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Boundary Lubricant Film Properties of Z-Tetraol 
Modified by Benzene Rings  

 
Abstract: 
The adsorbed film structures of perfluoropolyethers (PFPEs) modified with benzene functional group(s) 
either on the chain ends or in the middle of the main chain are investigated. Surface energy as a function of 
PFPE film thickness and of time shows the benzene functional group orients towards the carbon surface 
(CNx). The re-orientation is kinetically much slower than for hydroxyl end groups for PFPEs having 
similar main chain compositions. The bonding of the benzene functional group to the underlying CNx 
surface is significantly weaker than OH functional groups and/or more readily removed by the solvent used 
to originally deposit the PFPE film onto the carbon surface. Model dimer interactions via ab initio 
computational chemistry calculations shows a significantly longer closest contact distance for the 
benzene/CNx dimer compared to OH/CNx dimer, indicative of the weaker intermolecular interaction. 
 
Keywords: Boundary lubricant; Perfluoropolyether; Benzene functional groups; Lubricant bonding; surface 
energy; Dimer interactions. 
 
Introduction: 
In the computer disk industry, hydroxyl-terminated perfluoropolyethers (PFPEs) have served as the ultra-
thin boundary lubricant film of choice for over 20 years. During this time considerable evolution of the 
PFPE chemical structures has occurred to meet the tribological challenges of the reduced mechanical 
spacing between the read/write pole tip of the low-flying slider and the disk surface. Central to the 
advancement of these newer PFPEs was the recognition that the main chain itself was the significant 
determinant [1, 2]. Thus optimization of dynamic loop-to-train ratio, two-dimensional persistence length, 
packing density, and mobility has allowed PFPEs to keep pace with technological development. One 
significant evolution was the development of a multi-functional PFPE called “ZTMD” which contained 
four hydroxyl groups on the chain ends and four more in the middle of the main chain [3]. While this 
chemical structure significantly reduced lubricant transfer from disk to slider its more solid-like properties 
exacerbated slider wear rate.  
 
It is desirable to reduce the severity of the contact wear problem associated with PFPEs like ZTMD by 
reducing its solid-like properties whilst retaining the tribological benefits of a PFPE design incorporating 
multi-functionality. One possibility is to replace some or all of the OH groups that bind to the underlying 
carbon surface with benzene rings. The first non-vanishing permanent electrical moment of benzene is a 
quadrupole. Consequently, dimer interactions between benzene and the underlying carbon surface will be 
weaker than for end groups like hydroxyl which have a dipole or which have the ability to form hydrogen 
bonds. Benzene’s quadrupole, associated with a negative charge density of the π clouds both above and 
below the plane of the molecule, are capable of π/π, π/OH, π/NH and π/CH interactions having weaker 
intermolecular interaction energies of approximately 2 – 3 kcal/mol compared to OH/OH and OH/NH 
intermolecular interaction energies of approximately 5 – 6 kcal/mol [4]. Since the “bonding” of PFPE end 
groups to the underlying carbon surface is a required property of PFPEs in computer disk applications, it is 
of great interest to ascertain how well benzene functional groups can fulfill this requirement. 
 
Materials and Methods: 
Z-Tetraol (Mn 2200) and Zdol (Mn 2500) were obtained from Solvay-Solexis and used directly. A sample 
of “ZTB” having a central benzene ring between two tetraol-terminated perfluoropolyether chains was 
kindly provided by Moresco (Japan).The benzene-terminated analog of Z-Tetraol, hereafter referred to as 
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“ZB2”, was synthesized directly from Zdol 2500 [5]. The chemical structures are shown in Fig. 1. NMR 
data for the three PFPE lubricants are summarized in Table 1. 
 
The substrates used in these studies were 65 mm diameter glass disks of nominally 2 Å RMS roughness as 
measured by a Dimension 5000 AFM using a standard AFM tip in the tapping mode. The typical scan size 
for these measurements was 1 m x 1 m with a scan rate of 0.5 Hz and 256 lines of resolution. Atop the 
substrates a cobalt-based magnetic recording layer (CoPtCr) was sputter-deposited, followed by CVD 
deposition of 30 Å of an amorphous nitrogenated carbon film (called “CNx”) comprised nominally of 15 to 
20 atomic percent (at%) N.     
 
The perfluoropolyether (PFPE) lubricant films were applied to the carbon surfaces from solvent using a 
standard dip-coating methodology, using a typical concentration of 0.05 g/liter and a typical disk 
withdrawal rate of several mm/sec. The thicknesses of the topically applied PFPE lubricant films were 
quantified by specular reflection FTIR (Nicolet Magna Model 560). The FTIR absorption band maximum 
for each PFPE was in turn correlated to film thickness by XPS (Phi Quantum 2000 ESCA System) using a 
takeoff angle of 45o and an electron mean free path of 25 Å [6]. The FTIR-ESCA thickness correlation is 
shown in Fig. 2. The PFPE bonded fraction was quantified by rinsing the disks in Vertrel-XF solvent for 1 
min then normalizing the measured remaining film thickness to the initial film thickness. Surface energy 
measurements were accomplished by contact angle goniometry using hexadecane (l

d = 27.5 mJ/m2) and 
water (l

d = 21.8 mJ/m2, and l
p = 51.0 mJ/m2) as the reference liquids. Information on the monolayer and 

dewetting film thicknesses of the PFPE films were obtained by directly imaging the disk surface 
ellipsometrically for lubricant droplets and by identifying the surface energy minimum by contact angle 
goniometry. An optical surface analyzer (OSA) using both s- and p-polarized light was employed to 
directly image the disk surface for evidence of lubricant dewetting. 
 
Computational Methods: 
Ab initio calculations were performed using either MP2 or density functional theory (DFT) at the 6-
311++G(d,p) basis set using the Gaussian 98 computer code [7].  The DFT calculations employed Becke’s 
3-parameter functional together with Perdew and Wang’s gradient-corrected correlation functional [8, 9].  
The 6-311++G(d,p) basis set includes d functions for oxygen atoms and p functions for hydrogen atoms, 
both of which allow a more quantitative description of hydrogen bonding.  All model structures were fully 
optimized. The requested convergence on the density matrices was 10-8.  Residual forces were ≤ 1 x 10-4 
hartree bohr-1 on the cartesian components. Harmonic vibrational frequencies were calculated by 
differentiation of the energy gradient at the optimized geometry. No imaginary frequencies were computed 
for all structures. The figures reproducing the computational results were made using the Gauss View 
graphical user interface [10] and the Cambridge Soft graphical software [11]. 
 
     The strength of the bonding interaction between the polar OH group of the PFPE and either the carbon 
surface, the Vertrel-XF solvent, or another PFPE molecule was quantified by dimer calculations on 
representative model structures. In order to keep the computations tractable, the PFPE OH was represented 
by HCF2CH2OH (Zdol end group) whilst the CNx carbon surface was represented by the imine 
CH3N=CH2. The Vertrel-XF structure was represented by the authentic CF3CHFCHFCF2CF3 formula.  The 
computed binding energy is obtained as the difference in total energies between the dimer and the isolated 
reactants, i.e., ΔE = EAB – (EA + EB), corrected for zero-point energy contributions.   
 
    The strength of the bonding interaction between ZB2 and the carbon surface or the Vertrel-XF solvent 
was also quantified by dimer calculations. Here only MP2 calculations are reported. In order to keep the 
computations tractable, the ZB2 end group was represented by benzene whilst the CNx carbon surface was 
represented by the amine (CH3)3N. The Vertrel-XF structure was represented by CH3F. The computed 
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binding energy was obtained as the difference in total energies between the dimer and the isolated reactants 
corrected for zero-point energy contributions. No corrections for basis set superposition error (BSSE) were 
made here [12]. According to the literature the main consequence is an overestimation of the interaction 
energy. Since MP2 itself may also overestimate the interaction energy, the computed interaction energy 
reported here at the MP2 level of theory is expected to be significantly larger than what is considered to be 
accurate in the literature [4]. Therefore we focus on the optimized dimer geometries and compare the 
intermolecular distances for the computed polar dimers. 
 
Results and Discussion: 
The adhesion of the PFPE boundary lubricant films to the underlying carbon surface is quantified by the 
bonding kinetics.  Fig. 3a shows the bonding kinetics for 10 Å Z-Tetraol, ZTB and ZB2 on CNx at 20 oC 
and 50 % RH. Upon application of the lubricant films to the carbon surface, a fraction of the lubricant 
bonds at room temperature within the time required to allow for solvent evaporation and to conduct the 
initial thickness measurements. The initial bonded fraction is significantly larger for Z-Tetraol and ZTB 
than ZB2. All of the PFPEs exhibit increasing bonding to the CNx surface with increasing time. Z-Tetraol 
and ZTB reach an asymptotic bonded fraction of approximately 0.6 – 0.7 whilst ZB2 reaches a significantly 
smaller bonded fraction of 0.2 after the same time. These data are indicative that the benzene functional 
moiety does not provide as strong bonding as the OH groups to the underlying carbon film. Since the 
carbon films have surface functional groups such as OH and amines or imines, the Z-Tetraol and ZTB OH 
groups can hydrogen bond with the relatively stronger intermolecular interaction energies of approximately 
5 – 7 kcal/mol [4]. ZB2, truncated by phenyl rings, is capable only of the weaker π/π, π/OH, π/NH and 
π/CH intermolecular interactions and are therefore not as strongly adhered. These weaker intermolecular 
interaction energies are typically 2 – 3 kcal/mol [4]. 
 
Conclusions on the relative adhesive strengths of the PFPEs to the underlying CNx surface based on the 
bonded fraction alone suffers from an additional complication. Since the bonded fraction is determined by a 
solvent rinse, we suspect that the strength of the solvent interaction with the PFPE lubricant relative to the 
PFPE/CNx interaction strength may also be a determinant. We discuss some of these aspects below 
utilizing ab initio dimer calculations on model PFPE/CNx and PFPE/solvent interactions. We consider first 
the polar interactions between PFPE end groups and the CNx and solvent surfaces. The relative strength of 
the intermolecular interaction between a PFPE OH end group and a model CNx carbon surface imine 
(CH3N=CH2), another PFPE OH end group, and the Vertrel-XF solvent.  The goal of this theoretical study 
is to quantify the relative interaction strength between the PFPE OH end group and model surfaces and 
hence provide insight into the effect of solvent power on the bonding measurements.  The optimized 
geometries for the interacting dimers are shown in Fig. 4. OH/imine and OH/OH interactions are consistent 
with hydrogen bonding characterized by the 1.8 Å closest contact distance. The OH/Vertrel-XF interaction 
is characterized by a significantly longer 2.2 Å closest contact distance.  The computed binding energies 
and hydrogen bond distances are summarized in Table 2.  As shown in Table 2, the PFPE OH dimer 
binding energy decreases in the order: imine > PFPE OH > Vertrel-XF.  It is reasonable to conclude from 
the computational results that Vertrel-XF can more easily dissolve Tetraol molecules with “free” hydroxyls 
while the dissolution of a Tetraol hydroxyl bonded either to another Tetraol hydroxyl or to a polar group on 
the carbon surface becomes increasingly energetically prohibitive, respectively. This is consistent with the 
increasing bonded fraction of Z-Tetraol and ZTB as a function of time, Fig. 3a, and the more limited 
solubility of Z-Tetraol and ZTB in a solvent like Vertrel-XF compared to non-functionalized PFPEs. 
 
Fig. 5 shows the model optimized geometries for ZB2/CNx (left) and ZB2/Vertrel-XF (right) using the 
benzene/(CH3)3N and benzene/CH3F dimers, respectively. For the benzene/ (CH3)3N dimer, the amine 
nitrogen sits above the center of the benzene ring with a relatively large intermolecular close contact 
distance of 3.0 Å. The lone pair is pointed towards the benzene which creates a repulsive intermolecular 
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interaction. For the benzene/CH3F dimer, the CH3F hydrogen sits above the center of the benzene ring with 
an intermolecular close contact of 2.5 Å. This is the typical dimer geometry when benzene acts as a proton 
acceptor [4].The computed binding energies and closest contact distances are summarized in Table 3. 
Unlike the polar interactions, the intermolecular closest contact distances are much larger than those 
computed for hydrogen bonding (Fig. 4). The ZB2/CNx and benzene/CH3F binding energies, -5.2 and -4.4 
kcal/mol, respectively, are likely to be substantially overestimated (no BSSE correction; no electron 
correlation beyond MP2; basis set effect) so no comparison to the polar interaction energies (Table 2) are 
made here [4]. Based on closest contact distances, the expectation is that the benzene functional moiety 
adheres less strongly than the polar OH, consistent with the observed bonding kinetics (Fig. 3). Finally, Fig 
.5 (middle) shows the model optimized geometry for the methoxybenzene/CNx dimer. As found for the 
benzene/(CH3)3N dimer (Fig. 5 left), the amine nitrogen sits very close to the center of the benzene ring 
with a still relatively large intermolecular close contact distance of 3.0 Å. Consequently, the addition of an 
electron-donating methoxy substituent on benzene is not expected to improve binding to the underlying 
CNx surface. 
 
According to the discussions above, it appears that the more polar PFPE molecules (Z-Tetraol; ZTB) could 
have more limited solubility in Vertrel-XF compared to ZB2. It is possible that the more polar PFPE 
lubricant components are more readily deposited from a “poorer” solvent and, once deposited on the disk, 
are not as easily re-dissolved in the solvent, thereby influencing the bonded fraction. Solubility originates 
from the interaction energy between the solute and the solvent. The solubility parameter is defined as the 
square root of the cohesive energy density [13]: 

i

v
i

i V
E

                 (cal/cm3)½                        (1) 

ΔEi
v is the energy of vaporization and Vi is the molar volume of component i.The solubility parameter, δ, 

therefore describes the attractive strength between molecules and can be used as a criterion for the solvent 
power.   Eq. 1 is related to the heat of mixing per unit volume as [13]: 
 ΔHm/V = (δ1 – δ2)½φ1φ2   (2) 
 
φi is the volume fraction of component i.  Since the free energy of mixing is related to the enthalpy of 
mixing by ΔGm = ΔHm - TΔSm, the difference in the polymer-solvent solubility parameter (δ1 – δ2) must be 
small for miscibility.  The solubility parameter is conveniently calculated by expanding ΔEv and V as [14]: 
ΔEv = Σ Δej        (3) 
and 
V = Σ Δvj   (4) 
 
Δej and Δvj are the additive atomic and group contribution for the energy of vaporization and molar 
volume, respectively.  The computed solubility parameter for Z-Tetraol and ZB2 as a function of molecular 
weight is shown in Fig. 6. Table 4 compares the solubility parameters for Z-Tetraol, ZB2 and Vertrel-XF at 
the relevant molecular weights. Table 4 clearly shows that the enthalpy of mixing does not favor the 
solution of the more polar PFPEs as indicated by the solubility parameter (δ1 – δ2). Thus ZB2 is expected to 
be considerably more soluble in Vertrel-XF than is Z-Tetraol. These data indicate that PFPEs with 
increasing polarity, i.e., more OH groups and/or lower molecular weight, are more likely to deposit onto the 
carbon surface. These polar adducts are also less likely to re-dissolve in the solvent upon hydrogen bonding 
to the underlying carbon surface, giving rise to an apparently larger initial bonded fraction. It is important 
to state that the lower bonded fraction for ZB2 (Fig. 3) does not necessarily exclude the benzene end groups 
from having oriented on the CNx surface for favorable physisorption (Fig. 5). It only means that the solvent 
interaction is capable of removing more of it from the surface. The concomitant changes in the polar 



RESEARCH ARTICLE
                                   
                                                        R.J Waltman , TheExperiment,2017,Vol42(2),2428-2440 

ISSN-2319-2119 

  
 
 
 
 
 
 
 
 
 

                   www.experimentjournal.com                                                      2432 2432

surface energy as a function of time, Fig. 3b, measured simultaneously with the bonding kinetics (Fig. 3a), 
shows the surface reconstruction of the PFPE films on the CNx surface as evidenced by the decreasing s

p 
with time. For Z-Tetraol and ZTB with the polar OH end groups, the polar surface energy decreases with 
time as observed previously [15]. This is attributed to the preferential interaction of the OH end groups to 
the polar functional groups of the underlying carbon surface, orienting the perfluoropolyether backbone to 
the air/PFPE interface. ZB2 also exhibits a similar surface reconstruction with the benzene end group only 
significantly smaller in magnitude and rate (Fig. 3b).  
 
Additional information on the adsorbed PFPE film structures can be elucidated from their surface energy as 
a function of PFPE film thickness. The dispersive surface energy s

d(h) as a function of film thickness is 
compared for Z-Tetraol, ZTB and ZB2, Fig. 7a.  For Z-Tetraol, s

d(h) is observed to decrease 
monotonically with increasing film thickness asymptotically approaching the bulk value of about 14 mJ/m2. 
Conversely, s

d(h) for ZTB and ZB2 both exhibit a local minimum which is indicative that the benzene end 
groups preferentially locate at the carbon surface up to the monolayer film thickness. The ZTB and ZB2 
film thickness at the s

d minimum is approximately 17 to 18 Å. Once the monolayer film thickness is 
exceeded, the benzene rings preferentially orient towards the air interface causing s

d(h) to increase. 
 
 The corresponding polar surface energy, s

p, as a function of film thickness is shown in Fig. 7b.  Here 
significant differences are observed for Z-Tetraol and ZTB versus ZB2.  First, a distinct oscillation in s

p as 
a function of film thickness is observed only for Z-Tetraol and ZTB, both of which chemical structures are 
truncated by OH groups (Fig. 1). The oscillations are indicative of molecular layering in the PFPEs induced 
by the polar interactions of the PFPE OH end groups with the underlying carbon surface, much as observed 
previously [15]. The decrease in s

p  as a function of film thickness within the first PFPE monolayer is due 
to the PFPE backbone at the air/PFPE interface. In the next layer, s

p increases because the PFPE OH end 
groups cannot access the underlying carbon surface and thus populates the air/PFPE interface. As shown in 
the figure, the structuring is propagated through several or more layers. The first minimum corresponds to 
the film thickness at which the surface becomes saturated with lubricant, i.e., the monolayer film thickness, 
which is approximately 20 Å for Z-Tetraol and 18 Å for ZTB. The magnitude of s

p as a function of film 
thickness depends upon both the bonded fraction at the time of measurement and the atomic % N in the 
CNx film, both of which are not the focal point of these studies. Conversely, ZB2 shows no minimum in s

p 

as a function of film thickness, indicative that strong adhesion between the benzene end group and the 
carbon surface has not taken place. Since the bare carbon film has a s

p of approximately 40 mJ/m2, it is 
reasonable to assume that the water droplets used to measure the contact angle displace the ZB2 film due to 
a lack of strong intermolecular adhesion (ZB2/CNx) and cohesion (ZB2/ZB2), Fig. 7b. 
 
Ellipsometric imaging of the ZTB and ZB2 films as a function of film thickness was used to corroborate 
the monolayer film thicknesses identified by the surface energy data. Z-Tetraol has been discussed 
previously [15]. As shown in Fig. 8, ZTB and ZB2 films having thicknesses ≤ ~ 18Å are contiguous and 
display no signs of dewetting. However, when the ZTB and ZB2 film thicknesses are increased above their 
monolayer thickness, the thermodynamic instability causes the formation of lubricant “droplets” which are 
readily observed as the darker spots on the imaged surfaces. The monolayer film thicknesses from the 
surface energy and ellipsometric imaging are summarized in Table 5. 
 
PFPE structures based on ZB2 with phenyl or phenoxy functionalization have been proposed as additives to 
be mixed with industry-standard PFPE disk lubricants to improve their overall properties. Materials added 
to thin film coatings typically modify processing and/or end-use properties. For example, additives based 
on the cyclotriphosphazene X-1P provides increased lubricity of the mixture PFPE films due to their lack 
of adhesion to the underlying carbon film [16]. However, from a chemistry perspective, additives based on 
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X-1P provide no significant antioxidant benefits at the head-disk interface which can be readily understood 
on the basis of their electronic structure [17]. Similarly, the studies conducted herein on phenyl- and 
phenoxy-terminated PFPE end groups indicate weaker interactions with the CNx model carbon surface that 
could modify lubricity and/or interface properties related to possible changes in friction and/or adsorbed 
film structure. But these structures may not provide any significant antioxidant benefits. This is readily 
understood by Fig. 9. Effective antioxidants donate electrons easily and typically incorporate a highly 
conjugated structure to stabilize the loss of an electron by delocalization, or incorporate a phenolic structure 
that can accommodate the loss of an electron by resonance stabilization [18].Benzene-based end groups 
like ZB2 presently lack the phenolic OH groups. 
 
Conclusions: 
The adsorbed film structures of perfluoropolyethers (PFPEs) modified with benzene functional group(s) 
either on the chain ends or in the middle of the main chain were investigated. Surface energy as a function 
PFPE film thickness and of time showed the benzene functional group oriented to the PFPE/CNx surface. 
The orientation towards the CNx surface was kinetically much slower than OH groups despite all PFPEs 
having similar main chains. The bonding of the benzene functional group to the underlying carbon surface 
was found to be significantly weaker than OH functional groups and/or more readily removed by the 
solvent. Model dimer interactions via ab initio calculations showed significantly longer closest contact 
distances for benzene/CNx compared to OH/CNx, indicative of the weaker intermolecular interactions. 
Benzene rings may not provide enough adhesion to the underlying CNx surface for utilization in hard disk 
drive applications. 
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Figure 1. PFPE chemical structures. 



RESEARCH ARTICLE
                                   
                                                        R.J Waltman , TheExperiment,2017,Vol42(2),2428-2440 

ISSN-2319-2119 

  
 
 
 
 
 
 
 
 
 

                   www.experimentjournal.com                                                      2434 2434

 
Figure 2.ESCA-FTIR film thickness calibration for Z-Tetraol, ZTB and ZB2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. (Left) The changes in the PFPE bonded fraction as a function of time. (Right) The 
corresponding changes in the polar surface energy as a function of time. Storage and measurement 
conditions were ambient 20 oC, 50 % RH. All PFPE film thicknesses are 11 – 12 Å on CNx (15 at% 
N). 
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Figure 4. The B3PW91/6-311++G(d,p) optimized geometries for some model interactions between a 
PFPE OH end group (CFH2CH2OH) and (left) an imine carbon surface;(middle) another PFPE OH 
end group; and (right) Vertrel-XF. The equilibrium intermolecular distance between the PFPE OH 
end group and the surface polar groups are given in angstrom. No imaginary frequencies were 
computed for the dimers. 
 

 
 
 
Figure 5. The MP2/6-311++G(d,p) optimized geometries for some model interactions between (left) 
methylbenzene and trimethylamine; (middle) methoxybenzene and trimethylamine; and (right) 
methylbenzene and CH3F.The equilibrium intermolecular distances are given in angstrom. No 
imaginary frequencies were computed for the dimers. Trimethylamine represents a local 
environment of an amorphous nitorgenated carbon film. CH3F represents the chemically salient 
feature of the solvent Vertrel-XF.  
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Figure 6. The calculated solubility parameter for Z-Tetraol and ZB2 as a function of molecular 
weight. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. The experimental(left) dispersive and (right) polar components of the surface energy as a 
function of PFPE film thickness as determined by contact angle goniometry. The CNx films have 20 

at% N. 
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Figure 8. The experimentalOSA images as a function PFPE film thickness for: (top row) ZTB; and 
(bottom row) ZB2. The dark droplets are lubricant dewetting that form as a result of having 
exceeded the monolayer film thickness. 
 

 
 
Figure 9. The property of antioxidation is facilitated by a highly conjugated chemical structure like 
(left) lycopene which can delocalize the unpaired electron; and/or a phenolic structure like (right) 
green tea components that can be stabilized by resonance. For benzene/phenolic structures, note the 
significantly decreased electrochemical oxidation potential of phenol compared to benzene and 
methoxybenzene (see table in figure). 
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Tables: 
 

Table 1. NMR data for Z-Tetraol, ZTB and ZB2. Mn is the number average molecular weight. 
Structure Z-Tetraol ZTB 

(per chain x 2) 
ZB2 

(CF2O)n; n = 10 5 12 
(CF2CF2O)m; m =  10 5.5 14 

CH2OCH2CH(OH)CH2OH 93 % 96 % 0 % 
CH2OC(=O)-Phenyl 0 % 0 % 100 % 

n/m ratio 1.0 0.9  0.9 
Mn 2200 2500 2800 

 
Table 2. B3PW91/6-311++G(d,p) optimized hydrogen bond distance and ΔE corrected for zero-point 
energy contributions. Fig. 4 dimer interactions. 

Dimer Model Interaction H-bond distance 
(Å) 

ΔE (kcal/mol)                             

HCF2CH2OH + CH3N=CH2 PFPE / CNx 1.851 -6.14 
HCF2CH2OH + HCF2CH2OH PFPE / PFPE 1.886 -4.60 

HCF2CH2OH + Vertrel-XF PFPE / Solvent 2.206 -2.74 
 
Table 3. MP2/6-311++G(d,p) optimized hydrogen bond distance and ΔE corrected for zero-point 
energy contributions. Fig. 5 dimer interactions. 

Dimer Model Interaction Intermolecular distance 
(Å) 

ΔE  
(kcal/mol)                             

Benzene + (CH3)3N ZB2 / CNx 3.039 -5.23 
Benzene + CFH3 ZB2 / Solvent 2.508 -4.39 

 
Table 4. Computed solubility parameter for Tetraol adducts and Vertrel-XF solvent. 

Lubricant or Solvent Molecular Weight δ (cal/cm3)½ 
Vertrel-XF 252 6.2 
Z-Tetraol 2200 9.2 

ZB2 2800 8.5 
 

Table 5. Monolayer Thickness (hm) for Z-Tetraol, ZTB and ZB2. Mn is the number average 
molecular weight. N/A = Not Applicable. 

 Z-Tetraol 
(Mn = 2200) 

ZTB 
(Mn = 2500) 

ZB2 
(Mn = 2800) 

OSA 22 < hm< 24 Å 16 < hm< 20 Å 17 < hm< 18 Å 
Surface Energy 

(polar minimum) 
21 Å 18 Å N/A 

Surface Energy 
(dispersive minimum) 

N/A 17 Å 18 Å 

AVG 22 ± 1 Å 18 ± 1 Å 18 ± 1 Å 
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