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For the first time, complexes of diethylamine and ethylamine 

with copper(I) chloride and diethylamine with copper(II) chloride were 

prepared. Complexes formed between copper(II) chloride and ethyla- 

mine were reinvestigated. The internal oxidation -reduction reac- 

tions of the copper(II) chloride -amine complexes were studied. 

Complexes were prepared by vacuum line methods. The forma- 

tion of a complex was determined from isothermal pressure - 

composition data. 

The maximum number of amine molecules bound in a solid com- 

plex was found to decrease with increasing alkyl substitution on nitro- 

gen; also, the maximum number was generally greater for copper(II) 

than for copper(I) complexes. 

Copper(I) chloride formed series of complexes in both neutral 

and anionic systems with diethylamine and ethylamine. The complexes 
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prepared from copper(I) chloride were CuCl EtNH2, CuCl 2EtNH2, 

CuCl 3EtNH2, CuC1° Et2NH and CuCl 2Et2NH. The complexes pre- 

pared from the alkylammonium dichlorocuprate(I) species were 

EtNH3(CuC12. 2EtNH2) , EtNH3(CuC12. 3EtNH2) , Et2NH2(CuC12 Et2NH) 

and Et2NH2(CuCl 2Et2NH). Complexes of 1:1 mole ratios were the 

more stable complexes in both neutral systems. These complexes 

had negligible dissociation pressures at room temperature. Based 

upon molecular weight determinations, CuCl' 2Et2NH was formu- 

lated as having a dimeric structure and CuCl Et2NH as having a tet- 

rameric structure. Several of the anionic complexes were liquids at 

0o C, although they had salt -like formulations. Results of the studies 

of the neutral and anionic copper(I) chloride systems were essential 

in the elucidation of the mechanism and products of the oxidation - 

reduction reactions involving the copper(II) chloride -amine systems. 

Complexes of the formula CuCl2. lamine were formed by both 

ethyl- and diethylamine. In addition, ethylamine gave less - stable 

complexes containing 6, 5 and 4 moles of amine per mole of copper(II) 

chloride. The bis -amine complexes had negligible dissociation pres- 

sures at room temperature. Properties of the bis -amine complexes 

were studied by various methods including X -ray diffraction, elec- 

tronic and vibrational spectroscopy, and magnetic susceptibility and 

resonance techniques. Upon the bases of such studies, the bis -amine 

complexes were considered to have approximate tetragonally 



distorted octahedral polymeric structures. Also, CuC12. gamine 

complexes of triethylamine and ammonia were briefly studied. 

The internal oxidation- reduction reactions of dichlorobis(diethyl - 

amine)copper(II) and dichlorobis (ethylamine)copper(II) were charac- 

terized and compared with the analogous reaction of dichlorobis(tri- 

ethylamine)copper(II). The thermal stability with respect to oxidation - 

reduction was Et3N « Et2NH< EtNH2, with the reactions of the di- 

ethylamine and ethylamine complexes taking place between 1000 and 

155° C, depending on the environmental conditions. 

The oxidation -reduction reactions of the diethylamine and ethyla- 

mine complexes were similar in stoichiometries, products, mechan- 

isms, and temperatures; they differ markedly from those of the tri- 

ethylamine complex. The step preliminary to oxidation -reduction 

was the loss of an amine ligand to form a pentacoordinated complex; 

the actual electron transfers took place within this type of structure. 

The reaction involved a two -electron oxidation and an one -electron 

reduction; one -half mole of amine was oxidized to a non -volatile 

polymeric amine for each mole of copper(II) reduced to copper(I). 

The products were characterized as being the conjugate acids of the 

original amines and of the non -volatile polymeric amines, and anionic 

amine complexes of the dichlorocuprate(I) ions. Mechanism were 

proposed for the reactions. 
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REACTIONS OF ETHYLAMINE AND DIETHYLAMINE 
WITH COPPER(I) AND COPPER(II) CHLORIDE 

I. INTRODUCTION 

The object of this investigation was to study the chemical and 

physical properties of complexes formed between primary and sec- 

ondary ethylamines and copper(I) and copper(II) chloride. Such 

studies of these systems should contribute to an increased under- 

standing of the coordinate bond and of the internal electron transfer 

processes, which occur within these solid complexes. 

It has been recognized that the Lewis basicity of alkylamines 

toward metal ions generally increases in the sequence tertiary, 

secondary, and primary alkylamines. This order has been attributed 

to variations in steric requirements, induced dipole moments, and 

permanent dipole moments. Numerous complexes have been pre- 

viously prepared between copper(I) and copper(II) halides, and am- 

monia, and various amines. However, diethylamine complexes with 

copper(I) and copper(II) halides have not been studied previously. In 

the analogous ethylamine systems, a few ill- defined complexes have 

been prepared with copper(II) halides; copper(I) halide complexes 

have not been prepared. Consequently, the syntheses of complexes 

between the primary and secondary ethylamines and copper(I) and 

copper(II) chloride were undertaken. 
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Although the oxidation of alkylamines by metal ions has been ob- 

served in many systems, in only a few cases have the reaction pro- 

ducts been characterized and the reaction mechanisms studied. 

There has been but a single report of the oxidation of primary and 

secondary alkylamines by copper(II) halides. Simon and co- workers 

(78) did observe the oxidation of ethylamine, methylamine, and di- 

methylamine by copper(II) halides. Only the study of the oxidation of 

methylamine was pursued, and that investigation was qualitative in 

nature. 

The sensitivity of alkylamine complexes of metal salts to mois- 

ture and to oxygen, the high volatility of low molecular weight amines, 

and the frequent slow reaction rates, all have been factors that have 

hindered past studies. Since in modern times high vacuum systems 

and inert atmosphere boxes are readily available, the syntheses of 

relatively unstable and difficultly prepared complexes have become 

more feasible. In this investigation, complexes were normally 

synthesized by use of a high vacuum system. 

Spectroscopic, x -ray diffraction, and magnetic susceptibility 

and resonance methods have proven valuable in the elucidation of 

many structures and in the development of modern theories of the 

coordinate bond. These experimental methods have been employed 

to gain an insight into the properties and structures of the complexes 
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synthesized in this investigation. Since copper(II) has a 3d9 9 elec- 

tronic configuration, many of the properties of its complexes may be 

discussed within the framework of the ligand -field theory. 
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II. HISTORICAL 

A. Oxidation of Amines 

Three modes of reaction are recognized between alkyl amines 

and transition metal halides. They are: (1) simple coordination; 

(2) aminolysis (dehydrohalogenation); (3) oxidation -reduction. Pre- 

sumably, coordination to give a complex intermediate occurs as a 

prelude to aminolysis or oxidation -reduction. The metal aminolysis 

or reduction products may be further coordinated by halide ion, by 

an excess of the starting amine, or by the amine oxidation products. 

Factors affecting the simple coordination reaction will be discussed 

in the next section. Aminolysis reactions have been reviewed by 

Fowles (39). 

Stability with respect to amine oxidation depends on the specific 

halide ion, the oxidation state of the metal, and the existence of a 

stable lower oxidation state of the metal. Among alkyl amines the 

tendency for oxidation is in the order 

NH3 RNH2< R2NH< R3N . 

Oxidation of ammonia has been observed at elevated temperatures, 

whereas oxidation of tertiary amines has been noted at room tempera- 

ture and below. 

In 1925 Biltz (8) observed that upon warming dihalodiammine- 

copper(II) complexes, an irreversible reaction ensued, producing 
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nitrogen and a white sublimate. The decomposition temperatures 

for the chloride, bromide, and the iodide complexes were reported 

to be respectively 110° C, 183° C, and 65° C. Simon and co- 

workers (78) reinvestigated the thermal decomposition of dichlorodi- 

amminecopper(II) and found the reaction products to be copper(I) 

chloride, nitrogen, ammonia, and ammonium chloride. A mechanism 

was suggested for the oxidation - reduction in which atomic chlorine 

was an intermediate species. 

CuC12 2NH3 - CuCl 
2 

+ ¿NH3 

CuC12- CuCl + C1' 

6C1 + 2NH3- N2 + 6HC1 

HC1 + NH3- NH4C1 . 

The stoichiometry of the complete reaction can be represented by 

the equation 

6CuC12' 2NH3--- 3- 6CuCl + 4NH3 + N2 + 6NH4C1 . 

Smith and Wendlandt (79) were able to confirm this over -all 

equation. They made the interesting observation, in a thermal gravi- 

metric analysis study, that dichlorodiamminecopper(II) lost an 

ammonia ligand at 300° C, prior to the oxidation -reduction process. 

This implies that the species actually undergoing the thermal oxidation - 

reduction was a 1 :1 complex, dichloroamminecopper(II). The 1:1 

complex was not characterized. 
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Simon and co- workers (78) prepared complexes of copper(II) 

chloride and copper(II) bromide with all the methylamines and with 

primary ethylamine. With the exception of the copper(II) bromide - 

methylamine system, the complexes were observed to be unstable 

with respect to oxidation- reduction. The temperatures required to 

bring about the oxidation - reduction reactions varied from 60° C to 

110o C, and the temperature required increased in the sequence 

R3N< R2NH< RNH2. The oxidation - reduction reaction of dichlorobis- 

(methylamine)copper(II) was qualitatively studied and the following 

mechanism was proposed: 

CuCl2. 2CH3NH2 CuCl2 + 2CH3NH2 

CuC12 CuC1 + Cl 

CH3NH2 + Cl HC1 + CH3NH 

2CH3NH 2CH4 + N2 

HC1 + CH3NH2 
3 

CH3NH3C1 . 

The over -all reaction can be represented by the equation 

2CuC12. 2CH3NH2 2CuCl + 2CH3NH3C1 + 2CH4 + N2 

A small amount of ethylene was detected and was attributed to the 

thermal decomposition of methylammonium chloride. 

2CH3NH3CI -C2H4 + 2NH4C1 . 

Postulation of this reaction and of the decomposition of copper(II) 

chloride into copper(I) chloride and atomic chlorine seem unrealistic 

-- 

-y 

. 

- 
- 
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at 90o C which was the decomposition temperature of dichlorobis- 

(methyl amine) copper(II) . 

The oxidation -reduction of dichlorobis (triethylamine)copper(II) 

was observed by Weiss and co- workers (85). This complex was con- 

verted at 0o C into an orange diamagnetic intermediate species, 

which upon hydrolysis gave diethylamine, acetaldehyde, and triethyla- 

mine as volatile materials. The transformation of the original com- 

plex into a diamagnetic intermediate was studied by electron para- 

magnetic resonance. At room temperature a new paramagnetic 

resonance signal developed in the orange intermediate, and then 

rapidly disappeared. By heating the sample and cooling to room 

temperature several times, the reappearance and disappearance of 

new paramagnetic species was observed. The intensity of the signals 

successively diminished until the oxidation -reduction process was 

complete. The final diamagnetic material had a red -brown tar -like 

appearance. Products of the oxidation -reduction reaction were tri- 

ethylammonium chloride, an oxidized protonated polymeric tertiary 

amine, and chloro(triethylamine)copper(I). Approximately 0. 15 

moles of triethylamine were oxidized for each mole of copper(II) 

reduced to copper(I). A mechanism was proposed for this compli- 

cated reaction, which involved diethylvinylamine. 
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CuC12- 2N( C2H5) 3-CuC1' N( C2H5) 3+ (C 
2 

C2H5) 
5 

3N + Cl 

2( C2H5) 3N + -- (CH)NH + + ( C2H5) 2( CH3CH=) N+ 

( C2H5) 2( CH3CH=)N+ + CuCl (C2H5)3N,' ( C2H5)3NH + CuCl 

N[( C2H5) 2( CH=CH2)] 

CuCl N[(C2H5)2(CH=CH2)] + 2(C2H5)3NH+ + 2C1 --2(C2H5)3N+ 

(C 
2 

C2H5) 
5 3 

N + + CuC13 

2( C2H5) 3N' + + ( C2H5) 3N ~ ( C2H5) 2( CH2=CH)N + 2( C2H5) 3NH+ . 

At this stage both copper(II) and copper(I) species were present. The 

above reactions were summed in the equation 

4[ CuC12 2N( C2H5) 3] - 2[( C2H5) 3NH CuC13] + 2CuC1 N( C2H5) + 

3(C2H5)3N + (C2H5)2(CH2=CH)N . 

The coordinatively unsaturated trichlorocuprate(II) species was then 

coordinated by diethylvinylamine. Continued oxidation -reduction 

followed, leading to progressively unsaturated tertiary amines as 

ethyldivinylamine and trivinylamine. These unsaturated amines were 

postulated to have polymerized. 

The mechanism postulated above was the simplest possible to 

account for the experimental observations. 

Yoke and Nelson (92) observed that an internal oxidation - 

reduction reaction could be thermally induced in the copper(II) 

chloride -trimethylamine system by warming to 68° C. The reaction 

products were not characterized. 

+ 

- 
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The oxidation -reduction mechanisms that so far have been pre- 

sented involve the formation of free radicals. An obvious pathway 

leading to free radical formation would be the cleavage of carbon - 

hydrogen bonds. Dobeneck and Lehnerer (27) observed the reduction 

of iron(III) to iron(II) by dimethylamine and trimethylamine. They 

suggested that the primary mechanistic step was the cleavage of a 

carbon -hydrogen bond, in which the carbon was adjacent to nitrogen. 

McGregord and Swinbourne (66) have prepared complexes of iron(III) 

chloride with primary amines, which were unstable with respect 

to oxidation -reduction. The unoxidized portions of the amines were 

present in either protonated or coordinated forms. 

In a study of tungsten(VI) chloride with aliphatic amines, Fowles 

and co- workers (12) observed the reduction of tungsten to the tetra- 

valent oxidation state. Diethylamine, dimethylamine, and trimethyla- 

mine reduced tungsten(V) halides to give aminolysis products of 

tungsten(IV) (11). It was suggested that following coordination, an 

electron was transferred from nitrogen to tungsten, accompanied by 

the splitting off of a proton. In the case of a secondary amine the 

nitrogen -hydrogen bond would be cleaved; a carbon -hydrogen bond 

would be cleaved in the case of a tertiary amine. Then the resulting 

radicals could dimerize or could react with an excess of amine. 

When tungsten was originally in a hexavalent oxidation state, a 

second electron transfer would complete the reduction of tungsten to 
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the tetravalent state. 

The reduction of other transition metal ions in high oxidation 

states by amines have also been studied by Fowles and co- workers. 

Vanadium(IV) chloride was found to be reduced by trimethylamine to 

the trivalent state (42). Trimethylammonium chloride and tri- 

chlorotris(trimethylamine)vanadium(III) were identified among the 

products of this reaction. The reductive instability of titanium(IV) 

bromide when coordinated by secondary and tertiary amines has 

been studied (40). Titanium(IV) halides were also found to be re- 

duced by ammonia (41) and by a series of secondary amines (24). 

The observed reactions with the secondary amines were not complete 

after 30 months. 

Asscher and Vofsi (1) have reported that primary, secondary, 

and tertiary ethylamines react with carbon tetrachloride by a free 

radical mechanism, which is catalyzed by copper(II) chloride. 

Copper(II) chloride, in the presence of amines, is known to 

catalyze oxidative polymerization reactions (69). In such processes, 

copper behaves as an electron carrier, and is reoxidized to the di- 

valent state by oxygen. 

Nozaki (68) studied the catalytic influence of aluminium chloride, 

iron(III) chloride, and zinc chloride on the reorganization of n -butyl 

groups of di- n- butylamine. The reactions yielded n- butylamine, 

tri -n- butylamine, and a small amount of ammonia. Hofmeister and 



van Wazer (55) found a similar rearrangement when primary, 

secondary, and tertiary methylammonium chlorides were warmed 

to 300o C. 

B. Coordination Compounds 

11 

Previous to this study no complexes of copper(I) and copper(II) 

halides with diethylamine had been reported. A few complexes had 

been synthesized between copper(II) halides and ethylamine by 

Straumanis and Cirulis (81), Burkin (18), and more recently by 

Simon and co- workers (78). These complexes were not character- 

ized and generally were not isolated in a pure state. 

The coordinating ability of the alkylamines has been recognized 

to decrease in the sequence 

NH3> RNH2 > R2NH > R3N( 2) 

Although the importance of this sequence has been overemphasized, 

the maximum coordination numbers of metal ions towards alkyla- 

mine ligands do decrease with increasing alkyl substitution on nitro- 

gen. Parry and Keller (71) have attributed this general decrease in 

Lewis basicity to a decrease in both permanent and induced con- 

tributions to the total dipole moment. Brown (14) has pointed out 

that although inductive effects should increase the Lewis basicity 

of aliphatic amines in the order 

NH3 < RNH2 < R2NH < R3N 
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steric requirements tend to reverse this order. He has also shown 

that the relative basicities of aliphatic amines vary with different 

Lewis acids. This has been interpreted in terms of his steric strain 

theory (15). Hall and Sprinkle (48) have observed that the pK 
a 

for 

the conjugate acids of alkylamines decreased in the sequence 

R2NH > RNH2 > R3N 

and remained relatively constant within each class. Hall (47) has 

correlated the aqueous proton basicity of alkylamines with Taft's 

constants. Primary, secondary, and tertiary amines were separated 

as classes giving three different linear correlations. Verhoek (17) 

also found that alkylamines could be divided into three classes in 

regard to their Lewis basicity toward silver ion. A plot of log 

K, vs. pK produced three lines, one each for primary, 
instability a 

secondary, and tertiary amines. Yoke (90) ascribed this division to 

a nearly constant induced dipole contribution within each class of 

amine, which differs between the primary, secondary, and tertiary 

alkyl amine s. 

The coordinating abilities of tertiary alkylamines toward transi- 

tion metal ions have been discussed by Hatfield (52). Their lower 

tendency to coordinate to Lewis acids has also been attributed to non - 

steric factors. Chatt and Wilkins (19) have mentioned that the hydro- 

gen atoms on nitrogen in primary and secondary amines provide a 

F65 
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means, through hyperconjugation, by which the positive charge, de- 

veloped as a consequence of coordination, can be dispersed. A simi- 

lar mechanism is not available for tertiary amines. Also, the lower 

coordination ability of tertiary amines, relative to phosphines, has 

been attributed to the lack of energetically low -lying orbitals on 

nitrogen, which could form 7C bonds with transition metal ions. This 

should have no influence on the coordinating abilities of trialkylamines 

relative to primary and secondary amines. 

The general decrease in the maximum coordination number with 

increasing alkyl substitution on nitrogen is illustrated by the alkyla- 

mine complexes of copper halides. Complexes of copper halides 

with ammonia, methylamines, and ethylamines that have been pre- 

viously reported are presented in Table I. This decrease in maxi- 

mum coordination number with increasing alkyl substitution may also 

be partially attributed to the steric factors involved in lattice expan- 

sion of the solid phase,which occurs during coordination. Fairbrother 

(32) has attributed the slow rate of formation in some systems to a 

reorganization of the metal salt lattice from a polymeric ionic form 

to a molecular form. The slow rate of attainment of equilibrium in 

some systems has caused investigators to report that no reaction 

occurred. In addition to this kinetic factor, lattice energy terms 

also influence the relative thermodynamic stabilities of coordination 

compounds. 
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Table I. Previously reported copper halide complexes with ammonia, 
me thyl amine s , and ethyl amines. 

Amine CuCl CuBr CuI CuC12 CuBr2 CuI2 

NH3 

MeNH 
2 

Me2 NH 

Me3N 

EtNH2 

Et3N 

3, 1 1/2,80 
1/264 

2 1/2, 

1 1/2, 172 

3, 2, 
172 

184 

3, 1 1/2, 
17 

3, 2, 
172 

4, 3, 
172 

184 

3, 2, 
1, 1/27 

3, 2, 
172 

3, 2, 
172 

184 

63°10, 5 

3 1/3, 28 

7, 6, 4, 

3 1/3, 278 

4, 3 1/3, 
278 

3 1/3, 2781, 

3/492 

8, 6, g8480 

3 1/3, 3, 278 

284 

10, 6, 5, 

3 1/3, 28 

7, 6, 5, 4, 
3 1/3, 2, 

1 1/478 

4, 3 1/3, 
2, 1/278 

281 

10, 6, 

3 1/3, 

431 

481 

5, 

28 

1The numbers represent the mole ratios of ammonia or amine 
to copper halide in the solid complexes. 

Several of the complexes listed in Table I could not be prepared - 

by later workers. Lloyd (64) noticed in a pressure- composition iso- 

thermal study of the copper(I) chloride- ammonia system a sharp 

pressure drop at a mole ratio of 1/2 mole of ammonia per mole of 

copper(I) chloride. Biltz (80), however, was unable to confirm the 

existence of the 1/2:1 complex. Simon and co- workers (78) noted a 

series of plateaus in an isobaric temperature- composition study of 

the trimethylamine- copper(II) chloride system, which indicated the 

formation of species with 3 1/3, 3, 2, and 1 mole stoichiometries. 

1 
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Later Yoke and Nelson (92), in a pressure- composition study, found 

only a sharp break in the isotherm line at a O. 75:1.00 mole ratio; 

the work of Simon et al. would have required CuC12. 2Me3N to be the 

solid phase under similar conditions of temperature and pressure. 

Also, the existence of the complex CuC12. 3 1 /3EtNH2, reported by 

Simon et al. (78) could not be confirmed in the present study. 

The observation by Hertel (53) that the coordinating ability of 

primary amines decreases as the length of alkyl chain increases has 

been substantiated by the study of Broome and co- workers (13). This 

group found that only bis -amine complexes were formed between 

copper(II) halides and long -chain primary alkylamines when the chain 

length consisted of 12 or more carbon atoms. Complexes they pre- 

pared were dichlorobis (n -octadecylamine)copper(II), dichlorobis- 

(n- dodecylamine)copper(II), and dichlorobis(dioctylamine) copper(II). 

Burkin (18) prepared bis -amine complexes of the long -chain aliphatic 

amines n- octyl -, n- dodecyl, n- tetradecyl -, n- hexadecyl -, and 

n- octadecylamine with copper(II) chloride. These complexes were 

prepared by dissolving the amine in chloroform and refluxing the 

solution with solid copper(II) chloride. Dibromobis(n- octadecylamine) - 

copper(II) was similarly prepared. The molecular weight of this 

complex was determined ebullioscopically in benzene; a value of 990 

was found, whereas the formula weight is 762. 

The only report of copper(I) halides coordinated by long -chain 
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aliphatic amines was that of Wilkens and Burkin (88). The primary 

alkylamines used were n- octyl -, n- dodecyl -, and n- octadecylamine. 

Copper(I) chloride and copper(I) iodide formed only mono -amine com- 

plexes with these amines, whereas copper(I) bromide formed both 

bis and mono -amine complexes. The bis -amine complexes were 

found by molecular weight determination in freezing benzene to be 

dimeric. Structures with bridging bromide ligands were postulated. 

However, the molecular weights found for the bis -amine complexes 

in boiling benzene did not correspond to either monomeric or di- 

meric formula weights. They concluded that the bis -amine com- 

plexes were partially dissociated into mono -amine complexes at 

elevated temperatures, and that when the solutions were cooled the 

bis -amine complexes were reformed. Molecular weights for the 

mono -amine complexes were determined ebullioscopically in benzene. 

The molecular weights found corresponded to (CuX RNH2)n, where 

n ranged between 2.9 and 3. 3. The mono -amine complexes were 

assumed to be tetrameric in structure, similar to the well known 

(CuX PR3)4 complexes. That the experimental values of n were less 

than 4 was attributed to partial dissociation. 

A series of alkylammonium chlorocuprate(II) complexes was 

first reported by Remy and Laves (75). Many additional complexes 

of this type have since been reported and some of the original work 

by Remy and Laves was found to be incorrect. Alkylammonium 
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salts of the tetrachlorocuprate(II) anion are most common, but tri - 

and pentachlorocuprate(II) salts have also been reported. The de- 

pendence of the formula of the product on the lattice energetics of 

the cation -anion pair has been discussed by Yoke and McPherson 

(91). 

Alkylammonium chlorocuprate(I) salts have also been investi- 

gated by Remy and Laves (74). A series of salts were formed from 

mono -, di -, tri -, and tetramethylammonium chlorides and copper(I) 

chloride. Products containing dichlorocuprate(I), trichlorocuprate(I), 

and trichlorodicuprate(I) anions were reported. Triethylammonium 

dichlorocuprate(I) has been prepared by Yoke, Weiss, and Tollin 

(93). 

An unusual complex, of a type that may pertinent to the 

present study, was reported by Teyssie (83). Copper(II) chloride 

was observed to form a four - coordinate complex with polyvinylamine. 

This complex was stable in a variety of solvents, including water. 

be 
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III. THEORY 

A. Stability of Complexes 

Pertinent energy quantities in a consideration of the stability of 

complex compounds of transition metal halides with volatile amine 

ligands include the coordinate bond energy for the gas phase reaction 

and the heat of reaction of the components of the complex in their 

(condensed) standard states. Energetics of the gas phase reaction 

are not normally experimentally available. The coordinate bond 

energy and the standard heat of reaction are related, through two 

crystal lattice energy terms and a heat of vaporization, by the follow- 

ing Born -Haber enthalpy cycle: 

L( g) + 
M 

X g) 
0 Hc 

> XM. L( g) 
n 

OHvap Ul U2 

v 
L(1) + MX( 

0 reaction XM L( 

AHc could be obtained from the expression 

AHc AHreaction -(U2 
- U1) - 

AHvap 
` 

However, the lattice energy U2 is not usually known. Therefore, 

values of the gas phase heat of coordination are not readily obtained. 

Various theoretical considerations of relative basicity of a series of 

amines, and of the relative Lewis acidity of a series of transition 

c 

= 
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metal ions, are properly related to this gas phase coordination en- 

ergy. Thus experimental studies of systems in condensed phases do 

not provide a valid test of such theories. 

The practical energy term determining the stability of a complex 

with respect to its components is the free energy of formation. This 

can be evaluated experimentally by equilibrium pressure measure- 

ments on the systems 

MX- L( MX( + L( 

L(l)-- 
L(g) 

. 

Pressure measurements over a range of temperatures permit evalua- 

tion of the quantities AF °, AH °, and AS° of formation or dissocia- 

tion. 

If reactions other than dissociation of the complex into its com- 

ponents, e. g. , oxidation- reduction reactions, can occur, then the 

practical measure of the stability of a complex (i. e. , its "shelf 

life ") is the difference between the free energy of the complex and 

the free energies of the reaction products. Apparent stability of 

thermodynamically unstable complexes is frequently observed due to 

kinetic factors. Thermal stability may have either a thermodynamic 

or kinetic basis; the measurement of the "decomposition tempera- 

tures" of complexes is not subject to facile interpretation. 
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B. Stereochemistry 

The normal coordination number and stereochemical arrange- 

ment of ligands coordinated to copper(II) halides and copper(I) halides 

differ. Copper(II) has common coordination numbers and geometries 

of six, tetragonal, and four, square planar (or extensively distorted 

tetrahedral). In contrast, copper(I) is normally tetracoordinated, 

tetrahedral, or bicoordinated, linear (87). The higher coordination 

numbers exhibited by copper(II) relative to copper(I) may be attri- 

buted to its larger ionic potential and larger polarizability. 

One common kind of structure for copper(I) complexes of the 

formula CuX L2 is the halide- bridged dimer, in which copper is 

tetracoordinated. Copper(I) complexes of the formula CuX L com- 

monly have a more complicated tetrameric structure, in which 

copper is again tetracoordinated. This structure involves a tetra- 

hedral arrangement of copper(I) ions. Each copper is individually 

coordinated by a ligand L. The four halides lie in the faces of the 

tetrahedron, so that each halide bridges three coppers. Copper(I) 

chloride itself has the zinc blende structure. Thus, approximate 

tetrahedral geometries are found in both the simple halide lattice 

and in the molecular crystals of the complexes. A linear two - 

coordinate structure, however, would be expected for the CuX2 

ion. This structure is common for the two- coordinate complexes 

of the univalent sub -group I elements (87). 
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Copper(II) chloride has an infinite chain structure, with two 

halide bridges between each copper. Above and below each copper, 

as its fifth and sixth nearest neighbors, lie halides from neighboring 

polymer chains (87). The site symmetry is based on a distorted octa- 

hedron. In complexes of the type CuCl2 2L, the chains are separated 

and the polar molecules L occupy the fifth and sixth coordination 

positions. 

The majority of copper(II) square planar complexes are in 

reality extreme examples of tetragonally distorted octahedral com- 

plexes. For example, when dissolved in coordinating solvents they 

exhibit appreciable axial perturbation as evidencedby large shifts in 

their electronic spectra. Recently the preparation of a few "authen- 

tic" square planar complexes has been reported (38). These struc- 

tures are stabilized by T\ bonding between the ligands and copper(II), 

which is not possible with alkylamines as ligands. 

The structures of most of the complexes reported in Table I are 

unknown. Non -integral mole ratios may be due to polymeric struc- 

tures or to lattice vacancy occupation by non -coordinated amine 

molecules. Actually, only the structures of dichlorodiammine- 

copper(II) and dibromodiamminecopper(II) are known with any cer- 

tainty. Both of these complexes are reported to exist in two struc- 

tural forms, termed a and ßby Gazo (45). There is little difference 

in the x -ray powder diffraction patterns and the spectral properties 
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of two modifications of the chloride complex; the two forms of the 

bromide complexes have more significant differences in properties 

and structure (21). Hanic (49, 50) has determined the structure of 

a and ß -dibromodiamminecopper(II) and ß -dichlorodiamminecopper(II). 

The ß forms have polymeric structures with halogen bridging ligands. 

There are two sets of copper -halogen distances. Two ammonia 

ligands complete a distorted octahedral arrangement of ligands. The 

aform of dibromodiamminecopper(II) has [Cu(NH3) 2] 
+2 ions randomly 

arranged so that each cubic cell statistically contains 1 /2(CuBr2 2NH9. 

This distorted structure may be described as a polymer with halogen 

bridging ligands, in which there is only one set of copper -halogen 

distances. Again the two ammonia ligands complete a distorted octa- 

hedron. The site symmetry in the a form (D4h) is higher than in 

the more typical ßform (D2h). Distler and Vaughan (26) have shown 

by x -ray powder diffraction studies that the dihalohexamminecop - 

per(II) complexes are tetragonally distorted. 

C. Electronic Spectra 

The electronic spectra of transition metal complexes have been 

useful in predicting their structures. Although structures cannot be 

absolutely assigned purely on the basis of spectral data, similarities 

in structures of complexes can often be related to spectral para- 

meters such as number, positions, intensities, and shapes of 
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absorption bands. 

The degeneracy of the orbitals of transition metal ions are 

resolved by the influence of ligand fields. The form of this splitting 

essentially depends on the stereochemical arrangement of ligands 

around the transition metal ion. The spectroscopic term splitting 

is illustrated in Figure 1 for common structures of copper(II) corn- 

plexes. Copper(II) has a 3d9 electronic configuration and has an un- 

paired electron in the most energetic orbital, to which electronic 

transitions from less energetic d orbitals are brought about by ab- 

sorption of quanta of the appropriate frequencies. 

A single, relatively symmetrical absorption band should be ob- 

served in the d -d spectrum when copper(II) is in a perfect octahedral 

or tetrahedral environment. Appearances of other bands can be 

attributed to the presence of geometries of lower symmetry. 

D. Electron Paramagnetic Resonance and Magnetic Moment 

The electron paramagnetic resonance spectrum and magnetic 

moment of a transition metal ion complex in a degenerate spin state 

are dependent on the details of bonding and structure. 

In electron paramagnetic resonance (e. p. r.) spectrometry, 

transitions are observed upon the absorption of a quantum of radia- 

tion, in the microwave or radio frequency region, by a paramagnetic 

species. The energy of the transition is given by the relationship 
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aE = hy = gBH 

where h is Planck's constant, y is the frequency, B is the Bohr 

magneton, H is the magnetic field strength, and g is the Land. 

splitting factor. Commonly, the frequency of an e. p. r. spectro- 

meter is fixed and the magnetic field strength is varied until reso- 

nance is observed. As not all e. p. r. spectrometers operate at an 

identical frequency, data are presented in terms of g values, which 

are invariant to frequency. 

Transitions take place between m. levels and the selection rule is 

Lm. = 1. For a free transition metal ion the m. levels are de- 

generate and are split into components by a magnetic field through 

a first order Zeeman effect. This splitting for copper(II), with a 

2D ground state, is shown in Figure 2. Besides the first order 

Zeeman effect, other perturbations serve to remove the degeneracy 

of the m. levels of a state, when a transition metal ion is complexed. 

The more significant perturbations are considered below. 

E. p. r. absorption lines of transition metal complexes are often 

split into a number of less intense components, through the hyper- 

fine interaction phenomenon. This interaction involves a coupling 

between the electronic spin of the metal ion and its nuclear spin or 

the nuclear spin of the ligand atoms. The magnitude of the hyper- 

fine splitting may be correlated with the electronic density of un- 

paired electrons in the vicinity of the interacting nucleus, thereby 

J 

J J 

J 
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giving a qualitative indication of the extent of electron delocalization. 

Since the most abundant isotopes of copper (Cu63 and Cu65) and 

nitrogen (N14) have non -zero nuclear spins, hyperfine splittings 

might be observed in the e. p. r. spectra of copper(II) -amine com- 

plexes. Indeed such splittings are found, but only when samples are 

diluted magnetically and are cooled to near liquid nitrogen tempera- 

ture. 

If the ligand field is not of cubic symmetry, the g value for a 

transition metal ion cannot be isotropic; the splitting pattern for the 

m. levels varies with direction. In this case g would be distributed 

into gx, gy, and gz tensors. In a tetragonal field gx and gy are equal 

to gy (g tensor perpendicular to the four -fold symmetry axis aligned 

along the magnetic field direction) and g 
z 

is the same as g1 (g tensor 

parallel to the four -fold symmetry axis). As a first approximation 

only T term ground states of transition metal ions should give g 

values that have any orbital angular momentum contribution. An 

examination of Figure 1 indicates that tetragonally distorted copper(B) 

complexes have a 2E ground state and that g values should be close 
g 

to the value for a free electron, which is 2. 00. The deviation of gy 

and go from the spin -only value may be attributed to spin -orbital 

coupling, "mixing in1? states of different orbital degeneracy with the 

ground state. The amount of this deviation is influenced by the spin 

orbital coupling constant, X , (which for free copper(II) has the value 

J 

z x y 
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of -829 cm -1) and the strength of the ligand field, (33). C The re- 

lationships for a tetragonal field are given by the equations (3) 

g x 
=g 

y 
=gi=2.00 - 2A/,6. 

g 
z 

= g = 2.00-8 A /6. 

A consideration of the extent of the anisotropy in g is useful in eluci- 

dating the structures of copper(II) complexes. 

For powered, i. e. , polycrystalline samples of the anisotropic 

paramagnetic complexes, there is an averaging of the crystal mag- 

netic axes over the magnetic field direction. The specification of 

gx, gy, and gz, or of gl and g11 , is no longer clear -cut, as it would 

be for a single crystal oriented in the magnetic field. The e. p. r. 

signals are generally broadened, but often the anisotropic nature of 

the spectrum is not completely lost. There is some difficulty in 

assigning the observed g values to the particular components of the 

g tensor. Kneubühl (62) has provided a method for the analysis of 

the shapes of e. p. r. signals of powders. He compared the oriented 

single crystal spectra, using copper(II) complexes for which the 

alignment of the internal magnetic axes with the crystallographic 

axes was known, with the corresponding powder spectra of the same 

compounds. His method of assignment of the labels for the g values 

was used in the present work. Such labeling is important since 

some components of the g tensor are weighted differently than others 

in the following computations. 

Y 
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Frequently it is convenient to refer to the average g value <g>, 

for an anisotropic system. The average value for a tetragonal com- 

plex can be calculated using the equation 

<g> = (gö /3 + 2gß /3) 1/2 
. 

This average value is of importance in relating the e. p. r. data to 

the bulk susceptibility. The magnetic moment, µeff, of a copper(II) 

complex is given by the approximate equation 

µeff = <g> NI S( S + 1) 

where S is the electronic spin of copper(II) , which is 1/2. When g 

has the free electron value of 2. 00, the magnetic moment of copper(II) 

has its "spin- only" value of 4-3. It follows that the amount by which 

the spin -only magnetic moment, µ 
s 

is exceeded, is influenced by 

the spin -orbital coupling constant and the strength of the ligand field. 

This is clearly shown by the following relationship for a cubic field: 

[Jeff 
= µs(1 -2 x. /2) (35) . 

Typical copper(II) complexes have < g> values near 2. 2 and effective 

magnetic moments in the range of 1. 8 to 2. 0 B. M. , slightly higher 

than the spin -only value of 1.73 B. M. 

As mentioned above, magnetic moments can also be independently 

obtained from magnetic susceptibility measurements. Behavior of 

the magnetic susceptibility of a magnetically normal complex can be 

, 
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described as a function of temperature by the Curie -Weiss law 

m=C/(T+9) 

where C is the Curie constant and 8 is the Weiss temperature. First 

order Zeeman effect susceptibility contributions only are covered by 

this equation. It can be modified to include higher order Zeeman 

effects such as temperature independent paramagnetism. 

A large series of special copper(II) complexes have been char- 

acterized that are magnetically abnormal (58). Their magnetic sus- 

ceptibilities are not linear functions of temperature and they exhibit 

antiferromagnetism. Furthermore, their magnetic moments are 

often below the spin -only value at room temperature. This ab- 

normality in magnetic behavior has been attributed to electron spin 

interaction between two coppers, either by direct metal to metal 

bonding or by transmission through bridging ligands. 

The reduction of copper(II) to copper(I) by amines can be easily 

traced by observing the loss of paramagnetism as copper(I) has a 

singlet spin state and is diamagnetic. 
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IV. EXPERIMENTAL 

A. Materials 

1. Preparation of Anhydrous Copper Chlorides 

a. Copper(II) Chloride. Blue copper(II) chloride dihydrate 

(Baker and Adamson Reagent Grade) was converted to the anhydrous 

state by being heated at 1000 C until completely brown in color (46). 

The anhydrous salt was stored in a vacuum desiccator over phos- 

phorus(V) oxide until used. 

b. Copper(I) Chloride. Copper(I) chloride was prepared from 

reagent grade copper(II) chloride by the sulfite reduction method 

(59). The white product was washed with diethyl ether and acetone, 

dried in vacuo at room temperature, and stored in a vacuum desic- 

cator over phosphorus(V) oxide until used. 

2. Purification of Amines 

a. Ammonia. Anhydrous ammonia (Matheson) was purified by 

fractional condensation in the high vacuum system. Vapor pressure - 

temperature data for purified ammonia are compared with literature 

values in Table II. Ammonia was used immediately after purification. 

b. Ethylamine. Ethylamine (Eastman, anhydrous, white label 
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Table II. Comparison of observed vapor pressures of amines with 
literature values. 

Amine 
Temperature 

o 
C 

Vapor Pressure in mm 
Observed Literature 

Literature 
Reference 

NH3 -95 6.5 6.8 10, 60 

-83 25. 5 25. 8 

EtNH2 -45.2 28.5 28 -29 52, 73 

-22.8 111 111 -112 

0.0 375 370 -372 

Et2NH -22.9 17 17 22, 73 

0.0 71 70 

20.0 190 189 

grade) was purified by fractional condensation in the high vacuum sys- 

tem, and a fraction tensiometrically homogenous at 0o C was trans- 

ferred to a storage bulb on the vacuum system. Ethylamine purified 

in this manner was free of any impurities which could be detected by 

vapor phase chromatography. The observed vapor pressure- tempera- 

ture data are listed in Table II, along with literature values. Data 

from this Table were combined and the following equation was cal- 

culated: 

log p = -1542. 08 /T + 8. 214869 . 

An average heat of vaporization of 7. 06 kcal /mole was calculated for 
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ethylamine from the equation, resulting in a Trouton constant of 

25. 6 e. u. 

Ethylammonium chloride was prepared from reagent grade 

ethylamine and anhydrous hydrogen chloride in benzene. The crystal- 

lized product was dried at 100° C in vacuo; m. p. (sealed tube, 

uncorr.) 109° C, lit. (20) 109 -1100 C. This material was stored in 

a vacuum desiccator over phosphorus (V) oxide until used. 

c. Diethylamine. Diethylamine (Matheson, Coleman and Bell 

Reagent Grade) was purified by fractional condensation in the high 

vacuum system. The retained fraction was distilled from trap to 

trap until tensiometrically homogenous at 0° C. No traces of im- 

purities in the purified diethylamine were detected by vapor phase 

chromatography. Vapor pressure- temperature data observed for 

diethylamine are compared with literature values in Table II. Pres- 

sure- temperature data observed in this study were combined with 

previously reported values (22, 73) to calculate the equation 

log p = -1726.44/T + 8. 165938. 

The calculated average heat of vaporization was 7. 90 kcal. /mole for 

diethylamine, resulting in a Trouton constant of 24. 3 e. u. Purified 

diethylamine was transferred and stored in a storage bulb connected 

through a mercury float -value to the vacuum system. 

Diethylammonium chloride was prepared from purified 
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diethylamine and anhydrous hydrogen chloride (Matheson) in benzene. 

The product readily crystallized from solution and was dried in vacuo 

at 100° C; m. p. (sealed tube, uncorr.) 228° C, lit. (63) 228 -229° C. 

This material was stored in a vacuum desiccator over phosphorus(V) 

oxide until used. 

d. Triethylamine. Triethylamine (Matheson, Coleman and Bell 

Reagent Grade) was mixed with phosphorus(V) oxide for two hours, 

and further purified by fractional condensation in the high vacuum 

system. No traces of impurities were detected by vapor phase 

chromatography. The purified triethylamine was stored in a trap 

on the high vacuum system. 

3. Solvents 

a. Dimethylformamide. Dimethylformamide (Matheson, 

Coleman and Bell Reagent Grade) was purified by vacuum distillation, 

the fraction boiling at 55° C (19 mm) being collected. Purified di- 

methylformamide was used immediately or was stored in a glass 

stoppered flask within a nitrogen -filled dry box. B. p. 152° C 

(752 mm), lit. (28) b. p. 153° C. 

b. Nitrobenzene. Nitrobenzene (Matheson, Coleman and Bell) 

was allowed to stand over Linde Type 4 molecular sieves (Matheson, 

Coleman and Bell 4 -8 mesh) for 24 hours and was subsequently 
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purified by vacuum distillation. That fraction boiling at 83.9° C 

(10.5 mm) was collected. The material was immediately used, or 

was stored in a glass stoppered flask within a nitrogen -filled dry 

box. B. p. 210° C (753 mm), lit. (16) 210° C. 

c. Tetrahydrofuran. Tetrahydrofuran (Matheson, Coleman and 

Bell Reagent Grade) was allowed to stand over Linde Type 4 mole- 

cular sieves for one week. Then the tetrahydrofuran was separated 

by decantation. It was combined with a small amount of mineral oil 

and distilled. That fraction boiling in the range 65 -66° C was col- 

lected. Sodium metal was added to the distillate and tetrahydrofuran 

was redistilled as needed. B. p. 65.5° C (ca 760 mm), lit. (20) 

65 -66° C. 

Unless otherwise stated all other chemicals used in this study 

were of reagent grade. 

B. Instrumental Methods 

1. Vapor Phase Chromatography 

A Perkin -Elmer Model 154B Vapor Fractometer was used in 

vapor phase chromatographic studies. Helium was the carrier gas. 

A mixture of authentic primary, secondary, and tertiary ethylamines 

was well separated by a six foot column of 10 percent Silicone Oil 

SF -96 on Chromosorb W at 33° C. Acetaldehyde was adequately 
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separated from water and diethylamine by a six foot column of 25 

percent n-decanol on Chromosorb W at 67°G. 

2. Nuclear Magnetic Resonance 

Proton nuclear magnetic resonance spectra were recorded on a 

Varian Model A -60 n. m. r. spectrometer. Standard Varian sample 

tubes were loaded in a nitrogen -filled dry box, covered with plastic 

caps and sealed with paraffin. Tetramethylsilane was used as the 

external standard. 

3. Infrared Spectra 

Infrared spectra, in the range 4000 to 500 cm -1, were recorded 

on a Beckman Model IR -8 double -beam recording spectrophotometer. 

Sodium chloride cells were used. Unless otherwise stated spectra 

were obtained of nujol mulls. 

The infrared spectra of complexes in the range 600 to 146 cm -1 

were recorded on a Beckman Model IR -1 1 double -beam recording 

spectrophotometer. Finely divided samples were dispersed in nujol 

and placed between polyethylene discs. 

4. Electronic Spectra Studies 

By exchange of appropriate components, a Beckman Model DK -2 

double -beam recording spectrophotometer was used to record both 
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solution and reflectance spectra. The range of this instrument is 

from 50, 000 to 4000 cm -1. A set of one cm "N. I. R. " silica cells 

were used for solution studies. Magnesium oxide served as the 

reflectance standard. 

Since it was necessary to mount samples vertically in the re- 

flectance housing, they were covered with Magic Mending Tape 

(Scotch Brand). The absorption due to the tape was slight and ade- 

quately compensated by similarly covering the reflectance standard. 

As dichlorobis (triethylamine)copper(II) was known to undergo 

an oxidation- reduction reaction at 0o C (84), several precautionary 

methods were necessary in recording the reflectance spectrum of 

this complex. The reflectance housing attachment was enclosed in 

a heavy plastic bag, which had a closeable loading entrance and pro- 

visions for the introduction of dry nitrogen gas. The interior of the 

reflectance housing was cooled by vapors from liquid nitrogen in 

flasks inserted into the housing. Within a nitrogen -filled dry box, 

a small plastic bag was cooled to liquid nitrogen temperature. Then 

this bag was loaded with a sample of the complex. The sample bag 

was closed, placed between two metal plates (which also had been 

cooled by liquid nitrogen) , and removed from the dry box. The metal 

plates were removed just before the sample bag was positioned in 

the reflectance housing. When the sample bag was properly located 

in the housing, the reflectance housing covering -bag was closed, 
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dry nitrogen was allowed to pass into the bag and the spectrum was 

immediately recorded. By placing a matching bag over the reflec- 

tance standard, any absorption due to the sample bag was adequately 

compensated. 

5. X -Ray Powder Diffraction Patterns 

X -ray powder diffraction patterns were obtained using a General 

Electric Model A4979A x -ray generator. Thin -walled capillary 

sample tubes were rotated inside a 14.32 cm diameter powder cam- 

era. Unfiltered copper ka radiation was used. Value of d- spacings 

corresponding to angles 20 were taken from General Electric Table 

No. 11710. Intensities of lines were visually estimated. 

The capillary tubes were loaded with finely divided samples in a 

nitrogen -filled dry box. The tubes were temporarily sealed with 

plastic putty, removed from the dry box, and permanently sealed by 

using a microtorch. Complexes that had an appreciable dissociation 

pressure at room temperature were cooled with liquid nitrogen be- 

fore being manipulated. 

6. Magnetic Susceptibility Measurements 

The magnetic moments of several copper(II) chloride -amine 

complexes that were synthesized in this investigation, were obtained 

at room temperature from magnetic susceptibility data. 
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A magnetic susceptibility balance similar to the kind described 

by Kirschner, Albinak, and Bergman (61) was used. The Gouy 

sample tubes were suspended inside a glass sheath with a nylon line 

from a Kuhlman semimicro balance into the field of an Alpha Model 

ÁL7500 water - cooled electromagnet, which had 4" pole faces and an 

air gap of 1 1/2". The strength of the magnetic field was controlled 

by adjusting the current from an Alpha Model 7500 power supply. 

Normally the current was set at 7. 70 amperes, corresponding to a 

magnetic field of 5000 gauss, or at 9. 00 amperes (for low tempera- 

ture studies) corresponding to 5500 gauss. Gouy tubes were cali- 

brated with mercury(II) tetrakis (thiocyanato)cobaltate(II) by the 

method of Figgis and Lewis (35). The calibrant was prepared by 

the method of Figgis and Nyholm (36) . 

The gram susceptibility, 

the relationship 

of a complex was calculated from 

6 10 X B F 
g w 

where B is the tube calibration constant, F' is the force experienced 

by a specimen (corrected for the diamagnetic contribution from the 

Gouy tube) in mg, and w is the weight of the sample in g. The molar 

susceptibility,, was obtained by multiplying the gram suscepti- 

bility by the molecular weight of the complex. Corrections were 

made for diamagnetic contributions using Pascal's constants given by 

, 

- 
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Selwood (77) and the reported value for diethylamine (44). A tem- 

perature independent paramagnetism contribution of 60 x 10-6 c. g. s. 

units was assumed. Magnetic moments, µeff' were calculated using 

the equation 

µeff - 2. 84RÍTx 

Magnetic susceptibilities of two of the complexes were deter- 

mined as a function of temperature in the range of 80° K to 298° K. 

The low temperature studies were performed in an dry nitrogen at- 

mosphere to avoid condensation of oxygen and moisture inside the 

magnetic susceptibility apparatus. The semimicro balance was en- 

closed in a plastic glove bag and the system was thoroughly flushed 

with nitrogen, prior to use. The interior of the protective sheath was 

also purged with nitrogen prior to making measurements; nitrogen 

was allowed to pass through a glass tube extending to near the bot- 

tom of the sheath. Samples were maintained at the desired tempera- 

ture by an appropriate cold bath contained in a special Dewar flask, 

which was inserted into the pole gap of the magnet. Exact tempera- 

tures were measured by using a copper - constantan thermocouple and 

a Leeds and Northrup Model 8691 millivolt potentiometer. The 

thermocouple wires were led inside the sheath and down to near its 

bottom, where the wires formed a coil surrounding the sample tube. 

Millivolt readings were converted into ° C with conversion tables 
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supplied with the potentiometer. 

Gouy tubes were calibrated at low temperatures with mercury(II) 

tetrakis (thiocyanato)cobaltate(II) by the method described by Cotton 
0 

(23). From his reported values of X90 K (23) and the Weiss tem- 

perature, 8, (37) the Curie constant (divided by the molecular weight), 

M' was calculated for the calibrant using the following relationship 

Since the magnetic 

a linear function of 

desired temperatur e 

ti on 

The values of X g 

8) 
Xcorr 

g 

susceptibility of the calibrant has been shown to be 

temperature (37) X corr 
, could be obtained at any 

by using a rearranged form of the above equa- 

corr 

corr C/M 
g T + 8 

were used in determining the Gouy tube cali- 

bration constant at selected temperatures. 

7. Electron Paramagnetic Resonance 

A Varian Model V4501 100 k. c. modulation e. p. r. spectrometer 

(klystron frequency of 9. 5 x 109 c. p. s. ) was used to record the 

e. p. r. spectra. These spectra were determined by Professor 

Gordon Tollin at the University of Arizona. 

g 

C - (T + 

ß 
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8. Conductivity Measurements 

Solution conductivities were measured with an Industrial Instru- 

ments Model RC16B2 conductance bridge. A conductivity cell with 

dipping platinum electrodes and a cell constant of approximately O. 1 

was constructed. The cell constant was determined by measuring 

the resistance of 0. 0100 molar aqueous solution of potassium chloride. 

At 30o C the measured resistance was 76.0 ohms. The specific con- 

ductivity of this solution at 30o C is 1. 552 x 10 -3 ohms -1 cm -1 (63). 

Using this data the cell constant was calculated to be 0. 118 cm -1. 

The molar conductance, A, is given by 

A 
_1000 

where If is the measured conductance multiplied by the cell constant 

and C is the concentration of solution in moles per liter. 

C. Analysis 

1. Copper Content 

A sample was treated with dilute nitric acid and the solution was 

evaporated nearly to dryness, then diluted with distilled water. De- 

termination of the copper content was then made by following the 

iodometric method of Parks (70) . 

c 
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2. Chloride Content 

The chloride content was gravimetrically determined. A sample 

was dissolved in distilled water, acidified with dilute nitric acid. 

The chloride was then precipitated and weighed as silver chloride. 

3. Amine Content 

a. Copper(II) Chloride -Amine Complexes. A sample was dis- 

solved in a known excess quantity of standard hydrochloric acid. 

The solution was back -titrated with standard sodium hydroxide to 

the modified methyl orange endpoint. 

b. Oxidation Product and Copper(I) Chloride -Amine Complexes. 

A sample was transferred to a distillation apparatus, which was pre - 

flushed with nitrogen gas. The sample was treated with concentrated 

sodium hydroxide and the amine was distilled into a known quantity 

of standard hydrochloric acid. The solution was back -titrated with 

standard sodium hydroxide to the modified methyl orange endpoint. 

D. General Preparation of Complexes 

Coordination compounds were synthesized by using a glass high 

vacuum system similar to that described by Sanderson (76). All 

stopcocks and glass joints were lubricated with Spectro -Vac Type 2 

stopcock grease (Robert R. Austin, Pasadena, California). By a 
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combination of a mechanical oil fore pump and a mercury diffusion 

pump, residual pressures could be reduced to 10-6 mm, adequate 

for this study. 

Complexes were synthesized in a reaction assembly consisting 

of a reaction tube, containing a teflon- coated stirring bar, and a 

connecting tube, with stopcock and joints for attachment to the vacuum 

system. The method of synthesizing complexes by using a reaction 

assembly are outlined below. The tare weight of the evacuated reac- 

tion assembly was recorded. The reaction assembly was then opened 

in a nitrogen -filled dry box and approximately one gram of copper 

chloride was transferred to the reaction tube. Subsequently the 

reaction assembly was closed, removed from the dry box, and re- 

attached to the vacuum system. While the reaction assembly was 

being re- evacuated, the reaction tube was heated at 100° C for 45 

minutes to ensure an anhydrous state for the copper chloride. By 

re- weighing the reaction assembly, the exact amount of copper 

chloride taken for study was determined. The reaction assembly 

containing the metal salt was reattached to the vacuum system. An 

excess of amine was condensed in the reaction tube (the reaction 

tube had been cooled with a suitable low temperature bath). The stop- 

cock was closed, the assembly was detached, and the components 

were allowed to interact for 24 hours while being stirred with the 

magnetic stirring bar. When desired, the reaction assembly was 
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maintained at a specific temperature by an appropriate bath. 

Equilibrium pressure- temperature data were obtained by opening 

the reaction assembly to a manometer on the vacuum system. The 

reaction tube was maintained at the desired temperature, and the 

pressure of the volatile component was measured with a meter stick 

permanently mounted on the manometer. The molar composition 

of the amine:copper chloride system was determined by re- weighing 

the reaction assembly. Volatile amine could be either distilled from 

or condensed into the reaction assembly. By these methods, the 

equilibrium pressures for a series of known molar compositions were 

determined. Normally, an equilibration period of 8 to 24 hours was 

allowed before pressures were measured. The stoichiometries and 

the stabilities of complexes formed in each system were determined 

by inspection of the isothermal pressure- composition phase diagrams 

obtained by plotting these experimental data. 

Ethylamine has a boiling point below room temperature, nec- 

essitating a slight modification in the method of obtaining pressure - 

composition data. The method of determining the composition of 

the system by weighing the reaction assembly at room temperature 

could not be used when an excess of ethylamine was present, since 

a pressure greater than atmospheric would have been developed. 

A known quantity of ethylamine was condensed in a reaction tube con- 

taining copper chloride. Ethylamine removed in the course of 
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pressure- composition measurements at 0o C was transferred to a 

storage bulb of known volume. By using the ideal gas law, the 

amount of ethylamine removed was calculated. In this manner the 

amount of ethylamine remaining in the reaction tube was obtained 

and the mole ratio ethylamine: copper chloride determined. When 

the equilibrium pressure of the amine decreased below atmospheric 

pressure at room temperature, mole ratios were again determined 

by weighing the reaction assembly. 

E. Copper(I) Chloride -Amine Complexes 

1. Ethylamine 

a. Copper(I) Chloride -Ethylamine System. An excess of ethyla- 

mine was allowed to interact with a known quantity of copper(I) 

chloride for 24 hours at 0o C. Initially a hard cake -like solid was 

formed, which slowly absorbed ethylamine and was transformed into 

a white pasty -like mass. Pressure -composition isotherm data were 

obtained at 0o C and are presented in Table III. These data are 

graphically shown in Figure 3. Ethylamine was removed from the 

sample until constant weight was reached. The reaction assembly 

was opened in a nitrogen- filled dry box and a sample of the material 

was taken for analysis. Anal. Calcd. for CuCl C2H5NH2: mole 

ratio 1. 00; Cu 44. 10 percent; Cl 24. 58 percent; C2H5NH2 31. 32 per- 

cent. Found: mole ratio 1. 00; Cu 43.72 percent; Cl 24. 31 percent; 
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C2H5NH2 31. 30 percent. 

Complexes of a higher mole ratio than 1:1 could be isolated by 

removing ethylamine until a product of the desired composition was 

obtained. 

Table III. Pressure -composition 00 C isotherm data for the system, 
copper(I) chloride -ethylamine. 

EtNH2 / CuCl Pressure 
mm 

4. 46 365 

4. 17 364 

3. 92 362 

3. 48 360 

3. 04 185 

2. 99 88. 0 

2. 90 88. 0 

2. 76 88. 0 

2. 56 88. 0 

2. 23 88. 0 

2.08 82.0 

1.89 15.0 

1. 55 15. 0 

1.41 15. 0 

1. 21 15. 0 

1.05 15. 0 

1.02 1. 0 

1. 00 <0. 1 

1. 00 <0.1 
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b. Ethylammonium Dichlorocuprate(I). Ethylammonium di- 

chlorocuprate(I) was synthesized by dissolving 1.63 g (20 millimoles) 

of ethylammonium chloride and 1.98 g (20 millimoles) of copper(I) 

chloride in 15 ml of deoxygenated absolute ethanol containing 4 milli - 

moles of anhydrous hydrogen chloride. White needle- shaped crystals 

were formed when the solution was cooled with an ice -salt bath. 

After being washed three times with ca.8 ml of ethanol and then three 

times with ca, 8 ml of petroleum ether, the crystals were dried at 

room temperature in vacuo. Anal. Calcd. for C2H5NH3CuC12: 

Cu 35. 2 percent; Cl 39. 3 percent. Found: Cu 35. 2 percent; 

Cl 39. 2 percent. 

c. Ethylammonium Dichlorocuprate(I) -Ethylamine System. In 

a nitrogen- filled dry box, a sample of ethylammonium dichlorocup- 

rate(I) was transferred to a reaction assembly. By the methods 

previously described, an excess of ethylamine was condensed into 

the reaction tube and the components were allowed to interact at 

0o C for 24 hours. Pressure -composition data were obtained at 

0o C and are listed in Table IV and are shown in Figure 5. 

d. Ethylammonium Trichlorocuprate(I). Remy and Laves (74) 

reported the synthesis of methylammonium trichlorocuprate(I) by 

dissolving proper mole quantities of the constituents in a hydrochloric 

acid - ethanol solution. Crystals were separated from solution upon 
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Table IV. Pressure- composition 0o C isotherm data for the system, 
ethylammonium dichlorocuprate(I) - ethylamine. 

Mole Ratio 
EtNH2 /EtNH3CuC12 

Pressure 
mm 

30.9 371 

24. 2 370 

15. 3 353 

9. 48 329 

8. 08 298 

5.78 245 

5. 40 219 

5. 20 208 

4. 03 150 

3. 96 128 

3. 80 109 

3. 26 95. 0 

2. 99 88. 0 

2. 94 47. 0 

2.69 46.0 

2. 49 46. 0 

2. 15 46. 0 

1. 90 14. 0 

1. 63 14. 0 

1. 44 14. 0 

1. 19 14. 0 

1.08 14. 0 

1.01 < 0.1 

0. 97 < 0. 1 
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cooling the solution with an ice -salt bath. The preparation of ethyla- 

mmonium trichlorocuprate(I) was similarly attempted. A mixture 

of 2.04 g (25 millimoles) of ethylammonium chloride and 1.45 g 

(15 millimoles) of copper(I) chloride was dissolved in a solution of 

4 millimoles of anhydrous hydrogen chloride and 15 ml of deoxygen- 

ated absolute ethanol. A slightly yellowish discolored product cry- 

stallized from solution when the solution was cooled with an ice -salt 

bath. The product was washed three times with ca 8 ml of ethanol, 

once with ca 8 ml of petroleum ether, and then dried in vacuo at 

room temperature. The analysis (found: Cu 21.0 percent, Cl 40. 6 

percent) did not correspond to a pure compound. Presumably the 

product was a mixture of ethylammonium dichlorocuprate(I) and un- 

reacted ethylammonium chloride. The preparation of ethylammon- 

ium trichlorocuprate(I) was not further pursued. 

2. Diethylamine 

a. Copper(I) Chloride -Diethylamine System. An excess of di- 

ethylamine was condensed on a weighed quantity of copper(I) chloride 

in a reaction assembly. The components were allowed to interact 

for 24 hours at room temperature. Diethylamine was removed at 

0o C in the process of determining equilibrium pressures as a func- 

tion of the mole composition of the system. The data are listed in 

Table V and graphically shown in Figure 4. The final product did not 
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Table V. Pressure -composition 00 C isotherm data for the system, 
copper(I) chloride -diethylamine. 

Mole Ratio Pressure 
Et 2NH /CuCl mm 

7.40 

6. 21 

5. 26 

4.45 
2. 15 

2. 04 

1.98 
1.96 

1. 89 

1.48 

1.40 

1. 20 

1. 15 

1. 11 

1. 07 

1. 03 

1. 00 

1. 00 

0.99 

70. 9 

70. 9 

70. 9 

70. 9 

70. 9 

70. 9 

49. 0 

19. 0 

4. 0 

4. 0 

4. 0 

4. 0 

4. 0 

4. 0 

4. 0 

4. 0 

<0. 1 

<0. 1 

<0. 1 

lose weight when exposed to a vacuum pump, through a nitrogen - 

cooled trap, for four hours. The reaction tube was opened in a 

nitrogen -filled dry box and a sample of the white solid product was 

taken for analysis. Anal. Calcd. for CuCl (C2H5)2NH: mole ratio 
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1.00; Cu 36.9 percent; Cl 20.6 percent; (C2H5)2NH 42. 5 percent. 

Found: mole ratio 1.00; Cu 36.7 percent; Cl 20.6 percent; (C2H 2NH 

42. 2 percent. 

b. Diethylammonium Dichlorocuprate(I). Diethylammonium 

dichlorocuprate(I) was prepared by dissolving 1.00 g (9 millimoles) 

of diethylammonium chloride and 0. 90 g (9 millimoles) of copper(I) 

chloride in 10 ml of deoxygenated ethanol containing 1. 0 ml of con- 

centrated hydrochloric acid. White needle- shaped crystals were ob- 

tained by cooling the solution with an ice -salt bath. The crystals 

were washed three times with ca,8 ml of ethanol, once with ca. 8 ml 

of petroleum ether, and then dried at room temperature in vacuo. 

Anal. Calcd. for (C2H5)2NH2CuC12: Cu 30.5 percent; Cl 34.0 per- 

cent. Found: Cu 30. 2 percent; Cl 33. 5 percent. 

c. Diethylammonium Dichlorocuprate(I) -Diethylamine System. 

In a nitrogen -filled dry box, a sample of diethylammonium dichloro- 

cuprate(I) was placed in a reaction assembly. It was allowed to in- 

teract with an excess of diethylamine and pressure- composition data 

were obtained at 0° C for this system. The data are tabulated in 

Table VI and graphically shown in Figure 6. 



53 

Table VI. Pressure -composition 0o C isotherm data for the system, 
diethylammonium dichlorocuprate(I) -diethylamine. 

Mole Ratio Pressure 
Et2NH/Et2NH2CuC1.2 mm 

12.74 

4.70 

3. 17 

2. 10 

2.05 

2.00 

1.99 

1. 89 

1. 85 

1. 84 

1.71 

1. 58 

1. 45 

1. 38 

1. 12 

1. 07 

0.99 

70. 9 

70. 9 

70. 9 

69. 0 

45. 0 

25. 1 

15. 0 

8. 0 

6. 0 

5. 0 

5. 0 

5. 0 

4. 5 

5. 0 

4. 0 

3. 8 

<0. 1 

F. Copper(II) Chloride -Amine Complexes 

1. Dichlorodiamminecopper(II) 

The previous reports of Gazo and co- workers (45), and of Hanic 

(50), indicate that two forms of this substance can be obtained, 
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depending upon the method of preparation. If half of the chloride in 

the tetrachlorocuprate(II) ion is replaced by ammonia, a blue (a) 

form of CuC12. 2NH3 should be obtained. Replacement of coordinated 

ammonia by chloride ion, by means of the thermal decomposition of 

hexamminecopper(II) chloride, leads to a green 43) form of 

CuC12. 2NH3. 

Attempts in the present work to repeat the preparation of the 

supposed aform were unsuccessful. Dark red solutions of the tetra - 

chlorocuprate(II) ion were prepared by dissolving 12. 08 g (0. 050 

moles) Cu(NO3) 3H20 
2. 

and 12.72 g (0. 30 moles) LiCI in 200 to 300 ml 

of acetone. A 0. 100 mole quantity of anhydrous ammonia gas was 

measured in a calibrated bulb on the vacuum line and was condensed 

into a tube having a stopcock. The ammonia was allowed to vaporize 

and to pass through a capillary tube opening under the surface of the 

stirred acetone solution, and was totally absorbed. A green pre- 

cipitate was formed, which turned light blue shortly before all the 

ammonia had been absorbed. The blue solid was separated by fil- 

tration under nitrogen using a fritted glass filtering tube connected 

to the reaction flask. It was dried for several days in vacuo. over 

phosphorus(V) oxide at 57° C. Similar analytical results were ob- 

tained for products prepared using half as much lithium chloride in 

the reaction mixture, and using a drying temperature of 100° C. 

These analytical results do not correspond to 
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dichlorodiamminecopper(II). Anal. Calcd. for CuC12. 2NH3: 

Cu 37.71 percent; Cl 42. 08 percent; NH3 20. 11 percent. Found: 

Cu 32.61 percent; Cl 43. 68 percent; NH3 15.40 percent. None of 

the previous sets of workers reported any analytical data for the 

supposed a form of the compound. The previously reported spectral 

and x -ray powder diffraction data showed only minor differences 

between the two forms of the chloride, and it may be concluded that 

the supposed aform is an impure form of the complex. 

The pure so- called ßform of the complex was successfully pre- 

pared by the indicated method. A known quantity of anhydrous cop - 

per(II) chloride was allowed to interact with ammonia gas at room 

temperature. The pressure of ammonia rapidly decreased, accom- 

panied by a transformation of copper(II) chloride into a voluminous 

fine deep blue powder. This material was exposed to ammonia until 

no further decrease in pressure was noted. The gain in weight cor- 

responded to an ammonia:copper(II) chloride mole ratio of 6:1. The 

hexammine was exposed to the pumping system of the high vacuum 

line at room temperature until constant weight was reached. Anal. 

Calcd. for CuC12. 2NH3: mole ratio 2.00; Cu 37.71 percent; Cl 

42.08 percent; NH3 20. 11 percent. Found: mole ratio 2.00; 

Cu 37.65 percent; Cl 41.60 percent; NH3 20. 10 percent. 

Interconversions of the supposed two forms of the complex by 

a dissolution and precipitation process in aqueous ammonium 
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chloride- ammonia solutions were reported by Hanic (50). Such con- 

versions were not successful in the present work. 

2. Copper(II) Chloride- Ethylamine Complexes 

a. Dichlorobis (ethylamine)copper(II). An eleven -fold excess of 

ethylamine was condensed upon a weighed amount of anhydrous cop - 

per(II) chloride in a reaction tube previously cooled to 0° C by an 

ice -water bath. Copper(II) chloride rapidly interacted with ethy- 

lamine, forming a voluminous blue solid. Pressure -composition data 

were obtained at Oo, 25o, and 50o C. The data are listed in Table 

VII and are graphically reproduced in Figure 8. Ethylamine was re- 

moved until constant weight was reached. A sample of the final 

product was selected for analysis. Anal. Calcd. for CuCl2- 

2C2H5NH2: mole ratio 2.00; Cu 28.4 percent; Cl 31.5 percent; 

C2H5NH2 40. 1 percent. Found: mole ratio 2. 00; Cu 28.8 percent; 

Cl 31. 2 percent; C2H5NH2 40. 1 percent. 

b. Dichlorotetrakis (ethylamine)copper(II). Samples of material 

corresponding to an ethylamine:copper(II) chloride mole ratio of 

4. 0: 1. 0 were obtained by removing the appropriate amount of ethy- 

lamine, present in excess, from an equilibrium system of the com- 

ponents. As the pressure- composition data indicate, a sudden drop 

in pressure to a new dissociation plateau occurs at this mole ratio. 
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Table VII. Pressure- composition isotherm data for the system, 
copper(II) chloride- ethylamine. 

Mole Ratio 
EtNH /CuC12 

Pressure 
mm 

Mole Ratio 
EtNH /CuC12 

Pressure 
mm 

0o C 

10. 70 376 4. 88 34. 0 

10. 00 376 4. 54 15. 0 

9. 30 374 4. 30 15. 0 

8. 67 370 4. 14 15. 0 

8. 00 367 4. 09 15. 0 

7. 18 363 4. 04 15. 0 

6.78 358 3. 94 0. 1 

6. 38 331 3. 24 0. 1 

6.05 79.0 2. 86 0. 1 

6.00 66.0 2. 30 0. 1 

5.44 66.0 1.97 5'0. 1 

5. 18 66. 0 1. 97 <0. 1 

25o C 

5. 50 326 4. 79 174 

5. 38 328 4. 41 128 

5. 00 269 4. 14 79. 0 

4. 85 229 3. 89 7. 0 

3. 20 7. 0 

2.61 7.0 

50o C 

3. 89 68.0 2. 34 69. 0 

3.46 68. 0 2. 09 13. 0 

3. 15 66. 0 1. 93 1.0 

2. 94 69. 0 1.91 1. 0 

2.73 69. 0 1. 87 <0. 1 
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The actual complexes taken for study had mole ratio values of 3.95 

.02. 

3. Copper(II) Chloride -Diethylamine Complexes 

a. Dichlorobis (diethylamine)copper(II). By the methods pre- 

viously described, an excess of diethylamine was condensed on a 

known quantity of anhydrous copper(II) chloride contained in a reac- 

tion tube, which had been previously cooled to -22.9° C (carbon tet- 

rachloride slush bath). The components readily interacted, forming 

a voluminous purple material. The system was allowed to equilibrate 

at room temperature for 24 hours. The excess of amine was removed 

at 0o C and equilibrium pressures were determined as a function of 

the molar composition. These data are listed in Table VIII and 

graphically presented in Figure 9. The final product had a negligible 

dissociation pressure. A sample was taken for analysis. Anal. 

Calcd. for CuC12. 2(C2H5)2NH: mole ratio 2.00; Cu 22.6 percent; 

Cl 25. 3 percent; (C2H5) 2NH 52. 1 percent. Found: mole ratio 2. 00; 

Cu 22. 1 percent; Cl 25.3 percent; (C2H5)2NH 51.7 percent. 

The preparation of dichlorobis(diethylamine) copper(II) was un- 

dertaken by alternative methods. A sample of copper(II) chloride 

was exposed to vapors of diethylamine at room temperature and a 

highly exothermic reaction took place in which the final product was 

a dark red tar -like material. A similar reaction was observed 

when liquid diethylamine and copper(II) chloride were mixed at room 

- 
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Table VIII. Pressure- composition 0o C isotherm data for the system, 
copper(II) chloride -diethylamine. 

Mole Ratio 
Et2NH /CuCl2 

Pressure 
mm 

9. 60 70. 9 

7. 64 70. 9 

5.94 70. 9 

2. 35 70. 9 

2. 30 70. 9 

2.07 62. 0 

2.02 70. 9 

2.01 9. 2 

2.00 3. 0 

1. 99 <0. 1 

1. 99 <0. 1 

temperature. 

b. Dichloro (diethylamine)copper(II). Despite various indications 

(to be discussed in a later section) of the existence of a complex with 

a mole ratio of 1:1 between copper(II) chloride and diethylamine, 

attempts to isolate such a complex in pure form were unsuccessful. 

Approximately 2.7 g (20 millimoles) of anhydrous copper(II) chloride 

were dissolved in 30 ml of absolute ethanol, forming a dark green 

colored solution. A mixture of 2 ml (20 millimoles) of diethylamine 

and 50 ml of absolute ethanol was slowly stirred into the copper(II) 

chloride - ethanol solution. A purple solid separated from the solution 
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when it was cooled with an ice -salt bath. This product had a color 

similar to and was judged to be dichlorobis (diethylamine)copper(II). 

The preparation of dichloro(diethylamine) copper(II) was similarly 

attempted in other solvents including diglyme, dioxane, dimethyl 

sulfoxide, and acetonitrile, without success. The conversion of 

dichlorobis (diethylamine)copper(II) into dichloro(diethylamine) cop- 

per(II) was also investigated. A sample of dichlorobis(diethylamine) - 

copper(II) was exposed to the pumping system of the high vacuum 

system through a liquid nitrogen -cooled trap, while the sample was 

heated at 77o C. After nine hours of such treatment, the mole ratio 

was reduced to approximately 1:1 and the material was purple with 

a trace of brownish discoloration. The x -ray powder diffraction 

pattern of this material was approximately the same as the pattern 

of dichlorobis (diethylamine)copper(II). In another experiment, 

samples of dichlorobis (diethylamine)copper(II) were placed in a 

vacuum desiccator over sulfuric acid. After six months the samples 

had become orange in color. The analysis (found: Cl 26.75 percent; 

Cu 22.5 percent; (C2H5)2NH 28.62 percent) would correspond to the 

mole ratio: 2. 13 Cl; 1.00 Cu; 1. 10 (C2H5) 2NH. Unfortunately only 

77.95 percent of the orange product was accounted for by the analysis. 

The nature of impurity can only be guessed at. However, the infra- 

red spectrum of the orange product was similar to the spectrum of 

the oxidation - reduction product of dichlorobis (diethylamine)copper(II), 
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which will be discussed in a later section. 

4. Dichlorobis (triethylamine)copper(II) 

Dichlorobis(triethylamine) copper(II) was prepared by a slight 

modification of the method of Weiss (84). A known amount of finely 

divided anhydrous copper(II) chloride was cooled for two hours at 

-63. 5° C, by a chloroform -slush bath. Subsequently an excess of 

triethylamine was condensed upon the copper(II) chloride. The mix- 

ture was allowed to warm to -22. 90 C and maintained at this tern- 

perature for a week, while the components were allowed to interact. 

Triethylamine was removed at -22.9° C until a product with a mole 

ratio of 2. 01:1.00 was obtained. Dichlorobis (triethylamine)copper(II) 

was stored in a reaction assembly at -196° C until used. 

G. Oxidation -Reduction Reactions of Copper(II) 
Chloride -Amine Systems 

1. Preliminary Observations 

a. Dichlorobis(diethylamine) copper(II) . An alternative method 

for the attempted synthesis of dichlorobis(diethylamine)copper(II) was 

to allow anhydrous solid copper(II) chloride and diethylamine vapor 

to interact at room temperature. The ensuing reaction was highly 

exothermic, probably because of the heat of sorption and coordina- 

tion. The final product was a dark red tar -like mass. Subsequently, 
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environmental conditions that would initiate this type of decomposition 

reaction were investigated. A sample of dichlorobis(diethylamine) - 

copper(II) was sealed in a capillary melting point tube and slowly 

warmed to 128° C, with no visible change. When the temperature 

approached 135° C, the sample, however, appeared to become com- 

pletely decomposed within two minutes. The effect of this reaction 

on the oxidation state of the copper was studied by warming a sample, 

sealed in a Gouy tube, for short periods of time. The tube and 

sample were then quenched to room temperature and any change in 

the magnetic susceptibility was determined. The complex was heated 

in the range 100 to 125° C for several hours without change in ap- 

pearance or paramagnetism. At 135° C the decomposition reaction 

was accompanied by a complete loss of paramagnetism by the sample 

within nine minutes. Thus, copper(II) was reduced to the univalent 

state during this reaction. The reduction of copper(II) was always 

simultaneously accompanied by the transformation of the purple com- 

plex into a dark red tar -like mass. Since many transition metal 

complexes are photochemically sensitive, the catalytic influence of 

ultraviolet radiation on the oxidation - reduction reaction was briefly 

investigated. A sample of the complex was exposed to radiation from 

a 575 watt arc -type lamp at a separation distance of 20 mm. There 

was no change in the magnetic susceptibility of the complex after an 

exposure time of 20 minutes. 
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In another preliminary study a sample of the complex was 

warmed, while in an evacuated system opened only to a manometer 

on the vacuum line, and developed a reversible dissociation pres- 

sure of 4 mm at 100° C. Further studies showed that the thermal 

stability of the complex at 100° C depended, however, on the avail- 

able volume of vapor space (see section 3. a.). 

b. Dichlorobis (ethylamine)copper(II). Dichlorobis(ethylamine) - 

copper(II) was found to undergo a decomposition reaction in a sealed 

tube when heated to 155° C. The liquid product solidified at room 

temperature. Another sample was heated in a sealed Gouy tube at 

100° C for one and one -half hours with no change in its magnetic 

properties. When heated at 150° C, however, the complex became 

completely diamagnetic within 10 minutes. This was accompanied 

by a transformation of the aqua colored complex into a red -brown 

liquid. The decomposition of the complex and the reduction of 

copper(II) to copper(I) always occurred simultaneously. 

2. Oxidation - Reduction of Dichlorobis (diethylamine)copper(II) in an 
Isolated Evacuated System 

Experimental studies on the oxidation- reduction of dichlorobis- 

(diethylamine)copper(II) occurring within an isolated evacuated sys- 

tem under autogenous pressure are reported in this section. A 

sample of the complex, in a reaction assembly, was open only to that 
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segment of the vacuum line consisting of a manometer and a single 

trap. 

In order to ascertain if any volatile materials were evolved from 

the complex before the oxidation -reduction reaction, a 3.92 g (14. 0 

millimole) sample was heated to various elevated temperatures, and 

ultimately to 133° C. The pressure of the system steadily increased 

until at 133° C rapid decomposition of the complex took place. At- 

tempts to measure equilibrium dissociation pressures prior to the 

occurrence of the oxidation- reduction reaction were undertaken. 

Dissociation pressures were recorded at several points in the tem- 

perature range of 100° C to 120° C, with an equilibrium period of 

30 minutes allowed before each pressure reading. The dissociation 

pressure was 4 mm at 100° C and increased to 50 mm at 120° C. 

The data did not obey the Clausius -Clapeyron relationship. When 

the sample was heated at 120° C for one additional hour, the dis- 

sociation pressure of the system had increased to 163 mm, accom- 

panied by some visually apparent decomposition. The complex 

appeared to be completely decomposed after being heated for another 

two hours at 120° C. The reaction assembly was then cooled to 0° C. 

The pressure of the system dropped to 70 mm, which is the vapor 

pressure of diethylamine at 0° C. After 24 hours, the equilibrium 

pressure was 8 mm at 0° C and eventually became negligible. 
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The influence, if any, of the Le Chátelier principle on the de- 

composition reactions was investigated. The gaseous materials 

evolved while a complex was being warmed were simultaneously con- 

densed into a liquid nitrogen -cooled trap. 

a. Dichlorobis (diethylamine)copper(II). Diethylamine was re- 

moved from a 3.62 g (12.9 millimole) sample of dichlorobis(diethyla - 

mine)copper(II) at a pressure of 4 mm at 100° C. After 15 minutes 

a slight reddish discoloration of the purple complex was noticed. 

Within an hour extensive decomposition was visibly apparent and the 

original mole ratio of 2.00:1.00 had been reduced to 1. 33:1.00. The 

decomposition reaction was complete after an additional 45 minutes 

of such treatment and the resulting mole ratio was 0.93:1.00. Even 

though the dissociation pressure at 100° C of this material was too 

small to measure with a manometer, it was possible to remove addi- 

tional volatile materials until a final mole ratio of 0.85:1.00 was 

attained. 

In a similar experiment milder heating conditions were used. 

A small sample, 0. 181 g (0. 644 millimole), was heated at 77° C. 

Nine hours later the mole ratio had become 1.01:1.00, with only a 

small change in the color of the purple complex being noticed. As 

soon as the mole ratio dropped below 1:1, the marked color change 

3. 
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indicating oxidation -reduction was apparent. After two additional 

hours of heating at 77° C, the mole ratio had been reduced to 0.43: 

1. 00. This material was completely brown in color and had a moist 

appearance. A final mole ratio of 0. 28:1.00 was reached on prolonged 

pumping. In another experiment, the decomposition rate of dichloro- 

bis(diethylamine)copper(II) was accelerated by heating a 8. 18 g 

(29. 2 millimole) sample at 140° C. The decomposition reaction was 

complete within 15 minutes and the sample was heated at 140° C until 

its pressure was negligible. All volatile materials were completely 

condensed in the liquid nitrogen- cooled trap. Volatile materials 

representing, by weight, 51 percent of the original amount of di- 

ethylamine were removed from the sample. This process was re- 

peated with 53 percent being removed. 

In another experiment, 1.47 g (5. 19 millimole) of the complex 

was decomposed within an isolated system (not opened to the liquid 

nitrogen - cooled trap) by being heated at 145° C. After 25 minutes 

the reaction assembly was cooled to 0° C. All remaining volatile 

materials were removed, by distillation into the liquid nitrogen - 

cooled trap, until the mole ratio (on an original basis) of the residue 

had been reduced to 1. 62:1. 00. At this point the equilibrium pres- 

sure was negligible. The collected volatile material was found to 

entirely consist of diethylamine by vapor phase chromatography; it 

gave only one peak with the same retention time (6.4 minutes, 33° C, 
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flow rate 80 cc /min) as authentic diethylamine. 

When the volatile materials were removed while the complex 

was being rapidly decomposed, evidence for the presence of other 

volatile materials besides diethylamine was obtained. A 8. 18 g 

(29. 2 millimole) sample was heated at 1400 C while exposed to the 

pumping system of the vacuum line through a liquid nitrogen cooled 

trap. A portion of the volatile material was injected into the vapor 

phase chromatographic instrument, and shortly afterwards the instru- 

ment behaved erratically; surprisingly, a white precipitate was 

noticed to be slowly forming in the main body of liquid. After the 

precipitation process was complete a new sample was introduced into 

the instrument and this sample exhibited the same retention time as 

authentic diethylamine. The white precipitate was separated from 

the diethylamine by decanting the supernatant liquid and was dried at 

800 C. About 0. 05 g of this product was fused with a small amount 

of sodium metal in a soft -glass test tube. This tube was broken 

under 20 ml of distilled water in a mortar, the test mixture was 

ground into solution, and the insoluble portion was separated by fil- 

tration. A test for the presence of nitrogen in the original precipi- 

tate was conducted. Ten drops of saturated aqueous iron(II) chloride 

were added to 6 ml of the solution from the sodium fusion process. 

This solution was heated to boiling, cooled to room temperature and 

acidified with sulfuric acid. Within 10 minutes a blue solid, 
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Prussian Blue, separated from solution confirming the presence of 

nitrogen. The presence of chlorine was confirmed by the Beilstein 

test. A piece of copper wire was heated in the flame from a Bunsen 

burner until no further green flame was noticed. Then this wire was 

dipped into the aqueous solution from the fusion process. When the 

copper wire was again placed in the Bunsen burner flame a green 

flame was noted, indicative of copper(II) chloride. Also, a white 

precipitate immediately formed following the addition of silver ni- 

trate to a portion of the aqueous solution from the fusion process. 

An analysis of the infrared spectrum of the original white precipitate 

revealed the absence of the C -Cl group and the presence of the NH+ 

and C -H groups. 

In another study, the selective separation of volatile materials 

produced during the oxidation- reduction reaction was attempted. A 

sample of dichlorobis (diethylamine)copper(II) was heated to 100° C 

for 8 hours, and then for one -half hour at 140° C, while open to a 

series of traps cooled to -45° C, -84° C, -112° C, and -196° C. 

Most of the diethylamine condensed in the -84° C trap. A small 

amount of the highly volatile chlorine compound was condensed in 

the -112° C trap in an impure form. 

Considerations of the source of the volatile reactive chlorine 

compound and of its chemical property (reaction with amine to give 

a solid) and of its physical nature (volatility as a function of 



69 

temperature) suggested ethyl chloride and vinyl chloride as the only 

reasonable possibilities. The behavior of diethylamine mixed with 

ethyl chloride was compared at room temperature with that of di- 

ethylamine mixed with vinyl chloride. No sufficiently rapid reaction 

was detected between diethylamine and vinyl chloride, whereas di- 

ethylamine and ethyl chloride gave a white precipitate within an hour 

after being mixed. Only a relatively small amount of the chlorine 

compound was ever collected. For example, when 3. 44 g of di- 

chlorobis(diethylamine)copper(II) was thermally decomposed, 0.042 g 

of the white precipitate was obtained. Since the volatile chlorine 

compound was only a transient product of a small side reaction, and 

was obtained only when the volatile materials were continually re- 

moved during the oxidation -reduction reaction, it was not further 

characterized. 

b. Dichlorobis (ethylamine)copper(II). The possibility that the 

primary amine complex, dichlorobis (ethylamine)copper(II), could 

also be induced to undergo oxidation- reduction at a lower tempera- 

ture in an open system than in a closed system was considered. A 

sample was heated in a Gouy tube at 100o C, while open to the 

vacuum line pumping system through a liquid nitrogen- cooled trap. 

The paramagnetic susceptibility decreased by eleven percent after 

one and one -half hour of treatment. Also, some discoloration of the 
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aqua colored complex was noted. In another study 0.473 g (2. 11 

millimole) was heated at 120° C for 6 hours while opened to the 

vacuum line pumping system. Its mole ratio was reduced to 1. 07: 

1. 00, with only a slight discoloration apparent. The mole ratio was 

further reduced to 0.95:1. 00 after an additional one -half hour of 

heating. At this mole ratio the complex visually appeared to have 

been completely decomposed. When a 4. 54 g (20. 0 millimole) sample 

was thermally decomposed at 150° C and then cooled to 0° C the 

system's immediate pressure was 190 mm. On standing, most of 

the gaseous material was reabsorbed by the residue, and 24 hours 

later the pressure was 4 mm at 0° C. The quantity of volatile 

materials that could be pumped off and trapped during the thermal 

decomposition of dichlorobis (ethylamine)copper(II) at 150° C was 

determined in duplicate. Volatile materials representing, by weight, 

53.9 percent and 55.7 percent of the original amount of ethylamine 

were removed. The nature of the removed materials, which had 

been completely condensed in the liquid nitrogen - cooled trap, was 

investigated. First the condensate was allowed to stand at 0° C for 

12 hours. A precipitate did not form in this time period. Subse- 

quently, the vapor pressure of the liquid was measured at several 

temperatures and was observed to be consistently higher than that of 

authentic ethylamine. For example, at -63. 5° C authentic ethylamine 

had a vapor pressure of 5. 5 mm, whereas the liquid mixture 
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exhibited a vapor pressure of 16 mm. When a portion of the volatile 

mixture was allowed to interact with glacial phosphoric acid it was 

completely absorbed. The only component of the mixture that ex- 

hibited a peak in vapor phase chromatography studies was ethyla- 

mine (retention time of 2. 1 minutes, 33° C, flow rate 80 cc /min). In 

order to isolate the elusive small impurity, the remaining volatile 

materials were separated by fractional condensation in a series of 

traps cooled to -84° C, -95° C, and -196° C. A small quantity was 

condensed in the -196° C and was transferred to a gas infrared cell. 

Its infrared spectrum was identical with that reported (54) for 

ammonia. 

4. Stoichiometry 

The stoichiometries of the oxidation -reduction reactions were 

determined by measuring the amount of undecomposed amine. 

a. Dichlorobis (diethylamine)copper(II). A O. 581 g (2. 07 milli - 

mole) sample of dichlorobis (diethylamine)copper(II) was transferred 

to a 3 neck 300 ml round bottom flask, fitted with a separatory fun- 

nel containing 20 percent sodium hydroxide, a nitrogen bleed, and 

a stopcock adapter permitting attachment and removal from the 

vacuum line. The complex was thermally decomposed while open to 

an isolated evacuated trap on the vacuum line, by being heated at 
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135o C for 20 minutes. Evolved materials were subsequently con- 

densed back onto the sample. Then the flask was connected to a 

distillation apparatus, which was pre -flushed with nitrogen gas. The 

sample was treated with sodium hydroxide, the mixture was heated 

to boiling, and diethylamine was distilled (in a stream of nitrogen 

gas) into 100 ml of standard 0. 1 M hydrochloric acid. This solution 

was back -titrated with standard 0. 1 M sodium hydroxide to the modi- 

fied methyl orange endpoint. In this manner, 3. 29 of the original 

4. 14 millimoles of diethylamine were recovered, while 0. 85 milli - 

moles of diethylamine were irreversibly oxidized in the reduction of 

2. 07 millimoles of copper(II). This is equivalent to the oxidation of 

0.41 moles of amine per mole of copper(II) reduced. In a repeat 

experiment, 0. 37 moles of diethylamine were found to be oxidized 

per mole of copper(II) reduced. 

b. Dichlorobis (ethylamine)copper(II). Stoichiometric studies 

on the oxidation - reduction reaction of dichlorobis (ethylamine)copper(II) 

by the techniques described in the previous section gave inconsistent 

results, necessitating an alternative method. A 0. 431 g (1.92 milli - 

mole) sample was transferred to a reaction assembly, modified by 

having a joint with a rotating side arm that contained a 20 -fold excess 

of pre - calcined calcium oxide powder. The sample was decomposed 

by being heated for one -half hour at 150° C. Afterwards, the 
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evolved volatile materials were condensed back onto the residue. 

Calcium oxide was then poured over the residue by rotating the side 

arm. The mixture was heated at 150o C for one -half hour, and the 

evolved ethylamine and some water were collected in a liquid nitrogen - 

cooled trap. The ethylamine (containing traces of ammonia) was 

separated from the water by selective condensation in the vacuum 

line. Then the ethylamine was transferred to agas weighing bulb. 

Weight of the undecomposed ethylamine was 0. 158 g, corresponding 

to 2.91 millimoles. In this experiment 0.93 millimoles of ethyla- 

mine were found oxidized per 1.92 millimoles of copper(II) reduced 

to copper(I). This is equivalent to 0.48 moles of amine oxidized 

per mole of copper(II) reduced. The determination was twice re- 

peated with results of 0.48 and 0. 45 moles of ethylamine oxidized 

per mole of copper(II) reduced being obtained. 

5. Nature of the Oxidation -Reduction Residues 

The residues from the thermal oxidation -reduction reactions of 

dichlorobis (diethylamine)copper(II) and dichlorobis(ethylamine) - 

copper(II) were studied by chemical tests, by molecular weight de- 

terminations, and by spectral techniques. These studies were per- 

formed on decomposed samples that had reabsorbed the evolved 

volatile materials. 
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a. Chemical Behavior. 

( 1) Dichlorobis (diethylamine)copper(II) 

(a) Tests with Various Solvents. The solid residue from 

the thermal decomposition of dichlorobis (diethylamine)copper(II) was 

insoluble in water, slightly soluble in ethanol, and soluble in hy- 

drochloric acid, and dimethyl sulfoxide. Although the residue was 

insoluble in water, a small fine white suspension was found in the 

water. This material was found qualitatively to include copper(I) 

and chloride. 

(b) Hydrolysis. By analogy with the oxidation -reduction 

process of dichlorobis(triethylamine) copper(II), ethylvinylamine was 

considered as a possible product of the oxidation of diethylamine. 

When hydrolyzed, ethylvinylamine would give ethylamine and ace- 

taldehyde. A freshly decomposed sample was hydrolyzed with de- 

oxygenated water. The supernatant liquid was removed after 12 

hours, and the more volatile components in it were separated by 

selective condensation in the high vacuum system. Constitution of 

the more volatile fraction was ascertained by vapor phase chromato- 

graphy, using a six foot column of 25 percent n- decanol on Chromo- 

sorb W. Besides water and diethylamine, only a trace of acetalde- 

hyde was detected, which exhibited the same retention time as au- 

thentic acetaldehyde (retention time of 48 seconds, 67° C, flow 

80 cc /min. 
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(c) Alkaline Hydrolysis. As mentioned above, ethylamine 

would be a product of the hydrolysis of ethylvinylamine. Also, it 

and triethylamine are possible products of an ethyl group rearrange- 

ment of diethylamine. Treatment of the residue with a strong base 

would liberate any volatile amine. A new decomposed sample was 

treated with 50 percent sodium hydroxide, by the method outlined 

below. In a nitrogen -filled dry box, the reaction assembly was in- 

verted into a beaker containing the sodium hydroxide. The stopcock 

of the reaction assembly was opened and sodium hydroxide was 

drawn into the assembly. When a sufficient quantity of base had 

entered, the stopcock was closed. The more volatile components 

were again separated by selective condensation in the high vacuum 

system. Only a trace of ethylamine was detected, along with di- 

ethylamine, by vapor phase chromatography. 

(d) Reaction with Diethylamine. The similarity, if any, 

of the interaction of diethylamine with the oxidation -reduction pro- 

duct to its interaction with diethylammonium dichlorocuprate(I) was 

studied. A 2. 05 g (7.32 millimole) sample of dichlorobis(diethyla - 

mine) copper(II) was thermally decomposed at 150° C. The product 

was cooled to -196° C and an excess of diethylamine was condensed 

in the reaction tube. The components were permitted to interact 

for 24 hours at room temperature. Diethylamine was removed at 

0° C in the course of isothermal pressure -composition measurements 
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on the system. The data are presented in Table IX and are graphi- 

cally shown in Figure 17. 

Table IX. 0o C pressure- composition data for redox product of 
CuCl2' 2Et2NH interacting with diethylamine. 

Molar Ratio 
Et2NH /CuC12 (original basis) 

Pressure 
mm 

4. 52 70. 0 

4. 06 69. 0 

3. 30 55. 0 

3. 17 33, 0 

3. 16 23. 1 

3. 11 18. 0 

3. 04 7. 0 

2. 88 4. 0 

2. 86 4. 0 

2.42 4. 0 

2. 35 4. 0 

2. 29 4. 0 

2. 25 2. 0 

2. 22 0. 9 

2. 19 0. 1 

2. 13 <0. 1 

2. 11 <0. 1 

(2) Dichlorobis (ethylamine)copper(II) 

(a) Tests with Various Solvents. The solubility of the oxi- 

dation- reduction product from the decomposition of 
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dichlorobis (ethylamine)copper(II) was similar to that in the case of 

the analogous secondary amine complex. 

(b) Hydrolysis. Volatile materials obtained from hydroly- 

sis experiments on the residue were shown by vapor phase chromato- 

graphy to consist only of ethylamine and water. In one experiment, 

3. 54 g of the residue was hydrolyzed with 10 ml of deoxygenated 

water. The supernatant liquid was decanted and filtered from the 

suspended residue. Approximately O. 5 g of solid p- nitrophenyl- 

hydrazine were added to 10 ml of ethanol plus 5 ml of the hydrolysis 

liquid; the solid dissolved when the mixture was heated to boiling. 

Since a precipitate did not form after the solution was cooled to room 

temperature, it was concluded that carbonyl compounds were not 

present in the hydrolysate, nor were their precursors (e. g. , 

enamines) present in the original residue. 

(c) Alkaline Hydrolysis. Volatile materials obtained from 

the alkaline hydrolysis, also, were shown by vapor phase chromato- 

graphy to consist of only ethylamine and water. 

(d) Reaction with Ethylamine. The oxidation -reduction 

product was allowed to interact with ethylamine and was compared 

with the ethylammonium dichlorocuprate(I) - ethylamine system. A 

0.915 g (6. 80 millimole) sample of the complex was decomposed at 

150° C. The residue was cooled to -196° C and an excess of 

ethylamine was condensed in the reaction assembly. The components 
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were allowed to interact for 24 hours at 00 C. In this time the 

residue dissolved completely. The excess of ethylamine was removed 

at 0o C and pressure -composition data were obtained. These data 

are listed in Table X and are graphically shown in Figure 18. 

Table X. 0o C pressure- composition data for redox product of 
CuCl2. 2EtNH2 interacting with ethylamine. 

Molar Ratio 
EtNH2 /CuCl2 (original basis) 

Pressure 
mm 

13. 2 

11.5 

10.6 

356 

346 

326 

8.95 308 

8. 26 280 

7.60 240 

6.71 218 

5. 82 203 

5. 52 191 

4.68 156 

4. 12 88. 0 

3. 94 60. 0 

3.72 40.0 

3. 52 26. 0 

3. 48 25. 0 

3. 11 24. 0 

2.92 16. 0 

2. 82 15. 0 

2.48 15. 0 

2. 48 15. 0 

2. 16 < 0. 1 

2. 14 < 0. 1 
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6. Molecular Weight Determinations 

The low volatility of the organic oxidation products at elevated 

temperatures and their chemical behavior suggested that they were 

polymeric materials. Their approximate molecular weights were 

determined by viscosity measurements. 

In order to determine the molecular weight of only the organic 

portion of the oxidation -reduction products, removal of copper was 

attempted. When a dimethyl sulfoxide solution of the residue was 

mixed with an equal volume of water, a fine tan precipitate was 

formed. This solid was shown qualitatively to contain a large amount 

of copper. This dissolution- precipitation process was repeated 

several times, which did not suffice to give a product with less cop- 

per content. The original residue was also found to be soluble in 

dilute hydrochloric acid. By the addition of sodium hydroxide a fine 

tan precipitate was again isolated. This precipitate also contained 

a large quantity of bound copper. Continued treatment of the resi- 

due did not give a product of appreciably less copper content. 

In one determination, 9. 569 g (34. 21 millimole) of dichlorobis- 

(diethylamine)copper(II) was thermally decomposed at 1500 C. The 

product was dissolved in 5 ml of 6 M hydrochloric acid, in a nitrogen - 

filled dry box. Addition of ca.35 ml of 1 M sodium hydroxide gave 

a tan precipitate. This product was twice washed with deoxygenated 
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water and then dried overnight in a vacuum desiccator over phos- 

phorus(V) oxide. Similarly, 2. 645 g (11. 73 millimole) of dichlorbis- 

(ethylamine)copper(II) was decomposed and chemically treated. 

Viscosites of solutions in dimethyl sulfoxide were measured at 

30o C using Ostwald viscosimeters. The data are listed in Table XI. 

Table XI. Viscosity data of DMSO solutions at 30° C. 

Viscometer 
Number 

Conc. 
g/ 100 ml 

Time in Seconds 
Solution Solvent nsp /C nsp 

CuC12- 2Et2NH 

3 0. 585 130. 2 125. 8 0. 035 0. 059 

1 0. 293 176. 7 172. 9 0. 024 0. 083 

2 0. 146 269. 8 266. 1 0. 015 0. 103 

CuC12 2EtNH2 

3 1.058 128.4 125.8 0.056 0.019 

3 0.529 128.0 125.8 0.017 0.032 

4 0. 265 174.0 172. 0 0. 013 0. 049 

5 0. 132 274. 2 272. 6 0. 008 0. 061 

At constant temperature, the specific viscosity, n , may be 
sp 

calculated from the following relationship 

n = (n/no - 1) = (t/to - 1) sp 

where n is the viscosity of the solution and no is the viscosity of the 

solvent, and t and to are their flow times measured in the same 

o 0 
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viscometer. Molecular weights were determined from the intrinsic 

viscosity, (n), by using the Staudinger equation (82) 

(n) = Lim. n /C = KM 
a 

sp 

C -0 

where C is the concentration of solutions in g per 100 ml, and K and 

a are empirical constants whose selection depend upon the nature of 

the polymer. The values used, 3. 18 x 10 -4 for K and 0.65 for a, 

are those used in previous work on the oxidation product of triethyla- 

mine (84). These values were originally suggested by Professor 

Carl S. Marvel for polymers of this type. 

7. Infrared Spectra 

Samples of the oxidation -reduction residues were smeared be- 

tween two sodium chloride discs and their infrared spectra were re- 

corded in the range of 4000 cm-1 to 600 cm -1. The spectra are 

recorded in Tables XXIII and XXIV. 

, 
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V. RESULTS 

A. Copper(I) Chloride -Amine Complexes 

1. Introduction 

Complexes formed in the copper(I) chloride -amine systems 

were of interest not only in their own right, but also as potential 

products of the oxidation - reduction reactions of the copper(II) 

chloride -amine systems. An understanding of the detailed nature of 

the copper(I) chloride -amine systems should provide an insight to 

the oxidation- reduction mechanism. 

The term "neutral complexes" in this context will refer to com- 

plexes between copper(I) chloride and unprotonated amines. The 

term "anionic complexes" will designate complexes formulated as 

containing copper(I) in a chlorocuprate(I) anion, perhaps with amine 

as well as chloride coordinated to copper. The cation present will 

be the protonated amine, i. e. , a substituted ammonium ion. 

2. Neutral Complexes 

a. Copper(I) Chloride -Ethylamine System. An isothermal study 

of the copper(I) chloride - ethylamine system disclosed the existence 

of three complexes with mole ratios of 3:1, 2:1, and 1:1, having 

respective equilibrium pressures of 88, 15, and <O. 1 mm at 0o C. 
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The 0° C isotherm for this system is shown in Figure 3. All the 

complexes formed in this system were'white crystalline solids, and 

appreciable lattice expansion occurred upon their formation. 

Copper(I) chloride was not appreciably soluble in an 11.4 molar 

excess of ethylamine at the amine's boiling point. No non -reactive 

solvent could be found in which the complexes with 2:1 or 1: 1 mole 

stoichiometries were sufficiently soluble to permit molecular weight 

determinations. The complex with a 3: 1 mole ratio had too large a 

dissociation pressure in the range 0° C to room temperature to per- 

mit its manipulation. Hence, determination of its molecular weight 

was not attempted. 

The asymmetric and symmetric nitrogen- hydrogen stretching 

frequencies of ethylamine were significantly reduced upon coordina- 

tion to copper(I) chloride. These data are given in Table XII. An 

Table XII. Asymmetric and symmetric N -H stretching frequencies 
for free and coordinated ethylamine. 

Asymmetric Frequency Symmetric Frequency 
Species cm° 1 cm -1 

EtNH2 

CuCl 2EtNH2 

CuCl EtNH2 

3367 

3260, 

3200 

3240 

3289 

3150 

3120 

analysis of the infrared spectra of the complexes with 2: 1 and 1: 1 

mole ratios confirmed that aminolysis products were absent. The 
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RNH3 absorption multiplet present in the infrared spectrum of 

ethylammonium chloride near 2400 cm-1 was absent in the spectra 

of the neutral complexes. Furthermore the resolution of sharp 

nitrogen -hydrogen stretching modes, as were seen in the spectra of 

these complexes, is not characteristic of an aminolysis product (5). 

b. Copper(I) Chloride -Diethylamine System. The pressure- 

composition 0° C isotherm of the copper(I) chloride - diethylamine 

system is graphically presented in Figure 4. The sharp breaks in 

the isotherm at mole ratios of 2: 1 and 1:1 indicate the presence of 

two complexes. Their equilibrium pressures are 4 mm and <0. 1 mm 

at 0° C, respectively. Both complexes were white crystalline solids 

and about three times more voluminous than the sample of copper(I) 

chloride from which they were prepared. Undoubtedly considerable 

lattice reorganization occurred when the lattice of copper(I) chloride 

was penetrated by the diethylamine. 

Copper(I) chloride was observed to dissolve at a slow rate but to 

an appreciable extent in diethylamine. This system exhibited a 

large thermal coefficient of solubility near 25° C and the solubility 

data are reported in Table XIII. When the solution was cooled 

slightly below 25° C, a white crystalline material was deposited. 

This solid product was separated from the supernatant diethylamine 

by filtration performed in a dry box filled with dry nitrogen gas. 
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Table XIII. Solubility data for copper(I) chloride in diethylamine. 

Temperature Solubility 
0o C g CuCl° 2Et2NH /100 g Et2NH 

31. 0 

21. 0 

0. 0 

6. 7 

1. 5 

0. 7 

The solid was washed with petroleum ether and dried in a stream of 

nitrogen gas. A sample was taken for analysis, and was found to be 

the 2:1 complex. Anal. Calcd. for CuCl 2(C2H5)2NH: Cu 26.0 per- 

cent; Cl 14. 5 percent; (C2H5)2NH 59. 7 percent. Found: Cu 25. 8 per- 

cent; Cl 14. 9 percent; (C2H5) 2NH 60. 3 percent. The molecular 

weight of this complex (formula weight 245) was cryoscopically de- 

termined in nitrobenzene. The results of tripulicate determination 

were 478, 488, and 478, giving an average of 481. 

An investigation to obtain information about the nature of the solute 

species was undertaken. Several experimental observations indi- 

cated the lack of aminolysis in this system. A 0. 04 molar solution 

of copper(I) chloride in diethylamine showed negligible conductance. 

When such a solution was treated with sodium metal, the rate of 

hydrogen evolution resembled that of pure diethylamine interacting 

with sodium metal. This rate was far less than when a suspension 

of diethylammonium chloride in diethylamine was similarly treated. 
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The infrared spectrum of 4. 5 percent solution of copper(I) chloride 

in diethylamine was identical with that of the pure solvent; no shift 

in the nitrogen -hydrogen stretching frequency of 3280 cm -1 was 

detected. Further evidence of the lack of aminolysis was the absence 

of the NHZ deformation vibrational mode, which is found at 1587 cm -1 

in the infrared spectrum of diethylammonium chloride. 

Since copper(I) chloride was appreciably soluble in diethylamine, 

the molecular weight of the solute species could be determined from 

the lowering of the vapor pressure as a function of concentration. 

The measurements were made at 28o C. The molecular weight of 

the dissolved species was calculated assuming ideal behavior, and 

using Raoult's law. The decrease in vapor pressure, &P, of a solu- 

tion relative to the pure solvent's vapor pressure, Po, may be ex- 

pressed by the relationship 

w2/M2 
LP/P = 

o w2/M2 + w /M 
1 1 

' 

where the mole fraction of the solvent (1) and solute (2) are given in 

terms of their weights (w) and molecular weights (M). The results 

of tripulicate determinations of the molecular weight of the solute 

species were 400, 404, and 360 giving an average value of 388. 

Copper(I) chloride has a formula weight of 99. 0. 

- 
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3. Anionic Complexes 

a. Ethylammonium Dichlorocuprate(I) -Ethylamine System. The 

existence of three definite reaction products, with mole ratios of 

3:1, 2:1, and 1:1, was disclosed in the 0° C isothermal pressure - 

composition study of the ethylammonium dichlorocuprate(I) - 

ethylamine system. The isotherm plot is presented in Figure 5. 

Species with mole ratios of 3:1 and 2:1 were colorless viscous liquids 

whereas the final 1: 1 product was a white crystalline material. The 

liquid species with a 2:1 mole stoichiometry could alternatively be 

prepared by melting at 100° C an intimate mixture of equal mole 

quantities (0.70 millimole) of ethylammonium chloride and the 2: 1 

neutral complex. None of the melt solidified at 25° C, although a 

small portion solidified at 0° C. Because of the high dissociation 

pressure of the 3: 1 neutral complex, a similar preparation of the 

anionic 3 :1 liquid species was not pursued. The existence of the 

equilibrium 
O-V 

EtNH3(CuC12. 2EtNH2)(liq) 
15 mm 

EtNH2(g) + EtNH3C1 CuCl EtNH2 

was confirmed. An excess of ethylamine and the product of 1:1 mole 

ratio were allowed to interact at 0° C and over a period of 10 days 

the mixture gradually transformed into a viscous colorless liquid. 

The solid product of apparent 1:1 mole ratio is written in the form 

EtNH3. CuCl EtNH2. since x -ray evidence indicates that it is not an 
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anionic complex. Its true nature will be discussed in Section VI B. 

b. Diethylammonium Dichlorocuprate(I) -Diethylamine System. 

The 0o C isothermal pressure- composition phase diagram of the 

diethylammonium dichlorocuprate(I) - diethylamine system is graphi- 

cally represented in Figure 6. A sharp decrease in the pressure at 

a mole ratio of two indicates the interaction of two moles of diethyla- 

mine with one mole of diethylammonium dichlorocuprate(I). The 

product obtained at this mole ratio was a white crystalline solid. 

Upon the removal of diethylamine vapor from this solid, at an equili- 

brium pressure of 5 mm at 0o C, until the mole ratio was reduced 

to one, a non - volatile viscous light brown liquid was obtained. In- 

terestingly, when the non -volatile liquid was allowed to interact 

with an excess of diethylamine, a white crystalline material was 

again formed, verifying the existence of the equilibrium 
o 

m Et 
2 
NH 

2 
(CuC1 

2 
- 2Et 

2 
NH) (c) 0 = C Et 

2 
NH 

(g) 
+ Et 

2 
NH 

2 
(CuCl 

2 
Et H) . 

(liq) 
. 

5 m 

The non - volatile liquid was also prepared by intimately mixing 

equivalent quantities of diethylammonium chloride and the 1:1 neutral 

complex. 

Et NH C1 + 1 /4( CuCl Et NH) NH (CuC1 Et NH) 
2 2 2 4 2 2 2 2 (liq) 

The proton nuclear magnetic resonance spectrum of the viscous 

liquid is compared with that of diethylamine and diethylammonium 

chloride (20 percent in ethanol) in Figure 7. Unfortunately, the 

I' 
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spectrum of the anionic complex showed broad absorptions without 

resolution of multiplets, at (p. p. m. relative to external tetramethyl- 

silane) : 1. 53 (CH3) , 3. 18 (CH2) , and 6. 64 (NH) , with integrated in- 

tensities of 12. 2 : 8. 1 : 3.0. Either rapid proton exchange or vis- 

cosity broadening (or both) may have been responsible for the in- 

ability to demonstrate the presence of two structurally different di- 

ethylamine units, one protonated and the other coordinated to 

copper(I) . 

4. Amine Hydrochloride -Amine Systems. 

The amine hydrochloride -amine systems were investigated since 

in the analogous ammonium chloride- ammonia system the formation 

of a definite complex, at low temperatures, has been reported (43). 

No such interactions were noted in 0o C isothermal pressure- 

composition studies on the two systems. Diethylammonium chloride 

was only slightly soluble in diethylamine, and the conductivity of 

such a solution was negligible, agreeing with the report of Elsey (29). 

In contrast, ethylammonium chloride was very soluble in ethylamine. 

At Oo C the solubility was approximately 14 molar. 

5. Thermodynamic Functions for Dissociation Processes 

Several of the neutral complexes formed in the copper(I) chloride- 

amine systems had appreciable dissociation pressures. These are 
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given as a function of temperature in Table XIV. 

The method of calculating the thermodynamic functions for the 

dissociative processes was as follows: the log P and 1/T data for 

the equilibrium 

CuCl n Amine (condensed (condensed (n- 1) amine + 
(condensed (condensed phase) (condensed phase) 

Amine(g) , 

were fitted to the linear function log P = A/T + B. The values of the 

Table XIV. Equilibrium dissociation pressures for neutral copper(I) 
chloride -amine complexes. 

Complex 
Temperature 

o 
Pressure 

mm 

CuCl 3EtNH2 log P = 
2086. 33 + 9. 589185 . 

-22. 9 

0. 0 

26. 8 

CuCl 2EtNH2 log P = - 29T6.08 

CuCl 2Et2NH 

0. 0 

28. 5 

34. 0 

18. 0 

88. 5 

432. 0 

+ 12. 12009 

15. 0 

124.6 

248. 0 

3442. 47 
log P = - + 13. 21810 

0. 0 

25. 0 

29. 7 

4. 1 

35. 9 

50. 8 

constants were determined by the method of least squares (89). Using 

-11. - CuCl- 

- 
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the Clausius - Clapeyron equation in the form 

log P = 
2. 3026RT + constant, 

H for the process written above was determined from the constant 

A. It is assumed that this A is constant over the temperature 

range studied. This AH for the process as written differs from AH° 

for the standard state process by [).H , vap the latent heat of vaporiza- 

tion of the amine. This quantity was evaluated by a similar analysis 

of the Clausius -Clapeyron equation for the vaporization process of 

the pure amine. A least squares treatment of the vapor pressure - 

temperature data for the amine, using both literature and current 

experimental data, was performed. The amine vapor pressure data 

are given in Section IV A. 

The AH term is equivalent to the term AH re action (with the 

sign reversed) in the equation 

AHc 
= 

AHreaction 
- (U2 - U1) - 

AHvap 

given on page 18. 

F° was calculated from the relationship 

0 L F = - RTln(Pcomplex/Pamine) . 

A S° was obtained from the relationship 

4S o . H° - A F° 
T 

The calculated values for A F°, A H°, and A S° are listed in 

A 

= 

vap 
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Table XV. The calculated thermodynamic values for the dissociative 

processes in the copper(I) chloride- ethylamine system shown in 

Table XV are based upon monomeric complex species as the molar 

quantities. In the absence of molecular weight data, the processes 

cannot be written to show any more specific molecular species. 

Table XV. Thermodynamic quantities for dissociative processes in 
copper(I) chloride -amine systems. 

Temperature 
o 

A F° LO H° C S° 
kcal /mole kcal /mole kcal /mole 

CuCl 2Et2NH - Et2NH + CuCl. Et2NH 

25.0 0. 956 7. 85 23. 1 

Writing the above process to show the dimeric nature of the 2: 1 

complex and the tetrameric nature of 1:1 complex: 

2(CuCI 2Et2NH) --4Et2NH + (CuCl Et2NH)4 

25.0 3.82 

CuCl 3EtNH2 -- EtNH2 + CuCl 2EtNH2 

0.0 0.77 

CuCl' 2EtNH2 -- EtNH2 + CuCl EtNH2 

0. 0 1.74 

31.4 92.4 

2.49 6. 3 

6.65 18.0 

6. X -ray Powder Diffraction Patterns of Copper(I) Complexes 

X -ray powder diffraction patterns were recorded for several 

products formed in the copper(I) chloride -amine systems. The data 

C 
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are listed in Table XVI. 

Table XVI. X -ray powder diffraction patterns for alkylammonium 
chlorides and copper(I) chloride -amine complexes. 

d Intensity 1 d Intensity d Intensity 

Et2NH2C1 

7.37 m 3.34 m 2.26 w 

6.57 s 3. 17 m 2.03 b-w 

4.80 w 2.90 vw 1.82 vw 

4.07 m 2.62 w 1.73 vw 

3. 68 s 2. 44 w 

Et2NH2CuCl2 2Et2NH 

10. 18 m 4. 14 w 2.80 w 

8.80 m 3.91 s 2.58 w 

7.92 s 3.64 m 2.31 b-w 

7.27 s 3.48 m 2. 10 b-w 

6.41 s 3.28 m 1.99 vw 

5.69 w 3.08 m 1.85 vw 

5.08 w 2.98 w 

4. 51 m 

CuCl 2Et2NH 

7.49 m 3.23 s 2. 19 w 

6.58 s 2.98 m 2.00 w 

3.79 b-m 2.70 m 1.86 vw 

3.75 m 2.48 s 1.61 vw 

3. 56 w 2. 33 m 
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Table XVI. (cont.) 

d Intensity 1 d Intensity d Intensity 

EtNH3C1 

9. 17 m 3. 18 s 2. 15 w 

8. 31 s 3. 02 m 1. 98 w 

4. 57 w 2. 96 s 1.88 w 

4. 24 m 2. 81 vw 1. 80 m 

4. 08 m 2.73 s 1. 70 w 

3. 98 s 2. 65 s 1. 62 w 

3. 73 s 2.41 s 

3. 38 s 2. 35 m 

EtNH3C1 CuCI EtNH2 

9.44 s 3. 16 s 2. 05 w 

8. 23 w 2. 99 m 2. 02 vw 

5. 69 vw 2. 84 s 1. 88 b-w 

5. 14 w 2.73 m 1.80 b-w 

4. 65 s 2. 64 w 1.75 vw 

4. 24 w 2. 43 m 1. 69 b-w 

3. 80 s 2. 35 m 1. 57 b-w 

3. 61 m 2. 27 w 

3. 32 m 2. 13 m 

CuCl EtNH2 

10. 58 m 3.17 s 2. 12 w 

9. 58 s 2. 95 w 2. 04 w 

5. 15 w 2. 84 s 2. 01 w 

4. 66 s 2. 72 m 1. 90 b-w 

4.23 w 2. 43 m 1. 81 b-w 
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Table XVI. (cont.) 

d Intensity' d Intensity d Intensity 

3. 97 

3. 78 

3. 59 

w 

s 

s 

CuCl EtNH2 ( cont. ) 

2.35 m 1.70 b-w 

2.27 m 1.58 b-w 

'Intensity symbols: 

s -sharp w -weak b-broad 
m- medium vw -very weak 

B. Copper(II) Chloride -Amine Complexes 

1. Copper(II) Chloride -Ethylamine System 

The existence of complexes having mole ratios of 6:1, 5:1, 4:1, 

and 2:1 was disclosed in the 0° C isothermal pressure -composition 

study of the copper(II) chloride - ethylamine system. In endeavoring 

to confirm the formation of a previously reported 3 1/3:1 complex 

(78) in this system, similar studies at 25° C and 50° C were also 

carried out. The isotherms are plotted in Figure 8. They prove 

that no 3 1/3:1 complex exists in this system within the temperature 

range studied. The ethylamine complexes of copper(II) chloride 

were all voluminous crystalline solids, either dark blue (complexes 

of mole ratios higher than 2:1), or aqua - colored (2 :1 complex). The 

2:1 complex had a negligible dissociation pressure at room tempera- 

ture; the substantial dissociation pressures of the 6: 1 and 5: 1 
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complexes precluded their manipulation and study. Limited mea- 

surements were made on the 4:1 complex. 

When exposed to the atmosphere, the dark blue dichlorotetrakis- 

(ethylamine)copper(II) was gradually transformed into an aqua -colored 

solid, resembling dichlorobis( ethylamine)copper(II). Dichlorobis- 

(ethylamine)copper(II) was itself stable at room temperature to the 

atmosphere. However, it was decomposed by water. The solubility 

behavior of the 2: 1 complex was as follows: insoluble in benzene, 

ethanol, and ethylamine; slightly soluble in dioxane (aqua), acetone 

(green), and nitrobenzene (light -blue); soluble in dimethylformamide 

(deep -green) and tetrahydrofuran (light -blue). The solubilities were 

not adequate to allow molecular weight determinations. 

Aside from shifts in the nitrogen- hydrogen stretching frequencies, 

the infrared spectra of the 4: 1 and 2 :1 complexes resembled that of 

free ethylamine. The ethylamine molecules in dichlorotetrakis- 

(ethylamine)copper(II) were not all equivalently coordinated, as evi- 

denced by the presence of three absorption bands in the nitrogen - 

hydrogen stretching region. The data are listed in Table XVII. 

Resolution of the structure corresponding to the nitrogen- hydrogen 

symmetric and asymmetric stretching modes attested to the absence 

of aminolysis, since the nitrogen- hydrogen absorption in the ethyla- 

mmonium ion is very broad. 

The magnetic moment of dichlorobis (ethylamine)copper(II) was 
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Table XVII. Nitrogen- hydrogen stretching frequencies for free and 
coordinated ethylamine. 

Species 
Asymmetric Frequency Symmetric Frequency 

cm -1 cm -1 

EtNH2 3367 3289 

CuC12.4EtNH2 3367, 3258 3155 

CuC12. 2EtNH2 3226 3154 

calculated from bulk magnetic susceptibility measurements to be 

1. 76 B. M. at room temperature. Similarly, the magnetic moment 

of dichlorotetrakis (ethylamine)copper(II) was found to be 1.71 B. M. 

That this value was slightly below the spin -only magnetic moment of 

1. 73 B. M. probably was not indicative of any magnetic abnormality, 

but should be attributed to errors arising from the poor packing 

qualities of the powder. In Figure 9 is given the electron paramag- 

netic resonance spectrum of dichlorobis (ethylamine)copper(II). The 

anisotropy in the g factor could be resolved into three components, 

g1 = 2.025, g2 = 2.094, g3 = 2. 243. 

2. Copper(II) Chloride -Diethylamine System 

The pressure- composition 0o C isotherm for the copper(II) 

chloride - diethylamine system is reproduced in Figure 10. Formation 

of a single complex, dichlorobis(diethylamine) copper(II) , was denoted 

by the sharp decrease in the equilibrium pressure of the system at 
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a mole ratio of 2:1. Dichlorobis(diethylamine) copper(II) was a purple 

crystalline solid, approximately ten -fold more voluminous than the 

original quantity of copper(II) chloride. At room temperature, the 

dissociation pressure of the complex was negligible. The pressure 

slowly increased to 4 mm at 100e C. An irreversible decomposition 

reaction ensued at higher temperatures. 

Dichlorobis (diethylamine)copper(II) was stable to dry air at 

room temperature and was slowly transformed into a blue gelatinous 

mass by water. Dissolution of the complex was accompanied by a 

color change in several solvents as follows: slightly soluble in 

nitromethane (green), soluble in glyme (blue), and soluble in di- 

methyl sulfoxide (yellow). Purple- colored solutions were obtained 

with the solvents dioxane, tetrahydrofuran, and diethylamine. The 

solubilities were not sufficient to permit molecular weight determina- 

tions. 

The nitrogen- hydrogen stretching frequency of .3280 cm -1 of 

free diethylamine was shifted to 3226 cm -1 upon coordination to 

copper(II) chloride. In other aspects the infrared spectrum of di- 

chlorobis (diethylamine)copper(II) was similar to that of diethylamine. 

Additional evidence against the occurrence of aminolysis was obtained 

by treating a diethylamine solution of the complex with sodium. The 

rate of hydrogen evolution resembled that of the pure solvent and 

was considerably less than when a suspension of diethylammonium 
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chloride in diethylamine was similarly treated. 

Electron paramagnetic resonance studies revealed an anisotropy 

in the g factor of dichlorobis (diethylamine)copper(II). The observed 

values were g = 2. 028 and gl = 2. 196. This spectrum is presented 

in Figure 11. The magnetic moment of the complex was found, from 

bulk magnetic susceptibility measurements, to be 1.81B. M. at room 

temperature. 

3. Molar Conductivities 

The molar conductivities of dichlorobis (diethylamine)copper(II), 

dichlorobis(ethylamine) copper(II) , and dichlorotetrakis(ethylamine) - 

copper(II) , were determined at 25° C in nitrobenzene and in tetra- 

hydrofuran. Tetraalkylammonium iodide salts were selected as 

comparative examples of typical 1:1 electrolytes. These data are 

presented in Table XVIII. The specific conductances of the solvents 

were below the lower limit of the equipment (4 x 10 -8 mhos cm -1), 

in agreement with literature values (63). 

4. Far Infrared Spectra of Copper(II) Chloride -Amine Complexes 

In an attempt qualitatively to designate structures for the coppex(1L) 

chloride -amine complexes, their infrared spectra in the region 460 

cm-1 to 140 cm-1 were recorded. Unfortunately, the region of 

560 cm-1 to 460 cm-1 was obscured by absorptions by the polyethylene 
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Table XVIII. Molar conductance of copper(II) chloride -amine com- 
plexes at 25° C. 

Species 
Nitrobenzene 1 Tetrahydrofuran 
C. Cond. C. Cond. 

CuC12. 2Et2NH 8. 26 3. 50 25. 3 0. 019 

CuC12. 2EtNH2 7.98 0. 50 22. 9 0. 035 

CuC12. 4EtNH2 6.92 0. 58 17.4 0. 078 

Et4NI 80.2 17.0 

Bu4NI 19.5 1. 78 

1C. - concentration in moles /lite rx 104 
Cond. - conductance in mhos cm /mole 

cell. The spectral data are given in Table XIX. Absorptions as- 

cribed to metal -ligand vibrational modes are commonly observed in 

the far infrared region. An interesting resemblance was found be- 

tween the spectra of dichlorobis (ethylamine)copper(II) and dichloro- 

diamminecopper(II). Both complexes had two peaks of comparable 

shape and position in the region 265 cm -1 to 180 cm -1. The similari- 

ties in these two peaks does suggest that they may be attributed to 

copper - chloride vibrational modes in similar type of structures. 

5. Magnetic Susceptibility Data and Weiss Temperatures 

The magnetic susceptibilities of dichlorobis(diethylamine)- 

copper(II) and dichlorobis (ethylamine)copper(II) were determined at 
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Table XIX. Far infrared vibrational frequencies of copper(II) 
chloride -amine complexes. 

Complex 
Vibrational Frequencies 

cm° 1 

CuC12. 2NH3 

CuC12. 2EtNH2 

CuC12 2Et2NH 

260, 185 

313, 263, 250 (sh), 186 

323, 295, 200 

three points in the range 84° K to 298° K. The data are given in 

Table XX. By extrapolation of plots of the reciprocal of the corrected 

molar susceptibility as a function of absolute temperature, the Weiss 

temperatures were obtained. These plots are shown in Figure 12. 

Weiss temperatures of -8° and -9°, respectively, were found for the 

ethylamine and diethylamine complexes. Such values are character- 

istic of copper(II) complexes (34). 

Table XX. Magnetic susceptibility data. 

Complex 
Temgerature Magnetic Susceptibility (corrected) 

K c. g. s. units x 106 

CuC12.2Et2NH 294 1394 
196 2091 
85 4402 

CuC12.2EtNH2 298 1296 
196 2004 
84 4085 

CuC12 4EtNH2 298 1214 
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6. The Electronic Spectra of Copper(II) Chloride -Amine Complexes 

The reflectance and, in some cases, the solution spectra of 

copper(II) chloride -amine complexes prepared in this study were re- 

corded. 

The electronic spectra of the complexes consisted of a visible 

absorption band, ascribed to metal d -d transitions, and a more in- 

tense band in the ultraviolet region, attributed to charge transfer 

absorptions. Probably all the visible bands contained more than one 

d -d transition. The reflectance spectra of the complexes are pre- 

sented in Figures 13 to 16. The spectrum of dichlorobis(diethyla- 

mine)copper(II), Figure 13, had an unsymmetrical band with an ab- 

sorption maximum at 530 mmµ and a charge transfer band at 335 mmp. 

The reflectance spectra of the 4:1 and 2: 1 copper(II) chloride - 

ethylamine complexes were alike, as is apparent from Figure 14. In 

the spectrum of dichlorobis (ethylamine)copper(II) the d -d transition 

band was relatively symmetrical, with an absorption maximum at 

660 mmµ. The charge transfer maximum was at 336 mmµ. Analo- 

gous absorption maxima were at 640 mmµ and 315 mmµ in the 

spectrum of dichlorotetrakis (ethylamine)copper(II). The d -d ab- 

sorption maxima of the above three complexes were shifted towards 

the red spectral region by solvent interactions. However, the shapes 

of the bands were not appreciably perturbed, so that the shifts in the 
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maxima does not suggest major structural rearrangements. 

The reflectance spectra of dichlorobis (triethylamine)copper(II) 

and of dichlorodiamminecopper(II) are shown in Figures 15 and 16. 

The reflectance spectrum of the triethylamine complex in the ultra- 

violet and visible regions was reported previously by Weiss (84), who 

used a Beckman DU spectrophotometer. The visible and near infra- 

red spectra have been restudied in the present work using the broader 

range Beckman DK -2 instrument to permit intercomparisons among 

all the complexes. A broad d -d absorption band, with an absorption 

maximum at 771 mmµ, was found in the spectrum of the triethyla- 

mine complex. In contrast, the d -d transition band of dichlorodiam- 

minecopper(II) was sharper and relatively symmetrical. Its maxi- 

mum was at 689 mmµ. 

The spectral data, reflectance and solution, for all the complexes 

are presented in Table XXI. 

7. X -ray Powder Diffraction Patterns of Copper(II) Chloride -Amine 
Complexes 

X -ray powder diffraction patterns were recorded of several of 

the copper(II) chloride -amine complexes. The d- spacings are listed 

in Table XXII. 

- 



Table XXI. Spectral data of copper(II) chloride -amine complexes. 

Reflectance 
Max. mmµ 

Tetrahydrofuran Dimethylformamide Diethyl amine 
C. 1 Max.2 E. C. Max. E. C. Max. E. 

CuCl2. 2Et2NH 

530 3.80 540 98 1.45 570 116 

335 0.0536 291 1640 0. 145 290 6680 

CuC12. 2EtNH2 

660 2.49 680 133 4.92 720 149 

336 0. 149 291 5300 0.246 290 125 

CuC12. 4EtNH2 

640 1.79 660 140 3.94 720 175 

315 0. 107 290 5980 0. 197 284 4720 

CuC12. 2Et3N 

771 

CuCl2. 2NH3 

689 

346 
1C. - concentration in moles /liter x 103 
2Max. - absorption maximum in mmp, 
3E. - extinction coefficient 
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Table XXII. X -ray powder diffraction patterns of copper(II) chloride - 
amine complexes. 

d Intensity 1 d Intensity d Intensity 

CuC12. 2NH3 

3.89 m 2.26 m 1.76 b-s 

3.06 m 2. 16 m 1.59 b-w 

2.77 s 1.97 s 1.38 w 

CuC12. 4EtNH2 

8. 31 s 2.91 m 1.91 m 

5.68 w 2.78 s 1.80 w 

3.86 s 2.54 w 1.75 w 

3.37 w 2.34 s 1.45 vw 

3.05 m 2. 11 m 1.41 vw 

CuC12. 2EtNH2 

5.92 w 3.09 s 1.98 vw 

5.28 s 2.79 s 1.89 w 

4. 16 s 2.59 vw 1.79 w 

3.82 vw 2.27 m 1.68 vw 

3.62 m 2.25 w 1.59 vw 

3.43 m 2. 17 vw 1.52 w 

3.27 m 2.07 m 

CuC12. 2Et2 NH 

7.30 m 3.23 s 2.05 w 

6.51 b-s 2.92 m 1.93 w 

4.81 2.70 w 1.85 w 

4.57 m 2.55 w 1.79 w 

4. 19 w 2.44 m 1.70 vw 

m 
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Table XXII. (cont.) 

d Intensity' d Intensity d Intensity 

3.90 

3.76 

3. 56 

w 

w 

m 

CuC12- 2Et2NH (cont.) 

2.36 vw 1.62 

2.26 m 1.56 

2. 15 w 

w 

vw 

'Intensity symbols: s - sharp w - weak 
m - medium vw - very weak 

b - broad 

C. Internal Oxidation -Reduction Reactions 
of the Copper(II) Complexes 

1. Mechanism 

Results of the studies on the oxidation- reduction mechanism and 

environmental influences promoting the reactions are presented in 

this section. 

a. Dichlorobis(diethylamine)copper(II). Dichlorobis(diethyla- 

mine) copper(II) was indefinitely stable in a small sealed tube at 

100° C. At 134 -135° C, the purple complex, in the sealed tube, was 

readily decomposed, forming a red tar -like residue, which was com- 

pletely diamagnetic. The minimum temperature required for the 

oxidation- reduction reaction to proceed rapidly was found to depend 

on the volume of the vapor space above the solid complex. When a 

sample of the complex was heated in a vacuum line trap connected 

to a manometer, instead of in a small sealed tube, irreversible 
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decomposition was apparent after half an hour in the range 100- 

120o C. The complex could be induced to undergo the characteristic 

oxidation -reduction reaction at 100o C by the continual removal of 

diethylamine at a pressure of 4 mm. When diethylamine was slowly 

removed at an even lower pressure at 770 C, the complex was gradu- 

ally transformed into a brown tar -like residue. Approximately one 

diethylamine ligand could be removed before any oxidative decom- 

position was visibly apparent in either experiment. This influence 

of the removal of diethylamine from the complex on the oxidation - 

reduction reaction was also demonstrated by an experiment in which 

a sample was stored over sulfuric acid in a vacuum desiccator for 

six months at room temperature. The change in composition after 

this time period corresponded very roughly to the loss of one -half 

of the amine content and the infrared spectrum gave evidence for 

the presence of the organic oxidation product. Also, when the origi- 

nal complex was rapidly decomposed at 1400 C, an amount of di- 

ethylamine corresponding to half that present in the complex was 

collected in a trap cooled to -196° C. 

The transformation of dichlorobis (diethylamine)copper(II) into 

the tar -like residue was always simultaneously accompanied by the 

reduction of copper from a divalent oxidation state to an univalent 

state. There was no evidence for the presence of intermediates in 

the oxidation -reduction reaction of the kind previously reported in 
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case of dichlorobis (triethylamine)copper(II). 

A small amount of volatile chlorine compound was obtained when 

diethylamine was continually removed during the oxidation- reduction 

reaction. The limited evidence suggested strongly that it was ethyl 

chloride, arising from a minor side -reaction. 

In duplicate determinations 0.41 and O. 37 moles of diethylamine 

were found to be oxidized for each mole of copper reduced from a 

divalent oxidation state to an univalent state. In view of the experi- 

mental uncertainties in this measurement, and the evidence for the 

occurrence of side -reactions, these values are in fair agreement 

with a stoichiometric equivalence of one -half mole diethylamine oxi- 

dized per mole of copper(II) reduced. This would correspond to a 

two -electron oxidation of the amine. 

b. Dichlorobis (ethylamine)copper(II). The oxidation -reduction 

behavior of dichlorobis (ethylamine)copper(II) was strikingly similar 

to that observed for the diethylamine complex. The ethylamine com- 

plex, however, was more stable thermally with respect to oxidation - 

reduction. For example, the temperature required for decomposi- 

tion of the complex into a red -brown tar when in a small sealed tube 

was 150° C. Again, no evidence for a diamagnetic intermediate 

stage in the oxidation - reduction reaction was observed. The dis- 

coloration of the aqua - colored complex and the reduction of copper(II) 
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to copper(I) were found t o always occur simultaneously. 

As might be expected by analogy with the diethylamine system, 

the temperature at which the oxidation -reduction reaction took place 

could be influenced by the removal of ethylamine. However, the 

decomposition reaction could not be induced by this method until the 

complex was warmed to near 120o C, reflecting again the greater 

thermal stability of the ethylamine complex. In this experiment, the 

original mole ratio of 2 :1 was reduced to 1.07:1.00 before any ap- 

preciable oxidation -reduction could be visually observed. 

A trace of ammonia, which could not be detected by vapor phase 

chromatography when taking normal quantities of the original com- 

plex for study, was obtained when ethylamine was continually re- 

moved during the oxidation -reduction of dichlorobis(ethylamine) - 

copper(II). In this system, as in the diethylamine system, the isola- 

tion of trace amounts of by- products suggests that minor side - 

reactions accompany the main oxidation -reduction process. All the 

volatile materials evolved were completely condensable at the tem- 

perature of liquid nitrogen. 

The oxidation of ethylamine by copper(II) chloride was also a 

two -electron amine oxidation process. In three determinations, 

0.48, 0. 48, and 0.45 moles of ethylamine were found to be oxidized 

for each mole of copper(II) reduced to copper(I). 
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2. Oxidation- Reduction Products 

The nature of the organic oxidation products was investigated, 

and the results of these studies are presented in this section. 

a. Chemical Behavior. The solubilities and chemical behavior 

of the organic products from the thermal decompositions of dichloro- 

bis(diethylamine)copper(II) and dichlor obis( ethylamine) copper(II) were 

similar. Both products were red -brown tar -like residues soluble 

in hydrochloric acid and dimethyl sulfoxide and insoluble in sodium 

hydroxide. It was evident that the organic oxidation products were 

good coordinating ligands, precluding the complete separation of 

copper(I) from them. 

Neutral and alkaline hydrolysis of the organic residues yielded 

as volatile materials essentially only the original amines. These, 

then, were present in the original residues either in protonated or 

coordinated forms. Traces of acetaldehyde and of ethylamine were 

found in the diethylamine recovered during the hydrolysis studies. 

The ethylamine recovered in similar studies was free from any 

reaction impurities. 

b. Infrared Spectra. Many features of the infrared spectra of 

the organic oxidation products resembled the spectra of the corres- 

ponding original amines. The major difference was that the reaction 
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products corresponded to protonated, rather than free, amines. The 

absorptions observed in the spectrum of the diethylamine oxidation 

product residue are listed in Table XXIII, along with appropriate 

assignments. Lack of absorption bands in the regions 1640 - 1690 

cm -1 and 1800 - 2200 cm 1 denote the absence of free or protonated 

enamine. The broad absorption in the region 2600 - 3200 cm -1 is 

characteristic of an secondary alkylammonium group. Further evi- 

dence for the ammonium group is provided by the NH2 deformation 

band found at 1563 - 1613 cm -1. An exceptionally sharp nitrogen - 

hydrogen stretching absorption was observed at 3236 cm -1. The 

nature of the band at 3448 cm -1 is unknown; it was not observed in 

diethylamine, diethylammonium chloride, nor in the copper(I) 

chloride -diethylamine complexes. Such bands are noted as "un- 

assigned." 

The infrared spectrum of the organic oxidation product of ethyla- 

mine showed absorptions characteristic of a primary alkylammonium 

ion. The asymmetric and symmetric N -H stretching frequencies 

present in the free amine at 3367 and 3289 cm -1, respectively, were 

broadened into a single band overlapping into the C -H stretching 

region. Several combination or overtone bands, characteristic of 

NH3 were observed in the region 2439 - 2700 cm -1. The absorption 

band at 952 - 960 cm -1 was present in neither ethylamine nor ethy- 

lammonium chloride, nor the copper(I) chloride complexes, and 
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Table XXIII. Infrared absorption spectrum of copper(II) chloride - 
diethylamine oxidation - reduction product. 

Position 
cm -1 Intensity Assignment (5, 67) 

3448 unassigned' 

3236 s probably N -H str. 1 

2762 - 3030 s "ammonium band" 
N -H str. 

2457 -NH2 

1583 - 1600 m -NH2 deformation 

1429 - 1460 m CH2 adjacent to N 

1337 s C-N str. 

1253 w unassigned 

1192 w CH-NH-C 

1142 m C-N-C str. 

1095 w C-C-N as. str. 

1066 s CH2-NH2 

1042 w unassigned 

1028 s R -N -H2 

847 w -NH2 wag 

813 m -NH2 twist 

769 - 787 m -CH2- 

1Not present in Et NH, Et2NH2C1, nor copper(I) chloride- 
diethylamine complexes. 

might be assigned as a -C =C- bending mode. A weak overtone of 

this band was observed at 1894 cm -1. No absorptions characteristic 

m 

m 
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of free or protonated enamine were found. The infrared data are 

listed in Table XXIV. 

Table XXIV. Infrared absorption spectrum of copper(II) chloride - 
ethylamine oxidation -reduction product. 

Position 
cm-1 Intensity Assignment (5, 67) 

2740 - 3150 

2674 - 2700 

2500 

2439 

1894 

1583 

1458 

1370 

1205 

1176 

1031 - 1042 

952 - 960 

943 

770 - 790 

719 

"ammonium band" N -H 
str. 

w overtone or comb. NH3 

w overtone or comb. NH3 

w overtone or comb. NH3 

w overtone of 950 -9601 

s NH3 deformation 

s CH2 adjacent to N 

m -CH3 

m -CH2- 

s C-N 

m C-N str. 
s C=C1 

w unassigned 

s NH3 rock 

w unas signed 

1Not present in EtNH2, EtNH3C1, nor copper(I) chloride- 
ethylamine complexes. 

c. Molecular Weights. The chemical behavior and vibrational 

s 
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spectra of the organic oxidation -reduction products suggested that 

they were polymeric amines, partly protonated and partly coordin- 

ated to copper(I). Estimates of their molecular weights were ob- 

tained through viscosity measurements using solutions in dimethyl 

sulfoxide. Plots of the specific viscosity:concentration ratio as a 

function of concentration were extrapolated to zero concentration. 

In this manner, the intrinsic viscosity of the diethylamine oxidation 

product was found to be O. 106. Similarly, the intrinsic viscosity 

of the ethylamine oxidation product was determined to be 0.081. Such 

values are characteristic of polymer systems. Using appropriate 

estimates for the values of the arbitrary constants in the Staudinger 

equation, as described on page 81, the molecular weight of the di- 

ethylamine oxidation product was estimated to be 7. 6 x 103. Simi- 

larly, a value of 5. 2 x 103 was estimated for the ethylamine product. 

These order -of magnitude values suffice to confirm the polymeric 

natures of the amine oxidation products. 

d. Isothermal Pressure- Composition Phase Diagrams. Several 

observations suggested a close relationship between the anionic cop- 

per chloride -amine complexes and the copper(II) chloride -amine 

oxidation -reduction products. That portion of the amine removed 

during an oxidation -reduction reaction could be reabsorbed by the 

residue upon standing for 24 hours at 0o C. In both the primary and 
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secondary amine redox systems, alkylammonium ions were present 

in the products. Also, the ethylamine oxidation product was com- 

pletely soluble in an excess of ethylamine. This behavior resembles 

that of pure ethylammonium dichlorocuprate(I). These close relation- 

ships were further studied by allowing an excess of the appropriate 

amine to interact with the oxidation- reduction products. Pressure - 

composition isothermal phase diagrams so obtained were compared 

with those of the corresponding pure alkylammonium dichlorocup- 

rate(I)-amine systems. 

The 0o C isotherm for the dichlorobis (diethylamine)copper(II) 

oxidation -reduction product plus diethylamine system is shown in 

Figure 17. Except for the slight curvature, this isotherm is essen- 

tially identical with that of the anionic diethylamine copper(I) system. 

Deviations from exact stoichiometry can be attributed to minor side - 

reactions, and are in agreement with the deviation from exact stoi- 

chiometry of the oxidation -reduction reaction. 

In Figure 18 is presented the 0° C isotherm for the dichlorobis- 

(ethylamine)copper(II) oxidation- reduction product plus ethylamine 

system. The curvature above a mole ratio of 4 :1 is attributed to a 

solubility phenomenon. The lower portion of this phase diagram 

closely parallels that observed in the anionic ethylamine copper(I) 

system. Again the deviation from exact stoichiometry can be attri- 

buted to minor side -reactions. 
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VI. DISCUSSION 

A. Coordination Trends in the Copper -Amine Complexes 

The trends apparent in an elementary examination of the formulas 

of the complexes are in accord with what would be expected from 

steric and polarity considerations. Combining the results of the pre- 

sent work on ethylamine and diethylamine with previous studies of 

ammonia and triethylamine, the following list can be written of neu- 

tral copper complexes containing the maximum observed molecules 

of bound amine: 

CuCl 3NH3 CuC12 6NH3 

CuCl 3EtNH2 CuC12. 6EtNH2 

CuCl- 2Et2NH CuC12. 2Et2NH 

CuCl Et3N CuC12. 2Et3N 

A more specific discussion of the effects of alkyl substitution on 

nitrogen, and of the oxidation state of copper, on the coordination 

behavior, must take into account the relative stabilities of the com- 

plexes, the existence of other lower complexes, and the structures 

in each case. It is obvious that the formulas alone do not specify the 

structures and the coordination state of the copper; not all the amine 

present is necessary coordinated, and the chloride anions may or 

may not be auxilliary ligands. 
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Nevertheless, an examination of the above list clearly shows 

that copper(II) tends to have a higher coordination number than does 

copper(I), in accord with its greater charge and polarizing power. 

Clearly, also, the effect of increasing alkyl substitution of nitrogen 

is to lower the maximum coordination number of the metal ion for 

the amine. This is in accord with the decreasing polarity of the 

amines with increasing alkyl substitution, the greater steric require- 

ment in the local coordination polyhedron, and the greater steric 

factor in the expansion of the crystal lattice during the coordination 

reaction. 

The same relationship between amines seems apparent in a con- 

sideration of the formulas tif the anionic copper(I) complexes. The 

maximum number of ethylamine molecules bound in the dichloro- 

cuprate(I) ion is three, whereas for diethylamine the maximum num- 

ber is two. 

B. Copper(I) Chloride -Amine Complexes 

Copper(I) chloride complexes with diethylamine and ethylamine 

were investigated not only as potential products of the copper(II) 

chloride -amine oxidation- reduction reactions, but also because the 

chemistry of the copper(I) chloride -amine systems was itself inter- 

esting. 

The behavior of the copper(I) chloride - diethylamine system, in 
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which 2:1 and 1:1 complexes were formed, resembled that reported 

by Wilkins and Burkin (88) for long -chain primary aliphatic amine 

complexes of copper(I) halides. In the diethylamine system, the 

2:1 neutral complex was found by cryoscopic methods to have a two- 

fold molecular weight in nitrobenzene. This complex may be formu- 

lated as the bridged dimer, di -µ- chlorotetrakis (diethylamine) - 

dicopper(I). Either by being dissolved in diethylamine, or by the 

removal of amine ligand at an equilibrium pressure of 4 mm at Oo C, 

the dimer could be converted into the more stable 1:1 complex. Be- 

cause the solute species in diethylamine solution had a molecular 

weight four times the formula weight of copper(I) chloride, it has 

been presumed to be the tetrameric form of the 1:1 complex, 

tetra -113- chlorotetrakis (diethylamine)tetracopper(I). The molecular 

weight measurements of Wilkins and Burkin also indicated that their 

2:1 complexes were dimeric, and their 1:1 complexes were tetra - 

meric. The long -chain length of the alkylamines in the complexes 

studied by Wilkins and Burkin conferred enhanced solubility in non - 

polar solvents such as benzene, thus permitting more facile deter- 

mination of molecular weight by cryoscopic methods. 

The structure of the chloride- bridged dimeric 2:1 copper(I) 

chloride -diethylamine complex would be expected to consist of two 

tetrahedra sharing an edge. The structure of the tetrameric 1:1 

complex would be expected to consist of an inner tetrahedron of 
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copper(I) ions. Each of the chloride ions would bridge three copper(I) 

ions by lying in a face of the tetrahedron. Single diethylamine mole- 

cules would be coordinated to individual copper(I) ions. An illustra- 

tion of this structure is shown in Figure 19. Such structures are 

well known for 1:1 copper(I) and silver(I) halide complexes of tri- 

alkylphosphines (86) and trialkylarsines (65), and have been estab- 

lished by single crystal x -ray diffraction studies. 

In view of the extensive structural rearrangement occurring 

during the dissolution of di- µ- chlorotetrakis (diethylamine)dicopper(I) 

in diethylamine, the large thermal coefficient of solubility of the 

dimer is understandable. A similar solubility phenomenon was not 

observed in the copper(I) chloride - ethylamine system; however, the 

temperature range available was limited by the low boiling point of 

ethylamine. 

Solvents suitable for molecular weight determinations could not 

be found for the ethylamine complexes. It seems reasonable to 

postulate that the 1:1 and 2:1 complexes have tetrameric and di- 

meric structures similar to those of the diethylamine complexes 

studied in this work, and to the long chain primary amine complexes 

studied by Wilkins and Burkin. The dissociation pressure of the 3 :1 

complex was very high, and it seems likely that the third ethylamine 

molecule in this unstable complex is not specifically coordinated to 

the copper, but rather is loosely bound in a lattice vacancy. 
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An interesting variety of products was obtained in the diethylam- 

monium dichlorocuprate(I) - diethylamine system. The following 

scheme outlines the relationship between the products: 

CuCl + Et2NH2C1 > Et2NH2CuC12 
Et NH 

5 m 0o 
Et2NH2[CuC12' 2Et2NH] Et2NH , 

2 

Et2NH2C1 + 1 /4[ CuCl Et2NH] 4 

Et2NH2[CuC1Z Et2N,]4 

Products comprising the anionic system have been formulated as 

complexes of diethylammonium dichlorocuprate(I), in which the anion 

contains coordinated diethylamine. A comparison of the isothermal 

phase diagrams for the neutral and anionic systems suggest certain 

similarities. It might be supposed that these pressure- composition 

similarities mean that the so- called anionic system based on diethy- 

lammonium dichlorocuprate(I) is actually identical with the neutral 

system, based on copper(I) chloride. The diethylamine complexes 

in the anionic system would then really be the neutral complexes 

mixed with one mole of inert and non -interacting diethylammonium 

chloride. The reaction of dichlorocuprate(I) ion with amine would 

then be a nucleophilic displacement of chloride ion. This was sug- 

gested to be the case in the previously studied triethylammonium 

dichlorocuprate(I) -triethylamine system. The solid of composition 

"< 2 2 Z 
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2H5) (C2H5) 2NH2C1 CuCI. 2(C2H5)2NH, in the diethylamine system, hence 

could be either formulated as diethylammonium dichlorobis(diethyl- 

amine) cupr ate(I) , or as a mixture of diethylammonium chloride and 

di- µ- chlorotetrakis (diethylamine)dicopper(I). This question was 

resolved by comparing the x -ray powder diffraction patterns of the 

three solids. The patterns are shown in Figure 20. Although a few 

lines coincided in both position and intensity, in general the patterns 

were dissimilar. The 2:1 anionic product was therefore considered 

to be a single species and was formulated as diethylammonium di- 

chlorobi s(diethylamine) cuprate(I) . 

The non -volatile liquid, (C2H5) 2NH2[CuC12 (C2H5)NH] , has a 

salt -like formulation in which copper(I) would have the unusual co- 

ordination number of three, if the anion is a mononuclear complex 

ion. The only previously reported example of an authentic three 

coordinated copper(I) complex has been potassium dicyanocuprate(I) 

(25). 

The ethylammonium dichlorocuprate(I) - ethylamine system pre- 

sented an interesting contrast to the anionic diethylamine system. 

The preparations and inter -relationships of products obtained in the 

ethylamine anionic system are outlined in the following scheme. 



Et2NH2C1 

[ CuCI. 2Et2NH] 

Et2NH2[ CuC12. 2Et2NH] 

I 

0 1 2 3 6 
I 1 i E 

8 9 10 11 

Figure 20. Comparison of x -ray powder diffraction patterns - 
diethylamine system. 
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CUCI + EtNH3C1 EtNH3CuC12 

EtNH2 

EtNH3C1 CuCI EtNH2 

tNH2 

14 mm, 00 C 

CuCI. 2EtNH2 + EtNH3C1 -----a*- EtNH2 CuC12 2EtNH2] li q 

EtNH2 

48 mm, 00 C 

1 

EtNH3[CuC12 3EtNH2] li q 

Ethylammonium dichorocuprate(I) was very soluble in ethylamine at 

0o C, and only the 1:1 adduct in the system was a solid. The color- 

less liquid having the composition C2H5NH3[CuC12. 3C2H5NH] may 

be formulated as an anionic complex in which copper(I) is pentaco- 

ordinated. The alternative formulation, as an equi -molar mixture 

of ethylammonium chloride and the 3: 1 neutral complex, can be 

eliminated since both of these are solids and the latter compound was 

earlier shown to be insoluble in ethylamine. Likewise, 

C2H5NH3[CuC12. 2C2H5NH2] was a colorless liquid, which is formu- 

lated with tetracoordinated copper(I) in the anion. It clearly was 

not a mixture of ethylammonium chloride and the 2: 1 neutral complex, 

as both of these are solids and the latter was insoluble in ethylamine. 

: 
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C2H5NH3C1° CuCl° C2H5NH2 was a 

white solid, which might be either a single entity or an equi -molar 

mixture of ethylammonium chloride and the 1:1 neutral complex. In 

Figure 21 are shown the x -ray powder diffraction patterns for the 

three solids. Each line in the pattern of the anionic product was 

matched by a corresponding line in the pattern of either ethylam- 

monium chloride or of the 1:1 neutral complex. The anionic product 

was therefore regarded as an equi -molar mixture of these constit- 

uents. 

In both the diethylamine and ethylamine anionic systems liquid 

species have been given salt -like formulas; perhaps their low melting 

points were promoted by sterically- induced low lattice energies. A 

similar effect has been observed when alkylammonium tetrafluoro- 

borate complexes were allowed to absorb boron trifluoride (51); the 

alkylammonium salts of the B F7 
2 

ion so produced had greatly de- 

pressed melting points. 

C. Copper(II) Chloride -Amine Complexes 

Structures cannot be unequivocally assigned for the copper(II) 

chloride -amine complexes; they have not been obtained in forms 

suitable for definative x -ray crystal structure analysis. Neverthe- 

less, reasonable structures may be proposed on basis of spectro- 

chemical studies. 



EtNH3C1 

CuCl EtNH2 

EtNH3C1 CuCl EtNH2 

0 1 2 3 4 5 6 7 8 9 10 11 12 

d Spacing 

Figure 21. Comparison of x -ray powder diffraction patterns - 
ethylamine system. 
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The reflectance spectra of the copper(II) chloride -amine com- 

plexes all showed two major absorption bands, one of which may be 

ascribed to the charge transfer transition type and the other to d -d 

transitions. The charge transfer bands were all similarly shaped 

and present in the same ultraviolet spectral region. Positions of 

the d -d absorption bands, in the visible to near -infrared region, 

varied, the energy increasing in the sequence 

N < Et3N H3< EtNH2< Et2NH 

This sequence involves reversals in the arrangement of the amines 

in order of their degree of substitution. However, it may be noted 

that even if all other factors were equal, so that this order correctly 

ranked the amines in the spectrochemical series, such rankings are 

not valid criteria of metal -ligand bond strength (33) nor of the sta- 

bility of complexes (6) . 

The visible absorption band of dichlorobis (diethylamine)copper(II) 

was highly unsymmetrical, indicating the presence of a low symmetry 

ligand field (57). A relatively more symmetrical band was found in 

the visible spectra of dichlorobis (ethylamine)copper(II) and dichloro- 

diamminecopper(II). All of the spectra were typical of tetragonally 

distorted copper(II) complexes (57). The visible spectrum of di- 

chlorobis(ethylamine)copper(II) resembled that of tetragonally dis- 

torted dichlorodiamminecopper(II) (their far infrared spectra were 
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also similar). The visible spectra of the tetra- and of the bicoordi- 

nate ethylamine complexes have similar shapes, but the X for max. 

dichlorobis (ethylamine)copper(II) lies slightly lower than that for 

dichlorotetrakis( ethylamine) copper(II) . Dichlorobis(diethylamine) - 

copper(II) had a visible spectrum similar in shape to that of copper(II) 

sulfate pentahydrate (56), which has been shown to be tetragonally 

distorted (4). The anistropy in the g factors of dichlorobis(di- 

ethylamine)copper(II) and dichlorobis (ethylamine)copper(II) are also 

indicative of tetragonally distorted pseudo -octahedral ligand fields. 

Presumably these complexes have the typical chain structures with 

bridging chloride ligands (discussed on page 20). The two amine 

molecules would be expected to be in axial positions, completing a 

tetragonally distorted octahedral arrangement of ligands. 

When they were dissolved in several solvents, dichlorobis(di- 

ethylamine) copper(II) , dichlorobis( ethylamine) copper(II) , and di- 

chlorotetrakis(ethylamine) copper(II) all exhibited appreciable solvent 

interactions, as evidenced by significant perturbations of their elec- 

tronic spectra. Consequently, the possibility of formulating these 

complexes as simple square planar species can be ruled out. The 

visible spectra of dichlorobis (ethylamine)copper(II) and dichloro- 

tetrakis( ethylamine)copper(II) were identical in dimethylformamide, 

indicating that the same solute species were present. The low ex- 

tinction coefficient of the visible absorption bands is consistent with 
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their assignment as d -d bands. 

Dichlorobis(diethylamine)copper(II) and dichlorobis(ethylamine) - 

copper(II) were magnetically normal at room temperature. They 

showed Curie -Weiss law behavior in the range 80° K to 298° K. 

Despite the polynuclear nature of the complexes, the copper(II) ions 

were effectively shielded magnetically. The Néel temperatures of 

similar complexes, such as copper(II) chloride dihydrate, are in the 

vicinity of liquid helium temperature. 

The magnetic moments of dichlorobis (diethylamine)copper(II) 

and dichlorobis (ethylamine)copper(II) may be calculated from electron 

paramagnetic resonance data for comparison with the bulk suscepti- 

bility values. An average value of g for the paramagnetic resonance 

spectra may be calculated from either 

<g* = (2g,2, /3 + go /3) 1/2 

for dichlorobis (diethylamine)copper(II) or 

<g >= (gl /3 +gz /3 +g3 /3)1/2 

for dichlorobis (ethylamine)copper(II). The <g> values calculated in 

this manner were 2. 14 for the diethylamine complex and 2. 12 for the 

ethylamine complex. From these values their magnetic moments 

may be obtained using the relationship 

[Leff 
= gf S(S + 1) = g , 

since copper(II) has a double spin state. The resulting magnetic 
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moments were 1. 86 B. M. for dichlorobis (diethylamine)copper(II) and 

1.84 B. M. for dichlorobis (ethylamine)copper(II). These values are 

in good agreement with the values obtained from bulk magnetic sus- 

ceptibility measurements, which were 1.81 B. M. and 1.76 B. M. 

respectively. 

D. Oxidation- Reduction Reactions 

Previously published studies showed that triethylamine is very 

readily oxidized by copper(II) chloride (85, 93). Dichlorobis(tri - 

ethylamine)copper(II) had to be prepared at low temperatures, and 

underwent thermal decomposition at 00 C. The present study of 

ethylamine and diethylamine shows a marked contrast. The thermal 

stabilities of the copper(II) chloride -bisamine complexes towards 

oxidation -reduction increased in the sequence 

Et3N« Et2NH< EtNH2 . 

This arrangement is very likely the same as the order of increasing 

stability of the complexes with respect to dissociation into their 

components. However, coordinate stability need not be related to 

stability with respect to oxidation- reduction. This is particularly 

true to the extent that the preliminary mechanistic steps involving 

electron transfer occur within the coordination framework. Bowman 

and Rogers (9) did observe an increasing thermal oxidation -reduction 
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stability with decreasing basicity of substituted pyridines coordinated 

to copper(II) salts. The criteria of basicity used were aqueous 

pK a values and metal -ligand vibrational frequencies. In this respect, 

it is interesting to note that dichlorobis (diethylamine)copper(II) was 

more susceptible both to thermally induced loss of an amine ligand 

and to oxidation - reduction than was dichlorobis (ethylamine)copper(II). 

The oxidation -reduction reaction scheme of dichlorobis(tri- 

ethylamine)copper(II) has been discussed on page 8. The final steps 

in the decomposition of this complex took place at room temperature 

and gave triethylammonium chloride, an oxidized protonated poly- 

meric tertiary amine, and chloro(triethylamine)copper(I). The ap- 

proximate net stoichiometry involved oxidation of one -sixth mole 

of triethylamine for each mole of copper(II) reduced to copper(I) . In 

the case of the ethylamine and diethylamine complexes not only was 

a much higher temperature necessary to induce oxidation -reduction, 

but the stoichiometries and mechanisms were quite different than 

for the triethylamine complex. 

The oxidation- reduction reactions of dichlorobis(diethylamine) - 

copper(II) and dichlorobis (ethylamine)copper(II) were similar in 

mechanism, stoichiometry, and in the temperatures involved. 

Therefore, the processes will be discussed together, with differences 

being noted. 

Apparently, the step preliminary to internal oxidation- reduction 
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of these complexes involved the loss of one amine ligand. If the 

evolved amines were continually removed and trapped while either 

of the complexes were undergoing thermal decomposition, approxi- 

mately one mole of amine was removed. By slowly removing the 

amine ligand, the oxidation -reduction reactions could be brought 

about at temperatures at which complexes were indefinitely stable 

when sealed in a small tube. Furthermore, a mole of amine could be 

removed before any oxidation- reduction was visually apparent. As- 

suming the dichlorobis(amine)copper(II) complexes to have the struc- 

tures previously discussed, the loss of an amine ligand would result 

in a pentacoordinate copper(II) complex. For a single copper in the 

polynuclear chain, this process may be represented as follows: 

Amine Amine 

Cl Cl Cl Cl 

Cu(II) --- Cu(II) 

Cl Cl Cl - Cl 

Amine 

+ Amine. 

Such pentacoordinate copper(II) complexes would presumably have 

square pyramidal polymeric structures, in which copper(II) would be 

coordinatively unsaturated in an axial position. These dichloromon- 

aminecopper(II) complexes might well be expected to be highly 

reactive, especially at elevated temperatures. They presumably 

represent the actual framework within which the electron transfer 

\ \ \ 
\ 
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from amine to copper takes place. 

Even though the mechanisms of the actual oxidation- reduction 

reactions have not been completely elucidated, final products have 

been characterized and the stoichiometries of the reactions deter- 

mined. The oxidation - reduction reactions of dichloro(diethylamine) - 

copper(II) and dichloro(ethylamine)copper(II) were essentially two 

electron processes, in which one -half mole of amine was oxidized 

for each mole of copper(II) reduced to copper(I). Infrared spectral 

studies, molecular weight determinations, and chemical properties 

were in accord with the formulation of the amine oxidation products 

as non -volatile polymeric amines (NVPA). The NVPA from the oxi- 

dation of diethylamine was saturated; there was some evidence, from 

the infrared spectrum, that the oxidation product of ethylamine con- 

tained a small amount of unsaturation. The oxidation reactions in 

each case corresponded to dehydrogenation of an ethyl group to a 

vinyl group, with polymerization of the resulting enamine. The 

reaction for the diethylamine complex may be represented by the 

equation 

(2.) CuC12 (C2H5)2NH -- 1/2 NVAPH+ + 1/2(C2H5)2NH+ + CuC12 . 

This net process corresponds to the removal of two protons and two 

electrons from one -half mole of diethylamine, with polymerization 

of the resulting ethylvinylamine. The electrons so obtained served 
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to reduce one mole of copper(II) ions, and the protons converted the 

non -volatile polymeric amine and the remaining one -half mole of diethyla- 

mine to their conjugate acid forms. 

The mixture of polymeric ammonium and diethylammonium di- 

chlorocuprates(I) behaved similarly to pure diethylammonium di- 

chlorocuprate(I) insofar as the coordination of additional diethylamine 

was concerned. This conclusion is based upon comparison of the 

0o C isothermal pressure- composition phase diagrams of the systems 

of diethylamine, first with the oxidation - reduction product, and 

secondly with pure diethylammonium dichlorocuprate(I), i. e. , the 

"anionic complexes" in the pure copper(I) system. The equations 

for the reactions of diethylamine with the oxidation -reduction reac- 

tion product from dichlorodiethylaminecopper(II) (marked with the 

letter a) are compared with the equations for the similar reactions 

with pure diethylammonium dichlorocuprate(I) (marked with the 

letter b) in the following scheme: 

(3a.) fNVAPHCuC12 + zEt2NH2CuC12 + Et2NH -;4NVAPH(CuC12 Et2NH)+ 

+EtzNHz(C1z. Et2NH) 

(3b.) Et2NH2CuC12 + Et2NH -- Et2NH2(CuC12' Et2NH) 

(4a.) z NVAPH(CuC12 Et2NH) + 2Et2NH2(CuC12 Et2NH) + Et2NH 

óC NVAPH(CuC12. 2Et2NH) + 2Et2NH2(CuC12- 2Et2NH) 7 
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5 mm 
(4b. ) Et2NH2(CuC12 Et2NH) + Et2NH 0o C Et2NH2(CuC12' 2Et2NH) . 

Equation (3a.) corresponds to the reabsorption of the amine, evolved 

according to equation (1.) prior to the oxidation- reduction reaction, 

by the oxidation - reduction residue of equation (2.), to give the final 

non -volatile reaction product containing all the components of the 

original bis -amine complex. Equation (4a.) indicates the capability 

of this product to react with still an additional mole of amine. 

Thus, both the oxidation -reduction residue, and pure diethylam- 

monium dichlorocuprate(I) , have identical reactions with diethyla- 

mine. Consideration of the oxidation- reduction products from di- 

chloro(diethylamine) copper(II) as a mixture of alkylammonium di- 

chlorocuprate(I) species is strongly supported by this experimental 

evidence. 

The oxidation -reduction reaction of dichloro(ethylamine)copper(II) 

closely resembled that of the analogous diethylamine complex, with 

ethylamine being oxidized to a non -volatile polyvinyl primary amine. 

This reaction may be represented by equation (1.) followed by 

(5. ) CuC12 C2H5NH2 - 2 2H5NH3 + 4NVAPH+ + CuC12 . 

The mixture of polyvinylammonium and ethylammonium di- 

chlorocuprates(I) behaved similarly to pure ethylammonium dichloro- 

cuprate(I) insofar as their reactions with additional ethylamine were 

concerned. This conclusion, like that discussed for the 
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diethylamine product, is based on the phase diagrams of the oxidation - 

reduction reaction product and of the "anionic complexes" in the pure 

copper(I) system. The equations for the reactions of ethylamine with 

the oxidation - reduction product, shown in equation (5.) , are marked 

with the letter a and are compared with the equations for the similar 

reactions with pure ethylammonium dichlorocuprate(I) (marked with 

the letter b), in the following scheme: 

(6a.) 4NVAPHCuCl2 + 2EtNH3CuC12 + EtNH2 - 2NVAPHC1 + 

fEtNH3C1 + CuCl EtNH2 

(6b. ) EtNH3CuC12 + EtNH2 EtNH3C1 + CuCl EtNH2 

(7a. ) ZNVAPHC1 + fEtNH3C1 + CuCl EtNH2 + EtNH2 
10 C 

ZNVPAH(CuC12. 2EtNH2) + ZEtNH3( CuC12 2EtNH2) 

(7b. ) EtNH3C1 + CuCl EtNH2 + EtNH2 
14 

C 
mm EtNH3(CuC12 2EtNH2) 

(8a.) fNVAPH(CuC12. 2EtNH2) + 2EtNH3( CuC12. 2EtNH2) + 

EtNH2 48 ó C 2NVAPH(CuC12. 3EtNH2) + ZEtNH3(CuCl2 

3EtNH2) 

(8b.) EtNH3(CuC12. 2EtNH2) + EtNH2 46ó C EtNH3(CuC12 3EtNH2) . 

Equation (6a.) corresponds to the reabsorption of the amine, 
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evolved according to equation (1.) prior to the oxidation- reduction 

reaction, by the oxidation- reduction residue of equation (5.), to give 

the final non -volatile reaction product containing all the components 

of the original bisamine complex. Equations (7a.) and (8a.) indicate 

the capability of this product to react with one and two additional 

moles of amine. 

In the ethylamine system, as in the diethylamine system, the 

similarity of the oxidation -reduction reaction product -amine system 

to the system of anionic complexes previously studied with pure cop - 

per(I) compounds gives strong experimental evidence in support of 

the postulate that the oxidation -reduction reaction products are sub- 

stituted ammonium dichlorocuprates(I). 

The oxidation -reduction reactions of both dichloro(ethylamine) - 

copper(II) and dichloro (diethylamine)copper(II) were accompanied by 

secondary reactions. In the case of the ethylamine complex a trace 

of ammonia was produced, while a small quantity of ethyl chloride 

was found in the oxidation material from the diethylamine complex. 

Observation of such traces of by- products is in accord with and 

serves as the explanation of the slight deviations from perfect 

stoichiometry of the oxidations and of the phase diagrams for the 

oxidation -reduction product -amine systems. 

The triethylamine -copper(II) system, studied previously by 

Weiss (84), is seen to differ markedly from the diethylamine and 
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ethylamine- copper(II) systems studied in this present investigation. 

Presumably this is due to some difference in structural type in the 

tertiary amine complex, causing it to have a simpler paramagnetic 

resonance signal, an abnormally located d -d spectral transition, a 

much lower thermal stability, and a different mechanism and stoi- 

chiometry of oxidation -reduction. 

The diethylamine and ethylamine -copper(II) systems studied here 

are presumably the "normal" ones. The positions of the d -d transi- 

tions in the visible spectra of the dichlorobis(amine)copper(II) com- 

plexes fall in the expected systematic progression for ammonia, 

ethylamine, and diethylamine ligands. Their electronic spectra, 

electron paramagnetic resonance spectra, and magnetic suscepti- 

bilities are in accord with those of typical CuCl2. 2ligand complexes 

of known structure. 

The coordination chemistry of the amines with copper(II) chlo- 

ride, copper(I) chloride, and the dichlorocuprate(I) ion shows a 

rich variety. The many relationships discovered in this work are in 

accord with normal trends. The studies on the copper(I) systems 

have been essential for the elucidation of the complex products of 

oxidation -reduction reactions of the copper(II) complexes. 
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