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ABSTRACT: In this paper, a comparative study of the dynamic scattering properties of some linear and
cyclic copolymers in solution is presented. This investigation is prompted by the recent elastic and quasi-
elastic light scattering measurements reported by Amis and co-workers on polystyrene—polydimethyl-
siloxane cyclic diblock copolymers and their linear triblock counterpart. A formalism is presented which
could provide a theoretical framework for the analysis of some aspects of these data. The model predicts
that two relaxation modes characterize the dynamics of both the cyclic diblock and the linear triblock
copolymers. The amplitudes and decay rates of these relaxation modes are investigated as a function of
the polymer architecture, the concentration, and the scattering wavevector. Questions related with phase
transitions via aggregation or micellar formation are not addressed here.

1. Introduction

In the last decade, the dynamic scattering properties
of block copolymers were the subject of particular
attention for both theoreticians!™® and experimen-
talists.*~8 In the bulk state, besides the fast motions
of side chain groups, the dynamics of linear block
copolymers is believed to be made of a single mode
which would describe the relaxation of the composition
fluctuations within a volume equivalent to the volume
occupied by a single chain. This mode is highly depen-
dent both upon the architecture of the copolymer and
the degree of compatibility of the monomer species
entering into its composition. This mode is sometimes
referred to as the structural, internal, or interdiffusive
mode of the copolymer. For solution properties, in the
presence of a low molecular weight solvent, the situation
is different and somewhat more subtle. In the simplest
picture, however, one admits at least one additional
mode describing the relaxation of the total polymer con-
centration fluctuations and known as the cooperative
process. This mode is similar to the one obtained in the
case of a binary homopolymer/solvent mixture where
relevent quantities such as the second virial coefficient
and the friction coefficient are some sort of average of
the corresponding quantities for the constituant poly-
mers.

These two relaxation processes have been discussed
theoretically and observed experimentally using light
scattering* and neutron spin-echo techniques.>® The
situation is of course not always simple even for linear
block copolymers in solution. Other processes have been
suggested due either to aggregation, micelles formation,”
polydispersity® in composition, and/or in molecular
weight. These additional processes are still the subject
of active research in different laboratories but will not
be considered in the present paper. Here, we will be
concerned more with the classical interdiffusive—

* Author to whom correspondence should be addressed.
® Abstract published in Advance ACS Abstracts, October 1,
1996.

cooperative processes or fast—slow modes. We examine
the particular effects of chain architectures by consider-
ing linear and cyclic homopolymers and copolymers
under similar conditions and compare their dynamics
as it would be revealed by quasi-elastic light scattering
or neutron spin-echo techniques.

Recently, Amis and co-workers®0 reported elastic and
guasi-elastic light scattering measurements on polysty-
rene (PS)—polydimethylsiloxane (PDMS) block copoly-
mers in cyclohexane. They considered two types of
copolymers: The first one is a linear triblock copolymer
in which the middle block is a PS block and the wings
are PDMS blocks. The second copolymer is a diblock
cyclic copolymer which essentially corresponds to the
same triblock in which the two ends are joined together
by a chemical bond. The main goal of this investigation
is to analyze the static and dynamic behaviors of these
two copolymers and perform a comparative study of
their properties when the temperature is lowered from
35 to 12 °C. The concentration was also changed from
0.05 to 30 mg/mL for the static measurements and from
5 to 20.8 mg/mL for the dynamic measurements, and
the average molecular weight was approximately M =
4 x 10* g/mol. The system cyclohexane/PS—PDMS is
characterized by two properties which are important
from the point of view of light scattering. First, the ©
temperature of polystyrene (PS) in cyclohexane is 35 °C,
whereas that of PDMS is estimated to be as low as —81
°C. Second, the increment of refractive index of PDMS
in cyclohexane is approximately zero, which means that
the scattered light is practically entirely due to the PS
blocks. Several interesting observations were made
from the measurements of Amis et al. In the static
experiments, it was found that the molecular weight
obtained from the Zimm plots in a temperature range
way below 35 °C corresponds to the total molecular
weight of the copolymer chain in spite of the fact that
only the PS block contributes to the scattered intensity.
Furthermore, the apparent second virial coefficient for
the cyclic copolymer, Azapp is found to be constant at all
temperatures from 35 to 12 °C. This means that the
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apparent © temperature of this polymer has undergone
a shift of more than 23 °C below the ® temperature of
PS, the visible component. For the linear triblock
copolymer, a sharp decrease of the virial coefficient is
observed at 20 °C, indicating a shift of the ® temper-
ature of only 15 °C below that of PS. In fact, Ayapp for
the linear triblock drops suddenly at 20 °C and takes
negative values, suggesting the formation of aggregates
or micelles.

With regards to the quasi-elastic scattering data, it
is found that the autocorrelation function for the cyclic
copolymer decays following a single exponential for all
the wavevectors, concentrations, and temperatures
scanned in these experiments. In the case of the linear
triblock, however, a different behavior is found consis-
tent with the observations made in the static measure-
ments. A single relaxation mode is observed between
35 and 20 °C. At the latter temperature, a second slow
mode appears, and at temperatures below 20 °C, a
multimodal correlation function prevails, but it was
possible to fit the data reasonably well with two
exponential decay functions. All the modes were dif-
fusive and their relaxation frequencies proportional to
g2, the squared amplitude of the wavevector.

In a preceeding paper,'* we discussed the static
scattering properties of these copolymers, and the
purpose of the present paper is to extend these discus-
sions to the dynamic properties which are probed by
quasi-elastic light scattering measurements. For com-
pleteness, we also consider the case of a linear diblock
PS(Y/3)—PDMS(?/s) (see Figure 1b of ref 11). Theoretical
predictions are made for these systems by analyzing the
relaxation modes of their dynamic correlation functions.
Certain aspects of the data are compared with the
predictions of this work, but no attempt is made to
account for all the trends revealed by the experiments.
In particular, the possibility of phase transition due to
aggregation or micelle formation when the temperature
is lowered is not considered.

2. Theoretical Background: the Dynamic
Scattering Properties

Since we are dealing with a system involving two
monomer species, it is convenient to use a matrix
formulation which is more general since it could be
applied to multicomponent systems. The matrices and
vectors are represented using bold letters and the
starting point is to assume that the dynamic scattering
matrix S(q,t) decays following a single exponential:

S(g,t) = e *'s(q) @)

where t is the time and g, the amplitude of the wave
vector, can be expressed in terms of the index of
refraction of the solution, n; the scattering angle, ¢', and
the wavelength of the incident radiation, A:

g = 4xn sin(6/2)/4 (2

Equation 1 neglects the effects of memory due to random
fluctuations which may become important at long times.
Discussions of the approximation which consists of
neglecting memory effects can be found in several
classical papers by Akcasu and co-workers.13 A list of
references and a detailed review of the dynamic proper-
ties of multicomponent polymer mixtures can be found
in these two references. Dynamic scattering data of
copolymer and homopolymer mixtures in solution were
often analyzed satisfactorily using intermediate scat-
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tering functions which were calculated by neglecting the
memory function.1213 |n this paper, we follow the same
procedure and assume that the information we need is
contained within the relaxation frequency matrix €(q)
and the static structure matrix S(q). In a system with
several components, the elements of the dynamic scat-
tering matrix are sums of eigenmodes. For example,
its ij component is

p
Sij(a.t) = Z'A\ijk(Q)e_rk(q)t Q)

where p is the number of components, I'y (k =1, 2, ...,
p) are the eigenvalues of the frequency matrix £(q) and
Aijk(q) are the amplitudes of the kth mode for the ij
component of the dynamic structure matrix S(q,t). (q)
can be expressed in terms S(q) and the mobility matrix
M(q) using the standard formulal~3.14

2(q) = o’kg TM(0)S™*(q) (4)

where kg is the Boltzmann constant and T the absolute
temperature. For multicomponent systems, in general,
the elements of S(g) can be obtained from the general
equation?®

s }(a) =S, @) + v (5)

where So(q) is the bare structure matrix elements Soj;
depend upon the architecture of the chains. In the
general case where we have a mixture of homopolymers
and copolymers, Sqj; are given by

Soii = @inNinPin(a) + ¢@icNiPi(a) for i=j (6)
Soij = [0iNic@c N ?Py(q) for i = (7)

where i is the volume fraction of homopolymer i and
the subscripts h and c designate the homopolymer and
the copolymer components, respectively. The matrix v
in eq 5 describes the excluded volume interactions
between different monomers. Its elements are the
excluded volume parameters, which can be written in

terms of the Flory—Huggins interaction parameters
15,16
X

Vij = (VoiVoiVos) (/%5 — Xis — Xjs T+ Xij) iLj=ab
8)
where ¢s is the volume fraction of solvent, y;; is zero for
i = j and vy; is the molar volume of the component i =
a, b, s, etc. A common assumption is to let the three
volumes voa, Vob, and vps equal to the volume of a unit
cell in the Flory—Huggins lattice model.1® The same
assumption is made here for simplicity in the notations.
The matrix mobility M(q) depends upon the system
under consideration and relies on a particular choice of
the dynamical model. It is, in general, a nondiagonal
matrix and its elements are sums of Rouse terms
describing the short range frictional forces and Zimm
terms describing the long range hydrodynamic interac-
tions. Calling &; the friction coefficient of monomer i
and » the viscosity of the solution, one obtains:

M, = [O0,ld6 + [1 — 8,][1/(Ax*)] f dk faS,

where we have used the Kroneker 6 function (d;; = 1 if
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i = j and 0 otherwise) and f(x) is the hydrodynamic or
mode coupling function. In the absence of hydrody-
namic screening, f(x) is®1417

f(x) = X [(x* + 1)/(2¥)] log |(x + 1)/(x — 1)| — 1} (10)

One observes that even in its nonscreened version, this
function introduces a tremendous complication, espe-
cially in the cases where the structure factors S;j(g) do
not have a simple form, as is the case here. A substan-
tial simplification is obtained if one neglects the effects
of hydrodynamic interactions and considers only the
g-independent Rouse mobilities. This is a crude as-
sumption which can become questionable in the dilute
range where hydrodynamic screening is weak. Never-
theless, for the sake of simplifcation, we shall neglect
the hydrodynamic interactions and assume that all off
diagonal elements of the mobility matrix are zero. The
ith diagonal element is expressed in terms of the friction
coefficient i and the volume fraction ¢;:

M;; = @il (11)

As pointed out earlier, the matrix formalism can be
applied to a multicomponent mixture with an arbitrary
number of homopolymer or copolymer constituents. In
the present work, we are interested in solutions of block
copolymers made of two monomer species, A and B.
Therefore, in the next section, we write the formulae
for this case but without making a specific reference to
the architecture of the copolymer. This specification will
be made only at a later stage.

Blockcopolymers Made of Monomers A and B.
For a block copolymer A—B, eq 5 simplifies substantially
and becomes a two-by-two matrix:

Sou/ASy + Vg,

~S. JAS, +V
S—l — Oab’ 0 ab
@ = =5, /AS, + Vg

Sy, /AS, + Vi, 12)

ASy = Sg,Sop ~ Soan” (13)
Inverting this matrix yields the partial structure factors:

Saa = [Soa T VupASI[L + V,2S0a + VipSep +
2V, Sgu + AVAS,] (14)

Sab = [Soab = VaASol/[1 + V4aSpa + VprSop +
2V, Sgus + AVAS,] (15)

AV = VoV, — Vab2 (16)

The structure factor Sy, is equal to Sy, for symetrical
considerations, and Sy, can be deduced from S,, by
interchanging the indices a and b. The bare structure
factors Spa, Sob, and Seap are defined in the presence of
homopolymers by eq 6 and 7. Since there are no
homopolymers in our systems and in order to keep the
notations simple, we shall remove the subscripts h and
¢ from the bare structure factors in the rest of this
paper. This leads to:

Sea = @NFP,(Q) 17)
Sep = @N(1 — f)°Py(q) (18)
SOab = (pr(l - f)Pab(q) (19)

where ¢ represents the polymer volume fraction, N the
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degree of polymerization, and f the fraction of monomers
A in the copolymer, namely, ¢ = @a + @, N = Nj + N,
and f = NJ/N. The form factors of the copolymers
Pa(q), Pu(g) and Pay(q) depend upon their architecture
and will be specified later for each of the three systems
considered here. Combining egs 13—19 yields

S,./[PgN] = [P, + vp,(1 — H)?’¢NAPJA  (20)
S,/[(1 — £)%¢N] = [P, + v,,FeNAPJA  (21)
Sp/lf(L = HEN] = [Py, — vpf(1 — HeNAPVA - (22)

A =1+ v, PoNP, + v, (1 — f)’¢pNP, +
2v,.f(1 — HENP,, + AvE(1 — f)’¢°N?AP (23)

Having defined the partial structure factors, one is able
to characterize completely the frequency matrix by
using egs 4 and 14—23. The results are

Q,./[Do.0’] = [P, + V. @NAPY[FAP]  (24)

Qu/[Dopg ] = [P + V(1 — ?@NAPI/[(1 — f)AP]
(25)

Q,/[Dg,0°] = [P, — Vouof(1 — HENAPY/[(1 — f)AP]
(26)

Q4o/[Dgpd’] = [P, — Vouof(1 — NENAPY/fAP]  (27)

where Do, and Doy, are the diffusion coefficients in the
Rouse limit:

Doa = kgT/(No&,) Dop = KgT/(NpG,)  (28)
Note that for a nonsymmetric copolymer made of
different monomer species, as in the present case, the
dynamic structure matrix has four distinct elements in

particular [San(Q,t) = Spa(q,t)], as opposed to the off
diagonal elements of the static matrix:

_ [Saa(@it)  Sg(anb)
S@Y= 5@ Sw(@)

Each one of the four elements decays following a double
exponential function representing two different modes
of relaxation. The general forms of these modes is
useful for these systems as well as for other polymer
systems made of two monomers, A and B. These modes
are defined through the various partial dynamic scat-
tering functions:

(29)

Saa(qat) = '0‘.31.e1feirft + 'O‘aas(':irSt (30)

Sab(qat) = Aabferrft + AabseirSt (31)

The frequencies I't and T's are the eigenvalues of Q(q):

Ff = Qav + {Qav2 - AQ} vz (32)
Iﬂs = Qav - {Qav2 - AQ} vz (33)

Qav = (Qaa + be)lz AQ = Qaa\be - Qabgba
(34)

The amplitudes of Sa,(q,t) are
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Agar = {Saal Ry — I'] = SppQant AT — I'd  (35)
Aaas = {Saa[gbb - Fs] - Saanb}/{ I_‘f - rs} =
Saa - Aaaf (36)

Likewise, the amplitudes of Sap(q,t) are:
Aapr = {=Sap[Rpp = '] + SppQep AT — '} (37)

Aabs = {Sa[Lpp — Tl = SppLup} (T — I} =
Sab - Aabf (38)

Shu(q,t) and Spa(q,t) can be obtained from eqgs 30—38 by
interchanging the subscripts a and b. In the discussions
below, we shall focus our attention on the time evolution
of Saa(g,t) only since this is the quantity which is
investigated by Amis et al.® using quasi-elastic light
scattering. Theoretical predictions including the other
dynamic partial scattering functions are given above in
the case where other polymer systems made of A and B
monomers are considered. Another useful quantity
would be the first cumulant of S;a(q,t) denoted '

d
T= 109 Sy (@Dl (39)

This quantity is simply the average of I't and I
weighted with respect to the amplitudes of Saa(q,t):

art= [Aaafrf + Aaasrs]/ [Aaaf + Aaas] (40)

In the next section, we apply these equations to the
following systems: (a) the linear triblock BAB, (b) the
linear diblock BBA, and (c) the cyclic diblock BBA,
where B = stands for the block B or PDMS and A =
stands for the block A or PS (see Figure 1a—c of ref 11).
In referring to the diblocks, the symbol B is repeated
twice to underline the fact that the total block B is made
of the adjunction of the two ends in the triblock
copolymer. The application of the above formalism to
our systems is implemented here by specifying the chain
architectures through the form factors P4(q), Pr(g), and
Pan(g). This is the subject of the application in the next
section.

3. Application

These expressions of the form factors are greatly
simplified if one introduces the following notations. The
Debye function represents the form factor of a Gaussian
unperturbed chain. It will be denoted D(x) hereafter:

D(x) = 2[e ™ + x — 1]/¥* (41)

Another function which appears frequently in the form
factors of Gaussian block copolymers is:

HX) =[1—e J/ix (42)
In dealing with cyclic polymers, one also encounters the
Dawson integral or related functions such as the error

function with a complex argument.’® Here, we intro-
duced another related function, C(x,v):

Cixv) = (@/x)e ™ [ dt ¢ (43)

As an example of this function, one notes that the form
factor of a cyclic homopolymer can be written as!®
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—u/a Lut22 12
C(uv =0) = C(u) = (2/Vu)e ™ [ dte"” (44)

where u = ¢2Rs2 and Ry = 0+/(N/6) is the radius of
gyration of a linear Gaussian chain having a degree of
polymerization N and a monomer length o. Besides
these definitions, we shall use the quantities u, and uy
which are related to u and f as:
u, =fu u, =1 —fu/2 (45)
With these notations, one could write the form factors
for the three copolymers described earlier with the

simple expressions given below.
The Linear Triblock BAB.

P.(a) = D(u,) (46)
Py(@) = [D(up) + e *H(uy)’)/2 (47)
P, = H(u,) H(uy) (48)

The Linear Diblock BBA. The fact that the block
B in this copolymer is twice as large as the one in the
triblock appears clearly through a factor of 2 in front of
Up in the equations below:

P.(@) = D(u,) (49)
Py(a) = D(2u,) (50)
Py = H(uy) H(2uy,) (51)

The Cyclic Diblock BBA. The form factors for the
cyclic diblock copolymer are quite different from the
preceeding ones and involve the integral defined in eq
43, which has to be evaluated numerically. One finds

P.(a) = [(f — 1/2)/f ?]C[u,(1/2 — H)v/u] +
(1 — HH[Uf — HIF (52)

P,(q) = [(1/2 — fI(1 — HAC[u,(f — 1/2)v/u] +
fH[uf(1 — H)/(1 — f) (53)

Pab(a) = [C(U) — F?P,(a) — (1 — ?Py(@)V/[2f(1 — )]
(54)

At this stage, it is sufficient to substitute these results
into the general expressions of Sj(q) and ;(g) and
deduce the amplitudes and the frequencies of the
eigenmodes of S;4(q,t). The results are presented below
and their implications are discussed taking into con-
sideration the recent quasi-elastic light scattering data
published by Amis et al.®10

4. Results and Discussions

In order to get some insight into the effects of chain
architecture on the dynamic scattering function Sz4(q,t),
it is necessary to cover a wide range of g values which
goes beyond the rather narrow range accessible by light
scattering. For this reason, we investigate the varia-
tions of the amplitudes and frequencies of the eigen-
modes covering a range of u between 0 and 10. This
includes the region of high g's accessible by the neutron
spin-echo technique. In the figures below, the following
conventions are used to designate the results for the
three copolymers under consideration: The dotted lines
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Figure 1. The variations of the normalized amplitudes of the fast and slow modes Aaaf/@N and Aaas/@N, respectively, as a function
of u. The dotted lines correspond to the linear diblock, the dashed lines correspond to the linear triblock, and the continuous
lines to the cyclic diblock copolymer. These plots are made with f = /5, Ag = 2A2aMc = (c/c*) = 0.1, o = Ax/Aza = 5and § =

scattering.

Azan/Aza = 3.1. The insert represents a detailed view of the slow mode amplitude in the range 0 < u < 1 accessible by light

T £/(q2Dg)

40

20 &

T's/(q2Dg)
y

10
Figure 2. The variations of the normalized frequencies of the fast and slow modes, I'/Doq?, I's/Dog?, respectively, as a function of
u. The insert represents a detailed view of the slow mode frequency in the range 0 < u < 1 accessible by light scattering. The

symbols and the numerical values are the same as in Figure 1.

represent the results of the linear diblock copolymer,
and the dashed lines correspond to those of the linear
triblock, whereas the continuous lines refer to the cyclic
diblock copolymer. Figure 1 gives the variations of the
normalized amplitudes Aaas/@N and Aaa/@N as a func-
tion of u for the slow and fast modes, respectively. The
upper curves represent the amplitude of the slow mode,
Aaas/pN, and the lower ones represent those of the fast

mode, Aaa/@pN. Likewise, in Figure 2, we display the
variations of the normalized frequencies of the eigen-
modes as a function of u. The upper and lower curves
correspond to I'/q2Dg and T's/q2Dy for the fast and slow
modes, respectively. Here, Do represents the diffusion
coefficient of the total chain assuming that the friction

coefficient (&) represents some averaged value of £, and
&
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D, = kg T/(NE)

In all the plots, the concentration and the interaction
parameters are chosen in such a way that

A,=clc*=0.1 c* = [2A,,M]*

ou=A,/A,, =5 B=AA,=3.1

If one assumes that the second virial coefficient of PS
in cyclohexane is roughly Az, ~ 1074 g=2 cm83, consider-
ing the total molecular weight M = 4 x 10* g/mol, one
could introduce a critical concentration c* = [2A,,M] 71,
which is comparable with the overlap concentration. For
the numerical values given above, one finds c* ~ 0.125
g/cm3, which is approximately 4 times the highest
concentration used by Amis et al.>1° In the quasi-elastic
light scattering measurements, Amis et al. covered the
range of concentration 3.59 mg/mL < ¢ < 29.8 mg/mL,
and in the static measurements, they covered the range
0.05 mg/mL < ¢ < 30 mg/mL. In terms of the parameter
Ao = (c/c*), the highest experimental concentration
would be roughly Apmax =~ 0.25. The plots in Figures 1
and 2 are made using an intermediate value of Ag =
0.1, which would correspond to the concentration ¢ =
12.5 mg/mL. With regards to the other interaction
parameters used in these plots, the quantity a = (Ag/
Az,) is taken equal to 5, meaning that cyclohexane
dissolves roughly 5 times better PDMS than PS. The
quantity 8 = Agan/Az, is calculated by using

A2ab = AO*(ll(ps ~ Xas — Xps T Xab) = [AZa + A2b]/2 +
XapPo™

B=AylAsy =112 + /2 + 3, A*

Letting oo = 5 and yaAo* = 0.1, one finds § = 3.1. These
values are chosen throughout the rest of this paper
together with f = /3 according to the systems considered
by Amis et al. Furthermore, considering the wavelength
and the scattering angles used in refs 9 and 10 (A =
5145 A, 30° < 6 < 145°) and using a radius of gyration
Ry = 130 A, one finds that the maximum value of u =
g°Rg? reached in these experiments corresponds to Umax
~ 0.15. The inserts in Figures 1 and 2 show detailed
views of the variations of the amplitudes and the
frequencies in the range 0 < u < 1 corresponding to the
experimental conditions of the quasi-elastic light scat-
tering measurements. Figures 1 and 2 indicate that,
in this range of u, both amplitudes and the frequency
of the fast mode show strong differences between the
linear diblock, on the one hand, and the triblock and
the cyclic diblock, on the other hand. The frequency of
the slow mode seems to be comparable for the linear
copolymers. Furthermore, in the low g range, where
the light scattering measurements were made, the
amplitudes of the fast mode are zero at ¢ = 0 and
represent less than 2% of the total amplitude up tou =
0.5. Considering the same range of g, one observes that
the normalized frequency of the fast mode I't/g? is very
high. It tends to infinity as q=2 when q goes to zero,
which implies that T% is finite at g = 0. This is a
nondiffusive process which is characteristic of the
structural properties of block copolymers. It has been
predicted theoretically for linear copolymers in bulk?!
and in solutions? and has been first observed by light*
and neutron scattering experiments®® on various linear
copolymers. However, so far, it has not been reported
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for cyclic copolymers. With regards to the systems
investigated by Amis et al., because of the low g's and
the long time windows available in these experiments,
the structural mode is too fast to be observed. It could
be detected for this system only if one had access to
higher g's and to lower time windows, which are
accessible only by neutron spin-echo technique. Figure
1 shows that, for the linear diblock, the amplitudes of
both modes cross each other at u ~ 3, whereas for the
triblock and the ring copolymers, the amplitudes of the
slow modes remain higher than those of their counter-
parts for the fast mode in the entire range of u used in
the calculations. This result shows that the favorable
region of u where one could observe simultaneously the
two modes at this concentration for the triblock and the
ring is u ~ 3—8. In this region, the amplitudes of the
fast mode is more than 25% of the total amplitude, and
its relaxation frequency is much larger than that of the
slow mode. For the linear diblock, this region seems to
be shifted to lower g, corresponding to u ~ 1—3, where
the amplitudes are comparable but the frequencies are
widely different. The amplitude of the fast mode clearly
reflects the architecture of the block copolymer and
shows the usual variation of the scattered intensity as
a function of q. It is zero at g = 0 and shows a
maximum at a finite q = qm. This peak is most obvious
in the case of the linear diblock and is located at uy, ~
4 or, equivalently, gm ~ 2/Ry. In spite of the fact that
the total radius of gyration is the same for the two linear
copolymers, one finds that, for the linear triblock, the
maximum is less sharp and its position is displaced to
a higher u between uyn, =~ 5 and 6. For the ring
copolymer, the maximum is also broad and shifted to a
higher u. If one admits that qm ~ 2/Rg, recalling that
the radius of gyration of a cyclic polymer, Rgc, is smaller
by a factor 1/+/2 than its linear counterpart (i.e., Rgc ~
Rg/+/2), one indeed finds that g, for the cyclic copolymer
should increase by a factor +/2, which is consistent with
the trend observed above.

In a recent investigation of the scattering peak for
multiblock linear and cyclic copolymers, Benoit et al.2°
observed that when the number of blocks is sufficiently
large, the ring and the linear multiblock copolymers
show the same scattering peak. If one reduces the
number of blocks, the scattering curves shift in opposite
directions, depending on whether one deals with the
linear or the cyclic chain. For the linear copolymers,
the curves shift upward when the number of blocks
decreases, whereas for the cyclic copolymer they shift
downward. An important consequence of this behavior
is that the driving force toward microphase separation
would be enhanced for the linear chain as the number
of blocks is reduced, whereas for the cyclic copolymer,
this driving force is reduced. Although Figure 1 dis-
plays separately two different parts of the scattering
intensity, the fact that the amplitude of the fast mode
for the linear diblock is higher than that for the triblock
is consistent with the above observations. Had we
considered the case of a triblock cyclic copolymer, we
would have expected the curves of the corresponding
amplitude to shift downward with respect to the am-
plitude of the cyclic diblock.

The amplitude of the slow mode decays with increas-
ing g and reflects essentially the behavior one would
obtain from a solution of homopolymers under good
solvent conditions. Likewise, its frequency, I's, seems
to follow the variation
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I'Jq* ~ D1 + const-q’]

where the constant, independent of q, is rather small,
as one can see from the slopes of the bottom lines in
Figure 2. Ds is the slow mode diffusion coefficient; it is
a function of the polymer concentration and coincides
with Dg in the infinite dilute limit, i.e., Ds(c=0) = Do.
For u =< 1, T is proportional to ¢?, indicating that it is
a diffusive process. As u increases, one finds that I's ~
g4, which is a signature of the Rouse dynamics. The
same behavior is shown for the three copolymers, except
that the slope of the cyclic chain is slightly lower,
indicating a smaller value for the constant introduced
in the above equation. This model does not allow us to
distinguish between the diffusion coefficient of the three
copolymers, since T's is normalized with the single chain
diffusion coefficient and the extrapolation of I's/Dog? to
g = 0 is the same regardless of the system. To make
this distinction, one needs to address specifically the
calculation of the single chain diffusion coefficient and
investigate its dependence upon chain architecture.
Such a calculation would be useful but lies beyond the
scope of the present paper.

It is worthwhile to note that the slow mode in the
present model bears similar properties with the fast
mode observed by Amis et al. and certainly has nothing
to do with their slow mode. The latter is rather due to
aggregates which form as the temperature is lowered
below a certain critical value. This critical temperature
seems to be 20 °C for the triblock copolymer and
probably below 12 °C for the cyclic chain. Such a phase
transition is not accounted for within the simple model
calculations presented by relying on mean field argu-
ments.

It was observed earlier that the first cumulant of Su,-
(g,t) coincides with the mean value of T'; and I's weighted
with respect to the amplitudes Azar and Aaas. Combining
eqs 32—40 and 20, one finds this frequency as

0= q°Ke TM,,(0)/S,4(0) (55)

In the Rouse model, the mobility is independent of q
and given by Maa = @a/Ca, With @4 = fe and ¢ = C.
Substituting this into eq 55 and using equation 20 yields

TI[Q°D,] = {1 + AP, + Aja(l — )?P, +
2ABH(L — P, + [Af(1 — (e — B)APY{ [P, +
A,0(1 — f)’AP]} (56)

In the limit g = 0, all the P’s are normalized to 1, leading
to the simple result

TI[0°Dolgeo = 1 + (c/c*)[F + a(1 — f)? + 2Bf(1 — f)]
(57)

where the definition Ag = (c/c*) has been used. Equa-
tion 56 does not depend upon the type of copolymer,
except perhaps via the interaction parameters Aza, Q,
and 8. It shows that M'[Doag?]|q=o Varies linearly with
the concentration following the equations:

TI[D,0 g0 = 1 + 2A,,,,Mc (58)

A AP +a(l—fH2+28f(1—H] (59)

2app =

Choosing Aza =10"*g2cm?, a =5, =3.1, and f = /3,
one finds Azapp = 3.71 x 1074 g~2 cm?, which coincides
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with the apparent second virial obtained experimentally
for the cyclic copolymer. This agreement suggests that
the theoretical predictions together with these numer-
ical values, in particular for the interaction parameters,
correspond to reasonable choices.

It is worthwhile to note that in the limit of g = 0, the
amplitude of the fast mode is zero and the relaxation of
Saa(q=0,t) is entirely due to the slow mode. In this case,
the first cumulant O'Ccoincides with the frequency of
the slow mode. This can be seen from the intercept with
the vertical axis in Figure 2, which is ca. 1.37, consistent
with the prediction of eq 59.

5. Concluding Remarks

This paper gives a theoretical framework for a com-
parative study of the dynamic scattering properties of
cyclic and linear copolymers in solution. It predicts two
relaxation modes for the dynamic scattering function.
The amplitudes and frequencies of these modes are
analyzed as a function of the scattering wavevector and
the polymer concentration. This investigation has been
prompted by the recent static and dynamic light scat-
tering experiments reported by Amis and co-workers on
linear and cyclic copolymer made of PDMS and PS
blocks in cyclohexane. These experiments were a guide
in the investigations particularly for the selection of the
theoretical parameters. It is true that, given the
conditions of these experiments, a much easier theoreti-
cal argument based upon a perturbation method would
be sufficient to analyze the results. If one recognizes
that the fast experimental motion corresponds to the
slow theoretical mode, then the problem becomes almost
trivial and not much different from the standard diffu-
sion problem in binary homopolymer solutions. How-
ever, our purpose in the present investigation was to
point out some of the interesting properties of cyclic and
linear block copolymers and stress the fact that certain
aspects such as the structural mode can be observed
only in an extended range of wavevectors and time
scales which are beyond the ranges accessible by the
light scattering apparatus used by Amis et al.

Furthermore, the transitions observed both in the
static and the dynamic scattering from the triblock
copolymer are probably due to aggregation or micelle
formation, as pointed out by Amis et al. This issue of
phase transition is not addressed within our theoretical
formalism and would be implemented through an ad-
ditional third mode, a sort of ultraslow process as
already observed in the work of Duval et al.2

One of the main assumptions made here is inherent
in eq 1 which not only neglects memory effects but also
assumes that all the relevent information is contained
in the first cumulant matrix Q(q). There are other
possible models for the study of the dynamics of mul-
ticomponent polymer mixtures. One of them is a
straightforward extension of the RPA (random phase
approximation) argument as first suggested by Jannink
and de Gennes?? and later applied to neutron scattering
data by Csiba et al.2® Using this procedure, one can
improve substantially the dynamical description of the
system by incorporating all the possible effects that can
govern single chain motion and in particular the effects
of memory and long range hydrodynamic interaction.
This method is different from the one adopted here and
is quite attractive, perhaps mostly because it enables
one to have a better understanding of the physical
meaning of the modes. Especially, with regard to the
structural or fast mode, which strongly depends upon
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the single chain dynamics, one can control better the
phenomena that govern the fast mode and indicate
which part of the relaxation spectrum contributes to
build up its relaxation frequency, I's. However, this
method requires heavy numerical work which can be
made only with a limited accuracy at the expense of
simplicity. Perhaps more seriously, such mathematical
complications would overshadow the goals which we
seek here of distinguishing those effects that are due
to the presence of cyclic chains in homopolymer and
copolymer mixtures as compared to their counterpart
systems made of linear chains exclusively.

With regard to the physical interpretation of the
modes of relaxation for multicomponent mixtures of
homopolymers and/or copolymers predicted by theories
similar to the one presented here, one can find useful

discussions in several papers by Akcasu and co-work-
er5.3,24,25
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