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ABSTRACT: Automatic continuous online monitoring of polymerization reactions (ACOMP) was used to follow
kinetic trends in the reversible additiefragmentation chain transfer (RAFT) polymerization of butyl acrylate
(BA) in butyl acetate, using 2f(dodecylsulfanyl)carbonothioyl]sulfarpropanoic acid (DoPAT) as the RAFT
agent and 2,2-azobis(isobutyronitrile) as the initiator (AIBN). The goals were to demonstrate the use of ACOMP
for RAFT studies and to examine the trend in conversion and evolution of weight-average molavijnasd
weight-average intrinsic viscosityj], for a series of experiments in which the RAFT agent concentration was
decreased over a wide range while all the other reaction conditions were held constant; [DOPAT]/[AIBN] ranged
from O to 2.4. This allowed monitoring the transition from “living”-like behavior in the “controlled radical
polymerization” (CRP) regime, where sufficient RAFT agent was used, to the noncontrolled radical polymerization
regime as RAFT agent was progressively reduced to zero. The conversion kinetics were found to be essentially
zeroeth order in DoPAT, and deviations from living behavior allowed estimates of radical efficiency. The evolution
of M,y vs monomer conversion varied dramatically from near-ideal living behavior at high [DoPAT]/[AIBN] to
classical radical polymerization behavior at [DoPAF]0. All but one experiment showed a nonzéig atf =

0, and the conversion behavior bf,, points to transfer and branching side reactions, depending on [DoPAT].
ACOMP should prove to be a useful tool both for fundamental RAFT research and process development.

Introduction RAFT is the newest of the major CRP methodologies, and it

The demand for higher performance and more specialized has rapidly established _itself as _arguab!y the most versatile. It
materials has engendered a strong research focus on livingas been comprehensively reviewed in recent y&afsA
controlled polymerization reactions (CRF.CRP reactions Judiciously chosen RAFT agent will allow the controlled
have attracted a lot of attention from various research groups. Polymerization of any monomer to high conversion and aimost
Their versatility and robustness against impurities, and their any predetermined molecular weight. In selecting RAFT agents,
compatibility with a large number of monomers and functional the important considerations are that R must have adequate
groups, combined with the living character that the CRP Systemsradicofugal and reinitiating ability relative to the monomer being
manifest open a new window to the production of novel Polymerized and that Z (alkyl or aryl in dithioesters; alkylthio
materials with controlled molecular weight and well-defined in trithiocarbonates; alkoxy or aryloxy in xanthates; disubstituted
structures and architectures. Chain modifications, close controlalkyl- or arylamino, oN-heterocyclyl, in dithiocarbamates) must
of composition, and, hence, polymer propefiage possible be chosen to impart the proper attenuation of reactivity to the
due to the long time (hours) between initiation and the end of addition and fragmentation reactions of the polymerizing
propagation, compared to a few seconds to form a completeradicals. As with other CRP methods, block copolymers are
chain in classical radical polymerization. easily synthesized as well as more complex architecttsesh

Among the radical polymerization techniques with living or as star, dendritic, and brush/comb/graft homopolymers and
quasi-living character, the most common by far are (i) nitroxide- copolymers.

mediated radical polymerization (NMP)(ii) atom transfer A large number of RAFT agents have been synthesized to
radical polymerization (ATRP}¢and (iii) reversible additior date, and limitless others can be designed to order. The
fragmentation chain transfer (RAFT) polymerizatiohhese are  functionality of the R and Z groups of the initial RAFT agent
distinguished from each other on the basis of the mechanismis retained in the final polymer as two end groups which may,
that ensures the living character of the reaction. Thus, NMP is if desired, be removed, altered, or used for further functional-
based on reversible termination by coupling, in which the jzation or polymer coupling. Hence, RAFT chemistry is finding
P—ONR; bond is cleaved to produce the persistent radigal R idespread use as a nanoengineering tool for stimuli-responsive
NO* and a propagating polymer radicat, Rnd the ATRP  polymers!6-20inorganic composite®22particle encapsulation
mechanism involves the reversible termination by ligand transfer gng surface modificatio??~3! construction of hollow, core

to a metal complex, whereas in RAFT the living character is ghell, and functionalized micell83;36 and synthesis of biohy-

achieved by reversible chain transfer. The initial transfer agent prigs such as glycopolyméfs® and proteir-polymer conju-
in RAFT is a species generally designated asc’{=S)S—R gatesi42

which reacts with initiating ¢) or propagating radicals {FPto
give another transfer agent{Z(=S)S-| or Z—C(=S)S-P)
and a species capable of initiating polymerizatior).(R

RAFT polymerizations, with the notable exception of those
mediated by dithiobenzoaté%,usually proceed at close to
conventional polymerization rates and can be performed in a
* Corresponding author. va_lriety of media w_ith a_high degree of compatibility tc_)v_vgrd a
t Tulane University. wide range of functionality in monomers, solvents, and initiators.
* Dulux Australia. Of particularly profound commercial and environmental sig-
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zation mechanisms change from “living” radical type to 0 il ! I o
conventional uncontrolled radical type, while all other reaction 0 5000 110* 1510* 2 10*

conditions are held constant. It is hoped that ACOMP will be t(s)

generally useful for mechanistic and applied RAFT studies. Figure 1. Raw ACOMP signals for viscometer, UV (at 260 and 305

There are, however, many unresolved mechanistic questionshm), Rl, and MALS at 90scattering angle (data for seven angles were

concerning the RAFT process, and an extensive and dee collected) (reaction 1, Table 1). The reaction starts when the initiator

literature exists, includin seve;al excellent reviéhZ It is Is added, as indicated. The inset shows a few selected UV spectra,
! . g i : .. which are collected evgr2 s during the reaction.

beyond the scope of this work to make comparative mechanistic

analyses. Rather, the focus is on the type of comprehensive data

that can be obtained and how specific trends in reaction 1 ' '

conditions can be followed. An important gap in the current [/

data is that it does not follow the several subspecies present in e

very small concentration that can profoundly affect rates and QBT
equilibrium. Since ACOMP is an evolving method, however,
it may be possible to adapt appropriate detectors for such species 0,=3.3015x10%"

into the detector train (e.g., EPR, FTIR).
In the current work, the RAFT agent used is the unsym-
metrical trithiocarbonate DoPAT (Scheme 1). Trithiocarbonates, 0.4 -
symmetrical as well as unsymmetrical, are coming into increas-
ing prominenc& 1352 pecause of their generally good kinetic

02=2_9745x10'4s'1
0,=2.7908x104s™ |

,=3.0334x10s™ |

behavior combined with superior resistance to hydrof§sis 0.2 -

aqueous media and ease of synthesis. The concentration- _ .22 6281x10°%s™!
dependent rate retardations which sometimes occur in trithio- O - 8EC points (#1) 5
carbonate-mediated polymerizations, unlike those of dithioben- 0 o p :
zoates, are not considered to be particularly se®&rét45:54 0 ao el t(s) pithar i

The few qqar]tltatlve determlnatlo_ns of chain transfer _Constants Figure 2. Conversion vs time for the reactions listed in Table 1. The
(C) for trithiocarbonate€s >’ point to an expectation of  discrete white circles are GPC results for aliquots from reaction 1.
relatively high values provided the proper structural consider-
ations are taken into account, and this is borne out by their
widely successful application. DOPAT was first introduced for continuously at 0.1 mL/min by a Shimadzu HPLC pump and further
the synthesis of short acrylic acid macroRAFT agents as diluted before reaching the detector train. The ACOMP system used
precursors to amphiphilic diblocks for use in emulsion and a five-pump system in order to achieve a two-stage dilution, one
miniemulsion polymerizations and in this context has exhibited (5%) in a low-pressure mixing chamber pressure and the other
essentially ideal RAFT behavid#:46 (20%) in a high-pressure mixing chamber, yielding a 100-fold
dilution. Each dilution stage was made with butyl acetate. The total
detector flow rate was 2.0 mL/min, yielding0.0027 g/mL of total
monomer concentration in the detector train.

The RAFT agent, Z{(dodecylsulfanyl)carbonothioyl]sulfari Reactor fluid viscosity increased enough during some of the
propanoic acid (DoPAT)X99.5% purity), was supplied by Dulux  reactions that extraction efficiency of the HPLC pump was
Australia (Victoria, Australia). One method used to prepare DoPAT diminished but was taken into account accurately via the method
has been described elsewh&@IBN was used as the initiator.  of Florenzano et &8 This problem can be avoided by using the
Butyl acrylate (BA), butyl acetate, and AIBN were used as received high-viscosity approach of Mignard et &t.involving a gear pump
from Sigma ¢ 99% purity). Reactions were carried out with a total ~ for extraction from the reactor. Detectors comprised a Brookhaven
of ~27 mass % BA in butyl acetate in a 50 mL three-neck reactor Instruments Corp. (BI-MwA) multiangle light scattering photometer,
under N blanket at 70°C. a Shimadzu differential refractometer (RID-10A), a custom-built

ACOMP background, theory, and instrumentation have been single capillary viscometéf,and a Shimadzu photodiode array UV/
described in detail previoush}. The reactor was a 50 mL three-  Vis spectrophotometer (SPM-20A).
neck round-bottom reactor. Into one neck was inserted a condenser; Automatic continuous mixing (ACM) was used to compute the
the other two necks were sealed with rubber septa. A thermocouplesecond virial coefficienf, and to cross-check ACOMP values for
and lines for N purge and reactor liquid withdrawal were inserted M, and [;]w. The experiments were carried out with a Shimadzu
through the septa. The reactor liquid was purged withbiifore gradient mixer and the same detector train as above, as previously
and throughout the reaction, and a small stream was withdrawn described?!

Materials and Methods
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Table 1. List of Experiments and Their Conditions?

[BAY/ [DoPAT)/ M. th My at Mwextrap  Mw/Mnn Ax Nrw at Nrw My My
no. [DoPAT] [AIBN] atf=1.0 f=0.8 atf=1 atf=1 (molcnflg) f=0.8 atf=1 atf=0.8 atf=1
1 365.4 2.4 45100 32350 38600 0.86 62804 18.5 22.6 31400 39900
2 700 1.25 86400 51380 59800 0.69 59104 27.8 324 48900 58600
3 1693 0.51 2.0% 1P  1.16x 10° 1.41x 1CP 0.67 5.44x 104 41.7 44.6 91100 1.04 10°
4 7411 0.11 9.1% 1P 2.22x 10° 2.16x 10° 0.24 4.28x 1074 66.9 75.2 21k 1 2.13x 10°
5 no DoPAT 0 3.38 10°  3.43x 1¢° 4.98x 104 99.5 94.3 3.05¢ 1>  2.76x 1P

a All the My, and;w values are from ACOMP data. All the reactions were done &tC7,0vith AIBN as initiator, [AIBN] = 0.0024 M; and [BA} reactor
= 2.08 M. Analysis based on RI and UV260 signals.

Table 2. List of Parameters (Average and Standard Deviation from Five Experiments, Unless Otherwise Notéd)

an/achA
0.084

an/ JCgA
0.0242+ 11%

aN/dCpopaT
0.072% 3%

€ga, CMP/g, at 260 nm
1463+ 3%

€pea, CNY/Q, at 260 nm
0

€popaT, CTP/g, at 260 nm
5030+ 11%

aThe values fon/dcpea andepsa Were taken from other experiments.

Multidetector gel permeation chromatography (GPC) was used well and are included in Figure 2, along with the numerical
to determine molar mass distributions of end products and as anratesa for each reaction, where
independent, conventional cross-check on fractional molar conver-
sionf andM,,. GPC eluent, butyl acetate, was passed through the
same detector train as in ACOMP and through columns using an 1)
LC-ATvp Shimadzu HPLC pump. The chromatographic columns ) ) ) ) ) .
were Polymer Labs PLgel Mixed B. The injector loop was 100 Data were determined using= 260 nm in conjunction with
ul, and a flow rate of 0.8 mL/min was used. UV chromatograms the RI data to track the efficiency of the pump withdrawing the
at 250 nm were used in computing monomer conversion by sample stream from the reactor.
integrating the peaks obtained by separation of the species eluted. The first-order rates shown in the numerical inset to Figure
The absolute molar mass of each elution slice was determined by2 do not vary significantly with [DoPAT] over the concentration
combining the light scattering (MALS) with the concentration range studied here (from [DoPAT]/[AIBN§ O to 2.3). Hence,
Elr(gvsv?sid t?n}étirrlterir?slig?/}:é s;t%agpgaiﬂi?cg ﬁ?gﬁ{gf‘n&aﬁﬁed' there is no evidence for retardation effects for this particular
by . . system. A consequence of this is that the quasi-steady-state
the capillary viscometer output voltage and the RI without recourse S a4 .
to any calibration. approxu_matlon (QSSA% which assumes that the rate of radical
A list of the various reactions, their conditions, theoretical final Production equals the rate of radical disappearance throughout
number-average madd,, etc., is given in Table 1, along with  the reaction, should be applicable in this case.
reaction end-point results from ACOMP and extrapolations of the ~ This is similar to previous findings by Goto et &.in that
ACOMP data to full conversiorf & 1). Table 2 shows the values  the rate is essentially of zeroth order in [DoPAT] and depends
of incremental refractive index valuesydc, for the monomer and almost solely on the initiator (AIBN) concentration. The
polymer and UV extinction coefficientss. an/dcga,dn/dcpopar, literature is replete, however, with many RAFT systems in which
€sa@z60 aNdepopat@zeoWere determined for each reaction, whereas rate retardation effects are prominent. The general trend for
In/dcoea and epga@zco Were computed from different sources. retarding RAFT agents is that increasing [RAFT] at fixed
initiator concentration leads to increasing retardation (longer
induction period and slower conversionf>¢7 This effect has
also been found computationally using the method of moments
approactf® Retardation involves complex sets of phenomena
and depends on the RAFT agent/monomer chosen, concentra-
tions, impurities, overall design of the experiment, etc.
Also shown as large circles in Figure 2 are GPC results on

f=1—e™

Results

Figure 1 shows raw ACOMP signals from different detectors
for a typical reaction (no. 1, Table 1). The increase of LS, 90
viscosity, and RI voltages after the addition of AIBN (at 6000
s) follows the growth of the polymer chains, whereas the
decrease in UV (260 nm) follows the monomer consumption.
Additionally, UV at 305 nm is used to monitor the evolution  conversion for aliquots withdrawn from reaction 1 (UV at 250
of the trithiocarbonate moiety during its transfer from DoPAT nm was used to computefrom GPC data). When benzoyl
to a macroRAFT species and subsequent polymer growth from peroxide (BPO) was substituted for AIBN, first-order conversion
the latter. It may be possible to add a suitable detector for kinetics were again found, but the rate for BPO at the same
monitoring the disappearance of DOPAT during the intitialization molar concentration as AIBN and reaction temperature was 60%
step in future work. of that for AIBN. A peculiarity of the initial AIBN experiments

The inset to Figure 1 shows the complete UV absorption was that when [AIBN] was 0.62 mM, the reaction stopped at
spectra at selected points during conversion (spectra werepartial conversion but restarted when more AIBN was added.
collected every 2 s, as were all the other signals). The The origin of this is not obvious, since the reaction stopped
trithiocarbonate peak at 305 nm remains unchanged during thelong before the half-life of the AIBN was reached: 7 h at
reaction, whereas the lower wavelengths dominated by BA 70 °C.69
decrease as conversion proceeds. This type of full spectrum Figure 3a gives the evolution &, with conversion for the
capability will allow for monitoring RAFT copolymer synthesis. same series of reactions. [AIBNy 0.002 42 M was kept
A recently introduced method allows computation of comono- constant for all the reactions, but [DoPAT] was increased from
mer conversion in a model-independent fashion, using the zero in the top curve to [DoPAT 0.005 69 M in the bottom

superposition of basis spectra and error minimizatfon.
Figure 2 shows fractional monomer conversfors time for
the reactions listed in Table 1. First-order functions fit the data

curve. The ratio [DOPAT]/[AIBN] is included in Table 1 and
ranged from O to 2.4M,, was computed on the basis of the
extrapolation ofKc/l vs g2 to g = 0. My, data obtained were
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Figure 3. (a) My, vsffrom ACOMP for the five experiments in Table

1. The lines for the last 20% of conversion are just guides for the eye
based on the experimental trends) Enlargement oM,, vs f from
ACOMP for experiments 1 and 4. Also shown are the GPC values of
M, andM,, for a few manually withdrawn aliquots for reactions 1 and
4. It is clear that the polydispersity of reaction 4 is much larger than
for reaction 1.

then corrected for finite polymer concentration, ushg/alues
determined in separate automatic continuous mixing (ACM)
experiments. The values 8§ are shown in Table 1. The ACM
experiments also showed that, at the dilution level in the
ACOMP detector train, the weight-averaged reduced viscosity
nrw IS virtually identical to the weight-averaged intrinsic
viscosity 7]w-

The thin lines for each experiment in Figure 3a are just guides
for the eye to bridge the last 20% of conversion and visualize
approximately where the reactions will endfat 1. The lines
for reactions 3 are from linear fits, whereas for reactions 4
and 5 they are from power law fitsyith no model implied in
any case.

Figure 3b gives an enlarged view bf, vs f from ACOMP
for experiments 1 and 4, together with, andM,, values from
multidetector GPC measurements made on manually withdrawn

aliquots from reactions 1 and 4, shown by the discrete squares

and circles. Thevl,, values are in fairly good agreement with
the ACOMP values. The differences betwddp and M, are
much larger for experiment 4, which had less living character
and hence higher polydispersity.

At high values of [DoPAT]/[AIBN] (bottom three curves in
Figure 3a) the reactions most resemble “living” radical poly-
merizations with nearly linear increase of mass vs fractional
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Figure 4. 1/M,,(f=0.8) vs [DoPAT}/[BA], for reactions 5 are the
solid circles, and the theoreticalM{ atf = 0.8 vs [DoPAT}/[BA] ¢ is
given by the solid line passing through the origin. Inset: squares and
diamonds are respectiveM,, and M,, vs [DoPATL/[BA]o, and Mn

vs [DoPAT}/[BA], is the solid line passing through the origin.

monomer conversiof For the lowest [DoPAT] experiment (no.
4) there is significant downward curvatureMf, vsf, showing
very pronounced deviation from the ideal living mechanism.
The top curve, for no DoPAT (no. 5), shows very typical
uncontrolled radical polymerization behaviorMy§, vsf, which

is usually either constant or decreasingfvdhe downward
curvature in no. 4 may be due to a transitional “hybrid behavior”
stage where a significant fraction of polymer chains now grow
by a conventional uncontrolled radical polymerization mecha-
nisn’® and/or to transfer to solvent or monomer.

The polymerizations are seen to lead to values progressively
under the theoretical value M, = mga[BA] o/[DOPAT]o. Figure
4 shows experimental values oMy, vs [BA]o/[DoPAT]pat f
= 0.8 conversion, and the solid line is the theoretical value of
1M, atf = 0.8. The inset to Figure 4 ploM,, (extrapolated to
f = 1) and theoreticaM, at f = 1 vs [BA]/[DoPAT],. The
directM vs [BA]o/[DoPAT], shows more dramatically how far
off the obtained values are from the theoretical values as
[DOPAT] decreases.

Other points to note include the following:

(1) Except for reaction #1\,, does not extrapolate to zero
atf = 0, andMy(f = 0) increases as [DoPAT]/[BA] decreases.
There are many experimental precedentsMgff = 0) = 0 in
RAFT (if My(f=0) = 0, then M,(f=0) als0)/%72 including
computational one® for which a direct extrapolation of actual
experimental data to= 0 will yield Mn(f=0) = 0. It is more
commonly reported, however, thit,(f=0) = 0.

(2) Concerning the large deviations between ideal and
observed molar mass evolution, a preliminary analysis fol-
lows: By definition, M, is the ratio of polymer concentration
to the concentration of polymer chains. Considering that each
RAFT agent ideally produces a propagating chain from its
leaving group (R), the concentration of chains is equal to
[DoPAT] plus chains produced by each AIBN decomposition
reaction;M, is then

f[BA],
[DOPAT], + dF[AIBN] o{ 1 — exp(—kyt)}

M, = Mg, )

wheref is fractional monomer conversiomga is the molar
mass of BAd is the number of chains produced per termination
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reaction € 1 for recombination= 2 for disproportionation), ' ' '
F is the AIBN initiation efficiency, andq is the decomposition 160 L mambotiom fo fop#(1. 2 2. 4. 35) |||
rate constant for AIBN, which is~2.75 x 10%statT = :

70°C.

Equation 2 shows that as the ratio [DOPAJAIBN] o
increases the experimental valuedvfwill approach the ideal
“living” value, where the final value iMppn = mga[BA] o/
[DOPAT]o. Table 1 includes [DOPATI[AIBN], for each
reaction as well adly ex/Mnm There is a clear correlation
that, as [DOPATJ[AIBN] ¢ increasesMu,exy/Mn t approaches
unity.

As a first approximationM,, ~ M, for reactions with low
polydispersity. Plotting M, (f=0.8) from Figure 3a and the
theoretical 1M, atf = 0.8 is shown in Figure 4. The slope of
1/M,,(f=0.8) is remarkably close to that ofM{ iheoratf = 0.8,
which is what is predicted by eq 2. The intercept yielifis~ oot
1.08+ 0.2, taking into account the value bat whichf = 0.8 Figure 5. R_educed yiscosity curves vs fractional monomer conversion
for experiments +5. While intriguing, this interpretation may (f) for the five reactions.
be facile, since chain transfer reactions, to monomer, polymer,
and solvent are ignored in the above expression. It was recently () - T
found in a study of the nitroxide-mediated polymerization of i
BA in butyl acetate aT = 118°C that chain transfer to solvent
was substantial and thig/k, = 0.000 83, wherds, andk, are 1000
the transfer and propagation rate constants, respectit&here g
was no evidence of transfer to monomer in that work. (]

If the concentration of dead chains, [Q], that are formed via (cm'/g) I
radical transfer to monomer or other transfer agents, such as
solvent, are also taken into account, then the above equation 100 |
becomes, expressed in the conversion dorhain A

120 |

Reduced viscosity (cm®/g)
oo
(=]

iy
o

1

—— y=0.010439 * x*(0.73308) R=0.95094

_ f [BA] JMga - :--/'"'f ;__..: ]

[DoPAT], + dF{[AIBN] ; — [AIBN]( )} + 10 | 4
kinlBAIof  K,[T] In— 1) o . e :
Kot Kum Kot Ky 10° 1 (@/mole) 10’

wherekym is chain transfer constant to monomer and [T] is the  (b) 110° :
concentration of transfer agent (T), and it is assumed that the I}o"‘}‘;‘;_b"“"m M M
[T] changes little during the reaction (e.g., T could be the #1.2.3,4.5) el
solvent). It is noted that transfer to polymer will not change 810° - s
Mn(f) since the number of chains does not change in that event. =
(Transfer of a radical to solvent or a transfer agent initiates a f" T
new chain, so that two chains emerge from the event, one dead 610° : b
and one propagating.) Equation 3 shows that transfer to
monomer or other agents will cause even further reductions of
Mn below the values predicted by eq 2. This equation could
guide experiments aimed at testing the different mechanisms;
e.g., bulk reactions would make [H 0, eliminating effects of
transfer to solvent, whereas using solvent and varying ¢@f
reveal if transfer to monomer is important, etc.

Figure 5 shows reduced viscosity,, vs f for the five 0
reactions. As mentioned, these values are virtually identical to
[#7]lw. The same general trend as seen in Figure 3a is captured
in Figure 5, which provides a good cross-check on the scatteringFigure 6. (a) GPC data from which the MariHouwink relationship

; : : P : n] vs M) is found for pBA, as described in the texh) Viscosity
data since the viscometer used for this determination is an averaged magl, as a function of conversion for all the experiments

Mi(f)

Mn (g/mole)

s . i
410 5000 (5) 110° 1510°

210°

independent detector. _ _ in Table 1, using the MarkHouwink relationship from eq 4, whose
GPC measurements yielded the following Matkouwink values are from (a). InsetM«/M, for reactions 1 and 5 serves as a
relationship for BA in butyl acetate at = 25 °C: measure of polydispersity.
7] = 0.012091°%722 (4) determined directly with the GPC single capillary viscometer

in conjunction with the RI, without any calibration required.
To obtain this, the GPC light scattering detector was used in The data for this determination are shown in Figure 6a and
conjunction with the RI to determirid of each elution slice in represent the combined GPC results for the five experiments.
the GPC chromatogram; i.e., the absolute value of molar mass The viscosity-averaged mad, for the ACOMP data was
was obtained without any column calibration. Similarly], vas then obtained by replacing] by [#]w and M by M, in the
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Figure 8. Complete molar mass distributions for the end products of
reactions 1 and 5.
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GPC Results on Molar Mass Distributions.GPC provides
a valuable complement to ACOMP. In addition to the cross-
check on conversion shown in Figure 2 using the GPC and
ACOMP values, and obtaining the Marklouwink relationship
above, GPC data show the expected trends for polydispersity;
Mw/My, is markedly lower for “living” polymerizations than for
uncontrolled radical polymerizations, which is also consistent
with the M\/M,, data shown in the inset to Figure 5b.

Figure 8 shows the complete molar mass distributions for
the end products of reactions 1 and\s,(M, values are listed
in the graph).

Summary

ACOMP was used to monitor the monomer conversion
kinetics and evolution of,, and, for RAFT polymerizations
of BA in butyl acetate, using DoPAT as the RAFT agent. For
fixed initiator concentration, [AIBN], monomer conversion was
fit very well by first-order functions in time for all [DoPAT],
including [DoPAT]= 0, and the rate was virtually independent
of [DoPAT]; i.e., there was no evidence of RAFT agent induced
retardation in this case. ACOMP should provide a powerful
means of studying retardation and other kinetic effects for RAFT
reactions.

Despite the nearly identical monomer conversion kinetics for
all reactions, the crossover from “living” polymerizations at high
[DoPAT] to hybrid behavior and then to uncontrolled polym-
erization as [DoPAT] decreased caused dramatic shifkd,jn
(f) andn,w(f), even though all other reaction conditions were
held identical. The coformation of chains produced by uncon-
trolled radical polymerization during this hybrid stage was
responsible for the large deviations from ideal living behavior
as [DoPAT] decreased and caused fikl(f=1) to be progres-
sively lower than the theoretical values. It is difficult to separate
evidence of conventional chain transfer processes from the
definite presence of the coformation of uncontrolled polymer
radical chains with the current data. ACOMP experiments in
bulk would eliminate side reactions involving chain transfer to
solvent, and other experiments can be designed to test other

above relationship obtained by GPC. The results are shown inpsssiple effects, such as transfer to monomer.

Figure 6b, where values very similar to those in Figure 3a are

found. The quantityM,,/M,, is in itself a measure of polydis-
persity. With the above MarkHouwink relationship, it is seen
thatM, lies betweerM, andMy,. There is a lot of noise when

this ratio of values is taken, but the trend is nonetheless clear.

The inset of Figure 6b showsl./M, for the first and last

experiments in Table 1; according to expectation, the ratio
decreases somewhat for experiment 1, which is the most
controlled, and increases for the uncontrolled radical polymer-

ization.

ACM Results on End Products. As mentioned, ACM
measurements provide th& values needed for the small
corrections taM,, at the finite concentrations in the ACOMP

Trends in the independently measurgdeflect those oM,,-
(f) and also offer an index of polydispersiiy./M,, albeit a
noisy one, which decreases for RAFT reactions at high RAFT
agent and increases for low or no RAFT agent. Traditional
multidetector GPC measurements substantiate conclusions
concerning conversion kinetics and the expected trend for living
reactions to have lower polydispersity than uncontrolled radical
polymerizations.

This work clears the way for a more extensive use of ACOMP
directed to the quantitative study of RAFT Kkinetics and
mechanisms. There is clearly room for incorporating additional
flow-through detectors, e.qg. for identifying species that exist in

detector train. The same measurements also show the behaviolow concentration. Near term ACOMP work will involve RAFT

of the directly measureg to [n]w. Figure 7 gives examples
of ACM data for experiments 3 and 5. The valueXofl (g=0)

in Figure 7 involves the excess Rayleigh scattering fafiotal
scattering intensity minus scattering from solvent)gat O,
obtained by extrapolation of the multiangle datayte- 0, and
for vertically polarized incident lighK = (2zn 9n/ac)?/Nal?,
wheren is the index of refraction of the solverin/dc is the
incremental refractive index for the polymer in the solvex,
is Avogadro’s numberg is the vacuum wavelength of the
incident light, andc is the concentration of polymer in the
detector train.

gradient and block copolymerization reactions and RAFT
reactions in emulsions. Longer term goals include feedback
control of RAFT processes, including multistage processes and
development of “on-command” polymers of desired properties.
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