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This paper describes a novel approach for empirical lower state assignments in complex high resolution ro-vibrational overtone
spectra of molecules with low rotational constants and complex intramolecular dynamics. Methanol, CH3OH, was chosen as a
representative of such molecules — it is an asymmetric top with two non-hydrogen nuclei and hindered internal rotation leading to
dense and disordered rotational structure of vibrational overtone bands. We report the first rotationally resolved methanol spectra
of the OH-stretch overtone 2v; band using sub-Doppler diode laser spectroscopy in supersonic jet, and describe how combination
of two temperature analysis (TTA) and analysis by ground state combination differences (GSCDs) is used to reliably identify
spectral lines that originate from lowest rotational states. In the first step of the analysis, the TTA was utilized to obtain a set of
possible rotational assignments for each spectral line using the line intensity variation between two different temperatures in the
supersonic jet (13, and 56 K respectively). Thereafter, the GSCDs were used to confirm specific lower state assignment for those
spectral lines that have been identified to have low rotational ground states by the TTA. We show that the TTA pre-selection leads
to fast and reliable confirmation by GSCDs and avoids false assignments due to accidental GSCD matches. The procedure yields
an important subset of reliably assigned spectral lines in the complex ro-vibrational structure that provides a convenient starting

point for subsequent application of traditional spectral analysis techniques.

1 Introduction

High resolution overtone spectra are in general complicated
and often show many irregularities in their ro-vibrational
structure. This is caused by high density of vibrational states
and strong anharmonic and rotation-vibration couplings. Re-
sulting complex spectra are often hard to assign using standard
spectroscopic approaches developed for the fundamental ro-
vibrational bands. To unravel such spectra additional experi-
mental information is needed to guide the theoretical interpre-
tation. Two temperature technique in the supersonic jet is a
promising strategy to determine the lower state energies from
the ratio of the line intensities measured at different tempera-
tures and thus provide additional information on the measured
spectra.

Assignment approaches based on spectra temperature de-
pendence have so far been only effectively tested for small
light molecules such as CHy4 and NH3 =11 Initially the tech-
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of intensity ratios for the TTA analysis in the case of methanol, Extended
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overview methanol spectra, and complete linelist of transitions included in the
TTA and GSCD analysis. See text for details. See DOI: 10.1039/b000000x/
¢ J. Heyrovsky Institute of Physical Chemistry, Dolejskova 2155/3, 182 23
Prague 8, Czech Republic

b Institute of Chemical Technology Prague, Department of Physical Chem-
istry, Technickd 5, 166 28 Prague 6, Czech Republic.

nique has been used with spectra measured at room and re-
duced temperatures in absorption cells (cell-cell measure-
ment). We have extended the method for CHy by combin-
ing measurements in liquid N; cooled cell and in supersonic
jet expansion (cell-jet measurement) >4 and finally we ap-
plied the technique for measurements in supersonic molecular
beam only (jet-jet technique) which has been tested on NH3 1>,
All the previously studied molecules have large rotational con-
stants, and thus rotational levels are widely spaced in energy.
In such case the TTA gives well determined assignments of
the rotational levels particularly for low J” states.

In this paper we explore the applicability of the two temper-
ature technique for larger molecules with more complicated
structure and intramolecular dynamics. Large molecules have
in general smaller rotational constants and low frequency vi-
brational modes are often present that couple with the over-
all rotation to produce complicated structure of ro-vibrational
levels. Consequently rotational states are closely spaced and
more states are populated at given temperature compared to
smaller species. Very precise determination of the empirical
lower state energies would be required to unambiguously as-
sign the rotational quantum numbers based on the two temper-
ature technique alone.

We have chosen methanol as a prototypical molecule for
such study. It is a near-prolate top asymmetric rotor with
B~ C ~0.8 cm™! and in addition exhibits low frequency in-
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ternal torsional vibration around the C-O bond. High resolu-
tion spectroscopic experiments on methanol were carried out
mainly in the fundamental range and low-energy combination
bands, see!®!°, but the overtone range is almost unexplored
at high resolution due to its complexity and small absorption
cross sections. The OH stretch overtones were studied at low
resolution by Boyarkin, Perry, Rizzo, and Rueda using action
spectroscopy, where OH-stretch excitation spectra were mea-
sured up to 8v; 2024, Recently jet-cooled FTIR spectra of 2v,
overtone band with 2 cm™! resolution were also reported>.
Partial ro-vibrational analysis was carried out for several com-
bination and overtone bands up to 11000 cm™~! including 2v,
band?*. The only high resolution overtone spectra in the near
IR has been the OH- and CH-stretch combination band cen-
tered around 6530 cm~!, which has bee measured and ana-
lyzed in detail by Perry and coworkers '6.

Here we present first rotationally resolved spectra of the
methanol 2v; overtone band between 7180 — 7220 cm~!. The
measurements were carried out in a slit-jet supersonic expan-
sion using cw-diode laser spectrometer. Spectra were mea-
sured at three different jet temperatures: 13, 23, and 56 K,
respectively. Spectral resolution is limited by the residual
Doppler broadening at the jet temperatures. Presented anal-
ysis is primarily focused on the applicability of two temper-
ature technique for this molecule. In particular we demon-
strate the technique for identifying the low-J transitions in the
complex spectra and show how it helps with further confir-
mations by ground state combination differences (GSCDs).
For the two temperature analysis (TTA) 13 and 56 K spectra
were chosen. Spectrum at 23 K was used for further analysis
by GSCDs. It is demonstrated, that the combination of these
two approaches leads to reliable assignments of many spectral
lines in the overtone spectra.

2 Ro-vibrational structure of methanol

Methanol is a near-prolate asymmetric top molecule with
ground state rotational constants A = 4.259cm~!, B =
0.824 cm™!, and C = 0.793 cm~!. Also, methanol is one of
the simplest molecules with hindered internal rotation and/or
torsional vibration. As a result the structure of rotational lev-
els is complicated by interaction between the overall rotation
and the torsional vibration Vv;.

Due to the finite torsion barrier, the ground torsional state
is split into three levels that belong to two symmetry species —
non-degenerate A component and doubly degenerate E com-
ponent respectively. The A component rotational levels with
K > 0 are further split in A+ and A— levels due to asymmetry
splitting and are labeled by (J, K,A+) quantum numbers. The
E state degeneracy is removed for K £ 0 due to interaction be-
tween the torsional angular momentum and the over all rota-
tion. The energy levels are labeled by signed value of K as £K
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Fig. 1 Level diagram for the vibrational ground state of CH3;OH

including quantum levels till K” =2 and J” = 4 for A and E

sub-band. The rotational energies were taken from reference 2°.

respectively, according to relative orientation of the torsional
and rotational angular momenta projection on the A-axis 2?7
and the E levels are therefore labeled as (J,£K,E). As shown
in figure 1 the three lowest rotational levels belong to the A
symmetry. The lowest E symmetry state lies approximately
5.5 cm~! above the lowest A level. ¢

The spectra consist of both perpendicular and parallel tran-

sitions given by selection rules:

A levels:

+ 4+, - — AJ=+1,AK=0,£1 and

+ 4+ —,AJ=0,AK=0,%1

E levels:

AJ ==+1,AK =0and

AJ=0,£1,AK ==+1

From selection rules for the A levels follow that sub-band K’ =
0 < K" = 0 does not have a Q-branch because all A levels with
K = 0 have + parity.

Two possible nuclear spin isomers exist in methanol due to
the three equivalent hydrogen atoms on the methyl group. To-
tal nuclear spin is [, = 3/2 for the ortho nuclear spin isomer
and I, = 1/2 for para nuclear spin isomer. Due to the symme-
try of total wavefunction the A and E rotation-torsional states
are ortho and para nuclear spin states respectively?2°. The
nuclear spin statistical weights for methanol are 4 and 2 for
ortho and para isomers, respectively.

3 Two temperature analysis for methanol

Ratio of line intensities of given spectral transition measured
at two different temperatures 77 and T;, respectively, is a
quantity independent on line strength parameters and thus can
be determined experimentally without any knowledge of the
spectral line assignment. Under thermodynamic equilibrium
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it is related to the lower state energy E” of given transition via
expression:

S(h) _ QT2) SE°(—4)
S(h) o)

where Q(T) are the rotatinal partition functions at the mea-
surement temperatures:

Ry(T\, 1) =

ey

_Eg"

Q(T):ZgT,r)'gl,r)'(2J+1)'ek’TTa 2

This relation has been used to calculate the lower state em-
pirical energies E;;,, and hence to deduce the lower states ro-
tational quantum numbers, from the measured intensity ratios
Rexp(Tl ,T») from spectra measured in absorption cells at vari-
ous temperatures 37830,

However, when experiments are performed in supersonic
expansion this procedure must be modified, as thermodynamic
equilibrium is generally not established under the rapid cool-
ing. While rotational degrees of freedom are usually in equi-
librium with the buffer gas temperature, equilibrium is not
established between the nuclear spin isomers as the nuclear
spin is in most cases conserved on the time scale of supersonic
cooling. Under those conditions rotational partition functions
differ for each nuclear spin isomer and therefore direct inver-
sion of equation 1 to obtain E,, from R.y, is not possible.
Nevertheless for given choice of temperatures 77 and 7, every
lower state rotational level still corresponds to specific value of
intensity ratio R(7,T») and relevant information on the lower
rotational states can be extracted by matching the experimen-
tal intensity ratios R,y to theoretically predicted values R,.

Assuming that the nuclear spin is conserved during the
supersonic cooling, partial partition functions Q. (T) and
Qpara(T) can be evaluated independently for each nuclear spin
isomer:

_g"

Q()rtho = Z 8T, 0" 810" (2J+ 1) -em’ (3)
ortho
—E"
Qpara: ZgT,p'gl,p'(2J+1)'€kBT. 4)
para

and thus R, (T, T>) can be calculated using equation 1 with
appropriate partition functions for given rotational level. Val-
ues for 56 K and 13 K are presented in Table 1, using lower
state energies E” from?0. Details of the intensity ratio evalua-
tion procedure are given in ESI'.

Choice of the 77 and T, temperatures determines the range
of rotational energies where the two-temperature technique
provides useful predictions. For T} > T the R(T,7T3) is expo-
nentially decreasing with rising rotational energy E”. High-
est ratio is obtained for the lowest energy level E” = 0 and
is equal to the partition function ratio Q(T1)/Q(T2). The

Table 1 Theoretical value of intensity ratio R, (56, 13) sorted
according decreasing value of R,;,. Table also summarises lower

state energies E” from 20
lower rotational level ~ E”/cm™'  R;;,(56,13)
(0,0,A) 0.00000 11.42
(1,0,A) 1.61353 9.96
(1,-1,E) 5.48973 8.85
(2,0,A) 4.84048 7.57
(2,-1,LE) 8.71660 6.73
(0,0,E) 9.12204 6.50
(1,0,E) 10.73572 5.67
(3,0,A) 9.68060 5.02
(3,-1,E) 13.55654 4.46
(2,0,E) 13.96277 4.31
(1,1,A+) 11.70493 4.22
(1,1,A-) 11.73276 4.21
(1,LLE) 16.24120 3.55
(2,1,A+) 14.90429 3.22
2,1,A-) 14.98777 3.20
(4,0,A) 16.13354 2.90

rate of the exponential decay with E” is given by the factor
1/kg(1/Th —1/T>).

Lower temperature 7, generally determines the range of ro-
tational levels included in the analysis. States with E” >>
kpT> have negligible population and spectral lines originating
from those levels have low intensity in the spectra. Clearly the
choice of 7, then depends on the nature of studied molecule -
lower temperatures are needed for molecules with smaller ro-
tational constants to eliminate high-J” states. Practical choice
of the lower temperature 75 is often determined by experimen-
tal constrains such as the lowest attainable temperature in the
supersonic expansion in the particular case of our experimen-
tal set-up.

Precision of lower state determination by TTA increases
with incrasing 77 for given value of 7. For example, for
T, = T /2 value of R(T},T>) decreases by a factor 1 /e = 0.36
when lower energy changes between E” =0 and E” = k;, - T
but this intensity ratio range increases to 1/e¢* = 0.13 for
T, = Ty /3, providing significantly improved lower energy res-
olution at given intensity uncertainty. Choice of the upper tem-
perature is usually a compromise between the required resolu-
tion of the TTA and congestion of the spectrum at 77.

This point is illustrated in Figure 2, where calculated val-
ues R, (Ty,T») are plotted as function of E” for methanol
rotational states with E” < 16 cm™~! . The higher tempera-
ture is set to value 77 = 56 K and predictions for two dif-
ferent values of 7, are presented: 13 K and 23 K respec-
tively. Those temperatures correspond to our experimental
conditions, as discussed below. Different trends for A and E
symmetry states (squares and triangles respectively) are due
to the non-equilibrium distribution of the nuclear spin isomer

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [veol], 1-8 |3



Physical Chemistry Chemical Physics

R, (T, 56)

0 2 4 6 8 10 12 14 16 18
E'[ecm™]

Fig. 2 Theoretical intensity ratio R,;(56,7>) dependence on the
lower state rotational energy E” for temperatures 77 = 13 K and
23 K, respectively. Green triangles demonstrated a 2.1 x better
intensity ratio resolution at the lower temperature (13 K).

populations in the supersonic expansion. Wider spacing of the
intensity ratios between individual rotational states is clearly
demonstrated for 7, = 13 K (blue lines and symbols online),
compared to 7, = 23 K (red lines and symbols online). Rela-
tive experimental error of R(77,T») below approximately 10 %
would be sufficient to distinguish uniquely the four lowest ro-
tational states, (0,0,4), (1,0,4), (2,0,A), and (1,—1,E) at
T, = 13 K, while the intensity measurement error below 5 %
would be needed to resolve those states in the 75> = 23 K case.

4 Experimental set up

Measurements were carried out with tunable diode laser
direct-absorption spectrometer coupled with pulsed slit-jet su-
personic nozzle source. The apparatus is briefly described in
this section. For more details see®'>!3. Further details are
also available in ESI.

The high resolution extended cavity diode laser in Littmann
configuration is used to record overtone infrared spectra in the
range (7070 — 7300 cm™'). The output power of the laser is
3 mW and the line width is typically 1 MHz. This is negligible
compared to the residual Doppler line widths in the molecular
beam (around 130 MHz). Part of the laser beam (around 10 %)
is deflected to a custom built Michelson wavemeter and tem-
perature stabilized Fabry - Pérot interferometer. Rest of the
laser beam is equally split to reference and signal paths and
are detected by custom autobalanced differential dual beam
photodetector (design derived from Hobbs3!) to reduce laser
amplitude noise. The signal beam is double passed through
the molecular beam along the slit axis.

The spectra are frequency calibrated using the Michelson
wavemeter referenced to polarization stabilized He-Ne laser
and stable Fabry - Pérot interferometer. Absolute laser fre-
quency is determined using jet-cooled H,O absorption line
(7218.20009 cm~')32 which has been measured simultane-
ously with the methanol spectra. Reproducibility of laser fre-
quency measurements is typically 3-10~* cm~! while the ab-
solute calibration is estimated to be better than 1-1073 cm™!
across the measured spectral range.

Molecular beam is produced by supersonic expansion
through a slit nozzle (cross section of 0.1 x 40 mm?) with
solenoid actuated pulsed valve, which is a modified version
of design by Lovejoy and Nesbitt33. The valve produces short
(At < 1 ms), high intensity gas pulses typically at 3 Hz repe-
tition rates. Such configuration permits high sensitivity direct
absorption measurements with spectral resolution limited by
residual Doppler line widths.

Expanding gas is a mixture of small amount of methanol in
excess of a buffer gas (argon or helium). Methanol rotational
temperature depends on expanding gas composition as well
as on the total stagnation pressure and temperature. To main-
tain constant conditions over extended time periods new inlet
system with two parallel input lines controlled by mass flow
controllers has been constructed. One line is used for pure
rare gas and second for rare gas saturated with methanol va-
por at room temperature (partial pressure of CH3;0H at 298 K
is poog = 126.05 Torr). This system provides full control of
methanol mixing ratio and the stagnation pressure F.

Wide range of expansion conditions have been tested (see
ESI'for details). Argon expansion at 33.3kPa stagnation pres-
sure with 0.3%, 1.6%, and 2.7% methanol volume fraction for
the 13 K, 23 K, and 56 K temperatures, respectively, has been
used for the presented data.

5 Results and discussion

5.1 High resolution spectra of OH-stretch overtone

Methanol absorption spectra were recorded in the region of
7180 — 7220 cm™!, covering the most intense section of the
2v; overtone band. Overview spectra measured at 13, 23, and
56 K respectively can be found in ESIT.

Short sections of the measured spectra near the band center
are presented in Figure 3, demonstrating their simplification
at reduced temperatures. Although the spectra at 56 K are
less congested than at room temperature, number of observed
transitions is still large with frequent overlaps. Only when the
temperature is reduced down to 13 K, the overlaps gradually
disappear, due to both line number and line width reduction.
On the other hand peak absorbances are significantly reduced,
because very low methanol concentration is required to reach
such low temperatures.
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All observed spectral lines were fitted by Gaussian line
shape profile using Fityk program3*. As the spectrum consists
of many overlapped and weak lines, only selected strong and
isolated lines were used to determine line widths (and hence
the Doppler temperature) for given expansion conditions. The
widths of weaker and/or blended lines were fixed to this com-
mon value to obtain more reliable line positions and intensi-
ties. We have observed 1071 lines lines with S/N > 2 on the
line center at 56 K, 746 lines at 23 K, and 199 lines at 13 K.

9

8 S [} I o 11 ni I I rn

6f = Gaussian fit
* measured

4t 56 K data points

-10*

Al/l

23K

7200.7 7200.8
Wavenumber [cm™]

7200.6 7200.9

Fig. 3 Detail of spectra at 13, 23 and 56 K. Points represent
experimental data, solid line is Gaussian multipeak fit with fixed
FWHM to expansion temperature.

5.2 Two temperature analysis

In total 147 lines from 13 K spectral were linked with cor-
responding transitions at 56 K based on the frequency co-
incidence (difference less than 0.002 cm™!). These transi-
tions were further divided into two groups according their
intensities in the 13 K spectrum. The first group consists
of 37 most intense lines in the with integrated absorbances
Y13k > 4.04-1077 cm~!. Those spectral lines most likely
originate from the lowest rotational states of the principal vi-
brational bands in the covered spectral region.

Integrated absorbances X(T) are related to experimental in-
tensity ratios R, (71, 7>) via equation:

(1)
(1)

:f(TlvTZ) ‘Rexp(TlvTZ), )

where the scaling factor

=

f(T],Tz) = M(Tl) .

(6)

N,(T) is methanol integrated column density along the ab-
sorption path. In general the scaling factor depends on
methanol concentration profile and has the same value for all
spectral lines under given experimental conditions (for more
detail see ESI'). For example, in cell experiments where the
number density Ny and absorption path length [ are tempera-
ture independent f(77,7>) = 1. In supersonic jet experiments
however the expansion conditions are varied to control the
temperature and therefore the molecular number density and
to some extend even the absorption path length are different at
T and T respectively and the correction factor f(77,7>) must
be determined for given experimental conditions.

This is done in two steps - first, approximate value is ob-
tained as the ratio of methanol concentrations in the gas mix-
tures used for the 13 K and 56 K spectra. Since the flow rate
of methanol changes by a factor of 10x between the 13 K and
56 K expansion conditions f(56K,13K) = 10. This value is
used for preliminary assignments by the TTA for several tran-
sitions with the highest intensity in the 13 K spectrum. This
initial assignment is further simplified by the fact, that regard-
less of the correction factor, highest intensity ratios always
correspond to the lowest ground state rotational energies, see
Figure 2 and Table 1. Next, those preliminary TTA assign-
ments are confirmed by the ground state combination differ-
ences as discussed in details below and one of those reliably
assigned lines is used to re-evaluate the correction factor to
match the theoretical value of intensity ratio.

Specifically, we have chosen the strongest spectral line ob-
served at 7205.3378 cm~!. Based on the estimated value of
the normalization factor f = 10 this transition has R, = 10.4,
consistent with the lower state assignment to (0,0,A) rota-
tional level. This preliminary assignment has been verified
using ground state combination differences and then this tran-
sition has been used for correcting the normalization factor
to value f = 11 to bring the experimental value of intensity
ratio Ry, to agreement with predicted value R;;, = 11.42 for
this particular ground state level. This improved value of nor-
malization factor has subsequently been applied for evaluating
Reyp for all other spectral lines.

For given choice of 71 and 7>, reliability of the TTA pro-
cedure depends on experimental error of intensity measure-
ments. Those errors determine uncertainty of R.y, which in
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Fig. 4 Experimental intensity ratios R(13,56) for lines in the first
group, eg. with X3 >4.04-1077 cm™!. Dashed lines and
associated values represent the theoretical intensity ratios R;;, with
corresponding lower state assignments (all pink in on-line version).
Transition used for calibration of correction factor f is highlighted
in red square.

turn define a range of possible values that are consistent with
given experimental intensity ratio. All the rotational states
with predicted intensity ratios Ry, within those experimental
error margins must be considered as lower states candidates.
Clearly TTA assignment is more specific for small intensity
errors. In the presented experiments intensity ratio error was
determined to be SRy, = 16 %(10) based on repeated mea-
surements of line intensities for set of 51 selected transitions.

Figure 4 demonstrates matching between experimental and
theoretical intensity ratios. Here the Ry, values of the 37
strongest transitions are plotted in order of increasing value.
In this representation of data, transitions with similar R, val-
ues are grouped together. Vertical error bars indicate the esti-
mated error OR,.,, while dashed horizontal lines (pink online)
indicate the theoretical intensity ratios R, for the five lowest
methanol rotational levels. In absence of any experimental er-
ror, this plot should exhibit a step-vice structure with plateaus
corresponding to theoretical ratio values of transitions that
originate from individual rotational states. With experimen-
tal scatter, those plateaus became sloping and eventually indi-
vidual steps would blend for large experimental errors. While
some of those steps are discernible in the presented data and
match well the predicted ratios, they are less pronounced com-
pared to similar plots for CH4 and NH3 812,

This observation is consistent with the much smaller energy
spacing between individual rotational levels of CH3OH com-
pared to those lighter molecules. Indeed the presented error
bars, which are probably somewhat conservative, are com-
parable in amplitude with the expected steps as defined by
theoretical intensity ratios. Therefore the TTA in the case of

CH3OH provides (with current intensity error bars) a range of
possible lower rotational states for given transition (typically 2
—4). Those possible empirical assignments for all transitions
from the high-intensity data subset are listed in Table 2.

5.3 Analysis by GSCDs

Based on the TTA, 21 lines with Ry, > 6 are indicated as can-
didates for transitions from one of the four lowest rotational
states (listed in Table 2) and were subject to further analysis
using ground state combination differences (GSCDs) to con-
firm their assignments. This analysis was done using the spec-
trum measured at 23 K, that consists of more transitions than
the spectrum measured at 13 K but has significantly less over-
laps compared to the spectrum measured at 56 K.

Selection rules for CH30H allow 2 transitions from the
(0,0,A) level, specifically parallel YR(0) and perpendicular
"R(0) transition. YR(0) shares the upper state with 3 other tran-
sitions: From (1,1,A—), (2,0,A4), and (2,1,A+) lower states.
The "R(0) has exactly the same 3 combination differences plus
one additional originating from state (2,2,A+). This means
that while observation of the first three combination differ-
ences unambiguously determines the lower state as (0,0,A), it
is the existence of this fourth combination difference that dis-
tinguishes between the transitions. Schematic diagrams with
combination differences for this level can be found in ESI'.

In analogy with the (0,0,A) case, it can be shown, that
every transition from (1,0,A4) level must have combina-
tion difference with (1,1,A+) level and that each transition
from (2,0,A) level must have combination difference with
(2,1,A+) level. However there is no common combination
difference in the case of (1,—1,E) level.

Analysis of the pre-selected transitions using the GSCD was
done as follows: At first we assumed that all of the 21 high-
lighted transitions can originate from any of the four lowest
rotational states. Based on knowledge of the ground state en-
ergies we calculated appropriate GSCDs for each rotational
level and thus predicted line positions by GSCDs, provided
the given line starts from the expected rotational level. When
a line is observed at the predicted position with accuracy bet-
ter than 8v < 0.001 cm~!, the GSCDs is considered to be
correct. Lines were assigned to specific transitions only if all
necessary combination differences were found.

The procedure leads to assignment of 15 lines from the
group of 21 transitions pre-selected by TTA listed in Ta-
ble 2. Remaining 6 transitions probably originate from
slightly higher ground rotational states such as (1,—1,F),
(1,—1,E), or (1,—1,E) respectively. This is consistent with
the TTA yet has not been explicitly tested by GSCD at this
point. Moreover, number of additional lines were confirmed
(listed in the ESI"), for 7 of them the TTA information is also
available (marked by * in ESI").
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Table 2 Transitions from four lowest rotational states (0,0,A), (1,0,4), (2,0,A), and (1,—1,E), based on TTA analysis.

position/cm ™! @3 3x/cm1 Rexp(13,56) P TTALS (l0) ©GSCDLS  Transition  “TTA Error/%
7206.9078 1.189E-06 12.17 (0,0,A), (1,0,A) (1,0,A) "R1 22.19
7205.3378 1.220E-06 11.42 (0,0,A), (1,0,A) (0,0,A) RO 0.00
7196.3742 4.064E-07 10.25 (0,0,A), (1,0,A), (1,-1,E) (1,-1LE) 15.71
7198.1151 6.236E-07 9.26 (0,0,A), (1,0,A), (1,-1,E), 2,0,A)  (0,0,A) 4R0 -18.96
7208.4607 1.107E-06 921 (1,0,A), (1,-1,E), (2,0,A) (2,0,A) "R2 21.63
7197.8219 7.028E-07 9.11 (1,0,A), (1,-1,E), (2,0,A) (0,0,A) 4R0 -20.23
7195.9195 1.407E-06 9.11 (1,0,A), (1,-1,E), (2,0,A)

7194.9242 4.846E-07 8.68 (1,0,A), (1,-1,E), (2,0,A) (1,0,A) ap1 -12.86
7194.6216 7.246E-07 8.53 (1,0,A), (1,-1,E), (2,0,A) (1,0,A) ap] -14.38
7209.9897 5.074E-07 7.98 (1,-1,E), (2,0,A), (2,-1,E)

7193.2745 7.285E-07 7.78 (1,-1,E), (2,0,A), 2,-1,E), (0,0.E)  (2,0,A) ap2 2.71
7200.7218 7.812E-07 7.72 (1,-1E), (2,0,A), (2,-1,E), (0,0,E)

7199.6677 1.279E-06 7.67 (1,-1,E), (2,0,A), 2,-1E), (0,0.E)  (1,0,A) 3 -22.99
7201.2638 5.451E-07 7.63 (1,-LE), (2,0,A), 2,-1,E), (0,0.E)  (2,0,A) 9R2 0.76
7202.3472 4.749E-07 7.56 (1,-1E), (2,0,A), (2,-1,E), (0,0,E)

7201.2051 1.298E-06 7.51 (1,-1,E), (2,0,A), 2,-1E), (0,0.E)  (2,0,A) 9R2 -0.83
7192.6928 9.840E-07 7.46 (1,-1LB), (2,0,A), (2,-1,E), (0,0,E)

7202.3270 6.577E-07 737 (1,-1B), (2,0,A), 2,-1,E), (0,0,.E)  (1,-1,B) "P1— -16.80
7192.9815 8.154E-07 7.29 (1,-1,E), (2,0,A), 2,-1E), (0,0.E)  (2,0,A) ap) -3.76
7197.9782 4.851E-07 6.64 (2,0,A), (2,-1,E), (0,0,E), (1,0,E) (1,-1LE) ro2— 25.02
7195.9416 6.294E-07 6.59 (2,0,A), (2,-1,E), (0,0,E), (1,0,E)

“ Integrated line intensities in the 13 K spectrum, ? lower state assignments consistent with TTA, ¢ lower state asssignment determined by
GSCD, “Relative deviation of experimental intensity ratios from theoretical values for GSCD confirmed transitions as defined in Equation 7

It is useful to utilize those transitions whose assignemnts
have been confirmed by GSCD to evaluate reliability of the
TTA procedure by comparing their experimental intensity ra-
tios to theoretical values. This comparison is presented in the
form of correlation plot in Figure 5. Diagonal solid line (blue
online) represents the perfect agreement between R, and Ry;,.
Shaded area (green online) encompasses the range of exper-
imental values that fall within error bars 2 - 5Rexp as deter-
mined from uncertainty of repeated intensity measurements.
Statistically, 95 % of the transitions are expected to lie within
this shaded area. Indeed, majority of the tested spectral lines
fall within this range, indicating that the TTA gives predicions
consistent with the actual lower state assignments. Two transi-
tions in the figure do not lie within this interval (highlighted in
red), indicating disagreement. However, these transitions start
from higher rotational states and therefore have low intensity
in the 13 K spectrum (less than 10 % integrated intensity of the
strongest line) and thus their line strength uncertainty might be
higher than estimated by the simple statistical error analysis.

Agreement between TTA and GSCDs analysis is also quan-
titatively described through the error parameter listed in the
last column in Tab. 2 defined as:

w Ry —R

Ex[%] o 100%, (7

th
It is interesting to note, that even within this very prelimi-
nary analysis three transitions from (0,0,A) level were found,

12

Reoxp(13.56)

R;,(13,56)

Fig. 5 Correlation between R, derived from GSCDs and R,y
derived from TTA, highlighting the agreement between TTA and
GSCDs analysis respecitvely. In the case of perfect agreement all
point would lie on the diagonal. The shaded area (green online)
represents experimental error 2 - SReyxp. Only two transitions
highlighted in red exhibit statistically significant disagreement (lie
outside the green area).
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namely 7197.8219, 7198.1151, and 7205.3378 cm~ L. Since
each vibrational band has only two ro-vibrational transitions
starting from (0,0,A) state, we must conclude that another
vibrational band expect the 2v; is presented in this spectral
region. Due to the high complexity of overtone spectra and
many perturbations, we have not found so far the fourth tran-
sition of the (0,0,A) state.

6 Conclusion

We have presented first high resolution methanol spectrum in
the OH-stretch overtone 2v; region (7180 — 7220 cm™') by
diode laser near infrared spectrometer in supersonic slit jet ex-
pansion. Three spectra were measured at 13, 23, and 56 K
respectively. Spectra measured at 13 and 56 K were used to
estimate lower state rotational states by the two temperature
analysis for 147 spectral lines. While the two temperature
analysis does not provide unique assignments in this case, it
still yields a restricted set of possible lower rotational states.
This information has further been coupled with the method of
ground state combination differences to provide reliable spec-
tral assignments for a sub-set of spectral lines from few low-
est rotational states. This combined method is shown to be
efficient tool in determination of ro-vibrational transitions in
dense overtone regions and will be used in future analysis of
the complicated methanol spectra.
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