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Abstract

:

The main purpose of this paper is to compare the chromatographic properties of capillary columns prepared with polymers with different backbone structures and to demonstrate the possibility of polymer differentiation via inverse gas chromatography. With the use of addition and metathesis types of polymerization of tricyclononenes, two new stationary phases were prepared. The metathesis polymer contained double bonds in the polymeric backbone while the backbone of the addition polymer was fully saturated and relatively mobile. A comparison of the separation and adsorption properties of new phases with conventional gas chromatography (GC) stationary phases clearly indicated their non-polar characteristics. However, the difference in the polymer structure appeared to have very little effect on the stationary phase separation properties, so other parameters were used for polymer characterization. The thermodynamic parameters of the sorption of alkanes and aromatic compounds in both polymeric stationary phases were also very similar; however, the entropy of sorption for hydrocarbons with seven or more carbon atoms was different for the two polymers. An evaluation of the specific surface energy of the stationary phases also allowed us to discriminate the two stationary phases.
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1. Introduction


The modern practice of analytical gas chromatography is essentially a technique performed using wall-coated (WCOT) or porous layer open-tubular (PLOT) capillary columns. The columns available today afford an unprecedented level of durability, inertness, and ease of use. The invention of fused silica capillary columns in 1979 [1] and continuous innovations in stationary phase chemistry resulted in the reproducible preparation of immobilized layers with control of thickness. Many of the innovations came from academic laboratories; however, virtually all innovations in current GC column technology take place in manufacturing facilities and are indicated as proprietary information [2,3].



General information on GC columns can be found elsewhere in the literature [4], and according to [5], there are two main approaches to create PLOT capillary columns. One of them, the suspension approach [6], is based on introducing a previously prepared sorbent in the form of a suspension into a capillary with its fixation on the inner surface of the capillary. Pre-synthesized sorbents are commonly characterized by conventional analytical techniques such as porosimetry, thermogravimetry, etc. These approaches can be used for the preparation of PLOT capillary columns with both organic and inorganic sorbents. Prepared columns usually have thick layers of stationary phases (reported values are up to 50 μm) and slightly reduced efficiency compared to WCOT columns. The main drawback of PLOT columns prepared by the suspension technique is the leaching of sorbent particles from the column. This phenomenon results in signal spikes on the chromatogram and is strongly undesirable. Manufacturers offer special trap columns (e.g., PLOT Column Particle Trap by RESTEK LLC) to exclude particle spiking.



An alternative technique for the preparation of PLOT columns is the synthesis of the stationary phase directly inside the quartz capillary [5,7]. The amount of the stationary phase inside the capillary column is very small and usually cannot be characterized by the same techniques used for the characterization of the pre-synthesized sorbents. As a result, a priori, the porous properties of the prepared stationary phase remain unknown until they are investigated by chromatographic techniques. The cross-linked polymer that is formed during the synthesis is deposited onto the capillary wall and is retained due to adhesion [5,8,9,10]. Scanning Electron Microscopy (SEM) images commonly demonstrate an irregular distribution of spherical polymer particles across the column wall surface (see e.g., [10]).



At the beginning of the century, Berezkin et al. [11,12] described a new type of stationary phases for GC based on microporous membrane polymers. The most remarkable feature of membrane polymers is their ability to spontaneously form a microporous structure [13]. The other advantage of membrane polymers is the possibility of utilization of the same technique, which is conventionally used for liquid stationary phases for the formation of the stationary phase layer in the quartz capillary. Nevertheless, until now, only one membrane polymer, poly-(1-trimethylsilyl-1-propyne) (PTMSP), has been investigated in GC as a microporous stationary phase [10,11,12,14,15] for the separation of light hydrocarbons [15] and hydrides [16]. The reason for this fact is the drawback of the PTMSP-based stationary phase connected to the so-called physical aging [14], resulting in a decrease in the gas permeability of the polymer layer with time. This property of the polymers at temperatures above the glass transition temperature Tg is widely reported in the literature [17,18] and is interpreted using the free volume model [19]. All microporous membrane polymers have a bulky molecular structure that does not allow the formation of a densely packed structure in a solid state. With time, polymer chains tend to relax to the equilibrium state, resulting in the reduction of the polymer free volume and permeability.



Recently, a series of new membrane polymers based on norbornene monomers was synthesized and tested for membrane gas separation [20]. Some of these polymers demonstrated promising properties in the separation of light alkanes and are of interest for testing as potential stationary phases for capillary GC. Polymers used in the present work were prepared with two different mechanisms of polymerization, so they are characterized with different backbone structures and allow an elucidation of the effect of the backbone structure on the separation properties of the stationary phase. Addition polymers have relatively flexible backbones while backbones of metathesis polymers contain double bonds, preventing the free rotation of the chain. It is reasonable to expect that different rigidity levels of the polymer chains influence the selectivity and retentivity of solutes in GC separations. The energetic differences between polymeric stationary phases are elucidated by measuring the energy of the solute/polymer interactions and the thermodynamic parameters of sorption such as enthalpy, entropy or Gibbs energy. The main purpose of this paper was to compare the chromatographic properties of capillary columns prepared with polymers with different backbone structures and to demonstrate the possibility of polymer differentiation via inverse gas chromatography.




2. Materials and Methods


2.1. Chemicals


All reagents used in the study were of pure chemical grade and were purchased from Sigma–Aldrich LLC (St. Louis, MO, USA) and used without additional purification. Helium (grade A) was used as the carrier gas and was purchased from a local supplier (Dia-m, Moscow, Russia). Helium was additionally dried to remove water by passing it through a molecular sieve cartridge.




2.2. Synthesis of Polymers


Addition polymer (AP) was synthesized by the polymerization of a tricyclononene monomer in the presence of a palladium-containing catalytic system, and the metathesis polymer (MP) was prepared using a niobium catalyst as described in [21]. The structures of the monomer units of the resulting polymers are shown in Figure 1, and the molecular mass characteristics of the polymers are listed in Table 1.




2.3. Column Preparation


The capillary columns were prepared via the static coating method. The characteristics of the prepared columns are shown in Table 1. The stationary phase layer thickness df and phase ratio β values for the prepared columns were calculated according to the known ratios [24] and are presented in Table 1.


   d f  =    r c   2  ×    C L  ρ   100 −      C L   ρ       



(1)






  β =    r C    2  d f     



(2)







Here, rc is the inner capillary radii; CL is the concentration of the polymer in the working solution (% g/mL).




2.4. Chromatographic Measurements


All gas chromatographic measurements were performed on a gas chromatograph (GC 2010; Shimadzu LLC, Kyoto, Japan). The split ratio was 1:50, and detection was performed by means of a flame ionization detector (FID). Inverse Gas Chromatography (IGC) measurements were carried out within the temperature range of 40 to 100 °C except for the PTMSP column, where the working interval was 70–150 °C. The test mixture containing 12 components—n-alkanes and aromatic compounds—was prepared from individual substances. Data were acquired using the software package GC-solution (Shimadzu LLC, Kyoto, Japan) and were evaluated using Origin software (version 2018, OriginLab Corporation, MA, USA).




2.5. Thermogravimetric and Calorimetric Measurements


Thermogravimetric analysis (TGA) was carried out using a Perkin–Elmer TGA-7 (Artisan Technology Group, Champaign, IL, USA) instrument. Calorimetric measurements were conducted using a differential scanning calorimeter (“Mettler” TA-4000) at a heating rate of 20 °C/min under an argon atmosphere.




2.6. Testing Columns for Physical Ageing


To evaluate the thermal stability of the stationary phases based on AP and MP, the column was heated to a given temperature for 1 h and then cooled to 40 °C [25]. The test mixture of n-alkanes and aromatic compounds was then separated under standard conditions (40 °C, 70 kPa). Then, the column heating procedure was repeated with a heating temperature step of 20 °C. The thermal stability of the column was studied in the temperature range of 40–200 °C. The retention factor k and column efficiency N (number of theoretical plates) were calculated for each analyte at each temperature.





3. Results and Discussion


Taking into consideration all of the acquired data, we now discuss the influence of the backbone structure of the polymer on the thermal stability of the prepared GC columns, their chromatographic properties such as retention parameters and column selectivity, and the thermodynamic parameters of the sorption of hydrocarbons of different classes on the addition and metathesis polymers.



3.1. Synthesis and Thermal Stability of Polytricyclononenes


Tricyclononene and its derivatives can be polymerized via the addition type of polymerization to the addition polymer (AP) or via ring opening metathesis polymerization to the metathesis polymer (MP) (Figure 1) [21]. The backbone of MP polymers contains double bonds that impede the rotation of the chain segments. Correspondingly, the glass transition temperature (Tg) of MP is expected to be higher than that of AP, which is characterized by the relatively flexible saturated carbon main chain [21]. The difference in glass transition temperatures (Tg values) between MP and AP was rather small: −63 °C for AP and −71 °C for MP. However, both Tg values were well below the conventional temperature range used in GC. This fact ensured the viscoelastic state of both polymers at gas chromatographic separation temperatures.



The thermostability of the new stationary phases was tested by TGA (Figure 2a) and by a chromatographic method by monitoring the base lines for both columns with a gradual increase in the column temperature (Figure 2b). The TGA curves were conventional for the organic polymers’ S-shaped profile. The temperature at which the polymer lost 5% of its mass was 362 °C for MP and 400 °C for AP, correspondingly. Speed of polymers decomposition reached maximum at 427 °C for the MP polymer and 455 °C for the AP polymers. Therefore, thermogravimetric measurements demonstrated a slightly higher thermal stability of the AP polymer over its MP counterpart. However, the baseline drift for the column based on the MP stationary phase under temperature programming was lower than that for the AP-based column (Figure 2b). The baseline level for the column with the MP stationary phase remained stable up to 225 °C. The AP-based stationary phase demonstrated a significant increase in the baseline signal at 175 °C. For comparison, we also measured the baseline drift for the PTMSP stationary phase, as PTMSP had an unsaturated carbon backbone similar to that of MP (Figure 1). As one can see from Figure 2, the baseline drift for the PTMSP stationary phase was similar to that of the MP-based column (Figure 2b). Thus, the data obtained via the chromatographic measurements were in contradiction with the data obtained by TGA, likely due to the thermal stabilizing effect of the double bonds in the polymeric backbone. The reason for this effect might be the much higher sensitivity of the IGC method compared to TGA: the baseline started to increase with minor bleeding of the stationary phase from the column.



Both new stationary phases were tested for physical ageing as described in the Materials and Methods. However, no changes in selectivity and efficiency were observed when the columns with AP and MP stationary phases were heated within a few hours at increased temperatures up to 175 °C. These data coincide well with the stability test of the AP and MP membranes used in membrane chemistry, which could not detect physical ageing of these polymers [21].




3.2. Chromatographic Performance of Tricyclononene Stationary Phases


It was reported in a membrane study [21] that AP and MP were different in their gas permeability properties [21,26], and the permeability of MP was higher than that of AP. It was also demonstrated that both polymers are capable of membrane separation of hydrocarbons [26].



Figure 3 demonstrates the separation of the test mixture of twelve components—n-alkanes and aromatic hydrocarbons– in the AP and MP stationary phases together with three conventional stationary phases: non-polar stationary phase polydimethylsiloxane SE-30, polar polyethylene glycol stationary phase PEG 20M, and the microporous polymer polytrimethylsilylpropyne PTMSP stationary phase. As expected based on the properties of the presented stationary phases, polar stationary phase PEG 20M weakly retained n-alkanes, while the fairly polarizable aromatic compound had the highest retention times (Figure 3a). The PEG 20M stationary phase also ensured the good separation of the critical triad (ethylbenzene/m-xylene/p-xylene), and aromatic solutes far behind the n-alkanes with an equal number of carbon atoms, e.g., benzene (six C atoms), were eluted between n-nonane and n-decan, and toluene (seven C atoms) was eluted after n-decan. The elution order of the test solutes in the PEG 20M stationary phase also differed from that for the non-polar stationary phase SE-30 (Figure 3d): benzene was eluted between n-hexane and n-heptane, the toluene retention time was between that of n-heptane and n-octane, and the last eluted solute was n-decan. It is known that the non-polar stationary phase usually cannot separate the critical ethylbenzene/m-xylene/p-xylene triad.



The elution order for the test mixture during the AP and MP stationary phases was similar to the elution order for the non-polar stationary phase (Figure 3b–c): the last eluted sorbate was n-decan, benzene was eluted between n-hexane and n-heptane, and the toluene peak was situated between n-heptane and n-octane. It was also found for the tricyclonone stationary phases that they could not separate the critical triad. Nevertheless, there were also obvious differences in the sorbate elution order for the tricyclononene and dimethylsiloxane stationary phases (Figure 3b–d). Aromatic compounds were eluted during the non-polar stationary phase SE-30 close to the corresponding n-alkane. As for the AP and MP stationary phases, hydrocarbons with the aromatic rings were eluted close to the next n-alkane. This difference might be caused by the presence of microporosity in the AP and MP stationary phases. The effect of microporosity might be confirmed by comparison of the separations performed during the AP and MP stationary phases with the separations performed during the PTMSP stationary phase (Figure 3e). PTMSP is a microporous polymer with a glass transition temperature lower than the working temperatures of the GC method. This polymer is characterized by a high free volume and has a developed surface area [23] available to the sorbates ensuring the chromatographic process. As shown in Figure 3, the remarkable feature of the microporous stationary phases was the elution of xylenes and ethylbenzene as a joint group. The same phenomenon was also observed for the AP and MP stationary phases. However, the retention of the PTMSP phase was significantly higher than that of the AP- or MP-based capillary columns. The test mixture could not be separated on the PTMSP column isothermally at 40 °C due to the extremely high retention times of the analytes, and the temperature had to be increased to 130 °C.



The polarity of the stationary phase is also a very important parameter for chromatographic separations, and it is frequently characterized by McReynolds constants, which are evaluated from the retention times of five probe analytes: benzene, 1-butanol, 2-pentanone, 1-nitropropane, and pyridine [27]. Both AP and MP were tested using McReynolds analytes, and the calculated average polarity of the AP and MP stationary phases was 175 and 186, respectively, indicating the low polarity of these stationary phases. The low polarity of the stationary phases was probably connected to the absence of polar groups in the polymer structure and the dense shielding of the highly polyrizable double bonds in the carbon bone of the MP polymer, which makes them inaccessible to the analytes during chromatographic separations. Taking into consideration all of the acquired data, the AP and MP stationary phases may be described as non-polar stationary phases in which selectivity is slightly affected by polymer microporosity. Therefore, the chromatographic retention data were found to be insufficient to discriminate between these two isomeric stationary phases, so other parameters such as the thermodynamic parameters of sorption had to be used.




3.3. Thermodynamic Parameters of Sorption for Separations during AP and MP Stationary Phases


The thermodynamic parameters of sorption for analyte separation in GC are usually evaluated by means of IGC [28]. The theoretical background of IGC is described in the literature in detail [29,30]. The thermodynamic parameters of sorption that are usually evaluated via IGC are the enthalpy of sorption ΔHo and the entropy of sorption ΔSo. They are related to the partitioning coefficient of the analyte K (Henry constant) between the moving and stationary phases according to the equation


ΔGo = −RTlnK = ΔHo − TΔSo



(3)




where ΔGo is the free energy of sorption; R is the universal gas constant;   K =    C s     C m      is an equilibrium constant, Cs and Cm are analyte concentrations in the stationary and mobile phases, respectively; and T is the column temperature, K. The partitioning coefficient K correlates with the retention factor k [22,29]:


K = kβ



(4)




where   β =    V m     V s      is the phase ratio, i.e., the ratio of the mobile phase volume Vm to that of the stationary phase VS in the column, and   k =    t R  −  t 0     t 0      is the retention factor with tR and to being the analyte retention time and column hold-up time, respectively. Combining Equations (3) and (4) allows one to obtain the relationship allowing the evaluation of the thermodynamic parameters of sorption from the linear correlation between lnk and 1/T:


  lnk =   − Δ  H o    RT   +   Δ  S o   R  −  ln β   



(5)







Corresponding straight-line correlations were observed for all of the polymeric stationary phases studied in the research (see, e.g., Figure 4), and the calculated values of the differential enthalpy ΔHo and entropy ΔSo of sorption for the investigated saturated and aromatic hydrocarbons are shown in Table 2. It is usually considered that changes in the distribution of analyte molecules between the stationary and mobile phases are mainly due to the size, geometrical structure, and electronic configuration of solutes on the one hand and the structure and conformation of the polymeric stationary phase on the other hand. The AP and SE-30 stationary phases do not have any functional groups, and there was no reason to expect any specific interactions with polar analytes for these stationary phases. In contrast, the MP and PTMSP stationary phases have unsaturated structures with double bonds. Potentially, these stationary phases could result in π → π or other types of specific interactions with a polar solute due to high polarizability. However, the data presented in Table 2 do not support this assumption, and the sorption properties of AP and MP were found to be very similar. As one can see from Figure 5, both stationary phases exhibited linearity of the differential enthalpy ΔHo and entropy ΔSo of sorption for the n-alkane carbon number. The slopes of the linear dependences are called the methylene selectivity of the stationary phase and are shown in Table 3 together with similar characteristics of the discussed conventional GC stationary phases. The enthalpy-based methylene selectivity values of the new stationary phases and of the non-polar SE-30 were very close, supporting the non-polar nature of the AP and MP stationary phases. Enthalpy-based methylene selectivity of polar stationary phase PEG 20M was very different from the corresponding values of the AP and MP stationary phases. A similar difference was observed for the entropy-based methylene selectivity. It was also found that the difference in the values of the entropy of sorption increased with the carbon number of the analyte, and the entropy values for hydrocarbons after n-octane may be used for differentiation between the isomeric polymeric stationary phases. The higher entropy loss for the addition polymer may be connected to the higher flexibility of the carbon chain of the AP, resulting in more intense interactions of the analytes in the stationary phase.



Additional similarity of the non-polar stationary phases was revealed when studying the entropy–enthalpy compensation effect. This effect is described as a linear correlation of enthalpy versus the entropy of sorption with the slope being the compensation temperature TC. The value of the compensation temperature is considered to be the process characteristic [31]. Chemical reactions or equilibrium processes with similar compensation temperatures are usually considered to have similar mechanisms and are called isokinetic or iso-equilibrium processes. The compensation plots for the AP and MP stationary phases are shown in Figure 6, and the compensation temperatures of the stationary phases are shown in Table 3. Surprisingly, the lowest compensation temperatures were observed for the AP and MP stationary phases and the highest for PEG 20M, which again clearly showed the non-polar characteristics of the new stationary phases.




3.4. Evaluation of the Surface Free Energy for the AP and MP Stationary Phases


One of the most used applications of IGC is the determination of the surface free energy [28,32,33]. Conventionally, the surface energy is described by the combination of the dispersive and specific nondispersive properties of the polymer. Dispersive properties are usually obtained from the dispersive contribution of the surface free energy. Specific properties are determined by the parameters that are connected to the surface ability to be an electron acceptor or electron donor. The sum of the dispersive and specific components represents the total solid surface energy [28].



The dispersive free energy γsD of the AP and MP stationary phases was evaluated by the Dorris–Gray method [34]. This method utilizes the methylene selectivity of free energy ΔGCH2, which is evaluated from the linear dependence of ∆G = −RTlnkβ on the carbon number of n-alkane, which is used as the test solute (Table 3, Figure 5) [28]:


   γ s D  =     ( Δ  G  C H 2   )  2    4    N 2    (  α  C H 2   )  2   γ  C H 2      



(6)







Here, αCH2 is the cross-sectional area of a CH2 group (m2) [31]: αCH2 = 69.919/(568.02–T)0.5 (Å2), N is the Avogadro number, 6.023 × 1023, γCH2 is the free energy of a CH2 group [27]: γCH2 = 35.6 + 0.058 (293–T) (mJ/m2).
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Table 3. Thermodynamic parameters of the sorption of the investigated stationary phases.






Table 3. Thermodynamic parameters of the sorption of the investigated stationary phases.





	
Stationary Phase

	
Thermodynamic Parameters

	
Dispersive Surface Energy *)

	
Specific Surface Energy ∆GSP, kJ/mol (See Figure 7)




	
−ΔH, kJ/mol

	
−ΔS, J/molK

	
Tcom

	
γsD, mJ/m2

	
Benzene

	
Toluene

	
Ethylbenzene

	
m-Xylene

	
p-Xylene

	
o-Xylene






	
AP

	
7.2

	
16.2

	
415

	
56.1

	
3.6

	
3.7

	
3.6

	
4.0

	
2.8

	
4.4




	
MP

	
7.4

	
15.7

	
467

	
57.7

	
3.7

	
3.7

	
3.4

	
3.6

	
2.5

	
4.4




	
PEG20M

	
3.5

	
3.9

	
910

	
97.1

	
9.6

	
9.0

	
8.4

	
8.4

	
7.0

	
9.4




	
PTMSP

	
7.2

	
12.5

	
509

	
49.3 **

	
3.4

	
2.8

	
2.4

	
3.0

	
0.6

	
2.2




	
SE-30

	
7.3

	
10.9

	
486

	
48.2

	
2.6

	
2.5

	
2.5

	
3.2

	
1.6

	
2.5








*) at 40 °C; **) at 50 °C.













As one can see from Table 3, the AP- and MP-based stationary phases demonstrated almost identical values of the dispersive free energy γsD and, correspondingly, had an equal tendency for non-specific interactions with solutes. These values were 1.5 times higher than the free dispersive energy of the polar PG 20M stationary phase. Low values for PEG 20M can be explained by weak interactions of n-alkanes (used as solutes) with the polar surface PEG 20M. The small increase in the free surface energy of AP and MP over SE-30 and PTMSP may be attributed to the non-polar features of the polymer structure.



The specific surface energy of the stationary phases was evaluated based on interactions with polarized analytes, which were aromatic hydrocarbons in this study. The carbon backbone of the MP-based stationary phase provided a high number of double bonds (Figure 1), which could ensure π–π interactions with the aromatic rings of the analytes and indicate a difference with the AP stationary phase. Commonly, when the Dorris–Gray concept is used for the evaluation of the dispersive free energy, the specific contribution is calculated using the polarization method [28]. As an intrinsic characteristic, independent of the test analyte nature, which is used in IGC to receive the data for the polarization method, the value of the deformation polarization (PD, cm3/mol) is used:


   P D  =    n 2  + 1    n 2  − 1    M ρ   



(7)




where n, M, and ρ are the respective refractive index, molar mass (g/mol), and density (g/cm3) of the test molecule. In the first step, the graphical dependence of the free energy of adsorption on ∆G = −RTlnkβ on the molar deformation polarization PD for n-alkanes was plotted. The obtained straight-line dependence is called the alkane line (Figure 7) and is connected to the dispersive interaction energy [35]. In the next step, points of other solutes were plotted in the graph, and the vertical distance between polarized analyte points and the alkane line yielded the specific free energy (ΔGSP) (Figure 7). The values of the specific free energy ΔGSP are shown in Table 3 [35]. The specific free energy of the MP stationary phase was higher than the corresponding value for the AP stationary phase. However, the differences were rather small and close to the accuracy level. It is likely that the interaction of aromatic rings and double bonds is prohibited by the steric surrounding of the double bonds. The existence of steric hindrances for solute adsorption during the investigated stationary phases may be deduced from the DGSP values (3–4 kJ/m2), which are two to three times lower than those values, e.g., for the adsorption of dichloromethane on the quartz surface (11.5 kJ/m2 [28]). These obstacles probably do not exist for sorption onto the PEG 20M surface where DGSP values (7.5–9.5 kJ/m2) were quite close to the literature values.
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Figure 7. Diagram illustrating the evaluation of the specific free energy (ΔGSP) by the polarization method. 
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4. Conclusions


New representatives of microporous polymeric matrixes, addition and metathesis polymers of tricyclononene, were synthesized using different catalytic systems and were investigated with the IGC method to differentiate the isomeric stationary phases using chromatographic data. The backbone of the metathesis polymer had numerous double bonds while the backbone of the addition polymer was saturated. The presence of double bonds made the MP polymeric chains rigid and conformationally less flexible. In contrast, the addition AP polymeric chains seemed to be more mobile. However, the difference in the polymer carbon backbone structures had very little effect on the separation properties of the stationary phase. The elution sequence of the test solutes and McReynolds coefficients were similar for both stationary phases prepared from AP and NP polymers. The evaluation of the thermodynamic parameters of sorption such as the enthalpy and entropy of the sorption of alkanes and aromatic compounds, methylene selectivity, and the compensation temperatures did not reveal significant differences between the stationary phases. The only parameter that was able to differentiate the isomeric polymeric stationary phases was the entropy of sorption for hydrocarbons with nine or more carbon atoms. The evaluation of the specific surface energy for aromatic analytes also allowed the discrimination of the polymers. This high similarity between the AP and MP polymers points to the high-shielding double bonds in the MP polymer in contradiction to the clear difference observed between the polymers and the typical polar stationary phases.







Author Contributions


Conceptualization, A.Y.K. and A.A.K. (Alexander A. Kurganov); methodology, A.Y.K., A.A.K. (Alexander A. Kurganov) and A.A.K. (Alexander A. Korolev); polymers synthesis, D.A.A.; investigation, A.Y.K., V.E.S. and A.A.K. (Alexander A. Korolev); writing—original draft preparation, A.Y.K.; writing—review and editing, A.Y.K. and A.A.K. (Alexander A. Kurganov); visualization, A.Y.K. and A.A.K. (Alexander A. Kurganov). All authors have read and agreed to the published version of the manuscript.




Funding


This work was carried out within the State Program of the A.V. Topchiev Institute of the Petrochemical Synthesis Russian Academy of Sciences.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Dandeneau, R.D.; Zerenner, E.H. An investigation of glasses for capillary chromatography. J. High Resolut. Chromatogr. 1979, 2, 351–356. [Google Scholar] [CrossRef]

	



Poole, C.F.; Poole, S.K. Separation characteristics of wall-coated open-tubular columns for gas chromatography. J. Chromatogr. A 2008, 1184, 254–280. [Google Scholar] [CrossRef] [PubMed]

	



Ji, Z.; Hutt, S. A New Bonded Porous Polymer PLOT U Column with Increased Polarity. J. Chromatogr. Sci. 2000, 38, 496–502. [Google Scholar] [CrossRef] [PubMed]

	



Poole, C.F. Gas Chromatography; (Handbooks in Separation Science); Elsevier: Amsterdam, The Netherlands, 2021; ISBN 13 978-0-12-820675-1; ISBN 10 0-12-820675-6. [Google Scholar]

	



Patrushev Yu, V.; Nikolaeva, O.A.; Sidelnikov, V.N. Multicapillary Columns with a Porous Layer Based on the Divinylbenzene Copolymer. Russian J. Phys. Chem. A. 2010, 84, 871–875. [Google Scholar] [CrossRef]

	



De Zeeuw, J.; Duvekot, C.; Peene, J.; Dijkwel, P.; Heijnsdijk, P. A Review of the State-of-the-Art Column Technologies for the Determination of ppm to ppb Levels of Oxygenated, Sulfur, and Hydrocarbon Impurities in C1-C5 Hydrocarbon Streams. J. Chromatogr. Sci. 2003, 279, 535–544. [Google Scholar] [CrossRef] [PubMed]

	



Hollis, O.L. Porous Polymers Used in GC and LC. J. Chromatogr. Sci. 1973, 11, 335–342. [Google Scholar] [CrossRef]

	



Wawrzyniak, R. Gas–Solid Chromatography (PLOT Columns). In Gas Chromatography; Handbooks in Separation Science; Poole, C., Ed.; Elsevier: New York, NY, USA, 2012; pp. 123–136. ISBN 13 978-0-12-385540-4 (paperback); ISBN 10 0-12-385540-3 (e-book). [Google Scholar] [CrossRef]

	



Zeeuw, J. Column Technology: Porous Layer Open-Tubular Columns. In Gas Chromatography, (Handbooks in Separation Science), 2nd ed.; Colin, P., Ed.; Elsevier: New York, NY, USA, 2021; pp. 117–140. ISBN 13 978-0-12-820675-1 (paperback); ISBN 10 0-12-820675-6 (e-book). [Google Scholar] [CrossRef]

	



Nikolaeva, O.A.; Patrushev, Y.V.; Sidelnikov, V.N. Chromatographic properties PLOT multicapillary columns. J. Chromatogr. A. 2017, 1488, 126–133. [Google Scholar] [CrossRef]

	



Berezkin, V.G.; Korolev, A.A.; Khotimskii, V.S. Polytrimethylsilylpropyne as a chromatographic adsorbent in capillary gas chromatography. Dokl. Akad. Nauk 2000, 370, 1–4. [Google Scholar]

	



Berezkin, V.G.; Popova, T.P.; Shiryaeva, V.E. Polytrimethylsilylpropyne as adsorbent for separation of gases. Russ. Chem. Bull. 2001, 50, 233–236. [Google Scholar] [CrossRef]

	



Rezakazemi, M.; Sadrzadeh, M.; Matsuura, T. Thermally stable polymers for advanced high-performance gas separation membranes. Prog. Energy Combust. Sci. 2018, 66, 1–41. [Google Scholar] [CrossRef]

	



Belotserkovskaya, V.; Yakovleva, E. Chromatographic and adsorption properties of poly(1-trimethylsilyl-1-propyne) and their stabilization by adding poly(1-phenyl-1-propyne). J. Chromatogr. A 2013, 1298, 109–117. [Google Scholar] [CrossRef]

	



Berezkin, V.G.; Popova, T.P.; Shiryaeva, V.E.; Korolev, A.A.; Malyukova, I.V. Equilibrium chromatographic characteristics of capillary column coated with polytrimethylpropyne for separating polar and non-polar organic compoundsby gas capillary chromatography. Russ. Chem. Bull. 2002, 51, 828–832. [Google Scholar] [CrossRef]

	



Krylov, V.A.; Berezkin, V.G.; Chernova, O.Y.; Salganskii, Y.M.; Korolev, A.A. Gas-adsorption chromatography of reactive compounds on open-tubular columns with poly(trimethylsilylpropyne). J. Anal. Chem. 2003, 58, 372–374. [Google Scholar] [CrossRef]

	



Yavari, M.; Le, T.; Lin, H. Physical aging of glassy perfluoro polymers in thin film composite membranes. Part I. Gas transport properties. J. Membr. Sci. 2017, 525, 387–398. [Google Scholar] [CrossRef]

	



Struik, L.C.E. Physical Aging in Amorphous Polymers and Other Materials; Elsevier: New York, NY, USA, 1978; p. 1019. [Google Scholar] [CrossRef]

	



Huang, Y.; Wang, X.; Paul, D.R. Physical aging of thin glassy polymer films: Free volume interpretation. J. Membr. Sci. 2006, 277, 219–229. [Google Scholar] [CrossRef]

	



Alentiev, D.A.; Chapala, P.P.; Filatova, M.P.; Finkelshtein, E.S.; Bermeshev, M.V. Synthesis of novel tricyclononenes containing alkoxysilyl groups. Mendeleev Commun. 2016, 26, 530–531. [Google Scholar] [CrossRef]

	



Alentiev, D.A.; Egorova, E.S.; Bermeshev, M.V.; Starannikova, L.E.; Topchiy, M.A.; Asachenko, A.F.; Gribanov, P.S.; Nechaev, M.S.; Yampolskii, Y.P.; Finkelshtein, E.S. Janus tricyclononene polymers bearing tri(n-alkoxy)silyl side groups for membrane gas separation. J. Mater. Chem. A 2018, 6, 19393. [Google Scholar] [CrossRef]

	



Kurganov, A.; Kanateva, A.; Shiryaeva, V.; Popova, T.; Korolev, A. Investigation of poly[oligo(ethylene glycol)diacrylates] as potential stationary phases in GC. J Sep Sci. 2017, 40, 3675–3681. [Google Scholar] [CrossRef]

	



Yampolskii, Y.; Belov, N. Investigation of Polymers by Inverse Gas Chromatography. Macromolecules 2015, 48, 6751–6767. [Google Scholar] [CrossRef]

	



Ettre, L.S.; Hinshaw, J.V. Basic Relationships of Gas Chromatography; Advanstar: Cleveland, OH, USA, 1993; pp. 122–123. ISBN 3-7785-2418-6. [Google Scholar]

	



Shiryaeva, V.E.; Korolev, A.A.; Popova, T.P.; Kanateva AYu Kurganov, A.A. The stability study of thermodynamic parameters of sorption of light hydrocarbons on poly[trimethylsilyl(propyn-1)] at different temperatures. J. Chromatogr. Sci. 2019, 57, 778–783. [Google Scholar] [CrossRef]

	



Alentiev, D. Synthesis and Polymerization of Monosubstituted Silicon-Containing bi- and Tricyclic Hydrocarbons. PhD Thesis, A.V. Topchiev Institute of Petrochemical Synthesis, Moscow, Russia, 2019. [Google Scholar]

	



Barry, E.F.; Grob, R.L. Columns for Gas Chromatography. Performance and Selection; J. Wiley & Sons, Inc.: Hoboken, NJ, USA, 2007; p. 178. ISBN 978-0-471-74043-8. [Google Scholar]

	



Mohammadi-Jam, S.; Waters, K.E. Inverse gas chromatography applications: A review. Adv. Colloid. Interf. Sci. 2014, 212, 21–44. [Google Scholar] [CrossRef] [PubMed]

	



Conder, J.R.; Young, C.L. Physicochemical Measurements by Gas Chromatography; Wiley: Chichester, UK, 1979. [Google Scholar] [CrossRef]

	



Frauenhofer, E.; Cimmerer, C.; Yu, J.; Al-Saigh, Z.Y.; Kim, J. Investigation of sorption and diffusion of hydrocarbons into polydimethylsiloxane in the headspace-solid phase microextraction sampling process via inverse gas chromatography. J. Chromatogr. A 2021, 1639, 461894. [Google Scholar] [CrossRef] [PubMed]

	



Korolev, A.A.; Shiryaeva, V.E.; Popova, T.P.; Kurganov, A.A. Enthalpy–entropy compensation effect on adsorption of light hydrocarbons on monolithic stationary phases. J. Sep. Sci. 2011, 34, 2362–2369. [Google Scholar] [CrossRef] [PubMed]

	



Hamieh, T. Study of the temperature effect on the surface area of model organic molecules, the dispersive surface energy and the surface properties of solids by inverse gas chromatography. J. Chromatogr. A 2020, 1627, 461372. [Google Scholar] [CrossRef]

	



Charmas, B.; Leboda, R. Effect of surface heterogeneity on adsorption on solid surfaces: Application of inverse gas chromatography in the studies of energetic heterogeneity of adsorbents. J. Chromatogr. A 2000, 886, 133–152. [Google Scholar] [CrossRef]

	



Dorris, G.M.; Gray, D.G. Adsorption of n-alkanes at zero surface coverage on cellulose paper and wood fibers. J. Colloid Interface Sci. 1980, 77, 353–362. [Google Scholar] [CrossRef]

	



Dong, S.; Brendle, M.; Donnet, J. Study of solid surface polarity by inverse gas chromatography at infinite dilution. Chromatographia 1989, 28, 469–472. [Google Scholar] [CrossRef]








[image: Polymers 14 05120 g001 550] 





Figure 1. Structures of the investigated polymers together with the routes of polymerization of tricyclonones. 
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Figure 2. TGA curves demonstrating the percentage mass loss of the polymers depending on the temperature (a) and baseline stability under GC conditions of the AP and MP stationary phases and the PTMSP stationary phase (b). 
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Figure 3. Separation of the test mixture during the investigated stationary phases: (a)—PEG 20 M, (b)—AP, (c)—MP, (d)—SE-30, (e)—PTMSP. Test mixture: 1—n-pentane, 2—n-hexane, 3—n-heptane, 4—n-octane, 5—n-nonane, 6—benzene, 7—n-decan, 8—toluene, 9—ethylbenzene, 10—p-xylene, 11—m-xylene, 12—o-xylene. Separation conditions were as follows: column temperature 40 °C, isothermal for (a–d) chromatograms, and 130 °C for (e) chromatogram, carrier gas helium, inlet pressure 70 kPa. 
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Figure 4. Linear dependence of lnk on inverse column temperature 1/Tc for solutes of the test mixture in the MP stationary phase. The designation of solutes is shown in Figure 3. 
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Figure 5. Correlation of the enthalpy ΔH and entropy ΔS of the sorption of n-alkanes during the PM stationary phase with the methylene group number for the n-alkane molecules. 
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Figure 6. Compensation plots for the sorption of n-alkanes during the AM and PM stationary phases. 
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Table 1. Physical properties of GC columns and stationary phases used in the study.
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	Column
	Stationary Phase
	Molar Mass/Polydispersity, kDa
	Glass Transition Temperature Tg, °C
	Decomposition Temperature Tc, °C
	Column Length L, m
	Column Inner Diameter dc, mm
	Stationary Phase Thickness df, μm
	Phase Ratio β





	1
	AP
	600/3.2
	−63 [21]
	400 **
	10.0
	0.165
	0.25
	165



	2
	MP
	1000/2.5
	−71 [21]
	360 **
	10.0
	0.165
	0.25
	165



	3
	SE-30
	1500/2.5
	−120 [22]
	>350
	15.0
	0.23
	0.22
	229



	4
	PEG 20M
	20/1.05
	−52/+50 * [22]
	290 ** [22]
	16.0
	0.165
	0.25
	165



	5
	PTMSP
	200/1.2
	>300 [23]
	>350 [23]
	15.0
	0.165
	0.25
	165







*) Glass transition point/melting point; **) Temperature at which 5% weight loss occurred.
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Table 2. Thermodynamic parameters of the adsorption of test solutes during the investigated polymeric stationary phases (r, s.d. 10%) *.
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Polymer

	
AP

	
MP

	
SE-30

	
PEG 20M

	
PTMSP




	
Solute

	
ΔH, kJ/mol

	
ΔS,

J/molK

	
ΔH, kJ/mol

	
ΔS, J/molK

	
ΔH, kJ/mol

	
ΔS, J/molK

	
ΔH, kJ/mol

	
ΔS, J/molK

	
ΔH, kJ/mol

	
ΔS, J/molK






	
C5

	
−8.9

	
15.5

	
−9.9

	
7.53

	
−

	
−

	
−17.6

	
−42.16

	
−45.6

	
−78.5




	
C6

	
−17.1

	
−5.0

	
−17.7

	
−10.76

	
−27.1

	
−48.1

	
−21.6

	
−45.23

	
−48.2

	
−74.3




	
Bzl

	
−21.4

	
−13.9

	
−22.3

	
−19.65

	
−

	
−

	
−30.4

	
−50.0

	
−51.7

	
−86.0




	
C7

	
−25.5

	
−25.0

	
−25.6

	
−28.22

	
−30.3

	
−50.6

	
−25.4

	
−50.2

	
−55.4

	
−88.5




	
Tol

	
−29.7

	
−32.3

	
−29.8

	
−34.87

	
−

	
−

	
−33.4

	
−53.1

	
−56.4

	
−89.3




	
C8

	
−32.8

	
−41.9

	
−32.6

	
−43.18

	
−33.8

	
−54.3

	
−29.4

	
−53.8

	
−60.4

	
−93.5




	
EtBzl

	
−35.3

	
−43.3

	
−34.9

	
−48.59

	
−

	
−

	
−36.7

	
−58.4

	
−60.8

	
−94.3




	
m-Xyl

	
−36.6

	
−46.1

	
−36.0

	
−46.51

	
−

	
−

	
−36.2

	
−56.2

	
−59.7

	
−95.1




	
p-Xyl

	
−36.9

	
−46.8

	
−36.2

	
−47.34

	
−

	
−

	
−37.1

	
−58.6

	
−60.8

	
−93.5




	
o-Xyl

	
−37.7

	
−46.9

	
−38.9

	
−54.82

	
−

	
−

	
−37.4

	
−57.2

	
−60.3

	
−91.8




	
C9

	
−39.7

	
−54.3

	
−37.1

	
−48.17

	
−37.6

	
−59.0

	
−32.0

	
−57.7

	
−70.8

	
−110.9




	
C10

	
−45.7

	
−65.3

	
−40.7

	
−53.99

	
−41.5

	
−63.9

	
−35.3

	
−61.0

	
−75.8

	
−116.7








*) temperature range is 50–95 °C except for PTMSP where the temperature range is 70–150 °C.
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