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Abstract

The structure and dynamics of a model branched polymer was investigated through
molecular dynamics simulations and neutron scattering experiments. The polymer
confinement, monomer concentration and solvent quality were varied in the simulations
and detailed comparisons between the calculated structural and dynamical properties

of the unconfined polymer and those confined within an adsorbing and non-adsorbing
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cylindrical pore, representing the silica based structural support of the composite,
were made. The simulations show a direct relationship in the structure of the polymer
and the non-monotonic dynamics as a function of monomer concentration within an
adsorbing cylindrical pore. However, the non-monotonic behavior disappears for the
case of the branched polymer within a non-adsorbing cylindrical pore. Overall the
simulation results are in good agreement with quasi-elastic neutron scattering (QENS)
studies of branched poly(ethylenimine) in mesoporous silica (SBA-15) of comparable
size, suggesting an approach that can be a useful guide for understanding how to tune
porous polymer composites for enhancing desired dynamical and structural behavior

targeting carbon dioxide adsorption.

Introduction

The use of nanoporous materials incorporated with amine-based polymers, such as poly
(ethylenimine) (PEI), have been demonstrated to be an effective means of separating CO,
from target gas streams such as flue gas or ambient air.' % These materials have high CO,
capacities, mostly rapid uptake dynamics, and maintain these features under realistic oper-
ating conditions, such as the presence of humidity. ”1® In this emerging technology, branched
polymer architectures typically outperform linear analogues in adsorption experiments. 417
However, it is unclear whether this observation arises solely from differences in the dis-
tribution of amine types (primary 1°, secondary 2°, or tertiary 3°) between the polymer

18 or is also influenced by differences in the morphology or dynamic behavior

archetictures,
of the polymers.

While these materials have been widely tested under multiple conditions and are becom-
ing the standard that other carbon capture technologies are compared to, far less is known
about the interplay between structure-property correlations which govern their adsorptive

properties. Trends in adsorption behavior are often hypothesized to result from morpholog-

ical and dynamical characteristics of impregnated PEI. For example, materials prepared at



high PEI loadings often show increased adsorption capacities with increased adsorption tem-
perature, a thermodynamically inconsistent trend.!®2! This has been rationalized as being
a result of pore blockage (a structural characteristic) at low temperature that blocks ad-
sorption sites, and improved PEI mobility (a dynamical characteristic) at high temperature,
that re-exposes adsorption sites.'® Therefore a thorough understanding of the structural and
dynamic properties of these systems is vital in developing optimized systems for enhanced
carbon capture technologies.

Recently, the structural properties of branched PEI impregnated into SBA-15 silica were
directly probed, for the first time, using small angle neutron scattering (SANS).?? However
the dynamical properties of the polymer still remain largely unexplored. Several studies
have utilized modeling approaches to derive insight into the transport properties of CO,
molecules within amine layers;??* however, less attention has been given to the dynamic
behavior of the polymer itself. In this contribution, we performed coarse-grained molecular
dynamics simulations to determine the structure of a model branched polymer in contact
with a highly adsorbing cylindrical pore, representing the support media. We investigated
how the structure correlates with the polymer segmental dynamics and compare the sim-
ulated dynamical behavior with the behavior observed in quasi-elastic neutron scattering

experiments (QENS).

Model and Simulation Details

The model branched polymer, described in Figure 1, consists of N = 20 Lennard-Jones
beads connected such that there are 7 primary (1°), 8 secondary (2°), and 5 tertiary (3°)
amines. Each bead roughly represents a -CHy~CHy-NH,— moiety and has a diameter, o,
of approximately 3.5 A. This branched polymer model is roughly equivalent to PEI with a
molecular weight of 863 g/mol (C4oH102Ngg), which is similar to the commercially available

5,25,26

PEI utilized in many studies. The nanoporous support, SBA-1 is represented in the



simulations as a box with a cylindrical pore with dimensions L x W x H = 30 x 30 x 100
o3 and pore diameter, d = 23 ¢ (8.05 nm), as shown Figure 1(b). The pore diameter was
chosen in-line with experimental data. The surface of the pore contains sites (red beads)
that have attractive interactions with the 1° amines (g,, = 2kT'). These represents silanol
(Si-OH) functional groups that hydrogen bond with amine moieties in the PEI in the phys-
ical system. The number of surface reaction sites amount to a surface density of py = 4.7
nm~2.2"% We varied the amount of polymers impregnated into the pore, marked by the in-
dependent variable p,,,,, which is defined as the ratio of the total number of monomer beads
(Niotar = Nm, where m is the number of polymer molecules and N is the number of beads
in a molecule) and the pore volume (pon = 4Niotar/Td>H) ot Nigtar/Vios for the unconfined
(bulk) systems where Vj,, is the volume of the simulation box. Canonical (NVT) ensem-
ble coarse grained molecular dynamics simulations, similar to the procedure implemented
by Carrillo and Sumpter,?® were performed for the model described in Figure 1 using the
LAMMPS?® software package with GPU acceleration®! at the Oak Ridge Leadership Com-
puting Facility (OLCF). The simulation results were compared to QENS experiments of bulk
PEI and PEI/SBA-15 composite adsorbents (40 wt %PEI) performed at the HFBS?? and
BASIS3? instruments, which are housed at National Institute of Standards and Technology
(NIST) and Oak Ridge National Laboratory (ONRL), respectively. Further details on the
simulations, preparation of the materials and details of the QENS experiments are provided

in the Supporting Information.

Results and Discussion

Structure of Branched Polymer

We begin our analysis of the simulation results by investigating the structure of the branched
polymer in the bulk configuration and under cylindrical confinement. To characterize the

structure of the branched polymer, we calculated the mean-square radius of gyration, <R§>,



a) Branched Polymer & b) Cylindrical Nanopore

¢) Impregnated Nanopore

Figure 1: Coarse-grained model of a branched polymer (a) with LJ bead diameter, o. Beads
colored orange are primary (1°), magenta are secondary (2°), and cyan are tertiary (3°)
bonded LJ beads. (b) Cylindrical nanopores with box dimensions, 30 x 30 x 100 o3 and
pore diameter, d = 23 ¢. The red beads have attractive interaction with the 1° beads of the
branched polymer. (¢) the cylindrical nanopore is impregnated with branched polymers at
varying monomer bead densities, pion-

as a function of p,., for both the unconfined (bulk) and cylindrically confined systems

utilizing the equation,

N
1
2 S o2
<Rg> = N Z(TZ — Tem) (1)
i
where 7; is the position vector of a bead 7 and 7, is the center-of-mass location of the

polymer. An alternative method for calculating <R§> is through the gyration tensor, G
defined as,

Zz(wl - mcm)2 Zz(xl — Tem) (Yi — Yem) Zz(xz — Tem)(2i — Zem)
G = N Zz(xz - xcm)(yz - ycm) Zz<yz - ycm)2 Zz<yz - ycm>(zi - zcm) (2)
2@ = Tem) (2 = Zem) 225 (Yi — Yem) (25 — Zem) > (2 = Zem)®

where the eigenvalues of G are, A}, A2 and A2, arranged in descending order (A2 > A2 > \2).
and the sum of the eigenvalues is <R3> =\ 4+ A3+ A2

In this implicit solvent representation of the system, p,,., pertains to the local concentra-



tion of the impregnated PEI inside the pore, analogous to the preparation of the composite
(created by a wet impregnation in methanol) or the concentration of bulk PEI (without the
support) dissolved in a solvent. As the solvent is evaporated, p,o, increases and the polymer
solution transitions from dilute to semi-dilute and finally to melt regimes. The results for dif-
ferent combinations of branched polymer in athermal versus ideal /©-solvent conditions,3*3
bulk versus confined, and polymers confined in attractive versus repulsive pore walls are
shown in Figure 2. The wall interactions and solvent quality for the branched polymer dic-
tates the size, <R§>, of the polymer in solution. Methanol, the solvent of choice used in the

22.36,37 i3 a “good” solvent for PEI. Methanol expands the

preparation of these composites,
PEI polymer coil because of energetically favorable solvent-to-polymer segment interactions.
Conversely, air or flue gas, the fluids expected to occupy the void space of the pores in an
adsorbent during practical operation, can be thought of as poor solvents for PEI. In implicit
solvent simulations, an infinitely “good” solvent has purely repulsive monomer-to-monomer
(bead-to-bead) interactions, referred as the “athermal” solvent case, where excluded volume
interactions swell the chain and expand the polymer larger than its ideal size. The addition
of attractive monomer-to-monomer interactions contracts the polymer (to its ideal size at
a specific ;) and promotes a solvent/polymer interface that indirectly brings about surface

tension. For comparison, the analytical <Rg> of an ideal branched polymer is estimated to

38
be,

(B =[5 ®

where f pertains to the functionality of the bonding beads (f = 3, because of the presence
of 1°, 2°, 3° amines), b is the bond length (0* = (b?) = 0.942 ¢%) and N, is the number of
bonds (N, = 19). The theoretical ideal <R§> is approximately equal to the system in ideal
or O-solvent conditions for the case of dilute monomer concentrations (left most data points
for red-square data set in Figure 2(a)).

We point out that there is an oscillatory feature in the value of <RZ> for the system with
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Figure 2: Dependence of the mean-square radius of gyration, <R3>, of branched polymers
in the bulk configuration (a) and confined in a cylinder (b). The data sets in (a) refer
to: purely repulsive or athermal monomer beads (brown open triangles) and interacting
monomers with e, = 1/3 kT or ideal/©-solvent (red open squares). The data sets in (b)
refer to: repulsive or athermal monomer beads and wall beads (magenta filled triangles),
repulsive wall and interacting monomers with ¢, = 1/3 kT or ideal/©-solvent (blue filled
squares), and attractive wall beads with £, = 2 kT and interacting monomer beads with
ey = 1/3 kT or ideal /©-solvent (grey filled circles). The dotted line is the theoretical (R2)
obtained using eq.3.

attractive monomer interactions confined in an attractive pore (ideal solvent, attractive wall
data set in Figures 2(b)) brought about by the competition between wall adsorption and
surface tension. To further investigate this feature, we resolved the mean-square radius of
gyration of the polymers as a function of its center-of-mass distance from the axis of the
pore, <R3(7’)> in Figure 3 and we also calculated the density as a function of distance, p(r).
There is a local minima in <R3(r)> of the branched polymer near the pore wall brought
about by the crowding of beads, where the polymer is compressed and its size is relatively

smaller in comparison to the bulk, brought about by the association of 1° amines with the



wall. This is followed by a local maxima where the polymer is stretched and the size is
relatively larger (see Figure3(a)). In contrast, for the system having a repulsive pore wall
(ideal solvent, repulsive wall data set in Figures 2(b)), the local minima is less deep and the
local maxima is absent (see Figure 3(b)) because of the nearly uniform p(r) near the axis
or at the center of the pore and a gradual decrease in p(r) adjacent to the pore wall (not
shown). We note that chain compression in the vicinity of a cylindrical wall is not unique to
the branched polymer in this system but has also been found for simulated linear chains. 2?3

Further structural characterization of the impregnated polymers were done by determin-
ing the average relative shape anisotropy (x2)%° as a function of r (see Figure. 4) which is
obtained from the eigenvalues of the gyration tensor G, and defined as,

2 3 AM+AN+N 1 )
274+ X34+ X322 2

A value of zero in x? pertains to a spherically symmetric system (k? = 0.0) while a value
of one occurs if all monomer coordinates in the chain lie on a line (k? = 1.0). A value
of (k?) = 0.41 pertains to a chain with Gaussian statistics.?>’ The trend of (k*(r)) also
shows the oscillations of the shape of the polymer from being stretched, compressed or bulk-
like and generally follows the behavior of <R§(r)>. We note that for the “attractive wall”
scenario, the formation of a monolayer of adsorbed polymer is consistent with our previous
findings,?? while the tight packing of sphere-like polymers close to the pore wall (as indicated
by the high p(r), reduced <R§(7’)>, and reduced (k*(r)) values) differs from our previously
posed hypothesis that PEI deforms from a spherical shape when it orients with the attractive
surface.?24 This is an important development, as amines in this monolayer are thought to
be less reactive towards CO, than amines in the bulk. These results suggest that this may,
in part, derive from kinetically inaccessible amines, derived from the tight packing close to
the surface, rather than solely from a reduction in the number of reactive amines due to the

interaction with OH surface groups.
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Figure 3: Radially resolved mean-square radius of gyration, <R§(7‘)>, based on the location
of the center-of-mass of the polymer r for branched polymers in ideal /©-solvent conditions
confined in a cylindrical pore with attractive surface interactions with 1° amine beads (a)
and confined in a cylindrical pore with repulsive surface interactions with monomers (b).
r = 0 refer to the location of the center of the pore.
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Figure 4: Radially resolved average shape anisotropy, (x%(r)), based on the location of the
center-of-mass of the polymer r for branched polymers in ideal /©O-solvent conditions confined
in a cylindrical pore with attractive surface interactions with 1° amine beads (a) and confined
in a cylindrical pore with repulsive surface interactions with monomers (b). r = 0 refer to
the location of the center of the pore.



Structure-Dynamics Relationship of Confined Branched Polymers

In conjunction to characterizing the (Rg?) and (k?) of the confined branched polymer, we
characterized their dynamics in the direction parallel to the axis of the pore by obtaining the
axial diffusion coefficient of the center-of-mass of the polymer, D. At long time scales (large
At values), the motion of the center-of-mass along the unconfined direction (axial direction)
is diffusive and the mean-square displacement along the axis of the cylinder can be described

by the equation,

((r) (1) =yt + At))*) = o + 2DAL. (5)

where 7(¢) is the axial component of the position vector at time ¢. The assumption of
Fickian diffusion is valid and we do not expect to observe single file diffusion in channels,*?
where ((r)(t) — r(t + At))?) ~ At'/2 because a polymer confined in the pore is free to
rearrange and shift its conformation allowing other polymers to pass through it. We would
expect the system to approach single file diffusion if the pores size is smaller than the radius
of gyration of the polymer or the polymers have aggregated such that the aggregate size is
larger than the pore size, which is not the case of our system.

We have calculated the mean-square displacement for the different values of p,,., from
the simulation trajectories (see Figure S1 of the Supporting Information) and fitted the data
using eq.5 for both the systems confined in an attractive and repulsive pore wall in the
ideal /©-solvent case (D for all the systems shown in Figure 2 are presented in the Figure S2
of the Supporting Information). We overlaid these results with the calculated <R3> as shown
in Figures 5 (a-b). In this representation, it is easy to observe a correlation between D and
<R§> for both attractive and repulsive pore wall. For the attractive wall shown in Figure
5(a), a non-monotonic dependence of <R§> and D as a function of p,,,, is observed. In the
interval ppmen < 0.2072, all the polymers are adsorbed to the wall, hence D is small while

<R§> is large, because the polymers are coated onto the surface and the pore volume is not
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completely filled. This surface coating can be observed by evaluating the radial monomer
density distribution (see Figure 5(c)) where for the case of pno, = 0.01073, all 1° type
beads are adsorbed in the surface. In the interval between p,,., 0.2 and 0.4 o=3, there is a
proportion of polymers that are not adsorbed on the surface, yet the pore volume is only
partially full. This means that some regions within the pore have voids, where the beads that
interface with these voids are unconfined and correspondingly have faster dynamics, thus an
increase in D is observed in this interval. For the concentrations above ppe, = 0.5073,
these voids are no longer present (the pore volume is completely full) and all the beads are
confined, resulting in a decrease in both <R3> and D. For the case of the repulsive pore wall,
only the confinement effect is observed where there is a monotonic decrease in <Rg> and D
as a function of p,,.,. The effect of confinement to reduce the mobility of the polymer in the
pore is an important insight, as it suggests that completely filled pores present both longer
diffusional distances for CO,, as well as a reduction in the dynamics of the polymer, both of
which may be important in setting the overall rate of adsorption in experiments or practice.
We note that the non-monotonic dependence in <R3> and D as a function of p,,., is also
observed for the polymers in the athermal solvent case that are in contact with an attractive
wall. The difference in the solvent quality shifts the transition to a lower concentration for
the athermal solvent case.

We emphasize that the non-intuitive filling motif of the branched polymers impregnated
into a nanopore that was observed in the simulations is similar to the structures deduced
and interpreted from temperature-programmed desorption (TPD)! and small angle neutron
scattering (SANS)?? experiments. The analysis of the simulation data enable developing key
insight on the structure-dynamics relationship of the impregnated PEI. This also provides a
segue to analyze the simulation trajectory in reciprocal Fourier space such that an analogous
comparison can be made with neutron scattering data provided by the QENS experiment.
However, we recognize that the simulation methodology employed here can only compare

qualitative trends with experiments and a direct mapping with experimental data is unfea-

11



a) 40 ———rr—m 0.03

c)
Attractive wall . I I Y '
o @ 0.10 F = 0.01 T
_ 38 F 0.02 [ ’
NE‘ . r\{ —_ 0'
N 3.6 S
(ot -T1) P E
S 4001 R 0.
34 F w
Ib 0.
3o b 00 —o.
107 107 10 0.
-3 =
Pron [07] ~o.
b) 38— n 0.40 Ty 0.
Repulsive wall —o.
36 L 2 0.30 To.
T T g,
- 020 B
N ~ o
% Q [N
0.10 —o0.
= 0.
A <. ¥ [P <
- i 0.
10 2 10 1 100
-3
Proon [07] r Lol

Figure 5: Structure and dynamics relationship of the confined branched polymers in ideal /©-
solvent conditions represented as the overlay of the mean-square radius of gyration, <R§>,
and the diffusion coefficient in the axial direction, D, as a function of monomer bead density,
Pmon, for the case of branched polymers in contact with an attractive (a) and repulsive (b)
pore wall. The left and right y-axes in (a) and (b) points to (R2) and D, respectively. The
radial monomer bead density distribution (black lines), p(r), for different p,,,, in contact
with an attractive wall are shown in (c). The filled curves in (c¢) are the p(r) of only 1° type
beads. The insets in (c) are typical simulation snapshots.
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sible.
In Figure 6(a), we calculated the scattering function, S(gq), for the unconfined system
(bulk) in order to determine the relevant length scales that is seen for the different concen-

tration regimes. This was accomplished by using the equation,

S(q) _ m <Z Ze i fT(ﬁ'—Fj)> (6)

which pertains to the bead density-density correlation function or the Fourier transform
of the bead density p(7). At low bead concentrations (dilute regime and low pp.en), the
intensities at low ¢ values are high and indicate that intra-polymer correlations are the main
contributors to the spectra. The spectra gradually flattens at low ¢ as p,.., increases and
at Pmon = 0.85 073 (melt regime), the spectrum is flat at low ¢ values indicating that inter-
polymer correlations are the main contributors to the spectra. A peak at ¢ ~ 7o~! is present
for all concentrations and pertains to the bond length.

We used a value of ¢ =1 ¢! (or 0.29 A~1) in evaluating the self intermediate dynamic
structure factor, F,(q,t) since this ¢ value is 47/d < ¢ < 27/ <R§>1/2 (or0.16 Al<qg<1
Afl) or in the length interval between the radius of the cylindrical pore and that of the R,
of the branched polymer and within the vicinity of the resolution of the QENS measurement
(0.3 Alt<g<19 A‘l). Also, this ¢ value is convenient because it is in the region where
S(q) changes as a function of py,,, (see Figure 6(a)), which aids in the comparison of Fi(q, t)
in different concentration regimes. Shown in Figure 6(b) are Fs(q,t) for the system confined
in a cylinder with attractive interactions between the 1° type beads. The plots were obtained

using the equation,

Nm
1 i (7 () —7;
Fs(q’t) — N_m < § e q-(7i(t) 1(0))> . (7)

i
Generally, the motion of a polymer is a complex process and can be described phenomeno-

logically by a distribution of relaxation times, 7; as exemplified by the stretched exponential
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Figure 6: (a) Scattering function, S(gq), of the system with polymers in ideal/©-solvent
conditions (having attractive monomer-to-monomer interactions, ¢, = 1/3 kT) in the bulk
configuration for different monomer bead densities, ppon. (b) Self intermediate dynamic
structure factor, Fy(q,t) at ¢ = 1.0 07!, for the system with polymers in ideal /©-solvent
conditions and confined within a cylindrical pore with attractive wall interaction (e, = 2
kT). The fits to the data points in (b) using eq.8 are shown as solid lines. The relaxation
times, 77, Tas and 7g, obtained from the fitting procedure are shown for the confined branched
polymers in contact with an attractive wall (c¢) and repulsive wall (d).
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decay function, e=%/7" where f3 is the stretching exponent.*3* However, we hypothesize to
use only three exponential decay functions, instead of a stretched exponential decay, because
we deduced that there are at least three pertinent characteristic timescales, specifically for
the case of the system confined in an attractive cylindrical wall based on the density dis-
tribution shown in Figure 5(c). One of these are the motion of the adsorbed 1° beads that
would have the largest relaxation time, 7. The beads that would have an intermediate
value of relaxation time, 7, are the 2° and 3° beads that are attached to adsorbed 1° beads.
Finally, the unadsorbed branched polymers would account for the portion of the system with
the fastest dynamics and with the shortest relaxation time, 7,. To this effect, we fitted the

Fy(q,t) obtained using eq.7 with a function,

F.(q,t) = aL(q)e*t/TL(q) + aM(q)e*t/TM(q)
(8)

1 = aslg) — aarlg))e /70
which have three exponentials and three characteristic time scales. The solid lines in Figure
6(b) are the excellent fits to the data obtained from the simulations. In Figures 6 (c-d) we
show the dependence of these relaxation time as a function of p,,,,. For the case of the
system in contact with an attractive wall (see Figure 6(c)), there is an order of magnitude
in separation of time scale between 7, 7); and 7. Also, there is non-monotonicity in 7, for
this system, which is not observed for the system that is in contact with a repulsive wall
(see Figure 6(d)). This is consistent with the behavior observed by analyzing the diffusion
coefficient, D, described in Figures 5(a-b). It is important to point out that for the case of
the system confined in a repulsive cylindrical pore, at low concentrations, it is sufficient to
fit the data points with a single exponential function (ppen < 0.050_3) or two exponential

functions (pmen > 0.05073 and ppen < 0.2073) for ¢ = o7 1.

It is fortuitous that we can
also fit the F(q,t) of the unconfined (bulk) in ideal/©-solvent conditions with eq.8 at melt

concentrations enabling the comparison between the bulk and confined systems. However,
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we take into consideration that when strong pore interactions are present, the leading process
that slows down the dynamics of the polymers is the affinity of the 1° amine beads with the
silanol beads; while the dynamics of the bulk is akin to a melt of multiarm polymer star
which exhibits three relaxation times that are assigned to polymer segmental relaxation,
chain relaxation, and cooperative rearrangement of stars,> which are also present in the
confined systems. The Fy(q,t) and the behavior of the relaxation times, 77, 7y and 75 at
melt concentrations (pmen, = 0.85 073) as a function of ¢ are presented in Figures S3 and S4
of the Supporting Information and are used in the comparison with the QENS experiments

described below.

Comparison with Quasi-Elastic Neutron Scattering

Finally, we compare the dynamics of the polymers observed in QENS with that obtained from
the molecular dynamics simulations. The analysis of the QENS data as illustrated in Figure
7(a-b), involves the convolution of the instrument resolution function R(q) with the elastic 6,
quasi-elastic S(q,w) composed of two Lorentzians (L;(q,w) and Ls(q,w)), and background
B(q), components of the scattering function, such that I(q,w) = [A¢(¢)0 + A1(q)L1(q,w) +
As(q)La(q,w) + B(q)] ® R(q,w). Very good fits of the data are accomplished, as seen in the
Full fit curve in Figure 7(a-b) and involves using two Lorentzians and a delta function in

describing S(q,w) such that,

1 Tyq) 1 Ti(q)
73 + (o " M) ¢ (2 o

+(1 = ar(q) — an(q))d(q)

S(g,w) = ar(q)

which is the Fourier transform of eq.8 with 75 ~ co. Unlike in the simulations, where Fi(q,t)
decays to zero at long time intervals and ¢ > 27/d, the experiments contain an elastic term

(6 function in Fourier space), which pertains to localized motions?® and contributes signifi-
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cantly to the spectra at low ¢. We note that 7¢ ~ 0o in experiments and is different from the
Ts in simulations, which is in the order of unity and pertains to the fast motion of the beads
at short time intervals (low t). It is enough to fit the experimental data with two Lorentzians
but it is possible that the instrumental resolution is insufficient to observe a third timescale.
Furthermore, a third Lorentzian with a HWHM or I' value that is an order of magnitude
higher than I'y would approach a straight line, and could not easily be distinguished from
a flat background, thus losing its physical interpretation. Nonetheless, we proceed in com-
paring the relevant relaxation times describing the dynamics of the polymer. This involves
comparing the Lorentzian fits in the QENS experiments with the relaxation times obtained
in simulations utilizing the relationship, I's(q) ~ 1/7.(¢) and I'y1(q) ~ 1/7a(q).

The comparison for the I'y and I'y obtained from QENS with 1/7; and 1/7), obtained
from simulations for the unconfined (bulk) system is presented in Figure 7(c). In this repre-
sentation, I" and 1/7 values are presented in separate y-axes and the z-axis for the simulations
are converted with a conversion factor of o = 1.5 A. A power law of Ty ~ 1 /T ~ ¢* is
observed, which signifies diffusive motion. The quadratic power law is shown as a solid black
line in Figure 7(c). A conversion factor ¢ = 3.5 A , which was the conversion factor for the
diameter of the pore, can also be used where the simulations data are shifted towards lower
values of ¢. Both conversion factors show ¢ dependence and the conversion factor of o = 1.5
A was chosen for aesthetic purposes only where the data from simulations and experiments
in Figure 7(c) overlap in I'y and 1/7. There is an order of magnitude difference in values
between 1/7, and 1/75; and between I's and I';. To facilitate the comparison between the
dynamics of supported PEI obtained from QENS and simulations, the z-axis is normalized
with the diameter of the pore, qd (see Figure 7(d)). At low q, 1/7 ~ 1/73 ~ ¢%, but the
¢* dependence is not seen in the QENS experiment. At high ¢ intervals, there is a decrease
in ¢ dependence for T'y, T'y, 1/7, and 1/7),, where there is flattening or saturation of the
curves in Figure 7(d) at high ¢. Similar to the bulk system, the confined system shows an

order of magnitude difference in the values between I'y and I'y, and between 1/7;, and 1/7,;.
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Figure 7: S(q,w) (black dots) obtained from QENS of pure (a) and supported (b) PEI at
g =0.3A and T = 375 K. The solid line is the fit using eq.9, and the broken lines are the
background B(q), resolution R(q,w) and Lorentzian functions L;(q,w) and Ls(q,w). (c) '
and I'; (left y-axis) obtained from QENS, and 1/77, 1/7) and 1/7¢ (right y-axis) obtained
from simulations, for the unconfined (bulk) with p,,., = 0.85 072 as a function of ¢, and
(d) for the confined polymers in contact with an attractive pore surface as a function of ¢d.
The solid black line in both (c¢) and (d) are lines with slope 2 or power law of 2. The silica
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support (SBA-15) in the experiments are loaded with 40% wt. PEIL
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Since the simulation was fitted with 3 exponential decay functions, we only considered the
data points where the coefficient for 7g is not greater than 85% such that there remains sig-
nificant contributions from 7;, and 7,,. In the alternative case where the slowest relaxation
time in the experimental data is beyond the time resolution of the instrument, and hence
must be attributed to the slowest motion of the simulations, then the processes leading to
the Lorentzian functions would be those with the intermediate and fastest characteristic
times (7ps and 7g). We observed similar qualitative behavior if the comparison between the
experimental results was done using 7,; and 7g instead of 7, and 7,7, hence the interpreta-
tions drawn previously are still applicable. We also looked into the comparison of the fitting
coefficients A; in the experiments with ay, ay; and ag in the simulations, as suggested by
anonymous reviewer, and found that similar trends are observed with the set of “Ay and

b

ap”, “As and ay/’

Y

and “A; and ag” as opposed to “As and a;,” and “A; and ays (See Figures
S5 and S6 in the Supporting Information). This suggests that the longest relaxation time at
the temperature the experiments were conducted is beyond the time resolution of the QENS
spectrometer. A more detailed interpretation of the QENS data is the subject of our current

efforts, and will be described in a forthcoming publication.

Summary

We have presented results of coarse-grained molecular dynamics simulations of a model bead-
spring branched polymer inside a nanopore, representing aminopolymer composites such as
PEI/SBA-15 systems. The simulations are consistent with the SANS pore filling model,
specifically the observation that the polymer does not exclusively pack the pores in concen-
tric layers at medium /high loading (moderate p,,o, where D is maximum in simulations), and
transient voids are observed. The simulations reveal a rich dynamical behavior—and we have
demonstrated the relation to the structure of the polymer, which depends on the polymer

solvent quality, confinement and affinity to the pore surface. We observed good qualitative
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agreement between the two relaxation times (7, and 7)) obtained from simulations and
QENS experiments. Given these encouraging results, we suggest that the platform of com-
bining coarse-grained molecular dynamics simulations and neutron scattering can provide
the opportunity to further investigate alternative polymer /silica composite systems, such as

systems with additives that enhances the COs adsorption process.

Supporting Information Available

The simulation details on how the coarse-grained molecular dynamics simulations were per-
formed, data analysis of the simulation trajectories, and QENS procedure are presented in
the Supporting Information. This material is available free of charge via the Internet at

http://pubs.acs.org/.
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