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Lubricants are crucial to the reduction of erosion and energy loss in systems that include moving surfaces. Two
basic requirements for lubricants, viscosity and viscosity-temperature response, are achieved by adding polymers
known as viscosity modifiers (VMs). During service, the lubricant's viscosity decreases due to mechan-
ochemically-induced fragmentation of the macromolecules. Herein, we demonstrate how folding the linear
polymers into single chain polymer nanoparticles hinders the macromolecule's fragmentation, leading to re-

tention of the lubricant's viscosity properties. Mechanochemical scission in the folded polymer gradually unfolds
it, causing the polymer to gain hydrodynamic size and, as a result, these lubricants display permanent viscosity
gain. Given the enormous production volume of the lubricant industry, this new class of shear-resilient VMs may
lead to considerable financial and environmental benefits.

1. Introduction

Lubricating oils are of paramount significance in many systems that
include moving surfaces, one example of many, for instance, is internal
combustion engines [1]. Their economic and environmental importance
in reduction of erosion-corrosion, energy losses to friction, and in other
roles [2], which also facilitate attaining governmental emission and fuel
economy regulations [3] is reflected in the projected annual global
production of lubricating oils and greases of 1.24-10'° gal by 2020 [4].
When choosing lubricating oils for most applications, two fundamental
parameters which are considered are viscosity values and viscosity-
temperature response, that allow both adequate pumpability at cold
temperatures, and formation of oil film with adequate thickness on
surfaces at high temperatures [2].

A quantitative measure of the temperature response of the kine-
matic viscosity v of the oil is given by its viscosity index (VI) [5], which
increases with smaller Av/AT. Since the oil's viscosity depends strongly
on temperature, a basic design requirement of lubricating oils is sa-
tisfactory VI values. To this end, polymers known as viscosity modifiers
(VMs) are commonly added to oil formulations. Different oil soluble
polymer classes have been used over the last decades for this purpose,
common examples being olefin copolymers (OCP), and poly(metha-
crylates) (PMAs), particularly with long alkyl chains [6]. A plausible
reason for the VI elevation caused by the VMs is the decrease in acti-
vation entropy for viscous flow of their solution compared to the pure
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oil [7, 8]. For PMAs, but not in the case of OCPs [9], increase of the
hydrodynamic volume by coil expansion is another contributing factor
for the observed VI elevation [6, 7, 10]. The larger intrinsic viscosity
thus obtained (via Einstein's viscosity equation) [11] is connected to the
increase in the polymer solution's viscosity through the Huggins [12]
and Kraemer [13] equations.

During service, the viscosity of the lubricating oil decreases tran-
siently and/or permanently. Whereas transient viscosity loss is caused
by the effects of solvodynamic shear forces on non-covalent interactions
and/or on the conformations/alignment of the macromolecules in the
solution, the majority of the permanent viscosity loss (PVL) is due to
mechanochemicaly-induced, irreversible, scission of covalent bond/s in
the polymer chain which results in splitting of the macromolecule to
smaller fragments [14]. Since the intrinsic viscosity of a polymer so-
lution relates to the molecular weight through the Mark-Houwink
equation [15], and since the VI depends on the size of the macro-
molecule [16, 17], the shear induced mechanochemistry of the VM
macromolecules results in the doubly undesired decrease of both the
thickening power and the VI of the lubricant.

Mechanochemical studies have established that under the effect of
shear force fields, the coil of the polymer chain in solution is initially
stretched, and if sufficient mechanical energy is transmitted to the
macromolecule, chain fragmentation may eventually result [14, 18,
19]. In linear polymers, chemical bond scission occurs above a limiting
degree of polymerization (DPy,), and its probability increases with
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larger DPs [14]. The corresponding limiting chain length is governed by
the magnitude of the cumulative shear forces the translating solvent
molecules apply on the polymer's coils parallel to main chain direction,
which depends on factors such as the shear field source, solvent and
polymer type and structure in solution, viscosity and temperature
[20-22].

Hence, one tactic to improve the VM is to change its topology in
order to increase the polymer's hydrodynamic size (and therefore
viscosity) without affecting its rate of mechanochemistry. VMs with
nonlinear architectures such as branched [23-26], or star [27, 28],
have therefore been developed, some of which are represented in high-
end commercially used VMs nowadays. However, given a certain
backbone length, there are geometric considerations (see Supplemen-
tary data) that confine the maximal size gain that can be achieved in
these topologies [29], as above the limiting main chain length, me-
chanochemical degradation of viscosity properties would occur. For
example, excellent results have been shown with hyperbranched
structures, in which main-chain fragmentation seem not to have such a
significant effect on viscosity, probably due to their low Mark-Houwink
parameter [23]. On the other hand, when the degradation occurs
through arm-loss, the mechanochemical decay is more severe compared
to a linear chain, since each coil-to-stretch transition (CST) will present
similar rate of rupture compared to previous ones, as the main chain
length is similar [22, 30].

Herein, we demonstrate a different approach to improve VMs which
is independent of the previous strategy: address directly the mechanism
of chain fragmentation. We have recently showed that folding linear
polymers with sacrificial covalent intra-chain bonds to single chain
polymer nanoparticles (SCPN) [31-35] significantly improves their
mechanochemical stability in solution [36, 37]. Thus, the mechanical
energy is spread among degenerate bonds, analogously to the loads
dispersion by a truss, and when a certain bond cleaves in an individual
macromolecule the result is not a “catastrophic failure” (Scheme 1). In
addition, folding the chain may hinder CST. More importantly, unlike
the previously described strategy, regular scission of these “sacrificial”
bonds leads to gradual unfolding, causing the chain to gain hydro-
dynamic size in response to shear forces [38]. As a result, these SCPNs
solutions not only display reduced PVL, but, unprecedently, also show
permanent viscosity gain, when subjected to strong shear forces.

2. Experimental
2.1. General

Toluene, isopropanol, and melted stearyl methacrylate (SMA) were
passed through a short column of neutral alumina prior to use. Copper
wire (D = 0.02”) was flattened to strips, filed with a sand paper, and
washed with acetone. Ethylene bis(2-bromoisobutirate) was prepared
according to a modified procedure (see Supplementary data) [39].
Additional solvents, reagents, and monomers were used as received.

Dynamic viscosity was measured in a Brookfield type digital visc-
ometer model SNB1 from Shanghai Nirun Intelligent Technology Co.
Density was measured using a 2mL graduated flask at the relevant
temperature. For GPC analysis of the unsheared polymers, 4 mg of the
polymer sample were dissolved in THF. For GPC of solutions of poly-
mers in oil, a sample of the solution is diluted by THF until a con-
centration of 2-3 mg/mL of the polymer is obtained. GPC analysis was
done in a Thermo LC system equipped with Tosoh's TSKgel Guard
Column HHR-L and 4 TSKgel G4000HHR columns in sequence.
Detection was obtained with a pentadetector system including Dionex
DAD-3000 PDI UV-Vis Detector, Wyatt Viscostar II, Wyatt OPTILAB T-
rEX, Wyatt MALS DAWN HELEOS II 8 + TR and WyattQELS DLS. GPC
data analysis and polymer properties calculation were conducted using
Wyatt's Astra 7 software. Ultrasonication was done using a SONICS
Vibra-cell ultrasonic processor 500W, tuned to 9.57 W-em™2
Sonication of the oil solution is performed at RT in a 50 mL Kimble flask
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in accordance to ASTM D2603 [40], at 20% amplitude, with pulsed
sonication (1:2s irradiation:idle ratio). NMR spectra were recorded
using an AVANCE II 200, 300 or 400 MHz Bruker spectrometer at the
Technion NMR facilities.

2.2. Typical procedure for preparation of poly(SMA-co-AAEMA) (polymer
o

Melted SMA (16.20 g, 47.8 mmol), AAEMA (2.59 g, 12.1 mmol), and
a 1:4 v/v mixture of isopropanol and toluene (32 mL) were added to a
250 mL flame-dried Schlenk flask. A toluene solution (1 mL) of tris[2-
(dimethylamino)ethyl]amine (MesTREN) (17 mg, 71.6umol) was
added, and the solution was deoxygenated by argon bubbling for
15 min, followed by 4 freeze-pump-thaw cycles. Copper strips freshly
made from 15 cm of wire were then added, and the mixture was ther-
mostated at 40 °C. The reaction was started by addition of a deox-
ygenated toluene solution (1 mL) of the di-initiator (27 mg, 74.2 pmol)
through a syringe. Reaction progress was followed visually by the in-
crease in viscosity and by "H NMR and GPC of aliquots. After 1160 min,
the pale green reaction mixture was diluted with pentane (400 mL) and
eluted through a short neutral alumina column. The mixture was then
concentrated to ca. 100 mL, then dichloromethane (100 mL) was added,
and the polymer was purified from the unreacted monomers by 3 cycles
of precipitation from methanol (1 L). The polymer was collected on a
fritted Biichner funnel, crushed with a glass rod, dried by air and va-
cuum (11.33 g, 75.2%).

2.3. Typical procedure for intramolecular cross-linkage of poly(SMA-co-
AAEMA) with trimethylolpropane triacrylate (TMPTA) (polymer A-SC)

In an Erlenmeyer flask thermostated to RT, polymer A (0.75 g) was
dissolved in THF (750 mL) during 15min under argon bubbling. A
MeOH solution (1 mL) of KOH (18 mg, 0.32 mmol) was added, and the
mixture was kept stirred for additional 10 min under Ar, after which a
MeOH solution (0.5mL) of TMPTA (43 mg, 0.146 mmol) was added.
The flask was sealed and the reaction was stopped after 212 h by ad-
dition of aqueous H,SO,4 (0.35mL, 0.5M). The reaction mixture was
concentrated under reduced pressure to ca. 30 mL, and the polymer was
purified by precipitation from methanol (300 mL). The polymer was
collected on a fritted Biichner funnel, crushed with a glass rod, dried by
air, and by vacuum. (0.76 g, 8.8 mol% cross-link, Mn = 233KDa).

2.4. Typical procedure for measurement of dynamic viscosity of polymer
solutions and calculation of PVL and VI

In a 50 mL beaker, polymer (243 mg) was stirred with oil (24.05 g)
at 90 °C during 1 h. The resulted clear solution is left unstirred for ad-
ditional 15 min at the same temperature. At least 4 viscosity measure-
ments at 40 °C and 100 °C are taken for the calculation of permanent
viscosity loss (PVL) and viscosity index (VI). After sonication, the
polymer solution is placed at 120°C for 15min prior to viscosity
measuring. VI is calculated according to ASTM D2270 [5]. PVL is cal-
culated according to ASTM D2603 [40].

3. Results and discussion

As an initial point in our VM design, we choose simple poly(me-
thacrylate esters), due to their easily tunable properties via selection of
their alcohol part. The established living radical polymerization
methods for methacrylates [41-43] readily allow tight control over
important properties such as molecular weight, distribution of co-
monomers and incorporation ratio. Key required properties of the VM
are not only oil solubility, but also presence of polar and hydrogen bond
forming moieties. The later requirement improves thickening and VI
achieved by the additive [8], together with additional benefits such as
better adherence to metal surfaces and prevention of deposit formation
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