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Abstract: In this work an investigation of the hydrogen bonding mechanism in a transiently
branched comb-like polymer system in the melt is reported. The system under investigation
consists of a polybutylene oxide (PBO)-based backbone, randomly functionalized with thymine
(thy) groups, in combination with shorter PBO graft chains, end-functionalized with
diaminotriazine (DAT) groups. The functional groups are able to associate through hydrogen
bonding. The hetero-complementary association of these groups leads to the formation of a
transiently branched comb-like polymer system. Since recently virtually exclusive hetero-
complementary association could be observed in the supramolecular association of
telechelically-modified oligomeric PEG chains, here we aim to extend the supramolecular
assembly mechanism towards branched structures. The present work combines Small Angle
Neutron Scattering (SANS) experiments on a selectively labeled system with macroscopic
dynamics measured in linear rheology response. The association of thy- and DAT-modified
components was studied as a function of temperature and composition. The scattering function
reveals the formation of a block copolymer and can be exclusively attributed to hetero-
complementary association of the hydrogen bonding groups. Scattering functions of non-
functionalized blends are also reported as references and evidence the change in the
microstructure induced by the hetero-complementary association. All scattering profiles were
described by means of the Random Phase Approximation (RPA) formalism from which the
average aggregation number i.e. comb arm functionality and the equilibrium association
constant could be determined directly in the melt state as a function of temperature. On the
other hand, rheological measurements were performed in the melt state to study the influence
of the reversible bonds on the macroscopic dynamics of the polymer system. The rheology data
are in good agreement with the SANS results and confirm the transient comb-like branched
architecture. The supramolecular association exhibits characteristic bonding times of the
groups in the order of 1 s at -25 °C and therefore 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.

1 Introduction:

Supramolecular polymers, formed through weak secondary interactions between polymer
chains, have gained an increasing interest in the last decades.' Due to the reversibility of the
secondary interactions, the topology as well as the mechanical properties of the polymer
system can be controlled through external variables such as temperature or mechanical shear.
The presence of weak interactions coexisting with covalent bonding can impart new interesting
properties like e.g. seIf—heaIing,2 which allows the polymer system to form transient networks
able to release local overstresses through disconnection of the transient bonds. After the
programmed damage, they spontaneously re-associate and repair the structure. Due to the
associated high directionality and reversibility the hydrogen bonding mechanism is the most
prominently applied secondary interaction used in supramolecular chemistry.? One of the
simplest examples of associating polymers is expected with linear oligomeric polymer chains
carrying end-functionalized binding groups which are able to form long supramolecular linear
chains. This linear aggregation can be well described in terms of Flory’s mean-field theory of
polycondensation of classical monomers. While the association of building blocks bearing
hydrogen bonding groups to form supramolecular architectures has been well studied in
solution,* much less is known for polymer melts. Recently, the association of bifunctional linear
oligomeric chains bearing thymine (thy) and diaminotriazine (DAT) groups was studied both in
solution and melt state.>® In solution, the hetero-complementary association of thy-DAT was
shown to be dominant compared to the weaker (thy-thy, DAT-DAT) self-association.” In the
melt state, other mechanisms like phase segregation of the components or crystallization of
hydrogen bonding groups can compete with the supramolecular association.® This is especially
true in the case of a strongly different polarity of the polymer matrix and the stickers.
Crystallization of functional groups and formation of unspecific clusters in the melt state were
observed in PIB, a very nonpolar polymer matrix.®® However, only recently virtually exclusive
hetero-complementary association could be observed in the supramolecular association of
telechelically-modified PEG.” Therein, the interaction parameters between the groups and the
matrix were such that polarity effects could be minimized and only the hydrogen bonding was
emphasized.

In the present work we aim to extend the linear supramolecular assembly towards the
formation of branched structures, combining the supramolecular association property with
properties that are typical for branched polymers. The system under investigation consists of a



poly(1,2-butylene oxide) (PBO)-based linear chain randomly side-functionalized with thy groups
in combination with PBO short graft chains bearing mono DAT end-functionalization. The
medium polarity of the polymer matrix which is somewhat lower than that of PEG and the
dilute presence of stickers along a long backbone is expected to decisively prevent clustering or
micellization of the stickers. The hetero-complementary association of the hydrogen bonding
groups would ideally lead to the formation of a transient comb structure which exhibits some
characteristics of a covalently branched polymer. The Small Angle Neutron Scattering (SANS)
technique was shown to be a unique method that is able to detect the microscopic structural
aggregation of the groups into a temporary and dynamically-branched architecture. By means
of a special isotopic labeling scheme (Fig.1) the dominant hetero-complementary association
leads to the formation of a branched diblock copolymer for which a correlation peak is
expected in the scattering function at intermediate g-range. This differs entirely from the
scattering pattern of a random mixture of deuterated and hydrogenous inactive components,
which would show a Debye-like behavior. The equilibrium between the associated components
and the blend of linear chains depends on the strength of the hydrogen bonds and their
arrangement and is furthermore affected by temperature. In the following, we develop and
apply a quantitative Random Phase Approximation (RPA) analysis for a transient H,D - diblock
copolymer to SANS data, obtained at different temperatures and different relative proportions
of graft arms to backbone. The scattering data reveal an exclusive hetero-complementary
association. The position and the intensity of the pronounced correlation peak are related to
the size of the repeating HDH block and the average aggregation number as well as an isotopic
Flory-Huggins interaction parameter due to the H-D labeling (Fig.1) with some additional
enthalpic contribution due to the comb-like, non-linear association.® To investigate the
interaction parameters separate SANS experiments on non-functionalized blends were also
conducted. In addition, the dynamics of the supramolecular comb and inactive components
was investigated in linear rheology. Some self — association of the arms could be shown at low
temperatures only. We were able to link the microscopic structure with the macroscopic linear
response and detect a time scale of the order of about 1 s at —25 °C in which hydrogen bonds
can associate and dissociate leading to a switch in the polymeric architecture from linear to
branched and vice versa. The thy-DAT pair can therefore be considered as an interesting
candidate for the development of new elastomers with built-in stiffener or plasticizer
depending on the rate of the mechanical activation.
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Figure 1: Scheme of the blend components and thy-DAT hydrogen-bonding
interactions.

2 Experimental Section

2.1. Synthesis: The backbone sample d-PBO 80k was synthesized by first randomly
copolymerizing deuterated 1,2-butylene oxide and hydrogenous 1,2-epoxy-7-octene and
described in the previous work.” The polymerization reaction was terminated with methyl
iodide in order to obtain polymer chains, free of terminal OH-groups. The synthesis of the
deuterated 1,2-butylene oxide monomer is described in literature.’® 6.84 g of the obtained
copolymer (M,(SEC/LS) = 76,900 g/mol, M\,/M,(GPC) = 1.02, 1.50 mmol of vinyl groups) were
dissolved in 40 mL of THF and 9-BBN solution (10 mL, 4.60 mmol) was slowly added. The
mixture was stirred for 16 h at rt and subsequently cooled to 0°C. Methanol (4.0 mL,
98.6 mmol) was added outside the glovebox and the mixture was stirred for 15 min. Aqueous
sodium hydroxide solution (6 mol/L; 6 mL, 36.0 mmol) was added, followed by hydrogen
peroxide (5 mL, 49 mmol) and the solution was allowed to stir at rt for 16 h. After concentrating
the solution, deionized water (100 mL) was added. The polymer phase was separated and
washed three times with methanol to yield 6.22 g (91%, M,,/M,(SEC) = 1.03) of d-PBO 80k. The
thymine- functionalized material d-PBO thy-80k was synthesized as reported previously9 using
d-PBO 80k as precursor (11.63 g, 2.53 mmol OH-groups), TBTU (1.824 g, 5.68 mmol), N,N-
diisopropylethylamine (2.34 g, 18.1 mmol) and thymine-1-acetic acid (0.942 g, 5.12 mmol) as
well as 25.5 g of dry THF and 51.5 g of dry DMF.



The mixture was left for 2 d at rt. Yield: 7.1 g (61%; M.,/M,(SEC) = 1.10). The amount of thymine
groups per chain was determined by comparison of the 'H-NMR Signals of the t-butyl group of
the initiator and two thymine signals at 4.1 and 4.5 ppm in CDCl; to be 15.45 groups/chain.
Analogous, a residual OH content of 2.33 groups/chain and 0.3 residual vinyl groups/chain were
found by 'H-NMR in pyridine-ds (thymine content: 15.45 groups/chain, 0.201 mmol/g; degree
of thymine functionalization: 86%,-OH functionalization: 13%, vinyl functionalization: 1%,
coupling product of double molecular weight: 8 wt%). This leads to a total functionalization of
18.05 groups/chain compared to a vinyl content of 18.2 groups/chain in the parent polymer.

The graft polymers PBO 5k and PBO 15k were synthesized following the procedure reported in
literature.'* PBO 5k was obtained from 1,2-butylene oxide (82.0 g), KOt-Bu (1.84 g, 16.4 mmol),
18C6 (2.14 g, 8.08 mmol) and dry toluene (78 g) polymerizing at a temperature of -15 °C for 3 d.
Isolated vyield: 78.1 g (94%; M,(NMR) = 5,080 g/mol, M\/M,(SEC) = 1.02). PBO 5k-DAT was
synthesized starting from PBO5k-NH,’ (6.83 g, 1.35 mmol; M,(NMR) = 5,080 g/mol, degree of —
NH, functionalization: 96%), DAT-CI (364 mg, 2.50 mmol), NaHCO; (306 mg, 3.64 mmol) and
DMA (25 mL). Yield: 4.84 g (71%, M,,/M,(SEC) = 1.03, degree of DAT functionalization: 94%, -OH
functionalization: 2%, -NH, functionalization: 4%, coupling product of double molecular weight:
5 wt%) as a colorless liquid. PBO 15k was synthesized starting from 1,2-butylene oxide (33.3 g),
KOt-Bu (249 mg, 2.22 mmol), 18C6 (587 mg, 2.22 mmol) and dry toluene (33.7 g) and carrying
out the polymerization at -10 °C for 7 d. Isolated yield: 32.8 g (98%; M,(NMR) = 15,800 g/mol,
Muw/M,(SEC) = 1.01). This polymer was used as non-functionalized reference material. For the
DAT-functionalized (PBO 15k-DAT) polymer another batch was synthesized using 1,2-butylene
oxide (52.8 g), KOt-Bu (371 mg, 3.31 mmol), 18C6 (865 mg, 3.27 mmol) and dry toluene (59 g)
and carrying out the polymerization at -14°C for 2 days and at -10 °C for one day. (M,(NMR) =
14,100 g/mol, M,,/M,(SEC) = 1.02). PBO15k-DAT was synthesized starting from PBO15k-NH,’
(3.12 g, 0.22 mmol; M,(NMR) = 14,100 g/mol), DAT-CI (64.4 mg, 0.44 mmol), NaHCOs (56 mg,
0.67 mmol) and DMA (5 ml). Yield: 61% (M./M,(SEC) = 1.03, degree of —DAT functionalization:
89%, —OH functionalization 6.5%, —NH, functionalization: 4.5%, coupling product of double
molecular weight: 4.5 wt%)
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Figure 2: Structure of PBO precursors and functionalized samples.

2.2. Sample Preparation: Three mixtures with different stoichiometric ratios of thy-DAT-
modified PBO were prepared. While the thymine-functionalized backbone is the deuterated
component of the mixture, the arms are hydrogenous. The samples were prepared by mixing
stock solutions in pentane. The solvent was removed under high vacuum for 4 days. As
reference blends of non-functionalized components at the same stoichiometric ratios were
prepared using the same procedure.

2.3. Small Angle Neutron Scattering: SANS experiments were performed using the KWS-2
diffractometer at MLZ (Garching, Germany) ** and the V4 diffractometer (HZB Berlin, Germany)
using sample-to-detector distances between 20 and 1.35mand A = 54, covering a g-range

between 1- 10~ and 3 - 1073 A1 with q= 4%Tsin% where 8 is the scattering angle. For the

absolute scaling to cm™, the incoherent scattering level of Plexiglas® and water was used
respectively. The two-dimensional data were corrected for empty cell scattering, detector
sensitivity and background noise using B,C and Cd as beam blocker and radially averaged. The
incoherent background was determined from the high g-range and was in good agreement with



the estimated incoherent scattering of the hydrogenous polymer fraction. Because of the very
small concentration of functional groups the contrast factor was calculated by smearing the
scattering length densities of the polymer chains and the functional groups.

2.4. 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 or 25 mm and the sample gap about 1 mm. Isothermal frequency sweeps were
performed in the range between 0.1 < w< 100 rad/s. A temperature range between -55<T< -5
°C with AT=10 °C under a nitrogen blanket within the linear rheology regime of the polymers
was chosen. Master curves were obtained at a reference temperature of -25 °C for each
sample. In the case of the functionalized mixtures, the shift factor ar for the construction of the
master curves follows to a very good approximation a WLF behavior indicating a rather simple
thermo-rheological behavior. T, values of all polymers were determined by DSC (Q2000, TA
Instruments) at heating and cooling rates of 10 °C/min and differed only within AT;~2°C:

T, = (—65 * 2)°C.

3 Scattering model and description

The scattering function of a supramolecular diblock copolymer resulting from the hetero-
complementary association of the hydrogen bonding groups, which themselves are attached
telechelically to hydrogenous and deuterated sequences is described by means of the Random
Phase Approximation (RPA) formalism. The RPA applies in general to a binary blend of polymers
with different scattering length density. The interactions between the components of the blend
are quantified by a Flory — Huggins parameter y. Recently it was shown that it yields most
sensitive structural information about the structure of supramolecular chains on the level of the
constituting units. For simplicity our system will be considered as a two-component blend with
a simple non-zero interaction parameter between the two components. The active end-groups
are integrated into the polymer chain by extending it over a comparable monomer distance and
averaging over the scattering length, in the same way as in reference [7]. Following literature
the RPA expression for a diblock copolymer is written in terms of the bare non-interacting
structure factors where we dropped the g-dependence for clarity only as follows:**

dz , Ap?

2Xia
aa’ N = Sgrpa = (Sii *Sga — (Siza))/((sii + Saa + ZSia) - 2( (Sii "Saa — (Siza))) [1]
A 0

i and a stand respectively for the and deuterated macromonomer blocks of the backbone (i)
and for the protonated arms (a). The y;, parameter, further abbreviated as y, now is an



effective Flory-Huggins parameter and takes into account the interaction between the two
components including the functional groups. As will be seen below also architectural and
microstructural effect will contribute to the y parameter. v, is the monomeric volume of the
PBO unit. Ap? is the contrast factor and N, is Avogadro’s number. The method used to
calculate the contributions to the structure factor in the multiblock case as depicted in Fig.1
considers the system as composed of blocks each containing only monomers of one type.
Considering a supramolecular comb-like block copolymer and assuming Gaussian statistics in
the melt the unperturbed form factors in Eq. [2], which enter the partial structure factor in the
RPA expression are written as:'

P =J() - Ny + H(n)?- Bl (N = (k + 1) - G (ny) [2]
P =) (na) N + H(ng)? - 2 (Ng = k) - G(n)
P =2"H() H(ng) Ty (Na — k) - G(ny)

where

J@) = G (€70 14+ (- m)?)

H(n) = (x-;)z (1 — e xm%)

G(n) =e~*m*

X=(q1)?/6

N; is the total number of blocks of length n;in the backbone and N, corresponds to the number
of arms of length n, attached and L; is the statistical segment length per monomer. J(n)
corresponds to the self-term for each block type and is represented by the Debye function.
With H(n) the correlation between monomers belonging to different blocks is handled, while
the correlation between non-adjacent blocks is accounted for the spacer term G (n). Similar as
in the linear case the sensitivity of the approach is high at low-to-intermediate arm association
degrees.

The definition of the partial structure factors is:
Saa = Gap Vo (Ng*ng) " Pyq (3]
Sii=¢i v (N mny) " Py

Sia=\[(pab'd)i'(Ni'ni)'(Na'na)'ngaa'Pii




A peak results from the combination of the partial structure factors in Eq. [1]. Its position and
the intensity depend on the correlation between blocks with different scattering length density
and are therefore correlated to the average aggregation number and the size of the correlation

disconnection of the arms from the backbone, is recovered when the cross-term S;, is set to
zero. A non-zero interaction term in a non-ideal mixture yields an additional scattering
contribution as defined by the RPA expression and has to be considered as well. Fig.3 shows the
effect of the length of arms (a) and of their number density (b) on the scattering profile of the
block copolymer. The maximum aggregation number in this system depends on the density of
functional groups attached to the backbone and in our case corresponds to ~15 thymine
groups per chain. Thus, the full association can lead ideally to the formation of a 15-armed
block copolymer. The spatial extension of the inner deuterated block between adjacent
thymine anchors - taken equidistant - in the supramolecular comb is a function of the
aggregation number and limited by the backbone functionality.
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Figure 3: Effect of the arm size on the RPA function (a). Effect of the number of arms on the RPA
peak intensity and position (b).

In the particular case of a supramolecular system the block copolymer, however, is always in
equilibrium with free short chains. The RPA expression was therefore adapted to the case of a
multiblock copolymer/linear homopolymer mixture. The additional free components,
contributing to S, , leads to the finite scattering at low q due to the mixing effect and we
assume that the contribution to the forward scattering derives only from the short
hydrogenous chains. Free or non-functionalized backbones are neglected since it is highly
unlikely that the long backbone does not carry any functional group at all.

Eq. [3] is therefore modified as:

Saa=Pap Vo (Ng *Ng) * Pag +Sa (4]

Sia = \/ Gap - Pi - (N;*n) - (Ng - 1g) " V5 Pag Py

where Sq = ¢af s vy ng - J(ng)



Therefore, the total volume fraction of arms in Eq.[4] is split in two components ¢, Par,
related to the volume fraction of arms correlated i.e. bonded (b) and uncorrelated i.e. free (f)
with respect to the deuterated backbone such that the mass balance is respected. In the RPA
model used to describe the data, ¢qp, Por, x and the effective statistical segment length [,
are the refining parameters while the number of monomers and the contrast according to the
chemical characterization are kept constant at each temperature. The average aggregation
number (N,) is directly related to the volume fraction of bonded arms. The maximum
aggregation number (N,,,,) is related to the backbone functionalization as well as the
stoichiometric ratio between arms and backbone. The mass balance we use was:

Gap = Po " (1—x) [5]
¢af = g x Ny = (bab * Nmax)/ba

The factor x relates the fraction of free arms to the total volume fraction ¢,

The contribution of the non-associating short chains weighted with the respective volume
fraction ¢, depends on the temperature: at higher temperature the fraction of uncorrelated a
(H) and i (D)-blocks increases at the expense of the block copolymer. Fig.4 represents the RPA
prediction for a blend homopolymer/copolymer, showing the contribution of the non-
associating chain on the scattering function between the two limits of the fully associating
system, i.e. taking into account the functionality of the backbone d-PBO thy-80k and the
inactive blend. The effect of the arm molecular weight was also examined. Furthermore, the
effect of a y parameter on the scattering intensity is included in Fig.4 (dashed lines) where a
typical value of the interaction parameter for miscible blends, comparable with the y
parameter found for blends of functionalized components, (vide infra) was assumed.
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4 Results

Table 1. Composition of the samples

Components Molar ratio
(Functional groups)

S1 d-PBO thy-80k/PBO 15k-DAT 1:0.5
S2 d-PBO thy-80k/PBO 15k-DAT 1:1

S3 d-PBO thy-80k/PBO 15k-DAT 1:1.5
S4 d-PBO 80k/PBO 15k 1:0.5
S5 d-PBO 80k/PBO 15k 1:1

S6 d-PBO 80k/PBO 15k 1:1.5
S7 d-PBO thy-80k/PBO 5k-DAT 1:0.5
S8 d-PBO thy-80k/PBO 5k-DAT 1:1

S9 d-PBO thy-80k/PBO 5k-DAT 1:1.5

4.1. Small Angle Neutron Scattering: SANS results for functionalized mixtures of H (a) and D (i)-
components are presented and compared with the SANS data of a random blend of inactive D
(7)) and H (a) -blocks at different stoichiometric ratios and different temperatures. The molar
ratio for each blend is referred to the functional groups. A power law 1(g)~g ™ observed at low g
due to small voids present in the samples and the high contrast between these and the
deuterated components, was fitted along with RPA model and then subtracted from the
experimental data. Short chains with different molecular weight were used in order to study
the effect of the arm length and their concentration on the scattering function of the
supramolecular system (Table 1). The data are reported in absolute units [cm™] and the g-
dependence at high scattering vector displays a power law of -2 characteristic for Gaussian
chains in both cases. The blend of linear chains without functional groups (S5) shows a Debye-
like behavior, while in the presence of the hydrogen bonding groups (S2) a correlation hole is
visible in the scattering function (Fig.5(a)). In the scattering profile of the functionalized mixture
the correlation peak is observed at intermediate g, even though the peak does not follow the
pronounced correlation hole as expected for a pure diblock comb-copolymer. The non-zero
intensity at g=0 is related to the presence of non-associating chains. NMR investigations show®
that a small fraction of the hydrogenous arms is not functionalized and, depending on the
stoichiometric ratio, not the whole fraction of short chains can thus be correlated to the



d=/dQ [em™]

backbone. The aggregation number as well as the position of the correlation peak depend on
the volume fraction of bonded arms and backbone in the mixtures as shown in Fig.5(b).
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Figure 5: Equimolar non-functionalized and functionalized blends of H- and D-components
(KWS2 data). The stoichiometry of the samples is in the best-possible agreement (a).Blends of
functionalized components at different stoichiometric ratios of functional groups (KWS-2 data)

(b).

The effect of the temperature on the association degree was also studied in this experiment.
Fig.6 clearly shows that an increase of the forward scattering at low q is observed by increasing
the temperature from 5 °C to 100 °C. However, the correlation peak is still visible in the
scattering function at 100 °C, showing that the equilibrium between the associating system and
the free short chains did not vanish fully at this elevated temperature and still associated
species is present.
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Figure 6: Effect of the temperature on the scattering intensity and RPA fit.

The experimental y parameter fitted by means of the RPA model, restricted only to two
components, takes into account the effective interaction between the deuterated and
hydrogenous components. The effect of the functional groups on the interaction parameters is
shown in Fig.7 where the average y is reported as function of temperature. Typical values of
isotopic y parameter for blends of deuterated and hydrogenous linear polymer are reported in
literature,’ as well as the effect of the architecture on the interaction parameter in blends of
linear and branched polymers.® '® In the absence of supramolecular bonding groups xis ~1073
for S5, which is slightly higher than for other typical isotopic mixtures. In the case of the
functionalized blends (S2) the increase of the average interaction parameter by a factor of
three is therefore related to the change of architecture induced by the association of the
components into a comb-like structure. This contribution leads to a considerable enhancement
of the interaction parameter depending on the functionality and on the volume fraction of the

15,1 .
>18 |n the present case we point out

branched component, as already reported in literature.
that already the non-functionalized mixture is affected by the Cq alkyl side chains of the 1,2-
epoxy-7-octene comonomer (Fig.2) and therefore a higher y may result. Fig.7 shows the
averaged y values for the respective blends at different stoichiometric ratios, since only

negligible variations of the y parameter with composition within statistical uncertainties were



observed. The actual values of the y parameters obtained for the functionalized and inactive
blends are reported in Supporting Information. The temperature dependence is not
significantly different in the two samples examined and suggests that the enthalpic contribution

is probably entirely related to the miscible blend character rather than to the architecture
effect.’*

0.009 =

0.0086 E -
=
0.003 B
0.000 T s T g T T E T T
0 20 40 60 80 100
T(°C)

Figure 7: Average Interaction parameter for the functionalized blends (S1, S2, S3) (in red) and
for the inactive blends (S4, S5, S6) (in black) as function of the temperature



Table 2. Fit Parameters using the RPA approximation at different T

Nq s (R)

S1

5°C 4.40+0.04 5.41+0.03
25°C 4.25+ 0.05 5.74+ 0.03
75°C 3.68+ 0.05 5.64+0.02
100 °C 3.22+£0.07 5.75+ 0.03
S2

5°C 7.07 £0.07 5.61 +0.04
25°C 7.03+0.1 5.65+ 0.05
75°C 6.28+ 0.08 5.83+0.05
100 °C 4.84 +0.04 5.35+0.03
S3

5°C 7.5+0.1 5.83+ 0.06
25°C 7.7+0.1 5.924 0.06
75°C 7.36%0.09 5.87+0.04
100 °C 6.95+ 0.08 5.99+ 0.04

Table 2 summarized the results of the RPA description for the functionalized blends d-PBO thy-
80k/PBO 15k-DAT at the different compositions. The statistical segment length I ; found is in
good agreement with a reported value for PBO from literature.'® The average aggregation
numberN, found through the RPA model varies as expected as a function of the stoichiometric
ratio between the functional groups and temperature. It was found that in the equimolar
mixture and even with a stoichiometric excess of arms the average aggregation number did not
exceed 7-8. The increase of the forward scattering by increasing the temperature in Fig.6 is
related to the increased fraction of non-correlated blocks but the average N, is just slightly
affected by the temperature. A decrease of the y parameter, observed with the increase of the
temperature, affects the scattering intensity as well. We have shown before that the
interaction parameter and the aggregation number influence the peak amplitude in opposite
sense. Nevertheless, the effect of y is limited to the intermediate q scale while the latter is
additionally related to the free arms volume fraction and therefore also the forward scattering
is a sensitive descriptor. The determination of the average aggregation number by means of the
RPA model is therefore only marginally affected by the influence of the interaction parameter.



The effect of the size of the arms is evident in the experimental scattering curves (Fig.8). Here,
experimental results obtained for representative $8, which has 5k graft arms are shown. The y
parameter in this set of blends was found to be smaller. Again, the experimental scattering
function does not show a clear correlation peak anymore as would be expected. Fig.8 shows
the prediction of the scattering function for the two limits i.e. inactive blend and pure block
copolymer as well as the experimental data and the fit function with the RPA model. The
absence of a clear peak can be ascribed again to the contribution of free arms which strongly
affects the scattering function in the g-range where the correlation peak occurs. The best fit
with the RPA model yields a number of arms close to 7 at 5 °C for the equimolar blend, as found
for the sample S2 with the same stoichiometric ratio but of triple arm length. Also in this case
blends at different stoichiometric ratio backbone/arms were measured at different
temperatures. Due to the interference of the free short arms with the correlation peak and to
the small effect of the y parameter, the temperature increase did not have a significant effect
on the absolute intensity.
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Figure 8: RPA prediction for the limit of an inactive blend and a block-copolymer with 5k arms at
5°C (respectively green and magenta). Experimental results for S8 (black) and fit with RPA
model (red) (V4 data).



Association constant: The possibility to estimate the average aggregation number in the melt
state as a function of temperature renders SANS as a unique probe of the equilibrium constant.
The association constant K, was determined by the aggregation number found by using the
RPA results. The equilibrium between open and closed state is well established:

thy + DAT & thy DAT

_ [THYDAT]
@~ [THY]eq-[DAT]eq

Thus, the average aggregation number allows the determination of the association constant
directly in the melt. The value of K, at 25 °C for the equimolar blend corresponds to ~ 30

L mol™. This is much lower than in a similar approach by SANS on PEG’ using the same thy —
DAT complex, where the association constant for the hetero-complementary groups was
estimated in the melt at 25 °C as ~ 300L mol~!. The experimental limit of aggregation number
(~ 7), independent of the size of the arms, in our present investigation may be related to the
availability of the groups grafted on the backbone. The thymine groups are indeed randomly
distributed along the backbone and probably not all are fully accessible for e.g. sterical reasons.
The K, calculated for S2 is reported in Fig. 9 as function of temperature. These values were
estimated, in the present work, assuming that all the 15 groups per backbone chain are equally
accessible. In order to estimate the actual maximum functionality of the backbone, we have
used K, of ~ 300L mol~! determined for the very related PEG system in reference [7]. This
assumption leads to a maximum of accessible bonding sites of ~ 9 instead of 15, which agrees
better with our average aggregation number of ~ 7.
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Figure 9: Experimental association constant for equimolar blend as a function of temperature.



Table 3. Sample classification

Pure components

d-PBO thy-80k

PBO 15k-DAT

PBO 5k-DAT

Blends Molar ratio ¢ (d-PBO thy-80k)
d-PBO thy-80k/PBO 15k-DAT | 1:0.5 0.26

d-PBO thy-80k/PBO 5k-DAT 1:0.5 0.68

d-PBO thy-80k/PBO 15k 1:0.5 0.26

d-PBO thy-80k/PBO 5k 1:0.5 0.68

4.2. Linear Rheology: Linear Rheology experiments were carried out with both the
functionalized precursors and the inactive blends in order to investigate the effect of the
supramolecular bonds on the macroscopic dynamics of the polymer systems. Fig.10 shows the
storage G’(w) and loss G”(w) moduli for functionalized components vs w), reduced to Ty = -
25 °C. For all pure functionalized components (d-PBO thy-80k, PBO 15k-DAT, PBO 5k-DAT) the
data exhibit clear low frequency w'and w?dependences for G” and G’ respectively,
characteristic of viscous flow. Furthermore, a well-pronounced plateau region in the
intermediate frequency range was observed for the entangled thy-modified backbone. The
entanglement plateau modulus of ~0.30 MPa estimated for PBO corresponds to an average
mass M, between entanglements of about 8,000 g/mol.>*’ For PBO 15k-DAT end-
functionalized arms, also a small plateau can be detected, indicating a slightly entangled
behavior which could appear if two chains each 2M, long entangle (Fig.10(a)). The ‘plateau
modulus’ observed in these DAT -functionalized arms is therefore ascribed to the self -
association of the functional groups which leads to the formation of dimers. For PBO 5k-DAT
(Fig.10 (b)) the molecular weight is lower than the estimated M, and therefore also any
resulting dimers still show a Rouse-like behavior. As reported in a previous study no sign of self
— association was revealed for the thymine functionalized backbone. Instead, a more
pronounced effect of the functionalization with DAT groups was observed for the short chains®.
In the present study, while the non — functionalized precursor PBO 15k exhibit a Rouse — like
behavior, the data obtained for PBO 15k-DAT can be described by a combination of a Rouse
and BSW model (vide infra) in order to take into account the equilibrium between the non —
associated short chains and the dimers (see Supporting Information). The system behaves as a
blend of ~ 40 % entangled dimers (M > M-~2M,) and ~ 60 % non — entangled unimers
(M < M_). This approach allows an estimation of the association constant for the DAT — DAT
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association of the order of 5 L mol™! at —25°C. The already small value of the constant at low
temperature, allows us to neglect the self — association mechanism for the DAT — functionalized
component especially in the temperature range of the SANS experiment.
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Figure 10: Storage and loss moduli for d-PBO thy-80k and PBO15k-DAT (a) and PBO 5k-DAT (b).

For the blends the situation is more complex. Fig.11 shows data obtained for the associating
and semi-functionalized blends of the long backbone in combination with PBO 15k-DAT and
PBO 5k-DAT. In semi-functionalized blends, d-PBO thy-80k was used instead of pure d-PBO 80k
as it does not show any signs of homo-association.” In the first case the blend of semi-
functionalized components (red below) shows a close to Rouse-like behavior at long times
typical of a non-entangled polymer system. The Rouse-like behavior at intermediate frequency
(~ @"* ) is due to the dilution of the entangled chain tube or entanglement network with the
shorter unentangled chains. This strong dilution of the backbone was observed only in
combination with the higher molecular weight arms. We note that such a Rouse behavior of an
entangled chain was also observed in studies of the single chain dynamic structure factor from
NSE on a long polyethylene chain diluted with short oligomers, from which the Rouse
monomeric friction coefficient of the short matrix could be determined.'® In d-PBO thy-
80k/PBO 15k the diluted tube diameter becomes comparable with the end-to-end distance of
the backbone and this explains the Rouse-like behavior observed for the inactive blend. In the
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second case d-PBO thy-80k/PBO 5k, due to the low short chains volume fraction, the tube
dilution of the entangled backbone is only partial. The system then retains the typical dynamics
of an entangled polymer chain but is accelerated compared to the pure backbone. In both cases
the storage modulus of the backbone in the in-active blend was observed to be related to the
backbone volume fraction by the equation Gy (¢) = Gy¢p**! where the exponent a is assumed
to be comprised between 1 and 4/3.%°
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Figure 11: Storage- and loss moduli for functionalized backbone (black), functionalized blend
(green), non-functionalized blend (red) for combinations d-PBO80k/PB0O15k (a) and
d-PBO80k/PBO 5k (b).

A totally different dynamics is observed in the blend of functionalized components with the
same stoichiometric ratio (d-PBO thy-80k/PBO 15k-DAT and PBO thy 80k/PBO 5k-DAT). Since
SANS on blends of functionalized components clearly proved the transient branched
architecture, signatures of them are expected as well in the linear rheology. With respect to this
a plateau region in G’(w) occurs at intermediate frequency which is associated with an
additional relaxation mechanism in G”(w) correlated with the association/dissociation of the
components of the blend. This process leads to the formation of a comb-like structure in
equilibrium with a fraction of non-associating free arms within the lifetime of the transient



bonds. The plateau modulus for the functionalized blend is comparable with the modulus of the
undiluted backbone and it points to a hetero-complementary association of the transient
groups. At low frequencies the dynamics is again dominated by the diluted long chain as the
transient bonds are not effective anymore. The storage modulus at low frequency is
comparable with the one observed for the semi-functionalized blend proving that at times
longer than the transient bond lifetime the system behaves like a simple blend (Fig.11, green in
the middle). The viscoelastic behavior is therefore the result of two competing effects. First, the
delay in the terminal relaxation of the long chain in the supramolecular comb is due to the
additional process arising from the association/dissociation of the components of the blend and
is the classical signature of covalent but branched polymers for which a hierarchical relaxation
is expected. The association not only increases the effective friction but also slightly interferes
with the backbone dynamics, admittedly less than in the covalent comb, even in the linear
rheology case. On the other hand, unavoidable dilution effects contribute to the acceleration of
the terminal relaxation of the backbone. Two relaxation processes are thus clearly
distinguishable in the blends of thy and DAT-modified PBO chains. The data seems to obey to
the time-temperature superposition principle over the whole frequency range. For the pure
backbone and the inactive blends (respectively in black, orange and green) the temperature
dependence of the shift factor is well described by the WLF equation and is comparable in the
three cases (Supporting Information). Note that the shift factors are those of a blend. A
difference in the temperature dependence was observed in the case of the functionalized
blends due to the additional process related to the transient bonds. The effect of the transient
bonds on the thermo-rheological behavior of telechelic polymer systems has been reported in
literature.”® The different temperature dependence of the relaxation processes involved can
originate from a thermo-rheological complexity in the frequency range where the reversible
bonds are active. In our case it was observed that d-PBO thy-80k /PBO 15k DAT still conform to
the WLF equation although the dynamics is dominated by two well-separated relaxation
processes. This indicates a comparable temperature dependence of the two mechanisms
involved or a vanishing effect. A deviation from the WLF behavior was observed for d-PBO thy-
80k /PBO 5k DAT which may show a small thermo-rheological complexity at the time scale of
the transient bonds dissociation. Although the two associating blends examined involve the
same relaxation mechanisms, the composition and the dilution effect are different in the two
cases. The more pronounced effect of the transient bonds on the dynamics, in the case of d-
PBO thy-80k/PBO 5k-DAT, could be explained by considering the more effective separation of
the bond lifetime and the backbone terminal relaxation due to a lower dilution factor. The small
difference in temperature dependence of the two mechanisms involved is therefore more
evident in the last case.

In the limiting case of a permanent comb polymer (or transient with long lifetime exceeding the
terminal relaxation time), a hierarchical relaxation scheme would be expected due to the



retraction of the arms and consequently to the delayed relaxation of the diluted backbone.”*
The additional relaxation mechanism, resulting from the formation/breakage of the transient
bonds, could be approximated by a Maxwell element with a characteristic time (z;)
corresponding to the transient bond lifetime. Such a description of the data was attempted by
using the phenomenological BSW?? model in combination with a Maxwell model taking into
account the faster relaxation process in the relaxation spectrum.

The viscoelastic moduli G’ and G”” can be obtained by the Fourier transform of a continuous
relaxation spectrum:

G'(w) = G, + f0+OOH(T) w?t? /(1 + w?t?)d(InT) (6]

G'"(w) = f+ooH(T) wt/(1 + w?t?)d(In1)

0

where G, is the modulus at infinitely low frequencies and H(7) is a continuous not priorly
known relaxation spectrum.

In the BSW model the relaxation spectrum is expressed as:

H(t) = Het"® + Hyt™ ™9 To < T < Trax (7]

H(t) =0 T > Tax

where H, and H, define the entanglement and the glassy transition zone respectively.

n. and ngy are identified as the slopes in the loss modulus.

A tentative fit of the storage modulus as well as the two components of the model is reported
in the Supporting Information, but was found to capture only part of the spectrum. In the case
of d-PBO thy-80k/PBO 5k-DAT, the short component of the blend is not entangled and, as
observed by the SANS experiment, the aggregation of the short chains to the backbone only has
a marginal effect on the microscopic structure. The effect of the association/breakage process



is nevertheless evident in the macroscopic dynamics of the mixture. A small thermo-rheological
complexity is observed in the frequency range of the supramolecular association. Its effect on
the WLF master curve can be seen in the terminal frequency region where the two-power-law
BSW model does not describe the data well. A molecular rheological description in terms of a
time marching algorithm is, however, underway and no further interpretation of the deviation
is pursued at the present stage.

The elastic contribution to the plateau modulus, corresponding to this Maxwell-like process
within experimental uncertainties, is comparable in the two different blends with the same
stoichiometric ratios and was estimated as ~0.04 MPa. The characteristic time of this process
is function of the component volume fraction. The lifetime, associated with the second
relaxation peak in G"'(w), observed in the blends of the backbone with 15k and 5k arms is
~0.5 s and ~1 s respectively due to a slightly different composition and may depend on a
different friction of the two blends. A comparison can be made to a recent NSE study on the
microscopic dynamics of the thymine and diaminotriazine association in a PEG matrix. Here, a
bond lifetime of the order of ~ 800 ns at 80 °C** was derived. For our PBO system which is
closely related to the PEG backbone, a lifetime of the bonds of ~ 600 ns is estimated at the
same temperature using the experimental shift factors ar . Since this involves an extrapolation
over 10 orders of magnitude, however, only a very rough estimation of the lifetime can be
achieved. In the same way rheological data reported in literature for bi-functional PnBA bearing
thymine and diaminotriazine groups5b and referring to TTS using Ty as the reference
temperature, yield a characteristic lifetime for that system to be ~ 100 ns at 80 °C. However,
the same uncertainties apply. The present experimental time scales of ~1 s at —25 °C can be
exploited in mechanical probing in the order of the Hertz scale which would allow autonomous
self-healing to happen in combination with a permanently crosslinked network.

Although rheology is strong in identifying the molecular dynamics of polymers the modulus
sometimes is not detailed enough. In addition the dynamical-mechanical data were used to
determine tentative relaxation spectra according to the method of Stadler and BaiIIy,24 which
was found to provide the most accurate spectra among several methods tested.? This method
does not calculate the spectrum itself by determining different modes individually but describes
the spectrum with a spline whose knots (as spectrum descriptors) are adjusted in logarithmized
relaxation strength logH-position and logarithmized relaxation time logt to set up a continuous
spectrum, discretized at 10 modes per decade. This is sufficient to describe all except for the
most sharp spectra for which a higher mode density is necessary to obtain an accurate
spectrum. Such continuous spectra were obtained for our data and the signature of the
mechanisms emphasized. For the functionalized blends these relaxation spectra H(w=1/7) are
included in Fig.12. It is clear that the dissipative maximum from the association-dissociation
mechanism is a Maxwell-like process. The maxima occurring at low frequency are associated



respectively to the Rouse time (Fig.12(a)) and to the disentanglement time (Fig.12(b)) of the
diluted backbone. In Fig.12 (a) three peaks are visible in the relaxation spectrum. The low
frequency range is dominated by the dynamics of the diluted backbone. It is not clear if the
intermediate peak corresponds to a real relaxation process or whether it must be ascribed to
an artifact. Since the former estimation of the relaxation spectrum is not univocal and the
average of different solutions delivers the best approximation of the real spectrum artifacts
cannot be excluded entirely. Therefore, the presence of a third peak in the spectrum could be
related as well to a waviness of the experimental points at low frequency rather than to a real
relaxation process. Moreover, this intermediate peak was not observed in the case reported in
Fig.12(b), where the dilution factor is lower and the modulus observed at low frequency is
higher. In any case the most significant result is the distinction in the relaxation spectra of a
clear Maxwell-like process indicating an additional mechanism attributed to the transient
bonds. For the sake of the present investigation the processes occurring at times longer than
the characteristic time of the transient bonds are not relevant for the purposes of the
description of the dynamics of the transient comb-like system. A fair-to-good agreement was
found between the faster relaxation mechanism determined from the continuous relaxation
spectrum and the characteristic time of the Maxwell element obtained through the description
by using the combination of the BSW and Maxwell model.
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Figure 12: Storage and loss moduli (black) and relaxation time spectrum (orange) for d-PBO thy-
80k/PBO 15k-DAT (a) PBOthy 80k/PBO 5k-DAT (b).
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5 Conclusions

The microscopic and macroscopic investigation of the thymine- and diaminotriazine modified
PBO chains in comparison with the simple blends of PBO based polymer chains reveal that the
transient association of the hydrogen bonding groups has a strong effect on the microstructure
and the dynamics of the polymer system. SANS and rheology experiments prove that the
hetero-complementary association of the thymine- and diaminotriazine groups, leading to the
formation of a transient comb-like structure, is dominant in the melt state. Self-complementary
interactions do not yield contributions as experimentally shown. The results of the SANS
measurements on functionalized blends show a clear correlation peak which is an indication of
the hetero-complementary association and the formation of a transient diblock copolymer
described by means of the RPA approximation. The hetero-complementary association was
proven by the effect of the temperature on the scattering profile of the associating system. The
average aggregation number and the association constant for the associating groups in the
polymer matrix were determined as function of the temperature. The linear rheology
experiments show a clear difference between the dynamics observed in the case of simple
blends of linear chains and the same polymer blends functionalized with the associating groups.
The evidence of two distinct relaxation processes attributed to the association/breakage of the
transient bonds and to the terminal relaxation time of the long chain in the polymer blend,
confirm the formation of a transient structure. The frequency dependence of the storage and
loss moduli exclude the formation of unspecific clusters and confirm, as observed by SANS, the
dominant hetero-complementary association. The analysis of the plateau moduli of the blends
and pure components is not detailed, however, to allow a direct comparison and confirmation
of the SANS results since the inclusion of the additional mechanism derived from the transient
association is still required. The relaxation spectrum obtained from the viscoelastic moduli,
although this is an ill-posed problem, allow the distinction of different relaxation process and
clearly show a Maxwell-like process related to the transient bond association. Although a
molecular description would be highly welcome to take into account the additional mechanism
resulting from the association/breakage of the transient bonds, the rheology data corroborate
the SANS evidence of a dominant hetero-complementary association, leading to the formation
of a transient comb structure.
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