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Abstract:



Density Functional Theory (DFT) studies were conducted to evaluate the sensing mechanism between benzene and a polymeric sensing material, referred to as SXFA, which contains trifluoro-groups and OH-groups. These studies were undertaken to improve the understanding of how benzene and SXFA mechanistically interact based on their chemistry, information which can be used to more efficiently design polymeric sensing materials. We find that benzene adsorbed onto the OH-groups in SXFA rather than the trifluoro-groups as previously proposed. Specifically, we find that sorption results from electrostatic attraction between the negative benzene ring and the positive hydrogens of the OH-groups of SXFA.
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1. Introduction


Benzene is a byproduct of industrial processes and vehicle exhaust [1]. Benzene is toxic and contributes to poor indoor air quality, with no safe level recommended by the World Health Organization (WHO) [2]. Due to the high toxicity of benzene, various polymeric sensing materials have been developed to monitor benzene levels in air [3,4,5,6].



Polymers are ideal sensing materials because they operate at low temperatures (below 100 °C) and are relatively inexpensive [6]. In addition, polymers can be tailor-made to attract a specific (target) gas, such as benzene, and thus, can have high selectivity [7]. This is done by modifying the polymer functional groups and side chains, thereby changing their surface chemistry so that they preferentially attract and adsorb a target analyte for a specific application.



To more efficiently design and tailor polymeric sensing materials for target analytes and specific applications, it is important to understand the sensing mechanisms by which analytes (and interferents) interact with sensing materials [8]. One way to investigate these sensing mechanisms is with Density Functional Theory (DFT) calculations [9,10].



Sensing mechanisms for a variety of gas sensors have recently been evaluated using DFT analysis [11,12,13]. These calculations have improved the understanding of how sensing materials and analytes interact with one another. By combining DFT studies with experimental work, sensing mechanisms can be better understood, which can significantly aid in improving the design of new sensing materials and sensors.



Recent experimental studies have shown that benzene preferentially adsorbs onto the trifluoro-containing polymer, SXFA (see Figure 1a) [14,15]. Chen et al. [14,15] evaluated SXFA at room temperature (22 °C) on three different capacitive, radio frequency identification (RFID) sensing platforms, using a specially designed test system [16]. In all cases, SXFA was exposed to gaseous benzene, resulting in benzene adsorbing onto the sensing material, causing a measurable frequency shift on the RFID sensors (see Figure 1b), with sensitivities (per percent frequency shift) of 5.92 × 10−4/%, 5.05 × 10−4/%, and 9.1 × 10−5/% for RFID 1, RFID 2, and RFID 3, respectively [14,15].


Figure 1. (a) Chemical structure of SXFA and (b) Normalized response to benzene of three different RFID sensors using SXFA as a sensing material [14,15] (RFID: radio frequency identification).
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A sensing mechanism was subsequently suggested in which benzene π-stacks onto one of the trifluoro-groups on SXFA, since the fluorine atoms form a planar ring (see Figure 2) [8]. This paper evaluates the proposed sensing mechanism between benzene and SXFA using a DFT approach.


Figure 2. Proposed sensing mechanism of benzene and SXFA [8].
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Previous studies have evaluated carbon tetrafluoride and benzene complexes both experimentally and computationally [17,18]. The optimized configuration of carbon tetrafluoride and benzene showed three fluorine atoms directed towards the benzene molecule. While this orientation of the carbon tetrafluoride-benzene complex agrees with the proposed sorption of benzene to SXFA, it has been shown that this orientation may not be explained by π-stacking, but rather charge transfer between the small molecules that reduces the electron density in the π-system [17].




2. Methodology


Calculations were performed using DFT with the B3LYP and M06 functionals and the LANL2DZ basis set, as implemented in Gaussian. The geometries were optimized from a variety of initial structures and complexes to ensure that the optimized geometry was the global minimum and not a function of the initial position of the molecules and atoms. Mulliken and Natural Bond Orbital (NBO) charges were used in the evaluation of the proposed sensing mechanism.




3. Results and Discussion


Initially, the complex of a single SXFA unit (a carbon chain with two trifluoro-groups and an OH-group) with benzene was evaluated. From there, short SXFA chains were evaluated, adding one SXFA unit at a time, up to four SXFA units. In all cases, and for both the B3LYP and M06 functionals, the benzene molecule oriented itself perpendicularly to the OH-group (see Figure 3) and not parallel to the trifluoro-group, as postulated by Stewart and Penlidis [8].


Figure 3. Benzene coordinating with the OH-group on SXFA.
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Since the benzene molecule is not parallel to the trifluoro-group on SXFA, benzene does not sorb to the trifluoro-groups in SXFA. Instead, benzene preferentially sorbs to the OH-group in SXFA. Due to benzene’s preference to interact with the OH-group instead of either of the trifluoro-groups, it can be concluded that the sensing mechanism proposed by Stewart and Penlidis [8] is incorrect. Rather than benzene π-stacking with one of the trifluoro-groups on SXFA, benzene is attracted to the OH-group in SXFA, as shown in Figure 3.



To examine the nature of this attraction, the Mulliken and NBO atomic charges were calculated on all the atoms in benzene and SXFA. Figure 4 shows the Mulliken charges on each atom of the SXFA unit and benzene. Both the Mulliken and NBO atomic charges do not significantly change when additional SXFA units are added to the SXFA chain (see Table 1).


Figure 4. Mulliken atomic charges on the SXFA unit and benzene atoms.
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Table 1. Mulliken and NBO Atomic Charges on OH-group.







	
Chain Length

	
Mulliken Atomic Charge on O

	
Mulliken Atomic Charge on H

	
NBO Atomic Charge on O

	
NBO Atomic Charge on H






	
1 (Side chain only)

	
−0.451

	
0.393

	
−0.785

	
0.529




	
2

	
−0.447

−0.483 *

	
0.388

0.459 *

	
−0.779

−0.781 *

	
0.518

0.525




	
3

	
−0.448

−0.452

−0.486 *

	
0.387

0.381

0.454 *

	
−0.777

−0.781

−0.812 *

	
0.521

0.524

0.544 *




	
4

	
−0.453

−0.454

−0.468

−0.497 *

	
0.389

0.380

0.404

0.468 *

	
−0.765

−0.781

−0.807

−0.811 *

	
0.512

0.524

0.492

0.495 *








* Hydrogen bonded to the OH-group at the end of the Si-O chain.








Although the NBO analysis resulted in larger charges on the oxygen and hydrogen atoms, both the Mulliken and NBO charges show the same trend. Both DFT analyses calculated negative charges on the carbon atoms of the benzene ring and resulted in benzene orienting itself perpendicular to the OH-group on SXFA (Figure 3 and Figure 4). Therefore, benzene adsorbs onto the OH-group of SXFA and not one of the trifluoro-groups.



Delocalization of the electrons on a benzene ring, which draws electron density from the hydrogen atoms, results in benzene having a larger electron density in the middle of the ring. This results in benzene being more negative in the center of the ring [19]. Given that oxygen draws electron density away from the hydrogen in an OH-group, this results in an electrostatic interaction between the positive hydrogen of the OH-group on SXFA and the negative benzene ring, which can be seen in the positive and negative Mulliken atomic charges in Figure 4.



The bond length and angle of the OH-group on the SXFA chain were also evaluated (see Table 2). Note that the central SXFA unit was used in a chain with three repeating units for this comparison. When benzene was adsorbed, the C-O-H bond angle and the O-H bond length both increased which can be attributed the electrostatic interaction noted above.



Table 2. Bond Length and Valence Angles of the OH-group.







	
Bond Lengths and Angles

	
SXFA

	
Adsorbed Benzene






	
C-O Length

	
1.44438 Å

	
1.43784 Å




	
O-H Length

	
0.98162 Å

	
0.98789 Å




	
C-O-H Angle

	
111.294°

	
112.839°










The electrostatic attraction between the hydrogen of the OH-group and the benzene ring is consistent with other model studies which have examined the bonding of various small molecules, including water [20], alcohols (methanol and ethanol) [10], and ammonia [21], hydrogen bonding to the benzene ring. In addition, the benzene ring has been shown to interact electrostatically with cations through cation-π interactions, both in the gaseous phase and in solution [22].




4. Conclusions


DFT calculations were used to determine the optimized geometry of the benzene-SXFA complex. It was found that benzene adsorbed onto the OH-group of SXFA rather than onto one of the trifluoro-groups, as had been proposed by Stewart and Penlidis [8]. We have found that the sorption of benzene onto SXFA is due to electrostatic attraction between benzene and the OH-group, where the negative charge in the benzene ring is attracted to the positive charge on the hydrogen in the OH-group.



This paper demonstrates that DFT analysis can be used to improve understanding of how analytes sorb onto sensing materials. This improved understanding of the interactions between sensing materials and analytes (molecules) at an atomic level can aid in the optimization of sensors for particular molecules.
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