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There is typical drawback when nano-sized polymer structures are deposited on a substrate 
surface from their solutions in liquid solvents. The problem is related to the influence of 
surface tension forces and capillary forces, which are able to reorganize dramatically the 
structures being deposited. The most critical is the very moment of solvent removal. 
Therefore, it seems to be very promising to perform systematic studies of individual 
macromolecules, supramolecular structures and ultrathin films as deposited directly from 
such a solvent, which is not a liquid, i.e. sc CO2. In that case at any stage of the deposition 
process there is never any coexistence on the substrate of the structures being deposited 
and of thin liquid film or droplets of a drying liquid solvent. Thus, one may hope that the 
morphology of deposited objects is not disturbed at the solvent removal stage. Scanning 
force microscopy is a convenient tool to study the morphology of such nanosized polymer 
structures directly deposited from their solutions in sc CO2. 

INTRODUCTION 

We demonstrated before that conformation of adsorbed polymer macromolecules could be 
affected dramatically by the presence of ultrathin liquid film coadsorbed from a vapour 
phase onto the substrate [1-4]. In a sequence of experimental studies performed, vapour-
induced reversible collapse transitions were observed directly for single individual brush-
like [1] and linear [2] macromolecules in vapours of different nature [3] and on different 
substrates [4]. The observed specific macromolecular behaviour was explained by surface-
tension-driven reorganisation controlled by competition in spreading on the substrate 
surface of the two adsorbed layers: i) macromolecules, and ii) coadsorbed molecules of the 
vapour phase. When polymer structures are deposited from typical liquid solvents the 
coexistence on a substrate of the structures being deposited and an ultrathin film of a liquid 
solvent at some stage of the deposition process is inevitable. Additionally, the influence of 
drying liquid film of the solvent may induce reorganisation on the substrate due to 
capillary forces.  
 As a result, we considered that it would be promising to perform deposition of 
polymer nanoobjects from such a solvent, which was not a liquid, i.e. sc CO2. Thus we 
systematically applied scanning force microscopy (SFM) in order to study the morphology 
of single macromolecules and supramolecular structures as deposited directly from sc CO2. 
The applied direct sc-deposition method ensured much higher uniformity of the deposited 
objects at the nanoscale level, as compared to the well-known RESS method, due to 
significantly less intensive aggregation process. Following the proposed approach, we 
demonstrated high uniformity and mechanical stability of sc-deposited nanosized thin films 
of different fluoropolymers: commercial copolymer Teflon AF 2400 [5] and commercial 
low molecular weight PTFE [6]. Special benefits of sc CO2 are most advantageous when it 
is necessary to modify porous substrates. Indeed, sc CO2, in distinct from liquid solvents, 
ensures both: i) absolute permeating ability (into a porous matrix), ii) complete removal 



from the matrix after decompression. Thus, superhydrophobic surfaces were created by 
treatment of porous structures having rough, developed surfaces in solutions of 
hydrophobic polymers in sc CO2 [7]. Such technology was patented by us in Russian 
Federation [8, 9]. 

Further, regularly packed dendrimers were sc-deposited as small patches of 2D 
hexagonal arrays with the ca. 6 nm lattice parameter [10]. Line tension at the perimeter of 
the dendrimer islands determined their size in the manner of 2D analogue of well-known 
Ostwald ripening. Also, high degree of regularity was detected for sc-deposited self-
assembled toroidal nanoobjects formed by semifluorinated (perfluoroalkyl)alkanes [11]. 
The model of their packing into the observed highly monodispersed toroids with fixed 
diameter was proposed [11].  

Recently, we focused on chitosan macromolecules as another promising model 
object to be deposited from solutions in sc CO2 [12]. Chitosan is a copolymer of D-
glucosamine and N-acetyl-D-glucosamine, as illustrated by the scheme below:  
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It is a very prospective polymer material from the viewpoint of possible medical 
applications: its films are capable to promote biocompatibility, haemocompatibility, long-
term stability, antimicrobic properties of surfaces of different medical devices. The first 
step of a formation of directly deposited coatings on a substrate is the adsorption of single 
individual macromolecules, the conformation of which affects strongly the adhesion and 
mechanical properties of the finally formed coating. Thus, special attention was paid to 
study quantitatively using SFM the conformation of single individual macromolecules as 
deposited from sc CO2 [12]. One of the main problems reported here was related to the 
very poor solubility of chitosan materials in sc CO2. In the present report we develop 
further steps in the framework of the proposed approach looking for the means to improve 
the solubility.  

MATERIALS AND METHODS 

The scheme of deposition of the macromolecules from their solutions in sc CO2 onto a 
substrate was employed as follows. High purity CO2 (OAO Linde Gas Rus, Russia, > 
99.997%) was transformed into the supercritical state using a high-pressure unit 
schematically represented in Figure 1. The unit consists of reactor (1) for the exposure of a 
substrate (3); liquid thermostat (2) for the stabilization of the temperature regime of the 
exposure; system containing valves (4), capillary lines (5) and manometers (6) for the 
transport of sc CO2 into the reactor; manual pressure generator (7) for the transformation of 
CO2 into the supercritical state, and tank (8) with CO2. 

The purity of the reactor was of extreme importance for the success of the SFM 
experiments. Before each experiment the reactor was wiped with a clean cotton tissue and 
then washed successively with three liquid solvents and, finally, sc CO2. The purity of the 
system was checked by means of a control exposure of the substrate in the reactor with sc 



CO2 but without any polymer at the same conditions (temperature, pressure, time of 
exposure), as it was planed for the subsequent real experiment. After the control exposure 
the substrate was tested with SFM. The purity of the system was considered to be 
acceptable only if there were no adsorbed structures visualized by SFM. Otherwise the 
cleaning procedure was repeated. 
 For the polymer deposition, we put into the reactor (10 ml) a freshly cleaved piece 
of a substrate (mica or, sometimes, HOPG) with surface area of about 1.5 cm2 and small 
amount of chitosan (0.2–0.5 mg). The reactor was closed, tightened, and thoroughly 
purged with CO2. Then it was filled with sc CO2 and exposed for 2–4 hours at constant 
temperature (70 °C) and pressure (700 bar). The exposure was finished by rather fast 
decompression: the complete removal of CO2 from the reactor took about 10 sec. Then the 
substrate with adsorbed polymer material was retrieved from the disassembled reactor and 
scanned with SFM. 

1

2

3

4 4

4
4

5

5

6

8

7

4

5

5

6

 

Figure 1. Scheme of a high pressure unit for the deposition of polymer materials from solutions in sc CO2 on 
the substrate surface: 1) reactor, 2) liquid thermostat, 3) substrate being exposed, 4) valves, 5) capillaries, 6) 
manometers, 7) plunger pressure generator, and 8) tank with CO2. 

The SFM measurements were carried out in the tapping mode in air at room 
conditions (relative humidity ca. 40–60%) using a MultiMode device with Nanoscope-IIIa 
controller (Digital Instruments, USA). SFM images were collected with an information 
density of 512 × 512 points at 1 Hz scanning frequency. We used silicon NCH-W 
cantilevers (NanoWorld AG, Switzerland) with a resonance frequency of about 320 kHz. 



Editing of the SFM images and image analysis were conducted by means of Femtoscan 
software (Advanced Technologies Center, Russia).  

RESULTS 

We have tested solubility of several different chitosan samples with different degrees of 
acetilation (DA), i.e. m : n ratios (see the scheme of macromolecular structure above), in a 
range of 2–50%. We have also tested some chitosan derivatives and applied different pre-
treatment schemes. Mostly, all the tested chitosan materials, with a few exceptions, are 
completely insoluble in sc CO2 at the temperatures and pressures, which are easy to be 
achieved with our setup (up to 80 °C, 800 bar). That means the SFM analysis has shown no 
traces of any redeposited polymeric material on the substrate surface after its exposure in a 
reactor together with the chitosan samples. Additionally, the absence of the solubility of 
the majority of the tested materials has been confirmed by simple gravimetric testing. This 
testing includes gravimetrical analysis of the difference between the amount of the 
chitosan, which has been put initially into the reactor, and the amount, which is to be found 
in the reactor after the exposure finished.  
 Nevertheless, a few samples have manifested very limited solubility in the sc CO2. 
Among such exceptions there is chitosan-calcium complex. It has been prepared by means 
of N-deacetylation of chitin impregnated with CaCO3, that has resulted in a sample with 
15% DA (i.e. n = 0.15, m = 0.85) incorporating some amount of calcium hydroxide. It has 
been possible to dissolve and to reprecipitate on a substrate single individual 
macromolecules of this polymer sample for the SFM visualisation, see Figure 2. We 
suppose that calcium ion is able here to coordinate with the hydroxyl groups and thus 
forms molecular complex, which, being rather bulky, weakens the hydrogen bonding of the 
polymer strands [13]. Weakening of the hydrogen bonding in the polymer material may 
improve its dissolution in sc CO2. Additionally, there may be some affinity between 
calcium ions and CO2 molecules, which may also promote solubility.  

 

Figure 2. Micrographs of chitosan : calcium complexes on mica substrate, deposited directly from solution in 
sc CO2. Exposure conditions: 700 bar, 70 °C, 4 h. SFM images of different sizes: a) 4 × 4 μm2, b) 2 × 2 μm2. 
Bar size 500 nm, height scale 10 nm  

It the Figure 2 one can see well resolved individual polymer chains as deposited from sc 
CO2. They have rather extended conformation of an adsorbed (2D) coil. Thus, solubility of 
this material is enough to be deposited on a substrate as single individual macromolecules 



from the sc CO2-solution for the SFM observation, but that implies very small 
concentrations. Indeed, from the viewpoint of possible applications the detected solubility 
is discouragingly poor for that complex as well as for all other tested materials (among 
those demonstrating any solubility at all).  

It is clear that the situation may be improved by applying co-solvents and proper 
modification of the chitosan chemical structure. Indeed, following this strategy we have 
detected better solubility of some chitosan derivatives, especially in the presence of 
cosolvents. For example, exploring typical scheme we have managed to dissolve and to 
reprecipitate onto a substrate N-sulphosuccinate chitosan, using acetone as a cosolvent. 
Small amount of acetone has been added into the reactor together with the substrate and 
the polymer material to be dissolved. The following SFM analysis has detected presence of 
polymer structures on a substrate as a result of such deposition, see Figure 3. Yet, the 
achieved solubility is still rather small and thus search for better conditions of dissolution 
is required. 

 

Figure 3. Micrographs of structures, formed on mica by N-sulphosuccinate chitosan as deposited directly 
from solution in sc CO2. Exposure conditions: 700 bar, 70 °C, 3 h. SFM images of different sizes: a) 6 × 6 
μm2, b) 4 × 4 μm2, c) 2 × 2 μm2. Bar size 500 nm, height scale 20 nm  

It is also interesting to note, that the macromolecules are more aggregated and sometimes 
forming more dense partially compacted structures as deposited in the presence of the co-
solvent (compare Figure 3 and Figure 2). The reason for the pronounced aggregation may 
be related to the influence of the liquid films of the co-solvent, probably, forming at the 
substrate surface. Therefore our next step of the research is to check the influence of the 
coadsorbed liquid film onto the morphology of the structures, deposited from non-liquid 
solvent (sc CO2). This goal is to be achieved by exposure of the macromolecules, as 
deposited on a substrate directly from sc CO2 (without application of any cosolvents), to 
the vapours of different nature. The SFM is to be performed for comparative testing the 
macromolecular conformation both before and after the exposure to the vapour, or even 
(most interesting) during such an exposure. That would possibly allow us to visualise the 
macromolecular reorganisation in real time regime.  

CONCLUSION 

We have systematically tested several chitosan materials with different DAs and pre-
treated in different manners for the possibility to be dissolved and reprecipitated on a 
substrate surface during an exposure in a reactor with sc CO2. Only a few of the many 
tested polymer samples have demonstrated any solubility (yet very limited one) at the 



laboratory achievable conditions. The employed deposition strategy has allowed us to 
visualise single individual chitosan macromolecules adsorbed on a substrate from sc CO2 
in a rather extended conformation of a 2D coil.  
 Application of co-solvents (e.g. acetone) improves solubility of some chitosan 
derivatives (e.g. N-sulphosuccinate) in sc CO2. But the presence of the liquid co-solvent 
apparently affects the conformation of the deposited macromolecules, promoting their 
aggregation. This effect is to be checked in forthcoming experiments.  
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