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ABSTRACT

The main topics of this dissertation are: 1) the study of hydrophilic-lipophilic 

balance (HLB) polymer monoliths for solid-phase extraction (SPE) applications, 2) 

molecularly imprinted polymers (MIPs) for capturing the CO2 gas and 3) the application 

of symmetry-adapted perturbation theory (SAPT) calculations to examine the origins of 

non-covalent interactions.  

HLB polymers are popular sorbent materials in separation science. The 

Divinylbenzene-co-N-vinylpyrrolidone (DVB-co-NVP) polymer is one of the most widely 

used general-purpose HLB polymers. Despite the popularity of HLB polymer stationary 

phases, the studies of the adsorption properties of DVB-co-NVP have only been reported 

over a narrow range of monomer ratios. Thus a series of DVB-co-NVP polymers that span 

a wide range of NVP monomer ratios from 0 mol% to 60 mol% were prepared to study the 

absorption properties. The DVB-co-NVP polymer series were capable of extracting 

different analytes from aqueous samples successfully, hence the polymeric series were 

tested for extraction properties for an array of real-world SPE analytes from human urine 

samples.  

The strategy to develop MIPs with higher capacities and adsorption efficiencies for 

CO2 is also discussed in this dissertation. MIPs having higher specific surface areas can 

have optimized CO2 adsorption. A functional monomer, 4-vinylbenzyl amidine was 

synthesized and crosslinked with divinylbenzene crosslinker and tested for its CO2 
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adsorption property. The application of symmetry-adapted perturbation theory (SAPT) 

calculations is also detailed in this dissertation. SAPT is a type of energy decomposition 

analysis that calculates the total intermolecular interaction energies as a sum of component 

fundamental interactions. These include a practical tutorial on how to perform the 

calculations and examples of the application of SAPT studies to examine the non-covalent 

interactions in molecular balances and molecular rotors. 
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CHAPTER 1  
 

INTRODUCTION TO HYDROPHILIC-LIPOPHILIC BALANCE COPOLYMERS, 

MOLECULARLY IMPRINTED POLYMERS, AND COMPUTATIONAL 

METHODOLOGIES 
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1.1 Abstract 

This chapter provides an introduction to hydrophilic-lipophilic balance (HLB) 

copolymers, molecularly imprinted polymers (MIPs), and quantum mechanical SAPT 

calculations, which are the subjects of study in Chapters 2-5. Hydrophilic-lipophilic 

balance copolymers are polymeric sorbents that have hydrophilic and hydrophobic 

properties and the capability to extract polar and non-polar analytes from aqueous and non-

aqueous samples. HLB polymers are in high demand in the separation science field and are 

widely used as the solid-phase extraction materials. HLB polymers are generally composed 

of a hydrophobic cross-linker monomer and the hydrophilic functional monomer. 

Molecularly imprinted polymer (MIP) for capturing the CO2 gas is discussed in the fourth 

chapter. The fifth chapter is a tutorial on the computational tools and techniques that will 

help new users to become familiar with computational skills and successfully perform the 

symmetry-adapted perturbative theory (SAPT) calculation. SAPT is a perturbation theory 

based quantum calculation method that decomposes the total interaction energy into its 

physically meaningful components: electrostatics, exchange, induction, and dispersion.  

1.2 Development of Solid-Phase Extraction (SPE) sorbents 

Chapters 2 and 3 describe the preparation and study of new polymeric stationary 

phases for solid-phase extraction (SPE). This section will provide a brief introduction and 

background on SPEs. SPEs have become a popular method for sample preparation in the 

field of separation science.1 SPE is commonly used in the purification and concentration 

of analytes from complex matrices such as environmental and biological samples.2,3 SPE 

is usually preferred over the liquid-liquid extraction (LLE) method for small samples or 

when processing a large number of samples. Important advantages of SPE over LLE are 
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lower amounts of organic solvent consumption and fewer solvent handling steps. These 

minimize the loss of analyte in extraction/concentration processes, making SPE faster and 

more cost-effective. SPEs work by partitioning the analytes from a mobile liquid phase 

into a solid phase. 

 

Figure 1.1 Example of the application of SPE sorbents in DPX pipet tips. 

An example of SPE use for sample preparation is shown in Figure 1.1 using a DPX 

pipet tip filled with a SPE sorbent. The DPX tip has a frit at the bottom and a barrier at the 

top to prevent the loss of sorbent. First, a solution containing the analytical sample is drawn 

into the tip to allow the absorption of the analytes onto the SPE sorbent. Second, the analyte 

solution in the tip is discharged, leaving the SPE sorbent with bound analytes. Third, the 

sorbent is washed with water to remove interferences like salts and other polar 

interferences. Finally, the analyte is eluted from sorbents with a very small amount 

(microliters) of an organic solvent such as methanol or acetonitrile. The partially purified 
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and concentrated sample can then be directly analyzed using standard analytical techniques 

like HPLC, LC, or GC. 

SPE processes are easily automated and are generally faster than LLE methods. 

SPE can also be easily integrated with common analytical techniques like HPLC, GC, and 

LC. The selection of the sorbent is a key factor for optimal extraction efficiencies, 

capacities, and purities.4,5 SPE sorbents contain functional groups that can form 

interactions with the analytes of interest while having low affinities for the matrix. Hence 

this has led to the continuous development of new sorbent materials that can fulfill the 

demand for higher extraction efficiencies.6–8 

1.3 Types of SPE sorbents 

SPE sorbents can be categorized into silica-based, carbon-based, or porous 

polymer-based materials. The most common sorbents are functionalized silica, which can 

yield reverse-phase or normal-phase sorbents. The reverse-phase silica sorbents are 

functionalized with octadecyl (C18), octacyl (C8), ethyl (C2), phenyl (Ph), or cyclohexyl 

(CH) groups. Normal-phase silica sorbents are commonly functionalized with cyanopropyl 

(CN), aminopropyl (NH2), or diol functional groups (HO—CH—CH2—OH).1 Reverse-

phase silica sorbents interact with the analytes mainly by hydrophobic interactions. 

However, there are several drawbacks to silica-based sorbents including low recovery rates 

of polar analytes, instability at extreme pHs, and reactivity of the silanol group.1,3  

The drawbacks of carbon-based sorbents are low specific surface areas and 

excessive or even irreversible retention. Advantages include better absorption capacities 
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and improved chemical and thermal resistance.5,9 Some of these disadvantages can be 

overcome with the porous polymeric sorbents. 

Porous polymeric sorbents have attractive properties such as higher specific surface 

areas, greater stability throughout the pH range, better analyte desorption properties, and 

also easier to tune properties by changing the structure. Accordingly, porous polymeric 

sorbents are the most popular type of SPE sorbents and are used in food safety, water 

contamination and purity, and regulated drug testing analyses.10–16 The most commonly 

used reverse-phase polymeric sorbent is styrene-divinylbenzene (St-DVB) which is a 

macroporous hydrophobic sorbent with moderate specific surface areas up to 800 m2g-1.2 

A disadvantage of these reverse-phase sorbents is the need to prewet the sorbents prior to 

the extraction of polar analytes from the aqueous samples. This increases the consumption 

of organic solvents and adds an extra step to the extraction process. To address these 

limitations, second-generation polymeric sorbent materials such as hydrophilic-lipophilic 

balance (HLB) polymers6 were developed from a combination of hydrophobic and 

hydrophilic monomers. The hydrophilic properties of HLB sorbents eliminate the need for 

the pre-wetting step. Thus, HLB sorbents have the ability to extract polar and non-polar 

analytes directly from aqueous and non-aqueous samples. Examples of the commonly used 

macroporous reverse-phase polymeric sorbents and second-generation hydrophilic 

polymeric sorbents are listed in Table 1.1.1 

Hydrophilic sorbents materials can also be made by post-modification of reverse-

phase sorbents such as St-DVB. Whereas, HLB hydrophilic polymeric sorbents are 

generally prepared by copolymerizing a hydrophobic cross-linking monomer with a 

hydrophilic monomer containing polar functional groups like cyano, amide, and esters 
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groups (Figure 1.2).1,2,17–19 The polar moieties of HLB sorbents interact with polar 

functional groups in the analytes and the hydrophobic surfaces interact with the 

hydrophobic and aromatic functional groups. HLB polymers are also compatible with 

aqueous and organic solvents. 

Table 1.1 Properties of commercial polymeric sorbents.1 

 Sorbents material supplier  surface 

area (m2/g) 

Macroporous Amberlite XAD-1 St-DVB Rohm & Hass 100 

 Amberlite XAD-1 St-DVB Rohm & Hass 300 

 Amberlite XAD-1 St-DVB Rohm & Hass ≥750 

 PLRP-S-10 St-DVB Polymer Laboratories 500 

 PLRP-S-30 St-DVB Polymer Laboratories 375 

Hydrophilic  Amberlite XAD-1 MA-DVB Rohm & Hass 450 

 Amberlite XAD-1 MA-DVB Rohm & Hass 310 

 Oasis HLB NVP-DVB Waters 830 

 Porapak RDX NVP-DVB Waters n.d. 

 Abselut Nexus MA-DVB Varian 575 

 Discovery DPA-6S Polyamide Supelco n.d. 

 

 

Figure 1.2 Structure of polar monomers to make hydrophilic polymeric sorbents. 
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Most polymeric SPE sorbents are spherical beads formed by suspension 

polymerization. While suspension polymerization is well-suited for making hydrophobic 

reverse-phase polymeric sorbents, suspension polymerization has limitations when 

synthesizing highly polar or hydrophilic polymeric sorbents. Hence, in Chapters 2 and 3, 

we discuss and develop possible alternate polymerization methods for preparing 

hydrophilic, HLB polymeric sorbents.  

1.4 Methods of synthesizing hydrophilic polymeric sorbents. 

1.4.1 Suspension polymerization 

Suspension polymerization was developed by Hoffman and Delburch in 1909.20 It 

is the most common free radical polymerization technique to synthesize polymeric SPE 

sorbents in the form of spherical beads of sizes ranging from 5-1000 µm. Suspension 

polymerization is a biphasic polymerization with spherical organic droplets within a 

continuous aqueous phase. The polymerization takes place in the organic droplets as the 

initiator and monomers are more soluble in the organic phase while the aqueous phase 

serves as a heat transfer medium. The organic droplets are formed with the help of a 

stabilizer additive. Typically the volume ratio of organic to the aqueous phase is kept within 

0.1 - 0.5.21,20 The reaction mixture is stirred vigorously to form an emulsion, which is then 

heated at a suitable temperature to allow the initiator to form free radicals and initiate the 

polymerization reaction. Uniform spherical polymer beads are formed after the completion 

of the suspension polymerization which can be collected by suction filtration. A schematic 

is shown in Figure 1.3. 
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Figure 1.3 Schematic of the suspension polymerization process.  

The suspension polymerizations containing more polar or hydrophilic monomers 

are more challenging due to the possibility of the polar monomers partitioning into the 

aqueous layer. This reduces the incorporation percentage and efficiency of the polar 

monomer in the polymer beads and often inhibits the formation of stable emulsions with 

uniform spherical droplets.  

1.4.2 Monolith polymerization  

Porous polymer monoliths are an alternative polymer morphology for sorbents used 

in SPE and chromatographic stationary phases.22–24 Use of polymer monoliths stationary 

phases started in the late 1980s and early 1990s.25–27 Porous polymer monoliths can be used 

as formed or can be ground into small particles for use as SPE sorbents. The monolith 

polymerization process has fewer variables than suspension polymerization and does not 

rely on the formation of a meta-stable emulsion. Hence, they are easier and have higher 

success rates, with improved monomer incorporation efficiencies and yields. Polymer 

particles prepared by grinding polymer monoliths have heterogeneous shapes and sizes. 

However, for SPE applications homogeneous adsorption kinetic are not as important. 

Monolithic SPE sorbents are well suited to SPE applications.23,24,28–35 Also another 

advantage of monolith polymerizations is the monophasic reaction mixture. Hence, the loss 
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of polar monomers into an aqueous phase is not a concern. Thus, monolith polymerizations 

can be used to make sorbents with highly polar or hydrophilic monomers.  

Due to these attractive characteristics, the monolith polymerization methods were 

employed in Chapters 2 and 3 as the primary method for preparing hydrophilic SPE 

sorbents. A simple schematic of the monolith polymerization process is shown in Figure 

1.4 below. Monophasic reaction mixtures were made by mixing the crosslinking 

monomers, functional monomers, and initiators in the organic solvent. The reaction 

mixture was then heated at a suitable temperature to allow the initiator to form free radicals 

and initiate the polymerization reactions. Next, the monolith formed was ground with 

mortar and pestle to yield small polymer particles. The ground particles are washed with 

organic solvent and collected by suction filtration. 

 

Figure 1.4 Schematic of monolith polymerization.  

In Chapter 2, we investigate the extraction properties of HLB monolith polymer 

SPEs. The monolithic SPE sorbents were tested against real-world analytes. For the initial 

studies, batch binding studies were used to assess the absorption efficiencies of the 

monolith polymer particles. In Chapter 3, the real-world analytical applications of the 

polymers were tested by their extraction efficiency of different regulated drugs from human 

urine samples in collaboration with the DPX lab and then measured by LC-MS.  
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1.5 Molecularly imprinted polymers (MIPs) for CO2 capture 

The fourth chapter of this dissertation describes the synthetic strategy for preparing 

MIPs that have higher capacities and adsorption efficiencies for CO2 capture. MIPs are 

inexpensive and easy to prepare synthetic polymers that have tailored molecular 

recognition properties. The strategy to develop and optimize the CO2 absorption capacities 

of MIPs by increasing the surface area of MIPs is described in this chapter. 

1.6 Computational Studies 

The fifth chapter of this dissertation provides a tutorial for future group members 

interested in the application of computational techniques for the study and understanding 

of non-covalent interactions. A commonly used perturbation theory method, symmetry 

adapted perturbation theory (SAPT)36 is introduced, and examples are provided of different 

systems. This quantum chemical calculation has assisted in making predictions about 

experimental measurements and in understanding the underlying forces behind non-

covalent interactions.37,38 

1.6.1 Techniques 

To introduce the topic of quantum mechanical calculations, general methods of 

molecular computational analysis will be discussed in this section. These include: (1) 

conformer distribution, (2) energy profile, (3) ground state (GS), and transition state (TS) 

geometry optimization. These techniques are required prior to applying SAPT analyses. 

1.6.2 Optimization methods 

In computational chemistry, there are a range of quantum mechanical methods that 

can be used to calculate the energy of a ground state or a transition state. Depending upon 
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the needed degree of accuracy and the time available for the calculation, an appropriate 

method of calculation can be selected. The methods in order of increasing calculation time 

and accuracy are: molecular mechanics (MM), semi-empirical (SE), Hartree-Fock (HF), 

density functional theory (DFT), and correlated wavefunctions (CW). The DFT method is 

the most commonly used method for molecular energy calculation as this method usually 

provides the best balance of accuracy and computational cost.  

Molecular mechanics is often used in the conformational analysis because it is the 

fastest method. However, molecular mechanics is an empirical method based on classical 

mechanics and thus is very limited in providing quantum mechanical information. 

Therefore, this method is often used to generate initial structures but rarely to calculate the 

final GS or TS geometries and energies. MMFF and SYBYL are the two molecular 

mechanic force fields available in Spartan’18.  

Semi-empirical methods are hybrid methods which combine ab initio methods and 

empirical parameters. The Empirical parameters are used to simplify and speed up ab initio 

quantum chemical calculations. Some semi-empirical methods are able to reproduce the 

interaction energies computed by higher and costlier methods like density functional 

theory.39 Examples of semi-empirical methods in Spartan’18  are AM1, RM1, PM3, PM6, 

and MNDO. One application of semi-empirical methods is to generate molecular orbital 

(HOMO and LUMO) quickly for large systems. 

Hartree-Fock (HF) method, also called a self-consistent field (SCF) theory, uses the 

mean field theory for electrons. This ab initio method approximates the Schrodinger 

equation using a single Slater determinant and can be used to solve the optimized single 

electron wavefunction under the condition that the dynamics of this single electron is 
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influenced by the nucleus and potential of surrounding electrons.40 Therefore, HF 

disregards electron correlation,41 which is the basis for polarization and dispersion-based 

phenomenon. HF calculations are often less accurate and more costly than density 

functional theory calculations. 

Density functional theory (DFT) is an ab initio method which explicitly introduces 

an empirical correlation parameter (electron correlation parameter). DFT methods are 

generally faster and more accurate than HF as long as range electron exchange is not 

needed. Spartan’18 offers a wide selection of DFT methods listed in Table 1.2. Due to their 

improved accuracy and lower cost, DFT methods are the most widely used methods. In our 

studies, we commonly used B3LYP, B3LYP-D3, M06-2X, and ωB97X-D. 

Table 1.2 Classification of DFT methods. 

DFT methods Functionals 

Generalized Gradient Approximation 

(GGA) 

B86PW91, BLYP, BPW91, B97-D2, 

SOGGA11, PBE-D3, VV10 

Global Hybrid Generalized Gradient 

Approximation (GH-GGA) 

B3LYP, B3LYP-D3, EDF2, B97-3, 

B3PW91, SOGGA11-X 

Range Separated Hybrid Generalized 

Gradient Approximation (RSH-GGA) 

ωB97X-D, ωB97X-V, ωB97X, CAM-

B3LYP, N12-SX, LC-VV10 

Meta Generalized Gradient 

Approximation (mGGA) 

B97M-V, M06-L, BMK, M11-L, TPSS-

D3 

Global Hybrid meta Generalized Gradient 

Approximation (GH-GGA) 

M06-2X, M06, M08-HX, M08-SO, 

MPW1B95 

Range Separated Hybrid meta Generalized 

Gradient Approximation (RSH-GGA) 

M11, ωB97M-V, MN12-SX 

Double Hybrid meta Gradient 

Approximation (DH-RSH-mGGA) 

ωB97M(2) 
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Correlated wavefunction (CW) methods include electron correlation functions and 

are the most accurate. DFT methods use the electron density for energy approximation 

rather than the wave function and include all-electron correlation hence exhibiting over-

correlation and are less accurate than CW methods. DFT methods incorporate correlation 

limited to the present-day functionals and ignore long-range electron correlation like 

dispersion interactions. CW methods available in Spartan’18 are MP2, RI-MP2, MP3, 

MP4, QCISD, QCISD(T), CCSD, CCSD(T), electronic G3, electronic G4, electronic 

G3(MP2), and electronic G4(MP2). Correlation-based methods are more accurate but also 

significantly more expensive than the other methods and thus, they are generally only 

applied for single-point energy calculations. 

Quantum mechanical calculations generally employ a calculation method and a 

basis set.42 Only molecular mechanics and semi-empirical methods do not require basis 

sets. A basis set refers to the set of (nonorthogonal) particle functions used to build the 

molecular orbitals. Basis sets differ in types and number of atomic orbitals (s, p, d, f), 

treatment of polarization and the diffuse functions added. Basis sets developed by different 

groups are listed in Table 1.3.42 

Basis sets are classified by the number of functions that describe the valence atomic 

orbitals: single zeta (SZ), double zeta (DZ), triple zeta (TZ). A single zeta basis set has 

only 1 s-function for first row elements (H and He), but has 2 s-functions (1s an 2s) and 1 

set of p-functions (2px, 2py, and 2pz) hence a total of 2 basis functions for s-block elements, 

and 5 basis functions for p-block elements. Commonly used single zeta basis sets are STO-

2G, STO-3G, and STO-6G. Likewise, double zeta basis sets have two basis functions for 

each atomic orbital. For example, C- atom has 4 s-functions (1s, 1s’, 2s and 2s’) and 6 p-
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functions (2px, 2py,2pz, 2px’, 2py’ and 2pz’) so a total of 10 functions. Commonly used 

double zeta basis sets are 6-31G*, cc-pVDZ, and def2-SVPD. 

Table 1.3 Basis sets by different groups. 

Developers   Basis set name  Basis set type available in 

Spartan’18 

Pople and coworkers Pople-style k-lmnG 6-31G**, 6-311G**, 6-311+G(2d,p), 

6-31+G**, 6-311G(2d,p), 6-

311+G(3df,2p) 

Ahlrichs and coworkers Ahlrichs SVP, 

TZP, QZP basis 

sets 

def-SV(P), def2-TZVP, def2-QZVP, 

def2-SVPD, def2-TZVPPD, def2-

QZVPPD 

Jorge and coworkers XZP basis sets  n.a. 

Koga and coworkers Sapporo basis sets n.a. 

Roos and coworkers ANO basis sets  n.a. 

Dunning and Peterson 

and coworkers 

cc-pVXZ basis sets  cc-pVDZ, cc-pVTZ, cc-pVQZ, aug-

cc-pVDZ, aug-cc-pVTZ, aug-cc-

pVQZ 

Petersson and coworkers nZaP basis sets  n.a. 

Jensen and coworkers pc-n basis sets  n.a. 

 

In general, more complex basis sets will yield more accurate energies and 

geometries, but the cost increases exponentially with complexity. Thus the selection of a 

suitable method and proper basis set is quite important. Prospective low energy conformers 

can be identified using faster methods such as molecular mechanics and then optimized at 

higher levels of theory. Finally, quantitative analysis calculations like symmetry-adapted 

perturbation theory (SAPT) can be performed on the optimized structures.43,44 SAPT can 

calculate and partition the intramolecular or intermolecular interaction energy into 

fundamental electrostatics, exchange, induction, dispersion, and charge-transfer (using 
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SAPT/cDFT) components. NBO (Natural bond orbital) analysis can calculate the orbital 

interactions for intramolecular or intermolecular interactions.45,46 The quantitative analysis 

were performed on either Q-Chem or Psi4.47,48 
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CHAPTER 2 

 ABSORPTION PROPERTIES OF MONOLITH POLY (DIVINYLBENZENE-CO-N-

VINYLPYRROLIDONE) OVER A WIDE RANGE OF MONOMER RATIOS  
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2.1 Abstract 

The hydrophilic-lipophilic balance (HLB) polymers are able to directly extract 

polar and non-polar analytes from the aqueous samples, making them very popular for 

analytical separation and SPE applications. However, the commonly used suspension 

polymerization method for preparing HLB polymers is only able to efficiently prepare 

HLB polymers with low or medium mol percentages of the hydrophilic monomer due to 

the hydrophilic monomer partitioning into the aqueous phase at higher concentrations. 

Thus, in this study a series of HLB polymers based on divinylbenzene (DVB) (lipophilic) 

and N-vinylpyrrolidone (NVP) (hydrophilic) of widely varying hydrophilicities were 

prepared by the more robust monolith polymerization method. The monolith 

polymerization enabled the preparation of co(DVB-NVP) from low to high NVP 

percentages (0 mol% to 55 mol% NVP). The comparative adsorption and separation 

properties of the series of DVB-co-NVP were assessed using three analytes of varying 

polarity: adenosine (log P = -1.5), caffeine (log P = -0.07), and p-toluidine (log P = 1.39). 

Interestingly, the highest binding capacity for binding polar analytes was observed for the 

monolith polymer prepared with the intermediate 70:30 feed ratio of DVB/NVP, due to an 

optimal balance of surface area and hydrophilicity. Whereas, for the separation of the non-

polar analytes such as p-toluidine from polar analytes like caffeine or adenosine, the 

hydrophobic polymers containing the lower percentages of the polar monomer (20 mol% 

NVP) were superior. 

2.2 Introduction 

Tuning polymer properties by changing the ratio of co-monomers is an important 

strategy for optimizing and tailoring polymer properties in many applications.1 However, 
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this approach has limitations when studying polymers that contain co-monomers with very 

different polarities and solubilities. An example are hydrophilic-lipophilic balance (HLB) 

polymers, which have become popular in separation sciences due to their ability to extract 

both non-polar and polar analytes directly from aqueous samples.2–6 The hydrophobic 

crosslinking monomer creates a rigid framework with a high internal surface area while the 

hydrophilic monomer enhances interactions with polar analytes and enhances water 

wettability.3,6–9 Poly(divinylbenzene-co-N-vinylpyrrolidone) (DVB-co-NVP) is an 

example of an HLB polymer (Figure 2.1) where divinylbenzene (DVB) is the lipophilic 

crosslinking monomer and N-vinylpyrrolidone (NVP) is the hydrophilic monomer. HLB 

polymers are commonly prepared for analytical applications via suspension 

polymerization, which yields uniform spherical beads. However, the synthesis of HLB 

polymers with higher hydrophilic monomer ratios (>30 mol%) presents a challenge when 

using standard biphasic suspension polymerization conditions.10–12 The hydrophilic 

monomer can partition from the organic phase (where the polymer beads are formed) to 

the surrounding aqueous phase.13 The depletion of the hydrophilic monomer from the 

organic phase becomes increasingly problematic at higher hydrophilic monomer feed 

percentages (>30 mol%), leading to poor incorporation efficiencies and lower polymer 

yields.  

The goal of this study was to prepare and study the absorption properties of DVB-

co-NVP polymers that span a wide range of NVP monomer ratios from 0 mol% to 60 mol% 

using monolith polymerizations.12–15 Monolith polymerizations are monophasic, which 

eliminates the possibility of monomers partitioning into other phases. Therefore, the 

monomer incorporation ratios more closely match the feed ratios even at high NVP mol%. 
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We were particularly interested in whether HLB polymers with high hydrophilic monomer 

ratios, that could not be easily achieved by suspension polymerization, would have unique 

or superior adsorption and separation properties in comparison to HLB polymers with 

moderate or low hydrophilic monomer ratios. Therefore, the specific aims were to: 1) 

prepare a series of DVB-co-NVP polymers by monolith polymerization that span a wider 

range of NVP monomer ratios than can be achieved by suspension polymerization, 2) 

establish that the monolith and suspension polymers with similar monomer incorporation 

ratios have similar adsorption properties, and 3) compare the adsorption properties of HLB 

monolith polymers with low, medium, and high percentages of NVP.  

 

Figure 2.1 (top) DVB-co-NVP polymer synthesis by free radical polymerization and 

(bottom) analytes used to test the adsorption properties from most polar (adenosine) to least 

polar (p-toluidine). 
 

The HLB system selected for study was poly(divinylbenzene-co-N-

vinylpyrrolidone) (Figure 2.1). DVB-co-NVP is one of the most widely used general-

purpose HLB polymer stationary phases for chromatography and SPE applications and is 
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the constituent polymer in the Waters Corporation Oasis HLB product line.16 A key 

attribute of (DVB-co-NVP) is the ability of the polymer matrix to be solvated by water due 

to the polar amide functional group in NVP. This wettability enables the direct extraction 

of analytes from aqueous media.2,5,9,17 Despite the popularity of Waters Oasis stationary 

phases, the studies of the adsorption properties of DVB-co-NVP have only been reported 

over a narrow range of monomer ratios, most likely due to the difficulties in synthesizing 

copolymers with higher NVP ratios via suspension polymerization. Most studies used 

commercially available Waters Oasis DVB-co-NVP,7 which we measured to have 28 

mol% of NVP (vide infra). The few studies that varied the monomer ratios of DVB-co-

NVP were conducted at lower to moderate ratios of NVP (5 mol% to 30 mol%).9,18
 

Using monolith polymerization, we were able to efficiently prepare DVB-co-NVP 

with low to moderate (0 to 30 mol%) and high (30 to 55 mol%) NVP mole percentages.  In 

contrast to suspension polymers, the monomer ratios of the monolith DVB-co-NVP more 

closely matched the initial monomer feed percentages specially.10,13,19 The monolith 

polymerizations were easier to carry out, had higher yields, and provided greater control 

over the co-monomer percentages than suspension polymerizations. The monolith 

polymers had similar surface area, wettability, and adsorption properties as suspension 

polymers with analogous NVP mole percentages. The adsorption properties of the 

monolith DVB-co-NVP polymers were compared using analytes of low (p-toluidine), 

medium (caffeine), and high polarities (adenosine) (Figure 2.1).  
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2.3 Experimental section  

2.3.1 Reagents and Instrumentation  

DVB (80% purity, Sigma-Aldrich) stabilized with 1000 ppm p-tert-butylcatechol 

was made stabilizer-free by passing through activated alumina. NVP (99.9%, Tokyo 

Chemical Industry) stabilized with N,N’-di-sec-butyl-p-phenylenediamine, was used as 

purchased. The free radical initiator, 2,2’-azobis(isobutyronitrile) (98%, Sigma-Aldrich) 

and the suspension stabilizer, (hydroxypropyl)methylcellulose (Sigma-Aldrich), were used 

as purchased. The analytes, adenosine (99%), caffeine (99%), and p-toluidine (99%), were 

purchased from Sigma-Aldrich and Acros Organics.  

A UV-vis spectrophotometer (Jasco V-730) was used for the absorbance 

measurements in the batch binding studies. Elemental analyses of the polymers were 

performed by Midwest Microlab. The mol percentages of NVP in the polymers were 

calculated based on the elemental analysis of the nitrogen percentages from the NVP 

monomers based on an ideal DVB-co-NVP polymer that did not contain any radical 

initiator. The specific surface areas of the polymers were measured by Particle Testing 

Authority, on a Micromeritics Tristar II Plus, model 3030. The surface area measurements 

were performed using the low-temperature nitrogen adsorption method at 77 K, which was 

preceded by degassing the samples at 140 °C for 2 hours. Specific surface areas of the 

samples were calculated by the Brunauer-Emmett-Teller (BET) method in the range of the 

relative pressures 0.05 to 0.3 p/po. 
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2.3.2 Synthesis of DVB-co-NVP polymers  

Monolith DVB-co-NVP polymers were prepared by free radical polymerization. 

Polymers were prepared with 0:100, 20:80, 30:70, 40:60, 50:50, 60:40 NVP/DVB mol/mol 

feed ratios using toluene as porogen. An example of a monolith polymerization procedure 

is provided below for the preparation of DVB-co-NVP with a 30 mol% NVP feed ratio. 

Divinylbenzene (1.04 mL, 7.31 mmol), N-vinylpyrrolidone (0.336 mL, 3.14 mmol), and 3 

mol% AIBN (0.052 g, 0.316 mmol) were dissolved in 2 mL toluene in a 2 dram vial. The 

mixture was sonicated and then degassed under nitrogen for 5 min.  The vials were sealed 

and heated at 70 °C for 8 hours. The resulting monoliths were ground into small particles 

using a mortar and pestle. The ground polymer was washed three times with 5 mL of 

methanol, which was decanted to remove the smallest particles. The remaining particles 

were washed using Soxhlet extraction with water for 24 hours. The washed polymer 

particles were dried under vacuum and then mechanically sieved to isolate the 75 to 125 

µm fraction. 

DVB-co-NVP polymer beads were synthesized by free radical suspension 

polymerization in toluene/water solutions stabilized with 

(hydroxypropyl)methylcellulose. Suspension polymerizations were conducted over a 

similar range of monomer feed ratios as the monolith polymerizations. Suspension 

polymers were prepared with 0:100, 20:80, 30:70, 40:60, 50:50, and 60:40 NVP/DVB 

mol/mol feed ratios. An example of the suspension polymerization procedure is provided 

for the polymer with a 30 mol% NVP feed ratio. DVB (22.177 mL, 155.69 mmol), NVP 

(7.135 mL, 66.76 mmol), and 1 mol% AIBN (2.25 mmol) were added to a heterogeneous 

mixture of 27.8 mL toluene and 100 mL water containing (hydroxypropyl)methylcellulose 
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stabilizer (0.5 g). The mixture was sealed into a reaction vessel, which was stirred using an 

overhead stirrer at 800 rpm for 30 minutes while nitrogen was continuously bubbled into 

the mixture. The suspension mixture was then heated for 20 h at 70 °C while stirring at 800 

rpm. After cooling the solution, the beads were separated by suction filtration, washed by 

Soxhlet extraction with water for 24 hours, and dried under vacuum. The polymer beads 

were mechanically sieved to separate the particles between 75 and 125 µm. 

2.3.3 Batch binding measurements 

The binding isotherms for the monolith and suspension polymers were measured 

by shaking varying weights of polymer with aqueous solutions of the individual analytes. 

Three analytes with different polarities were used: adenosine (log P = -1.5), caffeine (log 

P = -0.07) and p-toluidine (log P = 1.39). Specific weights of polymer (10, 20, 30, 40, or 

50 mg) were added to 5 mL aqueous solutions of 0.1 mM adenosine, 0.16 mM caffeine, or 

0.5 mM p-toluidine. The mixtures were mechanically shaken for 30 min and then filtered 

through a 0.2-micron polyether-sulfone filter. The concentration of the analyte remaining 

in the filtrate was measured using a UV-vis spectrophotometer.  The difference in the 

absorbance at a specific wavelength (260 nm, 271.5 nm, and 233 nm for adenosine, 

caffeine, and p-toluidine) of the stock and filtrate solutions provided the concentration of 

the free analyte in solution. The concentration of analyte bound to the polymers was 

calculated based on the mass balance between the stock solution and the unbound free 

analyte in solution. The binding isotherms were best fit by the Freundlich isotherm.20–23
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2.4 Results and discussion 

2.4.1 Comparison of the feed ratios and actual mol% of monomers in DVB-co-NVP 

The first goal was to synthesize a series of DVB-co-NVP sorbents via monolith 

polymerization that systematically varied the NVP mol percentages. Polymers were 

prepared using feed ratios of 0:100, 20:80, 30:70, 40:60, 50:50, and 60:40 NVP/DVB 

mol/mol ratios. The yields (85-93%) of the monolith polymerizations were consistently 

high even with feed percentages above 30 mol% NVP (Figure 2.2). 

 

Figure 2.2 The percent yields of monolith and suspension DVB-co-NVP polymers versus 

the NVP mol% feed ratio. The yields were measured based on polymer weights before 

sieving.  

 

One disadvantage of monolith polymerizations in preparing sorbents is the shape 

and size heterogeneity of the polymer particles. Typically, the polymer monoliths are 

mechanically ground into particles of irregular size and shape, which can be problematic 

in chromatographic applications. However, for solid-phase extraction (SPE), homogeneous 

adsorption kinetic are not as important, and thus SPE is more tolerant of sorbents with 
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irregular shaped particles.14,15,24–31 We were also able to mitigate the size heterogeneity of 

the monolith particles by sieving and collecting particles within specific size ranges (75 to 

125 µm). The sieved particles (Figure 2.3) provided more consistent adsorption results and 

yielded materials with comparable adsorption properties to the more uniform and spherical 

suspension polymers. The polymers prepared by the monolith and suspension polymers 

appeared to have similar morphologies. The SEM images (Figure 2.4) of the monolith and 

suspension polymers prepared with 30 mol% NVP feed ratios had similar morphology and 

roughness, and were consistent with previous studies of DVB-based crosslinked monoliths 

formed in toluene.32 

       

Figure 2.3 Optical microscope images comparing the size and shape of the representative 

monolith (left) and suspension (right) DVB-co-NVP polymers formed using 30:70 

NVP/DVB mol/mol feed ratios. 

  

In addition to higher yields, the monolith polymerizations provided excellent 

control over the incorporation efficiencies of the hydrophilic NVP monomer. The NVP 

mol-percentages in the monolith polymers closely matched the original feed ratios even at 

high NVP feed ratios (Figure 2.5). For example, the monolith polymer prepared with a 60 

mol% NVP feed ratio (60:40 mol/mol NVP/DVB) contained 55% NVP. The NVP mol% 

of the polymers were calculated from the measured weight percent of nitrogen from the 
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elemental analyses. Only the NVP monomer contains a nitrogen atom; thus nitrogen weight 

percentages were linearly correlated with NVP mol percentages in the polymers.  

     

Figure 2.4 SEM images of monolith (left) and suspension (right) polymers prepared with 

30 mol% NVP feed ratios. 

 

 

Figure 2.5 Plot of the NVP incorporation mol percentages (mol%) for monolith (black 

circles) and suspension (red triangles) polymers versus the NVP monomer feed percentages 

(mol%) used in the polymerization reaction mixtures. The green line represents an ideal 

NVP incorporation efficiency where the NVP incorporation percentages equal the feed 

percentages. The non-zero values for the 0 mol% NVP feed ratio polymers are due to the 

presence of nitrogen from the AIBN initiator. The error bars were smaller than the data 

points. 
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By comparison, the yields and NVP incorporation percentages were lower for the 

suspension polymers. Like the monolith polymers, the suspension polymers had high 

yields (> 90%) for the polymers with low NVP feed percentages (0 to 20 mol%) (Figure 

2.2). However, the yields of the suspension polymerizations decreased rapidly when the 

NVP feed percentages were higher than 20 mol%. For example, the yield of the 60 mol% 

NVP feed ratio suspension polymer was only 59%. The modest yields were only possible 

after careful optimization of stirring speed and stabilizer, (hydroxypropyl)methylcellulose, 

concentrations for each NVP feed ratios. The suspensions polymerization mixtures formed 

with higher NVP percentages were unstable due to the polar NVP monomer disrupting the 

formation of the organic-phase droplets in the polymerization mixture.10,12,13,15 The 

partitioning of the NVP into the aqueous phase was evident from the low NVP 

incorporation efficiencies, especially for suspension polymers with higher NVP feed 

percentages (Figure 2.5). For example, the 60 mol% NVP feed ratio suspension polymer 

had an NVP incorporation of only 46 mol%.  Thus, the monolith polymerizations provided 

higher yields and better control over the NVP ratios at higher NVP mol-percentages in 

comparison to the suspension polymerizations.  

Next, the absorption properties of the monolith and suspension polymers were 

compared to see if the monolith polymers could serve as reasonable models for the 

suspension polymers. DVB-co-NVP polymers prepared via monolith and suspension 

polymerizations showed similar wettability and adsorption properties. Therefore, analyses 

of the monolith polymerizations provide insight into the factors that modulate the 

adsorption and separation properties of both suspension and monolith DVB-co-NVP 

polymers. Comparative wettability studies were carried out by shaking the polymers in 
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water (Figure 2.6). Wettability is a key attribute of the HLB polymers allowing faster 

binding kinetics and the direct extraction of polar analytes from aqueous samples.33,34 

Polymers which were wettable would sink to the bottom due to the ability of water and 

analytes to wet the interior surfaces of the polymers. Polymers which were not wettable 

would float on top.  For both monolith and suspension polymers, the polymers with <20% 

NVP feed percentages were not wettable; whereas monolith polymers with 30% or greater 

NVP feed percentages were readily wettable.  

 

Figure 2.6 (left) Monolith polymers with 0 mol% NVP feed percentages having poor 

wettability floating on top of the aqueous solution after shaking (right) and monolith 

polymer with 30 mol% NVP feed percentages having good wettability and falling to the 

bottom of the aqueous solution. 

 

The adsorption properties of the monolith and suspension DVB-co-NVP polymers 

were also very similar when comparing polymers with similar NVP incorporation ratios.  

For example, monolith polymers with a 30 mol% NVP feed percentages and suspension 

polymers with a 40 mol% NVP feed percentages had similar NVP incorporation 
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percentages of 27 mol% and 25 mol%, respectively.  The adsorption properties of the 

monolith and suspension polymers were measured for a series of different weights of 

polymer (10 - 50 mg), which were equilibrated with 5 mL aqueous solutions of 0.1 mM 

caffeine (Figure 2.7). The amount of caffeine bound to the polymers was measured from 

the difference in concentration of the solution before and after equilibration. The monolith 

and suspension polymers had nearly identical binding percentages over a range of polymer 

concentrations. The correlation plot was linear (R2 = 0.99) with a slope that was close to 

unity (slope 1.08).  This confirmed that the monolith polymer had very similar binding 

properties to a suspension polymer with similar DVB-co-NVP ratios but with the added 

benefit of being easier to synthesize and with better control over the NVP incorporation 

percentages. 

 

Figure 2.7 Comparison of the weight of caffeine bound from aqueous solution by DVB-

co-NVP monolith and suspension polymers with similar NVP incorporation percentages 

(27 mol% and 25 mol%).  The data points were collected via batch binding studies of 5 mL 

of 0.16 mM caffeine solutions using 10, 20, 30, 40, and 50 mg of polymers. 
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2.4.2 Adsorption properties of DVB-co-NVP with varying NVP mol percent.  

Once the suitability of the monolith polymers to serve as models for DVB-co-NVP 

sorbents was established, the adsorption properties of the monolith polymers with varying 

NVP mol% were compared. Initial binding studies were carried out using caffeine as the 

analyte, which has an intermediate polarity as measured by its octanol/water partition 

coefficient (log P = -0.07). Binding isotherms were measured for a series of monolith 

polymers with NVP feed mol% from 0 to 60 mol% (Figure 2.8).  As expected, the binding 

capacities for the polar analyte, caffeine, increased as the percentages of the polar monomer 

NVP increased from 0 to 30 mol%.  This is evident from a comparison of the binding 

isotherms for the polymers prepared with 0, 20, and 30 mol% NVP feed percentages. 

Interestingly, the binding capacities reached a maximum with the 30 mol% NVP feed 

percentage polymer and then steadily decreased for the 40, 50, and 60 mol% NVP 

polymers.  

Possible explanations for the intermediate 30 mol% NVP polymer having the 

highest binding capacity were explored. Our initial expectations were that the binding 

capacities for the moderately polar analyte, caffeine, would continue to increase as the 

percentage of the polar NVP monomer increased.  However, this was clearly not the case 

as the 60 mol% NVP feed ratio polymer had one of the lowest binding capacities.  Only 

the pure DVB (0 mol% NVP) polymer had a lower binding capacity. 
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Figure 2.8 Caffeine binding isotherms for monolith polymers formed with 0, 20, 30, 40, 

50, and 60 mol% NVP feed percentages.  The isotherms were fit with a Freundlich 

isotherm, which provided the best fit. 

 

First, the possibility that the 30 mol% feed ratio NVP polymer had the highest 

surface area was examined. The specific surface areas of representative monolith polymers 

with 0, 30, and 60 mol% NVP feed ratios were measured by BET analysis and compared 

(Table 2.1).  The polymer surface areas did not correlate with the binding capacity trends. 

The monolith polymers surface areas varied from approximately 100 to 1000 m2g-1 (Table 

2.1). The polymer with the lowest NVP feed percentage (0 mol%) had the highest surface 

area of 927 m2g-1, and the surface areas rapidly decreased with increasing NVP mol%. The 

60 mol% NVP feed ratio polymer had the lowest surface area of 162 m2g-1. These 

observations were consistent with previous polymer monolith studies, as polymers with 

higher percentages of the crosslinking monomer were more rigid and had higher internal 
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surface areas.32 Given these trends, the polymer surface areas alone could not explain the 

superior binding capacity of the 30 mol% feed ratio NVP polymer.  

Next, the possibility that the binding capacity trends were due to a combination of 

two polymeric parameters was examined. Surface area and polymer polarity are opposing 

properties, which could lead to the intermediate NVP polymer having the highest binding 

capacities. The polymer surface areas favor the polymers with lowest NVP feed ratios, 

while polymer polarity would favor the polymers with the highest NVP feed ratios.  To test 

this hypothesis, the adsorption properties of the monolith polymers were tested against two 

additional analytes that are more and less polar than caffeine. Adenosine and p-toluidine 

were selected. Adenosine has a lower log P (-1.5) and p-toluidine has a higher log P (1.39) 

than caffeine (-0.07). The less polar analyte, p-toluidine, provides a measure of the surface 

area as the primary binding mechanism would be the hydrophobic effect that correlates 

with the solvent accessible surface area of the sorbent. The more polar analyte, adenosine, 

provides a measure of the polar binding capacity of the polymers. 

Table 2.1 Specific surface area measurement of representative monolith (DVB-co-NVP) 

polymers calculated from BET nitrogen adsorption isotherms.  

NVP:DVB feed ratio NVP:DVB measured 

ratio 

Specific surface area 

0:100 4:96a 927 ± 3 m2 g-1 

30:70 27:63 675 ± 3 m2 g-1 

60:40 55:45 162 ± 0.4 m2 g-1 

a The non-zero value is due to the nitrogen from the AIBN initiator. 

 



 

37 
 

Single-point batch binding conditions were conducted with the three analytes using 

the monolith polymers with varying NVP feed ratios (Figure 2.9). The three analytes varied 

significantly in binding affinity for the polymers and thus a single set of batch binding 

conditions could not be found which would allow comparison of the binding profiles. 

Therefore, the concentration of the analyte solutions and weights of polymer were 

normalized for each analyte so that the polymer with the highest binding capacity in each 

series bound between 50 to 80% of the analyte from solution. The normalized conditions 

were: 0.5 mM p-toluidine with 10 mg polymer, 0.16 mM caffeine with 20 mg polymer, 

and 0.1 mM adenosine with 40 mg polymer. The single point binding studies with caffeine 

(Figure 2.9, black circles) were consistent with the binding isotherm studies. The 30 mol% 

NVP polymer had the highest binding capacity, and the 0 mol% and 60 mol% NVP 

polymers had the lowest caffeine binding capacities. 

 

Figure 2.9 Single point binding capacities of the monolith DVB-co-NVP polymers with 

varying NVP feed ratios (0 – 60 mol%) for p-toluidine, caffeine, and adenosine. The batch 

binding conditions were: 0.5 mM p-toluidine with 10 mg polymer, 0.16 mM caffeine with 

20 mg polymer, and 0.1 mM adenosine with 40 mg polymer in 5 mL of solvent.  
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 The binding capacity trends provided insight into the primary adsorption 

mechanisms of the three analytes. Caffeine and adenosine had very similar binding profiles 

with a maximum binding capacity for the 30 mol% NVP polymer, which suggested that 

both analytes were binding to the polymer via similar mechanism. Since caffeine and 

adenosine are the more polar analytes, the most likely common binding mechanism are 

polar interactions with the amide functional groups in NVP. This is consistent with the 

binding capacity trends for the polymers with lower NVP mol-percentages (< 30 mol% 

NVP), which steadily increased with increasing percentages of NVP. The least polar 

analyte, p-toluidine, binds by a different mechanism as seen by its distinct binding profile 

which steadily decreases with increasing NVP mol% across the entire range from 0 to 60 

mol% NVP. This is consistent with the decreasing hydrophobicity and surface area of the 

polymers, and thus the p-toluidine is binding via hydrophobic interactions.  

The similarity in the binding profiles for all three analytes against the polymers 

containing higher NVP percentages (>30 mol% NVP) suggests a common factor that was 

not dependent on the binding mechanism. The most likely common factor for the higher 

NVP percentage polymers was polymer surface area, as the binding capacity trends mirror 

the measured surface area trends. Thus, the binding capacity of the high NVP percentage 

polymers steadily decreased with increasing NVP mol% (above 30 mol% NVP) for all 

three analytes, reaching a minimum with the 60 mol% NVP feed ratio polymer, which is 

the polymer with the lowest surface area. 

Thus, the intermediate 30% NVP feed ratio polymer appears to strike an optimal 

balance of wettability, polarity, and surface area to provide maximal binding for polar 

analytes and also high affinity for less polar analytes.  It is interesting to note the similarity 
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of the NVP incorporation percentage of the optimal monolith polymer in this study (27% 

incorporation percentage to the commercially available Water’s Oasis HLB stationary 

phase (28% incorporation percentage), which we measured using the same elemental 

analysis. 

Interestingly, the binding capacity comparisons in Figure 2.9 also suggests the 30% 

feed ratio NVP polymer may not be the optimal polymer for all separations, especially 

when separating less polar analytes from more polar analytes. This is due to the greater 

hydrophobicity of the polymers with lower NVP percentages. For example, the 20% NVP 

feed ratio polymer (Figure 2.9) shows a wider variation in the percent bound (72%, 44%, 

and 23%) of the three analytes: p-toluidine, caffeine, and adenosine. By comparison, the 

30% NVP feed ratio polymer had a much narrower range of percent bounds values of 76%, 

72%, and 62%. This demonstrates that a single DVB-co-NVP polymer may not be optimal 

for all application for the three analytes. The ability to more precisely synthesize HLB 

polymers with wider ranges of hydrophilic to lipophilic monomer ratios via monolith 

polymerization enables greater control over the tuning and optimization of their absorption 

and separation properties.   

2.5 Conclusions  

The ability to optimize and tune the adsorption and separation properties of the 

HLB polymer, DVB-co-NVP, was examined over a wide range of monomer ratios. Using 

monolith polymerization, the ratio of the non-polar and polar monomers (DVB and NVP) 

could be effectively modulated from 0% to 55% NVP. By comparison, the traditional 

suspension polymerization had difficulty in preparing DVB-co-NVP with NVP ratios 

above 30 mol%. The monolith polymers had similar wettability and adsorption properties 
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as suspension polymers with similar NVP incorporation percentages enabling their use to 

systematically survey the adsorption properties of DVB-co-NVP with varying monomer 

ratios. The polymers were tested for their ability to extract analytes of varying polarity (p-

toluidine, caffeine, and adenosine) from aqueous solution using batch binding studies. The 

intermediate 30% NVP feed ratio polymer displayed the optimal balance of polarity and 

wettability to extract polar analytes such as caffeine and adenosine from aqueous solution. 

For the separation of hydrophobic analytes such as p-toluidine from more polar analytes 

like caffeine or adenosine, more hydrophobic polymers containing lower percentages of 

the polar NVP monomer were superior. We are currently studying the separation abilities 

of the DVB-co-NVP sorbents with widely varying NVP ratios on an array of real-world 

SPE analytes and will report on these results in future reports. 

2.6 Supplemental Information 

A time-dependent binding study was done. Analyte (caffeine) was allowed to bind 

to 20 mg DVB-co-NVP polymer prepared with 50% NVP for 0 minutes (no binding case), 

30 minutes, 1, 2, 4, 8, and 16 hours. Allowing the polymer to bind the caffeine for more 

than 30 minutes did not substantially increase the concentration of caffeine bound to the 

polymer. A plateau was observed in the binding curve (Figure 2.10) hence 30 minutes was 

selected optimal time for the batch binding experiments. 
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Figure 2.10 Time-dependent binding curve for 5 mL of 0.16mM caffeine solution to 20 

mg DVB-co-NVP polymer prepared with 50% NVP. 
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CHAPTER 3  

SOLID-PHASE EXTRACTION OF REGULATED ANALYTES WITH DIFFERENT 

LOG P VALUES FROM HUMAN URINE SAMPLES BY POLY (DIVINYL-CO-N-

VINYLPYRROLIDONE) WITH A WIDE RANGE OF MONOMER RATIOS 
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3.1 Abstract 

Hydrophilic-lipophilic balance (HLB) polymers due to their unique capacity for 

extracting polar and non-polar analytes from the aqueous sample have the potential to 

absorb regulated drugs from the human urine sample. HLB polymers are widely used as 

sample preparation sorbents for SPE applications. In this study, a series of HLB polymers 

based on divinylbenzene (DVB) (hydrophobic) and N-vinylpyrrolidone (NVP) 

(hydrophilic) prepared by robust monolith polymerization were used as SPE sorbent 

materials to extract 37 different regulated drugs (analytes) spiked in human urine matrices. 

Log P values of the analytes ranged from -1.78 to 4.98. The study showed that the least 

polar SPE sorbent (0 mol% NVP) did not perform well in adsorbing any of the analytes in 

comparison to medium and more polar SPE sorbents while the more hydrophilic sorbent 

performed relatively well. 

3.2 Introduction 

Abuse of different regulated drugs has long been a socio-economic problem.1 Drug 

abuse has also been a serious problem in sports activities as some participants knowingly 

or unknowingly take regulated drugs to enhance their performance.2–4 Hence the proper 

detection of drugs is very important in forensic science. The presence of regulated drugs is 

commonly tested by blood and urine samples analysis.2,5–7 One problem is the low 

concentrations of the drugs in the urine or blood samples. Therefore, sample pre-

concentration is vital, prior to analysis using standard analytical techniques such as HPLC, 

GC, and LC. SPE has been a fast, cost-effective, and efficient sample pre-concentration 

method. SPE can be easily integrated into standard analytical workflows improving 

accuracy and detection limits.8 SPE also helps purify the sample and remove the matrix 
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materials. Hence SPE methods are generally preferred over liquid-liquid extraction (LLE) 

methods for pre-concentrating the dilute and sensitive samples due to ease of application 

and lover volumes of hazardous solvents.5 A wide range of sorbents has been developed 

for SPE applications. Some examples are styrene-divinylbenzene (St-DVB), methacrylate-

divinylbenzene (MA-DVB), N-vinylimidazole-divinylbenzene (NVIm-DVB), poly 

(vinylpyrrolidone-co-ethylene dimethacrylate) poly(VP-EDMA), and divinylbenzene-co-

N-vinylpyrrolidone (DVB-co-NVP). Most of these sorbents are made of two monomers. 

However commercial sorbents are available with a narrow range of monomer ratios. 

Therefore, the preparation of SPE sorbents with different ratios of monomers and 

examining their extraction properties can be very helpful in identifying the optimal sorbent 

for the separation of different types of analytes. 

In our previous study, we reported the preparation and study of absorption 

properties of DVB-co-NVP polymers that span a wide range of NVP monomer ratios from 

0 mol% to 60 mol%.9 The absorption efficiencies for the monolith particles were performed 

by batch binding studies. This study examines the utility of DVB-co-NVP polymers with 

varying NVP/DVB ratios in real-world analytical SPE applications. Hence, this study 

focuses on the SPE of 37 different regulated analytes with different chemical properties. 

These include stimulants, opiates, anticonvulsants, amphetamines, analgesics, fentanyl, 

cocaine analogs, skeletal muscle relaxants (non-benzodiazepine), benzodiazepines, and 

antidepressants. The regulated analytes were extracted from human urine using DVB-co-

NVP based SPE sorbents and analyzed using LC-MS.  
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3.3 Experimental section 

3.3.1 Reagents 

The analytes were purchased from Cerilliant Corporation. 

3.3.2 Synthesis and characterization of DVB-co-NVP polymers 

The monolith DVB-co-NVP polymers in this study were synthesized as described 

in our previous study.9 The series of DVB-co-NVP polymer monolith particles,75-125 µm 

size range from the previous study were used without any modifications. Hence the 

polymer series had the same properties and no further characterization was performed. 

3.3.3 Recovery of the analytes via SPE 

Five milligrams of the dry mass of each sorbent were measured and filled in the DPX 

pipette tips fitted with the polypropylene frits at the end and a barrier at the top. Microplates 

containing 200 microliters of human urine spiked with 10 microliters aliquots of 1.0 mgL-

1 of each analyte forming a mixture of 37 regulated analytes were loaded onto the Hamilton 

Microlab NIMBUS96 robot for sample preparation. Each sample was then aspirated and 

dispensed five times to allow the analytes to bind to the sorbent filled in the DPX pipette 

tips. The elimination of the conditioning step aided in making sample preparation faster 

which is an advantage of HLB sorbents over other reverse-phase sorbents. The sorbent was 

then aspirated and dispensed two times with water to remove the salts and other common 

matrix interferences. Lastly, the target compounds are eluted by aspirating and dispensing 

an elution solvent (300 µL of 80:20 dichloromethane/isopropanol). The concentrated 

sample was then heated to 60 °C for 30 minutes to evaporate the elution solvent and 

reconstituted with 10% 100 µL methanol/water. LC-MS/MS analysis was performed on 5 
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µL samples using a SCiex 6500+ triple stage quadrupole mass spectrometer coupled to an 

Agilent 1260 HPLC system with a Phenomenex biphenyl (2.6 µm; 50  30 mm) column 

to measure the recovery percentages of analytes. The recovery percentages of analytes were 

calculated based on the total analytes in the neat sample. 

3.4 Results and discussion 

3.4.1 Recovery efficiencies of series of HLB DVB-co-NVP 

We previously described the adsorption efficiencies of a series of DVB-co-NVP 

monolith polymers by batch binding studies.9 The successful extraction of the analytes with 

different log P values from aqueous samples demonstrated the practicality of copolymers 

with varying NVP percentages for real-world analytical separations. With the ability to 

make sorbents with varying hydrophilicities by monolith polymerization, we were able to 

recover a wide range of regulated analytes from a human urine sample with different QSAR 

properties. Differences in the recovery percentages were observed for the DVB-co-NVP 

polymers with different NVP percentages. DVB-co-NVP monolith polymer is a HLB 

polymer so the conditioning step could be omitted making the sample preparation process 

faster. The more hydrophobic polymers (0% and 20% NVP feed ratio) did not perform well 

for all the analytes. Whereas the more hydrophilic sorbents (30%, 40%, 50%, and 60% 

NVP) had the highest recoveries for all the analytes (green highlights in Table 3.1).  

The SPE recovery percentages survey demonstrates that no single polymer has the 

optimal retention properties for all the analytes. Therefore, this study demonstrates that the 

enhancements in analyte retention and extraction efficiencies can be achieved by the 
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selection of the polymer sorbent with the optimal balance of hydrophobic and hydrophilic 

co-monomers. 

Table 3.1 Recovery percentages of different analytes for series of DVB-co-NVP monolith 

polymer series. 

 Analyte Log P 0% NVP 20% NVP 30% NVP 40% NVP 50% NVP 60% NVP 

pregabalin -1.78 0.9 ± 0.1 2.9 ± 0.1 3.7 ± 0.2 1.4 ± 0.6 1.9 ± 1.1 0.7 ± 0.1 

gabapentin -1.1 0.3 ± 0.1 1.7 ± 0.2 5.1 ± 1.7 2.8 ± 1.6 2.6 ± 0.4 1.4 ± 0.8 

benzoylecgonine -0.3 0.8 ± 0.2 8.3 ± 0.5 24.4 ± 1.4 15.2 ± 0.1 19.3 ± 0.8 4.7 ± 0.1 

cotinine 0.07 0.6 ± 0.1 12.3 ± 0.7 42.6 ± 1.1 44.8 ± 2.6 35.0 ± 3.1 22.5 ± 1.8 

hydromorphone 0.11 1.0 ± 0.4 16.0 ± 0.7 52.2 ± 0.1 48.2 ± 3.6 51.4 ± 0.4 24.1 ± 2.8 

methylphenidate 0.2 11.8 ± 3.0 40.3 ± 0.2 56.1 ± 0.1 58.1 ± 4.5 60.2 ± 0.5 66.7 ± 2.1 

oxycodone 0.66 2.3 ± 0.5 17.0 ± 0.4 32.5 ± 1.1 32.4 ± 3.9 36.0 ± 2.5 26.6 ± 0.5 

meprobamate 0.7 3.2 ± 0.3 24.4 ± 3.1 35.0 ± 0.6 37.0 ± 0.4 41.6 ± 3.0 42.8 ± 0.8 

oxymorphone 0.83 0.8 ± 0.3 13.4 ± 0.8 62.0 ± 0.6 52.5 ± 1.0 48.9 ± 0.6 21.9 ± 0.2 

morphine 0.89 0.8 ± 0.2 13.8 ± 0.9 57.8 ± 0.1 47.2 ± 2.3 41.1 ± 1.2 21.7 ± 1.1 

codeine 1.19 2.0 ± 0.8 20.8 ± 1.5 44.1 ± 1.0 45.9 ± 2.8 49.0 ± 2.3 31.3 ± 3.6 

hydrocodone 1.2 3.1 ± 1.0 22.3 ± 0.3 38.8 ± 0.1 39.6 ± 2.2 42.7 ± 1.7 35.4 ± 1.6 

α-hydroxy alprazolam 1.53 6.4 ± 1.7 27.5 ± 1.1 40.5 ± 4.2 40.9 ± 5.1 26.0 ± 1.1 34.5 ± 0.9 

6-MAM 1.55 2.8 ± 1.0 25.1 ± 1.2 44.2 ± 0.1 45.2 ± 2.8 44.7 ± 3.1 49.1 ± 2.6 

norfentanyl 1.6 2.8 ± 0.8 24.7 ± 0.2 45.5 ± 0.1 44.3 ± 4.0 46.5 ± 0.5 30.8 ± 1.9 

amphetamine 1.76 2.3 ± 0.8 20.7 ± 0.7 52.8 ± 6.3 53.4 ± 2.6 58.7 ± 1.3 37.5 ± 3.0 

7-aminoclonazepam 1.8 1.5 ± 0.2 12.8 ± 1.4 14.1 ± 1.9 16.2 ± 0.7 15.5 ± 0.4 19.9 ± 1.2 

methamphetamine 2.07 3.3 ± 1.0 24.2 ± 0.5 51.2 ± 3.6 51.7 ± 4.3 59.1 ± 1.3 40.3 ± 3.3 

carisoprodol 2.1 27.0 ± 3.2 42.8 ± 2.5 69.2 ± 7.4 50.7 ± 1.0 54.5 ± 3.4 43.0 ± 1.9 

alprazolam 2.12 10.3 ± 2.7 31.5 ± 2.1 41.7 ± 3.2 43.4 ± 3.9 26.9 ± 0.5 33.4 ± 3.8 

MDMA 2.14 3.4 ± 1.1 30.2 ± 0.8 51.4 ± 0.3 53.9 ± 1.7 55.4 ± 0.5 58.7 ± 1.5 

temazepam 2.19 16.6 ± 3.5 37.6 ± 0.9 46.0 ± 2.3 56.2 ± 2.8 35.9 ± 0.1 40.7 ± 4.8 

oxazepam 2.24 8.6 ± 1.5 29.9 ± 3.0 40.8 ± 1.0 40.9 ± 4.7 38.8 ± 0.9 38.5 ± 2.1 

o-dsmethyltramadol 2.3 1.6 ± 0.7 20.9 ± 0.1 46.3 ± 0.5 48.2 ± 5.5 53.9 ± 1.0 35.5 ± 3.6 

lorazepam 2.39 9.3 ± 0.5 29.3 ± 3.5 39.0 ± 0.1 39.8 ± 4.7 38.3 ± 1.5 38.1 ± 4.6 

clonazepam 2.41 12.8 ± 0.5 26.9 ± 4.6 35.1 ± 1.2 31.3 ± 5.7 26.6 ± 1.7 28.3 ± 2.1 

meperidine 2.72 14.5 ± 2.8 35.9 ± 0.9 42.1 ± 0.6 44.9 ± 3.2 45.6 ± 0.1 57.9 ± 0.9 

diazepam 2.82 15.9 ± 4.7 33.8 ± 8.8 40.3 ± 1.5 45.5 ± 3.8 34.6 ± 1.1 38.3 ± 5.3 

nordiazepam 2.93 13.5 ± 2.5 28.3 ± 5.2 35.6 ± 0.8 34.9 ± 2.5 32.8 ± 1.6 31.8 ± 3.1 

tramadol 3.01 5.9 ± 1.7 31.8 ± 0.6 55.3 ± 0.3 55.5 ± 2.5 56.4 ± 0.3 59.7 ± 1.6 

zolpidem 3.02 15.8 ± 3.7 40.6 ± 0.6 54.0 ± 2.0 53.5 ± 3.3 58.0 ± 1.4 67.2 ± 3.9 

methadone 3.93 8.6 ± 0.9 31.9 ± 13.5 54.9 ± 6.0 55.0 ± 5.2 60.5 ± 1.7 68.2 ± 1.2 

fentanyl 4.05 18.6 ± 3.4 37.6 ± 5.3 43.3 ± 2.1 46.2 ± 3.4 45.7 ± 1.2 57.7 ± 1.0 

nortriptyline 4.51 5.9 ± 0.3 22.7 ± 13.7 31.8 ± 0.1 32.9 ± 3.8 46.0 ± 2.7 41.0 ± 1.8 

cyclobenzaprine 4.79 6.4 ± 0.1 23.8 ± 15.7 35.1 ± 0.3 36.6 ± 5.3 51.2 ± 3.3 46.7 ± 1.4 

amitriptyline 4.92 7.9 ± 0.3 29.4 ± 17.9 42.0 ± 0.7 44.4 ± 6.4 59.2 ± 3.4 57.5 ± 2.0 

buprenorphine 4.98 15.6 ± 1.6 34.2 ± 7.4 36.6 ± 4.2 41.2 ± 3.0 44.7 ± 1.4 53.6 ± 1.6 
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3.4.2 Selectivity pattern for analytes 

The binding affinity patterns for the 37 different analytes against the series of DVB-

co-NVP polymers varied widely. For example, the polymer with maximum recovery varied 

depending on the analyte. However, the binding affinity patterns were similar for analytes 

with similar structures or QSAR properties. An example is shown in Figure 3.1 for the 

analytes, amitriptyline, cyclobenzaprine, and nortriptyline that, have similar molecular 

structures (Figure 3.2) and also similar selectivity patterns. Therefore, the 50% NVP 

sorbent has optimal recovery for amitriptyline, cyclobenzaprine, and nortriptyline followed 

by the 60% NVP and then 40%  30% NVP polymers.  

 

Figure 3.1 Binding capacities of monolith DVB-co-NVP polymers with varying NVP feed 

ratios (0 – 60 mol%) for structurally similar analytes (amitriptyline, cyclobenzaprine, and 

nortriptyline showing similar binding patterns. 
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Figure 3.2 Examples of structurally similar analytes a) amitriptyline, b) cyclobenzaprine, 

and c) nortriptyline. 

 

Similar binding patterns were also correlated to similarities in other QSAR 

properties such as physiological charge, log P, and pKa (base) despite the difference in 

molecular structure. Analytes MDMA, 6-MAM, tramadol, and methylphenidate have 

similar binding patterns (Figure 3.3) but different molecular structures (Figure 3.4) which 

can be attributed to the similarity in their charges under physiological conditions which is 

evident from their similar pKa (base) values (MDMA = 10.14, 6-MAM = 9.08, tramadol 

= 9.23, methylphenidate = 9.09). 

 

Figure 3.3 Binding capacities of monolith DVB-co-NVP polymers with varying NVP feed 

ratios (0 – 60 mol%) for methylphenidate, 6-mam, MDMA, and tramadol showing similar 

binding patterns. 
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Figure 3.4 Structure of analytes a) MDMA, b) 6-MAM, c) tramadol, and d) 

methylphenidate with similar pKa (base) values. 

 

Comparison of selectivity patterns for different analytes provides insight into the 

recovery performance of the series of DVB-co-NVP polymers. The selection of the 

polymer with optimal recovery performance depends on the analyte and the selectivity 

patterns of the other analytes in the sample mixture. An example, for the analytes 

oxymorphone, methamphetamine, and fentanyl (Figure 3.5) is shown in Figure 3.6 that 

have different log P values and different selectivity patterns. Oxymorphone had a 

maximum recovery with the 30% NVP polymer, while methamphetamine and fentanyl had 

the highest recovery percentages with the 50% NVP and 60% NVP polymers respectively. 

 

Figure 3.5 Structure of analytes a) oxymorphone (log P = 0.83), b) methamphetamine (log 

P = 2.07), and c) fentanyl (log P = 4.05). 
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Figure 3.6 Binding capacities of monolith DVB-co-NVP polymers with varying NVP feed 

ratios (0 – 60 mol%) for oxymorphone, fentanyl, and methamphetamine. 

 

The correlation of the selectivity patterns of the analytes with QSAR properties was 

investigated. Principal component analysis (PCA) assessed the similarities and differences 

in the normalized binding patterns for the 37 analytes against the series of DVB-co-NVP 

polymers (Figure 3.7). Analytes having similar binding patterns are grouped together. The 

analytes with similar binding patterns showed some similarities in properties such as molar 

volume and log P. For example, in Figure 3.7 analytes with similar molar volumes were 

plotted with the same color. Likewise, analytes with similar log P values were coded with 

the same shapes. The PCA study revealed the binding patterns were correlated with 

multiple QSAR properties as no single property was able to accurately predict the binding 

patterns. 
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Figure 3.7 Principal component analysis (PCA) plot for different analytes in response to 

binding patterns. 

 

In our previous study, we reported that the optimal DVB-co-NVP composition 

varied depending on the analyte or analytes. A DVB-co-NVP polymer with a particular 

composition could be ideal for the extraction of individual analytes but might not perform 

well while separating the mixture of analytes. A similar trend was observed in the recovery 

study of the 37 analytes. The recovery studies demonstrate the utility of testing the series 

of DVB-co-NVP polymers to identify optimal conditions for the separation of the mixture 

of analytes. For example, oxymorphone, methamphetamine, and fentanyl have maximum 

recovery with 30%, 50%, and 60% NVP polymer but the separation of fentanyl from 

oxymorphone and methamphetamine could be more efficient with 0% NVP polymer 

(Figure 3.6). 
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3.5 Conclusions 

A series of DVB-co-NVP polymers with a wide range of NVP monomer ratios (0 

mol% to 60 mol%) were tested for their extraction and separation capacities of 37 different 

regulated analytes. These HLB polymers were more efficient in extracting the analytes 

directly from the human urine without the need for pre-wetting the polymer sorbents. Most 

of the analytes were recovered successfully with widely varying recovery percentages. For 

example, analytes such as amitriptyline, cyclobenzaprine, and nortriptyline were recovered 

best by 50% NVP polymer. Whereas, methylphenidate, 6-MAM, MDMA, and tramadol 

had the maximum recovery with 60% NVP polymer. Therefore, an optimal performing 

polymer composition could be selected for the recovery and separation of analytes 

depending on the selectivity patterns. 
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CHAPTER 4 

 MOLECULARLY IMPRINTED POLYMERS (MIPs) FOR CO2 CAPTURE
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4.1 Abstract 

Molecularly imprinted polymers (MIPs) are the synthetic polymers with tailored 

molecular recognition properties from a template species that was introduced during the 

synthesis of the polymer. MIPs are inexpensive and easy to prepare, thus, have a wide 

range of applications in different fields. MIPs with enhanced adsorption and desorption 

properties could be good CO2 capture materials. This chapter is focused on the 

development of MIPs with higher capacities and adsorption efficiencies for CO2 capture. 

One strategy to optimize the CO2 adsorption is by increasing the specific surface area of 

MIPs. Hence this chapter focuses on the development of higher specific surface area MIPs 

by selecting suitable monomers for polymerization. 

4.2 Introduction 

MIPs are materials having enhanced affinity towards a template molecule.1–4 MIPs 

are more widely used in separation applications like SPE. The history of molecular 

imprinting started in 1940s5 and 1950s6 with Dickey’s experiment to create affinity for a 

dye molecule in silica gel.7 Molecular imprinting has been a powerful technique to prepare 

cost-efficient polymeric materials having tailored molecular recognition properties. The 

molecular recognition properties can be tailored by choice of the template. The template 

molecule pre-organizes the recognition groups in the monomers to form a template-

monomer assembly in the pre-polymerization mixture. The pre-organized functional 

monomers are covalently fixed in the cross-linked polymer matrix formed during the 

polymerization step (Figure 4.1). Removal of the template molecule reveals the recognition 

sites. MIPs are the synthetic alternatives to natural antibodies and are easy to prepare in 

large quantities by polymerizing the functional monomers and cross-linker in the presence 
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of a template molecule of choice. Thus these synthetic materials with molecular memory 

have found applications in chromatography, solid-phase extraction (SPE), and gas 

adsorption.  

 

Figure 4.1 Schematic representation of molecular imprinting process to make MIPs.  

Increasing atmospheric CO2 level has been strongly linked to global warming and 

climate change. To address this problem, an array of technological solutions are being 

developed to reduce or slow the rate of CO2 emissions.7–11 One of the most widely explored 

solutions is CO2 capture and sequestration. While a number of advanced materials have 

been developed that are more efficient than current technologies, their high costs, short 

lifetimes, and inability to scale to industrial processes have limited their applicability. Thus, 

one of the most established methods simply uses solutions of ethanolamine (EA) that 

chemically react with CO2 (Scheme 4.1a).12,13 EA is inexpensive and aqueous solutions 

have very high capacities for CO2 (1 mol CO2 per 2 mol EA).  EA forms a stable chemical 

adduct with CO2 (either carbamic acid or carbonic acid/ester). The EA-bound CO2 can be 

released simply by heating (further lowering costs). However, EA has limitations. The 

solutions have large heat capacities requiring very high energy consumption to release CO2. 
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Therefore, ‘dry’ versions of the reactive-amine strategy are being examined (Scheme 

4.1b).14 Amine groups have been incorporated into high surface area and porous materials 

with some success.15 The problem has been that higher-capacity amine-based materials are 

too expensive, have low to moderate capacities, and have slow reactivities.  

Our strategy will be to use the molecular imprinting process to address these 

limitations. CO2 will be used as templating agents to create binding sites with the shape of 

the template and lined with complementary binding or recognition groups. The primary 

advantage is that materials with tailored recognition and binding properties can be quickly 

and inexpensively prepared using commercial or readily accessible polymer precursors. 

Previous CO2 MIPs suffered from low surface areas (< 60 m2g-1) that limited adsorption 

capacities.16–19 The cross-linker divinylbenzene, consistently yields polymers with 

significantly higher surface areas.20 Therefore, the use of divinylbenzene as the cross-linker 

could yield polymers with high surface areas. 

 

Scheme 4.1 a) reaction of ethanolamine (EA) with carbon dioxide to form a stable 

carbamic acid salt b) chemisorption polymers based on polyamine materials. 
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4.3 Experimental section 

4.3.1 Modeling of the functional monomer 

First, a reactive functional monomer with an amine or amidine functional group 

was designed which will act as a nucleophilic monomer. The amine or amidine monomer 

can then be polymerized with a commercially available cross-linker monomer such as 

divinylbenzene and a nucleophile monomer (4-vinylphenyl methanol) to form a cross-

linked polymer. The CO2 absorption property of the amine or amidine monomer was tested 

using a model system. CO2 absorption modeling was done on DBU (1, 8-

diazabicyclo[5.4.0]undec-7-ene) which is an amidine,21,22 that is analogous to the amidine 

functional monomer used in this study. CO2 was bubbled into DBU in presence of methanol 

solvent which formed white precipitate, (Figure 4.2) indicated the absorption of CO2 by 

DBU forming [DBUH+][HCO3 
-] (Scheme 4.2). 

 

Scheme 4.2 Reaction of CO2 with DBU in methanol solvent to form [DBUH+][HCO3 
-]. 
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Figure 4.2 (left) DBU in methanol before bubbling CO2 (right) [DBUH+][HCO3 
-] formed 

after bubbling in CO2 for 10 minutes. 

 

IR spectra of DBU in methanol before and after bubbling CO2 also showed the 

absorption of CO2 by DBU methanol mixture. The presence of a broad peak at 1640 cm-1 

and a new peak at 880 cm-1 suggests the presence of the DBU carbonate salt (Figure 

4.3).18,21,23,24 

 

Figure 4.3 IR spectrum of DBU in methanol before and after CO2 bubbling. 
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4.3.2 Synthesis of reactive monomer 

The 4-vinylbenzyl amidine monomer was prepared following the procedure from 

the literature with some modifications (Scheme 4.3).25–27  

 

Scheme 4.3 Synthesis route of 4-vinylbenzyl amidine monomer. 

 

In a 100 mL round bottom flask, 9.74 g 4-vinylbenzyl chloride (63.81 mmol) and 

11.82 g phthalimide potassium salt (63.78 mmol) were dissolved into 40 mL 

dimethylformamide (DMF) and was heated at 50 °C for 17 hours with stirring. The 

resulting mixture was diluted with chloroform (CHCl3). DMF was removed by washing 

with water. The mixture in CHCl3 was finally washed with aqueous sodium hydroxide (0.2 

mol L-1) and water successively. Chloroform was removed using a rotary evaporator and 

the white raw product was recrystallized from methanol (12.1 g, 71%). 

Next, 8 g of 4-vinylbenzylphthalimide (30.38 mmol) was dissolved in ethanol with 

heating and 2.55 g hydrazine monohydrate (N2H4·H2O) (50.99 mmol) was slowly added. 

The white solid mass was formed after heating the mixture for 2 hours which was filtered 

off and washed with ethanol. The filtrate was dried using a rotary evaporator leaving 

colorless oily mass (4-vinylbenzyl amine) (2.1 g, 51%). 1H NMR (300 MHz, CDCl3): ẟ 

7.33 (d, J = 7.98 Hz, 2H), 7.19 (d, J = 7.98 Hz, 2H), 6.66 (dd, J = 10.83, 10.70 Hz, 1 H), 

5.69 (d, J = 17.51Hz, 1H), 5.18 (d, J = 10.77 Hz, 1H), 3.75 (s, 2H), 2.55 (s, 3H). 
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Figure 4.4 1H NMR spectra of vinylbenzyl amine monomer. 

 

To a 50 mL round bottom flask 1 g of 4-vinylvenzyl amine (7.5 mmol) was added 

followed by 1.2 g of N,N-dimethylacetamide dimethylacetal (9.0 mmol). The mixture was 

stirred at room temperature for 15 minutes followed by heating at 65 °C for 2 hours. Excess 

N,N-dimethylacetamide dimethylacetal, and the side product methanol were removed with 

a rotary evaporator to give yellow oily mass (7.3 g, 97%). 1H NMR (300 MHz, CDCl3): ẟ 

7.37 (d, J = 8.15 Hz, 2H), 7.30 (d, J = 8.15 Hz, 2H), 6.72 (dd, J = 10.81, 10.81 Hz, 1 H), 

5.72 (d, J = 18.19Hz, 1H), 5.19 (d, J = 11.41 Hz, 1H), 4.50 (s, 2H), 2.96 (s, 6H), 1.91 (s, 

3H). 
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Figure 4.5 1H NMR spectra of vinylbenzyl amidine monomer. 

 

4.3.3 Synthesis of DVB-co-VBA polymer  

DVB-co-VBA polymers were prepared by free radical polymerization. Polymers 

were prepared with 10:90, 15:85, VBA/DVB mol/mol feed ratios using toluene as porogen. 

An example of a monolith polymerization procedure is provided below for the preparation 

of DVB-co-VBA with a 10 mol% VBA feed ratio. Divinylbenzene (1.09 mL, 7.68 mmol), 

4-vinylbenzyl amidine (0.14 mL, 0.77 mmol), and 10 mol% AIBN (0.138 g, 0.844 mmol) 

were dissolved in 1.5 mL toluene in a 2 dram vial. The mixture was sonicated and then 

degassed under nitrogen for 5 min.  The vials were sealed and heated at 70 °C for 8 hours. 

The resulting monoliths were ground into small particles using a mortar and pestle. The 

ground polymer was washed three times with 5 mL of methanol, which was decanted to 
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remove the smallest particles. The remaining particles were washed using Soxhlet 

extraction with water for 24 hours. The washed polymer particles were dried under vacuum 

and sued for further characterization.  

4.3.4 Confirmation of 4-vinylbenzyl amidine incorporation 

Preliminary confirmation of the incorporation of VBA was done by IR spectrum of 

the polymer prepared with 10 mol% and 15 mol% VBA feed in. IR spectra of DVB-co-

VBA polymers were compared against the polymer made with only divinylbenzene 

crosslinker. Peaks at 1369 cm-1 are assigned to C-N28–30 stretching and at 1683 cm-1 to 

C=N31,32 (green ovals, Figure 4.6 and Figure 4.7), which were absent in the IR spectrum of 

the polymer prepared with only divinylbenzene cross-linker (Figure 4.8). 

 

Figure 4.6 IR spectrum of DVB-co-VBA polymer made with 10 mol% VBA. 
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Figure 4.7 IR spectrum of DVB-co-VBA polymer made with 15 mol% VBA. 

 

 

Figure 4.8 IR spectrum of DVB only polymer.  

4.3.5 CO2 adsorption test by the non-imprinted version of DVB-co-VBA polymer 

Once the incorporation of 4-vinylbenzyl amidine in the polymer was confirmed by 

the IR spectra comparison, the CO2 adsorption by the non-imprinted polymer was tested. 

For the test, 30 mg of DVB-co-VBA prepared with 10 mol% VBA was soaked in 

dichloromethane, chloroform, and methanol overnight. The overnight soaked polymer 

sample was bubbled with CO2 for 10 minutes, filtered and the CO2 adsorption was 

investigated with the IR spectra. The strong IR absorption of the free amidine at around 
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1683 cm-1 disappeared forming a merged peak at around 1655cm-1 indicating the formation 

of resonance stabilized amidinium structure, (—N—C=N+— ↔ — N+=CH—N—) upon 

CO2 absorption (Figure 4.9). By comparison, a similar absorption band was not observed 

for polymer soaked in dichloromethane, chloroform (Figure 4.9 and Figure 4.10), and 

bubbled with CO2 One possible reason could be the polymer was not readily wetted by 

dichloromethane and chloroform as with methanol. 

 

Figure 4.9 IR absorption for DVB-co-VBA polymer soaked in solvents and CO2 bubbled 

(red spectrum soaked in methanol, blue spectrum soaked in dichloromethane) 

 

 

Figure 4.10 IR absorption for DVB-co-VBA polymer soaked in chloroform and CO2 

bubbled. 
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4.4 Conclusions 

In conclusion, a functional monomer capable of CO2 capture was modeled and 

synthesized which was copolymerized with a commercially available cross-linker that 

forms a polymer framework with a higher specific area to form a non-imprinted DVB-co-

VBA monolithic polymer resin. The monolith polymer particles were able to absorb CO2 

after wetting with a suitable solvent. Among the three solvents tested for wetting and CO2 

absorption, methanol was more suitable. Preparation of the CO2 imprinted version of the 

DVB-co-VBA polymer monolith and its efficiency for CO2 capture and sequestration is 

subject to future studies. 
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CHAPTER 5 

A TUTORIAL ON PERFORMING SAPT AND I-SAPT CALCULATIONS 
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5.1 Abstract 

Symmetry adapted perturbation theory (SAPT) is a well-established computational 

method to calculate intermolecular and intramolecular interaction energies. These 

interactions are computed from the component electrostatics, exchange (repulsion), 

induction (polarization), and dispersion energies. This chapter aims to train new users in 

our group in applying SAPT calculations for the study of intermolecular interactions, and 

I-SAPT for intramolecular interactions.  

5.2 Introduction 

Non-covalent interactions (NCIs) play a very important role in many physical, 

biochemical, and chemical phenomena.1,2 Due to their ubiquity and wide impact, the study 

and understanding of NCIs is important for many biological and synthetic systems relying 

on self-assembly or molecular recognition. The challenge is that most individual NCIs are 

very weak (0.1 to 5 kcal/mol) which until recently was within the margin for error in DFT 

calculations. NCIs can be calculated with two main methodologies in quantum chemistry: 

the supermolecular and the perturbative approach. The supermolecular approach treats the 

total interaction energy as the difference between the energy of the whole complex and the 

sum of energies of each isolated fragment or unit. A major drawback of such an approach 

is basis set superposition error (BSSE).3 This error reduces with the use of larger basis sets 

and thus, more accurate results can be very computationally costly. The perturbative 

approach computes the interaction energy as a perturbation to the Hamiltonian operator of 

the individual fragments or monomers.2 SAPT is a widely adopted perturbation theory 

based method to calculate the total interaction energy.4 The SAPT approach to investigate 

the interaction energies, was first introduced by Eisenchitz and London in the 1930s.3 Later 
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in the 1970s and 1980s, generally applicable versions of SAPT were developed.5,6 SAPT 

avoids the problem of basis set error and includes treatment of correlated interactions such 

as dispersion and polarization, and thus can be more accurate at lower basis sets and lower 

computational costs. In addition, SAPT provides the physically meaningful components of 

the interaction energy such as electrostatics, exchange (repulsion), induction (polarization), 

and dispersion. I-SAPT is a type of SAPT method to calculate the intramolecular 

interaction energy and is currently available in Psi4. More exhaustive descriptions of SAPT 

theory and application can be found in the review articles.4,7,8 SAPT0 is the simplest many-

body symmetry adapted perturbative approximation method that gives reasonable total 

interaction energies. SAPT0 treats the monomers at the Hartree-Fock level and adds 

induction terms inherited from a HF dimer treatment, dispersion terms that emerge from 

second-order perturbation theory to the electrostatics, and exchange terms.2 The equation 

for SAPT0 is shown below. 

𝐸𝑖𝑛𝑡
𝑆𝐴𝑃𝑇0 =  𝐸𝑒𝑙𝑠𝑡

(10)
+  𝐸𝑒𝑥𝑐ℎ

(10)
+  𝐸𝑖𝑛𝑑

(20)
+  𝐸𝑒𝑥𝑐ℎ−𝑖𝑛𝑑

(20)
+  𝐸𝑑𝑖𝑠𝑝

(20)
+  𝐸𝑒𝑥𝑐ℎ−𝑑𝑖𝑠𝑝

(20)
+  ẟ𝐸𝐻𝐹

(2)
 

SAPT decomposes the intermolecular interaction energy into four fundamental 

components: electrostatics, exchange, induction, and dispersion. 

Electrostatics: Electrostatics is the Coulomb interaction between the charge densities of 

isolated molecules or monomers. The charge densities are a combination of the electron 

charges in the molecule. The electrostatic component is the sum of the long-range 

electrostatic interactions between permanent multipole moments (charge, dipole, 

quadrupole, etc.) as well as the short-range electrostatic interactions arising from charge 

penetration.9 
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Exchange: The exchange component is the short-range repulsive forces due to the Pauli 

exclusion principle which diminishes exponentially with the distance.9 

Induction: The induction component encompasses the interaction involving mutual 

polarization between the molecules and the charge transfer component. The electric field 

from molecule A can polarize molecule B and vice versa which gives rise to a leading-

order (i.e. second or third-order) induction term.9 The charge transfer component is the 

interaction due to the charge transfer from the occupied molecular orbitals (MOs) of one 

monomer to the virtual MOs of the other and vice versa. 

Dispersion: The dispersion component is an attractive interaction due to intermonomer 

electron correlation. The correlated fluctuation of electron density on both molecules 

generates an attractive effect. Dispersion interactions are weak binding interactions formed 

by all molecular surfaces including non-polar molecules and noble gas atoms. Dispersion 

interactions are stronger for larger, more polarizable molecules.9 

5.2.1 How to do a SAPT calculation? 

Q-Chem10 is a commercial general quantum chemistry application which can do 

many general computational analyses such as conformation analyses, geometry 

optimization, transition state optimization, and SAPT calculations. Q-Chem is commonly 

installed on a server where individual jobs are submitted from the network computers. 

Psi411 is an open-source quantum chemical computing platform which also can perform 

SAPT and I-SAPT calculations. 

To install Psi4 on a windows PC, anaconda or conda must be installed first 

following the instructions in the link: https://psicode.org/posts/psi4education_setup/. For 

https://psicode.org/posts/psi4education_setup/
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Mac and Linux, Psi4 can be directly installed without anaconda or conda. Next, install the 

Psi4 program package in the conda or anaconda terminal following the installation steps in 

the link given above. Once installed, Psi4 jobs are run in the anaconda or conda terminal. 

5.2.2 Creating a SAPT input file 

Running a Q-Chem or Psi4 SAPT calculation requires a text input file that contains 

the atomic coordinates, basis sets, type of SAPT calculation, and fragment assignments or 

molecular coordinates. A correct input file is very important for successful SAPT or any 

other quantum chemical calculation.  

First, the atomic coordinates molecule or the complex of interest is built in Spartan 

with the proper geometry and conformation. The SAPT calculation does not optimize or 

change the input coordinates. In Spartan, molecular mechanics (MM) was used to get initial 

starting structures. For bimolecular complexes, geometric constraints may be necessary to 

position atoms or molecules at the proper distances and orientations. The geometry 

optimization can then be done using higher methods (B3LYP/B3LYP-D3 functional and 

6-31G* or 6-311G* basis sets). While viewing the final structure in Spartan, atom labels 

are turned on to identify each atom type and number, after which the structure is saved as 

a Spartan input file to generate the cartesian (XYZ) coordinates. The atom labels make it 

easier to separate the cartesian coordinates of the atoms in the interacting fragments or 

molecules. An example of a molecule in Spartan with the atom labels turned on is shown 

in Figure 5.1. 
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Figure 5.1. Optimized transition state (TS) structure of phenol rotor with labels turned on. 

Table 5.1 XYZ coordinates of optimized phenol rotor (TS) that will be used for an I-SAPT 

calculation in Psi4. 

H1  1.443934581 -0.386690497 -4.542491334 

C1 1.408867904 -0.248489425 3.465278131 

C4  1.274847435  0.091532576 -0.640079695 

C2  0.338863317 -0.733363589 -2.738502488 

C6  2.430699581  0.415188669 -2.788658619 

C5  2.354754240  0.574477748 -1.412234428 

C3  0.228841951 -0.586563178 -1.341188965 

H2 -0.482850770 -1.255619271 -3.218351566 

H6  3.290053934  0.812295591 -3.320226824 

H5  3.160126617  1.086936174 -0.917876611 

N1  1.313207762  0.347107306  0.810974165 

C12  2.389213981  1.050599037  1.471092895 

C9  2.042888611  1.260700559  2.923826518 

C10  0.705507880  0.559520415  3.122572572 

C13  0.353231742  0.000364261  1.771776972 

H9  2.859636201  0.878127749  3.541111343 

01  3.421905709  1.442327241  0.977424246 

02 -0.671362846 -0.653322406  1.611259200 

C7 -0.256698456  1.723313200  3.601746272 

H8 -1.172850368  1.360782007  4.068239095 

H16  0.712644150 -0.254172774  3.852378665 

C8  1.727020908  2.765305180  3.300128449 

H10  2.621244076  3.359164285  3.490111372 

C14  0.749631857  2.512629737  4.474858369 

H11  1.183598908  1.917889739  5.288001037 

H17  0.326138420  3.436417564  4.879763019 

C15  0.761613919  3.297972457  2.251136705 

H18  1.039262140  3.963782359  1.441540884 

C16 -0.415259305  2.681435905  2.431645529 

H21 -1.295566279  2.741245014  1.801067490 

O3 -0.903201801 -1.126850345 -0.854590492 

H3 -0.939945948 -1.034043286  0.128824514 
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The input file is generated as a text file on a desktop PC or server. The XYZ 

coordinates from the Spartan input file are copied to the text file and the atomic coordinates 

are grouped into the interacting and non-interacting fragments of a molecule or grouped 

into the two interacting molecules in the complex. An example is shown of a molecule for 

an I-SAPT calculation in Figure 5.1. The norbornene-PhOH rotor is shown in Spartan with 

the atomic labels and the corresponding XYZ coordinates in Table 5.1. The element labels 

in the Psi4 SAPT or I-SAPT input file can be letters (H, C, O) or numbers (1, 6, 8). The 

interacting fragments of interest are the phenolic OH group (O3 and H3) and the carbonyl 

group (C13 and O2). The atomic coordinates of the fragments are separated from each 

other and the remaining atoms in the molecules by “- -’’ marks in the input file. The 

molecule and fragment coordinates are each preceded by the multiplicity (0 1 for no 

unpaired electrons, or 0 2 for an unpaired electron). If the fragment is attached by 1 bond, 

then the fragment will be a doublet (0 2). If the fragment is connected by 2 bonds, then it 

is a singlet (0 1). The remaining framework will be 0 2 or 0 1 if the number of “broken” 

bonds to the fragments are odd or even, respectively. The job submission codes for the I-

SAPT calculations are then inserted in the text document and the input file is then ready 

for submission. These can be copied from the example input file shown in Table 5.2 which 

is a fi-SAPT(0) job with a jun-cc-pVDZ basis set. The input file is saved as a text document 

into the desktop folder of the computer with the Psi4 program. 

Different types of SAPTs are available in Psi4, including the traditional bimolecular 

SAPT and the intramolecular I-SAPT. Psi4 can also run these using the simplest SAPT0 

and also higher-order SAPT (SAPT2+, SAPT2+(3), and SAPT2+3). The current version 

of Q-Chem cannot run I-SAPT. 
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Table 5.2 I-SAPT Psi4 input file for the norbornene-PhOH hydrogen bonding rotor for the 

I-SAPT0 calculation between the phenol OH fragment and the imide C=O fragment.  

molecule mol { 

0 1 

-- 

0 2 

O   -0.903201801   -1.126850345     -0.854590492 

H   -0.939945948   -1.034043286      0.128824514 

-- 

0 1 

C     0.353231742    0.000364261     1.771776972 

O   -0.671362846   -0.653322406      1.611259200 

-- 

0 2 

H    1.443934581    -0.386690497    -4.542491334 

C    1.408867904    -0.248489425    -3.465278131 

C    1.274847435     0.091532576    -0.640079695 

C    0.338863317    -0.733363589    -2.738502488 

C    2.430699581     0.415188669    -2.788658619 

C    2.354754240     0.574477748    -1.412234428 

C    0.228841951    -0.586563178    -1.341188965 

H   -0.482850770   -1.255619271    -3.218351566 

H    3.290053934     0.812295591    -3.320226824 

H    3.160126617     1.086936174    -0.917876611 

N    1.313207762     0.347107306     0.810974165 

C    2.389213981     1.050599037     1.471092895 

C    2.042888611     1.260700559     2.923826518 

C    0.705507880     0.559520415     3.122572572 

H    2.859636201     0.878127749     3.541111343 

O    3.421905709     1.442327241     0.977424246 

C   -0.256698456     1.723313200     3.601746272 

H   -1.172850368     1.360782007     4.068239095 

H    0.712644150    -0.254172774    3.852378665 

C    1.727020908      2.765305180    3.300128449 

H    2.621244076      3.359164285    3.490111372 

C    0.749631857      2.512629737    4.474858369 

H    1.183598908     1.917889739     5.288001037 

H    0.326138420     3.436417564     4.879763019 

C    0.761613919     3.297972457     2.251136705 

H    1.039262140     3.963782359     1.441540884 

C   -0.415259305     2.681435905     2.431645529 

H   -1.295566279     2.741245014     1.801067490 

symmetry c1 

no_reorient 

no_com 

} 

set { 

basis         jun-cc-pvdz 

scf_type df 

guess sad 

freeze_core true 

} 

energy('fisapt0') 
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The SAPT calculation is performed by running Psi4 with the input file. First, open 

the anaconda terminal in the PC (Figure 5.2). Second, activate the preinstalled Psi4 

environment with the command: conda activate p4env. The Psi4 environment should be 

activated every time after opening the new anaconda terminal to get it ready for job 

submission. Save the input text file on the desktop and change the directory to desktop with 

the command: cd Desktop. Finally, the job submission can be completed with the 

command: psi4 [input file name]. 

 

Figure 5.2. Commands in anaconda terminal for activating Psi4 environment and job 

submission  

 

SAPT calculations are relatively fast but computation times will depend upon the 

size of the molecule and the basis set chosen for calculation. For example, the calculation 

of a smaller molecule is faster than a larger one and will also be faster with a smaller basis 

set. The generally recommended basis set for most SAPT and I-SAPT calculations in Psi4 

is the truncated Dunning’s basis set (jun-cc-pVDZ). After the completion of the 

calculation, the output file is saved on the desktop as a text document: [input file name].dat. 

The decomposed interaction energies are at the end of the output file; an example of the 

SAPT decomposed energies from the output file are shown in Table 5.3. 
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Table 5.3 SAPT decomposed energies for the OH•••O=C interaction in the norbornene-

PhOH rotor TS. 

SAPT Results    

Electrostatics  -39.08110811 [mEh]  -24.52376558  [kcal/mol] -102.60743521 [kJ/mol] 

    Elst10,r  -39.08110811 [mEh]  -24.52376558 [kcal/mol] -102.60743521 [kJ/mol] 

Exchange     50.51421947 [mEh]  31.69815128 [kcal/mol] 132.62506495 [kJ/mol] 

    Exch10   50.51421947 [mEh]  31.69815128 [kcal/mol] 132.62506495 [kJ/mol] 

    Exch10(S^2)   49.17585875 [mEh]  30.85831725 [kcal/mol] 129.11119937 [kJ/mol] 

Induction  -17.24476189 [mEh] -10.82125146 [kcal/mol] -45.27611610 [kJ/mol] 

   Ind20,r  -26.59262502 [mEh] -16.68712413 [kcal/mol] -69.81892737 [kJ/mol] 

   Exch-Ind20,r   16.93176555 [mEh]  10.62484329 [kcal/mol]  44.45434434 [kJ/mol] 

   delta HF,r (2)   -7.58390242 [mEh]  -4.75897062 [kcal/mol] -19.91153306 [kJ/mol] 

   Induction (A<-B)   -5.47928688 [mEh]  -3.43830443 [kcal/mol] -14.38586572 [kJ/mol] 

   Induction (B<-A) -11.76547501 [mEh]  -7.38294703 [kcal/mol] -30.89025037 [kJ/mol] 

Dispersion   -5.78786778 [mEh]   -3.63194186 [kcal/mol] -15.19604476 [kJ/mol] 

   Disp20      -8.17479394 [mEh]   -5.12976064 [kcal/mol] -21.46291853 [kJ/mol] 

   Exch-Disp20    2.38692616 [mEh]    1.49781878 [kcal/mol] 6.26687377 [kJ/mol] 

Total HF  -5.81165052 [mEh]   -3.64686576 [kcal/mol] -15.25848635 [kJ/mol] 

Total SAPT0 -11.59951830 [mEh]   -7.27880763 [kcal/mol] -30.45453111 [kJ/mol] 

 

5.2.3 Analysis of SAPT results 

The I-SAPT calculation allows the computation of intramolecular interaction 

energies between the interacting fragments. An example of results from SAPT calculations 

and how they can be used in the study of NCIs is shown below. The I-SAPT calculation 

was performed for hydrogen bonding (HB) and non-hydrogen bonding (nHB) norbornene-

PhOH rotors and the norbornene-PhOCH3 control rotor (Figure 5.3). The SAPT0 

decomposed energies of the rotors were calculated using the jun-cc-pVDZ basis set and are 

tabulated in Table 5.4. The decomposed energies provide useful information about which 

energy component has the most dominant role in stabilizing the rotors in the transition state 

and raises or lowers the rotational barrier. 
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Figure 5.3 Transition state structure of norbornene-PhOH (HB), norbornene-PhOH (nHB), 

and norbornene-PhOCH3 rotors with the interacting fragments highlighted in blue. 

 

Table 5.4 Calculated decomposed SAPT0 energies for different rotors. 

Rotor Interacting 

groups 

Eexch Eelst Eind Edisp Etotal 

Norbornene-PhOH 

(HB) 

OH•••O=C 31.69 -24.52 -10.82 -3.63 -7.28 

Norbornene-PhOH 

(nHB) 

HO•••O=C 10.47 8.29 -1.97 -1.31 15.48 

Norbornene-PhOCH3 

(nHB) 

CH3O•••O=C 12.14 7.63 -2.22 -1.62 15.93 

 

 

Figure 5.4 I-SAPT decomposed energies for the intramolecular interaction for different 

rotors calculated with jun-cc-pVDZ basis set. 
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The I-SAPT analysis of the rotors gives insight into the contribution of different 

interaction terms for the hydrogen bond stabilization of the transition state (TS) rotors in 

Figure 5.4. The analysis was consistent with previous energy decomposition analyses of 

hydrogen bond interactions.12 A linear correlation plot with a slope of 2.31 (Figure 5.5) 

was obtained by plotting total SAPT interaction energies (Etotal) against the experimental 

(ΔG‡) rotational barriers for norbornene-PhOH, norbornene-PhOCH3, norbornene-PhNH2, 

norbornene-PhN(CH3)2 and norbornene-PhNHCOCF3 rotors. This also confirms that the 

total SAPT interaction energies of the hydrogen bonding, and non-hydrogen bonding 

rotors, transition states follow the experimental rotational barrier trends for the molecular 

rotors. 

 

Figure 5.5 Correlation of total SAPT energies (SAPT Etotal) and experimental (ΔG‡) 

rotational barriers for norbornene-PhOH, norbornene-PhOCH3, norbornene-PhNH2, 

norbornene-PhN(CH3)2, and norbornene-PhNHCOCF3 rotors. 
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In the hydrogen bonding transition state (TS) of the phenol rotor (Figure 5.4, black 

bars), the large attractive term (-38.97 kcal/mol) is mainly made up of the electrostatic 

component with lesser contributions from the induction, and dispersion components. The 

attractive interactions are balanced out by an almost equally large repulsive exchange term 

(+31.69 kcal/mol). Thus the overall hydrogen bonding interaction is smaller but still 

attractive (-7.28 kcal/mol). Comparison of the exchange components of the hydrogen 

bonding and the non-hydrogen bonding structures of the phenol rotor show that the 

exchange (repulsion) in the hydrogen bonded phenol rotor is a combination of the repulsion 

from the two oxygen atoms (O•••O) (33%) and the proton with the carbonyl oxygen 

(O•••H--O) (67%). This is confirmed by the similarity of the exchange terms of the non-

hydrogen bonded OH rotor and the control OCH3 which cannot form an intramolecular 

hydrogen bond. The significant repulsive interactions in the hydrogen bonding rotor are 

due to the fact the hydrogen bonds position the heavy atoms and the hydrogen bonding 

proton within their van der Waals (vdw) radii.12 The repulsive interactions of the control 

non-hydrogen bonding rotor played a significant role in the large TS stabilization of the 

hydrogen bonds by canceling approximately one-third of the destabilizing repulsive 

interactions of the hydrogen bonding interactions.12 

The I-SAPT interaction energy analysis revealed the total interaction energy in the 

hydrogen bonded phenol rotor is small but still attractive, while, the total interaction energy 

in the non-hydrogen bonded control rotor is destabilizing as the non-hydrogen bonded rotor 

lacks the attractive components (Eelst, Eind, and Edisp) but still has one-third of the repulsive 

interactions. Thus the overall difference energy tends to be highly attractive (ΔE = -22.76 

kcal/mol) which is almost three times the total interaction energy of the hydrogen bonding 
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rotor. The large TS stabilization by the relatively weak hydrogen bond was attributed to 

the significant repulsive exchange component of the non-hydrogen bonding rotor. The 

large repulsive exchange component of the hydrogen bonding TS was ‘prepaid’ or partially 

balanced by the repulsive interactions in the control rotor. Therefore, difference energy 

(ΔE) contains all the attractive terms of the hydrogen bonding interaction, but only two-

thirds of the large repulsive exchange component. A detailed explanation for the stability 

of the transition state hydrogen bonding rotors can be found in our recent article.12 

5.3 Conclusions 

This chapter provides the background and instructions to perform SAPT/I-SAPT 

calculations to obtain decomposed interaction energies. The I-SAPT calculation was 

performed for the hydrogen bonding and non-hydrogen bonding norbornene-PhOH rotors, 

and the norbornene-PhOCH3 control rotor. The calculated I-SAPT interaction energies 

demonstrated that the weak hydrogen bond can stabilize the transition state with a 

surprisingly high magnitude due to the large exchange repulsion prepaid by the positioning 

of a phenolic proton between the two heavy oxygen atoms while forming the hydrogen 

bond. This study hence revealed the importance of the exchange (repulsive) interaction 

term in the stability of the hydrogen bonding norbornene-PhOH rotor. 

5.4 Supplemental Information 

Spartan structure and the XYZ coordinates for the non-hydrogen bonded 

norbornene-PhOH, and norbornene-PhOCH3 rotor are given in Table 5.5. 
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Table 5.5 XYZ coordinates of the TS structures of the norbornene-PhOH, and norbornene-

PhOCH3 rotors. 

                 
H1       1.699097429    -0.781976623    -4.483925394 

C1       1.598657119    -0.524720899    -3.435204324 

C4       1.269642426     0.152617039    -0.690080277 

C2       0.490404167    -0.933565299    -2.722084255 

C6       2.569786094     0.203903238    -2.772996413 

C5       2.398948218     0.524807645    -1.436614552 

C3       0.307331710    -0.634516735    -1.367711071 

H2      -0.275980709   -1.527121851    -3.216110818 

H6       3.466110109     0.536538681    -3.283653390 

H5       3.165557577     1.110910075    -0.964144800 

N1       1.221450007     0.545119131     0.709871301 

C12     2.155041465     1.453498571     1.276691961 

C9       2.008276808     1.465816259     2.775695828 

C10     0.765957792     0.637922991     3.061141747 

C13     0.243386950     0.210560076     1.709127342 

H9       2.926282839     1.062109608     3.209206520 

O1       2.951638210     2.141958456     0.693828108 

O2      -0.835266293    -0.270394798     1.549978496 

C7      -0.169127502     1.633762593     3.825258470 

H8      -0.982734782     1.150458117     4.361714061 

O3      -0.782806803    -1.137928277    -0.755044803 

H16     0.952777202    -0.257889794     3.657470846 

C8       1.669942072     2.862155393     3.396603158 

H10     2.538022853     3.501422256     3.541931095 

C14     0.896170655     2.390344920     4.645358367 

H11     1.483350114     1.741133172     5.302978545 

H17     0.478308140     3.217640894     5.221557257 

C15     0.530529003     3.439299597     2.576360277 

H18     0.640346264     4.222480189     1.837139390 

C16    -0.558397365     2.712654693     2.830803588 

H21    -1.521598751     2.779259696     2.341629467 

H3      -1.301103120    -1.628259120    -1.396775727 

H1     1.964229780    -0.479872970    -4.304662040 

C1     1.864862736    -0.240873073    -3.249373088 

C4     1.539109921     0.402934026    -0.488882656 

C2     0.734198346    -0.646520579    -2.550569635 

C6     2.854589861     0.453503268    -2.570007754 

C5     2.686656846     0.760215168    -1.221631924 

C3     0.557609918    -0.366243234    -1.186786412 

H2    -0.031001727    -1.211640648    -3.067494679 

H6     3.762724912     0.772021532    -3.072937230 

H5     3.463695741     1.319990938    -0.732123731 

N1     1.479555254     0.789642821     0.921237513 

C12    2.433887264     1.688832608     1.497123546 

C9     2.286020365     1.708663608     3.001668192 

C10    1.022479126     0.900434566     3.288946855 

C13    0.489529610     0.473966988     1.933248035 

H9     3.198521532     1.288674426     3.438778769 

O1     3.254259511     2.365648230     0.910618731 

O2    -0.609767495     0.003956875     1.790522873 

C7     0.102185433     1.921705773     4.060067661 

H8    -0.721081238     1.451915616     4.599534151 

O3    -0.517508246    -0.841396947    -0.519817529 

H16    1.192136118     0.002084910     3.891923407 

C8     1.973579625     3.119447621     3.631849526 

H10    2.857821103     3.740768020     3.778956892 

C14    1.191071421     2.653608845     4.886578212 

H11    1.766818381     1.987410622     5.541505076 

H17    0.790662654     3.488464812     5.469294782 

C15    0.839763945     3.729594240     2.819299934 

H18    0.963702353     4.523277843     2.090553662 

C16   -0.269070235     3.020310448     3.074053440 

H21   -1.237584067     3.114091432     2.595185263 

C17   -1.515937550    -1.578309089    -1.198483152 

H4    -1.989408406    -0.988650122    -1.995150014 

H7    -2.259692680    -1.818606812    -0.436751024 

H12   -1.118620167    -2.509051971    -1.626275599 
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