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NMR studies of Block Copolymer-Based Supramolecules in Solution
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Berkeley, California 94720, United States
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Abstract

Hierarchical assemblies from block copolymer (BCP)-based supramolecules have shown
immense potential as programmable materials owing to ease to incorporate functional molecules
and to access array of hierarchical structures. However, there remains a knowledge gap on the
formation of the supramolecule in solution. Here, we applied NMR techniques to investigate the
solution phase behavior of the most studied supramolecular systems, polystyrene-block-poly(4-
vinyl pyridine)(3-pentadecylphenol) (PS-6-P4VP(PDP),). The results show that the
supramolecule adopts a coil-comb conformation despite the small molecule’s (PDP) rapid
exchange between the bonded and free states. The exchange rate (>10* s') exceeds the NMR
timescale at the frequency of interest. The supramolecules form under dilute conditions studied
(~2vol%) and is attributed to the enthalpic gain of the hydrogen bonding between the PDP and
4VP. As the solute concentration increases (>10vol%), the supramolecule forms micelle-like
aggregates with PDP accumulated within the comb-block’s pervaded volume based on analysis
of the apparent molecular weight, viscosity and chain dynamics as a function of solute

concentration. This work sheds light on the long-standing question regarding the evolution of the



constituents in BCP-based supramolecule in solution and provides valuable guidance towards

their solution-based processing and morphological control.

Introduction

The versatility of block copolymer (BCP)-based supramolecules have led to a plethora of
hierarchical assemblies'® to organize organic semiconductors,”® form stimuli responsive
composites’ and photonic crystals.” The prime characteristic of BCP-based supramolecules is the
attachment of mesogens onto the polymer side groups. This enables versatile control over the
self-assembly and implementation of functional groups for targeted applications.' Given the
volatility and weak interaction of small molecules, BCP-based supramolecules are typically not
suitable for high temperature processing for polymer melts and/or polymer thin films. Instead,
solution processing offers additional advantages such as rapid fabrication at room temperature
and at low viscosity."” Furthermore, solvent vapor annealing expands the ability to tune
morphology and access kinetically trapped phases.'''*

A detailed study on the solvent annealing parameters of polystyrene-b-poly(4-
vinylpyridine) (3-pentadecylphenol),, PS-P4VP(PDP), coil-comb supramolecular thin films
revealed the importance of overall mobility and suggested the flexibility provided by the small
molecule distribution to maintain order (r is the molar ratio of PDP relative to 4VP monomer). '
In contrast, simulation and small angle X-ray scattering (SAXS) experiments on analogous
supramolecular melts have demonstrated that the hydrogen bonded (H-bond) small molecules

behave like permanent combs blocks.'®"

Despite numerous efforts in characterizing
supramolecule melt at elevated temperature above the BCP order-disorder transition temperature,

challenges in quantifying the degree of H-bonding and distribution of small molecules remain



unsolved.* '* Further questions on the chain conformation at different stages of the formation and
self-assembly of supramolecules also persist, which could dictate energetic contribution and
microdomain size from the comb-block. Efforts to obtain spatial information from SAXS is
limited in disordered phases while the use of FTIR suffer from peak overlap and unreliable
quantification.'? '® Aside from the challenges above, solution studies are subjected to additional
complications. Using the same techniques, supramolecules in diluted solution typically yield
lower signal to noise ratio and are subject to experimental constraints due to volatility of the
solvent.

Nuclear magnetic resonance (NMR) spectroscopy is routinely used to characterize
molecules in solution and to probe the changes in the local chemical environment of different
moieties." Dipolar interactions can be used to probe the spatial proximity of intermolecular
moieties through the Nuclear Overhauser Effect (NOE). There are additional considerations and
potential benefits to probe macromolecules due to their slow dynamics that leads to peak
broadening and overlap. Characteristic changes to the dynamics of the system at various scales
(between ps-ns) can be detected through NMR relaxometry and diffusion ordered (DOSY)
experiments.***

Here, NMR spectroscopy is used to study the H-bonding of PDP onto the PS-P4VP BCP
in solution as a function of solute concentration and the PDP:4 VP ratio, r. The results confirmed
that PDP is largely dynamic in solution, rapidly exchanging between the free and bonded states
at rates, k>10* s'. Near complete occupancy of PDP on pyridine sites is achieved at solute

concentrations as low as ~10vol%. Despite the constant exchange of the PDP molecules, the

conformation of the PAVP block transitions from coil to comb when sufficient (>50%) pyridine



sites are H-bonded. Furthermore, the supramolecule chains were found to reach an aggregation-

like state between solute concentration of 15-20vol%.

i gl & Dilute Critical overlap

Figure 1. a) Chemical structure of PS-b-P4VP(PDP), supramolecule. b) Schematic of small
molecule attachment and conformation induced assembly at the critical overlap concentration in

coil-comb supramolecules. (Blue: PS, Red: P4VP, Black: PDP)

Results and discussion

'H NMR was used to study the formation of the supramolecule in solution by probing
changes in hydrogen bonding, spatial proximity, and supramolecule’s molecular weight.
Chloroform is commonly used in solution processing of PS-P4VP(PDP), because it has good
solubility for each component, and thus, will be utilized as the solvent throughout this work. The
supramolecule was constructed using a di-BCP, PS(33,000)-b-P4VP(8,000) and PDP at r=2
where r is the molar ratio between PDP and P4VP monomers (abbreviated as 33-8(2)). Proton
spectra were obtained at supramolecule concentrations of 2, 5, 10, and 40vol%, respectively. As
expected, the PDP hydroxyl protons are deshielded with increasing solute concentration (Figure
2a, S3). This is indicative of hydrogen bonding, however, the protons in the pyridine N-:*HO and

in PDP O-:-HO are indistinguishable and only a single peak was observed. Based on the pKa of



protonated pyridine (5.2) and phenol (-2),” the former is likely to dominate hydrogen bonding.
However, the use of pKa for estimating the extend of hydrogen bonding is complex for
macromolecules due to steric hindrance and limited chain conformations.* Comparing
supramolecules (PS-P4VP(PDP),) and pure PDP as a function of concentration shows both larger
chemical shifts and slope (Figure S1). When excess PDP was used, as r is varied from 0.5 to 3.0,
only a single OH signal was observed suggesting rapid chemical exchange rates between free
and hydrogen bonded molecules.

The degree of occupancy of pyridine sites was measured using 'H 1D Nuclear
Overhauser Effect (NOE) with excitation focused on the pyridine meta-protons (a) due to their
spatial proximity with the hydroxyl protons (g) of H-bonded PDP (Figure S3). NOE ratio is
obtained by dividing the NOE signals from protons a-g, which are produced only by H-bonded
sites, with a-e, signals present from all pyridine sites. Thus, it is a function of both interproton
distance, r and fraction of H-bonded PDP (Figure 2b). * Assuming that the interproton distance
ratio between a-g and a-e remains constant with increasing solute concentration, the NOE ratio
becomes directly proportional to the fraction of H-bonded sites. Hence, the asymptotic trendline
can be exploited to indicate the saturation point where all pyridine sites are occupied (Figure 2b).
Varying PDP ratio (r=0.5-2) of the supramolecule at 15vol%, where the saturation begins

validates the applicability of the trendline (Figure S4). Maxwell-Boltzmann statistics,

G
N ,;=exp (W) was employed to gain further insight on the thermodynamic driving forces of

supramolecule formation.” The number of PDP molecules at a given state, N, is taken as the
Boltzmann factor with respect to the Gibbs free energy, G. The change in enthalpy, AH is given

as the heat of H-bond formation considering that hydrophobic contributions, which is



proportional to \/m, where X, is the hydrophobic component of the Flory-Huggins
parameter and f; is the solvent fraction, are largely mitigated in the presence of chloroform.'® '+
*” Hansen solubility parameters are tabulated in the supporting information to highlight that
hydrogen bonding and polar contributions are less affected by chloroform compared to van der
Waals forces (Table S1). The change in entropy, AS constitutes both translational, AS,,, and
conformational, AS,,,. AS,..s can be modelled by mixing entropy as a function of small molecule
volume fraction, AS,=kIn(¢®) while AS., is calculated from entropic penalties by chain
stretching. The latter term, however, only contributes ~0.15 kT per monomer/PDP based on
entropic spring constant (Detailed calculations provided in the SI section S4-S5).%® Thus, the data
was fit solely based on mixing entropy. The predicted AH of ~7.5 kT conforms with reported
values in literature for the enthalpy of alcohol-pyridine H-bonds (5-12 kT).**' Furthermore,
reasonable agreement (R’=0.91) between the data and fitted curve suggest that translational
entropy is likely the driving force for the PDP-pyridine separation.

C spin lattice relaxation (T,) was used to probe changes in chain conformation. Since
segmental dynamics is the principle mechanism for C TI relaxation, this method has been
applied to study polymer conformations whereby stretched or restricted chains demonstrate
higher values compared to amorphous random coils.”*** By probing the T, relaxation time of
both PS and P4VP blocks at various concentrations (Table 1-2), relative changes in chain
dynamics can be used to infer their conformations.** Analyzing the T, ratio of the pure BCP,
which is taken as the ratio between T, relaxation of meta-C of P4VP (149 ppm)** and PS (127
ppm)* (a vs f Figure la), it was found that they shared equal relaxation times (T, ratio = 1) at

concentrations below 20vol% (Figure 2d). A *C NMR spectrum of the 33-8(2) supramolecule is



provided in the supporting information. For a coil-coil chain conformation, the two blocks
occupy similar environments, hence, exhibit comparable dynamics. At higher concentrations,
P4VP encounters greater secondary interaction compared to PS (evident in its higher glass
transition temperature),” which leads to a rise in T, ratio. These asymmetric chains are likely
37-42

phase separated to form disordered micelle-like aggregates.

T, relaxation time of polymer chains collected in high field spectrometers can be

: . . 1 “1a - . .
described by the following equation: -~ = 7,+7, "2 where T, is the segmental correlation
1

time, T, is the mean diffusion time over correlation length, / and w is the Larmor frequency.” T, is
characterized by segmental motions at length scales below the Kuhn length, b while T, describes
the relaxation time of reptative displacements within its pervaded volume at length scales
significantly smaller than the chain length.** Considering that 1,>7, ~ 1 ns, and measurements
were collected at high frequencies (600 MHz spectrometer), both terms could contribute
significantly to T,. However, the net rise in T, of PAVP and PS indicates that T, is dominant
compared to T, because the loss of solvent leads to slower dynamics, thus increasing time at both
length scales.

Comparing T, ratio between carbons a and f in the supramolecule, demonstrated greater
T, ratio at all concentrations between 10-40vol%. The higher T, ratio at low concentrations is
attributed to a conformational change of the P4VP block to a stretched comb, thus, increasing T,

1

by restricting its reptative motions.”’ Additionally, the rise in T, ratio with increasing

concentration was triggered at a lower concentration compared to the BCP, indicating a greater
driving force for phase separation between the two blocks. The enhanced asymmetry in the comb

block likely promotes micelle-like aggregation.*”*



Table 1. *C T, relaxation times of components in PS-P4VP BCP (33-8(0)) at different

solute concentrations.

Concentration (%) T, (ms), P4VP (149 T, (ms), PS (127 T, ratio
ppm) ppm)
10 297 £ 9 299 £ 1 1.00
15 303 £5 303+ 1 1.00
20 304 £ 8 302 £ 1 1.01
30 383 + 15 320+ 1 1.20

Table 2. *C T, relaxation times of components in PS-P4VP(PDP), (33-8(2))

supramolecule at different solute concentrations.

Concentration (%) T, (ms), P4VP (149 T, (ms), PS (127 T, ratio
ppm) ppm)
10 337 = 28 287 =1 1.17
15 350 + 26 289 1 1.21
20 387 = 10 288 =1 1.34
40 512 = 15 334 =1 1.54

Changes in the dynamics of PDP was examined using its diffusion length, L, which is the
longest distance a free PDP molecule can travel before exchanging with a bonded PDP, as a
function of concentration using the equation L=+ Dt (Figure 2e). Here, D is the diffusion
constant measured by diffusion ordered NMR spectroscopy (DOSY) and ¢ is the maximum
lifetime of the PDP in motion. ¢ is calculated by treating the observed PDP hydroxyl protons (g)

as a collapsed peak between free and bonded PDP due to rapid exchange rates. Hence, the



1
following equation for maximum lifetime, t=m where Av is the frequency difference

between free and bonded PDP, which is approximated as twice the frequency difference (from
chemical shift) of g protons between pure PDP and the supramolecule (result of exchange
between free and bonded PDP) (Figure S1).* The value of ¢ was observed to be on the order of
100 us meaning that the PDP exchange rate exceeds 10* s'. From the maximum distance
travelled by free PDP, L, a spherical diffusion volume, V, can be calculated by taking L as the
radius (Figure 2f). Interestingly, Vp closely matched the shrinkage in global volume at dilute
concentrations and begin to deviate above 10vol%, which coincides with the formation of the
comb-block. Considering that H-bonding occurs below that concentration, the formation of the
supramolecule did not significantly affect its average mobility. Hence, the deviation in V, above
10vol% represents a biased among the free PDP molecules to reside in the vicinity of the comb-

block. This result further hints at the phase separation between the two blocks above 10vol%.
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Figure 2. a) '"H NMR spectra of the supramolecule (33-8(2)) at different concentrations. PDP
hydroxyl protons are highlighted. b) 1D gradient selective 'H NOE ratio between pyridine and
PDP hydroxyl protons. c) Gibbs free energy of supramolecule formation estimated using
Maxwell-Boltzmann statistics for PDP and other small molecules using bond energies from
literature. *** d) ®C NMR T1 relaxation ratio between P4VP(a, 149 ppm- PS (f, 127 ppm) as a
function of concentration. e-f) Maximum diffusion length and volume of PDP before undergoing

bond exchange.

The deviation in Vp, above 10vol% can be explained through analysis of the asymmetry
between the two blocks. With respect to the critical overlap concentration for r=2, the comb-
block forms at approximately the same concentration as the onset of chain entanglement among
the PS blocks (Figure 3a). Asymmetry in fractal dimension, B of the PS coil (B=2) and
P4VP(PDP) comb (B = 1) necessitates an excluded volume surrounding the comb-block to
maintain equal chain density in solution (Figure 3b).?® At the critical overlap, the formation of
entanglements drives aggregation of chains. The asymmetry between the two blocks could yield
aggregates with two possible orientations: i) PS core with repulsive forces from the excluded
volume in the comb-block forming discrete micellar aggregates (Figure 1b) or ii) PS block
forms a continuous phase that envelops the comb-block core. The former will result in lower
viscosity compared to the latter due to reduced overlap between aggregates.

In order to validate the presence of such aggregates and predict their sizes, DOSY was
performed. Molecular weight, M,, was calculated using the scaling law between diffusion
constant, D and M,,, D~M,*¢ (Figure 3¢c) (Details of the calculations provided in the SI section

S6).* The effects of solution viscosity was suppressed by normalizing all D values with the



solvent diffusion constant. However, attention should be given to the relative changes in M,,
rather than absolute values considering the dilute assumption required for accurate M,
calculations using the Stokes-Einstein equation.”? Under dilute concentrations (2-10vol%), the
experimental values closely matched the predicted M,, of a growing supramolecule (calculated
using the PDP attachment data in Figure 1b). Above 10vol%, a sharp increase in M, was
observed, which supports the formation of aggregates. Nevertheless, considering that the system
is above its critical overlap concentration and assumptions in the Stokes-Einstein equation, the
rise in M,, could be influenced by stark changes in viscosity.

Rapid changes in viscosity of polymer solutions are characterized by the transition from
discrete chains to entangled networks.?® Thus, measuring solution viscosity qualitatively probes
the degree of entanglement in the system. Here, viscosity of the solution is calculated (Figure 3d)
by tracking the diffusion constant of the solvent (Details of the calculations provided in the SI
section S6). From 2-10vol%, the increased overlap between BCP chains (Figure 3a) is
counteracted by the concomitant formation of the comb-block (Figure 2b), which reduces net
entanglements leading to gradual increase in viscosity. Surprisingly, at the onset of M,, increment
above 10vol%, a plateau in viscosity was observed, supporting the formation of discrete
aggregates that are poorly intertwined. Thus, we propose that the aggregates consist of a highly
entangled PS core while the weakly overlapped P4AVP comb-block forms a continuous phase
(inset Figure 3d). This orientation corroborates with the repulsion or lack of entanglements
between aggregates as suggested by the plateau in viscosity between 10-20vol% (Figure 3d). The
aggregation number, N,,, approximated as Nyg= My exp)/Mpredicea) Tanged between 6 - 22 in this
region, which is lower compared to typical melt phase BCP micelles (~10?).* This is attributed

to the solvent molecules acting as the major component in this study, therefore, limiting the



number of chains per unit volume.DOSY was also performed on supramolecules with different
PDP ratio to elucidate the role of chain conformation in the formation of such aggregates (Figure
3e). The concentration of the supramolecules were held at 15vol% to ensure that they exceed the
critical overlap. At r = 0.5 where only half the pyridine sites are occupied by PDP, the
experimental M,, falls within prediction indicating that no aggregates are formed. At r = 1 and
above, M,, several times larger than the predicted value were obtained. The continued increase in
size from r = 1 to 2 is ascribed to excess PDP molecules acting as plasticizers in the PS core
causing it to swell.'">* The expanded core caused the N, to increase from 7 to 22. However, the
higher amount of free PDP could also improve the segregation strength between the two blocks,
leading to fusion between aggregates.*

Given the low PDP ratio at r = 0.5 and the dynamic nature of the H-bond, there remain
uncertainties toward the conformation of the P4VP(PDP) block. *C T, relaxation experiments
(Figure 3f) confirms that the supramolecule remains coil-coil (P4VP/PS T, ratio = 1), identical to
the native BCP at r=0.5. Subsequently, the T, ratio increased dramatically above r=0.5 and
plateau above r=1, signifying a transition to coil-comb. The fact that T, ratio remained constant
from r=0-0.5 validates that the changes probed are due to T, because segmental dynamics, T
should theoretically scale with number of occupied P4VP sites. Finally, the viscosity trend shows
an asymptotic decay above r=0.5, which confirms that the formation of discrete aggregates
hinges on the fraction of hydrogen bonded pyridine side groups (Figure 3f). When r is reduced
below a critical value (~0.7), the coil-comb architecture reverts to coil-coil, which disrupts the

asymmetry between the two blocks and prevents the growth of discrete aggregates.
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Figure 3. a) Calculated critical overlap concentration of supramolecule as a function of r,
PDP:4VP ratio. b) Schematic of excluded volume in the comb-block as a result of fractal
dimension asymmetry. ¢) Molecular weight of supramolecule as a function of concentration
calculated from DOSY NMR. d) Viscosity of the corresponding solution estimated using solvent
diffusion constants. €) Molecular weight of supramolecule as a function of r, PDP:4VP ratio at
15vol%. f) C NMR TI1 relaxation ratio between P4VP(a, 149 ppm- PS (f, 127 ppm)and

viscosity as a function of r at 15vol%.

In conclusion, we demonstrate that the supramolecule adopts a coil-comb conformation
in solution despite PDP molecules undergoing rapid exchange between bonded and free states.
Attachment of the small molecule onto the BCP in solution is governed by translational entropy,
indicating that a relatively high solvent volume percent is required for complete separation of the
two species. Furthermore, PDP appears to be confined within the comb-block even at rather low

solute concentration. Through a systematic analysis of molecular weight, viscosity and chain



dynamics as a function of concentration, we propose that the supramolecule forms micelle-like
aggregates that consist of an entangled PS core and weakly overlapping P4VP(PDP) corona. The
pseudo-phase separation would result in small molecules concentrated in the corona region.
Furthermore, we establish the dependence of aggregation and formation of the coil-comb
conformation on the fraction of P4VP side groups hydrogen bonded to PDP. This work deepens
our understanding of the evolution of the constituents in BCP-based supramolecules in solution,
the driving forces that govern assembly and provides valuable guidance toward solution-based

processing.
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