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The novelty lies on the molecular level investigation of the end group functionality on rheological
properties of fractionated, monodisperse oligomeric perfluoropolyethers (PFPEs) with various molecular
weights and chain-end functionalities in this study. A sharp transition observed in the slope of the shear
viscosity at a critical molecular weight for PFPEs was interpreted based on temporal tube mechanism
caused by end group agglomeration of strong functional polar end groups. The temperature dependence
of the shear viscosity was found to yield an Arrhenius form, determining the flow activation energy and
hydrodynamic volume. The flow activation energy was also compared to the activation energy for surface
diffusion to examine the role of end groupesolid surface interaction. Modified ColeeCole plots for
storage and loss moduli along with polymer relaxation show the microstructural changes due to the
interaction of PFPE end-group, which alters effective molecular weights.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Rheological characteristics of the perfluoropolyethers (PFPEs)
have been studied both experimentally [1e10] and numerically
[11e13], because of their industrial importance in current infor-
mation storage devices via their various carbon overcoats for hard
disk drives' reliability and lubrication, and interesting relationship
between their tribological characteristics and rheological proper-
ties. Kono et al. [3] measured shear viscosity and dynamic moduli
for fractionated PFPEs with different molecular weights and end
group functionalities reporting the existence of the critical molec-
ular weight. Jiang et al. [11] studied viscosity and relaxation time of
the four short-chain PFPEs with varied architectural modifications
using non-equilibrium molecular dynamics simulation. Further-
more, the surface diffusion coefficient, measured by scanning
microellipsometry (SME), was also correlated with shear viscosity
[14] to investigate the replenishment, spin-off, and retention of
PFPEs [15]. In addition to PFPE bulk rheology, the solution rheology
was also investigated. During the manufacturing dip-coating
process, the intrinsic viscosity for dilute PFPE solutions was
measured to examine the solvent effect for dispersion quality [16].
Shape effect of PFPE molecules in solvents or strongly interacting
particles in suspension, interaction among the particles, agglom-
erations at low concentration, and the formation of the flocs were
: þ82 32 865 5178.

All rights reserved.
correlated with solution viscosity, in which the apparent shape of
the PFPE is more “non-spherical,” suggesting a larger amount of
cluster formations. These cluster formations in the solution (or
changes in aspect ratio) are related to the dispersion quality of the
PFPEs and may result in undesirable product during the
manufacturing processes. Nonetheless, its complete physical
understanding and the underlying rheological response for the
polymers (oligomers) with reactive end group remain challenging
problem despite considerable research on PFPE as a hard disk drive
(HDD) lubricant.

In this communication, we focus on molecular rheological
analysis of fractionated, monodisperse PFPEs with different
molecular weights and end group functionalities (PFPE Z and Zdol
with different O/C end group ratios). Although our focus is
primarily on temperature and end group functionality effect in bulk
rheology, and less on confined geometric effects, our finding will
provide insight towards nanorheological responses where poly-
mers (or oligomers) with polar end groups are confined in nano
spacing ormaking nano films. Therefore, our findings reported here
can be useful in providing the molecular design criteria such as
nano lubricants used in the information storage devices.

2. Experimental part

The PFPEs examined here are from the class of commercially
available perfluoropolymeric liquids (Montefluos Co., Milan, Italy)
[17] under the trade name Fomblin Z, which were obtained from
tetrafluoroethylene via the direct photooxidation and the
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Fig. 1. Shear viscosity vs. shear rate for ZdolTX8 at three different temperatures (B:
293 K, 7: 313 K, and ,: 333 K).
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successive thermal treatment and neutralization so as to allow
different compositions of oxydifluoromethylene and oxy-
tetrafluoroethylene units [18]. Their base molecular structure is
comprised of carbon, fluorine, and oxygen with a linear chain. The
perfluoroalkylenic units are linked by means of an oxygen atom.
They are potentially suitable lubricants under arduous conditions
and in the presence of chemicals and oxidizing reagents.

Here, we examined the rheological response of monodisperse,
difunctional derivatives of Fomblin Z (i.e., Zdol and ZdolTX [3]),
which are random copolymers with the following linear backbone
chain structure:

X� CF2 �
�ðOCF2CF2Þm�ðOCF2Þn

�� OCF2 � X ðm=n ¼ 2=3Þ:

Here, the end group Xs for Z, Zdol, and ZdolTX are: X¼CF3,
X¼CH2eOH, and X¼CH2(OCH2CH2)pOH (average p¼ 1.5),
respectively.

Note that Zdol has hydroxyl groups at both chain ends that
exhibit strong interactions among end group themselves as well as
with solid surfaces. Some characteristic physiochemical properties
of PFPE Z, Zdol, and ZdolTX are given in Table 1. Number average
molecular weights (Mn) and end group functionalities of the
Fomblin Z samples were measured by nuclear magnetic resonance,
while weight average molecular weights (Mw) were measured by
gel permeation chromatography. Polydispersity index (PIhMw/
Mn) varied from 1.01 to 1.06, indicating that the PFPEs used are
almost monodisperse.

The rheological properties of the PFPEs, including the melt
viscosity (m), storage modulus (G0), and loss modulus (G00) were
measured at several different temperatures via steady shear and
dynamic oscillatory tests, using a rotational rheometer (Physica LS-
100, Germany) with a double gap Couette type cylinder and an air
bearing supported measuring device under controlled stress
conditions. Since this rheometer has a limited torque range of
10�6e10�2 Nm and shear rate range of 10�6e103 s�1, we also used
a rotational rheometer (Physica MC-120, Germany) with a double
gap Couette cell to measure the shear viscosity at higher shear rates
(w105 s�1) [19,20]. Before measuring oscillatory responses, G0 and
G00, we performed an amplitude sweep test to verify the linear
viscoelastic range.
3. Results and discussion

Melt viscosities for different PFPEs were measured as a function
of shear rate at various temperatures from the flow curve of shear
stress vs. shear rate obtained from the steady shear experiment
using a rotational rheometer. The melt viscosities for all PFPEs
examined in this paper exhibit Newtonian behavior up to relatively
high shear rates of 103 s�1 and decrease with increasing tempera-
ture as shown in the Fig. 1. Similar behavior has been also reported
for PFPE Z8 [6]. However, it can be noted that both FomblinZ [21]
and Fomblin YR [8] were found to show non-Newtonian behavior
Table 1
Physiochemical properties of PFPE Z, Zdol, and ZdolTX.

Material code Mn Mw End group
O/C ratio

Terminal relaxation
time� 105 (sec)

Z8 8000 0 3.86
Zdol1 2000 2745 1 1.82
Zdol2 5422 5558 1 2.70
ZdolTX6 2555 2594 0.7 5.79
ZdolTX8 3547 3675 0.7 4.75
ZdolTX9 4391 4472 0.7 7.65
ZdolTX10 6281 0.7 11.28
at shear rates above 104 s�1 . Via molecular dynamics simulations,
non-Newtonian behaviors at very high shear rates were also
demonstrated [11e13,22,23].

From the temperature dependence of shear viscosity, which
yields an Arrhenius form, the flow activation energy E*m and the
hydrodynamic volume m0 ¼ NAh=V (NA is Avogadro's number, h is
Planck constant, and V is the molar volume) were determined:

m ¼ m0exp
�
E*m=RT

�
or ln m ¼ ln m0 þ E*m=RT (1)

where R is the gas constant and T is absolute temperature. When
ln m is plotted against 1/T, which yields straight lines with a positive
slope, increasing slightly with molecular weight for PFPE Z, Zdol,
and ZdolTX [3,6,14]. E*m increases with both molecular weight and
increasing O/C ratio in the end groups. The activation energy for
PFPE Z is lower than those of Zdol or ZdolTX implying that E*m
depends strongly on the interaction strength of functional end
group, and less on the actual molecular weight (M).

However, our experimental data exhibits the peculiar melt
viscosity, which is strongly dependent onM via end group coupling.
This remarkable observation is: ifM is less than a critical molecular
weight MC , the melt viscosity increases linearly with M or M0.5.
However, when M is greater than MC, the melt viscosity increases
much more rapidly with M.

It is well-known that high molecular weight, monodisperse,
linear polymer melts follow [24]:

mfM orM0:5 for M < MC
and mfM3:4 forM > MC

(2)

Here, the critical molecular weight MC has been interpreted as
the molecular weight at which entanglement coupling occurs [25].
De Gennes introduced the “reptation” model for tagged polymer
molecules in polymeric melt systems [24], stating that the polymer
motion is much like that of a snake moving in the contorted
“tunnel” formed by the surrounding polymer molecules, and
interpreted mNM3 behavior for M>MC. We found similar
phenomena for low molecular weight PFPE with very strong end
group functionality as shown below.

For PFPE systems, as shown in Fig. 2, we found that mNM0.5 for
all values ofM (for Zdol), whereas mNM forM<MC and mNM2 for
M>MC (for ZdolTX) [3]. An MC on the order of 3600 g/mol was
observed for ZdolTX. The melt viscosity was found to increase with
increasing end group C/O ratio. Note that Ajrodi et al. [26] observed
that the iso-free volume viscosities of Zdol were linearly
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Fig. 2. Shear viscosity of PFPE Zdol and ZdolTX as a function of molecular weight (,:
ZdolTX, 6: Zdol) [3].
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proportional to M above their glass transition temperatures. In
contrast, we observed a crossover behavior for ZdolTX possessing
bulky end groups. Crossover behavior has been reported for the
molecular weight dependence on shear viscosity of PFPEs with
bulky end groups [27,28]. Marchionni et al. [27] reported that for
various Fomblin Z with different m/n values, the exponent changes
from 1.5 to about 2.5, i.e., a value still much below 3.4, which is the
typical value for the majority of polymer melts above the critical
molecular weight.

The existence of an MC in ZdolTX data is originated from end
group agglomeration, which gives analogous phenomenon to the
reptation process. This pseudo-reptation process may arise from
strong end group interactions through the formation of a “temporal
tube”-like confinement. An illustration of this proposed scenario is
given in Fig. 3. The origin of MC and M2 dependencies in shear
viscosity is very subtle, requiring further investigation.

As end group interaction gets stronger, a higher degree of
ordered structure for end groups or agglomerations of end groups
appear and exhibit the critical molecular weight, MC. This suggests
Fig. 3. (a) Simple representation of a PFPE molecule. (b) and (c): Illustration of
“temporal tube”-like confinement and agglomerations. Relaxation processes and tube
leakage of tagged PFPE molecules for (b) M<Mc and (c) M>Mc.
that the molecular weight dependence on transport coefficients (e.
g., shear viscosity) can be strongly dependent on the strength of
end group interaction and temperature.

Melt viscosity dependence on temperature was compared with
SME measurements [14,15,29e34]. The activation energy for
surface diffusion E*d (calculated from the SME data using the
Arrhenius equation D ¼ D0expð�E*d=RTÞ) was compared to the E*m.

DmE
*
d=E

*
m ¼ D0exp

�
�E*d=RT

�h
m0expðE*m=RTÞ

iE*
d=E

*
m ¼ D0m

E*
d=E

*
m

0 : (3)

From Eq. (3), it appears that Dmny constant (or a weak function
of temperature), where n ¼ E*d=E

*
m depends on the PFPEesolid

surface interaction via end group functionality.
We observed that ny 1 for PFPE Z (Einstein relationship), while

ny 1.5 for PFPE Zdol [14], indicating that the mobility of the non-
functional PFPE Z does not appear to be influenced by the solid
substrate, whereas the Zdol exhibits lower mobility which suggests
an additional energy barrier contribution due to polymer-
esubstrate interaction. It is interesting to note that the interaction
strength between PFPE end group and solid surface can be esti-
mated via the activation energy ratio (the temperature dependent
relationship between D and m). Note that understanding the
spreading of thin films of liquid polymer on solid surfaces by either
migration or diffusion of polymers impacts many areas of modern
technology, including lubrication of the HDD.

To examine these temporal tube formation or agglomeration of
PFPEs due to polar end groups, we conducted oscillatory
measurements at different temperatures. Fig. 4 shows the 3-
dimensional plot of G0eG00eu for Zdol1 measured at 303 K. For
various PFPEs, we found that the G00 is strongly dependent on
temperature, while G0 is weakly dependent on temperature [6].

From this oscillatory data, we can estimate the relaxation times
(sps) of PFPEs. For example, the Rouse theory [26] for G0 and G00 are
given by:

G0 ¼ G0

X �
usp

�2

1þ �
usp

�2; (4a)

and

G00 ¼ G0

X usp
1þ �

usp
�2; (4b)

with
Fig. 4. G0eG00eu plot for Zdol1 at 303 K.
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G0hrRT=M; (4c)
where r is the specific gravity and u is the angular frequency. The
rheological properties are related to the longest relaxation time
s1hspðp ¼ 1Þ;

sl ¼
6m0M
p2rRT

: (5)

sl depends on M (chain length) and strongly depends on end
group functionality via interaction with either other end groups or
solid surface. In Table 1, we summarized the end group effects on s1
at 20 �C (see Eq. (5)) in addition to the physiochemical properties of
PFPE Z, Zdol, and ZdolTX. The relaxation times of Zdol are slightly
smaller than of Z, while those of ZdolTX are much larger than those
of Z.

On the other hand, based on the oscillatory measurements of
Zdol1 at three different temperature, Fig. 5 shows a modified
ColeeCole plot [35] (G0 vs. G00 plot, correlation between the elastic
and viscous properties), exhibiting significant sensitivity to varia-
tions in temperature. Because all PFPE data in the modified
ColeeCole plot do not collapse onto a single line, we believe the
microstructures in the PFPE samples are strongly dependent on
temperature. Although our findings are all based on the bulk
rheology, we expect a similar trend to be observed in the nano-
rheology (rheological response in molecular film).

In order to examine its temperature dependence in details, we
propose a following simple scaling argument for the dynamic
moduli. We can easily find that the Rouse theory in Eq. (4) (set
p¼ 1) suggests that

G0
RhG0=G0 ¼ F1ðus1;pÞ; (6a)

and

G00
RhG00=G0 ¼ F2ðus1;pÞ (6b)

Here, p is the property containing the end group information
and may be strongly dependent on temperature.

By eliminating us1 from Eq. (4), we obtain

G0
R ¼ F1ðus1;pÞ ¼ F�F�1

2
�
G00
R;p

�� ¼ F�
G00
R;p

�
(7)

Here, F1;F2; and F are arbitrary functions. Eq. (7) implies that
the relationship between G0

R and G00
R depends on temperature via p.

Therefore, the G0eG00 plot depends on temperature due to end
group functionalities. As a result, strong temperature dependence
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Fig. 5. Modified ColeeCole plot for PFPE Zdol1.
is observed for the G0eG00 plot (Fig. 5). As it has been studied via
molecular dynamics simulation [36], dynamic moduli is strongly
dependent on temperature indicating that microstructure espe-
cially in the case of functional PFPEs with the strong functional end
group coupling occurs.

4. Conclusion

The focus of this communication is on the PFPE system
having polar end groups, where the melt viscosity values have
shown Newtonian behavior and was found to increase with an
increasing end group O/C ratio end group agglomerations/
temporal tube formation, and temperature dependence was
examined via the Arrhenius equation. The flow activation energy
depends weakly on chain length, while strongly depends on
chain-end functionality. We have modified ColeeCole plot,
which revealed microstructures from the interaction among the
end groups in the bulk PFPE system. Our observation is in
agreement with the modified ColeeCole plot. Loss modulus is
strongly dependent on temperature, while storage modulus is
weakly dependent on temperature. The characteristic time for
Zdol (an end group O/C ratio of 1) was calculated as five times
greater than that of ZdolTX (an end group O/C ratio of 0.7). Melt
viscosity for ZdolTX is proportional to M2 above a critical
molecular weight. To investigate the role of end group interac-
tion with solid surface, we also examined the relationship
between surface diffusion and bulk viscosity.
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