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Abstract 

Viscosity index (VI) and shear stability index (SSI) are standard methods 
used in the lubricant industry to determine temperature-viscosity dependen-
cy and resistance to product degradation, respectively. A variety of oil-soluble 
polymers, including poly(alkyl methacrylates) (PAMAs) are routinely used to 
control these properties in fully-formulated liquid lubricants. In this report, 
we use reversible addition-fragmentation chain transfer (RAFT) polymeriza-
tion to precisely target identical degrees of polymerization in a family of 
PAMAs with varying lauryl, hexyl, butyl, ethyl, and methyl groups. Then, ex-
panding on previous methodology reported in the literature, we establish 
structure property relationships for these PAMAs, specifically looking at how 
intrinsic viscosity [η] and Martin interaction parameters KM relate to VI and 
SSI characteristics. While the intrinsic viscosity [η] is associated with the vo-
lume of macromolecules at infinite dilution, the parameter KM reflects the 
hydrodynamic interactions of polymer chains at actual polymer concentra-
tions in lubricating oils. In this paper, we show that the dependence of VI on 
the non-dimensional concentration c/c* (or c[η]) can be presented in a form 
of master curve with shift factors proportional to KM that decreases with in-
creasing size of alkyl groups. This finding implies that even in the dilute re-
gime, the coil-expansion theory used to explain the effect of macromolecules 
on VI should be complemented with the idea of hydrodynamic interactions 
between polymer molecules that can be controlled by the choice of alkyl 
chains in the family of PAMAs.  
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1. Introduction 

A powerful and widely-applied strategy for reducing frictional losses between 
two moving mating surfaces is to separate the surfaces by means of lubricating 
oil. In this way, frictional penalties due to solid-to-solid contacts are greatly re-
duced by hydrodynamic lubrication [1] [2]. To maintain the load-bearing cha-
racteristics which lead to this fluid film, the lubricant must maintain a minimum 
viscosity across its entire range of operating conditions, including those occur-
ring at high temperatures and high shear environments. While these minimum 
viscosity requirements at higher operating temperatures are critical for main-
taining durability and efficiency, at lower operating temperature regimes, the 
natural increase in the lubricant’s viscosity is counterproductive to overall oper-
ational efficiency. One strategy then, to improve overall efficiency, has been to 
use lubricants that have been designed to have weak viscosity-temperature de-
pendence and a reduced average viscosity across their entire operational tem-
perature range. This reduced average viscosity has been shown to be an effective 
formulation strategy for the improvement of overall operational efficiencies in 
automotive and industrial lubricant applications [3] [4] [5] [6].  

Within the automotive and industrial lubrication field, one of the most widely 
used metrics for assessing a lubricant’s viscosity-temperature dependence is the 
viscosity index (VI), determined by comparing a fluid’s kinematic viscosity at 
40˚C to that of a known reference fluid with identical kinematic viscosity at 
100˚C. Fluids with higher viscosity indices have reduced viscosity-temperature 
dependence. A highly impactful strategy to impart increased viscosity index to a 
lubricating oil is by the addition of soluble polymer components known as vis-
cosity index improvers (VII). The general nature of these polymers is known to 
have a significant impact on the VI contribution, and previous research has used 
coil-expansion theory to provide mechanistic insights into how VII’s impart in-
creased VI [7] [8] [9] [10]. These previous investigations have largely sought to 
describe the VI impact of polymers treated at levels well below the theoretical 
overlap concentration. In higher treat applications, an interesting reversal of the 
VI impact is observed with certain types of VIIs wherein additional polymer 
content results in decreases to the viscosity index. Developing a more complete 
understanding of the mechanistic behaviors that lead to this reversal as well as 
what implications this behavior might have to other fundamental properties such 
as shear stability is the primary aim of this work.  

Coil-Expansion Theory and Recent Work 

Coil-expansion theory has a long history in polymer research with two encom-
passing methods accounting for polymer expansion: continuous variation and 
discrete step. The continuous variation theory describes a scenario where poly-
mer size scales by some proportionality with temperature [11] [12]. Alternative-
ly, a discrete step-change in polymer size has also been observed, where the po-
lymer radius of gyration or other measure of its size remains constant until a 
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significant step-change to the coil size is induced by a factor such as tempera-
ture, solubility, or concentration [13] [14]. 

For many decades, the Selby coil-expansion concept was the dominating theory 
on polymer behavior in lubricating oils, relating expansion to parameters such as 
VI [7]. Selby describes the complexity involved with comparing polymer dy-
namics and viscosity index as originally defined by Dean and Davis [8] as the 
practice for determining viscosity-temperature relationships [9]. Therein, the ex-
pansion of hydrodynamic volume with improved solvency and increasing tem-
perature was described. This has since taken hold as the mechanism of choice 
used to describe polymer systems in commercial lubricating oils.  

Although the coil-expansion model has typically been used to rationalize VI 
improvements, it must be noted that not all polymers follow this model. Specifi-
cally, significant differences are observed between the solution behavior of 
poly(alkyl methacrylates) (PAMAs) and polyisobutylene (PIB) [15] [16] [17] [18] 
[19]. In a recent contribution to the conversation, Covitch and Trickett verified 
that PAMAs follow the coil-expansion theory, but other polymers, such as ethy-
lene-propylene copolymers (olefin copolymers, or OCPs), did not behave in the 
same manner [10]. In addition to determining intrinsic viscosity in mineral oil, 
they used small-angle neutron scattering (SANS) as a tool to measure the radius 
of gyration of macromolecules in various deuterated solvents at different tem-
peratures and concentration regimes. Their work showed that the presence of 
slightly collapsing polymer chains can still lead to VI improvement. In contrast 
to the temperature-dependent increase in radius of gyration measured for PA-
MAs, it was shown that OCPs decreased in size at elevated temperature, but 
nonetheless had a positive VI effect. Ultimately, their work concludes that the 
Selby coil-expansion mechanism does not explain behavior in mineral oils for all 
polymer types.  

Ramasamy, et al. [20] used molecular modeling (Large Atomic/Molecular Mas-
sively Parallel Simulation, or LAMMPS) to further confirm Covitch’s conclu-
sions that PAMAs followed the coil-expansion theory and OCPs did not. Here, 
they suggested that the oxygen present in the PAMA was the contributing factor 
in the coil expansion. The OCP, which does not contain oxygen, does not ex-
pand with heating. In simulations of a PAMA and a theoretical “oxygen-free” 
PAMA, they observed a temperature-dependent increase in coil size in the PAMA, 
in contrast to coil contraction in the oxygen-free model.  

Willett, et al. [21] examined the VI phenomenon in additional chemistries to 
those referenced above. This work included polybutene in addition to PAMA 
and OCP and identified four cases for VI trends with concentration: Case 1—VI 
increases with concentration, linear or non-linear; Case 2—VI increases then 
plateaus or decreases; Case 3—VI does not increase or decrease; Case 4—VI de-
creases. Their analysis attributed many of these behaviors to expansion, contrac-
tion, interaction, and combinations of such.  

It is clear from recent works that a coil-expansion theory may not fully de-
scribe VI effects for all polymer systems. This theory is based on isolated coil 
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solution behavior and does not consider the inter-chain hydrodynamic interac-
tions occurring in engine oils. These interactions are quite significant at the con-
centration regimes encountered in liquid lubricants. Therefore, more detailed 
account for both, coil expansion and inter-molecular interactions is needed to 
aid in formulating engine oils with desirable viscosity index. In the work pre-
sented herein, we will discuss the contribution of coil volume and hydrodynamic 
interactions to viscosity of dilute and semi-dilute solutions of a well-defined 
family of PAMAs.  

2. Experimental Section 
2.1. Materials 

All chemicals were used as received unless otherwise noted. Lauryl methacrylate, 
methyl methacrylate, butyl methacrylate, and butyl-2-methyl-2-[(dodecylsulfa- 
nylthiocarbonyl)sulfanyl] propionate (CTA-Ester) were sourced from The Lu-
brizol Corporation. Ethyl methacrylate (>98%) and hexyl methacrylate were 
purchased from VWR. A 3 cSt, Group III base oil under the trade name “Ul-
tra-S3” was sourced from Phillips 66. 

2.2. Polymer Synthesis 

To study solely the effects of polymer solubility on VI and SSI, PAMAs with the 
same degree of polymerization (DP) and varying compositions were targeted. 
Conventional free radical polymerization (or use of a thiol chain transfer agent) 
is typically used to synthesize PAMAs, which does not allow for precise targeting 
of a specific polymer chain length. The inclusion of a suitable chain transfer 
agent, such as a thiocarbonylthio compound typically used in reversible addi-
tion-fragmentation chain transfer (RAFT) polymerization, provides significant 
control over the polymer composition [22]. Therefore, butyl-2-methyl-2-[(do 
decylsulfanylthiocarbonyl)sulfanyl] propionate (CTA) was used to mediate the 
polymerizations. The five copolymers prepared were a poly(lauryl methacry-
late) homopolymer (LMA), poly(hexyl methacrylate-co-lauryl methacrylate) 
copolymer (HMA:LMA), poly(butyl methacrylate-co-lauryl methacrylate) copo-
lymer (BMA:LMA), poly(ethyl methacrylate-co-lauryl methacrylate copolymer 
(EMA:LMA), and poly(methyl methacrylate-co-lauryl methacrylate) copolymer 
(MMA:LMA). In all polymerizations, the same degree of polymerization was tar-
geted by employing a ratio of [monomer]:[CTA] of 100:1, and the comonomer 
compositions were set by the initial molar ratio of comonomers in the reaction 
(i.e., 52:48 LMA:comonomer).  

A generalized reaction procedure is as follows: Ultra-S3 base oil and butyl- 
2-methyl-2-[(dodecylsulfanylthiocarbonyl)sulfanyl] propionate (CTA-Ester) were 
added to a 2 L, 4-neck round bottom flask equipped with a glass stir rod, Claisen 
adapter with condenser and feeding tube inlet, a thermocouple and heating 
mantle, and a nitrogen inlet. Lauryl methacrylate, comonomer (optional), Ul-
tra-S3 base oil, and tert-butyl peroxy-2-ethylhexanoate were added to a glass jar 
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and thoroughly mixed. The flask was heated to 100˚C and the monomer/initiator 
mixture was added dropwise over approximately 90 min. The temperature was 
allowed to drop to 82.5˚C and the reaction was held at temperature until the 
monomer conversion was complete. After polymerization, the polymers were 
diluted to constant oil (50 wt%) and the molecular weights were analyzed by gel 
permeation chromatography (GPC, Supplementary Figure S1). These results are 
shown in Table 1. 

The values of statistical coil size were calculated using relation 2 2R C nl∞=  
where n = 200 is the number of bonds per chain and 0.15 nml =  is the bond 
length [11]. Introducing comonomers with shorter alkyl chains (e.g., butyl, ethyl, 
or methyl) makes chains more flexible so that the chain volume of LMA is ap-
proximately 1.4 times greater than these copolymers. However, inclusion of hex-
yl methacrylate in the copolymer results in a characteristic ratio much closer to 
that of LMA homopolymer.  

2.3. Blending 

Polymer samples (at 50 wt% in Ultra-S3 base oil) were added to a jar and diluted 
with the appropriate amount of Ultra-S3 base oil (final sample wt% ranged from 
1 wt% to 25 wt% polymer). The mixture was heated to 70˚C and stirred for 1 h 
until the sample was homogenous. 

2.4. Gel Permeation Chromatography (GPC) 

GPC was performed using a Waters 2695 instrument equipped with a refractive 
index detector. The conditions for the experiment are listed below. Samples were 
filtered with a 0.2 µm PTFE filter prior to injection. Data workup was performed 
using Waters Empower software. Molecular weights are relative to polystyrene 
standards (Polymer Standards Service PSKITR-4).  

Column Set:  3 Mix-C and 1100 angstrom columns (PL gel, Agilent) 
Mobile Phase:   Tetrahydrofuran 
Flow rate:    1.0 mL/min 
Column Temperature: 40˚C 
Injection Volume:  300 µL 
RI Sensitivity:   16 
RI Scale Factor:   20 
Sample Concentration: 4 mg/mL 
Sample Solvation Time: 6 hours 

2.5. Kinematic Viscosity 

Kinematic viscosity was determined by glass capillary viscometer where the 
temperature was maintained within 0.02˚C [25] (Supplementary Figures S2-S4). 
The method utilized has a precision of 1% of the tested value. The kinematic 
viscosities of polymer solutions and a solvent (ν and νs, respectively) were used 
to calculate specific viscosities ( 1sp sη ν ν −= ). 
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Table 1. Molecular weight data for PAMA copolymers with a targeted degree of polyme-
rization of 100. 

Polymer Mn (kg/mol) Mw/Mn
 C∞

a <R2>(1/2), nm 

LMA 27.8 1.31 14.1 8 

HMA:LMA 25.3 1.37 13.19 7.7 

BMA:LMA 24.9 1.33 11.46b 7.2 

EMA:LMA 23.5 1.33 11.17 7.1 

MMA:LMA 23.6 1.31 11.22 7.1 

aCalculated using values for homopolymers from polymer data base [23]; bCalculated us-
ing value for homopolymer from Mays [24]. 

2.6. Viscosity Index 

The VI of a fluid is a calculation to measure the variation in viscosity with re-
spect to temperature. Defined by Dean and Davis in the 1920s and utilized by 
the petroleum lubrication industry since, viscosity index is an important meas-
ure of thermal effects on the viscous properties of the lubricating fluid [26]. To 
improve the overall efficacy of these oils, viscous properties of a fluid must be 
maintained over a wide range of temperatures. At lower temperatures, oils must 
maintain a low viscosity to permit oil pumping and cranking. At higher temper-
atures, oils must maintain a higher viscosity at to provide a full-film lubrication 
regime to protect parts from wear and prevent overheating. Although the lubri-
cation industry eventually developed methods to determine viscosities at ele-
vated and reduced temperatures [27] [28], the viscosity index continues to be a 
standard measure for a fluid’s ability to meet certain performance criteria.  

The standard practice for calculating VI was published by ASTM [29], where a 
kinematic viscosity (KV) method by glass capillary viscometer was utilized for 
the determination. VI is calculated using Equation (1) 

VI 100L U
L H
− = ∗ − 

                        (1) 

where Covitch [30] identifies the variables in Equation (2) as: L is the calculated 
value of the 40˚C KV of low VI reference fluid, H is the calculated value of the 
100˚C KV of the high VI reference fluid, and U is the measured value of the 
40˚C KV of the test fluid. 

20.8353 14.67 216L Y Y= + −                    (2) 
20.1684 11.85 97H Y Y= + − , 

where Y is the measured value of the 100˚C KV of the test oil. 
Although other methods of calculation and discrepancies found at lower vis-

cosities have been identified by Wright [31] and Zakarian [32] [33], the formula-
tion space in which we are working permits that the standard calculation me-
thod is acceptable.  

Intrinsic Viscosity [η] and Interaction Parameters (KH and KM)  
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The intrinsic viscosity [η] has long been a method in polymer chemistry as 
identifying a polymer’s effect on a solution’s viscosity, specifically in the dilute 
regime where c c∗< , where c∗  defined by Graessley is the boundary between 
the dilute and semi-dilute polymer regime or the critical overlap concentration 
[34]. Also, c∗  has the basic relationship with intrinsic viscosity, Equation (3) 

[ ]
* 0.77c

η
=                           (3) 

with units of inverse concentration, dL/g or mL/g, the intrinsic viscosity of a 
fluid represents the random-coil volume per unit mass that the polymer takes. 
This concept derives from the use of Einstein’s relationship of non-interacting, 
non-deformable spheres to predict viscosity, Equation (4) 

1 2.5Rη φ= +                             (4) 

where ηR is the relative viscosity or ratio of solution viscosity to solvent viscosity 
and ϕ which is the volume fraction of spheres [35].  

Converting Einstein’s relationship for the use in polymer applications to a 
virial expansion expression, Equation (5) 

[ ] [ ]( )2
1R Hc k cη η η= + +                        (5) 

From that expansion we can derive the Huggins Equation, Equation (6), 
which relates the reduced viscosity (ηsp/c) to the concentration (g/dL), intrinsic 
viscosity (dL/g), and the Huggins parameter, kH, which is related to the intramo-
lecular interaction and solvent quality [36].  

[ ] [ ]2sp
Hk c

c
η

η η= +                         (6) 

Determining the intrinsic viscosity requires dilution of a polymer system as 

limit of c goes to 0 g/dL, 0lim sp
c c

η
→ , or the y-intercept ηsp/c vs. c; and kH is de-

termined by the slope of ηsp/c vs. c.  
The poly(alkyl methacrylate) systems prepared herein, with solutions from 1 

wt% to 5% at 1% increments, then at increasing increments to 25 wt% were pre-
pared with the concentration being converted to g/dL for analysis. The concen-
trations provided an adequate number of solutions below c∗  as well as samples 
above the expected overlap concentration.  

Another method to calculated intrinsic viscosity with a corresponding inte-
raction parameter is to use the Martin Equation, Equation (7), which provides a 
method to calculate the intrinsic viscosity with the inclusion of concentrations 
where c c∗>  

[ ] [ ]( )expsp
MK c

c
η

η η= ∗                      (7) 

where KM is the Martin parameter. We found with our analysis of the data, 
where c → c* and beyond, the Martin equation is a more effective way of fitting 
the specific viscosity data. 
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KRL Shear Stability Measurements 
Using a KRL tapered roller bearing, approximately 40 mL of the test oil is 

heated to 60˚C and placed under a constant load of 5000 N with the roller bear-
ing rotating at 1450 min−1 for 20 hours. The KV100 is measured after the shear 
test and used to calculate the shear stability index. Further details of this method 
can be found in CEC L-45-A-99 [37]. 

Shear Stability Index  
The SSI is a measure of an oil’s irreversible viscosity loss from shear of the 

viscosity modifier when the oil is subjected to engine operation, or specialized 
tests such as Sonic (ASTM D2603 or ASTM D5261), Orbahn (ASTM D6278 or 
ASTM D7109), or KRL (CEC L-45-99 Mod.) shear stability tests. The shear sta-
bility index of an oil is defined by Equation (8), 

0

0

SSI 100 s

b

V V
V V
 −
 −

=


∗                         (8) 

where V0 is the viscosity of the unsheared oil, Vs is the viscosity of the sheared 
oil, and Vb is the viscosity of the base oil. 

Therefore, an SSI of 0 represents zero loss of oil viscosity due to polymer shear 
degradation, whereas an SSI of 100 indicates complete loss of the viscosity con-
tribution from the viscosity modifier due to shearing. 

3. Results and Discussion 

The analysis of viscosity for dilute and semi-dilute solutions of copolymers can 
be used to understand the effect of side chain functionality (i.e., alkyl chain 
length and branching) on the hydrodynamic properties of macromolecules and, 
consequently, viscosity index and the shear stability index. To examine these ef-
fects, five PAMAs with the same degree of polymerization were synthesized: 
LMA, HMA:LMA, BMA:LMA, EMA:LMA, and MMA:LMA. Figure 1 shows  
 

 

Figure 1. Kinematic viscosity at 40˚C and 100˚C as a function of polymer concentration. 
The KV100 values for all four PAMAs are nearly identical, while differences in KV40 
values are noted across the concentration range studied. 
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the kinematic viscosity of PAMAs at polymer concentrations c ranging from 1 
wt% to 25 wt% in a group III base oil. The closed and open symbols represent 
the kinematic viscosity measured at 100˚C and 40˚C, respectively. The results 
are quite similar across the set of PAMAs, especially at 100˚C where the values 
are nearly identical. However, at 40˚C, the differences in viscosity are quite sig-
nificant, especially for polymer c > 20 wt%.  

The strong effect of chemical structure on viscosity at T = 40˚C can be un-
derstood in terms of inter-chain hydrodynamic interactions that become signif-
icant at high polymer concentrations. The viscosity of polymer solutions can be 
presented in the form: 

[ ] [ ]( )2 21s Hc c kη η η η= + + +�                  (9) 

Here, sη  is the solvent viscosity, [η] is intrinsic viscosity, c is polymer con-
centration, and kH is the Huggins interaction constant. For the dilute regime 
( [ ] 0.77 1c c cη∗ = � ), the polymer chains do not overlap and the contribution 
of polymer chains to the solution viscosity is due to hydrodynamic interactions. 
In the intermediate semi-dilute regime ( 1c c∗ ≤ ), the applicability of Equation 
(9) is limited to chains with strong excluded volume effect, i.e. when the hydro-
dynamic radius of macromolecules scales with the degree of polymerization as 

HR Nν∝  with the excluded volume exponent ν = 3/5 for good solvents [11]. As 
the RH and [η] are related through Flory-Fox expression 

[ ]
3 3 1
H

n

R N
M m

ν

η
−

≈ Φ ∝                     (10) 

here, Φ  is the universal Fox-Flory constant and m is the molecular weight of 
monomer unit. Equation (10) can support the coil-expansion theory if we assume 
that the excluded volume exponent increases with temperature. For the copoly-
mers presented in this study, the temperature dependence [η] can be associated 
with increasing excluded volume exponent ν due to increasing solubility of the 
side chains. Note that for θ-solvents, where the repulsive interactions and van 
der Waals attractions between polymer segments cancel each other, the expo-
nent ν = 1/2. For prevailing van der Waals attractions, the coils may collapse so 
that 1/3 < ν < 1/2 and the viscosity decreases due to small hydrodynamic radius, 
RH. Therefore, the temperature dependencies of [η] can be used to characterize 
the effect of temperature on chain expansion for PAMAs presented in this paper. 

The significant differences in the temperature dependence of [η] for PAMAs 
with the same degree of polymerization, but different side groups (Figure 2) 
demonstrate a large effect on molecular volume: very strong temperature de-
pendence of [η] is observed for EMA:LMA and MMA:LMA copolymers whereas 
this dependence is relatively weak for homopolymer LMA and HMA:LMA co-
polymer. Incorporation of butyl side chains leads to an intermediate tempera-
ture dependence. The polymer coil volume depends on two factors: the charac-
teristic ratio C∞  that defines the flexibility of polymer molecules and the statis-
tical coil size in solution (Table 1) and excluded volume effect that depends on  
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Figure 2. Intrinsic viscosity at various temperatures for poly (alkyl methacrylates). Error 
bars represent the standard error from the regression of the specific viscosity vs. concen-
tration data to determine intrinsic viscosity. 
 
solvent quality. This explains large difference between the values of [ ] 3

H wR Mη ∝  
observed for LMA and MMA:LMA and EMA:LMA copolymers. The chains of 
copolymers are more flexible due to the smaller volume occupied by short MMA 
and EMA side chains as compared to the bulky LMA chains and, to a lesser de-
gree, the HMA and BMA chains. This makes the polymer molecular size more 
sensitive to the excluded volume effects that become more significant at high 
temperature. 

As the intrinsic viscosity reflects the behavior of isolated polymer chains, it is 
insufficient for quantitative interpretation of VI improvement for PAMAs. The 
hydrodynamic and even attractive inter-chain interactions may become domi-
nant for higher concentrations ( *~c c ) and low temperatures. In the context of 
VI improvement, the polymer contribution to viscosity p sη η η= −  due to in-
ter-chain interactions must be described separately from the temperature de-
pendence of polymer coil volume. 

Figure 3 shows the dependences of specific viscosity sp p sη η η=  on *c c  
for T = 40˚C and 100˚C for PAMAs. Remarkably, the value of spη  for 
MMA:LMA and EMA:LMA copolymers steeply increases with *c c  at T = 
40˚C even when * 1c c � , which indicates that the polymer molecules behave 
similar to weakly attractive colloidal particles. At 100˚C, this effect is observed in 
the more concentrated regime, * 1c c > , which suggests that at this tempera-
ture, PAMAs behave more like regular polymers.  

For analyzing strong intermolecular interactions observed for PAMA copo-
lymers, it is necessary to use the exponential dependence of spη  vs. c, or Martin 
equation [38]: 

[ ] [ ]e MK c
sp c ηη η=                          (11) 

which reduces to Equation (9) for [ ] 1MK cη � , i.e. M HK k= . The values of kH  
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(a) 

 
(b) 

Figure 3. Specific viscosity vs. *c c  at 40˚C (a) and 100˚C (b). 

 
for good solvents are in the range of 0.3 - 0.4Hk =  and for θ-solvents  

0.5 -1.5Hk =  [11], increasing with molecular weight. As PAMA copolymers 
have relatively low Mn (Table 1), the lowest range of 0.5HK =  is expected in 
θ-solvents. 

The values of KM and [η] in Table 2 for PAMAs at T = 40˚C and 100˚C dem-
onstrate the drastic difference between LMA and HMA:LMA, and the copolymers 
with less soluble side chains (i.e., BMA:LMA, EMA:LMA, and MMA:LMA). For 
LMA and HMA:LMA, the values of KM are in the range  

~ 0.46 - 0.74MK  at all temperatures, which is consistent with θ-conditions. A 
small change in both KM and [η] for these polymers suggests that coil expansion 
and intermolecular hydrodynamic interactions play less significant roles in VI 
control than for BMA:LMA, EMA:LMA, and MMA:LMA. For the latter, both 
KM and [η] change significantly with temperature suggesting the possibility of 
controlling VI in the wider range. 
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Table 2. Intrinsic viscosity and Martin constants of poly(alkyl methacrylates) (DP = 100) 
at various temperatures in mineral oil. 

Polymer or 
copolymer 

Intrinsic Viscosity 
(dL/g) 

40˚C 60˚C 80˚C 100˚C 

LMA      

 [η] 0.0858 0.0893 0.0917 0.0946 

 KM 0.6225 0.5524 0.5094 0.4623 

HMA:LMA      

 [η] 0.0786 0.0860 0.0882 0.0907 

 KM 0.7371 0.5823 0.5446 0.4998 

BMA:LMA      

 [η] 0.0713 0.0794 0.0841 0.0881 

 KM 0.9472 0.7323 0.6265 0.5501 

EMA:LMA      

 [η] 0.0542 0.0633 0.0712 0.0774 

 KM 1.5947 1.1341 0.8612 0.6913 

MMA:LMA      

 [η] 0.0383 0.0491 0.0595 0.0682 

 KM 2.8869 1.8429 1.2474 0.9196 

 
Viscosity Index 
The significant differences in the temperature dependence of [η] for PAMAs 

with the same degree of polymerization, but with different alkyl side chains, help 
explain the differences in VI measured for solutions of these copolymers at var-
ious concentrations. Indeed, the dependence of VI on concentration (Figure 4) 
demonstrates a significant variation in behavior based on the size of the alkyl 
group. The MMA:LMA and EMA:LMA copolymers exhibit a peak VI, after 
which increased polymer concentration results in a rapidly decreasing VI. Al-
ternatively, the polymers containing monomers with longer side chains (i.e., 
HMA:LMA copolymer and LMA homopolymer) show a VI plateau at a similar 
concentration. The BMA:LMA copolymer exhibits only a slight decrease in VI is 
observed past the maximum. These trends have also been identified and dis-
cussed by Willett, et al. [21]. A closer look at the concentration-dependence of 
the kinematic viscosities clearly shows the origin of this behavior. As shown in 
Figure 1, the kinematic viscosities at 100˚C are nearly identical for all PAMAs 
across the entire concentration range. However, distinct differences are noted in 
the measurements at 40˚C. A significant increase in low-temperature viscosity 
for MMA:LMA and EMA:LMA copolymers observed at polymer concentrations 
above 10% clearly contribute to this behavior. 
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Figure 4. Viscosity index as a function of polymer concentration. 
 

The effect of polymer concentration on VI can be explained in terms of the 
definition of VI (Equation (1)); the decrease in VI for high polymer concentra-
tion c is associated with the relatively strong effect of c on low-temperature vis-
cosity as compared to that of high-temperature viscosity. This is consistent with 
a strong temperature dependence of the Martin constant for EMA:LMA and 
MMA:LMA copolymers (Table 2). To evaluate the effect of KM on VI, we plot VI 
as a function of *c c  for the two cases when *c  is estimated from the intrinsic 
viscosity values measured at T = 40˚C and 100˚C as shown in Figure 5. The ra-
tionale for presenting the VI scaled with *c c  for these temperatures is that the 
VI solely depends on viscosities measured at T = 40˚C and 100˚C. This type of 
scaling helps to compare the concentration dependencies of VI for polymers in 
dilute and semi-dilute regimes defined by the value of *c c . In the dilute regime 
( 1c c∗ � ), the VI scales linearly with *c c  for LMA homopolymer and 
HMA:LMA copolymer. The dependencies of VI on *c c  almost collapse indi-
cating that the VI for these polymers is dominated by the chain volume 

1chV c∗∝ . The value of VI reaches a plateau in the semi-dilute regime ( * 1c c > ) 
for these polymers when *c  is estimated from [η] measured at 40˚C and 100˚C. 
Conversely, the VI reaches a maximum at * ~ 0.5c c  for MMA:LMA and 

* ~ 0.7c c  for EMA:LMA copolymers. These dependencies do not collapse 
even when * 0.5c c < . This effect is also seen to a lesser extent in the 
BMA:LMA copolymer. For these polymers, the viscosity index is controlled not 
only by the chain volume but also by the hydrodynamic and attractive interac-
tions between the chains. This effect is more pronounced when the value of c∗  
is estimated from [η] measured at T = 40˚C, which is related to the strong tem-
perature dependence of Martin constants for these polymers (Table 2). 

To further understand the correlation between VI, the chemical structure of 
copolymers, and their associated rheological characteristics, we can shift the de-
pendences of VI on c c∗  using horizontal shift factor ak and relate the values of 
ak and KM for each polymer at a given temperature. 
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(a) 

 
(b) 

Figure 5. Viscosity index vs. *c c  at 40˚C (a) and 100˚C (b). 

 
Figure 6 shows the shifted dependencies of VI at 40˚C and 100˚C as a func-

tion of ( )ka c c∗  with the values of *c  determined from [η] at T = 40˚C and 
100˚C, respectively. The insets demonstrate the relationships between the shift 
factors ak and the Martin constants KM. Interestingly, the dependences of VI on 

( )ka c c∗  scale together for ( ) 1ka c c∗ <  but diverge for higher concentra-
tions when the interactions between polymer chains become dominant. For co-
polymers containing less-soluble monomers (MMA:LMA and EMA:LMA), the 
enhanced intermolecular interactions at T = 40˚C help to increase the VI as com-
pared to those with HMA:LMA and LMA. However, very same interactions re-
duce the VI at higher polymer concentrations. As noted in previous analyses, the 
BMA:LMA copolymer displays behavior intermediate to the other copolymers.  

Shear stability 
Another technologically important parameter is shear stability, or the resis-

tance of macromolecules to mechanical degradation caused by shear forces.  
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(a) 

 
(b) 

Figure 6. Viscosity Index vs. *
Ka c c  at 40˚C (a) and 100˚C (b). The insets show the de-

pendencies of horizontal shift factors aK on the Martin constant KM. 
 
This parameter is inherently linked to macromolecule size as larger macromole-
cules are more susceptible to shear degradation. Since all polymers studied in 
this work have nearly identical degrees of polymerization, it is assumed that 
their contour lengths are also quite similar. Therefore, any differences in shear 
stability are attributed to changes in the hydrodynamic coil size HR Nν∝ . The 
exponent 3 1a ν= −  in the Mark-Houwink equation [ ] KM αη =  can be used 
to characterize the quality of solvent and the coil size in solution. To evaluate 
these parameters, well-defined polymers of LMA and MMA:LMA with higher 
degrees of polymerization (target DP = 200 and 400) were synthesized (Supple-
mentary Figure S5 and Figure S6, and Supplementary Table S1). At 100˚C, 
values of 0.779α =  and 0.593ν =  were measured for LMA, indicating that 
mineral oil is a “good” solvent for LMA. At 40˚C, these parameters are slightly 
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lower but still within the range found for good solvents. The high solubility of 
LMA was expected due to the oleophilic nature of the lauryl side chains which 
dominates over the more hydrophilic methacrylate moieties of the polymer. Al-
ternately, the copolymer of MMA:LMA exhibits much lower solubility, with 

0.61α =  and 0.53 and 0.536ν =  and 0.510 determined at 100˚C and 40˚C, 
respectively. When the lauryl side chains are replaced with shorter methyl 
groups, the dominating factor of the oleophilic lauryl groups is diminished, thus 
increasing the hydrophilicity of the overall polymer. This results in poorer sol-
vent quality, which is magnified as the solution temperature is cooled. As the 
value of a decreases for MMA:LMA copolymer as compared to LMA homopo-
lymer (Table 3), the former polymer is expected to more resistant to shear de-
gradation than the latter.  

The shear stability of LMA and MMA:LMA polymers was examined using the 
KRL shear stability test at various solution viscosities (i.e., multiple polymer 
concentrations). At similar KV100, the MMA:LMA copolymers are noticeably 
more shear stable than the LMA homopolymer (Figure 7). As mentioned pre-
viously, this difference is explained by the different sizes of macromolecules in 
solution; at 60˚C (the measurement temperature), the LMA homopolymer is 
significantly more soluble than the MMA:LMA copolymer, and therefore is 
more extended and more susceptible to cleavage events. The relationship be-
tween the solubility and the polymer coil size has been outlined by Rubenstein 
(11); briefly, the excluded volume ( ) 31 2v bχ= − , where b is the size of mono-
mer unit, χ is the Flory-Huggins parameter characterizing the polymer-solvent 
interactions. The value χ is related to the solubility parameters of polymer seg-
ment and solvent molecules. For θ-solvents, 1 2χ = , 0v = , and the coil size is 

1 2
HR N∝ . For good solvents with 1 2χ < , the excluded volume 0v >  and 

3 5
HR N∝ . Therefore, the side chain length (and more specifically the polymer 

solubility) directly impacts the shear stability of a macromolecule. 
 

 

Figure 7. Shear stability index as a function of kinematic viscosity at 100˚C for LMA ho-
mopolymer and MMA:LMA copolymer. 
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Table 3. Mark-Houwink parameters for LMA and MMA:LMA at various temperatures in 
mineral oil. 

Polymer or copolymer Mark-Houwink 40˚C 100˚C 

LMA 
Mw range: ~30 k - 150 k 

K 0.355E−04 0.265E−04 

α 0.742 0.779 

ν 0.581 0.593 

MMA:LMA 
Mw range: ~30 k - 100 k 

K 1.51E−04 1.25E−04 

α 0.529 0.607 

ν 0.510 0.536 

4. Conclusion 

A series of PAMAs were synthesized by RAFT polymerization to study the effect 
of the alkyl side chain length on the ability of a PAMA to control viscosity index 
and shear stability in mineral oil solutions over a wide concentration range. The 
major goal of this study was to understand the role of the intrinsic viscosity [η] 
and the Huggins or Martin constants (kH or KM) in controlling the viscosity in-
dex of polymer solutions analyzing temperature and concentration dependences 
of [η] and KM. The VI for all polymer solutions was presented as a function of 

ka c c∗  where ak is the scaling factor that is related to the Martin constant. This 
scaling allows one to separate the contribution of molecular size and the inter-
molecular interactions by means of reduced concentration c c∗  and scaling 
factor ak, respectively. The master curve of VI vs. ka c c∗  can be used for all 
polymers in this study to formulate the oil with desirable VI characteristics 
within the practically important range of concentrations, i.e., 1c c∗ < . It was 
also shown that an LMA homopolymer has much higher SSI values (lower shear 
stability) as compared to an MMA:LMA copolymer over a wide range of kine-
matic viscosities (or polymer concentrations). These results directly relate the 
shear stability of the macromolecules to the polymer coil size, which is dictated 
by polymer solubility and ultimately side-chain characteristics. 
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Supplementary Section 

 

Figure S1. Gel permeation chromatograms of polymers with a targeted degree of poly-
merization of 100. LMA (blue), EHMA:LMA (red, dotted), EMA:LMA (green, dashed), 
and MMA:LMA (purple, dashed/dotted) all elute at similar times, supporting that they 
are of similar hydrodynamic volume. 
 

 

Figure S2. Kinematic viscosity at 100˚C as a function of concentration for LMA, 
HMA:LMA, BMA:LMA, EMA:LMA, and MMA:LMA. Very little difference in the viscos-
ities of the various PAMAs is noted at 100˚C. 
 

 

Figure S3. Kinematic viscosity at 40˚C at low polymer concentrations. Under these con-
ditions, PAMAs containing MMA and EMA have lower kinematic viscosities, leading to a 
boost in viscosity index. 
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Figure S4. Kinematic viscosity at 40˚C at high polymer concentration. At this point, in-
termolecular interactions begin to dominate and the PAMAs containing MMA and EMA 
have higher viscosities than the other polymers, leading to a downturn in viscosity index. 
 

 

Figure S5. Gel permeation chromatograms of polymers with degrees of polymerization of 
200 and 400. These polymers were prepared to evaluate the Mark-Houwink-Sakurada 
parameters for poly(lauryl methacrylate) and a copolymer of 52 mol% lauryl methacrylate 
and 48 mol% methyl methacrylate. 
 
Table S1. Summary of GPC data for LMA and MMA:LMA polymers with targeted de-
grees of polymerization of 200 and 400. 

Polymer Target DPn
a Mn (kg/mol)b Mw/Mn

b DPn
b 

LMA 
200 45.9 1.52 181 

400 78.2 1.98 308 

MMA:LMA 
200 37.9 1.45 211 

400 63.8 1.68 354 

aCalculated from initial ratio of [M]o:[CTA]o; bFrom GPC analysis with polystyrene stan-
dards. 
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(a) 

 
(b) 

Figure S6. Molecular weight and dispersity data at targeted degrees of polymerization of 
100, 200, and 400 for (a) LMA and (b) MMA:LMA. 
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