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THIOUREA AS ADDITION AGENT IN COPPER 
ELECTRODEPOSlîION 

ABSTRACT 

Ph.D. 

Thiourea in acid copper sulfate solution forrned a 
sulfur-coordlnated charge transfer cornplex with cupric ion 

Àmax = 340 nrn,c
34o 

= 3300 M-1cm-
1 

\ 

i 

(stability constant = 2.2 ± 0.2 at 2So C). Cuprous thiourea 
complexes and forrnamidinedisulfide were formed as a result 
of electron transfer fr0rn sul fur to cupric ion. The di
sulfide decomposed slowly in acid solution by nucleophilic 
attack of hydroxide iOQ at the disulfide bond. The hydroly
sis of forrnamidine-disulfide and of di-(tetrarnethylformami
dine) disulfide at pH < 4 obeyed second order kinetics with 
rate = k[disulfide] [hydroxideJ. Activation parameters were 

~E+ = 7.8 kcal mole - l, ~S+ :;-2 e.u. 

/ 

for formarnidinedisulfide and 

~E+ == 1.8 kcal mole-l, ~sf = +16 e.u. 

for di-(tetramethylforrnamidine)disulfide. Cleavage of the 
disulfide bond in the 'transition complex is proposed as the 
rate-determining step. Formamidinedisulfide and uncornplexed 
thiourea were not active as ad4ttion agents. 

~ Complexes of thiourea with copper were cathodically 
reduced to copper sulfide which appeared to be responsible 
for zevelling of the deposit, probably by preferred reduc
tion of cornplex at micro-peaks on the ëlectrode su~face. A 
small sulfur content (> 0.01 wt % S) in the deposit is 
necessa.rY' for levelling to occur, and blocking theory is not 
applicable to explain the observed high ov~rpotentials'in the 
presence of~thiourea. Decrease in levelling powers of the 
bath with time after adding thio~rea is attributed to the 
agglorneratiun of rnonomolecular c4prous-thiourea ions to form 
aggregates hf insoluble thiourea ·complex with cuprous sulfate. , 
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LA THIOURE~OMME ADDITIF DANS LA 
DEPOSITION DU CUIVRE 

RESUME 

( 
j 

Ph. D. 

En solution acide de sulfate de cuivre la thiourée 
forme un complexe cuivri'que coordoné par le soufre 

_ l -1 

Àmax = 340 nm, E: 340 = 3300 M cm 

(, " 

ii 

(constante cie .formation" = 2.2 ± 0.2 à 25~C). Les complexes 
cuivreux de la thiourée et de la di thiodiformamidine se 
produisent aprês le transfer d'un éléctron du soufre vers 
II ion cuivriq~e .... ,En sôlution acide la di thioformamidine est 
decompo50~e lente~n.t .,par 11 attaque nucleophile sur le ~ 
lien -S-5-. La cinétique de Ilhydrolyse de la dithiodi-
formamidine et de la di thiadi- (tetramethyl) -formamidine est 
du second order, à pH < 4;' la vi tesse de réaction = [di \hio
formamidineJ [hydroxide J. Les paramètres d'activation sont 

~Éf = ,7.8 kcal mole-l, ~S+ = -2 e.u. 

pour la di thiodiformamidine et 

l'lEf = 1.8 kcal mole-l, 6Sf = +16e.u. 

pour la di thiodi-( tetrarnethyl)-formamidine. La rupture du lien 
-5-5- est proposée comme étape déterminante de II hydrolyse. 
La di thiodi formamidine et la thiourée non complexée sont in
actifs ~n tant qu'additifs. 

Les complexes de la thiourée avec le cuivre sont 
reduits à la cathode en sulfure de cuivre, lequel apparait 
être responsable de l'unifewnité du dépôt, probablement par 
la reduction préferentielle'. du complexe aux pics de la surface 
de l l éléctrode. Une faible quantité de soufre (> 0.01 % en 
poids) dans le dépot est nécessaire pour que le nivellement 
se produise. La diminution avec le temps' de la canaci té de 
nivellement du bain après addition de thiourée est- attribuée 
à l' agglomeration des ions monomo1écu1aires cuivre (I) -thiourée 
ce~x-ci formant dès agregats insolubles de complexes de la 0' 

thl~~rêe avec le sulfate cuivreux. 
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PREFACE 
r· 

The research reported ~n this thesis has involved 

sorne studies of a distinctly chemical aspect and others 

largely of an el~ctrochemical type. As a consequence, it ' 

seemed desirable to present the results of the study in the 

form of separa te sections, for each of which an attempt has 

been made to include an appropriate introduction, togethér with 
t 

the data relevant to that particular study and discussion'of 

these results. To place the overall investigation in proper 

perspective, sorne general introductory remarks precede the 

presentation of the more specialized, chemical ancQ,e,lectro

chemical studies. The presentation is concluded with sorne 
... 

brief general comments that seek to coordInate the results 

of the individual studies, and indicate the relative 

importance of these to the elucidation oe the function of 

thiourea as a brightening and levelling agent in electrode-

position from acid copper sulfate so~utions. 
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GENERAL INTRODUCTION 

The electrodeposition of metals has long been a 

commercially important process in its applications to electro-
, 

refining, electroforming and electroplating. Modern society 

relies heavily on electrochemical c~atingS and deposits of 

nickel, copper, chromium, silver, gold and many other mètals. 

Nickel and copper, the most important of the commercial 

plating systems, have been the most intensively studied, and 

a wealth of empirical data is available. 

Electrolysis occurs in a bath which occasionally 

con~ists of a i~sed salt or an organic electrolyte, but in 

commercial practice, it is almost invariably an aqueous 

solution. The metal to be electroplated must b~ present in \ 

the plating bath 'in a concentration high enough to permit 

passage of large currents, and a high solubility ois the~f%rst 

of seve:al re~uirements that limit the number of use fuI 

plating systems for copper. In addition to being, very 

soluble, the salt must be reasonably inexpensive,_ stable in 

the plating bath and preferably Îlot highly corr9sivé. The're 

are other, and more subtle,limit~tions on the choice of salt 

that may be used in electrodeposition. For example, acid 

cupric chloride has desirable characteristics in respect of 

aIl of the above criteria, but it cannot be used since the 

formation of insoluble films of cuprous chloride at both 

anode and cathode makes practical copper electrodeposition 
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virtually impossible. Again, cupric nitrate is very soluble, 

but the reduction of nitrate ion at a potenti~l of + 0.7 
-.... 

volts (measured against a standard hydroge~ electrode, SHE) 

leads to a low curre~t efficiency for copper deposition at 
Ci 

high current densities. Acid cupric perchlorate has many 
, 

properties "to cqmmend it as an electrolyte, but is 1 costly 

and presents an explosion hazard. 

Acid copper sulfate satisfies aIl the requ~rements 

,for a good electrodeposition bath, and was the only aeid 

copper plating solution of commercial importanée until the 

use of fluoborate solutions was introduced after 1940. * 

The acid copper 'sulfate bath has a high conductivity 

and low electrode polarization, 50 that only low voltages 

are requ~ for electroplating. Anode and cathode current 

efficiencies are both approximately 100%, as a consequence 

of which only slow changes occur in the composition of the 

solution with prolonged use. 

Finally, the system is not readily affected by ionic 

impurities. Good cleposits rnay be obtained from solutions 

* Not mentioned here, but of importance for many plating 
applications are the alkaline baths such as copp~r cyan
ide, which have been extensively surveyed elsewhere. (1) , 

o 

-\ 
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that contain relatively lârge quantities of nickel, cobalt, 

zinc and iron because conditions are not favourable for 

cO-deposition of these metallic impurities with copper. For 

exarnple, less than 2 ppm nickel was co-deposited with copper 

in a sulfate bath that contained 15 g/t nickel (2). 

The acid copper sulfate bath does have drawbacks, 
, 

however, since it tends to encourage coarse, nodular deposits 

and frequently the spontaneous formation of "whiskers" (3) 

which, in present day copper refineries, are likely to cause 

short-circuits. The relatively poor surface qualities of 

electrodeposits from acid copper sulfate baths required sub-

stantial costs for buffing and polishing the electroplateù 

parts to the desired finish. This led to a search for modi-

fications to the plating bath, and thereby tH~ electrodeposi-

tion process, to enable the production of smooth and bright 

coatings that would require minimum, or no subsequent atten-

tion. 

1 

This search began virtually with the commencement 

of commercial electroplating early in the nineteenth century, 

and the developments rested, for many years, ori careful, 

but relatively unsystematic observations. 

Sorne insight may be gained into the approach used by early 
electroplaters from an account given by N.S. Keith, in 
the discussion section of the 'first symposium on the electro
deposition of metais held by the American Electrochemicai 
Society and published in their Transactions in 1913 (p.294) • 
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Whi1e visiting a nicke1-p1ating establishment ear1y in 
the 1870'5, Keith had noticed that one of the platers 
was in the habit of chewing tobacco and expectorating 
the tobacco juice into the plating solution. When asked 
why he did this, the plater simply rep1ied that it had 
been found to give good results. Simi1arly, it had been 
observed that storing nickel solutions in wooden barrels 
sized with glue gave good nickel deposits (4), and this 
eventually led to the. use of glue, and 1ater ge1atine, 
as an addition agent. 

Gelatine, glue and molasses were among the addition 

agents used prior to 1913 to suppress formation of large 

crystals and whiskers inrdeposition fr~m acid copper sulfate 

and even at this early daté, i~ thought that sorne form 

of adsorption of the addition agent onto the e1ectrode must 

be invo1ved (5). 

Taft (4) summarized the theories of addition agent 

behaviour in 1933 and succeeded in demonstrating that gela-

tine or its decomposition products were occluded in copper 

from baths containing high ge1atine concentrations. It was 

acknow1edged, however, that science~~as far trom being able 

to account for the behaviour of nurnerous addition agents 

which platers had used over the years. , 
In a review on acid copper e1ectrop1ating and electro-

forming, J.H. Wink1er (6), discussed available leve1ling 
1 • 

agents and anticipated the development of a brightener for 

deposition from acid copper sulfate simi1ar to those which 

had already been developed for nickel plating from a Watts 
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bath. 

At that time, the American automobile industry was 

tsponsoring a screening program for copper brighteners. The 

search had been prompted by the shortage of nickel as- under-
, -

coating ~or decorative chrome plate, which prohibited the 

use of a relatively thick deposit of bright nickel to level 

a rough copper undercoating. In 1942,Clifton qnd Phillips (7) ... 
published an account of the first acid copper sulfate bath 

for the deposition of bright copperf which contained thio-

urea as brightener and molasses as a secondary adaition 

agent to reduce striations in ar~as of low current density. 

The smooth and bright deposits that were obtainèd did not 

require buffing and polishing prior to nickel plating.How

ever, the bath gave unsatisfactory deposits after prolonged 

operation, even with the addition of more thiourea and 

molasses, and it then had to be purified by filtration. This 

behaviour was thought to be ,due to an accumulation of an 

hydrolysis product of the thiourea, and was not further 

investigated. No method could be devised to monitor the 

thiourea concentration analytically, and good plating charac-

teristics were the only criterion by whicp its presence in 

sufficient amount was recognized. 

Thirty years later, thiourea is still being used 

extensively as a levelling agent in copper refining and as 

a brightener not only for copper, but also for nickel (8-13), 

, 
" , 

<~ : ..... ~ :,,::r:: .. 
• ~~~I .. ~ 
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cobal t (14,,15) and iron (16) • Surprisingly, however, 

relatively little ~rogress has been made in ~aining an under

st'anding of how and why thiourea and other addition' agents 
.... 

modify ele~trodeposited metàls. 

Th~ lack of understanding of the effects of addition 

agents may be explained partly by the complexity of the 
, 

systems. No completely satisfactory model has yet been 

proposed tb explain even electrocrystallization from highly 

purified electrolytes onto single crystals of tHe same metal. * 

At present, electrochemical theory and practice have reached 

a very high degree of sophistication in applications employ-

ing polarized liquid,electrodes and systems where only species 

in solution are involved, with no change in the surface of 
-

the electrode (17). At solid electrodes, however, the simple 

case of adsorption of ions or organic molecules presents 

difficulties due to surface contamination and non-reproduci-

bility, even for polished single crystals in the absence of 

current flow. In addition, there is a lack of experimental 

m~thods for obtaining information on adsorption at solid 

electrodes. Changes in surface tension due to adsorption at 
~ 

interfaces between liquid metals and solutions are weIl 

* Models to account for electrocrystallization of metals 
may be found in textbooks such as those by Raub,and 
Müller (18), Bockris and Razumney (19), and several 
others (e.g. 20,21) • 
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documented, and represent the oldest method of obtaining 

detailed information on surface coverage of electrodes of 

mercury and gallium at temperatures above their melting 

points. For solid metals, the rnethod is obviously not 

applicable, and more indirect methods must be employed. 

The oldest and most frequently used technique for 

studying addition agents is based on the often drastic in-
, 

crease in electrode polarization caused by the presence of 
_6 _2 

trace levels (10 to 10 M) of organic compounds in the 

7 

electrolyte. The increased overpotential in the presence of 

additive is usually explained by the site-blocking theory, 

according to which adsorption of the additive onto the metal 

surface reduces the surface area available for electrodeposi-

tion with a concomitant increase in true current density and 

a correspondingly higher overpotential. The overpotential in-

crease depends on the concentration of addition agent in 

solution, and the main use of overpotential data has been 

to determine the concentration of additive in an electrolyte 

(e.g. 22). The fact that sorne additives lower the electrode 

polarization (e.g. nitrate ion) obviously cannot be explained 

by this model unless an increase in true surface area were . 
proposed. However, copper deposited in the presence of 

. . 
nitrate ion appears quite smooth, 50 that th~s proposaI would 

seem to be untenable. 

Sorne workers have sough~ ~o obt~n information about 

" 
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\ 
species b~ applying the simple si te-blocking \ 

theory (23) the assÛffiption that adsorption and desorption 

of additives on the metal are 50 ~apid that no adsorbed 
\ 

molecules are trapped by the growing deposit (24). On the 
\ ! 

basis of these assumptions, ove~potential increases in the 
1 

presence of additive'~lecules have been subjected to a 

Bockris-Swinkels adsorp\ion model*, apparently to derive 

fr~e energies of adsorp~~on and surfa~'interactioh para-
\ 

meters for molecules on thé' surface during,. copper electro-

deposition (25-27). 

The formation of complexes between th~ additive. and 

other constituents of the electrolyte has been postulated 
~ 

to explain the high polarization in the presence of addi-

tion agents (22,28). Films of insoluble complex in the 

diffusion layer are said to hinder the deposition process 

and periodic precipitation of the se films onto the cathode in 

a Liesegang-type phenomenon has been claimed to account for 

the laminar structure of many bright deposits of copper a~ 

nickel. It has been shown that benzotriazole, which causes 

laminar deposits to be formed from acid copper sulfate 

solutions, forms insoluble~olymeric complexes with cuprous .1 \ 
ions and that significant amounts (~.OOI to 0.5 wt t)Jof 

this ~additive are occluded in the deposit (22). 

* 

--1 

1 

The applicability of this model to adsorption with ,...l.,.,~ 
~imultaneous electrocrystallization will be discuésed~ 
later • 

. , 
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Determination of the amount of addi ti vf1. in both the 

solution and in the deposit has always presented a problem 
ù 

because of the smaii quantities invoived. Early investi-

gators deposited copper from two identical cells placed in 

series. One cell was filled with pure electrolyte and the 

other contained the same electrolyte with addition agent 

present. When the deposit obtained in the presence of 

additive was heavier than that from pure eiectrolyte, the 

"excess deposit weight" was attributed to occluoed additive 

(e.g. 29). With gelatine as additive, combustion analysis 

for carbon, nitrogen and sul fur in the deposit was used to 

confirrn the presence of organic matter~ 

The use of addition agents labelled with radioactive 

isotopes has found widespread use in studying the ~cclusion 

of addition agents. By labelling several parts of the 

additive molecule (e.g. with 35S,1~C,3H), it is possible to 

detect whether the molecule is trapped as an entity or as 

fragments forrned at sorne stage prior to incorporation. 

With thiourea*, such measurements have shown that mainly 

sulfur is occluded in the deposit, with varying, much smal~er 

amounts of carbon (30,31). Sorne workers have interpreted 

* In these generai introductory comments, it seems u~eful 
and relevant to illustrate several general aspects of 
studies made with addition agents by reference to results 
that have been obtained with thiourea. More extensive 
di,cussion of sorne of these will be necessary subse-
~~tly in discussing the data ob~ained during the present 
investigatio~. - \ 



• 

• 

... 

• 

10 

this as direct e1ectrochemical reduction of thiourea to 

give sulfide ions, which then precipitate as copper sulfide 

(32-34). Others (35) have thought that cleavage of the 

thiourea occurred by an hydrolysis step. Desulfuration by 

dissolved oxygen of thiourea adsorbed onto the copper 
Cl 

cathQpe has also been proposed (30). 

Long before the use of thiourea as an addition 

agent, it had been demonstrated that thiourea is oxidized to 

formamidiniurndisulfide by cupric ion, with concurrent forma-

tion of cuprous-thiourea complexes. Nevertheless, studies 
",') . 

of thiourea as a brightener in deposition from aci~pper 

sulfate largely neglected complex formation and reactions 
Q 

of thiourea with the electrolyte. The possibi11ty that it 

might be oxidized by cupric ion was mentioned in sorne 

reports (36-39), but the possible effects of such a reaction , 

on levelling and brightening powers of the bath were not 

considered. 

Formation of cuprous-thiourea complexes was thought 

to be of importance by Shreier and Smith (28), but was not 

considered further until Javet and Hinterrnann(40) attributed 
'. ' 

an UV absorption maximum at 340 nm to a cuprous-thiourea , , 

species in the acid qopper sulfate bath. A complex chemical 

system is indicated by the isolation of e1emental sulfur (41), 

ammonium ion and urea (42) from acid copper sulfate solu-

tion to which thiourea had peen added, but no detailed 
./ 

• 
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explanation was offered for these bservations • 

Investigations of open-ci cuit adsorption of thio-
Ij.\ " 

urea on copper have been made in organic solvent ?ystems and 

in dilute aqueous_solution using thiourea label+ed with the 

. radioactive isotopes 35 S and l~C. Trivich et al (43,44) 

~ interpreted their results wi;h 35 5 labèlled thiourea in 

terms of adsorption of the whole molecule, whereas Llopis et 

al (45-47), using thiourea that contained either 3S S or 

14 C , demonstrated that the radioactivity st~mmed from films 

of copper sulfide, with only traces of carbon present. Their 

results were interpretéd in terms of oxidative desulfuratio~ 

DY dissolved oxygen, since the formation of sulfide occurred 

only in the presence of oxygen. However, ,i t is known that 

in acid solution (e.g. 0.01 ~ HCl) thiourea will cause 

corrosion of copper with,formation of cuprous thiourea 
~ 

complexes. If it may be' assumed that this process can also 

take place in neutral solution, then formation of cuprous 

thiourea complex could be the first reaction (cuprou's 

ions being formed by reaction of copper with dissolved'oxygen), 

followed by alkaline nydrolysis of the complex to forro 

sulfide. 

t, 

The distribution of additives in electrodeposited 

metals has been stpdied main1y for nickel, but thiourea i~ 

degraded and occIudèd as suifide in this case aiso (8,9,11-13) 

Csimilar degradation occurs in deposition of cobalt (14,15) and 
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iron (16). When deposition occurred onto a rough nickel 

substrate from a w~tts bath containing thiourea or other 

levellinq agents, proportionately more metal was depositet 

on the depressions in-the surface than on protrusions (48). 

By autoradiography and by direct counting, it was demonstrat-
1 

ed that the deposit on protrusions contained a higher 
l , 

content of the additive than the metal deposited in the 

recesses (10,49,50). A similar study of thiourea in depo-

sition from acid copper sulfate solution has confirmed this 

behaviour (51). 

The results were originally interpreted in terms of 

preferred adsorption on the peaks (10,49,50), but it was 

later considered possible that a thinner diffusion layer over 

·,-'protrusions permit ted a higher rate of adsorption on these 

areas than in the recesses with a relatively thicker diffus-

ion layer (48). 

In general, the practical aspects and common use of 

thiourea as a levelling and brightening agent continue to 

make it important as addition agent in electrodeposition 

from acid copper sulfate soluti~ns, even though its action 
, 

is not understood. This lack of unde+standing is due,in pa~t, 

to the limited extent to which it has received attention, 
~ , 

and ,in part, to contradictions and possible misinterpretatiqns 

in sorne or many of the studies that have been made. As a 

result, no satisfactory model has been proposed to account 

.' 

, , 
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for the effects qf thiourea on the deposition process. 
~ (. 

~ 
In view of this situation, it appeared interesting 

and important to investigate further, and in sorne detail, 

the oxidation of thiourea and its formation of complexes with 

copper in acid copper sulfate electrolyte, 'and to study the 

electroche~ical behaviour of thiourea during copper electro

deposition, with a view to obtaining a better appreciation 

of the rnechanisrn responsible for its desirable characteris-

tics as an addition agent. 

1 

\ 
~ 

! 
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INTRODUCTION 

) • ! , , 

The tike dependence of the addition agent properties 

of thiourea in aci~ copper sulfate solutions has! been weIl 

documented (36-44). The formation of e~emental sulfur has 
., -::;J 

, also been observed (41), while other studies (52,53) have 

indicated that the oxidatiô'n of thiourea by acid copper 

sulfate yields the ,sulfate of formamidiniurndis1;l1fide as the 

anhydrous salt, (H~N2CS-)2S0~*. 

. 
The decomposition of formamidiniumdisulfide ion in 

aqueous solution was reported in earÎy'studies (56,57) to 

conform to the stoichiometry 

(1) 

The yields of acid and thiourea were in reasonable accord 

with this scheme, but that~ of sulfur was almost 40% less than 

expected. From the amount of titratable acid liberated dur-

ing the decomposition of the disulfide, Toennies (58) proposed 

that it occurred by the sequence 

* Salts of formamidinedisulfide were prepared as early as 
1875 by Claus (54) but it remained for Storch (55) to 
establish the disu 'de structure for-which he proposed 
the name formamidined'sulfide • 

, / 
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NH NH NH2 NH , / "- '\.C-SOH C-S-S-C + H20 .... C=S + (2) 
/ \ / / 

NH2 NH2 NH2 NH2 

NH NH 
'\. " /C-SOH .... C-OH + S .... S + H20 + H2NCN (3 ) 

/ 
NH2 NH 2 

Decomposition of the sulfcnic acid was aS8umed to occur 

spontaneously. 

A1though this proposaI seerns to be generally accepted, 

several objections to it may 

(i) The amidinium ion 

be suggested: 
X 
C ./., . 

H2N + NH2, 1.8 an extreme1y 

weak acid. Its large resonance energy makes 

the amidine group strongly basic, with rela-

tive:insensitivity to the nature of a substitu-

ent on the carbon atorn. The pK values for a 

- NH2, -CH3, -OCHs and -SCH3 as substituents, 

have been found to be 13.71, 12.52, 9.80 and 

9.83, respectively (59). For this reason, 

formarnidinedisulfide rnight be expected to exist 

as the diprotonated salt, rather than the free 

base, and this has been confirrned in both the 

so1id state (60,61) and in aqueous solution (62). 
o 

, . 
, ,;.f.~.~k' 
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(ii) S-alkyl-isothiouronium salts are decomposed 

by base to give the thio1 and Cyanami#,...,,~63). 

Arndt et al (64) prepared the free base, 

S-methy1-isothiourea by condensing MeSH with 

. cyanamide in ether. The compound was found to 

be strongly basic and'decomposed in the.solid 

state within a day at OoC. 

(iii) The rate of decomposition of the disulfide is 

strongly affected by pH (62), a behaviour not 

suggested by Toennies' mechanism (58). 

(iv) If protonation is taken into account in 

reactions 2 and 3, the reactions would be more , 
likely to yield urea than cyanamide 

NH2 NHz NHz NH2 

" 

16 

.~ /- '~ + H+ (il : C-S-S-C' Ci) + B20 .... c=s + 0:C-SOH (4 ) 

./ /' / "". NH2 NH2 NH2. NH2 

NH2 , 
œ ':C-OH}+ S 
:/ 

? .... (5) 

2 . 'NH l 
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1. 

',.;: The formation of sulfur during deeomposi tion of 

di suIf ides derived from thioureas was eonfirmed by Fiehter and 

Wenk (65) and by Fiçhter and Braun (66), who prepared several 

N-alkyl formamidinedisulfi~es by eleetrolytic oxidation_of 

the corresponding thioureas at a stationary platinum anode. 

It was found that the N-alkyl eompounds were reasonably stable, 

whereas N-aryIformamidinedisulfides were too unstable to ·be 

isolated- from acid solution without appreeiable decomposition, 

e. g. , 

e e 
PhNH NHPh 

'\ 1 c-s-s-c ~ PhNHCS.NHi + S + PhNHCN + 2H+ (6) 
/ \ 

D'Angeli and Iliceto (67) attempted a study of 

isotopie exehange of 35 S labelled N-alkylthioureas and 

N-alkylformamidinedisulfides in aqueous solution. They foun1 

the exehange to be too rapid for kinetie study. The exehange 

mechanism was given as a nucleQphilie displaeement reaction 

at the disulfide bond 

NHz NH,<?;yNHR ~H2 NHz NH2 NH2 
'\ - . ~ 1 '~ * l, ~~:s/ C=S* + -S-C:@ -+ @~C-S-S-Ci$- -- + (7) 
/ \ -1- " / 

NHR ---Ntffi NHR HNR HNR 
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-

The redox potential of the formarnidiniurndisu~fide-

thiourea couple has been found to obey the Nernst equation 
JI 
1/ 

o RT 
E / ""'%: En/Tu + 2F ln D ~.~ " 

[DJ 

[TuJ2 
(8) 

where D and Tu represen~the formamidinium-disulfide ion 
4 ' 

, . , 

and thiourea respectively, with a standard electrode ,potential 

of EO = + O.42V at 25°C (62/68,~9). The anodic oxidation of 

thiourea at a stationary platinum electrode in various 
, f 

,Suppor,ting electrol.ytes confonns to a one-electron oxidation 
1 ~~_ 

of thiourea'at pH - Ir presum~~y to give salts of fonnamidine-
" p .... 

disulfide, a1though no 
_'\ \, 

attempt ~as-made to iso1ate and iden-

tif Y the oxidation product (70) .,:,'- A supporting electrolyte 

of pH < 3 was required for satisfàétory behaviour, but its 

role was not evident. 

Subsequently, it was proposed (71) that the overall 

reaction was 

NH2 NH NH 
\ 

2 C=s ~ 

/, 
~ 1 
C-S-S-C 
/ \ 

+ (9) 

NH2 NH2 NH2 

The charge transfer process was assumed to invo1ve the 

tautomeric thiol form of thiourea, 
" 

/ 

r' 
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l 

" !, 
NH NH 

" '\ H+ C-SH 0+- c-s· + + e (10) 
/ / 

NH2 NHl 

Studies of thiourea as a brightening agent in , 

copper electrodeposition from acid copper sulfate solutions 

have led to the view that the oxidation of thiourea by cupric 

ion may be represented (36-39) • 
.. 

+ 2 
+ 

2Cu + 

1. 

NH NH 
~ Q 
c-s-s-c (~l ) 

/ \ 

A slow decrease of pH upon addition of thiourea 

to a weakly acid (pH = 3 to 4) copper sulfate solution 

~as been regarded as confirmation of the mechanism (38). 

However, it not only disregards protonation of the disulfide, 

but apparently corresponds to a positive value of ~G, 

calculated from the electrode potentials for the two redox 

- couples; 

NH2. 
\ 

Cu l + + 
aq 

2 c=s = 
/ 

NH2 

e = 

NH2. NH2, 
\ ! 

@ :C-S-S-C: <il 

;1 \. 
NH2 NH2 

EO = + O.167V (12) 

2e - E
O + ; = -O.420V 
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". 
Hence 

NH2 NH2 

+ = 2Cu+ + 
\\ /: 

ct> :C-S-S-C: Œ 

J \\ 
i 

NH2 NH2 

( 14) 

= 0.334 - 0.420 = - 0.086 

This can be seen from the fo11owing considerations: the free 

energy change for reaction 14 (a proper representation of 

reaction Il to correspond to experimental observations) 

mÂY be calculated from 

Since 

and 

i t fol1ows that 

= - FEcu2 jeu + 

-2FEO/ TU 

l1G = 

= - 2 F (0 • 420 -+ N ln [ 0 ] 
[Tu]2 

2F (~D/TU - ECU 2 + /~u +) 

(1S) 

(16) 

(17) 

( 18) 
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Reaction 14 can only proceed as written when 6G < 0 or 

ECu 2 + ICu + :. ED/ TU · :If only cupric ion and thiourea are , 

present initially, 
> 

values of Ecu 2 + jCu + and 
1 

calcu1ated from the extent of reaction. For 

conditions at t ~ 0 of
l 
[thiourea]o =-[TU]o, 

~ , 

ED/Tu rnay he 

the initial 

21 

and [cuprous ion+] = [Cu+]o = 0, oxidation of the fraction 

x = 
... 
'. 

of the thiourea corresponds to r~duction of 

x = 
[Cu 2 +]o _ [cu 2 +] 

[cu 2 +]o 

of the cupric ion. For this extent of reaction the potentials 

of the two couples rnay be wri tten 

<' 

EO /Tu' = + O. 420 + ~i 1 n x - ~~ 1 n 2 [Tu] 0 , J ( 19 ) 
(1-x) 2 

and 

+ o. 16 7 + RT. 1 n (1-x) 
F x (20) = 
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FIGUlut 1 

VARJATION OF THE RE~X P~TENTIALS OF THE 
CP~PLE~ D/Tu and Cu 2 jCu CALCULATED FOR ' 
,E~TENT.OF REACTION, X, ACCORDING TQ.EQNS. 

~,:' "!. 19 AND 20 

, < 

NOTE: For any giVen initial concentration of thiourea, 
the maximuRt'"extent of reaction is gi ven by the" 
value of x ·· .. at which the line representing the 
change in E2\12 + /Cu + wi th x, i_r:tters7cts th.e 

~r correspond1ng 11ne for 

22 

ED/
Tu 

for that initial concentr~tion of thiourea. 

,l 
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i 
When and are plotted as functions 

of x, (Figure 1), it becomes evident that a significan~ 

conversi~n [> !%J Of thiourea to disulfide according to 

reaction 14 is not possible, since 6G be,comes posi ti ve. 
" 

b more satisfactory stoichiometry for the oxidation 
~ ""... l",,_ 

of thiou~ea ~Y cupric ion in aqueous solution appear~ ~ he, 

possible b~ considering the faat that thiourea forms strong 
~ 

• complexes wi th cuprous ions\, (72,73). The potential of the 
" .. -~ , 

..". 

cupric-cuprous coup~e in the presence of thiourea must 

therefore be written ~o take into account the equilibria 

Cu Tu+ KI Cu+ + Tu, (21 ) 

Cij 
+ 

TU2 K2 Cu 
+ 

Tu + Tu (22) 

+ + 
Cu TU3 & Cu TU2 +.Tu 

\. . (23) 
. -- < - .... ,,1- ~e-

Cu 
+ Tu,. K,. Cu 

t 
TU)3 + Tu (24 ) 

- ... 

4Tu (25) 

where SIt = KI Kz K3 Kit = 3 x 10 (74,75). Under typical 

electroplating conditions, with ow thiourea concentrations, 

only equilibrium 21 need be cons dered for a first approxi-

mation, and 
-f 

., .. 

.q~, 
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ECu 2 +/cu+ + 0.167 - RT ln KI + = F 
(26) 

+ RT ln [Cu 2 +][Tu] 
F [Cu Tu +]-

where 
~ 

r> Kl :::: K = S,,! (27) 

-. _Ii 
i.e., KI. :::: 1. 32 x 10 

"Y~ 

~Jr 

Hën.ce 

In[Cu 2 +][TU J 
Ecu 2 +/cu+ + 0.167 + 0.230 + RT (28) = 

F + [Cu Tu ] 

The effective potential of the cupric-cuprous couple 

is thus signlficantly increased in the presence of thiourea, 

making the oxidation of thiourea by cupr;~ ion a thermo-

dynamically favorable reaction. In genera~ agreement with 
# 

Slashcheva et al (76) and Shulman et al (77), the stoichio-

metric equation for oxidation 'of thiourea by cupric ion in 

aqueous solution would therefore be 

NH2 
+ -/ 

... 2Cu (S=C 
\ n-l 

+ 

NH2· 

(29) 

, 1 
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with 

.;2 < n <: 5 

Although they are not directly relevant to the 

present investigation, it is interesting, perhaps, to note 
, 

that studiés have been made of the oxidation of thiourea in 

acid solutions to formamidinedisulfide, using ceric .. ( 7 8) 

and cobaltic (79) ions and of the oxidation of cuprous-

thiourea complexes by cupric perchlorate in acetonitrile (80), 

in which the disu1fide was represented as the free base in -. 
sOlutio,rf. 

j 
EXPERIMENTAL AND RESULTS 

EQUIPMENT 

Spectra were recorded on a Perkin-Blmer 402 UV 

~viSible spectrophotometer fitted with a thermostatted,ce11 
1 

holder. The wave1ength and absorbance scales were checked 

using didyimium and Holmium glass filters and standard 

potassium chromate solution (NBS(US) Circu1ar 484 (1949» 

respectively. The cells used were fused quartz having a path 

1ength of 10 mm and completely transparent over the range 

studied (190 - 850 nm). 

Infiared spectra were recorded as nujol or per-

fluorokerosene mu~ls on a Perkin-Elmer 337 Grating IR 

spectrophotometer at a scan rat~ of 20 minutes- for each of the 
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_ 1 _ 1 

4000 - 1200 cm and 1330 - 400 cm ranges. Polystyrene 

film (0.05 mm) was used for wavenumber calibration. 

Potential and pH measurements were made relative tv 

a saturated calomel reference electrode, uaing an Orion model 

701 digital millivolt/pH meter. 

MATE RIALS 

, 
\ 

Water used in prepa~ing aIl solutions was deionized 

apd distilled. Thiourea (Baker analyzed reagent) and tetra

methyl thiourea (Eastman) 1 were used wi thout further ~urifi

cation. Sulfuric acid IAnaChemia, Reagent grade, 96%) and 

hydrogen peroxide (Fisher certified reagent, 30%) were used 

as supplied. Cupric suIf ate pentahydrate' (Fisher cert..i.f.i.ed., 

reagent) was once recrystallized from acidified distilled 
I.J' 

water to remove insoluble impurities. Solutions of acids 

and sodium hydroxide were standardized against rnercuric 

oxide and acid potassium phthalate, respectively. 

OXIDATION OF THIOUREA WITH HYDROGEN PEROXIDE 

Thiourea (15.22 9 = 0.2 moles) was dissolved in 50% 

aqueous ethanol (200 ml) containing sulfuric acid 

(5.8 ml 96% H2S0~ = 0.1 mole). ~he solution was cooled 

below + Soc in ice water, and 30% hydrogen peroxide 

(10:8 ml = 0.1 mol~) added with vigorous stirring over a 

period of five minutes. A heavy white precipitate of 

forrnarnidinedisulfide sulfate was forrned almost immediately, 

• 
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and collected after 20 minutes on a sintered glass funnel by - ) 
suction filtration. It was washed successively with 4 x 20 ml 

-
cold 50% ethanol, 40 x 20 ml 95% ethanol and 5 x 20 ml 

anhydrous diethyl ether. Finally, it was dried by drawing 

filtered air through it for six hours. 

The disulfide was weighed and stored in a vacuum 

desiccator over indicating silica gel. In successive prepara-

tions the yi~ld was 23 ± l 9 (six preparations) representing 

about 90. of theoretical. More disulfide could be recovered 

from the mother liquor, to bring the yield to 98%. 

The formamidiniumdisulfide sulfate was obtained as 

a dense white powder (microscopie needles) soluble in dilute 

aeid at 25 0 C to the extent of ~ 2.5 g/lOO ml; it was 

insoluble in ethanol. AlI samples prepared melted with de

composition at 135-136o C (uncorrected). The reaction with 

picrie acid gave a yellow insoluble picrate that melted with 
t 

decomposition at 158-1590 C (uncorrected), which compared . 
favourably with a value of 1540 C given by Werner (57). 

Elemental analyses by Schwarzkopf Microanalytical 

Laboratory are shown in Table I, along ~th values for the 

titratable acid, sulfate and total sulfur'contents obtained 

independently. 

previous preparations of a sulfate of formamidine

disulfide (53,65) were claimed to be the anhydrous salt on 

the basis of total sulfur and sulfate analyses.' Melting points 

1 
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were not recorded for these preparatibns. The p~esent 
_1 

preparations gave an absorption at - 3500 cm in the infra-

red which could be attributed to an OH stretching mode, 
(, 

... ~.,.) 

presumably indicative of a hydrated salt. Upon deuteration 
_1 

this band shifted to - 2600 cm ,giving a frequency ratio of 
~ 

1.35 in good agreement with the theoretical isotope effect of 

1.37. However, attempts to show the presence of water by weight 

loss over silica gel in a vacuum desiccator failed. In 10 

days, 21.6 9 of the finely powdered sulfat~ lost only 5.6 mg, 

representing 0.38% of the weight loss calculated for the 

complete dehydration of a formamidiniumdisulfide sulfate 

monohydrate. 

Accordingly, the formula weight of the sulfate was 

determined by UV spectroscopy. 

In aqueous solution, the disu1fide showed no absorp-

tion maximum above 190 nm, and only a continually increasing 

absorption toward the vacuum UV region. The UV maximum 

at 204 nID given by Hintermann and Javet (37) did not appear.* 

* It is possible that this observation was caused by excess
ive stray light in a common error in the lower wavelength 
region of interest. Spectra of the di~ulfide taken with 
a Unicam SP 800 showed a concentration'dependent maximum 
in the region 200-210 nm, but similar distortion of the 
spectrum of thiourea showed this maximum for the disulfide 
to be an instrumental artifact. • 

' .. 

~ 
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Since Foss et al (60) have shown that formamidine

disulfide dihydrochloride is free fromlwater of crystalliza-, 

tion, a sample of the chloride was prepared and its infra~ 

red spectrum taken. No evid~nce was found that it contained 

water of crystallizâtion. Beer's law was verified for 

solutions of the dihydrochloride in 0.4 M HCl at 25 0 C and 

the"J'Ilolar absorptivi ty found to be 1844 
-1 _1 

± 22 1. mole cm 

·~t 236.0 nm. Beer's law was then verified for solutions 

of the sulfate in 0.4 M HCl at 2SoC and the absorptivity 
_ 1 1 

was 6.920 ± O. 08 1. 9 cm at 236. a n m. 'Cornbination of 

·~hese two values gives a formula weight for formamidinium-
, 1 

~'sulfide sulfate of 266 ± 4, in good agreement with the 

formula weight of 266.34 required for a monohydrate. The 

total sulfur content corresponds to a formula weight for 

thè sulfàte of n x (83.3 ± 0.3), or 265 ± 1 for n = 3. The 

'constitution of the formamidiniumdisulfide sulfate as a 

monohydrate ~s thus established with reasonable certainty. 

The infra-red, Raman and UV spectra of formamidinium-

disulfide sulfate monohydrate are shown in Figures 2,3 and 4, 

respectively. The infra-red spectrum of the deuterated 

compound is shown in Figure 5. 

OXIDATION OF THIOUREA WITH AeID COPPER SULFATE 

Thiourea (76.13 9 = 1 mole) was dissolved in warm 

(40°C) 1 M H2S0~ (800 ml) in ~wo liter beaker. The 
1 

solution was rapidly stirred with a teflon-coated magnetic bar, 

'. , , 
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FIGURE 2 

INFRARED ABSORPTION SPECTRUM OF FORMA
MIDINIUMDISULFIDE SULFATE MONOHYDRATE 
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FIGURE 3 
~ 

RAMAN SPECTRUM OF FORMAMIDINIUMOISULFIDE 
SULFATE MONOHYDRATE * 

\, 

* 'Oetermined by Or. G. Barna 
Dept. of Chemistry 
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FIGURE 4 

uv ABSORPTION SPECTRUM OF FORMAMIDINIUM
DISULFIDE SULFATE MONO HYDRATE IN 0.4 M Hel 
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FIGURE 5 

INFRARED ABSORPTION SPECTRUM OF FULLY 
DEUTERATED FORMAMIDINIUMDISULFIDE SULFATE 

MONO HYDRATE AS A NUJOL HULL 
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TABLE 1 

ANALYSIS OF FORMAMINIDIUMDISULFIDE SULFATE MONOHYDRATE * 

A: ELEMENTAL ANALYSIS BY SCHWARZKOPF MICROANALYTICAL LABORATORIES 

Element % H202-0xidation CuSO,+-Oxidation Calculated 
~ 

. , ' 

S 36.80 36.21 36.12 
-C • , 9.63- 9.20 9.01 , 

N 21.84 '1r 20.94 21. 02 . 
H 4.04 4.07 3.78' . 

B: TOTAL SUtFUR, SULFATE AND TITRATABLE ACIDITY 

S(total) 36.34 ± 0.14 36.12 

SOit 37.57 ± 0.28 36.08 

l 
H+ 0.772 ± 0:009 0.757 

-
-- ------- -

* Calculated values are for (HItN2CS-)2S01t.H20 with a formula weight of 266.34 

" , 
-: 

• 
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and acid copper sulfate solution slowly added until it was 

in slight excess, as indicated by a faint blue color. A 

mixture of insoluble cuprous thiourea complexes separ~ted as 

an oil after a few minutes. The solution was decanted after 

one hour and allowed to stand in ice water over night to 

ensure complete crystallization of any remaining cuprous-

thiourea salts. lt was then filtered and diluted with an 

equal volume of cold 95% ethanol. The white precipitate 

that formed was fi1tered after one hour and washed successive-

ly wi th' 50% ethano1, 95% ethanol atid anhydrous diethyl ethetfl. 

The ·air-dried'yield (24 hr) was 32.0~g (=0.12 mole (H4N2CS-)2 

S04.H20), with a melting point of 135-l36oC. The picrate 

melted at l59 0 C. The infrared and UV spectra of the sulfate 

. ~ :. 

of formamidinedisulfide obtained by cupric ion and by peroxide 
\ JI ~t 

oxidation were shown ta be identical. 

Elernental analyses are shown in Table 1. 

STOICHlOMETRY OF THE HYDROLYSIS OF FORMAMlDINE
DISULFlDE 

When the sulfate of formamidinedisulfide was dissolv-

ed in neutral solution a very rapid initial decrease. in pH 

was followed by a more graduaI change. When the disulfide 

was-added to dilute acid of pH 2.5 to 3.0 there was only a 

slow decrease in pH, the rate of which changed with time and 

concentration of disulfide initially added (Figure 6). From 

the immediate pH change caused by dissolving dïsulfide in 

dilute acid (i.e., negligible pH change due tq the hydrolysis 
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reaction, see Figure 6) a lOwer limi t can b'e estimated for -
the effective pKa of the formamidiniumdi~lfide ion as 

i 
pK > 6 a .-

Surprising1y, the release of enough acid to account 
". -

for 10% tlecomposition of o.e gram-of formamidiniurndisulfide 

sulfate monohydrate caused no turbidity in the solution 

(100 ml),whereas the Toennies mechanism predicted that 

0.012 9 of e1emental suIf ur should have been formed. 

Treatment of the disu1fide dissolved in a khown 

amount of 1.000c N Hel with excess 1.000 N NaOH gave immediate 

precipitation of amorphous sulfure Typically, 1.0191 9 

1 N HCl and treated with 25.00 ml 1 ~ NaOH gave 0.1104 9 

amorphous sulfur (0.00344 gatom), 0.00389 moles thiourea 

(Argentimetric, "Cyanamide", American Cyanamide Co. p.23) 

and 0.00775 equivalents H+. Hydrogen sulfide was detectab1e 
~ 

by its odor and the presenc~ of cyanamid was demonstrated 

qualitatively by formation of the ye1low silver salt in the 

ether extract of ~he decomposition products. This would 

indicate a decomposifion according to 
/ 

NH2 NH2 
.~ " ~\ '1/ 

~ :c-S-S-C: Ci> -+ 
:1 \, 
NH2 NH2 

NH2 
'\ 

1.01 ?=S + O.9O-~S + 2.02 H+ 

NH2 (30) 

1 _ 
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FIGURE 6 

OECREASE IN pH CAUSED BY HYDROLYSIS OF 
FORMAMIDINIUMOISULFIDE SULFATE NONO HYDRATE 
IN HYDROCHLORIC AeIO WITH AN INITIAL pH 

OF 2.73 
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Addition of a weighed quantity of the disulfide 

sulfate monohydrate to boiling distilled water gave similar 

results except that no hydrogen sulfide was detectab11. Thus, 

10.3672 9 of the compound (= 0.0389 mole) added to - hoo ml 

boiling distilled water gave 1.2253 9 amorphous sulfur 

(~0.0382 gatom ), 0.0387 moles thiourea, 0.0790 equivalents 

of H+ and cyamide. This stoichiometry also conforms quite 

weIl to the stoicniometry proposed by Toennies, 

NH2 
\ 

~ 0.994 c=s + 0.98 S + 2.03 H+ 
/ 
NH2 

(31 ) 

+ NCNH2 

Nhen a weighed quantity of th~fide sulfate was 

added to distilled water at 250 C and slowly heated to effect 

decomposition, the amount of thiourea obtained'increased 

significantly to 1.31 ± 0.05 moles per mole of the parent 

compound (5 déterminations). The titratable acid remained 

at 2.04 ± 0.02 equivalents per mole of disulfide sulfate. 

Amorphous sulfuroand cyanamide were also obtained but were not 

determinea quantitatively. 

To determine the stoichiometry.,~orresponding tô 
< I~ 

decomposition of the di~ulfide at the concentrations antici-, 
_3 

pated in electroplating baths « 10 M) a more sensitive 
-
i.malytical method was needèd .. While recording the uv spectra ., , 
of formamidined1sulfide, it had been observed that the absorb-

1 
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ance of a freshly prepared solution was unaffected by pH in 
1. 

the range 0.05 to 4.00 M H2S0~, but the solutions aIl showed 

a graduaI increase in absorbance at - 236 nm, as shown in 

Figure 7.Since thiourea was known to be the major hydrolysis 
f 

product, its UV absorbance was determined (Figure 8).It 
• 

was found to possess absorbance maxima at 196 nm (lOglOE=4.088 ± 

0.005) and 236 nm (IOglOC=4.076 ± 0.004) and to obey Beers 

law over the whole range studied. The conversion of the di-

sulfide sulfate monohydrate to thiourea and other products in 

aqueous solution would therefore correspond to an increaseoin 

absorbance in the region about 236 nm. 

As shown in Fig. 7 and observed in aIl the decompo

sitions studied by UV spectrophotdmetry, the mixture of 

disulfide and its decomposition products appears to possess an 

isobestic point at 211 nm. This indicates that decomposition 

occurs without interference from side reactions under these 

experimental conditions. 

" 

The absorbance of the disulfide and its decomposition 

products at any time, t, and wavelength À, can be written as 

the sum of the individual absorbances, expressed in terms of 

the product of molar absorptivity 

[CiJ t for each species i, 

C. and concentration 
l..x 

(32) 
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FIGURE 7 

INCREASE IN THE ABSORBANCE AT 236 nm 
OF A DILUTE AeID SOLUTION OF FORMAMIDIN
IUMDISULFIDE UNDERGOING SLOW HYDROLYSIS 
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FIGURE 8 

UV ABSORPTION SPEC~UM OF THIOUREA 
IN AQUEOUS SOLUTION AT pH c 7 
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where the summation L €. X C. t represents as yet, un
i l., 1, 
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identified decomposition products. Because of the relatively 

simpl~ stru,cture of the disulfide, the possible products are '''', 

probably limited to cyan~ide, urea, fonnamidinesulfenic acid, _ 

formamidinesulfinic acid, formamidinesulfonic acid, ammonium ., 

thiocyanate (doubtful), and possibly l,l'-thiodiformamidine 

formed by reaction" of thiourea wi th cyanamide. 

Cyanamide and urea have essentially no absorbance 

above 210 nm and present no difficulty to the spectrophoto-

metric detection of other possible products. The possible 

presence of sulfenic acids may be neglected, since they are 

known to be highly reactive, and generally undergo rapid 

disproportionation if no other reactant is available. However, 

* formamidinesulfinic acid, which is relatively stable in 

dilute acid and has an extinction coefficient < 500 at 230 nm, 

could be formed from sulfenic acid. Formamidinesulfonic acid 

is very unstable (82) and could possibly arise from dispro-

portionation of formamidinesulfinic acid. Thiourea will 

readily condense with cyanamide in ethanol to forro salts of 

* Attempts to isolate formamidinesulfinic acid as a product 
of the hydrolysis of formamidinedisulfide did not succeed, 
presumably'because of hydrolysis of the former (81). 

d 

1 
\ 

\ 

'-

• 
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l,l'-thiodiformam;dine 

but this compound was found to be much more susceptible to 

hydrolysi~ than the disulfide, so that it should n8t form in 

the systems under consideration. 

Since none of the compounds considered coul~ __ contri

bute appreci;b·~·· to the absorbance of the disulfide and i ts 

decomposition products at wavelengths greater than 230 um, .' 
the absorbance May be represented 

or at such a time when aIl disulfide can be as~umed to be 

decomposed 

(34) 

Eqn. (34) and E 236 ~ 11900 ± 100 for thiourea were 

used to estimate the amount of thiourea produced in the 

decomposition of the disulfide sulfate monohydrate in aqueous 

solution at 25 ± SoC. Over the range cif initial disu1fide -
_6 _ .. 

~ ~oncentrations from 1 x 10 to 3 x 10 M the final absorbance 
r 

at 236 nm gave 1.34 ± 0.07 _moles of thiourea per mole of 

, 
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disulfidej with individu~l experiments giving values as 'high 

~s 1.47. This stoichiomet~ would be in accord with a re

action sequence involving formamidinesulfeniè acid which 
" 

rapidly disproportionates to give thiourea and formamidine-

sulfinic ,acid, 

NH2 NH2 
\ ,,~ 

..... C=S + (t)!C-SO-H 
J ( 

NH2 NH2 
, 

2 

NH2', ~ 

\ 
.... C=S + 

/ 

NH2 0 
\ l' 

+ 2H+ @iC-S, €> 
:1 \, 

NH2 NH2 0 

overa11' stoichi6~etry would ,> then be 

NH2 NH2 NH2 
'\' l \ 

2 @:C-S-S-C:@ + 20H ..... 3 Œ=S + 
11 "'- 1 . 

NH2 0 
\ i' 
~ 'c-s:e 
YI '\ l ,\ 

l ' . \ 

NH2 NH2 NH2_1 NH2 0 

\ M 
=--."". ........ .,- '~ The stoichiometry represented by eqn. (37) would 

:ccou~ed high thiourea to disulfide ratio 

concomi t tan tly wi th the' product.ion ,of the ;two eq,ui valen ts 0 f 
- ,t) F • 

acid per mole of disulfide decomposed. 

KINETICS OF THE HYDROLYSIS OF FORMAMIDINE 
-DISULFIDE IN bILUTE ACIO, pR < 4 

--

" On the basis of eqns. (32) and (37), the absorbance 

~ ~ ",-" . ) 
f 

(35) 

\l<'" 

(36) 
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--
of a solution of forrnamidinedisu1fide, D, and its decompo-

siti'on products thiourea, Tu, and fotamidinesulfinic acid r S 

at a given wave1ength may be written 

(381 

At 236' nm, where the difference between the extinction 
l 

coefficients is greatest, 

\, ~23'6,t = 1844 [b]t + 11900 [TU]t + 500 (.S]t (39) 

The change in absorbance with time may then be 

expressed 

and -

dA236,; t 
dt 

d [OJ d [TU]t_+ d [S]t 
= 1844- t. + 11900 500-d-t-~ dt dt 

From eqn. (37) 
& ~, 

d '[D] l\. d [T~Jt t " 
dt = - 0.67 dt 

.' 

q 

~ 
l 

\.. cl ~~]t d [TU]t 
( = 0.33 .. 

(40) 0 

(41) 

(42) 
f ~ ~ ....... ~ dt dt ~ 

-
J , 

. , ' 

;, 
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Substitution of these expressions into eqn. (40) 

, dA236 
dt 

d [TU]t d [TU]t 
= ~ 1210 dt + 1190 dt 

dA239 "" 
dt (10800 

:;. 

d [TU]t 
± 120)' dt! 

d [TU]t 
+ 160 dt (43) 

(44) 

Therefore the initial rate of change of absorbance at 

236 nm can be linearly related to the rate of the hydrolysis 

reaction, defined by 

r =- 1 
= + 3" 

d [TU]t 

dt = d [S] = 
dt (45) 

Using a Perkin-Elmer 402 UV-visible spectrophotometer" 
1 

in the time drive mode, the initial rate of change of ansorbance 

at 236.0 nm was recorded for the disulfide in Hel of 

-~ 0 
9.65 ~ 10 M concentration. Measurements were made at 25 C 

for initial ~isulfide concentrat~ons over the range 
_5 

4.60 to 30.07 x 10 M. The results are shown in Table 2( 

"" The least-mean-squares slope of the plot of ln Ro 
, 

against ~n Do (Figure 9)is + 1.06, which' indicates that the 

rate of decomposition ,pf the disulfide is first order in 

disulfide at constant pH, i.e., m = 1 in eqn. (45) . 

• 
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TABLE 2 

DEPENDENCE OF THE INITIAL RATE OF HYDROLYSIS ON 
THE INITIAL DISULFIDE CONCENTRATION AT 250C IN 
HC1 OF 9.65 x 10- 4 M CONCENTRATION 

. ) 
0 R / 

0 _1 0 _1 
(M) (M cm min ) 

0.0000460 0.023B 
.. 

0.0000899 0.0520 

0.0001284 0.0753 

0.0001809 0.101 

0.0002347 0.136 

0.0003007 0.178 
, 

47 
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FIGURE 9 

VARIATION OF INITIAL RATE OF CHANGE OF. 
ABSORBANCE AT 236 nm WITH INITIAL CON
CENTRATION OF FORMAMIDINEDISULFIDE IN 

0.000965 M HCl AT 25°C • 
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The dependence of Ro upon HCI concentration at 
_It 

constant disulfide concentration (-2.3 x 10 M) was 

similarly determined for a range of acid concentrations from 

9.65 x 10-
4 

to 9.65 X 10-3~, with the results shown in 

Table 3 and plotted as ln Ro against ln Hel in Figure 10. 

Since this plot has a least-mean-squares slope of -1.06, the 

rate of reaction is apparently relat~d inversely to the con- ',: 

centration of acid, with n = - 1 in eqn. (45). 
\' 

The rate expression therefore takes the forro 

r = 1 
- 2" 

d [O]t 

dt 
1 d[TU]t 

= + 3" dt 
d[S]t ' 

= + dt = k 
-1 

[O][HCl] (46) 

with the rate of formation of thiourea given by 

d [TU]t 

dt 
= 3 k [O][HCl] 

_1 
= 

1 
10800 

dA236 
dt 

Inhibition of the decornposition by hydrochloric acid probably 

results from a rapid equilibriurn involving HCI that precedès 

the rate ~etejfining step of the hydrolysis. Since hydroxide 

ion is known to decompose sorne alkyl and aryl-disulfides by 

nucleophilic attack upon the disulfide bond (83-~5), it may ( 

be assumed that formamidinedisulfide reac~s sim~larly. Since 

[H + ] [OH - ] = K' or 
w 

[H + ]_1 = [OH - ] 

expression may be written .' 

-1 . 
Kw the rate 
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TABLE 3 

DEPENDENCE OF THE INITIAL RATE OF HYOROLYSIS OF 
FORMAMIOINEDISULFIDE UPON HYDROCHLORIC ACIO CON
CENTRATION AT 250 e, FOR~INITIAL CONCÉNTRATION OF 
DISULFIOE OF 2.3 x 10- M 

Do Hel Ro 
(M) (M) (M-1cm-1min- 1 ) 

~0.0002347 , 
0.000965 0.136 

0.0002333 0.001930 0.0645 , 

0.0002401 0.000290 0.0421 

0.0002392 0.00386 0.0313 

0.0002409 0.00965 0.0121 

) 

'... l' 

50 

. 
Ro""o 
= RI 

° 

579 

276 

175 

131 

50.2 

, 

----------~----------------------------... 
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• FIGURE 10 
1 

VARIATION OF INITIAL RATE OF CHANGE OF 
ABSORBANCE AT 236 nm WITH INITIAL CON
CENTRATION OF HYOROCHLORIC AeIO 
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, d[TU]t 

dt = 3 k Kw [D][OH-J = 1 
10800 

dA236 
dt 

(48) • 

Using the experimenta1 data in Table~ 2 and 3 and 

-1.. ' _1 
Kw = 1.008 x 10 ,a value is obtained for k Kw of 

(2.74 ± 0.16) x 10+'M-
1
sec-kt 25 0 C. 

In Table 4 (Figure Il) are recorded values of the 
, _1 

rate constant kT = 3k Kw over the temperature range 20.0 

to 40.0oC. These give an apparent activation energy for the 

-1 
rate-detèrm1ning step of 7.8 kcal mole The correrponding 

change in the free energy of activation with tempera~e, 

given by 6G+ = -RT l~ kT ~T yie~ds an entropy of activation 

for the rate deternlining step of 6S+ = -2 e.u . " (Table 5, 

Figure 12). 

HYDROLYSIS OF THE FULLY N-METHYLATED FORMAMIDINE
DISULFIDE IN DILUTE AeIO, pH < 4 

') 
) 

The surprisin~ ease with which formamidinedisulfide 

was hydrolyzed suggested that similar studies be made with 

the fully N-methylated disulfide. Accordingly, 1,1,3,3-tetra-

methyl-2-thiourea (TMT) was oxidized to the diperchlorate 

salt of di- (tetramethyl,forrnamidine,)jisulfide (TMD) (mp 232-

235°C, decomposition at 25SoC) by the method of Lecher et . 
al (86). Analyses of the disulfide agreed with the formula 

for an anhydrous diperchlorate salt. The UV spectrum of 

-1 
\ 
\ 

7 
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TABLE 4 

VARIATION OF THE OBSERVED RATE CONSTANT FOR 
THE· HYDROLYSIS OF FORMAMIDINEDISULFIDE IN 

HCl SOLUTION WITH TEMPERATURE 

* 

TOK 

, 

293.2 

298.2 

303.2 

308.2 
-

313.2 

Values for kT 
1east three 
ternperature • 

, 
-1 

kT = 3 k K * 
M-1 -1 

W 

sec 

{6.00 ± 0. 084 X 10' 

(8.23 ± 0.50) x 10' 

(8.99 ± 0.14 ) x 10 7 

(14.5 ± 0.2) x 10 7 

(14.5 ± 0.2) x 10 7 

are the averages of at 
determinations at each 

53 
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FIGURE Il 
.. 

ARRHENIUS PLOT OF THE RATE CONSTANT FOR 
~YDRbLYSI~ OF EORMAMIDINIUMDISULFIDE ~VER 
~HE- TEHPERATURE RANGE 20.0 TO 40.0oc. 
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, TABLE 5 . .; 

v~RIATI~N ot THE FREE ENERGY bF< ACTIVATIDN 
THE HYDROLYSIS OF FORMAMIDINE DISULFIDE IN 

SOLUTION WITH 1EMPERATURE ~ .. ~ 

... 
• ,- . . 

_1 

FOR 
HC1~ 

55 

'r oK ~ , _'J. 
-flGf 

1 .'..: 1 

kT .lM sec ) (kcal mole ) 

( 

.. 
293.2 . 

298.2 

.303.2 

30"S.2 

313.2 

. , 

. 

1· ..... 
. 

, 

,<1 

, . 
(6 • 00 ± a! 0.0 8 ) 

(s. 23 ±cr. 59)' x 
, 

(S.99±0.-14)' x 
.. 

(12.2±0.2) X 

, 
(14.5±O.2) x 

. 

,. 

>, 

\ 'E' 
c 

x 10 7 6.72 . 
1-9 ' 6.66 

10' 
u 

6.72 
...... ) 0 

10' , 6.66 

f01';, 
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6.66 
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~ VARIATION OF FREE ENERGY OF ACTIVATION .' 
'FOR THE HYDROLYSIS OF FORMAMIDINIUMDISUL
FIDE,-OVER 'l'HE TEMPERATURE AANGE 20.0 TO 40.0
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tetramethylthiourea ,and the infrared and UV spectra of its 
r; 

disulfide diperchlorate were recorded (Figures 13-15). 

When the di..;;. (tetramethylformamidine) disulfide 
" 

diperchlorate salt was dissolved in distilled water (pHo =7) 

there was an instantaneous dl'op ,in pH \ to a value of approxi

mately 2-3. When the salt was dissolv~d in dilute HCl 

(pHo=2.63 at 25°C) a more graduaI pH drop was obtained(Figure 16). 

The acidity released during hydrolysis of Ehe disulfide was 
-

titrated with standard sodium hydroxide solution and found to 
, 

correspond te two equivalents of acid per mole of the disulfide 

decomposed. No sulfur was formed during the ,titration with 
1 

hydroxide, in co~trast to the corr~sponding titration of 

formamidinedis~lfide. 

'. The changes in the UV specurum wh en the di-(tetra-
'1 .. 

methylformamidine) disijlfide diperchlorate ',was dissolved in 

dilute HCl(0.0005 to 0.05 M) corresponded to the formation Of 
. ) 

tetramethylthiourea (Figure 17) .The absorbance ~t 249 nm 

after hydrolysis'was complete corresponded'to - 1.45 moles of 

tetramethylthiourea 'per mole 'of disulfide hydrolyzed. 

On the basis of the final absorbance at 249 nm for 

the hydrolysis of di-(tetramethylformamidine)disulfide it 

may be as~umed that the tetramêthylformamidine sulfinic acid 

(,TMS) formed in t.he hydrolysis po~sesses negligible absorbance 

. _ at this wavelength compared with' that of tetramethylthiourea. 
--- -.-~ ------- ~~ ~ -- p- ~~-- ~-~~ ---~------ ~-~- - - -~--- -- ' 

.... 

._---~-----

With this assumption, Eqn. (38,. may be appl;ed to the hydrolysis 

l, 

__ .... L 

~---:-------~ 
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FIGURE 13 

J:1;J 

UV ABSORPTION ,SPECTRU,M OF 1,1,3, 3-TETRA
METHYL-2-THIOUREA IN ÂQUEOUS SOLUTION AT 

pH = 7 
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FIGURE 14 

uv ABSORPTION SPECTRUM OF.DI-(TETRA
METHYLFORMAMIDINIOM)DISULFIDE IN 0.4 ~ HCl 
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FIG\!RE 15 .. 
~ 

I~FRARED ABSORPTION SPECTRUM OF DI-(TETRA
METHYLFORMAMIDINIU~)DISULFIDE DIPERCHLORATE 

AS NUJOL MULL 
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~FIGURE 16 

DECREASE IN pH CAUSED BY HYDROLYSIS OF 
DI-(TETRAMtTHYLFORMAMIDIN~UM)DISULFIDE 
DIPERCHLORATE IN DILUTE HYDROCHLORIC , 
AeID WITH AN INITIAL pH OF· 2.63 
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of di (tetramethylformamidine)disulfide diperchlorate with 

appropriate values for molar absorptivities and concentrations, 

~to yield 

d[TMD]t d[TMT]t 
= 9946 dt + 18860 dt = Ro - (49) 

where TMD and TMT denote di-(tetrarnethylformamidinium) 

disulfide diperchlorate and tetrarnethylthiourea, respectively. 

The rate of the hydrolysis reaction is defined by 

r = - 1 d[TMDJ = 
2" dt 

and from Eqn. (49). 

l d[TMT] _ d[TMSJ 
"3 dt /* - dt 

dA249 = 12200 d TMT m n dt dt = 3 x 12200 kl[TMD] [HC1] 

(50 ) 

(51) 

J, 
';, 
(. ,~ 
"",!, 

Thus, the order of the reaction in disulfide and acid can again 

be determined by measuring the initial rates at which the 

absorbance at 249 nm changes for different concentrations of 

the disulfide and acid. With the Perkin-Elmer 402 UV-visible 

spectroph~tometer in the time-drive mode, these initial rates 
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were recorded at 20°C for di-(tetramethylforrnamidine)di;ulf~de . \ 

diperchlorate in Hel of 5.00 x 10-
3 

M concentration for \ 
_s 

initial disulfide concentrations over the range 1.36 x 10 

-It 
to 1.32 x 10 M (Table 6). The least-mean-squarês slope of 

a plot of ln Ro against ln ™Do (Figure 18) was found to be 

+,0.95, which indicates that the rate of alkaline hydrolysis 
,\ 

of di-(tetramethylformamidine)disulfide diperchlorate is first 

order in disulfide at constant pH, i.e. m=l in Eqn. (49). & 

Similar studies with a disulfide concentration of 

ca. 0.000044 ~,over a range of acid concentrations from 

-It -3 } 
5.00 x 10 to 5.00 x 10 M and wi~h a disulfide co~centra-

tion of 0.00013 M over the range of acid concentration from 
1 _3 -3 

5.00 x 10 to 15.0 x 10 M (Table '7), gave a plot of ln R 
o . \ 

against ln HCl
o 

with' a slope of "-1.0 (Figure 19).It may~be 

inferred, therefore, that the reaction is also first-order 

in hydroxide iO~. 

From the experimental data in Tables 6 and 7, with 

0.6 ftl 
_lit 

1< l:: X 10 at 20oc, a value is obtained for 
w 

-1 
k = (11. 6 ± 0.8) x 10 7 _1 

M sec 

k = 3k T 

Table 8(Figure 20) shows values of the rate constant 
~ _1 0 

K , over the temperature range 20.0 to 40.0 C. From 
w 

_1 
these data the apparent activation energy is 1.8 kcal mole 

-
for the rate ~etermining step. The corresponding change in 

the free energy of activation with temperature yields an 

entropy of activation of llS+ = + 16 e,u. ('l'able 9, Figure 21). , 
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TABLE 6 

DEPENDENCE OF THE INITIAL RATE OF HYDROLYSIS ON THE 
INITIAL DISULFIDE CONCENTRATION AT 20.00 C IN HC1 OF 

5.00 x 10- 3 M CONCENTRATION 

\ 

. 
TMD

O 
R °_1 

(t!) (min ) 

0:'0000136 0.00483 

0.0000298 0.00950 

0.0000466 0.0161 

0.0000654 0.0214 
~ 

0.0000915 0.0295 
Q 

0.000111 0.0325 
~ 

0.000132 0.0437 

. 
. ' 

• 

. . 

, , 
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FIGURE 18 

VARIATION OF INITIAL RATE OF CHANGR OF 
ABSORBANÇE AT 249 nm WITH INITIAL CON
CENTRATlbN OF TMD IN 0.005 M HCl AT 

20.0oC 
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TABLE 7 

DEPENDENCE OF INITIAL RATE OF HYDROLYSIS OF DITETRAMETHYt,
FORMAMIDINEDISULFIDE DIPERCHLORATE UPON HYDROCHLORIC ACID 
CONCENTRATION AT 20.0oC FOR INITIAL CONCENTRATIONS OF DISUL-

FIDE OF 4~4 x 10- 5 AND 1.3 x 10-- M 

R 
THO HC1 R ln ° 

° ° TMD 
(M) (M)" 

-1 0 (min ) 
= ln R' 

° 
~ 

0.0000440 0.000500 0.188 , 8.35 

0.0000438 0.00100 0.0774 7.47 

0.0000468 0.00248 0.0329 6.55 

0.0000466 0.00500 0.0161 5.84 

0.0001316 0.00500 0.0437 5.80 . 

0.0001291 0.0100 0.0243 5.23 

0.0001308 0.0150 0.0204 5.05 

, 

/ 

, , 



• ,1 

1 r( 

/ 
1, 

) 

• 

li 

l' 
( 

f! 

, \J 

• 

FIGURE 19 

VARIATION OF INITIAL RATE OF CH~NGE OF 
ABSORBANCE AT 249 nm WITH I~ITIAL CON-. 
CENTRATION,OF HCl AND 0.000044 M TMD 
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TABLE 8 

VARIATION OF THE OBSERVED RATE CONSTANT FOR THE HYDROLY
SIS OF DI-TETRAMETHYLFORMAMIDINEDISULFIDE DIPERCHLORATE 

IN HCl SOLUTION WITH TEMPERATURE 

T oK 
_1 

kT = 3klKW 
-1 -1 

M sec 

• 

293.2 (34.7±1.5) x 10' 
\ 
\ 

298.2 (39.3±1.4) x 10 ' 

303.2 (41.l±1.8) x 10' 

308.2 (42.2±1.6) x 10 7 . 
313.2 (43.5±1.8) x 10 7 

(~ ->\) 
""=' 

- .1 

r 
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FIGURE 20 

ARRHENIUS PLOT OF THE RATE CONSTANT 
FOR THE HYOROLYSIS OF TMO OVER THE 
TEMPERATURÈ RANGE 20.0 TO 40.0° C. '\1. _ , î-<""" 
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TABLE 9 

; 

VARIATION OF THE FREE ENERGY OF ACTIVATION FOR THE 
HYDROLYSIS OF DI-TETRAMETHYLFORMAMIDINE DISULFIDE IN 

, Hel SOLUTION WITH,TEMPERATURE 

, , 
0 

-1 1 

71 

oK T kT M" sec- 6Gt kcal mole -
, 

. 

293.2 (34.7±1.5) x 10 7 5.69 
~ 

298.2 
-, 

10 7 5.73 (39.3±1.4) x 

303.2 (41.l±1.8) x 10 7 5.80 

308.2 (42~0±1.6) x 10 7 ~90 

313:-2 (43.5±1.8) x 10 7 5.99 
. 

, 

/ 

_1 
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FIGURE 21 

VARIATION OF FREE ENERGY OF ACTIVATION FOR 
THE HYDROLYSIS OF THO IN HCI SOLUTION WITH 

TEMPERATURE 6 
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It is interesting to note that acidification of the,alkaline 

(pH = 9-10) solution containing the hydrolysis products of 

di-(tetramethylformamidine)disulfide renders it capable of 
-' 

oxidizing thiourea to formamidinedisulfide and iodide to 

iodine (87). This indicates the formation of an oxidizing 

agent with reasonable stability,_presumab1y tetramethy1formami-
"r 

dinesu1finic acid. 

DISCUSSION 

Three p~ssibl~ mechanisms ?ave been de~onstrated 

experimenta1ly for the a1kaline hydro1ysis of organic disul-

fides. These involve a-elimination (88,89), B-e1imination (83), 

or direct nuc1eophi1ic disp1aceme~ft of su1fur from ~u1fur by 

hyqroxide ion (83,84,90). The mode of hydrolysis for a given 

disulfide apparently depends on secondary features of its mo1e-

cular structure (91). 

A1though formamidinesu1finic acid could not be isolated 

in tne hydro1ysis of formamidinedisulfide, the relatively high 

yie1d of thiourea obtained indicates that the hydrolysis in 

dilute acid invo1ves direct attack of hydroxide ion upon the 

disu1fide bond. An alternative mechanism that would give rise 

" to 1.4 moles of thiourea per mole of disulfide does not 

appear likely. 

It has been shown that a negative charge op the di

sulfide, not far removed from one of the" sulfur atoms, inhibits 

• 
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direct.nucleophilic attack of hydroxide on the disulfide bond, 

whereas it is considerably accelerated by a positive charge 

on a disulfide (83). This suggests that formamidinedisulfides, 

with positive charges directly adjacent to the disulfide bond, 

should be much more reactive than neutral alkyl or aryldi-

sulfides. The inductive effect of the methyl groups in di-, 

(tetramethylformamidine)~isulfide' could not greatly reduce 

.' 
the activating effect of the positiva'cttarges. , . 

" , 

Since steric effects in the methylated disulfide do 

not seem tô affect its reactivity with thiourea, neither should 

they decrease its reactivity to hydroxide. 

Danehy and Parameswaran (92) have shown that for 

aromatic disulfides the rate of hydrolysis increases with 

decreasing pK of the displaced thiol. 

with a thiol pK of 5.85, has a half-life 9f 7 minutes in 0.125 

N NaOH, whereas, the half-life of (o-MeC6H~S-)2 with a pK of 

6.64, is increased to 24 hours under the same conditions. 

Protonated thioureas have pK val~es in the range -1 to 
a , 

-2 (93,94), indicating that thioureas should hé very good 
. 

leaving groups in nucleophilic displacement reactions. Tetra-

methylthiourea has a lower pK than thiourea itself, so that a 

the former pre/sents a better leaving group in a nucleophilic 

displacernent reaction. The observed higher rate of hydrolysis 

of the di-(tetramethylformamidine)disulfide may be taken to 

mean that steric and inductive effects on the disulfide 
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reactivity are less important than the pK of the leaving a 

group. 

, 
" 
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Thé ~iia~ -~portance that the pK of the leaving group 
~..;.4,,", a 

exercises in determining the rate of hydrolysis may 'be inter-

preted in terms of a rate determining sul fur-sul fur bond 
~ 

cleavage in the transition complex 

NR2 
'\, 
@:c-s-s e ••• •• OH 
,1 

NR2 

While direct'nucleophilic displacement at sulfur is 

the only possibl~ mode of decomposition for di-(tetramethyl-

formamidine)disulfide, the unsubstituted formamidinedisulfide 

may undergo alkaline hydrolysis by two possible mechanisms . 

In acid solutions (pH ~ 4) the hydrdlysis apparently proceeds 

by hydroxide attack at the disulfide bond, to form thiourea 

and eventually formamidinesulfinic acid wHich then slowly 

decomposes. 

NH2 NH2 
'\, l 

+ OH9 @ :C-S-S-C: ® -+ 

/ \. 
NHa NH2 

NH2 
\ c=s + 
/ 
NHl, 

NH2 

~\C-SOH ,r 
NH2 

(52) 

J 
() 

" 
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~, 
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• 

NH2 NH2 
\ OH e \ /0 

@ ;C-SOH + ..... C.S + H2 0 
,{ / 

(53) 

NH2. NH2 

+ + 

(54) 

NH2 0 NH2 NH2. 1 NH2 
'\ Il ! 

+ OHe 
'\ ;} \ , 1 

(55 ) e,C-S-S-C\0 ..... e'C-S + C=S 
1 \ ; \ / 

NH2 NH2 NH2 OH NH2. 

'-
\.. 

A 
On the other hand, the alkaline hydrolysis at 

pH > 5 appears to he more complicated, and it is sugge~sed 
~tL·1 

that it might involve displacement of the unfavorable' 

leaving group 

by a sequence such as 

76 
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• + OH e '!. + H20 (56) , .. 

., 

NH2 NH 
'\ '1 

(!):~-S-S-c 

l \ 

NHz 
'\ 

® 'C-S-S e + 
!/ 

(57) 

NH2 N 2 NHz 

NH2 NH2 

'\ \ ...... 
e 1 

@ ~c-S-S ~ C=S + 8" Se ( 58) 
,/ / 

NH2 NHz 

the observed formation of hydrogen sulfide in 

strong base is not explicable at present, and the reaction' 

under these conditions is 50 fast that no kinetic studies 
/ 

have been attempted to elucidate the reaction mechanism. 

• , , 

• • o 
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THIOUREA COMPLEXES WITH COPPER SALTS 
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INT,RODUCTION 

Numerous investigations have been made of thiourea 

as a 1evelling and brightening agent during the electroplat-

ing of copper from acid copper sulfate baths. Little 

attention has been given, however, to the reaction of thio-

urea with cupric sulfate, which u1timately produces form-

amidinedisulfide and cuprous-thiourea complexes. (95). 

, . 
Complexes of thiourea with cuprous salts by reaction 

of excess thiourea with the corresponding cupric salts were 

first prepared and characterized in 1880 (96). Rathke (52) 

obtained the first reliaole analyses and gave very thorough 

descriptions of many cuprous thiourea sa1ts. His formula 

for pentathioureadicuprous sulfate dihydrate as the complex 

with cuprous sulfate was later confirmed by other workers(97,98). 

Walter, Storfer and their associates (7~~73,99-l02) 
'/..:' f 

ciaimed to find pentathioureadicuprous sulfate moriohydrate 

as the only thiourea complex with cuprous sulfate, but 

Nardelli and his co-workers subsequently proposed that the 

salt was a'trihydrate (103). They a1so described the prepara

tion of a hexathioureadicuprous 'sulfate dihydrate (103) • 
• 

- It ~s been demonstrated (76) that the concentrat~d 

aqueous sOI~s of cuprous-thiourea salts contain complex 

species such as [Cu2Tus.H20]2+ and [CutTusHtO]2+ whereas i~ 

th~ presence of exceS9 thiourea [CUTU_]+ i9 the predominant 

, 
J 

: r 

Il 

p 
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species (74,75). 

The formation of a white precipitate has been observ

ed near the cathode (28) during electrolysis in acid copper 
f 

sulfate baths containing thiourea, and small amounts of a 

highly insolubl~, colorless complex containing cuprous ions 

and thiourea have been isolated. (38) However, no formula 

could bè derived for the complex from its elemental analyses. 

In solutions of thiourea in acid copper sulfate, . 

Hintermann and Javet (40) found a UV absorption band which 

was not present in either of the constituents alone. On 

the basis of available information, they assumed this band to 

be due to a cuprous-thiourea complex without considering the 

possibility that it might be associated with a cupric-

thiourea species. It was argued that the necessary cuprous 

ions were formed by reduction of cupric ions, with con-

comitant formation of forrnarnidinedisulfide. 

Application of Job's rnethod of continuous variation (104). 

to mixtures of cuprous ions (rnethod of preparation unspecified) 

and thiourea apparently showed the new band at 340 nm to be 

due to a cuprous-thiourea complex, CU+.SCN2H~, with a maximum ~ 

rnolar absorptivity of E 340 = 10 3 (105). This molar absorp

tivity value, together with the data given by Job's method, 

permits ca1culation of apparent association constants of 8.33, 

7.75 and 2.35 for [Cu+] = [Tu] of 0.0025, 0.0050 and 0.025 M 

resp~ive1y. These values are to be compared with an average 
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association constant of K ~ 10~ calculated from polarographic 

data (74,75). 

No attempt was made to elucidate the'electronic 

origin of the absorption band, but it was speculated that a 

symmetry-forbidden e1ectronic transition in thiourea was 

a1lowed in the cuprous-thiourea complex, due to a symmetry 

lowering from C to C • 
~v s 

For sorne time, the mode of coordination in meta1-

thiourea complexes was considered open to debate and infra 

red spectra were sometimes interpreted in terrns of nitrogen 
. ~ 

coordination. However, coordination -through sulfur is 

favoured by data from dipo1e mornent (106), die1ectric 

constant (107,108), and diamagneti~ susceptibility measure

ments (109), which indicate considerable charge ~p~ation in 
.~ .,. '" 

the thiourea mole cule due to ionlc resonance forros, with a 
. _1 

resonance energy of 27 kcal mole (110), 

This view has also found strong support in x-ray 

structure Qete~inat~ons of many metal-thiourea complexes(11l-119) 

which aIl contain sulfu~ coordinated thiourea as ligand. It 

is, a reasonable a~sumption, therefore, that any thiourea 
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complexes with 'copper will contain sulfur coordina~ed thio

urea as ligand. In view of this, the effect of protonation 

on the TI electron distribution and symmetry of thiourea 

should be very similar to formation of complexes with 

'cuprous ions and should give rise to similar changes in the 

e1ectronic absorption spectrum (120). However, protona~ion 

k causes disappearance of the thiourea band at 236 nm and does 
't 

not result in the formation of new absorption bands in the 

region 300-400 nm (121). 

Javet and Hintermann demonstrated that sulfur was 

the site of coordination by the observation that aIl 

N-methylthioure4s gave rise to maxima in the 34B-370 nm 

region (37), whereas, no such band was present when S-methyliso-

thiourea derivatives were added to the plating bath . 

• The preparation of cupric thiourea complexes has 
\ 

recently been reported, which renders untenable the belief 

that such complexes are not capable of existence (74),. In 

these mixed complexes of TI-acceptor ligands and thiourea 

with copper II, the stabilization of the cupric state is 

probably due to the strong chelating ability of the ligands 

with TI bonding from meta1 to ~igand which produces sorne 
" 

electron deloca1ization in the chelate ring (119,122). 

Dich1orobis-(tetramethy1thiourea) oopper (II) has also1been 

prepared, but no reason was advanced for its stabi1ity (118) • 

, , , 
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EXPERIMENTAL AND RESULTS 

Equipment 

Spectra were recorded on a perkin-Elmer 402 

UV-visible spectrophotometer fitted with a thermostatted 

cell holder. 

Analyses for C,N. and H were made with a Hewlett-
, 

82 

paekard 185 CHN-analyzer, while euprie ion was determined by 

EDTA titration with murexide as indieator. 

Potential and pH measurements were made relative 
o 

to a saturated calomel referenee electrode, using an Orion 

model 701 digital millivolt/pH meter. An Orion model 94~29 ' 

cupric ion electrode was used for the measurement of cupric 

ion activity. 

. . 
Materials 

Water used in preparing aIl solutions was deionized 

and distilled. Thiourea (Baker analyzed reagent) and 

tetramethylthiourea (Eastman) were used without further 

purification. Sul furie aeid (Anachemia, reagent grade, 96%) 

was used as' supplied, but cupric sulfate pentahydratê '(Fisher 

certified reagent) 

distilled water to 

was onee~eCrystallized from acidif~ed 

minimize ynsoluble irnpuriti~s. 

\ 

'f 
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PREPARATION OF TRITHIOUREADICUPROUS SULFATE MONO HYDRATE 

When thiourea (0.003 to 0.08 ~) was dissolved in 

the acid copper sulfate electroplating bath (0.50 M CuSO~, 

1.00 M H2S0\), a green color appeared, which faded during a 

period (one to several hours) that depended on the concentra-
o 

tion of thiourea used. A precipitate of white, microscopie 

needles was obtained as the product of this reaction. This 

compound was found to contain cuprous copper, thiourea and 

sulfate ions, but the copper content (approximately 26%) 

indicated that it was not the pentathioureadicuprous sulfate 

dihydrate described in the literature (19.83% Cu). Several 

samples of the white needles were prepared in a nitrogen 

atmosphere for a range of thiourea concentrations in 0.5 M 

CuSO~ 1.0 M H2S0~ (Table 10). At concentrations of thio

urea below 0.01 M no solfd complex was formed within 24 

) hours, although small amounts were precipitated afte, approxi

mately 72 hours. However, when metallic copper was immersed 

in!these solutions, the formation of white needles was 

observed on the surface of the copper after a few hours. The 

same analyses were obtained for the cornplex formed in the 

presence and in the absence of rnetallic copper (Table '11). 

The ~lyses would seem to correspond ta trithioureadicuprous 

sulfate monohydrate, CU2Tu3S0\H20, in accordance with the 

observation that in the concentration range 0.05 ta 0.10 M 
f 

thiourea, the yield of complex approaches that expected for 

monohydrate formation by the reaction 
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TABLE 10 

YIELD~F CU2Tu3S0~H20 AFTER 24 HOURS AS A FUNCTION 
OF INIT,IAL THIOUREA CONCENTRATION IN o. 5 ~ CUSO .. ,1. 0 
M H2S0~ AT 25 0 C UNDER 'N2 - , . 

[Thiourea]o wt CU2Tu3 S0 lt H20 
% yield of Tu as 

CU2Tu3~OltH20 
M 9 -

0.0763 5.1795 51. 0 

0.0443 2.6846 45.5 ) 
0.0254 1.2346 36.6 

0.0195 
J 

0.5768 22.2 ~~ 

0.0149 0.2443 12.3 , 

0.00~97 * 0.0000 0.0 
<-. 

0.00677 0.0000 0.0 

0.00369 0.0000 0.0 
, 

0.00281 0.0000 0.0 
J 

CI 

. . ~ 

84 

~ ,< r-

* Dilute solutions of thiourea in acid copper sulfate also 
precipitated the above complex, but the time required to 
do so was much longer, e.g. -2 weeks for 10- 3 M thiourea. 

"\ 

, < 

/ 
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2 euso~ + 5 Tu ~ eU2S0~.3Tu.H20 + (H~N2eS-)2S0~ 
Ii.\ 

(59) 

This cuprous thiourea complex was insoluble in aIl common 

solvents, but seemed to dissolve to sorne extent, in concen-

trateâ nitric acid at' 50-GO oe. 

When the complex was ~drolyzed by heating with l N 
~, 

NaOH, black crystals of cuprous sulfide (79.9% Cu) were 

\ formed (12 3) • The yield 

) 04: 'the complex in four 

of cuprous sulfide (33.5 to 34.3 wt 

deterrninations) corresponded to 

. th~ expected for the proposed 'monohydrate formula (33.89%). 

1 

The complex was soluble in aqueous thiourea solutions 

from which it could be recovered as pentathioureadicuprou 

sulfate dihydrate (c.f. Table Il for analytical data). 

The complex CU2Tu~SO~H20,became grey at about 

and melted with decompositlon at 23SoC. 

and Raman(Figure t3)spectra indicated that the su fate ions 

were not involved in 
f' _1 

cm appeared as a very weak band The v l mode of S04 at 9 

in the infrared wherea , it was one of the strongest bands 

observed in the Ra~an spectrum, as expected for a Td symmet
!'t 

rie stretching mode (124). Thus, if tetrahedral coordination . ' 
is requiretl for each cuprous ion, the basic formula unit 

22) 

would have to be e,ultTU6(SO~)2.2H20, since this is the smallest 

grouping in which tetrahedral coordination can be achieved 
~ 

by the available thiourea. Such a structure would involve aIl 

,) 
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-. TABLE Il 

ANALYSES OF CUPROUS-THIOUREA ~OMPLEX 

Sarnp1ea % Cu % S % N % C % H 
(M) \ <1. 

'0.0763 1'26.12 c 26 :32b 16.10b 7.51b 3.17b 

0.0443 26.40 27.57 18.04 7.98 3.19 

) 0.0254 26.24 26.89 17.58 7.72 3.13 

0.0195 26.09 27.18 17.98 7.81 2.84 

0.0149 26.43 26.61 18.20 8.11 3.10 

0.00159 c 26.35 27.05 18.07 8.01 3.23 
\ 

0.000965 26.19 26,»44 18.09 7" 85 3 .13 

. Average 26.31 26.87 18.02 7.64 3.12 
±0.25 ±0.44 ±0.17 ±0.20 ±0.20 

27.76 7.67 2.98 , , 

Recrysta11- ) 
ized from 19.47 21.22 9.27 3.54 
Thiourea , 
Ca1cu1ated e 

19.86 21.8a 9.38 3.75 
~ 

u 
a) concentration of thio ea in standard electro1yte froID 

which comp1ex was iso ted. 

h) values by Schwarzkopf Microanalytica1 
J ' 

Laboratory 

c) prepared in the prese ce of metallic 
J 

copper 

d} ca1culated for CU2T ,50 ... H20 

e} ca1cu~ated for CU2T ,50 ... R20 l .. 

• ".......:. ( 
c~ 

({ " '" 
'J 

.. ) 
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FIGURE 22 

INFRARED ABSORPTION SPECTRUM OF 
CU2Tu3S0~.H20 AS KBr DISK 
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FIGURE 23 

Determined by Dr. G. Barna, 
~epartment of Chemistry 
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the thiourea sulfur atams in e1ectron-deficient three-centér 

bridging bonds of the type cuI-S-CuI , ~ut such bonds are~a 

known possibi1ity (115-117). The Raman spectrum a1so ~how~d 
, , - ..... 

-1 r J 
a sharp, strong band at 250 cm which can be assigned to a :~) 

Cu-S stretching<~ode (125,126). 

IDENTIFICATION OF THE SPECIES RESPONSIBLE FOR 
THE ABSORPTION MAXIMUM AT 340 nm 

,q 

In agreement with Hintermann and Javet (37) it was 

found that an absorption maximum at 340 nm appeared when thio-

ure~ was disso1ved in acid cupric sulfate solutions initial1y 

free from cuprous ions. Since the band had been attributed 

to a cuprous-thiourea ion, it seemed reasonable that a solu-

tion of Cu~uC1.!H20 in di1ute su1furic acid shou1d show the 

same absorption band. However, it was found that neither 

CuTuCl nor CuTu3C1 showed an absorption maximum ~n this 

region, a1though appreciable absorbance due to a peak at 

236 nm was observed. TQis would seem to indicate that the 

absorbance maximum at 340 nm might not be due to a cuprous 

thiourea species. 

The reaction between thiourea and cupric salts to 

give formamidinedisulfide and cuprous thiourea complexes is 

quite rapid, as evidenced by the apparently instantaneous 

reduction of CuSO~(0.5 M CuSO~,l M H250,) by thiourea 
r 

(0.5 M Tu, 1 M H250,). Nevertheless, it was considered 

possible that the absorption maximum at 340 hm might be due 



90 

/ 
to a cupric-thiourea complex formed as an interrnediate in the 

redox reaction. Since the reaction was very fast, the rate 

at which thiourea and copper sulfate solutions were mixed 

becarne a critical variable in any atternpt to study the system. 

When small volumes of concentrated thiourea solution 

were added t~ concentrated aqueous copper.sulfate, there 

inevitably occurred a mi~ing zone that contained a higher 

concentration of thiourea than the final solutio~ This was 
, 

probably responsible for the irreproducible absorbance-ti~e 

behaviour observed under such conditions in the 300-400 nm 

range. However, the absorbance-time curve at 340 nm generally 

passed through a slight maximum, as reported by Hinterrnann 

and Javet. 

When di lute thiourea solutions -3 
« 5 x 10 M) were 
-

~added to weIl agitated copper sulfate solutions, the absorbance-

tirne behaviour at 340 nrn no longer showed a maximum and becarne 

reproducible. This was interpreted as the rapid establishment 

of a quasi-equilibrium concentration of the species res-

ponsible for the absorption maximum at 340 nrn, followed by a 

slow reaction that subsequently'caused its depletion. Owing 

to the slow decrease of this quasi-equilibrium concentration 

with tirne, it was possible to deterrnine the nature of the 

species(Jnvolved, toqether with ils extinction coefficient 

and stability constant. 
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The method deve10ped by Job (104) was used to 

determine th~ copper-thiourea ratio in the complex. For the / 

* equi1ibrium 

1 

mA + nB = A B 
m n 

( 60) 

it has been shown (~27) that a curve expressing the concen-

tration of the complex, or a quantity proportional to the 
J 

concentration, e.g. absorbance, as a function of the mole 
CB fraction of ligand x Cc +C ' (where ci represents the 
A B 

n concentration of species i) exhibited a maximum for x = m+n. 

It is possible, therefore, to determine the ligand-metal 
f, 

ratio for a comp1ex which obeys Eqn. (60), with an equili-

brium constant 

(61) 

If C represents the constant total concentration of re-

actants (C = CA + CB) and x ~he mole fraction of ligand, 

the equi1ibrium concentrations of A and B may be 

written 

[A] 

[B] 

Hence 

= C(l-x) - m[A B J m n 

= Cx - n[A B ] m n 

Job studied systems for which m = 1 

v • 

(62) 

(63) 

.1' 

.' 
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(64) 

Substituting [A B ]/C= y, Eqn. (64) may--be--wtitten m n ----

f (x ,y) m n l = (l-x-my) (x-ny) 
KCm+n - 1 

Differentiating Eqn. (65 ) with df(x,l) 
dx 

n x = m+n for 

m=n=l and x=o 

r 
the maximum in 

or x=l, the 

~ = 

the curves 

derivative 

, 1 
1 

1 + KC 

y 

= 

of 

of 

However, for m=n>l, the derivative becomes 
. 

(65) = 0 

0, yieJ.ds 

variation. For 

Eqn. (65) becomes 

(66) 

~ = 0 for x=o dx 

or x=l. Thus, if a maximum at the mole fraction x=0.5 i5 

obtained in a plot of absorbance against mole fraction, the 

ptesence or absence of inf1ections and the forro and gradients 

of the curves for values of x near zero May give informa-

tian about the group of 1:1 complex present (i.e. 1:1, 2:2 

or possibly even 3:3). A curve which exhibits inf1ec~ions 

and is parabolic for values of X near zero and one, and 
III 

which has zero gradient at x=o, and x~l, indicates the 

presence of a complex wi th m=n> 1. On the other hand, the 

absence 'of inflections and parabolic portions, together with 

a finite gradient at x=o and x=l, indicate a complex with 

m=n=l. 

.. 

i 



) 

4 

• 

93 

The method of continuous variat~on was applied to 

mixtures of c4pric sulfate and thiourea in 0.1 M H2S0~ for 

C=0.007, 0.010 and 0.020 M(~igure 24)Tab1es 12-14) and also 

in 0.1 M H2S0~, 0.9 M (NH~)2S0~ for C=0.010 and 0.020 M 

(Tables 15, 16r:-------

The maximum a~ x=0.5 and the finite slope at x=o , 

and x=l c1ear1y indicate the formation of a complex between 

cupric sulfate and thiourea, with m=n=l. The effect of 
p 

ammonium sulfate on the curves will be discq5sed later. 

In application of the mole-ratio method, the total 

concentration of cupric sulfate waS kept constant whi1e the 

total concentration of the ligand was increased. Conversely, 

the total ligand concentration may be he1d constant while 

the total metal ion concentration is increased. In the 

former case, the absorbance due ta the complex is p10tted as 

a function of the total l~gand concentration. If on1y one 

comp1ex of high stabi1ity is formed, the graph consists of 

two linear intersecting farts., However, as the magnitude of 

the stabi1ity constant decreases, the break in the curve 

becomes more uncertain. 

For cupric sulfate and thiourea in 0.1 M H2S0~ 

the curves show nQ sharp break, an indication that the complex 
" 

has a low value for its association constant (Figure 25, 

Tables 17-19) • .. 

o 
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FIGURE 24 

ABSORBANCE OF ~OMPLEX AT 340 nm FOR 
DIFFERENT MOLE FRACTIONS OF THIOUREA IN 

o 0.1 M SULFURIC ACID SOLUTION 

u 
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-. TABLE 12 
< 

~ , 
ABSORBANCE OF COPPER CpMPLEX AT 340 nm tOR / 
DIFFERENT MOLE FRACTIONS, X, OF THIOUREA WITH 1 

C = 0.007 M IN 0.1 !!. H.SO. AT 25°C " / 

-
X " A340 Kca1c (E 340= 3300) 

, 
/ 

0.10 0.0339 2.41 
1 

0.20 0.0548 - t 2.19 

0.40 0.0852 2.27 

0.50 0.0917 2.34 

0.50 0.0893 2.29 
\ 

0.60 0.0856, 2.28 

0.80 0.0572 , 2.29 

0.90 0.0297 2'.11 . .. 
î 

~ " -

K = 2.27 ± 0.18 av 

'. '\ 

, 
j 
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TABLE 13 

ABSORl3ANCE OF COPPER COMPLEX AT 340 mn FOR 
DIFFERENT MOLE FRACTIONS, X, OF THIOUREA WITH 

,C = 0.010 M IN 0.1 M H2S0 .. AT 25°C 

X A340 
. Kca1c (~j40~3300) " 

J 

0.10 .. 
0.20 

'. ~ 
0.30 .. 
0.40 

~ , ... 
0.50 

-:-

0.,60 

0.70 

0.80 

0.90 fil 

« 

0.064 

-0'.108 

0.145 

0.164 

~) (/~~2.~ (; i 

~145 

"" 
1 

',,-
O.l~ 

" ,-
"" '-~ 0.067 

" 

t 

Kav = 2.20 ± 
1 

, 

2.i"4 

2.13 

2.18 
~~ 

2.15 
~ 

2.20 

2.17 
- ~! 

2~là 

-"~.~i~· , 

2.35 
. 

. 

0.14 

/ 

96 
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TABLE 14 

, 
ABSORBANCE OF COPPER COMPLEX AT 340 nm FOR 
DIFFERENT MOLE FRACTIONS, X, OF THIOUREA WITH 

C = 0.020 M IN 0.1 ~ H2S0~ AT 25°C 

o , . 
X A340 Kca1c(E340~3300) 

" 

, 

0.10 
~ 

-
0.20 

0.30 

0.40 

0.50 

0.60 

0.70 
" 

0.80 
, 

0.90 

. 

o 

0.240 

0.420 

0.521 

0.551 

0.532 

0.468 

0.372 

0.290 

0.172 

2.10 

2.07 

1.95 

---A' 1.80 

1.66 

1.52 

1.37 

1~41 

1.49 

0 

K = 1.71± 0.32 ' av -

97 
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TABLE 15 

ABSORBANCE OF COPPER COMPLEX AT 340 nm FOR 
DIFFERENT MOLE FRACTIONS, X, OF THIOUREA WITH 

C = 0.010 M IN 0.1 ~ H2S04 0.9 M (NH4)2S04 

AT 25°C 

X A340 Kca1c(E340=3300) 
, 

0.05 0.020 1. 30 

0.10 0.053 1. 82 

0.20 0.083 1.60 

0.30 .l 0.109 1.60 

0.40 J 0.<120 1.54 • 

0.50 0.125 1.54 

0.60 0.121 1. 55 
<, 

0.70 0.110 1. 61 .. 
0.80 0.087 1.68 

0.90 0.053 1. 82 
, 

Kav = 1.55 ± 0.26 

99 

" 
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TABLE 16 

ABSORBANÇE OF COPPER COMPLEX AT 340 nm FOR ,'~', 

DIFFERENT MOLE FRACTIONS, X, OF THIOUREA WITti ' 
C = 0.020 M IN 0.1 M H2S0~ 0.9 M (NH~)2S0~ 

'\ 

AT 25°C 

X A340 
1 

0.10 0.290 

0.20 0.421 

0.30 0.504 

0.50 0.522 

1 0.60 0.510 

0.70 0.347 

0.80 0.376 

0.90 0.260 
I.J 

•• 

f 
Kcalc(E340=3300) 

2.57 

2.08 
Q 

1. 89 

1.63 
, 

1.67 

1.70 

1. 85 

2.29 

K = 1.96 ± 0.58 , av 

, 

i 
\ 

99 

\ 

\ . , 

) 
• 
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The dilution method developed by Sanioto and 

Cilenti (128) was applied to the system to determine Keq 

and E340' 

For a weak comp1ex fo~ed by "the reaction 

100 

A + B = C (67) 

the eq~i1ibrium constant is 

• K = [C] 

[t] [B] 

( 

(68) 

m. denotes the number of moles of species i 
~ m. 

solution of volume V, i .. _:. [Xi] = V~ , the 

equi1ibrium concentrations of the individual species for 
< -

'\ 

the condition mB » mA > mc' may be written 

[A] = 
mA-mC 
,V 

(69) 

[B] 
~-mC ~ = ~ 

V V 
( 70) 

/ 

, mC A
À [C] = V = E
À 

( 71) 

In Eqn. (71), A
À 

lis the 06rrected absorbance due to 

the comp1ex at the wavelength À, and E
À 

is the molar absorp

tivity of the comp1ex at that wavelength. Substituting 

these values into Eqn. (68), and rearranging, 

j 

) 

." 
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FIGURE 25 

MOLE RATIO METHOD APPLIED TO COPPER 
SULFATE AND THIOUREA IN SOLUTION OF 
0.1 M SULFURIC ACID 

o - [Tu] = constant = 0.005 M, B = [CuSO~] 
f:. -[CuSO .. ]= constant = 0.005 M, ,B = [Tu] - ~ 

.. 
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TABLE 17 

ABSORBANCE OF COPPER COMPLEX AT 340 nm FOR 
DIFFERENT TOTAL CONCENTRATIONS OF COPPER SULFATE 
WITH A TOTAL ~HIOUREA CONCENTRATION OF 0.005 M 

IN 0.1 ~ H2S04 AT 25°C 

[CuSO .. ] A340 Kca1c 

0.001') 0.034 2.13 

0.0020 . 0.067 2.10 
, 

0.0030 0.101 2.11 . 
0.0040 0.134 2.11 

0.0050 0.163 2.05 

0.0060 0.185 1. 94 

0.0070 0.225 2.03 

0.0080 0.254 2.01 

0.0090 0.280 1.97 

0.0100 ,~ 0.301 <tl 1. 91 
1 

~~ 
,,~) 

Kav = 2.04 ± 0.10 

-~1~ 

1 

102 
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TABLE 18 

ABSORBANCE OF COPPER COMPLEX AT 340 nm FOR 
DIFFERENT TOTAL CONCENTRATIONS OF THIOUREA WITH 
A TOTAL COPPER SULFATE CONCENTRATION OF 0.005 M 

IN 0.1 M H2S0~ AT 2S0C 1 - A 1 g (, 

[Tu] A340 Kcalc(E340=3300) 

0.0010 0.030 1.87 

0.0020 0.065 
v '# 2.04 

0.0030 0.101 2.11 . 
0.0040 0.137 2.16 

0.0050 0.166 2.09 

0.0060 0.197 2.07 

0.0070 0.238 2.15 - ~ 

0.0080 0.268 2,13 

0.0095 0.286 1.91 . -

Kav = 2.06 ± 0.10 

1t 

" 

~ 1 

103 

" 
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TABLE 19 ' 

ABSORBANCE OF COPPER COMPLEX AT 340 nm FOR 
DIFFERENT COPPER SULFATE CONCENTRATIONS WITH 
A TOTAL THIOUREA CONCENTRATIgN OF 0.00205 M 

IN 0:1 M H2S0~ AT 25 C 

104 

[CuSO~ ] A 340 Kca1c (€340=3300) 

-

0.005 0.075 2.30 

1 , 
0.010 0.146 2.26 

0.020 0.272 2.14 

0.050 0.600 1. 99 

~O.125 "-
1.290 1. 93· 

. 

0 

", 

Kav = 2.12 ± 0.18 ' 

\. 

" 
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V 

= 

c). 
Multiplication of this last equation by -- V 

A). 

105 . 

(72) 

gives 

(73) 

If and are kept constant and the absorbance, A
À

, 

of the complex determined as a function of the volume of 

the solution, the association constant and molar absorptivity 

may be determined from a plot of V against l 
VA . 

À 

The data for optimum concentrations of copper 

sulfate and thiourea are shawn in Table 20, and plotted in 

Figure 26. 

" From the least-mean-squares line, values of K = 2.37 

and E 340 = 3320 were obtained, with an estimated error of 

± 5%. The same method applied to copper sulfate and thiourea 

in 0.1 M H2S0~, with (NH4)2S0~ (0.9 ~) present, gave K = 1.43 

and c 340 = 3340 (Table 21). 

.0 

The lower apparent association constant in the 
.' 

presence of ammonium sulfate may be explained by a shift in 

the equilibrium 

Cu 2 + + SO~S = CuSO~ aq aq aq (74) 

" 
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FIGURE 26 

DILUTIQ, METHOD APPLIED TO CUPRIC SUL{ATE 
(5 x 10 MOLES) AND THIOUREA (6 x 10- MOLES) 
IN 1.0 M SULFURIC ACID SOLUTION 

t 

" 
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TABLE' 20 • 

ABSORBANCE OF COPPER COMPLEX AT 340 nm FOR 
DIFFERENT TOTAL VOLUMES OF SOtUTION CONTAINING 6 
5 X 10- 3 MOLES TOTAL COPPER SULFATE AND 6 x 10-
MOLES TOTAL THIOUREA.IN 1.0 ~ H2SO~ AT 25°C' 

, 
V A340 

1 
(1) VA340 

, 

0.0110 0.950 95.7 

0.0115 0.870 100.0 

0.0120 0.830 100.5 

0.0125 0.790 101. 3 

0.0130 0.730 1- 105.4 

0.0135 0.700 105.8 

0.0140 0.650 109.9 

0.0145 0.600 115.0 
• 

0.0150 0.575 116.0 

0.0155 0.556 116.0 

0.0160 0.531 117.6 

0.0165 0.505 120.0 

0.0170 0.486 121.0 

0.0175 0.457 125.0 

0.0180 0.444 125.1 

0.0185 0.419 129.0 

0.0190 0.395 133.1 
-------- -

~- -
0.0195 0.393 

----- 130.5 

0.0200 0.380 131.6 

LMS line V = - 0.01185 + 0.0002364 1 VA340 

107 
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TABLE 21 ' 

AB~ORBANCE OF COPPER COMPLEX AT 340 nm FOR , 
DIFFERENT TOTAL VOLUMES OF SOLUTION CONTAINING 
1 x 10-' MOLES TOTAL COPPER SULFATE AND 1 x 10- 5 

MOLES TO~AL THIOUREA IN 0.1 M H2S0~, 0.9 M 
«NH~)2 SO~ AT 2SoÇ 

1 
----.. 

V A3,40 K cale. (1.) 
'. 

VA340 
, 

0.0110 0.349 260 1.45 
;; 

0.0130 0.248 310 c 1.41 

0.0141 0.220 322 
, 

1.47 

0.0150 0.191 349 1.43 , 

0.0170 0.149 395 1.42 

0.0210 , 0.098 488 1.40 
. 

" 

\ 

-, 

l.. : 

, 

) 
. 

o 

\ 
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Since HSO~ is a weak acid; the solution containing 

(NH~)2S0~ has a higher concentration of SO~ than sulfuric 

acid solution of equal total sulfate concentration. Conse-

quently, there should be fewer free cupric ions in the 

presence of added (NH~)2S0~ than in its absence for given 

sulfuric acid concentration. The concentration of a weak 

complex of thiourea with free cupric ion should therefore be 
, 

decreased in the presence of ammonium sulfate. The observed 

decrease in concentration of the complex that absorbs at 

340 nm with addition of (NH~)2S0~ is- therefore in accord with 

a cupric-ion-thiourea complex, rather than a neutral cupric 

sulfate-thiourea species. 
-'- ~:;i..? 

Values of the equilibrium constant~, were also 

calculated by evaluating the concentrations of the complex 

from its molar absorptivi~y, E 340 = 3300 
"ri .. ) 

M- 1 - -1 The cm • 

,values obtained weré K =2. i ± 0.2 for sulfuric acid media and 
/ 

K = 1.6 ± 0.2 when ammonium sulfate was present. The 

consistent values of K obtained over a wide range of 

concentrations lend support to the view that the band (Fig. 7) 
JI'-

"':f.~ ~." .t ~ ,!r'~~ .. 

is due to a cupric thiourea complex, rather than sorne other 

specief5. 

An att~mpt was made to determine the equilibrium 

constant for the formation of the Cu 2 + :-:- thiourea complex 

from the low intensity absorption (E SOO 
sulfate in the long wavelength region. 

.-
~ 12) du~to copper 

unfortunat~y, it 
Il 

/ 
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FIGURE 27 

d 

uv ABSORPTION SP~CTRUM OF THE CUPRIC ION
THIOUREA COMPLEX WITH MAXIMUM ABSORBANCE 

AT 340 nm -
\ 

~ \ 

~ 
. rA 

1 
1./ 
: / 'li ; 

110 

" 

/ 



• 

• 

~ 
~ 

3000 

.> 200 
~ 
0. 

b 
li) 

.0 
cu 
Lm 
o 
:2 1000 

... 

• 

• a 

~----~------------~------------~, 
300 350 

Wavelength (nm) 

~ 

400 



• 

• 

III 

was not measurably affected by the presence of small ~oncen-

trations of thiourea, and no estimate of the equilibrium 

constant was possible. However, the behaviour supports t~e 

view that" the complex has a low stability constant. 

An attempt was also made to determine the change in 

the aetivity of the Cu 2 + ion with a, cupric ion electrode 

(Orion, Model 94-29) when thiourea was added to a solutiqn 

, 

1 
However, 

the potentials appeared to bear no reIation to cupric ion ,-,> 

activity, and this was aiso true when th~ potentials at a 

copper foil eleetrode were measured. 

From the time dependence of the absorbance in the 

range 280 to 370 nm and a knowledge of the molar absorptivities 

of Cu 2 + SCN2H~1 SCN2H~ and formamidinedisulfide , it was 
o 

concluded that, at time t > 0, the absorbance in the region 

below 340 nm was too large and increased too rapidly to be 

aceounted for by the above speeies only. Howe~er, sinee it 

had,been shown earlier that the compounds CuTuCl and 
f 

CuTu3Cl in sulfuric aeid solution possess considerable absorb-

ance in this region, it was considered that the absorbance 

which could not be accounted for could be due to a cuprous-

thl:.ourea complexe Thul}I at time t > 0, the observed absorb-
,/ 

anc-e' at 340 nm was a /superposition of absorbances due mai,nly 

to the complexes [CP+TU] and [Cu1+TU). This makes an exact 

interpretation of the absorbance at times other than t ~ 0 

,~ 

t ... t~ .... 
14"4~ 1 

\~;:, 
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impossible, since the molar absorptivity of the complex 

+ Cu SCN2H. in this medium was not known and could not be 
" 
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estimated unambiguously. This superposition of absorbances 

would seem to explain the complex absorbance-time behaviour 

found by Hintermann and Jave~ and in the present work under 

conditions where significant reaction occurs du ring mixing 

to give cuprous-thiourea complexes. 

PREPARATION OF DICHLOROBIS (TETRAMETHYLTHIOUREA) 
COPPER II ' 

,. 
When an aqueous solution of 1,1,3,3-tetr~thyl-

2-thiourea (TMT) was added to an aqueous solution of a cupric 

salt (sulfate, chloride, perchlorate, nitrate or acetate) a 
-' 

deep red color developed immediately and faded within a few 

seconds when the solution was shaken. From the UV spectrum 

of an appropriately diluted solution of THT in acid cupric 

chloride, it was apparent that the TMT was rapidly and 

completely oxidized to di-(tetramethylformamidine)disulfide. 

It would seern that the red color that appeared when the 

solutions were mixed may'be attribtited to an absorbance band 

of a cupric ion- TMT complex, and tbat the color faded when 

rapid reaction occurred to give the disulfi~e together with 

cuprous ions that were oxidized by atmospheric oxygen. 

~ 

Analogy with the corresponding cupric-thiourea 

reaction su9gests that, if the reactants are mixed ln 

initially neutral aqueous solution, the disu!fide fo~d by 

1 r-
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oxidation presumably undergoes rapid hydrolrsis to regenerate 

TMT. In the cycle of oxidation and hydrolysis reactions 
, . 

that ensues, the hydroly~is i5 inhibited by the accompany1ng 

decrease in pH. It is possible to break this cycle in 

concentrated solution by precipitation of the solid complex 

CuC12.2TMT and it was, in fact, prepared by this method (118) 

before the oxidation-hydrolysis cycle was recognized. 

When solutions of TMT and cupric chloride in iso

propanol were mixed, the red color of the'complex did not 

fade and a crystalline precipitate of deep red needle~ 
o ' 

(mp 114-116 C) was obtained (c.f. Table 22 for analyses). 

The solution 1etained its red celor for more than five days, 

indicating a drastic decrease in the rate of the, rapid redox 

reaction relative to 'that which occurs in aqueous solution. 

The absorbance of the solution of TMT and cupric 

chloride in isopropanol showed a complex behaviour. There 

appeared to be tWQ ~verlapping absorption bands at 410 ,and 
/ 

520 nm, with resid~a1 absorbance extending to approximately 
~ 

700 nm. The observed red color of the solution was uhdoubted-

ly due to ihe broad complex band, combined with a decrease 
~ 

in the intensity of the long wavelength absorbance of.CUC11. 

, 
It May be suggested tentatively that the effect of 

TMT concentration on the absorbances at 410 and 520 nm, at 

constant CUC11 concentration, mïght reflect the presence of 

a species such as CuC12.TMT that i8 mainly responsible for 

, \ 
1 t 
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TABLE 22 

REACTION OF CUPRIC CHLORIDE WITH TETRAMETHYL
TaIOUREA IN ISOPROPANOL AT 25°C. 

1> 

tetrarrrethy1 CuC12.2TMT CuC12.2TMT 
mil1irno1e thiourea mi 11imole- (g) 

rnillimole 

t t1 
1.00 

l \ 1.00 0.2233 

1.00 ; 2.00 '0.83 0.3299 :. 
~ 

1.00 3.00 0.84 \ 0.3329 

1.00 4.00 0.80 0.3171 

, 
'1 

B. ANALYSIS OF CuC12.2TMT 

114 .-

. 

Element-'% Found Calculated· 

, , 
1 

Cu 16.00 

C 29.86 

H 6.10 

Cl 18.03 

\ 

• Calcu1ated values are foi CuC12.2TMT 
mol.wt. 398.90 

-

, 

15.93 
, 
3'0.08 . 

6.,02 

17.77 

... 

.. 
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the band at 410 nm, and a second species such as CUC12.2TMT 

that is responsib1e for the absorbance at 520 nm wi th higher 

T~T concentrations. (Figures 28,29,Table 23). The comp1ica-

tions appeared to be too formidable to atternpt a quantita-

tive interpretation of the system. It might weIl he that 

in solvents of low ionizing power might permit 

isolation of tetra-N-alkylthiourea complexesewith cupric 

saI ts, but the subj ect was not pursued further, sinee i t did 
... 

not seem relevant to any practicable aspects of copper 

electrodeposition. 

DISCUSSION 

On the basis...J of the experimental evidence obtained, 

it wou1d seem that the band observed by Javet and Hinter:mann 

in solutions of thiourea and cupric sulfate, and attributed 

by them to a cuprous-thiourea complex, is in reali ty due to 

a cupric-thiourea comp1ex. 

MCAuley and Ganwalk (78,79) have claimed that 

formation of s!gnificant concentrat.iQns of me>al-thiourea 

complexes as intermediates in the meta! ion oxidation of 

thioureas is unlikely under acid conditions such as used in 

the present study. This argument is based on a pRa of 

+ 2.03 (129) for the conjugate aeid of thiourea, which ia 

to be cornpared with a value of - 1 .• 2 (93,94), confirmed in 

the present study • 
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TABLE 23 

EFFECT OF TETRAMETHYLTHIOUREA CONCENTRATION ON THE 
SPECTRUM OF ITS SOLUTIONS WITH 2 x lO-~ M CUC12 IN 

ISOPRQPANOL 

[TMT] (A410 )obs. (AS20 )obs. 
M 

'Ir"' . 

i 

o .00000 0.042 0.000 

0.00010 0.056 0.010 

o .00020 0.072 0.014 

o • 00030 0.'074 0.016 

0.00040 0.074 0.018 

0.00100 0.076 0.026 . 
0.0020 0.080 0.032 

o .0030 0 .. 074 0.034 

r 
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FIGURE 28 

ABSORPTION SPECTRA OF ISOPROPANOL SOLU- _ ft 
TIONS CONTAINING CUPRIC CHLORIDE (2 x 10 M) 

'\ AND TMT 

1) [TMT] = 0.0002 M 

2) [TMT ] = O. 003 M 

1 

• 
" 
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FIGURE 29 

VARIATION WITH TMT CONCENTRATION OF 
--"'-·-..TlJE ABSORBANCÉS AT 410 AND 520 nm OF 

'ISOPROPANOL SOLUTIONS CONTAINING CUPRIC 
CHLORIDE (0.0002~) . 

I!' 
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In aqueous solution of èbbalt II to which thiourea 

has been added, a band at 323 nm has been attributed to a 
... 

charge transfer band of a cobalt II - thiourea complex' (130) • 

It has alsd ~een shown that N-alkylthioureas and iodine in 
. ~ 

dichloromethane solution show charge transfer bands 1n the 

region 310 nm (131). By analogy, it May be assumed that the 

band observed at 340 nm in thiourea-copper sulfate solutions 
" 

is a charge t~ansfer band corresponding to the transfer of 

an' electron from the thioureâ sul fur atom (donor) to the 
, \' ft :1 

cupric ion (accep,to~). Tite MoSt elementary theory of 

charge transfer complexes predicts that, far such complexes , . 

with a given acceptor, the frequency of the charge transfer 

band ShOUl( dèpend lin,earlY on the ionization potential of 

the lig~nd (132). Thus, assuming hydratian, stereochemistry, 

bond strength and similar factors ta remain relatively 
-constant, N-alkylthioureas in copper sulfate solution should ~ 

give rise to charife transfer frequencies linearly related to 

the ionization.potentia1s'~f the thioureas.-..",... , 1X--__ Ir.:"~~_ ~) 

.... ·;~nterm~~~-Jalvet (133) have determined ). 

~.~. ---
" 

max 

values for solutions of variou~ methylsubstituted thioureas in 
- - 1) , 

acid copper sùlfate, and, the corresponding ionization·poten-

tials have, been determined independently (134). ·The values 
" 

(Table ~4, figure" 30)· sbjow a reasonably linear correla.,tion, 

an-indication that the ~ssignment of these bands as ch~rge-. ' 

transfer bands 'in'sulfuf-coordinat~o cupric ion-thiourea 
, 

complexés.is correct. i' 
1 

."-

/ )Q "-
'\ p 

l, 
~ 1 -. ~ ) 

" 
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In aqueous solution these cupric-thiourea complexes 

are interrnediates in the reaction to give cuprous-thiourea 
;)1 

complexes and formarnidinédisulfides according to the sequence 

'. 
[CUi ~cN2H.l 

t) 

[.SCN2H~] + cuœ 

1 complex 

dimerize 
• 

With cupric chloride and tetiamethylthiourea in i~o-

propanol, the complex presumably must form with unionized 
/ 

cupric chl~ride. The low ionizing power of the solvent 

appe'ars too ,,:,~ak to overcome coulornbic attraction forces in 

the dissociative inner complex 

therefore, reverts to the associative outér cornplex 
. 

",Cu C12.SCN2Me4. On the other hand, the redox reaction can 
~ 

proceed in aqueous solutions' as i~ does for thiourea, itself . 

. Dirnerization of the isothiouronium ion radicals to give 

forrnarnidiniurndisulfides occurs in spite of ~he colombie 
. 

repulsion forces, possibly because of the reIativeIy large 

size of th~ ions involved (135). 

,0 

,(' 
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TABLE 24 

RELATION BETWEEN Àmax (vmax ) FOR CUPRIC ION-THIOUREA 

COMPLEX ION AND IONIZATION POTENTIALS FOR THE CORRES

PONDING THIOUREAS 

~'---
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Ligand Ligand I.P. \> C.T. eV max 
kK 

\ 

<, 
, 

1 

NH2. .CS.NH2 B.50 ± 0.05 29.4 
", 

NH2.CS.NHÇH3 (; B.29 ± 0.05 29.0 

NH2..CS.N(CH3)2 B.34 ± 0.05 . . 2fJ. 7 

CH3NH.CS.NHCH3 B.17 ± 0.05 29.0 
~ 

CH3NH.CS.N( CH 3)2 7.93 ± 0.05 28.2 

(CH3)2N.CS.N(CH3)2 7.95 ± 0.05 27.7 

" 
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FIGURE 30 

RELATION BETWEEN THE IONIZATION POTENTIALS 
OF VARIOUS SUBSTITUTED T~IOUREAS ANO THE 
FREQUENCIES OF THE ,CHARGE TRANSFER BANDS OF 
THE CORRESPONDING THIOUREA COMPLEXES WITH 
CUPRIC' ION IN AQUEOUS SULFURIC ACIO -

122 
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INTRODUCTION 

" 

Changes in the overpotential caused by thiourea 

during deposition of copper from acid copper sulfate solu-

tions have been studied for both unstirred (convective 

mixing) and stirred (rotating disk electrode) conditions. 

Early investigations in unstirred solutions demon

strated large overpotentia1 increases. Shreier and Smith\' (2,,8) 
_It 

found that the presence of 10 M thiourea, at a current 

density of 2.0 A/dm2 , increased the overpotential by approx-

imately 140 mV. Similar values were obtained by other 

workers (41), but the polarization was very irreproducible 

and varied with age 'of the solution. 

In sharp contrast, at 1 A/dm 2 in unstirred acid 

copper sulfate solution, Rauh and Schiffner (38) found that 
, 

5 X 10- 3 M thiourea caused an overpotentiai~increase of only 
t,. ~ 1: 

25 mV after 20 minutes of electrolysis and approximately 

30 mV after 40 minutes. Because of fluctuations in over-
-3 

potential with more than 3 x 10 M thiourea they were unable 

to obtain Tafel plots for these systèms. Also in unstirred 

electrolyte, at sooe, Lahousse and Heerman (35) found 

2.5 x 10-· M thiourea to increase the polarization at 3 A/dm2 

by approximataly 40& mV, but to ,cause almost no change at 

2 A/dm2
• The data did not'give a linear TafeJ plot. 

, . 

- ---~--- ~----~----
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Turner and Johnson (32) studied the effects of thio

urea on cathode polarization in unsti~red acid copp~r sulfate 
.. 

solution, and also at a rotating disk electrode. In unstirred 

2 -~ solution, at 2.0 A/dm, the presence of 4 x 10 M thiourea 

was found to increase the polarization by only ~O rnV while 

10wer concentrations of 4 x 10- 5 and 4 x 10-
6 

M caused de-

polarization of approxirnately 20 and 45 mV respectively. In 

the sarne electrolyte at the sarne current density, but with a 

disk electrotle rotating at 100 or 400 r.p.m., their data 
-~ showed only a slight depolarizing effect for 1.3 x 10 M 

" 
thiourea (33). No allowance was màde in either study for 

attainment of steady state conditions. Changes in Tafel 

plots were interpreted to indicate that thiourea delayed a 
'1. 

transition of the rate-determining step, as the current density 

was increased, from one of surface diffusion of adatoms to 
" 

one of charge transfer (32).' It was proposed that the 

thiourea molecule was reduced to ammonium cyanide and 

hydrogen su1fide. The hydrogen sulfide then formed cupric 

s~lfide that precipitated onto the e1ectrode because of the 

10w solubility product of copper sulfide. Apparently, , 

however, hydrogen cyanide has never been detected in these 

'systems, which' casts doubt on the proposed scheme. 

Polarization measurements using a disk e1ectrode 

rotating at speeds of 360 or 900 r.p.rn., in acid copper 
_II _~ 

sulfate solutions centaining 2.5 x 10 and 3.9 x 10 M 
( 

thiourea, gave overpotential inc~eases of the order of 100 to 

,-
f 
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140 mV over the range 0.5 to 3 A/dm2 (136). These values 
f 
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are comparable with the data of Javet, lb1 and Hintermann (137) 

who observed an overpotential increase of approximately 200 mV 

at 1.38 A/~2 with 2.6 x 10- 4 M thiourea and a disk ~~ectrode 

rotating at 1000 ~.p.m. 

Of interest, but not directly comparable to the 

above studies, are po1ariz9 tion measurements obtained in 

unstirred acid copper'6u1fate solutions that contained 

high concent~ations of th'iourea (0.oi3 to 0.13 M). The large 

overpotential increases were ascribed to an adsorbed layer 

of [CUTU3J+ on the electrode surface (138). 

The discrepancies apparent in these data may he 
_ L 

attributed, to sorne ex~ent, to difficulties in measuring 

overpotentia1s (139-142), and to different values of the 
.' 

concentration polarization (143-14~), but may be due large1y 

to other factors such as preparation of the electrodes and .. 
the electrolyte (ç.f. previous section on reactions dur~ng 

mixing of thiourea and acid copper, sulfate) and the age of the 

solution (41). 

'\. 

Various'workers hâ~e studied the occlusion of 

-thiourea in copper electrodeposited from acid copper sulfate 

solutions containing thiourea. Using thiourea 1abe11ed with 

the isotopes 35 5 or' l'tc, Llopis et al (30) demonstrated 

cleavage of the thiourea Molecule during the deposition 

process fram unstirred e1e,ctro~yte" Sulfur-35 was occ1uded 

" 

;. 

• 
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in large quantities, whereas very little l~C was found. The 

published data do not permit calcu1ation of weight percent 

values of sulfur or carbon in the deposit. However, it was 

assumed that simple cleavage had occurred and that the sulfur 
, 
was present in the form of sulfide. The cleavage of thiourea 

during c9Pper électrodeposition was later confirrned by other 
1 

investigators who also determined occlusion with thiourea- 35 S 

and thiourea- 1 ~C. (31;,147). 

Sutyagina studied occlusion in unstirred systems by 

deterrnining sulfur in the deposit radiochemically with 

thiourea- 35S, a d also by combustion analysis. At a current 

density of /dm 2 and for thiourea concentrations of 
_4 _3 

5.3 x 10 to .6 x 10 M, the radiotracer method gave 

sulfur content of the deposits in the ran~e 0.25 to 0.50 

wt %, while mical analyses indicated 0.15 to 0.37 wt % (148) 

At a higher c rrent density (2.5 A/drn 2
) with thiourea- 35 S 

in unstirred cid copper sulfate solution at,a tempe rature, of 

of depo9ited copper have been estimated 

radiochemical y to be 0.17, 0.78, 1.16 and 2.01 wt % for. 
':\ _5_~ 

bulk thioure conc~ntrati9ns of 8.4 x 10 ,4.2 x 10 , 
_ .. 

8.3 x 10 

othe-r hand, 

_3 
10 M, respectively (149). On the 

and, Schiffner (38) determined the 

carbon and s lfur contents of copper dep~si~ed from unstirred 
" 

solution by (unspecified), for thiourea 
• 

concentrati 
_3 _3 

10 to 3 x 10 M and current densities 

from 0.25 t 2.0 A/dm 2 , they found carbon in the deposits in such 
-" 

( 

-' 
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quantity (0.04 to O.ll wt %) that they' assumed occlusion in 

the copper'of the cuprous-thiourea complex reported by 

Javet and Hintermann (37). The sulfur contents ranged from 

'" '" ....... , .. '.'." .. ~:'~:"~;,,~,~~,:,,wt %. " 

, In co~ti:a:st·. tQ. the large s contents of deposits 

.' 

• 

reported by other workers, Kolbasov et al (150) used 

thiourea- 35 S and thiourea-l~c to show that the presence of 

- 5 2 
4,x 10 M thiourea at 2 A/dm caused only 0.007 wt % sulfur 

, 
to be occluded during electrodeposition of copper from un-

stirred acid copper sulfate solution. 

With a rotating disk cathode and a thiourea concen-
_ 3, , 

tration of 10 M, it has been demonstrated (36,39,151) that 

the incorporation of sulfur from thiourea- 35 S is purely 
'\ 

diffusion cont~olled at high current densities (> 1 A/dm 2
) 

and values of w!.c (w = angular velocity 'of disk electrode, 
o 

~o = rbuik concentration of addi fi ve, mole cm - J) up to 

6 X 10- 6 mole am- 3 sec- 1 At lower current de~ties and 
\ 

larger values of w!.Co ' the proces8 i8 no longer predomin-

antly contro11ed by diffusion. Only trace amounts of carbon 

were occluded from thiourea-l~C, and the sulfur content 

(radiochemical) at 2 A/dm 2 ranged from 0.5 to 1.2 wt , for 

electrode rotationa1 velocities of 330 te 1460 r.p.m. (36). 

Barnes and Storey (152) c1aim that the presence of 
-8 -5 

5 x 10 to 10 M thiourea in acid copper sulfate solution. 

has no effect on the ure of electredeposited copper. 

( 
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-~ 
By contrast, Okada et al (153) found that 5.3 x 10 M 

thiourea in the electrolyte resulted in very fine-grained 

deposits with no development of a characteristic plane. This 

is supported by other observations that 6.6 x 10- 5 
M thio-

urea greatly modified the structure of electrodeposited 

copper (154-156). 

Polukarov et al have demonrtrated the presence of a 

large number of deformation and pa~king defeçts in copper 

deposited from acid copper sulfate solution containing 

thiourea (157). They attributed subsequen~ changes in the 

resistance and interna1 stress of the deposited copper to 

interna1 ordering phenomena (158-159). 

EXPERIMENTAL AND RESULTS 

Equipment 

The e1ectrolysis cell consisted of separate anode 
-

and cathode compartments joined by a 10 mm O.~. glass tube 

fitted with a medium'porosity sintered glass disk (Figure 31). 

The compartments were sealed ~ith Teflon covers provide4 

with holes for the introduction of the electrodes, gas 
-

inlets and outlets,' a Luggin-Haber capi1lary and a small 

glass bulb containing thiourea or formamidinedisulfide 

solution when desired. The covers were machined ta a 

reasonabty tight fit, so that a slight positive pressure of 

purified nitrogen could he maintained inside the cell for 

, . 
1 
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operation under relatively oXygen-free conditions . 

~ The cathode was 0.010" copper foil (Fisher) backed 
.,. 

by, 1/16" cOPfer sheet for su~portt It was placed in a 

recess in a Teflon holder that exposed an electrode area 

of 5.25 cm2 to the electrolyte (Figure 32).Overpotential 

measurements were made against a saturated calomel reference 

electrode in a separate compartment designed tb prevent 

diffusion of RCl into the test compartment during an experi-

ment (up to 48 hrs). The Luggin-Haber probe had a tip of 

diameter less than 0.5 mm that rested lightly on the cathode 

surface. It was connected to the reference electrode 

compartment by 1/8" 0.0. Teflon tubing filled with electro-

lyte of the test compartment. Potentials between tne test 

electrode and the saturated calomel reference electrode 

were measured with an Orion 701 mY/pH meter. When necessary, 

the meas~ed potential could he displayed on a Sargent SRG 

chart recorder. Currents were measured with a Tinsley 

type 4237 ~illiammeter, or by determ~ning the potentia~ drop 

across a stand~rd resistor in/series with the'cell. Current 
1 

\ ' 

was supplied bY· a 48 V bank of lead storage batteries and 

regulated by several high wattage variable res'istors 

connected in series. 

o 

Materials 

1 
Deionized-distilled water was re-distilled in a 

Pyrex unit designed for continuous operation. This was 

l' 
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FIGURE 31 

SCHEMATIC-DIAGRAM OF THE TWO COMPART-
MENT ELECTROLYSIS CELL 
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followed by one slow distillation from alka1ine permanganate 

and one further distillation to ensure minimum contamination 

by KMnO~ that might have been carried over in the preceding . 
operation. Sulfuric ac'id CArlachemia, .96%, reagent grade) 

was disti1led in Pyrex equipment at atmospheric pressure. 

Copper sulfate pentahydrate (Fisher, certified reagent) was 
o ~ 

recrystallized three times from water that had been purified 

as above, and made slightly acidic. Hydrogen peroxide (1.0 

ml/l, Fisher, certified reagent, 30%) was added to the hot 

sOlution,puring the second recrysta1lization tO,minirnize 

residual levels of possible organic surface-active substances. 

Excess peroxide was then destroyed by pro1onged heating at 

SO-90oC. The hot so~utions were filtered by suction through 

glass fibre filters (Reeve Angel) supported on a medium 
l ' 

porosi ty sintered':-' .. glasS fil tér. Thiourea (Bal5.~r analyzed 

reagent) was used as supplied. Formarnidinedisulfide sulfate 

monohydrate was freshly prepared by hydrogèn peroxide oxida-

-tion of thiourea, as described p-reviQusly . .(. 

" 
The copper foil cathodes were treated with hot co~~en

tr~ted sodium hydro~ide solution~ fgl10wed by disti11ed 

water and acetone (Eastrnan"spectrograde) to remove grease. 
~ 

, They were then etched for 10,...15 seconds in SM H2S0 .. , lM HNO,._ 

---Anodes were 1" electrolytic copper-rod---tDr:ummond and McCall) 
,'J t ' 

. cleaned pefore ~ach experiment by the' sarne procedure as that , 
used f or the cathodes~' 

j 
(, 
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CURRENT EFFICIENCY FOR COPPER ELECTRODEPOSITION FROM ACID 
COPPER SULFATE SOLUTION 
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Before the ,effects of thiourea and its oxidation 

product, form'amidinedisulfide, on the electrodeposi tlôn of 

copper could be assessed, it was necessary to de termine the 

behaviour of the ~ystem· in the absence of these additives, 

i.e., in the pure standard electrolyte,. which consisted, as 

previously, of 0.50 M CuSO~ 'in 1.00 M HzSO~ solution. 
,. 

Experiments with a ~ertiÇal 
current density d~stribution Sas 

l', 
, J 
\ 

cathode indicated that the 

uneven when the current was 

la~ge enough to cause significant convection currents, while 

a horizontal cathode facing downwards"tfaused dépletion of the. 

electrolyte at the ele~trode surface and subsequent hy~rogen 

evolution, even at current c}enS"i ties as low. as 0.5 A/!rnz • 

On the other hand, the limiting current density for copper 

depo~ition with a porizontal cathode facing" upward was 

approximately ~A/dm2~ and the current density appeared ta be 
; ~ , 

1 '. quite unifor'm over tile whole cathode area. This was indicat-
,..J 

ed by the uniforrn thick~ss of copper deposited over the ~ 
~ . 

surface at 2.0 and' 6.Q A/dmz after prolonged electrolysis 

(up to 1 mm thick deposit) . 

, ". 

The cu rrent .effi ciency ior __ c..opp.eLd.epos it.i..Q~a~s ............ _________ _ 
, 

determined, both in ~ pre~ence and absenc~ of atmo~pheric 
. . 

oxygen, to ensure that formation of meta~lic copper was the' 

,main process in the current density rang~ considered.~ The 
• < 

... 

• ' ~ 1 • 
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number det~rmined either by a si1ver 
~, , , 

of coulombs ~assed was 

cou1ometer (160) or as the produqt of cur~nt and ti~. The 

cons~ant current was measured as the potential drop across 

a ca1ibrated 23.l5'ohm resistor with a DANA digital vo1tmeter. 

Both methods gave current efficiencies of 98 to 100% for 
, 

cu~rent densities'from 0.02 to 6.0 A/dm 2 (Table 25, Figure 

33). It might bel noted thë;lt the addition of ',thiourea 

s;andârd electro~rie to a concentration of 10-
3 

M did 

cause a significdnt change in the current efficiency. 

to the 

not 

PURE ACID COPPE 
OPPER ELECTRODES. IN POLARI ZATI ON OF 
SULFATE, SOLUTION 

D . 

n measurernents were made in the t-wo 

'compartlnent ce shown schematically in Figure 31. In 

the first a reference electrode of electroplat-
r , ; . 

ed copper wir in, pure standard ~lectro1yte was ernployed., 
i 

However, valU~s of the rest potential offone reference 

sured agaiQst a presumably identical electrode 
o J 

were found t 'V'ary over a range from + 4 to -9' rnv, 

, 
potenti~ls. 

the standar 

the 

, 
.. .... rI 

of differences in strain and corrosion 
~ 

The rest potentials of copper el:ectrOdes in 
\~'} " 
....:.' l~~ 

e1ectrolyte were a1so found to change when 

was stïrred,o wi·th random fluctuations over a 

111\1. This fluctuat~on prObably resuIts-
" ' • " J 

from corr sion currents in estab1ishi~g the equilibrium 

l, T 

- ~/..,.:;c + 
- oil~ U 

y - ,aq 

. , 

.. 

< ... 

/ 
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TABLE 25 

CURRENT EFFICIENCY FOR ELECTRODEPO§ITION OF COPPER FROM 
STANDARD ELECTROLYTE AT 25 C* 

o 

Current Cha~ge wt of Current 
Density Passed Deposit Efficimcy 
A/dm2 Coulombs 9 .,. " 

0.Op76 1078~ 0.2811 79.2 
0.014 1233b 0.3300 ,82.0 
0.058 775 0.2452 96.1 
0.145 1583~ 0.5089 97.7 
0.146 a ] 085b 0.3495 97.8 
0.294 629b 0.2022 97.6 
0.295a 

n 465 0.1488 97.1 
O.581a 1552~ 0.5061 

, 99.0 
0.589 694b 0.2264 99.1 
1.14 a 672b 0.2183 98.6 
1.17 r 367b 1 0.1201 r99.5 
1. 72 554b 0.1795 ' 

" 
98.4 

1. 73 a 763b 0.2486 99.0 
2.78 a 741 ~ 0.2405 98.6 
2.81 606b Q.1981 99.2 
4.16 80Sb 0.2651 . 

, 
99.6 

.6.04 64Sb 0.2111 98.9 

1.05 ·734c 0.2377 98.,3 -
1.93 744c 0.2439 99.5 
3.02 566c 

, 0.1850 ~9. 2, 
6.03 657c 0.2158 99.8 

1 

1.'44 d 756b 0.2481 99.6 
d < ' 

2.55 692b 0.2255 99.0 " 
2.57 d 653b 0.2128 98.9 
5.,41 d 574b 0.1869 98.9 

, . . 
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1 

l\: \. f?~ 
_______ ~~~ ___ ~ ~~_~osi ~ion _unde.!~nitr~gè'n atmospher"e 

b - number of cou1"m1>s determined aSIXt- --.--_ .. ~-
c - number of coulombs determined with' silver ~ ; 

• " 

nitrate coulometer 1 

d - deposi~lon from 8tan~ard e1ectro1yte, contain
ing 10 M,thiourea 

f. 
1 • 

1 
) 

( 

.. 

1 
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Since copper reference electrodes were found to be 

unsatisfactorYI they were abandoned in favor of a saturated 

calomel reference electrode (Fisher, cra9ked bead type). 

The relatively small, reproducible liquid junction poten~ial 

encountered in using a saturated calomel reference was 

judged preferable to the ins~ability of a copper reference, 
-

partic~larlY/since a liquid junc~ion potential should be 

largely or completely eliminated in the relative determina

tion of overpotential 'differences in the absence and prese~ce 

of th1e fddi tion agent. When a constant. current was impress- ~ 
/,0 

ed on ~ ireshly etched oopper cathode in the ,standard 

elect~olyte, the overpotential changed with time and rapidly 

approached a steady state value after about 5 to 10 minutes 
y , 

~Figure 34) . However, when the current was passed through a 
, 

cathode electodeposited at a similar curient density a 
\ 

steady state value 'was achieved within one or two minutes. , . 
Mornentary potential maxima were someti~es observed when tne 

current was switched on, but the steady state polarization 
~ 

" achieved thereafter was the sarne as, when no such maxlma )' 

were observèd. The value of the steady state polarization 

was reducéd slightly by stirring, which ~educed the 

concentrat,ion polarization. This could 
- . best 

achieved with a rotating disk e~ectrode with a 

/ 

--------~----------~~------------
,anguiat velocity"b~t this elaboration was not 

,necessary in the present study . 

AlI the polarization values used for Tafel plots of 

-, 
, , . , , 0' 



• 

+ 

° 
• 

" 

cd' 
.- ., 

~ 
• 1 

~ FIGURE }33 

CURRENT EFFICIENCY FOR COPPER ELECTRO
DEPOSIrrON FROM STANDARD ELECTROLYTE 

AT 25°C 

, 

deposition under nitrogen atmospher'e 
1 

, r 

deposi tion in presence of atmospheric oxygen . 
deposi tion solution 

' -3 
from containing~lO ,H . - ,. 
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FIGURE 34 

'CHANGE IN OVERPOTENTIAL WITH TlME FOR A. 
FRESHLY ETCHED COPPER CATHODE 'IN STIRRED 
PURE STANDARD ELECTROLYT~ AT A CONSTANT 
CURRENT DENSITY OF 4.17 A/dm 2

, WITH A 
TEMPERATURE OF 25°C AND IN A NITROGEN AT-
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, ' 

overpotential (n) against the logarithm of the current density' 

(log i) are reported as steady state values for the given 

conditions. Xhe"measured cathode overpotentials are summariz-

ed in Table 26 and the corresponding anode polarizations are 
o 

found in Table 27. The exchange curren1r-. densi ties and Tafel 

slopes are estimated from the iinear portions of the graphs 

which were drawn without recourse to the least-squares method. 

The results of the p~1ari~~t~on measurements are in 

good agreement with those of other workers, "and it may r 
therefore be assumed thât the polarization cell and its 

ancillary equipment functioned adequately. 

Microscopie examination of' the copper deposited from 

purified standard elec,trolyte indicated large block crystals 

. at current densities less than 2 Aïdm 2
• Cross-~ections of 

D 

the deposits confirmed 'the presence of large grains with no 

superimposéd structural feature~"uch'~S columns or layers. 

With increase of current density, the deposits became in-. . , 
1, 

creàsingly f~ner crystalline, and finally nodular in appear-

ance. 
'\ . 

POLARIZATION OF COPPER IN ACIO ~OPPER 
SULFATE SOLUTIONS CONTAINING THIOUREA 

Thiourea addedt~t.he~;t~ndà$~d-ëlectro.iyte -·caused-' -- ----
only a sl~ght change « 5 mV) in the rest potential oF a 
oopper electrode illlDers~d ,in the, !iolution, but the change 

t • \' ~ 

,in ôverpotêntiàl when current was ~assed ~rou9h a qopper r 
, 
1 

• 
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-
TABLE 26 

SUMMARY OF PARAMETERS OBTAINED FROM TAFEL PLOTS FOR 
THE CATijODIC POLARIZATION OF COPPER IN STANDARO'ELECTRO
LY'TE AT 250 C* 

. 
Exchange current I? Tafe1 Slope 

density 
(A/dm 2 

) 

(rnV/decade current) 

.. , ~ 
~ -

0.246 113a , 
J 

0.279 131a , -
0.360. ~ 167a . .' 

0.275 " 130a 

0.182 90a 
< 

0'.228 89a ~. 
0.250 -B8a 

\ - ... \ . 
0.229 9S

a 
: 

, 
y . 

0.286 9S
b , 

c 
ls- 100

b 
0.290 , 

1 

HT)b " 0_335. ( ~ 

. . 
" 

" 
0 

0.202 '92c ~ ''1 t 

( 
\ J 

'113c 
0.197 J -- r 

" 
0.216 124c , -

d 
. .' . -• " • . . , 

, , 
..... ' , 

a· - unstirred eleotrolyte under.nitrogen 
1 

b ~.stirred e1ec~rolyte under. nitrogên ~ 1. ~r~ " ~...,p 
::':-uristfriedêTec~troïy,tê-;- arr' sàturated - - - ... ~ - - - - ,..,,/ -- , 

c -
---------

.< 
; 

~ 

The average overpotentiiü at 2 .. 0 A/dm 2 was 105 ± 9 mV. 
, 

• J 

, \ 

< 

-

( 
l 

.' . 

, , 

.' 

1 .. 

.- .. 

- ~ ~ <) 
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TABLE 27 

PARAMETERS OBTAINED FROM TAFEL PLOTS FOR 
POLARIZATION OF COPgER IN STANDARD ELECTRO

LYTE AT 25 C * 

ange current 
ensity 
A/dm 2 

) 

O.27~ 
0.298 

0.284 

Tafe1 S10pe 
(mV/decade cu~rent) 

" 

29a 

26a 

27a 

17b 

1Sb 

1Sb 

a' - unstirred ele~trolyte under nitrogen 
~ 

b - stirred electr~lyte under nitrogen 

• 

.. 
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electrode immersed in the solution was much more pronounced. 

When the steady state potential had been attained 

at a freshly etched copper cathode in stirred, pure standard 

electrolyte at 2.74 a/dm 2 , a small glass bulb containing 

thiourea in aqueous solution (14.3 mg thiourea in 2.0 ml 

H2 0) was broken in the electrolyte, to br\ng the thiourea 
_3 

concentration in the cathode compartment to 1.0 x 10 M. 

The cathode polarization increased immediately and reached a 
" 

new plateau value within 15 second~ (Figure 35). This 
., 

overpotential was maintained during two hours. This wo~d 

seem to indicate that the steady state effect of thiourea , ~ 

1 

on the electrodeposition process is established very rapidly. 

In view of the many published investigations dealing . \~ 
, _It ....... 'fI 

with the effects of low concentrations « 10 M) of thio-

urea on the overpotential for copper electrodeposition, it 

'seemed prornistng to try a more general approach in an attempt 

to understand the system. It was decided to investigate the 
_3 

effect of thiourea at concentrations higher than 10 M on 

the electrodeposition process. The effect of each concentra-
I 

tion of thiourea on the deposition* was studied at current 

* Several experiments were made at each concentration of 
additive. The overpotentials were reproducible to 
± ?O mV, but did not give li,ear Tafel plots. Reflectance 
values were also quite reproducible, but the effect of 
stress on the deposit (i.e. peeling as in Figure 38 or 
disintegration'into flakes as in Figure 39) did not 
manifest itself in a very reproducible rnanner for 

lJ 

\ 

~,/ 
/ 
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FIGURE 35 

CHANGE IN CATHODE OVERPOTENTIAL AT 2. 74 A/dm 2 

CAUSED 2Y ADDING THIOUREA (14.3 mg/2 ml WATER) 
TO STIRRED STANDARD ELECTROLYTE (190 ml) AT 25°C 
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densities of 0.8, 4.0 and 8.0 A/drn2 which were chosen as 

representative of low, average and high current densities 

respective1y. 

, 
Where mechanical,stability of the deposits permitted, 

the relative specular reflectance of the deposit was deter

mihed with a photocell (National Semiconductors Ltd:, Ty~e 

""----NSL 703) in the apparatus' (c.f. refs. 29, 161, 16.2) schemati-

cally depicted in Figu,re 36. The re'flectances were measured 
" 

relative to, a silvered,glass rnirror;, to ~hich was assigned an , 

arbitrary value of 100% reflectance. 

~he deposits obtained from standard electrolyte 
.f 

cont~ining 0~05 M thio~a in an unstirred solution (Figure 

37) were very highly ,stressed at current densities of 8.0 , 
o 

and 4.0 A/drn 2
• This was apparent from the spontaneous de-

1 
t~chment of parts of the deposit from the substrate. These 

deposits contained~ck black areas and thinner films that 
~ 

showed blue-green interference patterns, possibly due to 

sulfide. Other areas contained a fine network of white. 
" 

crystals (Figure 38) which, after treatment with nitric acid, 

deposits obtained under presumably identical conditions. 
Thus, sorne deposits peeled during deposition, while , 
others, under the sarne 'conditions, did so only after sorne 
time had passed. However, the net" resul t was the sél!Oe, 
and the deposits shawn and described are representative 
samples. 

1\ 

\ 
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~ 1 FIGURE 36 

~APPARATUS USED FOR DETERMINING RELATIVE 
REFLECTANCE VALUES FOR ELECTRODEPOSITED -. 

COPPER 
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FIGURE 37 

TOP PHOTOGRAPH* 

DEPOSITS FROM, STANDARD ELECTROLYTE CONTAINING 
o. b 5 M THIOUREA 

BOTTOM PHOTOGRAPH 

\ 
DEPOSITS FROM STANDARD ELECTROLYTE CONTAINING 
0.05 M FORMAMIDINEDISULFIDE SULFATE MONO HYDRATE 
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The bott~ row in each photograph repr~sents the 
corresponding deposits from standa~d e1ectro1yte cpntain
ing 0.001 M thiourea. Current densities for deposition 

·were 0.8,4.0 and 8.0 A/dm2 ,\respective1y, from left to 
right • 
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FIGURE 38 

TOP PHOTOGRAPH 

DEPOSIT AT 4 A/dm 1 FROM UNSTIRRED STANDARD 
ELECTROLYTE CONTAINING 0.05 M THIOUREA. 

MAGNIFICATION, x 3. ~ < .. 

BOTTOM PHOTOGRAPH 

DEPOSIT AT 4 A/dm 2 FROM UNSTIRRED STANDARD 
ELECTROLYTE CONTAINING 0.01 M THIOUREA. 

MAGNIFICATION, 'x 3. ~ 
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-li 1 

gave a pogitive test for copper. The deposit at 0.8 A/drn 2 

appeared to consist mainly of a mixture of a black substanée, 

probqbly copper -sulf,ide*, and. relatively la-,:ge, \iell-forrned, 

nèedles, presurnably cuprous-thiourea sulfate complex~s. 

In contrast to .this, the presence of 0.05 M . 
formamidinedisulfide 'sulfate monohydrate in the standard .' 
electrolyte did not show any effect on the deposit at 

current densities of 0.8 and 4.0 A/dm z . ,However, at 8 A/dm 2 

the deposit was evenly blackened, again attrJbutable to 

a film~ copper sulfide (Figure 37). 

The overpotentials with the formamidinedisulfide 
~ 

addi ti ve were higher than those' wi th, pure standard electro-

" lyte, but less than those measured in a solution containing 

" an equal concentration (0.05 M) of t~~rea. At 0.8 A/drn 2
,' 

the 

was 

electrode potential in the presence of 0.05 M thiourea 
1..-1 

-310 to -320 mV, whereas, for 0'-05 M formamidinedisultide, 1. 
1 

it was -150 to -160 mV. ' This would' seem to be a case where 
} 

increased polarization is, norcompanied by brighteni~g or 

lev~lling. 
\ ~ 

\ 

\ 

* Sirnilar black area~ were noted in many of the deposi ts to 
be described,_and will henceforth be ascribed to copper 
s'ulfide s'inc~ they were subsequently identitied to cCln
tain the' sulfide ion. 
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The stirring the solutions (0.01 M thio-
(, 

urea) was to ~er, but more highly stressed deposits 

(Figure 39). on the deposit at 4 A/dm 2 

(Figure 38) from unstirred solution were presumably areas of 

~arious, coppér sulfide 

~chment of thiourea . 

" 

conbents, caused by depletion and 
,. 

~ 
in the vicinity of the cathodè by 

conyection currents. Microscopie examination of the surface , , ,\ 
showed many ~all cracks and sorne srnall needles that rese~led. 

trithioureadicuprous sulfate monohydrate (Figure 40). The r 

1 ...-; .-~ 

deposit was highly stre~ed, and after one hour, it was '. reduced to a mass of srnall, bri ttle flakes-, {Figure 39). 
o 

1 

Although the complex qppeared to be the ~ame a~ that described 
,. 

earlier "tri thioureadicuprous sulfat~ monohydrate,· Figure 

1t might rave been a new com?lex of cuprous sulfate with 

thiourea. 
.6 

At 8 A/drn 2 and 0.01 M thiourea, the -deposi t had a 

40) 

dull copper color and contained a networ~ of very fine cracks 

{Figure 41). At one-tenth the current density (0.8 A/dm 2 ) 

" ...-
there were fewer c~acks, but the deposit showed bla~ areas 

of copper sulfide and very ~ine, white networks of complex 
'. ". 

lying in cracks in the deposit ·(pigure 42). 

5.3 x 

Whe~\the thiourea conce~tration was reduced to 
_4 2 

10 with a current density of 4 A/dm , the structure 

of the deposit had not suffered modification and the 

,~èPosit obtained (Fi9ur~resembled that obtained from l , 43» ~ 

, .. , 
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'TOP PHOTOGRAPH* 
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J 

FIGURE 39 

, , 

DEPOSITS FROM STIRRED STANDARD ELECTROLYTE 
CONTAINING 0.01 M THIOUREA 

BOTTOM PHOTOGRAPH 

DEPOSITS FROM UNSTIRRED STANDARD 
ELECTROLYTE CONTAINING 0.01 M THIOUREA 

0J 

The bot tom row in each photograph represents the 

150 

,.corresponding deposits from standard 'e1ectrotyte / 
containing 0.001 !1 .. Thiourea. Current densities for 
de~osition were 0.8, 4.~ and 8.0 A/dm 2 ~re9pective1y, 
from 1eft ta right. 
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FIGURE 40, 

TOP PHOTOGRAPH 

CRYSTALS OF CUZTU3S0~.HzO 

MAGNIFIÇATION, X 100 

BOTTOM.PHOTOGRAPH 
'1. _ 

{ 

r 

CRYSTAL ON SURFACE OF COPPER ELECTRODEPOSITED. 
AT 4 A/drn 2 FROM STANDARD ELECTROLYTE CONTAINING 
o. 01 ~ TJlIOUREA ,. 

MAGNIFICATION, X 400 
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'FIGURE 41 

DEPOSIT OBTAINED AT 8 A/dm 2 FROM UNSTIRRED 
STANDARD ELECTROLYTE CONTAINING 0.01 M 
THIOUREA 

TOP PHOTOGRAPH 

MAGNIFICATION, X 3.5 

BOTT2M PHOTOGRAPH 

MAGNIFICATION, x 200 
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'. FIGURE 42 

DEPOSIT OBTAINED AT 0.8 A/drn2 FROM STIRRED 
STANDARD ELECTROLYTE CONTAtNING 0.01 ~ ~-- \ 
TH IOUREA "-.-/ 

TOP PHOTO~PH 

MAGNIFICATION, x 3.5 

BOTTOM PHOTO~ 
MAGNIFICATION, x 400 
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FIGURE 43 

DEPOSIT OBTAINED AT 4 A/dm 2 FROM UNSTIRRED 
STANDARD ELECTROLYTE CONTAINING 0.00053 M 
THIOUREA 

TOP PHOTOGRAPH 

MAGNI FI CATION , x 3.5 

BOTTOM PHOTOGRAPH 

MAGNIFICATION, x 200 
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pure standard electrolyte • 

At thiourea concentrations of 0.1 and 0.05 M, and a 

current density of 4A/dm 2
, the copper appeared to be deposite~ 

,in successive layers. Areas of black copper sulf{de on the 

electrode spread at observable rates, and were the~ covered 

by spreading sheets of metallic copper which, in turn, were 

covered by advancing films of sulfide. This periodic pheno-

menon was accompanied by sorne hydrogen evolution. The 

spreading directions of the layers of copper and sulfide were 

strongly influenced by movement of the electrolyte. Diffus

ion control appeared, therefore, to be important in this 

phenomenon. 

1 

The process was recorded on 8mm fi,lm, but no quan-

titative me~rements of overpotential or Gurrent efficiency 

were attempted. The rate of the redox,reaction between thio

urea and cupric ions was so high that precipitation of 

large amounts of trithioureadicuprous sulfate monohydrat~ 
'\ 

occurred within tw~ minutes~ adding the thiourea solution. 

Such rapid Chan\e in the composition of the bulk solution 

made it unlikely that reproducibility could be achieved 

~ in mixing the solutions. In any event, it would have been-. -
impossible to relate the sequence of layers with any 

~ 

precision te the re'actions that occurred in the solution. 
) . 

Steady state polarization data and specul~r 
\ , 

reflectance of thé deposits are sunmarÏ'zed in Table 28. Tpe 

;. 

• 
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TABLE 28 

STEADY STATE POLARIZATION AND RELATIVE SPECULAR REFLEC
TANCE FOR COPPER DEPOSITEB FROM STANDARD ELECTROLYTE 
CO~AINING ~HIOUREA AT 25 C. , 1 

[TUJ( i 
(M) (A/dm 2 

) 

JI' 
./ 

0 0.8 
0 4.0 
<l, 8.0 

0.05 0.8 
4.0 
8.0 

0.01 0.8 
1 4.0 

6.0 
8.0 

0.01 0.8 . 
stirred 

4.0 
8.0 

0.005 0.8 '-

4.0 
8.0 

0.001 0.8 
4.0 

0.001 ) 

8.0 

0.8 
stirred 

. 4.0 
, . -, 8.0 

0.00053 4.0 
stirred 

'V 
~ 

0.00~53 ·LO . { . . , 

Electrode· 
potentia1 
mV vs SCE 

+ 8 
-150 
-230 

-310 
(-440) 
(-540) 

-210 
-390 
-350 
-370 

-250 

-310 
-370 

-2],.0 
-320' 
-550 

-160 
ia420 • 
-520 , 

-150 

-240 -
1 

-350 

-240 
, 

.-160 
: 

" 

r 

{ 

fo.n 
~V 

0 
a 
0 

'" 
320 
290 
310 

220 
240 
-

240 

260 

160 
240 

220 
170 
320 

170 
270 
290 

16'0 

118 
90 

10 

. 

\ ( 

'" 

Ref1ec-
tance 

% 

/ 14 
Il 

6 '" 

"black 
peeled. 
peeled 

22 
77 
22 

4 

uns table 

unstable 
uns table 

46 
61 

3 

8 
16 

2 

16 
, 

~-22 
J. 9 

32 

22 
, 

, 

... 
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overpotential increase caused by thiourea becam~ smaller as 
, 

its concentration was decreased, and almost disappeared at 

-s ", 
5 x 10 M thiourea. ) 

-
describ-In view of the apparent deposition in layers 

1 

ed above, the cross-section of a deposit obtained in the 

presence of thioureâ was studied to determine whether it 

might reveal a layered structure. Two deposits obtained in 

the presence of 10-\3.\ M thiourea, at 4.0 and ~.O A/dm 2
, 

respectively, were. sectioned, embedded in plastic and polished 
, 

by standard metallurgical te~hniques. After etching with 

/ acid ferric chloride in 50% ethanol, the d~posit at 
1 

showed a,complex $tr~ctufe with visible layering and internaI 

cracks and occlusions, whereas the deposit at 6 A/dm 2 did not 

(Figure 44). An estimate of the sulfur content of the deposits 1 

was then made in a~ attempt to assess the extent to which 

disfuption of the copper crystal lattice might be caused by 
\ 
1 

occluded additive. 

DETERMINATION THE SULFUR CONTENT OF COPPER 
ELECTRODEPOSIT FROM ACID COPPER SULFATE 
SOLUTION CONTAIN G THIOUREA 

The sulfur conte~t of copper electrodeposited from 

acid copper sulfate solutions containing thiourea is 

/' generally quite'small, and sensitive analytical te~niques 
\.. 

àre required for its estimation. Hitherto, the thiourea 
\.. 

moleoule has usually been labelled with the radioaytivé. ~ 
~ 

sulfur isotope 3~S, and the amount of sulfur in a solution 
l " 



• 
\ ( 

lb 

... 

/ 
J tt'-'/ r 

•• 

'/ 

, 

li,! 
, 

,1 

~ 

t, 

" 

- ... 

.. / 
, FIGURE 44 

CRO§S-SECTIONS OF COPPER E~POSITED FROM STANDARD 
ELECTROLYTE CONTAINING 10 M THIOUREA 

TOP PHOTOGRAPH . 

4 A/ék'2, MA~'IFICATION , x 600 

BOTTOM PHOTOGRAPH 

6 'A/drà2 , ~9NIFICATION, x 400 
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. 
of the copper deposit determined by either direct or 1iquid 

scintillation counting techniques. A high specifie activity 
-1 

(> 0.5 me l ) is required for accurate resu1ts. 

In the present investigation, 'it was desired to 

determine not only the quantity, but also the ehemica1 form 

of the sulfur occ1uded in the deposit. It was decided, 

theref~re, ta rnaxirnize the sulfur content by working with high 

,thiourea concentrations and low current densities, and to 
1 

apply chem~ca1 rnethods to the larger quantities of su1fur 

compounds then available in the deposit for identifying ~e 

chemical state and estimating the amount'present. The amount 

of sulfur occluded in the deposit as sulfate ions from the 

electrolyte has been reported to be extreme1y low (163) and 

no attempt was made to distinguish it from the su1fur ocç1ud-

ed from other sources. 

The method devised by Barto1acini and Barney (164,165) 

for the colorimetrie detenninatlon of sulfate with barium 

chlorani1ate was used to determine·the amount of su1fur 

occluded in the deposit. The method i5 based on the reaetlon' , 

u 

y + MA (solid) + A + MY (solid) 

where Y is the anion,to be determined and A is a co1ored 

anion of an organic acid. MY must he 50 much Iess soluble 
1 

than MA that the r~action is qua~itative, while MA must be 

only sparingly soluble, 50 that blanks in'A- will not be too 
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The reaction of slightly soluble barium chloranilate 

with sulfate ion in acid solution of pH - 5 is used to give 

barium sulfate and the acid-chloranilate ion 

~he amount of acid chloranilate liberated is proportional 

to the sulfate ion concentration. The reaction is conducted 

in 50% aqueous ethyl alcohol buffered at an apparent pH of 
t 

approximately 5. The presence of ethyl alcohol increases 

the sensitivity of the method by decreasing'the solubilities 

of barium sulfate and barium chloranilate. Sodium and ammon-

ium ions do not interfere at the 250 ppm level, bu~ other 

cations must be removed by ion exchange. Chloride and 

" nitrate ions are said not to interfere at the 100 ppm level. 

Using the 332 nm peak of the acid chloranilate ion, the 

spectrophot~metric limit çf detection in 10 mm cells was 

about 2 pC) of sulfur (~ 6 pg 50 .. ). 

Barium chloranilatec (Eastman) was purified from 

residual chloranilic acid by Soxhlet extraction with 95% 

ethanol for three days. The pH dependence of the absorbance 

at 332 nm inpicated that pH - S was the lower limit for

satisfactory behaviour (Table 29, Figure 45). A calibration 

c~rve was prepared wi th standar'd sodium sulfate solution. A 
, 

linear plot was obtained of absorbance against amount of 
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suIf ur present, as sulfate, over the range 6.70)19 to 200 pg 

sulfur in 10 mnf cells, and up to 2.00 mg sulfur using l mm 

cells. (Table 30, Figure 46). 

To obtain sarnples of electrodeposited copper, a 

platinurn foil cathode was placed in the two-compartrnent cell 

used·for polarization s~udies, and copper deposited on it 

from standard electrolyte without, or with thiourea added. 

The deposit (200 ± 5 mg) was dissolved in concentrated, 

distil1ed ni tric acid (1.00 ml) by gentle heating. The 

resulting solution was brought to pH - 3 by adding 5 M NH3 

(prepared from runmonia gas and deionized, distilled water) 

and transferred to a clean platinum crucible (25 ml) fitted 

with a Teflon coated magnetic stirrer. Wi th the crucib'le 

as cathode and with a platinum foil anode the copper ions 

rernoved by electrolyzing at 0.5 amperes for 6 hours. The 

pH of the solution was adjusted to 6-8 with 0.5 M NH3, after 

which it was poured through a smaii column (0.8 cm diameter, 

2 cm long) of Chelex-100 ion ex change resin * (Bio-Rad 

Laboratories) in the ammonium forme At pH ~ 5, this resin 

quantitatively retains cupric ion even from concentrated 
-ammonium salt solutions (166,167). The resulting ammonium 

* The gift of a sample'of the resin from the Noranda 
Research Centre is gratefu1ly acknowledge. 

,. 
, .~ .. .: 
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TABLE 29 

ABSORBANCE OF 5 x 10- 5 M CHLORANILIC ACIO AT 332 nm 
AS A FUNCTION OF SOLUTION pH AT 25°C 

, 

r 

pH A332 rrJ 

0 

0.84 0.13 

1.65 0.24 

2.94 0.69 

3.01 0.73 
<- 3.29 0.89 

~ 

4.33 1.19 \ . 
6.52 1.25 

8.30 1.25 

9.18 
t 

1.26 

9.63 1.25 

10.69 1.25 
-

", 
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FIGURE 45 

DEPENDENC~sON pH OF THE ABSORBANCE AT 332 nID 
OF 5 x 10 M CHLORANILIC ACID 
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TABLE 30 

RELATION BE'1'WEEN ABSORBANCE OF ACIO CHLORANILATE ION 
[AT 332 nrn AN~ SULFATE CONTENT OF THE SAMPLE 

• . 
pg S (as NazSO .. > A332 "-

, • 
6,7 . 0.04 

10 0.05 \ . 
13 1 0.08 , 
20 0.12 

27 0.17 

30 <J 0.19 

40 0.24 

50 \ 0.31 

60 
, . 

o.a~ 
1/ ~, , 

\ 80 
. 

L tl.50 

100 0.65 
, 

130 0.86 
j 

. 
150 , 

0.95 
·1 

160 1.01 ... 
\ -11.\0; .. 1.19 

, 1 . -. . 20,0 1.26 . , 

2000 
, 

'1.26a 
, 

2000 • 1.25a . 
li ; 

. / 
~ , 

a The 1ast two absorbances were determined with 
1 BUn cells, aIl other values aœ for 10 mm path 
l~gth. ) 
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FIGURE 46. 

ReLATION BETWEEN ABSORBANCE OF CHLORANILATE 
ION AT 332 nm AND THE MOUNT OF SULFUR PRESENT 
IN THE FORM OF SODIUM SULFATE . , 
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1 . 

ni trate solution ( < 38 ml) "was contained in ë\"'IIQO ml volu-

metric ~~ask, toQyhiah were added 5.0 ml of 0.05 ~ potassium 

hydrogen'phthalate and 50 ml 95~'ethanol. The solutio~ was 

~e to Volum~With.deionized water and 300 ± 20 mg of barium 

chloranilate added. The mixture was shaken mechanically for 

fou.r hours and allowed to stand for a further 20 hours, to 

ensure complete reaçtion. Part of the solution was then 

centrifuged to remove suspended barium sulfate and chlor

anilàt~, and the absorbance at 332 nm determined using the 

Perkin-Elmer 402 UV-visible spectrophotornéter. The absorbance 
- / 

of the blanks for copper deposited fTom standard electrolyte 

containing no thiourea wa~ too hiGh when a, 10 mm cell was 

used, but with a l mm 'cell those preparations gave absorbance 
1 

values of 0.44, 0.45 and 0.45 me~sured against a reference 

'cell filled with water. 'fhe high absorbance was probably 

caused by the high nitrate concentration present as NH~N03. 

The same effect was observed when chloride ion was present at 

high concentrations. 

... 
When sodium sulfate, equivalent ta 1.00 mg sulfur was 

added to each of three solu~ions of copp~r deposited fram 

the standard electrolyte, and the subsequent steps of the 

.~ . procedure follCf\lled as before, absorbances at 332 nm of 1.02, 

1.06 and 1.08 '(average • 1.05 ± 0.03) were measured in a 

1 mm'cell wi~h water as a reference. Subtraction of the 
~ 

previous value of 0.45 ± 0.01 for the average absorbance of 

a solutio~f the deposit to which no sodium sulfate had been 

\ ---------~ 
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) , 
added yields an absorbanee of O.6a,± 0;04 due to the aëiaed 

sulfate. This is in good agreement with a valuë of 0.62 ~ 

estimated.frorn th~ cali~~a,tion (T~le 30~~tained in the 

absence of ammonlum ~ate. 

When three deposits obtained at 4.0 A/dm 2 in the 
l -3 

presence of re M thiourea were treated by the procedure 

described above, absorbance values of 0.54, 0.51 and 0.49 

at 332 nm were measured against a water reference. These 

values corresponded to 0.069, 0.045 and 0.030 weight per 
> 

cen: sulfur respectively (average, 0.048 ± 0.018 wt, %), 
.1 

for deposits obtained with the given conditions. 

In several trial prepàrations of copper deposits to 
. 

which the barium chloranilate estimation of sulfate was 

applied, it was noted that treatment of the deposit ~ith 

dilute nitric acid (l~) at ~oom ternperature failed to remove 
" 

a srnal1 amount of black residue that remained on the p1atinum. 

This could be dissolved only by adding more eoncentrated nitric 

acid, or by prolonged heating. '-In sorne cases, i t was observed 

that mild heating with 1 N RNO, eaused formation of small 

amounts «< 1 mg) of a yellow hydrophobie substance whieh was 

assumed to he elemental sulfure For a more thorough examination, 

two deposits of approximately 1.2 9 each were' obtained on the 

platinum cathode after approximately 22 hours at 0.8 A/dm2 

in standard electro1yte that had been made 0.01 M in thiourea. 

These deposits were dissolved in wa~ 1 ! HNO~ to yield ~ 

1 

/ 

~. 

" ..-1 
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~ ~ 
se~ral m111igrams oI an amorphous yellow substance. After 

d~ing at 105~C, this could be burned with a blue flame to 

give sulfur dioxide, it dissolved slowly in carbon disul-

Eide, and it reacted slowly with cyanide solution to give 

thiocyanate (tes~ with ferric ion). The yellow substance 

was thus identified as elemental sulfur. The black sub-

stance which was its precursor in the deposit proved to be 

copper sulfide, since a small amount of it heated with 

concentrated hydrochloric, acid yielded hydrogen sulfide 

(detected by the deposition of black lead sulfide on a 

fil ter paper wetted with lead acetate solution). 

A quantitative estimation was made of the amount of 

elemental sulfur produced by the warm nitric acid treatment of 

copper deposits obtained at 0.8 A/dm 2 from unstirred standard 

electrolyte containing 0.01 M thiourea. The elemental sulfur 

was separated by suction filtration, weIl washed with 2 N 

HCl followed by distilled water and àried in a vacuum 

desiccator for 24 hours. The sulfur was, then transferred as 

quantitatively as possible to a small boat and weighed as 

sulfur, to yield values on. 0.,44 and 0.59 wt % sulfur in the 
, 

deposits. 

Cuprous sulfide, prepared~by hydrolyzing penta

thiourea dicuprous sulrate dihydrate in boiling l N NaOH, was 

found to yield ov~ 90% of its theoretical sulfur content as 

elemental sulfur when treated with warm 1 N HNO,. The 
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remainder WqS presumably oxidized to sulfate (0.5061 9 
1-

CU2S gave 0.0982 9 S = 96%). Cuprous-thiourea complexes 

yielded neither elemental sulfur nor copper sulfide when 

treated with nitric acid. 

To de termine the extent to which sulfur might be 

present in the deposit in forms that did not yield elemental 

sulfur upon treatment with warm dilute ni tric aeid, deposits 
, t 

were prepared, as before, with thiourea concentrations of 

0.01 M and 0.005 M'. They were dissolved in 5.0 ml concen-

trated nitric acid and heated to drive off sorne of the 

exeess acid. This procedure presumably oxidized aIl sul fur 

eompounds present to sulfate ,since there was no indication 

that elemental sulfur was liberated. The solutions were 

brought to pH - 3 with ammonium hydroxide and e~ectrolyzed 

at 0.5 A in a platinum crucible that served as a e'àthode, 

with a platinum foil anode. When Most of the copper had 

been removed, the solution was transferred to a small beaker 

and the nitrate removed by heating with severai additions of 

eoncentrated hydrochlorie acid. Barium chloride solution 

was added and the contents heated at approximately BOoe for 

24 hours. The precipitate was then collected on Whatman No.42 

ashless filter paper and ignited to constant weight. The 

deposit obtained in the presence of 0.01 M thiourea, at a 

eurrent density of 0.8 A/dm2, 'contained 0.65 wt , sulfur, 

a value in essential agreement with that obtained by determin-
~ . 
"~g elemental sulfur after dissolution of the deposi t in warm 

,- l~' 
• J 

'/ 
./ 



• 

.. ( 

• 
~. 

r 

170 

1 N RN03. When the thiourea concentration was 0.005 ~ , 
. 

and the current'density 0.8 A/dm 2 , the su1fur contènt of 

the deposit ~àd found to be 0.39 wt %, whi1e at 4.0 A/dm 2
, 

and the same thiourea concentration it had decreased to 
'. 0.24 wt %. 

ELECTRON MICROPROBE ANALYSIS OF SULFUR IN 
COPPER ELECTRODEPOSITED FROM STANDARD ELECTROLYTE 
CONTAINING TRIOUREA 

A re1atively thick deposit (- 0.01 cm) of copper was 

pr~pared at 4.0 Aidm 2 from standard e1ectro1yte containing 
-! 

10 M thiourea. The deposit was cross-sectioned, embedded 

in plastic and polished. The su1fur in the cross-sectional 

\, area was measured* in an Acton (Camecn) MS-64 ~ectron 
J ~ 1 t . 
l microprobe analyzer by' bombarding the surfa~ wi th high 

( 

energy e1ectrons and me~?ring th~ su1fur Ka x-rays emitted 

from the samp1e. Cuprous sulfide (20.155 wt % S = 16872 + 171 

counts per 10 sec.) and re1atively sulfur-free copper foil 

(172 ± 8 counts per 10 sec) were used as standards from which 

the ~ulfur content of the deposit could be estimated. The 

background su1fur 1eve1 in the copper foi1 substrate (Fisher) 

waS'o.oai ± 0.001 wt , S, and the average value over ~ 
200 II x ,.ioo II area of the electrodeposi t cross-section was 

* The author is grateful to Mr. Mark Firth, Department of 
'Meta1lurgical Engineering, for determing these values. 

~ 

" 
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0.044 ± 0.001 wt % S. The local sulfur content (for areas 

- 3~ in diameter) was zound to decrease with time of 

de.position from an initial value of 0.055 ± 0.004 wt % S 

t~ a final value less than 0.033 '± 0.002 wt %\s. 

The sulfur was apparently n~t randomly distributed 

in th~ deposi t. .!?ome small areas contained very high con-
'1 

centrations of sulfur (~ l~, see Figure 47) while others appear

ed to be'almost free from occluded sulfur.' This method gives 

no information about the form in which the sulfur is present, 

but ~t may be assumed from the results presented earlier, that 

it is predominantly in the forro of copper sulfide occlusions. 

A summ~ry of the data obtained for sulfur contents 

of deposits produced with different conditions of electrolysis 

with the different methods of estimation used; is presented 

in Table ~l. From these d«ta, it is possible to estimate 

surface coverage by addition agent corresponding to the sul fur 

contents found, and the calculated average'surface coverages 

during de'posi tion are shown in the last column of Table 31. 

SOURCE OF THE SULFIDE OCCLUSIONS'~OUND IN 
COPPER DEPOSITED FROM STANDARD ELECTROLYTE 
CONTAINING THIOUREA 

The sulfur occluded in copper déPosits qbtained 

from standard electrolyte containing thiourea apparently was 

present almost exclusively in the form of copper sulfide 
. 

(probably non-stoichiometric). It was of interest, therefore, 

. , 

, . 

" .. ,..., ) 
~_._~ ~_~. __ --.............~ ,_......::r...jt 
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TAB,LE 31 , 
SULFUR CONTENT OF COPPER ELECTRODEPOSITED FROM 
STANDARD ELECTROLYTE CONTAINING THIOUREA 

[Tu] 
M -

0.010 

0.010 

0.010 

0.005 

0.005 
, 

0.001 

0.001 

0.001 
, 

0.001 

a 

b 

c 

d 

, . 

i wt deposit % S °av A/dm2 
9 

0.8 1.1~ 0.6Sa 0.034 

0.8 1.16 9 0.44b 0.023 

0.8 1.4210 0.59b 0.031 

6.8 1.1007 0.39 a 0.020 . 
·4.0 1.4?37 0.24a 0.012 ' 

. 
4.0 0.2041 0.069c 0.0036 

4.0 0.1994 c 0.0023 c 0.045 . 

4.0 0.2019 0.030c 0.0016 

4.0 - 0.044d 0.0023 

.. 
, 

determined as barium sulfate 

determined as elemental sulfur 

determined with barium ch10ranilate 

determined by electron microprobe analysis 

/ . 

\ 
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FIGURE 47 ~ 

ELECTRON MICROPRotE ANALYSIS 0; THE CROSS-SECTION 
UOF QOPPER DEPOSIT, D AT 4 A/dm2 FROM STANDARD ELECTRO

LYTE CONTAINING 1 -, M THIOUREA. ~HT ARBAS INDICATE 
THE PRESENC~ SULFURe ~ 

TOP PHOTOGRJ\iH ) 
.., 

THE HIGH SULFUR CONTENT REGION COINCIDED WITH A 
VISIBLE FAULT CONTAINING A BLACK SUBSTANCE THAT WAS 
PRESUMABLY COPPER SULFIDg. 

BOTToM PHOTOGRAPH 

THE DIFFERENCE IN SULFUR CONTENT BETWEEN THE DEPOSIT 
COPPER AND THE SUBSTRATE IS SHOWN AS A HORIZONTAL 
LINE NEAR THE CENTER • 

• 

, 

• 
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to determine how the thiourea or its reaction 
, 

degraded to sulfide during deposition • 
. ~ 

174 

ere 

Using the two campartment electrolysis vessel 

described earlier, a solution containing 0::"100 M thiourea in 

0.05 M H2S04 was electrolyzed with a copper foil cathode 

and platinum anode. The passage of currents greater than 

20 pA/cm 2 was accompanied by slow but visible gas evolution 

which became more v~gorous when the current was increased to 

10 mA/cm2 (electrode potential - 800 mV vs SCE). Hydrogen 

sulfide could not be detected with the lead acetate paper 

test, and the gas was presumably hydrogen. ~o changes were 

~isible on the electrode, as long as it was cathodic, but 

a~ter an hour on open circuit crystals of complex could be 

seen on the copper. 

When a copper foil was made anodic in the acid 
. 

thiou~ea solution, formation of needles of cuprous-thiourea 

complex both on the copper and in the solution became 

evident. If p copper foil were made to serve briefly as an 

anode in acid thiourea solution, and then made cathodiè, its 

surface turned black immediately~ Hydrogen sulfide was 

evolved when the blackened copper was treated with concen-
,1 

trated hydrochloric acid (lead acetate test). 

When a clean copper foil was made a cathode in an 

acid thiourea solution containing pentathioureadicuprous . -sulfate dihydrate, it became black immediately with a film of 
. ' 
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( 
copper sulfide.. A platinum cathode also blackened 1n an 

acid solution of the sarne cuprouB complexe When a copper 

foil was made an anode at a current density of 1 ~/dm1 in 

a fresh solution of 0.05 M formamddinedisulfide sulfate 

monohydrate in 1 M sulfuric acid, the blue color of cupric 

sUl'Saie-: appeared in the vicinity of the cmode, and no 
> • 

" 
visible formation of sulfide occurred when the current was 

reversed. 

\ 

From these observations,' it would seern that cuprous-

thiourea' and POS~blY cupric-thiourea c~mPlex ions are 

cathodically reduced to, sulfide~at platinum and copper, 

whereas formamidined~fide is reduced to thiourea only at 

very negative potentials. 

Stead'y state not be obtained 

for the cathodic reduction of cuprous-thiour a complexes • .. 
Even at low current densities, continually increasing 

coverage of the electrode by su1fide caused an increase in 

electrode potential to a steady value of approximately 

-800 mV (vs SCE)i at which obvious hydrogen evolution 

occurred. 

DETERMINATION OF ~HIOUREA IN ACIO COPPER 
SULFATE SOLUTIONS 

The problem of determining the amount" of "active 

thiourea" in acid copper sulfate solutions remaibs to b~ J 
) 

~iscussea. Since formamidinedisulfide as an oxidation 

.. ," 
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\ 

product of thiourea does not appear to ·act aS either a 

briqhtener or leve~ler, it would seern t~at'~e required 
• lJ 

ana1ytical method shoqld respond to thiourea and it~ 

176 

complexes witrr cupric and ~uprous ions. The measurement of 

UV absorbance in the region about 34P nm cou1d be used, 

provided the absorbances due to cupric and cuprous-thiou~ea 

complexes could be resol ved.. ·A direct potentiometric 
~J ~ 

determination using the potential of the formamidinedisu1fide- . 

thiqurea couple is not possible (168) but measurement of, the 

oxidation current of thiourea with a rotating platinum 

electrode has been used. (16'9) 

In the present investigation the total condentration 

of tp'i~urea and its complexes was determined by potentio-
1 

metric titration with ceric ~n, whtch ~oes not affect 

,formamidinedisulfide in strong acid. The method should' 

estimate aIl species in solution that may be oxidized with 

ceric ion, i.e., çuprou~ons ,rnd thiou~, but the concen

tration of each species cannat be sa es~irnated. Moreover, 

J eup'rous 'ions formed in the oxidation of thiourea by cupric 
(' ' 

0- J, '-

~.~:~~~~ 

. , 

ions weJ;'e stabilized by cornplex formati'on vith unreacted 
1 

thioure1, with the result that the totai concentration of 
, 

substances oxidized by cerie ion was essentially constant. 
1 

, 
1 

;When filtered, finely dispersed: air vas rapidly 

bubbled'through soiutions that initially eontained 0.025 M 

thioure~ and 0.025 !! eupric sulf ate in' 1 ! Bulfuric aeid, 

and aliquots vere titrated with carie ion at various ti,mes, .. ~ 

1 

l' 
1 

\. 
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it was found that more than one-half the initial concentra-

tion of oxidizable substaJ1ce's remained in solution even after 
1 Si hours (Table 32), in spite of the fact that significant 

amounts of solid cu~rous-thiourea complex had fàrmed. It 

may be concluded from this that cuprous-thiourea complexes 

in aqueous solution are not rapidly oxidized by atmospheric 

oxygen. This would indicate that a bath containing thiourea 

in acid copper sulfate should become relatively stable after 

part of the thiourea has been oxidized an~the remain~èr 
complexed with cuprous ions formed during the oxidation 

~ reaction. 

DISCUSSION 

\ 
\ 

The current efficiency data for deposition from acid 

copper sulfate containinq lO-'M thiourea indicate only a small 

amount of thiourea occluded in the deposit, and a negligible 

"deposit excess weight" under the~onditions. This is 

confirmed by the quantitative analyse~ for sulfur occluded 

in the deposi t. 

The polarization measured in the presence of thiourea 

is high. The data show no easily discernible trend, except 

that the overpotential is less, the smaller the thiourea 
..-

concentration. Tbe biqh polarization may he ascribed to 

4. 

several contributory factors, and moat of these can be assess

ed only in a qualitative manner • 

" " . 

" 

.~ 
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TABLE 32 

DETERMŒNATION OF SUBSTANCES OXIDtZED BY CERIC tON IN 
SOLUTIO~ OF THIOUREA IN ACID 'COPPER SULF~TE AT 25°C • 

. 
Time after mixing Concentratibn of oxidizab1e 

(min) substances 
(!!) 

-'" 
1 

0 - .. 
0.0245 

3 0.0238 .. . 
18 0.0235 ~.; . 
34 0.0207 . ... 

~ 

, '. 50 0.0201 
, 

- 87 , 0.0175 

117 0.0164 , 
1 

158 " 0.0154 • 
252 0.0139 . t) 

336 0.0128 

• 
" ~ 

/ 

.. . 
,,~...." ... ~ • ~. .t JI, L --""'- r 
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GauVin 'and Winkler (170-172) have demonstrated that 

the·~easured polarization during cqpper deposition from pure 

electroly~e depends on the true surface area of the electrode. 
- t 

Obviously, a levelling agent such as thiourea must decrease 
( 

the true surface area of the electrode as it exercises its 

levelling effect. Since roughness factors of 1.9 ± O.~ (173) 
r 

have been dêtermined for electropolished çopper, it is 

obvious that chançes-in true surface area due to levelling Qf 
( 

a surface with a much larger roughness factor can cause ·a 

largè increase in the true current densîty. This effect is 

impossible to assess quantitatively 
• 

conditions, but gas adsorption method be used to 

obtain information for the final surfa· 

The extent to which the levelled surface may be 

blocked by occluded sulfide can 
~ 

sulfur content of the deposit. 

be roughly ~imated from the 

Assuming ~PletelY random 

distribution of sulfide ions through the crystal lattice, it· 
, 1 

may be estimated that the maximum possible average coverage 
o 

by sulfur ia o~ the order 10 to 20\ of the surface area. 

Since sulfur, but little carbon, from the thiourea molecule 

is occluded in the depoait, the other fragment of the thiourea 

molecule, probably cyanamide, mus~ tend.to accumulate in 

the diffusion layer. Adsorption of part of this Cyan~~de 
, 
onto the copper would further decrease the electrode .area 

avatlable for current flow, as would also any adsorption of 

formamidinedisulfide and QOmplexes of thiourea. Pinally, the 

, 

, 

, I~ 
1'1 

, , 

',~~ 
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~ 
presence ln the diffusion layer of a multitude of crystal 

nuclei (eacn c~taining perhaps only 20-l0~ molecules of 
, \ 

insoluble cuprous-thiourea complex) may so increase its 

viscosity, and otherwise hinder transmission of ions through .' r . 
it, that the overrote~tial is appreciably increased, If 

• 
'several factors such as these can affect the easè of depo~ 

tion, it is not surprising tnat the :verpotential value~'are " 
, . 

high, and, at least with high concentrations of thiourea 
- , ' 

'-C> 1~-3 :M~; ,a~ not' strongly correlated'with thiourea con-

1 centration ,and app~rent {getfmetricf current density. The 

decreasé in true surface area due to levelling and the 

irreversible formation of sulfide are factors that preclude 

the application of the ~imple site-blocking theory to inter

pret the overpotential 
.# / 

\ The sulfur de termina tions " indica 

the predomin~nt for.m in which the sul fur 

ide is 

occluded in the deposits. The photomicrograph of a crystal 

of complex on the surface of the deposit (Figure 37) proves 
. 

that relatively large crystals-of complex may also be 
, • >, 

occluded, but ,the analyses show that.this contribution is 

relatively small. While electron,~icroprobe analyses appar-

ently show the distribution of sulfur in the depostt to be 
o 

non-random, the resolution of approximately 3 x lO~ A does 

not allow the size of the individual sulfur occlusions to be 

determined • 
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Steinemann and Hintermann (154) used transmission 

electron microscopy to investigate occlusions in copper 

electrodeposited from an acid copper sulfate solution contain-

ing thiourea (5 mg/l) and pyridine (20 mg/l). They made one 

deposit at 2 A/dm2
, which they found to contain ap~~oximately 

1.9 x 1~17 occlusions per cubic cèn~irneter, with an average 
o 0 

occlusion diameter of 25 A (resolution, 6 to 7 A). For the 

given conditions of deposition, the total volume of occluded 

material constituted approximately 0.3% of-the total volume 

of the deposit. The chemical nature of the occlusions was 

not determined, but if it is assurned that the occlusions were 

~ntirel~ sulfide ion (i.e. neg~igible pyridine), with a, 

diameter of approximately 3.7 A, it may be\èstimated that 
,- , 
~v the deposit should contain 0.01 to 0.04 wt % S. This 

• 
sulfur content is in good agreement with values that would be 

expected on the basis of sulfur contents determined in the 
o 

present study. Moreover, the average diameter, 25 A , of 

the occlusions would correspond to the order of 100 to 300 

sulfide ions in each occlusion. Suçh aggregates might weIl 

correspond to the occlusion of relatively large aggregates 

of complex that presumably form in the solution, or.in the 
, 

diffusion layer, as crystal nuclei. These nuclei could 

be adsorbed onto the cathode surface and, because of the ~ 

copper-sulfur bridging bonds in the ·polymeric" complex, 
'---suffer reduction to sulfide by charge transfer through these 

bonds. The potential required for this reduction would 

/ 
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.. 
~robably increase with increased size of the adsorbed nuclei. 

With sufficiently large a9glomerates, eleetroreduction might 

fail to oceur, and the larger crystals retain their identity 

in the deposit, as observed (Figure 37), The potential 

required for reduction of the complex could not be deterrnined 

with the galvanostatic method used in this investigation, 

but it could be found by measuring the ratio of carbon to 

sulfur occluded under potentiostatie conditions. The elee

trode potential at whieh the carbon-to-sulfur atom ratio 

deviated from unit y would represent the minimum average elec

trode potential required for electroreduction of cupric or 

cuprous-thiourea complexes. However, from the data on elee-

trode polarization, and sulfur occlusion in deposits obtain-

ed from solutions containing thiourea, reduction of the 

complex must have occurred in the potential range from + 300 

to approximately 0 mV (vs SHE) under the present conditions. 

Reduction should oceur, presumably, at any localized 

area on the eleetrode where the required minimum potential for 

reduetion is attained. If this be true, a tentative exp lana

t~on May be offered for the levelling effect of thiourea in 

copper eleetrodeposition. 

In practiee, a real electrode surface must represent 

a rough surface with various protrusions and outside edges. 

The local electric field strength in these areas-should be 

higher than on level parts of the electrode or in reeesses 
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and cavities. In the absence of thiourea, these areas'of 

high field strength would be expected to carry a higher 

current density and to grow a deposit more rapidly than-the 

areas of lower electric field strength. In the presence of 

thiourea, the opposite is found to occur (51) and 'only small 

amounts of copper with a high concentration of occluded 

sulfur are deposited on the peaks. Several wOfkers have 
• attributed this apparent reversaI to variations in thickness 

of the diffusion layer over protrusions and recessed parts 

of the electroae surface (c.f. General introduction, diffus-

ton theory, p. 12, also ref. (48) ). However, an alternative 
-î } 

explanation of the levelling effect is possible if it is ~ 

assurned that adsorption onto the electrode of cuprous-thio- \ 

urea complex (in the forro of rnolecules and/or of crystal 

nucrei) possesses a degree of reversibility at potentials 

lower than that required for.reductLpn to sulfide, while 
o 

reductio~.to sulfide in areas of high field strength (i.e. on 

the peaks) leads to irreversible blockage-of th~se areas • 
.."."...-' ~ 

Deposition would then occur around these sulfide occlusions, 

preferentially in the areas of lower field strength where 

reduction to sulfide does not occur as readily. With progress 

or the levelling process, selective red~on and inhibition 

to deposition should decrease', and continuity of the levelled 

surface become more prevalent. 

r 

The decrease in levellinq powèr~hen solutiGns of 

thiourea in acid copper sulfate are aged cannot,be explainèd 
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by complete conversion of thiourea-to the'disu1fide, since a 
,1" 

large fract10n of the. thiourea is converted to cuprous
{ 

thiourea complexes, which protect the coordinated ~hiourea 
, 

from oxidation by cupric ion. The cuprous-thiourea cornplex 

is also too stable to attribute the change to ~ts oxidation 

by atmospheric oxygene The decreased amount of sulfur 

occluded with aged solutions might be interpreted to indicate 

that the cupric-thiourea complex initially formed is the 
{ 

only surface-active species. However, thi~ would seern to be 

contrary to the observation that plating baths retain their 

levelling powers even after sufficient tirne has passed to 

allow complete conversion of the cupric complex to cuprous 

complexes and formamidinedisulfide. 

It is possible that the. change in levelling power 

wi th ageing has i ts origin~,;j.n the aggregation of cuprous

~iourea complex to form crystal nuclei and eventually micro

scopie and macroscopic crystals. These polyrnolecular species, 

like their rnonorneric progenitors, might have the beneficial 

properties of an addition agent, but it is reasonable to 

expect that their effectiveness should dacrease with increase 

in size. For example, four nue lei each containing one hundred 
" ., 

cornplex units rnight reasonably be expeated~o he more effec-

tive in levelling than one larger nucleus containinq 400 .. 
complex units. The levelling 'p~ers of thiourea in copper 

sulfate electrolyte should therefore decrease as the cuprous

thiourea complexes ,cont~ibute te continued growth of crystal 

( 
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,nuclei during the ageing process • 

centrations (~ 10- 3 M), it requires two or more weeks for 

crystals to become visible to the naked eye. During this 

time, however, polymolecular nuclei,of complex must obvi~us-

ly be present in the solutiop. In a commercial system that 

is electrolyzed continuously (e.g. copper electro-refining) , 

the occlusion of various species during deposition would prob-

ably be too rapid to permit formation of visible crystals of 

complexa Nevertheless, a progressive deterioration of the 
~ . 

levelling effects of bright copper baths that.contain higher 

thiourea concentrations rnight be ascribed to the graduaI 

disappear~ce of molecular complexes to forro less effective 

polymolecular aggregates, without the appearance of macro

scopie ct ys taIs. 

1 

.. 
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GENERAL REMARKS 

,In contrast to the present investigation, no previous 

study of.addition agents appears' to have given prior considera~' 

tion in any detail to t 

betwee~~he àdditive 
/' 

possible chemical interàctions 

the electrolyte in the absence of 

electrod~position. F 'lure of previous workers to examine 

the thermodynamic and kinetic characteristics of such reac-

tions petween th~ourea and the electrolyte, and to establish 

definitely the identity of va~ious species produced, probably 

accounts for the conflictin~ èxperimental data that have been 

published. 

As one example of the advantages gained by ~~e type 

of approach made in the present study,may be cited Jhe 

observation that much of the thiourea is oxidized ta formami_ 
, 

dinedisulfide, which possesses appreciable stability at the 

high acid concentrations and'relatively low tempe ratures used, 

but apparently does not contribute significantly as a levell

ing agent. ' The significance\ of its formation and continued 

presence in the 'system must therefore be evaluated in this 

contexte 

As • another example, i t may be recalled tha't the 

\ thiourea complex with the UV absor,ptiQn band at 340 nm was 

revealed by detailed study to be a cupric complex rather 
• . 

'than a cuprous complex, as sU9gested by Javet and Hinte~ann. " 
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The mistaken identity ~ttri1ute~ ~o it by these investiqat~rs 

made them unable to explain the observation that the absorbance 

of the band at 340 nm decreased more rapidly in the anode 

compartment than in the cathode compartment of their cell dur-

inq electrolysis (156)., Since the cathodic consumption of 

thiourea had been shown to be dif~usion controlled und~r these 

conditions (151), it was obvious that the anodic consumption 

of thiou~ea could not be faster if it,too, relied on diffus

ion of the same species. However, the decrease with time of 

~he band in tensi ty is due not oniy to "consumption" of , 
thiourea at the electr.odes, but also to the conversion of the 

cupric-thiourea ion to the cuprous complex with a lower molar 

absorptivity in the region of the absorption maximum. The 

reaction of thiourea with anodically generated cuprous' ions 

corresponds, therefore, to a more rapid apparent consumption 
1 

(measured by UV) anodical1y than cathodically and the seemin,g 

contradiction is explained. 

Even more detailed information about the reactions 

and equilibria involving thiourea and the electrolyte, and 

about the formation and incorporation of sulfide during elec

trodeposition, will probably be required for,more'complete .-

elucidation of the addition agent behaviour of thiourea. 
~ . 

1 Attempts to clarify the relation between the physico-chemical 

and electrochemical aspects of the system would seem to have 

considerable advantaqe over the more conventional approach in 
"-

which e'lectrochemical and physical data, such as polarization, 

,) 
w, 

. . 



• 

.' 
l 

• 

188 

reflectance, double layer capacitance, etc., are emphasized, 

with little attention to their~dependence on the chèmical 

reactions that may underlie the electrochemical behaviour. 

Perhaps the most interesting conclusion to emerge 

from the chemical and electrochemical studies_that have been 

presented i5 that the levelling and brightening effects of 

thiourea as an addition agent are to he attrihuted to the 

monomolecular complexes of thiourea with cupric and cuprous 

ions, and the polymolecular cuprous-thiourea'complexes. The 

uncomplexed thiourea molecule appears to contribute little or 

nothing to the beneficial effects that accrue from its ~ 

presence in tpe electrolyte. It is interesting to note that 

the sequence of reactions proposed to explain 'levelling and 

brightening by thiourea necessitates the occlusion of 

appreciable quantities 9f sulfide in the deposit. It would 
, ~ 

appear likely ,that a certain range of sulfur contents of the 

deposits will give smooth and bright copper deposits. Too 

rnuch or too little sulfur seerninqly is deleterious ~o the ~ 

process. 

The sulfur-copper ratio in the deposit 1. governed 

by the applied current density, which controls the rate at-

which copper is deposited, and by the rate at which complexes 

of thiourea arrive at the cathode. At a sufficiently high 

cathod~ overpotential, aIl complex arriving at the cathode 

will he reduced to sulfide and the cathodic consumption of 

,. 

, 

, l,' , 
" , , 

',; ,,::~i::~ 



• 

• 
, .~' . 

189 

1 

, thiourea will be diffusion controlled. Therefore, the 
1 

proper (oPfimum) flux of copper-thiourea complexes at the 
i • 

cathode may be ma~ntained by adjusting eiCher the bulk 

thiourea c~ncentration in an unstirred solution, or by 
L ' 

• stirring the electrolyte and lowering the thiourea concen-
\ ",. ," 

tration correspondingly. , 
In view of the specifie salfU~oppe~ ratio 

apparently required for a bright deposit, it may be argued 

that copper sulfide is specifically responsible for modifying 
. . 

the deposit. 'The complexes of thiourea can then be regarded 

simply as a source rrom which.copper sulfide is generated 
1 . 

in those areas where it is required for levelling to occur, _ 
v 

e.g., at micro-peaks on the surface. 
! 

" 
For a more complete description of the system, it 

, 
would seem desirab~e to deter.mine to whàt extent the sulfide l ' .;. . 
i5 generated from the ~ric compie~ ions [,èUTU] 2 + and 

[CUTU)+ rathE!r thari from polymolecular ;a9gregates of cuprous-: 
. ' 

thiourea complex. At'the-prese~t time, 
.... -

however, there ~s 

no method avallable for studying copper deposits with a 

resolution sufficient to de termine· single atoms of sulfide 

in a copper'lattice. A method such as transmission electron 

microscopy might enable estimation of the amount o~ sulfur 

contained in the larger occlusions in the deposit. This', in 
-

\ ~ 
conjunction with "a-value for the total sulfur content of 

• 1 

the deposit (electron microprobe analysis) shou~d then qive, 
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indirectly, an indication of the amount of sUffur occluded 

in the deposit i~~e for.m of single MOlecules of copper ( . 

sulfide. 

Some other points that merit further study are the 

adsorption-desorption of thiourea (in th~ form of i~s _ 

cuprous complexes) at copper surfaces and" study of~ growtb 
~ , 

of polymolecular assemblies of cuprous-thiourea complex in 
Il 

the elect~olyte. As mentioned previously, the data that 

supposedly refer to adsorption of thiourea at copper vere 

obtained under experimental conditions ~hat 1!voured hydrolysis 

of cuprous-thiourea complexes to copper sulfide. 
, 

It is doubt-

fuI, therefore, that they represent true adsorption ~f 

thiourea. As a consequence, there are no quantitative or . . 
even qualitative results available that might give informa-

tion about the strength of the adsorption bond, or the ease 

vith which adsorbed complexes mig~t desorb from ~ copper. 

-A study of th~ growth of polymolecular aggregates of 

cuprous thiourea complex~ight yield data on the size of 

these particles at various times after addition of thiourea 
, ~I 

to the electrolyte. These values might then he correlated \ 

with the levelling power of the bath and the amounts of . 1 

sul fur and carbon occluded in the deposits obtained from 

these systems. In this way, the' relative addition agf;!nt 

powers of the particles with increasing.size might be 

assessed, to enable optimum levelling and brightening to he 

Il 

~ 
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estab1ished and maintained in solutions of acid copper' 

y 

sulfate that use th~ourea as addition agent. 

• 

.. 
, th 

191 

~'1> 
'. 

.. ~ ..i 
. t\ !:~i: 



• 
. ' 

, 

SUMMARY 

AND 

• CONTRIBUTIONS TC KNOWLEDGE 

o 

• 
i' 



.. 

... 

1 • 192 

1 
SUMMARY AND CONTRIBUTIONS TO KNOWLEDGE 

Formamidinedisulfide sulfate has been shown to exist as 

- the monohydrat~, rather than the anhydrous salt clairned 

by previous workers. 

2) In acid solution, the hydrolysis of formamidinedisulfide 
'i 

approxirnated the classical Schiller-Otto stoichiometry, 

.with 1.5 moles of thiourea produced for each mole of 

disulfide that was hydrolyzed. 

3) The rate of the hydrolysis in acid solution was determin

ed from the initial rate of change of absorbance of the 

disulfid~lution' at the wavelength of maximum absorb

an ce for thiourea. This rnethod was applied to both 

for.mamidinedisulfide and qi-(tetramethylformamidine)di-

sulfide in hydrochloric acid solution and the hydrolysis 

reactions were found to obey the rate expression 

Rate = k [disulfide][hydroxide] 

The activation energy and.entropy of activation over .,. 
the range 20 to 40°C for the hydrolysis of formamidine

~lD ' 
disulfide at pH < 4 were found to be 7.8 kcal mole- 1 

and -2 e.u. respectively. The corresponding values 

for di-(tetramethylfarmamidine}disulfide were 1.8 kcal 

mole ~ 1 and' 16 e. u •• 
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Th~ stoichiometric and kinetic data were in agree-

ment with nucleophilic attack by hydroxide ion at the 

disulfide bond, with cleavage of the -S-S- bond in 

the transition complex constituting the rate-determin-

ing step. 

4. At pH > 5, the hydrolysis of forrnamidinedisulfide was 
CI 

too rapid for kinetic study, but the st.oichiometry was 

in agreement with a mechanism that involved deprotona-

tion of the amidinium group by hydroxide ion as the 

first step. This mode of hydroly~is led to the 

imme~iate formation of elemental sulfure 

5. Trithioureadicuprous sulfate monohydrate has been 

isolated as a new, insoluble complex in the reaction 

of thiourea with a large excess solution of 0.5 M 

/ 

cupric sulfate in 1.0 M sulfuric acid. A band at 

250 cm- 1 in the Raman spectrum of the compound has 

, .. 
been tentatively assigned to a copper-sulfur stretch

Oing mode. 

6. The UV absorption maximum found at 340 nm when' thiourea 

is added to acid copper sulfate solution has been 

assigned ta a cupric-thiourea ion with a molar absorp

tivity of approximately 3300 M- 1 cm- 1 and a stability 

constant at 2SoC of 2.2 ± 0.2 in solutions of cupric 

sulfate and su1furic acid. The absorption is due to 

a charge transfer from sulfur to cupric ion in the 

, 
o 

• 

/ 
/' 
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sulfur-bonded complexe The value of the absorbance 

at times other than t - 0 is a superposition of the 

charge transfer band and>absorbance due to cuprous-

thiourea comp1ex • 

• 7. Dark red needles of di-(tetramethylthiourea) cupric 

chloride have been prepared in high yield· from solu-

, 

tions in isopropanol. Broad absorption bands of. the 

solution of the complex in the region of 410 and 

520 nm are apparently caused by at 1east two differ-

ent species invo1ving cupric ch10ride and tetr~thyl-

thiourea. 

8. In di1ute aqueous solution tetrarnethylthiourea is 

rapidly and comp1ete1y oxi~ized by cupric ion to di-

(tetramethylformamidine)disulfi~e. 

9. The colorimetrie determination of sulfate ion with 

barium ch10ranilate has been adapted to the estimation 

of. sulfur compounds ocè1uded in e1ectrodeposited copper 

at a 1evel of approximate1y 0.05 wt % su1fur. 

" 
10. previous workers' have demons'trated cleavage of the 

thiourea mo1ecule durin9 electrodeposition (using 
'\ 
~ 

radiotracers), and the su1fur was assumed to be 

present in the for.m d! sulfide.- No 'Chemica1 proof was 

given, how~ver, to support this claim. tp this inves

tigation it has been shawn that at thiourea concentra-

1 • 

" 

.. .' ~ 
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tions above lO~3 M in the electrolyte the occluqe~ 
1 

sulfur is p're~ent in the d1,poSit almost excl~sive~y in 
i 

the form of sulfide. 

Il. Cuprous-thiourea complèxes in aqueous solution are 

electrochemically reduced to copper sulfide at cathodes' 

of copper or platinum. 
, , 

12. FOFmarnidinedisulfide appears to'have little effect 
-

upon electrodeposi tion from acid copper sulf~até solu-

tion a> current densittes less than approximatély 

4 A/drn 2
• 

13. thiourea molecule has little or no 

depQsition process. 
\ 

14. Copper sulfide·formed by reduction of cuprous and' 

cupric complexes of 'thiourea w~s responsib1e for 

"""' ...... 1' 

15. 

changes in the,structure of coppér e1ectroQeposited 

from a~id co~per su1fat~ solutions to which thio~a 
~ wtc::: ~ 

had been---a~d-a-é-~-~~!~ling and brighteni~ may be 

~xPlained by preferred reduction o~ complexes of 

thiourea at peaks on the eleçtrode. ~ 
~ 

, 
The decrease in the levelling powers of the ba'th 

1 

with time afte~ _addition of thiourea appeared to be" 

cau~ed by agg1ome~ation of monomo1ecu1ar compl~xes ' 0 

~lf'~iourea with: cup~o~s ions tQcform p~l~olecÙlar 

a regates of insoluble complexes of thiourea with 

-' 
• 1 

.. 
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cuprous su~fate. r 

16. The site blocking theory is not applicable to explain 
\ 

qUqntitatively the high~overpotentials measured'for 

copper deposition ~rom electrolyte conta~ing thiourea. 

17. With thiourea as addition agent for acid copper 

,. 

sulfate baths, levelling and brightening of the deposit 

l, are not possible without the occlusion of appreéi~le 

quantities of sulfide ( > 0.01 wt % sulfur). 
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