂradians

\

s - were used w1th n=4 ‘then the matc ing of the ’

‘theoretlcal curves w1th the experlme tal data could have
been better w1th n-6 and worse . w1th n=4, whlch ultlmately
'made the two curves match equally well with the |
experlmental data. Thls expectatlon is” con51stent w1th
the observatlons in thlS ‘work that the quallty of the
xflts w1th dlfferent assumed n values does not prov1de

V»a satlsfacqory crlterlon for the selectlon of n.

B However if Rlchards and coworkers used the wrong “(A/7)

‘value for n=6 then Awm,ls too large and the m1d—p01nt ofi

pthe theoretlcal R. curves w1th n=6“should appear

20bsd CP Vo
_ at larger l/t ‘ Values.,An 1nspectlon of Flgure 2

‘//eference 4) 1nd1cates that thls is. ot true.vInstead

" the mld—p01nt of the theoret1ca1 R20bsd cp curves with

A L /e

asn—6 appear at smaller l/t ‘ values compared w1th the '

vcorrespondlng mld—p01nt of the experlmental ones. These :
\ N

-lobservatlons cast ‘some doubts on the speculatlon

-mentloned above.

L@
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I11 Solvation Number in NiTRI2+ in Acetonitrile

The solvation number of six from the nickel (IT)-

“~

acetohitriie study is consistent with an octahedral ar-
rangement of acetonitrile {ioands surrounding the hickel~
(II) ion. This solvation number is,consiétent with the con-
clusion mage from the study of electronic spectra of the
tnickel(II)fsolution in acetonitrile®® and the nmr studies
by Merbach et al.“’,

| The solvation number of one concluded forhthe
NipyDPT2+ complex in acetonitrile agrees with a total co-
ordinatioh number of six‘for'the nickel (II) oentre, since
pyDPT is a pentadentate llgand The results of the ele-"w

mental analy515 of the solid compIEx are consistent with

Thas
2+

the moLecular formula [NipyDPT (CH CN)](C104)2
gsupports the solvation number of one for the NlpyDPT
acetonitrile system

4 However, the solvatlon number of two deduced for
the NlTRI%’ complex in acetonltrlle does not seem to agree .
with a total coordlnatlon number of six 51nce the ligand
hYTRI is trldentate The conclu51on from the nmr methods of
determlnlng the solvatlon number -is 1ncon31stent w1th ‘the
»results ‘of the elemental analy81s of the SOlld ‘complex

Whlch yields the molecu;ar formyla [NlTRI(CH 3CN) 51 (Clo, ) .
Thls 1ncons1stency may be explalned by con51der1ng the
f0110w1ng p0531b111t1es. |

(1)'Errors,1n the nmr'methods of determinihg(the soleation'

4 : .
number lead to a conclusion that the solvation number



i

199
'-fihﬂthe'NiTRlz -acetonltrlle system is twollnstead of
'N;the expectedlvalue of three.--

;(ll);xThe perchlorate ion replaces one of the coordlnated

""ﬁacetonltrlle molecules resultlng 1n only two acetonl—k

"trlle molecules coordlnated to the NlTRI2 :complex. ”Wf*

oo(ididy The NlTR12 complex ex1sts ‘as a flve coordanate com=- .

[3plex 1n acetonltrlle. That 1s, the solvatlon number

e .

In order to con51der p0551b111ty (1) a: brlef

/

1'_ffsummary of the results for the NlTRIz’-acetonltrlle

d“fsystem LS glven. The comblnatlon method glves the average=

“,jf-values of the solvatlon and the one standard error llmlts

v“‘of 2.103 +0 o and 1 99 +0 08 at 53 MHz and 10 MHz reSPectlve—

t,jly The multlple temperature method glves the values of

kS B

“r{_the solvatlon number and the 95% confldence error. llmlts- et
’ii,fof 2.1 o 1 and 2. o 0. 2 at 53 MHz and 10 MHz respectlvely._[fq“aﬂf

,"57ffIt 1s clear that w1th1n the error limlts the solvatlon

’?number ln the NlTRIz,—acetonltrlle system 1s two. In ' ;'

"5¢hthe and1v1dual temperature method the anomalles 1n the’

.A'

””3 temperature dependenc1es of Tmland Awm are observed

‘‘‘‘‘

"when n—3 1s assumed 1n the analy51s.,But when n—2 is
-[iassu%sd the normal temperature dependenc1es _ofgrml and,

‘ 'Awﬁ are observed. These observatlons all argue agalnst a';jff'7

“u

'.3rsolvat10n number of three ln the NlTRI ,-acetonltrlle sys_“:h
w”ftem.:Furthermore these observatlons from the study of the



-gNlTRIz —acetonltrlle system are entlrely con51stent N

\d;w1th those from the nlckel(II)-acetonltrlle and the

”uj;unknown solvatlon number can be determlned The K values B

\l,

liNlpyDPTz_-acetonltrlle systems.lIt lS therefore dlfflcult
db to ratlonallze a solvatlon number’of three 1n the NlTRIZ+?'A7‘
"acetonltrlle system w1th1n the errors of the method
employed ﬁfd; - "ufhs'fd,ﬂ]‘,f4&i“' S |
‘ | ‘\f As mentloned 1n Chapter I the SOlV&thh number ;-'
”f?could be determlned u51ng the (A/ﬁ) constant method |
‘siemployed by Huntz. Thls method assumes that (A/ﬁ) is: _
"firelatlvely 1ndependent of other llgands on' the metal 1onv.
of the same metal 1on solvent s&stem. Thus by'comparlng

'ffthe llmltlng chemlcal Shlft (nC ) of the unknown system

¢}iw1th those of systems of known solvatlon number the

7..

7ryfof the nlckel(II) and NJ.pyDPT2 jcomplexes, (l 99+O 05)x10 ;fff

*7QQW1th n—s and (3: 32+o 08)x 10°

6 w1th n—l radlans s 1K,dfi'5f:d':

:”fcan be comblned w1th the value of K (6 31+0 02)x 106

- yradlans s 1K for the NlTRI2 -acetonltrlle system to glve

*fdthe solvatlon numbers and the 95% confldence llmlts of

: 771 90+0 ll and 2 10+0 13 respectlvely. The solvatlon

”rnumber of. two for the NlTRIz-—acetonltrlle 1s then.“?
T”concluded ThlS solvatlon number further supports‘
&f'results of the pulsed nmr methods of determlnlng the';;--';

solvatlon number of thls work.
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The p0551b111ty that the perchlorate 1on f(_'

rreplaces one of the acetOnltrlle molecules coordlnated to'f

2

fthe NlTRI complex 1s now con51dered The perchlorate

/
‘ilon generally is cons;dered a non coordlnatlng llgand
“partlcularly 1n aqueous solutlons, and 1s cons1dered a;.f
'geiweakly coordlnatlng llgand 1n nonaqueous systehs. When‘p*
li‘no other donors are present to compete the perchlorate;V -
' 1on exerc1ses a- donor capac1ty SeVeral examples of ‘l'
::.perchlorate contalnlng tran51tlon metal complexes have
_;been reported‘s6 59, Varlous perchlorate contalnlng nlckel
,f(Il) complexes have also been prepared and studled68 73,lj Jl,flfV
”;v{iii S In the present study the elemental analy51s of‘c |
’l;the solld complex 1nd1cated the comp051t10n .

',LINlTRI(CH CN) ](C104)2 and the structure of the 1nfra-red -:7

'ispectrum of" the SOlld complex in the reglon llOO cm lm*:

ST
ER R R i

;t‘_cdoes not 1ndlcate the presence of coordlnated perchlorate
'ffwhereas the nmr methods of determlnlng the solvataon_ﬂ;;\ﬂ

wh?:number glve a solvatlon number of two, the perchlorate |
hhlon must have replaced one of the coordlnated
facetonltrlle molecules 1n solutlon.u Consequently only S
jftwo acetonltrlle molecules exchange between the 1nner—t},fcr
t‘-;sphere and the bulk solvent 31tes.. ThlS argument
'"j.seems to requlre that the perchlorate 1on 1s a stronger i
thgcoordlnatlng llgand than acetonltrlle 31nce the .

“jperchlorate 1on POPulatlon 1s much less than that of‘ S

SRR
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’of acetonltrlle. The competltlon between the perchlorate ,4_0‘
_1on and the acetonltrlle solvent in- blndlng to.metal

'“complexes is exempllfled 1n the recent study of Bottomley~

'.pand Kadrsh’“. In. thelr study of. the counterlon and

R

' solvent effect on reductlon potentlal for cobalt(III)-.

1/

:fand 1ron(III)-porphyr1n systems, Bottonley and Kadlsh7“

frrfound that the stronger the blndlng strength of the

e idonor number (D N ), dlsplaces the counterlon maklng

""reductlon of the metal centre ea51er (smaller reductlon

counterlon¢[ the langer the reductlon potentlal wall be.- hflifﬁ

’“A strong coordlnatlng solvent, represented by a large

i;potentlal) A llnear relatlonshlp between the reductlon

'“{rpotentlal and the D N value of the solvents for the

B, Y, 6 tetraphenylporphlne cobalt(III) perchlorate

ﬁﬂf"{CoTPPClO } complex was observed The larger the D N.;,,fo“ﬁf_~"

v”:ffxvalue, the smaller the reductlon potentlal However for

Zthhe FeTPPClO4 complex the reductlon potentlal remalns f_}:

””‘;essentlally constant 1n 501Vents of/D N values up to

-flS whlch 1nclude acetonltrlle(D N. —l4 l)' ThlS 1nd1cates

b.hthat the perchlorate ion is: bound to the 1ron(III) ““lw~

tf]?centre 1n many solvents 1ncludln}»aceton1trlle, and

'vﬁ;fﬂserves as; an rndlcatlon of the competltlon between the,

cperchlorate lon and the acetonltrlle solvent in. coordl—f[-i B

'}natlng to the metal complex 1n acetonltrlle.'g:b'v
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Further studles that mlght help ‘to clarlfy

'»‘whether the perchlorate ion replaces one of the acetonl— -
itrlle molecules coordlnated to the N1TRI complex -
hulnclude conductometrlc measurements and 3 Cl relaxatlon “

,tlrate measurements of NlTRI(ClO4)2 in acetonltrlle.v

| ‘h ;In conductometrlc measurements acetonltrlle 3

isolutlons of the NlTRI(ClO4)2 and for example, nlckel(II)

jl,perchlorate complexes may be studled Then from the

= f charges of the two complexes in acetonltrlle solutlon

! o

ffderlved from the measurements one could determlne whether
tthe perchlorate 1on replaces one of the coordlnated

17aceton1tr11e molecules 1n the V1TR12 complex.yg

;;Qj th‘ The R2 measurements of 35Cl of the N;TRI(ClO )

'*f*and NaClO4, and nlckel(II) perchlorate solutlons 1n

uacetonltrlle should help to determlne whether R2 bsd of

'fthe NJ.TRI(ClO4)2 solutlon dlffers from the natural R2 of

"Lt“the perchlorate 1on solutlon 1n acetonltrlle. The acetonl—“

iy ftrlle solutlon of nlckel(II) perchlorate helps to prov1de

1x'perchlorate anlon coordlnates to the paramagnetlc NlTRI

the R

e TR .
:-an estlmate for the outer—sphere contrlbutlon. If one x"-

2+

"'<complex, th .a two—81te exchange system 1s formed and

2 b d of thei35Cl nucleus should be exchange
35

Jsicontrolled apd larger than the natural R2 of Cl 1n the

':‘perchlorate 1on 1n acetonltrlle The 35C1 relaxatlon

n

'],measurements would be dlfflcult because of the poor ,:ﬂ
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uw51gnal to n01se ratlo, ‘and solutlons.mouldAcontaln a small
ﬁ:concentratlon of perchlorate 1on because \k the l;mlted
:f‘SOlublllty of the [NlTRI(CH CN) . ](ClO ) complex in. B

facetonltrlle." | .
, | Flve.coordlnate}complexes of cobalt(II) and
;h:nlckel(II) are’ usually formed w1th polydentate 11gands,l

~or less often w1th bulky monodentate llgands75 In these'&‘f

*eycomplexes the sterlc requlrements of the llgand molecule
.play an 1mportant role 1n determlnlng the type of geometry
for: the coordlnatlon complexes. In splte of the large |
umber of structures of flve-coordlnate complexes
;allable, flve coordlnate complexes for cobalt(II)b
'v7‘4d nlckel(II) must be cons1dered unusual and they are’
ihfavoured by the use of bulky polydentate llgands whlch
aprevent 51x coordlnatlon around the metal A total coord1—457¥
~anatlon number of 51x around the nlckel(II) centre 1n the
fsolld [NlTRI(CH CN) ](Clo ) complex 1s 1n agreement w1th
. :;thlS v1ew, and 1t 1s dlfflcult to concelve that the |
NlTRI2 complex ex1sts as a flve coordlnate complex rn-f_;h -
'facetonltrlle 51nce the same small acetonltrlle llgands_;,i
.coordlnate to the NlTR12~5complex in. sOlutlon._F’:‘ s
The p0551b;d1ty of the flve coordlnatlon of the hff‘
'fVﬁiTﬁ&2 complex 1n acetonltrlle was cons1dered by h |
o Jexamlnlng the electronlc spectra of the known'§1ve— andht
%y51x—coord1natlon complexes of nlckel(II) Boge et aZ 75;‘

5J'prepared and analysed 15 flve—coordlnate nlckel(II)



-600 670,»890 980, and\llSO 1180 nm The electronlc spec-”'

) trum of the 2 00x10

<aceton1trlle was measured at room temperature from 400 to

complexes;vThe'electronic’spectra of'the five—coordinate,,

[

”,nlckel(II) complexes in the SOlld state ahd in dlchloro—.

methane solutlon generally show absorptlon max1ma between

'ftrum of the octahedral NlTRI2 complexvln water reported

'"by Taylor and Busch37b has a broad absorptlon band in the

‘e

?freglon 600 1100 nm-w1th ‘the max1mum centred at about 900

_nm and a shoulder at about 780 nm The electroplc spec—

\
\

3

M [NlTRI(H O) ](ClO complex 1n

4 2

‘11400 nm No absorptlon ‘was detected between 600 and 670

fdnm,_but a broad absorptlon w1th two max1ma at about 850f

'u

'and 775 nm was observed The spectra of the flve—coordl-J

24

:nate nlckel(II) complexes, NlTRI « complex 1n water, and

&

‘,”NlTRIZ complex 1n acetonltrlle were compared The compa-

u_/

ihh(rlson based on the absorptlon between 600 and 670 nm 1n-»

idlcates that the NJ.TRI2 complex 1n acetonltrlle 1s not

'"‘,acetonltrlle are 51m11ar to that of the octahadral NlTRI

-

flve coordlnate._The spectra of the NlTRIZ~‘complex 1n."'

2

H'{complex ‘in: water. The broad absorptlonvcentred around 830 p
gnm(NlTRIz“—acetonltrlle) 1s shlfted to the shorter wave—"

ﬂ.length w1th respect to the max1mum at abou ~900'nm(Ni-'l

2+

;TRI.r-H O). Thls Shlft in the p051tlon of the absorptlonl
'“'band 1s con51stent w1th the - fact that the nltrogen donorf

sicauses a hlgher tran51tlon ener?y than the oxygen donor.

che
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f"concentratlon normallzed values of Rlobsd and R2 b d of

206

One mlght suspect that a small amount of water

in the 2. OOxlO -3 M NJ.TRI2 solutlon in’ acetonltrlle may

‘ replace the acetonltrlle molecule(s) coordlnated to the
“ﬂnlckel(II) centre, thus questlonlng the valldlty of ‘the .

'_”use of the [NlTRI(H O) ](ClO4)2 complex for the spectral

measurements. Elghteen Values of relaxatlon rates(Rl b d

g'and R2 b d ) of the 0. 0531 molal [NLTRI(H o) ](c1o ) 5

complex ln acetonltrlle were measured from 49° to —10°C

’uat 53 MHz and compared w1th the relaxatlon data of the
E [NlTRI(CH CN) ](C104)2 solutlon in acetonltrlle. The
‘comparlson shows that the Rl b d and R2 obsd” l/T - _v>ij”

Auvarlatlons are 1dentlcal for the two sets .of . data, and the

"aithe two solutlons are the same._These observatlons'
‘fsubstantlate that the acetonltrlle coordlnatlon to the
.} NlTRIZ',complex 1s not affected by a small amount of .

vwater present in the [NlTRI(H O) ](ClO ) complex. :
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4.545E-04" .- B
4.167E-04" 1..024E+02+
. 846E~04 " 1.019E+02
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. Molality -

SIS n‘u‘nu Nuwwens dim m‘m’-q m':. san e e _;'_.L e n"nwn R m‘u'w‘w Baaa

1 OTBE+02 - i

e i RSN &
tep Exptl R2(calca)’ S~
5 -1 1 n==6"

5455504 2.947E+02 2.942E+02 < - .2, 723£+02
.255E-04 2.873E+02.  2.BB6E+02- 2.6BSE+02.
.O00E-04"."" "2 8B2E+02 /. .2.829E+02" 2.655E+02
~O00E=-04." " .2.844E+02. = 2.829E+02 . . '2.655E+02’
©704E-04. " - 2.815E+02 ’.;2 :TS0E+02." - - 2.60BE+02.
-44BE-04-"."" -2, 725E+02".: 2.669E+02 2.558E402
S226E=-04 - 2.654E+02 4 | 2.586E+02 . ' 2.507E+02
©O30E-04 " - ' 2.8562E+02 = ‘2. 502E+02. . 2.454E+02
.6ETE-04 . 12.353E+02 7. .. 2.316E+02 - . 2.32BE+02’
:500E-04 . "2, 216E+02 . 2.216E+02 ' 2.255E+02,
.SO0E-04 "| .= .2.222E+02 " " 2. 21es+o;;< 2. 255E+02 "
S410E~-04 . '2.1BYE+02 - . 2 1BS8E+02 1 2:212E4+02
S326E-04 - . 2.142E+02 /- -,211015{02. 27168BE+02
#1T4E~04 »° ' 2.016E+02 . '\ 1.993E+02 . '  2.080FE+02"
~OB3E-04 ' .1.920E+02 " 11;9245402;', 2.023E+02 -
<O00E-04""~  “1.B47E+02. ©1.B89E+02 - - 1 ‘967E+02".
~BBTE-04 T1.7BTEYO2 1.766EF07T

LT786E-04 ' 1 ,663E+02 1, 681E+02 . ¥t aoes+oz
L695E-04.." " 1.602E+02- - | 1. ‘602E+02. - - 1.T31E+02..
B13E-04 " . °1.518E+02 " " 1.530E+02 . - '1.689E+02
.538E-04 . . 1.460E+02 JU462E+02. . 0 1.591E+02 .
.471E-04 - -1.3BTE+02 . 1.402E+02 ' - ~1.52BE+02-
.3BY9E-04 7. 1.,322E402 < PU327E402° 1 .449E+02
©B33E-04 | ¢ 1.261E+027 .. 01.276E+02 0 1.394E+02
J2B2E-04° 7 1.216E+02. 4 1,229E402° ,f;aqss+02~
JU220E-04 . 1 160E+02 © T 1.173E+02 ~.1.2B0E+02
S1T6E=04 . o A U114E+02° 1.934E+02 1 .235E+02
LHI4E- 04_"»‘1 O53E+02 :7 . 1.DI6E+02"

.O53E-04 . -1.005E+02 * 1.025E+02 - | : 02
.667E-03 ~ . 1.473E+02 1 1. 56BE+02 f1¢a7ss+oz“‘ v
:250E-03 . ' 1.439E+02 " . 1.539E+02 = 11:356E+02.
S111E503 1 ' 17438E+02. - .. 1:524E+02. ' 11.346E+02
O00E~03 . . 1.426E+02." " ~1.510E402 1.336E+02
.33IE-04 .- 1.436E+02 - 1 1.4B1E+02 1.317E+02
J407E-04 . 1.448BE+02 1.:459E+02 1.302€+02"
L66TE-04 .. Y. 3795+02"‘ C1.43BE+02 . | 71,2B7E+02
.882E~04 . 1.372E+02. - 1.410E+02 " i1, 268E+02
(T14E-04 . 1.359E+02 - -‘fﬁaoas+oz;“ ~1263E+02
:OO0E~04-:. ' '1.329E+02 ' . 1.366E+02 . 1.239E+02
,A444E-04 . 1.302E+02 1UB27E+02 7. 1. 245E+02
-O00E-04 =~ 1.274E+402 . "1.284E+02 . ' 1.191£402
.636E-04 1 ‘233E+02.. 01 239E+02° L

J333E-04. L1B4E+02 7 C 1L 191E+02 -
.O77E-04 1.145E+02 1.442E+02 .

. 857E~ 04-'1,’1 ‘089E+02 1..092E+02"

.B57E-04. " . 1 100E+02 ‘1, 092E+02 1.075€+02 .
L667E~-04 " ',1 '049E+02 - ¢1.0445+02 Citt  Q42E+02
-500E-04" . '~ 'A.003E+02 .. “S.96BE+01 1-.009€+02. ~
3255 -04 944 1E+01 ',9J4305+ov L 96YTELOL
A74E-04" .- 9.059E+01 . .. 8.921E+01 . 9.269E401 -
;O41E-04" . | .8.556E+01 - '8.44BE+01." .. 8.BTOE+01. "
-923E-04 " ° . 8.0B4E+01" E.009E+01 ~ 8.483E+01
+BYBE-04 . . "7.694E+012",.  7.604E+01 (8. 112E+01..
.T24E-Q4. - = 1 17.220E+01 7.232E+01 7.760E+01
.639F-04 ' . 6,97TE+0%1. . 6. 891E+01" . 7.425E+01
.S63E-D4. ' 6.649E+01 6.581E+01 . - '7.114E+01.
-493E-04" - 6.336E+01., ' 6.295E+01 .. 6.81BE+01
.A29E-04 ~ - .6.059E+01 . ' .6.032E+01" 6. 541E+01 ¢
-351E-04: . .'5.TO9E+01 ' 5.712E+01 - | - 6.196E+01

. 266E-04, 5.370E+01 . "5, 36GE401" 5.813E+01 . .
.220£-04" 5.222E+01 B 181E+01. 1 5I603E+OT.
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‘Temp Sample. “top EXPtl 2(calcd)’ '
o . PR ,..
c- . Molarlty s "L ,n-6 n—4
1. 163E-04" *4.9B1E+01 " 4.854E+01. . 5.343E+01
1L A11E~04 "4.766E+01 " . 4.750E+01 5 105E+01-.
”1 GS3E-04 . 4.521E+01. - 4.527E+01  4.B40E+O1
© +1.000E~ -04 . 4.312E+01 . 4.32TE+01.. . 4.600E+O1
1 40.2: ‘0. 1278 1.429E-03 - 1.496E+02 1.549E+02 1:363E+02
N s < 10111E-03 . . 1.4GOE+02 . 1.520E402. - . 1.343E+02- <
. 1.000E~03 . 1.454E+02 -~ 4.505E402 . 1,334E+02
. 8.000E~04: 1.444E402 0 1.469E402 1. ‘308E+02/
©'6.667E-04 - 1 . 1.403E+02 . 1,434E+02 " .. 1.385E+02
5.882E-04': . 1.383E+02 ° - 1.405E+02 - 1.265E+02. 0"
5,000E~04 (""  1.330E+02 ' 1.362E+02 ' 1.23GE+02
; BI000E=04" """ "\1.349E+02 . - 1.362E+03 . 1.236E+02. " .
: ©4.545E-04 . 1.334E+02 1..332E+02 AL 21TES02
4.617E-04: . 1.305E+02 . 1.337E+02 .7 1.220E+02
, . 4.000E ~04 -1.266E+02 " 1.2B4E+02- '~ 1.1BBE+02" °.
'3.774E-04 ’-1 ‘250E+02° " ' 1.258E+02 - S U1T3E+02
, { 3.571E-04. : 1875*02, 1.232E+02". . 1, {157E+02". .
T U3..448E-04 ?1;21se+oz .218E+402. 07 41, 146E402 -
/; 70 3.333E08 1 1 1B0E%02 A 197E+402 1, 136E+02
3.125E-04 " % 4 ,160E+02 1 160E+02 C1.113E%02
- 3.077E-04:7 "1, 103E+02 17151E+402° 70 4,/ 107E+02 "
S 2,.857E-04 - 1 1.096E+02 . 1.105€+02 - '~ 1.078E+02
‘ -2 667E~04"  '1,050E+02" S1.059E+02 . . 1.047E+02
2:500E-04 " . 1.00BE+02 - 1.015E+02 - ‘1.016E+02 .
s +2.326E-04 . -9.611E+01. - ‘9.633E+01 . - ©. TITE+OT
. 2.326E-04 - :9;525£}oﬂ ; 9.633E+01 . -9, 777E+01 |
2.128E-04 T BI911E+O1 8. 986E+01 . [9.268E+01
“ 2,000E+04° 8, 521E+01 8.533E+01 ' '8.893E+01 :
1.823E-04" 7 7.73BE+0Y 8:249E+01 . ‘8.643E+01
1.852E-04° .- 7.BSGE+01.. ' 7.880E+01" 8.411E+01.
S -1.754E-04 . - .7.404E+01 ", CT!BSTE+0Y . 8OG3EL01
1 1.667E-04 7.02BE+01 . ... 7:24BE+01 7.735E401 - ..
1.563E~04" - 6.6 14E+01" h; €.821E+01 . . -'. 7.324E+01 -
1. 4T1E-04 6.273E+01 2" 6.437E+01. . " .6.935E+01" "
1.389E-04. .1 5.897E+01.° . '6.092E+01 6. STBE+O1. "
<. 1.299E-04 .5;§1GE+01- 57436404 6 1T4E+01. ;v .
- f1 '220E-04 5. 155E+04 5.382E+01 " . -“5.810E+01. -
1.136E~04 " 4.B63E+01 T 5.033E+0¢1 5.418E+01
1.075E-04.: . '4.64BE+01. . . 4, TBAEHD1 5..132E+01 . .
‘ - 1,042E-04 - 4.514€401 1;, 4, 652E+01 4.976E+01. .
e ST T 4 O00E <04 4.320E+01 " ' 4.485€+01 4.780E+01 -
<354 ©L0,06597 " 2. B00E-03. " "7 132E+01 " 7.854E%01- 6:835E+01 . -
RN R " 2.000E~03. 7.143E401 - 7.789E+01 6.791E+01 ~
B ~ 1.667E=03 - '7.115g+01 “7.724E+01 6.747E+01"".
71.429€-03:" . 7. O11E+O1 /¢ ‘7. 659E+01: ' 6. TO4E+01 L
‘. 1.250£-03". ' 7.000E+01 ,3\ 7(594E+01 . - "6.660E+01 .
1.000E~03: " 6.BBOE+01 . - 7:464E+01 . 6. 573E+01
.-8,000E-04 ve 9B 1E+0O1 * 7.300E+01. € .,463E+01 .
7.692€<04 .- GE+O1 " T 269E+01 " 6.441E+01 -
o ST143ES 04;"-uer’ OE+O1 ©7.20BE+01 . 6. B96E+01
S 6/66TE~04 " -.6,B03E+01 7. 150E+01. % €.:352E+01
po : -5.8B2E-04 - . '6.804E¥01 7 034E+01 . 6.268E+01
e RN 5, 405E~04. rj-e.sass+o1, . 6.941E+01 6.208E+01 ¥
1 I 5.000E-04' ' 6.596E+01. 6.B3I7E+01 6. 151E+01
L 4.651E-04..' .. ~6.56TE4+01. . 6.71BE401 . G, 093E+01
e 4.34BE~04:" " . 6.449E+01 ‘. 6 586E+01. .. 6. '033E+01 ..
S 4:167E-04 .7 6.38B3E+01 . 6.490E+0Q1" “5,989E401 . -
N - 4. 000E-04" . 6.292E+01 '6.3B9E+01: 5.942E+01 -
. 3.774E-04 . ' 6. 154E+01 " 6.230E+01 . 5.B66E+01
o - '3.574E-04. . 5.926E+01 6.062E+01° 5. TBIE+01
3.333E-04°: - 5.792E+01% . 5.B3IBE+01 -~ 5. 656E+01
, (3.125E-04 . '5.584E+01 . ‘5./601E+O1 = 5.5f9E+01
i ©.,2.081E-04 | 5.379E+01 5.370E+01 5:371E+01
2.703E-04 ' | .5 O12E+01 5.036E+01 " 5.138BE+01 -
;2 .500E-04 4. T23E+01 4 721£+o1 A, asas+o1
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Temp Sample t . Exptl g1
. v ~CP ‘ = 2(calcd)’ ¥
[+ . ' . B .
C Molallty s s:l n=6 - ‘fﬁn=4
: ’ “*‘ 2.381E-04 4.549E+01 - 4.524E+01t 4.738E+01
. 2.273E-04 - 4. 352E+01. 4:33BE+01.. 4.581E+01 |
B o 2.128E-04'  ~ 4.021E+01 ~  4.0T9E+01 *° 4.351E+01. i
R 2.041E-04.° -~ - 3.954E+01 ~'3.920E+0f1 . . '4.203E+01
RS 1.961E-04: ~ 3.7T79E+01 .. Q.TTIE+01. . 4.0G1E+01
B . -“1.BBTE-04 . 3.637E401 30631E+01" ;. 3.925E+01
o .U 1.7T8BE-04. . 3.471E+01 3.440E+01 .+ 3.731E+01
SR ALT24E-04 0 30346E+01 3.321E401 " ‘. 3.609E+01 :
» ' Dot TAL66T7E-04 7 0 3L.227E401 3.213E+0t1 7. 3.494E+01
W 1.667E~04 - - 3.236E+01 3:213E+01 3.494E401-
ﬁ o o 1.613E-04 . - 34 154E+01' 3.110E+01-7 . 3,3B4E+O]
Ll 1.563E~-04", 2.993E401 3.015E+01 " 3.281E+01
ST e 1.471E-04 - 2.872E+01 - 2.841E4+01 3. 088E+01"
TR 1.471E-04 . '2.841E+01 . ©2.B41E+01. .. | 3.0BBE+O1
v T 1.429€-04 © “ 2.799E+01 ... - 2.763E401 .- 2,9B9E+01. "’
. , = 7. 1.3B8E-04 . . 2.757E+01 - 2.6B9E+01 . 2.8915E+01 -
! L T35 1E-04 '2.655E+04" i . 2.620E+01 .- 2.834E+401 . -
. S R 1.229€E-04" " = 2.593E4+01 2.401E+01 . 2. S76E+01
. : Vel e 1 250E-04" . 2 483E+01- 2.438E+01 ' 2.620E+01.
R 1.220E-04 ':2.,42BE+01 2.3B6E+01 ... - 2. S5TE+01 ~.
I 10176E-04 " . 2.334E+01" . 2.309E+01 : . 2.465E+01
: e 1.149E-04 - ' '2.2B0E+01 ~ - 2.263E+01 < " 2:409E+01
‘ L . 1T.111E-04 ' 2.218E+01 " - . 2.199E+01" ' .2.331E+01 .
\ R 1.099E-04 ©12.185E%01 ., 2.180E+01-  2:306E+01 .
S 1.053E-04 .2, 133E+01 "} 2.104E+01".: " 2,2 {3E+01
S e e T U OODE S04 s - 2/ 084E+01 2.0295+o1__'j12.1015+o1a
©35.0 .7 .. 0.1278 . 2.000E-03 . 1,365E+02 . 1.4 v L U1301E+02
L 2 CoL e 1.250E-03" © - 1.387E+03 " % LXS2T6ERO2. %
St 1.220E-03 % 1.394E+02 ¢ ¢ Y L AV274E402
Lo 1.053E-03 . | {.BTIE+02 " 1 D1 264E402 7
R 1.000E~03 "', 3BOE+02. * 1.4295+02a [ 1.259E+02 -
e 9.091E-04:  1.364E+02° . 4. 416E+02 . T1U251E+02
R B.333E-04 - 1:BBJEA02 - 1.404E402. 1.243E402.
e g 7.407E-04’ -;1_3&85+02, \ 1./386E+02 ' . 1,230E+02 ", .
-_;'g o 6..250E-04 (1.308E+02 "' . 1.35B8E+02. - {.209E+p2
o5 556E <04 1.310E+02 1.335E+02..: " . 1. 194E+02
' J 5., 000E~04 - 1.2B6E+02" 1.,309E+02 " - 1:179E+02
4 .545E-04 " . 1.267E+02 . . 1.277e+02 - 1 165E+02 .
4.348E-04 '~ “1.263E+02 ' 1.289E+02 - 1.157E+02
4.167E-04 1.240E+02 1 240E+02 - . 1;1aag+02; e
" 4.000E-04 . . 4.213E+02 “¥,220€402 - ° . 11394027
3.571E-04 "~ .7 1.175E+02  1:158E+02 t:108E+02"
" 3.226E-04 . 1, 110E+02 ;f-‘1uoa7sf02‘.;/{1;o7oe+og;
3.125E-04 - -~ 1.045E+02° . - .1.065E+02 ' 1, 056E+03
3.030E-04 - 1.054E+02 " 1.042E+02 - 1.041E+02 .
2 .941E-04 . 1,045E+02 " 1.020E402 .. 1.027E+02 . .
<. 2.7TBE-04' *~ = 1.009E+02 .  9.761E+01. . 9.864E+01
. "2:632E-04 . "9:607EFO1 . 9.342E+401 . 9.654E+01
3 ©2,564E-04 .. 9.420E+01 9.13BE+01, 9.496E+01
i ¢2/381E-04 - 8.800E+O1 . . 8.562E+01 . 9.027E+01
' 2.273E-04 ' - B.4T6E+0O1 .  8,206E+01 - B T72{E+0f .
2.174E-04" . B.092E+O1 “T.8THE+01. - B.421E+09
.2.081E-04. .7.694E+01". . F_ 40BE+01: . 7,890E+01 -
1.923E-04 “7.311E+01 6.989E+01...-" 7,582E+01"
. 1.786E-04 " 6 T46E+O1 6.497E+01. ¢ T O82E+0
% 1.613E-04 “6.053E+01 , " '5.8T3E+01 - 6.4 1BE+01"
1, 429E-04 '5.451E+0O71 - C5L,224E+01 7 B 6BEE+01
1.250E-04. . .4 694E+01. -~ 4.611E+01. - 4.967E+01 - '
1.114E-04 7 4, 1845+O1”’_;~4.163E+01” <. 4,420E+01
S el o 1.000E-04 - 3.843E401. . . 3. B2BE+01 . ' 3.999E+01..
129,80 700012780 24 500E-03 1 1495+02;,- 1.209E+02 ... 1.052E+02 -
oooe o Ll -~ 2.500E-03 C1.135E402° . 1U209E402 . 1.052E+02° .
: SN -



e , L SRR ;ﬂl
_ . Sample tCP Ethl 2(calcd)'
(] 3 - :
C .~ Molality . s s n=6 .n=4 -
R , SR ST I
. 1.000E-03 1.12BE+02 . . {:163E+02" " 1.023E+02
©.6.66TE~04 .+ 1.090E+02 " . - - 1.134E+02 9.952E+01.
5.000E~04 . '1.085E+02 - . 1. 100E+0D2 9.816E+01
.4 .348E-D4" 1.086E+02 ~  1.054E+02 9.720E+01 -
" 3.B46E-04 1.056E+02 . 9.947E+01 9.515E+01 "
" 3.571E-04 - 9.705E+01 - '9.516E+01 9.315E+01
‘3.333E-04 ° ' '9.332E+01 - '9.0BQE+01 9.074E+01
- 3.030E-04 8.821E+01 B.443E+01 8.660E+01 -
©2.857E-04 . 8.3T1E+09 8:041E+01 . . B8.365E+01-
2.632E-04 - . 7.92BE+01 7.4B4E+01 . 7.916E+01
2.500E-04" = 7.37YE+01 . 7.141E+01" 7.618E+01"
L 2.222E-04" - - €, TOTE+O1.. 6.393E+01 6.915E+01
Lo 2.000E=04 -~ 6,207E+01 5.783E+01". 6:290E+01
R 1.818E-04 ' 5.823E+01 5.284E+01 5.748E+01 .
1.667E-04 ©5U349E+01 . . 4.B79E+01° 5.287E+01 -.
1.563E-04 5.105€+01 - 4.606E+01. " = 4.967E+01
1.474E-04 - - ''4.B49E+01 " - 4.371E+01 4.686E+01-
1.0429E-04.  4.67SE+01. . | '4.266E+01 .  4.5SBE+01.
1.389E-04 - ' 4.635E+01 4.16BE+01- 4.437E+01
1.316E-04 4.569E+01 ' 3.992E+01. 4.219E+01
17250E-04 . .. '4,379E401 " 3.83BE+01 4.025E401"
1.176€-04 -/ " 4.327E+0t- - 3.671E+01. 3.813E+01
o R 1:.111E-04 4.28BE+01 " . 3.530E+01" 3:631E+01
. :30.2 0.06597 - . 2.500E-03: ' 6,098E+01: 6. 376E+01 5.549E+01 .

: - B 2.000E-0O3 . ' 5.730E+01- - 6.336E+04. 5.522E+01"
1.000E-03' . - 5.992E+01 6. 133E+01 . - 5.389E401
5.B82E-04 . -5 B10E*01 5.922E+01 5:201E+01
5.000E-04 ~ . '5.746E+01 - 5.789E+01. 5.164E401
4.545£-04 % - 5.623E+01  5.643E+0f 5.133E+01

' . 4.167E-04" . 5, 350E+401 - -5.460E+01 . .5.082E+01 "
L : 3.704E-04": - 5. 107E+0]1 "5.142E+01- .-  4.956E+01
‘ 3.333E-04 - ¢ 4.734E+01 .+ 4 BO4E+O1 4.77BE+O1 .
3.030E-04: 4.401E+01 © 4:473E+01 4 565E+01"
2.703E-04" - 4<154E+01 - ' '4,065E+01 4 .258E+01 - .
2.381E-04 ' . 3,740E+01". 3.622E+01 3.874E+01. .
2.0B3E-04 " : 3.276E+01 . '..3.194E+01 3:455E+01.
1.B52E-04 . 3.000E+01 - | 2.B53E+0T1 3 01
1.724E-04. . 2.781E+01 . 2. 66BE+Ot . 2. BEIE+OY .
1.3B9E-04° .: .2.24BE+O1 T 2.206E+01 .7 S 2.347E+0O :
1.282E-04 - 2.101E+01 . 2,089E+01. 2:177E+01
_ 1.190E-04'" " 1.986E+O1 '~ . 1.956E+01 2.:035E+01
L 1.124E-04 . 1. 902E+01 "0 1. 878E+01 1.935E+01 " -
: 1.053E-04 % 1.)795E+01" 1, 789E+01- 1.832E+0F -
R : Lo U1 O00E-Q4° " 1.726E+01 1 T41E404 1.757E+01.
29.8° 00 0.06597T 5 .000E-03 :  0: 5.881E+01 ~ 6.336E+01 5.500E+01 "
s I 2.500E-03"." = 5.891E+Ot. - . 6.25BE+Q1 . . BLAATE+O1 -
2.000E-03 - " 5.909E+01,. ' 6.220E+01 ' 5.422E+01
1.852E-03. . 5.821E+01 ~ €.204E+01. .. 5.411E+01
©1.667E~03 ' . 5.93GE+01 . . 6. 181E+01 57 396E+01 .
©.  1.B15E~03. ! .5.F13E+Of . €.158E+01 .. 5.3B1E+01
""1.428E-03 . 7 - '5.853E+01 6. 143E+01" - 5
1.250E-03 © - "5.793E+01 : . 6.106E+01- 5.345E+01-
1.111€-:03  '5.792E4+01 -G, 06BE+01 5.319E+01 :
1,000E-08 .~ 5,702E+O1"  '/6.025E+01" 5.294E+01
9.524€-04 . 5.G66GE+O1 - 6..002E+01 5.283E+01
9.091E-04 - | '5_636E+01 5.979E+01. 5.270E+01
s 8.333E-04 . 5.6B0E+O1 | '5,938BE+01. 5.243E+01.
' 7.692E-04 . - 5.613E+01 . 5.907E+01 5.213E+01
7.143E-04 . ' 5.617E+01 5 .B85SE+01 5:182E+04
6. 2505 oaz:” 5.578E+01. . - 5.B51E+01 5.130E+01-

.370E+01 .



Temp ":l‘“éannplxa-h

o

i
B

Co2a.7 o 0.1278

o251 0.06897 -
b\

C Moialiiy;'

R
£ Eptl R, .., s>
. CP g S 2 (calcd)’
‘5 s 1 n=6 n=4
i . e
S.556E-04 .. 5.480E+01 5.797€+01 5.101E+01
5.000E-04 5.528E+01 5.700E+01 ... 5.082E+01
- 5.000E-04 5.681E+01 5.700E+01 . ~ 5.082E+01
4 .545E£-04 5.600E+01 5.555£+01 5.0S4E+01
* 4:000£-04 5.378E+01 ' 5.273E401 - 4.970E+01.
3.B46E-04 5. 329E+01 5.167E+01 4.929E+0%,
~3.571E-04 " 5.099E+01 4.947E+01 4.B27E+01 .
. 3:333E-04. . 4.954E+01 4. T24E+04 4. 704E+01
3.1256-04" . - 4.782E+01 ‘4.504E+01')‘ 4 .567E+01
'2.941E-04 _4.494E+01 4%292E+01 - 4,418E+01 -
2.77BE-04 . 4.313E+01 . " 4.091E+01 4.266E+01
2.564E-04 - ' '3.96BE+01 'RF.B11E+O1 4.034E+01 .
T 2.826E-04." 3.636E+01 " 3.483E+01 '3.738E+01
2 .174E-04 3.430E+01 3.26BE+01 . 3.52BE+01 -,
“2/000E-04-" " 3.190E+01 “3.019E+01. . 3.273E+01
.. 1:BB7E-04 .+ .2.919E+01 2.858E+01, 3."1O0E+O1,
C 2 1.754E-04 . 2.789E+01 '2.66SE+01 .. 2.B91E+01
1.667E-04 . .  2.681E+01 "2.54BE+01 ©2.753E+01
- 1.563E-04" . . 2:522E+01 - - 2;406E+01 " 2.B5BTE+01 -
F.4T1E-04: 0 2. 375E+0% . 2.2BFE+O1" 2.440E+01
- 1.3TOE-04> - - 2., 205E+01 2. 1S3E+01. . 2.2B1E+01 .
1.282E-04.. " 2.07TE+01 . ' '2.043E+01 2.145E+01 .
L 13y190E=04 " . " 1.972E+01 1.934E401 '2.007E+01
T 1. 119E-04 . U 1:885E+01 1 .844E+01 '1.891E+01 .
[ 1.083E-04. . 1.77BE401 . 1.7B1E+01 1.809E+01
1.000E-04 ' 1:701E+01 . 17258401 C1.737E+01
2 .000E-03 ~8.398E+01 .. .. .B.768E+0O1; "7 6B3E+01
1,000E-03 . -"8.356E+01. 8.581E4+01 . 7.870E%01: . -
'6.667E-04 ' . B.323E+Qf . B.4B4E+O1: . 7.399E+01.
5 .556E-04 . 8.320E+01 8.476E%01. 7.394E+01
-5.000E-04 .~ - "B.374E+01 . ,:8'3505401 {7 42TE401
4.545E-04 . . . B.263E+01 | . 8. 131E+07 ', 7.430E+01 . -
‘4., 000E-04 7. T95E4+01- - " -T.693E+01 T "334EFQ1
3.636E-04 7.462E+01 7 7 2B2E¥O1 7 T7.162E+01
.. 3,3833E-04: 6.96BE+O T -'6.867E¥O1 6.928FE+01 -
3.030E-04 ' €TE5TE+01 " . 6.395E+01 6.602E+01. .
2. JTBE-04° . 6.24BE+0% 5.864E+01 S 6.258E+01"
~ 2 .500E-04 5.640E+01 5:46 1E+0'1 5..806E+01
. 2.273E-04. . 5.230E+01 5.03BE+O1° " .. 5.387E+01
- 2. 000E-04 L 4.7T43E+01 . 4.528BE+01 "+ "4,841E+01
10942E-04-. . :'4.64TE+01 .+ 4.421E+01 4, TIIEHO1 "
.- 1.7BGE~04 . 4.410E+01 <A 13BE4O1 0 _4.394E4+01
o 1.667E-04 . " 4.102E+04 . ‘3.927E+401 . "4 ,143E+01
 1.575E-04 ©'3.961E+01 . 1. 3,769E+01 .3.950E+01 "
©1.493€E-04 - . 37886E+01 B.632E+01 ~3.78B1E+01:
2. 1.429E-04 . . 3.753E+01" ‘3.52BE+01 " " .3.650FE+04
S 1.351E-04 - . 3. '616E+01 3.:405E+01 “3.493E+01°
1.250E-04"..  3.554E+01 3.252E401 3.296E+01.
T AUATEE-04 -3.537E+01 [ 3.146E+01 3. 15TE4OY
'S5 . O00E-03 - 4.551E401 . - 4 T11E+01. " 4,114E+01
[+2.000E-03 - ' - 4 ,572E+01 . " - 4.651E+01 4.074E401 -
/2.000E-03.- "' - 4.565E+01 . 4.651E+01 ~A0T4E+OA;
© ' 2. 000E=03 = - 4.569E+01 4.651E+01 . . 4.0T4E+01
- 1.000E-03 - @ 4.449E+01 . 4 .550E+01 .. 4.012E+01. "
7:143E-04 - ' "4.37T7E+01* - 4 4B4E+O1 3.940E+01
" 5.000E-04 -4.434E+01- . 4 420E+01 . - "3.930E+01
- 4.545E-04" - ° 4. 45BE+01 -4 ,307E+01. 3.930E+01
. 4.16TE~04 . - 4:309E+01 4 .160E+01, ' 3.904E+01
3.846€-04 ©4.147E+01 "7 '3.993E+01 . 3.B4BE+01 . |
"3.571E-04. < 979E+01 . 3. B19E+01 .~ © 3.76TE+O1
g N T
¥ ,t
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T B . S ' R SRR -1
?emp Sample tep Egptl '_RZ(calcd)’ s
C_ . "Molality - S - s‘lw. n=6_~ n=4
. 3.333€-04 3.854E+01 ¢3.645E+01 3.66TE+01
' b ‘ 3.125E-04 ©  3.679E+01 “3.477E+01 3.556E+01"
' g © 2.857E-04 3.411E+01 3.240E+01 ~'3.376E+01
o . 2.632E-04 3.173E+01 '3.028E+01. 3. 195E+01
ook , 2.273E-04. . 2. B1TE+OT1 2.674E+01 . 2.85S5E+01
T : 2 .000E-04. 2.547E+01 2.401E+01 2.564E+01
SN 1.667E-04 - .2.18BE+0t1 .~ 2.078E+O1 2. 192E+01
Lo 1.563E~04 ... 2.104E+01- 1.982E+01 2.075E+01
R 1.429E-04 .. . 1.9BGE+01 1.863E+01 1.928E+01
N — 1.351E-04 1.913E+01" 1.797E+01 1. 844E+01
R 1. 250E-04 1.BE4E+01 - 1.715E+01 1.738E+01
S PR 1. 163E-04. 1.81BE+OT1 1.647E+01 1.650E+01
ERRR S 1.0B7E-04 " ' 1.734E+01 - .1 .591E+01 - 1.576E+01
T 19.6° 0.1278 2.000E-03 ', . 6.301E+01 . . 6.10BE+01 5.425E+01- .-
5 e o 1.000E-03 6:107E+O1. ~6.029E+01 . '~ 5.379E+01
: : - 6.667E-04 ., ' 5.973E+Q1. . 5.999E+O1 . . 5.273E+01
'5.556E-04 | '~ 5.994E+01  6.033E+01°. - " 5,293E+01
S 5.000E~04 |-/ - 5I727E+01. - -, S5.963E+01, 5.337E+01 "
, y 4.545E-04 1" -5 759E+01 .~ . 5.826E+Q1 . . .5 ,35BE+01 -
o o 4.167E-04 - 5.B94E+01 5.646E+0'1 5.336E+01
' £ 3.704E-D4 5.262E+01 " . 5.337E+01 " 5.227E+01 .
oy 3.333E-04 " . 5.214E+01". -~ 5,020E+01  “'5.050E+01
) ‘ ' ©2.941E-04 .. . 4.663E+01 - "4.630E+01..: " 4.765E+01.
- - 2.500E-04 ". - 4.289E+01 - 4.144E+01 - 4327401 ..
el - o - 2:3B1E=~04" "' 40 142E+01 - 4 00BE+01 - * 4. 191E+01
S g 2.000E-04 - /. . 3.662E+0" L 3UST4E+0Y 3.719E+01
. o L 1.667E=04; |  3.224E+01: - 3.242E+01 " 3.286E+01
‘o . ! _ . Y1.429E-04 | .3.016E+0O71, -2.9é2£+o1  2.983E%01
L T 1. 250E-04 2.800E+01 . .2.808BE+01 ~2,.T6TE+O4
s R 1. 111E-04 2.707E+01 . = '2.692E+01 . 2.611E+01
e Coa Gl 1.000E-04 .. ..2:676E+01 ,2.606E+01 " . 2,494E+01
16.4 0.1278 5.000E-03". . ~'5.066E+071. 4.BT6E+OA. 47.B82E+01.
. o SN " 2./500E-03~ ‘- . 5 OB8E+01.~~ . 4. 858E+01 - 4.370E+01
- . Y 2.500E-03 | & v4.805E+01. " 4.85BE+01 - . -4.370E+01’
g S S 1.000E-03 ' 4.649E+01 . . -4.BOGE+O1 - 4.337E+01
: ‘ g 5.882E-04 4.769E+D 1 ~4.822E+Q1 . 4:263E404 .
N 5. 000E-04 4. 63TE+01 A TTTE+01 " 4.317E+01 ©
. 4.762E-04 4 TOOE+O1 4.736E+01. | 4.331E+04 -
L ' 4.348BE-04 4.494E+01" . 4.625E+01%:. " 4. 336E+01
> £ "4.000E-04" - 4,/359E+01 . - 4.490E+01 .. 4.309E+01
i , o w3.704E-04 v 4.1B6E+0f. . 4 .34FE+01° | '4.253E+01
e : 3.448E-04 " . 4,037E+01 '~ 4. 195E+01 . ~ 4. 174E+01
L ¢ ‘ * ' 3.125E-04 3.840E+01 - . '3;9B2E+01 4.032E+01 "
. e ’ . 2.857E-04 . '3.705E+01 ‘3.787E+01 ./ 3.B7BE+01
K "2.632E-04 / 3.496E+0f, -3.614E+01. ., - -3.719E+01
; . . 2.500E-04" .. 3.316E401 -3.510E+401 ~ " 3.618E+01
AT T0.'2.381E<04 ° - 3.192E+01 . 3.41SE+01- . 3.522E+01-
S k + 2.474E-04 ., . 2.946E+01 - 3.250E+01:  .'3.344E+01 '
o 2.000E-04 " 20836E+01 - ‘3. 113E+01 " 3.188BE+O1 -
. o 1.852E~04" . .2.595E+D1 .2.998BE+01. 7 3:052E+01
1.667E~04 . % 2.444E+04" 2.860E+0D1. '2.8BRE+0O1
. ' 1.429€-04 ' 2.333E+04° - 2.694E+01° . 2.66BE+O1;
. 1.351E-04 ~2.232E+01 L 2.643E+01° - 2.601E+01 .
! - 4.250E-04 . . 2.106E+01. . .2.580E+01 [ 2.516E+01:
= , L ' 1.114E-04 . 2.047E+01 . 2.499E+01 . = 2.406E+01
oot 4.9 0.02433 ' © 5.000E-03 > '4.79TE+00 ..  4.596E+00 ' 4.472E+00
R L LU 2 S00E~03 4.659E+00 .. " 4.57TE+0Q0 . . 4.455E+0Q .
o ; : 1 1.000E~03 - ' 4.913E+00 . 4.§65E+00 . - 4.438E+00
Lo 6:667E~04 "~ 4.68TE+00 C 4.S4TE+00 " 4. .414E+00
S 5,000E~04 . - 4.750E+00 - - ' 4.562E+00 . 4.432E+00
B Z‘A— !
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.\. )

T emp Samp;e tCP Exptl R2(ca1cd)' s
.°- - M ' - - )
C . Molality 5. S-;n, S N=6 n=4
' ;] T4:000E~-04 4.728E+00 - 4.471E+00 . * 4.443E+00
, © ' 3.333E-04 4 SB1E+00. - - '4.343E+00 . = 4.385E+00
. 2.857E-04 4 .396E+00 - - '4.222E+00 . 4.293E+00
‘ 2.500E-04 ‘4 .203E+00 4.121E+00 4.195E+00 .
o 2.273E-04 4 ,088E+00 4.054E+00 " 4.123E+00°
/ 2.000E-04 - 3.919£+00 . .- 3.973E+00 4.028E+00
/ '1.905E~-04 3.903E+00 '~ 3.946E+00 3.993E+00
yA “1.667E-04 - 3.824E+0Q . . 3.879E+00 3.907E+00
- 1.429E-04 " 3.79BE+00Q 3.816E400 3.822E+00 -
g 3 -3 3

.250E-04

124E+00

.T73E+00

.T61E+00 ,



II. 'At 15 MHz

o ‘ - : ‘ I |
~ Temp Samplg tCP Exptl R2(ca1cd)’:s
° . _ — - ,
... C Molality s s’l‘ n=6 . n=4 -

| ‘ 1 ‘

30.1 "0.1278 -—~ 5.000E-03 ©'5.259E+01 - . 4.853E+01° '  4.622E+01

o -~ 4.000E-03 5.046E+01 - 4.B15E+01%" 4 .597E+01

. , 3.333E-03 4.980E+01 4.778E+01 4.572E+01

' | 2.857E-03 5.057E+01 4.740E+01 4.547E+01

| 2.500E-03 5.035E+01 ~ 4.T703E+01 4.522E+01

. 2.222E-03 4 .BT3E+01 4.666E+01 .- 4.49BE+O1
. 2.000E-03 .4 .96BE+01 " 4,.829E+01  4.473E+01

2.000E-03 4.759E+01 4.629E+01 ' .4 4T73E+01

1.818E-03 4.846E+01 4.592E+01 © .4 .448E+0O1

1.667E-03 4 . T16E+01 4 .555E+01 .4.424E+01

. '1.53BE-03 4.665E+01 -~ 4 .517E+01 4.399E+01
: 1.429E-03 © 4.650E+01 . 4.480E+01 4 .374E+01
. 1.250E-03 4 .538E+01 4.405E+0% " . 4.325E+401 -
1.111E-03 = 4.419E+01 - 4.329E+01 4 .275E+01

1.000E <03 4.23BE+01 ° 4.253E+01 4.226E+01

8.696E-04 - " 4.186E+01 4.138E+01. . " 4. 151E+0O1

7.692E-04 - 4.022E+01 4.024E+01.° " 4.074E+01

6. 666E-04 " 3.804E+01 .3.B78E+01 3.972E+01

5.882E-04 3.709E+01 3.741E+01 “3.871E+01

5.405E-04 | 3.565E+01 - . .3.646E+01 '3.796E+01

5.00DE-04 3.486E+01 " 3.558E+01 3.723E+01.

\ 4.444E-04 '3.342E+01 3.428E+01 : 3.608E+0O’

: ' 4.000E-04 “3.ATIE+OT 3.316E+01. . . 3.503E+01
3.636E-04 .. 3.07BE+01 3.220E+01" 3.406E+01
3.333E-04 - 3.00GE+01 . - 3.138BE+01 . 3.320E+O1
2.941E-04 '2.952E+01 . .3.031E+01° 3.201E+01
2.703E-04, "2.B30E+01 2:967E+01 3.125E+01
2/ 500E-§4 2.789E+01 2.943E+04 .3.060E+01

T 2.273E-Q4 - 2.716E+01 2.854E+01 2.986E+0O1
©2.105E-Q4 . 2.6T4E+01" 2.812E+01 © 2.931E+01
2.000E-04. - :2.570E+01 . 2.786E+01 ‘2.897E+01 .
1.852E-04 ~ ° 2.59BE+01 ' . '2,752E+01, 2.851E+01 .
" 1.724€404 2.625E+01 2.723E+01°  2.B11E+01
,4.6665404 - 2.588E+01 . . 2.T{1E+01 2.793E+01-
“1.666E-04 "2.611E+01 T 2.7 E+OT 2.793E+01
1.563E-04 - ' 2.638E+01 2.689E+01 F2:763E+01
A 1.638E-04 ' - 2.563E+01 2.684E+01 ‘2.756E401. -
: 1.429E-04 2.560E+01 2.662E+01 2.725E+0%, .
. 1.250E-04 - 2.494E+01. 2.630E+01 2.677€+01
1L111E=04 . 2.494E+01 - . 2.607E+Of% 2.643E+01
, : ' " 1.000E-04, .2.442E+01 "2 /590E+01 2.617E+01
30.2 .. 0.06597 1. OO0E~02 2.639E+01 "2.579E+01 2.434£+0%1°
' : : 1.0G0E-02. 2.638BE+01 [2.579E+01 . .2.434E+01
6.667E-03 . ©2.528E+01° . ' 2.557E+01. - 2.419E+01
) ‘5. 000E~03 2:494E+01 - 2.537E+01 . - 2.405E+01
4..000E-03 - 2 .500E+01 © 2,517E+01 2.392€+01
3.333E-03 2.444E+01- . 2.497E+0O1 2.379E+01
;2 .500E~03 2:3B2E+01 . 2.459E+01 - 2.353E+01
2. 000E~03 2.320E+01 2.420E+01, 2.328E+01t
- 1.666E-03". - '2.300E+01 "~ . 2:3BI1E+01 . °"2.302E+01
1.429E-03. 2.23BE+01 7 2.343E+01 2.277E+01
- 2 2.304E+01 2.252E+01

.250E-03

.268BE+01
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=1

- Temp Sample ’ tCP Exptl R2(calcd)"s [
‘o ) 1 ) s - .
C - Molality - 5 s n=6 ‘n=4".

. , \ ,
1.250E-03 . 2.246E+01 2.304E+01 2.252E+01
1.111E-03 2.167E+01" 2.265E+01 2.226E+01
1. 111E-Q3 2.223E+01 . 2.26SE+01 2.226E+01
1.000E-03 . 2.223E+01 = 2.225E+01 2.201E+01"
1:000E-03 2.164E+01 2.225E+01 2.201E+01, !
9.090E-04. - 2.146E+01 . 2.185E+01 2.175€+01° '

© 8,333E-04 , 2.063E+01 - 2. 146E+01 2.149E+01
7.143E-04 - 1.953E+01 2.06BE+01 . . '2.097E+01
6.250E-04 1.895E+01 = 1.994E+01°  2.044E+01
5.555E~04 1.792E+01 '~ 1.926E+01 1.992E+01
5.000E-04 1.744E+01 ‘1.864E+01 1.942E+01
, 4.444E-04 1.677E+01 1.795E+01. 1.BB2E+01
, 4. 000E+~04 t.655E+01 1.736E+01 1.827E+01
3.8571E-04 1.563E+01 1.676E+01 1.768BE+01
3.226E-04 . 1.560E+01 .. 1.627E+01 1. 716E+01
2.857E-04 1.581E+01 ‘ 1.574E+01// 1.656E+01
."2.B5TE-04 1.511E+01 = 1.574E+01 1.656E+01
2.500E~-04 “1.470E+01 . - -1.524E+g// 1.596E+01
2.500E-04 1.442E+01 1.524E+01 - 1.596E+01
- . 2.174€-04 1.350E+01 1.480E+01 1.541E+01
2.174E~04" 1.416E+01 1.480E+01 1.541E+01
2.000E-04 .. . 1.395E+0t . -  1.457E+01 1.511E+01
2.000E-04 1.441E+01 1.457E+01 . 1.511E+401
1.B18E-04 1.3B4E+01 “1.435E+071 1.481E+01
1.818E-04 1.321E+01 . 1.435E+01 " 1.481E+01
1.666E-04 - 1.313E+01 1.417E+01% 1.457E+01
- 1.429E-04 - 1.334E+01 1.392E+01 1:421E+401
1.250E-04" - 1.331E+01 1.374E+01 . 1.395E+01
, 1.411E-04. . 1.349E+01  1.362E+01 1.377E+01
T 1.000E-04 1.326E+01 1.353E+01 -~ 1.364E+01
25.0 . . S 0.1278 5.000E~03 5.022E+01 4.983E+01 4.665E+01
S 4.444E-03 5. 149E+01 4 /958E+01- 4.648E+01
4 .000E-03 5.168BE+01 4.932E+01 4.632E401
. 3.636E-03 " 5.167E+01 4.90TE+0+ 4.616E+01
3.333E-03 S.044E+01 4.882F+01 4.599E+01
3.077E-03 4.987E+01 4 .B57E+01 4.583E+01
. 2.857€E-03 4.993E+01- , ' 4.831E+01 4.567E+01
; 2.667E-03 "4.945E+01. - 4.BOGE+O1 4 .551E+01 "
. 2.500E-03 4 .945E+01 - 4.7B1E+01t 4.535E+01
2.273E-03 4 . BYGE+O1 4.741E+01 4 .509E+01
. 2.000E-03 4.821E+01 . 4.6B0E+01 4.:47CE+01
"~ 1.666E-03 4.652E+01 4.578E+01 4:.406E+01 -
1.429E-03 - 4.579E+01" 4,472E+04 © 4.342E+01
' 1.250€-03 4.474E+01 4. 361E+01 4.277E+01
. 1.991E-03 - 4.324E+01 4.246E+01 , ° 4.209E+01 .
. 1. 000E-D3 4.136E+01 4 .130E+01 4.140E+01
8.696E-04 3.973E+01 3.959E+01 4.034E+01 -
7.692E-04 '3.76BE+0Y , 3.797E+0f 3.919E+01
6.666E<04 . ' 3.495E+01'. 3.602E+01 3.770E+01
5.882E-04 3.279€+01 . 3.435E+01 3.628BE+01 -,
5.263E-04 3.224E+01: - 3.293E+0t 3.497E+01
4-.762E-04 3.086E+01" - 3.174E+01 3.378E+01
: 4 .348E-04 3.030E+01 - 3.074E+01 3.272E+01
B 4.000E-04 2.908E+01. '~ 2.990E+01 3.179E+01
3.636E-04 (2.772E+01. »  2.904E+01. 3.078E+0Q1
3.333€-04 © 2.762E+01 2.833E+01 | 2.992E+01
3.077E-04 2.72BE+01 2.776E+01, 2.920E+01
2.857E-04 2.711E+01 2.72BE+01.. ~2.8S8E+0f
2.857E-04 2.701E+01 . ~ 2.728BE+01 2.858E+01
. 2 .2 2 2.805E+Q1

.652E+01 .6BBE+01



: - : » -1
Temp Samplg. tep Ethl R2(calcd)"s
o . -1 B ’
c Molality 5 st n=6 n=4
- 2.632E-04 - 2.635E+01 2.681E+01 2.795E+01
. 2°500E-D4 2.595E+01 '2.654E+01 2.759E+01
© 2.273E-04 2.551E+01 2.611E+01 2.699E+01
2.083E-04 2. 458E+01 2.577E+01 2.651E+01
1.887E-04 2.489E+01 2.544E+01 2.604E+01
] 1.852E-04 2.4T1E+O1 2.538E+01 2.595E+01
. 1.667E-04 2.426E+01 2.510E+01 2.554K+01
1.429E-04 2.359E+01 2.477E+01 2.505E+01
. 1.250E-04 2. 345E+01 -2.455E+01 2.472E+01
' 1.163E-04 2.359E+01 . 2.446E+01 . 2.458E+01
1.034E-04 2.332E+01 "2.433E+01 2.43BE+01
1. O00E ~04 2.357E+01 2.429E+01 2.433E+01
25.0 0.06597 . 1.000E-02 - - 2.628E+01 2.649E+01 2.457€+01
' 6.666E-03 2,585E+01 2 .620E+01 2.43BE+01
5.714E-03 2.622E+01 2.607E+01 2.428E+01
5.000E-03 2.592E+01 2.593E+01 2.420E+01
4.348E-03 2.602E+01 '2.877E+01 2.410E+01
3.704E-03 | 2.539E+01. 2.556E+01 2.396E+01
3.333E-03 2.528E+01 2.540E+01 - 2.386E+01
. 2.857E-03 2. 454E+01- 2.514E+01 2.369E+01
,2.500E-03 2.484E+01 - 2.488BE+01 2.352E+01
2 .000E-0% 2.436E+01 2.436E+01 2.319E+01
1..667E-03 2.3B4E+01 2.383E+01 . . 2.286E+01
1.429E-03 2. 270E+01 2.329£+01 2.253E+01
- 1.250E-03 . 2.170E+01. 2.271E+01. 2.218E+01
1. 111E-03 - 2.162E+01 2.°211E+01. 2..184E+01
- 1.000E-03 2. 114E+01 2.150E+01 2.148E+01
" 9.090E-04 - 2.036E+01 . 2.090E+01 2.111E+0)
. -8.333E-04 ° . 1,962E+01 . 2.032E+01 2.072E+01
7.692E-04 '+.985E+01 1.876E+01 2.033E+01
7.692E-04 - 1.942E+01 ©1.976E+01 2.033E401
6.B97E-04 1.891E+01 1.89BE+0O1 1.975E+01
6.250E-04" . 1.772E+01 - . 1.B2BE+01’ 1.91BE+01
- 5.555E-04 - 1.684E+01. 1. 748E+01 " 1.847E+01
5.000E-04 1.643E+01 1.680E+01 1.782E+01 .
© 4.545E-04 1.713E+01 . 1.623E+01 q.T723E+01.
4.167€E-04 © 1.595E+07 1.576E+01 - 1.672E+01 "
3.774E-04 1.528E+01 1.527E+01 " 1:616E+01.
: //’ 3.448E-04 © 1.552E+01 1.487E+01 1..568BE+01
3.333E-04 . 1.530E+01 1.473E+01 J.552E+01
' . 3.077E-04 '1.443E+01 1.443E+01° 1.514E+01
. 3.030E-04 -1.410E+01 1.438E+01 1.507E+01
'2.857€-04 _ 1.459E+0¢ 1.419E+01 1.482E+01
2.778E-04 1.308E+01 4. 410E+01 1.470E+01
2.500E-04 1.414E+01 1.381E+01 1.431E+01
2. 326E-04 1.410E+01 - 1.363E+01 1.407E+01
1 2.222E-04° 1.443E+01 1.353E+01 1.393E+01
"2.174E-04- 1.442€+01 - 1.3489E+01- 1.387E+01
2.128E-04 1.388E+01 "1.344E+01 1.381E+01
" -2.000E-04° 1.385E+01 1.333E+01 1.364E+01
1.923E~04 1.345E+01 1.326E+D1 1.355E+01
. 1.724E-04 1.355E+01 1.310E+01 1.331E+01
1.667E-04. 1.3S5{E+01 1.306E+01 " 1.325E+01
'1.563E-04 ©1.284E+01 1.298E+01 1.314E+01
1.429E-04 - 1.332E+04 1.289E+01 1.300E+01 .
© 1.250E-04 1.326E+01 1.278E+01 1.283E+01 -
1.111E-04 - 1.283E+01 1.270E+01 ~  1.2T4E+O1
S L 1.000E ~04 41.298E+01 . 1.264E+01- 1.263E+0
20.7 0.1278 *5.000E-03’ 4.876E+01 . 4.705E+01 4.350E+01
' 4 4.8B7E+01 4h3195+o1

. oooe‘-oa

.

4.656E+01
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. Temp Samp;e ,tCP  Exptl ' RZ(calcd)f~s
: o . : - : -

C__ - Molality = - s st n=6 - n=4.
3.333E-03 - 4.719E+01 | 4.606E+01 4.28BE+O1
2.857€-03 . 8 .69BE+01 4.557E+01 4. 258E+01
2.500E-03 4.645E+01 4.509E+01 4.227E+01
2.222€-03 © 4.643E+01 - '4.462E+01 . 4.196E+01
2.000E-03 4.538E+01 4.414E+01 4. 16GE+01
1.81BE-03 4 .527E+01 4.363E+01 ' . 4. 13BE+D1

. ) 1.667€-03 +4.507E+01 - - 4.309E+01 ., 4. 107E+01 ’
1.5386-03 ° ~4.445E+01 4. 250E+01 ! 4. 07TE+01
1.42BE-03 . 4402401 4. 18BE+01 - . 4.047E+01
1.333E-03 4.320E+01 4.123E+01 4 .Q15E+01
1.250F-03 4. 247E+01 - 4.056E+01 3.981E+01
1.111E-03 4. 101E+01 3.917E+01 ~ 3.908E+01
1.000E-03 3.894E+01°  3.779E+01 -3.829E+01
9.090E-04 "3,783E+01 - -3.648E+01 '3.745E+01
7.692E~04 3.556E+01 3.413E+01 3.571E+01 "

' 6.666E-04 "3.341E+01 7 3.218E+01 . 3.405E+01
: . © 5.883E-04 3.189E+01 3.064E+01 3.255E+01
- ~_-~ 5.263E-04° 3.103E+01- 2 .939E+01 3. 124E+01
o 5.000E-04 3.040E+01 2.8B6E+01 3.066E+01 " .
4.651E-04 g.s17s+o1 2.817E+01 2.986E4+0 1"
4.444E-04 . 2.B53E+01 . 2.776E+01 2.93BE+Q1
i 4.166E-04° - 2.739E+01 2.723E+01 2.874E+01
' 3.846E-04 - 2.7B6E+01 2.663E+01 _2.793E+01 '
3.703E-04" |/ 2.647E+01 2:637E+01 2.766E+01 .
3.44BE-04 - 2:651E+01 2.592E+01 2. 70TE+O1
"3:125€-04 2.550£+01 2.538E+01. 2.635E+01
_ 2.857E~04 | ' 2.608BE+01 2.496E+01 . '2.57TE+01
. 2.703€-04 2.573E4+01 2.473E+01,  , 2.544E+01 "
2.500E-04 2.497E+017 2.444E+01. . 2.503E+01
2.1346=04 . 2.501E+01 = 2.396E+01 2.434E+01
2.000E-04 - 2.482E+O1/. 2.380E+01 2.411E+01
1.818E-04" - | 2.466E+01) 2.360E+01 2.381E+01
1.563E-04 - | ' 2.425E+01 2.334E+01 2.343E+01
- 1.389E-04 . ' 2.396E+01 2.319E+01 = 2.320E+01
, 1.250E-04 -2.361E+01 2.30BE+01" 2.303E+01
T : oo 1. 111E-04 '2.476E+01 2.298E+01 2.28BE+01
o - %7 1. 000E-04 2.410E+01 2.291E+01 2.277E+01
TUs 21,00 '0.06597 1.000E-02 - 2. 440E+01 2.513E+01 2.308E+01

‘ : : 8.333E-03 2.430E+0t T 2.502E+01 2.301E+01
6.666E-03 2.462E+01 2.486E+01 2.290E+01
6.666E-03 2.395E+01 2.486E+01 2,290E+01
5.882E~03 - 2.465E+01 2.475E+01 . . 2.283E+01

\ ’ 5.000E-03 2.379E+01 2.459E+01 - 2.273E+01
4.545E-03 2.417E+01 2.449E+01 1 2.266E+01
. : 4.000E-03" 2.425E+01 2.433E+01 - 2.256E+01

S \ 3.333E-03 ©2.37BE+01 2.408E+01 2.240E+01.

. : N 2.857E-03 2.340E+01 2.382E+0t 2.224E+01
— ,\ 2.500E-03 2.326E+01. . 2.357E+01- 2. 208E+01

: ' 'f\ 2.000E-03 - 2.267E+01 2.307E+01" ~ 2.176E+01
Y 1.666E-03 2.239E+01 2.253E+01 2. 145E+01

5 1.429E-03 2.176E+01 2:193E+01 2.114E+01.

A 1.250E-03 . - 2.076£+01 2.125E+01 2.080E+01

\ 1.111E-03 " 1.993E+01 . 2.054E+01 | 2.043E+01

1.111E-03 1.988E+01 2.05S4E+01 2.043E+01
N 1..000E-03 1.987E+01 1.984E+0%1 2.003E+01
1.000E-03 1.968E+01 1.984E+01 . 2.003E+0f

9.090E-04 .. 1.80BE+O1 1.916§+01 1.959E+01

. 8.333€E-04 1.858E+01 1.853E+01 . 1.915€E+01 .

o 7.143E-04 1.687E+01 1.741E+01 - 1.827E+Q1 .

- 6.250E-04 - 19 1.649E+01 1.745E+01

~629E+01



e arme®

7

2;3955-03‘\\J
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1.600E+01

.570E+01

- [
p 1 t Exptl R g7t
Temp' Samp € X CP Xp 2(calcd)’ \
[+] i — " . v R
C Molality | s st n=6 n=4
8 h
5.556E-04 1.851E+01 1.576E+01 1.%72£+o1
5.000E-04 1.469E+01 1.517€+01, 1.608E+01
4.444E-04 1.426E+01 " 1.458E+01 1.541E+01 -
4 .000E-04 1.363E+01 1.413E+01 1.487E+01
_ 3.571E-04 " 1.328E+01 1.372E+01 1.434E+01
3.223€-04 1.327E+01. 1.340E+01 1.392€+01
2.857E-04 1.281E+01 1.309€+01 1.350E+01
‘ \ 2.500E-04 1.318E+01 1.2B1E+01 . 1.311E+01
2.273€E-04 1.244E+01 1.264E+01 1,2B7E+01
2.000E-04 - 1.237E+01, - 1.246E+Of 1.261E+01
. 1.666E-04 1.221E+04 1:227E+01 1.233€+01
/ 1.428BE-04 1.222E+01 1.215E+01, 1.215E+01
1.250E-04 1.225E+01 1.208E+01 1.203E+01
1.141E-04 1.198E+01- 1.202E+01 1. 195E+01
- 1.000E-04" *  1.1B5E+01- "1.198E+01 - . 1. 189E+01
15. 4 0.06597 1.000E-02 2.058E+01 2.076E+01 ' 1.B9BE+O
8.000E-03 2:065E+01 .2.067E+01 1.892E+01
€.667E-03 2.029E+01 2 058E+01 1.886E+Q.1
5.714E-03 2.033E+01 2.048E+01 . 1.8808+01
5.000E-03 1.890E+01. 2 .040E+01 1.874E+01
4.444E-03 2.045E+01 2.032E+01 1.869E+01
4.000E-03 - 1.992E+01 . -2.023E+01 1.B64E+01
‘ 3:333E-03 1.962E+01° 2.006E+01 1.853E+01
- 2.857E-03 1.932E+01 1.989E+01. 1.843E+01
2.500E-03 1. 939E+01 ~'1.976E+01 1.832E401"
2.000E-03 1.900E+01 1.947E+01 1,813E+01
. 1.667E-03. 1.874E+01 1.905E+01 §.796E+01
/ , 1.428E-03 .1,814E+01 1.847E+01 1.777E+01
ry 1.250E-03 1.781E+01 1.780E+01 1.7S1E+01
1.111E-03 1.667E+01 . 1.712E+01- 1. T1TE+OA
“ 1.000E-03 - 1.720E+01 1.648E+01 1.678E+01
9.090E-04 1.583E+01 1.589E+01 1.637E+01
8.333E-04 1.551E+01 *1.536E+01 . _ 1.596E+01 .
7..407E-04 1.473E+01 1.469E+01 1.536E+01
6.667E-04 1.408E+01 1.414E+01 1.482E+01
, 6.061£-04 “1.389E+04 1.370E+01 1.435E+01
; 5.556E-04 1.356E+01 1.333€E+01 1.393E+01
J. S.000E-04 1.312E+01 " 1.294E+01 1.347E+01
4.545E-04 1.270E+01 1.263€+01 1.309E+01
4.082E-04 " 1.248E+014 1.234E+01 1.271E+01
v 3 .636E-04 1. 195E+01 © 1.207E+01 1.235E+01
3.333E-04 1.170E+01 . 1.190E+01" 1.212E+01
3.077E-04 1. 16BE+01 1.177€E+01 1. 193E+01
2.740E-04 1. 133E+01 1.161E+01 1.170E+01
‘ 2 .500E -04 1. 119E+01 1. 1S0E+01 1. 155E+01
) 2.273E-04 1.097E+01 . 1.141E+01 1. 141E+01
; 2.000E-04 " 1.08S0E+01 1.131E+01 1.127E+01
1.786E-04 1. 108BE+01 1 124E+01 1. 116E+01
1.613E-04 1.075E+01 1. 118E+01 1. 108E+01
1.429€E~04 1.092E+01 1.113E+01 1. 101E+01
* 1.250€E-04 1.058E+01 1. 109E+01 - 1.094E+01
1. 111E-04 1.069E+01 1.106E+01. 1.090E+01
o : RS 1.000E-04 1. 064E+01 1.104E+01 1:086E+01
. 10.3 - 0.06597 1.000E-02 1.682E+01 1.619E+01 1.491E+01
S €.667E-03 . 1.647E+01 §.609E+01 1.484€+01
5.000E-03 ,1.szss+o1 "1.600E+01 C1.47TE+O1
4 [000E-03 1.642E+01 1.591E+01 1.472E+01
N 3./333E-03 1.587E+01 1.581E+01 1.467E+01
. e 2.857E~03, "1.614E+01 © 1.574E+01 1.462E+401°
> 1 T

1.455E+01

a
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t," " g . P l
Temp Sample tCP Exptl , RZ(calcd)’ 5
] . . - S !
Cc Molality s ] 1 n=6 n=4
' . \
2.222E-03 1.593E+01 1. 56TE+01 1.450E+401
, -~ 2.000E-03 . 1.S78E+01 1.561E+01 1.447E+01
1.786E-03 1.616E+01 1.546E+01 1.445E+01
1.667E-03 1.597E+01 1.532E+01 1.443E+01
1.515E-03 1.564E+01 1.507E+01 1.439E+01
o 1.429E-03 1.533E+01 1.4BB8E+01 ©1.434E+01
1.933E-03 1.529E+01 1.464E+01 1.427E+01
1.250E-03 1.491E+01 1.439E+01 1.417E+01
1.113E>03"  "1.44BE+01 1.390E+01 1.392E401,,
1.000E-03,_~ 1.396E+01 .1.346E+01 1.364E4Q+2
9.090E~04" 1.386E+01 1.307€+01° t.334E+01
8.000E-04 1.335E+01 1.258E+01 1.281€+01 .,
7.143E-04 1.254E+01 "‘1.21BE+01 1.252E+01
. 1.275E+01 1.197E+01 1:229E+01
: ~ 1.213E+01 1. 170E+01 . 1.199E+01
’ o T 1.1B1E+01 1.142€+01 1. 165E+01
. 1.163E+01 1.126E+01 1.145E+01
1.123E+01 1. 10BE+0]1 1. 122E+01
o _1.094E+01 . 1:094E+01 1.104€+01 .
. 1.097E+0%" 1.083E+01 1.089€+401
¥ 1.120E+04 1.074E+01 1.077E+01 .
; 1. 106E+01 1~ O74E+01 1,.077E+01
1.093E+01 1.067E+01 1.067E+01
; 1.087E+01 1:067E+01 1.067E+01
o 1.064E+01 1.058E+01 17054E+01
‘ 1.155E+01 1.051E+01. = 1.043E+401
1.050E+01 1.045E+01 1.035E+01
c 1.045E+01 - ' 1.034E+01 1.019E+01
' 1.004E+01 1.028E+01 1.011E+01
9.984E£+00 1.025E+01 1.006E+01
‘ - 1.00BE+01 1.022E+01 1- O02E+01
. 1.006E+01 1.021E+01 9.997E%00 °
: 9.987E400 1.020E+01 | ~ 9.879E+00
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. APPENDIX B -«

¢

_ Comparlsow of the’experlmental and calculated(multlpleu

';temperature least—squares) R2 bsd values w1th n—l and n—é

solutlon 1n acetonltrlle at- 60 MHz._f”
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o1

2(calcd)'

s

te

‘—l

," n—~l ~

I nE2

=323

£
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. o
e N
3
.. -38.1

-1
6.
‘5.
-4,
‘3
2
T2,
2

' ‘:1‘}
L . 1.

S

. O00E =02
667E-03

O00E =03, | &

OQ0E =03~

“333EF03

ZB5TE-03. .
500E =03 -

“O00E~03 .~
667E-03"

429£-03

1. 111E-03.

,H
8

6.
5.

;?5
4
4

2
2.
4
1

1;

1

1.
10

1.
SR
.
9.
6.

5.

. O00E ~04
667E-04

.O00E-03 "

713E-04 |

. OQ0E~04

636E-04
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APPENDIX C. % -

,' . . X E o . 1
v R

Comparlson of the experlmental and calculated(multlple

d_temperature least squares) RZobsd values w1th n—2 and ns= 3

' ,7"' . at varlous temperatures and tCP values for the 0. 1199 mo—
! ' \

: . [ o O -
1al NiTRIz'ISOIutidnwin? “tonltrlle at 53 and 10 MHz.

.’Temp.“ ft : Q..JEXPt;fvug'R2(ca1ca)’fs

— s _ -
- .5./000E-03 . 4;22TE+D1. . - 4.136E+01 . 4 SEBE+01
4 .000E-03 .~ 4.145E+01 & 4.120E+01 14.547E+0
- 3.333E-03 . 4.268E+01.. . 4.105E+01 7 . 4.525E+01.
'2.857E-03 .~ 4.270E+01 . 4,080E+01 . - - 4.504E+01
'2,500E-03 ... 417TE+01 - " 4.075E+01. . - 4.4B3E+0t
B . 2.000E~03. . -4:197E+01-. "~ 4;046E+01 - 4,441E+01 .. - R R
. +1.667E-03 "' |4.232E+01°° . 4:016E+01. - -4.389E+01. - Tl e
d ©71,429E-03 4. 1B2E+01) . “3,9BGE+01. - 4, 35TE401 i S
- 1.250E~03 . . 4.054E+01- " . 3,957E+01.. . .4:315E401
1.111E-03  '4.014E+01  ° 3.927E+01.° '4.273E+01
"1.000E~-03" "~ ' 3.994E+01. .. - 3,B9TE+01" “4.231E+01 .
9.091E-04 " - . 3.BB9E+Of1 ' - 3.B6BE+01 ~ -4.189E+01
o ~ 8,333E-04 . '3.950E+01. . 3.B3BE+01. .. 4.147E+01-
5 ~7.692E-04 3.901E+01. - . 3/BOBE+O1 . ‘4. 105E+01
. " T 7., 143E-04 /3.B9GE+01 " . 3.TT9E+01 .1  4.083E+01
: & - 6.667E-04 ¢ B.TTTE+O1 - -3.T49E+01 » 4.022E+01 .
6.250E-04 3.70BE+01:. .~ -, 3.720E+01 - 3.979E+03 .
6.061E-04 . 3.726E+01. . FUT705E+01..  -3.9SBE+01
"~ 5.8B2E-04 3:709E+01° 7 3.690E+01. .. 3.93TE+01
5.556E-04 - 3.671E+01 .. " 3.660E+01 ° 3.895E+01 ..
-5.000E-04 " . 3.654E+01 . - 3.601E+01 - 3.B10E+01 "
' 5 ~4.545E-04 . 3.606E+O01 .. - 3.542E+01, . 3. 72SE401 "
4. 167E+04.. " "3 .523E+01 ... 3.482E+01. 7 . '3.639E+01
- 3.BA6E-04 . - 3.465E+01 ' 3.422E+01 .  3.552E+01
. < 3.571E~-04.". .- 3,325E+01. - 3.362E+01 3.465E+01
e i "3.333E-04 . 3.266E+01 “3.302E4+04. - . 3.3T9E+01. 1
3.125E-04 - 3.164E+01 = 3.,241E+01 . 3.293E+01
+2.941E-04 " 3. 1SE+01 0 B ITYE+01 - 3U208E+01 ..
'2.703E-04 © * 3.018E+01 . - 3.0BTE+01. ~  3.083E+01
i "2.500E-04 . 2:,93I6E+01 . 2.995E+01: - 2.962E+01
©2.326E-04" .. 2 B4FE+01 - 2.903E+01 - 2.84TE+01
2.12BE-04 -~ 2:659E+01 2.7BIE+01 . 2.T7O02E+01-
o ' 2.000E-04 ' 2.565E+01 . - 2.695E+01 . +2.600E+01
3 1.88TE-04 - * 2.4BBE+O1 - . 2.6910E+01. ..  2.505E+0f
R . Lo i 1.754E-04 2, 3BBE+01. . 2.500E+01 .- 2.387E+0{. -
Tl Lo s 1.667E-04° - °2.301E+01 .- 2.421E+01 - . 2.307E+01 .
USRS C oo c1.563E-04- 1 2.166E+01 T2.322E+01°. | 2.208E+01:
CIAATAE-D4 . 2.073E+01. 2 20BE401 2.11BE+01 -~
AU351E=04 " - 1 1:874E+01. - 2.09TE+0Ot 1.8997E+01
1

STl 1i282Ev04 - 1.BBGE+O1 . - 2.01BE¥O1 . ,  1.927E+01
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a »
i )
Temp - t. '~ Exptl R,, i .o, st S
" R ) - : 2(calcd)’ * - . L
o - . -1 S
C - - . n=2 . n=3.
‘ 1. 180E~04 . 1.809E+01 1.809E+01 . 1.833E+01
1. 111E-04 1.716E+01 © 1.,812E+01 1. 753E+0% -
1.053E-04 - - 1.658BE+01 C$.TIBE+01: - 1. G95E+O1
S t.000E-04  1,565E+01 . ' 1.672E401 ., ' 1.642E+01
«\30.4.' '5.000E-03 4 . 965E+01 - 4.912E+01.. ..5.358E+01
M 3.333E-03 ' 4.91SE+01 4.B6TE+01 . 5.295E+01
~2.500E-03 ' . 4.932E+01 4.823E+01 © 5.232E+01
. 2.000E-03 - 4.914E+01. 4.779E+01 5. 170E+01
( ~1.667E503 . 4.850E+01 . ~ - 4.735E+01 5.108E+01
1.429E-03 * ' 4.B38E+01 4.692E+01 . . 5.045E+01 - :
1. 114E-03 ¢ . 4.T71SE+01 4.604E+01 - . 4.921E+01 Ly
vy " 1.000E-03 - " 4.637E+01. . 4.560E+01 . - 4.B59E+01 R
8.333E-04. " . 4.490£+01 - 4.473E+01.: 4. 735€+40% " -
. 7.143E-04 '~ "4.44BE+0O1 4.385E+01 . 4.610E+01~__ o
. 6.250E-04 . 4.372E+01- ' [ 4.298E+01 © 4.483E+01 . - . - .
~5.556E~04 | 4.25BE+01"-  4.211E+01 . . 4.350E+01. - W
- 5.263E-04":. . 4.110E+01: - . 4 166E+01. ' 4.2B2E+01 S :
, ‘ 5.000E-04" "~ "4.154E+01 " i 4,122E+01. 4.242E+01 ¢
R 4.545E-04 . . 4.029E+01 - 4.031E+01 " ' 4.070E+01"
L ‘ 4.167E-04 - ' 3.939E+04- 3.937E+01 3.925E+01
“*r?‘ . 3.B46E-04 - , -3.B59E+01 ., 3. 839E+01°W;  3.780E+01
c 3.T51E-04.. . :3.734E+0t ", -3.806E+01- "3.732E+01
' - 3.333E-04" ©  3.6B2E+O1’ 3.636E+01 . 3:496E+01
. .. 3.077E-04 ' 3.465E+01. - Y 3.507E+01" 3.328E+01
2.857E-04. " '3.316E+01 . 3.377E+01.  3.169E+01'
‘. - .2.66TE~04 > " 3.195E+01 3.249E+01 - . 3.021E+01
"2.500E-04 . ' 3:053E+01; -3.124E401 ~ 2.aazEfo1g
" .2.326E-04 | §.B92E+01 2.979E+01. 2. T30E+01. |
, - 2.000E-04 . &, 5755+o1 (2.669E+01. - 2.430E+01
. 7 1.887E-04 'ﬁ 458E+01 ©.2.550E+01 . 2.322E+017)
S1.754E-04 . . 2.340E+0t. " 72.403E+01 " 2. 194E+01t.
1.66TE-04 . | (2.229E+01 .. 2. 3045+o1=_,f‘2.1115+o1
1.563E-04 - 4. 105E+01" 2.182E+01 .. 2. 011E+01
' 1.429E-04.« = 1,96 TE+01' . . 2 O21E+O1: 1.BB4E+01
;1.333E-04 - ' 1.852E+01 ' " 1:904E+0 1" , 1-796E+01 - :
“1,250E-04. " -4 TTTE+O1 1. BO3E+0Y. 7 1.T721E+01 " ‘
~4.176E-04 . . 1..690E4+01 ' . 1.T713E+0O1 . .-1.656E+01"
1.111E-04 ' 1,629E+01 .  1.636E+01 © 1,:600E+01.
g _1.053E-04 | :"1.573E+01 . 1.56JE+O1. . - 1.552E+01.
C 1.000E-04.. - -~ 1.50SE*+01 - - 1.505E+01 = .. '1:510E+01:
247 -5.000E-03 ' " " 4.92BE+01  ‘  '4.904E+01 "~ 5.316E+01
B 4.000E-03. -~ . 4. 912€+01~_p "4.BB3E+Q1 .. " 5,2B5E+01.
3.333E~03 . 4.983E+01 - 4.861E+01. ' . '5.254E+401
. - 2.B57E-03 - 4 .976E+01 - 4/B40E+01’ -, § 223E+01
: . 2.500E-03 . - - 4.990E+01 ~ 4 B18E+01 . 5,193E+01:.
o . ' - 2.000E~03 4. 859E+01 . - - 4.7T6E+O1 - 5.132E401 .-
: ¢ '1,667Er03 ' "4.902E+01 4.733E+01 . 5.0T1E+01
: .1.429E-03 . '.4.T19E+0F 4.691E+01 T BL.O09E+01 .-
1.250E-03 . '4.694E+01 - ' .4.64BE+0O1 “4.94BE+01" .
" “1,111E-03 '4.683E+01." 4. 608E+01 .. 4. BBBE+O1 -
o -1.000E=03 - - - -4.570E+01 . 4.663E+01 - 47B30E+01
- 9,091E-04 = . -4.5TTE+01 "4 .520E+01 4. T74E+01
©'8.,333E~04 - 4.538BE+01 ° . 4. 4TYE+01 .4 TI6E+01
o T 7:692E-04 . " 4.421E+01 i, 43s5+o1 - 4.656E+D1
T 7+143E-04 ' 4.443E+01 . ' 4400E+O1 4 590E+01 -,
“ + 6.667E-04. "' '4.3BBE+O1 - . 4361E+01 - .4.51TE+01
o +,5.882E-04 " . 4,346E+01 4. 2B1E+01 - 4.352E+01 <
5,263E-04 .. 4U26TE+01 . . 4.1BOE+01 .. 4. 166E+01’
- . 4,762E-04. .~ 4. 150E+01 . 4.0B3E+O1. "~ -~ :3.969E+01 -
- 4.348E-04 . 3:961E+01 . ..3.961E+01 - 3.769E+01 -
.. 7. 4.000E-04 . - 3.840E+0Y .~ '3.827E+01 . 3I,5TIE+04
o0 3.T04E-04 .- U-3.691E+01 . 3.6BEE+O1. - 3.38TE+01"
C0 - 3, 44BE-04, 3. B46E+01 7. 3.541E+O1 . 3. 212E401
0 73.226E-04 - 3.371E401. . - 3.397E+O1. . . I.O51E+01 . . .-
: j S 3.0305404_,‘>_3 2oss+o1.. ‘3., 255£+o1 o .2.802E401




. o o ' . ‘ -1 e
.Tem : ) »
=P ‘ tep . .Ethl .RZ(calcd)"s -

_C s . s«; . n=2 " - n=3 . A
2.857E-04" . . 3,074E+01 3.118E+01. ~ 2.766E+01 ‘
2.703E-04 2.944E+01 2.8987E+01" 2.643E+01
i2.564E-04 "2.B44E+01 2.863E+01 2.530E+01

2.439E-04 - 2.TO4E+01 2 .T45E+01. 2.42BE+O1 .

[2.273E-04 2.546E+01 2.583E+01" 2.292E+01 . .
'2.128E-04. - 2.391E+01 2.437€+401 2.175E+01 - R

2 .000E-04 -~ 2.248E+01 2.305E+01 2:072E+01 " S
1.887€E-04" . = 2.162E+0% 2.187E+01 1.9B3E+0t
1.786E-04 . 2. 059E+01 2.0B1E+01. , 1.905E+01
1.667E-04 . 1.934E+01 1.956E+01 1.815E+01
1.563E-04  1,B4CE+01 " 1.B49E+01 1.739€+01 : »
1.471E-04 - . 1*767E+01 1.755E+01 . 1,675E+01 - . . . -
1.389E-04 . 1.679E+01 1.673E+01". "~ 1.619E+01 s

. ¥.2B2E-04° " 1.570E+01 1.568E+01 1.549E+01
1.163E-04 ©1.447E+01 . 1.457E401 1, 47TE+01
1.111E-04 . 1.414E+01 1.414E+09 1.446E+00 . . ‘
1.064E-04 + 1.3B1E+01 1.369E+01. 1.420E+01 <. " _

S "~ 1.000E=04 - 1.333E+01 1.315E+01 1.3B6E+01 b -

L ./ 4.000E-03_ " 4.257E+01 4. 159E+01 4.,493E+01 Lo
o 3.333E-03 4.229E+01 4145401’ 4.472E401 - 1 g
2.857€E-03 4. 214E+017  4.130E+01 4.452E+01" .~ T
. 2.500&~03 ‘4,2285E+01 - .4, 116E+01 4.431E+01 .
-2.000E-03 .- 4.179E+O1 . . 4 O0BBE+01 . * 4,390E+01
1.667TE-03 4:492E+01 4 4,060E+01. ' 4.350E+01
- 1.428E-03" 4. {BSE+01 )} - .4.032E+04 4.307E+01t
LAZ449E-03 L 4L AABEYOTYy .3, 9T5EHO1 . 4.226E+01
4 9 081E-04.7  "4,102E+01.-7" 3.914E+01 4.173E+01 "
. '8.333E-04 .. 4.134E+01 3.890E+Q1 " 4. 141E+01
7 7/682E-04 .. 4.122E+01 3.8T1E+01 ~. ' 4.099E+01 "
7.143E=-04"- 4. 134E+01 3.855E+01." " 4.044E+01
6.667E-04 - 4.070FE+01 3.839E+01 -  3.876E+01 .
5.882E-04 4. 0i3E+01" 3.793E+01" - 3.BO7TE+OY 7
°~5.263E-04 '3.903E+01: - . 3.T16E+01 3.6 12E+01
-4, 762E-04 ‘3.T60E+01 3.611E+01 .. . 3.410E+01"
. 8.34BE-04". 3.633E+01 3.482E+01 3.213E+01 -

- 4.000E-04.- . 3.4BOE+OV = 3.340E+01- 3.027E+01 "

3.704E-04. ' 3.348E+01 . . 3192E+01 - 2.856E+01
3.44BE-04 : . ,3,038E+01 - . ‘3:044E+01 - 2.701E+01
3.333E-04 . . .'2.996E+01 2.972E+01. 2.629E+01
3.030E-04 . 2.T66E+01  2.764E+01 2.437E+01.
S 2. TTBE-04. .. 2 . 562E+01. . 2.57SE+01 .- “2,275E+01 .
Y 2.832E-04 . 2.463E+01 7 - 2,460E+01 " 2:1B2E+01
e 20 B00E~04 T 2:358E+01 - 2.353E+01. . 2.098E+01."

L/ 27326E-04 © 2. 226E+01. 2. 210E+01° 1.989E+01 °
2.128E-04 2.021E+01 2.045E+01 . = - 1.869E+01
2.000E-04 v 1.944E+01 " 1,938BE+01 1.793E+01-
1:8BTE-04 .~ 1.851E+01 - .7" 1,844E+01 1.729E+01

- . 4.786E-04 - 7 1.7BOE+O1 ¢ . 1. T62E+O{ 1.673E+01
e 1.667E-04"/ . - 1.6BOE+O1. - . 1.667E+01 1. 609E+01.
: .~ 1.613E-04 - 1.64BE¥O1 - 1.624E+01 1.581E+01"
AT 1.545E-04 . " 1.585E+01 ' 1.549E+01. " 1.532E+01.
S\ 1, 429E504 7 - 1 600E+01. 1..485E+01 1.491E+01
T 1L333E-04 0 C1.432E¥04. . A.416E401 L. 1.447E+O1:
~7'1.250€=04 . . 1.3B1E+01 1.359E+01 . . 1.414E+04
T 1.176E-04 S 1.333E+01 1.310E+01 1.381E+01
" 1.114E-04° ' 1.305E+01 1.269E+01 1.355E+01 .
L1.064E-04 . . "1.274E+01. 1.240E+01: 1:338E+01 "
s . 1.Q00E-04 - 1.232E4071 1.202E+01 .. 1. 31BE+O1
5.0 . '5.000E-03 ' = . 3.234E+O1 3.135E+01"] 3.375E+01
. A/OOOE-03 3.146E+01 ;. 3.127E+01 .. 3.365E+01.
3.333E-03.. . .3.163E+01 3.120E+01- 3.354E+01 .. o
. 2.500E-03 . '3.144E+01 3.107€E+01 " 3.335E+01 » . <
1. 2.000E-03 ~3.207E+O1 3.094E+01:. ~ 3.315€+01
. .3.080E+01 3.299€+01

“1.667E-03 . . 3.1B2E+01 "

£y o ol



T

st

)

J964E+01

LO14E+01 7

y

2.007E+01— -

Tem & E ‘ -1
_Temp “Eep xptl R2(calcd)’ S
o ' R —

C S I - S n=2 "n=3.

o ~1.429E-03 3.113E+01 3.067E+01 3.2718%01
1.250E-03 - 3.114E+01 . 3.058BE+01  3.243£+01
1.111E-03 3.120E+01 3.039E+01 ., 3.232E+01:
_1.000E~03 .. ' '3.096E+01 . 3.016E+01" 3.234E+01
9.081E-04" . + 3.099E+01- . - 2.89BE+01 3.236E+01
8.333E-04 . 3,101E+01 2.892E+01 3.229E+04
7.143E-04 . 3.027E+01 3.001E+01 3.166E+01 -
6.650E-04 - 3.056E+01 3.00SE+01 3.109E+01 "
5.882E-04 3.025E+01 2.9BTE+O1 2.974E+01

. 5.263E-04 . 2.991E+01 T 2.932E+01 2.818E+01
5.000E-04 . 2.930E+01. . ~2.892E+01 " : 2.739E+01
4.545E-04 . - 2.838E+OH1 2.793E+01 2 .585E+01
4.167€E~04 "2.757E+01 " 2.680E+01 | .2.443E+01. -
'3.846E-04 2.53BE+01. 2.562E+01 2.313E+01
3.751E-04 _ 2.444E+01 . 2.523E+01 2.274E+01
3.333E-04 ‘2.33TE+01 5. 2.331E+01 2.097E+01

S '3,125E-04 2.233E+01 ! 2.225E+01 2
O 2.944E-04 2.159E+01 2.127E+01 1:.92BE+O1

" 2.778E-04 2.03BE+0O1 _ 2.037E+01 . 1.858E+01

2.632E-04 “1.971E+01 © 1.955E+01 1.798E+01 "
- 2.500E-04" 1.902E+01 1.87SE+01 1.743E+01

' 2.326E-04 S 1.TOOE+04 - 1 :7B0E+01 1.673E+01

“2.12BE-04 "1.691E+01" - 1.66TE+OTY 1..597€+01

2.000E~-04 “4,635E+01 . - 1.595E+01 1.549E+01

'1.887E~04 .:1.563E+01 . . 1 ,533E+01 1.509E+01

° 1.754E-04 1.475E+01 1.461E+01 1.464E+01
: 1.667E-04 - . 1.427E+01 - “1.416E+0t1. 1.435E+01"°
z 1.563E-04 . 1.387E+01 . 1.364E+01 1.403€+01 °
© 1.449E~04 - 1.343E+01. 1.308E+01 .. 1.369E+01-

. 1.429E-04 1.342E+01 1.299E+01 1.363E+01

© 1.333E-04 S1.290E+01 | 1.255E+04 1.336E+0

" 1.250E-04"" . 1 .25T7E+01. 1.219E+01 . 1.314E+01
1, 176E-04 . 1.220E+01 :1.188E+01 - - . 1.296E+01"

T, 111E-04 1.192E+01 - "~ 1.162E+01 . 1.281E+01

v . 1.000E-04 1. 140E+01 . ° ./ 1.120E+01 ,, ~1.256E+01

10.1 - 5.000E-03 '2.282E+01" -1 .2,301E+01 . .-2.453E+0]

' 7’4", QO0E~03" T 2.313E+01 12, 29BE+01 - 2 .448E+O1
3.333E-03: - 2.295E+01 2 .295E+01 . 2.444E+0)
2.222E-03 - .. "2.285E+401 . = .2.2B6F+0% 2.430E+01
2.000E=03 2,2B4E+01. -, ,2.284E+01 ‘2. 426E+01

S1.B18E-03. . 2.275E+01 . . 2. 2B2E+01 2.426E+01
1.667E-03 ~ 2:28BE+01 '2.27TE+OY 2.424E+01
1:563E~03 ' . 2.2BSE+0f '2.273E+01. 2.419E+01

2 1.429E-03 . 2.266E+01.. . 2.272E+01 2.406E+01

S ~-1.833E-03 2.260E+01 . - . "2.274E+01 2,394E+01
T . 1.0250E-03° 0 2.206E+01. ' 2.273E+01 . - 2.3B6E+O1
1:176E-03 2,247€+01 ) 2,269E+01 .- . 2.3B3E+0f

CS4LU111E-03 0 2.154E401 0 T2, 262E+01 2.385E+01
“1.O00E~-03 " . 2. 193E+01° ° 2.243E+01’ 2.395E+01 "

' B.091E-04° .. - 2.236E+01 2.231E401 .~ 2.406E+O1

© 8.333E-04 - 2.139E+01 ‘2.231E+01 2.407E+01

. 7.692E-04"" -2./224E+01 2.240€+01 2.396E+01"

L-T.143E-04. . - 2.236E+01 2.251E+01". 2.372E+01"

“7.143E-04 ~ . 2. 190E+01 7. 251E+01 2.372E+01
6.66TE~04 . 2.121E+01- 4 260E+01 . 2.337E+0%.

. 6.250E-04" .| -~ 2,246E+01 DOUB2E4Q1 L 2.295E+01

" 5.8B2E-~04 [ 2.16BE+01 . 2. 35BE+01. 2,248E+01"
5. 556E-04. . - 2.190E+01 2.242E401° | 2.199E+Of
'5.260E-04 ;.. " 2.216E+01 2.221E+01 - " 2.14TE+O4
5.000E-04 " .2.116E+0%1., . 2.195E+01 2.087E+01
.4.545€-04 . . 2.107E+01 1 2.129E+01 2 .000E+01
4.250E-04.- -, 2:063E+01 2.074E401 . - 1,932E+01

< ' 14.000E-04 4 2 1

.8T1E+O1

233



234

.OT4E+01

‘ o =1 : e . i
™ R C s - n=2 - n=3
o R s
N ' 3.704€£-04 1.925€+01 - 1.936E+01 . 1.796E+01
A 3.448E-04 #1.857E+01 ‘1. BE1E+01 , 1.731E+01
3.333E-04 1.809E+Q1 1.825E+01 1.701E+0O1
3. 125E-04 " 1.T4QE+01 1. 75TE+01 1.647E+01
2.857E-04 - 1.665E+01 1.665E+01 1.579E+01
:2.632E-04 1.584E+01 , = '1.BBSE+01 1.523E+01
.2.500E-04 1.539E+01 ‘1 /S3BE+01 1.491E+01
2.326E-04 1.463E+01 1.476E+01 1.450€+01"
2.128E-04 -  1.409E+01 1.406E+01 1.40SE+01
2:000E-04  '1.386E+01 1.362E+01 1.377€+01
1.887E-04 " 1.320E+01 1.-324€+01 1.354£+01
1.750E-04 = . 1.283E+01 1.279E+01 1.327€E+01.
o . 1.667E-04 . " 1.25BE+0f 1.253E+01 1.311E+01
1. 563E-04 1.236E+0% 1.221E+01.- 1.292E+01
1.429E-04 1.190E+01 1. 182E+01 1.269E+01
"1.330E-04 1.'183E+01 1. 154E+01 1.254E+01
. 1.250E-04. ' 1.146E+01 1.133E+01 1.242€+01
1.176E-04 i 1.12BE+01 1. 115E+01 1:231E+01
1.914€-04 - : 1.107E+01. . 1.099E+01 1.222E+01
_ - 1.000E-04 1.079E+01 1.0T4E+01 1.208E+01,
. 4.7 /5. 000E-03 1.641E+01’ 1, 6B4E+01 1.762E+01
E : '4.000E-03 1.662E+01 1.6B2E+01 . 1.760E+01
o 3.333E-03 1.645E+01 1.681E+01 1.75BE+01
7. -2.857E-03 - 1.636E+01 -, 1.679E+01’ 1.756E+0 1 R
2.500E-03 1.658E+01 1. 679E+01 "~ 1.756E+01
2.000E-03 1.644E+01 . - " 1.677E+01 1.750E+01
. 1.667E-03 1.663E401 " , 1. 6T4E+01 . . 1,753E+01
-1.429E-03 14 6685 +01 1.671E+01 " 1.744E+01
1.250E-03 1. 6TVE+O1. 1.676E+01.. 1.731E+01 .
! ©4.136E-03 0 L v 1. 64TE+OT, -1.672E+01 ' 1:730E+01
- 1.000E-03 " " 1.651E+0} 1.657E+01 1.739E+01
© 8.690E-04 . 1,646E+01 1Y64BE+01 1. TSOE+01
8.333E-04 ' " - 1.681E+01 1.650E+01 “1.750E+01
-7.692E-04 1..657E+01 ~1.656E+01, 1. 746E+01
:6.89TE=-04 . 1.63BE+O1 1.66BE+01 1.72TE+01
, €.061E-04. .~ 1.654E+01 .. 1.674E+0} 1.686E+01. "
' "5.556E-04 1.636E+01" 1.666E+01 1.648E+01 . =
5/.000E -04 “1.622E+01 - 1.642E+D1. 1.597E+01 T
4.545E-04 ©1..595£401 1.60TE+01 1.548E+0t. = ~
©4.167E-04 1.534E+01 - 1.567E+01 1.504E4+01
©.3.846E-04 1. 491E+01 1.525E4+01" 1.464E+01
3.751E-04. . 1.45B8E+01 .. t.511E+01 1.452E+01%
3.333E-04 1.430E+01 <. : 1. 445E+01 1.39BE+01 _
S -3.125E-04 1.397E+01 - 1.40BE+01 . 1.371E+0% . T
S 2.841E-04  °7 1.362E+01 " 1.375E+01 . :1.348E+01 - PR
5 2. TTBE~04 “1:333E+01 1.345E+01 1.327E+01
.2.632E-04 1.319E+01 ~ " 1,317E+0t 1:309€401.
 2.500E-04 1.289E+01 . = 1.292E+01 - ° {.293E+01.
‘ 2.326E-04 1.264E+01 t.259E+01 0 1.273E+01 7
©2.128E-04 1.228E+01 - ' 1.222E+01 = .'1.251E401:
'2.000E-04 -~ 3.204E401° " 1.19BE+Q1 - 1.23TE+01 .
: 1.887E-04 " . 1.185E+01 ' 1.17BE+01 tr@R25E+01
i : . ~1,786E-04 A.1S8E+01° . - 1,161E+01. Qsafot v
o AR "~ 1.667E~04 1. {48E401 T 1.141E401 1.7204E401
Ly < '1.563E~04 1.141E401  1.124E+01 1. 195E+01 *
7 "1,471E~04 1.1256+01 "1, 109E+01 ~1,1BTE+01
i 1.389E-04 1. $17E+01 1.097E+0t = ‘1. 180E+01
.1.2B2E-04 1.103E+01 " 1.0B2E+01 - 1. 172E+01
“1.190E~04 1:092E+01 " - 1.070E+01 - 1. 165E+01 -
S I8 1 1 “1.960E+01".

.O80E+01




\ :

.1.000E-03

.O8BE+O1

, - ‘ . -1
Temp tCP ‘Exptl, R2(calcd)f‘s-
° ; o _l . . .
C - 5 s n=2 n=3.
_ 1.000E-04 1.06TE+O1 1.046E+01 1.153E+01
-0.3 5.000E-03 1.335E+01 1:345E+401 . 1.378E+01
4., 000E-03 1.391E+01 1.344€+01 1.377E+01
3.333E-03 1.359E+01 .1.344E+01 1.376E+01
2.857E-03 - - 1.342E+01 1:343E+01 1.375€+01"
2.500E-03 - 1.329E+01 1.343E+01 1.375E+01
2.222E-03 1.340E+01 = .+ '1.342E+01 1.373E+01
2.000E-03 1.337E+01 1:341E+01 1.372E+01
1.818E-03 . 1.34BE+O1 1.342E+01 1.373E+01
1,667E-03 1.332E+019 1.341E+01..  1.374E+01
1.539E-03 1.331E+01 1.33BE+01" 1.373E+01
-1.429E-03 1:349E+01 1.338E+01 1.370E+01. -
1.333E-03 1.334E+01 1.340E+01 ' {1.366E+01 .
1.250E-03 1.:351E+01 1.342E+01 1.364E+01
1.114E-03 1.383E£+01 1.340E+01 -1.363E+01 .
1.000E~-03 1.344E+01 1.333E+01 1.367E+01
9.091E-04 1.337E+01 , 1:32BE+01 " 1.371E+01 -
| .8.333E-04 1.332E+01 -1.328E+01." - 7 1.374E+01
"~ 7.692E-04 1.353€+01 1,331E+014 1.372E+01
6.897E-04 . 1.337E+01 1.337E+401 . . '1.365E+01
6.250E-04 - 1.338E+01 1.341E+0¢t 1.351E+01
5.713E-04 “1.:346E+01 1.340E+01 1.335E+014
5.000E-04 1.334E+01 1.328E+01 1.306E+01 -
| ~4.545E-04 T1.311E+01 1.311E+01 1.283E+01
 4.167E-04 1.28BE+0t ° '1.292E+01 1.263E+04
"3.B46E-04 . $.272E+04 " A1.271E+01 . 1.244E+01
3.571E-oj¢59 1.256E+01 . 1.251E+01 1.228E+0¢
3.333E-04 ¥ 1.244E401 1.232E+01 1.214E+01
3.125E-04 "1.218E+01 “1.,213E+01 1.201E+01
) 2.841E-04 .1.203E+01 ~1.197E+01 1.1S0E+01
Fe 2.703E-04 “4ATIE+O1 © 1, 175E401 T 1.176E+01
Ve 2.500E~04 1. 163E+01 1.155E+01 1.165E+01
7 2.326E-04 1.139E+01 1.139E+01 - 1,1B5E+01
2.12BE-04 1. 121E+01 - 1. 120E+01 1.145E+01
/ 2.000E-04 - 1.114E+01 4. 108E+01 1.138E+01 -
o 1.852E-04 . 1.102E+01 1.095E+01 A.131E+01
1.724E-04 - 1.094E+01 1.0B4E+01 1.125E+01
1/613E-04 1.084E+01. 1.075E+01 1.121E+01
1.,471E-04 " 1.07THE+01: . . 1.063E+01 . 1. 115E+01
1.333E-04 1.060E+01" - 1.053E+04.-_ . 1.110E+01~
1.250E-04 1. 048E+01 . 1.047E+01 . : " .1.107E+01. -
1.163E-04 1.034E+01 " 1.041E+01 . 1.104E+01 "
3 1.064E-04 1.039E+01 .. 1:035E+01 1.101E+01..
’ 1.000E-04' 1.042E+01 . ' 1.031E401 1.099E+01
-10.2° 5.000E-03 " [1.049E+01 - - 1.083E+01 . - - 1. 067E+01.
: . 4 .000E-03 1. 114E+01 “4.0B2E+01  °  1.066E+01
3.333E<03 1.084E+01 . - '1.082E+01 1.066E+01.
3.000E-03 “1.080E+01. - ' 1.0B1E+0f 1.06SE+01"
2.857€-03 . 1.0B6E+01 .. - {.0B1E+01{ ° 1.06SE+01
2.500E-03 1.081E+01" "1.081E+01" 1.065E+O1
-15.1, 5.000E-03 “1.077E+01 . 1.067E+01 "1.03BE+O1
. 4.000E-03 1.054E+01 “1,066E+01 1.03BE+01
3.333€-03. 1.074E+01 1.066E+01 1.037E+01 .-
3.000E-03 -1,056E+01 - " 1,065E+01 * 1.037E+01
. 2.857E-03 1.061E+01 1.06SE+Dt .~ ' 1.037E+04
- 2.500E-03 . +.075E+01 1.065E+01 1.037E+01
' 2.000E-03 1.094E+01 1.065E+01 - 1.036E+01
|1.667E-03 -~ .- 1.099E+01 1.065E+014 - 1.036E+O1
"1.250E-03. - 1.0TOE+0O1 1.065E+01 1.036E+01
Ot 1.064E+01 A

.O36E+01
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o | . _ -1
Temp ,tCP Exptl RZ(calcd)’ s
o -1 " A
C s 5 n=2 n=3
-20.3 - 5.000£-03 1.096E+401 1.095E+01" 1.058E+01
. 4 .000E-03 1. 117E+0 1.084E+0 1 1.057E+01;,
3.333E-03 1.096E+01 - 1.094E+01 1.056E+01"
2.857E-03 1. 105E+01 1.094E+01 1.056E+01
.. . 2.500E-03 1.097€+01! 1.093E+01 1.056E+01
" "-42.000E-03 . 1.088E+01 1.093E+01 1.056E+01
-24.9 5.000E-03 1. 107E+01 1.149E+0O1 1.105E+01
‘ 4.000E-03 1. 110E+01 1.148E+O1 1. 104E+01
3.333E-03 1. 112E+01 1. 147E+01 ~1.104E+01
" 3.000E-03 1. 122E+01 1.147E+01 1.103E+01
- 2.857E-03 . 1.122E+01 1.147E+01 1.103E+01
2.500E-03 1.126E+01 1.147E+01 - 1.103E+01
.2.000E-03 1. 11BE+01 1.146E+01 1./103E+01
. 1.000E-03 1. 119E+01 ~1.146E+01 " 1.102E+01
5. 000E-04 1. 113E+01 1.146E+04 (1. 102E+01.
2.000E-04 ‘1. 109E+01. 1.145E+01 " 1.101E+01
~28.6 '5.000E-03" 1. 179E+01 1.205E+01. .157E+01
.4 . COQE-03 1.197E+01 1.204E+01 -  156E+01
. ''3.333E-03 1.203E+01 1.203E+01 1. 155E+01
© 3.000E-03 1.214E+01 1.203E+0 1, 155E+01
2.B57E-03 1.2C1E+01 1.203E+01 1.155E+01
2.500E-03 1.193E+01° 1.203E+01, 1.155E+01
- 2.000E-03 C1.197E+01 1.203E+01 1.155E+01
- " '1.000E-03 1.184E+01° . 1.202E+01 1./ 154E+01
5.000E-04 1.18BE+01 . . 1.202E+01 1.154E+01
. 2.000E-04 - 1.18BE+01 1.202€+01 1. 154E+01
-35.1 /5., 000E-03 1.360E+01 1.326E+01 1.271E+01
4 .000E-03. 1.377E+01 1.325E+01 1.270E+01
3.333€e-03 ~-1.341E+01 1.324E+01 1.270E+01
3, 000E-03 1.341E+01 1.324E+01 1.269E+01
2.857E-03" '1.345€+01 1.324E+01 1.269E+01
2.500E-03 . 1.305E+01 _ 1.324E+01 1.269E+01
. 2.000E-03 _-1.28B1E+01 1.324E+01 1.269E+01
" 1.000E-03 1.335E+01 1.323E+01 1.268E+01
-~ 5.000E-04 1.335E+01 1.323E401 1.268E+01,
2 1 1 1.26BE+01 !

. O00E-04

.332E+01 .

.323E+01
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, . o . e ‘ —l
Temp tCP Exptl ‘Rz(calcd)' <
) Co - -1 . .
C s .8 n=2 n=3
20.0 2.000E-02 © 1.1B6E+01 1.1BOE+0O1 1.202E+01
1.500E-02 1. 158E+01 1.175E+01 1. 196E+01
1.429E-02 1. 183E+0t 1. 174E+01 4:195E+01 . . -
. 1.250E~02 -1 .173E+01 “1.471E+01 1.192E+01
1.060E-02 1.155E+401 1. 167E+O 1.187E+01
. 7.692£-03 1. 162E+01 1.159E+01. 1. 177E+01
7.000E-03 1.142E+01 1. 156E+01 1. 174E+01
6.667E-03 1. 156E+01 1.155E+01 1. 172E+01
' 5.556E-03 *1.134E+01 1. 149E+01 1.164E+01
5.000E-03  — 1. 145E+01 1.145E+01 * 1. 159E+01
4.000E-03 1.145E+01 1.136E+01 1.147E+401
. 3.333E-03 "~ 1.129E+01 1.126E+01 1. 135E+01
2.857E-03 1. 109E+01 1.118E+01 1. 124E+01
2.500E-03 1.113E+01 1. 109E+01 1.112E+01.
2.222E-03 . 1.0BTE+01 1 100E+0 ¢ 1. 101E+401
.~ 2.000E-03 1.059E+01 1.091E+01 1.089E+01
. 1.818E-03 1.073E+01 1.082E+01 . 1.078E+01
1.539E-03 1.064E+01 1.065E+01. 1.055E+01
1+.333E-03 . # 1.016E+01 1.047E+01 1.032€+01
1.220E-03 1.044E+01 - 1.035E+01 1.016E+01
1.136E-03 1.033E+01 "~ 1.024E+0 1.002€+01.
. 1.053E-03 .9.934E+00 1.012E+01 9.873E+00
9.521E-04 9.79PE+00 8.939E+00. - 9.663E+00 . ,
8.6S0E-04 9.444E+00 9.766E+00 ' 9.464E+00.. ' .- T
8.000E -04 9.422E+00 9.598E+8O . 9.279E+00
7.143E-04 '9.020E+00 9.355E+00 8.024E+00
.€.250E-04 9.014E+00 9.054E+00 8.728E4+00 -
5.882E-04 8.753E+00 8.914E+00 .. B.S9TE+00 :
. 5.556E~04 8.419E+00 8.7B2E+00, -87478E+00
4.995E-04 8.237E+00 8.53BE+00~  8.267E+00°
4.450E-04 7.991E+00 8.282E+00 - 8.057E+00
- 4.082E-04 7.930E+00 B.O9SE+00 . 7.915E+00
' 3.700£-04 7.801E+00 7.903E+00 © 7.768E+00
3.448E-04 . 7.662E+00 . 7.772E+00 ' . 'T.674E+00
- 3.175E-04 7-692E+00 7.630E+00 - 7.8T4E+00
2.942E-04 7.5S5E+00 7:509E+00 ' T.491E+00 -
2.700E-04 7.478E+00 7.385E+00 7.408E+00 . .
. 2.485E~-04 7.431E+00" 7.278E+00 - 7.33BE+00 ~
' " 2.326E-04 . 7.485E+00 7.201E+00 7.289E+00. " T
2.222£-04 " 7.515E+00 7.151E400 =~ T7.258E+00 -
: 2.083E-04 7.292E+00 7.0B7E+00 " =~ 7.217E+00
s 2.000E-04 7.329E+00 7.050E400 - .7.194E+00"
1.887E-04 7.006E+00 7.001E+00 ./ 7.164E+00 ‘
’ . © 1.T24E-04 “7.176E+00 6.933E400 - 7.122E+00 ‘
. '1.563E-04 7.036E+00 €.870E+00 | 7.085E+00 -
 1.429E~04 7.060E+00 6.821E+00 - 7.055E+00" -
1.316E~04 7.113E+00 6.783E+00 °  7.033E+00
" 1.163E-04 . 6.84BE+00 6.735E+00 7.004E+00
= ‘1.010E-04 6.894E+00 6.692E+00 6.979E+00 o
12.8. 2 .000E-02 1.368BE+01 1.381E+01 1.416E+01 " -
1.800E+02 1.35TE+01 . 1.378E+01 " 1.412E+01 -
° 1.600E-02 " 1.366E+01 " 1

.37SE+01 1.408E+01
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‘ ‘ . . ' o , , =1
..Temp ) tCP. . Exptl | R2(calcd)’ s
o ‘ -1 , , .
C S s n=2 -, n=3
1.429€-02 1.346E+01 1.374E+01 1.403E+01
1. 250E-02 1.325E+01 . 1.367E+01 1.39BE+01
- 1. 111E-02 1.368E+01 1.362E+01 . 1.392E+01
. 9.995€-03 1.379E+01 1.358E+01 1.38GE+01
8. 000E-03 1.372E+01 1.348E+01 1.372E+401
‘ - 6.667E-03 1.345E+01 1.33BE+01 1.359E+01
b 5.714€E-03 1.299E+01 1.328E+01 1.346E+01" "
AN 5.556E-03 1.319E+01 1.326E+01 1.343E+01
’ "5.174E-03 . . 1.345E+01 1.821E+01  1.336E+01
5.000E-03 1.334E+01. 1.319E+01 1.333€E+01
4.444E-03 1.321€201. 1.310E+01 1.320E+01
3.995E-03 .1.285E+01 ~ '1.300E+01 1.307E+01 .
3.636E-03 1.260E+01 1..291E+01 1.295E+01 ’
. 3.333E-03 “1.272E+01 1.282E+01 1.282E+01 -
S ' : 3.077E-03 . " 1.267E+01 1.273E+01 J . 269E+071
. T © 2.BS57E-03 1.255E+01 1.264E+01 1.256E+01
— ' - _éggagﬁaoa 1.263E+01 1.255E+01 ' {.243E+0%
: e ‘ . 2. S00E-03 . 1.241£+01 1.246E+01 1.230E+01
- ' 2.326E-03 1.212E+01 1.235E+01 1.214F+01
- . 2.12BE-03 1. 200E+01. 1.221E+0% - 1. 430E <0
2.000E-03 1.182E+401. °© '1.209E+01 1. 173E+01
1.852E-03 - 1.1B4E+01 " "1.194E+01t 1. 153E+01
1.695E-03 - {.451E+01 1. 175E+01 ® 1. 126E401
1.563E-03 1. 119E+01 1. 155E+01 1.100€+01 ’
1.429E-03 . 1. 115E+01 1-. 130E+01 1.069E+01
1.333E-03 1. 105E+01 “1.110E+01 1.045E+01 :
1.220E-03 ' 1. O58E+01 1.082E+01 1.014E+01
N 1. 124E-03 1.047E+01 . 1.055E+01: 9.850E+00 .
1.053E-03 1. 006E+01 1.032E+01 9.626E+00 1
) 1.000E-03 1.004E+01 1.014E+01 . 8.454E+00 % °
9.091E-04 9.628BE+00 .9'. BOGE+00 9.14BE+00
8.333E~-04 9. 554E+00" 9.501E+00 8.887E+00
- 7.692E-04 9.0T1E+00 8.228E+00 8.663E+00
7.1438204 8.892E+00 8 .9B4E+00 8.472E+00
6.667E~04 B8.729E+00 8.767E+00 - 8.30BE+00
6.061E-04 -8.614E+00 B8.4BGE+00 8. 103E+00
5.556E-04 ~ . 8. 166E+00 8.250E+00 . 7.937E+00
5.000E-04 "~ 7.902E+00 7.993E+400 . 7.762E+00
, 4.545E-04 7.884E+00 - 7.788E+400 ' 7.627E+00
o - 4.000E-04 = . 7.552E+00 7.551E+00 7.475E+00
S 3.704E-04 7.383E+00 7.428E+00 7:398E+00
3.333E-04 . 7-37BE+00 - 7.282E+00 7.308E+00
3.077€-04 -~ - 7.321E+00 7. 187E+00 7.250E+00
2.850E -04 " 7.352E+00 7.10TE+00 7.202E+00 .
2.667E-04 *7.275E+00 7.046E+00 7. 165E+00
2.500E-04 7.272E+00. . 6.993E+00 7.434E+00 -
2.353E~04 7.13BE+00 " . 6.949E+00 7.107E+00
N 1.890E-04 - 7.202E+00 €.B4BE+00 7.048E+00
1.667E-04 ~  6.903E+00 6.771E+00 . 7.004E+Q0-
1.423E-04 - . 7.118E+00 - 6.722E+00 <6.976E+00
: 1.111E-04 7.000E+00 '6.668E+00 6.945E+00
8.2 1.600E -02 1.33BE+01 1.354E+01 1.406E+01
1.429€~02 1.360E+01 1.351E+01 1.401E+01
1.250E-02 © 1.387E+01 . '  1.346E+01 1.395E#01
1.1116-02 4. 330E+01 ~ 1.342E+01 1.3B9E+01
g 1.000E -02 -1.376E+01 / '1.33BE+01 1.383E+01
y 9.995-03 = 1.362E+01 1.337E+01 .. 1.3B3E+01
8:000E-03 . 1,386E+01 1.327E+01 > 1.368E+01
& 7.000E-03 - = 1.299E+01 1.320E+01" = 1.357E401
o 6 1 1.344E+01 .

3.000E~03 1,302E+01 .310E+01



239

1.013E+01

o -1 -
Temp tCP E*Ptl R2(calcd)' 5 s
[ ’ . »__1 R R
C 5 s . n=2 n=3
5.000E-03 1.291E+01 1.298E+01 1.325E+01
4.444€-03 1.347E+01 J28BE+01 1.311E+01
*4.000E-03 [1-358E+01 L 279E+01 1.298E+01
3.636E-03 1.263E+01 1 27T0E+01 1.284E+01
' 3.333E-03 1.264E+01 - 1.261E+01 1.269E+01
3.077€-03 1.254E+01 1.252E+01 1.254E+01
2.857E-03 1.252E+01 1.243E+01 1.237E+01
2.667E-03 1.236E+01 1.234E+01 1.220E+01+
2.326E-03 1. 216E+01 1.212E+071 1. 180E+01
2.128E-03 1.200E+01 1. 194E+01 1.150E+01
2.000€E-03 1.184E+01 1. 1BOE+O1 " 1.12BE+01
1.852E-03 1.163E+01, 1. 160E+01 1.099E+01
1.724E-03 1.:133E+01 1. 140E+01 1.071E+01
. 1.563E-03 1.098E+01 1.108E+01. 1.033E+01
1.429€-03 1.060E+01 1.077E+O1 9.97BE+00
. 1.351E-03 1.050E+01 1.056E+01 9.764E+00 . _
1.250E-03 1.013E+01 1.026E+01 '9.478E+00 T
1.176E-03 1.005E+01" 1.003E+01 9.262E+00
. 1.064E-03 9.641E+00° ' 9.646E+00 8.932E+00
.1.000E-03 9.586E+00 9.414E+00 8.743E+00
9.091E-04 9.116E+00' - . '9.07T1E+00 8.476E+00
. 8.333E-04 8.723E400 8.778E+00 8.257E+00 N
XY 7.6926-04 8.550E+00 8.527E+00 | 8.07BE+00
' . 7.143E-04 8.345E+00 8.312E+00 = 7.929E+00
6.667E-04 8:18BE+00 8.128E+00 - 7.BOSE+00
6.061E-04 8.034E400. 7.898E+00 7.654E+00 _ :
5.540E-04 7.714E+Q0° 7.708E+00 - 7.531E400 P
_'5.000E-04 7.602E+00 7.519E+00 7.412E+00 DR :
- 4.545E~04 7.611E+400 7.36BE+00 7.349E+00
" 4.255E-04 7.42BE+00 7.277E+00 . .7.264E+00
4 . 000E ~04 7.S00E+00 7.200E+00.% - 7.217€+00%
3.636E-04 7.34BE+00 - T.096E+00Q. 7. )
3.333E-04 7.509E+00 . T.015E+00 . 7. e
3.077E-04 7.252E+00 . . 6.951E+00 - 7.070E+00;
'2.632E-04 7.331E+00 " 6.851E+00 7.011E400
" 2.500E-04 7.209E+00 6.824E+00 - 6.995E+00""
2.222E-04 7.335E+00 ‘6. TTOE+00 .  6:965E+00
. 2.000E~04 7.236E+00 6.732E400  §.942E+0Q -
5.0. 2.000E-02 "~ 1.349E+01 1.256E+01 |  1:318E%01,
‘ 1.500E-02 1.275E+01 1.250E+01 1. 3@95&01
-1.250€-02 1.255€+01 1.245E+01 1, 3ozs+g
t.000E-02 1.26BE+01 1.238E+01 " 1.291E+01
8.000E-03 1.241E401 - 1.229€401 1.279E+01
6.667E~03 ~ . 1. 265E+01 '1.221E+01 1,
© 5.713€-03 1.229E+0¢ 1.213E+01 1.
5.000E-03 1.245E+01 1.205E+01 1.
4.444E-03 1.302€+01 1. 198E+01 1.
4..000E-03 1.206E+01 1. 190E+01 1.
3.636£-03 1. 196E+01 1. 184E+01 1.
3.333£-03 1.232E+01 1. 177E+01 1.
3.077E-03 1.219E401 | 1, 171E+01. 1.
' 2.857€-03 1.188E+01 |  -1.164E+01 1.
> " 2.500E-03 1 143E+01. | 1. 14BE+01 1.
. 2.273E-03 S116E+01 | 1.132E+01 9.
' 2.083E-03 f‘? O9GE+O1 | ' 1.114E+01 - 1.
1.923£-03 1. 104E+01 | 1.094E+01 ot
- 1.754€E-03 1.119E+01 1. 067E+01 9.
1.667E-03 1.047E+01 1.051E+01 8.
‘1.539E-03 *1.032E+01 " 1. 024E+01 ey
" 1.429E-03 9.974E+00 9.




W

8.722E+00

8.806E+00

‘ e ' ‘ -1
Temp tCP Exptl R2(calcd)' s .
o -1 '
C s S n=2 n=23
] .
o s
1.333E-03 9.651E+00 9.723E+00 9.002E+00
* 1.260£-03 9.551E+00 ° 9.519£+400 8.823E+00
1.176E-03 9.340E+00 9.273E+00 8.616E+00
t.114€-03 8.9B5E+D0O 9.075E+00 8.458E+00
1.053E-03 9.068E+00 " B.B94E+00 8.317€+00
1,000E-03 8.711E+00 8.725€+00 B.191E+00
8.696E-04 8.222E+00 8.306E+00 . 7 .890E+00
7.692E-04 7.869E+00 7.987E+00 7 .673E+00
6.879E-04 7 .552E+00 7 wT3GE+00 7 .509E+00
6 .200€~-04 7.4B7E+00 7.535E+00 7.381E+00
a 5.556E-04 7. 132E+00 7.355E+00 7.269€400
5¢263E-04 - 7.0BOE+00 7.277€4+00 7.222E+00
5.000£-04 -7,042€+00 7.210E+00 7. 18 1E+00
4 .545E-04 7.003E+00 7.099E+00 "7 . 114E+00
4.167E-04 |  6.BOSE+00 7.012E400 7.062E+00
3.B46E-04 €.870£+00 6.944E+00 7.022E+00
3.571E-04 6.613E£+00 "6.BBBE+00 6.989E+00
3.333f-04 6.626E+00 . 6.843E+00 | 6.963E+00
3.077€E-04 6.613E+00 6.788E+00 6.937E+00
2.857E-04 6.738E+00, 6.761E+00 6.916E+00
~ 2.667E-04 6 .499E+00 €.732E400 6 .89BE+00
. 2.500E-04 6.661E+00 6.707E+00 6.884E+00
. 2.273E-04 ° - 6.541E400 6.676E+00 6.867E+0Q,
: 2.083E-04 ..  6.481E+00 6:653E+00 6.853E+00
1.923E-04 - 6.310E+00 6.634E+00 6 .843E+00
A 1.786E~04 6.364E+00 .6.619E+00 6.834E+00
1.667E-04.° 6.44BE+00 6.607E+00 6.827E+00
= 1.539E-04 . 6.285E+00 . 6.595E+00 6.821E+00"
1.429E-04 6.304E+00 ° 6.586E+00 6.815E+00
"11333E-04 . 6.654E+00 6.57BE+00 B8 -811E+00
. 1.250E-04 6.376E+0Q, % 6,572E+00" 6 .807E+00
_ 1.+11E-04 "6.169E+00. B 562E+00 6.802E+00
2.3 2.000E-02 "1 13BE+01  , L. 141E401 . 1.201E+0H
1.80QE-02 ° 1. 14BE+01 ° 1.139E+01 "1.19BE+0O1
, 1.600E~02 "~ '1.139E+01 1.137E+01 - 1.195E+01
. ' 1.400E-02 |  -1:152E+01 1.134€+01 1.192E+01
1.250E-02" 1.. 132E+01 1.132E+01 1.188E+01
1.111E202 . 1. 155E+01 . 1.129E+01 -1, 1B4E+O1 "
7.690E-03 1.14BE+01 . 1.119E+01 | 1. 168E+O1
s 7.143E-03 1. 157E+01, 1.116E+01 1.164E+01
"6.667E-03 , 1. 143E+01" t.114E+01 1.161E+01
, 5.882E-03 1 1. 132E401 1.109E+01 1.153E+01
’ 5.405E-03 1.136E+01 1.105E+01 1.148E+01
5.000E~03 1.142E+01 1.¥02E+01 . 1.144E+01
4.545E-03 1. 142E+01 1.097E+01 " 1.133E+01
4.000E-03/ 1. 146E+01 © 1.081E+01 1. 130E401
3.636E-03 1. 127E+01 . 1.08B7E+01 1.120E+01%"
, +'3.333E-03 1. 125E+01 4.083E+01" 1.108E+O1 -
3.030E-03 1. 106E+01 1.078E+01 1.090E+01
-2.778E-03 1. 100E+01 1.073E+01 1.069E+01 -
2.500E-03 1. 073E+01 . 1.062E+01" -  1.040E+041..
2.273E-03 1.050E+01 ‘ 4.047E+01 1.010E+01
o 2.12BE-03 1.041E+01 1.034E+01 9.BB7E+00
-2.000E-03 1.031E+01 1.021E+01 9.679E+00
1.852E-03 .9.978E+00 1.001E+01 9.421E+00
1.724E-03° . 9.824E+00° - 9,BOTE+00 9. 185E+00
1.587€-03 - . 9‘gsoe+oo 9.556E+00 . 8.921E+00 .
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