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Abstract

We use single particle tracking (SPT) to explore the role of nanoparticles/polymer interactions and polymer
molecular weight on nanoparticle (NP) diffusion in unentangled polymer melts. The very dilute NP
concentrations (~107 wt%) in SPT measurements enables tuning NP/polymer interactions so that the
systems with unfavorable or neutral NP/polymer interactions in polymer melts can be studied without
nanoparticle aggregation. Here, the diffusion coefficients of weakly interacting (methyl capped, CHz QDs)
and strongly interacting (carboxylic acid capped, COOH QDs) nanoparticles (radius = 6.6 nm) in
poly(propylene glycol) (PPG) melts were measured via SPT. Mean-squared displacements and van Hove
distributions of nanoparticle motion are consistent with Brownian motion of single nanoparticles in the long
time diffusion regime. The effective COOH QDs size increases with PPG molecular weight as My,
indicating a long-lived bound layer. However, for weakly interacting CHz QDs, the effective nanoparticle
radius is independent of PPG My due to the absence of a bound layer. In contrast to ensemble average
methods (i.e. X-ray photon correlation spectroscopy), SPT methods directly detect spatial and temporal
diffusion behavior of individual nanoparticles and provide previously inaccessible information about

nanoparticle diffusion in polymer melts.



Introduction

Nanoparticle diffusion in polymer nanocomposites (PNCs) is important to the fabrication and
processing of PNCs materials to tune their mechanical, thermal, and electrical properties.' It also serves
as a model system of biological transport and dynamics in complex media such as drug delivery** and
intracellular particle motion®’. Although the generalized continuum Stokes-Einstein (SE) describes

16-19 studies

nanoparticle diffusion in simple liquids, several experimental,®!3 theoretical,'*'® and simulation
have identified deviations from this SE relationship in polymer melts.

A few critical factors including length-scale related parameters (nanoparticle size and radius of
gyration of polymer) and nanoparticles/polymer interactions (neutral/non-sticky and attractive/sticky) have
been suggested as causes of SE deviations of nanoparticle (NP) diffusion in polymer melts.!>!¢ In
unentangled polymers, the SE relation was predicted when the radius of the nanoparticle (Rnp) is larger
than the order of polymer radius of gyration (Rg), Rnp > ~1.5R,.'* When NPs in polymer melts enter the
Rup < R, regime, nanoparticle diffusion faster than the SE relation was observed in slightly'? and highly'?
entangled polymer melts. On the other hand, strongly attractive large NPs (Rxp > R,) showed slower
dynamics than the SE prediction as the adsorbed polymer on the nanoparticle surface increases effective
particle size, and this bound layer was the size of R,.!! The bound layer was proposed to exist when the
desorption time of adsorbed polymers (T4cs) is longer than the chain relaxation time (t;) such that the tqcs is
an important parameter in suppressing nanoparticle dynamics.'® Stronger attractive interactions between
NPs and polymer are expected to extend Tqes. A simulation study on varying NP/polymer interaction at Rxp
> R, showed that an increase of NP/polymer interaction results in increased effective viscosity near the NP
due to the increased Tges.'®

The current understanding of how NP/polymer interactions impact nanoparticle diffusion in
polymer melts is incomplete. For example, enhanced diffusion is expected for the both non-sticky and sticky
NPs when Rnxp < Rg, although it is unclear how the faster diffusion is related to the NP/polymer

interactions.®!>!3 There are a variety of experimental challenges that limit the ability to isolate the role of
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NP/polymer interactions on dynamics in PNCs. When the NP/polymer interactions are varied by changing
the polymer, other parameters such as 1, and R, also change, so comparisons are complicated.”® Also, NPs
readily aggregate during PNC fabrication when the mixing energy is thermodynamically unfavorable,® so
that changing the NP/polymer interaction at a fixed NP concentration also changes the NP dispersion. Poor
NP dispersion, particularly for weakly interacting NPs, makes it challenging to meet the NP concentration
required to utilize conventional experimental methods such as Rutherford backscattering spectrometry
(RBS),?' X-ray photon correlation spectroscopy (XPCS),? and dynamic light scattering (DLS).!? If the NPs
are aggregated, the dynamics measured through an ensemble average of the system will deviate
significantly from the dynamics of single nanoparticles, because the isolated and aggregated nanoparticles
are indistinguishable. In contrast, single particle tracking (SPT) is not an ensemble-averaging method, but
rather tracks individual NPs directly. SPT has been employed to explore NP dynamics in polymer gels,?*
24 showing heterogeneous NP dynamics and stick/unstick transitions of nanoparticles within a gel network
(non-Fickian), and in polymer solutions®>¢ that observed long-time Fickian diffusions.

In this paper, single particle tracking (SPT) was performed to directly observe the motion of
isolated nanoparticles on large length scales (> 5Rnp) and long timescales (>> 1) in polymer melts as a
function of NP/polymer interactions and polymer molecular weights. Note that this is the first use of SPT
to measure the NP dynamics in polymer melts. Specifically, the diffusion coefficients of methyl-capped
quantum dots (CH3; QDs, non-sticky) and carboxylic acid-capped quantum dots (COOH QDs, sticky) with
Rnp > R were measured as a function of molecular weight (400 - 8000 g/mol) of polypropylene glycol
(PPG) melts. The SPT method was able to measure single nanoparticle dynamics of both CHs; QDs and
COOH QDs in PPG melts, thereby probing NP/polymer interactions by avoiding NP aggregation at
extremely low NP concentration (~107 NPs wt%). By identifying single nanoparticles and tracking their
motion, SPT gives dynamic information exclusively about individual nanoparticles unlike RBS, XPCS, and
DLS. The diffusion coefficients obtained from the mean-squared-displacement of nanoparticle trajectories
show that non-sticky NPs quantitatively follow the SE relationship in the regime of Rxp > R, while sticky
NPs exhibit slower dynamics than SE relationship. This deviation was attributed to the increased effective

5



particle size of Rnp + Rg, demonstrating a long-lived PPG bound layer was formed on the COOH QDs, but
not on the CH3 QDs. These results establish SPT as a method to study NP diffusion in polymer melts and
open the opportunity for more complete comparisons to theoretical and simulation studies by circumventing

NP aggregation.

Experimental

Tetrahydrofuran (THF) and toluene were purchased from ThermoFisher. Propylene glycol (PG)
was purchased from TCI America and poly(propylene glycol)s (PPG) with the M, of 425 g/mol (PPG 1),
1000 g/mol (PPG 2), 2000 g/mol (PPG 3), 4000 g/mol (PPG 4) were purchased from Sigma-Aldrich. A
PPG with M, of 8000 g/mol (PPG 5) was purchased from Advanced Technology and Industrial.
Polydispersity indices of PPG 1 — PPG 5 are 1.06, 1.04, 1.02, 1.01, and 1.01, respectively, as measured by
gel permeation chromatography. Octadecylamine capped CdSe@ZnS quantum dots solution (CH3 QDs,
Rnp =6.55 £ 0.12 nm) and mercaptopropionic acid capped CdSe@ZnS quantum dots solution (COOH QDs,
Rxp = 6.64 £ 0.13 nm) were purchased from NNCrystal, USA. The reported particle size of QDs was
measured from the SPT in PG and their measurements are in good agreement with X-ray scattering and
transmission electron microscopy analysis. The methyl end groups on CH; QDs are neutral or non-sticky
to PPG, whereas the carboxylic acid end groups on COOH QDs are attractive or sticky to PPG via hydrogen
bonds (Figure 1).?” Toluene and deionized water were used to dilute the concentration of CH; QDs and
COOH QDs solutions, respectively, to 1ug/mL prior to use.
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Figure 1. For PNC samples, methyl (CH3) and carboxylic acid (COOH) capped QDs were used for non-
sticky and sticky nanoparticles in poly(propylene glycol) melts, respectively.



To make the polymer nanocomposites (PNCs), 0.1g of PPG was dissolved in 1mL of THF followed
by the addition of 1uL of diluted QDs solutions under stirring. The solvent was quickly removed from the
QD/polymer solution, at 50°C and then vacuum dried at room temperature for overnight. The resulting QDs
concentration in PPG was approximately 107 wt%. This low concentration of QDs and fast removal of
solvent prevented QD aggregation as demonstrated by the continuous blinking of QDs in optical
microscopy. Linear viscoelastic measurements of pure PPG melts and QD/PPG PNCs were performed on
an ARES G2 rheometer (TA instrument) in a cone and plate geometry (50mm diameter, 0.04rad cone) with
a 10/s of shear rate. The viscosities of QD/PPG PNCs are identical with pure PPGs. Figure S1 plots 1/ vs
M,, and slope decreases from -1 to -1.7 with increasing molecular weights. This indicates that all polymers
are unentangled, which is consistent with M. = 2800 g/mol. Prepared sets of QD/PPG PNCs were loaded
and sealed into a glass chamber that is approximately 2cm>0.5cmx0.2mm. The QD/PG composites were
prepared in the same procedure to measure the hydrodynamic size of QDs.

Single particle tracking experiments were performed (T = 21.8°C) on an inverted optical
microscope (Nikon Eclipse Ti) using an oil immersion objective (X100, 1.49NA) and a 512x512 px detector
(1 px ~ 106 nm). A 532-nm laser source was used for both types of QDs, which have an emission peak
spanning 620-640 nm. Videos were recorded for 30sec with the frame rate of 33 fps. Representative frames
are shown for the SPT of COOH QDs in PPG 1, Figure 2. The fluorescent signal emitted from QDs has
enough signal-to-noise ratio to localize the center of QDs in the PPG background. In SPT measurements
blinking QDs indicate single QDs in PPG melts, while optical intensity from aggregated QDs is constant.?®
Sufficient QD dispersion was achieved by using low QD concentrations (~107 wt%) and fast solvent
removal. This was effective even for the CHs QD/PPG nanocomposites with weak NP/polymer interactions.
Low NP concentrations are also necessary to localize QDs without connecting trajectories of nearby
particles. The red circles in the frame images at Os and 1.5s (Figure 2) show the movement of these NPs
within the XY plane. In addition, some QDs disappear (blue circles) and other QDs appear (green circles)
after 1.5s, most likely due to the diffusion of QDs along the Z-direction and blinking of QDs. Note that the

depth of focus along the Z-direction is ~0.1um and much smaller than the field of view in the XY plane
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(54pum x 54um). For in-plane movement, the X and Y coordinates of individual QDs in each frame are

determined to create trajectories by connecting the XY positions between frames.

Figure 2. Frame images of recorded video at (a) Os and (b) 1.5s for SPT measurement of COOH QDs in
PPG 1. Red circles indicate three QDs diffusing in the XY plane. Blue circles in (a) indicate QDs lost after
1.5s of diffusion. Green circles in (b) indicate QDs that were not observed in (a).

Images were analyzed with Fluorescent Imaging Evaluation Software for Tracking and Analysis
(FIESTA).?” FIESTA localizes and connects the center of mass of QDs in X and Y positions by fitting the
fluorescent intensity to a 2D Gaussian point spread function. The positional error is < 40nm although the
FWHM of the fluorescent intensity is ~600 — 700 nm. In FIESTA, the criteria for usable trajectories includes
a maximum speed of 15000nm/s, a maximum of four break frames to allow for blinking QDs, and a
minimum of six frames per trajectory. These criteria can lead to connecting adjacent particles, so unrealistic
trajectories were rejected by limiting the maximum jump distance to 1000nm (PG), 850nm (PPG 1), 750nm
(PPG 2), 500nm (PPG 3), and 350nm (PPG 4), and 300nm (PPG 5). Longer maximum jump distances were
allowed for NPs in less viscous PPG melts. Trajectories with an averaged positional error greater than 40nm
(PG), 35nm (PPG 1), and 30nm (PPG 2 to PPG 5) were excluded. Larger positional errors were allowed
for the trajectories in less viscous melts, because the fluorescent intensity of rapidly moving QDs diffuses
more than the slowly moving QDs. Typically, ~20% of trajectories are rejected from these criteria and SPT
measurements used >500 trajectories. Mean-squared-displacements (MSD) were calculated from the time-
averaged displacements of single particle trajectories. Ensemble-averaged MSDs were calculated by
weight-averaging the MSD of trajectories, wherein weighting factors are inversely proportional to the

trajectory lengths. For example, MSD of a 10 frames length of trajectory has a weighting factor of 9 for



MSD at At = 0.03s whereas the weighting factor of 1 is given for MSD at At = 0.27s. The slope of the

ensemble-averaged MSD curves were fit to determine the time-independent diffusion coefficient (Dspr):
Dspr = onAt (D)

where n is the dimensionality, and in these experiments n = 2. Using the diffusion coefficient, apparent

QDs sizes (Rspr) from the SPT measurements were recovered by using the Stokes-Einstein (SE) relationship:

kgT
Repr = ———— 2)
6mnDgpr

where kg is the Boltzmann constant, 7 is the temperature, and 7 is the temperature dependent bulk viscosity

of polymer melts from linear viscoelastic measurements.

Results and Discussion

The trajectories of isolated CH; QDs in PPG 1 are plotted by shifting the initial positions to the
origin (Opm, Opm), Figure 3a. The isotropic trajectories indicate random motion of QDs within a
homogeneous melt of PPG 1. Most QDs move + 500nm with < 35nm resolution and are densely packed
near the origin, because QDs leaving the XY plane and blinking truncate the trajectories. Individual MSDs
(colored, Figure 3b) are obtained by averaging the displacements of every At within a trajectory. Most MSD
curves increase monotonically with At, implying no particle trapping within the polymer melt. A small
fraction of MSD curves fall off sharply near the end of their trajectory, indicating the QDs diffused back
toward the origin. The contribution of such MSDs is minimized by weight-averaging all MSDs to obtain
the ensemble-averaged MSD curve (black, Figure 3b). MSD has a linear relationship with At on a log-log
scale and a slope of 1 (Eq 1), which is the characteristic of Brownian motion. This shows that the ensemble-
averaged MSD effectively captures NP diffusion from SPT measurements. In addition, SPT provides the
ensemble average of diffusion dynamics (as does RBS, DLS, and XPCS) and also a plethora of dynamic

information from the individual MSD of single nanoparticles.
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Figure 3. (a) SPT trajectories of CH3 QDs in PPG 1 (1790 tracks). The origins of all trajectories were
shifted to X = Oum and Y = Oum. (b) Mean-squared-displacements (colored) of individual trajectories and
ensemble-averaged MSD (black) as a function of At. (¢c) One dimensional van Hove correlation functions
of CH3 QDs in PPG 1 at At=0.06s, 0.15s, and 0.30s. Solid lines indicate Gaussian fits.
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The van Hove correlation functions provide the distribution of distance that single nanoparticle can
reach by the diffusion mechanism over time. Figure 3c shows the distribution of one-dimensional
displacements of CHs QDs in PPG 1 at At = 0.06s, 0.15s, and 0.30s, and the distribution broadening with
increasing At. These distributions are well-described by Gaussian distributions (R*=0.999), further
indicating the random motion of non-aggregated QDs in a polymer melt. If the SPT measurements captured
heterogeneous populations of aggregated and non-aggregated QDs, an exponential distribution would be
expected due to the slower dynamics of aggregated QDs.*® The mean values of distributions were nearly
zero at all At and standard deviation (o) of them were 194nm, 325nm, and 469nm at 0.06s, 0.15s, and 0.30s
of At, respectively. The standard deviation of NP displacements is the characteristic length of NP diffusion,
o =/2DAt, such that the MSD (= 4DAt) corresponds to the 262.3! The X and Y displacements distributions
are also well-fit by Gaussian functions with standard deviations of 195nm and 193nm at At = 0.06s,
respectively, as expected for Brownian diffusion of QDs. Thus, Figure 3¢ shows the distributions of both
X and Y directional displacements. The SPT measurements of CHs QDs and COOH QDs for all PPG
molecular weights are analyzed in a similar way and their van Hove correlation functions are given in
Figure S2. The number of tracks, quality of Gaussian fit (R?), and o are also provided in Table S1. The
Gaussian distributions confirm isotropic NP displacements in all PNCs studied.

Figure 4a plots the ensemble-averaged MSD curves from the SPT measurements of CHs (solid
line) and COOH QDs (dashed line) in PG monomer and PPG polymers to quantitatively compare the
dependence of MSD on the surface chemistry of QDs and molecular weight of PPG melts. First, the MSD
of CH3 and COOH QDs in the PG monomer (green) are the same within the experimental uncertainty, as
expected in the absence of polymer. Second, the MSD of CH3 QDs are higher than COOH QDs in all PPG
melts. This is also evident in their van Hove correlation functions (Figure S2). Third, in PPG melts,
increasing the molecular weight of PPG reduces the MSDs in both CH3 and COOH QDs, as expected from
the increasing viscosity with PPG molecular weights. Finally, the relative MSD differences between the
two types of QDs increase with increasing PPG molecular weights at all At. These data suggest that the

viscosity is not the sole factor determining the dynamics of nanoparticles in these polymer melts, implying
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the importance of NP/polymer interactions. The time-dependent diffusion coefficient, Dspr, was obtained
by fitting the MSD curves to Eq | across the range with MSD ~ At, corresponding to Brownian diffusion.
For example, the MSD curves of QDs in PPG 4 and PPG 5 have slopes less than one at At < 0.5s, and thus
fitting started from At ~ 0.5s. The time-dependent diffusion coefficients (D(At) = MSD/(4At)) are given
(Figure 4b) and independent of At, thus confirming MSD ~ At!. Therefore, the time-independent diffusion

coefficient (Dspr) is defined from the average of D(At).
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Figure 4. (a) Ensemble-averaged MSD versus At from the SPT measurements of CHz QDs (solid lines)
and COOH QDs (dashed lines) in PG monomer and PPG polymer melts. (b) Time-dependent diffusion
coefficient (D(At) = MSD/(4At)) for At = 0.5s - 1s. The average D(At) defines the time-independent

diffusion coefficient from the SPT measurements, Dspr, as presented in Figure 5.
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Although the apparent subdiffusive behaviors in PPG 4 and PPG 5 can be a reminiscent of
nanoparticle hopping as predicted in well-entangled polymer liquid (melts or solutions), which has been

proposed as the reason for intermediate subdiffusion with longtime normal diffusion,?¢*

it is likely a result
of the inevitable positional error. Since our PNCs are comprised of large nanoparticles (~13 nm) relative to
the tube diameter (dr, ~4.9 nm) and the correlation length of chain segments of ~0.9 nm*® in mostly
unentangled PPG melts, the hopping will be less than 10nm if it is present. From the Dspr of CHs and
COOH QDs in PPG 4, jump distance for the 0.03s of delays are found as 29nm and 25nm, respectively,
which are within the positional error of 30nm. Thus, Fickian diffusion of NP is observed in all the PNCs
studied here at a long-time diffusion (~1s) and Dspr is obatained.

Note that recent XPCS measurements with poly(ethylene glycol) grafted SiO, NPs in poly(methyl
methacrylate), polystyrene grafted SiO2> NPs in polystyrene, and poly(styrene-b-vinylpyridine) grafted CdS
NPs in polystyrene, have observed a transition from Fickian to hyperdiffusive NP dynamics at Rxp > R,
when the probing temperature becomes lower than ~1.25T, in unentangled polymer melts or the polymer
matrix becomes well-entangled.** ¢ Hyperdiffusive NP dynamics have been explained by the local stress
and/or thermal gradient in elastic polymer networks that cause ballistic NP motion.”” Our SPT
measurements exhibit Fickian diffusion in all cases to long diffusion times with no indication of a transition
to hyperdiffusion, and this is in good agreement with the XPCS measurements since our polymer melts are
unentangled and measuring temperature is ~1.45T,.*®

The time-independent diffusion coefficients, Dspr, decrease with increasing PPG molecular weight
and the Dspr of COOH QDs are smaller than CH3 QDs (Figure 5a). To highlight this difference between
the two types of QDs, the radius of QDs determined by SPT measurements (Rspr) is calculated from Dspr
and Stokes-Einstein relationship (Eq 2), thereby accounting for the dominant factor of viscosity (Figure 5b).
The radius of QDs are defined as Rxp, which is obtained from the Dspr of QDs in PG monomer and Eq 2
( Rne(CH3 QDs) = 6.55nm, Rnp(COOH QDs) = 6.64nm ). In Figure 5b, the Rspr of CH3 QDs is independent
of molecular weight and equal to Rnp, indicating the PPG melts do not form a long-lived bound layer due
to the neutral interaction with CH; QDs and the Dspr simply scales with the viscosity factor in the SE
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relationship, Rspr = Rnp. Because the methyl-capped QDs only interact via weak van der Walls force, PPG
chains do not adsorb on the CH; QDs surfaces for an extended period of time, a so-called non-sticky
NP/polymer system. This follows the theory and simulation results of non-sticky nanoparticle diffusion in
unentangled polymer melts.'>'** In particular, a self-consistent generalized Langevin-based theory of
single hard-sphere diffusion in polymer melts predicts the recovery of SE relationship (D/Dsg~ 1) at Rnp/
R, > ~1.5 for unentangled polymer melts.'> This prediction agrees with our SPT measurement of CH; QDs
in unentangled PPG melts wherein Rxe/Rg = 2.4 — 10.

In contrast, the Rspr of COOH QDs is larger than Ryp and increases with PPG molecular weight

(Figure 5b). Moreover, the differences between Rspr and Rnp scale as My (inset of Figure 5b). The

deviation of Rspr/Rnp from unity indicates the breakdown of the SE relationship in COOH QDs/PPG
systems with attractive NP/polymer interactions. Previous reports of PNCs with attractive interactions,
Si0»/P2VP and SiO»/PPG systems, in the regime of Rxp >> R, reported similar nanoparticle diffusion
behavior.'"'? This diffusion mechanism involves a core-shell object in which nanoparticles diffuse with a
polymer bound layer, increasing the effective nanoparticle size (Refr) by the radius of gyration of polymer
chains, Refr ~ Rnp + Rg.'** In this study, the radius of COOH QDs (Rxp ~ 6.6nm) is larger than the radius
of gyration of all PPG molecular weights (R, = 0.6 - 2.8nm)* and (Rspr - Rnp) ~ My, indicating our
observed Mw dependency of COOH QDs is a result of a PPG bound layer. Attractive interactions in COOH
QD/PPG PNC:s result in desorption times that are long relative to the time over which diffusion is observed,

and the polymer bound layer sticks to the surface of the nanoparticles.
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Figure 5. (a) Dspr of CH3 QDs (black) and COOH QDs (red) from the MSD curves as a function of PPG
molecular weight. (b) Nanoparticle radius (Rspr) recovered from Dspr in SE relationship for CH; QDs and
COOH QDs. Rxr is the NP radius measured in propylene glycol (monomer). Error bars of Rspr are smaller
than the symbol size. Inset shows the thickness of bound layer (Rspr - Rnp) and its My, "2 scaling.

To further demonstrate the presence of a bound polymer layer with a thickness equal to R; in COOH
QD/PPG nanocomposites, the normalized Dspr (symbols) and D (dashed lines) are presented in Figure 6.
Here, Desr is the SE prediction of diffusion coefficient calculated using Resr = Rxp for CH3 QDs and Resr =
Rnp + Rg for COOH QDs. The diffusion coefficient Dspr and Desr are normalized by Dnp, which is obtained
from SE relationship using Rxp (QD radius in PG monomer). The normalized Dspr values for COOH QDs
are less than one and decrease as PPG molecular weight increases, which is the observed PPG molecular
weight dependency in Figure 5b for an attractive system. Moreover, the value of Dspr/Dxp (symbols) are

well-described by D.i/Dnp (lines), thereby meaning Rspr = Rnp + Ry in COOH QDs/PPG systems. This

demonstrates that the attractive interactions in the COOH QDs/PPG PNCs result in long-lived PPG bound
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layers on NPs that effectively increase the NP size by R;. In the case of non-sticky CHs QDs in PPG, the
normalized Dgpr values for CHs QDs are approximately unity and independent of PPG molecular weight
so that the SPT measurements are consistent with the Stokes-Einstein behavior where Rspr = Rnp, namely

no bound layer.
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Figure 6. Normalized Dspr (symbols) and Desr (lines) as a function of PPG M. Degr represents the SE
predicted diffusion coefficients of CH; QDs and COOH QDs in PPG melts, calculated using Resr values of
Rup for CH3 QDs and Ryp + R for COOH QDs. Dyp is obtained from the Ryp (QD radius in PG monomer).

Through the quantitative analysis on the effective particle size of CHs QDs and COOH QDs, we
demonstrate that the SPT method can experimentally measure the nanoparticle diffusion dynamics in
polymer melts. Importantly, this method accesses weakly interacting NP/polymer systems and enables
systematic studies of NP dynamics with varying NP/polymer interactions without the complication of NP
aggregation. While this study explored NP/polymer systems that exhibit very short (non-sticky NP) and
very long (sticky NP) desorption times relative to our particle tracking timescales, SPT methods provide an
opportunity to explore NP motion on timescales comparable to the desorption time. SPT methods are also
very well suited to more complex PNCs, including heterogeneous environments. For example, hopping of
nanoparticles in entangled polymer melts,*> anomalous diffusion of nanoparticles in jammed
environments,*” and NP/polymer composites with strong ionic attraction*' can be extensively explored via

single particle tracking.
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Conclusion

Single particle tracking (SPT) has been employed to reveal and isolate the influence of
nanoparticle/polymer interactions on the motion of nanoparticles in polymer melts. The motion of
individual non-sticky (CHs QDs) and sticky (COOH QDs) nanoparticles (Rxp = 6.6nm) in PPG melts (Rg
= (0.6 - 2.8nm) is tracked to obtain the NP diffusion coefficients. Particle trajectories, mean-squared-
displacements, and van Hove distributions uniformly validate that single nanoparticles in PPG exhibit
Brownian motion. Further analysis shows that CH; QDs in PPG follow Stokes-Einstein (SE) relationship,
whereas COOH QDs in PPG have slower dynamics. A bound layer of PPG chains on the COOH QDs
effectively increases the size of the nanoparticles by the PPG radius of gyration. The SPT method for
measuring nanoparticle diffusion has several benefits. First, the exceptionally low NP concentrations used
in SPT facilitate NP dispersion even when the NP/polymer interactions are weak. Second, SPT directly
observes the motion of single nanoparticles to provide broad spatial- and temporal-dynamic information,
in addition to the ensemble-averaged dynamics accessible by many methods. Thus, SPT methods can
identify the motion of nanoparticles to reveal the characteristics of NP dynamics, both Fickian and non-
Fickian, in a variety of environments (i.e. changing NP/polymer interactions). In the future, SPT methods
can provide a deeper understanding of nanoparticle diffusion in complex media with dynamic heterogeneity

such as polymer blends.
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Supporting Information

Linear viscoelastic measurements with varying PPG molecular weight. van Hove distributions of SPT
measurements for CH3 QDs/PPGs and COOH QDs/PPGs with varying PPG molecular weight.

Corresponding Author

*E-mail: winey(@seas.upenn.edu

ORCID

Jinseok Park: 0000-0002-0389-9707

Eric J. Bailey: 0000-0001-7194-9035
Russel J. Composto: 0000-0002-5906-2594
Karen I. Winey: 0000-0001-5856-3410

The authors declare no competing financial interest.

Acknowledgments

This work was supported by NSF/CBET 1706014 (RJC, KIW). Partial support was also provided by
NSF/DMR 1905912 (RJC), NSF/OISE 1545884 (RJC), and ACS/PRF 57405ND7 (KIW). Shared
experimental facilities acknowledge NSF/MRSEC 1720530. The authors thank Matt Brukamn for optical
microscope, Jiaqi Liu for gel permeation chromatography, Ryan Poling-Skutvik for linear viscoelastic
measurements, and Katie Rose for helpful discussions.

18



References

(1
2
3)
4)
)
(6)

(7
®)
)

(10)
(11)

(12)

(13)

(14)
(15)

(16)

(17
(18)
(19)
(20)

e2))

Lin, C.; Parrish, E.; Composto, R. J. Macromolecule and Particle Dynamics in Confined Media.
Macromolecules 2016, 49, 5755-5772.

Kumar, S. K.; Ganesan, V.; Riggleman, R. A. Perspective : Outstanding Theoretical Questions in
Polymer-Nanoparticle Hybrids. J. Chem. Phys. 2017, 147, 020901.

Bailey, E. J.; Winey, K. I. Dynamics of Polymer Segments, Polymer Chains, and Nanoparticles in
Polymer Nanocomposite Melts: A Review. Prog. Polym. Sci. 2020, 101242.

LaVan, D. A.; McGuire, T.; Langer, R. Small-Scale Systems for in Vivo Drug Delivery. Nat.
Biotechnol. 2003, 21, 1184-1191.

Allen, T. M.; Cullis, P. R. Drug Delivery Systems: Entering the Mainstream. Science (80-. ). 2004,
303, 1818-1822.

Reverey, J. F.; Jeon, J. H.; Bao, H.; Leippe, M.; Metzler, R.; Selhuber-Unkel, C. Superdiffusion
Dominates Intracellular Particle Motion in the Supercrowded Cytoplasm of Pathogenic
Acanthamoeba Castellanii. Sci. Rep. 2015, 5, 11690.

Brangwynne, C. P.; Koenderink, G. H.; MacKintosh, F. C.; Weitz, D. A. Intracellular Transport by
Active Diffusion. Trends Cell Biol. 2009, 19, 423-427.

Tuteja, A.; Mackay, M. E.; Narayanan, S.; Asokan, S.; Wong, M. S. Breakdown of the Continuum
Stokes-Einstein Relation for Nanoparticle Diffusion. Nano Lett. 2007, 7, 1276-1281.

Lin, C. C.; Gam, S.; Meth, J. S.; Clarke, N.; Winey, K. I.; Composto, R. J. Do Attractive Polymer-
Nanoparticle Interactions Retard Polymer Diffusion in Nanocomposites? Macromolecules 2013,
46,4502-4509.

Grabowski, C. A.; Mukhopadhyay, A. Size Effect of Nanoparticle Diffusion in a Polymer Melt.
Macromolecules 2014, 47, 7238-7242.

Griffin, P. J.; Bocharova, V.; Middleton, L. R.; Composto, R. J.; Clarke, N.; Schweizer, K. S.;
Winey, K. 1. Influence of the Bound Polymer Layer on Nanoparticle Diffusion in Polymer Melts.
ACS Macro Lett. 2016, 5, 1141-1145.

Carroll, B.; Bocharova, V.; Carrillo, J. M. Y .; Kisliuk, A.; Cheng, S.; Yamamoto, U.; Schweizer,
K. S.; Sumpter, B. G.; Sokolov, A. P. Diffusion of Sticky Nanoparticles in a Polymer Melt:
Crossover from Suppressed to Enhanced Transport. Macromolecules 2018, 51, 2268-2275.
Bailey, E. J.; Griffin, P. J.; Composto, R. J.; Winey, K. . Multiscale Dynamics of Small,
Attractive Nanoparticles and Entangled Polymers in Polymer Nanocomposites. Macromolecules
2019, 52,2181-2188.

Yamamoto, U.; Schweizer, K. S. Theory of Nanoparticle Diffusion in Unentangled and Entangled
Polymer Melts. J. Chem. Phys. 2011, 135, 224902.

Yamamoto, U.; Schweizer, K. S. Microscopic Theory of the Long-Time Diffusivity and
Intermediate-Time Anomalous Transport of a Nanoparticle in Polymer Melts. Macromolecules
2015, 48, 152-163.

Yamamoto, U.; Carrillo, J. M. Y.; Bocharova, V.; Sokolov, A. P.; Sumpter, B. G.; Schweizer, K.
S. Theory and Simulation of Attractive Nanoparticle Transport in Polymer Melts. Macromolecules
2018, 51,2258-2267.

Kalathi, J. T.; Yamamoto, U.; Schweizer, K. S.; Grest, G. S.; Kumar, S. K. Nanoparticle Diffusion
in Polymer Nanocomposites. Phys. Rev. Lett. 2014, 112, 1-5.

Cao, X. Z.; Merlitz, H.; Wu, C. X. Tuning Adsorption Duration to Control the Diffusion of a
Nanoparticle in Adsorbing Polymers. J. Phys. Chem. Lett. 2017, 8, 2629-2633.

Karatrantos, A.; Composto, R. J.; Winey, K. I.; Clarke, N. Polymer and Spherical Nanoparticle
Diffusion in Nanocomposites. J. Chem. Phys. 2017, 146, 203331.

Cheng, S.; Carroll, B.; Bocharova, V.; Carrillo, J. M.; Sumpter, B. G.; Sokolov, A. P. Focus:
Structure and Dynamics of the Interfacial Layer in Polymer Nanocomposites with Attractive
Interactions. J. Chem. Phys. 2017, 146, 203201.

Niklasson, G. A.; Klasson, J.; Olsson, E. Polaron Absorption in Tungsten Oxide Nanoparticle

19



(22)
(23)

24

(25)
(26)

27

(28)
(29)
(30)

€2))

(32)
(33)
(34)

(35)

(36)

(37)

(3%)

(39)

(40)

(41)

Aggregates. Electrochim. Acta 2001, 46, 1967-1971.

Parrish, E.; Caporizzo, M. A.; Composto, R. J. Network Confinement and Heterogeneity Slows
Nanoparticle Diffusion in Polymer Gels. J. Chem. Phys. 2017, 146,203318.

Parrish, E.; Seeger, S. C.; Composto, R. J. Temperature-Dependent Nanoparticle Dynamics in
Poly(N-Isopropylacrylamide) Gels. Macromolecules 2018, 51, 3597-3607.

Parrish, E.; Rose, K. A.; Cargnello, M.; Murray, C. B.; Composto, R. J. Nanoparticle Diffusion
during Gelation of Tetra Poly(Ethylene Glycol) Provides Insight into Nanoscale Structural
Evolution. Soft Matter 2020, 16, 2256-2265.

Poling-skutvik, R.; Krishnamoorti, R.; Conrad, J. C. Size-Dependent Dynamics of Nanoparticles
in Unentangled Polyelectrolyte Solutions. ACS Macro Lett. 2015, 4, 1169-1173.

Nath, P.; Mangal, R.; Kohle, F.; Choudhury, S.; Narayanan, S.; Wiesner, U.; Archer, L. A.
Dynamics of Nanoparticles in Entangled Polymer Solutions. Langmuir 2018, 34, 241-249.
Raghavan, S. R.; Walls, H. J.; Khan, S. A. Rheology of Silica Dispersions in Organic Liquids:
New Evidence for Solvation Forces Dictated by Hydrogen Bonding. Langmuir 2000, 16, 7920—
7930.

Kuno, M.; Fromm, D. P.; Hamann, H. F.; Gallagher, A.; Nesbitt, D. J. “On”/"off" Fluorescence
Intermittency of Single Semiconductor Quantum Dots. J. Chem. Phys. 2001, 115, 1028—1040.
Ruhnow, F.; Zwicker, D.; Diez, S. Tracking Single Particles and Elongated Filaments with
Nanometer Precision. Biophys. J. 2011, 100, 2820-2828.

Bhowmik, B. P.; Tah, I.; Karmakar, S. Non-Gaussianity of the van Hove Function and Dynamic-
Heterogeneity Length Scale. Phys. Rev. E 2018, 98, 1-7.

Wehrman, M. D.; Lindberg, S.; Schultz, K. M. Quantifying the Dynamic Transition of
Hydrogenated Castor Oil Gels Measured: Via Multiple Particle Tracking Microrheology. Soft
Matter 2016, 12, 6463-6472.

Cai, L. H.; Panyukov, S.; Rubinstein, M. Hopping Diffusion of Nanoparticles in Polymer
Matrices. Macromolecules 2015, 48, 847—-862.

Aharoni, S. M. On Entanglements of Flexible and Rodlike Polymers. Macromolecules 1983, 16,
1722-1728.

Mangal, R.; Srivastava, S.; Narayanan, S.; Archer, L. A. Size-Dependent Particle Dynamics in
Entangled Polymer Nanocomposites. Langmuir 2016, 32, 596—603.

Hoshino, T.; Murakami, D.; Tanaka, Y.; Takata, M.; Jinnai, H.; Takahara, A. Dynamical
Crossover between Hyperdiffusion and Subdiffusion of Polymer-Grafted Nanoparticles in a
Polymer Matrix. Phys. Rev. E 2013, 88, 032602.

Jang, W.; Koo, P.; Bryson, K.; Narayanan, S.; Sandy, A.; Russell, T. P.; Mochrie, S. G. Dynamics
of Cadmium Sul Fi de Nanoparticles within Polystyrene Melts. Macromolecules 2014, 47, 6483—
6490.

Song, J. J.; Bhattacharya, R.; Kim, H.; Chang, J.; Tang, T. Y.; Guo, H.; Ghosh, S. K.; Yang, Y.;
Jiang, Z.; Kim, H.; et al. One-Dimensional Anomalous Diffusion of Gold Nanoparticles in a
Polymer Melt. Phys. Rev. Lett. 2019, 122, 107802.

Bergman R.; Borjesson, L.; Torell, L. M.; Fontana, A. Dynamics around the Liquid-Glass
Transition in Poly(Propylene-Glycol) Investigated by Wide-Frequency-Range Light-Scattering
Techniques. Phys. Rev. B 1997, 56, 619-628.

Cai, L.; Panyukov, S.; Rubinstein, M. Mobility of Nonsticky Nanoparticles in Polymer Liquids.
Macromolecules 2011, 44, 7853—7863.

Bailey, E. J.; Griffin, P. J.; Composto, R. J.; Winey, K. I. Characterizing the Areal Density and
Desorption Kinetics of Physically Adsorbed Polymer in Polymer Nanocomposite Melts.
Macromolecules 2020, 53,2744-2753.

Karatrantos, A.; Koutsawa, Y.; Dubois, P.; Clarke, N.; Kroger, M. Miscibility and Nanoparticle
Diffusion in lonic Nanocomposites. Polymers (Basel). 2018, 10, 1010.

20



