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magnetic resonance spectroscopy are employed to study molecular dynamics )
in a nanoparticle organic hybrid material (NOHMs) system comprising 20 wt % i A A
silica nanoparticles ionically bonded to a polyethylenimine canopy. By comparing .~ ' \/rJ NN /
the neat polymer (used as a canopy) to the derivative NOHMs, we find that N i} s
timescales characterizing segmental dynamics in the NOHM are identical to /
those for the neat polymer. Detailed analysis of the carbon-spin lattice relaxation s
times yields mechanistic insights into localized and collective dynamics, in
quantitative agreement with dielectric results. Interestingly, the NOHMs retain o
liquid-like characteristics unlike conventional polymer nanocomposites but To
exhibit higher viscosity due to additional contributions from tethered polymer

chains and mesoscopic structuring. These findings demonstrate the potential of T
achieving unique and desired material properties via NOHMSs by an informed

choice of the canopy material.
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Bl INTRODUCTION systems. NOHMs have been found to interact with gas
molecules and ionic species based on enthalpic contributions,
which arise from the functional groups along the tethered
polymeric chains as well as entropic contributions, which are
they hold for diverse applications, for instance, as conductive driven BY the. structur.al conﬁgqratlons ,Of the polymeric
8—13 canopy. ~ The introduction of amine functional groups along
the polymer chains in NOHM-I-PEI results in a high CO,
capture capacity (2.4 mmol of CO, per gram of solvent at 30
°C and 3.4 atm'’), which is comparable to that of pure
monoethanolamine. NOHMs have recently been found to be
useful as electrolyte additives with controlled chemical
affinities toward target species. Thus, NOHM-I-PEI-based
electrolytes have been developed for combined CO, capture
and electrochemical conversion where NOHMs can signifi-
cantly increase CO, solubility in the electrolyte and even serve
as a cocatalyst.” In a recent study by some of the current
authors, NOHM-I-PEI was explored as an electrolyte additive
for a flow battery.”® This study focused on how the amine
functional groups of NOHM-I-PEI can strongly chelate redox
active species (e.g, Cu(II)) and increase the solubility of Cu in
the flow battery. The electrochemical behavior of the NOHM-

Nanoparticle organic hybrid materials (NOHMs)—especially
those that are typically solvent-free fluids—have attracted
research and engineering interest because of the great potential

lubricants,' > magnetic ﬂuids,s’7 novel reaction solvents,
thermal control materials,"* ™" and nanocomposite materi-
als.”"** The fact that these NOHMs retain liquid-like
properties at room temperature means that they can be
designed to combine desired characteristics of liquids, for
example, photoluminescence with the attributes of the core
nanostructures such as high mechanical modulus. The
parameter space that can be tweaked to obtain NOHMs
with desired properties is wide as it encompasses composition,
structure, and chemistry. More specifically, millions of possible
variations of these materials can be synthesized by tuning the
shape and size of the core, length and composition of the
corona, and composition and molecular weight of the canopy.
There is no doubt therefore that the extent to which NOHMs
can be engineered to meet specific requirements depends on
in-depth understanding of the role played by each of their
structural components in determining the overall properties.
Among the applications for which NOHMs are outstanding as Received:  October 19, 2020
potential candidates is their use as novel solvents for gas Revised:  February 8, 2021
separations, particularly CO, capture."'~'***~** Since they are

chemically and thermally stable and possess negligible vapor

pressure with high degrees of chemical and physical tunability,

they are promising for a wide range of reactive and separation
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Figure 1. Schematic representation of the structure of the hybrid material, NOHM-I-PEI whose canopy is branched polyethylenimine (PEI),

ionically bonded to a silica core.

I-PEI/Cu(Il) complexes as well as the effect of the pH on the
extent of cation binding by NOHMs was investigated.

One of the key properties of these hybrid materials that
demand concise characterization is their molecular dynamics
since they determine the temperature and size ranges in which
desired innovations can be achieved. In their quest to
understand canopy dynamics, Jespersen et al. applied nuclear
magnetic resonance (NMR) to probe hybrid materials made
from silica cores modified by an alkylsilane monolayer with
sulfonic acid functionality, bearing an amine-terminated block
copolymer (ethylene oxide/propylene oxide) canopy.’’ They
show that the diffusion of the canopy in the hybrid slowed
relative to the neat polymer but not to the degree predicted by
considering diffusion of hard-sphere particles. Focusing their
attention on the role of constituent components, Bourlinos et
al. studied ionically modified silica nanoparticles with large
sulfonate (and isostearate) counter anions.”> They demon-
strate that glass transition temperature is governed by the large
counter anions while flow properties hinge on the spatial
correlation between the nanoparticles. So far, a systematic
study of the dynamics in the neat canopy and the consequent
hybrid material is lacking. The interplay between the structure
and the local as well as collective dynamics in the NOHMs
remains unclear. In order to advance the understanding as well
as engineering possibilities in the fast-emerging field of
NOHMs, it is imperative that fundamental studies of this
kind be pursued.

In the present work, rheology, carbon-nuclear magnetic
resonance (carbon-NMR), and broadband dielectric spectros-
copy (BDS) are employed to study collective and localized
dynamics in a NOHM whose highly branched polyethyleni-
mine (PEI) canopy is ionically bonded to a core of silica
nanoparticles (the hybrid material is referred to as NOHM-I-
PEI in the rest of this article)—see Figure 1. For completeness,
the neat canopy material, PE], is also characterized. It is shown
that both segmental and secondary structural relaxations in PEI
are identical to those in NOHM-I-PE], but the hybrid material
exhibits higher viscosity. Carbon-NMR relaxation results also
show that the fast (ns) dynamics are not influenced by the
presence of the silica cores. The local motion is found to be
reduced for the methylene groups located in the “interior” of
the polymer canopy in both PEI and NOHM-I-PEI while the

relaxation of methylene groups located in the extremities of the
canopy (either side or end chain) shows good agreement with
the S-process identified from the BDS analysis. Put together,
our results demonstrate the key roles played by the inorganic
core and polymeric canopy in determining the local and
collective dynamics in these hybrid materials.

B MATERIALS AND METHODS

Synthesis of NOHM-I-PEl. NOHM-I-PEI employed in this work
was prepared as described in previous studies.'”*° As briefly
described, a colloidal silica suspension (7 nm diameter, Ludox SM-
30 Sigma-Aldrich) was diluted to 3 wt. % and a cation exchange
column (DOWEX Marathon C, Sigma-Aldrich) was employed to
replace the sodium ions on the nanoparticle surface with protons.
This surface-protonated silica suspension was mixed with a dilute
solution of polyethylenimine, branched (Branched, M.W. 2000,
Polyscience Inc.) to achieve the desired polymer canopy to silica
core mass ratio of 80:20. The PEI has a molecular weight of 2000 g/
mol and a density of 1.05 g/cm® as reported by the manufacturer. It
contains primary, secondary, and tertiary amines in an approximate
ratio of 40/36/24, as reported. Dynamic light scattering (DLS) was
used to determine the average hydrodynamic diameter of PEI in
dilute solution, which is found to be 2.19 nm. The sample is found to
have a narrow size distribution—see Figure S1 in the Supporting
Information. Thermal gravimetric analysis was used for confirmation
of ionic bond formation.

Differential Scanning Calorimetry. Heat flow measurements
were performed using differential scanning calorimetry (DSC) 214
Polyma (NETZSCH). 10.0 mg of sample (NOHM-I-PEI and PEI)
was weighted in a 40 4L 6 mm Al standard crucible with a pinhole.
Samples were cycled between —80and 100 °C at a rate of 10 K/min
for six scans. An empty aluminum pan was used as a reference. The
glass transition temperature (T,) was determined from the DSC
measurements. Both the unbound polymer (PEI) and the tethered
polymer (NOHM-I-PEI) were found to have similar Tys of —60 + 3
°C. The transition is observed to be broader in the neat polymer than
the hybrid system (Figure S2) and is discussed later.

Rheology. Rheology measurements were performed using a TA
Instruments Discovery Hybrid Rheometer (HR2) in small-amplitude
oscillatory shear (SAOS) mode using 3 mm stainless steel parallel
plates. The real and imaginary parts of the complex shear modulus
and the complex viscosity were recorded at various temperatures
between —60 and —30 °C controlled within 0.1 °C of the set point
using a liquid nitrogen coolant. The data was processed using TA
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Instruments TRIOS software to produce master curves and shift
factors based on time—temperature superposition.

X-ray Scattering. Small- and wide-angle X-ray scattering
measurements were performed using a SAXSLAB Ganesha instrument
equipped with a Cu Ka 50 kV Xenocs GeniX ULD SL X-ray source
(beam energy of 8 keV) and a 170 um pixel-spaced, single photon
counting Dectris Pilatus 300k 20 Hz detector. Quartz capillary tubes
of 1 mm in diameter were filled with the samples and sealed prior to
loading into the instrument. Additional samples were prepared by
placing a drop of the polymer or NOHM between strips of Kapton
tape. A blank measurement was performed on the Kapton tape
without the sample included. Small-angle X-ray scattering (SAXS) and
wide-angle X-ray scattering (WAXS) data were collected at room
temperature under vacuum in the g-range from 0.002 to 2.6 A™".

Nuclear Magnetic Resonance. Neat samples of both the
untethered free PEI polymer and the NOHM-I-PEI were transferred
in a standard S mm NMR tube. Previously, both samples were dried
under vacuum at 50 °C for 3 h to remove residual water from the neat
sample. *C NMR spectra were recorded on a Bruker Avance IIT 400
WB spectrometer, operating at 100.61 MHz with a temperature
controller. The *C spin—lattice relaxation time (T,) spectra were
measured using the inversion-recovery method with a set of 16
recovery (7) periods. For each 7 value, the number of repetitive scans
was set to 256. The relaxation delay was at least S T, plus the
acquisition time. The 7 values were varied up to 1.5 T). The spectra
were phase-corrected, and T values were calculated from the signal
intensity data using MestreNova. All carbon atoms present in the
molecule have at least one directly bonded hydrogen.

Broadband Dielectric Spectroscopy. BDS experiments were
performed on a high-resolution Alpha analyzer equipped with a
Quatro system with the capability to control temperature within 0.1 K
of the set point (from Novocontrol Technologies GmbH). Polymer
and the NOHM samples were sandwiched between two polished
brass electrodes (diameter, 1S mm) forming a parallel-plate capacitor
configuration. The sample thickness was maintained using 100 um
thick silica spacers. Before substantive dielectric measurements, the
films were annealed at 420 K under inert conditions ensured by dry
nitrogen flow for ~8 h in order to remove any adsorbed water. During
this annealing process, the real part, &', of the complex permittivity
was monitored as a function of time. &’ increases to a maximum value
as the set temperature point is reached and eventually decays to a
plateau value after several hours of annealing. Dielectric measure-
ments were carried out in the frequency range 1 mHz to 10 MHz over
cooling and heating cycles between 140 and 400 K.

Bl RESULTS AND DISCUSSION

X-ray scattering data for both the PEI and NOHM-I-PEI are
displayed in Figure 2. Assuming a simple form factor model for
monodisperse spheres (see Figure S3), a diameter of ~10.4 nm
(i.e., correlation distance, d,) (or radius, d, ~ 5.2 nm) is found
for the nanoparticles. Given that the diameter of the
nanoparticles is 7 nm, the spacing between them is more
than that; hence, this finding from SAXS is consistent with the
expectation. The correlation distance d; ~ 1.4 nm as observed
(inset [a], Figure 2) in the medium-angle X-ray scattering
(MAXS) region—and independently confirmed by wide-angle
X-ray scattering measurements (inset [b], Figure 2)—is
present in the hybrid material but not the neat polymer. We
conjecture that because of the presence of nanoparticles, there
is some degree of mesoscale organization in the polymeric
regions of the NOHM leading to aggregates whose size is
about 1.4 nm. We shall revisit this idea in the discussion of the
dynamics results. Finally, because d, ~ 0.45 nm is observed in
both PEI and NOHM-I-PE], it must be an intrinsic character
of the polymer, very likely the backbone-to-backbone
separation.” It is instructive to note that there is a slight
broadening in the peak for the NOHM compared to that of the

4
™

intensity [a.u.]
~
Intensity [a.u.]
o
=

d,~0.45 nm

- ] o0
S 42 05 10 15 20 25 02 04 08
< g A7
= q [A7] q
=2
2 d~52
& ;> 52nm = NOHM-I-PEI
£ e PEI

10°

T T T T T
0.05 0.10 0.15 0.20 0.25 0.30

q[AT]

Figure 2. Experimentally determined small-angle X-ray scattering
(SAXS) data for NOHM-I-PEI (blue symbols) and PEI (dark gray
symbols), showing various correlation distances estimated from the
peak position as d; = 27/q. The insets [a] and [b] show the
corresponding medium-angle (MAXS) and wide-angle X-ray scatter-
ing (WAXS) profiles.

polymer (inset [b], Figure 2). This is consistent with the
expectation that polymer—nanoparticle interactions lead to
disruptions in the packing of the polymer chains.

A visual inspection of PEI and NOHM-I-PEI samples shows
that the two samples have distinct flow properties. The flow
characteristics of non-Newtonian fluids can be accounted for
using rheology, which typically probes the relationship
between the stress and rate of change of strain. Figure 3

Goo ~ 2.45¢9

NOHM-I-PEI

o NOHM.LPEI

42 4.4 46 4.

1000/T (K)
10° 107 10° 10° 10" 10" 10° 10°
a o/2n (Hz)

Figure 3. Master curves (reference temperature, —5S °C) showing the
real (G') and imaginary (G”) parts of the complex shear modulus, G*,
for PEI (empty circles) and NOHM-I-PEI (filled squares). Inset: shift
factors used to construct the master curves. The solid lines are fits to
the VFT equation. The fit parameters are provided in the caption of
Figure S4. The error bars are comparable to the size of the symbols
unless otherwise indicated.

shows master curves of the real (G') and imaginary (G”) parts
of the complex shear modulus (G*) for PEI (circles) and
NOHM-I-PEI (squares) and the shift factors (see inset) used
to construct them. The construction of master curves was
achieved by employing the time—temperature superposition
principle, where the dynamic loss and storage moduli
measured over a range of oscillatory frequencies at several
discrete temperatures are shifted to a fixed temperature of —55
°C by multiplying the frequency axis with a temperature-
dependent factor, ar. From Figure 3, we observe that G’ and
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G" intersect at different oscillatory frequencies for the two
materials. This implies, inter alia, that the fundamental
relaxations responsible for mechanical energy dissipation in
the two systems have different time scales (~10* and ~10° s at
—55 °C). Interestingly, the frequency-scale shift factors for the
two materials are not identical both in their absolute values
and—more significantly—their temperature dependence (see
inset, Figures 3 and S4). This difference precludes the
possibility that a single identical relaxation process controls
the mechanical energy dissipation in the two materials. We
note here that while some studies®™** have observed two
crossover points for G’ and G” and explained this in terms of
time and temperature enhancement of corona chain inter-
penetration, some other investigations of comparable hybrid
systems do not make this observation;*>*® this is an open
question for further research. The mean relaxation times
obtained from rheology coincide with those of the structural
relaxation for PEI as determined from BDS measurements
(Figure 6); this means that the structural relaxation controls
the mechanical response in the neat polymer. However, the
mean times from rheology for NOHM-I-PEI are substantially
slower than those dielectrically determined for the structural
process. Effectively, therefore, longer range motions than the
a-process affect the rheological response in the hybrid material.
It is possible to think of the fundamental times reported by
rtheology for the NOHM material to be influenced by the
characteristic times for the motion of the silica particles in a
liquid medium where the viscosity is set by the tethered PEI
chains and the characteristic length scale is largely controlled
by interparticle interaction. Indeed, it has been demonstrated
that small nanoparticles contribute to the structural relaxation
in composite systems.”” We can estimate®” the diffusivity, D,
of the cores at the crossover point as D; = R.2/27, where R_ is

the particle jump length given by R_= 3/3V./(4x), the
hopping time 7 & 1/w, V. = (1 — ¢)xT/G'(w.), ¢ is the
particle volume fraction, w. is the oscillatory frequency at
which G” and G” intersect, and T is the reference temperature
at which the master curves are constructed. Using the data
presented in Figure 3, this equation delivers D; ~ 9.05 X 10726
m?/s. Alternatively,”® the diffusivity may be approximated from
the Stokes—Einstein formula, D, = KTa)C/[67rRP|G*(wC)|],
where « is the Boltzmann constant, R, is the radius of core

particles (~3.5 nm), and IG*(w.)l = ,/ZG/Z(a)C) is the
absolute value of the complex modulus at . Using this
equation, we find D, ~ 5.77 X 107 m?/s. The nearly identical
values of D, and D, indicate that the suggested meaning of the
mechanical result for NOHM-I-PEI is plausible. Unfortunately,
these values of D cannot be independently verified as they are
far below the experimental limits of established techniques
such as pulsed-field gradient NMR. Bourlinos et al.’” have
made an estimate of ~107"° m?/s—a value that is just at the
limit of what can be experimentally determined—for function-
alized Si nanoparticles in a much less viscous medium.

We find that the low frequency slopes of G’ and G” are 0.96
and 0.79, respectively, for PEI, and 0.88 and 0.77 for NOHM-
I-PEIL The slope of the glass-to-rubber transition region of G’
and G” versus @ as approximated by the Zimm model™ is ~2/
3 and is similar for many conventional polymers.”’ Simple
molecular glass-forming liquids are expected to have single
mechanical relaxation corresponding to the glass transition
with low frequency slopes of 1 and 2 for G” and G/,
respectively."" Evidently, the slopes obtained for both PEI and

the hybrid material show intricate phenomena, not explained
by these models, probably due, in part, to the highly branched
nature of the polymer. Finally, the high-frequency limiting
shear modulus, G, is observed to slightly increase from 1.84 X
10° (PEI) to 245 X 10° Pa (NOHM-I-PEI), signifying
mechanical enhancement in the latter material, evident also in
the increased viscosity of the hybrid material (Figure SS).
BDS has the ability to probe molecular dynamics and charge
transport in broad temperature and frequency ranges42 making
it a versatile tool for studying NOHMs. The technique
measures the complex dielectric function, &*, which is
equivalent to the complex conductivity function, o*. The
two functions are related by the equation o*(®,T) =
ieqwe™* (w,T), which means that &' = ¢"/we, and &" = ¢’/
we,. Figure 4 shows dielectric loss (¢”) as a function of

f/Hz

f/Hz

Figure 4. Dielectric loss as a function of frequency at different
temperatures as shown for (a) neat highly-branched polyethylenimine
(PEI) and (b) NOHM-I-PEL At low temperatures, the data can be
described by one Havriliak-Negami (HN) function as demonstrated
in (a), while at higher temperatures, two HN functions are required—
illustration shown for data taken at 240 K in (b). Filled and empty
symbols represent data collected in cooling and heating runs,
respectively. Inset: the chemical structure of NOHM-I-PEI obtained
from Lin and Park.”® The legend in panel (a) applies also for (b). The
error bars are comparable to the size of the symbols unless otherwise
indicated.

frequency as measured over heating and cooling runs for PEI
and NOHM-I-PEI samples. The reproducibility of the
measurements demonstrates thermal stability of the samples
in the temperature range of interest. At high temperatures, the
loss data has two peaks and a flank on the low-frequency side,
while at lower temperatures, only one peak is present in the
accessible frequency window. Evident from Figure 4 as well as
Figure S—which displays data over a wider temperature range
and also includes the real part of the complex conductivity
function—the differences between the measured spectra for
PEI and NOHM-I-PEI are subtle.

In order to quantitatively analyze the data, a combination of
two Havriliak-Negami (HN)* functions and a term
accounting for ionic conductivity contribution is used
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Figure S. Imaginary part of the complex dielectric function *(f) = &'(f) — ie”(f) for (a) PEI and (b) NOHM-I-PEI, and the real part of the
complex conductivity function 6*(f) = ¢’(f) +io”(f) for (c) PEI and (d) NOHM-I-PEL The error bars are comparable to the size of the symbols

unless otherwise indicated.

o é—gw
[1 + (iw7)"] ks
Ae _ ,{&]5
[1 + (iwzgy)’ T et NO) (1)

where €* = ¢’ — i¢” is the complex dielectric function, o, is the
d.c. ionic conductivity of the sample, g, the dielectric
permittivity of vacuum, &,, the permittivity of the unrelaxed
medium, Ae the dielectric relaxation strength, 7y the
characteristic HN relaxation time, and f and y are shape
parameters accounting for symmetric and asymmetric broad-
ening, respectively. Note that @ = 2af is the angular frequency
of the applied external field and 0 < s < 1 is a scaling
parameter. The subscripts @ and f refer to the two dipolar
relaxations observed in the systems under study. As
demonstrated by the superposition of the fit function (dash-
dotted lines in Figure 4a and the solid line in Figure 4b) to the
measured data, this fitting procedure adequately describes the
data.

First, we discuss the shape of the HN fit functions (for the
primary structural relaxation) obtained from fitting the
dielectric loss data to eq 1 above. Figure S6 shows HN
functions normalized with respect to the maximum loss value
as obtained at two select temperatures. It is observed that the
peaks are broader for the polymer than the hybrid material,
which is a rather counterintuitive finding given what is already
known in traditional polymer nanocomposites.**™* This is
however consistent with an observed broader T, transition in
the polymer than that in the NOHM material (Figure S2).
Recently, it was demonstrated that broadening of the
relaxation distribution times of the structural process in

polymer-grafted nanocomposites can be understood to arise,
in part, from an increase in free volume due to matrix-graft
chain packing frustrations in the interfacial zones.** In the
present system, the polymer is highly branched thereby
increasing the likelihood of free volume in the neat system.
In the hybrid material, no bulk free polymer matrix exists and
we posit that the nanoparticles take up some of the available
free volume. This effectively “freezes out” the fast modes that
would otherwise be present due to the higher degrees of
freedom to relax in the regions with voids. Additionally, as
observed from the X-ray scattering data, the hybrid material
has hierarchical structuring which includes mesoscale organ-
ization on a length scale of about 1.4 nm. It has been shown for
other liquids that the dynamic signature of mesoscale
organization is a Debye-like relaxation that is slower than the
primary structural relaxation.”” While a separate sub-a process
is absent in the present system, the narrowing of the structural
relaxation peak may be indicative of the contribution of
mesoscale structures to the total polarization of the system.
Further experimental and computational work on dynamics in
NOHMs is needed to elucidate of this phenomenon.

To gain further insights from the fit functions, mean
relaxation times, 7., were calculated from the HN parameters
using the equation™”

by 1/ b -1/p
7,.(T) = 7ygysin Y sin
2+ 2y 2+ 2y

)

and these are plotted as functions of inverse temperature in
Figure 6. From the rheology data in Figure 3, the mean
mechanical relaxation times were obtained using 7,,(T) =
Tpof( Tiop) / a1, Where 7, is the mean structural relaxation time at

the reference temperature T,.¢and ay is the corresponding shift
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Figure 6. Mean relaxation times of the segmental (@-) and localized
dipolar (f-) relaxations (right y-axis) for PEI and NOHM-I-PEI
obtained from BDS (blue symbols) and rheology (dark yellow). The
d.c. ionic conductivity (left y-axis) versus inverse temperature for the
two samples (hexagons) is also presented. The T, values determined
from DSC are shown by pentagon symbols. Inset: evolution with
temperature of the dielectric relaxation strength associated with the f-
process in the neat polymer and the NOHM. In all cases, empty
symbols are for PEI, while filled symbols represent NOHM-I-PEI
data. The error bars are comparable to the size of the symbols unless
otherwise indicated.

factor. Several pertinent observations can be made from this
graph. First, as determined from BDS, the mean relaxation
times for the two processes present in both neat PEI (empty
blue symbols) and NOHM-I-PEI (filled blue symbols)
coincide. Second, the process occurring at high temperatures
has non-Arrhenius temperature activation and can be described
(solid line) by the Vogel—Fulcher—Tammann (VFT) equa-
tion** ™" (7(T) = 7yexp(=DTy/[T — Ty]), where 7, and D are
constants, and Ty is the Vogel temperature). Extrapolating the
VFT fit to longer times, we observe that the mean relaxation
time of 100 s occurs at 215 K, which is coincidentally also the
calorimetrically determined glass transition temperature for the
two samples. This coincidence is conventionally used*” to
unambiguously identify the primary structural (or segmental)
relaxation, and we therefore assign this process to the
fluctuation of just a few PEI segments, typically on a sub-
nanometer length scale.”! Third, the mean relaxation times
obtained from rheology for PEI (open star symbols) agree with
those determined by BDS helping buttress the argument that
the process in question is indeed the segmental relaxation.
However, the relaxation times from rheology for the NOHM
(closed star symbols) are appreciably slower than those
reported by dielectric spectroscopy. This likely arises from
the fact that the measured times by rheology include additional
contributions from the networks of the silica cores, as already
discussed. Fourth, the relaxation at low temperatures exhibits
an Arrhenius type of thermal activation which is fitted (see
dashed line) by the function 7(T) = 7exp(—E,/kzT) (where
T is the relaxation time in the high temperature limit, ky the
Boltzmann constant, and E, the activation energy). This is
characteristic of localized fluctuations—so-called secondary
dipolar relaxations. This process has an activation energy of
about 37.9 kJ/mol and we specifically identify it as a f-process
arising presumably from liberations of the amine-terminated
side groups on the highly branched PEIL A similar molecular
process has been observed in a composite comprising

butadiene, styrene, and polyethyleneimine.”> The temperature
dependence of the dielectric relaxation strength, Ag, of the -
process is depicted in the inset of Figure 6. It is observed that
the slope of TAy versus 1/T changes at T,. We attribute this
trend to the change in free volume that is known to occur at
T, thereby presenting more degrees of freedom to the
liberation motions of the amine-terminated side groups as the
glass transition is traversed to higher temperatures. It has been
demonstrated that the approach to the glassy state can be
considered as being controlled via the linked contributions of
free volume and temperature: upon gradual cooling, at Ty a
polymer melt can be said to have the minimum free volume
that it must have to be still in the melt state.”” > For
completeness, we note that this temperature dependence of the
P-process can be explained without invoking the concept of
free volume but instead by the idea of so-called cage
breaking.”* " At low temperatures, the side group is pictured
as undergoing local liberation motions while attached to static
segments on the backbone. The restrictions imposed by static
segments resemble those of a cage. As the temperature is
increased, the segments begin to move and the cage becomes
bigger thereby lending higher degrees of freedom to the side
groups. Eventually the liberations of the side groups coordinate
with segmental motion leading to a merger of the two
relaxations at some finite temperature above T,. Now, taking
note of the identical temperature dependence and trend of
Agy, it is clear that the process has exactly the same origin and
mechanism in both PEI and NOHM-I-PEL Given the short
length scales on which the a- and B-processes occur, it is no
surprise that the presence of nanoparticles (in the NOHM)
does not affect their mean relaxation rates. On the other hand,
longer scale motions—such as the fluctuations of a chain’s
end-to-end vector—are slowed down, in dependence of
molecular weight, as has been demonstrated for NOHMs
comprising a canopy of Type A®" polymers.®*

We now turn our attention to long-range ionic conductivity
in these samples. As observed in panels (c) and (d) of Figure
S, the real part of the complex conductivity exhibits a plateau at
temperatures above 200 K in our frequency window. This
plateau corresponds to the d.c. ionic conductivity, o,, of the
sample. The decrease observed upon further lowering of the
frequency (clearly seen at 360 and 400 K) is due to
accumulation of charges at the electrodes—a phenomenon
known as electrode polarization, which is outside the scope of
the current study. We have extracted the values of 6, and
plotted the same as functions of inverse temperature as shown
in Figure 6. The absolute values of the d.c. ionic conductivity
in both PEI and NOHM-I-PEI are rather low compared to
standard ion conducting systems such as imidazolium-based
ionic liquids which are characterized by values better than 107
S/cm at room temperature.”” The levels of ionic conductivity
observed here are typical for many amorphous polymers that
basically arise from minute amounts of impurities left over
from polymerization. However, given that ionic conductivity in
the hybrid material is less than that of the neat polymer
(following a similar trend as the respective viscosities—Figure
SS), this can be deciphered to be proton conduction. The
hydrogen bonds associated with NOHM-I-PEI cause a
reduction in the number of protons contributing to long-
range motion when compared to the case in neat PEIL. This
idea is worth being substantively tested using NOHMSs based
on ionic polymers such as polymerized ionic liquids in our
future studies.

https://dx.doi.org/10.1021/acs.macromol.0c02370
Macromolecules XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c02370/suppl_file/ma0c02370_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c02370/suppl_file/ma0c02370_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02370?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02370?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02370?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02370?fig=fig6&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c02370?ref=pdf

Macromolecules

pubs.acs.org/Macromolecules

To obtain mechanistic understanding of the specific
molecular motions associated with the relaxations probed by
BDS, NMR was employed to explore local dynamics of the
canopy. In particular, the spin—lattice relaxation of bulk PEI
was compared to that of NOHM-I-PEL Figure 7 presents the
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Figure 7. Scheme of the partial structure of the branched PEI (top)
with alphabetic labels representing different methylene groups in the
polymer chain. The *C NMR spectra (bottom) of neat, dry NOHM-
I-PEI at different temperatures with the respective assignments.

carbon NMR spectra of NOHM-I-PEI at different temper-
atures (280—400 K). The spectra exhibit 8 distinguishable
peaks which correspond to different methylene groups present
in the polymer chain as indicated in the inset based on
previous studies.”* "% The *C chemical shift of a carbon atom
can, therefore, be associated to the degree of branching of the
nitrogen atoms in the a and f positions to the carbon atom.
Peaks a and b are associated to methylene groups between a
secondary and a tertiary amino group, where a is adjacent to
the secondary and b to the tertiary groups. Peak ¢ corresponds
to a pair of equivalent methylene groups between two tertiary
amino groups. Similarly, peak d is related to equivalent
methylene groups between two secondary amino groups.
Lastly, the pairs e-f and g-h are located between a tertiary and
primary group and a secondary and primary group,
respectively. Methylene groups ¢, f, g and h would reflect,
therefore, the relaxation of the extremities (either side or end
chain) of the branched PEI canopy. Significant broadening of
the peaks is observed as the temperature decreases. In
particular, peaks a through ¢, associated with methylene
groups located in the vicinity of tertiary amino groups in the
polymer canopy, dramatically broaden as the temperature is
decreased from 320 to 280 K to the point that these

resonances are no longer visible as clear peaks in the spectrum
but rather form a broad signal in the range between ~70 and
50 ppm. This suggests that the mobility of these groups is
significantly restrained in this lower temperature range. This
effect is shown by the faster T5 relaxation time decay observed
with the interior methylene group peaks (Figure S8).
Carbon-spin lattice relaxation times of the methylene groups
were measured to obtain a more detailed picture of the
dynamics of the pure PEI and tethered PEI (i.e, NOHM-I-
PEI) canopy in neat, dry samples. The spin—lattice relaxation
time (T7), also referred to as longitudinal relaxation time, was
measured using the inversion recovery sequence. This
sequence involves the determination of the rate constant for
the relaxation of a spin system to its equilibrium magnetization
immediately following perturbation from thermal equilibrium
by a radio-frequency pulse.”"*”%® T, values were determined
for a range of temperatures (Figure 8). In both cases,

1000 / T [1/K]
2.6 28 3.0 3.2 34
1 1 1 1 1
NOHM-I-PEI
m  peak aj
® peak b
3| A peak c|
10 v peakd|
AS
o AS
£ w ™ . PR
RN R oacck
‘“::‘:“l A - - ':—;//’
e B ST S SR
10° T T T T T
1 1 1 1 1
° NOHM-I-PEI
\t\ ¢ peake
> 'S < peakf
3 {e W e > peak g|
10 “‘\‘k\ AN ® peakh
— A LSS A S
@ LN SO
‘g‘ ‘\\‘\‘\:k\\. e
- RN NS S S5 S
- AR T bl i
*\0»-,,:5::“:’.="
10* T T T T T
2.6 28 3.0 3.2 3.4
1000/ T [1/K]

Figure 8. Plot of the relaxation times for the interior methylene
groups (top) and exterior methylene groups (bottom) in NOHM-I-
PEI as a function of temperature. The dashed lines are calculated from
the estimated correlation times based on the BPP model.

temperature-dependent data exhibit a 7|, minimum. Such a
minimum occurs at a temperature at which the molecular
motions are near the observation frequency (100.1 MHz),
subject to the condition @z, ~ 06.16.”” Figure 8 presents the
results for the methylene groups located in the exterior of the
polymer canopy (peaks ¢, f, g and h) and those located in the
backbone (peaks g, b, ¢, and d) in NOHM-I-PEL From Figure
8, it is noticeable that for the methylene group located at the
ends of the chains, the minimum occurs at lower temperatures
than for the carbons located toward the interior of the canopy
(Table 1). This shift suggests higher correlation time for the
interior carbons. Therefore, the local motion is reduced for
carbons located in the “interior” of the polymer chain in both
PEI and NOHM-I-PEIL. Comparing the behavior between PEI
and NOHM-I-PEI for each particular methylene group, the
similarity of the results in terms of shape (Figure S7) and
temperature of the T; minimum (Table S1) is remarkable,
which suggests that the molecular dynamics of the canopy is
not sensitive to the presence of the silica cores. This outcome
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Table 1. Activation Energies Estimated from the BPP and
Arrhenius Model for the Neat PEI and NOHM-I-PEI
Samples

bPEI NOHM-I-PEI

peak E, [kJ mol™] E, [kJ mol™]
a 25.81 25.52
b 25.39 25.16
c 22.26 23.72
d 26.51 26.50
[ 26.46 26.15
7 25.68 24.93
g 28.71 27.59
h 29.39 29.50

agrees with previous reports on NOHM systems’' and with
our BDS results.

To further explore the relaxation process, the correlation
times can be extracted from the relaxation times through the
Bloembergen-Purcell-Pound (BPP) model

L=cC ( 4+ 4TC2 2), in which the relaxation rate is
T 14wy 1 1+ 4wy 1

related to the correlation time 7. with C and @, constant.”’
This approach has been described previously.”” The temper-
ature dependence of the correlation time is represented by an
Arrhenius relationship in this analysis, allowing the estimation
of the activation energies. The dashed lines in Figure 8
correspond to the relaxation time calculated from the
correlation times for the NOHM-I-PEL In general, the fitting
shows a good agreement with the acquired data for the peaks
associated with methylene groups in the vicinity of primary
amino groups, which would correspond to the side and end
groups of the canopy (peaks ¢, f, g and h) and those located
between two secondary amino groups (peak d). This implies
that the local dynamics can be described by one mode of
motion. The relaxation of these exterior methylene groups
agrees with the f-process identified from the BDS analysis in
terms of the activation energy. The most significant deviations
are observed for the peaks associated with methylene groups
(peaks 4, b, and ¢) in the vicinity of tertiary amino groups. This
could be due to a deviation from an Arrhenius behavior, as
suggested for the a process from BDS, or can be caused by the
significant broadening of such peaks at low temperatures. The
resulting activation energies for each peak in the PEI and
NOHM-I-PEI cases are listed in Table 1. Although bulk PEI
exhibits slightly higher activation energies, the magnitudes are
very similar for all the analyzed peaks.

The temperature range sampled differs for the BDS and
NMR experiments. However, it is clear that extrapolating the
temperature-dependent BDS data in Figure 6 to the range of
temperatures used in the NMR experiments would yield rough
agreement with correlation time values on the order of 107 s.
Although the @ and f§ processes are not readily distinguished
by BDS in the NMR temperature range, it is also notable that
the a process, which we associate with the “interior” carbons of
the chain, has a much stronger temperature dependence than
does the f process. This is in accordance with the significant
extra broadening of the NMR lines from these carbons. Thus,
the NMR results complement those obtained by BDS and
provide insights into the specific moieties involved in local and
segmental relaxations in both the neat polymer and the
NOHMs. These results demonstrate the significant roles
played by the inorganic core and polymeric canopy in

determining the local and collective dynamics in this class of
hybrid materials.

B CONCLUSIONS

We have synthesized and characterized molecular dynamics in
nanoparticle organic hybrid materials comprising silica nano-
particles as the core and highly branched polyethylenimine as
the canopy. For comparison, neat polyethylenimine is also
studied. We show that the NOHMs retain liquid-like behaviors
with the rates of its structural and secondary relaxations exactly
identical to those of the neat constituent polymer as revealed
by BDS and NMR. However, the presence of nanoparticles in
the system does increase the viscosity of NOHM-I-PEI relative
to PEL While the increased viscosity is not often favored, the
enhanced chemical and thermal stability of tethered polymers
in NOHMs provides a great potential for a wide range of
reactive and separation systems including flow batteries and
CO, capture. The findings from this study highlight the key
role played by the canopy in determining the properties of
these hybrid materials and suggest that the choice of the
polymer used as canopy is critical in achieving the desired
properties.
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Figure S1: Hydrodynamic Diameter number distribution of 1 wt.% PEI in water measured via dynamic light
scattering (DLS) at 25 °C.
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Figure S2: Derivative plots of the DSC traces showing the Tg and breadth of the transition in PEl and NOHM-I-
PEI. Evidently, the hybrid material has a narrower peak than the neat polymer.
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Figure S3. SAXS profile of the NOHM-I-PEI studied in this work. The symbols indicate the experimental data
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Figure S4. Temperature dependence of the mean relaxation times (circles) determined from rheology, and of
the shift factors (stars) used to plot the master curves in Figures 3 and S5. The lines represent fits to the data
using the VFT equation (see text in the main manuscript). Values of the parameter D (which is a measure of the
extent of deviation from Arrhenius dependence) are shown for each fit function. Evidently, the shift factors
have the same temperature dependence as the corresponding mean relaxation times. The other fit parameters
are: solid stars (1o = 9e12 s, To = 199.1 K); empty stars (1o = 2.3e9 s, T = 191.9 K); solid circles (1o = 6.2e8 s, Ty
=199.1 K); and empty circles (1o = 1.2e9 s, To = 191.9 K).

NOHM-I-PEI

n'm" (Pa.s)
SED

3
0 — -

10° 107 10° 10°® 10" 10" 10° 10°
o (rad/s)

Figure S5. Master curves (reference temperature, - 55°C) showing the real (1) and imaginary (n") parts of
the complex viscosity, n*, for PEI (blue symbols) and NOHM-I-PEI (back symbols). The error bars are
comparable to the size of the symbols unless otherwise indicated.
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Figure S6: HN functions used to describe the structural relaxation in the polymer (PEI) and the hybrid material
(NOHM-I-PEI) at two select temperatures.

Figure S7 compares the temperature dependence of the carbon Ty’s for the peaks dand 4 (Figure 7)
in the neat PEI and the NOHM-I-PEI canopy. The trends observed in Figure S6 are representative of
the results obtained with all the identified carbon in the PEI chain. The most remarkable feature of
this plot is that the relaxation times (and molecular dynamics) of the methylene groups do not seem
to be sensitive to the presence of the silica core. This agrees with the results obtained with BDS.
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Figure S7. Plot of the T, relaxation times for peak d (Top) peak h (bottom) in the neat PEI and NOHM-I-PEI
canopy as a function of temperature.

The carbon T; minimum occurs when the molecular motions are near the observation frequency
(100.64 MHz). From Figure S7, it is noticeable that in the methylene group located in the end of the
chain (peak h) the minimum occurs at a lower temperature than the carbon located towards the
interior of the canopy (Peak d). This comparison is observed with all the identified exterior
methylene groups (peaks eto A4) (Table S1). This shift suggests an increase in the correlation time.
The local motion is reduced for carbons located in the ‘interior’ of the polymer canopy in both the
unbound and tethered cases.

Transverse or T; relaxation times were calculated from the estimation of the half-weight line-width

(Avy,2) for each 13¢ peak. The term T5 includes the contributions from static magnetic field
inhomogeneities throughout the sample volume, and the ‘genuine’ or ‘natural’ transverse relaxation
processes (T,) arising from intramolecular and intermolecular interactions in the sample?. For

1
exponential relaxation, T; can be calculated from the equation Avy ; = - Plots of the estimated T
2

relaxation times as a function of temperature are shown in Figure S8. In general, the interior carbons
(peaks ato d) exhibit a faster T; relaxation time decay as temperature decreases.
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Table S1. Estimated temperatures at the T; minimum for the branched PEI and NOHM-I-PEIL

bPEI NOHM-I-PEI
T@T; T @ Timi T @ Ti min [K
PEak ,min ,min T @ T min K ,min
[K] [k] e [K] 1
330.47 3.03 329.92 3.03
b 341.88 2.92 340.07 2.94
C 353.28 2.83 350.18 2.86
d 316.60 3.16 316.80 3.16
324.44 3.08 326.42 3.08
f 304.64 3.28 304.73 3.06
312.12 3.20 310.64 3.22
h 293.65 3.40 297.17 3.36
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Figure S8. Plot of the T, relaxation for the NOHM-I-PEI canopy as a function of temperature.
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