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Major Goals:  Under this award, we have purchase a scanning probe microscope (SPM) for polymeric and hybrid 
materials research and education at Drexel University.  The instrument is fully operational and is housed by itself in 
a small quiet room in the Lebow building of Drexel’s College of Engineering.

Accomplishments:  Under this award, we have purchase a scanning probe microscope (SPM) for polymeric and 
hybrid materials research and education at Drexel University.  The instrument is fully operational and is housed by 
itself in a small quiet room in the Lebow building of Drexel’s College of Engineering. The chosen model is the 
Multimode® 8 SPM (Bruker) combined with state-of-the-art low-noise, high-bandwidth NanoScope® V control 
station, which allows for ultra-high resolution imaging modes (e.g., ScanAsyst®) as shown in Figure 1. A number of 
standard scanning modes are included with this instrument: tapping mode, contact mode, and non-contact mode. 
In addition, the SPM also includes a few specific advanced modes: 



1. Phase Imaging: Phase imaging is a secondary imaging mode derived from tapping mode that goes beyond 
topographical data to detect variations in composition, adhesion, friction, viscoelasticity, and other properties, 
including electric and magnetic. It is the mapping of the phase lag between the periodic signal that drives the 
cantilever and the oscillations of the cantilever.



2. Lateral Force Microscopy (LFM): LFM is a secondary contact AFM mode that detects and maps relative 
differences in the frictional forces between the probe tip and the sample surface. In LFM, the scanning is always 
perpendicular to the long axis of the cantilever. Forces on the cantilever that are parallel to the plane of the sample 
surface cause twisting of the cantilever around its long axis. This twisting is measured by a quad-cell, position-
sensitive photo detector. 



3. Scanning Tunneling Microscopy (STM): As previously mentioned, STM measures topography of surface 
electronic states using a tunneling current that is dependent on the separation between the probe tip and a sample 
surface. [30] 



4. Tunneling AFM (TUNA):  TUNA works similarly to Conductive AFM, but with higher sensitivities (ultra low 
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currents (<1 pA) through the thickness of thin films). The TUNA application module can operate in imaging or 
spectroscopy mode. TUNA can operate as a secondary imaging mode derived from contact AFM that characterizes 
conductivity variations across medium- to low-conducting and semiconducting materials. TUNA employs a 
conductive probe tip. Typically, a DC bias is applied to the tip, and the sample is held at ground potential. While the 
z-feedback signal is used to generate a normal contact AFM topography image, the current passing between the tip 
and sample is measured to generate the conductive AFM image.

 

5. Environmental Control: In situ observation of polymer morphology under different environments is critical for 
understanding their structure and formation mechanisms. A single controller that controls sample temperature and 
humidity from -35°C to 250°C and 0 to 100% RH, respectively, has been included in the proposed instrument to 
allow for in situ experiments. 



6. Fluid Imaging Cells: Fluid imaging cells provide contact mode and tapping mode AFM imaging in fluid 
environments. A cell consists of a glass cantilever holder and silicon o-ring to form an enclosed fluid environment 
with the ability to exchange liquids. Tapping mode can be conducted by oscillating the cantilever acoustically or by 
magnetic actuated drive. 



Results from the newly acquired SPM.



Janus polymer crystals (Li): In our recent work, we created an oil/water interface where crystalline dicarboxyl end-
functionalized PCL (COOH-PCL-COOH, Mn=7200, 2500 g/mol) is dissolved in the oil phase, evaporation of which 
induces PCL crystallization. Millimeter scale uniform PCL lamellae are formed with the carboxyl end groups pinned 
at the water surface, which breaks the centrosymmetry of the PCL lamella, leading to Janus PSC nanosheets. 
Figure 2a shows the evaporative crystallization process of COOH-PCL-COOH at water/pentyl acetate interface. In 
the experiment, PCL/1-butanol solution with a concentration of 0.03 wt. % was prepared at 60 C and was 
subsequently cooled to -10 C for 2 hrs. The solution was then brought to 44.5 °C for 10 min to produce polymer 
seeds. A 200ul of the as prepared polymer seed solution was drop-wisely transferred to a pentyl acetate1/water 
biphasic solution with 1g pentyl acetate  covering the water surface, as shown in Figure 2a. The evaporative 
crystallization occurred at ambient temperature for approximately 4 days, when the organic solvent evaporated and 
a polymer film was formed. COOH-PCL-COOH can be seen as an amphiphile with its hydrophobic backbone and 
hydrophilic carboxyl end groups. Upon crystallization, we envisage that COOH groups will be pinned at the water 
surface, and noncentrosymmetric PCL single crystals can be obtained (Figure 1a).  





Figure 2b shows a phase-contrast optical microscopy image of the resultant quasi 2D PCL nanosheet. Part I in the 
image refers to the background; part II is the PSC sheet, and the inset shows the PCL single crystal with clear 
facets. The red line annotated angle is 125o, corresponding to the angle between {110} and {100} faces of PCL. 
The grey elongated rods on top of the PSC sheet appear to be overgrown PCL crystals, probably due to excess 
polymers added. Of interest is that all the long axes of the rods are parallel with each other. Base on PCL single 
crystal structure and morphology, the long axis of the rods represents PCL crystal b-axis, and the uniform 
alignment of these b-axes suggest that, disregarding the fold surface of the PCL crystals, these overgrowth follows 
an epitaxial growth mechanism with the substrate, and more importantly, the underlying PSC nanosheet is a single 
crystal with a uniform crystal orientation.  



The crystal structure of the PCL nanosheet can be confirmed using selected area electron diffraction (SAED) 
experiments, as shown in Figure 3a. The SAED pattern is consistent with the reported PCL orthorhombic unit cell, 
a=0.748nm, b=0.498nm, and c=1.726nm. Only (hk0) diffraction planes are observed, indicating that the c-axis, and 
the polymer chain is perpendicular to the PSC nanosheet. The overall thickness of the PSC sheet is measured to 
be about 9 nanometer using atomic force microscopy (AFM, Figure 3b). Considering the PCL unit cell parameters 
and the molecular weight of PCL, we can conclude that a single COOH-PCL-COOH chain folds 5 times along the 
direction perpendicular to the film surface (Figure 3d). In comparison, our control experiment shows that the 
COOH-PCL-COOH PSC crystallized in solution under the same condition is 7.7nm thick, which corresponds to 6-
time folding. As shown in Figure 2d, 6-time folding of the PCL chain leads to a symmetric lamella, which the chain 
ends evenly distributed on both surfaces of the lamella.  At the water/pentyl acetate interface, all carboxyl groups 
are pinned at the water surface during crystallization, and such a chain conformation is incommensurate with 6-
time folding. Consequently, 5-time folding was formed in the evaporative crystallization case where the lamellar 
thickness increased from 7.7 to 9 nanometer.  We further used 2.5 K g/mol COOH-PCL-COOH to conduct similar 
experiments.  As shown in Figure 2e, f, the polymer chains fold two and three times when crystallize in solution, or 
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at the interface, respectively.  This is consistent with our results using 7.2 K g/mol PCL.



It has been a challenging task to confirm the Janus nature of nanoparticles, particularly when the length scale is 
sub-20 nanometer. Typically, staining is used for microscopy experiments, while contrast has been an issue in 
many cases. In the present work, we validated the Janus property of our PSC nanosheets by measuring water 
contact angles on each side using in-situ water condensation under ESEM. In-situ condensation, instead of sessile 
drop, was used to better reveal the local wettability information with small water droplets (40~100um in diameter). 
Detailed experimental condition and data analysis can be found in supporting information. In brief, a sample was 
mounted to a 60 d
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#W911NF-14-1-0450 (Scanning Probe Microscope for Polymeric and Hybrid 
Materials Research and Education)  
15/08/2014 – 14/08/2015 
 
Giuseppe Palmese and Christopher Li, Drexel University 
 
Under this award, we have purchase a scanning probe microscope (SPM) for polymeric 
and hybrid materials research and education at Drexel University.  The instrument is fully 
operational and is housed by itself in a small quiet room in the Lebow building of Drexel’s 
College of Engineering. The chosen model is the Multimode® 8 SPM (Bruker) combined 
with state-of-the-art low-noise, high-bandwidth NanoScope® V control station, which 
allows for ultra-high resolution imaging modes (e.g., 
ScanAsyst®) as shown in Figure 1. A number of standard 
scanning modes are included with this instrument: tapping 
mode, contact mode, and non-contact mode. In addition, the 
SPM also includes a few specific advanced modes:  
 
1. Phase Imaging: Phase imaging is a secondary imaging 

mode derived from tapping mode that goes beyond 
topographical data to detect variations in composition, 
adhesion, friction, viscoelasticity, and other properties, 
including electric and magnetic. It is the mapping of the 
phase lag between the periodic signal that drives the 
cantilever and the oscillations of the cantilever. 

 
2. Lateral Force Microscopy (LFM): LFM is a secondary 

contact AFM mode that detects and maps relative 
differences in the frictional forces between the probe tip 
and the sample surface. In LFM, the scanning is always 
perpendicular to the long axis of the cantilever. Forces 
on the cantilever that are parallel to the plane of the 
sample surface cause twisting of the cantilever around its long axis. This twisting is 
measured by a quad-cell, position-sensitive photo detector.  

 
3. Scanning Tunneling Microscopy (STM): As previously mentioned, STM measures 

topography of surface electronic states using a tunneling current that is dependent on 
the separation between the probe tip and a sample surface. [30]  

 
4. Tunneling AFM (TUNA):  TUNA works similarly to Conductive AFM, but with higher 

sensitivities (ultra low currents (<1 pA) through the thickness of thin films). The TUNA 
application module can operate in imaging or spectroscopy mode. TUNA can operate 
as a secondary imaging mode derived from contact AFM that characterizes 
conductivity variations across medium- to low-conducting and semiconducting 
materials. TUNA employs a conductive probe tip. Typically, a DC bias is applied to the 

 
Figure 1. The proposed 
Bruker Multimode® 8 SPM 
with NanoScope® V control 
station. 
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tip, and the sample is held at ground potential. While the z-feedback signal is used to 
generate a normal contact AFM topography image, the current passing between the 
tip and sample is measured to generate the conductive AFM image. 

  
5. Environmental Control: In situ observation of polymer morphology under different 

environments is critical for understanding their structure and formation mechanisms. 
A single controller that controls sample temperature and humidity from -35°C to 250°C 
and 0 to 100% RH, respectively, has been included in the proposed instrument to 
allow for in situ experiments.  

 
6. Fluid Imaging Cells: Fluid imaging cells provide contact mode and tapping mode 

AFM imaging in fluid environments. A cell consists of a glass cantilever holder and 
silicon o-ring to form an enclosed fluid environment with the ability to exchange liquids. 
Tapping mode can be conducted by oscillating the cantilever acoustically or by 
magnetic actuated drive.  

 
 
Results from the newly acquired SPM. 

 
Janus polymer crystals (Li): In our recent work, we created an oil/water interface 

where crystalline dicarboxyl end-functionalized PCL (COOH-PCL-COOH, Mn=7200, 
2500 g/mol) is dissolved in the oil phase, evaporation of which induces PCL 
crystallization. Millimeter scale uniform PCL lamellae are formed with the carboxyl end 
groups pinned at the water surface, which breaks the centrosymmetry of the PCL lamella, 
leading to Janus PSC nanosheets. Figure 2a shows the evaporative crystallization 
process of COOH-PCL-COOH at water/pentyl acetate interface. In the experiment, 
PCL/1-butanol solution with a concentration of 0.03 wt. % was prepared at 60 °C and was 
subsequently cooled to -10 °C for 2 hrs. The solution was then brought to 44.5 °C for 10 
min to produce polymer seeds. A 200ul of the as prepared polymer seed solution was 
drop-wisely transferred to a pentyl acetate1/water biphasic solution with 1g pentyl acetate  
covering the water surface, as shown in Figure 2a. The evaporative crystallization 
occurred at ambient temperature for approximately 4 days, when the organic solvent 
evaporated and a polymer film was formed. COOH-PCL-COOH can be seen as an 
amphiphile with its hydrophobic backbone and hydrophilic carboxyl end groups. Upon 
crystallization, we envisage that COOH groups will be pinned at the water surface, and 
noncentrosymmetric PCL single crystals can be obtained (Figure 1a).   
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Figure 2b shows a phase-contrast optical microscopy image of the resultant quasi 2D 
PCL nanosheet. Part I in the image refers to the background; part II is the PSC sheet, 
and the inset shows the PCL single crystal with clear facets. The red line annotated angle 
is 125o, corresponding to the angle 
between {110} and {100} faces of PCL. 
The grey elongated rods on top of the 
PSC sheet appear to be overgrown PCL 
crystals, probably due to excess 
polymers added. Of interest is that all 
the long axes of the rods are parallel 
with each other. Base on PCL single 
crystal structure and morphology, the 
long axis of the rods represents PCL 
crystal b-axis, and the uniform 
alignment of these b-axes suggest that, 
disregarding the fold surface of the PCL 
crystals, these overgrowth follows an 
epitaxial growth mechanism with the 
substrate, and more importantly, the 
underlying PSC nanosheet is a single 
crystal with a uniform crystal 
orientation.   
 

The crystal structure of the PCL 
nanosheet can be confirmed using 
selected area electron diffraction 
(SAED) experiments, as shown in 
Figure 3a. The SAED pattern is 
consistent with the reported PCL 
orthorhombic unit cell, a=0.748nm, b=0.498nm, and c=1.726nm. Only (hk0) diffraction 
planes are observed, indicating that the c-axis, and the polymer chain is perpendicular to 
the PSC nanosheet. The overall thickness of the PSC sheet is measured to be about 9 
nanometer using atomic force microscopy (AFM, Figure 3b). Considering the PCL unit 
cell parameters and the molecular weight of PCL, we can conclude that a single COOH-
PCL-COOH chain folds 5 times along the direction perpendicular to the film surface 
(Figure 3d). In comparison, our control experiment shows that the COOH-PCL-COOH 
PSC crystallized in solution under the same condition is 7.7nm thick, which corresponds 
to 6-time folding. As shown in Figure 2d, 6-time folding of the PCL chain leads to a 
symmetric lamella, which the chain ends evenly distributed on both surfaces of the 
lamella.  At the water/pentyl acetate interface, all carboxyl groups are pinned at the water 
surface during crystallization, and such a chain conformation is incommensurate with 6-
time folding. Consequently, 5-time folding was formed in the evaporative crystallization 
case where the lamellar thickness increased from 7.7 to 9 nanometer.  We further used 
2.5 K g/mol COOH-PCL-COOH to conduct similar experiments.  As shown in Figure 2e, 
f, the polymer chains fold two and three times when crystallize in solution, or at the 
interface, respectively.  This is consistent with our results using 7.2 K g/mol PCL. 

 

 
Figure 2. (a) Schematic illustration of the 
crystallization procedure of COOH-PCL-
COOH nanosheet at the water/pentyl 
acetate interface; (b) Phase-contrast 
microscopy image of the PCL nanosheet; 
inset shows {110} and {100} planes of PCL.  
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It has been a challenging 
task to confirm the Janus 
nature of nanoparticles, 
particularly when the 
length scale is sub-20 
nanometer. Typically, 
staining is used for 
microscopy experiments, 
while contrast has been an 
issue in many cases. In the 
present work, we validated 
the Janus property of our 
PSC nanosheets by 
measuring water contact 
angles on each side using 
in-situ water condensation 
under ESEM. In-situ 
condensation, instead of 
sessile drop, was used to 
better reveal the local 
wettability information with 
small water droplets 
(40~100um in diameter). 
Detailed experimental 
condition and data 
analysis can be found in 
supporting information. In 
brief, a sample was 
mounted to a 60 degree 
tilted stage. The Peltier 
cooler stage on the back of 
the sample was kept at 1 
oC and the initial vapor 
pressure was 3 torr. To 
induce water 
condensation, the vapor 
pressure was slowly 
increased at the rate of 0.1 
torr per 20s, until a 
condensation droplet is 
observed. Afterwards, the 
vapor pressure was kept 
constant and the droplets 
can be considered as in an 

 

 
 
Figure 3. (a) Electron diffraction pattern of COOH-
PCL-COOH single crystal film, inset: Transmission 
electron microscopy (TEM) image (horizontal field 
width = 11 μm); (b) Atomic force microscopy (AFM) 
images of COOH-PCL-COOH single crystal nanosheet 
and the corresponding height profile, inset: 
morphology of a PCL single crystal tip (horizontal field 
width = 2.5 μm). (c) AFM image of COOH-PCL-COOH 
single crystal prepared through solution crystallization 
and the corresponding height profile; (d) Side-views of 
COOH-PCL-COOH crystals showing the chain folding 
during solution crystallization (top) and evaporative 
crystallization (bottom). (a)-(d) represent PC L with a 
7.2 K g/mol molecular weight. (e) and (f) show AFM 
images of COOH-PCL-COOH (Mn=2.5K g/mol) 
prepared from solution crystallization (e) and 
evaporative crystallization (f). Insets show side-view of 
corresponding chain folding. 
  
 

a b

c d

e f

1 µm 1 µm
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equilibrium state (negligible growth when the images were captured). Figure 4 shows the 
ESEM image of water droplets 
condensed on the PSC  (Mn = 7.2 
K g/mol) nanosheet surface that 
was facing the pentyl acetate (a) 
and water (b) phase during 
crystallization; and the calculated 
contact angles are 82±1o (a) and 
61±5o (b), respectively (for detailed 
calculation, see supporting 
information). It is therefore evident 
that the contact angle of the two 
sides of the PSC nanosheets 
directly exhibits hydrophobicity 
difference. Meanwhile, the vapor 
pressure required to condense for 
both sides is different: 5.3 torr for 
the more hydrophobic side versus 
4.9 torr for the more hydrophilic 
side, implying a higher energy 
barrier for water vapor to condense 
on the hydrophobic side. Thus, 
both the contact angle and vapor 
pressure measurements suggest the PSC film obtained from the evaporative 
crystallization is a Janus nanosheet.  

In summary, we have fabricated Janus polymer single crys-tals using evaporative 
crystallization at water/pentyl acetate interface. Telechelic COOH-PCL-COOH crystallizes 
at wa-ter/pentyl acetate interface upon evaporation of pentyl acetate. Water phase pinned 
the hydrophilic chain ends, altered chain folding conformation, and led to a 
noncentrosymmetric Janus single crystal nanosheet. In-situ nanocondensation 
experiments quantitatively demonstrated the Janus nature of the nanosheets.  We 
anticipate that our approach can be used to fabricate ordered Janus 2D materials with 
various sizes and functions. 
 
 
Biobased rubber tougheners for epoxy thermosets (Palmese): In this work, a series 
of bio-rubber (BR) tougheners was prepared by grafting renewable fatty acids with 
different chain lengths onto ESO at varying molar ratios through an esterification reaction, 
providing prepared BRs with diverse MWs, functionalities and compatibilities with epoxy 
resins. Renewable acids, such as n-hexanoic acid, n-octanoic acid and n-decanoic acid, 
were used to make these BRs fully sustainable. Their successful preparations were 
verified and the toughening effect was investigated using commercial epoxy resin, 
DGEBA EPON 828 (n = 0.13), with an aromatic amine hardener, diethyl toluene diamine 
(EPIKURE W). Fracture toughness and thermomechanical properties of control and BR 
toughened samples were evaluated, and fracture surface morphology is investigated 
using scanning electron microscope (SEM) and atomic force microscope (AFM). 

 
 

 
Figure 4. ESEM image of water droplets 
condensed on (a) hydrophobic side; (b) 
hydrophilic side of the PSC (7.2 K g/mol) 
nanosheet. Scale bar is 25 µm; (c-d) 
schematically show the corresponding surface 
composition. Top surfaces are in contact with 
water droplets.  
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Secondary rubbery phases with tunable particle sizes depending on BR type and weight 
fraction were found to occur in cured networks and responsible for the fracture toughness 
enhancements. With other excellent advantages, such as low viscosity and cost, these 
BRs are demonstrated to be promising tougheners for thermosetting epoxy resins. 

The fracture surface morphology of BR toughened samples was also investigated using 
the newly acquired AFM. Figure 5 displays three-dimension AFM images of selected 
phase-separated samples whose SEM images are also in Figure 5. As shown, fracture 
surfaces of these samples are embedded with crater-like architectures and holes with 
different sizes, indicating that rubbery particles are formed in cured networks. When a 
phase-separated sample is fractured at RT, rubbery particles together with the matrix are 
also fractured. However, since these particles are much tougher and covalently bonded 
with the matrix, they are unevenly fractured and result in either crater-like architectures 
or holes. The crater-like architectures are fractured particles sticking on the surfaces and 
the holes result from the rubbery particles being pulled out from the matrix in which 
particle residuals can be observed at the bottoms of the holes.  In many cases there is 
clear evidence of cavitation and matrix shear yielding. 

 
Figure 5. Three-dimension AFM images of fracture surfaces of selected epoxy samples 
toughened with BR at 10-20 wt.%. 

 


