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Methoxyphenols (MP) are a significant component of biomass burning emissions which mainly exists in our

atmosphere in the gas phase where they contribute to the formation of secondary organic aerosols (SOA). Rovi-

brational spectroscopy is a promising tool to monitor atmospheric MPs and infer their role in SOAs formation.

In this study, we bring a new perspective on the rovibrational analysis of MP isomers by taking advantage of two

complementary devices combining jet-cooled environments and absorption spectroscopy: the Jet-AILES and
the SPIRALES setups. Based on Q-branches frequency positions measured in the Jet-AILES FTIR spectra and
guided by quantum chemistry calculations, we propose an extended vibrational and conformational analysis of

the different MP isomers in their fingerprint region. Some modes such as far-IR out-of-plane -OH bending or

mid-IR in-plane -CH bending allow to assign individually all the stable conformers. Finally, using the SPIRALES
setup with three different EC-QCL sources centered on the 930-990 cm~! and the 1580-1690 cm ' ranges, it was
possible to proceed to the rovibrational analysis of the v|g ring in-plane bending mode of the MP meta isomer

providing a set of reliable excited state parameters which confirms the correct assignment of two conformers. In-

terestingly, the observation of broad Q-branches without visible P- and R- branches in the region of the C-C ring

stretching bands was interpreted as being probably due to a vibrational perturbation. These results highlight the

complementarity of broadband FTIR and narrowband laser spectroscopic techniques to reveal the vibrational

conformational signatures of atmospheric compounds over a large infrared spectral range.

1. INTRODUCTION

Methoxyphenols (H3;CO-C¢Hs—OH, MP) are aromatic oxy-
genated compounds present in our atmosphere in their three
isomeric forms: 2MP (also called guaiacol), 3MP, and 4MP
(also called mequinol), which designate the ortho, meta and
para isomers. MPs have a high emission rate from biomass
burning and mainly exist in the gas phase. [1, 2] MPs contribute
to the secondary organic aerosols (SOA) formation in the at-
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mosphere via OH-oxydation processes [3, 4]. The ability to
monitor in the atmosphere MPs as SOA precursors is required
to fully understand the SOA atmospheric chemical cycle and
thus infer their impact on the climate. Compared to lighter
volatile organic compounds, it is not currently possible to detect
and quantify MPs in the atmosphere by measuring their high
resolution rovibrational signatures using on-board instruments
such as IASI/MetOp [5] or ACE-FTS[6] sounders.
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A key parameter for atmospheric monitoring of molecules
is the rovibrational cross-sections that can be determined from
rovibrational measurements in the laboratory. For MPs, only
vibrational cross-sections have been determined so far. Their
measurements were performed using synchrotron-based room-
temperature Fourier-transform infrared (FTIR) absorption spec-
troscopy on the AILES beamline at the synchrotron SOLEIL
[7]. These cross-sections were determined at low resolution
(0.5 cm™!) by integrating the rovibrational patterns but it was
never possible to fully resolve the rotational structure even at
the maximal resolution of the interferometer (0.001 cm™!) due
to the huge density of states populated at ambient temperature.
Furthermore, the different conformers of each isomer could not
be distinguished. Only millimeter-wave (mmw) spectroscopy
allowed to fully resolve Doppler limited rotational structure
at 300 K. as demonstrated recently with a full conformational
analysis in the ground and in the lowest energy vibrational states
of the three MP isomers using mmw absorption and emission
spectroscopies [8, 9]. These studies emphasized the congestion
of lines in MPs spectra due to rather small rotational constants
and the presence of several conformers and pure rotational tran-
sitions within the low-lying vibrational excited states. To the
best of our knowledge, the only high resolution rovibrational
data on MPs have been obtained at low temperature by the group
of T. Zwier [10] and the group of M. Schmitt [11, 12] using
respectively free-jet fluorescence dip infrared spectroscopy and
molecular beam rotationally resolved electronic spectroscopy.
While the first group focused on the anharmonic coupling in the
C-H stretch region, the second group provides MP conforma-
tional analyses in the electronically excited states.

In the present study, we investigate MPs rovibrational spectra
at low temperature by taking advantage of two complementary
supersonic jet devices associated to two different infrared spec-
troscopic methods: (i) the Jet-AILES apparatus, coupled to the
AILES beamline at synchrotron SOLEIL, which was used for
low resolution broadband FTIR scans of the three MP isomers in
the fingerprint region (900-1700 cm™!); and (ii) the SPIRALES
setup, with mid-IR external cavity quantum cascade laser (EC-
QCL) sources coupled to a pulsed molecular jet. The latter
setup allowed to fully resolve the v;g IR band of 3MP centered
at 950 cm™!, to fit the rotational constants in this in-plane ring
bending mode and to assess the conformational landscape pre-
viously determined.[8] Moreover, using a second QCL source
centered around 1610 cm™—!, strong rovibrational broadenings
have been observed for the v3¢ and v37 modes, highlighting a
likely vibrational perturbation. In the following, a brief descrip-
tion of experimental and theoretical methods is presented in
a first section. Experimental results will be detailed and dis-
cussed in a second section: first, the vibrational/conformational
assignment of the broadband Jet-AILES FTIR spectra; then, the
high-resolution analyses of the v;g, V3¢ and v37 bands of 3MP
measured by the SPIRALES setup.
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2. METHODS

A. Experimental measurements

Commercially available MP isomers with stated purities higher
than 98% were purchased from Acros Organics. Further purifi-
cation was performed by continuous pumping over the samples
for about 24 h in order to eliminate methanol traces. Due to
the low volatility of MP compounds, liquid 2MP and 3MP (138
and 27 pbar of room temperature vapor pressure [13]) and solid
4MP (9 pbar [13]) samples were heated in all experiments.

A.1. Jet-AILES setup

Jet-cooled spectra were recorded using the Jet-AILES apparatus,
a continuous molecular jet experiment coupled to the high-
resolution Bruker IFS 125 FTIR spectrometer installed on the
AILES beamline of the SOLEIL synchrotron facility. This setup
was previously described in detail[ 14, 15] thus only relevant
parameters to the present study are reported here. A slit nozzle
of 60 mm length and 130 um width is used to expand the sample
seeded in a buffer gas into an expansion chamber continuously
evacuated by a set of roots pumps. The flow of liquid samples
(2MP and 3MP) vapor through the nozzle is regulated using
a Controlled Evaporation Mixer (CEM) supplied by regulated
flows of argon or helium as buffer gas and liquid MP. 2MP
and 3MP samples are respectively heated to 373 K and 413
K. The injection line between the CEM and the slit is also
heated at these temperatures to prevent condensation. For solid
4MP, an oven heated up to 438 K is used instead of the CEM.
Such heating enabled to reach vapor pressure levels as high as
about 10 mbar for each MP, a necessary condition to record
their vibrational spectra with a sufficient signal-to-noise ratio
(SNR). Spectra are recorded with flows of the buffer gas ranging
from 5 to 30 standard L.min~! (slm). The reservoir and chamber
pressures are typically maintained around 70 mbar and 0.1 mbar,
respectively, resulting in a rotational temperature of about 30 K.

High-resolution (0.001 cm™!) tests were performed but
the limited sensitivity of the continuous jet-FTIR setup (sin-
gle pass through the expansion) prevented from a sufficient
SNR to be achieved. Consequently, for each sample and
each expansion condition, a jet-cooled FT spectrum con-
sisting of 200 co-added interferograms was recorded at 0.1
cm~! resolution. The most suitable combination of in-
frared source/beamsplitter/detector combination, namely Glo-
bar/Mylar/Si bolometer and Globar/KBr-Ge/HgCdTe was used
for the far-IR (150-650 cm™') and the mid-IR (10001700
cm™ ) regions, respectively.

A.2. SPIRALES setup

The SPIRALES spectrometer, which couples an EC-QCL and a
pulsed supersonic jet, proved to be an extremely sensitive probe
of low temperature rovibrational spectra of heavy polyatomic
molecules and molecular complexes[16, 17]. The main char-
acteristics of the instrument are summarized in the following
paragraph. The absorption light source is a continuous-wave
room-temperature mode-hop-free EC-QCL (Daylight Solutions)
of 10 MHz spectral width. In the present study, three EC-QCLs
were used which cover the following spectral ranges: 930-990
cm~! (Model 21106 MHF), 15801640 cm ™! (Model 41062-
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MHF) and 1620-1690 cm~! (Model 21060-MHF). About 8% of
the total light power was sent through two laser channels for rel-
ative and absolute frequency calibrations. Absolute frequency
calibration was achieved by comparing the frequency deviation
of lines of C,Hy (in the the 930-990 cm™! range) and NHj3
and H,O (in the 1580-1690 cm~! range) between experimen-
tal and well-known standard (from the HITRAN2012 database
[18]).This procedure allows to correct the free spectral range
value of the reference fixed at the beginning of each experiment.
The remaining light is sent through a multi pass astigmatic
cavity accorded to a 182-pass pattern which crosses almost
perpendicularly the jet expansion. Jet-cooled MP molecules
were probed over axial distances between 5 and 15 mm from
the nozzle exit due to the relatively large zone covered by the
optical cavity. The molecular jet was produced using a pulsed
1 mm diameter pin hole nozzle from General Valve Series 9
model, controlled by a valve driver (Iota One, Parker Hannifin).
MP compounds were seeded in the supersonic jet using a brass
block fitted to a Dural reservoir filled with 0.5 g of sample.
The reservoir located close upstream to the expansion zone was
heated up to 420 K to increase the sample vapor pressure which
was then carried away by argon. Typical conditions used in this
work were about 1 % of MP in 0.15 MPa of Ar. The seeded
mixture was then cooled down by converting the circular flow of
the standard valve configuration into a planar expansion using
a multichannel interface ended with two modified industrial
blades, forming a 30 mm length and 150 um width slit aperture.
Guided by calculated anharmonic frequencies and intensities
of MP compounds in the fingerprint region, band intensities of
V18, V36 and v37 transitions of 4MP are expected to be weak.
As a consequence, only 3MP and 2MP were investigated in the
available spectral range of our EC-QCLs. Spectra were recorded
using a rapid scan scheme similar to previous designs developed
for high resolution molecular spectroscopy [19, 20]. Spectra are
recorded by driving the piezo-electic transducer of the EC-QCL
diffraction grating with a 100 Hz sine wave. This allows the
QCL frequency to be scanned once per period over 0.8 cm™!
with a frequency sampling of about 3 MHz. A baseline-free
transmittance through the multipass cavity is obtained by taking
the ratio of signals recorded in the presence and absence of
the jet. The accuracy of the frequency calibration is around
0.0015 cm ™! slightly degraded by the Doppler broadening from
non orthogonal laser and planar jet crossings in the multi pass
optical cavity.

B. Quantum chemical calculations

High level of theory quantum chemical calculations on MPs
were performed using the Gaussian 16 package [21] and have
already been described elsewhere. [8, 9] Briefly, optimized equi-
librium structures and vibrational frequencies were calculated
using the B3LYP functional and Dunning correlation consistent
basis set cc-pVTZ [22]. This functional/basis set combination
has proven to be extremely reliable in the computational study
on the molecular conformations of phenolic compounds [23].
Here, the optimization process used the tight SCF convergence
criterion and ultrafine grid to provide energies in the fundamen-
tal electronic state, rotational constants and dipole moments of
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the stable conformers as well as conformational barriers. An-
harmonic frequencies, determined with the VPT2 method[24]
as implemented in Gaussian 16, have been computed using the
same level of theory.

3. RESULTS AND DISCUSSION

A. Broadband low resolution Jet-AILES spectra
A.1. Determination of optimum flow conditions

The 3MP isomer spectrum has been investigated under various
experimental conditions to optimize the SNR of the recorded
MPs vibrational spectra. Fig. | displays an example of 3MP jet-
cooled mid-IR spectra measured for three different mass flow
rates of Ar buffer gas. Several Q-branches are distinguishable
on all spectra, but these Q-branches became readily observed
with a rather good SNR on the 5 slm of Ar spectrum (see Fig.la).
When using Ar flow rates of 10 and 20 slm, additional bands,
absent from the 5 slm spectrum, can be observed (see e.g. the
band around 1460 cm™! on the inset of Fig. 1). These bands are
most likely resulting from argon coating, i.e. the formation of
3MP—(Ar), complexes, n > 1 [25, 26]. Q-branches are clearly
observed with a rather good SNR owing to an absence of MP—
(Ar), hetero complexes at lower dilution of the MP/Ar mixture.
Both to ensure a good rotational cooling and to prevent the
formation of Ar complexes, flow of 5 slm of Ar appears to be
most suitable to investigate the remaining MP compounds.

Far-IR and mid-IR Jet-AILES spectra of 3MP have also
been recorded with He as buffer gas in order to select the most
adapted carrier gas. In similar experimental conditions, use of
Ar gas resulted in higher SNR , thus this carrier was used in
subsequent measurements.

A.2. Rovibrational cooling

In Fig. 2, 3MP spectra in jet-cooled conditions are compared
with the room-temperature spectra obtained previously [7] to
assess the rovibrational cooling in the supersonic expansion.
While at first glance the overall contour of the vibrational bands
appears mostly similar in both conditions, revealing the probing
of thermalized gas within the boundary layer of the expansion,
significant rovibrational cooling can be assessed from the pres-
ence of narrow Q-branches in the spectra. In the far-IR (see Fig.
2a), these branches are even the only significant contribution
that can be distinguished. Moreover, the complex Q-branch
structure observed in the room temperature spectrum is strongly
reduced in jet-cooled conditions, corresponding to a strong de-
crease of hot bands intensities.

A.3. Vibrational and conformational analysis

Jet-AILES far-IR and mid-IR spectra of the three MP isomers
are displayed in Fig. 3 and Fig. 4, respectively. The vibrational
spectra in the mid-IR region are of better quality, in terms of
SNR, than in the far-IR, as expected from the presence of more
intense modes and a higher FT sensitivity (IR source, detector).
An enlarged view of the strongest Q-branches associated with
the out-of-plane OH bending modes is also presented in Fig. 3c.

As previously demonstrated by the room temperature
spectra[7], the far-IR region exhibits very different rovibrational
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Fig. 1. Evolution of the 3MP Jet-AILES mid-IR spectra (1000—
1700 cm™!) for three different flow rates of Ar: 5 slm (in black,
Fig. 1a), 10 slm (in blue, Fig. 1b), and 20 slm (in red, Fig. 1c);
from top to bottom. Inset: Zoom onto the 1400-1550 cm™!
region revealing narrow Q branches at lower dilution and the
possible formation of MP-(Ar),, complexes (as evidenced by the
apparition of a band around 1460 cm™!) at higher Ar flow rates.

signatures for 2MP, 3MP and 4MP with a strong dependence of
the out-of-plane OH bending modes to the isomeric forms. In
addition to the previous room-temperature investigation[7], jet-
cooled spectra enable both a determination of band centers at the
instrumental accuracy (sharp Q-branches thanks to strongly re-
duced thermal shift/broadening), 0.1 cm~! in the present study,
and the investigation of the conformational landscape of MPs
(discrimination of the contribution of each conformer accord-
ing to jet conditions). The anharmonic predictions (B3LYP/cc-
pVTZ) facilitate the band assignment in the mid-IR region while
the low-frequency modes in the far-IR region are essentially
assigned on the basis of the harmonic predictions (see details
hereafter). We base our conformational analysis on the rela-
tive frequency difference (using the calculated values) between
each conformer of a given MP for a given vibrational mode.
The analysis of the spectra of each MP isomer is detailed here-
after. Tables 1-3 report the conformer dependent band center
assignments of the three MP compounds.

With only one stable conformer denoted 2MP-C1 stabilized
by an intramolecular hydrogen bond [17], 2MP exhibits the
most simple far-IR spectrum. In the far-IR, two main signals are
observed at 429.9 cm~! and 433.8 cm™! corresponding to the
Q-branches of the out-of-plane OH bending modes: in-phase
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v; and out-of-phase vg, respectively (with respect to the out-of-
plane CH ring deformations). In the mid-IR, 15 signals have
been assigned at the instrumental accuracy thanks to the narrow
Q-branches observed in jet-cooled conditions (see Table 1).

The 3MP isomer exhibits the richest conformational land-
scape with four stable conformers at room temperature, namely
3MP-C1 to 3MP-C4 (see Fig. 3a), as evidenced by previous rota-
tionally resolved spectroscopic studies [8, 11]. In the far-IR, the
Vs out-of-plane OH bending mode has a very strong band inten-
sity (Inarm > 90 km/mol) compared to the other low-frequency
vibrations (Inarm < 10 km/mol) which are most probably below
our detection limit. Therefore, the four signals observed at 318.9
em~!, 321.1 ecm™!, 311.9 cm™! and 292.7 cm ™! (see Fig. 3c)
can be assigned to the C1, C2, C3 and C4 conformers of 3MP,
respectively, according to the relative populations determined
in the ground state (GS) [8] and to the calculated harmonic
frequencies and intensities (see supplementary materials Tables
S2-S5). Due to the nearly same harmonic intensities of four
conformers in the case of the v mode, relative observed inten-
sities should mainly reflect the population distribution in the jet.
Comparison with the relative population of 3-MP determined at
room temperature in the GS [8], those observed for the vg mode
in jet-cooled conditions (Fig. 3c) are quite similar and follow
the same rating, suggesting that the barriers are enough high that
no interconversion takes place in the collision zone before the
expansion. Moreover, although Ar is a seeding gas often used to
favor the most stable species, no enhancement of C1 conformer
is evidenced, probably due to the low backing pressures (about
100 mbar) of Jet-AILES. In the mid-IR, a conformational as-
signment of the 40 observed Q-branches is tentatively proposed
and summarized in Table 2. The four conformers signatures are
individually assigned for some mid-IR vibrational modes such
as the v, in-plane ring bending, vo7 CH3 wagging/in-plane CH
bending or v, C-O symmetric stretching. Nevertheless, due
to a strong congestion of the spectrum because of overlapping
bands, the full conformational discrimination is delicate for
some modes such as the v;g in-plane ring bending, v33 CHj3
scissoring or V3s_37 C-C stretchings.

For the 4MP isomer, two stable conformers 4MP-C1 and
4MP-C2 are expected corresponding respectively to the cis
and the frans orientations of the -OCH3 and —OH groups (see
Fig. 3a). Only the most stable C1 conformer (cis) was observed
by mmw spectroscopy. The C2 conformer (frans) has a per-
manent dipole moment five times weaker than C1 and this is
likely why it was not detected.[9] This problem does not arise
with the 4MP rovibrational Jet-AILES spectrum, which reveals
two Q-branches with similar intensities linked to the strong
transition moment of the vs out-of-plane OH bending mode
of 4AMP-C1 and 4MP-C2 at 269.1 cm~! and 259.9 cm™!, re-
spectively (see Fig. 3c). The 9.2 cm™~! separation between the
Q-branches of the two conformers is in rather good agreement
with the B3LYP/cc-pVTZ harmonic calculations which predict
4MP-C2 red-shifted from 4MP-C1 by 7 cm ™! (see Table 3). In
the absence of other intense fundamentals in the out-of-plane
OH bending mode region, the weaker satellite bands observed
on the blue side of the v5 band are probably due to hot bands
of the type (n+ 1)Vvs <— nvs with n = 0 — 2. This is the case of
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Fig. 2. Comparison of 3MP FT spectra recorded at room temperature[7] (in red) and in supersonic-jet conditions with a 5 slm flow of
Ar buffer gas (in black). Fig. 2a: Zoom into a portion of the far-IR region (240340 cm™!); Fig. 2b: Zoom onto a portion of the
mid-IR region (1400—1550 cm™!). For visibility, the four spectra are normalized to the Q-branch of strongest intensity.

the series observed for 4MP-C2 at 259.92, 260.61 and 261.37
cm™! which displays a diagonal anharmonicity xss of 0.34(1)
cm~!'. Weaker Q-branches were also observed at higher fre-
quencies and were assigned to the v; in-plane —CO bending and
V10 out-of-plane —CH bending modes of 4MP. For these modes,
it was not possible to discriminate the two conformers. In the
mid-IR, 14 bands were measured in jet-cooled conditions. The
vibrational signatures of the 4MP-C1 and 4MP-C2 conformers
are however clearly discriminated for some specific modes such
as the vo; O-CHj stretching, vo7 CH3 wagging/in-plane CH
bending or V35 in-plane CH bending.

On the grounds of 80 previous vibrational FTIR assignments
reported in Tables 1, 2 and 3, the average error between observed
and calculated anharmonic frequencies could be estimated to
about 15.7 % (11.4 % for harmonic calculations) in the far-IR
domain and about 0.5 % (2.0 % for harmonic calculations) in
the mid-IR domain. Moreover, in the case of a full conforma-
tional landscape assignment (Vg,V21, V27, Vog modes for 3MP
and Vs,V1, V27, V31, V35 modes for 4MP), we considered the
differences between the highest and lowest calculated frequency
of the stable conformers for a given vibrational mode, the RFD,
which display far-IR average errors of about 470% with anhar-
monic calculations (150% for harmonic) with respect to the
experimental ones. In the mid-IR, the average errors are about
40% both for harmonic and anharmonic calculations. The relia-
bility of this parameter is crucial to validate the vibrational as-
signments. We compared systematically the experimental RFD
(especially in the case of a full conformational assignment) to
the calculated harmonic and anharmonic ones to choose the best
type of calculation. The largest average errors evidenced in the
far-IR confirm that low order perturbation theory calculations
(VPT2) lack of accuracy in the case of low-lying large ampli-
tude motions.[24] In these cases, since the harmonic (quadratic)
term is the leading term in the series expansion of the potential,
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harmonic frequency values may be preferred. On the contrary,
in the mid-IR, anharmonic calculations improve the prediction
of the MP vibrational band centers and facilitate the conforma-
tional assignment.

B. High resolution SPIRALES spectra

Two types of vibrations of the MP compounds are accessible
within the spectral range of the available SPIRALES EC-QCLs:
the in-plane ring bending mode (v;g) and the C—C ring stretch-
ing modes (v36, v37) in the 930-960 cm™! and 1580-1640
cm™! regions, respectively. The Q-branches identified in the
Jet-AILES spectra enable to evaluate more precisely which MPs
rovibrational signatures can be reached with the SPIRALES
setup. As can be seen in Fig.4b, only the 3MP isomer displays
intense bands likely to be rotationally resolved in these regions.
We thus present hereafter the results obtained from jet-cooled
QCL spectroscopy of 3MP.

B.1. Rovibrational analysis of the v,g band of 3MP

In the spectrum recorded by the SPIRALES setup around 950
cm~ !, the rotational structure in the v;g band of 3MP is indeed
resolved: two Q-branches spaced by 0.07 cm~! (Fig. 5b) are
clearly observed, which suggests the presence of two conform-
ers of 3MP. The bands are assigned to the v;3 band of 3MP-C1
and 3MP-C4 on grounds of anharmonic calculations which pre-
dict these conformers bands very close in frequency, and about
20 cm~! higher in frequency than 3MP-C2 and 3MP-C3. Two
weaker bands appear red shifted by 0.45 cm™! from the two
fundamental Q-branches. These weaker features were already
observed, although unresolved, on the Jet-AILES spectrum (see
Fig. 5a). The intensity ratio between these features and the
assigned fundamental Q-branch of 3MP-C1 is 0.34, while it is
0.2 in the SPIRALES spectrum, a ratio 1.7 times lower than
that of Jet-AILES spectrum. Such findings are in agreement
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Fig. 3. Stable conformers and far-IR Jet-AILES spectra of the three MP isomers (2MP, 3MP, and 4MP, from top to bottom). Fig.
3a: Optimized structures of the identified stable conformers obtained from calculations at the B3LYP/cc-pVTZ level of theory and
labeled in accordance with Ref. [8, 9]; Fig. 3b: Full Jet-AILES far-IR absorbance spectra measured using 5 slm of Ar buffer gas; Fig.
3c: zoom on the strongest Q-branches associated with the c-type out-of-plane —OH bending modes (identified by a black rectangle on

the full-range spectra).

with hot band features which are expected to be weaker under
the pulsed expansion conditions of SPIRALES (more efficient
vibrational cooling at a higher backing pressure) leading to a
lower temperature of the pulsed jet compared to the continuous
expansion of Jet-AILES. In the following paragraphs, we will
define the R ratio by:

(Tus / I¥B) jet— AILES

R =
(Ius/ IvB ) SPIRALES

1

where UB and FB refer to the undefined band and the fundamen-
tal band, respectively. If R < 1, an undefined band observed in
the SPIRALES spectrum is more intense than in the Jet-AILES
spectrum, relative to the fundamental band, and is thus unlikely
to be a hot band.

Using as initial set of parameters the v{g = 1 scaled rotational
constants from anharmonic B3LYP/cc-pVTZ predictions and
GS experimental constants[8], the rovibrational spectrum of the
vig band of both 3MP-C1 and 3MP-C4 conformers has been
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assigned using the PGOPHER[27] and LWWa [28] programs. A
total of 766 3MP-C1 and 179 3MP-C4 rovibrational transitions
corresponding respectively to 152 and 55 different frequencies
have been assigned (see supplementary materials Tables S9-S10
for the list of assigned transitions). The difference between
the number of assigned transitions and the number of different
frequencies is due to unresolved asymmetric splitting, overlap
of a- and b-type transitions, and K, clustering. Spectroscopic
parameters were derived from a fit performed using the Pickett
suite of programs [29] using a Watson-type semi-rigid rotor
model (A-reduction in the I” representation) developed up to
quartic centrifugal distortion (CD) constants (Table 4). All CD
terms in vig = 1 except for A; were kept fixed at the GS val-
ues. Pure rotational transitions from Ref. [8] and rovibrational
transitions in the v;g band from this work were included in
the fit. Since multiple transitions are assigned to the same fre-
quency, each line has been weighted according to its expected
intensity at 30 K. A unique uncertainty on frequency of 0.0015
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Table 1. Experimental (V,,,) and calculated (Vi4pp, and Vguparn) values at the B3LYP/cc-pVTZ level of the vibrational bands centers
of 2MP with the vibrational assignments. All frequencies were measured from the Q-branches observed on the Jet-AILES spectra.

Vexp Mode Symmetry Conformer Vharm Vanharm Description
429.9 \%t A” Cl 446.9 313.0 -OH/-CH in-phase out-of-plane bending
433.8 Vg A C1 4722 573.6 -OH/-CH out-of-phase out-of-plane bending
911.1 Vi A C1 931.8 921.8 CH out-of-plane bending
1053.5 Va1 A Cl1 1068.1 1045.3 in-plane ring bending
1113.7 \o)) A C1 1133.9 1113.4 -CH in-plane bending
1181.5 Vos A C1 1199.0 1170.2 -CH in-plane bending / -CH3 wagging
1212.6 Vag A C1 1231.0 1209.1 -OH/-OCH in-plane bending
A, 1230.9 Ao A Cl 1252.1 1219.1 C-O stretching
(% 1265.1 Vag A Cl1 1288.6 1256.8 C-O stretching
1308.0 V29 A Cl1 1335.0 1307.0 -CH in-plane bending
1461.3 V31 A C1 1481.7 1444.3 -CHj3 scissoring/-CH in-plane bending
1471.4 V32 A’ Cl1 1492.9 1448.5 -CHj3 scissoring
1477.4 V33 A Cl 1503.6 1464.2 -CH in-plane bending
1478.6 V34 A” C1 1511.1 1475.2 -CHj3 scissoring
1508.4 V35 A Cl1 1539.1 1501.2 -CH in-plane bending
1611.0 Vi A Cl 1637.4 1597.7 C-C stretching
1616.7 V37 A C1 1653.0 1609.7 C-C stretching
cm~! was used for all infrared lines. For both conformers, the conformational assignment.

derived GS spectroscopic parameters are identical to those pre-
viously reported,[8] a likely reflection of the higher resolution,
higher range of covered quantum numbers, and higher number
of observed transitions in that study. In vig = 1, the derived
rotational constants are in excellent agreement with the pre-
dicted, scaled, values (to better than 1%), a confirmation of the
correct assignment of the 3MP-C1 and 3MP-C4 conformers.
With a reduced standard deviation 0.95 and 1.09 for 3MP-C1
and 3MP-C4, respectively, all the assigned lines are reproduced
at the experimental accuracy.

The Jet-AILES and SPIRALES experimental spectra are
compared to a Pgopher simulation (see Fig. 5¢) based on the
adjusted molecular parameters using a rotational temperature
of 30 K and a full-width at half-maximum (FWHM) of the
rotational transitions of 0.004 cm™!, two parameters found to
nicely reproduce the line profiles. However the relative intensity
ratio of the C1 and C4 conformers differ from what should
be expected from natural abundances previously determined
[8] and predicted band intensities from the B3LYP/cc-pVTZ
harmonic calculation: when taking into account both these
parameters (45% and 8% population and / = 73 and 35 km/mol
for 3MP-C1 and 3MP-C4, respectively), the 3MP-C4 Q-branch
intensity is underestimated in the simulation compared to what
is observed in the experiment. Instead, a reasonable simulation
is obtained by using the same IR activities for the vig band of
the two conformers (thus only taking into account the relative
population).

From this analysis, we can confirm that the DFT calculations
provide a reliable base for conformational assignment by fre-
quency differences: the predicted harmonic and anharmonic
frequencies were in reasonable agreement with the experiment
and the frequency difference for a given mode between stable
conformers provided accurate grounds for their experimental
identification (see Fig. S1). The calculated intensities, both
harmonic and anharmonic, however, appear less useful to guide
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B.2. Vibrational analysis of the v;; and v3; modes of 3MP

Fig. 6 displays SPIRALES measurements of 3MP recorded in
the 1600—1635 cm™! range near the Q-branches identified on
the Jet-AILES spectrum. Due to the higher resolution and sensi-
tivity of the SPIRALES setup, narrower Q-branches (AVrwram
=0.15 cm™!) with better SNR are observed allowing to refine
conformational assignments, particularly in the case of the v37
band. While for v;3 mode, the harmonic and anharmonic pre-
dictions were consistent in terms of conformer frequency order,
and the main change was thus in absolute frequency, for v3¢ and
v37 the frequency difference between conformers is significantly
different between the calculations (see Fig. S2). Interestingly,
the best qualitative agreement is obtained using the harmonic
frequencies which will thus serve as a basis for the following
assignments.

In the v3¢ band region (Fig. 6a), the broad Q-branch ob-
served in the Jet-AILES spectrum is partially resolved in the
SPIRALES one with two bands at 1602.63 and 1602.80 cm™!
accompanied by weak satellites on the blue side (Fig. 6). Be-
sides, no other band has been detected in the 1590-1610 cm™!
range. Based on the expected frequency difference between con-
formers, we propose to assign these two bands to the 3SMP-C2
and 3MP-C4 conformers. The 3MP-C1 and 3MP-C3 conform-
ers expected at lower frequencies remain not observed.

The v37 band region, richer in structures, displays 6 Q-
branches (Fig. 6b) whereas only four are expected. The bands
appear as three sets of doublets, each composed of a strong
band and a weaker satellite on the blue side (at 1624.10/1624.79,
1629.25/1630.01, and 1632.07/1632.49 cm™"!). Under the hy-
pothesis that the weaker bands could arise from hot bands, we
calculated the R ratio (see Eq.1) for each doublet which takes
values of 0.4, 0.7, and 2.4 for the lines at 1624.79, 1630.01,
and 1632.49 cm™!, respectively. On these grounds, we argue
that the band at 1624.79 cm™! can not be a hot band of the
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Table 2. Experimental (V) and calculated (Viapp, and Vauparn) values at the B3LYP/cc-pVTZ level of the vibrational bands centers
of 3MP with the vibrational and conformational assignments. All frequencies were measured from the Q-branches observed on the
Jet-AILES spectra except those, where the V., values are marked with a star, associated with the SPIRALES measurements. In the
case Vexp,18, the fitted vibrational band centers are reported (see Table 4 for more digits).

Vexp Mode Symmetry Conformer Vharm Vanharm Description
292.7 Ve A’ C4 332.2 299.4 -OH out-of-plane bending
311.9 Ve A” C3 349.3 345.0 -OH out-of-plane bending
318.9 Ve A Cl1 354.8 377.3 -OH out-of-plane bending
321.1 Ve A’ Cc2 360.8 359.3 -OH out-of-plane bending
949.72* Vi A Cl1 964.5 946.0 in-plane ring bending
949.66* Vi A C4 964.5 946.1 in-plane ring bending
1053.4 Va1 A C1 1065.9 1040.4 in-plane ring bending
1061.9 Va1 A Cc2 1075.8 1050.4 in-plane ring bending
1058.3 Va1 A C3 1071.2 1046.2 in-plane ring bending
1055.8 w1 A C4 1068.5 1043.0 in-plane ring bending
1150.3 Vo A Cl1 1175.0 1146.9 -CH in-plane bending
1150.9 Vg A Cc2 1178.7 1145.7 -CH in-plane bending
1144.5 Va3 A C3 1169.1 11334 -CHj rocking
1153.9 Va3 A’ Cc4 1172.3 1150.8 -CHj; rocking
1190.9 Va5 A C4 1195.9 1182.7 -CH in-plane bending
1161.3 Vas A cl/ic2 1183.3/1192.6 1156.6/1166.1 -CH in-plane bending
1175.5 Va6 A Cc2 1198.4 1178.1 -CH3 wagging -OH in-plane bending
1176.0 Vag A C1 1206.4 1177.8 -CH3 wagging -OH in-plane bending
1205.1 Va7 A C2 1227.9 1203.1 -CHj3 wagging -CH in-plane bending
1206.6 Va7 A C4 1230.1 1203.2 -CH3 wagging -CH in-plane bending
1217.9 Vo7 A C1 1236.7 1220.7 -CH3 wagging -CH in-plane bending
1226.0 \ %% A C3 1244.1 1231.1 -CHj3 wagging -CH in-plane bending
o 1298.7 Vag A Cl1 1317.4 1288.4 C-O symmetric stretching
E 1296.6 Vog A Cc2 1320.1 1287.3 C-O symmetric stretching
1292.3 Vag A C3 1317.4 1283.5 C-O symmetric stretching
1293.7 Vag A C4 1315.2 1285.0 C-O symmetric stretching
1306.8 Vg A C1 1337.5 1311.5 -CH in-plane bending
1304.2 Vag A C3 13355 1307.4 -CH in-plane bending
1330.2 V30 A Cl1 1365.7 1332.1 -CH in-plane bending
1331.6 V30 A C3 1361.9 1333.3 -CH in-plane bending
1439.8 V31 A Cl 1474.2 1434.6 -CH3 wagging
1440.0 V31 A Cc3 1477.0 1439.5 -CHj3 wagging
1462.5 V33/V34 A C2/C4 1496.7/1477.0 1463.8 -CHj3 scissoring/C-C stretching
1463.9 V33 A Cl1/C3 1505.0/1505.9 1499.3/1464.7 -CHj3 scissoring
1473.9 V34 A C2 1510.4 1474.2 C-C stretching
1478.2 V34 A C1 1517.8 1484.6 C-C stretching
1488.4 Va4 A C3 1518.4 1486.2 C-C stretching
1497.6 Vs A C3/C4 1529.1/1540.8 1499.3/1499.0 C-C stretching
1498.5 V35 A C1 1529.7 1501.4 C-C stretching
1506.4 Vs A C2 1540.8 1506.3 C-C stretching
1602.63* V36 A C2 1640.4 1600.2 C-C stretching
1602.80* V36 A C4 1640.5 1606.1 C-C stretching
1624.10* V37 A C2 1652.0 1618.7 C-C stretching
1624.79* V37 A C4 1652.7 1607.3 C-C stretching
1629.25* V37 A C1 1656.7 1619.8 C-C stretching
1632.07* V37 A C3 1662.5 1623.7 C-C stretching

one at 1624.10 cm™! (R << 1). With an R value significantly
above 1, the 1632.49 cm~! band is tentatively assigned to a
hot band of the one at 1632.07 cm ™!, although the modes in-
volved remain undetermined. The 1630.01 cm™!, however, is
more questionable since the R value is relatively close to 1. Be-
cause of possible baseline errors in the FTIR spectrum and in the
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uncertainty inherent with the R determination, the band could ei-
ther arise from a hot or a cold (including overtone/combination)
band. The harmonic calculation provide solid ground for the
spectral assignment, as in the V3¢ band region (see Fig. S2). The
close Q-branches at 1624.10 and 1624.79 cm~! are assigned to
3MP-C2 and 3MP-C4 conformers while the highest frequency
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Table 3. Experimental (V,,,) and calculated (Viap, and Vauparn) values at the B3LYP/cc-pVTZ level of the vibrational bands centers
of 4MP with the vibrational and conformational assignments. All frequencies were measured from the Q-branches observed on the

Jet-AILES spectra.

Vexp Mode Symmetry Conformer Viharm Vanharm Description
259.9 Vs A Cc2 302.8 301.2 -OH out-of-plane bending
269.1 Vs A” Cl 309.8 370.5 -OH out-of-plane bending
3229 \%i A Cl1 381.1 378.6 -CO in-plane bending
5154 Vio A’ C1/C2 527.3/526.6 528.1/525.7 -CH out-of-plane bending
1057.1 w1 A Cl 1068.5 1041.4 O-CHj stretching
1057.4 w1 A C2 1068.7 1042.2 O-CHj stretching
1097.5 Voo A C1/C2 1124.9/1126.1 1104.7/1103.3 -CH in-plane bending
1168.2 Voa A C1 1186.7 1150.1 -OH/-CH in-plane bending
% 1177.4 Vag A C2 1207.3 1170.6 -CHj3 wagging -OH in-plane bending
< 1241.3 Vo7 A C1 1264.8 1229.0 -CHj3 wagging -CH in-plane bending
1247.2 Vo7 A C2 1268.7 1237.9 -CHj wagging -CH in-plane bending
1338.4 V30 A C2 1370.2 1340.2 -CH in-plane bending
1443.2 V31 A C1 1475.7 1434.1 -CH3 wagging -CH in-plane bending
1440.9 V31 A Cc2 1472.4 1432.1 -CH3 wagging -CH in-plane bending
1462.9 V33 A’ C1 1493.7/1493.4 1458.0/1455.4 -CHj3 twisting
14741 V34 A C1/C2 1509.1/1508.8 1476.4/1477.2 -CH3 scissoring
1517.4 V3s A Cl 1449.4 1511.0 -CH in-plane bending
1516.0 V35 A C2 1449.3 1509.8 -CH in-plane bending

Table 4. Summary of the spectroscopic parameters of 3MP-C1 and 3MP-C4 from a fit of the literature pure rotational GS transitions[8]
and rovibrational transitions in the v;g band (this work). Pertinent parameters to the fit (number of fitted transitions, range of observed
quantum numbers, rms and standard deviation) are also reported. Owing to the low rotational temperature in the supersonic expansion,
most of the quartic centrifugal distortion constants in vig = 1 were fixed to the GS values as indicated by the brackets. Values are in

MHz unless otherwise noted.

Constant 3MP-C1 3MP-C4
v=0 V18:1 v=0 V18:1
E“¢ 949.72714(25) 949.65653(48)
A 2840.8815(55) 2840.35(32) 2847.05511(54) 2846.19(39)
B 1303.5274(14) 1300.79(53) 1298.12761(13) 1295.29(11)
C 898.98216(10) 898.120(25) 897.065125(38) 896.464(45)
Ay x 103 0.05094(36) 0.155(11) 0.0503425(72) 0.201(20)
Ajg x 103 —0.0979(24) [—0.0979] —0.091482(53) [—0.091484]
Ag x 103 0.402(15) [0.4026] 0.38344(36) [0.38337]
8y x 100 18.21(18) [18.210] 17.9048(36) [17.9047]
S x 100 79.7(11) [79.71] 81.033(48) [81.030]
NP 1776¢ 7664 3913 179
nb 482°¢ 1524 1130 55
I ax 131 50 150 45
K)o 22 14 32 14
rms 0.072¢ 0.0009%¢ 0.076¢ 0.0018%¢
¢ 0.95 1.09
%incm™! b Number of lines (V) and number of different frequencies (n) included in the fit ¢ Pure rotation
value[8] 4 Rovibrational value ¢ Reduced standard deviation (unitless)

ones at 1629.25 and 1632.07 cm ™! are assigned to 3MP-C1 and

3MP-C3 conformers.

https://doi.org/10.1063/1.5128196

B.3. Broad features in the vsq and v3; regions

Interestingly, while the rotational structure was resolved in the
V13 band in the SPIRALES spectrum, no sign of such resolution
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Fig. 4. Mid-IR Jet-AILES absorbance spectra of the 2MP
(Fig.4a), 3MP (Fig.4b) and 4MP (Fig.4c) isomers measured in
5 slm of Ar buffer gas. Blue areas indicates spectral regions
reachable using the SPIRALES setup.

is visible for the v3¢ and v37 modes of 3MP under the same
experimental conditions. Furthermore, the Q-branches of these
bands appear broader than those of vg. Further inspection of the
Jet-AILES spectrum reveal that these two modes, corresponding
to C-C ring stretching, exhibit broader Q-branches than in-plane
bending ones close in frequency (Avewgm = 0.35 cm™~! versus

0.11 em™).

A simulation of the expected rovibrational SPIRALES spec-
tra of V3¢ and V37, i.e. using the optimum modelization param-
eters defined for v;g (a rotational temperature of 30 K and a
FWHM of 0.004 cm™") reveals that under the SPIRALES ex-
perimental conditions, a rotational resolution of these bands was
expected. In this simulation, the experimental GS and scaled
upper state constants were used, as the scaling has shown ex-
tremely reliable for the analysis of v;g. Additionally, the two
bands at 1630.01 and 1632.49 cm™!, although unassigned, were
simulated as well using constants from 3MP-C1 in order to
reproduce at best the strong rovibrational congestion in this
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Fig. 5. Spectrum of the vig band of 3MP recorded using the
Jet-AILES apparatus (Fig. 5a, in black) and the SPIRALES
setup (Fig. 5b, in blue) and comparison with a 30 K simulation
performed using PGOPHER at a 0.004 cm~! FWHM (Fig. 5c,
in orange) using rotational constants of 3MP-C1 and 3MP-
C4 conformers determined in this work (see Table 4). In the
simulation, the relative abundances of both conformers are taken
into account and the intensity of the v;g band of 3MP-C4 is
adjusted to 1.4 times that of 3MP-C1 to reflect the experimental
spectrum.

(a) \)36 (b) \)37
—— Jet-AILES
—— SPIRALES
3MP-C2 3MP-C2 SMP'CQ Simulation
3MP-C4 \|3MP-C4 3MP-C3
¥ ¥
L 1 1 L 1 ) | | L 1 L |
1600 1602 1604 1625 1630 1635

wavenumber /cmt

Fig. 6. Spectrum of the vs¢ (Fig. 6a) and v37 (Fig. 6b) bands
of 3MP recorded using the Jet-AILES apparatus (top trace, in
black) and the SPIRALES setup (middle trace, in blue) and
comparison with a 30 K simulation performed using PGOPHER
ata 0.15 cm—! FWHM (bottom trace, in orange). GS rotation
constants and upper state scaled constants from the DFT calcu-
lations were used in the simulation. The relative intensities of
each conformer were obtained by taking into account the rela-
tive abundances of each conformer and the same band intensity
was used for all bands of a given mode.

region . Despite a high density of vibrational bands, P and R
rotational features remain clearly distinguishable in the simula-
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tion. Furthermore, the simulated Q-branches are narrower than
what observed experimentally (see Fig. S3). It is thus likely that
another effect is responsible for the spectral broadening, a plau-
sible hypothesis being some vibrational perturbation although
the responsible of which are not identified to date. Such pertur-
bation could also explain the failure of anharmonic calculations
to reproduce correctly the experimental spectrum, as already
observed for the out-of-plane -OH bending mode (see section
A) displaying large amplitude motions. It is worth noting that
3MP does not seem to be the only MP molecule affected by
such effect, since in the case of the 2MP isomer no Q-branch
of V3637 C-C ring stretching bands was detected using the Jet-
AILES apparatus and these bands remained elusive using the
SPIRALES setup. To help understand this effect, further inves-
tigation of related species should prove insightful, for instance
the dihydroxybenzene (C¢Hs5(OH);) molecules in which the
methoxy group of MP is replaced by an hydroxy group, a study
that has been undertaken by some of us on the ortho isomer also
called catechol[30].

4. CONCLUSIONS

The present study reports a low temperature rovibrational analy-
sis of the three MP isomers using two complementary jet-cooled
spectrometers: the Jet-AILES setup for low resolution FT broad-
band analysis in the fingerprint region (100 - 1700 cm~') and the
SPIRALES instrument using different EC-QCL sources allow-
ing to measure at high resolution targeted mid-IR bands. With
the Jet-AILES apparatus, narrow Q-branches were observed at
low dilution using Ar as buffer gas. In the far-IR, Q-branches of
the most intense out-of-plane -OH bending modes are unambigu-
ously assigned for all the stable conformers. Moreover, guided
by the anharmonic B3LYP/cc-pVTZ frequency calculations per-
formed for each stable conformer, we propose for the three MP
isomers corrected assignments and band centers values from
narrow Q-branches measured in the FT-mid-IR Jet-AILES spec-
tra. A first EC-QCL source covering the 930-990 cm™! range
has allowed to fully resolve the rotational structure of the vg
in-plane ring bending bands of the 3MP-C1 and 3MP-C4 con-
formers. Two other EC-QCL sources covering the 1580-1690
cm~! range have been used to probe the C—C ring stretching
V36 and V37 bands of 3MP and the associated stable conformers
have been assigned. Compared to the Vg analysis, it was not
possible to proceed to the rovibrational analysis of the vs4 and
v37 bands which present broader Q-branches without visible P-
and R-branches. The simulation of the expected rovibrational
SPIRALES spectra suggests a possible vibrational perturbation
responsible for the spectral broadening of the V3¢ and v37 bands.
Nevertheless, the unambiguous conformer assignments obtained
in the case of a rather large polyatomic molecule such as 3MP
with four conformations significantly populated is a proof of
the efficiency of high resolution QCL jet-cooled spectroscopy
to analyze the conformational landscape of flexible molecules
and to disentangle rovibrational signatures in a dense spectral
region. The non-localized low-energy vibrational modes lying
in the far-IR region also present a great potential for an efficient
conformational discrimination [3 1] but, compared to the near-IR
and UV domains, the available setups in this domain still lack
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of sensitivity. In a near future, new generation of QCL far-IR
sources [32, 33] will offer real opportunities to probe and re-
solve at low temperature the lowest energy vibrational bands of
individual conformers even for highly flexible molecules charac-
terized by a rich conformational landscape. The conformational
analysis is, for these molecules, the first step for a correct deter-
mination of the vibrational cross sections. In a second step, the
additional difficulty to be overcome will lie in the analysis of
the predominant hot bands at higher temperatures.

SUPPLEMENTARY MATERIAL

Three supplementary figures provide comparison of the mea-
sured SPIRALES spectra with Pgopher simulations of v;g and
V36-37 based on the harmonic and anharmonic B3LYP/cc-pVTZ
calculations. All computed fundamental harmonic and anhar-
monic frequencies, intensities and excited rotational constants
are detailed in 7 Tables from S1 to S7, for the stable conformers
2MP-C1, 3MP-C1, 3MP-C2, 3MP-C3, 3MP-C4, 4MP-C1 and
4MP-C2. The scaling of the rotational constants in vig = 1 is
presented in Table S8. The line lists of the assigned rovibrational
transitions of v;g for 3MP-C1 and 3MP-C4 with SPIRALES
are presented in Table S9 and S10.
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