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ABSTRACT: The effect of polymer matrix architecture (polystyrene stars) on the termination of linear polystyrene
radical chains was studied in a continually evolving polyfrsslvent mixture using the robust and accurate
RAFT—CLD—-T method. It was found that four distinct regions were observed for the stars analogous to the
linear RAFT-mediated polymerizations with chain length dependencies (Where ) for the 4-arm and 6-arm

stars in the dilute regime similar to that found for the linear polymer (wihand o, equal to 0.53 and 0.15,
respectively). However, the gel onset conversigy))(increased with the greater number of arms on the star, in
agreement with the ZimmStockmayer prediction and in excellent agreement with the theoretical overlap
concentratiorc*. This supports our previous work that claimed chain overlap is the main cause of the onset of
the gel effect in free-radical polymerizations. In concentrated solutions the chain length dependent exponents for
linear radicals were much greater in solutions of 4-arm and 6-arm star polymersofiitiose to 1.88 for

both) when compared with linear polymer solutiong.(= 1.22). Because of the increased topological constraints

in star polymer solutions, termination was expected to be controlled by reptation (which expects dependencies of
1.5 or 2). However, the dependencies predicted by reptation will only be reached at high conversions (close to
the glass transition), suggesting that although solutions of star polymers are more constrained than their linear
counterparts, there is still a great deal of matrix mobility on the time scale required for diffusion. The-RAFT
CLD—T method also provided a means to determine diffusion coefficients for chain lieagjtig Smoluchowski's
equation in the regions where translational diffusion is rate determining.

Introduction by i, the polymer concentratiorx, and the size and shape of
. e . the surrounding polymer matrix. At even higher polymer con-
Understanding the diffusion-controlled processes governing centrations, in concentrated solutions, the effects of polymer

radical bimolecular termination in a rapidly evolving polym- . . X

N ) - concentration and the size and shape of the polymer matrix play
erization mixture has been extensively debated over the past n increasingly important role in controlling termination reac-
60 years especially when auto-acceleration in rate is observed® gly 1mp 9

(the “gel effect” )I There are three concentration regimes tions

available to a po|ymefso|vent system in a free-radical p0|ym_ Traditionally, due to the broad radical and molecular Welght
erization (FRP). At low conversions (i.e., low polymer concen- distributions (MWD’s) in conventional FRP, it has been
trations) the polymer solutions are considered to be “dilute” extremely difficult to examine the contributions of the polymer
and polymer coils move independently from one another. concentration and the size and shape of the surrounding matrix
Diffusion-controlled termination at these concentrations can be on individual terminating chains of identical lendthowever,
regarded as dependent on solvepolymer friction, hydrody- Barner-Kowollik et aR*® recently introduced a method based
namic interactions, and intramolecular segmental mobility. As on reversible additiorfragmentation chain transfer (RAFT)
the polymer concentration is increased beyond the overlap polymerizatiori® to obtain accurate “chain length dependent”
concentrationg*, polymer—polymer interactions are no longer  (CLD) termination rate coefficients for individual radical
negligible and influence diffusion. Recently, we showed that chain lengths. The method is based on the linear growth of a
the concentration at onset of the gel effect was in excellent narrow distribution of chain lengths with conversion. Thus, at
agreement with the theoretical concentration érwhich is any conversion or time the length of two terminating radicals
defined as the concentration at which the polymer coils achieve (i andj) can be assumed to be approximately equa¥ (j).

a uniform monomer segment density throughout the reaction This avoids problems of broad MWD’s, and thus shdoing
mixture? Above this concentration, the solution is regarded as termination that plagued analysis of conventional free-radical
either “semidilute” or “concentrated” (at concentrations much polymerizations;®-1* and allowed the determination of reliable
greater thare*),® but unlike the distinct changeover from dilute  CLD termination rate coefficient&(x), for a range of radical

to semidilute regimes there is no clearly defined concentration chain lengthsj, and polymer concentrations, from a single
that separates the semidilute and concentrated regimes. experiment.

Itis now well recognized that in the dilute regime, termination Recently, we used this technique to study termination during
is primarily governed by the size of the radical chain length,  the polymerization of poly(methyl methacrylate) (PMME)We
Abovec* and in the semidilute regime, termination is governed found that the gel effect corresponded with the theoretical

overlap concentratiorg®, and that termination at intermediate

* Author to whom correspondence should be sent. E-mail: m.monteiro@ and_ high p0|ymer .Concentrations did ”Pt obey a simple
ug.edu.au. stationary “reptation-like” power law expressi&i-*but evolved
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Scheme 1. RAFT Agents Cumyl Phenyldithioacetate (CPDA), Pentaerythritol Tetrakis(3stbenzyltrithiocarbonyl)propionate)
(4-BTTC), and Dipentaerythritol Hexakis(3-(s-benzyltrithiocarbonyl)propionate) (6-BTTC)
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linearly with conversion withk, ~ i~(1&%005) The rate
coefficient for termination under control by reptation is expected
to scale as ~ i~15or k; ~ 17291317 Qur result brought into
question the true influence of the polymer matrix on radical
termination.

In 1984, Tirrell® postulated that “incisively designed experi-
ments to study matrix and molecular weight effects would hold
valuable information for the physical mechanism of macromo-
lecular diffusion in semidilute and concentrated polymer solu-
tions”. In particular, star polymers are attractive model systems
for studying the effects of hydrodynamic dimensions and
topological interactiori§~23 on diffusion-controlled processes.
In this work, we have examined the kinetics of termination for
linear radicals in dilute, semidilute, and concentrated solutions
of star polymers. In particular, we focus on the effect of the
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Synthesis of Cumyl Phenyldithioacetate (CPDA).Benzyl
chloride (40 g) was added dropwise to a mixture of magnesium
turnings (7.5 g) in dry diethyl ether (150 mL), and after an initial
vigorous reaction, the mixture was refluxedr f8 h to ensure
complete reaction. The mixture was then chilled in an ice water
bath and carbon disulfide (24.0 g) added dropwise over 30 min.
The mixture was then stirred for a furth@ h at 0°C. The mixture
was then poured onto water (300 mL) and the agueous portion
collected following four washes with diethyl ether. A final layer
of diethyl ether was added, and the mixture acidified using 30%
aqueous HCI. Phenyldithioacetic acidX4 g) was collected via
rotary evaporation of the ether as a thick orange oil. Following
collection, the acid was combined witlt-methylstyrene (20%
excess,~18 g), and a small amount of acid catalyst (0.2 g of
paratoluenesulfonic acid) in chloroform (30 mL), and refluxed at
80 °C for 18 h. The crude product was then dissolved in diethyl
ether/hexane (1:4) and crystallized &i®to yield orange crystals.

polymer coil overlap concentration on the onset of the gel effect, Thege were filtered, washed, and recrystallized a second time using
and the effect of macromolecular topology on diffusion- the same procedure described above to yield cumyl phenyldithio-
controlled termination in semidilute and concentrated solutions acetate as large orange crystals (27.9 g, 30.8%). NMR
by using the Z-group approach in RAFT-mediated polymeriza- (CDCl): 6 = 1.9 (s, 6H, 2x CHg), 6 = 4.3 (s, 2H, CH), 6 =
tions. 7.2-7.4 (m, 8H). 7.5 (d, 2H).

The Z-group approa@h?5is ideal for this purpose as linear Synthesis of Pentaerythritoltetrakis(3-6-benzyltrithiocarbo-
polymeric radicals propagate and terminate in a polymer star Y)propionate) (4-BTTC). 4-BTTC was prepared by use of a

matrix (Scheme 1). Importantly, the Z group approach inherently Method analogous to the procedure described for the synthesis of
eIimina(teS any S)tars{)ar cou);gling regactignsppan d the dea dy dipentaerythritolhexakis(3s(benzyltrithiocarbonyl)propionate) de-

) . ; scribed elsewher®.
polymer consists of only linear dead species. To carry out a Triethylamine (20.2 g,) in 50 mL of CHglwas added dropwise

RAFT-mediated polymerization via the Z group method, one 4 5 stirred solution of Pentaerythritol (3-mercaptopropionate) (2.44
must use a trithiocarbonate in which the Z group is located at g, 5 mmol) and carbon disulfide (15.25 g, mmol) in CHCI5

the core molecule (junction point). Growth of the chain arms mL) at room temperature. The solution gradually turned deep yellow
away from the core means that the trithiocarbonate is always during the addition. The solution was allowed to stir for an
located at the junction point of the star polymer. Therefore, additional 1 h. Benzyl bromide (18.8 g, mmol) dissolved in 50 mL
termination between radicals of chain lengtare surrounded ~ of CHCl; was added dropwise, and the solution was stirred for a

by a star matrix where each arm on the star is also of chain further 2 h. The mixture was poured into a cold solution of 10%
lengthi. aqueous HCI and extracted three times with ethyl acetate to afford

a thick yellow oil. The oil was purified by column chromatography
using 30% ethyl acetate inrhexane as eluent to obtain the title
compound as very thick viscous yellow oil (4.71 g, 8244)NMR
(CDCly): 6 =2.8(t,8H,CH), 5 = 3.6 (t, 8H, CH), 6 = 4.2 (s,
8H, CH,), 6 = 4.6 (t, 8H, CH), 6 = 7.3—7.4 (20H).

Experimental Section

Chemicals. Styrene (STY, 99%, Aldrich) was purified by
filtration through basic alumina (#4230 mesh) to remove inhibitors
prior to use. 1,1- azobis (cyclohexanecarbonitrile) (VAZO-88, 99%,  Synthesis of Dipentaerythritolhexakis(3-§-benzyltrithiocar-
DuPont) was purified by recrystallized from methanol twice. All  bonyl)propionate) (6-BTTC). 6-BTTC was prepared similarly to
other reagents used in the synthesis of RAFT agents (describedthe literature procedur€.Triethylamine (6.07 g) in chloroform (15
below) were obtained from Aldrich (99% purity or greater) and mL) was added dropwise over 30 min to a solution of carbon
used as received. disulfide (4.57 g) and dipentarythritol hexakis(3-mercaptopropi-
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onate) (3.92 g) in chloroform (20 mL) at room temperature. After Table 1. Kinetic Parameters Used for Analysis ok;"' from the

1 h, bromobenzene (35 mmol) in chloroform (15 mL) was added ~ RAFT-mediated Bulk Polymerization of Styrene (STY) Initiated
dropwise over 30 min. After a further 2 h, the reaction mixture with 1,1-Azob|s(cyclohexanecarbon|tr||_e)'(VAZO-88) at 90°C, in the
was poured onto an aqueous solution of 10% HCI and extracted 3 Presence of Cumyl Phenyldithioacetate (CPDA),

; ; ; . Pentaerythritoltetrakis(3-(s-benzyltrithiocarbonyl)propionate)
times with ethyl acetate to give a yellow oil. The product was (4-BTTC), and Dipentaerythritol

purlfl_ed by using column chromatography and by using a solvent Hexakis(3-&benzyltrithiocarbonyl)propionate) (6-BTTC)
gradient going from hexane/ethyl acetate (3:1) to pure ethyl acetate.

The final product was then isolated under vacuum as a think yellow T oL ka Ra (mol AMp
oil (5.62 g, 63%)H NMR (CDCL): ¢ = 2.8 (t, 12H, CH), 6 = (°C) mol*s™ (s L7s7? f  (kImol™
3.4 (s, 4H, CH), d = 3.6 (t, 12H, CH), d = 4.2 (s, 12H, CH), 6 STY 90 9083 27x1057% 2x10% 0.70 —73.07

= 4.6 (t, 12H, CH), 6 = 7.3-7.4 (30H).
A Typical Procedure for the RAFT-Mediated Polymerization

of STY. Styrene (2 mL, 8.73 mol/L), VAZO-88 (0.024 g, 49.65 initiation 28 Ry, was included in the calculation of the time
mmol/L), and CPDA (0.057 g, 100 mmol/L) were added to a dependent termination rate coefficiekq()
reaction vessel, degassed by four successive frqgmmp—thaw

aDetermined in the current study.

cycles, sealed under vacuum, and polymerized 8C9@onversion Rp(t)

was measured gravimetrically by drying the samples in a vacuum d

oven at ambient temperature until at constant weight, and the kp([M]O_ f‘ Rp(t) dt)

molecular weight distribution was determined by size exclusion 2fk 1] Oe_"dt + Ry — 0

chromatography. k() = dt (1)
A Typical Differential Scanning Calorimetry (DSC) RAFT Ry(t) 2

Polymerization of STY.DSC polymerizations were all performed 2 t

in duplicate. Styrene (2 mL, 8.73 mol/L), VAZO-88 (0.024 g, 49.65 kp([M] 0~ ﬁ, Ry(t) dt)

mmol/L), and CPDA (0.057 g, 100 mmol/L) were added to a

reaction vessel, degassed by four successive fregmmp-thaw where [I} is the initial initiator concentration, [M]is the initial

cycles, and transferred into gastight DSC pans using a glove bagmgnomer concentration, [M]is the instantaneous monomer
under nitrogen. The sample weights in the DSC pans ranged

between 30 and 65 mg, (The weight in the DSC pans was measured-oncentration (at time), kq is the initiator decomposition rate

by mass difference between empty and full.) The polymerizations F:oefficient, kp is the propagation rate coefficient, ahas the

were carried out isothermally at 9€, and the heat of polymer-  initiator efficiency. The auto-initiation rate constaf, was
ization measured by comparing the heat flow from the polymeri- determined experimentally by carrying out polymerizations in
zation pan and an empty pan on a Perkin-Elmer DSC 7 with a the absence of VAZO-88 and measuriRgat low conversions
TAC 7/DX thermal analysis instrument controller. The DSC (<5%). From this data and a constdn{l x 10° L mol~1s™)
instrument was calibrated with a standard indium sample of known in eq 1,Ry, was determined (see Table 1). This value was used
mass, melting point temperature, and associated enthalpy changeas constant over the full conversion range. It should be noted
The rate of polymerizatiorR;) and monomer conversions) (vere that, under the experimental conditions in this wokt)
calculated using literature values for the heat of polymerization of omained unchanged even whgq was not included in eq 1.

= — 1) 27 - > :
STY_ (AHp _73 kJ mot™). ) Fromk(t) found using eq 1, the chain length and conversion
Size Exclusion Chromatography.Absolute molecular weights dependent termination rate coefficiekg;(x), was determined

of the polymer stars were determined on a size exclusion chromo-b P ; ; ;

. . y factoring in the conversion dependent chain length during a
tography (SEC) Shimadzu system with a Wyatt DAWN DSP 5 ; N . .
multiangle laser light scattering (MALLS) detector (683 nm), and RAFT-mediated polymerization. The theoretical evolution of

a Wyatt OPTILAB EOS interferometric refractometer. THF was Cchain lengthi, with conversiony, was used as the experimental
used as the eluent with three Phenomenex phenogel columns (500Mn Was close to theory

104, and 106 A) connected in series operated at 1 mL/min with

column temperature set at 3G. The refractive index increments i — M]

dn/dc) for the polymers analyzed were determined using the ' — ty
<(:hrom<)':1tographic'O m):athod aftery calibration of the refractor%eter ([RAFT], — [RAFT],) + af([l], — [1]) + a(ﬂ) Ry, dt)
response with a linear polystyrene standav, & 110000, a/dc 2)

= 0.185).
: . here [RAFT} is the initial RAFT agent concentration
Size exclusion chromatography (SEC) measurements of the star". . . . '
graphy ( ) [RAFT]x is RAFT agent concentration af a is the mode of

and linear polymer were also performed using a Waters Alliance Cx Had =
2690 Separations Module equipped with an autosampler, columntermination @ equals 1 for termination by combination and 2
heater, differential refractive index detector, and a photodiode array for disproportionation), [{ is the initial initiator concentration,
(PDA) connected in series. HPLC grade tetrahydrofuran was usedand [l is the instantaneous initiator concentration. Rate
as eluent at a flow rate of 1 mL mih The columns consisted of  coefficients used in eqs 1 and 2 were taken from reliable
three 7.8x 300 mm Waters Styragel GPC columns connected in |iterature sources and are listed in Table 1.
series, comprising two linear UltraStyragel and one Styragel HR3  Accuracy of the RAFT—CLD —T Method To Determine
columns. Polystyrene standards ranging from 2000000 to 517 g ki A reviewer questioned the accuracy of the RARILD—T
mol~t were used for calibration. . . .

method when using RAFT agents with low chain transfer
constants. Therefore, in this section, we discuss the robust nature

Calculations of the RAFT-CLD—T method and the criteria required to
Determination of Conversion and Chain Length Depend- obtain accuratg values for chain length dependence. Generally,

ent Termination Rate Coefficients. Conversion and chain  the RAFT-CLD—T method has been found to be robust and

length dependent termination rate coefficiertgi(x), were able to determine accurate values lgf(x) for a range of

determined using the RAFICLD—T method described  monomers and under a range of experimental conditions, both
elsewherg 612 Due to the moderate reaction temperature as a function of increasing chain leng#3! and increasing
(90 °C) self-initiation of styrene through thermal reactions conversiort12:32-34 However, the method is only accurate if
cannot be excluded. An expression for the rate of auto- the rate of polymerization is unaffected, and RAFT agents that
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Scheme 2. lllustration of the Z-Group Approach Used in the Preparation of Star Polymers via RAFT, Where Bimolecular Termination
in This Approach Occurs between Linear Radicals in a Matrix of Star Polymers

Z-Group Approach
Py P,
Ss_S M s M
S RAFT P S
P — rocess P — .
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S-p S-p
s n s n
s
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P Pn?
(4-arm Z-RAFT Agent) g
ki

Dead Polymer

Polymeric Radical

Dormant Polymer

undergo either slow fragmentat®{SF) or intermediate radical  effects of the R group on the accuracy of determirkiigusing
terminatior§® (IRT) are absent®3” Hence, the RAFT agent the RAFT-CLD—T method and eq 3 to convert averdges

cumyl dithiobenzoate (CDB) cannot be used to obtqiinfor x profiles tok' vs i.

styrene polymerization®. Importantly, termination should be

dominated by chain lengths close itohowever, should there ) [M] x

be substantial “shortlong” termination (such as in conventional = m 3)

FRP) the method is no longer vaftdWe have previously

published detailed simulations on the validity of the RAFT

CLD—T method* Figure 1A shows their resuftsfor the effect of increasingly
It has been postulated that RAFT agents with poor leaving poor leaving groups (benzyti-methylbenzyl and cumyl) on

(R) groups (Scheme 2) may also compromise the accuracy ofthe logk{' vs logi profiles for the RAFT-mediated polymeriza-

the RAFT-CLD—T method. Feldermann et #@lconsidered the  tions of styrene at 80C. It is found that as the leaving group

RAFT Agent 9.5 RAFT Agent
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z ol 2 .
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- 1 o
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0O |0 TS |20 253 M =l 2
log i log i
w(n(t g
S (E)
b ;
=] -
E ~
= -7
= )
20000 -
G
2
{\ Ic_-—'lil_\lbl -l-“ I':ill = i 1 i . 8 L s it
0.0 0.1 02 03 04 05 06 0.7 08 09 0.0 0.1 02 03 04 0.5 06 0.7 08 0.9 00 05 10 15 20 25 30
Conversion Conversion log i

Figure 1. (A) Reproduced data from Feldermann e#alvhere they used eq 3 to converto i, for the RAFT-mediated polymerization of STY

at 80°C using 3-benzylsulfanylthiocarbonylsulfanylpropionic acid (BSPA, 11.0 mM), phenylethyl phenyldithioacetate (PEPDA, 11.0 mM), and
cumyl phenyldithioacetate (CPDA, 11.0 mM), with 2,2-azobis(isobutyronitrile) (AIBN, 17 mM) as initiator (B) the same data reanalyzed using the
more accurate eq 2. Kinetic simulations varying the pre-equilibrium chain transfer corStgnd) (to RAFT and maintaining a higlywmain) =

1000 for styrene (STY, 8.73 M) at R using 1,1- azobis (cyclohexanecarbonitrile) (VAZO-88), (C) number-average molecular wjghis(
conversion, (D) polydispersity (PDI) vs conversion, and (E) kbigx) vs logi profiles. (a)Currey= 1000, (b)Ciprey = 500, (C)Cupre) = 100, (d)

Cuprey = 10, and (e)Cu(pre) = 5. The concentration of RAFT agent and initiator used were [RAFT]L2.5 mM and [I} = 6.75 mM.
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Figure 2. Effect of chain length and conversion on the termination rate coeffidigi{k), vs radical chain length, for the reversible addition
fragmentation chain transfer (RAFT) mediated polymerization of styrene (STY, 8.73 M) &€ 9%&ing 1,1- azobis (cyclohexanecarbonitrile)
(VAZO-88) as initiator (A) linear RAFT agent, (B) 4-arm star RAFT agent, and (C) 6-arm-star RAFT agent. In part A, the concentrations of RAFT
agent used are approximately (a) 100 mM, (b) 50 mM, (c) 25 mM, and (d) 10 mM, in part B, the concentrations of RAFT agent used are approximately

(e) 100 mM, (f) 50 mM, (g) 25 mM, and (h) 10 mM, and in part C, the concentrations of RAFT agent used are approximately (i) 200 mM, (j) 100
mM, (k) 50 mM, and (I) 25 mM.

becomes poorer there is increasing deviation inkfherofiles RAFT agents were used with two different leaving groups:
(i.e., lowerk; values at the samig for small values of log cumyl and benzyl. Rate retardation or inhibition was not
when compared with the ideal case (i.e., CPDA in this example). observed, indicating SF and IRT were absent. In addition, we
It should be recognized that for a RAFT agent with a poor found (see Supporting Information) that thig’s for the linear,
leaving group, théM,, values at very low conversions are much 4-arm, and 6-arm stars were all close to “ideal” behavior, even
higher than predicted for a RAFT agent with a good leaving at the beginning of the polymerizations (i.e., low conversions),
group (see Figure 2 in ref 31), making the use of eq 3 inaccurate.indicating that poor leaving group effects were not present under
We have therefore recalculated their data (see Figure 1 in refour experimental conditions. We only take data above 5%
31) using our more accurate e#f2°(Figure 1B), and find that ~ conversion for all polymerizations to obtain tkeprofiles.
regardless of the RAFT agent used, all therofiles are very Determination of Theoretical c* for Star Polymers. Rather
similar regardless df This supports our earlier wotklemon- than being a single defined concentratioh,occurs across a
strating that the RAFFCLD—T method is even more robust concentration range as the dimensions of polymer coils change
and accurate across a wide range of experimental conditionswith concentration in the vicinity of*. To account for this, it
than Barner-Kowollik and coworkers anticipated, and should has been suggested tletcan be defined &3
be considered as revolutionary as the pulsed laser polymerization
(PLP) methodP used to obtain accurate values fqr 3 M, <co* < M,
To further support the RAFFCLD—T method, we carried 4 Rg?‘NA R;’NA
out simulations by varying the chain transfer coefficient for the ] ) ]
RAFT pre-equilibrium Cypre) Step from 1000 (a very good where the _rad|us of gyrat_lomg, can be calculated (for linear
leaving group) down to 5 (a very poor leaving group), while Polymer) via the expressidtt:
maintaining a highC for the main equilibrium steps. The P
simulations are under similar starting concentrations of RAFT _ JCM, |
agent, monomer and initiator as that used in this work. Accurate Ry = mw ()
rate parameters found from the literature (Table 1), and a ) .
compositek, modef-1234 determined from the data for CPDA where mw is the monomer molecular V\_/elglhtthe length
(Scheme 1) in this work (since a cumyl moiety is a good leaving Petween two monomer unit&” the expansion factor, arfda
group)) were used in the simulations. Figure 1C shows that Avogadro’s constant. , ,
with a decrease i€ prey the M, increased to high initial values For large flexible Gaussian polymers, Zimm and
and then grew relatively linearly with conversion, converging Stockmayet*# predicted a quantitative relationship between
with the M, profile for Cypre) equals 1000 at high conversions the R, for a star polymer of arms and a linear polymer with
(approximately 50% folCypre) equals 5). The polydispersity equal molecular weight according to the following equation:

4)

index (PDI) values also show the same trend, with l0Gigére) 2
values resulting in higher initial PDI's. The Idg'(x) vs logi _ Ry _3f=2 (©)
profiles for each of theCypre) values are given in Figure 1E, Rg(l)2 2

and show that using truevalues (i.e., eq 2), all the measured

k; profiles are identical and in agreement with the experimental Equation 6 predicts that the mean-square radius of gyration of
data in Figure 1B. These results provide strong support for the a star polymerRys?, will be smaller compared with the mean-
claim that the RAFFCLD—T method is accurate even when square radius of gyration of a linear polymByg?, by a factor

using a RAFT agent with a poor leaving group. of g, which is approximately 0.625 for a polymer with 4 arms
Thus, the RAFF-CLD—T method has also been used to and 0.444 for a polymer with 6 arms. It follows from eq 4 and
obtain accurate data as a function of with x for methyl eq 6 that the theoretical for star polymers should increase

methacrylate (MMA) with cyanoisoprop-2-yl dithiobenzo&ig, according to

and vinyl acetate (VAc) with 2-ethoxythiocarbonylsulfanyl- ot 3

propionic acid methyl esté# despite the observation of poor (linean) _ (3f - 2)2 @)
leaving group effects in these reactions. In this current work, C* (stan) f
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Results and Discussion

The three RAFT agents used in this work (Scheme 2) gave
linear (CPDA), 4-arm star (4-BTTC), and 6-arm star (6-BTTC)
dormant polystyrene species. The polymerizations were carried
out in bulk at 90°C over a range of RAFT and VAZO-88
concentrations (see Table S1 in the Supporting Information
section). The evolution of conversion with timi, and PDI
with conversion, and representative SEC molecular weight
distributions are also given in the Supporting Information, and
theoretical predictions foM, agreed with data found from
experiment. MWDs for the 4- and 6-arm star polymers are
typically broader than for linear polymer, due to the formation
of some low molecular weight dead polyn?é£5The 3-dimen-
sionalk{i(x) plot overi andx for the three sets of data are also
given in the Supporting Information section, and from this data
the influence of polymer chain length on termination can be
observed for the three sets of RAFT-mediated polymerizations
(Figure 2).

Figure 2 shows th&i(x) profiles over the conversion range
at different RAFT concentrations for linear, 4-arm, and 6-arm
stars. The 4-arm and 6-arm star RAFT agent’s, 4-BTTC and
6-BTTC, are Z-group RAFT agents. Unlike linear RAFT agents
the chain length of terminating radicalsare smaller than the
chain length of surrounding (stamatrix) polymer,N, by a
factor equal to the number of star arnfigsee Scheme 1,=
N/f). In these systems, the propagating radical chain lenhgth
grows at the same rate &; and therefore, it allows one to
compare termination between twaeadicals in a linear or star
matrix depending on the RAFT agent used. In Figure 2, the
power law dependenae (wherek(x) ~ i~%) is given for the
three matrices in the dilute regime (whexgis the short chain
region andy,_ is the long chain region), and in the concentrated
regime (defined asye).

We define the semidilute regime as the region starting from
the gel onset point (point P in Figure 2A) until the concentrated
regime (point Q). In this region, topological constraints of the
surrounding matrix begin to impede radical mobility and
termination slows considerably. It is obvious that trying to
quantify the semidilute region is difficult, therefore, we have
focused our discussion in this article on (1) the dilute regime,
(2) the onset of the semidilute regime (i.e., the gel onset, point
P), and (3) the concentrated regime (following point Q) (vide
infra).

Termination in the Dilute Regime. In recent years, opinion
on termination in dilute solutions has shifted from the classical
belief that chain end mobility is rate determinfagn favor of
what has been termed “composite” behaVitf#?For the linear
polymer (Figure 2A), it is clear that two distinct processes
dominate termination in dilute solutions. At very short chain
lengthsk is controlled by center-of-mass diffusion, and scales
according to the radical chain length, with a power law
exponent ofosgineary ~ 0.53, in agreement with predictions of
the Stokes-Einstein equatioR.At a crossover chain length of
isLginear) ~18, chain-end segment mobility becomes rate deter-
mining andk"' scales with a “long” chain exponent (inear) ~
0.15, in agreement with theoretical predictions for segmental
diffusion 4850

For the star polymer solutions, this composite behavior

Macromolecules, Vol. 41, No. 3, 2008

_1\./1“ (dorgant)
o2 % g § §

Figure 3. M, vs conversion profiles determined at onset of the gel
effect () from the bulk reversible additionfragmentation chain
transfer (RAFT) mediated polymerization of styrene at°@using

(a) linear Q), (b) 4-arm star®), and (c) 6-arm starA) RAFT agents.
Data points were determined directly from experimentalkdggss log

N data, and 3-dimensional surface analysis data (see Supporting
Information).

comparable values to the linear system, suggesting that the
matrix architecture had little influence on termination in the
dilute regime.

Gel Effect Onset (Start of the Semidilute Regime)We
wanted to gain insight into the effect of star topology on the
gel onset point and, in particular, examine the effects of
hydrodynamic dimensions and physical cross-links on termina-
tion. Because of the higher segment densities in star polymers,
it may be expected that* will be affected by the number of
star polymer arms and that the central tethered points may
greatly restrict the intermolecular mobility of radical and matrix
chains. Figure 3 shows the effect &, on the gel onset
conversion,Xge, for linear, 4-arm, and 6-arm stars. As the
polymer architecture was changed from linear through to 6-arm
star at any value foM, of the dormant polymer, thege
increased, suggesting that the hydrodynamic volumes of the
dormant polymer plays an important role. The smaller the
hydrodynamic volume the greatege, usually found with
increasing arms on a star polymer.

Because of often conflicting evidence and opinion, the cause
of the gel effect has been the subject of some debate (see ref
51). Much of this uncertainty can be attributed to the use of
polymer matrices and polymeric radicals with a wide range of
chain lengthd, a problem that is overcome by using “living”
radical polymerization in which a narrow chain length distribu-
tion is generated. In our previous work, we found excellent
agreement betweeqe and the theoretical overlap concentration,
c*, for a variety of monomers including methyl acrylate, methyl
methacrylate and vinyl actetat®.Compared with the linear
polymer, star polymers are governed by higher polymer-segment
densities and possess smaller solution dimensions than their
linear counterparts (at equivalemM,);*35253 therefore, c*
increased as a function of increasing armEjgure 4 compares
the theoretical profiles foc* min and c*max Using eq 4 with
experimental values from Figure 3. The experimerfalvalues
were found within the theoretical range fdrfor linear, 4-arm,
and 6-arm stars, supporting our previous results thas the
major cause of the gel onset under isothermal conditions. It
should also be noted that the molecular weights and polymer
concentrations are well below predictions based on chain
entanglements?5455

becomes less well-defined with increasing star arms. The reason The power law dependencias, of Xge With Mj, (i.€., Xgel ~

for this arises from the radical chain lengths being much smaller
by a factor off to the polymer matrix, which in some cases led
to the onset of the gel effect prior to the crossover from “short”
to the “long” chain regime. Howeveu, anda, were determined
with a best fit for the 4-arm and 6-arm stars and gave

Mn~%) decrease from 0.45, 0.35 to 0.3 for linear, 4-arm, and
6-arm stars, respectively. Turner et&l>® identified that the

gel onset in an unentangled polymer matrix would have a
dependence of 0.5 (for chain overlap) that increased to 1 in an
entangled matrix. Oua data for the linear polymer is close to
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Figure 4. M, vs conversion determined at onset of the gel effegt)(from the bulk reversible additionfragmentation chain transfer (RAFT)
mediated polymerization of styrene at 80 using (A) linear 0), (B) 4-arm star ©), and (C) 6-arm starA) RAFT agents. The theoretical limits
for the overlap concentration?, curve (a)c* > (3M)/(47R*Na), and (b)c* < My/(R*Na). Data points were determined directly from experimental

log k: vs logN data,and 3-dimensional surface analysis data (see Supporting Information). Values f@rribgion were calculated using eq 5 and
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! 101 erization of (a) 4-arm starY), and (b) 6-arm starQ®) polystyrene
(RAFT) mediated polymerization of styrene at 9C. Data was (PSTY) at 90°C is plotted against molecular weigh¥1{). Xgeiginearf
determined from the plot of the gel effect onsgt, andMn (see Figure  y . profiles approach the theoretical ZimrStockmayer expressiéh
2) by assuming* = My/(R*Nay). (ie C*staf C*inea) fOr 4-arm star polymer (dotted line), and 6-arm star

) o polymer (dashed line), at higkl,. Low M, stars deviate from theory
theory for an unentangled matrix, but surprisingly a decrease due to steric effects close to the core leadingg@stan ~ Xgel(inear) at

in oo with an increasing number of arms on the star is observed. 10w My, (refer to inset illustration).
In fact, it would be expected that if entanglements do cause the

n

onset of the gelp would increase toward 1 from linear to 6-arm 20
star polymer as the tethered points in the star could act as L5
entanglement points. The major conclusion from these results ’
implies that chain overlap and not entanglements are the cause
of the gel effect. 3 1
On the basis of the excellent correlation betwetand Xgel, 8
the radius of gyration atyel can be calculated from the upper 0.5
limit in eq 4 (Figure 5). It can be seen th&j is lower for the
4-arm and 6-arm stars compared with the linear polymer, as 0.000 2 or e o5 1o
expected, with the 6-arm star appearing to be the smallest. This ’ ’ ’ - ’ ’
suggests that the greater the arms on the star the more compact Conversion
the structure; in agreement with literatdpe2:53 Figure 7. Chain length dependent exponemje, profiles determined

; ; : o in the gel regime (i.e., between 50 and 70% conversion, for the power
.Slnce c* is equivalent toXge, it is expected .based on the oW ex%ressi%m D(i—ugey are given as a function of the weight fracgon
Zimm-—Stockmayer expression that the following equation be of polymer,x, determined for the bulk polymerization of styrene (STY,
satisfied: 8.73 M) at 90°C using 1,1- azobis (cyclohexanecarbonitrile) (VAZO-
88) as initiator and a (a) linear RAFT agem)( (b) 4-arm-star RAFT

_ 3 agent ), and (c) 6-arm-star RAFT agem\). Linear regression led
Xgel(llnear)= 3f—2 2 8) to the following best fit expressions for each data set: (a)X.22
Xgel(stan) 2 0.11, (b) 1.8% — 0.10, and (c) 1.84+ 0.01.

Figure 6 shows that eq 8 is satisfied only at hidhvalues were ng[ qbove the prgdi.ctions from eq 8, ap.proachingla value
in which the experimental data converges toward the Zimm in the vicinity of ~1. This is not unexpected since the Zimm
Stockmayer relationship (dashed lines). For the high molecular Stockmayer expression was developed for swollen Gaussian
weight 4-arm star polymer, a value of approximately 0.49 is chains. In the case of short-arm star polymers the high polymer
approached at the high molecular weight limit ©%0000. segment densities cause congestion leading to stiffening of the
Similarly, the six arm star polymer shows good agreement with star arms close to the cfé36%62 (see inset illustration in
theory in the high molecular weight region; approaching a value Figure 6). Hence, the deviation to higher ratios at lower
of ~0.34. At low molecular weights th&el(inearfXgel(star)ratios molecular weight stars.
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Table 2. Comparison of Chain Length Dependent Exponents in the
Power Law Expressionk; [0 i~ Determined for the Short Chain
Dilute Regime, as, the Long Chain Dilute Regime,a,, and Gel
Regime, agel, in the Polymerization of Styrene (STY) at 90°C?

(M°C)  as(£6%) o (£5%)  0ge(+5%)
STY-L/L 90 0.53 0.15 1.22—-0.11
STY-L/4-S 90 0.49 0.12 1.8-0.10
STY-L/6-S 90 0.50 0.18 1.84+0.01

aResults are given for the termination of linear radicals in a linear matrix,
L/L, and linear radicals in a 4-arm star matrix, L/4-S, and 6 arm star matrix,
L/6-S. x = weight fraction of polymer

Scheme 3. General Mechanism for Diffusion Controlled
Termination, Which Can Be Described by a Three-Step Process
Involving (1) Translational Diffusion, (2) Segmental Diffusion
(i.e., Rearrangement), and (3) RadicatRadical Reaction

ii
ktrans

Py + Py Pi---Py
K trans”"
k. ii
PP}  =———=  PJP;
k-segmi'i
k h ii
P i‘/Pi‘ oo DeadM

Abovec?, it is difficult to quantify the semidilute regime as
log ki"(x) decreases nonlinearly with logip to the concentrated

regime, regardless of the matrix architecture. However, it was
qualitatively observed that at the same RAFT agent concentra-

tions for the linear, 4-arm, and 6-arm stars, the width of

semidilute regime became smaller (see Figure 2). This supports

our earlier postulate that having tethered points alvesults

in a more constrained polymer matrix, resulting in slower
diffusion of polymeric radicals. This should be more visible in
the concentrated regime.

Termination in the Concentrated Regime.It can be seen

Macromolecules, Vol. 41, No. 3, 2008

greater than for the linear matrix-(L.22). This supports the
postulate that the restriction placed upon the matrix by tethering
the arms together produce more obstacles for the linear
polymeric radicals to diffuse past. At first sight this could be
explained by reptatiof?** which would predict thatogel is
stationary and close to 1.5 or 2. However, our data show that
Ogel IS dependent upon conversion and will only reach values
close to 1.5 at conversions around 80%, in the vicinity of the
start of the glass regime. This suggests that although there are
constriction points in the polymer matrix there is still a great
deal of matrix mobility on the time scale required for diffusion,
and that the linear radicals are not confined to a tubelike
surrounding; as prescribed by reptation.

Diffusion Coefficients ofi Radicals in Linear, 4-Arm, and
6-Arm Star Polymer Matrices. It has been common practice
to use indirect methods (such as pulsed field gradient (PFG)
NMR17:63.658§ tg study the effects of polymer concentration and
polymer matrix on termination of individual radicals. These
methods measure how translational diffusion of individual chains
are affected by chain size, matrix size, and total polymer
concentration. Values dé'i(x) are then calculated with these
diffusion coefficients using Smoluchowski equafib(eq 9) and
including a capture radiusr™, and probability factor p”, to
yield

k') = 27N, p(D; + D)r 9)

The termination constant derived from eq 9 is based solely
on translational diffusion, and cannot be used to obtain rate
constants where termination is controlled by segmental diffusion
particularly for long chains in dilute solutions. Benson and
North*8.68 were the first to describe termination in terms of a
three step process involving translational diffusion, segmental
diffusion, and radicatradical annihilation (Scheme 3). For the
case that translational diffusion is slow (and therefore rate
controlling), the termination rate coefficient is directly propor-

from Figure 2 that the concentrated regime occurs well beyond tional to the rate coefficient for association by translational

the onset of the gel effect. In this regioki’ becomes

diffusion, kians since (by definition) any two polymeric radicals

significantly dependent upon the polymer concentration and that encounter one another will termin&feherefore eq 9 gives
chain length. The effect of polymer architecture can be analyzed yzJid termination rate constants.

by comparinguge exponents. Figure 7 shows a linear increase
in agel With conversion for the three polymer systems (data given
in Table 2). This conversion dependent increase is in agreement

with our previous finding® as well as observed self-diffusion
measurement®:%4 The 4-arm and 6-arm star matrices gave
similar oge functions (both close te-1.82), and were much

kt” = ransI,VI (10)
However, when the coefficient for segmental diffusikyagm
is rate determining, termination is a functionkgégm kirans and
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Figure 8. Plot of the diffusion constanD;, vs conversion calculated from termination rate coefficient data (using the Smoluchowski equation) for
the reversible additionfragmentation chain transfer (RAFT) mediated polymerization of styrene (STY, 8.73 M) &€ 90ith 1,1- azobis
(cyclohexanecarbonitrile) (VAZO-88) as initiator using a (A) linear RAFT agent, (B) a 4-arm star RAFT agent, and (C) a 6-arm-star RAFT agent.
Profiles were determined for radical chain lengths ofi(g 5, (b)i = 10, (c),i = 50, and (d)i = 100 in each polymer solution reaction. Also
shown @) are the conversions at onset of the gel effegf, determined for each chain length.
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the rate coefficient for dissociation by translational diffusion, for diffusion, and that the linear radicals are not confined to a

K-trand®. tubelike surrounding, as prescribed by reptation. The RAFT
N N CLD—T method also provided a means to determine diffusion
0 rans, X ksegﬁ']'I coefficif_ants fo_r chain_ lengthi in the_ regions where the
k' = i (11) translational diffusion is rate determining.
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