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ABSTRACT: TheN,NN',N',N"-pentamethyldiethylenetriamine (PMDETA) ligand, commonly used in copper-
catalyzed atom transfer radical polymerization (ATRP), is known to have an inhibitive effect on the kinetics of
the ATRP of alkyl acrylate monomers due to the chain transfer reaction involving the ligand species. However,
the exact chemical nature of the ligand radicals resulting from the chain transfer reaction and other reactions that
the ligand radicals may undergo subsequently are presently unknown, making it difficult to establish the precise
reaction mechanism of the copper/PMDETA-based ATRP of alkyl acrylate monomers. In an effort to gain a
better understanding of the chemistries and reactions of the PMDETA species in the ATiRfRitgf acrylate,

we conducted (i) experimental measurements to determine how changes in PMDETA concentration influence
the ATRP kinetics and the molecular properties of the product, (ii) electron density functional theory (DFT)
calculations to identify probable pathways for reactions involving the PMDETA ligand, and (iii) fitting of the
experimental data obtained from (i) to a kinetic model derived on the basis of the reaction feasibility analyses
from (ii) to test the validity of the proposed ATRP mechanism. The results suggest that (a) the proton abstraction
from the PMDETA ligand occurs predominantly at a specific site of the molecule, (b) once generated, the ligand
radical is unlikely to be involved in any further reaction, and (c) there appears to exist a disparity in the reactivity
of PMDETA toward chain transfer reactions between the free and copper-bound states.

1. Introduction adopted over the aromatic ligands for synthesis of model

Atom transfer radical polymerization (ATRP) involves an Polymers using ATRP.
equilibrium between dormant (halide-terminated) and active  The roles that the ligand molecules play in the ATRP
(radical) species that is typically heavily biased toward the chemistry were originally believed to be limited to the solubi-
inactivated state of the growing polymer species, enabling the lization of the transition metal and the adaptation of the redox
effectively termination-free addition of monomers to the ends potential of the metal catalyst for ATRP without explicitly
of growing chains:? The transformation between the dormant participating in the ATRP reactioffisRecently, experimental
species and active radical is catalyzed through a reversible halidesvidence has emerged that a chain transfer reaction (which
transfer between the growing chain and a transition metal (suchinvolves the transfer of a proton from some species to the active
as copper) which undergoes the corresponding change in itSchain) exists in the ATRP of alkyl acrylate monomers using
oxidation staté:* By far the most common ATRP reactions are  the PMDETA ligand; Kubisa and co-workers’ matrix-assisted
performed utilizing monomers themselves or with added organic |aser desorption/ionization time-of-flight (MALDI-TOF) mass
solvent as the reaction medium, and the use of such nonpolargpectroscopy analyses of the ATRP-synthesized festyiguty!
reaction media necessitates the complexation of the transitionacry|ate) (PtBA) showed that the bromide(Br)-terminated dor-
metal catalyst with a ligand molecule in order to ensure mant ptBA chains are gradually converted to H-terminated
sufficient solubilization of the catalyst in the reaction mixture. nonpropagatable (dead) PtBA chains with the progress of the
Nitrogen-pased ligands have been most commonly used, for ATRpP reaction to a degree that cannot be explained by the
instance, in copper-based ATRRnd the two common types  ¢qnyentional four-component (i.e., initiation, equilibrium, propa-
of nitrogen ligands are (i) aromatic compounds containing Sp- gation, and termination) ATRP reaction mechanfsRegarding
hybf'd'zed,”'Ffog.eF‘ atoms a’va_llable in the fOFm 91'&_FN_R2 the preferred mechanism for the observed chain transfer,
(§uch as 2.,2b|pyr|d|ne and 4,4QI(§-nonyI)-2,2—b|pyr|d|ne) and different explanations have been proposed; on the basis of
(ii) aliphatic substances containing?sgitrogens in the form of combined gel permeation chromatography (GPC) and viscosity

Ri1—NR2—Rj3 (such ad\,N,N',N',N""-pentamethyldiethylenetri- measurements on the ATRP ;
; NN N . -prepared poly(butyl acrylate), it
amine (PMDETA) andN,NN,N'N',N"-hexamethytriethyltet has been suggested that the radical is likely transferred to a

ramine)®> Compared to their aliphatic counterparts, aromatic polymeri® however, this tentative explanation contradicted

N-baggd ligands in .general allpw be.tter solgbmzatlon O.f the further MALDI-TOF examination of low molecular weight poly-
transition metal salt in the low-dielectric organic solvent (likely kvl | | d usina the PMDETA-based
due to the bulkier nonpolar moieties), and they usually induce (alkyl acry a;e) polymers prepared using the -base

' ATRP techniques, which did not detect any branched polymer

a higher oxidation potential of the complexed metal center, roduct (which would contain more than one bromide atoms
leading to a greater tendency toward radical deactivation in the P : . L - )
per chain), leading to a more convincing speculation that chain

atom transfer equilibrium and therefore slower overall polym- :

erization rate§.8 Mainly because of the advantage of achieving transter t‘;ﬁmDETA oceurs ;n r’:h_e 'tATRFf) OI atlrlfyll_acryc:ar:e

a faster polymerization without causing any significant broaden- Bwonorfnetrh. € occE[Jr:jence orc amtl ratr:s E.r Ot' eligan ats

ing of the molecular weight distribution of the product, aliphatic €en urther supported more recently by KINElc expenments

nitrogen ligands such as PMDETA have been more frequently performed by Matyjaszewski and co-workers that demonstrate
increased retardation of polymerization with increasing PM-

*To whom correspondence should be addressed. E-mail: yywon@ DETA concentration in the bulk homogeneous ATRRdifutyl
ecn.purdue.edu. acrylate (nBA)!2
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Although the previous MALDI-TOF results unambiguously used as received. All other chemical reagents were used without
establish that the radical transfer to the PMDETA ligand yields further purification after purchase.
an inactive ligand product that does not reinitiate chatribe 'H NMR (300 MHz) spectroscopy measurements were performed
exact chemical nature of the ligand product and its fate for the USing @ Bruker ARX300 spectrometer available at the Purdue
remaining period of polymerization remain unexplored. Detailed !Ntérdepartmental NMR Facility, and all NMR spectra were taken

. i i : ._at room temperature from ca. 0.1% (w/w) polymer solutions in
understanding of the chemistries and rgactlons that thg speme DCl;. GPC measurements were carried out using a Water Breeze
produced bY the ligand tra}ngfer reactu?n W°“'9' entail is an HPLC system consisting of an HPLC pump, two Phenogel columns
important missing element in incorporating the ligand transfer o o 4 and 0.05:m pore sizes, and a differential refractometer.
phenomenon into the overall mechanism of the ATRP of nBA Tetrahydrofuran (THF) was used as the eluent at a flow rate of 1
and thus in establishing a polymerization reaction model for mL/min at 30°C. The correlation between the elution time and the
predicting the product properties (such as average molecularpolymer molecular weight was predetermined using polystyrene
weights and molecular weight distributions) in relation to the molecular weight standards.

polymerization conditions. In this report, we discuss the
mechanistic details concerning the overall inhibitive effects of
PMDETA on the kinetics of the ATRP of nBA and also

regarding the likely fate of the ligand species that results from

2.2. Polymer SynthesisPEO Macroinitiator PreparationPEO-
ME (25 g, 5 mmol) was weighed and charged to a 500 mL round-
bottom flask. The flask was sealed with a rubber septum and cycled
thrice between vacuum and nitrogen at room temperature. The

? : polymer was then heated at 130 under vacuum fol h toremove
the transfer reaction. For this purpose, we take a threefOIdtrace water. After cooling the flask to room temperature under

approach consisting of (i) experimental investigation of the pjyoqen, dichloromethane (75 mL) was added via syringe to
kinetics of the ATRP of nBA (to collect information about how  gjissolve the polymer. The solution was then placed in an ice bath,
changes in PMDETA concentration impact the ATRP kinetics and TEA (0.7 mL, 5 mmol) was added to the polymer solution.
and the product properties such as molecular weight distribu- Finally, BPC (1.31 mL, 12.5 mmol) was added dropwise over a
tion), (ii) electron density functional theory (DFT) calculations period of 1 h. The ice bath was then removed, and the end-
using established computational methodologies (for identifying functionalization reaction was allowed to proceed for 24 h at room
thermodynamically most probable pathways for possible side temperature. ) ) .
reactions involving the PMDETA ligand), and (iii) fitting of After completion of the reaction, the suspension was filtered to

the experimental kinetic and property data from (i) using a remove all insolubles, and the resultant macroinitiator was pre-
mechanistic model formulated on the basis of the reaction cipitated by adding large excess of diethyl ether (technical grade)

- " . - to the filtrate. The macroinitiator was isolated by filtration and
feasibility analyses from (ii) (to determine the validity of the washed with diethyl ether. After recrystallization from ethanol

proposed ATRP mechanism). As a result of studies covering a (echnical grade), the product was washed again with diethyl ether
wide range of possible reaction scenarios, we present aand then dried under vacuum at room temperature for a day. The
mechanism for the PMDETA-based ATRP of nBA that satisfies final product, a white crystalline powder weighing21 g (84%
consistency between the experimental data and the kinetic modelield), was stored under a nitrogen atmosphere.

derived from the proposed reaction mechanism. The validity = Parts a and b of Figure 1 preséht NMR spectra of the PEO-

of the proposed mechanism is also supported by the reasonableME precursor and the PEO macroinitiator, respectively. The
ness of the kinetic rate constants obtained from the kinetic datacomplete bromopropionyl end-functionalization of PEO-ME (i.e.,
fitting in comparison to the reported values for the corresponding ~99-3%) was confirmed by the ratio of the area under the peak at
rate constants available in the literature, and also the best-fit® — 1-9 PPM that corresponds to proton “d” defined in Figure 1b

- S . to the area under the peak at= 3.6 ppm corresponding to the
rate constants estimated from the kinetic modeling are Capablebackbone—CHz— protons of PEO (proton *a” in Figure 1b).

of reasona.blylreproduging the. polydispersity data.as functions  ATRP of nBA.The insolubility of the Cu(ll)BPMDETA

of polymerization conditions without any further adjustment of complex in pure nBA causes the reaction system to become
their values. This work was conducted as part of our project to heterogeneous in the bulk ATRP of nBA. The heterogeneous
develop a kinetic model that can be utilized as a predictive tool polymerization typically involves many complicating factors that
for determining the molecular characteristics of ATRP- defy precise modeling of the process. For this reason, we opted to
synthesized polytbutyl acrylate)-based block copolymers, and conduct the ATRP kinetic experiments under homogeneous condi-
all polymerization kinetic measurements were implemented tion, and following the procedure of Matyjaszewski and co-

using a bromopropionate-end-functionalized poly(ethylene ox- Workers:* we used DMF as cosolvent, typically added at 10 vol
ide) (PEO) as a macroinitiator. % of the monomer, to achieve complete solubilization of the

Cu(ll)Br/PMDETA catalyst complex.

Immediately prior to use, PEO macroinitiator (1.25 g, 0.25 mmol)
was dried under vacuum at 9C for 4 h. It was then dissolved in
a mixture of nBA (4 mL) and DMF (0.25 mL) at . In another
flask, Cu(l)Br (36 mg, 0.25 mmol) was dispersed in nBA (1 mL)
with added DMF (0.25 mL) at 90C, and a desired amount of
PMDETA was added to the mixture. After stirring for 30 min, the
catalyst solution was transferred through a cannula to the macro-
initiator solution in order to trigger the initiation. Small-amount
samples were withdrawn at regular intervals of time using a gastight
(1) bromide (Cu(l)Br, 99.999% purity, Aldrich) was purified by  syringe and immediately immersed in liquid nitrogen to quench
stirring in galacial acetic acid, followed by washing with ethanol the reaction. After allowing the samples to attain room temperature,
and diethyl ether. After drying under vacuum, it was stored under they were dissolved in dichloromethane, and the copper catalyst
a nitrogen atmosphere before use. Anhydrous dichloromethanewas removed by liquigtliquid extraction using water as the

2. Methods and Procedures

2.1. Materials and Characterization. Poly(ethylene oxide)
monomethyl ether (PEOME, M, (humber-average molecular
weight) = 5000 g/mol,M,, (weight-average molecular weight)
5400 g/mol) was purchased from Polysciences, irButyl acrylate
(nBA, 99% purity, Aldrich) was first purified with calcium hydride
(CaH,) at room temperature overnight and then distilled and stored
over molecular sieves of pore siz A at 4°C before use. Copper-

(99.8% purity) and\,N-dimethylformamide (DMF, 99.8% purity)
were purchased from Sigma-Aldrich and stored over molecular
sieves before us&,NN',N',N'-Pentamethyldiethylenetriamine (PM-
DETA, 99% purity, Aldrich) was stored over KOH before use.
Triethylamine (TEA, 99% purity) and 2-bromopropionyl chloride
(BPC, technical grade) were purchased from Sigma-Aldrich and

extractant. The catalyst-free polymer was then dried at©oGnder
vacuum for 12 h.

Figure 1c illustrates a typicAH NMR spectrum of PEGPnBA
diblock copolymer. The signals appearing at 1.9 ppm (position “c”
in Figure 1c), 2.3 ppm (“e"), 4.0 ppm (“d"), 1.6 ppm (“f"), 1.4
ppm (“b”), and 0.9 ppm (“g”) confirm the PnBA block. The bIocéDV
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Figure 1. 'H NMR spectra of (a) poly(ethylene oxide) monomethyl
ether (PEG-ME, M, = 5000 g/molMy/M, =
end of the polymer was pretreated with trifluoroacetic anhydride for
precise determination of OH contefitand the resonance at= 4.5
ppm (corresponding to the terminal groupCH,—O—CO—CFy)
confirms the formation of the trifluoroacetate derivative of the polymer),
(b) bromopropionyl end-functionalized PEO macroinitiator derived from
the PEG-ME, and (c) poly(ethylene oxidd)-poly(n-butyl acrylate)
(PEO-PnBA) synthesized using the macroinitiatht,(= 12 800 g/mol,
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Figure 2. Gel permeation chromatography (GPC) traces demonstrating
the time evolution of the molecular weight distribution of poly(ethylene
oxide)—poly(n-butyl acrylate) in the atom transfer radical polymeri-
zation (ATRP) ofn-butyl acrylate (nBA) at [nBAJ:[l]o = 140 and
[PMDETA]o:[Cu(l)Br]o = 4:1.

Monomer conversion was determined from the ratio of the areas
under the peaks between the-ad” and “g” protons (Figure 1c).

2.3. Electron DFT Calculations.To estlmate the enthalpy and
free energy changes of reactionAH and AG, respectively)
involving PMDETA species, the €H bond dissociation energies
of all relevant substances were evaluated as follows. First, the
optimal geometries of the participating molecules were determined
by solving the Koha-Sham equatioft for the ground-state mo-
lecular orbital wave functionst Computations were performed
using the Gaussian03 software package within the assumption that
the molecular orbital wave function is a linear combination of a
finite number of the Gaussian functions in the 6-31g(d) basi&®set.
In self-consistently solving the KohtSham equation, the B3LYP
functional was utilized to model the functional dependence of the
exchange correlation energy of the Hamiltonian on the electron
density. An initial guess for the molecular geometry was generated
using the GaussView software for input to the subsequent geometry
optimization. For each iteration of the optimization, the new
geometry was computed using the Berny algoriffinand the
iterative process was repeated until a set of convergence criteria
was satisfied. Subsequently, a vibration frequency analysis was
performed on the optimized geometries so obtained to include the
molecular mechanical contributions associated with translational,
rotational, and vibrational motions of the molecules in their ground-
state enthalpy and free energy, using the Gaussian03 software. All
enthalpy and free energy estimates were made 4€%nd 1 atm
on the basis of the assumption of the ideal gas behavior of the
molecules and the ground-state dominance approximation. The
validity of this combination of procedures and assumptions has been
previously established in various ways; for instance, the same
procedures predicted the heat of dissociation of methane into methyl
and hydrogen radicals at 298.15 K within 0.23% of the experimental
value and the heat of dissociation of propane into isopropyl and
hydrogen radicals at 298.15 K within 1.25% of the experimental
valuel”

For calculations of the bond dissociation enthalpy and free energy
of the C-H bond of the polymer species, the polymer chain-end
structure was approximated by the dimer of nBA; using the nBA
trimeric structure produces only a negligible difference from the
dimer in the resulting estimates of the bond dissociation enthalpies
and free energies, which confirms the adequacy of the dimer
approximation.

2.4. Kinetic Data Modeling. For testing the proposed ATRP
models, the kinetic balance equations describing the evolution of
the first three moments (i.e., the zeroth, first, and second moments)

molecular weight distribution obtained using GPC (Figure 2). of the molecular weight distributions of all species participatin%iBV
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2.0 — Table 1. Conventional Mechanism for Atom Transfer Radical
Polymerization (ATRP)2
1 Initiation
1.6 — Ky
IBr + CuBr==1- + CuBr,
[ ko
12 ' I-+ME’R1-
P K DR ATRP Equilibrium
x _ Ka
- R.Br + CuBr—-kf R, + CuBr,
C .
- 08— A 1:1 Experimental Propagation
| = 2:1 Experimental ko
e 4:1 Experimental Ry +M—R
04 — 1:1 Predicted Chain Termination by Combinatién
----2:1 Predicted ke
B 4:1 Predicted Ry + Ry — Pom
g (ke + ke )2
0.0 R+ I-——Pp,
L L L L L L L K,
0 2000 4000 6000 8000 10000 12000 14000 16000 2|-—c'|>|2
Time (s)

aSee recent review by Matyjaszewski and co-workers for further
information regarding the ATRP techniques and chemistrigsere, 1Br,
I*, M, Ry, and R denote the initiator, initiator radical, monomer, living

Figure 3. Evolution of —In(1 — x) in the atom transfer radical
polymerization (ATRP) ofi-butyl acrylate (nBA) at the three different
ratios of [PMDETAL:[Cu(l)Br]o (i.€., 1:1, 2:1, and 4:1); heredenotes polymer radical of lengthn, and dead polymer chain of length,

the monomer conversion definedsas: 1 — [NBAVINBA] o. The curves espectively? Alkyl acrylate polymerization terminates predominantly by

were constructed on the basis of the best-fit parameters that resu_ltec{he combination mechanisffikg, represents the termination rate constant
from the least-squares fitting of the experimental conversion data using for the macroinitiator

the ATRP mechanism, which accounts for all feasible reactions
involving the PMDETA species but not for the difference in the ) o
reactivity between the pristine and copper-bound PMDETA molecules. PMDETA concentration that the rate of polymerization de-

creases with increasing [PMDET#Cu(I)Br]o, confirming

the ATRP reactions were derived, as summarized in sectio3s 1  previous findings from other research grodpd?These results
of the Supporting Information. These coupled ordinary differential unambiguously signify that PMDETA impedes the ATRP of
equations were numerically integrated using the Adam-Gear nBA. One may argue that the observed qualitative trend by itself
method® to make estimates of the molecular properties of the does not automatically establish whether the kinetic retardation
polymerization system including the monomer conversior=(  c5ysed by PMDETA occurs as a result of any side reaction
1 = [NBAJINBA] o), polydispersity index (PDI, defined as the ratio ;,\41\ing Tadical transfer to PMDETA because any indirect
Mw/My), and the fraction of dead chains produced by the chain . fl f PMDETA on the ATRP i hani f
transfer and termination reactionf. (Comparison of the model Influénce o . onthe AlRF reaction mechanisms (for
predictions of the properties to the experimental data was conductedNStance, a shift of the activatierdeactivation equilibrium
by application of the least-squares analysis method in which the toward a Iower activated radical concentration induced by excess
best-fit parameter condition for a given model is determined through PMDETA) might also lead to a similar slowdown in the
the minimization of the objective functioy?, defined ag;3(k) = polymerization kinetics, in which case the effect of PMDETA
SN (Xexr(t) — Xead(ti,K))2, in which k denotes a vector composed ~would simply be alterations to rate constant values for the
of all adjustable parameters of the kinetic modely(t;) represents conventional ATRP component reactions of initiation, equilib-
the molecular property data experimentally measuredl alata rium, propagation, and termination; see Table 1 for a summary
points (i.e.ti, i = 1, ...,N), andx.adti,k) represents the properties  of the conventional ATRP reactions and for the definition of
calculated from the model for a given setloparameters at the  noations for various chemical species and rate constants.
Eorresgondllclg dataopl)tomt? A MtATLABtﬁOge on Lhe téa5|§[hoft:]he Evidence has been reported, however, that changing the ligand-

evenberg-iarquardt optimization metnod combinec Wi e to-copper ratio in the range [PMDETA]Cu(l)Br]o > 1:1 has

computing routine for the numerical integration of the kinetic - s 9 .
equations was written and used to perform the nonlinear least- N° influence on the activation rate constag}.{° Although little

squares fitting of the experimental data to the proposed kinetic 1S known in the literature, we will assume that all other rate
model. For obtaining the best-fit results, a parameter space spanningonstants (such s, k,, andkico as defined in Table 1) are

5 orders of magnitude was searched for each variable. also largely insensitive to the variation of [PMDETA]
) ) [Cu()Br]p on the basis of the fact that the concentration of
3. Results and Discussion PMDETA in the reaction system is typically very low, i.e., less

To determine how the PMDETA ligand influences the ATRP than a few wt %.

of nBA, polymerization kinetic measurements were conducted To probe whether the observed kinetic behavior in the ATRP
at three different ligand-to-copper initial molar concentration of nBA is describable with the conventional ATRP mechanism,
ratios; hereafter, this ratio will be denoted as [PMDEg:A]  we performed nonlinear regression fit of the conventional ATRP
[Cu(1)Br]o, and the values of [PMDETA]Cu(l)Br], in these model to the experimental kinetic data; based on the basic ATRP
experiments were 1:1, 2:1, and 4:1. For each [PMDETA] mechanism described in Table 1, the kinetic balance equations
[Cu(1)Br]o ratio, the monomer conversion was recorded as a for the first three moments (i.e., the zeroth moment for the
function of time. All measurements were performed at490 conversion data fitting, plus the first and second moments for
2 °C. At all conditions, catalyst solubility was maintained calculating polydispersity indices (PDI) as will be discussed later
throughout the reaction with no discernible precipitation of the in this paper) of the molecular weight distributiéhsf all the
copper catalyst, and the resultant kinetic data were reproduciblespecies participating in the polymerization reaction were
typically within a few percent. As displayed in Figure 3, the established (see section 1 in the Supporting Information), and
resulting conversion vs time data obtained at the three differentthe resulting differential equations were numerically solved for
ligand-to-copper ratios present a clear trend in the effect of the time-dependent monomer concentration, [nBA], for C%V
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Scheme 1. Synthesis Route for Polgfbutyl acrylate) (PnBA) Using a Poly(ethylene oxide) (PEO) Macroinitiator
(CoHs)3N

H
CH;(OCH,CHp),OH + Cl—C—C—CH; ~go

O Br

CuBr/PMDETA
+ mCsz?H T

cC=—0

O_CH2CH2CH2CH3

H
CH3(OCH2€H2)nO_'C _C_CH3

O Br

H
CH;(OCH,CHy),0—C—C——(CH,—CH),,Br

CH, c=—0

O _'CHZCH2CH2CH3

parison with the experimental conversion data. We used one  gcheme 2. Nomenclature of Sites for Radical Formation on
set of activation, deactivation, and termination rate constants (a) N,N,N',N',N"-Pentamethyldiethylenetriamine (PMDETA) (L),

for both propionate-end-functionalized macroinitiator and propa-
gating PnBA, since the active chain-end structures are compa-
rable between those two specfég he initiation rate constant
was set equal to the propagation rate constant for nBA; this
equal reactivity assumption is well justified by the long-chain
nature of the initiatd® in addition to the fact that the initiator
chain-end structure closely resembles that of the monomer. The
remaining four kinetic constants (i.e, Kd, kp, andkgo, as
introduced in Table 1) were optimized to fit the monomer
conversion profiles obtained from ATRP conducted at the three
[PMDETA]o:[Cu(l)Br]o ratios; to take into account a possible
slowdown in the rate of combinative chain termination at high
monomer conversions (due to the large sizes of living chains),
we used a relation of the forrk, = koDP(0-065-0.016DP) (i
which ko and DP represent the termination rate constant in
the non-diffusion-controlled limit and the degree of polymeri-
zation, respectively) for estimating tHe. values?® and an
arithmetic mean was used for deducing the rate constant for

(b) Mono-unsaturated PMDETA (L=), and (c) Di-unsaturated

PMDETA (L =-)
@ a

H, H H H
CH, / 2 2 2 2 CH;3
o ® @
o @ @
CH
CH3\ @ o o o CH;
N—C=C—N—C—C—N__
CH / H H H, H CH,
3
0 (b) ®
" @ W
CH
CHz\ @ o o o CH;

N—~C=—C—N—C=—=C—N

the cross-termination reaction between a living chaipn)(Bnd
an initiator radical ({) from k¢ andki , considering the possible CH H H H H \CH3
effect of diffusional control of this reactio#¥:2* We explored (S © o)
fairly wide ranges of parameter values for the fitting, that is,
ka=102-10°L mol ts%, ky= 10°—-109L mol~t st k, = reaction steps in the polymerization mechanism, and it is
10P—10° L mol~1s71, andkyo = 10°—109 L mol~! s 1. Because impractical to incorporate all such possible reactions in the
the conventional mechanism of ATRP does not include any ATRP model. To identify the most plausible reaction scenarios,
avenue for the influence of PMDETA on the polymerization we analyzed the kinetic and/or thermodynamic feasibility of all
kinetics, one set of rate constants cannot capture the observegossible reactions involving the species generated by the radical
variation in the kinetics among the three different ligand transfer to PMDETA. These analyses computed the enthalpies
concentrations. As argued above, however, PMDETA may have and free energies of all the reactants and products involved by
a subtle indirect effect on the rate constants; in this case, onesolving the Koha-Sham equations for the related molecular
should be able to model the observed difference in kinetics by species using the established ab initio DFT calculation meth-
utilizing rate constant values slightly differing for different odology; see section 2.2 for further details.
ligand concentrations. We performed the four-parameter fitting  As a first step, the electron DFT calculations were performed
of the kinetic data in which each set of conversion data were on various ligand radical homologues to identify the most likely
modeled independently (results not shown), and the resulting location of the unpaired electron generation on the PMDETA
least-squares fit parameters significantly varied among the molecule. As depicted in Scheme 2a, PMDETA has four distinct
ligand-to-copper ratiok, = 1.07 x 1073—-1.59x 103 L mol~? protons, labeled with (1 or'), (2 or 2), (3 or 3), and (4), and
s ! ky=3.70 x 10P—3.08 x 1(° L molt s7%, k, = 1.75 x depending on which of these protons is transferred to the
108—-1.17 x 10* L mol=! s7%, andkyo = 1.93 x 10°—8.49 x polymer radical during the chain transfer, four different PM-
10° L mol~1s71. It is unphysical to expect variations of orders DETA radicals can be generated. For a family of reactions in
of magnitude in rate constants to arise as a result of a few wt which a living polymer chain (R) undergoes chain transfer
% changes of PMDETA concentration, and we conclude that with PMDETA (L) to generate a dead polymer chain,kRR
the influence of PMDETA likely entails reactions that are not and a PMDETA radical (b, the enthalpies of reactio\H’s)
considered in the conventional ATRP mechanism. were evaluated, and the results are listed in the first row of Table
The most reasonable mechanism for the inhibition caused by2 (reaction 1). Among the four possible sites for radical
PMDETA therefore appears to be a side reaction involving a formation, the PMDETA radical having an unmated electron
radical transfer from the propagating chain to the ligand species,in position 3 in Scheme 2a has the lowasi. On the basis of
as has been proposed by Kubisa and co-workEr$o test this an assumption of the Evan®olanyi linear relationship between
hypothesis by modeling of the kinetic data, we developed a activation energyH;) and heat of the reactiol\f) (i.e., Ea =
comprehensive ATRP model that includes the ligand transfer aAH + b wherea (=0.65 for C-H bond dissociation reac-
and other reactions that may ensue from the ligand transfer.tions®®) andb are numerical constanty,2° formation of this
The ligand transfer may introduce many new chemical sub- methylene radical, which will be referred to aq§3] hereafter
stances in the reaction mixture and consequently many additional(as defined in Table 2), should be the most feasible mecha&isr\r}
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Table 2. Summary of the Results of the Electron Density Functional Theory (DFT) Calculatior’s

reaction ID (type) reactarfts possible producs AH (kcal/mol) AG (kcal/mol)
1 (transfer) L +Rne L-[1] RnH 7.04 7.18
L-[2] 4.85 6.19
L-[3] 2.46 4.03
L-[4] 4.38 4.82
2 (transfer) L[3] + Rn* -L-[3,1] RH 6.80 7.82
-L+[3,11] 5.21 6.15
-L+[3,2] 1.39 2.53
-L-[3,2] 4.35 4.76
-L+[3,3] 9.73 12.04
-L+[3,4] 12.46 12.91
3 (termination) L-[3] + Rne L=¢ RnH —47.47 —44.55
L Pn= —59.72 -57.81
4 (termination) L-[3] +L-[3] L—-L - —49.95 —29.21
L= L —49.94 —48.58
5 (transfer) L=+ Rp* L=-[1] RnH 3.87 4.25
L=[11] 6.32 6.26
L=[2] 16.79 16.62
L=-[2] 4.20 5.28
L=[3] 12.75 11.83
L=-[31] 151 1.89
L=-[4] 2.97 3.18
6 (termination) E-[3] + Rne -L=-[3',1] RH 7.20 8.80
-L=[3,1] 6.63 8.25
-L=+[3,2] 15.05 15.23
-L=:[3,2] 1.69 2.92
-L=+[3",3] 18.89 19.71
-L=+[3",4] 10.47 12.26
7 (termination) L=-[3] + Rpn- L=_d RnH —46.23 —43.38
L= Pn= —58.76 —55.66
8 (termination) L=-[37+ L=[3] L=—L= - —47.00 —26.53
L== L= —47.74 —45.27
9 (termination) L=-[37+ L-[3] L=—L - —51.40 —30.16
L== L —48.70 —47.42
L= L= —48.98 —46.44
10 (transfer) L==+ Rp* L=—-[1] 4.81 5.59
L==-[2] RnH 14.63 14.54
L==+[3] 14.11 14.82
L==-[4] 4.37 5.75
11 (transfer) Cu—L + Ry Cu-L-[1] RnH dnce dnc
Cu-L[2] dnc® dnc
Cu-L+[3] 4.65 5.27
Cu-L-[4] 6.00 7.12

aShown in bold typeface are the reactions which are incorporated into the proposed mechanismNidiNhal',N"'-pentamethyldiethylenetriamine
(PMDETA)-based atom transfer radical polymerization (ATRPh-tfutyl acrylate (nBA) based on the analyses of the enthalpy and free energy changes of
reaction AH andAG, respectively); see the text in section 3 for a detailed discusdiombers enclosed in the square brackets indicate the positions of
unpaired electrons on the ligand with reference to the nomenclature defined in Schekterd-unsaturated PMDETA species produced frotf8L. The
chemical structure of £ is given in Scheme 218\ Di-unsaturated PMDETA species produced from[B']. The chemical structure ofi- is shown in
Scheme 2c¢ Calculations failed to converge to an optimal geometry.

of the ligand transfer in terms of its reaction rate. By applying  Once generated,-[3] may react with another living polymer
the Arrhenius relation between reaction rate constant andchain (Ry) to undergo chain transfer and lose one more proton
activation energy (i.ek ~ exp(—E4/RT) whereE, linearly scales to become a diradicatl(). In this case, as summarized in the
with AH), the difference of about 2 kcal/mol between thel second row of Table 2 (reaction 2);[B] may lose a proton
values for formation of L 3] can be translated into nearly an from six different sites (i.e., positions 1, 2, 4, 2, and 3, as
order-of-magnitude difference in the estimates of the reaction defined in Scheme 2a), resulting in six distinct PMDETA
rates and implies that the relative frequency of generation of diradicals (i.e.;L[3,1], -L*[3,2], -L-[3,4], -L*[3,1], -L*[3,2],

other radicals is negligible to a reasonable approximation. Thus,and -L+[3,3] using the notation introduced in the table). The
for all practical purposes to model the polymerization kinetic AH values estimated for the respective reactions suggest that it
data, we consider-[3] as the sole PMDETA radical generated is most likely that L[3] will lose its proton from position 2,

by chain transfer. On the basis of a previous electron spin thereby forming theL-[3,2] diradical species. Again, on the
resonance (ESR) spectroscopy study of the radical formationbasis of the Arrhenian assumption (i.k..~ exp(—~AH/RT)),

from a similar ligand moleculeé\,NN',N'-tetramethylethylene-  the relative probability for the formation of other diradicals
diamine (TMEDA)3° the methylene radical of-[3] (or even should be kinetically ignorable compared to thie+[3,2]
L-[2]) should not be able to reinitiate polymerization of nBA, diradical, which allows us to exclude the diradical formation
whereas k1] and L-[4] (i.e., those created upon removal of a reactions in the ATRP mechanism other than the one resulting
proton from the methyl group) are likely to react with the nBA in -L+[3,2]. We believe thatlL +[3,2] will further stabilize itself
monomers. Thus, our hypothesis for the ligand transfer mech-by sharing the two unpaired electrons on the carbon atoms
anism is consistent with the reported results of the MALDI- labeled as (3) and (2) in Scheme 2a to form a double bond
TOF mass spectroscopy analysis of ATRP-synthesized PnBAbetween the carbons; this reaction involves huge negative values
samples, which confirm the absence of polymer chains contain-of AH = —48.87 kcal/mol andAG = —47.08 kcal/mol, as

ing initiating-ligand fragment&11 estimated from the data listed for reactions 2 and 3 in TabEgV
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and these estimates are consistent with the known value of(i.e., -L=-[3',1], -L=-[3',1], -L=-[3",2], -L=-[3',2], -L=-[3',3],

AH = +68 kcal/mol for the bond dissociation energy of the
bond of ethylene’s carbercarbon double bon#- Thus, the
additional chain transfer to -[3] will eventually lead to
generation of a dead polymer chainfB and a mono-
unsaturated ligand (f); the exact chemical structure of-lis
shown in Scheme 2b.

There are two other possible routes by which a reaction
between L[3] and Ry can lead to radical termination. First,
L-[3] and R, may combine to form an &R molecule, which is
unlikely considering the previous MALDI-TOF data of Kubisa
and co-workers in which no evidence oflRhas been detected
from the PMDETA-based ATRP of nBALA second possibility
is that L:[3] and Ry* exchange an electron by disproportionation,

and-L=-[3',4]) listed in the sixth row of Table 2. The resulting
mono-unsaturated diradical,=+[3',2], is expected to spontane-
ously convert to a corresponding di-unsaturated ligand denoted
as L=— in Table 2 (see Scheme 2c for the chemical structure of
L=-), because of the large negative valuesAtt = —47.93
kcal/mol andAG = —46.31 kcal/mol for the transformation of
-L=-[3",2] to L=, as can be calculated using thél andAG
values for reactions 6 and 7 in Table 2; therefore, the net result
of the radical transfer from a living chain ¢ to a mono-
unsaturated ligand radical {k[3']) is a generation of a dead
chain (RH) and a new di-unsaturated ligand=l). However,

as was the case with-[3], we found that it is thermodynami-
cally more feasible that a reaction betwegpn &d L=+[3'] yields

regenerating an original ligand (L) plus a unsaturated dead @ dead chain bearing a unsaturated ergf)(ind a mono-

polymer (R7). In fact, this disproportionation reaction appears
to involve a more negativdH (and a more negativAG as
well) than the L= formation reaction (discussed in the previous

unsaturated ligand () through disproportionation; see the
seventh row of Table 2 for a comparison of thél and AG
values between the chain transfer vs disproportionation mech-

paragraph), as listed in Table 2 (reaction 3). On the basis of anisms.

these heat of reaction estimates, only the mechanism of

disproportionation was included in the modeling of reactions
involving L-[3] and R;-.

Regarding possible reactions of[8], now what remains
unexplored is whether and how the[8] ligand radical reacts
with another L[3] molecule in the reaction mixture. Just like
in the case of reactions betweer3] and Ry, annihilation of
two L-[3] radicals may occur by two routes, that is, combination
and/or disproportionation. In determining the dominance of one

Termination of the E-[3'] radical can occur by bimolecular
reaction between two identicalFk[3'] radicals. A comparison
of the AG values for the corresponding combination and
disproportionation reactions (reactions 8 in Table 2) suggests
that disproportionation is thermodynamically preferred in this
case, resulting in t— and L=. It is also possible that T:[3']
undergoes termination with the saturate{Bl.radical, and from
DFT AG calculations, a disproportionation that reproduces two
mono-unsaturated ligand moleculesTjlwas estimated to be

mechanism over the other, it should be realized that these twothe most plausible mechanism for this cross-termination reaction
reactions yield very disparate reaction products (as can be seernvolving L=:[3"] and L+[3], as can be seen from the data shown

in the fourth row of Table 2), which makes the Evaf®lanyi
correlation nonapplicable because of the likelihood of the
difference in the transition state of the termination reaction

in reaction 9 of Table 2.

A radical transfer reaction may also take place between a
living chain (R) and a double-unsaturated ligand molecule

between the combination and disproportionation mechanisms,(L=_). In consequence of such reactions, four different di-
as can be inferred from the original discussion of Evans and unsaturated ligand radicals can be created; these radicals can

Polanyi?® Therefore, we relied on a comparison of thé&

be written as E--[1], L==-[2], L==-[3], and L==-[4] using the

values to select a more realistic termination path. As shown in nomenclature for the radical numbers defined in Scheme 2c.

the fourth row of Table 2, the disproportionation reaction, which
converts two L[3] radicals to = and L, offers a thermodynami-
cally far more favorable pathway for termination than the

As shown in the tenth row of Table 2,7L-[4] seems to be
kinetically most favorable of all possible radicals that can be
derived from L=-. However, AH and AG of the reaction

combination mechanism; the combination leaves a compoundyielding L=_-[4] are significantly larger in comparison to other

ligand molecule (denoted as-L in Table 2) which is expected

chain transfer reactions (i.e., the ones that generate 3 L

to suffer severe steric repulsion between the two precursor and L=+[3'] radicals). Therefore, we preclude the incorporation

structures, as reflected in the correspondingly higt@value.

of reactions of E- with R, in the ATRP model, and the

The L= mono-unsaturated ligand (Scheme 2b) may undergo possibility that any new species might be generated thereupon

radical transfer reactions involving the transfer of a proton from
L= in positions 1, 1 2, 2, 3, 3, and 4 (defined in Scheme 2b)
to Ry, yielding seven different mono-unsaturated ligand radicals,
denoted as t-[1], L=-[1'], L=-[2], L=-[2'], L=-[3], L=[3'], and
L=-[4] in Table 2. TheAH values for the corresponding transfer
reactions are listed in the fifth row of Table 2. Clearly the
kinetically most feasible site for radical formation ofi Ls the

3' position.

This mono-unsaturated ligand radical, which will be desig-
nated as E+[3'] hereafter, may react with/Ror with a monomer
molecule in a number of ways, just like[B] may do so. Again,
the possibilities of reinitiation upon reaction of {{3'] with a
monomer and combination between-[3'] and R, were not
considered on the basis of the work of Kubisa and co-worKers.
As for possible radical transfer reactions witgt B form mono-

is curtailed at this stage.

On the basis of the reaction feasibility analyses as documented
in Table 2, we incorporate all the suspected reactions that are
considered to be highly possible into the ATRP mechanism; as
summarized in Table 3, the revised ATRP model now includes
12 additional reaction steps originating from the radical transfer
to ligand, as shown under the subcategories of Chain Transfer,
Chain Termination with Ligand, and Ligand.igand Termina-
tion in Table 3. On the basis of this proposed ATRP model, a
set of kinetic balance equations for all the small molecule species
involved and also for the first three moments of the chain length
distributions were formulated: see section 2 in the Supporting
Information for details. By numerical integration of these
differential balance equations, the time evolutions of the
concentrations of all species and the individual moments were

unsaturated diradicals (i.e., a family of species which are referredcalculated as functions of the six rate constakisky, Kp, ki,

to as-L=- in Table 2), the kinetically most favored site for the
abstraction of a proton from:[3'] is position 2, as supported

by theAH estimates for all possible mono-unsaturated diradicals to-copper ratios of [PMDETA}[Cu(l)Br]o = 1:1, 2:1, and 4:1

ki, andky defined in Table 3, to model simultaneously all three
sets of the experimental conversion data obtained at the ligand-

Cbv



Macromolecules, Vol. 39, No. 14, 2006

Table 3. Proposed Mechanism for the ATRP of nBA Using the

Cu(l)Br/PMDETA Catalyst System

Initiation
ka
IBr + CuBr—-E‘ |-+ CuBr,

o+ MRy

ATRP Equilibrium
ka
R.Br + CuBrf R, + CuBr,
Propagation
Ry +M - Rore
Chain Termination by Combination

Ry +R;-%P

n+m

L et ko2 P

n

Ry +

n
21,

Chain Transfer
ktr
R, +L—P,+L-

R, + L:i P,+L":

I-+L R Py+L-
I-+L:iPO+L:-

Chain Termination with Ligand
R, +L- o P,+L

Ry +L7 hl P+ L™
I-+L- Ll I=+L

I+ + L=-i =+ L~
Ligand—Ligand Termination

RSN
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An important clue for further improving the ATRP model
comes from a previous extended X-ray absorption fine structure
(EXAFS) study?34 of complexes formed between PMDETA
and copper for both Cu(l)Br and Cu(ll)Bmwhich indicates that
the structure of the complex typically contains one PMDETA
molecule and one copper atom per compgke® Thus, in a
polymerization with an excess of ligand (i.e., [PMDETA]
[Cu()Br]o > 1:1), two distinct ligand species may exist in the
system: one bound to the copper and the other in the free
unbound state. These two types of ligands are expected to differ
from each other in their chemical reactivity, on account of the
different chemical environment that would be brought about
by the binding of the ligand to the copper atom. The complex-
ation of the PMDETA ligand with Cu(l) or Cu(ll) involves
donation of the lone pairs of electrons from the nitrogen atoms
of PMDETA to empty 3d orbitals of Cu(l) or Cu(ll), resulting
in a deficiency of electron density in PMDET&The electron-
deficient PMDETA molecule should be less willing to form a
radical, and consequently the tendency of copper-bound ligand
to undergo chain transfer is expected to be lower. This reasoning
regarding the reactivity of the copper-bound PMDETA is further
supported by calculations &fH andAG for the radical transfer
from a living chain (R-) to a copper-bound PMDETA molecule
(Cu—L), leading to a formation of the PMDETA radical bound
to the copper with a unpaired electron in position 3 of the
PMDETA structure (Scheme 2a); hence, the resulting radical
is denoted Cu-H3]. As shown in the 11th row of Table 2,
indeed the free unbound ligand is estimated to be thermody-
namically more prone to the radical formation than its copper-
bound analogue. To account for a possible discrepancy in the
reactivity between the two different states in which PMDETA
can exist, we incorporated into the ATRP kinetic model an
additional floating parametes, defined as the ratio of the

= ktH =
L-+L-—L+L transfer rate constalit; of a free ligand (L) to the transfer rate
L+ L:.ﬂ, L=+ L= constantk, of a copper-bound ligand (GtL). Analogously,
Ky the same factom was introduced to account for possible

Leftl-—L +L differences in all other rate constants for reactions involving

PMDETA and its derivatives (i.eky andky) between the two
ligand types; see section 3 in the Supporting Information for
the details of the corresponding changes made in the ATRP
model. Again with this modified ATRP model, least-squares

Table 4. Optimal Parameters Obtained from the Fitting of the
Proposed ATRP Model to the Experimental Conversion Data

parameter (units) optimal value (range for parameter search)

Ka(L mol—ts1) 0.34 (102-109) analyses of the kinetic data were performed usindq, ki, ki,

ks(L mol~1s72) 3.10x 107 (10°—10%) kai, ando as the fitting variables witk, being set at the literature
ki (L mol™ s7) 2.40x 10° (10°—10°) value of 5.63x 10* L mol~* s732 and we found that the final
t{‘:l((%_’:’ncc’)'l,fs,l)) %:%i igﬁf Eig?’:ig}l) version of the ATRP model is capable of providing a complete

description of the experimental conversion profiles simulta-
neously for all three ligand-to-copper ratios, as displayed in

For the rate constant for termination by combination, we used Figure 4; the resulting fits give remarkable agreement with all
the value ofke = 1 x 10° L mol-! s! taken from the data points within the few percent deviations.

literature?! and as regards the adjustable fitting variables,  The optimized fit parameters and the respective ranges of
extensive ranges (refer to Table 4) were explored in fitting the parameter values for which optimization was constrained are
combined ATRP model to the kinetic data. As shown in Figure collected in Table 4. Thike, andky values obtained from a least-

3, the resulting least-squares fit is unable to reproduce the squares fit of the kinetic data with the ATRP model (ile.=
quantitative features of the experimental data with the errors 0.34 L molt s~* andkq = 3.10 x 10’ L mol~1 s, giving rise
associated with the kinetic measurements. The best fit param-to an estimation for the activatierdeactivation equilibrium
eters (for instancel, = 1.01 x 102 L mol™t st andk, = constant ofK (= kykg) = 1.10 x 1078, at 90 °C) are in

2.01 x 10° L mol~t s71) significantly deviate from the known  reasonable agreement with the values for the same rate and
literature valued?22which is physically untenable. Furthermore, equilibrium constants estimated by other research groups; for
the converged fitting results yield predictions for the values of example K ~ 1078 for the ATRP of methyl acrylate at 9C

the polydispersity indices for the polymer chains in the range using the Cu(l)Br/PMDETA combinatioff, and k, ~ 10-3—

of 1.3—2.8, which is far above the experimental values of1.1 1072 L mol~! s for bromine-terminatedert-butyl acrylate

1.4 (as discussed later in the paper). All these inconsistenciesdimer in equilibrium with Cu(l)Br/bipyridine at 38C.1° The
suggest that the proposed ATRP model is still defective in some best-fit value forky, (2.40 x 10° L mol~1 s71 at 90 °C) is
respect. consistent with that previously reported by Kubisa and &5\/

o (dimensionless) 2.58 (16—-10%)
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Figure 4. Evolution of —In(1 — x) in the ATRP of nBA at the three ~ Figure 5. Comparison between the model predictions (continuous

different ratios of [PMDETAJ[Cu(l)Br]o. The curves were constructed ~ curves) and the experimental data (discrete points) for the polydispersity
on the basis of the best fit parameters (Table 4) that resulted from theindex (PDI). The data points with error bars represent average PDI
least-squares fitting of the experimental conversion data using the values obtained from two separate gel permeation chromatography
proposed ATRP mechanism which accounts for all feasible reactions (GPC) measurements.

involving the PMDETA species and the difference in the reactivity

between the pristine and copper-bound PMDETA molecules; the measurements, indicating that the predictions are precise to

proposed ATRP mechanism is summarized in Table 3. within at least this factor of the respective estimate. The same
analysis, on the other hand, suggests that the precision of the
workers (3.3x 10°L mol~* s™* at 25°C); the small discrepancy  estimate forky is approximately within an order of magnitude
may have been due to the fact that they estimated the rateor two (as shown in section 5 of the Supporting Information).
constant by model fitting of kinetic data obtained from As for the rate constark to which the polymerization kinetics
heterogeneous ATRP reactions for which any kinetic model in js |argely insensitive (Supporting Information) because of its
fact loses its applicability. Important outcomes from the kinetic relatively small value and the small concentrations of the species
modeling include determination of the rate constants for the participating in the corresponding reactions (i.e:, R, L+, and
nonconventional reactions (i.éq = 1.93x 1072L mol~*s™! L=-), itis not feasible to establish the preciseness of its estimate.
for termination with ligand anéty = 2.70 x 103 L mol~*s™? The absolute uncertainty for this case is nonetheless expected
for ligand—ligand termination) which are previously unknown. o be in the range similar to that df; because these two
It should be noted that the resulting values are many orders of reactions are similar in their mechanisms.
magnitude smaller than the literature valuekgf= 1 x 10° L A further test for consistency of the best-fit results listed in
mol~! s~ for the chain termination reactiofisand are quite  Taple 4 with experimental PDI data was conducted. As
consistent with high chemical stability of the ligand radicals presented in Figure 5, solely based on the parameter values
(i.e., the species referred to as[3] and L™[3'] in Table 2) determined from the fitting, the proposed ATRP model predicts
previously observed by other researciéf8The low reactivity time-dependent PDI traces for varying ratios of [PMDEFA]
of L+[3] and L™+[3'] also provides a posteriori justification of  [Cu(l)Br], which compare satisfactorily with the PDI values
the use of a single rate constakiy) for different ligand-ligand determined experimentally from gel permeation chromatography
termination reactions (Table 3) in the kinetic modeling; because (GPC) measurements; section 4 in the Supporting Information
of the extremely slow rates of chain termination with ligand provides additional details regarding the estimation of the
and ligand-ligand termination, the concentrations of land (absolute) PDI values. As shown in the figure, the measurements
thus L~[3'] are expected to stay very low over most of the suggest the following trends: (i) the PDI decreases as the
conversion, making little contribution to the overall ATRP  [PMDETA]o:[Cu(l)Br]o ratio goes from 1:1 to 2:1 to 4:1 (that
mechanism, and thus disregarding possible variations of the ratess, as the chain transfer becomes more pronounced); (ii) at the
among different liganetligand termination reactions has neg- ratio of [PMDETAx:[Cu(l)Br]o = 4:1, the PDI is initially high
ligible impact on the modeling. The same can be said about and continually reduces as conversion increases, while the PDI
the use of one rate constarkX for the reactions of chain s almost constant (over conversions studied) when [PMDETA]
termination with ligand (Table 3). The value of 2.58 suggests  [Cu(1)Br], = 1:14° The model captures similar trends (Figure
that PMDETA is more susceptible to the radical transfer in the 5): the model's predictions for the evolution of number- and
free state than when it is bound to copper, as predicted by DFT weight-average chain lengths, which is responsible for the
Ca'CUlationS, and quantification of the difference in reactivity observed trends in the PDI, are presented in section 6 of the
between the free and copper-bound ligands is a crucial ingredientsupporting Information. There exists a discrepancy between the
in the ATRP modeling. model prediction and the experimental measurement, and the
The uncertainties associated with the estimated rate constant&xperimental PDI values are systematically higher than those
(i.e., ks, kq, ky, and o) are small. This was confirmed by calculated. This difference is understandable in that the molec-
examining the parametric sensitivity of the model predictions. ular weight distribution measured by GPC is subject to
We present plots in section 5 of the Supporting Information broadening due to random diffusion of polymer molecules
which demonstrate that, for example, a factor of 2 increase or during the elution proces$ Also, lack of information regarding
decrease of the individual parameters from their best-fit values the swelling characteristics of the diblock copolymer and the
causes significant deviations of the kinetic predictions from the differential refractive indices of PEO and PnBA in THF at t&%v



Macromolecules, Vol. 39, No. 14, 2006 ATRP of n-Butyl Acrylate 4689

measurement temperature (i.e., <€) makes it impractical to ~ (10) Roos, S. G.; Muller, A. H. EMacromol. Rapid Commur200Q 21,

attempt to accurately model the data. For these reasons, we d?ll) %i‘tj}zgk M Biedron. T.: Kubisa, Macromol. Chem. Phy£00Q
not intend to use the GPC data as the quantitative basis for 201, 58-66. T ' ' k4

evaluating the mechanisms of the ATRP reactions in the first (12) Huang, J.; Pintauer, T.; Matyjaszewski, X. Polym. Sci., Part A:
place. Nonetheless, the prediction is within less than 0.1 below Polym. Chem2004 42, 3285-3292.

the measured polydispersity for all conditions tested, and this (13) Kohn, W.; Sham, L. JPhys. Re. A 1965 140 1133-1138.
S . (14) Hohenberg, P.; Kohn, WRhys. Re. B 1964 136, 864—871.
level of agreemgqt between the prediction and Obser}’a“?” (15) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
supports the validity of the proposed model and the kinetic M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
fitting parameters. K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
; A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R;
4. Conclusion Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
Studies (combining ATRP kinetic measurements, electron- H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R.

D.FT _reactlon p_athway anal.ySIS’ and least-squares fitting _Of the E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.
kinetic data using a model inferred from the DFT calculations) W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.;
were performed to explore the detailed chemistries of the Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D ;
reactions that the PMDETA species would entail in the ATRP Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. B.; Raghavachari,
f nBA based on the Cu(l)Br/PMDETA catalyst system. The K; Foresman, J. B.; Ortiz, J. V; Cui, Q.; Baboul, A. G.; Clifford, S
orn \ Yy Yy A Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
resultant ATRP mechanism that we propose contains three Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
important findings: (a) the chain transfer to ligand involves the Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;

. . . Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
abstraction of a proton from the PMDETA ligand which occurs Gaussian, Inc.. 2004,

only at a carbon atom next to the nitrogen atom in the center of (16) peng, C.; Ayala, P. Y.; Schlegel, H. B.; Frisch, MJ.JComput. Chem.
the molecule (see Scheme 2 for the chemical structure of 1996 17, 49-56.
PMDETA), producing the H3] radical species as defined in  (17) Johnson Iil, R. D. Release 12 (Aug 2005) ed.

. : . (18) Gupta, S. KNumerical Methods for Engineerlew Age Interna-
Table 2; (b) the PMDETA radical generated from the chain tional: New Delhi, India, 1995.

transfer reaction (i.e., ‘[3]) is effectively inactive; once  (19) Nanda, A. K.; Anantchenko, G.; Matyjaszewski, Rolym. Prepr.
generated, the ligand radical is unlikely to be involved in any 2002 43, 225-226. _ o
further reaction afterward (even including termination reactions (20) 5?;5225% c?dieﬁ;n?gl;\jgﬂh Rv'\;/ill_;/u;enndczo%s _A-Jl\lTe'\r,Ce% ?f'{fgggzaﬂon
between ligand radlca|$ or between I|gapd and po_Iymer radlc_al_s); 21) Ziegler, M. J.; Matyjaszewski, N\Aacromoleculeszodl 34, 415-
(c) there appears to exist a significant difference in the reactivity 424,

of PMDETA toward side reactions (such as the chain-transfer (22) Walbiner, M.; Wu, J. Q.; Fischer, Hielo. Chim. Actal995 78, 910~
reaction) between the pristine and copper-bound states (that is, 924

the ligand becomes significantly less prone to the radical > ngé%?, D. A Matyjaszewski, KMacromoleculesl999 32, 2948~

formation when it is complexed with copper). The results (24) Smoluchowski, MZ. Phys. Chem191§ 92, 129-168.
provide a valuable mechanistic model for predicting the (25) Dean, A. M.AIChE Symp. Se2001, 97, 84-96.
molecular properties of poly(alkyl acrylate) polymers prepared (26) Evans, M. G.; Polanyi, MTrans. Faraday Socl935 31, 875-893.

using the copper/PMDETA-based ATRP techniques. @7 1E3"§‘;5' M. G.; Polanyi, MIrans. Faraday Soc1936 32, 1333~

i . . o . (28) Evans, M. G.; Polanyi, MTrans. Faraday Socl937, 33, 448-452.
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distributions of all species participating in the ATRP reactions 77-83.
(sections %3), procedures for the PDI calculations (section 4), (31) Fessenden, R.J.; Fessenden, @r§anic Chemistry3rd ed.; Brooks/
demonstration of the sensitivity of the ATRP model to variations Cole Publishing Co.: Monterey, CA, 1982.
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