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ABSTRACT: A recently developed microscopic statistical me-
chanical theory for how strong short-range attractions between
sticky groups copolymerized in the backbone of associating
polymer liquids perturb the segmental dynamics and glass
transition temperature (T,) is quantitatively compared with a
large body of experimental data on end-functionalized telechelic
melts of variable polymer backbone chemistry, association
strengths, and chain lengths. For strong associations and PDMS-
based telechelic melts, a universal growth in T, is predicted and
experimentally observed as a function of sticker fraction or
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telechelic chain length which does not depend on sticker chemistry. The predictions of a stronger than exponential growth of the
alpha relaxation time, but perturbative or negligible changes in dynamic fragility, with increasing sticker fraction are also in good
accord with the experimental observations. The theory is extended to the case of weaker sticker associations where the “transient
cross-linked” network picture based on a large time scale separation between the nonsticker alpha relaxation time and the sticker
bonding lifetime does not hold. The new physics is theoretically accounted for by introducing larger length scale dynamic sticker
fluctuations consistent with weaker physical bonding. A smaller growth in T, with sticker fraction is predicted which depends in a
continuous manner on the degree of dynamical loosening of sticker bonding. The theoretical results are consistent with our
experimental data for PPG-based telechelic melts. The theory provides guidelines for the design of polymers with dynamic bonds

with controlled enhancements of T, and segmental alpha time.

I. INTRODUCTION

Associating polymers with a relatively small fraction of “sticky”
functionalities can exhibit strongly modified dynamical and
rheological properties in semidilute solutions and melts. These
systems are drawing increasing attention for applications as
self-healing materials, biomaterials, rheological modifiers,
sensors, and actuators.'”'> Moreover, the polymers with
“sticky” (dynamic) bonds provide easier recyclability.*~"
The “sticky” groups (stickers) attract via variable strength
chemistry specific interactions such as H-bonding, 7—nx
stacking, metal-ligand (M—L) interaction, ionic bond
formation, and even dynamic covalent bonds (e.g, vitri-
mers). %" Stickers can be arranged along the chain backbone
at regular or random intervals, or at chain ends for telechelic
systems, offering experimentally controllable sequence specific
materials. The influence of sticky groups on polymer chain
dynamics has been described theoretically at the coarse-
grained level by usin% the so-called sticky Rouse and sticky
reptation models,”' ™" and corrections were added in the
refined bond lifetime renormalization model.”® However, the
presence of stickers can strongly alter the magnitude and
temperature dependence of the primary alpha relaxation
process in polymers,'”**7*> which is not addressed in
coarse-grained theories for chain dynamics and viscoelasticity.
Sticker-induced modification of the alpha relaxation not only

© XXXX American Chemical Society
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can result in a major shift of the glass transition temperature,
T, but also affects the temperature and chemistry dependences
of chain dynamics and rheological properties. Stickers affect
the local dynamics of nonsticky segments in a manner that
potentially depends on the melt density, sticker fraction, sticker
monomer chemistry, and the specific backbone structure of the
associating copolymer. Hence, a detailed microscopic under-
standing of how the stickers affect polymer segmental s4
dynamics is a problem of high fundamental science and ss
materials applications interest. 56

Two of us have recently formulated a microscopic, force- s7
level statistical mechanical theory of the effect of stickers on ss
the alpha relaxation time and glass transition temperature of so
nonstickers that goes beyond all existing phenomenological 6o
models.*® However, to date, the new theoretical predictions 61
have not been extensively compared with experimental 62
observations. On the basis of a two-step dynamic framework 63
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Figure 1. Telechelic (a) PDMS and (b) PPG with different end groups.
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64 that involves the faster nonsticker alpha relaxation followed by
65 a slower bond-breaking process,”” the theory predicts the
66 variation of the nonsticker alpha time, high-frequency elastic
67 shear modulus, and change in T, with sticker fraction.”® In the
68 strong attraction limit where the sticker lifetime significantly
69 exceeds the nonsticker alpha time, our core hypothesis is that
70 chemistry specific details, such as the precise nature of
71 attraction, attraction strength (beyond a threshold), or even
72 formation of clusters or microdomains and precise location of
73 stickers along a polymer chain, are of secondary importance.
74 The reason is we believe that the zeroth-order physics involves
75 a transient cross-linked network-like picture where stickers are
76 effectively immobilized or localized to small vibration-like
77 motion on the time scale of the activated segmental alpha
78 relaxation process. In essence, stickers serve as sites of
79 immobility which enhance the kinetic constraints on the
8o mobile nonstickers. If this simple physical picture is valid, the

precise topology of sticker clustering is expected to be of s1
secondary importance for the nonsticker alpha relaxation s2
process. Rather, we propose that it is the concentration of 83
stickers that is the leading order key variable that controls s4
nonsticker alpha relaxation dynamics and changes of T, at ss
least for the copolymer architectures studied here. 86

To test the detailed predictions of the theory and the above 87
qualitative picture, this article presents quantitative compar- ss
isons with a large body of recent alpha relaxation time s9
dielectric data for telechelic melts as a function of chain degree 90
of polymerization (maps to the inverse degree of sticker o1
functionalization) and sticker end group chemistry.”*™>* o
Beyond testing the theory for specific systems, we aim to 93
explore whether a general behavior exists in the data as 94
anticipated by our theoretical work. Our study is of 95
fundamental polymer physics interest and also provides 9
insights relevant to the design or selection of polymer 97
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chemistry variables to control the local dynamical properties,
which in turn set the time scale for the longer length and time
scale chain dynamics relevant to the viscoelasticity of
associating copolymer materials. To address the special case
of weak association relevant to some of the experimental
systems considered, the theory is extended in the current
article to go beyond the assumption in ref 36 that stickers act
as literally fixed cross-links on the alpha relaxation time scale of
the nonstickers. The extended theory retains the idea that the
precise network topology is of secondary importance.
However, it considers the possibility of weaker dynamic
constraints on nonsticker-activated relaxation due to small
scale sticker motion on times and length scales well below that
characteristic of the sticker alpha relaxation time (a* process).
The sticker bond breaking time scale, and the question of
larger time and length scale chain dynamics, are not addressed
in our present work. However, we note that a theoretical
framework for the relationship between the @ and a* processes
has been recently proposed and quantitatively confronted with
experiments on multiblock and telechelic associating polymer
melts.”’

Section II briefly describes the methods, synthesis, and
measurement details of our experiments on the telechelic
associating polymer melts, most of which has been previously
discussed. Only the most important aspects of the microscopic
theory developed in ref 36 are briefly summarized in section
I1I, followed by its new extension to treat weakly associating
copolymer liquids. In section IV we present the mapping
procedure from an intermediate coarse-grained freely jointed
chain (FJC) model to the polymer backbone chemistry of
prime interest, poly(dimethylsiloxane) (PDMS). This calibra-
tes the microscopic parameters from knowledge solely of the
homopolymer reference melt behavior, thereby allowing us to
make predictions for telechelics with no adjustable fit
parameters. Sections V and VI present our predictions for
the alpha relaxation time and T, for the PDMS- and
poly(propylene glycol) (PPG)-based telechelic melts, respec-
tively, including quantitative comparisons with our exper-
imental data.”*”>* The article concludes with a brief discussion
and summary in section VIL

Il. EXPERIMENTAL BACKGROUND

Methods and Synthesis. Chemical structures of the investigated
PDMS and PPG samples are shown in Figures 1a and 1b, respectively.
DP indicates the chain degree of polymerization, n. Of all the samples
investigated in this study, PDMS-UU and PDMS-NCHO show a
microphase-separated structure (cf. schematic in Figure 2) as evident
in the SAXS data and two glass transitions.”® The synthesis protocols
of all the samples are given in the Supporting Information (section I).

Broadband Dielectric Spectroscopy. Broadband dielectric
spectroscopy (BDS) in the frequency range 1072—10° Hz was
employed by using a Novocontrol system that includes an Alpha-A
impedance analyzer and a Quatro Cryosystem temperature control
unit. Most of the samples are liquid at room temperature (RT) and
were placed in a parallel-plate dielectric cell made of sapphire and
Invar steel with an electrode diameter of either of 12 or 10 mm. For
the 12 mm electrode diameter system, a capacitance of 20 pF was
obtained for the empty cell with an electrode separation of 49 ym.
Empty cells with 10 mm electrodes and an electrode separation of 210
um have a capacitance of 3.3 pF. PDMS-UU is a rubbery sample at
room temperature (RT). Two gold-plated electrodes with a diameter
of 20 mm were used to measure this sample; the separation between
the electrodes was 174 um. To avoid crystallization, most of the
samples were initially quenched from RT to ~113 K and reheated to
10 K below their respective glass transition temperature, T, prior to

Binary association

Figure 2. Cartoon of the phase-separated structures in the melt state
of the associating telechelic polymers. The stickers are represented as
red spheres, and polymer chains are shown as black curves. Stickers
can associate with each other via binary interactions (maroon ellipses)
or form phase-separated clusters (blue circles) due to their
immiscibility with the polymer matrix. Out of all the systems studied
here, only PDMS-UU and PDMS-NCHO showed microphase-
separated domains.

the measurements. After each temperature increase, the samples were
equilibrated for at least 10—1S5 min to achieve thermal stabilization
within 0.2K. More details of the experimental procedures for each of
the investigated samples can be found elsewhere.”*>>**

Ty and Association Activation Energy Estimation. BDS
measures the segmental relaxation (alpha process) of the polymer
and additionally chain relaxation in the case of PPG.* The
association—dissociation process of stickers changes the overall dipole
moment of the system and appears as an additional dielectric signal
with a characteristic time scale given by the association/dissociation
lifetime of the end groups.”” Here we refer to this signal as the a*
process. Dielectric spectroscopy provides direct measurements of the
time scales of these two processes and can provide rough estimates of
the apparent activation energy (E,) of the sticker dissociation defined
via the Arrhenius equation:*"*"37397%

E
7,(T) = 7,(T) exp| —
A1) = (1) e | o
The activation energy varies strongly with molecular structure of the
end groups (Figure 3). While the Arrhenius equation (eq 1) does not
address the two-step nature of the a* process involving a-relaxation

followed by bond breaking,‘?’7 and hence fails in some cases,>""’ it

0T (pomsuy <[ POMs-U
Lx 80 | .~ . ot o 19
@ 50
—_~ 8 I~
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*® 6 L e
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()]
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> 33 |
0 67 | T O
2 o e EFR
----------- s @%‘*‘: PDMS-S-COOH|
"""" PPG-OH | *** W oy x 13
ok Le7 | 3 o83 |

4 5
1000/T [K™]

Figure 3. Logarithm of the ratio of the sticker dissociation and
segmental relaxation time scales vs inverse temperature for the
investigated telechelic polymers. The straight lines correspond to
activation energies of 48, 36, 15, and 7.5 kJ/mol (top to bottom) per
eq 1. A higher slope indicates a higher activation energy of the
dissociation process.
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181 provides a good zeroth-order estimate of the chemistry-specific bond-
182 breaking energy. Extrapolation of the segmental relaxation time to 7,
183 ~ 100 s using the Vogel—Fulcher—Tamman (VFT) equation,

B 9—. . N
7(T) =174 exp(—),” 3! provides an estimate of T, where the
184 T-T, 8

185 parameters of limiting relaxation time (7,), B, and VFT temperature
186 T, for all the systems are given in refs 28 and 29. The estimated T,
187 and E, for the telechelic polymers studied here are presented in
188 Tables 1 and 2 for the PDMS and PPG systems, respectively. While

Table 1. Total Molecular Weight and Degree of
Polymerization-Dependent Dielectric T, (BDS), Change in
Glass Transition Temperature Compared to the Reference
Nonassociating Polymer, and Activation Energy
Determined from Eq 1 for PDMS Telechelic Associating
Polymers

AT,
polymer M, (g/mol) DP T, (K) (K)g E, (kJ/mol)
PDMS-OH 400-700 7 170 38
700—1500 15 154 15.5
4200 57 146 3.5
18000 243 14§ 1.5
139000 1878 144 0
PDMS-NH, 1738 22 151 11 9.1+0.2
3816 S50 147.5 S 7.6 +£0.3
5592 67 146.5 3.5 83+ 02
PDMS-SCOOH 1228 13 169.5 32 82+ 04
6408 83 147 4 8.1+ 0.2
PDMS-U 19 154 14 373 £ 0.5
50 148 S.5 33+08
PDMS-NCHO 1280 13 156 18.5 199 + 0.2
1720 19 153 13 16.7 + 0.4
1940 22 151 11 13.5 + 04
4020 NV 148 S.5 154 +£ 03
5570 74 146 3 13.7 £ 04
PDMS-UU NV 147.5 S 46 + 0.2

Table 2. Molecular Weight and Degree of Polymerization-
Dependent Dielectric T, (BDS), Change in Glass Transition
Temperature from Reference Nonassociating Polymer, and
Activation Energy Determined from Eq 1 for PPG
Telechelic Associating Polymer

polymer M, (g/mol) DP T, (K) AT, (K) E, (kJ/mol)
PPG-CH, 468 717
874 14 183
1106 18 185.5
2208 37 194.5
3310 56 194.5
PPG-OH 440 7 196 24 39 +£02
846 14 198 15
1078 18 200 14.5
2180 37 201 6.5
3282 56 201 6.5
PPG-NH, 480 6 192.5 24.5 5.8 £ 0.1
2046 33 199 6.5
4018 67 200 S.5
PPG-COOH 680 6 248 80 84+ 02
2246 33 213.5 21 85+ 0.1
4218 67 20S.5 11 73 + 0.1

189 the activation energies of all PDMS telechelic systems and PPG-
190 COOH are relatively high, that of PPG-OH is low. This indicates two

191 distinct cases where 7, > 7, (PDMS, strong bonds = large time

scale separation) and 7, 2 7, (PPG, relatively weaker bonds = 193
small/modest time scale separation). Additionally, we show the 193
difference in Ty defined as ATg, estimated as the difference between 194
T, of the polymer with associating functional end groups and T, of the 195
polymer with the same DP but with nonassociating chain ends (—H or 196

—CH,). 197

lll. THEORETICAL BACKGROUND

Our recently developed statistical mechanical theory to predict 193
activated segmental relaxation and vitrification of associating 199
regular AB multiblock copolymer melts (single sticker sites 200
separated by a fixed number of nonstickers) has been discussed 201
in detail in ref 36. Successful confrontation with alpha time 202
data for randomly functionalized multiblock ionomer materials 203
was also presented. Here we briefly sketch the crucial aspects 204
of the prior theory and model employed. 205
Model and Large Time Scale Separation Limit. 206
Previous work considered a liquid of regular copolymers 207
composed of chains of N connected sites all of the same 208
diameter d with single associating sites or “stickers” placed 200
along the backbone at regular intervals with a fraction denoted 210
by f, (Figure 4A). A freely jointed-chain (FJC) model with 2118
persistence length 1,/d = 4/3 was utilized, and the modest self- 212
overlap of interaction sites of such an ideal chain model is 213
considered®’ to define an effective space-filling melt packing 214
fraction, ¢ g All sites on different chains interact via the same 215
hard-core repulsion. Stickers attract via an exponential pair 216
potential beyond hard-core contact with a variable contact 217
strength (fe in thermal energy units) of a short spatial range of 218
a/d = 0.10 characteristic of a specific attraction. 219
Per Figure 4B, the three interchain site—site pair correlation 220
functions, ga/,a(r), their analogous partial collective static 221
structure factors in Fourier space, S,4(q), and the correspond- 222
ing site—site direct correlation functions, Caﬂ(q) , are computed 223
by using the Polymer Reference Interaction Site Model 224
(PRISM) integral equation theory™* *° with the Percus— 22s
Yevick (PY) closure.**™*” See ref 36 and references therein for 226
all technical details. Our prime focus previously was the high- 227
attraction regime where effectively all stickers are bonded to 228
other stickers. 229
The formal starting point to treat activated dynamics based 230
on the Elastically Collective Nonlinear Langevin Equation 231
(ECNLE) theory™™" is to relate the strength of kinetic 232
constraints that enter calculation of the force—force time 233
correlation function associated with any tagged segment to the 234
equilibrium interchain site—site pair correlation functions. The 235
force correlations on a nonsticker segment have multiple 236
origins or dynamic pathways,**® as schematically shown in 237
Figure S. The effective force on a segment consists of an 23sfs
effective intermolecular pair repulsion between all sites and an 239
attractive bonding force between stickers that is explicitly 240
treated based on the recently developed (and extensively 241
applied to attractive colloid suspensions) Projectionless 242
Dynamic Theory (PDT).>"*> Our focus is on the activated 243
hopping of nonstickers when there is sufficient time scale 244
separation that the slower stickers form physical bonds 245
modeled in a localized harmonic or Gaussian manner (not 246
literal pinning), the vibrational amplitude of which is a priori 247
predicted from the naive mode coupling theory (NMCT) self- 243
consistent localization equations.’® The ideas are schematically 249
shown in Figure 4C. 250
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(A) MODEL
d

P X"\.s‘s PRISM + PY | d,
Stickers J

(B) STRUCTURE -~~~

. (C) ACTIVATED DYNAMICS
gx.s(r)\“‘ Non-stickers Stickers

Figure 4. Schematic of the key elements of the associating copolymer theory.’® (A) Regularly spaced sticker copolymer chain model. Red and
purple beads represent stickers and nonstickers, respectively. (B) PRISM integral equation theory is used to obtain intermolecular site—site pair
correlations functions. (C) Knowledge of (B) is input to quantify dynamic constraints and construct the dynamic free energies in the ECNLE
theory of activated relaxation. Crucial local length and energy scales are the transient localization length (r,), cage barrier height (Fy), and jump

distance (Ar).

— Sen(Q,t—o Snn(@t—
(A)  S«@t==) (B (@t==) " (C) (q,t—=)

Men(@) % (@

Figure S. Schematic of interchain force—force time correlation
pathways for nonsticky segment self-motion for a copolymer chain
having sticky (red) and nonsticky (purple) groups. Force—time
correlations decay in time in a paralll manner due to tagged
nonsticker segment motion encoded in its dynamic self-correlation
function, ,I"7(q, t), and the collective motion of the copolymer liquid.
Beyond the NMCT onset where segments first become transiently
localized, the latter enters the NLE theory construction of the
dynamic free energy via site-specific collective Debye—Waller factors,
S;(gt = 0), where (i, j) € (s, n). The corresponding single particle
(incoherent) dynamic structure factor becomes a Gaussian Debye—

Waller (DW) factor as I'%(q, t —» o0) = exp(—g’r" /6) s
corresponding to the localized form of I'*(g, t) = exp(—¢q°r,(t)*/6) .

g (a.t) [3q.t)

251 The scalar displacement of a tagged nonsticker segment,
252 r,(t), obeys a stochastic nonlinear Langevin equation
253 (NLE),36 50

OF, (r;, r.(t
Cs,n%rn(t) - % + 6f;, (t) =0
254 n (2)
255 where {,, is the nonsticker short time friction constant, &f,(t)
256 is the corresponding random fluctuating force that obeys
257 (0f,(0) Of, (1)) = 2kgTC,,6(t), and P;lyn(rz, r(t)) is the
258 nonsticker dynamic free energy that is a function of a
259 tagged-segment instantaneous displacement and parametrically
260 depends on the predicted ensemble-averaged sticker local-
261 ization length, r;. In the overdamped dynamical regime of
262 interest, a short time nonactivated process enters with a
263 characteristic time scale 7, = 3, ,0” that is explicitly given by™®

Ton
T_o B 367:4) f 4
qz(snn(q) - 1)2
ra Sun(a) + (1 = jy (@) + 27, () 3)

265 Here, j,(x) is the spherical Bessel function of order 1, and 7, is
266 a “bare” time scale written in a manner akin to a hard-sphere

. g,.(d)
fluid as 7, = >
267 24pd ﬂk T’

, where g,,(d) is the contact value of

the interchain site—site pair correlation function, g,,(r). This 26s
short time scale only enters as a prefactor in the alpha 269
relaxation hopping time and does not change with sticker 270
fraction. Although chain connectivity is considered when 271
computing structural correlations with PRISM theory which 272
enter the so-called dynamic force vertex (see below), it is 273
ignored for the dynamic hopping event.”® This simplification 274
has been discussed in detail in ref 36. It is physically reasonable 275
since the jump distance is predicted to be small compared to 276

the polymer persistence length and bead diameter. 277
The nonsticker dynamic free energy is explicitly given by 278
(see ref 36 for all details) 279

T aEiyn(rls,’ rn)
——dr

Eyn(ri) 1) = By, 1) = /

or, !
=-3 ln(r—:) rot,
o 187° o
f T3 oA, (g5 (g, £ — )
o (2n)

S.(q,t = )+ M,,(q)
(g, t = o) + S,s(q, t = c0)}] (4) 280

+ M, (q)
MSYl(q) {SSVL

It considers dynamic constraints due to several types of 281
interchain forces as schematically shown in Figure 5. The 282
effective force vertices M,45(q) are written in terms of the site— 283
site direct correlation function in Fourier space for hard-core 284
repulsive interactions, while attractive interactions are treated 2ss
explicitly based on the hybrid projectionless dynamic theory 286
(hybrid-PDT); see refs 36 and 51 for all details. The quantities 287

Sup(qt = o0) are the long time arrested (at the naive mode 288
coupling theory (NMCT) level) quantities which enter NLE 289
theory for the dynamic free energy as collective dynamic 290
structure factors. The latter are essentially Debye—Waller 201
factors and depend on the sticker localization length r;; e.g., 202

for a one-component liquid S(g, t & o) = exp[— 2521)]. As

before, we assume sticker relaxation and bond breaking is slow 294
(the a*-process) compared to nonsticker relaxation, corre- 295
sponding to a two-step dynamical relaxation scenario.’” On the 296
nonsticker relaxation time scale of interest, the stickers 297
effectively only vibrate on very small length scales around 298
their predicted localization length in the spirit of a “transient 299
network” (solid red curve in Figure 4C). Such highly restricted 300
local sticker motion is physically expected, and assumed in our 301
analysis, to be independent (to leading order) of the precise 302
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copolymer architecture, e.g., multiblock vs telechelic. An
example dynamic free energy is schematically shown in Figure
4C (solid blue curve).

The defining feature of ECNLE theory is the idea that the
cage scale barrier hopping event controlled by the dynamic free
energy generically requires the polymer segments beyond the
cage scale to dynamically displace by a small amount in a long-
range collective elastic manner. This contributes an additional
elastic barrier which has been derived to be*®

r 3
2 'cage
pz = vagfy(ar( 2 kg "

where ¢ = (1 - 1 )@ The effective jump distance associ-

ated with a segment leaving its cage sets the amplitude of the
collective elastic displacement field and enters the elastic
3 (=)

barrier quadratically. It is explicitly given by Arj; = =

Teage
where ry is the location of nonsticker dynamic free energy
barrier and K| is the harmonic spring constant of the
minimum (localized state) of the dynamic free energy given
0 3kgT
as Ky = (rLS)Z
When the local cage barrier is larger than ~1—2 thermal
energy units, the mean nonsticker alpha time is given by the
simplified form of Kramers theory as

, with the cage radius 7, = 1.5d.

T 2.
=1+ ——— exp(f(Fy + F))

o

T JKg X K (6)
where Kj is the absolute value of the harmonic curvature of

the dynamic free energy maximum at the barrier location.
Beyond the Large Time Scale Separation Limit:
Larger Sticker Fluctuation. In the theory discussed so far,
when constructing the nonsticker dynamic free energy the
stickers are modeled as fluctuating (or vibrating) in a Gaussian
manner around their predicted dynamic localization lengths
(see Figure 4C). This “vibrational pinning” representation of a
physical bond implies the stickers remain fully bonded on the
time scale of the nonsticker alpha relaxation and mimics a
transient rubber network like state. For weak enough
associations this approximation must eventually fail. One can
imagine stickers “dynamically moving” along their own free
energy curve in the direction of larger displacements (ala a fast
beta process or early stage alpha process) due to thermal
fluctuations on the time scale of the nonsticker alpha
relaxation.’® Whether this is important or not for nonsticker
dynamics is expected to be nonuniversal and polymer
chemistry (e.g, association bond strength) dependent. Within
our simplified framework this physics is crudely mimicked by
allowing the sticker dynamic fluctuations to be larger than their
strictly predicted localization length (at the minimum of the
corresponding dynamic free energy), thereby weakening their
dynamical constraints on nonsticker activated motion. Our
basic physical picture is retained, and the larger sticker
displacements (but still small compared to the nonsticker
displacements characteristic of the alpha process) result in
weaker dynamic constraints on nonsticker activated relaxation.
Figure 6A shows a schematic of this idea and how we
implement it. Representative consequences for the nonsticker
dynamic free energy at a packing fraction ¢z = 0.58 (where
the homopolymer relaxation time is ~1 ns using 7, = 1 ps) and
fixed sticker fraction f; = 0.1 are shown in Figure 6B. As the

(A) B)

Sticker localization 10

ﬁden(rn,rLS)

0.0 0.2 0.4 0.6 0.8

Figure 6. (A) Schematic of the weakened physical bonding constraint
model where stickers are allowed to fluctuate in a Gaussian manner
with a larger localization length than a priori predicted by using
NMCT. (B) Representative example of the consequences of (A) for
the nonsticker dynamic free energy at a fixed copolymer melt packing
fraction of ¢ = 0.58 and f, = 0.10. Blue, red, and purple colors indicate
sticker localization lengths of r;" = r;,r; + 0.25Ar,, and r; + 0.33Ar,
, respectively, all of which are well below the barrier and hence
correspond to late beta or early alpha time dynamic fluctuations. The
locations of r; + 0.25Ar, and ] + 0.33Ar, on the homopolymer
dynamic free energy are shown by vertical colored arrows. At
11 = r; + 0.33Ar,, the local cage barrier is nearly the same as if no
stickers were present, per a nonassociated homopolymer melt.

sticker effective localization length increases (r;" > 17),
dynamic constraints on the nonstickers decrease, resulting in
a large nonsticker localization length (minimum of its dynamic
free energy, 1), a lower cage barrier, Fy, and a smaller elastic
barrier. For r;' = r] + 0.33Ar,, where Ar, = rz — r{ is the
nonsticker jump distance which is a function of f, the cage
barrier is similar to that of pure homopolymer melt for f, <
0.10.> The collective elastic barrier and mean hopping time
from Kramers theory can be calculated as before,”® which then
yields the nonsticker alpha relaxation time.

IV. NONSTICKER ALPHA TIME: MODEL
CALCULATIONS AND PDMS HOMOPOLYMER
MELTS

Basic Results for Associating Copolymer Melts. As
relevant background, theoretical results for the nonsticker
mean alpha time of the AB associating copolymer melt model
are shown in Figure 7 as a function of effective liquid packing
fraction for various sticker fractions and 7, = 107'* 5. The alpha
time grows supraexponentially with increasing melt packing
fraction and sticker concentration. For example, for ¢ = 0.56
a sticker fraction of f, = 10% increases the alpha time by ~2

— f,=0.00
1007 — /.05
- £,=0.075
8 01 — £=0.10
= 10
I
1077
10710 v \ A 4
056 057 058 059  0.60

Gefr

Figure 7. Alpha relaxation time (in seconds) as a function of effective
packing fraction for various sticker fractions. The elementary time
scale is taken as 7, = 1 ps. The horizontal black line defines an
experimentally relevant kinetic vitrification transition corresponding
to ‘ra((ﬁg) =100 s. Vertical colored lines correspond to different (ﬁg( £)
values.
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378 decades, while for a higher ¢4 = 0.585 the same sticker
379 fraction increases the alpha time by ~7 decades. Such a large
3so difference reflects the growing absolute and relative (to the
381 local cage barrier) importance of collective elasticity.

382 We define an operational laboratory glass transition
383 temperature as when 7, = 100 s, which corresponds to ¢.¢
384 & 0.60 for the homopolymer melt (f, = 0). This isochronal
385 vitrification criterion is the horizontal black line in Figure 7. A
386 shift in the glass transition melt packing fraction in associating
387 copolymers, Ag, = ¢ (f.) — ¢,(0) < 0, is indicated by the
388 vertical lines in Figure 7 and implies increased dynamic caging
389 constraints experienced by nonstickers due to the presence of
390 more localized sticker segments.

391  Temperature Mapping and Calibration to PDMS
392 Homopolymer Melt. To relate the alpha time results in
393 Figure 7 to a specific chemistry and temperature under 1 atm
394 isobaric conditions, we adopt the well-known dimensionless
395 compressibility (S,) mapping that employs the experimental
396 polymer liquid equation of state (EOS),™

-2
homopolymer _ _ B
SO,PY peym ((peff) = SO,EXpt = pkBTKT ~ l\rs 1(_A + ?)

397 (7a)

B
T(¢eff) = an 1

homopolymer
398 NSopy P (dhge) (7b)

399 where the final approximate equality in eq 7a is a good analytic
400 approximation. The parameters A and B are related to entropic
401 and enthalpic contributions in the EOS, respectively, and N
402 quantifies how many elementary functional groups a bead or
403 segment in the FJC model represents. These parameters can be
404 estimated from experimental data, which then provides a
405 polymer-specific mapping from effective packing fraction to
406 temperature. It has been previously shown that adopting either
407 the numerical S, value computed from PRISM—PY integral
408 equation theory of a connected polymer chain melt, or a literal
409 mapping to a disconnected hard-sphere (HS) liquid of Kuhn
4
410 Segments by using S(f = ((11+ 242)2,
a1 for the mapping and predicted dynamics.”® We use the former
412 approach, which results in eq 7b.
413 In practice, the purely end-functionalized telechelic melt
414 systems of present interest exhibit a degree of polymerization
415 (DP)-dependent glass transition temperature.”® > Because the
416 DP is inversely proportional to the fraction of end groups, we
417 write f = a/DP, where a is a proportionality constant. In
418 principle, its precise value is related to the level of coarse
419 graining employed in the theory model (i.e, what a model
420 bead corresponds to in terms of real chemical monomers) and
421 hence the detailed polymer chemistry. One can view a as a
422 polymer-specific adjustable parameter in our theoretical
423 analysis. However, we have attempted to realistically estimate
424 it using homopolymer PDMS parameters’® and find

ar % ~ 1.6 using a PDMS characteristic ratio (Cy) of

s

p=t

yields very similar results

425
426 ~6.3, and N; is the number of elementary functional groups in
427 a lightly coarse-grained bead which we find to be close to ~4.
428 To focus on the effects of physical bonding of associating
429 end groups on the change of the glass transition temperature,
430 we calibrate N,(f) (here f is inversely related to the
431 homopolymer degree of polymerization, N) to ensure the
432 theory and model reproduce the experimental reference f-

dependent PDMS homopolymer glass transition temperature, 433
Ty( f), and fragility, m(f), in the absence of associating end 434
groups. The experimental PDMS homopolymer melt glass 435
transition temperature and fragility values®* employed for this 436
calibration are given in the Supporting Information (section 437
I1). From PDMS EOS data’” it is known that A = 0.675 and B 438
= 1057 K in eqs 7a and 7b which are employed for all end 439
group fractions f. We then fix 7, = 107'* s and vary N, to 440
reproduce T, and m for each variable DP homopolymer melt 441
of interest with an end group fraction, f As discussed in the 442
SM, a modest variation of N, ~ 4.3 to ~3.5 changes T, from 443
~144 K at f ~ 0 (long chain limiting behavior) to ~130 K at f 444
~ 0.20. 445

Figure 8 shows a typical result for the temperature- 4468
dependent homopolymer alpha relaxation time in the deeply 447

100[ 062
€ 06
g Soss -
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%0010 oz
[SS -
1074

0.94 0.96 0.98 1.00
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Figure 8. Theoretical prediction for the alpha relaxation time
compared to experiment for the long chain limit of the PDMS
homopolymer melt studied in ref 54. The theory based on the coarse-
grained FJC model deviates from experimental results at high
temperature (as expected), and hence in this work we focus on the
deeply supercooled regime relatively close to T,. The inset shows the
mapping from effective packing fraction to temperature for PDMS.

supercooled regime and the limiting long chain behavior where 448
T, and fragility become independent of DP. Also shown in the 449
inset is the corresponding ¢ — T mapping obtained by using 450
eq 7b. Because we only calibrate the model parameters with 4s1
respect to the 7, = 100 s state (for both T, and m), the 452
theoretical results in Figure 8 represent predictions for all 453
temperatures above T, At high enough temperatures 4s4
deviations are found, as expected based on using a coarse- 455
grained model, but overall, the theory agrees well with 4s6
experiment in the deeply supercooled regime close to kinetic 457
vitrification which is of prime interest in this work. 458

Once we have calibrated the model to account for the f- 459
dependent homopolymer melt T, and fragility behavior, the 40
theory can be used to make no adjustable parameter 461
predictions for associating copolymer melts based on assuming 462
that the telechelic EOS is the same as for pure PDMS. The 463
latter approach is adopted both for simplicity and to allow 464
predictability given the lack of associating copolymer 465
experimental EOS data to “precisely” carry out the mapping 466
for each telechelic individually. 467

V. APPLICATION TO PDMS-BASED TELECHELIC

MELTS 468
Shift in Ty. The DP and sticker fraction dependent change 469
in glass transition temperature is 470
AT, = T(f =f) = T,(f) = (T,(f = o) = T}
LY =) = L = )} (8) 4
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(B) 59
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Figure 9. (A) Change of T, compared to the DP-dependent homopolymer melt as a function of sticker fraction for various sticker chemical

8

moieties attached to a PDMS backbone. Different end groups are color-coded by different squares as indicated. The a priori theoretical prediction
(not a fit, no adjustable parameters) is the solid blue curve. The dashed blue curve is an empirical linear fit through all the experimental points and
follows the predicted theory curve very closely. (B) The plot shows the same change in Ty as a function of DP where DP = 1.60/f. The blue curve is

the theoretical prediction.

where the reference Tg( f) in eq 8 corresponds to the DP-
dependent homopolymer glass transition temperature. The
contribution Ty(f = 00) — Ty(f) reflects changes in dynamical
constraints due to nonassociating homopolymer chain length
and always contributes positively; i.e., T, grows and then
saturates with degree of polymerization. The term T,(f, = f) —
Tg( f — o0) captures the changes due to the enhanced
dynamical constraints in an associating polymer due to physical
bonding of stickers relative to the DP — oo limit (highest T, of
a homopolymer). It can in principle be positive (strongly
associating systems), close to zero (moderately associating
systems), or even negative (repelling or weakly associating end
groups). For PDMS, both contributions are positive and
increase the glass transition temperature. However, we will also
discuss a PPG telechelic in section VI where the second
contribution in eq 8 can be positive or negative depending on
the precise nature of the associating end group. Of course,
dynamic caging constraints experienced by nonstickers will
always increase with sticker concentration, resulting in an
increase of the copolymer T,

Theoretical predictions for PDMS telechelic melts as a
function of sticker fraction are shown in Figure 9A.
Numerically, for f, = 0.1 one sees T, changes by ~20 K,
while at f, = 0.20, T, is larger by ~40 K. Remarkably, we find
the growth in T, follows an almost perfect linear trend with
sticker fraction. This is not a trivial “chain end” approach as in
phenomenological free volume models (e.g., Flory—Fox***");
indeed, those models attempt to mimic the decrease of T, as
chain length decreases, the opposite direction of T, changes in
the associating systems.

To compare the theoretical results with experiment, we
convert telechelic degree of polymerization (DP or n) to
sticker fraction, f,. Because, as discussed above, DP is inversely
related to sticker fraction, one has f, = a/DP where a & 1.6. All
our analysis below uses this conversion between theoretical
sticker fraction and experimental DP.

Figure 9A plots the experimental change in T, as a function
of sticker fraction for six choices of sticky end group (see data
in Table 1) which have variable strengths of attraction between
stickers as well as some degree of microphase separation for
PDMS-NCHO and PDMS-UU. Overall, we find remarkably
good agreement with theory, especially given this is not a fit,
and no adjustable parameters have been introduced. This
agreement for the telechelic melts considered is consistent with
the assumed sufficiently large time scale separation between
the a and a* processes adopted in the theoretical analysis
where the precise nature of attractive functionality does not
matter to zeroth order. It is also consistent with our physical

idea that higher scale structuring (clusters, microphase
separation) is not important to leading order for the questions
of interest. A linear fit of all the experimental data points is also
shown, which agrees almost perfectly with theory. The same
results are plotted as of T, vs DP in Figure 9B showing the
same degree of agreement, where the theoretical f, is converted
to DP by using DP = 1.60/f..

Alpha Relaxation Time: Temperature and Sticker
Fraction Dependences. We quantitatively confront theory
and PDMS-NCHO-COOH melt experiments for the alpha
time as a function of inverse temperature (normalized by T,)
in Figure 10. VFT fits of the experimental data points are

100

130
10
m IZOA,‘%iﬁi N
— A=A
B 110
£ 0.100 0 005 01
0,010 L
0001, =
1074 s
092 094 096 098  1.00
T,/T

Figure 10. Angell plot of the experimental alpha time data and theory
predictions for sticker fractions of 0, 0.05, 0.075, and 0.10 (solid
curves are theory, from blue to red, bottom to top) and 0.022, 0.032,
0.073, 0.084, 0.123 (experiment, points). Dashed curves are VFT fits
through the experimental points. Inset shows the fragility of the
experimental PDMS-NCHO systems (blue circles) obtained from the
VFT fits and the corresponding theoretical predictions (red).

shown as dashed curves, while theory predictions are the solid
curves. The level of theory—experiment agreement for the full
temperature dependence of the alpha time is reasonable for all
sticker fractions studied experimentally which range from f, =
0.028—0.124.

dlog 7,
FICED)
shown in the inset. Globally, and nontrivially, it is nearly
constant to leading order. The theory predicts a perturbative
but systematic decrease in the fragility with increasing sticker
fraction. As expected, the overall agreement between theory
and experiment for fragility is good but not perfect. More
generally, given all the simplifications made in the modeling,
and the fact that fragility is a subtle feature since it is the ratio

Results for the dynamic fragility, m = at T =T, are

531 f10

544

of an inverse temperature derivative quantity to T,, the level of s4s

agreement seems reasonable. The prediction of a small 4%
decrease in fragility with sticker fraction versus roughly
constant fragility observed in experiment could be due to
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9 many hard to disentangle factors such as (i) the theory
o employs an associating multiblock polymer model while
experiments are performed on telechelics, some of which
2 show microphase separation, (ii) a coarse-grained FJC model
is employed that ignores the chemistry of the real end groups
4 and PDMS monomers, (iii) the experimental equation of state
s (EOS) is presumably weakly sticker fraction dependent factor
6 which is ignored, (iv) in reality there is not an infinite
separation of time scales between the o and a* process but we
8 assume there is in our adopted strict two-step dynamic
9 scenario, and (v) other chemical effects such as possible
o0 backbone stretching, changes of Cy with telechelic DP, and so
on. Remarkably, all these effects apparently have very small
2 consequences, indicating a high degree of “self-averaging” of
3 subnanometer scale chemical structure for the dynamical
4 properties we study.

s We note that although deviations of the experimental results
6 from the theory predictions are found at higher temperatures
(smaller T,/T values), they are qualitatively identical with
s those present for the reference pure homopolymer PDMS melt
9 discussed in section IV. Thus, we believe that these deviations
o relate primarily to the coarse-grained model adopted, although
the other second order factors (i—v) mentioned above could
also contribute. More crucially, as one transitions from a low to
3 high sticker fraction, the deviations are similar in magnitude as
seen in Figure 10 (cf. blue vs red plots at fixed T,/T values).
s Hence, to zeroth order, the observed deviations do not depend
on sticker fraction or the physics of bond formation.

7 Theory and experiment are further confronted in Figure 11
for the alpha time as a function of sticker fraction at several
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Figure 11. Alpha relaxation time (seconds) as a function of sticker
fraction at various T/Tg ratios of 1.20, 1.16, 1.14, 1.12, 1.10, 1.08
(theory, black to orange curves) and 1.20, 1.16, 1.14, 1.12, 1.1, 1.08
(experiment, black to orange points) for PDMS-NCHO-COOH. The
data points with 7, > 10 s from experiments”*>> are obtained from
extrapolated VFT fits of the discrete experimental data. A linear fit
through the first four cyan experimental points (dashed black line) is
shown as an example to visually illustrate the supraexponential growth
of the alpha time with respect to sticker fraction observed
experimentally. The latter agrees well with theoretical predictions
(coincident with the initial growth of cyan curve).

fixed reduced temperatures, %, where T, is the DP-dependent
9 g

o glass transition temperature of the homopolymer melt.
Experimental points are shown as filled squares, with the 7,
2 > 10 s points obtained from extrapolated VFT fits to the
3 experimental data at temperatures close to the glass transition
4 for the PDMS-NCHO samples.”® Overall, there is very good
s accord between theory (no fitting parameter) and experiment
6 for all trends, and the agreement is (remarkably) almost
7 quantitative. In detail, at the lowest sticker fraction studied in

the experiments (f, = 0.022), as % changes from 1.20 to 1.08,
8 g

=

the alpha time increases by ~4 decades, while at f, = 0.073 the
alpha time grows by ~7 decades, and the difference increases
even stronger at higher stickers fraction (Figure 11). These
trends agree well with the theoretical predictions. The
experimental data also show a stronger than exponential
growth of the alpha time with sticker fraction as shown by an
illustrative black dashed line through the cyan points in Figure
11. This is as predicted by the theory, a trend that has been
experimentally observed for multiblock random copolymer
melts and previously shown to be well captured by our same
theory.*

VI. APPLICATION TO PPG-BASED TELECHELIC
MELTS: Shift in T
In this section we first present model calculations of how our

theoretical predictions for the change of the glass transition
temperature depend on introducing enhanced dynamic

595

fluctuations of the stickers based on the new extension of 604

the theory reported in section IIL. The theory is then applied to
understand the behavior of the PPG-based weakly associating
telechelic melts.

Change in T, for Larger Sticker Fluctuation. Figure 12
plots the predicted change in nonsticker glass transition

50
40
30
20

AT, (/K)

10¢ 1

0 0.05 0.1 0.15 0.2

s

0.25

Figure 12. Theoretical predictions for the change of the nonsticker T,
due to the presence of stickers associated with enhanced sticker
fluctuations as a function of sticker fraction for different values of r;’
=r (blue), r; + 0.25Ar, (red), and r{ + 0.33Ar, (purple) using the
PDMS homopolymer mapping described in the main text (cf. Figure
5, blue line).

temperature for PDMS as a function of sticker fraction for
three values of sticker fluctuation amplitude. The blue curve is
the same as the blue solid curves in Figure 9 with the a priori
predicted value of r;" = ;. The other two curves illustrate how
larger sticker fluctuations (“looser and weaker bonds”) change
the theoretical results. If r;" = r; + 0.33Ar, (a displacement
well below the nonsticker dynamic free energy barrier), then
essentially all the constraints due to the presence of bonded
stickers are predicted to disappear. This indicates a dynamic
crossover to a regime of weak sticker associations which have
little or no effect on the nonsticker alpha time. Importantly,
such behavior can emerge without the need for the sticker
alpha time becoming equal to its nonsticker analogue; i.e., the
a and a* relaxation events do not need to have an identical
time scale. Qualitatively, we physically rationalize the predicted
behavior by noting that 0.33Ar, > a = 0.1d where a is the range
of attractive interaction between stickers. Hence, this size of a
sticker dynamic fluctuation is larger than the attraction range
that defines a physical bond, and hence the predicted
destruction of kinetic constraints on nonstickers due to sticker
bonding seems physically intuitive. How fragility decreases as a
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function of sticker fraction for increasing degrees of sticker
bond fluctuations is discussed in the SM.

Comparison of Theory and Experiment for PPG
Systems. To predict the glass transition temperature changes
for the weakly associating PPG telechelic melts, we adopt the
same packing fraction to temperature mapping discussed in
section IIl. However, the EOS state data appear to be
unavailable for the PPG homopolymer. We thus use A = 0.627
and B = 1353 K parameters for PIB,>* 7, = 107 s, and
calibrate N; to best reproduce the DP-dependent glass
transition temperature of homopolymer PPG with non-
associating chain ends. For the mapping used, we again
adopt f = a/DP where a ~ 1.3 based on Cyy ~ 6.8 and N, ~ 5.2
appropriate for PPG.* We note that using the specific
mapping parameters for any other homopolymer does not
change any of our results significantly since the adopted
calibration step ensures we capture the correct DP-dependent
homopolymer melt T,.

The theoretical results for the shift of T, are reported in
Figure 13 for various end groups of the PPG telechelic melt.

AT,(/K)

Figure 13. Change of T, compared to the DP-dependent
homopolymer melt as a function of sticker fraction for various sticker
moieties attached to a PPG backbone. Theoretical predictions are
given by the blue curve when stickers are localized at their respective a
priori predicted localization lengths (r]) corresponding to tight
physical bonds. Red and purple curves correspond to theoretical
results for larger sticker dynamic fluctuations of r;’ = r] + 0.25Ar,
and r; + 0.33Ar,, respectively. Experimental data are shown as the
solid squares. A fit through the experimental COOH system points is
indicated by the green dashed line, while those for NH, and OH are
given in red (treating them as single set of data).

The blue solid line corresponds to when stickers fluctuate at
the tight localization lengths that are a priori predicted. This
result agrees well with our COOH-based experiments on the
PPG telechelic melt. We believe that strong H-bonding
between COOH groups is responsible for creating stronger
bonding constraints and, hence, the larger growth in T

The other two curves in Figure 13 are results when sticker
fluctuations are larger than their respective localization lengths
corresponding to weakened bonding constraints on the time
scale of the activated relaxation of nonsticker segments.
Specifically, we deduce that if stickers displace distances
close to 1/4 to 1/3 of nonsticker hopping jump distance (a
relatively small fractional distance), the theory captures well
the experimentally observed smaller growth in T, for PPG
systems with NH, and OH end groups (theoretical red and
purple curves, respectively). We note that when stickers are
allowed to fluctuate with localization lengths close to a
displacement of maximum force on the dynamic free energy of
pure homopolymers (its inflection point in Figure 6B), i.e.,
r" ~r*(f. = 0), dynamic caging constraints due to bonding

are essentially entirely lost and the local barrier is nearly the

same as that of the homopolymer (not plotted). In this case we
see no change of T, due to such dynamically weak associations.
This limit corresponds to even weaker bonding constraints
than appear to be appropriate for PPG with NH, or OH end
groups in Figure 13.

VIl. SUMMARY AND CONCLUSIONS

We have quantitatively tested predictions of our recently
proposed*® microscopic theory of how attractive forces and
physical bonding in associating copolymer liquids affect
segmental relaxation and the glass transition temperature
against experimental data for telechelic PDMS- and PPG-based
associating polymers. Theoretical results for the alpha
relaxation time as a function of packing fraction are mapped
to temperature space by using the polymer EOS that allows us
to predict how the glass transition temperature changes for real
associating materials. Remarkably, the large time scale
separation between the nonsticker alpha relaxation and slower
bond-breaking process for PDMS telechelic melts renders the
systems oblivious to the specific type of attraction or even
microphase separation for the question of the change of glass
transition temperature as a function of sticker fraction. The
data thus support the proposed physical idea that such systems
behave as cross-linked networks on the time scale of the
nonsticker alpha relaxation. More quantitatively, our micro-
scopic parameter free theoretical predictions for the associating
melts agree remarkably well with experiment, not only for how
T, changes with telechelic chain length but also for other
important questions such as the sticker-induced supra-
exponential growth of the alpha relaxation with sticker fraction
that becomes stronger upon approaching T, and the
perturbative or almost negligible changes of dynamic fragility
with sticker fraction. These findings also support our
hypothesis that changes of the nonsticker structural relaxation
time are not affected (to leading order) by the precise transient
network topology, at least for the copolymer architectures we
have studied to date.

The theory has been extended in this work to lift the
assumption of strong time scale separation between the
nonsticker alpha time and the sticker bond breaking lifetime
by allowing stickers to fluctuate within their predicted dynamic
free energy to modestly larger length scales characteristic of the
late beta or early alpha relaxation process of stickers while still
retaining the same basic transient network like picture. This
results in dynamical weakening of sticker bonding, which in

turns reduces their effect on the activated relaxation of 715

nonsticker activated relaxation. This advance provides an
understanding of experimental observations of weakly
associating PPG telechelic melts for —OH and —NH, end
groups which exhibit much reduced T, enhancements. On the
other hand, for the strongly associating case of PPG-COOH,
the theoretical prediction for the enhancement of T, due to
physical bond formation again agrees remarkably well with
experiment.

Future joint theoretical—experimental work can explore the
consequences of the presented level of understanding for the
problem of material design and synthesis of associating
polymers and polymers with dynamic covalent bonds. The
present work also sets the stage to theoretically address other
questions for melts of polymers with dynamic bonds, such as
elastic reinforcement and change of flow viscosity where longer
length/time-scale chain dynamics is strongly impacted by the
nonperturbative changes of local segmental dynamics.
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