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Abstract The properties of a dendronized linear polymer (DP)
in dilute solutions depending on solvent quality and tempera-
ture are described. The polymer has a contour length of
L.=1,060 nm. The sample of the fourth generation (PG4)
was analyzed in the thermodynamically good solvents dioxane,
chloroform, and methanol. The wormlike macromolecule has a
persistence length /,;=7 nm in dioxane and a cross-section
radius determined by small angle X-ray scattering (SAXS) of
R. saxs)=2.8 nm. The bulk density of PG4 determined by
SAXS was compared with solution density. Evidence for sub-
stantial swelling of the cross-section was found. Toluene acts as
a thermodynamically poor solvent (A solvent). Above the 6
temperature 7T, a strong temperature dependence of the size
and the Young’s modulus £ was observed. Following Odijk,
E/kgT ~1 was found. Below Tj, a regime characterized by
unswelling of the wormlike chains was observed. The results
suggest that DPs can be described as soft colloid filaments,
which are subject to commonly observed interactions in colloi-
dal systems. A phase diagram indicates a regime below 7 in
which fluctuations of osmotic pressure inside the filaments
result in periodic undulation of the chains. In summary, intro-
ducing a dense dendritic shell around the backbone converts
conventional polymers into molecular colloids.
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Introduction

Ever since dendronized linear polymers (DPs) have come to
the scene [1-17], the question was raised whether such struc-
tures exhibit properties fundamentally or—at least—substan-
tially different from ordinary linear polymers that are fur-
nished with small but sterically assuming side groups.
Poly(tert-butyl-methacrylate) (PFBMA) is a simple example
for such a case in which steric interactions among the side
groups enlarge the stiffness of the macromolecule substantial-
ly. The latter is inferred from comparison of the characteristic
ratio of PABMA and polymethyl methacrylate (PMMA) [18].
It is ~11 for the former, meaning that the respective Kuhn
length /i, which is the length of the statistical element of the
random flight chain, amounts to 2.8 nm while it is ~7 for
atactic PMMA translating in /,=1.8 nm [19].

Considering the case in which each repeat unit of the linear
backbone is furnished with a dendron of given generation, this
question was treated from a theoretical point of view first by
Halperin and coworkers [20] and more recently by Borisov
et al.[21]. Both groups compare DPs as the one extreme case
with bottlebrush-type polymers as the other limiting case of
densely substituted linear chains. Both groups used the well-
known tools of statistical physics of macromolecules. These
studies provide scaling laws which predict the average thick-
ness of the cross section of the respective polymers pending
on the parameters: dendron generation and chain length of the
linear side groups forming brushes, respectively, as well as
periodicity of substitution along the chain. Most recently, an
atomistic molecular dynamics (MD) simulation of the same
DP as studied experimentally in this work has been published
[22]. This computer simulation considers the DPs both under
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solvent-free conditions and equilibrated with chloroform as
solvent.

A further theoretical study on the size and shape of DPs in
solution and various effects of the solvent quality was per-
formed by Kosmas et al. [23]. Such theoretical work based on
statistical molecular mechanics lacks the assessment of the
specific solvent-segment interactions for which the interac-
tion of solvent with hydrogen-bonded residues in the branches
of the dendrons may serve as an example. Therefore, theoret-
ical treatments as found in the present literature are valuable in
that they point to principal differences between dendronized
and bottlebrush polymers but they cannot predict the true
cross-section diameter nor the persistence length of real poly-
mers dissolved in real solvents.

Moreover, the question may be raised to what extent the
intramolecular interactions among the segments and their
intermolecular contacts would not be suitably described by
elements of the Derjaguin—Landau—Verwey—Overbeek
(DLVO) theory [24-26]. As much as the interaction among
spherical polymer particles for which either conventional
dendrimers or internally cross-linked gel particles serve as
examples are governed by the forces described by the DLVO
theory [27, 28], a DP could potentially be described as a
colloidal filament of very large aspect ratio.

The synthesis of DPs is well established [1-17, 29] and
important details concerning the structural purity that is the
nature and perfection of the branches in each generation have
been laid open [30]. Determination of the molecular weight by
light scattering has been successfully demonstrated for the
case of a thermodynamically good solvent [31]. However,
detailed studies of the solution properties depending on sol-
vent quality are lacking so far. Such studies would help to
reveal the features in which DPs differ in a principal manner
from ordinary linear polymers. An exception is the recent
work on water-soluble DPs in which the dendrons comprised
water-compatible segments of oligo(oxyethylene) groups.
These DPs when dissolved in water showed a phase separa-
tion behavior with a lower critical solution temperature
(LCST). Detailed studies making use of ESR labels indicated
that the corona of the dendrons exhibits complex dynamics
both below and above the LCST [32-34]. This was the first
time that a feature was revealed which cannot be observed for
conventional linear polymers.

This work describes the solution behavior of a paradigmatic
DP with the chemical structure shown in Fig. 1, named PG4,
where every repeat unit of the poly(methacrylate) backbone
carries one dendron of the fourth generation. The synthetic
route and characterization procedure for this polymer has been
described in great details [20, 35]. PG4 exhibits a weight
average degree of polymerization of Py=4,240, resulting in a
contour length of L.=1,060 nm. The aspect ratio, defined here,
as the ratio of the contour length to the cross-section diameter is
A » 100 and the polymer is soluble in a number of quite
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different organic solvents such as chloroform, dioxane, and
methanol.

The investigations described in this paper deal with the
following questions: How do cross-section radius, radius of
gyration, hydrodynamic radius, and persistence length de-
pend on solvent quality? Is it possible to identify a 6 solvent
and what is the solution behavior around the theta-
temperature 7,? This also implies the question: what is the
meaning of Ty in the case of DPs? All these questions aim at
creating an understanding for what the differences between
conventional and dendronized polymers are.

In consequence, this paper is arranged as follows:
Solutions of PG4 in different thermodynamically good sol-
vents are studied in the first section. Molecular weights, radii
of gyration, and persistence lengths are evaluated by static
light scattering experiments (SLS) and hydrodynamic radii
are determined by dynamic light scattering (DLS).
Moreover, density measurements give insight into the de-
pendence of the cross-section radii on the solvent quality.
Finally, the behavior of the DP in a € solvent above and
below T} is treated. A model, in which PG4 is considered as a
filament of colloidal nature undergoing shape fluctuations
depending on solvent quality and temperature, will be pre-
sented at the end.

Experimental section

Materials Dendronized poly(methyl acrylate), named PG4,
where the last digit refers to the generation number G, was
synthesized using a divergent growth protocol based on
Merrifield peptide synthesis. The details of the synthesis
are described elsewhere [20, 35]. Sample solutions of PG4
of a polymer concentration ¢=1 g L™" for light scattering
experiments were prepared by dissolving PG4 in toluene,
dioxane, or chloroform under continuous stirring for I8 hata
temperature 7=45 °C (toluene) and at room temperature
(dioxane and chloroform). Toluene (p. a.>99.7 %), 1,4-di-
oxane (p. a.>99.5 %), and chloroform (p. a.>99.8 %) were
purchased from Sigma-Aldrich and used without further
purification. Freshly prepared solutions were always used.

Photon correlation spectroscopy SLS and DLS experiments
were performed on an ALV spectrometer consisting of a
goniometer and an ALV-5004 multiple-tau full-digital corre-
lator (320 channels), which allows measurements over a time
range 10 7<¢<10* s and an angular range from 20° to 150°
corresponding to a scattering vector ¢=4.8-10"—
2.6-10 % nm '. A He-Ne laser (uniphase with a single mode
intensity of 25 mW operating at a laser wavelength of
Ao Ls=632.8 nm) was used as light source. In this setup,
only vertically polarized incident laser light and no polarizer
(analyzer) in the scattered light beam pathway is used. For
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Fig. 1 a Chemical structure of a fourth generation DP (PG4), where n
refers to the number of monomeric units (degree of polymerization) and
Boc stands for tert-butyloxycarbonyl. b Schematic picture of the

temperature-controlled experiments, the light scattering in-
strument was equipped with a thermostat from Julabo. Dust-
free solutions for SLS and DLS experiments were obtained
by filtration through PTFE membrane filters with a pore size
of 5 um (Millipore LCR syringe filters) directly into cylin-
drical silica glass cuvettes (Hellma, inner diameter
@=10 mm), which had been cleaned before with acetone
in a Thurmont apparatus. The theoretical details of the DLS
experiments and specifics of the data evaluation by using the
stretched exponential Kohlrausch—Williams—Watt (KWW)
function are given elsewhere [36, 37]. This method assumes
that the computed relaxation function C(g,f) can be repre-
sented by

Cla) =exp| (17 @)'] 0

where the shape parameter 0<(<1 characterizes the distri-
bution of relaxation times 7.

Cjé\’r NHBoc
n

primary structure of the polymer giving a pictorial view on the entan-
glement network formed by the dendron branches; R, indicates the
cross-section radius of the macromolecule

SLS experiments were performed with the same instru-
mental setup. The reduced absolute intensity ratio
R(q)/(Kc) at a polymer concentration ¢ is computed from
the Rayleigh ratio R(g) and the optical constant K=(27n
dn/dc)z/()\o Ls'N 'A); pure toluene is used as a standard with
refractive index n, and Rayleigh ratio R=2.2-10"> cm '
whereas N, is the Avogadro number [38, 39]. For SLS
experiments, samples solved in dioxane, chloroform, and
toluene (¢=0.25—5 g L") were prepared as described
above. The refractive index increment
dn/dc=0.1469 mL g ' (for PG4 in dioxane) and
dn/de=0.0948 mL g ' (for PG4 in chloroform) were mea-
sured at room temperature at A\y=633 nm using a scanning
Michelson interferometer [40].

Small angle X-ray scattering All experiments were per-
formed at a self-built small angle X-ray scattering (SAXS)
facility equipped with a X-ray generator with Cu anode, Cuk
alpha radiation (wavelength \o ,=1.54 A), Rigaku MicroMax
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007, curved multilayer optic, Osmic Confocal Max-Flux 2D-
detector, and Mar345 Image Plate.

Density A LiquiPhysics Excellence DM40 density meter
from Mettler Toledo with a measurement range of 0 to
3 g em” and an accuracy of 1-107™ g em ™ was used for
all density measurements.

Results and discussion
1. Solution behavior in thermodynamically good solvents

The sample PG4 dissolved in a thermodynamically good
solvent, namely dioxane, was characterized by SLS and
DLS at room temperature. Figure 2 shows the Zimm diagram
for this sample. The extrapolations c—0 and ¢g—0 result in a
weight-average molar mass of My,=(2.3+0.05)-10” g mol '
and a radius of gyration of Rg=128+3 nm, as well as a
positive value of the second osmotic virial coefficient
A,=(2+0.1)-10"° mol dm* g%, Moreover, the same sample
was dissolved at room temperature in another thermodynam-
ically good solvent, namely chloroform, and was character-
ized by the same procedure (see Fig. SI-1 in Electronic
Supplementary Material, ESM). Comparable values within
the standard deviation of Myw=(2.3+0.05)-10" g mol ',
RG=135+3 nm, and 4,=(3+0.1)-10"° mol dm> g2 were
obtained, which implies that the characterization pertains to
molecularly disperse solutions of PG4. Furthermore, a critical
overlap concentration of ¢'=3 My/ATt Ny RG>=43 g L' was
calculated. Thus, all further experiments were performed us-
ing dilute solutions with polymer concentration c<c" to avoid
effects of intermolecular polymer—polymer interactions.

The numerical value of L,=1060 nm was determined by
SLS corresponding to My, (vide supra), Miyno,=5,428 g mol
and assuming a repeat distance per monomer of =0.25 nm in
accordance with previous work [29]. Furthermore, from these
SLS results, the persistence length /;, of the wormlike mole-
cules are obtained from the ¢/R(g) vs ¢> plot [39, 41] in the
linear regime depending on temperature 7. For PG4 in diox-
ane, a value of /,=7.0 nm at 7=25 °C and /,=8.0 nm at
T=40 °C is determined (see Fig. S-2 in ESM). It should be
noted that here a weak influence of a minor fraction of
aggregated molecules (seen at low ¢ values) is neglected,
which is not the case for the Zimm diagram shown in Fig. 2.
A more refined analysis of the light scattering data based on
the approach first described by Benoit and Doty [41] gives
values for /, approximately double as large under the assump-
tion that the polydispersity index is PDI=2. However the
polydispersity is not exactly known for the present sample,
but in previous studies, values of PDI = 2 were published for
the same type of polymer [31]. It should be mentioned that the
effect of the polydispersity on the estimation of molecular
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Fig. 2 Zimm diagram of sample PG4 in dioxane at 7=25 °C

parameters such as L. and /, is moderate and further detailed
investigation under the consideration of correction functions
for polydispersity effects in wormlike chains is beyond the
scope of the present work. In the further text, we take the
persistence length obtained from a plot of c/R(q) vs ¢* as the
lower bound of /.

Dynamic light scattering experiments probe the micro-
Browian motion which is the thermally activated free diffu-
sion of dissolved macromolecules, in other words, DLS
probes the hydrodynamic behavior of solved single mole-
cules. It is common to express the results in terms of a field
correlation function (see “Experimental section™) [36].
Figure 3 shows the single mode relaxation function C(g, f)
of sample PG4 solved in dioxane with c=1 g L' along with
the data evaluation by using a stretched exponential (KWW)
function (see “Experimental section” for details). The distri-
bution of relaxation times 7 is described by a shape parameter
of 3=0.85. Fitting of the experimental data C(g, f) by a KWW
function is plausible in the light of further data which indicate that
the DPs are to be described as soft filaments that undergo
thermally induced shape fluctuations as well as micro-
Brownian motions. The translational diffusion coefficient
Dy=2.5-10"% cm® s~ obtained from the intercept of the linear
variation of the g-dependent relaxation rate I'/g* vs ¢°, as pre-
sented in the inset of Fig. 3, enabled the calculation of a z-average
Stokes—Einstein hydrodynamic radius of R,=72+2 nm. A data
evaluation by using the CONTIN method results a value of R,
conTIN=74%2 nm, which is in very fair accordance (see Fig. S-3
in ESM).

Density and topology Foregoing work [31] has demonstrated
that DPs can be described as wormlike structures. The volume
of the wormlike chain (Porod—Kratky) [42] of PG4 is defined
by V=7 RZ L.=26.1-10° nm’ (case a), where R,
(saxs)=2.8 nm is the cross-section radius as indicated exem-
plary in Fig. 1 and obtained by SAXS measurements of the dry
material (see Fig. 4). Taking the value of the cross-section
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radius of PG4 determined by MD simulations [22, 43] R,
py=4.0 nm as the maximum radial extension of the corona
segments, i.e., where the radial segment density approaches
zero, a value of 7,,=53.2-10° nm® (case b) is obtained. The
latter value would also be consistent with data obtained for
solutions in methanol by small angle neutron scattering
(SANS) experiments (unpublished results of Sigel RL,
Schurtenberger P (2011) University of Fribourg, Switzerland)
and therefore reflects the maximum extension of the corona
segments swollen to maximal extension with methanol (for
SANS). The volume occupied by the wormlike chain in its
random flight conformation in the solvent dioxane at room
temperature is given by V.=4/3 m Rg=8.8-10° nm’.
Therefore, the volume filling by the wormlike chain can be
approximated by 100-V,,/V, that is 0.3 % for case a and 0.6 %
for case b. Thus, the degree of volume filling is a factor of at
least 10° larger than typically observed for classical polymers
like PMMA or poly(styrene). This indicates that excluded
volume effects must play a considerably large role in the
definition of the persistence length /, when comparing samples
of largely different L. Since we investigate the solution behav-
ior of a single polymer sample, we will not attempt to separate
excluded volume effects from other effects which control the
overall chain conformation. Nevertheless, it is relevant to point
out that generalization of the results of our work to all chain
lengths needs a detailed consideration of excluded volume
effects and its consequences for the random dimension of the
macromolecules. For example when establishing the calibra-
tion for size exclusion chromatography, this needs to be care-
fully considered otherwise erroneous conclusions will result.
At this point, a short discussion of the density p of the
polymer may be of interest. We like to restrict the discussion
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Fig. 3 Normalized field correlation function C(g, ¢) of sample PG4 in
dioxane with c=1 g L™" at a scattering wave vector g=1.997-10 % nm™ "
(open symbols) at T=25 °C along with the corresponding KWW fit
(solid line) characterized by a shape parameter 5=0.85. The diffusion
coefficient Dy is obtained from the intercept of the linear variation of
D=T/g* as a function of ¢°, as shown in the inset

to the sample PG4 where data obtained by different techni-
ques are available (vide infra). There is general agreement
that spherical dendrimers and dendronized linear polymers
exhibit a dense packing of the dendron segments in the
interior and that the density decreases at the periphery in
the manner of an error function [43, 44]. A detailed descrip-
tion of the density profile based on MD simulations can be
found in the most recent literature [22]. However, these
simulations lack experimental verification so far.

The value R; defines the radius at which the density of the
“hard” core starts to deviate toward the lower density of the
dendron segments at the periphery of the corona. This could
be probably the radius relevant to describe the bending
stiffness of the wormlike molecule (vide infra). R, describes
the average radius of the wormlike chain in solution and/or in
the solid state where the chain—chain interaction is dominat-
ed by the equilibrium between attractive and repulsive forces
between different chains and/or segments of the same chain
in a random flight conformation. Finally R; relates to the
radius of maximal extension of structural elements of the
corona at which density differences between solvent and
polymer attached dendrons vanish. R; is relevant to scatter-
ing experiments, e.g., SAXS or SANS. The radius relevant to
describe the self-avoiding walk in the random coil confor-
mation would probably be located between R, and R3. If one
follows the results of MD simulation [22, 43], the difference
AR=R;—R; is of the order of 1.4 nm and R,=3.3 nm for
PG4. The density of the hard core volume was found to be
p=1.18 g cm > in these simulations, based on a “united
atom” type of approach and did not consider solvent incor-
poration. As shown later, this value is close to that which we
have determined for the density of this polymer dissolved in
chloroform.

Furthermore, SAXS reveals for bulk (PG4 obtained by
freeze-drying solutions in dioxane) the observation of Bragg
peaks typical for hexagonally dense packed cylindrical objects
(see Fig. 4) that allows the set-up of a unit cell in which the
center-to-center distance between next neighbor cylinders is
a=5.5 nm and therefore R, saxs)=2.8 nm. In addition, the
density of the material in a unit cell is given by p.=Mon/Vei
Na=143 g cm > with ¥, the volume of the elementary cell.
Eventually, one may also consider the density of a cylinder with
square box dependence of p for R; saxs)=2.8 nm which gives
P =Mion/T R d Na=1.46 g cm . One may associate p, with
the density of a cylinder with effective radius R, in the dry state.
The density of PG4 in solution is accessible measuring the
density of solutions at known weight fraction w, of solute. With
the approximation that the measured density of the mixture
Pm=w2(p2—p1), where the subscripts 1 and 2 refer to the
solvent and solute, respectively, and w;+w,=1, the density of
the DP p, in the dissolved state can be estimated for dioxane at
room temperature. A value of p=1.21+0.03 g cm° for dioxane
and p=1.11+0.03 g cm* for chloroform is calculated. In other
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Fig. 4 Experimental SAXS N
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words, the DPs undergo substantial swelling by dissolution.
The bond connectivity along the chain trajectory enforces that
the swelling is two-dimensional in nature that is stretching of
the dendron segments occurs in radial direction. The density p,
refers to the density of the bulk material in the form of hexag-
onally close packed cylinders and contains the contribution of
the interstitial volume. However, p', refers to the density of
individual cylindrical objects void of any solvent (“dry” state).
Therefore p', is the proper reference to assess the degree of
swelling of the object equilibrated with solvent. The degree of
swelling is given by =100 (p'\/psolvent) =~120 % for dioxane
and ~130 % for chloroform accordingly. The swelling induces
a growth of R, from 2.8 to 3.1 nm in dioxane and 3.2 nm in
chloroform.

The radial extension of PG4 dissolved in methanol was
determined by SANS (unpublished results of Sigel RL,
Schurtenberger P (2011) University of Fribourg, Switzerland).
Two limiting data sets are available. On one hand, a value of R,
(sans)=2.6 nm has been determined for PG4, which corre-
sponds to our definition of the hard core radius. On the other
hand, a second value R; sans)y=4.0 nm was obtained by a more
refined analysis of the SANS data (unpublished results of
Sigel RL, Schurtenberger P (2011) University of Fribourg,
Switzerland) and this value refers to the maximum extension
of the methanol-swollen sample PG4. The difference
AR=R;—R, corresponds to the expectations of MD simulations
[22, 43]. Since Q can be considered as characteristic for the
thermodynamic quality of the used solvent, we conclude diox-
ane < chloroform < methanol for the respective solvent quality.

We note that previous work [45] of some of the authors
has extensively elaborated what the proper value of the
density of the same polymer, namely PG4, might be. The
present findings corroborate the assumptions made in the
context of interpretation of molecularly resolved images of
individual chains that had been weakly absorbed to the
surface of mica, highly oriented pyrolytic graphite or amor-
phous carbon. Zhang et al. [45] give an estimate value of
1.35<p<1.45 g cm > for the dry sample and p=1.1 g cm >
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for the same polymer in solution. Thus, these data are in fair
agreement with the present results and also correspond qual-
itatively with available MD simulations [22].

The swelling of the corona originates from both enthalpic
and entropic effects. The main contribution to the latter is the
osmotic pressure of the solvent which acts as a diluent for the
segments of the dendrons. However, there are also effects
due to the heat of mixing to be expected and one will
generally formulate Agix=Alnix— TAsmix Where Agix 18
the free energy change per dendron of generation G upon
dissolution, A/, is the respective enthalpy change (heat of
mixing), and As,;x is the entropy change. The entropy of
mixing has been extensively considered in the recent litera-
ture [20, 21]. The consequences in terms of chain stretching
that are increase in persistence length in thermodynamically
good solvents have been pointed out to the extent that scaling
laws have been formulated. These scaling laws do not predict
the magnitude of the present experimental findings but mere-
ly describe the observed trends. For instance, experimentally
one finds substantially different values for /, for different
solvents, e.g., for sample PG4 [,=12 nm in methanol and
7.0 nm in dioxane. As mentioned earlier, the magnitude of /,
given here needs to be considered as the lower bound. It
should be noted, however, that measurements of the heat of
mixing solvents and DPs would be most interesting and
could help to understand the role of solvents in the molecular
mechanics of the swollen wormlike chain much better.

While computer-based molecular dynamics simulations
[22] give reasonable prediction of the density profile normal
to the backbone trajectory, they will fail in the prediction of
the overall topology of the DP, notably the persistence
length. The reason is that the computer simulation considers
local relaxation processes of the dendron branches on the
time scale 107'2<7<10"? s while the global structure of the
whole chain is the result of the viscoelastic response of the
DP to the thermal fluctuations in the solvent bath in which
the polymer is observed by, e.g., DLS, that is the time
window of 107<r<10% s.
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II. Solution behavior in a thermodynamically poor solvent

In the course of the investigation of the solution properties of
PG4 in different solvents, it was revealed that toluene acts as
a thermodynamically poor solvent and may be considered as
a theta-solvent (6 solvent). A freshly prepared sample of PG4
could be completely dissolved at 7>30 °C and turbidometric
investigations at various concentrations indicated that the 6
temperature Ty was slightly below 30 °C (not shown). This
prompted a detailed study of dilute solutions of PG4 in
toluene by SLS and DLS experiments. From the static light
scattering intensity, Rg and /, were obtained as described
before (see Fig. SI-4 in ESM). Furthermore, DLS gave the
time correlation function C(gq, f) which was interpreted in
terms of a KWW distribution of the diffusion times (see
“Experimental section” and Fig. 7). The further discussion
will demonstrate that data analysis in terms of a KWW fit
captures the physical reality in an appropriable manner,
while the conventional data treatment via CONTIN [46]
delivers a physically less realistic impression of individual
diffusion processes contributing to the overall C(q, ¢). The
pertinent data obtained by SLS and DLS are summarized in
form of a graph in Fig. 5.

Regime [ and molecular mechanics of the wormlike
chain As shown in Fig. 5, both Rg and Ry, reveal a strong
T dependence. In the following, the data are discussed
according to three temperature regimes (as indicated in
Fig. 5) which refer to quite different situations: Regime I
refers to homogeneous solutions of molecularly dispersed
chains of PG4 at 7>T). The 6 temperature is identified in
the context of this work as the temperature where Rg is
maximal. Within the small regime II, which extends be-
tween 24<7<28 °C, both SLS and DLS (see Fig. 5) gave
evidence of the presence of individual molecules over
extended periods of time, namely hours to days, while
in regime III at 7<24 °C strong turbidity and sedimenta-
tion appear as a sign of coagulation and the formation of
large aggregates.

Since one can take Rg” as the characteristic magnitude to
describe the dimension of a polymer in solution, the ratio of
Rg(T)* over Rg(Tp)* gives a vivid description of the changes
in the chain dimension above and below 7. A very strong
decrease in the dimension of the individual macromolecules
both, above and below Ty, is observed, albeit for very dif-
ferent reasons.

The high temperature regime I First we investigate the high-
temperature regime I (7>7}). Here, we follow the argument
of Flory [18, 47] and extract the temperature coefficient
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Fig.5 Temperature dependence of radius of gyration Rg (black circles)
and hydrodynamic radius Ry, (black squares) of PG4 solved in toluene at
a concentration of ¢=1 g L™". The dashed red lines denote the identi-
fication of T} as the maximum of Rg. The solid lines through the data
points serve merely as a guide to the eyes

From the graph shown in Fig. 6, we derive a value of
C=-3.8-102 K ' that is a very strongly negative coefficient.
Remembering a value of C=—0.37-10 K" for poly(sty-
rene), 0.09 K '<(<0.28-10° K" for poly(isobutylene),
and C=—0.23-10" K™ for poly(oxyethylene) [18, 47], the
most unusual behavior of PG4 comes to the surface. The
latter shows a 100-fold stronger temperature dependence of
the coil dimension on 7 in toluene as compared to conven-
tional linear macromolecules. The reason for this surprising
behavior becomes obvious looking to the changes in /, with
T obtained from analysis of the SLS data (see ESM). The
persistence length decreases from a value of /,=7.0 nm at
T=T,=28 °C to 5.8 nm at 7=45 °C, the highest temperature
for which data are available. The data indicate an approxi-
mately linear decrease of /, with T'in this limited temperature
range with a slope of d/,/d7=-0.07 nm K '. These results
can also be described in the picture of a wormlike chain in
which the number of statistical elements which describe the
random flight trajectory of the object changes with 7" (unlike
in classical chains). Accordingly, we can calculate the num-
ber of statistical elements N per chain by N=L./.. N changes
from a value of 295 statistical elements per chain at 7=28 °C
to 356 at 7=45 °C, which is a change by ca. 20 % over a
temperature difference of 17 K. This interpretation is corrob-
orated by the extrapolation of the data for the 7 dependence
of /, in Fig. 6 to 20 °C, which neglecting the occurrence of
the 6 behavior at 7<T, gives a value of ~7.5 nm which
coincides very well with our experimental data found for
solution in dioxane. The latter is a thermodynamically good
solvent for the segments of the dendrons (vide supra). We
conclude that the viscoelastic interactions among the
branches of the dendrons that form an entanglement network
(see Fig. 1) are dominating the elastic behavior of the
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Fig. 6 Temperature dependence of the unperturbed dimension of PG4
molecules solved in toluene at 7> Tp; aln(RGz)/aT =-3.8-10 2K !

wormlike chains in the poor solvent. The solvent itself acts
as a plasticizer in this case.

The connection of /, to the molecular mechanics of the
wormlike chain is straight forward. The persistence length /;
reflects the Young’s modulus £ of the wormlike chain
according to [48]

I, = Co kBiT (3)
where the Boltzmann kg is constant and where the coefficient
Cy according to Odjik [48] refers to the topology of the
cylindrical object by Co=(m/64)D* with D=2R, being the
diameter of its cross section. In other words, the T depen-
dence of /[, and thereby Rg is interpreted as a strong T
dependence of the modulus of the chain since there is no
reason to assume changes in the topological term, namely D*
in this temperature regime.

To bring out the temperature dependence of the modulus
more clearly, a plot of [,-T'vs T'is shown in Fig. 7. The slope
indicates a 0.75 (~1)% linear decrease in modulus per degree
in the small temperature range investigated here and under
the assumption that Cy=constant. Moreover, these data give
evidence that fluctuations in the modulus along the chain
trajectory must occur since the energy required for bending is
only a few kgT.

In other words, micro-Brownian motion of the macro-
molecules and bending fluctuations fall into the same spec-
tral window to be seen by light scattering experiments and
this situation is reflected by the KWW distribution of relax-
ation times seen in the DLS spectra (see Figs. 3 and 8). These
results also shed light onto the nature of the corona around
the polymer backbone which is composed of the dendrons.
We like to describe the material in the bulk of the corona as a
gel with strongly 7-dependent shear modulus. Therefore,
what is observed as T dependence of Rg and of [, is a

@ Springer

reflection of the molecular dynamics of the solvent swollen
DPs close to the glass transition temperature 7. The dry
sample PG4 showed 7,=~70 °C [20, 35]. However, the
precise value needs further discussion since the 7, region is
unusually broad. Treating the role of the solvent as that of a
plasticizer, one can interpret the data in terms of the visco-
elastic behavior of a gel cylinder of given molecular dimen-
sions. Close and around 7y, the modulus of all polymers
show a strong 7 dependence.

The formula of Odijk [48] describes the mechanics of a
cylindrical rod of homogeneous elasticity and homogeneous
density. This is, of course, an idealization as already pointed
out by Odijk himself but helps to define an equivalent object
which shows the observed behavior of the real molecule.
Moreover, Eq. 3 gives the scaling with diameter at given
elastic constant.

For instance, plugging the value of /,=7.2 nm found for PG4
in dioxane at 7=25 °C (vide supra) into Eq. 3 and assuming
that E/kgT=1 gives R.=1.74 nm which is in very reasonable
agreement with the experimental result discussed above having
in mind that the real molecule exhibits a radial dependence of p
and thereby of the modulus as well. Assuming a value E/kgT=2
would decrease the magnitude of R, to 1.46 nm, that is further
away from the experimentally observed value of R.. For meth-
anol as solvent, a value of [,=12 nm has been reported (un-
published results of Sigel RL, Schurtenberger P (2011)
University of Fribourg, Switzerland). Again, setting E/kgT=1
gives R.=1.98 nm in reasonable agreement to what has been
observed by SANS measurements (R. sans)=2.6 nm).

The findings suggest that the diameter of the equivalent
cylinder with a stiffness as defined by Eq. 3 is approximately
75 % of the radius estimated from SANS or density measure-
ments in solution. This conclusion holds for PG4 and under
the further assumption that E/kgT=1. Moreover, E is obvi-
ously different for different good solvents as reflected by the
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Fig. 7 Temperature dependence of the Young’s modulus £ for PG4
dissolved in toluene at a concentration of ¢=1 g L' in a temperature
range of 28 °C<T<45 °C
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Fig. 8 Normalized field correlation functions C(g, f) of sample PG4 in
toluene at c=1 g L ™! at a scattering wave vector g=1.997-10 > nm ' at
different temperatures 7' (open symbols) along with the corresponding
KWW fit (solid lines), the shape parameter (3 characterizes the distri-
bution of relaxation times

dependence of /, on solvent quality. Furthermore, we cannot
assume that £ is independent on G. As the number of gen-
erations of DPs becomes smaller, the molecular object is less
well described by a square box radial distribution of density
and modulus. In other words, the boundary conditions which
are neglected in Eq. 3 become more and more relevant in a
manner which would best be covered by simulations and not
by analytical formulations as the one given by Odijk [48]. Of
course, one can always define an equivalent object which
would behave as the molecule under investigations, meaning
that [, can be correlated to virtual cross sections at given
values of E/kgT. However, the interpretation of the meaning
of D and its correlation with chemical structure elements will
be a task of further work. So far, we have followed the
formulation given by Odijk [48] for the case of a stress-free
wormlike chain which is in equilibrium with a thermal bath,
i.e., dissolved in a € solvent. It is worth mentioning that
Odijk [48] has considered the case of identical chains under
stress as well, that is the eigen-modes of a filament under
tension leading to periodic undulation of the chains. The
wavelength of the undulation depends on the applied tension
and the temperature of the bath in which the chains are
embedded. The result is of importance to the measurable
end-to-end-distance of the extended wormlike chains which
is not an independent parameter but depends on the quality
of the thermal excitations of the filaments. This aspect has
been subject of a number of theoretical and experimental
investigations in the context of developing the biomechanics
of naturally occurring polymers, e.g., DNA and collagen
[49-51].

While most of the work summarized and analyzed in
these references point toward the mechanics of biological
macromolecules and biogenic filaments as found in animal

tissue, the arguments are helpful in the design of synthetic
macromolecules as well. These are available in the form of
brush-like and dendronized polymers. In fact, phenomena
predicted by theory in the above-mentioned literature have
been identified experimentally for polymer brushes by
Gunari et al. [52]. The predicted thermally activated undula-
tion effects were revealed measuring force—extension curves
on individual macromolecules. Analysis of their data in the
light of the above mentioned studies allowed them to deter-
mine precise values of /, for the brush-like polymers. We like
to note that the interesting case of filaments composed of
mechanically heterogeneous elements has also been treated
in terms of a theoretical analysis [53]. Translated into the
language of dendronized linear polymers, this would mean a
copolymer where the co-monomers differ in the chemical
structure and/or generation number of the dendrons attached
to the repeat units, cases which to our knowledge have only
been realized in a few cases [54, 55].

Regimes II and 1II Regime II of the behavior of PG4 dis-
solved in toluene is characterized by a dramatic decrease in
the average chain dimension over a narrow temperature
range from 7=T7,=28 °C to about 24 °C (see Figs. 5 and
8). However, both SLS and DLS indicate the presence of
molecularly disperse macromolecules in stable solutions
without signs of aggregation or sedimentation over days.
Rg decreases by 43 % and R, by 53 % (see Fig. 5).
Accordingly, <Rg>/<Ry,> assumes a value of ca. 1.5 within
this temperature regime, that is a value expected for random-
ly coiled Kuhn chains. Note that in regime 1 (7>T7p) we
observed fully expanded wormlike chains of the investigated
polymer and the determined value for <Rg>/<Rp> is ~2,
which correlate with the theoretical value for rod-like struc-
tures very well. Regime II is characterized by a dramatic
decrease in the average chain dimension over a temperature
range from 7=T,=28 °C to about 24 °C. Here, <Rg>/<Ry,>
results in a value of ~1.5. For linear macromolecules with a
further decrease of 7' (T<Ty), a very sharp coil-to-globule
transition would be expected. In such a case, <RG>/<R;>
would be around 0.77. In the present case, the situation for
dendronized polymers is somewhat different in so far that we
observed a transition range between 28 and 24 °C. Within
this range, meta-stable structures are observed (vide infra).
Going to 7<24 °C, the solutions become unstable and
within a short time turbidity develops rapidly accompanied
by sedimentation of the formed aggregates, in other words,
regime III refers to a two-phase situation of a polymer—solvent
phase diagram, while in regime II, we observe a fractional
desolvation of the dendron corona of PG4. This is more
precisely documented by the DLS results shown in Fig. 8. In
particular, the dramatic change in C(q, ) is documented going
from 25 °C where we still determine fluctuating individual
macromolecules to 20 °C where the solution becomes unstable
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(aggregation). Note the reduction of the amplitude of C(q, ) at
7<24 °C and the appearance of aggregates. The decrease in the
chain dimensions with decreasing 7" without precipitation be-
tween 28 and 24 °C and keeping (S=const.=0.9 suggests a
meta-stable pearl necklace structure of partially desolvated
chains. Structures of locally collapsed chain segments and still
solvated stretches of segments have been identified as unstable
intermediates in the kinetics of the much studied coil-to-
globule transition of linear macromolecules [56, 57]. It occurs
close to the 6 temperature. In fact, many stages of the transition
have been identified by simulation and some of them have
been verified by time-resolved studies of the precipitation
process as kinetic intermediates preceding the final precipita-
tion in the form of multi-molecular aggregates. In the present
case, the situation is substantially different in so far as we
hypothesize that the gel-like bulk of the corona of the dendrons
at first undergoes a desolvation process which leads to fluctua-
tions of the osmotic pressure along the chain trajectory.
Presumably this creates regions of fully solvated dendrons in
equilibrium with regions that are fully or partially desolvated
as indicated in the schematic Fig. 9. This will change the
character of the wormlike chain to that of a segmented chain
with strongly solvent (and temperature)-dependent segment
length. This also means a fluctuating shear modulus along
the trajectory of the chain. At this point, it must be left to
further studies to find out what the precise segment length
distribution looks like.

The foregoing description is also supported by the exper-
imental observation that the transition around 7,=28 °C can
be completely suppressed adding 10 vol% of dioxane to the
toluene solution (see Fig. SI-5 in ESM). Dioxane acts as a
preferential solvent to the segments of the dendrons and the
gel-like character of the corona remains intact even if the
toluene becomes a non-solvent at 7=T.

Figure 9 describes schematically the situation for the
solution of PG4 in pure toluene in terms of a phase diagram.
A homogenous solution of wormlike chains corresponding
to regime I exists above Ty, where the dendron corona is
homogeneously swollen by the solvent toluene. At T, the
intramolecular segregation of dendron segments and solvent
starts leading to a locally fluctuating solvent concentration
along the trajectory of the macromolecules. Macroscopic
phase separation will only occur below 24 °C when the
length of the dissolvated regions per macromolecule exceeds
a critical value. The process of desolvation is depicted in
Fig. 10 and is assumed to occur inside the shaded regime of
the phase diagram shown in Fig. 9.

The description given by Fig. 10 bears similarity to what
has been extensively discussed for the occurrence of
Rayleigh instabilities in thin jets of liquids as well as transi-
tion of rod-like filaments or particles to spheres in the solid
state [58, 59]. In fact, given the topology and dimensions of
DPs, one would expect that Rayleigh instabilities must occur
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Fig. 9 Schematic phase diagram in terms of temperature 7 vs volume
fraction ¢ for PG4 dissolved in toluene at a temperature range of
T<Ty<28 °C

but need to remain incomplete because of the bond connec-
tivity of the polymer main chain. Furthermore, we cannot
associate a surface tension vs bulk energy competition as the
driving force for the perturbation of the shape. Rather, we
invoke a competition between enthalpic and entropic forces
acting on the solvent embedded macromolecule. The entro-
pic forces are mainly to be associated to the osmotic pressure
of the solvent which likes to swell the bulk of the DPs to the
maximum extent while the enthalpic forces refer to the heat
of mixing of solvent and branches of the dendrons. The 6
temperature would then be understood as Ty=AH i/ ASmix-
This treatment is common in all theories of the phenomena of
the swelling of polymer gels [27]. Below Ty fluctuations of
solvent concentration inside the bulk of the corona of the DP
occur, which can also be described as fluctuations of the
cross section. This is shown in Fig. 10. The minimum
cross-section diameter for PG4 is obviously the one of the
dry polymer (2R. (saxs)=35.6 nm, vide supra) and the max-
imum diameter must be in the order of 6 nm for the solvent
swollen PG4. Following the literature and without further
proof, we assume that the fastest growing wavelength of the
shape fluctuation dominates the topology by

A= 2/2Ruma (4)

with R,.x=3 nm, this yield 6 nm as the order of magnitude
for A which is not surprisingly of the same magnitude as the
persistence length observed for this situation in the regime I1
for PG4.

One needs to emphasize that Fig. 10 depicts merely the
local structure of the polymer in toluene at 7=24-28 °C but
not the global structure. At present, we have little informa-
tion on the global structure except values for Rg and R, (see
Fig. 5). However, the foregoing discussion sheds light onto
the mechanism of chain collapse below T,. The DPs can be
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Fig. 10 Schematic illustration of the # solvent induced local changes of
the basically cylindrical topology of DPs. A decreasing temperature 7'
results in a transformation from wormlike chains at 7> Ty (a) to pearl
necklace structures below the 6 temperature 7, (b). A represents most
probable wavelength of the shape perturbation. The pearl necklace
structure presumably exists in the shaded regime of the phase diagram
shown in Fig. 9

seen as anisotropic colloidal objects. In good solvents, the
formation of aggregates is prevented by an osmotic barrier
which acts against interpenetration of the surface dendron
branches of different parts of the same as well as different
wormlike chains. In other words, and following DLVO the-
ory [24-26] and later modifications for steric stabilization of
colloids among them most notably latex suspensions [28],
the individual DP is subject to osmotic stabilization in good
solvents. A schematic diagram that displays the interaction
potential  between two segments of the DPs vs their dis-
tance H is shown in Fig. SI-6 in ESM. The interaction energy
is repulsive for thermodynamically good solvents (Ws) at
distances H<2R, neglecting terms which describe hydrody-
namic interactions. However, attractive forces create a min-
imum in the energy curve for thermodynamically poor sol-
vents (Wy). For a 6 solvent, we assume that the magnitude of
the attractive force AW between two segments can be ap-
proximated by kp7j. In consequence at 7>T7), the thermal
energy is sufficient to screen the attractive interactions.

In poor and 6 solvents, the osmotic stabilization fails and
contacts between different parts of the same chain and/or
different chains are now favored because local interpenetra-
tion of the branches of the dendrons relieve packing stress.
Dendron branches of one chain replace solvent molecules in
another chain. This results in an overall attractive force and
stabilizes chain—chain contacts.

Returning to the case presented here, for PG4, we can now
interpret the observation of a temperature regime below 7y in
which still individual chains exist in solution. The still solvat-
ed parts of the wormlike chain offer sufficient osmotic stabi-
lization to hold the individual colloidal objects in solution.
This situation may be further stabilized by a redistribution of

the still solvated regions towards the outside of the volume
occupied by the chain in its random walk conformation, in
other words by a partial collapse of the whole structure into
regions of higher and lesser solvation of the dendrons.

While these considerations are of course rather hypothet-
ical, they may nevertheless serve as a valuable platform or
working hypothesis for further investigations.

Conclusions

This work presents data on the structure of dendronized
linear polymers in solution. Both cases of solutions in ther-
modynamically good and poor solvents (f solvent) are con-
sidered. Although the data are only presented for a single
sample, a DP of fourth generation and contour length of
1,060 nm (Mw=2.3-10" g mol "), it is suggested that the
results can be generalized and point out how and why DPs
differ principally from conventional polymers.

The branches of the dendrons form an entanglement net-
work which undergoes swelling in the solvent in which the
polymer is dissolved. Substantial swelling of the cross-section
radius is experimentally observed. The osmotic pressure of the
solvent stretches the chain trajectory as indicated by the
solvent-dependent persistence length in thermodynamically
good solvents. In poor solvents, the solvent itself can be
considered as a plasticizer of the entanglement network of
the branches of the dendrons at temperatures above the 6
temperature. Following Odijk’s [48] argumentation, the per-
sistence length can be interpreted as the product of a topolog-
ical term related to the cylindrical geometry of the DPs and a
term which pertains the interplay between Young’s modulus
of the macromolecule and the thermal force acting on the
object in solution (E/kgT). In other words, the DP is seen as
a filament of a cross section that depends on the chemical
structure of the dendrons and the degree of swelling in the
respective solvent at given temperature. The shape persistence
is, therefore, of a different nature than in conventional poly-
mers where either steric hindrance or bond configurations
produce solvent-independent chain extension [60]. In good
solvents, the osmotic pressure takes care of maximum swell-
ing and this counteracts thermal fluctuations of the chain
trajectory. In poor solvents, the viscoelastic nature of the
entanglement network of the branches of the dendrons comes
into play. The consequence is a strongly temperature-
dependent modulus of the filament resulting in a strong and
unusually large temperature dependence of the radius of gy-
ration. Moreover, the incompatibly of solvent and dendron
segments induces local shape corrugations at a temperature
defined by Tp=AH pjx/ASpix where AH,; and ASp;, refer to
the heat of mixing of the dendrons and the respective entropy
of mixing. This is seen as the driving force for the
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precipitation, that is phase separation of solvent and polymer
as a critical wavelength of the fluctuations is surpassed.

In summary, the DP is regarded as a colloidal object in
which the attractive and repulsive forces between different
parts (segments) of the same chain and/or between different
chains are dominated by forces commonly described in the
frame of the DLVO theory. In particular, the repulsive forces
between different chains and/or stretches of the same chain
within the same filament which hold the macromolecules in
solution are to be described as osmotic barrier against inter-
penetration of the surfaces of the solvent swollen outer
regions of the dendron corona. This is the case of steric
stabilization of colloidal objects.

As the solvent is ejected from the dendron shell as
consequence of temperature-dependent incompatibility,
this mechanism of stabilization fails and precipitation
occurs. This suggests a rather different interpretation of
the processes and mechanisms behind the phenomena
described by polymer phase diagrams. In other words,
the conventional description in the terms of X parameters
according to the Flory—Huggins theory is not appropriate
for DPs. The descriptions of the DPs in terms of colloidal
filaments undergoing swelling and thermal fluctuations of
local and global nature deserves not only further tests but
gives hints as well for potential applications. For instance,
networks composed of slightly cross-linked DPs should
exhibit extraordinary temperature dependence of the elas-
tic modulus if swelled with thermodynamically poor sol-
vent. The individual chains or filaments should exhibit
properties similar to gel cylinders which have been de-
scribed for their earthworm-like behavior [61, 62] in con-
fined dimensions that is capillaries of cross section
smaller than the radius of gyration which would induce
stretching of the chains. Alternatively, earthworm-like
behavior should be observed for chains on surfaces. In
particular, mobility on rough surfaces with the structure of
a ratchet should be of interest. Another major topic would
be the mixing of DPs with nanoscale-sized pigments. It is
expected that depletion phenomena, that is formation of
clusters of particles from an initially homogeneous distri-
bution of particles in the solvent swollen matrix of the
polymer, will not occur for particles which are smaller
than the characteristic dimension of the DPs that is cross-
section radius and persistence length [63, 64].
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