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ABSTRACT: A series of polyether-based diblock copolymers
were synthesized by sequential organocatalytic ring-opening
polymerization (ROP) of either hexene oxide (HO) or octene
oxide (OO) as the first monomer with propylene oxide (PO) as
the second monomer. In addition, one triblock terpolymer of OO,
PO, and styrene oxide (SO) was synthesized following the same
method. The ROP was catalyzed by triethyl borane (TEB)/
(phosphazene base t-BuP2) with eicosanol as the initiator. The
resulting co(ter)polymers have a low polydispersity index and
good solubility in hydrocarbon-based oils and are metal-free. By
blending polyoctene oxide (POO) and polyhexene oxide (PHO)
homopolymers with a Group II base oil (AramcoPrima 230) (2.5 to 5.0 wt %), the viscosity index (VI) increased from 100 to 160,
and the thermal stability enhanced up to 50 °C. By using diblock copolymers, POO-block-poly(propylene oxide) (POO-b-PPO) and
PHO-block-PPO (PHO-b-PPO), instead of the homopolymers, the VI and the thermal stability are almost the same, but the oil
exhibits superior lubrication performance, with friction and wear decreasing up to 46 and 86%, respectively. The addition of the PSO
block to the POO-b-PPO chain (POO-b-PPO-b-PSO) further improves the thermal stability but worsens the rheological and
tribological properties (i.e., VI, friction, and wear) of lubricating oils.
KEYWORDS: ring-opening polymerization, poly(hexene oxide), poly(octene oxide), , poly(propylene oxide), poly(styrene oxide),
viscosity index, friction reduction, tribology, rheology, thermal stability

1. INTRODUCTION

Lubricants are ubiquitous in natural and human-made moving
parts. They play key roles in mitigating parasitic frictional energy
losses, improving momentum transfer efficiency, and increasing
mechanical operational lifetime.1 To achieve that in combustion
engines, commercial lubricants must be blended with multiple
additives, such as friction modifiers, antiwear agents, viscosity
improvers, pour point depressants, antioxidants, dispersants,
and detergents.2 However, the complex chemical interactions
make formulating effective lubricants particularly challenging.
The automotive industry thereby prefers to blend multifunc-
tional lubricant additives.3−5

Zinc dialkyldithiodiphosphates (ZDDPs) are well-known
multifunctional engine oil additives capable of reducing friction
and wear on sliding surfaces and simultaneously enhancing
oxidative stability of lubricating oils.6 However, using ZDDPs in
internal combustion (IC) engines produces corrosive sludge,
degrades automotive exhaust after-treatment systems, and emits
harmful SOx emissions. Increasingly stringent environmental
regulations are motivating the automotive industry to replace
ZDDPs with environmentally friendly additives.
Multifunctional polymeric materials have the potential to

replace ZDDPs as additives.7 This is because polymeric
materials can embody various molecular designs and combina-

tions of functionalities as well as less impact on the environment.
For instance, poly(alkyl methacrylates) (PAMAs) have been
recognized for their multifunctional roles in reducing friction,
enhancing material wear-resistive properties, and improving the
rheological properties of lubricating oils.8,9 Researchers have
synthesized various PAMA derivatives having different
structures,10 topologies,5 and chemical functional groups11

and combined them with nanomaterials,12 to improve thermal
and shear stability. However, PAMAs tend to degrade faster in
extreme environments such as high-temperature and high-stress
IC engine reciprocations and produce species that degrade fuel
economy.5 Therefore, further research to find the alternative for
polymeric multifunctional lubricant additives is needed.
Polyethers are attractive materials for lubricant multifunc-

tional additives.13 Polyethers have excellent lubricity, low pour
points, high viscosity indices, and high flash points.14,15 In fact,
low-molecular weight poly(alkylene glycols) were already used
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for lubricating oil applications (range of Mn: 700−3000 g/
mol).14,15 For example, low-molecular weight polyethylene
oxide (PEO), also known as poly(ethylene glycol), and
poly(propylene oxide) (PPO), also known as poly(propylene
glycol), have been formulated into commercial lubricants.14

PPO can also be utilized as the base oil for lubricant
formulations. On the other hand, PPO-co-PEO random
copolymers have been studied as multifunctional lubricant
additives,15 enhancing surface deposit control, thickening
lubricating oil, and improving boundary lubrication perform-
ance.15

Ring-opening polymerization (ROP) of cyclic ethers is a
versatile method to synthesize well-defined and oil-soluble
polyether (co)polymers.13 To the best of our knowledge,
polyethers employed in lubricants were mostly synthesized via
ROP of epoxides with metal alkoxides as catalysts.14 The
polymerization was performed in a stainless steel reactor at a
high temperature (100−120 °C) and pressure (5−15 bar). This
process requires a special reaction vessel and consumes a lot of
energy. Moreover, the resulting polyethers might contain
undesired metal residues, which deteriorate their properties
and applications. Such issues can be overcome by employing
organocatalytic ROP.16−18 One of the most promising organic
catalysts is triethyl borane (TEB)/phosphazene base t-BuP2
(Lewis pair). This Lewis pair promotes living/controlled
organocatalytic ROP of epoxides at ambient conditions toward
well-defined and metal-free polyether (co)polymers.19−26

In order to achieve high-performance multifunctional
lubricant additives, three key parameters are required: (a)
thermal stability, (b) rheological properties, and (c) boundary
lubrication performance (antifriction/wear properties). We
have designed/synthesized polyether-based di- and triblock
co(ter)polymers to fulfill these requirements. The first block
contains polyethers with aliphatic side chains [hexene oxide
(HO) or octene oxide (OO)], which can simultaneously
improve the solubility of the additive in oil and the viscosity of
the oils. The second block is PPO, which promotes the
formation of the condensed polymeric film and thus reducing
metallic contacts of rubbing surfaces.15,27,28 The third block is
made with a styrene oxide (SO) monomer, which is expected to
improve the thermal stability of lubricants.29 The motivation for
designing thermal stability is to meet the needs of advanced
downsized turbocharged spark-ignition engines operated at
more extreme conditions (i.e., higher loads and temperatures).30

We further target polyether block copolymers with molecular
weight <100 kg mol−1 as they sustain stronger resistivity to
mechanical cleavage (i.e., greater shear stabilities).31−33 This
also allows us to investigate the boundary lubrication perform-
ance with minimal corrosive wear effects caused by frictional
species of degraded polymers.
The polyether (co)polymer-based multifunctional additives

for lubricants can interact with the base oil as well as the metallic
surfaces. For this reason, electrical contact resistance (ECR)
measurements are employed to analyze the metallic contacts on
oil lubricating surfaces. The ECRmeasurements have been used
successfully to assess boundary film formation capabilities of
lubricating oils as formulated with various additives, such as
functionalized polymers,11 ionic liquids,34 nanoparticles,35

ZDDPs,36 and organic friction modifiers.37,38 From the ECR
curvatures, the number of metallic contacts can be estimated and
used to assess boundary film formation on sliding surfaces with
different lubricant additives.39−41 The kinetic features of
boundary film formation can be further linked with lubrication

performance (such as friction and wear) and utilized to interpret
the associated interfacial interactions resulting from blended
additives.
In this work, we report the synthesis of well-defined PHO-

block-PPO (PHO-b-PPO) and POO-block-PPO (POO-b-PPO)
diblock copolymers and one POO-b-PPO-b-PSO triblock
terpolymer via sequential block co(ter)polymerization of the
corresponding monomers, catalyzed by TEB/t-BuP2 Lewis pair,
with eicosanol as the initiator. The molecular structures of the
polymers were characterized by 1H NMR spectroscopy and gel
permeation chromatography (GPC), while the thermal proper-
ties were studied by differential scanning calorimetry (DSC) and
thermogravimetric analysis. We have studied the behavior of
lubricating oils blended with the synthesized samples (2.5 to 5.0
wt %). Their rheological properties were determined using a
rheological meter according to the ASTMD7042 standard. The
oil lubrication performances and their boundary film formation
capabilities were analyzed using a tribological test rig coupled
with an ECR sensor. The rubbed oils and frictional species
generated on wear tracks were investigated with FTIR and
Raman spectroscopy, respectively.

2. EXPERIMENTAL SECTION
2.1. Materials for Polyether Synthesis. Eicosanol (98%), PO

(99%), HO (98%), OO (96%), SO (97%), phosphazene base t-BuP2 (2
M in THF), and TEB (1 M in THF) were purchased from Sigma-
Aldrich. All epoxides were purified by vacuum distillations over CaH2
and then n-BuLi. Eicosanol was purified by recrystallization three times
in ethyl acetate and dried by cryo-evaporation in anhydrous 1,4-
dioxane. Trifluoroacetic anhydride (TFAA ≥99%) was purchased from
Sigma-Aldrich and used as received. All reagents were stored inside a
glovebox under an argon (Ar) atmosphere.

2.2. Synthesis of Diblock and Triblock Co/terpolymers. In a
glovebox (Ar atmosphere), a dry polymerization flask equipped with a
stirrer bar was charged with 100mg (0.168mmol) of dry eicosanol, 16.8
μL (3.36 μmol) of t-BuP2, 134 μL (0.134 mmol) of TEB, and 1 mL of
dry toluene. The mixture was stirred until all eicosanol completely
dissolved at room temperature. OO (2 mL, 16.8 mmol) was added to
the mixture, and the polymerization was performed at room
temperature inside the glovebox. The ROP was monitored by 1H
NMR spectroscopy. After 24 h, the conversion of OO was nearly 100%.
1 mL of the polymerization mixture was withdrawn and quenched with
1 mL of benzoic acid solution (1 M in toluene). 2 mL of PO was added
to the remaining polymerization mixture to synthesize the diblock
copolymer. 1 mL of the polymerization mixture was quenched.

In the case of the triblock terpolymer, 2 mL of SO was added to the
POO-b-PPO macroinitiator solution to form POO-b-PPO-b-PSO.
After more than 20 h, the polymerization was stopped by the addition of
1 mL of benzoic acid solution. Three drops of the aliquots were
withdrawn to determine the conversion of the second monomer by
NMR.

The purification method is similar for all polymers. The polymer-
ization mixture was diluted in 5 mL of DCM, mixed, and stirred with
neutral alumina powder for 1 h to trap the catalyst residue. The polymer
was filtered, concentrated under reduced pressure, and dried in vacuo at
40 °C for 24 h.

2.3. Molecular Characterization and Lubricant Perform-
ances. The apparent number-average molecular weight (Mn) and the
dispersity (D̵) of the polymers were determined by GPC. The
measurements were performed on a Viscotek TDA 305 instrument
equipped with two columns; Styragel HR2 (7.8 × 300 mm) and
Styragel HR4 (7.8× 300mm) at 35 °C. THFwas used as the eluent at a
flow rate of 1 mL min−1. The instrument was calibrated with
polystyrene (PS) standards. 1H NMR spectra were recorded with a
Bruker AVANCE III-400 MHz spectrometer (CDCl3, 25 °C). The
glass transition temperature (Tg) of the polymers was analyzed by using
a Mettler Toledo DSC1/TC100 system under a N2 atmosphere. The
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DSC instrument was calibrated with indium. The samples were cooled
down to −90 °C and then heated to 120 °C. This cycle was repeated
two times with a heating/cooling rate of 10 °C min−1. The second
heating curve was used to determine Tg.
Polyethers (Table 1) were blended with a Group II base oil

(AramcoPrima grade 230 oil, AP230) with 2.5 and 5.0 wt %. The
detailed physical properties of the AP230 oil are available in Supporting
Information, Table S1. Before testing, all formulated lubricants were
sonicated in a water bath for 30 s at room temperature. All polymers are
soluble in the AP230 base oil.
The rheological properties of the formulated lubricants containing

polyethers were determined using SVM3000 as per the ASTM D7042
standard. The kinematic viscosities of each formulated lubricant were
measured at 40 and 100 °C, and the viscosity indices were calculated
based on the ASTM D2270/ISO 2909 method.
The thermal stabilities of the formulated lubricants were investigated

using a Simultaneous Thermal Analyzer (STA, Netzsh 449 F1 Jupiter).
The experiment was performed by heating the sample from room
temperature to 500 °C at a heating rate of 10 °C min−1 under
continuous 20 sccm N2 flow. Thermogravimetric and differential
thermogravimetric mass loss profiles of the AP230 base oil, polyethers,
and respective lubricant blends (2.5 and 5.0 wt %) were acquired.
The tribological properties of each lubricant formulation were

studied in a standardized tribological test rig (Optimol SRV5). About
50 μL of the lubricating oil was placed in a ball-on-disk configuration
(Figure S1). The boundary lubrication performance was evaluated
under controlled load at 50 N, the temperature at 50 °C, and the sliding
speed at 50 mm/s (corresponding to 1 mm, 25 Hz stroke) for 30 min
linear reciprocation. Other parameters related to the utilized contact
pairs are summarized in Table S2. The load-bearing capacities of
formulated lubricants were studied from 50 N to 500 N, while the
temperature and sliding speed were kept at 50 °C and 50 mm s−1,
respectively. Each load was held for 5 min and increased to another load
level without stopping. The temperature sensitivity was studied from 50
to 200 °C. Each temperature was held for 5 min. The applied load and
sliding speed were controlled at 50 N and 50 mm/s, respectively. All
tribological test results with polyether-blended oils showed good
reproducibility.
The lubricating oils after the surface rubbing tests were collected for

the study of tribochemical reactions associated with the blended

polyether (co)polymers. The analysis was conducted by FTIR (Nicolet
iS10) under transmission mode using dried KBr as the observation
window. The spectra were recorded in the region of 1400 to 700 cm−1 at
a resolution of 4 cm−1 with 100 scans.

2.4. Study of Boundary Film Growth. An electrical contact
resistance sensor was installed on the tribological test rig (Optimol
SRV5). The sensor was equipped with an adjustable electrical current
(from ±1 μA to ±250 mA). The kinetics of boundary film growth (or
the number of metallic contacts) was evaluated by in situ measured
ECR on the sliding surface

= V
I

ECR
(1)

where V is the electrical potential and I is the current flowed between
the ball and disk.

Before surface analysis, all contacted pairs were gently rinsed with
petroleum ether and subsequently dried under vacuum overnight. The
lubricant wear-resistive performance was evaluated with ball wear
volume (Vball) calculated from the following equations

π= +
i
k
jjjjj

y
{
zzzzzV

h d
h

6
3

4ball

2
2

(2)

= − −h r r
d
4

2
2

(3)

where d is the wear scar diameter, r is the ball radius, N is the normal
load, and S is the sliding distance. The wear scar diameters of rubbed
balls were measured using an optical microscope (10×, Zeiss Merlin).

The chemical composition profiles on produced wear tracks (rubbed
disks) were analyzed by Raman spectroscopy (WITec Apyron Raman/
PL). A cobalt-source visible light (473 nm) with light intensity 20 mW
was utilized to induce associated Raman spectra. The spectra were
collected from 200 cm−1 to 3000 cm−1 with 1800 cm−1 grating, 5 s
integration, and 3 accumulations. A minimum of three random spots
were measured to indicate steady-state chemical composition profiles
generated from different oil-lubricated surfaces.

Table 1. ROP of Epoxides Initiated by Eicosanol and Catalyzed by t-BuP2/TEB at Room Temperaturea

run polymer [M1]/[M2]/[M3]/[I]0/TEB/[P2]
time
(h)

convb

(%)
Mn total, NMR

c

(kg mol−1)
Mn,GPC

d

(kg mol−1)
Mw,GPC

d

(kg mol−1) ĐM
d

1 11k PHO 100:0:0:1:0.6:0.3 24 100 11 9.6 9.9 1.04
2 17k PHO-b-PPO 100:120:0:1:0.6:0.3 22 88 17 15.3 16.5 1.08
3 12k POO 100:0:0:1:0.6:0.3 24 100 12 10.5 10.9 1.04
4 18k POO-b-PPO 100:120:0:1:0.6:0.3 22 90 18 16.7 17.7 1.06
5 22k

POO-b-PPO-b-PSOe
100:120:35:1:0.6:0.3 24 93 22 20.2 22.6 1.12

aPolymerizations were performed in toluene under Ar at room temperature. bConversions of the epoxide on the last block. Determined by
analyzing 1H NMR spectra of crude products in CDCl3 at 25 °C. cDetermined by analyzing 400 MHz 1H NMR spectra of polymer samples in
CDCl3 at 25 °C. dApparent molecular weights determined by GPC in THF at 35 °C calibrated with PS standards. eThe triblock terpolymer was
synthesized by using isolated POO-b-PPO as a macroinitiator.

Scheme 1. Synthesis of Homopolymers, Copolymers, and Terpolymers of Polyethers Catalyzed by t-BuP2/TEB
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3. RESULTS AND DISCUSSIONS

3.1. Synthesis of the Diblock Copolymers and Triblock
Terpolymer. The polyether diblock copolymers were synthe-
sized via sequential block copolymerization of OO or HO with
PO using t-BuP2/TEB as the organic catalysts and eicosanol as
the initiator (Scheme 1). In the case of the triblock terpolymer,
SO as the third monomer was added to the solution of the POO-
b-PPO macroinitiator. All co(ter)polymerizations were carried
out in toluene at room temperature. Table 1 summarizes the
molecular characteristics of di- and triblock co(ter)polymers.
The structure of polyether co/terpolymers was determined

using NMR spectroscopy (400 MHz, CDCl3, 25 °C); the
spectra are presented in Figure S2 (a−c, Supporting
Information). Methylene and methine protons of the polyether
backbone (4 and 5) are detected between 3.34 and 3.79 ppm.
Themethylene protons of the side chains of PHO and POO (6−
10) overlap with the methylene protons of eicosanol (1.23−1.73
ppm). The methyl protons of eicosanol also overlap with the
methyl protons of PHO and POO and appear between 0.68 and
0.99 ppm. The peak at 1.19 ppm is assigned as the methyl
protons of PPO. The protons around 7.25−7.75 ppm are
attributed to the aromatic protons of the PSO block. All NMR
spectra confirmed the successful synthesis of polyether block
polymers. It is worth noting that TFAA was added in all NMR
samples to move the chemical shift of the methine proton of the
end group downfield (∼5.22 ppm). Therefore, the molecular
weight as well as the composition of each block can be
determined from the integral ratio of the end group and main
chains of polyethers.
Figure S3 shows the GPC traces of the polyether block

co(ter)polymers. The blue traces correspond to the homopol-
ymers (POO and PHO, run 1 and 3 Table 1). After the addition
of PO to the living homopolymers, the traces shifted to lower
elution volumes (higher molecular weights), indicating the
successful sequential block copolymerizations (run 2 and run 4,
Table 1). In the case of the triblock terpolymer (run 5 Table 1),
the trace further shifted to a lower elution volume (green) after
the addition of SO to the POO-b-PPO living polymer,
corroborating the formation of POO-b-PPO-b-PSO. All GPC
traces of homo- and block copolymers exhibited narrow
molecular weight distribution, indicating well-controlled (co)-
polymerizations catalyzed by t-BuP2/TEB.
DSC analysis revealed that all co(ter)polymers have Tg below

0 °C (Figure S4). Low Tg of polyethers is due to the flexible C−
O bonds of the backbones and the flexibility of butyl and hexyl
side chains. Nevertheless, low Tg polyethers (high flexibility)
provide the advantage of having good solubility and thus
avoiding aggregation/precipitation of the polymer blended in
lubricating oils at low temperatures. Only one Tg (between −68
and −71 °C) was observed on the diblock copolymers (runs 2
and 4, Table 1), indicating that PPO is miscible with PHO and
POO blocks. In POO-b-PPO-b-PSO (run 5, Table 1), Tg of the
PSO block can not be observed, probably due to its low content
(18%).
3.2. Rheological Properties. Table 2 summarizes the

enhanced viscosity index (VI) of the formulated lubricants
blended with a low amount of polyethers (2.5 to 5.0 wt %). In
general, polyethers having octyl side chains (POO and POO-b-
PPO) exhibit better viscosity modifications than polyethers with
hexyl side chains (PHO and PHO-b-PPO) in the AP230 oil.
Blending AP230 with 2.5 and 5.0 wt % POO improves the VI
from 104 to 162, while blending with PHO increases the VI up

to 120. This is because a longer alkyl chain (e.g., POO) entailed
larger molecular coil expansions, which enhance oil thickening.
Meanwhile, the PPO block (shorter alkyl side chain) yields to
stronger intramolecular hydrogen bonding in blended AP230,
which inhibits molecular coil expansions and reduces oil
thickening. Therefore, POO-b-PPO-blended oils showed
limited improvements on the VI compared to POO.
Notably, the PSO block in the POO-b-PPO-b-PSO

terpolymer showed antagonistic rheological behavior relative
to POO-b-PPOwhen added to AP230. Even though the content
of the PSO block is less than 20 wt %, the terpolymer has a
surprisingly lower VI, down to 90. Such low VI can be attributed
to the oil thickening at lower temperature regimes resulting from
the PSO block. The AP230 oil was thickened more at low
temperatures (e.g., 40 °C) than at high temperatures (e.g., 100
°C), yielding a smaller VI. Similar rheological behaviors can be
found in hydrocarbon-based lubricating oils containing styrene-
based copolymers reported by Jukic et al.29 Strong oil thickening
powers of styrene-based copolymers were demonstrated only at
low temperatures, while insufficient thickening powers were
demonstrated at higher temperatures. This type of rheological
behavior makes the prepared lubricating oils overall more
sensitive to temperature changes, which may not be favored for
improving the fuel economy of engine applications.42

It is worth noting that the polyethers used in this work have
molecular weights ranging from 10 to 20 kg mol−1 (Table 1).
This range of molecular weights is essential to resist high-shear
stresses for applications in extreme environments,32,43 albeit
their viscosity modification potential is usually less effective.
Interestingly, we observed that even with these moderate
molecular weights and low blending concentrations (e.g., 2.5 wt
%), the polyether copolymers (10 to 20 kg mol−1) effectively
thicken the hydrocarbon-based oils, close to the performance
given by blending a low concentration (e.g., 2 wt %) of high-
molecular weight (100 to 300 kg mol−1)44 and star-shaped
PAMAs.5 However, VI improvements with low-molecular
weight polyether copolymers in this work cannot further
increase the VI by raising the blending concentration from 2.5
to 5.0 wt % (Table 2), similar to the behavior of low-molecular
weight PAMAs (requiring the blending concentration up to 12.5
wt %).8 Obviously, the underlying chemistry (i.e., molecular

Table 2. Rheological Properties of Polyether-Blended Oils

lubricants
kinematic viscosity at
40 °C (mm2/s)a

kinematic viscosity at
100 °C (mm2/s)a VIb

AP230 40.2 6.3 104
Blended with 2.5 wt % polymers

11k PHO 46.6 7.1 111
17k PHO-b-PPO 48.4 7.5 119
12k POO 55.8 9.5 154
18k POO-b-PPO 59.3 10.1 158
22k
POO-b-PPO-b-PSO

42.3 6.2 90

Blended with 5.0 wt % polymers
11k PHO 49.4 7.6 117
17k PHO-b-PPO 51.3 7.9 121
12k POO 58.7 10.2 163
18k POO-b-PPO 64.1 10.9 162
22k
POO-b-PPO-b-PSO

45.8 6.7 98

aKinematic viscosities were determined using SVM3000 according to
the ASTM D7042 standard. bThe viscosity indices were calculated
based on the ASTM D2270/ISO 2909 method.
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weights, building blocks, polymeric side chains, and architec-
tures) plays an important role in the oil thickening potential. An
in-depth discussion on this aspect, in comparison with PAMAs,
will be reported in a separate paper.
3.3. Thermal Stabilities. Table 3 shows the degradation

temperatures (Td) recorded at 5 and 50%mass loss of the AP230

base oil, neat polyether-based polymers, and the formulated
lubricants (AP230 blended polymers) containing 2.5 and 5.0 wt
% polyether-based polymers. The temperatures corresponding
to a particular mass loss were higher for lubricants with polymer
blends than the neat AP230 base oil. Notably, oils blended with
POO-b-PPO-b-PSO exhibited the greatest shift, confirming our
design strategy of using PSO as the building block to enhance
the thermal stabilities of lubricating oils.
The interactions between AP230 base oils and blended

polyether co(ter)polymers were analyzed using the following
equations

* = × ‐

+ ×
‐T T

T

(1 blending fraction)

(blending fraction)
x x

x

d % d % base oil

d % polymer (4)

Δ = − *T T Tx x xd % d % (5)

where Tdx% represents the experimental temperatures at x% of a
mass loss, and blending fractions (of polyethers) were 2.5 and
5.0 wt % (Table 3). Tdx%* was denoted as ideal temperatures
produced by mixing polymers and oils.ΔTx was recorded as the
difference between Tdx% and Tdx%* at x% of a mass loss, which
represents the interaction between the base oil and polymer.
The positive, negative, and zero values of ΔTx represent
enhanced thermal stability, reduced thermal stability, and no
change in thermal stability of the lubricant, respectively.
Table 4 shows the positive values ofΔTx indicated synergisms

between oils and polyether co(ter)polymers. Calculated ΔT5%
andΔT50% for all formulated lubricants were positive and greater

than 50 °C. Increasing the polyether co(ter)polymer blending
concentration further raised ΔT5% and ΔT50% by about 5 °C,
indicating that the thermal stabilities were enhanced with higher
polyether blending concentrations. Notably, largest ΔT5% and
ΔT50% were for lubricants blended with PPO-constituted
copolymers, indicating the enhanced thermal stability synergism
with the PO block and further intensified with the SO block.
Because our focus is to validate our polymer design strategies
(for lubricant additive applications), details about the under-
lying thermal chemistry with polyether co(ter)polymers will be
presented in a separate work.

3.4. Oil Lubrication Performance. Table 5 summarizes
the improved boundary lubrication performances with different

polyether co(ter)polymers. The friction generated in the
boundary lubrication regime is the result of the metal-to-metal
contact; therefore, reducing friction means less metallic contact
and surface material wear−as estimated by the ball wear volume
measured for different lubricating oils.45 Blending PHO and
POO to AP230 base oils reduced friction by 9 to 27% and ball
wear volume by 26 to 62%. Utilizing diblock copolymers, PHO-
b-PPO and POO-b-PPO, respectively, dropped friction and
wear by ca. 40 and 85%. Similarly, POO-b-PPO-b-PSO
improved oil lubrication performances, showing friction and
wear reductions by ca. 35 and 75%, respectively.
Table 5 also demonstrates an inverse relationship between the

average ECR and boundary lubrication performance (frictions
and wear volumes). For instance, surfaces lubricated with AP230
oils produced the lowest average ECR (ca. 20 mΩ) and the

Table 3. Degradation Temperatures of the AP230 Oil,
Homo-, Di-, and Triblock Samples, and Oils Containing 2.5
and 5.0 wt % Additivesa

neat (°C)
2.5 wt %

blending (°C)
5.0 wt %

blending (°C)

additives Td5% Td50% Td5% Td50% Td5% Td50%

neat base oil 249 312
11k PHO 248 371 300 380 308 387
17k PHO-b-PPO 267 369 309 390 312 389
12k POO 252 370 297 381 307 385
18k POO-b-PPO 258 368 310 391 314 392
22k POO-b-PPO-b-PSO 299 372 311 392 318 393

aTGA was performed in the temperature range of 25 to 500 °C at a
heating rate of 10 °C/min under the 20 sccm N2 purge.

Table 4. Calculated Temperatures and Deviations Observed During the Thermal Degradation of Blended Lubricants

2.5 wt % blending (°C) 5.0 wt % blending (°C)

additives Td5%* ΔT5% Td50%* ΔT50% Td5%* ΔT5% Td50%* ΔT50%

11k PHO 249.0 51.0 313.5 66.5 249.0 59.1 315.0 72.1
17k PHO-b-PPO 249.5 59.6 313.4 76.6 249.9 62.1 314.9 74.2
12k POO 249.1 47.9 313.5 67.6 249.2 57.9 314.9 70.1
18k POO-b-PPO 249.2 60.8 313.4 77.6 249.5 64.6 314.8 77.2
22k POO-b-PPO-b-PSO 249.3 61.8 313.5 78.5 249.5 68.5 315.0 78.0

Table 5. Tribological Parameters Measured on Different Oil-
Lubricated Surfacesa

blended oils
Avg. COF
(a.u.)

ball wear volume
(×103 μm3)

Avg. ECR
(mΩ)

AP230 0.256 709.3 19
Blended with 2.5 wt % Polymers

11k PHO 0.210 526.4 55
17k PHO-b-PPO 0.148 346.4 103
12k POO 0.232 312.2 90
18k POO-b-PPO 0.145 102.3 520
22k
POO-b-PPO-b-PSO

0.180 128.9 112

Blended with 5.0 wt % Polymers
11k PHO 0.208 490.7 88
17k PHO-b-PPO 0.140 96.0 536
12k POO 0.188 271.6 87
18k POO-b-PPO 0.138 100.8 622
22k
POO-b-PPO-b-PSO

0.139 188.5 321

aExperiments were conducted in Optimol SRV5 under 50 °C and 50
N with ball-on-disk linear reciprocations (1 mm stroke, 25 Hz) for 30
min.
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worst lubrication performance (the largest friction and wear).
Blending polyether homopolymers to the AP230 oil increased
the average ECR up to 90 mΩ. Utilizing polyether copolymers
further increased the average ECR to ca. 100 mΩ. The increased
average ECR indicates that more electrically insulating materials
are produced on the surfaces. The formation of these electrical
insulating materials is responsible for the improved boundary
lubrication (reduced metallic contacts); they are often referred
to as surface-adsorbed polymers,46 thickened oil films,47 or
frictional species.39 As shown in Section 3.4, we further analyzed
ECR measurements produced by different oil blends, applied
loads, and controlled surface temperatures. The tribochemical
reaction mechanisms were described by further analyzing the
ECR measurements.
3.5. Analysis of Surface Protection by Lubricating Oils.

Figure 1 depicts the ECR measurements produced by
lubrication with different polyether co(ter)polymer oil blends.
The ECR values of homopolymer-blended oils (i.e., PHO and
POO) were measured at ca. 100 mΩ; no significant ECR
increase was observed. The measured ECR values, which are
slightly higher than the neat AP230 oil, can be attributed to
thickened oil films,27,28 correlating with improved boundary
lubrication summarized in Table 5. Utilizing PHO-b-PPO and
POO-b-PPO significantly increased the ECR up to 100 mΩ. We

attribute this phenomenon to two main reasons. First, the
thickened oil films reduced metallic contacts during the run-in
period. Second, as assisted by the hydrophilic PPO block,
electrical insulating materials continued to deposit on sliding
surfaces and minimized the adhesive forces that cause increases
in friction and wear.
On the other hand, the presence of the PSO block in POO-b-

PPO-b-PSO inhibits the increase of ECR values. Lubrication
with the POO-b-PPO-b-PSO oil blend caused more frequent
metallic contacts than the corresponding diblock copolymer,
POO-b-PPO. In the 2.5 wt % POO-b-PPO-b-PSO oil blend, the
ECR values did not change (110 mΩ), indicating little film
formation. When the concentration of POO-b-PPO-b-PSO was
increased to 5.0 wt %, we observed the ECR increasing at 700 s,
which is a significant delay compared to POO-b-PPO.
Furthermore, the steady-state ECR values were reduced by
about 200 mΩ with 5.0 wt % POO-b-PPO-b-PSO as compared
to 5.0 wt % POO-b-PPO. Therefore, the POO-b-PPO-b-PSO oil
blends showed inferior boundary lubrication performance when
compared against the diblock copolymer oil blends (i.e., POO-b-
PPO), as summarized in Table 5.
Figure 2a demonstrates how friction and ECR changed at

different test loads. The surfaces lubricated with the AP230 oil
showed high friction at the start of linear reciprocations. This

Figure 1.Measured ECR as a function of time: (a) 2.5 wt % polyether-blended oils and (b) 5.0 wt % polyether-blended oils. The experiments were
conducted in Optimol SRV5 under 50 °C and 50 N with ball-on-disk linear reciprocations (1 mm stroke, 25 Hz) for 30 min.
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zig-zag friction curve can be attributed to frequent metallic
contacts and inadequate oil lubrication during the run-in
period.48 Increasing test loads produced sharp friction peaks
in AP230 oil-lubricating surfaces, indicating that oil lubrication
with only AP230 has insufficient load-bearing capacities.

Meanwhile, the load-bearing capacity was increased from 50

to 100 N with POO and POO-b-PPO-b-PSO, while up to 200 N

with POO-b-PPO. The measured ECRs show that the enhanced

load-bearing capabilities can be attributed to surface-adsorbed

Figure 2. Measured COF and ECR with: (a) programmed load from 50 to 500 N and surface temperature maintained at 50 °C and (b) controlled
surface temperature from 50 °C to 200 °C and load maintained at 50 N. Both experiments were conducted at a sliding speed of 0.05 m/s
(corresponding to 1 mm stroke, 25 Hz linear reciprocation frequency).

Figure 3. Surface morphologies of wear tracks produced by different lubricating oils: (a) AP230, (b) 5.0 wt % PHO, (c) 5.0 wt % PHO-b-PPO, (d) 5.0
wt % POO, (e) 5.0 wt % POO-b-PPO, and (f) 5.0 wt % POO-b-PPO-b-PSO. The dark colors in specified areas indicate surfaces covered with frictional
species.
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polyethers,27 thickened oil films,15,28 or frictional product
formations.45

Figure 2b shows the effect of temperature increase on
different lubricant blends. As indicated by the measured ECR,
the amount of electrical insulating materials was negligible on
AP230 oil-lubricated surfaces at all temperatures. The surfaces
lubricated with POO-b-PPO and POO-b-PPO-b-PSO produced
higher ECR, effectively reducing the coefficient of friction
(COF) at temperatures below 150 °C. Different ECR values in
POO-b-PPO and POO-b-PPO-b-PSO oil blends can be
attributed to the thermal-driven desorption of boundary
films.47 POO-b-PPO-b-PSO showed higher ECR values at 150
°C, pointing that their boundary films are less sensitive to
temperature changes. Another interesting feature with increas-
ing surface temperature was that all oil-lubricated surfaces show
the convergence of the COF and ECR to ca. 0.15 and 100 mΩ.
This is because the number of metal-to-metal contacts, which
control boundary lubrication friction, is almost the same for each
lubricating oil at 200 °C. The boundary films are removed or
melted by continuous rubbing at higher temperatures.47 Overall,
the measured COF and ECR values indicate that polyether
copolymers could improve boundary lubrication performances
in IC engine-related applications.49 The designed PPO and PSO
blocks are keys to resist the thermal-driven removal process.
3.6. Tribochemical ReactionMechanism. Figure 3 shows

surface morphologies on surfaces lubricated with different
polyether copolymer oil blends. As shown in the optical images,
the dark and bright areas can be respectively attributed to
surfaces covered with and without frictional species.50 The wear
tracks were generated because of inadequate boundary film or
frictional species protections under forced linear motions.
Analysis of frictional species (produced by hydrocarbon-based
lubricating oils) is shown in Figure 4. Note that all surfaces were
cleaned with petroleum ether to remove most oils, polymers,
and degraded species. Therefore, the presented Raman spectra
(Figure 4) indicated chemical species that strongly bind to
surfaces.
Figure 4 indicates that the frictional species are mainly iron

oxides, disordered graphite, and various chemical species from
degraded lubricating oils. Note that the produced wear tracks
were cleaned with petroleum ether before all surface analyses.
The washing process removes most polymeric materials and
oils; the following analysis results are mainly the surface-
adsorbed frictional species. The first four peaks can be attributed

to different iron oxides, including goethite (α-FeOOH at 275,
475, and 580 cm−1) and lepidocrocite (γ-FeOOH at ca. 380
cm−1).51 These iron oxides are formed when surface asperities
allow oxygen to penetrate and react with the underlying metal.52

Rubbing hydrocarbons upon these surface asperities triggers
degradation, adsorption, and polymerization reactions which are
responsible for carbonaceous material formations.53,54 For
instance, the broad spectra, with the center located at ca. 1350
cm−1, can be attributed to disordered D-mode graphite, while
the peak located at ca. 1580 cm−1 can be assigned to G-mode
graphite (in-plane vibration of carbon atoms). Other peaks can
be attributed to various frictional species from the degradation
of the AP230 oil blended with different polyether co(ter)-
polymers (Figure 4a).
As shown in Figure 4, analyzing peak intensity ratios further

showed that iron oxides were dominant species on all rubbed
surfaces, regardless of the types of formulated lubricating oils.
Polyether-blended oils reduced iron oxide formation, G-mode
graphite, and multiple frictional species characteristic of the
degraded AP230 oil. When lubricated with polyether copoly-
mers, there is less metallic content, resulting in lower mechanical
energy at the surface. As a result, there is reduced AP230 oil
degradation and iron oxide formation on the surfaces. Figure
S10 shows that the FTIR spectra collected from rubbed oils
further support this proposed tribochemical reaction mecha-
nism. The rubbed polyether copolymer oil blends have spectra
featuring CO−O−CO anhydride, indicating the oxidation of
polyether copolymers during the rubbing process. The friction
modifiers’ sacrificial actions (i.e., stress-induced degradation/
oxidation of polyethers) result in less scuffing and corrosive wear
of rubbed iron substrates.55 Therefore, lesser iron oxides are
generated by effective oil lubrication with polyether (co)-
polymers.

4. CONCLUSIONS

In this work, we have investigated different well-defined
polyether-based block co(ter)polymers as multifunctional
lubricant additives in a Group II base oil (Aramco Prima 230).
The block co(ter)polymers were synthesized via organocatalytic
ROP with TEB/t-BuP2 Lewis pair as the catalyst and eicosanol
as the initiator at ambient conditions. We concluded that
polyether-based polymeric materials with different side chains
exhibit different functions:

Figure 4.Raman spectra comparisons of frictional products deposited on rubbed surfaces as lubricated by different polyether-blended oils: (a) AP230,
5.0 wt % PHO, and 5.0 wt % POO; (b) 5.0 wt % PHO-b-PPO, 5.0 wt % POO-b-PPO, and 5.0 wt % POO-b-PPO-b-PSO.
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• PHO and POO (hydrophobic block) enabled thermal-
induced molecular coil expansions, which effectively
thicken the lubricating oil and reduce thermal-induced
viscosity changes (i.e., increased viscosity indices).

• PPO (slightly hydrophilic block) induced thicker and
faster boundary film formations and improved boundary
oil lubrication performances.

• PSO (benzyl groups) improved oil thermal stabilities,
degraded polyether viscosity indices, and hindered
boundary film formations.

These results open a new horizon on the design of effective
and efficient multifunctional lubricant additives based on
polyether copolymers.
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