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typically utilized in the design of supra-
molecular materials and polymers include 
hydrophobic, [  1,2  ]  hydrogen bonding, [  3–8  ]  
metal-ligand, [  9–11  ]  and ionic interac-
tions. [  12  ]  Over the last two decades many 
synthesis strategies have been developed 
to design new supramolecular poly-
mers with unique characteristics such as 
enhanced bulk properties (i.e., plateau 
modulus, tensile modulus), self-healing 
capability, stimulus-responsiveness and 
the ability to assemble into well-defi ned 
nanostructures. [  5–7,9,13–19  ]  Self-healing 
polymer materials or composites have 
attracted considerable attention over the 
past decade due to their controllable and 
reversible molecular interactions, inter-
esting mechanical properties and poten-
tial applications. [  5,18  ]  Many conventional 
healing approaches used in thermoplastic 
polymers and thermoset composites such 
as microencapsulation and thermally 
reversible crosslinks (covalent bonds) 
require treatments at high temperature 
(i.e., high energy input). Another widely 
used method for developing self-healing 

polymers is by incorporating strong and reversible non-covalent 
hydrogen bonding moieties into the polymer structure. For 
example, the 2-ureido-4[1 H ]-pyrimidinone (UPy) group is a 
strong quadruple-hydrogen-bonding dimer which was fi rst used 
by Sijbesma et al. [  3  ]  to synthesize supramolecular polymers, 
and has been shown to be highly thermally responsive. [  20,21  ]  
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  1   .  Introduction 

 The fi eld of supramolecular chemistry utilizes multiple, revers-
ible, and in certain cases, cooperative intermolecular inter-
actions to create new materials with unique properties and 
functionalities. The non-covalent intermolecular interactions 
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(UPy), Poly ( n -butyl acrylate- r -UPy acrylate), or P(nBA- r -UPy), 
were synthesized and characterized as reported previously. [  7  ]  
Schematics of the chemical structure of P(nBA- r -UPy) and 
hydrogen bonding between two UPy groups are shown in 
 Figure    1  .  

 Copolymer solutions were prepared by dissolving the poly-
mers in toluene (Fisher Scientifi c, Canada, high-performance 
liquid chromatography (HPLC) grade, 99.9%) that were fi ltered 
using 0.2  μ m fi lters before use. P(nBA- r -UPy) with repeat units 
functionalized with two different mole percentages of UPy 
were studied in this work: 4.0% UPy and 7.2% UPy, denoted 
by PBA–UPy4.0 and PBA–UPy7.2, respectively, with molecular 
weights  M  n  of 24.8 and 25.3 kg mol −1 , and polydispersities of 
≈1.3. [  7  ]  Polymer fi lms were prepared by spin coating of 0.5 wt% 
polymer solution on mica or silica substrates, and stored over-
night (>12 h) in vacuum to remove the solvent and leave a uni-
form smooth fi lm of thickness ≈100 nm. The polymer surfaces 
were then mounted into the SFA chamber in a crossed-cylinder 
geometry (each cylinder of radius  R  = 2 cm), which is equiva-
lent to the interaction between a sphere of radius  R  and a fl at 
surface, or between two spheres of radius 2 R , when the surface 
separation  D  is much smaller than  R  ( D  <<  R ). The polymer 
fi lm thickness in each case was measured using multiple beam 
interferometry (MBI) in the SFA by using fringes of equal chro-
matic order (FECO), and confi rmed by ellipsometry. [  31  ]  

 X-ray photoelectron spectroscopy (XPS) and contact angle 
measurements were also conducted to characterize the proper-
ties of the polymer surfaces. The contact angles of three probe 
liquids of known surface tensions (water, ethylene glycol and 
diiodomethane) on the polymer fi lms were measured using a 
Ramé-Hart contact angle goniometer to estimate the surface 
energies of the P(nBA- r -UPyA) polymers based on the method 
developed by van Oss et al. [  32  ]  

 An SFA was used to investigate the adhesion and contact 
mechanics of the polymer fi lms under different conditions. 
Details of the SFA experimental setup have been reported pre-
viously. [  33–35  ]  A top-view optical microscope was coupled with 
the SFA, as reported previously, [  25–27,36  ]  to observe the sur-
face patterns associated with the adhesion and detachment of 
the polymer fi lms. The SFA experiments were performed at 
two relative humidities (RH) of RH = 0% (dry condition) and 

In addition, the properties and applications of supramolecular 
materials are largely determined by the strength of the non-
covalent (adhesion) interactions and the interaction kinetics. As 
a result, understanding the various factors governing the for-
mation of non-covalent bonds and the effects of environment 
conditions is crucial for the development of advanced func-
tional supramolecular materials. Despite the progress in the 
development and characterization of supramolecular polymers 
with various chemical structures, understanding their molec-
ular and surface interaction mechanisms remains limited. 

 In the present work the surface properties and adhesion 
mechanisms of a supramolecular self-healing polymer, UPy-
functionalized poly( n -butyl-acrylate) were investigated by using 
a surface forces apparatus (SFA) as well as the complementary 
techniques of atomic force microscopy (AFM), optical micros-
copy, and contact angle goniometry. An SFA coupled with a 
top-view optical microscope, which has been previously used 
in the studies of adhesion and friction mechanisms of various 
polymer surfaces as well as molecular interactions of both bio-
logical and non-biological systems, [  22–30  ]  was employed to study 
the contact mechanics and adhesion between self-healing UPy-
functionalized poly( n -butyl-acrylate) fi lms. The surface deforma-
tions and patterns associated with the adhesion and detachment 
of these supramolecular polymer fi lms were monitored in situ 
in real time through multiple beam interferometry (MBI) in 
the SFA as well as the top-view optical microscope, followed by 
further examination with AFM. Since UPy groups are capable 
of forming multiple hydrogen bonds, we also investigated 
the effects of UPy monomer content of the polymers and dif-
ferent environmental conditions such as the relative humidity 
and temperature on the adhesion and contact behaviour of the 
polymer surfaces. The self-healing capability of UPy functional-
ized polymer during adhesion and detachment cycles was also 
investigated. The surface interaction mechanisms and potential 
applications of the self-healing polymer will be discussed.  

  2   .  Materials and Methods 

 Random copolymers of  n -butyl acrylate backbones with quadruple 
hydrogen-bonding side chains of 2-ureido-4[1 H ]-pyrimidinone 

      Figure 1.  Schematics of a) the chemical structure of P(nBA- r -UPy), b) hydrogen bonds between two UPy groups, and c) polymer chains functionalized 
with UPy groups. 

Adv. Funct. Mater. 2014, 24, 2322–2333
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(12 + (23 cos2 = (13  (1)        

 If medium  3  is air, Equation  1  reduces to

(12 + (2 cos2 = (1  (2)       

 According to the van Oss method the surface energy is com-
prised of two terms which take into account the contributions 
from Lifshitz–van der Waals (  γ   LW ) and Lewis acid-base (  γ   AB ) 
interactions as

( = (LW + (AB
  (3)       

 The Lewis acid-base component of the surface energy is 
defi ned such that it comprises the electron-acceptor and elec-
tron-donor interactions given by

(AB = 2
√
(+(−

  (4)       

 Based on Equations  3 , 4 , Young’s equation can be written as

(2 (cos2 + 1) = 2
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)
  

(5)
       

 By measuring the contact angle of three probe liquids and 
using the above equations, one can determine the Lifshitz–van 
der Waals and the acid-base components of the surface energy 
of polymers. [  37,38  ]  The initial values at  t  = 0 of the contact angles 
in Figure  2  were used in the calculations of the surface ener-
gies of the PBA–UPy polymers. The surface energies   γ   of the 
polymers as estimated from the contact angle measurements 
and the above equations are summarized in  Table   1 . From 
Table  1 , the surface energies of PBA–UPy4.0 and PBA–UPy7.2 
were estimated to be   γ   = 51 and 57 mJ m −2 , respectively, which 
are much higher than the reported value of   γ   = 33.7 mJ m −2  for 
non-functionalized poly( n -butyl-acrylate) (PBA) at 20 °C. [  39  ]  The 
enhanced surface energy of PBA–UPy is mainly due to the effect 
of hydrogen bonding among the UPy groups in increasing the 
polar contributions of the surface energy, as shown in Table  1 : 
  γ   AB  = 11 and 17 mJ m −2  for PBA–UPy4.0 and PBA–UPy7.2, 
respectively. It was also found that the presence of UPy groups 
in PBA could dramatically increase its glass transition tem-
perature and the  T  g  of PBA–UPy4.0 and PBA–UPy7.2 are 11 °C 
and 22 °C higher than non-functionalized PBA, respectively. [  7  ]  
Previous experiments have shown that carboxylated PBA with 
5 mol% of –COOH groups almost has the same  T  g  as non-func-
tionalized PBA. [  40  ]  These results demonstrate that the multiple 

hydrogen-bonding group UPy can enhance 
the intermolecular interactions (or cohesion) 
between the polymer chains more drastically 
than simple polar functional group (e.g., car-
boxylic group), thus signifi cantly enhancing 
the surface energy.  

 Figure  2 a shows that the water contact 
angle on polymer PBA–UPy4.0 surface fi rst 
dropped from 82° to 76° in  t  r  ≈ 40 s and then 
dropped abruptly which was coupled with 
the rupture of the thin polymer fi lm. Sim-
ilar rupture behavior occurred for ethylene 
glycol on PBA–UPy4.0 fi lm after  t  r  ≈ 85 s. 
The typical rupture patterns are shown in 
Figure S3 (Supporting Information). The effect 
of fi lm thickness on the rupture time  t  r  and 

RH = 100% (saturated water vapour condition) and two dif-
ferent temperatures of  T  = 23 °C (room temperature) and  T  = 
40 °C. The temperature of the SFA chamber was increased by 
inserting two heating rods into the walls of the SFA and the 
temperature was monitored by a thermistor. The surfaces were 
mounted in the SFA chamber one hour prior to each experi-
ment in order to reach equilibrium under the desired tem-
perature and humidity level. At each experimental condition 
at least two pairs of polymer surfaces were tested in SFA and 
for each pair at least three different positions were examined to 
confi rm the reproducibility of the data. The surface features of 
the adhesive junctions of the polymer fi lms after the adhesion 
tests were characterized by an optical microscope (Axioskop 40, 
Carl Zeiss, Germany) and an atomic force microscope (Asylum, 
MFP-3D-Bio, Santa Barbara, CA, USA).  

  3   .  Results and Discussion 

  3.1   .  Characterization of the Polymer Thin Films 
and Their Surfaces 

 Typical AFM images of PBA–UPy4.0 and PBA–UPy7.2 thin 
fi lms in dry air and after exposure to humid air for 1 h are 
shown in Figure S1 (Supporting Information). Figure S1 
shows that both polymer fi lms are smooth, with rms rough-
nesses of 0.3 nm and 0.2 nm for PBA–UPy4.0 and PBA–
UPy7.2 fi lms, respectively, and that relative humidity does 
not have a signifi cant effect on the morphology of the fi lms at 
room temperature. The XPS spectra of nitrogen (N1s) for the 
two types of polymer fi lms are shown in Figure S2 (Supporting 
Information). The nitrogen peak intensity is proportional to 
the amount of the UPy groups present on the polymer sur-
face. As expected, Figure S2 confi rms that higher amount of 
UPy groups are present on PBA–UPy7.2 surface than polymer 
PBA–UPy4.0. 

 The contact angles of three probe liquids (i.e., ethylene 
glycol, diiodomethane and water) on the polymer surfaces as a 
function of time are shown in  Figure    2  . The surface energy of 
the polymers was determined using the method developed by 
van Oss et al. [  32  ]  as follows. In general, when a droplet of liquid 
 2  forms a contact angle  θ  on a surface of material  1  in medium 
 3 , the interfacial energies are related by Young’s equation:

      Figure 2.  Contact angles of three liquids on the polymer fi lms of a) PBA–UPy4.0 and b) PBA–
UPy7.2 of thickness 120 nm vs time,  t . PBA–UPy4.0 fi lm became ruptured after contacting with 
water for time  t  r , so-called rupture time. 

Adv. Funct. Mater. 2014, 24, 2322–2333
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 The contact diameter 2 a  as a function of applied load F⊥   
during loading and unloading of PBA–UPy4.0 and PBA–UPy7.2 
at T = 23 and 40 °C under two different relative humidity levels 
of RH = 0% and RH = 100% are shown in  Figure   3 a–d. The 
adhesion forces (or pull-off forces) and corresponding effec-
tive surface energies   γ   eff  (=F ad

⊥ /3BR ) [  24,38  ]  are summarized 
in Figure  3 e. The loading and unloading rates were k⊥V⊥   = 
0.3 mN s −1  and k⊥   is the stiffness of the force measuring 
spring (corresponding to separation velocity V⊥  = 0.33  μ m s −1 ). 
The waiting time at the maximum load F⊥,max  ≈ 33 mN was 
fi xed at 15 s.  

 As shown in Figure  3 , hysteresis was observed for the loading 
and unloading paths under all the conditions tested above, and 
both relative humidity and temperature show signifi cant impact 
on the adhesion behavior of both copolymers. For example, at 
 T  = 23 °C and RH = 0%, the adhesion for PBA–UPy4.0 and 
PBA–UPy7.2 were F ad

⊥   ≈ 33 and 38 mN, corresponding to   γ   eff  = 
170 and 202 mJ m −2  as shown in Figure  3 a,e. When the relative 
humidity was increased to RH = 100% at  T  = 23 °C, the adhe-
sion forces increased to F ad

⊥   ≈ 49 and 57 mN, corresponding to 
  γ   eff  = 260 and 302 mJ m −2  respectively, as shown in Figure  3 b,e. 

 Although signifi cant adhesion hysteresis was measured 
during unloading, the contact behavior during loading of the 
PBA–UPy polymers still roughly follows the predictions of the 
JKR model, as shown by the solid lines in Figure  3  and also 
reported for other polymer systems. [  22,24,25,38,46  ]  The fi tted sur-
face energies of the two polymers on loading under different 
experimental conditions are tabulated in  Table   2 . In general, the 
surface energies in Table  2  were close to the values in Table  1  
that were calculated based on the initial contact angles measure-
ments, for example: PBA–UPy4.0 (JKR vs contact angle method: 
  γ   ≈ 45 vs 51 mJ m −2 ) and PBA–UPy7.2 (  γ   ≈ 49 vs 57 mJ m −2 ) 
at room temperature. The difference between the values 
obtained from the two methods could be due to several possible 
factors: the selection of probe liquids in contact angle meas-
urements, and the partial elastic nature of the polymers. As 
the polymers become liquid-like, the presence of UPy groups 
plays a smaller role in the adhesion, and the surface energy 
values are closer to the value   γ   0  for poly(n-butyl acrylate) of 
  γ   0  ≈ 31–34 mJ m −2 . [  39,47  ]   

 A higher adhesion force was measured for PBA–UPy7.2 than 
PBA–UPy4.0 for almost all the above cases (except at RH = 
100% and  T  = 40 °C, discussed later), which is attributed to the 
higher amount of UPy groups for the PBA–UPy7.2 chains and 
at the polymer/dry air interface as confi rmed by XPS (see sup-
porting information). The UPy groups at the opposing polymer 
surfaces could form multiple hydrogen bonds during contact, 
enhancing the polymer adhesion. Exposing the polymer fi lms 
to air at 100% relative humidity for one hour could increase 
the density of UPy functional groups on the polymer surfaces 
and led to an increase in the adhesion force. It is noted that 
the water contact angle on polymer PBA–UPy7.2 decreased by 
about 10 degrees after a few minutes due to the overturning or 
migration of polar UPy groups at the polymer surface. Recent 
theoretical analysis shows that UPy–UPy binding energy can 
be reduced from ≈–161 kJ mol −1  in vacuum to –69 kJ mol −1  in 
water and that the binding energy of interaction between UPy 
and water molecules is competitive with that of UPy-UPy. [  48  ]  
Temperature also has a signifi cant impact on the self-adhesion 

the possible rupture mechanism are discussed in Figures S4,S5 
(Supporting Information). Figure  2 b shows that contact 
angles of the three probe liquids were stable on the polymer 
PBA–UPy7.2 surface and only the water contact angle slightly 
decreases from 72° to 62° after ≈5 min. The facts that contact 
angle of non-polar diiodomethane remains constant and water 
contact angle decreases ( t  <  t  r , before rupture) indicate that 
the hydrogen bonding between water molecules and the UPy 
groups in PBA–UPy could be enhanced with time which most 
likely leads to the reconstruction of the polymer surface leading 
to an increase in the areal density of UPy segments there. The 
above speculations could be further supported by the increased 
  γ   values (  γ   = 57 and 69 mJ m −2  for PBA–UPy4.0 and PBA–
UPy7.2, respectively) as estimated by using the decreased water 
contact angles.  

  3.2   .  Contact and Adhesion Mechanics of Polymer Thin Films: 
Effects of Relative Humidity, Temperature and Time 

 Contact mechanics tests [  22,41  ]  were conducted to investigate 
the adhesion of the PBA–UPy4.0 and PBA–UPy7.2 fi lms at 
 T  = 23 and 40 °C. The classical theory of contact mechanics of 
surfaces was fi rst studied by Hertz in 1888 [  42  ]  and followed by 
Johnson, Kendall and Roberts (JKR model), Derjaguin, Muller 
and Toporov (DMT model), and Maugis. [  43–45  ]  In general for 
soft materials of large radius with high surface energy (e.g., 
polymers) the JKR model is more applicable, while for hard 
materials of low surface energy and small radius of curvature 
the DMT model is more appropriate. [  38,41  ]  According to the JKR 
model, for two elastic surfaces with surface energy  γ  under an 
external load F⊥  , the radius of the contact area  a  is given by

a3 =
R

K

(
F⊥ + 6B R( +

√
12B R(F⊥ + (6B R()2

)
  

(6)
 

     where  R  is the radius of an elastic sphere pressed against a fl at 
surface which is equivalent to two perpendicular cylinders of 
radius  R  based on Derjaguin approximation,  K  is the equivalent 
modulus, related to Young’s moduli  E  and the Poisson ratios   ν   
by  K  = 2 E /3(1 –  v  2 ). [  29  ]  The corresponding adhesion or pull-off 
force is given by

F ad
⊥ = 3B R(   (7)       

  Table 1.   Surface energy components of the three probe liquids [  69  ]  and 
the two polymers PBA–UPy4.0 and PBA–UPy7.2 in (mJ m −2 ) estimated 
from the initial contact angles (Figure   2  ) using Equation  1  to 5.  

Material    γ      γ   LW     γ   AB   (+
   (−   

Diiodomethane  50.8  50.8  ≈ 0  ≈ 0.01  ≈ 0  

Ethylene glycol  48  29  19  3.0  30.1  

Water  72.8  21.8  51  25.5  25.5  

Polymer 

PBA–UPy4.0  

51  40  11  2  15  

Polymer 

PBA–UPy7.2  

57  40  17  3  27  

Polymer PBA  33.7 [  39  ]   –  –  –  –  

Adv. Funct. Mater. 2014, 24, 2322–2333
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of PBA–UPy polymers. Increasing  T  = 23 °C to 40 °C at RH = 
0% leads to an increase in the adhesion forces for both PBA–
UPy4.0 and PBA–UPy7.1, which is attributed to enhanced 
interpenetration of polymer chains across the contact interface 
at 40 °C as a result of increased mobility of polymer chains. [  22–24  ]  

 The above results show that the adhesion of PBA–UPy4.0 
and PBA–UPy7.2 are affected mainly by the viscoelastic proper-
ties of the polymer fi lms, the surface density of UPy groups, as 
well as the degree of interpenetration of polymer chains across 
the contact interface and temperature, rate and time (discussed 

      Figure 3.   Contact diameter vs applied load for a,c) PBA–UPy4.0, b,d) PBA–UPy7.2 polymer fi lms (thickness ≈ 100 nm) at a,b) room temperature 
( T  = 23 °C) and c,d)  T  = 40 °C and two relative humidity levels of RH = 0% and RH = 100%. e) Summary of adhesion forces and effective surface ener-
gies of PBA–UPy polymers at different experiment conditions. Loading and unloading rates were k⊥V⊥  = 0.3 mN s −1  or V⊥ = 0.33   μ m s −1 , and waiting 
time at the maximum load F⊥,max  = 33 mN was 15 s. 

  Table 2.   Surface energies of polymers PBA–UPy4.0 and PBA–UPy7.2 
in mJ m −2  estimated from JKR fi tting of the loading curves in contact 
mechanics tests (Figure  3 ).  

Polymer   T  = 23 °C    T  = 40 °C   

   RH = 0%  RH = 100%  RH = 0%  RH = 100%  

PBA–UPy4.0  45 ± 3  42 ± 2  31 ± 3  26 ± 3  

PBA–UPy7.2  49 ± 2  50 ± 3  43 ± 3  36 ± 2  

Adv. Funct. Mater. 2014, 24, 2322–2333
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and unloading rate on the measured adhesion of PBA–UPy4.0 
and PBA–UPy7.2 at room temperature is shown in  Figure    4  . 
The corresponding adhesion force is converted to the effective 
surface energy (eff   by Equation  7 . [  24,38,46  ]  Figure  4  shows that 
the effective adhesion of both PBA–UPy4.0 and PBA–UPy7.2 
increase dramatically with  t  c  as

(eff ∝ F ad
⊥ ∝ tn

c   
(8)

    

  where  n  = 0.13 ± 0.01 and 0.18 ± 0.01 for PBA–UPy4.0 and 
PBA–UPy7.2, respectively. The increase of the adhesion with 
total contact time is mainly due to the formation of more UPy-
UPy H-bonds (Figure  1 ) across the interface with time. As 
expected, the higher density of UPy groups on the PBA–UPy7.2 
surfaces lead to a faster increase of the adhesion with contact 
time compared to PBA–UPy4.0, as shown in Figure  4 . It is 
interesting to note in Figure  4 a,b that with increasing contact 
time, the contact area ( π  a  2 ) remained constant during the ini-
tial stage of separation. The constant contact area phenomenon 
was more pronounced for PBA–UPy7.2 at long contact times 
( t  c  > 2 h), shown in Figure  4 b; the contact area only decreased at 
high negative loads close to detachment.  

 If the surfaces are kept in contact for a suffi ciently long time 
the two surfaces totally coalesce and the contact interface is 
expected to “disappear”. In this limit we expect tensile failure 
to occur and the tensile failure strength would be obtained. For 
example when tc ≈ 2.5 × 105 s  , F ad

⊥   ≈ 130 mN,   γ   eff  ≈ 700 mJ m −2 , 
and the contact diameter 2 a  ≈ 120  μ m, so that the tensile 
strength of the submicroscopic adhesive junction (or con-
fi ned thin fi lm) of PBA–UPy7.2 can be estimated to be at least 
Fc = F ad

⊥ /Ba2 ≈ 11 MPa. Similarly, the minimum tensile strength 
of the submicroscopic adhesive junction of PBA–UPy4.0 
is estimated to be Fc  ≈ 4.8 MPa. These tensile strengths (for 
the submicroscopic adhesive junctions of thickness  ∼ 200 nm) 
are much higher than reported values for the bulk tensile 
failure strengths of PBA–UPy polymers in the dogbone geom-
etry (specimens of width ≈1 cm and thickness ≈0.2 cm), [  54  ]  
which gave ≈1.7 MPa and <0.5 MPa for PBA–UPy7.2 and 
PBA–UPy4.0, respectively. The results here on the enhanced 
tensile failure strengths of confi ned thin fi lm of multiple 
hydrogen-bonded PBA–UPy polymers are consistent with our 
recent report on confi ned submicroscopic thin fi lms of glassy 
polystyrene. [  28  ]  

 The effect of unloading rate on the adhesion force and the 
corresponding effective surface energy is shown in Figure  4 d, in 
which the surfaces were kept in contact under F⊥,max   ≈ 33 mN 
for 240 s. Figure  4 d shows that with decreasing the unloading 
rate from V⊥  ≈ 0.33 to ≈ 0.004  μ m s −1  the adhesion force almost 
keeps constant for PBA–UPy4.0 while it slightly increases for 
PBA–UPy 7.2. The adhesion measured largely depends on the 
UPy–UPy H-bond life time, [  7  ]  debonding rate (related to the 
unloading rate), and enhanced surface density of UPy groups 
at the contact interface (related to the total contact time). It 
should be noted that during the measurements of Figure  4 d, 
the total contact time  t  c  was actually different under the dis-
tinct unloading rates (the slower the unloading rate, the longer 
the total contact time). Therefore, the different trends meas-
ured between PBA–UPy4.0 and PBA–UPy 7.2 in Figure  4 d are 
mainly attributed to the change in total contact time. Neverthe-
less, the effective surface energies measured in Figure  4 d are 

later). The experimental temperatures were higher than the 
glass transition temperatures of PBA–UPy4.0 and PBA–UPy7.2, 
and the adhesion hysteresis and the contact behaviors (as also 
discussed later) indicate that both polymers behave viscoelas-
tically. [  7  ]  As the relative humidity increases, water molecules 
interact with the free UPy functional groups on the polymer 
surface, and may also diffuse into the bulk of the polymer fi lm, 
thus changing both the surface energy and the viscoelastic 
properties of polymer fi lm, which is supported by the contact 
mechanics data of PBA–UPy4.0 at RH = 0% and 100%,  T  = 
23 °C, as shown in Figure  3 a,b (viz. the contact diameter right 
before pull-off was much smaller at RH = 100% compared to 
that at RH = 0%, therefore the polymer fi lm was more liquid-
like). It should be noted that the water-UPy interaction has to 
compete with the UPy–UPy interaction which involves four 
hydrogen bonds (see Figure  1 ). For the PBA–UPy7.2 polymer, 
its higher  T  g , longer effective bond lifetime J ∗

b   (≈3 vs ≈20 s), [  7  ]  
lower mobility of its chains and a stronger interaction due to the 
increased mole fraction of UPy groups make the PBA–UPy7.2 
polymer more elastic [  7  ]  than the PBA–UPy4.0 polymer and the 
diffusion of water molecules in the PBA–UPy7.2 fi lm would be 
relatively more diffi cult than that for the PBA–UPy4.0 case. [  49–

53  ]  Increasing the relative humidity also dramatically increases 
the density of free UPy functional groups on the surface, [  48  ]  and 
this effect is relatively more signifi cant for PBA–Upy7.2 than 
for PBA–UPy4.0. The overall effect of relative humidity on the 
bulk viscoelastic properties (e.g., G′, G″) and surface chemistry 
(  γ   values) of the two PBA–UPy polymers, is to increase their 
adhesion by ≈50% when increasing the relative humidity from 
0% to 100% at room temperature. 

 As shown in Figure  3 e, on increasing the temperature 
from 23 to 40 °C at RH = 0%, the adhesion of PBA–UPy4.0 
and PBA–UPy7.2 increased by ≈20% and ≈70%, respectively. 
Increasing the relatively humidity further to 100% at 40 °C 
has almost no effect on the adhesion of PBA–UPy4.0 while it 
decreases the adhesion of PBA–UPy7.2 to be the same value as 
PBA–UPy4.0. These results suggests that for PBA–UPy4.0, the 
UPy-UPy hydrogen bonds can easily form and break at 40 °C, 
and that the bulk properties dominate the polymer adhesion—
the polymer essentially behaves like a viscous liquid, which 
was further supported by the viscous fi ngering phenomena 
associated with the detachment process (discussed later). For 
PBA–UPy7.2, increasing the temperature from 23 to 40 °C at 
RH = 0% leads to further increased interpenetration of polymer 
chains at the contact interface and allows formation of mul-
tiple UPy-UPy bonds across the interface. As a consequence, 
PBA–UPy7.2 still behaves like a soft elastic solid as supported 
by the contact behavior (enhanced adhesion) and fracture pat-
terns associated with the adhesion tests (discussed later). When 
the relative humidity was further increased to 100% at 40 °C, 
PBA–UPy7.2 now behaves more like a viscous liquid, and vis-
cous fi ngering patterns were observed during the detachment 
process (discussed later). 

 It was observed that the contact time also plays an important 
role in the adhesion of the PBA–UPy polymers. To investigate 
the effect of total contact time,  t  c , defi ned as the total time from 
fi rst contact to fi nal detachment, the polymer surfaces were 
kept in contact at the maximum load ( F⊥,max  ≈ 33 mN) for dif-
ferent times before separation. The effect of total contact time 
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formation of multiple hydrogen bonds across the contact inter-
face. The adhesion of PBA–UPy polymers can be signifi cantly 
affected by temperature, humidity, unloading rate and contact 
time.  

  3.3   .  Self-Healing of Multiple Hydrogen-Bonding 
PBA–UPy Polymer 

 One of the more interesting aspects of multiple hydrogen-
bonding polymers is their self-healing properties. The self-
healing ability of PBA–UPy7.2 was investigated as follows: two 

much higher than the thermodynamic equilibrium value   γ   0 , 
which indicates that a much lower unloading rate would be 
needed to measure   γ   0 . 

 In summary, the contact and adhesion mechanics meas-
urements of the two PBA–UPy polymer fi lms show that their 
adhesive properties are determined by the surface density of 
H-bonding groups/segments that can interpenetrate across the 
contacting interface, and the bulk viscoelasticity of the polymer 
that determines its viscous forces, consistent with previous 
studies on polymer-polymer adhesion of uncrosslinked homo-
polymers. [  22,24,38,46  ]  The presence of UPy functional groups can 
dramatically enhance the polymer adhesion mainly due to the 

      Figure 4.   Contact diameter vs external load during JKR tests under different contact time for a) PBA–UPy4.0 and b) PBA–UPy7.2 polymer fi lms of 
thickness ≈100 nm at room temperature, c) the adhesion force measured vs total contact time, and d) the adhesion force vs unloading rate. Note that 
the unloading rate was k⊥V⊥  = 0.3 mN s −1  or V⊥ = 0.33   μ m s −1  for (a–c). e) The effect of total contact time on the self-healing adhesion between two 
PBA–UPy7.2 fi lms of thickness 107 nm under zero pre-loading condition (F⊥,max = 0 ). The red data point shows the initial adhesion of the polymer 
fi lms (for F⊥,max  = 33 mN and  t  c  ≈ 3700 s). 
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excellent self-healing ability, which is mainly 
attributed to the reversible multiple hydrogen 
bonding of opposing UPy groups between 
PBA–UPy surfaces.   

  3.4   .  Characterization of Surface Patterns 
Associated with Adhesion Tests 

 As mentioned earlier, various types of surface 
deformations and patterns were observed 
during the adhesion tests of viscoelastic 
PBA–UPy polymers. Classic theories of con-
tact and adhesion mechanics deal with the 
adhesion of two purely elastic materials and 
are static (equilibrium) models that describe 
the mechanical equilibrium states of the 
materials in contact. The adhesion of vis-
cous and viscoelastic materials involves the 
dynamic growth of the adhesive junction and 
transient surface patterns during adhesive 
contact or “coalescence” as well as during 
detachment that cannot be described by 
classic theories. Molecular diffusion (inter-
penetration) across the interface alters the 
adhesion energy with time, which is also not 
included in the JKR theory that assumes   γ   = 
constant. Experimental and theoretical works 
have been conducted on the contact and 
adhesion dynamics of viscoelastic and vis-
cous materials and polymers to study these 
complex transient patterns, although a uni-
fi ed theory is still not available. [  24–28,55–62  ]  

 The FECO patterns and corresponding 
top-view optical microscope images during 
four different stages in contact mechanics 
experiments of PBA–UPy7.2 at T = 40 °C 
and RH = 0 and 100% are shown in  Figure   5  
and   6  , respectively: a) the instant after the 
polymer surfaces came into adhesive con-

tact (F⊥ = 0  ), b) contact under the maximum compressive load 
(F⊥ = Fmax ), c) the instant just before pull-off or detachment, 
and d) after detachment. We may note the sharp contact edge 
in the FECO patterns in Figure  5 b compared to the “rounded” 
(or meniscus-like) contact edge in Figure  6 b (see the red circles) 
which indicates that the PBA–UPy7.2 fi lm is more elastic at 
 T  = 40 °C and RH = 0% (Figure  5 b) while it is more viscous and 
liquid-like at  T  = 40 °C and RH = 100% (Figure  6 b). The discon-
tinuity of the contact edge observed in the even fringe of the 
FECO fringes in Figure  6 a,b indicates formation of a meniscus 
during the coalescence of the two PBA–UPy7.2 fi lms. [  24,63  ]  The 
top-view images in Figure  6  further show the surface deforma-
tion at the contact boundary (interface between air and polymer 
neck), which is evident of the formation of transient fi ngering 
patters associated with coalescence/detachment of viscous 
polymer fi lms, as reported recently. [  25–27  ]   

 Interesting radial or randomly oriented parallel bands 
or stripe patterns (Figure  5 c,d) and viscous fi ngering pat-
terns (Figure  6 c,d) were observed during the separation of 

previously fractured fi lms of the polymer were brought back 
into contact for different contact times at RH = 0%. Each set of 
self-healing experiments was conducted at the same fractured 
position of the polymer fi lms. The adhesion recovery of the sur-
faces under different contact times is shown in Figure  4 e with 
the initial measured adhesion (under F⊥,max   = 33 mN and  t  c  
≈ 3700 s) shown by the red data point. Figure  4 e shows that 
the adhesion recovered to more than 40% of the original value 
in ≈10 s (viz., the time for surfaces in contact before separa-
tion), and to ≈81% in 3 h, and continued to recover with time, 
reaching ≈108% of the original adhesion after ≈50 h of contact. 
It should be noted that the self-healing tests in Figure  4 e were 
all under zero external load (viz., the force measuring spring 
was brought to the same position as the zero load condition 
for the fi rst measurement, [  34  ]  as illustrated in  Figure    5  a). It is 
also noted that the self-healing process could be further expe-
dited under a fi nite external load which presumably enhances 
the intimate contact of the two fractured surfaces. [  5  ]  The adhe-
sion results in Figure  4 e indicate that PBA–UPy polymer has 

      Figure 5.  FECO fringe patterns (left), corresponding top-view optical microscope images 
(middle) and illustrations (right) of the contact junction of PBA–UPy7.2 polymer of thickness 
100 nm at  T  = 40 °C and RH = 0%. Illustration in (a) shows that one surface is supported by 
a force measuring spring with stiffness k⊥  which can drive the surface close to or away from 
the opposing surface. 
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and viscous fi lms, respectively. [  24,25,28,64  ]  Therefore PBA–UPy7.2 
undergoes a transition from elastic to viscous failure or rup-
ture as the relative humidity increases from RH = 0% to RH = 
100% at  T  = 40 °C, which corroborates our results and discus-
sion in the previous sections.  

 Figure  7 a shows that for PBA–UPy7.2 at RH = 100% and 
 T  = 40 °C, the viscous fi ngers have a typical wavelength of   λ   = 
9 ± 1  μ m with a height amplitude of about 200–300 nm. Sim-
ilar fi ngering instabilities were previously observed during the 
separation of confi ned viscous or viscoelastic fi lms which was 
attributed to a mechanism involving Saffman-Taylor (fi ngering) 
instabilities. [  24,26   ,   28,65  ] , According to Saffman–Taylor theory [  66  ]  
when a high viscous fl uid is displaced by a low viscous fl uid 
in a confi ned geometry, viscous fi ngers with wavelength greater 
than   λ   c  can occur, where   λ   c  is given by

8c = 2Bh
√
(/12V (01 − 02)  (9)   

PBA–UPy7.2 at  T  = 40 °C, RH = 0 and 100%. It is evident 
from the fi ngering instability patterns observed at RH = 100% 
that the polymer becomes less elastically and more viscous as 
the relative humidity increases which supports the results of 
Figure  3 d. 

 The surfaces were further characterized after the contact 
mechanics experiments.  Figure   7  and Figure S6 (Supporting 
Information) show AFM images and optical microscopy images 
of typical surface deformation patterns associated with detach-
ment of PBA–UPy7.2 fi lms at  T  = 40 °C, RH = 0% and RH = 
100%. As clearly shown in Figure  7 , the surface patterns are 
signifi cantly different as the relative humidity changes. At RH = 
0% the surface patterns are in the form of linear and almost par-
allel bands or stripes while at RH = 100% much larger branched 
radial fi ngers are developed. Similar fracture patterns were 
reported previously for polystyrene in which linear parallel frac-
tures and radial fi ngering instabilities were developed for elastic 

      Figure 6.  FECO fringe patterns (left), corresponding top-view optical microscope images (middle) and illustrations (right) of the contact junction of 
PBA–UPy7.2 polymer of thickness 100 nm at  T  = 40 °C and RH = 100%. 
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elastic instabilities are given by 8 ∝ Bh
√
( /Eb  , where  E  is the 

elastic modulus of the polymer fi lm and  h  is the confi ned fi lm 
thickness; and it was also found that the wavelength   λ   depends 
on confi ned fi lm thickness  h  according to 8 ≈ (2.0 − 4.5) h  and 
is independent of the crack propagation velocity. Therefore, 
putting  h  ≈ 200 nm yields   λ   ≈ 900 nm, which agrees well with 
the experimental value of   λ   ≈ 1  μ m shown in Figure  7 b–d. It 
should be noted that similar parallel stripe patterns were also 
observed for PBA–UPy4.0 and PBA–UPy7.2 at  T  = 23 °C and 
RH = 0%, indicating that the copolymers is more elastic under 
these conditions. 

 The highly self-organized surface patterns associated with 
the contact mechanics tests of multiple hydrogen-bonded 
PBA–UPy polymer fi lms show important implications in 
fabricating patterned surfaces with various applications 

   where  h  is the gap height or confi ned fi lm thickness (in SFA 
experiments),   γ   is the interfacial tension,  V  is the velocity of 
the moving interface, and   η   1 ,   η   2  are the viscosities of polymer 
and air, respectively. Using some typical values before detach-
ment in experiments:  h  ≈ 200 nm,   γ   ≈ 36 mJ m −2  (see Table  2 ), 
 V  ≈ 0.2–5  μ m s −1 ,   η   2  ≈ 0, and   η   1  ≈ 10 3  Pa s at 40 °C and RH = 
100%, Equation 9 yields   λ   c  ≈ 1–5  μ m which is consistent with 
the experimental observation in Figure  7 a. 

 In contrast, Figure  7 b–d shows that the surface patterns for 
PBA–UPy7.2 at T = 40 °C and RH = 0% are parallel bands with 
typical wavelength of   λ   ≈ 1  μ m and height amplitude of about 
80–100 nm. Several previous studies on deformation of con-
fi ned soft elastic fi lms showed that instability patterns are dif-
ferent from those of viscous fi lms described by Saffman–Taylor 
theory. Recent studies [  25,28,65,67,68  ]  show that the wavelength of 

      Figure 7.  Typical topographical AFM images of surface patterns associated with the detachment of two PBA–UPy7.2 fi lms (of thickness ≈ 100 nm) 
from adhesive contact in contact mechanics tests: a) more viscous state, RH = 100%, b–d) more elastic state, RH = 0%. The experiment temperature 
was  T  = 40 °C. 
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into the fundamental understanding of the adhesive mecha-
nisms of multiple hydrogen-bonding polymers and develop-
ment of novel self-healing and stimuli-responsive materials.   
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