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Abstract

The structure and the dynamics of supramolecular comblike polymers in the melt state is studied by a combination of linear rheology,

dielectric spectroscopy, and small angle neutron scattering. The system consists of blends of 1,2-polybutyleneoxide (PBO) entangled

backbones, randomly functionalized with thymine (thy) and barely entangled PBO graft chains—modified with 2,4-diamino-1,3,5-triazine

(DAT) end groups. These bioinspired groups associate into a transiently branched comb architecture through heterocomplementary

interaction involving the two different hydrogen bonding groups thy and DAT. In the present manuscript, we focus on the comparison of the

macroscopic dynamics of the associating blends and permanent comb analogs. The viscoelastic and dielectric response of covalent and

reversible combs are found to be comparable. The viscoelastic response of mixtures of thy-functionalized entangled backbones and DAT-

end-modified barely entangled chains show a relaxation mechanism, which is mostly attributed to the association/breakage dynamics of the

transient bonds with characteristic time �1 s at T ¼ �25 �C. In the parallel dielectric investigation, the reversible branched structure is still

evident from the comparison with the corresponding permanent combs and allows the distinction between fixed arms relaxation and the life-

time. A a� process of the thy-thy association is likewise detected. The time scale of the supramolecular association makes the thy-DAT pair

an ideal candidate for the development of responsive materials that combine permanent and transient linkages for novel applications and

self-healing properties. VC 2017 The Society of Rheology. [http://dx.doi.org/10.1122/1.5001059]

I. INTRODUCTION

Supramolecular polymers have gained increasing interest

in the last decades due to the wide variety of novel properties

which can be imparted to polymeric materials [1–3]. The

introduction of reversible interactions in a covalent polymer

system leads to additional dynamic processes on the time

scale of the supramolecular bond lifetime and to a wide field

of properties depending on the strength and density of the tran-

sient bonds. Most commonly used supramolecular interactions

are metal-ligand complexes [4], ionic forces [5], p� p interac-

tions [6], and hydrogen bonds [7,8]. Of these, hydrogen bond-

ing represents the most prominently used interaction due to the

high directionality and reversibility and to the broad range of

bond strengths, which can vary by several orders of magni-

tudes depending on the nature and functionality of the bonding

groups. Supramolecular polymers can be divided in two main

categories: End-functionalized linear chains [9–12] and side-

functionalized backbones carrying several functional groups.

The simplest example of hydrogen bonding associating poly-

mers consisting of linear end-functionalized units gives rise to

long supramolecular chains. In this simple case, the assembly

of the functionalized units is well described by the theory of

polycondensation of classical monomers. Besides linear asso-

ciation mechanisms, several examples of side-functionalized

building blocks have been reported in the literature [13]. Side-

chain functionalization offers an important tool to control the

architecture and the properties of the resulting supramolecular

polymer. The presence of several associating groups connected

to a polymer chain and the aggregation of functional groups

competing with the specific hydrogen bonding can lead to

more complex supramolecular architectures than linear, and

therefore, to more complex dynamics [14–16]. Here, they are

distinguished between self and heterocomplementary associa-

tions, depending on the interaction between two identical

groups or two different groups, respectively. The influence of

the transient bonds on the dynamics and the macroscopic

mechanical properties of supramolecular polymers was investi-

gated in several works [17,18]. The time scale of the associa-

tion/dissociation as well as its temperature dependence in a

supramolecular polymer have an important effect on the relax-

ation mechanism of a mechanical shear stress. The whole
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dynamics may be totally dominated by the association/break-

age of the transient bonds in case of unentangled functional-

ized chains, but it is far more complex in associating entangled

polymers, where the relaxation behavior is determined by sev-

eral further processes with different temperature dependence.

In this work, we study supramolecular comb structures

based on hydrogen bonding between thymine (thy) and 2,4-

diamino-1,3,5-triazine (DAT) functionalized 1,2-polybutyle-

neoxide (PBO) chains in the melt state. Recently, virtually

exclusive heterocomplementary association could be

observed in the supramolecular association of end-modified

PEG bearing thy and DAT groups [10]. The structural inves-

tigation by small angle neutron scattering (SANS) was then

extended to branched systems where randomly thy-

functionalized PBO backbones and DAT end-functionalized

shorter chains were found to interact via heterocomplemen-

tary association [19]. For this purpose an appropriate contrast

between the backbone and graft arms was induced by means

of H/D isotopic labeling as illustrated in Scheme 1.

Rheological measurements evidenced that this system can

be described as a comb within the lifetime of the reversible

bonds and as a simple blend of linear chains at longer times.

In this work, we report further SANS results and present a

comparison of the rheological and dielectric response of

such reversible combs with the covalent analogs. Although

the SANS investigation at room temperature revealed differ-

ences between the scattering of permanent and reversible

combs, which have to do with the equilibrium and labeling

of the system, we will show that the viscoelastic and dielec-

tric behavior for the two systems are comparable. This result

was related to the effective lifetime of the transient bonds,

which leads to the observation of a comblike structure in a

broad frequency range. In the direct comparison with the

monofunctional compounds, the dielectric response con-

firmed roughly the time scale of linear rheology. This work,

therefore presents a unique combination of techniques,

applied to model covalent and supramolecular comb poly-

mers and identifies both structure and characteristic time

scales in a homogeneous melt state. Therefore, hydrogen-

bonded combs result to be novel responsive materials that

simultaneously exihibit the classical properties of comb

polymer melts within the life time of the supramolecular

formed H-bonds and those of a more easily processable

blend at long times. The present experimental time scales

can be ideally exploited in mechanical probing in the order

of the Hz scale at ambient temperatures, which would allow

autonomous self-healing or dampening to happen in combi-

nation with a permanently crosslinked network.

II. EXPERIMENTAL SECTION

A. Synthesis

All polymers were prepared by anionic ring-opening

polymerization with subsequent chemical modification [20].

For alkylene oxides, exclusively head-to-tail (H-T) orienta-

tion occurs with no appearance of H�H or T-T junctions.

We refer to the supplementary material document for the

synthetic details and exact characterization [21]. Table I lists

SCHEME 1. Schematic representation of the transient comb formed through thy-DAT hydrogen-bonding interactions.

TABLE I. Polymer codes and functionalization degree.

Backbones

thy groups

per chain

Number of entanglements

per chain (Z)

d-PBO 80k 0 1060:4

d-PBO 80k-thy �15

PBO 40k-thy �8

Arms DAT groups

per chain

PBO 15k 0 1:860:1

PBO 15k-DAT 1

Permanent combs Number of arms

PBO 40k/PBO 15k Comba �7 560:2

d-PBO 80k/PBO 15k Comba �15

aPermanent Combs are based on the backbones and arms specified before.

The volume fraction of the backbone in the Permanent Combs is /b � 0:25:
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the polymer codes used in the manuscript and the degree of

functionalization of the polymers studied. Proton NMR spec-

troscopy was used for the determination of the degree of

functionalization [20]. All mixtures of different polymers

were prepared by mixing stock solutions in pentane. The sol-

vent was then removed under high vacuum for 4 days. For

rheology and dielectric spectroscopy experiments, the poly-

mer melts were used directly after removing the solvent.

B. Small angle neutron scattering

SANS experiments were performed using the KWS-2 dif-

fractometer at MLZ (Garching, Germany) [22] using sam-

ple-to-detector distances between 20 and 1.35 m and

k ¼ 5Å; covering a q-range between 3� 10�3 Å
�1

and 1

�10�1 with q ¼ ð4p=kÞ sin ðh=2Þ where h is the scattering

angle. For the absolute scaling to cm�1, the incoherent scat-

tering level of Plexiglas
VR

was used. The two-dimensional

data were corrected for empty cell scattering, detector sensi-

tivity, and background noise using B4C as beam blocker and

radially averaged. The incoherent background was deter-

mined from the high q-range and was in good agreement

with the estimated incoherent scattering of the hydrogenous

polymer fraction. Power law scattering, I(q) � q�4 observed

at low q was attributed to small voids present in the samples

and the high contrast between these and the deuterated com-

ponents. This contribution was subtracted entirely from the

experimental data.

C. Rheology

Oscillatory shear experiments were carried out on a

strain-controlled ARES (Rheometrics Sci Ltd.) rheometer

using the parallel plate geometry. The diameter of the plates

was 8 mm and the sample gap about 1 mm. Isothermal fre-

quency sweeps were performed in a frequency range

between 0.1<x< 100 rad/s. A temperature range between

�55<T<�5 �C with DT¼ 10 �C under a nitrogen blanket

within the linear rheology regime of the polymers was cho-

sen. Master curves were obtained at a reference temperature

TRef of �25 �C for each sample. For all samples analyzed the

horizontal shift factor aT for the construction of the master

curves follows a WLF behavior to a very good approxima-

tion indicating a rather simple thermorheological behavior.

Tg glass transition temperature values of all polymers were

determined by DSC (Q2000, TA Instruments) with heating

and cooling rates of 10 �C/min. The average Tg is

ð�66:461:3Þ �C and variations DTg are within �2 �C for all

samples.

D. Dielectric spectroscopy

Dielectric relaxation measurements were performed on a

Broadband Dielectric Converter (Novocontrol) in combination

with an Alpha-A-High-Resolution-Analyzer (Novocontrol). The

accessible frequency range for the dielectric function measure-

ment is 10�3 � 107Hz and the temperature control is operated

by a Quatro Cryosystem. The sample was positioned between

Au-plated electrodes of 20 mm diameter and with a constant

gap of 0.05 mm controlled by spacers. The dielectric response

for all the samples examined is reported at T ¼ �25�C. No

time-temperature shifting is necessary due to the inherent broad

frequency range of �10 decades. To resolve the terminal mode

of the shorter covalent comb more clearly, only measurements

from a higher T were included.

III. THEORETICAL MODELS

As the manuscript is based on the synergy of several

methods, each of which brings an important aspect of the

supramolecular association, we briefly have to review the

main computations and approaches toward this aim. We

refer to the literature as well as to the text books for more

detailed descriptions. Whereas the neutron scattering

description and the linear rheology for branched polymers

and their mixtures with linear material are well known, the

description of the dielectric response for higher-generation

branched architectural polymers is highly undeveloped and

stops at the star polymer case [23]. Since the PBO monomer

is asymmetric, it has both parallel and perpendicular dipole

moment components to the chain contour. It is a typical A-

type polymer like polyisoprene. Comblike structures have,

to our best knowledge, hardly been studied yet [24] and dif-

fer considerably from star polymers through the pro-

nounced hierarchical relaxation path of graft arms and

backbones. Therefore, the discussion of the dielectric mode

spectrum will be restricted to the identification of similari-

ties between the different samples covering associating

mixtures and covalent combs.

A. Scattering random phase approximation model

The scattering function of an isotopic diblock comb

copolymer formed by a deuterated backbone and protonated

arms (as shown in Scheme 1) is described by means of the

random phase approximation (RPA) formalism. The RPA

applies in general to binary blends of polymers with different

scattering length density and its expression for a diblock

copolymer in which the components are correlated is written

in terms of the bare noninteracting structure factors [25,26]

where we dropped the q-dependence for clarity only as

follows:

dR
dX

.Dq2

NA
¼ SRPA ¼ Sii � Saa � Sia

2
� �.�

Sii þ Saa þ 2Siað Þ

� 2via

t0

Sii � Saa � Sia
2

� ��
: (1)

via is an effective Flory–Huggins parameter and takes into

account the interaction between the H- and D-components.

Since the Hildebrandt solubility parameters for PBO and the

respective end-groups are virtually identical, no enthalpic

effect of the H-bonding groups is expected to contribute to

the miscibility. t0 is the monomeric volume of the PBO unit.

Dq2 is the contrast factor and NA is Avogadro’s constant.

The contributions of the unperturbed form factors to the par-

tial structure factors in Eq. (1), on the assumption of a

Gaussian statistics, is reported in the literature [27,28] and

given by

1187MELT DYNAMICS OF SUPRAMOLECULAR COMB POLYMERS



Saa ¼ /ab � v0 � ðNa � naÞ � Paa;

Sii ¼ /i � v0 � ðNi � niÞ � Pii;

Sia ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/ab � /i � ðNi � niÞ � ðNa � naÞ � v2

0Paa � Pii

q
;

(2)

i and a stand, respectively, for the deuterated macromonomer

blocks of the backbone (i) and for the protonated arms (a). Ni

is the total number of blocks of length ni in the backbone and

Na corresponds to the number of arms of length na attached.

The combination of the partial structure factors defined in

Eq. (2) in the RPA expression gives rise to a correlation peak

resulting from the alternation of i(D) and a(H) units within

the same macromolecule. The scattering function of a comb

structure, therefore shows a peak of which the amplitude and

position is determined by the length of the correlation block

a…i…a. The case of a random blend of linear homopoly-

mers, which arises from the disconnection of the arms from

the backbone, is recovered when the cross-term Sia is set to

zero and results in a Debye-like function [25] with a finite

scattering at low q. For the particular case of a reversible

comb, however, the equilibrium between a comblike struc-

ture and free components has to be considered in the defini-

tion of the RPA expression. The description of a multiblock

copolymer/linear homopolymer mixture is accomplished by

splitting the total fraction of short chains in two components

/ab; /af , related to the volume fraction of arms correlated,

i.e., bonded (b) and uncorrelated, i.e., free (f) with respect to

the deuterated backbone. The maximum aggregation num-

ber, attainable in the equilibrium between thy and DAT is

then determined by the backbone functionality and the con-

tribution of the inherently present free arms leads to the finite

scattering at low q. Thus, the application of the RPA formal-

ism to our model system allows an accurate estimation of the

average number of arms as well as the estimation of the

equilibrium between the associating and free chains in the

case of the reversible comb. SANS results for covalent and

transient combs reported here, thus define the structure of the

polymers investigated by both rheology and dielectric spec-

troscopy. For the full SANS characterization we refer to our

previous work [19].

B. Rheology model description

As the equilibrium of transient combs depends on the

temperature, the lifetime of the supramolecular bonds is also

temperature dependent. If the latter are very long in refer-

ence to the time of observation, the dynamical response is

that of a permanent comb. If on the other hand, the lifetime

of associations is much shorter, the dynamics of a bimodal

blend will be expected. As in the former SANS investigation

[19] performed for T> 5 �C, combs were clearly observed,

we may conclude that the equilibrium constant is large

enough at high T to allow the average arm functionality to be

studied here. In this work, we therefore refer to the hierarchi-

cal model developed by Inkson et al. for the description of

the linear rheology of permanent combs [29]. This model is

based on the tube theory and predicts the hierarchical relaxa-

tion process typical of such a branched architecture. As a

consequence of this hierarchical mechanism relaxing from-

the-outside-inward, the fast retracted arms reduce the effec-

tive entanglement density of the main chain and accelerate

the terminal relaxation time of the backbone reptation pro-

cess. This is reflected in the relaxation modulus GðtÞ of a

comb polymer, which typically exhibits two rubbery pla-

teaus: One at short times (higher frequency) attributed to

entangled branches before their retraction, followed by a sec-

ond one at longer times (lower frequency) related to the

diluted backbone [30,31]. It is, therefore, different from that

of a star branched polymer and resembles an H-polymer

[32]. The reduction of the effective elastic modulus due to

the dilution effect at a certain time t is correlated to the frac-

tion of unrelaxed backbone segments /b by

Gð/; tÞ ¼ G0
N/aþ1

b ðtÞ; (3)

where G0
N is the plateau modulus at infinite short times and a

is the dilution exponent. In this work, we assume a ¼ 1 for

the description of melt conditions. Scheme 2 illustrates a

comb composed of a backbone with nb monomers and f
grafted arms each containing na monomers. Although the func-

tional groups are randomly distributed on the PBO backbone

investigated, we assume a constant average distance between

the connected branches as proposed by the present model. The

number of entanglements Z for backbone and arms is defined

using the molar mass of an entanglement strand, i.e., Z ¼
nm0=Me where m0 and Me are, respectively, the monomer

mass and the entanglement molecular weight. The arm volume

fraction /a is given as function of f and correlated to the back-

bone volume fraction /b by incompressibility as

/a ¼ fna=ðfna þ nbÞ /b ¼ 1� /a: (4)

In the model, the relaxation of the arms occurs by retraction

along the xa coordinate, which runs from 0 at the free end to

1 at the branching point. The relative displacement that a

segment performs is determined and controlled by the func-

tional form of an entropic potential barrier Uðxa;/a; Za; aÞ
which is a function of the number of entanglements (Za) as

well as the volume fraction of the arms. Since U is an

implicit function but its exact formulation unimportant in

this small review, we have omitted the exact expression and

refer to the literature [29].

The retraction is an activated process and depends on the

length of the chain. Within small fluctuations along the xa

coordinate, the branches perform a Rouse-like fluctuation

along the primitive path and the early retraction time saeðxaÞ
of the arms is independent on the potential. The transition to

an activated relaxation time salðxaÞ occurs at a certain value

of the coordinate xa and the potential UðxaÞ then becomes

effective. The cross-over function between the Rouse-like

and the activated process defines the arm relaxation time

scale saðxaÞ which is given by

sa xað Þ ¼
sae xað ÞeUa xað Þ

1þ sae xað ÞeUa xað Þ=sal xað Þ

¼ 1

sae xað Þ
eUa xað Þ þ 1

sal xað Þ

 !�1

: (5)
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For sað1Þ the completely retracted branches act in diluting

the backbone as in a h solvent, and at the same time, in pro-

viding extra friction at the branching points. The terminal

relaxation time is now attributed to the backbone reptation

inside the dilated tube and is also affected by the diffusion of

the branching points. The latter is taken into account by a

parameter p2. Here, we assume p2 ¼ 1=12 as in the reference

work of Inkson. In the frame of the dynamic tube dilution, as

in the constraint release process (CR), the backbone relaxa-

tion is dominated by the hops of the branching points when

the arms have undergone a complete retraction along the

coordinate xa: In the reference model, the backbone coordi-

nate ranges from 0 to 1 at the center of the chain. Similarly

to the arms, an early relaxation process with time sbeðxbÞ
occurs by fluctuation of the chain ends. The late relaxation

time sblðxbÞ is correlated to the retraction of the inner seg-

ments of the backbone, collocated between the branching

points. The transition between the fluctuation and the repta-

tion mode, when the backbone is entangled, occurs at a cer-

tain value of the x coordinate (xc) with an effective potential

Uðxb; xc;/b; Zb; aÞ. For xb > xc the reptation mode domi-

nates the dynamics. The terminal relaxation time sbbðxbÞ is

associated to the terminal relaxation time of a comb, and

therefore, attributed to the diluted backbone reptation and

defined similarly as

sbb xbð Þ ¼
sbe xbð ÞeUb xbð Þ

1þ sbe xbð ÞeUb xbð Þ=sbl xbð Þ
: (6)

The total relaxation modulus for the comb is expressed as a

sum of two contributions taking into account, respectively,

the arm retraction process and the backbone relaxation

G tð Þ ¼ G0
N aþ 1ð Þ

ð1

0

/b
aþ1 1� xbð Þae�ðt=sbb xbð ÞÞdxb

 

þ
ð1

0

1� /axað Þa/ae�ðt=sa xað ÞÞdxa

�
: (7)

Theoretical predictions of the loss modulus G00 for the sys-

tems studied in the present work, PBO 40k/PBO 15k Comb

and d-PBO 80k/PBO 15k Comb, respectively, are reported

in Fig. 1 in order to analyze the sensitivity of the model to

our experimental data. Moreover, the effect of the volume

fractions of the components (/a and /b) on the hierarchical

relaxation process is examined here.

Independent of the backbone length a broad maximum in

G00 appearing at �1 rad/s is related to the retraction time of

the 15k arms saðxaÞ. For the 40k backbone comb, other than

for the 80k case, the terminal relaxation mechanism associ-

ated to the diluted backbone cannot be identified anymore.

The apparent lack of the hierarchical relaxation is related to

the very comparable arm retraction saðxaÞ defined in Eq. (5)

and the diluted backbone reptation time sbbðxbÞ [Eq. (6)]. For

the same reason, a very low sensitivity of G00 to f is observed

and the low frequency range is only slightly affected by the

average number of arms. For d-PBO 80k/PBO 15k Comb the

more effective separation in frequency observed between

the two characteristic times saðxaÞ and sbbðxbbÞ results in the

distinction of two separate relaxation processes, and there-

fore, a stronger effect of the low frequency range. The calcu-

lation shows also that an increase of the number of arms, and

therefore, of /a leads to a stronger dilution effect, as defined

in Eq. (3), and to a less effective separation of sa and sbb: In

the previous work [19], we noted that reversible combs based

on PBO seemed to be characterized by a hierarchical relaxa-

tion mechanism similarly to a permanent one, but instead

relaxation processes, which correspond, respectively, to the

lifetime of the transient bonds, and the reptation of the back-

bone in a diluted tube are involved. The timely separation

between the two mechanisms is strongly determined by the

size of the arms and backbone. Therefore, depending on the

temperature, the transiently branched system studied in this

work could be described as a comblike structure within the

lifetime of the bonds and as a simple blend at longer times.

However, a general molecular model for the description of

the reversible comb is missing and would involve consider-

ation of CR events for bimodal blends as well, and therefore,

we will refer to a qualitative comparison with the permanent

structure. Depending on the characteristic times of the pro-

cesses involved, the comblike behavior can dominate over

FIG. 1. Loss moduli calculated for PBO 40k/PBO 15k Comb (solid lines)

and d-PBO 80k/PBO 15k Comb (dotted lines) at TRef ¼ �25 �C.

SCHEME 2. Representation of a comb polymer with f¼ 4.
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the simple blend or vice versa. If hydrogen bonds would

open before or during the retraction strong effects into the

direction of simple blends would have been expected.

However, this effect will be of utmost interest for exten-

sional viscosity measurements in which strain hardening

should occur. On the other hand, the arms are barely

entangled and no strong entropic penalty for retraction inside

the tube may be expected.

IV. EXPERIMENTAL RESULTS

In this section, the results obtained for reversible combs

resulting from the combination of thy- and DAT-

functionalized PBO will be presented in parallel with ana-

logs permanent combs. Nonassociating mixtures with iden-

tical composition, analyzed in previous publications, will

be discussed only in the dielectric section. Scheme 3 illus-

trates the reversible comb in comparison with the reference

systems: Permanent combs and nonassociating blends,

respectively. The composition of the functionalized and

nonassociating mixtures is summarized in Table II. The

molar ratio is referred to the hydrogen bonding groups in

the functionalized mixtures and is kept constant in the non-

associating blends in order to maintain the identical compo-

sition for all the samples analyzed.

A. Small angle neutron scattering

SANS results for functionalized mixtures of H (a) and D

(i)-components and the permanent comb are presented in

Fig. 2. The comparison between the permanent and

reversible combs clearly evidences the effect of the equilib-

rium between associating and free arms on the scattering

function. The q-dependence at high scattering vectors dis-

plays a power law with slope -2, characteristic for unper-

turbed Gaussian chains in both cases. In the scattering profile

of the functionalized mixture (red) a perturbed correlation

peak is observed at intermediate q with a nonzero intensity

at lower scattering vector. Also the covalent comb is slightly

affected in this q-range.

The scattering profile of the functionalized system is the

result of the equilibrium between a diblock copolymer aris-

ing from the association of thy- and DAT-functionalized

chains in a comblike arrangement and single nonattached

short chains. The scattering study, therefore confirms a dom-

inant heterocomplementary mechanism involving the associ-

ation of the two different complementary groups (thy-DAT)

and leading to the formation of a reversible comblike struc-

ture. By means of the RPA model developed for the specific

SCHEME 3. Schematic representation and nomenclature of the systems studied.

TABLE II. Sample classification.

Reversible combs Molar ratio

Backbone volume

fraction ð/bÞ

d-PBO 80k-thy:PBO

15k-DAT

1:1 �0:25

PBO 40k-thy:PBO

15k-DAT

1:1 �0:25

Nonassociating blend Molar ratio /b

d-PBO 80k:PBO 15k 1:1 �0:25

FIG. 2. Equimolar functionalized blend of H- and D-components (red) and

permanent comb d-PBO 80k/PBO 15k Comb (green) at T ¼ 5 �C with corre-

sponding RPA fit (black lines). The stoichiometry of the samples was con-

stant within the best-possible agreement and small intensity differences are

due to statistical deviations in concentration and different absolute calibra-

tion of the intensities of the different samples.
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case of this reversible comb block copolymer it was possible

to determine the average aggregation number, and therefore,

to estimate the effective association constant in the melt

state. We found an average arm number of �7 for an equi-

molar 1:1 blend in spite of 15 possible aggregation sites

from the chemical analysis. This is probably due to some

inaccessibility of the bonding groups. The random placement

of the thy-groups—by the copolymerization of BO with a

vinyl-containing monomer [20]—may lead to some too

closely spaced docking places that do not allow or disfavor

neighboring associations to take place. In view of the further

investigation, we note that the equilibrium between the comb

and free chains may possibly also slightly affect the visco-

elastic and dielectric behavior since the arms should relax

much faster and would not disturb the interesting intermedi-

ate-to-long-time behavior. For the estimation of the associa-

tion constant Ka the average aggregation number found from

SANS was used. Following the van’t Hoff equation as usual

the activation energy related to hydrogen bonds in the associ-

ating system can be determined from the dependence of Ka

on the temperature

ln Ka ¼
�DH

RT
þ DS

R
:

For triple hydrogen bonds in solution, the typical interaction

energy was estimated in the order of 13–20 kJ/mol10. In the

present system under investigation in the bulk, however, a

value of activation energy DH � 6.5 kJ/mol was obtained.

As explained before, the association constant is influenced

by the accessibility of the thy-groups attached to the back-

bone. We anticipate here that in the temperature range ana-

lyzed by SANS, the dynamics of the present polymer

systems is dominated by the flow regime. In order to study

the whole relaxation spectrum, rheology experiments must

be conducted at lower temperature, and therefore, different

aggregation numbers may appear in the dynamic-mechanical

study. The extrapolation of Ka to the reference temperature

of the rheology spectra ðT ¼ �25�CÞ yields an average

aggregation number for the transient comb of �12 arms. The

latter value is close to the maximum number of available

aggregation sites, although the association might still be lim-

ited somewhat by possible sterical hindrance effects.

The permanent comb d-PBO 80k/PBO 15k Comb shows

a different scattering function from the functionalized blend.

The lower amplitude of the peak intensity agrees with the

larger number of arms in comparison to the reference func-

tionalized mixture. However, an additional finite scattering

intensity, not predicted in the theoretical scattering function

of a full 15 arms comb, is observed in the experimental data

at low q, in spite of the extreme purity of the sample revealed

by chemical characterization. For this reason, the description

with the same RPA model is required to take into account a

fraction on nonattached species. An average number of �12

arms was then estimated, in fair agreement with 15 expected.

Note that this value is very close to the average aggregation

number for the analog transient comb extrapolated to

T ¼ �25�C. We remind that the permanent comb was syn-

thesized from the same parent PBO and therewith a similar

distribution of groups is expected. However, the synthesis is

of the type grafted-form which favors all sites to be activated

by the initiator and growth of the chains to occur indepen-

dently. The RPA model fitted the intermediate q range suffi-

ciently well but a good description of the low q region is not

accomplished. A more accurate description should include a

modeling of the possible side products present in the comb

material, in the same way as was proposed in the past for

partially labeled H-shaped [33] polymers which, according

to GPC, were perfect and monodisperse but SANS discov-

ered a strongly heterogeneous mixture in arm functionality,

and inherent to this, also the isotopic composition. For this

purpose, an adequate description of the system as a linear

combination of differently functional combs would require a

full knowledge of the molecular weight and arm distribution

which is not available through any method.

To finalize the structural study, we showed that the non-

bonding mixture corresponded to a random blend of both

chains and is described by the above RPA model without

interchain correlation. We note that roughly the same

Flory–Huggins parameters were obtained in all three sam-

ples. We refer to our former work [19].

B. Linear rheology

Experimental mastercurves obtained for both permanent

PBO combs are reported in Fig. 3 at the reference tempera-

ture T ¼ �25�C with the corresponding fit curves using the

Inkson model. The Fourier transformation of the relaxation

modulus GðtÞ defined in Eq. (7) into the x -domain to obtain

G0ðxÞ and G00ðxÞ was performed numerically using a

Gaussian adaptive integration routine. The data description

was performed with se, G0
N , and f (see Sec. III) as refining

parameters, while the dilution factor a was fixed to 1. The fit-

ted parameters for the two permanent combs studied are

reported in Table III. The important characteristic parameters

for linear PBO were estimated by means of a Likhtman–

McLeish fit [34] to entangled PBO 40k. For this system the

entanglement molecular weight was fitted to be Me ¼ ð7980

6350Þg=mol and the reptation time, corrected for contour

length fluctuations (CLF) was found to be sdf ¼ ð0:45

60:05Þs at T ¼ �25 �C:
The PBO 40k/PBO 15k Comb [Fig. 3(a)] shows a small

plateau at intermediate frequency with a slight decrease of

the elastic modulus in the arm retraction domain. At times

longer than the inverse crossover frequency between G0 and

G00 occurring at �10 rad/s the modulus decreases due to dilu-

tion of the backbone tube diameter with the retracted arm

material. These relaxation processes are emphasized in the

representation of tan d. However, due to the low separation

between the retraction time of the 15k arms and the esti-

mated reptation time of the PBO 40k backbone the two char-

acteristic processes are not well distinguishable as predicted,

and thus, the claimed hierarchical relaxation processes that

are characteristic for the present comb polymer cannot be

clearly detected in the viscoelastic curve. This hierarchical

relaxation is instead more evident in the case of the d-PBO

80k/PBO 15k Comb [Fig. 3(b)]. A close-to-Rouse-like mode

(x1=2) is experimentally found at long times, typical of a
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nonentangled chain but which now corresponds to the repta-

tion of the backbone in a dilated tube of which the diameter

is the end-to-end distance of the backbone polymer. The dif-

ferent low frequency behavior in both combs is ascribed to

the different volume fractions of the short chains which are

either too small or just large enough to cause the complete

dilution of the backbone tube. Although the best fits with the

upper model that are shown in Fig. 3 sufficiently match the

experimental data, major discrepancies are noticeable in the

cross-over region between the two hierarchical levels due to

remaining inadequacies of the model, like the neglect of

polydispersity and some model-internal assumptions. The

estimated values (Table III) for se and G0
N are in good agree-

ment with the literature results [20,35] obtained for PBO lin-

ear chains. The number of arms estimated from the fit in

both cases deviate from the values provided by the GPC

analyses. The distance between the graft arms, however, is

on average constant and about 1 entanglement mesh long

(�8000 g/mol).

In the case of the smaller PBO 40k/PBO 15k Comb the

determination of the average arm number is limited by the

sensitivity of the models shown in Fig. 1. For d-PBO 80k/

PBO 15k Comb the estimation of f is instead more accurate.

The smaller discrepancy between the estimated value and

the one provided by chemical characterization is due to the

timely more pronounced separation of both characteristic

processes of relaxation. We note that the number of arms

found using the Inkson approach is in good agreement with

the SANS data and indirectly confirms that other comb-

shaped polymers that show this dynamic fingerprint in the

FIG. 4. Comparison of G0 and G00 of permanent (black) and supramolecular

combs (red) with identical composition at TRef ¼ �25 �C. tan d (green) is

given for the permanent combs. The sketches tentatively indicate the splits

of the dynamic spectrum into comb architecture and bimodal blends.
FIG. 3. Storage and loss moduli for PBO 40k/PBO 15k Comb (a) and d-

PBO 80k/PBO 15k Comb (b) at TRef ¼ �25 �C. Fit with Inkson model

(green lines).The insets show the loss factor tan d.

TABLE III. Fit parameters for permanent combs.

PBO 40k/PBO 15k Comb

G0
N ðPaÞ ð2:660:1Þ � 105

f ð3:860:3Þ
seðsÞ ð2:360:2Þ � 10�3

d-PBO 80k/PBO 15k Comb

G0
N ðPaÞ ð2:660:08Þ � 105

f ð1160:4Þ
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samples are present, and therefore, were not detected in the

molar mass distribution by GPC. The strong dependence of

the SANS peak height on f is an asset of the scattering study

in these systems.

In Figs. 4(a) and 4(b) the dynamic moduli of the perma-

nent combs are compared with the ones for the analogs

reversible combs, this time resulting from 1:1 combinations

of thy- and DAT-functionalized linear chains. The systems

have therewith identical compositions, i.e., identical volume

fraction of arms and backbone and the corresponding

mastercurves are reported at the reference temperature T0

¼ �25�C: Permanent and reversible combs exhibit a very

similar viscoelastic behavior. The permanent comb model of

Inkson would thus describe the reversible comb equally as

well in the whole frequency range. We refer to our former

work [19,20] where nonfunctionalized mixtures were shown

to be faster by orders of magnitude.

For the permanent combs, the two maxima in G00 are

attributed to the retraction of the arms and the reptation of

the diluted backbone. The relaxation process of a supramo-

lecular comb is instead determined by the lifetime of the

transient bonds between arms and backbone. For time scales

shorter than the hydrogen bond lifetime, a permanent comb-

like behavior with a characteristic hierarchical relaxation

scheme would be expected. On the other hand, when the

reversible bonds are not effective anymore, the system would

act as a simple bimodal blend of linear chains. In our previ-

ous investigation of transient combs [19] with different arm

lengths, an estimation of the lifetime from a Maxwell-like

element could be obtained. A peak at intermediate frequen-

cies in G00 was reported for the transient combs with different

arm lengths and seemed to be rather independent on the size

of the arms as well as on the composition of the mixtures,

although the dilution behavior was changed considerably.

This process was therefore attributed to the association/

breakage of the transient bonds and could be approximated

by such an independent additional Maxwell element with

characteristic time sb � 1 s. From tan d (green curve) the

comparison with the real combs with identical composition

evidences, however, a similarity between the lifetime of the

thy-DAT bonds and the retraction time of the arms sa.

Therefore, this leads to a very similar viscoelastic behavior

in the two systems. At times shorter than sb the functional-

ized mixtures show a slightly lower plateau modulus in com-

parison with the analog permanent combs, probably due to

the predilution effect exerted by the free unassociated chains,

which are in steady equilibrium with the comb structure. The

size of this is low as at T¼�25 �C most bonds would be in

the closed state. At longer times the dynamics of the func-

tionalized mixtures is dominated by the backbone, diluted by

nonconnected arms, whereas for the permanent comb, the

retracted arms act as friction points for the diluted backbone,

as illustrated in Fig. 4. The longer time behavior of covalent

and transient combs is not distinguishable due to the same

dilution effect exerted by retracted and nonconnected arms,

except for a higher friction provided by the branching point

in the case of the covalent comb.

The similar viscoelastic response observed for permanent

and reversible combs indicates that a coincidence of the two

different intermediate processes, referring, respectively, to

the lifetime of the transient bonds and the retraction time of

the 15k branches would lead to a comblike behavior in the

whole frequency range.

C. Dielectric spectroscopy

Broadband dielectric spectroscopy (BDS) is known to be

a valuable additional tool as well to investigate dynamic pro-

cesses in polymers through measurements of the dipolar

relaxation in an oscillating electric field. Whereas in linear

polymers the end-to-end vector relaxation can be followed

isothermally over a broad range of frequencies, for structur-

ally branched systems, the end-to-branch-point vectors must

be considered and also the topology of the branching cannot

be disregarded. In our study, the imaginary component of the

dielectric permittivity (e00) is shown at the same reference

temperature T ¼ �25�C as the linear rheology but in a single

frequency scan over almost 8 decades. This avoids any appli-

cation of a time-temperature superposition for activated pro-

cesses as is needed in the corresponding mechanical-

rheological spectroscopy. The BDS experiments, presented

in Fig. 5(a) were carried out on a permanent PBO comb

polymer, the corresponding mixture of thy- and DAT-

functionalized chains as well as on a nonassociating mixture.

Furthermore, the single backbone in both functionalization

states was studied. In Fig. 5(a) the loss part of the dielectric

permittivity e00 is reported on the common frequency scale f
in Hz. Note that for clarity the dielectric functions were arbi-

trarily shifted along the y-axis so that a better distinction of

the relaxation processes involved in the different curves is

allowed. Within experimental error, the a peak of all samples

was almost of identical amplitude, showing that the thickness

of the samples was very comparable. The curves in Fig. 5(a)

were scaled in three sets: The lower backbones (shifted

down by a factor of �10), the upper comb samples (shifted

up by a factor of �2 ), and in the middle a simple blend of

which the position on the y-axis is kept constant as reference.

The shifts were varied for illustrative purposes.

We emphasize further that the presented data correspond

already to the same state in view of the constant DSC glass

transition temperature measurements, and thus, no horizontal

adjustment of the frequency axes was needed. Since no

direct comparison of the BDS data with a molecular rheo-

dielectric model for comblike architectures is available in

the literature, the following discussion will be entirely based

on the relation between the spectra.

In agreement with the DSC results, the local or segmental

relaxation time sa is identical for all presented samples.

Therefore, the monomeric friction coefficients are very simi-

lar as well.

In order to investigate the effect of the thy groups on the

dielectric response of reversible combs in Fig. 5(a), as a ref-

erence, we show e00 of the pure thy-modified and nonfunc-

tionalized backbone. From the figure, the pure backbone

polymer exhibits the typical behavior of a long entangled lin-

ear chain. Its frequency dependence in the intermediate time

range is f�1=4 as the result of CLF mechanism [36,37]. The

break in the �1=4 slope into a higher dependence observed at
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low frequency is due to the transition to slower reptation

dynamics ð� f�1=2) and the time scale is in very good agree-

ment with the estimate from the Rouse time of the backbone

polymer,

sR ¼ se Z2;

where Z � 10 is the number of entanglement for PBO 80k.

Whereas these rheological fingerprints are scarce but some

examples are available since other many processes like CR

or even polydispersity obstruct their visibility, BDS, on the

other hand, is very sensitive. Experimental verification and

the almost ideal presence can be found in [34,36,37]. Further

interpretations are, however, hampered by the ionic conduc-

tivity contributing with f�1. The global relaxation of the thy-

modified 80k PBO backbone (d-PBO 80k-thy), on the other

hand, is strongly affected by the random introduction of the

supramolecular groups along the backbone contour. The

additional peak showing up in the supramolecular backbone

spectrum around 103 Hz is assigned to the momentarily

well-debated a� process [38,39]. The latter arises if the

opening of a transient bond gives rise to a dipole moment

change as was recently discussed on a structurally similar

bifunctional urazole linker distributed on long polyisoprene

chains [40]. In the present thy-thy dis- and reassociation of

entangled PBO backbones this process seems to occur on a

time scale s�a � 1.5 10�4 s, which is much shorter than the

entanglement time, and therefore, will have no influence on

the chain entanglement dynamics in rheology as reported in

the literature [20]. This self-complementary association,

however, is strong in the BDS response, due to the high

dipole moment of the polar thy group itself. The closed state

of thy-thy bonds effectively erases the dipole moment.

We now address the mixtures of different components.

The nonfunctionalized mixture of pure 15k arms and pure

backbone d-PBO 80k:PBO 15k 1:1 (green curve) shows at

least 2 peaks in the dielectric response. The single narrow-

distributed peak observed at lower frequency is assigned to

the Rouse-time of the short component while the terminal

relaxation of the long chain is hidden by the parasitic con-

ductivity contribution. The characteristic time of the short

chain is about 0.015 s, slightly larger than the pure Rouse

time (0.01 s) due to the tube environment of the long chains.

This bimodal blend is now taken as the reference for the

two branched architectures. Since the normal mode of the

80k-backbone at low f could obviously not be detected, we

present the permanent comb sample that is based on the

shorter 40k backbone but with the same 15k graft arms. In

this particular case, the e00 data obtained at �5�C are

included in order to capture the normal mode of the back-

bone more clearly. These data were properly shifted to the

reference temperature of �25 �C: First, the permanent comb

(black curve) is discussed: Three peaks can be discerned.

The intermediate peak width related to the arms is narrow

and a closer inspection reveals that the peak frequency is

shifted by a factor �3–4 to lower frequencies, compared to

the random mixture before. This shift toward longer times

can be theoretically shown to correspond to the Rouse time

of a chain, which is fixed at one end [41]. The distribution

remains unaltered and this serves as an experimental proof

for the small arm length polydispersity index. As a further

experimental proof, the third peak on the left which is shal-

low but clearly visible at �0:05 Hz with s � 3 s compares

fairly well to the terminal time of reptation of the backbone,

sd � 1 s; without CLF. Whereas CLF is active in the pure

backbone, here, it is suppressed due to the presence of the

new friction blobs that the retracted arms make. The latter,

however, perform a related CLF, i.e., retraction toward the

branching point, which follows a similar f�1=4 dependence

as seen in the high-frequency wing of the arm peak in BDS.

Second, the transient comb can be discussed in compari-

son to its permanent analog. Figure 5(a) shows that the inter-

mediate fpeak for the associating mixture PBO 40k-thy:PBO

15k-DAT 1:1 (red curve) occurs at about the same time or

even at slightly longer time than for the analog comb. In Fig.

5(b) the rheological and dielectric results obtained for per-

manent and reversible combs are reported on the common

FIG. 5. (a) Dielectric response for PBO 40k-thy:PBO 15k-DAT 1:1 (red),

PBO 40k/PBO 15k Comb (black) and d-PBO 80k:PBO 15k 1:1 (green).

Pure backbones d-PBO 80k (blue) and d-PBO 80k-thy (cyan) are shown as

references on the bottom at T ¼ �25 �C. The red and black curves were

shifted up by a factor of 2 along the y-axis. The cyan and blue curves were

shifted down by a factor of 10 along the y-axis while the green curve was

not shifted and kept as reference. (b) Comparison between viscoelastic and

dielectric response for permanent (black) and transient (red) combs.

1194 STAROPOLI et al.



Hz scale. The viscoelastic relaxation processes attributed to

sa and sb, respectively, for permanent and transient combs

are related to the intermediate frequency peaks in e00 occur-

ring in the same frequency range. However, although the

lifetime of the bonds and the retraction time of the fixed

arms cannot be distinguished in the dynamic moduli, the

dielectric response is clearly more sensitive in the identifi-

cation of the different relaxation processes. The characteris-

tic low frequency peak in the functionalized mixture,

attributed to the a�thy–DAT process, occurs at slightly longer

times than the Rouse mode of the fixed arms leading to the

observation of a comblike behavior in the whole frequency

range, as tentatively represented by the arrows in the figure.

The broader spectrum must be due to additional contribu-

tions. Dissociation has led to a strong contribution in the

case of thy groups, which can be considered to be incoher-

ently added to the polymer-related dielectric response.

Broadening toward lower f , i.e., longer time is instead

assigned to the normal mode of the arms, after the thy-DAT

disconnection in an a�thy–DAT process has taken place. We

emphasize that the complementary dielectric investigation

allowed a more accurate distinction of the processes identi-

fied in the viscoelastic spectra.

V. CONCLUSION

With the combination of the different techniques for the

study of branching interactions in supramolecular-active pol-

ymers, details about the heterocomplementary hydrogen

bonding in thy-DAT complexes and their consequences

could be revealed. The present study completes a former

work [19,20] in that a dynamic mixture is compared in a 1-

to-1 fashion to the permanent covalent branched architecture.

We summarize the achievements as follows: (i) SANS was

used to confirm the envisaged comblike architecture, which

should install itself by the directed association of thy- and

DAT functions on different components, which additionally

could be distinguished by a different H/D isotopic labeling.

The RPA correlation peak and deviation from it served to

derive the equilibrium constant or equivalently the average

functionality of the comb as f ðTÞ. (ii) the rheology of the

dynamic mixture and permanent combs depends on the stoi-

chiometry of the blend and is at maximum identical or

always between the permanent and unlinked mixture. A

molecular-rheological approach for permanent combs could

be shown to be in fair agreement. First indications about the

origin of the intermediate dissipation peak, i.e., either retrac-

tion of the arms or a finite lifetime of the thy-DAT bonds or

simultaneous appearance became clear as its characteristic

frequency hardly depended on the length of the involved

arms. (iii) The dielectric response also confirmed the archi-

tecture but at the same time showed short-lived parallel

homoassociations (thy-thy) of the backbones to appear. (iv)

Furthermore as a general conclusion the lifetime of the thy-

DAT bonding was found to be �2 times longer than the

retraction time of the barely entangled arms. Work is in pro-

gress to extend the study to shorter and longer grafting arms,

connected to the same backbone length by which the

hierarchical relaxation in the comb becomes timely separated

around the present estimate of �1–2 s at T ¼ �25 �C. This

time scale, converted to ambient temperatures, assumes

exploitable values (20–50 Hz) for common processes in

industrial extrusion or mixing, for dampening effects of

mechanical vibrations in e.g., transport or self-healing in

commodity goods.
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