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ABSTRACT: The thermodynamic properties of some copper complexes, among those frequently used as
catalysts in controlled/living radical polymerization, has been studied in CH3;CN + 0.1 M (C,Hs)4NBF,4. A
combination of different techniques, namely potentiometry, spectrophotometry and cyclic voltammetry, has
been used to determine the stability constants of all possible complexes of Cu" and Cu" present in binary and
ternary systems composed of Cu' or Cu', a halide ion (X = CI~, Br") and a polyamine ligand (L =
pentamethyldiethylenetriamine, tris(2-dimethylaminoethyl)amine). The binary Cu—X systems show only
mononuclear CuX, complexes, where x =1, 2, 3, 4 for Cu", and x=1, 2 for Cu". Conversely, in the case of
the binary Cu—L systems, besides the mononuclear complexes Cul,;, where / =1 or 2, also dinuclear
complexes Cu,L were found. The ternary systems give rise to a mixture of mononuclear and dinuclear
complexes of general formula Cu,, L, X,. Besides the 1:1:1 complex obtained in all combinations, the following
species were found: Cu'"LX,, Cu,LX and Cu',LX,. The stability constants of all these species were
determined and used to construct speciation diagrams for both Cu' and Cu'" species. Such diagrams show
that often conditions favoring the quantitative formation of Cu'"L, Cu'"L,, or Cu'"LX can be easily realized,
whereas isolation of a single predominant Cu' species can hardly be achieved. Speciation diagrams for Cu' as
a function of Cx/Ccu show interesting results that may be helpful in rationalizing the role of termination

reactions in atom transfer radical polymerization.

Introduction

Controlled or living radical polymerization is a powerful
process, which allows the preparation of (co)polymers with
well-defined features such as high molecular weights, narrow
molecular weight distributions (M,,/M, < 1.1), and precise
molecular architectures.! Since its discovery about a decade
ago,> the metal catalyzed controlled/living radical polymeriza-
tion has attracted much attention and has witnessed explosive
growth and development.*® It is based on a reversible halogen
atom transfer between a dormant macromolecular species
(P,—X) and a low oxidation state metal complex (Scheme 1),
resulting in the formation of propagating radicals (P,,") and the
metal complex in a higher oxidation state. Thus, the process was
coined atom transfer radical polymerization (ATRP),? which is
among the most widely used controlled radical polymerization
techniques.’

The precise mechanism of this reaction is still under investiga-
tion. In particular, three possible mechanisms, namely halogen
atom transfer, outer-sphere electron transfer (ET) and concerted
dissociative ET, have been considered for the activation step.’
The success of ATRP relies strongly on the equilibrium between
the activation step in which the propagating radicals are gener-
ated and the deactivation step in which the latter are converted
to dormant species. This equilibrium is strongly shifted toward
the dormant species (Katrp < 1074)8 and, hence, the rate of
bimolecular radical termination is drastically diminished.

Although several transition metals have shown catalytic prop-
erties toward various organic halides used as initiators,”'° copper
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complexes with nitrogen ligands are the most used catalysts
thanks to their low cost and easy handling; typically, they are
prepared in situ by adding the ligand to a cuprous halide salt. One
limitation of early ATRP was the large amount of catalyst used,
which leads to polymers with a significant amount of residual
metals due to the progressive accumulation of the deactivat-
ing complex X—Mt“"'L, because of the bimolecular termination
reaction.® To overcome this problem, several strategies for
regenerating the catalyst by reduction have been developed.'' ™!

Despite the fundamental role played by Cu complexes utilized
as catalysts in ATRP, relatively little attention has been devoted
to the identification of the species really present in the reaction
medium. Studies on the catalytic system are crucial not only for
understanding the reaction mechanism but also for further develop-
ments of ATRP as well as its industrial applications. Indeed, both
the kinetics of activation of initiators by copper complexes and
ATRP equilibrium have been widely investigated, ®'® with
particular attention to the construction of valuable correlations
between catalytic activity and several properties of the complexes,
including molecular structure,”* 2! redox potentials,zz_24 or
ligand/metal ratio and nature of counterion.”>¢

However, due to the paucity of data on the stability constants
of copper complexes in organic media,””*® the possibility that
complex equilibria may play an important role in the reaction
mechanism has not been considered yet. Indeed, the precise
nature of the activator copper complex has never been clarified;
many papers on ATRP refer to the Cu' catalyst as Cu'X/L, which
simply indicates the composition of the mixture for the in situ
preparation of the catalyst rather than its stoichiometry and
structure. Detailed analysis of the speciation of copper under the
usual ATRP conditions is highly desired to appropriately address
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this fundamental aspect of the process. In fact, it has been shown
that the catalytic activity strongly depends on the relative
stabilization of the two copper oxidation states as well as their
relative affinities for the halide ions.'****’

Moreover, recent developments in the field of copper-catalyzed
ATRP, such as activator regenerated by electron transfer
(ARGET)** * ATRP, make use of metallic Cu both as activator
and precursor of the active Cu' complex. Metallic Cu formed by
disproportionation of Cu' was also proposed to play a crucial role
in the so-called single electron transfer living radical polymeri-
zation (SET—LRP)** % in which the carbon—halogen bond in
the dormant species is thought to be exclusively activated by Cu’.
Knowledge of the relative stabilities of Cu' and Cu" complexes,
allowing full assessment of the comproportionation (or dis-
proportionation) equilibria, will be of great help for the compre-
hension of the activation mechanisms operating in these
polymerization processes.

Herein, we report the results of a study on the characterization
of ternary systems composed of copper, either at the +1 or +2
oxidation state, a polydentate nitrogen ligand and a halide ion in
a solvent such as acetonitrile that strongly stabilizes the mono-
valent state.*”*® The principal aim of the study is to obtain
information on the main species that are present in the reaction
medium during polymerization and to contribute to the compre-
hension of the activation mechanism. To this end, potentio-
metric, spectrophotometric and cyclic voltammetry measure-
ments were carried out for determining the stability constants
of Cu' and Cu'" complexes with the ligands pentamethyldiethyl-
enetriamine (PMDETA) and tris(2-dimethylaminoethyl)amine
(MegTREN) (Scheme 2), both in the absence and presence of
chloride or bromide ions. These two aliphatic polyamines are
among the most widely used ligands in ATRP thanks to their
commercial availability and the high catalytic activity of their
copper complexes.

As will be shown, both binary and ternary systems involve
several Cu(IT) or Cu(I) species, most of which have not been
structurally well characterized. However, X-ray crystallographic
data for some Cu complexes with these ligands are reported in the
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literature.! In general, Cu(I) forms tetracoordinated complexes,
whereas the most favorable coordination number for Cu(Il) is
five. Some examples of molecular structures of CuL are schemati-
cally illustrated in Scheme 2. For example, Cu'MesTREN has a
trigonal pyramidal geometry gScheme 2a), whereas the structure
of Cu""esTREN and XCu"MesTREN is best described as
trigonal bipyramidal (Scheme 2b). In contrast, Cu' PMDETA
has a square pyramidal geometry (Scheme 2c). In this work, no
attempts were made to define the chemical structures of the
species involved in the speciation equilibria. We consider, how-
ever, tetracoordination and pentacoordination for all Cu(I) and
Cu(II) species, respectively.

Experimental Section

Chemicals. Acetonitrile (Carlo Erba, RS) was distilled over
CaH, and stored under argon atmosphere. Tetracthylammonium
tetrafluoroborate ((C,Hs)4NBF,, Alfa Aesar, 99%) was recrys-
tallized from ethanol and dried in a vacuum oven at 70 °C for
48 h. Tetraethylammonium chloride (Aldrich, 98%) and tetra-
ethylammonium bromide (Aldrich, 99%) were recrystallized
from dichloromethane—acetone—hexane (2:2:1) and ethanol—
diethyl ether, respectively, and were dried in a vacuum oven at
70 °C. Tris(2-dimethylaminoethyl)amine (Mes TREN) was pre-
pared according to a published procedure,* by methylation of
tris(2-aminoethyl)amine (TREN) in a mixture of formaldehyde
and formic acid and was purified by vacuum distillation.
Copper(II) trifluoromethanesulfonate (Aldrich, 98%), tetrakis-
(acetonitrile)copper(I) tetrafluoroborate (Aldrich, 97%) and
pentamethyldiethylenetriamine (PMDETA, Alfa Aesar, 98%)
were used without further purification. The Cu' salt was
standardized by iodometric titration, whereas standardization
of Cu' was carried out by spectrophotometric analysis, using
2,9-dimethyl-1,10-phenanthroline as a specific ligand.*

Cyclic Voltammetry. Electrochemical measurements were
carried out on a computer-controlled Autolab PGSTAT30
potentiostat (Eco-Chimie, Utrecht, Netherlands). All experi-
ments were carried out at 25 °C in a three-electrode cell system
using a glassy carbon (GC) disk (3 mm diameter, Tokay GC20)
as a working electrode and a Pt ring as a counter-electrode.
The active area of the working electrode (4 = 0.082 cm?) was
determined by cyclic voltammetry using ferrocene (D = 2.6 x
107° em? s~ in CH;CN + 0.1 M (C2H5)4NBF4)41 as a redox
probe. The reference electrode was a Ag|Agl|I™ electrode built
as described previously.** The potential of this reference elec-
trode was always measured versus the ferrocenium/ferrocene
couple (E°geijpe = 0.391 V vs SCE in CH3CN), which was used
as an internal standard. This has allowed conversion of the
potentials to the aqueous saturated calomel electrode (SCE)
scale to which all potentials reported in the paper are referenced.
Prior to each experiment the working electrode surface was
cleaned by polishing with a 0.25-um diamond paste, followed by
ultrasonic rinsing in ethanol for 5 min.

Potentiometric Titrations. The stability constants of Cu'
complexes with amine ligands and/or halide ions were deter-
mined by potentiometric titration of 20 mL of CH3;CN + 0.1 M
(C,Hs)4NBF, solutions at 25 °C. Since these complexes are
highly unstable in the air, all solutions used in the titrations were
prepared in Schlenk volumetric flasks and carefully degassed
with Ar (O, < 0.1 ppm). Furthermore, all measurements were
carried out in a Mecaplex drybox. Typical solution volumes and
analyte concentrations are reported in the caption of Figure 3.

The indicator electrode was a 3% (w/w) copper amalgam,
which was prepared as described in the literature® and stored in
a Schlenk tube under degassed 0.1 M HCIO,. The reference
electrode was a AglAg", 0.01 M in CH5CN + 0.1 M (C>Hs)4-
NBF, separated from the working solutions by a porous Vycor
tip (Bioanalytical System). Potentiometric data were collected
with a Keithley 197A digital multimeter and elaborated by the
computer program PITMAP.* The program minimizes the sum
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of the squares of the differences between experimental and cal-
culated emf values. Optimization is performed using pitmap-
ping® or simplex*® as nonlinear least-squares algorithms. Mass
balance equations are solved by means of the Newton—Raphson
method* to obtain the concentrations of all species at equilib-
rium. The standard reduction potential of the Cu''(CH;CN),**/
Cu'(CH;3CN),* couple in acetonitrile was determined by
potentiometry using Pt as the indicator electrode.
Spectrophotometric Titrations. The stability constants of Cu'"
complexes with amine ligands and/or halide ions were deter-
mined by spectrophotometric titration in CH;CN + 0.1 M (C,Hs)4-
NBF, at 25 °C, using a Varian Cary 5 spectrometer in 10 mm
optical path cells. Typical solution volumes and analyte concen-
trations are reported in the caption of Figure 2. Spectrophoto-
metric data were elaborated by the computer program PITMAP.

Results and Discussion

Determination of Redox Potentials. Cyclic voltammetry
(CV) measurements were carried out to determine the formal
reduction Potentials of the Cu''S,**/Cu'S,™ (S = CH;CN)
and Cu'L*"/Cu'L* redox couples. Figure 1 shows examples
of cyclic voltammograms of Cu'S, ", recorded in CH;CN +
0.1 M (C,H5)4NBF, both in the absence and presence of
equimolar amounts of the ligands MesTREN and PMDETA.
A reversible peak couple attributable to the oxidation of Cu’
to Cu" is observed in all cases. It is important to emphasize
that CV experiments were carried out also for the Cu'
species, but the results were identical with those reported in
Figure 1; as expected, the voltammetric behavior of the Cu'!/
Cu' couple does not depend on the starting species.

The redox reaction underlying the reversible peak couple
observed in CV is

Cu'L** e~ = Cu'L*t (1)

where L stands for MecTREN or PMDETA. A similar
reaction can be written for the redox reaction involving
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Figure 1. Cyclic voltammetry of Cu'(CH;CN),BF,in CH;CN +0.1 M
(C,Hs)4NBF, recorded atv = 0.05V s~ 'in the absence and presence of
nitrogen ligands. Key: (a) 1.04 mM Cu'(CH;CN),BF,; (b) 1.04 mM
Cu'(CH;CN),BF; + 1.04 mM PMDETA; (c) 1.04 mM Cu'(CH;CN),-
BF, + 1.04 mM MesTREN.
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copper complexes with the solvent. Analysis of the CV
responses shows that at low scan rates (v < 0.1 V s~ 1), the
separation between the anodic and cathodic peaks, AL, = Ep, —
Epe, of the two copper-amine complexes is close to the
Nernstian value of 60 mV. By contrast, the Cu''S,**/Cu'S,*
couple shows high peak separations even at very low scan
rates (AE, ~ 200 mV at v = 0.05 V s~ ). This points out
that the redox process of this couple involves a quasi-
reversible electron transfer (ET), whereas the redox behav-
ior of the copﬁer-amine complexes conforms to that of a
reversible ET.

The formal reduction potential of the Cu"'—amine com-
plexes can be calculated from the CV data according to the
following equation, valid for Nernstian processes:

where Dy and Do are the diffusion coefficients of the reduced
and oxidized species, respectively, 7 is the exchanged number of
electrons and F is the Faraday constant. The diffusion coeffi-
cients of the Cu' and Cu" complexes can be easily determined
from cyclic voltammetry through the Randles-Sevcik equation

nF 1/2
iy = 0.4463nFAC* (ﬁ) DY/2pt/? (3)

where A4 is the area of the electrode and C* is the bulk
concentration of the electroactive szpecies. Using a GC
electrode of active area 4 = 0.082 cm~, the diffusion coeffi-
cients of Cu'! and Cu' complexes were calculated from the
peak currents recorded for each species at different scan
rates. The values of D obtained for each Cu complex,
together with the peak potentials and the formal reduction
potentials calculated from eq 2, are reported in Table 1.
These data were obtained as the average of the results of at
least three independent experiments.

As shown by the CV data reported in Table 1, the
Cu"'s,>"/Cu'S," redox couple does not undergo a reversible
ET, which means that eq 2 cannot be used to calculate the
formal reduction potential. In this case, E&,cy has been
determined by potentiometric measurements, using a Pt
indicator electrode. The potential of this electrode is related
to the concentrations of Cu'' and Cu' through the Nernst
equation (eq 4), which reduces to £ = E® at Ccun/Cew = 1.
A solution of Cu' was titrated with Cu'' to obtain a series of
Ecynyca values for different Ceyn/Ceyr ratios in the range
from 0.13 to 2. A plot of Ecyncw versus log(Ceun/Ceyr)
shows a straight line with an intercept corresponding to
E&cu. The value of E&ucw calculated from the potentio-
metric titrations (three trials) is included in Table 1.

. 2.303RT,  Ceun
ECuII/CuI = EClu“/Cu[ +T10g CC

(4)

llI

As is shown in Table 1, the redox potentials of Cu"'L>"/
Cu'L" are negatively shifted by about 1 V with respect to

Table 1. Thermodynamic Properties of the Cu"/Cu' Redox Couple with Different Ligands in CH;CN + 0.1 M (C,Hs),NBF, at T = 25 °C*

Ep E’ AE, Ep° 10°Degn 10° D EY¢
ligand V) V% (mV) V) (cm?s™h (em?s ™) V) iaylix
CH,CN 0.931 1.129 198 1.0567
PMDETA 0.034 0.105 71 0.070 0.85 1.42 0.063 6.11 x 10'°
MesTREN —0.142 —0.077 65 —0.110 0.81 1.80 —0.120 7.58 x 10"

“Potentials are referenced to SCE. ® Average of values measured at v = 0.05 Vs~ '. “ Calculated from eq 2, unless otherwise stated.  Determined by

potentiometry.
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Figure 2. (a) UV—visspectra of Cu'"' + Me,TREN solutions at 25 °C in
CH4CN + 0.1 M (CoHs)yNBF,, 1° = 5mL, (Pcuu= 1.187 x 107* M,
step additions of a 7.572 x 107> M solution of Me,TREN. (b)
Absorbance values at 550 nm vs. C*)MeGTREN/ COCu.., and best-fit curve.

E&ucu, clearly indicating that the ligands induce a strong
stabilization toward the Cu'’ oxidation state. In other words,
the stability constants of CuL*" are largely higher than
those of Cu'L™. The relative stability of the complexes, that
is, the ratio of the stability constants, can be calculated from
the redox potentials according to eq 5, which has been
derived on the basis of a thermochemical cycle based on
the relevant redox and complexation reactions.

i
F

hl% = ﬁ(E%lu“/Cu' B Eg/u“L/Cu'L) (5)

where " and ' are the stability constants of CuL*" and

Cu'L™, respectively.

The p"/p" ratios calculated for the two amine ligands are
reported in Table 1. These values show that the coordination
properties of Cu' strongly differ from those of Cu", which is
much more stabilized by complexation with nitrogen ligands.

Speciation Study. Cu" and Cu' speciation data (number,
stoichiometry, and stability constants of the complexes
formed in solution) were obtained by means of two different
techniques. Cu'' complexes display strong absorption bands
in the UV and/or in the visible spectral region. Their shape
and position depend on the type and number of coordinated
ligands. Cu' complexes do not have significant UV—vis
absorptions, except those pertaining to the ligands themselves,
which change only slightly upon metal complexation. On the
other hand, no useful indicator electrode was available for Cu'',
whereas a reversible Nernstian copper amalgam electrode can
be used to measure the concentration of free Cu'.

For these reasons, Cu"' speciation was studied by UV—vis,
and data elaboration was performed choosing the wave-
lengths at which the difference between the absorption of
free metal ion, of the binary complexes, and of the ternary
ones was a maximum. Figure 2a shows as an example the
spectra of Cu' + Me TREN solutions in the visible region at
several ligand-to-metal ratios. Figure 2b is one of the sets of
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Figure 3. Potentiometric titrations (experimental data and best-fit
curves) of Cu' + L + X solutions in CH;CN + 0.1 M (C,H5)4NBF,
at 25 °C. (a) Titration of a solution containin Cu' and Br~ with
MeTREN, 1° = 222 mL (Ccu = 9263 x 10°* M, (5, =7.8550 x
1074 Mi COM%TREN =9200x% 10 ° M). (b) Titration of a solution contain-
ing Cu and CI” with PMDETA, =22.5 mL (COCu. = 1.131 x
1073 M, CO¢- = 1.082 x 10> M, COpmprra = 8.873 x 1073 M).

experimental points which were elaborated in order to obtain
the speciation in solution.

Cu' speciation was studied by potentiometric titrations.
Figure 3 shows two examples of titration curves obtained in
this work.

As stated above, the main goal of this paper was to determine
the speciation of solutions containing copper (Cu" or Cu"), a
polydentate nitrogen ligand L (PMDETA or MegTREN) and
a halide ion X (CI™ or Br ™). The elaboration of these systems
cannot be performed easily, due to the large number of vari-
ables which have to be optimized. These include not only the
stability constants of the ternary complexes Cu,,L; X, but also
those of the binary complexes Cu,,L;and Cu,,, X, together with
the absorption coefficients & of all species (for UV—vis
measurements) or the calibration parameters of the amalgam
electrode (for potentiometric titrations). When the number of
variables is excessive ( > 5—6), they inevitably become strongly
correlated with each other, thus leading to erroneous fitting
results.

For this reason, the speciation study was conducted in a
sequential manner. As a first step, the binary systems Cu,, X,
and Cu,,L; were separately investigated, thus obtaining the
number, stoichiometry, and stability constants of the binary
complexes, and their ¢ values (for UV—vis measurements).
For potentiometric data, a calibration of the electrode was
performed before each titration to obtain the apparent E°
and to confirm the Nernstian slope. As a second step, the
measurements of the ternary systems were performed, and
the respective data were elaborated by fixing all variables
determined during the first step.

All speciation data obtained for Cu" and Cu' complexes are
listed in Table 2. Together with stoichiometry and global stability
constants (3), also step stability constants (K) are reported for
the step addition of halide ions X. The K values can be easily
computed from the corresponding /3 values, and they represent
the tendency by which the given species can add one X.

Binary Copper—Halogen Systems. A large number of
works regarding the complexation of Cu'" or Cu' with CI~
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Table 2. Stoichiometry and Stability Constants (Global Constants
and Step Constants K) of Binary and Ternary Complexes formed
in CH3CN Solutions between Copper (Cu'" or Cu'), L (PMDETA

or MesTREN), and X (Cl™ or Br") at 25 °C in the Presence of
0.1 M (C,Hs5)4NBF,

cu" Cu'

stoichiometry 10%

(m,1,x) log “ log K log 8¢ K’

Binary, X = CI~
1,0,1 7.48 +0.04 7.48 4.27 £0.01 4.27
1,0,2 13.31 +0.04 5.83 9.72 £ 0.01 5.45
1,0,3 19.22 +0.06 591
1,0,4 22.47 +0.05 3.25
Binary, X = Br—
1,0,1 6.3+0.1 6.3 3.54 £ 0.01 3.54
1,0,2 11.34+0.1 5.0 7.30 +0.01 3.76
1,0,3 14.8 +0.1 35
1,0,4 17.9 £0.1 3.1
Binary, L = PMDETA
1,1,0 23.34+0.1¢ 6.53 +0.01
1,2,0 28.09 +0.03 8.43 £ 0.09
2,1,0 25.10 +0.03 8.34 + 0.07
binary, L = Me,TREN

1,1,0 272 +0.1¢ 7.33+£0.01
1,2,0 30.38 £ 0.01 9.64 +0.02
2,1,0 31.13 £ 0.02 9.23 +£0.05

Ternary, L = PMDETA, X = Cl™

1,1 28.8540.03 5.65
1.2 32.06 £0.02 3.21
1,1 13.7+0.1 5.36
1,2 18.76 4+ 0.07 5.06

Ternary, L = PMDETA, X = Br™

834+0.2 1.77

27.74 £ 0.04 4.54

1,11 8.35+0.03 1.82
1,1,2 29.72 +0.04 1.98
2,11

12.41 £0.06 4.07
Ternary, L = MesTREN, X = Cl™

1,1,1 33.8£0.1 6.8 9.90 £ 0.03 2.57
1,1,2 350=£0.1 1.2

2,1,1 15.48 £ 0.06 6.25
2,1,2 19.6 £ 0.1 4.12

Ternary, L = MesTREN, X = Br—

1,1,1 33.1+£0.1 6.1 9.60 + 0.01 2.27
2,1,1 13.80 £ 0.08 4.57
2,1,2 17.37 £0.02 3.57

“Values of 8 refer to reactions: mCu + /IL + xX = Cu,L/X,;
uncertainty as 1 o, obtained by the fitting procedure.  Values of K
refer to reactions: Cu,,L X, ; + X = Cu,LX,. “Value obtained
combining A"/A" (Table 1) and log f value of Cu'L"; uncertainty was
estimated by error propagation.

or Br™ is reported in the literature. It was anyway necessary
to perform the complexation studies of binary Cu-X solu-
tions in this work because almost all literature data were
obtained in solvents and/or ionic strengths that are different
from those adopted in the present study (CH;CN, 0.1 M
(C,H5)4sNBF,4). When data exist in a similar medium, they
were considered to check the accuracy of our results.

All solutions showed the presence of only mononuclear
CuX, complexes, where x =1, 2, 3, 4 for Cu'and x=1,2
for Cu'. These qualitative results fully agree with the
literature.*® As regards Cu'+X, our %uantitative data very
closely agree with literature data,*”*>*-* in particular those
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reported by Tagesson et al..>’ who worked in the same
medium as ours, i.e. same solvent, ionic strength and sup-
porting electrolyte. For Cu' + CI™ they found log S(Cu'Cl) =
4.35and log B(Cu'Cl, ") = 9.69, which differ from our values
by less than 0.1 log units. For Cu' + Br~ they obtained log
B(Cu'Br) = 3.37 and log (Cu'Br, ") = 7.20, which too are
very close to our values (A log units less than 0.2). Concern-
ing Cu'" + Cl, there are a few discordant S values in the
literature. Manahan and Iwamoto,>® who worked in CH;CN +
0.1 M (C,H5)4NCIOy, which is slightly different than our
reaction medium, report log § values of 9.7, 17.6, 24.7, and
28.4 for Cu''Clt, Cu''Cl,, Cu"'Cl;™, and Cu"'Cl,>, respec-
tively. On the other hand, Ishiguro et al.,>' who worked in the
same medium, report the following values of log : 9.76,
17.31, 19.22, and 22.47 for Cu'CI*, Cu''Cl,, Cu"'Cl;~, and
Cu''Cl,*", respectively. Both these series of data are signifi-
cantly larger than ours.

As regards the Cu™+Br~ system, it is well-known that
CH;CN solutions containing Cu'’ and Br™ are thermo-
dynamically unstable due to the slow auto-oxidation of Br™
by Cu".>> We checked the extent of this reaction by collect-
ing UV—vis spectra at various ligand-to-metal ratios and
after different mixing times. In our conditions, the auto-
oxidation is slow enough to give reproducible UV—vis
spectra if Br is in stoichiometric excess. Therefore, we were
able to perform the complexation study and to obtain
stoichiometry and stability constants of the Cu'"=Br~ com-
plexes working at C%,-/C’cun > 1. However, the absence of
data at (%, /Cocun < | impaired the uncertainty of the
stability constant of Cu™Br" and, as a consequence, of the
other stability constants, which therefore have relatively high
uncertainties.

In general, both Cu' and Cu' form stronger complexes
with C1” than with Br™: there is a difference of about 1 order
of magnitude between the corresponding K values. The Cu!
complex Cu"'Cl; ™ is relativel;/ very stable, as K3 is practically
identical to K,, and Cu''Cl,*>” is much less stable, as K, is
almost 3 orders of magnitude lower than K5. For the Cu'' +
Br~ system, K values show a more “normal” behavior,
smoothly decreasing upon increasing the number of bromide
ions. As regards Cu', both Cu'Cl,” and Cu'Br, ™ are rela-
tively more stable than the corresponding monohalide com-
plexes: K, is significantly larger than K, especially in the case
of CI™. These general considerations are in agreement with
all results reported in the literature referring to CH3;CN as a
solvent (see, e.g., citations in ref 50).

Binary Copper-PMDETA Systems. Very few papers
regarding Cu™— and Cu'=PMDETA complexation studies
are available in the literature, and all of these works were
performed using water as a solvent. The complexes detected
in aqueous solutions were only Cu''L**, Cu''LH_," and
Cu'L™ (L = PMDETA).*® This speciation was not con-
firmed by us in CH3CN, where the formation of additional
complexes having metal-to-ligand stoichiometry 1:2 and 2:1
was observed for both Cu' and Cul. Thus, in CH3CN a
second ligand molecule can add to the metal center, or a
second metal ion can add to the ligand moiety.

As regards Cu'' + PMDETA, plots of absorbance vs.

PMDETA/ COCuu ratio clearly indicate the formation of the
complex Cu'"L*". Figure 4 reports an example of an absor-
bance vs. COPMDETA/ COcun plot for a titration of Cu'! with
PMDETA. The absorbance increases linearly with the con-
centration ratio as long as C'pypera/Clcan < 1, giving a
sharp maximum at COPMDETA/ cut = 1. Unfortunately,
the sharpness of the maximum does not allow to obtain a
reliable constant for Cu''L*", as the experimental points can
be fitted by any log 8,10 value larger than ca. 8. In other
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words, the relative weakness of CH;CN solvation, together
with the strength of PMDETA as a Cu"! ligand, does not
allow the direct determination of the stability constant of
Cu"'L*" by UV—vis, even in the most favorable experimental
conditions (e.g., very low metal and ligand concentrations).
For this reason, the stability constant of this complex was
obtained by calculation, through the potentiometric S
value of Cu'L" and the voltammetric g"/8" ratio (see pre-
vious section). Once the log 3 value for Cu'L*" was deter-
mined in this way, spectrophotometric data allowed to deter-
mine the stability constants of Cu,""L*" and Cu"'L,?". These
two species had to be included in the speciation model to
better fit the absorbance data. Parts a and b of Figure 5
display the distribution diagrams of Cu'"- and Cu'=PMDETA
solutions drawn at a metal concentration of 107 M.

1.0

0.8 4

0.6 % o

A (300nm)

0.4

0.2 4

0.0 T T T T T T
0 1 2 3 5 6

4
COPMDETA/ COCu"

Figure 4. Variation of absorbance (experimental data and best-fit
curve) of solutions containing Cu"" and PMDETA, measured at 300 nm
in CH;CN+0.1 M (C,Hs),NBF, at 25 °C, as a function of Coyipera/
Coun V°=5mL; C'cun = 1.491x 1074 M.
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As usual, diagrams are plotted vs. the cologarithm of the
concentration of free ligand (pL).

Binary Copper—MegTREN Systems. Similarly as for
PMDETA, Cu-MegTREN complexes having metal-to-ligand
stoichiometry of 1:1, 1:2, and 2:1 were detected for both Cu"!
and Cu'. The presence of Cu',L*" was confirmed by the
UV —vis spectra, as this complex has a specific absorption at
A~ 550 nm (Figure 2a), which is sufficiently resolved from
the other bands. Figure 2b illustrates the variation of the
absorbance at 550 nm as a function of C&%TREN/C&H.
As shown, the absorbance increases to a maximum value
at C&CGTREN/C?;UII = 0.5, which corresponds to the ideal
condition for the maximum yield of the bimetallic complex.
No support to this stoichiometry can be obtained from the
literature, as the few published papers regarding Cu''—
MegTREN complexation were performed using water as a
solvent, and the only complex detected in those conditions
has a 1:1 stoichiometry.*® The strength of MesTREN as a
Cu''ligand in CH5CN did not allow the direct determination
of the stability constant of CuL*" from the UV—vis spectra:
this value was obtained by calculation as described above for
PMDETA.

No speciation data are reported in the literature for the
Cu'—MesTREN system, too. Indeed, the Ag'—Me,TREN
system in DMSO has recently been studied by Tolazzi
et al,> who detected the metal—ligand species Ag'L™,
Ag'L," and Agl,L*", which have the same stoichiometry
as our complexes. Not only do Cu'— and Ag'—=Me,TREN
solutions contain the same complexes but also (and
surprisingly) these species have very similar stability con-
stants (log  values given by Tolazzi: 7.63, 9.06, and 9.21 for
Ag'L", Ag'L,, and Ag,'L*", respectively). Figures 5c and 5d
display the distribution diagrams of Cu'- and Cu'-Me,T-
REN solutions. The diagrams and the log  values indicate
that Me,TREN is a stronger binder for Cu'! and Cu' than
PMDETA: this was expected because an additional nitrogen

1.0

0.8 -

0.6 1

0.4 -

Cu'L,’

C (mM)

Cul, “culL* cu' (d)
| [ 2+
Cu,L
0 2 4 6 8 10 12 0 é Alt g ;3 IIO 12
pL pL

Figure 5. Distribution diggrams vs. free ligand concentration (L = PMDETA or MegTREN) of binary Cu—L systems, 7= 25°Cin CH;CN + 0.1 M

(CH5s)NBFy, (%, =10

M. Key: (a) Cu" + PMDETA, (b) Cu' + PMDETA, (¢) Cu'" + Me,TREN, (d) Cu' + Me,TREN.
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Figure 6. Distribution diagrams vs. free hgand concentration (L=PMDETA or MeéTREN) of Cu-L-X species (X=CI" or Br™), 7=25°Cin CH;CN +
0.1 M (C,H;),NBF,, c"q}] C’ = 107 M. Key: (a) Cu” + PMDETA + CI7, (b) Cu' + PMDETA + CI~, (c) Cu” + PMDETA + Br , (d) Cu' +
PMDETA + Br~, (¢) Cu" + Me,TREN + CI7, (f) Cu' + Me,TREN + CI~ (g) Cu'" + Me,TREN + Br™, (h) Cu' + Mec,TREN + Br ™.

is available in MegTREN for the metal coordination. The Ternary Cu'=PMDETA—X systems display a different
most stabilized complexes are the CuL- and Cu,L-type ones. speciation: complexes bearing two metal ions form in solu-

Ternary Copper—PMDETA —Halogen Systems. Assuming tion. These complexes can be considered as the product of a
that PMDETA binds Cu" through its three mtrogen atoms, the halogen binding to the Cu'sL*" species, and they are more
remaining free coordination sites of the metal ion can be stable than the mononuclear Cu'LX (for both CI™ and Br~
engaged in the coordination of one or more halogen ions. this complex has a very low log K value). Log K values for
For Cu''~-PMDETA—-X systems the species Cu'LX™" and CulLCIT and CulLCl, are 5.36 and 5.06, respectively, in-
Cu''LX, were detected. The addition of the first halogen to dicating that the addition of a second chloride is compa-
Cu'"L>" is less favored than the same halogen addition to the rably as favorable as that of the first one. This result resembles
free metal ion. In fact, for the binary complexes Cu"™X ™, log K; = what was found for the binary Cu'—CI ™~ system (see above).
7.48 and 6.3 for X = CI” and Br™, respectively, whereas the For Br™, only one dinuclear ternary complex was detected,
corresponding log K, values found for CuLX™ are 5.65 and most likely because Cu' is more weakly bound by Br~ than
4.54. Steric considerations, and/or the minor acidic properties by CI™. In fact, CulLBr" is 1 order of magnitude less stable
of Cu"L?* with respect to free Cu", can justify this result. The than CulLCI™. In the case of Cu'!, these dinuclear species
same is true for the formation of Cu"LCl, (log K> = 3.21, that were not detected probably because Cu',L** is less stable

of CuCl, is 5.83) and Cu"LBr, (log K> = 1.98, that of Cu'Br, than CulL>". Parts b and d of Figure 6 display the distribu-
is 5.0). Cu'"LCl, has been isolated in the solid state and tion diagrams of Cu'=PMDETA—X solutions. Differently

crystallographically characterized.>* Parts a and ¢ of Figure 6 than for Cu'l, for Cu' the ternary species are not the main
display the distribution diagrams of Cu"—PMDETA —X solu- species in solution at any pL value, and there is a more
tions, where both Cu'" and X stoichiometric concentrations are complicated speciation pattern, as several binary Cu'—PM-
10~? M. In this condition, the ternary complex Cu"LX " is the DETA and Cu'—X species have a significant concentration

predominating species over a wide pL range. at the given conditions.



9264  Macromolecules, Vol. 43, No. 22, 2010

Bortolamesi et al.

(b)

C (mM)

pCl

pBr

Figure 7. Distribution diagrams vs. free halogen ion concentration (pCl or pBr) of ternary Cu' 4+ L + X systems in CH;CN + 0.1 M (C,Hs),NBF,

at25 OC, COCuI =

Ternary Copper—MesTREN—Halogen Systems. Speciation
results obtained for Cu—Mes TREN—X systems are similar to
those of Cu—PMDETA—X. For Cu"~Me,TREN—CI~ the
same species Cu"LCI" and Cu™LCl, were detected, but Cu'LCl,
is not as important as it was for PMDETA: its log K is only
1.2, which is much lower than the corresponding value for
PMDETA (log K=3.21). The bromide ternary species
Cu'LBr, was even not detectable. In other words, the addition
of a second X and the formation of Cu'LX, is less favored for
MesTREN than for PMDETA. This result can be justified
considering that Me,TREN is tetradentate, whereas PMDETA
is tridentate. The addition of a second halogen ion to a metal
center bound to a tetradentate ligand is more difficult, since
probably one of the four Cu"'—L energetic coordination bonds
must disrupt to allow a second halogen ion to bind to the metal
center. This latter occurrence is sometimes described in the
literature™>® when halogen atoms compete with tetradentate
nitrogen ligands for the binding to a metal center. On the other
hand, Cu™LX" is comparably more stable for Me,TREN than
for PMDETA: the observed log K values are 6.8 (for Cl™) and
6.1 (for Br) for MegTREN and 5.65 (for Cl7) and 4.54
(for Br™) for PMDETA. Parts e and g of Figure 6 display the
distribution diagrams of Cu""—Me,TREN—X solutions: it is
evident that the ternary complex Cu"LX " is practically the
only species present in solution over a very wide pL range.

Ternary Cu'—Me,TREN—X systems display a similar
speciation as Cu'=PMDETA—X: here too the formation
of complexes bearing two metal ions was observed. Cu',LX,
is less important than for PMDETA, as its CI ™ and Br™ step
stability constants are much lower than those of Cu',LX ™.
On the other hand, the latter complex is more stable for
MegTREN than for PMDETA (e.g., asregards Cl ., log K =
6.25 instead of 5.36). Parts f and h of Figure 6 display
the distribution diagrams of Cu'—=Me,TREN—X solutions.
A relatively complicated speciation and a number of co-
existing species at almost any pL value can be observed.

Ternary Cu—L—X Systems. Role of Halide Ions. Figure 6
illustrates how the speciation of copper in a solution contain-
ing equimolar amounts of Cu' or Cu'' and X is affected by
the concentration of the polyamine ligand L. It clearly shows
that while Cu''LX " is the only relevant species in solution for

% =10*M.Key: (a) Cu'+ PMDETA + CI, (b) Cu' + PMDETA + Br , (¢) Cu' + Me,TREN + Cl ™, (d) Cu' + Me,TREN + Br .

a wide range of pL values, isolation of a single Cu' complex,
if at all possible, can be achieved only in a very narrow range
of pL. These speciation diagrams, however, do not give a
clear picture of the most likely distribution in a copper-
catalyzed ATRP process. Typically, the catal1yst system of an
ATRP process consists of a mixture of Cu'X and L at an
initial Cu'/X/L stoichiometric ratio of 1:1:1. While the metal-
to-amine ligand remains constant during the polymerization
reaction, the Cx/Ccu ratio may increase because of the
termination reactions (see Scheme 1). It is very likely that
speciation of Cu' strongly affects the kinetics of the activation
step, i.e., reaction of Cu' with the dormant species. It is there-
fore interesting to construct speciation diagrams for Cu', using
a fixed Cu'/L ratio (1:1) and a variable concentration of X.

Figure 7 shows Cu’ distribution diagrams vs pX, calcu-
lated for both Me,TREN and PMDETA at COc = €% =
10~* M. Although these diagrams are less complicated than
those of Figure 6 for the Ipolyamine ligands, they evidence a
strong dependence of Cu' distribution on pX. As shown, Cu'
speciation depends on both the nature of the ligand and type
of halide ion, the latter showing a more marked effect. In
all cases, the most relevant species are Cu'L™, CuIXz_, and
Cu'LX, except for the Cu' + PMDETA + CI~ system in
which only the first two species are important as they account
for at least 95% of the whole Cu' at all pCl values. For all
systems, the binary Cu'X,” complex is the predominant
species at low pX values, whereas Cu'L" predominates at
high pX values. In particular, Cu'L™ has a wider range of
stability in the case of bromide for both polyamine ligands,
which reflects the major affinity of chloride ion for the metal
center and its ability of generating strong binary Cu'X,
complexes. The role of the ternary complex Cu'LX depends
on both the ligand type and the halide ion. This species is
more important for Meg TREN than for PMDETA,; also the
complex with Br™ is more important than that of Cl .

The vertical lines in Figure 7 show the equilibrium dis-
tribution at the beginning of a typical ATRP experiment. In
all cases the predominant species in this circumstance is the
binary Cu'L" complex rather than Cu'LX, which is some-
times assumed to be the active catalyst. Indeed, the standard
reduction potential of Cu'LX is about 0.16—0.25 V more
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Figure 8. Dependence of the distribution of the most relevant sg)ecies for the ternary system Cu'/L/X in CH;CN + 0.1 M (C%H5)4NBF4 at25°Con
the C%%/C%cu ratio. Key: (a) Cu' + PMDETA + CI~, (b) Cu' + PMDETA + Br, (c) Cu' + Me,TREN + CI7, (d) Cu' + Me,TREN + Br;

calculations were carried out at C% =

negative than that of Cu'L", which, on thermodynamic
grounds, makes the former a more stronger reducing agent
than the latter.”’

If during polymerization CuLX " is accumulated because
of the termination reactions, the ratio between the total
X and Cu' concentrations increases, which modifies the
distribution diagrams shown in Figure 7.

To put the effect of changing Cx/Ccw into quantitative
terms, we calculated the equilibrium concentrations of all
pertinent species for a series of concentration ratios. We
started with a solution containing Cu', L and X, each at a
concentration of 107° M. Then, according to the ATRP
equilibrium, we considered that Cu' reacts with an initiator
RX to produce Cu'! with a very low equilibrium constant,'’
so that the catalyst is almost quantitatively present as Cu'.
However, during the ATRP process a progressively increasing
amount of Cu'" does not go back to Cu' because of the termi-
nation reactions. This is equivalent to decreasing the overall
concentration of Cu' by some amount, say y, and increasing
that of the halide ion by the same amount. Thus, during the
ATRP process the total concentrations (in mol dm ) can be
expressed as Oy =107 — y and (°x = 10 + y. Using
these new concentrations, which are considered as the initial
values for a new equilibrium, we calculated the distribution of
Cu'. In this calculation we took into consideration the presence
of Cu" at a concentration of y M.

The above-described calculation has been repeated for a
large number of y values and the resulting distribution values
were plotted versus C’x/C°c. (Figure 8), which is calculated
as 1072/(10~* — y). These distribution diagrams clearly show
that Cu' speciation is strongly affected by C%x/C°cu, espe-
cially when X = ClI” and L = PMDETA. The most important
species present in solution for all four combinations are
Cu'L" and Cu'X,"; Cu'LX is always present as a small
fraction (<15%) and is not very much affected by %/
Ccut. In general, increasing COX/ (% favors the formation
of Cu'X,~ over Cu'L", but the competition between the two
species depends on the nature of X. When X = CI~, Cu'X,~
becomes the predominant species at C'x/C%cu ~ 2.5 and 4

% = 107> M and variable C°c from 107> M down to 5 x 107> M.

for L = PMDETA and MesTREN, respectively. When
instead X = Br~, Cu'L" remains the predominant species
up to C%%/C’wi=20. A case of particular interest is
represented by the ternary system Cu'+MesTREN+Br .
The composition of this system is almost unaffected by
(% /C°, the predominant species being Cu'L™, which
remains about 80% for a wide range of COX/COCuI values.

The distribution diagrams shown above point out that Cu'
always exists in ATRP conditions as a multiplicity of species
arising from a complex set of equilibria involving both
binary and ternary systems as well as mononuclear and
binuclear complexes. Although so far the role of Cu' specia-
tion in ATRP has never been considered, it is certainly
important in the rationalization of the activation mecha-
nism. It is reasonable to assume that some of the possible Cu’
species are not active catalysts or at least do not have the
same catalytic activity. In particular, on the basis of the
standard reduction potentials of the Cu''/Cu' couple (see
Table 1),°’® Cu'X, ™ is expected to be much less active than
either Cu'L™ or Cu'LX. As shown in Figure 8 the fraction of
Cu' present as Cu'X, ™~ is expected to increase during poly-
merization and this will represent a setback for the kinetics of
activation of the dormant species and perhaps of the overall
process. The speciation and distribution diagrams should
depend not only on ligand and halide but also on tempera-
ture and medium, as solvent must play a very important role
in competitive complexation/solvation of both Cu' and Cu"!
species. For example, much slower rate of ATRP of 2-hydro-
xyethyl methacrylate in protic media was observed in the
presence of tetraalkylammonium halides.”® The slower rate
could be ascribed to stronger association of halide anions
with Cu'" species and increased concentration of deactivat-
ing X—Cu" species but also to the decreased concentration
of activating Cu'L " species.

Conclusions

The standard reduction potentials of Cu™ and Cu"'L as well as
the global and step stability constants (8 and K) of all complexes
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arising from the binary Cu—X or Cu—L and ternary Cu—L—X
systems have been determined in CH;CN + 0.1 M (C,H;5),;NBF,.
The binary Cu—X systems show only mononuclear CuX, com-
plexes, where x=1,2, 3, 4 for Cu'"", and x=1, 2 for Cu". Both Cu"
and Cu' are characterized by high log 3 values, but the affinity of
Cu' for halide ions is considerably smaller than that of Cu'’. The
binary Cu—L systems form both mononuclear complexes CuL,,
where /=1 or 2, and dinuclear complexes Cu,L. For both types of
complex, MesTREN is a much better ligand than PMDETA,
especially for Cu'. This is most likely due to the presence of an
additional nitrogen in MegTREN with respect to the tridentate
PMDETA. The ternary systems give rise to a mixture of mono-
nuclear and dinuclear complexes Cu,,L,X,. Besides CuLX, cu"
gives one more mononuclear species Cu''LX,, whereas Cu' forms
dinuclear complexes Cu',LX " and Cu',LX,. The halidophilicity
of both Cu' and Cu' significantly decreases upon complexation
with the polyamine ligands.

Speciation diagrams of the ternary systems show that while
there is a wide range of conditions for the predominance of
Cu'"LX", Cu' is always present as a mixture of Cu'L*, Cu'L,",
Cu'X, ", Cu'LX, Cu™, Cu'X, and Cul,LX,, with a distribution
strongly depending on the concentration of the ligands. In any
case, the fraction of dinuclear complexes never exceeds 10%.
Analysis of the speciation equilibria as a function of Cx/Ccu
ratio, which varies during ATRP, reveals interesting insights into
the activation step of the process. In fact, this analysis shows that
the most important species present in solution are Cu'L" and
Cu'X, ™, whereas the contribution of Cu'LX never exceeds 15%
and is little affected by Cx/Ccu. In addition, the fraction of
Cu'L*, which probably is much more active than Cu'X, ™ at least
on thermodynamic grounds, decreases during polymerization
while that of the less active species Cu'"X, ™ increases. This is
detrimental to the activation step and to the overall ATRP
process, which may come to a halt long before quantitative
conversion of the monomer is achieved. The competition between
Cu'L" and Cu"X,~ depends on the nature of L and X. When
X = Br~, Cu'L" remains the predominant species even at very
high values of Cx/Cci. Thus, using bromides instead of chlorides
appears to be more beneficial from the viewpoint of synthesis.
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