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ABSTRACT: The B̃−X̃ laser-induced fluorescence (LIF) and
dispersed fluorescence (DF) spectra of the atmospherically
important β-monofluoro ethoxy (MFEO), β,β-difluoro ethoxy
(DFEO), and β,β,β-trifluoro ethoxy (TFEO) radicals were
recorded with vibronic resolution under jet-cooled conditions.
To simulate the spectra, Franck−Condon factors were obtained
from quantum chemical computations carried out at the CAM-
B3LYP/6-311++G(d,p) level of theory. The simulations repro-
duce well both the LIF and DF spectra. Both conformers (G and
T) of MFEO and one (G) of the two conformers of DFEO
contribute to the LIF spectrum. A comparison between the
experimental and calculated spectra confirms the expected long-
range field effects of the CHxF3−x group on electronic transition
energies and bond strengths, especially in the excited electronic
(B̃) state. Although TFEO has only one conformer, its LIF spectrum is highly congested, which is attributed to the interaction
between CO stretch and the −CF3 internal rotation.

■ INTRODUCTION

Hydrofluorocarbons (HFCs) are commonly used as refriger-
ants, solvents, and propellants, and for etching in the
semiconductor industry. Their industrial production greatly
increased in the late 1980s, because the Montreal Protocol has
phased out the production of chlorofluorocarbons (CFCs) that
significantly contributed to the depletion of Earth’s ozone
layer. Although HFCs do not have ozone depletion potential
(ODP), it has turned out that these compounds can greatly
contribute to global warming. For example, the compounds of
monofluoroethane (R161), 1,1-difluoroethane (R152a), and
1,1,1-trifluoroethane (R143a) have zero ODP, while their
global warming potentials (GWPs, as compared to CO2) are
12, 124, and 4470.1 In addition, each of these compounds is
relatively stable in the atmosphere, especially 1,1,1-trifluoro-
ethane, which has an atmospheric lifetime of 40−52 years.2,3

Realizing this problem, more than 150 nations have agreed in
2016 to cut back their HFC use from 2019. Even if their
production would drastically decrease in the next few years,

due to their long atmospheric lifetime, HFC pollutants will be
present in the atmosphere for decades.
As hydrocarbons, HFCs decompose in the atmosphere by

reacting with hydroxyl radical (OH). In the first step of this
reaction, a fluorohydrocarbon radical is formed (eq 1), which
in subsequent reactions with O2 and then with NO yields
fluorinated alkylperoxy (eq 2) and fluorinated alkoxy radicals
(eq 3).4,5

+ → +
− −

CH F CH OH CH F CH H Ox x x x3 3 3 2 2 (1)

+ + → +
− −

CH F CH O M CH F CH O Mx x x x3 2 2 3 2 2 (2)

+ → +
− −

CH F CH O NO CH F CH O NOx x x x3 2 2 3 2 2 (3)

Therefore, to understand the details of these atmospheric
reactions and to monitor these species in the gas phase, first
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the structure and the spectra of these species have to be
studied and analyzed.
Jet-cooled laser-induced fluorescence (LIF) has been used to

study alkoxy radicals in their second excited electronic (B̃)
state.5−24 While moderate-resolution scans provide informa-
tion on the vibrational levels, high-resolution LIF spectra are
suitable to determine experimental rotational and spin-
rotational constants. Similarly, dispersed jet-cooled laser-
induced fluorescence (DF) spectroscopy has been used to
explore the vibrational levels in the ground state (X̃) and in the
low-lying first excited electronic (Ã) state,22,25−28 while
stimulated-emission pumping (SEP) and microwave spectros-
copy (MW) can provide high enough resolution to obtain
rotational constants in the electronic ground state.29−31 In
most of these studies, alkyl nitrites (RONO) have been used as
precursors, and the alkoxy radicals were produced by laser
photolysis typically at 308, 351, or 355 nm. As it has been
shown, Cl and Br substituted alkoxy radicals cannot be
prepared by this method, because photon absorption results in
a HCl or HBr elimination, respectively.32 In contrast to this,
due to the strong C−F bond, fluorinated alkoxy radicals are the
major products of the photochemical decompositions of
fluorinated alkyl nitrites. Among the fluorinated alkoxy radicals,
trifluoromethoxy (CF3O)

33 and β-monofluoroethoxy (CH2F−
CH2O),34 and the unsaturated 1-fluorovinoxy (CH2

CFO)35−38 and cis- and trans-1,2-difluorovinoxy radicals
(CFHCFO)39 were studied by LIF spectroscopy.
The purpose of the present paper is to characterize β-

monofluoro- (MFEO), β,β-difluoro- (DFEO), and β,β,β-
trifluoroethoxy (TFEO) radicals by moderate-resolution LIF
and DF spectroscopy. We also intended to analyze the
tendencies in structural and spectroscopic properties as a
function of the number of fluorine atoms, which can help us to
understand the reactivity and, therefore, the atmospheric
lifetime of these species. The paper is organized as follows.
After a description of the experimental and computational
methods, we analyze the LIF spectra. This is followed by the
discussion of the DF spectra obtained by setting the laser
wavelength at the B̃ ← X̃ band origin and some intense
vibrationally excited levels. Finally, we discuss the spectro-
scopic and structural tendencies.

■ METHODS

Sample Preparation. Fluoroethyl nitrite was prepared
from fluoroethanol (15 g, 235 mmol) dissolved in the solution
of sodium nitrite (16.1 g, 235 mmol) and 50 mL water. The
solution was chilled in an ice bath to 5 °C and 50% sulfuric
acid (23 g, ∼120 mmol) was added dropwise. After adding a
few drops from the acid solution, a vigorous reaction started
and nitrous fumes evolved from the reaction mixture. The
solution was stirred for a further 5 min after the addition of the
sulfuric acid. Then the lower organic phase was separated using
a glass pipet, washed with a few milliliters of chilled brine, and
dried over sodium sulfate. The raw product was purified by
distillation (boiling point 62−65 °C, 760 mmHg) under a
gentle stream of nitrogen gas and stored over anhydrous
sodium carbonate. Yield 6.3 g, 67 mmol. Difluoroethyl nitrite
was prepared from difluoroethanol (5 g, 61 mmol) dissolved in
the solution of sodium nitrite (4.2 g, 61 mmol) and 15 mL
water. The solution was chilled on an ice bath to 5 °C, and
50% sulfuric acid (6 g, ∼30 mmol) was added dropwise. The
solution was stirred for further 15 min after the addition of the
sulfuric acid. Then the lower organic phase was separated using

a glass pipet and washed with a few milliliters of chilled brine.
The raw product was dried over sodium sulfate and was stored
over anhydrous sodium carbonate. Yield 0.5 g, 4.5 mmol.
The trifluoroethyl nitrite was prepared according to a slightly

modified method described by Shuping and co-workers.40 50%
sulfuric acid (23 g, ∼120 mmol) was added dropwise to the
vigorously stirred, chilled solution of trifluoroethanol (25 g,
250 mmol), sodium nitrite (17.3 g, 250 mmol), and 50 mL of
water. The solution was kept under 5 °C during the addition. A
slow nitrogen gas flow was used to carry the evolved nitrous
fumes from the reaction mixture. The products were
condensed in a dry ice trap and purified by freeze−pump−
thaw.

Spectroscopic Measurements. The spectroscopic meas-
urements were carried out at Eötvös University, Budapest. For
LIF and DF investigations, the precursor was placed into a
cooled (−20 °C for monofluoroethyl nitrite, −50 °C for di-
and trifluoroethyl nitrite) stainless sample holder, and helium
flow was passed over the sample at 11 bar. The seeded flow
was then expanded through a 300 μm standard pulsed nozzle
(General Valve; using 400 μs opening time) into the jet
chamber (65 L, cylindrical shape), which was evacuated by a
mechanical booster pump backed by a rotary oil pump. To
produce the alkoxy radicals, photolysis of the precursors just
below the throat of the nozzle was performed using the third
harmonic output of a pulsed Nd:YAG (Spectra-Physics
Quanta-Ray Lab-150) laser. The photolysis produced the
desired fluorinated alkoxy radicals, which were then probed ca.
6−8 mm downstream from the photolysis laser. The probe
beam was the frequency-doubled output of a tunable dye laser
(Sirah PrecisionScan LG-18) pumped by the second harmonic
of a Nd:YAG (Spectra-Physics Quanta-Ray Pro-250) laser at
532 nm. The lasers were operated at 10 Hz. The output of the
photolysis laser was 230 mJ per pulse; the estimated photon
energy at the molecular beam was 180−200 mJ per pulse. For
LIF experiments, <3 mJ energy per pulse was used for
excitation, while for DF experiments, the transitions were
saturated by 2−6 mJ of excitation energy. Both laser beams
were focused by plano-convex 300 and 500 mm focal-length
lenses. (Both laser beams were slightly defocused at the point
where they crossed the molecular beam.) To cover the total
spectral region of the present study, four laser dyes were used:
LDS 698 (pyridine 1), DCM, pyrromethane 597, and
pyrromethane 597. The delay time between the firing of the
photolysis and dye lasers, along with the time delay and the
opening time of the nozzle, was controlled by a pulse generator
(Quantum Composers 9514). The photolysis and probe beams
entered the vacuum chamber through the same window. The
fluorescence signal was collected perpendicularly to the laser
beams.
On one side of the chamber, the fluorescence emission was

collimated by a 1 in. diameter lens (focal length = 33 mm) and
a second lens (1 in. diameter, focal length = 75 mm) focused
the radiation onto the entrance pinhole (1 mm diameter) of
the photomultiplier tube (PMT, Oriel 77348-S) connected to
a Tektronix, TPS2024 digital oscilloscope. A 385 nm (for
MFEO and DFEO) or a 320 nm (for TFEO) long-pass filter
was placed immediately before the PMT to reduce the photon
intensity due to the scattering of the photolysis and the
excitation laser. The LIF signal was collected by a digital
oscilloscope. The scan of the dye laser and data acquisition was
controlled by a home-developed LabVIEW program. The step
size of the laser-wavelength scan was 0.5 cm−1. At each
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wavelength, 16, 32, or 64 laser shots were averaged. The
recorded spectra were smoothed by a 5-point Savitzky−Golay
method.
On the other side of the chamber, the fluorescence emission

was collimated by a 1-in. diameter lens (focal length = 33 mm),
and a second lens (diameter = 1 in., focal length = 75 mm)
focused the radiation onto the entrance slit of an Acton Spectra
Pro 300i monochromator. Two different gratings were used, a
2400 grooves/mm grating (240 nm blaze) for wavelengths
shorter than 400 nm and a 1800 grooves/mm grating (500 nm
blaze) for wavelengths longer than 400 nm. The detection of
the dispersed photons was done with the Princeton Instru-
ments PI-MAX 3 UNGEN II ICCD camera. The entrance slit
of the monochromator was set to 200 μm for MFEO radical
and 90 μm for TFEO radical. These resulted in ca. 12−19
cm−1 and 6−15 cm−1 instrumental resolution, respectively,
depending on the spectral window and the grating. For DFEO
radical 200 μm slit was used for the less intense origin band
and 90 μm slit for the other transitions. In most of the cases
(except for the TFEO radicals and the low-wavenumber side of
some spectra of MFEO and DFEO), the spectral line widths
were larger than the instrumental resolution. The DF spectra
were calibrated by the laser frequencies. The gate time of the
camera was 1000 ns, 1000 laser shots on-chip accumulations
were read, and 30 images were summed up. The band origins
were recorded with slightly delayed gates to minimize the
scattered laser intensity. To obtain a similar signal-to-noise
ratio for this window, 40−75 images were accumulated. Each
DF spectrum consists of 6−8 spectral windows, each covering
18−25 nm, depending on the grating and the central
wavelength. The spectral windows were overlapped, and the
intensities were scaled to each other to exclude the effect of the
change of fluorescence intensity in time. The spectra were
corrected to reduce the background noise, for which a
background spectrum was collected with a 0 s long gate

applied on the camera (i.e., the amplifier was turned off).
Finally, the intensities were scaled by the efficiency curves of
the gratings, the spikes (single pixels) due to cosmic rays were
removed, and the spectra were smoothed by taking a moving
average of 5 data points in the logarithmic representation.

Quantum Chemical Computations. Density functional
theory (DFT) computations have been performed to predict
geometries, electronic transition frequencies, and vibrational
frequencies of the radicals. Computations on the X̃ state were
done with the Coulomb-attenuating method (CAM)41 at the
B3LYP/6-311++G(d,p) level of theory, while time-dependent
(TD-)CAM-B3LYP/6-311++G(d,p) method was used for the
B̃ state. For molecules with Cs symmetry (T conformers),
computations of the Ã state were also carried out by promoting
an electron from its HOMO (2pπy localized on the O atom) to
LUMO (2pπx). All computations were carried out using the
Gaussian 09 software package.42 CAM computations include
long-range corrections and hence provided more accurate
results that better reproduce the LIF and DF spectra of the
investigated free radicals than normal DFT computations (vide
inf ra).
Both MFEO and DFEO have two stable conformations

distinguished by different OCCF and OCCH dihedral angles.
In the present work, the conformers of MFEO and DFEO are
defined using ϕOCCF and ϕOCCH, respectively. Following
conventions, conformers with approximately ±60° and 180°
dihedral angles are referred to in the present work as G and T
conformers, respectively (see Figure 1 for molecular Newman
projections). TFEO has only one stable conformer. The
optimized values of the most important geometric parameters,
including the CO bond length, the OCC angle, and the OCCF
or OCCH dihedral angles, for both the B̃ and X̃ states of all
stable conformers, are summarized in Table 1. Of all the
geometric parameters, the B̃ ← X̃ excitation affects the CO
bond length most significantly, because the excitation

Figure 1. Newman projections of different conformers of the investigated fluoro ethoxy radicals.

Table 1. Geometric Parameters of Different Conformers of Ethoxy, MFEO, DFEO, and TFEO Radicals in the X̃ and B̃ States
As Obtained at the CAM-B3LYP/6-311++G(d,p) Level of Theory

geometric parameter

C−O (Å) ∠OCC (deg) ∠CCXa (deg) ϕOCCXa (deg)

isomer conformer X̃ B̃ X̃ B̃ X̃ B̃ X̃ B̃

ethoxy 1.36 1.60 116 107 111 106 180 180

MFEO G 1.36 1.57 115 108 110 113 73 78

T 1.36 1.57 114 103 109 104 180 180

DFEO G 1.37 1.55 108 104 114 114 54 51

T 1.36 1.51 115 107 113 104 180 180

TFEO 1.35 1.53 114 107 110 104 180 180
a
“X” is the H atom in the Cs plane for ethoxy, F for MFEO, H in the −CHF2 group for DMFE, and the F atom in the Cs plane for TFEO.
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corresponds to an electron promotion from the 2pσ orbital of
the CO bond to the pπy orbital localized on the O atom.
Computed relative energies of conformers of each isomer,

adiabatic excitation frequencies of their B̃ ← X̃ transition and
the B̃- and X̃-state CO stretch frequencies are listed in Table 2.
For conformers with Cs symmetry, that is, T conformers of
MFEO and DFEO, as well as TFEO, vibrational modes can be
grouped into symmetric (a′) and asymmetric (a″) types. In the
present paper, all vibrational modes are numbered from high-
frequency to low-frequency regardless of symmetry. The
calculated frequencies and symmetries (when applicable) are
listed in the Supporting Information (Tables S1−S5). Franck−
Condon factors (FCFs) for the B̃ ← X̃ and B̃ → X̃ transitions
were calculated using the ezSpectrum program.43 For the B̃ ←

X̃ transitions, a vibrational temperature of 50 K was assumed
for calculating the Boltzmann distribution, while for the B̃→ X̃
transitions, only those from the (v′ = 0 level of the B̃ state is
included. Due to the large difference in X̃- and B̃-state CO
bond length (see Table 1), Duschinsky rotations were taken
into account in the calculation of FCFs to better reproduce the
experimental spectra.

■ RESULTS

LIF Spectra. MFEO. The survey scan showing the vibronic
structure of the B̃ ← X̃ excitation transition of MFEO is
illustrated in Figure 2. The spectrum is very similar to the LIF
spectrum of MFEO published by Chhantyal-Pun et al.;34 the
band positions do not differ in the two spectra by more than
2−3 cm−1. The difference is a bit larger when the relative band
intensities are compared. The intensity differences can be
explained by several factors. First, the different cooling
efficiency of the jet expansion (e.g., caused by the different
precursor temperature, backing pressure, the pinhole size of
the jet, the distance between the photolysis, and the LIF laser,
etc.) can result in different rotational band contours and a
different ratio of the two conformers. Second, in the present
experiment, the flux of the LIF laser was relatively high, in
order to identify additional lower intensity bands and extend
the spectral region. Although, as it was experimentally checked,
it did not cause saturation for the band origin(s), it might have
saturated the higher intensity bands as suggested by simulation
(vide inf ra).

Table 2. Computed Relative Energies of the G and T Conformers of MFEO and DFEOa

conformer

relative
energy
(cm−1)
(comp)

ΔEÃ−X̃

(cm−1)
(comp)

ΔEB̃−X̃

(cm−1)
(comp)

ΔEB̃−X̃

(cm−1)
(expt)

ΔEB̃−X̃

scaling
factor

ν̃CO
X̃ (cm−1)
(comp)

ν̃CO
X̃ (cm−1)
(expt)

νC̃O
X̃ scaling
factor

ν ̃CO
B̃ (cm−1)
(comp)

ν̃CO
B̃ (cm−1)
(expt)

νCO
B̃ scaling
factor

ethoxy 411b 29181 29948 0.974 1090 1070 0.982 628 603 0.960

MFEO G 100.3 30587 29869 0.977 1092 1065 0.975 628 604 0.962

Tc 0 1014 31467 30520 0.970 1075, 1100 1041, 1072 0.968, 975 734 695 0.947

DFEO G 0 32396 29183 0.901 1090 1053 0.966 758 603 0.796

Tc,d 585.5 1181 31979 1098 645, 869

TFEO 1681 33449 32506 0.972 1114 1076 0.966 794 756 0.958
aÃ−X̃ separations (ΔEÃ−X̃) of ethoxy, Cs (T) conformers of MFEO and DFEO, and TFEO, their computed and experimental adiabatic transition
frequencies of the B̃ ← X̃ transition (ΔEB̃−X̃), and their computed and experimental CO-stretch frequencies in the X̃- and B̃ states (νC̃O

X̃ and νC̃O
B̃ ).

All calculations are on the CAM-B3LYP/6-311++G(d,p) level of theory. Zero-point energies are included in the calculations of ΔEB̃−X̃. bCompared
to experimental value of 364 cm−1 [refs 26 and 52] or 355(10) cm−1 [ref 53]. cThe T conformer of X̃ state MFEO and the T conformer of the B̃
state DFEO have two vibrational modes with the CO-stretch character according to calculations. dThe T conformer of DFEO was not observed in
the LIF spectrum.

Figure 2. LIF spectrum of jet-cooled MFEO. The strongest vibronic bands are labeled with Latin letters and color-coded for the T (red) and G
(black) conformers. Two CO-stretch progressions (150

v), belonging to the two conformers, are also denoted.
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The strongest vibronic bands are labeled with Latin letters
(A through V) in Figure 2. (Note that our labels differ from
those of ref 34.) As it was shown by Chhantyal-Pun et al.,34 the
complexity of the spectrum can be explained by the presence of
two conformers, G and T. Experimental DF spectra support
assigning all observed LIF transitions to two conformers
because two types of vibrational structure were observed in DF
spectra obtained by pumping different vibronic bands in the
LIF spectrum (vide inf ra). The two-conformer assignment is
also supported by the computational results. The G conformer
is only 100 cm−1 higher in energy than the T conformer at the
CAM-B3LYP/6-311++G(d,p) level of theory.

In order to check the former assignments and assign more
low-intensity bands, the vibronic structure was simulated on
the basis of quantum chemical computations and the predicted
FCFs. The experimental and the simulated spectra are
compared in Figure 3 (for G conformer) and Figure 4 (for
T conformer). In agreement with Chhantyal-Pun et al.,34 the
two strong bands at 29869 cm−1 (A) and 30520 cm−1 (F) were
assigned to the G and T conformers, respectively. Our
computations overestimate the adiabatic excitation energies
by merely ∼3%, and the relative order of the two band origins
are in agreement with the experiment. They are predicted at

Figure 3. Comparison between the simulated (a) and experimental (b) LIF spectra of the G conformer of the MFEO radical. Numbers in
parentheses are transition frequencies relative to the origin band in cm−1.

Figure 4. Comparison between the simulated (a) and experimental (b) LIF spectra of the T conformer of the MFEO radical. Numbers in
parentheses are transition frequencies relative to the origin band in cm−1.
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Table 3. B̃ ← X̃ Transition Frequencies (Absolute and Relative to the Origin Bands) And Vibrational Assignments of Strong
and Medium Intensity Vibronic Bands Observed in the LIF Spectrum of MFEOa

conformer label expt freq (cm−1) red shift (cm−1) predicted freq (cm−1) assignment |⟨v′|v″⟩|2

G A 29869 0 0 00 0.01119

B 30018 149 154 181b 0.00102

C 30191 322 330 171c 0.00147

D 30337 468 474 161d 0.00145

30342 473 484 171181 0.00020

E 30473 604 628 151e 0.02865

30485 616 628 161181 0.00011

30489 620 638 171182 0.00002

G 30618 749 782 151181 0.00191

30634 765 805 161171 0.00007

H 30711 842 874 141f 0.02102

30742 873 898 131g 0.00025

J 30795 926 958 171151 0.00336

K 30831 962 1028 181141 0.00189

30937 1068 1090 151183 0.00001

L 30942 1073 1103 161151 0.00369

30953 1084 1112 151171181 0.00036

N 31073 1204 1257 152 0.03071

31082 1213 1266 151171182 0.00003

31086 1217 1289 172151 0.00014

31103 1234 1291 81h 0.00182

31113 1244 1311 101181 0.00008

31292 1423 1478 51i 0.00086

31300 1431 1487 101171 0.00002

P 31314 1445 1502 141151 0.05180

31339 1470 1526 131151 0.00071

31385 1516 1578 151162 0.00022

Q 31392 1523 1587 152171 0.00314

31402 1533 1622 81171 0.00028

R 31424 1555 1656 161151181 0.00337

31532 1663 1741 152171181 0.00024

T 31536 1667 1747 142 0.01796

G 31545 1676 1753 61171 0.00002

31552 1683 1766 81161 0.00025

31561 1692 1771 101181 0.00024

31634 1765 1849 121151181 0.00006

31641 1772 1857 131151171 0.00008

U 31663 1794 1885 153 0.01739

31673 1804 1900 142181 0.00159

31684 1815 1917 152172 0.00011

31701 1832 1920 81151 0.00432

31713 1844 1940 121141 0.00150

31726 1857 1953 81172 0.00002

31891 2022 2130 141152 0.05305

31981 2112 2215 153171 0.00147

31993 2124 2221 142161 0.00239

T F 30520 0 0 00 0.00728

I 30777 257 261 171j 0.00351

M 31033 513 523 172 0.00064

O 31215 695 734 151k 0.03430

S 31469 949 995 151171 0.01699

1257 151172 0.00320

V 31899 1379 1468 152 0.07374

aThe assignments are based on the calculated B̃ state vibrational frequencies (the 5th column) and FCFs (the last column). Vibrational modes are
numbered in descending order. Strong bands are labeled with Latin letters shown in Figure 1. bv18, CH2O wagging mixed with CH2F wagging. cv17,
OCC bending combined with CCF bending out-of-phase. dv16, OCC bending combined with CCF bending in-phase. ev15, CO stretch. fv14, CC
stretch. gv13, CH2 twist.

hv8, CH2 rock.
iv5, CH2 scissor (bending).

jv17, OCC bending mode combined with CCF bending in-phase. kv15, CO
stretch.
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30587 and 31457 cm−1 for the G and T conformer,
respectively.
The LIF spectrum of MFEO is dominated by two

progressions of strong vibronic bands, as indicated in Figure
2. Due to the significant elongation of the CO bond upon the
electronic excitation, transitions to the CO-stretch levels are
expected to have large FCFs. Therefore, the two strong
progressions are assigned to the CO-stretching overtones.
Harmonic frequencies and anharmonicity of the CO-stretch
mode of both conformers of MFEO have been determined by
fitting Birge−Sponer plots (Figures S1 and S2). The fit values
are ωe= 608 cm−1, ωeχe = 2 cm−1 for the G conformer and ωe=
706 cm−1, ωeχe= 6 cm−1 for the T conformer. The harmonic
frequencies (ωe) should be compared to the calculated
harmonic frequencies of 628 and 734 cm−1 for the G and T
conformer, respectively (see Table 2).
The predicted vibrational frequencies for the B̃ state of both

conformers and the FCFs of vibronic transitions agree well
with the experimental ones, and the simulated spectra
reproduce well the experimental spectra (Figures 3 and 4).
The scaling factor for the B̃-state CO-stretch frequency is
0.962 for the G conformer and 0.947 for the T conformer. It is
worth noting that because of the possible saturation of strong
bands in the LIF spectrum (vide supra), the y-axes of the
simulated spectra in Figures 3 and 4 are on a logarithmic scale
to illustrate the weak vibronic bands.
The experimental frequencies of vibronic bands relative to

the origin bands are listed in Table 3 in comparison with the
calculated values for both conformers. The assignments, also
included in Table 3, are based on the comparison of the LIF
spectrum with calculated harmonic vibrational frequencies and
FCFs. The LIF spectrum of the G conformer (Figure 3)
contains vibronic bands with considerable strength that are
assigned to transitions to B̃-state vibrational levels of the
CH2O wagging (v18), OCC bending combined with CCF-
bending out-of-phase (v17) and in-phase modes (v16), CO-
stretch (v15), and CC-stretch (v14) modes, as well as their
combination levels. It is expected that these modes have
considerable FCFs due to the geometric changes upon the B̃

← X̃ transition (see Table 1). The vibronic structure of the
LIF transition of the T conformer (Figure 4) is significantly
simpler compared to that of the G conformer because of its
higher symmetry. Only transitions to vibrational levels of the
OCC and CCF bending in-phase (v17) and CO stretch (v15),
as well as their combination levels, are observed.

DFEO. The LIF spectrum of DFEO contains a strong CO-
stretch progression starting at 29183 cm−1 (band A in Figure
5). The simplicity of the spectrum and the presence of only
one strong vibrational progression suggest that all the bands
can be assigned to a single conformer. This is in line with our
computation, which predicts the energy of the T conformer to
be 586 cm−1 higher than that of the G conformer. In addition,
the computations predict the band origin of the T conformer
red-shifted by −417 cm−1 with respect to the G conformer.
The low-frequency side of the LIF spectrum was extensively
scanned, but no additional peaks could be observed. Also, all
the bands near the band origin at 29183 cm−1 can
unambiguously be assigned to conformer G (see Table 4 and
Figure 6). Therefore, we can conclude that conformer T has
essentially zero population under our jet-cooled conditions.
The experimental vibrational frequencies and their assign-

ments based on the simulation are summarized in Table 4. The
consistency between the computed and experimental vibra-
tional frequencies of B̃-state DFEO is somewhat less
satisfactory than for MFEO. Most importantly, a strong
transition to the vibrational level of OCC bending combined
with CCH-bending out-of-phase mode (v17) is predicted by
the simulation. However, this transition is absent in the
experimental spectrum (see Figure 6a). Moreover, the
computations overestimate the B̃-state frequencies of both
the OCC bending combined with CCF bending in-phase
mode (v15) and the CO-stretch mode (v13). In the former case,
the computed frequency is 460 cm−1, while the experimental
value is 364 cm−1; therefore, the scaling factor is 0.791 for v15.
For the CO-stretch mode (v13), the calculated and
experimental frequencies are 758 and 603 cm−1, respectively,
implying a scaling factor of 0.796. The experimentally
determined harmonic frequency of the CO-stretch mode of

Figure 5. LIF spectrum of jet-cooled DFEO with the CO-stretch progression labeled.
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the G conformer of DFEO is ωe = 608 cm−1 with the
anharmonicity ωeχe= 3 cm−1 (see Figure S3). The
experimental and simulated LIF spectra of DFEO are
compared in Figure 6, in which the two aforementioned
scaling factors are applied in generating the simulated
spectrum. The simulation with scaled v13 and v15 vibrational
frequencies reproduced the experimental spectrum quite well.
Vibrational assignments are shown in Figure 6b.

TFEO. The survey scan of the LIF spectrum of TFEO is
shown in Figure 7, and the band origin is observed at 32506
cm−1. As expected, the spectrum is dominated by a strong CO-
stretch progression. Although TFEO has only one stable
conformer, its LIF spectrum is much more congested than that
of DFEO. All members of the CO-stretch progression (with
the exception of the origin band) and combination bands of
the CO-stretch mode are split. Such splitting is attributed to
the interaction between CO stretch and the −CF3 internal
rotation (see Discussion). Again, assignments are based on the
computed B̃ state harmonic vibrational frequencies and FCFs,
as summarized in Table 5. As in the case of MFEO, the
simulation reproduces well the experimental spectrum (see
Figure 8) except that splitting in overtone and combination
transitions that involve the CO-stretch mode is not
reproduced. For these transitions, the experimental vibronic
transition frequencies are calculated as intensity-weighted
averages (centers-of-gravity) of transition frequencies of
different components of the splitting. The B̃ state fundamental
frequency of the CO-stretch mode so determined is 756 cm−1,
and the scaling factor for the calculated value is 0.966. The
experimentally determined ωe and ωeχe values for the CO-
stretch mode of TFEO are 765 and 4 cm−1, respectively (see
Figure S4).

DF Spectra. DF spectra obtained by pumping the origin
bands in the LIF spectra are presented in Figure 9 (G and T
conformers of MFEO), Figure 10 (DFEO), and Figure 11
(TFEO) in comparison with simulation using X̃ state
vibrational frequencies and B̃ → X̃ transition FCFs. In all
cases, the DF spectra are dominated by strong CO-stretch
progressions.
The calculations slightly overestimate the frequencies of the

CO-stretch mode as well as other vibrational modes. A scaling
factor of ∼0.97 for the CO-stretch mode (see Table 2) was
determined by comparing the calculated CO-stretch frequency
to the experimental ones. It is worth pointing out that,

Table 4. B̃ ← X̃ Transition Frequencies and Vibrational
Assignments of Strong Vibronic Bands Observed in the LIF
Spectrum of DFEOa

conformer label

expt
freq

(cm−1)

red
shift

(cm−1)

predicted
freq

(cm−1) assignment |⟨v′|v″⟩|2

G A 29183 0 0 00 0.02523

236 171b 0.00748

B 29547 364 460 151c 0.00162

C 29786 603 758 131d 0.09288

D 30053 870 839 131171 0.02832

E 30147 964 967 131151 0.00609

F 30383 1200 1206 132 0.14523

G 30656 1473 1442 132171 0.04574

H 30740 1557 1570 132151 0.00975

I 30975 1792 1809 133 0.12278

J 31242 2059 2045 133171 0.04021

K 31328 2145 2173 133151 0.00849

L 31562 2379 2412 134 0.05807

M 31820 2637 2648 134171 0.02004

N 31911 2728 2776 134151 0.00418

O 32143 2960 3015 135 0.01354
aBands are labeled with Latin letters shown in Figure 4. bv17, OCC
bending combined with CCF bending out-of-phase. cv15, OCC
bending combined with CCF bending in-phase. dv13, CO stretch.

Figure 6. Comparison of the simulated (a) and the experimental (b) LIF spectra of the G conformer of the DFEO radical. Note that the computed
values of v15 and v13 are scaled by 0.791 and 0.796, respectively, to match the experimental values (see text). Numbers in parentheses are transition
frequencies relative to the origin band in cm−1.
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according to the computations, the T conformer of MFEO has
two vibrational modes that have large CO stretch character
mixed with CF stretch and CC stretch, respectively. The
fundamentals of these modes appear at 1041 and 1072 cm−1 in
the experimental DF spectrum (see inset of Figure 9b),
compared to 1075 and 1100 cm−1 from the computation. The

discrepancy between the simulated and the experimental
spectra in the high-frequency range in Figures 9−11 is mainly
due to the anharmonicity. The simulated DF spectrum of the
T conformer of DFEO, which is not observed experimentally,
is presented in Figure S9 in comparison with that of the G
conformer.
Computed and, if available, experimental X̃ state vibrational

frequencies of the studied species, along with those of the B̃
state, are summarized in Tables S1−S5. For molecules
belonging to the Cs point group, computed Ã state vibrational
frequencies (see Discussion) and the symmetries of vibrational
modes (a′ or a″) are also provided in the tables. Experimental
harmonic frequencies (ωe) and anharmonicity parameters
(ωeχe) of the CO-stretch mode of the studies species have
been determined in fitting the Birge−Sponer plots (Figures
S5−S8.) These values are summarized in Table S6.
DF spectra obtained by pumping CO-stretch bands in the

LIF spectra are presented in the Supporting Information
(Figures S10−S13). The similarity between DF spectra
obtained by pump the origin band and the CO-stretch band
of each conformer confirms the conformational assignment.

■ DISCUSSION

The comparison of experimentally determined spectroscopic
parameters of ethoxy, MFEO, DFEO, and TFEO can help
explore the most important structural and electronic effects in
fluorinated ethoxy radicals. These parameters include the X̃
and B̃ state CO-stretch frequencies and the B̃ ← X̃ excitation
energies. The comparison between the experimental and
simulated spectra serves as a good basis for testing the
performance of the computational methods.

CO-Stretch Frequencies. The ethoxy radical and all three
fluoroethoxy radicals studied in the present work have similar
X̃ state CO-stretch frequencies (υCO

X̃ between 1040 to 1080
cm−1, see Table 2). This observation suggests that the fluorine
atom(s) does not affect the CO bonding significantly in the
ground electronic state, in which the 2pσ orbital of the CO
bond is doubly occupied. The DFT-predicted values are very
close to experimental ones, with scaling factors between 0.96
and 0.99.
The B̃ state CO-stretch frequencies (υCO

B̃ ) of different
fluorine substitutions and different conformers of the same
molecule are not all close to each other. The G conformers of

Figure 7. LIF spectrum of jet-cooled TFEO with the CO-stretch progression labeled.

Table 5. B̃ ← X̃ Transition Frequencies and Vibrational
Assignment of Strong Vibronic Bands Observed in the LIF
Spectrum of TFEOa

label
expt freq
(cm−1)

red shift
(cm−1)

predicted freq
(cm−1) assignment |⟨v′|v″⟩|2

A 32506 0 0 00 0.03094

B 32719 213 217 171b 0.00364

C 32878 372 380 151c 0.00030

D 32933 427 435 172 0.00014

E 33048 542 544 131d 0.00093

F 33140 634 641 121e 0.00074

G 33262 756 794 111f 0.10882

H 33476 970 1012 111171 0.01249

I 33689 1183 1175 111151 0.00145

J 33802 1296 1339 111131 0.00287

K 33898 1392 1437 111121 0.00209

L 34014 1508 1590 112 0.17366

M 34227 1721 1807 112171 0.0194

N 34437 1931 1970 112151 0.00316

O 34553 2047 2133 112131 0.00395

P 34644 2138 2231 112121 0.00252

Q 34754 2248 2384 113 0.16513

R 34962 2456 2602 113171 0.0179

S 35175 2669 2765 113151 0.00405

2929 113131 0.00313

3026 113121 0.00165

3180 114 0.10301

T 35693 3187 3396 114171 0.01077

U 35909 3403 3559 114151 0.0034

V 36031 3525 3723 114131 0.00155

W 36113 3607 3821 114121 0.00061

X 36210 3704 3975 115 0.04354
aBands are labeled with Latin letters shown in Figure 6. bv17, OCC
bending combined with CCF bending out-of-phase. cv15, OCC
bending combined with CCF bending in-phase. dv13, CF3 scissoring.
ev12, CC stretch mixes with CF3 ambarella. fv11, CO stretch.
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MFEO and DFEO have almost identical υCO
B̃ as the ethoxy

radical (603 cm−1),44 while those of the T conformer of
MFEO (695 cm−1) and the TFEO radical (756 cm−1) are
significantly larger. (The T conformer of DFEO was not
experimentally detected.) In the B̃ state, the 2pσ orbital of the
CO bond is singly occupied. Therefore, the CO bonding in the
B̃ state is weaker than the ground state and more susceptible to
substituent effects. For fluoroethoxy substituents, the possible
substituent effects include45,46 (a) the electric dipole field of
the −CHxF3−x group influencing the CO bond across space,
that is, the f ield ef fect, and (b) the α-inductive ef fect
transmitting from the fluorine atom(s) to the CO bond via

successive polarization of the CF and the CC bonds. Both
polar effects listed above could strengthen the CO bonding
and increase the CO-stretch frequency. However, the
conformational dependence of the CO-stretch frequency
suggests that the polar effect is dominant through the field
effect. This is not unexpected, because the inductive effect
decreases exponentially down the CF and the CC bond.
Therefore, it affects CO bonding insignificantly.
The conformational dependence of υCO

B̃ can be explained as
follows. The presence of electron-withdrawing groups
(EWGs), in this case, the fluorine atoms, increases the acidity
of adjacent hydrogens and, to a much smaller extent, the

Figure 8. Comparison between the simulated (a) and experimental (b) LIF spectra of the TFEO radical. Frequencies of split vibronic bands are
taken as averaged frequencies of the individual transitions weighted by their intensities (see text). Numbers in parentheses are transition frequencies
relative to the origin band in cm−1.

Figure 9. Comparison between the experimental (top, black trace) and simulated (bottom, red trace, inverted) DF spectra of the G conformer (a)
and T conformer (b) of the MFEO radical. The experimental DF spectra were obtained by pumping the origin bands (A and F) of the two
conformers in the LIF spectrum.
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hydrogens connected to the CO group. This inductive effect
increases the positive charge on these hydrogens. Both the F
and H atoms affect the CO bonding via the field effect, which
strengthens and weakens the bond, respectively. For the G
conformers of MFEO and DFEO, there are an F atom and an
H atom at the gauche position (see Figure 1), which are closer
to the CO bond than the H or F atom at the trans position.
The experimental observation that the G conformers have
almost identical υCO

B̃ as ethoxy suggests that field effects of the
negative charge on the F atom and the induced positive charge
on the H atom largely cancel out in the G conformers.

Such long-range interactions need to be included in the
computations to reproduce well the experimentally obtained
spectra. Figures S14−S17 in the Supporting Information
compare the experimental spectra and the simulated spectra
using vibrational modes and frequencies computed by B3LYP
and CAM-B3LYP method, using the same 6-311++G(d,p)
basis set. Compared to B3LYP, CAM-B3LYP functional did a
much better job of estimating vibrational frequencies of
fluorinated ethoxy radicals, suggesting that it predicts this long-
range interaction with a certain degree of accuracy. However,
the CAM-B3LYP computation on the G conformer of DFEO

Figure 10. Comparison between the experimental (top, black trace) and simulated (bottom, red trace, inverted) DF spectra of the G conformer of
the DFEO radical. The experimental DF spectra were obtained by pumping the origin band in the LIF spectrum (band A). The gap at ∼1000 cm−1

is due to the scattering of the 355 nm photolysis laser.

Figure 11. Comparison between the experimental (top, black trace) and simulated (bottom, red trace, inverted) DF spectra of TFEO radical. The
experimental DF spectra were obtained by pumping the origin band in the LIF spectrum (band A).
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overestimates its B̃-state CO-stretch frequency by ∼26% (see
Table 2). The exact reason for such a large discrepancy will
require further detailed computational investigations (e.g.,
comparison of computations with different degrees of exchange
interactions). It may be attributed to underestimation of the
field effect of the induced positive charge on the H atom(s),
which tends to weaken the singly occupied CO bond.
Inspection of the Mulliken atomic charges reveals that the H
atom at the β position of the G conformer of DFEO does have
a larger induced positive charge than other fluorinated ethoxy
radicals. (See Table S7 in the SI for Mulliken atomic charges.)
Combined with the fact that this H atom in the G conformer is
closer to the CO bond than the corresponding H atom in the
T conformer of DFEO (see Figure 1), overestimation of υCO

B̃

by the CAM-B3LYP calculation is not inconceivable.
B̃ ← X̃ Excitation Energy. The adiabatic B̃ ← X̃ excitation

energy (ΔEB̃−X̃) of the G conformer of DFEO is almost the
same as that of the ethoxy radical. ΔEB̃−X̃ of the two
conformers of MFEO are slightly larger than ethoxy, whereas
TFEO has a significantly larger ΔEB̃−X̃. Although a quantitative
explanation is beyond the scope of the present work and not
attempted, it is worth noting that the general trend of ΔEB̃−X̃

for different fluoroethoxy moieties and their conformers is the
same as υCO

B̃ : Those with larger ΔEB̃−X̃ also have higher υCO
B̃ .

(See Table 2). Therefore, the variation of ΔEB̃−X̃ may also be
attributed to the field effect of F and H atoms in the −CHxF3−x
group.
In general, the CAM-B3LYP computations predict the B̃ ←

X̃ excitation energies of ethoxy and fluoroethoxy species quite
well. For ethoxy, both conformers of MFEO and the TFEO
radical, a consistent scaling factor of ∼0.97 was determined by
comparing to the experimental values. However, the
discrepancy is significantly larger for the G conformer of
DFEO (∼11%). This is consistent with the fact that the CAM-
B3LYP computations also significantly overestimate the B-state
CO-stretch frequencies (υCO

B̃ ) of this conformer (see above).
The Ã States and Ã−X̃ Separations. In the DF spectra of

MFEO, DFEO, and TFEO, all transitions can be reproduced
by the simulated B̃ → X̃ spectra. No features in experimental
DF spectra can be assigned to the B̃ → Ã transition. This is
different from primary and secondary alkoxy radicals,26 as well
as the CF3O radical,47 for which both B̃ → X̃ and B̃ → Ã
transitions were observed in DF spectra. In the present work,
we resort to ab initio computations to predict the Ã−X̃
separation (ΔEÃ−X̃). ΔEÃ−X̃ of ethoxy, the T conformers of the
MFEO and DFEO radicals, and TFEO, all of which belong to
the Cs molecular point group, have been computed at the
CAM-B3LYP/6-311++G(d,p) level of theory. The ethoxy
radical was included as a control. For these molecules, the Ã−
X̃ separation can be computed by promoting an electron from
the 2px orbital to the half-filled 2py orbital of the O atom.48,49

The computed Ã−X̃ separation of ethoxy (411 cm−1) is close
to the experimental values (see Table 2), benchmarking the
computational method. The computed Ã−X̃ separations of
fluoroethoxy species are all larger than 1000 cm−1. For primary
alkoxy radicals (other than methoxy), the Ã−X̃ separation is
typically on the order of 100 cm−1. Therefore, we attribute the
B̃ → Ã transition intensity to mixing between the Ã and X̃
states. Consequently, the absence of the B̃ → Ã transitions in
the DF spectra of fluoroethoxy species can be rationalized by
the large Ã−X̃ separations and hence less mixing between wave
functions of these two electronic states.

The origin of the Ã−X̃ separation of alkoxy radicals has been
discussed in detail in a recent paper by Liu.49 In brief, it
contains three contributions: the vibronic quenching, the
difference between the zero-point energies of the two
electronic states (ΔZPE), and the spin−orbit (SO) splitting.
The effective SO constant (aζed) of the ethoxy radical is
−31.49(15) cm−1.44,50 For fluoroethoxies, aζed is expected to
be smaller due to delocalization of the 2px and 2py orbitals of
the O atom. ΔZPE values of alkoxy and fluorinated alkoxy
radicals are also expected to be small because of the similarity
between the potential energy surfaces (PESs) of the X̃ and Ã
states, which has been confirmed computationally.48 There-
fore, the relatively large Ã−X̃ separations of fluoroethoxy
species are attributed to the larger vibronic quenching: the
−CHxF3−x group presents a barrier to the free orbital motion
of the unpaired electron in the 2px (for the Ã state) or 2py (the
X̃ state) orbital due to Coulombic interactions. Such a
hindering effect quenches the orbital angular momentum of
the electron (L) and splits the two electronic states.49,51

The −CH
x
F3−x Internal Rotation. In the experimental LIF

spectrum of TFEO (Figures 7 and 8), vibronic bands of the
CO-stretch mode and its combination bands are split due to
the interaction between CO stretch and the −CF3 internal
rotation. Splitting of CO-stretch bands was also observed in
the LIF spectra of t-butoxy15 and secondary alkoxy radicals.
We have carried out PES scans of ethoxy, MFEO, DFEO, and
TFEO along the internal rotation coordinate, and the results
are presented in the Supporting Information (see Figures S18−
S21). The computations show that the internal rotation barrier
of −CF3 in B̃-state TFEO (1925 cm−1) is more than 2 times
higher than the −CH3 internal rotation in B̃-state ethoxy (853
cm−1). It is also significantly higher than that of the X̃-state
TFEO (989 cm−1). Barriers for internal rotations in MFEO
and DFEO have also been determined by computations.
Quantitative analysis of the −CHxF3−x internal rotation and its
interaction with CO stretch is deferred to a future publication.

Relative Energies of G and T Conformers. In the case of
MFEO, the transitions of both T (lower-energy) and G
(higher-energy) conformers are observed in the LIF spectra. In
contrast to this, each band of the LIF spectrum of DFEO can
be assigned to the G (lower-energy) conformer, and the
higher-energy conformer (T) is not observed. (TFEO has only
one conformer.) The presence of both conformers of MFEO
and the absence of the T conformer of DFEO in the jet
expansion can be rationalized by the larger energy difference
between the two conformers of DFEO (computed ΔE = 100
cm−1) compared to MFEO (ΔE = 586 cm−1).
Computations suggest that the T conformer of the MFEO

radical has lower energy than the G conformer, whereas for
DFEO, the energy order is reversed: the G conformer has
lower energy than T. Such results are supported by
experimental observations (see above). Inspection of the
molecular geometries (Figure 1) suggests that the difference in
the energy orders is due to long-range interactions between the
O atom and the β-position H atom(s) with an induced positive
charge, which stabilizes the molecule.

■ CONCLUSIONS

The B̃−X̃ LIF and DF spectra of the CHxF3−xCH2O (x = 1, 2,
3) fluoroethoxy radicals (MFEO, DFEO, and TFEO) have
been recorded under jet-cooled conditions. All stable con-
formers except the T conformer of DFEO are identified by
simulating the spectra. The simulations use excitation energies,
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vibrational frequencies, and Franck−Condon factors computed
at the CAM-B3LYP/6-311++G(d,p) level of theory. The B̃ ←

X̃ excitation energy (ΔEB̃−X̃) and the B̃ state CO-stretch
frequency (υCO

B̃ ) vary between different fluorine substitutions
and different conformers of the same species. A comparison
between the experimental and computed spectra suggests that
the dominant substituent effect is the long-range field effect.
Inclusion of such long-range interaction is critical to
reproducing the experimentally obtained spectra of fluoroe-
thoxy species. Such interactions can also be used to rationalize
the relative large Ã−X̃ separations of fluoroethoxy species
compared to the ethoxy radical and the relative energies of the
T and G conformers of MFEO and DFEO. The vibronic bands
of CO stretch and its combination bands are split due to
interaction between the CO stretch mode and the −CF3
internal rotation.
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