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ARTICLE INFO ABSTRACT

Keywords: Alkylphenols, which consist of a phenolic ring attached to an alkyl chain, are widely used in industrial processes
Mass spectrometry and consumer products, including food-contact materials such as plastic containers. Their broad application
DFT ) ) raises concerns regarding human exposure and environmental impact. In this work, density functional theory
?ybr:rd functional (DFT) was employed to investigate the electronic structure and chemical reactivity of alkylphenols using
pectroscopy

different DFT functionals. The key molecular descriptors, including ionization energy, electron affinity, HOMO-
LUMO gap, and global reactivity parameters, were systematically evaluated. Excited-state properties and
UV-Vis absorption spectra were further examined through time-dependent DFT (TD-DFT). The potential of
NO™ as a reagent ion was also explored through charge transfer and H~ abstraction reactions. Benchmark
DFT calculations confirm that B3LYP/6-311++G(d, p) is well-suited for ground-state studies, and further
evaluations demonstrate that NO* readily undergoes exothermic charge transfer with alkylphenols, proceeding
at collision-controlled rates. In contrast, hydride abstraction is endothermic, and association pathways are
not favorable. These findings underscore the potential of NO*-based chemical ionization mass spectrometry
(CIMS) techniques, such as PTR-MS and SIFT-MS, for the sensitive detection and quantification of alkylphenols.
Overall, this comprehensive computational study provides valuable insights into the stability, reactivity, and
photophysical behavior of alkylphenols, advancing their identification in both environmental monitoring and
human health risk assessments.

Endocrine disruptors
Collision rates

1. Introduction metal cleaning [7]. Further applications extend to textile manufactur-

ing and leather processing, agriculture, emulsion polymerization, and

Alkylphenols have garnered significant attention due to their
widespread presence in the environment and their potential role as
endocrine disruptors and xenoestrogens [1,2]. These compounds serve
as key raw materials in the production of various industrial products,
including surfactants, detergents, phenolic resins, polymer additives,
and lubricants. However, their hazardous nature classifies them among
the most concerning environmental toxicants, primarily due to their
endocrine-disrupting effects [3,4]. Among alkylphenols, octylphenol
and nonylphenol are capable of binding to estrogen receptors, thereby
disrupting the endocrine system. In addition to its use in the production
of nonylphenol ethoxylates — nonionic surfactants and detergents —
nonylphenol is also widely employed as an intermediate in the polymer
industry for the manufacture of resins, plastics, and stabilizers, as
well as in the production of mineral ore extraction chemicals such as
phenolic oximes [5,6]. Nonylphenol ethoxylates are commonly used
in laundering and cleaning applications, including floor and surface
cleaning in buildings, vehicle cleaning, antistatic formulations, and
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the production of paints and lacquers [7,8].

The main emission pathways of alkylphenols include wastewater
effluent (wastewater treatment plant discharge), industrial site release,
and land application of sewage sludge/biosolids, which are repeatedly
identified as primary environmental inputs. These compounds persist
in sediments, biota, and soils where alkylphenol ethoxylates have been
used. Their release into the environment can lead to estrogenic activity
and reproductive toxicity, interfering with the endocrine system in both
humans and animals [9].

Recent advances in real-time chemical ionization mass spectrometry
(CIMS) methods, proton transfer reaction mass spectrometry (PTR-
MS), and selected ion flow tube mass spectrometry (SIFT-MS) have
enabled high-sensitivity, non-destructive detection of alkylphenols at
trace levels in air, water, and biological matrices [10,11]. These meth-
ods offer advantages over GC-MS and LC-MS, especially for volatile
or semi-volatile organic compounds, by avoiding sample preparation
and reducing analysis time. Research highlights the urgent need for
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environmental monitoring of alkylphenols due to their persistence,
bioaccumulation, and contribution to ecosystem and health risks.

Theoretical studies of the toxicological, chemical reactivity, and
optical absorption properties of alkylphenols, along with their funda-
mental electronic-structure parameters, are essential for effective envi-
ronmental monitoring, their identification and quantification through
CIMS techniques. Density Functional Theory (DFT) has been widely
recognized as a powerful computational approach for analyzing the
chemical and reactivity properties of organic compounds [12-14].

Most previous studies on alkylphenols focus on isolated aspects
such as, environmental occurrence and toxicity, biodegradable or fate
in aquatic systems, and targeted analytical detection using GC-MS
or LC-MS [15-17]. Very few studies attempt a holistic molecular
level characterization that systematically addresses electronic structure,
spectroscopy, and ionization chemistry [18,19]. However, electronic
structure and reactivity analysis of alkylphenols are scarce, especially
comparative trends across different alkylphenols and different DFT
functionals.

However, detailed electronic structure and reactivity analyses of
alkylphenols remain limited; the existing data on alkylphenols of-
ten contain significant uncertainties, as the presence of large alkyl
chains increases the computational cost of DFT calculations and intro-
duces substantial conformational flexibility. Variations in chain fold-
ing and orientation can strongly influence molecular properties such
as polarizability. This means a single optimized geometry may not
adequately represent the ensemble-averaged behavior [18,20,21]. In
addition, ionization energies are ideally determined experimentally us-
ing photoelectron spectroscopy; however, for larger alkylphenols, such
measurements are scarce or unavailable and may be complicated by
thermal decomposition, molecular alignment effects, or experimental
limitations.

The present study fills this gap by providing qualitative descriptors
that explain structure-reactivity relationships. To ensure accurate and
reliable computations, a benchmark study is conducted using time-
dependent DFT (TD-DFT) with eight different DFT functionals and
the 6-311++G(d, p) basis set to evaluate the most suitable method
for predicting the excited-state properties of alkylphenols. [22-24].
By integrating quantum chemistry, spectroscopy, and real-time mass
spectrometry, this work advances beyond descriptive environmental
studies and establishes a predictive framework for understanding the
behavior of alkylphenols in atmospheric and analytical contexts.

2. Computations

This study employs various DFT functionals in combination with
the 6-3114+4+G(d, p) basis set to optimize the molecular structures of
alkylphenols. All computations were carried out using the Gaussian 16
software suite [25]. The optimized structures were confirmed as true
minima by ensuring the absence of imaginary frequencies in the vi-
brational analysis. Electronic excited-state calculations were performed
on the optimized geometry using the TDDFT method. TDDFT is an
extension of DFT used to study the electronic dynamics of systems
under time-dependent external fields [26-28]. It is widely applied to
calculate excited-state properties such as optical absorption spectra and
electronic excitations in molecules and solids [29].

All calculations were performed for neutral molecules (total charge
= 0) in their closed-shell singlet ground state (spin multiplicity = 1). De-
rived from conceptual DFT, global reactivity descriptors such as chem-
ical potential (u), chemical hardness (#), softness (¢), and electrophilic
index (w) quantify molecular reactivity using ionization potential (IP)
and electron affinity (EA), often approximated via Koopmans’ theorem
(IP~-Eyjomos EAR-E; ymo) [30-33].

These reactivity tools are vital in rationalizing trends in assessing
molecular reactivity, catalysis, material science, and drug design [34].
Chemical potential y = —y (electronegativity, y) is analogous to the
chemical potential in thermodynamics, which is the tendency of a
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substance to undergo a chemical change. In the context of molecules, it
represents the escaping tendency of electrons. i can be computed using
the equation below:

_IE+EA _ Eyomo +Erumo
-2 2
A more negative p indicates higher electronegativity and electron-
accepting tendency. Chemical hardness 7 represents the resistance to
electron density redistribution.

@

y = IE—EA _ ELumo — Exomo @
2 2
So the HOMO-LUMO gap is E; ymo-Enomo, Which is equal to 27.
Therefore, the gap is directly related to hardness. A large gap implies
a hard molecule, less reactive; a small gap implies soft, more reactive.
Then softness (¢) is the inverse of hardness, 1/(27).

1__ 1 3)

21 Erumo — Buomo
Softer molecules (smaller gaps) are more reactive and prone to
electron redistribution, indicating polarizability. The electrophilic in-

dex (w) is defined as ’2‘—” measures electrophilic strength, which is

similar to the concept of electronegativity squared over hardness. That
makes sense because a higher electronegativity (related to x) and lower
hardness would mean a higher tendency to attract electrons, hence
higher electrophilicity.

2 (E +E )2
H_ 'HOMO LUMO ( 4)

21 4(ELumo — Exomo)

Higher w values indicate stronger electrophiles (high electronega-
tivity, low hardness).

The selected functionals encompass a range of hybrid approaches,
including global hybrid functionals, range-separated hybrid function-
als, screened hybrid functionals, and HF calculations.

The chosen DFT functionals represent diverse approaches to incor-
porating exact exchange and correlation effects, balancing computa-
tional cost and accuracy:

» Global Hybrid Functionals: B3LYP (Becke 3-parameter, Lee-Yang—Parr

Functional) is one of the most widely used functionals. B3LYP
incorporates 20% exact HF exchange and 80% generalized gradi-
ent approximation (GGA) exchange [35]. It is well-known for its
good performance in predicting molecular geometries, vibrational
spectra, and electronic properties at a reasonable computational
cost. PBEO (Perdew-Burke—Ernzerhof Hybrid Functional) hybrid
functional [36] that combines 25% HF exchange with 75% GGA
exchange, while the correlation part is derived entirely from
PBE. It is known for its accuracy in both organic and inorganic
systems, as well as for solid-state materials. M06-2X [37] is a
highly parameterized meta-hybrid functional that includes 54%
HF exchange with the remaining 46% coming from the semi-local
exchange functional; this percentage applies to both the short-
range and long-range interactions as M06-2X does not utilize
a range-separation scheme to differentiate between them. It is
particularly effective for non-covalent interactions, main-group
thermochemistry, and transition metal chemistry.

Range-Separated Hybrid Functionals: CAM-B3LYP (Coulomb-
Attenuated Method B3LYP) functional [38] is a hybrid functional
used in computational chemistry, combining a long-range cor-
rected (LC) exchange—correlation term with the popular B3LYP
functional. CAM-B3LYP modifies B3LYP by incorporating 19% HF
exchange in the short range and 65% in the long range, improv-
ing its performance for charge transfer excitations. It is widely
used for excited-state calculations and systems with significant
electron delocalization. It is commonly used for molecular mod-
eling and quantum chemistry calculations. Similarly, LC-wHPBE
(Long-Range Corrected PBE with a wHPBE Exchange Functional)
functional [39] applies 0% HF exchange in the short range
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and 100% in the long range, making it suitable for long-range
interactions, charge transfer complexes, and large biomolecular
systems [40,41].

Screened Hybrid Functionals: HSEH1PBE (Heyd-Scuseria—
Ernzerhof Hybrid Functional) functional [42,43] used in DFT
calculations, which blends a short-range exchange-correlation
functional (PBE) with a portion of exact HF exchange. HSEH1PBE
incorporates 25% HF exchange at short range and 0% at long
range, which reduces computational cost while maintaining good
accuracy for periodic systems and solid-state materials. It is
designed to improve the accuracy of electronic structure cal-
culations, particularly for systems with delocalized electrons or
excited states. It is particularly effective for band gap predictions
and structural properties of materials [44].

Dispersion-Corrected Range-Separated Hybrid Functionals:
wB97XD [45] is a range-separated hybrid functional that includes
dispersion correction via empirical terms. It includes long-range
exact exchange and an empirical dispersion (D) correction. It
applies 22% HF exchange at short range and 100% at long
range, making it highly suitable for systems dominated by disper-
sion forces, such as van der Waals complexes and biomolecules.
wB97XD is known for improved accuracy in describing nonco-
valent interactions, thermochemical properties, and long-range
charge-transfer systems.

The 6-311++G(d, p) basis set [46,47] was considered for its bal-
anced treatment of valence and diffuse electron density. It includes
triple-zeta split-valence functions to accurately represent core and
valence orbitals. Diffuse functions (++) are essential for describing
weakly bound systems, anions, and molecules with significant elec-
tron delocalization [48]. The polarization functions (d, p) included
to enhance the flexibility of molecular orbitals, improving accuracy
in describing molecular geometries and interactions [49]. Alternative
basis sets involve trade-offs between computational cost and accu-
racy: 6-31+G(d,p) reduces computational cost but is less suitable for
high-precision vibrational analysis, 6-311G(d,p) is adequate for geom-
etry optimization but lacks diffuse functions, and aug-cc-pVTZ offers
benchmark-level accuracy at substantially higher computational cost.

The combination of these functionals and basis sets allows for a
comprehensive investigation of alkylphenols, covering both ground-
state electronic properties and non-covalent interactions. The inclusion
of functionals with varying HF exchange contributions enables a com-
parative analysis of their performance in predicting ionization energy,
dipole moments, polarizability, and electronic structure characteristics.
The results provide insights into how different functionals capture elec-
tron correlation and exchange effects, ultimately aiding in the selection
of an optimal functional for future studies on alkylphenols and related
organic compounds.

3. Results & Discussions

All molecular structures of alkylphenols were fully optimized us-
ing individual DFT functionals with the 6-3114+4+G(d, p) basis set.
The optimized geometrical structures are presented in Fig. 1. Table
1 summarizes the computed results, including minimum electronic
energy, dipole moment, polarizability, ionization energy (IE), electron
affinity (EA), highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energies, and the HOMO-LUMO
energy gap for eight different DFT functionals.

3.1. Electronic structure

3.1.1. Reference DFT functional

For 2-EPh, B3LYP was found to yield the lowest electronic energy,
while HF resulted in the highest optimization energy. Functionals such
as M06-2X and wB97XD produced optimized energies that closely
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matched those obtained from B3LYP. This trend was consistently ob-
served across all investigated alkylphenols.

The computed electric dipole moment of 2-EPh was found to be
1.38 Debye, aligning well with reported literature values of 1.37 De-
bye [50], whereas for 4-OPh, it was determined to be 1.53 Debye [51].
Since geometry optimization and ground-state properties are relatively
insensitive to the amount of correlation energy and HF exchange in-
cluded in the functional, the calculated parameters showed only slight
variations across different functionals. They were in close agreement
with previously reported values.

The IE, which represents the energy required to remove an electron
from a molecular system, was found to be 8.14 eV for p-ethylphenol,
as per literature [52]. The computed IE values using B3LYP (8.24 eV),
HSEH1PBE (8.22 eV), PBEO (8.23 eV), and wB97XD (8.29 eV) were in
close agreement with the reported data. These functionals incorporate
20%-25% exact HF exchange, which contributes to the accuracy of
their IE predictions. However, functionals with a higher proportion of
exact HF exchange, such as M06-2X and range-separated functionals,
which include HF exchange in both short- and long-range interactions,
tend to overestimate IE for alkylphenols. A graphical representation of
IE at DFT functional is shown in Fig. 2. A similar trend was observed
for 2-PPh, where the reported IE value of 8.20 eV [53] was in excellent
agreement with B3LYP (8.19 eV), HSEH1PBE (8.17 eV), PBEO (8.19
eV), and wB97XD (8.21 eV). These results reinforce the reliability of
hybrid functionals that incorporate a moderate amount of HF exchange.

Table S3 in the supplementary materials presents the exact HF
exchange contributions for various DFT functionals, highlighting their
influence on computed electronic properties. The results of this study
provide a comprehensive comparison of different DFT functionals for
alkylphenol derivatives, demonstrating their effectiveness in accurately
predicting molecular properties relevant to their stability and reactiv-
ity.

3.1.2. Chemical reactivity via C-DFT

These reactivity descriptors are obtained for 5 alkylphenols via 8
DFT functional and shown in Table 2.

Koopmans’ theorem is an approximation and assumes that the or-
bitals do not relax when electrons are added or removed. In reality,
ionization and electron affinity would involve some relaxation, so these
values might not be exact. However, approximation is used for these
descriptors.

When comparing the computed IE with the HOMO-LUMO energies
from various functionals, it is evident that range-separated DFT func-
tionals such as CAM-B3LYP, wB97XD, and LC-wHPBE, along with the
global hybrid functional M06-2X, produce comparable results for IE ~
—ehomo- Specifically, CAM-B3LYP underestimates IE values by 6%-8%,
while LC-wHPBE overestimates IE by less than 6%. Likewise, wB97XD
computes IE within 1%-2% of HOMO.

In contrast, the computed EA from these functionals is less accurate,
except for B3LYP, PBEO, and HSEH1PBE, which provide a better cor-
relation with EA ~—¢; jmo- B3LYP overestimates EA for 2-EPh, 2-PPh,
and 4-OPh by 9%, 7%, and 18%, respectively, and for 2-NPh and 4-NPh,
the overestimation exceeds 30%. Similarly, PBE underestimates EA by
about 50%, while HSEH1PBE overestimates EA by 9%—-40%, except for
4-OPh, where it underestimates EA by 8%. These results demonstrate
that while these values may not be perfectly accurate, they can still be
useful for predicting how a molecule will interact in chemical reactions,
as well as its stability, reactivity of a molecule, and whether it is more
likely to act as an electrophile or nucleophile.

3.2. Spectroscopy

3.2.1. IR spectra

Infrared (IR) spectroscopy is a crucial analytical technique used to
identify characteristic absorption peaks corresponding to various func-
tional groups and molecular structures. In this study, the fundamental
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Table 1
Computed electronic energy (4E,;,), dipole moment (up), polarizability («), ionization energy (IE), electron
affinity (EA), HOMO-LUMO energy, and HOMO-LUMO gap (4Eg;) of alkylphenols with 6-311++G(d, p) basis

set.
2-EPh 2-NPh 2-PPh 4-NPh 4-OPh
(Cg HwO) (C15H24 0) (CQ leo) (C15H24 0) (C14H22 0)
B;LYP AEy;, —386.2103323 —661.481111 —425.534994 —661.480409 —622.156066
Hp 1.10 1.15 1.14 1.45 1.46
a 14.46 27.73 16.40 27.83 25.94
IE 8.24 8.09 8.19 7.98 7.99
EA 0.44 0.68 0.43 0.30 0.41
Exomo -6.24 —6.22 —6.23 —6.12 —-6.12
ELovo -0.48 ~0.45 ~0.46 ~0.50 ~0.50
AEg 5.76 5.77 5.78 5.62 5.62
CAM-B;LYP AE\g, —385.997276 —-661.092786 —425.296893 -661.091620 -621.792312
Hp 1.10 1.15 1.17 1.53 1.55
a 14.47 27.73 16.40 27.83 25.94
IE 8.33 8.26 8.30 8.14 8.14
EA 0.62 0.59 0.61 0.59 0.60
Exomo —-7.66 —7.64 —7.65 -7.52 -7.52
Erumo 0.28 0.28 0.29 0.31 0.31
AEg 7.95 7.93 7.94 7.83 7.83
HF AEy;, —383.729676 —657.038819 —422.774054 —657.038085 —617.993965
Hp 1.13 1.18 1.17 1.53 1.55
a 13.41 25.47 15.16 25.48 23.76
1IE 7.18 7.12 7.15 7.06 7.07
EA 0.93 0.87 0.89 0.88 0.88
Exomo -8.46 —8.44 -8.46 -8.31 -8.32
E; umo 1.01 1.00 1.01 1.01 1.01
AEg 9.47 9.45 9.47 9.32 9.33
HSEH1PBE AEyg, —385.778822 —660.723344 —425.056900 -660.722350 —621.444621
Hp 1.12 1.17 1.16 1.43 1.44
a 14.27 27.39 16.18 27.49 25.62
IE 8.22 8.08 8.17 7.96 7.97
EA 0.44 0.54 0.44 0.51 0.71
Egomo -6.04 —6.02 —6.03 -5.91 -5.91
ELumo -0.62 -0.59 ~0.60 -0.65 -0.65
AEg 5.43 5.43 5.43 5.26 5.26
LC-wHPBE AEy;, —385.933509 —661.029305 —425.233159 —661.028138 —621.728791
Hp 1.14 1.20 1.19 1.51 1.52
a 13.64 26.04 15.45 26.13 24.36
1IE 8.43 8.36 8.40 8.25 8.25
EA 0.67 0.65 0.66 1.32 1.32
Euomo -8.91 -8.89 -8.90 -8.75 -8.75
ELumo 0.93 0.93 0.93 0.94 0.94
AEg 9.84 9.81 9.83 9.69 9.69
MO06-2X AEy;, —386.034609 —661.159017 —425.338388 —661.157082 —621.393184
Hp 1.13 1.19 1.18 1.49 1.50
a 13.99 26.89 15.87 26.97 25.13
IE 8.48 8.40 8.44 8.26 8.26
EA 0.71 0.67 0.74 0.67 0.68
Ehomo -7.57 -7.55 -7.56 -7.43 -7.43
Evono -0.17 -0.18 -0.17 -0.15 -0.15
AEg 7.41 7.38 7.40 7.28 7.28
PBEO AE\g, —385.746019 —660.668788 —425.020988 —660.667805 -621.393184
Hp 1.12 1.17 1.16 1.43 1.44
a 14.24 27.34 16.15 27.43 25.57
IE 8.23 8.11 8.19 7.99 8.00
EA 0.49 0.41 0.48 0.46 0.47
Bromo -6.43 —6.41 —6.42 -6.30 ~6.30
ELono -0.25 ~0.22 -0.15 -0.27 -0.27
AEg 6.18 6.19 6.19 6.03 6.02
wB97XD AEy;, —386.075256 —661.264345 —425.388324 —661.263165 —621.950515
Hp 1.12 1.19 1.17 1.46 1.47
a 14.11 27.02 15.99 27.11 25.27
1IE 8.29 8.21 8.25 8.09 8.09
EA 0.73 0.71 0.73 0.73 0.73
Enomo -8.19 -8.17 -8.18 -8.04 -8.04
E; umo 1.01 1.01 1.01 1.02 1.02
AEg 9.19 9.17 9.19 9.06 9.06

CAS no: 2-EPh (90-00-6), 2-NPh(136-83-4), 2-PPh(694-35-9), 4-NPh(104-40-5), 4-OPh(1806-26-4).
AEy;, in Hartree, up, in Debye, « in 7\3, HOMO-LUMO energy in eV, and 4E; in eV.

vibrational modes and their corresponding intensities were computed exhibits 51 fundamental vibrational modes within a C1 point group
using eight different DFT functionals combined with the 6-311++G(d, symmetry.

p) basis set. Fig. 3 presents the computed IR spectra for 2-EPh using It should be noted that when two conformers differ due to the pres-
different DFT functionals. The 2-EPh molecule, consisting of 19 atoms, ence or absence of intramolecular hydrogen bonding, IR spectroscopy
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(b) 2-NPh

(d) 2-NPh

"r

(e) 4-OPh

Fig. 1. Optimized geometries of alkylphenols using B3LYP/6-311++G(d, p) DFT method.

can reveal multiple O-H stretching bands, indicating the coexistence of
more than one conformer. The computed IR spectra of 2-EPh exhibit
two distinct O-H stretching bands at 3836 cm~! and approximately
3104 cm~!, corresponding to different conformational forms arising
from ortho substitution by the ethyl group.

The more stable gauche (cis) conformer is characterized by the
orientation of the -OH group toward the ethyl chain, enabling in-
tramolecular hydrogen bonding. This conformer is stabilized by a C-
H--- O interaction between the a-hydrogen of the ethyl group and the
oxygen atom of the hydroxyl group, resulting in a lower total energy
(-386.2103 au). In contrast, the trans conformer, in which the —-OH
group is oriented away from the ethyl substituent, lacks this stabilizing
interaction and is therefore higher in energy (-386.2092 au).

Spectroscopic techniques can distinguish between these conformers
because each possesses slightly different energy levels and, conse-
quently, distinct spectral signatures. The hydrogen-bonded O-H stretch
of the cis conformer appears as a broadened band at a lower frequency
around 3100 cm™!, whereas the free O-H stretching vibration of the
trans conformer occurs at the higher frequency of 3836 cm™!

Additionally, multiple peaks between 1646 cm~! and 1186 cm™!
correspond to G=C stretching. A sharp, high-intensity peak at 1128 cm~!
is attributed to C-O bending, while peaks observed below 1000 cm™!
represent the fingerprint region, which includes complex vibrations
such as C-C, C-O, and C-H single bond stretches and bends. The
fingerprint region is particularly useful for molecular identification due
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Fig. 2. Ionization energy (IE) of alkylphenols across DFT functional.

Table 2
Computed global reactivity parameters such as chemical potential (x), chemi-
cal hardness (), softness (o), electrophilic index (w), and electronegativity (y)
for alkylphenols occurring in this study. All values are in eV except (¢) which
is eV-1.

2-EPh 2-NPh 2-PPh 4-NPh 4-OPh
B;LYP u -3.3624 —-3.3372 —3.3462 -3.3070 -3.3075
n 2.8810 2.8869 2.8882 2.8101 2.8101
c 0.1736 0.1732 0.1731 0.1779 0.1779
® 1.9621 1.9289 1.9384 1.9459 1.9465
X 3.3624 3.3372 3.3462 3.3070 3.3075
CAM-B;LYP H" —-3.6901 —-3.6805 -3.6839 —3.6048 —-3.6051
n 3.9731 3.9643 3.9707 3.9153 3.9156
c 0.1258 0.1261 0.1259 0.1277 0.1277
9} 1.7136 1.7085 1.7089 1.6595 1.6596
X 3.6901 3.6805 3.6839 3.6048 3.6051
HF u -3.7278 -3.7198 -3.7229 -3.6529 —-3.6533
n 4.7371 4.7247 4.7336 4.6621 4.6625
c 0.1055 0.1058 0.1056 0.1072 0.1072
® 1.4668 1.4643 1.4640 1.4310 1.4312
X 3.7278 3.7198 3.7229 3.6529 3.6533
HSEH1PBE H" —-3.3280 —3.3085 —-3.3165 —-3.2829 —-3.2835
n 2.7127 2.7142 2.7157 2.6296 2.6296
c 0.1843 0.1842 0.1841 0.1901 0.1901
9} 2.0414 2.0165 2.0251 2.0493 2.0500
X 3.3280 3.3085 3.3165 3.2829 3.2835
LC-wHPBE u -3.9876 —-3.9802 -3.9821 -3.9071 -3.9074
n 4.9185 4.9065 4.9149 4.8435 4.8438
c 0.1017 0.1019 0.1017 0.1032 0.1032
® 1.6164 1.6144 1.6132 1.5759 1.5760
X 3.9876 3.9802 3.9821 3.9071 3.9074
MO06-2X H" —3.8688 —-3.8639 —3.8643 —3.7886 —3.7886
n 3.7028 3.6876 3.6980 3.6376 3.6382
c 0.1350 0.1356 0.1352 0.1375 0.1374
® 2.0211 2.0243 2.0190 1.9730 1.9727
X 3.8688 3.8639 3.8643 3.7886 3.7886
PBEO u -3.3394 -3.3169 -3.2843 -3.2871 -3.2875
n 3.0907 3.0946 3.1371 3.0128 3.0130
c 0.1618 0.1616 0.1594 0.1660 0.1659
® 1.8041 1.7776 1.7192 1.7932 1.7936
X 3.3394 3.3169 3.2843 3.2871 3.2875
wB97XD H" —3.5882 —-3.5805 —3.5820 -3.5101 —-3.5104
n 4.5970 4.5868 4.5948 4.5308 4.5311
c 0.1088 0.1090 0.1088 0.1104 0.1103
[ 1.4004 1.3975 1.3962 1.3597 1.3598
X 3.5882 3.5805 3.5820 3.5101 3.5104

to its unique vibrational patterns. The IR spectra obtained through DFT
aligned with the experimental spectra for 2-EPh [54,55].

Table 3

DFT computed oscillator strength (f), excitation energy (Eg,.), absorption
wavelength (4,), electronic transitions, and transition contribution for
2-EPh.

Method Oscillator 2-EPh AMax Major %
strength (f) Egyo (nm) transitions Share
(ev)
B,LYP 0.4696 6.6346  186.88  HOMO-1-LUMO+4 29
0.0399 4.9876 24859 HOMO-LUMO 81
CAM-B;LYP 0.3354 6.7593 183.43 HOMO-1-LUMO+3 18
0.0450 51990 238.48 HOMO-LUMO+3 49
HF 0.5156 7.2873  170.14 HOMO-1-LUMO+10 35
0.0598 5.7128 217.80 HOMO—-LUMO+11 24
HSEH1PBE 0.4006 6.7942  182.48 HOMO-1-LUMO+4 43
0.0483 5.0999  243.11 HOMO-LUMO 79
LC-wHPBE 0.5970 7.0398 176.12 HOMO-1-LUMO+7 41
0.0437 5.3189  233.10 HOMO-LUMO+6 42
MO06-2X 0.2851 6.7308 184.20 HOMO-1-LUMO+3 34
0.0002 5.4065 229.32 HOMO—-LUMO 85
PBEO 0.3814 6.8127  181.99 HOMO-1-LUMO+4 52
0.0004 5.3098 233.50 HOMO—-LUMO+1 92
wB97XD 0.6492 6.8490 181.02 HOMO-1-LUMO+7 23
0.0450 5.1979  238.53 HOMO-LUMO+3 52

From Fig. 3, variations in IR intensities and peak positions across
different DFT functionals are evident. For instance, B3LYP, HSEH1PBE,
MO06-2X, PBEO, and wB97XD exhibit high IR intensities for C-O vibra-
tions, with respective intensities of 272, 262, 262, 307, and 292 at
1128 cm™! (for B3LYP) and 1304 cm™! (for the others). In contrast,
range-separated functionals such as CAM-B3LYP and LC-wHPBE predict
C-O peaks with lower intensities of 151 and 134 at 1304 cm~! and
1312 cm™!, respectively.

Similarly, O-H stretching is weakly recognized by hybrid function-
als, as reflected in their IR intensities: 132 for B3LYP at 3840 cm™!,
142 for PBEO at 3896 cm™!, and 154 for wB97XD at 3920 cm™l.
However, CAM-B3LYP and LC-wHPBE predict sharper O-H peaks at
3880 cm~! and 3920 cm™!, respectively. The pronounced O-H peak
observed in M06-2X calculations is likely due to its high exact HF
exchange contribution (75%). O-H stretching peaks often appear broad
due to varying strengths of hydrogen bonding interactions among alco-
hol molecules, with frequency shifts primarily influenced by hydrogen
bonding strength and O-H bond characteristics.
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Fig. 3. IR spectra of 2-EPh using various DFT functional combinations with the 6-311++G(d, p) basis set. The spectra illustrate the characteristic vibrational
modes of 2-EPh, including O-H stretching, C-H stretching, C-O bending, and other fundamental vibrations. (Broadening parameters: Gaussian, FWHM 4 cm™!)

The differences in IR intensities among functionals such as B3LYP,
PBEO, M06-2X, CAM-B3LYP, and LC-wHPBE arise from their treatment
of electron exchange and correlation effects, particularly in long-range
interactions. Functionals like B3LYP, PBEO, and M06-2X, which do not
explicitly account for long-range electron correlation effects, tend to
overestimate electronic localization and dipole moment derivatives,

leading to higher IR intensities. Since IR intensities are proportional

to the square of the change in dipole moment during a vibrational
transition, these functionals predict enhanced IR signals.

Conversely, CAM-B3LYP and LC-wHPBE incorporate range-
separated hybrid exchange, where exact exchange contributions in-
crease with interelectronic distance. This approach mitigates the over-
estimation of electronic delocalization, leading to more accurate dipole
moment derivatives and, consequently, lower IR intensities. By im-
proving the description of long-range interactions, these functionals
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Fig. 4. UV-Vis spectra of 2-EPh across DFT functional. Inset image showing absorption spectra with lower e values but at higher excitation wavelength.
(Broadening parameters: UV-Vis peak half width at half height 0.33 eV and Gaussian broadening).

provide more reliable predictions of IR spectral features, especially approximately 184 nm (e = 47 000) and 202 nm (¢ = 7400). In con-
for molecules exhibiting significant charge delocalization or hydrogen trast, phenol has a maximum absorption wavelength Ay, of 211 nm,

attributed to a z-z* transition [56]. For 2-EPh, the B3LYP calculations
predict an excitation at 186.88 nm corresponding to a z-z* transition,
while the excitation at 245.59 nm is assigned to an n-z* transition
involving promotion of an oxygen lone-pair electron to an antibonding

bonding interactions.

3.2.2. Electron spectra
The computed excitation energies, oscillator strengths (f), excitation
wavelengths (Ay,,), excited-state spectral transitions, and transition x* orbital. Substituents at the ortho position of phenol can influence the
occupancies of 2-EPh are summarized in Table 3. The UV-Vis spectra, excitation wavelength through both electronic and steric effects [19].
which contain absorption bands with maximum excitation wavelengths The ethyl substituent behaves as an electron-donating group via
hyperconjugation, donating electron density from the ¢(C-H) bonds

into the aromatic » framework. Consequently, the electron density
in the aromatic ring increases, leading to an elevation of the HOMO
characteristics of the system. (z) level and a relative stabilization of the LUMO, which collectively
For 2-EPh using the B3LYP functional, the primary absorption results in a decrease in the HOMO-LUMO gap AEg. ?onsequent'ly,
peak is observed at 186.88 nm having molar absorptivity, ¢ (L. mol~! the reduced HOMO-LUMO gap produces a bathochromic (red) shift,
cm-1) = 37516. Additionally, a secondary absorption band appears shifting the absorption maximum to longer wavelengths. The obtained
at 248.59 nm (¢ = 1940), though with a lower oscillator strength results have shown a bathochromic shift in the excitation wavelength
of 0.0399, as shown in the inset of Fig. 4. The electronic transitions Amax for different functional following the theoretical explanation.
for two excited states, along with their oscillator strengths, excitation . Adlelonally, steric effects may ?lso play a ro.le, th°“$h they are typ-
energies, wavelengths, and percentage contributions, are summarized ically minor compared to electronic effects in influencing the absorp-
in Table, 3. B3LYP V\;hiCh includes 20% exact Focl; exchange, lacks tion characteristics. Similar trends are observed across different DFT
the necessa;ry exacé HF exchange contribution at both short an’d long functionals, each predicting varying transition energies, wavelengths,
ranges, which is essential for accurately describing excited-state prop- and major contributions to the excitation process, demonstrating their
i ’F ted functional hich i ¢ t HF influence on electronic structure calculations. A comprehensive visual-
er lﬁs' or trgnflf —s}tlepatra ed ) unctiona S’tl‘1N ;C 1nc10 rpora 61;2;3:3 ization of the variation of wavelengths across different DFT functional
exc_ igg(f O; 0 d 253;)r48an on§r1a§6g§s, P eCANI{;‘IX];/;LI;GIB’S arz 176.12 nm for investigated molecules is shown in Fig. 5. Table 3 highlights the
(e = ) an 48 nm (e = ) for ) an e nm excited states with the maximum excitation wavelength, comprising

(e =0 48839) and 233.10 nm (e = 1790) for L_C'WHPBE which contains major transition contribution and their respective percentage occupan-
100% exact HF exchange at long-range. It 1s 1mP0rtant t.o note th?t cies. For B3LYP, the dominant transition is from HOMO-1 to LUMO+4,
lower Ay, values correspond to the transitions with the highest oscil- with the highest occupancy of 29%. A total of ten transitions con-

lator strengths. The computed spectra also exhibit absorption at longer

using various DFT functionals are shown in Fig. 4. Excitation energies
and corresponding oscillator strengths for 20 singlet excited states
were computed to analyze the electronic transitions and absorption

. . tribute to the absorption spectrum, each with individual contributions,
Amax; however, these peaks are associated with lower ¢ values. Among however, very small. The secondary absorption band (typical for phe-
the hybrid functionals, the trend in maximum excitation wavelength nolic compounds) with BSLYP at 248.59 nm along with transition
Mg follows the order: B3LYP > M06-2X > HSEH1PBE > PBEO > contribution 81% is also shown. Similarly, for CAM-B3LYP, there are

three major transitions with contributions of 18%, 16%, and 15%,

wB97XD.
Among the functionals examined, HF produces the highest ab- respectively. Again, there are 10 such transitions comprising excited
sorption peak, whereas B3LYP exhibits the lowest. Range-separated state of CAM-B3LYP in primary absorption band. A similar pattern can
be observed in calculations using other DFT functionals for primary and

functionals like CAM-B3LYP and LC-wHPBE fall between these ex-
tremes. Additionally, the values obtained for wB97XD and MO06-2X
are closer to those of range-separated functionals, likely due to the
inclusion of dispersion correction in wB97XD and the high exact HF 3.3. Chemical ionization mass spectrometry
exchange (54%) in M06-2X.

Regarding the shift in the absorption bands of 2-EPh, aromatic Both PTR-MS and SIFT-MS are soft chemical ionization, real-time
compounds such as benzene exhibit two primary absorption bands at MS techniques excellent for volatile and semi-volatile organics. PTR-MS

secondary absorption bands.
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across DFT functional.

and SIFT-MS provide high time resolution, direct gas-phase analysis,
and (for SIFT-MS) robust quantitation via known ion-molecule kinetics
with selectable reagent ions (HzOt, NO*, O,*). They excel in VOCs
and breath/air monitoring. Proton transfer reaction (PTR) relies on
proton transfer — only molecules with proton affinity above water will
react efficiently. However, charge transfer reactions via NO*, O,* are
frequently studied in case the proton affinity of molecules is below
that of water, reactions via PTR occur through fragmentation or the
VOC under study is not detectable through PTR [57-59]. SIFT-MS
advantage includes multiple reagent ions, and kinetic databases can
facilitate quantitation when reaction rate constants are known or can
be measured/estimated. However, switchable reagent ion mass spec-
trometry (SRI-MS) is a proprietary technology of PTR-MS, where the
user can select from different reagent ions for chemical ionization direct
injection mass spectrometry. Through fast switching of the reagent ions
(less than 10 s) different reaction pathways can be triggered. Still,
method validation (calibration, matrix effects, recovery) is essential.

3.3.1. NO*-CIMS ion chemistry

In PTR-MS, reagent ions are most commonly H;O0", but alternative
reagent ions such as NO* can also be employed in CIMS mode to extend
selectivity [60].

Ionization mechanism of NO* includes with analyte molecules pri-
marily through charge transfer (5), hydride (H™) abstraction (6), and
association (7). Charge transfer:

NO* +M - M* + NO (5)
NO* + MH — M* + HNO (6)
NO* +M - M.NO* 2]

Charge transfer takes place when the IE of the analyte (M) is lower
than that of NO (9.26 eV), whereas association reactions are generally
favored for aromatic species and highly polarizable molecules. The
ionization energies of all alkylphenols considered in this study are well
below the IE of NO, indicating their suitability for charge transfer. The
enthalpy changes (4H) and Gibbs free energy (4G) for charge transfer
and hydride abstraction reactions of NO* with the major alkylphenols
were computed and are presented in Table 4. The results show that
charge transfer is exothermic and therefore a favorable pathway, while
hydride abstraction is endothermic and unlikely to occur under PTR-
MS conditions with NO* reagent ions. Similarly, the association of
alkylphenols with NO* was found to be unfavorable. Overall, the data
indicate that charge transfer reactions proceed at the collisional limit,
occurring upon nearly every encounter, and the corresponding rate
constants are calculated in Section 3.3.2.
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Table 4

Evaluated enthalpy change (4H) and Gibbs free energy (4G) of charge transfer
and hydride (H™) abstraction reaction between NO* and alkylphenols using
B3LYP/6-311++g(d, p) DFT method at 298.15 K.

NO* Reactions AH AG
(KCal/mol) (KCal/mol)

Charge transfer reactions

NO* + CgH,,0O (2-EPh) - CgH,,0* + NO —40.76 —41.85
NO* + C;5Hy40 (2-NPh) — C5sH,,O* + NO -44.12 -45.25
NO* + CgH;,0 (2-PPh) — CyH;,0" + NO —41.86 —42.95
NO* + C;5H,40 (4-NPh) — C;5H,,0" + NO —46.90 —47.65
NO* + C4H,,0 (4-OPh) — C;,H»,0" + NO —46.67 —47.45
Hydride (H™) abstraction

NO* + C4H,;,0 (2-EPh) — CgHy,0O* + HNO +62.59 +61.71
NO* + C;5H,40 (2-NPh) — C,5H,;0* + HNO +57.67 +56.52
NO* + CgH;,0 (2-PPh) — CoH;; 0" + HNO +60.71 +59.86
NO* + C;5Hy,0 (4-NPh) — C;5H,3;0% + HNO +55.45 +55.14
NO* + C4H,,0 (4-OPh) — C,,H,;O* + HNO +55.66 +55.33

NO* reagent ions provide a broader ionization range, allowing
detection of VOCs that do not react efficiently with H;O* (e.g., certain
hydrocarbons, aldehydes, aromatics). Also, isomer differentiation is
another advantage. Different VOCs can show distinct fragmentation
or adduct patterns with NO*, improving selectivity. Reduced water
clustering compared to H3O%, which can simplify spectra.

3.3.2. CIMS reaction collision rates

The absolute quantification of VOCs relies on the kinetics of ion—
molecule reactions between reagent ions (e.g., H;0", NO*t, O,%) and
analyte molecules [57,58]. The signal intensity measured is directly
proportional to the product ion concentration, which depends on the
reaction rate constant (k), the reagent ion concentration, and the
reaction time within the drift tube or flow tube. In PTR-MS, absolute
quantification often assumes that reactions proceed at the collisional
(Langevin) limit [61]; however, deviations occur, making accurate rate
constants important for compounds with atypical proton affinities. If
the rate constant is underestimated or overestimated, the calculated
VOC concentration will be correspondingly biased.

In CIMS, ion-molecule reaction rates are governed by long-range
electrostatic capture, with the Langevin model (ion-induced dipole)
giving a baseline rate constant, and the Su-Chesnavich [62] correction
accounting for permanent dipole orientation, linking polarizability and
dipole moment of neutrals to experimentally observed kinetics. A point
charge (ion) induces a dipole moment in a neutral molecule of polar-
izability (). According to classical capture theory, the rate constant is
given by

2

raq
Kiane = V , 8
Lang ey ( )

where ¢ = zg, is the charge of the ion (g, is the elementary charge in
Coulomb); « is the polarizability of the neutral species, y is the reduced
mass of the reactants, and ¢, is the permittivity of free space. Since cap-
ture probability is governed by long-range forces, ki ,,, is independent

of temperature. Typical value of ky,,, expected as 10~ cm®s™".

If the neutral has a permanent dipole moment (up), the interac-
tion is stronger and orientation-dependent. The rate constants of such
ion-molecule reactions are given by the method provided by Su and
Chesnavich. According to which a classical trajectory models an ion as
a point charge and the polar molecule as a two-dimensional rigid rotor
via the following parameterized equations:

kcap = kLang Kc(fv e) ’ (9)

where K, is the ion-molecule capture-rate coefficient at a given center-
of-mass kinetic energy (K E,,,,) by reduced parameters z and ¢ as given
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Table 5

Computed rate coefficients k,,, [61] and k,, [62] for the charge transfer
reaction of NO* with alkylphenols, in the units of (10~° cm?®s~!) at different
reduced electric field values. PTR-MS drift tube conditions (T = 300-480 K),
E/N = 100-150 Td (where E/N is the ratio of electric field to gas number
density and Td = Townsend = 107! Vm?).

Molecule T NO*
kg,y (1072 cm® s71)
K E/N — 100 110 120 130 140 150
2-EPh 300 ki, =181 193 191 190 189 1.88 1.87
350 1.92 1.91 1.89 1.88 1.87 1.87
400 1.91 1.90 1.89 1.88 1.87 1.86
480 1.91 1.89 1.88 1.87 1.87 1.86
2-NPh 300 kLang =239 2.47 2.46 2.45 2.44 2.44 2.43
350 2.46 2.45 2.45 2.44 2.43 2.43
400 2.46 2.45 2.44 2.44 2.43 2.43
480 2.45 2.45 2.44 2.43 2.43 2.42
2-PPh 300 k,__‘mg =191 2.02 2.01 1.99 1.98 1.97 1.97
350 2.02 2.00 1.99 1.98 1.97 1.96
400 2.01 2.00 1.98 1.97 1.97 1.96
480 2.00 1.99 1.98 1.97 1.96 1.96
4-NPh 300 k]_ang =240 2.53 2.51 2.49 2.48 2.47 2.46
350 2.52 2.50 2.49 2.48 2.47 2.46
400 2.51 2.50 2.48 2.47 2.46 2.46
480 2.50 2.49 2.48 2.47 2.46 2.45
4-OPh 300 kLu“g = 2.32 2.46 2.44 2.43 2.41 2.40 2.39
350 2.46 2.44 2.42 2.41 2.40 2.39
400 2.45 2.43 2.42 2.41 2.40 2.39
480 2.44 2.42 2.41 2.40 2.39 2.38
below.
= £, (10)
VaT
and
e= —1D an
aKE

com

For more information, refer to the related literature [62-64]. The
obtained results are given in Table 5, where the rate constants for
charge transfer reaction between NO* and alkylphenols are reported
at varying reduced electric field at different elevated temperatures as
occur under PTR-MS highly energetic conditions. In a typical SRI-MS
instrument [65,66] (switchable reagent ion version of PTR-MS), the
E/N value can vary from 80 to 155 Td (where 1 Td = 1 Townsend =
10717 Vcm?), a range covered in the present calculations. Table 5 lists
the computed reaction rates for charge transfer from NO* ions in SRI-
MS under the following conditions: E/N = 100-150 Td, air as buffer
gas (averaged over N, and O,), and 7 = 300 K to 480 K.

It is observed that increasing the temperature leads to a decrease
in reaction rate constants, consistent with theoretical expectations and
numerous experimental findings. Similarly, higher E/N values (electric
field to gas number density ratio) result in reduced rate constants,
although the relative decrease becomes less pronounced at elevated
E/N. The anticipated rates thus diminish with increasing E/N or center-
of-mass kinetic energy. Within a PTR/SRI-MS drift tube, the kinetics are
governed not only by pressure and temperature but also by the applied
electric field. This field imparts additional energy to collisions, making
them significantly more energetic (typically 0.1-0.5 eV) than thermal
collisions occurring at room temperature.

4. Conclusions

DFT calculations were performed to investigate the structural, elec-
tronic, chemical reactivity, and optical properties of alkylphenols. A
comprehensive benchmark study was conducted to evaluate the accu-
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racy in predicting electronic and UV-Vis properties. The results indicate
that hybrid functionals such as B3LYP and PBEQ are well-suited for
ground-state calculations, providing IE values that closely align with
experimental data. Further, B3LYP/6-311++G(d, p) DFT method com-
puted dipole moment and polarizability, is selected for the calculation
of rate constants for NO*-alkylphenol reactions.

The computed IE values using B3LYP, HSEH1PBE, PBEO, and
wB97XD demonstrate strong agreement with reported values, high-
lighting the role of 20%-25% exact HF exchange in improving pre-
diction accuracy. Global reactivity calculations further reveal that
range-separated functionals such as CAM-B3LYP, wB97XD, and LC-
wHPBE, as well as the hybrid functional M06-2X, show a strong
correlation with the Koopmans approximation (IE ~ —eygpo), While
B3LYP, PBEO, and HSEH1PBE better correlate with electron affinity (EA
~ —eumo)- For vibrational properties, functionals like B3LYP, PBEO,
and M06-2X tend to overestimate electronic localization and dipole
moment derivatives, leading to higher IR intensities. In contrast, range-
separated functionals such as CAM-B3LYP and LC-wHPBE provide more
accurate dipole moment derivatives by mitigating overestimation of
electronic delocalization, resulting in lower IR intensities.

The UV-Vis spectra computed from range-separated functionals
(CAM-B3LYP and LC-wHPBE) exhibit intermediate absorption values
between the extremes of HF and B3LYP. Functionals such as wB97XD
and M06-2X show absorption characteristics similar to range-separated
functionals, which can be attributed to dispersion corrections in
wB97XD and the high exact HF exchange (54%) in M06-2X.

The computed reaction enthalpies (4H) and Gibbs free energy (4G)
analysis indicate that NO* readily undergoes charge transfer with
alkylphenols. This charge transfer process is exothermic and proceeds
at collision-controlled rates. In contrast, hydride abstraction by NO*
is endothermic, while the association pathway is not favorable. These
results highlight the effectiveness of NO* as a reagent ion for the
detection and quantification of alkylphenols in CIMS techniques such
as PTR-MS and SIFT-MS.

This study provides a fundamental molecular-level understanding
of alkylphenols through the analysis of their electronic properties and
chemical reactivity parameters. The IR and UV-Vis investigations yield
validated spectroscopic fingerprints for molecular identification and
conformational analysis. In addition, the study offers mechanistic in-
sights into CI-MS detection and ion-molecule chemistry relevant to
alkylphenols and other structurally related compounds of environmen-
tal and health concern.
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Appendix A. Supplementary data

Optimized structure coordinates using B3LYP/6-311++g(d, p) DFT
method of alkylphenols are provided (S1), along with excited state
spectra (S2), collected as supplementary materials.

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.comptc.2026.115682.

Data availability

Data will be made available on request.
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