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ABSTRACT

We investigated the structural properties of dynamic micelles arising from the self-assembly of
the multi-responsive pentablock quaterpolymer P(nBuMAs-co-TEGMAGg)-b-PDMAEMASs-b-
PEGas6-b-PDMAEMAGs0-b-P(nBuMAs-co-TEGMAs) (nBUMA, TEGMA, DMAEMA and EG are
n-butyl methacrylate, tri(ethylene glycol) methyl ether methacrylate, 2-(dimethylamino)ethyl
methacrylate and ethylene glycol, respectively) in aqueous solution using a combination of
scattering methods. In this multisegmented polymer, a pH-responsive BAB triblock copolymer
from the weak cationic polyelectrolyte PDMAEMA and the hydrophilic PEG is end-capped by
two blocks comprising random sequences of thermo-responsive TEGMA units and hydrophobic
nBUuMA units. Dynamic light scattering (DLS) revealed the existence of single micelles and small
clusters in dilute aqueous solution. The hydrodynamic radius of the micelles depends strongly on
pH and temperature. The inner structure of the micelles was investigated by small-angle X-ray
scattering and small-angle neutron scattering (SAXS and SANS) and static light scattering (SLS),
and micelles with a hydrophobic core containing a rather high fraction of water and a strongly

swollen corona were found. The ratio of loops and dangling ends depends on temperature and pH.
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INTRODUCTION

Amphiphilic block copolymers have interesting properties due to their tendency to self-assemble
in selective solvents.! Diblock copolymers with one hydrophilic block and one hydrophobic block
have been studied extensively and have been shown to form micelles in aqueous solution.?™®
Among many other potential applications, they have been used as drug delivery systems and
nanomedicine applications.”® Block copolymers with three or more blocks allow access to even
more morphologies and functionalities.® In the case of triblock copolymers with hydrophilic blocks
A and hydrophobic blocks B, micelles may be star-like (ABA) or flower-like (BAB).1%1 A
prominent example for the former are the Pluronics® which have been widely studied and have
been used in medical applications.*? They are also called telechelic block copolymers.

In order for flower-like micelles to form, both end blocks have to be located in the same micellar
core. To achieve this, the hydrophilic midblock has to form a loop, which imposes an entropic
penalty on the free energy.!? The magnitude of this penalty depends on the length of the midblock
and its rigidity. If the entropic penalty is larger than the free energy gained by associating both end
blocks into the hydrophobic core of the micelle, e.qg. if the hydrophobicity of the end blocks is low,
one end block will instead extend into the surrounding water and form a so-called dangling end.*34
At high concentrations, intermicellar bridges may form, i.e., two micelles are connected by
incorporating one end block into the micellar core of an adjacent micelle.'® This way, loose clusters
of a number of bridged micelles or, at concentrations larger than the critical gel concentration, cgc
(percolation threshold), a transient network, or hydrogel, are formed.'® Since the crosslinks are
based on hydrophobic association of the end blocks, they are physical and non-covalent, which

results in unique mechanical properties of the hydrogel, such as a high toughness.!” Furthermore,
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the hydrogels are able to self-heal due to the fully reversible nature of the hydrophobic crosslinks,
making them especially interesting for tissue engineering applications.!®

Smart hydrogels are based on stimuli-responsive block copolymers.’® Many studies have
addressed responsive triblock copolymers?®-22 and have recently extended to block copolymers
with more than three blocks?, e.g. pentablock copolymers.?*2° pH and temperature are among the
most studied stimuli due to their relevance for biomedical applications.

Weak polyelectrolytes are pH responsive polymers which become ionized in a certain pH range.
The additional ionic repulsive interactions lead to an extended/stretched conformation of the
polyelectrolyte chain. Thus, for hydrogels based on telechelic block copolymers, with a
polyelectrolyte midblock adopting a stretched conformation in the ionized state, bridges are
favored over loops promoting gel formation already at very low concentrations.®*3! Furthermore,
using pH-responsive polyampholytes as midblocks allow to switch between positively and
negatively charged networks.3233

Thermo-responsive polymers undergo a transition from hydrophilic to hydrophobic at a certain
temperature.3* When the transition is triggered by increasing temperature, the behavior is of lower
critical solution temperature (LCST) type. LCST-type polymers have been used as midblocks to
tune the swelling capability of hydrogels based on telechelic block copolymers,®=¢ or as end
blocks to tune the gelation behavior.’=° In the latter case, the end blocks are hydrophilic at
temperatures below the LCST and do not associate. Increasing the temperature above the LCST
induces hydrophobic association of the end blocks and therefore serves as an effective switch
between a liquid-like solution and a hydrogel (sol-gel transition).

The transition temperature of the end blocks and thus the sol-gel transition may be modified by

using random copolymers as end blocks.*® While strong hydrophobic interactions between purely
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hydrophobic blocks may prevent exchange of end blocks between micellar cores, thus bringing
the system into a kinetically frozen state,*! the random copolymers may exhibit weaker interactions
and are therefore more dynamic.*? Incorporating pH responsive ionic moieties in random
copolymer end blocks resulted in higher exchange rates with increasing degree of charge of the
polyelectrolyte 4344

Along this line, the incorporation of LCST-type monomers to the associative hydrophobic
blocks allows to control their exchange dynamics via temperature variation. This concept was
recently exemplified by designing a telechelic triblock terpolymer having a hydrophilic (and pH-
responsive) poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) midblock and random
copolymer end blocks, comprising hydrophobic n-butyl methacrylate (nBuMA) monomers and
thermo-responsive (LCST-type) triethylene glycol methyl ether methacrylate (TEGMA)
monomers.*® Rheological studies on solutions with concentrations above the cgc and neutral pH
revealed a strong dependence of the mechanical properties of the hydrogel on temperature. At low
temperatures, the system behaves like a dynamic network, while at high temperatures, the network
is frozen, as seen from the increase of viscosity by a few orders of magnitude upon raising the
temperature from 5 °C to 45 °C. It is also worth noting that, even at the lowest temperatures, where
PTEGMA is water-soluble, a network is formed, owing to the dominant, permanently hydrophobic
nBuMA monomers. Structural investigations with small-angle neutron scattering (SANS) showed
that the aggregation number of the micelles increases with temperature and that the micellar cores
contain a significant amount of water, which varies with temperature.

Instead of symmetric random-block terpolymers of (A-co-B)-b-C-b-(A-co-B) type, another
macromolecular topology was recently used to control the dynamic character of association,

namely block-gradient copolymers of (A-grad-B)-b-A type, comprising an associative
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poly(styrene-grad-2-dimethylamino acrylate) block, covalently bound to poly(dimethylamino
acrylate). This kind of asymmetric*® block copolymers self-assemble reversibly into micelles in
aqueous solutions, triggered by both pH and temperature.*’

In the present work, we investigate a telechelic pentablock quaterpolymer with symmetric (C-
co0-D)-b-B-b-A-b-B-b-(C-co-D) topology in aqueous solution. The end blocks are statistical
copolymers from TEGMA and nBuMA units. The middle part BAB consists of two dual
responsive B blocks from PDMAEMA and a hydrophilic A block from poly(ethylene glycol)
(PEG). PTEGMA is a thermoresponsive polymer with LCST behavior in agueous solution, i.e., it
is water-soluble below its cloud point of ~52 °C and water insoluble above,*® while PnBUMA is
permanently hydrophobic. Thus, P(TEGMA-co-nBuMA) random copolymers are expected to
have a composition-dependent LCST. PDMAEMA is a weak cationic polyelectrolyte and
therefore pH-responsive. At pH values below its pKa of ~7, the tertiary amine groups are ionized
and become positively charged. Furthermore, in its nonionized state, PDMAEMA is
thermoresponsive and has a pH-dependent LCST.*** PEG is hydrophilic (with very high LCST)
and provides stealth properties to the micellar self-assemblies.

Thus, the polymer architecture is similar to the one of the previously investigated telechelic
triblock terpolymer described above.*® The middle part of the present pentablock quaterpolymer
has altogether the same length as the PDMAEMA midblock in the previously investigated triblock
terpolymer, but now features a PEG block which is expected to guarantee water solubility of the
middle part (and thus gel formation) even when the PDMAEMA blocks are in the poor solubility
state, e.g. at high pH and high temperatures. Moreover, the end blocks are shorter than in the
previously studied polymer, and the nBuMA content is slightly lower, resulting in enhanced

dynamic exchange (dynamic stickers) and a slightly higher transition temperature. We focus on
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the structural properties of the micelles formed by this polymer, i.e., at concentrations below the
percolation threshold, cgc, and on the effect of pH on their thermo-responsive behavior. At this,
we use a combination of scattering methods, targeting different length scales.

The manuscript is structured as follows: After the Experimental Section, results of a dynamic
light scattering (DLS) study on dilute solutions in dependence on pH and temperature values are
presented. Afterwards, a detailed SANS investigation is outlined and corroborated by results from
small-angle X-ray scattering (SAXS) and static light scattering (SLS) measurements. Finally, the
results are summarized.

EXPERIMENTAL SECTION

Materials

Most chemicals were purchased from Sigma-Aldrich-Merck and used as received unless
otherwise noted: 4,4’-azobis(4-cyanovaleric acid) (ACVA, >98%), 2-azobisisobutyronitrile
(AIBN, 98%), n-butyl methacrylate (nBuMA, 99%), calcium hydride (CaH2, 90-95%), carbon
disulfide (CS2, >99%), deuterated chloroform (CDCls, 99.8 atom%), dichloromethane (DCM,
>99%), diethyl ether (>99%), 2-(dimethylamino)ethyl methacrylate (DMAEMA, 98%), N,N'-
dicyclohexylcarbodiimide (DCC, >99%), 4-dimethylaminopyridine (DMAP, 99%), 1,4-dioxane
(>99%), 1-dodecanethiol (>98%), ethanol (EtOH, 96%), ethyl acetate (EtOAc, >99.8%), n-hexane
(>95%), iodine (I2, >99%), methanol (MeOH, >99.8%), poly(ethylene glycol) (PEG-diol, Mw =
2050 g mol-1), sodium hydride (NaH, 60% dispersion in mineral oil), sodium thiosulfate
pentahydrate (Na»S»03-5H.0), and tri(ethylene glycol) methyl ether methacrylate (TEGMA,
93%). Tetrahydrofuran (THF) and magnesium sulfate anhydrous (MgSQOa, 98%) were purchased
from Scharlau, Spain. DMAEMA, nBuMA, and 1,4-dioxane were stirred over calcium hydride for

at least 3 days and vacuum-distilled just prior to use, while TEGMA was passed through a basic
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alumina (Al203) column to remove the polymerization inhibitor. AIBN was purified after
recrystallization from ethanol. The synthesis of the 4-cyano-4-
(((dodecylthio)carbonothioyl)thio)pentanoic acid (CDCTPA) RAFT agent was accomplished
according to the literature.>!

Polymer Synthesis

Synthesis of the PEG difunctional macroRAFT agent.

Synthesis of the difunctional RAFT chain transfer agent was accomplished through the
bisesterification reaction of 4-cyano-4-(((dodecylthio)carbonothioyl)thio)pentanoic  acid
(CDCTPA) and PEG in the presence of DCC activator and DMAP catalyst. To this end, 2.4 g of
CDCTPA (5.95 mmol, 2.44 eq. relative to PEG), and 0.073 g of DMAP (0.595 mmol, 0.1
equivalent) were transferred in a round-bottomed flask and dissolved in 12.3 mL of DCM (20%
w/v). In another flask, 5.0 g of PEG-diol (2.44 mmol, 1 eq.) were dissolved in 25 mL of DCM
(20% wi/v), and the resulting solution was added into the round-bottomed flask containing
CDCTPA and DMAP. In a third flask, 1.35 g of DCC (6.54 mmol, 1.1 eq.) was dissolved in 6.7
mL DCM (20% wi/v), and the resulting solution was subsequently added dropwise to the solution
containing PEG, CDCTPA, and DMAP. The reaction was left under stirring for 20 h at room
temperature. Then, the produced urea compound was removed by filtration, and the desired PEG
macroRAFT CTA was purified via column chromatography using a mixture of DCM and MeOH
at a volume ratio of 95:5. Finally, after its complete drying in a vacuum oven for 24 h, the PEG
macroRAFT CTA was stored in the refrigerator.

Synthesis of the pentablock quaterpolymer using RAFT polymerization.

The synthesis of the (nBuMAg-co-TEGMAg)-b-DMAEMAse-b-EGas-b-DMAEMAs0-b-

(nBuMAg-co-TEGMAGs) pentablock quaterpolymer was accomplished in two steps using
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sequential RAFT polymerization. To this end, a solution of 1 g of DMAEMA (6.36 mmol, 100
eq.), 0.181 g of the PEG difunctional macroRAFT CTA agent (6.36 x 10—5 mol, 1 eq.), 6.5 mg of
AIBN (3.98 x 10—5 mol, 0.625 eq.), in 2.3 g of 1,4-dioxane was transferred to a 15 mL Schlenk
flask equipped with a magnetic stirring bar. The solution was degassed by three freeze-pump-thaw
cycles, and the Schlenk flask containing it was subsequently placed in an oil bath thermostated at
65 °C for 20 h, after which period the DMAEMA monomer conversion to polymer reached 99%.
Then, a solution of 0.181 g of nBuMA (1.27 mmol, 20 eq.), 0.295 g of TEGMA (1.27 mmol, 20
eq.), in 1 g of 1,4-dioxane was transferred to a 10 mL Schlenk flask equipped with a magnetic
stirring bar. After being degassed by three freeze-pump-thaw cycles, the solution was added into
the Schlenk flask containing the 1,4-dioxane solution of DMAEMAso-b-EGas-b-DMAEMAs
triblock copolymer just prepared. The polymerization of the nBuMA and TEGMA monomers was
left to proceed for 18 h, after which period their conversions to polymer reached 80%. The
produced (nBuMAg-co-TEGMAGg)-b-DMAEMAs0-b-EGas-b-DMAEMAse-b-(nBuMAs-co-
TEGMAGs) pentablock quaterpolymer was obtained by precipitation in n-hexane and drying in a
vacuum oven for 24 h.

Molecular Characterization

Gel Permeation Chromatography (GPC).

The triblock copolymer precursor and the final pentablock quaterpolymer were characterized in
terms of their molecular weights and molecular weight distributions using GPC. A single PL
Mixed “D” column, packed with polymer beads of 5 um diameter and pore sizes of 100, 500, 103
and 10* A, purchased from Polymer Laboratories, was used. THF served as the mobile phase, and
it was delivered at a flow rate of 1 mL min~! using a Waters 515 isocratic pump. An ERC-7515A

refractive index (RI) detector, also from Polymer Laboratories, was used for the measurement of
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the RI signal. The calibration curve was performed using ten linear poly(methyl methacrylate)
(polyMMA) standards having molecular weights equal to 0.8, 2.2, 6.4, 12.6, 23.5, 41.4, 84.3, 201,
342, and 675 kg mol™' and narrow molecular weight distributions, purchased from Polymer
Standards Service (PSS) GmbH in Germany.

Nuclear Magnetic Resonance (NMR) Spectroscopy.

The *H NMR spectra were recorded in CDCls using a 500 MHz Avance spectrometer equipped
with an Ultrashield magnet purchased from Bruker, Massachusetts, USA. The produced triblock
copolymer precursor and the final pentablock quaterpolymer were characterized for the
determination of monomer-to-polymer conversion, and comonomer compositions and theoretical

molecular weights using *H NMR spectroscopy.
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Table 1. Molecular weights, molecular weight dispersity, and compositions of the copolymer determined using GPC (Figure S1 in the

oNOYTULT D WN =

Supporting Information) and *H NMR spectroscopy (Figure S2 in the Supporting Information).

10 nBuMA or TEGMA
1 Polymerization Monomer Theoretical GPC

12 Polymer Structure (mol%)

13 Time (h) conversion (%0) MW

14 Mo Mhn D Theoretical 'H NMR

17 1 PDMAEMAsp-b-PEG4s-b-PDMAEMAS, 20 99 18471 15900 10100 1.60 0.0 0.0

19 P(nBUMAg-co-TEGMAGg)-b- 80 (NBuMA) 121 12.8

21 2 PDMAEMAus-b-PEGug-b-PDMAEMAgo-b- 18 24455 17600 12500  2.07
22 80 (TEGMA) 121 12.0
23 P(NBuMAg-co-TEGMAs)
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Sample Preparation

Aqueous solutions were prepared by dissolving the polymer in D20 (99.95%, Deutero GmbH)
at concentrations of 1 wt% (DLS and SAXS) or 2 wt% (SANS) and by stirring the mixture
overnight. Then, the solutions were filtered with a 0.8 um cellulose mixed ester (CEM) syringe
filter, and again stirred overnight. Afterwards, the pH of the solution was adjusted using small
amounts of 1 M HCI. By eye, none of the samples were found to form a gel.

The dissociation constant pKa was determined by adding 1M HCI to a 1 wt% polymer solution
in D2O. The pH value was measured using a Metrohm 826 pH meter with a glass electrode and
was converted to pD using the relation pD = pH + 0.4.%

Dynamic Light Scattering (DLS) and Static Light Scattering (SLS)

For DLS and SLS measurements, we used a LS Spectrometer (LS Instruments, Fribourg,
Switzerland). It was equipped with a polarized HeNe laser (Thorlabs, Dachau, Germany) with a
maximum power output of 21 mW and a wavelength of 632.8 nm, a goniometer for multiangle
measurements and two avalanche photodiode (APD) detectors. The temperature of the sample was
controlled by placing it in a heatable bath of index matching solvent (mixed trans- and cis-decalin).
Sample holders were cylindrical glass cuvettes with outer diameter 5 mm and wall thickness 0.4
mm. Measurements were performed at scattering angles 6 between 60° and 120°. For DLS, 10
normalized intensity autocorrelation functions, g2(q,t), were recorded for 30 s at all angles using
a multi-tau correlator and were subsequently averaged after removing outliers. q = 4rn/Axsin(6/2)
is the momentum transfer, where n is the refractive index of the solvent and A the wavelength of
the laser light. g2(q,t) is related to the normalized electric field autocorrelation function, gi(q,t),

by the Siegert relation, g2(q,t) — 1 = B|g1(q,7)[?, with the coherence factor B (usually close to 1).
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We used two approaches to model the autocorrelation curves: (i) by numerical inverse Laplace
transformation calculating the distributing function of hydrodynamic radii, G(Rn), using the
software REPES.>>* At this, a probability to reject of 0.5 was chosen (unless stated otherwise).
The distributions were normalized to the height of the most prominent peak. They are given in the
equal area representation G(Rn)Rn vs. log(Rn). (ii) A linear combination of a fast, single exponential
decay and a slow, stretched exponential decay was fitted, which describes a bimodal distribution
of coexisting single micelles and clusters:

91(4, D) = Apee™ M + (1 = Apye)e™ Ve’ (1)
Anic is the amplitude of the fast decay and related to the relative amount of single micelles, I'mic
and Iy are the respective decay rates and v the stretching exponent. From the decay rates,
diffusion coefficients were calculated by Dmic = T'mic/q® and D = (Ceiwv)*T(v1)/g?. T(X) is the

gamma function. The hydrodynamic radii were determined using the Stokes-Einstein equation:

__ kT
h — 6mnD

()
where kg is Boltzmann’s constant, T the temperature and n the viscosity of the solvent.

For SLS, the angle-dependent, average scattering intensity lavg Was corrected for the background
from D20, Ip20, and brought to absolute scale, using the scattering intensity of toluene, I, as a

reference:

Iavg(Q)—IDZO(Q)
Qrgris mev 3
Ito1(q) tol ( )

Iss(q) =
Ruol is the Rayleigh ratio of toluene, which amounts to 1.34x10° cm™.%
Small-angle Neutron Scattering (SANS)

SANS experiments were conducted at instrument KWS-1 operated by the Julich Centre for

Neutron Science (JCNS) at Heinz-Meier-Leibnitz Zentrum (MLZ) in Garching, Germany.%>" The
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neutron wavelength was set to A = 5 A using a Dornier velocity selector (AA/A = 10 %), and
measurements were carried out at sample-to-detector distances of 1.5 m, 8 m and 20 m with
durations of 300 s, 1200 s and 1800 s, respectively, which allowed us to cover a large g-range from
0.003 to 0.445 A, The samples were mounted in quartz cuvettes (Hellma 110-QS) with a path
length of 2 mm. Temperatures were controlled using a thermostated sample holder (Peltier) and
were varied between 10 °C and 60 °C. Measurements were performed after stabilizing the
temperature for at least 5 minutes. The scattered neutrons were recorded using a scintillation
detector with 128 x 128 channels. The intensity matrices were corrected for detector efficiency,
background noise, sample transmission and scattering from the empty cell. Prior to azimuthal
averaging, the solvent (D20) contribution was subtracted from the scattering of the samples. At
this, the DO fraction was approximated by unity. The intensity was brought to absolute scale
using plexiglass as a secondary standard. Data reduction was performed using the software
QtiKWS provided by JCNS.

Small-angle X-ray Scattering (SAXS)

SAXS investigations were carried out using an S3-Micro Kratky camera (HECUS, Austria). The
wavelength was 0.154 nm, and the beam had dimensions of 1 mm x 0.2 mm (H x V). The detector
was a PILATUS 100k with a pixel size of 172 um, mounted at sample-to-detector distance of
291.5 mm. The samples were mounted in cylindrical quartz capillaries with a diameter of 1.5 mm.
Temperatures were controlled using a thermostated sample holder (Peltier). After each temperature
change, the sample was equilibrated for several minutes before performing a measurement. The
intensities were azimuthally averaged, corrected for background from the DO filled capillary and
the transmissions and were brought to absolute scale using water as a standard.

SANS, SAXS and SLS data analysis
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The full scattering curves were modeled following an approach by Lund et al., which describes
the scattering from micelles with a spherical core, potentially having a surface roughness, and a

swollen shell, which coexist with their clusters:>8°9

I(CI) = # [fcluNcluSclu(q) + (1 - fclu)]Pmic(CI) + Ibg (4)

¢ is the polymer volume fraction and Vmic the micellar volume. For the solutions investigated in
the present work, ¢ has values of 0.012 (1 wt%) and 0.023 (2 wt%). fu is the fraction of clusters,
which consist of Nciu randomly connected micelles. The correlation of the clusters is described by
the structure factor Sciu(g). Pmic(q) is the form factor of a single micelle. lng is a constant
background.

The cluster structure factor Sei(q) is given by®°

2 _ _2[1—(sin(qD)/qD)NClu] sin(qD)
1-sin(qD)/qD Ny, (1-sin(qD)/qD)?  qD

Sclu(q) = (5)
with D being the distance between micelles. The micellar form factor has four contributions: the

scattering of the core, Ac(q), the scattering of the shell, Asn(q), a cross term between core and shell,

and the chain scattering from polymers in the shell, B(q):

Pric(9) = BPc*Nagg™Ve* Ac(@)? + Bpsn®Nagg (Nagg — B(0)) Ve Asn ()% +
28pcApsnNagg VeVsnAc(@Asn (@) + Apsn®NaggVsn®B(q) (6)
Nagg IS the aggregation number of the micelle. Apc and Apsn are the excess scattering length
densities (SLD) of core and shell, respectively, with respect to the solvent. In this work, they were
calculated to be 0.62 x 10® A2 (core), 0.64 x 10 A2 (shell) and 6.38 x 108 A2 (D,0) for neutrons
and 9.02 x 10 A2 (core), 8.85 x 108 A2 (shell) and 9.43 x 10°® A2 (D,0) for X-rays. (The effect

of D0 in the core and the shell is included as described below.) The mass densities (in g/cm?®)

used for calculating the SLDs were 1.11 (D20), 0.89 (nBuMA), 1.03 (TEGMA), 0.93 (DMAEMA)
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and 1.12 (EG). V¢ and Vsn are the volumes of the core and shell blocks, respectively. For the
polymer in this work, they are defined as
V= (1 + floop)VB (7)

Vsn = Vaca + (1 - floop)VB (8)
with fioop the fraction of chains forming loops, Ve the volume of the copolymer end block and Vaca

the volume of the mid triblock copolymer. The core and shell scattering contributions are given by

3(sin(qRc)—qRccos(qRe))  _g24, .2
Ac(@) = (@RO? e~ @ oine”/2 ©)

sin

(fr) dr e=4°0me"/2 (10)

1 po0
A (@) = £ fy 4nrPng, () 2

where Rc is the radius of the micellar core, oint the roughness of the core-shell interface and C a

normalization constant given by
C= fROz g, (r)4mr2dr (11)

nsh(r) is the density profile of the shell which is chosen as

nep (r) = r‘x/(l + exp (r_Rm)) (12)

OmRm
Rm is the total radius of the micelle, om the relative width of the micellar surface and x a scaling
exponent describing the steepness of the decay. For all model fits in this work, x was fixed at 4/3,
which represents a density profile of starlike micelles.%! Assuming a certain fraction of water, fwater,

inside the micellar core, R¢ can be directly calculated by:

[y (13)

4 (1-fwater)

The chain scattering is approximated by

B(q) = __Pchain(@) _ (14)

1+VPchain(q)
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v is a parameter describing the interaction between the chains in the shell. Pchain is the chain form

factor, which is approximated by the Beaucage model:®?

3\ 4f
Ponain(q) = e~ T Rashen®/3 4 U F(d_f) (erf(qug,shell/\/g) > (15)

Rgshen™  \2 q
Rg.shell denotes the radius of gyration of the polymer chains in the shell, dr their fractal dimension
and Kk is a constant set to 1.06.5? I"(x) and erf(x) are the gamma function and the error function,
respectively.

All fits were performed using self-written procedures in Python and were based on a least-square
method. For SANS, smearing effects due to instrumental resolution were included following
standard procedures.®®

RESULTS AND DISCUSSION

To choose relevant pD values for the structural and dynamic studies, the degree of ionization of
the PDMAEMA blocks is determined first. Then, the solution behavior of P(nBuMAg-co-
TEGMAGg)-b-PDMAEMAs0-b-PEG46-b-PDMAEMAse-b-P(nBuMAg-co-TEGMAS) is
characterized in temperature scans at several pD values in the range 1.9-8.5, i.e., around the pKa
value of PDMAEMA. Using DLS, micelles and clusters are detected, and the inner structure of
the micelles is investigated in detail using SANS. The model used for analyzing the SANS data is
verified using a combination of SAXS and SLS.

In Figure 1a, the titration curve, obtained by adding 1 M HCI to a 1 wt% DO solution is shown.
The curve has the typical shape for a weak base being diluted by a strong acid. From the
equivalence point and corresponding half-equivalence point, we determined the dissociation
constant, pKa, to be 7.5. This value is attributed to the PDMAEMA block, and is comparable to

values reported in literature.>®®* The resulting degree of ionization, o, of PDMAEMA as a function
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of pD, as calculated from o = (1 + 10°° = PX8)1 is shown in Figure 1b. The o values and

corresponding pD values investigated in this work are indicated as well.

@

O

pK,=7.5

a4t half-equivalence|

point equivalence
point

0 20 40 60 80 100
1 M HCI added [ul]

2 3 4 5 6 7 8 9 10
pD

Figure 1. (a) Titration curve of a 1 wt% pentablock quaterpolymer solution in D2O. The red line

guides the eye. The equivalence point, the half-equivalence point and the resulting dissociation
constant, pKa, are indicated. (b) Calculated degree of ionization, o, of the PDMAEMA blocks as
a function of the pD value. pD values of solutions used for SAXS/SLS/DLS and SANS

experiments are indicated with open circles and open triangles, respectively.

pD and temperature dependence of the micellar size
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DLS measurements were performed to determine the hydrodynamic radius of the micelles in

dependence on the pD value in the range 2.2-8.2 and on temperature (10-60 °C). Data obtained

oNOYTULT D WN =

from temperature-resolved DLS measurements at various pD values are compiled in Figure 2. At
10 the pD values chosen (2.2, 4.0, 7.2 and 8.2), the degree of ionization of the PDMAEMA blocks is
expected to be 1.00, 1.00, 0.67 and 0.17, respectively (Figure 1b). The autocorrelation functions
15 shown in Figure 2a-d decay at times t below ~1 ms. For all pD values, t shifts to smaller values
17 with increasing temperature. The shift is most pronounced at pD 8.2, which is an indication that it
is not only due to the viscosity change of the solvent, but, especially at high pD values, may be
22 related to the thermo-responsive behavior of PDMAEMA. A LCST of around 55 °C was
24 previously found for linear PDMAEMA10g at pH 8, which increases with decreasing degree of
polymerization.*® Therefore, for the PDMAEMAso blocks in the polymer under investigation here,

29 we expect an LCST of at least 55 °C at pD > 8.
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Figure 2. Results from DLS on 1 wt% solutions in DO measured at 6 = 90° at the temperatures
given in the graphs and at pD values of 2.2 (a, e,), pD 4.0 (b, f), pD 7.2 (c, g) and pD 8.2 (d, h). (a-
d) Normalized autocorrelation functions (open symbols). Solid lines are model fits using eq 1. (e-
h) Decay rates of the fast mode (open symbols), obtained from fitting g2(t)-1 with eq 1, as a

function of ¢?. Solid lines are linear fits to the data.
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A preliminary analysis of the autocorrelation functions by calculating the distribution functions
of hydrodynamic radii, G(Rn) (see the Experimental Section) reveals rather broad peaks at pD 2.2,
4.0 and 7.2, which are centered at ~ 50 nm, independent of temperature (Figure S3 in the
Supporting Information). In contrast, at pD 8.2, the distributions are narrower, are centered at ~20-
30 nm, and shift slightly towards smaller sizes with increasing temperature.

It seems straightforward to attribute the particles to single micelles formed by the pentablock
quaterpolymer with the P(nBuMA-co-TEGMA) end blocks forming the core, which is surrounded
by a shell formed by the PDMAEMA-b-PEG-b-PDMAEMA part. While it is likely that such
micelles are present in the solution, the peaks in the size distributions cannot be entirely due to
single micelles for two reasons: (i) The contour length of the pentablock copolymer is calculated
to be 49.7 nm (see the Supporting Information for details about the calculation). This value is the
upper limit for the radius of a single micelle, but the size distributions extend to radii >100 nm.
(Due to dispersity effects, higher contour length might be expected but are still estimated to be <
100 nm.) (ii) The size distributions are rather broad and skewed.

Therefore, it is reasonable to assume a bimodal distribution, i.e., in this case coexisting single
micelles and larger clusters. Using values for the probability to reject below 0.01, it is indeed
possible to fit the correlation functions with a size distribution containing both small (Rn ~ 25 nm)
and large particles (Rn ~ 75 nm), as shown exemplarily in Figure S4 in the Supporting Information.
Since the clusters are small (their R, amounts only to ~3 times the one of the single micelles), it is
important to use proper values for the probability to reject to prevent merging of the two peaks in
the distributions and to distinguish micelles and clusters. For this reason, we refrain from further
analyzing the correlation functions using a continuous size distribution, but instead use a sum of

two decays (eq 1) to fit the autocorrelation functions. The model fits the data well (Figure 2a-d)
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and gives values for the decay rates of single micelles (I'mic) and clusters (I'ciu) as well as the
relative amount of single micelles (Amic). In Figure 2e-h, values obtained for I'mic are shown as a
function of g2 The linear dependence indicates diffusive behavior. The diffusion coefficient and,
subsequently, the hydrodynamic radius of the micelles are calculated using the Stokes-Einstein
equation (eq 2). Values for I'ciy are shown in Figure S6 in the Supporting Information. They diverge
slightly from linearity, which is attributed to a high dispersity of the clusters size. Nevertheless,
we use the same procedure to estimate their average hydrodynamic radii.

The results are shown in Figure 3, both in dependence on temperature (Figure 3a,b) and on the
pD value (Figure 3c,d). The hydrodynamic radius of the single micelles is found to be Ry = 30-35
nm, independent of temperature for pD values of 2.2-7.2. In contrast, for pD 8.2, it is much lower,
namely 25 nm at 10 °C and decreases further to 18 nm at 60 °C (Figure 3a). A similar behavior is
observed for the clusters, where larger clusters with sizes between 80-130 nm are found at pD 2.2-
7.2, but smaller ones with Ry = 50-75 nm at pD 8.2. The larger Rn values of the micelles at higher
degree of ionizations are in accordance with the stretching of the PDMAEMA blocks due to
electrostatic repulsion, in agreement with previous observations on similar systems.5%
Interestingly, Rn is maximum at pD values of 4-7 (Figure 3c). A decrease of the micellar size at
low pH values was previously observed for a telechelic triblock copolymer with a PDMAEMA
midblock and was attributed to the screening effect of counter ions at the high ionic strength of the

solution.®
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Figure 3. Results from fitting the DLS autocorrelation functions from Figure 2 using eq 1. (a)
Hydrodynamic radii Rn of the micelles (filled symbols) and the clusters (open symbols) in
dependence on temperature. Blue circles: pD 2.2, purple diamonds: pD 4.0, green squares: pD 7.2,
red triangles: pD 8.2. (b) Amplitude of the fast mode Amic, attributed to single micelles. The same
data are shown in (c and d) in dependence on the pD value. Purple squares: 10 °C, blue circles: 20
°C, light blue triangles up: 30 °C, green triangles down: 40 °C, orange diamonds: 50 °C, red

triangles left: 60 °C.

To characterize the size of the micelles, we estimate the upper limit for the radius of micelles
with dangling ends or with loops (in each case, we assume the extreme case of fully stretched

chains), which amount to 49.7 nm and 24.9 nm, respectively (Figure S5a,b in the Supporting
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Information). We may further make the reasonable assumption that the very flexible PEG block
assumes a random coil conformation. In this case, upper limits for dangling ends and loops amount
to 36.8 nm and 20.2 nm, respectively (Figure S5c,d in the Supporting Information). More details
about the calculation can be found in the Supporting Information. We note that, due to dispersity
effects, higher values might be expected. For additional information regarding the size estimation
of multiblock micelles, we refer to previous publications.®’:%®

At pD values of 2.2-7.2, Ry is significantly larger than the maximum radius of loops (even after
separating off the contribution from the clusters), which might be attributed to a certain fraction of
dangling ends. This means that the gain in enthalpy associated with incorporating hydrophobic
end blocks into the micellar core is not large enough to outweigh the entropy loss associated with
a loop conformation of the midblock.®® This may be enhanced by the low hydrophobicity (low
degree of polymerization and 50% hydrophilic comonomer content) of the dynamic sticky end
blocks as well as by the high degree of ionization of the PDMAEMA blocks due to additional
contributions from the electrostatic energy. The latter effect was previously identified in molecular
dynamics simulations on telechelic triblock copolymers with a polyelectrolyte midblock,*:®° and
found in experimental work on telechelic triblock systems.”®’* We note that the flexible PEG block
may permit backfolding even at high degree of ionization.

At pD 8.2 and at 10 °C, the Rn values are in the range of the values for the maximum radius of
loops. Since it is unlikely for the midblock to be fully stretched, considering the associated loss of
entropy and the low degree of ionization, we attribute these high values to a certain fraction of
dangling ends as well, which implies that the end blocks are not completely hydrophobic (far below

the LCST of the TEGMA moieties).
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The decrease of Rn with increasing temperature at pD 8.2 may be due to two effects: (i) the
thermo-responsive behavior of PDMAEMA, i.e., collapse of PDMAEMA at high temperatures or
(ii) backfolding of the PDMAEMA-b-PEG-b-PDMAEMA middle part into the same micellar core,
resulting in loops. Backfolding is enabled by an increase of the hydrophobicity of the end blocks
at high temperatures, thus increasing the enthalpic penalty of dangling ends. For none of the cases,
a decrease of Ry with increasing temperature is observed at low pD values since (i) PDMAEMA
does not have an LCST-type transition at those pD values, and (ii) the dangling ends are stabilized
by a high degree of ionization of PDMAEMA, preventing backfolding of the midblocks.

The fraction of single micelles, Amic, is shown in Figure 3b as a function of temperature. At pD
8.2, Amic increases slightly with temperature, i.e., the fraction of clusters decreases. In contrast, at
the lower pD values (2.2-7.2), Amic remains constant with temperature. This indicates that, at pD
8.2, less bridges are formed between the micelles, i.e., fewer dangling ends are available. The
decrease of Ry with increasing temperature mentioned above may therefore be explained by a
transition of dangling ends to loops. Finally, Amic is found to decrease with decreasing pD value
(Figure 3d), as expected: the higher degree of ionization stabilizes dangling ends and increases
their reach, which both favor the formation of clusters through bridging.

Inner micellar structures

Having demonstrated the existence of both single micelles and clusters in dilute solutions and
the dependence of their hydrodynamic radius on pD and temperature, we performed small-angle
neutron scattering experiments at low and high pD (high and low degree of ionization of
PDMAEMA, respectively) to characterize the internal structure of the micelles. The experiments
were performed on 2 wt% solutions at pD 1.9 and pD 8.5 at temperatures between 10 °C and 60

°C (Figure 4). Using D20 as a solvent affords high scattering contrast. All curves have a similar
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shape, which is characterized by a prominent shoulder at ~0.015 A and a second less pronounced
shoulder at ~0.06 A (Figure 4a,b). These are tentatively assigned to the form factor scattering of
(uncorrelated) single micelles. Additionally, at low q values (below 0.01 A™), weak forward
scattering is observed which is assigned to scattering from the larger clusters of micelles, including
their inner structure.
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Figure 4. (a,b) SANS data of 2 wt% solutions at pD 1.9 (a) and pD 8.5 (b). Curves are shifted

upwards by factors of 3.5, 10, 35, 100 and 350 for clarity. The data at 10 °C are therefore in
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absolute units. From bottom to top: squares: 10 °C, circles: 20 °C, triangles up: 30 °C, triangles
down: 40 °C, diamonds: 50 °C, triangle left: 60 °C. Black lines are best fits to the data (see text
for details). (c,d) Kratky representation, 1(q)g? vs g, of the same data at (c) pD 1.9 and (d) pD 8.5.
The insets show a zoom of the low q part of the curve. Details of the incoherent background

subtraction can be found in the Experimental Section.

More information is obtained from the Kratky representation of the scattering curves shown in
Figure 4c,d. A peak at low q values indicates the presence of globular particles, which, in this case,
are the more compact micellar cores presumably formed by the P(nBuMA-co-TEGMA)
copolymer end blocks. For both pD values, the amplitude of the peak increases with temperature.
At low temperatures, the copolymer end blocks may still be partially hydrophilic since the
TEGMA units are water soluble. It is therefore reasonable to assume that the end blocks are
partially hydrated, i.e., the core contains a certain amount of water, which we also found previously
for micelles formed by triblock copolymers with very similar copolymer end blocks.*® With
increasing temperature, the TEGMA units become more hydrophobic, and water is expelled from
the core, leading to a higher scattering contrast and increased scattering intensity. Towards higher
g values, the curves in the Kratky plots first reach a plateau at intermediate q values, before they
increase monotonically. This behavior is indicative of swollen chains and is attributed to the
hydrophilic midblocks in the micellar shell.”

The shape of the SANS curves is significantly different from the ones observed by us previously
on a 4 wt% solution of a P(nBuMAzg-co-TEGMA5)-b-PDMAEMA150-b-P(NBuMA 1g-CO-
TEGMAs) triblock terpolymer in D2O at pH 6.6, which featured, among others, a pronounced
maximum due to correlation of the micelles as well as strong forward scattering due to large

clusters. A spherical core-shell form factor along with a hard-sphere structure factor and a Porod

ACS Paragon Plus Environment

27



oNOYTULT D WN =

Submitted to Macromolecules

form factor were used to model the curves.*® The present curves neither feature a pronounced
maximum nor strong forward scattering. Possible reasons may be the lower polymer concentration
used here (2 wt%) and the shorter end blocks (overall 16 monomers compared to 33 previously).
Another reason may be the presence of the PEG middle block which, due to its flexibility, may
reduce the degree of bridging between the micelles and thus suppress the formation of large
clusters. In combination with the shorter end blocks in the present quaterpolymer, this would lead
to a larger fraction of dangling ends. Therefore, another model is used to describe the present
data.>®

We chose to analyze the present SANS data using a model describing uncorrelated micelles
coexisting with clusters formed by the same type of micelles (eq 4).5%° The micelles are of
spherical core-shell type, which have a homogenous core with a certain roughness. The shell has
a radially decaying density profile and the scattering contribution of the shell blocks is given
explicitly. Dangling ends as well as loops formed by the midparts are explicitly included. Models
featuring a homogenous shell did not describe the data well. A certain number of micelles are
randomly connected to form small clusters; these micelles are weakly correlated by a structure
factor. This way, detailed information on the internal structure of the micelles can be obtained
along with separate information on the clusters. Since the model contains numerous parameters,
which may result in unstable fits, only a limited number of parameters are allowed to vary during
fitting, namely the aggregation number of the micelles, Nagg, the micellar radius, Rm, the radius of
gyration of the swollen chains in the shell, Rgshen, the fraction of water in the core, fwatr, and the
fraction of clusters, fou. The core radius Rc is calculated from the volume of the end blocks, Nagg
and fwater (€q 13). fioop IS found to have a minor effect on the outcome of the fit and is therefore

fixed at a value of 0.5. SLD values of the shell and D»O are fixed at the calculated values, see the
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Exp. Section. The SLD of the core is a weighted average between its calculated value and the value
of D20, based on fwater, in the fits. The relative width of the micellar surface, om, and the roughness
of the core-shell interface, cint, are found to give overall good fits at values of 0.1 and 10 A,
respectively, and are kept fixed. The parameter v (interaction between chains in the shell) is fixed
at-0.6 for pD 1.9 and -0.7 for pD 8.5. A negative value of v is indicative of a repulsive interactions
between polymer chains in the micellar shell, which are due to electrostatic repulsion of the
positively charged PDMAEMA.” The fractal dimension describing the chain conformation in the
shell, ds, is found to describe the data best at a value of 2.3 and is kept fixed during fitting. Ncw and
D were estimated from the Ry values of single micelles and clusters obtained from DLS and fixed
at 30 and 50 nm, respectively. We note that a full fit to obtain the cluster size is not possible due
to the limited g-range. Error-weighted residuals of the fits are shown in Figure S8a, which show
that the model describes the data sufficiently well, considering that the system is complex (multi-
segmented block copolymer). Systematic deviations are largely due to parameters that were kept
fixed during fitting to prevent unstable fits, i.e., overfitting of the data.

The fit parameters are summarized in Figure 5. At pD 1.9, the micellar radius Rm (Figure 5a)
increases from 13.7 nm at 10 °C to 13.9 nm at 60 °C. This behavior is in agreement with the one
of Ry of the micelles in that only a small increase of Rm is observed. At pD 8.5, Rm increases from
12.6 nm to 14.1 nm, which is in contrast to the behavior of Rn, which decreases with increasing
temperature. Moreover, the absolute values of Rm are significantly smaller than the ones of Rn,
which cannot be explained only by the difference in concentration. Zinn et al. observed larger Rn
values compared to Rm values in mixtures of diblock and telechelic block copolymers, and the
deviation became larger with an increasing fraction of telechelic polymers.®® Other studies on core-

shell particles have attributed this deviation to the low density of chains in the outer part of the
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shell, which do not contribute to the scattering, but influence the diffusion behavior of the
micelle.”~"" In our case, the difference between Rn and Rm corroborates the assumption made
above that a certain fraction of end blocks are present as dangling ends, whereas SANS detects
mainly the dense inner part of the shell. A sketch of the different radii measured with SANS and
DLS is shown in Figure 6. Thus, a possible explanation for the temperature dependence of Rm at
the high pD value is a transition from dangling ends to loops. The transition is promoted by the

increase of hydrophobicity of the copolymer end blocks with temperature.
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Figure 5. Temperature dependence of the parameters obtained from the model fits shown in Figure
4 at pD 1.9 (blue circles) and 8.5 (red triangles). (a) micellar radius Rm, (b) core radius R, ()
radius of gyration of polymer chains in the micellar shell, Rgshen, (d) aggregation number Nagg, (€)

fraction of water in the micellar core, fwater, (f) fraction of clusters, feiu.
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2R,

Figure 6. Schematic representation of a micelle formed by the telechelic pentablock
quaterpolymer in a 2 wt% aqueous solution at pD values < pKa and at low temperatures. Colors
represent TEGMA (red), nBuMA (grey), DMAEMA (blue) and EG (brown). The core and the
micellar radius measured with SANS and the hydrodynamic radius measured with DLS are

indicated and drawn to scale.

The core radius, R, is depicted in Figure 5b. It takes values between 4.9 nm and 5.1 nm at pD
1.9 and between 5.5 nm and 5.9 nm at pD 8.5 with no clear temperature dependence. The large
core radius observed at pD 8.5 implies a dense arrangement of the PDMAEMA blocks attached to
the core surface, which is most easily possible for the low charge density of the PDMAEMA blocks
at this pD value.

The radius of gyration of the chains in the shell, Rgshen, is shown in Figure 5c. At pD 1.9, Rgshell
lies between 5.0 nm and 5.2 nm, and at pD 8.5 between 4.0 nm and 4.3 nm. The larger Rgshen at
pD 1.9 compared to pD 8.5 may be attributed to the stretching of the PDMAEMA block due to its
high degree of ionization (Figure 1b). The weak temperature dependence of Rgshen at both pD
values implies that the PDMAEMA block does not undergo an LCST-type coil-to-globule

transition up to 60 °C.
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Figure 5d shows the aggregation number of the micelles, Nagg. At pD 1.9, Nagg increases from
16.3 to 20.4 and at pD 8.5 from 21.3 to 37.0. The smaller Nagg value at the higher degree of
ionization agrees with previous results on diblock copolymer micelles with a charged shell, where
electrostatic repulsion hinders aggregation at a high degree of ionization.”® The significant increase
of Nagg With increasing temperature at pD 8.5 may be related to a transition of dangling ends to
loops. Since fioop is fixed during fitting, an increased fraction of loops is indirectly reflected in the
value of Nagg.

The fraction of water inside the micellar core, fwater, is Shown in Figure 5e. At pD 1.9, it decreases
from 0.76 to 0.72 and at pD 8.5 from 0.80 to 0.61. At both pD values, a significant amount of
water is present in the micellar core, which confirms the assumption made above that the
P(nBuMA-co-TEGMA\) end blocks are hydrated. At higher temperatures, water is expelled from
the core, which was also deduced from the Kratky plots (Figure 4c,d Altogether, the temperature-
independent core radius can be explained by a balance between the volume uptake through the
incorporation of additional end blocks (increase of Nagg) and the volume release through
dehydration (water expulsion) from the micellar core. It is interesting to note that, even at 60 °C,
a large amount of water is present in the micellar core, which may be attributed to the small size
of the end blocks.

The relative amount of clusters, shown in Figure 5f, decreases with increasing temperature for
both low and high pD values, but decreases more strongly at pD 8.5. This indicates that clusters
are less likely to form, which might be due to the enhanced tendency of the micelles to form loops
instead of dangling ends or bridges. We tentatively ascribe this tendency to an increased enthalpy
of the end blocks at higher temperatures.

Verification of the structural model

ACS Paragon Plus Environment

33



oNOYTULT D WN =

Submitted to Macromolecules

The structural model used to describe the SANS data is rather complex and contains a relatively
large number of fitting parameters, while the SANS data do not show a large amount of
characteristic features. To verify whether the chosen model is appropriate and whether the
parameters found are reasonable, we use data from SLS and SAXS experiments. These were
performed on the identical solutions as in the DLS measurements. A comparison between SANS,

SAXS and SLS scattering curves measured on similar solutions is shown in Figure 7a.
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Figure 7. (a) Representative scattering curves measured with SANS (black squares), SAXS (red
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pD 1.9 and 20 °C and the SAXS/SLS data from a 1 wt% solution at pD 2.2 and 20 °C. (b) Same
data as in (a), but with the SAXS and SLS curves shifted upwards by factors of 100 and 2.7x10%,
respectively. The slopes of the scattering curves in the high g region (> 0.05 A'Y), which represent
the exponent ds of the single chain scattering contribution (eq 15), are indicated with dashed lines.
Solid lines are the sum of a power law with exponent dr and a constant background. (c) SLDs of
D,0, P(nBUMA-co-TEGMA), PDMAEMA and PEG for X-rays (A = 1.54 A) and neutrons (A = 5

A). The mass densities used for the calculation are given in the Exp. Section.

All data are measured on absolute scale, and the intensities of the SAXS and SLS data are
approximately two and four orders of magnitude lower than the ones from SANS. The difference
is partly due the difference in polymer concentration (1 wt% vs 2 wt%), but mainly to the different
scattering contrast. It was shown that this difference can be accounted for by careful calculations
of the respective scattering contrasts,’ but this procedure relies on assumptions about the polymer-
solvent interaction and is further complicated by the multiblock nature of the polymer in the
present work. Another common procedure is to merge the curves by matching the intensities of
overlapping parts of the scattering curves. For the SLS and SAXS data alone this is not feasible
since there is a large gap between their respective g-ranges. We therefore use the SANS data as a
qualitative extension of the SAXS data to allow merging of the SLS and SAXS data sets. Using
suitable scaling factors, it is indeed possible to match the curves in the intermediate-g range (0.01-
0.03 A1) and in the low-g-range (< 0.003 A1), as shown in Figure 7b.

A mismatch between the SAXS and SANS data in the high g-range is often observed’®®° and
may be due to contrast differences highlighting different parts of the micelle. (In our case,
differences in the polymer concentration may contribute to the discrepancies as well.) In Figure

7c, the calculated SLDs of the different blocks and of D»O are shown for both X-rays and neutrons.
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The SLD of the P(nBuMA-co-TEGMA) random copolymer was calculated based on its
composition and the SLDs of the respective monomers. While the scattering contrast between the
polymer blocks and DO is larger in SANS, PEG has a significantly larger scattering contrast than
the other blocks in SAXS. For this reason, we did not attempt to fit the combined SLS, SAXS
curves and the SANS curves simultaneously, but instead fit the SLS and SAXS curves separately.

The combined SLS and SAXS scattering curves at 20 °C and all pD values are shown in Figure
8. Scattering curves at 30-60 °C can be found in Figure S7 in the SI. The slight slope in the SLS
data confirms the existence of clusters, and therefore, the cluster structure factor (eq 5) is again
included in the model fit. Due to the limited g-range of the SAXS data, the shoulder at low g (<
0.03 A1), which is related to the micellar radius Rm, does not reach a plateau value. Since the
absolute intensity of the plateau is mainly determined by Nagg and the scattering contrast, we fix
fwater at @ value of 0.75, which is estimated from the SANS results, to make the fits more reliable.
As aresult, R¢ is not calculated from eq 13, but is treated as an independent fit parameter. A value
of df = 1.7 is found to describe the data best and is fixed at this value. This value is smaller than
the value used for SANS, which may be due to the lower concentration of the SAXS solution and
the difference in contrast. v is kept fixed during fitting at values of -0.85, -0.88, -0.90 and -0.92
for pD 2.2, pD 4.0, pD 7.2 and pD 8.2, respectively. All other parameters are chosen to match the

ones used for the SANS analysis.
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Figure 8. SLS (low g) and SAXS (high q) scattering curves of 1 wt% solutions at 20 °C and at pD
2.2 (blue circles), pD 4.0 (purple diamonds), pD 7.2 (green squares) and pD 8.2 (red triangles).
Curves are shifted upwards by factors of 3.5, 10 and 35, respectively. The SAXS data at pD 2.2

are therefore in absolute units. Black lines are best fits to the data (see text for details).

The best model fits are indicated with solid lines in Figure 8 and in Figure S7 in the Supporting
Information, respectively, and describe the data well. Error-weighted residuals of the fits are
shown in Figure S8b. The fact that both, the SANS data and the combined SAXS and SLS data,
can be fitted with the same model confirms its applicability to the investigated system. All relevant
fit parameters of the model fits are summarized in Table S4 in the Supporting Information. Due to

the low scattering contrast and limited g-range of the SAXS experiments, a detailed evaluation of
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the fit parameters is difficult. Instead, we briefly highlight important qualitative agreements with
the SANS results. The micellar radius Rm is maximum at low pD values and at high temperatures.
Rm increases slightly with increasing temperature at all pD values. This is in full agreement with
the SANS results. The overall values of R are in the range of the SANS results. The aggregation
number Nagg is overall larger at high pD values compared to low pD values, which agrees with the
SANS results. Due to the missing plateau value at the low-q end of the curve, we refrain from
comparing the absolute values of Nagg found with SAXS to the ones found with SANS. Values of
v are negative and comparable to the SANS values. Values of R are on average in the range of the
SANS values. A major difference between the SAXS and SANS parameters is the radius of
gyration of single chains in the shell, Rgsnei. The SAXS values are on average significantly smaller
than the SANS values and increase with increasing pD and with increasing temperature. For
midblocks containing cationic polyelectrolytes, one would expect a decrease of Rgshen With
decreasing degree of ionization (increasing pD),3! which is also the result of the SANS analysis.
We speculate that, due to this discrepancy and the fact that values of Rqshen are much smaller,
SAXS mainly detects the PEG part of the midblock, because it has the highest scattering contrast

for X-rays (Figure 7c). It is expected to behave as a single chain in a good solvent.
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CONCLUSIONS

The structural properties of micelles formed by the multi-responsive telechelic pentablock
quaterpolymer P(nBuMAg-co-TEGMAg)-b-PDMAEMAs0-b-PEG4s-b-PDMAEMAso-b-
P(nBuMAg-co-TEGMAGg) in aqueous solution have been investigated as function of pD and
temperature by DLS, SLS, SANS and SAXS. The polymer is similar to a previously investigated
telechelic triblock terpolymer,*® but has shorter end blocks and an additional central PEG block.
Moreover, while the previous work focused on temperature-dependent rheological and structural
properties at concentrations above the cgc and at constant pH, the present work addresses structural
properties at concentrations below the cgc, i.e., where a 3D network is not formed, and on the
effect of varying the pH (pD) value of the solution.

DLS and SANS studies gave detailed information on the size and inner structure of the micelles.
The model used to fit the SANS data was verified by performing complementary SAXS and SLS
experiments. Changing only the scattering length densities and a few fit parameters in a reasonable
way, it was possible to describe both data sets well. Thus, it was confirmed that the model is
appropriate for describing the given system. A summary of the results is schematically shown in

Figure 9.
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Figure 9. Schematic structures of the micelles formed by the pentablock quaterpolymer in aqueous
solution at different pD and temperature conditions. Circles represent Ry (outer circle) and Rm
(inner circle). All dimensions are drawn to scale. Colors represent TEGMA (red), nBuMA (grey),
DMAEMA (blue) and EG (brown). The greyed out core at high temperatures indicates higher

hydrophobicity. The scale bar gives a length scale.

At low temperatures, DLS data show coexistence of single micelles and small clusters at all pD
values. The hydrodynamic radii of the micelles are generally larger at low pD values (< pKa)
compared to high pD values (> pKa), which is due to stretching of the charged PDMAEMA blocks.
It is also found that, at low pD values, more clusters form, which have a larger size compared to
ones formed at high pD values. At least a fraction of the midblocks exist as dangling ends, which
was deduced from estimating the maximum radius of a loop and comparing it to Rn. This is due to
the short end blocks, which, at low temperatures, are still partially hydrophilic. SANS results
confirm that a significant amount of water is present in the micellar cores. The aggregation number

of the micelles and their core are found to be smaller at low pD values, due to high degree of
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ionization of the PDMAEMA blocks that shift the hydrophobic/hydrophilic balance of the polymer
to more hydrophilic.

The effect of increasing the temperature strongly depends on the pD value: At high pD values,
dangling ends transition to loops, which is evidenced by a decrease of Ry found with DLS and
increase of Rm found with SANS. This is due to the end blocks becoming more hydrophobic, which
also results in larger aggregation numbers of the micelles and a lower fraction of water in the
micellar core. As a result of fewer available dangling ends, less and smaller clusters are formed.

At low pD values, dangling ends are stable and no transition to loops is observed. As a result,
Rn and Rm are only weakly dependent on temperature. An increase of the aggregation number of
the micelles and decrease of the water fraction in the micellar core shows that, also at low pD
values, the end blocks become hydrophobic. Therefore, the stabilization of the dangling ends is
attributed to the high degree of ionization of the PDMAEMA blocks, which also enables cluster
formation.

The results show that for telechelic polyelectrolytes with random copolymer end blocks,
consisting of both hydrophobic and temperature-responsive monomers, decreasing the size of the
end blocks and increasing the degree of ionization of the polyelectrolyte both favor the formation
of dangling ends over loops. Furthermore, the temperature-dependence is not universal for all pD
values but shows strong differences between low and high pD values. Regarding the ability to
form a gel, we observed that replacing part of the polyelectrolyte midblock with a PEG block,
while adding stealth properties and enhanced water solubility, increases the cgc. The results in this
work indicate that the PEG block forms a random coill, i.e., it is not stretched, compared to a pure
polyelectrolyte block, which, in the charged state, assumes a stretched conformation. A possible

reason for the increased cgc is therefore the reduced effective length of the midblocks due to the
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flexible PEG block. The increase of cgc might also be attributed to the enhanced tendency of the
micelles to form loops instead of bridges due to the reduced entropic penalty of the midblock
backfolding. Thus, more polymers are needed to cross the percolation threshold.

These insights into the self-assembly behavior of multisegmented multi-responsive polymers
might be applied for improving the design of these kind of polymer systems for potential drug

delivery application as micelles or hydrogels.
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