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ABSTRACT: Gradient copolymers, in which the instantaneous composition varies continuously along each chain, are
discussed in terms of theoretical background, significance and examples from the literature. The specific focus is the
use of atom transfer radical polymerization to synthesize gradient copolymers with various composition profiles.
Examples of gradient copolymers using ionic and controlled radical polymerization techniques are presented. Atom
transfer radical polymerization has been used under both batch and semi-batch conditions to produce gradient
copolymers. The physical properties of gradient copolymers and possible future work in the field of gradient
copolymers are discussed. Copyright 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

It is the purpose of this paper to discuss an interesting
class of materials, gradient copolymers, and in particular
to report the use of atom transfer radical polymerization
(ATRP) to prepare them. The constantly advancing
technologies of the world demand newer, higher
performance and more specialized materials to make
this technical progress become a reality. One solution to
this problem, which has recently been receiving attention,
is the preparation and use of gradient materials.1,2 These
gradient materials blend the properties of two or more
materials in a continuous manner from one area of the
material to another. Two methods of making gradient
materials have been studied.2 The first is the construction
of macroscopic gradient materials, in which several
homopolymers are prepared sequentially on a surface of
other material. The various homopolymers and copoly-
mers diffuse within the gradient material leading to a
continuous and systematic macroscopic change in the
composition of the material. In this way the polymers
synthesized are chemically homogeneous, but the bulk
material is heterogeneous in composition. Materials of
this type have been reported from several sources, and
they have demonstrated numerous interesting proper-

ties,2,3 leading to their use in such applications as high-
bandwidth optical fibers.3

The second method of producing gradient materials
relies on the gradient copolymers or molecular gradients
and will be the primary focus of this report. Gradient
copolymers are copolymers in which the instantaneous
composition varies continuously along the chain con-
tour.1,4 This is in contrast to block copolymers, in which
the instantaneous composition changes discontinuously
along the chain. As shown in Scheme 1, composition
along the chain varies in different ways for block,
gradient and random copolymers. The composition does
not vary in a block copolymer until after the crossover
point between blocks, a random copolymer shows no
continuous change in composition and gradient copoly-
mers have a continuous change in composition from one
end of the chain to the other. In order to achieve this

Scheme 1. Schematic representation of the composition in
block, gradient and statistical copolymers, in which the open
circles denote monomer 1 and the closed circles monomer 2
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continuous change in instantaneouscomposition, all
chainsmustbeinitiatedsimultaneously,andmustsurvive
until the end of the polymerization.Therefore,a living
(ionic) or controlled/living radical polymerizationtech-
nique must be employed,as the significantpresenceof
chain-breakingreactionswould lead to heterogeneityin
bothcompositionandmolecularweight.

In additionto thesemechanisticrequirements,synthe-
sizing well-defined gradient copolymersalso requires
facile cross-propagation.This is very hard to fulfill in
ionic copolymerizationssincereactivitiesfor monomers
in ionic systemsdo not favor cross-propagation.5 In
contrast, free radical polymerization abounds with
examples of monomers that easily cross-propagate.6

Therefore, for synthesizing a well-defined gradient
copolymer, controlled free radical copolymerizations
offer a very attractiveand powerful option. As the use
of ATRP to form thesegradientcopolymersis the focus
of thispaper,it is necessaryto provideadiscussionof the
fundamentalsof ATRP andcontrolledradical polymer-
izationsin general.

Controlled radical polymerization

Thefield of controlledradicalpolymerization(CRP)has
becomethe subject of intense interest and research,
despitethe relatively recentbirth of the field.7–13 CRP
systemsarepolymerizationsin which thesignificanceof
chain-breakingreactions is suppressedto essentially
negligible levels.This suppressionis typically achieved
by means of a dynamic exchangebetween minute
amountsof activepropagatingradicalsandthepredomi-
nant dormant species.7 Thesedormant speciesdo not
possessan active radical site and cannotpropagateor
participatein transferor bimolecularterminationreac-
tions. The suppressionof chain-breakingreactionsin
CRPleadsto the uniform growth of chains,resultingin
polymerswith well-definedmolecularweights,narrow
molecularweight distributionsanda high level of end-
groupfunctionality.7

Oneparticulartypeof CRPthathasbeenshownto be
robust, versatile and convenient is ATRP.9–11,14 As
shownin Scheme2, the ATRP processbeginswith the
activationof an alkyl halide(or pseudo-halide),RX, by
the reversibleabstractionof the halogenby a transition
metalcomplex,Mt

n/L, to form theactiveradicalspecies,
R., which initiates polymerization.Since the halogen
abstraction is reversible, a dynamic equilibrium is
establishedbetween the active, propagating radical
speciesandthe dormanthalogen-cappedspecies.Since,
in this equilibrium, the rate of deactivation,kd, is very
largecomparedwith therateof activation,ka, thechains
arepredominantlyin thedormantstate.Theactiveradical
species propagate, kp, and terminate, kt, as in a
conventional radical polymerization. However, the
proportion of chains which have been terminated is

muchsmallerthanthatof thedormantspecies.Thus,the
systemstronglyresemblesa living polymerization.

Both thehigh level of end-groupfunctionalityandthe
lifetime of the polymerchainsin CRP(andin ATRP in
particular)makethis methodattractivefor synthesizing
gradientcopolymers.As discussedabove,endgroupsare
conservedin thesereactionssincechain-breakingreac-
tions are significantly suppressed.In addition, the
existence of the dynamic exchange,which strongly
favorsthedormantspeciesgreatlyincreasesthe lifetime
of a polymer chain.15 In a conventional radical
polymerizationa polymer chain is initiated, propagates
to its maximumdegreeof polymerizationandterminates,
all within a matterof seconds.6 However,in a CRPthe
time betweenthe initiation of a chain and the end of
propagation is of the order of hours.9,10,15 These
differencesbetweenconventionalandcontrolledradical
polymerizationsallow for a greateropportunityfor chain
modificationsandleadto thegreatextentof control that
CRP gives over topology,12,16–19 sequentialcomposi-
tion20–23 and instantaneouscompositionof a polymer
chain.4,24–28

Since the active species in thesepolymerizationsare
radicals, CRPs have many of the same advantages of
conventionalradicalcopolymerizations, includinga high
level of toleranceto moisture and other impurities.9,10

However,the similarity that will be of most concernto
gradientcopolymers is the similarity of the chemoselec-
tivities of the two typesof polymerization.Sincein both
methods propagation occurs through a free radical
mechanism,monomerpairsshouldhavesimilar reactivity
ratios in a CRP and a conventionalradical polymeriz-
ation, as observedby severallaboratories.25,29–32Some
small discrepancies are expected,and have been ob-
served,in the valuesof reactivity ratiosfrom ATRP and
conventional radical polymerizations.33 There are a
number of reasons for these discrepancies, such as
obviousdifferences in reactiontemperaturesandsolvent.
Additionally, differences in the rateof chaingrowth can
also alter the observed reactivity ratios, in that in a
controlled polymerization polymer is slowly formed
throughoutthereaction, whereasin aconventionalsystem
high polymer is formedat the beginning of the reaction
andthecompositionof thepolymer is establishedat low
conversion. This difference may also amplify the so-
called ‘bootstrap’ effect proposedby Harwood.34 The

Scheme 2. Schematic representation of the ATRP process.
Mt represents a transition metal, L represents the ligands
complexed to the transition metal and RX is an alkyl
(pseudo)halide
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presenceof a transition metalcatalyst in thesepolymer-
izationsfurthercomplicatesthepictureby introducingthe
possibility of complexation of somemonomerswith the
weakly Lewis acidic transition metal catalysts.35 The
final, andperhapsmostimportant,causeof discrepancies
in reactivityratiosobservedin ATRPis thedifferences in
methodologiesof measuring reactivity ratiosin controlled
and conventional radical polymerizations. In a conven-
tional process the monomer reactivity ratios can be
measuredat low conversion with different monomer
feeds.However,in theATRPprocesshighpolymer is not
formedimmediately in thereaction. Measurementsat low
conversionscould be affected by the structure of the
initiator, which may react preferentially with one
comonomer.For this reason, it is necessaryto measure
the cumulative composition of the copolymers at a
conversionhigherthanwouldbestudiedin aconventional
process.However, as the cumulative compositionof a
copolymerwill alwaysbe equalto the monomerfeedat
100%monomerconversion, thecloserthereactiongetsto
100% conversion, the less precise information on
reactivity ratios can be obtained.Thus, the conversion
range20%to 50%may bemostappropriate.

It has been shown previously, however, that the
reactivity ratios of a monomerpair are not affectedby
differencesin the relative activation and deactivation
ratesof the monomers.29,31,33Another report from this
laboratoryshowsthat severaluniquebehaviorsseenin
copolymerizationsusingATRP arecausedby significant
differencesin the valuesof the activation/deactivation
equilibrium constantsof the two monomers,but the
reactivity ratiosremainunaffected.29

Gradient copolymers

In a batch copolymerizationusing a controlled/living
polymerizationtechniquesuch as ATRP, a gradient is
producedspontaneouslydueto thefeedcompositiondrift
that occursduring the reaction.In a non-living system
thisdrift is manifestedin achangein compositionamong
the chains,whereasin living polymerizationthe change
in compositionoccursin eachchain.Wewill applyherea
terminal model, meaningthat we ignore the effect of
penultimateunits and consideronly two homopropaga-
tion and two cross-propagationsteps;the ratio of the
correspondingrate constantsdefinesthe reactivity ratio
for monomer1 (r1) andmonomer2 (r2). In systemswhich
obeythe terminalmodel,the compositionaldrift canbe
explainedby consideringtheequation

F1 � r1f 2
1 � f1f2

r1f 2
1 � 2f1f2� r2f 2

2

�1�

wherer1 andr2 arethe reactivity ratios,f1 andf2 arethe
molefractionsof monomers1 and2 in themonomerfeed

andF1 is the mole fraction of units from monomer1 in
thecopolymer.36

Under equimolar feed conditions f1 (and f2) will
changedueto preferentialpolymerizationof oneof the
monomers(unless r1 = r2), resulting in a continuous
changein F1 (copolymercomposition).This continuous
change of F1 results in a composition gradient, the
significanceof which dependson the reactivity ratiosof
the two monomersbeingpolymerizedandtheir concen-
tration in the initial reactionfeed.

Cumulativeandinstantaneouscompositionsarecalcu-
latedfrom Eqns(2) and(3), 27 respectively

Fcum;1 � �%conv�1�M1�0
�%conv�1�M1�0� �%conv�2�M2�0

�2�

Finst;1 � Fcum;1 � �%conv� �Fcum;1

��%conv� �3�

where(% conv)1 denotesthe conversionof monomer1
and[M1]0 denotesthe initial concentrationof monomer
(subscripts1 denotemonomer1). In general,plotting
compositionversuschain length helps to visualize the
compositionchangesoccurring over the length of the
chain.The x-axis, in plots of compositionversuschain
length,canalsobe conversion,sincethe two arerelated
by theequation

Xn � ��M �
�I �0

�4�

Figures1 and2 plot thecumulativeandinstantaneous
copolymercompositionversuschainlengthfor simulated
statistical copolymerizations of two monomerswhose

Figure 1. Simulated Fcum, M1 versus normalized chain length
for a living batch copolymerization of M1 and M2 with
different reactivity ratios. [M1]0 = [M2]0 = 5 M; [I]0 = 0.1 M.
Rate constants of initiation for both monomers are assumed
to be equal
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concentrationsin the feed are equal. These figures
resemblethe dependenceof cumulativecompositionon
conversionin aconventionalradicalpolymerization.In a
living system,however,this compositionchangewill be
evident along the chain, whereas in a conventional
radicalpolymerizationthis changein compositionwould
be manifestedamong chains made at different times
during the reaction.

FromFig. 2, it is seenthat thegradientis non-existent
for monomerpairswith reactivityratioswhicharer1 = r2.
Figure2 alsoillustratesthatfor pairswith bothreactivity
ratios<1, in this caser1 = 0.8andr2 = 0.2 (to modelthe
behaviorof styreneandn-butyl acrylate),25 thechangein
instantaneouscomposition is relatively small. The
gradientis seento be much strongerfor copolymeriza-
tions with large differencesin the values of the two
reactivity ratios. Three examplesof this behavior are
shownin Fig. 2, r1 = 2; r2 = 0.5 (approximatemodel of
methyl methacrylate and methyl acrylate),37 r1 = 3;
r2 = 0.3 (model of methyl methacrylateand n-butyl
acrylate),29 and r1 = 10; r2 = 0.1 (model of methyl
methacrylateand vinyl chloride).38 As the differences
in the two valuesof reactivity ratio increase,sodoesthe
steepnessof thegradientin instantaneouscomposition.

Figures3 and 4 show cumulativeand instantaneous
compositionin a copolymerizationof styrenewith n-
butyl acrylate with constantreactivity ratios (r1 = 0.8;
r2 = 0.2) but different initial monomerfeed ratios. The
variancein thegradientis muchmorevisible in theplot
of instantaneouscomposition(Fig. 4) thanin the plot of
cumulativecomposition(Fig. 3). Figure4 demonstrates
that changing the initial monomer feed of the two
monomerssignificantlyaffectstheshapeof thegradient.
There is essentially no variation in instantaneous
compositionat f1 = 0.75 in the feed,owing to the nearly
azeotropicconditions of this reaction (azeotropicco-

polymerizationwould occurat f1 = 0.80 in this system).
As theshapeof thegradientformedin batchcopolymer-
izations dependson the reactivity ratios of the two
monomersbeingpolymerizedandtheir relativeconcen-
trations, additional manipulation of the shapeof the
gradientmay be accomplishedby feedingonecomono-
mer during the polymerization, i.e. in a semi-batch
process.

EXAMPLES OF GRADIENT COPOLYMERS

Gradient copolymers from living ionic
polymerization

Thefirst living polymerizationsemployedanionicmech-
anisms.5 Since controlled/living polymerizations are

Figure 2. Simulated Finst, M1 versus normalized chain length
for a living batch copolymerization of M1 and M2 with
different reactivity ratios. [M1]0 = [M2]0 = 5 M; [I]0 = 0.1 M.
Rate constants of initiation for both monomers are assumed
to be equal

Figure 3. Fcum, M1 for a simulated living batch copolymer-
ization with reactivity ratios r1 = 0.8 and r2 = 0.2 with
different monomer feed ratios. [M]0 = 10 M; [I]0 = 0.1 M.
Rate constants of initiation for both monomers are assumed
to be equal

Figure 4. Finst, M1 for a simulated living batch copolymeriza-
tion with reactivity ratios r1 = 0.8 and r2 = 0.2 with different
monomer feed ratios. [M]0 = 10 M; [I]0 = 0.1 M. Rate con-
stants of initiation for both monomers are assumed to be
equal
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required for the synthesisof gradient copolymers,it
follows that the first reported examplesof gradient
copolymerswere basedon living anionic polymeriza-
tions.39–43 The most common examples of gradient
copolymers prepared anionically are copolymers of
styrene, or styrene derivatives, with butadiene or
isoprene40–43 and copolymers of ethylene oxide and
butyleneoxide.44 Thesecopolymershavebeenprepared
by both simultaneouscopolymerization of the two
monomers42–44 and by the partial homopolymerization
of one monomer followed by the introduction of the
secondmonomerwhichwasthencopolymerizedwith the
first monomerresulting in a ‘tapered block’ architec-
ture.40,41 Living anionic polymerizations have some
drawbackssuchasthe rigorouspurificationrequiredfor
these polymerizations and large differences in the
reactivity ratios of anionic monomers,which limits the
monomer pairs that can be employed.5 Recently
introducedCRPtechniquesoffer aconvenientalternative
to living ionic polymerizations.

Gradient copolymers from controlled radical
polymerizations

The use of CRP techniques to synthesizegradient
copolymershas not, as yet, beenvery thoroughly ex-
plored. The use of stable free radical (nitroxide
mediated)22,45–50and ATRP1,24–30,32,51,52techniquesin
simultaneouscopolymerizationhas beenreportedto a
limited extent.The useof nitroxide mediatedpolymer-
izationhasbeenshownto beeffectivefor thesynthesisof
not only homopolymersandblock copolymers,but also
randomandstatisticalcopolymersof styrene.Examples
of copolymerizationof styrenewith comonomerssuchas
4-hydroxystyrene,45 4-acetoxystyrene,45 n-butyl acry-
late,48butadiene,47methylmethacrylate,49 chloromethyl-
styrene,50 acrylonitrile,22 2-hydroxyethylmethacrylate,49

4-(hydroxymethyl)styrene,49 vinylpyrrolidone49 and
maleic anhydride46 haverecentlybeenreported.These
reports indicate that copolymersof thesecomonomers
with styrenecan be formed using a nitroxide-mediated
CRP.The gradientnatureof thesecopolymershasonly
beenexploredin afew of thesereports,andin manycases
the monomer feeds and reactivity ratios were not
conduciveto the formation of substantialgradientsin
instantaneouscomposition.Also, owing to the natureof
nitroxide-mediatedCRP,manyreportsshowedthatasthe
amountof styrenein the monomerfeedwasdecreased,
the level of control in the polymerizationdecreased,as
evidencedby increasedpolydispersities.Theintroduction
of newmoreuniversalnitroxidemediators53,54will allow
for thesynthesisof awider rangeof gradientcopolymers
with acrylatesandacrylamides.

Several reports have also claimed the synthesisof
gradient copolymersby iniferter techniques.55–57 Co-
polymersin thesesystemsdisplayedratherbroadmol-

ecular weight distributions (MW/Mn> 2), suggesting
heterogeneityin both compositionandmoleculararchi-
tecture(no precisecompositiondatawerereported).

One of the newest methodsof CRP is reversible
addition–fragmentation chain transfer (the RAFT pro-
cess).13 Although no examplesof simultaneouscopoly-
merization using RAFT have yet been reported, the
RAFT processshouldbejustasusefulfor thesynthesisof
gradientcopolymersasanyof theotherCRPtechniques.
Theuseof ATRP to preparegradientcopolymerswill be
discussedin detail below.

Examples from ATRP

A numberof authorshavereportedtheuseof ATRP for
the synthesisof statistical copolymers,and severalof
these reports have targetedthe study of the gradient
nature of these copolymers.24–26,28–30,32,51,52 Two
methods of gradient copolymer synthesishave been
reported.The first is the useof batchcopolymerizations
in which a spontaneousgradient in instantaneous
compositionis formed basedon the differencesin the
reactivity ratiosof the comonomers,and the concentra-
tionsof comonomersin themonomerfeed.24–26,28–30,51,52

The secondmethodis theuseof semi-batchcopolymer-
izations to form controlled gradientsin instantaneous
composition.24,26,32

Batch copolymerization

BatchcopolymerizationusingATRP to preparegradient
copolymershasbeenshownto besuccessfulfor anumber
of monomerpairs. Work performedin this laboratory
using batchcopolymerizationhas,thus far, focusedon
styrene–acrylates24,25,58 and methyl methacrylate–acry-
lates26,29basedgradientcopolymers.Figure5 illustrates
the resultsof severalstyrene–n-butyl acrylate copoly-
merizations.25 At the three different styrene feed
conditions,themeasuredvaluesof cumulativecomposi-
tion agree well with the dependencepredicted by
simulationsof the copolymerization, using rS = 0.8 and
rnBA = 0.2.This figureshowsthatcompositionmeasured
from NMR analysis agrees well with composition
calculated from conversiondata measuredusing gas
chromatography.Somesmall deviationsin cumulative
compositionare observedin Fig. 5. Thesedeviations
would be greatly amplified in the calculation of
instantaneouscomposition,making thesecalculations,
in somecases,limited in significance.

The composition gradient observed for the batch
copolymerizationof styreneand n-butyl acrylateis not
very large,and demonstratessomelimitations of batch
copolymerization processes.In a batch process, the
reactivity ratiosof the monomerpair stronglylimits the
shapeand significanceof the compositiongradientthat
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can be formed. This is also shown in recentwork by
Sawamotoand co-workers32 using a batch copolymer-
ization of styrene–methylmethacrylate,and by Li and
co-workers,51 usinga batchcopolymerizationof styrene
andvariousmaleimides.Owing to the similar reactivity
ratios of styrene and methyl methacrylate(rStyrene�
rMMA � 0.5), the polymerspreparedin a batchprocess
mustbe essentiallyrandom(Sawamotoand co-workers
ingenious method of avoiding this will be discussed
below), and in the caseof styreneand maleimidesthe
reactivity ratios of monomers(rStyrene� rMalemides� 0)
dictate that nearly alternating copolymershave been
formed.

The use of ATRP in the batch copolymerizationof
methyl methacrylatewith various (meth)acrylateshas
also been reported recently by a number of labora-
tories.26,29,30,52Work recentlycompletedin this labora-
tory hasshownthatthebatchcopolymerizationof methyl
methacrylate–n-butyl acrylatecould be usedto prepare
gradientcopolymersusing a variety of ATRP catalyst
systems.Figure6 showsthe cumulativecompositionof
methylmethacrylatein threecopolymerspreparedusing
three different catalystsat a constantinitial monomer
feedcontaining15% methyl methacrylate.29 This parti-
cular monomerfeedconditionwaschosenowing to the
effectivenessof all threecatalystsystemsstudiedat this
monomer feed. At high concentrations of methyl
methacrylate the Me6TREN catalyst did not give
controlledpolymerization.This plot providesagreement
between the various experimental points and the
dependencepredictedby simulationsof the reactions
using rMMA = 3.0 and rnBA = 0.3. The instantaneous
compositionversusconversion(chain length) is shown
in Fig. 7. Thesetwo compositionplots demonstratethat
the batchcopolymerizationof methyl methacrylateand

n-butyl acrylateresultsin a copolymerwith a significant
gradientin both instantaneousandcumulativecomposi-
tion. Thiswork demonstratesthatanappreciablegradient
can be formed in a batch copolymerization if the
reactivity ratios of the monomer pair are sufficiently
different.

Sawamotoand co-workershave reported the batch
copolymerizationof methyl methacrylateboth with n-

Figure 5. Fcum, styrene for the simultaneous copolymeriza-
tions of styrene and n-butyl acrylate, initiated with methyl 2-
bromopropionate and catalyzed with CuBr±2(4,4'-di(5-non-
yl)-2,2'-bipyridine) at 110°C, [M]0:[I]0 = 100:1. Simulations
used rS = 0.8 and rnBA = 0.2; rate constants of initiation for
both monomers are assumed to be equal. Different symbols
correspond to different experiments characterized either by
GC or NMR

Figure 6. Fcum, methyl methacrylate for the simultaneous
copolymerizations of methyl methacrylate and n-butyl
acrylate, initiated with methyl 2-bromopropionate and cata-
lyzed with CuBr±2(4,4'-di(5-nonyl)-2,2'-bipyridine) (dNbpy)
in bulk at 90°C ([M]0:[I]0:[catalyst] = 300:1:1), CuBr±
N,N,N',N',N@-pentamethyldiethylenetrimamine (PMDETA) in
bulk at 60°C ([M]0:[I]0:[catalyst] = 300:1:1), and CuBr±tris[2-
(dimethylamino)ethyl]amine (Me6TREN) in 20% (v/v) ethy-
lene carbonate at 60°C ([M]0:[I]0:[Cu(I)Br]0:[Cu(II)Br]0:
[ligand]0 = 300:1:0.5:0.1:0.6). In all cases the initial mono-
mer feed contained 15% methyl methacrylate. Simulations
used rMMA = 3.0 and rnBA = 0.3; rate constants of initiation
for both monomers are assumed to be equal

Figure 7. Finst, methyl methacrylate for the simultaneous
copolymerizations of methyl methacrylate and n-butyl
acrylate, initiated with methyl 2-bromopropionate and cata-
lyzed with CuBr±2(4,4'-di(5-nonyl)-2,2'-bipyridine) (dNbpy)
in bulk at 90°C ([M]0:[I]0:[catalyst] = 300:1:1), CuBr±
N,N,N',N',N@-pentamethyldiethylenetrimamine (PMDETA) in
bulk at 60°C ([M]0:[I]0:[catalyst] = 300:1:1) and CuBr±tris[2-
(dimethylamino)ethyl]amine (Me6TREN) in 20% (v/v) ethy-
lene carbonate at 60°C ([M]0:[I]0:[Cu(I)Br]0:[Cu(II)Br]0:
[ligand]0 = 300:1:0.5:0.1:0.6). In all cases the initial mono-
mer feed contained 15% methyl methacrylate. Simulations
used rMMA = 3.0 and rnBA = 0.3; rate constants of initiation
for both monomers are assumed to be equal
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butyl acrylateandwith methyl acrylate,usinga nickel-
basedATRP catalystsystem.52 It can be assumedthat
thesecopolymerswerein fact gradientcopolymerswith
fairly significant changes in composition along the
polymer chain. Haddleton et al. reported a thorough
investigation of monomer reactivity ratios in which
ATRP andseveralother living polymerizationmethods
were usedto copolymerizemethyl methacrylateand n-
butyl methacrylate.30 The focus of this paperwas the
comparison of reactivity ratios obtained from the
differentpolymerizationmechanisms.Basedonthesmall
differencesin the reactivity ratiosof this monomerpair,
however, it must be assumedthat the composition
gradients in these polymerizations were not very
significant.

Thesereportsshowthat,underthecorrectconditions,
gradientcopolymerscanbemadein batchcopolymeriza-
tions using ATRP. However, in a batch process,the
strengthof thegradientis dictatedonly by thereactivity
ratiosof themonomerpair andinitial monomerfeedand
cannotbe furthercontrolled.

Semi-batch copolymerization

Continuouslyaddingonecomonomerto acopolymeriza-
tion is a way to form a more significantcompositional
gradientalongthechain.Theformationof thegradientis
influencedby continuouschangesin the monomerfeed
causedby addition of the comonomer.Using thesetwo
concepts,one can synthesizea larger rangeof possible
compositiongradientsfor a given monomerpair, since
effectscausedby differencesin reactivity ratios canbe
compensatedthrough appropriaterates and order of
addition of one monomerto the other. That is, strong
gradients of monomerssuch as styrene and n-butyl
acrylatecanbe formedby choosingappropriateexperi-
mental conditions,even though thesemonomersform
small gradientsin batchprocesses.

Thecontrolof compositionalgradientthroughtheuse
of controlledmonomeraddition hasbeendemonstrated
through the atom transfer radical copolymerizationof
styreneand n-butyl acrylate. Figure 8 shows that by
slowly addingn-butyl acrylateto a batchpolymerization
of styrenea muchmoresignificantgradientin composi-
tion is obtained, as opposedto the behavior of this
monomerpair in a batchcopolymerization,asdiscussed
above.24 It is alsoshownthat theshapeandsignificance
of thecompositioncanbothbemanipulatedby changing
the rate and order of monomer addition. The lines
connectingthe datapoints in Fig. 8 and the following
compositionplotsaremeantonly asguidesto theeye.

Semi-batchcopolymerizationcanallow the formation
of a gradientcopolymerwhenthetwo monomerstendto
polymerizein analternatingfashion,asis thecasein the
copolymerizationof styreneand acrylonitrile. Figure 9
showstheinstantaneouscompositionversuschainlength
for two rates of addition, demonstratingthat adding
monomerto the copolymerization mixture resultsin an
instantaneouscompositiondifferent from whatwould be

Figure 8. Finst, n-butyl acrylate for copolymerizations of
styrene and n-butyl acrylate, initiated with methyl 2-
bromopropionate and catalyzed with CuBr±2(4,4'-di(5-non-
yl)-2,2'-bipyridine) at 110°C. [Styrene]0:[I]0:[catalyst]0 =
8.7:0.04:0.04, with continuous addition of n-butyl acrylate
at a rate as indicated. Initial volume of styrene, 7.7 ml

Figure 9. Finst, acrylonitrile for copolymerizations of styrene
and acrylonitrile, initiated with 1-phenylethyl bromide and
catalyzed with CuBr±2(2,2'-bipyridine) at 80°C. [Styrene]0:
[I]0:[catalyst]0 = 8.7:0.1:0.1, with continuous addition of
acrylonitrile at a rate as indicated. Initial volume of styrene,
10.0 ml

Figure 10. Finst, acrylonitrile and Fcum, acrylonitrile for the
copolymerization of styrene and acrylonitrile, initiated with
1-phenylethyl bromide and catalyzed with CuBr±2(2,2'-
bipyridine) at 80°C. [Styrene]0:[I]0:[catalyst]0 = 8.7:0.1:0.1,
with continuous addition of acrylonitrile at a rate of 0.01 ml
minÿ1. Initial volume of styrene, 10.0 ml
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expectedfor two monomerswith alternating tenden-
cies.28 Furthermore,the rate of addition influencesthe
gradientformedin thesetwo reactions,aswasobserved
in the caseof n-butyl acrylate and styrene.Both the
cumulativeandinstantaneouscompositionof copolymer
preparedthrough the semi-batchcopolymerizationof
styreneand acrylonitrile, are shownin Fig. 10, further
demonstratingthat a significantcompositionalgradient
wasachievedusingthetechniqueof controlledmonomer
addition.28

Work doneby Sawamotoandco-workerswith styrene
and methyl methacrylate has shown an interesting
modificationof the semi-batchprocess.32 In this report,
randomcopolymerizationof styreneandmethyl metha-
crylate is allowed to progressto 52% conversionof
styrene,at which point an additionalaliquot of methyl
methacrylatemonomeris added.Thecopolymerizationis
allowed to progress further, to 89% conversion of
styrene; at which time another aliquot of methyl
methacrylateis added.This resultsin what is essentially
a triblock copolymer,in whicheachof thethreeblocksis
acopolymerof styreneandmethylmethacrylatecontain-
ing different compositionsof the two monomers.The
compositionshouldchangealongthechainin thesecond
and third blocks owing to the changingcompositionof
monomerfeed.

PHYSICAL PROPERTIES OF GRADIENT
COPOLYMERS

One of the main motivationsfor the study of gradient
copolymersis the possibility that gradientcopolymers
should have physical propertieswhich differ consider-
ably from thoseof block or randomcopolymerswith
analogouscompositions.Various compositiondistribu-
tionsof specificallyinteractingcomonomersalongchains
shouldleadto variationof possibilitiesandscalesof the
spatialorganizationof comonomersandconsequentlyto
variousproperties.

The uniquenessof the physicalpropertiesof gradient
copolymersis seenin the DSC thermogramsshownin
Fig.11,58whichindicatestheglasstransitionregionsof a
diblock, randomandgradientcopolymers,all containing
similar final cumulative monomer compositions of
styrene and methyl acrylate. As expected,the block
copolymer shows two distinct glass transitionscorre-
spondingto theTg of polystyrene(Tg� 100°C) andthat
of poly(methyl acrylate) (Tg� 10°C), and the random
copolymershowsa single glasstransition (Tg� 75°C,
between the two Tg values of the corresponding
homopolymers. This indicatesthat the block copolymer
existsin a stronglymicrophasesegregatedstatewhereas
the randomcopolymerexistsas a single-phasesystem.
Thethermodynamicbehaviorof thegradientcopolymers,
however, is more complicated.Figure 11 shows two
thermograms for the gradient copolymer samples

obtainedby different thermaltreatment:(1) the rapidly
cooledsamplefor which the thermogramindicatesone
broad glass transition above the Tg of poly(methyl
acrylate) and (2) the sample of the same gradient
copolymer but annealedabove 50°C for which an
additional transitionat �70°C is observed.This shows
thatnot only is thephasestateof thegradientcopolymer
differentfrom boththerandomandblockcopolymer,but
alsothatit is stronglydependentonthethermalhistoryof
thesample.58

Similar effectsareillustratedin Fig. 12, which shows
thetemperaturedependencesof theshearmoduli (G', G@)
for samplesof the three copolymersdiscussedin Fig.

Figure 11. Comparison of DSC thermograms for styrene±
methyl acrylate diblock, gradient and random copolymers.
Quenched and annealed samples of the gradient copolymers
are shown. The block copolymer (B1) contained 40 mol%
methyl acrylate and had an Mn value of 16000 and a
polydispersity value of Mw/Mn = 1.42. The random copoly-
mer (R1) contained 57 mol% methyl acrylate and had an Mn

value of 22000 and a polydispersity value of Mw/Mn = 1.18.
The gradient copolymer (G2) contained a ®nal cumulative
composition of 57 mol% methyl acrylate and had an Mn

value of 12000 and a polydispersity value of Mw/Mn = 1.19

Figure 12. Temperature dependencies of the storage (G')
and loss moduli (G@) for styrene±methyl acrylate diblock,
gradient and random copolymers. The block copolymer (B1)
contained 40 mol% methyl acrylate and had an Mn value of
16000, and a polydispersity value of Mw/Mn = 1.42. The
random copolymer (R1) contained 57 mol% methyl acrylate
and had an Mn value of 22000 and a polydispersity value of
Mw/Mn = 1.18. The gradient copolymer (G2) contained a
®nal cumulative composition of 57 mol% methyl acrylate
and had an Mn value of 12000 and a polydispersity value of
Mw/Mn = 1.19
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11.58 In this figure,it canagainbeseenthat two distinct
segmentalrelaxationprocessesarepresentin thediblock
copolymer whereasonly one is seen for the random
copolymer. For the gradient copolymer, one but ex-
tremelybroadsegmentalrelaxationis seen,indicatinga
broadconcentrationdistribution relatedto a continuous
compositionchangein themicrophase-separatedstateof
thegradientcopolymer.58

Theaboveresultsshowthat in thecaseof copolymers
consistingof monomerswith distinctly different seg-
mentalmobilities, the variation of compositionprofiles
along copolymer chains can lead to considerable
differencesin the physicalbehaviorrelatedto the main
softeningtransitionin thematerial.

Similar studiesof the physical propertieshave been
conductedalso for the gradientcopolymersof styrene
andacrylonitrile,i.e.copolymersconsistingof monomers
which form homopolymershavingalmostthesameglass
transitiontemperatures.Theresultsof dynamicmechan-
ical testingof a styrene–acrylonitrile gradientcopolymer
are displayedin Fig. 13. In this specific case,various
distributionsof comonomersin chainsdo not involve
remarkablechangesin segmentalmobilities, i.e. in the

positionof thea-relaxationtransitionon thetemperature
scale. The transition remains at almost the same
temperaturefor block, randomandgradientcopolymers.
The storage(G') andloss(G@) moduli presentedfor the
two gradientcopolymers,which differ in the molecular
weightshow,however,distinctdifferencesin behaviorat
highertemperatures.Both copolymerscontain59 mol%
acrylonitrile, sample 1 had Mn = 25000 with a poly-
dispersityof Mw/Mn = 1.08, while sample2 had Mn =
11000 with a polydisperity of Mw/Mn = 1.15. For the
polymer with the smallermolecularweight, the typical
flow regime is observedabove150°C which probably
indicatesahomogeneousmelt state,whereasfor thehigh
molecular weight polymer the long high-temperature
plateausuggeststhe microphaseseparationstill existing
in this temperaturerangein thegradientcopolymer.

The aboveconjectureshave beenconfirmedby the
structuralevidenceobtainedfrom the small-anglex-ray
scattering.Figure 14 showsthe resultsof small-angle
x-ray scatteringfor samplesof the two abovegradient
copolymersdiffering only in total molecularweight. In
examiningtheresultsfor thetwo gradientcopolymers,it
is observed that both samplesshow the periodicity
dependingon molecularweight. The higher molecular
weightsampledisplayedaperiodicityof 22.4nm,andthe
lower molecular weight sample had a periodicity of
13.4nm. The highermolecularweight samplestayedin
thephase-separatedregimeattemperaturesabove200°C.
For the lower molecular weight sample,however,the
orderdecreasedwith increasingtemperatureanda single
phasewas formed at temperaturesabove150°C. This
indicatesthat it is possibleto manipulatephasetransi-
tions by changing molecular weights and, perhaps,
compositionsandtheshapeof thegradient.

It canbeseenin Figs11–14thatgradientcopolymers
do,in fact,exhibit thermalandmechanicalpropertiesthat
are different from those of both block and random
copolymers.This differencein mechanicalpropertiesis

Figure 13. Temperature dependences of the storage (G')
and loss moduli (G@) for styrene±acrylonitrile gradient
copolymers. Both gradient copolymers contained a ®nal
cumulative composition of 59 mol% acrylonitrile and had an
Mn value of 11000 and a polydispersity value of Mw/Mn =
1.15, and an Mn value of 25000 and a polydispersity value of
Mw/Mn = 1.08, as indicated in (a) and (b), respectively. For
comparison, results for a random copolymer are shown
(Mn = 39000, Mw/Mn = 1.08, fAN = 0.45)

Figure 14. Small-angle x-ray scattering of two gradient
copolymers. Both copolymers contained 59 mol% acrylo-
nitrile, gradient 1 had Mn = 25000 and Mw/Mn = 1.08, and
gradient 2 had Mn = 11000 and Mw/Mn = 1.15
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alsodemonstratedin Fig. 15,whichshowsanexampleof
tensiletestingon two ABA triblock copolymers,bothof
which contain a clean central block of poly(n-butyl
acrylate),with Mn valuesof 65200and67500.Oneof the
sampleshad two clean poly(methyl methacrylate)end
blocks (Mn = 13150), the other sample had two end
blockswhich weremethylmethacrylate–n-butyl acrylate
gradient copolymers (13 mol% n-butyl acrylate and
Mn = 10600).It canbeseenthat theadditionof gradient
natureto theendblocksof thetriblock copolymerled to
reducedultimate stressbut much longer elongationsat
break-evenin the case when for both samples the
microphaseseparatedstatewas observedby meansof
thesmall-anglex-ray scattering(seethe inset).59

Sincegradientcopolymersarechemicallyanisotropic,
they may be useful as compatibilizersfor immiscible
polymer blends. Copolymerscompatibilize blends by
acting as large surfactants,decreasingthe interfacial
tension at an immiscible interface.60 The ability of a
copolymerto reduceinterfacial tensiondependson the
orientationof thecopolymerat the interface.In turn, for
linear chains, this orientation is a strong function of
instantaneouscomposition. Block copolymers orient
orthogonal to the interfacial surface, extending into
regions of both homopolymers.In contrast, random
copolymerslocalize at the interfacebut may weavein
and out of each componentof the blend, with little
extensioninto homopolymerdomains.Since gradient
copolymerscombinestructuralcharacteristicsof block
andrandomcopolymers,their orientationat an interface

may be between these two extremes.Consequently,
gradient copolymersmay be able to compatibilize an
interfacealmostasefficientlyasblockcopolymers,butat
a significantlylower cost.

Variousaspectsof simulatedbehaviorrelating to the
compatibilizingability of gradient,random,anddiblock
copolymersare shown in Fig. 16, which points to the
conclusion that for most aspectsof compatibilizing
behavior, the behavior of gradient copolymers lies
somewherebetween those of the random and block
copolymers.As seenin Fig. 16(a),58 boththerandomand
gradientcopolymersgive broaderconcentrationprofiles
that are close to the virtual homopolymer interface.
Figure 16(b) showsthat all of the copolymerssuppress
non-uniformity in the distributionof centersof massof
the polymer chainswith the block copolymershowing
the strongesteffect, but a significantreductionin chain
orientationpreferenceis only seenfor blockandgradient
copolymers,asshownin Fig. 16(c).Figure16(d) shows
that the gradient copolymer is the most effective in
reducingnon-uniformityin thedistributionof chainends.
Figure 16(e) demonstratesthat the gradientcopolymer
hasan intermediatepositionbetweenblock andrandom
copolymeron affectingthecontactsbetweentwo phases
along the direction perpendicularto the interface.The
resultsin Fig. 16 showthat gradientcopolymersshould
be as effective as block copolymersin compatibilizing
polymer blends but with an additional advantageof
strongerreductionof variousheterogeneities(chainends,
orientations) which might influence the mechanical
strengthof the interfaces.However,their concentration
at the interface may be higher than that of the block
copolymers, which may form micelles and reverse
micellesin bothof thehomopolymers.

FUTURE DIRECTIONS OF THE STUDY OF
GRADIENT COPOLYMERS

Gradientcopolymersform a novelclassof materialsthat
only came into existencewith the advent of living
polymerizationtechniques.As yet, the field of gradient
copolymershasnot beenthoroughlyexplored,andthere
is much opportunity for researchinto the synthesisof
gradient copolymersand the characterizationof their
uniquephysicalproperties.ATRP and other CRP tech-
niquesare perhapsthe most attractivemethodsfor the
synthesisof gradientcopolymersowing to the conve-
nienceandversatility of thesetechniquesandthe facile
cross-propagationthat thesetechniquesexhibit.

Both the physical propertiesof gradientcopolymers
and the mechanisticaspectsof their synthesismust be
further studiedin order to understandfully the advan-
tagesandlimitations of this classof materials.

Further information on the rheological, mechanical
and thermalpropertiesof gradientcopolymersmust be
collectedbeforeall of the possibleapplicationsof these

Figure 15. Stress±strain curves recorded for the two triblock
copolymer samples during cold drawing of ®lms with a
constant rate of 1 minÿ1. ABA-isolated sample was a clean
triblock, with an Mn = 65200 central block of n-butyl
acrylate, two blocks of methyl methacrylate with Mn =
13150 and an overall polydispersity of Mw/Mn = 1.34. ABA-
sequential contained a clean central block of n-butyl acrylate
of Mn = 67500 and two end blocks which were gradient
copolymers containing 13 mol% n-butyl acrylate and 87
mol% methyl methacrylate, with Mn = 10 600 and an overall
polydispersity of Mw/Mn = 1.24. The insert shows the small-
angle x-ray scattering intensities for these samples
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materials can be determined.Additionally, there are
currentlyno convenientor effectivemethodsof directly
measuringsequencedistribution of monomerunits in a
gradient copolymer.25 Developing methodsto analyze
the microstructureof these copolymersbetter would
allow for a morecompleteunderstandingof therelation-
ship betweenmicrostructureandthe physicalproperties
of thematerials.

Properlyunderstandinggradientcopolymerswill also
requireamorecompleteunderstandingof themechanism
of thesecopolymerizations. One particularmechanistic
aspectof thesecopolymerizationsis the effect of the

dynamicsof the exchangebetweenactive and dormant
speciesin a living polymerization.It is known that the
dynamicsof this exchangehas a strong effect on the
control of molecular weight and molecular weight
distribution in a controlled/living polymerization,7 but
it is not entirely clear how it influencesthe gradientin
compositionof a copolymer.

Preliminaryresultson thephysicalpropertiesof these
materials indicate that their propertieswill warrant a
greatdealof study.In additionto theuniquemechanical,
thermalandoptical propertiesof thesematerials,it also
appearsthat gradient copolymersmight be useful as
blendcompatibilizers.The field of gradientcopolymers
hasnotyetbeenstudiedextensivelyenoughto realizethe
full potentialof thesematerials.
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