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Extended X-ray Absorption Fine Structure Study of Copper(r) and Copper(1r)
Complexes in Atom Transfer Radical Polymerization
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Extended X-ray Absorption Fine Structure (EXAFS) spectro-
scopy has been used to investigate structural features of Cu'-
Br and Cu''Br, complexes with dNbpy, PMDETA, MesTREN,
tNtpy, and Me,CYCLAM in various solvents {dNbpy = 4,4'-
bis(5-nonyl)-2,2'-bipyridine, PMDETA = N,N,N',N'',N"'-pen-
tamethyldiethylenetriamine, MegTREN = tris[2-(dimethyl-
amino)ethyllamine, tNtpy = 4,4',4"'-tris(5-nonyl)-2,2":6',2"'-
terpyridine, Me,CYCLAM = 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane}. The structures of the Cu! and Cu
complexes were found to depend on the solvent polarity and
the number of nitrogen atoms in the ligand. Generally, in
non-polar media and with monomers typically used in ATRP,
Cu! complexes preferred a tetracoordinate geometry, and
were either ionic as observed in [Cu!(dNbpy),]*[Cu'Br,]~
(CuN,y = 200 A, Cu-Brny = 225 A) and
[Cu'(Me,CYCLAM)|*[Cu'Br,]- (Cu-N,y = 2.06 A,
Cul-Bray = 2.23 /&), or neutral as in [Cu!(PMDETA)Br]

(Cu-N,y = 2.12 A, Cul-Bray = 2.33 A), and [Cul(tNtpy)Br]
(Cul-N,y = 2.03 A, Cul-Bry = 2.29 A). The EXAFS analysis
of Cu''Br, complexes indicated a preference for a coordina-
tion number of five, such as in [Cu"(dNbpy),Br]*[Br]~
(Cu'=N,y = 2.03 A, Cu'-Bray = 2.43 A), [Cu(PMDETA)BI,]
(Cu-Nyy = 2.03 A, Cu''-Br, sy = 2.44 A, Cul'-Br, oy = 2.64 A)
and [Cu’(MegTREN)Br]*[Br]~ (Cu™-N,y = 2.09 A, Cu-Bryy, =
2.39 A), with the exception of the neutral tetracoordinate
[Cul(dNbpy)Br,] (Cul-N,y = 2.02 A, Cul-Bray = 2.36 A),
which has been observed in non-polar media. Additionally,
polar media were found to favor bromide dissociation in
[Cu"(MegTREN)Br|*[Br]~ and [Cu(PMDETA)Br,], as indic-
ated by a decrease in the Br and Cu coordination numbers
at the Cu- and Br-K-edges, respectively.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction and Background

The synthesis of macromolecules with well-defined com-
positions, architectures, and functionalities represents an
ongoing effort in the field of polymer chemistry. Over the
past few years, atom transfer radical polymerization
(ATRP) has emerged as a very powerful and robust tech-
nique to meet these goals.l'"® The basic working mecha-
nism of ATRP (Scheme 1) involves a reversible switching
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Scheme 1. Proposed mechanism for ATRP
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between two oxidation states of a transition metal com-
plex.®7:81 Typically, a copper(r) halide is used in conjunc-
tion with a nitrogen-based ligand (Scheme 2).%10]

Homolytic cleavage of the alkyl halide bond (R—X) by
the Cu' complex generates an alkyl radical R" and the corre-
sponding Cu'! complex. The radical R’ can either (a) propa-
gate with a propagation rate constant k,, by adding across
the double bond of a vinyl monomer, (b) terminate by
either coupling or disproportionation (k), or (c) be reversi-
bly deactivated by the Cu'! complex (kgeaer). Since the posi-
tion of equilibrium is strongly shifted towards the dormant
species (kuor << kgeact), radical termination is suppressed.
As a result of the persistent radical effect,!'':!?! polymers
with predictable molecular weights, narrow molecular-
weight distributions and high functionalities have been syn-
thesized.[!!

Structural and mechanistic studies are crucial in under-
standing this mechanism further and are inherently part of
the future developments of ATRP. Correlation of the cata-
lyst structurel'4~ ] with reaction parameters such as the ac-
tivation and deactivation rate constants?® 24 can lead to a
development of more active catalysts and controlled poly-
merization of less reactive monomers (e.g. vinyl esters).
Furthermore, systematic evaluation of the concurrent reac-
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Scheme 2. Nitrogen-based ligands typically used in copper-mediated ATRP

tions that might occur in ATRP such as radical, monomer
or solvent coordination?! to the active catalysts, as well
as transfer reactions associated with the ligand,?°~2% can
provide much needed information about how to extend
polymerization control to even higher molecular weight
polymers, and generally improve the overall catalytic pro-
cess.

Extended X-ray Absorption Fine Structure (EXAFS)
spectroscopy has been shown to be a powerful technique
for determining the structures of transition metal complexes
in both the solid state and in solution.?*~32 An analysis
of the EXAFS spectrum provides information on the bond
lengths, the coordination number and the nature of the scat-
tering atoms surrounding an excited atom.(3334 In this
paper, we report the results of an EXAFS spectroscopic
study of Cu'Br and Cu"Br, complexes with 4.,4’-bis(5-
nonyl)-2,2'-bipyridine ~ (dNbpy), 4,4’,4"'-tris(5-nonyl)-
2,2":6',2" -terpyridine  (tNtpy), N,N,N',N'',N''-penta-
methyldiethylenetriamine (PMDETA), tris[2-(dimethylami-
no)ethyllamine (MesTREN) and 1,4,8,11-tetramethyl-
1,4,8,11-tetraazacyclotetradecane (Me,CYCLAM) in vari-
ous solvents. The structures reported by EXAFS spec-
troscopy are primarily based on the interatomic distances
around the absorber and their comparison with the struc-
turally isolated and characterized model compounds. Due
to the inherent errors in determination of the coordination
numbers, the reported structures might also represent the
average structures in solution. Therefore the possibility of
the presence of other species that might co-exist in equilib-
rium cannot be excluded.

Eur. J. Inorg. Chem. 2003, 2082—2094 www.eurjic.org

Results and Discussion

Model Complexes

In order to test the applicability and accuracy of EXAFS
spectroscopic analysis in determining the structures of Cu-
Br and Cu"Br, complexes with nitrogen-based ligands, we
have conducted measurements at Cu- and Br-K-edges for a
series of complexes in the solid state for which the molecu-
lar structures are known. Table 1 shows the comparison be-
tween experimental bond lengths from EXAFS measure-
ments at room temperature with distances derived from the
single-crystal X-ray structures of Cu'Br and Cu''Br, com-
plexes with nitrogen-based ligands. Solid-state samples of
[Cul(bpy),]"[ClO4]~ B3 were used to model tetrahedral
complexes, [Cul(Me,TREN)]T[ClIO4]~ B for trigonal-bi-
pyramidal complexes, [Cu'(bpy)Br],P*7! for bridged com-
plexes, and [N(C,Hy),]"[Cu'Br,]~ ¥ for linear Cu! com-
plexes. Additionally, [Cu'(bpy),Br]*[BF,~ [ and
[Cu"Br(MesTREN)]"[Br]~ [ were used as model com-
pounds for trigonal-bipyramidal complexes, whilst [Cu'-
(PMDETA)Br,|*11 and [Cu'(terpy)Br,]l'44?1 were used to
model distorted square-pyramidal Cu'' complexes. As
shown in Table 1, a good agreement has been observed be-
tween the distances determined by EXAFS and X-ray crys-
tallography, confirming the accuracy of the EXAFS analy-
sis.

The corresponding coordination numbers were also de-
termined by iterative fitting. Typically, the error for the co-
ordination number is about 10—15% when the peaks in the
Fourier-transformed spectra are well resolved and separated
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Table 1. Comparison of experimental bond lengths [A] from EXAFS measurements at room temperature with distances in the single-
crystal X-ray structures; coordination numbers were fixed to the crystallographically derived values

Complex Cu—N,y [A] Cu—N,y [A] Cu—Bray [A] Cu—Bray [A]
EXAFS X-ray EXAFS X-ray

[Cul(bpy),]* [CIO,]~ 15! 1.98 2.02

[Cul(Me,TREN)]*[CIO,]~ 6] 2.13 2.16

[Cu(bpy)Bt], &7 2.10 2.09 2.44 2.44

[N(C4H9)4]+[CUIBI’2]7 138] 2.25 2.23

[Cu"(bpy),Br]*[BF,]~ 2.01 2.04 2.41 242

[Cu"Br(Me, TREN)]*[Br]~ 10 2.09 2.11 2.39 2.39

[Cu(PMDETA)Br,]*1 2.09 2.10 2.44,2.64 2.45,2.64

[Cu'(terpy)Br,]“+? 2.02 2.01 2.45 2.49

{e.g. in [Cul(bpy),][ClO4]” CN(N)g, = 3.7, rg = 1.98 A,
CN(N)xray = 4.0, rxray = 1.98 A}. In the case of signifi-
cant overlapping of the peaks, the error in the coordination
number can amount to 30% {e.g. in [Cu''(bpy),Br]*[BF,]~
CN(N)g = 2.7, rie = 2.00 A, CN(N)xrgy = 4.0, Fxray =
2.01 A and CN(Br)s = 0.7, e = 2.40 A, CN(Br)x_ray =
1.0, rx.ay = 2.41 A}. However, the distances determined
either by iterative fitting or fitting with fixed coordination
numbers agree within 1% with the distances measured by
X-ray crystallography. Therefore, since the error range for
the coordination numbers is significantly larger than the
accuracy of the distances, the interpretation of the following
systems is mainly based on the determined distances and
their comparison with the model compounds.

Cu'Br and Cu""Br, Complexes with the dNbpy Ligand

Unsubstituted 2,2'-bipyridine was the first ligand used in
copper-mediated ATRP.®I Alkyl substitutions in the 4- and
4'-positions of the bipyridine ring, such as in dNbpy
(Scheme 2) further improved the solubility of the catalyst in
non-polar media, which resulted in higher conversions with
very low polydispersities.*3! Table 2 shows the summary of
room-temperature EXAFS spectroscopic measurements, in
different solvents, of Cu'Br and Cu'"Br, complexes with the
dNbpy ligand.

The EXAFS spectrum of the Cu'Br complex with 1
equiv. of dNbpy in styrene is well fit using the structural
model in which the Cu' center is coordinated by 3.8 nitro-

Table 2. Structural parameters of Cu'Br and Cu''Br, complexes with dNbpy ligand, determined by EXAFS measurements under ambient

conditions at the Cu- and Br-K-edge; MA = methyl acrylate

Complex® Solvent Backscatt. N r [A] o [A] AE, [eV] k[A] Fit index
Cu'Br/dNbpy styrene Cu—N 3.8 2.01 0.096 18.7 3.8—12.5 27.6
Cu—Br 1.1 2.25 0.078
Br—Cu 0.8 2.24 0.074 21.8 4.1-12.6 27.8
MA Cu—N 3.7 1.99 0.100 13.6 4.0-12.5 29.6
Cu—Br 1.3 2.26 0.090
Br—Cu 1.0 2.26 0.100 18.5 4.3-12.0 19.6
Cu'Br/2dNbpy styrene Cu—N 2.9 2.03 0.105 19.0 4.1-12.0 36.2
Cu—Br 1.4 2.25 0.105
Br—Cu 0.8 2.24 0.087 21.2 4.3-12.5 29.6
MA Cu—N 2.8 2.01 0.100 21.9 4.2-12.5 20.7
Cu—Br 1.3 2.26 0.090
Br—Cu 0.8 2.25 0.100 14.5 4.2-12.0 34.5
Cu!'Br,/2dNbpy MA Cu—N 1.4 2.01 0.071 17.2 4.0-13.7 29.1
Cu—Br 1.5 2.37 0.071
Cu-C 2.0 2.94 0.049
Br—Cu 0.9 2.37 0.059 13.5 4.1-14.0 31.6
toluene Cu—N 1.8 2.03 0.051 15.0 4.1-15.1 20.1
Cu—Br 2.1 2.37 0.074
Cu-C 1.6 2.93 0.049
Br—Cu 1.1 2.35 0.062 18.8 42-14.1 16.5
MeOH Cu—N 2.8 2.03 0.071 17.8 4.2-14.8 27.0
Cu—Br 0.6 2.43 0.063
Br—Cu 0.30 242 0.067 19.4 42-14.1 56.9

[al N = coordination number, r = absorber—backscatterer distance, ¢ = Debye—Waller factor. Inherent errors are approximately 10—30%
for coordination numbers and Debye—Waller factors and 1% for distances.
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www.eurjic.org Eur. J. Inorg. Chem. 2003, 2082—2094



Extended X-ray Absorption Fine Structure Study of Copper(1) and Copper(i1) Complexes

FULL PAPER

gen atoms at a distance of 2.01 A and 1.1 bromine atoms
at a distance of 2.25 A. The results in methyl acrylate are
analogous, indicating similar structural features for the
complex. Furthermore, when 2 equiv. of dNbpy were used
relative to Cu'Br, the average Cu'—N and Cu'—Br distances
did not change significantly, although the coordination
number of nitrogen appears to be lower than in solutions
that contained only 1 equiv. of dNbpy. Taking into account
the inherent error of 10—30% for the coordination numbers
and 1% for the distances, the most plausible species in non-
polar media is the ionic complex [Cul(dNbpy),]"[Cu'Br,] .
The neutral complex [Cu'(dNbpy)Br], can be ruled out
since Cu'—Br bond lengths in Br-bridged Cu' complexes
are typically 2.4—2.5 A (Table 1).71 The average Cu'—N
bond length in the [Cu'(dNbpy),] " cation (2.01 A) is consis-
tent with the average Cu'—N bond lengths in bpy deriva-
tives such as [Cul(bpy),] "[ClO,]~ B (2.021 A), [Cul(6,6'-
Me,-bpy),] " [BF4]~ [4410 (2032 A) and [Cu'(4.4'-Me,-
bpy),]"[Br]~ 31 (2.035 A). Furthermore, the Cu'—Br bond
length in the linear [Cu'Br,]” anion (2.25 A) is similar to
that seen in related complexes such as [N(C4Hg)4]"*-
[Cu'Br,]~ 1381 (2.226 A), [P(C¢Hs)] T[Cu'Br,]~ 401 (2.214 A)
and [Cul(phen),]"[Cu'Br,]~ 47 (2.216 A).
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Figure 1. Comparison of the experimental Fourier transformed
I3y (k) functions at the Br-K-edge of Cu'Br/dNbpy in toluene (solid
line) and [N(C4Hy)4][Cu'Br,] in the solid state (broken lines)

Figure 1 shows the Fourier transformations of the EX-
AFS functions at the Br-K-edge of the Cu'Br/2dNbpy com-
plex in toluene and of [N(C,Ho),]*[Cu'Br,]~ in the solid
state. The similarity of the two spectra further suggests the
presence of [Cu'Br,]~ anions in the Cu'Br/(2)dNbpy com-

plex in non-polar media, which is consistent with the pro-
posed species [Cu'(dNbpy),] "[Cu'Br,] .

We have investigated the complexation between Cu'Br
and dNbpy in non-polar media previously by Electrospray
Ionization Mass Spectrometry (ESI-MS)*8 and EXAFS
spectroscopy.l'>1 ESI-MS spectra of Cu'Br complexed with
1 or 2 equiv. of dNbpy in toluene, methyl acrylate, or styr-
ene showed only the presence of the [Cu'(dNbpy),]* cation
and the [Cu'Br,]~ anion, which is consistent with the pro-
posed species, [Cu'(dNbpy),]"[Cu'Br,] . Furthermore, the
EXAFS analysis at the Cu-K-edge also indicated the pres-
ence of [Cu'(dNbpy),]"[Cu'Br,]". Recently, the molecular
structure of a related bpy-based ATRP active catalyst,
[Cu'(dNEObpy),][Cu'Br,]~  (ANEObpy =  44'-
bis{[dimethyl(neophyl)silyljmethyl}-2,2'-bipyridine) further
confirmed this unusual 1:1 stoichiometry in non-polar me-
dia between Cu'Br and bpy based ligands.!'”]

Taking into account the inherent error in determining the
coordination numbers by EXAFS spectroscopy (10—30%),
[Cu'(dNbpy),] '[Cu'Br,]~ might not be the only complex
present in solution. Consequently, the possibility of more
than one species co-existing in equilibrium cannot be ex-
cluded. Depending on the temperature, solvent polarity,
and the amount of dNbpy, the substitution of Br in
[Cu'Br,]~ by dNbpy may lead to the formation of
[Cu'(dNbpy),] T[Br]~ (Scheme 3).

A similar equilibrium has been proposed earlier for
[Cu'(dNEObpy),] "[Cu'Br,]~.l!'7} Additionally, solvent and
monomer coordination to the Cu' center*” cannot be ruled
out due to the limited sensitivity of EXAFS measure-
ments.[*?l More experimental evidence is therefore needed
to further characterize this system.

The results of the EXAFS spectroscopic analysis of the
Cu'"Br, complex with 2 equiv. of dNbpy in methyl acrylate
(Table 2) indicate that the coordination sphere around the
Cu'! center consists of 1.4 N atoms at a distance of 2.01 A
and 1.5 Br atoms at a distance of 2.37 A (a carbon back-
scatterer was used in the analysis in order to increase the
accuracy of the fit). In toluene, the average Cu—N and
Cu'"Br distances did not change significantly, but the co-
ordination numbers of N and Br increased to 1.8 and 2.1,
respectively. In a more polar solvent, such as methanol, the
coordination number of N increased even further to 2.8,
and that of Br decreased to 0.6. Furthermore, the decrease

Scheme 3. Proposed structures for the Cu'Br/(2)dNbpy complex in (a) non-polar and (b) polar media

Eur. J. Inorg. Chem. 2003, 2082—2094 www.eurjic.org
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in the Br coordination number was accompanied by an in-
crease in the average Cu'—Br bond length from 2.37 to
243 A. In non-polar media such as toluene and methyl
acrylate, the results of the EXAFS spectroscopic measure-
ments are consistent with the neutral complex [Cul
I(dNbpy)Br,] which has been isolated and characterized
previously.[') In the solid state, [Cu'{(dNbpy)Br,] has a dis-
torted square-planar geometry. The Cul! center is coordi-
nated by the two nitrogen atoms of a single dNbpy ligand
(Cu"=Nay = 2.017 A) and to two bromine atoms (Cu''-
Bray = 2.359 A). [Cu''(dNbpy)Br,] undergoes bromide
substitution by dNbpy to form the ionic complex
[Cu'(dNbpy),Br]"[Br]~, which is strongly favored a in
more polar medium such as methanol (Scheme 4).
R

~

(H)I B C)

QN—C\U"‘N O

alc)

R Q-Q
ON/,,,,,,“ ) wBr q p

Cu —‘_—}_ R
N/ g,

Scheme 4. Proposed structures for the Cu'"Br,/(2)dNbpy complex
in (a) non-polar and (b) polar media based on EXAFS measure-
ments

The average Cu'=N (2.03 A) and Cu''-Br (2.43 A)
bond lengths of [Cu'(dNbpy),Br]"[Br]” in methanol, as
determined by EXAFS, are in good agreement with the av-
erage distances in the structurally characterized compounds
[Cull(bpy),Br]*[Br]~ 59 (Cul! =Ny = 2.034 A, Cul!=Br =
2.429 A), [Cu(bpy),Br]*[PF]~ B (Cull =N,y = 2.044 A,
Cu'=Br = 2.467 A) and [Cu'}(dNbpy),Br]*[Cu!Br,]~ 4]
(Cu'=N,y = 2.016 A, Cul'=Br = 2.426 A). Additionally,
as AH and AS for the equilibrium reaction in Scheme 4
were found to be negative, an increase in the temperature
favors formation of the neutral complex [Cu''(dNbpy)Br,].
It was determined that under the typical initial reverse
ATRP conditions [T = 90 °C and total copper(i1) concen-
tration in the range 1.0 X 1072 to 1.0 X 10~! m], the Cul
IBr, complex and 2 equiv. of dNbpy will predominantly
form the neutral complex [Cu''(dNbpy)Br,].['°]

We have previously investigated the complexation be-
tween Cu'Br, and dNbpy in non-polar media, including
monomers that are typically used in ATRP. Based on the
EXAFSI!S and ESI-MSH8 study, we proposed the forma-
tion of a 1:1 complex, [Cu''(dNbpy),Br]"[Cu''Br;]~. The
structure was primarily based on the relative intensities of
the absorbance peaks in the ESI-MS spectra since both
species have, on average, the same atomic distances as de-
rived from the EXAFS measurements. The absence of the
charge in [Cu''(dNbpy)Br,] may be responsible for its weak
intensity. This could consequently lead to the wrong con-
clusion about the most probable structure in solution.

Table 3. Structural parameters of Cu'Br and Cu''Br, complexes with PMDETA ligand, determined by EXAFS measurements under

ambient conditions at the Cu- and Br-K-edge

Complex! Solvent Backscatt. N r [A] o [A] AEy [eV] kA Fit index
Cu'Br/PMDETA MA Cu—N 2.9 2.12 0.114 15.6 4.3-13.6 15.7
Cu—Br 1.2 2.33 0.084
Cu—-C 5.1 2.94 0.120
Br—Cu 1.0 2.32 0.063 19.1 4.2-14.1 19.6
styrene Cu—N 2.7 2.14 0.109 14.5 4.4-13.6 11.4
Cu—Br 1.2 2.33 0.089
Cu—-C 5.9 2.97 0.118
Br—Cu 1.0 2.33 0.063 19.1 4.2-14.1 19.6
toluene Cu—N 2.5 2.10 0.097 19.0 4.5-13.6 27.7
Cu—Br 1.0 2.30 0.091
Cu—-C 6.2 291 0.116
Br—Cu 1.3 2.29 0.097 24.7 4.4-14.9 25.6
MeOH Cu—N 2.8 2.13 0.105 15.6 4.4-14.0 21.4
Cu—Br 1.1 2.35 0.095
Cu—-C 6.0 2.94 0.118
Br—Cu 1.0 2.33 0.093 23.0 42-144 24.7
Cu'Br,/PMDETA toluene/ Cu—N 3.6 2.13 0.099 12.5 4.4-14.0 29.1
MeOH Cu—Br 1.0 2.42 0.084
(4:1 vol.) Cu—-C 7.4 2.99 0.107
Br—Cu 0.5 2.39 0.074 20.7 42-12.0 27.0
MeOH Cu—N 3.1 2.09 0.087 16.5 3.8—15.0 233
Cu—Br 1.1 2.41 0.087
Cu—-C 7.0 2.94 0.107
Br—Cu 0.4 2.39 0.077 13.2 3.8—12.0 21.7
H,O Cu—N 4.0 2.06 0.081 15.3 39-14.8 40.9
Cu—-C 6.0 2.91 0.093

[al N = coordination number, r = absorber—backscatterer distance, ¢ = Debye—Waller factor. Inherent errors are approximately 10—30%
for coordination numbers and Debye—Waller factors and 1% for distances.
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Cu'Br and Cu""Br, Complexes with the PMDETA Ligand

Apart from substituted bipyridines, other linear and cyc-
lic amines were successfully used as ligands in the formation
of ATRP catalysts.’! 331 In particular, commercially avail-
able tridentate PMDETA (Scheme 2) showed a high poten-
tial for the controlled polymerization of a variety of mono-
mers. Typically, the ligand/copper(1) halide ratio used in the
polymerization was 1:1. Shown in Table 3 is a summary of
the room-temperature EXAFS measurements of Cu'Br and
Cu'Br, complexes with 1 equiv. of PMDETA in different
solvents, including monomers typically used in ATRP. The
typical experimental and calculated Fourier transform-
ations of the EXAFS spectra for the Cu'Br/PMDETA and
Cu'Br,/PMDETA complexes are shown in Figures 2 and
3, respectively.

(k) (A

r[A]

Figure 2. Experimental (dotted line) and calculated (solid line)
Iy (k) functions (a) (k range: 3.90—14.0 A~!) and their Fourier
transformations (b) at the Cu-K-edge for Cu'Br/PMDETA in tolu-
ene at room temperature (see Table 3 for fit parameters)

The results of the EXAFS spectroscopic analysis of Cu-
Br/PMDETA in methyl acrylate, styrene, toluene, and
methanol (Table 3) indicate similar structural features for
the complex in these solvents. In all solvents, the EXAFS
data are well fit by a structural model that includes 3.0 ni-
trogen atoms at a distance of 2.12 A and 1.0 bromine atoms
at a distance of 2.33 A.

The average Cu'—N bond length is in agreement with
those in other Cu' complexes with similar nitrogen-based
chromophores.’® Additionally, the Cu'—Br bond length
indicates covalent bonding to the Cu! center. Based on these
results, one structure that is consistent with the EXAFS
analysis is the neutral complex [Cu/(PMDETA)Br]. How-
ever, other structures might also co-exist in equilibrium and
are shown in Scheme 5.

Eur. J. Inorg. Chem. 2003, 2082—2094 www.eurjic.org
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Figure 3. Experimental (dotted line) and, calculated (solid line)
I3y (k) functions (a) (k range: 3.80—14.1 A~') and their Fourier
transformations (b) at the Cu-K-edge for Cu''Bro,/PMDETA in
toluene/methanol mixture (80%/20% v/v) at room temperature (see
Table 3 for fit parameters)
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Scheme 5. Proposed structures for the Cu'Bi/PMDETA complex

Based on the solvent polarity and temperature, the dis-
sociation of bromide could lead to the formation of the
ionic complex [Cu'(PMDETA)]*[Br]". The coordinatively
unsaturated [Cu'(PMDETA)]" cation can be further coor-
dinated by solvent (S) or monomer leading to the formation
of [Cul(PMDETA)(S)]*[Br]~ and [Cu!(PMDETA)(M)]*-
[Br]™, respectively. We were recently able to isolate and
structurally  characterize [Cu'(PMDETA)(rn-styrene)]* -
[BPhy]~ and [Cu(PMDETA)(r-MA)]"[BPh,]~ which
model the monomer coordination to [Cu/(PMDETA)]*.[57
The monomer coordination occurred via n-bond formation,
with a significant contribution from Cu' n-back donation,
as manifested in the strong shielding of the vinyl protons.
Similar coordination has also been observed previously in
[Cul(dien)(n-1-hexene)] "[BPhy]~ (dien = diethylenetri-
amine).’®! A more detailed characterization of the Cu'Br/
PMDETA catalytic system in ATRP is under investigation.

Room temperature EXAFS measurements of the Cu'Br,
complex with 1 equiv. of PMDETA are shown in Table 3.
The study was limited to relatively polar media, due to the
poor solubility of the complex in typical non-polar ATRP
solutions.
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In a toluene/MeOH mixture (4:1 vol.), the EXAFS spec-
trum was fit reasonably well by assuming that the Cu'l
center is coordinated by 3.6 nitrogen atoms at a distance of
2.13 A and 1.0 bromine atoms at a distance of 2.42 A. In
more polar methanol, the average Cu™=N and Cu""'—Br
bond lengths did not change significantly. On the other
hand, the EXAFS spectrum in H,O indicated the absence
of a Cu'—Br bond, which was also confirmed by measure-
ments at the Br-K-edge. The structure of the Cu""Br, com-
plex with 1 equiv. of PMDETA has been recently reported.
In the solid state, the complex exists as [Cu'(PMDET-
A)Br,] with a distorted square-pyramidal coordination
sphere.!'*l The Cu'' center is coordinated by three nitrogen
atoms of the PMDETA ligand (Cu"™=N,y = 2.098 A) and
two bromine atoms (Cu'~Bray = 2.545 A). The Cull—Br
bond length in the apical position (2.644 A) is much longer
than the Cu"—Br bond length in the basal position (2.446
A). This was attributed to the relatively small energy differ-
ences between the trigonal bipyramidal and square-pyrami-
dal geometries of pentacoordinate Cu'' complexes. The av-
erage Cu''—N bond lengths determined by EXAFS spec-
troscopy in toluene/MeOH (2.13 A), MeOH (2.09 A) and
H,O (2.06 A) are in good agreement with the average
Cu'-N bond length in [Cu(PMDETA)Br,] (2.098 A).
However, the average Cu''—Br bond lengths in toluene/
MeOH (2.42 A) and McOH (2.41 A) are inconsistent with
the average bond length in [Cu(PMDETA)Br,] (2.545 A).
Taking into account the coordination number of Br at the
Cu- and Br-K-edges, the structural features of the Cu''Br,
complex with PMDETA determined by EXAFS can
be explained in terms of bromide dissociation from
[Cu(PMDETA)Br,]. In toluene/MeOH and MeOH,
the EXAFS data  suggest the presence of
[Cu"(PMDETA)Br] *[Br]*. In H,O, additional dissociation
of bromide could result in the formation of
[Cu'(PMDETA)**[Br], . Since Cul' complexes prefer a
pentacoordinate geometry,*®! the vacant coordination sites
in [Cu(PMDETA)Br]*[Br]~ and [Cu'(PMDETA)]**-
[Br],~ are likely to be occupied by solvent molecules
(MeOH or H,0) (Scheme 6).

{\‘ /§® / \ | o2
N o o
S = solvent /N\Clﬂl/N\Br S N~ Loy N-_ 28"
A [N
Br' 3 g

Scheme 6. Proposed structures for the Cu'Bro,/PMDETA complex
in (a) non-polar and (b) polar media based on EXAFS measure-
ments
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This has been demonstrated in the solid state with X-ray
studies of the structures of the related complexes
[Cu"(PMDETA)H,O)?*[ClO4,~ B and  [Cu'-
(PMDETA)(H,0),]*"[BF4], .1 The replacement of bro-
mide via n-bond formation with a monomer is less likely to
occur with Cul! complexes because the binding constants
are typically very low.[°] However, substitution can poten-
tially occur with functionalized olefins because they can ad-
ditionally coordinate to the Cu'l complexes via functional
groups (S, O, N etc.).l6%

Dissociation of halide anions from Cu'' complexes has
been the subject of numerous investigations.[®3~ %3 The equi-
librium constants were found to strongly depend on the
temperature and polarity of the reaction medium. Further-
more, polar and protic solvents such as MeOH and H,O
were found to favor halide anions dissociation, an obser-
vation which was most likely due to solvation effects. High
values of the equilibrium constant for halide dissociation
from [Cu™(L)—X]" (X = Br~ or Cl") complexes could ex-
plain the fast ATRP reactions in polar media. The halide
dissociation from [Cu(L)—X]" shifts the position of the
ATRP equilibrium (see Scheme 1), resulting in an increase
in radical concentration. Our recent measurements deter-
mined that the equilibrium constant for bromide dis-
sociation from [Cu(PMDETA)Br,] in H,O at room tem-
perature was K = 0.18 mol-L~'.1%¢] Using this value, one
can estimate that under typical conditions of the EXAFS
experiment  (room  temperature,  [CullBr,], =
[PMDETA], = 0.05 m) approximately 80% of the Cu''Br,/
PMDETA complex in H,O contains dissociated bromide
anions. This further supports the results of the EXAFS
analysis and structures proposed in Scheme 6. A more de-
tailed study of the effect of halide dissociation from other
ATRP active Cu'" complexes is currently being carried out.

Cu'Br and Cu""Br, Complexes with the Me,TREN Ligands

Tris[2-(dimethylamino)ethylJamine (MesTREN, Scheme 2)
is a tetradentate nitrogen-based ligand that has been suc-
cessfully used in ATRP. Typically, the ligand/Cu'Br ratio
was 1:1. This catalytic system showed a very high activity,
enabling fast and controlled polymerization of methyl acry-
late at ambient temperature.’?! The results of EXAFS
measurements of Cu'Br and Cu'Br, complexes with
MesTREN in different solvents are summarized in Table 4.

The Cu-K-edge EXAFS spectrum of the Cu'Br complex
with 1 equiv. of MesTREN in styrene can be best modeled
by assuming that the coordination sphere around the Cu!
center is occupied by 3.0 nitrogen atoms at a distance of
2.15 A and 1.2 bromine atoms at a distance of 2.33 A. The
results in methyl acrylate and toluene (Figure 4) are anal-
ogous, indicating similar structural features of the complex
in those solvents.

Taking into account the 18-electron rule and the tetra-
dentate nature of MesTREN, one would expect that the
most probable structure of the Cu'Br/Me,TREN complex
in solution would be [Cu'(Me,TREN)]"[Br]~. The average
Cu'—l\] bond lengths in styrene (2.15 A), methyl acrylate
(2.15 A) and toluene (2.14 A) are in agreement with the
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Table 4. Structural parameters of Cu'Br and Cu''Br, complexes with MesTREN ligand, determined by EXAFS measurements under

ambient conditions at the Cu- and Br-K-edge; MA = methyl acrylate

Complex!? Solvent Backscatt. N r[A] o [A] AEy [eV] kA Fit index
Cu'Br/MesTREN styrene Cu—N 3.0 2.15 0.114 14.8 4.2—15.6 15.4
Cu—Br 1.2 2.33 0.080
Cu—-C 4.0 2.95 0.105
r—Cu 1.0 2.32 0.071 19.1 3.6—14.0 17.1
MA Cu—N 2.8 2.15 0.110 15.3 42-154 12.3
Cu—Br 1.1 2.33 0.077
Cu—-C 5.9 2.94 0.116
Br—Cu 1.0 2.32 0.077 18.6 4.2—13.1 14.6
toluene Cu—N 2.8 2.14 0.100 18.6 4.2—14.6 20.8
Cu—Br 1.3 2.31 0.084
Cu—-C 5.4 2.91 0.118
Br—Cu 1.2 2.31 0.086 21.8 3.8—14.0 18.0
Cu'"Bro/MesTREN MeOH Cu—N 3.2 2.13 0.100 18.8 4.2—15.0 19.9
Cu—Br 1.4 2.38 0.081
Cu—-C 8.7 2.94 0.114
Br—Cu 0.9 2.38 0.087 14.8 4.1-144 32.0
H,O Cu—N 4.1 2.06 0.105 21.1 4.4-13.0 314
Cu—Br 0.30 242 0.074
Cu—-C 8.0 2.89 0.105
Br—Cu 0.0

[al N = coordination number, r = absorber—backscatterer distance, c = Debye—Waller factor. Inherent errors are approximately 10—30%
for coordination numbers and Debye—Waller factors and 1% for distances.
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Figure 4. Experimental (dotted line) and, calculated (solid line)
k3y(k) functions (a) (k range: 4.20—14.6 A=) and their Fourier
transformations (b) at the Cu-K-edge for Cu'Br/MesTREN in tolu-
ene at room temperature (see Table 4 for fit parameters)

previously characterized complex [Cu'(MesTREN)]*-
[CIO4]™ (2.161 A).3¢ However, the coordination number of
N appears to be rather low for the tetradentate Mes TREN
ligand. Additionally, the presence of a Br backscatterer in
the spectrum of the Cu-K-edge indicates covalent bonding
to the Cu! center. This evidence contradicts the presence of
the solely ionic species [Cu'(MegTREN)]"[Br] .
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The presence of a Cu'—Br absorbance in the EXAFS
spectrum of Cu!Br/MesTREN could suggest the presence
of linear [Cu'Br,]~ anions, as described earlier in the case
of [Cu'(dNbpy),] "[Cu'Br,]~. However, the average Cu'—Br
bond lengths in styrene (2.33 A) methyl acrylate (2.33 A)
and toluene (2.31 A) appear to be longer than the Cu'—Br
bond length in other Cu' complexes with [Cu'Br,]~ anions
(2.206—2.232 A).[17:384647] The elongation of the Cu!'—Br
bond in [Cu!Br,]~ anions is possible, but was not observed

in the structurally related complex
[Cu'(HMTETA)]*[Cu!Cl,]- (HMTETA = 1,1,4,7,10,10-
hexamethyltriethylenetetramine), in which the Cu'—Cl

bond length was found to be similar to those seen in other
Cu' complexes with linear [Cu'Cl,]~ anions.[*!

The structure of the Cu'Br/Mes,TREN complex consist-
ent with the EXAFS analysis is likeley to be the neutral
[Cu'(MecTREN)Br] (MesTREN' denotes a tricoordinate
MegTREN). Similar structures were proposed earlier for
copperl®l and cobalt® complexes with the Me,TREN li-
gand in order to explain the kinetics of ligand substitution
reactions. Furthermore, the dissociation of one “amine”
arm in Cu'' complexes with other tetradentate nitrogen-
based ligands has also been reported.[¢°-70]

Due to the sensitivity of EXAFS measurements, inherent
errors in coordination numbers (10—30%), and also the
possibility of the co-existence of more than one species in
equilibrium means that all complexes discussed above could
be present in solution. The proposed structures are shown
in Scheme 7. More experimental evidence is needed to con-
firm the proposed structures, relative proportions of each
species and more importantly their activity in the Cu'Br/
MesTREN catalytic system in ATRP.

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2089



FULL PAPER

T. Pintauer, U. Reinohl, M. Feth, H. Bertagnolli, K. Matyjaszewski

Scheme 7. Proposed structures for the Cu'Br/MegTREN complex

Room-temperature EXAFS data for the Cu"Br, complex
with 1 equiv. of MesTREN are summarized in Table 4. In
methanol, the EXAFS spectrum of the Cu-K-edge (Fig-
ure 5) was reasonably well fit using the structural model
that includes 3.2 nitrogen atoms at a distance of 2.13 A and
1.4 bromine atoms at a distance of 2.38 A. These data are
consistent with [Cu'(MesTREN)Br]"[Br]~ which was
isolated and characterized previously.[4"]
[Cu'(Me,TREN)Br]*[Br]™ has a distorted trigonal-bipyr-
amidal geometry. The Cu'! center is coordinated by 4 nitro-
gen atoms of the Me,TREN ligand (Cu" =Ny = 2.116 A)
and 1 bromine atom (Cu"—Br = 2.393 A). As indicated in
Table 4, there is a significant decrease in the coordination
number of Br in the more polar H,O. This result points to
the bromide dissociation as discussed previously in the case
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Figure 5. Experimental (dotted line) and_ calculated (solid line)
I3y (k) functions (a) (k range: 4.00—14.2 A~ ) and their Fourier
transformations (b) at the Cu-K-edge for Cu''Bro/Me,TREN in
methanol at room temperature (see Table 4 for fit parameters)
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of [Cu''(PMDETA)Br,].
shown in Scheme 8.
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Scheme 8. Proposed structures for the Cu'"Br,/MesTREN complex

The vacant coordination site in
[Cu(Me,TREN)J>*[Br],~ is most likely occupied by the
solvent molecule (H,O or MeOH), as demonstrated in the
structurally related complex [Cu"(MesTREN)-
(H>0)?"[ClOy4), .’ The equilibrium constant for the dis-
sociation of Br~ from the [Cu(Me,TREN)Br]" chromo-
phore has been determined spectrophotometrically in
H,0.193:64 Under typical EXAFS conditions ([Cu''Br,], =
[MesTREN], = 0.05 M), the equilibrium constant of 0.23
mol-L~! would indicate that approximately 85% of the
complex has dissociated with formation of bromide anions.
This further supports the results of the EXAFS analysis
and structures proposed in Scheme 8.

Cu'Br Complexes with the Me,CYCLAM and tNtpy
Ligands

The substituted terpyridine (tNtpy)’! and cyclic tetra-
dentate amine (Me,CYCLAM)P?l were also used in the
ATRP of various monomers (Scheme 2). The polymeriz-
ation of methyl acrylate and styrene catalyzed by Cu'Br/
tNtpy was controlled and the resultant polymers had rela-
tively low polydispersities (M, /M, < 1.2). ATRP using
Cu'Br/Me,CYCLAM resulted in fast and uncontrolled
polymerizations, which was attributed to a low deactivation
rate constant.['*7%73] Table 5 shows the summary of EX-
AFS-determined structural data for Cu'Br complexes with
the tNtpy and Me,CYCLAM ligands.

The Cu-K-edge EXAFS spectrum of the Cu'Br/Me,CY-
CLAM complex in methyl acrylate (Figure 6) is well fit
using the structural model in which Culois coordinated by
3.8 nitrogen atoms at a distance of 2.06 A and 1.7 bromine
atoms at a distance of 2.23 A. In a more polar medium
(MA/MeOH = 3:1, v/v), the signal due to the coordinated
bromine atoms disappears and only nitrogen backscatterers
are visible in the FT Cu-K-edge EXAFS spectrum. The av-
erage Cu'—N bond lengths for the Cu'Br/Me,CYCLAM
complex in methyl acrylate (2.06 A) and methyl acrylate/
MeOH (3:1, v/v) (2.05 A) are shorter than the average

Cu'-N bond lengths in the related complexes
[Cu'(HMTETA)]*[Cu'Cly]~ (Cu'=Nuy = 2.111 AP and
[Cu'(MeTREN)'[CIO,]~ (Cu'~Nyy = 2161 A).7% The

shortening of the average Cu'—N bond length in Cu'Br/
Mey,CYCLAM could be due to the steric strain imposed by
the cyclic Me4,CYCLAM ligand as described in the litera-
ture.l’>761 Copper(1) complexes with Me,CYCLAM are
therefore expected to adopt a square-planar geometry as
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Table 5. Structural parameters of Cu'Br complexes with Me;CYCLAM and tNtpy ligands, determined by EXAFS measurements under
ambient conditions at the Cu- and Br-K-edge; MA = methyl acrylate

Complex® Solvent Backscatt. N r[A] o [A] AE, [eV] kA Fit index
Cu'Br/ MA Cu—N 3.8 2.06 0.112 17.0 4.2-11.6 49.7
Cu—Br 1.7 2.23 0.114
Cu—-C 4.1 2.93 0.114
Me,cyclam MA/ Cu—N 4.1 2.05 0.093 16.4 42-134 37.3
MeOH Cu—-C 3.0 2.83 0.104
(3:1 vol.) Cu—-C 4.0 3.44 0.094
Cu—Br 0.0
Cu'Br/tNtpy MA Cu—N 2.7 2.03 0.099 12.6 3.9-14.9 329
Cu—Br 1.0 2.29 0.101
Cu—-C 3.1 2.94 0.102
styrene Cu—N 2.6 2.03 0.114 17.6 4.0-11.1 27.6
Cu—Br 0.7 2.29 0.081
Cu—-C 29 2.96 0.102
Br—Cu 0.9 2.29 0.102

[al N = coordination number, r = absorber—backscatterer distance, c = Debye—Waller factor. Inherent errors are approximately 10—30%
for coordination numbers and Debye—Waller factors and 1% for distances.
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Figure 6. Experimental (dotted line) and calculated (solid line)
I3y (k) functions (a) (k range: 3.90—14.9 A~!) and their Fourier
transformations (b) at the Cu-K-edge for Cu'Br/Me,CYCLAM in
methyl acrylate at room temperature (see Table 5 for fit parameters)

opposed to tetrahedral and square-pyramidal structures
observed in [Cu'(HMTETA)]"[Cu'Cl,]~ and
[Cu'(MecTREN)|"[CIO4]~, respectively. The average
Cu'—Br bond length and coordination number of Br in
Cu'Br/Me,CYCLAM in methyl acrylate are consistent with
Cu' complexes containing [Cu'Br,] ™~ anions (2.206—2.232
A).[17:38.46.47] Qimilar to Cu'Br/MesTREN discussed earlier,
the EXAFS results of Cu'Br/Me,CYCLAM in methyl acry-
late are consistent with [Cu'(Me,CYCLAM)]"[Cu'Br,]". In
more polar media, the complex predominantly exists as

Eur. J. Inorg. Chem. 2003, 2082—2094 www.eurjic.org

[Cu'(Me,CYCLAM)]"[Br]~ (Scheme 9). The 1:1/2 stoichi-
ometry in [Cu'(MesCYCLAM)|*[Cu'Br,]~ indicates the
presence of free Me,CYCLAM in the ATRP system since
the catalyst is typically prepared by mixing Cu'Br with an
equimolar amount of Me;CYCLAM. Consequently, the
free ligand can participate in chain transfer reactions which
limit the control of the polymerization at higher molecular
weights, as observed previously in the case of
PMDETA .[26:27]

The EXAFS-determined structural data of the Cu'Br
complex with tNtpy (Table 5) in methyl acrylate indicate
that the coordination sphere around the Cu' center is occu-
pied by 2.7 nitrogen atoms at a distance of 2.03 A and 1.0
bromine atoms at a distance of 2.29 A. The coordination
numbers and distances in styrene indicate similar structural
features of the complex. The EXAFS data in methyl acry-
late and styrene are consistent with the neutral complex
[Cul(tNtpy)Br]. However, as discussed earlier in the case of
the Cu'Br complex with tridentate PMDETA, other species
might co-exist in equilibrium. The proposed structures are
shown in Scheme 9, and are subject to further investigation.

The structures of the Cu'"Br, complexes with tNtpy and
Me,CYCLAM in solution, although not investigated by
EXAFS, are expected to be similar to the complexes with
PMDETA and MesTREN as discussed above. In the solid
state, the Cu''Br, complex with tNtpy exists as neutral
[Cu'(tNtpy)Br,].l'4l The Cu'" center has a distorted square-
bipyramidal geometry and is coordinated by 3 nitrogen
atoms of the tNtpy ligand (Cu"—Nuy = 2.027 A) and 2
bromine atoms (Cu"'—Br,y = 2.467 A). Analogous to the
molecular structure of [Cu'(PMDETA)Br,], the Cu''—Br
bond in the apical position (2.528 A) was found to be
longer than the Cu''—Br bond in the basal position (2.407
A). Moreover, the Cu""Br, complex with Me;,CYCLAM has
been isolated as ionic [Cu"(Me,CYCLAM)Br]"[Br] .['4
The Cu'! center in the complex is distorted square-pyrami-
dal with the average Cu™=N and Cu’—Br bond lengths
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Scheme 9. Proposed structures for the (a) Cu'Br/tNtpy and (b) Cu'Br/Me,CYCLAM complexes

being 2.087 and 2.809 A, respectively. The complex is ex-
pected to undergo bromide substitution in polar media such
as H,O and MeOH, similar to the previously discussed
PMDETA- and MesTREN-based complexes.

Conclusions

In summary, EXAFS has been used to investigate the
structural features of Cu'Br and Cu''Br, complexes with
dNbpy, PMDETA, MesTREN, tNtpy, and Me,CYCLAM
in various solvents, including styrene and methyl acrylate
which are monomers typically used in ATRP. The struc-
tures reported by EXAFS were primarily based on the in-
teratomic distances around the absorber, due to the in-
herent error in the coordination numbers. In non-polar me-
dia, the EXAFS spectroscopic analysis of the Cu'Br com-
plex with dNbpy at room temperature indicated the
presence of [Cu'(dNbpy),]*[Cu'Br,]~ {Cu'=N,y = 2.01 A
(styrene), 1.99 A (MA), Cu'—Bruy = 2.25 A (styrene), 2.26
A (MA)}. In polar media, such as MeOH,
[CuI(dNbpy)2]+[Br]: was  the  preferred  species
(Cu'=Njpy = 2.01 A). Similarly, the EXAFS spectra of the
Cu'"Br, complex of dNbpy in nonpolar and polar media
were consistent with the presence of [Cu''(dNbpy)Br,]
{Cull=Npy = 201 A (MA), 2.03 A (toluene),
Cul'-Bryy = 237 A (MA), 237 A (toluene)} and
[Cu'(dNbpy),Br]"[Br]~ {Cu""=N,y = 2.03 A (MeOH),
Cu'"—Brpy = 2.43 A (MeOH)}, respectively. The EXAFS-
determined structural data of Cu'Br complexes with the tri-
dentate ligands PMDETA and tNtpy in methyl acrylate
indicated the presence of neutral [Cul(PMDETA)Br]
(Cu'=N,uy = 2.12 A Cu! —Bray = 2.33 A) and [Cu-
(tNtpy)Br] (Cu'—N,y = 2.03 A, Cu! —Bray = 2.29 A),
respectively. The coordination numbers and distances indi-
cated similar structural features to those of the complexes
in toluene and styrene. The results of the EXAFS analysis
of the Cu'Br/MesTREN complex in methyl acrylate, styr-
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ene, and toluene were well fit by a structural model that
included 3 nitrogen atoms at a distance of 2.15 A and 1
bromine atom at 2.32 A, which potentially indicated the
presence of several species namely [Cul(MesTREN)]*[Br] ™,
[Cu'(MecTREN)]"[Cu'Br,]~, and [Cu'(MesTREN')Br]
(MesTREN' denotes a tricoordinate MesTREN). The de-
crease in the coordination number of N was not observed
in the Cu'Br complex with tetradentate Me,CYCLAM,
which in a non-polar medium such as methyl acrylate, pre-

dominantly exist as [Cu(Me,CYCLAM)]*[Cu'Br,]~
(Cu'=Nay = 2.06 A, Cu'=Bray = 2.23 A). In more
polar media, the structure changed to

[Cul(Me,CYCLAM)][Br]~ (Cul-Njy = 2.05 A). Ad-
ditionally, the Cu''Br, complexes with PMDETA and
Me¢TREN, namely [CuH(PMDETA)Brz] (Cu"=Npy =
209A Cu'=Br| oy = 244A Cul'=Br, oy = 264A)dnd
[Cu'(MegTREN)Br]“[Br]~  (Cu~=Ny, = 209 A,
Cu"—Brpy = 2.39 A), respectively, were found to undergo
bromide dissociation in MeOH and H,O, as indicated by a
decrease in the Br/Cu coordination number the latter being
determined by analysis of the EXAFS spectra at the Cu-
and Br-K-edges.

Experimental Section

Materials: Cu'Br (99.999%), Cu''Br, (99.999%), Cu'(CF;SOs),
(99%), and [N(C4Ho)4]"[Br]~ (98%) were purchased from Aldrich
and used as received. N,N,N',N'',N''-Pentamethyldiethylenetriam-
ine (PMDETA) (99%, Aldrich) was distilled under nitrogen. 2,2’-
Bipyridine (99%, Aldrich) was recrystallized from methanol. Tris[2-
(dimethylamino)ethylJamine (MesTREN)7”! and 4.,4’-bis(5-nonyl)-
2,2'-bipyridine (dNbpy)’®! were prepared according to literature
procedures. All solvents were distilled and deoxygenated prior to
use. Unless otherwise noted, experiments were performed under
nitrogen in a dry box or using a Schlenk line. Elemental analyses
for C, H, and N were performed by Chemisar Laboratories Inc.,
Guelph, Ontario, Canada.
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Model Compounds: [Cul(bpy),]"[CIO4] B [Cul(bpy)Br,],?"]
[N(C4Ho)4] " [Cu'Br,] B8 [Cul(terpy)Br,],[14421 [Cu!'(Me,TREN)-
Br]*[Br] 7B [Cu(PMDETA)Br,],*!1 and [Cu!(dNbpy)Br,]!¢!
were  synthesized according to literature  procedures.
[Cu(dNbpy),Br]"[Y]™ (Y = Br~, PFs, and CF3;SO;™) were
prepared in CH;CN according to the procedures for
[Cu'!(bpy),Br]*[Br]~,> [Cu"!(bpy),Br]*[PFg] > and
[Cu(bpy),Br]"[CF3SO;]~ ! but using dNbpy instead of bpy.

EXAFS Measurements and Data Analysis: The EXAFS measure-
ments of the samples were performed at the beamline 2—3 at the
SSRL, a division of SLAC, which is operated by Stanford Univer-
sity (USA). For the measurements at the Cu- K-edge (8982.5¢V)
and Br-K-edge (13474.0eV) an Si(111) double crystal mono-
chromator was used. A synchrotron beam current up to 100 mA
was used (electron energy 3.00 GeV). All experiments were carried
out under ambient conditions. The tilt of the second monochroma-
tor crystal was set to 30% harmonic rejection. Energy resolution
was estimated to be about 2 eV for the Cu-K-edge and 4 eV for
the Br-K-edge. Data were collected in transmission mode with ion
chambers. All ion chambers were filled with nitrogen in the case of
the measurements at the Cu-K-edge, and the second and third
chamber with argon in the case of the measurements at the Br-K-
edge. Energy calibration was performed with the corresponding
metal foils in the case of Cu, and lead metal foil (Pb Lyj-edge) in
the case of Br. The samples in the solid state were embedded in a
polyethylene matrix and pressed into pellets. Liquid samples were
measured in a specially designed transmission sample cell for
liquids which was filled under nitrogen. The concentration of all
samples was adjusted to yield an absorption jump of Ap = 1.5.
Data evaluation started with background absorption removal from
the experimental absorption spectrum by subtraction of a Victo-
reen-type polynomial. The background-subtracted spectrum was
then convoluted with a series of increasingly broader Gauss func-
tions and the common intersection point of the convoluted spectra
was taken as the energy E,.%%8!l To determine the smooth part of
the spectrum, corrected for pre-edge absorption, a piecewise poly-
nomial was used. It was adjusted in such a manner that the low-R
components of the resultant Fourier transformation were minimal.
After division of the background-subtracted spectrum by its
smooth part, the photon energy was converted into photoelectron
wave numbers k. The resultant EXAFS function was weighted with
k3. Data analysis in k space was performed according to the curved
wave multiple scattering formalism of the program EXCURV92
with XALPHA phase and amplitude functions.®”! The mean free
path of the scattered electrons was calculated from the imaginary
part of the potential (VPI was set to —4.00) and an overall energy
shift (AE,) was assumed. The Amplitude Reduction Factor
(AFAC) was set to a value of 0.8 in the case of the Cu-K-edge as
well as the Br-K-edge. The fitting of the spectra at the Cu-K-edge
was typically performed by using Br and N backscatterers. For
some complexes, a C backscatterer was also used in order to im-
prove the accuracy of the fit.
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