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Accessing well-defined ultra-high-molecular-weight (UHMW) polymers has long been one of the para-
mount challenges in polymer synthesis. Apart from the existing strategies, the CTA-differentiation-invol-
ving polymerization implemented facile generation of UHMW fluoropolymers with narrow polydispersi-
ties. Herein, aiming at achieving logical control of the differentiation process and accurate regulation of
the molecular weight, we investigated the impact of different conditions and substrates on the reaction
outputs. Moreover, the M, effects on the thermal and mechanical performances of the derived materials
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were also examined. The results revealed that the obtained M,, can be easily directed upon alteration of
the polymerization rate and the substrate structure (6.13 x 10°-3.52 x 10° Da, © = 1.06-1.28), improving
the efficiency and practicability of this approach for producing UHMW fluorinated materials to tailor for
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1. Introduction

As rapidly developed polymerization methods are expanding
the scope of attainable macromolecular architectures, che-
mists have recently shown much interest in pursuing well-
defined ultra-high-molecular-weight (UHMW) polymers which
has long been a challenging task even with reversible de-
activation radical polymerizations (RDRPs)."™ The dramati-
cally increased chain length for UHMW polymers brings forth
several appealing merits such as improved mechanical
strength, high thermal stability and large domain size during
self-assembly,” stimulating the applications of the derived
materials in high-performance elastomers,® hydrogels,” photo-
nic crystals® and other nanostructures.”*" The critical con-
sideration for accessing UHMW polymers is to maintain the
livingness of the growing chain without the occurrence of irre-
versible termination or other side reactions during the extre-
mely repeated propagation period (>10* times of monomer
addition). In the RDRP regime, this requires (1) a high propa-
gating rate (R,) to shorten the time period in which undesired
reactions can take place, and (2) a higher tendency for the
radical to undergo the deactivation process (reversible termin-
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ation or degenerative chain transfer) compared with termin-
ation (Rq > R,, where Ry and R, represent the rates of de-
activation and termination, respectively). Following these
kinetic guidelines, different strategies have been devised utiliz-
ing high pressure'®> and dispersed conditions'*™® as well as
highly robust catalytic systems.'®™® For example, the
Sumerlin'®?® and An*"** groups reported the preparation of a
variety of UHMW polymers through the photoiniferter and
enzymatic catalysis technique, respectively.

However, the preparation of UHMW fluorinated polymers
has rarely been implemented due to extra impediments of solu-
bility and phase separation issues during fluorine-involving
polymerizations,**>® where the incorporation of C-F bonds
can endow the corresponding materials with advantageous
characteristics (super-hydrophobicity, low surface energy, excel-
lent chemical resistance, etc.).>>>”*® Recently, our group devel-
oped the chain transfer agent (CTA)-differentiation-involving
polymerization method®*® based on the photo-controlled
RDRP,**** which afforded a variety of UHMW fluoropolymers
with low molecular weight distributions. Taking advantage of
the spontaneous differentiation process of CTA driven by fluor-
ous association, this dispersion polymerization can proceed at
elevated R, because of the heterogeneous nature with a high
local monomer concentration. Meanwhile, the two differen-
tiated CTA groups simultaneously meet the requirements of a
high ratio of monomer to growing chain and the effective
degenerative chain transfer process (high R4), which overcame
the mechanistic limitations in previous RDRPs.

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Controlling the CTA-differentiation process with various
reaction parameters.

Despite the robustness of the CTA-differentiation-involving
polymerization in generating UHMW polymers, what remains
uninvestigated is the effect of different reaction conditions
and substrate species on the differentiation process, which
plays a decisive role in determining the resulting molecular
weights. Herein, we studied the impact of various factors
(including feed ratios, light intensity and the length of the
initial CTA) on the percentage of differentiation (POD) of CTA,
providing guidance for the fine-tuning of the molecular weight
as well as delivering mechanistic implications (Scheme 1).
Furthermore, the influence of molecular weight on the
thermal and mechanical properties of the UHMW fluoropoly-
mers was also explored for the first time, promoting the brid-
ging between synthesis and applications for this novel kind of
material.

2. Experimental section
2.1. Materials

All the reagents or catalysts were purchased from Sigma-
Aldrich, Adamas or TCI. Monomers including nonafluorohexyl
methacrylate (NFHMA), dodecafluoroheptyl methacrylate
(DDFHMA) and N,N-dimethylacrylamide (DMA) were filtered
through a plug of anhydrous basic alumina to remove inhibi-
tors before use. Solvents including dimethyl sulfoxide (DMSO)
and N,N-dimethylformamide (DMF) were freshly distilled with
CaH, before use. 2,2"-Azobis(2-methylpropionitrile) (AIBN) was
recrystallized in ethanol before use. Other reagents were used
as received without further purification. A white LED bulb
(13 W) was purchased from PHILIPS Lighting and used as a
light source.

2.2. Characterization

Nuclear magnetic resonance (NMR) analysis was conducted on
an Advance III 400 MHz Bruker spectrometer at 298 K. H
NMR signals were measured using deuterochloroform (CDCl;)
as a reference, and were reported in § units, parts per million
(ppm). Size exclusion chromatography (SEC) measurements
were performed at 50 °C in DMF ([LiBr] = 0.02 mol L") with
the elution rate of 1.0 mL min™" on an Agilent 1100 instru-
ment equipped with a G1310A pump and connected with a
G1362A refractive index detector. Three columns were
employed consisting of one 5 pm LP gel column (molecular
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weight range from 500 to 2 x 10* g mol™") and two 5 pm LP gel
mixed bed columns (molecular weight range from 200 to 3 x
10° g mol ™). The calibration was performed using PMMA stan-
dards. M, yvarrs Was measured with a WyattDawn HELEOS-II
18-Angle Laser Light detector. Gas chromatography (GC)
measurements were conducted on a SHIMADZU GC-2014
instrument with chiral capillary columns. Light intensities
were determined with the optical power meter of Thorlabs.
Differential scanning calorimetry (DSC) measurements were
conducted on a TA Q2000 thermal analysis system at a heating
rate of 10 °C min™" from —30 °C to 100 °C after eliminating
the thermal history. Tensile test experiments were performed
using dumbbell-shaped samples (effective gauge length =
12 mm, width = 2 mm, thickness = 0.5 mm) using an Instron
5966 electronic universal testing machine equipped with a
1 kN sensor. The measurements were performed at room
temperature using a preload of 0.01 N and a pulling speed at
10 mm min~" until failure of the samples. The hydrodynamic
radius (ry;) was determined with a 3D LS Spectrometer of LS
Instruments in DMF at 25 °C.

2.3 General procedures of CTA-differentiation-involving
polymerization

An oven-dried 4 mL vial equipped with a stir bar was charged
with monomer, CTA (poly(N,N-dimethylacrylamide, PDMA),
the photoredox catalyst (PC) (tris(2-phenylpyridine)iridium,
Ir(ppy)s) (chain lengths of PDMA, monomer concentrations
and [M]/[CTA]/[PC] ratios were varied in individual experi-
ments) and DMSO (1.0 mL). The solution contained in the vial
was first frozen using liquid N, and kept under vacuum to
remove oxygen. Afterwards, the liquid N, was removed to let
the solution thaw. This freeze-pump-thaw cycle was repeated
three times for effective deoxygenation. Then, the mixture was
stirred (500 rpm) in front of a 13 white LED light bulb (at
different distances for individual experiments) while cooling
with compressed air to maintain room temperature. For all the
reactions, the irradiation times were controlled to reach full
monomer conversion. After the reaction, an internal standard
(ethyl benzoate, with an equivalent amount as the monomer)
was added into the solution while stirring; then the mixture
was sampled and analyzed using 'H NMR and SEC instru-
ments to determine the monomer conversion, molecular
weight (M,,) and molecular weight distribution (B).

3. Results and discussion

As preliminary exploration, we first conducted CTA-differen-
tiation-involving polymerization of nonafluorohexyl methacry-
late (NFHMA) and dodecafluoroheptyl  methacrylate
(DDFHMA) in dimethyl sulfoxide (DMSO) at different feed
ratios, using a trithiocarbonate substituted poly(N,N-dimethyl
acrylamide) (PDMA, M,, = 5.03 x 10° Da) and tris(2-phenylpyri-
dine)iridium (Ir(ppy);) as the CTA and photocatalyst (PC),
respectively (Fig. 1a). Irradiation times for different reactions
were controlled to obtain full monomer conversion. The reac-
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respectively. For red dots, the monomer is NFHMA; for blue dots, the monomer is DDFHMA.

tions afforded UHMW polymers with varied molecular weights
and low polydispersities (6.72 x 10°-3.46 x 10° Da, P =
1.06-1.25, Table 1, Fig. S6-S11f). To quantitatively interpret

Table 1 Polymerizations with different [M]/[CTA]/[PC] ratios and monomer concentrations®

[PC] (mmol/L)

(a) CTA-differentiation-involving polymerization of fluorinated polymers. (b—d) Changing trends of POD values on [M], [CTA] and [PC],

the differentiation process and elucidate its correlation with
the resulted M,, we defined the indicator as percentage of
differentiation (POD) which exhibits the proportion of the

Entry Monomer [M] (mol L™ [M]/[CTA]/[PC] M,” (Da) D’ POD (%)
1 NFHMA 0.25 50/1/0.1 6.72 x 10° 1.18 2.49
2 NFHMA 0.50 100/1/0.1 1.18 x 10° 1.25 2.83
3 NFHMA 0.75 150/1/0.1 1.56 x 10° 1.06 3.20
4 NFHMA 1.00 200/1/0.1 1.79 x 10° 1.18 3.72
5 NFHMA 0.50 300/1/0.3 2.38 x 10° 1.18 4.19
6 NFHMA 0.50 200/1/0.2 1.82 x 10° 1.08 3.66
7 NFHMA 0.50 50/1/0.05 6.86 x 10° 1.20 2.44
8 NFHMA 0.50 100/1/0.4 8.45 x 10° 1.32 3.95
9 NFHMA 0.50 100/1/0.2 9.80 x 10° 1.16 3.41
10 NFHMA 0.50 100/1/0.05 1.60 x 10° 1.08 2.08
11 DDFHMA 0.25 50/1/0.1 1.38 x 10° 1.18 1.45
12 DDFHMA 0.50 100/1/0.1 1.70 x 10° 1.09 2.36
13 DDFHMA 0.75 150/1/0.1 2.27 x 10° 1.10 2.64
14 DDFHMA 1.00 200/1/0.1 2.36 x 10° 1.12 3.40
15 DDFHMA 0.50 300/1/0.3 3.46 x 10° 1.11 3.47
16 DDFHMA 0.50 200/1/0.2 2.87 x 10° 1.11 2.79
17 DDFHMA 0.50 50/1/0.05 1.20 x 10° 1.17 1.67
18 DDFHMA 0.50 100/1/0.4 1.13 x 10° 1.11 3.56
19 DDFHMA 0.50 100/1/0.2 1.41 x 10° 1.16 2.84
20 DDFHMA 0.50 100/1/0.05 2.01 x 10° 1.07 2.00

“ All reactions were performed in 1.0 mL DMSO, PC = Ir(ppy)s. A 13 W white LED bulb (light intensity = 33 mW cm™?) was used as a light source.
Irradiation times were controlled to reach full monomer conversion (0.5-3 h). ” M, and D were determined by SEC measurements in DMF at 50 °C.
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actual propagating chain in the initial amount of CTA accord-
ing to eqn (1):

Mn,theory — M, (CTA)
M, — M,(CTA)

POD = x 100% (1)

where M, theory is calculated based on the feed ratio of
monomer to CTA, and M, is the experimental result measured

Table 2 Polymerizations with different [M]/[CTA] ratios and an identical
[PCI/[CTA] ratio®

Entry Monomer [M][CTA)[PC] M,”([Da) P” POD (%)
1 NFHMA 50/1/0.1 6.13x10° 1.21  2.73
2 NFHMA 100/1/0.1 1.18x10°  1.25 2.83
3 NFHMA 150/1/0.1 1.76 x10°  1.08  2.84
4 NFHMA 200/1/0.1 2.32x10°  1.08 2.78
5 DDFHMA  50/1/0.1 8.43x10° 1.27 2.39
6 DDFHMA  100/1/0.1 1.70x10°  1.09  2.36
7 DDFHMA  150/1/0.1 2.47x10° 111  2.43
8 DDFHMA  200/1/0.1 3.27x10°  1.09 245

¢ All reactions were performed in 1.0 mL DMSO, PC = Ir(ppy)s, [M] =
0.5 mol L™". A 13 W white LED bulb (light intensity = 33 mW cm >
was used as a light source. Irradlatlon times were controlled to reach
full monomer conversion (0.5-3 h). M, and P were determined by
SEC measurements in DMF at 50 °C.
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by size exclusion chromatography (SEC). The detailed deri-
vation process can be found in eqn (52)-(S7) in the ESL¥

We then investigated the effects of different reaction para-
meters on POD. As shown in Table 1 and Fig. 1b-d, for both
monomers, the POD displayed positive relationships with the
concentrations of monomer ([M]) and PC ([PC]), yet exhibited
an inverse trend with the concentration of CTA ([CTA])
(Fig. 1c). This indicated a distinct condition-result correlation
scenario where M, is synergistically influenced by all the reac-
tion components, which is different from a photo-induced
electron transfer-reversible addition-fragmentation transfer
(PET-RAFT) process.”> However, we noticed that this effect
pattern is similar to the polymerization rate of PET-RAFT,
which has been investigated and explained as eqn (2):*°

I

where [M] is the concentration of the propagating radical. k,,
kex, ke and ke cross Tepresent the rate coefficient of chain propa-
gation, energy transfer of the excited-state PC, chain termin-
ation and the reversible cross-termination between the CTA
intermediate radical and a propagating radical, respectively.
@y, is the quantum yield of radical generation from the excited-
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Fig. 2 (a) SEC curves for entries 1-4 in Table 2. (b) SEC curves for entries 5-8 in Table 2. (c) Linear relationships between M, and the initial
[MI/[CTAI values. (d) Linear regressions between the POD values and polymerization rates based on eqn (3). For NFHMA, POD = 7.56[M][CTA]"Y

2[PC]Y2 + 1.65, goodness-of-fitting R? =
monomer is NFHMA; for blue dots, the monomer is DDFHMA.
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0.84. For DDFHMA, POD = 8.46[M][CTA]"*?[PC]"/2 + 0.88, goodness-of-fitting R? =

0.95. For red dots, the
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state PC, and Kgrapr is the RAFT equilibrium constant for the
CTA. This implied a possible dependence of the differentiation
process on the polymerization rate (Rp,).

We hypothesized that, at the beginning of the reaction, a
higher polymerization rate will raise the probability of the orig-
inal CTA to be initiated and undergo monomer-addition,
leading to a larger proportion of CTA evolving into the propagat-
ing species before the reaction gets into the equilibrium state
(no monomer left in the solvent phase), exhibiting a higher
POD. To validate this assumption, we conducted a series of reac-
tions at a similar polymerization rate by keeping constant [M]
and [PC]/[CTA] values according to eqn (2) (the impact of & is
negligible since k. < ki crossKrart{CTA]). The polymerization
results are tabulated in Table 2, while the SEC curves showed
no shoulder peaks for all the reactions (Fig. 2a and b), indicat-
ing excellent livingness of this approach. When [M] and [PC]/
[CTA] were respectively fixed at 0.5 mol L™ and 0.1, POD values
stabilized at 2.80 for NFHMA and 2.40 for DDFHMA, resulting
in linear relationships between the initial ratio of [M]/[CTA] and
the obtained molecular weights (Fig. 2¢), providing convenience
for tailoring specific M, values. Based on this evidence, we also
attempted to extrapolate quantitative regression models corre-
lating M,, with the reaction parameters with eqn (3):

View Article Online
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where the parameters a and b can be fitted for different mono-
mers to linearly correlate POD with the polymerization rate. As
shown in Fig. 2d, the regression analysis achieved good fitting
results (R*> = 0.84 and 0.95 for NFHMA and DDFHMA,
respectively).

To further confirm the rate-dependence of the CTA-differen-
tiation process, we next investigated the impact of light inten-
sity, which has been acknowledged as an influential factor for
the polymerization rate of PET-RAFT reaction.*> While other
parameters were kept constant, different distances of the reac-
tion mixture from the LED light bulb were employed to create
various light intensities (0.52-33 mW cm™2). As displayed in
Fig. 3a and b, at the same feed ratio of [M]/[CTA]/[PC] = 100/1/0.1,
an enhanced light intensity resulted in a lower M,, representing
a higher POD. This trend is in correspondence with our recent
research on the polymerization of pentafluorostyrene, where a
weak light intensity was employed to fabricate large nano-
particles by generating less propagating chains compared with
strong light.*®

To further observe the dispersion polymerization process at
different rates, we conducted kinetic experiments with NFHMA
(IMJ/[CTA]/[PC] = 200/1/0.2). As shown in Fig. 3¢, the reaction
proceeded with a two-stage regime when employing either a
strong or weak light intensity. The evolvement of POD also

1
PC] \? ! .
POD = a[M] ( [PC] ) A (3) follows a tfzvo stage pattern where thej Yalues .flrst increase and
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Fig. 3 M, and POD values under different light intensities for polymerizations of (a) NFHMA and (b) DDFHMA. All reactions were performed in
1.0 mL DMSO, PC = Ir(ppy)s, [M] = 0.5 mol L™, [MI/[CTAI/[PC] = 100/1/0.1. A 13 W white LED bulb was used as a light source. (c) In[M]o/[M]; vs
irradiation time and (d) POD evolution plots for polymerizations of NFHMA under strong and weak light irradiation with feed ratio = [M]/[CTA]/[PC] =

200/1/0.2. For red dots, light intensity = 33 mW cm™2; for yellow dots, light intensity = 0.52 mW cm™2.
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the stage transition points of POD and polymerization rate
were in great correspondence (Fig. 3¢ and d, at 17 min and
30 min for reactions under strong and weak light, respectively).
We believe that the first stage is the differentiation process
which displayed a relatively low propagation rate, attributing to
that the polymerization took place in both the solvent phase
and the fluorous particles. When all monomers migrated into
the particles, the polymerization site located entirely in the

Table 3 Polymerization results with PDMA of different chain lengths®

Entry Monomer M, (PDMA)’ (Da) M,”(Da) B”  POD (%)
1 NFHMA 5.03 x 10° 2.32x10° 1.08 2.87
2 NFHMA 1.08 x 10* 1.81x10° 1.13  3.69
3 NFHMA 1.48 x 10* 1.35x10° 1.18 4.97
4 NFHMA 2.05 x 10* 9.04x10° 1.14 7.51
5 DDFHMA  5.03 x 10° 3.27x10° 1.09 2.45
6 DDFHMA  1.08 x 10* 3.02x10° 1.09 2.66
7 DDFHMA  1.48 x 10* 1.77x10° 1.12 4.56
8 DDFHMA  2.05 x 10* 1.25x10° 1.28  6.50

“All reactions were performed in 1.0 mL DMSO, PC = Ir(ppy)s, [M] =
0.5 mol L™, [M]/[CTA]/[PC] = 200/1/0.1. A 13 W white LED bulb (light
intensity = 33 mW cm™”) was used as a light source. Irradiation times
were controlled to reach full monomer conversion (0.5-4 h).
b M, (PDMA), M, and P were determined by SEC measurements in
DMF at 50 °C.
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particles with higher local monomer concentrations, leading
to elevated polymerization rates (the second stage in the
kinetic curves). In contrast, the reaction under weak light
irradiation underwent a longer differentiation process but
ended with a lower POD, validating our assumption that a
reduced polymerization rate would result in a less propagating
chain.

After rationalization of the POD fluctuations under different
conditions, we then investigated the influence of the PDMA
length on the differentiation process in order to generate
UHMW fluoropolymers with diverse block ranges. Since the
CTA-differentiation involves in situ nucleation of fluorinated
particles, we envisioned that the dispersion polymerization with
a longer PDMA will require a longer time for CTA to reach
enough fluorine incorporation to aggregate,”” extending the
differentiation process. As shown in Table 3 and Fig. 4, when
we employed PDMA of different lengths (M, = 5.03 x 10°-2.05 x
10" Da as determined by SEC measurements) as substituents on
CTA, the polymerizations all generated UHMW polymers with
narrow distributions (D < 1.28) (Fig. S16 and S177), manifesting
the robustness of the CTA-differentiation-involving polymeriz-
ation. The resulted POD increased with the PDMA length under
identical polymerization conditions ([M]/[CTA]/[PC] = 200/1/0.1)
due to the extended differentiation period (Fig. 4a and b),
which was also validated through kinetic experiments (Fig. 4c
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Fig. 4 M, and POD values obtained via polymerization from PDMA of different chain lengths. (a) Monomer = NFHMA. (b) Monomer = DDFHMA. All
reactions were performed in 1.0 mL DMSO, PC = Ir(ppy)s, [M] = 0.5 mol L™, [MI/[CTAI/[PC] = 100/1/0.1. A 13 W white LED bulb (light intensity =
33 mW cm™>) was used as a light source. (c) In[M]o/[M]; vs irradiation time and (d) POD evolution plots for polymerizations of NFHMA from PDMA
with different chain lengths with feed ratio = [MI/[CTAI/[PC] = 200/1/0.2. For red dots, M, (PDMA) = 5.03 x 10°® Da; for green dots, M,, (PDMA) =
1.58 x 10* Da. Note: the red plots in (c) and (d) are the same as the ones in Fig. 3c and d.
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and d). Noticeably, the POD values for NFHMA were always
higher than those for DDFHMA, which we believe is attributed
to a faster assembly rate under a stronger fluorous interaction
of the monomer with higher fluorine content. The above investi-
gations evaluated the substrate-effect on the differentiation
process, providing guidance for accessing well-defined UHMW
fluoropolymers with versatile chemical compositions.

Finally, we probed the structure-property relationships of
the UHMW fluoropolymers obtained from this approach to
search for the potential applicability on materials design.
Three poly(NFHMA) (PNFHMA) samples with varied molecular
weights (PNFHMA-1, M,, = 6.72 x 10° Da, P = 1.18; PNFHMA-2,
M, = 1.88 x 10° Da, P = 1.12; PNFHMA-3, M,, = 3.20 x 10° Da,
D =1.09) prepared from the same CTA (PDMA with M,, = 5.03 x
10" Da) were selected and characterized for their thermal and
mechanical performances. While the differential scanning
calorimetry (DSC) measurements indicated similar T, values
for the three polymers (~36 °C, Fig. 5a), a considerable differ-
ence in their mechanical performances on tensile test experi-
ments was observed. As displayed in Fig. 5b, a polymer with
the lowest M, (PNFHMA-3) gave inferior tensile strength at
6.0 + 0.2 MPa compared with the counterparts with higher M,,
while a further increase in M,, presented no improvements in
the material’s strength (tensile strength at 7.7 = 0.3 and
7.9 £ 0.5 MPa for PNFHMA-1 and PNFHMA-2, respectively).
Moreover, the highest elongation at break (254 + 8%) of the
UHMW fluoropolymers was afforded with medium M, in the
three samples, indicating that overhigh molecular weight will
pose a negative effect on the toughness of the materials, which
is caused by increased chain entanglements restraining chain
straightening before break.*®

4. Conclusion

In conclusion, we interrogated the condition and substrate
effects on the CTA-differentiation-involving polymerization
approach, and have discovered several influential factors of the

7408 | Polym. Chem., 2020, 11, 7402-7409

resulted molecular weights and the percentage of differen-
tiation (POD). Particularly, the POD values increased with the
polymerization rate due to a higher probability of the gene-
ration of propagating species. Moreover, a prolonged differen-
tiation process would also lead to a higher POD, which can be
realized through the manipulation of monomer and CTA struc-
tures. At last, the tensile test experiments on polymers with
different molecular weights suggested that a higher M, can
boost the strength yet hinder the toughness performances.
Considering the promising virtues for both UHMW and fluori-
nated materials, this work rationalized the synthesis planning
process for the CTA-differentiation-involving polymerization,
creating opportunities for filling the gaps in developing novel
UHMW fluorinated polymers towards superior performances.
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