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Dehydrogenation and subsequent chemical modification of polyolefins emerges as a promising polymer- 
to-polymer upcycling pathway. We report the functionalization of polycyclooctene (PCOE), a model for 
dehydrogenated polyethylene, by thiol-ene click chemistry to install carboxylic acid (COOH) terminated 

alkane pendant groups. This functionalization approach attached three pendants of different alkane 
spacer length: thioglycolic acid, mercaptopropionic acid, and mercaptooctanoic acid. Functionalization 

attached pendants to 3–22 mol% of the ethylene monomeric units, was well controlled by varying 

reaction stoichiometry and time, and did not require acid groups protections. Greater than 95% of the 
COOH groups participated in secondary bonding, forming aggregates detectable in X-ray scattering at 
high COOH mass fractions. Crystallinity and melting temperature decreased with increasing COOH 

mass fraction. Dynamic mechanical analysis (DMA) reveals both COOH mass fraction and pendant 
architecture tunes the rubbery plateau moduli, which is well described by the molar mass per backbone 
bond. This functionalized polymer exhibits commensurate surface and mechanical properties to 

commercial poly(ethylene- co -acrylic acid). 

 

 

 

 

 

 

 

Introduction 

Though plastics offer significant value in modern life, managing
their waste poses a tremendous environmental challenge. The U.S.
recycled < 8% of the 51 million tons of plastic waste it created in
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2021, a stark illustration of the challenges unmet by conventional
recycling technologies [1–3] . Conventional mechanical recycling
alters the molecular weight distribution of polyolefins, degrading
properties and reducing the material value by a factor of > 2 when
compared to pristine polymer [4–6] . Given this limit inherent to
conventional recycling approaches, chemical recycling has drawn
significant interest as it transforms waste polymer into higher
value products [ 1 , 4 ]. Ultimately, valorization of polymer waste
will become necessary to reduce the total environmental impact
of plastics [7] . 
 license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

1 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.giant.2023.100231&domain=pdf
mailto:coughlin@mail.pse.umass.edu
mailto:winey@seas.upenn.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.giant.2023.100231


Giant, 17, 2024, 100231 

Full-length
 article

 

t
[  

p
[  

d
o
a
d
p
p  

C
p
a  

p
g
r
o
t

t
t
u  

U  

r
e  

s  

a
(  

o  

i
p  

e
(

e  

m
i
a  

r
h  

a  

v
s
c
p
a  

a
a
a  

p
t  

W
d
f  

s  

o

Fig. 1 

(a) Partial functionalization of PCOE with mercaptoethanol and subsequent 
hydrogenation, previously repor ted [20] . (b) Par tial functionalization of PCOE 
with carboxylic acid terminated alkane pendants followed by hydrogenation 
of the functionalized product. 
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Polymer-to-polymer chemical recycling and upcycling target 
he conversion of waste polymer to higher value polymers 
1] . This both consumes polymer waste and creates specialty
olymers without needing to use petrochemical feedstock 
 7 , 8 ]. Polymer-to-polymer upcycling has been investigated with
irect functionalization of waste polymer by metal catalysis, 
rganocatalysis, free radical generators, and xanthylation 

mong other approaches [9–13] . Alternatively, we propose 
ehydrogenating waste polyethylene (PE) as the first step of 
olymer-to-polymer upcycling followed by functionalization to 
reserve molar mass. Prior work from both the Goldman and
oates groups have already demonstrated dehydrogenation of 
olyolefins to generate unsaturations [14–16] . More recent work 
lso used dehydrogenation as part of a pathway to deconstruct
olyolefins [17–19] . As polyolefins constitute over 57% of 
lobal plastic production and are currently recycled at low 

ates, developing a successful upcycling pathway represents an 

pportunity to recover value from materials that are currently 
hrown away [1] . 

In prior work, we demonstrated thiol-ene click chemistry 
o functionalize polycyclooctene (PCOE) with hydroxyl ethyl 
hioether pendant groups [20] . Thiol-ene click chemistry proceeds 
nder mild conditions either neat or in benign solvents under
V light to install functionality on vinyl groups [ 21 , 22 ]. This
eaction was used to functionalize polybutadiene by Coughlin 

t al., and was applied to upcycling of poly(acrylonitrile butadiene
tyrene) polymers by Kim et al. [ 21 , 23 ]. We functionalized PCOE
s a model for upcycling partially-dehydrogenated polyethylene 
PE), Fig. 1 a . In our prior work we demonstrated both good control
ver the level of functionalization and that the extent of pendant
ncorporation tunes thermal, structural, surface, and adhesive 
roperties [20] . Herein we further elaborate on the use of thiol-
ne click chemistry to functionalize PCOE with carboxylic acid 
COOH) terminated linear alkane pendants. 

Polyolefin copolymers with carboxylic acid functionality, 
.g. poly(ethylene- co -acrylic acid) (EAA) or poly(ethylene- co -
ethacrylic acid) (EMA), are well studied and commercially 

mportant for their broad range of tunable surface, mechanical, 
nd rheological properties [24–27] . The inclusion of acid groups
educes the crystallinity and forms nanoscale aggregates of 
ydrogen-bonding acid groups [ 24 , 26–29 ]. These acid aggregates
ct as physical crosslinks, and give rise to the properties typically
alued in associating polymers, including high toughness, high 

urface polarity, and resistance to flow. Conventional acid- 
ontaining polymers are prepared by high pressure free radical 
olymerization resulting in a highly branched architecture with 

 random distribution of acids [24] . The relationships between
cid concentration in conventional acid-containing polymers 
nd key properties, including thermal, dynamic, rheological, 
nd mechanical, are well studied [ 25 , 27 , 30–34 ]. These material
roperties are typically described with multi-component models 
o include amorphous and crystalline domains [ 28 , 30 , 31 , 35 , 36 ].
akabayashi and Register first applied the Davies model that 
escribes total elastic modulus as a combination of contributions 
rom the amorphous and crystalline domains to EAA [31] . Prior
tudies by Winey have investigated the role of acid aggregates
n mechanical and dynamic behavior in precise acid-containing 
 

olymers through X-ray scattering, tensile testing, quasi-elastic 
eutron scattering, and molecular dynamics simulations [37–42] . 
recise EAA polymers synthesized by acyclic diene metathesis 
ADMET) exhibit unique mechanical behavior. For example, at 
ntermediate acid content ( ∼ 26 wt% COOH), the acid aggregates 



Giant, 17, 2024, 100231 

Fu
ll-
le
ng

th
 
ar
ti
cl
e 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

transform from liquid-like distribution to layers, driving strain
hardening [39] . Thus, synthesizing precise or pseudo-precise acid-
containing polymers via different routes is also of interest. 

Herein, we design thiol-ene click chemistry to generate novel
acid-containing polymers with linear alkane pendant groups
with carboxylic acid and investigate their structure-property
relationships. An alkane spacer separates the carboxylic acid
from the backbone. Starting with PCOE, we synthesized novel
functional polymers with methylene spacers of 1, 2 or 7 carbons.
We show good control over the level of functionalization
through both the thiol:vinyl ratio and reaction time. This
versatile chemistry also works with polyolefins at lower levels
of unsaturation, as demonstrated here by the functionalization
of partially-hydrogenated PCOE. Notably, this functionalization
approach does not require steps to protect and de-protect
the carboxylic acids, an improvement over previously reported
approaches to synthesizing precise acid-containing polymers
[ 37 , 43 ]. 

We characterized the structural, thermal, dynamic mechanical,
and surface properties as a function of acid concentration and
spacer length. The sulfur radical addition to the C = C to create
a thio-ether is not regio-regular, and therefore the pendant groups
at full functionalization are, on average, separated by 6, 7, or
8 methylene units. Thus, at high levels of functionalization,
the acid-PCOE materials become pseudo-precise, allowing us
to identify acid aggregates in X-ray scattering [39] . This
work demonstrates a route to synthesizing pseudo-precise acid-
containing polymers with unusual and tunable properties. We
find a strong dependence on acid concentration for all properties,
though only select behaviors depend on the spacer length
including the glass transition and melting temperatures. The
rubbery plateau modulus decreases at higher molar mass per
backbone bond. Notably, these polymers exhibit both surface
and mechanical properties commensurate with commercial EAA,
demonstrating promise for applications in packaging. 

Experimental methods 
Materials 
The following reagents were purchased from various
vendors and used as received. cis -Cyclooctene (contains
100–200 ppm Irganox 1076 FD as antioxidant, 95%),
dichloromethane (CH2 Cl2 , > 99%), cis-1,4-Dibenzyloxy-2-
butene (C6 H5 CH2 OCH2 CH= CHCH2 OCH2 C6 H5 , 95%), Grubbs
Catalyst® M300 (C38 H40 Br2 Cl2 N4 Ru), methanol (CH3 OH, ACS
grade), tetrahydrofuran (THF, ACS grade), thioglycolic acid
(HSCH2 COOH), mercaptopropionic acid (HS(CH2 )2 COOH),
mercaptooctanoic acid (HS(CH2 )7 COOH), p -toluenesulfonyl
hydrazide (TSH, C7 H10 N2 O2 S, 97%), p-xylene (C6 H4 (CH3 )2 ,
99%), 1,1,2,2-Tetrachloroethane (TCE, C2 H2 Cl4 , 98%), Dimethyl
sulfoxide (DMSO, (CH3 )2 SO, 99%), Tri- n -propyl amine (TPA,
(CH3 CH2 CH2 )3 N, ≥98%). The UV lamp was purchased from
cureuv.com 16 inch (406 mm) mountable UV lamp with UV-A
36 Watt bulb emitting ultraviolet light with wavelengths of 315–
400 nm. Commercial EAA was purchased from Sigma Aldrich with
COOH concentrations of 5 and 15 wt% as reported by the vendor.
These polymers were prepared by free radical polymerization, and
therefore have high dispersity and are branched [44] . 
Functionalization of PCOE using thiogycolic acid 
PCOE with benzyloxy end-groups was synthesized following a
procedure described in a previous publication [20] . In a 20 ml vial,
750 mg of PCOE (Mn = 11,200 g/mol by 1 H NMR, 0.07 mmoles)
was dissolved in 15 ml of THF at room temperature. The solution
was degassed with an N2 purge for 10 min after which thioglycolic
acid (thiol to vinyl ratio 2:1) was added to the solution. After
sparging with nitrogen for 5 more minutes, Irgacure 2959 (2 mol%
relative to vinyl) was added to the solution. The reaction vial was
sealed and stirred while exposed to UV-A light for either 15, 30, 60,
100, and 120 min to attain different levels of functionalization.
The reaction solution was then precipitated in water and the
polymer was isolated by decanting the solvent. 

Functionalization of PCOE using mercaptopropionic acid 
In a 20 ml vial, 750 mg of PCOE (Mn = 11,200 g/mol by 1 H
NMR, 0.07 mmoles) was dissolved in 15 ml of THF at room
temperature. The solution was degassed with an N2 purge for
10 min after which mercaptopropionic acid (thiol to vinyl ratio
ranging from 1:1 through 4:1) was added to the solution. After
sparging with nitrogen for 5 more minutes, Irgacure 2959 (2 mol%
relative to vinyl) was added to the solution. The reaction vial was
sealed and stirred while exposed to UV-A light for either 120, 135,
and 150 min to achieve different levels of functionalization. The
reaction solution was then precipitated in water and the polymer
was isolated by decanting the solvent. 

Functionalization of PCOE using mercaptooctanoic acid 
In a 100 ml round bottom flask, 750 mg of PCOE
(Mn = 13,000 g/mol by 1 H NMR, 0.07 mmoles) was dissolved in
30 ml of THF at room temperature. The solution was degassed
with a N2 purge for 10 min after which mercaptooctanoic acid
(thiol to vinyl ratio - 1:1) was added to the solution. After sparging
with nitrogen for 5 more minutes, Irgacure 2959 (2 mol% relative
to vinyl) was added to the solution. The reaction vial was sealed
and stirred while exposed to UV-A light for 120 min to convert
36% of C = C. The reaction solution was then precipitated in water
and the polymer was isolated by decanting the solvent. 

In a 100 ml round bottom flask, 750 mg of PCOE
(Mn = 13,000 g/mol by 1 H NMR, 0.07 mmoles) was dissolved in
50 ml of THF at room temperature. The solution was degassed with
a N2 purge for 10 min after which mercaptooctanoic acid (thiol to
vinyl ratio - 4:1) was added to the solution. After sparging with
nitrogen for 5 more minutes, Irgacure 2959 (4 mol% relative to
vinyl input, 20 mg) was added to the solution. The photoinitiator
was added by a dosing technique; 4 mol% of Irgacure 2959 was
added every hour for 7 h to convert 84% of C = C. The reaction
solution was precipitated in excess of methanol and the polymer
was isolated by decanting the solvent. 

Functionalized PCOE is denoted as n ( x /4)-PCOE, where n
represents the number of methylene groups in the pendant,
x is the conversion of C = C bonds, and x /4 represents
the functionalization determined by 1 H NMR, Fig. 1 b .
Functionalization refers to the fraction of ethylene monomeric
units with a pendant group installed, and can range from 0 to
25%, when PCOE is the starting polymer. 
3 
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Table 1 

Conversion and COOH mass fraction determined by 1 H NMR as a function of thiol:vinyl ratio and reaction time. 
Number average molecular weight (Mn ) was determined by end-group analysis in 1 H NMR. ∗denotes a sample was 
hydrogenated then functionalized. 

Thiol:vinyl Ratio Reaction Time (min) Mn (kg/mol) Conversion (%) COOH Mass Fraction 

1h(3)-PCOE 2:1 15 10.9 12 0.04 
1h(7)-PCOE 2:1 20 11.3 28 0.09 
1h(13)-PCOE∗ 3:1 180 12.4 52 0.14 
1h(16)-PCOE 2:1 60 14.8 64 0.17 
1h(19)-PCOE 2:1 100 17.8 76 0.19 
1h(22)-PCOE 2:1 120 19.1 88 0.21 

2h(6)-PCOE 1:1 120 10.1 24 0.07 
2h(11)-PCOE 2:1 120 11.3 44 0.12 
2h(14)-PCOE 2.5:1 135 13.2 56 0.15 
2h(17)-PCOE 3:1 120 11.2 68 0.17 
2h(19)-PCOE 3.5:1 135 18.5 76 0.18 
2h(22)-PCOE 4:1 120 23.2 88 0.19 

7h(9)-PCOE 1:1 120 21.6 36 0.09 
7h(21)-PCOE 4:1 420 32.8 84 0.15 

H
I  

P  

d
w  

d  

T  

w  

f  

u
h
s  

w  

m  

a
s  

h
w  

o  

w
w  

p
a  

d  

b  

P
d
t  

t
T

H
P

 

P

4  

fl  

1  

a
t
r
o  

w  

s
s
P  

9

F
 

(
3  

w  

t  

n  

v  

w  

l
r
w

N
1

p
(  

1

1
w
s
1

m

4

ydrogenation of functionalized PCOE 
n a 250 ml round bottom flask, 600 mg of functionalized
COE (Mn of initial PCOE – 11,200 g/mol or 13,000 g/mol) was
issolved in 30 ml of 1,1,2,2 tetrachloroethane (TCE). Samples 
ith 12 mol% or more functionalization were too polar to
issolve in TCE. These samples were dissolved in 30 ml of DMSO.
he round bottom flask was then transferred to an oil bath
hich was preheated to 125 °C. After letting the solution stir
or 10 min, tri- n -propyl amine (5 molar excess of remaining
nsaturation) was added to the solution. Para -toluene sulfonyl 
ydrazide (5 molar excess of remaining unsaturation) was then 

lowly added to the solution over 10 min and the reaction
as stirred for 150 min. The hot solution was precipitated in
ethanol (ca. 300 ml). The presence of the base (tri- n -propyl
mine) leads to formation of a carboxylate ammonium complex 
oluble in methanol. As a result, for samples with 12 mol% and
igher functionalization, the precipitating solvent (methanol) 
as acidified using excess of 0.5 M HCl to crash the polymer
ut of the solution. Once the polymer is precipitated, the sample
as isolated by decanting the solvent. After isolation, products 
ith low levels of functionalization formed a powder while
roducts with higher levels of functionalization formed a soft 
nd tacky solid. Product was transferred to a vial and was
ried under vacuum at 90 °C for 5 h. The polymers that are
oth functionalized and hydrogenated are referred to as nh ( x /4)-
COE, where h denotes complete hydrogenation. To account for 
ifferences in pendant length, samples are analyzed with respect 
o their COOH mass fraction, Table 1 . We focused our studies on
he hydrogenated forms of the functionalized polymers given in 

able 1 . 

ydrogenation followed by functionalization of PCOE 
artial hydrogenation 
In a 250 ml round bottom flask, 750 mg of functionalized

COE (Mn of initial PCOE – 11,200 g/mol) was dissolved in 
 

0 ml of p -xylene at room temperature. The round bottom
ask was transferred to an oil bath which was preheated to
25 °C. After letting the solution stir for 10 min, tri- n -propyl
mine (5 molar excess of remaining unsaturation) was added to 
he solution. Para -toluene sulfonyl hydrazide (5 molar excess of 
emaining unsaturation) was then slowly added to the solution 

ver 10 min. The reaction was stirred for 2.5 h. The hot solution
as precipitated in methanol (ca. 300 ml) and the polymer was
eparated using gravity filtration. Polymer was a white powder 
uspended in hot water and recovered by decanting the solvent. 
roduct was transferred to a vial and was dried under vacuum at
0 °C for 5 h. 

unctionalization of the partially hydrogenated PCOE 
In a 20 ml vial, 720 mg of the partially hydrogenated PCOE

Mn = 11,200 g/mol by 1 H NMR, 0.07 mmoles) was dissolved in 

0 ml of THF at room temperature. The solution was degassed
ith a N2 purge for 10 min after which thioglycolic acid (thiol
o vinyl ratio 3:1) was added to the solution. After sparging with
itrogen for 5 more minutes, Irgacure 2959 (2 mol% relative to
inyl input, 30 mg) was added to the solution. The reaction vial
as sealed and stirred while exposed to UV-A light for 180 min
eading to 100% functionalization of remaining unsaturation. The 
eaction solution was then precipitated in water and the polymer 
as isolated by decanting the solvent. 

uclear magnetic resonance (NMR) spectroscopy 
 H NMR spectroscopy of all functionalized samples were 
erformed in 5 mm diameter tubes in deuterated chloroform 

CDCl3 ) at 25 °C on a Bruker 500 spectrometer at 500 MHz.
 H NMR spectroscopy of the functionalized samples with ≤
2 mol% functionalization (before and after hydrogenation) 
ere performed with a Bruker Avance III 500 MHz NMR 

pectrometer in 1,1,2,2 tetrachloroethane- d4 at room temperature. 
 H NMR spectroscopy of the functionalized samples with > 12 
ol% functionalization (before and after hydrogenation) were 
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performed with a Bruker Avance III 500 MHz NMR spectrometer
in dimethyl sulfoxide- d6 at room temperature. Diffusion-edited
1 H NMR spectroscopy removed residual solvent signals that
overlapped with key resonances. 1 H NMR was used to calculate
molar mass from end-group analysis, as described on page S7 and
S8 in the supporting information section. 

Contact angle measurements 
Polymers were first dried in a vacuum oven at 125 °C
for 5 h, high enough to melt the crystals but not hot
enough to initiate anhydride formation between COOH groups
[45] . This drying procedure was used before contact angle
measurements, Fourier transform infrared spectroscopy (FTIR), X-
ray scattering, differential scanning calorimetry (DSC), thermo-
gravimetric analysis (TGA), and dynamic mechanical analysis
(DMA). Polymer samples were hot pressed into flat circular films
1 cm in diameter. Hot pressing proceeded at 135 °C in a custom
polytetrafluoroethylene (PTFE) window mold between two liners
of PTFE and steel sheets. After a pre-heat for 5 min, polymers
were pressed under one ton of pressure for an additional 15 min
then allowed to return to room temperature. Water contact angle
measurements were performed by applying a 10 μL droplet to the
polymer surface then taking a picture in profile. The profile of the
droplet was fit to the Young-Laplace eq. to identify the contact
angle [46] . 

Fourier transform infrared spectroscopy (FTIR) 
FTIR measurements were taken on a Nicolet is50 FTIR on an
ATR attachment with a MCT/A liquid nitrogen cooled detector.
Bulk polymer powder was compressed under an anvil against
a diamond crystal. ATR-FTIR measurements were conducted at
0.2 cm−1 resolution and taken from the sum of 100 scans. FTIR
absorbance spectra were normalized to the intensity of the C–H
asymmetric peak at ∼2850 cm−1 . 

X-ray scattering 
Approximately 2 mg of n h( x /4)-PCOE polymers were loaded into
glass capillaries with diameters of 1 mm and wall thicknesses of
10 μm. X-ray scattering was performed on a Xeuss 2.0 instrument
with a Cu K α source. Small angle X-ray scattering (SAXS) data were
collected by a 1 M Pilatus solid state detector and wide angle X-ray
scattering (WAXS) data were collected by a 100 K Dectris detector.
A Linkam I HFS350 stage controlled the sample temperature and
X-ray scattering measurements were taken at both 25 and 125
°C. SAXS measurements were performed at a sample to detector
distance (SD) of 576 mm and each exposure was taken with high
flux collimation (slit 1 at 1.5 × 1.5 mm, slit 2 at 0.7 × 0.7 mm) for
30 min. 

Differential scanning calorimetry (DSC) 
Differential scanning calorimetry (DSC) was performed using
a TA Q2000 instrument with ∼ 5 mg of samples loaded into
hermetic aluminum pans. DSC measurements were conducted in
modulating mode with an amplitude of 1 K and period of 45 s.
Samples were subjected to an initial heating to 150 °C to erase
thermal history followed by a cooling then final heating cycle.
The cooling and final heating cycles were conducted with a ramp
rate of 5 K/min. 
Thermo-gravimetric analysis (TGA) 
Thermal gravimetric analysis (TGA) was performed using
TA Instruments Q50 thermal gravimetric analyzer. TGA
measurements were conducted on 5 mg of polymer loaded in a
platinum pan and heated at 20 K/min from room temperature to
600 °C under a nitrogen atmosphere. 

Dynamic mechanical analysis (DMA) 
Samples were hot pressed into rectangular coupons of dimensions
25 ×3 × 0.5 mm using a custom stainless steel mold window
mold following the same procedure described above in the
contact angle section. A TA Instruments RSAIII was used for DMA
measurements. DMA measurements were conducted as a function
of temperature from −95 to 85 °C at a ramp rate of 5 K/min
with a strain amplitude of 0.2% and a frequency of 1 Hz. The
DMA automatically adjusted the average gap length between the
crossbars to maintain a minimum load of 20 g to ensure sufficient
signal. This strain amplitude lies within the linear elastic regime
while producing enough force to generate sufficient signal, Fig.
S21. 

Results and discussions 
Functionalization and hydrogenation from PCOE to nh-PCOE 
Successful synthesis of n h( x /4)-PCOE was confirmed by diffusion
edited 1 H NMR spectroscopy, Fig. 2 a . Increase in functionalization
is marked by an increase in the intensity of the thiolene
methylene peak at δ = 3.1 ppm (1h-PCOE), 2.7 ppm (2h-
PCOE) ppm, or 2.3 ppm (7h-PCOE) and the methine peak at
δ = 2.6 ppm (1h-PCOE) or 2.9 ppm (2h-PCOE), Fig.s S1, S3,
S5. 1 H NMR spectroscopy shows the successful hydrogenation of
the samples denoted by the complete disappearance of the vinyl
peak at δ = 5.4 ppm, Fig. 2 a . The peaks corresponding to the
functionalized material is still intact showing that the thiolene
pendant group is unaffected by the hydrogenation reaction, Fig.
S2, S4, S6. End group analysis in 1 H NMR shows the incorporation
of pendant groups accounts for all changes in Mn ( Table 1 ),
demonstrating this polymer-to-polymer transformation retains
the overall degree of polymerization. 

Functionalization of 1h-PCOE was well controlled by reaction
time, Fig. 2 b . The functionalization of 1h-PCOE increases linearly
with reaction time (r2 = 0.97): from 3 mol% at 15 min to
22 mol% after 120 min. Similarly, the functionalization of 2h-
PCOE was well controlled by reaction stoichiometry, Fig. 2 c .
Functionalization of 2h-PCOE increases linearly with the thiol to
vinyl ratio (r2 = 0.99); a 1:1 thiol to vinyl ratio yielded 5 mol%
functionalization and a 4:1 thiol to vinyl ratio produced 22 mol%
functionalization. 

Partial hydrogenation then functionalization from PCOE to 
nh-PCOE 
1 H NMR spectroscopy shows the reduced intensity in peaks
corresponding to the vinyl and allyl region ( δ = 5.4 and 2.0 ppm
respectively) relative to the aliphatic region ( δ = 1.3 ppm)
confirming the partial hydrogenation of the PCOE sample,
reducing the percent unsaturation from 25 mol% to 13 mol%,
Fig. 3 . Successful synthesis of the 1h-PCOE was confirmed using
diffusion edited 1 H NMR characterization shown in Fig. 3 where
5 
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Fig. 2 

(a) 1 H NMR of h-PCOE along with 1h(22)-PCOE, 2h(22)-PCOE, and 7h(21)-PCOE shifted vertically for clarity. The region highlighted in yellow contains the methylene 
and methine peaks that denote functionalization. Percent functionalization as determined by 1 H NMR of (b) 1h-PCOE functionalization controlled by reaction time 
and (c) 2h-PCOE functionalization controlled by thiol to vinyl ratio. 
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he vinyl peak at δ = 5.4 ppm completely disappears and the
hiolene methylene peak appears at δ = 3.2 ppm and methine peak
ppears at δ = 2.9 ppm. 

ontact angle 
he contact angle was determined by fitting the Young-Laplace 
q. to an image of a water droplet on the surface, Fig. 4 . The
ontact angle decreases from 98.1 ± 2.0 o in h-PCOE to 62.3 ± 1.3 °
n 1h(22)-PCOE, indicating that the surface becomes more polar 
ith greater acid incorporation. The contact angle does not 
trongly depend on pendant spacer when plotted as a function of
OOH mass fraction, Fig. 4 . The polymers reported here exhibit
imilar surface polarities to comparable commercial polymers as 
videnced by the inclusion of commercial EAA contact angles. 
s contact angle measures surface polarity, a property crucial for
 

dhesion, the polymers reported here show promise to plausibly 
eplicate the adhesive properties of EAA. 

TIR 
TIR spectroscopy reveals the secondary bonding environment 
f COOH through shifts in the carboxylic acid C = O stretching
eak. Numerical integration over the total C = O stretching 
egion associated with COOH groups shows a strong relationship 
etween the area of the COOH peak and COOH mass fraction
s determined by 1 H NMR, Fig. 5 b . When COOH groups do
ot participate in hydrogen bonding, the C = O stretching peak
ppears at ∼ 1750 cm−1 [ 45 , 47 ]. A peak centered at ∼ 1728 cm−1 is
ttributed to C = O stretch from COOH groups participating in one
ydrogen bond and a peak at ∼ 1705 cm−1 is attributed to COOH
ith two hydrogen bonds [ 45 , 47 ]. The COOH signals of n h( x /4)-
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Fig. 3 

Synthetic design for partially-hydrogenating PCOE then functionalizing the resulting product with thioglycolic acid. 1 H NMR spectra of the PCOE, partially- 
unsaturated PCOE, and 1h(13)-PCOE product showing successful partial hydrogenation then functionalization. 

Fig. 4 

Water contact angle from fitting the Young-Laplace eq. to a water droplet on 
room temperature on nh-PCOE surfaces. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PCOE polymers were fit to two Lorentzian functions, Fig. 5 a [48] .
These fits reveal > 95% of the COOH groups participate in either
one or two hydrogen bonds. Integrating these peaks showed the
fraction of COOH groups participating in two hydrogen bonds
accounted for 56% to 100% of the total COOH signal in all
polymers where fits were possible, Fig. S13. 

X-ray scattering 
While FTIR spectroscopy confirms that the COOH groups
participate in hydrogen bonding, X-ray scattering detects
aggregates of these hydrogen-bonded acid groups in 1h( x /4)-PCOE
and 2h( x /4)-PCOE polymers, Fig. 6 . 2D SAXS and WAXS patterns
were isotropic and integrated azimuthally. The low Q peak in
SAXS (Q ∼ 0.4 Å−1 , ∇) is attributed to inter-aggregate scattering
and is evident in 1h-PCOE with > 7 mol% functionalization,
and 2h-PCOE with > 14 mol% functionalization, Fig. S14–16.
Persistence of these peaks above the melting temperature, after the
disappearance of all crystalline peaks, supports the assignment as
inter-aggregate scattering. Heating the sample above the melting
temperature slightly decreases the average inter-aggregate spacing
by 0.5–1 Å (Table S1). This slight decrease matches observations
in prior studies of the structure of COOH-containing precise
polyolefins both above and below their melting temperatures
[ 49 , 50 ]. 

These aggregates appear to have a liquid-like packing, as
supported by the broad isotropic SAXS peak with no higher
order reflections, and by prior investigations of precise EAA
[ 29 , 39 , 40 , 49 , 51 ]. The peak broadness does not change with
functionalization (Fig. S14–16), indicating that uniformity of
interaggregate distances is independent of functionalization. This
matches expectations for aggregate packing in precise acid-
containing polyolefins [ 49 , 50 ]. Commercial EAA (random and
branched) and random linear EAA polymers do not exhibit
inter-aggregates scattering peaks due to the broader distribution
of aggregate spacings [ 40 , 51 ]. The emergence of a detectable
aggregate scattering peak as functionalization increases likely
arises from both greater total signal and more regular periodicity
of the polymer architecture. 

X-ray scattering did not detect an inter-aggregate peak in
7h(21)-PCOE even though FTIR spectroscopy confirms the COOH
groups participate in hydrogen bonding, because this polymer
has a lower acid content than other highly functionalized
samples given the longer pendant; 7h(21)-PCOE has an COOH
mass fraction of ∼ 0.15 compared to ∼ 0.21 in 1h(22)-
PCOE. Additionally, the longer pendant in 7h( x /4)-PCOE has
more potential conformations than the other pendants studied,
broadening the potential inter-aggregate spacing and possibly
changing the aggregate shape. We observe an inter-aggregate
scattering peak in 1h-PCOE but not 7h-PCOE at ∼ 0.15
COOH mass fraction, evidencing the role of pendant alkane
spacer in the detectable structure of n h( x /4)-PCOE polymers,
Fig. 6 a . 
7 
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Fig. 5 

(a) Representative FTIR spectra of the C = O stretch peak corresponding 
to COOH in 1h(22)-PCOE, 2h(22)-PCOE, and 7h(21)-PCOE with Lorentzian 
functions fit to the peaks from acids participating in one H-bond ( ∼ 1728 cm−1 ) 
and two H-bond ( ∼ 1705 cm−1 ) [ 45 , 47 ]. (b) The total integral of the COOH peak 
corresponds well to the COOH mass fraction measured by 1 H NMR. 
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8

The inter-aggregate spacing decreases with increasing COOH 

ass fraction, from ∼ 24.8 Å at 9 wt% COOH to 15.5 Å
t 20.7 wt% COOH ( Fig. 6 b) . Atomistic molecular dynamics
imulations of precise EAA show small acid aggregates of 2
r 3 acid groups nearly independent of COOH concentration 

 51 , 52 ]. Thus, increasing the COOH concentration generates
ore aggregates and decreases the inter-aggregate distances. Our 
bservations match this intuition, as do prior investigations 
nto acid containing polyolefins [ 29 , 39 , 40 , 49–51 ]. Inter-aggregate
pacing of 1h-PCOE and 2h-PCOE polymers aligns with that of
recise linear EAA synthesized by ADMET, Fig. 6 b adapted from
eitz et al. [49] . This suggests the synthesis reported here offers
n alternative route to pseudo-precise acid-containing polymers. 
hen PCOE is fully functionalized, the pendant groups are 

eparated by 6, 7, or 8 backbone carbons. 
 

The sparsely-functionalized samples reported here exhibit 
rystallinity detectable by WAXS, 1h(3)-PCOE in Fig. 6 a and S14–
6. The WAXS scattering of n h( x /4)-PCOE polymers with < 14
t% COOH have an orthorhombic crystal structure with lattice 
arameters of a = 7.2 Å and b = 5.1 Å, comparable to HDPE [53] . 

hermal properties 
SC reveals a monotonic decrease in melting temperature, 
rom 124 to 31 °C with increasing functionalization, Fig. 7 a .
his decrease in melting temperature is consistent with prior 
nvestigations of hydrogen bonding polymers and attributed 
o smaller crystallites [ 20 , 31 , 34 , 54 ]. The large pendant groups
 ≥ 73 g/mol) employed in this study to functionalize PCOE 
re not expected to incorporate into PE orthorhombic crystals 
nd consequently decrease the crystallite size. Additionally, the 
ecrease in melting temperature likely stems from a decrease in 

elting entropy as crystals completely reject pendant groups [54] . 
he melting temperature is also influenced by pendant spacer 
ength; at similar mass fractions of COOH 2h-PCOE has a lower

m than 1h-PCOE which in turn is lower than EAA. For example,
he samples closest to 15 wt% COOH have Tm values of 83.1, 62.2,
nd 31.2 °C for commercial EAA, 1h(12)-PCOE, and 2h(11)-PCOE 
espectively. 

Crystallinity was determined both by WAXS and DSC. By 
tting the crystalline peaks to Lorentzian functions and the 
morphous halo to a double Gaussian function (Fig. S17), we 
etermined the fraction of total signal from crystalline scattering, 
 measure of crystallinity. WAXS confirms the semi-crystalline 
 h( x /4)-PCOE samples exhibit PE orthorhombic structure, so �Hm 

f 293 J/g was used to calculate percent crystallinity by DSC.
he percent crystallinity measured by DSC corresponds well to 
AXS, Fig. 7 b . Moreover, crystallinity decreases with increasing 

unctionalization from 56% in h-PCOE to no crystallinity at a 
OOH mass fraction of ∼ 0.15 across all n h( x /4)-PCOE polymers,
ig. 7 b . This decrease in crystallinity is well supported by prior
nvestigations of acid-containing polymers [ 25–27 , 31 , 39 ]. This
as also observed in our prior study on hydroxyl ether thioether
unctionalized PCOE [20] . 

Analysis of the samples using TGA revealed no significant peaks 
orresponding to small volatile molecules, indicating successful 
olvent removal and high sample purity following vacuum drying 
bove Tm , Fig. S20. Importantly, COOH anhydride formation, C- 
 bond scission, and backbone degradation were measured by 
GA and occur at expected values of ∼ 200, ∼ 350, and 450
C respectively. These polymers exhibit good thermal stability, 
llowing for standard thermal processing. 

odulus and dynamics 
unctionalizing PCOE with acid-terminated linear pendants tunes 
ynamic mechanical properties as investigated by temperature- 
weep DMA measurements, Fig. 8 a-c . The measured temperature 
ange captures the glassy and rubbery plateaus in the storage 
odulus (E’) along with the glass transition, Fig. 8 a . The glassy
lateaus were determined from the E’ values 30 °C below the Tg .
ote that in 1h(3)-PCOE at ∼ 75 °C E’ starts to decrease, indicating
elting. By comparison, the non-crystalline 1h(22)-PCOE does 
ot exhibit a high temperature drop in the E’. Thus, the rubbery
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Fig. 6 

(a) Representative X-ray scattering curves of n h( x /4)-PCOE samples showing both crystalline scattering at high Q in samples with < 14% functionality and inter- 
aggregate scattering ( ∇) at moderate Q for samples with higher acid fractions. (b) Inter-aggregate spacings for n h( x /4)-PCOE polymers with detectable inter- 
aggregate scattering peaks and the inter-aggregate spacing for precise linear EAA synthesized by ADMET [49] . 

Fig. 7 

(a) Melting temperature taken from melting endotherm on second heating 
at 5 K/min. (b) Crystallinity from WAXS at room temperature and enthalpy of 
melting divided by the enthalpy of melting of 100% crystalline orthorhombic 
PE (293 J/g). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

E’ modulus was taken before the melting transition or at Tg + 30
°C, whichever is lower. 

The glassy E’ plateau is independent of COOH fraction and
pendant spacer, Fig. 8 b, indicating that glassy dynamics are
independent of concentration of acid group as controlled by either
the level of functionalization or the pendant length. The glassy
dynamics are largely dictated by the chain flexibility, so this
result indicates that chain flexibility is independent of the COOH
mass fraction [56] . This result matches observations from prior
studies into acid containing polymers that show little changes in
the glassy E’ with acid concentration [31] . However, the rubbery
modulus shows a strong dependence on the COOH mass fraction,
Fig. 8 b . Both the glassy and rubbery plateau moduli of n h( x /4)-
PCOE correspond well to commercial EAA. 

Prior studies on acid-containing polymers also identified a
decrease in rubbery modulus with greater acid incorporation,
attributed to a loss of crystallinity [ 31 , 34 ]. Wakabayashi and
Register successfully modeled the modulus of acid-containing
polyolefins with the Davies model, treating the total modulus
as a combination of amorphous and crystalline contributions
normalized by the crystallinity [ 31 , 36 ]. Reductions in the
crystallinity decreases the contribution from the much stiffer
crystalline phase. Indeed, crystallinity decreases in n h( x /4)-PCOE
polymers as a function of COOH incorporation. However, at
∼ 0.15 COOH mass fraction, crystallinity completely disappears
but the rubbery E’ plateau continues to decrease. Thus these
materials fail to meet the assumption of the Davies model that
the amorphous modulus is independent of the acid fraction. 

Alternatively, Fetters et al. described the polyolefin plateau
shear storage moduli as a function of the average molecular weight
per backbone bond ( mb ) [ 55 , 57 , 58 ]. This backbone equivalence
model posits that extra free volume and the increased packing
length inherent with side-chains reduce the entanglement (or
rubbery) plateau storage modulus as compared to a linear
polyolefin. From Bueche-Rouse, Fetters et al. determined a
theoretical relationship between the modulus and the parameter
mb ( eq. (1) ) [ 55 , 59 ]. 

G′ 
rubbery =

(
14 
mb 

)3 

G′ 
linear ∼ m−3 

b (1)

Applying this theory to experimental measurements of
branched polyolefins revealed two regimes, a lightly branched
9 
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Fig. 8 

(a) Representative DMA temperature sweeps for 1h(3)-PCOE and 1h(22)-PCOE taken from−95 to 85 °C with a heating rate of 5 K/min, a strain rate of 1 Hz, and fixed 
strain amplitude of 0.2 %. (b) Glassy (triangles) and rubbery (circles) plateau moduli respectively. (c) The rubbery plateau modulus fit to the backbone equivalence 
model [55] . 
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Fig. 9 

Glass transition temperature taken from the reversing heat flow upon cooling 
in modulated DSC (triangles) and peaks in the tan( δ) signal in temperature- 
sweep DMA (circles). Open circles represent lower temperature Tg detected by 
DMA. 
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egime described by G′ 
rubbery ∼ m−3 . 49 

b and a higher branched 

egime described by G′ 
rubbery ∼ m−1 . 58 

b [55] . Follow-up studies 
n well controlled bottlebrush polymers found exponents of 
3 for the lightly branched regime along with −1.5 and −1.47 
or the heavily branched regime [ 57 , 58 ]. Liang et al. further
xplored the relationship between side chain density, length, and 
esulting entanglement plateau modulus in polyolefins with n–
utyl acrylate pendants [57] . They show that the exponential
elationship between the rubbery plateau modulus and mb extends 
o polymers with chemically different backbone and side chains. 

Thus, we apply the backbone equivalence model to the n h( x /4)-
COE polymers reported here, and find it fits the rubbery modulus
ith an exponent of −3.63, Fig. 8 c . This exponent is in good
greement with both Fetters et al. and Liang et al. [ 55 , 57 ].
e attribute the decrease in rubbery modulus with increasing 
cid fraction to both a loss of crystallinity and an increase in
acking length due to the short chain branching character of
he pendant groups in our three n h( x /4)-PCOE polymers. We
ttribute deviation from an exponent of −3 to the presence of
cid aggregates that act as physical crosslinks, which the backbone
quivalence model omits. 
Prior studies of conventional acid-containing polymers reveal 

n increase in Tg with increasing acid fraction [30–32] . Indeed,
ur measurements of commercial EAA show a ∼ 20 °C increase
n Tg when the COOH mass fraction increases from 5 to 15 wt%,
ig. 9 . In contrast, the glass transition temperatures of n h( x /4)-
COE decrease with higher acid fraction, as measured by both
MA and DSC, Fig. 9 . This Tg behavior likely stems from the
onfluence of two phenomena with opposite effects on Tg . First,
educed polymer mobility around acid aggregates as compared to 
AA. Secondly, an increase in free volume associated with short-
hain branching [ 29 , 41 , 60 ]. Prior studies of polyolefins with short-
hain branching showed that Tg decreased as a function of side-
hain fraction [ 58 , 60 ]. 
Interestingly, DMA detects multiple glass transitions at COOH 

ass fractions above ∼ 0.09 for 1h( x /4)-PCOE and ∼ 0.15 for
 a

0 
h( x /4)-PCOE and 7h( x /4)-PCOE, Fig. 9 . Though expected for
onomers, multiple glass transitions have not been observed 
n conventional acid-containing polymers [ 30 , 61 , 62 ]. Fully
nderstanding both this lower temperature relaxation and the 
rend in Tg requires a more thorough investigation into polymer 
ynamics, which is ongoing. 

onclusions 
e successfully functionalized PCOE with three acid-terminated 

inear pendants and demonstrated excellent control of the 
eaction using both reaction stoichiometry and time. This 
ersatile chemistry also works on polyolefins with lower levels 
f unsaturation than PCOE and avoids the need to protect 
he acid groups. We establish how the COOH mass fraction, 
s controlled by the number of functional groups and the 
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length of the pendant group, impacts the morphological, surface,
thermal, and dynamic mechanical properties. Note that residual
unsaturated carbon-carbon bonds in partially functionalized
PCOE were removed by hydrogenation (functionalize then
hydrogenate). Alternatively, a partially hydrogenated PCOE was
fully functionalized (hydrogenate then functionalize), so that all
materials tested are free of C = C bonds. Due to the expected
randomness of these reactions, we expect that both routes produce
comparable materials at fixed COOH mass fraction, though this is
an opportunity for a future investigation. 

The inclusion of COOH groups increases the surface polarity
of the n h( x /4)-PCOE polymers at greater acid fractions and
corresponds well to commercial EAA. FTIR spectroscopy reveals
the attached COOH groups primarily participate in two hydrogen
bonds. We observe the resulting acid aggregates via X-ray
scattering, and find they correlate well to COOH mass fraction.
Crystallinity and Tm decrease with greater COOH mass fraction
and longer pendants further reduce Tm . Higher COOH mass
fraction reduces the rubbery plateau modulus while the glassy
modulus is independent of both acid fraction and pendant length,
as determined by DMA. Both the rubbery and glassy plateau
moduli of n h( x /4)-PCOE correspond well to EAA. The backbone
equivalence model, that relates the rubbery plateau modulus to
mb , describes the rubbery modulus of n h( x /4)-PCOE polymers well
by E’ ∼ mb 

−3.63 . Interestingly, the n h( x /4)-PCOE polymers do not
exhibit the expected increase in Tg with COOH mass fraction.
Additionally, DMA detects multiple glass transitions in highly
functionalized n h( x /4)-PCOE polymers. 

By extending our previously-reported thiol-ene click chemistry
to functionalize PCOE with three different acid-terminated linear
pendants, we further advance the strategy for polymer-to-
polymer upcycling by dehydrogenation then functionalization
of polyolefins. In previous work, we used thiol-ene click
chemistry to functionalize PCOE with OH and generate a
suitable substitute for poly(ethylene-co-vinyl alcohol) [20] . Here
we elaborate on that polymer chemistry to produce n h( x /4)-PCOE
polymers with commensurate surface and mechanical properties
to commercial EAA, demonstrating promise for packaging and
adhesive applications. Moreover, these COOH functionalized
polymers could be neutralized with metal cations to produce
ionomers and further extend properties. We envision this versatile
chemistry as a platform for reducing polyolefin waste and
synthesizing specialty polymers. 
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