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The B̃ − X̃ laser-induced-fluorescence spectrum of jet-cooled isopropoxy radical (i-C3H7O · ) has
been recorded. Using an isolated state model the observed rotational and fine structure of the origin
band has been well simulated to determine rotational constants for both the X̃ and B̃ states and the
electron spin-rotation constants of the X̃ state. The line intensities are well simulated with a parallel
transition type, requiring the same symmetry for the levels involved of each the X̃ and B̃ state, which
confirms the previous suggestion that going from ethoxy (C2H5O · ) to isopropoxy, the energy order-
ing of the electron configurations with in- and out-of-plane half-filled p-orbitals of the oxygen atom
is reversed and the ground vibronic symmetry changes from a′′ to a′. However, the observed spin-
rotation coupling constants are not consistent with their predication from either semi-empirical theory
or quantum chemical calculations. Additionally, the lack of observed transitions involving the out-of-
plane transition moment component is not consistent with high level electronic structure calculations
suggesting mixing of vibronic levels by strong spin-orbit coupling. A new twofold model has been
developed that explicitly includes Coriolis and spin-orbit coupling between different vibronic levels.
This model renders the discrepancy between theoretical and experimental spin-rotation constants
moot. Moreover, it determines independently the contributions to the observed splitting between the
lowest two levels, resulting from non-relativistic kinetic and Coulombic effects, and that due to the
relativistic spin-orbit interaction. The experimental values show that these effects are comparable,
but that the vibronic one is slightly more important. This result is at variance with state-of-the-art
electronic structure calculations which otherwise do a remarkably good job of describing the ground
state of isopropoxy. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4819343]

I. INTRODUCTION

Small oxygen-containing organic radicals, alkoxy (RO · )
and peroxy (ROO · ), are key reaction intermediates in the ox-
idation of hydrocarbons in both combustion of fossil fuels
and degradation of organic molecules in the atmosphere.1–4

Both categories have been comprehensively studied in
this laboratory. (See, for example, Ref. 5 and references
therein.) Specifically, the alkoxy radicals are studied by laser-
induced fluorescence (LIF)6 and dispersed fluorescence (DF)
spectroscopy.7 To date, we have recorded LIF and DF spectra
of primary and secondary alkoxy radicals with up to 12 car-
bon atoms. LIF spectroscopy of alkoxy radicals provides use-
ful information for molecular dynamic studies, such as origin
frequencies and excited state lifetimes. In addition, molecular
constants, including the rotational constants and spin-rotation
constants, can be determined from the simulation of rotation-
ally resolved LIF spectra and serve as benchmarks for quan-
tum chemistry calculations.

LIF studies have also helped spectroscopists understand
the structure and properties of alkoxy intermediates and free

a)Email: j.liu@louisville.edu
b)Email: tamiller@chemistry.ohio-state.edu. Fax: (614)292-1948.

radicals in general. Methoxy (CH3O), the smallest alkoxy rad-
ical, is a stereotypical C3v molecule whose ground state (X̃2E)
is subject to both Jahn-Teller effect (JTE) and spin-orbit in-
teraction. It is arguably the most extensively studied poly-
atomic free radical and has attracted much attention from both
theoretical and experimental spectroscopists. (See, for exam-
ple, Ref. 8 and references therein.) Recently,9, 10 we reported
Ã2A1 − X̃2E3/2 LIF and Ã2A1 − X̃2E1/2 stimulated emission-
pumping (SEP) spectra of CH3O and its fully deuterated iso-
topologue (CD3O) with rotational and fine-structure resolu-
tion and frequency accuracy of ∼50 MHz. (2E1/2 and 2E3/2

are the upper and lower spin-orbit components of the ground
electronic state, respectively.) A global analysis of the LIF,
SEP, and the previously recorded microwave spectra10, 11 of
both isotopologues gave a precise determination of the Jahn-
Teller quenched spin-orbit splitting (aζ ed) of the ground elec-
tronic state and the Jahn-Teller distortion related parame-
ters (h1, h2, ε1, etc.). The comparison of these and other
molecular constants, such as rotational constants, Coriolis
constants, and spin-rotation constants between these two iso-
topologues, and analysis based on the isotopic relations de-
rived from theory revealed the physical significance of these
constants and allowed a precise determination of the undis-
torted C3v geometry of this molecule, as well as a quantitative

0021-9606/2013/139(9)/094308/27/$30.00 © 2013 AIP Publishing LLC139, 094308-1
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benchmarking of the ab initio calculations of the Jahn-Teller
distorted geometry.12, 13

While Jahn-Teller distortion of a molecule like X̃ state
methoxy can raise the degeneracy of its excited vibrational
levels, the twofold degeneracy of its lowest, vibrationless
level is not removed. The degeneracy of this level can only be
raised by asymmetric substitution. If the substitution is iso-
topic then it lowers the symmetry of the kinetic energy por-
tion of the Hamiltonian while if it is chemical it lowers the
symmetry of both the kinetic and potential energy terms.

A simple example of isotopic substitution for the ground
state of methoxy can be realized by asymmetrical deutera-
tion, which changes the JTE to the pseudo-Jahn-Teller effect
(PJTE). Most recently, the submillimeter-wave, LIF, and SEP
spectra of the asymmetrically deuterated methoxy radicals
(CH2DO and CHD2O) have been recorded and analyzed.14

Global fitting of the spectra and analysis of the isotopic rela-
tions of all four isotopologues provide valuable information of
the partial breaking of vibronic symmetry due to asymmetric
deuteration. It is found that for both isotopologues, the asym-
metric deuteration splits the vibrationless level of the ground
electronic state into two levels, with a′ and a′′ symmetries,
respectively. The magnitude of this splitting and the energy
ordering of the two split states for both isotopologues have
been determined in a global fit. The energy ordering of the a′

and a′′ states were found to be reversed between the two iso-
topologues. In the case of CH2DO, the a′ state is ∼46 cm−1

higher in energy, while the a′′ state of CHD2O is ∼43 cm−1

higher. This reversal of the energy levels is attributed to the
zero-point energy (ZPE) effect and is consistent with quan-
tum chemistry calculations.

In asymmetrical deuteration, the electronic degeneracy of
the ground electronic state remains. However, it can be re-
moved by chemical substitution, e.g., methyl group substitu-
tion for hydrogen. Conceptually, all other alkoxy radicals can
be viewed as methoxies substituted by various alkyl groups.
Especially interesting are ethoxy (C2H5O), isopropoxy
(i-C3H7O), and t-butoxy (t-C4H9O), with one, two, and all
three hydrogen atoms in the methoxy radical being replaced
by methyl groups. The t-butoxy radical alone retains C3v ge-
ometry and a doubly-degenerate (2E) ground state. Its ground
state, therefore, like the methoxy radical, is subject to JTE
and spin-orbit interaction, both of which are expected to be
weaker due to the quenching effect of the methyl groups. In-
deed, the high-resolution LIF spectrum of the origin band of
the Ã − X̃ transition of t-butoxy has been simulated using the
same Hamiltonian model and transition intensity formula as
methoxy.15

In the case of ethoxy, the traditional interpretation is that
methyl substitution splits the doubly degenerate ground state
(X̃2E) of methoxy into a pair of electronic states with A′ and
A′′ symmetries, while the excited Ã2A1 state of methoxy cor-
relates to the B̃2A′ state of ethoxy. An interesting question
is the magnitude of the energy separation and the ordering
of the two lowest states. The Ã − X̃ separation of the vi-
brationless levels (T00) of ethoxy was found to be 364 cm−1

in DF spectroscopy7, 16 and 355(10) cm−1 in a photoelectron
study.17 Simulation of the origin band of the B̃ − X̃ LIF tran-
sition with rotational and fine-structure resolution was found

to require a perpendicular transition type,18 which implies that
the ground electronic state is of A′′ symmetry. Later studies
of the DF7 and high-resolution LIF spectra19 of 1-propoxy
(1-C3H7O) and other larger primary alkoxies have shown
that all of the conformers with Cs symmetry (T-conformers)
have ground electron states with A′′ symmetry and Ã − X̃

separations of �350 cm−1. The G-conformers of the pri-
mary alkoxy radicals usually have smaller Ã − X̃ separations
(�100 cm−1).

The Ã − X̃ separations (T00) of the secondary alkoxies7

and cyclohexoxy20 were found in DF spectroscopy (also in
LIF spectroscopy in the case of cyclohexoxy20) to be smaller
than the primary ones (usually <100 cm−1). In particular,
T00 was determined to be 68(10) cm−1 for isopropoxy7 and
a more recent determination21 with higher precision places
it at 60.8(1.0) cm−1. Some time ago, the origin band of the
B̃ − X̃ LIF transition of isopropoxy was recorded with a par-
tially resolved rotational contour (K-manifolds unresolved).22

It presents a parallel transition type of band, and hence sug-
gests a ground state of A′ symmetry, which is different from
that of ethoxy. The reversal of the energies of the A′ and A′′

states going from ethoxy to isopropoxy was later interpreted
based on the difference of geometry and electron configura-
tion between these two radicals.23

Both the asymmetric deuteration and the methyl substi-
tution of the methoxy radical change its JTE to PJTE. The
theory of PJTE has been well summarized in Ref. 24. In prin-
ciple, it may occur between any electronic states without re-
quirement of orbital degeneracy. The magnitude of the PJTE,
however, depends on the energy separation between the two
interacting states. Highly accurate calculation of the energy
separations between electronic states is not easy and vari-
ous levels of calculations give different results. For instance,
ab initio calculations of the near-degenerate Ã and X̃ states of
ethoxy25 give results ranging from 170 to 2000 cm−1. More
recently Dillion and Yarkony have published high-level calcu-
lations which they have used to explain the observed photo-
electron spectra of the ethoxide26 and isopropoxide27 anions.
These papers (hereafter called DYE and DYIP, respectively)
provide high quality potential energy surfaces (PESs) for the
corresponding radicals and we will make extensive reference
to the latter paper in the remainder of this article. Young and
Yarkony28 calculated the PJTE in the two lowest electronic
states of the ethoxy radical using multireference configura-
tion interaction (MRCI) wave functions, and obtained an en-
ergy separation and ordering that are consistent with the ex-
perimental results. In a similar calculation on the isopropoxy
radical they found an energy separation of ≈18 cm−1 in the
absence of consideration of spin-orbit coupling.27

In the present work, the rotational and fine-structure re-
solved spectra of the origin band of the B̃ − X̃ transition and
the first member of its CO stretch progression for the iso-
propoxy radical were recorded and first simulated using a tra-
ditional isolated state Hamiltonian of an asymmetric top with
spin-rotation interaction. The simulation confirms the previ-
ous assignment to a parallel transition type,22 which in turn
confirms the suggestion that the level from which the transi-
tion originates has a′ symmetry (see below for details). Since
the vibrationless level of an isolated electronic state is totally
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symmetric, the X̃ electronic state can be considered to be A′

symmetry. (The symmetries of electronic states are denoted
by upper case letters.) A quite satisfactory fit of the spectrum
was obtained yielding rotational constants of the vibration-
less levels of both the X̃ and B̃ electronic states and the spin-
rotation constants of the X̃ state.

While the fit was satisfactory several results of the fit
were difficult to understand. These included the resulting X̃

state spin-rotation parameters which were anomalous when
compared to those of ethoxy or those predicted by electronic
structure calculations. Also the fit showed no evidence for
significant spin-orbit coupling while the calculation of DYIP
predicted significant spin-orbit coupling, quite comparable
to methoxy. There was also a question as to whether the
PES of DYIP was consistent with the lowest vibronic level
being a′.

For these reasons a new “twofold” model was formulated
and coded. This model views the two lowest levels of iso-
propoxy as the first two vibronic levels of the ground elec-
tronic state rather than the two vibrationless levels of the
separate Ã and X̃ electronic states. It includes Coriolis and
spin-orbit coupling between the two lowest vibronic levels
of the ground state, which we label by their vibronic sym-
metry (denoted by lower case letters a′ or a′′). We will show
that this model gives a comparable or marginally better fit to
the spectrum compared to the isolated state model. It, how-
ever, has the advantage that the results of this fit can be much
more readily reconciled with high level electronic structure
calculations.

In Sec. II we will first briefly describe the experimental
setup. Although the results from DYIP are extremely valu-
able, we have performed additional quantum chemistry calcu-
lations to help us interpret our results. Because the quantum
chemistry calculations are extremely useful for assigning and
analyzing the spectra, they will be presented in Sec. III. The
effective Hamiltonian models used to analyze the spectra are
presented after that (Sec. IV). We then show the experimental
spectra and how they were assigned and simulated with each
model. The physical significance of the spectral analysis and
its relationship to the calculated PES of the isopropoxy radical
will be discussed in Sec. V.

II. EXPERIMENTAL

Isopropoxy radicals were generated in a supersonic free
jet expansion by UV laser photolysis of isopropyl nitrites
(i-C3H7ONO) using a XeF excimer laser (351 nm, Lambda
Physik, COMPex 110). The alkyl nitrites were synthesized
by the dropwise addition of concentrated sulfuric acid into
a saturated solution of NaNO2 and the alkyl alcohols.29 The
liquid sample of the alkyl nitrites was stored in a stainless
steel reservoir immersed in a low temperature bath and was
entrained in a helium flow by passing high-pressure helium
over it. The seeded flow was then expanded through a pin-
hole nozzle into the vacuum chamber. The photolysis laser
intercepted the jet expansion right after the orifice at the base
of the nozzle. As will be shown below the rotational structure
corresponds to a temperature of ≈2.5 K ensuring that the low-

est frequency transition in our spectrum arises from the lowest
vibronic level of the ground X̃ state.

Experimentally, output of a CW ring dye laser (Coher-
ent 699-29 Autoscan) pumped by an Ar+ laser (Coherent In-
nova Sabre) was amplified in a dye amplifier (Lambda Physik,
FL2003) pumped by a XeCl excimer laser (Lambda Physik,
EMG 103 MSC), frequency doubled and used to excite the
B̃ − X̃ transition of the isopropoxy radicals ∼10 mm down-
stream. The resulting fluorescence was collected perpendic-
ular to both the excitation laser beam and the jet expansion,
and focused through a slit onto a photomultiplier tube by two
consecutive lenses. The slit was used to eliminate the fluo-
rescence from the off-axis expansion and therefore reduce the
Doppler broadening. The signal was pre-amplified and sent to
a boxcar integrator (Stanford Research System, SR250). The
integrated signal was sent through an amplifier and recorded
by a PC. The frequency of the ring laser was calibrated by
absorption spectra of iodine molecules and the transmission
signal of a Fabry-Pérot etalon. The linewidth of the LIF spec-
tra is ∼300 MHz, limited by the bandwidth of the dye am-
plifier and the residual Doppler broadening. The absolute fre-
quency accuracy is determined by that of the iodine atlas to
0.002 cm−1,30, 31 which is 0.004 cm−1 (120 MHz) af-
ter frequency doubling. The relative frequency accuracy
(after doubling) is limited by the spectral linewidth to ∼ 1

5× 300 MHz = 60 MHz for resolved rotational transitions.

III. COMPUTATIONAL RESULTS

Quantum chemistry calculations on ethoxy and iso-
propoxy have been carried out by Yarkony and co-
workers.26–28 For both ethoxy and isopropoxy, both the
ab initio MRCI and so-called Hd energy calculations in these
previous works26, 27 predict that the PES minimum with A′

symmetry has higher energy than the two global minima con-
nected by the transition state with A′′ symmetry. The energy
difference between the minima, however, is very small, in the
case of isopropoxy, ∼20 cm−1 compared to ∼200 cm−1 in
ethoxy. For ethoxy the calculated and experimental results
appear to be in accord. However, for isopropoxy the calcu-
lated result does not seem to be in accordance with the exper-
imental result from Ref. 22, which suggests that the ground
electronic state is of A′ symmetry. Given the small magnitude
of the calculated energy difference, it is possible that either of
the energy orderings: the A′ state above the A′′ state or vice
versa, is within the error bar of the calculations. We therefore
felt it was useful to apply more and different computational
methods to investigate the lowest two electronic states of both
ethoxy and isopropoxy with a particular emphasis on aiding
the analysis of the LIF spectra.

The objective of this section is to determine the most crit-
ical points on the PESs, or the PES extrema for the lowest
two electronic states of both ethoxy and isopropoxy and to
determine their energy ordering with and without ZPE cor-
rections. As described in DYE and DYIP and as illustrated in
Figs. 1(a) and 1(b), the PES extrema include: the conical inter-
section (CI), the minimum with A′ symmetry (min1), the two
minima (min2 and min3), which are mirror images of each
other and are connected by the transition state (TS1) with A′′
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FIG. 1. Schematics of PES of ethoxy (a) and isopropoxy (b) by fitting the minima and transition states in our DFT calculation (see text and Table II for details).
Shown on bottom is the contour of PES projected onto the Jahn-Teller-active Qg and Qu normal coordinates, on which the PES extrema are indicated. Ab initio
calculated PES’s along the PJT coordinates of ethoxy (c) and isopropoxy (d). Solid lines are for fully relaxed scans and dashed lines for partially restrained
scans. Blue thick lines are for A′ states and red thin lines for A′′ states. Insets show the PJT-active mode Qu. The dashed line on the PES in (a) and (b) illustrate
on the three-dimension surface the cuts of the restrained PES scans. Horizontal lines are the vibrational levels calculated following the approach first proposed
by Chan and Stelman60 and using the calculated potential energy curves. For illustration in (c) and (d) the position of the zero-point level for the given mode is
shown by the horizontal line. In isopropoxy the order of the zero-pint levels of the A′ and A′′ is reversed from the order of their global minima. However, when
the other modes are included the ordering of the zero-point levels matches that of the global minima, since the frequencies of the other modes change for the A′
and A′′ minimum energy geometries (see text for details).

symmetry, and the transition states TS2 and TS3 that connect
min1 to min3 and min2, respectively.

In the present work, various quantum chemical calcula-
tions have been carried out on both ethoxy and isopropoxy,
including: (i) the geometry optimization of the conical inter-
section, (ii) the geometry optimization of the ground X̃ elec-
tronic state and the first excited Ã state, and the Ã − X̃ energy
separation (Te); (iii) determination of other PES extrema, (iv)
one-dimensional scan of the PES’s of both states along the
normal coordinate of the dominant PJT-active mode; ZPE of
these two states were also calculated, which allows the T00

value to be determined from the Te value; (v) the geometry
optimization and frequency calculation of the second excited
state (B̃2A′) and the B̃ − X̃ transition frequencies.

Two computational methods were applied for the cal-
culations of the PES extrema (minima and transition states)
of the X̃ and Ã states: the density functional theory (DFT)
method and the complete-active-space self-consistent-field
(CASSCF) method. The same two methods were also used to
scan the PES of both states. In Secs. III A and III B, DFT

calculations of these two states will be presented while in
Sec. III C, we discuss the DFT scan of PESs. The calculated
results by CASSCF will be briefly summarized in Sec. III D.
Section III E gives the calculated result of the B̃ state by the
configuration interaction singles (CIS) method. The calcula-
tions have been performed using the Gaussian 03 program
package.32

A. Ground electronic (X̃ ) state

Unlike larger alkoxy radicals [with more than 2 (3) car-
bon atoms for primary (secondary) alkoxy radicals], both
ethoxy and isopropoxy have only one conformer. The ge-
ometry of these two radicals was optimized at the B3LYP/6-
31G(d) level of theory. The calculated rotational constants of
isopropoxy are given in column 3 of Table I. Ethoxy is a near-
prolate top, while isopropoxy is a near-oblate top. The calcu-
lations show that the global-minimum energy geometry of the
PES of ethoxy has A′′ symmetry, while that of isopropoxy has
A′ symmetry. This means a reversal of the energy ordering of
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TABLE I. Experimentally determined (using isolated-state model) and calculated molecular constants of isopropoxy (in GHz unless otherwise indicated). One
standard deviation errors are indicated in parentheses. Possible systematic errors are discussed in the text. The standard deviation of the fit is 64 MHz for the
origin band and 200 MHz for the band of CO stretch (121

0).

X̃ state Ã state B̃ state

00
0 00

0 00
0 121

0

Expt. Calc.a Expt. Calc.a Expt. Calc.a Expt. Calc.a

Tv (cm−1) 60.8(1.0)b 46 27 164.433(4) 34 458 27 733.970(4)
νCO (cm−1) 569.537(6) 804
A 9.338(3) 9.187 9.438 8.61(2) 8.957 8.54(3)
B 8.064(3) 8.008 8.037 8.01(2) 8.023 7.95(2)
C 4.893(3) 4.825 5.014 4.74(2) 4.858 4.70(4)
ε̃aa 4.26(2) − 0.11
ε̃bb − 4.59(1) − 13.94
ε̃cc 1.72(1) − 0.47
|(ε̃bc + ε̃cb)/2| 1.96(3) 2.55

aThe calculated values of the rotational constants come from the DFT calculation described in the text. The calculated SRT components are determined using the method of
Appendix A.
bReference 21.

the two electron configurations with the half-filled p-orbital
of the oxygen atom lying within the Cs plane and perpendic-
ular to it. In the case of ethoxy, the perpendicular p-orbital
has higher energy and is half-filled, while for isopropoxy, the
in-plane p-orbital has higher energy and is half-filled. This is
illustrated in Fig. 2 and can be explained as follows.23 In the
case of ethoxy, a pπ -orbital that lies within the Cs plane has
the maximum chance to interact with the methyl group and
lower the energy, while in the case of isopropoxy, the out-
of-plane pπ -orbital maximizes the interaction with the two
methyl groups. As a result, the ground X̃ electronic state of
ethoxy has the higher-energy, half-filled a′′ p-orbital perpen-
dicular to the symmetry plane, while the X̃ state of isopropoxy
has the higher-energy, half-filled a′ p-orbital within the
symmetry plane.

FIG. 2. Ab initio calculated half-filled p-orbitals of the Ã (top) and X̃ (bot-
tom) states of ethoxy (left) and isopropoxy (right) in the “geometry-fixed co-
ordinate system.” Note that the y-axis of the isopropoxy radical is coincident
with the a-principal axis and the y-axis of the ethoxy radical is coincident
with the c-principal axis, both being axes perpendicular to the Cs plane.

An imaginary vibrational frequency obtained in the cal-
culations indicates that the Cs geometry of the X̃2A′′ state of
ethoxy is actually a saddle point. This imaginary frequency
corresponds to a PJT-active mode characterized by the scis-
sors motion of the two hydrogen atoms that are connected to
the same carbon atom with the oxygen atom (see Fig. 1(c)).
By moving the oxygen atom slightly out of the Cs plane to ei-
ther direction and optimizing the geometry, now with C1 sym-
metry, two stable, mirror-image geometries can be found with
a stabilization energy of ∼4 cm−1. However, this stabilization
energy is so small that it is doubtful whether it has any signif-
icance computationally or experimentally. Although it cannot
be ruled out that there are more than one PJT-active mode, the
mode described here is the dominant one since only strong
PJTE can distort the adiabatic PES so much that the origi-
nal equilibrium geometry becomes a saddle point and has an
imaginary frequency.24 In this case, stable geometries are dis-
placed from the original equilibrium with Cs symmetry along
the coordinate of the PJT-active mode. Similar calculations
show that the Cs geometry of X̃2A′ isopropoxy corresponds
to the global minimum of its PES.

B. Ã state, Ã − X̃ separation and the connecting
transition states

The Ã ← X̃ excitation of the alkoxies with symmetry
lower than C3v can be approximately described as a promo-
tion of one electron from the lower-energy completely filled
pπ -orbital to the higher-energy half-filled p-orbital of the
oxygen atom. (These two orbitals are degenerate in methoxy
and t-butoxy if the JTE is not considered.) This can be im-
plemented in the calculations by swapping the HOMO and
LUMO of the β electrons of the ground electronic state. The
geometry of the Ã state of both ethoxy and isopropoxy was
hence optimized. The calculated rotational constants of the
Ã state of isopropoxy are given in column 5 of Table I. As
expected, the Ã state of ethoxy has A′ symmetry, while that
of the isopropoxy has A′′ symmetry. Moreover, while the Cs

geometry of ethoxy is stable, that of isopropoxy contains a
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saddle point. The Ã − X̃ separation of ethoxy at the point
of Cs geometry is calculated to be ∼335 cm−1. When the
PJTE stabilization energy is included by comparing to the
global minima, the energy separation increases modestly to
∼340 cm−1.

In the case of isopropoxy, the imaginary frequency at Cs

geometry corresponds to an O+H-wagging, PJT-active mode,
with the oxygen and the hydrogen atoms that are connected
to the middle carbon atom moving out of the Cs plane in-
phase. (See Fig. 1(d).) An optimization of the C1 geometry
after moving both the O and H atoms slightly out of the Cs

plane and in the same direction yields a stabilization energy of
∼98 cm−1. The Ã − X̃ separation of isopropoxy at the point
of Cs geometry is calculated to be ∼122 cm−1. When the
PJTE stabilization energy is included by comparing global
minima, the Ã − X̃ separation decreases to ∼24 cm−1.

As shown in Figs. 1(a) and 1(b), the Ã and X̃ state min-
ima are connected by two transition states (TS3 and TS2). The
Synchronous Transit-Guided Quasi-Newton (STQN) method
was applied to determine the transition states. For ethoxy, the
calculation converges to the Ã 2A′ state, probably because
the transition state and the Ã state minimum (min1) are too
close in energy (14 cm−1 according to the Hd calculation
in DYIP). For isopropoxy, transition states are found to be
67 cm−1 above the Ã state minimum and 91 cm−1 above the
X̃ state minima. These transition states have been verified by
the intrinsic reaction coordinate (IRC) calculations.

C. Calculation of ZPE

Section III B has shown that our DFT calculations find
the global minima of ethoxy and isopropoxy to correspond
to an A′′ and A′ electronic state, respectively. As we demon-
strate below, the experimental rotational spectra show that the
originating vibronic level is a′′ and a′, respectively. However,
it would be possible that a difference in ZPE alters the order
of the vibronic states. A simple but very approximate way to
evaluate the effect of ZPE is to use the DFT calculation to de-
termine the ZPE in the harmonic approximation. When we do
this for isopropoxy we find that the lowest vibronic level re-
mains a′ with the next lowest a′′. Indeed addition of the ZPE
correction calculated in this manner actually increases the
separation between the two lowest vibronic levels to nearly
250 cm−1. However, this value should not be taken quantita-
tively. As the potential surface in Fig. 1 shows, the harmonic
approximation for the frequencies of the a′′ PJT mode and its
a′ partner from the JT-active mode of methoxy is unlikely to
be very accurate due to the low barriers present. Figure 1 illus-
trates numerically calculated vibrational energy levels using a
one-dimensional potential which take into account the lowest
barrier. This calculation diminishes the a′′ to a′ separation but
does not reverse their order. Therefore, our calculations sug-
gest that no re-ordering of vibronic levels due to ZPE takes
place.

It is worthwhile comparing the present results with those
of DYE and DYIP. In both cases the PES are quite similar and
the Ã − X̃ separations are comparable. For example, DYE
predicts an Ã − X̃ separation for ethoxy as 289 cm−1 and
DYIP predicts ∼20 cm−1 for isopropoxy when spin-orbit cou-

pling is excluded. The calculated results compare well with
the dispersed fluorescence (DF) and photoelectron (PE) ex-
perimental results of 355 and 364 cm−1 for ethoxy. For iso-
propoxy the best experimental DF value is 60.8(1.0) cm−1

which is too small to be resolved in the PE experiment. How-
ever, there is one clear discrepancy between the two calcula-
tions for isopropoxy. Our result places the global minimum at
the in-plane geometry while DYIP finds two global minima
out of plane, while as noted above the experimental rotational
structure is consistent with the lowest vibronic level being a′.
Although the energy differences are small (<100 cm−1) this
result is surprising since we would candidly expect the more
sophisticated DYIP calculation to better predict experimental
observations.

D. Geometry optimization of the conical intersection
and other PES extrema using CASSCF method

Given this observation, we decided to test the DFT re-
sult with an independent CASSCF calculation. As described
in Ref. 28, the X̃ and Ã states of ethoxy and isopropoxy cross
along a “seam” of conical intersections. The minimum en-
ergy point of the conical intersection seam was determined in
a CASSCF calculation using the basis set of 6-31G(d). The
active space contains 7 electrons in 5 orbitals: the four ener-
getically highest occupied orbitals and the lowest virtual or-
bital. The plots of electronic densities are given in Fig. 3 using
isopropoxy as an example. The 9a′ orbital is an O 2sσ orbital.
The 10a′ orbital is the C–O σ bond. The 11a′ and 6a′′ are the
O 2pπ lone pairs, either one of which is half-filled, depending
in which state (A′ or A′′) the molecule resides. The 12a′ or-
bital is the C–O σ* orbital. Following Refs. 26 and 27, the two
states are averaged with equal weights in the calculation of the
conical intersection. After the conical intersection was deter-
mined, the PES was scanned to locate the A′ minimum and
the A′′ transition state. In ethoxy, the OCC angle was scanned
and other internal coordinates optimized. In isopropoxy, the
two OCC angles are fixed to be equal and scanned. The en-
ergies of the A′ minimum and the A′′ transition state relative
to the conical intersection are given in Table II and compared
with the result from the DFT calculations in Secs. III A and
III B and the MRCI calculations in Refs. 26 and 27. Note that
because DFT method cannot be used to calculate the coni-
cal intersection, the energies of the PES extrema determined
in the DFT calculations are shifted so that the energetically
higher of the A′ minimum and the A′′ transition state has the
same relative energy determined in the CASSCF calculations.

The pseudo-Jahn-Teller stabilization energy, here defined
as the energy difference between the conical intersection and
the global minimum of the PES, is 249 cm−1 for ethoxy
and 114 cm−1 for isopropoxy, as shown in Table II. Both DFT
and CASSCF calculations predict a change of energy order-
ing of the A′ and A′′ states going from ethoxy to isopropoxy.
Note that the active space and basis set were varied in the
CASSCF calculations but the computational result was not
significantly affected. Changing the weight between the two
states does change the magnitude of the energy splitting be-
tween the two states but the qualitative result, i.e., the energy
ordering, remains the same.
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FIG. 3. The molecular orbitals of isopropoxy included in the CASSCF calculations in order of increasing energy.

Given the similarity between our DFT and CASSCF cal-
culations we believe that at this level of approximation the
prediction is for an a′′ and a′ lowest vibronic level respec-
tively in ethoxy and isopropoxy in accord with experiment.
However, before using the experimental results to infer the
accuracy of any of the electronic structure calculations, it
is prudent to remember that the present calculation of the
ZPE does not implicitly include the vibronic coupling be-
tween the A′ and A′′ states along the PJT-active coordinates. In
Sec. IV D we consider the interplay between nuclear and elec-
tronic dynamics and then further compare to the results of
DYI and DYIP.

TABLE II. Energies (cm−1) of the PES minima and transition states with
respect to the conical intersection calculated by different methods.

This work

DFTa CASSCFb MRCId

Ethoxy
min1 −26.6c − 26.6 −102.0
min2, min3 − 366.2 −307.9
TS1 − 362.0 − 249.0 −306.5
TS2, TS3

Isopropoxy
min1 − 212.1 − 114.1 −171.2
min2, min3 − 187.6 −193.8
TS1 −89.8c − 89.8 −160.8
TS2, TS3 − 121.1 −131.7

aAt the B3LYP/6-31G(d) level of theory.
bAt the CASSCF(7,5)/6-31G(d) level of theory and state averaged with same weights
for both states.
cShifted to match the CASSCF result.
dThe values of the potential parameters in cm−1 from fitting the MRCI26, 27 PESs are ωs

= 481, ωa = 419, K0
s = −374, K1

s = 435, Ka = 308, g0
ss = g1

ss = −38, g0
aa = g1

aa

= 115, gsa = 110.

E. B̃ state

The B̃2A′ state geometries of both ethoxy and isopropoxy
were optimized at the CIS/6-31G(d) level of theory. The cal-
culation also gives the excitation energy between the B̃ and X̃

states. Vibrational frequencies of the B̃ state were calculated
as well. The results relevant to the present work are given in
Table I.

IV. EFFECTIVE HAMILTONIAN AND TRANSITION
INTENSITY

A. The isolated state model

From Sec. III, it is clear that the nature of the electronic
structure of isopropoxy presents a favorable situation for vi-
bronic interactions between the X̃ and Ã states. Nonetheless
we follow “Occam’s razor” and initiate our analysis of the ob-
served spin and rotational structure in the LIF spectrum using
the simple isolated electronic state effective Hamiltonian pre-
viously employed to analyze the comparable spectra of other
alkoxy radicals (except methoxy) and for which details can be
found in Refs. 19 and 33. In brief, the Hamiltonian for a given
vibrational level of any isolated electronic state, X̃, Ã, or B̃,
can be written as

H = HROT + HSR, (1)

where HROT represents the rotational part of the Hamiltonian
and HSR the spin-rotation part.

Since isopropoxy is an asymmetric top, HROT can be
written in the principal axes (a, b, c) coordinate system as

HROT = AN2
a + BN2

b + CN2
c (2)

in which A, B, and C are rotational constants and N is the
“spinless” rotational angular momentum, N = J − S, where
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J is the total angular momentum of the molecule and S is
the electron spin. Since the rotational temperature in the jet
expansion is low (∼2.0 K as determined by the rotational in-
tensity distribution (see Sec. IV B)), only the transitions from
the lowest J and K levels were observed, and centrifugal dis-
tortion terms are not included into the effective Hamiltonian
for the present analysis.

The fine structure due to the coupling of the electron spin
with the rotation of the molecule is modeled by the spin-
rotation term HSR ,

HSR = 1

2

∑
α,β

εαβ(NαSβ + NβSα), (3)

where εαβ (α, β = a, b, c) are the elements of the spin-rotation
tensor (SRT) in the principal-axis coordinate system.34–37

Brown and Sears38 demonstrated the reduction of
the spin-rotation Hamiltonian by means of a unitary
transformation:

ε̃ = SεS−1 (4)

and showed that only a certain number of effective spin-
rotation constants (ε̃αβ) or their linear combinations can be de-
termined from experimentally observed spectra of molecules
with a given symmetry, i.e., 6 for C1 molecules, 4 for Cs,
and 3 for Oh. In the case of Cs isopropoxy, the out-of-
plane axis is the principal a-axis, the four determinable re-
duced spin-rotation constants are therefore ε̃aa , ε̃bb, ε̃cc, and
|(ε̃bc + ε̃cb)/2|. For (ε̃bc + ε̃cb)/2, only absolute values can be
determined from experimental spectra.

The traditional treatment of spin-rotation coupling is by
perturbation theory.34, 39 The first-order contribution is from
the direct coupling of the electron spin to the magnetic field
caused by the rotation of the molecule. The second-order elec-
tronic contribution to the spin-rotation constants ε

(2e)
αβ of the

ith electronic state is generated by the interaction of spin-orbit
coupling HSO and Coriolis interaction, HCOR , i.e.,

ε(2e) =
∑
j �=i

〈i |HSO | j 〉 〈j |HCOR| i〉 + c.c.

Ei − Ej

, (5)

where Ei − Ej is the energy separation of the interacting elec-
tronic/vibronic states (i and j), c.c. denotes complex conjugate
and where the form of HSO and HCOR are discussed in more
detail in Appendix A. As argued in Refs. 40 and 41, the first
and higher order contributions are typically neglected com-
pared to the above second-order contribution.

The actual values of SRT components have often been
treated simply as spectral fitting parameters, primarily be-
cause of the difficulty of evaluating εαβ with the expression in
Eq. (5). However recently this situation has begun to change,
because of two approaches. One is based on electronic struc-
ture calculations, and is discussed further in Sec. IV C.

The other approach is semi-empirical and has been used
to predict the spin-rotation constants of the larger primary
alkoxy radicals. A “mass-independent SRT” has been intro-
duced and defined as25

ε′ = Iε. (6)

It is expected to be conserved during isotopic or chemical sub-
stitution if (i) the substitution does not change the separation
of the electronic states, i.e., Ei − Ej remains the same, (ii) the
substitution does not change the electron configuration of the
molecule so that the matrix elements of the orbital angular
momentum in Eq. (5) do not change significantly during the
substitution, and (iii) the SRT is evaluated in a common coor-
dinate system so that the orientations of the molecular orbitals
of the homologues are the same. The details of this procedure
are discussed in Appendix A.

B. Fitting the high-resolution LIF spectra

Two vibronic bands of the B̃ − X̃ LIF transition have
been recorded with resolved rotational and fine structure: the
origin band (00

0) at ∼27 164 cm−1 and the totally symmetric
CO stretch band (121

0 in Herzberg notation) at ∼27 734 cm−1,
which were labelled “A” and “B,” respectively, in the pre-
vious low-resolution LIF spectra (see top panel of Fig. 3 of
Ref. 19). The high-resolution spectra of the origin band is
shown in Fig. 4(d).

The previous work on primary alkoxy radicals, and the
SpecView computer model,19 used a case (b)-like prolate
symmetric top basis. However, isopropoxy is much closer to
an oblate top and we adopt an oblate symmetric top rotational
basis set |NKMN〉 and again invoke case (b)-like vector cou-
pling of the electron spin basis function |SMS〉 to form the ba-
sis |JSNKMJ〉. Suppressing MJ of which the eigenvalues are
independent, the complete basis used can be written as

|JSNKAi〉 = |Ai〉|JSNKMJ 〉, (7)

where K denotes the value of the projection of N along the
oblate top symmetry axis.

In the above |Ai〉 denotes a particular vibrational eigen-
ket of interest for an electronic state with symmetry A′ or A′′.
A new SpecView model has been written and the eigenvalues
and eigenfunctions of HROT + HSR and the transition inten-
sities to the B̃ state were calculated as described in Ref. 19. As
expected both the prolate- and oblate-top-based models give
identical results, but the latter can be applied more transpar-
ently to isopropoxy and we use its notation.

The origin band was first simulated with only the ro-
tational Hamiltonian, i.e., all spin-rotation constants were
set to zero, and the ab initio calculated rotational constants
were used. Different transition types were tried as shown in
Figs. 4(a)–4(c). It is obvious that the observed spectra have
almost pure c-type (parallel and in-plane) transitions.

The c (and b) components of the dipole moment trans-
forms as a′ under the Cs symmetry of isopropoxy, while the
a component transforms as a′′. Since no a-type-transitions
are observed it is clear that the observed lowest level of
the X̃ state of isopropoxy must have the same symmetry
as the vibrationless level of the B̃ state. Since the B̃ state
level is unambiguously a′ so must be the observed X̃ state
level.

Based on the comparison with the simulation, the group
of highly congested lines at ∼27 164.4 cm−1 belong to the Q
branch. In the P and R branches, the separate K transitions
with a given N are at least partially resolved (Fig. 4(d)). The
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27161 27162 27163 27164 27165 27166 27167 27168

wavenumber

a-type

d)

c)

b)

a)

b-type
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R(1)

R(4)

R(0)
R(2)

R(3)

expt.

Q-branch

P(4)

P(1)P(2)

P(3)

FIG. 4. Simulation of the origin band of the B̃ − X̃ LIF spectrum of isopropoxy using calculated rotational constants with different transition types (a-c)
compared with the experimental spectrum (d). Assignment of Q-branch and K manifolds with different N in P- and R-branches are labelled in (d).

frequency separation between adjacent P- and R-branch lines
is approximately A + B ∼ 17 GHz. The origin frequency (T00)
was fit by matching the simulated R(0) transition with the ex-
perimental spectrum.

The assignment of the spin-rotation fine structure, how-
ever, is not so obvious. Indeed, the simulation of spectra of
the secondary alkoxy radicals in general has been hindered
by the difficulty in analyzing their fine structure. This has
several reasons. Historically, the spin-rotation constants of
ethoxy were first determined18 because they are generally
smaller than the rotational constants and thus partially sep-
arate the fine structure splittings of ethoxy from those of its
rotation structure. This is, however, not the case for the K-
rotational structure of isopropoxy. As will be shown later, the
spin-rotation constants of secondary alkoxies can be compa-
rable to their rotational constants. The fine K-structure and
the rotational splitting within a P(N) and R(N)-transition are
therefore entangled. This was also a problem in the analysis
of large primary alkoxy radicals, although less severe. More-
over, the spin-rotation constants of the larger primary alkoxy
radicals could be predicted very well based on the transfer-
ability of the SRT (see Appendix A), using ethoxy as the ref-
erence molecule.25 This method, however, did not give a pre-
diction of the spin-rotation constants of isopropoxy that was
good enough to guide the assignment of the fine structure.
Although not shown here, the simulation with rotational con-
stants from electronic structure calculations and the predicted
spin-rotation constants (see Appendix A) failed to resemble
the fine structure of the experimentally observed spectrum.

Despite the difficulties mentioned above, a number of
facts helped to analyze the fine structure of isopropoxy. First,
the diagonal elements of the SRT (ε̃aa , ε̃bb, ε̃cc) have the
largest effect on the fine structure. Therefore, the only nonzero
off-diagonal element for isopropoxy, (ε̃bc + ε̃cb)/2, was left
out in the simulation until the last stage of the analysis. Fur-
thermore, based on second-order perturbation theory, the di-
agonal elements of the SRT are proportional to the corre-
sponding rotational constants (see Eq. (5)). It is, therefore,
reasonable to use initially only ε̃aa and ε̃bb to simulate the fine
structure, since A and B are almost twice as large as C. Finally,
because the B̃ state is known to be well separated from other
electronic states, its spin-rotation constants are expected to be
negligible compared to the X̃ state values.

Selected transitions with fine structure were first assigned
(asterisked in Fig. 5(c)) and the spin-rotation constants ε̃aa

and ε̃bb of the ground state were fit. The fit spectra allowed the
assignment of more lines. The smallest diagonal spin-rotation
constant ε̃cc was added (using an estimated value based on εaa

and εbb and scaled by the rotational constant), and the ground
state rotational constants and the excited state rotational con-
stants could be fit and thus additional transitions assigned.
This was done iteratively. With the resulting constants, the
experimental spectra, especially the P- and Q-branches could
be simulated fairly satisfactorily (Fig. 5(d)). The R(1), R(2),
and R(3) branches, however, were still less than satisfacto-
rily reproduced (Fig. 6(b)). The off-diagonal spin-rotation
constant (ε̃bc + ε̃cb)/2 had to be included to simulate these
branches. This was done by trying different combinations of
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wavenumber
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c) *

** ***

d)

a)

FIG. 5. (a) Experimental origin band of the B̃ − X̃ LIF spectrum of isopropoxy. (b) Simulation using calculated rotational constants and c-type transitions.
(c) Simulation using calculated rotational constants and fit ε̃aa and ε̃bb . Asterisked lines are fit ones. (d) Simulation using fit rotational constants and diagonal
elements of the SRT (ε̃aa , ε̃bb and ε̃cc).

assignments within the R(2) branch, for which the simula-
tion without (ε̃bc + ε̃cb)/2 resembles the experimental spectra
most, and then re-fitting the constants. It can be seen that by
including the off-diagonal spin-rotation constant, some zero-
intensity transitions, such as the line asterisked in Fig. 6(c),
become visible as they gain intensity via the mixing of dif-

27165.0 27165.5 27166.0 27166.5 27167.0

wavenumber

a)

b)

*

c)

a)

FIG. 6. (a) Experimental origin band of the B̃ − X̃ LIF spectrum of iso-
propoxy. (b) Simulation using fit rotational constants and diagonal elements
of the SRT (ε̃aa , ε̃aa , and ε̃cc). Same as trace (d) of Fig. 5 but with differ-
ent frequency region shown. (c) Simulation using fit rotational constants and
all four nonzero elements of the SRT [ε̃aa , ε̃bb , ε̃bc , and (ε̃bc + ε̃cb)/2]. The
asterisked line gains intensity from K-mixing by the off-diagonal element of
the SRT (ε̃bc + ε̃cb)/2.

ferent K levels of the ground electronic state. Inclusion of
(ε̃bc + ε̃cb)/2 also increases the quality of the simulation of
the P and Q branches (see Fig. 7). A line-to-line assignment
of all simulated transitions to experimentally observed spec-
tral lines was possible at this stage and all molecular con-
stants mentioned above were fit (Figs. 6(c) and 7(c)). Even
the smallest features in the spectrum can now be simulated.
Some 120 transitions were fit with a standard deviation of
64 MHz, very close to the estimated experimental error of the

27162.0 27162.5 27163.0 27163.5 27164.0 27164.5 27165.0

wavenumber

a)

b)

c)

a)

FIG. 7. Same as Fig. 6 but with different frequency region shown (lower-
frequency side of the origin band). Panels (a)–(d) have the same meaning as
in Fig. 6.
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FIG. 8. Experimental (a) and simulated (b) spectra of the CO stretch band.
Details of the asterisked lines are illustrated in Fig. 9.

transition frequencies. The constants obtained from the fit are
given in Table I and the observed and calculated line positions
are given in the supplementary material42 (Fit 1).

Like the origin band, the CO stretch band also repre-
sents an almost pure c-type transition (Fig. 8(a)). The sub-
bands (K-manifolds), however, are highly congested. This is
due to splitting of individual rotational transitions. For in-
stance, the details of the asterisked lines in Fig. 8(a) are illus-
trated in Fig. 9 and compared with the corresponding ones of
the origin band. Rotational simulations using the usual asym-
metric top model indicate that each of these three lines be-
longs to a single rotational transition. In the origin band, they
have a FWHM of ∼500 MHz, and slightly asymmetric line-
shape. This width can be compared to the typical FWHM
of ∼200 MHz for primary alkoxies, which corresponds to
the instrumental resolution. In addition, the transition at
∼27 163.32 cm−1 (Fig. 9(a)) is possibly split. In the CO

stretch band, all three pictured lines clearly split into multiple
components. A possible mechanism for the line broadening
and splitting is deferred to Sec. V E.

Only the strongest and most resolved transitions in the
CO stretch band were assigned and fit. The ground state con-
stants were fixed to the values derived from the origin band
simulation so that only the central frequency of the band and
the upper state A, B, C constants were fit. The resulting param-
eter values are given in Table I, with the simulated spectrum
shown in Fig. 8(b).

C. The molecular parameters of the isolated state

It is clear from Sec. IV B that the observed spectra can
be very well simulated with the effective spin and rotational
Hamiltonian and the fit molecular parameters of Table I. The
experimentally determined rotational constants for both the
B̃ and X̃ states are discussed in somewhat more detail in
Sec. V but generally speaking are consistent with the equilib-
rium geometries calculated for both states, with the possible
exception of the rotational constant A in the X̃ state.

There are, however, three general results from the fit that
differ rather dramatically from expectations based upon elec-
tronic structure calculations and/or experimentally measured
parameters for similar molecules. As has been shown the
spectrum is readily described as a parallel type transition con-
sistent with a transition dipole approximately aligned along
the c axis. As noted earlier, since the vibrationless level of the
B̃ state is of A′ symmetry this would require the lowest level
of the ground state to also be of A′ symmetry. It is not obvious
whether this is consistent with the DYIP result which has two

27732.8 27732.9 27733.0

wavenumber

27734.4 27734.5 27734.6

wavenumber

27163.3 27163.4 27163.5

(a) (b)

(c) (d)

27164.9 27165.0 27165.1

FIG. 9. (a, b) Linewidth broadening in the origin band and (c, d) splitting of the rotational transitions in the CO stretch band. The three lines in the CO stretch
band are the asterisked lines in Fig. 8.
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global minima located on either side of the Cs plane just as in
ethoxy which has been shown to have a A′′ lowest electronic
state. It is consistent with the result of our calculations which
place the global minimum within the plane for isopropoxy, in
contrast to out of plane for ethoxy.

A second point is that the DYIP paper argues that the ≈60
cm−1 splitting between the two lowest vibronic levels should
be largely attributed to the relativistic effects of spin-orbit
coupling, analogous to the comparable 2E1/2 − 2E3/2 separa-
tion in methoxy. Furthermore, the DYIP paper reports that in
the absence of spin-orbit coupling the residual non-relativistic
splitting would be comparable to, but smaller than, the cor-
responding vibronic splitting measured for asymmetrically
deuterated methoxy. Such spin-orbit coupling would be ex-
pected to produce a hybrid band comparable to what is ob-
served in asymmetrically deuterated methoxy for the corre-
sponding electronic transition, yet no such structure is seen.

A third area of puzzlement involves the values of the
SRT components, ε̃aβ . As discussed in Appendix A there is
a semi-empirical procedure25 for estimating the ε̃αβ by tak-
ing into account the orientation of the inertial axes with re-
spect to the CO bond axis. It has been very successful in
estimating SRT components in other alkoxies based upon
the measured values in ethoxy. As Table I shows this proce-
dure completely fails to predict the observed values of SRT
components in isopropoxy. Until recently there was no al-
gorithm for predicting the SRT components directly from
ab initio calculations. This has changed with the report of
Tarczay et al.43 Also relevant is the related work of Neese
and co-workers,44 which calculates the g-tensor and then uses
Curl’s relationship41 to calculate the SRT components. Indeed
a routine for the SRT components is now available in Gaus-
sian 09 and we have used it to calculate the values for sev-
eral molecules listed in Table III based on wavefunctions op-
timized at the B3LYP/6-31G(d) level of theory. In the same
table we also present previously reported values by Tarczay
et al.43 and other values kindly calculated by Tarczay using
wavefunctions at the CCSD/DZP level of theory. As with the
semi-empirical method there is again reasonably good agree-
ment with experiment with a number of molecules including
n-propoxy but large discrepancies occur for isopropoxy.

Moreover for the lowest vibrational level of the X̃ state of
all the primary alkoxies, the signs of all three principal SRT
components are the same and negative, which is consistent
with standard theoretical considerations. As Eq. (5) shows, in
the lowest vibronic state values of the dominant contribution
to the diagonal SRT components, ε̃αα , should have the same
sign as the spin-orbit coupling constant a. The negative value
of a of methoxy would be expected to apply also to larger
alkoxy radicals including isopropoxy. Yet for isopropoxy the
fit values of ε̃aa and ε̃cc not only differ in magnitude from the
prediction but also are positive in sign!

D. The twofold model

In order to shed some light on the three issues raised
in Sec. IV C we first consider in some detail the nature of
the vibronic eigenfunctions and the relationship between the
PES and the symmetry of the lowest vibronic levels. We then

TABLE III. Comparison of calculated and observed SRT diagonal compo-
nents for several molecules.

Radical ε̃aa ε̃bb ε̃cc

NH2(X̃2B1)
Calculated (B3LYP)a −9618 −990 71
Calculated (CCSD/aug-cc-pCTTZ)b −9001 −1378 6
Experimental −9268 −1353 11

NF2(X̃2B1)
Calculated (B3LYP)a −899 −97 15
Calculated (CCSD/aug-cc-pCTTZ)b −1001 −94 11
Experimental −951 −92 4

CH3(X̃2A′′
2)

Calculated (B3LYP)a −336 −336 24
Calculated (CCSD/aug-cc-pCTTZ)b −399 −399 3
Experimental −354 −354 3

HO2(X̃2A′′
2)

Calculated (B3LYP)a −40858 −392 15
Calculated (CCSD/aug-cc-pCTTZ)b −51616 −443 5
Experimental −49572 −422 8

HCO(X̃2A′)
Calculated (B3LYP)a 13398 39 −191
Calculated (CCSD/aug-cc-pCTTZ)b 12312 30 −201
Experimental 11630 18 −205

ClO2 (X̃2B1)
Calculated (B3LYP)a −3500 −397 12
Calculated (CCSD/aug-cc-pCTTZ)b −1600 −238 6
Experimental −1388 −216 4

C2H5O (X̃2A′′)
Calculated (B3LYP)a −2924 −395 3
Calculated (CCSD/DZP)c −12006 −1418 1
Experimental −9440 −1020 −20

1-C3H7O (X̃2A′′ T-conformer)
Calculated (B3LYP)a −2589 −101 1
Calculated (CCSD/DZP)c −10860 −307 1
Experimental −8720 −220 −30

2-C3H7O (X̃2A′)
Calculated (B3LYP)a −110 −764 33
Calculated (CCSD/DZP)c −126 −2761 −129
Experimental 4260 −4590 1720

aOur calculations via Gaussian 0959 at B3LYP/6-31G(d) level of theory.
bReference 43.
cReference 61. Values reported are for εαα rather than ε̃αα .

reconsider the full microscopic spin-orbit coupling and rota-
tional Hamiltonians in the vibronic levels (a twofold model),
one a′ and the other a′′ symmetry, formed from the doubly
degenerate, vibrationless e level of methoxy upon the replace-
ment of two hydrogens by methyl groups.

1. The vibronic Hamiltonian eigenvalues
and eigenfunctions

We begin with a vibronic Hamiltonian, Hev , to calculate
eigenvalues and eigenfunctions, which yield transition prop-
erties and parameters (expectation values over the vibronic
eigenfunctions) for the effective rotational Hamiltonian for
isopropoxy,

Hev = H0
ev + H1

ev + H2
ev, (8)
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where H0
ev is the Hamiltonian corresponding to a set of in-

dependent harmonic oscillators of the vibrational modes of
interest, H1

ev and H2
ev contain first- and second-order vibronic

coupling terms, respectively. A traditional basis set for this
Hamiltonian consists of products of electronic and vibrational
basis functions. The electronic functions transform as irre-
ducible representations under the operations of the Cs point
group. The vibrational functions are the eigenfunctions of har-
monic oscillators, |vi〉, which are centered at the conical in-
tersection of the diabatic electronic states. The vi denotes the
number of quanta of excitation in normal mode i. Hence, the
vibronic basis is

ψj = ∣∣�e
j

〉 ∏
i,i ′

|vij 〉|vi ′j ′ 〉, (9)

where j = 0 and 1 correspond to a′ and a′′ symmetry, respec-
tively, for the electronic state |�e

j 〉 and the normal coordinates
of the harmonic oscillator kets; the same is true for j′, but
j′ �= j. The product is over the i modes of j symmetry and
the i′ modes of j′ symmetry and v can take on any integer
value including 0. For a semi-quantitative model calculation
we limit the product in Eq. (9) to two vibrational modes, that
correlate with the most Jahn-Teller active, doubly degenerate
mode in the C3v limit corresponding to methoxy. Such a pair
consists of one symmetric and one antisymmetric vibrational
mode (denoted “s” and “a”) under Cs with corresponding nor-
mal coordinates, Qs and Qa. With this choice of basis, the
eigenfunctions of Hev have the form,

|�k(p)〉=
∑

j,vs ,va

Ck
j,vs ,va

∣∣�e
j

〉|vs〉|va〉 = ∣∣�e
γ

〉 |χ ′
k〉 + ∣∣�e

γ ′
〉 |χ ′′

k 〉,

(10)

where |χ ′
k〉 and |χ ′′

k 〉 are the vibrational co-factors defined by
Eq. (10). The eigenfunctions |�k(p)〉 transform, respectively,
as a′ and a′′ under Cs for p = 0 and 1 and k labels the levels
from 0 in ascending order of energy. The γ and γ ′ can be 0
and 1, respectively, or vice versa.

In this basis the Hamiltonian in Eq. (8) can be expressed
in the form of a sum of direct matrix products of 2 × 2
electronic operators and infinite-sized matrices for each vi-
brational mode whose dimension is limited practically to fi-
nite values, Nvib

i . Hence the full Hamiltonian matrix is a
2 × Nvib

s × Nvib
a square matrix. It can be written in shorthand

notation by explicitly expanding in matrix form in the elec-
tronic basis, (

∣∣�e
0

〉
,
∣∣�e

1

〉
), while treating non-electronic opera-

tors symbolically rather than expanding them as matrices

Hev =
⎛
⎝

∑
i=a,s

ωi

2

(
p2

i + q2
i

)
0

0
∑

i=a,s

ωi

2

(
p2

i + q2
i

)
⎞
⎠

+
(

K0
s qs Kaqa

Kaqa K1
s qs

)

+
(

g0
ssq

2
s − g0

aaq
2
a −2gsaqsqa

−2gsaqsqa −g1
ssq

2
s + g1

aaq
2
a

)
, (11)

where qi is the dimensionless normal coordinate defined by

qi =
√

2πω

¯
Qi. (12)

It is instructive to consider the eigenvalues and eigen-
functions of Hev . The a′ |�k(0)〉 vibronic eigenfunctions have
non-zero expansion coefficients Ck

j,vs ,va
if (j + va) is even

and for a′′ |�k(1)〉, (j + va) must be odd. Since |vs〉 is al-
ways symmetric there is no restriction on it for Ck

j,vs ,va
. There-

fore for p = 0, γ = 0 and γ ′ = 1 while for p = 1, γ = 1,
and γ ′ = 0.

In the absence of second-order vibronic coupling, the vi-
bronic symmetry of the lowest level is determined by values
of the linear vibronic coupling term, which can be expressed
as a derivative with respect to qi,

K0
s ≡ 〈

�e
0

∣∣ ( ∂V

∂qs

) ∣∣�e
0

〉
, (13a)

K1
s ≡ 〈

�e
1

∣∣ ( ∂V

∂qs

) ∣∣�e
1

〉
, (13b)

Ka ≡ 〈
�e

0

∣∣ ( ∂V

∂qa

) ∣∣�e
1

〉
. (13c)

Under these circumstances the global minimum on the
PES always lies in the plane of symmetry and the symmetry
of the lowest vibronic eigenfunction is the same as the domi-
nant electronic basis function |�e

j 〉. In other words for the two
lowest vibronic states∣∣K0

s

∣∣ >
∣∣K1

s

∣∣ ⇒ E(a′) < E(a′′), (14a)

∣∣K0
s

∣∣ <
∣∣K1

s

∣∣ ⇒ E(a′) > E(a′′). (14b)

The sign and magnitude of Ka is irrelevant. If second-
order vibronic coupling is introduced the situation becomes
more complicated, and for large enough H2

ev the above rule
becomes invalid.

Note that depending upon the magnitude of K0
s and K1

s

vs Ka, the magnitude of the coefficients Ck
j,vsva

may be qual-
itatively different with a correspondingly different physical
description of the ground state. (Similar considerations apply
to the second and higher order vibronic terms.) If Ka � K0

s

and K1
s then the sum in Eq. (10) is dominated by a single term

in |�e
j 〉, so it is reasonable to speak of an X̃ electronic state of

a given symmetry and a, perhaps low-lying, Ã state of the op-
posite symmetry. If however |Ka| � |K0

s | and |K1
s | then the

coefficients with j = 0 or 1 will be of comparable magnitude.
Under these circumstances, it makes sense to only consider a
set of vibronic levels of a single ground electronic state.

Since the symmetry of the lowest vibronic level is estab-
lished as a′ from the observed rotational structure, it is im-
portant to understand whether this result is consistent with
the different electronic structure calculations. As discussed in
Sec. III, both our DFT and CASSCF calculations predict a
global minimum in-plane with a lowest vibronic level of a′

symmetry. It is clear that is a sufficient condition to have a
lowest a′ vibronic level which is consistent with the observed
spectra. However, the question arises as to whether this is a
necessary condition.
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1 1 1A A Aχ χ′′ ′ ′′ ′′ ′Ψ = +

a′
a′′

0χ′ 0χ′′

1χ′1χ′′

A′ A′′

0 0 0X A Aχ χ′ ′ ′ ′′ ′′Ψ = +

FIG. 10. Graphical representation of vibrational co-factors for two lowest vi-
bronic eigenfunctions on an analytical approximation to the isopropoxy PES
of DYIP.

The higher level calculation of DYIP predicts global min-
ima out of the Cs plane with the in-plane minimum about
20 cm−1 higher.27 If the PES calculated by DYIP is approxi-
mately described by Hev (Eq. (11)) using only linear coupling
an a′′ vibronic level lies lowest. To resolve the issue of the
symmetry of the lowest vibronic level on the DYIP PES, we
have determined the values of the vibronic coupling parame-
ters in Eq. (11) so that its eigenvalues best replicate the DYIP
PES. The values of these parameters are given below Table II
where the extrema of the resulting PES are compared with the
values from DYIP which shows the agreement is rather good.

In addition to the eigenvalues one also gets the corre-
sponding vibronic eigenfunctions from the calculation which
can be written in the form of Eq. (10). Figure 10 shows the
two lowest resulting eigenvalues and eigenfunctions of Hev .
Clearly, the eigenfunction corresponding to the lowest vi-
bronic eigenvalue transforms as a′ while that of the lowest
excited vibronic state transforms as a′′. This approximate re-
sult is in agreement with DYIP’s calculation which treated
all vibrational modes.45 This result is indeed also in accord
with the experimental observations. With the parameterized
form of the PES we see that unless the wells outside the Cs

plane are so deep as to largely localize the eigenfunction, the
lowest eigenfunction will continue to transform as a′ as long
as the in-plane barrier TS1 is higher than the in-plane mini-
mum, min1. Under these circumstances we conclude that the
observed spectrum does not uniquely determine whether the
global minimum is in- or out-of-plane.

2. Direction of transition dipole

Our previous conclusion about the symmetry of the level
from which the observed transitions arise was based on the
isolated state model which implicitly assumed an electronic
eigenfunction, and a separable, totally symmetric, vibrational
one, for the state. Once the vibronic eigenfunctions are deter-
mined, one should recalculate the probability of the observed
transitions between the lowest vibronic level of the X̃ state
and the corresponding level of the B̃2A′ state of isopropoxy
to confirm that the previous conclusion remains valid. The
B̃ state remains relatively isolated and therefore its vibronic
eigenfunction can be reasonably expressed in the form of

Eq. (10) but with only a j = 0(A′) electronic term in the sum.
It is expected that the lowest level can be well represented by
|�0〉 |vs = 0〉 |va = 0〉.

At this point we neglect spin effects and consider only
transitions between the B̃ state above and the X̃ state vibronic
eigenfunctions (Eq. (10)). The transition dipole can have com-
ponents along the inertial axes, a, b, c, with b and c in the Cs

plane and a perpendicular to it. (Isopropoxy is near an oblate
top and the b axis approximately bisects the C–C–C dihedral
angle). Clearly, the b and c components transform as a′ and
the a component as a′′. Neglecting any qi dependence the tran-
sition dipole matrix element to the B̃ state vibrationless level,
|B̃A′〉 ∣∣φ′

0

〉
, can then be written as

〈φ′
0|〈B̃A′|μi |�k(p)〉

p=0= 〈φ′
0|〈B̃A′|μi

[∣∣�e
0

〉 |χ ′
0〉 + ∣∣�e

1

〉 |χ ′′
0 〉]

= 〈B̃A′|μi

∣∣�e
0

〉 〈φ′
0|χ ′

0〉 + 〈B̃A′|μi |�e
1〉〈φ′

0|χ ′′
0 〉,

(15a)

〈φ′
0|〈B̃A′|μi |�k(p)〉

p=1= 〈φ′
0|〈B̃A′|μi

[|�e
0〉

∣∣χ ′′
1

〉 + ∣∣�e
1

〉 |χ ′
1〉

]
= 〈B̃A′|μi

∣∣�e
0

〉 〈φ′
0|χ ′′

1 〉 + 〈B̃A′|μi

∣∣�e
1

〉 〈φ′
0|χ ′

1〉.
(15b)

For p = 0 the second term vanishes because φ′
0 and χ ′′

0 are
of different symmetry and similarly for p = 1 the first term
vanishes. This may be viewed as a consequence of |�k(p)〉
having a definite symmetry. For p = 0, the ith component
of the transition dipole must be along c or b for the matrix
element not to vanish. For p = 1 i must equal a for the matrix
element not to vanish.

To complete the rovibronic basis we multiply the vi-
bronic basis functions |�k(p)〉 by an oblate symmetric top
basis with symmetry axis along c. To obtain the rovibronic
selection rules, we must rotate the components of the dipole
moment from the molecule-fixed inertial coordinate system
to the space-fixed Z axis via a direction cosine or first rank
rotational matrix. This leads to the well-known selection rule
of �K = 0 for the c component and �K = ±1 for the b or
a components. Figure 4 shows that a transition moment ly-
ing effectively along the c axis is nicely consistent with the
observed spectrum, while there is no real evidence for tran-
sition moment components perpendicular to c, which would
give rise to �K = ±1 transition. This result is only consistent
with the lowest X̃ state level, |�0(0)〉 transforming as a′. The
possible effects of electron spin on the rotational structure are
discussed below but since the electric dipole does not oper-
ate in spin space, the conclusion about the symmetry of the
vibronic eigenfunctions cannot be altered.

3. The rotational and spin-orbit Hamiltonian

The present experiment measures the rotational structure
(in this section the rotational structure will be taken to in-
clude electron spin effects) of the transition from the low-
est vibronic level of the X̃ state to the lowest vibronic level
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of the B̃ state. For the B̃ state our Hamiltonian and result-
ing eigenvalues and eigenfunctions are unchanged from the
analysis of Sec. IV A. For the X̃ state we now consider the full
microscopic Hamiltonian within the twofold formed from its
two lowest vibronic eigenfunctions denoted as �k = 0(p = 0)
or |�0(a0

′)〉 and �k = 1(p = 1) or |�1(a1
′′)〉. These levels are

known experimentally to be separated by only ≈60 cm−1.
The general expression for the kinetic energy of the end-

over-end rotation of a non-rigid molecule is given as

HR =
∑
αβ

Bαβ(qN )RαRβ, (16)

where Bαβ (qN) is an element of the rotational tensor, generally
dependent on the displacements along normal coordinates qN,
and

R ≡ J − L − G − S = N−π , (17)

where N ≡ J − S and the electronic L and vibrational G angu-
lar momenta are combined for the purpose of this discussion,
into a “vibronic” angular momentum π = L + G.

We note that with the conventional choice of the axes as
the principal axis system (PAS), the expectation values of the
vibronic operator Bαβ(qN), α �= β within an isolated nonde-
generate vibronic state, i.e., 〈�k(p)|Bαβ(qN)|�k(p)〉, vanish,
and expectation values of Bαα define the rotational constants
for the effective rotational Hamiltonian. In the full micro-
scopic Hamiltonian, however, the quantities Bαβ(qN) are vi-
bronic operators, which can be represented by a multidimen-
sional Taylor series in powers of qN. However, for the pur-
poses of this discussion, we will truncate the expansion at
the leading, qN-independent term. The rotational Hamiltonian
can be divided into 3 categories of terms. The first category
contains those terms which are quadratic in π that can be
treated as constants for the rotational calculation and hence-
forth are neglected. The second category are those quadratic
in N. These transform totally symmetrically and only give rise
to non-zero matrix elements within either the |a′

0〉 or |a′′
1 〉 vi-

bronic states. The form of the Hamiltonian giving rise to these
non-vanishing matrix elements is that of an asymmetric top,
exactly of the form of Eq. (2) of Sec. IV A, which can be
written in an inertial axis system

HROT = Aκκ ′
N2

a + Bκκ ′
N2

b + Cκκ ′
N2

c

= Cκκ ′
N2

c + Bκκ ′
+ [N+, N−]+ + Bκκ ′

− (N2
+ + N2

−),

(18)

where the rotational constants Aκκ ′
, Bκκ ′

, Cκκ ′
are appropriate

values of the matrix elements of the corresponding operators
over the vibronic levels, i.e.,

〈�κ (p)|Bαα(qN )|�κ ′(p′)〉. (19)

Since HROT has only diagonal matrix elements, κ = κ ′ and
p = p′ in Eqs. (18) and (19). In the second equality in
Eq. (18) we used notation similar to that of Hougen46

Bκκ ′
+ = 1

4
(Aκκ ′ + Bκκ ′

), (20a)

Bκκ ′
− = 1

4
(Aκκ ′ − Bκκ ′

), (20b)

and introduced the rotational angular momentum raising and
lowering operators

N± = Nb ± iNa. (21)

The third category of terms are those bilinear in N and
π , which we will show below have non-vanishing matrix
elements only between |�0(a0

′)〉 and an |�1(a1
′′)〉 vibronic

states. These terms are typically called Coriolis coupling
terms and can be represented by the HCOR:

HCOR = −2NcC
κκ ′

πc

− 2N+(Bκκ ′
+ π− + Bκκ ′

− π+)

− 2N−(Bκκ ′
+ π+ + Bκκ ′

− π−), (22)

where we have introduced raising/lower operators for π de-
fined analogous to those of N and in Eq. (22) κ �= κ ′.

To consider the effect of non-negligible spin-orbit cou-
pling we write the spin-orbit Hamiltonian, HSO , as

HSO =
∑

α

aαLαSα, (23)

where α denotes any one of the inertial axes.
We now specify the complete basis set for the rotational

calculations

|�k(p); JSNK〉 = |�k(p)〉 |JSNK〉 . (24)

The ket |JSNK〉 (space-fixed projections are suppressed) is de-
fined as the case (b) like vector coupled products of the spin
kets |SMs〉 and oblate symmetric top function |NMNK〉 where
K is defined as the projection of N along the c axis. This basis
set is identical in its spin and rotational parts with that of the
isolated state treatment (see Eq. (7)). However, in the isolated
treatment the rotational and spin basis function is multiplied
by |A′〉 or |A′′〉 which is taken as a single electronic state, mul-
tiplied by a separated and suppressed vibrational eigenfunc-
tion. The |�0(a′)〉 and |�1(a′′)〉 are true vibronic eigenfunc-
tions (see Eq. (10)) and the Hamiltonian is constructed (and
diagonalized) for the two lowest energy eigenfunctions.

The total Hamiltonian, HROT SP , we consider is therefore

HROT SP = HROT + HCOR + HSO + HQ, (25)

where HQ is the Hamiltonian term that is responsible for the
lifting of vibronic degeneracy due to methyl substitution. It
is important to note that HROT SP does not contain an ex-
plicit spin-rotation term (see Eq. (3)) as does the isolated state
model. Instead such effects are accounted for by the specific
inclusion of HCOR and HSO in the twofold. We expect the
twofold to account for the dominant effects of spin-rotation
coupling. It is of course true that HCOR + HSO coupling over
other electronic states or even other vibronic levels of the
X̃ state might not be negligible. However as we will argue
later such effects can be mimicked by the above Hamiltonian
and their contribution of the molecular parameters should be
relatively minor.

Before working out the detailed matrix elements on the
basis of Eq. (24), it is worthwhile to consider the restrictions
imposed upon them by the symmetry of the vibronic states.
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We make use of a theorem obtained by Watson,47 and sum-
marized in the book of Bunker and Jensen,48 that invokes
time reversal symmetry. The theorem states conditions for a
Hermitian operator to have non-vanishing matrix elements
within a state whose eigenfunctions transform as an irre-
ducible representation �i of the molecular symmetry group.
Any operator, Ô, with symmetry �0, can only transform into
±Ô, under time reversal operator �. If it transforms into it-
self, i.e., is invariant, then for its matrix elements not to van-
ish, �0 must be contained in the symmetric direct product[
�2

i

]
of �i. If Ô transforms into −Ô then �0 must be con-

tained in the antisymmetric part
{
�2

i

}
of the direct product.

Some years ago we used49 this theorem to show that the ma-
trix elements of the components of the electronic angular mo-
mentum perpendicular to the symmetry axis of a group with
a degenerate irreducible representation vanished, while that
along the axis did not necessarily do so. This result followed
from the fact that all the angular momentum components were
antisymmetric with respect to time reversal but the symmetry
axis component transformed as an irreducible representation
in

{
�2

i

}
while the perpendicular components transformed as

an irreducible representation in
[
�2

i

]
.

Applying the theorem to the present situation we note
that the vibronic operators in HROT are time-reversal invari-
ant, while those in HCOR and HSO , π i and Li, change sign
under �. For the non-degenerate vibronic states |a′

0〉 and |a′′
1 〉

we have the trivial result that
[
�2

k

]
is limited to the totally

symmetric representation and
{
�2

k

}
is empty. Hence HROT

can have non-zero expectation values, but HCOR and HSO

cannot.
This theorem does not place any restriction on the off-

diagonal matrix elements between the states |�0(a′)〉 and
|�1(a′′)〉, but the point or molecular symmetry group does.
The vibronic operators in HROT are totally symmetric so must
vanish between the two states. Likewise the operators, π y and
Ly in HCOR and HSO , are also totally symmetric, and hence
all the Hamiltonian terms involving them must also vanish.

With these results we can write an effective Hamiltonian,
HROT SP , only operating in the |JSNK〉 space where

HROT SP = HRSD + HRSOD (26)

The first term of HROT SP has only diagonal matrix elements
in the twofold given by the operator of Eq. (18).

HRSD =
∑

k=0,1
|�k(p)〉

[
HROT − (−1)k

�E0

2

]
〈�k(p)| ,

(27)

where �E0 is the non-relativistic contribution to the separa-
tion between the vibronic eigenvalues. The second term of
Eq. (26) has only off-diagonal matrix elements,

HRSOD = |�1(a′′)〉 (HCOR + HSO) 〈�0(a′)| + h.c. (28)

Operator forms for He
COR and He

SO can be written as

HCOR = −(
2Cκκ ′

ζ c
t + Bκκ ′

ζ b
t (N+ + N−)

)
(La′′,a′ + La′,a′′ ),

(29a)

HSO =
(

aζ c
e d · Sz + 1

2
aζ b

e d · (S+ + S−)

)
(La′′,a′ + La′,a′′ ),

(29b)

Cκκ ′
ζ c
t ≡ i〈�1(a′′)|Cπc|�0(a′)〉, (29c)

Bκκ ′
ζ b
t ≡ i〈�1(a′′)|Re[B+π− + B−π+]|�0(a′)〉, (29d)

aζ c
e d ≡ i〈�1(a′′)|acLc|�0(a′)〉, (29e)

aζ b
e d ≡ i〈�1(a′′)|abLb|�0(a′

0)〉, (29f)

La′′,a′ = [La′,a′′ ]† = |�1(a′′)〉〈�0(a′)|. (29g)

E. Fitting the high-resolution LIF spectrum

To ensure the convergence of the numerical analysis and
to obtain physically meaningful results, a number of further
restrictions can usefully be applied to the molecular parame-
ters of the twofold Hamiltonian that are varied to achieve the
best match with experiment. First, we assume that the values
of the rotational constants, Aκκ ′

, Bκκ ′
, and Cκκ ′

, are identi-
cal in both levels of the twofold and between them, and de-
note them simply as A, B, and C. In addition to the rotational
constants, the twofold model is characterized by the parame-
ters, Cζc

t and Bζb
t , involving the vibronic angular momentum

along the inertial axes and the electronic angular momentum,
defined by parameters aζ c

e d and aζ b
e d, along the same axes.

In this sense the twofold model has the same number of ad-
justable parameters, 7, as the isolated state model.

Because of the clearer physical description the twofold
model offers, it is possible to introduce approximations to
reduce the number of parameters varied in the fits. One can
write

aζ b
e d = aζed cos θ (30)

and

aζ c
e d = aζed sin θ, (31)

where θ is the angle between the direction of the b inertial
axis and the electronic angular momentum. If one assumes
the electronic wavefunction of isopropoxy is similar to that
of methoxy then θ is approximately equal to the angle be-
tween the b axis and the CO bond. The quantity, aζ ed, is
then effectively the value of the spin-orbit coupling along the
CO bond and can be meaningfully compared to methoxy, al-
though the electronic and vibronic quenching reflected by the
values of ζ e and d, respectively, may well be different in the
two molecules. In fits the values of both aζ ed and θ can be
varied although we expect the angle to be close to that cal-
culated for the b axis and CO bond from electronic structure
theory, which is 17.6◦. In some initial fits with both param-
eters, ζ b

e and ζ c
e , varied independently, the resulting values

were indeed determined to be consistent with θ near the
calculated value.
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TABLE IV. Experimentally determined molecular constants of isopropoxy
from fitting the origin band using the twofold model. Statistical one standard
deviations are given in parentheses. Possible systematic errors are discussed
in the text. The standard deviation of the fit is 79 MHz.

Ground (X̃) state
A (GHz) 9.350 (5)
B (GHz) 8.070 (4)
C (GHz) 4.903 (4)

ζ t 0.264 (6)
aζ ed (cm−1) − 38.84 (10)
�E0 (cm−1) 46.6 (10)a

θ (deg) 19.2 (7)b

Excited (B̃) state
A (GHz) 8.610 (3)
B (GHz) 8.009 (3)
C (GHz) 4.741 (2)

T00 (cm−1) 27 134.15c (75)

aValue determined by Eq. (32) with �E fixed at 60.8 cm−1, the value of the Ã − X̃

separation determined in the high-temperature LIF experiment. The error bar quoted for
�E0 is based upon the error estimate for �E in the absence of a rotational analysis.
bCompared to calculated value of 17.6◦.
cThe zero of energy in the twofold model is defined as a midpoint between the two
states. Therefore, the experimental value of �E/2 = 30.35(75) cm−1 needs to be added
to this value to compare to the origin obtained using the isolated state Hamiltonian. The
resulting value of 27 164.5(8) cm−1 agrees to within experimental error with the value of
27 164.433 cm−1 of the isolated-state model, see Table II. The experimental uncertainty
is due to the propagation of the experimental error for the �E measurement.

One can factor out the rotational constants B and C from
Bζb

t and Cζe
t to determine the vibronic angular momentum

components, ζ c
t and ζ b

t . In principle a similar sin θ ′/cos θ ′

relationship exists between them as for ζ c
e and ζ d

e ; how-
ever, it is not obvious that θ ′ = θ . When this assumption is
made, good fits are obtained and our numerical results reflect
that approximation. This assumption is discussed further in
Sec. V.

We have used the eigenvalues and eigenfunctions of the
effective Hamiltonian to assign and fit the experimentally ob-
served isopropoxy spectrum, just as we did with the isolated
state model in Sec. IV B. A computer program has been writ-
ten for the lowest energy twofold of the X̃ state using the
Hamiltonian matrix elements given in Appendix B.

A least squares fit to the transition frequencies was per-
formed to obtain the best values of the parameters in He

ROT SP .
Both the X̃ and B̃ state rotational constants A, B, C, the total
vibronic angular momentum, ζ t, the spin-orbit coupling pa-
rameter aζ ed, and the tilt angle θ were varied. The remaining
parameter, the vibronic splitting, �E0, in HROT SP , was deter-
mined by the equation

�E =
√

�E2
0 + (aζed)2, (32)

where �E is the splitting between the two vibronic levels
which was fixed to its experimental value of 60.8 cm−1.21

The simulation assumes equal dipole components in the
two orthogonal directions perpendicular to the CO bond and
zero along the bond, which is the situation with methoxy. This
assumption yields equal transition moments in the bc symme-
try plane and perpendicular to it. The results of the fits are
given in Table IV and corresponding simulations of the spec-
trum are shown in Figs. 11 and 12. The observed and calcu-

wavenumber

27162.5 27163.0 27163.5 27164.0 27164.5 27165.0

FIG. 11. Portion (P- and Q-branch region) of experimental B̃ ← X̃ spectra
of isopropoxy and spectral simulations obtained using different models. The
black traces, labelled (a) (the top and bottom traces) are the experimental
spectra. Trace (c) (blue) shows the spectra obtained using the solutions of the
isolated state Hamiltonian with molecular parameters given in Table I. Traces
(b) (green) and (d) (red) are obtained with the twofold Hamiltonian. For trace
(d) we used the molecular parameters given in Table IV. For trace (b) we
used the values of aζ ed = −62.6 cm−1 and �E0 = 17.7 cm−1 which are the
values calculated by DYIP. For the isolated-state calculations b and c type
transitions were included with the corresponding values of the components
of the transition dipole moments given by Eqs. (B23a) and (B23b). For the
twofold calculations all three transition components, Eq. (B23), are included.
See text for more details.

lated line positions are given in the supplementary material42

(Fit 2). As the figures show, the quality of the fits is compara-
ble to that of the isolated state model. For the twofold model
the residual is 79 MHz versus 64 MHz for the isolated state
model, but the twofold model has two less parameters varied.
The residuals are quite comparable to the experimental errors
of the measured transition frequencies.

V. DISCUSSION

In this section, we discuss first the experimentally de-
termined parameters of the lowest a′ vibronic level of the X̃

state of isopropoxy. That discussion includes a comparison of

wavenumber

27165.0 27165.5 27166.0 27166.5 27167.0

FIG. 12. Portion (R branch region) of experimental B̃ ← X̃ spectra of iso-
propoxy and spectral simulations obtained using different models. The re-
maining format is the same as Fig. 11.
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results from the twofold and isolated state models. We then
more briefly discuss the corresponding parameters of the B̃

state determined from the B̃ − X̃ spectrum. We conclude this
section by commenting upon some dynamics occurring in the
B̃ state that are revealed by the B̃ − X̃ spectrum.

A. Ground state rotational constants

By comparing Tables I and IV we see that the rotational
constants from both the isolated state and the twofold model
are quite similar as might be expected since they refer to the
same physical quantity and the fits are of very comparable
quality. However, looking closely at the X̃ state values we see
the rotational parameters from the twofold model are system-
atically larger than from the isolated state model by 2 or 3
times the standard deviation. (In the case of the B̃ state all
three rotational constants agree within the quoted one stan-
dard deviation errors.)

This result initially seems puzzling but upon some reflec-
tion is actually quite reasonable, since the Coriolis interac-
tions between the a′ and a′′ vibronic states which affect both
states’ rotational structure to a small degree, are completely
neglected by the isolated state model. Following Hougen’s46

logic but using our present notation the effective isolated-state
rotational constants, (Bαα)eff are given by

(Bαα)eff = [(Bαα)2FM ± δBαα], Bαα = A,B,C (33)

with the ± signs applying to the upper a′′ and lower a′ states,
respectively. The (Bαα)2FM is the rotational constant from the
twofold model and δBαα ≈ 4(Bαα)2

2FM (ζ α
t )2/�E0. Using the

values in Table IV shows δBαα ≈ 8 × 10−4 cm−1 which is
1-2 times the quoted average experimental error. Thus, the
two sets of rotational constants are completely consistent with
one another.

Another useful comparison is between the observed ro-
tational constants and those calculated via electronic struc-
ture theory. In previous work25 on primary alkoxy radi-
cals, B3LYP calculations gave very good predictions for the
ground state rotational constants, usually with a discrepancy
smaller than 3%. The discrepancy between the calculated and
the experimental values of the ground state A constant of iso-
propoxy, however, is as large as 16%. Calculations with dif-
ferent quantum chemistry methods or using different basis
sets do not significantly improve the quality of the prediction.
While distortion of the geometry from Cs symmetry is present
in the calculations, the change in the rotational constants re-
sulting from this effect is negligible. We mainly attribute the
discrepancy to the second-order vibronic contributions due to
PJTE. Previously, it has been shown that for molecules with
C3v symmetry there are second-order vibronic contributions
to all three rotational constants.50, 51

B. X̃ state spin-orbit coupling, aζ ed, and vibronic
angular momentum, ζ t

In Secs. IV B and IV E, respectively, we found that both
the isolated state and the twofold model provide an excellent
fit and simulation of the B̃ − X̃ isopropoxy LIF spectrum.
However, Sec. IV C showed that the values of the parameters,

particularly the SRT components, obtained from the isolated
state fit were exceedingly difficult to understand physically
given the traditional definition of those parameters in terms of
expressions derived from perturbation theory. It now remains
to be seen whether the parameter values determined by the
twofold model have a clearer physical significance.

As explained in Sec. IV E, in addition to the rotational
constants, three additional parameters were determined in the
twofold fit: the spin-orbit coupling, aζ ed, the vibronic angular
momentum, ζ t, involved in the Coriolis coupling, and finally
the angle, θ , in the symmetry plane between the electronic
orbital angular momentum and the b inertial axis. In the par-
ent molecule, methoxy, the electronic angular momentum lies
along the CO bond. While the 2pπ orbital, mainly localized
on O in methoxy, is somewhat distorted in isopropoxy, we
expect that distortion to be small enough that the electronic
angular momentum still points nearly along the CO bond in
isopropoxy. Nonetheless, we take θ as an independent vari-
able to be determined and as a test of the physical picture shall
compare its fitted value to that calculated for the b axis to CO
bond angle using electronic structure theory. There is in prin-
ciple yet another independent angle, θ ′, measuring the angles
between the b axis and the vibronic angular momentum. As
suggested in Sec. IV E, we equate θ and θ ′ for fitting purposes
referring to the angle simply as θ . Later in this section we will
discuss the reasonableness of the approximation.

Referring to Table IV, we see that the spin-orbit param-
eter aζ ed is found to be −38.8 cm−1, roughly two-thirds the
value of −61.5 cm−1 for the comparable parameter in X̃2E
CH3O. Since we have accepted, at least qualitatively, the hy-
pothesis of DYIP, that the electronic eigenfunctions for iso-
propoxy and methoxy are very similar, it is reasonable to ex-
pect the values of aζ ed in the two molecules to be similar.
The question then is whether a decrease of aζ ed of just over
one third from methoxy to isopropoxy is reasonable. It is clear
that aζ ed is the product of three quasi-independent factors: a,
ζ e, and d. The parameter a measures the strength of the cou-
pling and hence is sensitive to the unpaired spin density near
the oxygen nucleus. The quantity ζ e measures the electronic
angular momentum and is strongly dependent on the symme-
try of the unpaired electron’s environment, reaching a limit of
unity as the molecule obtains cylindrical symmetry, e.g., the
OH radical. Clearly, both a and ζ e are dependent on the elec-
tronic eigenfunction. Looking at the graphical representation
of the isopropoxy p-orbitals in Fig. 2, it is clear that they show
asymmetric delocalization away from the O atom’s p orbital.
Such delocalization would arguably decrease both a and ζ e

and is likely at least partially responsible for the observed de-
crease in aζ ed.

The third factor is d, the generalized Ham quenching
factor, which reflects the distortion of the molecule and cor-
responding electronic angular momentum quenching caused
by vibronic coupling. In the absence of vibronic coupling d
would be unity, but an early measurement52 yields ζ ed ≈ 0.44
in CH3O. Moreover, as the mass of the molecule increases,
the vibrational frequencies decrease and the increased vi-
bronic coupling causes d to decrease. Indeed in methoxy14 re-
placement of each of the 3 hydrogens by deuterons decreases
d by ≈3%. Ergo a reasonably significant decrease in d is
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expected in going from methoxy to isopropoxy. In conclusion
while precise quantitative arguments are extremely difficult to
make, the value of aζ ed of isopropoxy being approximately
two-third that of methoxy seems very reasonable.

In discussing the experimental value of the vibronic an-
gular momentum it is useful to recall its definition14 in terms
of components of the electronic and vibronic angular momen-
tum along the inertial axis, α,

ζ α
t = (ζed)α + ζ α

v = (ζed)α +
∑

i

ζi�
α
i . (34)

The components along the individual axes can be ob-
tained from ζ t in Table IV and equations analogous to
Eqs. (30) and (31). The expansion of the vibrational angu-
lar ζ α

v in the second equality in Eq. (34) reflects the fact that
in principle all vibrational modes, i, contribute. The ζ i are
the Coriolis coupling parameters and the �α

i relate the atomic
Cartesian displacement vectors and the normal coordinates.

When assessing the experimental value of ζ t = 0.265 for
isopropoxy, it is again useful to compare to methoxy. By mea-
suring ζ t in four different isotopologues of methoxy, the elec-
tronic and vibronic contributions could be separated with the
result for CH3O, ζ ed = 0.423, and ζv ≈ −0.087 yielding a
value of ζ t = 0.336. As mentioned earlier in methoxy ζ ed was
found to decrease significantly upon increasing the molecule’s
mass by deuteration. A similar effect was found for ζv . There-
fore, the ≈20% decrease in ζ t in going from methoxy to iso-
propoxy is entirely consistent with expectations based upon
a very similar electronic structure but modified at least mod-
estly by mass effects and some delocalization of the unpaired
electron from the O 2pπ orbital.

The third experimental determination is the value of
θ = 19.2(7)◦, which can be compared to the calculated value
of 17.6◦ for the b axis tilt angle from the CO bond. Given the
experimental and computational uncertainties, as well as the
slightly different quantities being compared, this agreement
further demonstrates the physical significance attachable to
the parameters from the twofold model. A final word should
be said about equating θ and θ ′ in the fit since it is not particu-
larly obvious from Eq. (34) that the vibronic angular momen-
tum should point along the CO axis. Indeed generally speak-
ing the vibronic angular momentum will not point along the
CO axis because of the sum over all the modes in Eq. (34).
However, in the twofold model only those modes which give
rise to non-zero matrix elements between the a′ and a′′ states
contribute to ζv . In the limit of no vibronic coupling, the ma-
trix elements of ζv between the a′ and a′′ states will vanish
as they are orthogonal electronic states which the vibronic
angular momentum cannot couple. In the vibronic coupling
model of Sec. IV D 1, it was assumed that single a′ and a′′

vibrational modes, derived from the most Jahn-Teller active e
mode of methoxy, were involved in the coupling. In this limit
only those two modes contribute to the sum in Eq. (34). Under
this assumption the a′ and a′′ modes of isopropoxy are derived
from ν6 of methoxy, which does have ζv along the CO bond,
consistent with the approximation that θ = θ ′.

In concluding this section it is prudent to emphasize a
caveat concerning the values determined for the spin-orbit
and Coriolis coupling constants. We have argued that the

twofold model accounts for the spin-rotation coupling via
spin-orbit and Coriolis coupling and have therefore fixed the
spin-rotation coupling parameters to zero in the fit that deter-
mines the parameters listed in Table IV. However, the twofold
model does not account for contributions to the spin-rotation
coupling constants from excited electronic or vibronic
states outside the twofold. These effects are discussed in
Appendix A and their magnitude is estimated. While the es-
timated contributions from these effects to the εαβ are small,
the effects are not completely negligible compared to the esti-
mated experimental error in these parameters. Moreover, de-
termining these contributions by floating the ε̃αβ in a fit is not
feasible due to their very high correlation with the spin-orbit
and Coriolis parameters. Therefore, we estimate possible sys-
tematic errors in the values determined for these latter param-
eters in the twofold fit.

As argued in Appendix A, the maximum contribution to
ε2v
aa is �300 MHz. If we fix ε̃aa at 300 MHz and keep the

remaining ε̃αβ fixed at 0 we find that |aζ ed| is decreased by
≈2.5%, or less than the experimental error of 1 cm−1, and
the rest of the parameters do not change appreciably beyond
experimental error.

Since the remaining ε2v
αβ should scale as the rotational

constants, ε2v
bb is the largest. As discussed in Appendix A,

one should be able to get reasonable estimates of these contri-
butions using second-order perturbation theory and one finds
likely contributions �1 GHz. A value of ε̃bb = 1.0 GHz de-
creases θ by 3.8◦ and ζ t by 0.066 but does not alter any of the
other parameters beyond experimental error. We would ex-
pect θ to be close to its geometric value of 17.6◦, but it does
not need to match exactly for several reasons. First, in iso-
propoxy it is only an approximation that ζ t lies along the CO
bond. Second, the electronic structure calculation determines
the equilibrium value of θ , not its value in the vibrationless
level. In conclusion we would argue that the systemic error
in aζ ed is less than 1 cm−1 and θ is likely within ±3◦ of its
geometric value. It is difficult to estimate the systematic er-
ror possible in ζ t except that it is limited by the acceptable
variation in θ from its geometric value.

C. Comparison of experimental and theoretical
ground state results

The first item for comparison between theory and ex-
periment is the symmetry of the lowest X̃ state level from
which the LIF spectrum originates. The observed rotational
structure has clearly demonstrated that lowest vibronic level
of the ground state of isopropoxy, from which the experimen-
tal spectrum arises, has a′ symmetry. On the other hand, there
is a discrepancy between our electronic structure calculations
that show the global minimum of the isopropoxy PES lies in
the Cs plane and DYIP which finds equivalent global minima
on either side of it. As has been shown both experimentally
and computationally the corresponding lowest vibronic level
of ethoxy has a′′ symmetry. It was hoped that the experimental
result of a′ for the lowest vibronic level of isopropoxy would
determine which calculation correctly predicts the global min-
imum for isopropoxy. However, as shown in Sec. IV D 1, the
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small size of the barriers on either calculated PES means that
both are consistent with an a′ lowest vibronic level so that no
conclusion can be drawn from the experiment concerning the
location of the global minimum.

However, there are two clear discrepancies between the
experimental parameters obtained from the isolated state fit
and the predictions of electronic structure calculations and
both involve the unpaired electronic spin. The description by
DYIP argues that the observed splitting, �E, between the
two lowest X̃ and Ã vibronic levels is best thought of as a
doublet resulting from spin-orbit coupling as is the case in
methoxy. Indeed, DYIP calculates aζ ed to be ≈−62 cm−1

and the “spinless” vibronic splitting �E0 ≈ 18 cm−1. Spin-
orbit coupling of this magnitude would strongly mix the a′′

and a′ vibronic states leading to significant dipole components
along the c and a axes, as in methoxy (aζ ed = −61.2 cm−1,
�E0 = 0) where these two components are equal. However,
the spectrum shows that any a-type transitions must be more
than an order of magnitude weaker than the observed c-type
transitions.

The other spin-dependent discrepancy involves the val-
ues of the SRT components determined in the isolated state
model. As discussed earlier, it is now possible to calculate
SRT components using the results of electronic structure cal-
culations. Table III shows that these calculations do a re-
spectable job of predicting experimentally measured SRT val-
ues for a number of molecules including the cases of ethoxy
and n-propoxy. However for isopropoxy the measured and
calculated values widely disagree. Moreover, the isopropoxy
SRT values are no better predicted by a previously25 quite suc-
cessful, empirical model using a reference molecule (ethoxy)
and the calculated re-orientation of the inertial axes assum-
ing the shape and the orientation of the “unpaired” electron’s
orbital with respect to the local CO bond geometry, does not
change in the alkoxy radicals.

To address these two issues, we have also analyzed the
spectrum using a twofold model which omits spin-rotation
coupling entirely within the a′ state, but considers explicitly
spin-orbit and Coriolis couplings that mix the lowest a′ and
a′′ states. This calculation determines directly values for aζ ed
and �E0 with the result that they are comparable, but the
magnitude of �E0 (47 cm−1) is actually greater than aζ ed
(39 cm−1). This implies that DYIP’s conclusion that the split-
ting between the two lowest levels of isopropoxy is best de-
scribed as a spin-orbit split doublet is not quantitatively cor-
rect. The eigenfunctions of the twofold contain comparable
contributions of both vibronic basis functions. The spectrum,
however, shows the contribution to the observed splitting from
vibronic mixing is actually larger than that from spin-orbit
coupling. Nonetheless, the fact that DYIP have shown the
close similarity between the isopropoxy and methoxy poten-
tials and even obtained reasonable ab initio predictions of
�E0 and aζ ed is very impressive, indeed.

Since aζ ed is not much greater than �E0 we would not
expect to see precisely equal components of the transition mo-
ments along the c and a axes like methoxy, but it is surprising
that we cannot positively identify any spectral evidence for an
a-type transition moment. Nonetheless, the complete twofold
calculation does give an excellent simulation of the spectrum

including the intensities, similarly showing no significant a-
type transition. This result is demonstrated in Figs. 11 and
12 which compare the experimental spectra to a simulation
from the isolated state model and two simulations from the
twofold model. One of the twofold simulations is with the op-
timum values of the twofold parameters as listed in Table IV.
The other twofold simulation uses the same parameters except
that the spin-orbit (aζ ed) and vibronic splittings (�E0) are set
at the values calculated by DYIP. As can easily be seen from
Figs. 11 and 12, the DYIP parameters give a spectral simu-
lation markedly at variance with the experimentally observed
spectrum, while both the isolated state and the twofold model
give good spectral simulations when the optimized parame-
ters from Tables I and IV are used.

The final issue involves the values of the SRT compo-
nents in the isolated state model. The values of aζ ed and �E0

from the twofold model indicate clearly why the empirical
predictions fail for isopropoxy. They are based on the second-
order perturbation expression. The experimentally determined
values show that second-order perturbation theory is insuffi-
cient to converge to a reasonable approximation of the SRT
values. Rough calculations indicate that third order contribu-
tions are responsible for the positive signs for εbb and εaa and
even third order perturbation theory is not converged.

The predicted values43 of the SRT components from elec-
tronic structure calculations should not suffer from this prob-
lem as they are based43 on the complete expression originally
given by Van Vleck,34 and do not depend upon second-order
perturbation theory. Therefore, we suggest that the likely ex-
planation is that the single reference electronic structure cal-
culations simply do not describe well enough the isopropoxy
eigenfunctions near the conical intersection to do an adequate
job of predicting the SRT components.

It is important to conclude by noting that the analyses of
the rotational and spin structure of the LIF spectrum provide
an extremely fine set of benchmarks for electronic structure
calculations. These benchmarks have been able to document
both the strengths and limitations of state-of-the-art electronic
structure calculations for isopropoxy.

D. B̃ state constants, excitation energy, and CO
stretch frequency

Comparing the rotational constants between the B̃ and
X̃ states, the largest change is for the A constant (see Table I).
This is consistent with a significant change in CO bond length
predicted by our calculation: 1.3756 Å for the X̃ state vs.
1.5588 Å for the B̃ state. A change in bond length with simi-
lar magnitude was found for other primary alkoxy radicals.25

The B̃ ← X̃ excitation of an alkoxy radical is a promotion of
one electron from the bonding pσ orbital to the half-filled,
nearly non-bonding, p-orbital of the oxygen atom. A large
change of the CO bond length is a direct consequence of the
difference in the bonding character of the two states. The cal-
culated adiabatic B̃ − X̃ excitation energy [34 458 cm−1 at
the CIS/6-31G(d) level of theory] is much larger than the
experimental value [27 164.433(4) cm−1], the same situa-
tion as for other primary alkoxy radicals.25 The calculated
CO stretch frequency (804 cm−1) is also significantly larger
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than the experimental value (569.5 cm−1), which suggests a
scale factor of 0.71. Previous calculations on primary alkoxy
radicals also showed an overestimation of the CO stretch
frequency and a scale factor of 0.76 was derived there.25

E. Line broadening and splitting

The linewidth in the origin band of isopropoxy is more
than twice as broad as that reported for other primary
alkoxies.18, 19 In the CO stretch band (see Fig. 9) the rotational
transitions appear broader still and some are even split. A sim-
ilar phenomenon has been observed in previously recorded
high-resolution spectra of 2-butoxy.33 The CO stretch band of
the G+ conformer (labelled band C in Ref. 33) of 2-butoxy
splits into two subbands with similar rotational structure and
∼6 GHz separation in frequency. Moreover, experimentally
observed CO stretch bands of various conformers of 2-
pentoxy and 2-hexoxy split into several subbands.

The mechanism for the line broadening and splitting is
still not well determined. It might involve coupling (and per-
haps concomitant internal conversion) between the B̃ state of
isopropoxy and highly lying vibrational levels of the X̃ and
Ã states. A related effect, involving the opening of a non-
radiative decay channel for excited vibrational levels of the B̃

state, has previously been reported53 for several alkoxy radi-
cals. It appears that this process is conformer dependent and
is less important in radicals with only one conformer, which
is the case for isopropoxy, which could give rise to the rel-
atively small splittings that are observed. Additionally, two
methyl rotors adjacent to the O chromophore may give rise
to coupling between the CO stretch levels and methyl torsion
levels within the B̃ state. While the density of torsional lev-
els at one quantum of CO stretch is still relatively low, they
might facilitate coupling to the much denser Ã and X̃ state
vibrational manifolds at this energy.

VI. CONCLUSIONS

The origin and CO stretch fundamental bands of the
B̃ − X̃ LIF spectrum of jet-cooled isopropoxy have been ob-
tained with nearly completely resolved rotational and spin
structure. A detailed analysis of the structure of the origin
band assuming an isolated ground electronic state has pro-
duced an excellent fit to the spectrum with precise values for
the three rotational constants for each the X̃ and B̃ state and
the four spin-rotation tensor components for the X̃ state. The
spectrum can be well simulated using these constants and as-
suming that the only non-vanishing components of the tran-
sition dipole moment lie in the symmetry plane (nearly along
the c axis), which provides rotational selection rules consis-
tent with those observed experimentally. Since the vibration-
less level of the B̃ state is known to be of a′ symmetry, the
level from which the transitions originate must also be a. This
finding confirms an earlier suggestion to that effect which was
based on observations of the rotational contour of the origin
band transition.

The quality of the spectral analysis and fit appears quite
reliable and robust. This result is consistent with the fact that

the Hamiltonian employed is the same as the one derived34

group theoretically by Van Vleck34 who argued that it should
be sufficient to describe the spin and rotational structure of
any doublet state. Nonetheless, several questions arise con-
cerning the interpretation of the results of the analysis. DYIP
have recently reported detailed and quite high level elec-
tronic structure calculations on the X̃ state of isopropoxy. One
would expect that such calculations on a molecule as small as
isopropoxy, even though it is open-shell, would be highly ac-
curate. However, there are apparent inconsistencies between
spectral and computational results.

The experimental finding is that the lowest level of the X̃

state has a′ vibronic symmetry. The calculation of the PES of
the X̃ state of isopropoxy by DYIP has congruent global min-
ima on either side of the symmetry plane. Our calculations,
however, find a global minimum within the symmetry plane.
To ascertain whether the experimental observation could re-
solve this discrepancy a calculation of vibronic eigenfunc-
tions that includes pseudo-Jahn-Teller coupling between the
diabatic A′ and A′′ states has been performed. The calculation
shows that for sufficiently low barriers between the equiva-
lent global minima on either side of the symmetry plane, the
lowest vibronic level will in fact be a′. This result is consis-
tent with DYIP’s description of isopropoxy’s PES being very
similar to that of methoxy which has only small Jahn-Teller
induced barriers around the moat. Similarly, a global mini-
mum in plane yields a lowest vibronic level of a′ symmetry.
Hence, the experimental results are insufficient to resolve the
question of the position of the global minimum for the PES of
isopropoxy.

DYIP calculations further suggested that the splitting be-
tween the two lowest levels of the ground state of isopropoxy
should best be thought of as the splitting of a spin doublet,
as is the case of the 2E1/2 and 2E3/2 levels of the X̃ state
of methoxy. This conclusion was based on a calculation of
the spin-orbit coupling of ≈−60 cm−1, nearly the same as
in methoxy, which would be slightly augmented by a non-
relativistic vibronic splitting of slightly less than 20 cm−1.
These results appear inconsistent with the purely in-plane
transition moment as such large spin-orbit coupling would
strongly mix the a′ and a′′ vibronic eigenfunctions yield-
ing both non-zero in-plane and out-of-plane transition mo-
ment components. Furthermore, the experimentally deter-
mined spin-rotation coupling constants from the isolated state
model are strongly at variance with those predicted from both
electronic structure calculations and a semi-empirical model,
the latter two of which being in semi-quantitative agreement.

An independent analysis of the observed spectrum was
performed using a newly developed twofold model which
considers simultaneously the eigenpairs of the two lowest lev-
els of the ground state and includes Coriolis and spin-orbit
coupling between them. The twofold model neglects any spin-
rotation coupling within the states since that part of it at-
tributable to coupling to more highly excited states would
be small compared to that attributable to the coupling be-
tween the two lowest states which is explicitly included in
the twofold model. The spin-orbit (aζ ed = −38.85 cm−1) and
vibronic splitting (�E0 = 46.6 cm−1) parameters along with
the rotational constants, determined in the fit with the twofold
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model reproduce the observed spectrum excellently both in
terms of line positions and intensities.

These experimental results for isopropoxy benchmark the
capability of state-of-the-art quantum chemistry calculation.
The results of DYIP predict that the PES surface of ground
state isopropoxy is very similar to that of methoxy and it al-
lows calculations of the vibronic eigenfunctions with a qual-
ity unthinkable a short time ago. Nevertheless, the calculation
does fail to predict the relative contribution of spin-orbit and
vibronic splitting to even qualitatively match that determined
from the observed spectrum.

While the isolated state and the twofold model both can
be used to simulate the observed spectrum with excellent ve-
racity, the twofold model’s parameters have a much more
direct physical significance. The spin-rotation parameters of
the isolated state model do not correspond to the traditional
spin-rotation parameters based upon second-order perturba-
tion theory. Additionally, these parameters are poorly pre-
dicted by single reference electronic structure calculations,
not because of limitations based on second-order perturba-
tion theory, but more likely because of inadequacy of the cal-
culated electronic eigenfunctions in the vicinity of a conical
intersection.
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APPENDIX A: DETERMINATION OF THE
SPIN-ROTATION TENSOR

Tarczay et al.25 showed that the SRT of a substituted
molecule (S) can be predicted using known SRT elements of
a reference molecule (R) by the relationship

εS = I−1
S ε′

S = I−1
S U−1

S ε′
S(g)US = I−1

S U−1
S ε′

R(g)US

= I−1
S U−1

S URε′
RU−1

R US = I−1
S U−1

S URIRεRU−1
R US, (A1)

where UR, S are the matrices of the unitary transformations
that convert the principal coordinates, in which the inertial
tensor I is diagonal, into the common coordinates (g) in which
the “mass-independent SRT” (ε′) is conserved upon substitu-
tion, i.e., ε′

R(g) = ε′
S(g).

Experimentally, however, one can determine only the re-
duced SRT ε̃ defined in Eq. (4). We can rewrite Eq. (A1) in
terms of ε̃:

ε̃S = I−1
S SSU−1

S URIRS−1
R ε̃RSRU−1

R USS−1
S . (A2)

For most molecules, the SRT constants are relatively
small compared to their rotational constants. Under this ap-
proximation, the unitary matrices SR,S are approximated by

the unit matrix and ε̃ � ε.38 Equation (A2) therefore can be
rewritten as

ε̃S = I−1
S U−1

S URIRε̃RU−1
R US, (A3)

which can be used to predict the effective SRT of a substi-
tuted molecule (ε̃S) from that of a reference molecule (ε̃R).
For all alkoxy radicals (except methoxy), the B̃ state is much
further removed from the ground state (on the order of tens of
thousands of wave numbers) than the Ã state (on the order of
tens or hundreds of wave numbers). The contribution of the
interaction between the B̃ and X̃ states to the spin-rotation
constants is therefore small. Furthermore, the unpaired elec-
tron is well localized onto the oxygen atom and the half-filled
p-orbital does not change significantly during substitution. In-
deed, for all primary alkoxy radicals with Cs symmetry, the
ground electronic state has A′′ symmetry and the first excited
state A′ symmetry. A common coordinate system (referred to
as “geometry-fixed coordinate system” in Ref. 25) can be de-
fined by the CO bond (z-axis), the axis (x-axis) that is per-
pendicular to it and is within the C–C–O plane, which is the
symmetry plane for primary alkoxy radicals with Cs symme-
try, and the third axis (y-axis) that is perpendicular to the pre-
vious two. Ethoxy was used as the reference molecule and the
SRTs of the larger primary alkoxy radicals were predicted,
and used as estimated values for the simulation of the high-
resolution LIF spectra of the primary alkoxy radicals.6, 19, 54

Good agreement was found between the predicted and the fit
values.

The Ã − X̃ separations of ethoxy and isopropoxy are sig-
nificantly different. It is therefore reasonable to introduce a
“mass- and Ã − X̃ separation-independent SRT” defined as

ε′′=(EÃ − EX̃)Iε, (A4)

which is expected to be conserved going from ethoxy to iso-
propoxy. Therefore, similar to Eq. (A3), the SRT of the iso-
propoxy radical in its principal coordinates can be estimated
as

ε̃ip = (EÃ,e − EX̃,e)

(EÃ,ip − EX̃,ip)
I−1
ip U−1

ip UeIeε̃eU−1
e Uip, (A5)

where subscripts e and ip stand for “ethoxy” and
“isopropoxy,” respectively.

The averaged experimental value of the Ã − X̃ separa-
tion of ethoxy from the photoelectron spectroscopy17 and the
DF results [359.5 cm−1], and that of isopropoxy from the
DF experiment7, 21 [60.8(1.0) cm−1] were used in the pre-
diction of the spin-rotation constants of isopropoxy. While
the values for the spin-rotation constants of ethoxy [ε̃aa

= −9.44(26) GHz, ε̃bb = −1.02(26) GHz, ε̃cc = −0.02(20)
GHz, |ε̃ab + ε̃ba|/2 = 2.65(130) GHz] are adopted from the
previous experimental work,18 the ab initio calculated geome-
tries of ethoxy and isopropoxy are used to derive the momenta
of inertial tensor of these two molecules and the unitary trans-
formation matrices Ue and Uip. The predicted values are listed
in the third column of Table I and compared with the exper-
imental values. The predicted SRT is dominated by ε̃bb with
an ε̃aa that is nearly zero, while the experimentally determined
ε̃aa has comparable magnitude to ε̃bb. In addition, the predic-
tion suggests a negative sign for all diagonal elements of the
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SRT, whereas the experimentally determined constants are of
both positive and negative sign. Both contradictions question
the validity of the assumption of electronic interaction we use
above.

The predicted nearly vanishing value for ε̃aa is a result
of molecular symmetry. In the absence of vibronic interac-
tion (PJTE), the lowest two electronic states of both ethoxy
and isopropoxy are of A′ and A′′ symmetries, respectively,
(though the energy ordering is reversed), and L̂y , with the y-
axis defined above as perpendicular to the Cs plane has A′

symmetry. The matrix element 〈Ã|L̂y |X̃〉 in Eq. (5) therefore
vanishes by symmetry. This is the physical reason why the ex-
perimental value for ε̃cc of ethoxy is essentially zero and also
why a nearly zero value is predicted for ε̃aa of isopropoxy us-
ing the method described above. (The y axis coincides with
the c axis in ethoxy and with the a axis in isopropoxy.)

The procedure for predicting the SRT using ethoxy as a
reference and rotating to the principle axis system of other
molecules has worked well in the past. Nonetheless, it does
not give any real insight into the microscopic origins of spin
rotation coupling. Since a doublet spin state can only support
an interaction term linear in the spin, the form of HSR must be
sufficient to replicate the observed spin splittings; nonetheless
only the microscopic Hamiltonian can give us insight into the
physical meaning of the observed SRT components. To this
end it is convenient to write the SRT components as a sum of
3 parts, i.e.,

ε̃αβ ≈ εαβ = ε2e
αβ(e, e) + ε2v

αβ(e, e) + ε2v
αβ(e, v) + εx

αβ, (A6)

where for the present purpose we neglect the difference in ε̃αβ

and εαβ and we have used the notation of Ref. 49 for the first
three terms on the RHS. In the above εx is a contribution that
cannot be well described by second-order perturbation the-
ory because the spin-orbit perturbation is too large compared
to the vibronic energy gap. As we shall see in Appendix B,
this is probably the case for the two lowest levels (a′ and a′′)
of the X̃ state, and is the reason for the introduction of the
twofold model. The ε2 terms describe portions of εαβ con-
tributed from other electronic states or different vibronic lev-
els of the X̃ state outside of the twofold. Second-order per-
turbation theory is probably adequate for these contributions
because the energy gaps are large enough between different
electronic states, (ε2e

αβ(e, e) only), or different vibronic levels
of the X̃ state, [ε2v

αβ(e, e) and ε2v
αβ(e, v)] outside of the twofold.

The detailed formula for ε2e
αβ(e, e) is given in Refs. 50 and

51. It is useful to estimate values for isopropoxy from this
formula. The contribution to ε2e

αβ(e, e) from excited electronic
states can be estimated as follows. The lowest excited state
in isopropoxy is the B̃ state at 2.7 × 104 cm−1. The Coriolis
interaction is proportional to the rotational constants for iso-
propoxy which are �0.3 cm−1 and spin-orbit constant, aζ ed
� 60 cm−1. Using these values we estimate

∣∣ε2e
αβ (e, e)

∣∣ would
have an upper limit of �100 MHz and often would be sig-
nificantly less. The sign of the ε2e

αβ(e, e) for the lowest eigen-
state is the same as that of the spin-orbit coupling constant, a,
which is negative for methoxy and the oxygen atom.

The situation for the vibronic contributions ε2v
αβ is a bit

more complex. We can write the sum of these terms for the

diagonal components as

ε2v
αα(k) = ε2v

αβ(e, e) + ε2v
αβ(e, v)

= −4BααaαRe
∑
j �=0,1

ζed
α
kjg

α
jk + ∣∣ζed

α
kj

∣∣2

Ek − Ej

, (A7a)

ζed
α
kj = 〈�k(p)|Lα|�j (p)〉, (A7b)

gα
jk = 〈�k(p)|Gα|�j (p)〉, (A7c)

where k = 0 or 1 for the two lowest vibronic levels of the
X̃ state and α denotes the inertial axes, a, b, and c. Of the
three diagonal spin-rotation constants ε2v

aa is the only one for
which the second order contribution vanishes. This result can
be shown by expanding � j

�j (p) = |A′〉∣∣χp

j

〉 + |A′′〉∣∣χ1−p

j

〉
, (A8)

where p in the superscript denotes the vibronic symmetry, i.e.,
p = 0 corresponds to a′ symmetry and p = 1 corresponds to
a′′. If we consider the lowest level of the X̃ state from which
the observed transition originates, then k = 0 and the eigen-
function is �0(0). The contributions, ζed

a
0j , to εaa(k = 0) due

to interaction with the vibronically excited state � j(p) can be
rewritten as

ζed
y

0j = 〈A′|Ly |A′〉〈χ ′
0

∣∣χp

j

〉 + 〈A′′|Ly |A′′〉〈χ ′′
0

∣∣χ1−p

j

〉
+〈A′′|Ly |A′〉〈χ ′′

0

∣∣χp

j

〉 + 〈A′|Ly |A′′〉〈χ ′
0

∣∣χ1−p

j

〉
.

(A9)

The first two terms in the right-hand side of the equation
above vanish due to the time reversal symmetry, and the sec-
ond two vanish due to molecular symmetry. This argument
is valid for all excited vibronic states, including the mem-
bers of the twofold. The argument fails for excited electronic
states since the bra and ket in Eq. (A9) refer to different states
of the same symmetry. However, we have argued above that
ε2e
aa(e, e) is �100 MHz and hence basically negligible.

Thus εαα receives non-negligible contributions only in
third and higher orders. In case of a single perturbing level,
this contribution is given as

ε(3)
aa (k, j ) = Baa

∣∣aζed
b
kj

∣∣2 + ∣∣aζed
c
kj

∣∣2

(Ek − Ej )2 = Baa

∣∣aζedkj

∣∣2

(Ek − Ej )2 .

(A10)

The equation above shows that εaa depends only on the mag-
nitude of the spin-orbit coupling and is insensitive to either
orientation of the principal axes with respect to the CO bond
within the molecular symmetry plane, or the Coriolis cou-
pling. Since the third order contribution rapidly decreases
with increasing energy gap, for the purpose of the numer-
ical estimate we assume that only the nearest vibrationally
excited state, the one quantum excitation in the Jahn-Teller
mode, contributes to ε(3)

aa . Using the value of (Ek − Ej) = νJT

≈ 350 cm−1, and the maximum value for aζ edkj = 60 cm−1,
we obtain the upper estimate for ε(3)

aa = 280 MHz. The re-
maining contributions, εx, to the observed value should be
adequately accounted for in the twofold model.
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The other symmetry-allowed components of the spin-
rotation tensor could receive substantial contributions in
second order from the same excited vibronic states and there-
fore the quantitative estimate of its impact is more com-
plicated. Using Eq. (A7a) for ε2v

αβ the rotational constants
of isopropoxy and values of the other parameters appropri-
ate for methoxy we obtain an approximate estimate of ε2v

bb

≈ −1.6 GHz, ε2v
cc ≈ −0.2 GHz, ε2v

bc ≈ −0.5 GHz. However,
since the magnitude of the spin-orbit coupling is well deter-
mined by ε̃aa , these contributions to ε̃bb, ε̃cc, ε̃bc will primarily
alter the fit values of the Coriolis coupling parameter ζ t and
the angle θ .

APPENDIX B: MATRIX ELEMENTS OF THE
HAMILTONIAN AND INTENSITY FORMULAS FOR
ROVIBRONIC TRANSITIONS

1. Matrix elements of the rotational Hamiltonian

The rotational matrix elements of both the effective ro-
tational Hamiltonian of isolated ground and excited states,
Eq. (2), and the twofold Hamiltonian, HROT , Eq. (18), in the
basis set of either Eq. (7) or Eq. (24) with the MJ quantum
number suppressed, are given as follows:

〈JSNK|〈�k(p)|HROT |�k(p)〉|JSNK〉

= CK2 + 1

2
(A + B)[N (N + 1) − K2], (B1a)

〈JSN,K − 2|〈�k(p)|HROT |�k(p)〉|JSNK〉

= 1

4
(B − A)F(N,K − 1)F(N,K − 2), (B1b)

〈JSN,K + 2|〈�k(p)|HROT |�k(p)〉|JSNK〉

= 1

4
(B − A)F(N,K)F(N,K + 1), (B1c)

F(N,K) = √
N (N + 1) − K(K + 1), (B1d)

where |�k(p)〉 is either |�0(a′)〉 or |�1(a′′)〉 for the twofold
model, and the matrix elements of the spin-rotation interac-
tion are given in Ref. 55. Matrix elements of the Coriolis
coupling terms, Eq. (29a), can be written as56

〈JSNK|〈�1(a′′)|HCor |�0(a′)〉|JSNK〉 = −2iCζ c
t K,

(B2a)

〈JSN,K + 1|〈�1(a′′)|HCor |�0(a′)〉|JSNK〉
= −iBζ b

t F(N,K), (B2b)

〈JSN,K − 1|〈�1(a′′)|HCor |�0(a′)〉|JSNK〉
= −iBζ b

t F(N,K − 1). (B2c)

The physical significance of ζ t is the same as that of the con-
ventionally defined Coriolis coupling constant in the limit of
doubly degenerate state, such as in the ground state of the
methoxy radical, where it equals the expectation value of the
vibronic angular momentum. As Eq. (2) is written ζ t must
be real.

Matrix elements of the spin-orbit Hamiltonian can be ob-
tained by using Hund’s case “a” basis for the calculation of
the matrix elements of the spin-orbit interaction, where they
assume simple form,

〈J, P |〈S,�|〈�1(a′′)|aLcSc|�0(a′)〉|S,�〉|J, P 〉 = iaζ c
e d�,

(B3a)

〈J, P |〈S,−�|〈�1(a′′)|aLbSb|�0(a′)〉|S,�〉|J, P 〉= i

2
aζ b

e d,

(B3b)

where all the parameters on the RHS of Eqs. (29a)–(29g) with
the subsequent unitary transformation to the case “b” basis,55

∣∣∣∣J = N ± 1

2
, S,N,K

〉
=

(
J + 1/2 + K

2J + 1

)1/2

×
∣∣∣∣J, P = K ± 1

2

〉 ∣∣∣∣S,� = ±1

2

〉

±
(

J + 1/2 − K

2J + 1

)1/2 ∣∣∣∣J, P = K ∓ 1

2

〉 ∣∣∣∣S,� = ∓1

2

〉
.

(B4)

Using Eqs. (B3) and (B4), we obtain matrix elements for
c−(z−)component of the spin-orbit Hamiltonian,

〈JSNK|〈�1(a′′)|aLcSc|�0(a′)〉|JSNK〉

= ±iaζ c
e d

K

2J + 1
, for J = N ± 1

2
, (B5a)

〈JSN ± 1,K|〈�1(a′′)|aLcSc|�0(a′)〉|JSNK〉

= −iaζ c
e d

[
(J + 1/2)2 − K2

]1/2

2J + 1
. (B5b)

We note that the c-component of the spin-orbit interac-
tion is diagonal in K and generally has selection rules of �N
= 0, ±1.

Similarly, it is easily seen that the b − (x−) component of
the spin-orbit interaction is off-diagonal in K, and has selec-
tion rules �K = ±1, with �N the same as the c-component.
Matrix elements diagonal in N are written as

〈JSN,K + 1|〈�1(a′′)|aLbSb|�0(a′)〉|JSNK〉

= ± iaζ b
e d

2(2J + 1)
[(J + 1/2) ∓ (K + 1)]1/2

× [(J + 1/2) ± K]1/2, (B6a)

〈JSN,K − 1|〈�1(a′′)|aLbSb|�0(a′)〉|JSNK〉

= ± iaζ b
e d

2(2J + 1)
[(J + 1/2) ± (K − 1)]1/2

× [(J + 1/2) ∓ K]1/2, (B6b)

where ± signs in Eq. (B6) correlate with J = N ± 1
2 .

Matrix elements off-diagonal both in N and K are written
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as follows:

〈JSN ′,K ′|〈�1(a′′)|aLbSb|�0(a′)〉|JSN ′′,K ′′〉

= ± iaζ b
e d

2(2J + 1)
[(J + 1/2) ± K ′]1/2

× [(J + 1/2) ± K ′′]1/2 (B7)

in which “+” applies when �N = �K and “−” applies when
�N = −�K (�N = N′ − N′′, �K = K′ − K′′). As discussed
in the text, the matrix elements of the a − (y − ) component
of the spin-orbit coupling vanishes within the twofold.

2. Transition intensities

The expression for the integrated electric dipole-allowed
transition intensities (per molecule) between the basis func-
tions characterized by sets of quantum numbers η′ and η′′ can
be written as57

I
η′
η′′ = 2π2ν

η′
η′′

3hcε0Q(T )
S

η′
η′′F

η′
η′′ (T ), (B8)

where ε0 is the permittivity of vacuum, Q(T) is the total parti-
tion function, S

η′
η′′ is the molecular line strength, and F

η′
η′′ (T ) is

the Boltzmann factor. In these calculations we are interested
in the relative intensities of the molecular transitions, there-
fore we can ignore all η-independent quantities in Eq. (B8).
Additionally, we note that the width of the spectrum we ana-
lyze is small compared to its center frequency, hence we can
also assume that the frequency ν

η′
η′′ is approximately the same

for all transitions in the vibronic band, and therefore ignore it.
The expression for the relative intensity for the transition, Ī

η′
η′′

becomes

Ī
η′
η′′ = S

η′
η′′F

η′
η′′ (T ). (B9)

We introduce a further assumption that under the condi-
tions of the supersonically cooled expansion, the apparent
linewidth is limited by the Doppler broadening due to residual
transversal motion of molecules and laser bandwidth, both of
which are independent of quantum numbers. Therefore, the
expression in Eq. (B9) can also be used to calculate peak in-
tensities (or a stick-plot spectrum) of the rotational transitions
within the given vibronic band.

For an unmixed Hund’s case “b” basis states, the expres-
sion for S

η′
η′′ = SJ ′SN ′K ′

J ′′SN ′′K ′′kp is given57 by

SA′J ′SN ′K ′
J ′′SN ′′K ′′kp = |〈B̃�0(A′)|〈J ′SN ′K ′|μZ|�k(p)〉|J ′′SN ′′K ′′〉|2,

(B10)

where μZ is the Z-component of the electronic transition mo-
ment in the space-fixed coordinate system. To obtain values
of the matrix element on the right-hand side of Eq. (B10), we
need to reference μZ to the molecule-fixed frame,

μZ =
1∑

q=−1

D1∗
0q (ω)μq, (B11)

where ω is the set of Euler angles relating the space-fixed and
PAS axis systems, and the μq are the spherical tensor compo-

nents of the transition dipole moment in the PAS frame, and
D1∗

0q is the first-rank rotational matrix.
The matrix element in Eq. (B10) can therefore be sepa-

rated into vibronic and rotational part,

〈B̃�0(A′)|〈J ′SN ′K ′|μZ|�k(p)〉|J ′′SN ′′K ′′〉
=

∑
q

〈J ′SN ′K ′|D1∗
0q |J ′′SN ′′K ′′〉〈B̃�0(A′)|μq |�k(p)〉.

(B12)

Combining the rotational matrix elements (e.g., Eqs. (14-
25, 14-46, and 14-47) of Ref. 57, or Eqs. (15-174 and 15-186)
of Ref. 58), we write the expression for the rotational matrix
elements on the right-hand side of Eq. (B12) as

〈B̃�0(A′)|〈J ′SN ′K ′|μZ|�k(p)〉|J ′′SN ′′K ′′〉
=

∑
q

MJ ′SN ′K ′
J ′′SN ′′K ′′kp(q), (B13a)

MJ ′SN ′K ′
J ′′SN ′′K ′′kp(q)

= Y J ′SN ′K ′
J ′′SN ′′K ′′

(
N ′′ 1 N ′

K ′′ q −K ′

)
〈B̃�0(A′)|μq |�k(p)〉,

(B13b)

Y J ′SN ′K ′
J ′′SN ′′K ′′ = (−1)N

′+N ′′+K ′+J ′+S

×
√

(2N ′ + 1)(2N ′′ + 1)(2J ′ + 1)(2J ′′ + 1)

{
J ′′ J ′ 1
N ′ N ′′ S

}
.

(B13c)

The rotational and Cartesian components of the transition
dipole moment are related by

μ0 = μz = μc, (B14a)

μ−1 = (
μx − iμy

)
/
√

2 = (μb − iμa) /
√

2, (B14b)

μ+1 = (−μx − iμy)/
√

2 = (−μb − iμa) /
√

2. (B14c)

Substituting expressions Eqs. (B14) for μq in Eq. (B13b),
we obtain expressions for the rovibronic transition moments,

MJ ′SN ′K ′
J ′′SN ′′K ′′kp(0)

= Y J ′SN ′K ′
J ′′SN ′′K ′′

(
N ′′ 1 N ′

K ′′ 0 −K ′

)
〈B̃�0(A′)|μc|�k(p)〉,

(B15a)

MJ ′SN ′K ′
J ′′SN ′′K ′′kp(−1)

= Y J ′SN ′K ′
J ′′SN ′′K ′′√

2

(
N ′′ 1 N ′

K ′′ −1 −K ′

)
〈B̃�0(A′)|μb − iμa|�k(p)〉,

(B15b)

MJ ′SN ′K ′
J ′′SN ′′K ′′kp(+1) = Y J ′SN ′K ′

J ′′SN ′′K ′′√
2

(
N ′′ 1 N ′

K ′′ +1 −K ′

)

×〈B̃�0(A′)| − μb − iμa|�k(p)〉.
(B15c)
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Expressions, Eq. (B15), can be customized using the
symmetry properties of the components of the transition mo-
ments,

μb,μc ∈ A′, (B16a)

μa ∈ A′′. (B16b)

Hence, the only nonvanishing vibronic matrix elements are

〈B̃�0(A′)|μa|�1(a′′)〉 �= 0, (B17a)

〈B̃�0(A′)|μb|�0(a′)〉 �= 0, (B17b)

〈B̃�0(A′)|μc|�0(a′)〉 �= 0. (B17c)

Using Eqs. (B17) and (B15) we can write the expres-
sions for the Cartesian rovibronic transition moments,
MJ ′SN ′K ′

J ′′SN ′′K ′′ (α), α = a, b, c, and dropping indexes k, p which
are now redundant,

MJ ′SN ′K ′
J ′′SN ′′K ′′ (c) = Y J ′SN ′K ′

J ′′SN ′′K ′′

(
N ′′ 1 N ′

K ′′ 0 −K ′

)

×〈B̃�0(A′)|μc|�0(a′)〉, (B18)

MJ ′SN ′K ′
J ′′SN ′′K ′′ (b) = Y J ′SN ′K ′

J ′′SN ′′K ′′√
2

〈B̃�0(A′)|μb|�0(a′)〉

×
[(

N ′′ 1 N ′

K ′′ −1 −K ′

)
−

(
N ′′ 1 N ′

K ′′ 1 −K ′

)]
,

(B19)

MJ ′SN ′K ′
J ′′SN ′′K ′′ (a) = −i

Y J ′SN ′K ′
J ′′SN ′′K ′′√

2
〈B̃�0(A′)|μa|�1(a′′)〉

×
[(

N ′′ 1 N ′

K ′′ −1 −K ′

)
+

(
N ′′ 1 N ′

K ′′ 1 −K ′

)]
.

(B20)

The Coriolis and spin-orbit interactions within the
twofold result in mixing of the basis states, yielding the eigen-
states of the general form of

|X̃, JSN̄K̄〉 =
∑

i,N,K,k,p

C
X̃,JSN̄K̄
JSNKkp |�k(p)〉|JSNK〉, (B21)

where N̄ , K̄ are formal assignment labels for the eigenvector.
Similar notation can be, in general, used for the rovibronic
levels in the B̃ electronic state. Using this expansion and
Eq. (B10), we obtain for the line strength of the individual
transition,

S
B̃,J ′SN̄ ′K̄ ′

X̃,J ′′SN̄ ′′K̄ ′′

=
∣∣∣∣∣∣

∑
N ′,K ′,α

∑
N ′′,K ′′,k,p

(
C

B̃,J ′SN̄ ′K̄ ′
J ′SN ′K ′

)∗
C

X̃,J ′′SN̄ ′′K̄ ′′
J ′′SN ′′K ′′kp

× 〈J ′SN ′K ′|〈B̃�0(A′)|μα|�k(p)〉|J ′′SN ′′K ′′〉
∣∣∣∣∣∣
2

.

(B22)

To obtain values of relative intensities from Eq. (B9) one
needs to know the numerical values of 〈B̃�0(A′)|μα|�k(p)〉,
in Eqs. (B18)–(B20), and the expansion coefficients C in
Eqs. (B21)–(B22). The latter are straightforwardly obtained
from the eigenfunctions of the Hamiltonian. The former can
be estimated as follows. In the limit of the C3v molecule,
e.g., methoxy, the top axis coincides with the CO bond, and
the transition moment lies in the plane perpendicular to the
CO bond, hence contributions to the intensities from each the
components of the dipole moment perpendicular to the CO
bond are the same by symmetry. The chemical substitution of
the site of two hydrogens results in qualitative transformation
of the doubly degenerate electronic wavefunction into a pair
of nondegenerate wavefunctions of different symmetries.
However, quantitatively the change is relatively small, and for
the purpose of the analysis of the LIF spectra the electronic,
and even vibronic, wavefunctions of the ground twofold
can be viewed as closely correlated with the components
of the degenerate E state in C3v symmetry. This means that
the magnitude of the in-plane and out-of-plane transition
moments remain approximately the same.

The second effect of the chemical substitution is a rather
dramatic rotation of the PAS system, and correspondingly the
top axis with respect to the IAS axis system,14, 56 resulting in
redistribution of the transition moment along the PAS axes
contained in the plane of symmetry of the molecule (bc-plane
in the PAS of the isopropoxy). Such a redistribution can be
simply described by the rotation of the transition moment by
the angle 90◦ − θ between the c axis and and the CO bond.
In isopropoxy, the experimental value of θ ≈ 19◦. Assuming
the magnitude of the out-of-plane transition moment (which
is unaffected by the rotation) is unity, we obtain the numerical
values for 〈B̃�0(A′)|μα|�k(p)〉:

|〈B̃�0(A′)|μc|�0(a′)〉| = |cos(θ )| ≈ 0.951, (B23a)

|〈B̃�0(A′)|μb|�0(a′)〉| = |sin(θ )| ≈ 0.309, (B23b)

|〈B̃�0(A′)|μa|�1(a′′)〉| = 1. (B23c)

Note that the in- and out- of plane contributions are taken
as equal in magnitude which is required by symmetry in
methoxy and should be a good approximation in isopropoxy.
While the two in-plane components must be of the same sign,
the relative phase of � ′

0(a′) and � ′
1(a′′) determine the rela-

tive sign of the in- and out-of-plane phase factor. In reality,
this phase factor has already been determined when the spin-
orbit matrix elements between these two states were calcu-
lated from the case (a) basis set, whose phase convention is
determined by these matrix elements.

We can obtain a consistent phase convention by going to
the case (a) methoxy limit of θ = 90◦. At such a limit, the
vibronic basis set can be written as

|�±〉 = 2−1/2
{|�0(a′)〉 ± i|�1(a′′)〉} . (B24)

By symmetry, along with Eqs. (B14) and (B24), at θ = 90◦

〈B̃�0(A′)|μ±1|�∓〉 = 1

2

(〈B̃�0(A′)|μb|�0(a′)〉

+ 〈B̃�0(A′)|μa|�0(a′′)〉) �= 0. (B25)
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Since the a and b components, corresponding to y and x com-
ponents in Cartesian notation, have equal absolute values by
symmetry, their signs (phases) must also be equal to fulfill the
last equality of Eq. (B25), which corresponds to all the com-
ponents in Eqs. (B23a)–(B23c) having the same sign.

3. Computational implementation

As written the Hamiltonian matrices and expressions for
the transition moment components contain complex values
which, if treated as such, will cause complications in writ-
ing code for numerical analysis. We note, however, that only
Hamiltonian matrix elements that are off-diagonal in vibronic
quantum number (Coriolis and spin-orbit interaction terms)
are imaginary whereas matrix elements belonging to vibronic
subblocks are all real. Therefore, for computational purposes
it is convenient to introduce another phase factor by multipli-
cation of the previous a′′ function by i, i.e.,

|�0(a′)〉 = |�0(a′)〉, (B26a)

|�1(a′′)〉 = i|�1(a′′)〉. (B26b)

The Hamiltonian matrix elements calculated using this
vibronic basis are obtained by multiplication of the right-hand
sides of Eqs. ((B2) and (B3)) and (B5)–(B7) by −i, and are
real. Similarly, matrix elements of transition dipole moment
component μa on the basis of Eq. (B26) are obtained by mul-
tiplication of the right-hand side of Eq. (B20) by i and are also
real thus eliminating the need for complex arithmetics in the
numerical computation.
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