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limit only: M, is calculated according to eq 11 (in our
case, see column 6 of Table II). On the contrary, if one
knows M;, the uncertainty limits are in between M, and
M, (columns 5 and 6). Table II also shows the limit val-
ues M, and M, of the molecular weight corresponding
to the experimental |f*| that should be considered in the
case (columns 6 and 7) when M, is not known but ¢ could
be evaluated. The values of column 7 in parentheses refer
to points that are below the theoretical line b. These
points are characterized by ¢ < ¢, due to synthesis imper-
fections, and therefore the corresponding My, values must
not be considered.

As a final remark we observe that tensile tests of swol-
len networks have the advantage, compared to those of
dry materials, of allowing the equilibrium to be reached
more quickly, which makes the experimental work eas-
ier. Moreover, they allow one to examine also some glassy
polymers when their T;’s in the swollen state become
lower than room temperature, at which tensile tests are
performed. All the above considerations can be extended
to dry networks by putting ve = 1.
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ABSTRACT: Complexation of the end groups of amino telechelic polydienes strongly affects the viscoelas-
tic behavior. This is shown in the thermal dependence of the isochronous torsion modulus of a liquid
polybutadiene selectively end-capped by a piperazine unit at both extremities. A rubbery plateau emerges
when the telechelic polymer is coordinated to copper(II) or iron(III) chlorides. The rubbery plateau extends
over a temperature range that depends on the molar ratio of the transition metal to the amine end group.
Similar observations have been reported when the dynamic mechanical properties of an a,w-bis(dimethy-
lamino) telechelic polyisoprene have been investigated over the full range of temperature from the glassy
plateau to the viscous flow. Upon complexation of the end groups, a rubberlike plateau is observed, which
does not exist for the uncomplexed polymer. Furthermore, a secondary relaxation, attributed to the aggre-
gation of the complexed amine end groups, occurs above T,. The temperature at which the maximum of
this relaxation is observed and the distribution of the relaxation times depend on the metal to amine end-
group molar ratio. At a ratio of 1, FeCls endows the chain network with higher cross-link density than
CuCl; does. However, at the same time the temperature width of the rubbery plateau is much shorter for
the former than for the latter polymer, indicating a relative thermal instability of the Fe-amine complexes.

Introduction

Thermomechanical properties of hydrophobic poly-
mers are known to be modified by ionic groups ran-
domly distributed along a polymeric backbone.l2 Inter-
est in ionomers has to be found in the potential of cross-
linking macromolecules in a thermoreversible manner.
Alternative modifications of traditional polymers con-
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sist in replacing the ionic groups by other types of inter-
acting groups. Examples have been described in which
ligands have been attached onto polymeric chains and
engaged in coordination reactions with metal salts.3-5
Although many ligands can be used, this work focalizes
on amino groups, which are one of the most studied groups
both in solution and in solid state.3® As recent papers
indicate, there is plenty of interest in these systems.”-16
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The ability of ligands to form complexes with transi-
tion-metal salts is responsible for a transient network for-
mation. Although the coordinated salts may act as mutu-
ally interacting dipoles, the coordination number of the
transition-metal ion is expected to promote temporary
cross-links. 16

This paper deals with the possible improvement of the
mechanical properties of a nonpolar polymer that the com-
plexation of the amino end groups with a transition-
metal salt can promote. As previously reported, telechel-
ic polymers have been designed as models for the more
complex systems in which the functional groups are ran-
domly attached to the chain.2 This approach has been
fruitful in understanding the ion pair association and its
effect on the macroscopic properties of ionomers.'’-2! Now
the concept is extended to dimethylamino telechelic poly-
dienes in order to examine the effect of the coordination
of the end groups on the formation of a transient net-
work and the breadth of the rubbery plateau zone. For
the sake of comparison, the dynamic mechanical prop-
erties of the same «,w-bis(dimethylamino)polyisoprene
quaternized with several alkyl iodides have been studied
and reported elsewhere.?! The present paper may be con-
sidered as an extension of that study. Now the follow-
ing questions are addressed: how does the coordinative
association of the end groups compare with the electro-
static interactions of quaternary ammonium pairs and
to what extent does the transition metal to the amine
end-group molar ratio affect the mechanical properties
of the polymer? Besides the a,w-bis(dimethylamino)-
polyisoprene, a sample of polybutadiene end-capped with
a piperazine unit has also been studied.

Experimental Section

a,w-Dipiperazinopolybutadiene (PBD). «,w-Dipiperazi-
nopolybutadiene was supplied by BFGoodrich under the trade
name “Hycar ATB”. The main molecular features were M, =
4000 (vapor pressure osmometry), M,/ M, = 1.8 (size-exclusion
chromatography), average functionality = 2 piperazines/chain
(according to the manufacturer), and cis/trans/vinyl ratio =
20/65/15 (NMR). The structure of the piperazine end group
was

CONHCH,CH,N  NH
—

Thus, each end group consisted of one tertiary and one second-
ary amine function. This telechelic polybutadiene will be des-
ignated as “PBD(pip),”.

a,w-Bis(dimethylamino)polyisoprene (PIP). The anionic
polymerization of isoprene was performed in a previously flamed
and nitrogen-purged glass reactor equipped with rubber sep-
tums. Hypodermic syringes and stainless steel capillaries were
used to handle liquid products under a nitrogen atmosphere.

Tetrahydrofuran (THF) (pure grade) was dried by refluxing
over benzophenone-sodium and distilled under a nitrogen atmo-
sphere. Isoprene (pure grade) was dried over calcium hydride
at room temperature and distilled under reduced pressure. It
was finally mixed with n-BuLi and distilled just before poly-
merization. 1-Chloro-3-(dimethylamino)propane (DMAPC)
resulted from the neutralization of DMAPC-HC! by sodium
hydroxide in water. DMAPC was recovered by repeated extrac-
tions with diethyl ether. It was dried over anhydrous sodium
sulfate and calcium hydride, respectively, for at least 3 days; it
was finally distilled just before use.

a,w-Bis(dimethylamino)polyisoprene was anionically pre-
pared in THF at -78 °C. Sodium-naphthalene was used as a
difunctional initiator. It was prepared by reacting naphtha-
lene with an excess of sodium in anhydrous THF. The living
macrodianion was deactivated by anhydrous DMAPC and pre-
cipitated in methanol. The «a,w-bis(dimethylamino)polyis-
oprene was purified by three precipitations from THF in meth-
anol.
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Table I
Composition of a,w-Diamino Polydienes Complexed with a
Transition-Metal Chloride MyCl,

PBD(pip).-4000 PIP(NMe,),-5000

MrCl,, MrCl,, MrCl,, MCl,,
mol % wt% mol % wt %

PBD-Cu-0.5 131 3.15 PIP-Cu-0.50 1.27 2.46
PBD-Cu-1 2.63 6.3 PIP-Cu-0.75 191 3.69
PBD-Cu-2 5.26 12.6 PIP-Cu-0.10 255 4.92
PBD-Cu-3 7.89 189  PIP-Cu-1.25 3.19 6.15
PIP-Cu-1.50  3.82 7.38
PIP-Fe-1.0 2.55 5.87

PBD-Fe-0.5  1.31 3.75
PBD-Fe-1 2.63 7.5
PBD-Fe-2 5.26 15
PBD-Fe-3 7.89 225

The PIP microstructure was characterized by a 3,4/1,2 ratio
of 65/35. Molecular weight was controlled by the monomer/
catalyst molar ratio. It was determined by vapor pressure osmom-
etry (M, = 5200). Polydispersity was calculated as My/M,, =
1.3 by size-exclusion chromatography. The functionality was
determined by potentiometric titration of the dimethylamino
end groups using perchloric acid (0.02 mol/L) in a 9/1 toluene/
methanol mixture. From the titration result and the M, value,
polyisoprene was found to be end-capped by 1.9 amino groups.

Complexation of the Aminoe Groups. Both PBD(pip); and
PIP(NR:), were dissolved in toluene (5%), and the resulting
solution was added dropwise with a solution of CuClz-2H0 or
FeCly:6H:20 in methanol (0.2 mol/L) under vigorous stirring at
25 °C for at least 24 h. No precipitation occurred, and the solu-
tion remained homogeneous through the whole process. The
complexed polymers were recovered by solvent distillation under
vacuum at room temperature. They were dried to constant weight
at 60-70 °C for at least 1 mo. An amount of 1 wt % of antiox-
idant (Irganox 1010) was added to solutions of PBD(pip), and
PIP(NR,); prior to complex formation.

The Cu?* (and Fe3*) to piperazine group molar ratio was x
= 0.5, 1.0, 2.0, and 3.0, respectively. The Cu?* to dimethy-
lamine group ratio was 0.5, 0.75, 1.0, 1.25, and 1.5, respectively.
Only one PIP sample with a Fe/dimethylamine ratio of 1.0 was
prepared. Table I provides the composition of all the samples
bearing amino end groups complexed with a transition-metal
salt (MrCl,).

Differential Scanning Calorimetry (DSC). The DSC ther-
mograms were recorded from 243 to 393 K and from 143 to 273
K for the PIP and the PBD samples, respectively. A Perkin-
Elmer DSC-4 was used at a heating rate of 20 °C/min with a
constant flow of dry nitrogen over the sample.

Torsion Pendulum. Specimens (2 X 8 X 40 mm) were com-
pression molded at 393 K and 2 MPa for 15 min. They were
used in a (static) Gehman torsion pendulum instrument to record
isochronous (10 s) moduli from 173 to 393 K.

Dynamic Mechanical Measurements. A dynamic mechan-
ical thermal analyzer (DMTA from Polymer Laboratories) was
used in the temperature range below the glass transition tem-
perature, Tp. At higher temperatures, T > T, a Rheometrics
mechanical spectrometer (RMS 605 S) was used with a paral-
lel-plate geometry. The 25-mm-diameter specimens in a 1.4-
mm-wide gap were tested under a constant flow of dry nitro-
gen. The specimens were prepared by compression molding at
T = Ty + 50 and 2 MPa for 15 min.

The measurements in the DMTA and RMS were carried out
at the same frequency, v = 1 Hz, and the same heating/cooling
rate of 2 °C/min. Frequency scans at v from 0.016 to 16 Hz
were conducted for PIP-Cu-1.0 between 308 and 358 K in order
to verify the time-temperature superposition at T > T.

Results

Figure 1 illustrates the dependence of the storage (E’)
and the loss (E”’) tensile moduli at v = 1 Hz for the PIP-
Cu. Representative data are listed in Table II. In the
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Figure 1. Storage and loss moduli vs temperature in the glassy
state for PIP(NMey):-5K complexed with CuCls.

glassy state, when x changes from 0.50 to 1.0, E’ increases
regularly from 200 MPa to 1 GPa (Figure 1). E’ does
not increase any more when the Cu to amine molar ratio
increases further to x = 1.5. Surprisingly enough, a smaller
value is reported for the intermediate ratio of 1.25. What-
ever the property investigated in this study, that anom-
aly is repeatedly observed. The E” peak position values
of the glass-to-rubber transition (T;), read from Figure
1, are listed in Table II. It is evident that, similar to the
DSC-based glass transition temperature, T, (Table II),
the Tg; is also independent of the metal to amine ratio,
x, within the experimental error.

Figures 2 and 3 show the thermal dependence of the
isochronous torsion modulus of a,w-dipiperazinopolybu-
tadiene complexed with various amounts of CuCl; and
FeCls. The main parameters of these curves are listed
in Table I1I. Before addition of the transition-metal salts,
the PBD sample was a viscous liquid, unsuitable for tor-
sion modulus measurements. By contrast, a rubberlike
behavior is clearly observed in the Cu- and Fe-com-
plexed telechelic polymer.

For the metal to amine ratio x = 1, a well-defined rub-
bery plateau is observed. Values of the inflection tem-
perature, T (at the halfway point from the glassy to the
rubbery plateau), of the mid rubbery plateau modulus
and of the mid rubbery plateau temperature (T) are shown
in Table III. It is evident that for PBD-Cu-1 and PBD-
Fe-1 these values are similar. However, the onset of the
viscous flow for the former polymer occurs at the tem-
perature 20 °C higher than the latter.

The data in Figures 2 and 3 show a large difference in
the viscoelastic behavior of the PBD-Cu and the PBD-Fe
samples when the metal to amine ratio is different from
1. For PBD-Cuy, with x = 0.5-3 (Figure 2), all the data
are confined to a rather narrow envelope, with the rub-
bery plateau modulus changing by a factor of 1.8. On
the other hand, for PBD-Fe with the same range of the
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molar ratio x, the plateau modulus changes by more than
1 decade. When x = 0.5, the rubbery plateau region of
both samples is reduced in both size and magnitude. The
data on creep, stress—strain, and stress relaxation showed
a similar behavior,22

Complexation of the piperazine end groups with an
excess of FeCls results in a significant increase of the
rubbery plateau modulus (Figure 3), but its width does
not change. Apparently, Fe?* generates a more rigid tran-
sitional network than Cu2* does, but in both systems the
complexes disintegrate at a similar temperature.

As reported in Table II, complexation of the dimeth-
ylamine end groups of PIP by CuCl; is responsible for
an increase in T, larger than that observed for a,w-di-
piperazinopolybutadiene. A common feature of these two
telechelic polymers is that T does not depend signifi-
cantly on the metal to amine ratio.

The storage (G’) and loss (G”') shear moduli vs tem-
perature curves for all the samples listed in Table I are
presented in Figure 4. It is useful to define ATr as a
range of temperatures in the rubbery plateau zone in which
G’ > G”. The values of ATR are also listed in Table II
and give comparative information on the stability range
of the rubber elasticity.

It is evident that PIP-Cu with the molar ratio x = 0.5
does not have distinct elastomeric character. Not only
is ATg small but also the viscoelastic functions do not
show a rubbery plateau. As x increases above 0.5 there
is a systematic change in the viscoelastic response; the
rubbery plateau becomes more and more distinct and the
relaxation associated with the network disintegration
becomes sharper.2!

It may be interesting to note that, as with the glassy
modulus, E’ (Figure 1), ATr when plotted vs x shows a
local minimum at x = 1.25, This means that structural
features associated with the x ratio influence both the
glassy and the rubbery regions.

Complexation of PIP(NRg); with Fe3* also results in
an elastic product (Figure 5). However, PIP-Fe-1 hardly
resembles PIP-Cu-1. As a matter of fact G’ of PIP-Cu-
1.5 superimposes on that of PIP-Fe-1 in the full range
of temperature (while G” only superimposes at T > 59
°C). This observation is consistent with E’ values in the
glassy state.

Discussion

Glassy State. As shown in Figure 1 the value of the
storage modulus E’ depends on the copper to dimethy-
lamine molar ratio, x. The values of Eg listed in Table
II have been taken at an arbitrary constant value of Tg
= 0.9397; (DSC) and are plotted vs x in Figure 6. It is
evident that the modulus increases with the amount of
CuCl; to reach a maximum value at x = 1.0. This means
that the intermolecular association of the PIP(NR,); chains
is the strongest at this peculiar ratio. The rigidity of the
glassy material can thus be adjusted by varying the amount
of CuCl, compared to the amine end groups. An excess
of the salt does not necessarily reinforce the association
of the end groups. For x = 1.25, Figure 6 shows what
might be a disturbing action on the association of the
amine end groups. However, for x = 1.5, the value of E’
observed for the stoichiometric composition (x = 1) is
regained. As discussed in a subsequent section, the irreg-
ular evolution of the storage modulus when x varies from
1.0 to 1.5 is also observed for the solution viscosity of
samples prepared independently.

It is worth noting that the rigidity of the glassy PIP
material is independent of whether copper(II) or iron-
(I11) chloride has been used at a metal to amine molar
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Table II
PIP(NR,),-5K

sample T,eK AT,*)K  ATe K Tu9K TetK  Eg/MPa  GrfkPa TutK  GmikPa  n/
PIP-Cu-0.5 291 17 2 282 204 110 1.0
PIP-Cu-0.75 294 20 41 285 302 148 14
PIP-Cu-1.0 291 17 42 285 333 708 427 325 355 3.6
PIP-Cu-1.25 295 21 23 286 326 550 447 324 479 4.2
PIP-Cu-15 204 20 32 285 337 692 832 326 724 7.1
PIP-Fe-1.0 291 17 24 321 708 550 318 617 5.4

s For uncomplexed PIP, T = 274 K. ® AT, = T, ~ 274. ¢ ATr = range of temperature in the rubbery plateau zone where G’ > G”. 4 T =
T at the maximum of E” in the glassy region. ¢ Tq = T at the maximum of G in the rubbery plateau. / Eg = E’ at T = Tq = 0.939T,.
¢Gr=G"at T=Tg = 1.10T;. » Tr, = T at the minimum of G” in the rubbery plateau. ! Gy, = G’ at T = Ty, / n = number of end groups per

cross-link.
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Figure 2. Isochronous modulus vs temperature for PBD{pip).-4K
complexed with CuCls.

ratio of 1. Then the tensile storage modulus is maxi-
mum (708 MPa) and 15% higher than the value reported
for the same PIP(NR3)» quaternized with n-alkyl iodides.2
In that series of experiments the maximum value of E’
(617 MPa) was recorded for the methyl iodide quater-
nized PIP(NR:),. On the other hand, when 1.5-
diiodopentane was used as the quaternizing agent, E' =
1.02 GPa was obtained, i.e., 44% higher than the value
observed for the complexed telechelic polyisoprene. It
is thus obvious that both the complexation and the quat-
ernization of the amino end groups lead to a significant
stiffening of the polyisoprene matrix. The effect is quite
spectacular considering the relatively small amount of
the additives required (most often less than 5 mol %;
Table I).

Transition Zone. Characterization of the PIP sam-
ples by DMTA (Figure 1), as well as that of PBD by tor-
sion pendulum (Figures 2 and 3), is of interest. For PIP
the values of T corresponding to the peak position of
G” in the glassy region are listed in Table II while those
for PBD are reported in Table III. Tj; has been consid-
ered as the temperature at the halfway point from the
glassy to the rubbery plateau. Since the glassy plateau
was not accessible using the Gehman torsion pendulum,
Tgi values in Table III are only indicative.
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Figure 3. Isochronous modulus vs temperature for PBD(pip)2-4K
complexes with FeCls.

Table HI
PBD(pip),-4K

Teo K AT K TyfK TolK GokPa nf

(199)  (263) 220 (1.8)
(199) 263 290 2.4
(199)  (263) 365  (3.0)
(199) (263) 429 (3.5
(196)  (235) 284  (26)
(196) 251 318 2.7
PBD-Fe-20 201 (196) 233 1078 9.9
PBD-Fe-3.0 202 (196) 264 2773 225

¢ For uncomplexed PBD, T, = 197K, 0 AT, = Tg-197. ¢ Ty =T
at the halfway point from the glassy to the rubbery plateau. Since
the glassy plateau was not experimentally accessible, T;; values are
only indicative and reported in parentheses. ¢ T, = mid rubbery pla-
teau temperature. * G, =G at T = T, (E, = 3G, for an ideal rub-
ber; i.e., Poisson ratio = 0.5). / n = number of end groups per cross-
link.

_The glass transition temperature (by DSC) of PIP(NRy)»
(M, = 5200) is 274 K. For the alkyl iodide quaternized
material, T decreases with increasing length of the alkyl
chain from 311 to 265 K.2! For the complexed PIP(NR;).,
both T, and Tg; show slight variation with the metal to
amine molar ratio x, especially for x > 1/,. Considering
the experimental error, the average values for PIP-Cu
(Tgi = 285 2 K and T, = 293 % 2 K) and for PBD (Ty;
=198 £ 2 K and T, = 202 £ 3 K) seem to be reasonably

sample

PBD-Cu-0.5 202
PBD-Cu-1.0 199
PBD-Cu-2.0 205
PBD-Cu-3.0 207
PBD-Fe-0.56 199
PBD-Fe-1.0 201

—
Qb b BN O 00 RO O
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e-1.0.
constant. It is worth noting that both T and T for
complexed PIP(NR;); are comparable to values reported
for the methyl iodide quaternized sample;?! viz., Ty =
296 K and T = 311 K.

ATy, i.e., the change in T, due to the complexation (or
the quaternization) of the amino end groups of PIP, is
also shown in Tables II and III. For PBD, AT, is 5 £ 3
°C while for PIP, its value is 19 £ 2 °C. These values
have to be compared to AT, which is found in the range
from +37 to -9 °C for the quaternized PIP(NR),.21

Rubbery Plateau. Let us consider first the pipera-
zine-terminated PBD. It is generally accepted that the
Cu?* and Fe3* cations are able to coordinate at least four
amino groups.2? That particular situation corresponds
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to a metal to piperazine end-group molar ratio of 0.5 as
illustrated by Chart I. Although the “chair” conforma-
tion is usually assigned to piperazine, one can expect that
this diamino group acts as a chelate for the transition-
metal ions. In that respect, a solid complex of Pd with
N,N’-dimethylpiperazine in the “boat” conformation has
been reported elsewhere.2¢ Moreover, a thermodynamic
study has shown that piperazine and closely related com-
pounds coordinated Cu(II) ion as bidentate ligands.25 A
chain-extension process should therefore occur with for-
mation of longer linear and/or cyclic macromolecules. This
modification can enhance chain entanglements and chain
entrapments into catenanes. Thus a rubbery behavior
can be generated as observed in Figures 2 and 3. In the
time scale of the measurements (10 s), the thermal sta-
bility of the related chain network is poor as shown by
the slow but regular decrease of the modulus in the rub-
bery region upon increasing temperature. This is in agree-
ment with the ill-defined structure of the chain network,
i.e., a mixture of linear and cyclic chains stabilized by
coordinative bonds.

The coordination of one piperazine end group to one
metal cation (x = 1.0) is illustrated by Chart II. In this
case, each end group is more likely to coordinate a metal
cation and associate into dimers by coordinative and/or
dipole—dipole interactions. This should lead to a net-
work formation as reflected by the rubberlike plateau
observed in Figures 2 and 3. The driving force for the
end groups to associate would be more coordinative than
ionic. Let us mention that the association of the ion pairs
in ionomers may be viewed as a complexation process
due to the trend of a metal cation to be coordinatively
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surrounded with one or several electron donors (anions,
ligands).26 Clearly, the amino telechelic polybutadienes
coordinated to copper or iron chlorides are insoluble in
both polar and nonpolar solvents (heptane, toluene, CHCls,
THF, toluene/methanol mixtures, etc.). This supports
the more coordinative than ionic character of the end
groups association. The condition required for a net-
work formation is that at least two end groups associate.
It means that two metal chlorides have to be closely paired
as dimers (Chart IT). Such a structure has already been
observed by X-ray scattering for similar dichlo-
ro(N,N,N’,N’-tetramethylethylenediamine)copper(II)
complexes).?’

The thermal stability of the “coordinative” aggregates
results from both the thermodynamics (metal-ligand com-
plexation constants) and the kinetics of the complex-
ation process.26 Little information is available for cop-
per and iron amino complexes in low dielectric constant
media. It is however known that, in polar solvents such
as water or alcohols, copper(Il) is the most efficient tran-
sition metal in stabilizing amino complexes.?® This trend
has been supported by the thermomechanical behavior
of a butadiene-styrene—4-vinylpyridine copolymer coor-
dinated to transition-metal salts.1®

As shown in Table III the values of the plateau mod-
ulus, G, increase with x. G, is defined as the isochro-
nous modulus at 7., where T, is the mid rubbery pla-
teau temperature (see Figures 2 and 3). The increase in
the Cu2* series is less dramatic than that in the Fe3*
series,

According to the Rouse theory of the rubber elastic-
ity, the plateau modulus is a function of the molecular
weight between cross-links, M. For the studied sys-
tems, M, can be approximated to M, of the polydiene,
and the number of amino end groups per cross-link can
be written as?®

n=4M,G,/p.RT, 1)

where pe is the polymer density at T, and R is the gas
constant. peTe can be approximated to a constant, and,
accordingly, n is proportional to G, in the limit of valid-
ity of eq 1. For PIP-Cu, n values have been calculated
(see Table II) from Gr and G, where Gg is defined as a
value of G’ at Tg = 1.10T,; and Gy, as G’ at the minimum
value of the G” vs T curve. Values of n reported in Tables
II and III have been plotted vs x on Figure 7. For the x
values considered in this study, a power law dependence
is observed:

n=Kx* 2)

The least-squares fits of the experimental data give the
following values for the parameters « and K (K = n, when
x=1)

PBD-Fe a=192 K =287 r2=10
PBD-Cu a = 0.366 K =235 r? = 0.997
PIP-Cu a =182 K=3.10 r2=0.95

r2 is the least-squares linear regression coefficient. The
plots are presented in Figure 7.

By definition
X =ny/n (3)

where ny is the number of metal cations per cross-link.
Therefore, eq 2 can be rewritten as follows:

n'* = Kny 4)
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Figure 7. Logarithmic plot of number of end groups per cross-
link (r) vs metal/end group ratio (x) for the complexed poly-
dienes.

For « = 2 (PBD-Fe and PIP-Cu), eq 4 becomes
n = K'inyt? (5)

If the number of piperazine end groups (n) per cross-
link is, roughly, proportional to the aggregate surface and
if we consider that the volume of an aggregate surface
and if we consider that the volume of an aggregate is
proportional to the metal amount (num), eq 5 seems to be
a reasonable approximation since the surface has to be
proportional to its volume at the power 2/3. Therefore,
a three-dimensional growth could be postulated for the
PBD-Fe and the PIP-Cu series. On the other hand, for
the PBD-Cu, n increases much slower with x (o = 1/3),
supporting that a three-dimensional growth does not occur.
In both PBD and PIP systems with Cu2* at x = 1, infi-
nitely long linear chains are expected to be formed. Inter-
estingly, for poly(4-vinylpyridine) coordinated with Cu2+
at x = 1, Agnew reported dimerization.3¢ Thus, n val-
ues slightly higher than 2 (for x = 1) may originate from
both entanglement and ion pairing as already discussed
for an a,w-dicarboxypolyisoprene of M, = 8000 neutral-
ized with various metal cations.3® The most puzzling obser-
vation is the rate at which n increases with x, when x is
greater than 1. If o,w-dipiperazinopolybutadiene does not
lead to a three-dimensional structure with CuCl,, then
why does «,w-bis(dimethylamino)polyisoprene lead to a
rapidly extended complexation? One possible explana-
tion may be that the amide function of the piperazine
end group of PBD contributes to the partial intramolec-
ular coordination of Cu2* ions. Another explanation could
be the chelating behavior of the piperazine unit in con-
trast to the dimethylamino end group. The piperazine
ligand needs two coordination sites on the Cu?* cation
to act as a chelate whereas only one site is required for
the complexation of the dimethylamine unit. As a result
of their less hindered structure, the dimethylamine end
groups should be coordinated more extensively to the lin-
ear chains of CuCly (Chart IIT)31-33 than the piperazine
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Figure 8. Storage shear modulus vs temperature in the rub-
bery state for PIP(NMey);-5K-Cu.
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Figure 9. Loss shear modulus vs temperature in the rubbery
state for PIP(NMeg)o-5K—Cu.

groups. This situation does not hold for FeCls, since it
forms three-dimensional structures rather than linear ones.

Terminal Zone. The data from the RMS scan of the
PIP-Cu samples are replotted in Figures 8 and 9, respec-
tively, as G’ and G” vs T. The data in the latter figure
indicate a gradual increase with x of the secondary relax-
ation peak at Tq (>T,). Asshown in Table II, Ty varies
with x in a nonmonotonic fashion. Since Ty limits the
range of the rubbery properties, it may be considered as
the dissociation temperature of the end-group aggre-
gates. This means that, in the time scale of the experi-
ments, the association equilibrium of the end groups at
Tq is in favor of the unassociated species and allows flow
to occur. At T > T4, the complexed PIP(NR3); shows a
viscoelastic flow behavior. As the sharpness of the G”
peak indicates a narrow distribution of the relaxation times,
it is evident that the polymer structure becomes stiffer
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Figure 10. Storage shear modulus vs temperature in the rub-
bery state for PIP(NMez)2-5K complexed with CuCl, and FeClg,
respectively (x = 1.0).
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Figure 11. Shear moduli vs reduced frequency for PIP(NMeg).-
5K-Cu-1.0. Reference temperature: (®) 35 °C, (@) 40 °C, (O)
45 °C, (0) 50 °C, (¢) 55 °C, (¢) 60 °C.

but not necessarily more stable when x increases from 1
to 1.25. Only at x = 1.5 are both stable stiffening and a
narrow range of relaxations (dicompositions) obtained.

It is worth recalling that «,w-bis(dimethylamino)pol-
yisoprene complexed with various amounts of CuCls is
soluble in a range of low polarity solvents, such as tolu-
ene, THF, and toluene/methanol (98/2, v/v) mixture.
The concentration dependence of the specific viscosity
in toluene at 25 °C has been investigated using a com-
plexed PIP(NR;); sample of 18 000 M,.22 As a rule the
relative position of the experimental curves in the spe-
cific viscosity scale depends on the metal to amine molar
ratio. The viscosity increases when x goes up from 0.33
to 1.0. Then it decreases as x increases from 1.0 to 1.25,
and finally it increases again at x higher than 1.25. It
means that the solution viscosimetric behavior parallels
the viscoelastic behavior in terms of the dependence on
x, although these data have been reported for two series
of polymers prepared in an independent way.

From the comparative data in Figure 10, it is evident
that at x = 1 PIP-Fe is much less stable than PIP-Cu.
Note that T4 (Table II) for the latter polymer is higher
by 12 °C and the G’ decrease with T is more gradual
than that for the former.

For PIP-Cu with x = 1, the frequency sweeps were
obtained at 7 = 308-358 K. The master curve was con-
structed by the horizontal shifting of isotherms onto one
at the reference temperature, Tg = 333 K. As shown in
Figure 11, a good superposition in the terminal and rub-
bery plateau zones is obtained for both G’ and G”. At
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low temperatures (T < Tgr) the horizontal shift factors,
at, follow an Arrhenius relation fairly well, giving the
activation energy of flow: AH, = 165 kJ/mol (Figure 12).
This value is the highest activation energy obtained so
far for the relaxation of mutually interacting groups selec-
tively attached at the ends of short length polydienes,
i.e., metal carboxylates?®:2? and quaternary ammoniums.?!
This increase in AH, is in contrast to the decrease of T;
and the equilibrium modulus of the rubberlike plateau.
An activation energy of 117 kJ/mol was determined for
a poly(butadiene-co-styrene-co-4-vinylpyridine) cross-
linked by NiClx2H50 (the number of nickel ions per pyri-
dine side group was 1.23). The authors attributed that
relaxation to clusters of complexes, the exchange of which
broke and re-formed the cross-links.16

Conclusions

Upon the complexation of the amino end groups of
low molecular weight polydienes, a rubberlike plateau
emerges, which is absent in the original polymers.

The molar ratio, x, of the transition-metal salt to the
polymer end group strongly affects the linear viscoelas-
tic behavior. With an increase of x the value of the mod-
ulus in the glassy state increases, and so do the width of
the rubbery plateau and the temperature, T4, at which
the flow takes place. The optimum properties are obtained
at x = 1. Although the level of complexation is higher
for Fe3* than for Cu?*, the stability of the complex is
higher for the latter metal ions.

When the complex formed by the a,w-dipiperazinopo-
lybutadiene with Cu?* is compared to that of «,w-
bis(dimethylamino)polyisoprene, the viscoelastic proper-
ties at x = 1 seem comparable. However, upon addition
of a further amount of Cu?*, the rate of increase of the
rubbery plateau modulus of the former is about 6 times
slower than that of the latter.

Thus, both quaternizaton?! and complexation of «,w-
diamino polydienes are efficient means of improving the
viscoelastic properties of the polymer. Adjusting the par-
affinic chain length of the quaternizing agent or the molar
ratio of the metal salt to amine end group allows for selec-
tion of the desired behavior. The thermoreversible asso-
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ciations of the chain extremities could help initially immis-
cible polymers to get intimately mixed. The application
of that concept has already been reported for telechelic
polymers,35-37 and it will be extended in a forthcoming

paper.
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ABSTRACT: We present a study of adsorbed diblock copolymers, which is based on the mean-field self-
consistent theory of incompressible polymer/solvent blends. We assume that one of the blocks is tightly
adsorbed and model the remaining block using the formalism recently developed for crystallizable/
amorphous block copolymer blends. Restricting attention primarily to near-8 conditions, we present series
of calculations describing adsorption at a single surface and adsorption on two parallel surfaces a finite
distance apart. For the second case, we calculate the long-range forces acting on the two surfaces. We
make quantitative comparisons with experiment for conditions corresponding to slightly good, 6, and slightly
poor solvents. We determine the thickness and shape of the polymer density profiles, obtain approximate
scaling relations and the ranges of their applicability, study finite molecular weight effects, as well as the
extent of the interdigitation of layers adsorbed on opposite surfaces, and show how these quantities vary
as the surface separation changes. In addition, we show how the scaling of the apparent range of the mea-
sured long-range force can differ from the scaling of the thickness of a single adsorbed layer.

1. Introduction

Polymer adsorption, in particular, homopolymer adsorp-
tion, has been extensively studied both experimentally
and theoretically. In this paper we study adsorbed block
copolymers and the resulting long-range forces acting on
two surfaces with adsorbed copolymers. (We do not refer
to the extensive literature on adsorbed homopolymers in
this paper.)

The system is illustrated schematically in Figure 1. One
or two surfaces are immersed in solution containing copol-
ymers, which then adsorb. We assume that one block of
the copolymer adsorbs tightly but that the second block
has no particular surface affinity and extends to at least
some degree into the solution. It is the nonadsorbed blocks
that are of primary interest here. In fact, in this paper
we assume that the only significant roles of the tightly
adsorbed blocks are anchoring the dangling block and
partially controlling the total surface coverage. The sys-
tem is thus equivalent to a collection of grafted poly-
mers and is frequently referred to as the polymer brush.

These systems have been studied experimentally by
small-angle neutron scattering,!:2 hydrodynamic thick-
ness measurements,® and Israelachvili surface forces
techniques.#® The experiments provide information on
the shapes and sizes of the density profiles and how they
vary with, for example, molecular weight and solvent qual-
ity. Here we summarize very briefly some of the scaling
results that were extracted, with a view to illustrating
the range of results which we attempt to explain in this
paper.

The SANS measurements, which provide a detailed
picture of the density profile, were made on low molec-
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ular weight PEO-b-PPO-b-PEO copolymers adsorbed on
particles.!2 The brush thickness was found to scale
approximately as Zpgo®%, where Zpgo is the degree of
polymerization of the PEO blocks. Killmann et al. mea-
sured the hydrodynamic thickness of a PEQ-b-PPO-b-
PEO coated latex® and found a similar result: it scaled
as Zpgo®®®. Surface force experiments measure the long-
range force on two crossed cylinders resulting from the
interacting layers on each surface. Taunton et al.5" used
terminally adsorbed PS chains in toluene and xylene, with
five degrees of polymerization ranging from about 250 to
6000. The range of the force scaled approximately as
Z°8 (except for the highest molecular weight case). Hadzi-
ioannou et al. used* PV2P-b-PS, in which the PV2P
adsorbs and the PS extends in solution. They inter-
preted their results in terms of the scaling theory0-13
(described below) and concluded!4 that for the good sol-
vent case the range of the forced scaled linearly with
Zpg. On the other hand, Ansarifar and Luckham® mea-
sured force curves for three sets of PV2P-5-PBS copoly-
mers in toluene and found the onset of the force scaled
as Zpps®’. They also incorporated the data of
Hadziioannou et al.# and concluded that both sets of mea-
surements are consistent with this Z%7 dependence.
Finally, Marra and Hair used high molecular weight PEO-
b-PS copolymers.? When two particular cases were com-
pared, Zps ~ 850 and Zpg ~ 2400, the range of the force
apparently scaled faster than linearly with Zps.

In order to qualitatively understand the full range of
these results, it is useful to identify two limits, charac-
terized in terms of the degree of polymerization of the
dangling block Z, and the average surface area per poly-
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