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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 3 3
measured between -45°C to 37°C with a few measurements at higher tem
perature. 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 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
IThere are a number of good reviews on the chemistry of cop

per. Copper (II) acetate is a typical transition metal compound, show

ing paramagnetism and color due to the presence of partially filled d

orbitals. Copper (II) has a d^ configuration. The t^ e^ configuration2g g
9expected for octahedral d complexes is subject to a Jahn-Teller dis

tortion. In most Cu(II) complexes this leads four shorter and 

stronger bonds which are roughly in a plane, and two weaker longer 

axial bonds. This causes further splitting of the.d orbitals.as de

scribed in Appendix D.

In solution in most organic solvents and in crystalline

Cu (CH COO) .2H 0 copper acetate exists as a binuclear complex in 2 3 4 2.

which the copper (II) ions are bridged by four acetate groups. This 

dimer has two axial positions available for weaker bonding of solvent 

or water molecules. The dimer structure is shown in Figure I. In 

the crystal the copper (II) ions are 0.22 A out of the plane of the..
O

four acetate oxygen atoms at a distance of 1.97 A. The distance to
O

the axial ligands is 2.20 A. One striking feature of this structure
' c

is the close approach of the two copper (II) ions, 2.64 A, which is 

only.slightly greater than the interatomic distance in metallic copper
O

2.56 A. At this distance metal - metal bonding can be strong or weak, 2
2and may have multiple character. In this case the interaction is
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Figure I. Schematic expression of the structure of Cu (CH COO) .2H 0 
molecule

3-5antiferromagnetic as shown by the magnetic susceptibility and by
6-13the paramagnetic resonance spectra. There is also evidence on the

nature of the bonding from the uv-visible spectrum, from the crystal 
14,15structure, and the temperature variation of the magnetic suscep

tibilities."*"^ These are discussed more fully in Appendix D, how

ever the full explanation of the nature of the copper-copper bond is
19-20still an interesting unsolved problem.

Copper acetate exists mainly in the dimeric form in acetic acid
21-26and many other solvents. The dimer spectrum is similar to that of

copper acetate crystals with strong absorbance around 700 run. There 

have been many attempts to interpret the dimer spectrum,^  which

are considered in more detail in Appendix D.
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Our interest in: the copper acetate dimer was initially in the '

bonding of the axial ligands. NMR spectroscopy, is generally useful in
■ 35-48 -the study of ligand substitution processes, and we. decided to in

vestigate the NMR chemical shift and line shape of acetic acid and 

acetonitrile protons in the mixed solvent with and without copper 

acetate. This solvent system turned out to have unusual and interest

ing features, since under some conditions small amounts of water pres

ent will react with the acetonitrile.

The Reactions Among Acetonitrile, Acetic Acid
and Water . . .

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

peculiarities have been reported in connection with the reaction be-
49tween acetonitrile and acetic acid. Kremann, Zoff and Osward re

ported in 1922, that acetic anhydride and acetamide were present after 

refluxing 2 Moles acetic acid with I Mole acetonitrile at .9,8°C.for a 

few hours. These authors did not examine the reaction mixture chemi

cally, but based their conclusion on changes in the freezing point. 

They also reported that heating an acetamide-acetic anhydride mixture 

for 30 hours at 98°C yielded the same equilibrium mixture (83% con

version to nitrile and acid). On the other hand, however, Davidson 

and Skorronek reported that a mixture of 0.10 mole acetonitrile and 

Oi20 mole of acetic acid gave no test for acetic anhydride after heat

ing for 48 hours on the steam-bath. In the same paper, however, at a
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temperature of about 2OO0C , 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 Z  RCONHCOR'
+RCOOH

(I)

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.5"*" 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/CH CN is 3

CH3CN + CH3COOH t  CH3COOH + CH3CN ' (2)

The influence of small amount of water in our acetonitrile/

acetic acid solutions. The IR spectra showed the presence of water, * 3

if the HAc/CH CN solutions were prepared less than a week before.3
However, after standing for three weeks, there was no more water peak

shown in the IR spectra. Apparently, the presence of HAc accelerates
52the hydrolysis of CH CN. Since there is only a small amount of water3

in commercial acetonitrile and acetic acid, by mixing 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 bridging 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.



EXPERIMENTAL

Dimer/Monomer Equilibrium of Copper(Il) 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 acid/ 

acetonitrile solutions, and the above HAc/CH^CN solutions containing 

various amounts of water.

The spectrophotometer cell was immersed in a thermostatted 

water bath of 24.5°C between measurements for some series of. measure

ments. The spectrophotometer cell was equipped with a ball and socket 

closure and a quartz spacer, allowing path lengths of I, 3, or 10 mm. 

The. water concentrations were calculated from the measured absorbance 

at 1410 nm in.the near infrared using the relationship

M = 3.9(a __ - a._„). It.was necessary to add the water concen-H 0 1410 13002
tration in the blank, determined by the same measurement vs. a cell 

with dilute acetic anhydride in acetonitrile.

Just before or after the near infrared scan the visible spec

trum was recorded usually with a 3 mm pathlength, and a Q - a^gQ was 

calculated for a 10 mm pathlength. The dimer has a substantial ex

tinction coefficient at 690 nm (s - s- = 426) and is responsible690 490
for most, of the observed blue green color.. The monomer absorbs in

the same wavelength.region, but muth less strongly. The value 

(£690 - e490) = 35 is taken from measurement in acetic
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acid-water solutions. With these two values it is. a simple matter to-
' - 26solve for the concentrations of both monomer and dimer. The monomer 

concentration is negligible in the dry solutions.

Proton Magnetic Resonance Study.of the Solvation
of Cu^(OAc)2H^0 in Acetonitrile/Acetic Acid/Water 
Mixtures * 2

One set of solutions are prepared by mixing CH3CN and HAc in

given volume percentage ratios of HAc:CH CN = 40:60; 30:70; 20:80;

10:90. Another set of solutions were prepared by dissolving 0.005M

Cu.(OAc)..2H O in previous mixed HAc and CH CN solutions in the same 2 4 2 3 ) '
volume percentage ratios as set I. These two sets of solutions were

made up and measured. They were identical, except that one set con-.

tained 0.005 M Cu3 (OAc) ̂ .2^0. In order to reach the equilibrium

point of the H O/HAc/CH CN solutions, samples used for measurements2 3 . ■
were more than two weeks old. The samples were stored in a desicca

tor. The PMR spectra were recorded with a HA-100 spectrometer 

equipped with a V-4341 Variable Temperature Accessory. The tempera

ture was determined by measurement of■the peak separation in methanol 

and ethylene glycol, and was measured and controlled to within ±2°C. 

Coaxial NMR tubes were used, TMS in the inner tube was used to lock 

on. The temperature was varied between 37.10C and -45.2°C., The PMR 

line shift and line width contribution, 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 reproducibility was quite good, but in a few cases the 

acid proton peak from acetic acid was at higher field than expected, 

by as much as 0.2 PPM. Shift even larger than this in this direction 

are easily produced by the addition of small amounts (about I 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 

TMS in the inner tube is such a little amount comparing with the 

amounts of acetonitrile in the outside tube. I could lock on TMS. and 

keep it only when the machine was in very good tune. Even though the 

following data are not all perfect, however, every piece of datum 

means that there was a happy tuning day, because more than half of my 

time was spent without any results. The complete data are summarized 

in Tables 1-11, and 14-35.

In general, the results are quite reproducible and correspond 

to dry solvent. For example, on November 3, 1975, I ran the 10%,

20%, 30% CH3COOH/CH3CN with and without .005 M Cu2(OAc)4^ H 2O solu

tions twice at room temperature. That is, I had to move the inner 

tube around from one outside tube to another. Table I shows that I 

could get the same result for repeated measurements on the same sam

ple.' This tells us that U^O in the air is not a serious problem 

even when the inner tube was changed. '

When I ran my solutions on the Cary 14 in June, 1975, I ob

served the H3O peak at .14100 was decreased after a couple of weeks.. ■ 

Also when I. ran the NMR, the chemical shift of the acid proton peak 

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

the more downfield the position. All of these suggest .that acetic



Table I. Time: November 3, 1975; Temp: 37.O0C

Functional C.S .(Hz) . L.W. (Hz)
proton 10% 10% 20% 20% 30% 30% 10% ' 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 —3 210 210 213 213 213 2 0.8 3.5 .7 3.8

CH CN —3 205 • 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

CH3COOH 210 211 214 212 214 0.5 0.8 3.5 1.1 4.0

CH3CN 207 205 207 204 206 206 1.4 1.7 1.1 1.7 1.6 1.7 .

C.S. = Chemical Shift; L.W. = Line width
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acid in the solution catalyzes the hydrolysis of acetonitrile in the 

solution, and made the sample drier after long standing.

In order to have.a.closer understanding of.the hydrolysis of 

CH^CN, on October 23, 1975, I added I X H^O to some of my samples, and 

the results are listed, in Table 2. From Table 2, we see that the ad

dition of I X H O  causes a pronounced shift of the position of the 

acid proton peak of acetic acid upfield, toward TMS, about 30%. The 

next day the position moved back downfield again about 10%. However, 

after that, the chemical shifts stayed at about the same positions. 

Anyway, we did notice a significant hydrolysis one day after the addi

tion of I X H O . The chemical shift changes in the example cited are 2 ■
different from sample to sample, this was due to the amounts of the 

samples in the" NMR tube being different. However, the hydrolysis, re

sults, from the Cary 14 (not listed) showed that there were no pro

nounced hydrolysis changes even 3 days after the addition of 200 X 

H^O. A possible reason for the above confusion is as follows: When

the sample was in the NMR probe, the temperature was about 37°C and 

it was spinning very fast. The spin made the solution in the NMR 

tube reach a homogeneous phase, and the temperature increased the hy

drolysis rate. Therefore, the second runs after the addition of H3O 

were the ones that showed that a pronounced hydrolysis reaction had 

occurred. After that, the hydrolysis rates became very slow again.



Table 2: Chemical Shift and Line Width of HAc before and after the. addition of I X H^O

Sample dry. .10/15 10/23 .10/24 10/25 10/26 dry 10/15. 10/23 10/24 ■10/25 10/26

40% 1069 1018 1035 1035 1035 2.0 17 ,3.0 3.2 3.0

30% 1048 ■ - - ' 994 980 980. 980 2.0 27 6.0 . 5.0 4.4

20% 1011 976 988 988 986 3.4 16 5.4 6:2 • . 5.4

15% 983 897 923 925 ■ 925 . 5,8 35 11 12 9.8

10% 944 820 857 . 858
•• . 

853 8.2 . 56 18 16 17

20% Cu 1004 . 903 919 ■ 919 921 .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

40% Cu 1067. 1031 , .1031 1034 . 1037 1035 2.0 6./ 6.2 3.6 4.0 4.0

Chemical Shift (Hz) '■ Line Width (Hz)



Table 3. Chemical Shifts and Line Widths of methyl peaks of CH^CN and CH^COOH before 
. and after the addition of I X water •

40% 40% Cu 30% 30% Cu 20% 20% Cu 15% 10%

§Q dry 211 213 211 211 211 215 212 209
U

Sr wet 211 213 210 212 211 215 212 211
5

B dry 206 205 207 203 207 204 208 206
0•H•P

wet 206 206 206 204 208 206 208 • 208
CZlS

§O dry 1.3 4.1 0.8 4.0 COO 4.0 1.0 0.6
U

S7 wet ' 0.7 4.3 6.6 5.2 0.9 5.0 0.7 0.6 A

B dry 1.5 1.2 1.9 1.3 1.1 1.5 1.0 1:5
y
&

5 ? wet 0.7 1.6 0.6 0.8 0.8 1.0 0.8 0.8
<DC•HPt
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From the above discussion, we can conclude that whether a 

sample is a first-run or second-run sample, makes a lot of difference 

to the data. This can also explain the abnormal relationship between 

the results of. October 15 and November 5 of 10% CH^COOH/CH^CN with and 

without . 005 M Cu2 (OAc).̂ .2H20 solutions (Tables 4-7) . That is, be

cause the samples become drier and drier, the chemical shifts of HAc 

usually.shift more and more downfield. However, for the 10% with 

and without Cu samples, the chemical shifts of HAc on November 5,

1975 were smaller than those on October 16. The reason for this con

fusion is that the NMR samples I ran on November 5 were first-run 

samples while those of October 16 were not. Therefore, even though. 

November 5 was later than October 16, still the samples were not so 

dry.as.those of October 16, and the chemical shifts were more upfield 

than those of October 16. However, since November 5 was quite a long 

time from July. 7 which was the date I prepared the solutions, there

fore the difference was not significant.

On August 8, 1975, we observed a more complex irreproducible 

behavior. The 30% HAc/CH^CN with a Cu solution showed a shift in the 

acid proton peak position with temperature showing a minimum. Data 

observed are given.here in Table 8. The explanation of this behavior 

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

However, in the running of IR, there was no such thing as spin and

also the sample was put in a thermostat of 24.5°C between the runs.



Table 4. Time: November 5, 1975
Sample: 10% HAc/CH^CN
Temp: Room Low

T ( C)
C.S.(Hz)

HAc
. L.W.(Hz)

-36 1020 ' 40

-32 1014 32

r-CNI 1004 26

-18 989 24

—6 980 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/CH^CN with

.Oo s m c u -(OAc)i1̂ h oZ 4 2
Temp: Low -* Room

T ( C) HAc
C.S.(Hz) L.W.(Hz)

-32 1004 32

-27 996 32

-22 990 28

COi-4I 983 23

-ii 978 ' 18

-6 976 18

+6 966 18

+17 954 16

+30 . 946 13

CD
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Table 6. Time: October 16, 1975

Sample: 10% HAc/CH^CN with 0.005M Cu3 (OAc)4 ^ H 2O
Temp : • Room ■> Low

T(0C)

-40

-36

-27

-22

-18

—6

+6

+17

+30

+37

HAc
C.S.(Hz) 

1030

1019

1006

999

• 990.

986

979 .

968

960

939

L.W.(Hz) 

66

69

66

66

66

62

20

17

12

10

CH
C.S.(Hz) 

207

207

207

207

207

207

207

207

206

205

CN
L.W.(Hz)

2.8

2.6

2.2

1.8

1.8

1.8

2.3

2.5

1.7

2.0



Table.7. Time: October 16, 1975
Sample: 1.0% HAc/CH^CN
Temp: Low Room

T(0C)
- ‘ . '■

C.S.(Hz)
HAc

L.W.(Hz) C.S.(Hz)
CH3CN

L.W.(Hz)

I 1070 206 3.3

-40 ' 1059 80 206 2.2

-36 1038 74 206 2.2

1025 66 206 1.6

-18 1006. 60 206 ' 2.0

—6 988 . 40 206 1.6

+6 . 976 32 205 2.0

+17 955 13 205 2.0

+30. . 945 12 205 . 1.4

+37 . . 942 8 205 '■2.0'



Table- 8. Time: August 8,'1975
Sample: 30% HAc/CH^CN with . 005M Cu3 (OAc)4^ H 2O
Temp: Low -*• Room

T(0C) HAc ■.
C.S.(HZ) L.W.(Hz) ' '

CHnCOOH—3
; C.S.(Hz) h L.W. (Hz)

CH;
' C.S.(Hz) '

3 ™  -
h C.W.(Hz)

. -40 1062 36 ■' One broad. peak at ' 207 (12 Hz)

-36 1077 3„ ■■■ ■■ One broad peak at 205 (9 Hz) •

-32 1087 21 207 2.5 203

-27 1095 17 . 207 2.5 203 . 1.7

-22 1088 14 208 2.5 203 1.8

-18, 1083 208 2.3 203 1.7

I
.. -
P 1077 8 208 . 2.3 203 1.6

0 1061 5 209 2.5 . 203 - 1.5

, 11 1048 . 4 210 ' 2.6 - 203 1.2
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Table 9. Time:
Sample:
Temp:

November 6, 1975 
: 30% HAc/CH3CN with
Room -+ Low -+ Room

.005M Cu2(OAc)4.2H20 + I & H 0

T(0C) . HAc

C.S.(Hz) L.W.(Hz)

+37 1045 4.0

• +30 1036 8.0

+17 1043 12.0

+6 1045 ' 16.0

—6 1054 10.0

-18 1066 9.0

1079 14.4

. -32 1085 . 16.0

-35 1090 15.0

-36 1093 , ' 18.0

+37 1027 • 4.0
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homogeneous phase, and it was pretty wet too. Due to a change with
I

time in the H^O concentration in the part of the solution in the region 

sampled by the spectrometer, thus the first two results were.not con

sistent. Since the sample was run from low temperature to room temper

ature, therefore the chemical shifts of -40°C and -36°C were not con- . 

si stent.. This reason can be supported by the experiment I ran on 

November 6, 1975. From Table 9, we can see clearly that the chemical 

shift of the first measurement, room temperature, was wrong, for the 

same reason as given above.' Apparently, the NMR solution was not 

homogeneous in the first run.

Table 11 is the data of positions of acid proton peak on dry

solutions of 100% HAc, 40%, 30%, 20%, 15%, 10% and 5% HAc/CH CN with-
. 3

out .005M Cu„(OAc) ■.2H 0, and their CH_CN Moles/HAc Moles ratios:2 4 2 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 HAc-CH3GN' mixtures by 

an appropriate temperature dependent dimerization equilibrium. The 

following is the detail of the calculation:

Acetonitrile: density, 0.7856g; Molecule weight, 41.05

Acetic Acid: density, 1.0491g; Molecule weight, 60.05

X ,= Wt. HAc/ MW HAc; Y. = Wt. CH./MW CH CN 0 0 3 3
Y /X = CH CN MoIes/HAc Moles Xtt̂ = X /(Xn + Yn)° 0 3 HAc °. 0 °



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

T(0C) ■ 10% 10% Cu 20% 20% Cu 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 996 1072 1068 1112 1111 1135 1126
-22 990 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
+11 • 1100
+17 958 954 . 1025 1018 1069 1068 1094
+30 ■ 950 ' 946- 1015 1008 1059 1061 1084
+37 944 938 ' .1009 1004 ' 1048 1049 1069 1067

to 
to  •
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Table 11. Chemical shifts of acid proton peak of HAc of 5, 10, 15,.

20, 30, 40, 100% HA/CH CN solutions, and'their3 ‘
CH CN Moles/HAc- Moles ratios 3

Solution 5% ■ 10% 15% 20% 30% 40% 100%

HAc
C.S.*(Hz)

CH CN Moles

858 944 983 1010 1048 1067 1174

3 --
HAc Moles

20.81 9.86 6.21 4.38 2.16 1.64 0

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

The Y0/X0 values for 5, 10, 15, 20, 30, 40, HCN/CH^CN solutions are 

20.813, 9.8591, 6.2074, 4.3817, 2.1636, 1.6430 and 0, respectively.

2H0Ac 't H2°2AC2

X (X,-X)/2

Total Moles: Y0 + X +(X0-X)/2 = Y0 + X0/2 + X/2

(HAc)' 2 . 2tIr1
(Dimer) (Total) ,Xn-Xs " X ^ X X % ,Yc(---) (Y0+ - + g-) (1-— ) ( ^  + 2 + 25^)

let z = —  , K
i  + 2#:)

(4 + K)z + K (2Y) z - K. (I + 2y) = 0
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Assume K, calculate X/X0 for I values of Y0/X0

and the results from computer calculation are as follows:

K =  .175 ± .050

Position for Dimer = 1286 ± 26 Ccps)

Position for. Monomer = 705 ± 20 (cps)

Then from the position of dimer and monomer, we can get

Monomer fraction = .(,1286-Chemical Shift)/(1286-705) = F

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

K = (Monomer fraction) / (Dimer fraction)(Y0/X0 + F + D)

Tables 12 and 13 are the lists of calculated HAc monomer fractions 

and the equilbrium constant K. Putting the equilibrium constants (K) 

and chemical shift (Table 10) of different temperatures and compo

sitions into a computer program, we got..Fi(I) = -1.73083, F (2) =

-897.059deg for the reference temperature 37°C. From the data we 

got from the computer, we plot InK vs 1/T.

• Intercept = F(I) = InK at T = 310°K 

Slope = -AH/R - F (2)

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

-AH/RT AS/R

AH ,1. ^ AS
'  - iv y  + iTInK
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Table 12. HAc monomer 
'temperatures

fractions of different solutions at different

T(0C) 1000
T 10%

HAc monomer 
20%

fraction
30% 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 . 5112 .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 3.226 . . 5886 . 4768 .4096 .3770
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Table 13. Dimer-Monomer 
at different

equilibrium constant of different 
temperatures

solutions

T(0C) K
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 .13756 .1435 ' .1562

23

30 .1518 .1594 .1675

37 .1581 .1697 .198 .196



27.
Our Reference Temperature T = 310°C 

-1.73083 R = -2100/310 .+ AS 

AS = 3.35 Cal/Mole Deg

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

Line width. Generally, the results of all the line width 

measurements are quite consistent. For the line widths of HAc acidic 

proton, from Table 14, we can observe that in no case is there much 

change in the width of the peak on adding copper acetate, however, the 

data do show a small consistent increase in width on adding copper 

acetate, especially for 10% and 20% solutions. The line width is 

larger in the order of 10% > 20% > 30% > 40%, and the line width in

creases with decreasing temperature. Addition of I X water to the 

solutions broadens the line width of the HAc acid proton. Table 2 

is the line widths of HAc before and after the addition of I X water. 

The line width changes in the example cited are different from sample 

to sample, the main reason was due to the amounts of. the sample in 

the NMR tube being different. The peak shift and broadening on the, 

addition of water are clearly due to hydrogen, exchange between water 

and acetic acid, This was not considered important enough to pursue 

further, particularly since water reacts with the acetonitrile, thus 

the data is limited to single addition of water at room temperature.



* K

-1.6 X

-a.*

-2.A

-ilS *

34 3.5 3.6 3.7 58 3.1 4.0
i i i  I

1000
T

-I 3 (K x 10 )

4.1 4.1 4.3 4-4

M

Figure 2. Plot of Ink vs. 1000/T
Points (x) represent measured values. The straight line is calculated.



Table 14. Line Width (Hz) of Acidic proton of HAc

T(0C) 10% 10% Cu 20% 20% Cu 30% 30% Cu 40% 40% Cu

-45 ■ 26 36. 24
-40 22 28 15 15 10.4
-36 34 16 11 ' 12.4 8.6 9.4
-32 32 .32 : 24. 7.4 8.4
-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 1 9.2 9.6 3.2 5.6 4.4 5.4.
0 4.0

+6 . 16 18 5.8 7.2 2.6 • 5.0 3.6 4.8
+11 2.4 ■

+ 1 J • ' 13 16 4.4 6.2 2.6 4.2 4.2
+30 ’ 12 13 6.0 2.0 4.0
+37 8 10 . 3.4 4,4 2.0 2.2 1.8 2.
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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 methyl 

peak of HAc profoundly. The reason that we could not see the influence 

so clearly at low temperature was partly due to the fact that the 

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

substantial activation energy for exchange with the bridging acetate 

groups. There is a noticeable broadening of the line width of the 

methyl peak of CH CN on either decreasing the temperature or adding the 

copper acetate, however, both effects are small. The addition of 

I X H^O had no influence on the line width of either methyl 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 the peak 

becomes broader and less well resolved from the large 

CH3CN peak

10% with Cu: The broadening due to 0.005M Cu3(OAc)^-ZH3O is sufficient

that it.is a barely distinguishable shoulder from -45°C 

to 25°C, at 37.7°C the methyl peak with Cu present is 

not seen .even with the best tuning. This is consistent 

with a rapidly increasing effect of Cu as the temperature 

■ increased above 25°C.
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20% No Cu: A separate methyl group is distinguishable over the

• whole temperature from -45°C to 37°C. The position at 

210 ops is essentially independent of temperature and 

the observed widths are more a function of tuning.than 

of temperature.

20% with Cu: Spectra are practically constant from -45°C to -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 Cu2(OAc)4^ H 2O

T(0C) C.S.(Hz) %L.W.(Hz) 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 I
-22 211 ' . 2.5 2
-27 211 2.3 • .2
-32 211 2.5 2
-36 211 2.5 .■ I
-45 210 2.5 • 0
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30% Nb Cu: Peak positions are at 209 ops and all of them are well

resolved at all temperatures, and just somewhat broader 

and slightly overlapping at -40°C.

30% with Cu:. Line widths are about constant from -45°C to 0°C, as

temperature is raised further, there is a little down- 

field shift and a little broadening. However, the con

centration of HAc is quite high, therefore, 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.

40% No Cu: Peak positions at 209 cps, well resolved at all tem

perature, just somewhat broader and slightly overlapping 

at -40°C. The peak is broadened as a function of tem

perature .

40% with Cu: Since the concentration of HAc is so high that the in

fluence of copper acetate on line width was not notice

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 summarize line 

width in the following three respects:



Table 16. The
40%

Line Width, Chemical
HAc/CH CN with .005M 3

Shift and frequency 
Cu2(OAc)4.2H20

shift of methyl peak of 30 and

T(0C) h' L.W. (Hz) . C.S.(Hz) . frequency shift (Hz)
30% Cu 40% Cu 30% Cu 40% Cu 30% Cu 40% Cu

-45 4.0 207 0
-40 4.0 208 0
-36 4.1 . 4.0 - 207 208 0 0
-32 4.0 ,4.0 207 208 o 0
-27 4.0 4.0 208 208 0 ' 0
-22 4.0 208 0
-18 4.0 3.8 208 209 0 0
-11 4.0 208 0

o ; 5.0 4.0 209 209 0
6 ■ 0
11 6.0 4.0 209 211 0 0
17 • 3.8 211 I
30 ' 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 "*") vs.

1000/T. We can estimate t . from the total transverse relaxation rate•M
l/Tg. !/T2 is calculated from the experimental PMR line width, using 

the relaxation l/T^ = Sco/2 which applies for a Lorentzian line shape, 

when S(a>/2tt is the full line width of Hz at half maximum.

2) The exchange of acetic acid and acetonitrile into the 

axial position of the copper acetate dimer is fast even at low tem

perature. There is a small effect of Cu3(OAc)^ on the acid peak of

acetic acid and. the methyl group of CH CN. Since the effect is small,• 3
quantitative treatment is not possible. It is clear that this ex

change is fast even down to -30°C. A low activation energy is ex

pected. Since bonding of axial ligands is very weak, we expect just 

such behavior, i.e., small effect and fast exchange even at low 

temperature.

3) The rate of exchange of acetate between acetic acid and 

the bridging positions in Cu2 (OAc)^ is slower. This produces a large 

effect at the highest temperatures on both peak position and line 

width, but only for, the methyl group protons of the acetate, the only 

protons still present 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 acid monomer and 

dimer.

1) At the axial position, there is ligands exchange of both 

HAc and CH^CN. Both HAc and,CH^CN must be present as axial ligand to 

explain why the.extinction coefficient at 690 nm for the copper ace

tate dimer is 426 instead of 370 which is the extinction coefficient 

at 690 nm if the acetic acid is the only ligand on the axial position.

The extinction coefficient is 466 for a 100% CHLCN solution.3

2) Since the distance of the axial ligand to Cu is quite far

and bonding 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 CH CN by the addition of Cu, the latter reason ex- 3.
plains why the CH CN 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 and the acid proton exchange between .

acetic acid monomer and dimer. There is only a little chemical shift

change by the addition of Cu which is a function of C /CJ HAc Cu Ac.2 4
ratio, however there is a pronounced chemical shift change for
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different concentration of HAc. This means the dimer-monomer exchange 

has stronger influence than the axial ligand exchange and will be con

sidered first. The following is the explanation of different chemical 

shift and line width based on the above assumption: (a) Chemical shift

in the absence of Cu: Since the fraction of dimer is increasing in the

order of 10 < 20 < 30 < 40%, therefore the chemical shift (Hz) is in

creasing in the same order; (b) Line width in the absence of Cu: The 

more dimer fraction there is, the faster the dimer-monomer exchange 

is, therefore the sharper the peak is; (c) Effect of Cu: The, small

shift and broadening, by.the addition of Cu is due to the presence of 

axial ligand exchange. These observations are qualitatively similar 

to the effect of Cu on the acetonitrile peak and on the methyl peak of 

acetic acid at temperatures below -10°C. ' As the C /C ratioM n C  V  U n  C 2.
increased, the influence of Cu is decreased.

4) For the methyl protons of HAc with Cu. At lower tempera

ture, because the presence of axial exchange, there is a little broad

ening by the addition of Cu. Because the activation energy of the 

axial ligand exchange is low, the line width for the methyl protons 

stays almost the same'from -6°C to -40°C. However, at 37.1°C, since ■

there is enough energy for the bridging ligand exchange to occur at
'

an appreciable rate; a significant broadening and dowhfield shift was 

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 copper acetate dimeric mole-
53cules in ethanol/acetic acid mixture by Grasdalen. With their NMR

equipment, they have measured NMR line width and line shift of the 

solvent protons in ethanol/acetic acid solutions of copper acetate be

tween -IOO0C and 100°C. Although they could not measure the acidic 

protons of acetic acid because it exchanged rapidly with the alcoholic 

hydrogen of ethanol, they got a very wide range of measurements for 

the methyl proton of CH^COOH. The following two figures (3 and 4) 

are their results.

From the- above-mentioned two 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 we made before. However, completely 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 chemical shift at higher tem

perature as shown in Figures 3 and 4, they suggested a structure of 

a copper acetate dimeric molecule with one axial ligand and one sec

ond coordinated HAc ligand as shown in Figure 5. However, their sug

gestion is in conflict with many facts and we would like to discuss

these as follows:
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. Ro-e so I vent rnwtiive
'□ XlO-2M Cu Ac Z <n 10%, HAc /Er Ort
.  1 . 6 6  X I d 1M  G tA c2 In  ----------  •' ------------

x 8.3 X IO-3M GtAc2 in 5% HAc/£tOH

Figure 3. NMR line width of HAc methyl protons in ethanol/acetic 
acid solutions of CuAc2 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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□ 3 3 2  ID" M CuAci  I r  1 0 %  HAc/BtOli

• ». 66 • IO-1M di/ci -------- //---------
* B-S-Io-3M  O tA 1 Jn HAc/EtoH

Figure 4. NMR line shift of HAc methyl protons in ethanol/acetic 
acid solutions of CuAc^ as a function of the reciprocal
temperature, copper acetate concentration, and the 
HAc/CuAc^ 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 exchange.

2) In order to explain Figure 4, they said that at low tem

perature, the exchange between solvated and bulk acetic acis is too 

slow to shift the observed bulk peak. However, this is proved wrong 

by our downfield chemical shift and broadening of acidic proton peak 

of HAc which proved the exchange of the axial ligand is fast even at 

that low temperature.

3) For Figure 3, in order to explain the line width broaden

ing of methyl peak of HAc at higher temperature, they suggested that 

the second coordinated HAc molecule is, hydrogen bonded to the carboxy 

oxygen opposite to the hydrogen bond formed by the axial ligand; if 

this did happen, then we should get a broadened acidic proton peak of 

HAc with Cu at the corresponding temperatures too, however, the acidic 

peak is' sharper with increasing temperature. The particular structure 

in Figure 5 was proposed to explain how the acid proton could be held 

in a particular location where the Cu atoms would not have much ef

fect. However, the structure proposed would not be sufficiently rigid 

to insure this. The.proper explanation of the fact that copper ace

tate has much more influence on the methyl hydrogens than on the acid 

hydrogen is that the.acid hydrogen is not present when acetate ex

change's into the bridging position.
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Figure 5. Grasdalen1s 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 CH^COOH 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 HAlOO 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
Sample: 20%: and 30% HAc/CH CN withd 0.005M Cu 2(OAc)4.2H20
.Temp: Room ->■ High for 30% Cu; High + Low for 20% Cu

T(0C) HAc CH COOH —j CH CN —3
C.S.(Hz) L.W.(Hz) C.S.(Hz) L.W.(Hz) C.S.(Hz) L W.(Hz)

+37 .1004 6 . 215 204 . 3.7
+42 ' 992 6 , 215.5 6.5 ' 204 4.0 k)O
+47 ■ 990. 6 215 . 5.0 204 2.7 dP

O
+52 ' 979 5 ■ : 217.5 . 4.5 204 2.5 C

+58 .973 5 217 4.2 . 205 2.5

+37 1052 2.0 ■ 214 204 I
+45 1000. 4.8 214 ■ .7 204 2 W

2 ’+47 992 4.0 214 7 204 3 -
9

+52 . 983 . 4.0 214 6 204 . 3.2 C

+58 . .971. 4.0 214 . 6 205 3.2
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a o v H z

I
208 Hz

I
208  l-k 208 Hz

I
2,1Hp l "“AJ  X  
— 6

/  V
- 2 7 ° c  x ^6V J V

2#f Hr 2*1 Hz 106 Hz. 2J>b Hz.

Figure 6. CH3COOH and CH3CN methyl lines of 20% CH3COOHZCH3CN 
with 0.005M Cu2(OAc)4.2H20 from -40°C to +37°C



20 STrtz 206-Hz

a 15 Hz

2 17 Hi

Figure 7. HAc and CH3CN methyl lines of 20% HAc/CH^CN with 0.005M 
Cu2 (OAc) 4.2H2<D from +37.5°C to +58°C
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zofrHz

Figure 8. HAc and CH3 methyl lines of 30% HAc/CH^CN with 0.005M 
Cu2(OAc)4.2H20 from +37°C to +58°C



summary

The uv-visible spectra of copper acetate solutions in acetic

acid - acetonitrile solutions show that both acetic acid and acetoni- ■

trile coordinate in the axial positions of the copper acetate dimer.

Exchange into these axial positions introduces small changes in the

PMR spectra for all the protons in both acetic acid and acetonitrile

over the entire temperature range from -40 to 37°C. In addition there

is a very pronounced broadening of the methyl proton peak of acetic

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 
53Grasdalen for the similar effect observed in acetic acid - ethanol.

mixtures.



APPENDIX A

PMR SPECTRA
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While .the main features of the spectra are evident from tables' 

of the positions and widths, there are experimental complications in 

using the HA 100 NMR spectrometer involving variations in tuning, 

saturation, and spinning side bands so that more complete spectra 

would be valuable to someone attempting to duplicate the work. 

Therefore, some representative spectra and portions of spectra are 

reproduced here.
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2M H z

206 Hz

2I0H2!

JtftSHz

(4o% O,)

206Hz.

2. IS Hz.

20 17 Hz

CH3CN and HAc methyl lines of 10, 20, 30 and 40% HAc/CH-jCN 
solutions with and without 0.005M Cu2( O A c ) 2H20 at +37°C

Figure 9.



50

104-qHz

139 H%

A
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Figure 10. HAc acidic proton lines of 10%, 20%, 30% and 40% 
CH^COOH/CH^CN solutions with and without 0.005M
Cu2(OAc)4-2H20 at +37°C



Figure 11 . Representative methanol peaks which we have used to decide 
the relationship between regulatory settings and tempera
tures



APPENDIX B

PMR TABLES



Table IS. Time: October 15, 1975; S=Jiple: 40% HAc/CHgCN; Temperature Running Order:
37 -> 30 -> -36 -32 -»■ -27 -> -18 -> -6 6 >  17 30 -> 37°C

T ( C)
Position

(Hz)

HAc
Line Width 

■ '' ' (Hz)

CH0 ■ —3
Position

(Hz)

COOH
Line Width 

(Hz) .

%
Position

(Hz)

CN
Line Width 

(Hz) .

+37 1069 - 2.0 213 4.1 •• 205 1.3
+30 1077 4.2 212 4.2 205 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 . . 6.0 209 3.8 205 2.0

-6. 1113 5.4 210 3.7 205 2.1 .
+6 1103 4.8 211 . 4.2 205 2.0

+17 1094 4.2 . 211 4.1 206 1.5
■ +30 . 1084 4.6 212 . 5.0 205 1.3
+37 . 1070 2.2 213 4.1 ■ 205 0.5

After the addition of 1XH.0 '2
+37 • 1031 . ' 6.4 . 213 4.7 206 1.6

Lnto-



Table .19. . Time: August 15, 1975; Sample: 40% HAc/OH^CH; Temp: Room -> Low

T ( G) HAc CH COOH CH CN— —j .. —3
' ' C.S.(Hz) L.W.(Hz) C.S.(Hz) L.W.(Hz) C.S.(Hz) L.W.(Hz)

-47 ' Frozen
-40 1152 10.4 209 4.8 204 3.0
-36 . 1146 8.6 209 4.5 205 • 3.0
-32 1141 7.4 209 4.0 205 2.5

I to 1135 7.0 209 3.9 205 3.0
-22 1127 : 5 . 8 209 2.6 205 2.6
-18 1120 4.8 209 2.5 204 - 2.5
-11 1116 4.2 209 2.5 204 2.6
-6 1111 4.4 209 3.0 204 . ' 2.9
0 1108 4.0 209 2.6 205 2.6

+6 1104 3.6 209 2.0 ' 204 2.2
+ I i . 1100 2.4 209 1.9 ■ 204 1.5
+37 1065 2.0 210 1.6 205 1.5



Table 20. Time: August 14, 1975; Sample: 40% HAc/CH^CN with 0.005 M Cu^(OAc).211̂ 0;
Temp: Room -> Low

O
T( C) HAc- CH COOH CH^CN— —3 —3

C.S.(Hz) L.W.(Hz) C.S.(Hz) %L.W.(Hz) C.S.(Hz) %L.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
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Table 21. Time: October 28, 1975; Sample: 30% HAc/CH^CN
Temp: Room -> Low

T(0C)
C.S,(Hz)

HAc
L.W.(Hz)

-36 1122 11

-27 1110 6.4

-18 1097 4.4

-6 1083 3.2

+6 1071 2.6 .

+17 1061 10CM

+30 1050 2.0

+37 . 1046 2.0



Table 2 2. Time: August 8, 1975; Sample: 30% HAc/CH^CN; Temp: Room ^ Low

T(0C) HAc CH.COOH CH CN—  —3 —3
C.S.(Hz) L.W.(Hz)• C.S.(Hz) L.W.(Hz) C.S.(Hz) L.W.(Hz)

-40 1113 • 21 209 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

- H 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



Temp: Room -*■ Low

T(0C) - HAc
C.S.(Hz) L.W.(Hz)

Table 23. Time: October 22, 1975
Sample : 30% HAc/OE^CN' with

.005 Cu2-(Ac) .2H 0

-45 . 1130 24
-40 1124 15
-36 1122 12
-27 1111 ■ 8
-18 1102 7
'-6 1090 5.6
+6 1081 4
+17 1068 . 4
+30 1061 2.8
+37 1045

Table 24, Time: October 30, 1975
Sample: 30% HAc/CH^CN
Temp: Room Low

T(0C)
C.S.(Hz)

HAc
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



Table 2 5. Time: 
Sample: 
Temp:

November- 5, 1975 
20% HAc/CH^CN 

Low ■+ Room

Table 26. Time: 
Sample: 
Temp:

October 9, 1975 
20% HAc/CH3CN ■ 

Room -+ Low

T(0C) HAc T(0C) HAc CH COOH —3 CH CN —3
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 36 210 205

-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

+23 . 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



Table 2 7. Time: October
Temp: Room +

9,
Low

1975; Sample: 20% HAc/CH^CN with 0.005M Cu^(OAc) ZH^O,

T(0C)
C.S. (Hz)..

HAc
L.W.(Hz) C.S. (Hz)

CH3COOH
jJL.W. (Hz)

CH CN —3
C.S.

-45 1049 57 212 2.5 207

-40 1043 45 212 2.5 208

-36 1035 37 212 2.3 208

-32. 1027 32 212 2.3 208

-27 1024 26 212 2.5 208

I S 1013 21 212 2.0 206.5

—6 ' 1001 18 212 3.5 207

+6 994 16 212 4.0 206

+17 975 12 212 3.0 206

+30 961 10 215 3.0 207

+37 956 6 215 5.0 270
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Table 28. Time: October 30, and November 5, 1975

Sample: 20% HAcZCH3CN with 0.005M Cu3 (OAc)^.2^0
Temp: Low ■+■ Room on October 30; From Room -> Low on

November 5

T(0C) HAc
C.S. (Hz) L.W. (Hz)

HAc
C.S. (Hz) L.W.(Hz)

-27 1037 13 • 1068 16

-22 1031 10

-18 1026 9 1055 14 .

-11 1021 . .10

-6 1020 8.0 1043 9.6

+6 1005 8.0 1030 7.2

+11 996 7.6 1018

+17 990 6.6 1018 6.2

+30 976 5.8 1008 6.0

+37 1004 4.4

Date October 30, 1975 November 5, 1975



Table 29-

Sample

30%

30% Cu 

20%

20% Cu 

10%

10% Cu 

40%

40% Cu 

5%

15%

Chemical Shift (Hz) of acid proton of acetic acid on different dates (of 1975) 
at Room Temperature
Chemical Shift (Hz)

Date

1042
July 17

1042
July 17. 

1006
July 17. 

997
July 17 

938
July 17 

931
July 17

1067
July 17

1065
July 17

858
Oct. 22 

983
Oct. 22

1174
Oct. 22

1027 1020
Aug. 8 Oct. 12

1047 
■ Oct. 12

1045
Oct. 22

1017
Oct. 9

1013
Oct. 12

956
Oct. 12

1004
Nov. 3

942
Oct. 16

944
Nov. 3

939
Oct. 10

937
Nov. 3

1067 
• Oct. 12

1065
Oct. 22

1070 1070
Oct. 12 Oct. 15

1046 1048 1048
Oct. 28 Oct. 30 Nov. 3

1049
Nov. 3

1008 1009
■ Nov. 3 Nov. 5

1004
Nov. 5

CTifO

100%



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

Proton 10% 10% Cu 20% 20% Cu 30% 30% Cu 40% 40% Cu

HAc 938 931 ' 1006 997 1042 1042 1067 1065

CH_COOH —3 • 212 215 213 215 213 215 213 214

CH-CN—3 208 207 208 206 208 208 207 207

HAc 11 13 5.6 6.0 3.8 6.0 4.6 4.2

CH-COOH—3 1.7 1.4 6.0 1.4 6.5 3.0 6.5

CH-CN —3 3.7. 3.6 3.5 3.3 3.2 6.0 4.0 4.2 .



Table 3 3, Time: October 12, (5% and 15% were run on Oct. 22); Temp: U0r**CO

Proton 5% 15% 20% 20% Cu 30% 30% Cu 40% 40% Cu

HAc 858 983 1013 956 1020 1047 1067 1070

CH_COOH —3 ■ 210 ■ 214 212 . 213 210 213

CH CN —3 206 207 208 204 204 205

HAc 48 00LO 3.6 . 7.4 3.0 2.6 2. 2.2

CH COOH —J I 0.9 8.5 1.5 5.5 1.3 4.5

CH CN —3 I 1.3 1.3 COH 1.5 . 1.5 1.5



Table 3 2. Time: July 22 , 1975; Temp: -32°C

Sample HAc
C.S.(Hz) L.W.(Hz)

CH COOH —3
C.S.(Hz) L..W.(Hz)

CH3CN
C.S.(Hz) L,.W.(Hz)

40% 1133 ' 7.6 208.5 3.1 203 2.7

40% Cu 1131 11. 207 5.0 202 3.5

30% . 1107 11 209 2.4 204 2.5

30% Cu 1106 12 207 . 6.0 202 3.1

20% 1092 20 208 3.0 203 3.1

20% Cu 1070 19 208 6.0 202 3.1
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Table 3.3 Time: July 22, 1975; Temp: -40°C

Sample ■ HAc CH COOH -—3 CH CN —3
C.S.(Hz) L.W.(Hz) C.S.(Hz) C.S.(Hz)

40% Frozen

40% Cu 1146 209 204.5

30% 1125 18. .210 206

30% Cu 1121 18.8 208 203

20% 1100 29 208.5 204.5

20% Cu 1082 28 209 204

10% 1040 64 210.5 205

10% Cu . 1026 58 211 ' 204



Table 3 4 Temperature relationship between methanol shift, our
variable temperature 
°C, and 1000/T

accessory regulator reading, :■ -

Methanol
shift

Regulator
reading

..0C .1000/T

225 -40 -56.5

217 -30 . -45.2 4.4 "

211 ■ -25 -40 4.3

208 -20 -36.2 4.22

204 . '' -15 -31.7 ' 4.15 ■

200 -10 : -27 ■ ■ 4.07

196 -5 -22 3.98

193 0 ' - -18.5 3.92

186.5 5 -10.8 3.82

182.5 10 3.745

177 15 0.5 . 3.66

172.5 20 5.5 3, 58 '

168 25 .11 . 3.52

163 30 16.5 3.45

. 159 35 21.5

152 40 29.8 . 3.3

. 55 . 37,1 , , ■ 3.226



APPENDIX C

OPTICAL SPECTROPHOTOMETRIC MEASUREMENTS
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In Table 35 we list the results for different solutions.,

Table 35. Spectra.data for 
at 24.5°C

.005 M copper acetate in various solution

Solution e (X) E(X) .
O , O

at 6900A at 14100A

.100% HAc .554

40% HAc/CH3CN , .638 0

40% + 4.4MH20 .496 ■ 1.13

30% . 631 . o

2 0 % . .639 0

20% + 3.354MH20 .511 .860

10% .640 0

10% + 2.78MH20 .580 .713

0% ..70 .034

To determine the copper acetate dimer/monomer equilibrium in
: : •

solution; we need to know the molar absorptivities e (X) at 6900 A, 

where, the dimer has an absorption maximum and the dissociation prod- 

ucts absorb little, and the procedure which follows Howald and Chang 

is as follows:
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For 3.5. g 10% HAc/CH^CN with 0.005M CUg(OAc)25^0 and .2ml HgO

.580/.3 .005 = 386; 640/.3%.005 = 426.67 m "1

Dimer Fraction: (386-70)/(426.67-70) = .885

Qu2(OAc)4 + 4Hg0 t 2Cu(OAc)g . (HgO)g £ = 35

Cq = .005M x (.885) = .00442M

Cw = (.00058M) x 2 = .001I6M M

V o - xi(-713)2
3.Sg = (.7856)(.9V) + (1.0491)(.IV), V = 4.3106 ml

C = (.2) (.998) (103 )/(18) (4.3) = 2.578M H2O

X1 = 3.62

For 2.89 g 20% HAc/CHgCN with .005M Cu3 (OAc)4>2HgO and 200XHgO 

.511/(.3)(.005) = 340.7; .639/(.005)(.3) = 426 m "1 

Dimer Fraction: (340.7-70)/(426-70) = .76

CD = .005(.76) = .0038

CM = (.0012)(2) = .0024

CH 0 = X (.860)
H2°

2.89g = (.7856)(.8V) + (I.0491)(.2V) V =3.45 ml 

C =  .2(.998) (103)/(18)(3.45) = 3.216MHg0

X2 = 5 . 75
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For 2. Olq 40% HAc/CH3CN with .00SM Cu3 (OAc)4^ H 3O and 200 A H3O 

.494/(.3) (.005) = 329.3M-1; .638/(.3) (.005) = 425.3m "1 

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

cD = .005(.73) = .00365

IlUs .00135(2) = .0027

Ctt ^ = X (1.13)
H2° 3

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

0H 0 = "2(-998) (IO3)Z(IS) (2.32) = 4.78M

X_ = 4.20d 1 .

Average the above X values, we get X- = (X̂  + X3 + X3)/3 = 3.90
. '•

For 10% HAc with Cu; C = 3.9(.713) = 2.781M
H2°

K =  (CM2)/CD (Ch Q)4 = .0000049

For 20% HAc with Cu; C =  3.9(.860) = 3.354M
H2°

K “ cMzcD lcH 0>4 * "0000117 2

For 40% HAc with Cu; C -  =3.9(1.13)'= 4.4M
H2° ' '

K " cMzcD lcH2O14 - :0000052

2 4Howald and Cheng reported K 1 = .03245 for K! = cM/cDa H q acetic
2

acid. Since at 2M H3O the activity,of water is .2083 we can write
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approximately

Therefore

cH2O = •1042 0H2O

.03245
cD e-104214 4 20

and

0D 0H2O-
K' (. 1042)4 = 3.82. x 10 6

this corresponds to K = Cm/Cd (Ch = 3.82.x io 6 which is quite

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

acetonitrile mixtures

(1.0415). = 1.1766

.03245(.10415)4 = .03818 x io"4



APPENDIX D

DISCUSSION OF THEORY SELECTED AND ADAPTED 
FROM THE REFERENCES ■
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10 ICopper, 3d 4s

Copper is the transition element of the first'series.which has 

a single s electron outside the filled 3d shell. It can not be 

classed in Group I, since it has little in common with alkalies except 

formal stoichiometries in the +1 oxidation state. The filled d shell 

is much less effective than a noble-gas shell in shielding the s elec

tron from the nuclear charge, so that the first ionization potential 

of Cu is higher than those of the alkalies. Since the electrons of 

the d shell are also involved in metallic bonding, the heat of subli

mation and the melting point of copper are also much higher than those 

of the alkalies.. These factors are responsible for the more noble 

character of copper, and the effect is to make the compounds more co

valent and to give higher lattice energies, which are not offset by

the somewhat smaller radius of the unipositive ion compared to the
+ + + °alkali ions in the same period - Cu , 0.93; Na , 0.95; and K , 1.33 A.

The second and third ionization potentials of Cu are very much lower

than those! of the alkalies and account in part for the transition-

metal character shown by the existence of colored paramagnetic ions

and complexes in the II and III oxidation states. The dipositive

state is the most important one for copper, most cuprous compounds

. are fairly readily oxidized to cupric compounds, but.further oxidation 
' . - I I I 1to Cu, is difficult. There is a well-defined aqueous chemistry 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-Teller Effect) of Cu (II)

In 1937 Jahn and Teller proved that a nonlinear polyatomic 

molecular system in a degenerate electronic state will be unstable and 

will undergo some 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 transition- 

metal ions. According to the Jahn-Teller theorem, distortions are to

be expected in an octahedral complex of an ion with the configuration 
6 3 9t2g eg ’ Therefore, the d configuration Cu makes Cu (II) subject to a 

Jahn-Teller distortion.

Ligand Field Theory of Cu(II) Complexes

For the elements of the first transition series, the use of ■ 

ligand field theory in explaining both the spectra and magnetic prop

erties of compounds has been far more extensive than their heavier 

congeners of the second and third transition series. Ligand field 

theory can be defined as the theory of (I) the origin and (2) the con

sequences of the splitting of inner orbitals of ions by their chemical 

environments. The inner orbitals of usual interest are partly filled 

ones, i.e., d or f orbitals.
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The complexing of a metal ion to 6 equivalent and identical

ligands leads to octahedral geometry and a molecule belonging to point

group 0, . The octahedral arrangement which minimizes the mutual re- h
pulsions of the six-coordination is most readily pictured by placing 

the ligands at the plus and minus ends of the three coordinate axis.

In the xy plane, the positions of such ligands relative to the d or

bitals is shown in Figure 12 while the corresponding diagrams for the ' a
xz and yz planes are shown in Figure 12 and c. In the xy plane, theb
orbital d lies between the ligands while d 2 2 points directly atxy x -y
the ligands. The latter orbital is therefore most affected by the

ligand field and is raised in energy relative to the former. In a

similar manner, in the xz plane,d 2 is raised relative to d and itz xz
is also raised relative to d as the figure for the yz plane shows.yz
If the alignments of the three orbitals, d , d and d , relative toxy xz yz
the ligands are compared, it will be seen that these are identical. ■ 

It follows that in the full three-dimensioned case, these three orbi

tals are identical in energy and are stabilized relative to the other 

two. It is found by more detailed calculation, that the remaining or

bitals, d^2 and d^2 ^2, are also identical in energy and are desta

bilized. The combined energy level diagram is therefore composed of 

two upper orbitals, of equal energy, and three lower orbitals, which 

are also degenerate (Fig.13). The energy zero is conveniently taken 

as the weight mean of the energies of these two sets of orbitals; the
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L 42

dx*-yi

ol W

dz1

d.» v

A 2*

A Wi

Ca) *y plane

C b) Xz plane

(c)  y z  p lane

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 
shading.) Xy y

and d orbitals are indicated by zx
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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.

T
- H

*<1 ( f )

[
' f c

±za ( »  d*z,<4/z)

atom in
spherical field

atom in
octahedral field

Figure 13. Energy level diagram for the d orbitals in an octahedral 
field

From the above octahedral complex, MX^, if we slowly withdraw 

two trans ligands, we can get the pattern of splitting of the d orbi

tals in tetragonalIy distorted octahedral complexes. Let these be the 

two on the z-axis. As soon as the distance from M111+ 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-
2eracy of the e orbitals is lifted, the z orbital becoming more

2 2stable than the (x -y ) orbital. This happens because the ligands on

the z-axis exert a much more direct repulsive effect on a d^2 electron

than upon a d 2 2 electron. At the same time the three-fold degen-x -y
eracy of the t ^  orbitals is also lifted. As the ligands on the
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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.

Octahedral Increasing tetragonal
distortion

Figure 14. 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 14shows, it is in general possible for the tetragonal dis-
2tortion 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

for square complexes of Co11, Ni11 and Cu11 lead to the energy-level 
2in 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 d 2 level might even drop below the .(d , d ) levels and, in z xz yz
2-fact, experimental results suggest that in some cases (e.g., PtCl^ ) 

it does.

Metal-to-Metal Bonds and Metal Atom Clusters

Transition 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: (I) those with only two-center bonds, which may, however, be
2of multiple character , and (2) those containing three of more metal 

atoms, like or unlike, arranged in a polygonal or polyhedral array 

with, in some cases, considerable delocalization of the bonding elec

trons. The length of a bond of given multiplicity between a given 

pair of metal atoms is a sensitive function of oxidation states, 

nature of additional ligands and other aspects of the molecular struc

ture, and the use of interatomic distances to infer the existence and 

strength of metal-metal bonds requires caution. 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 

Fig. 15.

/ X

L--

Z

R

L

( b ) IR

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 (II) Acetate

In 1915, Lifschitz and Rosenbohm recorded that the molar sus

ceptibility of copper (II) acetate monohydrate at room temperature is 

much lower than that usually observed for copper (II) compounds. Many

investigators have repeated these magnetic measurements, and its ab-
4 5normally low magnetic moment has been established. In 1951, Guha 

found that the magnetic susceptibility of its hydrate passes through a 

maximum at near 2700K, and decreases rapidly as the temperature is 

lowered, not obeying the Curie-Weiss law.. In 1951-1953, the anomalous

behavior or its paramagnetic resonance spectrum was observed by many
6-11 ' . investigators. The spectra resemble those of an ion of spin I

rather than spin H which.is present in most ordinary copper (II) com

pounds. Furthermore, the intensity decreases as the temperature is

lowered .in agreement with Cuba's result of the temperature variation
9of susceptibilities. Bleaney considered the isolated pairs of copper 

(II) ions must interact through exchange, forces of Kramer's super

exchange type.12'13 In 1953, Niekerk and Schoenning1^'15 determined 

the crystal structure of copper (II) acetate monohydrate. It consists

of a binucIear molecule Cu.(CH.COO)..2H„0 in which copper (II) ions2 3 4 2 ■ .
are bridged in pairs by four acetate groups with two water molecules 

occupying the terminal positions (Figure 16). The copper (II) ion is
O . . 1 o

0.22 A out of the plane of the four oxygen atoms, Cu-Cu-, 2.64 A; Cu-O,

3
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1.97 A; and Cu-OH2, 2.20 A. The striking feature of this six-fold 

coordinated copper complex is the close approach of 2.64 A between the 

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 

Martin"*"6 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.

T
OH1

/ - I - - 0 N
HjC-CCp- ; ^O zc- *3
H3C —\  'N  GV- ° / C -  CHi

xO- 1 o z

✓
X OH2 y

Figure 16. Schematic expression of the structure of 
CU2(CH3C00)4'2H2° molecule

The molar susceptibility, is expressed as

" 3IiTT 11 + I  ‘J/KT>"1 + ““
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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 Na is the temperature independent paramagnetism of 

I mole of copper (II) i o n s . ^ The curves of obtained by ex

periment coincide well with those based on Eg. 3 (cf. Figure 17). It 

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

antiferromagnetism of the substance.

35>
3
o'
3O
3
n3'■+

3

Figure 17. Magnetic susceptibilities (x̂ ) and magnetic moments (p)
of copper (II) acetate monohydrate; ------- , theoretical
curves: curve A, magnetic susceptibilities; curve B,
magnetic moments; 0, experimental values
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J-values were calculated by inserting the measured X values into . M
Eq. I; J = 302 cm  ̂for the monohydrate. The sign of J indicates that 

the molecular triplet state lies above the singlet ground state (anti- ■ 

ferromagnetism). The distance between the two states corresponds to '

J- '
: . Ig

In 1 9 6 2 Forster and Ballhausen considered the electronic

structure of the dimeric copper, acetate in terms of molecular orbital

theory (Figure 18). The important point of their treatment lies in

the assumption of a large overlap between 3d 2 orbitals so that the
Z .

antibondihg level from the 3d^2 molecular orbitals has a higher energy 

than that of the molecular orbitals from 3d 2_ 2. They proposed that

a rather strong a-bond (3d 2 - 3d 2) between the two copper units, in-. . .  z z
stead of the weak 6-bond proposed by Figgis. In their treatment,

the antiferromagnetism of copper (II) acetate is produced by.the 
I 3singlet A -> triplet . B , corresponding to a one. electron trahsi- Ig . Ig .

1 tion from the antibonding level of the 3d 2 2 molecular orbitals tox -y
that of the 3d 2 molecular orbitals, or vice versa. They succeeded 

. z
in part to explain consistently the experimental features of anti-

ferromagnetism, absorption spectrum and g-factors. However, in 1968 
v- .go "Bbse, Bagchi and Sen Gupta interpreted the exchange interaction 

coefficient (J), spectroscopic splitting factors and magnetic suscept

ibilities, on the basis of C symmetry for electronic states of each.2v - • ■
half of the complex. , With.the assumption of C2v symmetry they found
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Figure 18. Highest molecular orbitals for Cu^(OAc)2H^O. Not drawn 
to scale. Point group symmetry

that the bonding between two halves of the complex is a mixture of a 

or 6-type instead of pure a or 6-type as obtained with the assumption 

of 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 Cu^ (CH3COO) ̂ .211^0 crystallizes 

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

solvents, the copper acetate is also mainly in the dimeric form21 26
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with only small dissociation to monomers (CuAc with solvent ligands) 

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

tron in the 3d shell. Hence, it has a magnetic moment with s = *5, 

and optical transitions are possible between the 3d states, if the ion 

is in an asymmetric.environment. The dimer-monomer dissociation of 

copper acetate in solutions can be determined, since the copper pair 

structure influences the magnetic and optical properties in the fol-
*4“lowing way: In solvated CuAc„, CuAc , and Cu , the copper ion is

surrounded by a somewhat distorted octahedron of 6 neighboring nega

tive ions giving an electrostatic field of mainly cubic symmetry on 

•the copper site. In the dimer, however, each copper ion "sees" a

field, where the inversion symmetry is destroyed by the presence of 
++the other Cu as a.nearest neighbor. Therefore, the copper acetate 

dimers show considerably stronger optical absorption, than the disso

ciated species, and the absorption peaks are shifted slightly in fre-
2+quency. While octahedrally coordinated Cu ions in water show vibra-

O
tionally allowed absorption around 8000 A with molar extinction coef

ficient E ~ 10, the dimer spectrum is similar to that of copper ace- 

tate crystals, which have a strong line at 7000 A (e = 200), with a, '
O

shoulder at 9000 A (e = 50). There have been many attempts to inter-
27-34pret the dimer spectrum.. The X-ray structure of copper acetate

and the difference between g^ and g^ show that the local symmetry in
{ Ithe solid, as seen by the Cu ion, is not higher than C . Thezv
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polarization of the absorptivity then favors the assignment proposed
33by Kokoszka et al. in the hole formalism: ground state d^2 2;

o o .. •
transitions at 7000 A to states d and d ; and at 9000 A to state ■xz yz
d . Kokoszka et al. also assigned the 3700 A transition to the d xy zz
state, but it is more likely that, this transition involves ligand or

bitals (charge transfer) or Cu-Cu interactions. The transition to d

is allowed only in the lower symmetry group . The crystal 9000A 

line is weak at room temperature, but much stronger at 77°K which in

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

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

stitution of one ligand of a coordination compound by another, a sol

vent molecule is almost inevitably a participant, either as the enter

ing ligand or as the leaving ligand. This situation brings into the 

foreground reactions of the type:

* *
MS + S =  MScS + S -  6 5

Where M is a metal, S is the solvent, and the asterisk marks an arti

ficial (often experimentally entirely meaningless) distinction between 

solvent molecules.

The reaction is an exchange process for which no net chemical 

change occurs. Since nuclear magnetic resonance absorption (n.m.r.) 

line shapes depend upon molecular dynamic processes which may include 

the exchange of nuclei between chemically inequivalent sites, a power

ful tool was brought to bear on the exchange reaction problem. This 

tool is not limited by the requirements of chemical separation and

has been applied to.ligand exchange processes with rate constants up 
+9 -Ito 10 sec . Whether or not a particular rate can be measured de

pends on a comparison 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 considered as a separate case.

Under certain conditions it is possible to determine the rate of the
37transfomation by its effect upon lineshape.

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

equivalent sets will shoiw two lines, in the n.m.r. spectrum, when the 

rate of exchange of protons between the two environments is very slow. 

Each line comes from one set of protons. As the temperature is 

raised, the exchange becomes rapid enough to affect the spectrum. At 

first, the lines are simply broadened. At greater exchange rates, the 

two lines merge into a single broad line. This temperature is called 

the coalescence temperature. At higher temperatures the line becomes 

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

change 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
35 ■for the.magnetization of the sample. These equations are well pie-

36sented in Stengle and 'Lungford, "NMR in Ligand Substitution Reac

tions." Their treatment, slightly adapted, 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, H^, gives an observed n.m.r. spectrum. The Bloch equations are

a set of three differential equations which give the variation with

time of the three components of the vector M. M is taken along thez
direction H0, and its direction is called the longitudinal direction. 

The other two components are in a plane perpendicular to H0 and M^.

The radiofrequency field is also applied in this plane. Since the 

components in this plane vary sinusoidally with time, variables.u and 

v are defined as the transverse components of the magnetization which 

are in phase and 90° out of phase with the impressed radiofrequency 

field H1. This definition is the same as to take the transverse com- 

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

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

rotating coordinate system, the Bloch equations are:

dM^/dt - yH^v - T^ (4-a)

dv/dt = -yH^M^ + (a^-mJu-v/T^ (4-b)

du/dt = - (a) -(jj)v-u/T„ f.4-c)0 z

O
Where w is the frequency of precession of the nucleus, a) is the fre

quency of the radiofrequency field, y is the magnetogyric ratio of the 

nucleus, and T1 and Tn are the longitudinal (spin-lattice) and trans- 

verse (spin-spin) relaxation times respectively. Equation 4-a shows
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that the conduct of M is the result of two opposing processes. The
Z . . J

first term on the right shows the interaction between M and H^, this

makes M depart from its equilibrium value. The second term considers z
the effect of spin-lattice.relaxation which causes M to decay back to 

its equilibrium value,. M; with a time constant T. Equations 4-b and 

4-c result from similar considerations. The last term in these equa

tions describes the tendency of u and v to decay to their equilibrium 

values of zero with a time constant T^. The microscopic interpreta- . 

tion of T2 can be made if we consider a sample as a collection of nu

clear magnets (spins) which are precessing about the H0 direction. If 

all of them are moving in phase, the projections of their moments onto 

the xy plane will be parallel and add up to a finite value for M , 

which will result in nonzero values for u and v. In the absence of 

outside influences, different processes cause the spins to get out of 

phase with one another over a period of time. When the phases are . 

completely randomized, u and v will be. zero. This process is spin- 

spin relaxation.

If we sweep through the spectrum slowly, the steady state con

ditions apply. The magnetization of the sample changes slowly, and ■ 

the tirpe derivatives in the Bloch equations may be set equal to zero. 

The two opposing tendencies; the effect of relaxation processes which 

dephase the spins, and the effect of in'bringing spins together;,' 

will give a signal. The above opposition causes the absorption of
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energy to take place over a range of frequencies, giving the n.m.r. 

line a definite width which is related to T^.

Gutowsky., McCall, and Slichter,38 and McConnell3^ first in

cluded the possibilities of chemical exchanges between two sites A 

and B, by setting down the differential equations for the protons of 

type A and then adding two terms, one of which includes the effect of 

A type magnetization disappearing as A protons are converted into 

B protons, the other accounts for the appearance of A type magneti

zation as B protons are converted into A. Finally, they obtained a

total of six equations, three for each type of proton. This, has been
37

given in several texts. It is more convenient to divide the results 

of the analysis into several categories depending•on the magnitude of 

the exchange rate, and to discuss each one separately.

If we consider a system where the spectrum consists of two iso

lated narrow lines unmodified by chemical exchange, their line widths 

will be easily measured. From the unmodified Bloch equations, the 

line widths (in this paper, the full line width.at half height) in 

cycles per second are related to the transverse relaxation times T2 

by:35

V H T 2fti AvB 1 / ttT, (5)

Where A and B refer to the type of proton. The reciprocal of the 

transverse relaxation time is determined by the rate of 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 . When chemical 

exchange between the two environments is slow but significant, the two 

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

apparent relaxation times T 1̂ a and T 1̂ b where:

1/T, 1/T2A + 17V  V T 2b' 1/T2B + V tb

t and T are the mean lifetimes of a proton in the environments A and A B
B, respectively. These equations are for lines which are not so broad 

as to overlap. This condition is illustrated in the curve at -3.5 of 

Figure 19. This condition is the "slow exchange region" in which the 

line broadening has to be small compared to the line separation. 

Matwiyoffs^ work on the Co11-N,N-dimethylformamide system gives a 

good example of kinetic study in coordination chemistry using data 

from the slow exchange region. At quite low temperatues it was pos

sible to distinguish two sets of dimethylformamide (dmf) signals in a

solution of Co(dmf).(CIO.)_ in dmf. One of these was from dmf in the6 4 2
bulk doIvent and it is strong and relatively narrow; the other was 

from dmf molecules bound to the Co ion and it is broad and weak due 

to interaction with the paramagnetic ion. Three lines of this second 

set (corresponding 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.

-IFigure 20. Temperature dependence of (nT2^
methyl protons in the complex Co(dmf)2+.

for the formyl and



At lower temperatures, the exchange of dmf molecules between sites 

was slow and there were no effect on the spectrum. The weak tempera

ture dependence of the linewidth is due to the change of the relax

ation. time (M refers to the environment of the coordination sphere
-Iof a metal ion). At higher temperatures, becomes significant, 

therefore the linewidth increases rapidly because of the strong tem

perature dependence of Finally, at temperatures where 1/T (the

reciprocal of the absolute temperature) is less than 0.0043, the sep

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

intermediate temperature region of Figure 20 exchange rates can be 

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

ature dependence yields the activation energy. Their results were in 

excellent agreement with values obtained from other data (vide infra).

The bulk solvent proton resonance of the acetonitrile-Ni11 

system in Figure 21 is a similar system which has been studied .over 

the full range of exchange rates. At low temperature, where exchange 

is negligible, the solvent proton linewidths show a very slight tem

perature dependence, the low temperature linewidths of bulk solvent 

protons are principally determined by long range interactions between 

the bulk solvent and the metal atom when the metal complex is para

magnetic; this is. often called "second.sphere broadening," and it de

pends upon factors similar to those entering into T2m, this is illus

trated in region.I of Figure 21. When the exchange is fast enough to
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Figure 21. Temperature dependence of (1/P^)(l/T^-l/T.^) for the 
protons in CH3CN in solutions of Ni (CH3CN)2+ at 
5 6.4 MHz
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be significant, the linewidth'increases rapidly with increasing tem

perature as shown by region II of Figure 21. Since the most accurate 

results may be obtained from this region, the exchange rate data are 

usually obtained here. The signal of bulk solvent protons is strong

and its shape is very sensitive to the rate. The exchange rate is
*usually calculated from the expression:

VT2 - VT2a- 1/T, pM^tM (7 )

Where the subscript A indicates the bulk solvent phase, and.T1 

is the relaxation time observed in the pure solvent. This equation 

ignores the effect of second sphere broadening. If we assume that 

the second sphere effects observed in region I can be extrapolated to 

high temperature, we get the dotted line of Figure 21. Since the 

linewidths in region II are closely related to t ,■ it is easy to cal
culate the activation parameters for the pseudo first order exchange 

reaction from Equation (8), and many solvent-metal ion systems have 

been analyzed using these expressions.

kT1A m = exp[-Ar/RT + ASVR] (8)

*It can be shown by detailed balancing that:

V tM 1 Pm
Thus, for dilute solutions where P„ is small, .-T-IM A . pMtM*1'
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Relaxation times in paramagnetic solutions. T^m is much 

smaller than in solutions of paramagnetic ions., and a physical

picture of the process leading to region II can be given. • A solvent 

will have a relaxation time T^a 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 

bound to a paramagnetic ion is short compared to (i.e. , ^a «  T^).

Especially, if the solvent remains coordinated long enough for relax

ation to occur, i.e., t » T„. it will be relaxed every time it enters 

that environment. This mechanism predominates when %A « T^a, and the 

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 processing 

nucleus. In Figure 19 T^A = T^, and the most important parameter 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 (^2a and T^) is paramount, and the same 

linewidth effects would be observed even if the chemical shift were 

zero.
42-46Swift and Connick have given a solution 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 a guide line. For a solution 

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

I
T„

T2M +(ir2MTM) +AaiM (9)

Where is the experimentally observed relaxation time and is

the chemical shift between bulk solvent and the coordination sphere of

the metal. . If the exchange is not too fast, we obtain the results

discussed earlier with the additional point that the effect of the

chemical shift is taken into account. , This gives two possibilities:

in one case the relaxation of the solvent nuclei in the paramagnetic

environment is caused by the chemical shift; in the second case it is

brought about by other factors. Since a nucleus at a metal ion will

process at a rate different from the nuclei in the bulk solvent,

therefore a chemical shift will cause relaxation. The difference in

precession rates will lead to dephasing of the two sets of nuclei, in

a time 't- , the phase difference will be T  Am. If the chemical shift M . , M M
is large, and is not too small, Equation 9 leads to:

»  T, -2 -2
: I/T2-I/T2A 1V tM (10).

When factors other than the chemical shift dominate the relaxation
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process, we get the same result for the linewidth:

V2 ̂ 4“m2 V'' 1/T2_1/T2A " fM (11)

Therefore, the exchange rate can be determined regardless of the re
laxation. mechanism in this temperature region.

Linewidth changes with temperature as shown in regions III and 

IV of Fig,. 21 result from rapid exchange rates. Here the lifetime in 

the coordination sphere is too short for relaxation to occur each time 

the solvent binds to the metal. Since several encounters between sol

vent and metal are required for relaxation, the linewidth is no longer 

directly proportional to the exchange rate. There are.also two possi

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

is small, terms depending on T ^  will be important. In the first

situation we have: 
-2

=' 'lllM2 > ̂ t2MtM1 "1; 1/I2"1/T2A V m aiom ' (12)

Since the linewidth depends upon T^, it will change rapidly with tem

perature, but in the. opposite direction of region II.

In fast exchange region, the linewidth does not depend on the 

exchange rates, and it varies but slightly with temperature, this is 

.the limiting high temperature region found in most systems, in which 

the exchange rate is extremely fast. In this situation we have:
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(T2MTM) >> T2M ' AmM 1/,T2~1/'T2A PM/T2M (13)

Therefore, the stages of a typical experimental study are as 

following: first, the linewidth of the pure solvent is measured over

a wide temperature range, then a solution of a paramagnetic ion is
■ . ■ " O .

studied. The quantity log pM (1/,r2"1//T2Â  Plotted vs- reciprocal- 

temperature; the slope of the plot indicates which conditions apply, 

especially in view of the relatively large values of chemical activa

tion energies. Sometimes, the exchange process, is too fast to measure 

over the entire liquid range of the solvent, often this difficulty can 

be circumvented by taking as the probe nucleus the atom directly bound 

to the,metal instead of a proton on the solvent (ligand) molecule. For 

this atom, Aw^ is especially large, and T ^  is 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, the experimental linewidth will 

be less than the linewidth expected for exchange rate control. Then 

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

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

ported.
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