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ABSTRACT: We have investigated the cause of catalyst deactivation observed during surface-confined atom-
transfer radical polymerization of acidic monomers. Surface-tethered polyelectrolyte layers of poly(itaconic acid)
and poly(methacrylic acid) were grown from self-assembled initiator monolayers of 2-bromoisobutyryl bromide
terminated thiol molecules. This polymerization initiator molecule and a copper-based organometallic catalyst
allowed tethered polyelectrolyte chains to be grown directly via radical polymerization at room temperature in
aqueous solutions. Structural and surface properties of the layers were characterized using phase-modulated
ellipsometry and external-reflection Fourier transform infrared spectroscopy. Catalyst deactivation due to generation
of a coordination complex between the deprotonated acid monomers and copper catalyst during the polymerization
process appears to be an important cause of chain growth cessation. Surface-initiated polymerizations performed
after aging of the catalyst-containing deprotonated monomer solution revealed inhibition of polymer growth with
increasing aging times. This suggests that catalyst is consumed over time by complexation with carboxylate
groups of the monomer and dissociation and disproportionation in water.

Introduction A two-step “grafting from” approach has been used by &u

Overcoming the deactivation of atom-transfer radical poly- @nd co-workers to produce polyelectrolyte brushes of poly(1-
merization (ATRP) catalysts when polymerizing electrolytic or Methyl-4-vinylpyridinium iodide)® and poly(styrenesulfonaté)
charged monomers continues to be a chemical challenge.from surface-tethered azo initiators. In eat_:h_ case, a precursor
Surmounting this challenge is important because surface-tethered'€utral brush was synthesized by thermally initiated, free-radical
layers of charged polymer have numerous applications including Polymerization and then subsequently converted to yield the
colloidal stabilizatior, membrane preparatioAsnd biosensor ~ Polyelectrolyte brush. The poly(1-methyl-4-vinylpyridinium
and biomaterial scaffold technologig$As a result, studying ~ iodide) brush was prepared by first growing a brush of poly-
the structure and properties of carefully designed surface- (4-vinylpyridine), and then the 4-vinylpyridine groups were
tethered, charged polymer layers, also referred to as po|ye|ec_quatern|zed with methyl .|od|.d§.Pon(styrenesquonate) brushes
trolyte layers (PELS), has generated considerable theoretical andvere formed by saponification of polystyrenesulfonate ethyl
experimental interest. ester) brushe¥ Zhang and Rhbe also demonstrated that

The study of surface-tethered PELs would benefit from the Polyelectrolyte brushes of poly(methacrylic acid) could be
development of procedures that simplify the formation of these Prepared directly by thermally initiated polymerization of
charged interfacial layers on solid surfaces. A variety of Methacrylic acid using surface-tethered azo initiatérén -
approaches that build off methods used to prepare po|ymeralterp_atlv¢, two-step process to form PELs involving chemical
brushes have been used to produce surface-tethered PELs. Ifodification of polyacrylate or polyester brushes was reported
general, polymer brushes can be formed on surfaces by using?y Boyes et at® In their work, uncharged polymer brushes
techniques such as physisorption of block copolyrigts, ~Pearing acrylate or ester pendent groups were grown in organic
covalent grafting of end-functionalized polymérdtand graft ~ Solvents by surface-confined ATRP (SC-ATRP) and then
polymerization from the surfadg.Each method has its utility: ~ hydrolyzed in agueous solution to form the corresponding acid
The “grafting from” approach produces end-tethered polymer brushes.
brushes of higher thickness and grafting density compared to  Although ATRP has been used widely for controlled poly-
the “grafting to” approache the latter faces the inherent  merization of monomers with nonionic functionalities in aprotic
weaknesses of slow diffusion of polymers to the surface and solvents, and results such as those by Boyes'&gaid Biesalski
the entropy penalty associated with chain stretching to accom-et al1>16demonstrate that polyelectrolyte brushes can be made
modate more chain$.Nevertheless, the “grafting to” approach by postpolymerization modification, it may be argued that
is often preferred for fundamental studies because the molecularmethods talirectly create tethered polyelectrolyte layers would
features and composition of the premade polymer chains canbe beneficial. Moreover, methods that allow ATRP of charged
be rigorously characterized prior to grafting. Balastre et al. monomers to be carried out in an environmentally friendly
demonstratéetithat the “grafting to” approach could be used to  solvent such as water in a controlled or “living” fashion would
form PELs of polystyrene sulfonate by preferential assembly open the design envelope and allow well-defined interfacial
of poly(tert-butylstyrenej-poly(styrenesulfonate) diblock co-  polyelectrolyte layers to be made for a host of applications.
polymers made by anionic polymerization onto a hydrophobi- However, there are known challenges associated with carrying

cized surface. out ATRP in water: Tsarevsky and Matyjaszewski point out
in their studies of ATRP in bulk solution of cationic monomers
* Corresponding author. E-mail: mkiloey@clemson.edu. and the neutral water-soluble monomer 2-hydroxyethyl meth-
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acrylate that catalyst deactivation by dissociation, complexation ATRP can be carried out to directly produce well-defined
with monomers and solvent, and disproportionation occur readily polyelectrolyte brushes, thus furthering the study of these
in aqueous medit. These deleterious effects preclude achieving complex materials.

a “controlled” radical polymerization. Some of these problems

can be circumvented by reducing the water content by adding Experimental Section

an aprotic solvent or a ligand that stabilizes the copper halide  \aterials. Gold-coated silicon substrates were used for ATRP
complex. lddon et al. demonstrated that ATRP of sodium giydies. A 1000 A gold layer was sputter coated onto a 10mm
4-styrenesulfonate was uncontrolled in water, but control 12 mm silicon wafer chip with a 100 A binder layer of chromium
improved when the water content was decreased by addingbetween the silicon and gold. The following chemicals were
methanol as a cosolvent; polydispersities as low as 1.26 andpurchased from Aldrich and used as received: tris(2-aminoethyl)-

high conversions were obtained using a 1:1 mixture of water amine (TREN; 96%), sodium hydroxide (pellets, 98%), anhydrous
and methanadi® ethanol (99.5%), copper(l) chloride (99.9%), 2-bromo-2-methyl-

. . . . propionyl bromide (98%), methacrylic acid (MAA; 99%), and
This approach of adding an aprotic solvent was implemented ;5 i’ acid (1A: 99%). Methacrylic acid was purified by vacuum

by Moya et al. in their efforts to directly prepare polyelectrolyte  istjllation before use. Itaconic acid was recrystallized from ethanol
brushes of [2-(methacryloyloxy)ethyl]trimethylammonium chlo-  prior to use. The ligand hexamethyltris(2-aminoethyl)aminegMe
ride via SC-ATRP in a methanol-rich aqueous solufibin TREN) was synthesized by methylation of TREN.

their work, quartz crystal microgravimetry (QCM) was usedto  Bromo |Initiator Synthesis and Self-Assembly.The bromo
follow the kinetics of layer growth. QCM results show a leveling initiator (BrC(CHs),COO(CH,)11S),, also referred as the polymer-

off in change of frequency, meaning that the rate of mass ization initiation molecule (PIM), is self-assembled onto the gold
addition to the tethered chains slows after an initial rapid growth surfaces and synthesized using the procedure developed by Shah
period. This decrease in the rate of growth, as evidenced byet al?” Gold surfaces were cleaned using a Boekel ozonation
the change in frequency, occurred quickly and is indicative of chamber for 5 min before self-assembling the PIM. The monolayers

cessation of polymerization. Thus, even though a significant
amount of aprotic solvent was added, ostensibly to overcome
problems with catalyst deactivation, the characteristic linear
increase in thickness of the layer with time that normally is
cited as evidence of controlled growth via SC-ATRP was only
seen in the case whea 4 nnthick layer (polymer and initiator)
was grown using a low surface-initiator density.

To the best of our knowledge, the only report to date of a
controlled ATRP of a charged monomer in water is that of
Ashford et ak? They were able to use ATRP in a controlled
fashion to polymerize methacrylic acid in water at 9D by
using poly(ethylene oxide) macroinitators. Low molecular
weight polymers € 7500 g/mol) were made with polydispersities
of 1.2-1.3.

Thus, it may be concluded that devising situations to capitalize
on the well-known robustness of ATRP for surface-confined
polymerization of charged/ionic monomers in water remains
particularly challenging. To take advantage of ATRP as a
controlled/living polymerization technique capable of producing
well-defined, end-functionalized or block copolymers, it is

were formed by placing the clean gold substrateai 1 mmol
solution of the bromo initiator in anhydrous ethanol under a
continuous nitrogen purge for more than 16 h. The gold surfaces
coated with self-assembled initiator monolayers were washed with
ethanol, dried in a stream of nitrogen, and characterized using
standard surface characterization techniques such as ellipsometry
and external-reflection Fourier transform infrared (ER-FTIR)
spectroscopy to confirm the presence of the surface-tethered initiator
monolayer before polymerization. Results from self-assembled
monolayer characterization studies were consistent with our previ-
ous studie® and therefore were not repeated here.

ATRP Chemistry. SC-ATRP was used for both acidic mono-
mers, MAA and IA. The polymerization reaction used an organo-
metallic catalyst complex comprising @l and ligand MeTREN.

A mixed halide system was used for the ATRP with the bromo
initiator and CUCI as the catalyst, because mixed halide systems
are reported to have better control for ATRP3! The reaction
medium was prepared inside a Schlenk flask. Acid monomers (1A
= 2.6 g, 0.18 wt %; MAA= 1.72 g, 0.13 wt %) were first added

to 10 mL of water. The acid monomers were then deprotonated by
adding NaOH (1.6 g for IA and 1.2 g for MAA) to reach a pH
endpoint of 7.0 £0.1). MeTREN (0.23 mg) and CCI (49.5ug)
were then added to the deprotonated monomer solution to form

necessary to understand the side reactions that occur whenhe reaction medium. The reaction media was degassed inside the
attempting to polymerize charged monomers in water. These Schlenk flask by multiple freezepump-thaw cycles to ensure that
side reactions lead to the deactivation of catalyst by three dissolved oxygen (which can terminate polymerization) was
routes: coordination complex formation between the catalyst removed completely from the reaction solution. Aliquots of the
and deprotonated monomer, disproportionation, and dissociationreaction medium were then transferred to different test tubes inside
of the catalyst. In this article we report findings on the an oxygen-free glovebox, and the PIM-modified gold surfaces were
deactivation of catalyst that occurs during SC-ATRP of itaconic placed inside the test tubes. The polymerization proceeded at room

: : - : : temperature for various polymerization times up to 60 h. Following
acid (IA) and_methacryllc acid (MAA) in aqqeous sc_)lutlons. polymerization, the surfaces were removed from the monomer/
Poly(itaconic acid) (PIA), a “green” material by virtue of

catalyst solution, washed with water, and dried with a stream of
being produced by bioorganisrfishas two carboxylic acid  nitrogen prior to characterization experiments. The effect of aging
groups per monomer, which gives PIA a very high theoretical was studied by letting the reaction medium containing the depro-
ion-exchange capacity. As a result, PIA may be used to createtonated monomer and catalyst age inside the glovebox for different
ion_exchange separation agents used as column packings [(predetermin_ed times. Aliquots of the aged reaction media.\l.vere then
extract cations such as metal ions and organic dyes from transferred into test tubes that contalne_d the EIM-modlfled gold
solution2#25 Unlike PIA, poly(methacrylic acid) (PMAA) has surfaces, and the polymerization was carried out inside the glovebox

. . . for various polymerization times.
one carboxylic acid group per repeat unit. Both monomers are oy

. Surface Characterization TechniquesStandard surface char-
weak eleptro]ytes. Hence, the primary goals of the present .StUdyacterization techniques were used to study the structure and the
are to h',gh“ght t.he complexities involved in ponmgnzmg surface properties of the modified surfaces. The ER-FTIR analysis
electrolytic, anionic monomers such as IA and MAA using SC- a5 performed using a Nicolet Nexus 870 with a Spectra-Tech FT-
ATRP and also to reveal the cause of depletlon of active Catalyst 80 Horizontal Grazing Ang|e accessory with ar? 8Red incidence
during ATRP of these acidic monomers. This information will angle. The spectra were collected at room temperature with a liquid
ultimately aid in devising situations whereby controlled SC- nitrogen cooled MCT-A detector. For each sample, at least 2(989/
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Figure 1. External-reflection FTIR spectra of poly(itaconic acid) layers (A) and poly(methacrylic acid) (B) on gold surfaces gathered at different

polymerization times. Polymer-coated surfaces prepared by surface-initiated atom-transfer radical polymerization in aqueous soluti®ns with 1:
molar equivalents of CGl/MesTREN and either 0.18 wt % itaconic acid or 0.13 wt % methacrylic acid at room temperature.

scans were collected, with a resolution of 8 @mA Whatman tion period. According to Figure 1A, the ER-FTIR spectra
laboratory gas generator (Model 75-45) was used to purge the obtained for the polymerization of 1A at different polymerization
sample compartment with dry, Gdree air. times show a steady increase in peak intensities until around
_Layer thickness was me'asured using a Beaglehole Instrumentsp4 1 byt not more than 48 h, and remain unchanged thereafter.
Picometer Ellipsometer, which uses a photoelastic crystal modulator pa5s obtained at 1586 and 1407 émepresent the carboxylate

and a He-Ne laser { = 632.8 nm). Measurements were done at o, syretching observed from the deprotonated acid groups
five separate spots on each sample (with standard deviations

32 i
represented by the error bars in Figures 2 and 3) with an assumeoof the PIAZ Also, p;aks due to €O stretchlng_are present at
refractive index of 1.45 for the bromo initiator, 1.5 for PIA, and 1446 and 1262 cmt.%2The stacked spectra confirm the presence

1.4 for PMAA. Data were collected by varying the angle of Of PIA on the gold surface and that the growth of PIA halts
incidence of the laser from 8@o 35’ using steps of 10(angular after a brief propagation period. Similar studies were done with
resolution of+0.1°). MAA to test the generality of these findings for deprotonated
acidic monomers. ER-FTIR spectra show increasing intensities
of carboxylate anion stretching peaks at 1580 and 1420'cm
SC-ATRP of Acidic Monomers. The progress of each for polymerization times untib9 h but not more than 18 h,
polymerization reaction was followed by measuring the dry layer and remain unchanged thereafter (Figure 1B).
thickness with phase-modulated ellipsometry and the corre- To complement the ER-FTIR results, polymer dry layer
sponding changes in absorbance using ER-FTIR spectrometry thicknesses were measured at different polymerization times
Monomers containing deprotonated carboxylic acid function- using phase-modulated ellipsometry. As shown in Figure 2, there
alities were polymerized directly from gold surfaces in an is a rapid initial growth of the PIA layer, but growth stops after
aqueous medium. Although growth of the polymer layer on the ~24 h of polymerization, as manifested by the plateau. The
surface was observed, it stopped abruptly after a brief propaga-thicknesses measured include the thickness of the init@B)\r/

Results and Discussion
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12 Scheme 2. Reaction Scheme lllustrating the Effects of Water on
Catalyst Depletion

Cu'lY,/L + Cu+L

10 4 l 2 Cu'Y/L

|

XCu''Y/L + (m+1)H,0 X(Hy0),, + (Hy0)----Cu'lY/L
essential for controlled ATRP. Hence, the presence of the
deactivator, XCUY/L, is necessary to establish and maintain
the reaction equilibrium. Any deviations from this equilibrium
may cause the termination of polymerization or may result in
41 uncontrolled polymerization kinetics. In the case of SC-ATRP,
B Experimental Data PMAA the XCLJ'Y(L provides control by maintaining a low radical
2 4 ] concentration on the surfag¢eRadicals that form can react by
A Experimental Data PIA adding to the double bond of a monomer, irreversible termina-
Model Fit tion by bimolecular coupling or disproportionation, or reversible
0 ' ' ' ' ' deactivation by halogen exchange from the X€IL complex.

0 10 20 . 3,0 ) 40 50 g0 Since the equilibrium favors the dormant species, the presence

Polymerization Time (h) of XCul'Y/L suppresses radicafadical coupling, giving ATRP

Figure 2. Ellipsometric dry layer thickness measurements showing its “controllable” nature. Unfortunately, in aqueous systems with

growth kinetics of poly(methacrylic acid) and poly(itaconic acid) layers. charged monomers, two mechanisms exist for depletion of
Polymer-coated surfaces prepared by surface-initiated atom-transfer iy/ h include i h d di o
radical polymerization in aqueous solutions with 1:2 molar equivalents XCU" Y/L. These include ion exchange and dissociation, as

of CUCI/MesTREN and either 0.18 wt % itaconic acid or 0.13 wt % discussed below.
methacrylic acid at room temperature. The lines represent fits using Both IA and MAA are acidic monomers. Deprotonation of

Dry Layer Thickness (nm)
[}

the model expressed by eq 4. these monomers with NaOH forms ionic functionalities that can
Scheme 1. Scheme lllustrating a Possible Atom-Transfer poison t_he ATRP catglys_t by ion excharigé® A carboxylate
Radical Polymerization Catalyst Deactivation Process by group displaces a halide ion from XCWL to form a—Cu'Y/
Complexation with the Deprotonated Acid Monomer L —carboxylate complex. The high affinity of carboxylate ions
s+ to copper ions over sodium ions is responsible for this ion
(N& exchangé® The complexation of the growing acid polymer with
A ,c"a:"i‘\ the XCU'Y/L complex results in release of sodium ions from
| N \ N\jJr the deprotonated acid monomer and displacement of the halogen
“Na00C./ Cul-catalyst <\ f@ atom from the catalyst complex. The displaced halogen forms
coona® + H,0 /y"}' \"N< + Na'Br an ion pair with sodium ion in the aqueous reaction medium as
s+ AN S .
S / indicated in Scheme 1.
Na0oC ( NN O\{O Although the use of water as solvent makes ATRP more
COONa"  —NTFNS environmentally friendly, the deactivation of ATRP catalysts
Br by hydrolytic solvation makes aqueous systems difficult to'@ise.
Cu'catalyst The higher oxidation state copper complex XEIL dissociates

easily in water. Water forms a coordination complex with

monolayer, which was measured to be 1.8 #rRIA layers CU'Y/L by displacing a halide atom, thereby reducing the
achieve thicknesses of 8 nm before complete cessation ofconcentration of the deactivator (Scheme 2). This process also
growth. The ellipsometric thickness measurements for PMAA exhausts the deactivator, which indirectly leads to the depletion
layers show growth to a dry layer thickness~¢® nm and the of Cu according to the reaction equilibrium. Also, the lower
time for attainment of the plateau is between 10 and 16 h (Figure oxidation state copper complex GUL can disproportionate in
2). PMAA grows faster than PIA because PMAA has a higher the presence of water and ionic monoméisproportionation
rate of propagation (1.7 L mot s~1 for PIA and 670 L mot? of CUY/L halts radical formation, which stops the polymeri-
s~1 for PMAA, obtained from studies of conventional solution zation. Loss of the deactivator causes chain growth cessation
radical polymerization§3 by allowing bimolecular coupling to take place more readily.

After examining both ER-FTIR and ellipsometry results, and  Bimolecular termination involves the coupling of chain-end
also as will be demonstrated later with the aging studies, we radicals from two neighboring chains. This termination event
hypothesize that, in addition to undergoing dissociation and occurs more readily when the chains are in short supply of the
disproportionation in water, SC-ATRP copper catalyst can form halogen atoms needed to reversibly cap them. The reversible
coordination complexes with MAA and IA (Scheme 1), causing equilibrium between the Giand Cli complexes ensures that,
depletion of the catalyst and thus deterring the polymerization. after short sequences of repeat unit (monomer) additions to the
Gradual depletion of the catalyst occurs and, when it is growing polymer chain, the chain end is capped with the halogen
consumed completely, a plateau is reached and cessation oatom. Therefore, when the halogen atoms are consumed
polymerization occurs. irreversibly by displacement from X®Y/L, the growing chains

The behavior of ATRP catalyst in a reaction system contain- can no longer be capped by the halogen atoms. The subsequent
ing polar monomers and protic solvents is complex. Basically, accumulation of polymer chain radicals promotes bimolecular
ATRP depends on the reversible reaction of the alkyl halide termination (which is second order in radical concentration) and
RX (X = Br, Cl) and the cuprous complex &L (Y = ClI, stops polymerization. For these reasons, both bimolecular
Br; L = ligand) to produce radicals and a higher oxidation state termination and catalyst deactivation must be accounted for in
cupric complex (XCliY/L) with the extracted halidé! The any model to describe the growth rate behavior.
reversible switching between the lower oxidation state complex Modeling Layer Growth Kinetics. A kinetic model was
(CUY/L) and the higher oxidation complex (X®W/L) is developed to describe polymer growth. Details of the m%sjsk/
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derivation are given in the Appendix. Briefly, the increase in  The solid curves in Figure 2 represent the best fits of the
film thickness,T, with time, t, is proportional to the monomer  model to the experimental data, showing that the model is
concentrationCmonomer Catalyst concentratior.s, and active rational and well-suited to describe the growth rate behavior

chain concentrationCchains for the polymerization times used in this study. The model
described above was designed for surface-confined radical
‘;_-{ = kp'Cmonomepcathhams (1) polymerization from dow surface areasubstrate and is not an

accurate representation for solution polymerization or for surface
dpolymerization involving high surface areas, because it assumes
monomer concentration is a constant for controlled polymeri- constant monomer concentration. For a self-assembled mono-
zation of ultrathin films from flat, low surface area sub- |@ver of the initiator on a gold surface of area 1%cthe molar
strate<s”.38 amount of initiator on the surface would be7 x 10710 mol
If polymerization were “living” in the perfect sense, then based on known self-assembled monolayer chain den%itfés.

active chain concentration would also remain constant. However, 1 NiS 1ow initiator density and low polymer layer thicknesses
active chain concentration decreases due to bimolecular radica®199€st that monomer consumption is negligible during poly-
coupling and chain transfer side reactidh3o account for loss ~ Merization.

of active chains, we introduce a kinetic expression (eq 2) that  The model fit yieldk, values (3.3x 10* M~2h~* for PMAA
describes bimolecular radical coupling of two active chains and 1.5x 10° M~2 h~1 for PIA) that are orders of magnitude
leading to polymer growth cessatidg;is the chain termination  lower than the reported values figg' obtained from solution

In eq 1,k, represents the apparent propagation constant, an

constant. polymerization studies of neutral monomers 10 2 h~1).41.42
These apparenk, values for MAA and IA agree with the
dCchains: .2 @) observation that the rate of polymerization of MAA is greater
dt 2~ chains than that of IA. Differences between the apparent propagation

) o ) rate constants and values for neutral monomers can be attributed

As discussed, catalyst deactivation can occur in aqueousy gifferences in polymerization conditions such as temperature,
ATRP by complexation with the monomer and by dispropor- gq|yent, and monomer. Perhaps more importantly, the literature
tionation in water. The loss of catalyst is assumed to be first 4),es are for solution polymerization. In the case of surface-
order with respect to catalyst concentration (Schemes 1 and 2).yjtiated polymerization, access of monomer and catalyst to the
Because the concentrations of monomer and water are in largégrface may be diffusion limited, chain ends may become buried
excess relative to the cata.lyst concentration, they are assumegl, o polymer layer, and deactivator may be present at higher
to be constant. As shown in the Appendix, the rate of catalyst ¢ centrations near the surface where it foffEhese factors
deact!vatlon can b_e written as shown in eq 3, vidfipeing an would all lead to lower apparent propagation rates for surface-
effective deactivation rate constant. confined polymerization compared to solution polymerization.

dC.,; The growth curves in Figure 2 do not distinguish between
TZ —KsCeat ) the two mechanisms for polymerization termination. These
curves represent the combined effect of catalyst deactivation
Integration of egs 2 and 3 leads to time-dependent expressionsand bimolecular termination on growth rate kinetics of surface-
for the concentrations of the active polymer chains and catalyst.tethered polymers. Hence, to verify the effect of catalyst
These expressions can be substituted into eq 1 and the resultardeactivation separately, we designed and performed experiments
expression integrated to give a relationship between layer in which the reaction media were aged prior to use. Aging the

thickness and time (eq 4). catalyst-containing reaction media allows time for the catalyst

, to deactivate by interactions with the deprotonated monomer

— _ D” 2 _ ) and water, but bimolecular chain coupling does not occur in

T="Tem + C[Iog ((1 + By~ DBt+ 4 (@ +By"—1) ] the reaction medium due to the absence of the initiator radicals
(4) in the medium.

Aging Studies To Verify Catalyst Deactivation. As seen
in Figure 2, during SC-ATRP, IA reaches a plateaut34 h
and MAA by ~14 h (nominally). To verify the importance of
catalyst deactivation in these uncontrolled polymerizations, aging

In eq 4, Tpm is the thickness of PIM monolayer (measured
previously® to be 1.8 nm) and the parametésB, C, andD
collect the kinetic constants.

A= kp'C 0 Coi studies were performed for both IA and MAA monomers.
monomer-cat-chains Reaction media containing the deprotonated monomer ahd Cu
B = k.C° catalyst coordination complex were aged in a nitrogen glovebox

~ "2*chains for different lengths of time prior to polymerization. By aging

A the reaction medium, we are effectively allowing time for the
C==5¢" catalyst to deactivate. The extent of deactivation depends on

B the aging time of the reaction medium: longer aging times imply
K, greater complexation and disproportionation, and hence more
D=— extensive catalyst deactivation. The aged solutions were used

in polymerizations to study the impact on layer growth kinetics.

In these expressions the superscript “0” represents the initial The solutions containing IA were allowed to age for 6, 12,
value of the previously defined variables. Equation 4 is a and 18 h (plateau by 24 h), and the solutions containing MAA
truncated form of the exact solution, which allows data fitting were aged for 3, 6, @h9 h (plateau by~14 h). Using each

to the short polymerization times used in this work. Extension aged solution, SC-ATRP of IA was carried out for 6, 12, 18,
of this model to longer polymerization times is cautioned. and 24 h. For MAA, SC-ATRP was carried out for 3, 6, 9, a(EIBV
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" the initial growth region to the plateau region occurs between
10 | ®Aging Time=0h A) 12 and 18 h for PMAA. As seen in Figure 3B, increasing aging
g | WAging Time=6h { times result in lower layer thicknesses, and the crossover from

the growth region to the plateau region also occurs faster.

P AAging Time=12h
E 8- L] _ _ . . .
& ® Aging Time =18 h & When the reaction media age, side reactions occurring
g i ; between the catalyst and the charged monomer and dispropor-
g tionation of the ClY/L complex lead to partial or complete
E 5/ & . depletion of the catalyst, depending on the length of aging time.
E;, 4] g When aged solutions subsequently are used for polymerization,
- s E reduced chain growth occurs due to deactivation of ATRP
E i catalyst in the reaction solution. Figure 3 shows clearly that
21 lower thicknesses and shorter times to reach a plateau result
14 from solutions aged to longer times. The fact that some polymer
0 . . ‘ . ‘ grows suggests that not all of the '®(L disproportionates
0 5 10 15 20 25 30 within the aging plus reaction times. Deactivation of the ATRP
Polymerization Time (h) catalyst continues during the actual surface polymerization
process, which leads to complete loss of active catalyst. Once
12 the catalyst is deactivated, polymer ceases to grow. The time
11 { ®Aging Time=0h f ® to reach deactivation is defined by the transition point from the
10 | WAging Time=3h growth region to the plateau region; this time correlates well
2 9 AAgingTime=6h with the overall time of catalyst exposure to monomer, which
£ 5| @AgingTime=9h i . mcludeg the aging time p!us the polymerlgatlon time. The strong
g correlation between aging time and time to reach plateau
% 1 3 thicknesses in both systems suggests that catalyst deactivation
g 91 is a primary cause for cessation of layer growth. If the primary
§ 5 cause of cessation was bimolecular termination or chain transfer
3 4 to solvent, then aging the solution would not markedly affect
E 3 . the growth behavior of surface-tethered chains.
2 4 . ¢ Overall, both the carboxylate monomers (IA and MAA) and
. the aqueous medium contribute to the consumption ¢¥(Cu
0 and the deactivator XGY/L and, in turn, the exchangeable
0 ) . 6 8 10 12 14 halide atoms. The ATRP system therefore is in short supply of

the halide and the deactivator complex necessary for controlling

e 3 Drvl thick s showi i Kinet the polymer growth. As the deactivator is consumed, halide
ijgure 5. Dry layer thickness measurements snowing grow Inetics H H
of poly(itaconic acid) (A) and poly(methacrylic acid) (B) layers after exchange necessary for regeneration of the radicals does not

aging monomer/catalyst solutions. Polymer-coated surfaces prepared®CCUr, enhancing bimolecular termination. Although the mech-
from aged reaction media containing aqueous solutions of deprotonatedanism by which catalyst deactivation occurs depends on solvent

acid monomers with 1:2 molar equivalents of'CMesTREN and quality, the ligand usetf, and the type of monomer, this study
either 0.18 wt % itaconic acid or 0.13 wt % methacrylic acid at room rqyides insight into possible ways to minimize deactivation
temperature. The reaction media were aged in an oxygen-free glovebox.by modifying the chemistry of the ATRP process. In the follow-

12 h. We hypothesized that, as aging time increases, the Iayeron to this study we will describe a strategy to overcome this

thickness achieved after surface-initiated polymerization will Irzqnglrt;itilgnaoséﬁx;zzct)(l)uggglsmenze charged electrolytic mono-
decrease and the plateau will be reached at earlier times. q )

Figure 3A shows dry layer thickness measured for surface- ~qnjusions
tethered PIA layers for different aging and polymerization times.
When polymerization was done without pre-aging the reaction ~ Growth rate studies with the charged monomers IA and MAA,
medium, the layer thickness increased linearly up to 24 h, which which suggest a catalyst deactivation mechanism by which
represents the transition time from the growth region to the cessation (of polymerization) occurs in ATRP systems, are
plateau region for 1A in Figure 2. In this case, the total time of presented. Infrared spectra reveal the occurrence of polymer
catalyst exposure to monomer was less than this transition time.growth termination by the saturation in the peak intensities at
However, when the reaction medium is aged @oh prior to sufficiently long times. These results are well supported by
polymerization, layer thickness increases up to 18 h of poly- ellipsometric data that show a plateau region of the measured
merization, but does not further increase from 18 to 24 h. In dry layer thickness. Furthermore, pre-aging the reaction medium
this case, the maximum total time of catalyst exposure to followed by polymerization provided additional experimental
monomer (30 h) exceeds the transition time28 h) from the evidence about the role of catalyst deactivation in chain growth
growth region of Figure 2 to the plateau region. Similar trends cessation. Polymer growth was inhibited with increasing aging
were observed, with lower final layer thicknesses and quicker times as exposure of the catalyst to deprotonated monomer
attainment of plateaus, with progressively increasing aging solution during the aging process allowed time for catalyst
times. These results suggest that, as the reaction medium agesjeactivation side reactions to occur. These results establish that,
catalyst deactivates by interaction with the charged monomer during ATRP of carboxylate-functionalized monomers, several
and disproportionation with water. side reactions that occur between the monomer, solvent, and

Figure 3B shows results obtained from similar aging experi- the copper catalyst complex lead to inefficient control and faster
ments performed with MAA. From Figure 2, the transition from termination of polymerization. CDV

Polymerization Time (h)
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Appendix. Kinetic Rate Model Derivation dccat_ C A8
Equation Al describes the generalized ATRP rate equation. dt 3eat (A8)

The rate of polymerization is first order with respect to monomer
concentrationCmonomer catalyst (Ct) concentrationCeqs, and
the concentration of the active polymer chai@g;ains

Integration of eq A8 gives eq A9, whei@;, is the initial
concentration of the catalyst in solution.

— (o okt
Rp = kp"cmonomepcatcchains (Al) Ccat Ccate (Ag)

In eq AL, the apparent propagation rate constgfit,represents Substituting egs AS and A9 in eq A3 yields eq A10.
the multiplication product of the true propagation constégt, dT ( Clhains )

and K&P which has been defined by Matyjaszewski to be Gt~ K Crmonome 1T Cot Cin€ ™ (A10)
2~chain

eq ’ cat

Kea = kd/(kq[Cu'"]).4* In this way, ky" in eq Al has units of
M~2h"1. The rate of polymerization can be expressed in terms gquation A10 can be recast in a simpler form, as shown as eq
of thickness,T, of the growing polymer brushes through a a11.

proportionality constantj, that converts the rate of polymer-

ization to the rate of thickness change and allowes the chain dT ekt
concentration to be given in units of moles/area, rather than a1+ B (A1)
molarity:
The constanté\ and B are defined as follows:
ar _ "
a - ﬁ kp Cmonomepcatcchains (A2) A= kp'Cmonomepgat ghains
B= kZC((:)hains

Equation A2 can be recast as eq A3, whgrand k,” have
been grouped together &s. This grouping was done in order
to give a rate expression with equivalent form to eq Al and
with a rate constant that has the same unitsqAM=1) for
meaningful comparison.

Integrating eq A1l by parts and using the initial condition that
T = Tpm att = 0 yields a power series, which has been
truncated to include only terms up to second order.

D? 2
dT , T=Tom* C[Iog((l + Bt) — DBt+ —((1 + Bt)" — 1))]
E = kp Cmonomepcatcchains (A3) PIM 4 (Alz)
The loss of active chains that occurs through ragicatlical ~  The thickness of the surface-tethered initiator monolayaf,
bimolecular coupling is second order with respect to active chain js fixed at 1.8 nm (measured using ellipsom&yyand the
concentration, as described by eq Ad. constantsC andD are defined as follows:
dCyai A
(‘;ta'”S: _kZCEhains (A4) C= E €
k
Integration of eq A4 gives eq A5 whel€, ;. is the initial D=—

concentration of active chains on the surface. B

o A, B, andD in eq A12 were regressed to fit the ellipsometric
Cepains= ___“chains (A5) experimental data of dry_ layer thicknesses of th_e surface-tethered
enans 1 4+ K,Cehain polyelectrolyte. Evaluation d§,’ and other reaction parameters
was done usind\, B, C, andD and by using fixed values for
We have shown in our SC-ATRP studies that side reactions initial catalyst, monomer, and chain concentrations. Fixed
that occur during ATRP in aqueous solution with anionic monomer concentration was used because surface-confined
monomers, including disproportionation, deactivation (Scheme polymerization from low surface area substrates consumes a
2), and complexation with monomer (Scheme 1), may lead to negligible amount of monomer relative to the starting amount
loss of catalyst. The rate of change in catalyst concentration isin solution$” For initial chain concentration, we used the
assumed to be first order with respect to catalyst concentrationestimated areal density of initiator molecules on the surface (7

and is represented by eq A6. x 10719 mol/cn?) and assumed an initiator efficiency of 2%
based on previous work by Samadi ef&The curves in Figure
dCcat_ 2 represent the kinetic model fits, with valueskgfreported in

T - _kslcmonomepcat_ k3” waterCcat (A6) the paper.
As a basis of comparison, Coullerez et‘ateport data for
Because the monomer and water are in large excess relative tdg,™ (= ky"[CU][l]) for copper complexes in oligoethylene
the catalyst, the concentration of the monomer and water areglycol/water at room temperature. The reported value for the
assumed to remain constant. This allows eq A6 to be recast asCuBr/MesTREN system Waskgpp = 12.96 ht using [CY] = CDV
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[I] =2 x 107 M. Using the relationship betwedd™ andk;",
k," was calculated to be 3.24 10° M~2 h™1,
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