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Abstract Gradient copolymers represent a relative new
class of copolymers containing at least one section of the
macromolecule where the chemical composition continuous-
ly changes along the polymer chain. Due to their structural
relation to block copolymers, microphase-segregated struc-
tures can be formed in bulk, in solution, at surfaces, and
interfaces exhibiting a blurred, less-defined border region
between phases. The article reviews the preparation methods,
the main physical peculiarities, and some proposed applica-
tions of gradient copolymers.
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Definition

Linear block copolymers are made from polymer chains of
different chemical composition that are covalently joined via
their respective end groups [1]. This classical architecture of
block copolymers implies an abrupt change in composition
at the connection point of the adjacent blocks (cf.
Scheme la). However, during the last decade, a new type
of copolymer came to the focus of scientific interest with its
chemical composition claimed to vary continuously along a
certain section of the polymer chain. Macromolecules that
contain at least one section of continuously changing
monomer composition are called ‘gradient polymers’ or
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‘gradient copolymers’ (Scheme 1b) [2, 3]. Earlier review
articles on the field can be found in references [4—6].

The term must not be mixed up with (semi)interpenetrating
networks that contain macroscopic structural or compositional
gradients along the spatial position of the sample, although
such materials, investigated since the early 1970s, have also
been called ‘gradient polymers’ [e.g., 7, 8].

Prior to the discussion of synthesis, properties, and possible
applications of gradient copolymers, it is worthwhile to
consider the definition of the term ‘continuous change in
monomer composition’. Figure la schematically depicts the
most frequently used plot of the local polymer composition
F(X) against the degree of polymerization X, implying the
continuous change in monomer composition along the
polymer chain. In this graph, the local compositional gradient
g(X) is defined as the first derivative of the composition with
respect to the degree of polymerization (Eq. (1)).

dFi(X)
8X)=—3y— (1)
(g(X)=local compositional gradient, F;=molar fraction of
monomer 1 in the copolymer, X=degree of polymerization)

The definition of Eq. (1) presumes that the local
monomer composition F(X) of an individual macromole-
cule is a continuous function in X. This is, however, not the
case, because monomer units are of discrete nature: One
cannot incorporate 1/2, or 1/8 of a monomer unit at a
specific position. The true situation is sketched in Fig. 1b,
showing an example sequence of 20 monomer units.
Although the composition of this model chain varies from
Fi(X=1)=1.0 to F(X.=20)=0 (with the average composi-
tion of the chain <F;>=1/2), it is not possible to assign an
unambiguous value of the compositional gradient. The
calculus of discrete functions replaces the differential
quotient of Eq. (1) against difference quotients and allows to
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Scheme 1 Schematic depiction of the monomer sequences in a diblock copolymer P[A]-5-P[B] (a), a gradient copolymer P[A-grad-B] (b), and a

random copolymer P[A-co-B] (¢) of equal composition (50 mol% A)

define three values of the local gradient, namely the ‘forward’
(gr = [Fi(X+AX) — F1(X)]/AX), the ‘backward’ (g, =
[F1(X) — F1(X — AX)]/AX) and the ‘central’ difference
quotient (g. = [F1(X+AX) — F1(X — AX)]/(2-AX)) [9].
If one agrees to use one of these difference quotients as the
standard definition of the ‘gradient’ the result becomes counter
intuitive. Applied to e.g., position X=10 of our model chain
and using AX=1 one finds the values g(10)=+1, g,(10)=—1,
and g.(10)=0, respectively. It seems to be a loophole to use
the compositional average over n positions around a given
place X as basis to calculate the gradient. Such a definition
comes down with two new problems. First, the number n
remains arbitrary and second, » must be comparable to the
block length X, to approach the value of the gradient. In any
case, the compositional gradient of an individual copolymer
chain cannot unambiguously be defined.

N
() = - D F(x) )

(<Fl(]“°) (X )>:ensemble average of the local chain com-

position, F1,i(X)=composition of polymer chain i at
position X, X=degree of polymerization, N=number of
polymer chains in the sample)

If a property cannot be assigned to an individual
molecule, one has to use ensemble averages. Equation (2)
defines the ensemble average of the local composition
<<F](1°°)(X)>> as the average over the composition of all
present polymer chains at a given position X. This value is
well defined, continuous and related to experimental data
obtained from macroscopic amounts of a polymer. Because
of these properties, Eq. (1) can be applied and Fig. la
becomes valid.

However, one has to bear in mind that the composition of
almost any individual molecule will distinctly deviate from
this average value, because even highly precise synthetic
procedures generate chain composition distributions [10].
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In case that the compositional gradient is of the same value
along the whole gradient section, the polymer is called ‘linear
gradient” or ‘constant gradient’ polymer. Note that the first
term may cause confusion when used in connection with
macromolecules of non-linear architecture (e.g., brush,
branched, hyperbranched, or dendritic polymers).
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Fig. 1 a Depiction of a continuous change of composition along a
polymer chain with the definition of a compositional gradient and b
illustration of the problem to define a local gradient in a single
macromolecule
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Preparation of gradient copolymers

Consider the task to prepare a gradient block of the general
structure P[M;-grad-M,]x. with X, denoting its degree of
polymerization. Along the gradient block the polymer
composition should continuously change from F;=F), at
the start of this block down to Fy=F. (F|.<Fo) at its very
end.

With a given pair of monomers the relative rate of
incorporation of a monomer unit in the growing polymer
chain is exclusively determined by the monomer composi-
tion of the reaction mixture (terminal model, Lewis—Mayo
equation, Eq. (3)) [11]:

F =AM/ noff 4 b 3)

dMol/dt  rifR42-fi fotra S5
(F=local molar fraction of monomer 1 in the polymer, fi=
molar fraction of monomer 1 in the reaction mixture, f,=1—
f1, r1, ro=copolymerization parameter)

The first condition to prepare a gradient block is obviously
to use a polymerization technique that does not include
termination reactions. In a conventional free radical polymer-
ization where the lifetime of an individual radical (0.1-10 s
[12]) is negligible against the reaction time, any change of
the reaction mixture composition with time will result in a
mixture of macromolecules differing in monomer composi-
tion. It is characteristic for either living or even controlled
polymerization reactions that the growing species do not
terminate during the reaction [13]. Hence, the variation of the
monomer composition of the reaction mixture is mapped by
means of Eq. (3) (or another copolymerization equation)
onto the growing polymer chain.

Since in principle all living or controlled polymerizations
can be applied to prepare gradient copolymers, it has been
reported that anionic polymerizations [14—17], cationic
polymerizations [18, 20, 21], ring-opening metathesis poly-
merizations (ROMP) [22] as well as controlled radical
polymerization techniques [23] like nitroxide-mediated po-
lymerization (NMP) [24-32], radical addition fragmentation
and transfer (RAFT) [33-35], and atom transfer radical
polymerization (ATRP) [6, 36-43] can be used.

Not only gradient polymers can be produced, but also
the synthesis of block-gradient, graft-gradient, and block-
graft-gradient polymers has been reported [36, 44, 45].
Table 1 gives a non-exhaustive overview over published
gradient polymer preparations.

Two distinctly different experimental approaches can be
distinguished to control the compositional gradient, namely
the ‘spontaneous’- and the ‘forced’-gradient methods.

Spontaneous gradient polymerizations are batch-
copolymerization reactions where a monomer mixture
is polymerized to high conversions [38, 46]. In the

absence of either azeotropic points or ideal random
copolymerizations, the monomer composition will change
gradually with the monomer conversion because of the
different reactivity of the monomers. As determined by
Skeist’s equation [47], a typically non-constant composi-
tional gradient evolves along the polymer chain.

The majority of gradient copolymers reported so far have
been made in this way, even surface induced polymer-
izations to generate gradient polymer modified aluminum
oxide particles have been performed [48].

The spontaneous gradient technique is quite a simple
experimental method but suffers from three drawbacks: It is
only applicable to strictly non-random copolymerization
systems and will fail in close vicinity to azeotropic points; it
cannot be used to cross the full compositional space from
F1p=1 to F1.=0 (one can obviously not start with a single
monomer) and it is virtually impossible to generate constant
compositional gradients over the full range of monomer
composition.

‘Forced’ gradient copolymerizations are semi-batch
reactions involving the initiation of a polymerization in
a pure monomer or a monomer mixture and the subsequent
continuous addition of monomers—or a monomer mixture—
during the reaction time [49]. The addition rates as well as the
composition of the added mixture may be varied and allow
for full control on the composition of the generated
copolymer chain. Gradient copolymers, as well as block
copolymers of the structure containing arbitrary composi-
tional gradients with composition ranges within the gradient
block from Fy=1 to F;.,=0 can only be prepared by means
of forced gradient techniques [50].

In case that the composition of the reaction mixture as
well as the polymer composition can continuously be
measured during the experiment, an iterative procedure
has been proposed to generate constant gradient copoly-
mers [49]. A setup of a model-free ‘automatic continuous
on-line monitoring of polymerization reactions’ system
(ACOMP) was reported and used for the production of
constant gradient styrene/n-butyl acrylate polymers by
means of NMP [24]. The ACOMP system continuously
extracted a small stream of the reaction solution, diluted
with solvent, and fed it in a series of detectors (multi-angle
light scattering, viscosity, refractive index, and UV/Vis
detector) to determine the required reaction mixture and
polymer composition. The analytic data were used to adjust
the monomer feed accordingly to generate perfect constant
gradient copolymers [24] (Fig. 2a).

When lacking the equipment for continuous on-line
measurement of the monomer- and copolymer composition,
experimentalists applied ‘blind flight’ strategies, involving the
addition of monomer to a reaction mixture, aliquot taking and
off-line analysis of the samples. By means of this strategy, one
obtains post-reaction information on the prepared polymers
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Table 1 Examples of published gradient and block-gradient copolymer syntheses

Polymer Method Tech. Ref.
P[Sty-grad-MA] ATRP S, F [2]
NMP S [29]
P[Sty-grad-4-AcetoxySty] NMP F [31]
P[Sty-grad-4-HydroxySty] [31]
P[Sty-grad-n-BuA] ATRP S, F [3, 6]
NMP S [65]
NMP F [28]
RAFT F [23, 56]
P[Sty-grad-AN] ATRP S, F [51]
P[MMA-grad-MA] ATRP S [2]
ATRP F [55]
P[MMA-grad-n-BuA] ATRP S [6, 47]
RAFT S [33]
P[MMA-grad-VCl] ATRP F [55]
P[MMA-grad-(BPEM-grafi-n-BuA))] ATRP S [43]
P[MMA-grad-PDMS-MA] ATRP S [44]
P[ODA-grad-t-BuMA] ATRP S [40]
P[ODMA-grad-t-BuA] ATRP S [40]
P[ODA-grad-MMA] NMP S [30]
P[n-BuMA-grad-t-BuMA] ATRP F [57]
P[n-BuMA-grad-MAA] [57]
P[HEA-TMS-grad-MMA] ATRP S [67]
P[(BDEM-graft-BuA)-grad-BuA] [67]
P[HEA-TMS-grad-BuA] ATRP S [67]
P[(BDE-graft-BuA)-grad-MMA] [67]
MPEG-b-P[DMAEMA-grad-BuMA|] ATRP S [41]
MPEG-b-P[BuMA-grad-DMAEMA] ATRP S [41]
P[BuA]-b-P[MMA-grad-BuA] ATRP S [35]
P[CHTS-grad-functional trisiloxane] LAn S [15, 16]
P[EOVE-grad-MOVE] LCat S [75]
P[MOX-grad-POX] LCat S [76]
P[MOX-grad-NOX] LCat S [78]
P[BuBONB-grad-BONB] ROMP F [21]

Methods: ATRP atom transfer radical polymerization, NMP nitroxide-mediated polymerization, RAFT radical addition fragmentation and transfer,
LCat living cationic polymerization, LAn living anionic polymerization

Techniques: S spontaneous gradient, F* forced gradient

Monomers: AN acrylonitrile, BONB benzyloxynorbornene, BuBONB butylbenzyloxynorbornene, BPEM 2-bromo-isopropyloxy-ethyl methacry-
late, BuA butylacrylate, CHTS cyclohexyltrisiloxane, EOVE ethoxyvinylether, HEA-TMS trimethylsilyloxy-ethyl methacrylate, M4 methyl
acrylate, MAA methacrylic acid, MOVE methoxyvinylether, MOX methyl-2-oxazoline, NOX nonyl-2-oxazoline, PDMS-MA polydimethylsiloxane
mono methacrylate, ODA octydecylacrylate, ODMA octadecylmethacrylate, POX 2-phenyl-2-oxazoline, Sty styrene, V'C/ vinyl chloride

composition. Successful experimental attempts have been
reported to create gradient copolymers by continuous addition
of monomers at constant addition rate [2, 3, 51].

The first published example was the forced gradient
copolymerization of styrene and methyl acrylate by means
of ATRP [2]. It was found that increasing rates of acrylate
addition to styrene changed the obtained gradient from a
blocky structure to a fairly constant gradient copolymer (cf.
Fig. 2b). Similar observation was made with styrene and n-
butyl acrylate (ATRP) [3], styrene/4-acetoxy-styrene and
styrene/4-hydroxystyrene (nitroxide mediated) [22]. When,
however, the comonomer pair styrene/acrylonitrile (AN)
was subjected to a forced gradient treatment with addition
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of AN to styrene, the more constant gradient was obtained
with small addition rates [52] (see Fig. 2c).

Since the compositional gradient not only depends on
the monomer reactivity ratios but also on the ratio of
monomer addition rate to rate of polymerization, no simple
rule of thumb can be given that states if either slow or fast
monomer addition may guarantee fairly constant gradients.

A more complex experiment was reported with 5-
substituted norbornenes (monomer 1=exo-5-(benzyloxy)
norbornene, monomer 2=exo-5-[(4-tert-butyl)benzyloxy]
norbornene) that were ROMP copolymerized by means of a
Grubbs type catalyst. The authors compared the effect of
feeding either one monomer or both the monomers at constant
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Fig. 2 Local composition of forced gradient copolymers. a n-Butyl
acrylate/styrene, automated feedback-loop-controlled monomer addition
(-++=70/30, —=50/50, -----=30/70, —=10/90 initial molar ratio styrene/
butyl acrylate) [24], b methyl acrylate/styrene, constant rate addition of
methyl acrylate (—=slow addition, —=fast addition, - - -=1-X/X;)
[3], ¢ acrylonitrile/styrene, constant rate addition of acrylonitrile (——=
slow addition, —=fast addition) [52]. Re-drawn with data from [3, 24,
52]

addition rates and stated that the ‘dual ramp strategy’ (i.e.,
feeding both the monomers independently) offered a more
extensive control over the course of the gradient. In particular,
at larger conversions (>70%), deviations from the constant
gradient structure could be reduced [22].

Theories have been developed to predict complex time-
dependent monomer addition schemes, adapted to the

respective copolymerization kinetics to guarantee the
generation of pre-defined gradients by means of ‘blind
flight’ semi-batch experiments.

In case that an arbitrary gradient function g(X) shall be
realized, one has to solve the differential equation system
(DES) (Egs. (4) and (5)) to calculate the amount of monomer
to be added at a certain monomer conversion p [50].

dg _Xe-g(X) q—p Fi—-fi @)
dp Fy ar —fi oy —fi
cz;gqip’{fl—FlJrZZ'(al—fl)} (5)

(g(X)=targeted copolymer compositional gradient, X.=
targeted length of the gradient block, F,'=dF,/df;, g=total
monomer addition function, o;;=molar fraction of monomer
1 in added monomer mixture, p=monomer conversion, F;=
instantaneous molar fraction of monomer 1 in the copolymer,
fi=instantaneous molar fraction of monomer 1 in the
monomer mixture).

To make the scheme work, the time dependency of the
monomer conversion, as well as the required monomer
addition is needed. Systematic presentations of how to
calculate the required polymerization/monomer addition pro-
grams are scarce, although for free radical copolymerizations
an extensive amount of literature dealing with the control of
copolymer compositions with batch, semi-batch, or continu-
ous reactor systems still exists (for review, see [53, 54]). It is,
however, the main goal of free radical composition control to
avoid any change of monomer and copolymer composition
during the course of the reaction to impede the formation of
mixtures of compositional varying copolymers.

A most complete mathematical model of RAFT and
ATRP semi-batch polymerization kinetics has been pro-
posed, taking into account kinetic equations for each type
of chain species such as radicals, dormant, and dead end
polymers [55]. This model allowed to predict the time
evolution of monomer conversion, molecular weight, and
polydispersity of the gradient copolymer. The model was
used to derive monomer addition programs for the
comonomer pairs styrene/n-butyl acrylate, methyl methac-
rylate/methyl acrylate, and methyl methacrylate/vinyl chlo-
ride. The programs were experimentally proven to enable a
high degree of control over the compositional gradient of
the respective copolymers [56, 57].

The complete description of polymerization mechanisms
requires a large number of kinetic parameters that may
sometimes be cumbersome to retrieve. For this reason, a
simplified ‘phenomenological’ approach has been proposed
[50] that replaces the details by an empiric ‘gross’ kinet-
ic function (cf. Eq. (6)), and extends the DES (Egs. (3)
and (4)) to predict the conversion/time relation. Note that
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Eq. (5) is an approximation that does not take into account
the volume contraction of the solution due to polymerization.
dt _ 1+y-(qa—q)

dp  x(fi) -y (g —p)

(6)

(p=monomer conversion, ¢=reaction time, r(f;):[l]o=
effective kinetic rate constant, fj=molar fraction of mono-
mer 1 in the solution, g=monomer addition function, =
dilution factor due to monomer addition).

The required parameter function to control a specific binary
copolymer system, x(f;), can be collected by means of a low
number of pilot polymerizations. The scheme makes a
compromise between the full theory or full equipment-based
‘perfect control procedures’ on one hand and the ‘try and
error’ constant rate addition programs on the other hand.

The procedure was tested with the ATRP copolymerization
of the almost ideal randomly copolymerizing pair n-butyl
methacrylate/z-butyl methacrylate to yield satisfying control
up to monomer conversions of 74-87% [58], although the
dilution effect was not taken into account (Eq. (5); v=0).

Properties of gradient copolymers

Since it became early possible to calculate the chain
statistics of gradient copolymers [59, 60], it has been

predicted that the thermal properties as well as the bulk
structures of such ‘gradient’ copolymers should deviate
from that of statistical or diblock copolymers. Gradient
copolymers were calculated to undergo microphase separa-
tion like block copolymers and should form lamellar
structures in the symmetric case (cf. Fig. 3), but the
interface region between the chemically different regions
will be blurred [61]. Recent theoretical developments
indicated that the lamellar phase may be the only stable
microphase-segregated state of gradient copolymers [62].
Gradient copolymers may offer a large degree of control
over the A—B interfacial profile [63, 64] and the extent of
their microphase segregation should depend on the actual
shape of the gradient [63].

Experimental investigations showed quenched styrene/
butyl acrylate gradient copolymer melts [65, 66] to exhibit
a very broad glass transition located between the glass
temperatures of the respective homopolymers, and the same
has been reported with styrene/4-acetoxystyrene [32] and
methyl methacrylate/polydimethylsiloxane mono methacry-
late gradient copolymers [67]. Furthermore, broad relaxation
time distributions, as measured by means of melt rheology,
indicated the presence of the expected phase segregated
structures with blurred inter-phase regions (cf. Fig. 4) [65,
67]. The preparation of brush-type gradient copolymers
composed of a (meth)acrylate backbone and a gradient
distribution of polydimethylsiloxane side chains allowed to

Fig. 3 Self-consistent mean field a b
calculations of the phase behav- Fl X'N BCC Hex \Gyr Lam
ior of gradient and block 1.0 —
copolymers. a Monomer distri- N 28 -
bution along the polymer chains: 0.8 N
~~~~~ =‘flat gradient’, —="steep Y 26
gradient’, —=block copolymer, .61 .
b phase diagram of the ‘flat W
gradient’ copolymer, ¢ the ‘steep . 24 Dis
gradient’ copolymer, and d the 0.4 Ve
block copolymer. BCC body \
centered cubic, Hex hexagonal, 0.2 IR 221
Gyr gyroid cubic, Lam lamellar, AN
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visualize the gradient structure by means of scanning force
microscopy [44, 68]. The Young modulus of these gradient
copolymers was close to that of the random copolymer of
comparable composition; however, the gradient copolymer
was tougher then the random copolymer [67].

Recent studies on styrene/4-acetoxystyrene as well as
styrene/n-butyl acrylate gradient copolymers by means of
rheology and small-angle X-ray scattering studies sup-
ported the general tendencies of the gradient polymers to
exhibit broadened/blurred phase transitions. Depending on
molecular parameters such as (1) molecular weight, (2)
gradient structure, and (3) segregation tendencies, as
expressed by the xi»N parameter (x;,=Flory Huggins
parameter between polymer units of type 1 and 2, N=
degree of polymerization of the block or gradient polymer),
the transition behavior can be controlled. In particular, in
the weak segregation regime (low molecular weight or low
mutual incompatibility), the phase behavior becomes
complicated, but, however, offers new opportunities to
design materials properties [69].

Gradient copolymers from octadecylacrylate and methyl
acrylate exhibited considerably lower melting temperatures
(AT=-10 °C) than block copolymers made from the same
monomers. Since the melting temperature range was
simultaneously broadened by a factor of 2-3, the interrup-
tion of crystalline octadecylacrylate sequences by amor-
phous chain regions was deduced [31].

At interfaces, gradient copolymers were calculated to
form Alexander brushes even with weak segregation
tendencies between the constituent units, as long as one
chain end becomes fixed to the surface [70]. Without this
restriction, i.e., when considering an interface between
immiscible P[A] and P[B] polymers, the P[A-grad-B]
gradient polymer should enrich at the interface, but the
concentration profile should be less narrow as compared to
a block copolymer P[A]-b-P[B] (cf. Fig. 5) [63].

The interfacial activity of random, block, and gradient
copolymers from exo-5-(benzyloxy)norbornene and exo-5-(4-
t-butyl-benzyloxy)norbornene has experimentally been in-
vestigated [71] and found to obey previous theoretical
considerations [63]: Upon mixing with the benzyloxy-
norbornene homopolymer, the block copolymer formed a
monolayer with low-energy surface, i.e., the #butyl units
segregated towards the solid/air interface, while the gradient
copolymer (g(X)=1) built low-energy surface interlayers that
were broader than that of the block copolymer (Fig. 5).

Micelle formation is observed with block copolymers in
solvents that selectively dissolve one of the blocks [72, 73].
Up until now, the number of investigations on gradient
copolymer solution structures is limited, but theory
demands gradient copolymers to exhibit larger values of
the critical micelle concentration than block copolymers
[63]. In poly methyl methacrylate as the solvent, styrene/
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Fig. 4 Dependence of the monomer distribution along the polymer
chain and effect of the monomer sequence on a the storage modulus
and b on the loss modulus ¢ of styrene/n-butyl acrylate block (—),
gradient (--- and —), and random copolymers (-). Re-drawn with
data from [87]

methyl methacrylate gradient copolymers exhibit critical
micelle concentrations that are about ten times larger than
that of respective PS-b-PMMA block copolymers [74], in
qualitative accordance to the prediction.

Micelle formation in aqueous solution as supported by
"H NMR spectroscopy was observed with methoxypoly-
ethyleneglycol-b-poly[dimethylaminoethyl methacrylate-
grad-n-butyl methacrylate] block-gradient copolymers
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Fig. 5 a Schematic depiction of the molecular arrangement of a P[A]-b-
P[B] diblock copolymer and a P[A-grad-B] gradient copolymer (g(X)=
—1) as well as b the theoretical volume fraction distribution of the A
segments of the copolymers (—=Dblock, - - -=gradient copolymer) at the
interface between two mutually immiscible polymers P[A] and P[B]
[63]

[42]. Ethoxymethyl vinyl ether/methoxymethyl vinyl ether
gradient copolymers were shown to form micelles in water
with a broad temperature region separating the micellar and
the non-micellar regions. Furthermore, a continuous transi-
tion between the molecular dispersed and the micellar state
was observed on heating, where the micellar diameter
decreased with ongoing micellization [75]. The observation
was explained by a ‘reel-in’ of the gradient-corona chains
caused by the diffuse interface between the micellar corona
and the solution environment (Fig. 6) [76].

The aggregation behavior of block and gradient copoly-
mers from methyl-2-oxazoline (MOX) and nony-2-oxazoline
was investigated in water by means of fluorescence correla-
tion spectroscopy [77]. P[MOXq g7me,-grad-NOXg 13mos )46
exhibited a distinct critical micelle concentration of ~8:
107® mol/L, and the hydrodynamic diameter of the micelles
was measured to 9.4 nm, compared to 2.4 nm of the unimer.

@ Springer

When compared to an analogous diblock copolymer [78],
the gradient copolymers exhibited smaller hydrodynamic
radii for micelles and unimers, but a comparable CMC (P
[MOX]40'b'P[NOX]77 dl—l,Unimer:2~8 nm, dH,Micelle:26 nm,
CMC=7.4-10"° mol/L). The micellar hydrodynamic diame-
ter of the two polymer types were both found to be of
constant value over two orders of magnitude in concentration
(10°-10") mol/L. The authors did not assume distinct
core—shell morphologies for the investigated gradient copol-
ymer micelles [77].

The solution and structure formation behavior of
block and gradient copolymers made from MOX and
2-phenyl-2-oxazoline (POX) were compared in ethanol/
water mixtures [79]. While the gradient copolymer P
[MOX50mos-grad-POXsome,] [80] was insoluble in pure
water, the block copolymer PMOX;5,-b-PPOX5, formed
worm-like micelles of 24 nm diameter. Upon addition of
5% ethanol, both the polymers dissolved under formation
of coexisting cylinder and spherical micelles, but the
cylinder micelles vanished above ethanol concentrations
of about 15%. The micellar sizes as obtained by TEM
decreased with growing alcohol content in any case;
however, the block copolymer formed larger spherical
micelles at any solvent composition (10% ethanol=21 nm
block, 19 nm gradient; 40% ethanol=18 nm block, 11 nm
gradient).

Presently, the number of published investigations is to too
small to give a consistent general picture of structure
formation in solution. In connection to supramolecular aspects
of colloid science—as previously reviewed [81]—it may be
an interesting question if complex coacervate micelles, Janus
micelles, or metastable ‘crew cut’ micelles can also be
formed by gradient copolymers. In particular, the elucidation

a Block Copolymer

e
U
Nl~—r

—

increasing Temperature
b Gradient Copolymer

f

O~
o B it O

Fig. 6 Micelle formation of methoxy vinyl ether/ethoxy vinyl ether
block copolymers (a) and gradient copolymers (b). While the
diameters of block copolymer micelles are virtually independent of
temperature, gradient copolymer micelles tend to shrink with
simultaneous expansion of the core region (“reel-in effect”) [76]
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of differences to the well-established block copolymer
systems may become a beautiful scientific game.

Applications of gradient copolymers

Because of their similarity to block copolymers, gradient
polymers have been considered as a cheap alternative in
applications like compatibilization of immiscible polymer
blends, stabilization of emulsions or dispersions, as well as for
use as thermoplastic elastomers. This may become true as
soon as controlled radical polymerization can compete with
anionic polymerization as a large-scale industrial technique.

Because of their peculiar ability to form broadened inter-
phase regions, gradient copolymer are hoped to be the
superior class of materials in certain fields. It has in fact been
shown that styrene/methyl methacrylate gradient copolymers
can act as stabilizers in polystyrene/PMMA and in polyvinyl
chloride—SBS blends [82]. The addition of styrene/n-butyl
methacrylate to molten mixtures of the respective homopo-
lymer was demonstrated to result in blend formation and
reduced phase coarsening upon annealing [83]. Polystyrene/
polycaprolactone blends have successfully been prepared
upon addition of styrene/4-hydroxystyrene gradient copoly-
mers, where the compatibility between the polylactone and
the gradient copolymer was made by hydrogen bonds [84].
However, up until now, the special advantages of gradient
copolymers over conventional compatibilizer systems have
not been demonstrated.

The extremely broad glass transition temperature ranges
of gradient copolymers should make them excellent shock-
absorbing or vibration-damping materials, because energy
dissipation reaches a maximum value within this tempera-
ture region. In particular, a lamellar phase material with
weak phase segregation that is almost entirely composed of
a blurred A/B-mixed inter-phase should exhibit strong
damping over a wide frequency and temperature range
[86]. The structure—relaxation rate relation implied in [86]
was demonstrated by dynamic mechanical analysis with the
examples of styrene/4-hydroxystyrene and with styrene/n-
butylmethacrylate constant gradient copolymers (|g(X)|<
0.5) [87]. Gradient polyurethane—polyisocyanurates poly-
mers filled with barium sulfate and quartz microfibers [88]
as well as cationically prepared styrene/isobutylene gradient
copolymers have been discussed to serve for the same
application [89]. In any case, the authors carefully avoided
to compare their measurements to that of well-known
vibration-damping materials.

As other possible applications for gradient copolymers
adhesives (in particular pressure sensitive adhesives) [90,
91], coatings [92], dispersion [93], or wetting agents [94]
have been mentioned. In any case, however, these studies
have not yet revealed sufficient data to allow for a general

judgment on the performance or suitability of gradient
polymers as a materials class.

Summary

The synthetic techniques and strategies to prepare gradient
copolymers with well-defined gradients have successfully
been identified and developed during the last years. Gradient
copolymers can be prepared with ‘low budget’ equipment on
the laboratory scale, allowing for rapid generation of a large
variety of samples with subsequent testing the suitability of
the new materials for a given application. Also, feedback-
loop-controlled preparation systems have been tested that
may allow for large-scale, even for industrial synthesis. At
the same time, theoretical considerations have revealed the
main physical features of gradient copolymers, identifying
possible fields of applications.

In the next future, polymer scientists come to the
fascinating task of identifying the ‘right” monomer combi-
nations, choosing the correct gradient type, and converting
their ideas into materials. Now that sound foundations of
gradient copolymer science have been laid, it seems that the
new polymers have to prove their value for practical (‘real
world”) applications.
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