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ABSTRACT: Polyolefins represent a high-volume class of
polymers prized for their attractive thermomechanical proper-
ties, but the lack of chemical functionality on polyolefins makes
them inadequate for many high-performance engineering
applications. We report a metal-free postpolymerization
modification approach to impart functionality onto branched
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polyolefins without the deleterious chain-coupling or chain-scission side reactions inherent to previous methods. The
identification of conditions for thermally initiated polyolefin C—H functionalization combined with the development of new
reagents enabled the addition of xanthates, trithiocarbonates, and dithiocarbamates to a variety of commercially available
branched polyolefins. Systematic experimental and kinetic studies led to a mechanistic hypothesis that facilitated the rational
design of reagents and reaction conditions for the thermally initiated C—H xanthylation of isotactic polypropylene (iPP) within
a twin-screw extruder. A structure—property study showed that the functionalized iPP adheres to polar surfaces twice as strongly
as commercial iPP while demonstrating similar tensile properties. The fundamental understanding of the elementary steps in
amidyl radical-mediated polyolefin functionalization provided herein reveals key structure—reactivity relationships for the design
of improved reagents, while the demonstration of chemoselective and scalable iPP functionalization to realize a material with

improved adhesion properties indicates the translational potential of this method.

B INTRODUCTION

The annual global market for polyolefins is over 150 million
metric tons and projected to grow at an annual rate of 6.7%
through 2025." The continued demand for these high-volume,
low-cost thermoplastics is attributed to their high tensile
strength, ductility, thermal stability, and chemical resistance.
These excellent thermomechanical properties along with the
versatility of polyolefins make them useful in diverse industries,
ranging from commodity packaging or automotive applications
to the medical device market.”* Despite their omnipresence,
these hydrocarbons are hindered by their inablhty to interface
with polar additives, fillers, or other materials.® This intrinsic
limitation renders polyolefins inadequate for use in many high-
performance engineering applications. The addition of polar
functionality to polyolefins has been a long-standing goal in
polymer chemistry due to the promise of materials that
combine the thermomechanical properties of polyolefins with
the desirable properties of hlgh -value polymers used in
composites, adhesives, and blends.”

The two most common synthetic approaches in pursuit of
polar polyolefins include copolymerization and postpolymeri-
zation modification (PPM).””"" Methods for the copolymer-
ization of a-olefins with polar monomers have been pursued
aggressively for decades.”'"'” An intrinsic problem of
installing polarity in this fashion is that Lewis basic
comonomers bind strongly to early transition metal catalysts
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used for coordination—insertion polymerization and hinder
their activity.® In response, late transition metal catalysts that
are more tolerant to polar functionality have been
developed.™>'* Despite significant effort, state-of-the-art
methods exhibit insufficient catalyst activity or result in
inadequate material properties for translation.'>~"”

The PPM of polyolefins leverages established industrial
production capacity while installing a tunable degree of
functionality randomly along the polymer backbone. The
radical-mediated addition of maleic anhydride to polyethylene
(PE) and isotactic polypropylene (iPP) is practiced
commercially via reactive extrusion.””*" The lack of chemo-
selectivity in this strategy results in deleterious side reactions
including fB-scission and polymer chain coupling that adversely
affect the molar mass, molecular weight distribution (MWD),
and thermomechanical properties of the polymers.””™ >
Consequently, maleic anhydride functionalization of {PP and
other branched polyolefins results in low molecular weight
species with minimal incorporation of polar functional-
ity.24,26—28

A number of modern polyolefin PPM methods have been
developed. Metal-catalyzed approaches have been success-
ful,” =" most notably the ruthenium-catalyzed hydroxylation
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Figure 1. Amidyl radical-mediated polyolefin C—H functionalization via thermal initiation.

of branched polyolefins.**~>* Trace metal in the final material,
however, results in oxidative degradation of the polymer
sample over time.”> For this reason, as well as the cost and
accessibility challenges associated with precious metals, a
metal-free route would be preferred. Previously reported metal-
free methods for PPM of polyolefins rely on hydrogen atom
abstraction by electron-rich radicals with moderate bond
dissociation free energies (BDFEs), resulting in a decrease in
the molecular weight for branched polyolefins due to p-
scission.’* >’ Furthermore, none of these modern approaches
have been optimized for and implemented in an extruder,
which is a key requirement for translation.

In an effort to develop a metal-free PPM reaction that
retains the beneficial thermomechanical properties of the
parent polymer, we recently identified a sterically encumbered
N-xanthylamide reagent that, upon photolysis, provided
regioselective xanthyl group transfer to branched polyolefins
without deleterious chain scission reactions. In contrast to
previously reported metal-free PPM approaches that rely on
radicals generated from the thermal decomposition of
peroxides to abstract hydrogen atoms, this reagent did not
require an exogenous initiator, which suggests that the
transformation proceeds through a fundamentally distinct
pathway. The development of a thermal PPM process
combined with a deeper understanding of the mechanism of
this unique reagent is required to design improved reagents
and identify reaction conditions that enable functionalization
via reactive extrusion.

Our current mechanistic hypothesis is that an amidyl radical
is responsible for hydrogen atom abstraction, followed by rapid
trapping of the polymer-centered radical by the thiocarbonyl
group of the reagent (Figure 1). This results in a set of
complex equilibria that we probe herein through systematic
reagent design, crossover experiments, and kinetic studies. The
culmination of the data presented provides the rational design
of reagents and reaction conditions for the thermally initiated
functionalization of branched polyolefins without coincident
chain scission. Key principles identified from systematic
experiments facilitated the C—H xanthylation of iPP within a
twin-screw extruder. The resulting functionalized iPP demon-
strated similar mechanical properties to the virgin polymer
while exhibiting twice the adhesion strength to polar
substrates. The fundamental understanding of the elementary
steps in amidyl radical-mediated polyolefin functionalization
provided in this report reveals key structure—reactivity
relationships and serves as a platform for the design of
improved methods and translational technologies for polymer
C—H functionalization.

B RESULTS AND DISCUSSION

Structure—Reactivity Studies of Amidyl Reagents. To
develop structure—reactivity relationships for the thermally
initiated C—H functionalization, cyclooctane was chosen as a

small-molecule surrogate to facilitate rapid and accurate
characterization. Heating cyclooctane to 80 °C in benzene
(0.15 M) with xanthylamide la and 10 mol % azobis-
(isobutyronitrile) (AIBN) successfully yielded xanthylated
cyclooctane in a 22% yield (Figure 2). These conditions
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AIBN PhH 80°C 24% 22%
DLP PhH 80°C 36% 25%
BPO PhH 80°C 26% 17%
BPO PhCI 100 °C 63% 39%

(BuO), PhCI 130 °C 37% 23%
DCP PhCI 110°C 56% 37%
DCP PhCI 130°C 100% 66%

Figure 2. Optimization of the thermally initiated xanthylation of
cyclooctane with 1b. (tBuO), = di-tert-butyl peroxide. N—S cleavage
and percent yield were determined by 'H NMR analysis using
hexamethyldisiloxane as an internal standard.

resulted in only 24% homolysis of the N—S bond in 1a, which
was monitored by conversion of la to its respective parent
amide by 'H NMR. Alternative radical initiators, such as
dilauroyl peroxide (DLP) and benzoyl peroxide (BPO),
yielded similar results at 80 °C. In the case of BPO, increasing
the reaction temperature resulted in an increase in yield.
Further optimization found that the reaction performed best
with dicumyl peroxide (DCP) at 130 °C. Upon product
isolation, only xanthylated cyclooctane, O,0-diethyl dithiobis-
(thioformate), and the parent amide were observed. This
chemoselective C—H functionalization is attractive for trans-
lation to polymer substrates, since multiple products attached
to the same polymer chain cannot be separated from one
another."!

The electronic properties of thiocarbonylthio functional
groups are known to play a large role in their reactivity. For
example, these groups demonstrate different rates of chain
transfer in reversible addition—fragmentation chain-transfer
(RAFT) radical polymerization.””~* To probe the structure—
reactivity properties of amidyl reagents with different
thiocarbonylthio groups, we designed and synthesized la—c
(Figure 3).**~* Similar to RAFT polymerization, thiocarbo-
nylthio groups can be conveniently described with respect to
their Z groups: —OEt for 1a, —SEt for 1b, and —NEt, for 1lc.
Despite differing only in the heteroatom of the Z group,
reagents 1b and lc provided lower yields of functionalized
cyclooctane under analogous conditions to those of la.
Trithiocarbonylamide 1b was observed to undergo complete
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Figure 3. Reagents la—c demonstrate initial structure—reactivity
relationships for cyclooctane C—H functionalization. N—S cleavage
and percent yield were determined by 'H NMR analysis using
hexamethyldisiloxane as an internal standard.

N-S cleavage of 1b to parent amide, but only a 47% yield of
trithiocarbonylated cyclooctane was obtained. Dithiocarbamy-
lamide 1c did not completely convert to parent amide, but
demonstrated a similar yield to that of reagent 1b.

Functionalization of Polyolefins. To translate the results
on cyclooctane to polymeric substrates, hyperbranched
polyethylene (HBPE) was chosen as a model branched
polyolefin for reaction optimization. HBPE with 10 methyl
branches per 100 carbons was synthesized using a previously
reported Pd(II) a-diimine catalyst.”” Polymers with different
number-average molar mass (M,) and narrow dispersities (D)
were synthesized in order to determine the influence of
reaction conditions on molecular weight and MWD. The use
of amorphous HBPE enabled facile characterization of a
branched polyolefin at room temperature. Under homoge-
neous conditions, HBPE was heated at 130 °C for 6—24 h in
the presence of 1a—c and 10 mol % DCP in chlorobenzene at a
concentration of 0.2 M with respect to reagent (Figure 4). The
stoichiometry of reagents la—c was varied relative to the
repeat unit, with functionalization reported as mol % compared
to the polymer repeat unit (Figure 4).
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FaC _Bu P
I~ + N 10 mol % DCP S 2
" Sz ——————— WM
Hyperbranched \[/ PhCl, 130 °C <
CFs S
1a-c
Entry 7 Theoretical  Actual  Conv. of Before® After®
mol % funct® mol % funct® 1a—c* Mp D Mn 12}
1 —OEt 10 4 80 35 1.03 48 1.1
2 —OEt 20 5 82 35 1.03 51 1.07
3 —OEt 50 7 69 35 1.03 53 1.09
4 —OEt 100 7 54 35 1.03 40 1.07
5 —SEt 10 3 50 42 1.05 45 1:12
6 —SEt 20 3 35 42 1.05 45 1.08
7 —SEt 50 3 39 42 1.05 45 1.06
8 —SEt 100 3 32 42 1.05 43 1.10
9 —NEt, 10 1 24 35 1.17 35 1.22
10 —NEt; 20 1 22 35 117 35 1.28
1 —NEty 50 1 21 35 117 35 1.27
12 —NEt, 100 1 18 35 1.17 36 1.24

Figure 4. Reagents la—c were reacted with HBPE in the presence of
DCP. *Determined by 'H NMR in CDCl;. "Determined by SEC
against polystyrene standards in tetrahydrofuran.

Polymer C—H functionalization was quantified by "H NMR
integration of the methylene protons of the Z group (Figure
SA). Theoretical maximum functionalization represents the
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Figure 5. (A) "H NMR of 1 mol % functionalized HBPE was taken in
CDCl,; and used to determine percent functionalization. The methine
proton of dithiocarbamylated HBPE likely overlaps with the
methylene protons of the diethylamine Z group. (B) SEC traces
obtained by the refractive index detector of 1 mol % functionalized
HBPE; (C) TGA—MS of HBPE.

stoichiometry of reagent relative to repeat unit (ie, a
theoretical maximum of 10 mol % functionalization is addition
of 1 equiv of reagent per 10 repeat units). Exposing HBPE
along with reagent la at a theoretical maximum functionaliza-
tion of 10 mol % resulted in 4 mol % polymer xanthylation
(entry 1, Figure 4). By increasing the mol % theoretical
maximum xanthylation, C—H functionalization of HBPE
proved tunable in a range of 1—7 mol %.

Despite the addition of more reagent, the ultimate mol %
functionalization plateaued around 8 mol % for reagent la.
Reagents 1b and 1c also successfully functionalized HBPE, but
the plateau of functionalization appeared at 3 and 1 mol %,
respectively. This plateau is in part due to differences in the
conversion of la—c to the parent amide, with lower conversion
being observed through the series la—c (Figure 4). We note
that even low degrees of functionalization can have a
significant influence on the structure and properties of a high
molecular weight polymer; for example, 1 mol % functionaliza-
tion installs an average of 9 thiocarbonylthio groups on a
polymer chain with an M, of 25 kg/mol. In agreement with
previous work, regioselectivity of amidyl radical hydrogen atom
transfer (HAT) was determined by '"H NMR to be selective
toward secondary carbon sites on HBPE.***

Changes in the MWD were analyzed by size exclusion
chromatography (SEC). A sample of HBPE was functionalized
with 1 mol % of each of the thiocarbonylthio groups, and the
SEC trace of the polymers is shown in Figure SB. Xanthylated
(from 1a) and trithiocarbonylated (from 1b) HBPE
demonstrate MWD similar to that of the parent polymer,
but dithiocarbamylated (from 1c) HBPE shows evidence of
polymer-chain coupling reactions, with a peak appearing at a
13.6 min retention time upon functionalization (Figure SB).

To assess the influence of the Z group on polymer thermal
properties, 1 mol % functionalized HBPE of each Z group
variant was analyzed via thermal gravimetric analysis (TGA)
and differential scanning calorimetry (DSC). All the polymers
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demonstrated thermal stability up to 250 °C, at which point
they underwent a partial mass loss before reaching a plateau
and fully degrading at >400 °C (Figure SC). We hypothesized
that this partial mass loss was the result of a Chugaev-type
elimination.’”*" To support this hypothesis, the evolution of
volatile compounds accompanying the partial mass loss was
analyzed by mass spectrometry (TGA/MS). A prominent peak
at a mass to charge (m/z) of 76.1 was evident in all of the
samples, which we hypothesize is due to expulsion of carbon
disulfide. On the basis of these data, we hypothesize the
thiocarbonylthio groups are undergoing a [1,5]-sigmatropic
Chugaev-like rearrangement to yield an olefin on the polymer
backbone (Figure $9).>* This hypothesis is also supported by
the magnitude of mass loss for each of the functional polymers
in TGA, which correlates to the loss of the entire
thiocarbonylthio functional group. The DSC spectra for
functional HBPE demonstrate that, with identical degrees of
functionalization, the Z groups did not have a significant
impact on the thermal properties. The parent polymer
underwent glass transition at —69 °C, while the HBPEs with
1 mol % functionalization had glass transition temperatures
(Ty) of —66 and —67 °C (Figure SSA). HBPE also
demonstrates a melting temperature at —42 °C, which does
not change considerably upon 1 mol % functionalization. This
melting exotherm, however, does disappear at higher mol %
functionalization of xanthate and trithiocarbonate (Figure
SSB).

Crossover and Kinetic Experiments. The structure—
reactivity experiments for polymer functionalization (Figure 4)
revealed key differences among the three reagents. One of the
most instructive was that each reagent reached a maximum mol
% functionalization despite further addition of reagent relative
to polymer repeat unit. For example, reagent 1a achieved 8 mol
% xanthylation of HBPE when adding 50 mol % reagent, but
doubling the amount of reagent did not further increase
functionalization. In the case of 1¢, the maximum amount of
dithiocarbamylation plateaued at 1 mol % regardless of reagent
stoichiometry. We observed a similar trend in our previous
work using a photochemical initiation strategy.”® We
hypothesized that this phenomenon was the result of
degenerative chain transfer of the thiocarbonylthio groups
between polymer chains.””** The equilibria of this chain-
transfer process, therefore, would result in reversible
functionalization.

To test this hypothesis, we designed and conducted a
number of crossover experiments using polymer samples that
had previously been functionalized with thiocarbonylthio
groups. Initially, an HBPE sample with 5.4 mol % xanthylation
was heated in the presence of DCP as an initiator with no
additional reagent. A decrease in functionalization to 2.3 mol %
was observed (Figure 6A, entry 1). Subsequently, reagents
containing Z groups not found on the functionalized polymer
(1b and 1c, respectively) were reacted with xanthylated HBPE
(Figure 6A, entries 2, 3). In both cases, the mol %
functionalization of xanthate decreased and the other
thiocarbonylthio group was added to the polymer. The same
trends were observed if the HBPE was initially functionalized
with trithiocarbonate (entry 4) or dithiocarbamate (entry S).
These experiments demonstrate that polymer functionalization
is reversible under the reaction conditions and the ultimate
mol % functionalization is affected by the rate of degenerative
chain transfer.
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Figure 6. (A) Functionalized HBPE was resubjected to the reaction
conditions with an amide reagent, yielding polyolefins with two
different thiocarbonylthio moieties appended. *Determined by 'H
NMR in CDCl,. *Repeat unit. “No functionalized amide reagent was
added to the reaction. (B) Kinetics of reagent conversion during
functionalization of HBPE at a theoretical maximum of 10 mol %
functionalization (10 mol % DCP, 130 °C, [0.2 M]

chlorobenzene). Reaction progress was determined by 'H NMR.

The observation of reversible functionalization under the
reaction conditions led us to probe the kinetics of group
transfer for reagents la—c under the reaction conditions. A
solution of HBPE, reagent 1, and DCP in chlorobenzene was
separated into aliquots and reacted for different amounts of
time to monitor the conversion of la—c to the parent amide.
As shown in Figure 6B, reagent la demonstrated considerably
faster conversion than that of either 1b or Ic, resulting in a rate
constant of 9 times and 6 times larger, respectively. The trend
for rate of reagent consumption does follow the pattern of mol
% polymer functionalization, with reagent la demonstrating
both the fastest rate and highest mol % polymer functionaliza-
tion and lc representing the slowest rate and lowest mol %
functionalization.

Mechanistic Hypothesis. To develop a more compre-
hensive understanding of this C—H functionalization method,
our experimental observations were used to formulate a
mechanistic hypothesis (Figure 7). Supported by previous
literature, we hypothe51ze that thermolysis of dicumyl peroxide
yields a methyl radical,>>*® which is quickly trapped by the
functionalized amide reagent to form the captodatively
stabilized radlcal 2 Fragmentation of intermediate 2 yields
amidyl radical 4.* We hypothesize that 4 is responsible for
HAT from the polymer backbone. HAT of aliphatic C—H
bonds by amidyl radicals is exergonic due to the large
difference in BDFE of an amidyl radical (BDFE of 107—110
kcal/mol) relative to C—H bonds (BDFE of 96—100 kcal/
mol).”” Furthermore, polarity matching between the electro-
philic amidyl radical and electron-rich aliphatic C—H bonds is
proposed to lower the kinetic barrier toward HAT.>**’
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Figure 7. Proposed mechanism of amidyl radical-mediated polyolefin
C—H functionalization. Polymer side chains were omitted for clarity.

A hydrogen atom from polymer § undergoes HAT to furnish
the parent amide 6 concomitant with carbon-centered radical
7. The production of 6 was monitored (Figure 6B) to
determine the overall rate of conversion of 1 — 6 (Figure 6B).
We hypothesize that step 3 is an irreversible transformation
due to the thermodynamics of this step. In the productive
reaction pathway, carbon-centered radical 7 reacts with reagent
1 to form the captodative radical 8. Fragmentation of 8 is not
degenerative, and, based on the kinetic experiments, the rate of
fragmentation depends largely on the Z group. C—S homolysis
can revert compound 8 back to the carbon-centered radical 7
(k_y) or facilitate productive cleavage of intermediate 8 to
yield functionalized polymer (9) and amidyl radical 4 (k_s).
The crossover experiments detailed in Figure 6A demonstrate
that both trapping of the polymer-centered radical (7 — 8)
and fragmentation to yield functionalized polymer (8 — 9) are
reversible. Even after formation of desired product 9, the
functionalized polymer can react with amidyl radical 4 and
revert back to the carbon-centered radical 7 (k_s). It should be
noted that, despite the myriad of radical chain-transfer
processes occurring in the system, we did not observe cross-
linked material in any of the experiments with HBPE.

In a separate experiment, we isolated xanthylated HBPE and
added a radical initiator in the presence of a lower molecular
weight polyolefin (Figure S6). After the reaction, both
polymers exhibited UV—vis absorptions consistent with
xanthate functionalization, indicating xanthate group transfer.
From this experiment we confirmed that an “off-cycle”
degenerative radical chain-transfer process is likely occurring
that sequesters a portion of the polymer-centered radical into
intermediate 10. Furthermore, control experiments conducted
by irradiation of reagents la—c excluding the polymer
substrate demonstrated that there is most likely a self-
immolative radical chain-process that consumes a portion of
the reagent without participating in HAT from the polymer
(Figure S10). The culmination of these experiments describes
the complexity of this C—H functionalization reaction and the
many equilibria that must be considered when optimizing
reactivity and/or designing new reagents.

Previous work understanding the rate of chain transfer of
thiocarbonylthio groups in RAFT polymerization helps to
conceptualize the experimental observations.’”®’ In RAFT
polymerization, the choice of Z groups had pronounced effects
on the rates of radical addition to thiocarbonylthio functional
groups and the rate of fragmentation of the captodatively
stabilized species.*” For the Z groups studied herein, the rate of
radical addition (k;, k_,, k,, k_, and k) decreases in the series
SEt > OEt > NEt,, whereas the rate of radical fragmentation
(k_y, ky, k_y, ks, and k_g) decreases in the series NEt, > OEt >
SEt (Figure 8). For the dithiocarbamate functional group in I,
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addn. B« S)\ Z

Zgroup: SEt > OEt > NEt,

R i addn.

'S z fragm.

increasing rate of radical fragmentation -
- increasing rate of radical addition

Figure 8. Relative rates of radical addition and fragmentation help
conceptualize experimental observations for polyolefin C—H
functionalization.

we hypothesize that the slower rate of radical addition leads to
a longer lifetime of the polymer-centered radical 7 and an
increased potential for radical—radical coupling. Significant
chain coupling observed in the SEC traces (Figure SB)
supports this hypothesis. The trithiocarbonate group in 1b
presumably results in an increase in both k, and k_;. The faster
rate of radical addition leads to better control over the MWD
of the functionalized polyolefin, which agrees with our
experimental results. The faster rate of addition, however,
results in a lower amount of overall polymer functionalization
than la even at high reagent loadings, presumably due to a
faster rate for k_s even after product 9 is formed. We
hypothesize that the reagent la is successful because it
balances the rates of addition and fragmentation. In the
conditions described herein, this enables the addition of 8 mol
% xanthyl groups to HBPE.

Functionalization of Semicrystalline Branched Poly-
olefins. With a more complete understanding of reagent
design principles and reaction mechanism, the thermal
functionalization of commercially available semicrystalline
branched polyolefins was explored (Figure 9). Reactions
were conducted at 180 °C, a temperature typically used for
the commercial PPM of polyolefins via reactive extrusion.’” %
Xanthylation of Dow DNDA-1081 NT 7 linear low density
polyethylene resin (LLDPE, 19 branches per 100 carbons)
using reagent la resulted in 3 mol % functionalization upon
addition of 5 mol % of the reagent. At higher equivalents of
reagent la, mol % functionalization increased along with an
observed increase in MWD. On the basis of the mechanistic
understanding gained herein, we hypothesized that reagent 1b,
which has a faster rate of radical addition, would decrease the
amount of deleterious chain coupling and chain scission side
reactions. The experimental results confirmed our hypothesis;
trithiocarbonate reagent 1b led to moderate functionalization
of LLDPE without significantly altering M, or the D.

Functionalization of Dow polyethylene 4012 low density
(LDPE, 49 branches per 100 carbons) is challenging due to its
undefined structure and broad MWD (D = 9.54). Regardless,
the trends observed in our mechanistic experiments held true,
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Figure 9. Functionalization of commercial branched polyolefins.
Repeat unit. "Determined by 'H NMR at 110 °C. “Determined by
SEC at 120 °C. *Determined by DSC in the second heating cycle.

with reagent 1a providing more efficient functionalization. The
chemoselective functionalization provided by these reagents is
notable, as even small amounts of chain coupling side reactions
are known to cause gelation on substrates with high weight-
average molecular weights (M,,). No functionalization was
imparted using reagent lc, consistent with results on the
HBPE model system.

Basell Profax 6301 polypropylene homopolymer (iPP)
represents the most challenging semicrystalline polyolefin
substrate for C—H functionalization, as it has a high melting
temperature, high degree of crystallinity, high branch content
(50 methyl branches per 100 carbons), and is prone to f-
scission reactions. For this challenging substrate, polymer
functionalization in solution was not observed in any of the
conditions we tested using reagents la—c. Using reagent la
under neat conditions (i.e., without solvent), however, resulted
in 1 mol % xanthylation at a theoretical maximum
functionalization of S mol %. High-temperature 'H NMR
spectroscopy indicated that functionalization was highly
regioselective for the primary C—H bonds on iPP. Most
importantly, no evidence of f-scission of iPP was observed and
the material maintained a high melting temperature.

The culmination of mechanistic experiments, structure—
reactivity studies, and functionalization experiments led us to
design conditions for the functionalization of iPP by reactive
extrusion. A powder formulation of iPP mixed with reagent 1a
and 10 mol % DCP at a stoichiometry corresponding to a
theoretical maximum functionalization of S mol % was injected
into a twin-screw extruder at 180 °C and allowed to circulate
for 30 min. The extrusion process resulted in the C—H
functionalization of iPP with 1 mol % xanthate groups and no
observed f-scission (Figure 10B). In fact, the shear mixing
provided by the twin-screw extruder led to an MWD that
better represented that of the parent {PP than analogous
reactions conducted using mechanical stirring alone (Figure
S16).”"

Scaling up the functionalization in an extruder achieved
multigram quantities of xanthylated iPP and provided sufficient
material for further structure—property evaluation. Prior to
further analysis, the xanthylated iPP was precipitated to

5.0 4.0
C,D,Cl,
0.02 002 6.00
80 70 60 50 40 30 20 10 00
ppm

Extruded 1 mol %
xanthylated PP

B. —PP—1 mol % xanthylated iPP ( Extruded iPP

12 14 16 18 20 22
Retention time (min)

Figure 10. Reactive extrusion of {PP with reagent 1a yielded iPP with
1 mol % xanthate functionality. The polymer was characterized by (A)
'H NMR at 110 °C in C,D,Cl, and (B) SEC at 120 °C in
trichlorobenzene. (C) Visualization of the large-scale functionalization
of iPP by reactive extrusion.

remove small-molecule impurities. The crystalline nature of
xanthylated {PP was confirmed by DSC. The xanthylated PP
had a high melting point (137 °C) and a percent crystallinity
of 28%. Both of these values are modest decreases from the
commercial Profax 6301 material tested under analogous
conditions (T,, = 155 °C, 41% crystalline), which is commonly
obseggeggl for semicrystalline polymers upon functionaliza-
tion.” "™

The large thermal processing window (above the T, and
below the T;) of the xanthylated iPP enabled us to melt-press
films of the material to probe the impact of functionalization
on mechanical and adhesive properties. Tensile testing of dog-
bone-shaped samples cut from melt-pressed films of the parent
Basell Profax 6301 PP and 1 mol % xanthylated iPP by
dynamic mechanical analysis in linear film tension mode
yielded stress—strain curves that showed plastic deformation
behavior consistent with semicrystalline thermoplastics (Figure
11A). All quantitative values reported are an average of three
or more samples. The yield strength (o,) of iPP (5, = 35 + 1
MPa) was slightly higher than that of xanthylated zPP (0,=26
+ 3 MPa). The elongation at break value of iPP (& = 570 +
50%) was congruent with results with xanthylated iPP (ep =
430 = 120%). Strain stiffening was observed in films of iPP and
xanthylated iPP, generating a stress at break of oy = 31 + 2
MPa and oy = 24 + 6 MPa, respectively.

In addition to retaining the desirable thermomechanical
properties of commercial polyolefin materials, we expected
xanthylated PP to exhibit significantly different adhesive
properties due to the intrinsic polarity of the xanthate group.
On this basis, we reasoned that xanthylated iPP should display
superior adhesion to polar surfaces (ie., glass) relative to
polyolefin materials. To test this hypothesis, we prepared a
single-lap joint between two glass slides, using PP or
xanthylated iPP, and subjected it to lap shear analysis (Figure
11B). Xanthylated iPP demonstrated more than twice the
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Figure 11. Structure—property studies of PP and 1 mol %
xanthylated iPP (XiPP). (A) Representative stress—strain curves for
iPP and XiPP measured by tensile testing (0.1 mm/s, room
temperature, break point indicated by arrow). (B) Representative
relative shear stress—strain curves for iPP and XiPP single-lap joints
measured by tensile testing (S mm/min, room temperature).
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adhesion strength to glass than did the iPP material, with
apparent lap shear strengths of 120 + 30 and 48 + 4 MPa,
respectively. These results prove the significant impact of
adding even small amounts of polar functionality onto

polyolefins.
B CONCLUSION

A thermally initiated, metal-free C—H functionalization of
branched polyolefins is demonstrated using thiocarbonylthio
amide reagents. Comprehensive experimental studies on both
small molecule and polyolefin substrates revealed key
structure—reactivity relationships. Crossover and kinetic
experiments provide information on the many competing
equilibria that combine to determine the efficiency and
magnitude of polymer functionalization. From these exper-
imental studies, we developed a mechanistic hypothesis that
informed the translation of these reagents for the successful
chemoselective functionalization of commercial samples of
semicrystalline polyolefins. Ultimately, the reactive extrusion of
iPP on a decagram scale was demonstrated and resulted in
functionalized iPP that adheres to polar substrates twice as
strong as commercial {PP. We envision the results of this
experimental and mechanistic study will serve as a
comprehensive launching point for the continued improve-
ment and implementation of polyolefin C—H functionalization
in practical settings.
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