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ABSTRACT: Polymerized ionic liquids (PILs) with flexible polymer chains and weakly interacting ionic liquid (IL) groups have
received great attention for their desirable properties in electrochemical applications such as ionic conductivity. Less is known about
their dynamic properties such as center-of-mass chain di!usion and how it depends on molecular weight in the presence of IL
groups. In this work, a series of acrylic PILs with imidazolium cations and bis(trifluoromethanesulfonyl)imide (TFSI) anions (TFSI-
f-PILN) were synthesized via reversible addition−fragmentation chain-transfer polymerization with degrees of polymerization N
ranging from 40 to 236. A fluorescent acrylic monomer with the 7-nitrobenzofurazan group was copolymerized at trace levels as a
probe of chain motion, and the di!usion coe"cient (D) of TFSI-f-PILN was determined by fluorescence recovery after photo
bleaching at Tg + 45 K. Within the uncertainty of 3−20%, a scaling relationship of D ∼ N−2 was observed which is the same as the
scaling of linear neutral polymers. Wide-angle X-ray scattering exhibited no peak at ∼5 nm−1, indicating no long-range imidazolium-
TFSI ionic correlations. Our results indicate that the molecular weight dependence of center-of-mass di!usion is not a!ected by
electrostatic interactions of IL groups. No transition from a Rouse regime (D ∼ N−1) to reptation regime (D ∼ N−2) was observed
within the studied N range.

■ INTRODUCTION
Polymerized ionic liquids (PILs) are a class of ionic polymers
with bulky, weakly interacting ionic liquid groups (IL)
covalently attached to the polymer backbone. They exhibit
good thermal stability, electrochemical stability, moderate
single-ion conductivity, and tunable mechanical properties,
which makes them promising functional polymer materials for
applications like energy storage and conversion,1,2 stimuli-
responsive materials,3 and separation membranes.4 As a model
system, linear PILs with varying counterion groups,5 sidechain
chemistry,6,7 copolymer composition,8,9 IL placement,10 ionic
content,11 and molecular weight12−14 have been studied to
uncover their structure−properties relationships. Studies have
determined free ion mobility,15−17 static dielectric constant18
and how conductivity can decouple from segmental
relaxation.19−21 Simulation e!orts have also provided key
insights into how the nanostructure a!ects PIL properties.22−25

While a majority of the studies on PILs focus on understanding
ion conduction, other dynamic properties such as viscosity and
center-of-mass chain di!usion are also important in the context
of processing, 3D printing,26 electrode wetting,27 and tunable

electro-adhesion.28 The di!usion coe"cient of polymer chains
and its chain length dependence are of critical importance
when considering transference numbers, where ion−polyion
correlations exist and the motion of a highly charged polymer
chain can still contribute to conductivity in PILs.29
A limited number of experimental results for viscosity scaling

in PILs have been previously reported.12,13,30,31 In a work by
Fan et al.,30 acrylic ammonium bis(trifluoromethanesulfonyl)-
imide (TFSI) PILs showed a viscosity scaling of η ∼ M1.1,
concluding that ion interactions play only a minor role on the
scaling relation. In a separate work by Nakamura et al.,13 power
law factors of η ∼M1.7 to η∼ M4.2 were reported for the
unentangled and entangled regimes, and the higher-than-
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expected values were attributed to the existence of strong
electrostatic interaction between IL groups. A broadening of
the complex modulus in the glass-to-rubber transition regime
was observed and the degree of broadening showed a
molecular weight dependence.13 In a follow-up study, they
attributed this to internal torsional motions or sub-rouse
modes where interchain interactions were reduced by ionized
large counterions.32 Recent work from our group12 reported
scaling of η ∼ M1.0 to η ∼ M2.3, in agreement with Fan et al.30
as well as Rouse model prediction (η ∼ M1.0) for unentangled
polymers. Both Fan et al.30 and Zhao and Evans12 did not
observe a broadening of complex modulus which could be due
to the longer spacing of the ionic groups from the backbone in
the present work (propyl acrylate spacer rather than a direct
linkage to the backbone), leading to greater mobility of the
ionic groups. This may also be related to the di!erence in
scaling exponents found in the di!erent studies.
The most widely applied theory for the chain dynamics of

linear polymer melts is the reptation model, where the chain
motion of entangled neutral polymers is described as di!using
along its contour constrained by neighbor chains.33 The model

predicts that the di!usion coe"cient D scales with degree of
polymerization (N) as

·D kT N
N

e
2 (1)

where Ne denotes an entanglement strand containing Ne
monomers, ζ is the friction factor. This theory is consistent
with experimental34−36 and computational results37,38 for
various neutral polymer melts. It has been pointed out that
deviations from this theoretical scaling law can occur due to
factors like contour length fluctuation (CLF)39−42 which may
impact viscosity and di!usion coe"cient di!erently because of
the di!erent time scales involved. Frischknecht and Milner
have noted that the molecular weight dependence of di!usion
shifts from D ∼ M−2.25 to D ∼ M−2.0 when N/Ne is larger than
80,42 as CLF becomes less important in longer chains. Lodge
have reported the D ∼ M−2.4±0.1 behavior for polybutadiene
melts within the whole range of molecular weights studied,34
concluding that the e!ect of CLF in di!usion dynamics is
comparable to that in viscosity measurements.

Figure 1. (a) Synthesis route of TFSI-f-PILN using RAFT polymerization for precise control of degree of polymerization N, which is calculated by
the end-group analysis of the NMR spectra of TFSI-f-PILN. (b) Molecular structure of TFSI-f-PILN with fluorescence dye (NBD-acrylate)
randomly attached to the polymer backbone as a probe for FRAP measurement. (c) Representative fluorescence emission spectra of TFSI-f-PILN
(N = 42). The detection wavelength for FRAP measurement ranges from 500 to 590 nm and PMT are used in confocal microscope to detect the
fluorescence signal.
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To the best of our knowledge, no studies have probed how
the molecular weight scaling of polymer di!usion coe"cients
in PILs are a!ected by the IL groups along the backbone.
Chain dynamics in ionomers are typically discussed using the
sticky Rouse model where additional constraints on chain
motion are imposed by associating ion pairs.43 The ion pairs
act as stickers and Ns is denoted as the degree of
polymerization per sticker (in the case of PILs, Ns = 1), and
the reptation model can be modified as

· ·D kT N
N

Ne
2

s
2

s (2)

where τ is the relaxation time of a monomer (di!uses a
distance of an order of the monomer size) and τs is the lifetime
of associating ion pairs. Such a theory applied in studies of
polystyrene ionomers44,45 and polyether ionomers,46 but in the
case of PILs, the ionic interactions are substantially weaker.
Nevertheless, eq 2 suggests that ionic interactions should a!ect
the absolute value of D but not its molecular weight
dependence, assuming τs and τ do not depend on N. Although
di"cult to quantify, the number of “free” ions which are
dissociated at any given point in time is ∼0.1% of the total
content, as reported from dielectric spectroscopy analysis5 and
surface force measurements.47 Nevertheless, this number is not
expected to be molecular weight-dependent once the polymer
is entangled. Tests of how ionic interactions and aggregation
a!ect D in PILs of di!erent molecular weight are currently
lacking.
To measure chain di!usion in polymers, methods including

pulse field gradient NMR,35,48 secondary ion mass spectros-
copy,49 small-angle neutron scattering,50 fluorescence recovery
after photobleaching (FRAP),51 and forward recoil spectrom-
etry (FRS)36 have been employed. FRAP is used in the present
work because of the relative ease of attaching a fluorescence
label and detection using a microscope. FRAP has been widely
used in probing small molecule di!usion in polymer melts,52
polymer di!usion in solution/multilayer film,53 bio-macro-
molecules in membranes,54 and dense polymer melts.55,56
In this work, the center-of-mass di!usion of PILs were

probed using FRAP. A series of fluorescence-labeled PILs with
the increase in number-averaged degree of polymerization (N)
and imidazolium TFSI groups (TFSI-f-PILN) were synthesized
by reversible addition−fragmentation chain-transfer polymer-
ization (RAFT) with narrow dispersity D̵ < 1.20. Self-di!usion
coe"cients were measured combining FRAP post-bleaching
images and di!usion fitting models. Experimental errors were
estimated by uncertainty contours to validate the di!usion
fitting model. The measured di!usion coe"cient scaling was D
∼ N−2.0, which agreed well with the scaling predicted by
entangled neutral polymers, indicating that the interaction of
IL groups do not a!ect the N dependence of di!usion in the
PILs studied. No transition from Rouse regime (D ∼ N−1) to
reptation regime (D ∼ N−2) was observed. The morphology of
TFSI-f-PILN from wide-angle X-ray scattering (WAXS) also
showed no low q ion aggregates peaks compared to similar IL
monomer, indicating the electrostatic interaction is too weak
to form significant intercluster ionic aggregates.

■ EXPERIMENTAL SECTION
Synthesis of Fluorescent Poly[methylimidazolium Bis-

(trifluoromethanesulfonyl)imide Propyl Acrylate]. The syn-
thesis route of TFSI-f-PILN is shown in Figure 1a and details are
shown in the Supporting Information. The synthesis of fluorescent

dye from a chloro-7-nitrobenzofurazan (NBD-Cl) precursor to NBD-
modified acrylate monomer is similar to previous work with slight
modifications.55 The imidazolium-bromide acrylate monomers
(ImBr-acrylate) were synthesized from 3-bromopropanol (Br−OH)
via a facile reaction with acryloyl chloride, followed by quaternization
with 1-methyl imidazole. The precise control of molecular weight was
achieved through RAFT and NBD acrylate was attached to polymer
chains through copolymerization. Finally, TFSI-f-PILN were formed
through ion exchange using 10 equiv of LiTFSI. The molecular
structure of TFSI-f-PILN is shown in Figure 1b.

Nuclear Magnetic Resonance. Synthesis of the products NBD-
acrylate and ImBr-acrylate was confirmed by NMR measured at room
temperature using a U500 or UI500NB spectrometer. Number-
averaged molecular weight (Mn) of TFSI-f-PILN was determined by
end-group analysis based on the baseline and phase-corrected NMR
spectra of TFSI-f-PILN in DMSO-d6. The integration of CH3 protons
(3H per chain, 0.8−0.9 ppm) on the RAFT chain end was set to be 3,
and the integration of imidazolium protons (1H per repeat unit, ∼9
ppm) directly gave the degree of polymerization N in TFSI-f-PILN
(Figure S1).

Size-Exclusion Chromatography. The polydispersity of TFSI-f-
PILN was determined using a Tosoh EcoSEC Elite Model HLC-8420,
equipped with two Tosoh TSKgel Alpha-M columns, and a Tosoh
Dual-Flow refractive index (RI) detector. Because the fluorescent
samples (TFSI-f-PILN) saturate the light scattering detector which is
equipped with a 504 nm green laser, only the RI detector was used to
determine the polydispersity in this work. The elution solvent was a
mixture of water, methanol, and acetic acid (54:23:23 v/v/v) with
0.54 M sodium acetate (measured pH = 4.15), which was previously
reported for molecular weight determination of ionenes57 and PILs
with similar IL groups in our previous work.12 The mixture was
vacuum filtered with two layers of 0.22 μm Nylon membrane filters
(Thomas Scientific) and used for elution and sample preparation. The
polymers were dissolved at 50 °C for at least 6 h and filtered through
0.45 μm Nylon or Teflon syringe filters (Fisher Scientific). The
sample concentrations were 1−3 mg/mL and the injection volumes
were 50 μL. The sample flow rate was 0.6 mL/min and the column
temperature was 50 °C. A dispersity poly(ethylene oxide) (PEO)
standard (20.9 kDa, D̵ = 1.04, PolyAnalytik) was used for detector
calibration and elution time correction. A Dextran standard (74.8
kDa, D̵ = 1.31, PolyAnalytik) was used for molecular weight
validation. For conventional calibration, Br-anion PILs with the
same backbone and cations (Br-PIL, 8 samples with Mn = 14−85
kDa) but without fluorescent labels were used as “standards” via light
scattering. Br-PILs were also dissolved and eluted using the conditions
described above. The data were processed by Tosoh SECview
software and we constructed a calibration curve using the non-
fluorescent versions of Br PILs with knownMp values. This calibration
curve was then applied to the fluorescent TFSI-f-PILs.

Thermal Characterization. The thermal transitions of TFSI-f-
PILN were measured by di!erential scanning calorimetery (TA2500
DSC instrument) using Hermetic pan with a 10 °C/min heating/
cooling rate from −50 to 150 °C (Figure S2). The Tg versus N
relationship was fitted into the Fox−Flory equation (Figure S3).

UV−Visible Light Absorption Spectroscopy. NBD-acrylate
was dissolved in methanol at di!erent concentrations to prepare a
series of UV−vis calibration standards. TFSI-f-PILN were also
dissolved in methanol with known polymer concentrations. The
solution was loaded into a quartz cuvette (Hellma Analytics, optical
path length = 1 cm) and the absorption spectrum (Figure S4) was
collected using a Varian Cary 5G UV−vis spectrometer at room
temperature with nitrogen purging. The absorbance at 472 nm was
used to construct the calibration curve (Figure S5) and to calculate
the fluorescence dye concentration in TFSI-f-PILN based on the
Lambert−Beer Law (Figure S6).

Fluorescence Spectroscopy. The fluorescence emission spectra
of TFSI-f-PILN were collected using a Horiba PTI QM-400
fluorometer equipped with a 75 W halogen lamp at excitation
wavelength = 488 nm (Figure 1c). The polymer was sandwiched
between a glass slide and a coverslip and loaded onto the fluorometer.
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The excitation and emission slit widths were 1 nm. The acquisition
step size was 1 nm and the integration time was 1 s per step.
Sample Preparation for FRAP. Sample preparation was

performed in the Argon glovebox to minimize the oxygen-induced
self-quenching of the fluorescence dye molecule. About 5 mg of TFSI-
f-PILN was added on top of a glass slide and annealed at 60 °C for 10
min to remove trapped gas bubbles. It was then covered by a coverslip
and pressed by a weight of 0.5 kg at 60 °C for another 10 min to get a
sandwiched sample of homogeneous thickness (∼0.2 mm). The four
edges of cover slip were sealed by epoxy sealant (Devcon 2 Ton
Epoxy) before taken out of the glovebox to avoid oxygen and
moisture.
Self-Di!usion Coe"cient Measurements. The self-di!usion

dynamics of the TFSI-f-PILN was characterized using FRAP on a
Leica SP8 confocal laser scanning microscope equipped with an UNO
incubation system (Okolab) for temperature control (the schematic is
shown in Figure 2a). All microscope operation was controlled by
Leica LAS X software. The samples were equilibrated at 30 °C (Tg +
45 K) for 15 min before FRAP. The images were captured using a
40× oil immersion objective (NA = 1.3) and the zoom in factor was
5.81 to give a region of interest (ROI) of 50 μm × 50 μm with an
array of 512 × 512 pixels. The scanning speed was 1000 Hz. The
excitation wavelength was 488 nm, generated by an Argon laser (65
mW, output power was set to be 60%), and the pre/post-bleach
scanning power was set at 0.1−0.2% of the output power. The actual
incident laser power targeted at the sample was measured using a
power meter (Newport model 1918-C with detector 818-SL) and the
actual pre/post-bleach scanning power was measured to be 0.1 μW.
The gain of the photomultiplier tube (PMT) detector was set at 600−
650 V with detection wavelength ranging from 500 to 590 nm. The
samples were bleached in a defined rectangular region of 3 μm × 50
μm at the center for 2.5 s with bleaching power set at 100% of the
output power using the same laser as pre/post-bleach scanning (actual
incident power = 85 μW). The bleaching region was achieved by
changing the angle and position of three galvanometric scanning
mirrors in the microscope. The 1/e2 attenuation length of the incident
laser was ∼30 μm. The post-bleached images were taken every minute

and each of them was converted to a matrix of fluorescence intensities
with intensity readout between 0 and 255.

X-ray Scattering. The morphology of the TFSI-f-PILN was
characterized by transmission WAXS and small-angle X-ray scattering
(SAXS). The setup was composed of a Xenocs GeniX3D Cu Kα X-ray
source (1.54 Å) and a Pilatus 2D detector. Samples were inserted into
capillary tubes made of quartz (1.5 mm, Hilgenberg) and annealed at
60 °C for 24 h. The sample-to-detector distance was calibrated with
silver behenate prior to the measurement and WAXS/SAXS spectra
were recorded with a 30 min exposure time at room temperature.
FIT2D software was used for processing and integrating the 2-D
scattering patterns.

■ RESULTS AND DISCUSSION
In Situ PIL Self-Di!usion Measurement Using

Fluorescence Recovery after Photobleaching. The self-
di!usion of TFSI-f-PILN is measured by FRAP and analyzed
using Fick’s second law

= + +
ikjjjjj y{zzzzzC

t
D C

x
C
y

C
z

2

2

2

2

2

2
(3)

where C represents the concentration of di!using species
under consideration and D is the di!usion coe"cient. In our
experiment, fluorescent dye molecules (NBD acrylate) are
randomly attached to the polymer chains at trace levels to track
the transport behavior of TFSI-f-PILN (Figure 1b). Some will
occur at chain ends and others at various points along the
backbone. Therefore, the concentration of di!using polymer
chains is proportional to the concentration of fluorescence dye
molecules, which can be quantified by the fluorescence
intensity under the microscope. The use of a label requires
that the attached dye molecules will not a!ect the di!usion
behavior of bulk polymer and we minimized the e!ect by
controlling the dye content to be 0.5 mol % per chain

Figure 2. (a) Schematic of FRAP measurement. Low intensity argon laser (488 nm, 0.1 μW) was used to excite the fluorescence emission of the
dye molecule, which was detected by the PMT detector in a confocal microscope (ranges from 500 to 590 nm). High intensity laser (488 nm, 85
μW) was used for bleaching the dye molecule in a defined bleaching region and post-bleaching images were captured every minute. (b) Bleaching
fluorescence image of TFSI-f-PILN42 at 30 °C (Tg + 45 K) (t = 0 s). The bleached region is 3 μm × 50 μm. Image size is 50 μm × 50 μm with an
array of 512 × 512 pixels. (c) Post-bleaching fluorescence image of TFSI-f-PILN42 at t = 1140 s. (d) Averaged fluorescence intensity profile of
bleaching image as a function of x position (black dots). The red solid line is the fitted Gaussian function. (e) Averaged fluorescence intensity
profile of post-bleaching image at t = 1140 s as a function of x position (black dots). The red solid line is the fitted Gaussian function.
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(approximately one dye molecule per polymer chain). For the
simplicity of experiments, a single line (3 μm × 50 μm) is
bleached at the center of the medium (Figure 2b), and during
a time lapse, polymer chains from unbleached region will
gradually di!use to the bleached center (in x direction) due to
Brownian motion (Figure 2c). We exclude the section at the
top/bottom periphery of post-bleaching images because there
is also y-direction di!usion at the edge of bleached region.
Therefore, the di!usion behavior of TFSI-f-PILN in our FRAP
measurement can be simplified as a one-dimension di!usion
with infinite extended boundary and its solution is written as

=C x t
M
Dt

( , )
2( )

e x x Dtdiffuse
1/2

( ) /40
2

(4)

Here, Mdiffuse denotes the total amount of fluorescence dye
molecules per unit length in the x direction and x0 is the center
of bleached region (x0 = 25 μm in our case). The
concentration profile of fluorescence dye at di!erent times
can be quantified as intensity signals in each post-bleaching
image, which can be fitted into Gaussian function (as shown in
Figure 2d,e)58

=

=

I x t I
M
Dt

I A t

( , )
2( )

e

( )e

x x Dt

x x w

0
diffuse

1/2
( ) /4

0
( ) /2

0
2

0
2 2

(5)

where I represents the fluorescence intensity at position x and
time t after bleaching, Mdiffuse is the fluorescence intensity (per
unit length in x direction) corresponding to the amount of
fluorophore destroyed by bleaching, and w is the full width at
half-maximum (FWHM) of the fitted Gaussian function.
Comparison of the exponential term gives the following linear
fitting function

=w Dt22 (6)

Therefore, by plotting w2 as a function of time t for a series
of fluorescence intensity profiles obtained from post-bleaching
images, a linear fitting line with a slope of 2D passing through
the origin can be obtained. With the increase in time, the
intensity curve is broadened and FWHM increases.
In a FRAP experiment, the bleached region at t = 0 s is

characterized by a finite width (3 μm in our case) rather than
an infinitely sharp line of an ideal initial condition, and the
bleaching time is set to be 2.5 s rather than an infinitely short
time pulse and this was su"cient to bleach out 70% of the
initial fluorescent intensity. Model corrections for these
deviations either on the length scale or time scale have been
considered (Figure S7)

= + = +w Dt w D t t2 2 ( )2
0
2

0 (7)

where w0 is the FWHM at t = 0 s, which can also be
transformed to a shift in time, time lag t0, obtained by
extrapolating the fitted line to w2 = 0. It should be noted that
this shift in length scale or time scale does not impact the
determination of di!usion coe"cient, which comes from the
slope of the data.
Measurement errors typically come from experimental errors

and systematic errors. Systematic errors are examined by
simulating the FRAP di!usion problem based on Fick’s second
law. The initial condition is chosen as the fluorescent intensity
profile of the postbleaching image when t = 0 s (in Figure 2d),
which has a near-Gauss shape due to laser intensity

distribution. The PDE problem is solved and the overall
fluorescent intensity profile is generated as a function of x
position and postbleaching time t (Figure S8). The first is to
validate the boundary condition in FRAP experiment for Gauss
fitting, as the ROI (5 × 10−5 m) is considered to be infinite
boundary. For the simulated post-bleaching time (2 h), the as-
obtained total amount of fluorescent intensity (the integral of
the fitting Gauss function) remains constant to satisfy mass
balance, which suggests that the selected ROI the boundary
could be treated as infinite boundary for Gauss fitting. The
second is to examine the systematic error in the linear fitting of
w2 versus t due to experimental limits of short total post-
bleaching time. In comparison of experimental data, linear
fitting of simulated w2 versus t is plotted in Figure S9 and both
results agree well with the slope of 2D, which indicates there is
no systematic error in the linear fitting even when changes of
w2 is small.
Experimental errors are estimated based on the goodness-of-

fitting between experiment and model data sets. Deviations of
the measured w ie,

2 from the values predicted by linear fitting
model are calculated as follows

= w w( )
i

k

i ie e,
2

m,
2 2

(8)

where we,i is the FWHM in the fluorescence intensity profile
obtained from FRAP experiments, wm,i is predicted by linear
fitting model = +w D t t2 ( )im,

2
0 , and i is the number index of

post-bleaching images. The uncertainty contour of di!usion
coe"cient and time lag are defined when deviation satisfies
(the confidence level is 95%)

= 2
e (9)

An example of uncertainty contour of di!usion coe"cient
and time lag for TFSI-f-PIL42 are marked by the red circle
region in Figure S10, where the minimum deviation σmin is at
the center of the contour and the experimental error is
calculated by comparing the di!usion coe"cient at σmin and at
2σmin.
Results of the linear fitting for the FRAP measurement of

TFSI-f-PILN are shown in Figure 3a and from the uncertainty
contour of di!usion coe"cient and time lag (Figure 3b), the
uncertainty of fitting for di!erent samples vary from 3 to 20%.
Typically, higher N samples show larger experimental errors
and we attribute this to the fact that higher N samples have
lower di!usion coe"cient and are more likely to be a!ected by
drifting of the region of interest. The drifting of ROI in the z-
direction can lead to fluctuation of baseline fluorescence
intensity, while drifting of ROI in the x-direction can lead to
variations in the local self-di!usion. Fitting errors can also
come from the fluorescent bleaching process, as the bleaching
laser power will heat up the polymers within the bleached
region. We hypothesized that the fluctuation of di!usion in the
first few post-bleaching images is due to this thermally induced
relaxation of polymers.

Di!usion Coe"cient Scaling in PILs. The e!ect of
molecular weight on the self-di!usion of TFSI-f-PILN is
determined by plotting di!usion coe"cient versus degree of
polymerization obtained from NMR end-group analysis in
Figure 4. For comparison, a red dash line with the slope of
−2.0 is drawn as a scaling prediction for neutral polymers. The
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absolute values of di!usion coe"cient and uncertainty for all
samples are shown in Table 1. In general, with the increase in
N from 42 to 236, the di!usion coe"cient decreases
monotonically by an order of magnitude from 4.2 × 10−16 to
1.8 × 10−17 m2/s and is consistent with the D ∼ N−2

relationship, which agrees well with the reptation theory.33
This result indicates that the scaling of chain dynamics of
TFSI-f-PILN are the same as for entangled neutral polymers,
and the presence of ionic interaction does not a!ect the
molecular weight dependence of di!usion coe"cient in the

PIL studied. In contrast to our previous viscosity scaling
results,12 no transition from Rouse regime (D ∼ N−1) to
reptation regime (D ∼ N−2) was observed in the PIL samples.
Prior scaling analysis of viscosity in neutral polybutadiene
indicated a slope of N1.0 for N below approximately 37 and N3.4

above N = 185.59 An intermediate, continually varying slope
was observed in between these limits, and in the present work,
the onset of entanglements is N ∼ 90 when the onset of a
transition regime occurs.12 Thus, the D ∼ N−2 scaling occurs
even for unentangled PILs as low as N = 42. We estimated the
characteristic time scale of di!usion τD using the following
relation

= R D/D g
2

(10)

For each sample, the Rg is calculated based on prior work for
similar PILs.60 Using shear rheology data from our previous
work,12 with τt, terminal relaxation time was then determined
as61

G
G

lim ( )
( )t

0 (11)

This corresponds to the longest relaxation, where polymer
chains are viscoelastically relaxed and the relaxation mode is
simply di!usive. In all cases, τD is close to or larger than τt, and
thus, longer times are required for chain di!usion to experience
full relaxation of orientational anisotropy over end-to-end
distance then viscosity. This may explain the apparent
di!erences in scaling behavior based on viscosity and di!usion
coe"cients.
We examined several hypotheses for this single di!usion

coe"cient scaling regime based on prior computational and
experimental studies. First, several works have reported the
e!ect of molecular weight dependence of free volume on the
self-di!usion.35,62 According to the Vogel−Fulcher equation,
the friction factor ζ can be related to the reciprocal of
fractional free volume which has a temperature-dependent
impact on di!usion coe"cients. It was reported that di!usion
coe"cients for polyethylene only showed a D ∼ N−2 scaling
over a broad range of molecular weights.62 However, after the
di!usion data were corrected to have the same free volume (or
the same friction), two distinct regimes could be observed
corresponding to D ∼ N−1 and D ∼ N−2 at the onset of
entangled behavior.62 Simulations also showed the friction
coe"cient increases from a small value characteristics of short
alkanes chains to a chain-length-independent plateau when N
∼ 60−80.63 In our TFSI-f-PILN, from N = 42−236, the glass
transition temperature only varies by 5 °C, suggesting that free
volume does not change much with the increase in molecular
weight. Therefore, it is unlikely free volume is a!ecting the self-
di!usion scaling.
Another factor a!ecting the flow properties of polymers is

the molecular weight distribution, especially when considering
constraint release since the rapid motion of short chains
releases constraints on longer chains.64−66 In the simulation
work of Peters et al., they studied the di!usion coe"cient
scaling of polymers with polydispersity from 1.0 to 1.16 and
concluded that although shorter chains di!use faster than
longer chains, the polydispersity in that range still did not alter
the entanglement time or tube diameter.67 In this work, the
dispersity of TFSI-f-PILN are D̵ ∼ 1.3 (shown in Table 1)
based on the RI detector. Without a LS detector, only relative
molecular weight can be generated from RI signal, which is

Figure 3. (a) Plots of w2 as a function of time (t) for TFSI-f-PILN.
The filled dots are extracted from the fitted Gaussian function in
fluorescence intensity profile of each post-bleaching image. The solid
lines are the fitted linear function with slopes of 2D. Extrapolation of
the fitted lines to w2 = 0 yields the time lag t0. (b) Uncertainty
contour of di!usion coe"cient D and time lag t0 for TFSI-f-PILN. The
circle regions are goodness-of-fitting errors and the best fit is at the
center of the contour.

Figure 4. Molecular weight (degree of polymerization, N) depend-
ence of TFSI-f-PILN di!usion coe"cient (D) at 30 °C (Tg + 45 K).
The red dash line with a slope of −2.0 is drawn as a predicted D ∼ N
scaling from entangled neutral polymers. The error bar of each sample
comes from the uncertainty of fitting (Table 1).
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more sensitive to the small molecular weight fraction
compared with a LS detector. Therefore, the as-measured
dispersity by RI is expected to be higher than the actual value
of our PILs, which should not qualitatively a!ect the self-
di!usion scaling.
The role of chain flexibility on the scaling of di!usion

coe"cients has also been considered. Bulacu and van der
Giessen studied the e!ect of semi-flexibility of chains on
polymer di!usion and found that increasing bending/torsion
rigidity will not only reduce the absolute value of di!usion
coe"cient but also move the onset of entanglement to longer
chains until it becomes undefined.68 They also found the
increased sti!ness or decreasing the temperature near Tg will
result in a chain length dependence approaching D ∼ N−2 for
both unentangled or mildly entangled chains.69 Such a power
law shift due to temperature decrease for short, neutral
polymer chains has also been reported by in simulation and
experiments.70 The present PILs may be e!ectively sti!er than
neutral polymers (silicones, polybutadiene, and acrylates) if the
bulky ionic groups a!ect the conformations of the chain,
although still more flexible than the PILs of Nakamura et al.13
where the ionic group is directly attached to the backbone. Our
viscosity values are almost 4 orders of magnitude lower for a
given N supporting this idea. In this case, the absence of a
transition regime may be rationalized.
The morphology of TFSI-f-PILN was also studied using

SAXS/WAXS (Figure 5). No peaks are observed in SAXS
spectra, indicating the absence of long-range ordered structure
in the PILs studied. Based on previous work on the assignment
of PIL scattering peaks,5,71−73 the high qI peak (∼13.5 nm−1)
represents the amorphous halo and the intermedium qII peak
(∼9.2 nm−1) represents the anion−anion correlations. An
intercluster ionic aggregate peak qIII at ∼4−5 nm−1 is not
observed for imidazolium-TFSI correlations, compared with
the same IL monomer73 or smaller ionic groups (such as
BF4−).5,72 This supports the di!usion coe"cient scaling results
that the molecular weight dependence of di!usion coe"cient is
not a!ected by ion associations or aggregation in the present
PILs. With the increase in molecular weight, the correlation
peak position remains the same, which indicates that chain
length has no discernible e!ect on the morphology of the PILs
in the N range studied.

■ CONCLUSIONS
In this work, we systematically studied the e!ect of degree of
polymerization (N = 42−236) on the chain dynamics of linear
polyacrylate ionic liquids (TFSI-f-PILN). FRAP was used to
monitor the in situ di!usion behavior of TFSI-f-PILN with

NBD-acrylate attached to the polymer backbone as fluo-
rescence probe through random copolymerization. It was the
first time to use FRAP in studying the macroscopic di!usion
behavior of solvent-free, fully charged PILs. The fluorescence
intensity profile was analyzed assuming one-dimensional
di!usion model and fitted by Gaussian function. Within
experimental errors (3−20%), the di!usion coe"cient scaling
was D ∼ N−2.0, which agrees well with that of linear neutral
polymer in the entangled regime, but no transition from the
Rouse regime to reptation regime was observed. We
hypothesized that the imidazolium−TFSI interaction will
slightly increase the rigidity of polymer chains, but such
ionic aggregation or correlations are too weak to a!ect the
molecular weight dependence of di!usion dynamics compared

Table 1. Summary of the Number-Averaged Molecular Weight (Mn(NMR), Measured by NMR End Group Analysis), Number-
Averaged Molecular Weight (Mn(RI), Measured by RI Detector in GPC), D̵(RI) (Polydispersity Measured by RI Detector in
GPC), Glass Transition Temperature (Tg, Measured by DSC), and Self-Di!usion Coe"cient of TFSI-f-PILN (D, Measured by
FRAP)

sample N Mn(NMR) (kg/mol) Mn(RI) (kg/mol) D̵(RI) Tg (°C) D × 1016 (m2/s) error bar (%)
TFSI-f-PILN42 42 20.3 23.2 1.32 −17 4.18 ± 0.3 5
TFSI-f-PILN55 55 26.4 27.2 1.35 −16 1.60 ± 0.07 3
TFSI-f-PILN72 72 34.5 34.7 1.37 −15 0.92 ± 0.1 10
TFSI-f-PILN78 78 37.4 36.9 1.30 −14 0.53 ± 0.06 11
TFSI-f-PILN85 85 40.7 38.6 1.36 −16 0.68 ± 0.1 15
TFSI-f-PILN93 93 44.5 40.1 1.33 −15 0.57 ± 0.06 10
TFSI-f-PILN160 160 76.3 72.0 1.31 −13 0.21 ± 0.03 15
TFSI-f-PILN236 236 112.4 102.2 1.40 −12 0.18 ± 0.03 20

Figure 5. (a) SAXS spectra of TFSI-f-PILN42 (black curve) and TFSI-
f-PILN236 (blue curve). No peaks are observed in the SAXS profile. (b)
The WAXS spectra of TFSI-f-PILN42 (black curve) and TFSI-f-
PILN236 (blue curve). The red dash lines indicate peaks that
correspond to the amorphous halo of polymers (qI, ∼14 nm−1), the
anion−anion correlation (qII, ∼9 nm−1).
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to linear neutral polymers. WAXS spectra also showed no ionic
aggregation for the imidazolium−TFSI interactions.
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