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ABSTRACT

The primary goal of this research was to develop a
method to quantitate and monitor the total concentration of
copper(l) in an electroless copper-plating bath during the
plating process.

Since the

bis(2,9-dimethyl-l,10-

phenanthroline) copper(I) complex, Cufdmp)*, has a very
large formation constant (log B 2 = 19.7, 14), all the
copper(I) present in solution should be complexed upon
addition of a large excess of the ligand; the concentration
of the extracted complex can be determined
spectrophotometricaily.

Results from preliminary

experiments, however, were inconsistent with this
assumption, for they showed that complexes other than
Cufdmp)^

existed in solution and were being extracted.
In order to develop a method to quantitate and

monitor the copper(I) in a plating bath solution, it is
necessary to first determine the complexes that exist in
solution and the species that are extracted into an organic
phase.

Knowlege of the equilibria under various solution

conditions is necessary to monitor the copper(I)
concentration during the plating process.

xi

INTRODUCTION

Copper(I) forms very stable complexes with 2,9dimethyl-1,10-phenanthroline (dmp) in the form of Cu(dmp) +
and Cu(dmp) 2 (log 8 2 = 19.7 at 25°C) within the pH range 3
to 10 (14).

The orange Cu(dmp) 2 complex which has a strong

absorbance at 454 nm (e = 7609 cm -1 M -1 ) (14) is used
extensively as a measure of the copper(I) concentration
since dmp is a highly selective complexing agent for
copper(I) (2-7, 11, 13-15, 17-19).
Copper(I) aiso forms very stable complexes with
—
2—
3—
cyanide in the form of Cu(CN) 2 , Cu(CN) 3 , and Cu(CN) 4 (log
B 2 = 16 and log 8 4 = 27.56 at 25°C) (12).

These complexes

are of special interest because of their possible role in
the electroless plating of copper.

In the plating process,

copper(II) is reduced to copper metal, ana it is believed
that the copper(I) intermediate is stabilized by the cyanide
ions present in the plating bath.

The concentration of

copper(I) in the plating bath may be a vital parameter in
determining the success of the plating, and monitoring the
copper(I) may be a means of insuring optimal plating
quality.
Use of dmp for the determination of copper(I) in the
plating bath solution is complicated by the large formation

1

constants of the copper(I)-cyanide complexes.

Furthermore,

the plating bath solution has a pK of approximately 12.
Thus, a number of possible copper(I) complexes can form upon
the addition of amp to the solution, which makes monitoring
of the copper(I) concentration a non-trivial matter.
Extraction of the Cufdmp)* complex into an organic
solvent has been studied as a means of preconcentration and
also as a method of determining the concentration of anions
in the aqueous phase via ion-pair formation with the
Cutdmpjg (4, 6, 7, 11, 13, 17-19).

Extraction of the

copper(I)-dmp complexes can also be utilized to eliminate
matrix effects which may interfere with the analysis.
Neutral copper(I) complexes can be directly extracted with
organic solvents such as chloroform, hexane, and n-butanol,
but the charged complexes will enter the organic phase as
ion pairs.

Tetrabutylammonium salts (Bu 4 NX),where X = Cl~,

Br~, I ), have been widely used for ion-pair extractions
(3).

These salts are generally soluble in both the aqueous

and organic phases, and the Bu 4 N + cation increases the
tendency for phase transfer of negatively charged species.
The copper(I)-dmp-cyanide system can be studied in
both the aqueous and organic phases, and Bu^NX can be used
to help extract all possible Cu(I) complexes.

This method

could then be used to monitor the copper(I) concentration in
the heterogeneous plating bath system.

CHAPTER ONE

PRELIMINARY EXPERIMENTS

l.l.

Introduction

In the development of a process to monitor copper(I)
in a plating bath solution, the first experiments were
designed under the assumption that copper(I) will
predominantly exist in the Cufdmp)*
present in large excess.

form when dmp is

The Cufdmp)* complex could be

extracted as an ion pair, using a tetrabutylammonium salt.
However, the preliminary experiments show that the
chemistry involved is much more complicated than initially
assumed.

Copper(I) was found to exist in complexes other

than just Cutdmp)*

in the presence of cyanide, and these

complexes are dependent upon the relative concentrations of
copper(I), cyanide, and dmp.

It was found that the

absorption spectra of the extracts were affected by the
tetrabutylammonium salt used, and its concentration
determined which complex was being extracted.

Furthermore,

the complexes extracted were found to be dependent on the
extracting solvent.
Much of the experimentation was performed without
any idea of some, or all, of these factors, yet important

3

4
information leading to the unraveling of this complex system
was obtained.

As a consequence, much of the preliminary

work yielded only qualitative information but was an
important first step in laying the foundation for subsequent
studies.

1.2.
a.

Experimental

Reagents
(1)

chloroform, reagent grade (Mallinckrodt)

(ii)

2,9-dimethyl-l,10-phenanthroline (Figure 1.1)
(Aldrich Chemical Co.)

(iii)

methyl isobutyl ketone, reagent grade (Baker
Chemical Co.)

(iv)

dichloromethane, LC grade (EM Science)

(v)

95% ethanol, reagent grade

(vi)

n-butanol, reagent grade (Mallinckrodt)

(vii)

tetrabutylammonium iodide (Aldrich Chemical Co.)

(viii)

tetrabutylammonium bromide (Aldrich Chemical
Co.)

(ix)

copper(I) cyanide (Matheson Coleman & Bell)

(x)

copper(I) chloride (Mallinckrodt)

(xi)

potassium cyanide (Fisher Scientific)

(xii)

50% sodium hydroxide (Fisher Scientific)

(xiii)

sodium sulfate, anhydrous (Fisher Scientific)

(xiv)

silver nitrate (Fisher Scientific)

5

Fig. 1.1.

The structure of 2,9-dimethyl-l,10-phenanthroline (dmp)

6
b.

Apparatus
(i)

UV-vislble spectrophotometer, Varian, Cary 219

(ii)

digital pH/mV meter, Orion, Model 811 and
Beckman combination pH electrode

(iii)

digital mV meter, Keithley, Model 132C and Orion
cyanide electrode Model 94-06 with Orion single
junction reference electrode Model 94-01

(iv)

separatory funnel, Kontes, with teflon stop cock
and stopper

1.3.

Cu(CN)^ n

1^

Prepared from CuCN and 10% excess KCN
as the Source of Copper(I)

a.

Preparation of Cu(CN)^ ~ ' Stock Solution
|

A Cu(CN)^

< j

stock solution was prepared by

dissolving CuCN in a 10% mole excess of KCN dissolved in a
minimum amount of water.

The solution was kept under

nitrogen while stirring vigorously for two hours.

b. Extractions with 1% Bu.NI in n-butanol
4

n-butanol was chosen as the extracting solvent with
1% Bu^NI.

A Cu(CN)^ n-1 * spike was added to 25.00 ml of 0.01

M NaOH and 5.00 ml of 0.5% dmp in 50% ethanol.

10.00 mi of

the n-butanol solution was added, and the mixture was shaken
vigorously for about five minutes.

Total concentrations of

-6
-5
copper(I) varied from 2.5 x 10
to 3.1 x 10
M.

7
The organic phase was separated, and the absorbance
at 450 nm was measured versus the extracting solution.

A

graph of absorbance versus initial concentration of Cu(I) in
the aqueous phase was linear with r = 0.9970 and a slope of
3411 M~ 1 cm~ 1 .
An extraction was also performed on a copper(I)
solution with pure n-butanol, and the absorbance of the
extract measured at 450 nm was 72% less than that of the
extract performed with the 158 Bu 4 NI in n-butanol on the same
solution.

An extraction was performed with 1% Bu^NI in n-

butanol on 4 x 10~* M Cu(CN)^ n
contain dmp.

solution which did not

The extract was clear; however, upon addition

of 0.5% dmp in 50* ethanol, the extact immediately turned
yellow.
Solutions with total Cu(I) concentrations from 1 x
-6
-4
10
to 5 x 10
M were prepared by adding 3.00 ml of 1% dmp
in 50% ethanol and 1.00

ml of a Cu(CN)^ n-1 ^ spike to 6.00

ml of 1% Bu^NI in n-butanol, resulting in a single phase.
-4
The visible spectrum of the 5 x 10
M solution showed a
peak with

max

= 385 nm, and the absorbance of all other

solutions was measured at this wavelength.

A graph of

absorbance versus total Cu(I) concentration gave a straight
line with slope 1324 M -1 cm -1 and r = 0.9900.
Although n-butanol is only slightly soluble in
water, the addition of ethanol to the solution, when adding

8
the dmp, substantially increases its solubility.

Thus,

concentrations determined from the extracts are not
accurate.

c.

Extractions with 1% Bu.NI in Chloroform
4

CHClg was used as the extracting solvent because of
its previous use in extracting Cufdmp)* (6, 7, 11, 13, 1719) and because qualitative results can be obtained since
CHCl. is virtually immiscible in water.
w

A Cu(CN)^ n_1 ^ spike
n

was added to 25.00 ml of 1% NaOH, and 5.00 ml of 1% dmp in
50* ethanol.

The extraction was then performed with 10.00

ml of the 1% Bu.NI in CHC1„.
4
3

The total concentration of

-6
-4
Cu(I) in solution varied between 3.3 x 10
and 3.2 x 10
M.
The absorption spectrum of the extract of a 8.3 x
10

_5

M Cu(I)

solution showed a peak with X ^ = 400 nm.
max

The absorbances of the aqueous phases were measured at 400
nm before and after the extraction assuming that the same
complex existed in solution.

A plot of A vs. C_,. T ., the
UU( 1 )

analytical concentration of copper(I), was linear for
concentrations less than 1.7 x 10

—4

M (slope = 1201 M

—1

-1
cm ,

r = 0.9982) for the pre-extractea solutions, and virtually
no absorbance was detected for the post-extracted aqueous
phase, showing complete extraction.

The absorption spectrum

-4
of the extract of 1.7 x 10
M Cu(I) showed a peak with X m _„
max
= 420 nm, and therefore the absorbances of the extracts were

9
measured at this wavelength.

The graph of absorbance versus

Cu(I) in the organic phase, assuming complete extraction,
was curved with a sharp maximum at 1.3 x 10

—3

M.

Addition

of dmp to the pre-extracted aqueous phase and to the extract
showed no substantial change in absorbance or the X

max

value.
To determine the optimum shaking time for
extraction, identical samples containing 40.00 mi of 5 x
10~ 5 M Cu(CN)(pH = 7), 2.00 ml of 1* dmp in 70* ethanol,
and 10.00 ml of 1% Bu.NI in CHC1. were shaken with a Burrel
4

3

Shaker at high speed for times varying from 10 to 180
minutes.

The organic phases were separated, and their

absorption spectra were recorded.

All extracts exhibited an

asymmetric peak at 425 nm with the positive slope decreasing
more rapidly.

The absorbances of all solutions were not

found to be statistically different from their average;
thus, the amount extracted was found to be independent of
the shaking time within the 10 to 180 minute range.
The effect of Bu^NI was studied by varying its
concentration in CHClg while extracting with the procedure
described in the above experiment - solutions were shaken
for an hour. The concentration range investigated was from
2.7 x 10

—5

to 0.10 M Bu^NI.

The spectra of the extracts

showed a change in the peak maxima with varying Bu^NI
concentration.

At lower concentrations, a peak at 454 nm,

10
characteristic of Cutdmp)*, was evident, but at 2.71 x
10

—3

M Bu^NI, a peak at 420 nm emerged.

The 454 nm peak

again predominated at high concentrations.
The concentration of dmp in the aqueous phase was
—5
then varied from 2.3 x 10
to 0.05 M while holding all
other conditions constant and extracting with 1% Bu^NI in
CHClg.

The spectra of the extracts demonstrated a trend

similar to that seen in the variation of Bu.NI
4
concentration.

At lower concentrations of dmp, a peak in

the 450 nm region, obscured by its sharply decreasing
absorbance towards smaller wavelengths, was evident.

A peak

—5
at 410 nm was seen at dmp concentrations between 4.6 x 10
-4
and 4.6 x 10
M, and the 454 nm peak was observed at large
dmp concentrations (> 0.25 M).
The absorption spectrum taken of the 0.05 M Bu^NI in
CHClg showed an absorbance from 480 to 350 nm with a maximum
at 362 nm.

Since Bu^NI is soluble in both the aqueous and

organic phases, it will partition between the two phases
during extraction.

This would decrease the absorbance of

the Bu^NI in the extract.

All spectra were taken in the

above experiments with the 1% Bu^Nl in CHC1 3 as the
reference.

The transfer of Bu 4 NI during extractions

resulted in a negative absorbance.

This explains the

asymmetrically shaped peaks with steeper positive slopes,

11
and may have resulted in misrepresented peaks in the
previous experiments.

d.

Extractions with Different Solvents
and Tetrabutylammonium Salts
To investigate the effects of using different

solvents and tetrabutylammonium salts, extractions were
carried out with a solution containing 5 x 10

—5

-4
and 5 x 10
M dmp under identical conditions.

3—
M Cu(CN) 4
CHClg, MIBK,

0.05 M Bu.NI in CHC1-, and 0.05 M Bu.NBr in CHC1- and in
4
3
4
3
MIBK were used for extractions (Bu 4 NI was not sufficiently
soluble in MIBK to be made up to 0.05 M, and it dissolved to
give a highly colored, yellow solution which would interfere
with spectrophotometric data).
The absorption spectrum of the pure CHCl g extract
showed no absorbance between 500 and 360 nm, while the pure
MIBK spectrum had a peak at 455 nm.

The Bu 4 NI in CHClg

extract exhibited a negative absorbance for wavelengths less
than 410 nm due to the transfer of the Bu 4 NI to the aqueous
phase; the peak, obscured by the negative absorbance,
appeared to be at 405 nm.

Bu.NBr in CHC1_ showed a

symmetric peak at 405 nm.

In contrast, the Bu^NBr in MIBK

4

3

showed a peak at 454 nm with an absorbance 1.75 times
greater than that of pure MIBK.

The absorption spectrum of

0.05 M Bu.NBr in CHC1„ showed no absorbance between 500 to
4

350 nm.

3

12
It is evident that different complexes were
extracted depending upon the organic phase used.

MIBK

extracted the Cufdmp)* complex, and its extraction was
enhanced by Bu^NBr.

The CHCl^ did not extract anything

detectable, but Bu^NBr in CHCl^ extracted a complex with
maximum absorbance at 405 nm.

e.

Extractions with 0.05 M Bu.NBr in CHC1„
4
w
Work was continued with chloroform as the extracting

solvent in order to study the different complexes being
extracted.

Bu.NBr was used instead of Bu,NI since it had no
4
4

absorbance in the wavelength region studied, and transfer of
the Bu 4 NBr to the aqueous phase during extraction would not
affect the spectra.
The total concentration of copper(I) was varied from
-6

9 x 10

constant.

to 9 x 10

—5

M while all other variables were held
3_

40.00 ml of the Cu(CN) 4

solutions was combined

with 3.00 ml of 0.5% dmp in 50% ethanol, and the mixture was
extracted with 10.00 ml of 1% Bu^NBr in CHClg.
of the extract of the 9 x 10

—5

The spectrum

M solution showed a peak at

420 nm, and subsequently, the absorbance of the extracts
were measured at that wavelength.

A graph of A vs. C„ /T .
OU{ x )
—5
was linear until approximately 5 x 10
M Cu(I) where the

slope began to decrease with higher concentrations.
Assuming that the Cu(I) would be in the Cufdmp)* form, the
absorbance of aqueous solutions before and after the
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extractions was measured at 450 nm.
C Cu(I) for

10

—5

The graph of A vs.

P re ~ extracte ^ solutions was linear to 7 x

M with a slope of 202 M

greatly increased.

—1

cm

—1

, and then the slope

The post-extracted solutions gave a line

with a slope of 73 M

1 cm

1.

The absorptivity of the

+
—1 —1
Cu(dmp) 2 complex was found to be 7609 cm M
by Scott (14),
and the much smaller slopes of the A vs.

graphs shows

that only a fraction of the Cu(I) was in the Cufdmp)* form.
Furthermore, accounting for the total number of moles Cu(I),
using e = 7609 cm

1M

1,

was not possible since the number of

moles extracted was not equal to the difference between the
initial and final number of moles in the aqueous solution.
In order to determine the copper(I) complexes
existing in solution and being extracted, a cyanide
electrode was used to monitor the free cyanide in solution.
The increase in [CN ] with the addition of dmp wouia be the
amount displaced by dmp from which the predominating complex
could be inferred.

Similarly, the change in [CN~j after

extraction could be used to determine the complex
transferred to the organic phase.

After the addition of

dmp, the electrode reading drifted and gave results showing
[CN ] to be greater than the total concentration.

Then, dmp

was added to a solution of pure KCN, and the readings
drifted to show higher [CN - ].

The dmp appeared to have

poisoned the electrode, which was obvious when the electrode
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surface was visually inspected.

Thus, the cyanide electrode

could not be used in solutions with large concentrations of
dmp.

The electrode, however, was used to determine that

Cu(CN)g was the predominant cuprous cyanide complex existing
in a solution with 5 x 10
Cu(CN) 2 to Cu(CN)g

—5

M Cu(I), and a 1:4 ratio of

was found with a 1 x 10 -3 M solution.

The distribution coefficient for Bu.NBr between
4

CHClg and water at 25°C was found by gravimetric
determination with AgNOg.

A 595 AgNOg solution was added to

both the aqueous and organic phases after extraction, and
the sum of the moles of AgBr differred from the the actual
total by 0.7%.

was found to be 0.129 showing that 89% of

Bu^NBr was transferred to the aqueous phase during
extractons.

1.4
a.

Cufdmp)* as the Cu(I) Source

+
Preparation of Cu(dmp) 2
A 1 x 10

-2

+

M Cu(dmp) 2 stock solution was prepared by

dissolving CuCl in de-aerated 95% ethanol with 100 times
excess dmp giving a deep-red solution.

The stock solution

was standardized by measuring the absorbance of a diluted
solution and using e = 7609 cm -1 M -1 to calculate the
concentration.
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b.

Extractions with 0.05 M Bu^NBr in CHClg on Solutions
with Varying Cyanide Concentrations
The total concentration of cyanide was varied from 0

to 5 x 10

_3

M while holding all other variables constant.

10.00 ml of 0.05 M Bu.NBr in CHC1- was used to extract 30.00
4

3

ml of the aqueous solution whose total Cu(X) concentration
was 4.5 x 10

—5

M, pH = 12, and was de-aerated with Ng.

The

extractions were performed within five minutes after adding
cyanide to the solutions since, as shown by Scott (14),
cyanide immediately displaces the dmp and is then
redisplacea by the dmp with time.

Therefore, rapid

extraction after cyanide addition would presumably extract
the ternary complexes.
Visible spectra of the extracts showed a dependence
of the peak maxima on cyanide concentration.
x 10

M, a 450 nm peak was seen, and the peak shifts to 405

nm with C^ < 1 x 10

—3

M.

An absorbance at 362 nm was

considerable within the range from 5 x 10
CN

With C CN < 7.5

—5

to 1 x 10

and was not evident at higher concentrations.

—4

M

No peaks

are apparent at cyanide concentrations greater than 5 x 10

_3

M.
Plots of absorbance versus the concentration ratio
of total cyanide to total copper(I) for the different peakmaxima wavelengths were constructed.

The 370 nm (and 350

nm) plots have maxima at a 1:1 ratio showing that this peak
may be due to the Cu(CN)(dmp) complex.

The 405 nm plot has
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a maximum at the 2:1 ratio which is probably attributable to
the Cu(CN) 2 (dmp)

complex, and the 456 nm plot has its

maximum value at 0:1, showing the Cufdmp)* complex, as
expected.
The absorbance of the aqueous phases, before and
after extraction, were measured at 450 nm showing 100%
extraction efficiency, assuming all copper(I) was in the
Cufdmp)* form.

Absorbance vs. C CN was plotted for the pre-

extracted solutions giving a non-linear decrease in
absorbance with increasing C CN until C CN was approximately
four times C_
out J- /

where it levels off.

This non-linear

relationship signifies that the assumption that Cufdmp)* is
the dominant species was incorrect, and in fact, the
absorption spectrum of the aqueous phase shows only a peak
at 364 nm.

Furthermore, a red precipitate formed in the

aqueous solutions with total cyanide twice or less than the
total copper(I) concentration.

The red solid resembled the

Cu(CN)(dmp) crystals (10), which may explain why the
precipitate did not form at higher cyanide concentrations
since complexes formed with more than one cyanide would be
charged and, therefore, soluble in water.
To determine whether the presumed Cu(CN)(dmp)
complex can be forced back to the species Cufdmp)*, a 1 x
10

3

M Cu(CN) 3

solution with 1 x 10

2

M dmp was heated for

three hours, and spectra continued to show the peak at 364
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nm without any sign of the 450 nm peak.

Even with a further

addition of dmp, no shift in absorbance was noticed.

c.

The Effect of Cyanide Addition on Extractions
with CHClg and MIBK
Extractions were performed with pure CHClg and MIBK

on a 5 x 10
M CN .

5

M Cu(dmp) 2 solution with and without 5 x 10 -5

The spectra of the extracts showed that cyanide

decreased the absorbance at the 454 nm peak by 80% for MIBK
and by 47% for CHC1 3 ; the absorbance of the peak was 8.7
times greater for the MIBK than for CHClg.

When cyanide was

added, the CHCl^ extract also had a strong absorbance
develop at 362 nm, and the MIBK extract did not exhibit this
characteristic.

d.

Extractions with 0.05 M Bu.NBr in CH.Cl.
and with pure CH 2 C1 2
To see the effect of using a solvent whose polarity

was between CHClg and MIBK, extractions were performed with
0.05 M Bu 4 NBr in CHgClg and with pure CHgClg on 5 x 10~ 5 M
+
—5
—
Cu(dmp) 2 solutions with and without 5 x 10
M CN .

The

visible spectra of all the extracts showed a 456 nm peak
which was 25% greater for the extraction with 0.05 M Bu 4 NBr
in CH 2 C1 2 of a cyanide containing solution than its 0.05 M
Bu^NBr in CHClg counterpart.

This may, however, be at least

partially due to evaporation of the more volatile CH 2 C1 2 .
The absorbance at 456 nm for the 0.05 M Bu.NBr extract of
4
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the solution without cyanide was 110% greater than for pure
CHgCl^

Furthermore, an absorbance around 360 nm was

present in the extracts of the cyanide containing solutions
while this was not evident in the non-cyanide containing
solutions.

The absorbance at 362 nm was 25% greater than

the 456 nm peak for the pure CH 2 C1 2 extract while the 362 nm
absorbance was 22% less than the 456 nm peak for the 0.05 M
Bu^NBr in CHgClg extract.

1.5.

Extractions of Copper(I) from a Plating Bath Solution
Extractions were performed with 0.10 M Bu 4 NI in

CHC1 3 on a plating bath solution before and after plating on
copper foil in order to determine if Cu(I) was present.

The

plating solution consisted of 0.04 M CuS0 4 , 0.1 M EDTA, 2 x
10

-4

o
M KCN, pH 11.8, and was warmed to approximately 70 C

during 30 minutes of plating.

0.025 M dmp was added to

solution immediately prior to extraction.

A 6.3 x 10~ 6 M

3CU(CN) 4 spike was added to pre- and post-plating solutions.
All spectra of the extracts showed a peak at 455 nm
and an absorbance at 375 nm.

After the plating, the 455 nm

peak increased by 30% while the absorbance at 375 nm was
unchanged.

3—
The Cu(CN) 4

spike only increased the 375 nm

absorbance for the pre-plating solution, but the spike
increased the absorbance of both the 455 nm peak, and even
more dramatically, the 375 nm absorbance for the post-
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plating solution.

Extractions of both the pre- and post-

plating solutions without dmp added were also performed
yielding no absorbance from 500 to 360 nm.

1.6.

Discussion

Copper(I) in the presence of cyanide and a large
excess of dmp will not necessarily be in the Cu(dmp) 2 form,
regardless of the fact that log B 2 for the dmp complex is
greater than log $ 2 for the cyanide complex.

It was shown

that a complex with X maj£ = 362 nm existed in the aqueous
solutions and produced a linear working curve, demonstrating
that this complex is predominant within a specified
concentration range.

Further increases in dmp concentration

and warming of the solution were not effective in reversing
the reaction, and a precipitate of Cu(CN)(dmp) was formed.
The precipitation of Cu(CN)(dmp) from solutions containing
similar ratios of Cu(I):CN~:dmp were described by Yamamoto
et.al. (18).

The primary copper(I) cyanide complex at the

concentration worked with was shown to be Cu(CN)~, and the
formation of the Cu(CN)(dmp) complex can be described by the
following reaction:

Cu(CN)~ + dmp

> Cu(CN)(dmp) + CN~

The copper(I) complex extracted depended upon the
organic solvent used in the presence or absence of Bu.,NX.
4

Cu(dmp) 2 was extracted by n-butanol, CHClg, CH 2 C1 2 , and MIBK
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when Bu^NX was included, and Bu 4 NX greatly Increased the
amount extracted.

The most polar of the solvents used,

.MZBK, extracted only Cufdmp)*.

CH 2 C1 2 was found to more

favorably extract Cu(CN)(dmp) than Cu(dmp) 2 , but the reverse
was true when Bu.NBr was added.
4

Thus, Bu.NBr was able to
4

shift the equilibrium since the Cu(dmp) 2 Bu 4 N~ ion pair was
more soluble in CH 2 C1 2 than Cu(CN)(dmp).

The ion pair was

so much more soluble in MIBK that no Cu(CN)(dmp) was
detected.

In contrast, Cu(CN)(dmp) was found to be favored

in n-butanol, a less polar solvent.

Thus, the polarity of

the extracting solvent affects the solution equilibrium, and
Bu^NX can further change the equilibrium when a moderately
polar solvent is used.
The use of chloroform is a special case where a
third complex was extracted.

As the ratios of

CN :dmp:Cu(I):Bu^NBr were varied, the complexes favored for
extraction changed.

Cu(dmp) 2 was extracted when CN :Cu(I)

was equal to one or less while dmp and Bu^NBr were in great
excess.

As the ratio of CN~ to Cu(I) was increased from 1

to 1.5, Cu(CN)(dmp) was the primary extract, and
Cu(CN)_(dmp) , with X__ v = 402 nm, became the predominant
a

IRciX

species with ratios between 1.5 and 20.

Cu(CN) 2 (dmp)~ was

only extracted with Bu^NBr and Bu 4 NI in CHClg, and only when
the ratio of Bu^NBr to Cu(I) was 18 or greater.

At lower

ratios, Cu(dmp) 2 was the main extracted complex, possibly
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because the Cufdmp)* Br

was more efficiently extracted, and

when concentrations of Bu^NBr as high as 0.05 and 0.1 M were
used, Cufdmp)* was once again favored.

At such high

concentrations, it may be that a double layer is formed at
the aqueous/organic interface where the tetrabutylammonium
cation is more soluble in the organic phase and will be
primarily on the organic side of the liquid-liquid junction,
while the bromide anions will be primarily on the aqueous
side.

This would shift the solution equilibrium to favor

the Cufdmp)* complex since it will form the ion pair with
the quasi-excess of bromide ions

organic phase

Bu

4

N+

Bu

4

N+

Bu

4

N+

interface
aqueous phase

Br~

Br~

Cu(CN)(dmp) + dmp

Br"
> Cufdmp)^ + CN

Thus, a number of factors will determine the equilibria in
such a ternary system where the formation constants are
similar.

These include extracting solvent polarity ana

relative concentrations of interacting species.
The preliminary work was important for its
qualitative information.

However, accurate quantitative

data could not be confidently obtained.

Imprecise volume

delivery methods gave concentrations with only two
significant figures.

Moreover, the plating bath solution
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has a pH of 11.8, and most prelimanary experiments were
conducted at a neutral pH.

It was important at this point

to work carefully in proving that the complexes described
above exist and in determining the conditions in which they
predominate.

CHAPTER TWO

DETERMINATION OF COPPER(I) COMPLEXES
UNDER VARIOUS CONDITIONS

2.1.

Introduction

It was found from the preliminary experiments that
the predominant copper(I)-cyanide-dmp complex extracted
depended upon the relative concentrations of the copper(I),
cyanide, dmp, and Bu 4 NBr as well as the solvent used for
extraction.

Chloroform produced the most interesting

results by extracting three different complexes, depending
upon the conditions.

MIBK extracted only Cufdmp)^# ana

dichloromethane extracted Cufdmp)* together with what
appeared to be Cu(CN)(dmp).

In addition to these two

complexes, preliminary indications were that chloroform
extracted a complex that was probably Cu(CN) 2 (dmp)~.
The next step was to determine what these complexes
were and under what solution conditions they would exist.
Experiments were conducted in which the concentration of
each component in the extraction system was varied while the
others were held constant, and the ratio of the components
where the maximum absorbance occurred, for a specific
wavelength, was found.

The complexes represented
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by the various absorbance maxima were then inferred from
these ratios.
The concentration of the Cu(CN)^ n-1 ^ used in
preparing the solutions in the preliminary experiments was
not accurately known due to the method of preparation.
Furthermore, Eppindorf pipettors were used for volumetric
delivery, and the high, or low, viscosity of the liquids
caused a deviation from the volumes that were assumed to be
delivered.

These problems were circumvented by using

KCU(CN) 2 to prepare the solutions, where the amount of Cu(I)
would be exactly known, and Class A volumetric pipets were
used to deliver volumes accurately.

Moreover, all solutions

were made up at pH 12 to resemble the plating solution, and
all aqueous solutions were de-aerated to prevent oxidation
of Cu(I) to Cu(II).

In summary, special care was taken in

order to obtain experimental results which could be utilized
quantitatively.
With a knowlege of the complexes that are extracted
under certain conditions, the copper(I) present in solution
could be determined.

Therefore, working curves for the

Cu(dmp) 2 + and Cu(CN) 2 (dmp)

2.2.

were constructed.

Experimental Procedure

Aqueous solutions were prepared with de-aerated,
distilled, delonized water; nitrogen was bubbled through the
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water to de-oxygenate it; 30.00 ml of the aqueous solution
was combined with 10.00 ml of the organic solvent in a
separatory funnel, and the mixture was shaken for two to
three minutes.

The organic phase was separated and dried

over anhydrous sodium sulfate.

Absorption spectra were then

taken of the extracts with the solvent as a reference.

All

solutions were at pH 12 unless otherwise specified.

2.3.

Cu(CN)®

Prepared from KCu(CN) 2

as the Copper(I) Source
a.

Preparation of KCu(CN) 2
KCU(CN) 2 was prepared, according to Staritzky (16),

by mixing 20% KCN and 14% CuCN in 50 ml of water.

As the

water evaporated, large clear crystals formed which were
filtered off and washed with cold water.

The IR spectrum

showed only a C-N stretch at 2070 cm -1 .
—3
3—
A 5.00 x 10
M Cu(CN)- stock solution was then
4

prepared by dissolving 0.25 mmol KCu(CN) 2 and 0.50 mmol KCN
in 50.00 ml of water.

b.

Determination of the Effect of Bu.NBr
on the Extraction of Copper(I)
A 5 x 10

5

M Cu(CN)^

solution with 5 x 10

4

M amp

was extracted with pure CHClg and with 0.05 M Bu 4 NBr in
CHClg.

The spectra of the Bu 4 NBr extracts exhibited a peak

at 402 nm, and the pure CHC1 3 extract showed only a 362 nm
peak.

The Bu^NBr, therefore, assisted in the extraction of
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Cu(CN) 2 (dmp) , and the uncharged Cu(CN)(dmp) was extracted
into the pure CHClg.

c.

Extractions with 0.05 M Bu.NBr in CHCl
while Varying the Concentration of dmp
The effect of varying the concentration of dmp was

investigated.

Extractions were performed with 0.05 M Bu^NBr

-5
3in CKClg on 5.00 x 10
M Cu(CN) 4 solutions with total dmp
- 2

concentrations ranging from 0 to 1 x 10

M.

The solutions

were made up 22 hours prior to extraction.
The absorption spectra of the extracts showed a peak
at 402 nm except for the solution not containing any dmp,
which showed virtually no absorbance.
-2

10

Furthermore, a 1.0 x

M dmp solution extract had a peak only at 375 nm;

however, this solution was prepared in 50% ethanol to
prevent the dmp from precipitating, and the properties of
the organic phase may have been sufficiently altered by the
miscibility of the ethanol and CHC1 3 to cause the extraction
of a different complex.

In this case, it appears that the

Cu(CN)(dmp) complex was extracted insead of Cu(CN) 2 (dmp)~,
which was extracted from the other solutions.

The spectra

are shown in Figure 2.1.
The absorbance of the 402 nm peak increased with
greater dmp concentrations.

A plot of absorbance at 402 nm

versus the ratio of the total concentrations of dmp to
copper(I) in solution, shown in Figure 2.2 with values in
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Effect of varying C^p on the absorption spectra of the
CHCI-j extracts of Cu(CN)2(c!mp)~-Bu^N+

Table 2.1

Aqueous
[dmp] (M)

Effect of the variation of
dmp on the extraction of
Cu(CN) (dmp)"* BU 4 N + with CHC1

[dmp]:[Cu(I)]

Extract
Absorbance
at 402 nm

0
0.5
1
1.5
2
4
10
20

0.004
0.034
0.058
0.074
0.090
0.122
0.187
0.214

0
2.5E-05
5.0E-05
7.5E-05
1.0E-04
2.0E-04
5.0E-04
1.0E-03

Conditions used:
[Cu(I)] = 5.00E-5 M
[cyanide] = 2.00E-4 M
[Bu 4 NBr] = 0.0500 M
pH = 12

0.22
0.21
0.20
0.19

0.18
0.17
F

0.16

c
cvi
°

0.15
0.14
0.13

0.12
„

0.11

o

0.10

o

0.09

fc
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<

0.06
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Fig. 2.2.

Effect of the variation of dmp on the extraction of
Cu(CN)2(dmp)~*Bu^N* with CHClg
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30
Table 2.1, Is curved and approaches a maximum absorbance at
about a ratio of 20:1, and therefore, the Cu(CN) 2 (dmp)~
reached a maximum concentration in the presence of a large
excess of dmp.
To determine whether the Cufdmp)^ complex would
eventually be formed with time, extractions were again
performed on the 5.0 x 10

—4

M dmp solutions after six days.

No change in absorbance at 402 nm occurred for both
solutions.

-5
3A 5 x 10
M Cu(CN) 4 was made up with 0.017 M

dmp, and after 19 hours, the spectra showed only a peak at
362 nm.

Thus, the Cufdmp)* complex would not form in the

aqueous or organic phase with a large excess of dmp or over
a long period of time.
It was reported by Scott (14) that a high pH will
cause the disruption of copper(I)-dmp complexes.

Therefore,

a neutral 5 x 10 -5 M Cu(CN)^" solution with 5.00 x 10~ 4 M
dmp was prepared.

Spectra were taken of this solution

immediately after preparation and after 19 hours; both
showed only a peak at 362 nm with no significant change in
absorbance.

Therefore, a high pH did not appear to have an

effect on the cuprous-dmp complex formed in solution.

d.

Extractions with Varying Concentrations of Bu.NBr in
4
CHClg
The effect of Bu^NBr on the extraction of copper(I)-

dmp complexes was determined by varying its concentration in
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CHC1 3 while extracting a 5.00 x 10~ 5 M Cu(CN)® - solution
with fifty times excess dmp.
The spectra of the extracts showed a weak 450 nm
—4
peak for [Bu^NBr] < 4 x 10
M.
-4

prevalent from 4 x 10

The 362 nm absorbance was

to 4 x 10

402 nm peak was seen between 4 x 10

M Bu^NBr, and only the
_3

to 0.2 M Bu.NBr.

Figure 2.3 shows the spectra described above.

4

A sudden

transition to the 402 nm peak was evident at 3 x 10
Bu.NBr where a 300% increase occurred from 2 x 10

_3

4

M
M.

The

absorbance at 402 nm continued to increase with greater
[Bu^NBr], but leveled off at high concentrations.

Repeated

extractions showed identical spectra with a maximum
difference in peak absorbance of 10%.
Absorbance versus the ratio of total concentrations
of Bu^NBr to copper(I) was plotted for the peak maxima
wavelengths; the plot is shown in Figure 2.4 with values
given in Table 2.2.

The plot is curved approaching a

maximum absorbance with an extrapolated ratio of
approximately 100:1.

Thus, by chance the 0.05 M Bu 4 NBr in

the CHClg solvent was optimum for the Cu(I) concentration
used in the previous experiments.

e.

Construction of Cu(CN)_(dmp)~ Bu.N + and Cu(CN)(dmp)
Working Curves
A calibration curve for CutCNIgfdmp)

was prepared

so that the concentration of copper(I) could be determined
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Effect of varying [Bu^NBr]Qrg cn the absorption
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Table 2.2

Effect of the variation of Bu 4 NBr on the
extraction of the three copper(I)
complexes with CHCI

Absorbance of Extract
[Bu 4 NBr] M

moles Bu 4 NBr:
moles Cu(I)

0
4.00E-05
1.00E-04
1.40E-04
2.00E-04
3.00E-04
4.00E-04
8.00E-04
1.00E-03
2.00E-03
3.00E-03
4.00E-03
8.00E-03
1.00E-02
1.20E-02
4.00E-02
0.100
0. 200

Conditions used:
[Cu(I)] = 5.00E-5 M
[dmp] = 2.50E-3 M
[cyanide] = 2.00E-5 M
pH = 12

0
0.267
0.667
0.933
1.33
2.00
2.67
5.33
6.67
13.3
20.0
26.7
53.3
66.7
B0.0
267
667
1333

450 nm
0.004
0.005
0.005
0.007
0.011
0.004
0.004
0.003
0.006
0.005
0.018
0.020
0.046
0.056
0.059
0.103
0.118
0. 200

402 nm
0.002
0.004
0.005
0.006
0.011
0.004
0.004
0.004
0.008
0.008
0.032
0.034
0.078
0.088
0.090
0.164
0.185
0.164

370 nm
0.006
0.007
0.008
0.010
0.016
0.008
0.009
0.010
0.014
0.018
0.031
0.034
0.066
0.070
0.077
0.127
0.144
0.136
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Fig. 2.4.

Effect of the variation of Bu^NBr on the extraction
of Cu(CN)2(dmp)~ Bu^N+ with CHC13

Co
4*
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under conditions where this complex predominates in the
extract.

Extractions were performed on equimolar solutions

of KCU(CN) 2 and dmp from 2.00 x 10 -5 to 5.00 x 10~ 3 M.
The spectra of the extracts showed that the 362 nm
-4
peak predominates at concentrations less than 1 x 10
M
KCU(CN) 2> after which the 402 nm peak was prevalent.

A

transition between the 362 and 402 nm peaks was seen between
7 x 10

—5

and 1 x 10

Figure 2.5.

—4

M KCU(CN) 2 .

The spectra are shown in

The spectra of the pre-extracted aqueous

solutions showed 362 nm peaks for all solutions as seen in
Figure 2.6.
Absorbance versus the total concentration of
copper(I) was plotted for the extract at 405 nm and for the
aqueous solutions at 362 nm.
with slope = 1170 M
plot was curved.

1 cm

1

The 362 nm plot gave a line

and r = 0.9790, and the 402 nm

Figure 2.7 and Table 2.3 show the plots

and their respective values.

2.4
a.

Cu(dmp) 2 as the Copper(I) Source

Extractions with 0.05 M Bu.NBr in CHC1. of Solutions
with Varying Concentrations of Cyanide
The experiment to determine the effect of cyanide

concentration conducted in the preliminary set of
experiments was repeated with the same conditions and
procedure but with Class A volumetric glassware used for
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Fig. 2.6. Effect of varying [Cu(dmp)*] cn the absorption spectra
of Cu(CN)(<±ip) in the aqueous phase

Table 2.3

Effect of the variation of [CufCN)^]
ana
dmp on Cu(CN)(dmp) in the aqueous phase
and on the extraction of the three
copper(I) complexes with CHC1 3

[Cu(I)] (M)

Aqueous
Absorbance
at 362 nm

5.00E-05
2.00E-05
7.00E-05
8.00E-05
1.00E-04
2.00E-04
3.00E-04
5.00E-04
6.00E-04
1.00E-03
2.00E-03
5.00E-03

Conditions used:
[Bu 4 NBr] = 0.0500 M
[dmp] = [Cu(I)]
pH = 12

0.050
0.020
0.073
0.082
0.104
0.184
0.255
0.437
0.527
0.837
1.656
NA

Extract Absorbance
403 nm
0.019
0.004
0.033
0.047
0.089
0.324
0.407
0.526
0.740
0.918
NA
3.030

370 nm
0.024
0.016
0.055
0.060
0.085
NA
NA
NA
NA
NA
NA
NA

350 nnt
0.074
0.035
0.089
0.085
0.094
NA
NA
NA
NA
NA
NA
NA

1.00
0.90

0.80
0.70

0.60
0.50
0.40

Cu(I)

5.00
5.00

0.30

2.00

0.20

dmp

Bu.NBr
0.10

0.00

0.0002

0
D

0.0004

0.0006

0.0008

0.001

[Cu(l)] in Aqueous Phase (M)
Aqueous solution
x
Extract

Fig. 2.7.

Effect of the aqueous phase variation of CufCN)^ and
dmp on the extraction of Cu(CN)2(dmp)"» Bu4N+ with CHC13
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solution delivery, instead of plpettors, to ensure precision
and accuracy.
The spectra of the extracts again showed the
transitions from the 455 to 362 to 402 nm peaks with
increasing cyanide concentration.
Figure 2.8.

The spectra are shown in

The plots of absorbance versus the ratio of

total concentrations of cyanide to copper(I) clearly show
that the 350, nm (362 nm) maximum at 1:1 is the Cu(CN)(dmp)
species.

The 402 nm peak at 2:1 shows the presence of

Cu(CN) 2 (dmp) , and the 455 nm maximum is at 0:1 as expected
for Cufdmp)*.

Adjacent peaks affect the plots and

deconvolution of the spectra would be necessary to eliminate
these interferences.

The plots are shown in Figure 2.9, and

the values are given in Table 2.4.
Orange precipitates were observed for solutions with
total cyanide concentrations less than or equal to 1.00 x
-4
10
N, and they formed at a slower rate with increasing
cyanide concentrations.

Spectra of the supernatant aqueous

solutions (Figure 2.10) showed a decrease in the 455 nm peak
with greater cyanide concentrations until 5.50 x 10
where the 455 nm peak disappeared and the 362 nm
to emerge.

—5

M CN

—

peak began

The 362 nm peak continued to increase until 2.00

-4
x 10
M CN , after which the peak decreased with a further
increase in cyanide concentration.

Thus, the Cufdmp)^

complex was seen to be replaced by Cu(CN)(dmp) which
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4.00 x I0-8
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Fig. 2.8.

Effect of varying

(nm)

on the absorpticn spectra of the

three cotrplexes of copper(I) extracted into CHCl^

Table 2.4

Effect of the variation of CN~ on the extraction of
the three complexes of copper(I)

Absorbance of Extract
[cyanide] (M)

[CN]:[Cu(I)]
455 nm

0
3.00E—05
4.00E-05
4.50E—05
5.00E-05
5.50E-05
6.00E-05
7.00E-05
8.00E-05
1.00E-04
1 .50E-04
2.00E—04
3.00E-04
5.00E—04
1 .00E-03

Conditions used:
[Cu(I)] = 4.79E-5 M
[dmp] = 2.40E-3 M
[Bu 4 NBr] = 0.0500 M
pH = 12

0
0.626
0.835
0.939
1.04
i.15
1.25
1.46
1.67
2.09
3.13
4.18
6. 26
10.4
20.9

0 748
0 317
0 145
0 100
0 053
0 037
0 038
0 053
0 072
0 098
0 088
0 072
0 045
0 040
0 ,021

402 nm
0.400
0.180
0.088
0.068
0.048
0.047
0.061
0.092
0. 126
0.168
0. 159
0.117
0.082
0.071
0.039

370 nm
0.273
0.162
0. 110
0.107
0.096
0.096
0.098
0.110
0. 125
0.135
0. 120
0.081
0.060
0.052
0.029

350 nm
0.400
0.200
0. 177
0.190
0.188
0.182
0.173
0.162
0. 153
0.131
0.100
0.071
0.055
0.050
0.035

0.45

0.40 HI
'Cu(I)

0.35

0.30

=

4,79

dmp

= 2'40

'Bu.NBr

=

x 10

°' 0 5

0.25

0.20
0.15

0.10
0.05

0.00
0.00

2.00
D

455 nm

Fig. 2.9.

4.00

8.00

6.00

[cyanide]:[Cu(l)]
402 nm

A

x

350 nm

Effect of the variation of CN~ on the extraction of
the three complexes of copper(I)

10.00

44

SOLUTION
#
0

1

2
3
4
5
6
T
8
9
10
II

c «r
3.00 x 10 -»
4.00* 10 *»
4.90* 10 *•
9.00*10-®
3.30* I0-8
6.00 * I0*8
1.00* I0-4
1.30* I0-4
2.00* 10- 4

3.00* 10*4

12

5.00 * I0-4

1.00* io-s

scale:
0-012 abs

solutions:
1-6, 7- 12

UJ

o

z
<
IS

a:
o
tn
as
<

WAVELENGTH (nm)

Fig. 2.10.

Effect of varying

cn the absorption spectra of

Cu(dnp)2 and Cu(CN)(ciip) in the aqueous phase
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precipitated out of solution prior to cyanide-copper(I) mole
ratios greater than one.

At that point, Cu(CN)(dmp)

predominated and was present in solution and as a
precipitate until ratios greater than 2:1, where the
precipitate ceased to form.

At ratios greater than 4:1 CN~

to Cu(I), the absorbance of the Cu(CN)(dmp) complex began to
decrease which was probably due to the displacement of dmp
with cyanide to form Cu(CN)~ and the tricyano and tetracyano
complexes; CufCNJgfdmp)
noticed around 402 nm.

did not form since no peak was
The plot of A vs. CN~:Cu(I) for the

aqueous solutions shown in Figure 2.11 with values in Table
2.5 demonstrates a linear decrease in the 454 nm absorbance
until a 1:1 ratio is reached, and the plot for 362 nm shows
a sharp rise after the 2:1 ratio where the precipitate
ceased to be formed, and then decreases past approximately a
6:1 ratio of CN :Cu(I).
The orange precipitates were filtered from the
aqueous solutions and recrystallized from DMSO giving red
crystals.

b.

Extractions with 0.05 M Bu 4 NBr in CHClg of Solutions
containing Varying Concentrations of Copper(I)
Extractions were made with 0.05 M Bu.NBr in CHC1„ on
4
3

solutions whose total copper(I) concentrations were varied
—5
from 0 to 7 x 10
M, with cyanide and dmp concentrations at
-4
-3
2 x 10
M and 3 x 10
M, respectively.
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Table 2.5

Effect of the variation of CN~ on [Cu(dmp)£j
and [Cu(CN)(dmp)] in the aqueous phase

Absorbance of Aqueous Phase
[cyanide] (M)

[CN]:[Cu(I)]
455 nm

0
3.00E-05
4.00E-05
4.50E-05
5.00E-05
5.50E-05
6.00E-05
7.00E-05
8.00E-05
1.00E-04
1.50E-04
2.O0E-04
3.00E-04
5.00E-04
1.00E-03

Conditions used:
[Cu(I)] = 4.79E-5 M
[amp] = 2.40E-3 M
[Bu 4 NBr] = 0.0500 M
pH = 12

0
0.626
0.835
0.939
1.04
1.15
1.25
1.46
1.67
2.09
3.13
4.18
6. 26
10.4
20.9

0.370
0.124
0.064
0.044
0.018
0.008
0.010
NA
NA
0.008
0.011
0.004
0.005
0.004
0.000

362 nm
0.125
0.050
0.026
0.019
0.007
0.010
0.014
NA
NA
0.026
0.092
0.096
0.167
0.056
0.029

0.40

4.79 x 10

0.35 -

0 to 1.00 x 10
2.40 x 10" 3 M

0.30 -

0.25 -

0.15 -

0.10 -

0.05 -

0.00 -+
0.00

4.00

2.00
•

Fig. 2.11.

6.00

8.00

10.00

[cyanide]:[Cu(l)]
455 nm
x
362 nm

Effect of the variation of CN" on [Cufdmp)*] and
[Cu(CN)(dmp)] in the aqueous phase
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Absorption spectra of the extracts (Figure 2.12)
showed the absence of Cu(I) in any form until 5.00 x 10

_7

M

where the 455 nm peak was replaced with the 362 nm peak, and
the 402 nm peak predominated at 5 x 10~ 6 M and at greater
concentrations.

Absorbance vs. C„
was plotted for the
—
Cu{I)

extracts at 454, 402, and 380 nm as shown in Figures 2.13
and 2.14 with values given in Table 2.6.

The 402 nm plot

was linear with slope = 5950 M -1 cm -1 and r = 0.9978 until
.5

approximately 5 x 10

M Cu(I) where it levels off.

The 454

and 380 nm plots show no apparent trend.

c.

Extractions with 0.05 M Bu.NBr in MIBK on Solutions
with Varying Concentrations of Copper(I)
Since MIBK only extracted Cufdmp)* in previous

experiments, the Cu(I) in solution would be more easily
quantitated by measuring the absorbance of one complex as
the concentration varied.

Therefore, a calibration curve

for Cufdmp)^ extracted with 0.05 M Bu^NBr in MIBK was
constructed.

-4
All solutions extracted contained 2.00 x 10
_3

M cyanide and 3.00 x 10
-5
to 5.35 x 10
M.

M dmp, and Cu(I) was varied from 0

The spectra of the extracts show a peak

at 450 nm (Figure 2.15).

An absorbance around 380 nm proved

to be caused by the absorbance of Bu^NBr remaining in the
MIBK after the extraction; the Bu^NBr had a peak at 424 nm
in MIBK.
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Fig. 2.12. Effect of varying [Cu(drrp)*]
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en the absorption spectra

cf the three copper(I) complexes extracted into CHCl^

Table 2.6

Effect of the variation of total
copper(I) concentration on the
extraction of the three
copper(I) complexes

Absorbance of Extract
[Cu( I)] (M)
454 nm
0
9.68E-08
2.90E-07
3.87E-07
4.84E-07
5.81E-07
7.74E-07
9.68E-07
4.84E-06
9.68E-06
1 .94E-05
2.90E-05
3.87E-05
4.84E-05
5.81E-05
6.78E-05

0.004
0.002
0.002
0.002
0.019
0.004
0.029
0.008
0.016
0.036
0.075
0.105
0.135
0.145
0.11
0.158

Conditions used:
[dmp] = 3.00E-3 M
[cyanide] = 2.00E-4 M
tBu 4 nBr] = 0.0500 M
pH = 12

402 nm
0.005
0.002
0.005
0.005
0.017
0.006
0.021
0.013
0.029
0.064
0.107
0.174
0.233
0.258
0.188
0.267

380 nm
0.008
0.007
0.008
0.008
0.02
0.009
0.022
0.016
0.032
0.061
0.112
NA
NA
NA
NA
NA

0.28

0.26
0.24

0.22
0.20

0.18
0.16
0.14

0.12

Cu(I)
2.00 x 10

0.10
dmp

0.08

Bu.NBr

50C Cu(I)

0.05 M

0.06
0.04

0.02
0.00
0.00

2.00

6.00

4.00
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Fig. 2.13.
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A plot of A vs. C Cu (jj for the extracts showed the
limit of detection at about 8 x 10 -6 M Cu(I) and was linear
between 1.0 x 10
= 0.9995.

—6

and 4.2 x 10

—5

M with slope = 1325 and r

The plot is shown in Figure 2.16 with values in

Table 2.7.
Although MIBK simplifies the problem by only
extracting one complex, complications with Bu^NBr absorbing
within a critical region and distributing itself between the
aqueous and organic phases make quantitation of copper(I)
difficult.

Furthermore, its higher limit of detection,

compared with extractions using chloroform as the solvent,
and the small linear dynamic range of MIBK extractions
lessens the feasibility for copper(I) monitoring.

d.

Preparation of Cufdmp)* Calibration Curves
A working curve for Cufdmp)* extracted by 0.05 M

Bu^NBr in CHClg from Cutdmp)* solutions at neutral pH was
constructed so that copper(I) in this form could be
quantitated.

Cutdmp)* concentrations were varied from 0 to

4.84 x 10~ 5 M.
Spectra of the extracts, shown in Figure 2.17, all
have a peak at 454 nra, and at concentrations greater than
4.84 x 10 -6 M, a 380 nm absorbance due to Cu(dmp) + (9) is
also seen.

The working curve for the extract (assuming 100%

extraction) was linear until 4.84 x 10
11700 M

1 cm

1

and r = 0.9904.

—6

M with slope =

The curve then sharply rises
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Table 2.7

Effect of the variation of
Cu(dmp)2 in tiie aqueous
phase on the extraction of
Cu(dmp *Br~ with MIBK
)2

[Cu(I)] (M)

Absorbance of
Extract at
450 nm

0
2.14E-07
5.35E-07
1.07E-06
5.35E-06
1.07E-05
2.14E-05
3.21E-05
4.28E-05
5.35E-05

Conditions used:
[cyanidej = 2.00E-4 M
[amp] = 3.00E-3 M
[Bu 4 NBr] = 0.0500 M
pH = 12

0.0100
0.0070
0.0075
0.0071
0.0095
0.0167
0.0220
0.0302
0.0364
0.0320

0.040

0.035

0.030

0.025

0.020
Cu(I)

0 to 5.35 x
2.00 x 10" 4

0.015
dmp
Bu.NBr

0.010

3.00 x 10" 3
= 0,05

0.005

0.000

2.00

0.00

4.00

Aqueous [Cu(dmp)g] x 10® (M)
Fig. 2.16.

Effect of the variation of Cufdmp)^ in the aqueous
phase on the extraction of Cufdmp^'Br" with MIBK

6.00
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Effect of varying [CUfdmpJp an the absorption spectra
of the CHC13 extracts of Cu(dmp)2«Br~
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-5
and levels off at concentrations greater than 2 x 10
M.
The working curve for the pre-extracted aqueous solutions
measured at 450 nm was linear throughout the range with
slope = 7250 M

1

and r = 0.9999.

The calibration curves are

shown in Figure 2.18 with values given in Table 2.8.

2.5.

Extraction of Copper(I) from a Plating Bath Solution
The experiment described in the preliminary section,

in which copper(I) was extracted from a plating solution,
was repeated.

However, the following changes were made:

1) 0.045 M formaldehyde was added immediately prior to the
plating as in the actual plating process.
2) The solution temperature was maintained at 70°C + 0.1°C.
3) Extractions were performed with 0.05 M Bu 4 NBr in CHClg
and with pure CHClg
-4
9.6 x 10
M dmp was added to all solutions
-5
3—
extracted, and a 3.3 x 10
M Cu(CN) 4 spike was added to an
aliquot of post-plating solution.
The spectra of the extracts (Figure 2.19) showed
only the 455 nm peak, and the Bu^NBr extracts had higher
absorbance than pure CHClg in all cases.

A 68% greater

absorbance was seen for the solution before plating than
afterwards, and the spiked solution had even a larger
absorbance.

Calculations assuming 100% extraction of Cu(I)

showed C~ , T t = 1.8 x 10
UU( 1)

10

6

—5

M prior to plating and 8.99 x

M after plating; however, this assumption is probably

Table 2.8

Effect of the variation of Cu(dmp)2 in the aqueous
phase on the extraction of Cu(dmp)*-Br~ with CHC1 3

[Cu(dmp)2 ] (M)
in the aqueous
solution
9.68E-08
2.90E-07
4.84E-07
7.74E-07
9.68E-07
2.90E-06
4.84E-06
9.68E-06
4.84E-05
9.68E-05
**

[Cu(dmp)2] (M)
in the organic
extract **

Absorbance of
Extract at
456 nm

Absorbance of
Aqueous Solution
at 450 ran

2.90E-07
8.70E-07
1.45E-06
2.32E-06
2.90E-06
8.70E-06
1.45E-05
2.90E-05
1.45E-04
NA

0.000
0.001
NA
0.004
0.008
0.036
0.056
0.187
0.562
NA

0.005
0.002
0.009
0.012
0.013
0.026
0.041
0.072
0.350
0.708

100% extraction assumed

Conditions used:
[dmp] = 50[Cu(I)]
[Bu 4 NBr] = 0.0500 M in chloroform
pH = neutral

9.68 x 10" 6
= 50C r ../ T \

'Bu4NBr

= 0.05 M

V
o
c
o
X)
l_

o
n

X)
<

Aqueous [Cufdmp)^] x 106
Extract at 456 nm
x
Aqueous at 450 nm

(M)

Fig. 2.18.

Effect of the variation of Cufdmp^ in the aqueous
phase on the extraction of Cufdmp^-Br" with CHClg
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SOLUTIONS AND EXTRACTING SOLVENT:
1
2
3
4
5

BEFORE PLATING W/CHCI,
BEFORE PLATING W/0.05 MBu4NBr IN CHCI,
AFTER PLATING W/CHCIS
AFTER PLATING W/0.05 MB^NBr IN CHCIj
AFTER PLATING + 3.3 * I0"8 M Cu(CN)®*SPIKE
4
W/Q.OSM Bi^NBr IN CHCIS

WAVELENGTH (nm)

Fig. 2.19.

Absorption spectra of the CHC13 extracts of the
copper(I) caipiexes fran a plating oath solution
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erroneous since Cu(I) was shown to exist in other complexes
in the presence of cyanide.
The preliminary experiment showed more Cufdmp)*
extracted after the plating than before.

Of the conditions

which were different, the most likely one to cause the preplating solution to have the greater 455 nm peak would be
the addition of formaldehyde.

The uncertainty in the

preliminary work may have been another factor.

2.6. Discussion
When copper(I) is in a matrix containing both
cyanide and dmp, monitoring the total concentration of
copper(I) becomes a more difficult task.

Without the

presence of cyanide, the copper(I) concentration is easily
determined by finding the concentration on the calibration
curve corresponding to the absorbance at 450 nm for an
aqueous solution and at 454 nm for a chloroform extract.
However, the ternary complexes formed with cyanide in
solution greatly complicate the analysis since the copper(I)
is now divided among several complexes, and the proportion
of these complexes is dependent upon the relative
concentrations of the components.

Therefore, assuming all

copper(I) complexes contain at least one dmp ligand, the
working curves for all species must be known, and the total
copper(I) concentration could then obtained by adding up the
concentrations of all the complexes.
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The species extraced by Bu^NBr in chloroform were
found to be Cufdmp)*' Cu(CN)(dmp), and Cu(CN) 2 (dmp)~, with
the latter predominating at the greatest concentration
range.

However, at the low concentrations of copper(I)

found in the plating bath solution, the Cufdmp)* is of
primary importance.

Nevertheless, as conditions vary in the

plating process, the other complexes may become more
substantial.

In these cases where more than one complex is

present, deconvolution of the peaks is necessary to obtain
accurate results since the proximity of the peaks causes
some overlap.

The peak maxima and molar absorptivity needed

for deconvolution techniques have been found.

The described

use of extraction to eliminate interfering matrices and to
quantitate the amount of copper(I) present has proven to be
an effective analytical method with a respectable detection
limit of about 5 x 10

—7

M Cu(I), which can be used to

monitor the copper(I) present in the plating bath solution.

CHAPTER THREE

SUPPLEMENTARY EXPERIMENTS

3.1. Introduction
Through the extraction studies, it was shown that
three different complexes with dmp as a ligand are
extracted.

The use of the cyanide electrode was attempted

as another means of identifying these complexes, but this
proved to be unsuccessful.

In, yet, another attempt to

identify these complexes, experiments were conducted to
isolate them.

IR spectra of the solids and crystal

structures could provide valuable structural information.
Attempts were made to isolate these complexes from both the
aqueous and organic phases.
By determining the distribution of the Bu^NBr
between the aqueous and organic phases, equilibrium
constants that are applicable to the system can be derived.
The distribution coefficient for Bu^NBr had already been
determined, but it was also necessary to know the
partitioning of Bu^N* in the presence of cyanide.
Therefore, it was attempted to prepare Bu 4 NCN
so that its distribution coefficient could be determined.
number of different methods were used to prepare the salt,
but all were unsuccessful.

64

A

65
3.2.
a.

Isolation of Copper(I)-Cvanide-dmp Complexes

Evaporation of Solvents to Yield Solids
A 9.1 x 10~ 4 M Cu(CN)J~ solution with 1.4 x 10~ 3 M

dmp was extracted with 0.05 M Bu 4 NI in CHClg.

The CHClg was

allowed to evaporate leaving an orange oil with a white
solid layer.

An IR spectrum of the orange oil revealed a

multitude of alkyl peaks but no C-N stretch.

Water was

added resulting in a yellow-green solution; the cyanide
electrode determined that [CN~] =

and

a

spectrum

of the solution showed a peak with X

= 362 nm. The
max
—5
3—
experiment was repeated with 5 x 10
M Cu(CN) 4 and 7 x
10

4

M dmp at pH 12 extracted with 0.05 M Bu 4 NBr in CHClg.

The cyanide electrode now showed [CN ] =

2 - 7C c

U (l)'

and

the

spectrum again had a peak at 362 nm.
Although the cyanide electrode showed different
ratios of cyanide to copper(I) between the two trails, it
showed a substantial amount of free cyanide in solution that
must have been extracted into the chloroform as a ligand or
as an ion pair.

Since the 362 nm absorbance showed the

presence of Cu(CN)(dmp) in solution, the free cyanide in
solution could have been the result of Cu(CN)g(dmp) - ' Bu^N +
present in the organic phase.

Moreover, it was shown in

previous experiments that this complex existed at the above
cyanide:copper(I) ratios, and also that appreciable
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concentrations of Cu(CN) 2 (dmp)~ do not exist in the aqueous
solution.

b.

Preparation of Cu(CN)(dmp)
Cu(CN)(drap) was prepared according to Morpurgo et.

al. (10).

Equimolar amounts of CuCN and dmp were mixed in

50* ethanol and stirred vigorously overnight.

A red

precipitate formed which was recrystallized from hot DMSO.
Its IR spectra matched that given by Morpurgo.

c.

Preparation of Cu(CN) 2(dmp) - -Bu^N 4 "
Equimolar amounts of CuCN, NaCN, dmp and Bu 4 NBr were

mixed in 40% ethanol in an attempt to make Cu(CN) 2 dmp~«
Bu4N+.

The solution immediately turned red upon addition of

dmp, and precipitate formed overnight.

The IR spectrum of

the solid showed it to be Cu(CN)(dmp).

3.3.
a.

Synthesis of Bu^NCN

Ion Exchange Method
As

B u4 N0H

is eiutea through an anion exchange resin

loaded with cyanide, an exchange should occur between the
CN
hydroxide and cyanide anions yielding Bu.NCN since K nu =
4

Oil

17.8.
A saturated KCN solution was used to load the
column, p a c k e d w i t h D o w e x I - X 8 r e s i n , w i t h c y a n i d e .
Bu^NOH solution was then eluted through the column.

A 12%
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Evaporation of the water under reduced pressure gave a white
solid precipitate, whose IR spectrum showed no C-N stretch,
and a viscous liquid layer which turned red upon addition of
CHClg.
The experiment was repeated by using a 12* Bu^NOK in
methanol eluant.

A viscous liquid remained after

evaporation of the methanol which became a solid when stored
in the freezer.

Ether was added to precipitate the Bu 4 NCN,

resulting in the formation of two liquid phases.

The non-

ether phase was held under vacuum forming some precipitate,
but its IR spectrum showed no C-N stretch.

b.

Extraction Method
Based on the greater solubility of Bu^NCN in an

organic solvent then Bu 4 N0H, a 5% Bu 4 NOH solution with ten
times excess cyanide was extracted with chloroform.

The

extract had a yellow tint which turned red within 1.5 hours.
Since this was probably due to decomposition by an
elimination reaction, the experiment was repeated under icebath conditions.

However, the extract again turned red, but

at a slower rate.
The synthesis was also attempted according the
procedure for the preparation of tetraalkylammonium salts by
ion pair extraction given by Makosza et. al. (8).

3.2 ml of

a 40% Bu.NOH solution was added to 50 ml of chlorobenzene
4

resulting in two liquid phases.

This was then shaken with a
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50% NaOH solution containing a three to one ratio of cyanide
to B u 4 N 0 H.

The organic layer was separated and mixed with

hexane, but there was no precipitate as described by
Makosza.
c.

Solubility Difference Method
Following the procedure for the synthesis of

tetraethylammonium cyanide given by Andredes et. al. (1),
0.68 M NaCN in methanol was added dropwise to 1.8 M Bu^NBr
in methanol under nitrogen gas.

A white solid appeared, and

its IR spectrum showed a C-N stretch and alkyl stretches
corresponding to Bu^NCN, But alkene stretches were also
evident.

3.4.

Discussion

Although attempts to islolate the ternary complexes
were generally unsuccessful, they provided further
identification of the complexes extracted.

The

Cu(CN)g(dmp)"• Bu^N + ion pair was shown to be favorably
extracted into chloroform.

However, contrary to what would

be expected, the CufCNJgfdmp)

complex did not appreciably

exist in water, and it lost a CN~ to give Cu(CN)(dmp) when
placed in an aqueous solution.

This confirms previous work

which showed that the only dmp-copper(I) complexes that
would appreciably exist in solution in the presence of
cyanide were Cufdmp)* and Cu(CN)(dmp).

The synthesis of
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Bu^NCN was possibly hindered by the following 6-elimination
reaction.

Bu
I

H CN

V

Bu—N—CH--C—CH„-CH_
|
£
|
&
0
Bu

> N(nBu). + OH„»CHCH.OH„ + HCN
J
£
b w

H

Working under ice-bath conditions only slowed the reaction.
The elimination reaction could be avoided by using a freezedrying process.

CHAPTER FOUR

FUTURE WORK

4.1.

Further Studies on the Copper(I)-Cyanide-amp
Ternary System

Dmp is a highly copper(I) specific biaentate ligand
with a large formation constant, and the displacement of the
monodentate cyanide liganas by dmp is favored by the entropy
change.

Thus, the bis(dmp)copper(I) complex should

predominate in solution, yet it was found that cyanide ion
can displace dmp.
In order to gain a better understanding of this
system, the formation constants for the ternary complexes
must be determined, and the kinetics of the displacement
reaction must be determined to distinguish between an
associative or dissociative reaction mechanism ana to obtain
indirect evidence for the structure of the complex.
The plots of absorbance versus the ratios of ligand
to copper(I) were obscured by the absorbance of other
complexes.

The absorption peaks representing each of the

complexes must be deconvoluted in order to determine the
relative concentrations of each of the complexes and hence,
the formation constants of each of the complexes.
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The forward and reverse rates of the following
reaction could be used to determine whether the exchange
between the cyanide and dmp ligands occurs by an associative
or dissociative mecahanism.

+
Cu(dmp) + CN
*

kl
^=E==- Cu(CN)(dmp) + dmp
2

A knowlege of the reaction pathway would be helpful in
understanding why the cyanide displaces the dmp ligand, and
to deduce the structure of the Cu(CN)(dmp) complex.
Tetrahedral copper(I) complexes are most common, and it may
be that the complex in solution is Cu(CN)(dmp) 2 with one of
the dmp ligands acting as a monodentate ligand, or the
complex in solution is Cu(CN)(dmp) in which the fourth
coordination site is occupied by a water molecule.
The experiments performed in this work generally
used high concentrations of dmp and cyanide.

Under these

conditions, the displacement of dmp occurred
instantaneously.

The rate of reaction could be decreased,

so that it could be measured, by using Cu(dmp) 2 C10 4 with low
cyanide concentrations.

Scott (14) showed that dmp will

displace the cyanide and recombine with copper(I) within a
few hours, so the reverse rate can also be determined.
Attempts to isolate the Cu(CN) 2 (dmp)~ complex as a
solid were unsuccessful using Bu^N + as the counter ion.

Use
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of a large cation such as Cs + may be more effective in
producing Cu(CN) 2 (dmp)

4.2.

in a crystalline form.

Further Refinements of Copper(I) Analysis
by Extraction

The spectrophotometric determination of copper(I)
extracted from a solution containing cyanide with dmp added
to form a complex with a measureable absorbance can be used
effectively as a method to monitor copper(I).

However,

since three different copper(I)-dmp complexes can be
extracted into the Bu^NBr/CHClg organic phase, the relative
concentrations of the complexes must be known in order to
find the total concentration of copper(I).

Hence, overlap

of the juxtaposed peaks must be resolved so that an accurate
measure of the absorbance at
obtained.
techniques.

. for each complex can be
max

The peaks can be separated by deconvolution
An alternative method would be to investigate

other solvents which would extract only one complex.

One

possibility may be a nonpolar solvent, such as hexane, which
would only extract Cu(CN)(dmp).
With a refined method of analysis, the concentration
of copper(I) during the plating process could be monitored
so that its role in the plating process can be determined.
The effect of formaldehyde on the process could also be
studied.
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This method of analysis could also be used to
determine the amount of cyanide in a solution.

By adding

Cufdmp)* to a cyanide containing solution, the cyanide could
be extracted as a ternary complex of copper(I), and the
concentration of the copper(I) complexes can be used to
calculate the cyanide concentration in solution.
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