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Abstract:

NMR line width and line shift of the acidic proton of HAc, and the methyl protons of the acetic acid
and acetonitrile in CH.COOH/CH CH solutions with and without copper acetate have been 33
measured between -45°C to 37°C with a few measurements at higher temperature. The results, indicate
an acid proton exchange between acetic acid monomer and dimer, axial ligand exchange of both acetic
acid and acetonitrile on the copper acetate dimeric molecules at all temperatures. In addition, at higher
temperatures there is exchange of acetate between acetic acid and the bridging ligands of the copper
acetate dimer, with an activation energy of the order of 10 Kcal mol-1
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ABSTRACT

NMR line width and line shift.. of the acidic proton of HAc, and
the methyl protons of the acetic acid and acetonitrile in

CHBCOOH/CH3CH solutions with and without copper acetate have been

measured between -45°C to 37°C with a few measurements at higher tem-
perature. The results indicate an acid proton exchange beétween acetic
acid monomer and dimer, axial ligand exchange of both acetic acid and
acetonitrile on the copper acetate dimeric molecules at all temper-
atures. In addition, at higher temperatures there is exchange of
acetate between acetic acid and the bridging ligands of the copper
acetate dimer, with an activation energy of the order of 10 Kcal mol~




INTRODUCTION -

Copper Acetate

‘There are a number of good reviewél on the chemistry‘of cop-
. per. Copper (II) acetate is a typical transitidn'metal compound, show-
ing paramagnetism and color due to tlie presence of partially filled d

orbitals. Copper(II) has a d9 configuration. The t6

3 : )
e  configuration
29 g d .

exﬁécted for octahedral d9 complexes is subject to.-a Jahn-Teller dis-
tértibn. .In most Cu(II) éomplexes this leads foﬁr shorter and
zstronéer bonds which are roughly in a plane, and two weaker longer
axial bénd;J' This causes furthef splitting df the . d orbitals. as de;
scribed in Appendix D.

In solufion in ‘most brganic solvents and in crystalline
Cu2(CH3COO)4.2H20 copper.acetate exigt§ as a'binuclear complex ip-
which thé copper (II) ions aré bridged by four acetate groupg. This
dimer has two axial poéitions available for’weakér bondiné of solvent
or water molecules. The dimer structure is shown in Figure 1. 1In
the crystal the copper'(II) ions are 0.22 Z out of the plane‘of the. .
four acetate oxyéeﬁ atoms at a distance of 1.97 %. The distance'to
the axial ligénds is 2.20 i. One strikinélfeature of this structure
is‘the‘clése appraach of:the‘two coppéf (iI) ions, 2.64 g,'which is
only.slightly,gfeéterithéﬁvthe interatomic distancé5in metallic copper,
' 2.56 ;_ At £ﬁiS'dis;ancg meLal - metallﬁéndiné dé;'be strong or weak,

and may have multiple character. In this case ‘the interaction is




z
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Figure 1. Schematic expression of the structure of Cu2(CH3COO)4.2H20
molecule

antiferromagnetic as shown by the magnetic susceptibilit§/3_5 and by

: 13 o 3
the paramagnetic resonance spectra. There is also evidence on the

nature of the bonding from the uv-visible spectrum, from the crystal

4,15 i o .
L and the temperature variation of the magnetic suscep-

il e, iy -18 : : ;
t1b111t1es.l6 5 These are discussed more fully in Appendix D, how-

structure,

ever the full explanation of the nature of the copper-copper bond is

still an interesting unsolved problem.lg_20

Copper acetate exists mainly in the dimeric form in acetic acid

21-26 ] ; 2L s
and many other solvents. The dimer spectrum is similar to that of

copper acetate crystals with strong absorbance around 700 nm. There
-34

5 ; 27 X
have been many attempts to interpret the dimer spectrum, which

are considered in more detail in Appendix D.
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"Our:iﬁtefést injthe cbpper gcéféée_dimep was initially_iﬂ.the
bohdiné‘of thé~;xiai-li§aﬁds. NMR\speét;éscépf.is geherally usefu;.in
£he stﬁdy.of-ligand éﬁbspitution procééée§,35_48 and we. decided to in-
veséigatélthelNﬁR chémiéai:shift and liﬁe shape.of abetic.acid and :
»acetonitfile pyotoné in the mixed solventlwifh ané'without'copbe;lJ
acetate. :Tﬁis Sqlvént system turned Qﬁt-to hévé‘un@sﬁél.and“iqtérest- 
iné features, since‘undér séﬁe conditioﬁs sﬁalllambuﬁt§'of‘wa£ef preg—'
.‘ent willireact with the.apétonitrile.

The Reactions Among Acetonitrile, Acetic Acid
“and Water

' The reaction of acetonitrile and acetic acid. A number of

peéuliaritieé'havé beeh_repo;ted in conﬁé¢tion with the'reactién bé—
tweén acé#bnitfile and acéfic acid. _K?eﬁanh,:Zoff and bsward49‘re-
ported.in'l922} thatfacetié anhydride and acepamidg were ﬁrese#; éftér
;efluging'z‘Méieg'acétid acid witﬁ l.Molé acéfgnitrile at 98°C.for a’
few héurs. :Tﬁese aqthofs did not examine.the'féaction‘mixﬁureichemi;'
cal;y; but based their cdnélusidn on chahges in the freezing pqﬁnt.
They.also reported that heating_an’acetamide—acetié anhyd?ide ﬁixture
for 30 hours at 98°é'yiélaed theJsémé-equilibrium:mikture'(83% con-
‘version to nitfile'aﬁd.acid).’ On fhe:ofher hépd, however, Davidson
‘agé'ékérrOnekso fepofted tﬁat a_mixtu?e of 0.16 molé‘acétbnitrile'aﬁg
d;zolméie'éf‘ége£ié acid-gave no test f6r écetic-anhfdride-aftef héat—

.ing for 48 hoursfon-therteam—bath. In théVééme:paper;.hdwever, at a
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temperature of about 200°C, Davidson and Skovronek reported that var-
ious nitriles and acids reacted at elevated temperature to give not
only diamides but also the corresponding anhydride and amide, due to

the interlocking equilibria shown below.

RCOOH + R'CN 7 RCONHCOR'
+RCOOH +RCOOH
-RCOOH ~-RCOO
(1)
L}
R'CONH,,
+

(RCO)2O

Moreover, in 1963, equilibria and relative reaction rates in
the reactions of acetic and trifluoroacetic acids with acetonitrile
and trifluoroacetonitrile were reported by Durrell, Young and
Dresdner.51 In contrast to the results of Davidson and Skovronek,
they did not detect the presence of the anhydride-amide pair in any of
their four systems. As to the pair of acetic acid-acetonitrile,
their end products were still the unchanged acetonitrile and acetic
acid. This discrepancy was explained by Durrell et al. as that an
excess of free acid was used by Davidson and Skovronek. It can be
seen from the diagram (12) that presence of excess acid would force
the total equilibrium toward the amide-anhydride pair.

From the previous references and discussion, it is quite rea-

sonable to conclude that at temperatures of lower than 50°C and
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without a catalyst the net reaction of our 40%, 30%, 20% and 10%
HAc/CH3CN is

CH,CN + CH3c00H 2 CH3COOH + CH,CN (2)

The influence of small amount of water in our acetonitrile/

acetic acid solutions. The IR spectra showed the preséncé oﬁ water,
if the HAc/CH3CN’soiutions were preparedAless than a week before.
However, after standing for thrge weeks, there wés no more water peak
shown in the IR spectra. Apparently, the presence of‘HAc aécelerates

the hydrolysis of CH CN;S? Since there is only atsmali amount of water

3
in commercial acetonitrile and acetic acid, by mixihg acetic acid and

acetonitrile, we get only a trace of acetamide because the hydrolysis

of acetonitrile.




RESEARCH OBJECTIVES

Copper acetate dimeric molecule has been an interesting topic

in research. Recent literature indicates that with NMR one may study
the axial ligand exchange of the dimer. We also believed that there
might also be bfidging ligand exchange at higher temperature, and

wanted to clarify this point by NMR study of an additional mixed sol-

vent system. We were interested in studying copper acetate in acetic

acid-acetonitrile solutions to gain further insight into the bonding

of axial ligand.

Ll




EXPERIMENTAL

Dimer/Mondmer Equilibrium of Copper (II) Acetate in
Mixture of Acetonitrile/Acetic Acid/Water from
Optical Measurements '

- The absorbance due to both copper acetate and water were taken
on Cary Model 14 spectrophotometer. 'Data were taken at different days

for 0.005M copper acetate dimer in various percentages of acetic acia/

acetonitrile solutions, and the above HAc/CH3

CN solu£10ns'contaihing
various amounts of'water. |

The séectfophotometer:éell waé immersed in a thermoétattéd
water bath of 24.5°C between measurements for some series bf.measuré—
ments. .Tﬂe séectfoéhbtometer cell was equipped Witﬂ a'ball and socket
closure and a qﬁaftz spééer aliowing.péth_leﬁgths of'l, 3, or 10 ﬁm.-
The,waféf conceﬁt£ations were calculate& from the measured absorbénée
at 1410 nm.in.fhé neaf infrared uéiné #he'relationéﬁip‘
M = 3.9(a

H,O 1410 ~ #1300

tration in the blank, determined by the same measurement vs. a cell

). It.was necessary to add the water concen- |

with dilutelacetic anhydride in acetoﬁitri;ef

Just befo?e or after’ the near infrared scan ﬁhé,visible spec-
tru@ was recorded usuél}y with a 3 mm pathiength,-ané 3¢90 = 2490 was
calc@laﬁed fér.a.lo mm'pa;hlength. The-d;mer has_a'substéntial ex;
tinétion‘cdéfficightlétl690.ﬁm'(€6 ;.s.‘ ='426) and is réspdﬁsible

90 ~ 490

x

for ﬁpst.of.the.obsefved biue green color. The monomér'absorbs in
the ‘same waveleﬁgth.re@ion, but mutch less strohgly.' The valué-

(egog — €490) = 35 is faken_from measurement in acetic
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acid-water solutiorms. With'these two values it is a simple matter to-
solve for the concéntrétioﬁs of both monomef and dimer.26 The monomer
concentration is negligiblé in the dry solutions.
.Proton Magnetic Resonance Study. of the Solvation

of Cu (OAc)4.2HqO in Acetonitrile/Acetic Acid/Water
Mixtures “ .

One se£'of solutioné are prepared by mixing CH3CN.and HAc in
given volume percentage ratios of HA&:CH3CN = 40:60; 30:76; 20:80;
10:90. Another set of solutions were érepared by disSolVing O.bOSM
Cuz(OAc)4.2H20 in preQious miged HAc and CH3CN solution; in the same
- volume percentage-ﬁatios as set 1. Thése two ;ets of solutions were
made up and meésured. They were-identical;'excépt that one set con-.

tained 0.005 M Cu2(OAc)4.2H 0. In oraéf to reach the equilibrium

2

point of the HéO/HAc/CH CN solutions, samples used for measurements

3 .

were more than two weeks old. The samples were stored in a desicca-+
tor. The PMR spectra were reéorded with a-HA—ldO‘épectxométer
equipped with a V—4341iVariable‘femperature'Aqéessory. The tempera-
ture was detefmined by measurément:of:thg peak separation in methanol
and eth&leng glycol,-and was measured.énd contfoiled to within *2°C.
Coaxial ﬁMRAtubes were ugéd; TMS in tﬁe_inner tube waé uéed'toAlock '
on. Theﬁtemperéture wés,varied_betwegn 37.1°C and —45;2°C}. The‘éMR
'_line éhift and ;iﬁe,width.éontributioh, due to hYperfine“and dipolar.

interaction with the paramagnetic species, were-measured as the
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difference of the peak frequencies and widths in these two sets of
solutions. Some of the measurements were repeated as many as three
times. The reproducibiiity was guite good! but in é few cases tﬁe
acid broton peak from acetic acid was at higher'field than expected,
by as much as 0.2 PPM. Shift even largé; than this 'in this direction
are easily produced by the addition of'sméll amouﬂfsy(about 1 micro-

liter) of water to the sample in an NMR tube.




RESULTS

PMR Signals of Acetonitrile, Acetic Acid Methyl Protons -
and PMR Signals of Acetic Acid Acidic Group Proton

. Chemical shift. It has been very hard to lock on TMS, since

™S ip the inner tube is such a little aﬁount comparing with the
amounts of acetonitrile in the outside tube. I could lock on TMS. and
keep it only when the machine was in Qé;y gbéq tuné. .Even though the
following data ére not all perfect, howefér, gveiy piece of datum
'means that there Was é happy tuning day,'beCause‘more than half of:my
time was speﬁt.without any resuits. The completé data are sﬁmmari;ed
j in Tables 1-11, and 14;35. |

In generai, the results are quite reproduéible‘and correspond
to dry solvent."Forﬂexample, on November 3, 1975, T ran the 10%,
20%, 30% CH,COOH/CH,CN with and without .005 M Cu, (OAc) ;. 2H,0 solu-
tions twice at room temperature. That is, I had to mové the inner
tube ardund from one outside tube.to another. Table 1 shows that I
couid get'the.same resﬁlt for repeated meaéuréments on the same sam-

ple. This tells us ‘that H,

O in the air ;s'nbt a serious problem
even wheﬁ the iﬂhe? tube was changed.

.Wheﬁ.y ran’mylsolutions on the:éaﬁf 14 in June,'l975,‘I 6b~
servea thé ﬁzo peak at,l4100 was decreaséd after é_coﬁplg pf weék§.5
Also when_I_xaq the NMR, the chémigal-shift'of the acid proton peak

of acetic acid changes from time to time. Usﬁally, the later the date,

the more downfield the position; All of these suggest .that acgtié




Table 1. Time: -November 3, 1975; Temp: 37.0°C

L.W. (Hz)

. C.S. (Hz)
Functional S
proton "10% 10%  20% 20% 30% 30% 10s  10% 20% 20% 30% 30%
) - cu- Cu Cu Cu Cu Cu
HAc 944 936 1008 1004 1048 1049 12 12 3 4.4 2 2.2
CH,COOH 2100 . . 210 . 213 213 213 2 0.8 3.5 .7 3.8
CH,CN 205 . 203 205 204 208 206 2 2 1.4 1.5 1.0 1.3
‘After switching the inner tube around
HAC 944 938 1009 1004 1048 1049 11 11 3.2 4.6 2.2 2.4
CH ,COOH 210 - . ©o211 214 212 214 0.5 0.8 3.5 1.1 4.0
CH,CN . 297 205 207 204 206 206 1.4 1.7 1.1 1.7 1.6 1.7

C.S. = Chemical Shift; L.W. = Line width

1T
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acid in the solution gatalyzes tﬁe'hydrolysis of acetohiﬁrile in tﬁé
solution, and madg the Sémple driér after:long stanaing,
| In order tb ha?e_a:éloser understandiﬁg of the hydroiysis‘of

CH,CN, on October 23, 1975, I added 1 A H

,0 to some of my samples, and

_thé results are listed. in fablé 2. Froﬁ Table 2;'we seé thgt'the ad-
ditiép of 1 A Hzolcauses a‘pronounced éhift'of=thé position of the
acid préton peak of acetié acid upfiela, toward TMS, about'3d%. The
next day the position ﬁoved back downfield again ‘about 10%. Howévér(
after that, £he chemical shifts sfayed at about the same positioﬁs,
-Anyway, we did notice a signifiqaht hydrol?sis one day affer the adﬁi—

tion of 1 X H2

0. The chemical shift chgﬁges in the gxample cited are
:différent from ;ample £o sémpie, this was d#eito;the.amounts of the
sambles in the;NMR ﬁuﬁe‘being différent. Héwever, the hydrolyéié.re—

; sults. from the Cary 14 (not listed) showéd that there were nﬁlprq4
nounced hydroleis.changés e&en 3 dayé-after the addition of 200 X
HZO' A possible'reaSOQ for the‘above confusion is és follows: When
“the sample &as in the NMR probe; the tem?erature was aboﬁt 37°C and

it was spinning ?ery fést. The spin made the solution_in the NMR

tube reach a homogeneous phase, and the‘temperatuie increased the hy-
drolysis.rate. Theréf?re, thé secona runs aftef fhe addition of H20

were the ones that showed that a pronounced hydrolysis.reaction had -

occurred. After that, the hydroiysis rates became very slow again. -




Chemical -Shift and Line Width of HAc before and after the addition of 1 AH_O

6.

Table 2: 5
- sample qu; _10215;:10223 .10/24 16/25 10/26  dry ip/lé, 10/23° 10/24 10/25° 10/26
108 -“1069:4i 1018 ‘1635_.'1035‘ 1035 ']2,oi, | 17 3.0 3.2 3.0
308 '1oé§ o0a 9éb 980. 980 z;¢i 2777 6.0 5.0 4.4
208 lo1i o976 o988 988 086 3.4 16 5.4 62 .5.4
15% 983 897 923 925 . 925 5.8 35 11 12 9.8
'10% 944 - 820 857, 858 ':séél 8.2 f:fée 18 16 _17
208 cu 1004 903 :’919 j919 921 ,4:4 19 8.6 9.0 9.0
30% cu 1049 ) 989 1010 1010 1010 2.2 24 4.6 5.0 4.2
dox cu 1oé7. 1031, 1031 1034 1037 .io§5~ 2.0 6.4 4.0

_ Chemical Shift: (Hz)-

~-  Line Width (Hz)

€T

S i |




Tahle 3.

Chemical Shifts and Line Widths of methyl peaks of CH_CN and CH3COOH before

_and after the addition of 1 A watexr . 3
40% 40% Cu 30% 30% Cu 20% 20% Cu 15% 10%
joa]
S dry 211 213 211 211 211 215 212 209 S
O o
(32] . ~
il wet 211 213 210 212 211 215 212 211 -
: _ . ke
Z dry 206 205 207 203 207 204 208 206 §
34} 0
i
5! wet 206 206 206 204 208 206 208 208 g
jas] P
8 dry 1.3 4.1 0.8 4.0 0.8 4.0 1.0 0.6 :?:
U S
(48] .
Sl wet 0.7 4.3 0.6 5.2 0.9 5.0 0.7 0.6 fj
o]
z dry 1.5 1.2 1.9 1.3 1.1 1.5 1.0 1.5 | E
™ : ‘ 9
| . ’ <
O wet 0.7 1.6 0.6 0.8 0.8 1.0 0.8 0.8 o

PT
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However, in the running of IR, there was no such thing as spin and
also the sample was put in a thermos£at_of 24.,5°C between the runs.
From the above d;scuééion, we .can cohclude that Qhether a
sample is a first—rup or second-run sample, makes a lot of difference
to.thé data. 'This'can also explgin the abnormal relationship between
the.resulgévbf.bctqber‘l6”an§ Novémbgr 5 of'lO% CﬁéCOOH/CHBCN with'ana

without .005 M Cu, (OAc).,.2H,0 solutions (Tables 4-7). That is, be-

2
cause the samples become drier and drier, the chemical shifts of HAc
usually shift mére and more denfield..'ﬁowever, fér thé 10% wiﬁh .
and without Cu samples, the chemical shifts of HAc on November 5,

1975 were smaller than thosekon October 16. The reéson for this con-
fusion is that fhe NMR saﬁples I ran on ﬁovember 5 were first—run
samples while those'of.Qctober'l6 were not. Therefore, even though.
November 5 was lgter than October 16, still the samples were nothso
dry.as_thosé of 6ctober 16, and the éhemical shifts were more upfiéld-
thaﬁ thosé of 6Ctobe¥'}6. However, since November 5 was qﬁité ailoné
time from Ju1§.7~wﬁiéﬁ Qaé the daté IZprgpé?ed'the‘solutions, there-~"
fofe the difference wés not signifigant;

On Augﬁs£ 8, 1975, we observed‘g more coﬁplex i;reproducible
behavior. The 30% HAc/CH3CN with a Cu-éolutidn showed-a shift in thé
acid proton peak position with temperature showing a ﬁinimum; Data
observed are given here in Table 8. The explanation of this behaViot

is that the sample-was a first—ruh sample, therefore it was not in a




Table 4. -Time: November 5, 1975
: Sample: 10% HAc/CH3CN
Temp: Room » Low

T(c) ' HAc
' C.s. (Hz) L.W. (Hz)
36 11020 - 40
32 1014 o 32
~27 1004 26
-18 989 : 24 ¢
6 o0 . - 18
'_ +6 967 | 16
. +#17 958 13
+30 950 ‘ _12
+37. | -

Room -+ Low: This means the measurement
was run from room temperature to low
temperature -

Table 5. Time: ‘November 5, 1975
Sample: 10% HAC/CH3CN with

.005M Cu2(0Ac)4.2H20

Temp: Low - Room

T( C) HAc .
c.s.(Hz) "L.W. (Hz)
-32 1004 o320
-27 ‘ 996 , 32
-22 990 .. 28
- 18 o83 ' 23
-11 978 - 18
-6 976 | 18
+6 ‘ 966 ' 18
+17 954 . B 16

+30 . 946 13

91
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Table 6. Time: October 16, 1975
Sample: 10% HAc/CH_CN with 0.005M Cu, (OAc) , .2H_O
3 2 4 2
Temp:- Room > Low .

T(°C) HAC' CH_.CN

C.S. (Hz) © L.W. (Hz)  C.S.(Hz) 3. L.W. (Hz)
-0 - 71030 66 207 2.8
-36 1019 69 : ‘ 207 . 2.6
-27 . 1006 66 207 _ 2.2
-22 999 ._ 66 . 207- 1.8
-18 .,- 990 " 66 207 1.;
-6 - - - 986 62 : " 207 1.8
¥ 979 . . 20 I 207 2.3
7 | 268 " 17 o 207 - 2.5
+30 960 12 . 206 o1

+37 939 10 . 205 2.0




Table.7. Time: October 16, 1975
: ) Sample: 10% HAc/CH3CN
Temp: "Low * Room ;

,Twc)' S o HAC 3 . ' CH,CN
C.S. (Hz) : L.W. (Hz) ' C.S. (Hz)

-451". S | 1070 R ' 206
0 '1059 | 80 o 206
-36 | 1038 74 ' 206
i R 1025 " | ‘66 206
‘-is, ..., 1008 ) 60 o . 206
-6 L 988 . 40 ‘ 206
+6 - l 576 T 32 205
7 | 055 | 13 | 205
#30. . ' §4s | 12 205

+37 . ' 942 - _ 8 - 205

. 8T




- Time: August 8, 1975

1048

Table 8.
o ‘Sample: 30% HAc/CH3CN with OO5M Cu (OAc) H, O
Tgmp: Low > Room
| T(°C) | c§3c00H ) cgaéN
© C.s. (Hz) L.W. (Hz) C.S. (Hz) % L.W. (Hz) ' C.S.(Hz) ' ‘% C.W.(Hz)
-40 '1062‘ 36 _One broad. peak at 207 (12 Hz)
';36" . 1077 30 One proaé ' peak _at 205 (9 Hz)
~32 1087 21 - 207 2.5 203
-27 1005 '17‘ 207 2.5 203 1.7
-22 1088 14 208 2.5 203 1.8
-18. 1083 9 - 208 2.3 203 1.7
11 1077 8 208 2.3 203 1.6
o 1061 5 209 2.5 203 1.5
11 210 2.6 203 1.2

6T

Va




Table 9.

20.

Time: November 6, 1975

Sample: 30% HAc/CHBCN with .005M Cu2(OAc)4.2H20 + 1 AHZO

Temp: Room > Low = Room

T(°C) . HAc
| ‘ C.S. (Hz) ' L.W. (Hz)
+37 - : 1045 ;.d
. +30 1036 8.0
+17 . 1043 12.0
+6 ;045 " 16.0
-6 1054 10.0
-13 .'. L 1066 9.0
a7 ‘ | - 1079 - 14.4
-32 1085 16.0
-35 | 1090 15.0
-36 1093 18.0
+§7 | 1027
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" homogeneous phase, and it was pretty wet too. Due to a change with

time in the HZO copcenEration in the part of;the sqlutién in thé région ‘
sampled by the spectrométer, thus the first £wo resuits were.not con-
sistent. Since the sample was run from low temperature to room teﬁper; N
ature, therefore the chemicél shifts of -40°C and -36°C wére not éon—_
sistent. This_reason can be supported by the exberiment I ran on
" November 6, 1975. Froﬁ fab;e 9, we can éee clearly that the chémical'
shift ofnthevfirst ﬁeasurement, room temperature, was wrong, for the
same.reaéon as given above. Apparently; the NMR solﬁtion was not
homogeneous iﬁ the first'ruh.

Table 11 ié the data of positions of acid proton peak on.ary
solutions of 100% HAC, 40%, 30%, 20%, 15%,.10% and 5% HAc/CH3CN with-

out .005M CuZ(OAc)4u2H20, and their CH_CN Moles/HAc Moles ratios:

3
From Table 10, we can conclude that the effect of copper acetate on -

the position of the acid peak of acetic acid is small. We can fit the
positions of the acid peak of acetic acid in the HAcFCH3CN mixtures by

an appropriate'témperature dependent dimerization equilibrium. The

following is the detail of the calculation:

Acetonitfile:. dehsity,'0;7856g; Molecule weight, 41.05
“Acetic Acid: 'density, 1.0491g; Molecule Qeight;‘é0.0S
X .= Wt. HAG/ MW HAc; Y, = Wt. CH,/MW CH,CN

YO/X° = CH3CN Moles/HAc Moles XHAC = Xo/(xo + Yo)




Table 10. Chemical Shift (Hz)iof Acidic proton of HAc

T(°C)"

-10%

20% Cu

1049

10% Cu 20% 30% 30% Cu 40% 40% cu
-45 1130 '
-40 _ : 1124 1152 1146
-36 1020 | 1125 - 1112 1145 1137
-32 1014 1004 . 1141 1134
—27 - 1004 1996’ 1072 1068 1112 1111 1135 1126
22 990 o 1127 '
-18 989 983 1058 1055 1103 1102 1121 1122
~11 ‘ 978 1054 } 1116
-6 980 976 1046 1043 1090 1090 1112 1113
0 | . 1108
+6 - 967 . 966 1040 1030 "1080 1081 1104 1103
411 o : _ o 1100
+17 958 954 1025 1018 1069 1068 1094
+30 950 ©  946. 1015 1008 1059 1061 1084
+37 944 938 1009 1004 © 1048 1069 1067

(A4




23

Table 11. Chemical shifts of acid proton peak of HAc of 5, 10, 15,
© 20, 30, 40, 100% HA/CH3CN solutions, and their

CH3CN Moles/HAc Moles ratios

Solution 5% 10% 15% - 20% 30% 40% 100%
HAC _ _ .

8 7
C.5. % (52) 858 944 983 1010 1048 106 1174
CH.CN Moles .45 81  9.86  6.21  4.38 2.16  1.64 0

HAc Moles

*C.S. = Chemical Shift; L.W. = Line width

'The Y./X, values for 5, 10, 15, 20, 30, 40, HCN/CH3CN solutions are
20.813, 9.8591, 6.2074, 4.381l7, 2.1636, 1.6430 and O, respectively.
\_+ R ’ -
2HOAc I H,0,Ac,
X (X,-X)/2
Total Moles: Y, + X +(X_-X)/2 = Y, + X.,/2 + X/2

2

' X
‘ 2 .. 2 (-
K = (HAC) 2 _ X & »
.~ (Dimer) (Total) X=X, v, X Xo X ¥ 1 X
. G5 ot T 430 (g 5+ 5+ 50
2.
' X. o 2z
D T A 2
2 X5 2%,

(4 + K)z2'+ XK(2¥)z - k(1 + éy)'= 0
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Assume K, calculate X/X, for 7 values of Y_/X,

and the results from computer calculation are as follows:

K = .175 + .050

Position for Dimer 1286 £ 26 (cps)
Position for.Monomer = 705 + 20 (cps)

Then from'the‘positibn-of dimer and monomer, we can get

Mdnoﬁer fraction = (1286-Chemical Shift)/(1286-705) = F

Moles of Dimer (1-Monomer fraction)/2 = D

) . ) . . .
K = (Monomer fraction) /(Dimer fraction) (¥, /X, + F + D)

Tables 12 and 13 are the lists of calculated HAc monomer fractiéns
and the equilbrium constant K. Puéting tHe equilibrium constants (K)
- and cheﬁical shift (Table 10) of different temperatﬁres and compo-
sitions into a computgr prdgfém, we got.F{(l) = -1.73083, F(2).=
-.-‘897.059<3.eg_l for the reference.tempe;ature_37°c. From the data we
got’ from the computer, we plot 1nK vs 1l/T |

~intercept; = F(l) = 1lnK at T = 310°K

Slope = -AH/R = f(Zi

AH = slope . R = (-897.059) x (1.98717) = 1782.7 cal/Mole

K =_e-AH/RTeAS/R




Table 12. HAc monomer fractions of different solutiohs

25

at different

‘temperatures
o0y 1000 HAc monomer fraction
T 10% 20% 308 40%
.-40 4.3 .2306
-36 4.22 .275 .2427
-32 4.15 .46816 .2496
-27 4.07 .48537 .368 . .2993 .2599
-22 3.98 .2737 .
. -18 3.92 ,.5i12 3924 .3150
-11 3.82 ' .3993 /2926
-6 3.745 .5267 .4131 .3374 | .3012
0 3.66 .3064
6 3.58 .549 .4234 .3494 .3133
11 3.52 | 3204
17 3.45 .5645 . 4492 .3735
23
30 3.30 .5783 .446 .3838
37 13.226 5886 .4768: ;4095

.3770
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Dimer~-Monomer equilibrium constant of different solutions

Table 13.
at different temperatures
T(°C)
10% 20% 30% 40%
-40 .06012
-36 .042 . 06869
-32 .07781 .0732
-27 . 08636 . 0846, . 0908 .0803
-22 .0905
-18 .10072 . 0998 .1027 .100
-11 .10448 .10573
-6 .11034 .11427 .1213 .11321
0 1179
6 .12473 .1221 .132 .1243
11 .1476
17 .13556 .1435 .1562
23
30 .1518 .1594 .1675
37 .1581 .1697 .198 .196




27.::
Our Reference T@mpérature T = 310°C
-1.73083 R = —2100/310 + As
As = 3.35 Cal/Mole Deg

The following figure is the plot of 1nK vs. 1000/T

Line width. Generally, the re;ults of'all tﬁe line wiath
measurements are quite consistent. For the line widths of HAc acidié
proton, from Table 14, we can observe that in no-caée is there much
change in £he width of the peak on addihg copper acetate, however,'the
data do show'a sm;il éonsistent increésé in width on addiné coppef
‘acetate, espécially fdr 10% and 26% spiﬁtidﬁs. .The line width is
larger in thé order of 10% > 20% > 30%‘> 40%, and the line width in-
_érggses with decreasing température. Addition of 1 A water to the
solutions broadens the’line wiath of the Eéc acid proton. Table 2
is the line widths 6f.HAc béfﬁre and after the addition of 1.Alwatér.
The line width changes_ih the example cited are different_frém éample
to sample, the méin réason was due to -the amounts ofithe saméle in
the NMR tube being différent; The peak shift and broadehiné on the'
'éddition qf‘Wétér are clearly due-to hydrogen,éxch;nge between water_
and aqetigEacid, This,Was not considéréd impqrtanf gnoughﬂto pﬁrsue
- further, particulérly.sinéé water'reacts with the acetonitrile,~thusl

"the data is limited to.single addition of watef at -room temperature.
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Plotiof 1nk vs. 1000/T
Points (x) represent measured values. The straight line is calculated.
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Table 14. Line Width (Hz) of Acidic proton of HAc

T(°C) 105 10% Cu 20%  20% Cu 308 30% Cu 40%  40% Cu
—45 . X £ 26 36 24
40 . 22 28 15 15 10.4
-36 34 . 16 - .11 12.4 8.6 9.4
232 32 32 - 24. R X
—27 26 32 12 16 6.4° - 8.2 6.6 8.0
—22 28 - ' ' 5.8 ‘
-18 24 - 22 10 14 4.4 7.0 4.8 6.0
-11 ‘ . 18~ ' 4.2
-6, - 18 18 .+ 9.2 9.6 3.2 5.6 4.4 5.4.
o . - o ' o ' ' 4.0
% . 16 18 5.8 7.2 . 2.6 5.0 3.6 4.8
+11 - o ' - SR 2.4
‘+17 o 13 i6 : 4.4 6.2 | 2.6 4.2 _ 4.2

+30 12 13 - : 6.0 2.0 4.0

6¢
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When’' the temperature was not too low, we can see very clearly
that addition of copper acetate broadened the line width of the méthyl
peak of HAc profoundly. The reason that we could not see the ihfiuende
so clearly at low temperature was parﬁly dueAto the fact that the

peaks were already pretty broad, but ;he major effect is apparently a

substantial activa?ion energy for exchaﬁge witﬁ the bridging acetate

groupé. There is a noticeable broadening of the iine width of the
methyl peak of Cﬁ3CN on either decreasihg.the temperature or adding ;he
copber acetate, however, both effects are small. The additiqn of

1A HZO had no influence on the line w%dth of either méthyl peak-at

all (Table 3).

The. following are the individual discussions of the line

widths of the methyl peak of HAc;

10% No Cu: The methyl peak is a well resolved small‘peak at room '
temperature, however, as temperature is lowered £he pgak
becomes broader and less well resolved from the 1afge
CH3CN péak,-

) 10% with Cu: The broadening due to 0.005M Cuz(oAc) 4-2H0 is sufficient

that it:is é’barely distinguishable shoulder fro@ -45°C |

to 25°C,‘ét 37.7°C the methyl peak with Qu pﬁesent is

not seén.even with the best tuning. This is cbnsisteng

with a fapidly increasing effect of Cu as the~tem§éra£ure

-increased above 25°C.
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.20% No Cu: A'séparaﬁe‘methyl'group is'distiﬁgﬁishablé over the
| : who;e'temperature from 445°C to 37°C. Thé positién at

210 cés is ésséntially iﬁdependent of temperature‘and
the observed‘widths aré mére a function of tunhing. than
of.tempe;ature. |

20% with Cu: Spectra.are practically constant from‘—455c té -6°C, as

.temperature is raised further there is more downfield"

shift and increased broadening. Below is a table of its

line width and chemical shift at different temperatures.

Table 15. 20% HAC/CH,CN with 0.005M Cu,(OAc) ,.2H,0-

2
T(°C) ' C.S. (Hz) - ' %L.W;(ﬁz)- frequency shift (Hz)
37 215 5 . 5
30 215 3 5
17 212 4 2
6 - 212 3.5 2
-6 212 2.0 2
-18 211 2.0 1
-22 211 2.5 2
27 - 211 2.3 C 2
-32 211 2.5 2
-36  ,; 211 2.5 1
-45 - 210 2.5 0




30% No Cu:

30% with Cu:.

40% No Cu:

40% with Cu:
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Peak positions are at 309 cps and ali of them are weil
resolved at all temperatures, and just somewhat broader‘
and slightly overlapbiﬁg at -40°cC.
Line widths are about constant.from -45°C to 0°C, as
temperature‘is raisedkfurther, there is a little down-
field shift and a litt;e broadening. 'Ho@ever, the con-
centratién of HAc is -quite higﬁ, theréfére, the influ-

ence of copper acetate is not so clear as 20% with Cu.

Its chemical :shifts and line widths at different temper-

"atures are cited below with the 40% with Cu.

Peak positions at 209 cps, well resolved at all tem-
perature, just somewhat'broadgr and ;iightly.overiapping
at —4odc.' The peak is broadened as a function of tem-
peraturef

Since the concentration of HAc is so high that the in-
fluence of copper acetate on line width was not noiigé-

able even at room temperature. However,. we can see the

influence of copper acetate on chemical shift at 30°C.

Following is a table of its line width and chemical

shift at different temperatures.

From the above discussion, we would like to sﬁmmarize line '

width in the following three respects:




Table 16. The Line Width, Chemical Shift and frequency shift of methyl peak of 30 and
' '40% HAC/CH,CN with .005M Cu,(OAc) ,.2H,0

T(°C) _%'L.W.(Hz)_ C.S. (Hz) . frequency shift (Hz)
" 30% éu 40% Cu : 30% Cu 40% Cu 30% Cu 40% éu
-5 a0 207 | o
-40 : 4.0 208 ' 0
36 4.1 4.0 207 208 0 0
-32 4.0 ,4.01‘ 207 208 0 0
~27 .0 4.0 208 208 0 0
-22 : 4.0 208 0
~18. 4.0 3.8 208 209 0 0 w
.11 - 4.0 “ 208 0 "
o . 5.0 4.0 209 209 0
6. 0
11 - . . 6.0 4.0 209 ©21 0 0
17. o . 3.8 ‘ 211 1
30 - o ' 4.0 . 213 2
37 - 6.0 . 4.0 210 213 : 2 3
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1) For acidic proton of HAc, rate of acid proton exchange be-
tween acetic acid monomers and dimers is fast even down to -30°C, a
low activation energy is expected‘for'a.plot of line width (sec;lﬁ‘vs;
1000/T. :We can estiﬁéte TM.erm the tétql franéverse relaxationArate
l/TZ' l/T2 is calculated from the experimental PMR line.width, using'

the relaxation'l/T2 = 3w/2 which applies for a Lorentzian line shape,

when Sw/27m is the full line width of Hz at half maximum.

2) The exchange of acetic acid and acetonitr;le into the
axial position‘of the copper acetate dimer is fas£ even at low tem-~
perature. .Thefe is a small effect of Cu2(OAc)4 on the acid peak of
acetic acid and. the methyl group of Cﬁ3CN. Since the effect is small,
quantitative treatment is not possible. It is clear that this ex-
chﬁﬁge is fast even down to -30°C. A low activation enéfgy is ex-
pected.’ Since bondiﬁg of axial ligands is very weak, we‘ekpect just
sucﬁ behéviof, i.e., %ma}l-effect and fést gxéﬁange even at low

temperature.

3) The rate ‘of exchanée of acetate between acetié aéid and
the bridéing positiéns in Cu2(OAc)4.is slower. This prodﬁces a largg
effect at the Highest tgmpératures on both peak position aﬁd line
Width, 5u£ oniy fér\the‘methyl group protons qf the acetate, tﬁe-only .

protons stiil,presént in the bridging ligand.
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Finally, we would like to explain our phenomena by the assump-
tion of the existence of axial ligand exchange,.bridging ligand ex-
change, and the acid proton exchange between acetic acia monomer and
dimer.

1) At the axial position, there is ligands exchange of Eoth'
HAc and CH3C&. Both HAc and.CH3CN must be present‘as‘axial ligand to
explain why the extinction coefficient at 690 nm for the cépper ace-
tate dimer is 426 instead of 370 which is the extinction coefficient
at 690 nm if fhe acetic acid is the only ligand on the axial position.

The extinction coefficient is 466 for a 100% CH3CN solution.

2) .Since the distance of the axial ligand to Cu is quite far
and bénding of axial ligand is very weak, therefore there is smaller
effect by the Cu and low activation energy for the ligand exchange.
The former reason explains why there is only a little broadening of

methyl peak of CH3

CN by the addition of Cu, the latter reason ex-

plains why the CH3CN axial exchange is fast even at low temperature.

3) For the.acidic proton of HAc, there are two factors which
influence the chemical shift and line width. There are the axial
ligand exchange of copper acetate anq the acid proton exchange between |
acetic aéid monomer and dimer. There is only a littletchemicél‘shift

a . . . - . f )
change by the.addltlon of Cu which is a function o CHAC/CCu2AC4

‘ ratio, however there is a pronounced chemical shift change for
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different concéﬁtraﬁioh'of HAc. This méans the-dimér—monomer egchange
has strdnger influencé tﬁan thg axial 1igana exchange apd will bé con-
sidered first. The fbilowiné is the éxplanation of different chemical
shift énd line width based on the abové assumption: ‘(a) Che@ibal shift
in the absence of Cu:"Since thé fraction of dimer is increasing in thg-
order of 10 <.20 < 30 < 40%, therefore the chemical shift (Hz) %s in—"
: cfeasing in the same order; (b) Line width in the absence of Cﬁ; The
more dimer fraction ﬁhere-is, the faster the aimer-ménomerrexchange
is( theréfore the Shérper the peak is;‘(ci Effect of Cu: ‘The,small_
.shift,and bfoadening by.thé addition éf Cﬁ'is'due to the presence of
axiai ligand exchange. fhése observations are qgali;afiVely similar
to -the effect of Cu on the acetonitriié peak ;nd on the méthyl peak of

ratio

. » i - o . : . . -
acetic ac1d.at tgmperatures below lO'C. As the CHAC/CCuAc2

increased, the influence of Cu is decreased.

4) For the methyl protons -of HAc with_Cﬁ. At lower tgmperaﬁ

.turé, becauée the presenée“of axial exchange; there is a 1iFt1e bfoad—
ening by the addi;ioﬁ of Cu. Because #he'activation énergy of ﬁhé'
‘axial_ligand_ethgngé~is iow, the liné Qiéth for éhé meth§i prptoné_

stafs almésf the'éame'f£0ﬁ‘—6°clto -46°C; ‘waever,-at 37.15C,féiﬁcé :
the?e ié eﬁoudh ené#gyifor,ﬁhe bridging ligand ekchangg to éécuf at

an'appreciabiesrate} a's&énifiéapt bréa@éning'ahd downfield shift wé%

noticed at room temperature.
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Using the above assumptions, we can also explain the results
of recently PRM study of the solvation of cqpper'acetate dimeric mole-
cules in ethanol/acetic acid mixture by Graédalen.53 With their NMR
equipment, they have measured NMR line width and line shift of the
solvent protons in éthénol/agetic acid soigtions of copper acetate be-
éween -100°C and 100°C. Although they éould not measure the acidic
protons of acetic acid because it exchanged rapidly with the alcoholic
hydrogen of ethanol, they got a very wide rahge of measurements for
the methyl proton of CH,COOH. The following two figures (3 and 4)

" are their results.

From the: above-mentioned t&o figures, we can see that their
results of the chemical shifts and line width of the methyl proton of -
HAc are consistent with ours and can be very well explained by .the
discussion Qe madé.before. ‘However, complefely forgetting about
bridging ligand exchange, they attempted to interpret the aboVe_re-
sults on the assumption of a selective solvation of acetic acid on the
axial positions of the copper acetate dimeric molecules. In order to
explain the broadening and downfield chémical shift aé higher tem—
perature as shown in Figures 3 and 4, tﬁey suggested a structure.of
a copper acetate dimeric molecule with oﬂé axial ligand and one sec-
ond coordinated HAc ligand as shown in Figure 5. HowevérL their sug-.
gestion is in conflict with many facts and Qe would like.£§ discuss

these as follows:




Figure
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NMR line width of HAc methyl protons in ethanol/acetic
acid solutions of CuAc, as a function of the reciprocal
temperature, copper acetate concentration, and the
HAc/CuAc2 ratio. Points represent measured values where

the solvent contribution (the dash-dot line) has been

subtracted. The curves are calculated as explained in
the text.
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acid solutions of CuAc2 as a function of the reciprocal
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HAc/CuAc2 ratio. Points represent measured values.

The curves are calculated.
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1) Their axial ligand exchange activation energy

AH = 10.7 Kcal/Mole is too high for axial ligand ekchange.

2) 1In order to explain Figure 4, they said that at low tem-
perature, the exchange between solvated and bul# acetic acis is too
slow tq shift the observed bulk peak. However, this is proved wrong
by our downfield chemical shift and broadening of acidic.profon peak
of HAc which proved the exéhange of the axial ligand is fast eVeﬁ at

that low temperature.

3)- For Figure 3, in order to explain the line width broaden-
ing of ﬁethyl peak of HAc at higher temperature, they suggested that
the second cobrdinéfed'HAc molecule is;hydrogen bonded to the carboxy
oxygen opposite to the hydrogen bond'fprmed‘by the axial iigand; if-
this did happen,‘then we qhouia get a.broadened acidic protén éeak of
HAc with Cu at the corresponding temperatures too, however, £he acidic
peak is sharper with increasing temperature. The.particular structure
‘ih‘Figure 5 was proposed to explain how the acid proteon could be‘hela
. in a particular location where the Cﬁ atoms would not have much ef-
fect. However, ;he structure proposed Qould not be suffiéieﬂtiy'rigid
to ihéureaphis;' fhe_préper éxplanation of the fact that copper ace-
.taté:has much mofe.ipfluénce on fhe.methYl,hydrogéns than Qn_ihe acid
hyargéen“ig thét'the,acid‘hydrqgen is nétvp#esent'when acétaté ex-

changes into the'bridging position.
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\b CH
CH—C, Sen
3 N\ \

Figure 5. Grasdalen's assumed structure of a copper acetate dimeric
molecule (only two bridges shown) with one axial HAc
ligand and one second coordinated HAc ligand

High temperature NMR study. According to our bridging ligand

exchange assumption, at 37.1°C the methyl peak of CH3COOH is broad-
ened because of the starting of the bridging ligand exchange. Then
as the temperature is increased further, the bridging ligand exchange
should be faster and the methyl peak of CH3COOH should become sharper
accordingly. It was decided to test this experimentally, and prelim-
inary results were obtained as follows.

Because of the NMR HA1l00 machine not having been well tuned
since November 8, therefore, in order to lock on TMS, I put TMS in
both inside and outside tube, and the solution was dried before it was
run. The following tables and figures are our results. From these
results and by the comparison with the other NMR data, it is very
clear that the methyl peak of CH3COOH is sharper with increasing tem-

perature above 42°C because the bridging ligand exchange is faster.




Table 17. :Time: November 20, 1975 ' o
: Sample: 20%-and 30% HAc/CH3CN with 0.005M Cuz(OAc)4.2H 0

: 2
. Temp: -Room - High for 30% Cu; High - .Low for 20% Cu '

Ty - HAc - | CH,COOH - CHCN

C.S. (Hz) - _ L.W-(Hz)  C.S.(Hz) L.W.(Hz) =~ C.S.(Hz) '~ L.W.(Hz)

o215 o755 . 204 3.7

. 215.5 6.57 . 204 . . 4.0
215 5.0. - - 204 2.7
217.5 - 4.5 204 2.5 -

. 217 4.2 . 205 . 2.5

¥37. ‘1004
a2 T o992 )
447 © 7990, B
452 979

+58 - 973

CINT B S -

oo %0z -

(4 4
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#4700 992 . 4.0 214
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207 Hz 208 Hz 208 He 208 Hz
2!7\K 23&A zzlf}\ 2|2;A
-6°C -2°% -36% -40%

207 Hz 207 Hz 206 He 206 H=

+3'1°C +8%0°% +i7% +e%c v

Figure 6. CH3COOH and CH3CN methyl lines of 20% CH3COOH/CH3CN

with 0.005M Cu2(OAc)4.2H20 from -40°C to +37°C
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205 Hz 205 Hz 205 Hz
37.5%
216Hz
205 Hz
5a‘c 58°c
217 Hz 244 Ha

Figure 7. HAc and CHBCN methyl lines of 20% HAc/CH3CN with 0.005M

Cu2(OAc)4.2H20 from +37.5°C to +58°C
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Figure 8. HAc and CH3 methyl lines of 30% HAc/CH3CN with 0.005M

Cu2(OAc)4.2H20 Lrom #3750t +58°2¢€




SUMMARY

The uv—viéible spectra of copper aéetafe solutions in écetic
écid - acetonitrile solutions show that both acetic acid and ace£oni—-
trile coordinate in the axial positions of the copper acetate dimer.
Exchange into these axial positions introduces small chanées‘in éhe
PMR spectra'for all the érotons ip botb acetic acid andiacetonitrilé
dver the entiye temperature rénge froﬁ -40 to'37°C. In addition there
is a very pronounced broadenipg.of the methyl préton peak of aceiic

acid on the addition of copper acetate at temperatures above =-6°C.

“The data in this thesis establish that this effect is due to exchange

' of acetate between acetic acid and the bridging'acetate groups of the

copper acetate dimer, contrary to the interpretation proposed by

Grasdalen53 for the similar effect observed in acetic acid - ethanol:

mixtures.




APPENDIX A

PMR SPECTRA
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i_Wﬁile,the main features of the spectra are evident from tabieé
of the positiohs and widths, there are‘experimental complications in
using the HA 100 NMR spectrometer invélving variations in‘tuniﬁg,
saturation, and spinning side bands so that more complete spectra
ﬁould be valuable to someone attempting to duplicate the Work.
Thefefofe, some representative'spectra'and portions of épectra_are

reproduced heie.
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Figure 9. CH3CN and HAc methyl lines of 10, 20, 30 and 40% HAc/CHLCN

solutions with and without 0.005M Cu2(OAc)4.2H20 at +37°cC
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06T Hz
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1004 Hz
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(069 H2
1048 H=
1009 Hz
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Figure 10. HAc acidic proton lines of 10%, 20%, 30% and 40%

CH3COOH/CH3CN solutions with and without 0.005M

T +37°
Cu2(OAc)4 H20 at +37°C
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g 204-H3 , -32°C —p

TN H, o°c
0 ¢

pe— 196H:,-22°C s (68Hz + G'C—#

|
5l

ritq Hz ,+22°c 4|

e
;

Figure 11°. Representative methanol peaks which we have used to decide

the relationship between regulatory settings and tempera-
tures
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‘Table 18; 'Time: October 15, 1975; Sénpie: 40% HAc/CHéCN; Temperature Runhing‘Order:
- 37+ 30 »' =36 » =32 > -27 > -18 > -6 > 6> 17 ~+ 30 + 37°C

T(éc) - EAC . CH,COOH 1 . CH,CN
Position ..  Line Width Position - Line Width Position Line Width
(Hz) - - °  (Hz) (Hz) (Hz) . . (Hz) . (Hz)
+37  ' 1069 - o 2.0 213 . S 41 205 - © 1.3
+30 1077 - a2 212 4.2: _’-. o205 “ 1.9
36 1137 9.4 210 4.0 205 . 3.3
-32 1134 . 8.4 210 4.0 - 204 3.0
-27 . 1126 8.0 210 3.9 205 2.8 .
-18 1122 .. .. 6.0 200 -+ - 3.8 205 2.0 >
-6. 1113 - 5.4 . 210 . . 3.7 205 21
+6 103 . 48 211 . . a2 . 205 . 2.0
+17 1094 4.2 S o211 41 7 206 1.5
430 . 1084 . 4.6 e 212 . . 5.0 . 205 1.3
#37 . 1070 . 2.2 o213 a0 208 0.5 _

2

After the addition of.l§H o)

+37 -+ 1031 . 6.4 - 213 4.7 . 206 1.6




Tabie 19, . Timg: August 15, 1975; Sample; 40% HAc/CHBCH; Temp : ‘Room -+ Low

¢k°c) o Hac - CH,COOH o CH,CN
" C.S. (Hz) L.W. (Hz) . C.S. (Hz) L.W. (Hz) C.S. (Hz) L.W. (Hz)
-47" R Frozen _

-40 1152 0 10.4 ' 209 4.8 204 _ 3.0
36 . ‘ 1146 8.6 209 - 4.5 . 205 . 3.0
“32 1141 - 7.4 . 200 40 205 2.5
-27 1135 7.0 209 3.9 205 3.0
-22 1127 . 5.8 209 2.6 205 T 2.6
-18 1120 4.8 . 209 2.5 204 . 2.5
S-11 .. 116 - 4.2 o209 2.5 204 2.6
-6 - - 1111 4.4 o 200 - 3.0 . 204, 2.9
0 1108 4.0 : 209 2.6 208 2.6
+6 - 1104 3.6 200 2.0 204 2.2
+11 ~i100 2.4 200 1.9 . 204 1.5

+37 - 1065 2.0 210 1.6 205 1.5

174}




.Téble 20. Time: August 14, 1975; Sample: 40%.HAC/CH3CN with 0.005 M Cu, (OAc).2H,0;
Temp: Room - Low
- : ‘ -
T( C) HAC- CH,,COOH CH,CN
' C.S. (Hz) L.W. (Hz) C.S. (Hz) 4L.W. (Hz) C.S. (Hz) 1L.W. (Hz)
-45 1101 32 208 4.6 204 2.5
40" . 1095 30 208" 4.0 204 1.7
-36 1089 25 208 4.0 204 1.7
-32 1083 24 208 2.7 204 1.5
-27 1076 18 208 2.7 204 1.5
-22 1071 17 208 3.0 204 1.5
-18 1068 14 - 209 2.7 204 1.5
-11 1062 10 209 - 2.5 204 1.5
0 1054 9 209 2.5 204 1.4
+6 1051 - 9.4 209 2.5 203 1.5
+11 1047 8 210 2.5 203 1.3
+17 1041 6 210 2.5 203 1.1

SS
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Table 21. Time: October 28, 1975; Sample: 30% HAc/CHBCN
Temp .: Room - Low
7(°c) HAC
C.S. (Hz) L.W. (Hz)
-36 1122 11
-27 1110 6.4
-18 1097 4.4
-6 1083 3.2
+6 1071 2.6
+17 1061 2.6
+30 1050 2.0
+37 1046




Table 22. Time: August 8, 1975; Sample: 30% HAc/CH3CN; Temp: Room > Low

7(°c) HAC CH,COOH , - CHLON
C.S. (Hz) L.W. (Hz)- C.S. (Hz) L.W. (Hz) C.S. (Hz) L.W. (Hz)

-40 1113 -2 209 2.2 205 2.2
-36 1106.° - 17 " 209 2.0 205 2.2
-32 . 1100 13 209 1.9 205 1.9
-27 . - 1094 - 12 © 209 1.5 205 2.0
-22 1090 - 11 209 1.4 205 . . 2.0
-18 . 1081 10 209 1.3 . 205 2.1
-11 . 1076 . 8 209 1.1 . 205 1.9
0 - 1066 7 209 1.8 205 1.9

+37. 1027 2 . 210 1.6 206 1.1

LS




" ‘Table 23.

Time: October 22,.1975
sample: 30% HAc/CH,CN'with
| .005 Cu, (Ac) ,.2H,0
Temp: Room ~* Low
7(°c) | HAc
. C.S. (Hz) ~ L.W. (Hz)
-45 i1 - 24
-40 1124 15
-36 1122 12
-27 1111 8
-18 1102 7
-6 1090 5.6 °
+6 1081 a
17 1068 4
+30 1061 2.8 -
+37 1045

Table 24, Time:
Sample:

Temp: Room * Low

October 30, 1975
30% HAC/CH3CN

7(°C) HAC
C.S. (Hz) L.W. (Hz)
-36 1126 11
-27 1112 6.
-18 1100 5.6
-6 1088 3.4
+6 1078 3.6
+17 1066 2.6
+30 1057 2.0
+37 1048 2.0

8%




Table 25. Time: November 5, 1975

Table 26.

Time: October 9, 1975
Sample: 20% HAc/CH3CN Sample: 20% HAc/CHBCN-
Temp: Low > Room Temp: Room > Low
r°c) HAC 7(°c) HAc CH,COOH  CH.CN
C.S. (Hz)  L.S. (Hz) C.S.(Hz)  L.W.(Hz) C.S.(Hz) C.S. (Hz)
-27 1072 26 -45 1112 27 210 205
—18> 1058 24 -40 1102 36 210 265
-11 1054 16 -36 1092 16 210 205
-6 1046 12 -27 1085 13 210 205
+6 1040 10 -18 1069 10.6 210 206
+17 1025 9.2 -6 1064 10.4 210 206
423 1021 6.0 +6 1052 6.6 © 210 206
+30 1015 4.4 +17 1043 5.4 208 206
+37 1009 3.4 +37 1017 4.4

69




Table 27. Time: 'Octbberi9} 1955; Sample: 20% HAc/CH3CN with 0.005M Cuz(OAc)4.2H20;
; Temp: Room + Low
7(°c) ." ' | . HAc ' c§3c60H CH,CN
C.S. (Hz). L.W. (Hz) C.S.(Hz) .  %L.W.(Hz) c.s.
=45 | 1049. - .57 | 212 . ' 2.5 207
—t0 _ 1043 - . 45 ' 212 2.5 208
36 1035 37 ' 212 2.3 208
-32 1027 T 32 212 2.3 208
27 , ;ozﬁ - 26 212 2.5 208
18 © 1013 ._'- o S 212 2.0 206.5
-6 1001 18 212 - - 3.5. 207
6 . 994 16 B 212 - ' 4.0 206
+;§ ' ' 975 ' 12 212 3.0 206
+30 | . 96l : 10 215 . 3.0 - 207

T 437 o 956 - 6 - 215 5.0 © 270

09
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Table 28. Time: 'October'30, and Novembef 5, 1975

Sample: 20% HAc/CH,CN with 0.005M Cu, (OAc) -2H,0
Temp: Low > Room on October 30; From Room » Low on

November 5
7(°c) HAc - | HAc
- C.S. (Hz) ‘L.W. (Hz) © C.S.(Hz) L.W. (Hz)

-27 1037 13 o - 1068 16
-22 1031 : 10

-18 | 10264 _ 9 - : ‘-'1055 _ -‘14.
-11 1021 : 10
-6 | 1020 8.0 1043 9.6

+6 1005 ' | 8.0 j o 1030 7.2
+11 9§6 7.6 _ 1018

+17 990 6.6 1018 . 6.2
+30 © . 976 ". 5.8 .' _ 1008 : 6.0
+37 . , i . .j w08 a4

Date .. .october 30, 1975 . . November 5, 1975




Table 29.

Chemical shift (Hz) of acid proton of acetic acid on different dates (of 1975)

at Room Temperature
Sample " Chemical Shift (Hz)
pLe- Date
30% 1042 - 1027 1020 1046 . 1048 1048
July 17 Aug. 8 Oct. 12 Oct. 28 Oct. 30 Nov. 3
30% Cu 1042 1047 1045 1049
July 17: S Oct. 12 Oct. 22 Nov. 3
20% 1006 : 1017 1013 ~1o08 © 1009
' July 17 . °~ Oct. 9 Oct. 12 - Nov. 3 Nov. 5
20% Cu 997 - 956 1004 1004
_ July 17 - Oct. 12 Nov. 3 Nov. 5
10% 938 942 944
July 17 Oct. 16 Nov. 3
10% Cu 931 : 939 937
. July 17 Oct. 10 Nov. 3
40% 1067 : 1067 1065
. July 17 -Oct. 12 Oct. 22
40% Cu 1065 1670 . 1070
July 17 Oct. 12 Oct. 15
5% 858
- Oct. 22
15% 983
Oct. 22
1174

100%

Oct. 22

Z9




Table 30. Time: -July 17, 1975; Temp: 37°C

10%

Proton 10% ca 205 20% Cu 305 30% Cu 40%  40% cu
HAC 938 931. 1006 997 1042 1042 1067 1065
cgacooﬁ 212 . - 215 213 215 213 215 - 213 214
CH,CN. 208 207 208 206 208 208 207 207
HAC 11 13 5.6 6.0 3.8 6.0 4.6 4.2
CH,, COOH 1.7 1.4 6.0 1.4 6.5 3.0 6.5
CH.,CN 3.7 3.6 3.5 3.3 3.2 6.0 4.0 4.2

(ZH) UY3IpPTM SUTT

(ZH) uoT3TSO4

€9




Table 3 1. .TjrmeA: KO'ctok'?ér 12, (5% and 15% were run on Oct. -l22); Temp: 370C

Proton 5_% 15% 20% 20% 30% 30% Cu 40% 40% Cu
§_Ac 858 . 983 1013 956 1020 1047 "1067 1070

CgéCOOH 210 - 214 212 213 210 213

C_H_3CN 206 207 208 204 204 205
"HAc 48 | 5.8 36 7.4 3.0 2.6 2. 2.2

C§_3COéH 1 0.9 8.5 1.5 5.5 1.3 4.5

Cﬁ CN 1 1.3 1.3 1.8 1.5 1.5 1.5

4°)




Table 32. Time: July 22, 1975; Temp:

-32%

T 20%

1070

Sample ' HAc _ . CH,COOH | CH,CN
C.S.(Hz)  L.W. (Hz) C.S.(Hz)  L.W.(Hz) C.S.(Hz)  L.W.(Hz)

40% 1133 7.6 208.5 3.1 203 2.7
40% Cu 1131 1. 207 5.0 202 3.5
30% 1107 11 209 2.4 204 2.5
308 cu 1106 12 207 . 6.0 202 3.1
208 1092 20 208 3.0 203 3.1
Cu 19 208 6.0 202 3.1

59
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Table 3.3 Time: July 22, 1975; Temp: -40°C

Sample - HAe - _ CEBCOOH - CEGCN
C.S. (H2) L.W. (Hz) C.S.(Hz)  C.S.(Hz) ..

40% FrozenA

40% ca _ | 1146 - , " 209 o 204.5

30% . 1125 ', . 1s. . .210 206 -

30% Cu , 1121 18.8 208 203

20% 1100 29 208.5 " 204.5

20% Cu 1082 28 209 o 204

10% 1040 . 64 . 210.5 205

10% Cu . 1026 58 211 . 204
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'Table 34.f'Temperature':elatidnship‘bétWéen methanol shift,'our
: variable temperature accessory regulator reading,

°c, and 1000/T

‘Methanol Regulator , .e o . 1000/T
shift 4 " reading ' : ' ' o

© 225 o ' . -40 L ~56.5
27 - -300 452 s
211 o 25 0 o 4
208 .. -20 L 362 L am
204 . o © o 1s B =317 : L 4lis
200 : 10 R S o
106 . . -  -$ . -2 o 308
103 o fj;..' 85 . .9
Léé;S- o : s ] -0 . 3.82
1825 | ST R o 3.745
177 s 15 | U os o 3iee
172.5 20 0 s.5 . 3,58
168 - 35 IR 1 s
163 . ) B - 6.5 ,lf.,;- . ,5.45‘
e 35 . 21,5
152 o g 40 | :'i' | 29,8.~ R 3.3

55 . 371 .. .+ 3.226
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OPTICAL SPECTROPHOTOMETRIC MEASUREMENTS
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In Table 35 we list the results for diffeiept éolutions.;

Table 35. Spéctra.data for .005 M copper acetate in various solution .

at 24.5°C
Solution‘ 7 . g (A) . £(X) ‘
- B at 6900 . at 141008
1100% HAC . - .554
40%_HAc/éﬁ3CN . ,': | __" .635'.' _ o
40%_+_'4.4MH20~ SR -496 - S 13
30% .j_.. S 631 0
.2q%.-. o L 639 0 . 0
2@%'+'3.354Mﬁ20 ‘ o ' 2511 | _. .860
108 ' a0 0
_ 109 + 2.7'8MH20 : . .‘ .580 | " o .7l’13_
05 o : 70 fo o3

TS detéfminé the copper acetéte &imer/ménomer'equilibriqm in
-:§olution; we need to know the‘molar.ébsoxptivi£ies eki).a§-6500.£,?‘
Wﬁeré.the di&er hés:aﬁléﬁsorpfion maxiﬁuﬁ éné the dissociatié# brod-’
.uctsvabsorb li£tlé, éndvthe p?océdure which'féiloys.Howal& and Chang26

is as follows:
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For 3.5 g 10% HAc/CH3CN with 0.005M Cu2(OAc)4.2H O and .2ml H_ O

2 2
.580/.3 .005 = 386; 640/.3X.005 = 426.67 M *
Dimer Fraction: (386-70)/(426.67~70) = .885

R . —_
Cuz.(OAc)4 + 4H20 < 2Cu(OAq)2.(H20)2 e = 35

C, = .005M x (.885) = .00442M

Cy = (.00058M) x 2 = .00L16M

Cy o = ¥ (-713)

2 .

3.5 = (.7856) (.9V) + (1.0491)(.1V), V = 4.3106 ml
o = (.2)(.998)(103)/(18)(4.3) = 2.578M

H20 :
X, = 3.62

For 2.89 g 20% HAG/CH,CN with .005M Cu,(OAc),.2H,0 and 200AH,0

2
.511/(.3) (.005) = 340.7; .639/(.005) (.3) = 426 M *
Dimer Fraction: (340.7-70)/(426-70) = .76

cy = -005(.76) = .0038

c, = (-0012)(2) = .0024.

cH20 = %, (.860)

2.89g = (.7856) (.8V) + (1.0491)(.2V) V =.3.45ml

H,O

C = .2(.998) (103)/(18)(3.45) = 3.216M
5 . :

‘X2 =-3.75
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For 2.07g 40% HAC/CH,CN with .005M Cuz(bAc)4.2H2O and 200 X f,0
' 1

.494/(.3) (.005) = 329.3M 1

; .638/(.3) (.005) = 425.3M°

Dimer Fraction: (329.3-70)/(425.3-70) = .73

c, = .005(.73) = .00365
C, = -00135(2) = .0027
cHzo = X,(1.13)

2.07g = .7856(.6V) + 1.0491(.4V), V = 3.32 ml

C = .2(.998)(103)/(18)(2.32) = 4.,78M
H.O .
2 .
X3 = 4,20
Average the above X values, we get Xﬁ.? (Xl + X2 + X3)/3 = 3.90
For 10% HAc with Cu; CH o = 3.9(.713) = 2.781M
‘ . 2

2 4
K = (CM')/CD (c ) = .0000049

H20-
For -20% HAc with Cu; CH o = 3.9(.860) = 3.354M
5 s
K = éz/C (c )4 = _0000117
- "M "D H. OO °
. 2
For 40% HAc with Cu; CH o = 3.9(}.13)‘= 4.4M
) L T
K = C2/C (C )4 = ;0000052
M D "H.O' = °
: - T2
- ‘ - ' ) 2 4 . ,
Howald and Cheng reported K' = .03245 for K' = CM/CDa H.0 in acetic
. N 2

acid. ‘Since at 2M H

2O the actiﬁity,of water is .2083 we can write
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approximétely
c. = .1042 C:
HZO : H20
Therefore
%
K' = .03245 = T 4
CD(.1042) Cﬁ o
: 2
and
C; ' 4
K = 7 = K'(.1042)" = 3.82 x 107°
CD CH (0]

. ' .2
this corresponds to K = CM/CD(CH20

close to the range of values observed here for acetic acid-
acetonitrile mixtures

' 4

(1.0415) = 1.1766

L03245(.10415)% = .03818 x 107%

)4'=.3,82_x 10—'6 which is quite




APPENDIX D

'DISCUSSION OF THEORY SELECTED AND ADAPTED

FROM THE REFERENCES -
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Copper,‘3d104sl

~ Copper ;s the tr;nsition element of Ehe first series.which has
a sinélé.s electron outside the filled 3d shell. It can'ﬁot;be_
classed in Group I, since it has little in common with alkalies‘except
formai stoiéhiomefries in the +1 oxidétion state. The-filled d sﬁell
is much less effective thén a noble;gas'shell'in shielding the s elec-
tron.fr;m the nuclear chafge, sa that tﬁe~first ionization potential
of Cu is higher than those of the alkaliés; Since"the eleétfons of
the d shell are also involved ih metaliie bonding, the‘heaﬁ of subli-
mation and the meltiné paint of copper are als§ muqh‘higher £han those‘
‘of the alkalies. These factors are-respénsible for the ﬁo;é noblé
chgfactgr qf copper, and tﬁe effect is to méke'the'qoméoﬁnds more Eo-
vaieﬁt and £d give higher lattice energies{ théh are not'offset by
the somewhat smalier fadiué of fhe unipositive ion compared to the
‘alkali ions in the same éeriod —'Cu+, 0.93; Na+, OR9S; ahd K+, 1.33 ;_
The éeéond and third ionization.potengials éf Cu are very much lower
than thosé.of the alkalies and account inlpért forAthevﬁranSitioﬁf‘g
metal dhafdcte; shoﬁn by thg existence'bftcolqrga paramégnetip iéns
andlcomplexeé in the4II'éndiIII oxidation states. The aiéésitivg
" state is the most'imbortaﬁt one for cqpéey, most cuprous éomﬁoﬁnds
- are fairly réadily'ogidiééd to cupric compéundé, but:fﬁrgher axidaﬁion"

fo'Cd; I'is;-difficu;Lt. There is a well-defined aqueous cheﬁistry'of
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++
Cu , and a large number of salts of various anions, many of which are
water-soluble, exist in addition to a wealth of complexes. Compounds

++ . . .
.and complexes- of Cu are paramagnetic with one unpaired electron.

Stereochemistry (Jahn-Tellexr Effect) of Cu (II)

In 1937 Jahn and Telier proved that a nonlinear polyatomic
molecular system in a degénerate electronic staté will be unstable and
will undergo éqme kind of distortion that will lower its symmetry and
split the degenerate state. This theorem has great practical impor-
tance in understanding the structural chemistry of certain trahsition;
meﬁal ions. Aceording to the Jahn~Teller theorem, distortions are to
be expected in an octahedral complex of an ion with the configuration

6 3

tdeg' Therefore, the d9 configuration Cu makes Cu(II) subject to é

Jahn~Teller distorfion.

Ligand Field Theory of Cu(Il) Complexes

‘
'

For the elements of the first trgnsition series, thé use of -
ligand field tﬁeory in explaining both tﬁe gpectra and magneﬁié prop-
erties of cémpounds hag beén far ﬁore éxtensiﬁe fhan their'ﬁeévier
congeners bf the second and third transition series. Ligand field
theor& éan be defined as the theory of (i) the origin and (2) the con-
sequenées of-the splitting of inner orbitals of .ions by their chenical
environments. The inner orbitals.of usual intgres£ are partly filled

ones, i.e., d or £ orbitals. -
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The complexing of a metal ion to 6 equiﬁalent and identical
ligands leads to octahédral geometr& and a molecule belonging to point
group Oh' The octahedral arrangement which minimizes the mutual ré;- '
pulsions of the six-coordination is most readily pictured by plaéing
the ligands at the plus and minus ends of the three coordiﬁate axis.
In the xy.plane, the positions of such ligands relative to the d or-
bitals is sbown in Figure 12a whiie.the corresponding diagrams for the
$ Xz ana vz planes are shown in Figure 12£and c. 1In the xy-plape, the
orbita]‘.'dxy lies beﬁween the ligands whiie dx2_y2 points directly at
the ligands. Thé latter orbitai is therefofe most affected by the
ligand field and is.raised in energy relative to the‘former.. In a
similar manner, in the gz plane,_dzz is raised relative to_dxz and it
is also raised relative~to ayz.as the figurg for the yz plane shows.
if thé alignments of the three orbitals, dxy' dxz and dyz' relative £o
Ithe liganas are compared, it will be seen ;hat these are idgntical.'
It follows that in-the full three-dimehsiohea case, thgse'three orbi-
tals are iaentiéal in énergy an@ are stabili;ed relative to the other
two. It is found by more de£ailed calcuiation, that the remaining or-
bitals, dz2 and'dx2_§2, are also identical in energy and éfe desta-
bilized. The coﬁbined energy leQel d;aéram is therefore compésed of
,t&o uppér.orbitals; of equal energy, and three lower'orbitals, which
are also degehérate (fig.l3). The energy zero is convenient;y taken

as the weight mean of the energies,pf these two sets of orbitals;'the
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Figure 12. Positions of ligands and d orbitals in an octahedral
complex: (a) the xy plane, (b) the xz plane, (c) the yz
plane. {The d ., d & and . d orbitals are indicated by

; Xy yz zX
shading.)
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lower trio are thus stabilized by -2/5 AE while the upper pair are de-

stabilized by 3/5 AE, where AE is the total energy separation.

e? (dz',dx’—‘(jl)

mﬂ' E nlw
=) e =
— o
m

I

*"‘1 (dx\' y dkxz, o(,z)
atom in atom in
spherical field octahedral field
Figure 13. Energy level diagram for the d orbitals in an octahedral

field

From the above octahedral complex, MX6, if we slowly withdraw
two trans ligands, we can get the pattern of splitting of the d orbi-
tals in tetragonally distorted octahedral complexes. Let these be the
two on the z-axis. As soon as the distance from Mm+ to these two
ligands becomes greater than the distance to the other four, new ener-
gy differences among the d orbitals arise. First of all, the degen-
eracy of the eg orbitals is lifted, the z2 orbital becoming more
stable than the (x2—y2) orbital. This happens because the ligands on
the z-axis exert a much more direct repulsive effect on a dZZ electron
than upon a dx2_y2 electron. At the same time the three-fold degen-

eracy of the t orbitals is also lifted. As the ligands on the

29
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z-axis move away, the yz and zx orbitals remain equivalent to one an-
other, but they become more stable than the xy orbital because their
spatial distribution makes them more sensitive to the charges along
the z-axis than is the xy orbital. Thus, for a small tetragonal dis-
tortion of the type considered, we may draw the energy level diagram

shown in Figure 14.

dxﬂyl
€ ==
1
E T dxy
AO ” ¢ / C/ 2
R s
iﬂf—_ﬁ‘—k‘:\\_\( a
“dax
Octahedral Increasing tetragonal
distortion

Figure 1l4. Energy-level diagram showing the further splitting of the
d orbitals as an octahedral array of ligands becomes
progressively distorted by the withdrawal of two trans-
ligands, specifically those lying on the z-axis

As Figure l4shows, it is in general possible for the tetragonal dis-

; : 2 :

tortion to become so large that the z orbital eventually drops below

the xy orbital. Whether this will actually happen for any particular

case, even when the two trans-ligands are completely removed so that

we have the limiting case of a square, four-coordinated complex, de-

pends upon quantitative properties of the metal ion and the ligand
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concerned. Seme-quantitative 'calculations with parameters appropriate

IT L II -
for square complexes of Co ', Ni and CuII lead to the energy-level

. . 2 . )
in which the =z orbital has dropped so far below the xy orbital that
it is nearly as stable as the (yz, zx) pair. As Figure 3 indicates,

the dZZ level might even drop below the,(dxz, dyz) levels and, in

2=

fact, experimental results suggest that in some cases (e.g., PtCl4

)

it does.

Metal-to-Metal Bonds and Metal Atom Clusters

Tragsition metals have a marked propensity to form homo- and
hetero-nuclear bonds among themselves. Structurally, compounds con-
taining metal-to-metal (M-M) bonds may be divided into two broad
classes: (1) those with only two-center bonds, which may, however, be
of multiple characterz, and (2) those contalning three or more ﬁetal
atoms, like or unlike, arranged in a polygonal or polyhedral arfay‘
with, in some cases, considerable delocalization of the bonding elec-
tréns. The length of a bond of given multiplicity between a giveﬁ
pair of.metal afoms is a sensitive function of oxidation states,
néﬁure of additibnal ligands and other asPeéts of the molecular struc--
ture, and the use of interatomic'distances £o infer the existence and
strength of metal-metal bonds requires caﬁtion. Two types of binu-

clear system in which M~M interactions can run the gamut from very
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strong and multiple to weak or even entirely repulsive are shown in

Figs. 15

Figure 15. Two types of structure in which a full range of M-M

interaction from strongly bonding to net repulsive

can be observed (a) the confacial bioctahedron

(b) the carboxylato-bridged dinuclear molecules

As to the factors favoring M-M bonding, the most important

single factor appears to be low formal oxidation state. In order to
attain a sufficient overlap of the metal valence-shell orbitals at
distances that do not introduce too much repulsive interaction of the
cores, the formal charge has to be low, thus permitting expansion of

the valence shell orbitals. A second factor is the suitability of the

valence-shell configuration and the metal-ligand bonding system.
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The Nature of the Copper-Copper Bond
in Copper (I1II) Acetate

In 1915, Liféchitz and R.osenbohm3 recordéd that the molar sus-
ceptibility of copper (II) acetate monohydrate at rooﬁ'temPEratu;e ig
much lower than that usually observed for copper (II) compounds; " Many
'investigators have repeated these magnetic measurgments, and its ab-
normally low‘mégneéic moment has been established.4 In 1951,,Guha§
found that the magnetic susceptibility of i£s hydratg passes tﬂrough a
maximum at near 270°K, and decreases rapidly as the temperature is
lowered, not obeying the Cu?ie-Weiss léwt In 1951-1953, the anomalous
behavior or its parém%énetié resonance spectrum wasiobserved by‘many |

6-11

investigatbrs. The spectra resemble those of an ion of spin 1

rather than spin * which is present in most ordinary copper (II) com-
pounds. Furthermore, the intensity decreaseslas the témperature is
lowered in agreement. with Guha's result of the temperature variation

of susceptibilities. Bleaneyl9 considered the isolated pairs of éopper.

(II) ions must interact through exchaﬁge,forcgs of Kramer's super-

12,13 14,15

exchange type. In 1953, Niekerk and Schoenning determined

the crystal structure of coppér (II) acetate mbnohydrate. It consists

2O in which copper (II) ions

of a binuclear molecule Cu2(CH3COO)4.2H

are bridged in pairs by four acetate groups with two water molecules
occupying the-ferminal'positibns (Figufé 16). The copper (II) ion is

o . .o o . ' o )
- 0.22 A out of the plane of the four oxygen atoms, Cu-Cu, 2.64 A; Cu-0,
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o o

1597 Az and Cu—OHZ, 2.20 A. The striking feature of this six-fold
o
coordinated copper complex is the close approach of 2.64 A between the
o

two copper (II) ions which is only slightly greater than 2.56 A, the
interatomic distance in metallic copper. In 1956, exact measurement
of the temperature variation of the magnetic susceptibilities of an-
hydrous and hydrated copper (II) acetates were performed by Figgis and

st 16 e L) o 3 !
Martin and Perakis for the purpose of obtaining more information

about the nature of the copper-copper bond in the acetates. Figgis

and Martin's discussion will be described briefly in the following.

Z
OHy
o‘\.GLaf’o\
He=-c{ o7 : o~ %3
Hie = S 6l o= cHs
o/\ o

Figure 16. Schematic expression of the structure of

Cu2(CH3COO)4.2H20 molecule

The molar susceptibility, XM, is expressed as
2082
_ g NB

(1 + 2 eJ/KT)'l + No (3)

X

M~ 3kT 3
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where g is the magnetic field splitting factor which is 2 if the mag-
netic moment arises from spin only, J is the exchange integral of mag-
netism theory, and N, is the temperature independent paramagnetism of
. 18,9,16 . :
1 mole of copper (II) ions. The curves of xM obtained by ex-
periment coincide well with those based on Eq. 3 (cf. Figure 17). It

has a definite maximum at a certain temperature, an indication of the

antiferromagnetism of the substance.

goor 8 ~d1.6

,I
600' 'b ,f B 412

Y.} I /
S 400 / ? {08
% od
> of
z 200 i //& -'0-4
X F

(Wa) (#) Juswow 2133u bv“

o 00" 200° 3000 400°

Figure 17. Magnetic susceptibilities (xM) and magnetic moments (u)

of copper (II) acetate monohydrate; —-===—=—--- , theoretical
curves: curve A, magnetic susceptibilities; curve B,
magnetic moments; 0, experimental values
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‘J—valués.ﬁere'éalcﬁlafeq-by inserting thé measureq XM Yélués.intb
Eq. 1; J = 302'cm—l foﬁ,the monohydraﬁe. "The sign Qf'J indf&atesnthatlij
the molecular.tripiét'state lies above the singiet ground.state (anti- -
_ ferromagnetism), .The distance between tﬁe'two states corresponds to.
"J. . |

in lééZ{:FQréter ;nd Bé.llhause‘n.l-9 qqhsidered the eleétfonic
structufe of ;he.dimeric éopper,acétgte in £érms'of ﬁolécuiar orbital
theory (Figure.lS)T.Tﬁe'iﬁportant poiﬂt qf-;heif”treéfment 1ies.in
thélas§umption éf_é lérge overlap between-3d22 o?bitals-so £hét tﬁe
éntibondihgllevel from the 3d22 molecﬁiaf orbiéalé-hés a highér'energy
fhan that of tﬂe moieculaf orbitals frog 3d¥2-y2' They propdsed that
‘a'fathér sfroné 6-bond (3d22 - 3&22) #étWeeh the two qoppér_units,.inr
stééd éf_the‘weak‘d;bépd proposed by Figéis.l6 In tﬂeir.treaﬁméht,
the antiferrémaénetism_of'copper (I1) aqetaté is produced by .the
.singlét lA + triplet_3B ' corrésponding to a éne.elebtron trahéi4

1lg 1g

 tion_fr9ﬁ thé'antibondigg'level of the dez_y2 méleculér“orbitélé.tb‘
'tﬁat'of'the 3dz2 ﬁolecﬁlgr orbitéls, 6f vice versé., ﬁhgy sﬁcceeded B
iﬁ ?arf'to exéléip consisténtly the1experimental features'of apti—
.fé:tomégﬁééisﬁ, Absoip£i;n spectrum and é—factors. ﬁéwévef[”iﬁ11968
‘Bbég, Bagehi,andjéen Gﬁpt&éo ;nterp;étéd‘the ekéhange'iﬁtngétion
coéfficienp"U);lspeétrOSCOpib splitfing faétérs and ﬁagnétié suécép£4
'ibilitieé) on the basié of C

v symmetry for electronic states of each .

half of the compléx.; With . the assumppidn oflcé; symmetry they found
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Figure 18. Highest molecular orbitals for Cu2(OAc)4.2H20. Not drawn

to scale. Point group symmetry D4h'

that the bonding between two halves of the complex is a mixture of ¢
or §-type instead of pure o or §-type as obtained with the assumption
of C4V symmetry. The complete explanation of the nature of the

copper-copper bond is still an interesting unsolved problem.

Dimer/Monomer Equilibrium of Copper (II) Acetate

Hydrated copper (II) acetate Cuz(CH COO)4.2H O crystallizes

3 2

with the copper ions arranged in pairs. In acetic acid and many other

: : : 4 21-26
solvents, the copper acetate is also mainly in the dimeric form L




' with only small dissociation to monomers (CuAc
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5 with solvent ligands)

: . + ++ ++
and very few free ions (CuAc and Cu ). A Cu ion lacks one elec-

tron in the 3d shell. Hehce, itnhas ; magnetic moment with s = %,
and optical transitions are possible between the 3d states, if the ion
is iﬂ an asymmetric.environment. The dimer—ménomer dissocia£ion of
copper acetate in solutions can be determined, since the copéer pair
structure inf;uences the magnetic and optical properties in the fol-

) - . ’ + ++ . . .
lowing way: 1In solvated CulAc CuAc , and Cu , the copper ion is

2!
surrounded by a somewhat distorted octahedron of 6 neighboring néga—
five ions giving an electrostatic field of mainly cubic symmetry on
thergopper site. In the dimer, however, each copper ion "sees" a

field, where the inversion symmetry is destroyed py the pfesehcé of
the "other Cu++ as a.neareét neighbor. Theréfore, thé‘copper aqetate

dimers show considerably stronger optical absorption than the disso-

ciated species, and the absorption peaksAare shifted slightly in fre-

. . ) 2+ . o
quency. While octahedrally coordinated Cu ions in water show vibra-

: ’ ° . .o
tionally allowed absorption around 8000. A with molar extinction coef-

"ficient € * 10, the dimerjspectrﬁm is-similar to that of copper ace="

) . o .
tate crystals, which have a strong line at 7000 A (e ~ 200), with a -

. -] .
‘'shoulder at 9000 A (e = 50). There have been many attempts to inter-

pret the dimer specfrum.?7_34 The X—ray'structﬁre'of'copper acetate

and the difference between gx and gy show that the local symmetry in

. The

++ o .
the solid, as seen by the Cu ion, is not higher than C2V
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polarization of the absorptivity then favors the assignmeht pfdpoged'
.by Kokoszka et al.33 in the hole formalism: ground state dx2_ 2;
frénsitions at 7000 ; to states dxz and dyz; and at 2000 g to sﬁaéé-
dxy' Kokoszka etlal. also assigned the 3790 ; transition to the dz;
_ state, but i; is more likely that this transition invoives-ligand or—
bitals (charge transfgr)'or-Cu—Cu interactions. The transifion to dx
is alldwed-only.in the lower symmetry group C2. The crystal 9000£
line is weak at room temperature, but much s;rqnger.at 77°K_which in-

" dicates a greater'distortion of the lattice at low temperéture.
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NMR and the Study of Ligand Substitution
.Process

General remarks. 1In the study of rates and mechanisms of sub-

stitution of one ligand of a coordination compound by another, alsolf
vgntimélecule is‘almost inevitably a participant, either as the enter-
ing ligand or as the leaving ligand. .This situation brings into_the
foreground reaqtioﬁs of the type:
ok ) *
M56 + S = MS5S + S

Where M is a metal, S is the solvent, -and the.asterisk marks an arti-
ficial (often exéeriméntally entirely meaningless) distinction between
solvent molecules. |

The reaction is an exchange process for which né net chemical
change occurs. Since nuclear magnetiq resonance -absorption (n.m.r.)
liné shapes depend upon molecular dynamic p;déesses which may iﬁciude
thé exchange of nuclei between chemically inequi&alent sites, a powérf
ful tool wé;ibrought to pear on the exchange reaction problém. ?his
tqol is not limited by the requirements of_chemical separation and
has been applied to.ligand exchange processes Qith rate coﬁsfants‘up_
to 10+9 gec_l. Whether or not a particulaf rate cap be measured de-
pends on a cqmparison between the desired rate and the rate of one.or

more of several possible relaxation processes. In different
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-situations, relaxation times may Vary as much as eight powers of ten.

Each type of reacting system must be considérea as a.separatelcase;“\.
Under certain conditions it is possible to determine’ the ;éte of the

transfomation by its effect upon lineshape.?"7

Coalescence temperature. In a molecule, protons of two non-

_eqﬁivalént sets wiliﬂshow two 'Iines. in the n.m_r; spectrum, when the

rate of exchénge of p;otoﬁs'between the two environmgnts is very'slow,
Each line coﬁes froﬁ.one'set of protons.' As tﬁe temperatu?e is

raised,.the exchénge becomes rapid ehéuéh to affect ﬁhe spectrum. At
first,‘the lines-aie simply broadenea.' At greatér exdhange xates,:the1'

fwo_lines merge into a single broad line. This temperature is daLled_

the coalescenée temperature. At higher pemperatures‘the'line becomes

narrower until a limit is reached where further increases in the ex-

chande rate have no effect on the spectrum. The position of the

single merged line will be a weighted average of the position of the

. original lines.

‘Bloch equations. A simple and straightforward treatment of-

the n.m.r. absorption is based on the Bloch phenomenological equations
: . . ) . 3 . . ] . )
for the magnetization of the sample. > These equations are well pre-

: , L 36 TS B
sented in Stengle and TLungford, "NMR .in Ligand Substitution Reac--

" tions." ‘Their treatment, slightly adéptéd, is”given“in'this section.’
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A magnetization, M,  is induced within a sample when it is in a
magnetic field, Ho. The motion of M under an applied radiofrequency
field, Hl, gives an observed n.m.r. spectrum. The Bloch equations are
a set of three differehtial equations which give the variation with
time of the three components of the vgctox M. MZ is taken along the
difecﬁion Ho,land-its direction is called-the longitudinal direction.
The other two components are in a plane_perpendicular‘to H, and Mz.
The radiofrequency field is also applied in this plane. Siﬁce the
components.in thié plane vary sinusoidaliy Qith tiﬁe, variables . u and
v are aefined as the transverse componentsAof the magnetization which
are in phase and 90° out of phase with the impressed radiofreqﬁency
field Hl' This definition is the same aslto take the transverse com-

ponents of M with respect to a coordinate system rotating.at the fre-

1 instead of using a set of laboratory fixed axis. In the

Juency of H

.rotating coordinate system, the Bloch equations are:

sz/dt = YHlv - (MZ_MO)Tl. : ) (4-a)
év/dt = -YHlMZ + (wo—w)u'l—v/T2 ' (4=b)
du/dt = -(w_-w)v-u/T,  (4-c)

o . - N
Where w is the frequency of precession of the nucleus, w is the fre-

qﬁency of the radiofregquency field, Yy is the magnetogyric ratio of the
nucleus, and Tl and T2 are the longitudihal (spin-lattice) and trans-

verse (spin-spin) relaxation times respectively. Equation 4-a shows
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that the conduct of MZ is .the result of two opprosing processes. The
. ) ;

<

first Ferm on the right shoﬁs fhe interaqtion between M and Hl' this
makeé Mz depart from its equilibrium value. The seCoﬁd term considers
the effect 6f-épin;lafticé.relaxation which causes MZ to decay back to
its gguilibrium Value,.M; with a time qonstanf T. Equations 4-b and
4-c result frgm similar considerations. Thé last term in these equa-
tions describes the tendenéy of u and v to.decay to their equilibrimﬁ

values of zero with a time constant T,_,. The microscopic intexpreta- .

2

tion of T2 can be made if we consider a sample as a collection §f nu~
clear magnets (spihs).which afe pfécessing abou; the.H; direétion. If
all of them are moving in phase, the brojections.of their moments ontg
.the Xy pléne will be parallel and add up to a finite value for Mxy'
whiéh will fésul£ in nonzero values for u and v. In the absence of
outside influence;,.differen; processés cause the séins to get out of
phase with one,apothef erf a period of timé. When tﬁe phases are
. completely rapdomized, u and v will 5e:zero. This procéss is spin-
'spin relaxation.
If we sweep through the spectrum slowly, the steady sféte con;'

- ditions apply. The magne£ization of the sémple chanées slowly, and -

the time derivatives in the Bioch equatiéns may be set equal to zero.
The two opposing tendencies; the~éffect éf reléxafion processes which

dephase the spins, and the effect.of Hl

in"bringing spins together; =

'will give a signal. The above bpposition causes the absorption of
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energy to take place over a range of frequencies, giQing the n.m.r.
line a'definite width wgich is related to T,-

-Gutowsky, McCall, ana Slichter,38 and McConnell39 first in-
_cluaed the poésibiiities of chemical exchange; between two sites A
and B, by setting down the diffe?ential equations for the protons of
t&pe A and then adding two terms, one of which includes the effect of
A type magnetization disappeariné as A protons are converted into
B protons, the other accounts for the appearance of A type mégnetiJ
zation as B protons are converted:into A, Fiqally( they obfainédfa
total of six equations, three for each type of‘proton. This. has bgén
given in several texts.37 It 'is mo;e-éonvenient to divide the results
of ?he analysis into severél categories deéending‘on the magnitude of
"~ the exchange rate,'and to discuss each oné séparately:

If wé consideﬁ a ;ystem where the spectrum consists of two 150;
lated narrdw.lines unmodified by chemical exchange, their line widths
will be easily méésured. From the unmodifiéd Bloch equations, thg
Line widths (in'this paper, the full line width. at hal€ height) .in

cycles per second are related to the transverse relaxation times T

35

2
by:

AvA = l/ﬂTZA; AVB = l/1rT2

5
B ().
Where A and B refer to the type of proton. .The reciprdcai of the

transverse relaxation time is determinéd'by:the rate pf physical
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processes which cause the precessing nuclei to lose phase coherence
with each other and hence cause the value of the transverse magneti-

zation (u and v) to decay to zero in the absence of H When chemical

-
exchange between the two enviromments is slow but significant, the two

lines are broadened slightly, and their widths can be described by the

apparent relaxation times TIZA and T'2B where:

l/T2A = 1/T2A + l/TA; 1/T2B = l/TZB + 1/1:B (6)

éA and g are the mean lifetiﬁes of a protoh in the environments A and
B, respectively. These equations are for lines which are not so broad
és to overlap. This condition is illustrated in the curve at -3.5 of
‘Figure 1§. This condition is the "slow exchéﬁge regioﬁ" in which the
line broadening has to be sméll compared to the line separation.
Matwiyoff's40 work on the CoII—N,N-dimethylformamidé system gives a
good example of kinetic study in coordination chemistry using data
from the sléw exchange region. At quite low temperatues it was pos-
sible to distinguish twg sets of dimethylforﬁamide (dmj) signals in a
éolution of Co(dmf)é(ClO4)2 in dmf. One of these was from dmf in the
bulk dolvent and it is strong and relatively narrow; the other was
from dmf molecules bouna to the Co ion and it is broad énd-weak due
'to iﬁteraétion with the‘paramagnetic ion. Three lines of this second -
. set.(éorresponding to the three types of protons on dmf) were observed

and their widths as a function of temperature. are shown in Figure 20.
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Figure 19. The proton magnetic resonance spectrum of pure liquid
N,N-dimethyltrichloroacetamide (DMTCA) as a function of
temperature at 60 MHz. The frequency scale, but not the
intensity scale, is the same for all temperatures.
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Figure 20. Temperature dependence of (WT,_,) for the formyl and
methyl protons in the complex Co(dmf)2+




“pends upon factors similar to those entering into T

96, .
At‘lower'témperatufés, theﬂexchange of dmf mélecules.between sites
was slow and there Qere no effect on the spectrum. The weak tempefa—
ture dépendence of the linewidth is due to the chénge of the rélax—
ation_time_T2M (M refers to the environment of the coordination sphere
of a metal ion). At higher temperafures, Tgl becomes'siggificant,
therefore the linewidth increases rapidly because of the strong £em—
perature aependence of TM' Finally, ét temperatures where 1/T (Fhe
reciprocal of the absolute temperatufe) is less than 0.0043, the éép-

arate signals from coordinated dmf can no longer be observed. 1In the

intermediate temﬁerature region of Figure 2@ exchange rates can be

calculated from Equation 6, and a straight line fitted to the temper-

aturé depenaence yields the activation energy. Their resultS'weré in
ekcelleht agreement wi£h values obtained from other data (vide infra).
The bulk solvent proton'resonance of the acetonitrilerNiiI'
system in Figu?e 2]l is a similar systeﬁ whiéh has been studied over
tﬁe full range of exchange rates. At low £emperature, whgre exéhange'

is negligible, ﬁhe solvent proton linéwidths show a very'slight tem- ‘

”berature depépdence, the  low température linewidths of ‘bulk solvent '

brotons are principally determined by long range interactioné between

. the bulk“sqlvent and ‘the metal atom when the metal complex is para-

magnetic; this.is:often called "second.sphere broadening," and it de-
oM’ thls'lsllllus—

trated in region . I of Figﬁre 21. When the exchange is fast enough to
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Figure 21. Temperature dependence of (l/PM)(l/T2—l/T2;) for the

protons in CHBCN in solutions of Ni (CH CN)%+ at

5 6.4 MHz



~usually calculated from the expression:

o8
be signifiéénf, the 1inewidth‘increases rapidly with inéreésiné tem-
perature as shown bj ;egion IT of Pigure 21, Since the most accurate
results may be obtained from this regioﬁ,-the'exchangé rate data are
usuaily obtained here. The signal of.bulk soivent protons is strong

and its shape is very sensitive to the rate. The exchange rate is

*

/T, = /Ty® = Uty = By/1y S

(=]

Where the subscript A indicates the bulk solvent phase, and.T2A

is the relaxation- time obsérved in thé pure solvent. Tﬂis equation
ignores the effect of 'second sphere broadening. If we assume that

the second spheré'effec£s>obserﬁed in region I can be extrabolated to
high tempéfaturé, we gét the dotted line of Figure 2;. Since the
lipewidths ip region II aie closely related to Ty” it is easy to cal-
culate the activation parameters for the pseudo fifét ordexr exchangé
reaction from Equatiqh (8), and ﬁany'solvethmeéallion systems.haVe
been énalyzed ﬁsing these.éxpfeSSions{

_ kD VO
kl— l(TM-h- exp| AH /RT + AS /3]' _ ‘ (8)

%It can be shQWn'by defailed balancing that:

T . T -

’ A M
+ +T.
A TatTy . M .TA Ty
Thus,'fbr dilute solutions where PM is ‘small, _.TA—i = PMTM~1.




~bound to a paramagnetic ion is short compared to T
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Relaxation times in paramagnetic solutions. T2M is much

~smaller than T2A in solutions of paramagnetic ions, and a physical

picture of the process leading to region II can bé‘given. - A solvent

will have a relaxation time T2A if there is no exchange, however, -a-

second relaxation mechanism will become important if the average
lifetime of a molecule in the bulk solvent between periods of being

oa (i.e., TA<< T2A)'

Especially, if the solvent remains coordinated long enough for relax-

ation to occur, i.e., TMZ» T_ , it will be relaxed every time it enters

2M

that environment. This mechanism predominates when TA<K T and the

2n’

relaxation time is the mean lifetime of the molecule in the bulk.

Therefore, a solvent molecule spends most of its time in the bulk

phase, and only occasionally bind to the metal for a brief period,

-and it is relaxed during this time. Coordination to the metal pro-

duces a paramagnetic pulse which alters the phase-of the prbceésing

ngcleus. In Figure 19 T2A = T2M’

and the most important'parametef is
the chemical shift between the two environments, however, in the pres-

ent case, which may be applied to the analysis of Figure 21, the dif-

ference in relaxation times (T2

a . ‘ v
A nd ?ZM) is paramount, and the same

linewidth effects would be observed even if the chemical shift were
Zero.

~46

Swift and Connick > have given & solutipn of the Bloch equa-

tions for the system which considers both the effects of a relaxation
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time and a chemical shift, and their results have been used by all
subsequent workers in this field as é’guide line. For é solutioﬁ

which is dilute in the metal ion, the relaxation time is:

)'1+Am 2

2 ‘
M M M

P -
TZM f(TZ

(9

Tom T M

Where'T2 is the experimentally observed relaxation time and AwM is

the chemical shift between bulk solvent and the éoordinaﬁion sphere of
'.the metal. . If the exchange is not too fést, we obtain the reéulté
qiscussed earlier with the additional.point that the effect of the
chemical shift ié takeﬁ'into account. . This gives twé possibiliéies:
in oﬁe case the reiéx;tion.of the solyeﬁt nucléi in the paramagnetic
environment is-causéd‘by fhe chemical'shift; in the:seéond case it is
.braught abou£ by other féctors. Sinée a nucleus at a mgtai ion will
precess at a rate differént from the nucléi in the bulk solvent,
therefore a chemical shift will caﬁse.relaxation. The differenée in
pre&ession.rates will lead to dephasing of the two sets of nuclei,'in
'a #ime'TM,-the phase difference will bg TMAwM. If the chemical shiﬁt.

. is large, and TM is not too small, Equation 9 léads to:

2 -2 =20 . . ) - S ) -
AwM > TZM' ‘ TM ; l/T2‘-:|./T2A = PM-/TM , (10).

When factors other than the chemical shift dominate the.réléxation




101

process, we get the same result for the linewidth:

-2 2 2
> . - =
T > AwM TM ; 1/T2 l/T2

g

oM (11)

M
M
Theréfore, thé exchange rate cén be determined %egardless of the re-
laxation_meéhaniém in this temperature region.

Linéwidth changes with temperature as shown in regions III and
IV of Fig. él result from rapid exchange rates. Here ££e lifetime in
the coordinétion sphere is too short‘for-reiaxation to occur éach time
the solvent bipds to fhe'metal. Since several'eﬁcounters betwéen sol-
vent and metal are.iequirgd for relaxation, the linewidth is no lonéer

airectly propdrtional to "the exchange rate; There are. also two possi-

bilities: effects due to chemical shift may predominate, or, if Aw

M
. is small, terms depending on Tom will be important. In the first
situation we have:
-2 2 -1 : "2 ;
. . - = 12
Ty >>AwM >>(T2MTM) ; l/T2 l/T2A BMTMAwM . (12)

Since the.linewidth erends upon.TM, it will change rapidly with tem-
pera£ure, but'in the. opposite direction of region II. -
In fast exchanéeAfegion, the linewidth doés ho£~éepeﬁd on the
exchange rates, and it varies but slightly with.temperétﬁfé, tﬁis:is
.the iimitipg higﬁ temper#ture region found in most systeﬁé.in which

the exchange ra;é is extremely fast. In this situation we have:




this atom; AwM is especially large, and T
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- -1 -2 — . . ’
T > . - —_ -
( ZMTM) > TZM R AwM ; l/T2 l/TZA_— PM/TZM (13)

Therefore, the stageé-of a typical experimental study are as

foliowing:. first, the linewidth of the pure solvent is measured over

_a wide temperature range, then a solution of a paramagnetic ion is

studiéd; .Thé quantity 1ogvPM(1/T2—l/T;Af is plotted vs. feﬁiprqcal'
temperature; the slope of the plot indicates Which conditions.apply,
especially'in view of the relatively large values of chemical activa-
tion energie;. Sometimes, the exchange'proéess,is too fast to ﬁeasure
over the entire liquid range of the sol&ent, oftén‘this diffiéulty can
be ciréumvented by.takiné as the probe nucleus the atom direétiy bound
to.éhe,metal instead of a proton oﬂ the so;ﬁeht (ligand) molegulg{ "For

oy 1S quite small. ‘This con-

" ditions -extend the applicability of Equations 10 through 12. Usually

one is confident that the reaction is. too fast to be in region I and

'calculateS’an apparent rate constant from Equation 10. If the condi-

tions of. region II-apply, the true rate results. If the reaction is
fast, and III or IV is appropriate, thé experimental linewidth will
be less than the linewidth expected for.exchange'rate control. Then

the rate calculated from Equation 10will be less than the true rate,. .

.in such studies, a lower limit for the exchange rate is usually re-

ported.
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