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Abstract 

 In this article, a chiral templating of polycarbonate (PC) membrane by (–)-α-pinene using the 

atomic layer deposition (ALD) approach is investigated. The templating with enantiomer of (–)-

α-pinene, used as a case compound, was performed either on the original commercial PC 

membrane or on the PC membrane with a beforehand deposited Al2O3 layer. The efficiency of the 

templating was assessed by a difference of membrane ability to adsorb/absorb (–)-α-pinene, (+)-

α-pinene and their racemic mixture, using a very sensitive gas sorption analyzer. The results clearly 

show that the solution-diffusion mechanism rather than the sieving mechanism applied for 

adsorption/absorption of (–/+)-α-pinene enantiomers, which have the same size of the molecule. 

The PC membrane with the pre-deposited Al2O3 before the (–)-α-pinene templating shows a 

significantly higher sorption of (–)-α-pinene compared to (+)-α-pinene and racemate, which 

clearly demonstrates presence of a chiral recognition effect. 
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Introduction 

Many molecules in living organisms are chiral. The individual enantiomers of chiral 

compounds often differ with their biological properties; e.g., in the case of some terpenoids, the 

enantiomers can be distinguished by a specific flavor or smell. If one of the enantiomers has a 

therapeutic effect, the other can be inactive or even toxic.1–3 In contrast to the current separation 

techniques, the uniqueness of chiral separation stems from the fact, that the individual enantiomers 

exhibit identical chemical and physical properties, and therefore some asymmetric surroundings 

must be created to achieve their distinction (except for self-disproportionation of enantiomers 

phenomenon).4,5 For this reason, the enantioseparation still remains a very challenging and 

difficult task in the production of biologically active compounds.6,7  

Nowadays, approximately 60 % of all available drugs are chiral, 75 % of them are used as 

racemates, and 25 % as enantiomerically pure.8 In 1992, the Food and Drug Administration  issued 

the policy that all new drugs must be tested for the biological and toxicological properties in all 

their forms (individual enantiomers and their metabolites). Therefore, there has been a continuous 

effort to reformulate chiral drugs as the single enantiomers. 

Despite the enormous effort devoted to asymmetric synthesis, chiral separation is still a widely 

used method for obtaining optically pure compounds. Among various enantioseparation methods 

(preparative HPLC, kinetic resolution, simulated moving bed, etc.),9 a chiral separation through 

polymer membranes has recently emerged. This technology seems to be advantageous for its low 

financial cost, continuousness and easy scalability of the process.10–12 However, at the moment, 

any suitable membranes applicable for the practical separation of racemic mixtures in chemical 
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industries, have not yet appeared. Therefore, the development of new materials for the membrane 

separation of racemic mixtures is highly desired. 

To fulfill the above described needs, flat non-porous polymer or microporous surface coated 

membranes as well as tubular or hollow fiber modules have been employed.13 The general 

principles known from the HPLC and GC chiral separations and from the biochemical 

enantioseparation processes have been applied also for the design of various membrane materials. 

Thus, materials with a primary and/or secondary chiral structure (e.g. helix) such as 

((poly(triphenylmethyl methacrylate)), polysaccharides,14,15 proteins, cyclodextrins,16–19 and 

imprinted polymers20,21 have been used to prepare chiral membranes by direct synthesis or for a 

modification of achiral membranes. Another approach is based on the incorporation of chiral 

selectors into a micro-porous solid, e.g. supported liquid membranes,22–28 where chiral organic 

molecules in a liquid form (as a solution or as a chiral liquid) are fixed by physical forces to a solid 

substance. 

The aim of this work was to exploit the potential of a chiral templating of polycarbonate 

membranes with a suitable chiral molecule using atomic layer deposition approach.  

Polycarbonate membranes (PCM) with high aspect ratio were selected as suitable substrates 

for the chiral templating. Polycarbonate is an amorphous (non-crystalline) polymer, which is 

formed by the interfacial reaction of bisphenol A and phosgene. The arrangement of the individual 

monomers in the PC turns the polymer chains into intertwined balls. The large number of benzene 

rings in the backbone causes rigidity of the chains.29,30 These entangled rigid chains form cavities 

with a suitable shape for the penetration and imprint of template molecules. 
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As a model chiral template31, (–)-α-pinene32 was selected due to its optimal volatility and low 

financial cost. It was templated within PCM using ALD either on an intact PCM surface or on a 

PCM surface ALD pre-coated with of aluminum oxide (Al2O3).  

ALD is a well established deposition method, which enables a conformal and uniform coating 

or decoration of different nanostructures, such as one-dimensional nanopores and nanotubes.33,34. 

In order to essentially modify the surface of the PCM with (–)-α-pinene molecules, molecule of (–

)-α-pinene was repetitively dosed within PCM using traditional ALD sequence (i.e. pulse, and 

purge). However, it was not the true ALD process that requires counter reactions of two precursors, 

covalent bonding, self-terminating mode, etc., as only one half ALD cycle, without any counter 

reaction with another precursor, was used. Nevertheless, this approach, further entitled modified 

ALD approach in this work, was sufficient to achieve the desired surface modification of PCM 

with (–)-α-pinene. The reason for the Al2O3 pre-coating of PCM (using a true ALD process, i.e. 

cycling Al and O precursors in the traditional ALD self-saturation mode) was to sensitize the PCM 

surface for the imprinting with the template chiral molecule. The intact polycarbonate membrane 

(PCM1), the membrane imprinted with (–)-α-pinene (PCM2) and the membrane pre-coated with 

Al2O3 and then imprinted with (–)-α-pinene (PCM3) were evaluated, if they exhibited a different 

sorption capacity of (–)-α-pinene, (+)-α-pinene and their racemic mixture using a very sensitive 

gas sorption analyzer. 

Experimental 

Materials: Polycarbonate microfiltration membranes (PCM) with pore size 0.1 µm, (Cat. No. 

VCTP14250) were supplied from Millipore Ltd. USA. (1R)-(+)-α-pinene (purity ≥ 99 %, optical 

purity ee: 97 %) and (1S)-(–)-α-pinene (purity ≥ 99 %, optical purity ee: 97 %) were purchased 
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from Sigma - Aldrich. Trimethylaluminum (TMA, elec. grade, 99.999+ %) was supplied from 

Strem. 

Atomic layer deposition technique: The chiral templating with (1S)-(–)-α-pinene on the PCM was 

carried out via modified atomic layer deposition (ALD) approach, applying 25 cycles of (1S)-(–)-

α-pinene (purity ≥ 99 %, optical purity: 97 %) as the pinene molecule (but without any ALD 

counter-reaction, as already explained) and commercial ALD tool (Beneq TFS-200). All processes 

were carried out at a temperature of 90 °C using N2 (99.9999 %) as carrier gas at a flow rate of 

400 standard cubic centimeters per minute (sccm). Under these conditions, one ALD cycle was 

defined by the following sequence: pinene pulse (5 s) - N2 purge (45 s). 

ALD was also employed for the deposition of Al2O3 within PCMs. Trimethylaluminum (TMA) 

and deionized water (18 MΩ) were used as aluminum and oxygen precursors, respectively. All 

processes were carried out at a temperature of 120 °C using N2 (99.9999 %) as carrier gas at a flow 

rate of 400 standard cubic centimeters per minute (sccm). Al2O3 deposition was carried out running 

50 ALD cycles. Under these deposition conditions, one growth ALD cycle was defined by the 

following sequence: TMA pulse (2 s)-N2 purge (20 s)-H2O pulse (2 s)-N2 purge (30 s). Afterwards, 

the same ALD process using (1S)-(–)-α-pinene as described above was applied also to Al2O3 

coated PCMs. Samples before and after ALD were characterized by a filed-emission scanning 

electron microscope (SEM, JEOL, JSM 7800F). Cross-sectional views were obtained by cutting 

the PCMs using ordinary scissors.  

α-pinene sorption analysis: Sorption of enantiomerically pure (+)-α-pinene, enantiomerically 

pure (–)-α-pinene, both molecules depicted in Figure 1, and their racemic mixture into three type 

of PCM was measured and the corresponding results are presented in following figures.  
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Figure 1. Structural formula of (+)-α-pinene and (–)-α-pinene 

 

PCM1 is a track-etched polycarbonate membrane. The pore shape is cylindrical with a diameter 

of 100 nm. The pores are straight and pass through the entire thickness of the membrane. The 

porosity of the membrane is in the range of 5 to 20 % (as the manufacturer declares).  

The membrane thickness was 29 µm. 

PCM2 was the PCM 1 with the (–)-α-pinene templating performed by modified ALD approach, 

the membrane thickness was 31 µm. 

PCM3 was the PCM 1 with the Al2O3 layer and subsequent (–)-α-pinene templating, both 

performed by ALD technique, the membrane thickness was 30 µm.  

Each membrane sample was weighed several times after insertion into the sorption balance.  

The sample mass was recorded. Prior to the isothermal measurement, the membrane sample was 

exposed to vacuum to remove all adsorbed species, mainly water and CO2. When constant weight 

was reached, the dry mass was recorded. The weight loss of the membrane samples depended on 

relative humidity of air and ranged between 0.5 and 1.1 wt. %. 

(+)-α-pinene (-)-α-pinene

CH 3

CH 3

C H 3
C H 3CH 3

C H 3
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Saturated vapor pressure of α-pinene at 30 °C was set to a value 7.9 mbar (p0). This value was 

calculated according to Hawkins and Armstrong35 and also according Nelson and Chickos.36 The 

sorption was carried out at lower pressures to prevent condensation of α-pinene. 

Enantiomerically pure (+)-α-pinene, enantiomerically pure (–)-α-pinene and their racemic 

mixture were analyzed before their use to determine the content of impurities or pinene oxidation 

products. A Clarus 680 gas chromatograph and a Clarus SQ8T mass spectrometer (PerkinElmer) 

were used for analysis. It was found that (+)-α-pinene, (–)-α-pinene and their racemic mixture 

contained oxidation products such as α-pinene epoxide and 2-Pinen-4-ol (verbenol) in a total 

amount less than 1 wt. %.  

The α-pinene sorption isotherms were determined by a gravimetric method using a dynamic 

sorption analyzer IGA-003 (Hiden Isochema, England). The isothermal static vapor sorption 

procedure was applied for the determination of static vapor sorption isotherms where the source 

of α-pinene vapor was liquid α-pinene added to an IGA reservoir.37,38 The weight of the sample 

was measured with an accuracy of 0.1 µg. 

Each corresponding PCM sample was loaded into a microbalance, weighed, and evacuated 

until constant weight was reached. It usually took 3 days. The dry mass of the sample was then 

determined. The membrane sample was equilibrated to the temperature of 30 °C. In the first 

sorption run, the pressure (p) of α-pinene vapor was gradually increased in five steps (0, 1, 2, 3, 4, 

5 mbar). After reaching the equilibrium weight of the sample for a given pressure, which took 180 

minutes, the pressure was increased to the next value until the pressure approached 95 % of the 

saturated α-pinene vapor pressure. The microbalance recorded the weight change of the membrane 

sample. Then the pressure of α-pinene vapor was gradually decreased in 180-min steps until the 

zero value was reached (the first desorption run). The second, third and fourth sorption and 
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desorption runs were carried out in the same manner. The amount of adsorbed α-pinene was related 

to the mass of the dry membrane sample. The sorption and desorption isotherms of pure (+)-α-

pinene, pure (–)-α-pinene and their racemic mixture (1:1) in the PCM were determined. 

The samples before and after α-pinene sorption were characterized by an ultra-high-resolution 

SEM (MAIA3, TriglavTM, TESCAN). 

Results and Discussion 

All types of membranes used in this work were first analyzed by means of SEM, as shown in 

Figure 2 and 3. The average pore diameter of all membranes in this study was calculated from 

statistical sets ranging from 70 to 185 pores at different magnifications.  

 

Figure 2. SEM a) top-view and b) bottom-view images of the PCM 1 (PC blank). 
 

The thickness of all membranes was measured using a Mitutoyo digimatic micrometer. The 

average thickness was always calculated from 10 values (Table 1). The pore diameter of the PCM1 

found by our analysis was 99.83 ± 3.50 nm on one side and 100.09 ± 4.5 nm on the other side of 

membrane (Table 2), which is in accordance with the manufacturer's stated values (100 nm). 
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Figure 3. SEM images of: (a, b) cross-sectional views of the blank PCM (PCM1), (c-d) top-view 

and bottom-view images of the PCM coated with (–)-α-pinene (PCM2), (e, f) top-view and bottom-

view images of the PCM coated with Al2O3 and (–)-α-pinene (PCM3). A reduction of the pore 

diameter after Al2O3 ALD is clearly visible. 
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Table 1. Thickness changes of PCM1, PCM2 and PCM3 before and after sorption-desorption of 

α-pinene. 

Membrane Conditions Sorption Membrane thickness 

[µm] 

PCM1 blank 

Before sorption experiment -  29.22 ± 1.69 

After sorption-desorption 
experiment 

(–)-α-pinene 30.45 ± 1.88 

(+)-α-pinene 29.60 ± 1.36 

Racemic 
mixture 30.67 ± 2.09 

PCM2 

ALD (–)-α-pinene   

Before sorption experiment - 31.33 ± 0.94 

After sorption-desorption 
experiment 

(–)-α-pinene 32.09 ± 1.68 

(+)-α-pinene 32.00 ± 1.51 

Racemic 
mixture 31.58 ± 1.89 

PCM3 

ALD Al2O3 

ALD (–)-α-pinene 

Before sorption experiment - 29.63 ± 0.70 

After sorption-desorption 
experiment 

(–)-α-pinene 30.13 ± 1.76 

(+)-α-pinene 30.07 ± 1.71 

Racemic 
mixture 30.00 ± 1.29 

 

The thickness of PCM1 was approximately 29.22 ± 1.69 µm (Figure 3a, b and Table 1). After 

the ALD pinene templating process (carried out at the temperature of 90 °C), the PCM2 underwent 

visible changes. The thickness of PCM2 was 31.33 ± 0.94 µm. Our morphological analysis showed 

that the pore diameter was reduced to 79.20 ± 5.13 nm on one side and 77.61 ± 6.03 nm on the 

other side of the membrane, that is, the pore diameter of PCM2 was reduced approximately to 78.5 

% of the original membrane pore size on both sides of the membrane. 
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Table 2. Pore diameter changes before and after the sorption-desorption experiment of α-pinene 

Membrane Conditions Pore diameter  

[nm] 

Mem. side 1 Mem. side 2 

PCM1 blank 

Before sorption experiment 99.83 ± 3.50 100.09 ± 4.50  

After sorption-desorption  

of (–)-α-pinene 
78.51 ± 6.38 81.86 ± 3.98 

PCM2 

ALD (–)-α-pinene   

Before sorption experiment 77.61 ± 6.03 79.20 ± 5.13 

After sorption-desorption 

of (–)-α-pinene 
37.88 ± 5.94 38.31 ± 9.13 

PCM3 

ALD Al2O3 

ALD (–)-α-pinene 

Before sorption experiment 72.53 ± 4.63 72.87 ±3.13 

After sorption-desorption  

of (–)-α-pinene 

of (+)-α-pinene 

  

59.63 ± 7.29 60.47 ± 7.12 

66.30 ± 5.72 68.83 ± 6.91 

 

This means that the PC expands at a higher temperature during the ALD (–)-α-pinene 

templating process increasing the free volume between the PC chains and making the pinene 

molecules diffuse more easily into the surface layers of the pore walls and the membrane surface. 

This results in irreversible swelling and disruption of the surface by micro-cracks, as shown in 

Figure 3c, d. After ALD process of Al2O3 and (-)-α-pinene templating, the membrane thickness 

was 29.63 ± 0.70 µm and the diameter of the pores was reduced from average of 100 nm to 72.53 

± 4.63 nm on one side and to 72.87 ± 3.13 nm on the other side of the coated PCM3 (Table 2). The 

narrower pore diameter (higher swelling degree) as compared to PCM2 would indicate that ALD 

of Al2O3 took place over the entire surface of the PCM pores, which was essentially desired from 
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the very beginning of the experimental design of this work. It was consistent with the uniform 

ALD coating results of 1D nanotubular layers using various secondary materials.34 

However, ALD of Al2O3 had also some unwanted effect on the PCM, due to either thermal 

expansion of PCM during ALD of Al2O3 or reaction of PCM with TMA or combination of both. 

As a result, cracking of the PCM surface was observed and a formation of non-continuous Al2O3 

layer was seen (Figure 3e, f). No visible effects on PMA was observed though, when PCM (without 

Al2O3) were heated up in air in a regular oven to the same temperature as used for the ALD process 

(120°C, data now shown). In fact, higher mobility of PC polymer chains at this ALD process 

temperature, creating a larger free volume between the individual chains that contribute to the 

enhanced TMA diffusion in the PCM. In this case, TMA is able to penetrate the membrane surface, 

form Al2O3 aggregates beneath the membrane surface39 and also interact with PC carbonyl 

groups,40,41 resulting in a membrane swelling with a significant reduction in pore diameter apparent 

after the ALD process has been finished. Addition of 25 ALD cycles of (–)-α-pinene at 90 °C can 

lead to further thermal expansion and swelling of the membrane, resulting in a larger narrowing of 

the pores. From these facts, it is apparent that the (–)-α-pinene was not embedded as a multilayer, 

but rather retained in small amounts on the Al2O3 layer and in the subsurface layers of the PCM. 

Since pinene is not bound in the membrane by covalent bonds, most of the pinene molecules can 

be washed away in each nitrogen purge cycle, after which a pinene molecule imprint can remain 

in the PC or in the Al2O3 layer. Also, a small number of pinene molecules can remain trapped in 

the PC surface layers or on the Al2O3 layer. It should be mentioned though that the presence of (–

)-α-pinene was not revealed by additional measurements, such as infrared spectroscopy, Raman 

spectroscopy, thermal gravimetry or X-ray photoelectron spectroscopy. The amount of pinene 

trapped in the PCM was below the detection limit of any of these techniques. It can be assumed 
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that most of the pinene molecules were removed by nitrogen during the purging pulse and the (–)-

α-pinene molecules left their imprint in the Al2O3 layer and in the surface layers of the PCM. Yet, 

the (–)-α-pinene was present within the PCM pores after the ALD process (regardless the presence 

or absence of the supporting Al2O3 coating), as revealed by sorption experiments shown further in 

the text. 

The sorption of enantiomerically pure (–)-α-pinene, enantiomerically pure (+)-α-pinene and 

their racemic mixture in the PCM1 was very low (Figure 4). Sorption curves of (–)-α-pinene in the 

PCM1 (Figure 4a) indicated that weak interactions between PC and (–)-α-pinene occurred mainly 

in the first and second run and also that (–)-α-pinene molecules diffused into the subsurface layers 

of the PCM and swelled it. The sorption and desorption isotherm shape suggests that sorption of 

(–)-α-pinene occurred in the pores of the PCM and the hysteresis was associated with filling and 

emptying pores42 and also with diffusion of the pinene molecules into the subsurface layers of 

PCM. It is known that synthetic polymers are able to simultaneously adsorb (on the surface) and 

absorb low-molecular organics substances. Small organic molecule compounds are able to 

penetrate into the free volume between polymer chains. Thus, they can have access to new active 

sorption centers. This corresponds to the gradually increasing sorption with each subsequent period 

(Figure 4d).  

The sorption of (+)-α-pinene in the PCM1 is slightly lower than sorption of (–)-α-pinene 

(Figure 4b). Only in the first cycle there was a sign of pore filling or dissolution of (+)-α-pinene 

in the PCM. The shape of hysteresis in the first sorption run suggests that the sorption (adsorption 

and absorption) of (+)-α-pinene molecules into the subsurface layers of PCM was slower and the 

sorption reached lower values than those of (–)-α-pinene molecules. This would point to that (+)-
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α-pinene molecules are less able to interact chemically with sorption sites and penetrate more 

slowly into the subsurface layers of PCM than (–)-α-pinene molecules.  

 
Figure 4. Sorption of (–)-α-pinene (a), (+)-α-pinene (b) and their racemic mixture 1:1 (c) into the 

PCM1. Comparison of sorption of (–)-α-pinene, (+)-α-pinene and their racemic mixture into the 

polycarbonate blank membrane at a pressure of 4 mbar = 0.51 p/p0 (d). 

 

The course of the (+)-α-pinene sorption curves was similar in the remaining runs (from the 

second to the fourth), because the PCM was probably saturated with (+)-α-pinene at a given 

a

 

b

 

c 

 

d 
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pressure. This means, the weight of the sample does not change over time because the number of 

adsorbed/absorbed and desorbed molecules is practically the same for a given pressure, as shown 

in Figure 4b, d. 

The sorption of the racemic mixture (Figure 4c) reached values that are between those ones 

measured on pure (–)-α-pinene and (+)-α-pinene (Figure 4d), except for the first run. This would 

indicate that (–)-α-pinene, which is 50 wt.% present in the racemic mixture, is preferably 

adsorbed/absorbed. The sorption values of the racemic mixture during the second and third run 

were close to the sorption value of (–)-α-pinene. However, the sorption of the racemic mixture 

during the fourth run was between the sorption of both enantiomers, that is, the sorption of both 

enantiomers reached an equilibrium value for a given vapor pressure. 

The desorption isotherms show almost the same original mass at the pressure 0 mbar. Because 

the experiments lasted for a limited time, it was not possible to reach the initial sample weight. 

This would require several days or weeks of desorption at the pressure of 0 mbar to achieve 

complete desorption of all pinene molecules that were trapped in the deeper trenches of PCM. The 

desorption behavior of the PCM and pinene molecules indicated that the original membrane weight 

would be reached after long desorption times. Therefore, it can be concluded that there was no 

chemical reaction of the pinene molecules with the polycarbonate. Thus, the sorption process 

(adsorption or absorption) was assumed to be completely reversible. 

The sorption results were supported by a morphological analysis, shown in Figure 5. The 

PCM1 was analyzed before and after four sorption and desorption runs of (–)-α-pinene. PCM1 

showed significant changes after pinene sorption and desorption experiment. The thickness of 

PCM1 before the sorption experiment was 29.22 ± 1.69 µm (Table 1), the surface of PCM1 was 
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smooth and the pore diameter was 99.83 ± 3.50 nm on one side of the membrane and 100.09 ± 4.5 

nm on the other side (Figure 5a, Table 2). The surface of the PCM1 exposed to the repeated 

sorption and desorption of (–)-α-pinene became rough, the membrane thickness slightly increased 

to 30.45 ± 1.88 µm and the pore diameter decreased to 78.51 ± 6.38 nm on one side of membrane 

and 81.86 ± 3.98 on the other side (Figure 5b, Table 2). The results indicate that the PCM polymer 

chains are rearranged and the free volume between the chains increases with long-term exposure 

of the pinene molecules at the temperature of 30 °C. This results in irreversible swelling of the PC 

and access to the sorption centers during repeated sorption experiments. The pore diameter of 

PCM1 after repeated sorption-desorption of (–)-α-pinene, (+)-α-pinene and their racemic mixture 

did not show any significant differences.  

 
 
Figure 5. SEM images of the PCM1 before (a) and after repeated sorption and desorption of (–)-

α-pinene (b) 

The total sorption of (–)-α-pinene, (+)-α-pinene and their racemic mixture in the PCM2 

exposed to (–)-α-pinene using the modified ALD approach is higher in comparison with the PCM1 

(Figure 6). In this case, the PCM2 was previously exposed to 25 cycles of (–)-α-pinene application 

by the ALD process, which was carried out at 90 °C. According to the Maxwell–Boltzmann 

distribution, the most likely pinene molecules speed is 210.5 m s-1 at given conditions. If the pore 
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diameter is lower than 100 nm, it can be assumed that the pinene molecules penetrate the pores by 

Knudsen diffusion, that is, the pinene molecules more often collide with the pore walls than with 

each other.  

 
 
Figure 6. Sorption of (–)-α-pinene (a), (+)-α-pinene (b) and their racemic mixture 1:1 (c) into the 

PCM2. Comparison of (–)-α-pinene, (+)-α-pinene sorption and racemic mixture sorption in the 

PCM with a (–)-α-pinene layer at 4 mbar = 0.51 p/p0 (d). 

a 

 

b 

 

c 

 

d 
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Theoretically, the PC chains are much more mobile at 90 °C and the membrane surface and 

inner walls of pores can interact with the pinene molecules which penetrate more easily into the 

subsurface layers, rearranged PC chains and so the (–)-α-pinene molecules can be trapped or can 

leave their imprint in the swollen PCM.43 

The sorption of (–)-α-pinene, (+)-α-pinene and their racemic mixture into the PCM2 was 

carried out at 30 °C. The α-pinene sorption was higher compared to PCM1 and sorption and 

desorption process was completely reversible. The course of (–)-α-pinene sorption into the PCM2 

was similar to the PCM1 and showed clearly visible hysteresis in the first sorption run. Hysteresis 

and lower sorption in the first run may be due to the filling of imprinted sites in the swollen 

subsurface layers of the PCM and due to the occupation of some suitable sorption sites with the (–

)-α-pinene molecules templated by the modified ALD approach.44–46 The sorption of (+)-α-pinene 

into the PCM2 did not show hysteresis in the first sorption run and the adsorbed/absorbed amount 

of pinene was approximately the same, as in the PCM1 case. This suggests that: i) (+)-α-pinene 

was adsorbed/absorbed and this process occurred predominantly on the membrane surface and at 

the sterically accessible sorption sites created after the swelling of the PC during ALD (–)-α-pinene 

process; ii) the PCM is fully saturated with (+)-α-pinene under given conditions. The sorption of 

racemic mixture into PCM2 showed slight hysteresis in the first sorption run, which is probably 

due to the presence (–)-α-pinene in the mixture. This sorption behavior suggests that (–)-α-pinene 

templated by the modified ALD approach at 90 °C diffused into the subsurface layer of PC and 

created new sites suitable for (–)-α-pinene sorption, whereas these sites were sterically unavailable 

for (+)-α-pinene sorption. 

Morphological analysis of the PCM2 before and after (–)-α-pinene sorption showed (Figure 7) 

that the (–)-α-pinene molecules applied by the modified ALD approach at 90 °C caused a swelling 
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of the inner pore walls and the membrane surface, thereby allowing the higher resulting pinene 

sorption. The pore diameter after (–)-α-pinene ALD was 77.61 ± 6.03 nm on one side and 79.20 ± 

5.13 nm on the other side of the PCM (Table 2). The thickness of the PCM2 before the sorption 

experiment was 31.33 ± 0.94 µm. Compared to the original PCM1, the thickness increased by 

almost 7 % (Table 1). 

 
 
Figure 7. SEM images of the PCM2 before (a) and after repeated sorption of (–)-α-pinene (b). 

The pore diameter after repeated sorption of (–)-α-pinene was 37.88 ± 5.94 nm on one side and 

38.31 ± 9.13 on the other side (Table 2). 

These results demonstrate that (–)-α-pinene molecules are capable of penetrating deep PCM 

layers and with long-term exposure even at lower temperature, in our case 30 °C, the α-pinene is 

able to significantly swell the PCM. The narrowing of the pores during the templating of pinene 

molecules by the modified ALD approach can thus be attributed to two factors, namely the already 

mentioned thermal expansion of PC at 90 °C, and the swelling of PCM caused by adsorption and 

absorption of pinene molecules. 

Sorption of (–)-α-pinene in the PCM3 reached approximately the same value as for PCM1 and 

PCM2, but hysteresis was missing in the first run (Figure 8a). This sorption behavior suggests that 
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the inner pore walls and the membrane surface were covered with an Al2O3 layer that limited the 

penetration of the (–)-α-pinene molecules into the subsurface PC layers.  
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Figure 8. Sorption of (–)-α-pinene (a), (+)-α-pinene (b) and their racemic mixture 1:1 (c) into the 

PCM3. Comparison of (–)-α-pinene, (+)-α-pinene sorption and racemic mixture sorption in a 

PCM with the ALD Al2O3 and (–)-α-pinene layer at 4 mbar = 0.51 p/p0 (d). 

 

The following templating of (–)-α-pinene molecules using the modified ALD approach at 90 

°C could create suitable sorption sites on the surface as well as inside the Al2O3 layer and inside 
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of sublayers of PCM and thus allow higher sorption of the (–)-α-pinene. This was confirmed by 

the results of morphological analysis (Figure 9) which showed that repeated sorption-desorption 

of (–)-α-pinene reduced the pore diameter of PCM3 from approximately 72 nm to 59.63 ± 7.29 

nm on one side of the membrane and 60.47 ± 7.12 nm on the other side (Table 2). 

 
Figure 9. SEM images of the PCM3 membrane before (a) and after repeated sorption of (–)-α-

pinene (b). 

In comparison with PCM1 and PCM2, sorption of (+)-α-pinene into the PCM3 reached only 

55 rel.% at pressure of 4 mbar. This phenomenon can be caused both by the decreasing size of the 

sorption surface as a result of deposition of Al2O3 and by the limited diffusion of (+)-α-pinene 

through the Al2O3 layer to the PCM surface. This was confirmed by the results of morphological 

analysis (Table 2), which showed that the repeated sorption–desorption of (+)-α-pinene reduced 

the pore diameter of PCM 3 from approximately 72 nm to 66.30 ± 5.72 nm on one side of the 

membrane and 68.83 ± 6.91nm on the other side. This would indicate that (+)-α-pinene dissolved 

less in the membrane and was mostly adsorbed and absorbed within the Al2O3 surface layer and 

free volume of the membrane. Sorption of the racemic mixture into the PCM3 at pressure of 4 

mbar reached only 50 rel.% of the sorption obtained on the PCM1 and PCM2. The changes in 

PCM3 thickness after application of Al2O3 and (–)-α-pinene by ALD were not as large as they 
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were with PCM2 (Table 1). This confirms that the presence of Al2O3 layer limits the penetration 

of pinene molecules into the PC and therefore the swelling of the PCM3 is less pronounced than 

in the case of PCM2. 

The ideal sorption selectivity of PCM3 determined from the adsorbed/absorbed amount of the 

individual enantiomers (–)-α-pinene/(+)-α-pinene was approximately 2.2. The sorption selectivity 

was not confirmed by measurement of the sorption of the racemate into PCM3. To clarify this 

behavior, the diffusion coefficients of the individual enantiomers and racemate were calculated 

according to the equation (1):47 

𝑀𝑀𝑡𝑡
𝑀𝑀∞

= 1 − ∑ 8
[(2𝑛𝑛+1)𝜋𝜋]2

∞
𝑛𝑛=0 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝐷𝐷(2𝑛𝑛+1)2𝜋𝜋2(𝑡𝑡−𝑡𝑡0)

ℎ2
�      (1) 

 

where Mt is the amount species at time t-t0, M∞ is the total amount of species that has diffused into 

membrane after infinity time, D is the diffusivity and h is the membrane thickness. 

The results of kinetic measurements of weight of membranes in time during the sorption of α-

pinene racemic mixture and individual enantiomers are presented in Supporting Information file 

as Figures S1-S3. The calculated diffusion coefficients of individual enantiomers and the racemic 

mixture are given in Table 3 and showed that (–)-α-pinene had a lower kinetic parameter (diffusion 

coefficient) than (+)-α-pinene. This suggests that (–)-α-pinene has a higher affinity to the 

membrane and is dissolved more in it compared to (+)-α-pinene. This thermodynamic process is 

much slower than the kinetic one, represented by the diffusion coefficient. In this case, the (+)-α-

pinene contained in the racemic mixture, which has a higher diffusion coefficient than the (–)-α-

pinene, penetrated the free volume of the membrane very quickly, thus probably preventing an 

access of (–)-α-pinene molecules to the sorption centers. This results in a lower sorption of the 
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racemic mixture, which was confirmed by the value of the diffusion coefficient of the racemic 

mixture, which was very close to the value of the diffusion coefficient of (+)-α-pinene. 

Table 3. Values of diffusion coefficients of (–)-α-pinene, (+)-α-pinene and their racemic mixture 

adsorbed/absorbed into PCM3 

Adsorbed/absorbed substance 
Diffusion coefficient × 1013  

(m2 s-1) 

(–)-α-pinene 6.92 ± 0.34 

(+)-α-pinene 7.78 ± 0.37 

Racemic mixture 8.01 ± 0.46 

 
Interestingly, the sorption of (+)-α-pinene and the racemic mixture in the PCM3 reduced the 

weight of the samples below the initial value during desorption runs (Figure 8b, c). One possible 

explanation for this phenomenon is that (+)-α-pinene molecules have an affinity for (–)-α-pinene 

molecules and can release (–)-α-pinene molecules trapped in the Al2O3 layer. 

Morphological analysis of the PCM3 showed (Figure 9a) that by applying 50 ALD cycles of 

Al2O3 and 25 ALD cycles of (–)-α-pinene at 90 °C led to a reduction in pore diameter to 

approximately 72.5 nm. TMA is able to penetrate the subsurface layers of the PCM and thus cause 

swelling and roughening of the PCM surface.40,41 The penetration of TMA molecules into the 

subsurface layers of the PCM pores and subsequent hydrolysis of TMA to Al2O3 caused the 

deterioration of mechanical properties of the PCM, as it became brittle. After applying the Al2O3 

layer, the PCM was exposed to 25 ALD cycles of (–)-α-pinene at 90 °C. The Al2O3 layer prepared 

by the ALD technique has a large number of OH groups on its surface, therefore the last layer can 

be considered as a Lewis acid. Thus, it can be assumed that interactions of OH groups with the (–

)-α-pinene templating by the modified ALD approach can occur and interaction products can be 



 25 

formed. EDX analyses showed that the amount of Al2O3 on both membrane surfaces reached 2.6 

and 2.8 wt.%, respectively. The presence of Al2O3 was also proved on the fracture surface but the 

exact amount could not be determined due to the fracture surface character and resulting significant 

electron scattering during the EDX analysis.  

However, it can be stated that the inner walls of the pores were covered with Al2O3 as shown 

in Figure 10. PCM1 pores had smooth walls, while PCM3 pores had a rough surface and were 

narrower. 

 
Figure 10. SEM images of the cross-section of the PCM1 (a) and PCM3 (b). 
 

Conclusion 

• The intact original commercial polycarbonate membrane (PCM1) showed only a very small 

difference between the sorption of (+)- and (–)-α-pinene molecules as well as their racemic 

mixture. 

• The use of modified ALD approach for the templating of the polycarbonate membrane with (–

)-α-pinene (PCM2) performed at higher temperatures (90 °C) caused an increase in free 

volume between polycarbonate chains, which facilitated the diffusion of pinene molecules into 

the surface layers of the membrane and pore walls, resulting in membrane swelling and pore 
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diameter narrowing. In this case, the process caused only a slight change in the difference 

between the adsorbed/absorbed amount of (–)-α-pinene, (+)-α-pinene and racemate. 

• The ALD of Al2O3 and the subsequent (–)-α-pinene templating of the PCM3 performed at 120 

and 90 °C caused: i) thermal expansion of polymer chains and an increase in the free volume 

between them, ii) facilitated diffusion of TMA into the free volume between PCM chains and 

the formation of Al2O3 on the surface and in the subsurface layer of the PCM, iii) diffusion 

and imprint of template (–)-α-pinene molecules into the free volume of PC and Al2O3 layer. 

Compare to the previous case, this procedure led to a significantly higher sorption of (–)-α-

pinene compared to the opposite enantiomer and racemate. In contrast, the sorption of the 

racemate was only slightly higher than the sorption of (+)-α-pinene. This indicates that the 

significantly increased sorption of single (–)-α-pinene does not necessarily imply its equivalent 

preferential sorption from the racemate. It suggests, that the sorption behavior of the racemic 

mixture is affected by a different thermodynamic and kinetic behavior of the individual 

enantiomers. 

• Nevertheless, the effect of the introduction of chirality by the modified ALD approach of the 

Al2O3 pre-coated PCM with (–)-α-pinene molecules is clearly demonstrated. We believe that 

it is worth using this effect in a more convincing arrangement to achieve preferential sorption 

with the potential to expand the range of membrane separation techniques. 

• The presented approach of templating pinene molecules within PCM could be carried out 

essentially by any vacuum deposition tool that enables dosing and purging of a compound from 

liquid or solid container. In the present case, ALD tool was used for the pinene templating, as 

it we operate it and we also used it for ALD of Al2O3 within PCM. 
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Table of contents 

Chirality for enantioseparation of racemates is achieved by modification of polycarbonate 

membranes by modified ALD approach. As a chiral template for ALD (–)-α-pinene was selected 

due to its optimal volatility and low costs. It was deposited either alone or with the undercoating 

of Al2O3 layer. Different sorption performance was achieved for (–)-α-pinene, (+)-α-pinene on 

modified and unmodified membranes.  

 

 


