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ABSTRACT: lItis well-known that controlled/living radical copolymerization (CLRcoP) yields gradient copolymer
with the composition varying along chain length. The composition distribution of the as-synthesized product is
solely determined by the comonomer reactivity ratios and is thus not well controlled. This work reports the first
experimental example of the control over the copolymer composition distribution through semibatch operations.
Using styrene (St)/butyl acrylate (BA) as a model system, we synthesized uniform and linear gradient copolymers
via semibatch reverse additisfragmentation chain transfer radical polymerization (RAFT) mediated by benzyl
dithioisobutyrate. The comonomer feeding rate profiles for the targeted distributions were designed from a newly
developed computer model that was trained from the batch RAFT copolymerizations of St and BA at different
monomer compositions. The semibatch copolymerization yielded precise copolymer products having their
composition distributions exactly as targeted and the polymerization rate and molecular weight profiles as predicted
by the model.

Introduction by atom transfer radical polymerization. The resulting copoly-
mers are one of a kind with novel chain composition distribu-
tions, which can only be obtained through living polymerization
processes. There are some theoretical and experimental evidence
that the composition distribution along a copolymer chain can
be a new parameter of chain microstructure for fine-tuning
morphologies at a nanoscale and thus mechanical properties of
s polymer materials. Matyjaszewski et %lillustrated that the
composition distribution can play a significant influence on
tensile properties of brush polymers. Torkelson éf akvealed

that gradient copolymers having a linear composition distribution

Controlled/living free-radical polymerization (CLRP) provides
a very powerful tool that allows precise control over polymer
chain structuré=2 Numerous investigations have demonstrated
that CLRP, particularly atom transfer radical polymerization
(ATRP)*® nitroxide-mediated polymerization (NMP)and
reversible additionfragmentation chain transfer polymerization
(RAFT),” can be used to synthesize a large variety of polymer
with predetermined molecular weight and narrow molecular
weight distribution as well as well-defined block, star, and brush
architectures. CLRP has a clear advantage over other living - ;
polymerization such as anionic and cationic polymerization in can f_o_rm nanostructures, leading to a very wide range of glass
terms of versatility of monomer types and mildness of reaction transition.
conditions. CLRP can be applied to homo- and copolymerization [N conventional free radical copolymerization, the copolymer
of a much larger variety of monomers. compositions are often controlled based on online measurement

Copolymerization plays an important role in tuning materials @"d feedback technologies such as GC, NIR, calorimetry,
properties of polymer products. Controlled/living free-radical 6t¢?® 2> However, little has been reported in the literature on
copolymerization (CLRcoP) of various comonomer pairs has the control of copolymer compos.mon.dlstrlbu.tlp.n in CLRgoP.
been reported:12 However, few studies focused on the control 1herefore a general approach with high flexibility for various
of copolymer composition distribution along individual chains., €oPelymer composition distributions still provides a great
In a batch process, the relative consumption rates of different challenge.
comonomers are governed by their respective reactivity ratios  In this contribution, we aim at developing a model-based
and cause a composition drifting. Therefore the composition semibatch monomer feeding policy to tailor-make copolymer
distribution along polymer chains as synthesized is solely chain structure via CLRP. The RAFT copolymerization of
determined by the reactivity ratios of two monom&rsé In styrene (St)/butyl acrylate (BA) is chosen as a working example.
CLRcoP, a majority of polymer chains are initiated in a A kinetic model that takes into account diffusion-controlled
relatively short period of time at the beginning of polymeriza- termination is combined with a stirred tank reactor model. The
tion, followed by gradual growth. The “living” feature of CLRP  ability of this mathematic model to describe RAFT copolym-
gives individual chains a time period of hours to grow and erization is demonstrated by its application to the copolymer-
allows us to design and control chain structure by a semibatchization of St/BA.
approach. Matyjaszewski et Hland Torkelson et df used a
constant comonomer feeding rate to prepare gradient copolymersl heory

Kinetic Model for Batch RAFT Copolymerization. A
* Corresponding authors. E-mail: yingwu.luo@zjuem.zju.edu.cn (Y.L.); general kinetic model for the batch RAFT copolymerization is

bgﬂgﬁéﬁ:ﬁ;ﬁ’;i\(}z}gi'--)? zhuship@memaster.ca (S.Z.). derived as shown in the Appendix. The model is based on the
*Zhe}iang Universitg.of Science and Technology. elementary reactions summarized in Table 1. An implicit
8 McMaster University. penultimate model is used, i.e., both terminal and penultimate
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Table 1. Elementary Reactions Involved in Raft CopolymerizatioR®

reaction type scheme
initiation | e 2P,
ki e
Py+ M, — Py
propagation Py + M2 ik P f=1.2 .
re-equilibrium . Ka kadkio
pre-eq Py + TPy =P, TPy ——> Py + TP,
-equilibri kaifk . ek
core-equilibrium P+ TPy ——> < p TP LY < Pl + TR
termination Py + Pl k‘“‘ —Lp.

P+ Pl k‘—"»P+P

rij

ket
Pl T I:)Skl TPtmn

rij Pr+s+t

Table 2. Definition of Various Chain Moments and Relationships between Intermediate Radical Chain Moments

type of chains definition of moments

propagating radical Y= Z o

o

z = Z TR,

T = Z r[P,; TPyl

o

XpH = Z Z [P5i TP gl (i=kj=I)?

o0

Xgn'kl = Z " ; [Ps,ijTPr—s,kll
K = Z ; rSP, TP, l°

dead Qn= Z P

Eori = k, =1 ij Kkl __ ij ki I] Kl _ I] Kkl le Kl XI] Kl XI] K
Fori = kJ ri= IXO ij kI X(I)j% le K le ?(I + ij kI Xu %I Xu il + 2Xu Kl + ij ki
ori orj Xo" = X000 1,0 1 2,0 1,1 2

dormant
primary intermediate radical

intermediate radical

(i=Kor{=I)?

relationships betweex;* andx

a The counting of intermediate radical chains with identical terminal/penultimate moieties and different chain lengths are different, theafamants
for the fact that the summatianfrom 2 tor-2 double-counts such chain species. The intermediate chains of different terminal/penultimate moieties do not
have this problem? The definition of this moment is necessary for the closure of the differential moment equations.
units of a polymer radical affect its reactivity, but only the

Mi+Z+ T+ XN+ Q)
terminal unit affects its selectivifiz The implicit penultimate z ,Z Z Z ! ! ! ! .

model has been proven to be sufficient for describing the = (1)
conventional St/BA copolymerization kinetiés.

As listed in Table 2, five types of chain species are involved
in the reaction system, i.e., propagating radical chaijg)(
dormant chains (TP, ), primary intermediate radical chains
( PrjjTPo), intermediate radical chainsR;;TPsk), and dead
chains £). The notationsP;;, TP, and Py ijTPo stand for
propagating radical, dormant chain, and primary intermediate
radical chains with chain lengthi-type penultimate unit, and
j-type terminal unit;P; ,]TPSM stands for intermediate radicals
that have two “arms” with chain lengths and s, adjacent
penultimate units andk, and adjacent terminal unifsandl,
respectively. The kinetic equations for each type of chains in a
batch reactor are summarized in Table 6. As in our pre-
vious work?® the method of moments is also used in this
model development. The moment of chain species is defined
in Table 2.

With the defined moments, the number-average chain length,

ZZZ(VA+23+T3+X3*'+QO)

]
ZZZZ(\@JFZ 1+ T+ XM+ Q)
Ty=—— @)
ZZZ(Y'}JFZMT%XE’“JFQD

PDI =% A3)

13

NIiving = B B B B (4)
PP ACREEER AR

After some mathematical manipulations, a complete set of

weight-average chain length, polydispersity, and molar fractions moment equations combined with the mass balance equations

of living polymer chains can be calculated accordingly,

of all the species in the reaction system can be obtained, as
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attached in Table 7. Since the current work focuses on in reactor;R is the reaction rate of specigsas expressed in
copolymerization rate and copolymer composition, we neglect Table 7.
the dependence of addition, fragmentation, and termination rate The reaction volume is formulated as:

coefficients on chain length and penultimate unit type.
Diffusion-Controlled Termination Model. In free-radical

polymerization, when the polymerization proceeds to intermedi-

ate and high conversions, the system becomes viscous and t
reactants experience diffusion limitations. In this work, we

consider diffusion-controlled termination reactions. On the basis

of an encounter-pair model, the relative contributions of
chemical activation and diffusion to the termination rate constan
can be expressed as follo#/s2°

1

1,1

ktii,C ktii,D

E_ (i=12) (5)

which can be applied to both disproportionation and recombina-
tion termination. Equation 5 describes the relative contributions

of the chemically and diffusion-controlled termination reactions

and provides a smooth transition from one to the other during

polymerization.

The diffusion-controlled rate coefficients can be calculated
using the following free-volume-based semiempirical expres-

sions30

Kiip = Kip (Tn) > €xp(=1/) (6)

wherekﬁm is an adjustable parameter to correlate the experi-

mental data. The free volume fractiop is related to polymer
concentration b§t32

vy =[0.025+ a(T — T, )], + [0.025+
aml(T - Tgm])]§0m1 + [0'025+ amZ(T - Tgm?)](pmz +
[0.025+ o (T — Tgs)](pS (7

wherea is the thermal expansion coefficienisjs the volume
fractions, andTy is the glass-transition temperatures. The
subscripts p, mand s denote polymer, monomer, and solvent,
respectively Ty, can be calculated from the Barton equat#®n.
Semibatch Reactor Model.The objective of this work is to

design and control the composition distribution along copolymer

chains through semibatch operations. We need to develop
reactor model for the semibatch polymerization. In this work,
a well-mixed isothermal tank reactor is assumed. Becaus
initiator and RAFT agent are in trace amounts, only monomer
solvent, and polymer significantly contribute to voluiiend
densityp. In a semibatch reactor, applying mass balance for al
entities yields

d(Vp)

5 = Ve ®)
cdv_ Vi Vdp

Le. = ot 9

whereV is the volumetric feeding rate ang is the density of
feeding materials. The mass balance equations for spieaies

di\vC

% =ViC;+ VR (10)
. dCi_l c Cd

e, = \—/(vf - id—\t’)+a (11)

whereC; ; andC; are the concentrations of speciéas feed and

2

2 Ry imw,

av 2
E =VsinT ) FiisMWoi/om —

( 1
1= Prmi
where Vs, is the volumetric flow rate of solvent into the
reactor F; in is the molar flow rate of monomeinto the reactor,
MWy, is the molecular weight aftype monomer, and is the
density.

Programmed SynthesisThe reactor model (egs 10, 11, and
12), together with the mass balance equations of various species
in Table 7, form a complete set of equations for the semibatch
RAFT copolymerization. When the initial conditions are given,
the equations can be solved simultaneously with a commercial
ordinary differential equation (ODE) solver (odel5s in MAT-
LAB 7.1). By solving the ODEs, the monomer concentration,
degree of polymerization, and distribution can be calculated at
any given time. The rate of polymerization and copolymer
composition can then be calculated from,

1)
—I|V
Pp

he (12)

t

2

(Mip — M — M)
Monomer conversionX): X = - 5 (13)
Mio
=
Cumulative copolymer compositiofr ():
Mio — M — M;,
Fi= (14)

ni 5
Z (MjO - th - Mjr)
=

Number-average molecular weigid ():
2

Mn = Z TNFnimWni (15)

whereMj is the total mole of monomer M;; and M;, are the
8moles of monomerin the tank and in the reactor, respectively.
On the other hand, when a specific type of chain microstructure
e(i.e., the copolymer composition distribution in this work) is
' targeted, we can design the feeding rate versus time profile by
solving the ODE’s off line under the constraint equation that
| describes the chain microstructure. The feeding rate is controlled
by a metering pump that is programmed with the designed
profile.

Experimental

Materials. Styrene (Shanghai Ling Feng Chemical Reagent Co.,
99%) and BA (Shanghai Chemical Reagent Co., 98%) were purified
by vacuum distillation. 2,2Azobis(isobutyronitrile) (AIBN, Shang-
hai Si He Chemical Reagent Co., LTD, 98%) was purified by
recrystallization from methanol. Benzy! dithioisobutyrate (BDIB)
was synthesized according to the procedure reported in the
Supporting Information. All other chemicals were commercially
obtained and used without purification.

Polymerization RecipesThe bulk RAFT homopolymerizations
of St (run 1a) and BA (run 1b) were performed first to investigate
the mediation abilities of BDIB. To systematically examine the
influence of BDIB and monomer composition on the polymerization
kinetics, the experiments were designed as follows. Rur2Ba
and runs 3a3d were used to investigate the influence of BDIB
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Table 3. Recipes Used for the Experimental Runs of St/BA Raft Polymerizatich

initial St molar total St toluene [AIBN] o [RAFT]o

expt St (9) BA (g) fraction,fsto molar fraction (9) (mmol/l) (mmol/l) DPn
la 35 1 8.4 25.20 333
1b 35 0 9.2 27.60 333
2a 15 1 15 7
2b 15 1 15 7 20.82 200
3a 11 0 11 7
3b 11 0 11 7 10.03 333
3c 11 0 11 7 20.06 167
3d 11 0 11 7 16.72 200
4c 3.12 11.52 0.25 14.65 7 17.60 200
5¢c 6.25 7.68 0.5 13.93 7 18.60 200
6¢ 9.38 3.84 0.75 13.22 7 19.62 200
7d 5.94 76.80° 0.087 0.25 82.74 8.2 20.72 200
8d o 76.80° (o2 0.25 76.80 5.6° 22.30 200

ast: styrene; BA: butyl acrylate; AIBN: 2'2azobis(isobutyronitrile); RAFT: benzyl dithioisobutyrate (BDIB); DPn: degree of polymerization or number-
average chain lengt® The recipe for the first stage in expts 7d and 8d.

Scheme 1. Schematic Experimental Setup for the Semibatch

RAFT Polymerization

—_
Y

)

50000
Comonomer tank -
5 | fSt‘0=1 (expt. 1a) oo
Metering pump g 40000k — -fSt,0=1 (sim)
5 fsw=0 (expt. 1b) o
S o fg,=0 (sim) -
§ 30000 ' P
©° e
£
Computer g, 20000
)
Reactor 9
S 10000
on the St and BA solution RAFT homopolymerizations, while &
runs 2b, 3d, 4c, 5c, and 6¢ were designed to study the monomer g
composition effects. Finally, runs 7d and 8d targeted for the 2 000 o2 0'4 ob 0'8 BT
copolymers with uniform and linear gradient composition, respec- ' ' i L ' '
tively. All the polymerization recipes are summarized in Table 3. Conversion
Batch Copolymerization. The mixture of St, BA, toluene (only (b)
for the solution polymerization), AIBN, and BDIB was transferred 1.7
to individual ampoules, followed by deoxygenation with purified L m
nitrogen for five times. The ampoules sealed with septa were bathed 16+
in 70 °C water, and each ampule was removed at a preset time. L
The reaction was quenched by cooling the solution in an ice bath, 150 = m f, =1 (expt.1a)
and a small amount of hydroquinone was added to stop the > | . ® fsm=0 (expt.1b)
polymerization. The polymer materials were collected by evaporat- % 14| '
ing the solvent and residual monomer. The final conversions were 'g | .
measured by gravimetry. @ 45l u
Semibatch Solution Copolymerization.A solution of St, BA, 'g - . .
toluene, and BDIB was initially charged to a 500 mL five-neck @
flask, equipped with a condenser, a nitrogen inlet, a mechanical & 12
stirrer, and a syringe pump. Scheme 1 shows the experimental setup. I ° ° o © 04
The solution was stirred at room temperature for 20 min before 1A ¢
immersed into a water bath at 7C. The reactor, deoxygenated I
for 30 min before the solution was charged, was further deoxy- 1~°00 . 0'2 : 0'4 : 0'6 : 0'8 BT
genated by purging it with nitrogen for 10 min. The polymerization ’ ' ) L ' '
was started by adding AIBN that was dissolved5 g toluene. Conversion

The depxygemzed comonomer was continuously fed to the reaCtorFigure 1. (a) Molecular weight vs conversion and (b) polydispersity
according to a programmed feeding rate controlled by a computer. j, ey vs conversion for the bulk St and BA homopolymerizations in
The samples were regularly withdrawn and quenched with hydro- patch at 7¢°C with AIBN as initiator and BDIB as RAFT agent (run
quinone. la: [StH/[BDIB]o/[AIBN], = 1000:3:1; run 1b: [BAJ[BDIB]d/

IH NMR. H NMR spectroscopy (Avance DMX500 spectrom- [AIBN] o = 1000:3:1).
eter operated at 500 MHz) was used to determine the copolymer
composition. Spectra were recorded at room temperature. TheBA. The copolymer composition was determined from the inte-
polymer solutions were about 8% (w/v) in deuterated chloroform. grated intensities of these resonance signals.
The relative amounts of comonomers incorporated in polymer  GPC. Molecular weight and molecular weight distribution of
chains were estimated from the areas under designated peaks. Fahe copolymers were determined at 3D by GPC (Waters 2487/
St/BA copolymers, the peaks at approximately 6.5 ppm were 630C) with three PL columns (10000, 1000, and 500 A). The eluent
assigned to the five protons on the benzene ring of St, while the was THF, with a flow rate of 1 mL/min. The measurement was
peaks at approximately 3.5 ppm were assigned to the two protonscalibrated using narrow PS standard samples with molecular weight
of the methylene group close to the oxygen in the ester moiety of ranging from 580 to 710 000 g/mol.
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(a) Table 4. Values of Addition and Fragmentation Rate Coefficients
0.7 Used in the Simulation for St/BA Raft Polymerization
- - ka0 Ka,1 Ka,2 ko k1 ke .2
06k - (M—l 3—1)37 (M -1 S—1)37 (M -1 S—1)37 (5—1)41 (5—1)41 (5—1)36
-
3 4 x 108 4 x 108 4 x 10° 4x10° 4x 1P 80
05
Table 5. Model Parameters Estimated from Data Correlation in
S o4 m  expt2a St/BA Raft Polymerization
o Uer () O expt2b
5 | P B3 Ko Kzzp
“E’ 03} 0.001 expf-fs;/0.02) 1.5x 104 1x 101
8 a /0= pr?ke11 + 2p1Pake 2 + P22k 22, Wherep is the relative concentration
0.2} of the terminal radicai.
o1k 1.0
00 " 1 n 1 2 1 L 1 " 1 n 1 n 1 n 1 n 1 " 08
0 5 10 15 20 25 30 35 40 45 50
Time (hr)
(b) 5 °°
0
R 124 L2 M 2 04l B f,,=0 (expt 3d)
8 v :SLO=8.§5 Eexpt. tslc;
0.8 O =0.5 (expt. 5¢
®  expt.3a (no RAFT) Sto_
sim  (no RAFT) 02 ® f,=0.75 (expt. 6c)
5 06 ® expt.3b (0.3% RAFT) 4 A f =1 (expt. 2b)
Z; -1 &/ e sim (0.3% RAFT) 00 AAA . . . . . . . .
o O expt.3d (0.5% RAFT) : ! ’ ’ * * * ’ ’ ! * *
z2 (14 i sim  (0.5% RAFT) 0 5 10 15 20 25 30 35 40 45 50 55
g o4 A expt3c (0.6% RAFT) Time (hr)
---—-sim  (0.6% RAFT) . . . .
Figure 3. Comparison of model prediction and experimental data of
0.2 the monomer conversion of St and BA with five different initial
monomer ratios. Temperature 7G; AIBN: 7 mmol/L; [monomery/
[BDIB] o = 200:1; solid content: 50%; initial/monomer ratio: run 3d:
0.0 . T fsto = 0; run 4c: fs; o= 0.25; run 5c¢:fsyp = 0.5; run 6¢: fsi o= 0.75;
0 50 100 150 200 250 300 run 2b: fso= 1.

Time (hr)
Figure 2a shows the evolution of monomer conversion with

Figure 2. (a) Monomer conversion vs time of the batch polymerization tjme for the St/BDIB system with and without BDIB addition
of styrene mediated by BDIB in toluene at 70. AIBN: 7 mmol/L;

BDIB (run 2a: 0; run 2b: 20.82 mmol/L). (b) Monomer conversion (ie., C(EjsDIB = O_ anngDlB = 2(_)'82 mmol/L) at_ 7C°C (runs 2a )
vs time of the batch polymerization of butyl acrylate mediated by BDIB  and 2b). The limited conversion was due to its low propagation
in toluene at 70C. AIBN: 7 mmol/L; BDIB (run 3a: O; run 3b: 10.03 rate constant and depletion of the initiator amount. The
mmol/L; run 3c: 20.06 mmol/L; run 3d: 16.72 mmol/L). The curves polymerization rate for the RAFT system was almost the same
are the simulation results. For the RAFT-free systerfis, = 2.3 x as that for the RAFT-free system at low conversions. In this
10 andkg,p = 1 x 107 are used. regard, there was little effect of RAFT process on the polym-
erization raté* However, the polymerization rate of the RAFT-
free system became higher at the late stage of polymerization.
1. Homopolymerization of St and BA Mediated by BDIB. This is probably because the RAFT polymerization has a weaker
The mediation abilities of the RAFT agent BDIB in St and BA  gel effect than its RAFT-free counterpdftFigure 2b shows
homopolymerizations and their polymerization kinetics were first the conversion versus time for the polymerization of BA in the
investigated. The results are presented in Figures 1 and 2. Figurgresence of BDIB at 76C (runs 3a-3d). The curves exhibited
la shows that, in both systemisl, increased linearly with an S-shape at low conversions in the presence of RAFT agent,
monomer conversion. At low conversions, thly data in St suggesting the existence of an induction period. The polymer-
polymerization were higher than the theoretical values (calcu- ization rate decreased with increased BDIB concentration. This
lated from the concentration ratio of converted monomer over result can be explained by a higher apparent equilibrium constant
initially charged RAFT agent), suggesting that some of the for the BA/BDIB system than for the St/BDIB systeih.
BDIB molecules were not converted into polymer chains atthe 2. Batch Copolymerization of St and BA and Model
low conversions. Th&l, data of BA polymerization were also  Correlation. Our primary motivation for this work is to develop
higher than the theoretical values during the whole course of a general method through a model-based computer-controlled
polymerization, which can be ascribed to differences in the semibatch comonomer feeding policy to tailor copolymer chain
hydrodynamic volumes of PBA and PSt (as the calibration structure in CLRP. Thus, a kinetic model with a set of appro-
standard). The polydispersity indexes of the polymer samplespriate parameters needs to be developed. The kinetic rate
were low, as seen in Figure 1b. It can be concluded that the constants for the RAFT-free St (monomer 1)/BA (monomer 2)
polymerizations proceeded in a controlled manner. BDIB copolymerization are obtained from the literature and sum-
worked better for BA than for St, as indicated by the lower marized in Table 8. The physical and transport parameters
PDI's of the former polymer. In the case of St, the PDI was for the diffusion-controlled termination reaction are listed in
high at the beginning but decreased to a level of 1.25. Table 9.

Results and Discussion
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1.0 polymerization was ascribed to either cross-termination between
propagating and intermediate radicals with fast fragmentation

. rateé’-38 or to radical sinking derived from slow fragmentation

' v v v rate3® Both mechanisms can provide adequate explanation to
the phenomenon of rate retardation. Recently, the existence of

0.6 the cross-termination has been established. However, the

0.4

Styrene cumulative copolymer composition

A f,,=0.25 (expt4c) 2

magnitude of the fragmentation rate coefficient remains ambigu-
ous?® The cross-termination is included in the present model.
This mechanism is supported by our direct measurement of the
fragmentation rate coefficient via RAFT miniemulsion polym-
erization?! Because th& group of the RAFT agent used in the

02} u fsw=0.5 (expt.5¢c)
v f5,=0.75 (expt.6c) present work is an isopropyl moiety, it is believed that the
group is weaker in stabilizing the intermediate radicals than
o oz o4 os  os 1o phenyl but close to that of benzyl. The fragmentation rate

Conversion

coefficient of styrene/1-phenylethyl phenyldithioacetate (PEP-
DTA) is estimated to be Z 1 s™1. The fragmentation rate

Figure 4. Comparison of model prediction and experimental data for . : -1
the cumulative styrene copolymer composition vs total monomer coefficient of St of the current system is set to be 40°s™,

conversion of the St/BA RAFT copolymerization with three different Which is in good accordance with the small rate retardation of
initial monomer ratios. The experiment conditions are the same as in the styrene polymerization mediated by the current RAFT agent,

Figure 3.

as seen in Figure 2a. As shown in Figure 2b, there is significant

Because there were few kinetic data related to the polymer- fétardation in the BA polymerization rate mediated by the
ization mediated by BDIB in the literature, we used the addition current RAFT agent. The fragmentation rate coefficient in the
and fragmentation rate coefficients of a RAFT agent with similar BA polymerization is expected to be much lower than that of
structure, as in Table 4. There is an ongoing debate about theSt polymerization and set to 80’ Actually, the exact value
order of magnitude of the fragmentation rate coefficients, is not critical to predict the polymerization rate. The intrinsic
particularly for styrene/4-cyanopentanoic acid dithiobenzoate RAFT polymerization rate can be related to the RAFT-free
(CPDB) system. The rate retardation observed in the RAFT system by’

(a) (b) .,
3.5
3.0 0.8 |-
™
§ 25}
E 5 06 Y
P 20} z, sim
o o v expt.7d
o 15| e 04t
£ S
§ 10}
[ 0.2
0.5
0.0 . ook — .
50 0 10 20 30 40 50
Time (hr) Time (hr)
(c) (d)
e 1.0 18000 2.0
o -
E= < expt.7d
9 K=
g- 08l semi-batch(sim) g15000 r - . J118
S ! v semi-batch(expt.7d) =
N batch(sim) = N u
dg’ A batch(expt.4c) §12000 Mn 416 g
206} S o [ g
§- £ 9000 | 7
o o o S
g g 414 a
2 04| 2 o &
5 @ 6000 o o
L 3 0 <
i A © ——PDI
E | 5 12
! v \ 4 V ' v v N 1™
g 0.2 .g 3000
o
g 2
g 0 Il 1 1 1 1.0
0.0 T I [ R P— PR S L 0.0 0.2 04 0.6 0.8 1.0
20 40 60 80 100 120 140
Conversion

Number average chain length

Figure 5. (a) Programmed volumetric feeding rate vs time profile, (b) polymerization rate vs time, (c) cumulative styrene copolymer composition
vs number average chain length, (d) number-average molecular weight and polydispersity vs conversion of the semibatch St/BA RAFT copolymerzation
that targets for the uniform composition distributionFaf= 0.25 (run 7d). The points are experimental data, while the lines are theoretical predictions.
Also shown in (c) is the corresponding batch copolymerization result for comparison (run 4c).
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Figure 6. (a) Programmed volumetric feeding rate vs time, (b) polymerization rate vs time, (c) cumulative styrene copolymer composition vs
number-average chain length, (d) number-average molecular weight and polydispersity vs conversion of the semibatch St/BA RAFT copolymerization

that targets for the linear gradient copolynfar= 0.5 x Tn/Targetea(run 8d).

Ro >=Roo {1+ 2(k,/k)KIRAFT] g}

It is seen that the extent of retardation is determined by the
product of two group parameteksandk /k:. It is difficult to
separate their individual effect from the rate data. In the current
study, the apparent RAFT equilibrium constant is fixed because
the addition and fragmentation rate coefficients are preset. The
value of [k [k Cat five initial St mole fractions €sio = O,
0.25, 0.5, 0.75, 1) are optimized respectively by fitting the
kinetics data at low conversions with the least-square fitting
method. The function o K;.Cagainst comonomer composi-
tion can then be obtained, as shown in Table 5. The adjustable
parameter for the diffusion-controlled terminatiolqow, is
determined by fitting the experimental data at high conversions.
Figure 3 compares the calculation (lines) to the experimental
data (points). The polymerization rate decreased as the initial
St mole fraction (fs; increased due to the lower value of

Conversion
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Figure 7. The molar fractions of living polymer chains vs number-
average chain length of the semibatch St/BA RAFT copolymerization

styrene propagation rate constant. The agreements are very goodhat targets for a uniform composition distribution Bf = 0.25 and
Figure 4 shows the dependence of styrene-cumulative copolymerthe linear gradient copolyméd, = 0.5 x Tn/Tiargeted

composition on the total molar monomer conversion. The model

prediction agreed well with the experimental data for the three composition af; = 0.25 andVl,, = 24 400 g/mol. To synthesize
differentfs; o values. It becomes clear that the model is predictive such a copolymer product, the full amount of BA was charged
not only for the polymerization rate but also for the copolymer to the reactor at the very beginning of polymerization. The

composition.
3. Programmed Synthesis of Copolymer with Uniform
Composition. We designed a copolymer with uniform chain

amount of St initially charged to the reactor was calculated from
the Mayo-Lewis equation with the targeted copolymer com-
position 1 = 0.25) (run 7d). Shortly after the copolymerization
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Table 6. Kinetic Equations for Each Chain Species Involved in St/BA RAFT Copolymerization

type of chain mass balance equation
darp;)
——= D bl Pl = Y Kyl ) = Ko B J(TP + D D N (TP +
k k k ! s
. : 1 1 4
propagating radical chain Ekﬁ([P,‘,-jTPO] +3 y3y [P,,UTP:’U]) DD RR T L L
k ] s k ] s

CEOOIIPIFLCEDIDIDIDIPIPN LA
k [] s k [} m n s t
d[TP, ;]
& i = % (kﬁo[Pr.ijTPO] + % Ek: Z Z kﬁl[Pr.ijTPs,kI]) - (ka,O[P(.)] + Z Z Z kn,l[P;,kl])[TPV"j]

dormant chain

. . . . . dip, 7Py) . . 1 : :
primary intermediate radical chain = kol PAITP, )+ ke (P JUTPe] = = Uo + k)P, TPl = DD I B i N
k 3 s
_ _ . _ AP, ;TP ) ) 1 . .
intermediate radical chain o = KPP+ R PLTP ) =~ G+ k[P = ; 2 Z o [Pl (P, TP, ]
dip,)

—= 2 Z Ek‘, Z ; Ko P P ) + 2 }I: Z’ Z 2 g PP +
2 2 2 2 2 kelP ;u] (P r—s.leP ol + 2 Z 2 2 Z Z 2 kelP :—:,ij] ES: [P r,leP s—t.mn)
T T T &> R T T ™ =0

n s=0

dead chain

started, the monomer concentration ratio of St over BA Figure 6, the continuous lines represent the model prediction,

decreased because St was consumed more rapidly. The reswhile the discrete points denote the experimental data. Good

amount of St was charged to the reactor through a programmedagreements between the model prediction and experimental

metering pump. Incorporating the following constraint condition results were also obtained.

into the model, we obtained the volumetric feeding rate versus  Another important property is the fraction of living polymer

time profile as shown in Figure 5a through the model simulation chains. This information is also provided in our simulation. The
molar fractions of living polymer chainBliing are shown in

Rn1 _ Figure 7. It can be seen that, during the semibatch copolym-

R+ Rmz_ 0.25 (16) erization process, the livingness of all chains in both uniform

and linear gradient cases maintained a high level. The final molar

whereRy; is the consumption rate of monomier fractions of living chains were around 80%.
Figure 5b shows the comparisons of the experimental data
to the simulations for the molar conversion of St and BA versus
time. The experimental data are in full agreement with the In this work, we demonstrated the first use of semibatch
simulation. Figure 5¢ shows the copolymer composition distri- RAFT copolymerization for the control over copolymer com-
bution obtained with the programmed feeding profile. For position distribution of gradient copolymer. The approach was
comparison, the cumulative composition in a batch operation to feed comonomer to the reactor through a programmed
(i.e., the full amounts of both monomers are charged to the metering pump. The feeding rate profile was designed based
reactor at the beginning) are also shown in the figure. In the on a developed computer model. We applied this approach to
batch copolymerization, the composition clearly experienced the RAFT copolymerization of styrene (St) and butyl acrylate
drifting along the chain length. However, the copolymer product (BA) and targeted for the copolymer products having uniform
with the uniform distribution as designed was achieved through and linear gradient composition distributions. The synthesized
the programmed semibatch process. Figure 5d shows theproducts had the exact composition distributions as targeted.
development of the number-average molecular weight and The experimental polymerization rate and molecular weight
polydispersity with respect to the total monomer molar conver- profiles also agreed well with the model prediction.
sion. The model successfully predicted the variation. We believe that the developed semibatch approach opens a
4. Programmed Synthesis of Copolymer with Linear new route to the precise design and control of polymer chain
Gradient Composition. Besides the uniform composition  microstructure and thus materials properties. This approach is
distribution, we also synthesized the copolymers with a targeted general and can be used for any targeted copolymer composition
linear gradient composition distribution through the semibatch distributions. It is also applicable to other types of controlled/
operation (run 8d). FoF,; = 0.25, the following constraint  living radical polymerization such as ATRP and NMP.
condition was applied

F,=

Conclusion
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Table 7. Differential Moment Equations

zeroth order moments )

(i.e., molar conc of chains

first-order moments
(i.e., molar conc. of

monomer units in chains)

propagating radical chains

dormant chains

primary intermediate
radical chains

intermediate radical chains

dead chains

propagating radical chains

dormant chains

primary intermediate
radical chains

intermediate radical chains

dY'é' . o
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Table 7 (Continued)
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second-order moments

small molecules

dead chains

propagating radical chains

dormant chain

primary intermediate
radical chains

intermediate radical chains

dead chains

initiator

monomers

primary propagating radical

primary RAFT agent

primary intermediate radical

= o+ kuolF51 ) 2 W+ Z > 2 Ko+ k,dmfa’ + kAP +
2 RPILES NP IICETS DRI N
)Py Z 200
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— =4k, [P} )M + 2 ks MIYE + 2 2 oy MY +

2 o MY — 2 ey W [MIYS — b, YU(TP,) + 2 2 2+ = ka(r +
» X%’ + 2 Y x - {kyoolPE] + 2 2 (et k,mf:}x”; kY(PoTPG] +

k=i orl=l k=i I=j
PIDIEDIII N
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i
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aThese equations are necessary for closure of the differential equations.
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Appendix A: Kinetic Model

The appendix shows the details of kinetic model equations

for the RAFT copolymerization shown in Tables 6 and 7.

Appendix B: Kinetic Rate Constants and Physical and
Transport Properties for St/BA Copolymerization

Table 8. Kinetic Rate Constants of the St/BA RAFT Polymerization
Used in Simulation

parameters description values ref

ke (s7h) decomposition 1.58x 101 42
rate constant exp(=15503m)

Kp11 (L/mol/s) propagationrate  4.266x 10’ 43
constant of St exp(—3909.61T)

Kp22 (L/mol/s) propagationrate  7.37 x 10° 44
constant of BA exp(—1156.901)

Kic11 (L/mol/s) recombination 2.0 x 10 45
termination rate exp(—1553.017)
constant of St

Kico2 (L/mol/s) recombination 2.57x 10° 46
termination rate exp(—2921T)
constant of BA

kig11 (L/mol/s) disproportionation 0 47
termination rate
constant of St

kigz2 (L/mol/s) disproportionation 0 48
termination rate
constant of BA

ki12, Koz (L/mol/s)  cross termination  (Kii-kip2)Y2 49, 50
rate parameter

r monomer reactivity 0.723 51
ratio for St

ra monomer reactivity 0.189 51
ratio for BA

S radical reactivity 1 24
ratio for St

S radical reactivity 0.012 24
ratio for BA

Table 9. Physical and Transport Properties for the St/BA RAFT

Polymerization

parameters values ref
om (g/c?) 0.9193— 6.65x 10°4T — 273.15) 49
ome (g/cn?) 0.9211- 1 x 10T — 273.15) 49
pp (glcn®) 1.05 49
Qp (Kil) Fn]_(lpl + Fnz(lpz 48
opr (K1) 45x%x 104 52
op2 (K1) 4.8x 104 53
om (K™1) 6.2x 104 52
om2 (K™Y 1.19x 1078 53
as (K1) 1.099x 1073 54
Tgm1 (K) 185.15 47
Tgmz2 (K) 185.15 53
Tys (K) 115 55
Tgp (K) 373 52
Tgp2 (K) 218 53
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