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ABSTRACT: Selected vibronic bands of the B̃ ← X̃ laser-induced fluorescence
(LIF) spectra of jet-cooled 2-pentoxy and 2-hexoxy, including the origin and
CO-stretch bands, have been measured with rotational resolution and analyzed
using (1) an effective Hamiltonian that comprises a rotational part and a spin-
rotation (SR) part (the “isolated-states model”) and (2) a recently developed
Hamiltonian in which the nearly degenerate Ã and X̃ states are treated together
(the “coupled-states model”) (see Liu, J., J. Chem. Phys. 2018, 148, 124112).
The observed rotational and fine structures of the strongest vibronic bands have
first been simulated using a genetic algorithm with the isolated-states model.
The parameters for the simulation include rotational constants for both the X̃
and B̃ states, which can be calculated from the electronic structure theory, as
well as the electronic SR constants of the X̃ state and the transition dipole
moments (TDMs), both of which are predicted based on their transferability in
an “orbital-fixed coordinate system” using iso-propoxy as the reference molecule.
Quantum chemistry calculations suggest that the lowest two electronic (X̃ and Ã) states of secondary alkoxy radicals have small
energy separations on the order of 100 cm−1 (see Part I of this series: J. Phys. Chem. A 2021, DOI: 10.1021/acs.jpca.0c10662). The
electron configurations of these two nearly degenerate states have been determined by comparing the experimentally determined
rotational constants and the TDMs to the ones predicted for the X̃ and Ã states. The experimental LIF spectra were also simulated
with the coupled-states model, in which the effective spin−orbit (SO) constants (aζed) and the SO-free separation between the Ã
and the X̃ states (ΔE0) have been determined. Molecular constants derived from fitting the rotational and fine structures of the
experimental LIF spectra enabled unambiguous assignment of the observed vibronic bands to specific conformers of 2-pentoxy and
2-hexoxy as reported in Part I.

1. INTRODUCTION
In the preceding paper1 called Part I, both the moderate-
resolution (vibronically resolved) and high-resolution (rota-
tionally and fine-structure resolved) laser-induced fluorescence
(LIF) spectra of 2-pentoxy and 2-hexoxy are reported.
Conformational identifications and vibronic assignments were
made based on the comparison between the experimental LIF
spectra and the ab initio calculated B̃−X̃ electronic transition
frequencies and B̃-state vibrational frequencies. The calcu-
lations confirmed that the lowest-energy conformers were
observed in the experiment. In the present paper (Part II of the
series), we report the prediction and simulation of the
rotational and fine structure of these two molecules. The
rotational analysis not only confirms the conformational and
vibronic assignments reported in Part I but also provides
quantitative insight into the strong vibronic interaction
between the nearly degenerate Ã and X̃ electronic states of
these two molecules.
The current rotational analysis and simulation are based on

our previous work on smaller secondary alkoxy radicals,
including iso-propoxy and 2-butoxy. Hence, we first review
previous results obtained from studying the high-resolution

LIF spectra of these two molecules, as well as the cyclohexoxy
radial. Historically, the rotational and fine structures of some
vibronic bands of the 2-butoxy radical were first successfully
simulated and assigned to two of the three conformers of the
radical: G+ (with clockwise gauche OC2C3C4 dihedral angle)
and G− (counterclockwise gauche).2 The origin band of the
third conformer, T (trans-), can be assigned using the principle
of exclusion but cannot be simulated using the simple
asymmetric top model. This is attributed to the vibronic
interaction between the ground (X̃) state and the low-lying
first-excited (Ã) state (at 55 cm−1 for the T conformer), which
is expected to strongly affect the effective electron spin-rotation
(SR) constants and the resulting fine structure.
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A breakthrough in understanding the fine structure of
secondary alkoxy radicals came in 2013 when Liu et al.3

successfully simulated the rotational and fine structure of the
B̃2A′−X̃2A′ origin band of iso-propoxy, the smallest secondary
alkoxy. First, the standard asymmetric rotor Hamiltonian was
used with quantum chemically calculated rotational constants
as initial estimates. The SR constants were predicted in an
“orbital-fixed coordinate system” based on the transferability of
the SR tensor4 using ethoxy as the reference molecule.5 The
SR constants were also calculated ab initio.6,7 Neither the
predicted nor the calculated SR constants agree with the values
determined from fitting the experimental high-resolution LIF
spectrum. Furthermore, the experimentally determined rota-
tional constants are not in as good agreement with the
calculated values as is the case of primary alkoxies. This is again
attributed to the strong Ã−X̃ vibronic interaction due to a
small Ã−X̃ separation (68 cm−1). The strength of the spin−
orbit (SO) coupling [−38.84 (10) cm−1] as well as the
Coriolis coupling, compared to the SO-free Ã−X̃ separation
[46.6 cm−1], invalidates the second-order perturbation theory
commonly used to predict and calculate the SR constants,
which assumes that the SR constants are dominated by the
contribution from the cross-terms of the SO and the Coriolis
coupling interactions in the effective Hamiltonian.8−11 Second-
order perturbation theory predicts that SR constants of the
ground electronic state have the same sign as the SO constant,
which is negative for alkoxy radicals. Quite the contrary, for iso-
propoxy, two out of the three diagonal elements of the SR
tensor (εaa and εcc) are positive. (Signs of off-diagonal elements
of the SR tensor cannot be determined from fitting the
experimental spectra.) It is also expected from the second-
order perturbation theory that εaa should vanish for iso-
propoxy for the following reasons. The iso-propoxy radical
belongs to the Cs point group, with the a principal axis
perpendicular to the Cs plane. The orbital angular momentum
(L) is presumed to lie within the Cs plane based on symmetry
arguments. As a result, the SR tensor is not expected to have a
projection onto the a axis. However, the experimentally
determined εaa has an anomalously large absolute value that is
comparable to the A rotational constant.
In response to the breakdown of the second-order

perturbation theory for SR constants, a “coupled-two-states”
model was developed in which the nearly degenerate Ã and X̃
states are treated simultaneously. The SO and Coriolis
coupling terms are included in the rotational effective
Hamiltonian explicitly. In this coupled-states model, the Ã−
X̃ separation is a combined effect of the SO interaction, the
“difference potential,”12 and the difference of the zero-point-
energies (ZPEs) between these two electronic states. The
experimental high-resolution LIF spectrum of the iso-propoxy
radical was simulated successfully with the coupled-states
model.3,13

Later, rotationally resolved LIF spectra of the B̃2A′−X̃2A″
and B̃2A′−Ã2A′ transitions of the chair-equatorial conformer of
cyclohexoxy,14 another secondary alkoxy radical belonging to
the Cs point group, were simulated and fit simultaneously using
the coupled-states model.15 The Ã−X̃ separation is only
61.3307 (4) cm−1 for cyclohexoxy, determined in the fit. The
combined simulation and fitting of the B̃2A′−X̃2A″ and B̃2A′−
Ã2A′ origin bands of cyclohxoxy further validates the new
spectroscopic model. It is worth noting that neither transition
frequencies nor transition intensities of the high-resolution LIF
spectra of cyclohexoxy can be reproduced using the isolated-

states model,14 in which the SO and Coriolis interactions
between the Ã and X̃ states are “absorbed” in the effective SR
constants.
The coupled-states model was originally developed for

molecules with a Cs symmetry plane like iso-propoxy and
cyclohexoxy. For these molecules, the components of SO and
Coriolis coupling terms that are perpendicular to the Cs plane
do not affect the rotational and fine structure and, hence,
vanish in the effective Hamiltonian. For molecules belonging
to the C1 group (without a symmetry element), all three
components of the SO and Coriolis interactions have to be
taken into account, which further complicates the effective
Hamiltonian. In 2018, the coupled-states model was
generalized to treat molecules without any symmetry
restrictions (C1 molecules).16 The SO and Coriolis interactions
are modeled in the internal-axis system (IAS),17 in which the
orbital angular momentum (L) and the vibrational angular
momentum (G) are assumed to be along the CO bond
orientation, defined as the z′ axis. A transform from the IAS to
the principal-axis system (PAS) involves the two orientation
angles (θ and ϕ) of the CO bond in the PAS.
In a recent paper by our groups,18 the generalized coupled-

states model was used to simulate and fit the previously
reported, high-resolution LIF spectra of primary5,19,20 and
secondary2,3 alkoxy radicals with four or fewer carbon atoms.
With the exception of the T conformer of 2-butoxy, these
spectra had been analyzed with the traditional “isolated-states
model,” in which the nearly degenerate Ã and X̃ states are
treated separately, whereas in the new fits using the coupled-
states model, the SO and Coriolis coupling interactions are
separated. The high-resolution LIF spectrum of the T
conformer of 2-butoxy could not be reproduced using the
isolated-states model but has been simulated using the
coupled-states model with high quality. The new simulation
using the coupled-states model unravels the mechanism of
interactions between the Ã and X̃ states. The interstate
coupling constants, including the effective SO constant (aζed),
the Coriolis coupling constant (ζt), and the SO-free Ã−X̃
separation (ΔE0), determined in fitting the high-resolution LIF
spectra, demonstrate a dependence on the sizes and
conformations of alkoxy radicals.
In the present paper, both the isolated-states model and the

coupled-states model will be applied to simulate and fit the
high-resolution LIF spectra of 1-pentoxy and 1-hexoxy. The
rest of this article is organized as follows: We first present a
prediction of the SR constants and transition dipole moments
(TDMs) of 2-pentoxy and 2-hexoxy (Section 2), followed by a
presentation of both spectroscopic models (Section 3). The
rotational and fine structures of the high-resolution LIF spectra
were first simulated with the isolated-states model, followed by
a least-squares fit to the transition frequencies (Section 4.1).
To improve the quality of fitting, the high-resolution spectra
were then fit using a genetic algorithm (GA) that simulates the
intensity profiles (Section 4.2). Finally, the spectra were fit
with the coupled-states model to extract the values for
interstate-coupling constants (Section 4.3). The fit results are
presented in Section 5. In Section 6, we will discuss the
implications of the fit values of the molecular parameters
through comparison with calculated results and with those of
smaller secondary alkoxies. We will also discuss the limitations
of the current spectral simulation and analysis.
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2. PREDICTION OF MOLECULAR PARAMETERS

To simulate the rotational and fine structures of the target
molecules in their high-resolution LIF spectra, SR constants
and TDMs need to be predicted and used as initial estimates in
the simulation and fitting. At this stage, no ab initio methods
are available for high-precision prediction of SR constants and
TDMs of open-shell molecules in nearly degenerate electronic
states such as alkoxy radicals. In the present work, they are
predicted semiempirically using reference molecules. Never-
theless, these predictions require the use of ab initio optimized
geometries and rotational constants presented in Part I.
2.1. SR Constants. In the high-resolution spectra, in

addition to the rotational structure, there is the resolved fine
structure that originates from the electron spin-molecular
rotation interaction. SR constants of the ground electronic (X̃)
state, therefore, need to be predicted as initial estimates for
spectral simulation. (The SR constants of the B̃ state are
negligible.) In the present work, the estimations are performed
using the same method as in our previous work on iso-
propoxy,3 which is based on the transferability of the SR tensor
upon alkyl substitution. To predict the SR constants of 2-
pentoxy, iso-propoxy is used as the reference molecule.3 The
transformation was done in a common “orbital-fixed

coordinate system,” which is defined as follows. The z′-axis
is along the CO bond. The x′-axis is perpendicular to the z′-
axis and within the plane defined by the CO-bond and the
orientation of the half-filled pπ orbital. The y′-axis is
perpendicular to the previous two (see Figure 1 of ref 16.).
Because the electron spin is well-localized on the oxygen

atom, in the common “orbital-fixed coordinate system,” the
“mass-independent SR tensor” defined as ε′ = Iε, where I is the
momentum of inertia tensor and ε is the SR tensor, is expected
to be approximately conserved upon alkyl substitution.21 The
SR tensor of the substituted molecules (εS) can therefore be
estimated from that of the reference molecule (εR), iso-propoxy
in the present work, using the relations4,21

ε ε ε ε

ε ε

= ′ = ′ = ′

= ′ =

− − − − −

− − − − − −

g gI I U U I U U

I U U U U I U U I U U

( ) ( )S S
1

S S
1

S
1
S S S

1
S

1
R S

S
1

S
1

R R R
1

S S
1

S
1

R R R R
1

S
(1)

where UR,S are the unitary transformation matrices that convert
the principal coordinates, in which the momentum of inertia
tensor I is diagonal, into the common coordinates (g) in which
the “mass-independent SR tensor,” ε′, is conserved upon
substitution, that is, εR′(g) = εS′(g). (Note that the difference
between the actual SR tensor and the experimentally

Table 1. Comparison between the Molecular Parameters of 2-Pentoxy Derived in GA Fitting and the Quantum Chemically
Calculated Ones (in cm−1)

G+T TT

cal.a,b expt.c cal.a,b expt.c

oop ip type I oop ip type II

A 0.26284 [3.8] 0.25428 [0.4] 0.25327 (40) 0.23424 [0.1] 0.23794 [1.7] 0.23400 (95)
B 0.05699 [−3.3] 0.05714 [−3.1] 0.05896 (14) 0.05939 [−1.8] 0.05799 [−4.1] 0.06049 (35)
C 0.05039 [−5.6] 0.05003 [−6.3] 0.05339 (14) 0.05108 [−2.1] 0.04995 [−4.2] 0.05215 (34)
εaa 0.1069 {2.1} 0.1105 {2.1} 0.0520 (20) 0.0054 {-0.2} −0.0176 {0.7} −0.0252 (25)
εbb −0.0241 {0.7} −0.0291 {0.8} −0.0366 (8) −0.0085 {0.6} −0.0050 {0.4} −0.0139 (19)
εcc 0.0134 {0.7} 0.0162 {0.8} 0.0197 (8) 0.0189 {2.6} 0.0206 {2.9} 0.0072 (16)
A 1.000 0.002 0.000 1.000 0.008 1.000
B 0.741 0.003 0.523 0.073 0.003 0.178
C 0.101 1.000 1.000 0.111 1.000 0.347

aThe numbers in square brackets represent the percent deviation of the predicted constant with respect to the fitted results. bThe numbers in curly
brackets are the ratios between the predicted and fit values. cThe numbers in parentheses following the experimental values represent 1σ in the unit
of the last digit.

Table 2. Comparison between the Molecular Parameters of 2-Hexoxy Derived in GA Fitting and the Quantum Chemically
Calculated Ones (in cm−1)

G+TT TTT

cal.a,b expt.c cal.a,b expt.c

oop ip type I oop ip type II

A 0.23826 [−0.5] 0.23156 [−3.3] 0.23957 (59) 0.22388 [4.7] 0.21498 [0.5] 0.21385 (39)
B 0.03321 [2.3] 0.03326 [2.5] 0.03245 (13) 0.03322 [−3.7] 0.03355 [−2.8] 0.03451 (9)
C 0.03069 [5.5] 0.03060 [5.2] 0.02909 (13) 0.03057 [−2.3] 0.03054 [−2.4] 0.03128 (8)
εaa 0.0198 {2.0} 0.0462 {4.7} 0.0099 (37) 1.2664 {-24.9} −0.7662 {15.1} −0.0509 (9)
εbb −0.0069 {−3.1} −0.0211 {−9.5} 0.0022 (12) −0.0270 {460.8} 0.0619 {−1056.3} −0.0001 (1)
εcc 0.0026 {−0.7} 0.0120 {−3.4} −0.0036 (10) −0.1543 {−27.4} 0.0464 {8.2} 0.0056 (4)
εab −0.0201 (14) 0.0236 (7)
A 1.000 0.006 0.162 0.178 1.000 1.000
B 0.050 0.314 0.063 0.426 0.094 0.047
c 0.168 1.000 1.000 1.000 0.866 0.255

aThe numbers in square brackets represent the percent deviation of the predicted constant with respect to the fitted results. bThe numbers in curly
brackets are the ratios between the predicted and fit values. cThe numbers in parentheses following the experimental values represent 1σ in the unit
of the last digit.
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determinable “reduced SR tensor” εS̃ is neglected in the
present work as has been done previously.4,22)
The iso-propoxy radical belongs to the Cs symmetry group

with the OCH plane as the reflection plane. Its ground (X̃) and
first excited (Ã) states have A′ and A″ symmetries,
respectively. In the present work, we assume that the OCH
plane of 2-pentoxy and 2-hexoxy remains a “local” Cs plane to
the orbital and vibrational wave functions as in iso-propoxy,
although their overall molecular symmetry belongs to the C1
group. The half-filled pπ orbital may either lie in the OCH
plane or is perpendicular to it. They are labeled as “in-plane”
(ip) and “out-of-the-plane” (oop) configurations (see Part I).
Because of the near degeneracy of the Ã and X̃ states, quantum
chemistry calculations do not provide a reliable prediction as
to which electron configuration gives the lower energy.
Therefore, SR constants were predicted for both of the
configurations, that is, for both the X̃ and Ã states.
2.2. TDMs. Similar to SR tensors, the TDMs of alkoxy

radicals are also closely related to the electron configurations of
the two involved electronic states. Electron promotion related
to the B̃← Ã/X̃ transition of the alkoxy radical is also localized
to the oxygen atom. Therefore, it is reasonable to assume that
the TDM is largely invariant in the “orbital-fixed coordinate
system.” The TDM of a substitution molecule (dS) hence can
be predicted from that of a reference molecule (dR), utilizing
the geometry-determined unitary transformation matrices of
both molecules (UR and US as defined above)

= −d dU US S
1

R R (2)

As with the SR tensors, we use iso-propoxy, which shows a
pure c-type B̃ ← X̃ transition, as the reference molecule to
predict the TDM of 2-pentoxy, and then use 2-pentoxy as the
reference molecule in the prediction of 2-hexoxy.
The predicted values for SR constants and TDMs of the

G+T and TT conformers of 2-pentoxy, along with their
rotational constants, are listed in Table 1, while those for the G
+TT and TTT conformers of 2-hexoxy are listed in Table 2. It
has been found that when comparing the two electronic
configurations, ip and oop, the predicted SR tensors are similar
to one another while the TDMs change significantly. This is
because the switch between these two configurations
corresponds to a rotation around the CO bond (the z′-axis
of the “orbital-fixed coordinate system”). The components of
the mass-independent SR tensor of iso-propoxy along the x′-
and y′-directions are comparable to each other, that is, the
tensor is “near prolate.” A rotation around the z′-axis,
therefore, does not change the tensor greatly. The TDM,
however, is a vector that forms an angle with the z′-axis and
changes significantly for a rotation around it.

3. SPECTROSCOPIC MODELS
3.1. Isolated-States Model. The effective Hamiltonian of

the isolated-states model used in the present work consists of
two parts: the rotational part and the SR part. Other smaller
terms such as that for centrifugal distortion can be neglected in
simulating jet-cooled spectra because of the low rotational
temperature in the jet expansion. This model has been
employed in our previous work on high-resolution LIF spectra
of alkoxy radicals (except methoxy23,24 and t-butoxy25 because
of their high symmetry). In brief, it can be written as

= +H H Heff
IS

Rot SR (3)

where HRot represents the rotational part of the Hamiltonian
and HSR represents the SR part. In the PAS (a, b, c)

= + +A B CH N N Na b cRot
2 2 2

(4)

in which A, B, and C are the rotational constants and N is the
“spinless” rotational angular momentum, N = J − S, where J is
the total angular momentum of the molecule and S is the
electron spin.
The fine structure due to the coupling between the electron

spin and the rotation of the molecule is modeled by the SR
term HSR

22

∑ ε= +
α β

α β β ααβ N S N SH
1
2

( )SR
, (5)

where εαβ (α, β = a, b, c) are the elements of the SR tensor in
the PAS.
The Hamiltonian matrix was constructed in a Hund’s case

(b) symmetric top basis set |J, N, K, S⟩. The transition intensity
formula used in this work is identical to our previous work5,19

and, hence, will not be repeated here.
3.2. Coupled-Two-States Model. The dominant con-

tribution to the SR constants is via the cross-term of the SO
interaction and the “L-uncoupling” term,26,27 or the “Coriolis
coupling term” if the vibrational angular momentum is also
involved.28 For “Born−Oppenheimer states,” for which the SO
and Coriolis interactions are significantly smaller than the
energy separation between the vibronic states, the numerical
values of the nth state SR constants may be predicted by the
second-order perturbation theory

∑ ∑
ε ε

μ

μ

≈

= − [⟨ ′| + | ⟩⟨ | | ′⟩ + ⟨ ′| | ⟩

⟨ | + | ′⟩] [ − ]

δ
δ δ β β

δ δ

αβ αβ

′≠
αδ

αδ ′

n L G n n aL n n aL n

n L G n E E

( )

( ) /

n n

n n

(2)

(6)

where α, β, and δ are Cartesian coordinates and μ is the
effective reciprocal inertia tensor. |n′⟩’s are states interacting
with the nth state.
For degenerate or nearly degenerate electronic states, the

second-order perturbation theory (eq 6) breaks down and does
not provide a physically meaningful interpretation to the
numerical values of the SR constants (see Section 4). For such
states, a “coupled-two-states” model has been developed to
simulate the rotational and fine structure,16 in which the SO
constant and the Coriolis coupling coefficient are used in lieu
of the SR constants.
Details of the coupled-states model can be found in previous

publications of our groups.16,18 The Hamiltonian includes the
following terms

= + + + +H H H H H Heff
CS

q SO C Rot SR (7)

where Hq is the vibronic quenching Hamiltonian that gives rise
to the separation of the Ã and X̃ states by ΔE0, while HSO and
HC are the SO and Coriolis coupling terms, respectively. The
rotational term (HRot) and the SR term (HSR) have the same
forms as eqs 4 and 5, respectively. HSO and HC are constructed
in the Ir representation of the PAS, (x, y, z) = (b, c, a), and can
be written as
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ζ θ θ ϕ θ ϕ

ζ

= + +

=

′

′ ′

a d S S S

a d S

H (cos sin cos sin sin )z z x y

z z

SO e

e (8)

and

ζ θ θ ϕ θ

ϕ

= − + +′ B N B N

B N

H 2 (cos sin cos sin

sin )
z z z x x

y y

C t

(9)

where z′ denotes the direction of L and (L + G), both of which
are assumed to be along the CO bond direction in alkoxy
radicals because the wave function of the unpaired electron is
localized on the CO group. The polar angle of z′ in the PAS,
that is, the angle between the z and z′ axes is denoted by θ, and
the azimuth angle of z′ in the PAS (with respect to x) is
denoted by ϕ. (See Figure 1a of ref 16.) The expectation
values of L and (L + G) in the vibronic representation are
denoted by ζed (vibronic quenching factor of the SO constant)
and ζt (Coriolis coupling constant), respectively. (The
expectation value of (L + G) in a vibronic state is dubbed
the “Coriolis coupling coefficient,” ζt, in distinction to the
“Coriolis coefficient” or the “Coriolis constant,” which involves
only the vibrational angular momentum.) ′z in eqs. 8 and 9 is
the normalized or “unquenched” orbital angular momentum
operator.28 As discussed in ref 18, for vibrationless levels of
electronic states with weak (pseudo-)Jahn−Teller interactions

ζ ζ ζ≈ =d a d a( )/t e e (10)

where a is the atomic-like SO constant, ζe is the expectation
value of the z′-axis projection of the total orbital angular
momentum of the electrons, and d is the vibronic quenching

factor, viz. , the Ham factor. Following previous
works,3,15,18,29,30 we assume that a is the same for the Ã/X̃-
state alkoxy radicals and the ground-state OH radical
[aOH(X̃

2Π) = −139.050877 (41) cm−1]31,32 because in all
cases, the unpaired electron is largely localized on the oxygen
atom.
Matrix elements of the coupled-states Hamiltonian terms in

eq 7 have been derived in four types of basis sets in ref 16. and
included in its Supporting Information. In the present work,
the totally symmetrized Hund’s case (b) basis set is adopted.
The overall (rotationless) Ã−X̃ separation contains contribu-
tions from both the SO splitting and the SO-free separation,
ΔE0, and can be calculated as

ζΔ = + Δ̃ − ̃E a d E(( ) )A X
e

2
0

2
(11)

4. SPECTRAL SIMULATION
In the isolated-states model,2,19 a common effective Hamil-
tonian for asymmetric tops is used to simulate the rotational
energy level structure of alkoxy radicals. Because of the
relatively small rotational constants, LIF spectra of the large
secondary alkoxies studied in the present work are highly
congested, which makes a definitive assignment of spectral
lines difficult. The fine structure due to the SR interaction
further complicates the situation. Even with the calculated
rotational constants and the predicted SR constants, the
assignment of the transition lines and the simulation of the
spectra are arduous. To overcome the difficulty, the conven-
tional least-square fitting of transition frequencies and the GA
were combined to simulate the experimentally observed
spectra.

Figure 1. Experimental high-resolution LIF spectra of bands A and B of 2-pentoxy compared to simulations using predicted molecular parameters
for the G+T and TT conformers, respectively. For each conformer, two sets of predicted ground-state molecular parameters corresponding to the
two electronic configurations (ip and oop) are used to simulate the spectrum.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://dx.doi.org/10.1021/acs.jpca.0c10663
J. Phys. Chem. A 2021, 125, 1402−1412

1406

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c10663/suppl_file/jp0c10663_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10663?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10663?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10663?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10663?fig=fig1&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c10663?ref=pdf


The GA is a global optimizer that implements Darwin’s
natural selection principle to simulate and fit experimental data
with given parameters. The readers are referred to the original
literature for a detailed description of the GA (refs. 33−36)
and its application to the analysis of high-resolution spectra
(refs. 37,38). With GA, both the frequency and intensity
information of the entire spectrum are used, and the lineshape
of the spectrum is fit, instead of only the transition frequencies
or intensities of individual lines as is done with conventional
methods for spectral analysis. More accurate information can
therefore be derived from a congested spectrum. Furthermore,
GA utilizes automatic line assignment, which has a particular
advantage when dealing with dense rovibrational spectra, for
which spectral assignment by eye is difficult. GA is inherently a
parallel procedure and can be efficiently implemented by
parallel computing, which reduces the time of computation
with more CPU resources. On the other hand, GA requires a
rather precise calculation of rotational constants and
estimation of other molecular parameters, such as TDMs, as
a starting point of the fitting for a reasonable rate of
convergence. In the present work, the conventional nonlinear
least-squares fit typically provided a simulation in which the
strongest lines are within about a full width at half-maximum
from the experimental peaks before the molecular constant and
spectroscopic parameters were used as initial values for GA.
Because of the strong interaction between the nearly

degenerate Ã and X̃ states of alkoxy radicals, the coupled-
states model provides a more realistic description of the energy
level structure of the molecules and can be used to derive
physically more meaningful numerical values for molecular
constants, especially the SO constant and the Coriolis coupling
coefficient.
The simulation of transition frequencies and nonlinear least-

squares fitting using either spectroscopic model were carried
out using the SpecView software,39 while the GA simulation
was run on a Linux cluster in Nijmegen based on SUN Fire
X4100 and X4150 machines.
4.1. Simulation and Fitting with the Isolated-States

Model. We first simulated the high-resolution spectra of 2-
pentoxy using the isolated-states model with ab initio
calculated rotational constants and predicted SR constants
and TDMs. Figure 1 shows the comparison between the
experimentally observed spectra and those simulated with the
calculated and predicted molecular parameters. For each
conformer (G+T and TT), the high-resolution spectra are
simulated with two sets of molecular parameters, correspond-
ing to the two possible electronic configurations for the ground
state (ip and oop, see Table 2 of Part I). It is obvious that for
band A, the oop configuration of the G+T conformer gives a
better simulation, while for band B, the ip configuration of the
TT conformer gives a better simulation.
The details of the rotational and fine structure, however, are

barely reproduced by the simulation using calculated and
predicted molecular parameters, and a one-to-one assignment
is possible only for the strongest features. Following the
approach outlined above, the strongest transitions were
tentatively assigned to lines in the experimentally obtained
spectra, and a least-squares fitting was carried out. Since the
B3LYP calculation usually gives a reliable prediction to
ground-state rotational constants,19,20,40 they were kept
unchanged in the simulation, while other constants and
parameters were adjusted and then fit to obtain the best
match between the simulated and experimental spectra. Once a

good match was reached, GA was used to simulate the
spectrum.
As presented in Part I, LIF spectra of 2-pentoxy and 2-

hexoxy each contain vibronic bands with two types of
rotational and fine structures, namely, type I and type II (see
Figures 4 and 5 in Part I). Vibronic bands with different types
of rotational structure are assigned to different conformers of a
molecule. For both 2-pentoxy and 2-hexoxy, band A and band
B belong to type I and type II rotational structures,
respectively. Based on the simulations using the conventional
spectroscopic method described above, type I and type II
vibronic bands of 2-pentoxy are assigned to the G+T and TT
conformers, respectively. For 2-hexoxy, the type I and type II
vibronic bands are similar to those of 2-pentoxy and can be
assigned tentatively to the G+TT and TTT conformers,
respectively. Such assignments will be confirmed in the
spectroscopic fitting described below.

4.2. Simulation and Fitting Using GA. To fit the high-
resolution spectra of 2-pentoxy with GA, the Hamiltonian of
eq 3 was used. Rotational constants (A, B, and C) for both the
X̃ and B̃ states and diagonal SR constants (εaa, εbb, εcc) of the X̃
state were involved in the GA fitting. For each molecule, all
vibronic bands with the same rotational structure (type I or
type II) were fit simultaneously using the same set of ground-
state molecular constants. The vibronic transition frequencies
of these bands were included in the fitting too. Rotational
constants and SR constants of corresponding conformers
determined in the conventional spectroscopic fitting (see
Section 4.1) were used in the initial simulation. First, the
diagonal SR constants were included in the fitting, followed by
excited-state rotational constants. Ground-state rotational
constants were included in the fitting later. One of the off-
diagonal SR parameters, (εab+εba)/2, was also included in the
GA fitting of 2-hexoxy spectra since it has a significant
contribution to the quality of fitting. Adding molecular
constants step by step helps breaking correlation between fit
parameters, especially between the ground- and excited-state
rotational constants.
Several other parameters for each band were included to fit

the intensity of the spectra, including the rotational temper-
ature, Trot, and θμ and ϕμ that represent the orientation of the
TDM, μ, in the PAS.37,38 The a, b, and c components of the
TDMs are given by the relations

μ μ θ

μ μ θ ϕ

μ μ θ ϕ

=

=

=

μ

μ μ

μ μ

cos

sin cos

sin sin

a

b

c (12)

Two linewidth parameters, ΔνL and ΔνG, for the Lorentzian
and Gaussian components in the Voigt line shape function,
respectively, were fixed in the fitting.

4.3. Simulation and Fitting with the Coupled-States
Model. To extract quantitative information about the Ã−X̃
interstate coupling in 2-pentoxy and 2-hexoxy, high-resolution
LIF spectra of their B̃−X̃ origin bands were simulated using the
coupled-states model, in which the SO constants (ζed) and
SO-free Ã−X̃ separations (ΔE0) are determined. Limited by
experimental resolution, a line-to-line assignment of the
rotational and fine structure can only be achieved for strong
transitions. Therefore, we fix the rotational constants of both
the B̃ and X̃ states to those determined in the GA simulation,
all SR constants are set to zero, and the orientation angles of
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the CO bond are set to those values calculated ab initio. The
overall Ã−X̃ separations (ΔEÃ−X̃) of 2-pentoxy and 2-hexoxy
have not been determined experimentally. In the present work,

Δ ̃ − ̃EA X of the TT conformer of 2-pencoty and the TTT
conformer of 2-hexoxy was fixed to that of the T conformer of

2-butoxy (55 cm−1), while Δ ̃ − ̃EA X of the G+T conformer of 2-
pencoty and the G+TT conformer of 2-hexoxy was fixed to
that of the G+ conformer of 2-butoxy (125 cm−1). We further
apply the approximations that ζt = ζed, and ζed = (aζed)/aOH.
The SO-free Ã−X̃ separation (ΔE0) is related to aζed and

Δ ̃ − ̃EA X through eq 11. Therefore, the only molecular constant
in the coupled-states model that needs to be fit is the effective
SO constant aζed.

5. RESULTS

The rotational and fine structures of all five non-overlapping
vibronic bands of 2-pentoxy for which high-resolution LIF
spectra were obtained (A, B, C1, C2, C3) were simulated and fit
using the isolated-states model with GA. The fit parameters are
summarized in Table 3. The resulting simulated bands A and B

Table 3. Molecular Parameters of 2-Pentoxy Obtained by a Fit to the High-Resolution Spectrum Using a GA

conformer G+T TT

band A C1 C2 B C3

X State
A (cm−1) 0.25327 (40) 0.25327 (40) 0.25327 (40) 0.23400 (95) 0.23400 (95)
B (cm−1) 0.05896 (14) 0.05896 (14) 0.05896 (14) 0.06049 (35) 0.06049 (35)
C (cm−1) 0.05339 (14) 0.05339 (14) 0.05339 (14) 0.05215 (34) 0.05215 (34)
εaa (cm

−1) 0.0520 (20) 0.0520 (20) 0.0520 (20) −0.0252 (25) −0.0252 (25)
εbb (cm

−1) −0.0366 (8) −0.0366 (8) −0.0366 (8) −0.0139 (19) −0.0139 (19)
εcc (cm

−1) 0.0197 (8) 0.0197 (8) 0.0197 (8) 0.0072 (16) 0.0072 (16)
A State

T00 (cm
−1) 26758.3763 (10) 27312.3822 (10) 27326.4404 (10) 26959.3272 (14) 27328.5891 (11)

A (cm−1) 0.23934 (21) 0.24101 (6) 0.23881 (16) 0.23437 (140) 0.23243 (33)
B (cm−1) 0.05883 (13) 0.05963 (3) 0.05970 (5) 0.05884 (27) 0.05884 (11)
C (cm−1) 0.05304 (13) 0.05271 (3) 0.05270 (4) 0.05026 (26) 0.05025 (10)

Lineshape Parameters
ΔνG (MHz) 260 260 260 260 260
ΔνL (MHz) 150 150 150 90 90

Weights of Transition Types
a-type 0.000 0.773 0.479 1.000 1.000
b-type 0.524 0.294 0.375 0.178 0.160
c-type 1.000 1.000 1.000 0.347 0.117
Trot (K) 0.95 1.98 1.55 0.65 0.94

Figure 2. GA simulation of high-resolution spectra of bands A and B of 2-pentoxy.
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in comparison with experimental spectra are illustrated in
Figure 2.
The overlapping bands D1−7 were simulated by adding up

type II bands with adjusted band origins. The ground- and
excited-state molecular constants are fixed to those of band B,
although their upper-state rotational constants are expected to
differ slightly. The fit center frequencies are listed in Table 6 of
Part I. As an example, the comparison between the simulated
and experimentally obtained bands D4,5 is illustrated in Figure
3.

Comparison between the calculated or predicted values for
the molecular parameters (rotational constants and TDMs) of
2-pentoxy with those determined in fitting experimentally
obtained spectra (see Table 1) confirms the conformational
identification and the vibronic assignment reported in Part I.
One can safely assign the type I bands to the G+T conformer
and type II bands to the TT conformer.
Molecular parameter values of 2-hexoxy from fits with GA

are listed in Table 4. They are compared with the calculated
and predicted ones in Table 2. The agreement is not as
satisfactory as for 2-pentoxy but sufficient to verify the
conformational assignments. Comparison between the exper-
imental and simulated spectra is illustrated in Figure 4.
The B̃−X̃ origin bands (bands A and B) of the TT and G+T

conformers of 2-pentoxy and the TTT and G+TT conformers
of 2-hexoxy were simulated using the coupled-states model.
Molecular constants determined in the fits with the coupled-
states model are summarized in Table 5. The fit spectra are
compared with the experimental ones in Figures S.1 and S.2 in
the Supporting Information, respectively. The quality of the
simulation is comparable to that using GA with the isolated-
states model.

6. DISCUSSION
6.1. Electronic Configurations of the A and X States

and Ground-State Molecular Constants. Compared with
the primary alkoxy radicals, the energy separations between the
Ã and X̃ states of secondary alkoxy radicals are quite small. As
discussed in Part I, both 2-pentoxy and 2-hexoxy radicals have
nearly degenerate Ã and X̃ states based on quantum chemistry
calculations. Even the ZPE correction can reverse the energy
ordering of these two states, for example, in the cases of the

G+T and the TT conformers of 2-pentoxy. Quantum
chemistry calculations predict that the half-filled orbital of
the ground state of both conformers lies approximately in the
OCH plane, that is, the ip configuration, but the ZPE
corrections swap the energy ordering. Experimentally,
however, a better simulation is given by the oop configuration
for the TT conformer and by the ip configuration for the G+T
conformer.
Comparing between the calculated molecular parameters

using the two different electron configurations, the most
distinctive difference is between the TDMs. The ip
configuration gives dominantly c-type transitions, while the
oop configuration gives dominantly a-type transitions (see
Table 1). Quantum chemistry calculations give different
rotational constants for these two states as well, which
supports the energy ordering of the electronic configurations
determined based on TDMs. The most pronounced difference
is in the rotational A constants (see Tables 1 and 2). For
example, for the TT conformer, the discrepancy between the
experimentally derived rotational constants and the calculated
ones is about 20 times smaller for the oop configuration than
for the ip configuration. For the G+T conformer, the difference
is about a factor of 10.
The predicted values for SR constants are similar for the two

configurations for a reason explained before (see Section 2).
The predicted values for SR constants are within a factor of 2
of the experimental values in most cases. When compared with
primary alkoxies19,20,40 or related peroxy radicals,41,42 the
accuracy of the quantum chemically calculated rotational
constants and the predicted SR constants is less satisfactory. A
similar discrepancy has been observed for iso-propoxy.3 This is
attributed to the strong interaction between the nearly
degenerate Ã and X̃ states and the breakdown of second-
order perturbation theory.

Figure 3. Simulated and experimentally obtained high-resolution
spectra of bands D4,5 of 2-pentoxy. The lowest-frequency portion of
the experimental spectrum is the partially overlapping D3 band.

Table 4. Molecular Parameters of 2-Hexoxy Obtained by a
Fit to the High-Resolution Spectrum Using a GA

conformer G+TT TTT

band A B D

X State
A (cm−1) 0.23957 (59) 0.21385 (39) 0.21385 (39)
B (cm−1) 0.03245 (13) 0.03451 (9) 0.03451 (9)
C (cm−1) 0.02909 (13) 0.03129 (8) 0.03129 (8)
εaa (cm

−1) 0.0099 (37) −0.0509 (9) −0.0509 (9)
εbb (cm

−1) 0.0022 (12) −0.0001 (1) −0.0001 (1)
εcc (cm

−1) −0.0036 (10) 0.0056 (4) 0.0056 (4)
(εab + εab)/2)
(cm−1)

−0.0201 (14) 0.0236 (7) 0.0236 (7)

A State
T00 (cm

−1) 26755.7053 (2) 26914.3129 (6) 27525.9520 (5)
A (cm−1) 0.22057 (37) 0.21263 (33) 0.21250 (13)
B (cm−1) 0.03314 (12) 0.03356 (7) 0.03363 (3)
C (cm−1) 0.02932 (12) 0.03062 (7) 0.03068 (3)

Lineshape Parameters
ΔνG (MHz) 180 240 240
ΔνL (MHz) 150 60 60

Weights of Transition Types
a-type 0.162 1.000 1.000
b-type 0.063 0.006 0.047
c-type 1.000 0.256 0.255
Trot (K) 1.33 0.73 0.90
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6.2. GA Fitting. Because of the small rotational constants,
the rotational structures in the high-resolution spectra of 2-
pentoxy and 2-hexoxy are only partially resolved. GA has
proved to be an effective approach for simulating high-
resolution spectra and deriving molecular constants. Pre-
viously, the GA has been implemented to simulate the cavity
ring-down spectra of peroxy radicals.41,42 Compared to those
works, the quality of GA simulation in the present work is
poorer, particularly for reproducing the transition intensities.
This is not surprising. In cavity ring-down spectroscopy, the
absorption intensity is determined by fitting the decay of the

ring-down curve. Therefore, the cavity ring-down technique is
largely immune from power fluctuation in the laser source as
long as the ring-down decay is a single exponential curve and
the detection system has a linear response. The intensity of
LIF, however, is proportional to the pulse intensity of the
excitation laser and subject to the pulse-to-pulse power
fluctuation of the laser source. The intensity reproducibility
of LIF spectra, therefore, is significantly worse than that of
cavity ring-down spectroscopy.

6.3. Coupled-States Model and Interstate-Coupling
Constants. In Sections 4.1 and 4.2, the rotational and fine
structures of 2-pentoxy and 2-hexoxy are simulated using the
ef fective Hamiltonian of the isolated-states model. This model
does not include explicitly the SO and Coriolis coupling terms
that couple the nearly degenerate Ã and X̃ states. Rather the
effective (quenched) SO constant (aζed) and the Coriolis
coupling constant (ζt) are “absorbed” in the SR constants. In
addition, these two interstate terms also perturb the rotational
energy level structure and lead to correction terms to the
(ef fective) rotational constants.28,43,44 Simulations using the
coupled-states model provide a more accurate representation
of the mechanism that couples the two nearly degenerate
states.
As Table 5 shows, the interstate-coupling constants (aζed

and ΔE0) of the G+T conformer of 2-pentoxy and the G+TT
conformer of 2-hexoxy are close to those of the G+ conformer
of 2-butoxy (aζed = −49.79 cm−1 and ΔE0 = 115 cm−1).18 The
effective SO constants (aζed) of the TT conformer of 2-
pentoxy and the TTT conformer of 2-hexoxy are close to each
other (−28.8 and −25.6 cm−1, respectively) but significantly
smaller than the T conformer of 2-butoxy (aζed = −43.96
cm−1). As a result, ΔE0 of the TT and TTT conformers are
larger than the T conformer of 2-hexoxy (ΔE0 = 33 cm−1).18 It
is worth noting that in the present work, the Ã−X̃ separations
of 2-pentoxy and 2-hexoxy are fixed to those of corresponding
2-butoxy conformers because of the lack of experimental

Figure 4. GA simulation of high-resolution spectra of bands A and B of 2-hexoxy.

Table 5. A /X -State Molecular Constants of 2-Pentoxy and
2-Hexoxy Determined in Fitting their Experimental High-
Resolution B ← X LIF Spectra Using the Coupled-States
Modela

2-pentoxy 2-hexoxy

G+T TT G+TT TTT

ΔEÃ−X̃ (cm−1) 125b 55c 125b 55c

aζed (cm−1) −53.0 (14) −28.8 (4) −50.2 (7) −25.6 (10)
ΔE0 (cm

−1)d 113.2 46.9 114.5 48.7
ζt = ζed −0.4e −0.2e −0.4e −0.2e

θ (deg.) 79.9f 49.4f 80.4f 40.2f

ϕ (deg.) 20.4f 16.6f 25.7f 8.8f

T00 (cm
−1) 26695.88g 26931.84g 26693.21g 26886.82g

aNumbers in parentheses are uncertainties in the last digit. bFixed to

Δ ̃ − ̃EA X of the G+ conformer of 2-butoxy determined in DF

measurement.45 cFixed to Δ ̃ − ̃EA X of the T conformer of 2-butoxy

determined in DF measurement.45 dCalculated from Δ ̃ − ̃EA X and the
fit value of aζed using eq 11.

eCalculated using the fit value of aζed and
the previous experimental value of aOH = −139 cm−1. ζt = ζed =
(aζed)/aOH.

fFixed to the calculated values at the B3LYP/6-31+G*
level of theory. gDefined as the energy between the middle point of
the vibrationless levels of the X̃ and Ã states and the vibrationless level
of the B̃ state.
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dispersed fluorescence (DF) spectra. Therefore, ΔE0 deter-
mined in fitting the LIF spectra may have large uncertainties
(see Discussion in ref 18.).

7. CONCLUSIONS

In this second part of the series, partially resolved rotational
and fine structures in the high-resolution LIF spectra of 2-
pentoxy and 2-hexoxy reported in Part I have been analyzed
and simulated. Using an asymmetric top model that includes
the SR interaction, the high-resolution spectra were simulated
with rotational constants calculated ab initio and the predicted
SR constants and TDMs. The predictions were made in an
“orbital-fixed coordinate system” based on the transferrability
of these two quantities. Comparison between simulated and
experimental spectra confirms the conformational identifica-
tion made in Part I. We have further used a GA approach to
simulate and fit the observed high-resolution spectra and
derive molecular constants.
Quantum chemistry calculations predict that the Ã and X̃

states of these two secondary alkoxy radicals are nearly
degenerate. It is, therefore, unreliable to determine the ground-
state electron configuration from these calculations because
even the ZPE corrections can alter the energy ordering.
However, the electronic configuration can be determined by
simulating the high-resolution spectra.
The two nearly degenerate states, Ã and X̃, are coupled by

the SO and Coriolis interactions, which are not explicitly
included in the traditional effective rotational Hamiltonian for
an asymmetric top. Therefore, the “coupled-states model” was
implemented to simulate and fit the high-resolution spectra.
With this model, the effective SO constant (aζed) and the
Coriolis coupling constant (ζt) for the lowest-energy con-
formers of 2-pentoxy and 2-hexoxy have been determined,
which can be used to benchmark future ab initio calculations.
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(6) Gauss, J.; Kaĺlay, M.; Neese, F. Calculation of Electronicg-
Tensors using Coupled Cluster Theory†. J. Phys. Chem. A 2009, 113,
11541−11549.
(7) Tarczay, G.; Szalay, P. G.; Gauss, J. First-Principles Calculation
of Electron Spin-Rotation Tensors. J. Phys. Chem. A 2010, 114, 9246−
9252.
(8) Van Vleck, J. H. The Coupling of Angular Momentum Vectors
in Molecules. Rev. Mod. Phys. 1951, 23, 213.
(9) Henderson, R. S. Electron Spin Coupling in Polyatomic
Molecules. Phys. Rev. 1955, 100, 723.
(10) Curl, R. F. Microwave Spectrum of Chlorine Dioxide. III.
Interpretation of the Hyperfine Coupling Constants Obtained in
Terms of the Electronic Structure. J. Chem. Phys. 1962, 37, 779−784.
(11) Curl, R. F. The relationship between electron spin rotation
coupling constants andg-tensor components. Mol. Phys. 1965, 9, 585.
(12) Mills, P. D. A.; Western, C. M.; Howard, B. J. Rotational
Spectra of Rare Gas-Nitric Oxide van der Waals Molecules. Part 1.
Theory of the Rotational Energy Levels. J. Chem. Phys. 1986, 90,
3331−3338.
(13) Chhantyal-Pun, R.; Roudjane, M.; Melnik, D. G.; Miller, T. A.;
Liu, J. Jet-Cooled Laser-Induced Fluorescence Spectroscopy of
Isopropoxy Radical: Vibronic Analysis of B̃-X̃ and B̃-Ã Band Systems.
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