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Small-angle neutron scattering (SANS) and neutron spin-echo (NSE) have been used to investigate the temperature-
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dependent solution behaviour of highly-branched poly(N-isopropylacrylamide) (HB-PNIPAM). SANS experiments have

shown that water is a good solvent for both HB-PNIPAM and a linear PNIPAM control at low temperatures where the small

angle scattering is described by a single correlation length model. Increasing the temperature leads to a gradual collapse of

HB-PNIPAM until above the lower critical solution temperature (LCST), at which point aggregate occurs, forming disperse

spherical particles of up to 60 nm in diameter, independent of the degree of branching. However, SANS from linear

PNIPAM above the LCST is described by a model that combines particulate structure and a contribution from solvated

chains. NSE was used to study the internal and translational solution dynamics of HB-PNIPAM chains below the LCST.

Internal HB-PNIPAM dynamics is described well by the Rouse model for non-entangled chains.

Introduction

Hyperbranched polymers are an important class of material
because the large chain-end density permits a
functionalization inaccessible in other classes of polymers!7 as

level of

well as control over many physical properties.® Furthermore,
they have unusual rheological properties because they do not
entangle in solution, which means that they tend to have low
viscosity polymers at the
concentration.3 5 They also have enhanced solubility compared

compared to linear same

to dendrimers of similar molar mass which is evident by their
larger sizes,8 and can be synthesized on a much larger scale.?
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The structure of hyperbranched polymers is expected to be
globular. Dendrimers are spherical due to the order inherent in
their but hyperbranched materials
controlled in structure and can generally be treated as

structure, are less
fractals.1-12 However, the fractal dimension of hyperbranched
polymers must reflect the solubility of that polymer. In a poor
solvent, the polymers collapse and aggregate, with an
associated increase in fractal dimension.

Highly-branched polymers cannot entangle because the large
number of branching points results in arms that are too short
to combine with those from a neighbouring molecule.
not possible, the
between polymer and solvent is critical because in poor

Although entanglement is interaction
solvents aggregation can be observed.13

Hyperbranched polymers can be expected to exhibit local
Rouse dynamics, although whether there are significant
hydrodynamic effects has not been the subject of extensive
work. Relaxation of these polymers close to the glass transition
has been given some attention because of the dramatic effect
that the end group has on these processes.1% 15 Nevertheless,
dilute solution,
environment and so their dynamics will be affected by their

even in branches are in a crowded
neighbours.

In addition to the density of functional groups available to
hyperbranched polymers, the capacity of some polymers to
respond to their environment (e.g. temperature, pH, or salt)
gives rise to ‘smart’ behaviour appropriate for new
technologies involving controlled release or actuation.’® The
poly(N-isopropylacrylamide)
(PNIPAM) is a particularly good example of an environmentally

temperature-sensitive polymer,

responsive polymer because of its temperature-induced coil-
globule transition at 32°C, above which it collapses due to
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intra-chain hydrogen bonding.1? Grafting PNIPAM to different
surfaces has, for example, allowed excellent control of cell
detachment?8-22 and the application of biocidal properties.23
This capability is readily available with branched PNIPAM, 24 but
the ability to functionalize the end groups allows the ability to
sense specific bacteria.?

The large number of functional groups in hyperbranched
polymers is controlled by the density of branching points. In
this work, PNIPAM has been synthesized with three different
branching ratios by a self-condensing vinyl polymerization
route and its structure has been determined by small-angle
neutron scattering (SANS) both above and below its lower
critical solution temperature (LCST). These data confirm that
the polymers are fractal objects below the LCST, but above it
the polymers form spherical aggregates with a commensurate
increase in fractal dimension. Dynamical properties below the
LCST were obtained using neutron spin-echo (NSE), which
show that Rouse dynamics describe local motion. It was also
possible to obtain translational diffusion coefficients using
NSE, which were found to be comparable to those of a
different polymer with similar structure.

Table 1. GPC results for polymer weight average molar masses and dispersities

PNIPAM D7-PNIPAM
NIPAM/RAFT
feed ratio
My (kDa) dispersity My (kDa) dispersity
(25:1) 316 17 367 17
(60:1) 169 5.3
(90:1) 357 9.6 190 4.0
Linear 136 2.1
Experimental

Synthesis overview.

Highly-branched poly(N-isopropylacrylamide) (HB-PNIPAM)
was synthesized using a RAFT branching agent, as previously
described.26 The resultant highly-branched polymers contained
the residual N-pyrrole dithioate RAFT groups at their chain-
ends and these were converted to carboxylic acid chain-end
functionalized polymers wusing a previously developed
methodology.2” Three HB-PNIPAM samples with different
degrees of branching (number of monomers between branch
points) were synthesized.

Synthesis of highly-branched N-pyrrole chain-end-functionalized
poly(N-isopropylacrylamide).

N-isopropylacrylamide (NIPAM), 4-
vinylbenzylpyrrolecarbodithioate (RAFT agent, which also

causes branching), and azobis(isobutyronitrile) (AIBN, initiator)
were dissolved in dioxane (quantities are given in Table S1).
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The mixture was then transferred to a glass ampoule. Three
freeze-pump thaw cycles were carried out at 106 Pa before the
ampoule was sealed. It was then heated at 60 °C for 48 h and
quenched with liquid nitrogen. The polymer solution (Scheme
1) was precipitated by dropwise addition to diethylether (600
ml). The ether was decanted off and the solids were further
washed with ether, and then dried at room temperature in a
vacuum oven for 16 h. The procedure was repeated twice
more to give a yellow solid (yields are listed in Table S1). For
NSE experiments, where partially deuterated NIPAM was used,
the same synthesis was performed with the same masses of
D7-NIPAM as those in Table S1. This caused a small change in
the NIPAM/RAFT ratio due to the different densities of NIPAM
and D7-NIPAM; the partially deuterated NIPAM contains seven
deuterons on the isopropylacrylamide moiety, i.e.
0=C(ND)C(CD3)s.

Scheme 1. Synthesis of N-pyrrole chain-end-functionalized poly(N-
isopropylacrylamide)
X
0]
/\’/
+
HNY
AIBN/60 °C

The polymers were characterized by gel permeation
chromatography (GPC) in oxolane (tetrahydrofuran) using a
triple detector with 0.1% tetrabutyl-ammonium bromide as
eluent. The measurements were made using PL gel (two mixed
C) columns with a flow rate of 1.0 mL/min. The weighted
average molar masses and dispersities obtained from these
experiments are presented in Table 1. The large dispersities
obtained are typical of this route to HB-PNIPAM.2¢ Some GPC
data are shown in Figure S2 of the supporting information.



A Bruker 400 MHz NMR spectrometer was used to obtain
NMR spectra for HB-PNIPAM at room temperature. 70 mg of
each polymer was dissolved in 1 ml of deuterated chloroform
and then transferred to an NMR tube. NMR spectra were used
to calculate the actual branching degrees, as shown in Table 2,
which is the ratio of NIPAM to imidazole obtained from the
integration of NMR spectra. In what follows the feed ratio is
used to identify the branching ratios, because this is consistent
across the different HB-PNIPAM.

Table 2. Branching ratios after conversion of N-pyrroledithioate (chain end) highly-
branched polymers to carboxylic acid (chain end) functionalized polymers

Measured branching Measured branching
NIPAM/RAFT feed ) )

) ratio ratio

ratio
PNIPAM D7-PNIPAM

(25:1) 48:1 21:1
(60:1) 82:1 57:1
(90:1) 94:1 78:1

Scheme 2. Synthesis of carboxylic acid chain end functionalized poly(N-
isopropylacrylamide)

Y

O NH Y
@)
s AIBN/60 °C NH
A~ [
S7 N7 N\ "
_ OH

Il
N

Synthesis of highly-branched carboxylic acid chain end
functionalized poly(N-isopropylacrylamide).

The highly-branched N-pyrroledithioate chain-end polymers
described above were dissolved in DMF (degassed with
nitrogen for 30 min) and stirred at 60°C under a nitrogen
atmosphere. 4,4’-azobis-(4-cyanopentanoic acid) was added to
the reaction mixture as a solution in DMF (20 equivalents
relative to the number of pyrrole chain-end groups) and
heated at 60°C for 16 h (Scheme 2). This procedure was
repeated twice more so that a total of 60 equivalents of the
reagent were added. The DMF was removed under high
vacuum at 40-50°C and the resultant oil ultra-filtered using a
blend of acetone/ethanol (10:1 by volume) through a cellulose
filter (3 kDa cut-off). The
evaporated under reduced pressure and dried under vacuum

resultant concentrate was
at room temperature to give a buff-coloured solid. The
quantities and yield of this reaction are shown in Table S2.
Synthesis of linear PNIPAM.

Synthesis of linear PNIPAM was achieved using the same
methodology for the hyperbranched polymer but with the 4-
vinylbenzylpyrrolecarbodithioate RAFT agent replaced by
benzylpyrrolecarbodithioate.

Determination of lower critical solution temperature.

A Cary 3Bio UV-visible spectrophotometer, fitted with a Cary
temperature controller, was used to determine the LCST of
different concentrations (5 mg/ml and 10 mg/ml) of PNIPAM
and carboxylic acid-terminated HB-PNIPAMs in D,0. A Varian
Cary temperature controller used to control the
temperature of the cell holder to an accuracy of 0.1 °C, and
condensation onto the sample cell holder was avoided by a
flow of nitrogen gas. All samples were heated from 15 °C to 60
°C at 2 °C/min and the LCST obtained using a wavelength of
500 nm. The LCST of the polymer was determined as the point
of inflexion of the increased absorbance with increasing the
temperature and the results are summarized in Table 3.

was

Table 3. PNIPAM LCST in D,0

LCST (D7-

PNIPAM LCST (5% LCST (9%

sample olymer) / °C olymer) / °C PNIPAM, 4%

P poly poly polymer) / °C

HB (25:1) 26 25 28
HB (60:1) 24 24
HB (90:1) 30 18 30

linear 32 32

Small-angle neutron scattering.

SANS measurements were performed at the Rutherford
Appleton Laboratory using the fixed-geometry, time-of-flight
LOQ diffractometer?® on the ISIS Spallation Neutron Source,
and at the Laboratoire Léon Brillouin using the PAXY
instrument on the Orphée reactor. Both instruments were
equipped with two-dimensional detectors. At ISIS, the LOQ
instrument uses incident neutron wavelengths from A= 2.2 to
10.0 A, which covers a range of scattering wave vector
(magnitude) of Q = 0.009 to 1.3 A at a sample-detector
distance of 4.1 m. 5% and 9% solutions by mass of each
polymer ((25:1), (60:1), and (90:1) HB-PNIPAM and linear
PNIPAM) were prepared by dissolving 150 and 300 mg
respectively in 2.8 ml of D,0. All samples were transferred to 2
mm path-length quartz Hellma cells. The temperature was
controlled using circulating fluid baths. A similar procedure
was used on the PAXY instrument which covers almost a
similar Q-range, from 0.003 to 1 A, using a sample-detector
distance of 1.1 (1 =5 A) to 7 m (1 = 6 and 12 A). The
wavelength resolution on PAXY was kept to A/AA = 0.14+0.01.
Scattering intensities were reduced as described previously,?°
using the software provided by each facility to obtain the
differential scattering cross section, d/dQ, in absolute units
(cm1), which is referred to here as /(Q).

Neutron spin-echo.

NSE measurements were carried out using the IN15
spectrometer at the Institut Laue-Langevin3® with an incident
beam wavelength of 10 A and AA/A = 0.15. With these settings,
the maximum spin-echo time achievable was 50.5 ns. By
changing the detector angle, the momentum transfer (divided
by 4) spanned 0.0438 A-! < Q < 0.1524 A-1. 4% w/w solutions
of two different D7-HB-PNIPAM, (25:1) and (90:1), were
prepared by dissolving 150 mg of each polymer in 3 ml D;0.

The samples were held in a 2 mm path length aluminium cell

Soft Matter, 2018, 00, 1-3 | 3
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Figure 1. Double-logarithmic plots of SANS data (background-subtracted) as a function of the magnitude of the scattering vector for 5 wt% of (a) HB-PNIPAM (25:1), (b) HB-
PNIPAM (60:1), (c) HB-PNIPAM (90:1) and (d) linear PNIPAM in D,0 at temperatures below and above their LCSTs. Broken lines in (a), (b), and (c) are fits to a disperse spherical
structure (eqn 3). This structure exhibits Porod behaviour at low Q. The thick solid curves represent a power-law exponent of —4 to correspond to Porod behaviour. These fits
are only applied to data for samples at or above the LCST. Full lines in (a), (b), (c), and (d) are fits to eqn (1), and correspond to samples below the LCST. The broken line in (d) is

afittoeqn (2)

(4 x 3 mm). NSE measurements were conducted at 15 °C and
25.4 °C for D7-HB-PNIPAM (25:1), and at 24 °C and 31.1 °C for
D7-HB-PNIPAM (90:1). These temperatures are well below and
close to the LCST of the respective polymers. All NSE spectra
were corrected and background subtracted from the scattering
of the pure solvent and the sample holder.

Structure of highly-branched PNIPAM

Temperature dependence.

Figure 1 shows double logarithmic plots of SANS data from HB-
PNIPAM (5 wt% in D,0) with different branching degrees, and
the data for the linear PNIPAM control. Below the LCST, the
scattering intensity increases with increasing temperature in
both cases at low Q, but above the LCST the scattering
intensity decreases with increasing temperature. The former
behaviour is well established in related systems,3! whilst the
latter is more unusual.

The structure of the highly-branched polymers is best revealed
by Kratky plots, i.e. /(Q)Q2?, where /(Q) is the background
subtracted intensity. These are in Figure 2. At the lowest
temperatures, for both the linear and highly-branched
polymers, the Kratky plots reveal an increase in intensity with
increasing Q, followed by a plateau at large Q. This behaviour

4 | Soft Matter, 2018, 00, 1-9

indicates a random solvated coil. As the temperature is
increased and the polymer starts to collapse a (correlation)
peak is observed at Q = Qma, With Qmax decreasing with
increasing temperature. For the most-branched polymer,
below the LCST (Figure 2a), the correlation peak corresponds
to length scales of 20 to 72 nm (i.e. V6/Qmax) between 15 and
21°C. These maxima in the Kratky plots indicate non-randomly
branched structures in solution.32 33, Compact (but solvated)
hyperbranched polyglycerols!? and polyesters34 also exhibited
the peak in the Kratky representation, which is absent from
linear polymers.3> These maxima disappear at temperatures
above the LCST because the scattering at this Q-range
represents the overall globular structure of the collapsed HB-
PNIPAM. In the case of the PNIPAM studied here, there is also
a difference in the behaviour of the linear polymers above and
below the LCST (Figure 2d). A similar scattering behaviour was
observed from less branched PNIPAM (60:1) and (90:1), shown
in Figures 2b and 2c, respectively, above their LCSTs. However,
the correlation peak observed below the LCST of the (25:1)
sample is absent for these less crosslinked samples, and this
absence can be attributed to the larger distances between
branches, which is likely to force the peak to smaller Q than
accessed here. That there is a difference in HB-PNIPAM
structure above and below the LCST is worth noting, because
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Figure 2. Temperature dependent evolution of the (background-subtracted) SANS scattering profiles represented as Kratky plots of 5 wt% for (a) HB-PNIPAM (25:1), (b) (60:1),

(c) (90:1), and (d) linear PNIPAM in D,0. The solid lines are guides for the eye

one could consider the branched units on HB-PNIPAM as
analogues of dilute or small PNIPAM brush layers,3% 37 or small
arms of PNIPAM bottle brushes3! which have been shown not
to undergo significant collapse transitions.

It is clear from the data presented in Figure 1 that the
scattering from linear and HB-PNIPAM below the LCST, when
they are completely swollen in D;0, is different from that
above it, when they are collapsed. The change of gradient in
the scattering data suggests scattering from objects with
different fractal dimension, D, due to the temperature-
dependent change in polymer conformation. This means that
the scattering intensity decays with a power law depending on
QPq, where Ds correlates mass and size (R) by M o< RP, which
according to Flory theory is given by D 5/3 for linear
polymers3® and Df = 2 for branched polymers3 in a good
solvent. The scattering function in this case is given by the

generalized Zimm equation,
/
/(a)- 5
ZQZ
1+(1+Df)§
3

where Iy is a constant and & is a correlation length. This

(1)

,
/2

equation collapses to the standard Ornstein-Zernike formalism
when Df = 2. The scattering from linear PNIPAM (Figure 1d)
below the LCST is described well by eqn (1) with a fractal
5/3 which does not change with increasing

dimension D¢

temperature until the LCST is reached. The correlation length,
& increases slightly with increasing temperature. Figure 3a
summarizes the values of & obtained by fitting to the
generalized Zimm equation (eqn 1) for the 5% samples. Even
above the LCST, SANS data for linear PNIPAM are described by
eqn (1), but the fractal dimension increases to 1.9 and the
correlation length increases significantly as well. This fractal
dimension remains close to that for a polymer random walk
but the rapidly increasing correlation length is due to an
increasing contribution from inter-chain interactions creating
separated particles.

It is noteworthy that Dr = 4 at temperatures below the LCSTs
of HB-PNIPAM (25:1) and (60:1), which means that the
polymers may be considered well-defined separated three-
dimensional objects.11 40, 41 However, this result was not seen
in the case of the least branched PNIPAM (90:1) below its LCST
(30°C) where D,O was (from the fractal dimension result) a
neutral solvent up to a temperature close to the LCST. The
correlation length in Figure 3 shows a decrease in & with
temperature for all HB-PNIPAMs, confirming the gradual
collapse of these polymers below their LCSTs. This change in
correlation length (also observed in the 9% samples) allows the
possibility that the behaviour of the HB-PNIPAM as the LCST is
approached from below is somewhat similar to gelation,
although in that case Dr = 6 can be expected, which is not
observed here.4?

Soft Matter, 2018, 00, 1-3 | 5
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Scattering from linear PNIPAM at 36 °C (well above its LCST) in
Figure 1d shows a different behaviour from that below its
LCST. The gradient of the intensity in this case, as shown in the
double logarithmic plot in Figure 1d, indicates behaviour close
to the Porod regime with a slope close to —4 at the smallest Q.
The deviation from Porod behaviour is attributed to the
contribution of Lorentzian scattering resulting from the slightly
solvated and entangled polymer chains. SANS data in this case
is better described by a model that combines Porod and
Lorentzian scattering,*3 given by

6P| A ’
(- L
a’r, ar; ) (1+&%@?)
where rp is the particle radius, ¢is the particle volume fraction,
and /. is a constant. This equation has also previously been
applied to microgels of PNIPAM.4* The first term in eqn (2)
corresponds to Porod behaviour for scattering from the whole
particle, from which the shape and size of the polymer can be
obtained. The second term in this equation is the Lorentzian

(2)

scattering contribution from the internal structure of the
polymer, from which the interactions with other chains can be
determined through the correlation length. A coupling term
was not used here. Fitting the SANS data for linear PNIPAM at
36 °C to the Porod-Lorentzian model (egn 2), gives an effective
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Figure 4. Temperature-dependent evolution of the particle radius, ro, obtained by
fitting SANS data for 5 and 9 wt% HB-PNIPAMs in D,0 above their LCST to scattering
from disperse spheres. For the 5 wt% linear PNIPAM, the combined function (eqn 2)
was used, and then only at 36 °C to give ro = 0.127+0.004 um (not shown)

particle radius (ro = 127 nm), indicating aggregated rather than
individual molecules. (Although it is reasonable to note the
increase in size, the quality of the fit is not good enough to be
confident in the length scale, particularly given the rather large
size of the particles.) This scattering behaviour of linear
PNIPAM above its LCST is attributed to the entanglements and
polymer-polymer interactions formed when the polymer
collapses with increasing temperature. A similar behaviour to
the scattering from linear PNIPAM above 32°C was observed in
the case of collapsed microgels, for which SANS data were also
fitted to eqn (2).44

Above the LCST, the SANS of both linear and HB-PNIPAMs
exhibits a Q! tail at high Q values which is independent of
temperature and not captured in eqn (2). As this arises from
shorter length scales it most likely originates from the (more
rigid local) internal structure, such as from the backbone
between branches in the case of HB-PNIPAM, which would in
turn mean that the branches and their COOH end-groups play
a significant role in controlling the overall shape and size of
HB-PNIPAMs as the internal structure is similar to that of linear
PNIPAM.

Although fitting the data for the HB-PNIPAM samples above
the LCST to Porod behaviour (the first term in eqn 2) gives
good results (see Figure S5 of the ESI), a more accurate
understanding of the behavior of the HB-PNIPAM can be
obtained by considering dispersity in the particle size. Here the
scattering function is given by

/(a)-

2

| 167’r -1 rmln(r/rm) ' . Sin(Qr)—Qrcos(Qr) . (3)
{WEX 7 o (Qr)3 r

where the first bracketed term in the integral is the particle
size distribution function, for which K, is a normalization
factor, rm is the mean radius of the spheres so that o/rm
represents the dispersity. These fits are included in Figure 1 for
the hyperbranched polymers. It can be seen in Figure 1 that
the gradient at small Q is slightly greater than expected from



Porod behaviour, which has also been observed for PNIPAM
microgels*> and explained as being due to surface fractals on
the spherical particles.4®

The particle sizes increase with increasing temperature (see
Figure 4), although the size does not change much at the
highest temperatures measured. The 5% HB-PNIPAM particles
were disperse with the dispersity limited by 0.34 < o/ry, < 0.45.
The range of dispersity was considerably greater for the 9%
HB-PNIPAM particles. However, particle size seems to be
independent of the degree of branching as all HB-PNIPAMs in
this study showed, within errors, similar average particle radii
(~280 A at or above 30°C). Given the relatively large size of
these particles it is likely that they are aggregates, but they are
defined in size, even if they are rather disperse. This indicates
that, at least on the time scales of the experiments, the HB-
PNIPAM is not fully coalescing above the LCST.

Concentration dependence.

In general, scattering from 9 wt% HB-PNIPAM exhibits similar
behaviour to that at the lower concentration insofar as the
data were fitted to eqn (1) below the LCST and to a Porod
scattering function around the LCST (Figure S5 in supporting
information). Both the correlation length and the particle size
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Figure 5. Intermediate scattering function for D7-HB-PNIPAM (a) (25:1) at 15.0 °C and
(b) (90:1) at 24.0 °C in D,0 at the values of Q indicated. The LCST of these polymers at
the concentration of 4% (w/w) is 28°C and 30°C (Table 3). The solid lines are fits to eqn
4 with f=1/2

(Figure 4, obtained from fitting the SANS data to eqn 3) are
largely independent of concentration. The fractal dimension,
Dy, increases with increasing concentration below the LCST of
HB-PNIPAMs (25:1) and (60:1) indicating that the quality of
D,0 as a solvent for HB-PNIPAMs changes with concentration,
possibly affecting the internal structure of these polymers but
not the overall shape. Scattering from HB-PNIPAMSs below the
LCST for both high and low concentrations can be considered
using eqgn (1), which means these HB-PNIPAM chains do not
entangle with increasing temperature even at concentrations
as high as 9% w/w, which is as expected for hyperbranched
polymers.47

Dynamics of HB-PNIPAM

NSE data for D7-HB-PNIPAM samples in water are presented in
Figure 5. These figures show the Fourier time (t)-dependent
intermediate scattering function, 5(Q,t)/S(Q,0), for the
different branching degrees at temperatures below and close
to the LCST of each polymer. The intermediate scattering
function here comprises a translational term, which describes
diffusion, Do, which is important at small Q, and a term
describing internal dynamics for which a stretched exponential
is generally appropriate. If Rouse internal dynamics were all
that contributed to the data, then a scaling relation could be
applied that allows the data for each polymer to collapse onto
a single curve.8 This was not the case, and the (failed) scaling
is shown in Figure S8 in the ESI. 5(Q,t)/5(Q,0) is then given by4?
s(at)

a0) =exp(—DDQZt)(A+(1—A)exp(—(l“t)ﬂ)), )

where 0 < A < 1, and B is a stretching exponent. " is an
internal relaxation rate, which, for Rouse dynamics, is given
by49
_k,Tb’Q"
-~z
where kg is the Boltzmann constant,
temperature, 'is the friction coefficient and b, the step (Kuhn)
length (monomer size). The coupling of a translational
diffusion with short-scale motion for less complex systems

0.02

r , (5)

T is the absolute

o
o
—
o
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Relaxation rate, I (ns_1)

0.12 0.14
QAT

Figure 6. Relaxation rate, I, extracted from eqn 4 of (25:1) and (90:1) D7-HB-PNIPAM as
a function of Q. The solid lines represent fits to eqn 5
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such as vesicles’® and microemulsions®! is reasonably well
understood and requires f = 1, which signifies a collective
diffusion. Modifying this for polymeric systems involves a
different Q-dependence of the local motion. Here the same
principle of combining local and translational motion can be
used with multiple diffusion coefficients dependent upon the
nature of the motion. For microgels, this can mean a particle,
the mesh, or local polymer dynamics.>2 For highly-branched
polymers, the same considerations may be used, but analysis
using Do and I" was sufficient to give good fits to the data.

To fit the data, Dy was extracted from the data obtained at Q =
0.0438 A-t (the smallest value of Q measured) by forcing A = 1
at this Q for fits to eqn 4. Holding A = 1 presupposes that NSE
is solely interrogating diffusive behaviour at this Q, the
legitimacy of which was tested by confirming that A ~ 1 when
it was allowed to float at Q = 0.0438 A-1. More generally, the
internal dynamics could be described as Rouse behaviour,
which requires = 1/2.%° The fits in Figure 5 were made with 3
= 1/2 fixed for all Q, and with A = 1 for Q = 0.0438 A-. For the
four largest values of Q, the fitting revealed A = 0, i.e. there
was a dominant contribution due to internal dynamics. The
values of I' extracted from these fits are shown in Figure 6.
There is some scatter in the relaxation rate results, but it was
possible to fit these data to egn 5.

As an alternative to Rouse behaviour, a Zimm consideration of
local chain motions? (£ = 2/3) was tested and found to be
unsuitable: although the data could be fitted to eqn 4 with =
2/3, there was no internal consistency in the results because
the values of A calculated from eqn 4 with £ = 2/3 did not
exhibit monotonic behaviour with increasing Q. The same
applies to data obtained from samples measured at
temperatures closer to the LCST (these results are included in
the ESI), where fitting was possible, but internal consistency
absent when fitted to both £ = 1/2 and £ = 2/3. This does not
mean that Rouse dynamics do not apply to the polymers close
to the collapse transition, but simply that, if it does, these
experiments did not detect it.

The values of Do(Q = 0.0438 A1) are (2.6620.04) x 1071t m?/s
(25:1 at 15 °C) and (3.830.08) x 101! m2?/s (90:1 at 24 °C),
and, by expressing the internal dynamics in terms of a diffusion
coefficient, internal dynamics and translational diffusion can
be compared. To do this, eqn 5 is simplified to I" = Drb2Q*/2,
which allows a determination of Dg (where Dg = kgT/¢). For the
respective HB-PNIPAM samples (25:1 at 15 °C and 90:1 at 24
°C), Dr = (8.4+0.6) x 10712 m2/s and (1.3+0.1) x 107! m2/s for
the respective HB-PNIPAM. The value of the Kuhn length used
here was b = 0.7 nm,>* but a range of values has been
reported, from below>% 56 0.5 nm to 1.0 nm.57 (These possible
discrepancies were not applied to the uncertainty in Dg.) The
values of Dy are a factor of three smaller than Dy, which is
likely to be due to the shape of the hyperbranched polymers as
well as the longest relaxation time in Rouse dynamics being
longer than that for equivalent Zimm dynamics.3® It is
nevertheless perhaps still surprising that the translational
motion is more rapid than local motion, which suggests that
local motion of branches in the hyperbranched polymer
cannot be treated as if neighbouring branches did not interact

8 | Soft Matter, 2018, 00, 1-9

with each other. Dynamic laser-light scattering experiments
have shown that PNIPAM microgels exhibit faster internal
motion compared to that of the whole polymer,58 but these
were for very high molar mass materials (2.2 x 108 g/mol) and
it is possible that for smaller microgels, but with similar
crosslinking density (approximately 60 monomers per
crosslink),?® that the internal motion would be unchanged
whilst  translational motion increased. Comparable
measurements for highly-branched polymers are lacking, but
spin-echo (DOSY) NMR has been used to measure the
(translational) diffusion of HB-PNIPAM created from a
polyamidoamine hyperbranched core, with a number average
molar mass of 192 kg/mol and a branching ratio of ~70 at 25 °C
to yield a diffusion coefficient of 4 x 10711 m2/s,%0 in excellent
agreement with Do = 3.8 x 1011 m2/s obtained from the NSE
data (90:1 at 24 °C).

Local chain motion can be compared with NSE data from
PNIPAM gels, whereby both ends of network strands are
tethered by permanent crosslinks. Here, experiments have
been performed on macroscopic gels®®? and microgels.>2. 62
Macroscopic and microscopic gels with the same crosslinking
density were observed to have very similar local dynamics,52
but there have been differences between microgels where the
gel is rigid (significant crosslinking) and £ = 1 is observed,%? or
microgels with fewer crosslinks, which follow Zimm
behaviour.52 Both of these example contrast with the highly-
branched polymers discussed in the present work for which
local motion is described well by Rouse behaviour.

Conclusions

SANS experiments show that below LCST the generalized Zimm
equation (egn 1) at small Q describes the structure of both
highly-branched and linear poly(N-isopropylacrylamide) in
terms of a single length scale (correlation length). The fractal
dimension increases for HB-PNIPAM as the LCST is reached
indicating a collapse in the polymer structure although that of
the linear PNIPAM remains for an expanded coil in good
solvent. Above the LCST the HB-PNIPAM forms particles with a
radius that increases with increasing temperature. The SANS
data for these particles were successfully fitted to a disperse
sphere model. Linear PNIPAM formed large particles above the
LCST, although a temperature dependence was not obtained.
A combination of both translational and local motions was
probed by NSE and it was observed that the translational
diffusion was faster than that associated with local dynamical
motion. The data from the local (internal) dynamics of the HB-
polymers however could only be explained by Rouse
behaviour.

Because hyperbranched polymers cannot entangle with each
other under good solvent conditions, their solution dynamics
can test differences in polymer behaviour with that of linear
polymers. HB-PNIPAM exhibits structural behaviour that
changes with temperature and, unlike linear PNIPAM, its LCST
transition is not particularly sharp. Internal dynamics are not
influenced by hydrodynamic effects and translational diffusion
is relatively rapid. Above the LCST, the polymers start to



aggregate forming structures which increase in size with

temperature. The shape of these structures is not uniform;

there is substantial dispersity in size, which may reflect the

large dispersities in the molar mass of the individual HB-
PNIPAM structures.
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