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Versatile Production of Multivariate, Hyperdimensional End Group
and Main Chain Functionalized Polyolefins

Danyon M. Fischbach, Katharina A. Krstic, and Lawrence R. Sita*

Abstract: The (stereoselective) living coordinative co-
polymerization of 1-alkenes with 4-aryl-1,6-heptadienes,
in both the absence and presence of multiple equivalents
of a reversible chain transfer agent, is established as a
highly versatile strategy for production of multivariate
hyperdimensional functionalized semi-crystalline or
amorphous polyolefins that optionally possess either
mono- or difunctionalized (telechelic) end-groups in
combination with a programmable level of incorporation
of orthogonal functional groups within the main-chain.
The non-conjugated diene comonomers are readily
obtained from a diverse range of aryl carboxaldehyde
precursors through a one-step bis-allylation process.
These results serve to provide a new platform for
exploring the science and technology of a vast new
landscape of functionalized classes of polyolefins that
are now accessible in practical and scalable quantities.

P olyolefins, which are currently produced on an enormous
global scale of 300 million tons per year, are the most
successful synthetic material fashioned by humankind for
the advancement of civilization."” First commercialized
70 years ago based on the seminal discoveries made by
Ziegler and Natta, polyolefins are manufactured through the
transition-metal-mediated coordinative polymerization and
co-polymerization of a small set of industrially-relevant
alkene monomers, and most significantly, ethene (E),
propene (P), and a few additional higher-carbon-numbered
linear and branched 1-alkenes, such as 1-butene (B),
1-hexene (H), and 4-methyl-1-pentene (4M1P) that are
obtained from E and P through controlled dimerization or
oligomerization.! Coordination polymerization converts
these unsaturated l-alkenes into the corresponding satu-
rated hydrocarbon polyolefin products through a propaga-
tion mechanism involving n-complexation of the monomer
to the active transition-metal species bearing a polymeryl

[*] D. M. Fischbach, K. A. Krstic, Prof. Dr. L. R. Sita
Department of Chemistry and Biochemistry,
University of Maryland
20742 College Park, MD (USA)

E-mail: Isita@umd.edu

 © 2023 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
NoDerivs License, which permits use and distribution in any med-
ium, provided the original work is properly cited, the use is non-
commercial and no modifications or adaptations are made.

Angew. Chem. Int. Ed. 2023, 62, €202304725 (1 of 8)

group, followed by 1,2-migratory insertion (1,2-MI) into the
growing polymer chain. The supporting ligand environment
about the transition-metal centre serves to control the
relative rates of propagation vs termination, as well as
enantioface selectivity of 1-alkene complexation to the metal
center that then manifests as the stereochemical micro-
structure, or tacticity, of the polyoleﬁn.[ﬂ To date, a
substantially large variety of different “grades” of polyole-
fins have traditionally been obtained through manipulation
of differences in, for example: (1) molar mass, as defined by
the number- and weight- average molar mass indices, M,
and M,, respectively, (2) molar mass distribution (MMD),
also known as dispersity, D (=M,/M,), (3) MMD profile,
whether uni-, bi-, or multimodal, and (4) tacticity. In the
case of copolymerization of two or more 1-alkene mono-
mers, the number of grades expands even further through
programmed variations in copolymer microstructure, such as
alternating and random sequences of monomer repeat
groups. With introduction of living coordination polymer-
ization (LCP) and living coordinative chain transfer poly-
merization (LCCTP), the range of polyolefin copolymers
has been extended even further with production of well-
defined block copolymers through sequential addition of
two or more olefin comonomers, including those that adopt
nanostructured microphase-segregated morphologies in the
condensed phase.”“*! Indeed, just based on these variables
alone, it is safe to say that the full scope of unfunctionalized
hydrocarbon-based polyolefins has still not been fully ex-
plored even with the present small set of monomers. As
Figure 1 shows, upon introduction of physiochemically-
active functional groups at either the chain ends, or as
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Figure 1. The multivariate, hyperdimensional landscape of next gener-
ation polyolefins showing traditional (black) and new variables (red
and blue) governing structure/property/application relationships for
two different hypothetical polyolefin materials.
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pendant groups off the main polymer chain, the extent of
new categories of polyolefin materials now becomes truly
unlimited.” In the face of such complexity, it is imperative
to develop new paradigms that can be used to strategically
access a large and diverse range of subclasses of new
functionalized polyolefins in a “one catalyst—many materi-
als” programmed fashion, rather than relying on an
Edisonian approach that requires the synthesis and screen-
ing of large libraries of transition-metal complexes and
polymerization conditions in order to map out structure/
property/technological application relationships. Here, past
efforts to introduce chemical functionality into polyolefins
have largely been based on the design and synthesis of
functionalized 1-alkene monomers that require protecting
groups on the reactive elements in order to establish
compatibility with the highly electrophilic character of early
transition-metal coordination catalysts, followed by a post-
polymerization deprotection step to reveal the desired
functionality. Unfortunately, this protection/deprotection
strategy suffers from being: (1) far from “green” and
commercially non-viable due to the considerable amount of
chemical waste generated, (2) one-dimensional in terms of
providing only a single type of functional polyolefin from a
single specialized functional monomer, and (3) often delete-
rious to key thermal phase transition properties, such as the
glass transition and melting temperatures, 7, and T,
respectively, due to the functional group typically being
incorporated at the end of a flexible alkyl side chain. Finally,
it remains a significant challenge to produce symmetric and
unsymmetric a,o-difunctionalized (telechelic) polyolefins in
programmed fashion, and to the best of our knowledge,
telechelic polyolefins that also bear functional groups with
orthogonal reactivity within the main chain have never been
reported.!'”! In this regard, we recently introduced a new
strategy by which a wide range of telechelic polyolefins can
be produced through the LCCTP of olefins using excess
equivalents of diphenylzinc (ZnPh,) as a chain transfer
agent (CTA) to incorporate a phenyl group at the start of
chain growth, followed by a reactive quench with molecular
iodine (I,) to establish iodo-functionalization at the other
chain end."™'? An optional post-polymerization phenylation
reaction can then be used to provide new classes of a,o-
bis(phenyl)-terminated polyolefins with programmed differ-
ences in tacticity. Importantly, the terminal phenyl group in
these new polyolefins can serve as a synthon for various
functionalities that are ‘unmasked’ through high-yielding
aromatic substitution reactions.”! Herein, we now validate
extension of this strategy through the programmed produc-
tion of multivariate, hyperdimensional functionalized poly-
olefins of general structure I in Scheme 1 in which orthogo-
nally distinguished aryl groups can be positioned at both the
end groups and within the main chain. As further summar-
ized in Scheme 1, this strategy relies on the use of cyclo-
pentadienyl, amidinate (CPAM) group 4 metal pre-initiators
1, which upon “activation” with the borate co-initiator B1,
express different degrees of stereocontrol over 1-alkene
complexation and 1,2-MI for the LCP and LCCTP of a large
scope of 1-alkenes, and in the present work, with 4-aryl-1,6-
heptadienes (2) as comonomers that are incorporated into I
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Scheme 1. Synthetic route to multivariate, end-group and main-chain
functionalized polyolefins via living coordinative chain transfer co-
polymerization of 1-alkenes and 4-aryl-1,6-heptadienes.

B1 = [PhNMe,H][B(C¢Fs)4]

via six-membered-ring cyclopolymerization.'*"! Impor-
tantly, the level of incorporation of the main-chain aryl
groups in I can be easily controlled through manipulation of
the comonomer feed ratio, which can optionally be com-
prised of two or more derivatives of 2 to generate “two- or
multi-color” functionalized derivatives of 1. Alternatively,
the living nature of these coordinative co-polymerizations
can be harnessed to design and create an unlimited new
spectrum of (telechelic) polyolefin microphase-segregated
and “color-coded” block copolymers in which each block
domain can be selectively functionalized with various levels
of incorporation of different aryl groups. Finally, high-
yielding post-polymerization processes involving these ar-
omatic substituents can be used to incorporate various new
types of reactive functionalities. Collectively, the present
results serve to provide access to an even greater hyper-
dimensional landscape for polyolefin structure and proper-
ties that can then form the basis for new science and
technology.

To begin, syntheses of the 4-aryl-1,6-heptadienes, where
Ar=phenyl (2a), p-bromophenyl (2b), 2-naphthyl (2¢), and
1-pyrenyl (2d), were performed in high yield according to
the general published procedure for titanium tetrachloride
(TiCl,)-mediated bis-allylation of benzaldehyde according to
Scheme 2.4+ 1t should be noted that this initial collec-
tion of derivatives for 2 was targeted for preliminary
investigations only, and it does not imply any limitations of
the general methodology. Indeed, further extensions of the
strategies presented herein are currently in progress and the
results of which will be reported in due course.

Table 1 presents a summary of the results obtained for
living coordinative copolymerization of the set of 1-alkenes,
defined by 1-hexene (H), 4-methyl-1-pentene (4M1P),
propene (P) and 1,5-hexadiene (HXD), and 2a-d that were

1.6 TiCly N P
O« _H 4.5 MeNO, \/\(\/
—_—
\[/ + 2 " give, cryon Ar
Ar 2

Ar = (a) phenyl, (b) p-bromophenyl, (¢) 2-naphthyl, (d) 1-pyrenyl

Scheme 2. One-step synthesis of 4-aryl-1,6-heptadienes.
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Table 1: Copolymers | obtained by LCP and LCCTP according to Scheme 1.7

Run  MP [equiv] 2 [equiv]* 1 CTAlequiv]? 29 [mol%] Yield[g] Yield[%] M,/ 1[kDa] B  TE[PC T [C
1 H(180) a (20) 1a 0 9.2 0.31 84 233 168 -30 -

2 H(180) a (20) b 0 7.7 0.34 92 32.9 164 —4 -

3 4MIP (594) a (6) 12 0 12 1.01 99 88.5 160 38 214219
4 4M1P (594) a (31) la O 4.2 1.06 96 88.0 1.98 43 184194
5 4AMIP (594) a (66) la 0 9.6 1.14 93 80.0 188 45 155

6 P (nd) a (5) la 0 12 0.16 n.d. 23.0 128 4 101

7 H(180) b (20) 1 0 9.8 037 92 26.2 151 —19 -

8 HXD (180) b (20) b 0 9.7 0.36 90 22.4 179 24 -

9 H(180) c (20) 1 0 10.5 0.38 97 22.8 151 -1 -

10 H (180) d (20) 1 0 8.5 0.40 94 27.0 150 -8 -

11 4M1P (600) d (6) 1 0 0.9 4.72 91 60.1 169 34 -

12 H(180) a(30),2¢(15 1b 0 18.0 0.42 90 27.0 161 6 -

13 H (50), HXD (100) 2a (3) 1 0 1.9 0.69 89 30.7 170 -8 101

14 H(106), HXD (81) 2a(2) b 0 3.2 0.75 77 27.5 182 -3517 -

15 H(297) a (15) b ZnE(5) 40 0.50 91 1.1 126 61 -

16" H(237) b (15) b ZnPh,(5) 5.6 0.39 83 0.9 125 —44 -

[a] For details of polymerization conditions for each run, see Supporting Information. [b] H=1-hexene, 4M1P =4-methyl-1-pentene, P=propene,
HXD =1,5-hexadiene. [c] Relative to 1. [d] Gaseous monomer held constant at 5 psi. [e] Determined by '"H NMR. [f] Determined by SEC using
polystyrene standards (THF, 40°C). [g] Determined by DSC. [h] LCCTP was quenched with excess equivalents of |,.

conducted according to the general process outlined in
Scheme 1 and in either the absence (x=0) (LCP) or
presence (x>0) (LCCTP) of excess equivalents, relative to
the active initiator, of a diorganozinc reagent, ZnY, (Y =Et
or Ph), serving as a CTA.P*%1 Different tacticities for I
were further targeted for production through the selective
use of the two different derivatives of 1 as pre-initiators that
are activated upon addition of a slight excess of B1 that
serves as co-initiator through protonolysis of a single methyl
group.! More specifically, as we have extensively reported
previously, chiral (but racemic) C;-symmetric 1a provides a
highly stereoregular isotactic microstructure for the poly-
olefin product, while achiral C,-symmetric 1b provides an
atactic microstructure in the absence of any stereocontrol
effected by the growing polymer chain. Finally, excess
equivalents of either diethylzinc (ZnEt,) or ZnPh, as a CTA
were employed to establish the functional identity of one
end-group of the main chain (e.g. Y =Et or Ph, respectively,
in Scheme 1), and then LCCTP was optionally quenched
using either an excess of I, or a simple protic workup to
establish, at the other end of the chain of I, either an iodo-
terminated (X=1I) or unfunctionalized (X=H) end group,
respectively.® 18]

We have previously reported that the LCP and LCCTP
of 1,5-hexadiene and 1,6-heptadiene provides the respective
poly(methylene-1,3-cyclopentane) (PMCP) and poly(meth-
yl-ene-1,3-cyclohexane) (PMCH) homopolymers through
transition-metal-mediated cyclopolymerization that pro-
ceeds through initial 1,2-MI of one alkene moiety of the
diene monomer, followed by ring-closing insertion involving
the other terminal alkene group.’*"! In the case of 1,6-
heptadiene, the active propagating species stereospecifically
provides a cis-1,3-cyclohexane configuration in the repeat
units that are then linked together in either isotactic or
atactic fashion in the case of 1a and 1b as pre-initiators,
respectively.”! This preference for forming a methylene-cis-
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1,3-cyclohexane moiety was also shown to be preserved for
the LCCTP copolymerization of different feed ratios of 1,5-
hexadiene/1,6-heptadiene that yielded a new category of
poly(methylene-1,3-cyclopentane-stat-cyclohexane) statisti-
cal copolymers in which the glass transition temperature can
be systematically varied from —16°C to 100°C as a function
of increasing six-membered ring content.”! In the present
work, the living coordinative copolymerization of 2 with
different 1-alkenes now introduces a new variable for
polymer tacticity in terms of the two different stereo-
chemical outcomes, syn and anti, that are possible for the 4-
aryl substituent relative to the cis-1,3-configuration of the
six-membered ring within the repeat unit.!"

Copolymer microstructural analyses of all the new
grades of I of Table 1 using '"H and “C{'H} NMR [800 MHz
and 200 MHz, respectively, 1,1,2,2-tetrachloroethane-d,
(TCE-d,), 110°C] spectroscopy provided strong support for
the living nature of each of the LCP and LCCTP processes
through the absence of vinylidene resonances that could
potentially arise through termination via B-hydrogen atom
transfer from the growing polymer chain. Runs1 and 2
confirmed that both pre-initiators 1a and 1b are equally
effective for the LCP of 2a with 1-hexene as comonomers.
However higher than expected P values were obtained for
the polyolefin products of all runs, vis-a-vis P typically being
<11 in the absence of the 4-aryl-1,6-heptadiene
comonomers.”® Broader dispersity values for a living
polymerization are consistent with a propagation mechanism
in which a dormant intermediate is kinetically formed and
that must undergo a reversible or irreversible degenerate
conversion to an active species before further chain growth
can occur. Under these conditions, dispersity will be propor-
tional to the rate constant of this process relative to that of
propagation.'”! As presented in Scheme 3, we speculate that
1,2-MI of 2 initially produces a kinetically dormant inter-
mediate that cannot directly engage in subsequent ring-
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Scheme 3. Proposed degenerate living coordinative co-polymerization
proceeding through kinetic dormant state.

closing cyclization, but that must first undergo conforma-
tional reconfiguration to a structure that is now active for
this propagation step. Further investigations of the validity
of this mechanistic hypothesis are underway.

Runs3-5 of Tablel and Figure2 present results
obtained for copolymers of I in which 4M1P and 2a served
as the co-monomers. The 'HNMR spectra of Figure 2a
established that the experimentally realized ratios for
incorporation of the two types of repeat units are very close
to those expected based on the initial comonomer feed [cf.
for run 3 (exp. vs. theor.): 1.2 vs. 1.0, run 4: 4.2 vs. 5.0, and
run 5: 9.6 vs. 10.0]. This close agreement is also supportive
of a copolymer chain architecture in which the 4-aryl-
substituted cyclohexane structural units are randomly dis-
tributed and isolated from each other. We have not yet
investigated polyolefin products obtained at low polymer-
ization conversion or with much higher amounts of 2 in the
comonomer feed ratio, and so it is possible that, in these
cases, slight differences in reactivity ratios of the two
comonomers could lead to much larger deviations from
expectations for either the level or randomness of incorpo-
ration of the repeat unit from the 4-aryl-1,6-heptadiene
comonomer. The size exclusion chromatography (SEC) data
of Figure 2b provide additional confirmation that incorpo-
ration of the diene comonomer occurs continuously through-
out the living copolymerization and that the relative
absorption intensity of the aromatic chromophore observed
with the UV/Vis detector tracks accordingly to the overall

*

<y
l
J

with a high degree of stereoregularity as evidenced by the
four sharp resonances observed for the mostly isotactic
poly(4-methyl-1- pentene) (iPMP) material of run 3. Very
interestingly, however, as the level of six-membered ring
incorporation increases, there appears to be a corresponding
impact on polymer chain stiffness that results in unusually
long T, times for the two methyl groups (Cs and C¢) of the
pendant isobutyl group that manifests as a distorted
truncated profile for the resonance at 23 ppm. It is possible
that this increase in chain stiffness, which also appears as an
increase in 7, values (see Figure 2d) is due to a “sergeant-
sailor” mechanism in which an isolated six-membered-ring
repeat unit initiates and enforces a long-range helical
structure over a length of several iPMP repeat units.[*”!
Although quantitative stereochemical microstructural analy-
ses of tacticity are beyond the scope of the present work, by
comparison with the *C{'"H} NMR spectra for the homopol-
ymers of iPMP and isotactic cis-1,3 PMCH, we further posit
that incorporation of 2a has occurred in a highly stereo-
selective manner through 1,3-cis cyclohexane ring formation,
and with the relative configuration of the 4-phenyl substitu-
ent being predominantly anti to the ring conjunctures.
Finally, as the differential scanning calorimetry (DSC) data
of Figure 2d reveal, incorporation of an increasing level of
methylene-4-phenyl-cis-1,3-cyclohexane repeat units within
the highly stereoregular iPMP polymer chain microstructure,
which can be denoted as mmmmmmmm at the nonad level,
qualitatively has the same effect on T}, values as that of an
increasing level of incorporation of r stereoerrors, where m
and r signify meso and racemic (rac) relative dyad config-
urations of two adjacent repeat units, respectively.”

Runs 6-9 of Table1 provide a summary of results
obtained for new grades of I that are derived from different

—
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Figure 2. a) Partial '"H (800 MHz, TCE-d,, 110°C) NMR spectra obtained according to runs 3, 4, and 5 (top to bottom) where purple asterisks
denote backbone protons from comonomer 2a, b) SEC traces with Rl and UV detection for the same samples, c) partial *C{'H} (200 MHz, TCE-d,,
110°C) NMR spectra for the same samples where purple asterisks denote backbone carbons from comonomer 2a and d) partial DSC traces of the
second heating cycle measured at 20°C/min for the same samples with bold numbers indicating measured T, and T, values.
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combinations of 1-alkene and 2 as co-monomers."” As with
runs 1-5, the experimentally determined level of incorpora-
tion of 2 was often slightly lower than that expected, but this
variable could nonetheless be tuned by making appropriate
adjustments to the initial feed ratio. Finally, Figure 3
provides comparisons of the absorption (UV/Vis) and
emission (fluorescence) electronic spectra for different sets
of these new derivatives of I. Thus, in Figure 3a, an overlay
comparison of the UV/Vis spectra for a constant solution
concentration (mgmL™") of the 4M1P/2a copolymer prod-
ucts from runs3-5 in tetrahydrofuran (THF) shows the
expected increase in absorptions by the phenyl group that
also remain unperturbed as the level of incorporation of this
chromophore increases. Importantly, an overlay of the
absorption spectra obtained for the copolymer of run 5 after
each of five consecutive dissolution and reprecipitation
processes shows no loss of phenyl group concentration (see
Figure S92), thereby demonstrating the superiority of using
a chemical tether to secure incorporation of fluorescent
molecules vis-a-vis previously used physical absorption
methods. A similar overlay comparison of the UV/Vis
spectra for a series of H/2 copolymers of I in which the
identity of the aryl group changes from phenyl (run 2) to 4-
bromophenyl (run7) to 2-naphthyl (run9) to 1-pyrenyl
(run 10) reveal the ability to systematically manipulate

a. b.

1.4
® 1.2 —— Run 5
o —— Run 4
—
% 1.0+ — Run 3 =]
° o
o -
@ 0.8+ o)
Q o
< 5
8 0.6 &
—
o 2
g 0.4 o
£ <
0.2
z
00— T T T T T T T 7 1
220 240 260 280 300 220 240 260 280 300 320 340 360 380

Wavelength (nm)

Wavelength (nm)
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(‘n"e) @ouaosalon|4
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Figure 3. Partial UV/Vis spectra of a) runs 3, 4, and 5, b) runs 2, 7, 9,
and 10, c) solvent-cast disk of run 11 [7.5 mm (dia.) x 1.0 mm (tk)]
under natural light (top) and UV light (A¢citation =254 nm) (bottom) and
d) absorbance (blue) and fluorescence (Aeitation =344 NM) (cyan)
spectra of run 11.
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spectral absorption properties of these polyolefins. Very
interestingly, even at very low levels of incorporation of the
comonomer 2d, copolymers of I are highly fluorescent due
to emission from the 1-pyrenyl group. Figure 3c establishes
that this property can be incorporated into a transparent
mouldable thermoplastic based on the atactic poly(4-meth-
yl-1-pentene) (aPMP)/2d copolymer from run 11 in which a
0.9 % level of incorporation of 2d has been achieved, and
for which the fluorescence spectrum shown in Figure 3d is
strongly indicative of solution emission arising from isolated
pyrenyl chromophores. We are now undertaking more
detailed investigations of the photophysical properties of the
different derivatives of I from Table 1. Additionally, run 12
of Table 1 provides preliminary results that validate the
strategy of producing “two-color”, and even “multi-color”,
grades of I in which two or more derivatives of 2 are
simultaneously employed as comonomers with 1-alkenes.
Given the living nature of the coordinative co-polymer-
izations using pre-initiator 1 with different 1-alkene/2
comonomer combinations, it is possible to design and
produce a large range of polyolefin block copolymers
(BCPs) in which the optical chromophore of 2 can be
selectively located within different block domains. Figure 4
presents a summary of data obtained in pursuit of the
validation of this strategy by using our prior reports of the
immiscibility of poly(1-hexene) (PH) and PMCP domains
within well-defined PMCP-b-PH block copolymers that
undergo microphase segregation to produce a variety of
nanostructured mesophases.[”™ In brief, according to run 13
in Table 1, a PMCP-b-[PH/2a] block copolymer of I was
produced by sequential LCP of 1,5-hexadiene followed by a
comonomer feed of H/2a (2 mol %). Figure 4a presents the

Figure 4. a) SEC trace (RI=solid line, UV =dotted line) of run 13 for
the first PMCP LCP (red) and the final PMCP-b-[PH/2a] BCP (black),
b) 1D SAXS profile of the LAM phase of run 13 BCP obtained at 125°C
(d=44.5 nm), c) SEC trace of run 14 for the first PH LCP (black) and
the final PH-b-[PMCP/2a] BCP (red), d) ps-tm AFM phase map of 30-
nm-thick film annealed to 60°C of run 14 BCP on a carbon-coated Si
(¢-Si) substrate.

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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SEC traces for an aliquot taken after formation of the
PMCP block (red) and of the final BCP product (black) that
serve to confirm that the phenyl group is located only within
the PH domain, with a 1.9 % level of incorporation of 2a as
determined by '"H NMR analysis. Thermotropic annealing of
the bulk material at 125°C produced a microphase-segre-
gated lamellar (LAM) mesophase with a domain spacing of
445nm for this PMCP-b-[PH/2a] block copolymer as
determined by small-angle x-ray scattering (SAXS) charac-
terization data shown in Figure 4b.*'! A LAM morphology is
consistent with the experimentally determined weight frac-
tion of the PMCP domain, fpycp, 0of 0.53. On the other hand,
run 8 of Table 1 confirmed that 2a can also be incorporated
within the PMCP domain of a PMCP-b-PH block copoly-
mer. Thus, as demonstrated by run 14 in Table 1, sequential
LCP of H followed by a 1,5-hexadiene/2a (3.0 mol %)
comonomer feed was now used to produce the alternative
[PMCP/2a]-b-PH BCP in which the phenyl group, with a
3.2 % level of incorporation, is now located only within the
PMCP block domain, as revealed by comparison of the SEC
traces shown in Figure 4c. In this case, an experimentally
determined fpycp value of 0.44 was determined. The phase
map obtained from phase-sensitive tapping mode atomic
force microscopy (ps-tm AFM) characterization of an ultra-
thin film (thickness =30 nm) of this [PMCP/2a]-b-PH BCP,
supported on a carbon-coated polycrystalline Si (c-Si)
substrate and after thermal annealing at 60°C for 18 h,
presents a “finger-print” surface pattern that is consistent
with either a LAM, morphology, in which the alternating
lamellar domains are oriented perpendicular to the substrate
surface, or a hexagonal cylindrical mesophase, HEX || in
which the cylindrical domains are oriented parallel with the
substrate.™!" A domain spacing of 75.0nm that is
obtained from this phase map can only be viewed as the
upper limit value due to non-deconvolution of spatial effects
of the probe tip. Finally, while additional SAXS character-
ization of this block copolymer conclusively shows the
absence of a pure LAM morphology, only a mixed LAM/
HEX mesophase can be tentatively assigned due to possible
molar mass dispersity effects and the lack of long range
periodic ordering."** Clearly, though, based on these
preliminary results, it is not hard to envision a much broader
range of additional BCP designs in which block domains can
be “color-coded” by using sequential additions of different
1-alkene/2 combinations.

As a final consideration, runs 15 and 16 of Table 1
provide preliminary results obtained from an investigation
of the ability of 2 to function as a comonomer along with
1-alkenes for LCCTP in which excess equivalents of ZnEt,
or ZnPh, are used as CTAs. Most notably, run 16 presents
the LCCTP of a H/2b comonomer feed with ZnPh, as the
CTA that was then terminated by the addition of excess
equivalents of I, to produce the unique unsymmetric tele-
chelic copolymer shown in Figure 5 in which the aryl groups
at one terminus and within the main-chain are structurally
different and with orthogonal reactivity towards post-
polymerization reactions, such as aromatic electrophilic
substitution and transition-metal-catalyzed Negishi coupling.
It is important to note that, at the level of incorporation of
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Figure 5. Partial "H (800 MHz, TCE-d,, 90°C) NMR spectrum of the
telechelic copolymer from run 16. Inset provides an overlay comparison
of the UV/Vis spectrum (with arbitrary absorbance as y-axis) for the
copolymer product of run 16 (black), run 8 (green), and an independ-
ently synthesized I-aPH-Ph standard? (blue).

2b, we are not able to distinguish and quantify by NMR the
possible alternative occurrence of an iodo-end group arising
from quenching of LCP with this comonomer as the terminal
repeat unit, and accordingly, only the iodo-end group due to
iodine quench after 1-hexene insertion is shown in Figure 5.
The use of this and other dual functionalized telechelic
variants of derivative of I as building blocks for the design
of novel polyolefin-based materials is now a wide-open
landscape that can deliver new discoveries, new science, and
new technologies.

In summary, the past 70 years have witnessed incredible
advances with the development of new catalysts, polymer-
ization mechanisms, and reactor designs that have served to
greatly expand the structures and properties of purely
hydrocarbon-based polyolefins. The present results now
serve to throw the door wide open to many different
dimensional levels of telechelic and main-chain functional-
ized polyolefins that can be both designed and obtained in
practical and scalable quantities for the purpose of moving
beyond simple functionalized polyolefins to the greater
challenge of crafting and utilizing functional polyolefins.

Experimental Section

Complete experimental details are provided in the Supporting
Information.
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