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Abstract This work reports the structural feature and internal motion of one novel hyperbranching cluster system in dilution solution. The
cluster system is composed of HB-PS;y,-g-PtBA,5s hypergraft copolymer chains with uniform subchain, high molar mass and low polydispersity
(M,,=1.73x10° g/mol and <M,,/M,>=1.07), where HB-PS and PtBA represent hyperbranched polystyrene core and poly(tert-butyl polyacrylate)
graft, respectively. In the selective solvent of PS blocks (cyclohexane, T4=34.5 °C), the aggregation kinetics and structural feature are found to be
precisely tunable for assembled clusters by the aggregation temperature (11 °C<7<17 °C) and time (0 h<t<24 h). An interesting structural
evolution kinetics is observed, namely, the fractal dimension (dy) of clusters is found to first increases and then decreases with t, eventually, it
reaches a plateau value of d=3.0, corresponds to a uniform spherical structure. By using dynamic light scattering (DLS) to monitor the number
and strength of relaxation modes in I(g) with I being the decay rate and g being the scattering vector, it is quantitatively revealed that the
relaxation, intensity contribution and mode origin of internal motions of clusters are neither similar with previously reported cluster systems with
high polydispersity, nor with the classical linear chain systems. In particular, in the broad range of 2.0<qR;<6.0, we have observed that the
reduced first cumulant [ = (g)/(g*ksT/ne)] does not display an asymptotic behavior. Whereas, a better asymptotic behavior is observed by
plotting (g)/q* versus gR,,. For the first time, our observation provides direct evidence supporting that, for hyperbranching cluster system with
low polydispersity and high local chain segment density, the hydrodynamic interaction is greatly weakened due to the enhanced hydrodynamic
shielding effect.
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INTRODUCTION

As one fundamental and important problem, the dynamics of
macromolecules in solutions has been extensively studied in the
community.'™# Agitated by the thermal energy (kg7), one
polymer chain can undergo the Brownian motion in solution,
which is called translational motion. Simultaneously, the
thermal energy can also induce the motions of individual
segments with-respect to the center of mass, and such a kind of
intramolecular relaxations is called internal motions. Both
translational and internal motions are important to dominate
the dynamic properties of polymeric materials in practical
applications.

Rouse and Zimm (RZ) models are classical theories for de-
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scribing the polymer dynamics in normal coordinates,
without and with hydrodynamic interactions respectively.
Historically, by dynamic light scattering (DLS) technique, a
number of classical experiments have been executed to test
the theoretical predictions.l>¢! In related studies, the relaxa-
tion time (1) for the first two order of internal motions, as well
as the asymptotic behavior of the reduced first cumulant
[M*(q) = I1(q)/(kgTg3/ny)], is the main concern, where kg is
Boltzmann constant, n, is the solvent viscosity, I' is the decay
rate and q is the scattering vector. So far, for linear,”] combl!
and hyperbranched™® single chain systems, some qualitative/
semi-quantitative agreements have been achieved between
experimental and theoretical results.

In contrast, much less attention has been paid to the
cluster/assembly systems with much higher segment density
and more complex multi-body hydrodynamic interactions.
The cluster/assembly systems have been widely studied in
various fields such as polymeric catalysts,['% photonic materi-
alst" and stimuli-responsive materials,['2 etc. However, due
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to the difficulty in the construction of qualified cluster sys-
tems with well-defined structure feature and low polydis-
persity, the DLS experimental study cannot provide high-
quality data and reliable analysis result, which greatly hinders
the deep understanding of the correlation between micro-
scopic dynamic behavior and macroscopic property.

In fact, both the polydispersity in molar mass of unimer
precursors (M,,/M,) and the polydispersity in structure size of
assembled clusters (PDI) will significantly influence the obser-
vation result in DLS experiments. However, the polydispersity
effect has not received enough attention in related studies.
There are a few important studies regarding the internal dy-
namics of clusters worth mentioning. Namely, Wen et al. re-
ported the internal dynamics of a polymeric cluster (PDI unre-
ported) in toluene, where the system was composed of
poly(2-methoxy-5-(20-ethylhexyloxy)-1,4-phenylenevinylene)
(MEH-PPV) diblock chains with high polydispersity (M,,/M,=
5.0).'31 An asymptotic behavior was observed for M*(g) = 0.020
at high g regime. Dahesh et al. reported the internal dynam-
ics of Gluten Proteins (GP) cluster system (PDI unreported)
composed of high polydispersity GP unimers (M,,/M,=3.0) in
aqueous ethanol solution.['¥ Similar to the MEH-PPV cluster
system, GP cluster system showed an asymptotic behavior
with %(g)=0.030+0.004 at high g regime. Prabhu et. al. repor-
ted the internal dynamics of one polymeric cluster system
(PDI unreported) made of high polydispersity P(F-TMC),,-
PEG,-P(F-TMC),, triblock chains (M,,/M,=1.3), where F-TMC
and PEG represent oligocarbonate-fluorene andpoly-(ethyl-
ene glycol), respectively. The plateau value of M*(g) was found
to be in the range of 0.035-0.055.3! In principle, the conclu-
sions from above studies are not fully convincing due to the
polydispersity effect. The high polydispersity in either size or
molar mass makes it difficult to interpret the spectral data,
this is because the contributions of translational motion from
small species are indistinguishable from the contributions of
internal motions from large species at high g regime in the
scattering spectrum. No doubt, constructing one polymeric
cluster system with low polydispersity, well-defined structure
and notable equilibrium feature is the prerequisite for DLS
study of internal dynamics.

In this work, we report the investigation of internal mo-
tions of one model hyperbranching cluster system. As shown
in Scheme 1, the cluster system is composed of a number of
HB-PS3q-g-PtBA,5 hypergraft copolymer chains with low
polydispersity and featured branching pattern, where HB-PS
and PtBA represent hyperbranched polystyrene core and
poly(tert-butyl polyacrylate) graft, respectively. The subchain
length between neighboring branching points for HB-PS is
strictly controlled to be equal (~5.8 nm), which guarantees a
uniform spatial distribution of segments for the clusters. More
importantly, in the selective solvent of PS block, the aggrega-
tion kinetics and structural feature of HB-PS;y,-g-PtBAs
clusters with low polydispersity in size are found to be pre-
cisely tunable by the aggregation temperature (11 °C<7<17
°C) and aggregation time (0 h<t<24 h), which greatly facilit-
ates detailed investigation of structural feature and internal
dynamics.

EXPERIMENTAL

The synthetic detail, schematic illustration, theoretical
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Scheme 1 Schematic illustration of the single chain structure of HB-
PS300-g-PtBA,s.

background, experimental section and complementary data are
in the electronic supplementary information (ESI).

RESULTS AND DISSCUSSION

Structural Feature of HB-PS;,,-g-PtBA ;5 Individual
Chains in Solutions

The structural parameters of HB-PS3y,-g-PtBA,s individual chains
include weight-average molar mass (M,,), apparent radius of
gyration (<Ryapp>), apparent hydrodynamic radius (<Rpapp>),
polydispersity index (<M,/M,>) and critical overlap
concentration (c"), which can be extracted by static light
scattering (SLS) and dynamic light scattering (DLS)
measurements. The detail of sample preparation is summarized
in ESI (pages S2-54) and Scheme S1 (in ESI), which can be also
found in our recent publish work'®! The detail of scattering
experiment is also clarified in ESI (pages S6—S10).

For HB-PS;y0-g-PtBA,5, the weight fraction (wt%) of PtBA
was previously calculated to be 6.0 wt%, and refractive index
increment (dn/dc) was calculated to be dn/dc=0.179 mL/g.l'”!
Accordingly, M,, and M,,/M,, are determined to be 1.73x106
g/mol and 1.07 for HB-PS;4-g-PtBA,s, respectively. Measured
at a single concentration at =35 °C in cyclohexane (T, = 34.5
°C for PS) and THF, <R, ,,,> is determined to be 27.3 and 34.6
nm, respectively, indicating the strong contraction of hyper-
branched PS core in its selective solvent cyclohexane, in
which the excluded volume is close to 0. For ¢’ it is estimated
to be ~33.7 g/L in cyclohexane, which is ~3400 times higher
than the used solution concentration (c=0.01 g/mol), which
ensures the individual chains to be extremely far away from
each other under experimental conditions.

Temperature-dependent Structural Feature of
Hyperbranching Clusters in Cyclohexane

First, we explored the temperature-dependent structural feature
of formed hyperbranching clusters. As shown in Fig. 1(a), when
T further decreases from 35 °C to 17, 15, 13 and 11 °C, Nygg app
increases to 27, 340, 1120 and 1700, respectively, signifying
strong interchain aggregation. Note that the SLS measurement
was carried out after keeping the solution at the tested
temperature for 24 h, this guaranteed that the solution reaches
the thermodynamic equilibrium. Clearly, as shown in Fig. 1(b),
the Berry plots describe the SLS data well for hyperbranching
clusters, and <Ry .,,> increases from 181 nm to 288 nm. As T
decreases, the extrapolation to the zero scattering angle leads
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to increased intercepts, quantifying the increase in Nyggapp:
Actually, both <Ry,,,> and <Ry ,p,> increase as T decreases
(Fig. 1c), agreeing well with the trend of N,qg app- Fig. 1(d) further
shows that the hydrodynamic radius distribution curve [f(R,)]
gradually shifts to the left as T decreases from 17 °Cto 11 °C.

More importantly, f(R,,) curve shows a single peak feature at
each temperature with the relative variance (uz/(D)z) ranging
from 0.03 to 0.05. Such an observation unambiguously con-
firms the low polydispersity of formed clusters. Clearly, above
observations show that the solvophilic PtBA grafts can effect-
ively act as an elastic layer to prevent the macroscopic phase
separation of HB-PS;40-g-PtBA,s chains in cyclohexane, and
the structural feature and polydispersity index of hyper-
branching clusters can be well controlled by adjusting the ag-
gregation temperature.

Further, by plotting the normalized Rayleigh ratio
[Rw(q)/Ryw(q=0)] versus gRy, the internal structural feature of
clusters can be viewed.!'819 Theoretically, the negative slope
at high g-regime (gR;,>3.0) could reflect the ensemble fractal
dimension (dy). In our previous studies of individual hyper-
branched chains, d; is estimated to vary from 2.2 to 2.5, de-
pending on the solvent quality.[%201 As shown in Fig. S1a (in
ESI), when T=17 °C, d~=2.29, indicating that the clusters pos-
sess a highly random branching pattern. When T further de-

>=34.6 nm) in cyclohexane at c=0.01 g/L, where the measurement was initiated after keeping at a

creases to 15, 13 and 11 °C, d; is estimated to be 2.78-2.93
(Figs. S1b—S1d in ESI), which are closer to 3.0 for uniform sol-
id sphere, signifying that clusters formed at the three lower
temperatures possess more compact fractal structures.

Time-dependent Aggregation Kinetics of
Hyperbranching Clusters in Cyclohexane

So far, we are still unclear about the detail of how individual HB-
PS300-g-PtBA,5 chains assemble into large clusters. Monitoring
the time-dependence of mass and size information is beneficial
for evaluating the structural stability of formed clusters. Fig. S2
(in ESI) shows the aggregation time dependence of N,gq .0, and
<Rh,app> for clusters measured at different temperatures. Similar
trends are observed, namely, both N,gg .o and <Ry, ,o,> initially
increase and then reach a plateau as t increases. Specifically,
when 0 h<t<3 h, both Nygq.p, and <Ry ,,,> increase rapidly,
indicating a strong interchain aggregation. Importantly, after
t=6 h, a plateau value is reached. The result also demonstrates
that the lower the temperature, the faster the interchain
aggregation occurs. Based on the analysis of f(Ry,) (Fig. S3 in ESI),
only one relaxation mode is observed, indicating that all
precursor chains were involved. In addition, (i,/(D)*)<0.1 in the
whole aggregation process (Fig. S4 in ESI), displaying a low
polydispersity.
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To clarify the feature of aggregation kinetics,
[Rw(q)/Ryw(g=0)] can be further plotted versus gR, to analyze
how d; evolves with the aggregation time for different ag-
gregation temperatures. Namely, Fig. S5 (in ESI) shows the
Rw(q)-q plots at high g regime for specific aggregation times
and temperatures. When T=17 °C, d first increases from 1.52
to 3.55, and then slightly decreases to the 2.35 as t increases
(Fig. S5a in ESI). When T=15, 13 and 11 °C, a similar trend is
confirmed (Figs. S5b—S5d in ESI).

A more comprehensive analysis result is shown in Fig. 2(a).
An interesting structural evolution kinetics is observed,
namely, for a specific T, di gradually increases with t and
reaches its maximum of d=4.0 at t=3-6 h, then starts to de-
crease and eventually reach to a plateau value of d=3.0 when
t>12 h, corresponds to a uniform spherical structure. The
lower the temperature, the less time it takes to reach the
maximum. In addition, the segmental density (<p>) of
clusters is also analyzed, where <p> = M,,/(NA(4/3)TT<R}, pp>3)
with N, being the Avogadro constant. As shown in Fig. 2(b),
the cluster structure formed at T=17 °C possesses <p>=0.007
g/cm3, which is much smaller than the <p>=0.02-0.06 g/cm?3
for lower temperatures, supporting a much looser structure
for cluster formed at higher temperature. Above kinetics pro-
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Fig.2 (a) Aggregation time (t) dependence of fractal dimension (dy),
and (b) apparent average hydrodynamic radius (<Ry.pp>)
dependence of average segmental density (<p>) for HB-PSsqy-g-
PtBA,s chains at different aggregation temperatures (7=17, 15, 13 and
11°Q).

cess can be rationalized as follows: at the initial stage, the ag-
gregation of individual chains occurs quickly, and the aggreg-
ation rate is significantly larger than the re-construction rate
of clusters, which results in loose assembled structure with
rough surface feature. As the aggregation proceeds, due to
the decreased sticking probability and enhanced viscoelastic
property for large clusters, the aggregation rate starts to slow
down, and the re-construction of assembled structure even-
tually results in a more compact structure at equilibrium state.

Number and Line-width of Relaxation Modes of
Internal Motions in DLS Spectrum

Based on the clarified structure feature, DLS data are further
analyzed to insight into the internal dynamics. Figs. 3(a)—3(d)
show the representative </>-normalized line-width distribu-
tions for clusters formed at different temperatures, where <>
represent average line width obtained from cumulant fit. Based
on the normalized operation, the relaxation (line-width) related
to the pure translational diffusion becomes unity. As shown,
when gR,<<1.0 at 6=13° there exists only one single and
narrow peak (black curve) for the formed clusters, indicating
that the contribution to line-width is solely from the
translational motions. When gR,, in the vicinity of 1.0, a second
peak related to the internal motions appears in the range of
7/(Dg?)=10°-10". Interestingly, as shown in Figs. 3(a) and 3(b), a
third peak located at [/(Dg?)=10"-10% corresponding to the
fastest relaxation, can be observed at some specific values of
gRy, for clusters formed at higher aggregation temperatures
While for the lower temperatures (Figs. 3c and 3d), only one fast
mode is observed in the whole g-regime. We believe that the
observation of third peak may be attributed to the loser and
flexible internal structure formed at higher temperatures, which
can result in abundant modes of stretching, breathing and
rotating internal motions of hyperbranching clusters.

A quantitative evaluation of the intensity contribution from
internal motions is shown in Fig. S6 (in ESI), where A¢/(A+A,)
denotes the fraction of scattering intensity from the internal
motions, where A, represents the peak area for the slow
mode (first peak), and A; represents the total peak area for the
fast modes (second and third peaks). As shown, the internal
motions play a significant role when gR,>1. In general, when
1.0<gR;,<4.0, the contribution of internal motions gradually
increases. When gR;,>4.0, only the internal motions can be ob-
served, corresponding to A¢/(As + A)=1.0. This observation is
totally different with our previous observations for linear and
hyperbranched individual chains with A¢/(A; + A¢)=0.05 and
0.03 at gR,,=4.0.79]

Asymptotic Behavior of Reduced First Cumulant
[r* =r(q)/(g*ksT/no)]
The analysis of the reduced first cumulant ™ = [I(g)/(g*ksT/no)]
as a function of g has been widely employed to insight into the
internal motions of flexible chains in solutions.”-2'8-2"1 Fig. 4(a)
shows such an analysis for hyperbranching clusters in
cyclohexane. At high g-regime, I is found to be 0.025-0.045,
lower than the values of I'=0.052 for non-draining linear chains,
but much higher than the experimental values for polymer gels
of ['=0.013.12"

To our surprise, I does not display an asymptotic behavior,
namely, " did not reach a plateau value in the regime of

https://doi.org/10.1007/510118-022-2864-4
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2<qgR;<6, showing that the behavior is neither similar with
previously  reported cluster systems with  high
polydispersity,[13-1522231 nor with the classical linear chain sys-
tems.l7.24-271 On the other hand, the trends of I for clusters
formed at different temperatures are similar with each other.
Specifically, when 0.5 < gR;, < 2.0, I decreases and reaches a
minimum value ~0.035; when 2.0<gR.<3.5, I further in-
creases slightly from 0.035 to 0.045; when 3.5<qR,<6, I de-

creases again from 0.045 to 0.025.

What is the origin behind our observation? According to
the scaling theory of de Gennes,[28! for linear chains, the line-
width due to the internal motions of a chain is predicted to be
scaled to gRy as I1(g)~(gR,)* when gR;>>1.0 with z=1.0. For the
total line-width T, it is predicted to contain the contributions
from two items: the translational motions and internal mo-
tions, and the product of the two items results in

https://doi.org/10.1007/s10118-022-2864-4
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Scheme 2 Schematic illustration of the shielding of transmission of hydrodynamic interactions in long range in hyperbranching cluster system.

[g)~Dg*(gRy)", i.e., z=1.0 and [(g)~q? in the intermediate g re-
gime. In the regime, " is predicted to reach a quasi-plateau
value ~0.035. This classical behavior has previously been re-
peatedly confirmed in a number of studies.[8927] Whereas for
our data, in Fig. S7 (in ESI), by plotting (g) against gRy, in the
range of 3.5<qR<6, it is found that z is close to 2.0+0.2, i.e.,
rg)~(gR:)?, which is different with the reported results for
single chain systems (z=1.0)[89 and cluster systems with high
polydispersity (z=1.0).'4'5] The analysis indicates a different
mode of hydrodynamic interactions in the hyperbranching
cluster system.

It is worth mentioning the work from Wen et al., in which
the internal motions of MEH-PPV cluster system with high
polydispersity was studied.l'3] In their work, they attempted
to utilize the free draining Rouse model for the data interpret-
ation. It was pointed out that as contrasted with the Zimm
model, when gRy>>1, Rouse model predicted that [(g) is con-
trolled by not only the system temperature and solvent vis-
cosity, but also the chain dimension, i.e., [(g)~g*Rs?>~q* was
predicted. Following the idea of Wen et al., [(q) is further plot-
ted versus g* in Fig. 4(b). Indeed, a much better asymptotic
behavior is found.

For HB-PS349-g-PtBA,5 hyperbranching clusters, N gg 2op is in
the range of 102-103 when 11 °C<T<17 °C. If we further count
the number of interaction sites (N;,,) of hyperbranched chains
in one cluster, Ni,; will be even much larger Nyggapp. There-
fore, by considering the large values of Ny, Naggapp @and <p>,
the hydrodynamic interaction among internal segments is
supposed to be greatly weakened due to the enhanced hy-
drodynamic shielding effect. In other word, our observation
provides direct evidence reflecting the change of modes of
hydrodynamic shielding effect and hydrodynamic interaction
in hyperbranching cluster system with low polydispersity and
high local chain segment density. It is not difficult to imagine,
in the Rouse model limit, the hydrodynamic interactions
between two segment beads will be completely shielded by
the intermediate beads when the densities of branching
points and chain segments are high enough.

CONCLUSIONS

In summary, by constructing one well-defined hyperbranching
cluster system, we have investigated the structural feature and
internal motion of clusters in a selective solvent. The result has
revealed that unique structural evolution of clusters as a
function of aggregation temperature and aggregation time,
namely, a transition from loose aggregation structure with
rough surface feature to relatively uniform sphere structure has
been observed. More importantly, a non-asymptotic behavior of
reduced first cumulant has been revealed, which reflects a
different behavior from previously reported either individual
chain systems with low polydispersity feature, or cluster systems
with high polydispersity feature. The origin can be attributed to
the enhanced hydrodynamic shielding effect in hyperbranching
cluster system (Scheme 2).
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